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PREFACE 

ln the six years since the publication of the first edition, Biochemical Calcula­
tions has been used as a supplementary text at many colleges and universities 
in the United States, and has been translated into Japanese and 
Spanish. This new edition is the result of suggestions that I received from 
instructors and students as well as my own desire to give a broader and more 
balanced picture of quantitative biochemistry. My objectives remain the 
same: to introduce students to the mathematical hasis of biochemical dis­
coveries and to show that modern biochemistry is more than the memoriza­
tion of structures and pathways. 

The present edition differs from the first in several ways. First, the 
descriptive materia] {formerly in the appendixes) has been incorporated into 
the bod y of the text so that the problems immediately foHow the corresponding 
theory. The main emphasis of the book is stili on numerical problem solving, 
and there is very little duplication of descriptive material found in standard 
biochemistry textbooks. Second, a greater variety of problems has been 
induded. For example, the amount of material on aqueous solutiorıs and 
acid-base chemistry has been markedly reduced, but the coverage has been 
expanded to include new subjects such as blood buffers. A new chapter, 
"Chemistry of Biological Molecules," has been added. The material on 
biochemical energetics now includes entropy and enthalpy changes, activation 
energy, and the energetics of membrane transport and photosynthesis. 
These problems do not require prevfous exposure to physical chemistry. 
Chapter 4, "Enzymes," includes new material on equilibrium binding studies, 
inhibitors, enzyme units and assays, the effects of pH and temperature, a!ld the 
kinetics of allosteric enzymes. Kinetic mechanisms of bisubstrate enzymes are 
introduced without complicated mathematics. Chapter 5, "Spec­
trophotometry and Other Optical Methods," includes new problems on 
protein determination, fhıorometry, and optical rotation. New problems on 
biological half-life, precursor-product relationships, dual-label scintillation 
counting, and counting errors have been added to Chapter 6, "Isotopes in 
Biociıemistry." Although the scope of this edition has been broadened, the 
subject matter and problems remain at a suitable level for a modern, 
introductory, general biochemistry course. 

vii 
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PREFACE TO THE 
EDITION 

FIRST 

Biochemistry is a quantitative science. Yet too of ten the subject is taught in a 
purely desi::riptive manner. This is understandable because many students in 
biological sciences have had only one course in general chemistry and one in 
introductory organic chemistry as prerequisites to general biochemistry. 
Biochemical Calculations was written to introduce students to some of the 
mathematical aspects of biochemistry that should be discussed in any introduc­
tory course. The problems discussed need no knowledge of mathematics 
beyond that required for general chemistry. In the very few problems where 
elementary calculus is employed, an alternate algebraic approximation is also 
given. In order for this book to be as useful as possible to the student, almost 
every problem is solved completely. There are no "rearranging terms and 
solving for X" statements. This book is meant to be used in con junction with 
a standard textbook of general biochemistry. Nevertheless, a substantial 
amount of descriptive background (including mathematical derivations) is 
given in the appendixes. 

A rnimeographed edition of Biochemical Calcıı.lations was used by more than 
800 students on the Davis campus during 1966--1967. Most of the students 
were enrolled in our general biochemistry course. Many others were 
graduate students studying for their M.S. and Ph.D. examinations. It was the 
response of these students that prompted me to submit the book for 
publication and general distribution. 

I wish to express my appreciation to Dr. Wayne W. Luchsinger and Dr. 
Ronald S. Watanabe for their advice and critical review of the original 
manuscript. 

I thank Dr. Eric E. Conn and Dr. Paul K. Stumpf for their suggestions and 
encouragement during the writing of this book. I am especially grateful to 
Miss Leigh Denise Albizati for all her help. 

October 1968 
Davis, Califomia 

IrwinH.Segel 
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1 
AQUEOUS SOLUTIONS AND 
ACID- BASE CHEMISTRY 

A. AQUEOUS SOLUTIONS 

The majority of reactions studied by biochemists occur in solution. Conse­
quently, it is appropriate to begin our mathematical survey by reviewing the 
various ways of expressing and intercoıiverting concentrations of solutions. 

CONCENTRA TIONS BASED ON VOLUME 

Concentrations based on the amount of dissolved solute per unit .volume are 
the most widely used in biochemistry laboratories. The most common 
conventions are defined below. 

Molarily (M) = the number of moles of sol~te per !iter 
of solution 

(1) 

Molar concentrations are usually given in square brackets, for example, 
[H+] = molarity of H+ ion. To ca!culate M, we need to know the weight of 
dissolved solute and its molecular weight, MW. 

wt 
~::::moles 
MW (2) 

Dilute solutions are of ten expressed in terms of millimolarity, micromolarity, 
and so on, where: 

Therefore: 

l mmole = ıo-s moles 

1 µ,mole = 10-5 moles 

l nmole = 1 mj.,, mole = ıo-9 moles 

l pmole = 1 µ.µmole = ıo-12 moles 

l mM = ıo-s M = 1' mmoleİliter = 1 µ.mole/ml 

1 µM = 10-<> M = I µ.mole/liter = 1 nmole/ml 

1 nM = ıo-9 M = l nmole/liter = 1 pmole/ml 



2 AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY 

A 1 M solution contains one Avogadro's number of molecules per liter. 

Avogadro's number = numberof molecules per g-mole 
= number of atoms per g-atom 
= number of ions per g-ion 
= 6.023 X 10" 

in general practice, one Avogadro's number of particles (i.e., 1 g-mole or 
1 g-atom or l g-ion) is frequently. called a, "mole" regardless of whether the 
substance is ionic, monoatomic, or molecular in nature. For example, 35.5 g 
of cı- ions may be called a "moJe" instead of a "gram-ion." 

Aclivity (a) = the effective or apparent molarity ofa 
· solute 

Activity and actual molarity are related by: 

a = y[M] 

(3) 

(4) 

where y = activity coefficient (i.e., the fraction of the. actual concentration that 
is active). Because of interactions between solute molecules that prevent 
their full expression, y is usually less than unity. For example, HCI in a 
0.1 M solution is fully ionized, yet the solution behaves as if it contains only 
0.086 M H+. Thus, y = 0.86. 

Normatily (N) = the number of equivalents of solute 
per !iter of solution 

(5) 

To calculate · N, we need to know the weight of dissolved solute and its 
equivalent weight, EW. 

~ = equivalents (6) 

üne equivalent (i.e., the EW) of an acid or base is the weight that contains 
1 g-atom (1 mole) of replaceable hydrogen, or 1 g-ion (1 mole) of replaceable 
hydroxyl. The EW of a compound involved in an oxidation-reduction 
reac0tion is the weight that provides or accepts 1 faraday (1 mole) of elec­
trons. In general: 

(7) 
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where n = the number of replaceable H+- or OH- per molecule (for acids and 
bases) 

or n = the number of electrons lost or gained per molecule (for oxidizing 
and reducing agents). 

The molarity and normaıity are related by: 

For example, a O.Ol M solution of H2SÜ4 is _0.02 N. 

Weighl/Volume Percenl (% w/v) = the weight in g ofa 
solute per 100 mi of 
solution 

(8) 

(9) 

Weight/volume percent is often used for routine laboratory solutions where 
exact concentrations are not too important. 

Milligram Percent (mg %) = the weight,in mg ofa solute 
· per 100 ml of solution (10) 

Milligram percent is of ten used in clinical laboratories. For example, a clinical 
blood su gar value of 225 means 225 mg of glucose per 100 mi of blood serum. 

Osmolarity = the molarity of partides in a solution (11) 

A 1 M solution ofa nondissociable solute is also 1 Osmolar. {The solution 
contains 6.023 X 1021 particles per liter.) A 1 M solution ofa dissociable salt is 
n Osmolar, where n is the number of ions produced per molecule. Thus, a 
0.03 M solution of KCI is 0.06_ Ösmolar. Ösmolarity is of ten considered in 
physiological studies where tissues ar cells must be bathed in a solution of the 
same osmolarity as the cytoplasm in order to prevent the uptake or release of 
water. Blood plasma is 0.308 Osmolar. Thus, red blood cells suspended in 
a 0.308 Osmolar NaCl solution (0.154 M) would neither shrink nor 
swell. The 0.154 M NaCI solution is said to be isotonic with respect to the red 
blood cells. 

· Problem 1-1 

(a) How many grams of solid NaOH are required to prepare 500 mi of a 
0.04 M solution? (b) Express the concentration of this solution in terms of N, 
g/liter, % w/v, mg %, and osmolarity. 

---~ 
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Solutioıı 

(a) liters X M = number of moles NaOH required 

0.5 x 0.04 = 0.02 mole NaOH required 

wt 
nurnber of moles = MW 0.02 = ~~g 

wt == 0.8 g 

Weigh out 0.8 g, dissolve in water, and dilute to 500 mi. 

(b) NaOH contains one OH per molecule. 

M = N and the solution is B 
The solution contains 0.8 g/500 mi, or 1.6 g/liter 

mg % = mg per 100 mi 0.16 g/100 = 160 mg/100 ml = 160mg% 

NaOH yields two particles (Na+ and OH-) 

osmolaôty ~ 2 x M ~ 1 0.08 Osmola, 

· Probleın 1-2 

How many milliliters of 5 M H 2S04 are required to make 1500 mi ofa 0.002 M 
H2S04 solution? 

Solutioıı 

The number of moles of H2SÜ4 in the dilute solution equals the number of 
meles of H2SÜ4 taken from the concentrated solution. · 

• liters x M (dilute solution) = liters x M (concentrated solution) 

1.5 x 0.002 = liters x 5 

1.5 x0.002 1. d I . . d 
5 = ıters concentrate so utıon requıre 

3 x 10-3 r-:=l 
S . = 0.6 X 10-3 liters = ~ 

Take 0.6 mi of the concentrated solution and dilute to 1.5 liters. 
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Ionic Strength (~) = 1/2 .L MıZ? 

where M; = the molarity of the ion 

Z1 = the net charge of the ion (regardless of sign) 

~ = a. symbol meaning "the sum of" 

(12) 

Ionic strength measures the concentration of charges in solution. As the 
ionic strength of a solution increaşes, the activity coefficient of an ion 
decreases. The relationship between the ionic strength and the molarity of a 
solution of ionizable salt depends on the number of ions produced and their 
net charge, as summarized below. 

Salt lonic Strength 

Type Example 

l: 1 KCI, NaBr - M 
2: 1 CaÇI,, Na,f(POı 3XM 
2;2 M:gS04 4XM 
3: l. FeCI,, Ni3P04 6XM 

\ 2:3. Fe2(~0ıh l~xM 

"Type" refers.to thç net charge on the ions. Thus MgS04, which yields Mg2• 

and so~-. is called a 2 :2 salt. Na2HP04, which yields HPO~- and Na+ ions, is 
called a 2 : 1 salt. 

Only the !lel cha_rge on ~n ion is used in calculating ionic strength. Thus, 
un-ionized compounds (e.g., un-ionized acetic acid) or species carrying an 
equal number of positive and negative charges (e.g., a neutral amino acid) do 
not contribute toward the ionic strength of a solution. 

• Problem 1-3 
ı'J -2.. 

Calculate the ionic strength ofa 0.02 M solution of Fe2(S04) 3 • 

Solution 

The 0.02 M Fe2(S04)s yields O.Q4 M Fes+ and 0.06 A:f so:-. 
I == co.04).(3)2 + co.06)(-2>2 = co.o4)C9> + co.o6)C4) 
2 2 2 

_ (0.36) + (0.24) _ 0.60 . 
- 2 - 2 

_______ _J 
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Or, from the precalculated relationship far 2: 3 salts: 

CONCENTRATIONS BASBD ON WEIGHT 

Weight/ Weighl Percent (% w /w) = the weight in g ofa 
solute per 100 g of 
solution 

(13) 

The concentrations of many commercial acids are given in terms of % 
w/w. ln order to cakulate the volume of the stock solution required fora 
given preparation, we must know its density or specific gravity where: 

p = density = weight per unit volume 

SG = specifıc gravity = density relative to water. Since the density of 
water is 1 g/ml, specific gravity is numerically 
equal to density. 

· · • Problem 1-4 

Describe the preparation of 2 liters of 0.4 M HCI starting with a concentrated 
HCl solution (28% w/w HCI, SG = 1.15). 

Solution 

liters X M = number of moles 2 X 0.4 = 0.80 mole HCl needed 

wts = number of moles x MW Wts = 0.80 X 36.5 

wts = 29.2 g pure HCI needed 

The stock solution is not pure HCI but only 28% HCI by weight. 

29.2 
o.2s= 104.3 g stock solution needed 

Instead of weighing out 104.3 g of stock solution, we can calculate the 
volume required. 

1 -~- 104.3_ 
VO mı- - 115 -

Pwnı1 • 
90.7 mi stock solution needed 
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Measure out 90.7 mi of stock solution and dilute to 2 liters with water. 

All of the above relationships (between weight, density, and percent w/w) 
can be combined into a single expression. 

wt., = vol=1 X pg1m1 x % (as decimal) 

where wtg = weight of pure substance required in g 

volmı = volume of stock solution needed in rril 
% = fraction of total weight that is pure substance 

wt 29.2 
vol = p x % = US x 0.28 = 90.7 ml 

As an alternate method, we can calculate the molarity of the stock 
solution. First calculate the weight of pure HCI in l liter of stock solution. 

wt= vo)Xp x % 
Wlg = 1000 ml x l.15 g/ml x 0.~8 J 
wt = 322 g 

in other words, 1000 mi (l Iiter) of stock solution contains 322 g of puı:_e HCI. 

-~- 322 _ number of moles - MW - 36_5 - ~.82 

The concentrated stock solution is 8.82 M. 
We need 0.80 mole. 

1• _ number of moles ~ 0.80 _ O 0907 1. ıters - M - 8.82 - . ıter 

Take 0.0907 !iter (90.7 mi) of stock and dilute to 2 liters. 

Mo/ality (m) = the number of moles of solute per 
· lOOOgofsolvent 

(14) 

Molality is used in certain physical chemical calculations (e.g., calculations of 
boiling-point elevation and freezing-point depression). Far dilute aqueous 
solutions, m and M will be quite dose. 1n order to interconvert m and M, we 
need to know % w/w. 

Mole Fraction = the fraction of the total number of moles 
present represented by the compound in 
question 

(15) 

For example, in a solution containing nı moles of compound 1, n2 moles of 
compound 2, and n3 moles of compound 3, the mole fraction of compound 2, 
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MF2, is given by: 
MF2= n2 

nı +n2+n1' 

The mole fraction of a compound is important in certain physical chemical 
calculations, but is not often used in biochemistry. 

· Problem 1-Ş 

Calculate (a) the molality of the concentrated stock HC! solution described 
in Problem 1-4. (b) Cakuİate the mole fraction of HCJ in the solution. 

Solmion 

(a) The solution contains 28% w/w HCI, or 28 g HCI per 100 g total, or 28 g 
HCl per (100-28) = 72 g water. 

28 g HCI . 
72 g HıO x 1000 = 388.9 g HCl/1000 g H20 

wt 
....:..:...::ıı= moles 
MW 

388.9 
36_5 = 10.65 moles HCl/1000 g HıO 

the solution is 10.65 m 

(b) in 100 g of solution, for example, we have: 

28gHCI _ 
36_5 g/mole - 0.767 moles of HCI 

and 
72gH20 _ 
18 g/mole - 4.0 moles of H20 

MF _ nHGI 0.767 
HC:1- --

nHc;I + ntıt<> 4.767 

MFHcı = 0.161 

CONCENTRATION B.ASED ON DEGREB OF SATURATION 

Proteins are of ten purified by differential precipitation with. neutral 
salts. Ammonium sulfate is the most common salt used for this purpose, 
although occasionally NaCI is used. The concentration of ammonium sul­
fat~ used to "salt out" proteins is almost always expressed in terms of 
''percent saturation." 

Percent Saturaıion = the concentration of salt in solution 
as a percent of the maximum concentra­
tion possible at the given temperature 

(16) 
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in order to take into account volume changes that occur when a large amoum 
of salt is added to an aqueous solution ,ye need to know the specific volume of 
the salt, where: 

ii = specific volume = volume occupied by 1 g of salt (ml/g) 
= the reciprocal of the density 

· Problem 1-6 

The specific volume of solid ammonium sulfate is 0.565 ml/g. The solubility 
of ammonium sulfate at 0°C is 706 g/1000 g water•. Cal~late (a) the concent­
ration of ammonium sulfate in a saturated solution aı'.o:ç)md (b) the amount 
of solid ammonium sulfate that must be add~d at 0°C to 500 mi of a "40% 
saturated" solution to bring it to "60% saturatioo." 

Solution 

(a} A saturated solution at 0°C prepared by adding 706 g of ammonium 
sulfate (AS) to 1000 g of H,O occupies: · 

1000 mld- (7~~}.(9)_65_?Jml = 1399 ml 
. - ... \/ 

The concentration of AS in the solution is: 

{3c:ı ~ 1 M05 g/ml 1 · 505 g/liter 

The MW of AS is 132.14. Therefore the molarity of the solution is: 

~=~ 
132.14 L=-.J 

(b) We can derive a simple equation giving the amount of solid AS that 
must be added to 1000 mi of solution at an initial degree of saturation, Sl, in 
order to bring the solution to a different degree of saturation, S2• Knowing 
that 0.505 g/ml = 100% saturation, or 1.00 saturation: 

~. 

S = (initial wt,. of AS present) + (wtg AS added) 
2 (final vol. of solution in ml)(0.505 g/ml) 

) 

_ (10.00 ~1)(0.505 g/ml)(Sı) + (wta) 
-- [1000 mi+ 0.565 (wtB")]0.505 g/ml 

t _.505(Sz - Sı} 
w g- l-0.285S, (17) 

• Differenl sources give slightly different values. For example, Appendix II gives 69'! g/liter 
at o•c; Appendix 111 gives 706.8 g/liter. 

_____ ...:_.,~ 



L 

10 AQUEOUS SOLUTIONS AND AClD•BASE CHEMISTRY 

where wt,. = wt of solid AS to be added to 1000 milliliters 

S2 = the final saturation {as a decimal) 

S, = the initial saturation (as a decimal) 

505 = g AS per 1000 mi for 100% saturation 

_ 505(0.60- 0.40) _!Q!_ 
Wlg - 1 - 0.285(0.60) 0.829 

= 121.8 g/liter or 60.9 g/500 ml 

· Problem 1-7 

How many milliliters of a saturated ammonium sulfate solution must be 
added to 40 mi of a 20% saturated solution to make the final solution 70% 
saturated? Assume that the volumes are additive. 

Solııtion 

(40 ml)(0.20) + (X ml)(l.00) = (40 + X ml)(0.70) 

8+ X= 28+0.70X 

0.3X= 20 

X=66.7ml 

In general, the volume of saturated ammonium sulfate solution to be added 
to 100 mi of solution at saturation Sı (as a decimal) to produce a final 
saturation, S2 , is given by: 

1 _ lOO(S2 - Sı) 
vo "'' - (1 - Sr) 

(1'8) 

(Usually, the tables shown in Appendices il and III are used for enzyme 
purification by fractional precipitation with ammonium sulfate.) 

B. EQUILIBRIUM CONSTANTS 

A great many reactions that occur in nature are reversible and do not proceed 
to completion. Instead, they come to an apparent halt or equilibrium at some 
point between O and 100% completion. At equilibrium, the net velocity is 
zero because the absolute velocity in the forward direction exactly equals the 
absolute velocity in the reverse direction. The position of equilibrium is 
conveniently described by an equilibrium constanı, K,,... For example, consider 
the dissociation of a weak acid (which we will examine in more detail in the 
following pages). 
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k, 
HA~H++A-

k-ı . 

The forward velocity, v1, is proportional to the concentration of HA: 

v1 C( [HA] or Vı = kı[HAJ 
where k1 İsa proportionality constant, known asa rate constant (specifically, a 
firsl-order rate conslant because v1 is proportional to the concentration of a 
single substance raised to power one). The reverse velocity, v" is propor­
tional to the concentration of H+ and A-, and, therefore, to the products of 
the concentration of A- and H+: 

v, cı: [H+J and v, C( [A-J 

v, cı:. [H+J[A-] or V, = L,[H+][A-] 

where L 1 is a second-order rate constant. Thus, doubling [H+] doubles 
v,. Doubling [A-] doubles v,. Doubling both [H+] and [A-] İncreases v, 
fourfold. At equilibrium: 

or 

or 
kı [H+J[A-J 
k-ı = [HA] 

The ratio of the two constants k 1 /Lı is itself a constant and İs defined as Keq: 

(19) 

In this particular case, Ke;ı ıs an acid dissociation constant and would be 
indicated as K •. 

kı 
If the reaction in question is A + B ;;::====:::::: 2C, 

h Lı 
ten: 

Vı = kı[A][BJ and 

The dimensions of Keq depend on the number of components in the system. 
Strictly speaking, it is not the concentrations of the reaction components 

that are considered, but instead, their activities or effeclive or apparent 
concentrations. For most of the calculations in the following chapters, we 
will assume that y = 1, that is, activity is equivalent to molar concentra­
tion. This assumption is reasonably valid for the dilute aqueous solutions of 
monovalent and divalent ions employed in biochemical studies. Appendix V 
lists some activity coefficients. 

---~----~ 
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• Problem 1-8 

kı 
Consider the reaction E + S ~ ES. What are the units of (a) kı, (b) k-ı, and 

· Lı 
(c) K~? 

Solution 

(a) v1 = kı[EJ[S] 
Let v1 = moles of ES formed per liter per minute 

= moles x liter-1 x min-1 = M x min-1 

and [E] and [S] = moles X liter-ı = M 

-~-Mxmin-ı min-1 

kı - [E][S] - (M)2 M 

(b) V, = Lı[ES] 

k _ ~ _ M X min-1 

-ı - [ES]- M k-ı ::=: min-ı 

1 K~= M-' 1 

or 

Additional problems on chemical equilibria are found in Chapter 3. 

C. ACIDS -AND BASES 

An understanding of acid-base chemistry is essential if we are to appreciate 
the properties of biological molecules. A great many of the low-molecular­
weight metabolites and macromolecular components of living cells are acids 
and bases, and thus, have the potential to ionize. The electrical charges on 
these molecules are important factors in the rate of enzyme-catalyzed reac­
tions, the stability and conformation of proteins, the interactions of mac­
romolecules with each other and with small ions, and the analytical and 
p~rification techniques used in the laboratory. 

BRONSTED CONCEPT OF CONJUGATE ACID-CONJUGATE 
BASE PAIRS 

The most useful way of discussing acids and bases in general biochemistry is 
to define an "acid" asa substance that donates protons (hydrogen ions) anda 
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"base" as a substance that accepts protons. This concept is generally 
referred to as the Bronsted concept of acids and bases. When a Bronsted 
acid loses a proton, a Bronsted base is produced. The original acid and 
resulting base are referred to as a conjugate acid-conjugate base pair. The 
substance that accepts the proton is a different Bronsted base; by accepting 
the proton, another Bronsted acid is produced. Thus, in every ionization of 
an acid or base, two conjugate acid-conjugate base pairs are involved. 

HA + 
(conjugate acid}1 [conjugate base]1 

...... ....... 
(conjugate base]1 

+ 

IONIZATION OF STRONG ACIDS AND BASES 

HB 
(conjugaıe add]2 

A "strong" acid is a substance that ionizes almost 100% in aqueous solu­
tion. For example, HCI in solution is essentially 100% ionized to H 30+ and 
cı-: 

HCI + H:ıO- H:,o+ + cı-
H,o+ (the hydronium ion, or conjugate acid of water) is the actual form of the 
hydrogen ion (proton) in solution. The ionization of HCI could just as easily 
be represented as a simple dissociation: 

HCI-H++cı-

Thus, for all practical purposes, H3o+ and H+ mean the same thing. We will 
use the two conventions for "hydrogen ion" interchangeably, depending on 
which is the more convenient. 

A "strong" base is a substance that ionizes extensively in solution to yield 
OH- ions. Sodium and potassium hydroxides are examples of strong 
inorganic bases. 

IONIZATION OF WATBR 

The ionizatio~ of water itself can be considered in two ways: (1) as a simple 
dissociation to yield H+ and OH- ions and (2) in terms of Bronsted conjugate 
acid-conjugate base pairs. in either case, it is obvious that · water is 
amphoteric-it yields both H_,_ and OH- ions; it can both donate and accept 
protons. 

The ionization of water can be described by a "dissociation constant," Kd, an 
"ionization constant," K;, and a specific constant for water, K .. , as shown 
below. 

Simple Dissociation 
HOH~H++oH-

_[H+][OH-J 
K.ı - [HOH] 

Conjugate Acid-Conjugate Base 
HOH + HOH ~ H3o+ + oH-

K _ [H,O+][OH-] 
1 - [HOH]2. 

Note that water produces two conjugate <\Cİd-conjugate base pairs: 
HOH/OH- and H,o+ /HOH. 

For every mole of H+ (or H,0+), 1 mole of OH- is produced. in pure 
water [H+] = ıo-' M. [OH-]= 10-1 M. The molarity of HOH can be 
calculated as follows: 

, _____ _J 
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M = number of moles H20 
liter 

wt 
number of moles = tr"w 

A liter of water weighs 1000 g. The MW of H20 is 18. 

M = 10~/18 g = 55.6 
l lıter 

The M of H 20 is actually 55.6 M (original concentration), minus ıo-7 M 
(the amount'that ionized). However, this amount is so close to 55.6 that we 
may neglect the 10-7 M. We can now substitute the above values into the K,ı 
and K, expressions. 

ıo-!4 

55.6 

K" = ı.s x ıo-•& K, ::::; 3.24 x ıo-•s 

The molarity of H20 is essentially constant in the dilute solutions consi­
dered in most biochemical problems. Consequently, we can define a new 
constant for the dissociation or ionization of water, Ku,, which combines the 
two constants {K,ı and [H20] or K. and [H20]2). 

K,., = K,, X [H20] K.., = Ki X [H,Of' 

K •. = (1.8 X ıo- 16)(55.6) K ... = (3.24 X ıo-lR)(55.6)2 

= (3.24 X 10-1")(3.09 X 103) 

K. = 1 x 10-" = [H'][Olr] 1 1 K. = 1 X ıo-" = [H,O'][OHl 

(20) 

pH AND. pOH 

pH is a shorthand way of designating the hydrogen ion actıvıty of a 
solution. By definition pH is the negative logarithm of the hydrogen ion 
activity. Similarly, pOH is the negative logarithm of the hydroxyl ıon 
activity. 

1 
pH =-logaH .. = log­

aH• 

= - log 'YH•[H+] 
1 

= log 'YH•[H+] 

1 
pO H = - log aow = log --­

aoH 
= - log 'Yow[OH-] · 

1 =log----
1'ow[OH-] 

'ın dilute solutions of acids and bases and in pure water, the activities of H+ 
and OH- may be considered to be the same as their concentrations. 

1 
pH = - log [H+] = log {H+J pOH = - log [OH-J = log [o~-] 

(21) 
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ln ali aqueous solutions the equilibrium for the ionization of water must be 
satisfied, that is, [H+][OH-] = K"' = ıo-11 • Thus, if [H+) is known, we can 
easily calculate [OH-J. Furthermore, ·we can derive the following relation­
ship between pH and pOH: 

Taking logarithms: 

log [H+] + log [OH-]::: log K". 

- log [H+]- log [OH-]= - log K •. 

- log [H+] = pH - log [OH:-]= pOH - log K,.,,. = pK". 

pH+pOH = pK,,, 

pK,.,,. = - log ıo_-,. = + 14 

.'. ı pH+pOH=l4 (22) 

Thus, if any one of the values [H+J, [OH-], pH, or pOH is known, the other 
three can be calculated easily. At concentrations of H+ and OH- greater 
than 0.1 M, the activity coefficients must be taken into account. 

· Problem 1-9 

What are the (a) H+ ion concentration, (b) pH, (c) OH- ion concentration, and 
(d) pOH of a 0.001 M solution of HCP 

Solution 

(a) HC! is a "strong" inorganic acid; that is, it is essentially 100% ionized in 
dilute solution. Consequently, when 0.001 mole of HCI is İntroduced into l 
!iter of H20, it immediately dissociates into 0.001 M H+ and 0.001 M cı-. 

Note that when we are dealing with strong acids, the H+ contribution from 
the ionization of water is neglected. 

(b) 

(c) 

= - log ıo-s 

= -(-3) = +3 

1 X 10-•4 

[OH]= 1 X 10-s 

or 
1 

pH = log [H+] 

1 
= log ıo-s 

= log 10' 
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1 
(d) pOH = - log [OH-] ar pOH = log [OH-] 

=-(-11) 

pOH = 11 

or: 

pH+pOH = 14, 

pOH = 14-3 

1 
= log ıo-ıı 

= log 1011 

pOH = 11 

pOH = 14-pH 

pOH= 11 

· Problem 1-10 

What are the (a) [H+], (b) [OH-], (c) pH, and (d) pOH ofa 0.002 M solution of 
HNOs? 

Solution 

(a) HNOs is a strong irıorganic acid. 

(b) 

(c) 

[H+] = 0.002 M = 2 x 10-3 M 

[H+][OH-] = 1 x 10-1• 

[oH-J = ı x ıo-14 = o s x ıo-ıı 
2 X ıo-s . 

1 
pH = log (H+] 

1 
= !og 2 X 10-s 

= log 0.5 X 103 

= log 5 X 102 

= log 5 + log 102 

= 0.699+ 2 

pH =2.699 

or pH = log 500 

log 500 = 2 .699 

pH = 2.699 

where 2 = the number of places be­
tween the first significant figure and 
the decimal poim and 0.699 = Iog of 



Check: 

10-2 M [H+J =·pH 2 

10-3 M [H+] = pH 3 
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2 x l 0-3 M [H+J = pH between 2 and 3 

(d) pH+pOH=l4 or 
1 

pOH = log [OH-] 

pOH = 14.000 - 2.699 

pOH = 11.301 

· Problem 1-11 

- l 1 
- og 5 X 10-12 

= log 0.2 X 1012 

= log 2 X 10 11 

= log 2 + log 1011 

= 0.301 + 11 

pOH = 11.301 

What is the concentration of HNOs İn a solution that has a pH of 3.4? 
' 

Solıuion 

l 
pH = Iog [H+] = 3.4 or [H+J = 10-pH 

= ıo-!1.4 

= 10-4 X 10+06 

w here 3 = number of places 
between first significant figure 
and the decimal point. Look 
up antilog of "4." 

Look up antilog of 0.6 

antilog of 0.6 = "398" 
= 3.98 

Check: 

ancilog of 4 = "2512" 

[H+] = 2s\2 

- 2.512 X 103 

= 0.398 X 10-3 

HNO, = 3.98 x 10-4 M assuming 100% ionization 
1 . 

pH 3 = ıo-' M [HN03] 

pH 4 = 10-4 M (HNOs] 

pH 3.4 = [HN03] between 10-4 and ıo-' M 



L 

18 AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY 

· Problem 1-12 

How many (a) H+ ions and (b) OH- ions are present in 250 ml ofa solution of 
pH3? 

Solııtion 

(a) 

(b) 

pH = 3 
[H+] = 10-3 M (lo-s g-ions/liter) 

1 g-ion/liter = 6.023 x 102s ions/liter 

ıo-s g-ions/liter = 6.023 x 102t.1 ions/liter 

6.023X 10w 
= 4 

1.506 x 1020 ions/250 ml 

pH +pOH = 14 

pOH = 14-3= 11 

[OH-]= ıo-ıı Mor ıo- 11 g-ions/liter 

ıo-ıı g-ions/liter X 6.023 X 1023 ions/g-ion = 6.023 x 1012 ions/liter 

6.023 X 1012 

= 4 
1.506 X 1012 ions/250 mi 

· Problem 1-13 

What is the pH ofa ıo-8 M solution of HCl? 

Solution 

The first tendency of many students is to say "pH = 8." This is obviously 
incorrect. No matter how much one dilutes a strong acid, the solution will 
never become alkaline. ln this dilute solution, the contribution of H+ ions 
from H20 is actually greater than the amount contributed by HCI. As a first 
approximation, therefore, the R• ions from the HCl may be neglected. The 
pH then is around 7. 

As a second approximation, we can solve for pH while taking into account the 
H+ ions from both sources. 

pH = - log [H+] 

[H+] = 10-7 (from H 20) + ıo-s (from HCJ) 

pH = -log (l X 10-7 + 0.1 X 10-7} 

1 = log 1.1 x 10_1 = log0.909X 107 

= log 9.09 x 106 = log 9.09 + log 106 

=0.959+6 pH =6.959 

The above solution is stili not completely correct. lt assumes that the 
contribution of H+ ions from water is still ıo-1 M in the presence of ıo-s M 
HCI. Actually, the slight increase in H+ ions from HCl tends to depress the 
ionization of H20, that is, shift the equilibrium of the HOH ~ H+ + OH-
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reaction back to the lef t. An exact solution to the problem can be obtained in 
the following manner: Both HOH apd HCI ionize to form H+ ions. 

HOH =;; H+ + OH­

HCI ~ H++cr 

Let X = {H+] from H20 

[OH-]= X 

[ff'"] from HCI = ıo-8 M 

:. [H+] = X + ıo-\ [OH-]= X 

[ff'"][OH-] = 10-1• 

(X + ıo-a)(x) = ıo-ı. 
X 2 + 10-s X= 10~1• 

x2 + ıo-a x - ıo-•• = o 
The above equation can be solved by substituting into the general solution for 
a quadratic equation: 

X = -b ±v'b2 -4ac 
2a 

where a = I, b = ıo-s and 

x= -ıo-a±v'cıo-s>z-4(-ıo H> 
2 

-10-8 ± v'l0-16 + 4 X ıo-•• 
2 

- ıo-s ± v' 4.oı x ıo-•i - ıo-B ± 2.0025 x ıo-r 
:= = 

2 2 

= 

= 

- 10-8 ± 20.025 X 10-ıı 

2 
19.025 X 10-8 

2 
and 

-21.025 X 10-ıı 

2 
X = 9.5125 x 1 o-a (neglecting the negative value) 

[H+] = X + ıo-a 
= 9.5125 x ıo-a+ ıo-a = 10.5125 x 10-11 

1 
pH = !og 10.5125 X 10-ıı 

= log0.09512x 108 = log9.512X 106 

= log 9.512+ log 1011 = 0.978+6 

pH = 6.978 

· Problem 1w14 

What are the (a)_aH• and (b) i'H· in a 0.010 M solution of HN03 if the pH is 
2.08? 

Solution 

In this problem we can no longer assume that aH• = [H+]. ·ıt is obvious that if 
a"• = [H+] and pH = - Iog [H+J, the pH would be 2.0 and not 2.08. . ·. i';ıf l. 
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(a) pH = log-1- or att+ = lO"H 
ali+ 

l 2.08=log-
a"+ 

antilog of 0.08 = "120" = ı o-, x ı 0+0•92 

= 10-5 X 8.3 

(b) 

1 
-=120 
ali• 

1 
aH+= 120 

aH+= 0.0083 

ali• = i'tı:•[H+] where 'Y = the activity coefficient 

0.0083 = i'tı:·(0.010) 

1'ıı+ = 0.83 

Although the actual concentration of HNO, is O.Ol M, the solution behaves 
as if only 83% of the HNO, molecules are dissociated; the effective or apparent 
concentration (aH•) is 0.0083 M. The HNOs is actually 100% ionized. In­
teractions of ion clouds, however, prevent full expression of the H+ ions; that 
is, the shielding effects of No,- ions surrounding the ff .. ions make it seem as 
if some of the H+ ions are not there. 

NBUTRALIZATION AND TITRATION OF STRONG 
.ACIDS AND BASBS 

· Problem 1-15 

(a) How many milliliters of 0.025 M H~O. are required to neutralize exactly 
525 mi of 0.06 M KOH? {b) What İs the pH of the "neutralized" solution? 

Solution 

(a) number of moles (equivalents) of H+ required = 
number of moles (equivalents) of OH- present 

liters x N = number of equivalents 

liters.oo X Nacld = Jitersı.a.e X Nb.,.. 

H2SO~ = 0.025 M = 0.05 N 

litersacid X 0.05 = 0.525 X 0.06 

l. 0.525 X 0.06 Q 63 
ıtersacid = 0.05 = . 

acid required = 630 mi 
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(b) The neutralized solution contains only K~04 that, being a salt of a 
strong acid and strong base, has no eff ect on pH . 

.'. ı pH=7 1 

· Problem 1-16 

How many milliliters of 0.05 N HCI are required to neutralize exactly 8.0 g of 
NaOH? 

Solution 

At the equivalence point, the number of moles H+ added equals the nurnber 
of moles OH- present. 

liters.cid X N.cid = number of moles (equivalents) of H+ added 

wt . Mw'"'0 " = number of moles of NaOH (and OH-) present 
NaOH 

]. N ]!!ı_ 1· 8.0 ıters x = MW ıters ><; 0.05 = 40 

ı· 8.0 8.0 
ıters = 40 x 0.05 = 2 

· Problem 1-17 

Calculate the appropriate values and draw the curve for the titration of 500 mi 
of O.Ol N HCl with O.Ol N KOH. . 

Solution 

A titration curve is a plot of pH versus milliliters (or equivalents or moles) of 
standard titrant added. For the titration ofa given amount of acid, the curve 
is a plot of pH versus milliliters (or equivalents) of base added. The pH at any 
position up to the equivalence point is calculated from the concentration of 
excess (untitrated) H... remaining (taking the increased volume into 
account). At the equivalence point, the solution contains only KCl, a salt ofa 
strong acid and strong base that has no effect on the pH. Therefore, 
pH = 7.0. The pH at positions beyond the equivalence point is calculated from 
the concentration of excess OH-. The titration curve is shown in Figure 1-1. 

IONIZATION OF WEAK ACIDS 

In an aqueous solution a weak acid ionizes to a limited extent as follows: 

HA + + 
[conjugaıe acidJ1 [conjugaıe l:weJ. [conjuga,e acid]ı (corıjupıe baseJı 

The proton released from HA is accepted by water to form the hydronium 
ion H,o+. The reversible ionization reaction can be described by an equilib-
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MiUiliters of O.OlN KOH added 
Figure 1-1 Titration of a strong acid (e.g., 
HCI) with a strong base (e.g., KOH). 

rium constant, K;: 
/" 

Because [H20] is itself a constant, we can define a new constant, K., that 
combines K; and [H20). 

K·[H O]= K = [HsO+J[A-] 
• 2 o [HA] 

Because [H30+] is the same as the "hydrogen ion concentration," [H+), the K0 

expression is usually written as shown below. 

It is not surprısıng that the above Ka expression is identical to the 
expression that we would obtain if we assumed that the weak acid-dissociates 
directly to yield H+ and A-: 

IOMZATION OF WEAK BASES 

in an aqueous solution, inorganic bases yield OH- ions directly by dissocia­
tion. 
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Organic bases such as amines R-NH2, contain no OH to dis­
sociate. However, if we assume that. the -R-NH2 reacts with H20 to form 
"R-NH30H," then we can consider the "dissociation" of organic bases ta yield 
OH- ions directly just as we do far inorganic bases. in fact, this is frequently 
done when we consider aqueous ammonia, NHş; we assume that the dissoci­
able substance present is "NH40H." 

"R-NH30H" ;= R-NHt + OH­

"NH40H" ;= NHt + OH-

We should bear in mind that "R-NH50H" refers ta the sum of R-NH2 plus 
any small amount of R-NH,OH that might exist. 

it usually makes little diff erence whether we consider the ionization of an 
acid as a simple dissociation or as the true ionization involving water as a 
conjugate base. However, in dealing with organic bases, it is usually more 
fruitful to consider the ionization as it actually occurs. 

R-NH2 + HOH R-NH; + 
[ con jugate base J, [conjugato: addi, (ı;:onjugate acidJ, [conjugate bas,:,J., 

The two conjugate acid-conjugate base pairs involved are R-NH;/R-NH2 
and HOH/OH-. The ionization can be described by an ionization constant, 
K;. 

Again, we can define a new constant, K6, that combines the two constants, K; 
and [H20J. 

The K6 expression is exactly the same as that which we obtain if we assume 
that R-NH2 is actually R-NH,OH, which dissociates directly to yield R-NH; 
and OH-. 

RELATIONSHIP BETWEEN K. AND K, FOR WEAK ACIDS 
AND BASES 

When a weak acid, HA, is dissolved in water, it ionizes as shown previously to 
form H30+ and the corresponding conjugate base, A-. A K,, expression can 
be written for the ionization. 

If we start with the conjugate base, A-, and dissolve it in water, it ionizes asa 
typical base; it accepts a proton from H20 to form OH- and the correspond­
ing conjugate acid, HA. A Kb expression can be written for this ionization. 

A-+HOH~HA+OH-
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Solving the K. and K6 expressions for [H,O+J and [OH-]: 

[H o•J = [HAJK. 
s [A-J 

Substituting into [H50+][0H-J = K,.: 

Taking logarithms: 

[HAJK. x [A-]K6 = K 
[A-] [HA] w 

or K. xK6 =K.,, 

log K. + log K6 = log K,. 

- log K. - log K. = - log K ... 

(23) 

Just as -log [H+J has been defined as pH, we can define -log K. as pK.,, 
- log Kb as pKb, and - log K ... as pK ... (which equals 14). 

pK.. +pKı. = 14 (23a) 

For polyprotic acids, the K. values are numbered İn order of decreasing 
acid strength (K.,, K .. , ete.). The K6 values are numbered in order of 
decreasing base strength. However, remember that the conjugate base of 
the strongest acid group is the weakest basic group, and vice versa. The K. 
and Kb values are numbered accordingly as shown below. 

We must be sure to use the K. and Kb (or pK. and pK6) of the same 
ionizaıion. For the diprotic acid illustrated above, the correct expressions are 
as follows: 

. 

K.,x K1,ı= K ... 

K,..x Kh, = K~ . 

pK., + pK&t = pK., 

pK •• + pKb, = pK., 

pH OF SOLUTIONS OF WEAK ACIDS 

The dissociation of a weak monoprotic acid, HA, yields ff• and A- in equal 
concentrations. If K,. and the initial concentration of HA are known, H+ can 
be calculated easily: 
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(24) 

Equation 24 assumes that the degree of ionization is small so that [HA] 
remains essentially unchanged. To obtain an expression giving pH, we put 
the above equation in logarithmic form: 

log [H+] = ~ log Xa [HA]= ~(log K. + log [HAJ) 

- log [H+] = - log K. - log [HA] 
2 

or PH _ pK., + p[HA] 
- 2 (25) 

where p[HA] is the negative logarithm of the HA concentration. Similar 
relationships can be derived for weak bases, A - OT RNH2. 

and 

· Problem 1-18 

pK, +p[A-] 
pOH=----

2 
(26) 

The weak acid, HA, is 0.1 % ionized (dissociated) in a 0.2 M solution. (a) 
What is the equilibTium constanl for the dissociation of the acid (K .. )? (b) 
What is the pH of the solution? (c) 'ttow much "weaker" is the active acidity 
of the HA solution compared to a 0.2 M solution of HCI? (d) How many 
milliliters of 0.1 N KOH would be required to neutralize completely 500 mi of 
the 0.2 M HA solution? 

Solution 

(a) 
Start: 
Change: 

Equilibrium: 

HA 
0.2M 

-(0.1 % of0.2 M) = 
-2 X 10-4 M 

0.2-2x 10-4 M 
+2x 10'"4 M 

2X 10-4 M 

- [H+J[A-] - (2 X ıo-4){2 X ıo-4) 
K.- [HAJ - o.2-2xıo-4 

+2x 10-4 M 
2X 10-4 M 

When the amount of HA that has dissociated is small compared to the 
original concentration of HA, (e.g., 10% OT less) the K. expression may be 
simplified by ignoring the subtraction in the denominator. 

_ (2 X 10-4)(2 X 10-t) _ 4 X 10-ıı 
Kff- 0.2 -2xıo-1 
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(b) 
1 1 

pH = log [H+) = log 2 X ıo-4 

= log0.5 x 104 = log 5 x 10' 
= Iog 5 + Jog 10~ = 0.7 + 3 

1 pH = 3.7 1 

(c) A. 0.2 M solution of HCI would be 100% ionized and yield 0.2 M H+. 

pH = log [J+] = log 2 X \o-ı = log 0.5 X 10' = log 5 

1 pH = 0.7 1 (assum;nı, ~ 1) 

The weak acid is 3 pH units less acid than a comparable HCI solu­
tion. Remember the pH scale is a logarithmic scale, nota linear scale. The 
HA then is 103 or 1000 times less acid than the HCI (not 3 times). 
(d) Although the active acidity [H+) of the weak acid is 1000 times less than 
that of the HCI solution, the total acidity (free H+ plus the undissociated 
hydrogen in HA) is the same. When OH- is added, it reacts with the free H+ 
to form H20. Some HA then immediately dissociates to H+ and A - to 
reestablish the equilibrium. This H+ is also neutralized by further additions 
of OH- and so on until ali the HA is neutralized. Neutralization cakulations 
for weak acids then may be conducted in the same manner as for strong acids. 

number of moles of OH- required = total number of moles H+ available 

litersba,e X Nba.se = liters.dd X N.ctd 

HA is monoprotic . 

.'. N= M 

literS1=e X 0.1 = 0.5 X 0.2 

1. 0.5 X 0.2 0.1 
ıtersı.a,e = o. l = 0.1 = l liter of base required 

· Problem 1-19 

The K. fora weak acid, HA, is 1.6 x ıo~. What are the (a) pH and (b) degree 
of ionizatio.n of the acid in a ıo-3 M solution? (c) Calculate pK and pKb. 

Solııtion 

(a) Let x = M of HA that dissociates. 
produced. 

x = M of H+ and also M of A -

Start: 
Change: 
Equilibrium: 

HA 
ıo-' M 
-xM 
ıo-'- X M 

H+ + A-
0 O 

+xM +xM 
xM xM 
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Fir~t calculate x assuming that x is very much smaller than the concentra­
t~on of un-io'nized acid, that is, assu.ming that the acid is less than 10% 
ionized. The denominator of the K. expression may then be simplified. 

x2 
1.6 X 10~ = ıo-s 

x 2 = 1.6 X 10-9 = 16 X 10-10 

X = Yl6 X 10-ıo = Yl6 X v'ı(ffü = 4.0 X 10-5 

or using equation 24: 

[H+] = V K. [HA]= v' (1.6 x ıo-6)(10-') 

= Vl6 X 10-ıo = 4 X ıo-s M 

1 
pH = Iog [H+J 

1 
= Iog 4 X 10-s = log 0.25 x 105 = log 2.5 X 104 

= log 2.5 + log 104 = 0.398 + 4 

pH;:: 4.398 

(b) degree of ionization = [J~;!,;g X 100 

= 4 X ıo-s X 100 = 4 X 10-3 = ~ 
ıo-' ıo-, L_J 

The acid is indeed less than 10% ionized. Therefore, the simplification of 
the denominator term in the expression for K. is ·reasonably valid. 

(c) The pK. is the negative logarithm of K •. 

l 
pK4 = - log K. = log K. 

1 
pK. = log 1.6 X l0_6 = log6.25 X 105 

pK. = log 6.25 + log 105 = 0.796 + 5 

pK. ;:: 5. 796 

pKb = 14- pK. = 14- 5.796 



v 

28 AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY 

· Problem 1-20 

Calculate (a) the H+ ion concentration in a 0.02 M solution of a moderately 
strong acid, HA, where K4 = 3 x ıo-2 M, and (b) the degree of dissociation of 
the acid. 

Solution 

(a) Let: 

Start: 
Change: 
Equilibrium: 

x = M of HA dissodated 
= M of H+ produced 

HA ~ H ... + A-
0.02M O O 

-xM 
0.02-xM 

_ [H+][A-] 
K. - [HAJ 

+xM +xM 
xM xM 

3 X ıo-ıı = (x)(x) 
0.02-x 

The relatively large K. (> ıo-') suggests that the acid is more than 10% 
dissociated. Therefore, the denominator term in the K,, expression should 
not be simplified. 

(3 X 10-2)(0.02-x) = x2 

6 X 10-4 - 3 X ıo-\,c = x2 

X 2 + 3 X I0-2X - 6 X 1 o-~ = Ü 

Soİve for x using the general solution for quadratic equations. 

where a = 1 

-b ±Vb2 -4ac 
X = 2a 

b = 3 X 10-2 

X = -3 X ıo-2 ±V(3 X ıo-2t-4(-6 X ıo-4) 
2 

-3 x ıo-2 ±Y33 x 10 ..... 
2 

-3 X 10-2 ± 5.74 X 10-2 

2 

+2.74xıo-2 = _;.._ _ _,.;__ 
2 

(neglecting the negative answer) 

[H+] = 1.37 X 10-2 M 

(b) degree of dissociation = [J~;~rig X 100 

0.0137 ~ 
= 0.0200 X lOQ ~ 

· Problem 1-21 
t . 

What is the pH of a 3.5 x ıo-2 M solution of an amine with a pK. of 9.6? 



Solution 

pKı, = pK,.. - pK .. 

= 14-9.6 

pK(>= 4.4 

pOH = pK. + p[RNH2] 
2 

=5: 6 =2.93 
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p[R~H2] = - log [RNHı] 
1 

= log 3.5 X 10-2 

= log28.57 

p[RNH2] = 1.456 

4.4+ 1.456 
2 

pH = 14-pOH = 14-2.93 

pH = 11.07 

• Problem 1-22 

Calculate the ionic strength of a 0.1 M solution of butyric acid. K .. ,= 
1.5 X ıo-s.. 

Solutioıı 

Butyric acid is only partially ionized. The undissociated molecules have no 
effect on the ionic strength of the solution. First calculate M"+ and Mı...,1.-.,e-, 

K = [H+][butyrate-] = (X)(X) = X 2 = l 5 x ıo-s 
" [butyric add] 0.1 - X 0.1 · 

X' = 1.5 X 10--4; 

x = Vıso x ıo-a = 12.25 x_ıo-f 

(H+] = 1.225 x 10-3 M, [butyrate-] = 1.225 x ıo-" M 

r ı~ 2 ı 2 2 2 = 2 L.; MıZ; = 2 (M H"" Z H-,. + M bu<yn,t~-Zbutyr.ate-} 

_ (1.225 X ıo-')(1)2 + (1.225 X 10-3)(-1)2 
- 2 

i =! 1.225 X ıo-s 

EFFECT OF CONCBNTRATION ON DEGR.BE OF DISSOCIATION 

As a consequence of the Jaw of mass action, the degree of dissociation ofa 
weak acid varies with concentration. A dissodating system of the type . 
HA::;= H+ + A- has an unequal number of particleş on the two sides of the 
equilibrium. As the total concentration of all species increases, the equilib­
rium shifts to the left (i.e., to the side with the fewer panicles). As the total 
concentration of all spedes decreases, the equilibrium shifts to the right {i.e., 
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to the side with the greater number of particles). The equilibrium constant 
remains constant. Only the relative proportions of the vajious species 
change. 

A simple example will illustrate why the relative proportions must change 
upon dilution if Kecı is to remain constant. Consider the reaction A :;.::!: B + 
C. At equilibrium, the concentrations of A, B, and C are related by: 

K = [B J[C] = l O 
"" [AJ . 

Let the letters A, B, and C stand for some equilibrium concentrations, for 
example, 1 M. Now dilute the solution tenfold. If the relative proportions 
of A, B, and C remain constant: 

But 

New concentration of A = 0.1 [A] = 0.1 M 

New concentration of B = 0.1 [B] = 0.1 M 
New concentration of C = O.l [C] = 0.1 M 

(O.!ttl} does nal equal 1.0 
Therefore, the relative concentrations must change to reestablish equilib­
rium. B and C increase while A decreases. 

A rnathematical relationship between concentration, K., and the degree of 
dissociation can be derived easily. 

HA ~ H+ + A-.,-----

Start: e o o 
Change: -ne +ne +ne 
Equilibrium: C-ne nC nC 

where C = the original total concentration of HA 
n = the fraction dissociated (as a decirnal) 

K = (ne)(nC) K .. C - K.nC = n2e2 
0 (C-nC) 

If nC is very small conıpared to C, the expression for K. simplifies to: 

K = (nC)(nC) = n 2C 2 = n 2 C 
" e C 

Solving for C or n: 

and 

(27) 

(28) 
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· Problem. 1-23 

At what cçncentration (in terms of K.) ofa weak acid, HA, will the acid be (a) 
10% dissociated, (b) 50% dissociated, and (c) 90% dissociated? 

Solııtı'on · 

(a) 

(b) 

(c} 

1 - n 1-0.1 0.9 
C=--;r K.._ = (O.l)2 K. = O.Ol Kc C =90K0 

C 1 - 0.5 K 0.5 K 
= (0.5)t " = 0.25 " 

C l-0.9K 0.1 K 
= (0.9)2 " = 0.81 .. C =0.123K .. 

Thus, we see that the degree of dissoc-iation increases as the initial concentra­
tion of HA decreases. 

"HYDROLYSIS'' OF SALTS OF WEAK ACIDS AND BASES 

Salts of weak acids (the conjugate base anion of weak acids) react with water to 
produce the weak parent acid (conjugate acid) and OH- ions. 

A-+HOH~HA+OH-

We can see that the "hydrolysis" is nothing more than the ionization of the 
conjugate base as described earlier. The "hydrolysis constant," Kh, is 
identical to Kb. 

_ [HA][OH-] 
K.,, - [A-][HOH] 

Similarly, salts of weak bases (the conjugate acid of weak bases) react with 
water to produce the weak parent base and H+ ions. 

R-NH; + HOH ~ R-NH2+ H,O+ 

NH; + HOH ~ NH3 + H30+ 
or 

NH; + HOH ~ "NH10H" + H+ 

Again, we see that the "hydrolysis" is nothing more than the usual 
ionization of the conjugate acid. 1n this instance, the Kh that is defined is 
identical to K. for the conjugate acid. 

K [HOHJ = K = [R-NH2J[H30+J = K 
«ı ,. [R-NHt] " 

r~ Pr~blem 1-24 

~a) Calculate the pH ofa 0.1 M solution of NH1Cl. The Kb for NH10H is 
1.8 x ıo-s. (b) What is the degree of hydrolysis of the salt? 
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Solution 

(a) NH4Cl is a salt ofa weak base anda strong acid. Therefore a solution of 
NH4Cl will be acidic because of "hydrolysis" of the NHt ion. 

NHt + HOH :;= NH40H + H+ 

Kh = K. = K., = 1 X ıo-14 = 5.56 X ıo-ıo 
- Kb l.8 X ıo-s 

K = [NH40H][H+] = 5 56 x ıo-ıo 
h (NH:] . 

Let 
y = M of NH40H produced upon hydrolysis 

y= M of H+ produced upon hydrolysis 

(y)(y) = 5.56 X 10-ıo 
(0.1- y) 

Simplifying: 
J = \155.6 X v'ııfTil 

1 

y2 = 5.56 X 10-ıı 

pH = log 7.46 X 10-{; 

pH= 5.13 

(b) 
[H+J 7 46 X 10-{; 

degree of hydrolysis = [NHn x 100% = . 10-ı x 100 

~ 7.4~~}0-• ~ 1 7.46 X 10-'% 1 

Because the NH; is 1ess than 10% hydrolyzed (ionized), our substitution of ,>. 

0.1 M fqr 0.1- y M is reasonably valid. 

HENDERSON-HASSELBALCH EQUATION 

A useful expression relating the (a) K. of a weak acid, HA, and the pH ofa 
soiution of the weak acid or (b) Kb ofa weak base and the pOH ofa solution of 
the weak base can be derived. 

(a) 
_ [H.')[A-J 

K. - [HA) 

Rearranging terms: 

Taking logarithms of both sides: 

log [H+} = l~g K" + log [[~;] 

M ultiplying both sides by - 1: 
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(b) 

+ (HA) 
- log [H ] = - Jog K. - log f A-] 

' \ 

[M+][OH-J 
Kb = [MOH] 

[OH-]= K [MOH] 
b [M+J 

log [OH-]= log Kb 
[MOHJ 

+ log [M+] 

[HA] 
pH = pK. -log (A-] 

Kb = [R-NH;J[OH-J 
[R-NHz) 

[OH-]= K [R-NH 2] 
b [R-NHt] 

log [OH-] = log K 0 

[R-NH2] 
+log [R-NHt) 

- Jog [OH-)= - log Kb 
[MOH) 

-log [M+] 

- log [OH-] = - log Kb 
[R-NH2) 

-log [R-NH;J 

[MOH] 
pO H = pKb - log [M+] 

- [M+] 
pOH -pKı. + log [MOH] 

_ [R-NH2) 
pOH - pK. - log [R-NHt] 

_ K l [R-NH;] 
pOH - p • + og [R-NH2] 

(29) 

(30) 

Note that when the concentrations of conjugate acid and conjugate base are 
equal, pH = pK. and pOH = pKb. This same relationship can be seen from 
the original K,, or K 0 expressions; when [A-] = [HA], [H+] = K. and when 
[R-NH2] = [R-NHt], [OH-]= Kb. 

According to the above equations, the pH ofa solution containing HA and 
A- is independent of concentration; the pH İs eı.tablished solely by the mtio of 
conjugate base to conjugate acid. This is not quite true, as we will see. For 
the moment, we will assume that the conjugate base/conjugate acid ratio is the 
determining factor. The assumption is valid as long as [A-J and [HA] are 
high compared to K,,, but not so high as to warrant corrections for activity 
coefficients. Under the usual Iaboratory conditions, the. çoncentrations 
might ~e 0.1 Mor Iess with K,, values of ıo-s or less, so this condition is met. 

D. LABORATORY BUFFERS 

TITRATION OFA WEAK ACID 

1 

When a strong acid is titrated with a strong base the pH at any point is 
determined solely by the concentration of untitrated acid or excess base 
(Problem 1-17). The conjugate base that is formed (e.g., Cı-) has no effect on 
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pH. The situation is quite different when a weak acid is titrated with a strong 
base. A weak acid dissociates in an aqueous solution to yield a small amount 
of H+ ions. 

l. 

When OH- ions are added, they are neutralized by the H+ ions to form 
H20. 

2. 

The removal of H+ ions disturbs the equilibrium between the weak acid and 
its ions. Consequently, more HA ionizes to reestablish the equil,ib­
rium. The newly produced H+ ions can then be neutralized by more OH­
and so on until ali of the hydrogen originally present is neutralized. The 
overall result, the sum of reactions 1 and 2, is the titration of HA with OH-. 

3. 

The number of equivalents of OH- required equals the total number of 
equivalents of hydrogen present (as H+ plus HA). 

The pH at the exact end (equivalence) point of the titration is not 7 but 
higher because of the hydrolysis of the A- ion; that is, because reaction 3 itself 
is an equilibrium reaction. in the absence of any remaining HA, the A- ion 
reacts with H 20 to produce OH- ions and the undissociated weak acid, 
HA. Because equilibrium conditions must always be satisfied in solutions of 
weak acids and bases, the H+ ion concentration and pH during the titration 
can be calculated from the K. expression or from the Henderson-Hasselbalch 
equation, provided the concentration of conjugate acid and conjugate base 
(or the ratio of their concentrations) is known. When ca!culating the values 
for [HA] and [A-] during a titration, it is safe to assume that moles 
HAremain = moles HA.,,,ı: - moles HA,,,r,.«ı, and moles A- = moles HA,ı.,..,ro 
throughout mosı of the titration curve. Significant errors (resulting from 
hydrolysis of the salt) arise only when an equivalence point is ap­
proached. The weaker the acid (in terms of K. as well as original concentra­
tion), the. sooner (in terms of percent of the original acid titrated) anomalous 
answers result from ignoring hydrolysis. 

In other words, if A- is 10% ionized (to HA+ OH-), then the Henderson· 
Hasselbalch equation cannot be used to estimate the pH ofa solution of HA 
that has been 99% titrated. 

· Problem 1-25 

Calculate the appropriate values and draw the curve for the titration of 500 mi 
of 0.1 M weak acid, HA, with 0.1 M KOH. K. = ıo-s (pK" = 5.0). 

Solution 

The titration curve is shown in Figure 1-2. The values were calculated as 
shown below. 

(a) At the start, the pH depends solely on the concentration of HA and the 
value of K •. 

pH = pK. \p[HA] = 5; 1 = 3_0 
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e 

Equivalenc:e poirıt 

400 500 

Figure 1-2 Titration of a weak monoprotic acid, HA, with a strong base (e.g., 
KOH). pK.. =5.Q; [HA) at the start=O.l M. . . 

(b) At any point during the titration the pH can be calculated from: 

- ~ pH - pK,. + Jog [HA] 

For example, after adding 100 mi of 0.1 M KOH.: 

0.1,liter X O. 1 M = O.Ol moles of Ol:ı- have been added 

O.Ol moles of HA have been converted to O.Ol moles of A-

moles HA remaining = moles HA originally present 
- moles of HA titrated to A-

= (0.5 liter x 0.1 M) - O.Ol 
= 0.05-0.01 ~ 0.04 moleş 

The volume has changed, but the ratio of moles A-/moles HA is the same as 
the ratio of [A-J/[HA]. 

· O.Ol 
pH = 5.0 + log 0_04 = 5.0 + log 0.25 

To avoid dealing with the log ofa number smaller than unity, the Henderson­
Hasselbalch equation can be written as 
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[HA)_ 0.04 
pH = pK. - log[A]- 5.0- log O.Ol 

= 5.0 - Jog 4 = 5.0 - 0.602 

pH=4.40 

(c) · When 250 mi of 0.1 M KOH has been added, the original HA is half 
titrated. 

log 1 = O 

pH =pK. ar pH = 5.0 

(d) Beyond the halfway point, the pH is stili given by: 

- ~ pH - pK. + Jog [HA] 

For example, after adding 375 ml of 0.1 M KOH: 

0.375 liter x 0.1 M = 0.0375 moles OH- added 

0.0375 moles of HA have been converted to 0.0375 moles of A­

HA remaining = 0.0500 - 0.0375 = 0.0125 

0.0375 
pH = 5.0 + log 0_0125 = 5.0 + log 3 

= 5.0+0.477 pH = 5.48 

Note that when the acid is less than half titrated, the pH is less than 
pK.. When the acid is exactly half titrated, the pH equals pK.. When the 
acid is more than half titrated, the pH is greater than pK •. 
(e) When exactly 500 mi of 0.1 M KOH have been added, we have theoreti­
cally titrated ali the HA to A-. However, the pH at the endpoint is not 7 
because A-, the salt or conjugate base of HA, ionizes: 

A-+HOH~HA+oH-

Note that the ionization equation read backwards is the equation for the 
titration of HA with OH-. Thus, the titration is an equilibrium reaction that 
does not go to completion. The addition of 1 mole of OH- to 1 mole of HA 
does not produce exactly 1 mole of A-. The pH at the endpoint can be 
calculated from Kb. First note that the concentration of A- is 5 x ıo-2 M at 
the endpoint (500 mi of 0.1 M KOH have been added to 500 mi of 0.1 M HA 
yielding 1 !iter of solution containing 0.05 moles of A-). 
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K = [HAJ[OH-) = K.,, = 10-14 = ıo-ıı 
b [A-J • K,, 10-5 

POH = pKı, + p[A-] = 9+ logır.lis: 
2 2 

9 + 1.30 10.30 
= 2 :=::-2-

pOH=5.15 

pH=pK .. -pOH pH = 14-5.15 

pH=S.85 

If we started with A- and titrated with HCI, the curve would be essentially 
identical to that shown in Figure 1-2 with the horizontal axis reading (from 
right to left) "mi of 0.1 M HCI added." 

WHAT IS A BUFFER? HOW DOES A BUFFER WORK? 

A "buffer" is something that resists change. ln common chemical usage, a 
pH buffer is a substance, or mixture of substances,. that permits solutions to 
resist large changes in pH upon the addition of small amounts of ıi+ or OH­
ions. To put it another way, a buffer helps maintain a near conslant pH upon 
the addition of small amounts of H+ or OH- ions to a solution. 

Common buffer mixtures contain two substances, a conjugate acid and a 
conjugate base. An "acidic" buffer contains a weak acid and a salt _of the 
weak acid (conjugate base). A "basic" buffer contains a weak base anda salt 
of the weak base (conjugate acid). Together the two species (conjugate acid 
plus conjugate base) resist large changes in pH by parıially absorbing 
additions of H+ or OH- ions to the system. If H+ ions are added to the 
buff ered solution, they react partially with the conjugate base present to form 
the conjugate acid. Thus, some H+ ions are taken out of circulation. If 
OH- ions are added to the buffered solution, they react partially with the 
conjugate acid present to form water and the conjugate base. Thus, some 
OH- ions are taken out of circulation. · Buffered solutions do change in pH 
upon the addition of H+ or OH- ions. However, the change is much less 
than that which would occur if no buffer were present. The amount of 
change depends on the strength of the buffer and the [A-]/[HA] ratio (see 
]}uff er Capacity). The solution obtained by titrating HA with KOH (Prob­
lem 1-25) is a buffer. If we examine the:. titration curve, we see that in the 
region of pKa the pH changes only slightly as OH- is added. Thus HA+ A -
provides good buffering action in the neighborhood of pH 5. However, this 
particular weak acid plus its salt is a poor buff er at pH 7. If we wished to 
prepare a solution that would buff er at pH 7, we would use a weak acid whose 
pK. is around 7. 
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· Problem 1-26 

(a) Describe the components of an "acetate" buffer. (b) Show the reactions 
by which an acetate buffer resists changes in pH upon the addition of OH­
and H+ ions. 

Solution 

(a) An ",J.cetate" buffer contains un-ionized acetic acid (HOAc) as the 
conjugate acid and acetate ions (OAc-) as the conjugate base. The OAc­
may be provided directly by NaOAc, KOAc, and the like, or by neutralizing a 
portion of the HOAc with KOH or NaOH. 
(b) · In a solution containing a weak acid such as HOAc, a certain condition 
must be met--'-namely, the product of [ff'"](OAc-] divided by [HOAc] must be 
constant: 

K = [H+][OAc-] 
"- [HOAc]_, 

A change in the concentration of any one of the three components of the K,. 
expression causes the concentrations of the other two to alter appropriately so 
that [H+][OAc-) divided by [HOAc] İs still the same constant value (K.). 

For example, if OH- ions are added to the system, they react with ıhe H+ 
ions present to fo.rm. H20. 

The reduction in [H+} disturbs the equilibrium momentarily. Con­
sequently, more HOAc dissociates to reestablish the equilibrium condition. 

The net result (as well as the sum of the above two reactions) is as if the OH­
ions react directly with the conjugate acid of the acetate buffer to yield H20 
plus more conjugate base [OAc-]. 

Ali of this, of course, happens almost instantaneously. 
Similarly, if H.. ions are added to the system, ehe equilibrium again 

shifts. This time the conjugate base [OAc-] reacts with some of the excess H+ 
ions to form un-ionized HOAc. 

It should be emphasized that the excess H+ or OH- ions are not completely 
neutralized by the buff er; that is, the pH does not remain absolutely constant 
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upon addition of H+ or OH- ions to a buffer. The reactions by which H+ and 
OH- ions are absorbed are themselves equilibrium reactions and do not go to 
completion. · 

PREPARAT/ON OF BUFFERS 

· Problem 1-27 

(\;) What are the concentrations of HOAc and OAc- İn a 0.2 M "acetate" buffer, W pH 5.00? The K. for acetic acid is 1.70 x ıo-s (pK. = 4.77). . 

Solııtion 

A "0.2 M acetate" buffer contains a total of 0.2 mole of "aceıate" per 
)iter. Some of the total acetate is in the conjugate acid form, HOAc, and 
some is in the conjugate base form, OAc-. The proportions (hence, the 
concentrations) of each form may be solved by using either the K. expression 
or the Henderson~Hasselbakh equation. 

Let 
y=MofOAc-

0.2-y= M of HOAc 

pH=S 

[H+J = ıo-~ 

1 7 X l o-s = (lO-s)(y) 
. (0.2_-y) 

3.4 X 10-6 -1.7 X 1Ü-5y. 

= 1 X 10-5y 

3.4 X 10-6 = 2.7 X 10-"y 

3.4 X 10-6 

y= 27 X 10-,; 

y= 0.126 · 

[OAc-] = 0.126 M 

[HOAc] = 0.200- 0.126 

[HOAc] = j).074 M 

Let 

_ . [OAc-] 
pH - pK., + log [HOAcJ 

y= M ofOAc-

0.2-y= M of HOAc 

5.00 = 4.77 + Jog o/- y 

- ____)_ 0.23 - log 0_2 _ y 

o:/=;= antilog of 0.23 

___1___0 2 = l.7 O . -)' 

0.34 - L70y = y 

0.34 = 2.7y 
)'=0.126 

[HOAc] = 0.2- y M 

[HOAc] = 0.2-0.126 

[HOAc] = 0.074 M 
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or 
_ [OAc-] 

pH - pKa + log [HOAc] 
_ [OAc-] 

5 - 4.77 + log [HOAc) 

- _ [OAc-] [OAc-] _ . 
0.23 - log [HOAc] [HOAcJ - antılog of 0.23 

[OAc-] = l 70 = 1.70 
[HOAc] . 1 

1.7o f I OA -
2.70 o tota = c 

1.00 · 2.70 of total= HOAc and 

~:7° X 0.2 M= 0.126 ı [OAc-] ~o.126 M 1 

!:~~ X 0.2 M= 0.074 1 [HOAc] = 0.074 M 1 

Check: The pH is higher than the pK.. The solution should contain 
more conjugate base than conjugate acid. Conjugate base = 0.126 M. Conju­
gate acid = 0.074 M. 

· Problem 1-28 

Describe the preparation of 3 liters ofa 0.2 M acetate buffer, pH 5.00, starting 
from solid sodium acetate trihydrate (MW 136) and a 1 M solution of acetic 
acid. 

Solııtiorı 

First calculate ehe molarities of OAc- and HOAc present. Any of the three 
methods shown in Problem 1-27 rnay be used to obtain [OAc-] = 0.126 M and 
[HOAc] = 0.074 M. We need 3 liters of the 0.2 M buffer. 

3 liters X 0.2 M = 0.6 mole total (HOAc plus OAc-) 

The total of 0.6 mole is obtained frorn two sources: 

3 liters x 0.126 M= 0.378 mole OAc-

3 liters x 0.074 M= 0.222 mole HOAc 

The 0.378 mole of OAc- comes from solid NaOAc: 

wt 
num~er of moles = MW 

[ wt,=5J.4g 

0.378 = ~t6 

The 0.222 mole of HOAc comes from a 1 M stock solution. 

number of moles = liters x M 0.222 = liters x 1 

liters = 0.222 or 
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Therefore, to prepare 3 liters of the buffer, dissolve 51.4 g of the sodium 
acetate in some water, add 222 mi of the 1 M acetic acid, and then dilute to a 
total final volume of 3.0 liters. ' 

· Problem 1-29 . 

Describe the preparation of 5 liters ofa 0.3 M acetate buffer, pH 4.47, starting 
from a 2 M solution of acetic acid and a 2.5 M solution of KOH.· 

Solution 

As in the previous problem, first calculate the proportions of the two acetate 
species present. 

[OAc-] ı ~ [OAc-] 
pH = pK., + log [HOAc] 4.47 - 4.77 + l<,>g [HOAc] 

_ [OAc-J _ [HOAc] 
-0.30 - log [HOAc] or + 0.30 - log [OAc-] 

[HOAc]_ 'l f03-2-~ . 
[O;,\:ı(] - antı ogo . - - 1 ratıo 

f of the total acetate is present as HOAc and k of the total acetate is 
present as OAc-. The final solution contains: 

' 1 x 0.3 M= 0.2 M HOAc (1 mole in 5 lite~s) 

i x 0.3 M = 0.1 M OAc- (0.5 mole in 5 liters) 

in this buffer, all of the acetate must be provided by the HOAc. · The 
buffer is prepared by converting the proper proporlion of the HOAc to Qf\.c- by 
adding KQH. We need 5 liters x 0.3 M = 1.5 moles total acetate, Calcülate 
how mudi stock 2 M HOAc is needed to obtain 1.5 moles. 

liters x M = number of moles 

liters x 2 :== 1.5 liters = \ 5 = O. 75 

750 mi of the 2 M HOAc is required. 
Next, convert l of the 1.5 moles to OAc- by adding the proper amount of 

2.5M KOH. 
! X 1.5 moles = 0.5 mole KOH needed 

liters x M = number of moles 

liters x 2.5 = 0.5 mole 

l . 0·5 O 21· ıters = 2_5 = . ıte~ 

Add 200 mi of 2.5 M KOH. 
The solution now contains 1 mole of HOAc and 0.5 mole of OAc-. Finally, 

add sufficient water to bring the volume up to 5 liters. The final solution 
contains 0.2 M HOAc and 0.1 M OAc-. 

pH CHANGES iN BUFFERS 

in general, a buffer is used to maintain the pH relatively constant during the 
course of a reaction that produces or utilizes H+ ions. As we shall see in a 
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following section, the ability of a buffer to maintain a near-constant pH 
increases as the concemration of the buffer increases. However, it is not 
always possible to use a relatively concentrated buffer. The enzyme, tissue, 
or cells under investigation may be sensitive to high ionic strength, or the 
assay may require that the pH be adjusted easily to some higher or lower 
value at the end of the reaction. Thus, a compromise is necessary. The 
concentration and pH of the buffer are chosen so that the pH will remain as 
near constant as possible without introducing complications due to high ionic 
strength. There are some circumstances where we want the pH to change 
significantly (e.g., when the extent of a reaction is measured ~y the pH 
change). In this case, we would use the lowest concentration of buffer 
possible without allowing the pH to move out of a range optional for the 
reaction under investigation. 

· Problem 1-30 

Show mathematically why an acetate buffer cannot maintain an absolutely 
constant pH upon the addition of H+. 

Solııtion 

Suppose we have a buffer containing O.Ol M HA and O.Ol M A-. Assume 
that the K0 of the weak acid is also ıo-5• Consequently, the H+ ion 
concentration must also be 10-s M. 

Now suppose ıo-s M H+ is added to the buffer. If all of the H+ reacts with 
A - to yield HA (thus maintaining [H+] at ıo-s M), the new concentration of 
[HA] would be L 1 x 10-2 M and the new concentration of [A-] would be 
0.9 x ıo-2 M. Substituting these values into the K. expression, we ca~ see that 
the [H+][A-] divided by [HA] is not constant and equal to ıo-s. 

· Problem 1-31 

Consider a 0.002 M acidic buffer containing 10-3 M HA and ıo-3 M A-. The 
pH = pK,. = 5 (Kn = 10-5). Suppose that 5 X ıo-4 moles of H+ are added ta 1 
!iter of the buffer (assume that the volume remains at 1 liter). (a) Calculate 
the exacl concentrations of A- and HA and the pH of the solution after 

,addition of the HCL (b) Calculate the concentrations of A- and HA and the 
pH of the solution assuming that the increase in the amount of HA (and the 
decrease İn the amount of A-) is equal to the amount of H+ added. 

Solution 

The added H+ is partially utilized by reacting with A- to form un-ionized' HA. 
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(a) Let 

y = M of H+ utiliz.ed by the buffer 

[A-]=10-3 -yM [HAJ=l0-3 +yM 

[H+] = 10-5 +5 X 10-4 -y = 51 X 10-5 -y 

K = [H+][A-] = (51 x 10-5 -y)(l0-3 - y) = 10_5 

" [HA] (I0-3 +y) 

Cross multiplying: 

10-8 + 10-5y = 51 X ıo-s _ 51 X 10-~y - ıo-sy + y2 

Rearranging and collecting terms: 

y2 - 1 Ü-3y - 51 X ıo-sy - l Ü-5 )' + 51 X 10-8 - 1 Ü-8 = Ü 

y2 -100 X ıo-sy - 51 X ıo-sy - 1 X 10-5y + 50 X 10-" = Ü 

y2- 152 X 10-5)' + 50 X 10-8 = Ü 

where a = l b = - 152 X 10-5 C = 50 X 10-8 • 

+ 152 x ıo-• ±-Vc- ıs.2 x ıo-4)2-4(50 x ıo-s) 
y= 2 

15.2 X 10-4 ±-Y231 X 10-8 - 200 X 10-8 

y= 2 

15.2 X 10-4 ±\!31 X 10-8 

y= 
2 

20.77 X ıo-• 
y= 2 

y = 10.39 X ıo-• 

and 

and 

ıs.20 x ı o-•± 5.57 x ıo-• 
2 

9.63 X 10-4 

2 
4.815 X ıo-• M 

The higher value is obviously incorrect because only 5 x 10-• M H+ was 
added. 

.". y =4.815X 10-4 M 

Thus, of the 5 x 10-4 M H+ originally added, 4.815 x 10-4 M was utilized by the 
buffer. The final H+ ion concentration was increased by 0.185 x ıo-• M. 

[A-]ı; .... ı == 5.18 x ıo-" M 

[HA]fin•l = (10 X ıo-4} + (4.82 X ıo-4) [HA]fin•I ::= 14.82 X 10-4 M 
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· l 1 
pH6naı = log [H+]Jiı ... 1 = log 2.85 X 10-s 

:: log 0.351 x 105 = log 3.51 x 104 

pH = 4.545 

In other words, the pH decreased by 0.455 unit. 
(b) If we assume that virtually alt the H+ reacts with A- to form HA, in order 
to simplify the cakulations: 

[HA)ı;n.ı = (10 X 10-4) + (5 X 10-4) [HA]ıına1 = 15 X 10--' M 

The estimated new [R'] is that which is in equilibrium with 15 x ıo-4 M HA 
and 5 X ıo-4 M A-. The estimated value will be slightly high because, as 
shown in part a, the [HAJ/[A-] ratio is actually a litde less than 3: 1. 

Let y = M of H+ present 

ıo-s = (y)(5 X 10-4) 

(15 X 10-4) 

15 X 10-9 = (5 X 10-4))' 

15 X 10-9 

y= 5 X 10-4 

y= 3 X ıo-s 

The calculated H+ ion concentration 
increase is 2 x ıo-s M (compared to 
tl;ıe true value of 1.85 x ıo-~ M). 

[A-] 
pH = pK .. + log [HA] 

(5 X 10-4) 

pH = 5.00+ log (l5 x l0-4) 

(15 x·ıo-4) 
pH = 5.00 - log (5 X ıo-4) 

pH = 5.00 - log 3 

pH = 5.00-0.477 

pH=4.523 -1 

The calculated pH decrease is 0.477 
unit (compared to the true value of 
0.455). 

We can see that the error introduced by assuming that the buffer reacts 
completely with the added H+ is small. In the above problem, the buffer is 
relatively weak and the amount of H+ ion added is of the same order of 
magnitude as the original A - concentration. in practice, the concentration 
of the buff er employed would be high compared to the expected change in H+ 
(or OH-) ion concentration. Consequently, buffer calculations may be 
simplified gready, as shown in part b above, without undue error. 
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· Problem 1-32 

An enzyme-catalyzed reaction was carried out in a 0.2 M "Tris" buffer, pH 
7.8. As a result of the reaction, 0.03 mole/Iiter of H+ was produced. (a} 
What was the ratio of Tris+ (conjugate acid)/Tris0 (conjugate base) at the start 
of the reaction? (b) What are the concentrations of Tris + and Tris0 at the start 
of the reaction? (c} Show the reaction by which the buffer maintained a near 
constant pH. ( d} What were the concentrations of Tris0 and Tris + at the end of 
the reaction? (e) What was the pH at the end of the reaction? The pK. of 
Tris is 8. 1. (f) What would the final pH be if no buffer were present? 

Solution 

(a) 

(b) 

§x0.2 M = 

Tris0 

pH = pK. + Iog T . + ns 

Tris0 

-0.3= JogT. + 
rıs 

or 

Tris+ . 
T . o= antılog of 0.3 = 2 

rıs 

0.133 M Tris+ and 

Tris0 

7.8=8.l+logT. + 
rıs 

Tris+ 
+0.3=1ogT. o 

rıs 

ıxo.2 M = 0.067 M Tris0 

Check: The pH is less than the pK~; [conjugate acidJ > [conjugate 
base]; 0.133 M > 0.067 M. 
(c) The conjugate base reacts with the excess H+. 

(d) As a result of the reaction, the amounts of Tris+ and Tris0 change as 
shown below. 

[Tris·ı-o.133+0.030-8 

[Tri,'J -0.067-0.030-B 

(e) 
Tris0 0.037 

pH = pK. + log Tris+ = 8.1 + log 0.163 

0.163 = 8. 1 - Iog 0_037 = 8.1 - log 4.4 

pH = 8.1-0.644 pH=7.456 
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. (f) If no buff er were present, the production of 0.03 M H+ would bring the 
pH to: 

1 1 
pH = log [H·J = log 0_03 = log 33.33 

pH = 1.52 

(The enzyme would very likely be denatured before the pH decreased to 
1.52.) 

BUFFER CAPACITY-THEOREI'ICAL AND PRACTICAL 

The ability of a buffer to resist changes in pH is referred to as the \'buffer 
capacity." "Buffer capacity" can be defined.in two ways: (1) the number of 
moles per liter of H+ or OH- required to cause a given change in pH (e.g., 1 · 
unit), or (2) the pH change that occurs upon addition ofa given amount of H+ 
or OH:- (e.g., l mole/liter). The first definition is better because it can be 
applied to buff ers of any concentration. . 

An expression for instantaneous buffer capacity, (3, can be derived using 
calculus. Essentially, f3 is the reciprocal of the slope of the titration curve at 
any point. Starting with the Henderson-Hasselbalch equation: 

pH = pK~ + log [~i] = pK. + log [A-] - log [HA] 

= pK. + log {A-]- IQg ([C)- [A-]} 
= K + in [A-] _ in ([CJ- {A-]) 

P " 2.3 2.3 
where C= the total concentration of buffer components 

. = [A -1 + [HA] 

Differentiating with respect to [A -]: 

dpH _ · 1 1 _ [C] 
d[A-] - 2.3[A-] + 2.3([C]-[A-]) -2.3[A-]([C]-[A-J) 

d[A-] is the same as d[H+] or d[OH-] because for every mole of H+ added a 
mole of A- is utilized; for every mole of OH- added a mole of A- is 
produced. Substituting and inverting: 

d[H+] = d[OH-] = 2.3[A-]([C]-[A-]) = (3 
dpH dpH [C] 

or (31) 

Further substitution from the expression for K" yields: 
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and prruu< = 0.575 [CJ (32) 

where [ffı-] = the hydrogen ion concentration of the buffer. 
We see that /3 increases as the concentration of the buffer increases. We 

might have arrived at this conclusion İntuitively. It seems logical that a 
0.25 M buff er should resist a pH change better than a O.Ol M buffer. it can 
also be shown (by calculus or by trial and error) that /3 will be maximum when 
[A -1""' [HA] or {H+];: K,., that is, the slope of the titration curve is minimal a:t 
pH = pK,.. Also, when [H+J = K.,. f3 = 2.3[H .. ]2[C]/(2[H'•])2 = 2.3[H+p 
[CJ/4[H+p or f3 = 0.575[C]. 

Since /3 is related to the slope of the titration curve at one point, its value is 
the same whether H+ or OH- is added to the buffer. A more pracıical 
definition of buffer capacity is: 

Buffer capacity,. = the number of moles of H+ that must be 
added to one !iter of the buffer in order to 
decrease the pH hy I unit. 

= ıhe buff er capacity in the acid direction. 

and Buffer capacityb = the number of meles of OH- that must be 
added to one !iter of the buffer in order to 
increase the pH by l unit. 

= the buffer capacity -İn the alkaline direction. 

(33) 

Biochemical reactions seldom produce OH- ions. However, many reactions 
consume H+ ions. The utilization of n moles/liter of H+ ions during a reaction 
has the same effect ona buffer as the addition of n moles/liter of OH- ions. 

• Problem 1-33 

Calculate (a) the instantaneous and (b) the practical buffer capacity in both 
directions of a 0.05 Af Tricine buffer, pH 7.5. Tricine is N-tris­
(hydroxymethyl)-methylglycine. pK. = 8.15. (K. ""'7.08 X ıo-9.) 

Solution 

The titration curve for Tricine (base) showing the position of the buffer is 
sketched in Figure 1-3. The curve is shown for the ıitration of Tricine 
conjugate base with H+. The curve for the titration of Tricine conjugate 
acid with OH- would be the mirror image of that shown. The pH of the 
buffer is less than pi(.,. Therefore, [Tricine+] > [Tricine0], as shown below. 

H _ (Tricine0 ] _ [Tricine11] 
p - pK .. + log [T . . +] 7.50- 8.15 + log [T . . +] neme rıcıne 

7 50 _ 8 15 1 [Tricine+] 0 65 = 1 [Tricine•] 
· - · - og [Tricine0] • og [Tricine0] 

[Tricine+] 4.47 
{Tricine0] = -1-
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[Tricine+] = ;:!~ X 0.05 = 0.041 M 

[Tricine0] = 5 .~7 X 0.05 = 0.009 M 

At pH 7.5, [H+] = 3.16X 10-8 M 

(a) or 

/3 = 2.3 K. [H ... ][C] 
(K. + [H ... ))2 

(2.3)(7.08 X ıo-9)(3.16 X ıo-8)(0.05) 
= (7.08X 10-9 +3.16X 10-8 )2 

2.57 X 10-17 

= (3.87 X 1 Ü-8)2 
2.57 X 10- 17 

= 1.50 X 10-ıs 

/3 = 0.017 M 

/3 = 2.3[Tricine0][Tricine+] 
[Tricine0 ] + [Tricirıe+] 

_ 2.3[Tricine0J[Tricine+] 
- C 

_ (2.3)(0.041 )(0.009) 
- 0.05 . 

8.49 X 10-4 

5 X 10-2 

/3 := 0.017 M 

(b) We can see from the titration curve that the practical buffer capacity in 
the alkaline direction is greater than the practical buffer capacity in the acid 
direction. To calculate BC., we start by calculating the concentrations of 
Tricine+ and Tricine0 at pH 6.5 (one pH unit less than the pH of the buffer). 

_ [Tricine0J _ [Tricine0J 
pH - pK. + log [T . . +] 6.50- 8.15 + log [T . . +] neme neme 

1 65 = 1 [Tricine+] [Tricine+] = 44.7 
· og [Tricine0J [Tricine0] 1 

. ·. at pH 6.5: [Tricine+J = !!:~ X 0.05 = 0.049 M 

[Tricine0 ) = 4;_7 X 0.05 = 0.001 M 

Next, cakulate the [H+] required to change the original concentrations of 
conjugate acid and conjugate base to the final concentrations. 

or 

[Tricine+]fin,ı = [Tricine+}nrıg + [H ... ] 

0.049 = 0.041 + [H+] 

: . , Be. ; 0.008 M 

[Tricine0]finaı = [Tricine0 ]orig - [H+J 

0.001 = 0.009-[H+] 

BC~ = 0.008M 
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Butter capacity irı alkaline direction 

Buffer 
capacity 
in acid 
directiorı 

~~ --------------------------

o o5 ın 

Moles H+ added/mole Tricine base 

Figure 1-3 Titration ofa weak monoprotic base (e.g., Tricine) with a strong acid 
(e.g., HCI). pK. of Tricine = 8.15. 

To calculate BC~, we proceed in the same manner to obtain the concentrations 
of Tricine0 and Tricine+ at pH 8.5. 

[Tricine0] 

8.5 = 8.15 + log [T . . +] neme 

O 35 = 1 [Tricine0] [Tricine0J = 2.24 
· og [Tricine+] [Tricine+J 1 

[Tricirıe0J = :::: x 0.05 M = 0.035 M 

[Tricine+] = 3_~4 x 0.05 M = 0.015 M 

Now, calculate the amount of OH- that must be added (or H+ that must be 
removed) to change the original concentrations to the final concentrations. 
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[Tricine0hnaı = [Tricine0 ]orig + [OH-] 

0.035 = 0.009 + [OH-] 

BC 6 =0.026 M 

or 

Thus, the practical buffer capacity in the alkaline direction is more than three 
times the practical buffer capacity in the acid direction. At pH 7.5, BC. > 
{3, but BC. < /3. If the pH of the buffer were 8.15 (i.e., pH = pK.): 

BC. = BC&=0.020 M 
and 

/3= 0.029 M 

That is, the slope of the !ine between pK. and pK .. + 1 (or pK" and pK. - 1) 
is greater than the slope of the line drawn tangent to the titration curve at 
pH =pK •. 

Instead of proceeding stepwise as outlined above, we can derive a general 
equation for practical buffer capacity. For example, far BC. where pH1 is 
the initial pH and pH2 is the final (lower) pH: 

and 

( [A-]ı) ( [A-)2) 
pHı - pH2 = 1 = pK. + log [HA]ı - pK + log [HAh 

or 
[A-]ı [A-]2 

1 = log [HA)ı - log [HA]~ 

_ [A-],[HAh [A-]ı[HA)2 
1 - log [HA]ı[A-]· = 10 • [HA]ı[A -]2 

or 

Substituting [HAh =[HA],+ [H+] and [A-]2 = [A-]ı - [H+], multiplying out, 
separating terms, and solving for [H+]: 

+ 9[HA]ı(A-]ı 
[H ] = BC .. = lO[HA]ı + [A-]ı (34) 

Similarly, we can derive the equation for BCb: 

_ _ _ 9[HA]ı[A-]ı 

[OH ] - BC. - lO[A-]ı + [HA], (35) 

For Tricine, HA= Tricine+, A- = Tricine0 • 
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· Problem 1-34 

in the preceding problem, we saw that it takes 8 x ıo-s moles H+ /liter to 
decrease the pH ofa 0.05 M Tricine buffer, pH 7.5, by one unit. (a) Will the 
addition of 4 x ıo-, M H+ decrease the pH by 0.5 unit? (b) What is the 6.pH 
caused by adding 4 X 10-s M H+? 

Solution 

(a) A titration curve is not a straight line and the pH scale is logarithmic, not 
linear. Hence, there is, no direct proportionality between H+ added and 
.ı:lpH. Thus, it does not take half as much H+ to decrease the pH by 0.5 unit 
as İt took to decrease the pH by 1.0 unit. The exact amount of H+ required 
can easily be calculated as shown in the previous problem but substituting pH 
7.0 for the final pH. We will find that at pH 7.0: 

[Tricine +] = 0.047 M [H+].dd<d = 0.006 M 

Thus, more than half as much H+ is required to reduce the pH by 0.5 unit as it 
took to reduce the pH by 1.0 unit. 

(b) 
0.009-0.004 

pH = S. lS + log 0.041 + 0.004 

0.005 
= 8.15 + log 0_045 = 8. 15- log 9,= 8.15- 0.95 

pH =7.2 ApH=0.3 

Thus, half as much H+ decreased the pH by less than 0.5 unit. 

· Problem 1-35 

Lactic dehydrogenase catalyzes the reversible reaction shown below. 

H 
1 

CH,-c-coo- + NADH + H+ ~ CH3-c-coo- + NAD+ 
ıı ı 
O OH 

pyruvate Iactaıe 

Suppose the enzyme that you are interested in hasa relatively flat pH plateau 
(optimum) between pH 7.9 and pH 8.3. Beyond these limits, the reaction 
rate decreases markedly. The enzyme is also rapidly inactivated at high ionic 
strength. You wish to assay the enzyme in the direction of lactate produc­
tion. The reaction will be allowed to proceed until 0.05 M lactate is pro­
duced. In order to minimize inactivation of the enzyme you must use the 
lowest concentration of buffer possible that will stili maintain the pH within 
the limits of 7.9 to 8.4. You decide to use Tris as a buffer. 

Describe in detail the characteristics of your buffer; that is, indicate the 
starting pH of the assay mixture, the final pH, the concentrations of 
conjugate acid and conjugate base at the beginning and end of the reaction, 
and the total buffer concentration (conjugate acid plus conjugate base). The 
pK,. value of Tris is 8. 1. 
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Solution 

The reaction utilizes H+ ions. Therefore, we would start at the lowest pH 
permissible (7.9). The pH wiU rise as the reaction proceeds, but the final pH 
cannot be greater than 8.4. The problem is to calculate the concentration of 
Tris buffer, C, that will maintain the pH within these limits. Thus, C is 
unknown. At the start: 

and 

· [Tris0]o 
pH = pK. + log [T . +] 

_ (Tris0 ]o 
7.9-8.l+log[T. +] 

[Tris +]o 1.585 
o=--

[Tris ]o 1 

rıs o 

[Tris+]o _ . 
[T . 0] - antılog 0.2 

ns o 

rıs o 

or [Tris+]o = !:~!~ [C] = 0.613 [ C] 

[Tris0]o = 2.~SS [C] = 0.387 [C] 

At the end: 

_. [Tris0]r 
pH - pK., + log [T . +J ns 1 

_ [Tris0Jr 
8.4 - 8. 1 + log [T ... 1 rıs f 

[Tris0 ] 1 . 
[T . +J = antılog 0.3 ns 1 

[Tris0 ] 1 _ 2 
[Tris+J, - 1 or [Tris0)J = J [CJ = 0.667 [C] 

and [Tris +], = ! [C] = 0.333 [ C] 

[Tris +], = [Tris +]o - 0.05 

0.333(C] = 0.613[ C]- 0.05 

0.05 = 0.28 [C] [C] = O.OS 
0.28 

[C] = 0.1786 M 

Thus, at the start, the buffer contains: 

[Tn,·ı = (0.613)(0.ı7s6) = B 
[T,is~ = (0.387)(0.1786)-1 0.0691 M 

At the end of the reaction, the buffer contains: 
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[T.ı,·ı ~ (0.333)(0.1786) ~ B 
[Tds'J ~ (0.667)(0.1786) -B 

POL YPROTIC ACIDS 

A polyprotic acid ionizes in successive steps: 

+ 
A2-

Note that HA- is the conjugate base of H2A, but the conjugate acid of 
A2-. F~§_t~corı1mo!1_ ~veak_ diprotic acids, Ka, is at least one order of 
magnitude greater than K,,,. Consequently, the pH of a solution of H2A is 
established almost exdusively by the first ionization, 

Titration and buffer calculations for weak diprotic and triprotic acids are 
done exactly as shown ear]ier for weak monoprotic acids. The only new 
consideration is which Ka or pKa value to use: Very simply, we use the 
appropriate constant that describes the equilibrium between the species we 
are dealing with. For example, Figure 1-4 shows the titration of a weak 
diprotic acid with OH- (pKa, = 4, pK.,. = 7). The pH at any point along the 
titration curve is given by: 

[HA-J 
pH = pKa,·+ log [H2AJ and 

[A'-J 
pH = pK,,, + log [HA 1 

Thus, if we know the exact ratio of either conjugate base-conjugate acid pair, 
we can calculate the pH. Alternately, if we know the pH; we can calculate the 
ratios of [HA-J/[H,A] and [A 2-]/[HA-], hence, the ratio 0f ali three species. 

AMPHOTERIC SALTS-INTERMEDIATE 
IONS OF POLYPROTIC ACIDS 

An intermediate ion of a polyprotic acid when dissolved in water undergoes 
both ionization as an acid (reaction 1) and ionization as a base or hydrolysis 
(reaction 2). 

1. 

2. 

HA-+ H20 :;:= A2- + H,O+ Keq, = K.,. 

K =KA=Kı,,=K., 
•cı. ' Ka, 

If reaction 1 proceeds further to the right (that is, has a greater Keq) than 
reaction 2, the solution is acidic. If reaction 2 proceeds further to the right 
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Figure 1-4 Titration of a weak diprotic add, H2A, with a strong base (e.g., 
KOH). pK., = 4.0; pK.., = 7 .O; [H2A] at the start:== 0.1 M. 

than reaction 1, the solution is basic. However, the acidity or alkalinity is not 
as great as we might expect judging from the relative values of K.q, and K~, 
because of a further compensating reaction that iakes place. If reaction 1 
goes further to the right than reaction 2, then some of the excess HsO+ 
produced reacts with unreacted HA- according to reaction 3 . . 
3. 

If, however, reaction 2 proceeds further than reaction 1, some of the excess 
OH- produced reacts with HA- according to reaction 4. 

4. HA-+ OH-;;;::: A2-+ H 20 K = _l_ = _1_ = K,,, 
~· K,.. Kb, K~ 
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Thus, the two major reactions taking place in the solution are either 1 plus 3 
or 2 plus 4. The sum of either pair of reactions is identical and is called a 
"disproportionation" reaction 5. The equilibrium constant fora dispropor­
tionation reaction always is the ratio of the K.,. for the next acid dissociation to 
the K. for the preceding acid dissociation (K .. IK.,), as shown below. 

1. 

3. 

Sum: 5. 

or: 

2. 

4. 

Sum: 5. 

1 K =­
"'U K.., 

K.<u = K.,,, x K.,,. = Kdi, 

K K,. 
.,q,=-K 

•1 

We can arrive at the same disproportionation reaction by assuming that 1 
molecule of HA - releases a proton and another molecule accepts the proton. 

Sum: 5. 

HA-:;::: H+ + A 2- K~ = K •• 

1 
K.q=-K 

"' 

K.,, = K.,. = Kdı, 
K .. , 

The disproportionation reaction tends to equalize the concentrations of the two ionic 
forms on either side of the intermediate ion. When writing reaction 5, we assume 
that the component reactions proceed to the same extent (we cancel H20 and 
OH- or H20 and H,O+j. Actually, reaction 1 or reaction 2 proceeds. 
slightly further than reaction 3 or 4; that is why the solution is acidic or 
basic. However, the actual amounts of OH- or Hsü+ produced (by reaction 1 
or 2) and utilized (by reaction 3 or 4) are much greater than the dijference 
between the amounts produced and utilized. Consequently, we can safely use 

_ reaction 5 asa hasis for calculating the concentrations of ali ionic forms (H2A, 
· HA - , and A 2-) in the solution. · 

The H+ ion concentration and subsequently the pH of the solutiotı may 
then be cakulated from any K.,, expression containing the above components: 
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We can also derive equations from which the H+ ion concentration and the 
pH may be determined directly from the K., and K., values. 

K _ [H2A][A2-] _ K., 
di, - [HA-]2 - K., 

[H2A] = [A'-] 

[H2A]2 K., ---=-
[HA-]2 K., 

or [H2A] _ v'Jf.: 
[HA-] - \/JC. 

Substituting the [H:A]/[HA-] ratio into the K., expression: 

K _ [H+][HA-] 
01

- (HzA] 
[H+] = K.,[H2A] = K.,v'K': 

[HA-] \/Ka. 

[H+] = vıi:, "\/K.., 

log [H+] = i(log K.1 + log K.,) 

- log [H+J = - l(log K., + log K.,) 

_ log [H+] = - log K., - log Ko, 
2 

pH = pK., + pK., 
2 

(36) 

(37) 

Intermediate ions are the predominant species at intermediate equivalence 
points. Therefore, we can predict that the pH at an intermediate equival­
ence point during the titration of a polyprotic acid (or amino acid) is the 
average of the pK. values on either side of the equivalence point. For amino 
acids the pH is designated pI (isoelectric point) if the intermediate ion in 
question is the one that carries no net charge. At the pl the major ionic 
species present is AA0 • However, because of the disproportionation reac-

. tion, small (and essentially equal) amounts of AA-1 and AA +ı are also 
present. The pH is designated pH ... if the major ionic spedes present carries 
the maximum number of charges~ -;~gardless of sign. By the same reasonfng 
we can show that the pH of a solution ofa salt ofa weak add and a weak base 
is the average of the two pK. values. For example, the pH of a solution of 
NH .. OAc is given by: 

P Ka +pK. 
H NH: KOAc 

p = 
2 

'. 
' 
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· Problem 1-36 

Describe the preparation of 10 liters of 0.045 M potassium phosphate buffer, 
pH 7.5. 

Sofotion 

The pH of this buffer i~ a little above the pK,,., of H3PÜ4 as shown in the 
titration curve in Figure 1-5. Consequently, the two major ionic species 
present are H2PO~ (conjugate acid) and HPO!- (conjugate base) with the 
HPO!- predominating. 

The buffer can be prepared in any one of several ways: (1) by mixing 
KH2P04 and K2HP04 in the proper proportions, (2) by starting with H3P04 

and converting it to KH2PO, plus K2HPO, by adding the proper amount of 
KOH, (3) by starting with KH2PO. and converting a portion of it to K2HPO. 
by adding KOH, (4) by starting with K,HPO. and converting a portion of it to 
KH2PO. by adding a strong acid such as HCI, (5) by starting with K3P04 and 
converting it to KH2P01 plus K2HPO. by· adding H CI, and (6) by mixing 
K5PO. and KH2PO, in the proper proportions. Regardless of which method 
is used, the first step involves calculating the proportion and amounts of the 
two ionic species in the buffer. 

The buffer contains a total of 10 liters x 0.045 M = 0.45 mole of phosphate. 

[HPOtJ 
pH = pK,,., + log [H2PO;.-J 

[HPO:-J [HPO!-J 
7.5 = 7.2 + log [H2 PO~] 0.3 = log [H2PO;.-J 

[HPO;-J - ·1 f O 3 - 2 - 2 . 
[H 2PO;J - antı og o . - - 1 ratıo 

f x 0.45 mole = 0.30 mole of HPO!- is needed and f x 0.45 mole = 
0.15 mole of H2PO~ is needed. 

pK(h ----~----------

pH 

Moles OH-/mole H3 PO, 

Figure 1-5 Titration curve of H,P04• 
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l. From KH,P04 and K,HPO,-Weigh out 0.30 mole of K2HP04 (52.8 g) and 
0.15 mole of KH2PO. (20.4 g) and dissolve in sufficient water to make 10 liters 
final volume. Or, if stock solutions of the two phosphates are available, 
measure out the appropriate volumes of each and dilute to 10 liters. In 
practice, we might prepare 0.045 M K2HPO. and 0.045 M KH2PO. and simply 
mix the two until the pH (as measured with a pH meter) is 7.5. Since both 
stock solutions are 0.045 M, the total phosphate concentration will remain 
0.045 M re·gardless of what volumes of each are added. 
2. From HsPO, and KOH-Start with 0.45 mole of H3PO. (position a in 
Figure 1-5) and add sufficient KOH to titrate completely 1 hydrogen (to 
position c) and f of the second hydrogen (to position e). 

For example, suppose we have _available only stock concentrated (15 M) 
H,PO. and astandard solution of 1.5 M KOH. We need 0.45 mole of H3PO •. 

liters x M = number of moles 

liters x 15 = 0.45 mole 

ı . 0.45 O 03 ı· ıters = ~ = . ıter 

Take 30 ml of H 3PO.. Add 0.45 mole of KOH to convert a!l the HsPO. 
to H2PO~; then add another İ x 0.45 ;,,, 0.30 ~~l~ ~f KOH to convert 0.3 mole 
of H2PO~ to HPO!-. In other\vôrds, a total of 0.75 mole of KOH is required. 

Since we have available 1.5 M KOH, we can calculate how much of this 
solution to add. 

liters X M = number of moles 

liters = number,:f moles = o/; = 0.500 

Add 500 ml of KOH to the 30 ml of concentrated HsP04; then add 
sufficient water to bring the final volume to 10 liters. 
3. From KH2POi and KOH-We can start with KH2P04 (position c) and add 
sufficient KOH to convert} of the H2PO~ to HPO;- (position e). 

For example, suppose we have available only solid KH2PÜ4 and KOH. We 
need 0.45 mole of KH,PO,.. 

wt MW = number of moles 

Wlg = (0.45)(136) = 61.2 g 

Dissolve the KH2P0.1 in sorhe water; then add 0.30 mole of KOH (solid or 
dissolved in some water). · 

wt8 ~ (0.30)(56) = 16.8 g of KOH 

Next, add sufficient water to bring the volume to 10 liters. 
4. From K2HP04 and HCl-The HPO!- (position f) may be converted to 
H2PO; by adding H CI. 

tt• 

HPOt ------ H2PO; 
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Because we want to end up with an HPO:-/H2PO; of t we want to convert 
only { of the HPo:- to H2PO; (to r,each position e). Suppose we have 
available solid K2HPQ4 anda 2 M solution of HCI. Weigh out 0.45 moles of 
K2HPO.,. 

wtır = number of moles X MW 

Wts = (0.45)(174) = 78.3 g 

Dissolve the KH2PO,. in some water; then add l x 0.45 = 0.15 mole of HCI. 

liters X M = number of moles 

1. number of moles 0.15 0 0751. 
ıters = M = - 2- = . ıter 

Add 75 ml of 2 M HCI. Then add sufficient water to bring the volume 
to 10 liters. 
5. From K3P04 and HCl-Start with 0.45 mole of K,P04 {position h) and add 
sufficient HCI to convert an the Po:- to HPO!- (position f). Then add 
additional HCl to convert 4 of the HPO!- to H2PO; (position e). 

H+ H+ 
Por----+ HPo:----~ H,Po; 

wt8 = number of moles x MW 

wt8 = (0.45)(212) = 95.4 g 

Dissolve the K,P04 in water. Add 0.45 mole of HCI to convert ali the PO!­
to HPO!-. Then add another l x 0.45 = 0.15 mole of HCI to convert 
0.15 mole of HPO:- to H2PO;. The final soluti~n then contains 0.15 mole of 
H,PO; and 0.30 mole of HPO:-. Now add sufficient water to make 10 liters. 
6. From KH2P04 anıl K.,P04-The KH2P04 and KsPO .. react to form 
K2 HP04. The H2PO; acts as an acid and the PO!- acts as a base. 

H2PO:, +PO!-~ 2HPO!-

The reaction is the reverse of the disproportionation reaction. Note that 
each rnole of H 2PO; and Por yields 2 moles of HPO!-. Thus, to produce 
0.30 mole of HPO!-, 0.15 mole of H2PO; and 0.15 mole of PO!- are ·re­
quired. But, in addition to the 0.30 mole of HPO;-, the final solution contains 
0.15 mole of H 2PO;. Therefore, dissolve 0.30 mole of KH2P04 and 0.15 mole 
of K,P01 in water. Of the original 0.30 mole of KHrP01, 0.15 mole reacts 
with the PO!- to produce 0.30 mole of HPO!-, leaving 0.15 mole as 
H2P(?4, Then add sufficient water to make 10 liters. 

· Problem 1-37 

Calculate the concentration of all ionic species of succinate present· in a 
solution (buffer) of 0.1 M sucdnate, pH 4.59. 

Solution 

W e can see from the titration curve sketched in Figure 1-6 that the major ionic 
species present at pH 4.59 are H2succinate and Hsuccinate- with the latter 
predominating. However, because pK .. is close to pK • ., an appreciable 
amount of succinate2- is also present. · 
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pK., 2 = 5.57 

pH 

pK._ı + PKa2 

2 - 4.88 

4.59 

pK.,, = 4.19 

o 0.5 1.0 1.5 2.0 

t 
H 2succinate 

t t 
succinate2-Hsuccinate -

Motes oH-/mole H2succinate 

Figure 1-6 Titration curve of succinic acid. 

First calculate the ratio of Hsuccinate -/H2succinate using the Henderson­
Hasselbakh equation. 

H = K + lo [H~uccinate -] 
p p •ı g [H2succinate) 

4.59 = 4.19+ lo [Hsucci?ate-] 
g [H2succınate] 

0 40 = 1 [Hsuccinate -] 
· og [H2succinate] 

[Hsuccinate-] _ . _ 
[H . ) - antılog of 0.40- 2.51 

2succınate 

The Hsuccinate-/H2succinate ratio is 2.51. 

Next calculate the Hsuccinate-/succinate2 - ratio at pH 4.59. 

H = K + 1 [succinate2-] 

p p "' og [Hsuccinate-J 

_ 0 98 = 1 [succinate2-] 

· og [Hsuccinate -] or 

[Hsuccinate -1 . 
[ , 2-1 = antılog of 0.98 = 9.55 
succınate 

4.59 = 5.57 + lo [succi~ate2-] 
g [Hsuccınate ) 

+ 0_98 = lo [Hsuc.cinatf] 
g [succınate ] 

The Hsuccinate -ısuccinate2- ratio is 9.55 : 1. 
The three ionic species are in the following proportions: 

Hsuccinate -
2.51 
9.55 

• 2-
succınate 

1 

The two ratios must be expressed relative to a common com'ponent such as 
Hsuccinate-. So, if 1 part succinate2- is present for every 9.55 parts of 

'Hsuccinate-, calculate how much succinate2 - is present for every 2.51 parts of 
Hsuccinate - . 

9.55y = 2.51 

y = !:~! = 0.263 

That is, the ratio of the three ionic species is: 
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succinate2-

0.263 
total 

3.773 parts 

The total succinate concentration is 0.1 M. 

1 
3.773 X 0.1 M= 

2.51 O 1 M 
3.773x · = 

0.263xo 1 M= 
3.773 . 

0.0265 M H2succinate 

0.0665 M Hsuccinate -

0.00697 M succinatez-

• Problem 1-38 · 

(a) What is the pH Öf a 0.1 M solution of monosodium succinate? (b1 What 
are the concentrations of un-ionized succinic acid, Hsuccinate - and succi­
nate,ıı- in the solution (pK .. 1 = 4.19 and pK .. = 5.57)? 

Solııtion 

Monosodium succinate (Hsuccinate -) is an intermediate ion of a polyprotic 
acid. The pH ofa 0.1 M solution and the concentrations of ali three ionic 
forms of succinic acid may be calculated as shown. 

(a) pH = pK.., + pK .. = 4. 19 + 5.57 
2 2 

pH=4.88 

9.76 
2 

(b) The concentrations of all species present can be calculated in two 
ways. First, considering the disproportionation reaction: 

Let 

and 

2Hsuccinate - -+ H2succinate + succinate2-

K . = [H2succinate][succinate2-] = 14 = 2.69 x 10-(j = 4 16 10-ıı 
d.s [H . -]2 K 6 46 10-.s . X succınate .. , . x 

y = M of Hsuccinate- that disappears 

i = M of H2succinate produced 

i = M of succinate2 - produced 

<1 12><,121 = 4.16~ 10-2 

(0.1 - y) . ~4(o.i~ y)2 = V4.I6x 10-ıı · 

2co.l- ,) = 2.04 x 10-1 
. 'J -

(0.2 _ 2y) - 0.204 
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y = 0.0408-0.408y 

= 0.0408 = o 0290 
y L408 . 

l .408y = 0.0408 

i = 0.0145 

Hısuccinate = 0.0145 M 
succinate2- = 0.0145 M 

Hsuccinate- = 0.100 - 0.029 = 0.071 M 

Alternatively, the concentrations can be calculated using the Henderson­
Hasselbalch equation: 

H = K 1 [Hsuccinate-) 
p p "' + og [lfı:succinate] 4.88 = 4_19 + lo [Hsucci~ate-) 

g [H2succınate] 
[Hsuccinate -] _ .1 f O 69 _ 4 9 
{H . ] - antı og o . - . 

2succınate 

The ratio of Hsuccinate-/H2succinate is 4.9: 1. 
Next calculate the ratio of Hsuccinate-/succinate2-. 

H = K + 1 [succinate2-J 
p p ""' og [Hsuccinate-] 

4.88 = 5.57 + lo [succi~ate2-] 
g [Hsuccınate ] 

_ O 69 = 1 [succinate2-] 

· og [Hsuccinate-) or + 0.69 = !o [Hsuc.cinat::_-] 
g [succmate ) 

[Hsuccinate -] . 
[ . 2-] = antılog of 0.69 = 4.9 
succınate 

The ratio of Hsuccinate -;succinate2- is also 4.9: 1. The ·concentrations 
of all three ionic species are in the ratio of 1 ;4.9: 1. 

H2succinate :;=:: Hsuccinate - :;;::= succinate2-

l 4.9 1 

The total concentration of succinate is 0.1 M . 

6\ X 0.1 M = H2succinate concentration 

4·9 O 1 M H . - . 
6.9 X • = succmate concentratıon 

1 O 1 M . 2- • 6.9 X . = succınate concentratıon 

[Hısuccinate] = 0.0145 M 

[Hsuccinate -] = 0.0710 M 

[succinate2-] = 0.0145 M 
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According to the Henderson-Hasselbalch equation, the pH of a buffer 
depends only on the ratio of conjugate base activity to conjugate acid 
activity. Explain then why the pH ofa buffer changes when it is diluted. 

Solution 

The pH ofa buffer changes with dilution for several reasons: 
1. Charıges in Activity Coı;fficients-The activity coefficients of different ions 
are not the same at any given concentration and do not change in an identical 
manner with a given change in concentration. For example, we can see from 
Appendix V that ')'HPO:- is 0.445 in a 0.1 M solution and 0.903 in a 0.001 M 
solution. The activity coefficient of its conjugate acid (1'tt,ro,) is 0.744 in a 
0.1 M solution and 0.928 in a 0.001 M solution. In general, dilution results in 
an increase in 1'; ')' approaches unity at infi.nite dilution. The greater the 
charge on the ion, the greater is the change in its activity coefficient fora given 
change in concentration. Consider a "0.2 M phosphate buffer" containing 
equal molar amounts of HPo:- and H2PO; (0.1 M of each ionic 
species). The exact pH of the solution can be calculated taking into account 
the activity coeffi.cients of the two ions. We can also calculate the pH of the 
solution after it is diluted 100-fold, taking into account the change in activity 
coeffi.cients. 

0.2M Buffer 

_ (0.445)(0.1) 
pH - 7-2 + log (0.744)(0.1) 

= 7.2 + log 0.598 

= 7.2-0.22 

pH=6.98 

0.002 M Buffer 

(0.903)(0.001) 
pH = 7·2 + log (0.928)(0.001) 

= 7.2 + log 0.973 

= 7.2-0.01 

pH=7.I9 

In general, the log aA-/attA term of "acidic" buffers increases upon dilution, 
resulting in an increase in pH. In "basic" buffers, the log aR-NH,/aR-NHı term 
decreases upon dilution, resulting in a decrease in pH. 
2. Changes in the Degree of Dissociation of HA-As shown earlier, the degree 
of dissociation of a weak acid increases as the solution is diluted. In a 
solution of a we;ık acid alone (no added conjugate base), the acid is 10% 
dissociated when [HA]a.-ıs = 100 KA and 50% dissociated when [HA] .. .-ıa- = 
2 KA. Thus, the log A-/HA term increases as the solution is diluted. In a 
buffer solution (weak acid plus added conjugate base), the A- tends .to. 
suppress the dissociation of HA. Consequently, in a buffer solution contain­
ing [HA]= 2 KA, the HA is somewhat less than 50% dissociated. 

For example, consider a 0.02 M succinate buffer, prepared by dissolving 
O.Ol mole of succinic acid an·d O.Ol mole of monosodium succinate in sufficient 
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water to make 1 !iter final volume. The monosodium succinate ionizes 
completely and the succinic acid ionizes partially. Let 

y = M of succinic acid that dissociates 

. ·• y = M of H .. produced upon dissociation 

and 

y = M of HA~ produced upon dissociation of the acid 

[HA-]= O.Ol+ y [H2A] = 0.01-y and [H+] = y 

K = [H .. ][HA-J = (y )(O.O 1 + y) = fı.4fı X l 0-s 
" [H2A] (0.01-y) 

Because the concentrations of H2A and HA- are more than 100 times the 
K.1 value, y is small compared to O.Ol and may be neglected. 

pH = pK, = 4.19 

Now !et us dilute the above buffer 100 times. 

and 

Now the concentration of buffer components is of the same order of 
magnitude as the Ka value. Thus, H2A is more than 10% dissociated and y is 
not small compared to ıo-•. Consequently, we must solve for y exactly. 

K = (y)(IO-' + y) = 6 46 X 10-s 
a (l0-4 _ )') • 

6.46 X 10-9 - 6.46 X 10-'y = 10-4 y + y2 

y2 + 10 X 10-5 y + 6.46 X 10-5y - 6.46 X 10-9 = Ü 

where a = I 

y 

y2 + 16.46 X 10-sy - 6.46 X 10-9 = 0 

-b ±Yb 2 -4ac 
Y = 2a 

b = 16.46 X 10-s 

- 16.46 X ıo-s ± V271 X ıo- 10 + 258 X 10-ıo 

2 

- 16.46 X ıo-• ± V529 X 10-10 

y= 
2 

- 16.46 X 10-5 ± 23.0 X 10-s 6.54 X 10-5 

y= = 
2 2 

y = 3.27 X 10-s 

[H+J = 3.27 x 10-s M pH = 4.49 

[H2A] = (10 X 10-5)- (3.27 X 10-5) = 6. 73 X ıo-s M 

[HA-1 = (10 X 10-5 ) + (3.27 X 10-5) = 13.27 X ıö-Ş M. 

Note that the [HA-]/[H2A] ratio that is essentially 1 ·in the ıo-2 M buffer 
changes to about 2 when the buffer is diluted 100-fold. 
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3. Finally, as the buffer is diluted extensively, its contribution toward the H+ 
or OH- ion concentration of the solution approaches that of water and the pH . 
approaches 7. ' 

· Problem 1-40 

Suppose that you prepare a buffer by dissolving 0.10 mole per !iter ofa weak 
acid, HA, and O. 10 mole per !iter of its sodium salt, A-. Assume that 
pK. = 3. (a) What is the pH of the buffer? · {b) How much does the buffer 
have to be diluted for the pH to increase by 1 unit? N eglect changes in 
activity coefficients. 

S0l11ti01ı 

(a) Let 'J = M of HA that dissociates 

[HAJ=0.10-y [A-J=O.lO+y and 

_ [H+][A-] ( )(O 10 + ) 
K. - [HA]y . y = ıo-s 

(0.10-y) 

Because the concentrations of HA and A - are much larger than K., y is 
small and may be neglected in the HA and A - terms. 

K = (y )(O. 10) = 10_, 
" (0.10} 

y= ıo-s = [H+] 

(b) If the pH increases by 1 unit upon dilution {to pH 4.0), then [H+] = 
10-4 M = y. Calculate the new "original" concentrations of HA and A - that 
we must start with (or dilute the original buffer to) so that when the addition 
and subtraction of 'J are made (when the HA dissociates) the ratio of A -/HA is 
10: 1. 

Let C = new "original" M of HA and A-. 

10-, C - 10-1 = ıo-• C + ıo-s 
0.9 X 10-s C = 1.1 X 10-7 

C= ı.ı x ıo-7 = ı 22 ıo-4 
0.9X 10-3 ' X 

1n other words, if we start by dissolving 1.22 x 10-4 moles per liter each of 
HA and A-, 1 x 10-4 M HA dissociates producing 2.22 X 10-4 M A- and 
leaving 0.22 X 10"' M HA. · 

Check: 

10_, = (lff.-4.)(2.22 X 10"') = (l0-4)(lO) 
(0.22 X 10-4) 

We will obtain exactly the same result by diluting the 0.2 M buffer to the 
above new concentrations. 
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0.10 ~ HA}_d_u .. _·u-on_ .. _. ~ 1.22 x 1~-4 M HA 

0.10 M A- 1.22 x 10-4 M A-

l ~:~~sc:lt:i~etion 

GENERAL RULE 

ol HA 

0.22 x 10-4 M HA 
+ 

2.22 X ıo-• M A-

The original buffer must be 
diluted 820-fold. 
s~o X 0.10 M = 1.22 X 10-4 M 

As a general rule for solving buffer problems, we can assume that the 
concentrations of conjugate acid and conjugate base present in solı,ıtion are 
the same as the concentrations of each originally added to the solution (or 
produced by partial titration of one or the other). This general rule does not 
hold when the buffer is extremely dilute (when the concentrations of buffer 
components are in the region of the K. value). In such dilute buffers, the 
changes ()') are large compared to the original concentrations. 

CORRECTIONS FOR TOTAL IONIC STRENGTH 

lons (in addition to those of the buffer components) influence the ionic 
strength and affect the activity coefficients of the buffer components. Thus, 
even in a very dilute solution containing equimolar concentrations of, for 
example, HPO!- and H2PO;, the pH will not equal pK. if a relatively high 
concentration of N aCI is present. Instead of correcting the activity coeffi­
cients of the buffer components for the total ionic strength, it is simpler to 
define a new, apparent or effective pK,, that relates the pH (i.e., -log aH•) to the 
actual concentrations of buffer components at a given total ionic 
strength. The apparent pKa is designated pK :. 

and 
- , [A-] 

pH - pKa + log (HA] (38) 

The effect of total ionic strength on K. or pK. can be quantitatively predicted 
from the Debye-Hückel equation. Thus, at any total ionic strength, the 
effective pK., is given by: 

pK ~ = pK .. + .6.pK" (39) 
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The values for ApK. at three different total ·ionic strengths are given in 
Appendix VI. 

· Problem 1·41 

What is the pH of a 0.05 M KCl solution containing O.Ol M KııHP01 and 
O.Ol M KH2PO.? 

Solution 

The pH is not 7.2 even though [HPon = [H2PO;J. If we correct for the ac­
tivity coefficients of HPo:- and H2PO;, we still will not obtain the correct 
pH. We must correct for the total ionic strength, part of which results from 
the KCI. First calculate the ionic strength. The solution contains: O.Ol M 
HPO!- + O.Ol M H2PO; + 0.05 M er+ 0.08 M K+ (one K+ for every H2PO:; 
and er; two K+ for every HPOr>. 

r _ [HPOt](2)2 + [H2PO;J(It + [Cı-)(1)2 + [K+]{I)2 
2- 2 

_ (0.01)(2l + (0.01)(1) + (0.05)(1) + (0.08)(1) 
- 2 

= 0·;8 =0.09 

From Appendix VI, we see that at - 0.10 ionic strength, .6.pK. fora conjugate 
acid with a charge of - 1 is - 0.32. 

pK~ = pK .. + .ılpK .. 
pK!= 6.88 

Since [HPon = [H2PO:;J, pH = pK~. 

pK~ = 7.2 + (-0.32) 

pH=6.88 

BUPPBRS OP CONSTANT IONIC STRBNGI'H 

In order to determine the effect of pH ona reaction, we must make certain 
that ali the buffers used are of the same ionic strength {or else establish that 
changing ionic strength has no effect). Facts not often appreciated are (a) a 
buffer of any given composition has a different ionic strength at different pH 
values, and (b) two buffers of diff erent composition may have different ionic 
strengths at the same pH. The simplest way to deal with a series of buffers of 
varying ionic strengths is to determine which buffer has the greatest ionic 
strength and then make ali the others up to that maximum by adding a 
neutral, noninhibitory salt, such as KCl. 

• Problem 1-42 

(a) Which buffer has the greater ionic strength: a. .0.05 M Tris buffer, pH 
7.5, ora 0.05 M phosphate buffer, pH 7.5? (b) How can the ionic strengths be 
equalized? 
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Solution 

(a) The Tris buffer contains Tris0 , Tris\ and a counter ion, for example, 
er. (The buffer might have been made by titrating Tris0 with HCl.) Tris0 

is uncharged and, thus, has no effect on ionic strength. The concentrations 
of H+ and OH- are exceedingly low and, thus, can alsa be neglected. If we 
kept track of the amount of HCl added to attain pH 7.5, we would 
automatically know the concentration of Tris... If not, we can cakulate 
[Tris +]: 

[Tris0 ] [Tris0 ] 

pH = pK. + log [Tris+] 7.5 := 8.1 + log [Tris .. ] 

1 [Tris0) • .. 4 O 
- 0.6 = og [Tris+) [Trıs J = 5 x 0.05 M = .04 M 

[Cı-J=0.04M 

A more accurate calculation would include ı'Tn,+ (about 0.9 for monopositive · 
ions in the region of 0.05 M). ' 

The phosphate buffer contains H2PO;, HPOt and, for example, K+. The 
pH is in the region of pK.,. Therefore, there is approximaıely 0.025 M of 
each phosphate species present. (If we prepared the buffer ourselves, we 
would know the exact amounts of HPOt and H2PO; present.) The activity 
coefficiems of HPOt and H2PO; in the region of 0.025 M are 0.64 and 0.88, 
respectively (estiınated froın a semi-Iog plot of the values given in App­
endix V). 

_ l )'HPO~-[HPO!-J _ 0.64[HPO!-J 
pH - pK.., + og ')'H,ro,[H2PO;J 7·5 - 7·2 + !og 0.88[H2PO;J 

0.64[HPOn 0.64[HPO!-J 2 
0.3 = log 0.88[H2PO;J 0.88[H,P0i] = 1 

[HPOn _ (2)(0.88) _ 2.75 
[H2PO:;-J - (1)(0.64) - l 

[HPO!-] = ;:;~ x 0.05 = 0.037 M 

[H2PO;J = 3_~5 x 0.05 = 0.013 M 

The phosphate buffer contains: 0.037 M HPO:-, 0.013 M H 2PO;·, arid 
(0.037)(2) + (0.013)(1) = 0.087 M K+. 

The ionic strengths of the two buffers are: 

Tris: 
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Phosphate: 
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r _ [HP0!-](2)2 + [Hıı:PO;"]{l)2 + [K.]{1)2 

2- 2 
_ (0.037)(4) + (0.013)(1) + (0.087)(1) _ 0.248 
- 2 -~2-

1 f=o.m 1 

Thus, the 0.05 M pl}osphate buffer has about three times the ionic strength of 
the 0.05 M Tris buffer at pH 7.5. 
(b) The Tris buffer can be made up to 0.124 ionic strength by adding 
0.124 - 0.04 = 0.084 M KCL (The pH may change slightly when the ionic 
strength is adjusted from 0.04 to 0.124.) 

E. AMINO ACIDS AND PEPTIDES 

The common amino adds are simply weak polyprotic acids. Cakulations of 
pH, buffer prep~ration, and capacity, and so on, are done exactly as shown in 
the preceding sections. Neutral amino acids (e.g., glycine, alanine, 
threonine) are treated as diprotic acids (Table 1-1). Acidic amino acids (e.g., 
aspartic. acid, glutamic acid) and basic amino acids {e.g., lysine, histidine, 
arginine) are treated as triprotic acids, exactly as shown earlier for phosphoric 
acid. 

· Probleın 1-43 

"Glycine" can be obtained in three forms: (a) glycirie hydrochloride, (b) 
isoelectric glycine (sometimes called glydne, free base), and (c) sodium 
glycinate. Draw the structures of these three forms. 

Solution 

(a) COOH 
1 ... 

CJ-H3N-C-H 
+ 1 

H 
glycine hydrochloride 

(AA+1) 

• Probleın 1-44 

(b) coo-
1 

H,N-C-H 
+ 1 

H 
isoelectric glycine 

(AA°) 
sodium glycinate 

(AA-1) 

Calculate the pH of a 0.1 M solution of (a) glycine hydrochloride, (b) 
isoelectric glycine, and (c) sodium glycinate. 

Sofution 

(a) Glycine hydrochloride is essentially a diprotic acid. Because the car­
boxyl group is so much stronger an acid (Kd, = 4.57 x ıo-5, pK.1 = 2.34) than 
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Table 1-1 Predominant Species and pH at Key Points Along the Titration Curve of Weak Diprotic Acids. 

pK,, (halfway to First Eqııivalence pK.., (halfway to Second Equivalence 
Start Jst equiv. point) Point 2nd equiv. point) Point 

H2A 
50% H2A HA" 

50% HA- A2-
50% HA" 50% A2-

H2C03 (C02) 
50% H2CO, + C02 

HCOi 
50% HCO; co~-

50% HCO, sa% co~-

HOOC-(CH2).-COOH 
50% HOOC-(CH2)2-COOH 

"OOC-(CH2)-COOH 
50% "OOC-(CH2)-COOH 

"OOC-(CH,),-COO-
50% -ooC-(Cfü),-COOH 50% ·00C-(CH2)-COO" 

füN ... -CHR-COOH 
50% H,N+-CHR-COOH H,N+-CHR-coo· 50% HsN+-CHR-COO" 

HıN-CHR-COO" 
50% H,W-CHR-COO- (pH = pI) 50% H2N-CHR-coo· 

H,N+·R-NH; 
50% H,N"'"-R-Nlit 

HsN+-R-NH2 
50% HsN+·R-NH2 

HıN-R-NH, 50% H,N+-R-NH2 50% H,N-R-NH, 

pOH = eK~+ e[ConcJ 
2 

pH = EK.1 + e[Conc] 
2 

pH = pK., pH = eK., + eK,, 
2 

pH =pK.., pH = 14-pOH 
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the charged amino group (pK,,,, = 9.6), the pH of the solution is established 
almost exdusively by the extent to wh_ich the carboxyl ionizes. 

Let 

and 

COOH 
1 

H,N-C-H 
+ ! 

H 

coo-
1 

H,S!"-r-H + H+ Kq = K~, 

H 
AA0 

y = M of AA +ı that ionizes 

· · y = M of H+ produced 

y = M of AA0 produced 

and 

0.1 - y = M of AA +ı remaining at equilibrium 

K = (y)(y) = 4 57 X 10-3• 
., (0.1-y} . 

Because of the proximity of the amino and carboxyl groups, the carboxyl 
group is a stronger acid than that of acetic acid. The y in the denominator 
cannot be ignored. 

4.57 X 10-4 - 4.57 X 10-3)' = y2 

,/ + 4.57 X ·10-3y - 4.57 X 10,..4 = Ü 

-b ±Vb2 -4ac 
y = 2a 

where a = l b = 4.57 x ıo-s C = 1 4.57 X 10-4 • 

Solving for y, we obtain: 

Thus, glycine hydrochloride is 19.2% ionized in a 0.1 M solution. 
(b) Isoelectric glycine is an intermediate ion of a polyprotic acid .. 

The pH of a solution of an intermediate ion is, essentially independent of 
the concentration of the ion. The pH rnay be calculated frohı the pK. values 
on either side of the ion; that is, frorn the pK,. of t~e next acid group to ionize 
and the pK~ of the previous add group ionized. 

pH = pK.,, + pK.., 
2 

pH=5.97 

2.34+ 9.6 11.94 
=--

2 2 
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At this point, it would be convenient to review why the pH is the average of 
pi{,,. and pK.,. The pI is defined as that pH where the predominant ionic 
form is AA0, and any small concentration of AA+ present is balanced by an 
equal concentration of AA-. We know that: 

[AA0J[H+J 
K., = [AA+) and 

[AA-)[H+) 
K .. = [AAO] 

[AAO] = K.,[AA+J 
[H+] and [H+] = K...,[AA0

] 

[AA-] 

Substituting for [AA0J: 

[H+] = K...,K.,[AA +J 
(AA-][H+] or [H+J2 = K..,K.,[AA +] 

[AA-] 

But: [AA•] = [AA-} 

[H+l = V K.,.K .. , and pH= 
pK.,.+pK., 

(40) 
2 

(c) Sodium glycinate is a diprotic base. Both the un-ionized amino group 
and the carboxylate ion can accept a proton from water. However, because 
the amino group is a much stronger base than the carboxylate ion, the pH of 
the solution depends almost entirely on the extent to which the amino group 
ionizes. We can check the relative base strengths by calculating Kb for each 
group. For the amino group, 

K K.. ıo-u ıo-•• 3 98 ıo-" bı = K.,. = 10-ıı.& = . = . X 

For the carboxylate ion, 

K = K ... = ıo-14 = ıo-ıı.66 = 2 19 x ıo-•2 
"' K .. , ıo-u• . 

coo-
1 

HııN-?-H 

H 
AA-1 

+ HOH 

coo­
HN-l-H 

3 + 1 
H 

AA6 

+ 

Because the concentration of sodium glycinate is large compared to K,., we 
• can neglect the , in the denominator. 

2 

3.98 X 10-s = ci_ı y2 = 3.98 X 10-6 

'j = V3.98 X ıo-6 = 1.995 X ıo-s 

[OH-]= 1.995 x 10-s M ""'2 X 10-3 M 

+ Kw l X 10-ı• 5 o-12 
[H ] = [OH-]= 2 X 10-3 = X l 
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l l l 1 11 
pH = og [H+] = og 5 x 10-12 = log 2 x 10 

pH = 11.3 

• Problem 1-45 

(a) Draw the structures of the various forms of "aspartic acid" that may be 
obtained. (b}-(e) Show how each form ionizes in water. 

Solııtion 

(a) "Aspartic acid" may be obtained in four forms: aspartic hydrochloride 
(AA+'), isoelectric aspartic acid (AA 0 ), monosodium aspartate (AA-•), and 
disodium aspartate (AA-2). The structures are shown below. 

CÖOH coo- coo- coo-
- 1 HsN-t-H 

1 1 
CI H:,N-C-H HsN-C-H H2N-C-H 

+ 
1 

+ 
1 

+ 
1 1 

CH2 CH2 CH:ı 
Na+ 

CH2 
2Na+ 

ı ı ı 1 
COOH COOH COff coo-

aspa.rtic hydro- isodectric aspartic monosodium disodium aspartate 
chloride (AA +ı) acid (AA°) aspartate (AA-1) (AA-') 

(b) Aspartic hydrochloride ionizes as a typical polyprotic acid, The pK. 
values for the three acidic groups are 2.1 (a-COOH), 3.86 (/3-COOH), and 
9.82 (a-NHt). Because the a:-COOH is so much stronger an acid than the 
other two groups, the pH of an aspartic hydrochloride solution depends 
almost exclusively on the concentration of aspartic hydrochloride and the 
extent to which the a-COOH ionizes. 

COOH 

HsN-6-H 
+ 1 

CH2 
1 

COOH 

coo-
1 

H,N-C-H 
+ 1 

CH2 
1 

COOH 
AA0 

The pH calculations may be made exactly as described in the preceding 
problem for glycine hydrochloride. 

(c) Disodium aspartate ionizes asa typical polyprotic base. The pKb values 
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for the three basic groups can be calculated from their respective pK. values 
as shown in Table 1-2. 

Table 1-2 

Conjugate Acid pK. Conjııgaıe Base pK& 

a-COOH 2.1 (pK.,) a-COO- 11.9 (pKı,,) 
{3-COOH 3.86 (pK .. ) /3-COO- 10.14 (pKı..,) 
a-NHf 9.82 (pK.,) cr-NH~ 4.18 (pKıı,) 

Note that the pK. values of the conjugate acids are numbered in decreasing 
order of acid strength. The pK& values are numbered in decreasing order of 
base strength. Therefore, the a-NH; group is the weakest acid and its pKo 
value is designated pKa,· The conjugate base of the a-NH; group is the 
a-NH2 group which is the strongest of the basic groups. Hence, its pK& value 
is designated pKb,· Because pKı,., is almost 6 pH units less than pKb, (K., is 
almost 106 times less than K,,}, the pH of a disodium aspartate solution is 
established almost exclusively by the concentration of the salt and the extent of 
ionization of the a_-NH2 group. 

+ HOH 

coo-
1 

H,N-C-H + OH-
+ 1 

CH2 

600-
K,q = K., = :"' ... 

Calculations of pH are done exactly as described in the previous problem 
for sodium glycinate. 

(d) The two remaınıng forms of aspartic acid are intermediate ions of 
polyprotic acids. For example, consider isoelectric aspartic acid·. The com­
pound ionizes both as an acid and a base. 

AA0 

coo-
1 

H3N-C-H 
+ 1 

CH2 
1 coo-

AA-1 

K""'= K., 
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coo-
1 

H,N-C-H + HOH 
+ 1 

CH2 

tooH 
AA0 
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COOH 
1 

HsN-C-H + OH-
+ 1 

CH2 
1 
COOH 
AA+ı 

K =Kıı,= K.., 
"'I K., 

The pH of solutions of isoelectric aspartic acid may be calculated from the 
pK.1 and pK .. values (the pK .. values on either side of isoelectric aspartic acid 
in its titration curve). 

pH = pK.,; pK., = 2. 1 ~ 3.86 = 5.:6 = 2.98 

(e) The remaining form, monosodium aspartate, is alsa an intermediate ion 
ofa polyprotic acid. Its ionizations as an acid and asa base are shown below. 

coo-
1 

H,N-C-H 

coo-
1 

H,N-C-H 
+ 1 

CH2 

600-
AA-1 

+ 1 
CH2 
1 coo-

AA-1 

+ HOH 

coo-
1 

H2N-C-H 
1 

CH2 

600-
AA-2 

coo­
HsN-6-H 

+ 1 
CH2 
1 
COOH 
AA" 

K<q = K •• 

The group shown ionizing as an acid (the a-NH;) is the only remaining 
acidic group. The group shown ionizing asa base (the /3-COO- group) is the 
stronger of the two basic groups present. The ionization of the a-COO­
group as a base conİ-.ributes little toward establishing the pH of the solution 
because it is so much weaker a base than is the /3-COO- group. The pH of 
solutions of monosodium aspartate may be calculated from the pK., and pK.,. 
values. 

pH = pK .. ; pK.,. = 3.86; 9.82 = 13268 = 6_84 

· Problem 1-46 

Sketch the pH curves for the titration of 100 ml of 0.1 M alanine hydro­
chloride with KOH in the (a) absence and (b) presence of excess formaldehyde. 
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Solution 

(a) The titration curve resembles that of a typical diprotic acid with two 
buffering plateaus in the regions of the pKa values. It takes 1 mole of OH­
per mole of amino acid to go from the starting point to the first end 
(equivalence) point and 0.5 mole of OH- per mole of amino acid to getto the 
midway, {the pK01 ) position. Togo from the first endpoint to the second end 
(equivalençe) point, another mole of KOH per mole of amino acid is 
required; 1.5 moles of KOH per mole of amino acid hydrochloride bring the 
pH to the point midway between the first and second equivalence points (to 
the pK .. value). 
(b) Formaldehyde reacts with amino groups to form methylol derivatives. 

COOH 
1 

H2N-C-H 
1 

R 

HCHO 

COOH 
1 

H-N-C-H 
1 1 

HOH2C R 

HCHO 

The methylol derivatives are stronger acids (weaker bases) than are the 
original unsubstituted amino groups. In other words, the pK .. value for the 
substituted amino acid is lower than the pK., value for the original amino 
acid. The titration curves are sketched in Figure 1-7. Note that formal­
dehyde has no effect on the amounts of KOH required ta titrate the amino 
acid to pKaı, pK., (or pK:.,), and the equivalence points. Also note that only 
the pK .. value is shifted; formaldehyde has no effect on the a-COOH group. 

· Problem. 1-47 

Calculate the isoelectric point (pI} and the pH at which the maximum total 
number of charges are present (pH-) fo.r {a) glycine, (b) aspartic acid, and (c) 
lysine. 

1 
PKa, 1 

1 

pK~,=,..._,7 +HCHO ı 
ı· 
1 

pH ı 
1 
ı 
1 

pK.,, 1 

ı 
1 
1 
ı 

o 0.005 0.010 0.015 0.020 
Moles KOH 

Figııre 1-7 Titration curve of O.Ol moles of alanine hydro­
chloride in the presence and in the absence of formaldehyde. 

, 
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Soluıion 

The isoelectric point, pJ, is the pH at which the amino acid or peptide carries 
no net charge; that is, the predominant ionic form is the isoelectric species, 
AA0, and (because the isoelectric form ionizes both as an acid and as a base) 
there are equaltmounts of the ionic forms AA +ı and AA-'. (The ionization 
of AA0 to form AA +ı and AA-ı is a disproportionation reaction, as described 
earlier.) The pJ may also be thought of as the pH of a solution of the 
isoelectric form of the amino acid. ' 

The pJ of amino acids is the pH at one equivalence point along the titration 
curve, specifically the equivalence point at which ali the AA +ı is converted to 
AA 0 • The pH at this point is, as usual, the average of the pKa value to follow 
and the pKa value just passed. Similarly, pHm is the pH at one equivalence 
point and may be similarly calculated. To determine pJ and pH= simply 
sketch the titration curve and indicate the predominant ionic species present 
at each key point. Or, prepare a table showing the ionic form of each 
titratable group at key points. For simplicity, assume that you are starting 
with the maximally protonated amino acid or peptide. 
(a) Glycine. As shown in Table 1-3, glycine exists as the "zwitterion" or 
isoelectric form at the fırst equivalence -point. At this point, glycine also 
bears tlle greatest total number of charges. Therefore: 

1 - H _pKa,+pKa,_2.34+9.6_11.94_597 
p -p "'- 2 - 2 - 2 - . 

(b) Aspartic acid. We can see frorµ Table 1~3 and Figure 1-8 that aspartic acid 
carries no net charge at the first equivalence point. 

9.82 

PK + pK H ı:ıı a~ 
p m= 2 

pH 

pI= 

2.1 

COOH coo- coo- coo-
+ 1 + 1 + 1 1 

H3N-C-H H3N-C-H H3N-C-H H2N-C-H 
1 :;;;:= 1 :;;;:= 1 :;;;:= l 
CH2 CH2 CH2 CH2 
1 1 1 1 
COOH COOH coo- coo-
M+ M 0 AA- AA2-

Figure 1-8 Titration curve of aspartic acid. For clarity, the vertical 
axis is not drawn to scale. 
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Table 1-3 Aspartic Acid 

Predominant Ionic Form at Dijferenı Positions along the Titration Curve 

Ioniı:.able Firsı Second 
Groıı.p Start pK,, Eqıı.ivalence pK., Equivalence pK., 

a-carboxyl COOH COOH(!) coo- coo- coo- coo-
coo-(!) 

,B-carboxyl COOH COOH COOH COOH(!) coo- coo-
coo-(t) 

a-amino NH; NH; NH; NH; NH; NHM) 
NH2(~) 

Net charge +ı +! o -1 -1 -1! 

Third 
Equiva.lence 

coo-

coo-

NH2 

-2 
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o:ı 
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Table 1-4 Lysine 

Predominant Ionic Form at Different Positions along the Titraıion Curve 

Ioniı:able First Second Third 
Group Start pK., Equiııalence pK., Equivalence pK., Equivalence 

a-carboxyl COOH COOH(4) coo- coo- COff coo- coo-
coo-(!) 

a-amino NH; NH; NH; NH;(t) NH2 NHı NH, 
> NH,(}) s:: 

E-amino NHt NH; NH; NHt NH; NH;(!) NH2 
.... 
z 

NH,(~) o 
Net charge +2 +H +1 +! o -1 -1 > 

ô 
8 
(,/l 

> z 
t;ı 

',:j 
M 

~ .... 
t;ı 
M 
r,, 

.._y 
<O 



! 
,'. ·.' 

1 : 

' ·1,: 
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pl = pK01 ; pK,., = 2.09; 3.86 = 5.:5 = 2_98 

W e can alsa see that aspartic acid carries the maximum total number of 
charges at the second equivalence point. 

PH = pK .. + pK,,, = 3.86 + 9.82 = 13.68 = 6 84 
"' 2 2 2 . 

When constructing Table 1-3, we assumed that at the first equivalence point 
the a-carboxyl is completely ionized and that the /3-carboxyl is completely 
un-ionized. These assumptions, of course, are not entirely true; the actual 
degree to which the a- and /3-carboxyls are ionized can be calculated using the 
Henderson-Hasselbalch equation. If we carry out the calculation, we find 
that the proportion of a-carboxyl that is still in the COOH form exactly equals 
the proportion of /3-carboxyl in the COO- form. (At pH 2.98, we are just as 
far above the pK., for the a-carboxyl as we are below the pK., for the 
/3-carboxyl.) Thus, to determine the net charge on the molecule, we are 
justified in tallying only the predominant ionic forms at each key point along 
the titration curve. 
(c) Lysine. We see from Table 1-4 and Figure 1-9 that lysine carries no net 
charge at the second equivalence point. 

pl = pK...,; pK., = 8.95 ~ 10.53 = 19/8 = 9_ 74 

W e also see that lysine carries the maximum total number of charges at the 
first equivalence point (all ionizable groups charged). 

pH 

10.53 
pK"2 + pK~3 

pl"' 2 == 9.74 

8.95 

2.18 

Figııre 1-9 Titration curve of lysine. For clarity, the vertical axis is not 
drawn to scale. 
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pH= = pKa,; pK .. = 2.18,; 8.95 = 11;13 = 5.57 

We assumed that at the second equivalence point the a-amino group is 
completely uncharged and the E-amino group is completely ionized. These 
assumptions are valid for calculating the net charge on lysine for the same 
reasons described earlier concerning aspartic acid. 

· Problem 1-48 

An enzyme catalyzing the decarboxylation of lysine accepts only the isoelectric 
form asa substrate. What is the actual concentration of isoelectric lysine in a 
ıo-s M solution of lysine in a buffer at pH 7.60? 

Solution 

At pH 7 .60, the predominant ionic forms of lysine are AA+ and AA O (Fig. 
1-9). The equilibrium between these two species is described by K~,. 

- [AA0 ] [AA0J 
pH - pK,,., + log [AA +J 7.60 = 8.95 + log [AA+] 

(AA+] [AA+J 22.4 
l.35=log[AA0J [AAoJ=-1-

[AA0J = - 1- X 10-3 

23.4 [AA0J = 4.27 X ıo-s M 

· Probleın 1-49 

It is generally assumed that the completely uncharged form of a neutral 
amino acid shown below does not exist in solution. Instead, the major 
species of, for example, glycine at p~ values around pJ is the isoelectric form. 

COOH 
1 

H2N-C-H 
1 

H 
Uncharged form 

coo-
+ 1 -

H,N-C-H 
1 

H 
l soelectric form 

Assuming pKa, = 2.5 and pK.,, = 9.5, estimate the fraction of the total glycine 
present as the "rare" uncharged form at pH 5.5. 

Solution 

From the Henderson-Hasselbalch equation, we fınd that the ratio of R­
COOH/R-COO- at pH 5.5 is about ıo-s. (The solution is 3 pH units above 
pK.,.) The ratio of R-NH2/R-NH; is about ıo-•. (The solution is 4 pH units 
below pK.,.,.) Therefore, the combination, which gives the ratio of H2N-R­
COOH/HsN+ -R-COO-, is ıo-s x l0-4 = 10-7• 

one ten-miIJionth of the total glycine is present 
as the completely uncharged species 
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Additional problems on the charge properties of amino acids, peptides, and 
proteins will be found in Chapter 2. 

· Problem 1-50 

Calculate the ionic strength ofa 0.05 M glycine buffer, pH 9.6. 

Solııtion · 

The pH = pK..,; therefore [AA0J = [AA-]. Of the glycine species present only 
the net charged AA- contributes to the ionic strength. If the buffer was 
prepared by titrating isoelectric glycine (AA0) with NaOH, the solution 
contains 0.025 M AA0 , 0.025 M AA-, and 0.025 M Na+. The ionic strength of 
a I; 1 salt is identical to the molarity of either ion. 

If the buffer was prepared by titrating 0.05 moles of glycine hydrochloride 
(AA+) with NaOH, then at pH 9.6 the buffer would contain 0.050 M cı-, 
9.075 M Na+, 0.025 M AA-, and 0.025 M AA", of which the first three would 
contribute to tlie ionic strength: 

f- (0.050) + (0.~75) + (0.025) ~ ~:] 

Thus, if a low ionic strength is an important consideration, the first rnethod of 
preparing the buffer is preferred. 

,-..,9_5 

pHm =,-...,6.75 

pH ,-....,4 

pl = .-,3,25 

""2.5 

O 0.5 1.0 2.0 3.0 3.5 4.0 
Moles OW/mole peptide • HCI 

Figııre 1-10 Titration curve of glutamylserylglutamylvaline 
hydrochloride. For clarity, the vertical axis is not drawn to 
scale. 
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· Problem 1-51 

Sketch the pH curve for the titration of 1 mole of glutamylserylglutamylvaline 
hydrochloride. 

Solution 

Titration and buffer calculations involving peptides are done exactly as shown 
earlier for polyprotic acids. We must remember that the amino acid car­
boxyl groups used in forming the peptide bond are no longer available for 
titration. The structure of the fully protonated glutamylserylglutamylvaline 
is shown below. it is assumed that the a-COOH group retains a pKo of -2.5 

(pK., = -9.5) 

and that both y-COOH groups have identical pK. values of - 4.0. in reality, 
the a-COOH group would probably be a much weaker acid once the a-amino 
group of valine is tied up in a peptide bond. The theoretical titration curve 
is shown in Figure 1-10. In practice, two distinct buffering plateaus at pK., 
and pK.,, would not be as obvious as shown. 

F. BLOOD BUFFERS 

THB HCO i/C02 SYSTEM 

The HCO; /CO-z system is one of the two major blood buffers. Carbonic acid 
ionizes as a typical weak diprotic acid: 

x..,- 1.58>< 10 ... 

H2C03 :;::::======~ H+ + HCO; 

pK., - ıo.2s 1l x.,= 5.6x ,0-11 

H+ 

+ 
co;-

However, most of the conjugate acid dissolved in blood and cytoplasm is 
present as CO,z, not H2CO,. The dissolved C02 is in equilibrium with C02 in 
the gas phase. A more complete presentation of the C02 buffer system is 
shown below. · 
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K""' 

co;­
+ 

H+ 

jf K~ 

C02 + H20 ===::::: H2CO, ==== H+ + HCO; 

(dissolved) 

The equilibrium between CO, (gas) and C02 (dissolved) is given by: 

(41) 

That is, the concentration of dissolved C02 is directly proportional to the 
partial pressure of C02 in the gas phase. At 37°C and an ionic strength of 
0.15, k = 3.01 x 10-5 when Pco, is expressed in terms of mm Hg. The 
equilibrium constant for the reaction: dissolved C02+ H20 :;=:=: H2CO~ is 
about 5 x ıo-': 

K = [H2CÜs] = S X ıo-3 
«tı [C02]ôi,. 

Thus, the overall equilibrium constant between dissolved C02 and H+ + 
H co; is given by: 

and 

K' = [H+][HCO;] = K x K 
• [Ç02] «ıı •ı 

= (5 X 10-9)(1.58 X 10-4) = 7.9 X 10-~ 

pK~=6.l. 

The relationship can also be written as: 

At any pH: 

[HCOi] 
pH = 6.1 + log [C02] and 

_ [HCO;J 
pH - 6.1 + log (3.01 X 10-s)Pco. 

~ '- ~ 

For all practical purposes, a bicarbonate buffer can be considered · to be 
composed of HCO; (conjugate base) and dissolved C02 (conjugate acid). 

The pH of blood is maintained at about 7.4. If the pK: of C02 is 6.1, how 
can the HCO; /C02 help buffer blood at pH 7.4? Everything we have learned 
so far suggests that a buffer is effective only in the region of its pK.. The key 
here is that in vivo the HCO;/C02 buffer is an open system in which the 
concentration of dissolved C02 is maintained constant. Any excess C02 
produced by the reaction H+ + HCO,' "'"7 H20 + C02 is expelled by the 

• lungs. In contrast, the usual laboratory buffer is a closed system. The 
concentration of conjugate acid increases when H+ reacts with the conjugate 
base. The effectiveness of the open system is illustrated below. 

· Problem 1-52 

Blood plasma contains a total carbonate pool (essentially HCO; + C02) of 
2.52 X ıo-t M. (a) What is the Hco;ıco2 ratio and the concentration of each 
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buffer component present at pH 7.4? (b) What would the pH be if ıo-2 M H+ 
is added under conditions where the increased [COı) cannot be released? (c) 
What would the pH be if 10~ M H+ is added and the excess C02 eliminated 
(thereby maintaining the original [C02))? 

Solııtion 

(a) 
, {HCO;J 

pH = pK a + log [C02] 

_ [HCO;J 
1.3 - Jog [C02] 

_ [HCOs] 
7.4- 6.1 + log [C02J 

[HCO;J_20 
[C02] - 1 

[HCO;J = fi X 2.52 X ıo-• = j 2.40 X 10~ M 

[CO,] =11.2 x ıo-• M 

(b} If O.Ol M H+ is added: 

[H CO;]ı;n.ı = 0.024 - O.O 1 O = 0.014 M 

[C02]6nal = 0.0012 + 0.010 = O.Ol 12 M 

0.014 
pH = 6.1 + log O.Ol 12 = 6.1 + log 1.25 

= 6.1 +0.097 1 :H = 6.2 1 

Clearly, in a closed system, the HCO,/C02 mixture has very little buffer 
capacity at pH 7.4. 
(c) In an open system: 

,o.024 M Hco; + O.Ol M H+ + 0.0012 M C021 

1 
,0.014 M Hco; + O.Ol 12 M C02, F O.Ol M C02 exhaled 

0.014 M HCO; + 0.0012 M C02 

0.014 
pH = 6.1 + log O.OOl2 = 6.1 + log 11.667 

= 6.1 + log 1.07 pH=7.16 

In an open system, the pH decreases only 0.24 pH unit. At first glance, it 
would seem that in an open system, the HCO; reserve would be rapidly 
depleted. However, in vivo, HCO; is constantly replenished by the oxidative 
metabolic pathways, as described in the following section. 
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· Probleın 1-53 

The pH ofa sample of arterial blood is 7.42. Upon acidification of 10 mi of 
the blood, 5.91 mi of C02 (corrected for standard temperature and pressure} 
are produced. Cakulate (a) the total concentration of dissolved C02 in the 
blood [C02 + HCO,], (b) the concentrations of dissolved C02 and HCO;-, and 
(c) the partial pressure of the dissolved C02 in terms of mm Hg. 

Solution 

{a) First calculate the number of moles of C02 represented by 5.91 mi at 
S.T.P. One mole of a "perfect" gas occupies 22.4 liters at S.T.P. The 
experimental value for C02 is 22.26 liters. 

S.9l x_ıo-' liters = 0.265 X 10-3 moles 
22.26 lıters/mole 

This amount of C02 came from 10 mi of blood. 

(b) 

(c) 

. f " 1 CO " 26.5 X 10-s moles 1 2 5 10 ı 
concentratıon o tota 2 = 10 x 10-3 liters = .._ __ .6_x __ -_M _ ___, 

[HCO,J 
pH = pK., + log [C02] 

_ (HCOi] 
7.42 - 6.1 + log [C02] 

[HCO;J _ . _ 20.89 
[C0

2
] - antılog of 1.32 - - 1-

[HCO;J ~ ;~::; X 2.65 X ıo~ M ~ 1 2.53 X ıo-• M 

[C02] = 2/ 89 X 2.65 X 10-2 M = 11.21 x ıo-' M 

p = [C02] = 1.21 X ıo-s = 1 
co, k 3.Ql X 10-5 

~------~ 
40.22 mmHg 

1 

1 

HEMOGLOBIN 

Aside from its well-known function as ~n oxygen carrier, hemoglobin plays an 
important role as a blood buffer. In order to understand the interrelation­
ship between oxygen uptake and release, and the buffering action of 
hemoglobin, we must consider the interaction of several simultaneous equilib­
ria. A greatly simplified version" of the equilibria is developed below. 

• The simplified version considers only the binding ofa single molecu!e of O, to a hemoglobin 
monomer. In this way, O, binding to HHgb or Hgb can be described by a single oxygen 
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At any time, hemoglobin is present as a mixture of deoxygenated and 
oxygenated forms. The proportion of each depends on the concentration 
(partial pressure) of 02. 

"deoxyhemoglobin" + 02 ~ "oxyhemoglobin" 

Hemoglobin contains many ionizable groups. üne in particular 1s a 
histidine residue that }:ıas a pK. around neutrality. Thus, at any time, 
hemoglobin is also present as a mixture of protonated and unprotonated 
forms. The proportion of each depends on the pH of the blood. 

"H Hemoglobin" 

1ı 

''Hemoglobin'' 
+ 
H+ 

In order to combine the two simultaneous equilibri_a, we must recognize that 
"deoxyhemoglobin" represents a mixture of protonated deoxyhemoglobin 
(conjugate acid) plus nonprotonated deoxyhemoglobin (conjugate 
base). Similarly, "oxyhemoglobin" represents a mixture of H oxyhemoglo­
bin (conjugate acid) and oxyhemoglobin (conjugate base). To state it in 
another way: the conjugate acid of hemoglobin exists in oxygenated and 
deoxygenated forms. So does the conjugate base of hemoglobin. Thus, 
there are really four species of hemoglobin present at any time. The 
proportion of each depends on the concentration of 02 and the pH. The 
combined equilibria are shown in Figure 1-11. 

Hemoglobin in the red blood cells arrives in the lungs mainly as a mixture 
of deoxy forms, HHgb + Hgb. The proportion of each is governed by the 
pH and the pKa of deoxyhemoglobin. Since the pH is about 7.4, and pKa is 
about 7.7, approxirnately two thirds of the total deoxyhemoglobin is present 
as the conjugate acid form. In the lungs, hemoglobin picks up ox­
ygen. The horizontal equilibrium shifts tö the right (reaction 1). HHgb02 

is a stronger acid than HHgb. (A conformational change in the molecule 
upon oxygenation decreases the pKd of the histidine group in the region of 
the heme to about 6.2.) Asa result, the vertical equilibrium shifts downward 
(reaction 2) and H+ is released. The increased [H+J forces the H+ + Hco; 
equilibrium to the right (reaction 3). This results in the removal of H+ and 
the release of C02 to the atmosphere. The oxygenated hemoglobin (mostly 
as the conjugate base Hgbüı at pH 7.4) is transported to the tissues where the 
Iow 0 2 partial pressure causes the horizontal equilibrium to shift to the 
left. 02 is given off (reaction 4). Hgb is a stronger base than Hgb02 (which 
follows, if HHgb02 is a stronger acid than HHgb). Thus, after 02 is 
released, the vertical equilibrium shifts upward. As a result, H+ ions 
(produced from the oxidation of food-reaction 6) are taken up by Hgb 
(reaction 7). Stated differently (but equivalently): in the tissues, the higher 

dissociation constanı. The "percenı saturation versus [0,J" curve for this model would be a 
hyperbola. Hemoglobin is actually a tetramer which displays "cooperative" binding of four 
molecules of O,. The 0 2 binding curve is sigmoidal (Chapter 4). The simplified scheme used 
in the present discussion is incorrect, but it conveys the essential features of the interaction 
between O,, H\ and CO,. 
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~+02 

7 
Ka = 2 X ıo-s 

pKa.= 7.7 

+ 02 

+ 

Food 

l® 
\ 

C02 + H20 

© 

I 

K 02 = l 

CD 
;.> 

K02 = 0.032 

© 

Replenishes HC03 

2 
Kfı = 6.3 X 10-7 

pK~ = 6.2 

~ 
+ 

H+ + HC03 NH20 + C02t 

Figwe 1-11 A simplified model for the oxygen/H• equilibria of hemo­
globin. Ko,, is arbitrarily taken as unity. Ali constants are dissociation 
constants. pK. is taken as 7.7, but valuesof 7.71 to8.18 have been reported. · pK! 
is taken as 6.2, but values of 6.17 to 6.68 have been reported. 

(H+] forces the vertical equilibrium upward. The conjugate acid of hemo­
globin has a lower 02 p.ffinity (higher 02 dissociation constant) than the 
conjugate base of hemoglobin. Consequently, O, is released (i.e., the hori­
zontal equilibrium shifts to the left). Of course, both the H+ and 02 shifts 
occur simultaneously. The sequence of events can be summarized as shown 
below. 

"' 
Lungs 

E <l'ı 

1-< E o ı.. and 4-< o 
;,... Tissues 4-< 

X ;,... 
o X 
~ o 

ı q 

• or, the overall equilibrium shifts as follows: 

In the 
lungs l and 

Conjugate acid forms 
1 

T;,sues r ı Lungs 

Conjugate base forms 

In the 
tissues 

1 

As an overall result, the oxidation of food yields C02, H+, and HCO; yet the 
concentrations of al! three (hence, the pH of the tissues and blood) remain 
essentially constant. 
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• Problem 1-5-4 

Consult Figure 1-11. If Ko = 2 X 10-\ K~ = 6.3 x 10-7 , and Ko, = 1, why must 
K&, equal 0.032? 

Solııtioıı 

The overall equilibrium constant between any two points is the same regard­
less of the patlı taken. Thus, Kcq for the sequence HHgb02 ;;::: 0 2 + 
HHgb;;::: H+ + Hgb equals K«ı for the sequence HHgb02 ~ H+ + 
Hgb02;;::: 02 + Hgb. The overall K«ı of a sequence of reactions is the 
product of the Kcq's of each step. 

Ko, x K. = K:x Kb., 

K, _ Ko, X K. _ (1)(2 x 10-8) 

02 - K~ - (6.3 X 10-7) 

Kb,=0.032 

Thus, Hgh02 has a lower oxygen dissociation constant (higher 0 2 binding 
constant) than HHgb02. 

• Problem 1-55 

How many moles of H+- can be taken up by hemoglobin at pH 7.4 as a 
consequence of the release of one mole of 02? Assume pK., = 7. 7 and 
pK~=6.2. 

Solııtion 

Using the Hendersen-Hasselbalch equation, we can cakulate that, at pH 7.4, 
15.85/16.85 = 0.941 of the total oxyhemoglobin is in the Hgb02 form, and 
1/16.84 = 0.059 is in the HHgb02 form. Similarly, we can calculate that, at 
pH 7.4, one third = 0.333 of the total deoxyhemoglobin is in the Hgb form 
and two thirds = 0.667 is in the HHgb form. Thus after the release of one 
mole of 02, the conjugate base/conjugate acid ratio must decrease to maintain 
equilibrium. That is, the conjugate base/conjugate acid equilibrium ratio of 
15.85: 1 for oxyhemoglobin is much higher than the corresponding equilib­
rium ratio of 0.5: 1 for deoxyhemoglobin. Therefore, when oxyhemoglobin 
is converted to deoxyhemoglobin, the amount of the conjugate base must 
decrease (by picking up an H .. to become the conjugate acid). Specifically, 
the release of one mole of 02 forces the uptake of (0.667 - 0.059) or 
(0.941 -0.333) = 0.608 moles of H+. Under physiological conditions, slightly 
more than 0.6 moles of ff• are formed (from C02 entering the blood) for 
every mole of 02 released. This extra H+- is partially absorbed by the 
noncarbonate blood buffers (phosphate and p1asma proteins). Asa result, 
the pH of venous blood is actually 7.38 in normal resting individuals, 
compared to pH 7.41 for arterial blood. 

· Problem 1-56 

The oxygen binding curve for hemoglobin is shown in Figure 1-12. In the 
presence of C02, the partial pressure of 0 2 required for any given fraction of 
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Figure 1-12 Oxygen binding by hemoglobin in the absence and in the 
presence of COı, 

saturation is increased. Suggest an explanation for this "Bohr effect," as it is 
known. 

Solutioıı 

As shown in Figure 1-11, HHgbOı hasa greater oxygen dissociation constant 
than Hgb02 or, in other words, HHgb has a lower 02 affinity than does 
Hgb. In effect, C02 shifts the equilibrium between the conjugate acid and 
conjugate base forms of hemoglobin. Jn vivo, C02 rapidly diffuses into the 
red blood cells, and reacts with water to produce H'· + HCO;. (in fact, the 
red blood cells contain an enzyme called carbonic anhydrase that accelerates 
the reaction CO, + HıO ~ H+ + HCO,.) The decreased pH shifts the verti­
cal equilibria of Figure 1-11 upward. Thus, hemoglobin is forced to a form 
with a lower 02 affinity and 02 is given off. in other words, at any given Po., 
les_s 02 is bound to hemoglobin in the presence of C02 because C02 causes the 
pH to decrease. As a result, a higher Po., is required to attain any given 
percent saturation . 
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pRACTICB PROBLEMS 

Consult Appendices IV and VII for K. and pK. values. Answers to the Practice Problems are 
given on pages 421-423. 

Co,ıcentrations of Solutions 

1. A solution contains 15 g of CaCb in a 
total volume of 190 mi. Express the concen­
tration of this solution in terrns of (a) g/liter, 
(b) % (w/v), (c) mg %, (d) M, and (e) osmolar­
ity. (f) What is the ionic strength of the 
solution? 

2. A solution was prepared by dissolving 
8 . .0 g of solid aınmonium sulfate (MW = 
132.14, specific volume = 0.565 ml/g) in 35 mi 
(i.e., 35 g) of water. (a) What is the final 
volume of the solution? Express the con­
centration of ammonium sulfate in terms of 
(b) % (w/w),- (c) % (w/v), (d) m, (e) M, (f) 
osmolarity, and (g) mole fraction ammonium 
sulfate. (h) What is the ionic strength of the 
solution? 

3. Starting with 150 mi of a 40% saturated 
ammoniu m sulfate solution at 0°C cakulate (a) 
the weight of solid ammoniurn sulfate that 
must be added to bring the solution to 60% 
saturation, and (b) the volume of saturated 
solution that must be added to attain 60% 
saturation. The specific volume of am­
monium sulfate is 0.565 ml/g. 

4. What is the molarity of pure ethanol­
that is, how many moles are present in 1 !iter 
of pure ethanol? The density of ethanol is 
0.789 g/ml. The MW of ethanol is 46.07. 

Strong Acids and Bases-pH 

5. Calculate the pH, pOH, and number of 
H• and OH- ions per !iter in each of the 
following solutions: (a) O.Ol M HCI, (b) 
ıo-• M HN03, (c) 0.0025 M H,SO,, (d) 3.7 x 
ıo-ı M KOH, (e} 5 x 10-8 M HCI, (f) 2.9 x 
10-3 M NaOH, (g) ı M HCI, (h) 10 M HNO,, 
and (i) 3 X 10-a N H,S04• 

6. Calculate the H .. ion concentration (M), 
the OH- ion concentration, and the number 
of H+ and OH- ions per !iter in soluıions 
having pH values of (a) 2.73, (b) 5.29, (c) 6.78, 
(d) 8.65, (e) 9.52, (f) 11.41, and (g) O. 

7. Calculate the (a) [H .. J, (b) [Off], (c) pH, 
and (d) pOH of the final solution obtained 
af ter 100 mi of 0.2 M NaOH are added to 
150 mi of 0.4 M H,SO •. 

8. Calculate the pH and pOH ofa solution 
obtained by adding 0.2 g of solid KOH to 1.5 
liters of 0.002 M HCI. 

9. The pH of a O. 10 M HCI solution was 
found to be 1.15. Calculate the (a) a"• and 
(b) ')'W in this solution. 

10. The activity coefficient of the hydroxyl 
ion (')"ow) is 0.72 in a 0.1 M solution of 
KOH. Calculate the pH and pOH of this 
solution. 

1 1. Concentrated H2SO, is 96% H2SO, by 
weight and has a density of 1.84 g/ml. 
Calculate the volume of concentrated acid 
required to make (a) 750 mi of 1 N HıSO., (b) 
600 mi of l M H2SO,, (c) 1000 g of a dilute 
H2SO, solution containing 12% H,S04 by 
weight, (d) an H,SO, solution containing 6.5 
equivalents per !iter, and (e} a dilute H2SO, 
solution of pH 3.8. 

12. Concentrated HCI is 37.5% HCI by 
weight and has a density of 1.19. (a) Calcu­
late the molarity of the concentrated 
acid. (b) Describe the preparation of 500 mi 
of 0.2 M HCI. (c} Describe the preparation 
of 350 mi of 0.5 N HCI. (d) Descrihe the 
preparation of an HCI solution containing 
25% HCI by weight. (e) Describe the prep­
aration of a dilute HCJ solution having a pH 
of 4.7. 

13. Calculate the weight of solid NaOH 
required to prepare (a) 5 liters of a 2 M 
solution, (b) 2 liters of a solution of pH 11.5, 
and (c) 500 mi of 62% w/w sohıtion. The 
density of 62% NaOH solution is l.15 g/ml. 

14. How many milliliters of 0.12 M H 2SO~ 
are required to neutralize exactly half of the 
OH- ions present in 540 mi of 0.18 N NaOH? 

15. How many grams of sölid Na,COs are 
required to neutralize exactly 2 liters of an 
HCI solution of pH 2.0? 

16. How many milliliters of 0.15 M KOH 
are required to neutralize exactly 180 g of 
pure Hı,50,? 
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Weak AciJs and Bases-Buffers 

When solving the problems below, assume that 'Y = 1 for all substances unless otherwise 
indicated. 

17. The weak acid, HA, is 2.4% dissociated 
in a 0.22 M solution. Calculate (a} the K.., (b) 
the pH of the solution, (c) the amount of 0.1 N 
KOH reqiıired to neutralize 550 mi of the 
weak acid solution, and (d) the number of H+ 
ions in 550 mi of the weak acid solution. 

18. The pH ofa 0.27 M solution ofa weak 
acid, HA, is 4.3. (a) What is the a• ion 
concentration in the solution? (b) What is 
the degree of ionization of the acid? (c) 
What is the K.? 

19. The K. of a weak add, HA, is 3 x 
ıo-•. Calculate (a) the OH- ion concentration 
in the solution and (b) the degree of dissocia­
tion of the acid in a 0.15 M solution. 

20. At what concentration of w~ak acid, 
HA (in terms of its K.), will the acid be 25% 
dissociated? 

21. (a) Calculate the pH of a 0.05 M solu­
tion of ethanolamine, Kb = 2.8 X ıo-~. (b) 
What is the degree of ionization of the amine? 

22. Calculate the pK. and pKb of weak 
acids with K. values of (a) 6.23 X ıo-\ (b) 
2.9 x 10-5. (c) 3.4 x ıo-5, and (d) 7.2 x 104 • 

23. Cakulate the pK. and pK. of weak 
bases with K~ values of (a) 2.1 x ıo-•, (b) 3.1 x 
10-6_ (C) 7.8 X 10-\ and (d} 9.2 X 10-4• 

24. Calculate the pH ofa 0.2 M solution of 
an amine that has a pKA of 9.5. 

25. What is the pH of a 0.20 M solution of 
(a) H,P04, (b) KH2PO,, {c) K2HP04, (d) K,P04, 
(e) potassium acetate, (f) NH,Br, (g) sodium 
phenolate, (h) trisodium citrate, (i) disodium 
citrate, and G) ethanolamine hydrochloride? 

26. How many rnilliliters of 0.1 M KOH 
are required to titrate completely 270 mi of 
0.4 M propionic _ııcid? 

27. How many rnilliliters of 0.2 M KOH 
are required to titrate completely 650 ml of 
0.05 M citric acid? 

28. What are the final hydrogen ion con­
centration and pH of a solution obtained by 
mixing 100 mi of 0.2 M KOH with 150 mi of 
0.1 M HOAc? pK. of HOAc = 4.77. 

29. What are the final hydrogen ion con­
centration and pH of a solution obtained b> 
mixing 200 mi of 0.4 M aqueous NH, witl-
300 ml of 0.2 M HCl? (Kı, = I.8 X 10-5} 

30. What are the final hydrogen ion con 
centration and pH of a solution obtained b: 
mixing 250 mi of 0.1 M citric acid with 300 m 
of 0.1 M KOH? pK,,'s are 3.06, 4.74, and 5.4( 

31. What are the final hydrogen ion con 
centration and pH of a solution obtained b 
mixing 400 ml of 0.2 M NaOH with 150 mi o 
0.1 M H,P04? pK. 's are 2.12, 7 .21, and 12.32. 

32. What are the concentrations of Nl­
and NH4C) in a 0.15 M "ammonia" buffer, pi 
9.6 (Kı = 1.8 X 10-1)? 

33. (a) What is the pH of a solution coı 
taining O.Ol M HPO!- and O.Ol M Pot (a 
sume -y = l)? (b) Calculate the ııctual pH l 
using the activity coefficients listed in Appeı 
dix V. (c} What is pK;, at a total ion 
strength of 0.1? (Consult Appendix VI.} 

34. What is the pH of a solution contai 
mg 0.3 M Tris(hydroxymethyl)amin 
methane (free base) and 0.2 M Tris hydı 
clıloride? pK,, :::: 8.1. 

35. What is the pH of a solution cont11' 
ing 0.2 g/liter NaıCO, and 0.2 g/liter NaHÇ( 
{pK., :::: 10.25) : 

36. What is the pH ofa solution prepaı 
by dissolving 5.35 g of NH4CI in a !iter of 0.2 
NHa? (Kı, of NH3 is 1.8 X ıo-ıı) 

. 37 .. Describe the preparation of 2 liters 
·o.25 M formate buffer, pH 4.5, starting fr. 
l M formic acid and solid sodium form 
(HCOONa). pK. of HCOOH is 3.75. 

38. Describe the preparation of 40 !iten 
0.02 M phosphate buffer, pH 6.9, start 
from (a) a 2 M H,PO. solution and a · 
KOH solution, (b) a 0.8 M H!PO. solution ı 

solid NaOH, (c) a commercial concentra 
H,PO. solution and l M KOH, (d) l M sı 
tions of KH2PO. and Na,HPO,, (e) s, 
KHıPO, and K2HP04, (f} solid K2HPOı . 
1.5 M HCI, (g) 1.2 M KıHPO~ and 2 M H,t 
(h) solid KH,PO, and 2 M KOH, {i) 1. 
KH2PO, and 1 M NaOH, and (j) solid Na, 
and l M HCJ. 



39. What volume of glacial acetic acid 
(density 1.06 g/ml) and what weight of solid 
potassium acetate are required to prepare 5 
liters of 0.2 M acetate buffer, pH 5.0? 

40. An enzyme-catalyzed reaction was car­
ried out in a solution buffered with 0.03 M 
phosphate, pH 7 .2. As a result of ·the reac­
tion, 0.004 mole/liu;r of acid was forrned. (a) 
What was the pH at the end of the reac­
tion? (b) What would the pH be if no buffer 
were present? (c) Write the chemical equa­
tion showing how the phosphate buffer re­
sisted a large change in pH. 

4L An enzyme-catalyzed reaction was car­
ried out in a solution containing 0.2 M Tris 
buffer. The pH of the reaction mixture at 
the start was 7.8. As a result of the reaction, 
0.033 mole/liter of H+ was consumed. (a) 
What was the ratio ofTris0 (free base) to Tris+ 
er at the start of the reaction? (b) What was 
the Tris0(rris'" ratio at the end of the reac­
ıion? (c) What was the final pH of the reac­
tion mixture? (d) What wou!d the final pH 
be if no buffer were present? (e) Write the 
chemical equations showing how the Tris 
buffer maintained a near constant pH during 
the reaction. The pK, of Tris is 8. L 

42. When a sulfate ester is hydrolyzed, an 
H+ ion is produced; 

The above reaction was carried out in 1.0 mi 
of 0.02 M Tris buffer, pH 8. 10, containing 
O.Ol M R-0-SO; and an enzyme called a sul­
fatase that catalyzes the reaction. At the end 
of 10 minutes, the pH of the reaction mixture 
decreased to 7.97. How many µ.moles of R-
0-SOi were hydro!yzed during the 10 minute 
incubation period? 

43. Calculate the (a) instantaneous and (b) 
practical buffer capacity in the acid and al­
kaline directions of a O.Ol M phosphate 
buffer, pH 6.8. 

44. The pK. values of malic acid are 3.40 
and 5.05. (a) What is the pH ofa solution of 
0.05 M monosodium malate? (b) What is the 
pH at the first equiva[ence point when malic 
acid is titrated with KOH? (c). What are the 
ratios and concentrations of ali malate species 
in a 0.05 M solution at pH 4. 70? 
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Amino Acids and Peptides 

45. Calculate the pH ofa 1 mM solution of 
(a) alanine hydrochloride, (b) isoelectric 
alanine, and (c) the sodium salt of alanine. 

46. Cakulate the volume of O. 1 M KOH 
required to titrate completely (a) 450 mi of 
0.25 M alanine hydrochloride, (b) 200 mi of 
0.10 M isoelectric serine, (c) 400 mi of 0.15 M 
monosodium gluıamate, and (d) 400 mi' of 
0.15 M İsoelectric glutamic acid. 

47. Calculate the volume of 0.2 M HCI 
required to titrate completely (a) 200 mi of 
0.25 M isoelectric leucine, (b) 375 ml of 0.25 M 
isoelectric glutamic acid, (c) 490 mi of 0.25 M 
isoelectric lysine, and (d) 125 mi of 0.25 M 
sodium salt of lysine. 

48. Calculate the pH of a solution ob­
tained by adding 20 m! of 0.20 M KOH to 
480 mi of 0.02 M isoelectric glycine. 

/ 

49. What is the major ionic species present 
at pH 7.5 in 0.15 M solutions of (a) leucine, (b) 
aspartic acid, and (c) lysine. 

50. Describe the preparation of I !iter of 
0.2 M 'histidine buffer, pH 6.5, starting from 
solid histidine hydrochloride monohydrate 
(MW = 209.6) and 1 M IÇOH. pK,, of 
histidine = 6.0. (His. H Cl is AA+). 

Bfood Buffers 

51. What İs the concentration of dissolved 
C02 in equilibrium with an atmosphere con­
tainin g a partial pressure of C02 of 40 mm 
Hg? 

52. What are the ratios of 
C02/HCOj"/CO;- in blood plasma at pH 
7.4? (pK,, = 6.1, pK., = 10.25) 

53. Blood plasma at pH 7.4 contains 2.4 x 
10-2 M f)"CO; and 1.2 x ıo-s M CO,. Calcu­
late the pH af ter the addition of 3.2 X ıo-• M 

H+. Assume that the concentration of dissol­
ved COr is maintained constant at l.2 x ıo-' M 
by the re!ease of excess COı. 

54. Consider the hemoglobin reaction 
scheme shown in Figure 1-11. If K. = 
6.6x ıo-9, K~ = 2.4 x ıo-7 , and Ko,, = l, what 
must Kb, be? 

85. The pK. 's of HHgb02 and HHgb 
from an aquatic mammal are 6.62 and 8.18, 
respectively. Calculate the number of moles 
of ff taken up by the hemoglobin per mole of 
Oı released at pH 7.4, 



2 
CHEMISTRY OF BIOLOGICAL 
MOLECULES 

A. AMINO ACIDS, PEPTIDES, AND PROTEINS 

The following two sections illustrate how a knowledge of the add~base 
properties of amino acids and peptides can be used to advantage in designing 
separation procedures, or predicting separation patterns. 

ION-BXCHANGB CHROMATOGRAPHY 

Ion-exchange chromatography is widely used to separate and analyze mix­
tures of amino acids. The most common ion-exchange resin used for this 
purpose is a sulfonic acid cation exchanger of the Dowex-50 {polystyrene) 
type. The structure of the resin is: 

n 

The amino acid mixture is applied to a column of Dowex-50 and then eluted 
by percolating a buffer of specified pH and ionic strength through the 
column. The positive charges on an amino acid are attracted to the resin by 
electrostatic forces. In addition, the hydrophobic regions of amino acids 
interact with the nonpolar benzene ring. At any pH, a certain fraction of any 
aı.nino acid exists in positively charged forms. An amino acid with a higher 
[AA 1/[AA0] ratio will move through the column slower than one of equal 
nonpolar character with a lower [AA +]/[AA 0] ratio. In other words, the 
amino acid with the lower [AA +]/[AA°] ratio will elute before the one with a 
higher ratio (provided they have equal nonpolar attractions for the resin). 

A rapid estimate of the effective charge on an amino acid can be made by 
• comparing its pI with the pH of the buffer used: 

Let Ap = pi - pH 

If Ap is positive, the amino acid carries a net positive charge. An amino acid 
with a greater Ap will stick more tightly to a cation-exchange resin than an 
equally hydrophobic amino acid with a lower Ap. If Ap is negative, the 

94 
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amino acid carries a net negative charge and, consequently, will have very 
Jittle attraction for the resin. 

, Problem 2-1 

A solution containing aspartic acid (pI = 2.98), glydne (pI = 5.97), threonine 
(pI = 6.53), leucine (pI = 5.98), and lysine (pI = 9.74) in a pH 3.0 citrate buffer 
was applied to a Dowex'-50 cation-exchange column equilibrated with the 
same buffer. The column was then eluted with the buffer and fractions 
collected. in what order win the fi.ve amino acids elute from the column? 

Solııtio,ı 

Aspartic acid, with two partially ionized (negatively charged) carboxyl groups 
(and the lowest Ap) will elute first. Of the three neutral amino acids, 
threonine has the greatest [AA +]/[AA0 ] ratio (i.e., the highest Ap), but it is 
highly polar because of the OH group. Consequently, threonine elutes 
before glycine and leucine. Glycine and leucine have about the same Ap, but 
leucine is decidedly more nonpolar than glycine. Therefore, glycine elutes 
third, followed by !eucine. Lysine has a high effective positive charge 
because of its additional amino group (pI = 9.74, Ap = 6.74). Therefore 
lysine elutes !ast, or not at ali, unless the pH and/or the ionic strength of the 
eluting buffer are increased. 

ELECTROPHORESIS 

Charged compounds such as amino acids may be separated by taking 
advantage of their different mobilities in an electric field. Electrophoretic 
mobility of a compound on a buffered solid support depends approximately 
on the charge/mass ratio. This can be expressed mathematically as: 

M b ·ı· _ -kAp_ k(pH-pI) 
o ı ıty - MW - MW (1) 

where k is a constant related to the voltage, electrophoretic medium, and the 
like. A positive mobility value as defined by the above equation indicates 
movement toward the positive pole; a negative value indicates movement 
toward the negative pole. The above equation is not exact. Anomalies 
occur because of different degrees of hydration of different ions, differential 
binding of ions to the support, and the Jike. 

Electrophoretic mobility at any given pH on a given medium is usually 
expressed in terms of cm2 volC' sec-1, as shown below: 

b·ı· distance per unit time cm/sec 2 1 -ı -ı 
mo ı ıty = . = = cm x vo t X sec 

electncal field strength volts/cm 

· Problem 2-2 

What are the relative electrophoretic mobilities of glycine, leucine, aspartic 
acid, glutamic acid, and lysine at pH 4. 70? 
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Solution 

Using the approximate equation we would predict that Iysine moves the 
fastest toward the negative pole, followed by glycine and then leucine. As­
partate moves faster than glutamate toward the positive pole. The calcula­
tions are summarized below: 

Amino Acid MW pl Mobiliıy o: e:~l at pH 4. 70 

Lysine 146.2 9.74 -0.0345 
Glycine 75.l 5.97 -0.0169 
Leudne 131.2 5.98 -0.0098 
Glutamic 

acid 147.l 3.22 +0.0100 
Aspartic 

acid 133.l 2.98 +0.0129 

PRIMARY STRUCTURE--SEQUENCING 

The sequence of amino acids in the polypeptide chain (i.e., the primary 
structure ofa polypeptide or protein) can be established by selective chemical 
and enzymatic cleavage of the protein followed by separation, amino acid 
analysis, and sequence determination of all peptide fragments. The entire 
amino acid sequence is established by overlapping identical regions of the 
individual fragments. The following problem illustrates the procedure. 

· Problem 2~3 

Partial hydrolysis of a protein yielded a number of polypeptides. üne of 
them was purified. Deduce the sequence of amino acids in this polypeptide 
from the following information: 
(a) Complete acid hydrolysis yielded ala+ arg + 2 ser+ lys + phe +met+ 
trp + pro. 
(b) Treatment with fluorodinitrobenzene (FDNB, the Sanger reagent) fol­
lowed by complete acid hydrolysis yidded dinitrophenylalanine (DNP-ala) 
and ı:-dinitrophenyllysine (ı:-DNP-lys) as the only DNP derivatives. 
(c) Neither carboxypeptidase A nor carboxypeptidase B released a C­
terminal amino acid. 
(d) Treatment with cyanogen bromide (CNBr) yielded two peptides. üne 
contained ser+ trp + pro. The other contained ali the remaining amino 
acids {induding the second ser). 
(e) Treatment with chymotrypsin yielded three peptides. üne contained 
only ser+ pro. Another contained only met+ trp. The third contained 
phe + lys +ser+ arg + ala. 
(f) Treatment with trypsin yielded three peptides. üne contained only 
ala+ arg. Another contained only lys + ser. The third contained phe + 
trp + met+ ser+ pro. 
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Sofutioıı 

(a) FDNB reacts with free amino groups yielding the DNP-amino acid 
derivative upon hydrolysis. Thus the N-terminal amino acid is 
alanine. Lysine is in the interior of the chain and has its E-amino group 
free. Thus, the peptide is linear, not circular. 
(b) Carboxypeptidase A will cleave all C-terminal amine· acids except ar­
ginine, lysine, or prolİJ?e. Carboxypeptidase B will cleave only C-terminal 
arginine or lysine. Neither will act on any C-terminal amino acid if the next­
to-last (penultimate) amino acid is proline. The lack of product with bQ~h 
enzymes suggest that proline is the !ast er penultimate residue. 
Noıe. Carboxypeptidases will continue to cleave susceptible C-terminal 
amino acids. So what we really determine is the identity of the amino acid 
that is released most rapidly. 
(c) Cyanogen bromide cleaves specifically on the carboxyl side of 
methionine residues. (The methionine is converted to homoserine.) The 
<lata so far suggest that the tripeptide released by CNBr is C-terminal. (It 
contains the pro.) Thus, the !ast four residues include met, followed by trp, 
ser, and pro (but the sequence of the !ast three is stili unknown). 
(d) Chymotrypsin cleaves on the carboxyl side of phenylalanine, tyrosine, 
tryptophan, and leucine provided the next residue (donating the amino 
group) is not proline. The composition of one of the chymotrypsin dipep­
tides confirms that the C-terminal end of the original peptide is met-trp-ser­
pro. The amino acid preceding the methionine must be phenylalanine (the 
only remaining residue susceptible to chymotrypsin). Thus, the terminal 
sequence is phe-met-trp-ser-pro. 
(e) Trypsin cleaves on the carboxyl side of lysine and arginin~provided the 
next amino acid (donating the amino group) is not proline. ·since alanine is 
N-terminal, the beginning sequence must be ala-arg-ser-lys. 

The overall sequence is shown below: 

If another major polypeptide fragment was shown to contain met-trp-ser­
pro-glu-glu-thr-leu-val-gly, then the met-trp-ser-pro overlap suggests a se­
quence of ala-arg-ser-lys-phe-met-trp-ser-pro-glu-glu-thr-leu-val-gly. 

· Problem 2-4 

U pon complete acid hydrolysis, a peptide yielded giy+ ala+ 2 cys + arg + 
glu +ile+ thr + phe + val + NH;. Reduction of the original peptide with 
mercaptoethanol, followed by alkylation of the cysteine residues with iodoace­
tate yielded two smaller peptides (A and B ). Suggest a likely structure of the 
origina! peptide from the following data: 
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Pepıide A: (a) 
(b) 
(c) 

(d) 

Peptide B: (e) 
(f) 
(g) 

(h) 

Solııtion 

Contained ala+ giy+ cys + glu + arg +ile+ N H; 
Carboxypeptidase A liberated isoleudne 
Treatment with phenylisothiocyanate (PITC, the Edman 
reagent) yielded the phenylthiohydantoin derivative of 
glycine (PTH-glycine) 
Treatment with trypsin yielded two peptides. üne con­
tained glutamate + isoleucine + NH;. The other con­
tained giy+ ala+ cys + arg 
Contained thr +va!+ cys + phe 
Carboxypeptidase A liberated valine 
Chymotrypsin Iiberated valine anda tripeptide containing 
cys + thr + phe 
The Edman degradation yielded PTH-threonine 

The Edman reagent attacks free amino groups releasing the PTH-amino 
acid derivative. Mercaptoethanol reduces disulfide bonds. Iodoacetate al­
kylates the-SH ·groups, thereby preventing reoxidation. The NH; produced 
by acid hydrolysis must have come from an amide. Thus, the glutamate 
probably was present as glutamine. The original peptide probably has the 
structure shown below: 

(A) 

(B) 

PITC Trypsin Carboxypeptidase A 

H,N-glytab--cr--arg--~glu-NH+ile---COO-

---t----M ere: ptoethanol 

H,N--th,+eys--ph~vaı--coo-
PITC Carboxypeptidase A 

and 

Chymotrypsin 

The ala and cys of peptide A could be reversed. 

VARIETY OF PEPTIDES AND PROTEINS 

The fo!lowing problems illustrate the tremendous variety of polypeptides and 
proteins that can be made from 20 amino acids, and the variety of amino acid 
analysis patterns they would yield. 

· Problem 2·5 

How many different linear tripeptides can be made from three different L·a· 
neutral amino acids(a)using any of the three amino acids for any position(repeti­
tion allowed), (b) using each amino acid only once in the chain? (c) How many 
qualitatively different amino acid analysis patterns containing ali three amino 
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adds are possible? (d) How many qualitatively unique amino add analysis 
patterns are possible among the total qumber of possible tripeptides caku­
lated in a? (e) How many quantitatively unique amino acid analysis patterns 
are possible among the total number of possible tripeptides calculated in a? 

Solution 

(a) There are three possjbilities for the first position and, hecause any of the 
three amino acids can he used for any position, there are alsa three 
possihilities for the second position and three possibilities for the third 
posıtıon. Thus, the total number of tripeptides possible is 3 x 3 x 3 = 
27. These are shown below calling the three amino acids a, b, and c. 

a=2"" b=2 .... c=2"'1 

a is the 
raa 

aba aca 
first amino aab abb acb 
acid aac abc acc 

b is the 
raa 

bba bca 
first amino bab bbb bcb 
acid hac bbc bcc 

c is the 
raa 

cba cca 
first amino cab cbb ccb 
acid cac ebe ece 

In general, the total number of different linear arrangements of n objects 
taken in groups of r ata time is given by: 

Nıoı_ r 
" r - n (2) 

where any of the n objects can be used as many as r times. In this case, n = 3 
and r = 3. Therefore nN~0

' = 3" = 27. 
(b) If each amino acid is used only once in the chain, then there are three 
possibilities for the first position, two possibilities for the second position, and 
only one possibility for the third position. Thus, the total number of 
different tripeptides containing ali three amino acids is 3 X 2 x 1 = 6. These 
are shown below. 

a = first 

abc 
acb 

b = first 

hac 
bca 

c = first 

cab 
cba 

In general, the number of permutations, or ordered arrangements of a set of n 
objects taken in groups of r at a time, is given by 

.P. = n (n - l)(n - 2) ... ... (n - r + 1) (3) 
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where n is equal to or greater than r (each of the r objects in a permutation is 
different). If all n objects are used: 

El (4) 

In this problem three amino acids are taken three at a time. 

(c) Obviously, only one pattern is possible, obtained from any of the six 
permutations shown in b. in general however, the number of combinations 
of n objects taken in groups of r ata time is given by: 

C = n! 
n ' r!(rı-r)! 

(5) 

where n is equal to or greater than r. · (Each of the r objects in a combination 
is dıfferent.) All six permutations shown in b represent the same combina­
tion. When n = 3 and r = 3: 

3! 3! 3X2Xl n 
,.C, = 3!(3-3)! = (3!)(0!) = (3X2X 1)(1) = LJ 

(Remember, O!= 1.) 
(d) If each of the 27 tripeptides shown in part a are hydrolyzed and passed 
through an amino acid analyzer, we would observe only seven unique 
qualitative composition patterns: 

(1) Only a (from aaa) 
(2) Only b (from bbb) 
(3) Only c (from ece) 
( 4) a + b (from aab, aba, abb, baa, bab, and bba) 
(5) a + c (from aac, aca, acc, caa, cac, and cca) 
(6) b + c (from bbc, bcb, bcc, cbb, ebe, and ccb) 
(7) a + b + c (from abc, acb, bac, bca, cab, and cba) 

In general, the total number of unique qualitative patterns equals the sum 
of ali the combinations of n objects taken 1, 2, 3, ... up tor ata time, where n 
is equal to or greater than r. When n İs equal to or less than r (as in this 
problem), the total number of unique qualitative patterns is the same as the 
total number of combinations of n objects taken in groups of 1, 2, ... up to n 
at a time: 

(6) 
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With n = 3, Equation 5 used three times (for r = 1, 2, and 3) yields 3 + 3 + 1 = 
7. Equation 6 yields 2s - l = 8 - 1 = 7_. 
(e) Of the 27 tripeptides shown in a, some yield the same quantitative 
patterns. For example, aab, aba, and baa all yield 2 moles ofa for every mole 
of b, and no c. All together there are 10 different quantitative patterns. 

Molar Ratio 
a: b: C: 

(1) 3 o o 
(2) o 3 o 
(3) o o 3 
(4) 2 1 o 
(5) o 2 1 
(6) 2 o 1 
(7) l 2 o 
(8) 1 o 2 
(9) o 2 

(IO) 

In general, the total number of qııantitatively dijferent patterns obtained from 
n objects taken in groups of r at a time is given by: 

For n = 3 and r = 3: 

N = (n + r -l)J 
n r r!(n-1)! 

(3+3-l)l 5! · 5X4X3X2 
nNr = 3!(3 - I)! = 3!2! = 3 x 2 x 2 = lO 

(7) 

Applying Equations 2 to 6 to a linear dodecapeptide (12 amino acids), we 
would find that with 20 different amino acids it is possible to construct 
4.09 X 1015 different linear dodecapeptides, using each amino acid as many as 
12 times (Equation 2). Only 6.03 x 1013 dodecapeptides can be made if each 
amino acid is used once (Equation 3). Among the 6.03 x 1013 dodecapeptides, 
there are 125,970 unique combinations (Equation 5). The rest represent the 
same combinations in a different order. The 4.096 X 1015 different 
dodecapeptides yield 9.106 X 105 qualitatively different amino acid analyses 
(Equation 5 used 12 times). Quantitatively, 1.41 X 108 different amino acid 
analyses are possible (Equation 6). 

PROTEiN CONFORMATION 

The four atoms of the peptide bond and the two consecutive a-carbons He 
in a single plane. The H and the O atoms are trans to each other (Fig. 
2-1). The peptide bond is rigid, but the planes can rotate about the a-carbon 
atoms. The distance between consecutive a-carbon atoms remains 



ı-, 
,, 

102 

Figure 2-1 The peptide bond is rigid and fixed in a plane. The planes 
can rotate about the a-carbons. The rotation is described by the angles 
q, and ıf,. 
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3.6 A. Thus, a fully extended polypeptide chain of IOOJamino acid residues is 
3600 A. long. 

The linear polypeptide chain can assuİne a number of different secondary 
structures, depending on'the nature of the R-groups present. One common 
structure is called the a-helix (Fig. 2-2). This is a right-handed helix with 3.6 
amino add residues per turn. (A right-handed helix can be visualized by 
making a fist with your right hand, with the thumb extended. Your thumb 
points in the direction th'at the helix progresses, while your other fingers 
indicate the rotation of the helix. Thus, a right-handed helix progresses 
upward while coiling counter-clockwise.) The a-helix has a pitch of 
5.4 A.. That is, for each turn, the he1ix rises 5.4 A. along the axis. The 
a-helix is stabilized by intrachain hydrogen bonds between the -C=O of each 
peptide bond and the -NH of the peptide bond four residues away. (If the 
H is called atom number l, the hydrogen-bonded oxygen is the 13th atom 
along the chain. Thus, the coil is designated a 3.619 helix.) The a-helix is 
prevented from forming by two or more consecutive residues with like 
charges (e.g., lysine, glutamate) or by two or more consecutive residues with 
bulky R-groups that branch at the /3-carbon (e.g., isoleucine, threonine, 
valine). 1n these cases, the polypeptide chain may assume a random coil 
structure. Proline can not participate in forming an a -helix because the 
nitrogen atom is in a rigid ring. Thus, no rotation about the a-carbon is 
possible. Also, there are no hydrogen atoms on the nitrogen of a proline 
residue, so no intrachain hydrogen bonds can form. Successive serine 
residues disrupt the a-helix because of the tendency of the OH groups to 
hydrogen bond strongly to water. Stretches of proline and serine coil into 
helical arrangements other than an a -he1ix. 

Repeating sequences of amino acids with small, compact R-groups (e.g., 
glydne, alanine) tend to form the /3, or pleated sheet, structure, which consists 
of parallel (Fig. 2-3a) or antiparallel (Fig. 2-3b) polypeptide chains linked by 
interchain hydrogen bonds. Silk is an example of the antiparallel sheet. 

Most nonfibrous proteins have a very precise and compact three­
dimensional or tertiary structure formed when the a -helix and random coil 
of the polypeptide chain bends, twists, and folds over and back u pon 
itself. The tertiary structure is stabilized by interactions of amino acid 
R-groups (Fig. 2-44), and thus, is dictated by the primary structure. The 
biochemical function of a protein is intimately tied to its tertiary struc­
ture. That is, to function in a certain way, a protein must have the correct 
tertiary structure. Stated conversely: only one specific tertiary structure 
will permit a protein to serve optimally a specific function (see also Figs. 4-3 
and 4-4). 

Many proteins have still another order of structural complexity-a quater­
nary structure formed by the noncovalent association of tertiary-structured 
subunits (Fig. 2-4b). Often, only the quatemary structured protein (dimer, 
tetramer, and so on) shows full activity. 

· Problem. 2-6 

(a) Calculate the axial length of an a-helix containing 78 amino acids. (b) 
How long would the polypeptide chain be if it were fully extended? 
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18 residues 
21 'A. 
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Solution 

(a) The a-helix rises 5.4 A for every 3.o residues (or 1.5 A per residue). 

5.4 A ı.5 A length 
3.6 residues l residue 78 residues 

lenıith - (78)(1.5 A) -8 
(b) in the fully extended chain, the distance between residues is 3.6 A. 

length - (78)(3.6 A) -13 
· Problem 2-7 

The average molecular weigl}t of an amino acid residue is 120. The average 
density ofa soluble protein is 1.33 g/cm3 • Calculate (a) the specific volume of 
an average soluble protein, (b) the weight of a single molecule of a protein 
containing 270 amino ~cids, and (c) the volume occupied by a single molecule 
of this protein. (d) WiU a molecule of this protein fit completely within a celi 
membrane 100 A thick? Assume that the molecule is spherical. 

Solution 

(a) Specific volume, ii, is the reciprocal of density (n;ıilliliters occupied by 
1.0 g of the substance). 

v=.!.=_ı_=~ 
p 1.33 L.:.:..::_j 

(b) MW = (270)(120) = 32,400 

1 mole weighs 32,400 g. üne mole contains 6.023 x I02s molecules. 
Therefore, the weight of a single molecule is given by: 

MW 32.4x 10s 
Wtg/mnl,mı!e = N = 6.023 X ıob = 5.38 X ıo-20 g/molecule 

Figure 2-2 Three representations of the a-helix. The helix rises 
1.5 A per residue and completes a turn every 3.6 residues to yield a 
pitch of 5.4 A. When the NH2 terminus is placed at the top, each 
-C:::::O is hydrogen-bonded to an -NH four residues (but three peptide 
planes) below. (a) Redrawn from from E. E. Conn and P. K. Stumpf, 
Outlines of Biochemistry. Wiley (1972). R represents the a-earbon. (b) 
Redrawn from R. Barker, Organic Chemistry of Biological Molecules. 
Prentice-Hall (1971). (c) Redrawn from K. D. Kopple, Peptides ancl 
Amino Acids. Benjamin (1966). For clarity, the R-groups on the 
cx-carbons are not shown. 
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Figure 2-!J (a) Three representations of the parallel /3-structure. Representation 3 is redrıı 
from Barker (1971). (b) Antiparallel /3-structure. 
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Tetramer Dimer 
(composed of two different subunits) (b) {composed of identical subunits) 

Figure 2.4 (a) The tertiary structure ofa protein is stabilized by (1) covalent 
disulfide bonds formed by the oxidation of two cysteine residues; (2) 
hydrophobic interactions; (3) ionic interactions (salt linkages); (4) hydrogen 
bonds; and (5) dipole-dipole interactions. (b) The association of tertiary· 
structured subunits to form a dimer and a tetramer (quaternary 
strucmres). The subunits of an oligomer are not always identical. 
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1 _ _ _ "\Vtg1molecule 
(c) ;vo ml/mo-Luule - Vmı,g X ,vts.,ınolecult: - -~-­

pgımı 

= -(o.75)(5.38 X 10-20) = 4.035 X ıo-20 ınl/molecule 

In general, the volume of a molecule is given by: 

MWv MW 
vol=--=--

N pN 

(d) The volume of a sphere is ;1rr' where r is the radius. 

vol = 4.035 X 10-20 ml = 4.035 X 10-20 cm3 

4.035 X 10-20 = lın 3 

, = (3)(4.035 x ıo-20) = 9 63 x 10-21 

r (4)(3.142) · 

r = '19.63 X 10-21 = ~ X ~ 

r = 2.13 x 10-7 cm or r = 21.3 A 

(8) 

The diameter of the molecule is 42.6 A and will fit into a 100 A-thick 
membrane. 

• Problem 2-8 

E. coli is a rod-shaped bacterium about 2 µ, long and 1 µ, in diameter. The 
average density ofa celi is 1.28 g/ml. Approximately 13.5% of the wet weight 
of E. coli is soluble protein.. Estimate the number of molecules of a 

particular enzyme per cell if the enzyme hasa MW of 100,000 and represents 
0.1 % of the total soluble protein. 

Solution 

The volume of an E. coli cell (assuming it is a cylinder) is given by: 

vol = m~l 

'\vhere r = 0.5 µ, = 5 X 10-5 cm 

and l = 2 J1, = 2 X 10-4 cm· 

vol = (3 .14) (5 X 10-")2(2 X 10-4 ) = (3. 14)(25 X 10~1°)(2 X 10-4 ) 

vol = 1.57 X ıo-12 cm' 
1 
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The weight of a single E. coli celi is given by: 

wt = vol x p = (1.57 x ıo- 12)(1.28) 

wt = 2 X 10-11 g 

In a single cell, the amount of the enzyme is: 

13.5% X 0. 1 % X 2 X 10- 12 = (0.135)(10-3)(2 X 10- 12) 

= 2. 7 X 10- 16 g 

· wtXN 
number of rnolecules = MW 

where N = Avogadro's nurnber 

b f I l (2.7 X 10-16)(6.023 X 1023) 
num er o mo ecu es= 10s 

1626 molecules per cell 

In general: 

number of molecules per celi = r:.;;:/ 

where N = Avogadro's number = 6.023 X 1023 

p = the density of the celi (g/cms or g/ml) 
V = the volume of the celi ( cm" or mi) 

(9) 

f = the weight fraction of the celi represented by the compound 
(as a decimal) 

MW = the molecular weight of the compound 

· Problem 2~9 

The specific volume ofa leucine residue is 0.90 ml/g. The specific volume of­
a glydne residue is 0.64. Calculate the specific volume and density of a 
synthetic polypeptide containing 60% leucine residues and 40% glycine 
residues by weight. 

Solution 

The specific volume of a peptide or protein is given by: 

Vp = 1: (weight fraction of residue X specific volume of residue) (10} 

N ote that weight fraction is used so that the answer comes out in milliliters per 
l g of protein. Equation 10 can also be written as; 
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_ '.t( V rc,ıldue X MW rHlduo) 

Vp = l\fWp (11) 

Similarly, the density of a protein is given by: 

PP = :t (volume fraction of residue x density of residue) (12) 

In this case volume fraction is used to obtain an answer in terms of grams per 
1 cm3 (ml) of protein. We know the weight fractions, so using Equation 10: 

Vp = (0.60)(0.90} + (0.40)(0.64) = 0.54 + 0.256 

Vp = 0.796 ml/g 

PP = 1.256 g/ml 

· Problem 2-10 

Lactic dehydrogenase (LDH) is a tetramer composed of two kinds of subunits 
called M and H. A large fraction of the skeletal muscle LDH is MMMM. A 
large fraction of the heart LDH is HHHH. Other tissıies contain hybrid 
isoı.ymes containing both M and H subunits. How many different LDH 
isozymes are possible? Assume that the subunits are arranged in a "square" 
or "tetrahedral" fashion so that there is no "sequence" (i.e., HMMM is the 
same as MMMH). 

"Square" "Tetrahedral" 

Solution 

There are five possible isozymes of LDH: HHHH, HHHM, HHMM, 
HMMM, and MMMM. We could have calculated the number from Equa­
tion 7, which gives the total number of quantitatively different ways of 
arranging n objects in groups of r: 

N, = (n + r -1)! = (2 + 4- 1)1 
n rl(n - 1)! 4!(2-1)! 

51=5 
4! 
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MOLECULAR WEIGHT FROM COMPOSITION 

Molecular weight calculations from amino acid or prosthetic group analysis is 
based on the simple fact that there must be at least one mole of any residue 
present per mole of protein. There may be more than one mole of any given 
residue present. Thus, this method yields a minimum molecular weight. 

· Problem. 2-11 

Hemoglobin contains 0.335% iron by weight. Calculate the minimum 
molecular weight of hemoglobin. 

Solııtion 

At least one atom of Fe must be present per molecule of hemoglobin. A 
gram-atom of Fe weighs 55.85 g. Therefore, the minimum molecular weight 
of hemoglobin is the weight that contains 55.85 g of Fe. Another way to look 
at it is that 55.85 g represents 0.335% of the minimum molecular weight. 

100 g protein 
0.335 gFe 

MWnun 
55.85 gFe 

Mw = (100)(55.85} 
mln {0.335) 

MWmı., = 16,6'12 

In gen~ral: 

or 

0.335% x MWmın = 55.85 

3.35 X 10-3 MW min = 55.85 

55.85 
MW mln = 3.35 X ıo-s 

MW mln = 16,672 

MW _ MW <:O.UIİh>enl x 100 (13) 
mln - % of constituent 

Physical measurements suggest a molecular weight of about 65,000. Thus, 
hemoglobin is a tetramer, containing one Fe per monomer. 

· Problem 2-12 

Amino acid analysis of 1.0 mg of a pure enzyme yielded. 58.1 µg of leucine 
(MW = 131.2) and 36.2 µg of tryptophan (MW = 204.2). What is the 
minimum MW of the enzyme? 

Solııtioıı 

The minimum MW based on leucine content is calculated as follows: 

ıo-ıı g enzyme _ MW 
58.1 x ıo-' g leucine - 131.2 

MWmın=2258 
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The minimum MW based on tryptophan content is calculated as follows: 

ıo-s g enzyme = MW 
36.2 X 10-6 g trp 204.2 

MWm,n = 5641 

Each cakulation assumes that only one residue of each amino acid is present 
in a mole<;ule of the enzyme. The molar ratio of leucine/tryptophan is: 

58.1/131.2 0.443 2.5 
36.2/204.2 = o. 177 = -1 

There must be a whole number of residues of each am.'ino acid present in a 
molecule of protein. Therefore, the actual ratio must be 5: 2. The actual 
minimum MW then is the weight that contains 5 g-residues of leucine and 
2 g-residues of tryptophan. 

5x2258-B 

or 

Of course, if a molecule of enzyme contained (for example} 25 leucine 
residues and 10 tryptophan residues, the true MW would be about 56,450. 

MOLECULAR WEIGHT FROM GEL FILTRATION 

Gel fıltration is a molecular sieving process that can be used to fractionate 
molecules according to size. The sieving medium is a porous gel such as 
Sephadex (cross-linked dextran), Biogel (polyacrylamide), or controlled-pore 
glass beads. The gel can be considered to have pores of a fixed diameter 
range (Fig. 2-5a). Thus, rnolecules much smaller than the pores can freely 
penetrate the gel particles. Molecules with diameters much larger than the 
largest pore are completely exduded from the gel. Intermediate size 
molecules can pass into some of the gel particles but, compared to the very 
small molecules, a greater proportion of the intermediate size molecules will 
be outside the gel at any time. The gel filtration process is illustrated in Figure 
2-5b. A small amount of solution containing molecules of different sizes is 
placed ona column containing the gel. The solution is then washed through 
the column with an appropriate buffer. The total liquid volume of the 

·column is the sum of the liquid volume outside the gel particles plus the liquid 
volume inside the particles: V, ... uq = V. + V;. Very large molecules, which 
have only V. to pass through, will elute from the column first (Fig. 2-
5c ). The intermediate size molecules elute next. Very small molecules, 
which must pass through V. + V;, elute last. Gel filtration is the most 
convenient method for estimating the molecular weight ofa protein. It does 
not require a pure, homogeneous protein. All that is needed is a method for 
detecting the protein as it comes off the column. 
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Figure 2-5 Gel fıltration. (a) Diagrammatic representation ofa gel partide showing "pores" ofa given size range. (b) 
Progressive separation of three kinds of molecules of different size. (c) Elution pattern. 
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• Problem 2-13 

(a) Predict the order of elution when a mixture containing the following 
compounds is passed through a column containing a gel that excludes ali 
proteins of MW 200,000 and higher: cytochrome c (MW = 13,000), tryptophan 
synthetase (MW = 117,000), hexokinase (MW = 96,000), A TP sulfurylase 
(MW = 440,000), glucose oxidase (MW = 154,000), and xanthine oxidase 
(MW = 300,000). (b) What factors other than molecular weight will influence 
the elution volume, V,, of a protein from a Sephadex column? 

Solution 

{a) The proteins will elute in the order largest to smallest. ATP sulfurylase 
and xanthine oxidase are both comp1etely exduded and, consequently, will 
not separate from each other. Both enzymes will elute in a volume equal to 
Vo, The elution order is A TP-sulfurylase + xanthine oxidase, glucose oxid­
ase, tryptophan synthetase, hexokinase, cytochrome c. 
(b) Two important factors that will influence the V, of a protein are shape 
and amino acid content. A nonspherical molecule will appear to be larger 
than a spherica1 molecule of the same MW, and elute earlier than 
expected; The hydrophobic amino acid residues of a protein may interact 
with the dextran of Sephadex. Thus, a protein with an above-average 
content of hydrophobic amino acids will elute later than expected and, hence, 
appear to be smaller than it really is. Sephadex contains a small amount of 
-Coo- groups that might retard proteins "{ith a high content of basic amino 
acids. 

· Problem. 2-14 

Estimate the MW of the diphtheria toxin protein if it elutes from the 
calibrated Sephadex G-200 column (Fig. 2-6) just before. hemoglobin at a 
v.ıv. of 2.1. I 
S0lıuio11 

A V,/V. of 2.1 corresponds to a MW of about 71,000. 

MOLECULAR WEIGHT FROM SDS GEL ELECTROPHORESIS \ 

Sodium dodecyl sulfate (SDS) is an anionic detergent that very effectively 
disrupts the quaternary structure of most multimeric proteins. Many SDS 
molecules bind tightly to the subunits thereby obscuring the original charge 
on the protein (Fig. 2-7a). Thus, during electrophoresis, ali SDS-protein 
complexes migrate toward the positive pole with about the same charge/mass 
ratio. If electrophoresis is carried out on polyacrylamide gels, the mobility of 
an SDS-protein complex will depend almost exclusively on its size. In effect, 
SDS gel electrophoresis is gel fıltration with an electric field as the driving 
force, instead of bulk solution flow. Thus, a standard curve can be prepared 
using proteins with known monomer molecular weights (Fig. 2-7b). The 
MW of an unknown can then be easily determined. SDS gel electrophoresis 
can be performed on nonhomogeneous preparations if it is possible to locate 
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Myog!obin 
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Relative elution volurne (V,/V0 ) 

Figv.re 2-6 Calibration of a Sephadex G-200 gel filtration column. VJV. repres­
ents the elution volume of a given protein relative to the elution volume of a very 
large molecule that is completely excluded from the gel. The standard proteins 
are more or less spherical and have average amino acid contents. 

the position of the protein of interest (e.g., by some specific stain for that 
protein, or one of its reaction products if the protein is an enzyme). 

· Problem 2-15 

Muscle glycogen phosphorylase a elutes from a calibrated Biogel P-300 
column at a position corresponding to a MW of 360,000. SDS gel elec­
trophoresis suggests a MW of 90,000. A rnicrobiological assay on an en­
zymatic_ally hydrolyzed sample of phosphorylase a disclosed the presence of 
1.86 µ,g of pyridoxal (MW = 167.2) per milligram of protein. What conclu­
sions can be drawn about the structure of phosphorylase a? 
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Figure 2-7 (a) Disruption of quaternary protein structure by 
SDS. The SDS binds tightly to the subunits obscuring the 
original charge on the protein. ln effect, all the SDS-protein 
complexes that form have the same charge/mass ratio. (b) 
Standard curve for SDS-gel electrophoresis. R,. represents the 
mobility (mm) relative to the "front" which is usually a negatively 
charged dye, such as bromphenol blue. 
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Solııtion 

1.86 x 10-6 µ,g pyridoxal = 167.2 
1.0 X 10-s g phosphorylase MWmın 

MW mtn = 89,892 

The cumulative results suggest that phosphorylase a is a tetramer (MW = 
360,000) composed of four subunits of the same MW {90,000), and that each 
subunit contains one pyridoxal group. 

MOLECULAR WEIGHT FROM OSMOTIC PRESSURE 

When a solution is separated from the pure solvent by a membrane that is 
permeable to the solvent but not to the solute, molecules of solvent migrate 
through the membrane into the solution compartment (Fig. 2-8a). The 
pressure that must be exerted to prevent the passage of solvent molecules is 
known as the osmotic pressure (1r). The osmotic pressure of a solution 
depends on the concentration of solute and the temperature of the 
solution. The relationship (shown below) is identical to the PVT relation­
ship of gases. 

,rrV = nRT 

where 7T = osmotic pressure in atm 
V = volume of the solution in liters 
n = number of moles of solute 
R = gas constant, 0.0821 liter-atm/mole-°K 
T= the absolute temperature 

n=~RT 
V 

1r=MRT 

where M = molarity of the solution. 

(14) 

(15) 

The molecular weight of the solute may be determined from measurement 
of 7r. 

MW= WtgRT 
V 7r 

where C = concentration in g/liter. 

MW=CRT 
1T 

(16) 
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Figure 2-8 (a) A static osmometer. (b) Correction for the 
nonideality of the solution. 

Only extremely dilute solutions (in which there are no interactions between 
particles or particles and solvent) obey the relationship -ırV = nRT. Yet, 
relatively concentrated solutions must be used to obtain good measurements 

• of 71'. Usually, the observed value of 71' must be corrected for 
nonideality. This is accomplished by plotting -ır/C (the reduced or specific 
osmotic strength) against C, and extrapolating to zero C. The MW is then 
cakulated from: 

MW= RT 
(Tr/C)c...,, 

(17) 
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, Problem 2-16 

At I0°C, the osmotic pressure of a protein solution was 3.05 x 10-3 atın at 
4 mg/ml, and 1.40 X ıo-s atın at 2 mg/ml. Calculate MW. 

Solution 

The data and the values of 1r /G are tabulated below: 

C 

4 mg/ml 
2 mg/ml 

at O mg/ml 

3.05 X 10-s 
l.40X 10-3 

-,r/C 

7.625 X 10-4 

7.ooox 10--ı 

6.375x ıo-• 

The value of 7r/C decreases by 0.625 X ıo-• for a decrease in C of 
2 mg/ml. Therefore, at infinite dilution, '1T /C would be 6.375 x 10-4. (In 
practice, many values of 7r would be obtained and the vahıes of Tr/C plotted 
as shown in Figure 2-8b.) 

MW = RT = (0.0821)(28!) 
(7i/C)c---0 6.375 X 10 

MW=36,446 

MOLECULAR WBIGHT FROM SBDIMBNTATION VELOCITY 

The molecular weight of a protein or other macromolecule can be obtained 
from ultracentrifugation studies. The principles involved are rather 
simple: a high-molecular-weight molecule sediments faster and diffuses 
slower than a lower-molecular-weight molecule of the same density. This is ex­
pressed in the Svedberg equation: 

MW= RTs 
D(l-vps) 

where R = the gas constant (8.314 X 107 ergs moıe-1 degree- 1) 

T= the absolute temperature (°K) 
D = the diffusion coefficient (cm2/sec) 

(18) 

= the amoımt of the compound diffusing per second across an area 
of 1 cm2 at a unit concentration gradient (i.e., 1 M higher on one 
side of a membrane) 

v = the specific volume of the macromolecule (the in verse of its 
density)"' 

• A.:tually, ii reprcsents the partial specific volume of the solute, that is, the increase in the 
volume of the solution caused by the addition of l g of soluıe. If thcre are no significant 
structural changes in the solute as a result of interaction with the solvent, ii can be taken as the 
sum of the fractional specilic volumes of ıhe subunits or components of the solute as described in 
Problem 2-9. 
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ps = the density of the solvent 
s = the sedimentation coeffident (sec) 

dx/dt 
s =--~­

w :x 
or 

_ 2.3 log :x 
s - % tw 

(19) 

where dx/dt = the rate at which the moving boundary sediments (Fig. 
2-9a,b) 

x = the distance of the boundary from the center of rotation at 
any time, t 

w = the angular velocity (radians/sec) 

The sedimentation coefficient has units of seconds. The expression for s is, 
in fact, another version of: 

where 
-:ı.nd 

velocity = acceleration x time or 
. velocity 
tıme = acceleration 

velodty = dxf dt 
acceleration in a centrifugal field = w 2 x 

= (radians/sec/ x cm 

O 025 0.5 0.75 1.0 cm 
Meniscus 

IJ ~ _I iL 1 17J 1 71 

" "' 3 

(") Concentration 

I IA ,I I A 
'--------~ 6.0 6.25] 6.5 6.75 7.0 f-e--->=2--;,.J 

rc-:rı-;,.J tı I t2 

600 1050 1500 1950 2400 
Time (sec) 

(c) 

. . (d "'"') (bJ Schlıeren optics pattern --;,;-

Figure 2-9 Sedimentation ve\ocity measurement. (a) The distribution of protein in the celi a, 
function of centrifugation time. The protein is sedimenting toward the right. (b) Schlier, 
optics pattern. The optical systern measures the change in refractive index of the solutic 
Thus, the pattern gives the concentration gradient of protein along the sedimentation path. ı 
Plot of Jog :x versus time where ;,; is the distance the boundary has moved (i.e., the distance frc 
the meniscus to the peak of the Schlieren pattern). 
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'fhe sedimentation constant is obtained by measuring the position of the 
boundary at different times and plotting 1og x versus time (Fig. 2-9c). The 
slope of the plot is log x/t. Therefore: 

_ 2.3(slope) 
s - wı (20) 

If the rotation of the centrifuge is given in terms of revolutions per minute 
(RPM), then ı:tı in terms of radians per second is obtained from: 

RPM 
Cı> = -- (2-ır) 60 (21) 

because one revolution (the circumference of a cirde) is 21r radians. For 
convenience, s is usually expressed in terms of Svedberg units, where 
ı s = ıo-u sec. If the s value is determined at 20°C in aqueous solution, the 
symbol s20 ... is used. The diffusion coefficient, D, must be obtained from an 
independent experiment. 

The derivation of the Svedberg equation is based on the fact that a molecule 
in a centrifugal field will sediment at a rate so that the centrifugal force, F,, 
exactly equals the sum of the buoyant force, Fb, plus the frictional force 
(drag), Fı, 

F. = F, +Fı OT 

where F, - Fb can be considered to be the net centrifugal force: 

where mtır is the effective mass of the molecule, that is, its real mass minus the 
mass of an equal volume of solvent (which the molecule displaces). 

meır = (volumep X densityp) - (volumeP x density5) 

(MW)v = volumeP(PP - ps) = N (PP - Ps) 

(MW)vw 2x 
net F, = N (pp- Ps) 

v= I/pp 

(MW)CıJ 2X -
net Fe = N (1 - vps) 

The frictional force is given by: 

Fı _ RT dx 
ı- DN dt 

(22) 

(23) 
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where N is Avogadro's number, dx/dt is the rate of sedimentation of·the 
molecule, and D is the diffusion constant, which must be determined 
independently. D is simply the proportionality constant of Fick's fi.rst law of 
diffusion: 

dc=DA 6c 
dt 6x 

(24) 

Fick's first Iaw states that the rate at which a substance diffuses across a given 
area, A, is proportional to the concentration gradient across that area. 

Equating 22 and 23: 
dx 

2 RT-
(MW}w x {l _ ) _ dt 

N -vps - DN 

or 

RTdx 
MW= ıı dt = RTs 

Dw x (1 - iips) D (1 - iips) 
(25) 

In practice, s values would be determined at several different concentrations 
of protein and extrapolated to zero concentration . 

· Probleın 2-17 

An ultracentrifuge is operating at 58,000 RPM. (a) Calculate w in radians 
per second. (b) Calculate the centrifugal force at a point 6.2 cm from the 
center of rotation. (c) How many "g's" is this equivalent to? · 

Solution 

(a) = RPM (2 ) = (58,000)(2)(3.14) 
w 60 7T 60 

ro = 6070.7 radians/sec 

(b) .a= w 2x = (6070.7)2(6.2) = (36.85 x 106)(6.2) 

a = 2.284 X 108 cm/sec2 

N ote that a radian has no units since it is simply the ratio of arc length to 
radius length. 

(c) The earth's gravitational field = g = 980 cm/sec2• 

2.284 X 108 

a= 980 = 233,061 xg 
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· Problem 2-18 

At 20°C, human serum alburnin hasa diffusion coefficient of 6.1 x ıo-1 cm2/sec 
and a sedimentation coefficient of 4.6 s. The density of water at 20°C is 
0.998. Calculate the MW of the albumin, assuming a specific volume of 0.74 
at 20°c. 

Solııtion 

_ RTs _ (8.314 X 107)(293)(4.6 X 10-13 ) 

MW - D (1- iips) - (6.1 x 10 7)[1- (0.74)(0.998)] 

11.205 X 1 Ü-3 11.205 X 10-3 

= (6.1 X 10-7)(0.2615) = 1.595 X 10-7 

MW= 70,253 

See alsa Problem 6-28 fara description of molecular weight determination by 
affinity labeling. 

B. CARBOHYDRATES 

· Problem 2-19 

How many different aldohexose stereoisomers are possible (excluding 
anomers)? 

Solution 

The number of stereoisomers depends on the number of asymmetric carbon 
atoms pres·ent. For nonlike-ended molecules: 

number of stereoisomers = 2" (26) 

where n = the number of asymmetric carbon atoms. For an aldohexose in 
the straight chain form there are four asymmetric carbon atoms: numbers 2, 
3, 4, and 5. 

number of ,tereoisomer, - 2' ~ 0 
Half are D-sugars (OH on carbon 5 to the right) and half are L-sugars (OH on 
carbon 5 to the left). A fifth asymrnetric carbon atom is produced upon ring 
forrnation yielding the a and /3 anomers of each of the 16 sugars. 

· Problem 2·20 

How many different disaccharides containing n-galactopyranose plus n­
glucopyranose are possible? 
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Solııtion 

There are 20 possible disaccharides containing galactose plus glucose in the 
pyranose ring forms: 

Galactosides: 1-2, 1-3, 1-4, and 1-6 
linked o: or f3 

Glııcosides: 1-2, 1-3, 1-4, and 1-6 
linked a or f3 

Nonreducing disaccharides: o:-o:, a-{3, {3-a, and /3-/3 
(1-1 linked} 

=4 
x2 
=8 

=4 
X2 
=8 

=4 

Total, 0 
In contrast, two neutral amino acids can make only two different dipeptides; 
an acidic and a basic amino acid can make only four different dipep­
tides. There are about 20 different common monosaccharides (including the 
amino sugars, uronic acids, and other derivatives). Thus, the potential for 
variability among polysaccharides is even greater than that of pro­
teins. However, almost all polysaccharides found in nature are composed of 
repeating ımits of fewer than 5 different monosaccharides. 

· Problem. 2-21 

A 25 mg sample of E. coli glycogen was hydrolyzed in 2 mi of 2 N 
H2S04. The hydrolysate was neutralized and diluted to 10 _mi. The glucose 
content of the final solution was found to be 2.35 mg/ml. What is the purity 
of the isolated glycogen? 

Solııtiofı 

The amount of glucose obtained upon hydrolysis is: 

2.35 mg/ml X 10 mi = 23.5 mg 

23.5 mg _ 
180 / l - 0.1306 mmole 

mg mmoe 

The glycogen sample contains 0.1306 mmole of glucose. However, when 
glucose (or any other monosaccharide) is polymerized, an average of one 
mole of H20 is removed per glycosidic bond formed. Thus, the MW of a 
glucose residue is 180- 18 = 162. The amount of glucose obtained corres­
ponds to: 

0.1306 mmole x 162 mg/mmole = 21.16 mg glycogen 

The purity of the glycogen is: 

(21.1;~(\00) {~] 

(Or, the sample was not completely hydrolyzed.) 



CARBOHYDRA TES 125 

. Problem 2-22 

Exactly 81.0 mg of glycogen were ex,haustively methylated and then acid 
hydrolyzed. The methylated products were separated and identified by thin 
layer chrornatography. Exactly 62.5 µmoles of 2,3-dimethylglucose were 
obtained. (a) What percent of the total glucose residues are branch 
points? (b) What were the other products of the methylation and hydrolysis 
and how much of each .were formed? 

Solııtion 

{a) The total amount of glucose present is: 

81 X 10-s 
162 g/mo~ = 5 x ıo-4 moles = 500 µmoles 

The 2,3-dimethylglucose comes from the branch points (Fig. 2-10). 
Therefore, 

% hranch poinıs ~ ~~; X 100 ~ EJ 

(a) 

o Reducing end 

• Branch point 

0 Nonreducing end 

,ıJ:'\o~-~ 
;1H L- OH OH 0 

Non:~~cing_kCH20~>- ~CH20~ ~CH2? 0 O .. ~CH20~>-~c~o: /R~~~ing 

OH OH OH H H 
~ O O 00 

OH H OH OH OH 
Branch 
point 
(b} 

Figure 2-10 (a) Branched structure of glycogen or amylopectin. (b) Abbreviated structure of 
glycogen or amylopectin. Each free OH group can be methylated with dimethyl sulfate. The 
branch points yield 2,3-dimethylglucose upon hydrolysis. Nonreducing end groups (NRE) yield 
2,3,4,6-tetramethylglucose upon hydrolysis. The reducing end of the molecule (RE) is con­
verted to 1,2,3,6-tetramethylglucose, but upon hydrolysis of the glycosidic bonds, the methyl 
group on carbon-l is removed as methanol. (The other methyl groups are present as stable 
ethers.) Thus the RE and ali the remaınmg 1-4 linked residues yield 2,3,6-
trimethylglucose. Free OH gr.oups on the hydrolysis products indicate that the OH was used in 
ring formation or in the glycosidic linkage between monosaccharide residues. 
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(b) For every mole of branch point, there is a mole of nonreducing end 
groups (NRE). 

µ.moles of 2,3,4,6-tetramethylglucose = 62.5 

There are actually n + l residues (molecules) of NRE for n residues of branch 
points. However, in a high MW molecule such as glycogen, the molar 
difference between n + 1 and n residues is insignificant. (This point is 
illustrated in more detail in the following problem.) 

The glucose that does not appear as dimethylglucose or tetramethylglucose 
appears as trimethylglucose. 

µ,moles of 2,3,6-trimethylglucose = 500 - (2 x 62.5) 
= 500-125 

µmoles of 2,3,6-trimethylglucose = 375 

• Problem 2-23 

The glycogen described in the previous problem has a MW of 3 x 106 • 

How many glucose residues does a molecule of this glycogen contain? 
How many of the residues are at branch points? (c) How many of 
residues are at the nonreducing ends? 

Solııtion 

(a) 

(b) 

(c) 

3 x 106 g/mole glycogen _ 
162 g/mole glucose residue -

18,519 moles glucose per mole 
glycogen 

18,519 residues of glucose per molecule 
of glycogen 

12.5% of the residues are branch points. 

(0.125)(18,519) = 2315 branch point residues per molecule 

There are n + 1 NRE residues per n branch point residues. 

n +l= 2316 NRE residues per molecule 

(a) 
(b) 
the 
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Thus, the 81 mg of glycogen represents 

81 X 10-3 g -s • 
3 X ıoiı g/mole = 2. 7 X 10 moles = 0.027 µmoles of glycogen 

and (0.027)(18,519) = 500 µ.moles of glucose (total) 

including (0.027)(2315) = 62.505 µ,moles of branch points 

and (0.027)(2316) = 62.532 µ,moles of NRE 

Thus, the assumption that the number of moles of branch points = the 
number of moles of NRE made in the previous problem is quite valid. 

• Problem 2-24 

A trisaccharide isolated from milk was completely hydrolyzed by {3-
galactosidase to galactose and glucose in a 2: 1 ratio. Reduction of the 
original trisaccharide with NaBH,ı, followed by exhaustive methylation, acid 
hydrolysis, then another NaBH. reduction step, and finally acetylation with 
acetic anhydride yielded three products: (a) 2,3,4,6-tetramethyl-l,5-diacetyl­
galactitol, (b) 2,3,4-trimethyl-l,5,6-triacetylgalactitol, and (c) 1,2,3,5,6-
pentamethyl-4-acetylsorbitol. What is the structure of the trisaccharide? 

Solııtion 

The reduction prior to methylation converts the reducing end residue to an 
open-chain sugar alcohol. This permits methylation at positions 1 and 
5. Thus, glucose (which yields the sorbitol derivative) is at the reducing 
end. Reduction after methylation and hydrolysis op.e_ns the rings of the 
other monosaccharides. The new OH groups (as well as· the OH groups that 
were used in linkage to other sugars) can then be acetylated. Thus, assuming 
that the three residues are all in the pyranose ring form, the most likely 
structure of the original trisaccharide is gal (/31 ~ 6) gal ((31 ~ 4) glu as shown 
below: 

OH 

· Probleın 2-25 

Upon treatment with periodate, a 200 mg sample of cellulose released 
4.12 µ.moles of formic acid. (a) What is the average MW of the cellulose 
molecules? (b) What is the average chain length ofa cellulose molecule? 
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Solution 

(a) Periodate (IO:;-) deaves the bonds between carbon atoms contaınıng 
oxidizable functions. In the process, the carbons are raised one oxidation 
state. Thus, a glycol is converted to two aldehyde groups, an aldehyde 
adjacent to an alcohol group is converted to formic acid, while the alcohol 
group is oxidized to an aldehyde. A chain containing three consecutive 
alcohol groups yields two aldehyde groups and one formic acid. In effect, 
the middle alcohol group is oxidized in two steps. Cellulose is a linear 
(unbranched) polymer composed of /3 l-> 4 linked glucose residues. Each 
chain yields three molecules of formic acid, as shown in Figure 2-11. Thus, 
200 mg of cellulose corresponds to: 

(b) 

4; 2 = 1.373 µ.moles of cellulose 

MW= Wtg 
nı.imber of moles 

200X 10-, 
MW = 1.373 x 10-6 MW = 145,666 

. . MW of cellulose 
Number of glucose resıdues per chaın = MW f 1 "d o g ucose resı ue 

CH20H 

H 

HO ı OH 

HCOOH 

145,666 
=--=--

162 

CHO.-J>-HCOOH 

+ H-C-OH--> HCOOH 
+ CH20H HO-C-H 

o Ç 0
~o r--H_-_c+-1 _, 

~ H-C-OH 
OH "Y'" OH 

ıı H2-C-OH-HCHO 

ıro,­

CH,o"ro&o 
CHO CHO CHO CHO 

CHO 
ı 
C-H 
1 
CHO 

ıı 

Figure 2-11 Periodate oxidation of cellulose. Each linear chain yields three 
molecules of formic acid. For clarity, the reducing end residue is shown in 
the open chain form. 
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. Problem 2-26 

A 500 mg sample of glycogen was treated with radioactive cyanide 
(KC'4N). Exactly 0.193 µ.moles of C 1'N- were incorporated. Another 500 
mg sample of the glycogen was treated with methanol containing 3% HCI in 
order to form the methyl glucoside of the reducing end. (Methanol will not 
methylate the other OH groups.) The methyl glucoside was then treated 
with periodate. Exactly 347 µ.moles of formic acid were produced. Calcu. 
)ate (a) the MW of the glycogen and {b) the degree of branching. 

Solııtion 

(a) Cyanide adds to the "aldehyde" group of carbon number one of the 
reducing end. Since glycogen contains only one reducing end residue 
per molecule, the number of moles of CN- added equals the number of 
moles of glycogen present. Therefore the 500 mg of glycogen represents 
0.193 µ.moles. 

MW = Wlg = 500 X ıo-3 6 
number of moles 0.193 x ıo-

MW::: 2.59 X 106 

(b) Methylation renders carbon number one of the reducing end residue 
resistant to periodate oxidation. All the forrnic acid produced now comes 
from carbon number three of the NRE residues. Thus, 347 µ.moles of 
formic acid indicate that there are 34 7 µ.moles of NRE residues (and 
347 µ.moles of branch point residues) present. 

500 X 10-s g _ -3 

162 / I 'd - 3.086 x 10 moles 
g mo e resı ue 

total glucose present 

= 3086 µmoles 

See also the problems in Chapter 5, Section C on Optical Rotation. 

C. LIPIDS 

· Problenı 2-27 

(a) How many "different" triglycerides (triacylglycerols) can be made from 
glycerol and three different fatty acids (e.g., lauric, palmitic, and stearic)? (b) 
How many triglycerides of quantitatively different composition can be made 
from glycerol and three different fatty adds? 

S0lutio11 

(a) Proceeding as we did earlier for ca!culating the total number of different 
tripeptides that can be made from three amino acids (Problem 2-5), we would 
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conclude that: 

However, the middle carbon atom of the symmetrical glyceroI molecule 
becomes ;:ıssymmetric when two different fatty acids are esterified on the first 
and third positions. So we might ask ourselves: is L-stearodipalmitin, for 
example, really different from L-dipalmitostearin? The structures are 
shown below. 

o 
il 

H,C-0-C-(S) 
1 

(F)-C-0-C-H O 
ll I il 
O H,C-0-C-® 

o 
il 

H2C-O-C-® 
1 

(F)-C-0----C-H o 
il l it 

O H2C-O-C-® 

L-stearodipalmitin (L-SPP) 

l rotate 180° in the 
plane of the page 

D-dipalmitostearin (o-PPS) 

L-dipalm itostearin ( L-PPS) 

1 rotate 180° in the 
plane of the page 

D-stearodipalmitin (o-SPP) 

it is clear that L-SPP is indeed different from L-PPS. However, L-SPP is 
identical to o-PPS, while L-PPS is identical to n-SPP. Thus, there really are 
27 different triglycerides possible. These can be considered 27 different 
L-trig]ycerides or 27 different D-tdglycerides. If we count only one member 
ofa D-L pair, then there are fewer than 27 different possibilities.• In this case, 
SPP is considered to be the same as PPS. In other words, some of the 27 
different L-forms are equivalent to the enantiomers (o-forms) of other 
L-forms. Specifically, there are 18 different triglycerides with the six differ­
ent combinations of end substituents shown below. 

P S L P P S 

t t t t t t =6 

p s L s L L 

where P = palmitic, S = stearic, and L = lauric. Each of the above six quan­
titatively different structures can have any of the three fatty acids at the 2, or 
/3, position (6 X 3 = 18). In general, the total number of different tri­
glycerides (excluding enantiomers) can be derived from Equation 7: 

*(Including nine like-ended molecules which are really neither D nor L. 
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N= ((n +r-l)l)n :::,;n(n+l)! 
rl(n -1)! 2(n -1)! 

where n = the number of fatty acids available 
r= 2 (the two ends) 

(27) 

(b) The total number of quantitatively different compositions is given by 
Equation 7 with r = 3: 

N = (n + r - l)! = (n + 2)1 = 5 x 4 x 3 x 2 
"' r!(n-1) 3!(n-l}! sx2x2 

1 N=lO 1 

There are fewer triglycerides than calculated in part a because some of the 18 
different triglycerides have the same quantitative composition (e.g., PSS and 
SPS). 

· Problem 2-28 

Calculate the saponification number of palmitodistearin. 

Solution 

The saponification of palmitodistearin is shown below. 

l glycerol 

+ 3KOH -- K-pa;itate 

2 K-stearate 

Three moles of KOH are required to saponify one mole of triglyceride. The · 
saponification number is defined as the number of milligrams of KOH 
required to saponif y 1.0 g of triglyceride. 

MW of KOH = 56 MW of palmitodistearin = 862 

(3)(56) = 168 g of KOH is required to saponify 862 g of the triglyceride. 

168 x 10' mg KOH _ . . 
862 · 1 'd -194.9mgKOH/gtrıglycerıde gtngycen e 

or saponification number = 194.9 



) 

1 
' , . .. 
,· 
t 
... .. 

J·'.. ·. 
\' ! 

;j:' 
!, 
/ı :.: 
J;: ı· 

f:!j',: 

lU 
·ı 
;·;·· 
:f 
,·:·ı: 

)! 
!:i 

I'' 
ı} 
j,,•! 

!\ ,, .. .. 

132 CHEMISTRY OF BIOLOGICAL MOLECULES 

• Problem 2-29 

A 250 mg sample of pure olive oil required 47.5 mg of KOH for comp1ete 
saponification. Calculate the average MW of the triglycerides in the olive oil. 

Solution 

. d 47;5 X 10-s g 8 482 0-4 l 
amount of KOH requıre = 56 g/mole = . X l mo es 

it takes 3 moles of KOH for each mole of triglyceride. 

f . 1 'd 8.482 X I0-4 2 827 10...... 1 amount o trıg ycerı e present = 3 = . x mo es 

wt 
number of moles = MW 

250X 10-s 
MW=2.827X 10 4 

Or, in general: 

or MW= wt 
number of moles 

MW=884 

_ 3 X 56 X 1000 _ 168,000 
MW .... er - saponifi.cation number - saponification number 

Th "fi . b f h 1· ·ı . 47.5 mg KOH 190 e saponı catıon num er o t e o ıve oı ıs 0 _25Ô g oil = 

· Problem 2-30 

168,000 r-::ı 
MW_ • .ver= 190 =~ 

(28) 

The olive oil described in the previous problem was reacted with iodine. Ex­
actly 578 mg of I2 were absorbed by 680 mg of the oil. (a) On the average, 
how many double bonds are present in a molecule of triglyceride? (b) What 
is the iodine number of the oil? 

ı Solution 

{a) Calculate the number of moles of 12 absorbed by a mole of the oil. Each 
mole of I2 adds across a double bond. 

0.578 g Iı 
0.680 goil 

Wlg I2 

884 goil 

(884)(0.578) . 
wtg 12 absorbed = (0.680) = 751.4 g 12 per mole of oıl 

MW of 12 = (2)(126.9) = 253.8 

751.4 g Lı - 2 96 l l / 1 f 'l 
253.8 g/mole - . mo es 2 mo e o oı 
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Thus, on the average, there are three double bonds per molecule of 
triglyceride. 
(b) ladine number is defined as g iodine absorbed per 100 g of oil or fat. 

iodıne number =, 7!~4 X 100-0 
• Probleın 2~31 

An acidic, lipid-soluble organic compound with prostaglandin activity was 
isolated from a Pacifıc coral. Elemental analysis gave 67 .80% C, 9.60% H, 
and 22.60% O. What is (a) the simplest empirical formula and (b) the 
minimum MW of the compound? 

Solution 

The simplest empirical formula of a compound may be calculated from 
elemental composition data. The calculations are based on the fact that a 
molecule of the compound must contain at least 1 atom of every element 
shown to be present. ünce the simplest empirical formula is known, the 
minimal molecular weight can be calculated as the sum of the atomic weights 
of all elements present. 
(a) First, divitle the percent composition values by the atomic weights of each 
element present. This yields the number of gram-atoms of each element per 
100 g of compound. 

C = 67.80 
12 

C =5.65 

H= 9.60 
1 

H=9.60 

O= 22.60 
16 

O= 1.41 

Next, divitle each of the relative molar amounts shown above by the smallest 
relative value. 

C =5.65 
1.41 

C=4 

H= 9.6 
1.41 

H=6.8 

O= 1.41 
1.41 

O= 1 

There must be a whole number of atoms of each element present. Thus, the 
simplest ernpirical formula might be CfH,O. 1-İowever, if the elernental 
analysis is quite accurate, then we can multiply the 4: 6.8: 1 ratio by integers 
until whole numbers result. in this case, rnultiplying by 5 yields: 

(b) The minimum MW is (20)(12) + (34)(1) + (5)(16) -G 
· Problem 2-32 

A 12 mg sample of the unknown compound described in the previous 
problem was dissolved in 0.8 g of pure camphor. The freezing point of the 
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solution was 176.8°C. The freezing point of pure camphor is 178.4°C. The 
molal freezing point depression constant for camphor is 37.7°. Calculate the 
apparent MW of the unknown compound. 

Solution 

One mole of solute dissolved in 1000 g of solvent (to produce a 1 mola} 
solution) depresses the freezing point by the molal freezing point depression 
constant (K1 ). The degree to which the freezing point of any solution is 
depressed (compared to that of the pure solvent) is directly proportional to 
the molality of the solute present. 

or 

MW g solute/1000 g solvent 
Kı 

(1000) wts solute/wtg solvent 
l:ı.Tr.p. 

MW _ (lOOO)(Kı) wt8 solute 
... ıu,. - (AT,.p.) wt11 solvent 

_ (1000)(37.7)(12 X 10-5) _ 452.4 
MW - (178.4 - 176.8)(0.8) - (l.6)(0.8) 

MW=353.4 

(29) 

Thus, the assigned formula C20HMOs is correct. The freezing point depres­
sion is a colligative property-it depends on the number of partides of solute 
present. If the solute dissociates in the solvent, the calc~lation yields a low 
value for the molecular weight. 

· Problem 2-33 

The density of a homogeneous membrane preparation is 1.15. The average 
density of the membrane proteins is 1.30 g/cm'. The average density of the 
membrane lipids is 0.92 g/cmS. What are the weight percentages of protein 
and lipid in the membrane? 

Solution 

As shown by Equation 10: 

Vm•mbr,ane = (weight fraction protein X iİprotcın) + (weight fraction lipid X iiı;p1d) 

t!membno.nc = l.;5 = 0.87 iip,otcin = l .;o = o. 77 iiupid = 0.~2 = 1.09 

Let X = weight fraction of protein (1- X) = weight fraction of lipid 

0.87 = (0.77 X) + 1.09 (1- X) = O. 77 X + 1.09- 1.09 X 

0.22=0.32 X X = 0.22 
0.32 
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weight fraction protein = 0.688 or 68.8% protein 

weight fraction lipid = 1.000 - 0.688 

= 0.312 or 31.2% lipid 

D. NUCLEOTIDES AND NUCLEIC ACIDS 

· Problem 2-34 

A sample of DN A purified from Mycobacıerium tuberrnlosis contains 15.1 % 
adenine on a molar basis. What are the percentages of the other bases 
present? 

Solution 

Double-stranded DNA from most sources contain equimolar amounts of 
adenine and thymine, and equimolar amounts of guanine and cytosine, that 
is, A=T and G=C. 

and 

if A = 15.l %, then T = 15.l % 

G + C = (100 - 30.2)% = 69.8% 

G = 34.9% and C = 34.9% 

In some organisms, 5-methylcytosine or 5-hydroxymethylcytosine replaces 
some of the cytosine. The fact that A = T and G = C, and that A + C = G + T 
(sum of the amino bases equals the sum of the keto bases) together with X-ray 
diffraction studies led to the idea that DNA is a double helix stabilized by 
hydrogen bonding (Fig. 2-12). 

· Problem 2-35 

(a) Calculate the Jength of a double-stranded DNA molecule of MW 3 X 

107 • (b) What is the volume occupied by one molecule of this DNA? (c) 
How rnany helical turns does a molecule of this DNA contain? Consult 
Figure 2-12. 

Solution 

(a) The average MW of a complementary pair of ·deoxy nucleotide residues 
is about 618. Therefore, the DN A contains: 

7 1 
3 x 10 g/mole DNA _ . . 

618 / 1 f ı 'd . - 48,544 nucleotıde paırs g mo e o nuc eotı e paır 

As shown in Figure 2-12a, the double helix rises 3.4 A per nucleotide pair. 

length = (48,544)(3.4) = 165,049 A = 16.50 µ m = 16.50 x ıo-~ cm 
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Figure 2-12 (a) The DNA of most organisms exists as a double-stranded, right-handed 
helix wound around a common axis. (b) The double helix is composed of two polynuc­
leotide chains running in opposite directions (antiparallel). The bases project into the 
intedoı· of the double helix. (c) The antiparallel structure is stabilized by hydrogen 
bonding between A-T and G-C pairs, and by nonpolar vertical interactions between the bases 
("base stacking"). [(a) Redrawn from E. E. Conn and P. K. Stumpf, Ouılines of 
Biochemisıry. Wiley (1972); (b) and (c) Redrawn from J. R. Bronk, Chemical Biology. 
Macmillan (1973).] 
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(b) The molecule can be considered to be a cylinder 16.50 x ıo-4 cm long and 
20 x ıo-s cm in diarneter. 

vol = 1ır 2 l 

5.18 x ıo-17 cm' 

(c) As shown in Figure 2-12, there are 10 nucleotide pairs per helical turn. 

48,544 nucleotide pairs = 4854 helical turns 

· Problem 2-36 

The MW of bacteriophage T4 DNA is 1.3 x 108 (double stranded). (a) How 
many amino acids can be coded for by T4 DNA? (b) How many different 
proteins of MW 55,000 could be coded far by T4 DNA? 

Solution 

(a) The genetic code is a triplet code. That is, it takes a sequence of three 
nucleotides on the coding strand of DNA to specify one amino acid. The 
DNA of T4 contains: 

ı.g X I08 2 1 105 1 'd . 
618 = . X nuc eotı e paırs 

= 2.1 X 10' nucleotides in the coding strand 

2.1 X 105 

3 
7 X 104 codons 

(b) The average MW of an amino acid residue is 120. A protein of MW 
55,000 contains: 

55,000 4 . ·ct 
120 = 58 amıno acı s 

7 X 104 codons can yield: 

7X 104 

= 458 
153 proteins of MW 55,000 

(The actual number will be somewhat less because not all the DNA codes for 
specific proteins.) 

· Problem 2-37 

The 23 s ribosomal RNA of E. coli hasa MW of 1.1 x 106• Approximately 
0.3% of the total E. coli DNA hybridizes with the 23 s rRNA. The MW of the 
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E. cali DNA (chromosome) is 2.2 x 10". How many copies of the 23 s rRNA 
gene does the E. coli chromosome have? 

Solııtioıı 

Approximately 0.3% of the E. coli chromosome (actually, 0.6% of the coding 
strand) codes for 23 s rRNA. This corresponds to a segment of MW: 

(0.3 X 10-2)(2.2 X 109) = 6.6 X 106 

The molecular weights ofa ribonucleotide residue anda deoxyribonucleotide 
residue are about the same (320 and 309, respectively). Since there is a 1: l 
coding ratio between DNA and RNA, the E. coli chromosome must contain: 

• Problem 2-38 

6.6X 106 

1.1 X 106 = 6 copies of the r RNA gene 

What is the MW of an mRNA that codes fora protein of MW 75,000? 

Solııtion 

A protein of MW 75,000 contains: 

75,000 625 . "d 1W = amıno acı s 

It takes a mRNA containing (3)(625) = 1875 nucleotides to code for the 
protein (perhaps slightly more allowing for "start" and "stop" regions). The 
average MW ofa ribonucleotide residue is about 320. Therefore, the MW of · 
the m RN A is approximately: 

(1875)(320)-8 

In general, tlıe ratio MW,,1nNA/MW1,.uıehı is 8 to 10, depending on amino acid 
composition. 

· Problem 2-39 

A samp1e of calf thymus DNA had a Tm of 86.0°C in 0/5 M NaCI + 0.015 M 
sodium citrate. Under the same conditions, DNA samples of known base 
composition gave T"' values shown in Figure 2-13b. {a) Calcu1ate the G + C 
content of the calf thymus DNA. (b) Derive a simple equation relating the % 
G + C content to the Tm for the conditions shown in Figure 2-13b. 

• Solııtiotı 

When a solution of double-stranded DNA is heated, an increase in ultraviolet 
light absorption (A261lnm} is observed (Fig. 2-13a). The increase results from 
an unwinding and separation of the two strands and is accompanied by a 
decrease in the viscosity of the solution. The midpoint of the A,,ı;o.,"' versus T 
curve ("melting curve"} is called the "melting temperature," T "'" Samples of 
DNA from different sources have different Tm values in a given ionic 
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Figııre 2-13 (a) "Melting curve" of double-stranded DN A. (b) Linear relationship between %G + C content and 
Tm. The linear relationship holds only between about 25 to 85% G + C. 
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medium. The T ... value varies almost linearly with the G + C content of the 
DNA (Fig. 2-13b). This is not unexpected since G and C form three 
hydrogen bonds, while A and T form only two hydrogen bonds, as shown in 
Figure 2-12c. 
(a) From Figure 2-13b, we would predict that calf thymus DNA contains 40% 
G+C. 
(b) The relationship between % G + C and T,,. is a linear one. However, the 
plot showh in Figure 2-13b does not start at 0°C. To simplify matters, we can 
imagine that the vertical axis is shifted to the right so that the plot extrapolates 
to the origin (0% G + C at 70°C). The equation for the plot is now y = mx, 
where y = % G + C, m = the slope, and x = T,. - 70. The slope (from 
standard samples A and C) is (50- 25)/(90 - 80) = 25/10 = 2.5. 

% G+ C = (2.5)(T .. -70) (30) 

Fora T .. of 86.0°C: 

% G + C = 2.5(86.0 - 70.0) = 2.5(16) = 40% 

The above equation is valid only for the given ionic conditions. 

· Problem. 2-40 

Samples of high MW, double-stranded DNA from three different organisms 
were mechanically sheared to short segments, and then melted. Upon 
cooling the solutions, the short segments reformed into short double 
helices. The rates of renaturation were measured. Sample B, which hada 
MW of 2 x 109 before shearing, renatured 3 times faster than sample A. The 
original MW of sample A was 6 x 109• Sample C renatured at a rate 5 times 
faster than sample B, and 15 times faster than sample A. Ali three solutions 
contained 1 mg DNA/ml. What was the original MW of the DNA in sample 
C? 

Solutioıı 

A schematic representation of samples A and B are shown below. The 
vertical lines represent the positions of shearing. 

Sample A: 1 mg /ml 
a b C d e f 

a' b' c' d' e' f' 

MW =6X 109 

Sample B: 1 mg /ml 

~~~ 
~ ~ ~ 
MW =2X 109 MW= 2 x 109 MW= 2x 109 

The letters a, b, c, ete. represent polynudeotide seqüences in one 
strand. The letters a', b', c', ete. represent the complementary sequences in 
the other strand. We see that at equal weight concentrations (mg/ml), the 
molar concentration of DNA B (and of any given sequence of DNA B) is three 
times that of DNA A. Upon cooling the solution of DNA A, 1 collision out of 
12 results in a successful renaturation. For example, segment a' will form a 
short double helix with segment a, but not with any of the other 11 
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segments. Upon cooling the solution of DNA B, 1 collision out of 4 results in 
a successful renaturation (e.g., g with g', but not with h, h', or another 
g). Thus, the rate of renaturation is iıiversely proportional to the original 
MW of the DNA, or directly proportional to the concentration of complemen­
tary sequences. Sample C at 1 mg/ml renatured 5 times faster than sample B 
and 15 times faster than sample A. Therefore: 

MW ~MWn= MWA 
C 5 }5 

2 X 109 

5 
6 X 109 

15 

See also the problems on spectrophotometric determination of nucleotides in 
Section A of Chapter 5. 
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Answers to Practice Problems are given on pages 423-424. 

Attı iııo Acids, Peptides, and Proteins 

1. in what order will the following amino 
acids elute from a Dowex-50 column at pH 
3.2: alanine (pI = 6.02), argınıne (pI = 
10.76), glutamic acid (pJ = 3.22), serine (pi= 
5.68), and tryptophan (pI = 5.88)? 

2. What are the relative electrophoretic 
mobilities at pH 5.68 of the five amino acids 

. . / bl gıve n pro em l? 

Deduce the sequence of amino acids in 
ptide from the following informa­

tion: {a) composition =met+ tyr + ser+ 
phe +giy+ lys + ala; (b) Sanger's reagent 
yielded a,e:-diDNP-lysine as the sole DNP de­
rivative; (c) CNBr yielded a dipeptide contain-

ing lys + met (i.e., homoserine) and a second 
peptide containing all the other amino acids; 
(d) glycine was released rapidly upon treat­
ment of the original peptide with carboxypep­
tidase A; (e) chymotrypsin re!eased three pep­
tides. One contained tyr + lys + met. A sec­
ond con_tained ala+ giy. The third contained 
ser+ P,lie. 

/. Deduce the sequence of amino acids in 
a peptide from the following informa­
tion: (a) composition = phe + pro + glu + 2 
lys; (b) treatment with the Edman reagent 
yielded· PTH-glutamate; and (c) trypsin, car­
boxypeptidase A, and carboxypeptidase B did 
not release any smaller peptides or amino 
acids. 
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5. A peptide containing equimolar 
amounts of met+ phe + asp +ser+ thr was 
treated with CNBr. A peptide and a single 
amino acid (identified as homoserine) were 
released. T·reatment of the original pen­
tapeptide with chymotrypsin produced two 
fragments, one of which was significantly 
more acidic than the other. The acidic f_rag­
ment contained methionine. Treatment of 
the original pentapeptide with carboxypepti­
dase A yielded serine very rapidly, followed 
by threonine. Deduce the amino acid sequ­
ence of the pentapeptide. 

6. How many different linear a-linked 
hexapeptides can be made from 20 different 
L-a,-amino acids (a) using any amino acid for 
any of the six different positions (repetition al­
lowed), (b) using each amino acid only once 
in the chain? {c) How many amino acid analy­
sis patterns containing six differnt amino acids 
are possible? (d) How many qualitatively dif. 
ferent amino acid analysis pauems are possi­
lıle? (e) How many quantitatively different 
amino acid analysis patterns are possible? 

7. (a) Cakulate the axial length of an a­

helix containing 122 amino acid residues. (b) 
How long would the polypeptide chain be if it 
were fully extended? (c) Approximately 
what is the MW of the protein? 

8. The specific volumes of serine, proline, 
alanine, and glycine residues are 0.64, 0.76, 
0.74, and 0.64, respectively. (a) Calculate the 
specific volume and density of a synthetic 
polypeptide containing equimolar ratios of ali 
four amino'acids. (b) What is the diameter of 
a spherical molecule of the synthetic polypep­
tide if MW = 7810? 

9. The ribosomes in E. cali account far 
about 5% of the celi volume. Assuming that 
each ribosome is approximately a sphere of 
180 A in diameter, calculate the number of 
ribosomes in an E. cali celi. Assume that E . 
cali is a cylinder 1 µ, in diameter and 2 µ long. 

10. Calculate the width of the peptide 
plane, that is, (a) the distance x, between the 
a':.carbon and the oxygen, and (b) the dis­
tance, 'J, between the H attached to the nit­
rogen atom and the a-carbon. Consult Fig­
ure 2-1. (Hint: use plane trigonometry.) 

11. Glutamine synthetase is a dodecamer 
composed of 12 identical subunits. Each sub­
unit can be adenylated. How many quantita-

tively different forms of glutamine synthetase 
are possible? 

12. A protein believed to be involved in 
membrane transport was obtained from a 
bacterium by osmotic shock. Amino acid 
analysis of 10 mg of the purified protein 
yielded 61 µ,g of tryptophan. What is the 
minimum molecular weight of the pro­
tein? (The MW of tryptophan is 204.I.) 

13. The enzyme glutathione peroxidase 
contains 0.34% selenium by weight. (The 
atoınic weight of Se is 78.96.) The MW of the 
enzyme determined from gel filtration is 
about 88,000. What is the likely quaternary 
structure of this enzyme? 

14. (a) At 5°G, the osmotic pressure of a 
protein solution (5.0 ıng/ml} was 2.86 x 
ıo-' atın. Estimate MW. (b) Another meas­
urem~nt made at 2.5 mg/ml yielded an osmo­
tic pressure of 1.37 x ıo-' atın. Calculate a 
more accurate value far MW. (Extrapolate 
to zero concentration.) R = 0.0821 !iter x 
atm x ınole -ı x degree -•. 

15. The Sro,m of lysozyme is 1.91 x 
ıo-ı, sec. D is l 1.2 x l 0-1 cm1 /sec, and -iJ = 
0.703. Cakulate MW. 

Carbohydrates 

16. (a) How many 2-ketopentose 
stereoisomers are possible (excluding anom­
ers)? How many aldopentose stereoisomers· 
are possible (excluding anoıners}? : 

17. How many different disaccharides can 
be made from two molecules of o­
glucopyranose? 

18. A 75 mg sample of cellulose was acid 
hydrolyzed. The hydrolysate was found to 
contain 75 mg of glucose. What is the purity 
of the cellulose sample? 

19. A disaccharide containing only glucose 
was exhaustively methylated and tq.en acid 
hydrolyzed. The only products found were 
3,4,6-trimethylglucose and 2,3,4,6-tetra­
methylglucose. What is the most likely struc­
ture of the disaccharide? 

20. (a) A glucan isolated from Aspergillus 
aculeatus was completely hydrolyzed to a 
single disaccharide with an enzyıne specific 
for a, 1-4 linkages. The disaccharide was 



reduced with NaBH, and then treated with 
periodate. For each mole of reduced disac­
charide, five moles of periodate were utilized 
yielding two moles of formic acid plus two 
moles of forrnaldehyde. What is a likely 
structure of the unreduced disaccharide? (b) 
Exhaustive methylation of the original 
polysaccharide followed by acid hyqrolysis 
yielded approximately equal molar amounts 
of 2,4,6-trimethylglucose and 2,3,6-
trimethylglucose plus a trace of 2,3,4,6-
tetramethylglucose. What is a possible struc­
ture of the polysaccharide? 

21. Exhaustive methylation of 32.4 mg of 
amylopectin followed by acid hydrolysis 
yielded 10 µmoles of 2,3,4,6-
tetramethylglucose. (a) What are the other 
products? How much of each were ob­
tained? (b) What percent of the glucose re­
sidues are linked via 1-6 bonds? (c) If the 
MW of the amylopectin is 1.2 x 106, how many 
branch point residues does a molecule of 
amylopectin contain? 

22. Raffinose is a trisaccharide found in 
plants. It has the structure gal(a 1-. 
6)glu(a ı-. 2/3:)fru (i.e., galactose linked to car­
bon number six of the glucose residue of 
sucrose). (a) How many moles of periodate 
will one mole of raffinose consume? (b) How 
many moles of formic acid will be pro­
duced? (c) What are the products of exhaus­
tive methylation of raffinose followed by hyd­
rolysis? 

23. Amylose is a linear a, 1-4 glucan. A 
648 mg sample of amylose was treated with 
periodate. Exactly 4.43 ı.ı moles of formic 
acid were produced. (a) What is the average 
MW of the amylose in the sample? {b) How 
many µ moles of "CN- will add to 648 mg of 
the amylose? 

Lipids 

24. (a) How many different L-triglycerides 
can be made from glycerol and four different 
fatty acids? (b) How many different tri­
glycerides does this correspond to if we count 
only one member of a D·L pair? (c) How 
many triglycerides of quantitatively different 
composition can be made frorn glycerol and 
four different fatty acids? 

25. Calculate the saponification number of 
tributyrin. 
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ı/26. The saponification number of a sam· 
p!e of butter fat is 230. Calculate the average 
MW·of the triglycerides present. 

v27. The iodine number of a sample of 
butter fat is 68. If the saponifıcation number 
of the sample is 210, how many double bonds, 
on the average, are present in a molecule of 
triglyceride? 

28. Progesterone, a fema!e sex hormone, 
was found to contain 80.3% C, 9.5% H, and 
10.2% O. A solution of 60 mg of proges­
terone in 750 mg of benzene freezes at 
4.20°C. The freezing point of pure benzene 
is 5.50°C. The mola! freezing point depres­
sion constant is 5. l0°C. What is the em pi rical 
formula and MW of progesterone? 

29. Calculate the density and specific vol­
ume of a lipoprotein containing 80% protein 
and 20% lipid by weight. The average den­
sities of protein and lipid are 1.30 g/cm' and 
0.92 g/cm3, respectively. 

Nııcleotides and Nıdeic Acids 

J 30. Yeast DNA contains 32.8% thymine on 
a molar basis. Calculate the molar percen­
tages of the other bases. 

v 31. E. coli DNA (chromosome) has a MW 
of 2.2 X 109• (a) How many nucleotide pairs 
does the DNA contain? (b) How long is the 
DN A molecule? (c) An average E. coli celi 
has a volume of 1.57 X ıo-12 cm'. What frac­
tion of the celi volume is occupied by the 
DNA? 

• 32. E. coli can divitle every 40 mi­
nutes. Thus, its DNA (MW = 2.2 x 109) can 
be duplicated in 40 minutes (or less). Calcu~ 
!ate (a) the number of internucleotide bonds 
made per minute, (b) the rate of chromosome 
duplication in terms of mm/min and µ m/min 
(assuming only one growing point), and (c) 
the rate at which the double helix unwinds 
(turns/min) during duplication. 

ı./ 33. What is the MW ofa protein coded for 
by an mRNA containing 1000 nucleotides? 

,/ 34. If 75% of the E. coli chrornosome 
codes for specific proteins, how many differ­
ent proteins of average MW 60,00,0 can be 
made? 

.As. What is the MW of the gene that codes 
fara ıRNA containing 80 nucleotide residues? 
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, 36. The following T., <lata were obtained 
for double-stranded DNA in 10 mM phos­
phate buffer containing 1 mM EDT A. 

Sample % G+C T .. (OC) 

A 70 78.5 
B 52.5 71.2 
C 37.5 65.0 
z ? 73.3 

(a) Calculate the % G + C content of sample 
Z. (b) Derive an equation relating the % 
G + C content to the Tm for the above condi­
tions. 

...J!,7. Sheared and melted segments of bac­
teriophage T2 DNA (MW = 1.3 x 108) rena­
tured 19.2% as fast as sheared and rnelted 
DNA from T7 bacteriophage under the same 
conditions of temperature, ionic strength, and 
concentration. What is the MW of T7 DNA? 



3 
BIOCHEMICAL ENERGETICS 

A. ENERGY-YIELDING AND ENERGY-REQUIRING 
REACTIONS 

THE LA WS OF THERMODYNAMICS 

· All processes that occur in the universe are subject to the basic laws of 
thermodynamics. The reactions that occur in living cells are no excep­
tion. The first law of thennodynamics states that energy can neither be created 
nor destroyed. In any given process, one form of energy may be converted 
into another but the total energy of the system plus its surroundings remains 
constant. The first law is simply a law of conservation of energy. Nothing is 
said about the relative usefulness of different forms of energy or the direction 
of a process or reaction. 

The second law of thennodynamics states that ali naturally occurring processes 
proceed in a direction that leads to a minimum potential energy level, that is, 
toward equilibrium. Such "spontaneous" reactions (as they are called) 
release energy as they progress toward equilibrium and, theoretically, the 
energy can be harnessed and made to do work. We are all familiar with 
"spontaneous" reactions. For example: heat flows from a warm body into a 
cooler body (never in the opposite direction); a wound spring spontaneously 
unwinds (an unwound spring never winds itself up); water flows downhill 
(never uphill); gases diffuse from a region of high pressure and concentration 
ta a region of lower pressure and concentration (never in the opposite 
direction); the great pyramids will someday crumble away to sand (but the 
sand grains will never spontaneously assemble into a pyramid). In ali of 
these spontaneous reactions, energy is conserved. For example, the heat lost 
by the warm body is gained by the cooler body. Bırt certainly, something has 
been lost. That something is the capacity or potential to do more work (to 
transfer stili more energy). While the total energy of a system and its 
surroundings remain constant, the energy is distributed in a qualitatively 
different way after a spontaneous reaction. A more complete statement of 
the second law that takes into account the unidirectionality of spontaneous 
processes and the decreased potential to do further work is this: the entropy of 
the universe is constantly increasing. Entropy, given the symbol S, is a 
measure of the randomness or orderliness of the energy and matter in a 
system. The more random, disordered, disorganized, or chaotic the system, 
the higher its entropy. The more organized, orderly, constrained, or highly 
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structured the system, the lower its entropy. Only organized, nonrandom 
energy is useful (can be made to do work). An increase in entropy repres­
ents a loss of organization and, hence, a decrease in the potential to do further 
work. The second law leads directly to the third law of thermodynamics, which 
states that at a temperature of absolute zero -{0°K), where all randorn motion 
ceases, the entropy of a perfect crystal of every substance is zero, that is, aU the 
atoms are maximally ordered. 

If the spontaneous direction of order is downhill, how then can we explain 
the biosynthesis of complex, highly organized macromolecules or, for that 
matter, the very existence of living cells? No laws of thermodynamics have 
been violated, just as no laws are violated when pyramids are built from 
sand. The natural tendency of matter and energy in a given system to run 
downhill can be counteracted by putting energy into that system, that is, by 
doing work on the system. The total energy-that of the system receiving 
the energy plus that of the system providing the energy~remains con­
stant. The total entropy-that of the system receiving the energy plus its 
surroundings-increases. However, the entropy of just the system receiving 
the energy may increase, decrease, or remain constant. In general, a living 
cell takes in raw materials at a high entropy state from its environment and 
orders these materials into a lower entropy state at the expense of the 
environment, which also supplies chemical energy at a low entropy 
state. Photosynthetic organisms capture light energy. 

While the entropy change that takes place during a process or reaction is of 
great interest to biologists, there are two related thermodynamic fıınctions of 
state (as they are known) that are more easily measured or calculated. These 
are (a) the change in free energy and (b) the change in enthalpy or heat 
content. The free energy change is a measure of the maximum useful work 
that a reaction could perform at constant temperature and pressure, and 
depends on the displacement of the system from equilibrium. The enthalpy 
change is a measure of the heat flow that accompanies a reaction as it proceeds 
toward equilibrium at constant temperature, pressure, and volume. These 
concepts are examined in more detail below. 

COVPLED REACTIONS 

Chemical reactions may be classified as (a) "exergonic," those that yield 
energy {i.e., are capable of doing work) and (b) "endergonic," those that 
utilize (require) energy (i.e., work must be done to make them go). While it 
may not be immediately obvious why certain reactions are more exergonic 
than others, the student intuitively recognizes that biosynthetic processes (i.e., 
the formation of Jarge macromolecules from their constitutive subunits) 
require energy. Work must be done to build complex structures from 
simple building blocks. Living cells are exceedingly complex and deli­
cate. Yet they not only maintain their integrity over long periods of time but 
alsa grow and multiply. In terms of energetics, this is accomplished by 
catalyzing certain exergonic reactions and trapping some of the energy 
released in "energy-rich" compounds. Biosynthetic (endergonic) reactions 
then are driven by this trapped energy. For example, suppose that the 
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reaction by which A is converted to B is exergonic, releasing 15 kcal of energy: 

A-+ B +15 kcal (1) 

j\]I of this energy would be wasted if the reaction proceeded as written. In a 
)iving celi, a portion of the total energy is trapped by coupling reaction 1 to the 
endergonic synthesis of an "energy-rich" compound X-Y. If, for example, 
ıhe synthesis of X-Y requires 8 kcal, then the overall coupled reaction 
releases only 7 kcal. · 

~ B+7kcal 

X-Y 

(2) 

Now suppose that a complex molecule, C-D, is to be synthesized from its 
components C + D. The reaction is endergonic and will go only if 5 kcal of 
energy are supplied. 

5 kcal + C + D-+ C-D (3) 

The 5 kcal of energy can be supplied by the energy-rich compound, 
X - Y. Because X - Y has stored 8 kcal and only 5 kcal are required, 3 kcal 
are released by the overall coupled reaction. 

C+ D _..,,,.­

x-v 
~ C-D+3kcal 

X+Y 

(4) 

It is apparent that if X - Y were degraded into its components without 
coupling its breakdown to an endergonic reaction, 8 kcal of energy would be 
wasted. 

X - Y-+ X + Y + 8 kcal (5) 

These energy relationships are illustrated in Figure 3-1. N ote that none of 
the reactions proceeds with 100% efficiency. Of the original 15 kcal made 
available, only 8 kcal are conserved in X-Y; of the 8 kcal conserved, only 
5 kcal are trapped in C-D. 

The coupled reaction concept adequately illustrates the principle of energy 
conservation and utilization in living cells. However, the actual mechanisms 
of energy coupling in living cells seldom involve the simultaneous catalysis of 
two reactions. Instead, the net effect is generally obtained by catalyzing two 

A 

Figure 3-1 Energy relationships in the synthesis of C-D 
from C + D at the expense of the energy released when A is 
converted to B. 
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consecutive reactions involving a common intermediate. As an example of the 
formation of an energy-rich compound, consider the oxidation of 
glyceraldehyde-3-phosphate to 3-phosphoglyceric acid. 

CHO 
ı 

H-C-OH 
1 

1I-C-H 

6Pm-

COOH 
1 

H-C-OH 
1 + 12 kcal 

H-C-H 
1 
OPOt 

(6) 

This oxidation-reduction reaction yields sufficient energy to drive the syn­
thesis of ATP from ADP and P; in a hypothetical coupled reaction. 

CHO 
l 

H-C-OH 
l 

H-C-H 
1 
OPO;-

c....:.::::. 
ADP+P; ATP 

(8 kal conserved) 

COOH 
1 

H-C-OH 
1 + 4 kcal (7) 

H-C-H 
1 

OPOi-

In the living cell the two reactions are not actually coupled as shown. In­
stead, an energy-rich acyl phosphate is formed simultaneously with the 
oxidation. 

CHO 
1 

H-C-OH 
1 

H-C-H 

6Pot 

NAff' NADH+H .... 

Pı 

o 
il c-oPor 
1 

H-C-OH + Okcal 
l 

H-C-H 
1 OPOj-

(8) 

The energy is conserved by transferring the phosphate group to ADP in a 
subsequent reaction. 

o COOH 
il c-0Po 2 -I 3 

phosphogl:Y,ceraıe: kı'n:'"'se 

1 
H-C-OH 

l 
H-C-OH + ADP 

1 
H-C-H + ATP + 4kcal 

H-C-H 6Pot 
l 
OPOt 

(9) 

The sum of reactions 8 and 9 effectively equals the coupled reaction 7. 
The formation of phosphoenolpyruvate (PEP} from 2-phosphoglyceric acid 

(2-PGA) illustrates a different principle. 

COOH 
1 

H-C-OPO 1 3 

CH20H 

enolase-

COOH 
1 
n-OPO;- + H20 

CH2 

(10) 
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Jn this reaction an energy-rich compound is produced from an energy-poor 
precursor by a simple dehydration r~action. The student is tempted to ask 
"where did the energy come from?" The answer lies in the restricted 
definition of "energy-rich" as used by biochemists. in spite of the fact that 
2-PGA is considered relatively "energy-poor," it yields about the same 
amount of energy as PEP if both are burned to C02, H20, and P1• The 
dehydration reaction rı;sults in a rearrangement of electrons so that a much 
Jarger portion of the total potential energy becomes available upon hyd­
rolysis. An "energy-rich" compound (to the biochemist) is one that releases a 
relatively large amount of energy (7 to 18 kcal per mole under standard-state 
conditions) upon hydrolysis. (We can also consider the enolase-catalyzed 
reaction as an internal oxidation-reduction: the carbon carrying the OH is 
reduced; the carbon carrying the phosphate is oxidized.) 

As an example of the utilization of an energy-rich compound, consider the 
synthesis of glucose-6-phosphate from glucose and inorganic phosphate. 

glucose + P ı + 3 kcal --i> G-6-P (11) 

The reaction is endergonic and requires 3 kcal/mole, which can be supplied by 
the hydrolysis of A TP. The hypothetical coupled reaction is shown below. 

glucose + Pı ( \ • G-6-P + HOH + 5 kcal (12) 

ATP ADP+P, 
+HOH 

The reaction actually catalyzed by hexokinase is the sum of the two individual 
reactions. 

glucose + A TP G-6-P + ADP + 5 kcal (13) 

Not only does ATP supply the energy, it supplies the phosphate group as 
well. In fact, the energy in energy-rich compounds is seldom released by 
hydrolysis in living cells. Instead, the potential energy is used as "group­
transfer potential, "-the potential energy is used to transfer a portion of the 
energy-rich rnolecule to an acceptor that,. in effect, "activates" the accep­
tor. ATP is used in cells as (a) a phosphate donor, (b) a pyrophosphate 
donor, (c) an AMP donor, and (d) an adenosine donor. 

PRBE ENER.GY CHANGE (.dG) 

The energy released or utilized in a chemical reaction represents the difference 
between the energy contents of the products and the reactants. At constant 
temperature and pressure, the energy difference is called the "free 
energy difference" (or "Gibbs free energy change"), l::ı..G, and is the maximum 
potential of a reaction for performing useful work. By definition, AG is the 
free energy content of the products minus the free energy content of the 
reactants. Thus, for the exergonic reaction l, we obtain the following: 

A-+ B + 15 kcal 

l::ı..G = Ga-GA 

(1) 
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ln order for A to yield B plus energy, the free energy content of A must be 
greater than the free energy content of B. 

tıG = (some value) - (some larger value) 

6.G = a negative value 

ô.G = -15 kcal 

Thus, because of the definition of 6.G, exergonic reactions have negative 
tıG values while endergonic reactions have positive values. When a reaction 
is written in reverse, the sign of tıG changes. For example, the synthesis of 
X - Y requires 8 kcal per mole. Therefore, tıG for the synthetic 
(endergonic) reaction is + 8 kcal/mole. 

tıG = + 8 kcal/mole 

The degradation of X- Y releases 8 kcal/mole. 

X-Y-X+Y tıG = - 8 kcal/mole 

RELATIONSHIP BETWEEN .J.G AND THE (P]/[S] RATIO 

Consider the reaction S 4 P where S is the reactant or "substrate" (of an 
enzyme) and Pis the product. What is the relationship between the amount 
of energy released and the concentrations of S and P? By analogy, let us 
assume that the concentrations of S and P are liquid volumes separated into 
two arms of a U-tube as shown in Figure 3-2. Let us also place a waterwheel 
in the arın containing S. When the stopcock separating S and Pis opened 
(i.e., when an enzyme catalyzing the S 4 P reaction is added), Sis converted to 
P. As the level of S drops, the waterwheel turns (energy is released and 
work is done). S is converted to P until equilibrium is attained. For the 
particular reaction shown, the volumes of S and Pat equilibrium are not equal, 
indicating that the equilibrium lies in favor of P. We can see from this 
analogy that the energy released depends on how far from equilibrium the 
original S/P ratio is. The greater the S/P ratio, the more the work that can be 
done in co~verting S to P. We can also see that if we start with an S/P ratio 
identical to the equilibrium S/P ratio (a P/S ratio equal to K.,,,), no net 
transformation of S to P occurs; therefore, no work can be done (i.e., 
ı:lG = O). If we start with a P/S ratio greater than K.q (the system is displaced 
from equilibrium in favor of P), then work must be done (energy is required) 
to convert stili more S to P (i.e., tıG is positive). However, the conversion of 
P to S now occurs with the production of energy (a minus tıG value) until 
equilibrium (the minimum energy level of the system) is attained. 

The U-tube analogy is not perfect because most reactions that occur in a 
living cell never attain equilibrium. Instead, the reactants and products are 
maintained (within narrow limits) at steady-state levels that may be quite 
different from the equilibrium !evels. Nevertheless, the analogy illustrates 
how the energy released or utilized in a reaction depends on the displacement 
of the system from equilibrium. A mathematical statement of the tıG ofa 
reaction then must contain two terms: one that indicates the actual concen­
trations of the substrates and products and one that states the equilibrium 
concentrations. Such an expression for the reaction cS, + dS2 + · · · ~ aPı + 
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s---,.. p 
t::ı.G is negative 

(a) 

g--,..p 
t::ı.G is positive 

(c) 

___ Equilibrium __ _ 

(b) 

Figııre 3-2 (a) The (SJ/[P] ratio at the start 
of the reaction is greater than the ratio at 
equilibrium. The reaction will proceed 

1 "spontaneously" from S to P (if the stopcock 
is opened). (b) The [S]/[PJ ratio at the end 

: of the reaction equals the equilibrium 
ratio. [P]/[S] = K,q, No further net reac­
tion occurs. (c) The [P]/[S] ratio is greater 
than that at equilibrium. The reaction will 
proceed "spontaneously" in the direction [PJ 
to [S] (if the stopcock is opened). 

bP2 . .. is shown below: 

RT 1 [P,J" [P,]' .. . 
n [Sı)' [S,]' .. . 

that is, t::ı.G • •• depends on the dilference 
between 

or 

{the actual pro~uct/} 
substrate ratıos 

and 

"G = - RT 1 K + RT I [Pı]" [P2]1' ••• 
.ı.ı. n «ı n [Sı]" [S2]'1 • •• 

RTinK"" 

! the product/ ) 
substrate ratios 
at equilibrium , 

(14) 

or A 3 RT I K 2 3 RT ı [P1]" [Pzt . . . 
G = - 2. og «ı + . og [SıJ' [Sı)'1 .. . {15) 
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where R = the gas constant = 1.987 cal X mole-1 x °K-1 

T = the absolute ternperature, °K 
[PJ, [S], ete. = the actual concentratio:ıs of products and substrates 
a, b, c, ete.= the coefficients of P, S, ete., in the balanced chemical 

equation 

At 25°G, 2.303 RT = 1364; at 37°G, 2.303 RT = 1419. 
We can. see that at equilibrium the [P]/[S} ratio equals K,q; hence, /ıG = O. 
To catalog and compare t.ı.G values for various reactions, chemists have 

agreed upon a "standard-state" where all reactants and products are consid­
ered to be rnaintained at steady-state concentrations of 1 M. The standard­
state for gases is considered to be 1 atın partial pressure. Under this 
condition the log [P]/[S] term (regardless of the exponents) is zero. The t.ı.G 
under standard-state conditions is designated /ıG 0• 

/ıG = - 1364 log K"I + 1364 log 1 

= - 1364 log K.q + O 

.6.G O = -1364 log K"I at 25°G (16) 

Thus the /ıG0 value of a reaction is related to the K«ı. In fact, both the 
/ıG 0 and Kcq values impart the sarne inforrnation, that is, in which direction 
and how far a reaction will proceed when ali substrates and prodµcts are 
1 M. The correspondence between llG 0 and Kcq is shown in Table 3-1. 

The actual llG under any particular set of concentration conditions can be 
calculated from: 

(17) 

or .6.G = AG 0 + 1364 Iog [Pır [P~]; .. . 
[Sı]' [S2] .. . 

at25"C (18) 

Table!J-1 Correspondence Between K«ı and 
ı'ıG 0 at 25°C 

K«ı log K«ı l:!.Go 

0.0001 -4 + 5456 cal 
0.001 -3 +4092 cal 
O.Ol -2 +2728cal 
0.1 -1 + 1364cal 
1 o o 

10 1 . -1364 cal 
100 2 -2728 cal 

1000 3 -4092 cal 
10,000 4 -5456 cal 
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A negative /ıG means that the reaction as written will proceed from left to 
right toward a state of minimum energy. Such reactions are said to be 
''spontaneous"-an unfortunate term that suggests a high velocity. A 
"spontaneous" reaction is indeed one that will go to the right as written if it 
gces at ali. The magnitude of the negative A G even tells us how far to the 
right the reaction will go (because the magnitude of ılG telis us how far the 
system is from equilibrium). However, a !:ıG value says absolutely nothing 
about the rate at which the reaction will approach equilibrium. Many 
reactions with very large negative AG values do not proceed at a detectable 
rate (at life temperatures) in the absence of an appropriate catalyst (en~ 
zyme). The situation is analogous to that shown in Figure 3-2a. The system 
may be markedly displaced from equilibrium, yet nothing happens unless the 
stopcock is opened. 

The AG ofa reaction telis us only the dijference between the free energy 
contents of the products and the original substrates. This difference must be 
the same regardless of the patlı taken or the number of steps involved. For 
example, suppose S can be connected to P by any of the three reaction 
sequences shown below: 

K..,, 

~--_AG_ı --x 

K.., 
l'Gt K..,, 

•c.~ 

Y-------+P 

The overall /ıG is the same whether the reaction sequence is S-+ P, S-+ X-) P 
or S-+ Y-+ P. If the overall /ıG is the same, then lıGı + .1.G2 = AG, + .1.G~ = 
/ıG5 • Similarly, the overall equilibrium constant is the same: 

Kccı, X K_ = K""' X Kocı. = K.-u 

BFFECI' OF NONSTANDARD [H+] x 

When the H+ ion appears as a substrate or product, its standard-state 
concentration is also taken as 1 M (i.e., pH = O). However, almost ali 
enzymes are denatured at pH O and, consequently, there is no reaction to 
study. Because of this, biochemists have adopted a modified standard-state 
in which all substrates and products except H+ are considered to be 1 M. The 
H+ ion concentration is taken to be some physiological value (e.g., 
10-1 M). The relationship between /ıG0 and the modified standard-state 
free energy change, designated AG', can-be easily calculated. For example, 
consider a reaction that yields an H+ ion as a product. 
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s~P+H+ 

llG = tıG 0 + 1364 log [P][H"'] 
[S] 

L'lG' = 1lG 0 + 1364 log [H+] 

= eıG 0 -1364 log [~+] 

.6.G' = AG 0 -1364pH 

when [S] and [PJ = 1 M 

at 25°C 

For a reaction involving H+ ion as a substrate, the relationshıp is: 

.6.G' = AG 0 + 1364 pH at 25°C 

(19) 

(20) 

Equations 19 and 20 assume that there is no change in the ionization ofa 
group as a result of the reaction. That İs, ionizable compounds are not 
involved in the reaction or, ifa group does ionize, it has the same pKa in the 
substrate and product. (The H+ that appears as a product might come from 
the oxidation ofa -CHOH- group to a -:-C=O group.) Equation 19 can 
be used to predict !::ıG' at some pH other than zero even when a product 
ionizes provided the standard-state is taken as 1 M of the fully ionized 
product. This is the same as writing the equation as S ~ P + H+ where P 
would be, for example, A - . As we shall see however, biochemists prefer to 
take 1 M total product (ionized P plus un-ionized P) as the standard-state. In 
this case, a different equation (derived later) must be used to obtain LiG' in 
relation to tıG 0 • 

The flG' of a reaction under physiological standard-state conditions (ali 
substrates and products at 1 M except H+) is given by: 

AG' = -2.3 RT log K~q (21) 

or AG' ~ -1364 log K~ ı at 25°C (22) 

where K :q is the equilibrium constant of the reaction at the specified pH 
(usually around 7). The !ıG of a reaction when all substrates and products 
are not 1 M (but pH = 7) is given by: 

or 

"G 2 3 RT 1 K' 2 3 RT 1 [Pı]a [P2t, .. 
u = - · og «ı + · og [Sı]' [S2.{ .. 

AG = AG' + 2 3 RT l [Pıf [P:ıt, '. 
. og [S,r [S2t, . , (23) 
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or AG = A.G' + 1364 log [Pı]: [Pı];. ' ' 
[SıJ [S2] •.. at 25"C (24) 

Thus, if K:q or AG' is specified, there is no further need to include H+ or pH 
in the cakulations unless we are interested in calculating A G' at another pH. 

DIFFERENT CONVENTIONS FOR DEFINING "K.q'' AND '~G" 

We would expect the ''K.,,'' ofa reaction to be a fixed value fora given set of 
conditions (e.g., terriperature, pressure, total ionic strength). However, the 
value of "Ke/' depends on how we define 'it. For example, consider the 
acid-catalyzed hydrolysis of ethyl acetate. · The reaction can be written: 

H+ 

EtOAc + H20·~ EtOH + HOAc 

W e can define the Keq as fo1lows: 

K . = [EtOHJ[HOA~J 
""' [EtOAc][H20) 

{Convention I) 

Suppose we measure the equilibrium concentrations and find [EtOH] = 
2 X 10·1 M, [HOAc] ~ 2 X 10·1 M, and [EtOAc] = 2.18 X ıo·S M. As defined, 
K.q, contains [H20], which is present at very close to 
(1000 g/liter)/(18 g/mole) = 55.6 M. 

(0.2)(0.2) 
Keq, = (2. 18 x ıo·S)(55.6) = o.33 

and 
AG f = -1364 log 0.33 = + 656. 7 cal/mole 

The calculated Keq, and LlG1 values are correct for the reaction as de­
fined. The positive LlG f value says that when ali components (induding 
H20) are l M, the reaction will proceed to the left. Since the concentration 
of water is essentially constant in dilute aqueous solutions, we could also 
define "Ke/' as: 

K = [EtOHJ[HOAcJ:::: K [H O] = [EtOAc] ttıı 2 (Convention II) 

Kttı, = (0.33)(55.6) = 18.35 M 
and 

AG~ = -1364 Jog 18.35 = - 1724 cal/mole 

The negative AG~ value says that when all components are 1 M except water 
(which is 55.6 M}, the reaction will proceed to the right. Thus, K«ı, and K~, 
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are different numbers, but they say the same thing. For example, we can use 
K«ı, to calculate the concentrations of EtOH and HOAc present at equilib­
rium if the equilibrium concentratioİı of EtOAc is known. When K«ı, is used, 
we must include [H!O] = 55.6M. We will get exactly the same answer using 
K«.., but now we do not include the concentration of water in our calculations 
(because it is built into Keq,). 

Suppose the hydrolysis is catalyzed by an enzyme {called an esterase) at 
some fixed pH where the HOAc produced ionizes. The reactions occurring 
are: 

or 

and 

EtOAc + H20 :.=: EtOH + HOAc 

HOAc :.=: OAc- + H+ 

K = [EtOH][OAc][H+J = (K }(K ) 
c,ı.s_ [EtOAc][H:ı.O] cq, " 

K_ = 5.78 X 10-6 

K..,. = 3.21 x ıo-• 

K«ı, = 0.33 

K. = 1.75 X 10-5 • 

K«ı, = 5.78 X 10-6 

(Convention III) 

(Convention IV) 

AGg= -1364 log 5.78x 10-6 = +7145 cal/mole 

AG~ = -1364 log 3.21 X ıo-4 = + 4765 cal/mole 

K_ differs from K_ (and AG~ differs from AG:) because of the way "Kcq" is 
defined. Either set will predict the same correct concentration of one 
component if the concentrations of the others are known. Note that K«ı• and 
K«ı, are expressed in terms of the concentration of OAc-, not HOAc or HOAc 
plus OAc- (total analytical concentration of "acetate"). The positive AG~ 
value says ı:hat when all components (including [H+]) are 1 M (but [H20] = 
55.6 M), the reaction will proceed to the left. 

So far, we have seen that the constant [H20] can be incorporated into the 
"K ... " and "AG0 " values. At a fixed pH, [H+] is also constant and can be 

• similarly incorporated into the constants yielding a "K~" and "AG 0 " for one 
fixed pH. The standard AG and K«ı at the new pH #- O will be designated 
lıG' and K!", respectively. For example, at pH 7.0: 

K' = [EtOH][OAc-] = Keoı, 
"'"' [EtOAc] [H+] (Convention V) 

,~.00 
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K!<u = 3·2~;-!o-4 = 3.21 X 1~' 

AG~ = -1364 log 3.21 ~-ıos = -4783 cal/mole (at pH 7.0) 

As before, if the equilibrium [EtOH] and [EtOAc] are known at pH 7, the 
equilibrium [OAc-J can be calculated using K!q,• The same [OAc-] results if. 
K«ı, is used.provided the cakulations include [H+]. The negative AG~ says 
that at 1 M EtOH, 1 M OAc-, and 1 M EtOAc (and 55.6 M H20 and 
10-7 M H'") the reaction will proceed to the right. 

The relationship between AG.~ and 6.G~ is one we have seen before: 

6.G' = - 13641 [EtOHJ[OAc-] + 1364 l [H+] 
~ og [EtOAcJ og 

AG~ = AG~ -1364 pH (25) 

To reiterate: the fact that some of the AG 0 values calculated above are 
positive and some are negative is not contradictory. Each standard AG value 
refers to a different state, for example, 1 M H20 (AGn, 55.6 M H20 (.6.G~). 
I M H20 and 1 M H+ (AG~. 55.6 M H20 and 1 M H+ (.AG:), 55.6 M H20 and 
10-1 M H+ (AGa. If we compare the signs and relative magnitudes of the 
cakulated standard AG values, we see that the standard f:ıG becomes more 
negative as [H20] increases and [H+] decreases. This is expected: high [HııO] 
promotes hydrolysis; low [H+J (high pH) p~omotes ionization of the HOAc, 

_,,, which pulls the hydrolysis reaction to the right. 
At first glance, it would seem that K!,., and 6.G~ are the values of interest to . 

biochemists. However, these constants are 'defineci in terms of OAc- con­
centration. A biochemist studying the esterase reaction at pH 7 would 
probably find it more convenient to measure the total (analytical) concentra­
tion of acetate product (OAc- plus HOAc). Indeed, many compounds of 
biological interest possess multiple ionizing groups, yielding several ionic 
species at any given pH. Also, two or more substrates or products may be 
present in multiple ionic forms. A Kcq or lıG' value defineci in terms of one 
ionic form of each compound would not be particularly useful. For exam..: 
ple, consider the hydrolysis of ATP: 

ATP+ H20 ~ ADP+ Pı 

At pH values around 6 jü 7.5, the inorganic phosphate (pK. = 6.82) exists asa 
mixture of HO-POsH- and HO-PO;- forms. Similarly, the terminal phos­
phates of ATP (pK,, = 6.95) and ADP (pK .. = 6.68) exist as mixtures of the 
mononegative and dinegative ions. It would be much simpler to define K !,. 
in terms of total IATP], [ADPJ, and [Pı]. Let us return to our esterase 
reaction in order to see how total analytical concentrations are incorporated 
into the K!,. and l!:ı.G' expressions. We would like to determine the value for 
K!,., where: 

K' = [EtOHJ[HOAc + OAc-] = [EtOH](OAc], 
"'I [EtOAc] [EtOAc] (Convention VI) 

where [OAc], = total acetate = [HOAc] + [OAc-] 
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We know that: 

LOAcj, = [HOAcJ + [OAc-] 

K.[HOAc] 
= [HOAc] + (H+] 

= [HOAc]( 1 + [~]) 

Substituting for [OAc), in the expression for K!q: 

K' = [EtOH][OAc), = [EtOH][HOAc] (ı + K .. ) 
«ı [EtOAc] [EtOAc] [H+] 

:. K!q = x~( ı + r!:1) 
At pH 7.0: 

. ( 1.75 X 10-5) 
K~q = (18.35) 1 + 10_7 = (18.35)(176) 

K:q = 3.23 X 10' 

AG' = -1364log 3.23 x 10' =-4787 cal/mole 

K~ and AG' are very close to K~, and AG~, respectively. This is not 
unexpected since at pH 7.0, [OAc-J = [OAc),. Ata lower pH, where aH the 
acetate is not present almost exclusively in one ionic form, the two conven­
tions would yield significantly different values. 

Let us backtrack a little and examine the effect of ionization on the 
standard-state AG values. At ·pH O (i.e., 1 M H+), the standard-state AG is 
given by 6..G;, which we shall simply call AG 0 • • (From now on the activity of 
water will be assumed to be unity-that is, ali constants have the 55.6 M H20 
built in.) At pH 7 .O (i.e., ıo-1 M H+), the standard-state AG is given by 
.6.G'. Thus: 

/ıG0 = - 1364 log K«ı, 6..G' = - 1364 log K«ı• ( 1 + [!:1) 
The difference between the standard AG values at the two states is: 

6..G'-6..G 0 =-1364 log K«ı,(ı + [!:1)+ 1364 log K«ı> 

= - Ul64 log K«ı, - 1364 log ( 1 + [!:1) + 1364 log x_ 

= - 1364 log ( 1 :t- r!:1) 

or "1.G' = 4.G 0 -13&1 log (ı + [!:1) (26) 
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or AG' = AG0 +AGıon (27) 

where AGıon = -1364 log (ı + [!:1) (28) 

aGion is the additional free energy change per mole resulting from the 
ionization of a compound originally present at 1 M concentration. (After 
ionization, the total concentration of the cornpound, for example, HOAc + 
OAc-, is still 1 M.) There seems to be a contradiction here. Ear1ier, we saw 
that the lıı.G' fora reaction that yields ffı- asa product is given by Equation 19 
or 25, which is not the same as Equation 26 derived above. The difference 
between the two expressions stems from the difference in standard states. 
Equation 19 or 25 is valid fora standard-state where aU reactants (except H 20 
and H+) are 1 M. This indudes [OAc-] = 1 M. Equation 28 does not assume 
that [OAc-] = 1 M but, instead, that the total, [HOAc] + [OAc-], is 1 M. Since 
most concentrations that biochemists deal with are total (analytical) concentra­
tions, Equation 28 is the one µsed to predict the effect of a change in pH on 
the standard-state lıı.G when ionizable groups are present. Again, it should 
be stressed that if K!q or lıı.G' is given at a fixed pH, and concentrations 
include ali ionic forms of a given component, then it is not necessary to 
include H+ or H20 in the calculations. Equations 23 or 24 can then be used 
directly to calculate lıı.G values for nonstandard conditions (total [S] ,= 1 M, 
total [P] ,= 1 M). 

· Problem 3-1 

Calculate the standard-state lıı.G values at (a) pH O and (b) pH 5 for the 
dissociation of acetic acid: HOAc ~ OAc- + H+. KG= 1.75 x 10-5• (c) CalH 
culate lıı.Gıon at pH 5.0. 

Solution 

(a) 6.G 0 = -1364 log K. 

= -1364 log (1.75 X 10-5) = -(1364)(-4.76) 

AG 0 = +6488 cal/mole 

That is, when [HOAc) = 1 M, [OAc-] = 1 M, and [H+] = 1 M, the reaction 
proceeds from right to left because the [H+][OAc-]/[HOAc] ratio is >K •. 

(b) 6.G' = lıı.G 0 + 1364log [H+] 

= + 6488 + 1364 log (10-5) = + 6488 + 1364(-5) 

= +6488-6820 

AG' = -332 cal/mole 
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That is, when [HOAc] = 1 M, [OAc-] = 1 M, and [H+] = ıo-s M, the reaction 
proceeds from left to right because the [H+][OAc-}/[HOAc] ratio is < K •. 

(c) LiG;"" = -1364 log ( 1 + [!:1) 

( 1.75 X 10-5 ) = -1364 log 1 + 10_5 · = - 1364 log (1 + 1.75) 

= - 1364 log2.75 

AGıou"" -599 cal/mole 

That is, when 1 mole of HOAc is added to 1 liter ofa solution buffered at pH 5, 
the HOAc will ionizeyielding 599 cal. The total acetate concentration remains 
1 M. 

· Problem 3-2 

The hydrolysis of ATP at pH 7 can be written as: 

o o o o 
~ tt ~ n 

Adenine-ribose---0- P -0-P-0-P-0- + H20 ~ HO- P-0-
1 1 1 1 o- o- o- o-

o o 
il il + 

+ adenine-ribose---0-P-0-P-0- + H 
1 1 o- o-

(a) The pK" of the newly formed ionizable group on ADP ·is 6.68 at 25°C 
(K._ = 2.09 x 10-7), Of the total LiG' of - 7700 cal/mole, how much can be 
attributed ta the ionization of the ADP? (b) The terminal phosphate of ATP 
has pKa values of 6.95 and 2.3. The inorganic phosphate derived from the 
terminal phosphate has pK. values of 12.5, 6.82, and 2.3. Does the ionization 
of the inorganic phosphate contribute to the total LiG'? 

Solution 

(a) LiG,a,, = -1364 log (1 + [~~)) = - 1364 log (1 + 2.09) 

= -1364 log 3:09 = - 1364(0.490) 

AGıon = - 668 cal/mole 

(b) The strongest acid group in the teı;minal phosphate of ATP has the same 
pKd after hydrolysis as before hydrolysis (2.3). Therefore, the ionization of 
this group does not contribute to the lıG'. The newly formed acid group has 
a pK .. of 12.5. At pH 7, it is essentially un-ionized. Therefore this group 
contributes nothing to the t.ı..G'. The remaining acid group becomes slightly 
stronger as a result of hydrolysis (pK., = 6.95 or K. = 1.12 x ıo-1 becomes 
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pK .. = 6.82 or K .. = 1.51 x 10-7). The contribution of the further ionization of 
this group can be calculated frorn Equ.ation 29: 

· Problem 3-3 

2.51 
=-1364log-

2.12 

1 AGıon= -100 cal/mole 1 

{29) 

Glucose-6-phosphate was hydrolyzed enzymatically (at pH 7 and 25°C} to 
glucose and inorganic phosphate. The concentration of glucose-6-
phosphate was 0.1 Mat the start. At equilibrium, only 0.05% of the original 
glucose-6-phosphate remained. Calculate (a) K !cı for the hydrolysis of 
glucose-6-phosphate, (b) AG' for the hydrolysis reaction, (c) K!q for the 
reaction by which glucose-6-phosphate is synthesized from inorganic phos­
phate and glucose, and (d) /ıG' for the synthesis reaction. 

Solııtion 

(a) The equation for the hydrolysis reaction is glucose-6-phosphate + 
H:,O ..=: glucose + P.. The K !.. for the reaction at unit activity of water is given 
by: 

K' = [glucoseJ[P;J 
ecı [glucose-6-P] 

where [P;] = [HPO!-+ H2PO;J, 

and [glucose-6-PJ = [glucose-6-0PO!- + glucose-6-0P03H-] 

At equilibrium: 

[glucose-6-P] = (0.05%)(0.10 M) = (5 X 10-4)(1 X 10-1) 

=5X 10-ıı M 

[g]ucose] = (99.95%)(0.10 M) = (99.95 X 10-2)(1 X 10-1) 

= 99.95 X 10-, M 

[Pı] = [glucose] . ·. [Pı] = 99.95 x 10-3 M 
K' _ (99.95 X 10-3)(99.95 X 10-3) _ 9.99 X 10_., 

•q - (5 X 10-5) - 5 X 10-5 

K!.ı = 199.8 
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(b) AG' = - 1364 log K!" = - 1364 Iog 199.8 

= - (1364)(2.301) 

AG' = - 3138 calfmole 

In other words, under standard-state conditions in which the concentra­
tions of gİucose-6-phosphate, glucose, and Pı are all maintained ata steady­
state level of unit activity, the conversion of 1 mole of glucose-6-phosphate to 
1 mole of glucose and 1 mole of Pı liberates 3138 cal. 
(c) The equilibrium constant for a reaction A 4' B is the reciprocal of the 
equilibrium constant for the reaction B ~ A. 

1. A~B K' - [B] 
«ıı - [A] 

2. B4>A K~ ... =[A]= 1 1 =--
[B] [B]/[A] K~. 

Therefore, for the reaction 

glucose + P; ~ glucose-6-P 

K, = [glucose-6-PJ = _1 _ = 5 x 10 . ., 
•<ı [glucose][P;] 199.8 

(d) If the hydrolysis of glucose-6-phosphate yields 3138 cal/mole, the synthesis 
of glucose-6-phosphate requires 3138 cal/mole. 

aG' = +3138 cal/mole 

l:ıı.G' can also be calculated from K!q. 

AG' = - 1364 log K~ = - 1364 log 5 x 10·' 

A G' = - I364(log 5 + log 10·5) = - 1364(0.699 - 3) 

l:ıı.G' = -1364(-2.301) AG' = + 3138 cal/mole 

• Problem 3--4 

• Calculate the AG for the hydrolysis of A TP at pH 7 and 25°C under 
steady-state conditions (such as might exist in a living celi) in which the 
concentrations of ATP, ADP, and P, are maintained at ıo·' M, 10·4 M, and 
ıo-ıı M, respectively. 

Solution 

The equation for the AG of the hydrolysis under nonstandard-state condi­
tions is: 
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/ıG = tı.G' + 13641 [ADP](Pı] 
og [A.TP] 

= - 7700 + 1364 log <10;:~~~~-2
) 

= -7700+ 1364 log 10-s = -7700+ 1364(-3) 

= - 7700 - 4092 AG = -11,792 cal/mole 

ADDrTION OF JiG V ALUES FOR COUPLED REACTIONS 

Earlier, we saw that if the conversion of A to B releases 15 kcal while the 
synthesis of X - Y utilizes 8 kcal, the co{ıp]ed, or overall, reaction releases 
7 kcal. it is clear that the energy values are additive: 

1. 

2. 

A--+B 

X+Y--+X-Y 

/ıG{ = - 15 kcal/mole 

ao: = + 8 kcal/mole 

3. (Sum) A+X+Y--+B+X-Y /ıG~ = -7 kcal/mole 

The K ~ values are multiplied: 

1. 

2. 

A--+B 

X+Y--+X-Y 

K~q, = 9.932 X 1010 

K!"' = 1.364 X 10-6 

3. (Sum) A+X+Y--+B+X-Y K!,u = 13.55 X 104 

The additive nature of energy quantities allows us to calculate unknown lıG' 
values if the reaction in question can be expressed as the sum of two or more 
reactions whose /ıG' values are known. This is illustrated in Problem 3-5. 

• Problem 3-5 

The l!ı,.G' of hydrolysis of A TP at pH 7 and 25°C is -7700 cal/mole. As shown 
in Problem 3-2, the /ıG' of hydrolysis of glucose-6-phosphate at pH 7 and 25°C 
is -3I38cal/mo1e. From this information, calculate the /ıG' and K!.ı for the 
reaction between glucose and ATP catalyzed by hexokinase. 

Solution 

Given that: 

1. Glucose-6-phosphate + H,O =; glucose + P, 

W e can immediately write: 

2. glucose + P; ::;= glucose-6-phosphate + H20 

il.O'= -3138 cal/mole 

K~= 199.8 

/ıG' = +3138 cal/mole 

K!q =5X 10-3 
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We also know that: 

3. /lG' = -7700 cal/mole 

K;q = 4.42 X 105 

The reaction of interest is: 

4. glucose + A TP~ glucose-6-phosphate + ADP 

Reaction · 4 can be expressed as the sum of reactions 2 and 3: 

2. glucose + P; ~ glucose-6-phosphate + H20 /l G~ = + 3138 cal/mole 

/lG~ = - 7700 cal/mole 3. ATP+H20~ADP+P; 

4. (Sum) 

or 

· Prob\em 3-6 

glucose + A TP~ glucose-6-phosphate + ADP 

/lG~ =/lef+ /lG{ = + 3138 ~ 7700 

AG~ = -4562 cal/mole 

K~"' = 2.21 X 10' 

, 4562 
log K.q, = 1364 = 3.3445 

Calculate the overall K~q and /lG' at pH 7 and 25"C for the conversion of 
fumaric acid to citric acid in the presence of the appropriate enzymes, 
cosubstrates, and cofactors. 

Solution 

In the previous problem we dealt with a single reaction that coı.ıld be expressed as 
the sum of two or more coupled or consecutive reactions. In this problem we 
are dealing with three actual consecutive reactions. The rules for cakulating 
K!q and ll.G' are the same. 

The enzyme-catalyzed reactions by which fumaric acid is converted to citric 
acid are shown below. 

1. fumarate + H20 :;;:::=== malate K~, =4.5 

2. 
maHı::: dchydrogena.ıc 

mal ate+ N AD+:;;::::====::::=: oxalacetate + N ADH + H+ 

K~'U = 1.3 X 10-5 
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clı.rate ıynthctaH 

3. oxalacetate + acetyl CoA + H20 :;::::====== citrate + CoASH 

K;,.. = 3.2 X 105 

4. (Sum) 
fumarate + 2H20 + ace.tyl CoA + NAD+ ~ citrate + NADH + H+ + CoASH 

K' _ [citrate][NADH][CoASHJ 
- - [fumarate][acetyl CoA][NAD+] 

K~, = K!q, x K!.v: X K~ 
= (4.5)(1.3 X 10-5)(3.2 X 105) 

K~= 18.72 

aG~ = - 1364 log K!q, = - 1364(1.272) 

4 G~ = -1735 cal/mole 

· We can see that the overall conversion of fumarate to citrate is favorable iıi 
spite of reaction 2 with its low K:,.. This problem and those preceding it 
illustrate some general rules and principles summarized below. 

General Principles 

1. The overall K!q for any number of consecutive reactions, 1, 2, 3, 
4, ... ete., is K~, X K~q,, X K~ X K~ • ... ete. 
2. The overall aG' for any number of consecutive re.ıctions, 1, 2, 3, 
4, ... ete., is aG: + am + .6.G~ + AG~ ... ete. The .6.G~ •• ..aıı can a1so be 
calculated from K~ •• -

aG~ •• ...ıı = -2.3 RT log K!q ..... u 

3. The K~q fora single reaction that can be expressed as the sum of two 
or more consecutive reactions, 1, 2, 3, ... ete., is K!q, x K!q, X K~ .. . 
ete. Similarly, the aG' fora single reaction that can be expressed as the 
sum of two or more consecutive reactions is AG: + aG; + .6.G~ ... ete. 

AG~m•U = -2.3 RT log K!q., .... u 

Some further examples will illustrate these principles. 

• Problem 3-7 

The cleavage of citrate to acetate and oxalacetate has· a AG' of 
-680 cal/mole. The K~ of the citrate synthetase reaction is 3.2 x ıo~. From 
this information, calculate the standard free energy of hydrolysis of acetyl-S­
CoA and the K!q for the hydrolysis. 
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Solution 

The two reactions given are shown below. 

1. dtrate ;:::::==== acetate + oxalacetate AG: = -680 cal/mole 
ciıt.ra.ıe: .ı.yrnhıtta5c: 

2. acetyl-S-CoA + oxalacetate + H20 ~===== citrate + CoASH 
K!<ı, = 3.2 X 105 

We can work the problem in terms of /iG' or K!.ı values. First calculate the 
missing values. 

3. 

ac: = -1364 log K!q, = -680 cal/mole 

-680 
log K!qı = _ 1364 = 0.4985 

K!q, = antilog of 0.4985 

K~, =3.15 

AG~ = -1364 Iog x:q, 
= -1364 log 3.2 x 10" = - 1364(log 3.2 + log 105) 

= -1364(0.505 + 5) = -1364(5.505) 

.&.G; = -7509 cal/mole 

The reaction we are interested in is the hydrolysis of acetyl-S-CoA: 

acetyl-S-CoA + H20 ~ acetate + CoASH 

Can this reaction be expressed in terms of the ones given?. We can see that 
reaction 3 is the sum of reactions 1 and 2. 

1. dtrate ~ acetate + oxalacetate ac, = -680 cal/mole 

2. acetyl-S-CoA + oxalacetate + H20 ~ citrate + CoASH 
llm = -7509 cal/mole K~<ıı = 3.2 X 10~ 

3. (Sum) acetyl-S-CoA + H20 ;.::::: acetate + CoASH 

ac; = .6.G: + ll.m 
= (-680) + (-7509) 

aG; = - 8189 cal/hıole 

li.m = - 1364 log K!'IJ 

- 8189 = -1364 log K~ 

-8189_ 1 -

_ 1364 - log K.'IJ - 6 

K~= 106 

K~=K~1 XK~ 
= (3. 15)(3.2 X 105) 

K~ = 10.08 X 105 

li.m = -1364 log K~ 

= - 1364 log 10.08 X 105 

.6.G~ = -1364(6.003) 

4.G~ = - 8189 cal/mole 
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We could also deter.mine the .ıiG' of hydrolysis of acetyl-S-CoA by a 
different line of reasoning. If the cleo,vage of citrate to acetate and oxalace­
tate liberates 680 cal/mole, then the synthesis of citrate from acetate and 
oxalacetate requires 680 tal/mole. When the synthesis is carried out from 
acetyl-S-CoA (an "activated" form of acetate), 7509cal/mole are 
released. The acetyl-S-CoA then must have contained sufficient energy to 
form the new carbon-carbon bond (680 cal/mole) plus have 7509 cal/mole Ieft 
over; that is, the acetyl-S-CoA is worth 680 plus 7509 = 8189 cal/mole in terms 
of "group-transfer potential" (or "free energy of hydrolysis"). The citrate 
synthetase reaction may be thought of as the sum of two intimately coupled 
reactions: 

acetate + oxalacetate + 680 cal :;;:::: citrate 

acetyl-S-CoA + H20:;;:::: acetate + CoASH + 8189 cal 

Suın: acetyl-S-CoA + H20 + oxalacetate:;;:::: citrate + CoASH + 7509 cal 

The situation is analogous to the hexokinase reaction. An energy-rich 
compound provides both the energy to drive an endergonic condensation as 
well as the particular group that is transferred to an acceptor. 

Gerıeral Prindple 

Endergonic reactions may be driven toward completion by coupling 
them to highly exergonic reactions. The coupling rnay be intimate so 
that the overall coupled reaction appears as a single step (e.g., the 
hexokinase reaction or the citrate synthetase reaction), or the coupling 
rnay take place in two or rnore consecutive steps (e.g., the furnarate~ 
citrate sequence). In sequential reactions, we can think ofa subsequent 
exergonic reaction as removing the product of a preceding endergonic 
reaction as it is formed, thereby driving the overall sequence to the right. 

· Problem 3-8 

Estirnate the .ıiG' values for the following reactions: (a) A TP+ 
GDP:;;:::: GTP+ ADP, (b) glycerol + ATP:;;:::: a-glycerophosphate+ ADP, and 
(c) 3-phosphoglycerate + ATP:;;:::: 1,3-diphosphoglycerate + ADP. 

Solution 

(a) In this reaction .the energy (group-transfer potential) of A TP is utilized 
to transfer its terminal phosphate to GDP. The product {GTP) is itself 
"energy rich"; in fact the group-transfer potential öf GTP is as high as that of 
ATP. Thus, IJ..G' = O and K!q = 1. We can verify these results mathemati­
cally by considering the reaction as the sum of two component reactions . 

1. ATP+H20:;;::::ADP+P,+7700cal 

2. GDP+ P, +7700 cal:;;:::: GTP+ H20 

3. {Sum) ATP+GDP~GTP+ADP 

or 

or 

.ıiGı = -7700 cal/mole 

.ıiG~ = +7700 cal/mole 
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(b) In this reaction the energy of A TP is used to transfer its terminal 
phosphate to glycerol to form an "energy-poor" phosphate ester. The /ıG' 
of hydrolysis of a::-glycerophosphate is about -2000 cal/mole while that of 
ATP (terminal phosphate) is about -7700cal/mole. Thus, of the original 
7700 cal, only 2000 cal are conserved. The /ıG' of the reaction is the 
difference between - 7700 cal and - 2000 cal, or - 5700 cal/mole. W e can 
verify this mathematically by considering the reaction as the sum of two 
component reactions. 

1. ATP+ H 20 :;;:>: ADP+ P, + 7700 cal 
or /ıGf = - 7700 cal/mole 

2. glycerol + Pı + 2000 cal:;::: a::-glycerophosphate 
or llG~ = +2000 cal/mole 

3. (Sum) ATP + glycerol :;;:': ADP + a-glycerophosphate + 5700 cal 

1, .6.G; = -5700 cal/mole 
,: 

ı' 1 

(c) The product of this reaction, 1,3-diphosphoglycerate, is more "energy­
rich" than ATP (IY.G' of hydrolysis = -12,000 cal/mole). Thus, the reaction as 
written is endergonic. W e can consider the reaction as the sum of two 
cornponent reactions. 

1. ATP+ H20:;;:: ADP+ P, +7700cal 
or .6..G; = - 7700 cal/mole 

2. 3-PGA + P, + 12,000 cal:;;:: 1,3-DiPGA + H20 
or .6..m = + 12,000 cal/mole 

3. (Surri) ATP+ 3-PGA+4300 cal-;;:= ADP+ 1,3-DiPGA 

or AG~ = +4300 cal/mole 

· Problem 3-9 

The ATP/ADP ratio in an actively respiring yeast cell is about 10. What 
should the intracellular 3-phosphoglycerate/1,3-diphosphoglycerate ratio be 

• to inake the phosphoglycerate kinase reaction thermodynamically favorable 
in the direction ·of 1,3-diphosphoglycerate synthesis? 

Solution 

The reaction catalyzed by phosphoglycerate kinase is: 

phQ.ıphoglyıe~ratı!: ltina.J.C: 

ATP + 3-PGA :;;:::::::===== ADP + 1,3-DiPGA 

1:J..G' = +4300 cal/mole K~ = 7.039 X 10---4 
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The positive /l.G' value indicates that under .standard-state conditions the 
reaction is endergonic in the directjon of 1,3-DiPGA synthesis (/l.G' = 
4300 cal/mole). in other woras, if the concentrations of the four components 
of the readion are maintained at steady-state levels of 1 M, the reaction goes 
spontaneously in the direction of A TP and 3-PGA formation with the 
liberation of 4300 cal/mole. In a living cell, however, the concentrations of 
ATP, ADP, 3-PGA, and ~.3-DiPGA are not maintained at 1 M. The reaction 
can be made to proceed spontaneously in the direction of 1,3-DiPGA and 
ADP formation if the concentrations of the components are maintained at 
suitable levels. Qualitatively, we know that the reaction can be made to go 
spontaneously from left to right if the concentrations of A TP and 3-PGA are 
increased sufficiently, or if the concentrations of ADP and 1,3-DiPGA are 
decreased sufficiently, or a combination of both. All we need do is calculate 
the [3-PGAJ/[1,3-DiPGA] ratio that would make /l.G = O at an [A TPJ/[ADP] 
ratio of 10. Alternatively, we could calculate the [3-PGA}/[1,3-DiPGA] ratio 
that would be at equilibrium with the [A TPJ/[ADP] ratio of 10. 

K' = [ADP][l,3-DiPGA] =? 039 x 10-i 
cq [ATP][3-PGAJ . 

[3-PGA] _ [ADP] _ (l} _ ~ 
[1,3-DiPGAJ - [ATP]K~ - (10)(7.039 x 10-4) -L_J 

Thus, when the ratio of ATP/ADP is 10 and the ratio of 3-PGA/1,3-DiPGA 
is 142, the phosphoglycerate kinase reaction would be at equilibrium. Any 
slight increase in either ratio would force the reaction in the direction of ADP 
and 1,3-DiPGA formation-it would make il.O a negative value. This 
problem illustrates another general principle. 

General Principle 

The !:>.G' (or K~) values provide a convenient way to dassify and 
tabulate various kinds of reactions but they do not indicate the direction 
in which a reaction proceeds in a living cell. The spontaneous direction 
in vivo (the nonstandard-state /l.G value) depends on the intracellular 
concentrations (activities) of the reaction components. 

B. CALCULATIONS OF EQUILIBRIUM CONCENTRATIONS 

• Problem 3-10 

The K~ for the fructose-1,6-diphosphate aldolase reaction at 25°C and pH 7, 
(written in the direction of triose phosphate formation) is about 
10-4 M. ll.G' = + 5456 cal/mole. Calculate the concentrations of fructose­
ı,6.diphosphate (FDP), .dihydroxyacetone phosphate (DHAP), and 
glyceraldehyde-3-phosphate (GAP) at equilibrium when the initial FDP con­
centration is (a) 1 M, (b) ıo-2 M, (c) 2 x 10-i M, and (d) ıo-5 M. 
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Solution 

The reaction catalyzed by FDP-aldolase is shown belffw, 

(a) Let 

CH20PO;-

l 
C=O 

~ aldol.u;~ 

HO-C-H 
ı 

H-C-OH 
1 

H-C-OH 
ı 
CH20P0:-

(FDP) 

+ 

y = M FDP that disappears 

y = M DHAP produced, y = M GAP produced 
and 

(1- y) = M FDP remaining 

Start: 
Change: 
Equilibrium: 

FDP ~ DHAP + GAP 

1 O O 
-y +y +y 

1-y y y 

K' = (y)(y) = ıo-• 
eq (1-y) 

First cakulate y, assuming y is small compared to l M. Therefore, y can be 
ignored in the denominator. 

K' =(y)(y)=lü-4 

cq (1) 

At equilibrium: 

[DHAP] = 10-2 M 

[GAP] = ıo-% M 

[FDP] = 99 x 10-2 M 

Our assumption that y is small compared to 1 Mis valid. We can see that 
at high initial FDP concentrations the reaction comes to equilibrium when the 
concentrations of DHAP and GAP are small compared to FDP. 

(b) When the initial FDP concentration is O.Ol M: 

K' = (y)(y) = 10-4 

°" (0.01-y) 
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Again assume that y is small compared to O.Ol M. 

K' = (y)(y) = ıo-• 
•<ı (O.Ol) 

At equilibrium: 

[DHAP] = ıo-s M 

[GAP] = ıo-s M 

[FDP] = 9 X 10-3 M 

Under these conditions y is about 10% of [FDP]. Thus, the elimination of y 
from the denominator still gives a reasonably correct answer. (The quadra­
tic solution yields y = 9.5 X ıo-• M.) 

(c) When the initial FDP concentration is 2 x ıo-• M: 

K' = (y)(y) = 10-4 

<q (2 X 10-4 - y) 

We have seen from the trend established in parts a and b that y becoııies 
Iarger as the initial concentration of FDP decreases. Foran accurate solution 
in part c, we can no longer neglect y in the denominator. 

Cross multiplying: 

y2 = (10-4)(2 X ıo-•-y) = 2 X 10-8 - 10-ıy 

),2 + 10-ıy - 2 X 10-8 = 0 

where a = l 

y= 

and c = -2 X 10-8 • 

-4 X 10-4 

2 
= -2 X 10-4 

and 

and 

The negative value is obviously incorrect. 

At equilibrium: 

[DHAP] = 10-l M 

[GAP]= 10-ı M 

[FDP] = 10-l M 
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Thus, when the initial concentration of FDP is 2 x 10_. M, the reaction 
comes to equilibrium when the concentrations of all three components are 
equal at 10-4 M each. 

(d) When the initial FDP concentration is 10-5 M: 

12 + ıo-4, -10-9 = o 

where a = 1 b = ıo-• 

- 10-4 ± 1.183 X ıo-• -2.183 X ıo-• 
y= 2 = 2 and 

+0.183 X ıo-• 

2 
y= 0.0915 X ıo-• = 9.15 x lff .. -6, neglecting the negative value. 

At equilibrium: 

[DHAP] = 9.15 x 101 M 

[GAP]= 9.15 x 10-6 M 

[FDPJ = 8.5 x 10-7 M 

We see from this problem that although K!q is small. (ıo-•) and tıG' is 
positive (+5456 cal/mole), we cannot automatically assume that at equilibrium 
there will always be more FDP than DHAP or GAP. The relative propor· 
tions .of the reaction components depend on the initial concentration of the 
starting compound(s). This phenomenon will be observed whenever there is 
an unequal number of components on both sides of the equation. (See 
Chapter 1, "Effect of Concentration on Degree of Dissociation. ") 

C. OXIDATION~REDUCTION REACTIONS 

Many reactions that occur in living cells are oxidation·reduction 
reactions. Appendix IX lists several compounds of biological importance 
and shows their relative tendencies to gain electrons at 25°C and pH 7 under 
standard conditions. The numerical values of El, reflect the reduction 
potentials relative to the 2H+ + 2e - -+ Hı half.reaction which is taken as 
-0.414 volt at pH 7. The value for the hydrogen half-reaction at pH 7 was 
calculated from the arbitrarily assigned value (Eo) of 0.00 volt under true 
standard·state conditions (1 M H•· and 1 atm H2). For those few half. 
reactions of biological importance that do not involve H+ as a reactant, the Eo 
and E~ values are essentially identical. 



OXIDATION-REDUCTION REACTIONS 173 

Because no substance can gain electrons without another substance losing 
electrons, a complete oxidation-reductjon reaction must be composed of two 
half-reactions. When any two of the half-reactions are coupled, the one with 
the greater tendency to gain electrons (the one with the more positive 
reduction potential) goes as written (as a reduction). Consequently, the 
other half-reaction (the one with the lesser tendency to gain electrons as 
shown by the less positiye reduction potential) is driven backwards (as an 
oxidation). The reduced forms of those substances with highly negative 
reduction potentials are good reducing agents (and are easily oxidized). The 
oxidized form of those substances with highly positive reduction potentials 
are good oxidiı.ing agents (and are easily reduced). 

Oxidized Form Reduced Form Relative E~ 

" A +2H+ + 2e- -ı. AH2 " +3 
d 

:;ı ;ı B +2H++2e--ı,. BHı +2 
.c c .<: -
ı;, u C +2H++2e--ı,. CH2 

ı., il 
+ı " .. " .. u "' u "' .... D +2H++2e--ı,. DHı 

!:ı .. o - " ~ " ;:e "'"0 

""" E +2H+ +2e- -ı,. EH2 -~ ~ -1 -~ ·w e t: g o F +2H+ +2e- -ı,. FHı V -2 
,S G + 2H+ + 2e - -ı,. GHı 

.:: -3 

For example, EH2 is a much better reducing agent than DHll, CH2, BH2, or 
AHll, but not as good a reducing agent as FHıı or GH2. C is a much better 
oxidizing agent than D, E, F, or G, but not as good an oxidizing agent as Bor 
A. In other words, the better oxidizing agent is that substance which has the 
greater tendency to become reduced; the better reducing agent is that 
substance which has the greater tendency to become oxidized .. 

The relative tendency of the overall oxidation-reduction reaction to go may 
be calculated from the difference between the reduction potentials of the 
component half-reactions: 

AE~ = [E~ of the half-reaction containing the oxidizing agent] 
- [E~ of the half-reaction containing the reducing agent] (30) 

If the oxidizing and reducing agents are identified correctly, Equation 30 
always yields a positive f..E~. Eb values may be thought of as electron 
pressures and, as such, they are independent of the number of electrons in 
the half-reaction. The !:J,,G' of the reaction can be calculated from the 
following relationship: 

AG' = -n::ffeAE~ (31) 

where n is the number of electrons transferred per mole (i.e., the number of 
equivalents per mole) and % is Faraday's constant (23,063 cal x volC1 x 
equivalenC1), a factor converting volts/equivalent to cal/equivalent. We can 
see that l:ı.Eo must be positive to yield a "spontaneous" reaction (i.e., a negative 
/:J,,G'). 
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The K;<ı of the reaction is related to tıG' (and hence to tıE&) in the following 
ways: 

or 

tıG' = -2.3 RT log Keq 

AE' - 2.3 RTI K' 
.... o - n;J/i og «ı 

AE' - 0.0591 K' o- n og «ı 

and' 

(32) 

at 25°C (33) 

The reduction potential of a half-reaction in which the oxidized and 
reduced forms of the substance are present at nonstandard concentrations 
rnay be calculated frorn the following expression, called the N ernst equation, 

or 

E = Et;+ 2.3 RT lo [ oxidized form] 
nS/i g [reduced form] 

E E' 0.059 1 [oxidized form] = o+-- og-=--------'° 
n [reduced form] 

(34) 

at 25°C (35) 

For the reaction A 0 x + B,cd-"' A,.d + Box, the nonstandard state tıE is given by: 

AE _ AE' 2.3 RT1 [Ar...ı][B0,J u. - ..._ o---- og 
n;Jli [Ao,J[B,.,.,J 

(36) 

which is analogous to Equation 23, We can see from Equation 34 that E will 
equal Eiı even under nonstandard conditions as long as there is only one 
oxidized form and one reduced form of a compound involved in a half­
reaction and their concentrations are equal. 

EFFECT OF pH ON E~ 

Equation 35 can be used to predict the Eb of a half-reaction at one pH if E~ at 
another pH is known. For example, consider the half-reaction: 

A +2H+ + 2e- ~AH2 

The nonstandard-state E value at 25"C is related to Eo by: 

E :::::; E + 0.059 1 [A][H+]2 
0 2 og [AHz] (37) 



OXIDATION-REDUCTION REACTIONS 175 

ı{ [A] and [AH2:] are each 1 M (or are equal), Equation 37 gives Eo: 

Eo = Eo + O.~sg log [H .. ]1 = Eo + 0.059 log [H+] 

l 
= Eo - 0.059 log [H+] E' = Eo - 0.059 pH 

Thus, for each increase of one pH unit, E'o becomes more 
negative by 0.059 volt (0.0295 volt for NAD+/NADH and 
NADP+ /NADPH half-reactions.) 

, Problem 3-11 

(38) 

(a} The Eo of the 2H+ + 2e - _,. H2 half-reaction is .arbitrarily set at 
zero. Calculate E~ at pH 8. (b) The Eo of the N AD++ 2H+ + 2e - ~ N ADH + 
H+ half-reaction is -0.32 vat pH 7. Calculate Eiı at pH 5. 

Solution 

(a) 

(b) 

Eo = Eo - 0.059 pH = Eo - (0.059)(8) = O - 0.472 

E~=-0.472v 

E(ıpH5 = Et.H,-(0.0295)(5-7) = (-0.32)-(0.0295)(-2) 
= - 0.32 + 0.059 

E:,.,.H. = -0.261 v 

• Problem 3-12 

Calculate the 6.G' and K!q values for the reaction shown below. 

ı. F ADH:ıı + 2 cytochrome-c-Fe H :;=: F AD+ 2 cytochrome-c-Fe +2 + 2H+ 

Solution 

The overall reaction can be expressed as the sum of two half-reactions. 

2. 
3. 

FADH2-FAD+2H+ +2e-

2[cytochrome-c-Fe+s+ le- - cytochrome-c-Fe+:ıJ 

1. (Sum) 
FADH,+ 2 cytochrome-c-Fe+'- FAD +2 cytochrome-c-Fe+2 + 2H+ 

The two half-reactions written as reductions are shown below. 

2a. 

3. 

FAD +2H+ +2e-- FADH2 

2[cytochrome-c-Fe+s + ıe- -+cytochrome-c-Fe+2] 

E~ = -0.18v 

Eı= +0.25v 
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The E~ value of the cytochrome-c-Fe+s/cytochrome-c-Fe+t half-reaction is 
more positive than that of the F AD/F ADHıı half-reaction. Thus, half­
reaction 3 goes as written, forcing half-reaction 2a to go in reverse-as an 
oxidation. The overall spontaneous reaction (under standard-state condi­
tions) is in the direction shown in reaction 1. F ADH, (the reducing agent) is 
oxidized to FAD by cytochrome-c-Fe+s (the oxidizing agent). 

6.Eı = (Eı of the half-reaction containing the oxidizing agent) 
· -(E6 of the half-reaction containing the reducing agent) 

·aE~ = (0.25) - (-o.ıs)= 0.25 +o.ıs 

AEt=+0.43v 

Note that the E~ value for the cytochrome-c-Fe+s/cytochrome-c-Fe+2 half­
reaction is not doubled when cakulating ll.Et The fact that 2 moles of 
cytochrome are required per mole of F ADHıı is taken into account ın 

calculating AG' and K~. 

AG' = -n!"FAE~ = -(2)(23,063)(0.43) 

AG' = - 19,834 cal/mole FADHı = - 9917 cal/mole cytochrome c 

where 

,\ ' 364 l K' I K' -l9,S34 14 54 ı..ıG = - 1 og eq og •q = _ 1364 = . 

K!q = antilog of 14.54 K~ = 3.467 X 10 tt 

K' _ [FAD][cytochrome-c-Fe+2]2 
"'l - [FADH2][cytochrome-c-Fe+sf2 

• Problem 3•13 

A solution containing 0.2 M dehydroascorbate and 0.2 M ascorbate was 
mixed with an equal volume ofa solution containing O.Ol M acetaldehyde and 
O.Ol M ethanol at 25°C and pH 7. (a) Write the equation for a ther­
modynamically favorable reaction that could occur. {b) Calculate AEt and 
aG'. 

Solution 

(a) The half-reactions involved and their standard reduction potentials are 
shown below. 

1. dehydroascorbate + 2H+ + 2e - 4 ascorbate 

2. acetaldehyde + 2H+ + 2e - 4 ethanol 

E~= +0.06v 

E~=-0.163v 
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Under standard-state conditions, dehydroascorbate gains electrons and be­
comes reduced while ethanol provides tl!e electrons and becomes oxidized. 

ı. dehydroascorbate + 2H+ + 2e - 4' ascorbate 

2a. ethanol 4' 2H+ + 2e- + acetaldehyde 

3. (Sunı) dehydroascorbate + ethanol 4' ascorhate + acetaldehyde 
(oxidlzing: agc-nt) · (rcdudng 

11gcııt) 

Although the dehydroascorbate and ascorbate concentrations are 0.1 M in 
the final solution and the ethanol and acetaldehyde concentrations are only 
0.005 M, the concentration ralios for each oxidized-reduced pair are 
unity. Consequently, the E values for each half-reaction are identical to 
their corresponding E ~ values. Any advantage gained by having a high 
concentration of the oxidized form of a substance on one side of the equation 
is offset by having an equally high concentration of the reduced form on the 
other side. The spontaneous reaction is the same as that predicted far 
standard-state concentrations. 

(b) 6.E~ = (E~ of half-reaction containing the oxidizing agent) 

- (E~ of half-reaction containing the redudng agent) 

lıE& = (+0.060)- (-0.163) = (+0.06)+ (0.163} 

l:ı..E ~ = + 0.223 v 

!ıG' = - ~l1El, = -{2)(23,063)(0.223) 

l:ı..G' = - 10,286 cal/mole 

· Probleın. 3·14 

Write the spontaneous reaction that occurs and calculate the AG of the 
reaction when the enzyme lactic dehydrogenase is added to a solution 
containing pyruvate, lactate, NAD+, and NADH at the following concentra­
tion ratios: ·(a) lactate/pyrnvate = 1, NAD+/NADH = 1, (b) lactate/pyruvate 
=159, NAD+/NADH = 159, and (c) lactate/pyruvate = 1000, NAD+/NADH = 
1000. -----.......... 

Solution 

The half-reactions involved and their standard reduction potentials are 
shown below. 

1. pyruvate + 2H+ + 2e - -,ı, lactate 

2. NAD+ + 2H+ + 2e- -,ı, NADH + H+ 

fü=-0.190v 

E~= -0.320v 

(a) Under standard-state conditions, or at lactate/pyruvate and 
NAD+ /NADH ratios of 1, the pyruvate/lactate half-reaction goes as written 
while the NAD+/NADH half-reaction goes in reverse (as an oxidation). The 
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overall spontaneous reaction is: 

3. (Sum) pyruvate + NADH + H+ ~ lactate+ NAD+ 

l:ı.Eb = (-0.190)-(-0.320) = +0.130 

The NADH is the reducing agent; pyruvate is the oxidizing agent. 

ac' = - nf:F t:..E[ı = -(2)(23,063)(0.130) 

AG' = -5996 cal/mole 

(b) If, instead of standard-state conditions, we set up a reaction mixture 
containing lactate/pyruvate and NAD+/NADH ratios of 159: 1, the half­
reactions have new reduction potentials as shown below. 

1. 

2. 

Eı = -O.l90+ 0.059 10 [pyruvate] 
2 g [lactate] 

1 = - 0.190 + 0.0295 log 159 = -0.190 - 0.0295 log 159 

= -0.190-0.0295(2.201) = -0.190- 0.065 

Eı = -0.255 v 

0.059 [NAD+] 
L = -0.320+~2~ log (NADH] 

= -0.320 + 0.0295 log 159 = -0.320 + 0.0295(2.201) 

= -0.320+0.065 

E, = -0.255v 

At these concentration ratios the two half-reactions have the same E values; 
l:ı.E is zero, hence 6.G = O. In other words, at the indicated concentration 
ratios, the reaction is at equilibrium already so no further net change will 
occur. 
(c) Now suppose that the lactate/pyruvate and NAD+/NADH ratios are set at 
1000: 1. U nder this condition the reduction potentials of the two reactions 
are as follows: 

L 
1 

Eı = -0.190 + 0.0295 log lOOO 

= -0.190-0.0295 log 1000 

= -0.190 - 0.0295(3) = -0.190- 0.089 

E, = -0.279 V 1 
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E2 = - 0.320 + 0.0295 log 1000 
= -0.320+0.029?{3) = -0.320+0.089 

Ez= -0.231 v 

Now the NAD+/NADH half-reaction has the more positive reduction 
potential. Thus, this half-reaction goes as written (as a reduction), driving 
the pyruvate/lactate half-reaction backwards (as an oxidation). Lactate is 
now the reducing agent; NAD+ is the oxidizing agent. The overall spontane­
ous reaction is: 

NAD+ + lactate-+ NADH + H+ + pyruvate 

t:..E= (-0.231)-(-0.279) = -(0.231) + (0.279) 

AE= +0.048v 

t:..G = - nfli /J.E = -(2)(23,063)(0.048) 

.4.G = -2214 cal/mole 

We could also have calculated l!.E from Equation 36. If the reaction is 
written: pyruvate+NADH+H+-+lactate+NAD+ where /J.E~=0.130, then 
.6.E will come out negative, indicating that the reaction actually goes in 
reverse. 

pH BLECTRODES 

Consider the two half-reactions shown below. 

ı. 

2. 
X+ ne--+X-" 

Y+ ne-+nH+-+YH2 

Eo 

Zv 

Mv 

Reaction l represents any half-reaction whose E0 value is known (for 
example, the normal calomel electrode: Hg2Clı + 2e - -+ 2Hg0 + 2Cr, or the 
silver/silver chloride electrode: AgCI + le - -+ Ag0 + Cr). Reaction 2 repres­
ents any other half-reaction that is H+ ion dependent (e.g., H+ +le--+ 
4H2), If the Eo value of reaction 1 and the concentrations of X and x-" are 
known, then the E value for half-reaction 1 is known. If the AE value of the 
overall oxidation-reduction reactlon can be measured and the Eo value for 
reaction 2 and the concentra.tions of Y and YH2 are known, then the only 
remaining unknown value (the H+ ion concentration} can be calculated. In 
this manner, oxidation-reduction reactions can be used to measure the pH of 
a solution. 

in practice, commercial pH meters employing a "glass electrode" and a 
reference electrode are used to make pH measurements. The E value 
(potential) of the glass electrode does not result from an oxidation-reduction 
reaction but rather from the transfer of H+ ions through a thin glass 
membrane. The electrode assembly is shown in Figure 3-3. 
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AgO coated with 
AgCI 

KCI solution in 
acetic ·acid or 
buffer 

Sott glass._~-, 
tubing 

Figure 3-3 

Paste of HgıC12 and 
HgO 

KCI solution 

Capillary openings 

The glass electrode is composed of a thin-walled bulb of a special H+ 
ion-permeable glass blown on the end of a piece of soft glass tubing. The 
inner space contains a KCI solution in acetic acid or buffer and some kind of 
standard electrode such as the Ag0/AgCl electrode. The concentration of 
Ag+ ions in the solution is fixed by the KsP of AgCl and the concentration of 
er ions provided by the KCl. The H+ ion concentration is fixed by the 
buffer or weak acetic acid. The Ag0/AgCl electrode has a certain potential 
relative to the reference electrode. Superimposed on this potential is an 
additional potential resulting from the difference in H+ ion concentration on 
either side of the glass membrane. The potential of the glass electrode is 
given by: E = Eo + 0.059 log [H+]. The Eo value of the glass electrode 
depends not only on the potential of the Ag0/ AgCl half-cell, but also depends 
on the pH of the internal buffer and the particular characteristics of the glass 
used to construct the membrane. The '1Eo of the overall cell depends on 
these fa_ctors and the Eo value of the reference celL Because the glass 
electrode has no fixed Eo value, it does not provide an absolute measure of the 
H+ ion concentration (such as the kH2/H+ electrode would). The glass 
electrode must be calibrated periodically against buffers of known pH. 

We can visualize the glass electrode as operating in the following way: If 
the electrode is placed into a solution with a pH lower than that of the internal 
buffer, H+ ions migrate frorn the external solution into the thin glass 
mernbrane. This, in turn, causes positive İons to be displaced from the inside 
surface of the glass membrane to the internal solution. (These ions may be 
Na+ or K+ or Ca++ from the glass.} The momentary excess of positive 
charges in the glass electrode compartment causes electrons to flow from the 

• reference electrode compartment (2Hg0 + 2Cl- - Hg2Ch + 2e -/2AgCl + 2e - -
2Ag0 + 2cn. If the pH of the external solution were higher than that in the 
glass electrode compartment, then H+ ions would migrate out of the glass 
electrode compartment, leaving it with a momentary negative 
charge. Electrons would then flow from the glass electrode to the reference 
electrode (2Ag0 +2cı--2AgCl+2e-/Hg2Cb+ 2e-~2Hg0 +2Cı-). The volt­
meter measures the potential of the electrons which is proportional to the H+ 
ion gradient established across the glass membrane . 



L 

METABOLISM AND ATP YIELD 181 

D. METABOLISM AND ATP YIELD 

• Problem 3-15 

The conversion of glucose to lactic acid has an overall ıiG' of 
- 52,000 cal/mole. In an anaerobic celi, this conversion is coupled to the 
synthesis of 2 moles of A TP per mole of glucose. (a) Calcul,Jcte the ıi G' of the 
overall coupled reaction. , (b) Calculate the efficiency of energy conservation 
in the anaerobic cell. (c) At the same efficiency, how many moles of A TP per 
mole of glucose could be obtained İn an aerobic organism in which glucose is 
completely oxidized to C02 and H20 (AG' = -686,000 cal/mole)? (d) Calcu­
late the !ıG' for the overall oxidation coupled to ATP synthesis. 

Solutiotı 

(a) 

glucnı.e J.ı.ctiı:: ::ı.dd 

AG( = - 52,000 cal/mole 

l:ı.G; = + 7700 cal/moJe X 2 

= + 15,400 cal/mole 

2. 2ADP + 2P,-? 2A TP 

3. (Sum) glucose + 2ADP + 2P, -? 2 lactic acid + 2ATP 

(b) 

(c) 

4. 

5. 

Lı.G~ = (- 52,000) + (15,400) .6.G; = - 36,600 cal/mole 

ffi . _ energy conserved 10001 _ 15,400 cal 10001 e cıency - . X ıo - X ıo 
energy made avaılable 52,000 cal 

efficiency = 29.6% 

C6H1206 + 602-? 6C02 + 6H20 

nADP + nP,-? nATP 

!ıG~ = -686,000 cal/mole 

1:ı.m = n (+ 7700 cal/mole) 

6. (Sum) C6H1206+602+nADP+nP,"'6C02+6H20+nATP 

At 29.6% efficiency the total energy that can be conserved is 0.296 X 

686,000 cal/mole = 203,000 calİmole. If each mole of A TP requires 7700 cal 
for its synthesis: 

203,000 
7700 = 26.4 moles of A TP 

~ 1 26molesof ATP (nearest whole number) 
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(d) For the overall coupled reaction: 

.6.Gs = .6.G~ + l\.Gl 

= (- 686,000) + 26( + 7700) = (- 686,000) + (200,200) 

ıiG~ = -485,000 cal/mole 

Aerobic cells are actually more efficient than 29.6%. üne mole of glucose 
is capable of yielding 36 moles of ATP when completely oxidized. 

36 moles x 7700 cal/mole = 277,200 cal conserved/mole glucose oxidized 

277,200 100 = 
686,000 X 

40.4% efliciency 

.6.G~ = (- 686,000) + (277,200) 

am = -408,800 cal/mole 

· Problem 3-16 

(a) Calculate the AG' for the complete oxidation of lactic acid to C02 and H20 
given the information below. (b) How many moles of ATP could be 
synthesized in the process at 40% efficiency? 

1. 

2. 

Solııtion 

glucose -,ı, 2 lactic acid 

glucose + 602 - 6C02 + 6H20 

.6.G: = - 52,000 cal/mole 

.6.GJ = 686,000 cal/mole 

(a) The reaction we are interested in is shown below. 

3. lactic acid + 302 ~ 3C02 + 3H20 

The overall oxidation of glucose to C02 and H,O can be written in two 
steps. 

1. 

4. 

glucose -,ı, 2 lactic acid 

2 lactic acid + 602 ~ 6C02 + 6H20 

2. (Sum) glucose + 602 ~ 6C02 + 6H20 

The .6.G~ can be calculated easily . 

.6.G~ = l\.G; + l\.G~ 

-686,000 = -52,000 + .6.G~ 

AG: = -52,000 cal/mole 

.6.G! =? 

AG~ = -686,000 cal/mole 

AG~ = - 686,000 + 52,000 = - 634,000 cal 

The oxidation of 2 moles of lactic acid yields 634,000 cal. Therefore, the 
oxidation of 1 mole would yield half as much. 
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Reaction 3 is half of reaction 4. 

AG~ = - 634,000 = 
2 

- 317,000 cal/mole of lactic acid 

(b) At 40% efficiency: 

0.40X 317,000 = 127,000 cal conserved 

Each mole of A TP requires 7700 cal. 

127,000 =I -16mole, of ATP 
7700 _ 

· Problem 3-17 

(a) Nitrobacter agilis plays an important role in the nitrogen eyde in nature 
by oxidizing soil nitrite to nitrate in the presence of oxygen. Given the E& 
values shown below, calculate the potential ATP yield per mole of nitrite 
oxidized assuming an efficiency of 50%. 

NO; + 2H+ + 2e - _,. NO; + H20 

!02 + 2H+ + 2e - -), HııO 

E&= +0.42v 

E&= +0.82v 

(b) Many facultative microorganisms can use Nü, as a terminal electron 
acceptor (oxidizing agent) under anaerobic conditions. Compare the ATP 
yields per mole of NADH oxidized by 02 and by NO;. Assume an efficiency 
of energy conservation of 50%. The E& value of the NAD+/NADH half­
reaction is -0.32 v. The other relevant E& values are given in part a. 

So/ution 

(a) The overall reaction is: 

NO; +j024 NO; lıE{ı = 0.40v 

AG' = - (2)(23,063)(0.40) = -18,450 cal/mole 

. ld = (18,450)(0.50) = l 19 
yıe (7700) · or · I -1 ATP/NOi oxidized 

(b) When NO; is the terminal electron acceptor, the coupled reaction is: 

NADH + NO; + H+ """NAD+ + NO; + H20 

aE& = (0.42)-(- 0.32) = 0.42 + 0.32 = 0.74 

AG' = - (2)(23,063)(0.74) = - 34,133 cal/mole 

At an efficiency of energy conservation of 50%: 

. ld _ (34,133)(0.5) 2 2 
yıe - (7700) · or -2ATP/NO, reduced 
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Vvhen O, is the terminal electron acceptor, the overall reaction is: 

NADH +!O,+ H+ --,,.NAD+ + H,O 

!:ı.E~ = (0.82) - (- 0.32) = 0.82 + 0.32 = 1. 14 v 

!:ı.G' = -(2)(23,063)(1.14) = - 52,584 cal/mole 

. ld = (52,584)(0.5) = 3 4 
yıe (7700) · or - 3 ATP /0, reduced 

General Priıuiple 

Whether a half-reaction goes as an oxidation or as a reduction 
depends on the E value of the half-reaction with which it is 
coupled. Thus, some organisms can oxidize NO; to obtain energy if 
the oxidizing agent is stronger than NO;. Other organisms reduce 
NO; by oxidizing a compound that is a stronger reducing agent than 
NO; (and, in the process, obtain energy). It is all relative: 

NADH is oxidized 
NAD+/NADH E~ = -0.32 v} Part b 

Part a [NO;;No; E& = +0.42 v NO; is reduced 
N o; is oxidized 
O, is reduced iO,/H,O Eb = +0.82 v 

· Problem 3-18 

(a) Calculate the number of moles of ATP that is obtained from the complete 
oxidation of one mole of palmitic acid to CO, + H20 via /3-oxidation, the TCA 
eyde, and the electron transport system. (b) The !ıG' for the complete 
oxidation of a long-chain fatty acid is about 9000 cal/g. What fraction of the 
total !ıG is conserved as A TP in the biological oxidation of palmitic acid? 

Solution 

(a) The pathway and A TP yields are shown in Figure 3-4. 

(b) For each mole of palmitic acid oxidized, 130 moles of ATP are 
made. The MW of palmitic acid is 256.4. 

!::..G' of oxidation = (256.4)(9000) = 2.31 x 106 cal/mole 

The energy conserved in 130 moles of ATP is about: 

(130)(7700) = 1 x 106 cal 

. _ (1.0 X 106)(100) _ ı=-=--ı 
efficıency - {2.31 x ıoj -~ 
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Palmitic acld - CH3(CH2)14 COOH 

7 NAT:
5
H+ 

~ 

acyl thlokinase 
,B-oxidation (7 cycles) 

8 ace!yl-S-CoA 

8 GTP 

~SATP 8Fi:: 
~ 

TCA cycle 

24 NA,:T: H+ 

~ 

Net 131 - 1 (a~yl thiokinase) =I .__ __ l_JO_A_T_P/_p_aı_m_iti_c _ac_id _ ___, 

Figure 3-4 A TP yield from the complete oxidation of palmitic acid. 

; Problem 3-19 

The adenylate pool in a culture of lymphosarcoma cells was found to consist 
of ıo-s M ATP, 3 x 10-4 M ADP, and 10-ı M AMP. (a) Calculate the "energy 
charge" of the cells. (b) Assuming that the adenine nucleotides are at 
equilibrium for the adenylate kinase reaction, calculate the K~ of the reaction. 

Solution 

(a) "Energy charge" is defined as: 

_ [ATP] +-~[ADP] 
energy charge-[ATP] + [ADP] + [AMP] (39) 

That is, "energy charge" is equivalent to the mole fraction of the total 
adenylate pool represented by A TP or its equivalenı. One-half the [ADP] is 
equivalent to [ATP] because of the action of adenylate kinase, which catalyzes 
the reaction: 

adenylate lunase 
2ADP;;=========ATP+AMP 

(If 2 ADP ::e: 1 ATP, then 1 ADP :!:: l ATP.) 

_ (10-3) + l(3 X 10-4) _ (10-3) + (1.5 X 10--<) 
energy charge - (lO-s) + (3 x 10 4) + (IO-ı) - (lO-') + (3 x ıo-4) + (10-() 

1.15 X 10-3 

= 1.4 X 10-:ı energy charge = 0.82 
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, _ [ATP][AMP] _ (10-')(10-~) _ 10-1 

Kcq - [ADP]2 - (3 X 10-~)2 - 9 X ıo-s 

ıox ıo-s 
= 9X ıo-s 

OXIDATIVE PHOSPHOR YLATION AND 
THE CHEMI0SMO'I1C HYPOTHESIS 

Several hypotheses have been put fonvard to explain how electron transport 
in mitochondria or bacterial membranes can be coupled to A TP 
formation. The chemical coupling hypothesis suggests that oxidative phos­
phorylation is essentially identical to substrate level phosphorylation. That 
is, discreet energy-rich intermediates are involved. The mechanochemical or 
conformational coupling model suggests that oxidation-reduction reactions 
within the membrane result in an energized conformation of the membrane 
or in certain subunits of the membrane. The situation can be considered 
analogous to the winding of a spring. Somehow, the mechanical energy 
stored in the energized mernbrane is dissipated by the formation of 
ATP. The chemiosmotic hypothesis suggests that the electron carriers are 
asymmetrically positioned within th~ membrane so that when H+ ions are 
produced, they are released on only o~e side of the membrane (the outer side 
of the inner membrane). When H+ ions are utilized, they are obtained from 
the other side of the membrane (the inner side of the inner membrane) (Fig. 
3-5a ). Thus, the passage of 2e - down the electron transport system results in 
a ApH across the inner membrane. The synthesis of ATP from ADP+P, 
involves the removal of water by an ATPase operating in reverse. The 
driving force is the .ılpH. A simplified model is shown in Figure 3-5b. Here, 
it is assumed that H20 per se is not removed but, instead, the ions of water (H+ 
and OH-). H+ is drawn to the high pH (H+ deficient) side of the inner 
membrane; OH- is drawn to the low pH (H+ excess) side of the inner 
membrane. Figure 3-5c represents a more likely model. It is assumed that 
the ATPase reaction is obligately coupled to the movement of H+ 
ions. Experimental evidence suggests that the reaction catalyzed by the 
ATPase is: 

Thus, the synthesis of A TP is coupled to the movement of 2H+ from the low 
pH side of the membrane to the high pH side. As shown in Section F, the 

• .ılG for this movement of 2H+ is given by: 

4G = 2.3 RT log [H:]~ghpH•lde 
[H ]ıowpli •ide 

or 4G = -(2.3 RT)(2).ıl.pH 

(40) 
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(a) 

O O OH 
11 il 1 

adenlne-ribose-O-P-0- P-0 H HO -P-OH 
1 1 '----::;,-" il 

OH OH O 

ATP 

ADP + P; 

Figure !J-5 (a)·Asyııııııetıic-release and uptake of H+ ions as 2e­
move down the electron transport system. This generates a apH 
across the membrane. (b) Synthesis of ATP from ADP+Pı by a 
membrane ATPase. The enzyme removes the elements of 
H20. H+ moves in one direction (into the high pH compartment}; 
OH- moves in the other direction (into the low pH compartment). 
(c) A more exact model of ATP synthesis by a membrane ATPase. 
ATP synthesis is intimately coupled to the translocation of two H+ 
ions. 
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· Problem 3-20 

Calculate the .6.pH across the inner mitochondrial membrane that is required 
at 25°C to drive the synthesis of A TP from ADP + Pı under standard 
conditions. 

Solııtion 

The sy.nthesis of ATP under standard conditions requires 7700 cal/ 
mole. Therefore, the t:..G provided by the !:..pH must be -7700 for the 
movement of 2H+ across the membrane. 

.6.G = -(1364)(2).ıipH -7700 = -2728.6.pH 

-7700 
-2728 = .6.pH 4pH =2.82 

E. PHOTOSYNTHETIC PHOSPHORYLATION 

LIGHT ENERGY 

Each photon or quantum of light has an energy of hv, where: 

h = Planck's constant 

and 

= 6.627 x 10-27 erg x sec = 1.58 x 10-34 cal x sec 

v= the frequency of the light in sec-•. 

The energy in one einstein (one mole) of photons is given by: 

or 

where 

'E = Nhv = Nh ~ cal/einstein 

"' 2.855 1/ . . 
0 = -A- ca eınsteın 

N = Avogadro's number = 6.023 X 1023 photons/einstein 
,\ = the wavelength of the light in centimeters 
c = the speed of light in cm/sec if ,\ is given in centimeters 
= 3 X 1010 cm/sec 

Thus, the energy of light is inversely proportional to its wavelength . 

• Problem 3-21 

(41) 

Calculate the energy per einstein of photons for light of wavelengths (a) 
400 nm (violet) and (b) 600 nm (orange). 
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Solution 

(a) 1 nm = 10-ıı m = ıo-7 cm 400 nm = 4 X ıo-$ cm= A 

(b) 

• Probleın 3-22 

2.855 
~ = 4 x 10_5 = 71,375 cal/einstein 

'ı _ 2.855 _ 
- 6X 10-s - 47,582 cal/einstein 

(a) How many moles of ATP could be synthesized at 100% efficiency by a 
photosynthetic organism upon absorption of I einstein of red light o_f 
700 nm? (b) How many molecules of A TP could be produced from one 
photon? (c) What is the overall efficiency of energy conversion if I mole of 
A TP is formed per 2 equivalents of electrons excited by red light (i.e., per 2 
einsteins of photons)? 

Solııtion 

(a) "' 2.855 2.855 40 786 al/ . . 
0 =-,.\-= 7 x 10 ı; = , c eınsteın 

40,786 
--= 
7700 5 moles of ATP/einstein 

(b) The ratio of photons/einstein is the same as the ratio of molecules/mole. 

5 molecules of ATP/photon 

(c) Assuming that two photons must be absorbed in order to excite two 
electrons to a sufficient energy level, then: 

ı°;npu, = (2)(40,786) = 81,572 cal 

ı' conscrıcd = (1)(7700) = 7700 cal 

. 7700 r--=-=-ı 
efficıency = 81 ,572 x 100 = ~ 

NONCYCLIC AND CYCLIC PHOTOPHOSPHORYLATION 

Green plants possess two distinct pigment systems (PS I and PS II), which 
prövide for a noncyclic flow of electrons (Fig. 3-6). Light absorption by PS I 
excites electrons to an energy level capable of reducing ferredoxin via a 
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Figure 3-6 Noncyclic and cyclic photophosphorylation in green plants. Pigment system I (PS I) contains chlorophyll a, 
P-700 (a pigment that possesses an absorption maximum at 700 nm), and carotenoids. Pigment system II (PS II) contains 
chlorophylls a, b, c, and d, and phycobilin pigments. 
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ferredoxin reducing substance (FRS). Reduced ferredoxin then passes the 
electrons to NADP providing NADPH for the dark phase (the C02 reduction 
phase) of photosynthesis, The oxidized PS I is reduced by electrons from PS 
II. These electrons are excited to a negative potential somewhere between 
O and - 0.2 v. As the electrons are transferred to oxidized PS I, one or more 
ATP's are made. The oxidized PS il is reduced by electrons from H,O 
(which results in 02. evolution), H20 is a strong enough reducing agent to 
reduce oxidized PS II, biıt not oxidized PS I. It is also believed that electrons 
from PS I can traverse a cyclic route leading to the synthesis of A TP without 
the concomitant synthesis of NADPH. The scheme shown in Figure 3-6 is 
one of several versions. The exact sequence of electro.n transport reactions is 
unknown. In fact, the exact standard reduction potentials of some of the 
carriers are not known for sure. 

· Problem 3-23 

Assuming that the sequence and reduction potentials shown in Figure 3-6 are 
correct, calculate (a) the ratio of NADPH/ATP/02 produced in one noncyclic 
process and (b} the A TP yield of one cyclic · process. (c) Calculate the 
efficiency of red Jight (,\ = 700 nm) in the overall synthesis of 1 mole of glucose 
from 6C02 + 6H20, Assume that each noncyclic process (4e -} yields 1 A TP 
and 1 NADPH and that each cyclic process (2e-ryields 1 ATP. (d) What 
would the efficiency be if each noncydic process yielded 2 ATP + 1 NADPH? 

Solution 

(a) The synthesis of ATP requires 7700 cal/mole under standard conditions 
at 100% efficiency. This amount of energy is equivalent to a lıE~ of 0.167 v 
for a 2e - oxidation-reduction reaction, as shown below: 

lıG' = -n!FlıE~ or lıE~= lıG' 
-nf!i 

1 -7700 
6.Eo = -(2)(23,063) = 0.167 

At a reasonable effidency of 50%, a !ıE~ of 0.334 is required. Only one 
oxidation-reduction couple in the noncyclic sequence shown in Figure 3-6 
provides a lıE ~ of 0.33 or greater-that between cytochrome bm and cyto­
chrome f. Thus, for each 4e - excited (by 4 quanta), we obtain: 

1 NADPH: 1 ATP:lOı 

(b) The cyclic pathway seems rather incomplete. it is unlikely that elec­
trons would move directly from ferredoxin to cytochrome bıı and then directly 
from cytochrome bıı to cytochrome f. The AE! values of these reactions are 
rather large compared to other electron transport reactions. in fact, the /ıG' 
values for these reactions are sufficient to synthesize an A TP at each step for 
only a 1 e - transfer. Thus, the potential exists for the synthesis of 4 ATP per 
2e - in the cyclic process as shown in Figure 3-6. 

By a different line of reasoning, we might condude that no A TP can be 
formed. There is no way of generating a lıpH by passing electrons from. 
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ferredoxin to cytochrome /~none of the carriers picks up or releases H+. It 
seems likely then that additional carriers are involved (e.g., flavoproteins, 
quinones, and such). 
(c) The synthesis of one glucose from 6C02 + 6H20 requires 18 ATP + 
12 NADPH. Thus, 12 noncydic processes c~ 12 ATP + 12 NADPH) plus 6 
cyclic processes (,Q,6 ATP) are needed for the assumed N ADPH and ATP 
yields. If each noncyclic process requires the input of 4 quanta and each 
cyclic prôcess requires the in put of 2 quanta, then 48 + 12 = 60 einsteins of red 
light will yield the 18 moles of ATP plus 12 moles of NADPH needed. 

o;, 2.855 2.855 40 785 al/ . . 
eı = -A- = 7 x 10_5 = , c eınsteın 

in put= (40, 785)(60) = 24.47 X 105 cal 

The !!ı,.G' for the formation of 1 mole of glucose from 6 moles of C02 plus 
6 moles of H20 is + 686,000 cal/mole. 

. ffi . 68.6 X 104 100 ı::ı28oı 
. . e cıency = 24.4 7 x 10, x = L..J 

(d) If each noncyclic process yielded 2 ATP+ 1 NADPH, then 12 noncyclic 
processes alone (48 quanta) would yield sufficient NADPH and an excess of 
ATP. The efficiency would then be greater: 

. _ (68.6 X 104)(100)_ ı::-1 
efficıency- (48)(40,785) -~ 

· Problem 3-24 

Photosynthetic bacteria of the genus Chlorobium possess a single pigment 
system, yet are capable of carrying out noncyclic photophosphorylation in the 
presence of H2S (E~ for the half-reaction S0 + 2ff .. + 2e- - H2S is - 0.23 v). In 
red light (.>t = 700 nm), Chlorobium can reduce methyl viologen, an artificial 
electron acceptor (E~ = - 0.55 v). The organism possesses at least two differ­
_ ent cytochromes, one of which is bound to a flavoprotein. Outline a likely 
overall photosynthetic phosphorylation process involving natural electron 
carriers, and estimate the relative yields and ratios of products. Assume that 
the efficiency of energy conservation in the reduction of the primary (photo) 
electron acceptor is 60% and that the efficiency of energy conservation in the 
formation of ATP when H2S is oxidized is 50%. 

Solution 

The overall process (outlined in Figure 3-7) is based on the following 
considerations. (a) The electrons from the pigment system must have a 
reduction potential more negative than - 0.55 v in order to reduce 
methylviologen. A likely estirnate would be -0.60 v, which would be suffi­
cient to reduce a natural electron acceptor, such as ferredoxin, and, in turn, 
NADP+. (b) Two einsteins of 700 nm light contains 81,572 cal. If 60% is 
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~2e-~(Eö=-0.6v) 

f Eo = -0.55 v\ ' 
(MV)ıed (MV)ox 

2FD0x Eö = -0.432 v 2FD,ed 

~ 
NADPH NADP+ 

2ADP + 2Pi 

2ATP 

Figııre 3-7 Noncyclic photosynthetic phosphorylation in 
Chlorobium in the presence of H2S. 

conserved in the reduction of the primary electron acceptor, then LıG' = 
-48,943 cal/2 equivalents. This corresponds to a il.El, of 1.061 v. Therefore, 
the E~ of the unexcited pigment system is+ 0.461 v. (c) H2S can reduce the 
oxidized pigment system. The overall il.El, is 0.691 v, which corresponds to a 
6.G' of -31,873 cal/mole. The amount of energy conserved at 50% efficiency 
(15,937 cal) is sufficient to make 2 ATP. The exact sites of coupling cannot be 
predicted without a knowledge of the Ef, values of the carriers. The 
products of the overall process are 1 NADPH, 2 ATP, and 1 free sulfur. The 
2 ATP: 1 NADPH ratio is more than sufficient for C02 reduction. Note that 
a second pigment system is unnecessary in Chlorobium because the reduction 
potential of H2S is more negative than that of the pigment system. Green 
plants require PS II because H20 cannot reduce oxidized PS I (but can reduce 
oxidized PS il). 

F. ACTIVE TRANSPORT 

The standard free energy change for the movement of an uncharged 
molecule from one side ofa membrane at concentration C, to the other at 
concentration C2 is given by the usual equation: 
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Ct 
AG:::: -2.3 RT Iog K~+2.3 RT log Cı (42) 

K~ fora simple diffusion process is unity. That is, at diffusion equilibrium, 
the concentration of the solute is the same on both sides of the mern­
brane. 'Fhus, the !ıG for the movement of the solute frorn side 1 to side 2 
under nonequilibrium conditions is given by: 

. C 
AG = 2.3 RT log c: (43) 

Equation 43 gives the free energy of dilution or concentration. That is, the 
difference in chemical potential of a solute at two different concentra­
tions. If Cı is greater than C2, !ıG is negative. This says that the rnolecules 
of solute will spontaneously move from compartment l to compartment 2 (a 
conclusion we intuitively reach without any equations). Living cells have the 
ability to transport and accumulate certain compounds against large concen­
tration gradients. The !ıG for such transport processes is clearly positive 
and, consequently, energy must be supplied. That is, the uphill transport of 
a molecule must be coupled somehow to an exergonic reaction in order to 
make the overall !ıG zero or negative. The mechanisrns of energy coupling 
(as well as the mechanisms of transport itself) are subjects of intensive 
research. Most transport processes are mediated by specifıc membrane 
carriers that behave in an enzymelike way. The term "permease" is often 
used for such membrane transport systems. Presumably, a protein of the 
transport system combines with the substrate at the external side of the 
membrane. The complex then undergoes a conformational change that 
results in the release of the substrate internally (Fig. 3-8). If the transport 
system simply equilibrates the external and internal substrate, the process is 
known as facilitated diffusion-there İs no concentration against a gradient 
(!ıG = 0), yet, the process is still carrier mediated and enzymelike. If the 
transport system promotes an accumulation of the substrate against a gra­
dient, the process is called active transport and requires energy input. The 
energy could be used ta effect translocation of the carrier-substrate complex 
inward, translocation of the uncharged carrier outward, ar to reduce the 
affinity of the carrier for the substrate at the cytoplasm-membrane boundary, 
ar ta increase the affinity of the carrier at the external surface. In some 
organisms, energy for active transport may be supplied directly by 
ATP. The phosphorylation of the carrier promotes substrate binding, or 
release, or translocation. In other organisms (or in other transport systems 
of the same organism) energy yielding reactions within the membrane create 
an electrochemical potential that then acts as the driving force. For example, in 
animal cells, a membrane A TPase promotes the movement of 3 Na+ ions 
outward and 2 K+ ions inward per A TP hydrolyzed. This results in both a 
high [Na+] .. u,/[Na+]ın ratio and a superimposed electrical charge gradient 
{inside negative with respect to outside). The /:J.G for Na+ transport inward 
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So + 

(a) 

(b) 

Figure 3-8 Canier-mediated transport. C is a specific mem­
brane protein with a high affinity for S. The carrier-substrate 
complex forms at the external surface and then (a) diffuses across 
the membrane or (b) undergoes a conformational change that 
brings the bound substrate to the internal surface, where it is 
released. 

(which equals the energy made available by the concentration and charge 
gradient) is given by: 

(44) 
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where C2/Cı = the internal/external concentration ratio of the charged 
molecule (Na+) 

Z = the net charge on the rnolecule (+ 1 for Na''') 
and A,P = the membnine potential in volts (internal relative to external) 

The ZS7iA,P term is analogous to the nS7iAE of an oxidation-reduction 
reaction. (If the ATPase promoted a one-to-one exchange of K+ for Na+, 
then only the concentration gradients would be established and A ,ı, = 
O.) Na+ ions are carried inward (down the electrochemical gradient) by a 
membrane protein with a high affinity for Na+. If this protein also possesses 
a high affinity for alanine, for example, it simultaneously mediates the 
transport of alanine. Alanine could be accumulated internally to the extent 
that the AG for further transport (a positive value) equa1s the t:..G for Na+ 
transport (a negative value). ln a sense, an endergonic reaction (uphill 
transport of alanine) has been coupled to an exergonic reaction (the downhill 
transport of Na+) so that the sum of the two reactions hasa AG of O. In a 
similar rnanner, the high [K+];o/[K+]ou, ratio can be used to transport com­
pounds out of the cell. Keep in mind that actively metabolizing cells are in a 
steady-state. ATP is generated as it is used. Consequently, the transport 
and accumulation ofa solute does not dissipate the membrane potential. For 
every Na+ that moves inward (together with its cosubstrate), a Na+ is moved 
outward at the expense of ATP. 

• Problem 3-25 

The concentration of chloride ion in blood serum is about 0.10 M. The 
concentration of chloride ion in urine is about 0.16 M. (a) Calculate the 
energy expended by the kidneys in transporting chloride from plasma to. 
urine. (b) How many moles of er ions could be transported per mole 
of ATP hydrolyzed? 

Solııtion 

(a) AG = 1362 log ~: !~ = 1364(0.204) 

aG= 2'18 cal/mole 

(b) ATP hydrolysis provides 7700 cal/mole. 

7700 = 27 7 
278 . l -28Cı-/ATP 

• Problem 3-26 

In E. cali, oxidation-reduction reactions (or ATP hydrolysis) within the cell 
membrane generates a ApH of 1 (interior higher by one unit) anda A,P of 

· - 120 mv (interior negativ~). Alqng with H .. ions, /3-galactosides are co­
transported in response to the total "proton-motive force." (a) How much 
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energy is made available by the .ô.pH and .ô.W? (b) To what concentration 
gradient could E. coli accumulate f3-&alactosides? 

Solution 

(a) A .ô.pH of 1 unit is equivalent to an [H+]in/[H+]ou, ratio of 1 : 10 

llG = 1364 log 0.1 + (1)(23,063)(-0.120) 

== - 1364- 2768 

..:iG = - 4132 cal/mole 

Thus, {3-galactoside transport is coupled to an exergonic system providing 
4132 cal/mole. 

(b) The maximum internal/external /3-galactoside ratio is that which is 
equivalent to a tı.G of + 4132 cal/mole. At this ratio, the overall coupled 
system will be at equilibrium (.ô.Govmıı = O). 

C2 
AG = 1364 log Cı = 4132 cal/mole 

C2 4132 
log Cı = 1364 = 3.03 

~ 
~ 

G. ENTHALPY AND ENTROPY 

AH AND AS 

Suppose a mole of ATP is hydrolyzed at 25°C under standard conditions 
where llG' = - 7700 cal/mole. The hydrolysis is not coupled to any group 
transfer reaction. Does this rnean then that the entire .ô.G' appears as 
heat? The first and second laws of thermodynamics relate the AG of a 
reaction to the heat evolved in the following way: 

L\.G = AH-TAS (45) 

AH is called enthalpy change, and represents the quantity of heat released (or 
absorbed) at constant ternperature, pressure, and volume. AS is the entropy 
change and is a measure of the change in the randomness of the system. If 
we measure or cakulate AH for the hydrolysis of A TP, we obtain a value of 
about - 4000 cal/mole. The remaining 3700 cal/mole is not released as 
heat. This amount of energy is retained by the products in the form of 
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increased randorn motion. (T ll.S = + 3700 cal/mole.) Equation 45 could 
also be written as 

AH=AG+TAS (46) 

which says that ifa quantity of heat is added to a system (l:ı.H is positive), only 
a portion · of the input can be used to do useful work on the system if .6.S is 
posıtıve. The T l:ı.S terrn represents that portion of the heat input that 
becomes unavailable to do useful work. 

The sign of ll.H gives no indication of the spontaneous direction of a 
reaction. We see frorn Equation 45 that even if /ıH is positive, l:ı.G can still be 
negative if /ıS is positive enough. For exarnple, if we mix certain solid salts 
with water, we observe a marked decrease in the temperature as the salt 
dissolves. Heat has been absorbed. ıiH is positive (heat must be added to 
keep the ternperature of the system constant). The salt spontaneously 
dissolves, therefore ıiG is negative. The T !ıS terrn is positive-the ions of 
the salt that were originally in a highly ordered crystalline array are now 
randomly distributed in solution. 

The freezing of a liquid at a temperature below its freezing point (FP) is an 
exarnple of a process that has a negative 6.H (heat is given off), a negative .6.G 
(freezing is spontaneous-at a temperature below FP the solid is rnore stable 
than the liquid), and a negative T /ıS (the molecules of the liquid becorne 
more highly ordered as a solid). It is obvious that we cannot predict the sign 
of ıiG from a knowledge of /lH or vice versa unless we also know TlıS (or 
unless ıiG or .lıH is zero). Similarly, we cannot predict the sign of .lıS from 
either /ıH or /ıG alone unless one of them is zero. For example, at 0°C, solid 
ice and liquid water are at equilibrium. Thus ıiG = O. llH for the reaction 
liquid"""?solid is negative (-80cal/g or -1440cal/rnole). Thus, Tı1S= 
- 1440 cal/mole. 

Entropy changes are not usually reported in terrns of T l::J.S, but rather, in 
terms of /lS. 

Tl:ı.S = lıH -ıiG or ıiS = lıH - lıG 
T 

Thus, 6.S has units of cal X mole-ı X degree -ı that are called entropy units 
(e.u.): 1 e.u. = 1 calx mole-1 X degree-1. The /ıS for ATP hydrolysis at 25°C 
can be calculated as 

ıiS = - 4000 - (- 7700) = - 4000 + 7700 
298 298 

.ı1S = 12.4 e.u. 

3700 
298 

The /ıS for the freezing of water at 0°C = -1440/273 = -5.3 e.u. (The total 
entropy change-that of the water plus that of the surroundings receiving the 
heat-will be positive, as required by the second law -of thermodynamics.) 

in order to appreciate the value of /::J.S measurements consider the 
reversible reaction: 

enzyme.ruve :;:= enzyme;nacrlve 
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Since tıs is a measure of the change in orderliness, the tıs of the above 
eaction can tel1 us something about the change in molecular shape that r . 

occurs with inactivation. A large positive tıS would suggest that the inactiva-
tion is accompanied by an unfolding of the polypeptide chain into a less 
highly ordered, more random structure. 

Enthalpy and entropy, like free energy, are fımctions of state. Conse­
quently, b.H and !ıS, like tıG, depend only on the initial and final states of the 
system and not the rnechanism or patlı of the reaction. Thus, it is possible to 
calculate the !ıH and AS ofa reaction that is unfeasible to carry out directly if 
that reaction can be expressed as the sum of two or more reactions where /:ıH 
and b.S values are known. 

The standard heat of combustion of ethanol at 25°C and 1 atın pressure is 
- 328,000 cal/mole. The standard heat of combustion of acetaldehyde is 
-279,000cal/mole. The Eo of the acetaldehyde/ethanol half-reaction is 
-0.20v. The Eo of the i02/H20 half-reaction is +0.82v. From these 
values, calcu!ate (a) /:ıH, (b) tıG', and (c) tıs for the reaction: ethanol 
+ }02---> acetaldehyde + H20. 

Solııtion 

(a) ıhe oxidation of ethanol to acetaldehyde: 

L 

can be expressed in terms of the two reactions whose tıH values we know: 

2. 

3. 

C,H50H +30,--->2C02+3H20 

CH3CHO + 2~02--->2C02+ 2H,O 

b.H2 = - 328,000 cal/mole 

/:ıHs = -279,000 cal/mole 

Writing reaction 3 backwards and then adding reaction 2: 

3b. 2CO, + 2H20-* CH,CHO + 2ıo2 llH3ı, = + 279,000 cal/mole 

2. C2HsOH + 302-* 2C02 +3H20 llH2 = -328,000 cal/mole 

1. (Sum) C2H5QH +!02----> CH,CHO + H20 /:ıHı = tıHsı, + AH2 

tıH, = (+279,000) + (-328,000) 

AHı = -49,000 cal/mole 

(b) t:.G' = - nfJi b.E~ = - (2)(23,063)(1.02) 

A G' :;:: - 47,049 cal/mole 
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(c) b..G' = 11H - Tl!..S 

Tl!..S= AH-aG' = (-49,000)-(-47,049) 

TAS= -1951 cal/mole 

AS= -1951 
298 

AS =-6.5e.u 

i 
·-~ BPPECT OP TEMPBRATURB ON K~-DETBRMINATION OF AH 

From the two equations for AG': 

AG' = -2.3 RT log K~ 

we obtain: 

and l!ı.G'=l!ı.H-TAS 

-2.3 RT log K~ =AH-TAS 

or 
, AH 1 .ı1S 

log Ke,ı = -2.3 R T + 2.3R (47) 

Equation 47 is a linear relationship from which l:ı.H and t:ı.S can be ob­
tained. Ali we need do is determine K ~ at several different temperatures 
and then plot log K!q versus 1/T (Fig. 3-9). Alternatively, differentiating 

LogK~ 

.!.. ("K-ı) 
T 

Figure 3-9 Graphical determination of AH from K~ values at two or more 
different temperatures. (6.ff is negative. If aH is positive, the plot has a 
negative slope.) 

-~-
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Equation 47 we obtain the van't Hoff equation: 

d log K!q l:ı.H 
d (1/T) = - 2.3 R or 'dl ' - l:ı.H og Koq - - 2_3 R d (1/T) 

Integrating between limitsoflog·K~q, at 1/T, and log K!<ı> at l/T2, we obtain: 

log K!9, =- l:ı.H (..!.. __ l ) 
. K!.ı, 2.3 R T2 Tı 

or I K~ l:ı..H (T2-Tı) og-=--
K!.ı, 2.3 R T2Tı 

{48) 

If K!.ı is known at one temperature, the K!.ı at another temperature can be 
calculated if /:ıH is known. Or, we can calculate l:ı..H from the K~ values at 
two different temperatures. If K !q increases with increasing temperature, 
/:ı.H is positive; if K!.ı decreases with increasing temperature, l:ı.I-f is nega­
tive. The calculations assume that l:ı.H is constant over the temperature 
range studied. This assumption is reasonably valid for the small tempera­
ture ranges usually employed for enzyme-catalyzed reactions (e.g., 20 to 
40°c). 

If we substitute l!ı..G'/- 2.3 RT for log K~. we obtain the integrated Gibbs­
Helmholtz equation: 

{49) 

• Problem 3~28 

An amino acİd binding protein (presumably involved in membrane transport) 
was isolated from E. coli. Equilibrium dialysis measurements at 25 and 37°C 
yielded Ks values of 8.8 x 10-e and 3.0 X 10-5 M, respectively. (Ks. is the 
dissociation constant of the protein-substrate complex.) Calculate (a) l:ı..G' 

for the binding reaction at 25 and 37°C, (b) l!ı..H for the binding reaction, and 
(c) AS for the binding reaction at 25°C. (d) What does the sign and 
magnitude of 6.S suggest about the conformational change in the protein that 
accompanies amino acid binding? 

Solution 

(a) The biı:ıding reaction is: 

P + amino acid ;;;=: P-amino acid 

The Ks values are dissociation constants. The corresponding binding con­
stants (called K~. and K~r) for the reaction as written are: 
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K~.,. = B.B; lO-,; = 1.14 X 105 

K~<ı>r = 3 X \o-s = 3.33 X 104 

, /ıG;s. = -1364 log 1.14 X 105 = - (1364)(5.056) 

AG; •. = - 6896 cal/ınole 

At 37°C, 2.303 RT = 1419. 

(b) 

(c) 

: . lı,Gh, = -1419 log 3.33 X 104 = -(1419)(4.522) 

AG~,. = - 6417 cal/ınole 

l K;q,r /ıH (T2 - Tı) og--=--
K~q»· 2.3 R Tı Tı 

-6,H = 2.3 R(log K:q''")( T ~Tı ) 
K.,.,,,. T2 Tı 

(298 X 310) = (2.3)(1.987)(Iog 0.292) 12 

AH= - 18,809 cal/mole 

T!ıS= !ıH -ı'lG' = (-18,809)- (-6896) 

= - 18,809 + 6896 

T ıiS = - 11,913 cal/mole 

tıs= -11,913 
298 

AS=-40e.u. at 25°C 

at 25°C 

{d) We cannot conclude anything about conformational changes in the 
• protein because the AS does not refer to the protein alone, but rather to the 

total entropy change: 

AS= (S p-•• )- (Sp + S.,.) 

= (Sp + S .. )bound - (Sp + Saa)fr •• 

A large part of the negative AS may result from the restricted random motion 
of the bound amino acid. 
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ff. ACTIV ATION ENERGY 

THE COLLISION THEOR Y AND 'THE ARRHENWS EQUATION 

The fact that a reaction has a large negative nG does not mean that the 
reaction proceeds at a rapid (or even a measurable) rate. The negative nG 
simply indicates the direction of the reaction, if it goes at all. The velocity of 
any homogeneous chemical reaction depends on the frequency of collisions 
between reactant molecules. The collision frequency is influenced by the 
concentrations of reactant molecules and how fast they move about (i.e., their 
kinetic energy). The kinetic energy of the molecules depends on the 
temperature. The collision frequency does not equal the reaction velocity 
because only a small proportion of the collisions occur with suffident energy 
to promote the reaction. This minimum energy required for a fruitful 
reaction is called the energy of activation, Eo, 

The relationship between Eo and ternperature was formulated empirically 
by Arrhenius in 1889. The relationship is usually written as the Arrhenius 

equation: 

k = Ae-EJnr (50) 

Or, in linear form: 

ı k E" 1 og =----+logA 
2.3R T 

(51) 

The integrated form of the Arrhenius equation is: 

1 kt Ea (Tı- Tı) og----
kı - 2.3 R TıTı 

(52) 

where k2 and lıı are the specific reaction rate constants at T, and T 1, 

respectively. The equations have the same form as the van't Hoff equations 
except now we are dealing with rate constants instead of equilibrium 
constants. Ata constant concentration of reactants, the rate constants can be 
replaced with velocities since v is proportional to k. (See Problem 4-17 .) 

THE TRANSITION STATE 

In order to explain the requirement for a "minimum energy for a fruitful 
reaction," Eyring, in 1935, proposed thay( reactant molecule must overcome 
an energy barrier and pass through a transition state before proceeding on to 
the product of the reaction (Fig. 3-10}. Reactant molecules that attain only a 
fraction of the required activation energy simply fall back to the ground 
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Figııre 3-10 "Energy diagram" for the reaction A + B::;::: AB. As 
shown, t.\G', ılH, and t.\S are negative. E. is always positive. 

state. The transıtıon state is viewed as an unstable, "halfway," transient 
phase in which bonds and orientations are distorted. Ünce the reactants 
overcome the energetic obstacle and attain the transition state, they proceed 
to form the products of the reaction ata rate independent of temperature and 
the nature of the reactants, that is, they slide down the other side of the 
energy barrier to the next ground state. 

· Problem 3·29 

The velocity of the reaction A + B ~ P + Q at 35°C is twice as great as the velocity 
at 25°C. Calculate the activation energy. 

Solııtion 

l kı E. (T2-Tı) 
og kı = 2.3 R . T2 Tı 

1 k2 
E = 2·3 RTı Tı ogkı = (2.3)(1.987)(298)(308} log 2 

• T2- Tı 10 

E. = 12,627 cal/mole 
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/ -

l. The K~s of the reaction glucose-6-
phosphate ~ fructose-6-phosphate ıs 0.43. 
Cakulate the tı.G'. 

f-:- The K ~ of the reaction G-1 · P + A TP 
~adenosine diphosphate glucose (ADPG)+ 
PP, is 1.0. (a) Calculate tı.G under steady­
state conditions where [G-1-PJ = ıo-• M, 
[ATP] = ıo-~ M, [ADPG] = ıo-, M, and [PPı] = 
ıo-' M. (b) In which direction will the reac­
tion proceed spontaneously under these condi­
tions? 

1 < Which reaction will proceed further to 
1 the right at pH 7: the hydrolysis of glucose-6-

phosphate or the hydrolysis of glucose-6-
sul.fate? Why? 

_,,.-

4. Fructose-1,6-diphosphate may be con­
verted to glucose-1-phosphate by three con­
secutive reactions: 

(1) fructose-1,6-diphosphate + H20 
fnı.!.t=,e 

dlphoıph~~ 

====~ fructose·6-phosphate + P, 

b.G{ = - 3800 cal/mole 

(2) fructose-6-phosphate 
ph<,,ph.;­

he~mt:.r-a!--e 

====:::::! glucose-6-phosphate 

x:.ı.=2.0 

(3) glucose-6-phosphate 
pl,Mpl><,. 

gfucomucu.e 

====:::::! glucose-1-phosphate 

K~=0.0526 

From the above information, calculate the 
K;q and AG' for the overall reaction. 

~ Calculate the AG' of hydrolysis of 
phosphenolpyruvate (PEP) to Pı and pyruvate 

given the following information. 

(1) PEP + ADP ====== pyruvate 

+ATP 
K~q, = 3.2 X 103 

(2) A TP+ H20 ==== ADP + P, 

L:ı.G~ = - 7700 cal/mole 

ty" The LiG' of succinyl-S-CoA hydrolysis at 
pH 7.0 is about - 8000 cal/mole. How much 
of this negative tı.G results from the ionization 
of. the newly formed carboxyl group? The 
pK. of the carboxyl group (pK., of succinic 
acid) is ~7. (In otherwords, calculate b.Gk.o,) 

{J,,/ The hydrolysis of asparagine to 

aspartate + NHt has a AG' of - 3400 cal/ 
mole. The hydrolysis of ATP to AMP + PP, 
has a AG' of - 8000 cal/mole. 

(a) From the above information, calculate the 
AG' for asparagine biosynthesis via the overall 
reaction: 

aspartate + A TP+ NH1 
~ asparagine + PPı + AMP 

{b) The overall biosynthetic reaction occurs 
in two steps: 

(1) aspartate + A TP 
;;=:: /3-aspartyladenylate + PPı 

(2) /3-aspartyladenylate + NHf 
~ asparagine + AMP 

The /ıG' of /3-aspartyladenylate hydrolysis is 
-10,000cal/mole. Calculate the t:.G' of each 
step in the overall synthesis of asparagine. 

L-ıt: Hexokinase catalyzes the reaction 
ATP + glucose ~ glucose-6-phosphate + ADP. 
AG' = - 4562, K iq = 2.21 x 10!. Calculate the 
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concentration of glucose-6-phosphate re­
quired to force the hexokinase reaction back­
wards (in the direction of glucose and ATP 
formation) in the presence of 10-5 M glucose, 
10-, M ATP, and 10-., M ADP. 

t.9<· The enzyme A TP sulfurylase catalyzes 
the reaction: 

A";J'P + so:-:;;=: APS+ PPı 

APS is adenosine-5'-phosphosulfate (AMP-0-
SO;:). The K;q of the reaction as written is 
10-8 • Estimate the ı'ıG' of APS hydrolysis to 
AMP+sot. 

>''iÔ. The K ~ of the adenyl cyclase reaction 
(A TP :;;=: cyclic AMP + PP,) was found to be 
0.065. lf the AG' for ATP hydrolysis to 
AMP + PP, is taken to be - 8000 cal/mole, cal­
culate the ı'ıG' of cyclic AMP hydrolysis (to 
5'-AMP). 

L,~ri. Estimate the ı'ıG' values of the follow­
ing reactions: 

(a) Acetyl-S-CoA + butyrate 
:;;=: butyryl-S-CoA + acetate. 

(b) Acetyl-S-CoA + ethanol 
:;;=: ethyl acetate + CoASH. 

(c) A TP+ pyruvate ~ PEP + AMP + P,. 

(d) Glycerol + PP, :;;=: a-glycerolphosphate 
. +~ 

~ Calculate the equilibrium concentra­
tions and concentration ratio of glucose-6-
phosphate/glucose-l-phosphate in the phos­
phoglucoı,ımtase reaction when the initial con­
centration of glucose-6-phosphate is (a) l M, 
(b) 0.1 M, (c) ıo-2 M, (d) ıo-' M, and (e) 
10-4 M. The K~q for the reaction written as 
glucose-1-phosphate :;;=: glucose-6-phosphate 
is 19. / 

~ Calculate the equilibrium concentra­
tions and concentration ratios of ali compo­
nents of the isocıtrıtase reaction 
{isocitrate :;;=: glyoxylate + succinate) when the 
initial concentration of isocitrate is {a) 1 M, (b) 
0.1 M, (c) O.Ol M, (d) ıo-' M, and 
te) ıo-• M. The t::.G' for the isocitritase reac­
tion as written is + 2110 cal/mole. 

14. A solution was made 1 M in the follow­
İng compounds: acetoacetate, pyruvate, p -
hydroxybutyrate, and lactate. (a) Write an 
equation for a thermodynamically favorable 
oxidation-reduction reaction that could 
occur. (b) Identify the compounds that are 

oxidized and reduced in the reaction. Iden­
tify the oxidizing and reducing agents. (c) 
Calculate AE b, ı'ı G ', and K ~q for the reaction. 

&. A solution containing 0.001 M u'bi­
quinone and 0.001 M ubiquinone-fü was 
mixed with an equal volume of a · solution 
containing 0.1 M fumarate and 0.1 M succi­
nate. (a) Write the equation for a ther­
modynamically favorable reaction that could 
occur. (b) Calculate the ı'ıE, ı'ıG', and K~. 
values. 

16. Calculate the reduction potential of 
the flavoprotein/flavoprotein-H2 half-reaction 
when the oxidized/reduced concentration 
(activity) ratios are (a) ıo-,, (b) 0.2, (c) 1, (d) 3, (e) 
25, and (f) 400. Eb = - 0.06 v. 

17. (a) Calculate the minimum 
NADH/NAD+ ratio required to reduce ox­
alacetate to malate when [OAA] = ıo-• M and 
[malate] = ıo-< M. (b) What must the ratio be 
if [OAAJ = 10-6 M and [malate] = ıo·< M? 

• 18. Calculate the fü values at pH 9.0 for (a) 
the oxalacetate/malate haJf-reaction' and (b) 
the FeH/Fe2+ half-reaction. (The E{ı values 
given in Appendix IX are for pH 7.) 

19. (a) Thiobacillus thiooxidans plays an im­
portant role in the sulfur eyde in na­
ture. The organism oxidizes reduc·~d inor· 
ganic sulfur compounds, and, in the process, 
obtains energy for the synthesis of 
ATP. The oxidation of elemental sulfur 
proceeds via the reaction: 

s + Hoi + tt.o :;;=: so:- + 2H+ 

6.G' = -120,000 cal/mole 

Calculate the potential A TP yield at 409! 
efficiency of energy conservation under stan 
dard conditions. (b) Bacteria of the genu! 
Nitrosomonas play a role in the nitı-ogen cyclı 
in nature by oxidizing NHf to NO;. Thı 
overall reaction is: 

NH; + Hü2 ~ NO, + füO + 2H+ 

AG' = -65,400 cal/mole 

Calculate the potential A TP yield at 40'} 
efficiency of energy conservation under stan 
dard conditions. 

20. Which compound would you expect t• 
yield the greater amount of A TP per mol 
upon complete oxidation to C02 + H20: 
6-carbon fatty acid (e.g., n-hexanoic acid) or 
6-carbon carbohydrate (e.g., fructose)? 



·oiven the following information: 

glucose ::::=: 2 ethanol + 2C02 

/ıG' = -55,000 cal/mole 

glucose + 60, ::::=: 6COı + 6H,O 

lıG' = -686,000 cal/mole 

alculate ıhe number of moles of ,<\ TP that 
/ Jd be 5ynthesized from ADP + Pı upon 
~ou I te oxidation of one mole of ethanol to 
comp e . 
· CO + 3fiz0. Assume an efficıency of 
2. gy• conservation of 44% under standard 
ener 
~onditions. 

: 22 . calculate the LipH across the inner 
· itochondôal membrane that is necessary to 
drive the A TPase reaction in the direction of 

·ATP synthesis under steady-state conditions 
at 25"C where [ATPJ = 10--s M, [ADPJ = 

'.ıo-' M, and (P;] = 10-• M. 

_ 23. Calculate the energy in one einstein of 
cphotons for light of wavelengths (a) 260 nm 
'and (b) 750 nm. 

24. In the presence of Hı, Chromatium 
. okenii, a purple photosynthetic bacterium, car­
ries out a cyclic photophosphorylation process 
that yields only ATP. (NADPH is obtained 
from the hydrogenase-catalyzed reaction: 
H,+ NADP+ :;::=: NADPH + H+.) How many 
moles of A TP could theoretically be made 
when a pair of electrons are transferred from 

. reduced ferredoxin back to the oxidized pig­
- ment systems? Assume an efficiency of 

energy conservation of 40-50%. 

25. Blood contains about 0.1 M CL 
Brain tissue contains about 0.04 M CL Cal­
culate (a) the /ıG for the transport of cı- from 
blood into brain cells and (b) the energy 

PRACTICE PROBLEMS 207 

expended by brain cells in transporting er 
ou_tward against the concentration gradient. 

26. The pH of gastric Juıce is about 
1.5. Assuming that the pH inside the cells of 
the gastric mucosa is 6.8, calculate the amount 
of energy required to secrete a mole of H.,_ 
ions. Assume T = 37°C. 

27. (a) Actively respiring Neurospora crassa 
develops a membrane potential of - 0.30 v 
(interior negative). What is the /ıG for Ca,.,_ 
transport into the mycelium? Assume that 
under steady-state conditions the [Ca2+J;,/ 
[CaH]ou, ratio is maintained at unity by an 
ATPase that moves CaH outward. (b) To 
what concentration ratio could an amino acid 
be accumulated if the uptake of the amino 
acid is coupled to CaH infiux? 

28. The 11H of combustion of acetal­
dehyde is ~ 279,000 cal/mole. The reaction 
is CH,CH0+2i0,---.2C0,+2H,O. The 
AH of combustion of acetate is -209,000 
ca!/mole. The reaction is CH,COOH + 
20,---.2C0,+2H,O. Using these <lata, and 
the standard reduction potentials of the 
acetaldehyde/acetate and 0 1/820 half­
reactions at 25QC, calculate AH, /ıG', TlıS, 
and /ıS for the reaction: CH3CHO + ~o,---. 
CH,COOH. 

29. The K;,, of a deamination reaction at 
20°C is 185. The K~ at 37°C is 65. (a) Calcu­
late AH and LiG', T b.S and /ıS at 37°C. (b) 
What is K;s at 28°C? 

30. The Neurospora crassa protein kinase 
has an activation energy of 10,700 cal/ 
mole. How much faster will the reaction 
proceed at 37°C compared to I5°C? 
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ENZYMES 

A. ENzyMES AS BIOLOGICAL CATALYSTS 

ACTIVATION ENERGY 

The fact that a reaction has a very large negative free energy change does not 
mean that it will proceed at a rapid rate. A negative tı.G simply means that 
the existing [product)/[reactant] ratio is smaller than the equilibrium 
ratio. Far example, the oxidation of glucose has a 6.G' of -686,000 
cal/mole. That is, glucose in air is quite unstable in a thermodynamic 
sense. Yet, glucose as solid crystals or in sterile solution does not break down 
to CO, + H,O ata measurable rate. Glucose is quite stable in a kinetic sense. 

Before a molecule of reactant, or substrate, S, can become a molecule of 
product, P, it must possess a certain minimum energy in order to pass into a 
transition state, S · · p• (Fig. 4-1). The amount of energy required is called 
the activation energy. As noted in Chapter 3, the transition state represents a 
halfway point where the bonds of S are distorted sufficiently so that conver­
sion to P becomes possible. The rate of the reaction S ~ P depends on the 
number of molecules of S that en ter the transition . state per unit 
time. There are iwo ways of increasing the reaction rate. üne is to raise the 
temperature. The other is to lower the activation energy. Living cells exist 
at relatively low temperatures-between O and 100°C. At life temperatures, 
few, if any, of the reactions of intermediary metabolism would occur ata rate 
sufficient to permit celi growth and maintenance. ~ving cells can exist 
under relatively mild environmental conditions because they possess 
enı.ymes-biological catalysts that selectively lower the energies of activation of 
vital chemical reactions. /In the presence of an appropriate enzyme, the 
ambient temperature provides a substantial fraction of the reactant molecules 
with the required activation energy. An enzyme-catalyzed reaction at 25°C 
may proceed 106 to 1015 times faster than the same uncatalyzed reaction. 

Enzymes have no effect on the lı.G or Kcq ofa reaction. They simply speed 
up the rate at which a reaction approaches equilibrium. For example, in the 

l 
.reaction S ~ P, kı might be ıo-s min-1 whife k-ı might be ıo-s min-1 • At 

Lı 

equilibrium, the fonvard and reverse reactions are equal. Therefore: 

vı= kı[S] = v, = k-ı[P] 
[PJ kı ıo-s 

Kcq = [S] = k-ı = 10_5 = 100 

208 
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Figure 4-1 AG and E. of (a) nonenzymatic and (b) enzymatic reactions. 

In the presence of an appropriate enzyme, both kı and k-ı are enhanced to 
the same degree. Thus, if kı increases 106-f~ld, Lı must also increase 
106-fold. 6.G and K~ are unchanged (Fig. 4-lb). 

K =.!ı_ = ıos = 100 
~ k-ı 10 

ENZYMES AS MEDIATORS OF COUPLED REACTIONS 

Enzymes do more than accelerate reactions. They also couple reactions in a 
productive manner. For example, consider the two reactions below: 

ı. A-B-+ A + B + energy (AG is negative) 

2. C + D + energy-+ C-D (.::lG is positive) 

The deavage of A-B can supply sufficient energy to drive the synthesis of 
C-D. Yet, if reactions 1 and 2 occurred in different parts of the cell at 
different times there would be no way of using the energy of reaction 1 to 
push reaction 2, even if both occurred at a rapid-fate. in a living cell, the 
overall process might be coupled in a productive manner as. follows: 

3. A-B + 
Eı 

x-A + B-X 

4. B-X + 
~ 

Y-B + X-Y 

ı::, 

5. C + X-Y--+C-X + y 

E, 

6. c-x + D----+C-D + X 

7. (Sum) A-B + C + D----+C-D + A + B 

In reaction 3, A-B is cleaved by enzyme Eı anda portion of the energy made 
available is used to condense B with X to yield an activated form of B. The 
energy conserved in B-X is retained when X is transferred to Y in a reaction 
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catalyzed by E2. The resulting X~Y is a mobile "energy-rich" compound, 
such as ATP. The overall condensation of C + D occurs via two enzyme­
catalyzed reactions. First, C is activated to form C-X, which then condenses 
with D to form the final product, C-D. The overall coupled reaction 
sequence is catalyzed by four different enzyrnes. 

THE ACTIVE SITE 

An enzyme-catalyzed reaction S....,. P can be written 

E s- p 

but it was recognized quite early that the enzyme, E, and the substrate must 
combine in some way during the reaction. The overall reaction sequence can 
be written as: 

S+E-ES-EP~E+P 

t l 
Although the enzyme participates in the reaction sequence, it is not used 
up. Thus, only a few molecules of E might catalyze the conversion of 
thousands of molecules of S to P each second. The existence of an 
enzyme-substrate complex, ES, was inferred frorn (a) the high degree of 
specifıcity exhibited by enzymes, (b) the shape of the velocity versus substrate 
concentration curve, and (c) the fact that substrates frequently protect 
enzymes from inactivation. The high degree of specificity prompted Emil 
Fischer in 1894 to suggest the template or lock-and-key analogy. This relation­
ship assumes that the enzyme possesses a region, called the active site, which is 
complementary in size, shape, and chemical nature to the substrate molecule 
(Fig. 4-2). The more modern jlexible ımzyme or induced fit hypothesis of 
Koshland suggests that the active site need not be a · preexisting rigid 
geometrical cavity, but rather a specific and precise spatial arrangement of 
amino acid R-groups that is induced by contact with the substrate (Fig. 4-3). 

The· active site of an enzyme occupies only a very small portion of the 
enzyme molecule. In fact, there may be only a dozen or so amino acid 

{Top) (Top) 

+ 

(Side) (Side) 

Figure 4-2 Lock-and-key (template) hypothesis of enzyme specificity. 



L 

ENZYMES AS BIOLOGICAL CATALYSTS 211 

(a) (b) (c) (d) 

Figure 4~3 Induced-fit hypothesis of Koshland. (a) The substrate approaches 
the active site. (b) Substrate binding induces the proper alignment of the 
catalytic groups, A and B. (c) and (d) Substrate analogs (competitive inhibitors) 
bind to the erızyme (aided by group C) but the catalytic groups are not aligned 
properly. (Redrawn from D. E. Koshland, Jr., Cold Spring Harbor Symposia on 
Quantitative Biology, 28, 473 (1963).] 

residues surrounding the absorption pocket and, of these, only two or three 
may actually participate in substrate binding and/or catalysis. Why then are 
enzymes large proteins instead of small tripeptides or dodecapeptides? The 
answer is obvious when we consider that the two or three essential R-groups 
must be perfectly juxtaposed in three dimensional space. A small linear 
peptide might contain ali the essential binding and catalytic groups, but the 

Figure 4-4 The active site (shaded area) occupies only a small region of 
the enzyme. A, B, and C are the amino acid R-groups responsible for 
substrate binding and catalytic activity. 
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fixed bond distances and angles would not allow the essentiaJ R-groups to 
assume the required spatiaJ relationship. A large protein cornposed of 
hundreds of amino acid residues can bend, twist, and fold back on itself and 
thereby fix the positions of the essential R-grou ps exactly in space (Fig. 
4-4). The three essential groups that compose the catalytic center might be 
residues number 40, 41, and 92. A great many of the other (noncatalytic) 
amino acid residues play an equally important role, that of maintaining the 
enzyme in its tertiary structure (via electrostatic interactions, hydrogen bonds, 
dipole-dipole interactions, disulfide bonds, and hydrophobic interactions). 

FACTORS RESPONSIBLE FOR THE CATALYTIC 
EFFICIENCY OF ENZYMES 

N ow that we have examined the concept of the 2.ctive site, we can return to an 
important question: how do enzymes lower the activation energy? A 
number of factors have been suggested that we can examine in a very 
qualitative way. First of all, it is generally agreed that most enzyme-catalyzed 
reactions proceed via recognized organic reaction mechanisms (e.g., general 
acid-base catalysis, nucleophilic and electrophilic displacements) in which the 
enzyme provides the catalytic groups. Certainly, some of the rate enhance­
ment by an enzyme stems from proximity and orientation factors. For two 
substrate molecules (or a substrate molecule and a catalytic group) to react 
they must get close enough to each other and the approach must occur at the 
proper angle. In solution, the random motion of the two molecules would 
yield a low probability of an effective collision. When the two molecules are 
adsorbed onto the active site of the enzyme (or when one of the reactants is 
the substrate and the other reactant is an R-group of the active site), then both . 
the intermolecular distance and orientation rnay be optimized. The effective 
"concentration" ofa substrate in the volume of the active site is much greater 
than the concentration in the solution from which the substrate was ab­
sorbed. Koshland and co-workers have proposed that the active sites of 
enzymes are so constructed that they align the orbitals of the substrate and 
cataJytic groups optimally to enter the transition state. This concept is called 
orbital steering. A qualitatively similar concept of stereopopulation control has 
been discussed by Milstien and Cohen. These workers point out that the 
combined effect of multipoint attachment and the precise fit of the substrate 
into the active site would tend to restrict the rotational freedom of the 
substrate and "freeze" it into a unique conformation. Also, we might expect 
that substrates confined to the active site of an enzyme have a relatively long 
residence time (cornpared to the time interval that the same substrates would 
be within striking distance of each other if they were in random motion in 
solution). As a consequence of this substrate anchoring (as termed by 
Reuben), the number of substrate molecules attaining the transition state per 
unit time may be increased tremendously. 

The idea that certain bonds of the substrate are distorted upon binding to 
the enzyme has been suggested by several workers. This so-called rack 
mechanism assumes that the substrate fits loosely into the active site, but the 
bonds that are formed between the enzyme and the substrate are so strong 
that a susceptible bond within the substrate, is distorted producing the 
activated transition state (Fig. 4-5). In this mechanism, a portion of the 
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P+Q~ H 

Figurt 4-5 Distortion or rack mechanism. 

activation energy is provided directly by the binding forces between E and 
S. Although the mechanism is easily illustrated for a cleavage reaction, 
similar distortion models can easily be imagined for condensations and group 
transfer reactions in which the transition states of the substrates are more 
tightly bound to the enzyme than the unactivated substrates. 

· Problem 4-1 

Under most in vitro assay conditions, the enzyme is used in catalytic amounts 
(10-ıt to ıo-s M}. Estimate the concentration of an enzyme in a living 
celi. Assume that (a) fresh tissue is 80% water and all of it is intracellular, (b) 
the total soluble protein in a cell represents 15% of the wet weight, (c) ali the 
soluble proteins are enzymes, (d) the average molecular weight ofa protein is 
150,000, and (e) about 1000 different enzymes are present. 

Solution 

The intracellular concentration of soluble protein (enzymes) is 

15 g protein 15 g protein . 
100 g wet weight = 80 g water = 0.1875 g protem/g water 

OT 187 .5 g/liter 

The total molarity is 

187 .5 g/liter -ı 1.25 x 10_, M 
0,000 g/mole - ,_ ______ _, 
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lf there are 1000 different enzymes, the average concentration of each is 

ı.2s x ıo-' =I 1.25 x ıo~ M 
103 . 

Thus, we might expect a range of ıo-s to ıo-• M for individual en­
zymes. (See Problem 4-22 for another way of estimating the intracellular 
concentration of an enzyme.) 

B. ENZYME KINETICS 

Enzyme kinetics is that branch of enzymology that deals with the factors 
affecting the rates of enzyme-catalyzed reactions. The most important 
factors are those of enzyme concentration, Hgand concentrations (substrates, 
products, inhibitors, and activators), pH, ionic strength, and tempera­
ture. When all these factors are analyzed properly, it is possible to learn a 
great deal about the nature of the enzyme-catalyzed reaction. For example, 
by varying the substrate and product concentrations, it is possible to deduce 
the kinetic mechanism of the reaction, that is, the ordei- in which substrates add 
and products leave the enzyme and whether this order is obligate or 
random. Such studies. can establish the kinds of enzyme-substrate and 
enzyme-product complexes that can form, and in some cases provide evi­
dence for stable, covalently bound intermediates that are undetectable by 
ordinary chemical analyses. Certain kinetic constants can be determim;d and 
from these we can deduce the usual intracellular concentrations of substrates 
and products and the physiological direction of the reaction. The kinetics .of 
a reaction may indicate the way in which the activity of the enzyme is 
regulated in vivo. A study of the effect of varying pH· and temperature on 
lhe kinetic constants can provide information concerning the identities of the 
amino aciq R-groups of the active site. A kinetic analysis can lead to a model 
foran enzyme-catalyzed reaction and, conversely, the principles of enzyme 
kinetics can be used to write the velocity equation for an attractive model, 
which can then be tested experimentally. 

A SIMPLE UNIREACTANT SYSTEM-RAPID EQUILIBRIUM 
APPROACH (HENRI, MICHAELIS, AND MENTEN) 

The simplest enzyme-catalyzed reaction involves a single substrate going to a 
single product. The system is called Uni Uni in the commonly used Cleland 
npmenclature. The reaction sequence is: 

ı, l, 1, 

E + S ~ ES :;;:::::::== EP :.:=== E + P 

ES and EP are called central complexes. For simplicity, we will assume that 
there is only one central complex and that the reverse reaction is insignifi­
cant. This latter assumption is valid if we concem ourselves with the initial 
velocitJ in the forward direction before a significant concentration of P has 
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accumulated. Thus, the reaction under consideration can be written: 

J:.l .. J:~ 

E + S :;;:::==:: ES - E + P 
Lı 

The velocity equation can be derived in either of two ways. The simplest 
method assumes rapid equilibrium conditions. That is, that E, S, and ES 
equilibrate very rapidly. compared to the rate at which ES breaks down to 
E + P. The instantaneous velocity at any time depends on the concentration 
of ES: 

V = k;, [ES] 

kp is called the catalytic rate constant. The total enzyme ıs distributed 
between E and ES: 

[E], = [E] + [ES] 

Dividing the velocity-dependence equation by [E],, where [EJ + [ES] is used on 
the right-hand side, we obtain: 

_v_ = kp [ES] . 
[EJ, [E] + [ES] 

Because of the equilibrium assumption, [ES] can be expressed in terms of [S], 
[E], and Ks, where Ks is the dissociation constant of the ES complex: 

K _ [E)[S] _ L, 
s- [ES] -hı 

[ES] = [SJ [E] 
Ks 

Substituting for [ES]: 

V 

[EJ, 

k;, [S] [EJ 
Ks · 

[EJ + f S] [E]. 
Ks. 

Or, cross multiplying k;, and canceling [E]: 

[S] 

_v_=~ 
kp [E], l + [SJ 

Ks 

If v = k;, [ES], then kp [E], = V max, the maximal velocity that would be 
observed when ali the enzyme is present as ES. 

(1) 

AH velocity equations · for rapid equilibrium systems can be derived in the 
above manner. The numerator of the right-hançl side of the final equation. 
will contain terms corresponding to the complexe~ that yield product. The 
denominator will contain a term for each enzyme species present. The term 
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for any given complex contains a numerator and a denominator. The 
numerator of the term is the product of all ligand concentrations in the 
complex. The denominator of the term is the product of all dissociation 
constants between the complex and free E. The "l" in the denominator of 
the final velocity equation represents free E. In the simple unireactant 
system, there is only one product-forming complex, ES, and two enzyme 
species, E and ES. Hence, the nurnerator of the final velocity equation has 
only one term, while the denominator has two terms. The velocity equation 
for the simple unireactant system can be rearranged to yield the more familiar 
Henri-Michaelis-Menten equation: 

V [S] 
V....., = Ks+[S] (2) 

The Hertri-Michaelis-Menten equation gives the instantaneous or initial veloc­
ity relative to V.,..,.., at a given substrate concentration. The equation is valid 
only if v is measured over a short enough tirq.e.so that [S] rernains essentially 
constant. This requires that no more than t5% of the substrate be utilized 
over the assay period. ·, 

THE STEADY-STATE APPROACH (BRIGGS AND HALDANE) 

If the rate at which ES forms E + P is rapid compared to the rate at which ES 
dissociates back to E + S, then E, S, and ES will not be at equilibrium. (The 
equilibrium level of ES cannot accumulate.) If the enzyme is present in 
"catalytic" amounts (i.e., [S] ~ [E],), then very shortly after mixing E and s; a 
steady-state will be established in which the concentration of ES remains 
essentially constant with time (Fig. 4-6). A velocity equation can be derived in 
a manner very similar to that described earlier. This time, however, the 
concentration of ES is obtained from steady-state equations instead of 
equilibriiım expressions. The reaction sequence is: 

lı 1 

E+S~ES~E+P 
l-'ı 

As usual: 

V = kv[ES] 
V k,. [ES} 

(E], = [E] + [ES] 
(2a) 

If the concentration of ES is constant, then the rate at which ES forms equals 
the rate at which ES decomposes. ES forms by one process: 

"• E+S---+ES 

ES decomposes by two processes: 

lı 

ES~E+P and 
1ı_, 

ES---+E+S 

rate of ES formation = kı[E][S] 
rate of ES decomposition = k-ı[ESJ + k,. [ES] = (k-ı + k,. )[ES] 
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Figure 4-6 Progress curve fora catalyzed reaction where the initial reactant 
(substrate) concentration, [S]<ı, is significantly greater than the initial enzyme 
concentration, [E],. As the ratio of (S]o/[EJ, increases, the steady-state 
region accounts for an increasing fraction of the total reaction time. T 
represents the pr~stt;acl_y-st3:.te interval. 

At the steady-state, d(ESJ/dt = O, or 

kı[E)[S) = (k-ı + kı,)[ES] 
Solving for [ES): 

[ES]= k,[E][SJ 
(k-ı + kt,) 

The group of three rate constants can be defined as a single "Michaelis" 
constant, K..,: 

K = k-, + kı, 
"' hı 

[ES]= [S] [E] 
K= 

which upon substitution into the velocity dependence equation(2a) yields 

V [S] --=--~-
V,,,,._x K.,. +[S] 

{3) or 

Thı.ıs, the form of the velocity equation is the same as that derived for rapid 
equilibrium conditions. Only the rate constants that compose the final 
constant, K, differ. Note that the expression for [ES] can be rearranged to: 
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Thus, Km, the Michaelis constant, is a dynamic or pseudo-equilibrium constant 
expressing the relationship between the actual steady-state concentrations, 
rather than the equilibrium.concentrations. If hı, is very small compared to 
Lı, Km reduces to Ks. A steady-state treatment of the more realistic reaction 
sequence E + S :.=:: ES :.=: EP :.=:: E + P yields the same final velocity equation 
although now K,,, is a more cornplex function, composed of the rate constants 
of all the steps. Thus, the physical significance of K,.. cannot be stated with 
any certainiy in the absence of other <lata concerning the relative magnitudes 
of the various rate constants. Nevertheless, K,. represents a valuable con­
stant that relates the velocity of an enzyme-catalyzed reaction to the substrate 
concentration. Inspection of the Henri-Michaelis-Menten equation shows 
that K.,.' is equivalent to the substrate conEentration that yields half-maximal 
velocity: 

- [S] 
V - K,,, + [S] V m= 

when [S) = K,,,: K,,. ıy 
V = Km + K,,.. V m•~ = 2 max 

WHY DETERMINE Km? 

The numerical value of K,,. is of interest for several other reasons: (a) the K,,. 
establishes an approximate value far the intracellular level of the sub­
strate. It is unlikely that this Ievel would be significantly greater or signifi­
cantly lower than Km, If (S];n,meıı ~ K,,,, v would be very sensitive to changes 
in [S] but most of the catalytic potential of the enzyme would be wasted since v 
would be <o; V ""'"" There is also no physiological sense in maintaining 
[S] ;l,> K,,. since v cannot exceed V max, and the difference between v at [S] = K,. 
and v at [SJ = 1000 K,,. is only twofold. Alsa at [S) ;l,> K,., v becomes insensi­
tive to small changes in [S]. (b) Since K,,, is a constant for a given enzyme, 
its numerical value provides a means of comparing enzymes from different 
organisms OT from different tissues of the same OTganism, or from the same 
tissue at different stages of development. In this way, we might determine 
whether enzyme A is identical to enzyme B, OT whether they are different 
proteins .that catalyze the same reaction. (N ote that V m= is not a con­
stant. V rrıa>< depends on hı,, which is a constant, and the concentration of 
enzyme in the assay.) (c) A ligand-induced change in the effective value of 
Km is one mode of regulating the activity of an enzyme. If K .. determined in 
vitro seems "unphysiologically" high then we might search for activators that 
function in vivo to lower the effective Km. By measuring the effects of 
different compounds on K,,. we might identify physiologicaHy important 
inhibitors as well. (d) If we know K,., we can adjust the assay conditions so 
that [S) ;>,> K,. and thereby determine V max, which is a measure of [EJ,. (e) 
The Michaelis constant indicates the relative "suitability" of alternate sub­
strates ofa particular enzyrne. That is, the substrate with the lowest K,. value 
has the highest apparent affinity for the enzyrne. (The "best" substrate is 
tfiat which has the highest V rnax/K,. ratio.) 

! »r 
bı ,.;- . J [c \O' 

· Pro em 4·2 yıı.i'.,./- .ı.:,<' 

Given the reaction E + S ~ ES~ E + P where kı = 1 x 107 M-ı x sec-1, 

Lı 

k-ı = 1 X 102 sec-1 , and kt, = 3 X 10' sec-1, calculate (a) Ks and (b) K,.,. (c) Can kp 
be very much greater than k1? 
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Solution 

(a) 
k-, 1 x 102 sec -ı _5 '8 Ks =,;; = 1 X 101 M-ı X sec-ı = 1 X 10 M 

(b) 
K _ k-, +hı,_ (1 X 102 sec-1) + (3 X 102 sec-1) 

"' - kı · - 1 X 107 M-ı X sec -ı 

(c) Students often have the mistaken idea that kı, cannot be greater than k1 

because if kı,;;;. kı it would mean that "ES breaks down faster than it 
forms." First of all, hı, and kı have different units and cannot be compared 
directly; hı has units of M-ı X sec-• or M-ı X min-ı while hı, has units of sec-• or 
min-1• Fi.irtherniöre, hı and k,, are not rates but, instead, they are rate 

~ --constant-S (second-order and fiı'st-order rate constants, respectively). The rate 
of ES formation is k,[E][SJ. The rate of ES breakdown to E + P is 
hı, [ES]. Thus it is quite possible for kı, to be numericaUy much greater than 
k1• But for any given substrate and enzyme concentration kı,[ES] cannot 
exceed k1[E][S]. It is also quite possible for k~ '!,> k-1 (in which case, Km 
reduces to kı,/k,). 

HALDANE RELATIONSHIP BETWEEN KJNETIC CONSTANTS 
AND EQUILIBRWM CONSTANT 

The constants K ... and V m= were derived in terms of the various rate constarits 
of the overall reaction. The equilibrium constant for the overall reaction is 
~omposed of the same rate constants. Consequently, it should be possible to 
express K~ in terms of K.,,. and V m.x, For example, consider the simple 
two-step reaction shown below. 

k, .. :2 

E+S~ES~E+P 
"-ı "-2' 

The reaction may be measured in either direction. We will designate the K,,, 
values for S and P as Km.s and K,.,, respectively. The maximal initial velocities 
in the fonvard and reverse direction will be designated V m=ı and V ,,m,,, 
respectively. As shown earlier; 

K =kı+Lı 
""' kı 

and 

By an identical steady-state treatment, we can show that: 

and V m"", = Lı[E], 

The overall equilibrium constant for the reaction reading left to right is the 
product of the equilibrium constants for the individual steps which may be 
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expressed in terms of the rate constants: 

k1k2 
K«ı.=KıK2=-k k 

-ı -2 

We can express this grouping of rate constants in terms of Km and V"""' values 
as shown below. 

Now dividing one ratio by the other: 

or 

Vm,.,JKms_ (k,ME],)(k2+k-,) 
V m•x, / Km, - (k2 + Lı)(L2Lı[EJ,) 

(4) 

The relationship between Kcq, K .. , and V m•x is known as the Haldane equation. 

REVERSIBLE REACTIONS-EFFECT OF PRODUCT ON 
FORWARD VELOCITY 

Strictly speaking, ali enzyme-catalyzed reactions are reversible. The overall · 
reaction can be represented as: 

Under the usual assay conditions, velocities are measured very early in the · 
reaction before the product concentration has increased to a significant , 
level. For the reaction sequence shown above, we can calculate the initial 
velocity for the reaction in either direction from the appropriate Henri­
Michaelis-Menten equations. 

When [P] =O: 
V max1(S) 

Vı = Kms + [SJ and when[S] = O: 
Vm.,,.[P] 

v. = Km,+ [P] 

It would be instructive to examine the effect of the product on the initial 
forward velocity. For example, suppose we have a solution containing a 
certain concentration of Sanda certain concentration of P. In the absence 
of an appropriate enzyme, the reaction does not occur at a measurable 
rate. Now we add an enzyme catalyzing the reversible reaction S :;;=: P. In 
which direction and at what rate will the reaction progress? The direction of 
the reaction will depend on the ratio of [P]/[S] relative to Kecı. An equation 
for the net velocity can be derived quite easily from rapid equilibriurn 
assumptions (where K""' = Ks, and Km,= Kp). 
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or 

Vnet = kt[ES] - k-2[EP] 

Vn« k2[ES]- k-t[EP] 
[E], = [E] + [ES] + [EP] 

[ES]= [S] [EJ [EP] = [P] [E] 
Ks Kr 

Vne, 
k, [S] [EJ - k-2 [PJ [E] 

Ks Kr 

( 1!1) V m""ı [S] - Kcıı 

V,.et= Ks(l+~!)+[S] 
where 

v 
(5) 

(6) 

A steady-state treatment yields the same final equations with Kms and K .. p 

replacing Ks and Kr. In place of the usual [SJ in the numerator of the above 
equation, we have the difference between [SJ and the equilibrium value of 
[SJ. The Ks term in the denominator is modified in a manner consistent for 
the product acting as a competitive inhibitor with respect to the substrate. In 
other words, the initial net velocity depends on the displacement of the system 
from equilibrium (i.e., the thermodynamic driving force) and the amount of 
enzyme tied up with product. A more detailed account of competitive 
inhibition is given in a later section. 

VBLOCITY VERSUS SUBSTRATE CONCENTRATION CURVES 

The Henri-Michaelis-Menten equation describes the curve obtained when 
initial velocity is plotted versus substrate concentration. The curve shown in 
Figure 4-7 is a right rectangular hyperbola with limits of V"""' and - K,.. The 
curvature is fixed regardless of the values of Km and V .,_. Consequently, 
the ratio of substrate concentrations for any two fractions of V .,,.,. is constant 
for all enzymes that obey Henri-Michaelis-Menten kinetics. For example, 
the ratio of substrate required for 90% of V max to the substrate required far 
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Figure 4-7 The curvature of the v versus [S] plot is constant. [S]o.s/[S]oı 
always equals 81 regardless of the absolute values of Km and V =•· 

10% of V "'"" is always 81 as shown below: 

When v = 0.9 V ma><; 

When v = 0.I Vmax: 

• Problem 4-3 

O 9 = [S]o.9 
. K..,. +[S]o.9 

O 1 = [S]o.ı 
· Km+ [S]o.ı 

[S]o.9 = Sl 
[S}o.ı 

[S]o.9 = 9 K,,. 

[ Km 
S]o.ı =9 

(a) What fraction of V m= is observed at [S] = 4 Km, [S] = 5 Km, [S] = 6 Km, 
[S] = 9 K,,., and [S] = 10 Km? (b) Calculate the ratios of [S]og/(S]o.s and 
[S]o.1s/[S]o.5• 

Solııtion 

•(a) Without any hesitation or substitution we can state that: 

At [S] = 4 Km, v = l V max; at [S] = 5 K,,., v = ~ V max; at [S] = 6 Km, v =; V m.x; 
at [S] = 9 Km, v a=: fu V """'; at [SJ = 10 Km, v = tf V ınax• 

(b) As shown above, [S]o.9 = 9 Km and, of course, [S]o.s = K .... Therefore, the 
[S]o.9/[S]o.s ratio is always 9, regardless of the absolute values of V m•" and 
K.. We observe 0.75 V ,,,.,. at [S] = 3 K,,,. Thus, [S]o.s/[S]o.1s is always 3. 
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@Problem 4-4 

The following data were recorded for the enzyme-catalyzed reaction S ~ P. 

[SJ 

(M) 
6.25 ·x 10-ı; 
7.50 X 10-s 
1.00 X 10-4 

ı.oox ıo-~ 
}.00 X 10-! 

V 

(nmoles x liter-1 X min-1) 

15.0 
56.25 
60 
74.9 
75 

(a) Esrimate V max and K,.. (b) What wou}d u be at [S] = 2.5 X ıo-s M and at 
[S] = 5.0 x ıo-s M? (c) What would u be at 5.0 x ıo-s M if the enzyme 
concentration were doubled? (d) The ti given in the above table was 
det~r~ined by measuring the concentration of product that had accumulated 
over a 10-minute period. Verify that v represents a true initial (or "instan­
taneous"} velocity. 

Solution 

(a) The best way to obtain V max and K ... is to plot the data by one of the 
methods described later. However, for the present, we see that v becomes 
insensitive to changes in fS] above ıo-s M. · That is, in the region of [S) = ıo-s 
to 10-2 M, t1 must be very dose to V m•x· 

V .... ., = 75 nmoles x liter -ı X min -ı 

To solve for K ... , we can pick any v and the corresponding [S]: 

ti [$] 60 10-4 

Vm.,. = K ... + [S] 75 = K."' + ıo-• 
75 X 10-4 = 60 K.,,. + 60 X 10-4 

K ... = 15 ~~0-4 = 0.25 X ıo-• 

K ... =2.5X 10-5 M 

Any other set of data should give the same answer if the enzyme obey_s the 
Henri-Michaelis-Menten equation. 

(b) At [S] = 2.5 x ıo-s M = K .. , v = 0.5 V '"""' or 

v = 37.5 nmoles X !iter -ı X min -ı 
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At [S] = 5.0 X ıo-s M: 

V 5 X 10-5 5 
75 (2.5 X 10-5) + (5 X 10-5) 7 .5 

_ (5)(75) v----
7.5 

or v = 50 nmoles x liter-1 X min-1 

N ote that when [S} = 2 Km, v is not V max, although when [S] = K .. , v is 
0.5 V max· We are not dealing with a linear relationship · but, instead, a 
hyperbolic relationship. 

(c) The Henri-Michaelis-Menten equation can be written as: 

[S] 
V =Km+ [S] kp[E], 

Thus, v is directly proportional to the enzyme concentration at all substrate 
concentrations. Doubling [E], at [S] = 5 X 10-5 M doubles V mox and, hence, v. 

v = 100 nmoles X liter-1 X min-1 

(d) The velocity can be considered as the true initial or instantaneous 
velocity only if the substrate concentration remains essentially constant over 
the assay time, that is, only if a small fraction of [SJ is utilized. This is no 
problem at substrate concentrations that are relatively high compared to K,,., 
so !et us check for substrate depletion at the lowest [S] used. The apparent v 
at 6.25 x ıo-s M [S] is 15 nmoles x liter-• x min-• or, in other words, 150' 
nmoles/liter of P had accumulated (and 150 nmoles of S had disappeared) in 
10 minutes. 

150 X 10-9 moles S utilized per liter _ 0.150 X 10-6 

_6.25 X 10-6 moles S originally present per !iter - 6.25 X 10-6 

0.024 or 2.4% 

Only 2.4% of S was utilized. Anything less than 5% is acceptable. 

• Problem 4~5 

The equilibrium constant for the reaction S:;;:: P is 5. Suppose we have a 
mixture of [S] = 2 x 10-4 M and [P] = 3 X ıo-~ M. K..,. = 3 x 10-s M, Vm""r = 
2 µmoles X liter-1 X min-•, V max, = 4 µmoles X liter-1 X min-1• (a) In which di­
rection will the reaction proceed on addition of an appropriate enzyme? (b) 
At what initial velocity will the reaction start towards equilibrium? 

Solııtion 

(a) The existing [P]/(S] ratio is 1.5, which is less than K.,.,. Conseq_uently, the 
reaction will proceed from S to P. 
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(b) In order to calculate the initial Vııc,, we need to know !{.,,. This can be 
calculated from the Haldane equati~n. 

K _ Vmax1K,.., 
«ı - V m.,...Kms 

2K,,.,. 
5 = (4)(3 X 10-5} 

K .. p = 3.0 X 10-c M 

13.33 -4 =----
1 +6.67+ 1 

9.33 
8.67 

Vnet = 1.08 µ.moles X liter -ı X min -ı 

C. REACTION ORDER 

If we examine the v versus [S] curve, we find three distinct regions where the 
velocity responds in a characteristic way to increasing [SJ (Fig. 4-8a ). At very 
low substrate concentrations (e.g., [S] < O.Ol K ... }, the v versus [S] curve is 
essentially linear, that is, the velocity (for ali practical purposes} is directly 
proportional to the substrate concentration (Fig. 4-Bb ). This is the region of 
first-order kinetics. At very high substrate concentrations (e.g., [S] > 100 K ... ), 
the velocity is essentially independent of the substrate concentration. This is 
the region of zero-order kinetics (Fig. 4-Bc ). At intermediate substrate con­
centrations, the relationship between v and [SJ follows neither fir!lt-order nor 
zero-order kinetics. The characteristics of the first-order and zero-order 
regions are described below. 

P1R.ST•ORDBR KINEI'ICS 

The linear relationship between v and [SJ when [S] <ol: K ... can be derived from 
the Henri-Michaelis-Menten equation. 

Vmax[SJ 
V = K ... +[S] 
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1 When [S] <{ Km, the [S] in the denominator may be ignored and the equation 

reduces to: 

OT (7) 

here k ·15 the first-order rate coristant for the overall reaction. The units of t are ınin- 1 if v is expressed as moles X liter-' X min -ı and K= is expressed as 

moles/liter: 

V max moles X liter-ı X min-1 

k = K,,. = moles X liter -ı 
(moles) Iiter l 

(liter)(min) X moles = min 

The equation expresses the fact that when [SJ is very small, the absolute 
velocity decreases from moment to moment as [S] decreases (Fig. 4-
ga ). Bowever, at any given moment, a constant fraction of the substrate 
present undergoes conversion to product: 

or 

- d.[SJ '., 
dt 

The arnount of 
S used up P."~ · 
small incrernent 
of time ... 

V k 

that is, is some 
the constant 
velodty ... fraction ... 

- d [S]/[S] = k 
dt 

[S] 

ofthe 
substrate 
presenı at 
that time. 

Thus, the physical significance of the first-order rate constant is that it 
approxirnates t_he fraction of the substr'ate present that is converted to 
product per small increment of time. Ak that is greater than 1 min-1 means 
that rrıore than 100% of the substrate present at zero time would be utilized in 
a minute if v remained constant fora minute. It may be more meaningful to 
express k values in units that yield numerical values that are less than unity. 

V 

(a) 
Time 

(b) 

Figure 4-9 First-order region of the velocitY curve. (a) v decreases 
continually with time. (b) The appearance of.İ".and disappearance of S are 
not linear with time. · 
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Because v decreases with time in the fırst-order region, plots of [S] versus 
time and [PJ versus time are curved (Fig. 4-9b ). W e can determine the 
amount of substrate utilized or product formed during any given time 
interval by using the integrated first-order rate equation: 

V = - d [S] = k [S] 
dt 

or - d[SJ = kdt 
[S] 

Integrating between any two different substrate concentrations, [S]o and [SJ, 
and the corresponding times, !o and t: 

LlSJ d[S] _ 1· - --k dt 
[Slo [S] t4 

[S]o 
ln-= k(t - !o) 

[S] , or 
[S]o 

2.3 log [S] = k(t - to) 

lf [S]o = the initial substrate concentration, and to = zero time, then the above 
equation may be written as: 

[S]o 
2.3 log {S] = kt (8) 

where t = elapsed time 
[S] = substrate concentration at time t 

In exponential form, the equation may be written: 

[S] = [S]oe -ı.• (9) 

Equation 8 may be rearranged to: 

k 
log [SJ = - 2_3 t + log [S]o (10) 

Thus, a plot of Iog [S]. versus t is linear with a slope-of - k/2.3' and an inter­
cept of log [SJ0 on the log [S] axis (Fig. 4-10). When [SJ = Y![S]0, t = the "half­
life," t 112• In other words, t112 is the time required to convert hal( the substrate 
originally present lcı product. Tfie t1ız is constant for first-order reactions and 
is related to k as shown below. 

1 2.3 log2 
2.3 log 0_5 = kt112 k, = t,12 

0.693 
-k-::::; tı12 (11) 



Time 

Figure 4-10 Semilog plot of the integrated 
first-order velocity equation. 

ZERO-ORDER KINETICS 
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When [S] ~ Km, the K,,. in the denominator of the Henri-Michaelis-Menten 
equation may be ignored and the equation simplifies as shown below. 

_ V ınax[S] ısı ... x .. 
v- K,,, +[S] 

or 

Ymax[S] 
[SJ 

For all practical purposes, the velocity is constant and independent of [S] (Fig. 
4-11). Plots of [S] versus time and [P] versus time are linear. 

Vmax -----------

il 

o 

Figure 4-11 
over time. 

Time o t [SJo 
lS = 2V"'"" 

Time 
(a) (b) 

Zero-order region of the velocity curve. (a) The velocity is constant 
(b) P appears and S disappears linearly with time. 
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• Problem 4-6 

Estimate k, the first-order rate constant, for an enzyme preparation with a 
V m"" of 4.6 µmoles x liter-ı x min -ı under the given experimental côndi~ 
tions. Km = 2 x 10-6 M. 

Solution 

or 0.0383 sec-• 

Thus, a k of 2.3 min-1 means that approximately 3.83% of [S] is utilized each 
second. 

· Problem 4-7 

An enzyme was assayed at an initial substrate concentration of 10-5 M. The 
K= for the substrate is 2 X 10-3 M. At the end of 1 min, 2% of the substrate 
had been converted to product. (a) What percent of the substrate will be 
converted to product at the end of 3 min? What will be the product and 
substrate concentrations after 3 min? (b) If the initial concentration of 
substrate were 10-6 M, what percent of the substrate will be converted to 
product after 3 min? (c) What is the maximum attainable velocity (V m.»J with 
the enzyme concentration used? (d) At about what substrate concentration 
will V rn= be observed? (e) At this S concentration, what percent of the 
substrate will be converted to product in 3 min? 

Solııtion · 

(a) At an initial S concentration of ıo-5 M (which is less than O.Ol K,,,), the 
reaction will be first-order-the velocity will be directly proportional to the S 
concentration. Because [S] keeps decreasing with time, v~ will alsa decrease 
with time. For first-order reactions, a constant propo-;tion df the substrate is 
converted to product per unit time (nota constant amount). We can solve the 
problem in two ways. Üne way is an approximate method that assumes the 
velocity is constant over a small increment of time. The exact method takes 
note of the fact that v is constantly changing. 
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Approximate Method Exact Method 
At the end of 1 min, 2% of the . First calculate k knowing that at the 

substrate is used, leaving 98%. Dııring end of 1 min 98% of the original 
the second minute, 2% of the remain- substrate remains. 
ing 98% will be used up; 2% of 98% is 
1.96% more . 2.3 log [[~]]o= kt 

. ·. By the end of 2 min, 2% + 
Let: 

1.96% = 3.96% of the substrate will be 
[S}o = 100 and [S] = 98 gone, leaving 100% - 3.96% = 

96.04%. During the third minute, 
2% of the remaining 96.04% will be 
used up; 2% of96.04% is 1.92% more. 

. ·. By the end of the third minute, 
3.96% + 1.92% = 5.88% of the sub-
strate will be gone, 1eaving 100% -
5.88% = 94.12%. 

[product] = 5.88% of ıo-s M 
= 0.0588 X 10-5 M 1 

[productJ = 5.88 X ıo-" M 

[substrate] = 94.12% of 10-5 M 
= 0.9412 X 10-5 M 

[substrate] = 9.412 X 10_,, M 

General Prituiple 

The amount of substrate used in a 
given time interva! (as calculated by 
the approximate method) will always 
be larger than the true value. This 
results from our assumption that the 
velocity is constant over a short time 
interval when in fact it is constantly 
decreasing. 

The true rate constant, k, in terms 
of min-1 will always be larger than the 
fraction of the substrate used per 
minute for the same reason. 

2.3 log •: = (k)(l) 

2.3(log 1.02) = k 

2.3(0.009) = k 

k = 0.0207 min -ı 

N ext calculate [SJ at t = 3 min. 

100 
2.3 log [SJ = (0.0207)(3) = 0.0621 

2.3(log 100 - log [S)) = 0.0621 

4.6- 2.3 log [S) = 0.0621 

- 2.3 log [S] = 0.0621 ~ 4.60 
= -4.54 

-4.54 
log [S] = _ 2_3 = 1.975 

[S) = antilog of 1.975 

[S] = 94.4 

or [S] = 94.4% of original conc. 

[S} = 0.944 X 10-5 M 

rsı =9.44x ,o~ M · ı 
[product] = 100% - 94.4% 

=5.6% 
= 5.6% of ıo-' M 
= 0.056 X 10-5 M 

[productJ = 5.60 x ıo-1 M 

When using the integrated form of 
the first-order rate equation, [S]o and 
[SJ can be expressed in terms of per­
cents (100 and 94.4 in the above ex­
ample), or as decimals (1.0 and 0.944), 
or as actual concentrations (10-s M 
and 0.944X ıo-s M). 
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(b) If the initial substrate concentration were 10-6 M, the reaction would still 
be first-order. The proportion of the substrate converted to product would 
still be 5.6% by 3 min. The amoımt of product formed would, of course, be 
less than in part a. 

(c) V = can be estimated since we know K,,. and an initial velocity (v) at a 
given substrate [S] concentration. At [S) = ıo-, M, 

v = 2% of ıo-, M /min 

2% of ıo-' M /min = 2% x ıo-' moles x liter -ı x min -ı 
= (0.02)(10-' moles x liter-ı x min-1) 

V = 2 X 10-7 moles X liter-1 X min-ı 

V [S] 
Vmax K. + [S] 

2 X 10-7 10-5 10-5 

V max = (2 X 10-') + (10-5) = 201 X 10-5 

V m= = (20l X l&-~2i~ X lO-') = 402 X 10-7 = 40.2 X 10--6 

V = = 40.2 µmoles x liter-1 x min -ı 

( d) V max will be observed at about 100 K=. 

100(2 X 10-3 M) = 2 X 10-ı M = 0.2 M 

[S]=0.2M 

(e) At 0.2 .M, the reaction will be essentially zero-order. 

[product] = V max X t 

= 4.02 X 10-, moles X liter- 1 X min-1 X 3 min 

= 12.06 X ıo-s Mat 3 min 

12.06 X 10-5 .M . 
0.2 M X 100 = % conversıon of substrate to product 

Now that we know Vm.:,. and K,,., we can obtain another estimate of the 
• first-order rate constant, k. 

k = V m1'X = 4.02 X 1 o-s mo;es X !iter -ı X min -ı 
K.. 2 x 10- moles/liter 

k = 2.01 X 10-1 min -ı 
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. probleın 4-8 

An enzynıe was assa yed at an initial substrate concentration of 2 x 10-5 M. In 

6 min, half of the substrate had been used. The K,. for the substrate is 

5 x ıo-' M. Calculate (a) k, (b) V max, and (c) the concentration of product 
produced by 15 min. 

Solutiotı 

The [S] is < O.Ol K.,. The reaction is first-order. 

(a) 

(b) 

(c) 

k= V"'"-" 
K,,. 

0.693 
--=P k • 

0.693 6 . 
-k-= mın 

k :::: 0.115 min-ı 

V =~ = (k)(K,,,) 

k = 0.693 
6 

V m"" = (O.115 min - 1)(5 X 10-3 M) = 0.575 X 10-3 M min-1 

= 0.575 X 10-8 mole X liter-ı x min-1 

V.,,.,., = 575 µmoles X liter -ı X min -ı 

[SJo _ 
2.3 log [S] - kt 

2 X 10-s 
2.3 log [S] = (O. 115)(15) 

2.3 log (2 X 10-5)-2.3 log [S) = 1.725 

2.3 log (S] = 2.3 log {2 x ıo-') - 1. 725 

l [S) = - 10.81-1.725 = -12.533 
og 2.3 2.3 

log [S) = - 5.45 : . [S] = 3.55 X 10-6 M 

[P] = [S)o - [S] = (2 X 10-') -(0.355 X 10-5) 

[P] = 1.645 X 10-5 M 

D. METHODS OF PLOTTING ENZYME KINETICS DATA 

Because the v versus [S] curve is a hyperbola, it is rather difficult to determine 
V m..: and, hence, the [SJ that yields j V"""' (i.e., K,,. ). To facilitate the 
deternıination of the kinetic constants, the data are usually plotted in one of 
the linear forms described below. 
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LINEWEA VER-BURK RECIPROCAL PLOT: 1/t VERSUS 1/[S] 

This plot is based on the rearrangement of the Henri-Michaelis-Menten 
equation into a linear (y = mx + b) form: 

or 

V [S] 
Vmax Km+ [S] 

C . l . I . 1 K,. + [S] 
ross mu tıp yıng; V = V max[S] 

I . V max K,,. + [S] 
nvertıng: -v- = [S] 

. 1 Km [S] 
Separatmg terms: v = V m=[S] + V m=[S] 

.! "" K.,, J_+_l_ 
V V n>.OX [SJ V n-..x 

(13) 

Thus, if we plot 1/v versus 1/[S], the slope = K,./V ""'' and 
the intercept on the y axis = l/V m= (Fig. 4-12). We can also see that when 
1/v = O, (K,. /V max) x (1/[SJ) = - 1/V m,x and, therefore, 1/[SJ = - 1/K,.. Thus, 
the intercept on the 1/[S] axis is - 1/K'". As we shall see later, any factor that 
multiplies the Km term of the original Henri-Michaelis-Menten equation will 
turn out to be a factor of the slope (i.e., of K,. iV m=) in the reciprocal 
equation. Any factor that multiplies the [SJ term of the original equation will 
turn out to be a factor of the 1/v-axis İntercept (i.e., of 1/V max) in the reciprocal 
equation. 

_ Km Km 2Km 3K,. 

(S) o [S] Tsf [SJ 

Range : 0.33-2.0Km 

4 
4 

Yma:ı: 

3 0.8 
3 

Vma( 

0.6 / 0.4 2 

u Yma:ı; 

0.2 

l 
o 0.5 1.0 1.5 2.0 Vm.a:t 

(S'J 

-1 o 1 2 3 
o 

1 
[S'J 

Figure 4-12 Double reciprocal (1/v versus 1/[S]) Lineweaver-Burk 
plot. The [SJ range chosen is optirnal for the determination of K. 
and V=. 
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suBSTRATE CONCENTRATION RANGE 

The concentrations of substrate chosen.to generate the reciprocal plot should 
be in the neighborhood of the Km value. If the concentrations chosen are 
very high relative to the Km value, the curve will be essentially horizon­
tal. This will allow V max to be determined, but the slope of the ]ine will be 
near zero. Consequently, it will be difficult to determine Km accurately. If 
the substrate concentrations chosen are very low relative to the K= value, the 
curve will intercept both axes too close to the origin to allow either V "'"' or K= 
to be determined accurately. (At very low substrate concentrations, the 
reaction is essentiaJly first-order. There is no hint of saturation. V max and 
K .. appear to be infinite.) 

LAHELING THE AXES OF RECIPROCAL PLOTS 

The beginning student sometimes is uncertain about the units used in labeling 
axes or columns of <lata. The uncertainty arises because there are two ways 
of interpreting units containing factors. For example, we might find a 
column headed "substrate concentration" with units of "mM X 102." Below 
the heading we might find the figure "O. 1." Some people interpret the 
heading as "the units of the data" and, hence, the "O. 1" really represents 
O.l x 102 mM or 10 mM. Others interpret the heading as "the numbers 
shown below are mM concentrations that have already been increased 
100-fold." The figure "0.1" then represents 0.1 x ıo-2 mM or 
0.001 mM. Most biochemists use the latter convention. To avoid confusion 
it is desirable, wherever possible, to reduce the data to units that do not 
include factors. In the above example, the column may have been headed 
"substrate concentration, µM." Then, 0.001 mM could have been entered as 

1.0. 
The Lineweaver-Burk reciprocal plot is the most widely used primary 

diagnostic plot. However, the use of the plot has been criticized on two 
grounds: first, equal increments of [S] that yield equally spaced points on 
the basic v versus [S] plot do not yield equally spaced points on the reciprocal 
plot. For example, relative values of [S] equal to 1, 2, 3, ... 10, and so on, will 
yield reciprocal values that tend to cluster close to the 1/v axis. Thus, there 
will be relatively few points at the high end of the 1/[S] scale and it is these 
points that are most heavily weighted in the subjective visual fitting of the 
line. The second, and more important, criticism is that small errors in the 
determination of v are magnified when reciprocals are taken. Errors in the 
determination of v are most likely to be significant at low substrate concentra­
tions (and low values v). üne or two "had" points at high 1/v-l/[S) values 
can introduce a marked error to the slope of the plot. The first criticism is 
dealt with simply by including assay points that yield equal reciprocal 
incrernents. This means that relative substrate concentrations of 1.00, 1.11, 
1.25, 1.43, 1.67, 2.0, 2.5, 3.33, 5, and 10 must be used. 

The Lineweaver-Burk reciprocal plot is not the only linear transformation 
of the basic velocity (or ligand binding) equation. Indeed, under some 
circurnstances one of the other linear plots described below may be more 
suitable or may yield more reliable estimates of the kinetic constants. For 
example, the Hanes-Woolf plot of [S]/v versus [SJ may be more convenient 
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for data obtained at equally spaced increments of [S]. The Woolf-
Augustinsson-Hofstee plot of v versus v /[SJ and the Eadie-Scatchard plot of 
v/[S] versus v do not involve reciprocals of v and, consequently, may be more 
reliable when the error in v is significant. These latter two plots have the 
further advantage of calling attention to points that deviate significantly from 
the theoretical relationship because both plotted variables are influenced in 
the same direction by an error in v. 

HANES-WOOLP PLOT: [S]/v VERSUS [S] 

The Lineweaver-Burk equation may be rearranged to yield the linear. 
equation for the Hanes-Woolf plot: 

.!= K.,. _l +-1-
v V max [S] V m•x 

Multiplying both sides of the equation by [S]: 

@J = [S]K,,. _!_ + [S] 
V Vmax [S] Ym~ 

or ~=.ı_:[S]+ K .. 
V V"""" V ma,,; 

(14) 

Thus, a plot of [S]/v versus [S] is linear with a slope of l/V max· The intercept · 
on the [S]/v axis gives K ... /V "'""' When [S]/v = O, the intercept on the [S] axis 
gives - K.... As usual, care should be exercised in choosing the range of -
substrate concentration. If the substrate concentration range is very low 
compared to K ... , the plot will be nearly horizontal. If the substrate range is 
very high compared to K ... , the plot will intersect the axes very close to the 
origin. The Hanes-Woolf plot is shown in Figures 4-15 and 4-33. 

THE WOOLF-AUGUSTINSSON-HOPSTEE PLOT: .v VERSUS v/[S] ~ 

Another linear form is obtained by rearranging the basic velocity equation as 
shown below. 

_ Vmax[S] 
V - K ... +[SJ 

Dividing numerator and denominator by [S]: 

Vmax v=--
K,.. l 
[SJ+ 

V vK .. 
v= max- [S] 

V vK ... 
''"'" = [S] + V 

V 
V = - K., [S] + V max or (15) 
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The plot of v versus v /[S] is linear with a slope of - K,,,. The intercept on the 
v ax.is gives V max• When v = O, the intercept on the v /[S] axis · gives 

· V.-,./K... If the substrate concentration range is very low compared to K ... , 
the plot will have an extremely steep slope, approaching a vertical line that 
intersects the horizontal axis at V m.,,JK ... (i.e., the first-order rate constant ·for 
the reaction). If the substrate concentration range is very high compared to 
K ... , the plot will be nearly horizontal at a height of V"""' above the v /[S] axis. 
The Woolf-Augustinsson~Hofstee plot is shown in Figures 4-14 and 4-34. 

THB BADm•SCATCHARD PLOT: v/[S] VERSUS v 

If the Henri-Michaelis-Menten equation is rearranged as described above for 
the v versus v /[S] plot, we obtain: 

V vK,,. 
max = [S] + V 

Dividing both sides of the equation by K ... : 

or 
V 1 V,,..,. -=--v+--

[S] K,.. K... (16) 

Thus, a plot of v/[S] versus v is linear with a slope of - 1/K.,,, andan inte'rcept 
of V mvı./K,,, on the v /[S] axis. When v /[S] = O, the intercept on the v axis 
gives V -· The Eadie-Scatchard plot is shown in Figure 4-35. 

• Problem 4.9 

The following data were obtained for an enzyme that catalyzes the reaction 
S ~ P. The substrate concentrations have been spaced to allow use of any of 
the linear plots. Plot the data and determine K... and V ...,.,.. 

[S] 

(M) 
8.33 X 10-6 
ı.oox ıo-s 

1.25 X 10-5 

1.67 X 10-5 

2.oox 10-5 

2.50X 10-5 

3.33 X ıo-• 
4.00X 10-5 

5.QOX 10-5 

6.00x ıo-s 
8.00X 10-5 

ı.oox ıo-t 
2.00 X 10-t 

V 

(nmoles X !iter -ı X min -ı) 
13.8 
16.0 
19.0 
23.6 
26.7 
30.8 
36.3 
40.0 
44.4 
48.0 
53.4 
57.l 
66.7 
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Solution 

The data are arranged in Table 4-1 in a manner suitable for analysis by the 
four different linear plots. in order to avoid problems with units when 
dividing ıı by [S] or [S] by v, ali concentrations are expressed in molarity, and 
ali velocities are expressed in terms of moles per liter per minute. in order 
to simplify the numbers to be plotted, the dedmal point has been moved 
appropriately. Thus, [S] = 2.50 X ıo-s M is indicated simply as 2.5. The 

Table 4-1 

[S] V 1/[S] 1/v v/{S] [S]/v 

(M}X 105 (M X min-1) X 10' (M-')x 10-< (M X min-•r• X 10_, (min)-1 x Hl' (min)X 10-~ 

0.833 13.8 12.00 7.24 1.66 0.602 
1.00 16.0 10.00 6.25 1.60 0.625 
1.25 19.0 8.00 5.26 1.52 0.658 
l.67 23.6 6.00 4.24 1.41 0.709 
2.00 26.7 5.00 3.74 1.34 0.746 
2.50 30.8 4.00 3.25 1.23 0.812 
3.00 34.3 3.33 2.91 1.14 0.875 
3.33 36.3 3.00 2.75 1.09 0.917 
4.00 40.0 2.50 2.50 1.00 1.00 
5.00 44.4 2.00 2.25 0.89 1.13 
6.00 48.0 1.67 2.08 0.80 1.25 
8.00 53.3 1.25 1.88 0.67 1.50 

10.00 57.1 1.00 1.75 0.57 1.75 
20.00 66.7 0.50 1.50 0.334 2.99 

column heading "(M) x 105 " means that the numbers shown represent the 
concenırations multiplied by 105• The v observed at [S] = 2.50 x 10-s M was 
30.8 nmoles X liter-1 x roin-ı or 30.8 x ıo-9 moles X liter-ı x min-1• This is in­
dicated simply as 30.8 under the heading (M x min-1) x 109 , that is, the 
number shown is 109 times the observed V. The corresponding 1/[S] = 
1/(2.5 x 10-5 ) = 0.400 x 105 = 4.00 x 104 • This value is entered simply as 4.00 
and the column is headed (M-1) x ıo-4, that is, the value shown is ıo-4 times 
the true reciprocal concentration. 1/v = 1/(30.8 x 10-11 moles x liter-1 x 
min-1) = 0.0325 x 109 = 3.25 x 107• Only 3.25 is entered. The column head­
ing shows that this represents the true reciprocal velocity multiplied by 
10-1 • With the units chosen, the v/[S] and [S]/v entries come out relatively 

'simple numbers. For example at [SJ = 2.5 x ıo-s M and v = 30.8 x 10-9 M X 

min-1, [S]/v = (2.5 x 10-5)/(30.8 x 10~ = 812 min, which is entered as 0.812 in 
the column headed (min) x ıo-s. The 1/v versus 1/[S], [S]/v versus [S], and v 
versus v/[S] plots are shown in Figures 4-13 to 4-15. The v/(S] versus v plot 
is identical to the v versus v /[S] plot with the axes reversed. 

• Problem 4-10 

Serum lipase activity can be used as an indicator of acute disease of the 
pancreas. However, the interpretation of the data is often uncertain because 
more than one lipase active on a given triglyceride may be present. Which 
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Figııre 4-13 Plot of 1/v versus 1/[SJ of data given in Problem 4-9. 
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Figure 4-14 Plot of v versus v /[SJ of data given in Problem 4-9. 
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Figure 4-15 Plot of [S]/v versus [S] of data given in Problem 4-9. 

240 

' 

B 10 



' NI 
., 1 
E' 
i'J/ . ,s: 

t o.s f 
/ 1. : 

il 1 
1 

o.6 : 
r 
1 
1 
1 

o.4 , 

0.2 

1 
1 
1 

' 

4 6 
1 

2 

{SJ 

(a) 

METHODS OF PLOTTING ENZYME KINETICS DATA 241 

Vmaı:ı Vm••2 +--K.,1 K,., 

\ 
\ \ 1 

8 
\. .-ı 
\ ~~ 

il 
\ .... 
\ .., 

[S] \ Jc 
\ ~ 6 \ ~-:?ı ~\ 
ji\ (b 

'%\ ~ 

4 ,,., 
\ 

\ 
\ 
\ 

2 \ 
\ 

---~~f!!e 2 • 
\ 

\ ---- \ 

8 10 o 4 8 12 16 
u 

(b) 

f Figııre4-16 (a) Plot of 1/v""' versus _I/[S]. Twoenzymes are present: Kn, = 1, Vın .. , = 10; K.., = 10, 
::: V • ,,. ıo. The [S] range plotted ıs 0.1 to 25. (b) Plot of uoı.,/(SJ versus voı,, for the same two 
]:e;;;.;mes described in (a). 
l:/.: 

t_~;. 
\( linear plot would best disdose the presence of multiple enzymes? To decide, 
ç assume that the serum sample contains two enzymes with the following kinetic 
K' constants: K.,,., = 1, V maxı = 10; K ..... = 10, V max2 = 10 .. 
,, 
Y Solııtion 

The observed v would be the sum of the activities of the two enzymes. 

_ _ [S]V,,,.,., + [S]Vm .. 2 

Vob, - Vı + V2 - K,., + [SJ K..,. + [S] . 

Cakulate Vob, over a wide range of substrate concentrations, for example, 
[S] = 0.1 to [S] = 25. Plot 1/Voı,. versus 1/[S], Vob,/[SJ versus v.,b,, and so 
on. A11 the plots are linear if only one enzyme is present. If more than one 
enzyme is present, the plots will deviate from linearity. · Figures 4-16a and b 
show two of the plots. The v..ı,./[S] versus Voı,. obviously provides the better 
indication that the <lata do not conform to a single Henri-Michaelis-Menten 
equation. (The pJot is curved over a wider range of points.) The Vob, versus 
voı,./[S] and [SJ/vob, versus [S] plots are alsa better than the 1/v.,b, versus 1/[6] 
plot for detecting multiple enzymes that catalyze the same reaction. 

SCATCHARD PLOT FOR BQUILIBRIUM BINDING DATA: 
[SJ6 /[S]1 VBRSUS [SJ, OR [S],/[SJ,[E], VERSUS [S]6 /[E], 

Many proteins bind sma11 molecules but do not catalyze a reaction of the 
Jigand. Some examples indude the binding of oxygen by myoglobin or 
hemoglobin and the binding of hormones and drugs by specific receptor 
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(Slr = * = f"' 1 (inside and outside) 

[Slı + (PSJ = f = 1.6 (inside) 

• o @ 
o 

• 
• 

:. [PSJ = [S]0 = 0.6 or [PSI "'i = 0.6 (inside) 

[Plt = ~ = 2.0 (inside) 

[P]f = (P]ı - [PSJ = 2.0 - 0.6 

:. (Pir= 1.4 or !Plt =f = 1.4 (inside) 

Vol = 10...).-':i"' @ o "Y--Lvoı = s 
• • @ • 

o o 
[PS) 3 
(P], = 10 = Q.3 • • 

• • rrı1 csı, (t.4)(1) 
K 5 =[PSJ= ~=2.33 

Figure 4-17 A simple representation of an equilibrium dialysis experiment where 
the volumes inside and outside the dialysis bag are unequal. The large circles 
inside the dialysis bag repTesent a nondiffusible protein, P, which may be an enzyme 
or a noncatalytic binding protein. The small dots represent a diffusible ligand, S, 
which may be a substrate, inhibitor, OT activator, and so on. At equilibrium, the 
concentration of free ligand, [S)r, is the same on both sides of the membrane. The 
excess ligand inside the dialysis bag represents bound ligand, [S)6 OT [PS]. Note 
that if no protein were present inside the dialysis bag, the equilibrium [S]1 would be 
1.2 (6/5 = 1.2 inside the bag, 12/10 = 1.2 outside the bag, or 18/15 = 1.2 overall). To 
minimize the amount of protein and ligand required, equilibrium dialysis is usually 
carried out with specially-made plastic chambers of equal volumes (e.g., 0.1 to 
1.0 mi), separated by a sernipermeable membrane (see Fig. 6-2). 

proteins. The interaction of the protein and the ligand can be studied by 
equilibrium dialysis (Fig. 4-17) and other suitable techniques. The binding of, 
substrates, ~nhibitors, and activators to enzymes can also be studied by 
equilibrium dialysis if no catalytic reaction occurs. (This is feasible with a 
substrate if the reaction requires two substrates and only one is present.) 
Equilibrium binding data are usually analyzed by a Scatchard plot. The 
equatio_n for the Scatchard plot can be derived directly from the equilibrium 
expression for Ks or obtained by modifying the Eadie-Scatchard equation 
(Equation 16). The modification involves substituting [ES] or [S]b for v, and 
n [E], for V = since: 

and V m•• oc n [E], 

where (Sh = [ES) = the concentration of bound ligand 
= the concentration of occupied sites 

[E], = the total enzyme concentration 
n = the number of identical and independent ligand binding sites 

per molecule of enzyme 
n [E], = the total concentration of ligand binding sites 

The equation becomes: 

[S]b = _ _!_ [Sh + n [E], 
[S], Ks Ks 

(17) 
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(S)b 

ıs1, 

[S)ı, 

(a) 

Figure 4-18 Scatchard plots for equilibrium ligand binding. 

[S)b 

[E]ı 

(b) 

where Ks is the intrinsic substrate dissociation constant of a site. The [S]ı 
term in the above equation stands for . the concentration of free sub­
strate. {Usually, it is indicated simply as [SJ.) [S]./[S]1 represents the ratio of 
bound to free substrate. In most in vitro initial velocity studies, the concentra­
tion of enzyme is many orders of magnitude lower than the concentration of 
substrate. Consequently, the formation of ES does not significantly decrease 
the concentration of S and it is safe to assume that the concentration of free 
substrate, [S],. is the same as the total added substrate concentration, [SJ,. In 
equilibrium binding studies, relatively high enzyme concentrations must be 
used. Consequently, a relatively large proportion of the added substrate is 
bound and [S], will be signifıcantly less than [SJ,. 

A plot of the ratio of bound to free ligand versus the concentration of 
bound ligand is Iinear with a slope of - 1/ Ks (Fig. 4-18a ). The horizontal axis 
intercept gives n [E], (i.e., the total concentration of ligand binding sites). If 
the molar concentration of enzyme is known, the data can be plotted as: 

[S]• = _..!_ [S]• +...!!.. 
[SJ,[E], Ks [E], Ks 

(18) 

A plot of [SJb/[S]1[EJ, (i.e., moles of ligand bound per mole of enzyme divided 
by the concentration of free substrate} versus [S)6/[E], (i.e., moles of ligand 
bound per mole of enzyme) is linear with a slope of -1/Ks (Fig. 4-18b). The 
intercept on the vertical axis gives n / Ks, The intercept on the horizontal axis 
gives n, the number of ligand binding sites per molecule of enzyme. lf the 
enzyme possesses multiple independent binding sites with different affinities 
for the Iigand, the plot will be curved. 

· Problem 4-11 

An amino acid binding protein, P (presumably involved in membrane 
transport and chemotaxis), ,vas released from E. cali by osmotic shock. The 
protein was purified to homogeneity and found to have a molecular weight of 
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35,000. A solution of the protein (0.5 mg/ml) was placed in one compartment 
ofa dialysis chamber. An equal volume of buffer containing 4 x ıo-s M L­

leucine-C14 was placed in the other compartment. The compartments are 
separated by a semipermeable membrane through which the labeled amino 
acid can move freely. The protein, however, is restricted to one compart­
ment. After equilibration, the compartment containing the protein had 
2.3 x ıo-• M total (bound + free) L-leucine-C 14• The compartment without 
protein coİıtained 1.7 x ıo-s M L-leucine-C14 • Calculate (a) the concentration 
of bound L-leucine-C14, [PS] or [8]6, (b) the concentration of free protein, [P]ı, 
an<l (c) the dissociation constant for the protein-leucine complex assuming oİıe 
binding site per molecule of protein. 

Solııtion 

First, note that if no protein were present on one side of the dialysis 
membrane, the concentration of L-leucine-C 14 would be 2 X ıo-.s M in both 
compartments after equilibration. 

(a) [S]b + [S]ı= 2.3 X ıo-s 

[S]1= 1.7 X 10-s M 

[Sh = [PS) = 0.6 x ıo-• M 

Note that ISJ~ represents the concentration of bound substrate ın one 
compartment of the dialysis chamber. 

(b) The total protein concentration, [P)ı, is: 

[P], = 0.5 gfliter = 1.43 X 10-s M 
3.5 x 10 g/mole 

[P], also equals the total concentration of binding sites when there is only one 
site per .molecule of protein. 

[P]ı = [P], - [PS] = (1.43 X 10-5 ) - (0.6 x 10-5) 

[P)ı = 0.83 x 10-5 M 

(c) 
K _ [P]ı[S]t _ (0.83 X 10-5)(1.7 X 10-5) 

s - [PS] - (0.6 x 10-5) 

Ks = 2.35 x ıo-• M 

Figure 6-2 shows the equilibrium distribution of radioactive S and protein in a 
dialysis chamber composed of two equal-volume compartments separated by 
a semipermeable mernbrane. Problem 6-18 illustrates the use of radioactive 
substrates in equilibrium binding studies . 
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JNTEGRATED FORM OF THB HENRI-MICHABLIS-MENTEN 
BQUATION 

Under some conditions it might be difficult to measure initial velocities 
although it is still possible to determine the substrate or product concentration 
during the course of a reaction. If K.q is very high and the product has a 
very Iow affinity for the enzyme, then the decreasing velocity with time results 
only from the decreasing' saturation of the enzyme. K,,. and V max may be 
determined by using the integrated form of the velocity equation. 

Rearranging 

_ d[S] _ Vm ... [S] 
V --dt- K,. +[S] 

K,. + [S] d[S] 
[S] 

Integrating between any two times (e.g., zero time, to, and any other time, t) 
and the corresponding two substrate concentrations ([S]o and [SJ): 

(' rsı K,. + [S] 
V max Jıo dt = - JısJo [S] d [S] 

Separating the terms in the right-hand expression: 

f.' _ lcsı ~ lısı 
V mz,; dt - - Km [S] - d [S] 

o (Slo [Slo 

or - [S] 
V ma~t- - K ... ln [S]o - ([S]- [S]o) 

[S]o 
V ......,.t = 2.3 K .. log [S] + ([S]o - [S]) (19) 

where [S] = the concentration of substrate at any time t 
= [S]o-[P] 

([S]o-[S]) = concentration of substrate utilized by time ı 

= [P], the concentration of product produced by time t 

Note that the right-hand part of Equation 19 is composed ofa first-order term 
and a zero-order term. Equation 19 may be divided throughout by t and 
then rearranged to: 

2.3 log [S]o = _ ı._ ([S]o - fS]) + V "'"" 
t [S] K... t K ... (20) 

This is the equation for a straight !ine. Thus, K,. and V m... may be 
determined by measuring the concentration of substrate utilized (or product 
produced) several times during the reaction and then plotting the approp­
riate values as shown in Figure 4-19. 
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({S]0 - [Si) [P) 
--ı-orT 

Figı.ıre 4-19 Plot of the integrated 
Henri-Michaelis-Menten equation. 

E. ENZYME INHIBITION 

Any substance that reduces the velocity of an enzyme-catalyzed reaction can 
be considered to be an "inhibitor." The inhibition of enzyme activity is one 
of the major regulatory devices of living cells, and one of the most important 
diagnostic procedures of the enzymologist. Inhibition studies often tel! us 
something about the specificity of an enzyme, the physical and chemical 
architecture of the active site, and the kinetic mechanism of the reaction. In 
our everyday life, enzyme inhibitors can be found mastı_uerading as drugs, 
antibiotics, preservatives, poisons, and toxins. In this section we examine a 
few simple types of enzyme inhibitors. 

COMPETITIVE INHIBITION 

A competitive inhibitor is a substance that combines with free enzyme in a 
manner that prevents substrate binding. That is, the inhibitor and the 
substrate are mutually exclusive, of ten because of true competition far the same 
site. A competitive inhibitor might be a nonmetabolizable analog or deriva­
tive of the true substrate, oran alternate substrate of the enzyme, ora product 
of the reaction. 

Malonic acid is a dassical example of a true competitive inhibitor. Malonic 
acid inhibits succinic dehydrogenase, which catalyzes the oxidation of succinic 
acid ta fumaric acid, as shown below. 

CH~-COOH H-C-COOH 
1 +FAO~ il +FADH2 
CH~-COOH HOOC-CH 

succinic acid fumaric acid 

Malonic acid resembles succinic acid sufficiently to combine with the enzyme 
at the active site. 

COOH 
1 

CH2 
1 
COOH 

malonic acid 
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However, because malonic acid has only one methylene group, it is obvious 
that no oxidation-reduction can take place. Only association of the enzyme 
and inhibitor, and dissociation of the EI complex, can occur. Another 
classical example of a competitive inhibitor is the sulfa drug sulfanilamide, 
which interferes with the biosynthesis of folic acid from the precursor 
p-aminobenzoic acid (PABA). 

Q Q 1 

COOH S02NH2 
PABA sulfanilamide 

Model 1 (Fig. 4-20) illustrates classical competitive inhibition in which an 
inhibitor competes with a substrate for a single binding site. Models 2-4 
represent other ways in which an inhibitor and substrate would be mutually 
exdusive: steric hindrance (Model 2); steric hindrance or competition for -a 

common binding group (Model 3); and overlapping binding sites (Model 

I 

1. o 

5. 
2. ı[}) [iJ 

Figure 4-20 Models of competıtıve inhibition: S and I are mutually 
exclusive. (1) Classical model. S and I compete for the same binding site. I 
must resemble S structurally. (2) I and S are mutually exclusive because of steric 
hindrance. (3) I and S share a common binding group on the enzyme. (4) The 
binding sites for I and S are distinct, but overlapping. (5) The binding of I to a 
distinct inhibitor site causes a conformationat change in the enıyme that distorts 
or masks the substrate binding site (and vice versa). 



l j 

:,-:-,·. ,·, 
t;: 
i·:: 

ljl\ 
h' 
;IH 

248 ENZYMES 

4). There are many examples of "competitive" inhibition by compounds 
that bear no structural relationship to the substrate. The inhibitor is 
generally an end product or near end product of a metabolic pathway; the 
enzyme is one that catalyzes an early reaction (ora branch-point reaction) in 
the pathway. The phenomenon is called feedback inhibition. The in­
hibitor (effector, modulator, or regulator) combines with the enzyme at a 
position other than the active (substrate) site. The combination of the 
inhibitor ·with the enzyme causes a change in the conformation (tertiary or 
quaternary structure} of the enzyme that distorts the substrate site and 
thereby prevents the substrate from binding (Model 5). 

The inhibition of the hexokinase-catalyzed reaction between glucose and 
A TP by fructose or mannose is an example of competitive inhibitioiı by 
alternate substrates. Glucose, fructose, and mannose are all substrates of 
hexokinase and can be converted to product (hexose-6-phosphate}. All 
three hexoses combine with the enzyme at the same active site. Conse­
quently, the utilization of any one of the hexoses is inhibited in the presence 
of either of the other two. The reaction scheme describing "dead.end" com. 
petitive inhibition is: "s Jı~ 

E + S ====; ES- E + P 
+ 
l 

Kı ıl K = [E][IJ 
' [El] 

El 

The initial velocity of the reaction is proportional to the steady-state concen­
tration of the enzyme-substrate complex, ES. All the reactions are reversi­
ble. Consequently, we can predict that at any fixed subsaturating concentra­
tion of inhibit~r (a) v; (the velocity in the presence ofa competitive inhibitor) · 
can be made to equal u (the velocity in the absence of the inhibitor), but that a 
higher substrate concentration will be required (in order to obtain the same 
ES concentration), and (b) in the presence of an infinitely high (saturating) 
substrate concentration all the enzyme can be driven to the ES form. Conse­
quently, the maximal initial velocity in the presence of the competitive 
inhibitor equals V ,,,,x (the maximal initial velocity in the absence of in­
hibitor). The apparent K ... (measured as [SJ required for ! V m•x) will increase 
in the presence of a competitive inhibitor because at any inhibitor concentra­
tion a portion of the enzyme exists in the El form, which has no affinity for 
S. The velocity equation can be derived in the usual manner from rapid 
equilibrium conditions. This time we recognize that the enzyme is distri­
buted among three species: 

V 

hı, [E], 

v= kp [ES] 

[ES]= [S} [EJ 
Ks 

[S) [EJ 
Ks 

V kp[ES] 
[E], = [E] + [ES] + [El) 

and [El] = [I] [E] 
K; 

or 

[SJ 
v Ks -- = __ _;::. __ 

V"""" 1 + [S] + [l] 
Ks Kı 

(21) 
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If we compare the above equation to the usual velocity equation we see that 
the denominator has gained an additional [IJ/K; term representing the El 
complex. The numerator still has one term indicating that there is stili only 
one product-forming complex (ES). To obtain a more familiar form, the 
numerator and denominator of the right-hand part of the above equation can 
be multiplied by Ks and factored: 

V [SJ --= -----"'-"'----
V mu Ks(ı+~)+[S] 

(22) 

We obtain t/ıe same final velocity equation for steady-state conditions, 
except Km replaces ·K8• This is not surprising since the steady-state assump­
tion does not change the form of the velocity equation for the uninhibited 
reaction while the reaction between E and I to yield El must be at equilib­
rium. (There is nowhere for El to go but back to E + 1.) Thc velocity 
equation differs from the usual Michaelis-Menten equation in that the K,. 
term is multiplied by the factor [l + ([IJ/K,)]. The above derivation confirms 
our original prediction that Vmu is unaffected by a competitive inhibitor, but 
that the apparent K.,. value is increased. The increase in the K,,. value does :wt 
mean that the El complex has a lower affinity for the substrate. El has no 
affinity at all for the substrate, while the affinity of E (the only form that can 
bind substrate) is unchanged. The apparent increase in K ... results from a 
distribution of avaiJable enzyme between the "full affinity" and "no affinity" 
forms. The factor [l + ([l]/K,)] may be considered as an [l]-dependent 
statistical factor describing the distribution of enzyme between the E and El 
forms. Figure 4-21 shows the effect ofa competitive inhibitor on the v versus 
[S] plot. . 

The velocity equation for competitive inhibition in reciprocal form is: 

Vma, 

V 

0.5 Ymax •• 

o 
o 2 4 

.!. = Kın (ı + [Il) ...!_ +-1-
v Vmax Kı [S] V .... ,. 

Control 

6 8 10 12 14 16 18 
ıs·ı 

p:z 1.0 

0.8 
ıı' 

0.6 

0.4 

0.2 

o 
20 80 

Figure 4-21 v versus [SJ plot in the presence and in the ahsence of a fixed 
concentration ofa competitive inhibitor. 

(23) 
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5 

Km 

8 

Vma-ı 

4 

Vm;u_ 

2 

'-----=.,,._____,,_L-'-''--'------'-----'------'------'-------' o 

T o 2 3 4 
1 

1 1 ; ___ ,,,_ 
[S'} 

Km,~p ( [!]) Km ı+K; 

5 

Figu.re 4-22 1/v versus l/[S] plot İn the presence of different fixed concentra­
tions of a competitive inhibitor. 

Thus, the slope of the plot increases by the factor [I + ([I]/ Ki)] (which 
multiplied K,,. in the original equation), but the 1/v-axis intercept remains 
1/ V "'""" Kı can be calculated from either the slope of the plot, or the 
1/[S)-axis intercept. When 1/v = O, the 1/[S]-axis intercept gives -1/K,,.,,,, 
where K.,.,P = K,,.[l + ([IJ/K,)]. For each inhibitor concentration, a new re­
ciprocal plot can be drawn. As [I] increases, the "plus inhibitor" curves 
increase in slope (Fig. 4-22) pivoting counterclockwise about the point of 
intersection with the control curve (at 1/V m= on the 1/v axis). Because the 
initial velocity can be driven to zero by a saturating inhibitor concentration, 
the limiting plot will be a vertical !ine on the 1/u axis. As [I] increases, the 
intercept on the 1/[S] axis moves closer to the origin, that is, K .... PP continually 
ıncreases. 

The slope of the reciprocal plot in the presence of a competitive inhibitor is 
given by: 

K,,. ( [I]) sloJJeııs = V = I + Kı or (24) 

Thus, a replot of the skıpe of each reciprocal plot versus the corresponding 
inhibitor concentration at which it was obtained will be a straight line (Fig. 
4-23a ). Far convenience the slope ofa reciprocal plot can be read off directly 
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Figure 4-23 Replots of data taken from the reciprocal plot. (a) Slope,ıs versus 
[I]. (b) K .... ., versus [I]. 

( ısı) -K, l+ x,. (o) 

1 
{S) 

(h) 

Figure 4-24 (a) Dixon plot fora competitive inhibitor: 1/v versus [IJ in the 
presence of dilferent fixed concentrations of substrate. If V.,,.,. is known, a 
horizontal line ata height of 1/V .... can be drawn directly. (b) Replot of the 
-slopes of the Dixon plots. A linear mixed-type inhibitor (Fig. 4-32) yields the 
same type of Dixon plot. However, the slope replot does not go through the 
origin. 
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as the ratio (absolute values) of the vertical-axis intercept to horizontal-axis 
intercept. K ..... is also a linear function of [I] (Fig. 4-23b): 

K ... ,.. = !; [I] + K ... (25) 

The Dixon plot of 1/v versus [I] provides another way of identifying the 
type of inhibition and of determining K,. The equation for the plot is 
obtained by multiplying out the equation for the reciprocal plot and then 
regrouping terms: 

!= K.. [I]+-1-(ı+K"') 
V V .,..,.Kı [$] V max [S] 

(26) 

The plot is shown in Figure 4-24. The alternate linear plots are shown in 
Figures 4-33 to 4-35. · 

General Principles 

A competitive inhibitor acts only to increase the apparent K ... for the 
substrate. As [I] increases, K ..... increases. The V max remains un­
changed, but in the presence of a competitive inhibitor a much greater 
substrate concentration is required to attain any fraction of V mu:, The. 
degree of inhibition caused by a competitive inhibitor depends on [S], [I], 
K,,., and K,. An increase in [S] at constant [I] decreases the degree of 
inhibition. An increase in [I] at constant [S] increases the degree of 
inhibition. The lower the value of Kı, the greater is the d~gree of 
inhibition at any given [S] and [I]. Kı is equivalent to the concentration 
of I. that doubles the slope of the 1/v versus 1/[S] plot. (Kı is not 
equivalent to the [I] that yields 50% inhibition.) 

NONCOMPETITIVB INHJBITION 

A classical noncompetitive inhibitor has no effect on substrate binding and 
vice versa. S and I binci reversibly, randomly, and independently at different 
sites. That is, I binds to E and to ES; S binds to E and to El. However, the 
resulting ESi complex is catalytically inactive. I might prevent the proper 
positioning of the catalytic center. The equilibria are: 

"• 1 
E+S~ES~E+P 
+ + 
I I 

~ ll . .. ~ ll 
EI+S~ESI 

K = [E][S] = [EI][S] 
s [ES] [ESI] 

K = ill[!} = [ES][I) 
' [El] [ESI] 
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We can see from the equilibria that, at any inhibitor concentration, an 
infinitely high substrate concentratioJ! cannot drive ali the enzyme to the 
productive ES form. At any [I] a portion of the enzyme will remain as the 
nonproductive ESi complex. Consequently, we can predict that the V max in 
the presence of a noncompetitive inhibitor ( V rnax,) will be less than the V max 
observed in the absence of inhibitor. The K.. value (measured as the [SJ 
required for 0.5 Vmax,) .will be unchanged by a noncompetitive inhibitor 
because, at any inhibitor concentration, the enzyme forms that can combine 
with S (E and El) have equal affinities for S. The net effect of a noncompeti­
tive inhibitor is to make it appear as if less total enzyme is present. The 
velocity equation is derived in the usual way. 

or 

V = kı,[ES] 

[ES] = [S] [E] 
Ks 

_y_ = hı, [ES] 
[E]ı [EJ + [ES]+ [EIJ + [ESIJ 

[El] = ill IE] 
Kı 

[ESI] = [S] [El] = [S](I] [EJ 
Ks KsK; 

[S] [E] 
v Ks 

kı,[E], = [EJ + [S] [E] + [I] [EJ + [S][I] [E) 
Ks Kı KsKı 

[S] 
V Ks 

V .... " = l + [S] + [IJ + [S][I] 
Ks Kı KsKı 

V [S] 

V..,,.,. = Ks(ı+I!l)+[SJ(ı+fil) 
Kı · Kı 

(27) 

(28) · 

We can better appreciate the effect of .a noncompetitive inhibitor by dividing 
both sides of the velocity equation by the parenthetical factor: 

___ v ___ = [S] 
V....... Ks+[S] {29) 

(ı +~!) 

OT 

v [S] --=-~~ 
V mas., Ks + [S] 

V Vm.,. 
....... , = ( ill) 

I+Kı 
where 

= the apparent V "'"" at the given [I] 



.,· 

1 

'·, : ;' 

t. 
ı_:· 

254 ENZYMES 
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0.5 Ymax 0.5 

+ Noncompetitive 0.4 
inhibitor 

Ynıa.; at [l] = 2Kı p_.D 0.3 

0.2 
0.5 Vmax; 

Km 0.1 

o o 
o 2 4 6 8 10 100 

[S'j 

Figure 4-25 v versus [$) plot in the presence ofa noncompetitive inhibitor. 

As predicted, we see that the only effect of a noncompetitive inhibitor is to 
decrease V ""'"' The Ks value remains unchanged (Fig. 4-25). (The student 
should not be confused by the fact that the Ks term in the originaJ equation 
was multiplied by [l + ([IJ/ Kı )]. Before deciding whether or not Ks is 
affected, we must first modify the equation by removing any factor of the 
variable [SJ.) The decrease in V m•x does not mean that the Jnhibitor has 
decreased the rate constant for the breakdown of ES to E + P. This constant, 
k,, is unchanged. it is the equilibrium level of ES that is decreased. At any 
[S] and [I], the enzyme-substrate complex is present as a mixture of produc­
tive ES and nonproductive ESI forms (and k, = O for the ESi complex). The 
factor [1 + ([l)/Kı)J may be considered to be an [I]-dependent statistical factor 
describing the distribution of the enzyme-substrate complexes between the ES 
and ESi forms. Classical noncompetitive inhibition is obtained only under 
rapid equilibrium conditions. Thus, Km= K8• A steady-state treatment 
does not yield an equation of the Henri-Michaelis-Menten form, but rather a 
complex expression containing squared terms. The reciprocal plots would 
theoretically be nonlinear. 

The reciprocal equation is: 

! = K. (1 + ill) _!_ + _1_ (ı + fil) 
V v...... Kı [$] v...... K, 

(30) 

The equation indicates that both the slope and the 1/v-axis intercept of the 
reciprocal plot are increased by the factor (1 + [I)/ Kı) compared to the 
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3 
K,,, 

5 

K,,, 

5 

2 

Vinaıı: 

Figure 4-26 1/v versus 1/[SJ plot in the presence of different fixed concentrations 
of a noncompetitive inhibitor. 

"control" plot. If the slope and the 1/v-axis intercept increase by the same 
factor, then the 1/[SJ-axis intercept will remain the same (equal to 
- 1/K.,.). K; can be calculated from the slope or the 1/v-axis intercept. For 
each inhibitor concentration, a new reciprocal plot can be drawn. As [I] 
increases, the "plus inhibitor" curves increase in slope and 1/v-axis intercept 
(Fig. 4-26), pivoting counterclockwise about the point of intersection with the 
control curve (at -1/K .. on the 1/[S] axis). As [IJ increases, 1/V max, continu­
ally increases, that is, V m•x, continually decreases. Because the initial velocity 
can be driven to zero ata saturating inhibitor concentration, the limiting slope 
will be a vertical line through - 1/Km and parallel to the 1/v axis. 

The slope of the reciprocal plot in the presence ofa pure noncompetitive 
inhibitor is a linear function of [IJ as shown earlier for pure competitive 
inhibition. The 1/v-axis intercept (1/V m•xJ is also a linear function of [I) as 
shown below. 

_ı_ - _ı_ (ı + I!l) 
V,,,.~, - Vmax Kı 

or _I_ = 1 [IJ + V~-x 
V =ı V muK; ·-

(31) 

Thus, a replot of 1/V ınax, for each reciprocal plot versus the corresponding 
inhibitor concentration at which it was obtained will be a straight Iine with 
slope 1/V max Kı and intercepts of 1/V = (at [I] = O on the 1/V """'' axis) and - K, 
(at 1/V max, = O on the [IJ axis). 
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(a) 

1 
(SJ 

(b) 

Figure 4-27 Dixon plot for a noncompetitive inhibitor: 1/v versus [I] in the 
presence of different fixed concentrations of substrate. 

The reciprocal equation for noncompetitive inhibition can be rearranged to 
the equation for the Dixon plot . 

(l+K"') 
!= [S] [I]+-1-(ı+K"') 
v V.....,.Kı V.mox [S] 

(32) 

The plot is shown in Figure 4-27. Noncompetitive inhibition may be disting­
uished from competitive inhibition by the intersection of plots at all values of 
[SJ on the [I] axis at [IJ = - K,. The altemate linear plots are shown in 
Figureıı 4-33 to 4-35. 

filRBVBRSIBLE INHIBITION 

A substance that combines irreversibly with an enzyme may resemble a 
noncompetitive inhibitor because V m= is decreased but K,,. reınains 

unchanged. The reactions are 

Ks ~. 

E + S ====; ES - E + P 
+ 
I 
ı 
El 

Diisopropylfluorophosphate, which irreversibly binds to active serine residues 
on some hydrolytic enzymes, is an example of this type of inhibitor. V max 

decreases because some enzyme is completely removed from the 
system. (Remember, V m"" = hı, [E],.) An irreversible inhibitor can be dis-
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[EJrotal 

Figure 4-28 A plot of V m .. versus amount of enzyme added will 
distinguish between a reversible and an irreversible noncompetitive 
inhibitor. [EJ; represents the amount of enzyme titrated by the 
irreversible inhibitor. 

tinguished from a classical noncompetitive inhibitor by plotting V m•x versus the 
total amount of enzyme added to the assay mixture in the presence of I (Fig. 
4-28). 

UNCOMPETITIVE INHIBIDON 

A classical uncompetitive inhihitor is a compound that binds reversibly to the 
enzyme-substrate complex yielding an inactive ESI complex. The inhibitor 
does not bind to the free enzyme. Pure uncompetitive inhibition may be rare 
in unireactant systems. N evertheless, it is worth considering because it is a 
simple example of the sequential addition of two enzyme ligands in an 
obligate order. Uncompetitive inhibition is common in multireactant sys­
tems for reasons similar to those described here. That is, I will be uncom­
petitive with respect to a given substrate if I binds to the enzyme only after the 
substrate binds {although I rarely binds to a central complex where ali the 
substrate binding sites are filled). Classical uncompetitive inhibition is de­
scribed by the following equilibria: 

K 5 l~ 
E + S ====;ES----+ E + P 

+ 
I 

x,ll 
ESI 

The equilibria show that at any [I] an infinitely high substrate concentration 
will not drive ali of the enzyme to the ES form; some nonproductive ESI 
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complex wiH always be present. Consequently, we can predict that V m>< in 
the presence of an uncompetitive inhibitor ( V max,) will be lower than V max in 
the absence of inhibitor.- Unlike noncompetitive inhibition, however, the 
apparent K,,. decreases. The decrease results from the reaction ES+ I ~ ESI 
that uses up some ES causing the substrate binding reaction E + S ~ ES to -
proceed further to the right. The velocity equation is derived below: 

and 

or 

V = kı,[ES] 

[ES] = [S] [EJ 
Ks 

~= kı,[ES] 
[E], [EJ + [ES] + [ESI] 

[ESI] = [I] [ES)= [S][I] [E] 
Kı KsK 

[SJ [E] 
v Ks 

k~ [EJ, = [E] + [S] [EJ + [S](I] [E] 
Ks KsKı 

[S] 
v Ks --:=-----v max J + [$] + [S][I] 

Ks KsKı 

V = [S] 

V ,uıx Ks+ [SJ(ı+ ~~) 

(33) 

{34) 

A steady-state treatment yields the same equation with Km replacing K 8• lf 
we remove the parenthetical factor from the variable [S], the equation 
becomes: 

___ v ___ = __ __,[~S..,_] __ _ 

(1:12) (ı:~:) + [SJ 

or 
V [S] --=-~--v =ıxı K ..... p + [S] 

V ••• , - ( V [İı) - the appa,ent V -· at the given [!] 
ı+- . 

K; 

where 

and K....., - ( K[ıı) - the apparent K. at the same given [l] 
ı+-K, 

(35) 

(36) 
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Figure 4-29 v versus [SJ plot in the presence of an uncompetitive inhibitor. 

In other words, an uncompetitive inhibitor decreases V m" and K,., to the same 
extent. The v versus [SJ plot is shown in Figure 4-29. The reciprocal form 
of the velocity equation for uncompetitive inhibition is: 

(37) 

The slope of the plot is still K,,,/V =, but the 1/v-axis intercept is increased 
by the factor [ 1 + ([I)/ K,)] that multiplied the [S] term in the original 
equation. Consequently, the "plus inhibitor" and control curves will be 
parallel. As [I] increases, the 1/v-axis intercepts increase, yielding a series of 
parallel curves (Fig. 4-30). A saturating inhibitor concentration will drive the 
velocity to zero. Consequently, the displacement of the "plus inhibitor" 
curves from the control curve increases without limit. A replot of 1/V m,x, 

versus [I] will be linear with intercepts of 1/V max and - K, as shown for 
noncompetitive inhibition. K-.pp varies inversely with [I]: 

1 1 I 
-K =KK [IJ+K 

91'tııpp i m m. 

(38) 

Thus, a replot of 1/K-... •• versus [I] wiU be a straight line with a slope of 1/K,K­
and an intercept on the 1/K...,.,,-axis of 1/K=, When l!K ...... = O, the intercept 
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Figure 4-!JO 1/v versus 1/[S] plot in the presence of different fixed concentrations of 
an uncompetitive inhibitor. 
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Figure 4-!H Dixon plot for an uncompeutıve inhibitor: 1/v 
versus [l] at different fixed concentrations of S. 
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on the [I] axis gives - K;. The equation for the Dixon plot is: 

1 1 1( K .. ) v = V ,,_K, [I] + V .... ,. l + [S] (39) 

The slope expression does not contain an [S] term. Consequently, the family 
of plots are parallel (Fig. 4-31). The alternate linear plots are shown in Figures 
4-33 to 4-35. 

LINEAR MIXED-TYPE INHIBITION 

The equilibria shown below represent the simplest scheme for mixed-type 
inhibition (actually a form of noncompetitive inhibition): · 

Ks l.l' 

E+S====:;ES--'> E+P 
+ + 

"•1Il . h .. ıc, aKş • JI 
El + S ====:; ESI 

-~ Ks- [ES] 

K- = [E][I] 
' [El] 

_Ifill[§] 
aKs- [ESi] 

_ [ES][IJ 
aK, - [ESI] 

The presence of I on the enzyme changes the dissociation constant for S from 
Ks to aKs. Note that the dissociation constant of I from ES! must also change 
by the factor a for the four enzyme species to be at equilibrium, that is, the 
overall K,:q of the reaction between E and ESi must be the same regardless of 
the patlı. Thus the patlı E-) ES-+ ESI has an overall K~ of 1/ KsaKı. The 
patlı E~EI-+ESI has an overall K,:q of 1/K,aKs. (See Fig. 1-11 fora similar 
situation.) ESi is catalytically inactiv~. The velocity equation for rapid 
equilibrium conditions is obtained in the usual manner: 

V = ~[ES] _.E_ = lıı,[ES] 
[E], [E] + [ESJ :f- [El] + [ESIJ 

From past experience, we can write the terms for each ·coı:nplex without 
deriving them. 

~ [S] 
ıı Ks 

- = -----------------,,,..,...,.,.... 
[E], l +~+ill+ [SJ(I] 

K~ Kı aKsKı 

Letting hı, (E], = V max! 

(40) 
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or 
V [S] 

Vnux "= Ks(ı+~;)+[SJ(ı+ ~ 1 ) 

(41) 

The family of reciprocaL plots intersect to the left of the 1/v axis. The 
intersection point is above the 1/[S]-axis ifa > ı (Fig. 4-32a ). The slope replot 
gives Kı (Fig. 4-32b ); the 1/v-axis intercept replot gives aK; (Fig. 4-32c ). 
The alternate liner plots are shown in Figures 4-33 to 4-35. 

General Rules for Unireactant lnhibition· Systtms Whm ES[ is not 

Catalytically Actiııe 

l. If I and S are mutually exclusive, I will be a competitive inhibitor. 
2. If I and S are not mutually exclusive and both ligands bind 

independently of each other, I will be a noncompetitive inhibitor. If 
I affects the affinity of E for S, I will be a mixed-type inhibitor with 
linear slope and intercept replots. 

3. If I binds only after S, I will be an uncompetitive inhibitor. 

PEEDBACK INHIBIT'ION• 

Many biosynthetic pathways are regulated by feedback inhibition; that is, the 
end product(s) or near end product(s) control the metabolic flux by inhibiting 
one or more early reactions of the pathway. Often, maximum feedback 
inhihition is attained only by the combined action of multiple end 
products. This prevents one end product ofa branched biosynthetic pathway 
from shutting down the pathway completely and thereby starving the organism 
for the other end products. In the pathway shown below, end product X 
might inhibit enzyme Es; end product I might inhibit enzyme Eg. Both I and X 
together· might inhibit enzyme Eı in a cooperative, concerted, cumulative, or 
additive way as described in Table 4-2. 

Feedback inhibition 

Feedback inhibition 

• For a more complete discussion of the various types of inhibition and feedback systems, 
induding partial and mixed-~ype systems where the ESi complex is catalytically active, the student 
is referred to the author's Enıymıı Kinııtics: Behavior and Anal:,.ri.s of Rapid Eqııilihrium and 
Sltad:,-Sıaııı Emyın.t S:,,ıteıru, Wiley-lnterscience {1975). 

·' 



Table 4-2 Patterns of Feedback Inhibition 

Cooperative (synergistic) 
inhibition 

Examp/e; Phosphoribo­
sylamine synthetase 

Concerted (multivalent) 
inhibition 

Example: {3-aspartyl­
kinase of some 
microorganisms 

Cumulative (partial) 
inhibition 

Example: Glutamine 
synthetase 

Additive inhibition 

E;,.:ample: Multiple 
/1-aspartylkinases in 
some microorganisms 

Each end product, I and X, inhibits E[. At saturat­
ing levels of either one, the velocity can be driven to 
zero. Mixtures of I and X at low concentrations are 
more inhibitory than the same total specific concent­
ration of I or X alone. That is, if 35% inhibition is 
observed at [I) = 6 K and [X) = O and if 35% inhibi­
tion is observed at {XJ = 6 Kx and [I) = O, then at 
[I) = 3 Kı plus [X] = 3 Kx, the inhibition will be 
greater than 35%. Cooperative inhibition implies 
that I and X are not mutually exclusive. Both end 
products can combine with Eı simultaneously to form 
dead-end EIX and/or EIXS complexes. 

Either end product alone has no effect at all on Eı, but 
when both are present, enzyme activity is markedly 
reduced. Concerted inhibition may be an extreme 
case of cooperative inhibition where the binding of 
one end product greatly increases the affinity of the 
enzyme for the other end product. That is, at low 
levels of I alone only a negligible arnount of El forms; 
at low levels of X alone only a negligible arnount of 
EX forrns. At low levels of I plus X a large 
proportion of the enzyme becomes tied up as the 
dead-end EIX and/or EIXS complexes. An alter­
nate model for concerted inhibition is as follows: El 
and EX bind S just as well as E; EIS and EXS function 
just as well as ES, but EIX (formed only when I and X 
are both present) does not bind S, or EIXS is 
catalytically inactive. 

Each end product is a partial inhibitor. That is, a 
saturating level of I alone or X alone cannot drive the 
velocity to zero. This implies that El and EX can 
bind S but not as well as E (yielding partial competi­
tive inhibition), or that EIS and EXS are catalytically 
active, but not as active as ES (yielding partial 
noncompetitive inhibition), or both (yielding partial 
mixed-type inhibition). If I and X are partial non­
competitive inhibitors, then true cumulative inhibi­
tion is observed. That is, if I alone at a given 
concentration yields 40% inhibition (leaving 60% of 
the original activity) and X alone ata given concent­
ration yields 20% inhibition (leaving 80% of the 
original activity), then the same concentrations of 
I + X will Ieave 48% (i.e., 80% of 60% of the original 
activity and yield 52% inhibition (i.e., 40% + [20% of 
60%J or 20% + [40% of 80%] = 52%). 

True additive inhibition by I and X implies the 
presence of two distinct enzymes (or catalytic sites) 
each sensitive to only one of the feedback 
inhibitors. Thus, a saturating level of I or X alone 
will yield partial inhibition (as only the sensitive 
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Table 4-2 (Cont.) 

enzyme or site is affected). Mixtures of l plus X will 
appear to act synergistically. That is, the inhibition 
observed at [IJ = 3 Kı plus [XJ = 3 Kx will be greate.r 
than the inhibition observed at [1] = 6 K; and [X] = O, 
or vice versa. However, if X at 6 Kx inhibits 35%, 
while I at 6 K; inhibits 35%, then X at 6 Kx p!us I at 
6 Kı will yield exactly 70% inhibition. None of the 
other types of feedback inhibition described above 
yields additive inhibitions. 

Sequential inhibition 

Example: DHAP synthetase 
(of aromatic amino 

End product I inhibits only E,;ı; end product X 
inhibits only Es. When I and X are both at high 
levels, both pathways of N utilization are inhibited 
and the concentration of N builds up. N inhibits Eı. 

add biosynthetic 
pathway) 

~ 
An enzyme has a K,,. of 4. 7 X ıo-s M. If the V m= of the preparation is 
22 µ.moles x liter-ı x min-1, what velocity would be observed in the presence of 
2 x 10-4 M substrate and 5 x 10-4 M of (a) a competitive inhibitor, (b)" a 
noncompetitive inhibitor, (c) an uncompetitive inhibitor. Kı in all three 
cases is 3 x 10-4 M. (d) What is the degree of inhibition in ali three cases? 

Solııtion 

(a) 
[S] V mu (2 X 10-4)(22) 

Vı = ( [!]) = -5 ( 5 X 10-4) -< 
K .. ı+K, +[S] (4.7Xl0) 1+3xıo-· +(2X10) 

44 X 10-4 44 X 10-4 

= (4.7 X 10-5)(2.67) + (2 X 10 4) = 3.25 X 10-4 

v, = 13.54 µmoles x liter-ı X min-ı 

(b) 
[S] V max (2 X ıo-4)(22) 

v·= = • 
• ([S] + K,,,)( 1 + i2) [(2 x 10-4) + (4.7 X ıo-s)]( l + i; ~~-4) 

_ 44 X 10-4 _ 44 X 10-4 

- (2.47 X 10-<)(2.67) - 6.59 X 10-4 

v, = 6.68 µmoles x liter -ı x min -ı 

.. 
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(c) Vı = IS]V maıc = (2 X 10-4)(22) 

K + rs1(1 + [I]) (4 7 X 10-5) + (2 X ıo-<l)(ı + 5 X ıo-•) 
m Kı . . 3 X 10-" 

44 X 10_. 44 X 10-4 
= (4.7 X }0.c 5) + (2 X 10 4)(2.67} = 5.81 X 10-4 

Vı = 7.57 ,ımoles >< Iiter -ı X min -ı 

(d) in the absence of inhibitors the velocity, v 0, is given by: 

_ [S]V m"" 
Vo- K,,. + [S] 

vo= 17.8 µ.moles X liter-1 xmin-1 

W e can express the inhibition in a number of ways: 

a = V; = relative activity as a fraction 
Vo 

44 X 10-aı 

2.47 X 10 4 

100 v. l . . . . f 
aır, = --= re atıve actıvıty ın terms o percent 

Vo 

i = ( 1 - ::) = 1 - a = fractional inhibition 

iır, = 100(1- a) = degree of inhibition asa percent ("percent 
inhibition ") 

Thus for the three inhibitors described above: 

Ccmpeıiıiııe inhibitor 

a=.!:'.!.= 13.54 = 0.76 
Vo 17.8 

OT 76% of the original activity 

i = 1-0.76 = 0.24 or 24% inhibition 

Noncmıpeıiıiııe inhibitor 

a = ~:,~: = 0.375 or 37.5% of the original activity 

i = 1 - 0.375 = 0.625 or 62.5% inhibition 
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Unı:ompetitive inhibitor 

7.57 04 5 a= l?.S = . 2 or 

i = 1 - 0.425 = 0.575 

· Problem 4-13 

42.5% of the original activity 

or 57 .5% inhibition 

What is the relative actıvıty and the degree of inhibition caused by a 
competitive inhibitor when [S] = K,,. and [I] = K;? 

Solııtion 

In general, the relative activity, a = vı/vo, in the presence of a competitive 
inhibitor is given by: 

[SJVmax 

a = v, = K ... ( 1 + f) + [S] 

Vo [S]V .... ,. 
K,.. +[S] 

a ::: __ K--"'-.. _+...,.[S_,],___ 

K .. (ı +it)+ [S] 

(42) or 

The inhibition, i, is 1 - a : 

i = 1 - a = 1 - K,,. + [SJ 

Km(ı +1R) + [S] 

K,.. + !L_K .. ~I] + [SJ - K ... - [S] 
= · = LITT 

K .. + K.K~I] + {S] KıK,,. + K,,. [IJ + Kı [S] 

i= [I] 

x,(ı + f) + [I] 

. _ 100[1] 
ı,- -

K{ı+ic) + rı] 
(43) and 

Thus, when [S] = K .. and [I] = Kı: 

:::=B K ... +K .. 
a = K ... (I+l)+K,,. 

i=l-a=I-0.667=B 
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or . 100K; 1!1°KK,ı=Çl 
ı'lf; = K;(l + 1) + K, " t____:::__j 

Note that the value of V"""' is not needed to cakulate either a or i. 
Similar derivations yield: 

Nonc<Jlflpetitiııe inhibiticm 

a = Kı +[I] 
Kı and . - [IJ 

ı-K;+[I] 

Unt<Jlflpetitiııe inhibiticm 

a = K. +[S] 
K ... +[S](ı+f) 

and i = [I] 

xı(ı + ~]) + [IJ 

(44) 

(45) 

Equations 43, 44, and 45 teli us that at a fixed inhibitor concentration., 
increasing the substrate concentration (a) decreases the degree of competitive 
inhibition, (b) has no effect on the degree of noncompetitive inhibition, and (c) 
increases the degree of uncornpetitive inhibition. The effect of increasing [S] 
on the degree of inhibition caused by a rnixed-type inhibitor depends on the 
interaction factor, a. In the usual case of a > 1, the degree of inhibition 
decreases as [S] increases at a fixed [IJ. 

· Problem 4-14 

A marine microorganism contains an enzyme that hydrolyzes glucose-6-sulfate 
(S). The assay is based on the rate of glucose formation. The enzyme in a 
cell-free extract has kinetic constants of K .. = 6. 7 X 10-4 M and Y~ax =_JOO 
nmoles X liter-ı X min -ı. Galactose-6-sulfate is a cÔmpeİ:itive inhibitor (!). .İ\.°t-· 
ıo-s M galactose-6-sulfate and 2 x ıo-s M glucose-6-sulfate, v was İ.5 nmole X 

liter-1 x min-1• Calculate Kı for galactose-6-sulfate. 

Solution 

V [S] 
V max = K.....,,p + [S) 

- ( [I]) K..,.,,- K,,. l+ K, 

1.5 (2 X 10-5) 

300 = K.._,, + (2 X 10-5) 

1.5 K,.,. •• + 3 X 10-5 = 600 X 10-5 

1.5 K..., •• = (600 X 10-5)- (3 X 10-5) 

597X 10-5 

K 398X 10-5 ...... = 1.5 

x ...... = 39.8 x 10"""" M 
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K = K (1 + [I]) = 39 8 X 10-4 
Tllapp ffl K" · 

6. 7 X 10-,( 1 + ız~) = 39.8 X 10-4 

6. 7 x ıo-4 + 6· 7 ~iıo-g = 39.8 x ıo-4 

6.7 ~;l0-9 = (39.8 X 10-4)- (6.7 X 10-4) = 33.1 X 10-4 

33.1 X ıo-• K; = 6.7 X 10° 

6.7 X 10-9 
02 10_3 

Kı = 33.1 X 10-4 = 0.2 X 

Kı = 2.02 X 10--,; M 

In practice, the data would be analyzed by one of the ]inear plots described 
earlier. The Kı would be obtained from an appropriate replot. 

· Problem 4-15 

Ethylene glycol is oxidized to toxic oxalic acid in the liver. The fırst enzyme 
responsible for the multistep reaction sequence is alcohol dehydrogenase 
(ADH). Ethylene glycol poisoning can be counteracted by providing large 
doses of ethanol, the true substrate of ADH. The ethanol displaces ethylene 
glycol from the enzyme. in this case, S acts as an inhibitor, when I is the 
substrate. Suppose that the K- for ethanol is 10-5 M, and the Km for ethylene 
glycol is 10_, M at the fıxedNAD+ concentration in the liver. Let us assuırre 
that the concentrations of ethanol and ethylene glycol in the liver cells are the 
same as those in the blood stream (which can be measured). Analysis gave 
[ethylene glycol] ~ 5 X 10-5 M in the blood. (a) Ta what concentration must 
the blood ethanol be raised in order to inhibit the activity of ADH with ethylene 
glycol by 95% (thereby providing sufficient time for the unchanged ethylene 
glycol to be excreted in the urine)? (b) Proinebrium is a new drug that acts asa 
noncompetitive inhibitor of ADH (K, = 2 x 10-6 M). What concentration of 
Proinebrium is required to achieve 95% inhibition of ADH? 

Solution 

(a) If we assume that K; for ethanol is equal to its K=, then to obtain 95% 
inhibition: 

. _ 100 [EtOH] = 100 [EtOH] _ 
ı"" - ( [EG]) -s( 5 X 10-5 ) -

95% 
Kı~,OH 1 + Km,:c + [EtOH] 10 1 + ıo-4 + [EtOH] 

95 x ıo-s(l + 0.5) + 95 [EtOH) = 100 [EtOH] 

142.5 x ıo-s = 5 [EtOH] [EtOHJ = 28.5 x ıo-s M 

EtOH = 2.85 X 10_, M 
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(b) Although Vo and v. vary with [S], the degree of inhibition is independent 
of [SJ for a noncompetitive inhibitor (Equation 44). Thus, to achieve 95% 
inhibition: , 

O 95 = l.OO[IJ 
' K, + [I] 

0.05[1] = 0.95 K. 

0.95 Kı +0.95[I] = 1.00[1) 

[IJ = 19 K, = (19)(2 X ıo-6) 

[I] = 3.8 X I0-5 M 

If Proinebrium is toxic, then we can reduce its blood concentration 19-fold (to 
[I] = 2 x ıo~ M) and still achieve 50% inhibition. 

F. EFFECT OF pH ON ENZYME STABILITY 
AND ACTIVITY 

It is not surprising that pH will influence the velocity of an enzyme-catalyzed 
reaction. The active sites on enzymes are frequently composed of İonizable 
groups that must be in the proper ionic form in order to maintain the 
conforrnation of the active site, bind the substrates, or catalyze the 
reaction. Furthermore, one or more of the substrates themselves may contain 
ionizable groups and only one ionic form of that substrate may bind to the 
enzyme or undergo catalysis. The pK va1ues of the prototropic groups of the 
active site can of ten be determined by measuring the pH-dependence of slopeı,s 
and V m•x·••' ünce the pK values are known, we can make an educated guess as 
to the identities of the groups involved. The effects of pH on the stability of an 
enzyme must be taken into account in any study of the effect of pH on substrate 
binding and catalysis. Figure 4-36 shows an experimental v versus pH curve 
for an enzyme (curve A ). The pH "optimum" is at 6.8. Curve A gives no 
indication why the velocity declines above and below pH 6.8. The decline 
could result from the formation of an improper ionic form of the substrate or 
enzyme (or both), or from inactivation of the enzyme, or from a combination of 
these effects. Curve B shows the effect of pH on enzyme stability. We see 
that preincubation of the enzyme at pH 5 or pH 8 has no effect on the activity 
measured at pH 6.8. Thus, the decline in activity between pH 6.8 and 8 and 
between pH 6.8 and 5 must result from the formation of an improper ionic 
form of the enzyme and/or substrate. When the enzyme is preincubated at 
pH > 8 or pH < 5, full activity is not regained at pH 6.8. Thus, part of the 
decline in activity above pH 8 and below pH 5 results from irreversible enzyme 
inactivation. A pH stabilitystu1y, such as that shown in curve B, is an essential 
part of any enzyrne characterization. Unfortunately, it is frequently omitted 
and only the curve A data presented. The stability curve B can be obtained by 
preincubating the enzyme at the indicated pH far a time at least as long as the 
usu al assay time. Enzyrne activity is then measured at the optimum pH. The 
pH stability of an enzyme depends on many factors including (a) temperature, 
(b) ionic strength, (c) chemical nature of the buffer, (d) concentration of various 
preservatives (e.g., glycerol, sulfhydryl compounds}, (e} concentration of 
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pH 

Figure 4-!J6 Effect of pH on activity and stability of an 
enzyme. Curve A : v versus pH plot. Curve B : v at 
pH 6.8 after preincubating the enzyme at the indicated 
pH values. The decline in activity between pH 6.8 and 
5.0 and between 6.8 and 8.0 can be ascribed to the effect of 
pH on fonizable groups of the active site or sub­
strate. The decline in activity above pH 8.0 and below 5.0 
can be ascribed to irreversible denaturation of the en­
zyme. 

contaminating metal ions, (f) concentration of substrates or cofactors of the 
enzyme, and (g) enzyme concentration. In many cases a substrate may induce 
a conformational change in the enzyme to a form that is more resistant or less 
resistant to pH or temperature denaturation: The concentration of the 
enzyme itself may be a factor. At low concentrations, the enzyme may 
dissociate into smaller oligomers or monomers, which may be less stable than 
the original oligomer. It should also be kept in mind that an enzyme may be 
more stable over a long period of time at a pH significantly different from the 
"optimum" used in the assay. In the following discussion it is assumed that 
preliminary studies have established that the enzyme is stable over the pH 
range studied. 

V VERSUS pH-A SIMPLE MONOPROTIC MODEL 

Consider a system in which the substrate is a weak acid, HA, but only the 
ionized form, A-, binds to the enzyme. The true substrate then is A-. Ata 
fixed concentration of total weak acid, the proportion that is in the proper ionic 
form can be calculated from the Henderson-Hasselbalch equation. Thus, at 
pH = pK.,, half of the total concentration is present as A - . When the pH is one 
unit above the pKa, 10/11 of the total is present as A- (i.e., the ratio of 
[A-]/[HA] = 10). When pH = pK .. + 2, 100/101 of the total is present as 
A - . When the pH is one unit less than pK .. , 1/11 of the total is present as A - , 
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and so on. Thus, we might expect the velocity to increase as the pH increases, 
as shown in curve A of Figure 4-37 whe_re the pK .. of the substrate is assumed to 
be 4.0. However, suppose that the active site of the enzyme contains a basic 
group that must be protonated in order to bind the negatively charged 
substrate. The proportion of the total enzyme concentration in the proper 
ionic form decreases as the pH increases, as shown in curve B of Figure 4-37 
where the pK. of the active site is assumed to be 7.0. The theoretical 
maximum activity would occur at a pH where ali the enzyme exists as EH+ and 
all the substrate exists as A-. However, the two pK. values are only three units 
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Figure 4-37 Curve A : Fraction of the total substrate that is in the proper 
ionic form (A-) as a function of pH. Curve B: fraction of 
the total enzyme that is in the proper ionic form (EH1 as a function of 
pH. pK. of the substrate = 4.0; pK. of the enzyme = 7.0. The broken line 
represents the product of the two fractions, which is proportional to v at 
[A-] ~ K .. ,.. Because the two pK. values are widely separated (by 3 pH units), 
the pH at half-maximal v will be close to the pK. values. 
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apart and, consequently, there is no pH where this is possible. A simple 
calculation will show that the maximum combination of EH ... and A - occurs at 
pH 5.5 where 31.6/32.6 = 97% of the total substrate and total enzyme are each in 
the proper ionic form. Thus, for the two pK~ values chosen, we can obtain 
only 97% of 97% = 94% of the theoretical maximum combination of EH ... and 
A - . If the enzyme and substrate are stable over the pH range plotted and the 
A- concentration is very low cornpared to K ... even at pH 5.5, the v versus pH 
curve will resemble the curve formed by the overlap of the two curves shown in 
Figure 4-37 (except the maximum will occur at 0.94). If either the enzyme or 
substrate is unstable at extreme pH 's, the curve will be narrower than that 
shown. If the A- concentration is high compared to K'", then the curve will not 
decrease as rapidly below pH 5.5. For example, if Km = ıo-s M and [S], = 
ıo-s M, then even at pH 3.0 the A- concentration will still be almost 10 times 
Km, At first glance, it may seem an easy matter to determine the two pK values 
as the pH's at half-maximum velocity. However, this is true only if the two 
pK 's are widely separated so that the maximum velocity occurs close to the 
theoretical maximum. This is almost true far the values chosen to generale 
Figure 4-38. If the pK values are quite elese, the ve]ocity will still be maximal 
at the average of the two pK 's. However, the pH's at the haJf-maximum 
velocities will not correspond to the pK values. 

A complete analysis of pH effects can be quite complicated, especially when 
we consider that many biological compounds possess multiple ionizable groups 
and that the active site of an enzyme may alsa possess two or more ionizable 
groups that must be in the proper ionic form before substrate binding or 
catalysis occurs. 

· Problem 4-16 

The active site of an enzyme contains a single ionizable group that must be in 
the negative form before the substrate can bind and catalysis occur. The pK 
of this group is 5.0. The substrate is a positively charged compound and 
remains completely ionized over the pH range studied. (a) Write the 
reactions showing the effect of pH on the distribution of enzyme species. (b) 
Derive a velocity equation for this system. (c) What would a plot of v versus 
pH look like? 

Solution 

(a) If we indicate the active form of the enzyme as E- and the substrate as S ... , 
the reactions are: 

l 
E- + s ... ====;: rs+ ~ E- + p+ 

+ 
H ... 

K,U 
EH 

Thus, for this simple monoprotic system, H+ acts as a competıtıve 
inhibitor. As [H'"] increases (i.e., pH decreases), the enzyme is driven to the. 
inactive, dead-end EH form. 
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....... , Ymax~ppt----------- ------~-------
'\ lf E is unstable at 
~ high pH values 
\ 
1 

At rs+J <<Kmapp \ 

pH 

(a) 

pH 

(b) 

\ 
\ , ... 

Figure 4-!JB (a) Plot of v versus pH at [S .. ]1PK,,,,.. (b) Plot of v versus pH at [S+]~K ...... 

(b) The velodty equation is the usual equation for competitive inhibition 
with [H+J/K. replacing [IJ/K;: 

and 

(46) 

Redprocal plots of 1/v versus 1/[S+J at different fix~d H+ concentrations will 
yield different values of K ....... from which K. (hence, pK.) can be obtained in 
the usual way. 

(c) If [S+] is saturating (very high compared to K ..... at all pH values) then 
v = V max and the plot of V max versus pH will be a straight line (no obvious 
optimum) (Fig. 4-38a ). If [S+] is low compared to K ....... v will increase with 
increasing pH (decreasing. [H+]) and then approach a straight ]ine at pH 
values high compared to pK, (as almost ali the enzyme is converted to the 
active E- form} (Fig. 4-38b ). If the enzyme is unstable at high pH values, v 
may decrease, giving an apparent "optimum" pH region. 

G. EFFECT OF TEMPERATURE ON 
ENzyME STABll.ITY AND ACTIVITY 

Most chemical reactions proceed at a faster velodty as the temperature is 
raised. An increase in T imparts more kinetic energy to the reactant 
molecules resulting in more productive collisions per unit time. Enzyme 
catalyzed reactions behave similarly, up to a point. Enzymes are complex 
protein molecules. Their catalytic activity results from a precise, highly 
ordered tertiary structure that juxtaposes spedfic amino acid R-groups in 
such a way as to form the stereospecific substrate binding sites and the 
catalytic center. The tertiary structure of an enzyme is maintained primarily 
by a large number of weak noncovalent bonds. in practical terms, an 
.enzyme molecule is a very delicate and fragile structure. If the molecule 
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al>.~çırbs too much energy, the tertiary structure will disrupt and the _enzyme 
will be denatured, that is, lose catalytic activity. Thus, as the temperature 
increases, the expected increas~in v resulting "from increased E + S collisions 
is offset by the increasing rate of denaturation. Consequently, a plot of v 
versus T usually shows a peak, sometimes referred to as the "optimum 
temperature." The "optimum temperature" depends on the assay time 
chosen. The true "optimum" temperature for an assay is the maximum 
temperalure at which the enzyme exhibits a constant activity over a time 
period at least as long as the assay time. This can easily be established by 
preincubating the enzyme at different temperatures for one or two times the 
desired assay time and then measuring the activity at a ternperature low 
enough to cause no denaturation. The temperature stability of an enzyme 
depends on a number of factors including the pH and ionic strength of the 
medium and the presence or absence of ligands. Substrates frequently 
protect against temperature denaturation. Low molecular weight enzymes 
composed of single polypeptide chains and possessing disulfide bonds are 
usually more heat stable than high molecular weight, oligomeric 
enzymes. In general, an enzyme will be more heat stable in crude cell-free 
preparations containing a high concentration of other proteins (provided no 
proteases are present). 

THE ARRHENIUS EQUATION-ENERGY OF ACTIVATION 

The relationship between the rate constant ofa reaction, k, and the activation 
energy, E0 , is given by the Arrhenius equation (Chapter 3): 

k = Ae -1!'..ııı:r OT log k = - 2_:RT ~ +log A {47) 

A is a constant for the particular reaction. A plot of log k versus 1/T is 
linear (Fig. 4-39). The integrated form of the Arrhenius equation is: 

or Ea (48) 

where k2 and kı are the specific reaction rate constants at two different 
temperatures, T2 and Tı, respectively. 

In a simple rapid equilibrium systern, V maxl(E], = kp, a first order rate 
constant. Thus, a plot of log V ma,J(E], versus 1/T yields Ea for the catalytic 
step. In practice, just log V m"" can be plotted since the V = of a given 
preparation is proportional to hı,. Because the Km varies with T, it cannot be 
assumed that a given concentration of substrate will be saturating at all 
temperatures. Ideally, V max should be determined from a reciprocal plot at 
each temperature. For most enzyme catalyzed reactions, V"""' depends on 
several rate constants, each of which may be affected differently by changing 
temperature. Asa result, the Ea calculated from the Arrhenius plot will be 
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log k 

1 
"Topt 

Eo 
Slope = - 23R 

/ ı;,ansition (curve B) 

Figure 4-39 The activation energy, E., fora reaction can 
be determined by measuring the reaction rate constant at 
different temperatures and plotting log k versus 1/T. For 
enzyme-catalyzed reactions, Jog V ,,,,J[EJ, or just log V mu 

can be plotted. Curve A: The usual plot. Curve 
B : Sometimes the plot will show a definite change in slope 
if at some temperature a different step becomes rate­
limiting. Curve C: A sudden drop in the plot indicates 
enzyme inactivation, 

an apparent or "average" value. The Arrhenius plot itself may be nonlinear 
if different steps become rate limiting at different temperatures. In some 
cases, the plot may show a sharp change in slope at sorne ternperature 

· ("transition temperature") where the dependency of V ma.x changes from one 
rate-lirniting step to another (Fig. 4-39, Curve B ). A sudden drop in the 
Arrhenius plot at Iow 1/T (high T) indicates protein denaturation (Fig. 4-39, 
Curve C). 

The effect of temperature on the rate of reactions is frequently expressed in 
terrns ofa temperature coefficient, Qıo, which is the factor by which the rate 
increases by raising the temperature I0°C. 

(49) 

A Qıo of 2 is equivalent to an E. of about 12,600 cal/mole in the region of 25 to 
35"C. 

• Problem 4~17 

The effect of temperature on the hydrolysis of lactose by a /3-galactosidase is 
shown below. Calculate the activation energy, Ea, and also Qıo. 
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T (°C) V mn (µ.,moles X min -ı X mg proıein -ı) 

Solution 

20 
30 
35 
40 
45 

4.50 
8.65 

11.80 
15.96 
21.36 

The best way to obtain E. is to plot log V max versus 1/T where T is given in 
°K. The data are arranged below. 

T (°C) T (°K) (1/T)X ıos V= log V= 

20 293 3.413 4.50 0.653 
30 303 3.300 8.65 0.937 
35 308 3.247 11.80 1.071 
40 313 3.195 15.96 1.203 
45 318 3.145 21.36 1.330 

The plot has a slope of: 

1.330- 0.653 0.677 s 
(3.145-3.413) X 10 3 = - 0.268 X 10-3 = - 2·53 X 10 

This slope equals - E./2.3R. 

.". E,,. = - 2.3(1.98)(-2.53 X 103) 

Ea = 11,500 cal/mole 

We can calculate Ea directly from any two points: 

I V ma.xt Ea (T2 - Tı) og--=--
V maxı 2.3R T2 T, 

2.3R log ~,mu:, Tı T2 

Ea == (Tt-Tı) 

'Choosing 30 and 40°C: 

E = (2.3)(1.98) log 1.845(293)(303) 
" . 10 

E., = 11,500 cal/mole 
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The Qıo between 30 and 40°C is: 

·0 15.96 
Qıo = 8_65 = 1.85 

Slightly different Q1o values are obtained for different 10° temperature 
differences. 

H. ENZYME ASSA YS 

INITIAL VELOClTY AS A FUNCTION OF [E], 

U nder. the usu al in vitro assay conditions, the enzyme is present in limiting or 
"catalytic" amounts in the neighborhood of ıo- 12 to ıo-1 M while [S] is 
generally 10-,, to ıo-2 M. At any substrate concentration, the initial velocity is 
given by: 

/ l·, . 

v = [S]V,,,.,. = [S]kı,[E],= hı, [E], 
K,,. +[S] Km +S (ı+K"') 

[S] 

Thus, v is always directly proportional to (E], and this fact can be used to 
quantitate the amount of enzyme present. it should be stressed that the 
relationship between~ v and [EJ,. is linear only if true initial velocities are 
measured. Since v varies with [S], "the assay period must be short enough to 
insure that only a small fraction of the substrate is utilized (5% or 
less). Figure 4-40a shows the appearance of product at different concentra-, 

lncubation time 
(a) 

1 2 3 4 5 6 
IElı (e.g., units/ml, µI enzyme, ete.) 

(b) 

Figure 4-40 Enzyme assays. (a) Product formation with time at_dj!f.~rent concentra­
tions of enzyme. {b) Initial velocity (calcuiatedas[P)/t,) ,;;-;; functimı of enzyme 
concentration. \ 
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tions of enzyme anda fixed [S]. The rate of product formation, d[P]Jdt, is 
constant for [E],, to [E],. up until time= tı (Fig. 4-40b). If a loİıger assay·thne 
is chosen (e.g., .t2), the response would· not be linear over the entire range of 
[E],. Similarly if an enzyme concentration greater than [E],. is used, the' 
response would not be linear foran assay time tı. Thus, the first thing to do 
in any assay or kinetic study is to establish the ]imits of linearity, that is, 
establish the maximum concentration of product that c-an accumulate before 
the [P] vefsus time and v versus [E], responses become nonlinear. 

ENZYME UNITS AND SPECIFIC ACTIVITIES­
QUANTITATING [E], 

In most preparations the actual molar concentration of enzyme is 
unknown. Consequently, the amount of enzyme present can be expressed 
only in terms of its activity. In order to standardize the reporting of enzyme 
activities, the Commission on Enzymes of the International Union of 
Biochemistry has defined a standard unit: 

üne International Unit (1 U) of enzyme is that amount that 
catalyzes the formation of 1 µ mole of product per minute ·under 
defined conditions. 

The concentration of enzyme in an impure preparation is expressed in terms 
of units/ml. The specific activity of the preparation is reported as units/mg 
protei_n. As t}le enzyme is purified, the specific activity will increase to a limit 
(that of the ~ure enzyme). Since v varies with (S], pH, ionic strength, 
temperature, and the like, a given preparation can have an infinite number of 
specific activities. Consequently, specific activities are usually reported far 
optimal assay conditions ata fixed temperature (usually 25, 30, or 37°C), with 
ali substrates present at saturating concentrations. 

A new unit of enzyme activity, the katal, has been proposed. üne katal is 
that amount of enzyme that catalyzes the conversion of one mole of substrate 
per second. Thus, one International Unit = 1/60 µ,katal = 16.67 nkatal. 
One katal = 6 X 107 Units. Specific activity can be expressed as katals/kg 
protein or µ,katals/mg protein. The molar activity of an enzyme is the 
katals/mole protein with units of sec-'. 

TURNOVER NUMBER 

The term "turnover number'' can be used in two ways. üne way, which has 
be_en redefined as "molecular activity" or "molar activity," is the number of 
moles of substrate transformed per minute per mole of em.yme (units per micromole of 
enı.yme) under optimum conditions. Since many enzymes are oligomers con­
taining n subunits, another possible "turnover number" is the numbflr of moles 
of substrate transformed per minıde per mole of active subıınit or catalytic center 
(under optimum conditions). This latter definitiÔn of catalytic power is called 

Dr. Yakup ASLAN
Vurgu
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"catalytic center activity." Both values are sometimes given simply as a 
number with units of min -ı. 

k = Vm== µ,moles (ofS.:..,.,.P) min-\X mı-1 = min-ı 
" [EJ, µ.moles (of E} mı- _ 

The hı, ranges from about 50 to about 105 min-1• Carbonic anhydrase has one 
of the highest turnover numbers know~ (36 X 106 min-1). The reciprocal of 
kı, gives the time required for a single catalytic eyde. Thus, for carbonic 
anhydrase, 1/kı, = 1/(36 x 106) = 0.028 x 10-6 min = 1.7 µ,sec. 

QUANTITATION OF [E], USING THE INTEGRATED 
VELOCITY EQUATION 

üne form of the integrated velocity equation is: 

[S]o 
V ,,,.,.t = 2.3 Km log [S]o _ [P] + [P] (50) 

Thus, for any fixed [S]o the time required for the formation ofa given [P] is 
inversely proportional to V =• that is, V maxt is constant fora given [S]o and 
[P]. Keep in mind that V max is a measure of [E],. Thus, the rule is usually 
stated as: 

[E], X time= constant (51) 

If n units of enzyme produce 1 mM product in 5 min, then 2ri units will yield 
1 mM product in 2.5 min while O.Sn units will require 10 min;' This relation­
ship holds for all regions of [S]o. Although 2n units yields 1 mM product in 
2.5 min, it is not necessarily true that 2n units will yield 2 mM product in 5 min 
(unless [S]o P K,,. so that v = V ..,,x and the reaction is zero-order). The 
relationship V m.xt = constant can be used to determine V = if K,., is 
known. We simply measure the time required for the appearance of a 
certain [P] starting with a fixed [S]o. However, the procedure is practical only 
where the appearance of P (or disappearance of S) can be monitored 
continuously (such as in spectrophotometric assays involving NADH produc­
tion or utilization). 

· Problem 4-18 

A crude cell-free extract contained 20 mg of protein per milliliter. Ten 
microliters of this extract in a standard total reaction volurne of 0.5 mi 
catalyzed the formation of 30 nmoles of product in 1 min under optimum 
assay conditions (optimum pH and ionic strength, saturating concentrations 
of all substrates, coenzymes, activators, and the like). (a) Express v in terms 
of nmoles/assay, nmoles x mı-ı X min-1, nmoles X liter-1 x min-', µmoles X 

liter-1 X min-ı, M x min-•. (b) What would v be if the same 10 µ.l of extract 
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were assayed in a total volume of 1.0 mi? (c) What is the concentration of the 
enzyme in the assay mixture and in the extract (in terms of units/ml)? (d) 
What is the specific activity of the preparation? 

Solution 

(a) v= _ 30 nmoles/min 
- 0.5ml 30 nmoles/assay 

= 60 nmoles X mr1 X min -ı = 60 X 10s nmoles X liter-ı X min-1 

= 60 p.moles X liter -ı X min -• = 6 X 10-5 M X min-1 

(b) The same total amount of product would be formed. This would halve 
the velocity in concentration terms: 

v= 30 nmoles X mı-1 X min-1 = 3 X 10-s M X min -ı 

(c) 60 nmoles x mı-ı x min-1 = 0.060 µmoles x mı-ı x min-1 

[E], = 0.06 units/ml assay mixture 

The actual assay volume of 0.5 mi contained 0.03 units. The 0.03 units came 
from 10 µl = O.Ol ml of extract. 

[E], = 0.03 units = 
O.Ol ml 

3 units/ml extract 

(d) S A = 3 units/ml = 
· · 20 mg protein/mi 

0.15 units/mg protein 

• Problem 4-19 

An enzyme preparation has a specific activity of 42 units/rng protein and 
contains 12 mg of protein per milliliter. Cakulate the initial velocity of the 
reaction in a standard 1 ml reaction mixture containing: (a) 20 µ.l and (b) 
5 µl of the preparation. (c) Should the preparation be diluted before an 
assay? 

, Solution 

First cakulate the enzyme concentration in the preparation in terms of 
units/ml. 

[enzyme] = 42 units/mg protein x 12 mg protein/mi 

[enzyme] = 504 units/ml 
/ 
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Now the velocities in terms of µmoles/min can be calculated, taking into 
consideration that the velocities will be directly proportional to the enzyme 
concentration in the reaction mixture: 

(a) Twenty microliters of preparation contain 

504 units/ml x 0.02 ml = 10.08 units enzyme 

V = 1().08 µ moles X min -ı X mr• 

(b) Five microliters of preparation contain 

504 units/ml x 0.005 ml = 2.52 units enzyme 

(c) In ali likelihood, the preparation will have to be diluted so that the 
substrate is not deplded during a reasonable assay time. For example, in 
10 min 5 µ.l of preparation in a 1.0 ml assay volume would use up 

(2.52 X 10----6 moles x min -ı x ml-1)(10 min) = 2.52 X ıo-5 moles/ml 
' 

[S] would have to be greater than 0.5 M in order to keep the fraction of S 
utilized below 5%. 

• Problem 4-20 

Fifteen microliters of an enzyme preparation catalyzed the production of 
0.52 µ.mole of product in 1 min under standard optimum assay condi­
tions. (a) How much product will be produced in 1 min by 150 µ.l of the 
preparation under the same reaction conditions? (b) How long will it take 
150 µ.,! of the preparation to produce 0.52 µ.mole of product under the same 
assay conditions? 

Solution 

(a) The initial velocity of the reaction was 0.52 µ,mole/min. Our first 
tendency is to say that 10 times as much enzyme will produce 10 times as much 
product in the same period of time. However, this will only be true if the 
velocity remains constant for the entire rninute, that is, if the reaction remains 
zero-order over the minute interval. In many instances, however, the 
decrease in the substrate concentration will cause the velocity of the reaction 
to drop back aut of the zero-order region. The amount of product formed 
by 150 µJ of enzyme in 1 min will be (10)(0.52) = 5.2 µ.moles only if the 
substrate concentration at the end of the 1 min is stili at least 100 Km and the 
product of the reaction is not an inhibitor of the enzyme. 
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(b} If the enzyme concentration is increased 10-fold, then only one-tenth as 
much time is needed to produce a given amount of product. Therefore the 
0.52 µ.mole of product will be produced by 150 µ.l of enzyme preparation in 
one-tenth as much time as it took 15 µJ of enzyme preparation. 

or 

Then 

t = 0.1 min = 6 sec 

[E], x time = k (15 µ.1)(1 min) = k 

(150 µ.l)(t) = 15 µ.l-min 

_ 15 µl-min 
t - 150 µ.l 

t = 0.1 min = 6 sec 

k = 15 µ.l-min 

• Problem 4~21 

üne microgram ofa pure enzyme (MW = 92,000) catalyzed a reaction at a rate 
of 0.50 µmoles/min under optimum conditions. Calculate (a) the specifıc 
activity of the enzyme in terms of units/mg protein and units/mole, and (b) the 
turnover number. (c) How long is one catalytic eyde? 

Solution 

(a) S A = V max = 0.5 µ.moles/min = 
. . mg ıo-smg 

500 units/mg protein 

S.A. = (5 X 105 units/g protein)(9.2 X 104 g/mole) = 

4.6 X 1010 units/mole enzyme 

(b) turnover number = (4.6 X 1010 µ.moles X min-ı X mole enzyme-1) X 

(10-6 moles x µ.mole -ı) 

turnover number = 4.6 X 104 min -ı 

pr 1 - 10- 6 g - og ıo-11 ı µ.g- 9.2 x 104 mole/g - l. X rno es enzyme 

V m•~ 0.5 X 10-ı; rnoles S ~ P /min 
turnover number = kp = [E] = 1 09 10_11 1 = , . x mo es enzyme 

4,6 X 104 min -ı 
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(c) The time required for one catalytic eyde is the reciprocal of the turnover 
number. Therefore, one molecule of enzyme will convert one molecule of S 
to Pin: 

tl·me - 1 -1 2.17 X ıo-s min 
- 4.6X ıo• min_1

- '----------~ 

· Problem 4-22 \ 

Üne gram fresh weight of muscle contains 40 units of an enzyrne with a 
turnover number of 6 X 104 min -ı. Estimate the intracellular concentration 
of the enzyme. 

Soluıion 

Assume that 1 g fresh weight of muscle contains about 0.80 rnl of intracellular 
water: 

40 units 50 . / I 50 10' . 11· O.SO ml = unıts m = . x unıts ıter 

= 50 x 1 o-' rnoles x Iiter-ı x min -ı 

V max = kp[EJ, or [E), = Vmax 
hı, 

50 x ıo-, moles x liter-1 x min-1 -1 8.33 x 10_7 M 
6 X 104 moles X mole -ı X min-1 - . 

Or, if we knew that the specific activity of the pure enzyme is 500 units/mg and 
its molecular weight is 120,000, we could proceed as shown below: 

50 x 10' units/liter 1 8.33 x 10_7 M 
5 units/g enzyme)(l.2 X 10' g enzyme/mole) = ~-------' 

ENZYME PURIFICATION 

Enzymes are purified by employing successive chemical or physical fractiona­
tion procedures. The object of each step is to retain as much of the desired 
enzyme as possible while getting rid of as rnuch of the other proteins, nudeic 
acids, and the like, as possible. The efficiency of each step is given by the 
"yield" or "recovery" (the percent of the total enzyme activity originaI1y 
present that is retained) and the "purification" or "purification factor" (the 
factor by which the specific activity of the preparation has increased). The 
object is to optimize both factors. Sometimes a good yield is sacrificed for the 
sake of an excellent purification step; sometimes a good purification step is 
not used because the yield is too low. If the crude cell-free extract contains 
inhibitors, yields greater than 100% may be ohserved in the early stages of 
purification. A hypothetical purification scheme is shown in Table 4-
3. The crude cell-free extract may be prepared by a number of means 
depending on the nature of the starting tissue or cells and the size of the 
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Table 4-3 Hypothetical Enzyme Purification Scheme 
N:> 
00 
00 

Protein Enı:yme 

Specific 
Volume of Total Activity Total Purification 
Fracıion Conc. Amount Conc. (units/mg Amoıı.nt Yield Factor 

Step (ml) (mg/ml) (mg) (ıı.nils/ml) protein) (units) (percent) (Fold) 

Crude cell-free extract 1000 12 12,000 5 0.416 5000 "100" "l.00" 

Heat step: 50"C for 
5 min, then remove denatured 
protein 1000 8 8,000 4.8 0.60 4800 96 1.44 

A mmonium sulfate precipitation; 
30-50% saturation fraction 250 3 750 11.0 3.67 2730 55 8.83 

Ion-ııxchange chromatography: 
DEAE-Sephadex : elution via pH 
gradient. Fractions 50-60, 
5 mi each, pooled, dialyzed, 
and concentrated 25 9 225 88 9.8 2200 44 23.6 

!on exchangıı chromatography: 
DEAE -Sephadex: elution via KCl 
gradient. Fractions 21-31, 
2 mi each, pooled and 
concentrated 5 7 35 364 52 1820 36.4 125 

Gel filtration: BioGel 
P-100. Fractions 30-40, 
1 mi each, pooled 10 0.92 9.2 170 185 1700 34 444 

Hydroxyl apatite chromatography: 
elution via phosphate 
buffer gradient. 
Fractions 15-18, 1 mi each, 

'"" 1 c::AI\ 'Hl 1Qfiı('lı 
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preparation. Some common cell-breakage methods include autolysis, 
freeze-thaw, sonic oscillation, mechanical grinding (with or without an abra­
sive), ballistic homogenization, or disruption in any one of a number of 
pressure ceHs (X-press, French press). The resulting homogenate is usually 
centrifuged to remove unbroken cells and large debris. There are no 
general rules concerning the order of the purification steps although heat 
treatment (where possible) and ammonium sulfate precipitations (Appendices 
II and III) are usually done early in the purification sequence. Gel filtration 
can follow ammonium sulfate precipitation and, thereby, serve to desalt the 
preparation as well as fractionate the proteins according to size. If ion­
exchange chrornatography is to follow the ammonium sulfate step, then it is a 
good idea to dialyze the preparation first, or pass the preparation through a 
rapid gel filtration column (e.g., Sephadex G-25). The removal of the 
ammonium sulfate will facilitate the binding of the proteins to the ion­
exchange column. Other steps not shown in the purification table that may 
be highly effective for certain enzymes indude diflerential centrifugation (for 
mitochondria, chloroplasts, nuclei, microsomes, ribosomes), pH precipitation, 
organic solvent precipitation (e.g., ethanol, acetone), protamine sulfate or 
streptomycin sulfate precipitation (to precipitate nudeic acids and acidic 
proteins), affinity chromatography, and preparative gel electrophoresis. The 
purity of the final preparation should be checked by several methods before 
concluding that the preparation is homogenous. Suitable methods include 
analytical disc gel electrophoresis at several pH values and gel concentrations, 
and ultracentrifugation. A homogeneous enzyme preparation should elute 
from an ion-exchange or gel filtration column as a single symmetrical activity 
and protein peak with a constant specifı.c activity throughout. A homogene­
ous preparation is by no means necessary for kihetic analyses, but the purer the 
enzyme, the less the complications from the competing reactions that may use 
up the substrate or the product. 

· Problem 4-23 

A crude cell-free extract of skeletal muscle contained 32 mg protein mi. Ten 
microliters of the extract catalyzed a reactio of 0.14 µ.molc/min 
un der standard optimum assay conditions. if ty milliliter o , e ext~act 
were fractionated by ammonium sulfate precipıtatjgıı. The fraction pre­
cipitating between 20% and 40% saturatioiı was redissplved in 10 ml. This 
solution was found to contain 50 mg protein/mi. Ten microliters of this 
purified fraction catalyzed the reaction ata rate of ~ole/min. Calculate 
(a) the percent recovery of the enzyme in the purified fraction, and (b) the 
degree of purification obtained by the fractionation (the purifıcation factor). 

Solution 

The crude cell-free extract contained: 

r ~4 µ.mole/min _ 14 l 1-ı X • -ı _ 
~ O.Ol ml - µ,mo esxm mm - 14units/ml 
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14 units/ml X 50 ml total volume = 700 total units -

and 32 rng protein/mi X 50 ml total volume = 1600 mg total protein 

The specific activity of the crude cell-free extract was: 

14 units/ml 0.4375 unit/mg protein V 32 mg protein/mi 

The purified fraction contained: 

0.65 µ.mole/min _ 65 1 X 1-ı X · -ı _ 
O.Ol ml - µ.mo es m mm - 65 units/ml V 

65 units/ml x 10 ml = 650 total units / 

and 50 mg protein/rol x 10 ml = 500 mg total protein 

The specific activity of the purified fraction was: 

65 units/ml 
1.30 units/mg protein 

50 mg protein/rol 

(a) total units in purified fraction lQOCd recovery= . _ X ıo 
total unıts m crude extract 

650 ı:-::-1 
recovery ;=: 700 X 100% = ~ 

'(b) 'fi . _ specific activity of purified fraction 
purı catıon - .fi . . f d 

specı c actıvıty o cru e extract 

-fi . 1.30 
purı catıon = 0.4375 purification = 2.97~fold 
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ASSAYS WITH AUXILIARY ENzyMES 

Frequently, the product of a reaction cannot be detected and quantitated 
directly but it is possible to add an auxiliary enzyme that converts the product 
quantitatively to another substance that can be measured. The overall 
reaction sequence is: 

where Eı is the enzyme being assayed and E2 is the auxiliary enzyme. Pis 
usually a compound that can be observed spectrophotometrically (e.g., 
NADH). The conditions for the conversion of S to P by E2 may not be 
compatible with those for the conversion of A to S. (üne of the cosubstrates 
for the E2 reaction may be an inhibitor of Eı, the pH optimum for the E2 
reaction may be quite di:fferent from that of the E, reaction, and so on.} In 
this case, the assay is run in two stages. First A is incubated with Eı (plus any 
cosubstrates) fora time sufficient to accumulate a detectable concentration of 
S. The reaction is then stopped (by boiling or changing the pH, for 
example). Then E2 and all necessary cosubstrates are added and the reaction 
is allowed to proceed until ali the S accumulated in stage 1 is converted to P, 
which is then measured. The question is: How long should the second­
stage incubation time be in order to convert the maximum level of S to P for a 
fixed amount of E2, and saturating cosubstrates of E,? The incubation time 
for any level of S can be calculated from the integrated velocity equation: 

2.3 K-s [S]o TP] 
t = --- log +-l:::.L-

V """'"• [S]o - [P] V ..,..,ı:, 
(52} 

Since part of the reaction will be first-order, a 100% conversion of S to P will 
take an infinite time. We can settle for 98% conversion, which would not 
introduce any significant error. 

If the auxiliary enzyme is very expensive, then we may wish to calculate the 
minimum amount needed to "complete" the reaction in a reasonable time by 
solving for V m.,,,w 

If the K"'S is 100 times or more greater than the maximum concentration of 
S that is allowed to accumulate, then the reaction S - P will always be 
first-order with respect to S. in this case, the concentration of S can be 
determined by measuring the initial velocity of the second-stage reaction: 

V.....,..u 
V = h [S] = -- [SJ 

K..,. 

COUPLBD ASSAYS 

(53) 

lf none of the conditions required for the S ~ P reaction is detrimental · 

to the reaction A ~ S (and vice versa), then both stages of the assay can be 
carried out simultaneously. The amount of Eı present can be determined by 
measuring the velocity of P formation. The following conditions are neces-
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sary fora valid coupled assay: (a) the primary reaction must be zero-order 
with respect to [AJ over the assay time and irreversible, and (b) the second­
stage reaction must be first-order with respect to [SJ and irreversible. Condi­
tion a is easily met if only a small fraction of [A]o is utilized during the assay 
period or if [A)o > K.,,. for Eı and all cosuöstrates are saturating. Irreversibil­
ity is assumed by the removal of S in the second-stage reaction. Condition b 
is met if [S]ss, 1:lie steady-state concentration of S, is 4[ Kms for Eı. [S]ss can be 
maintained ~ Kms by using a sufficient excess of E2. Irreversibility can be 
assumed if the equilibrium of the E2 reaction lies far to the right, or if one of 
the coproducts of the reaction is- continuously removed, or if the reaction 
proceeds only to a small extent. Under these conditions, A will yield a 
certain [S]ss after a short lag and thereafter the rate of P formation will be 
constant and proportional to [Eı]. If [Eı] is doubled, [S]ss will double, and 
the rate of P formation will double. Doubling [E~] halves [S]ss but since the 
velocity of the reaction S-+ P is given by V2 = k2[S]ss[E2], V2 is un­
changed. Thus once a sufficient excess of E2 is present, the rate of P 
formation will be independent of [E,]. 

• Probleın 4-24 

A cardiologist is studying the effect of alcohol on triglyceride accumulation 
in rat heart. The triglycerides are saponified and the glycerol released is 
deterrnined by the coupled enzyme system shown below. 

Q'•Kl)'CCTOIJdna.sc 

glycerol + MgATP-------+ a-glycerol phosphate + MgADP 

+ 
PEP 

ı=:aıc 
lacta.te dehydrogenuc 

NAD' .. + lactate +---------NADH + pyruvate 

+ 
MgATP 

The concentration of glycerol is calculated from the decrease in the concen­
tration of NADH (which can be measured spectrophotometrically, as de­
scribed in Chapter 5). a-Glycerolkinase is rather expensive. What is the 
minimum amount (units) of this enzyme needed in a 1.0 mi reaction mixture 
in order to "complete" the reaction in 15 min if the maximum concentration 
of glycerol that could be present is 0.3 µ.moles/ml? AH other enzymes and 
substrates are present in excess. The K,,. of a-glycerolkinase for glycerol is 
l.5X 10-4 M. 

Solution 

The integrated velocity equation can be rearranged to: 

V = 2.3 K,.. 1 [S]o + [P] 
max t og [S]o - [PJ t 

If we assume "completion" of the reaction when 98% of [S)o (glycerol) has 
been converted to P (a-glycerolphosphate), then 
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[S]o = 3 X 10'""' M [P] = 2.94 X 10_. M [S]o - [P] = 6 X 10-6 M 

V _ (2.3)(1.5 X I0-4)M l (3 X 10-4)M + 2.94 X 10'""' M 
max - 15 min og (6 X I04jM 15 min 

= (2.3 X 10-5)(1. 7) + 1.96 X 10-5 

= 5.87 x ıo-$ M /min = 0.0587 mM/min = 0.0587 µmoles x mı-1 x min-1 

or 0.0587 units/ml 

Since [E], x t = constant, she can use half a·s much enzyme and read the 
decrease in NADH after 30 min. 

We would not have obtained an accurate answer assuming onJy first-order 
kinetics or only zero-order kinetics because [SJ starts at above K... but far 
below 100 K-. 

I. MULTISUBSTRATE ENZYMES AND 
KINETIC MECHANISMS 

Most enzymes catalyze reactions between two or more substrates to yield two 
or more products. Yet, most introductory biochemistry texts restrict their 
discussion to unireactant systems. As a result, it is not always appreciated 
that the K,,. for a particular substrate at one fixed set of cosubstrate 
concentrations may not be the "real" K,.., but, instead, an apparent value that 
changes as the cosubstrate concentrations vary. Similarly, the observed ·.Y max 

of a preparation at a saturating concentration of one substrate may not be the 
same "V ınax" observed when another substrate is saturating. The true K ... 
for a particular substrate is that observed when all other substrates are 
saturating. The true V max is observed when ali substrates are present at 
saturating concentrations. lnhibition constants are alsa affected by the fixed 
concentrations of substrates. Thus, an observed "Ki " may not represent the 
true inhibitor dissociation constant. 

in this section the subject of multireactant enzymes will be introduced by 
examining some common bireactant systems. We will indicate the ligands as 
A and B, where B is a substrate and A can be a cosubstrate or coenzyme oran 
essential activator. 

Consider the reaction catalyzed by hexokinase: 

glucose + MgATP ;;:::::::= glucose-6-phosphate + MgADP 

Theoretically, the reaction might proceed by a number of kinetic mechan­
isms. These are described below. 

RAPlD EQUILIBRIUM RANDOM BI BI 

The two substrates (shown as A and B) might add randomly to the enzyme 
(Fig. 4-41) exactly as S and I do in a classical noncompetitive or mixed-type 
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B Q 
_ı.._,_ _L_ 

.....,......-

A~t A~~ ~prp H-P 
B Q 
_L ------""-

.....L..._ 
~ 

Figure 4-41 A schematic representation ofa random kinetic mechanism fora group 
transfer reaction. The binding sites for both substrates are available on free E. 

inhibition system. The products (shown as P and Q) might also leave 
randomly. 

E +A 
KA-Kıa 

EA EP 
J<p=.Kı, 

P+ E 
+ + + + 
B B Q Q 

Ka- Ku 1l 
uKA =K"'A 

Jf .. xa-KM• • /JKQ~x"'Q1l 
PKr=X~, 

Jr KQ- K,, 
EB+A EAB ' EPQ P+EQ ._, 

A binds to free E with a dissociation constant KA (also called K.., in the Cleland 
nomenclature). B binds to free E with a dissociation constant KB (or 
Kb). The binding of one substrate may al(er the affinity of the enzyme for 
the other. Thus, A binds to EB with a dissociation constant aKA. Since the 
overall equilibrium constant between EAB and E must be the same regardless 
of the patlı taken, B binds to EA with a dissociation constant cı.KB. cı.KA is the 
same as K ... A (the K .. for A at saturating [B]). cı.KB is the same as K .... (the Km 
for B at' saturating [AJ). If the rate-limiting step is the slow conversion of 
EAB to EPQ, we can derive the velocity equation for the forward reaction in 
the absence of P and Q in the usual manner. In fact, the only difference 
between the rapid equilibrium random bireactant system and noncompetitive 
or linear mixed-type inhibition is that now the ternary complex (EAB) is 
catalytically active, while ESi was not. 

V = k.[EAB] and 
V k.,[EAB] 

[E]ı = [E] + [EA] + [EB] + [EAB] 

Expressing the concentrations of each enzyme species in terms of free E we 
obtain: 

[A][B] 
v aKAKB --=---------

V-x l+[A]+[B]+ [A][B] 
KA KB aKAKB 

(54) 
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or _v_ = --,--~---c'"-[A..,,..]..._[B_.J'="""=--,--­
V ....,.~ «KAKn + aKn[A] + aKA[B) '.. [A][B] 

where V max = ~ (E],. 

(55) 

The equation can be rear;ranged to show either A or B as the varied substr.ate 
at a fixed level of the other substrate. For example, when [A] is varied: 

v [A] 

V-,c = aKA (ı+~j)+[A] (ı+ ;;) 
(56) 

At a fixed [B], the velocity equation can be written as: 

V ' [Al 
v.....,..pp = K-... p" + [AJ 

(57) 

where Vmax •• p and K ....... are apparent constants at the fixed [B]. We see from 
Equation 56 that when [BJ is saturating, the constants are aKA (i.e., Km .. ) and 
the true Vmax• (When (B] = o:ı, the Kn/{B] and aKn/[B] terms go to 
zero.) The reciprocal plots for varied [A] at different fixed concentrations of 
B are shown in Figure 4·42. The plots forvaried [B] are symmetrical to those 
shown for varied [AJ. 

ORDERED BI Bl 

It may be impossible for B to bind until after A binds and promotes a 
conformational change in the enzyme that exposes the B binding site {Fig. 
4-43). The reaction sequence is: 

,, 
E+A~EA 

l-ı 

+ 
p 

·-·Jr l, 
l. 

EAB ;;=::::::!c EPQ 
l •• 

Or, in the abbreviated scheme of Cleland: 

A B 

l l 
E EA (EAB:.===EPQ) 

p 

I 
Q 

r 
EQ E 
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Figure 4-42 (a) Plot of 1/v versus 1/[A] at different fixed concentrations of B for. a rapid equilibrium random system where a, the 
interaction factor, is 0.3. (b) Slopııııı. versus 1/f,t\J.replot to obtain Kıı, (c) 1/V m••,,. versus 1/[B) replot to obtain aKe and V m:ıx• 
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Q 

Figure 4-43 A schematic representation of an ordered kinetic mechanism for 
a group transfer reaction. The binding of A causes a conformational change 
in the enzyme that exposes the binding site for B. Thus, the B-P site is 
accessible only when the A-Q site is occupied. 

If the conversion of EAB to EPQ is rate-limiting so that E, A, EA, B, and EAB 
are at equilibrium, the equation is: 

or 

[A][B] 
ıı KAKB 

V max = l + [A] + [AJ[B] 
KA KAKB 

(58) 

(59) 

If the conversion of EAB to EPQ is as rapid as the dissociation reactions, then 
steady-state assumptions must be used to derive the velocity equation. In 
multireactant systems, the rapid equilibrium and steady-state approaches do 
not yield the same final equation. For the ordered Bi Bi system, a steady­
state derivation yields: 

v [AJ[BJ 
V ııwı: = Kı..K-+ K.,9 [AJ + K,..A[B] + [AJ[B] 

(60) 

where Kıa is the dissociation constant for A and Km.,, is the concentration of A 
that yields half-maximal velocity at saturating [B]. The reciprocal plots are 
shown in Figures 4-44 and 4-45. 
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Figurıı 4-44 Ordered Bi Bi system. (a) 1/v versus 1/[A] at different fixed B concentrations. (b) 1/v-axis 
intercept replot. (c) SlopeııA replot. Although the nomenclature is different, Figure 4-44 is identical to Figure 
4-42. Thus, initial velocity measurements alo ne will not discriminate between random and ordered mechanisms. 
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Figure 4-45 Ordered Bi Bi system. (a) 1/v versus 1/[B] at different fixed A concentrations. (b) 1/v-axis intercept 
replot. (c) Slopeı/11 replot. 
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PiNG f'ONG BI BI 

A third possible mechanism involves a transfer of phosphate from MgA TP to 
the enzyme, followed by release of MgADP before the glucose binds and picks 
up the phosphate {Fig. 4-46). This type of mechanism is called Ping Pong 
because the enzyme oscillates between two stable forms, E and F. The 
reaction sequence is: 

A p B Q 

l l l I 
E (EA ;.::== EP) F (FB~EQ) E 

where A = MgATP, P = MgADP, B = glucose, and Q = glucose-6-
phosphate. EA represents enzyme-MgATP. FP represents enzyme­
phosphate-MgADP. Enzyme species F represents the stable (possible coval­
ent} enzyme-phosphate. FB represents enzyme-phosphate-glucose, and EQ 
represents enzyme-glucose-6-phosphate. A steady-state treatment yields: 

_v_= [A][B] 
V - K.,.[A] + K,,. .. [B] + [A][B] 

(61) 

When rearranged to show A as the varied substrate at different fixed 
concentrations of B, the equation becomes: 

V [A] 

V .... ,. = K,...._+[AJ(ı+~j) 
(62) . 

Q 

p 

_}_,_ --
Figure 4-46 A schematic representation of a Ping Pong kinetic mechanism for a 
group transfer reaction. The donor A reacts with E to forma substituted enzyme; P 
leaves before the acceptor, B, adds. 
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Since the K .. A term in the denominator is not multiplied by any factor, the 
family of reciprocal plots obtained at di!1"erent fixed B concentrations will be 
parallel. A symmetrical equation results when [B) is varied at different fixed 
A concentrations. The reciprocal plots and replots for varied [A] are shown 
in Figure 4-4 7. 

Hexokinase does not yield parallel reciprocal plots, so the Ping Pong 
mechanism can be discarded. However, initial velocity studies alone will not 
discriminate between the ·rapid equilibrium random and steady-state ordered 
mechanisms. Both yield the same velocity equation and families of intersect­
ing reciprocal plots. Other diagnostic procedures must be used (e.g., pro­
duct inhibition, dead-end inhibition, equilibrium substrate binding, and 
isotope exchange studies). These procedures are described in detail in the 
author's Enzyme Kinetics: Behavior and Analysis of Rapid Equilibrium and 
Steady-State Enzyme Systems, Wiley-Interscience (1975). 

· Problem 4-25 

If the laws of the thermodynamics cannot be violated, then the overall AG' or 
K~ from E to EAB must be the same regardless of the patlı taken. Explain 
then how it is possible to have an ordered bireactant sequence E ~ EA ~ 
EAB. That is, shouldn't the sequence E~ EB ~ EAB be equally likely? 

Solııtion 

The reaction sequence between E and EAB is shown below with some 
arbitrary values inserted far the rate constants. 

E+A 
ı.,-ıo> 

EA 
+ 

ı ... , .... ıo-• 
+ 

B B 

.__--ı=ıo-1 ı 

EB + A =====:::; EAB ~ EPQ 
.l,ı-102 1-t 

KA= Lı = ıo-6 
kı 

Ks = La= 10-2 
k, 

The overall K"" between free E and EAB is 1011 by either route. Conse­
quently, no rules of thermodynamics have been violated. However, the 
product of the fonvard rate constants far one route to EAB is much greater 
than the product of rate constants far the other route: 

k,k2 '$> k3k. 

even though 

Thus, the overall reaction sequence has a kinetically preferred patlı and, far 
all practical purposes, the sequence appears obligately ordered: E ~ EA ~ 
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Figure 4-47 Ping Pong Bi Bi system. (a) 1/v versus 1/(A] at differcnt fixed B concentrations. (b) 1/v-axis intercept 
replot. (c) 1/K,.,._1,,.> replot. Thc plots and replots for B as the varied substratc are symmetrical to those shown for A. 

!iı. 



MULTISITE AND ALLOSTERIC ENZYMES 303 

EAB. Furthermore, binding studies with [AJ alone in the range ıo-1 M to 
ıo-ıı M will yield substantial EA. Binding studies with [B] alone in the range 
10-6 to ıo-f M will yield little or DO detectable EB. Yet, in this [B] range in the 
presence of A, v is an appreciable fraction of V m=· 

J. MUL TISITE AND ALLOSTERIC ENZYMES 

Many enzymes are oligomers composed of distinct subunits or mono­
mers. Often, the subunits are identical, each bearing a catalytic site. If the 
sites are identical and completely independent of each other, then the 
presence of substrate at one site will have no effect on the binding properties 
of the vacant sites nor on the catalytic activities of other occupied sites. If the 
enzyme is a tetramer, then at any fixed substrate concentration [E], will be 
distributed among fi.ve different species: E, ESı, ES2, ES3, and ES.. Yet, as we 
shaH soon see, the S binding or velocity curve will be the usual hyperbola. In 
other words, n molecules of a one-site enzyme behave identically to one 
molecule of an n-site enzyme. Although there are no obvious interactions 
between the sites, the isolated monorners are often completely inactive. As­
sociation to a tetramer may cause small changes in the tertiary structure of 
each monomer resulting in the formation of the substrate binding site or the 
proper juxtaposition of the substrate binding site and the catalytic 
groups. Oligomerization may also contribute to the stability of enzymes in 
vivo. 

If the presence of substrate on one site does influence the binding of 
substrate to vacant sites, or the rate of product formation at other occupied 
sites, then we have a situation where the substrate itself acts as a modifier or 
effector yielding substrate activation (including sigmoidal v versus [S] re­
sponses) or substrate inhibition. 

NONCOOPERATIVE SITES 

Let us first examine a dimer (two-site) model in which both sites are identical 
and independent. The substrate binding sequence is shown below. 

K5 ~. 

E+S~ ES-E+P 
+ + 
s s 

P+E ,, •l+s-"<-1~ {ES+P 
+-------- ___,. SE + P 

The velocity is given by: 

v = kı, [ES] + kı, [SE] + 2 kı, [SES] 

SES is twice as active as ES or SE because both sites are filled. The velocity 
equation is obtained in the usual way. 

·~ ........ ,.. 
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~ = kp [ES] + le, [SE] + 2 kv [SES] 
[E], [EJ +[ES]+ [SE] + [SES] 

[ES]= [S] [E) [SE] = [S] [EJ 
Ks Ks 

kv [S]+ kvlfil+2 kv~ 
V Ks Ks Ks 

[EJ, = l + [S] + [S] + [S]: = 
Ks Ks Ks 

[SES] = [S] [ES) = [S]: [E] 
Ks Ks 

21c,lli+ 2 le, [SJ: 
Ks Ks 

1 + 2[SJ + [S]: 
Ks Ks 

V mu will be observed when both sites are filled. Therefore we can designate 
2 hı, [E)ı as V .....,.: 

~+@: 
v Ks Ks 

v...,.., = 1+2[8]+~ 
Ks Ks 

(63) 

The numerator contains two terms because there are two kinds of product­
forming complexes. The denominator refiects the fact that there are three 
enzyme species present (free E, singly occupied enzyme, and doubly occupied 
enzyme). The coefficient 2 shows that there are, in effect, two singly 
occupied species (substrate at one site and substrate at the other site). The 
velocity equation for a tetramer is obtained in the same way, as shown in 

ES ES2 

~EE ~e@fIB 
fia' Bil BE tll ~ 

four ways to make Six ways to make 
ES1 ES2 

E 

ES3 

lsl~I msı 

l~ls! lsl~I 
Four ways to make 

ES 3 

One way to make 
ES4 

Figııre 4-48 Distribution of species for an enzyme with four identical subunits. 
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Figure 4-48. If 4 kı,[E], is taken as V max, the equation becomes: 

[S] + 3[St 3[Sf [S]4 
-K Kı+Ks+K 4 

V s s s s 

V"""' = l + 4[S] + 6[Sr + 4[Sr + [SJ: 
Ks Ks Ks Ks 

(64) 

in general, the velocity equation for an enzyme with n identical sites is: 

[SJ ( [S])M-1 - ı+-
v Ks Ks --= 

(ı+~~r 
(65) 

which reduces to: 

[SJ 
v Ks [S] 

V "'"" = l + [S] = Ks + [S] 
Ks 

Thus, the v versus [SJ plots are hyperbolic regardless of the value of n. it is 
impossible to tell from the kinetics of the reaction whether we are dealing with 
1 pmole of an enzyme with n identical sites or n pmoles of an enzyme with 
one site. 

ALLOSTERIC ENZYMES-COOPERATIVE BINDING 

So far, we have considered enzymes that possess multiple, but independent, 
substrate binding sites, that is, the binding of one molecule of substrate has no 
effect on the intrinsic dissociation constants of the vacant sites. Such en­
zymes yield normal hyperbolic velocity curves. However, if the binding of 
one substrate molecule induces structural or electronic changes that result in 
altered affinities for the vacant sites, the velocity curve will no longer follow 
Henri-Michaelis-Menten kinetics and the enzyme will be classified as an 
allosteric enzyme. In all likelihood, the multiple substrate binding sites of 
allosteric enzymes reside on different protein subunits. Generally, allosteric 
enzymes yield sigmoidal velodty curves. The binding of one substrate 
molecule facilitates the binding of the next substrate molecule by increasing 
the affinities of the vacant binding sites. The phenomenon has been called 
"cooperative binding," or "positive cooperativity" with respect to substrate 
binding, or a "positive homotropic response." lnteractions between differ­
ent ligands (e.g., substrate and activator, substrate and inhibitor, inhibitor and 
activator) are called "heterotropic responses" and may be either positive or 
negative.l 

The ptitential advantage of a sigmoidal response to varying substrate is 
illustrated in Figure 4-49. For comparison, a normal hyperbolic velocity 
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Figııre 4-49 Comparison of velocity curves for two different enzymes 
that coincidentally have the same v at [S) = 9. (a) Hyperbolic re­
sponse. (b) Sigmoidal response. 

curve with the same [S)o.9 is shown. Between [SJ = O and [SJ = 3, the hyper­
bolic response curve decelerates, but still rises to 0.75 Vmax. The sigmoidal 
curve accelerates exponentially, but only attains 0.10 V"'.,. between the same 
limits of (S]. However, the sigmoidal curve increases from O. 1 O V m•" to 
O. 75 V mu with only an additional 2.3-fold increase in [S). In order to cover 
the same specific velocity range, the hyperbolic curve requires a 27-fold 
increase in [S]. Thus, the sigmoidal response acts, in a sense, as an ''off-on 
switch." Also, at intermediate specific velocities, the sigmoidal response 
provides a much more sensitive control of the reaction rate by variations in 
the substrate concentration. 

The term "allosteric". was originaHy applied by Monod, Changeux, and 
Jacob to enzymes that display altered'kinetic properties (usually a change in 
[S]o.s) in the presence of Jigands ("effectors" or "modifiers") that have no 
structural resemblance to the substrate. The allosteric response is usually 
quite understandable in terms of metabolic control and cellular economy 
(e.g., the feedback inhibition of the first reaction ofa sequence by the ultimate 
product). Most allosterk enzymes display sigmoidal ligand saturation 
curves. Consequently, allosterism has become synonymous with sigmoidal 
responses. (However, not all sigmoidal binding or velocity curves result 
from allosteric interactions.) 

Two major rnodels for allosteric enzymes have been proposed. These are 
the "sequential interaction" model and the "concerted-symmetry" 
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model. As the name suggests, the "sequential" model assumes sequential or 
progressive changes in the affinities of vacant sites as sites are occupied. The 
"concerted-symmetry" model assunies that the enzyme preexists as an 
equilibrium mixture of a high affinity oligomer and a low affinity 
oligomer. Ligands, induding the substrate, act by displacing the equilibrium 
in favor of one state or the other. During the transition, the conformation of 
all subunits changes at the same time. 

THE SIMPLE SEQUENTIAL INTERACTION MODEL 

The simplest model of an allosteric enzyme is an extension of the "flexible 
enzyme" or "induced fit" model of Koshland. This model assumes that 
significant changes in the conformation of an enzyme can result from the 
binding of a substrate or other Iigand. These conformational changes can 
result in altered affinities of vacant sites (including the uncovering of a 
previously buried site). in effect, each substrate molecule that binds makes it 
easier for the next substrate molecule to bind. The resulting velocity curve 
has a marked acceleration phase followed by the normal sloping off as the 
enzyme approaches saturation. Let us examine an a1losteric enzyme with 
two cooperative sites (Fig. 4-50a ). The reactions are: 

Ks 
E+S===:; 

1 

ES ~E+P 
+ + 
s s 

l Ks 1[ 
P+E~SE 

ır ... ", {SE+P 
SES- ES+P 

(66) 

When one site is occupied, the dissociation constant of the vacant site changes 
to aKs, where a < I. The velocity equation is: 

(67) 

The velocity equation does not reduce to the Henri-Michaelis-Menten equa­
tion. 

Next, consider an allosteric tetramer (Fig. 4-50b). The first molecule of S 
binds to any of the four vacant sites with a dissociation constant Ks. As a 
result, the dissociation constants of all three vacant sites change to 
aKs. When the second molecule of S binds, the dissociation constants of the 
remaining two sites are changed by a factor b to abKs. When the third 
molecule of S binds, the dissociation constant of the }ast unfılled site is· 
changed by a factor c to abcKs. N ote that effects are progressive and 
cumulative. 
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(Free enzyme) 
E or A2 

Ks +s 

ES or ABS 
(Singly-occupied species) 

+s 

+s 

+S 

+s 

{Singly-occupied species) 
SE or ABS 

~ 
~ 

SES or B2S2 
or 

ES2 

{Doubly-occupied species) 

(a) Dimer 

abKs 

+s 

(b) Tetramer 

abcK5 

+s 

Figure 4-50 The sequential interaction model of allosteric enzymes. As each site is occupied, 
the subunit carrying the site undergoes a change from the A conformation to . the B 
conformation. Asa result, new interactions between subunits are established and the affinities 
of the vacant sites change. Ks represents a dissodation constant. Thus, if the affinities of 
vacant sites increase, a, b, and c (the interaction factors) are < l and we observe positive 
cooperativity (a sigmoidal velocity curve). The sequential interaction model also provides for. 
negative çooperativity (a, b, and c are > l). (a) Dimer model. The two ways of arranging S to 
form a singly-occupied species is shown. (b) Tetramer model. For simplicity, only one 
arrangement of each occupied species is shown. 

The velocity is given by: 

Dividing both sides of the equation by [EJ, and introducing the statistical fac­
tors as shown in Figure 4-48, we obtain: 

(68) 

where V max = 4 kr, [E],. 
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A SIMPLIFIED VBLOCITY EQUATION FOR ALLOSTERIC 
ENZYMES-THE HILL EQUATI(!N 

Consider an enzyme with n equivalent substrate binding sites. If the 
cooperativity in substrate binding is very marked (i.e., the factors a, b, c, ete., 
are very srnall numbers), then the concentrations of all enzyme-substrate 
complexes containing less than n molecules of substrate will be negligible at 
any [S] that is appreciable compared to Ks. Under this condition, the 
velocity equation will be dominated by the [S]" term. 

For example, the equation for the four-site enzyme reduces to: 

or 

V --= 
Vmax 

[S]4 [S]4 
a~b 2cKs4 ](' 

[S]4 =~ 
l+ a3b2cKs' I+K' 

V [S]' 
--= 4 
Vmax K'+ [S] 

In general: 

v csr --= _.,___,,____ 
V ,-.,a.x K' + [S]" 

The above equation is known as the Hill equation. 

n = the number of substrate binding sites per 
molecule of eiızyme 

K' = a constant comprising the interaction factors a, b, c, 
ete., and the intrinsic dissociation corıstant, Ks 

= K;{an-ıb"-2,n-3 ..... ı.ı) 

(69) 

The constant K I in the above equation no longer equals the substrate 
concentration that yields half-maximal velocity (except when n = l, when the 
equation reduces to the Henri-Michaelis-Menten equation). 

When v = 0.5 V max: 0.5 K 1 + 0.5 [S]~.s = [S]~.s 

K' = (S];.s 

[S]o.s = efKi or n log [S]o.s :::: log K' (70) 

If the cooperativity is not very high, the velocity equation will not reduce to 
the Hill equation. N evertheless, velocity curves can be expressed in terrns of 
the Hill equation, although n will no longer equal the number of sites. In 
this case, the "n" should be designated n.P., or na. Far example, if the 
cooperativity is such that the major species present between 10 and 90% of 
V max are ESs and ES., then the velocity data can be made to fit the Hill 
equation if n is taken as some nonintegral value between 3 and 4 (e.g., 
n = 3.6). To put it another way, if experimental velocity <lata are analyzed in 
terms of the Hill equation, the calculated value of n will almost always be less 
than the actual number of sites. The next highest İnteger above this apparent 
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n value represents the minimum number of actual sites. Therefore, if the 
experimental data yield an 7lapp value of 1.8 based on the Hill equation, we are 
in effect saying that the enzyme behaves as if it possesses exactly 1.8 substrate 
binding sites with very strong cooperativity. We know that there are at least 
two sites with relatively strong cooperativity but there could just as well be 
four sites with poor cooperativity, or many sites that act in highly cooperative 
pairs. 

SIGMOIDICITY OF THB V.BLOCITY CUR VE 

The shape of the v versus [S] curve can be expressed in terms of the ratio of 
substrate concentration required for any two fractions of V ""'"' for example, 
0.9 V "'"" and O. 1 V "'""· This ratio, called the cooperativity index, depends on 
the value of n as shown below. 

u 

o 

V [Sf 
V max = K' + [S]" 

When v = 0.9 V .,.,.,.: 

When v =0.1 V.....,.: 

O 9 (S]ô.9 
. = K' + [S]ô.9 

_ [S]ô.ı 
O.l - K' + [S]~.ı 

[S]o.9 = ef9K' 

.. fj{i 
[S]o.ı = 'Jg 

[S]o.9 _ v'9K' _ ... fgj[i 
[S]o.ı - -efi[ijg- '/"i0ğ 

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 
ıs·ı 

Figure 4-51 Effect of the interaction factors on the sigmoidicity and [S]u of 
a four-site enzyme. Curve A: a = b = c = 0.05. Curve B: a = b = c = 0.1. 
Curve C: a = b = c = 0.2. Curves A, B, and C were calculated using the full 
velocity equation. Curves A ', B ', and C' were calculated from the correspond­
ing Hill equation (i.e., only the terms corresponding to E and ESt are taken into 
account). 
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[S]o.9 .n~ 
-;::::;v8I 
[SJo.ı 

or n := 
log8I 

I [S]o ... og-­
[S]o.ı 

(71) 

Figure 4-51 shows the effect of different interaction factors on the velocity 
curve of an allosteric tetramer. As the interaction factors decrease (i.e., as 
the cooperativity increases), the curves becorne more sigmoidal and [S]o.s 
decreases. 

THE HILL PLOT-LOGARITHMIC 
FORM OF THE HILL EQUATION 

The Hill equation can be converted to a useful linear form as shown below: 

or 

V [SJ" --=-~~-
Vm•~ K' + [Sr 

[Sf(Vmax-v}= vK' 

V ın,~[Sf = vK' + v[Sr 

[S]"(Vm,x- v) = K' 
V 

Vm .... -v 
n log [S] + Jog = log K' 

V 

Vm=-v 
log = log K' - n log [S] 

V 

V 
Iog V =x - V = n log [SJ - log K, (72) 

Thus, a plot of log v /( V max - v) versus log [SJ is a straight !ine with a slope of n 
(Fig. 4-52). When log v/(Vm=- v) = O, v/(V max - v) = 1 and the correspond­
ing position on the log (S] axis gives log (S]o.5· K' may be calculated from the 
relationship K' = [SJ;_5. Theoretically, the Hill plot is linear over the entire 
range of substrate concentration (by virtue of the derivation that assumes no 
intermediates between E and ESn)- With ex.perimental <lata, the Hill plot 
usually deviates from linearity at low specific velocities, where complexes 
containing less than n molecules of substrate contribute significantly to the 
initial velocity. The limiting slope at very low substrate concentrations 
(which may never be observed experimentally) is 1.0. On the other hand, if 
the enzyme contains noncatalytic regulatory sites that must be occupied 
before the substrate can bind to the catalytic site, the slope of the Hill plot will 
increase as the substrate concentration decreases. At very ]ow [SJ, the slope 
will approach the number of sites that must be occupied before any reaction 
occurs. 

Hill plots can be constructed by plotting log v /( V m= - v) versus log [S] on a 
linear scale. The slope, n, can then be read directly from the 
plot. However, it is usually more convenient to plot v/(V,,...,.-v) versus [S] 
directly on a log-log scale. If the decades of the log-log scale are the same 
size on both axes the slope can be determined by measuring suitable vertical 
and horizontal-distances with a ruler. 
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Figure 4-52 Hill plots for enzymes with different n values and the sarne 
intrinsic Ks, 

THE CONCERTED TRANSITION OR SYMMETRY MODEL 

In 1965, Monod, Wyman, and Changeux proposed a unique model for 
allosteric proteins. The features of this model are: (a) allosteric proteins 
are polymeric ("oligomers") containing identical minimal units ("protomers") 
arranged in a symmetrical fashion. {b) Each identical protomer possesses 
one, and only one, binding site for any given ligand (substrate, inhibitor, 
activator). (c) The oligomer can exist in two different conformations that are 
in equilibrium. The different conformations can arise from a rearrange­
ment of the quaternary structure or from a change in the tertiary structure of 
the protomers (or both). The transition between one conforrnation and 
another is an all-or-nothing event, that is, the symmetry of the oligomer is 
conserved in the transition. Thus, there are no hybrid states where some 
protomers have rearranged in space or changed in conformation while others 
have not. (d) The affinity ofa binding site fora given ligand depends on the 
conformation of the protomer (hence, on the conformation of the 
oligomer}. Some ligands bind preferentially to one oligomer conformation, 
while other ligands bind preferentially to the other oligomer conforma­
tion. The binding of a ligand to one particular conformation will cause the 

' equilibrium to shift in favor of the conformation with the bound 
ligand. Because each oligomer possesses more than one ligand binding site 
(one per protomer) and the transition from the lower affinity to the higher 
affinity conformation occurs simultaneously for all protomers, the number of 
higher affinity binding sites made available by the transition exceeds the one 
used up. Asa result, the ligand binding curve or velocity curve is sigmoidal. 

Figure 4-53 illustrates the concerted-symmetry model fora tetramer. The 
"T" ("taut" or "tight'') state represents the conformation with the lower 
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EE] L· ffi To 
L=ill 

Ro 

+sHKsy 
(Ro} 

+sJ tKsR 

tB lı tB R~ı TSı 
(See Practice Problem 35) 

+SHKsr +SHK~ 
TS2t@ 

L2 

~ RS2 

+sHKs1 +sHKsR 

tın 
l3 

~ RS3 TS3 

+sHKsT +sHKsR 

~ 
L4 

~ RS4 TS4 s 
Figure 4-5!J The concerted-symmetry model of 
Monod, Wyman, and Changeux. T represents a 
low affinity form of an oligomeric enzyme which is 
in equilibrium with R, a high affinity form of the 
enzyme. This model allows only positive 
cooperativity. 
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affinity for the ligand, S. The "R" ("relaxed") state represents the confor­
mation with the higher affinity for S. The equilibrium constant for the 
transition Ro ~ To is designated L. 

L = [Toj 
[Ro] 

(73) 

The intrinsic dissociation constant for the S binding site on a protorner in 
the T state is designated Ks,.. The intrinsic dissociation constant for the S 
binding site on a protomer in the R state is designated Ks.. The ratio 
Ks .. l Ks-r is designated c and called the "nonexclusive binding coefficient." 

The cooperativity of substrate binding depends on L and c. The velocity 
curves become more sigmoidal as L increases (i.e., as the Ro ~ T O equilibrium 
favors To) and as c decreases (i.e., as the affinity of the T state decreases 
relative to the affinity of the R state for S). Allosteric inhibitors are assumed 
to bind preferentiaUy to the T state thereDyôisplacing the T 0 ::::; Rı:ı equilib­
rium in favor of To (Fig. 4-54). Irı effect, the allosteric constant, L, increases 
and the velocity curves become more sigmoidal with n.PP (from Hill plots) 
approaching the actual number of sites. An activator is assumed to bind 
prefereHtially .t.o the R state and thus mimics the substrate by shifting the 

, t To::::; Ro equilibrium to the right. As a result, the velocity curves become less 
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Figure 4-54 According to the concerted-symmetry model, an allosteric inhibitor 
binds preferentially to the T form. This causes the velocity curve to become 
more sigmoidal with a higher [S]ıı.s, An allosteric activator mimics the substrate 
by binding preferentially to the R form. As a result, the velocity curve becomes 
less sigmoidal (hyperbolic at saturating activator) and [S]o.s decreases. These 
observations can also be explained in terms of the sequential interaction model. 

sigmoidal. At an infinitely high activator concentration, ali the enzyme will 
be driven to the R state and the v versus [S] curves become hyperbolic. 

Figure 4-55 illustrates the simplest version of the concerted symmetry 
model for a dimer. lt is assumed that the "T" state has absolutely no affinity 
for the substrate, S (i.e., c = 0). That is, S binds exclusively to the "R" state 

. To Ro 

[X] 

Figure 4-55 The concerted-symmetry model for an allosteric dimer where S 
binds exclusively to the R form (c = O). 
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with a dissociation constant that can be indicated simply as Ks. The velocity 
is given by: 

Dividing by [E], : 

~ = k,. [RSJ + kp [SR] + 2 kp [RS2] 
[E], [ToJ + [Ro] + [RSJ + [SR] + [RS2] 

Substituting for [RS], ete., in terms of [Ro]: 

or 

kı, [S] [RoJ + kp [S] [Ro] + 2 kı, [S]: 
v Ks Ks Ks 

~= ' 
[EJ, L[Ro] + [Ro] + ~: [Ro] + ~: [Ro) + ~:2 [Ro] 

2 k,. [S) + 2 kı, [S]: 
Ks Ks 

= 2 

L + 1 + 2 [S) + [S) 2 

Ks Ks 

[S] (ı + [SJ) 
V Ks Ks 

--= t 

Ym.x L+ (ı+~D 

where V m•x = 2 kı, [E],. 

in general: 

[S] ( [SJ)n-ı - ı+-
v Ks Ks --= 

Ymax L+ (ı+ ~~r 

(74) 

(75) 

Equation 75 (as all others derived from rapid equilibrium assurnptions) is 
really an equilibrium binding equation that gives the ratio of occupied to total 
sites. We obtain a velocity equation by assuming that the velocity is propor­
tional to the concentration of occupied sites. in other words, a velocity 
equation is obtained when we equate Ys to v iV max: 

Ys = [ occupied sites] = [bound S] = _v_ 
[totalsites] n[E], Vm= (76) 

• Problem 4-26 

The [SJo.9/[S]o.ı ratio for an enzyme that obeys sigmoidal kinetics is 6.5. What 
is the n,pp value? 
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Solııtion 

[S]o.s = v'81 
[S]o.ı 

n= 
log81 

l [S]o.9 og--
(S]o.ı 

n"" log 81 = 1.91 = 2 35 
log 6.5 0.813 · 

nopp = 2.35 

· Problem 4•27 

Calculate the [SJo.9/[S)o.ı ratio for an enzyme that obeys sigmoidal kinetics with 
an n.PP value of 2.6. 

SolıHion 

[S]o.9 :·'};;-:;- 112_6 

When n,pp = 2.6; [S]o.ı = v 81 = 81 

[S]o.s 1 
log [S]o.ı = 2_6 Iog 81 

= (0.385)(1.91) = 0.735 

[S]o.9 = 5.43 
(S]o.ı 

· Prohlenı 4·28 

An allosteric dimer has an interaction factor, a, of 0.2 when analyzed according 
to the sequential interaction model (i.e., the binding of the first molecule 
of S increases the binding constant of the vacant site by a factor of 5-the 
dissociation constant of the vacant site decreases to 0.2 of the original 
value). (a) What is the relative distribution of enzyme species at [S] = 
0.3 Ks? (b) What is the specifıc velocity at (S] = 0.3 Ks? (c) Will the calcu­
lated value of napp equal 2? 

Solution 

(a) The equilibria between enzyme species are shown in scheme 66. The 
relative distribution is given below where each term represents the concentra­
tion of a species relative to free E. 

[EJ 1 = 1 --= 2 

[EJ, 1 + 2[SJ + [S] 2 1 + 0.6 + 00.0.29 
Ks aKs 
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[SJ 

[ES] Ks 0.3 0.3 EJ B 
[EJ, = 2[S] [8]2 = 1 + 0.6 + 0.45 = 2.05 = O.ı4s = 14.6% 

l+-K +-K2 
s a s 

[SEJ=[ES]= 0.3 =~=~ 
[E], [E], 2.05 L::_j L:=__j 

[SJ2 
[SES] "öiQ 0.45 
--= !! =--
[E], 1 + 2[S] +~ 2.05 

Ks aKs 

-EJ{~ 
(b) 

~+~ 
v Ks aK/ 0.3 + 0.45 

--= ı= 

V mu 1 + 2[SJ + [S] 2 2.05 
Ks aKs 

= ~:!: = 0.366 v =0.366 Vııu..: 

(c) A velocity curve plotted according to the equation given in part b is 
sigmoidal with [S]o.ı = 0.09 Ks and [S]o.9 = 2.5 Ks, The calculated n•PP from 
this ratio (or from the slope of the Hill plot between the points corresponding 
to 10% and 90% of V max, or the slope in the region of 0.5 V ... ax) is about 
1.3. The n•PP value is less than the true n because throughout rnost of the 
velocity curve, the ES and SE complexes contribute to a substantial portion of 
the observed velocity. (For example, at v = 0.366 V =• ES+ SE account for 
29.2% of the total enzyme while SES accounts for only 22%.) If a were much 
smaller (e.g., 0.02), then most of the enzyme will be present as either E or SES 
and n.PP would approach 2. 

K. ENZYME TURNOVER 

Feedback inhibition, activation, and allosteric phenomena are extremely 
rapid modes of regulating enzyme activity in all types of cells. Repression 
and induction (or depression) of enzyme synthesis represent slower, long­
term regulatory devices whereby the amount of a particular enzyme in a cell is 
optimized. In microbial cells, an enzyme that is -no longer needed is 
repressed and diluted out as new cells grow. In the re1atively slow-growing 
cells of higher organisms, particularly animal cells, direct enzyme degradation 
often replaces dilution. In fact, the levels of many enzymes in animal cells 
are controlled by the balance between enzyme synthesis and degrada-
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tion. The constant synthesis and degradation is called turnover. The synth­
esis of an enzyme is a zero-order process. The degradation of an enzyme 
usually follows first-order kinetics. That is, the rate of degradation is 
proportional to the concentration of enzyme present. The following prob­
lem illustrates the relationship between the rates of synthesis and degradation 
and the steady-siate level of an enzyme. 

· Problem 4~29 

A particular enzyme of liver is synthesized at a constant rate of_ 12.5 units per 
gram tissue per rninute. The steady-state level of the enzyme is 250 units per ' 
gram tissue. (a) Calculate the first-order rate constant for the degradation 
phase of the turnover. (b) Administration of a hormone caused the rate of 
enzyme synthesis to increase sixfold without affecting the first-order rate­
constant of degradation. After a lag, the enzyme attained a new steady-state 
level. What is the new rate of degradation? What is the new steady-state 
level of the enzyme? 

Solution 

(a) In order to maintain [E], at 250 units per gram tissue, the rate of 
degradation must equal the constant rate of synthesis. 

11,yn = tldcg,ad = k [EJ, 

12.5 = 12.5 = k [EJ, 

k = 12.5 = 12.5 
(E], 250 

k = 0.05 min -ı 

That is, 5% of the steady-state enzyme level is turned over each minute. 

(b) If V,yn increases sixfold to 6 X 12.5 = 75 units X g tissue -ı X min-1, then 
Vdcgrad must also be 75 units X g tissue-ı x min-1 to maintain a new steady-state 
level. If k is unchanged: 

75 = 0.05[E], or 75 
[E], = 0.05 

[E], = 1500 units/g tiss~e 

Thus, a sixfold increase in the rate of enzyme synthesis results in a sixfold 
higher. steady-state enzyme level if k remains constant. 
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Answers to Practice Problems are given on pages 426-429. 

1. The concentration-velocity data shown 
below were obtained for an enzyme catalyzing 
a reaction s~ P. (a) Calculate Km and 
V"',.. (b) Verify that the enzyme obeys 
hyperbolic saturation kinetics. (c) Cakulate 
the first-order rate constant for the enzyme 
concentration employed. 

ISJ 

M 

2.50 X 10-ı; 

3.33 X 10-6 

4.0 X 10-ı; 

5 X 10-ı; 

1 X 10-• 
2 X 10·• 
4X 10-s 
1 X 10-4 

2 X 10·3 

1 X 10-t 

V 

nmoles x liter-• X min -ı 

24 
30 
34 
40 
60 
80 
96 

109 
119 
120 

2. An enzyme with a K,. of 2.4 x ıo·• M 
was assayed at the following substrate con­
centrations: (a) 2 x 10·7 M, (b) 6.3 X ıo-• M, 
(c) 10·4 M, (d) 2 x 10·3 M, and (e) 0.05 M. The 
velocity observed at 0.05 M was 128 nmoles x 
liter·• X min-1• Calculate the initial velocities 
at the other substrate concentrations. 

3. If the enzyme concentration in practice 
problem 2 was increased fivefold, what would 
the initial velocities be at each of the given 
substrate concentrations? 

4. The equilibrium constant for the reac-
E 

tion S ~ P ·is 2 X 10'. Enzyme E catalyzes 
the reaction (Kas= 2.5 x ıo-• M, V m>xı = 
4.2 µmoles X liter·1 X min-1). {a} What is the 
first-order rate constant for the forward reac­
tion? (b) What is the first-order rate constant 
for the reverse reaction? (c) What is the ratio 
of Vm.,JKm.? 

5. An enzyme catalyzes the reaction 
s :;::::= P. ( V muı = 22 µ.moles X liter-1 X 

min -ı, V ,,,.,, 14 µmoles x !iter -ı x 
min·'). ln which direction and how fast will 
the reaction proceed if [S] = 2 K,,~ and [PJ = 7 
K..,? 

6. An enzyme with a K.. of 1.2 X ıo-• M 
was assayed at an initial substrate concentra­
tion of 0.02 M. By 30sec, 2.7 µmoles/liter of 
product had been produced. How much 
product will be present at (a) l min, (b) 95 sec, 
(c) 3 min, and (d) 5.3 min? (e) What percent 
of the original substrate will be utilized by the 
times indicated? 

7. An enzyme with a Km of 2.6 X ıo-s M 
was assayed at an initial substrate concentra-
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tion of 0.3 M. The observed velodty was 
5.9 x ıo-s moles X liter-1 x min- 1• lf the initial 
substrate concentration were 2 X ıo-s M, what 
would the product concentration be after (a} 5 
min and (b) 10 min? 

8. An enzyme with a Km of 3 X ıo-< M was 
assayed at an initial substrate concentration of 
10-ı; lı-f. By 1 min, 5.0% of the substrate had 
been µtilized. (a) What percent of the sub­
strate will be utilized by 5 min? (b) lf the 
initial substrate concehtration were 8 X 10-7 M, 
what percent of the substrate will be utilized 
by 5 min? (c) Calculate V mu• (d} At 8 X 

ıo-1 M, how long will it take for 50% of the 
substrate to be utilized? (e} At 10-ı; M, how 
long will it take for 75% of the substrate to be 
utilized? 

against an equal volume of a solution of 
'H-morphine. At equilibrium, the chamber 
containing the glycoprotein contained 1.43 x 
10-6 M total {bound + free) 'H-morphine. 
The chamber without the glycoprotein 
contained 0.78 X ıo~ M 'H-morphine. 
Calculate (a) the concentration of bound 'H· 
morphine, (b) the concentration of free pro­
tein, and (c) the dissodation constant for th( 
glycoprotein-morphine complex. Assumt 
one binding site per protein moleculç. 

12. Embryonic liver tissue contains an en· 
zyme that catalyzes the reaction s~ P. Adut, 
liver also displays S ~ P activity. Some kinetiı 
<lata are shown below. What conclusions car 
you draw concerning the identity of the twc 
enzymes? 

(Data for Practice Problem 12) 

[S] 

(M) 

1.67 X 10-5 

2.5 X 10-5 

3.33 X 10-5 

5.0 X 10-5 

7.ox ıo-• 
1.0 X 10-• 
1.5 X lQ-• 

1.67 X 10-• 
2.0 X 10-< 
3.0x ıo-• 

9. Calculate (a) (S]o.95/(S]o.os, (b) [S]oso/[S]o.20, 
(c) [S]rn/[S)rn and (d) [S]o.75/[S]o.s for an en­
zyme that obeys hyperbolic saturation kine­
tics. 

10. The 1/v axis of a reciprocal plot is 
labeled v-1: (nmoles X liter-1 X min-1f 1 X 

ıoİ. The 1/[S] axis is labeled [Sr1: (Mr1 x 
ıo-<. The plot intersects the two axes at "2" 
and "- 4," respectively. What are V ..... and 
K,,.? 

11. A morphine-binding substance was 
isolated from brain tissue. The material was 
purified to homogeneity and identified as a 
glycoprotein of MW 260,000. A solution of 
the glycoprotein (0.30 mg/ml) was dialyzed 

Obsmıed Jnitial Velocity (µ.moles X mg 
Prolein- 1 x Min- 1) 

Extract of Adult 
Liver (E,) 

1.05 
1.54 
1.98 
2.86 
3.78 
5.00 
6.67 
7.15 
8.00 

10.00 

Extract of Embryonic 
Liver (Eı) 

5.00 
6.66 
8.00 

10.00 
11.67 
13.33 
15.0 
15.4 
16.0 
17.1 

13. During severe liver damage, an eı 

zyme (Eı of practice problem 12) is releası: 
into the bloodstream. After severe exercis 
a muscle enzyme, Es, that catalyzes the sarr 

(Data for Practice Problem 13) 

[S] 

(M) 

5 X 10-5 

7 X 10-5 

1 X 10-• 

1.5 X 10-4 

2 X 10-4 

3 X ıo-• 

6 X 10-4 

V 

µ.moles X ml serum -ı X min -ı 

43 
57 
75 

100 
120 
150 
200 
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reaction is released into the blood stream. Eı 
and E, can be differentiated easily because 
they have different K. values. (The K.. of 
the muscle enzyme is 2 x 10-s M.) An assay of 
a blood sample of a patient gave the results 
shown on p. 32Q. Is the patientsuffering from 
Iiver disease, or has he simply been exercising 
strenuously? (The patient arrived at the hos-
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ence of a competitive inhibitor, [S]ı. to the 
substrate concentration required in the ab­
sence of inhibitor, [S]o, in order to observe a 
given velocity? 

19. The following velocity data were ob­
tained. Determine the nature of each in­
hibitor and calculate K,. 

Initial Velocity (nmoles/min) (Data for Practice Problem 19) 

[SJ(mM) (Control) +I at 6 µ.M 

0.200 16.67 6.25 
·0.250 20.00 7.69 
0.333 24.98 10.00 
0.500 33.33 14.29 
1.00 50.00 25.00 
2.00 66.67 40.00 
2.50 71.40 45.45 
3.33 76.92 52.63 
4.00 80.00 57.14 
5.00 83.33 62.50 

pital unconscious, so you can't ask him any 
questions.) 

14. Calculate v, and the degree of inhibi­
tion caused by a competitive inhibitor under 
the following conditions: (a) [S] = 2 X ıo-, M 
and [I] = 2 X ıo-s M, (b) [S] = 4 x ıo-• M and 
[I] = 2 x ıo-, M, and (c) [S] = 7.5 X 10-, M and 
[I] = 10-s M. Assume that K .. = 2 X ıo-' M, 
Kı = 1.5 x ıo-• M, and V "'"" = 270 nmoles x 
liter-ı X min-1• 

15. (a) What concentration of competitive 
inhibitor is required to yield 75% inhibition at 
a substrate concentration of 1.5 x ıo-' M if 
K,. = 2.9 X 10-4 M and Kı = 2 X ıo-' M? (b) 
To what concentration must the substrate be 
increased to reestablish the velocity at the 
original uninhibited value? 

16. Calculate Kı for a noncompetitive in­
hibitor if 2 X 10-4 M [I] yields 75% inhibition 
of an enzyme-catalyzed reaction. 

17. Calculate (a) the velocity and (b) the 
degree of inhibition of an enzyme-catalyzed 
reaction in the presence of 6 X ıo-• M sub­
strate (K., = ıo-' M) and 2.5 x ıo-• M non­
competitive inhibitor (Kı = 3 x ıo-' M). The 
V.,.. = 515 nmolesX liter-1 x min-1• 

18. What is the relationship between the 
substrate concentration required in the pres-

+Xat 30µ.M +Yat4mM +Zat 0.2mM 

5.56 10.00 8.89 
6.67 11.11 10.81 
8.33 12.50 13.78 

11.11 14.29 19.05 
16.67 16.67 30.77 
22.22 18.18 44.44 
23.81 18.52 48.78 
25.64 18.87 54.06 
26.67 19.00 57.14 
27.77 19.23 60.60 

20. The product ofa Uni Uni reaction, P, 
acts asa competitive inhibitor with respect to S 
(both P and S compete for free E). If K«ı is 
very large ( V """' İs very small), the equation 
for the forward velocity is: 

v [S] 

v .... = K ... (ı+fil)+[S] 
K., 

Consider a system where the total p_ool of 
[S] + [PJ is constant and equal to ıo-' M, Ks = 
ıo-• M, Ki'= ıo-s M, V rnax = 100 nmoles X 

liter-• x min-1• What will the v versus [S) 
curve look like? Keep in mind that [S] + 
[P] = ıo-' M. Thus, at [SJ = ıo-• M, f P] = 
9 X 10-4 M; at [S] = 2 X 10-4 M, [P] =:: 8 x 10-4 

M, and so on. 

21. The substrate of an enzyme is the A­
ion of a weak acid (pK. = 4.5). The active 
site of the enzyme contains a histidine residue 
(pK, = 6.5) that must be protonated for activ­
İty to occur. What is tbe pH optimum of the 
reaction? 

22. The active site of an esterase contains 
an acidic and a basic amino acid res­
idue. Substrate binding occurs only when 
the site exists as +HN-E-Coo-. Thus, the 
productive species is +HN-ES-COO-, while 
the +HN-ES-COOH and N-ES-COO- species 

. ... 
-· ... ~·-.. · 
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do not exist. The pK 's of the two residues 
are 4.0 (pK~) and 7.0 (pK.,). (a) What is the 
pH optimum? (b) Write a velocity equation 
expressing the effect of (H+] on v. 

23. V"'"' at 21 and 37°C was 140 nmoles X 
liter-1 X min- 1 and 400 nmoles X liter-1 X min -ı, 
respectively .. Calculate (a) the activation 
energy and (b) the Q10 value between 25 and 
35°G. 

24. A cell-free extract of Escherichia cali 
contains 24 mg protein per milliliter. 
Twenty microliters of this extract in a stan­
dard incubation volume of 0.1 mi catalyzed 
the incorporation of glucose-uC from glucose-
1-phosphate-uC into glycogen at a rate of 
1.6 nmole/min. Calculate the velocity of the 
reaction in terms of (a) µ.moles/min, (b) 
p.moles x !iter-• x min-1, (c) µmolesX mg 
protein-ı X min-1• Also calculate the phos­
phorylase activity of the extract in terms of (d) 
units/ml and (e) units/mg protein. 

25. Fifty milliliters of the cell-free extract 
described above was fractionated by am­
rnonium sulfate precipitation. The fraction 
precipitating between 30 and 50% saturation 
was redissolved in a total volume of 10 ml and 
dialyzed. The solution after dialysis oc­
cupied 12 rnl and contained 30 mg 
protein/mi. Twenty microliters of the 
purified fraction catalyzed the phosphorylase 
reaction at a rate of 5.9 nmoles/min under the 
standard assay conditions. Cakulate (a) the 
recovery of the enzyme and (b) the degree of 
purification obtained in the ammonium sul­
fate step. 

26. A pure enzyme has a specific activity of 
120 units/mg protein. (a) Calculate the turn­
over number if MW = 360,000. (b) Calculate 
the time required for one catalytic eyde. 

27. (a) How many units of hexokinase 
must be added to l mi of reaction volume to 
use up 95% of 8 X ıo-, M glucose in 
25 min? Km = 4. 7 X ıo-• M. (b) How long 
would it take 1.0 unit/ml to use up the same 
amount of glucose? 

28. Calculate the velocity of an enzyme­
catalyzed reaction A + B...,. P + Q at (A] = 
2 X ıo-~ M and [B] = 6.7 X ıo-s M. Assume 
that A and B add randomly to the enzyme and 
(a} a = I (the binding of one substrate has no 
effect on the binding of the other), (b) a = 0.1 
(the binding of one substrate decreases the 

dissociation constant for the other by a factor 
of 10). Preliminary experiments established 
that K" = 2.2 X 10--< M, Ks = 1.9 X ıo-~ M, and 
V ,,,,_. = 72.7 nmoles X liter-ı x min-1• 

29. Rearrange the velocity equation for a 
steady-state ordered bireactant system to show 
v/Ym .. as (a) [A] is varied at different fixed 
concentrations of B and (b) [B] is varied at 
different fixed concentrations of A. 

30. How do the reciprocal plots fora rapid 
equilibrium ordered bireactant system differ 
from those of a steady-state ordered bireac­
tant system? 

31. What relative values of a, b, and c 
(interaction factors) would yield a velocity 
curve for an allosteric tetramer that exhibited 
positive-negati ve-posi ti ve coopera tivit y? 

32. The following <lata were obtained for 
an enzyme-catalyzed reaction. Determine 
whether the enzyme obeys hyperbolic or sig­
moidal kinetics and calculate or estimate the 
appropriate kinetic constants (K,, and V ma,;, or 
K ', [S]o.s, napp, and V ,,...). 

Initiı:ıl Substrate 
Cımcenıration 

(M X 104) 

6.25 
12.5 

25.0 
50.0 

100.0 
200.0 
400.0 
800.0 

Initial 
Velocity 

(µmoles x liter-ı x min _,) 

1.54 
5.88 

20.0 
50.0 
80.0 
94.12 
98.46 
99.61 

~ (a) What is the n,pp value of an enzym 
if [S]o.9/[S]oı is 9? (b) Calculate the [S]o9/[S] 
ratio of an allosteric enzyme where n,pp = 4 

,ft What is the value of L for an alloster 
dimer {n = 2) if v/V = = 0.35 when [S]/Ks 
5? Assume c = O. 

~ The concerted-symmetry model do 
not forbid T ~ R transitions among panial 
filled complexes. If L, is defined 
[TS)/[RS), and ~ is defined as [TS2]/[RS 
what are the values of Lı and Lt in terms of 
and c? Consult Fig. 4-53. 
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..)6:-. The !eve) of a particular enzyme is 
f500 units/g tissue in the liver of rats on a 
natura! diet. Studies indicate that the first­
order rate constant for the degradation of the 
enzyme is 0.03 min-ı. (a) Ca!culate the zero­
order rate of enzyme synthesis. (b) When 
rats are raised on a completely synthetic diet, 
the steady-state level of the above t;nzyme 
decreases to 848 units/g tissue. If the rate of 
enzyme synthesis is unaffected hy diet, what 
must the new first-order rate constant for 
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enzyme degradation be? (c) If the first-order 
rate constant of enzyme degradation is un­
affecl:ed by diet (and remains 0.03 min-1) what 
must the new zero-order rate of enzyme 
synthesis be in order to maintain [EJ, at the 
new level of 848 units/g tissue? 

Also see the practice problems on enzyme 
assays in the chapters on "Spectrophotometry 
and Other Optical Methods" and "Isotopes in 
Biochemistry." 
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SPECTROPHOTOMETRY AND 
OTHER OPTtCAL METHODS 

A. SPECTROPHOTOMETRY 

ABSORPTION OF ELECTROMAGNETIC ENERGY 

Spectrophotometry (the measurement of light absorption or transmission), is 
one of the most valuable analytical techniques available to biochemists. Un­
known compounds may be identifıed by their characteristic absorption 
spectra in the ultraviolet, visible, or infrared. Concentrations of known 
compounds in solutions· may be determined by measuring the light absorption 
at one or more wavelengths. Enzyme-catalyzed reactions. frequently can be 
followed by measuring spectrophotometrically the appearance of a product · 
or disappearance of a substrate. 

The physical phenomena underlying light absorption in the various regions 
of the electromagnetic spectrum are shown in Table 5-1. 

Table 5-1 

Region X rays Ultravioleı Visible Infrared Micro'[VaVe 
100- 400- 800nm- 100µ..m-

Wavelenglh 0.1-lOOnm 400nm 800nm 100µ..m 30cm 

Effect on Subvalence Valence electrons Molecular Molecular 
molecule electrons excited to higher vibration rotation 

excited to energy levels 
higher energy 
levels 

In some books, a nm (nanometer = 10-9 m) is called a mµ (millirnicron); a µ,m 
(micrometer = 10--6 m) is called a micron. An Angstrom, 'A., is ıo-10 m = 
ıo-s cm. Sometimes, infrared radiation is described in terms of wave number, 
cm-1, which is the reciprocal of the wavelength in centimeters. Radiation is 

. also described by its frequency. The frequency and wavelength are related 
to speed of light, which is a constant: 

(1) 
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wheİ'e ,\ = wavelength (e.g., in cm) 
v = frequency (e.g., in sec-1). 

and c = the speed of light (3 x 1010 cm/sec) 
The units of v are sec -ı, which means vibrations per second. 

• Problem s~ı 

An optical filter passe~ onJy far red light with an average wavelength of 
6500 A. Cakulate (a) the wavelength in nanometers and centimeters, (b) the 
wave number. in centimeters-1. and (c) the frequency. 

Solııtion 

(a) 6500 A = 6500 X 10-10 m = 650 X ıo-g m 

.,\ =650nm or ,\. = 6.50 X ıo-s cm 

(b) ~vave number =. l{~.-=:..Y(6.50 x __ ı0-5 cm) 

wave number = 15,384 cm-• 

(c) ,\v = c 
C v=-
A 

3 X 1010 

V = 6.50 X 10-s v = 4.61 x 1014 sec -• 

SPECTROPHOTOMETERS 

A spectrophotometer is an instrument used to measure the amount of light of 
a given wavelength that is transmitted by a sample. The essential compo-

Collimator 

-G)T -i 
Light 

source 

Aı 

<J~ 
Monochro~ 1 

(prism) ~ 

). selec!or (stit) 

w 
E 
Cuvette 

(containlng 
sample 
solutıon) 

Figure 5-1 Essential components ofa spectrophotometer. 
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PhotoceH 
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nents of a spectrophotometer (Fig. 5-1) inch.İde: (a) a light source, (b) a 
collimator OT focusing device that transmits an intense straight beam of light, 
(c) a monochromator {prism OT grating) to divitle the light beam into its 
component wavelengths, (d) a device foT selecting the desired wavelength, (e) 
a compartment in which the sample {in a test tube or cuvette) is placed, (f) a 
photoelectric detector, and (g} an electrical meter to record the output of the 
detector. 

LAMBERT-BEBR LA W 

The fraction of the incident light that is absorbed by a solution depends on 
the thickness of the sample, the concentration of the absorbing compound in 
the solution, and the chemical natuTe of the absorbing compound. Light 
absorption follows an exponential rather than a linear law. The relationship 
between concentration, length of the light patlı, and the light absorbed by a 
particular substance aTe expressed mathematically as shown below. 

dl 
and 

dl 
--ıx cdl --o:: lde 

I l 
OT 

dl and 
dl 

-= -kedl -=-ktde 
l I 

where - dl= the small decrease in light transmission caused by increasing 
the thickness a small increment, dl, at constant concentration, 
or the small decrease in light transmission caused by increasing 
the concentration a small increment, de, at constant thickness 

~l = the fraction of the incident light absorbed 

k = proportionality constant, specific for the particular compound 
under consideration 

The above differential relationships may be integrated between any two 
thicknes·ses (e.g., O and l) or any two concentrations (e.g., O and c). 

Jl dl L' -=-he dl 
10 I o 

i l dl L< -=-hl de 
ıo l o 

I I 
ln-=-kcl ln-=-klc 

lo Io 

Io Io 
in-= kel in-= klc 

l I 
OT 

Io 
2.3 log1 = kel 

Io 2.3 log 1 = kle 

Io k Io k log-=-ct logy= 2_3 ıc 1 2.3 

Io Io 
(2) log- = acl log-= alc 

I I 
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where a = the "absorbancy index," or "extinction coefficient," or "absorption 
coefficient" for the particular absorbing compound. 

If the concentration is expressed 'in molarity, a becomes the "molar 
absorption coeffident" or "molar extinction coefficient," a,,, or E. If the 
concentration is. given in g/liter, a becomes the "specific absorption coeffi­
cient," a,; a,,. .. = ·a, x MW. Ifthe concentration is expressed in% w/v, then the 
absorption -coefficient is given the symbol aıııı. or Eıw., In most biochemi­
cal calculations, molarities _ and molar absorptio~ coefficients are 
employed. Furthermore, the sample thickness is almost always 1 cm. Then 
a,,. has units of M-ı X cm -ı. Absorption coeffidents vary with varying 
wavelengths. Thus, the symbol a..s-ıo refers to the molar absorption coeffident 
at 340 nm. The log Io!I term is called "absorbance," A, or "optical density," 
0.D. 

1 A = a.cl 1 (3) 

__ .,.· 

The absorbance of a 1 M solution of a given substance at a given 
wavelength in a 1 cm cuvette would be equal numerically to a,,.. Note that 
absorbance is a linear function of concentration. 

The exponential nature of the Lambert-Beer law is illustrated 
below. Consider a beam of light passing through a 1 cm cuvette containing 
1 mg/liter ofa light-absorbing compound. Suppose 80% of the incident light 
is transmitted (20% of the incident light is absorbed). 

lo = 1.00-+-----. Iı = 0.8 

c = 1 mg/liter 

~l= l cm~ 

Now let us place a second identical cuvette in tlıe light patlı directly behind the 
first cuvette. What is tlıe intensity of the light transmitted through batlı 
cuvettes? The Lambert-Beer Jaw is nota linear relationship. Thus I2 is not 
0.6. Each centimeter of patlı length does not absorb a constant amount of 
1ight. Instead, each centimeter absorbs 20% of tlıe incident light. However, 
the incident liglıt on the second cuvette is Iı or 0.8. Thus, the second cuvette 
absorbs 20% of 0.8, which is 0.16. It transmits 80% of 0.8, which is 64% of the 
original incident light. 

Io = 1.00-+----+-~-Iı = 0.80 ~ I2 = 0.64 

c = 1 mg/liter c = 1 mg/liter 

~l = 1 cm_j r+-l = 1 cm~ 

Similarly, if we place tlıree 1 cm cuvettes in series, each one absorbs 20% of 
the incident light and transmits 80%. 
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~~ ............... --- ..-.,,...,,....-

/o= 1.00 - I1 = 0.80 - /2 = 0.64 /3 = 0.512 

c = 1 mg/liter c = l mg /!iter c = 1 mg /!iter 
.,.,_,......_ __,._,..._ ~ 

~l= l cm~ ~l=lcm~ ~le 1 cm~ 

We would obtain exactly the same results if we used single cuvettes with 
2 cm and 3 cm thicknesses or increased the concentration of the absorbing 
compound, maintaining l constant. 

Io= 1.00 ~ l= 0.64 

c = 1 mg/liter 
Io = I.00 

c = 1 mg/liter 

J«E---/ = 2 cm --1 --1=3cm~ 

i= 0.512 

lo= 1.00 - I=0.8 lo= 1.00 I=0.64 Io= l.00-+-------ı----;a..-J:::0.512 

c = 1 mg/liter c = 2 mg/liter c = 3 rng/liter 
~~ 

General Principles 

1. If a solution of concentration c has a transmission of I (as a 
decimal fraction), then a solution of concentration 2c has a transmission 
of I', a solution of concentration 3c has a transmission of I5, and a 
solution of concentration ne has a transmission of I". 

2. Similarly, if the light patlı thickness is increased n-fold, the new 
transmission is I". 

3. The absorbance of a solution is a linear function of concentra­
tion, Doubling c results in a doubling of the absorbance, tripling c 
results in a tripling of the absorbance, and so on. 

General Procedure 

All light absorption measurements should be made relative to a blank 
solution that contains ali the components of the assay, except the 
compound being measured . 
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SOLUTIONS CONTAINING ONLY ONE 
ABSORBING COMPOUND 

cf)~ Problem 5-2 

A solution containing 2 g/liter ofa light-absorbing substance in a 1 cm cuvette 
transmits 75% of the incident light of a certain wavt,:length. Calculate the 
transmission ofa solution containing (a) 4 g/liter, (b) 1 g/liter, (c) 6 g/liter, and 
(d) 5.4 g/liter. (e) If the molecular weight of the compound is 250, cakulate 
a,.,. 

Solution 

(a) log Io = acl 
I 

First sol ve the equation fora, which will be a specifıc absorption coefficient, a,, 
because the concentration is given in g/liter. 

log ~:~~ = (a,)(2)(1) log 1.333 = 2a, 

0.125 
0.125 = 2a, a,=-2-

a, = 0.0625 

Now that we have the specific absorption coefficient, the J values for 
solutions of any concentration may be calculated. 

Calling Io 100% 

100 
log1 = (0.0625)(4)(1) 

log 100 - log J = 0.25 

log 100- 0.25 = log I 

2-0.25 = log I 

1.75 = log I 

I = 56.2% or 0.562 

Io 
logy= a,cl 

Calling Io 1.00 

log 1J0 = (0.0625)(4)(1) 

log 1.00 - log I = 0.25 

Iog I = -0.25 

=-1+0.75 

1 = 5.62 X 10-ı 

I = 0.562 

We could also solve the problem by recalling that ifa solution of concentra­
tion i: has a transmission of 1, then a solution of concentration ne has a 
transmission of r. When c = 2, I = 0.75. . . . When c = 4 {i.e., 2Cong), 

I = 0.752 = 0.562. 
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(b} 

ByFormula 

lo 
logy= a,cl 

100 
ıo?1 = (0.0625)(1)(1) 

By Inspection 

When , = 2, I = 0.75. :. When 
c = 1 (i.e., !c 0ı1t;), I = 0.751". 

1 =vo.75 

log 100- log I = 0.0625 
I = 0.866 

(c) 

2 - log I = 0.0625 

2 - 0.0625 = log I 

1.9375 = log I 

I = 86.6% or 0.866 

ByFormula 

log Io = a.d 
I 

100 
log1 = (0.0625)(6)(1) 

log 100- log I = 0.375 

2-0.375 = log I 

1.625 = log I 

I = 42.2% or 0.422 

Bylnspection 

When c = 2, I = 0.75. . ·. When 
c = 6 (i.e., 3ı:a.;,), I = 0.753• 

I=0.422 

(d) Because 5.4 g/liter is not an even multiple of 2 g/liter it is far easier to 
solve this problem by formula than by inspection. 

(e) 

100 
log1 =a,cl 

100 
Iog1 = co.0625)(5.4)(1) 

log 100 - log 1 = 0.337 5 or 2- 0.3375 = log I 

1.6625 = log I 1 = antilog of 1.6625 I = 46.0% or 0.46 

a,,. = a. x MW = (0.0625)(250) a... = 15.63 
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• Problem 5-3 

A solution containing ıo-• M A TP has·a transmission O. 702 (70.2%) at 260 nm 
in a l cm cuvette. Calculate the (a) transmission of the solution in a 3 cm 
cuvette, (b) absorbance of the solution in the 1 cm and 3 cm cuvettes, and (c} 
absorbance and transmission of a 5 X ıo-s M A TP solution in a 1 cm cuvette. 

Solııtion 

(a) We can calculate the transmission by the formula after first calculating 
a,,., or by inspection. 

(b) 

ByFormula 

1 
log / = a....cl 

log ;ı.~ = (a,,,)(10-5)(1) 

log 1.425 = ıo-s a... 

0.154 = 10-5a,,, 

0.154 
a... = 10-• 

= 0.154 X 105 

a.. = 1.54 X 104 

lo 
log T = a,,.cl 

100 
log I = (1.54 x ıoj 

X (10-')(3) 

log 100 - log I = 4.62 X 10-ı 

2 - 0.462 = log I 

1.538 = log I 

I = 34.5% or 0.345 

1 cmCuvette 

lo 
A=log1 

100 
A = log 70_2 = log 1.425 

A=0.154 

By Inspection 

When 1 = 1 cm, I = O. 702. . ·. When 
l = 3 cm (i.e., 3 L • .;,), J = O. 702'. 

I = 0.345 

3 cmCuvette 

lo A=log1 
100 -

A = log 34_5 = log 2.9 

A =0.462 
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or 

(c) 

or 

A = a...cl A = a,,,cl 

A = (1.54 X 10')(10-5)(1) A = {1.54 X 10')(10-5)(3) 

A= 0.154 A= 0.462 

or 

Ascm = 3 X Aıcın 

A3cm = (3)(0.154) 

A = 0.462 

or A = a,,,cl 

A = (5)(0.154) 

1 A=0.77 1 

Io 
log 1 =A 

log 100- log J = 0.77 

A = (1.54 X 10-4)(5 X 10-5)(1) 

1 A=0.7? 1 

or 2 0.77 = Iog I 

1 .23 = log I I = antilog of 1 .23 

1= 17.0% or 0.17 

· Problem 5-4 

The specifıc absorption coefficient (a~;m) of a glycogen-iodine complex at 
450 nm is 0.20. Calculate the concentration of glycogen in a solution of the 
iodine comple:x, which has an absorbance of 0.38 in a 3 cm cuvette. 

Solution 

0.38 = (0.20)(c%)(3) 

0.38 0.38 
c.,. = (0.2)(3) = 0.6 C = 0.633% 
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A suspension of bacteria containing AOO mg dry weight per liter has an 
absorbance of 1.00 in a 1 cm cuvette at 450 nm. What is the cell density in a 
suspension that has a transmission of 30% in a 3 cm cuvette? 

Solııtion 

First calculate the absorbance of the suspension in a 1 cm cuvette. 

Io 100 
Ascm = log J = log 30 = log 3.333 = 0.523 

A = Ascm = 0.523 = Ü 1743 
lem 3 3 • 

Because we know that an A of 1.00 is equivalent to 400 mg/liter of bacterial 
cells, the density equivalent to an A of 0.174 can be determined by simple 
proportions. 

1.00 A unit 0.1743 A unit 
400 mg/liter X mg/liter 

X= 69.7 mg/liter 

An alternative way of solving the problem is to define a specific absorption 
coefficient for the bacteria. 

If an A of 1.00 :e'.!: 400 mg/liter bacteria, calculate the A of 1 g/liter bacteria. 

1.00 A unit a, 
0.40 g/liter bacteria LO g/liter bacteria 

N ow use the usual formula. 

0.523 = (2.5)(c g]lh«)(3) 

c gınıer = 07~!3 = 0.0697 g/liter 

c = 69. 7 mg/liter 

PROTEIN DETERMINATIONS 

Several spectrophotometric methods are available for the determination of 
protein in solution. The biuret method is based on the reaction of Cu2+ with 
peptides in alkaline solution to yield a purple complex that has an absorption 
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maximum at 540 nm. The biuret method is used for solutions containing 0.5 
to 10 mg protein/mi. Interfering substances such as thiols, NH!, and the 
like, can be removed by precipitating the protein with an equal volume of cold 
10% trichloroacetic acid, discarding the supernate, then redissolving the 
protein in a known volume of 1 N NaOH. 

The color produced in the Lowry method results from the biuret reaction 
plus the reduction of the phosphomolybdate-phosphotungstate reagent 
(Folin-Ciocalteu phenol reagent) by tyrosine residues. The Lowry method is 
suitable for solutions containing 20 to 400 µ,g protein/rol. 

Most proteins have a distinct absorption maximum at 280 nm, due primarily 
to the presence of tyrosine, tryptophan, and phenylalanine. The absorbance 
at 280.nm can be used to measure protein at levels of 0.1 to 0.5 mg/ml in the 
absence of interfering substances. Partially purified preparations may con­
tain nucleic acids that have an absorption maximum at 260 nm. An equation 
for calculating the protein concentration in the presence of nudeic acids is: 

[protein ]msı.m1. = 1.55 A ~:O"' - O. 76 A ~:Om (4) 

The equation was derived for enolase (A2so/A2so= 1.75) in the presence of 
yeast nudeic acid (A2ao/A2so = 0.49) and thus may not be precise for other 
proteins and other nuclek acids. The a~ı,ı; of different proteins ranges from 
0.5 to 2.5 (depending on the aromatic amino add content). 

AH proteins absorb strongly below 230 nm. For example, the a 0· 1% values 
- of bovine serum albumin are 5.0 and 11.7 at 225 and 215 nm, respectively 

(compared to 0.58 at 280 nm). The absorption below 230 nm is due to the 
peptide bond. Consequently, the a o.ıı,ı; values are essentially the same for all 
proteins. Protein concentrations in the region 10 to 100 µg/ml can be· 
determined from the difference in absorbances at 215 and 225 nm. A stan­
dard curve is prepared plotting AA versus [protein]. Asa first approxima­
tion, the protein concentration is given by: 

[protein],.,.,mı = 144(A~~m -A~;;'.,.,.) (5) 

The absorption diff erence is used to minimize errors resulting from nonpro­
tein compounds in the solution. High concentrations of certain buffer 
components interfere. Some inorganic compounds may alsa interfere (e.g., 
0.1 N NaOH cannot be used ta dissolve the protein, but 5 mM NaOH causes 
no problems). 

· Problem 5-6 

A protein solution (0.3 ml) was diluted with 0.9 ml of water. To 0.5 ml of this 
diluted solution, 4.5 ml of biuret reagent were added and the color was 
allowed to develop. The absorbance of the mixture at 540 nm was 0.18 in a· 
1 cm diameter test tube. A standard solution (0.5 ml, containing 4 mg of 
protein/ml) plus 4.5 ml of biuret reagent gave an absorbance of 0.12 in the 
same-size test tube. Calculate the protein concentration in the undiluted 
unknown solution. 
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Solution 

From the absorbance of the standard.reaction mixture, we could calculate a 
specific absorption coefficient. 

A = a ı mg/ml X C mg/ml X lem 

However, because the light patlı length is the same for the standard and the 
unknown, we can neglect the l term in the equation. (in a sense, we are 
incorporating l into the specific absorption coefficient.) Similarly, because 
the total volume of both reaction mixtures is 5 ml, we can replace the 
concentration term with the weight of the protein. 

A = aımg X Wtmg 0.12 = llım8 X 2 mg 

0.12 
aımır=-2- aımıı= 0.06 

That is, l mg of protein (in a standard sample size of 0.5 mi) plus 4.5 ml of 
biuret reagent will yield an absorbance of 0.06 at 540 nm in the particular test 
tube used. 

The weight of protein in 0.5 ml of the diluted unknown can now be 
calculated. 

A=aımaXWtmg 
A 0.18 

Wlmıı=--= 0 06 
llımıı • 

wt,..8 =3mg 

Because the absorbance of the reaction mixture is directly proportional to 
the amount of protein present, we can alsa solve for the unknown weigh! by 
setting up a simple proportion. · 

A, A .. 0.12 0.18 
-=- --=--
wt, wt,. 2 mg wt .. 

wt,.=~X2 =l.5X2 

wt.=•mg ı 
where A, = A of standard solution 

A .. = A of unknown solution 
wt, = weight of protein in standard sample 
wt .. = weight of protein in unknown sample 

The 3 mg of protein were present in 0.5 mi of diluted unknown. The 
concentration of protein in the diluted unknown was: 

3mg_~ 
0.5ml-~ 
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The sample that was analyzed was a fourfold dilution of the original 
unknown solution. The concentration of protein in the original solution can 
be calculated from the dilution factor. 

C orig = c !inal X dilution factor = 6 mg/ml X 4 

C ~rig = 24 mg/ml 

Note that the addition of 0.9 ml of water to 0.3 mi of original solution 
increased the total volume to 1.2 ml-the dilution was fourfold, not threefold. 

· Problem 5-7 

Estimate the protein concentrations of the (a) undiluted and (b) diluted 
solution shown below. The rneasurements were made using a l cm cuvette. 

Solution 

(a) 

(b) 

Solution 

Undiluted 
Diluted 1 : 10 

0.35 0.20 
0.20 

[protein]mg1mı = 1.55 Aw.ı- 0.76 A2w 

= (l.55)(0.35)- (0.76)(0.20) 

= 0.5425 - 0.1520 

[protein]= 0.391 mg/ml 

[protein],.sımı = 144(Am- Am) 

= 144(0.47-0.20) 

= 144(0.27) 

[protein] = 38.9 p., g/ml 

0.47 

The diluted solution contained (38.9)(10) = 389 µ.g/ml = 0.389 mg/ml. 
Thus, the two methods yield essentially the same result. 

• Problem 5-8 

A pure molybdenum-containing enzyme has an a~e1~m of 1.5 in a 1 cm 
cuvette. A concentrated solution of the protein was found to contain 
10.56 µg of Mo/ml. A 1 :50 dilution of the same solution has an A2sonm of 
0.375. Calculate the minimum molecular weight of the enzyrne. The 
atomic weight of Mo is 95.94. 
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Solııtioıı 

The concentrated solution contains: 
"/ 

10.56 X 10-6 g Mo/ml _ l l l0-1 M / l ------'"'-----'- - . x g-atom o m 
95.94 g/g-atom Mo 

An a o.ı% is the absorbance of a solution containing 1 mg protein/mi. The 
absorbance of the concentrated solution is: 

(50)(0.375) = 18. 75 

A 
A = (a0·1%)(Cmg/m!)(l) or Cmg/ml = (a0'%)( 

C = 18·5
75 = 12.5 mg/ml = 12.5 X 10-3 g/m} 

l. 

The minimum molecular weight is that amount of enzyme containing one 
gram-atom of Mo. 

or 

12.5 X ıo-• g protein _ MW • 
10.56 x 10--6 g-atom Mo - 95.94 g Mo 

12.5 x ıo-• g protein _ MW s 

1.1 X 10-7 g-atom Mo - 1 g-atom 

MW= 113,600 

SOLUTlONS CONTAINING TWO ABSORBING COMPOUNDS 

· Problem 5-9 

A solution containing NAD+ and NADH had an optical density in a 1 cm 
cuvette of 0.311 at 340 nm and 1.2 at 260 nm. Cakulate the concentrations 
of the oxidized and reduced forms of the coenzyme in the solution. Both 
NAD+ and NADH absorb at 260 nm, but only NADH absorbs at 
340 nm. The extinction coefficients are given below. 

Solution 

Compound 

NAD+ 
NADH 

260nm 

18,000 
15,000 

340nm 

-o 
6220 

The concentration of each form may be calculated as follows. First calculate 
the concentration of NADH from its absorbance at 340 nm where the NAD+ 
does not absorb. 
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A = (a,,.)(c )(l) 

0.311 = (6.22 X 108)(c)(l) 

3.11 X 10-ı --ıı 
C = fı. 22 X l03 = 0.5 X 10 

cNADH = 5 x ıo-li M 

Next calculate the absorbance at 260nm resulting from the NADH. 

A = (a,,,)(c)(l) 

A = (15.0 X 103)(5 X 10-5 )(1) = 75 X 10-2 

A ?60[NADıt) = o. 75 

The remainder of the absorbance at 260 nm must result from the NAD+. 

1.20 total A at 260 nm 
-0.75 A of NADH at 260 nm 

0.45 A of NAD+ at 260 nm 

Finally, from the absorbance of the N AD+ at 260 nm, calculate the concen­
tration of N AD+. 

A = (a,,.)(c)(l) 0.45 = (18.0 X I05)(c)(l) 

4.5 x ıo-ı o 250 ıo-4. 
C = 18.0 X 105 = . X 

· Problem 5~10 

Ten grams of butter were saponified; the nonsaponifiable fraction was 
extracted into 25 ml of chloroform. The absorbance of the chloroform 
solution in a 1 cm cuvette was 0.53 at 328 nm and 0.48 at 458 nm. Calculate 
the carotene and vitamin A content of the butter. The extinction coefficients 
for carotene and vitamin A at the above two wavelengths are given below. 

Compound 

Carotene 
Vitamin A 

328nm 

340 
1550 

458nm 

2200 
-o 
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Solııtion 

The concentration of carotene may -be obtained from the absorbance at 
458 nm where the vitamin A has no absorption. 

or 

A = (a195)(c,ııoomı)(I) 0.48 = (2200)(c)(l) 

0.48 4.8 X 10-ı 
C = 2200 = 2.2 X lOl 

c cm,••n• = 2,18 X 10--._ g/100 ml 

The total carotene content of the chloroform extract (25 mi) is 

2· 18 x ıo: g/lOO ml = 0.545 x ıo-< g = 0.0545 mg 

The carotene content of the butter is 

0.0545 mg 5 45 ıo-, / b 
O = . X mg carotene g utter 

1 g 

5.45 µ.g carotene/g butter 

The vitamin A content of the butter may be calculated from the absorbance 
of the chloroform solution at 328 nm af ter correction of the absorbance for 
the carotene present. 

A m"""'·= = (aı%)(c.ııoomı)(I) 
= (340)(2.18 X 10-4)(1) = 741 X 10-• 

As2ıı.c.,o<.n• = 0.0741 

0.530 total A at 328 nm 
-0.074 A of carotene at 328 nm 

0.456 A of vitamin A at 328 nm 

Ay;,A = (aı%)(Cg11oomı)(l) 0.456 = (1550)(c)(l) 

0.456 45.6 X 10-ı 
C = 1550 = 15.5 X 102 

C,it.A = 2.94 X 10_, g/100 ml 

The vitamin A content of the chloroform extract is: 

2·94 x ıo: g/lOO ml = 0.735 x 10_, g = 0.0735 mg 

The vitamin A content of the butter is: 

73.5 µg _ 
10g - 7 .35 p, g vitamin A/g butter 
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· Problem 5~11 

A solution containing two substances, A and B, has an absorbance in a 1 cm 
cuvette of 0.36 at 350 nm and Ö.225 at 400 nm. The molar absorption 
coefficients of A and Bat the two wavelengths are given below. Calculate the 
concentrations of A and B in the solution. 

Solution 

Compound 

A 
B 

350nm 

15,000 
7,000 

400nm 

3000 
6500 

Because both compounds absorb at both wave]engths, we can set up two 
simultaneous equations. 

A,sonm = (a,,.sSO(A) X cA) + (a,,.s50[BJ X CB) 

0.36 = (15 X 10' CA) + (7 X 10' Cı,) 

A 400nm = (llm<OO[A) X cA) + (a,,.<OO(B] X Cı,) 

0.225 = (3 X l05cA) + (6.5 X lO!ce) 

Next, solve for cA in terms of cB or vice versa. 

0.36 = 15 X lO'cA + 7 X l03cB 

0.36-7 X 105 cB = 15 X l05cA 

0.36-7 X l05 cB 
CA = 15 X 10s 

N ext, substitute the above va1ue for CA into the second A expression. 

0.225 = (3 X l05cA) + (6.5 X lO'cB) 

3 0.36 - 7 X 10' CB 5 
0.225 = (3 X 10 ) 15 X lO' + 6.5 X 10 Ctı 

O 225 = 1.08 X 10' - 21 X l06ca + 6.5 X lO'cB 
. 15 X 105 1 

Multiply the numerator and denominator of the second right-hand term by 
15 X 10', and col1ect terms: 

0 225 = 1.08 x 10' - 21 x 106cB + (15 x 103)(6.5 x lO'cıı) 
. 15Xl03 15Xl05 

o 225 = 1.08 X 105 - 21 X 106ca + 97 .5 X l06 cB 
· 15xı~ 

3.38 X 10! = 1.08 X 105 -21 X l06 CB + 97.5 X lÜ6 CB 

2.30 X 103 = 76.5 X 106 CB 

2.3 X 105 23 X 102 

CB = 76.5 X 106 = 7.65 X 107 
Ca = 3 X ıo-s M 
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Now that cB is known, CA may be calculated by substituting the value for cB 
into the expression for Assonr0 or A-ıoo';"'' 

0.36 = (15 x ıo'cA) + (7 x lO'cB) 0.36 = 15 x l03CA + (7 x 10')(3 x ıo-~) 

0.36 = 15 X 10' CA + 0.21 Ü.15 = 15 X 10' lA 

o.ıs ıs x ıo-2 

cA = 15 x 10' = 15.x 10' CA = 1 x ıo-• M 

COUPLED ASSA YS 

Many compounds of biological importance do not have a distinct absorption 
rnaximum. Nevertheless, their concentrations can be determined if they 
stoichiometrically promote the formation of another compound that does 
have a characteristic absorption peak. 

n 
· Problem 5-12 

To 2.0 mi of a glucose solution, 1.0 mi of solution containing excess ATP, 
NADP\ MgCb, hexokinase, and glucose-6-phosphate dehydrogenase was 
added. The absorbance of the final solution (in a 1 cm cuvette) increased to 
0.91 at 340 nm. Calculate the concentration of glucose in the original 
solution. 

Solııtiotı 

The reactions that take place are shown below. 

lı~:.t-oH~e 

glucose + A TP------ glucose-6-phosphate 
Mg7+ 

glu-ı:-rue-6-pho,sph::ne dehydrogena:s-e 
glucose-6-phosphate + N ADP+ ---------------;, 

6-phosphogluconic acid-ö-lactone + NADPH + H+ 

Although glucose has na absorption at 340 nm, NADPH does. Because 
the Kcq values of the hexokinase reaction and the glucose-6-phosphate 
dehydrogenase reaction lie very far to the right, and excess ATP and NADP+ 
are present, 1 mole of NADPH will be produced for every mole of glucose 
originally present. From the absorbance at 340 nm, we can calculate the 
concentration of NADPH present. After correction for dilution, we can 
calculate the concentration of glucose in the original solution. 

A = a,,,cl 

0.91 = (6.22 X l05)(c )(1) 

0.91 9.1 X 10-ı 
CNADPH = 6.22 X 103 = 6.22 X 105 

,NADPH = I.463 x ıo-• M NADPH 

C 8ıucoseons = (1.463 X 10-4) X di]ution factor 

= (1.463 X 10-4)i 

Cghıco,eorig = 2,2 X 10-4 M 
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• Problem 5-13 

Describe an assay based on light absorption at 340 nm by which the concentra­
tions of glucose, glucose-6-phosphate, glucose-1-phosphate, and fructose-6-
phosphate in a mixture may be determined. 

Solution 

Ali four compounds can give rise to a stoichiometric amount of NADPH by 
the reactions shown below. · 

glucose-1-phosphate 

he~okinaşe 

glucose 2 + 
ATl',IYg 

ı phC>$phoglu<omu,asc 
glucose,,.6-phos.pha.lc d-r:hydro:gcna.,c 

glucose-6-phosphate NAop+ 6-phosphogluconic 

phoaphohe,ı:oi'°mer:ı.M: 

acid-S-lactonc + 1 NADPH 1 

fructose-6-phosphate 

(a) First add glucose-6-phosphate dehydrogenase and a large excess of 
NADP ... and MgCl2. The glucose-6-phosphate present is converted to 6-
phpsphogluconic acid-8-lactone and a stoichiometric amount of NADPH 
appears. Measure the absorbance at 340 nm. 

(b) When no further increase in A occurs, add phosphoglucomutase. This 
enzyme catalyzes the conversion of the glucose-1-phosphate to glucose-6-
phosphate that produces more NADPH in an amount equivalent to the 
amount of glucose-1-phosphate originally present. Measure the increase in 
AS<Onm• · 

(c) When no further increase in absorbance occurs, add phosphohex­
oisomerase. This enzyme catalyzes the conversion of the fructose-6-
phosphate to glucose-6-phosphate that yields another increment of 
NADPH. Measure the increase in Awınm, 

(d) Finally, add hexokinase and ATP. The glucose present yields a 
stoichiometric amount of NADPH as described previously. Again measure 
the increase in A,.onm· 

Although the glucose-6-phosphate dehydrogenase, phosphoglucomutase, 
and phosphohexoisomerase reactions do not have large Kcq values, the overall 

-conversion to 6-phosphogluconic acid-8-lactone and NADPH can be forced 
far to the right by using a large excess of NADP+. Furthermore, if any of the 
enzymes are contaminated with 6-phosphogluconolactonase, the overall reac­
tion sequence becomes irreversible. The A,.o .. ,,.. time course of the assay is 
shown in Figure 5-2. 

in calculating the .6.NADPH concentrations at any point from the .6.A,.onm 
values corrections must be made for the dilution of any preexisting 
NADPH. Also, in calculating the concentrations of gİucose, glucose-6-
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Figure S-2 Absorbance changes during the NADPH-linked assay of glucose and derivatives. 
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phosphate, and the like, in the original solution from the ANADPH values, 
the total dilution of the assay mixture must be taken into account. 

If the enzymes are delivered in very small volumes compared to the total 
assay volume, the dilution will be negligible. For example, the assay volume 
ı'night be 1.0 or 3.0 mi (usual cuvette sizes) while the assay enzymes might be 
added in 10 µl volumes. 

· Problem. 5-H 

To 1.0 ml of a solution containi_ng a mixture of glucose-6-phosphate and 
glucose-1-phosphate, 1.0 mi of a solution containing excess NADP+, MgCl2, 
and glucose-6-phosphate dehydrogenase was added .. The absorbance in a 
1 cm cuvette increased to 0.57 at 340 nm. When no further increase in 
absorbance was observed, an additional 1.0 ml of a ph9sphoglucomutase 
solution was added. The absorbance then decreased ta 0.50. Calculate the 
(a) glucose-6-phosphate and (b) glucose-1-phosphate concentrations in the 
original solution. 

Solution 

(a) 

(b) 

A = a,,, X CNADPH X l 0.57 = (6.22 X lO')(CNADPH)(}) 

0.57 57 X 10-2 6 o-s M 
CNADPH = 6.22 x 10' = 6.22 x 10' = 9·1 x I 

Cc.ş.p0..,, = (9.16 x ıo-5> x dilution factor = (9.16 x 10-5)(2) 

CG+:P..ıa = 1.83 X 10__. M 

dA ı:orr~cd = A fiıı:ı.l - A orig .. corr«-ted 

Aanıı,corrtt1cd = (0.57); = 0.38 

fiA correctcd = 0.50 - 0.38 = 0.12 

AA = a,,, x Ac NADPH X l 

0.12 = (6.22 x 1.05) x (ACNADPH) x (1) 

0.12 12 X 10-' 
fiCNADPH = 6.22 X }05 = 6.22 X 10' 

ı:lCNADPH = 1.93 x ıo-s M 

Ce-ı-P .... = 1.93 x ıo-s X dilution factor = (1.93 x ıo-s)(3) 

c G-l·P- = 5. 79 x ıo-5 M 

BNZVME ASSA YS 

Enzymes can be assayed spectrophotometrically by following the rate at which 
a product appears or a substrate disappears. 1( neither substrate nor 
product has a distinct absorption peak, then it is often possible to couple the 
reaction of interest to another that does yield a light-absorbing product. In 
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such coupled assays, it is imperative that all auxiliary enzymes be present in 
excess sa that the· overall rate dependş solely on the activity of the enzyme 
being assayed. If the optimum conditions of the enzyme being assayed are 
inconsistent with the optimum conditions for production of the final light­
absorbing product, then the overall assay can be run in two stages. The 
problems below illustrate the continuous and two-stage assay methods. 

· Problem 5-15 

Glutamic-oxalacetate transaminase ,(GOT) is released into the blood stream as 
a result of myocardial infarction. The enzyme is assayed in serum by 
following the decrease in the absorbance of NADH in the malic dehydrogen­
ase (MDH)-coupled reaction sequence shown below. 

GOT 

aspartate + a-ketoglutarate .;==== glutamate + oxalacetate 

+ 
NADH 

MDHJt 
malate 

+ 
NAD+ 

A reaction mixture contained excess aspartate (i.e., 100 times its K ... value), 
0.1 ml of serum, 0.3 µmole of NADH, andan excess of malic dehydrogenase 
in a total volume of 0.9 ml. The reaction was started by adding an excess of 
a-ketoglutarate in 0.1 ml. After a short lag, the absorbance decreased ata 
rate of 0.04 A unit/min. The cuvette had a light patlı of 1 cm. Calculate the 
concentration of GOT in the patient's serum (i.e., the spedfic activity of the 
serum in terms of enzyme units/ml). 

Solution 

v = AA /min = 0.04/min 

AA= (a.. )(Ac )(l) or 
AA 

Ac = (a...)(l) 

Ac = (S.2~0~0;Js)(l) = 6.43 X 10-6 M = 6.43 µ.moles/liter 

v = 6.43 µ.moles X lit.er-1 x min -ı = 6.43 X 10-3 µmoles x rnı- 1 X min -ı 

Thus, the 1.0 ml cuvette contained 6.43 x 10-s units of enzyme activity. This 
activity came from 0.1 mi of serum. Therefore, the serum contains: 

6.43 X 10-, units = 1 ~.43 X 10-z units/ml 
0.1 ml _ 

· Problem 5-16 

A cell-free extract of Penicillium chrysogenum was assayed for /3-galactosidase. 
activity. The extract {0.25 ml) was incubated with 3 x 10-3 M p-nitrophenyl­
,8-galactoside and buffer in a total volume of 1.0 mi. Periodically, O. 1 mi 
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aliquots were removed and added to 2.9 ml of 0.1 N NaOH. The concentra­
tion of free p-nitrophenol was determined by measuring the absorbance at 
400 nm against a p-nitrophenyl-/3-galactoside + buffer+ NaOH blank. {a... of 
p-nitrophenol in 0.1 N NaOH is 18,300.) The cell-free extract cont:;.ined 
5 mg protein/ml. The absorbance of the NaOH solution in a 1 cm cuvette is 
shown below. 

Incubation ıime A400nm 

(minutes) 

2 0.09 
4 0.18 
6 0.27 

Calculate the specific p-galactosidase activity of the cell-free extract. 

Solution 

v = AA /min = 0.045/ min 

AA= (a...)(Ac)(l)" or 
AA 

ile= (a...)(I) 

0.045 2 46 10-6 M . -ı 
Ac = (18.3 X 10')(1) = . X X mın 

Thus, the concentration of p-nitrophenol in the NaOH solution increased ata 
rate of 2.46 X 10--e M /min = 2.46 X ıo-, JLmole x mı-ı x min-1• The volume of 
the NaOH solution is 3.0 ml. : . (3)(2.46 x ıo-s) = 7 .38 x 10-" JLmole of p­
nitrophenol produced/min. The 7.38 x ıo-s JLmole were produced each mi­
nute in 0.1 mi of assay mixture. In the assay mixture: 

V =7.38X 10-2 µ.moleXmı-1 Xmİn-ı 

The 1.0 ml of assay mixture contained 0.25 ml of cell-free extract. The 
protein cqncentration in the assay was: 

(0.25 ml/ml)(5 mg protein/mi) = 1.25 mg/ml 

SA = 7.38X 10-ıı = 
. ' 1.25 0.059 units/mg protein 

Note that by 6 min, (7.38 x 10-2)(6) = 0.4428 µ.moles of substrate had been 
utilized. This represents 14.8% of the initial substrate concentration. The 
fact that the appearance of product is still linear with time indicates that [S} 
remains ı.> K... and V = V mu, 

B. FLUOROMETRY 

Many compounds absorb light and then immediately reernit sorne of the 
energy as light of a longer wavelength. This fluorescence phenomenon can be 
used with an instrument called a fiuorometer to rneasure very Iow concentra­
tions of certain compounds. A fluorometer differs from a spectrophotome­
ter in that (a) the emitted fluorescence light is observed at 90° to the incident 
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light and (b) two wavelength selectors are required--one to transmit the 
desired excitation ,\ and one to select th~ desired emission ,\. U sually filters 
(singly or in combination) are used to select the desired wavelengths. 

Fluorometry can be extremely selective since only certain wavelengths of 
light will excite a given compound. Similarly, the fluorescence will occur 
only at certain wa:velengths. In other words, fluorescent compounds have a 
characteristic excitation spectrurn and a characteristic fluorescence spec­
trum. Two compounds ,~ith sufficiently different excitation and/or fluores­
cence spectra may be determined in the presence of each other in much the 
same manner as described earlier for spectrophotometry. A compound that 
does not fluoresce can often be chemically or enzymatically converted to 
another that does fluoresce. 

At low concentrations of a fluorescent compound, the intensity of the 
fluorescence is directly proportional to concentration. Thus, fluorescence 
intensity is analogous to absorbance in spectrophotometry, (the linear 
parameter) not transmission (the logarithmic parameter). The fluorescence 
emitted by one substance may be absorbed or quenched by other substances in 
the sample. For this reason it is necessary to include an internal ("recovery") 
standard in each assay. For example, 25 p,g of pure compound X might 
yield a fluorescence intensity of 53 arbitrary units all by itself. However, if 
25 µg of pure compound X is added to the_sample (which might be diluted 
urine, or serum, or an enzyme assay mixture containing organic buffers) we 
may observe an increase of only 29 units above that of the sample itself. 
Clearly, only 29/53 = 54.7% of the standard's fluorescence is observed under 
the assay conditions. Thus, under the assay conditions, 25 µ.g of X is 
equivalent to 29 units of fluorescence (not 53 units). It is also necessary to 
subtract from the readings the fluorescence of a blank. The blank should 
contain the same substances as the sample. For example, if the sample is 
treated chemically to induce fl.uorescence, the blank should contain the same 
chemicals, although added in an order that does not convert the compound 
being measured to a fluorescent product. The readings can be diagrammed 
as shown below. 

where 

and 

or 

-------------- I, 
1, - Iu oc (standard] 

---..ı------------ Iu 
ı .. - it« [unknown] 

-~_ı_ ___________ 1& I 1& = fluorescence of blank 
Zero 

Ib = fluorescence of blank 
I,. = fluorescence of unknown plus blank 
J, = fluorescence of internal standard plus unknown plus blank 

I,. - l& = fluorescence of unknown under assay conditions 
I. -1 .. = fluorescence of standard under assay conditions 

fluorescence of unknown amount of unknown -----------=---------fluorescence of standard amount of standard 

I,. - Ib amount of unknown 
I, - I,. = amount of standard (6) 



t~ 
;n 
ilj 

\ı' ., 

·'l' .:~ 
J 

!;!' 
··. '~ 
:' :ıt 
:..··, 

·,~ 

-. 
;.! 
;~ 

• l 

348 SPECTROPHOTOMETRY AND OTHER OPTICAL METHODS 

· Problem 5-17 

Catecholaınines (epinephrine and norepinephrine) can be conv~rted to 
fluorescent compounds (called lutines) by oxidation and treatment with 
alkali, The concentration of total catecholamine can then be determined by 
excitation at 405 nm and fl.uorescence intensity measurements at 
495 nm. (These two wavelengths do not discriminate between epinephrine 
and norepiiıephrine.) The following data were recorded: 

I ... = fl.uorescence intensity of 1.5 ml of urine, treated 
to induce fluorescence of catecholamines 

= 52 units 
Ib = fluorescence intensity of 1.5 mi of urine treated 

with ferricyanide, NaOH, and the other reag­
ents in the wrong order (so as not to convert 
catecholamines to fluorescent products) 

=6 units 
1, = fl.uorescence intensity of 1.5 ml of treated urine 

to which 0.25 µ,g of epinephrine standard had 
been added 

=85 

Calculate (a) the concentration of catecholamines in the urine sample and (b) 
the total daily catecholamiiie excretion if 900 mi of urine were collected in 24 , 
hours. 

Solution 

(a) Amount of catecholamines in sample = :~ ~ J: x 0.25 µ,g 

= 52 -6 X O 25 = (46)(0.25) 
85-52 . (33) 

Amount of catecholamines = 0.348 JLg 

conc = 0·348 µ.g = 1 0.232 JLg/ml 
1.5 ml _ 

(b) Total excretion - (0.2~2 ııg/ınl)(900 ınl) ~ j 209 ı,g/day 

C. OP'.TICAL ROTATION-POLARIMETRY 

Optical rotation refers to the ability of certain compounds (solid or in 
solution) to rotate the plane of polarized light. Such "optically active" 
compounds contain at least one asymmetric center and no p!ane of sym­
metry. The optical rotation of a solution at a given temperature and 
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wavelength is given by: 

A"=[a]fxcxı (7) 

where A O = the observed rotation in degrees 
[a][ = the specific rotation of the compound in solution at a fixed 

temperature {generally 20 or 25°G) and wavelength (generally 
the D line of sodium, 5893 A) 

C = the concentration of the solution in g/ml 
l = the light patlı length {through the solution) in decimeters (dm) 

Note that Equation 7 is analogous to Equation 3 far absorbance. The 
relationship is a]so frequently given as: 

[ ]T_A"xıoo 
a~- ıxc (8) 

where now C = concentration in % w/v (i.e., g/100 mi). The "molar rota­
tion," [a]u, is [a} X MW. 

Optical rotation is measured with an instrnment called a polarimeter. The 
essential parts of a polarimeter are shown in Figure 5-3. 

The polarizing and analyzing lenses both transmit light that is plane 
polarized. In the absence of an optically active sample, the analyzing lens 
can be adjusted so that the light intensity as seen by the viewer is mini­
mal. (This is accomplished by rotating the analyzing lens until its transmis­
sion plane is perpendicuJar to the transrnission plane of the polarizing 
lens.) An optically active sample rotates the plane of the polarized 
light. The analyzing lens then must be rotated to a new position in order to 
minimize the light -intensity. The angle through which the analyzing lens is 

Monochromatic 
light source 

N on polarized 
light 

Polarizing 
lens 

Plane 
polarized 

Jlght 

...........-;:,iji+++s+ ~J~l/~fl ~ /~ --------- ) l7 ---------------------------
Sample (in 
polarimeter 

tube) 

Plane-polarized 
light-plane 

rotated 

Analyzirıg 
lens 

Eye 

Figure 5-3 Essential components of a polarimeter. Polarized light vib­
rates in a single plane perpendicular to the patlı of propagation. Non­
polarized Jight vibrates in an infinite number of planes, all of which are 
perpendicular to the patlı of propagation. 
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rotated is the observed rotation (in degrees) from which [ a] may be calcu­
lated. If the analyzing lens is rotated clockwise, the substance is said to be 
dextrorotary (d ar+). If the analyzing lens is rotated counterdockwise, the 

· substance is said to be levorotary (l or -). The symbols d ar l are not to be 
confused with the symbols D or L. 

Optical rotation can be used to identify unknown compounds, to determine 
concentrations of known compounds, and to foBow the course of a reaction 
where the sı.'ıbstrate and product have different specific rotations. Optical 
rotary dispersion measurements {İ.e., the optical rotation at several dıfferent 
wavelengths) can provide information concerning the structure and asym­
metry of a compound (e.g., percent a-helix content of a protein). 

· Problem 5m18 

A solution of L-leucine (3.0 g/50 ml of 6 N HCl) had an observed rotation of 
+ 1.81° in a 20 cm polarimeter tube. Calculate (a) the specific rotation, [a ], and 
(b) the molar rotation, [a]M, of L-leucine in 6 N HCI. 

Solııtion 

(a) 

(b) 

Ao 
[aJ=---

ldm X Cg/ml 

[a]= +l.81 
2 X 0.06 

· Problem 5-19 

l =20cm=2dm C = 3 g/50 ml = 0.06 g/ml 

OT [n']=+15.1° 

[a]ıı., = [a] x MW = (+ 15.1°)(131.2) 

[ d' ]u == + 1980° 

A solution of L-arabinose (containing an equilibrium mixture of a and {3 
forms) has an observed rotation of +23.7° in a 10cm polarimeter tube at 
25°G. Calculate the concentration of L-arabinose in the solution. The [al~ 
for an equilibrium mixture of a- and /3-L-arabinose is + 105°. 

Solution 

A 0 =[a]XIXC C=~=23.7 
[a} X l 105 

C = 0.225 g/ml 

· Problem 5-20 

An equilibrium mixture ofa- and {3-n-glucose has an [a]ii' of +52.7°. Pure 
a-n-glucose has an [a}~ of + 112°. Pure /3-D-glucose has an [a]~ of 
+ 18.7°. Cakulate the proportions of a- and /3-0-glucose in the equilibrium 
mixture. 
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' Solution 

The contribution of each anomer tow.ard the total A O or [a]: is directly 
proportional to the concentrations of each anomer present. Let: 

X=%{3 .". (100-X)=%a 

(+ 18.7)(X) + (+ 112)(100-X) = (100)(+52.7) 

18.7.X + 11,200- 112X= 5270 

5930=93.3X 

X =5930 = % /3 
93.3 

a = (100-63.5)% 

/J = 63.5% 1 

a =36.5% 1 

· Problem 5-21 

Thirty grams of a polysaccharide containing only n-mannose and n-glucose 
were acid hydrolyzed. The hydrolysate was diluted to 100 mi. The ob­
served rotation of the solution was +9.07° in a 10 cm polarimeter tube. Cal­
culate the ratio of D-mannose/n-glucose in the polysaccharide. The specific 
rotations of a/P-n-glucose and a//3-D-mannose are +52.7 and + 14.5°, respec­
tively. 

S0l11tio11 

After acid hydrolysis, the two sugars are present as the equilibrium mixture of 
their a and (3 forms. Furthermore, the total weight of monosaccharides 
after hydrolysis is 33.3 g as a result of adding l mole of water (18 g) per mole 
of monosaccharide residue (162 g). 

Let 
X = g/ml n-glucose present 

(0.333 - X) = g/ml n-mannose present 

A~uco,e = [a](l)(C) = {52.7)(l)(X) = 52.7X 

A.':..nnose =[O!]([)( C) = (14.5)(1)(0.333 - X) = 4,83 - 14.5X 

(52.7X) +(4.83-14.5X) = 9.07 

38.2X=4.24 

X = g/ml n-glucose = !s~! 
o-glucose = 0.111 g/ml 

n-mannose = 0.333 - O.111 g/ml 

D-mannose = 0.222 g/ml 
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• Because mannose and glucose have the same molecu]ar weights, the molar 
ratio of the two sugars is the same as the weight ratio. 

n-mannose/n-glucose = 2 

PRACTICE PROBLEMS 

Answers to Practice Problems are given on page 429. 

ı. 1. Calculate the absorbance· and the trans­
mission at 260 nm and 340 nm of the following 
solutions in a l cm cuvette: (a) 2.2 X 10-5 M 
NADH, (b) 7 x 10-s M NADH plus 4.2 x 
10-5 M ATP. The a.. of NADH is 
15,000 M-1 X cm-1 at 260 nm and 6220 at 
340 nm. The a.. of ATP is 15,400 M-1 X cm-1 

at 260 nm and zero at 340 nrn. 

2. Calculate the concentrations of ATP 
and NADPH in solutions with absorbances (in 
a I cm cuvette) of (a) 0.15 at 340 nm and 0.90 at 
260 nm, (b) zero at 340 nm and O. 75 at 260 nm, 
and (c) 0.22 at 340 nm and 0.531 at 
260 nın. The a.. values of NADPH at the two 
wavelengths are the same as those of NADH 
(problem 1). 

3. Calculate the concentrations of two ab­
sorbing compounds, A and B, if the absor­
bance of this solution in a 3 cm cuvette is 0.62 
at 450 nm and 0.54 at 485 nm. Compound A 
has an ı:ı.. of 12,000 M-1 X cm-1 at 450 nm and 
4000 M-1 X cm-1 at 485 nm. Compound B 
has an a.. of 5000 M-1 X cm-1 at 450 nm and 
11,600 M-1 x cm-1 at 485 nm. 

4. A standard solution of bovine serum 
albumin containing 1.0 mg/ml had an absor­
bance of 0.58 at 280 nm. (a) What is the 
protein concentration in a partially purified 
enzyme preparation if the absorbance is 0.12 
at 280 nm? (b) Why might the calculated 
value be in error even if the preparation is 
free of nucleic acids? 

5. The preparation described in practice 
problem 4 was diluted fivefold and the absor­
bance at 215 nm and at 225 nm was deter­
mined. The aA value was 0.31. (a) What is 
the protein concentration of the undiluted 
preparation? (b) Is this value more reliable 
than that obtained from the absorbance at 
280nm? 

6. Suppose that 1.5 rnl ofa 2 x ıo-4 M solı 
tion of NADPH were added to 1.5 mi of 
solution containing an unknown concentr: 
tion of oxidized glutathione and a catalyt 
amount of the enzyme glutathione redu­
tase. The final absorbance of the solution: 
340 nın was 0.25 in a 1 cm cuvette. Calcula· 
the concentration of oxidized glutathione i 
the original 1.5 mi. The reaction catalyz<: 
b;y glutathione reductase is GSSG + NADPH 
H+--> 2GSH + NADP+ and goes essentially · 
completion. 

7. Devise a spectrophotoll!etric ass; 
based on light absorption at 340 nm by whiı 
the concentrations of fructose-1, 
diphosphate, glyceraldehyde·3-phosphat 
and dihydroxyacetone phosphate in'a mixtu 
may ·be determined. 

8. Calculate the concentrations of ci~ı 
acid and isocitric acid in a mixture, given,tl 
following information: (a) After the adc 
tion of 1.5 mi of solution containing exct 
NAD+ and the enzyme isocitric dehydroge 
ase to 2.0 mi of the original solution, tl 
absorbance at 34~nm in a 1 cm cuvette i 
creased to 0.48. (ö) After an additional 3.5 ı 
containing the eni.yrne aconitase were adde 
the absorbance remained constant at 0.48. 

9. A commercial sarnple of adenosine-. 
phosphosulfate (APS) is known to be contan 
nated with 5'-AMP. A solution of the N 
that had an Aıooıuu of 0.90 was prepared. E 
acdy 0.9 mi of this solution was mixed wi 
0.1 mi of a solution containing excess ine 
ganic pyrophosphate, glucose, NADP\ Mg 
and the enzymes ATP sulfurylase, hexoki 
ase, and glucose-6-phosphate dehydroge 
ase. The Al.ıonm increased_ to 0.262. C 
culate the purity of the APS saınple. (l 
sume that APS and AMP have a.. values 



15,400 M-1 x cm-1 at 260 nm.) ATP sulfuryl­
ase catalyzes the reaction APS+ PP; ~ so:- + 
A TP with a K.., of ıos as written. 

10. If the extract described in problem 
5-16 is reassayed using o-nitrophenyl-/3-
galactoside, what would the A•room of the 
NaOH solution be for the 2amin sam­
ple? The a.,, of o-nitrophenol at 420 nm (in 
base) is 21,300 M-ı Xcm-1• (Assume that the 
velocity with o-nitrophenyl-{:1-galactoside is 
the same as that with p-nitrophenyl-/3-
galactoside .) 

\/ 11. Lactate dehydrogenase was assayed by 
following the appearance of NADH spec­
trophotometrically in a 1 cm cuvette. The 
assay mixture (3.0 mi total volume) contained 
excess Jactate, buffer, 0.1 mi of enzyme prep­
aration, and semicarbazide (to trap the pyru­
vate and pull the reaction to comple­
tion). The enzyme preparation contained 
120 µ.g prC!tein/ml. The A3ronm increased ata 
rate of 0.048/min. (a) What is the lactate 
dehydrogenase content of the preparation 
(units/ml)? (b) What is the specific activity of 
lactate dehydrogenase in the preparation 
(units/mg protein)? 

12. The cardiologist mentioned in prob­
lem 4-24 decides to check the activity of the 
commercial glycerol kinase used for the 
glycerol assay. An assay mixture is prepared 
containing excess MgATP, PEP, pyruvic kin­
ase, lactate dehydı:-ogenase, glycerol, and 3 x 
ıo-• M NADH in a total volume of 
0.9 ml. The reaction is started by adding 
0.1 mi of glycerol kinase solution. If the 
specific activity of the enzyme is as İt should 
be, the 0.1 rnl should have added 0.03 units of 
activity. After a short lag, the absorbance at 
365 nm decreased at a rate of 0.08/min. (The 

-assay was performed at 365 nm rather than 
340 nrn in order to keep the absorbance read-

\ ings below 1.0. The a.. of NADH at 365 nm 
is 3.11 X Iü3 M-ı x cm·1.) Does the stock 
glycerol kinase solution really contain 0.3 
units/ml? 

PRACTICE PROBLEMS 353 

13. Lead poisoning causes an increased 
paily excretion of coproporphyrin, which can 
be measured fluorometrically in urine (excita­
tion at 405 nm, fluorescence measurements at 
595 nm). A 0.5 ml sample of urine from a 
suspected lead poisoning case was processed 
appropriately and diluted to 25 mi for fl.uores­
cence measurements. The following data 
were recorded: 1. = 40, Ih = 5, 1, = 80. The 
intemal standard added 1.25 µ.g of co­
proporphyrin to the 25 ml assay volume. The 
total volume of urine excreted per 24 hours 
was 800 ml. What is the daily coproporphyrin 
excretion of the patient? (Normal values are 
75 to 300 }Lg/day .) Keep in mind that I. refers 
to fluorescence of the unknown plus that of the 
blank; J, refers to the fluorescence of the 
internal standard plus that of the unknown 
and the blank. 

14. A solution of D-histidine (4 g/100 ml of 
1 M HCl) had an observed rotation of -0.41° 
in a 20 cm polarimeter tube. Calculate (a) the 
specific rotation [ a] and (b) the molar rotation 
(a]M of D-histidine in l M HC!. 

15. A solution of L-ribulose (containing an 
equilibrium mixture ofa and /3 forms) has an 
observed rotation of -3.75° in a 10cm 
polaıimeter tube. Calculate the concentra­
tion of L-ribu!ose in the solution. The [ a]ii' 
for an equilibrium mixture of a- and /3-L­
ribulose is -16.6°. 

16. An equilibrium mixture ofa- and /3-D­
mannose has an [a]~ of + 14.5°. Pure a-D­

mannose has an (a]~ of +29.3°. Pure {3-D­

mannose has an [aJ~ of -16.3°. Calculate 
the proportion of a- and J3-D-mannose in the 
equilibrium rnixture. 

17. The [ a ]ii' of a-D-mannose ıs 
+29.30°. The [a]i,5 of {3-D-mannose is 
-16.30°. A freshly prepared solution of a-D­

mannose had an observed rotation of + 14.65° 
in a 10 cm polarimeter tube. After 10 min, 
the observed rotation decreased to 
+ 11.0°. Calculate the overall net rate of 
mu tarotation. 
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ISOTOPES iN BIOCHEMISTRY 

A. ISOTOPES AND RADIOACTIVE DECAY 

ISOTOPES 

''Isotopes" are atoms that conta.in the same number of protons (have the same 
atomic number) but different numbers of neutrons (have different atomic 
weights). Most naturally occurring elements exist as mixtures of 
isotopes. For example, magnesium exists as Mg24, Mg25, and Mg~6, which 
account far about 78.6, 10.11, and 11.29%, respectively, of the total mag­
nesium in nature. Because of the mass distribution, the weighted average 
atomic weight of magnesium is 24.31. The chemical properties of an element 
are determined by its atomic number, not its atomic weight. Consequently, 
ali three isotopes of magnesium react identically. "Isotope effects" caused by 
the slight mass differences are generally negligible in biochemica1 
studies. Both radioactive and stable isotopes are used in biological research. 

MODES OF RADIOACTIVE DECAY 

Many of the naturally occurring and man-made isotopes are unstable. The 
nuclei of these isotopes decay to more stable forms by one or more of the 
processes shown in Table 6-1. Such isotopes are called "radioactive 

Table 6-1 Modes of Radioactive Decay 

354 

Deca:y Process 

Beta partide emission 

Positron partide emission 

Alpha partide emission 

Electron capture (EC) 

Partide emission followed 
by isomeric transition of 
stili unstable nucleus 

Nuclear 
Transformatian 

on ı _.,. +ıP ı + -ı/3o 

+ıf -,.on 1 + +ı/3° 
'Loss of +2Het (cı) 

+ıP 1 +-ıe 0 -;,on 1 

Net Equation 

ANIAW - AN+ıIAW +-ı/3° 

ANIAW..,. AN-ıIAW + +ı/3° 
ANIAw..,. AN-2IAw-4 + +2He4 

ANIAw +-ıe0 _.,. AN-ıf'.w + 'Y 

A~IAW..,. wrw + 'Y 
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isotopes." Because of the decay process many isotopes have long since 
disappeared from nature. For example, Mg23 and Mg27 no longer constitute 
a significant proportion of the magnesium in nature, although they can be 
produced by appropriate nudear reactions for use in research. 

Most radioisotopes used in biochemical studies are beta and/or gamına 
emitters (Appendix XII). 

· Problem 6-1 

cu, p52, 

res<,:arch. 
decay. 

Sofotion 

S35, and H 3 are radioisotopes commonly used in biological 
All are f3 ernitters. Write the nudear reactions by which they 

in all four cases, the ejection ofa f3 partide will result in a stable isotope with 
an atomic number one higher than the original radioisotope and an atomic 
weight identical to the parent. 

6c1·~-1/3°+1NH 

ısPl2 4 -ı/3° + 16S52 

16835 4-ı/3° + 11Cl35 

ıH3 4-ı/3°+2He3 

EQUATIONS OF RADIOACTIVE DECAY 

The decay of radioactive isotopes is a simple exponential (first-order) process. 

where 

dN 
--=AN 

dt 
(1) 

- ~N = the number of atoms decaying per small increment of time 
t (i.e., the count rate) 

N = the total number of radioactive atoms present at any given 
time 

,\ = a decay constant, different for each isotope 

The negative sign indicates that the number of radioactive atorns decreases 
with time. 

Although ,\ is a proportionality constant, we can see its physical significance 
by rearranging the above equation. 

dN 
--=iı.N 

dt 
,\=-dN 

Ndt 

A =-dN/N 
dt 

(2) 
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In other words, .\ is the fraction of the radioactive atoms that decays per 
smaH increment of time. 

The differential decay equation may be integrated to obtain a far more 
useful relationship. 

_dN = >..N 
dt 

dN 
-=-.\dt 
N 

Integrating between the limits of No (the original number of radioactive 
atoms) and N (the number of radioactive atoms at any other time) and 
between the limits of zero time and any other time; 

i N dN J' -=-A. dt 
No N ,-o 

N 
ln-=-At 

No 

~ 
~ 

ar No 
2.3 log N = ,\t or 

or, in linear form, 
,\ 

log N :::: -- t + log No 2.3 

(3) 

(4) 

Na and N can be expressed in any consistent manner. For example, 
N O = l 00%, N = % remaining after time interval t; N O = 1.00, N = fraction 
remaining (as a decimal) after time interval t; Na= original CPM in sample, 
N = CPM remaining after time interval t; No = S.A. of sample at a certain 
time, N = S.A. of the sample after an elapsed time, t. 

The "half-life" (tı12) ofa radioactive isotope is the time required for half of the 
original number of atoms to decay. The relationship between t 112 and A is 
shown below. 

in No= At 
N 

1 
ln-=Jı.lın 

0.5 

ln 2 = Atın 
0.693 = ı\t112 

,\ = 0.693 
tııı 

or 

or 

No 
2.303 ıog N = 1ı.t 

1 
2.303 log O.S = Atı12 

2.303 log 2 = Atırı 
(2.303)(0.301) = Atı12 

0.693 = Atın 

0.693 
tııı=--

,\ 
(5) 
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Figure 6-1 The decay ofa radioactive isotope is a first-order process. 

The amount of radioactivity 'remaining in a sample can easily be deter­
mined by constructing a semilog plot as shown in Figure 6-1. A single point 
(50% at one half-life) is sufficient to construct the curve. 

THB CURIE 

The curie, · abbreviated Ci, is a standard unit of radioactive decay. It was 
originally defined as the rate at which 1 g of radium~6 decays. Because of the 
relatively long half-life of Ra226, the isotope served as a convenient 
standard. The curie is now defined as the quantity of any radioactive 
substance in which the decay rate is 3. 700 x 1010 disintegrations per second 
(2.22 X 1012 DPM). Because the efficiency of most radiation detection devices 
is less than 100%, a given number of curies almost always yields a lower than 
theoretical count rate. Hence, there is the distinction between DPM and 
CPM. For example, a sample containing 1 µCi of radioactive material has a 
decay rate of 2.22 x 106 DPM. If only 30% of the disintegrations are detected, 
the observed count rate is 6.66 x 105 CPM. 

· Problem. 6-2 

Ca45 hasa half-life of 163 days. Calculate (a) the decay constant (,\} in terms 
of day-• and sec-1. and (b) the percent of the initial radioactivity remaining in 
a sample after 90 days. 

Solution 

,\ = 0.693 = 0.693 = 6.93 X 10-ı da -ı 
!112 163 days 1.63 X 102 Y 

A = 4.25 X 10-' day-ı 
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(b) 

A _ 0.693 
- 163 days X 24 hr/day X 60 min/hr X 60 sec/min 

0.693 0.693 
= 163 days X 86,400 sec/day = (1.63 x 102)(8.64 x 104) 

69.3 X 10-2 -ı 
= 14.1 x 106 sec ,\ = 4.92 X 10-s sec -ı 

2.3 log ~o= Jı.t 

Let No= 100%. 

2.3 1t0 = (4.26 x ıo-')(90) = o.3834 

log !0 = 0·!~;4 = o.167 

log 100- log N = 0.0167 

log N = 2.000-0.167 = 1.833 

N=68.1% 

· Problem 6-3 

C14 has a half-life of 5700 years. Calculate the fraction of the cı. atoms that 
decays (a) per year (b) per minute. 

Solution 

(a) Calculate A: 

,\ _ 0.693 _ 6.93 X 10-ı -ı 
- 5700 yr - 5.7 X 10s yr ,\ = 1.216 X 10-ı yr -ı 

That is, ~.216 x 10-ı atoms per atom decays per year or l atom out of 
• 1/1.216 x 10-4 atoms decays per year. 

1.216 ~ lO-ı = 0.8225 X 104 = 8.225 X 10' 

1 out of every 8225 radioactive atoms decays per year 
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(b) _l.216xıo-•yr-1 _231 o-ıo . -ı 
A - (365)(24)(60) -:-- · x 1 mm 

1 9 

2.3} X lO-ıo = 4.32 X 10 

1 out of 4.32 X 109 radioactive atoms decays per minute 

· Problem 6-4 

K40 (t 112 = 1.3 X 109 yr) constitutes 0.012% of the potassium in nature. The 
human body contains about 0.35% potassium by weight. Calculate the total 
radioactivity resulting from K40 decay in a 75 kg human. 

Solution 

total K40 = 0.012% X 0.35% X 75 X 10' g 

= (1.2.X 10--ı)(3.5 X 10-')(7.5 X 10') 

= 3.15 X 10-2 g 

-ıo 3.15 X 10-2 g u 
number of K atoms = 40 / x 6.023 X 10 atoms/g-atom 

g g-atom 

= 4.74 X 1021:J atoms 

0.693 6.93 X ıo-• . -ı 
A = 1.3 X 109 X 365 X 24 X 60 = 6.83 X 1014 mm 

A = l.014X ıo-'5 min-1 

dN 
DPM=--=>ı.N 

dt 

~ (!.014 X 10-")(4. 74 X 10") ~ 1 4.81 X !o' DPM 

or 
4.81 X 10~ DPM 

0.217 µ.Ci 
2.22 x 106 DPM/JLCİ 

SPECIFIC ACTIVITY 

it is not necessary for every molecule ofa compound to be radioactive for us 
to use the radioactivity as a measure of concentration (and, thereby, deter­
rnine reaction rates, and so on). Ali that is necessary is that the sample 
contain enough radioactive molecules to count accurately and that we know 
the specific activity of the compound. Specific activity (S.A.) refers to the 
amount of radioactivity per unit amount of substance. It is, in fact, a way of 
designating the fraction of the total molecules present that is radioactive. 
Specific activity may be given in terms of curies per gram (Ci/g), millicuries 
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per milligram (mCi/mg), millicuries per millimole (mCi/mmole), disintegra­
tions per minute per milJimole {DPM/mmole), counts per minute per mic­
romole (CPM/µmole), or in any other convenient way. ünce the specifıc 
activity ofa compound is known, any given count rate can be equated to the 
amount of the compound in a sample. 

In most studies with radioactive compounds, it is assumed that there are no 
isotope eff ects, that is, it is assumed that the radioactive molecules are randomly 
distributed among the total molecules of the compound and behave identi­
cally to the nonradioactive molecules. This is a reasonable assumption for 
most of the isotopes used in biology. The one exception is H3, which has a 
mass three times that of normal H. However, for most biologically İmpor­
tant H'-labeled cornpounds, the total molecular weight is not much different 
from that of the unlabeled compound. For example, HiO hasa molecular 
weight only 19% greater than that of H~O. 

· Problem 6-5 

C 14 is produced continuously in the upper atmosphere by the bombardment 
of N 14 with neutrons of cosrnic radiation. The reaction is 7N 14 + on 1 ~ 6C14 + 
ıH'. As a result, all carbon-containing compounds currently being biosyn­
thesized on the earth contain sufficient CH to yield 13 DPM/g carbon. After 
death of an organism the C'4 decays with a half-life of 5700 years. Calculate 
(a) the abundance of C 14 in the carbon that is participating in the carbon eyde 
on the surface of the earth today and (b) the age ofa sample of biological 
material that contains 3 DPM/g carbon. 

Solııtion 

(a) dN 
DPM/g = --= >..N 

dt 

where ·N = the number of C14 atorns per gram of carbon and ,\ = the decay 
constant, 2.31 X ıo-10 min-ı for C14 • 

13 = 2.31 x 10-10 N 

13 
N = 2.31 X 10-ıo = 5.63 X 1010 atoms C14/g carbon 

1 g of carbon contains 

12 j g x 6.023 x ıo~' atoms/g-atom = 
g g-atom 

5.02 X I02ı total atoms of carbon 

5.63 X 1010 atoms C14 1 abundance = 5 02 1022 al b X 100% = 
• X tot atoms car on 

~--------' 



(b) 

where 
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13 
2.3 logT = At 

,\ = 1.216 x 10-4 yr-• for C 14 

2.3 ]og 4.33 = 1.216 X 10--< t 

(2.3)(0.636) = 1.216 X ıo-• t 

_ (2.3)(0.636) 
t - 1.216 X 10--< age = t = 12,029 yr 

Check: The CH activity has decayed to about ! of its original level. After 
5700 years it would decay to t Af ter 11,400 years (2 half-lives), it would decay 
to t After 17,100 years (3 half-lives), it would decay to t Thus, the sample is 
between 2 and 3 half-lives old. 

SPECIFIC ACTIVITY OF CARRIER-FREE ISOTOPES 

· Problem 6-6 

(a) What is the specific activity of pure C14 in terms of DPM/g, Ci/g, and 
Ci/g-atom? (b) What is the theoretical maximum specific activity (Ci/mole) at 
which L-phenylalanine-C14 (uniformly labeled) could be prepared? (c) What 
proportion of the molecules is actually labeled in a preparation of L­

phenylalanine-Cu that has a specifıc activity of 200 mCi/mmole? A = 
2.31 X 10-ıo min-1• 

Solution 

(a) 14_ lg - 7 1 g C - 14 / - O.O 14 g-atom 
g g-atom 

N = 0.0714 g-atom X 6.023 X 10n atoms/g-atom 

N = 4.3 X 1022 atoms 

DPM=_dN = AN 
g dt 

where N = the number of atorns in 1 g of C 14. 

DPM = 2.31 X ıo-ıo min -ı X 4.3 X 1022 atoms 

specific activity = 9.94 x 1012 DPM/g 

or 9.94 X 1012 DPM/g -ı 
2.22 X 1012 DPM/Ci - --4-·4_8_c_i,_g~ 

or 4.48C;/g X 14 g/g-atom ~ 1 

~------~ 
62.7 Ci/g-atom 
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(b) L-phenylalanine contains 9 g-atoms of carbon per mole. As shown 
above, pure C14 has a specific activity of 62.7 Ci/g-atom . 

. ·. maximum specific activity = 9 g-atoms/mole x 62. 7 Ci/g-atom 

564Ci/mole 

(c) 

• Problem 6-7 

Calculate (a) the number of radioactive atoms and (b) the weight in grams of 
phosphorous in 1 Ci of pure P'2• (c) Calculate the specific activity of pure 
P52• The half-life of P52 is 14.3 days . 

Solııtion 

{a) 1 Ci = 2.22 x 10" DPM. First calculate >.. in terms of min-1• 

0.693 
A = 14.3 X 24 X 60 

0.693 
2.06X 104 

). = 3.36 X 10-s min-1 

DPM=-~~=AN 

2.22 X 1012 = 3.36 X ıo-s N 

2.22 X 1012 

N 0.66 x 1011 
= 3.36X 10-5 

6.93 X 10-1 • -ı 
2.06 X 10'' mm 

N = 6.6 X 1016 atoms/Ci 

(b) 1 g-atom of P'2 (i.e., 32 g) contains 6.023 x 102' atoms. 
1016 atoms weigh: 

6.6X 1016 1 
6_023 x 1025 x 32 g = __ 3_.5_ı_x_ı_o_-6_g-~ 

(c) Pure P52 contains 6.6 x 1016 atoms/Ci, or: 

6 6 fo~i = 1.515 X 10-17 Ci/atom 
. x atoms 

6.6X 

• 1.515 x 10-n Ci/atom x 6.023 x 1023 atoms/g-atom = 9.125 x 1011 Ci/g-atom 

OT 
9.125 x 106 Ci/g-atom 

32,000 mg/g-atom 
285,2 Ci/mg 

A general equation relating the specific activity of a pure isotope ("carrier­
free" or isotope at "100% enrichment") to its half-life can be derived easily: 
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DPM = _ dN = >..N = 0.693 N 
dt • tf(min) 

DPM = 0.693 X 6 023 X 102ı1 
g-atom tıcmin) • 

If tı is given in days and the specific activity in Ci/g-atom: 

-~ 

· _ (0.693)(6.023 X 1023) 

S.A. - (tü(24)(60)(2.22 X 1012) 

1.305X 1011 

S.A.cıı., .• ,., ... = t• 
i{day,) 

or 
1.305 X 108 

S.A.c;ı., = AW x t' 
ı(da.ys) 

where A W = the atornic weight of the isotope. 

B. SOLUTIONS OF RADIOACTIVE COMPOUNDS 

• Problem 6-8 

(6) 

A bottle contains l mCi of L-phenylalanine-C14 (uniformly labeled) in 2.0 mi of 
solution. The specific activity of the Jabeled amino acid is given as 
150 mCi/mmole. Calculate (a) the concentration of L-phenylalanine in the 
solution and (b) the activity of the solution in terms of CPM/ml ata counting 
efficiency of 80%. 

Solution 

{a) Since 1 mmole is equivalent to 150 mCi, we can calculate the number of 
mmoles that corresponds to 1 mCi: 

1 mmole . 
150 mCi = 0.00667 mmole/mCı 

The 1 mCi is dissolved in 2.0 mi. 

(b) 

. . 6.67 X 10-' mmole 3 335 lO-s l / l . . concentratıon = 2_0 ml . X mmo e m 

concentration = 3.335 X ıo-• M 

1 Ci = 2.22 x 1012 DPM 

1 mCi = 2.22 x 109 DPM 

total activity = (0.80)(2.22 X 109} CPM 

= 1.775 x 109 CPM in 2.0 ml 

1. 775 x 109 CPM 0.888 x 1011 CPM/ml 
2.0ml 

activity = 8.88 x 108 CPM/ml 
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· Problem 6-9 

A solution of L-glutamic acid-C14 (uniformly labeled) contains 1.0 mCi and 
0.25 mg of glutamic acid per milliliter. Cakulate the specific activity of the 
labeled amino acid in terms of (a) mCi/mg, (b) mCi/mmole, (c) DPM/µ.mole, 
and (d} CPM/µ.mole of carbon ata counting efficiency of 70%. 

Solution 

(a) 

(b) 

(c) 

S.A. = 1.0 mCi = 1 4.0 mCi/mg 
0.25mg . 

S.A. = 4.0 mCi/mg x 147.1 mg/mmole 

S.A. = 588 mCi/mmole 

SA = 588mCi 
· · 1 mmole 

588mCi . 
1000 µ.mole = 0.588 mCı/ µ.mole 

S.A. = 0.58~ mCi/ µ.mole x 2.22 X 109 DPM/mCi 

S.A. = 1.305 x 10" DPM/ µ.mole 

(d) üne micromole of L-glutarnic acid contains 5 p.moles of carbon. 

1.305 X 109 

S.A. = 5 DPM/µ.molecarbon 

= 0.261 x 109 DPM/µ.mole carbon 

At 70% efficiency: 

S.A. = (0.70)(2.61 x 108) 

S.A. = 1.83 X 108 CPM/ µ.mole carbon 

· Problem 6-10 

Describe preparation of 100 ml of a ıo-2 M solution of L-methionine-S'" in 
which the amino acid hasa specifıc activity of 1.5 x ıos DPM/µ.ınole. Assume 
that you have available a 0.1 M solution of unlabeled L-methionine anda stock 
solution of L-methionine-S3~ (30 mCi/mmole and 1 mCi/ml). 

Sofotion 

First calculate the amount of radioactivity needed. 

ıo-2 M = 10 µ.moles/ml 

10 µ.moles/ml X 100 ml = 1000 µ.moles 

1000 µmole, X 1.5 X 10' DPM/µmole ~ 1 1,5 X 10' DPM 
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Next calculate the amount of the radioactive stock solution that is needed to 
provide 1.5 x 108 DPM. 

1 mCi/ml X 2.22 X 109 DPM/mCi = 2.22 X 109 DPM/ml 

l.S x ıos DPM _:_ O 676 o-ı l - ı:=167 6 l 
2.22 X 10~ DPM/ml - . X l m - L:J 

Thus, 67 .6 µ.l of the radioactive stock provide the radioactivity re­
quired. Next, calculate whether 67.6 µI alsa provides any signifıcant amount 
of L-methionine. Stock solution: 

1 mmole . 
30 mCi = 0.0333 mmole/mCı 

Because the stock contains 1 mCi/ml, its concentration is 0.0333 mmole/ml or 
33.3 µ.moles/ml. In the 67.6 µ.!, we have: 

0.0676 ml x 33.3 µ,moles/ml = 2.25 µ.moles 

For most applications the amount of L-methionine added from the radioac- · 
tive stock (2.25 µ,moles) is so small compared to the total (1000 µ.moles) that it 
can be ignored. The radioactive stock is treated as if it were "carrier-free"­
as if it contained only radioactivity and no mass. 

Take 67.6 µ.l of radioactive L-methionine-S35 solution, add 10.0 ml 
of 0.1 M (1000 µınoles) nonradioactive L-ınethionine solution, and 
then add sufficient water to make 100 ml final volume. 

· Problem 6~11 

Ten milliliters ofa ıo-~ M unlabeled L-methionine solution and 100 µJ of the 
L-methionine-S35 stock solution described in the previous problem were mixed 
and diluted to a final volume of 100 ml. What are (a) the concentration and 
(b) the specific activity of the L-methionine-S35 in the final solution? 

Solution 

(a) The unlabeled L-methionine solution contains: 

0.010 !iter x 0.001 M = ıo-s mole = 10 µ.moles 

The radioactive solution contains: 

33.3 µ.rnoles/ml x 0.1 mi = 3.33 µ.moles 

The final solution will contain: 

10 + 3.33 = 13.33 µmoles/100 mi= 133.3 µ.moles/liter 

= 133.3 X 10-6 M 

~ı 1.333 X 10~ M 
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(b) The radioactive stock solution provides: 

1 mCi/ml X 0.1 ml = 0.1 mCi 

SA = 0.1 mCi = 100 ııCi 
· · 13.33 µ,moles 13.33 µ,moles 

S.A. = 7.5 µCi/µmole (or7.5 mCi/mmole or 7.5 Ci/mole) 

In terms of DPM: 

S.A. = 7.5 µ.Ci/µ,mole X 2.22 X 105 DPM/µ,Ci 

S.A. = 16.65 x 106 DPM/ µmole 

Note that in problem 6-11 the amount of L-methionine provided by the 
radioactive stock solution was significant compared to the amount provided 
by the nonradioactive solution . 

C. ASSA YS USING RADIOACTIVE SUBSTRATES 

The following problerns illustrate some of the applications of radioactive 
assays in the biochemical laboratory. 

DETERMINATION OF UNKNOWN VOLUMES 

· Problem 6-12 

Ten microcuries of C14-labeled inulin were added to 15.0 rnl of a yeast 
suspension. The suspension was then centrifuged and the supernatant fluid 
carefully drawn off. The pellet of packed yeast occupied 0.2 ml and con­
tained 10,000 CPM. The counting efficiency was 25%. Ca!culate the pro­
portion of the packed yeast pellet that is interstitial space, assuming that the 
yeast cells were completely imperrneable to the inulin and that the inulin did 
not adsorb to the celi surface. 

Solution 

The "specific activity" of the original suspension is 10 µ,Ci/15 mi or 
0.667 µ.Ci/ml. Because the yeast cells occupy such a small proportion of the 

• total volume, we could assume that each milliliter of extracellular fluid 
contains 0.667 µCi. However, for a rnore exact ·calculation, we can assume 
that the volume of the suspension occupied by the yeast cells is at least the 
same volume as the packed yeast pellet. The "specific activity" of the 
extracellular fluid then becomes: 

1~~~i ml = 1~~8 =I ..... _o_.6_7_6_ıı-_c_il_m_ı___. 
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Under the given counting conditions (e.g., 0.2 ml of packed yeast cells 
spread out and dried on a planchet. or suspended in a given volume of 
scintillatjon fluid). the efficiency of counting is 25% . 

. ·. One milliliter of extracellular fluid is equivalent to: 

0.676 µCi/ml X 2.22 X 106 DPM/µCi X 0.25 = 3. 75 X 105 CPM/ml 

. . . 10 x ıos CPM 1 
ınterstıtıal vo1ume = 3_75 x 10s CPM/ml = ~-2_.6_7_x_1_0_-1_m_ı~ 

The packed yeast pellet contains: 

0.0267 mi interstitial space 
0.2 ml total volume 

0.134 mi interstitial space/ml packed cells 

or 13.4% interstitial volume 

DETERMINATION OF INTRACELLULAR CONCENTRATIONS 

• Problem 6-13 

A microorganism was grown in a synthetic medium containing ssso:- as the 
sole sulfur source. The initial concentration of ssso:- in the medium was 
7 x ıo-s M. üne milliliter of the medium contained 2 X 106 CPM of radioac­
tıvıty. After several days of growth the cells were harvested, washed; and 
extracted with boiling water. The extract was fractionated by ion-exchange 
chromatography. One gram wet weight of cells contained 53,000 CPM of S35 

in the L-methionine fraction. Calculate the intracellular concentration of 
L-methionine in the organism, assuming that the 1 g wet weight contained 
0.2 g ~f dry celi constituents and 0.8 ml of intracellular water. 

Solution 

To convert CPM to moles, we must first know the specific activity of the 
S55• We know that the original medium contained 7 X 10-3 M S5"o:- (i.e., 
7 µmoles/ml) and 2 X 106 CPM/ml. 

2 x 106 CPM/ml 6 
S.A. = 7 l / l = 0.286 x 10 CPM/ µmole µmoes m 

S.A. = 2,86 x 105 CPM/ µmole 

Ali sulfur compounds in the organism are derived from the sıı.so:-. Con­
sequently, the specific activity of all sulfur compounds containing I atom of 
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sulfur per molecule also is 2.86 X ıos CPM/µ.mole. 

f h . . 53,000 CPM 
amount o L-met ıonıne = 2 .BB X 10s CPM/ µ.mole 

5.3 X 104 

= 2.86 x ıo=' µ.mole 

= 0.185 µ.mole 

The L-methionine came from 0.8 ml of intracellular water. 

. . f . . 1.85 X 10-ı µ.moles 
ıntracellular concentratıon o L-methıonıne = 0_8 ml 

= 2.31 X ıo-1 µ.moles/ml 

= 2.31 X 10-4 moles/liter 

intracellular concentration of L-methionine = 2.31 X 10--4 M 

BNZYME AND TRANSPORT ASSAYS 

• Problem 6-14 

Glucose-l-phosphate-C14 (uniformly labeled, specifıc actıvıty 16,000 CPM/ 
µ.mole) was incubated with glycogen in the presence of a cell-free extract 
containing the enzyme glycogen phosphorylase. Radioactivity was incorpo­
rated into the glycogen primer at an initial velocity of 2550 CPM/min. (a) 
Calculate the rate of the enzymic reaction in terms of µ.moles glucose 
incorporated/min. (b) Calculate the rate in terms of µ.moles x liter -ı X min -ı 
if the reaction volume was 0.2 ml. (c) Calculate the rate in terms of 
µ.moles X mg protein-1 x min-1 if the incubation mixture contained 0.35 mg of 
protein. (dY Calculate the specific (enzyme) activity of the preparation. 

Solution 

(a) 2550 CPM/min 
v= 

16,000 CPM/µ.mole 
2.55 X 10' l / . 
1.6 x 10 .. µ.mo e mm 

v = 1.59 x ıo-ı µ.mole/min 

v = 0.159 µ.mole/min 

(b) 
_ 0.159 µ.mole/min _ 15.9X ıo-2 ıımole/min 

V - - 4 
0.2 mi 2 x 10 liter 

v = 795 µ.moles x liter-ı x m1n-1 



(c) 

(d) 

· Problem 6-15 
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v = 0.159 µ.mole/min 
0.35 mg protein· 

v = 0.454 µ.mole X mg protein-ı X mm-• 

S.A. = 0.454 units/mg protein 

üne gram wet weight of Penicillium chrysogenum mycelium (an A TP­
sulfurylase negative mutant) was suspended in 100 mi of buffer. One milli­
liter ofa 10-3 M solution of KtS'sO,c was added at zero-time. (Ten microliters 
of the stock K2S3SO. solution contained 1.2 x 104 CPM under standard count­
ing conditions.) Four 5 mi aliquots of the mycelial suspension were fıltered 
at 30-sec intervals. The mycelial pads were washed and then counted in 
scintillation fluid. The samples counted as follows: 10,600 CPM at 30 sec; 
21,000 CPM at 60 sec; 31,200 at 90 sec; 41,900 CPM at 120 sec. A preliminary 
experiment established that the mycelial pads contained 85% water and 15% 
dry ma,tter. (a) Calculate the sulfate transport rate in terms of µ.moles X g 
dry ,vC1 x min -ı. (b) The final samples were taken after 3 hr and 4 hr. of 
incubation. At these times, the mycelium was too "hot" to count accurately, 
but the medium contained 220 CPM/ml at both times. Estimate the Kcq of 
the sulfate transport system. 

Solution 

(a) The stock K:ıS3ş04 solution (10-s M) contained 1 µ.mole/ml. 

10 µ.l = O.Ol ml:e: O.Ol µ.mole 

1.2 X 10'' CPM 6 
S.A. = O Ol I = 1.2 x 10 CPM/ µ.mole . µ.mo e 

The mycelium transports S'50!- at an initial rate of about 21,000 CPM x 
min-1 Xsample-•. Each 5 mi sample contained: 

(1.0 g wet wt)(0.15 g dry wt/g wet wt)(5 ml) _ 0 007S d ı· 
(100 mi) . - , g ry wt myce mm 

The initial transport rate on a dry weight hasis is: 

(21,000 CPM x min-ı x sample-1) 

2.33 µ.moles X g-1 x mİn-1 

(b) üne gram wet weight of mycelium contains approximately 0.85 ml of 
intracellular water. Thus, the external (i.e., medium)/internal (i.e., cellular) 
volume ratio in the suspension is about 118: 1. A decrease of 1 µ.mole/ml in 
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the external solution corresponds to an increase of 118 µmoles/ml in the 
internal volume. By 3 or 4 hr, the external medium contained: 

220 CPM/ml 3 0-. l 83 10-1 M s5s0 2-
l.2 X 106 CPM/µmole = l.S X 1 µmo e/ml = 1. X 4 

At zero-time, the medium contained O.Ol µ,mole/ml = ıo-s M S850t. The 
medium has been depleted of: 

(1.000 X 10-5)- (0.0183 X 10-5 ) = 0.9817 X 10-s M S55S0t 

The mycelium has accumulated: 

co.9817 x ıo-')(118) = ı.ı5s x ıo-3 M ' 5sot 

K = l.158X 10-s = ~ 
eq 1. 83 X 1 Ü-7 ı__:::_:_J 

ISOTOPE COMPETmON IN ENzyME ASSAYS 

· Problem 6-16 

An enzyme catalyzing the reaction S """?Pis cornpetitively inhibited by I. The 
assay is based on the incorporation of label from radioactive S into P. K ... = 
2.3 x ıo-s M and V max = 290 nmoles/min under standard assay conditions. 
K, = 2.3 x ıo-s M. The specific activity of the labeled S is 4.5 x 
105 CPM/µ.,mole. (a) What is the observed velocity in terms of CPM incorpo­
rated into P per minute when [S] = 2.3 X 10-5 M? (b) What would the 
observed rate be (CPM/rnin) if a fivefold excess of unlabeled S were 
added? (c) What would the observed rate be (CPM/min) ifa fivefold excess 
of I were added? 

Solution 

(a) When [S] = 2.3 X 10-s M = K ... , v = 0.5 V m•x· 

v = (0.5)(290 nmoles/min)(4.5 x 102 CPM/nmole) 

v = 62,250 CPM/min 

(b) The addition of (5)(2.3 X ıo-s M) unlabeled S reduces the specific activity 
of the substrate to ğ of the for.mer value: 

S.A. = 4.5 x 102 c:M/nmole = 75 CPM/nmole 

The increase m [SJ to 6 K= increases the actual velocity to ~ of V max = 
0~857 Vmax; 

v = (0.857)(290) = 248.6 nmoles/rriin 

The observed velocity in terms of CPM/min is: 

V = (248.6)(75) = 18,643 CPM/min 
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Compared to the original v of 62,250, we observe: 

Vı = 18,645 = Ü 3 
Vo 62,250 ' 

or 

Thus, we observe an apparent 70% inhibition. (The same apparent inhibi­
tion is observed if v is calculated in terms of nmoles/min using the observed 
CPM/min and the original, undiluted specific activity of S.) 

(c) V· = [S] V max 

• Km( 1 + ~~) + [SJ 

_ (2.3 X 10-5)(290} _ 6.67 X 10-s 

v, - (2.3 X 10-s)( 1 + 12~:; ll~s) + 2.3 X 10-s - (2.3 X 10 3)(6} + 2.3 X 10-5 

6.67X 10-' . 
= I.6l x 10-t = 41.43 nmoles/mın 

v, ~ (41.43)(4.5 X !O')~ 1 18,643 CPM/min 

We see that the addition of unlabeled substrate yields the same apparent 
degree of inhibition as an equal concentration of a competitive inhibitor 
where Kı = K.,.. If the degree of inhibition by I was Iess than that caused by 
the saıne concentration of unlabeled S, then we can conclude that Kı > 
K,,.. If the degree of inhibition by I was greater than that caused by the same 
concentration of unlabeled S, the K; < K .... 

Problem 6-17 

As shown above, unlabeled substrate behaves as a competitive inhibitor with 
respect to labeled substrate. This displacement phenomenon can be used to 
determine an unknown concentration of substrate in a solution known to be free 
of true inhibitors. For example, suppose 0.1 ml ofa column fraction contain­
ing unlabeled S was included in a 1.0 ml standard reaction volume containing 
[S*] = 2.3 x 10-s M and an [E], sufficient to yield a V m•x of 290 nmoles/min. 
The observed initial velocity was 48,000 CPM/min. What is the concentration 
of unlabeled S in the column fraction? 

So/ııtion 

The unlabeled substrate acts as a competitive inhibitor whose K, equals 
K... Thus, from Equation 4-42 we can write the following expression for the 
relative activity: 

v, K ... + [S*] K ... + [S*] -=a= =---~-=--
Vo K,,,( l + ~~)+ [S*] K= + [S] + [S*J 

where [S•] = the concentration of labeled substrate of a given specific activity 
and [SJ = the concentration of unlabeled substrate. 
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Solving for [S]: 

[S] = (K ... + [S*])(l - a) 
a 

48,000 
a= 62,250 = 0.771 (1- a) = 0.229 

[S] = (4.6 X 10-5)(0.229) 1.37 X ıo-s M 
(0.771) 

(7) 

The incubation contained 1.37 x 10-5 M unlabeled S along with 2.3 X ıo-s M 
labeled S of specific activity 4.5 X 105 CPM/ µ.mole. The unlabeled S was 
originally present in 0.1 ml ofa column fraction. The concentration of Sin 
the fraction then is 

l.37x 10...,. M 

EQUILIBRIUM BINDING ASSAYS 

• Problem 6-18 

An amino acid binding protein (MW = 35,000) was purified from E. cali. A 
solution of the protein (0.5 mg/ml) was placed in one compartment (O. 10 ml) 
of an equilibrium dialysis chamber (the "plus" compartment). A solution of 
L-leucine-C14 (S1A. = 2 x 107 CPM/µ.mole) was placed in the other ("minus") 
compartment (0.10 mi). At equilibrium, 10 µ.l of solution from the "plus" 
compartment contained 4600 CPM. Ten microliters of solution from the 
"minus" compartment contained 3400 CPM. Calculate the concentration of 
bound L-leucine-Cu, and the Ks for the protein-leucine complex. Assume 
one binding site per protein molecule. 

Solution 

The concentration of bound + free L-leucine-C14 is that in the "plus" compart­
ment: 

4600 CPM/10 f:Ll _ -at _ -ıı 
2 x 101 CPM/ıımole - 2.3 X 10 µ.mole/10 µ.l -2.3 x 10 µ.mole/ml 

= 2.3 X ıo-s mmole/ml = 2.3 x ıo-5 M 

The concentration of free L-leucine-C14 is that in the "minus" compartment: 

3400 CPM/10 f:Ll _ -4 _ -2 

2 x 101 CPM/ıımole - 1.7 X 10 µ.mole/10 µ.l - 1.7 x 10 µ.mole/ml 

= 1.7 X 10-s mmole/ml = 1.7 X 10-s M 

The concentration of bound L-leucine-C14 is the difference between the 
bound + free L-leucine-C 14 in the "plus" compartment and the free L-leucine-
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s C) s s s 

s ©-s s 0 s s 

'---s_·o-_,_s __ e_._s_~:ern:ran: 

"Plus" cornpartrnent 

Yt+ı = 0.10 mi 
[SJ + {PS] = 46,000 CPM 

=2.3 x 10- 5 M 
[PJ + [PSJ = I.43 x 10- 5 M 

[PS] = 0.6 x 10-5 M 
[PJ = 0.83 x 10-5 M 

"Minus" cornpartrnent 

11-ı = 0.10 mi 
[SJ = 34,000 CPM 

= 1.7 X 10-5 1\1. 

Figure 6-2 Equilibrium dialysis chamber. The protein is 
introduced into one cornpartment. The labeled substrate 
is introduced into either or both compartments. The 
membrane restricts the protein to one cornpartrnent, but 
the substrate can freely diffuse across the membrane. At 

· equilibrium, the free [S] will be the same İn both compart­
ments, but the total concentration of S will be greater in the 
compartment containing the protein because the bound 
substrate, PS, cannot equilibrate across the membrane. 

C" in the "rninus" cornpartrnent: 

[L-leucine-C14h = (2.3 X 10-5 M) - (1. 7 X ıo-s M) 

[L-leucine-C 14]. = 0.6 X 10-5 M 

The rest of the calculations are shown in Problem 4-11. Figure 6-2 shows the 
distribution of label and protein. 

D. DOUBLE-LABEL ANAL YSIS 

The /3 particles from a given radioactive isotope are emitted with a continu­
ous energy distribution extending up to some maximum value (e.g., 
0.0176 mev for H\ 0.155 mev for C 14, 1.701 mev for P52). When two isotopes 
have different emission energy spectra, the amount of each present in a 
mixture can be deterrnined by selectively measuring the radioactivity at 
different energy levels. This can be accomplished easily with a two-channel 
scintillation counter. Sometimes, it is impossible to attain 100% discrimina­
tion and, consequently, the activity measured in one channel (or both) will 
result from both isotopes (Fig. 6-3). Nevertheless, the amount of each 
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Figıı.re 6-3 Energy distribution spectra of H' and C". By setting the 
discriminators of a dual-channel scintillation counter as shown, Channel 1 
records mostly H! (with a little C1\ while Channel 2 records only cı.. 

isotope present can still be calculated. If a dual-channel scintillation counter 
is unavailable, a Geiger-Muller counter can be used. ln this case a piece of 
filter paper or aluminum foil of apprnpriate thickness (placed between the 
sample and the detector) can be used to differentiate energy levels. 

· Problem 6-19 

A sample of labeled RNA contaımng C14-adenine and H'-uracil yielded 
25,000 CPM in Channel 1 and 45,000 CPM in Channel 2 of a dual-channel 
scintillation counter. A C 14 standard, containing 40,000 DPM (or 40,000 CPM 
under optimum counting conditions) yielded 10,000 CPM in Channel 1 and 
20,000 CPM in Channel 2. An H3 standard containing 200,000 DPM (or 
200,000 CPM under optimum counting conditions) yielded 40,000 CPM in 
Channel 1 and 100 CPM in Channel 2. All counts are corrected for back­
ground. Calculate the H' DPM and C 14 DPM in the RNA sample. 

Solution 

We see from the standards that essentially all the counts in Channel 2 
originate from C'4, but only half the C14 DPM is recorded. (The very small 
contribution of H 3 to Channel 2 is ignored.) Thus, the 45,000 Channel 2 
CPM of the sample is equivalent to: 

45,000 = 
0.5 

90,000 DPM C14 

The 25,000 CPM recorded in Channel 1 represents 25% of the C 1" DPM plus 
20% of the H3 DPM. 
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(0.25)(90,000) + (0.20)(H' DPM) = 25,000 

Hs = (25,000) ~ (0.25)(90,000) = 2500 
0.2 0.2 

H 3 = 1250DPM 

· Problem 6-20 

An alga was grown in synthetic medium contaınıng S350~- (2.9 x 
106 DPM/µ.mole) and Pr (5.2 x 106 DPM/µ.rnole) as sole sulfur and phosphor­
ous sources, respectively. A cell-free, deproteinated extract of the organism 
was analyzed by paper chromatography. A radioactive spot containing S35 

and P'2 was eluted from the chromatogram and counted in a dual-channel 
scintillation counter. $ 35 and P'2 standards were also counted. The data are 
shown below. 

Observed (corrected for backgrnımd) 

Added Channel 1 Channel 2 

P'1 standard 39,000CPJı.1 14,000CPM 
(58,000 DPM) 

S~5 standard 18,000CPM 56,000CPM 
(110,000 DPM) 

Eluted sample 74,600CPM 38,500CPM 

Calculate the P/S ratio in the unknown compound. 

Solııtion 

Channel 1 counts: 39,000 7 01 " 
SB,OOO = 6 .210 of the P DPM 

and 18,000 Ol f 35 

llO,OOO = 16.410 o the S DPM 

Channel 2 counts: 14,000 2 Of_ f h ,2 
SB,OOO = 4. l ıo o t e P DPM 

56,000 50 goı_ f h ,, 
llO OOO = . ıo o t e S DPM 

J 

and 

N either channel represents the CPM of only one of the isotopes. Therefore, 
we must set up two simultaneous equations to solve for P 32 DPM and S3~ DPM. 

Channel 1: (0.672)(P32) + (0.164)(S35} = 74,600 

Channel 2: (0.24İ)(P32) + (0.509)(S35) = 38,500 

Solving for ~ 2 in terms of S95 using the Channe] 1 equation: 

(P'2) = (74,600) - (0.164)(S35
) 

(0.672) 
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Substituting for (P'2) in the Channel 2 equation: 

(0.241)((74•600) ;~Ş~/fi4)(Ss')) + 0.509(S3') = 38,500 

(0.241)(74,600) (0.24l)(O.I64)(S'5) + O 509(S") = 38 500 
0.672 0.672 ' ' 

26,753- 0.059(S35) + 0.509(S35) = 38,500 

0.45(S35) = 11,747 

(S'5) = 26,104 DPM 

Next, calculate (P32) from the Channel 1 or Channel 2 equation: 

(0.672)(P'2) + (0.164)(26,104) = 74,600 

(P'2) = (74,600)- (0.164)(26, 104) = 70,318 
0.672 0.672 

(Pu) = 104,641 DPM 

The amounts of each isotope in the sample are: 

32 104,641 DPM O 02 
p = 5.2 X 106 DPM/µ.mole = · µ.mole 

ss 26,104 DPM O l 
S = 2.9 X 106 DPM/µ.mole = O. Qg µ,mo e 

or 

E. BIOLOGICAL HALF-LIFE-TURNOVER 

EFFECI'IVE HALF-LIFE 

When a short-lived radioactive isotope is introduced into a biological system, 
the observed decay in radioactivity results from a combination of normal 
radioactive decay and biological turnover (e.g., removal of the isotope from 
the bloodstream by excretion or transport into tissues). If the biological 
tur.nover is a first-order process, then A,pp, the apparent first-order rate 
constant, is the sum of >.., (radioactive) + >..b (biological). This is quite 
understandable' since >.. represents the fraction of the activity present that 
disappears per small increment of time. Fractions can be added. The 
observed radioactivity at any time is given by: 

No 
2.3 log N = Aappt = (,\, + A&)t 
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The effective half-life (when No/N = 1 :0.5 = 2) is given by: 

or 

OT 

· Problem 6-21 

) = ,\, + Ab = ,\, + A. 
q(cH) 0.693 0.693 0.693 

1 1 1 -:::::-+­
ti(eH) f!, fh 

(8) 

(9) 

(10) 

A guinea pig was given a single injection of Na24Cl. Periodically, blood 
samples were withdrawn and analyzed immediately for radioactivity. The 
<lata are shown below. Calculate (a) the biological half-life of Na" in the 
bloodstream, (b) the specific activity (CPM/ml) of the 1 hr sample if all samples 
were counted at 24 hr. The radioactive half-life of Na24 is 15 hr. 

Time after lnjection (hr) Specific Activity (CPM /mi) 

l 3604 
3 2928 
5 2376 

10 1412 
16 756 
24 329 

Solutiotı 

(a) First calculate the effective half-life from the specific activities at any two 
times, for example, ·3 and 10 hr: 

2_3 log 2928 = 0.693 (7) 
1412 t}(c/1) 

tı _ (0.693)(7) = 4.851 
i(cff) - 2.3 log 2.074 (2.3)(0.3167) 

f!(eff) = 6.66 hr 
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Now, t-l:h can be calculated: 

(b) At 24 hr, the radioactive decay factor is the same for all samples. The 
decrease in specifıc activity of each samp1e reflects solely the rate at which Na24 

was removed from the bloodstream with a half-life of 12 hr. The 24 hr 
sample would count 329 CPM/ml. The specifi.c activity of the 1 hr sample can 
be calculated as shown below: 

TURNOVER 

No 0.693 
2 .3 log 329 = 12 (23) 

(0.693)(23) 
logNo~log329= (l2)(2.3) =0.5775 

log No = 0.5775 + log 329 = 3.0946 

No = 1243 CPM/ml 

Many cellular components are in a dyrıamic state whereby they are synthesized 
and degraded at a constant turnover rate while their total concentration 
remajns constant. The turnover rate can be measured if the specific compo­
nent can be labeled. 

· Problem 6-22 

A culture of E. coli was grown in synthetic medium containing Pf2 as sole 
phosphorous source. After several generations, the cells were harvested, 
washed, and resuspended in fresh medium containing unlabeled phosphate 
and lacking a nitrogen source (so no further growth could occur). Periodi­
<.ally, a portion of the stationary cells were harvested, washed, and the lipids 
extracted with a chloroform-methanol mixture. The individual phos­
pholipids were separated by thin-layer chromatography on silicic acid 
plates. The spot corresponding to phosphatidyl glycerol was eluted, anal­
yzed chemically for total phosphorous, and counted. The specifıc activity of 
the phosphatidyl glycerol is shown below. AH samples were counted within a 
few minutes of each other, so no correction for decay of P'2 is needed. 



l 

l 

Time after Resuspenswn (hr) 

o 
0.5 
1.0 
2.0 
2.5 
3.0 
5.0 
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Specific Aitiviıy of Phosphatidyl 
• Glycerol (CPM ! µ,mole P) 

40,000 
30,306 
22,962 
13,181 
9,987 
7,567 
2,494 

Calculate the rate at which phosphatidyl glycerol turns over in E. coli (k and 
tır.ı). 

Solution 

We can estimate from the recorded data that tılies somewhere between 1 and 
1.5 hr. (Between O and 1 hr, less than half the P~2 had been removed; 

I ,2 
between 0.5 and 2.0 hr rnore than half of the P present at 0.5 hr had been 
removed.) A plot of log specifıc activity versus time can be constructed and k, 
the first-order rate constant, determined from the slope (slope = 
-k/2.3). Alternatively, we can calculate k from any two points (e.g., 1 and 
2.5 hr): 

2.3 log ~~:~2 = k (90 min) 

k = !i Iog 2.299 = (0.0256) 

k = 9.24 X ıo-, min -ı 

0.693 0.693 
ti= -k- = 9.24 X 10-:ı ıı=75mm 1 

PRECURSOR~PRODUCT RELATIONSHIPS 

Isotopic tracers have been extremely µseful in elucidating metabolic 
pathways. Precursor-product relationships (i.e., the sequence of reactions) 
can be established by introducing a very small amount of highly labeled 
suspected precursor into the system and then following the appeara'nc6 of 
label in the other intermediates an.d, the final· product. The mass in the 
labeled precursor should be very smal!so that the steady-state pool sizes of the 
various intermediates do not change. Far exarnple, consider the sequence 
shown below where we suspect that C is an intermediate in the pathway from 
A to D. 

-+ A-+,B-+,C?-+ D-+E-+ 

! 
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At zero-time, B is made radioactive by in jecting or feeding the organism a 
very small amount of high specific activity B*. What' will we observe if C is 
indeed an intermediate between B and D? We observe an immediate rise in 
the specific activity of B followed by a first-order decay as labeled B is 
converted ta C and unlabeled A is converted to B. The total pool of B 
remains constant because for every mole of B converted to C, a mole of A is 
converted to B. Similarly, under this steady-state condition, the total pools 
of C, D, E, ;_ı.nd so on, remain constant. Only the radioactivity in B, C, and so 
on, changes with time. The specific activity of an intermediate increases 
when labeled molecules enter the pool. The specific activity of the inter­
mediate is unaffected by its further metabolism (labeled and unlabeled 
molecules leave the pool at a constant ratio). The specific activity of an 
intermediate decreases (by dilution) when the specific activity of the precursor 
entering the pool is lower than the specific activity of the intermediate in the 
pool. 

Figure 6-4 shows an analogy of the precursor-product relationship. For 
simplicity, it is assumed that all pool sizes are the same, but this need not be true. 

Figure 6-5 shows the speciic activities of B, C, and D as a function of time. 
Note that the crossover point of the B curve occurs at the maximum of the C 
curve. Similarly, the C curve crosses the D curve at its maximum. Several 
conclusions can be drawn: 

If C is made from B, the specific activity of C can never rise above S.A. 
rnaximum of B. Similarly, the specifıc activity of D can never be greater 
than S.A. rnaximum of C Alsa, the maximum specific activity of C occurs 
when the specific activity of C equals the specific activity of B. Similarly, 
the maximum specific activity of D occurs when the specific activity of D 
equals the specifıc activity of C. These observations establish the direct 
precursor-product relationships between B and C and between C and D. 

kl "-2 1_, 

For the irreversible sequence A-----> B _________,. c-D it can be shown 
that the amount of radioactivity in A, B, and C (CPM) is given by: 

(11) (12) 

C* = kık%At( e-h,, + e-ı.,• +---e---"'-'---) 
(kı- kı)(k,- k,) (kı - k2)(k$ - k,) (kı - k,)(k, - k,) 

(13) 

where At=the original CPM in A 
k,, k2, k/1 = the first-order rate constants for the biological turnover of 

A, B, and C (also indicated as Aı, A.2, and ,\3) 
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Figure 6-4 Precursor-product relationships in the pathway A--+ B--+ C--+ D--+ and so 
on. The dots represent radioactively labeled molecules. Since the pool sizes shown 
are all identical (for simplicity), the number of dots also represents the specific activity 
of the İntermediate. If the pool of C, for example, were twice as large as the pool of 
B, ·there would be twice as many dots in C when S.A.c = S.A.s. The relationship could 
be set up as a lab demonstration using a dye in place of radioactivity. The 
absorbancies of the solutions would be analogous to specific activities. 

381 



382 ISOTOPES IN BIOCHEMISTRY 
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Figure 6-5 Specific activities of B, C, and D as a function of time, 
where B is 3ı.n immediate precursor of C, and C is an immediate 
precursor of D, and so on. 

The specific activities of A, B, and C at any time equal the CPM present 
divided by the total number of µ.moles in the pool. It is assumed that the 
isotope hasa relatively long half-life compared to the biological half-lives of A, 
B, C, and so on. By suitable mathematical procedures, a general equation 
for n intermediates can be derived [e.g., see C. Cappellos and B. H. J. Bielski, 
Kinetic Systems, Ch. 9, Wiley-Interscience (1972)]. 

• Problem 6-23 

The biosynthesis of <3-amino levulinic acid (ALA, a chlorophyll precursor) was 
studied in greening barley leaves. Preliminary long-term experiments 
showed that radioactivity from glycine-2-C1-1 (a-carbon labeled) and from 
glutamate-2,3,-C14 (methylene carbons labeled) appeared in ALA. The 
specific activity data of a more detailed study is shown in Figure 6-6. What 
conclusions can be drawn? 

Solution 

(a) Glycine is not a direct precursor of ALA. The C14 originally present in 
glycine-C11 does eventually appear in ALA, but this is not unexpected. After 
all, glycine can be converted to serine, and serine to pyruvate. A great many 
compounds can arise from pyruvate, one or more of which may be precursors 
of ALA. 

(b) The crossover point occurs very close to the maximum specific activity of 
ALA. Thus, glutamate is a direct precursor of ALA, or glutamate is 
converted to a direct precursor with a very short half-life and very small pool 
size. 

Note: these results suggest that ALA synthesis in plants may occur by a 
completely different pathway from that in animals (where glycine condenses 
with succinyl-S-CoA to form ALA directly). 
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Time 
(a) 

Time 
(b) 

Figure 6-6 Specific activities of 6-aminolevulinic add and 
two potential precursors: (a) glycine-2-CH and (b) 
glutamate-2,3-C14 • 

F. RADIOACTIVE TRACER AND DILUTION ANAL YSES 

DETERMINATJON OF UNKNOWN AMOUNTS OF 
UNLABELBD COMPOUNDS-ISOTOPB DILUTION 

Radioactive tracers may be used to determine the amount of a single 
substance in a rnixture. The tracer technique is especially useful where 
quantitative recovery of the substance in question is difficult or impossi­
ble. Basically, the technique involves adding a known amount of the 
radioactive compound to the mixture and then (after thorough equilibration) 
reisolating a small amount of the compound. The amount of compound 
recovered is unimportant, provided it is sufficient to weigh and to 
count. From the specific activity of the reisolated compound as well as a 
knowledge of the total number of counts originally added, the amount of 



ı 
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nonradioactive compound in the mixture may be calculated as shown 
below. Let: 

Ao = CPM of tracer added in a weight very small compared to the 
weight of the nonradioactive compound in the mixture 

M,, = unknown amount of the nonradioactive compound in the mix­
ture 

~
0 = ~.A.~ = specific actıvıty of the compound in the mixture after 
" addition of the tracer 

M, = amount of pure compound reisolated from the mixture after 
equilibration with tracer 

A, = CPM in the reisolated sample 

! = S.A., = specific activity of the reisolated compound 

it is obvious that the ratio of radioactivity to mass-the specific activity of 
the compound-is the same in the mixture as it is after isolation. 

S.A.,, = S.A., A. A, ~= -
Mu M, 

A. Mu=~ {14) Mu= M, A, or 
S.A., 

The above calculation is based on the assumption that the amount of the 
added tracer is negligible compared to the amount of the compound in the 
mixture. The condition is easily met in practice because many compounds of 
biological interest are available in radioactive form with very high specific 
activities. 

If the amount of the radioactive tracer is significant compared to the 
amount of the nonradioactive compound in the mixture, this equation must 
be corrected. Let: 

A. 

A. = CPM of tracer added 

M. = amount of tracer added 

ı: = specific activity of tracer added 

=S.A .• 

M. = unknown amount of nonradioactive compound in the mix­
ture 

specific activity of cornpound in the mixture after adding 
tracer 

=S.A .• 

M, = amount of pure compound reisolated from the mixture 
after equilibration of radioactive and nonradioactive com­
pounds 

A, = CPM in the reisolated sample 
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!: = specific activity of reisolated sample 

=S.A., 

As before, the specific activity of the compound in the reisolated sample is 
the same as it was in the mixture. 

S.A,u ~ S.A., 

A. A, 
Mu +M. = M, 

A,M,, + A.M. = A.M. 

A,Mu = A.M, ~ A.M. 

M = A.ı\1, - A.M. = A.M. _ ArMo 
" A. A, A, 

A. 
or Mu= SA -M. 

• •r 

(15) 

We can see that as M. becomes small compared to Mu, the equation reduces 
to Equation 14. 

If we concern ourselves only with specific activities, then several points are 
obvious. First, the specific activity of the reisolated compound is less than the 
specific activity of the original tracer. Second, the degree to which the 
specific activity decreases (i.e., the dilution factor) is directly related to the 
amount of unlabeled compound in the mixture. In other words, the dilution 
of specific activity is identical to the dilution of radioactive tracer. 

d ·ı . S.A., M. 
ı utıon = S.A .• = M. + Mu 

S.A.,M. + S.A.,Mu = S.A .• M. 

S.A.,M,, = S.A .• M. - S.A .• M. 

M _ S.A .• M. - S.A.,M • 
.,- S.A., 

Mu= (S.A .• - S.A.,)M. = (S.A .• _ S.A.,)M. 
S.A., S.A., S.A., 

1\f., = (S.A .. - ı)M. 
S.A., 

(16) 

· Problem 6-24 

Carrier-free S350t (5 X 108 CPM) was added to a sample containing an un­
known amount of unlabeled sulfate. After equilibration, a small sample of 
the sulfate was reisolated as BaS,ı;04. A 2 mg sample of the BaS~so. 
contained 2.9 X ıos CPM. Calculate Mu, the amount of unlabeled SO!- in the 
samples as Na2SO,. 
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Solııtion 

The specific activity of the reisolated BaS55Ü4, S.A.,, is: 

2.9x lO'CPM 
S.A.r = S~A,BaS5so_. = 2 = mg 

1.45 X ıo• CPM/mg 

OT 1.45 x ıos CPM/mg X 233.5 mg/mmole = 3.39 X 101 CPM/mmole 

üne mmole of BaS04 contains 1 mmole of SOt. Therefore, the specific 
activity of the SO~- is also 3.39x 107 CPM/mmole. We can now calculate the 
amount of unlabeled SO!- in the sample. 

M = __!h__ 
u S.A .• 

where A. = total activity added = 5 x 108 CPM 
S.A., = 3.39 x 107 CPM/mmole 

M _ 5x l08 CPM 
u - 3.39 x 107 CPM/mmole M" := 14.74mmoles 

Expressed as Na2S04: 

Mu= 14. 74 mmoles X 142 mg/mmole = 2093 mg 

Mu= 2.09g 

· Problenı 6-25 

Twenty milligrams of C 14-labeled glycogen (6.7 x 104 CPM/mg) were added to 
a solution containing an unknown amount of unlabeled glycogen. A small 
amount of glycogen was then reisolated from the solution and reprecipitated 
with ethanol to constant specific activity (2.8 X ıo• CPM/mg). Calculate the 
amount of unlabeled glycogen in the solution. 

Solution 

Because S.A .• is of the same order of magnitude as S.A. 0 , the amount of 
unlabeled glycogen in the solution obviously was signifıcant compared to the 
amount of labeled material added. We must use Equation 16: 

M (S.A., ı)M M (6.7 x 104 )20 
"= S.A., - 0 " = 2.8 x 104 - 1 mg 

= (2.39-1)20 - (1.39)(20) 

M~= 27.9mg 
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DETERMINATION OF UNKNOWN AMOUNTS OF RADIOACTIVE 
COMPOUNDS-REVERSE ISOTOPE DILUTION 

Dilution analysis can also be used to determine how much of a radioactive 
compound is present in a mixture, if the specific activity of the compound is 
known. For example, ifan organism is grown on labeled cı-ıo2 or uniformly 
Jabeled glucose-C14 as the sole carbon source, then all carbon compounds in 
the organism have the same specific activity (CPM/µmole of C) as the original 
radioactive carbon source. Let: 

M,., = unknown amount ofa radioactive compound in a mixture 

Au = CPM in the above unknown weight 

ı: = specific activity of the radioactive compound 

=S.A.u 

M. = amount of nonradioactive compound added to the mixture 

A... = specific activity of the compound in the mixture after adding 
"+ M. h d. . t e nonra ıoactıve tracer 

=S.A .• 

M, = amount of compound reisolated from the mixture af ter 

equilibration of radioactive and nonradioactive compound 

A, = CPM in recovered sample 

A, "fi . . f d d M, = specı c actıvıty o recovere compoun 

=S.A., 

S.A.r = S.A .• 

If the arnount of the added nonradioactive compound ("carrier") is very 
large cornpared to the amount of the radioactive compound in the mixture, 
the equation may be simplified: 

S.A., = ı: Au =S.A.,M. 

By definition: 

M=~ 
u S.A.u 

Substituting: 

(17) 
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If the amount of radioactive compound is significant compared to the 
amount of carrier added, then suitable corrections must be made. 

· Problem 6~26 

S.A.r= M,, ~"M. 

S.A.,Mu + S.A.,M. = A. 

A,,=S.A.,,M,, 

S.A.,M,, + S.A.rM. = S.A.,,M,, 

S.A.,M,, - S.A.,,M,. = -S.A.,M. 

S.A.,,M .. - S.A.rMu = S.A.,M. 

M,, [S.A ... - S.A.,] = S.A.,M. 

M - S.A., M 
" - S.A.,, - S.A" 0 

(18) 

A plant was grown in an atmosphere contaınıng C1402 (3 x 
10° CPM/,umole). After several weeks a leaf extract was prepared far 
glucose-1-phosphate determination via reverse isotope dilution analysis. To 
20 ml of the extract, 1.5 mmoles of unlabeled dipotassium glucose-1-
phosphate were added. A small amount of dipotassium glucose-1-phosphate 
was reisolated from the extract and recrystallized to constant specific activity 
from aqueous ethanol. The recrystallized salt had a specific activity of 
2.6 x 105 CPM/JLmole. Calculate the concentration of labeled glucose-1-
phosphate in the extract. 

Solııtion 

All carbon compounds in the plant have the same specific activity (on a per 
mole of carbon hasis) as the C140 2 provided. Glucose-1-phosphate contains 6 
g-atoms of carbon per mole. 

S.A.,, = specific activity of the unknown amount of G-1-P 
= 6 X 3 X 108 = 18 X 108 CPM/ JLmole 

M,,= S.A., M. 
S.A . ., ~ S.A., 

where M. = amount of nonradioactive carrier added to the extract 
= 1.5 mmoles 

2.6 X 105 

Mu= 1.8 X 109 - 2.6 X 105 1.5 mmoles 

The 2.6 x 105 is insignificant compared to the 1.8 x 109 and may be discarded 
in the denominator. The fact that S.A., is so smaU compared to S.A.,, 
imrnediately shows that the amount of carrier added was very Iarge compared 
to the amount of radioactive glucose-1-phosphate in the extract. 
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M - 2·6 X lQ5 1 5 - 2 167 10-4 
u - l.B x 109 , - , X mmole 

M .. = 0.2167 µ.mole 

. · 0.2167 µ.mole 
concentratıon = 20 ml 

21.65 X 10-2 

20 
= 1.084 X 10-2 µ.mo)e/ml 

concentration = 1.084 X ıo-s M 

RADIOACTIVB DBRIVATIVE ANALYSIS 

An unknown amount of an unlabeled compound in a mixture may be 
determined, even though the labeled compound is unavailable, if a suitable 
radioactive derivative can be prepared and isolated. By reacting the mixture 
with a suitable radioactive reagent of known specific activity, the compound in 
question is converted to a derivative of the same specific activity. The 
amount of the derivative in the mixture can be quantitated by the calculations 
outlined above. 

• Problem 6-27 

A mixture of amino acids was reacted with p-iodobenzene sulfonyl chloride 
("pipsyl" chloride) labeled with Im to produce the radioactive pipsyl deriva­
tives of the individual amino acids. The specific activity of the pipsyl 
chloride was 4.23 X 105 CPM/µ.mole. After the reaction, 250 mg of unlabeled 
pipsyl derivative of leucine were added to the mixture. A small amount of 
the leucine derivative was reisolated and purified to a !=Onstant specific activity 
of 1700 CPM/ µ.mole. Calculate the amount of unlabeled leucine in the 
original mixture. 

Solution 

Af ter the reaction with pipsyl chloride the pipsyl derivatives of all the amino 
acids present have the same specifıc activity (4.23 x 105 CPM/ µmole). 

Mu= S.A .• 
S.A ... -S.A., 

17 X 102 

Ma :,: 4.23 X 10~ - 0.017 X lif 250 mg 

17XI02 -s = 4_21 X 10s 250 = (4.04 X 10 )(250) mg 

M,.= 1.01 mg 
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MOLECULAR WEIGHT OF ENZYMES BY 
AFFINITY LABBLING 

• Problem 6-28 

Exactly 3.4 mg of a purified proteolytic enzyme (with esterase activity) was 
treated with excess diisopropylfluorophosphate-P~2 (1 µ,Ci/mmole). After 
24 hr, KOH ~ııas added to the solution to destroy the unreacted (extremely 
toxic) DFP32 . The P32-labeled enzyme was precipitated with TCA, washed 
free of soluble P32, and then redissolved in 0.5 ml of dilute KOH. The 0.5 mi 
was transferred quantitatively to a scintillation vial and counted. The sample 
counted 7380 counts per hour above background at 80% efficiency. What is 
the minimum molecular weight of the enzyme? 

Solııtion 

The DFP'2 reacts with serine residues at the active site. The mımmum 
molecular weight of the enzyme is that which contains one mole of active 
serine residue. The number of moles of P32 bound to the enzyme equals the 
number of moles of active serine (assuming the reaction went to completion). 

First, note that after 24 hr, the specific activity of the P32 had decayed 
slightly: 

2 31 S.A.. , 
. og S.A. = "t 

(0.693) 
log 1- log S.A. = (l4.3)(2_3) 

log S.A. = log 1 __:_ 0.0210 

S.A. = 0.953 µ.Ci/mmole 

log S.A. = -0.0210 

At the given counting efficiency: 

S.A.. = (0.953 µCi/mmole)(2.22 x 106 DPM/µ.Ci)(0.80 CPM/DPM) 

= 16.93 X 105 CPM/mmole = 16.93 X 108 CPM/rnole 

The labeled enzyme contains: 

73SO = 123 CPM of P32 

60 

123 CPM = 7.265 x ıo-s mole of P52 

16.93 x 108 CPM/mole 

Ysing the procedure outlined in Problem 2-11: 

7.265 X 10-s mole of P'2 1 mole of P'2 

=----~ 
3.4 X ıo-• g MWg 

3.4 X 10-3 

MW = 7.265 x ıo-s MW=46,800 
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G. COUNTING ERRORS 

SELF-ABSORPTION 

When radioactive samples are counted on planchets, some of the radiation is 
absorbed by the sample itself and never reaches the counting tube. The best 
way to avoid errors caused by self-absorption is to count all samples (including 
standards) at a constant density (mg rnaterial/crn2). If the samples are in 
solution, they can be mixed with some inert material (e.g., a dilute gelatin 
solution) so that, after drying, each planchet receives the same amount of total 
mass. Small variations in mass (determined by weighing the planchet empty 
and after the sample + gelatin has dried) can be corrected for with a 
self-absorption curve. The curve is prepared by counting a constant amount 
of radioactive standard on a planchet containing different amounts of inert 
diluent. Figure 6-7 shows the correction curve where 10 mg/planchet is 
taken as the standard density. The count rate at any other density is 
corrected by dividing the observed count rate by the self-absorption fac­
tor. The inert diluent should have the same self-absorption characteristics as 
the materials in the sample. Thus, gelatin is a reasonable diluent for 
solutions of organic compounds, gelatin plus NaCI for salt-containing sam­
ples, unlabeled BaCOs for BaC140a, and so on. 

If sufficient material is available, the sample can be counted at infinite 
thiclıness. An infinitely thick sample is one in which the addition of more 
sample to the planchet does not increase the count rate. At infinite thick­
ness, the radiation from the bottom of the sample is completely absorbed; 
only the radiation from the top 1.2 mm, for example, of the sample reaches 
the counting tube. The addition of more sample will not increase the count 

... 
o 

2.0 

1.5 

~ 1.0 

0.5 

10 20 30 40 
Milligrams/planchet 

Figure 6-7 Self-absorption correction curve: 
planchet is taken as the standard density. 

50 

IOmg/ 
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CPM 
sample 

20,000 

Sample 2 

80 
Milligrams of sample/pfarıchet 

100 120 140 

Figııre 6-8 Plot of CPM/sample versus amount of sample İn the planchet {i.e., 
sam ple thickness) illustrating that a constant activity is observed at "infinite thickness.'' 

rate because, even though the amount of 1abeled sample under the tube is 
greater, only the radiation ernitted from the top 1.2 mm is detected. Thus, 
the count rate observed at infinite thickness is directly proportional to the 
specific activity of the sample. This is illustrated in Figure 6-8 where the 
specific activity of Sample 2 is twice that of Sample 1. 

QUENCHING IN SCINTILLATION COUNTING 

The presence of inert material or colored material in a sample may reduce the 
radioactivity observed in scintillation counting. This qııenching effect can be 
corrected for quite easily by means of an internal or added standard. The 
first thing to be sure of is that the samples are counted under the same 
conditions as the standards. For example, if the samples are 0.5 ml of an 
enzyme assay mixture (in aqueous buffer) that are added to 5 ml of scintilla­
tion fluid, then the specific activity of the standard should be determined in 
0.5 rnl of the same buffer, counted in 5 ml of scintillation fluid. 

· Problem 6-29 

A column eluate was analyzed for H 3-cyclic AMP. 
fraction was counted in 0.5 ml of scintillation fluid. 

Exactly 0.2 ml of each 
The column was eluted 

with a linear KCI gradient, sa that the salt concentration is not constant in 
each fraction. Ta correct for quenching, 10 µ.l of H'-cyclic AMP were added 
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to each scintillation vial after counting the sample. The results are shown 
below. Calculate the unquenched H 3 activity of each sample. The blank 
was O.~ml of water. · 

CPM Above Background 

Sample Sample Alone Sample + Added H' ·Cyclic AMP 

Blank 5 1786 
Fraction 50 9 1610 
Fraction 75 115 1575 
Fraction 80 5250 6630 
Fraction 82 1589 2829 
Fraction 85 125 1285 

Solııtioıı 

If we take the blank value as our standard, then the 10 ııl of H' ·Cyclic AMP 
added 1781 CPM above background. In Fraction 50, the 10 µ.l of H 3-cyclic 
AMP yields 1610 - 9 = 1601 CPM. Thus, only 1601/1781 = 89.9% of the 
added counts were recovered. The corrected count rate of fraction 50 is: 

9 
0.899 = 10 CPM or 1781 x 9 = 10 CPM 

1601 

Similarly, the corrected count rates of the other fractions are given by: 

(CPM)~ddcd 
(CPM),ccovcr<d X (CPM),.mplealon• 

1781 ~ 
Fraction 75: 1575 _ 115 x 115 = ~ 

Fraction 80: 1781 1 
6630 - 5250 X 5250 ~ 6775CPM 

1 

Fraction 82: 1781 1 
2829- 1589 X 1589 ~ 2282CPM 

1 

Fraction 85: 1781 
X 125~ 1 191CPM 

1 
1285-125 

H. STABLE ISOTOPES 

Isotopes that are not radioactive are called "stable isotopes." If a particular 
isotope contains a greater number of neutrons than the most common form 
of the element, the isotope is frequently referred to as a "heavy isotope." 
Stable isotopes commonly used in biochemical research include: H 2 

(deuterium), C 13, N 15, 0 18, 0 17, S'4 , Ca'", Fe54, Fe57, Zn66, and Zn68• 
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ATOM P1$RCENT EXCESS 

The degree to which a radioactive compound is labeled is given in terms of its 
spedfic activity {CPM/ µmole, mCi/mmole, and so on). The degree of 
labeling of a compound with a stable isotope is expressed in terms of "atom 
percent excess." This term represents the proportion of stable isotope over 
and above that normally present in nature. For example, if Pn is the normal 
abundance (%)ofa given isotope in nature and P, is the abundance (%) in a 
labeled (enriched) compound, then P, - Pn is the atom percent excess (APE). 

Stable isotopes may be used for enzyme assays, precursor-product determi­
nations, and carrier dilution analyses in much the same manner as radioactive 
tracers. The calculations are based on the atom percent excess per mole 
instead of specific radioactivities. 

GENERAL REFERENCES 

Hendee, W. R., Radioactive lsotopes in Biologi­
cal Research. Wiley (1973). 

PRACTICE PROBLEMS 

Answers to Practice Problems are given on page 430. 

1. Write the nuclear reaction showing how 
(a) Ca'\ (b) Cl'6, (c) K 1\ and (d) P'' decay by /3 
emission. 

2. An isotope has a half-life of 
4 yr. Calculate (a) the decay constant, >.., in 
terrns of yr~•, day-•, hr-•, rnin-•, and sec-• and 
(b) the fraction of the original activity remain­
ing after 13 months. 

3. I 151 hasa half-life of 8.1 days. Calculate 
(a) the fraction of the I 131 atoms that decays 
per day and per minute and (b) the specific 
activity of pure 11' 1 in terms of Ci/g, Ci/g-atom, 
and DPM/g. 

4. A sample of organic matter from a 
stream near a petroleum-refining plant con­
tains a level of C1' sufficient to provide a count 
oI 10 DPM/g carbon. What fraction of the 
total carbon in the stream is contamination 
from the plant? (Note: the organic rnatter 
in petroleum is mi!lions of years old; essen­
tially ali the C14 has decayed.) 

5. (a) What is the theoretical maximurn 
specifıc activity (mCi/mmole) at which 
fructose-1,6-diphosphate-P'' could be pre-

pared? (b) What proportion of· the 
molecules is actually labeled in a sample of 
FDPs' that has a specific activity of 2 X 

10& DPM/ µmole? 

6. Calculate the weight in grams of. 
calcium-45 in l rnCi of carrier-free Ca'5• The: 
half-life of Ca45 is 163 days. 

7. A bottle of serine-Cı. (uniformly 
labeled) contains 2.0 mCi in 3.5 mi of solu­
tion. The specific activity is given as 
160 mCi/mmole. Calculate (a) the concentra­
tion of serine in the solution and (b) the 
activity of the solution in terms of CPM/ml ata 
counting efficiency of 68%. 

8. A solution of L-lysine-CH (uniformly 
labeled) contains 1.2 mCi and 0.77 mg of L· 
lysine per ml. Calculate the specifıc activity 
of the lysine in terms of (a) mCi/mg, (b) 
mCi/mmole, (c) DPM/µmole, and (d) 
CPM/µmole of carbon ata counting efficiency 
of 80%. 

9. Describe the preparation of 75 mi of a 
ıo-• M solution of L-cysteine-S15 hydro­
chloride in which the amino acid hasa specific 



actıvıty of 3.92 X 104 DPM/µmole. Assume 
that you have available solid unlabeled L­
cysteine hydrochloride and a stock solution 
of L-cysteine-S'' (14 mCi/mmole and l.2 
mCi/ml). 

10. Describe the preparation of 50 mi of a 
10·' M solution of glucose-C14 in which the 
sugar has a specific activity of 3000 DPM/ 
µmole. Assume that you have available a 
ıo-; M stock solution containing 0.02 µCi/ml 
and solid glucose. 

11. An aliquot of a cell-free extract of 
Neurospora crassa, containing 0.72 rng of pro­
tein, was incubated with 0-acetylhomoserine 
and labeled methylmercaptan (C"Hı-SH, 
specific activity 2.4 X 106 CPM/ µmole) in a total 
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dialysis cell had a volume of 0.1 mL At 
equilibrium, 10 µl of the solution in the 
chainber containing the protein gave 
2570 CPM; 10 µl of the solution from the 
chamber without the protein gave 
1870 CPM. Calculate [S], [PSJ, [PJ,, [P], and 
Ks. 

14. A sample of C 14- and P''-Iabeled AMP 
was prepared with a specifıc activity of 
9500 CPM/ µ,mole (75% of the activity resu!ts 
from decay of P", 25% from decay of 
C1\ Calculate the specific activity of the 
sample after (a) 5 days, (b) 10 days, and (c) 25 
days. 

15. The following <lata were obtained with 
a windowless, gas-flow planchet counter. 

(Data for Practice Problem 15) 

Addiıion 

cı< Standard 
250,000DPM 

P'2 Standard 
125,000DPM 

Sample 

volume of 1.5 mi. The C11 was enzymatically 
incorporated İnto L-methionine at a rate of 
2240 CPM/min. Calculate the rate of the 
reaction in terms of (a) µ.moles/rnin, (b) 
µ.moles X liter·1 X min·1, and (c) µmoles X mg 
protein · 1 X min · 1• 

12. A 10 mi suspension of Cr"-labeled red 
blood cells, containing 3 X 108 CPM total 
radioactivity, was injected into a subject. Af­
ter 10 min a small blood sample was taken and 
found to contain 5 X ıo~ CPM/ml. Cakulate 
the total blood volume of the individual. 

13. A cyclic GMP binding protein was 
purified to homogeneity from lymphosar­
coma cells. The protein binds cyclic GMP 
reversibly. The molecular weight of the 
binding protein is 60,000. A solution of the 
binding protein containing 6 µg/rnl was 
placed in one side of a dialysis membrane. A 
solution containing H!-cyclic GMP (S.A. = 
10' CPM/µmole) was placed on the other side 
of the membrane. Each chamber of the 

CPM Above Background 

Without Shield 

75,000 

80,000 

217,000 

With Afominum Shield 

12,520 

50,000 

l 13,900 

Calculate the trne C1' and Ps2 DPlv1 ın the 
sample. 

16. A sınai! amount of Cu04 (q = 12.8 hr) 
was injected into the bloodstream of an ani­
mal. Blood samples were taken periodically 
and counted immediately. The specific ac­
tivities of the samples are shown below. (a) 
From the <lata, calculate the effective half-life 
and the biological half-life of the isotope in 
the bloodstream. (b) What was the zem-time 
S.A. (CPM/ml)? 

Sample Time 
(hoıırs) 

2 
4 
6 

10 
18 

Specific Activity 
(CPM/ml) 

7120 
5070 
3610 
1830 
470 
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17. A solution containing 0.5 mg of D­

mannose-C'~ (uniformly labeled, specific activ­
ity 3.3 X 105 CPM/µmole) was added to 50 ml 
of a solution containing an unknown amount 
of unlabeled mannose. After mixing, the 
D-mannose was reisolated as the osazone. 
The osazone had a specific activity of 
14,280 CPM/µmole. Calculate the concentra­
tion of unlabe'ıed D-mannose in the original 
solution. 

18. Fifty-six micrograms of Co60-labeled 
vitamin Bı2 , containing 7.39 X 105 CPM, were 
added to a sample containing an unknown 
amount of unlabeled vitamin Bı,. The sam­
ple was then extracted and the vitamin Bn 
purified by chromatography. The final pro­
duct contained 49 µ.g of vitamin B12 and 1.58 x 
10' CPM of radioactivity. Calculate the 
amount of unlabeled vitamin Bı, in the 
sample. 

19. A yeast culture was grown in a synthe­
tic medium containing Sl50t (specific activity 
4.78 x 107 CPM/µ.mole) as the sulfur 
source. After several days of growth, the 
cells were harvested and extracted. To 50 mi 
of extract, 500 mg of unlabeled reduced 
glutathione were added. Glutathione was 
then reisolated from the mixture. The reiso­
lated compound had a specific activity of 
6. 97 x 106 CPM/ µmole. Calculate the con­
centration of glutathione in the extract. 

20. A mixture of fatty acids was treated 
with C"-labeled diazomethane (specific activ­
ity l.93 x lQs CPM/ J.Lmole) to produce the 
methyl-C14-labeled esters of each acid pres-

ent. Unlabeled methyl stearate (2 mrnoles) 
was then added to the mixture. A small · 
amount of methyl stearate was reisolated from 
the mixture and found to have a specific 
activity of 4.87 x 10' CPM/µmole. Calculate 
the amount of stearic acid in the mixture. 

21. Exactly 1.7 mg of a purified enzyme 
(MW = 55,000) was incubated with an ex­
cess of iodoacetamide-C14 (S.A. = 2 µCi/ 
mmole). The carboxymethylated protein 
was then precipitated, washed free of un­
reacted iodoacetamide-C14, dissolved in a 
small amount of buffer, and the entire solu­
tion counted in a scintillation counter operat­
ing at 80% efficiency. In one hour, the sam­
ple gave 13,190 counts above back­
ground. Calculate the number of reactive 
SH groups per molecule of protein. 

22. The enzyme ADPG phosphoryl­
ase (ADPG synthetase) was assayed by follow­
ing the incorporation of P32 from PPr into 
ATP: ADPG+ ppj2 ;= G-1-P+ ATPH. The 
A TP'' formed was adsorbed into charcoal, 
washed free of occluded PP;', resuspended in 
1.0 mi of aqueous ethanol-NH,, and 0.5 mi 
counted in a scintillation counter. A sample 
gave 21,550 CPM above background. To 
check for quenching, 10,000 CPM of P~2 

(counted earlier in the absence of cha'rcoal) 
was added to the sample. The sample plus 
added PPl1 now counted 28,270 CPM above 
background. (a) What is the true (un­
quenched) activity of the sample? (b) How 
can corrections resulting from quenching be : 
made unnecessary? 
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APPENDIX 1 

PROPERTIES OF 
COMMERCIAL 
CONCENTRATED 
SOLUTIONS OF ACIDS 
AND BASES 

Specific Perı:ent 

Compound MW Gravity w/w g/lOOml 

HCI 36.5 l.19 37 44 
HNO, 63.0 1.42 70 91 
HıS04 98.1 1.84 96 173 
HsP04 98.0 1.71 85 146 
HClO{ 100.5 1.66 70 116.2 
HCOOH 46.0 1.20 88 105.6 
CH,COOH 60.0 1.06 100 106 
NH, 17.0 0.91 28 22.8 

Milliliters 
Required for 

Approximaıe 1 liter of 1 N 
N Solution 

12.1 82.5 
15.8 63.5 
35.2 29 
44.5 22.5 
11.6 86.5 
24 41.6 
17.4 57.5 
14.8 67.5 
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APPENDIX 1 1 ..... 
o 
o 

FRACTIONATION WITH SOLID 
AMMONIUM SULFATE 

Final concentration of ammonium sulfate-% saturation at 0°C 

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 

solid ammonium sulfate to add ıo 100ml of solution 

o 10.6 13.4 16.4 19.4 22.6 25.8 29.1 32.6 36.1 39.8 43.6 47.6 51.6 55.9 60.3 65.0 69.7 
5 7.9 10.8 13.7 16.6 19.7 22.9 26.2 29.6 33.l 36.8 40.5 44.4 48.4 52.6 57.0 61.5 66.2 

10 5.3 8.1 10.9 13.9 16.9 20.0 23.3 26.6 30.1 33.7 37.4 41.2 45.2 49.3 53.6 58.1 62.7 

i 
15 2.6 5.4 8.2 11.1 14.1 17.2 20.4 23.7 27.1 30.6 34.3 38.1 42.0 46.0 50.3 54.7 59.2 

.!l 20 o 2.7 5.5 8.3 11.3 14.3 17.5 20.7 24.l 27.6 31.2 34.9 38.7 42.7 46.9 51.2 55.7 
:i 25 o 2.7 5.6 8.4 11.5 14.6 17.9 21.l 24.5 28.0 31.7 35.5 39.5 43.6 47.8 52.2 "' 
E 30 o 2.8 5.6 B.6 11.7 14.8 18.1 21.4 24.9 28.5 32.3 36.2 40.2 44.5 48.8 
.2 Ü 35 o 2.8 5.7 8.7 11.8 15.1 18.4 21.8 25.4 29.1 32.9 36.9 41.0 45.3 c::. 
00 40 o 2.9 5.B 8.9 12.0 15.3 18.7 22.2 25.8 29.6 33.5 37.6 41.8 E ~ 
E o:ı 45 o 2.9 5.9 9.0 12.3 15.6 19.0 22.6 26.3 30.2 34.2 38.3 
oı ı:: o ..... ·- 50 o 3.0 6.0 9.2 12.5 15.9 19.4 23.0 26.8 30.8 34.8 o öl 
c:: ... 
o B 55 o 3.0 6.1 9.3 12.7 16.1 19.7 23.5 27.3 31.3 

·;:::: ro 
"' "' 60 o 3.1 6.2 9,5 12.9 16.4 20.1 23.9 27.9 
~~ 65 o 3. l 6.3 9.7 13.2 16.8 20.5 24.4 .., 

70 o 3.2 6.5 9.9 13.4 17.I 20.9 u 
C 
o 
l,J 75 o 3.2 6.6 10.1 13.7 17.4 

öl 80 o 3.3 6.7 '10.3 13.9 ·;::; 
·c 85 o 3.4 6.8 10.5 ..... 

90 o 3.4 7.0 
95 o 3.5 

100 o 

Reprinted by permission of the Oxford University Press (Oxford) from Data for Biochemical Reseauh, 2nd ed. Edited 
by R. M. C. Dawson, D. C. Elliott, W. H. Elliott, and K. M. Jones. ·- ... 

© Oxford University Press (1969). 
c:~~ ~,r.,ı,~,., ;,.. ı;.,,"""nJn.,,,, Vnl. 1. rı. 71\ (1955) fora similar tab]e prepared for 25°C. 
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APPENDIX 111 

FRACTIONATION WITH SATURATED 
AMMONIUM SULFATE SOLUTION 
The table gives the milliliters of saturated ammonium sulfate solution to be 
added to one liter of solution to produce the desired change in percent 
saturation. The volume changes on mixing are negligible. The pH of a 
saturated ammonium sulfate solution is about 5.5. The pH can be adjusted 
to 7 by adding a few drops of concentrated NH,OH. 

"O 
Initial concentration of ammonium sulfate in the preparation (percent saturation) 

~ .f 
"O 
2:l 5 
.el 10 
"3 15 
"' 
.§ ]' :~ 
ı:: ~ 30 
~ 5 35 
8 ~ 40 
ı:ıı ... 45 
'ö 5 50 
ı:: l:: 55 o 11.J 

·p ı:ı.. 60 S .._, 65 

5 70 
r...ı 75 8 80 

cii 85 
ı:: 90 
ii: 

o 

52.6 
111 
177 
250 
333 
429 
559 
667 
818 

1000 
1222 
1500 
1857 
2333 
3000 
4000 
5667 
9000 

5 

55.8 
118 
188 
267 
357 
462 
583 
727 
900 
llll 
1375 
1714 
2167 
2800 
3750 
5333 
8500 

10 

58.8 
125 
200 
286 
385 
500 
637 
800 

1000 
1250 
1571 
2001 
2600 
3500 
5000 
8000 

15 

62.5 
133 
214 
308 
417 
546 
700 
889 

1125 
1429 
1833 
2400 
3250 
4667 
7500 

20 

66.7 
143 
231 
333 
455 
600 
778 

1000 
1286 
1667 
2200 
3000 
4333 
7000 

25 

71.4 
154 
250 
364 
500 
667 
875 

1143 
1500 
2000 
2750 
4000 
6500 

30 

76.9 
167 
273 
400 
556 
750 

1000 
1333 
1800 
2500 
3667 
6000 

!J5 

83.3 
182 
300 
444 
625 
857 

1167 
1600 
2250 
3333 
5500 

40 

91.0 
200 
333 
500 
714 

1000 
1~00 
2000 
3000 
5000 

45 

100 
222 
375 
571 
833 

1200 
1750 
2667 
4500 

50 

111 
250 
429 
667 

1000 
1500 
2333 
4000 

55 

125 
286 
500 
800 

1250 
2000 
3500 

60 

143 
333 
600 

1000 
1667 
3000 

65 

167 
400 
750 

1333 
2500 

70 

200 
500 

1000 
2000 

75 80 

250 
667 333 

1500 1000 

85 

500 
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Saturated ammonium sulfate solutions at various temperatures 

Temperature (°C) o 10 20 25 30 

Moles (NH~)2SO, per 1000 g H20 5.35 5.53 5.73 5.82 5.91 
Percentage by weight 41.42 42.22 43.09 43.47 43.85 
g (NH,),SO-ı required to saturate 

1000 ml H20 706.8 730.5 755.8 766.8 777.5 
g (NH.,)2S01 per liter of saturated 

solution 514.8 525.2 536.5 541.2 545.9 
Molarity of saturated solution 3.90 3.97 4.06 4.10 4.13 

Reprinted by permission of the Oxford University Press (Oxford) from Data far Biochemical 
Research, 2nd ed. Edited by R. M. C. Dawson, D. C. Elliott, W. H. Elliott, and K. M. Jones, © 
Oxford University Press (1969). 
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APPENDIX iV 
pKa VALUES OF ACIDS 
AND BASES USEFUL iN 
PREPARING BUFFERS 

Listed below are some acids and bases that are useful in preparing buffers for 
enzyme assays. The choice of a particu1ar compound depends on many 
factors. For example, multicarboxylic acids would be poor choices for 
reactions involving metal ions as cofactors; amino acids may be poor choices 
for reactions iııvolving amino acids as substrates. The number of buffer 
components can be kept to a minimum by using an acid and a base to cover 
the desired region. For example, maleic acid and Tris can be mixed to 
produce Tris-maleate buffers of pH 5. 7 to 8.6 (rather than using maleic 
acid-NaOH and Tris-HCl). 

The activity coefficients of multivalent ions change markedly with concen­
tration. Consequently, the pH of a stock buffer should be checked after 
dilution and readjusted if necessary. Asa general rule, the pH ofa reaction 
mixture should be checked at the end of an assay period to insure that it 
remained constant. 

Free Acid or Base 

Pyrophosphoric 
Oxalic 
Glycerophosphoric 
Ethylenediamine tetraacetic acid (EDT A) 
Histidine 
Pyrophosphoric 
Maleic : 
Benzenehexacarboxylic (mellitic) 
Phosphoric 
Brucine tetrahydrate 
Benzenepentacarboxylic 
Glycine 
Benzene-! ,2,4,5-tetracarboxylic (pyromellitic) 
Benzenehexacarboxylic (mellitic) 
EDTA 
Malonic 
Phthalic 
Benzenepentacarboxylic 
Salicylic 
Benzene-1,2,3-tricarboxylic (hemimellitic) 
1,4-Piperazinebis-(ethanesulfonic acid) "PIPES" 
Tartaric 
Fumaric 

MW 

177.98 
95.07 

112:os 
292.24 
155.16 
177.98 
116.07 
342.17 

98.0 
466.53 
296.18 

75.07 
254.15 
342.17 
292.24 
146.02 
116.13 
298.16 
138.12 
246.18 
302.37 
150.09 
116.07 

pK. at 25°G 

0.85 (pK.,) 
1.19 (pK,,) 
1.47 (pK,,) 
l.70(pK,,) 
1.82 (pK,,) 
1.96 (pK..,) 
2.00 (pK,,) 
2.08 (pK,,) 
2.12 (pK,,) 
2.30 (pK,,) 
2.34(pK.,) 
2.34 (pK,,) 
2.43 (pK.,) 
2.46 (pK.,) 
2.6 (pK.,) 
2.85 (pK.,) 
2.90 
2.95 (pK.,) 
2.98 
2.98 (pK,,) 
3.0 (pK.,) 
3.02 (pK.,) 
·3.03 (pK,,) 
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Free Acid or Ba.se MW pK. aı 25°C 

Glycylglycine 132.12 3.06. 
Citric acid 192.12 3.06(pK.,) 
Cyclopentanetetra-1 ,2,3 ,4-carboxylic 246.17 3.07 (pK.,) 
o-Phthalic 166.13 3.10 (pK.,) 
Benzene-1,2 ,4,5-tetracarboxylic (pyromellitic) 254.15 3.13 (pK.,) 
Benzene-1,3,5-tricarboxylic (trimesic) 210.14 3.16 (pK.,) 
Benzenehexacarboxylic (mellitic) 342.17 3.24{pK..) 
Dimethylmalonic 132.12 3.29 (pK.,) 
Mandelic 152.15 3.36 
Butane-1,2,3,4-tetracarboxylic 234.12 3.36 (pK.,) 
Malic 134.09 3.40 (pK.,) 
l, 1-Cyclohexanediacetic 200.18 3.52 (pK.,) 
2-Methy lpropane-1,2,3-triscarboxy lic 

(J3-methyltricarballylic) 190.15 3.53 (pK.,) 
Hippuric 179.18 3.64 
Propane-1,2,3-tricarboxylic ( tricarballylic) 176.12 3.67 (pK.,) 
Formic 46.02 3.75 
3,3-Dimethylglutaric 160.17 3.79 (pK,,) 
1,1-Cyclopentanediacetic (3,3 tetra-

methyleneglutaric acid} 186.21 3.82 (pK.,) 
ltaconic 130.1 3.84 (pK.,) 
Lactic 90.08 3.86 
Benzenepentacarboxylic 298.16 3.94 (pK.,) 
Benzene-1,3,5-tricarboxylic (trimesic) 210.14 3.98 (pK.,) 
Barbituric 128.09 3.98 
Ascorbic 176.12 4.1 (pK.,) 
2,2-Dimethylsuccinic 146.14 4.11 (pK.,) 
Succinic 118.09 4.19 (pK.,) 
Benzoic 122.12 4.20 
Oxalic 95.07 4.21 (pK.,) 
Benzene-1,2,3-tricarboxylic (hemimellitic) 246.18 4.25 (pK.,) 
3,6-Endomethylene-1,2,3,6-tetrahydrophthalic acid 

"EMT A" (endo-5-norbornene-2,3-dicarboxylic 
acid "ENDCA") 183.62 4.3 (pK.,) 

2,2-Dimethylglutaric · 160.17 4.31 (pK.,) 
B utane-1,2,3,4-tetracarboxylic 234.12 4.38 (pK..) 
Benzenehexacarboxylic (mellitic) 342.17 4.44 {pK.,) 
Benzene-1 ,2,4,5-tetracarboxylic (pyromellitic) 254.15 4.44 (pK.,) 
Fumaric 116.07 4.47 (pK.,) 
Cyclopentanetetra-1 ,2,3, 4-carboxylic 246.17 4.48 (pK.,) 
Tartaric 150.09 4.54 (pK.,) 
Citric 210.14 4.74(pK.,) 
Acetic 60.05 4.76 
n-Butyric 88.1 4.82 
Propane-1,2,3-tricarboxylic ( tricarballylic) 176.12 4.84 (pK.,) 
Benzene-1 ,3,5-tricarboxylic (trimesic) 210.14 4.85 (pK.,) 
Propionic 74.08 4.87 
2-Methylpropane-1,2,3-triscarboxylic 

((3-methyltricarballylic) 190.15 5.02 (pK.,) 
Malic 134.09 5.05 (pK.,) 
Benzenepentacarboxylic 298.16 5.07 (pK..) 
Pyridine 79.1 5.23 
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Free A,id or Base MW pK. at 25°G 

o-Phthalic 116.13 5.27 (pK.,) 
Citric 192.12 5.40(pK.,) 
Butane-1,2,3,4-tetracarboxylic 234.12 5.45 (pK.,) 
Benzenehexacarboxylic (mellitic) 342.17 5.50(pK.,) 
2 ,2-Dimethylglu taric 160.17 5.51 (pK.,) 
Itaconic 130.1 5.55(pK.,) 
Cydopentanetetra-1,2,3, 4-carboxylic 246.17 5.57 (pK.,) 
Succinic ll8.09 5.57 (pK.,} 
Benzene-1,2,4,5-tetracarboxylic (pyromellitic) 254.15 5.61 (pK .. ) 
Benzene-1,2,3-tricarboxylic (hemimellitic) 246.18 5.87 (pK.,) 
Dimethylmalonic 132.12 5.98 (pK.,) 
Histidine 156.16 6.00 (pK.,) 
Hydroxylamine 34.0 6.03 
Carhonic (H2CO, + COı) 62(C02) 6.lO(pK~,) 
Malonic 104.06 6.lO(pK.,) 
2-{N -Morpholino)-ethane sulfonic acid "MES" 195.2 6.15 (pK.,) 
Glycerophosphoric 172.08 6.19 (pK.,) 
Propane-1,2,3-tricarboxylic {tricarballylic) 176.12 6.20(pK.,) 
Benzenepentacarboxylic 298.16 6.25(pK.,) 
Maleic 116.07 6.26(pK.,) 
2,2-Dimethylsuccinic 146.14 6.29 (pK.,) 
EDTA 292.24 6.30 (pK.,) 
3,3-Dimethylglutaric 160.17 6.31 (pK.,) 
Bis(2-hydroxyethyl)imino-tris(hydroxymethyl)-

methane "BIS-TRIS" 209.24 6.46 
Benzenehexacarboxylic (mellitic) 342.17 6.59(pK .. ) 
N-(2-Acetamido)imino-diacetic acid "ADA" 190.17 6.6 (pK.,) 
Butane-1,2,3,4-tetracarboxylic 234.12 6.63 (pK .. ) 
Pyrophosphoric 177.98 6.68 (pK.,) 
1,1-Cyclopentanediacetic (3,3 tetramethylene-

glutaric acid) 186.21 6.70 (pK.,) 
1,4-Piperazinebis-(ethanesulfonic acid) "PIPES" 302.37 6.8 (pK..) 
N-(2-Acetamido)-2-aminoethanesulfonic acid 

"ACES" 182.20 6.9 (pK.,) 
l, l ·Cyclohexanediacetic 200.18 6.94 (pK.,) 
3,6-Endomethylene-1,2,3,6-tetrahydrophthalic 

acid "EMTA" (''ENDCA") 183.62 7.0 (pK.,) 
Imidazole 68.08 7.0 
2-(Aminoethyl)trimethylammoniuın chloride 

"CHOLAMINE" 156.69 7.1 
N,N-Bis(2-hydroxyethyl)-2·aminoethanesulfonic 

acid "BES" 213.25 7.15 (p.K,,J 
2-Methylpropane-1,2,3-triscarboxylic 

(/3-methyltricarhallylic) 190.15 7.20 (pK.,) 
2-(N-Morpholino)propane-sulfonic acid "MOPS" 209.27 7.2 (pK.,) 
Phosphoric 98.0 7.21 (pK.,) 
N-Tris(hydroxymethyl)methyl-2-aminoethane 

sulfonic acid "TES" 229.28 7.5 (pK.,) 
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic 

acid "HEPES" 238.31 7.55 (pK.,) 
2-H ydroxyethylimino-tris(hydroxymethyl)methane 

"MONO-TRIS" 165.18 7.83 
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Free Acid or Base MW pK. aı 25°G 

Brucine tetrahydrate 466.53 7.95 (pK..) 
4-(2-Hydroxyethyl)-l-piperazinepropane 

sulfonic acid "EPPS" 252.23 8.0 
Tris(hydroxymethyl)aminomethane ''TRIS" 121.14 8.1 
N-Tris(hydroxymethyl)methylglycine 

"TRICINF;" 180.18 8.1.5 
Glycinamide 74.04 8.2 
N,N-Bis(2-hydroxyethyl)glycine "BICINE'' 163.18 8.35 
N-Tris(hydroxymethyl)methyl-2-aminopropane 

sulfonic acid "T APS" 243.3 8.4 (pK..) 
N-Glycyl-glycine 132.12 8.4 
Histidine 155.16 9.17 (pK.,) 
Boric 43.82 9.24 
Pyrophosphoric 177.98 9.39(pK .. ) 
Ethanolamine 61.08 9.44 
Glycine 75.07 9.6 (pK.,) 
Trimethylamine 59.11 9.74 
Cyclopentanetetra-1,2,3,4-carboxylic 246.17 I0.06(pK .. ) 
Carbonic (H2CO, + COı) 62(COı) 10.25 (pK.,) 
3-Cyclohexylamino-1-propanesulfonic acid "CAPS" 221.32 10.40 (pK.,) 
EDTA 292.24 10.6 (pK .. ) 
Methylamine 31.06 10.64 
Dimethylamine 45.09 10.72 
Ethylamine 45.09 10.75 
Triethylamine 101.19 10.76 
Diethylamine 73.14 10.98 
Ascorbic 176.12 11.79 (pK.,) 
Phosphoric 98.0 12.32 (pK.,) 
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APPENDIX V 
ACTIVITY COEFFICIENTS OF 
SOME IONS iN AQUEOUS 
SOLUTION 

Ionic Concentration (M) 

lon 0.001 M O.OlM O.JM 

H+ 0.975 0.933 0.86 
Off 0.975 0.925 0.805 
Acetate- 0.975 0.928 0.82 

HtPO~ 0.975 0.928 0.744 
HPo:- 0.903 0.740 0.445 
POt 0.796 0.505 0.16 

H2citrate- 0.975 0.926 0.81 
Hcitrate2- 0.903 0.741 0.45 
Citrate'- 0.796 0.51 0.18 

HCO; 0.975 0.928 0.82 
co:- 0.903 0.742 0.445 

•• -o!" ~"" .. 
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APPENDIX VI 
p Ka CORRECTION 
FACTORS FOR IONIC 
STRENGTH 

Correction: .6.pK., 

T/2 Z=+l Z=O Z= -1 

O.Ol +0.04 -0.04 -0.13 
0.05 +0.08 -0.08 -0.25 
0.10 +0.11 -0.11 -0.32 

z""'-2 

-0.22 
-0.42 
-0.53 

Sclectcd valucs froın Brucning, G., Criddlc, R., Prciss, J., and 
Rudert, F. Bioclıeıııical Expeı"iıııents, p. 60 Wilcy-Intcrscicncc 
(1970). 

Values are given for 20"C. They are essentially the same between O and 37°C. 
r /2 = the ionic strength (total of ali ions present) 
Z = the charge on the conjugate acid of the buffer 
At any total ionic strength: pK ~ = pK .. + ıipK.. 
The corrections are based on the Debye-Hückel equation: 

log 'Y = - 0.509 zı\lT/2 

where -y = the activity coefficient of an ion. 

Tlıe relationship between pK,. and pK,.' is shown below: 

'Yc.n. [C.B.J 
pH = pKa + log [C A] 

'Yo.A, ' · 

:::: pK,. + log 'Yo.B. + log [C.B.] 
'YO.A. [C.A.] 

[C.B.] = pK,. + .6.pKa + log [C.A.] 

, l [C.B.] 
= pK,. + og [C.A.] 

where: pK0 ' = pKa + 6.pK,. 

and .6.pK0 :::: log 'Yo.n. 
'Yc.A. 
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APPENDIX VII 
IONIZATION CONSTANTS, pKa, pKb, 
AND p / VALUES OF SOME 
COMMON AMINO ACIDSa 

Conjugate Conjugate 
Compound MW Acid K. pK, Ba.se 

a-Alanine 89.1 a-COOH 4.47 X 10-3 2.35 a-coo-
a-NH; 2.04 X 10" 10 9.69 a-NH2 

,8-Alanine 89.1 a-COOH 2.51 X 10-4 3.60 a-coo· 
/3-NH; 6.46 X 10-l' 10.19 ,B-NH2 

Arginine 174.2 a-COOH 6.76 X 10-~ 2. 17 a-coo-
a-NH; 9.12x10·10 9.04 o:-NH2 

Guanidinium-NH; 3.31 X 10-13 12.48 Guanidinium-NH 
Asparagine 132. l a-COOH 9.55 X 1 Ü-) 2.02 a-coo-

a-NH; 1.58 X 10-9 8.8 a-NH, 
Aspartic acid 133.1 a-COOH 8.13Xl0-ı 2.09 a-COO-

/3-COOH 1.38 X l Ü-, 3.86 13.coo-
a-NHJ 1.51 X JQ-IO 9.82 o:-NH2 

Citrulline 175.2 a-COOH 3.72 X 10-3 2.43 a-Coo· 
a-NH.~ 3.89 X 10-ıo 9.41 a-NH, 

Cysteine 121.2 a-COOH 1.95 X 10-2 1.71 a-coo· 
/3-SH 4.68 X 10-9 8.33 {3-S-
a-NH; 1.66 X 10-ıl 10.78 a-NH, 

K. pK, pI 

2.24 X 10-l' 11.65 6.02 
4.90 X 10-5 4.31 
3.98 X 10-II 10.40 6.90 
ı.ss x 10·1 3.81 
1.48 X 10- 12 1L83 10.76 
1.10 X 10-1' 4.96 
3.02 X 10-, 1.52 
1.05 X 10·12 11.98 5.41 
6.31 X 10-f' 5.2 
1.23 X 10-l2 11.91 2.98 
7.25 X 10-ll 10.14 
6.61 X 10-5 4.18 
2.69 X 10·12 11.57 5.92 
2.57 X 10-: 4.59 
5.13 X 10-ı, 12.29 5.02 
2.14xıo-• 5.67 
6.03 X 10·1 3.22 
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Conjµgate Ccrnju.gaıe 

Compound MW Acid K. pK. Base K. pK •. pl 

Cystine 240.3 a-COOH 2.24 X 10~, l.65 a-coo- 4.47 X 10-19 12.35 5.06 
a-COOH 5.50 X 10-3 2.26 a-COO- 1.82 X 10"12 11.74 
a-NHt 1.41 X 10-u 7.85 a-NHı 7.08 X 10-7 6.15 
a-NHt 1.41 X 10-10 9.85 a-NH2 7.08 X 10-• 4.15 

Glutamic acid 147.1 a-COOH 6.46X 10-' 2.19 a-coo- 1.55 X 10-12 11.81 3.22 
-y-COOH 5.62 X ıo-• 4.25 -y-coo- 1.78 X 10-10 9.75 
a-NH; 2.14 X 10-ıo 9.67 a-NH2 4.68X 10~ 4.33 

Glutamine 146.l a-COOH 6.76x 10·9 2.17 a-coo- 1.48 X 10-ız I 1.83 5.65 
a-NHt 7.41 X 10-10 9.13 a-NHı 1.35 X 10-o 4.87 

Glycine 75.1 a-COOH 4.57X 10-, 2.34 a-Coo· 2.19 X 10-12 11.66 5.97 
a-NH; 2.51 X 10-ıo 9.6 a:-NH2 3.98 X 10-5 4.4 

Histidine 155.2 a-COOH 1.51 X 10-2 1.82 a:-coo- 6.61 X 10-19 12.18 7.58 
Imidazole-NH+ 1.0 X 10-7 6.0 Imidazole-N 1.0 X 10-9 8.0 

a-NHt 6.76 X 10-ıo 9.17 a-NH2 l.48X 10-' 4.83 
Homocysteine 135.2 a:-COOH 6.03 X 10-, 2.22 a-COO" 1.66 X 10·12 11.78 5.54 

a-NHt 1.35 X 10"9 8.87 a:-NH2 7.41 X 10-6 5.13 
-y-SH 1.38 X 10"11 10.86 ı1-s- 7.25 X ıo-• 3.14 

Homocystine 268.3 a:-COOH 2.57x ıo-2 1.59 a-coo- 3.89 X 10"'3 12.41 5.53 
a:-COOH 2.88X 10-3 2.54 ' a-coo- 3.47 X 10-12 11.46 
a-NHt 3.02 X 10-9 8.52 a-NHı 3.31 X 10-ı; 5.48 
a-NHt 3.63 X 10-ıo 9.44 a-NHı 2.76 X 10-' 4.56 

Hydroxylysine 162.2 a-COOH 7.41 X 10-' 2.uı a-coo- 1.35 X 10"12 11.87 9.15 
a-NH! 2.40 X 10"9 8.62 a-NH2 4.17X 10-6 5.38 
e-NH; 2.14X 10"10 9.67 e-NH2 4.68 X 10"5 4.33 

Hydroxyproline 131.1 a-COOH 1.20 X 10"2 1.92 a-coo- 8.32 X 10-ıs 12.08 5.83 
a-NHt 1.86 X 10-ıo 9.73 cx-NH2 5.37xıo-· 4.27 

Isoleucine 131.2 a-COOH 4.37 X 10-' 2.36 a-coo- 2.29 X 10-12 11.64 6.02 
a-NH! 2.09x 10-•0 9.68 a:-NH2 4.78 X 10-5 4.32 

Leucine 131.2 o:-COOH 4.37 X 10-, 2.36 a-COO- 2.29X 10-12 11.64 5.98 
a-NHi ····. 2.51 X 10-ıo 9.60 a-NH2 S.98 X ıo-~ 4.40 
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Lysine 146.2 o:-COOH 6.61 X 10-, 2.18 cı-coo- 1.51 X 10-'2 11.82 9.74 
o:-NH; 1.12 X 10-9 8.95 cı-NH: 8.91 X 10-5 5.05 
E-NH; 2.95 X 10-ıı 10.53 E-NH2 3.39 X 10-• 3.47 ' 

Methionine 149.2 o:-COOH 5.25 X 10-, 2.28 a-coo- 1.91 X 10-12 l 1.72 .. 5.75 
a-NH; 6.17 X 10-10 9.21 a-NH, 1.62 X 10-5 4.79 

Ornithine 132.2 a-COOH 1.15 X 10-2 1.94 o:-coo- 8.71 X 10-ı, 12.06 9.70 
a-NH; 2.24 X 10-9 8.65· a-NH2 4.47 X 10-6 5.35 
ô-NH; 1.74 X 10-ıı 10.76 ô-Nfü 5.76 X 10-ı 3.24 

Phenylalanine 165.2 a-COOH 1.48 X 10-2 1.83 cı-coo- 6. 76 X 10_,, 12.17 5.48 
a-NH; 7.41 X 10- 10 9.13 a-NH2 l.35 X 10-~ 4.87 

Proline 115.l o:-COOH 1.02 X 10-2 1.99 a-coo- 9.77 X 10-13 12.01 6.30 
a-NHi 2.51 X 10-ıı 10.60 a-NH, 3.98 X 10-ı 3.40 

Serine 105.l a-COOH 6.17 X 10-3 2.21 cı-coo- 1.62 X 10-12 11.79 . 5.68 
a-NHt 7.08 X lQ•lO 9.15 o:-NH2 1.41 X 10~5 4.85 

Taurine 125.1 -SO,H 3.16X 10-2 1.5 -so; 3.16 X 10-ı, 12.5 5.12 
a-Nttr 1.82 X 10-9 8.74 o:-NH, 5.50 X 10-a 5.26 

Threonine 119.l o:-COOH 2.35 X ıo-> 2.63 o:-coo- 4.27 X 10-ıı 11.37 6.53 
o:-NHt 3.72 X 10-11 10.43 o:-NH2 2.69 X ıo·• 3.57 

Tryptophan 204.2 o:-COOH 4.17 X ıo-> 2.38 cı-coo- 2.40 X 10-12 11.62 5.88 
o:-NHi 4.07 X 10-ıo 9.39 o:-NH, 2.46 X 10-~ 4.61 

Tyrosine 181.2 a-COOH 6.31 X 10-, 2.20 ac-Coo- L59X 10- 11 11.80 5.65 
a-NH; 7.76 X 10-ıo 9.11 a-NH, 1.29 X 10-~ 4.89 

-OH 8.sıxıo-11 10.07 -o- 1.18 X 10-• 3.93 
Valine 117.1 a-COOH 4.79 X 10-> 2.32 a-coo· 2.09 X 10- 12 11.68 5.97 

a-NH; 2.40 X 10-ıo 9.62 o:-NH2 4.ı7xıo-s 4.38 

• K and pK values are numbered as shown K., pK,, K., pK., 
on the right. K., pK.,, K., pK., 

K,, pK., K., pK,, 

..... 



APPENDIX VI 11 
~G 1 VALUES FOR THE 
HYDROLYSJS OF SOME 
COMPOUNDS OF 
BIOLOGICAL IMPORTANCE 

Hydrolysis 
General Type Example Products 

Phosphosulfate Adenosine phos- AMP+so:-
anhydride phosulfate 

(APS} 
Pyrophosphate Inorganic PP, 2P; 

ATP ADP+Pı 

ATP AMP+PPı 

ADP AMP+P, 
Acyl phosphate Acetyl phos- Acetate+P, 

phate 
1,3-DiPGA 3-PGA+Pı 
Carbamyl phos- Carbamate + Pı 

phate 
Acyl adenylate Amino acid Amino acid + AMP 

adenylate 
Amino acid ester Glycine ethyl- Glycine + ethanol 

ester 
Glycyl ıRNA Glycine+ tRNA 

Phenolic ester p-NOı-Phenyl- p-Nitrophenol + 
acetate acetate 

P-NOrPhenyl- P-Nitrophenol + 
sulfate so:· 

Nucleotide di-
.Phosphosugar UDPG UDP + glucose 

Cyclic phospho- 3',5'-Cyclic · 5'-AMP 
diester AMP 

Enolic phosphate Phosphoenol Ketopyruvate + Pı 
pyruvate (PEP) 

Guanidinium Creatine phos- Creatine + Pı 
phosphate phate 

Arginine phos- Arginine + Pı 
phate 

412 

Approximate 
6.G' (pH- 7) 

(lıcal f mole) 

-18 

-4.2 
-7.7 
-9.9 
-6.4 

-10 

-12 
-12 (pH 9.5) 

-13 

-8 

-8 
-13 

-13 

-7.3 
-10 

-13.8 

-10.5 

-10.5 



Approximatt 
Hydrolysis 6.G' (pH-7) 

General T ype Example Producıs (kcal/mole) 

Thioester Acetyl-S-CoA CoASH + acetate -8.2 
Acetoacetyl-S- CoASH + acetoacetate -10.5 

C.oA 
Acyl ester Acetyl carnitine Cami tine+ acetate -7.2 

Acetyl choline Choline + acetate -6 
Hemiacetal-1- Glucose-1- Glucose+Pı -5 

phosphate phosphate 
Simple phosphate Glucose-6- Glucose+ Pı -3 

ester phosphate 
a-Glyceryl- Glycerol + P; -2.5 

phosphate 
AMP Adenosine + P; -2 

Amide Glutamine Glutamate + P; -3.4 
Asparagine Aspartate + Pı -3.4 

Peptide bond Glycy lglycine Amino acids -0.5 
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APPENDIX IX 
STANDARD REDUCTION 
POTENTIALS OF SOME 
OXIDATION-REDUCTION 
HALF-REACTIONSa 

Reaclion Half-Reaction (Written as a Reducıion) 

1 !02+2Hı- +2e---+ HıO 
2 Fe.,+ıe---+Fe+ıı 

3 so:- + 2H+ + 2e - --+ SOt + H20 
4 NOı +2H•+2e---+NO; + H10 
5 2r+2e---+lı 

6 Cytochrome a,-Fe+s +le---+ cytochrome-a,-Fe+' 
7 {02+ H20 + 2e---+ fü02 
8 Cytochrome-a-Fe+s+ le- --+cytochrome-a-Fe .. 2 

9 Cytodırome-c-FeH+ ıe- --+cytochrome-c-Fe+2 

10 2,6-Dichlorophenolindophenol< .. ,ı + 2H .. + 2e - --+ 
2,6-DCPPc,..ıı 

11 Crotonyl-S-CoA + 2H+ + 2e - --+ butyryl-S-CoA 
12 Cuu+ıe---+Cu+ 

13 Methemoglobin-Fe..,+ le- -+hemoglobin-Fe•2 

14 Ubiquinone+2Hı- + 2e- '7ubiquinone-H2 
15 Dehydroascorbate + 2H+ + 2e---+ ascorbate 
16 Metmyoglobin-Fe+•+ ıe--+myoglobin-Fe•2 

17 Fumarate + 2H+ + 2e - --+ succinate 
18 Methylene blue1.,1 + 2H+ + 2e - --+ methylene blue1,..ı 1 
19 Pyruvate + NH3 + 2H+ + 2e---+ alanine 
20 a-Ketoglutarate + NH, + 2H+ + 2e---+ glutamate + HıO 
21 Acetaldehyde + 2H+ + 2e - --+ ethanol 
22 Oxalacetate + 2H+ + 2e - --+ malate 

• 23 FAD+2H•+2e--+FADH2 
24 Pyruvate + 2H+ + 2e---+ lactate 
25 Riboffavin + 2H+ + 2e---+ riboflavin-H2 
26 Cystine + 2H+ + 2e - --+ 2 cysteine 
27 GSSG + 2H+ + 2e - --+ 2 GSH 
28 SG + 2H+ +2e---+ HtS 
29 1,3-Diphosphoglyceric acid+2H+ + 2e- --+GAP+ P; 
30 Acetoacetate + 2H+ + 2e---+ ,8-hydroxybutyrate 
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E~ at 
pH 7.0 
( volts) 

0.816 
0.771 
0.48 
0.42 
0.536 
0.55 
0.30 
0.29 
0.25 

0.22 
0.19 
0.15 
0.139 
o.ıo 

0.06 
0.046 
0.030 
0.011 

-0.13 
-0.14 
-0.163 
-0.175 
-o.ıs~ 

-0.190 
-0.200 
-0.22 
-0.23 
-0.23 
-0.29 
-0.290 



; 

Reaı:tion Half-Reaclion (Wriıten asa Reduclion) 

31 Lipoate1.,., + 2H+ + 2e - -+ lipoate1,..ıı 
32a NAD++2H++2e--+NADH+H+ 

b NADP++2H++2e--+NADPH+H+ 
33 Pyruvate + C02 + 2H+ + 2e - -+ malate 
34 Uric acid + 2H+ + 2e - -+ xanthine 
35 Acetyl-S-CoA + 2H+ + 2e - -+ acetaldehyde + CoA 
36 COı + 2H+ + 2e - -+ form ate 
37 2H+ + 2e--+ H, 
38 Ferredoxin-Fe+s+ le- -+ferredoxin-Fe+t 
39 Gluconate + 2H+ + 2e - -+ glucose + H20 
40 3-Phosphoglycerate+ 2H+ + 2e--+ 

glyceraldehyde-3-pht>sphate + H20 
41 Methylviologen10,, + 2H• + 2e - -+ methylviologen1,td1 

42 Acetate + 2H+ + 2e--+ acetaldehyde 
43 Succinate + C02 + 2H+ + 2e - -+ a-ketoglutarate + H20 
44 Acetate + COı + 2n• + 2e--+ pyruvate 

E 0 al 
pH 7.0 
(volts) 

-0.29 
-0.320 
-0.320 
-0.33 
-0.36 
-0.41 
-0.420 
-0.414 
-0.432 
-0.45 

-0.55 
-0.55 
-0.60 
-0.67 
-0.70 

• Standard conditions: Unit activity of ali components except H+, which is maintained at 
ıo-• M. Gases are at 1 atın pressure. 

' The value given is for free F AD/F ADH,. The ~ of the protein-bound coenzyme varies. 

415 



APPENDIX X 
ABSORPTION MAXIMA AND 
ABSORPTION COEFFICIENTS 
OF SOME COMPOUNDS OF 
BIOCHEMICAL IMPORTANCE 

Molar Absorption Coefficient" 
Compound AR= (nm) (a .. X ıo-') 

Adenine 260.5 13.3 
Adenosine, AMP, ADP, ATP 259 15.4 
Cytidine 271 8.9 
Cytosine 267 6.1 
CMP, CDP, CTP 271 9.1 
NAD+, NADP ... 259 18 
NADH,NADPH 339 6.22 

259 15 
Flavin adenine dinudeotide 

(FAD) 450 11.3 
375 9.3 
260 37 

Guanine 275.5 8.1 
246 10.7 

Guanosine, GMP, GDP, GTP 252 13.7 
Nicotinamide 260 4.6 
Phenylalanine (in 0.1 N HCI) 257.5 0.19 
Phenylalanine (in 0.1 N NaOH) 258 0.206 
Pyridoxal phosphate 388 4.9 

330 2.5 
Riboflavin 450 12.2 

375 10.6 
260 27.7 

Rihoflavin phosphate (FMN) 450 12.2 
375 10.4 
260 27.1 

Thiamine hydrochloride 267 9.0 
235 11.5 

Thymidine 267 9.7 
207.5 9.6 

Thymine 264 7.9 

416 



..... __ _ 

,. 

Compound 

Tryptophan (in 0.1 N HCI) 

Tryptophan (in 0.1 N NaOH) 

Tyrosine (in 0.1 N HCI) 

Tyrosine (in 0.1 N NaOH) 

Uracil 
Uridine, UMP, UDP, UTP, 

UDPG, UDPGal 

278 
218 
280.5 
221.5 
274.5 
223 
293.5 
240 
259.5 

262 

• Absorption coefficients are given for a. l cm light patlı. 

Molar Absorption Coefficient" 
(a,. X 10-3) 

5.6 
33.5 
5.43 

34.6 
1.34 
8.2 
2.33 

ll.l 
8.2 

10.0 
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APPENDIX XI 
SPECIFIC ROTATION OF 
SOME CARBOHYDRATES 
AND DERIVATIVES 

418 

Compoıı.nd 

/3-D-Arabinose 
a-L-Arabinose 
{3-L-A rabinose 
{3-n-Fructose 

D-Galactonic acid 
a-D-Galactosamine 
a-n-Galactose 
/3-D-Galactose 
{3-n-Galacturonic acid 

D-Gluconic acid 
a-D-Glucosamine 
a-D-Glucose 
/3-D-Glucose 
a-L-G!ucose 
/3-D-Glucuronic acid 

n-Glyceraldehyde 
a-D-Mannose 
/3-D-Mannose 
/3-D-Mannuronic acid 
a-L-Rhamnose 
a-D-Xylose 

Specifıc Rotaıion [ a: ]b~ro-wc 

-115· .-+ -103° 
+55.4--)+105 

+ 190.6--) + 104.5 
-133.5.-+-92 
-11.2.-++57.6 
+121--)+80 

+ 150.7.-++80.2 
+52.8.-++80.2 

+27--)+55.6 
- 6.7-++ 11.9 
+100--)+47.5 
+ 112--)+52.7 
+18.7.-++52.7 
-95.5--)-51.4 
+ 11.7.-++36.3 
+ 13.5 
+29.3---'d 14.5 
- 16.3 .-+ + 14.5 
-47.9~-23.9 
-8.6.-++8.2 

+ 9.36--) + 18.8 

• The first figure given indicates the (a];'; of the original form; 
the second figure given indicates the [a];; of the equilibrium 
mixture of a and f3 forms after mutarotation. The aldonic acids 
equilibrate with the lactone. 
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APPENDIX xıı 
RADIOISOTOPES USED iN 
BIOLOGICAL RESEARCH 

Decay Energy (Me V) 

Isotope Half-life Beta ({r OT (3 +) Gamma 

Caldum-45 163 days 0.254 
Carbon-14 5700yr 0.154 
Cesium-137 33 yr 0.52 0.032 

ı.ı8 0.662 
Chlorine-36 4.4 X l05 yr 0.714 
Chromium-51 27.8 days 0.267 

0.32 
Cobalt-60 5.3yr 0.31 1.17 

1.33 
Copper-64 12.8 hr 0.573 1.35 

0.654 
Gold-198 2.69days 0.290 0.411 

0.97 0.676 
1.38 1.087 

Hydrogen-3 12.3yr 0.0179 
Iodine-131 8.1 days 0.250 0.080 

0.31 0.284 
0.608 0.364 

0.638 
Iron-55 2.9yr K-capture: 0.232 
Iron-59 45.1 days 0.27 0.19 

0.47 1.10 
1.57 1.29 

Lead-210 25yr 0.018 0.047 
0.029 

Manganese-54 314 days 0.84 
Mercury-203 46.6days 0.212 0.279 
Molybdenum-99 66hr <0.2 0.04 

0.445 0.367 
1.23 0.740 

0.780 
Nickel-63 85yr 0.063 
Phosphorus-32 14.3 days 1.718 
Phosphorous-33 25.2 days 0.248 
Potassium-42 12.4hr 1.98 1.51 

3.58 
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DecayEnergy(MeV) 

Isotope Half-life Beta ({r OT 13+ J Gamma 

Rubidium-86 18.7 days 1.82 1.08 
0.72 

Selenium-75 128 days 0.025, 0.066, 
0.081, 0.097, 
0.121, 0.136, 
0.199, 0.265, 
0.280, 0.305, 
0.402 

Sodium-22 2.6yr 0.55 0.51 
0.58 1.27 
1.8 

Sodium-24 15.06 hr 1.390 1.38 
2.758 

Strontium-90 28yr 0.54 
Sulfur-35 87.1 days 0.167 
Technetium-99 2.1 X 10' yr 0.293 
Zinc-65 244 days 0.325 0.201 

1.11 
Zirconium-95 65 days 0.84 0.72 

0.371 

420 



ANSWERS ·TO PRACTICE 
PROBLEMS 

CHAPTER 1. AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY 

Concentrations of Solutions 7. [H+J = 0.4 M, [Off] = 2.5 x ıo-•• M, 

1. (a) 78.95 g/liter, (b) 7.895% (w/v), (c) 
7895 mg %, (d) 0.711 M, (e) 2.134 Osmolar, (f) 
2.134 

pH = 0.398, pOH = 13.602 

8. pOH = 3.42, pH = 10.58 

9. aH• = 0.071, ')'H+ = 0.71 
2. (a) 39.52 mi, (b) 18.6% (w/w), (c) 20.24% 

(w/v), (d) 1.73 m, (e) 1.53 M, (f) 4.59 Osmolar, 
(g) 0.03, (h) rı2 = 4.59' 

10. pH = 12.86, pOH = 1.14 

11. (a) 20.8 mi, (b) 33.3 mi, (c) 68 mi, (d) 
180 mi, (e) 4.4 X 10-s mi 

3. (a) 18.3 g (at 0°C-calculated from Equ­
atiorr 1-17); 18.0 g (at 0°C-calculated from 
Appendix II), (b) 75 ml (from Equatian 1-18 
or Appendix III) 

12. (a) 12.2 M, (b) 8.2 mi can HCl/500 mi of 
solution, (c) 14.3 mi con HCl/350 mi of solu­
tion, (d) 666 g (or 560 mi} can HCl+ 334 g (ar 
mi) of water, (e) l.64 X ıo-s mi con HCl/liter of 
solution 4. 17.15 M 

Sırong Acids and Bases-pH 

5. (a) (b} (c) (d) 
pH 2 4 2.3 9.57 
pOH 12 10 1 I.7 4.43 
H+ ions/liter . 6.023 X 1021 6.023X 1019 3.0 X 1021 1.63 X 10u 
OH- ions/liter 6.023 X 1011 6.023 X 1013 1.2 X 1012 2.23 X 101i 

(e) (f) (g) (h) (i) 
pH 6.88 11.46 o -ı 4.52 
pOH 7.12 2.54 14 15 9.48 
H+ ions/liter 7.9 X 1016 2.1 X 1012 6.023 X 1()2' 6.023 X 1024 1.81 X 101~ 

OH- ions/liter 4.88X 1016 l.75x1Q" 6.023 X 109 6.023X 108 1.99 X 1014 

6. (a) (b) {c) (d) 
[H+J l.86X ıo-' M 5.14X 10-6 M l.66X 10-7 M 2.24X l0-9 M 
[Oir] 5.4X 10-'.t M l.95X l0-9 M 6.02X ıo-• M 4.46X 10~ M 
H+ ians/liter 1.12 X 10'1 ' 3.1 X 1011 1.0 X 1017 1.35 X 1015 

OH- ions/liter 3.26 X I011 . 1.18 X I015 3.6X 1016 2.7 X 1018 

(e) (f) (g) 
[H+J 3.02 X ıo-ıo M 3.9X 10-ıı M lM 
[Off] 3.31 X 10-5 M 2.57X 10-1 M 1 x ıo-H M 
H+ ions/liter 1.82 X 1014 2.3 X 1011 6.023 X 1025 

OH- ions/liter l.99X 1019 1.55 X 1()21 6.023X 109 
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422 ANSWERS TO PRACTICE PROBLEMS 

13. (a) 400 g NaOH/5 liters of solution, (b) 
0.25 g NaOH/2 liters of solution, (c) 356 g 
NaOH/500 mi of solution 

14. 202 mi 

15. l.06 g 

16. 24.5 x lOi mi (24.5 liters) 

Weak Acids and Bases-Bujfers 

17. (a) K. = 1.27 X 10-4, (b) pH = 2.28, (c) 
1210 ml, {d) 1.75 x 1021 ions 

18. (a) [H+J = 5 X ıo-' M, (b) L85 X ıo-•%, 
(c) K = 9.25 x ıo-9 

19. (a) [Off] = 1.49 x 10-1• M, (b) 4.46% 

20. 12 K. 

21. (a) pH = 11.07, (b) 2.36% 

22. (a) pK. = 3.21 and pK. = 10.79, (b) 
pK. = 4.54 and pK. = 9.46, (c) pK. = 4.47 and 
pK. = 9.53, (d) pK. = 5.14 and pK. = 8.86 

23. (a) pK. = 4.68 and pK. = 9.32, (b) 
pK, = 5.51 and pK. =8.49, (c) pK. =4.11 and 
pK. = 9.89, (d) pK. = 3.04 and pK. = 10.96 

24. pH = ll.4 

25. (a) 1.46, (b) 4.67, (c) 9.76, (d) 12.74, (e) 
9.03, (f) 4.98, (g) 11.59, (h) 9.35, (i) 5.07, (j) 5.07 

26. 1080ml 

27. 487.5ml 

28. [H+] = 5 X ıo-" M, pH = 12.3 
29. [W] = 1.66 X 10-9 M, pH = 8.78 

30. [H+] = 7.25 X ıo-ı M, pH = 4.14 

31. [H+] = 1.6 X ıo-u M, pH = 12.8 

32. [NH3) = 0.103 M, [NH,Cl] = 0.047 M 

33. (a) pH = 12.32, (b) pH = 12.15, (c) 
pK~, = 11.79 

34. pH = 8.28 . 
35. pH = 10.15 

36. pH = 9.56 

37. 28.9 g sodium formate + 75.5 mi 1 M 
formic acid/2 liters of solution 

38. (a) 400 mi 2 M H3PO, + 1070 ml 1 N 
KOH/40 liters of solution, (b) 10-00 mi 0.8 M 

H3PO, + 42.8 g NaOH/40 liters of solution, (c) 
54 mi 14.8 M H,PO, + 1070 mi 1 M KOH/40 
liters of solution, (d) 533 mi KH2PO, + 267 mi 
Na2HP0,/40 liters of solution, (e) 72.5 g 
KH2PO, + 46.5 g K2HP0.1/40 liters of solution, 
{f) 139.l g K,HPOi + 355 mi 1.5 M HCl/40 
liters of solution, (g) 666.7 mi K1HPO, + 
133.0 mi 2 M H,S0./40 liters of solution, (h) 
108.8 g KH2PO, + 133.5 mi 2.M KOH/40 liters 
of solution, (i) 533.3 mi 1.5 M KfüPO. + 
267 mi l M NaOH/40 liters of solution, (j) 
131.2 g Na,PO, + 1330 mi 1 M HCl/40 liters of 
solution 

39. 21 mi glacial acetic acid and 62.2 g 
potassium acetate/5 liters of solution 

40. (a) pH = 6.96, (b) pH = 2.4, (c) 
HPo:- + H+ :.=. HıPO~ 

41. l = Tris0(fris+, (b) t = Tris0(I'ris+, (c) 
pH = 8.l, (d) pH = 12.52, (e) R-NH+ ~ 
R-N° + H+ replacing a Jarge portion of the H+ 
utilized and converting some of the Tris+ to 
Tris0 

42. [H•) 
µ.moles/ml 

formed = 1.49 X 10-3 M = f .49 

0 "-.43. (a) {3 = 4.69 X ıo-• M in both direc­
tions, (b) BC. = 2.47 x ıo-~ M, BCb = 
5.I5x ıo-, M 

44. (a) pH = 4.23, (b) pH = 4.23, (c) 
H,A: HA-: A2- = 1: 19.95: 8.90; [H2A]"" 1.675 
X ıo-• M, [HA-]= 33.41 X ıo-s M, [A2-] = 14.91 
X ıo-• M 

Amino Acids and Pepıides 

45. {a) pH = 3.07, (b) pH = 6.02, (c} pH = 
10.3 , 

46. (a) 2250 mi, (b) 200 ml, {c) 600 mi, (d) 
1200ml 

47. (a) 250 ml, (b) 468.8 mi, (c) 1225 mi, (d) 
468.8 rnl 

48. pH = 9.45 

49. (a) AA0 , (b) AA-, (c) AA+ 

50. Dissolve il.92 g (0.2 moles) of histidine 
hydrochloride monohydrate (AA+) in some 
water. Add 152 mi of 1 M KOH. Dilute to 
1.0 liter. The final solution contains 0.152 M 
AA0 and 0.048 M AA•. 
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Blood Buffers 53. pH =7.34 

51. 1.2 X ıo-s M 54. K& = 0.0275 

52. [C02]: [HCO;J: rco:-1 = 1: 20: 0.0283 55. O. 716 H+ /0, 

CHAPTER 2 · CHEMISTRY OF BIOLOGICAL MOLBCULES 

Amino Acids, Peptides, and Proteins 

1. Disregarding hydrophobic interactions, 
we predict the order to be glu, ser, trp, ala, 
arg. However, glu is slightly hydrophobic 
(because of the two methylene groups) and ser 
is quite hydrophylic, so the order is re­
versed. Similarly, trp is significantly more 
hydrophobic than ala, so even though the pI 
of trp is slightly lower than the pI of ala, ala 
elutes before trp. The actual order is ser, 
glu, ala, trp, arg. (Arginine will not elute at 
ali unless the pH is increased.) 

2. Serine will not move {pH = pI). Ar­
ginine will move the fastest toward the nega­
tive pole, followed by alanine and then tryp­
tophan. Glutamate will move toward the 
positive pole. 

3. lys-met-tyr-ser-phe-ala-gly 

4. glu-phe-lys-pro-lys 

5. met-asp-phe-thr-ser 

6. {a) 6.4 X 107, (b) 2.79 X 107, (c) 38,760, (d) 
60,459, (e) 177,100 

7. (a) 183 A, (b) 439.2 A, (c) 14,640 

8. (a) First calculate the weight fraction of 
each amin o acid residue: ser= 0.279, pro = 
0.311, ala= 0.228, and giy= 0.183. Then cal­
culate ii of the lipoprotein from 1 (wt. frac­
tion of amino acid) (ii of amino acid). ii = 
0.700 cm'/g, p = l/ii = 1.429 g/cm', (b) 
volume = 9.077 x 10-tı cm'= 9077 A\ diameter 
=25.asA 

9._ 25,700 

10. Use the law of cosines: a 2 = 
b2 + c2 -2bc cos A (where a, b, and e are the 
sides of a triangle and A is the angle opposite 
a) to obtain x = 2.397 A. and y = 2.151 A. 

11. 13 [GS, GS·AMP, GS(AMP)2 .... 
GS(AMP)12] 

12. MW = 33,459 

13. The enzyme is probably composed of 
four subunits of MW 22,000, each subunit 
containing one atom of selenium. 

14. (a) 39,901, (b) 41,649 at 2.5 mg/ml-+ 
43,397 at infinite dilution 

15. MW = 13,921 

Carbahydrates 

16. (a) 4, (b) 8 

17. 11 [1-+2, 3, 4, 6; a or {3, plus three l-1 
linked disaccharides: a-a, a-/3, (same as /3-
0:), and /3·/3] 

18. 90% (75 mg of pure cellulose should 
yield 83.33 mg of glucose on hydrolysis) 

19. glucose (1-+ 2) glucose 

20. (a) Glucose (a or ,131-+ 3) glucose, or 
glucose (/3 l-+ 4) glucose. The nonreducing 
residue utilizes two moles of periodate and 
releases one mole of formic acid. The sugar 
alcohol formed from the reducing residue 
utilizes three moles of periodate and liberates 
two moles of formaldehyde (from carbons l 
and 6) and one mole of formic acid (from 
carbon 5 for the 1-3 possibility; from carbon 2 
for the 1-4 possibility). (b) The polysac­
charide (called nigeran or mycodextran) con­
sists of alternating 1-4 ancl 1-3 linked glucose 
residues. 

21. There are a total of 200 p.moles of 
glucose in 32.4 mg of amylopectin. (a) The 
products are 10 µmoles of 2,3,4,6· 
tetramethylglucose. . ·. 10 µ.moles of 2,3-
dimethylglucose (from branch points), and 
180 µ.moles of 2,3,6-trimetbylglucose. (b) 
5%, (c) 370 

22. (a) 5, (b) 2, (c) 2,3,4,6-
tetramethylgalactose; 2,3,4-trimethylglucose; 
and 1,3,4,6-tetramethylfructose 

23. (a) 438,727, (b) 1.477 
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Lipids 

24. (a) 64, (48, discounting like-ended 
molecules), (b) 40, (c) 20 

25. 556.3 

26. 730.4 

27. 2 

28. Elemental analysis yields Cıo.ıgHıuoO 
(or possibly CıoH,~0), or CııH:ıoOt, The 
freezing point depression cakulation yields a 
M.W of 313.8, which agrees with CııH:ıoOı 
(actual MW = 314.45). 

29. Use iiı;pop<Olein = l: {wt. fraction of com­
ponent) x {ii of component) to obtain ii = 
0.833 cm'/g. p = l/ii = l.20 g/cm3• 

Nudeotides and Nucleic Acids 

30. If T"" 32.8%, A = 32.8%, G = 17.2%, 
and C = 17.2% 

31. (a) 3.56X 106. (b)' 1.21 mm, (c) volume 
of DNA = 3.8 x ıo-ış cm' or 0.24% of the total 
celi volume 

32. (a) (3.56Xl06)X2=7.I2Xl06 nudeo­
tides/40 min = 1. 78 X 1 o• nucleotide bonds/ 
min, (b) 0.03025 mm/min = 30.25 µ.m/min, (c} 
356,000 turns/40 min = 8,900 turns/min 

33. 40,000 

34. 75% of 3.56 x 106 coding nucleotides = 
2.67 X 106 nucleotides = 890,000 codons. A 
protein of MW 60,000 contains 500 amino 
acids. . ·. 1,780 different proteins can be 
made. 

35. 49,440 
DNA) 

(Assuming double-stranded 

36. (a) 57.5% G+C, (b) % G+C=2.4 
(T .. -49.3} 

37. 2.5 X 107 

CHAPT.ER. 3 BIOCHBMICAL ENBRGETICS 

l. .6.G' = +500cal/mole 

2. (a) AG = -4092 cal/mole (.6.G' = O). (b) 
The reaction proceeds in the direction of 
ADPG + PPı synthesis. 

3. The hydrolysis of glucose-6-sulfate will 
proceed further to the right (higher "B;,!q and 
more negative 6.G') because the product, 
HSO;, is a stroiıg acid (pK., = 1.9) that spon­
taneously ionizes at pH 7 to so:- + H+.. The 
product of glucose-6-phosphate hydrolysis, 

ATP + H,O ~ AMP + PPı 

HPor + H2PO;, is a weak acid (pK., = 12.5) 
that does not ionize further. 

4. K!. = 64.26, 6.G' = -2466 cal/mole 

5. 6.G' = -12,481 cal/mole 

6. 6.Gioo> = - 1972 cal/mole (when K., = 
2.69 X ıo-~} 

7. (a) The overall synthesis can be consid­
ered as the sum of two reactions: 

NHZ + aspartate ~ asparagine + H20 

6.G' = -8000 cal/mole 

/ıG' = + 3400 cal/mole 

Sıım: aspartate + ATP + NH; :.= asparagine + AMP + PPı 6.G' = -4600 cal/mole 

A more rapid mental calculation says: ATP (worth -8000 cal/mole) is used to make asparagine 
(worth -340() cal/mole). Therefore,. the overall .6.G' (the difference) is -4600 cal/mole. 

(b) (1) aspartate + ATP :.= f!-aspartyladenylate + PPı .6.G\ = +2000 cal/mole 

(2) /3-aspartyladenylate + NH! ~ asparagine + AMP am = -6600 cal/mole 

Overall: (3) aspartate + A TP+ N Ht ~ asparagine + PPı + AMP .6.G~ = -4600 cal/mole 

ATP (worth -8000 cal/mole) is used to make {:1-aspartyladenylate (worth -10,000 
cal/mole). Therefore, .6.GI = + 2000 cal/mole. The second reaction must have a .6.G' such that 
the overall .6.G' is -4600 cal/mole: .6.Gl+.6.G;=.6.Gı, Therefore, 6.G~=.6.Gı-.6.GI= 

(-4600)-(+2000) = -6600 cal/mole. 
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8. [G-6-P] > 0.221 M 

9. llG' = - 18,912 cal/mole. (The llG' of the ATP sulfurylase reaction is 
+ 10,912 cal/mole. ATP is worth -8000. Therefore, APS must be worth -18,912.) 

10. ATP ~ cyclic AMP + PP, K~=0.065 

. '. cyclic AMP + PP1 ~ A TP 

A TP+ H20 ;;:! AMP + PPı 
K:q= 15.38 llG'=-1619cal/mole 

.ı\G' = - 8000 cal/mole 

cyclic AMP + H20 ;;:! AMP 

l 1. (a) -O, (b) -3415 cal/mole, (c) -0, (d) 
-1700 cal/mole 

12. (a) [glucose-6-P) = 0.95 M, [glucose-
1-P] = 0.05 M, [glucose-6-P]/ 
[glucose-1-P] = 19 

(b) [glucose-6-P] = 0.095 M, [glucose-
1-P] = 0.005 M, [glucose-6-P]/ 
[glucose-1-PJ = 19 

(c) [glucose-6-P] = 9.5 X ıo·J M, [glu­
cose-1-PJ 7 5 x ıo·• M, [glucose-
6-PJ/[glucose-l-PJ = 19 

(d) [glucose-6-P) = 9.5 X 10__, M, [glu­
cose-1-P] = 5 x 10·5 M, [glucose-
6-PJ/[glucose-l-P] = 19 

(e) [glucose-6-P] = 9.5 x ıo-s M, [glu­
cose-1-PJ = 5 X ıo·& M, [glucose-
6-P]/[glucose-l-PJ = 19 

13. (a) isocitrate = 0.845 },f, glyoxylate = 
0.155 M, succinate = 0.155 M 

isocitrate = 5.45 glyo:ylate = l.O 
glyoxylate succınate 

(b) isocitrate = 0.0591 M, glyoxylate = 
0.0409 M, succinate = 0.0409 M 

i~ocit7te = 1.44 glyo~ylate 1.0 
g yoxy ate succınate 

(c) isocitrate = 0.0022 M, glyoxylate = 
0.0078 M, succinate = 0.0078 M 

isocitrate = 0_282 glyo~ylate = l.O 
glyoxylate succınate 

(d) isocitrate = 3.3 x ıo·S M, glyoxyl­
ate = 9.67 x ıo·• M, succinate = 
9.67 X 10·• M 

i:ocitrre = 0.034 glyo:ylate 1.0 
g yoxy ate succınate 

(e) isocitrate =-OM, glyoxylate = 
- l x ıo·~ M, succinate = - I x 
10·~ M 

isocitrate = _ 0 
glyoxylate 

glyo~ylate = 1 .O 
succınate 

llG'= -9619cal/mole 

14. (a) pyruvate + J3-hydroxybutyrate-+ 
lactate + acetoacetate; (b} pyruvate is reduced 
to lactate, /3-hydroxybutyrate is oxidized to 
acetoacetate, pyruvate is the oxidizing agent, 
J3-hydroxybutyrate is the reducing agent; {c) 
A~= +0.100 v, .ı\G'= -4612 cal/mole, K~ = 
2408 

15. (a) ubiquinone + succinate --. ubi­
quinone-Hı + fumarate; (b) llE = +0.070 v, 
AG 1 = -3228.8 cal/mole, K:,. = 233 

16. (a) -0.149 v; (b) -0.081 v, {c) -0.06 v, 
(d} -0.046v, (e) -0.019v, (f) +0.017v 

17. (a) [NADHJ/[NAD+] = 1.22 x 10·' (equa­
tion 33), (b) [NADHJ/[NAD+J = 1.22 x ıo·' 

18. (a) E&...,=E~H,-(0.059)(2) .". E~"' 
= - 0.293 v, (b) El,'"'= E~'"' because H+ is not 
involved in the reaction · :. Efı,,,.,= +0.771 v 

19. (a) -6 ATP/mole S oxidized, (b) -3 
ATP/mole NH; oxidized 

20. The fatty acid because it is more highly 
reduced than the sugar (more hydrogens per 
mole to bum). The AG' of hexanoic acid 
oxidation will be more negative than the llG' 
of fructose oxidation. 

21. 18 moles ATP/mole ethanol 

22. llG = (2)(1364)/lpH. Under the given 
conditions, AG = 6336 cal/mole. .'. llpH = 
2.32 

23. (a) ı' = 109,808 cal/einstein, (b) ı' = 
38,067 cal/einstein 

24. -2 ATP at 40 to 50% efficiency 

25. (a) llG = -543 cal/mole, (b) ll.G = 
+ 543 cal/mole (i.e., 543 cal are required to 
move a mole of er outward). 

26. At 37°C, .ı\G = 1419 ll.pH .'. llG = 
7518 cal/mole 

27. (a) llG = ZS1-A'l' .". llG = - 13,838 
cal/mole, (b) - 1010 
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28. AH= -70,000cal/mole,AG'= -65,314 
cal/rnole, Tt:.S = -4686 cal/mole, AS= -15.7 
e.u. at 25°C (298°K) 

29. (a) AH = -11,092 cal/mole, AG' = 

CHAPTER 4 °ENZYMES 

1. (a) K,. = 10-s M, V,., .. = 120X 10~ MI 
min. (b) Verify by plotting v versus [S], show­
ing a hyperbolic curve, and by plotting 1/v 
versus 1/[S] showing a straight line. You can 
also show that the original v versus [S] <lata 
yield the same K.. value regardless of which 
values are substituted into the Michaelis­
Menten equation. (c) 0.012 min-•. 

2. (a) 0.107 nmole X liter-1 X min-ı, (b) 26.6 
nmoles X liter-1 x min-ı, (c) 37.7 nmoles x 
!iter-• X min-1, (d) 114.2 nmoles X liter-1 x 
min-1, (e) 128 nmolesXliter-1 Xmin-1 = Ym .. 

3. Each of the indicated values of v would 
be !ive times greater. 

4. (a) k1 = V ,.,.1/K.,. = 0.168 min-•, (b) k, = 
kı/K«ı = 8.4 X ıo-• min-1, (c) Ym_.,./ K .. , = k, = 
8.4 x ıo-• min-• 

5. 'llnrt = -5.4 JLmoles X liter-• X min-• 
(P->S) 

6. (a) 5.4 µ.moles/liter, (b) 11.55 µmoles/ 
!iter, (c) 16.2 µmoles/liter, (d) 28.62 µmoles/ 
!iter, (e) 2.7x ıo-ı%, 4.28X 10-2%, 8.1 x 10-2%, 
14.31 X 10-2% . 

7. {a) 2.1 x ıo-6 M at 5 min, (b) 3.9x 
10-6 M at 10 min 

8. (a) 22.4%, (b) 22.4%, (c) 1.52 x 
ıo·s moles x !iter-• x min-•, (d) 13.7 min, (e) 
27.4 min (k = 0.051 min-1) 

9. (a) 361, (b) 16, (c) 9, (d} 3 

10. 1/v = "2" = 0.02, V,~, = 1/0.02 = 50 
nmoles x !iter-• x rnin-1, 1/{SJ = "4" = 4 X 104, 
Kn = 1/(4 X 101) = 2.5 X 10-s M 

11. (a) [PS] = 0.65 x 10-6 M, (b) [P] = 
0.50 X 10"6 M, [P}, = 1.15 X 10-6 M, (c) Ks= 
6 x ıo-1 M. A Scatchard plot using data at 
several different concentrations of [SJ1 would 
yield a more reliable estimate and alsa estab­
lish whether only one type of binding site is 
present. 

-2568 cal/rnole, TAS = -8524 cal/mole, 6.S = 
-27.5 e.u., (b) K!..ı at 28°C:.: lll.4 

30. v at 37QC is 3.77 times greater than v at 
15°c 

12. A reciprocal plot will establish that the 
kinetic constants for the adult Iiver extract are 
K .. = 3 X 10-4 M, V m» = 20 µmoles/mg pro­
tein. The ernbryonic liver extract has kinetic 
constants of K .. = 5 X 10-~ M and V m" = 
20 µ.moles/mg protein. The different K .. val­
ues suggest · that the adult and embryonic 
enzymes are not kinetically identical. They 
may be the products of two different genes, 
or, alternately, the adult enzyme might be a 
modified form of the embryonic en­
zyme. The identical Y m .. values may be coin­
cidental since v ..... = ~[EJ,. Thus, one ex­
tract might contain a higher concentration of 
enzyme with a lower catalytic rate con­
stant. Another possibility is that the two en­
zymes are indeed identical and present at the 
same concentrations, but that the extract of 
the adult tissue contains a competitive in­
hibitor that increases the apparent K ... 

13. A reciprocal plot shows that the K .. öf 
the enzyme present in the serum is 3 x 
ıo-1 M. Thus, liver damage is a more likely 
diagnosis than strenuous exercise (assuming 
the absence of inhibitors or activators that 
might alter the K .. value). 

14. (a) 17 .6 nmoles x Iiter-1 x min -ı, 87%; 
(b) V; = 3.7 nmoles x !iter-• X min-•, 91.8%; (c) 
v, = 210.2 nmoles X liter-1 x min-1, 1.3% 

15. (a) 3.7 X 10-~ M, (b) 2.93 X 10-2 M 

16. 6.66 X 10·~ M 

17. (a) 20.7 nmoles x liter-1 x min-1, (b) 
89.3% 

18. rsJı = (ı +~)rsıo 

19. The control data (ora reciprocal plot) 
yields K .. = 1 x 10-' M and Vn,,, = 100 
nmoles/min. I is a competitive in­
hibitor. (The reciprocal plot intersecıs the 
control plot at V max,) K; = 3 X 10-6 M (calcu­
lated from either the slope of the reciprocal 
plot or from K..,,..}. X is a noncompetitive 



inhibitor. (The reciprocal plot İntersects the 
control plot on the 1/[SJ axis at - 1/K.,.) Kı = 
1.5 X ıo-s M (calculated from the slope of the 
reciprocal plot or from the 1/v-axis inter­
cept). Y is an uncompetıtıve in­
hibitor. (The reciprocal plot is parallel to the 
control plot.) K. = I x ıo-l M (calculated 
from the 1/v-axis intercept of the reciprocal 
plot or from K..,,,). Z is a mixed-type in­
hibitor. (The reciprocal plot intersects the 
control plot to the left of the 1/v axis, above 
the 1/[SJ axis.) K, = 2 x ıo-• M (cakulated 
from the slope of the reciprocal plot). o:K; = 
8 X 10-4 M (calculated from the 1/v-axis inter­
cept or the 1/[SJ intersection coordinate. 
Thus, a =4. 

20. The v versus [SJ plot is shown in 
Figure PP-4-1. This is an example of an 
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"energy-charge" type of response. S and P 
might be ATP and ADP, respectively. ATP 
is co'nverted to ADP in the reaction described 
in this problem, but the total nucleotide pool 
remains constant. Thus, as the ATP con­
centration increases, there is a simultaneous 
reduction of product inhibition resulting in 
the unusual velocity curve. lf the [SJ/[PJ 
ratio is poised at about 9 X ıo-ı M, v would be 
extremely responsive to small changes in the 
ratio. The energy charge response is seen 
only when KP < Ks; that is, when the enzyme 
has a higher affinity for the product than for 
the substrate. 

21. pH"" = l(pK. + pK,) = 5.5 

22. The situation is identical to that de­
scribed in Practice Problem 21 except now 
both ionizable groups are on the enzyme. (a) 

Mole fractiorı S: ıs/!1[PJ 
O 0.2 0.4 0.6 0.8 1.0 

lOOr---~-,-~~-.,.-~~-,-~~~~~~~~~~-,-,~~~~~~~~~~~ 

,...., 
1 
C 

1 

E 
X 

.. ~ 50 
X 

"' "' o 
E 

..s. 
"' 

o 

Kp = 10-5 M 
Ks = 10-4 M 

[S) + !Pl = 10-3 M 

2 X 10- 4 4 X 10:-4 6 X 10-4 8 X 10- 4 

[S] (M) 

Figure PP4-l (Practice Problem 20) Energy charge response where [SJ + [PJ is constant 
and P is a product inhibitor. 
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pH<>ı>< = 5.5. (b) The reactions are: 

H+ 

+ K5 1, 

En + S :::::::::-=; ES - E + P 

~1r 

where E" = +HN-E-COO-, E'+ı = +HN-E­
COOH, E·- 1 = N-E-COO-. [H+] acts asa com­
petitive inhibitor as its concentration ap­
proaches K,, (i.e., as the pH decreases toward 
pK,,). An identical effect on the slope of the 
reciprocal plot is observed as [H+] decreases 
(i.e., as the pH increases toward pK.., and the 
dead-end E"- 1 form accumulates). The veloc­
ity equation can be written according to the 
usual rules. 

or 

V [S] 
Vmn = K (ı + [H+J+ K., )+[S] 

. s K,, [H+] 

where the K.,/[H+] term represents the con­
centration of E"-1 relative to E". 

23. (a) E. = 11,828 cal/mole, (b) Qıo = 1.92 

24. (a) I.6 x ıo-ı 1-<mole/min, (b) 16 µ.moles 
Xliter-1 x min-1, (c) 3.33 x ıo-, µ.mole x mg 
protein-1 X min-•, (d) 0.08 unit/ml, (e) 0.0033 
unit/mg protein 

25. (a) 88.5%, (b) 2.95-fold 

!!6. (a) 43,200 (moles S--+ P) x mole 
enzyme-1 X min-1, (b) 2.3 x ıo-• min 

27. (a) Vm._. = 3.6 X 10-4 M /min = 3.6 X 10-ı 
µ.mole X mı-1 x min-1 = 0.36 unit/ml, (b) 
[E] X ı = constant. Therefore, ı = 9.0 min 

28. (a) 4.72 nmoles X liter-1 X min-1, (b) 
29.79 nmoles x liter-ı X min-1 

29. (a) 

V [A) 

V = = K (ı K.,K.,.) [A (ı K,.,) ~. + K .. .(B] + ] + [B] 

[AJ 
K .. A(slope factor) + [A)(intercept factor) 

(b) 

V [B] 

V,,,.. = K ... (ı + ~]) + [BJ(ı + ~}) 

= [B] 
K~0 (slope factor) + [B ](intercept factor) 

30. The equations for initial velocity 
studies of a rapid equi!ibrium ordered bireac­
tant system are: 

V [AJ 

V mn = KA(~j) + [AJ(ı + ~j) 
[AJ 

KA(slope factor) + [A](intercept factor) 

and 

_v_= [B] 

Kıı(ı + ı;) + [BJ 

[B] 
Kıı(slope factor) + [BJ 

Unlike the steady-state system, the slope of :" 
the 1/v versus 1/(AJ plot for the rapid equilib­
rium systern goes to zero as [B J approaches 
infinity. (As [BJ increases, the KB/[BJ term of 
the slope factor becomes very srnall.) Also, 
unlike the steady-state system, the plots of 1/v 
versus 1/[BJ intersect on the vertical axis at 
l/V ın•x· (Tpere is no intercept factor----'the 
denominator [B] term is not multiplied by an 
(A]-containing term.) 

31. a<l, b>l, c<l. b>I (negative 
cooperativity) indicates that the second 
moleculc of S that binds makes it more diffi­
cult for the third molecule to bind. 

32. V"""" = 100 µ.moles x liter-1 x min -ı. 
[S)o.5 = 5 X ıo-! M. The v versus [S) plot is 
sigmoidal. The slope of the Hill plot = 2 (i.e., 
n,pp = 2). K' = 2.5 X ıo-• M 1• 



33. {a) n, •• = 2, (b) [S]u/[S)o ı = 3 

34. L = 49.7 

35. The rules of equilibrium require that 
LXKs,=Ks,xL, . .'. L,=(L)(K5,)/Ks, or 
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Lı = Le. Similarly, L, = Le' L = L , and 
L, = Le'. ' ' c' 

36. ~a)_1 45 units x .g tissue-ı x min-•, (b) 
0.053 mm , (c) 25.44 unıts x g tissue-1 x min-• 

CHAPTER 5 SPECTROPHOTOMETR Y 
AND OTHER OPTICAL METHODS 

1. (a) At 260 nm: A = 0.33, I = 0.468. At 
340nm: A =0.137, I =0.730. (b) At 260 
nm: A = 0.752, I = 0.177. At 340 nm: 
A = 0.044, I = 0.905 

2. (a) [NADPH] = 2.41 x ıo-s M, [ATP] = 
3.50 x ıo-• M. (b) [NADPH] = 0, [ATPJ = 
4.87 x ıo-s M. (c) [NADPHJ = 3.54 X 10-5 M, 
[ATPJ=O 

3. [A} = 1.26 x ıo-• M, [B) = l.l 1 x ıo-• M 

4. (a) 0.207 mg/ml. (b} The proteins in 
the preparation may not have the same aver­
age aromatic amino acid composition as 
bovine serum albumin. 

5. (a) 223.2 µg/ml = 0.223. (b) Yes-the 
absorbance at 215 nm and 225 nm results 
from the peptide bond. 

6. [GSSG]"" l.196X ıo-• M in the original 
1.5ml 

7. To the unknown solution, add a solu­
tion eontaining excess NAD\ P;, and 
glyceraldehyde-3-phosphate dehydrogenase. 
The GAP present will be converted to 1,3-
DiPGA. üne mole of NADH will be pro­
duced for every mole of GA.P originally pres­
ent. Then add triosephosphate isomerase to 
convert the DHAP to GAP that will then be 
converted to l,3-DiPGA producing another 
mole of NADH for every mole of DHAP 
originally present-. Finally, add aldolase to 
convert the FDP to GAP and DHAP which, 
upon eonverşion to l,3-DiPGA, will yield 2 
moles of NADH per mole of FDP originally 
present. The use of arsenate in place of 
phosphate will insure that the glyceraldehyde-
3-phosphate dehydrogenase reaction goes to 

compietion. (The triose-1-arsenate anhyd­
ride spontaneously hydrolyzes.) 

8. [citrate) = 1.35 x ıo-• M, [isocitrate] = 
l.35X ıo-• M 

9. The A...... of 0.262 corresponds to 
[NADPH] of 4.21 X ıo-s M. Therefore, the 
APS concentration in the assay was 4.21 x 
ıo-s M. The original solution eontains 
(4.21 X 10-5)(1.0)/0.9 = 4.68 x 10-5 M APS. The 
total nucleotide concentration of the original 
solution is 5.84 x 10-5 M. Therefore, the pre­
paration is 80.1% APS. 

10. Am ... = 0.105 

l I. (a) 0.232 units/ml, (b) 1.93 units/mg 
protein 

12 . .6.A~s ... of 0.08/min:!:!:lı.C of 2.57x · 
ıo-s M x min-ı = 25.7 X 10-ö M X min·1 = 25.7 
µ.moles X liter-1 X min-1 = 0.0257 µmolex 
mı-• x min-• = 0.0257 unit/ml. The glyeerol 
kiıiase solution contains 0.257 unit/ml (85.7% 
of the stated aetivity). 

13. The assay mixture contained . 1.094 
µg/25 ml. The uriııe contained 2.19 pg/ml. 
The amouııt excreted is 1750 µg/24 hours, 
which is considerably above normal. 

14. (a) -5.12°, (b) -794.6° 

15. 0.226 g/ml 

16. a = 67.5%, /3 = 32.5% 

17. A 0 =[aJXcXl;Mm=A~+Ap. c= 
0.5 g/ml. At 10 min, füe /3 form represents 
16.0% of the total {0.080 g/ml). : . v ""B.O 
mgx mı-• x min-1• 
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CHAPTER 6 ISOTOPES IN BIOCHEMISTR Y 

l. (a) wCa.s -4 -ı.8° + 21Sc'5, (b) ırCl:,ö-4 -ı,8° + 
ısA", (c) ,.K'2 -4-ı,/3°+20Ca'2, (d) ı,P3!--'>- 1 {3°+ 
ısS'' 

2. (a) 0.173 yr-ı, 4.75 x ıo-• day- 1, 1.98 x 
ıo-~hr-1. 3.30x10:-1 min-ı. 5.4gxıo-2 sec-1, 
(b) 82.9% 

11. (a) 9.33 X ıo-• µ.rnole/min, (b) 0.622 
µ.rnole x liter-1 X min-1, (c) 1.30 x ıo-s µ.moles X 

mg protein- 1 X min-• 

12. 6 liters 

13. The dala and calculations are shown 
below. 

(Data for Practke Problem 13) 

"Minus" 
chamber without 
protein = [S] 

1870 CPM/10 µl = 1.87 x 10-6 µ.mole/10 µ.l = 
1.87 x ıo-1 µ,moles/µ.l = I.87 x ıo-1 M 

"Plus" 
chamber with 
protein= 

2570 CPM/10 µJ = 2.57 X 10-6 µrnole/10 µ.I = 
2.57 x ıo-1 µ.mole/ µ.I = 2.57 x ıo-1 M 

[SJ+ [PSJ 

[PS] = difference 700 CPM/10 µ..I = 0.7 X 10-6 µmole/10 µ.! = 
0.7 X 10-7 µmole/µ.) = 0.7 X ıo-1 M 

[P], 6 X 10-6 g/ml = 6 X 10-ı g/Jiter 

6 X ıo-ı g/liter 0.1 X 10-6 mole/liter = I X ıo-1 M 
60 x 10! g/mole 

[PJ = [P], - [PS) [P] = (1 X 10-1)- (0. 7 X 10-7) = 0.3 X 10-7 M 

Ks K = [PJ[S] = (3 X 10-8)(1.87 X 10-7) = B Ol X 10-s M 
s [PSJ (7 X 10-8) • 

3. (a) One atom out of every 11. 7 radioac­
tive atoms present decays per day; one out of 
every 16,831 decays per minute; (b) 12.3 x 10' 
Ci/g, 16.11 X 106 Ci/g-atom, 2. 73 x 1017 DPM/g 

4. 23% 

5. (a) 18.25 x 106 Ci/mole (18.25 x 10' 
mCi/µmole), (b) 4.93 x 10~% 

6. 5.62 x ıo-• g/mCi 

7. (a) 3.57 X 10-3 M, (b) 8.63 X 108 CPM/ml 

8. (a) 1.56 mCi/mg, (b) 227.7 mCi/mmole, 
(c) 5.05Xl08 DPM/µ.mole, (d) 6.74Xl01 

CPM/ µ.mole carbon 

9. :rake 11 µl of radioactive L-cysteine-S~ 
stock solution plus 0.1189 g solid, unlabeled, 
anhydrous L-cysteine hydrochloride and dis­
solve in sufficient water or buffer to make 
75 ml of solution. 

10. Take 3.38 mi of radioactive glucose-Cu 
stock solution plus 2.92 rng solid, unlabeled 
glucose and dissolve in sufficient water to 

make 50 mi of solutiQn. 

14. (a) 7965 CPM/µ.mole, (b) 6761 CPM/ 
µmole, (c) 4494 CPM/µ.mole 

15. C1' = 158,000 DPM, P'' = 265,000 DPM 

16. (a) ı~,JJJ = 4.085 hr, q, ~ 6 hr, (b) S.A. at 
zero time= 10,000 CPM/ml 

17. 0.0128 M 

18. 173.2 µ.g 

19. 85.35 mg/50 mi= 1.71 mg/ml 

20. 5 l.8 µmoles 

21. There is 6.l9X ıo-s mole of reactive 
SH per 3.09 x ıo-s rnole of enzyme, or 2 
SH/molecule 

22. (a) 6720 CPM of the known 10,000 
CPM (67.2%) was recovered. The un­
quenched actıvıty of the sample is 
32,068 CPM. (b) Determine the specific activ­
ity of the PPt2 under the same quenching 
conditions that the samples are counted (i.e., 
in the presence of charcoal). 



LOGARITHMS 

,J ~ l'Toporlioııal Parls 
~~ 
<1 § o 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 
:;,,:; S! 

10 0000 0043 0086 0128 0170 0212 0253 0294 0334 0374 4 8 12 17 21 25 29 33 37 
11 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 4 8 11 15 19 23 26 30 34 
12 0792 0828 0864 0899 0934 0969 1004 1038 1072 1106 3 7 10 14 17 21 24 28 31 
13 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430 3 6 10 13 16 19 23 26 29 
14 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 3 6 9 12 15 18 21 24 27 

15 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014 3 6 8 11 14 17 20 22 25 
16 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 3 5 8 11 13 16 18 21 24 
17 2304 2330 2355 2380 2405 2430 2455 2480 2504 2529 2 5 7 10 12 15 17 20 22 
18 2553 2577 2601 2625 2648 2672 2695 2718 2742 2765 2 5 7 9 12 14 16 19 21 
19 2788 2810 2833 2856 2878 2900 2923 2945 2967 2989 2 4 7 9 11 13 16 18 20 

20 3010 3032 3054 3075 3096 3118 3139 3160 3181 3201 2 4 6 8 11 13 15 17 19 
21 3222 3243 3263 3284 3304 3324 3345 3365 3385 3404 2 4 6 8 10 12 14 16 18 
22 3424 3444 3464 3483 3502 3522 3541 3560 3579 3598 2 4 6 8 10 12 14 15 17 
23 3617 3636 3655 3674 3692 3711 3729 3747 3766 3784 2 4 6 7 9 11 13 15 17 
24 3802 3820 3838 3856 3874 3892 3909 3927 3945 3962 2 4 5 7 9 11 12 14 16 

25 3979 3997 4014 4031 4048 4065 4082 4099 4116 4133 2 3 5 7 9 10 12 14 15 
26 4150 4166 4183 4200 4216 4232 4249 4265 4281 4298 2 3 5 7 8 10 11 13 15 
27 4314 4330 4346 4362 4378 4393 4409 4425 4440 4456 2 3 5 6 8 9 11 13 14 
28 4472 4487 4502 4518 4533 4548 4564 4579 4594 4609 2 3 5 6 8 9 il 12 14 
29 4624 4639 4654 4669 4683 4698 4713 4728 4742 4757 l 3 4 6 7 9 10 12 13 

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900 1 3 4 6 7 9 10 11 13 
31 4914 4928 4942 4955 4969 4983 4997 5011 5024 5038 1 3 4 6 7 8 10 11 12 
32 5051 5065 5079 5092 5105 5119 5132 5145 5159 5172 l 3 4 5 7 8 9 11 12 
33 5185 5198 5211 5224 5237 5250 5263 5276 5289 5302 1 3 4 5 6 8 9 10 12 
34 5315 5328 5340 5353 5366 5378 5391 5403 5416 5428 1 3 4 5 6 8 9 10 11 

35 5441 5453 5465 5478 5490 5502 5514 5527 5539 5551 1 2 4 5 6 7 9 10 11 
36 5563 5575 5587 5599 5611 5623 5635 5647 5658 5670 l 2 4 5 6 7 8 10 11 
37 5682 5694 5705 5717 5729 5740 5752 5763 5775 5786 1 2 3 5 6 7 8 9 10 
38 5798 5809 5821 5832 5843 5855 5866 5877 5888 5899 1 2 3 5 6 7 8 9 10 
39 5911 5922 5933 5944 5955 5966 5977 !?988 5999 6010 1 2 3 4 5 7 8 9 10 
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- ..., Proporıianal Parts <::$ .; 
ı,.. ., 
;:ı ..<:, 

~ ~ 
2; E o l 2 3 4 5 6 7 8 9 l 2 3 4 5 6 7 8 9 

40 6021 6031 6042 6053 6064 6075 6085 6096 6107 6117 1 2 3 4 5 6 8 g ıo 

41 6128 6138 6149 6160 6170 6180 6191 6201 6212 6222 l 2 3 4 5 6 7 8 9 
42 6232 6243 6253 6263 6274 6284 6294 6304 6314 6325 1 2 3 4 5 6 7 8 9 
43 6335 6345 6355 6365 6375 6385 6395 6405 6415 6425 1 2 3 4 5 6 7 8 9 
44 6435 6444 6454 6464 6474 6484 6493 6503 6513 6522 1 2 3 4 5 6 7 8 9 

45 6532 6542 6551 6561 6571 6580 6590 6599 6609 6618 1 2 3 4 5 6 7 8 9 
46 6628 6637 6646 6656 6665 6675 6684 6693 6702 6712 1 2 3 4 5 6 7 7 8 
47 6721 6730 6739 6749 6758 6767 6776 6785 6794 6803 1 2 3 4 5 5 6 7 8 
48 6812 6821 6830 6839 6848 6857 6866 6875 6884 6893 1 2 3 4 4 5 6 7 8 
49 6902 6911 6920 6928 6937 6946 6955 6964 6972 6981 1 2 3 4 4 5 6 7 8 

50 6990 6998 7007 7016 7024 7033 7042 7050 7059 7067 2 3 3 4 5 6 7 8 
51 7076 7084 7093 7101 7110 7ll8 7126 7135 7143 7152 2 3 3 4 5 6 7 8 
52 7160 7168 7177 7185 7193 7202 7210 7218 7226 7235 l 2 2 3 4 5 6 7 7 
53 7243 7251 7259 7267 7275 7284 7292 7300 7308 7316 1 2 2 3 4 5 6 6 7 
54 7324 7332 7340 7348 7356 7364 7372 7380 7388 7396 1 2 2 3 4 5 6 6 7 

55 7404 7412 7419 7427 7435 7443 7451 7459 7466 7474 1 2 2 3 4 5 5 6 7 
56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 1 2 2 3 4 5 5 6 7 
57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 1 2 2 3 4 5 5 6 7 
58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701 l l 2 3 4 4 5 6 7 
59 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774 l 1 2 3 4 4 5 6 7 

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846 2 3 4 4 5 6 6 
61 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917 1 1 2 3 4 4 5 6 6 
62 7924 7931 7938 7945 7952 7959 7966 7973 7980 7987 l 1 2 3 3 4 5 6 6 
63 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055 1 2 3 3 4 5 5 6 
64 8062 8069 8075 8082 8089 8096 8102 8109 8116 8122 2 3 3 4 5 5 6 

65 8129 8136 8142 8149 8156 8162 8169 8176 8182 8189 1 l 2 3 3 4 5 5 6 
66 8195 8202 8209 8215 8222 8228 8235 8241 8248 8254 l 1 2 3 3 4 5 5 6 
67 8261 8267 8274 8280 8287 8293 8299 8306 8312 8319 1 1 2 3 3 4 5 5 6 
68 8325 8331 8338 8344 8351 8357 8363 8370 8376 8382 l l 2 3 3 4 4 5 6 
69 8388 8395 8401 8407 8414 8420 8426 8432 8439 8445 1 l 2 2 3 4 4 5 6 

70 8451 8457 8463 8470 8476 8482 8488 8494 8500 8506 1 2 2 3 4 4 5 6 
71 8513 8519 8525 8531 8537 8543 8549 8555 8561 8567 l 2 2 3 4 4 5 5 
72 8573 8579 8585 8591 8597 8603 8609 8615 8621 8627 2 2 3 4 4 5 5 
73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686 2 2 3 4 4 5 5 
74 8692 8698 8704 8710 8716 8722 8727 8733 8739 8745 2 2 3 4 4 5 5 

75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802 2 2 3 3 4 5 5 
76 8808 8814 8820 8825 8831 8837 8842 8848 8854 8859 1 2 2 3 3 4 5 5 
77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915 1 2 2 3 3 4 4 5 
78 8921 8927 8932 8938 8943 8949 8954 8960 8965 8971 2 2 3 3 4 4 5 
79 8976 8982 8987 8993 8998 9004 9009 9015 9020 9026 1 l 2 2 3 3 4 4 5 

80 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079 2 2 3 3 4 4 5 
81 9085 9090 9096 9101 9106 9112 9117 9122 9128 9!33 1 2 2 3 3 4 4 5 
82 9138 9143 9149 9154 9159 9165 9170 9175 9180 9186 2 2 3 3 4 4 5 
83 9191 9196 9201 9206 9212 9217 9222 9227 9232 9238 2 2 3 3 4 4 5 
84 9243 9248 9253 9258 9263 9269 9274 9279 9284 9289 l 1 2 2 3 3 4 4 5 
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] ~ Pn,portional Parts 

.1 l o 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 <; c 

' 85 9294 9299 9304 9309 9315 9320 9325 9330 9335 9340 2 2 3 3 4 4 5 
86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390 1 1 2 2 3 3 4 4 5 
87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440 O l 1 2 2 3 3 4 4 
88 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489 O l 1 2 2 3 3 4 4 
89 9494 9499 9504 9509 9513 9518 9523 9528 9533 9538 O 1 1 2 2 3 3 4 4 

90 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586 O 1 l 2 2 3 3 4 4 
91 9590 9595 9600 9605 9609 9614 9619 9624 9628 9633 o l l 2 2 3 3 4 4 
92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680 O 1 l 2 2 3 3 4 4 
93 9685 9689 9694 9699 9703 9708 9713 9717 9722 9727 O 1 l 2 2 3 3 4 4 
94 9731 9736 9741 9745 9750 9754 9759 9763 9768 9773 o l 1 2 2 3 3 4 4 

95 9777 9782 9786 9791 9795 9800 9805 9809 9814 9818 O 1 2 2 3 3 4 4 
96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863 O 1 2 2 3 3 4 4 
97 9868 9872 9877 9881 9886 9890 9894 9899 9903 9908 O 1 2 2 3 3 4 4 
98 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952 o l ı 2 2 3 3 4 4 
99 9956 9961 9965 9969 9974 9978 9983 9987 9991 9996 O 1 I 2 2 3 3 4 4 
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ATOMIC NUMBERS AND 
ATOMIC WEIGHTS OF 
THE ELEMENTS 

Alomic Atomic Atomic Atomic 
Element Syınbol Number Weight Element Symbol Nıımber Weighr 

Aluminum Al 13 26.97 Neodyrnium Nd 60 144.27 
Antimony Sb 51 121.76 Neon Ne lO 20.183 
Argon A 18 39.944 Nickel Ni 28 58.69 
Arsenic As 33 74.91 Niobium Nb 41 92.91 
Bariurn Ba 56 137.36 Nitrogen N 7 14.008 
Beryllium Be 4 9.02 Osmium Os 76 190.2 
Bismuth Bi 83 209.00 Oxygen o 8 16.000 
Boron B 5 10.82 Palladiurn Pd 46 106.7 
Bromine Br 35 79.916 Phosphorus p 15 30.98 
Cadmiurn Cd 48 112.41 Platinum Pt 78 195.23 
Calcium Ca 20 , 40.08 Poıassium K 19 39.096 
Carbon C 6 12.01 Prnseodyrnium Pr 59 140.92 
Cerium Ce 58 140.13 Protactinium Pa 91 231 
Cesium Cs 55 132.91 Radium Ra 88 226.05 
Chlorine cı 17 35.457. Radon Rn 86 222 
Chromium Cr 24 52.0l Rhenium Re 75 186.31 
Cobalt Co 27 58.94 Rhodium Rh 45 102.91 
Copper Cu 29 63.57 Rubidium Rb 37 85.48 
Dysprosium Dy 66 162.46 Ruthenium Ru 44 101.7 
Erbium Er 68 167.2 Samariurn Sın 62 150.43 
Europium Eu 63 152.0 Sı:andium Sc 21 45.10 
Fluorine F 9 19.00 Selenium Se 34 78.96 
Gadolinium Gd 64 156.9 Silicon Si 14 28.06 
Gallium Ga 31 69.72 Silver Ag 47 107.880 
Germanium Ge 32 72.60 0Sodium Na 11 22.997 
Gold Au 79 197.2 Strontium Sr 38 87.63 
Hafnium Hf 72 178.6 Sulfur s 16 32.06 
Helium He 2 4.003 Tantalum Ta 73 180.88 
Holrnium Ho 67 164.94 Tellurium Te 52 127.61 
Hydrogen H l.0081 Terbium Tb 65 159.2 
Indium In 49 114.76 Thallium Ti 81 204.39 
Iodine I 53 126.92 Thorium Th 90 232.12 
Iridium Ir 77 193.l Thulium Tm 69 169.4 
Iron Fe 26 55.84 Tin Sn 50 118.70 
Kryp.ton Kr 36 83.7 Titanium Ti 22 47.90 
Lanthanum La 57 138.92 Tungsten w 74 183.92 
Lead Pb 82 207.21 Uranium u 92 238.07 
Lithium Li 3 6.940 Vanadium V 23 50.95 
Lutecium Lu 71 175.00 Xenon Xe 54 131.3 
Magnesium Mg 12 24.32 Ytterbium Yb 70 173.04 
Manganese Mn 25 54.93 Yttrium y 39 88.92 
Mercury Hg 80 200.61 Zinc Zn 30 65.38 
Molybdenum Mo 42 95.95 Zirconium Zr 40 91.22 
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INDEX 

Absorbance, 327 
Absorbancy index, 327 
Absorption coefficient, definition of, 327 

table of values, 416-417 
Absorption maxima, table of, 416-417 
Absorption of light, 324 
Acetylation in polysaccharide struchıre detennina• 

tion, 127-128 
Acids, dcfinition of, 12-13 

polyprotic, 53ff 
strong, 13 
titration of strong, 20-22 
weak, 2Iff 

Acids and ha.ses, table of concentrated solutions, 
399 

Acid dissociation constant, deiınition of, 11 
of enzymes, 274-277 
of hemoglobin, 88 

Activation energy, calculation of, 204, 278-279 
dcfınition of, 203, 208 

Activators, allosteric, 314 
Active site, 210-212 
Active transport, 193-197 
Activity, 2 
Activity coefficient, 2 

table of values, 407 
Additive inlıibition, 267-268 
Adenylate kinase, 185·186 
Aldolase, 169-172 
Allosteric constant, 313 
Allosteric eıızymes, 303, 305ff 

conccrted-symmetry model of, 312ff 
sequential interaction model of, 307-308 

Alpha helix, in DNA, 136 

in proteins, 103-105 
Alpha partide, 354 
Altemate substrates as inhibitors, 248 
Amino acids, acid-base properties of, 69ff 

ion exchangc scparation of, 94-95 
table of, 409·411 

6-Aminolevulinic acid, 382 
Ammonium acetate, 56 
Ammonium sulfatc fractionation, 400-402 (table) 
Ammonium sulfate solutions, 8-10 
Amphoteric substances, 13-15, 53-56, 71-72, 74-75 
Angstrom, definition of, 324 
Arrhenius equation, 203, 278 
Arrhenius plot, 279 
Aspartic acid, ionic fonns of, 73-75 
Aspartyl kinase, inhibition of, 267 
Assay of enzymes, 28Iff, 368-372 
Atomic numbers, table of, 434 
Atomic weight, wcighted average, 354 
Atomic wciglıts, table of, 434 
Atom percent excess, definition of, 394 
ATP, in energy charge, 185 

free energy of hydrolysis of, 160, 162-163, 168 
yield during metabolism, 18lff 

ATPase, 186-188, 194-196 
ATP sulfurylase, 114 
Augustinsson plot, see Woolf-Augustinsson-Hofstee 

'plot 
Auxiliary cnzyrnes, assays with, 291,293 
Avogadro's number, 2 

Base, definition of, 12-13 
Base composition ofDNA, 135 
Base·pairing in DNA, 136 
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Bases, table of pKa values, 403-406 
Base stacking in DNA, 136 
Beer's law - See Lambert-Beer law 
Beta particles, 354 
Beta structure of proteins, 103, 106 
Bicarbonate buffer system, 83-86 
Binding assays, 242, 372-373 
Binding equations, 242-243, 315 
Binding sites, number of, 243 
Biochemical energetics, 145ff 
Biogel, 112 
Biological half-life, 376-379 
Bireactant enzymes, 293-303 
Biuret method, 333-334 
Blood buffers, 83-90 
Bouyant force ona molecule, 121 
Branch points in polysaccharldes, 125-127 
Brigg:;.Haldane derivation, 216-218 
Bronsted definition of acids and bases, 12-13 
Buffer capacity, 46-50 
Buffers, blood, 83-90 

definition of, 37 
dilution of, 63-66 
pH changes in, 41-46 
preparation of, 39-41 
table of, 403-406 

c, see Nonexclusive binding coefficient 
Calomel electrode, 180 
Carbonic acid, 83-86 
Carboxypeptidases, 97 
Carotene, 338 
Carrier-free isotopes, 361-363 
Catalysis, 208-209 
Catalytic center activity, 282-283 
Catalytic rate constant, definition of, 215 

calculation of, 283, 286 
Catecholamines, assay of, 348 
C' 4 dating, 360-361 
Celi breakage techniques, 289 
Cellulose, 127-128 
Central complex, definition of, 214 
Centrifugal force, 122 
Centrifugation, 119-123 
Chemical coupling hypothesis, 186 
Chemiosmotic hypothesis, of ATP formation, 186-

188 
of membrane transport, 194-197 

Chlorobium, 192 
Chlorophylls, 190 
Chromatography, ion exchange, 94-95 
Chymotrypsin, 97 
Ci'(Curie), defınition of, 357 
Citrate lyase, 165-166 
Citrate synthetase, 165-166 
Codons, 137-138 
Collision theory, 203 
Combinations, equation for, 99-101 
Competitive inhibition, 246-252, 268-273 
Concentration, units of, 1 

ways of expressing, lff 

Concentrations, based on saturation, 8-10 
based on volume, 1-4 
based on weight, 6-8 

Concerted inhibition, 266-267 
Concerted-symmetry model of allosteric enzymes, 

312ff 
Conformational coupling hypothesis, 186 
Conjugate acid, defınition of, 12-13 
Conjugate base, definition of, 12-13 
Consecutive reactions, 164-16 7 
Conservation of energy, 145 
Cooperative binding, 305 
Cooperative {synergistic) inhibition, 266-267 
Cooperativity, negative, 308 

positive, 305 
Cooperativity index, definition of, 310 
Coupled assays, of enzymes, 291-293 

in spectrophotometry, 341-345 
Coupled reactioru, I46ff, 163-168, 209-210 
Cumulative inhlbition, 266-267 
Curie, definition of, 35 7 
Cyanide in polysaccharide structure detemıinatiorı, 

129 
Cyanogen broroide, 97 
Cydic photophosphorylation, 189-192 
Cytochromes, 114, 175-176, 190 

Decay, radioactive, 354-359 
Decay constant, 355 
Decay energy of radioactive isotopes, 419-420 

(table) 
Degree of inhibition, 268-271 
Density, defınition of, 6 

of membranes, 134-135 
of proteins, ll O 

Dextrorotary, defınition of, 350 
Dialysis, equilibrium, 242-244, 372-373 
Diffusion coefficient, 119, 121-122 
Dilution, :isotope, 383ff 
Dimer model of allosteric enzymes, 307-308, 314-

315 
Dimers, 107, 307-308, 314-315 
Dipole·dipole interactions in protein structure, 107 
Dissociation, degree of, 29-31 
Disproportionation reactions, 55 
Distortion theory of enzyme actiorı, 212-213 
Disulfide bonds, 98, 107 
Dixon plot, for competitive inhibition, 251 

for noncompetitive inhibition, 256 
for uncompetitive inhibition, 260 

DNA, composition of, 135 
melting of, 138-140 
renaturation of, 140-141 

Double helix of DNA, 136 
Dual-label radioactive techniques, 373-376 
Dynamic state, 378 

E { extinction coeffıcient), 327 
E~, effect ofpH on, 174-175 

table of values, 414-415 
Eadie-Scatchard plot, for inhlbitors, 265 



for initial velocity, 237 
for multiple enzymes, 238, 241 

Edman reagent, 98 
Einstein, definition of, 188 

~Electroehemical potential, 194-197 
Electromagnetic &pectnım, 324 
Electrophoresis, of amino acids, 95-96 

gel, 116 
Empirical fomıula from composition, 133 
Endeıgonic reactions, 146 
Encrgetics, biochemical, l46ff 
Energy charge, 185-186 
Energy diagram, 204, 209 
Eneımr distrlbution spectra of isotopes, 3 74 
Energy of activation, 203 
Energy·rich compounds, 146, 148-149 
Enolase, 148-149 
Enthalpy, 197-202 
Enthalpy change, detemıination of, 200.201 
Entropy, 145, 197-199 
Enzyme assays, 281ff, 368-372 
Enzyme concentration, effect on velocity, 281-282 
Enzyme inactivation, 198-199 
Enzyme kinetics, definition of, 214 
Enzyme purification, 287ff 
Enzymes, as hasis of life, 208 

as catalysts, 208-209 
as proteins, 211 
assay of, 28 lff, 368-372 
catalytic efficiency of, 212 
intracellular concentration of, 213-214, 287 
purification of, 287-290 

Enzyme-substrate complex, evidence for, 210 
relativc concentration of, 317 

Enzyme unit, 282 
Equilibrlum, definition of, 10.11, 150 
Equilibrium binding, 201-202, 242-244, 372-373 
Equilibrium concentrations, calculation of, 169· 

172 
Equilibrium constant, definition of, 10-12 

in temıs of Km and Vmax, 219-220 
Equilibrium dialysis, 242-244, 372-37 3 
Equivalent weight, 2 
Escherichia coli, s~e of, 108-109 
Ethyl acetate, hydrolysis of, 155-159 
Excrgonic reactions, 146 
Extinction coefficient, 327 

Facilitated diffusion, 194 
Fatty acid oıddation, ATP yield of, 184-185 
Faraday's constant, 173 
Feedback inhibition, 266-268 

additive, 268 
cooperative (synergistic), 267 
concertcd (multivalcnt), 267 
curnulative, 267 

Ferredoxin, 189-192 
First law of thcnnodynamics, 145, 197-198 
F.irst order, absoıption of light, 326 

decay of radioisotopes, 355-356 
kinetics, 225-229 

ratc constant, 11, 355-356 
Flexible enzyrne hypothesis, 210-2 l 1 

'Fluorescence, 346-348 
Fluorometry, 346-348 
Fluorodinitrobenzene, 97 
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Formic acid from periodate oxidation of polysac-
charidcs, 127-128 

Fractionation in enı;yme purification, 287ff 
Free energy change, 146, 149ff; see also AG 
Freez!ngpoint depression, 133-134 
Frequency of light, relationship to wavelength, 324 
Fumarase, 164 
Fumaric acid, 246 

AG (free encrgy change), conventions for defining, 
153-169 

cffect of pH on, 153-159 
of io~ation, 159 
relationship to AE~, 173-174 
relationship to Keq, 150-153 

AG', definition of, 152 
table ofvalues, 412-4-13 

g-Galactosidase, assay of, 345-346 
tf-Galactoside transport, 196-19 7 
Gel electrophoresis, 114-115 
Gel fütration, 112-114, 288 
Gibbs-Helmholtz equation, 201 
Glass electrode, 180 
Glucose oxidase, 114 
Glutamic-oxalacetate traruıaminase, 345 
Glutaınine synthetase, cumulative inhibition of, 267 
Glyceryl kinase, 292-293 
Glycine, ionic forms of, 69-73 
Glycogen, 124-127 

AH (enthalpy change), 200-201 
Haldane equation, 219-220 
Half•life, biological, 376•379 

effectivc, 376-378 
in fırst-order rcactions, 228 
of radioactivc lıotopes, 356-357, 419-420 ( table) 

Hanes-Woolf plot, for inhibitors, 263 
for initial velocity, 236, 240 

Heat of reaction, 197-199 
a-Helix, in DNA, 136 

in proteins, 103-105 
Hemoglobin, 0 2 anda+ equilibria of, 86-90 

0 2 saturation curve of, 90 
Hendenon-Hasselbalch equation, derivation of, 32-

33 
Henri-Michaelis-Menten equation, derivation of, 214-

216 
for bireactant enzymes, 295, 297, 300 

Heterotropic response, 305 
Hexokinasc, 114 

AG' and K~q of, 163-1~ 
potential kinetic mechanisms for, 293-300 

Hill equation, ll09·310 
Hillplot, 311-312 
H+ ion, 12-13 
Hofstce plot, see Woolf-Augustinsson-Hofstee plot 
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Homogeneity of enzyme preparations, criteria of, 
289 

Homotropic response, 305 
Hybridization of nucleic acids, 137 
Hydrogen bonds, in ONA, 136 

uı. proteins, 103-104 
Hydrolysis, free energy of, 149, 412-413 (table) 

of peptides, 96-98 
of salts, 31-32 

Hydronium ion, 13 
Hydrnphobic interactions in protein structure, 107 
Hyperbolic velocity curve, properties of, 221·222, 

226 

Inactivation of enzymes, by heat, 277-279 
by irreversible inhibition, 256-25 7 
by pH, 273-274 

Induced fit hypothesis, 210-211, 307 
Infınite thickness, 39 2 
Infrared light, wavelengths of, 324 
Inhibition, of allosteric enzymes, 314 

competitive, 246-252, 268-273 
concerted (multivalent), 267 
cooperative (synergistic), 267 
cumulative, 267 
feedback, see Feedback inhibition 
general rules for, 266 
by w, 277 
irreversible, 256-25 7 
mixed-type, 261-262 
noncornpetitive, 25 2-256, 268-273 
partial, 267-268 
by product, 220-221 
uncornpetitive, 25 7 -261 

Inhibition constant, definition of, 248, 252 
lnitial velocity, definition of, 216 
Instability, theunodynarnic versus kinetic, 208 
Integrated Henri-Michaelis-Menten equation, 245-

246, 282, 291-293 
Interaction factors, in allosteric systems, 307-308 

in rapid equilibrium random bireactant systems, 
294 

Intermediate ions, 52-56, 71-72, 74-75 
lntemal standard, 34 7 
Intracellular concentration of enzymes, 213-214, 

287 
Intracellular concentrations, determination of, 367 
ladine number, 131-132 
Ion exchange chromatography, 94-95 
Ionic inte~ctions, of amino add solutions, 5, 82 

in protein structure, 1 O 7 
Ionic strength, calculation of, 5·6 

corlections for, 66-69 
defınition of, 5 
effect on pKa values, 408 

Ionization, of enı.ymes, 274-277 
of strong acids, 13 
of strong bases, 13 
of water, 13 
of weak acids, 21-22 
of weak bases, 22-23 

Irreversible inhibition, 256-257 
Isoelectric point, 76-77 
Isotonic solution, 3 
Isotope competition, 370-372 
Isotope dilution, 383ff 
Isotope effects, 354, 360 
Isotopes, 354ff 
Isozymes, number of, 11 O 

Ka, definition of, 11, 22 
relationship to Kt, 23-24 
table of values, 409-411 

K~ definition of, 66 
Kata!, definition of, 282 
Kt, definition of, 23 

relationship to Ka, 23-24 
table ofvalues, 409-411 

Keq, conventions for defıning, 153-158 
definition of, 10-11 
relationship ta L>.GQ, 152 
relationship to kinetic constants, 219-220 

Ki, see Inhibition constant 
Kinetics, definition of, 214 
Km, defınition of, 217-218 

determination of, 233-240 
practical significance of, 218 

Kp,215,283 
Ks, definition of, 215 

relationship ta Km, 217-218 
Kw, def"ınition of, 14 

L, see Allosteric constant 
Laboratory buffers, 33ff 
Lactic dehydrogenase, 51-53 
Lag period, in coupled enzyme assays, 291-292 

in steady-state, 216-217 
Lambert-Beer law, 326 
Laws of therrnodynamics, 145-146 
Levorotary, definition of, 350 
Light, energy of, 188 

polarized, 348-349 
transmission of, 326-328 
velocity of, 188 

Linear arrangement, equation for, 99 
Linear plots of enzyme kinetics <lata, see Eadie­

Scatchard plot; Hanes-Woolf plot; Lineweaver­
Burk plot; and Woolf-Augııstinsson-Hofstee plot 

Lineweaver-Burk plot, 234-236 
for competitive inhibition, 25 O 
for initial velocity, 234-236, 239 
for linear mixed-type inhibi tioıı, 26 2 
formultiple enzyrnes, 238, 241 
for noncompetitive inhibition, 255 
for ordered bireactant enzyınes, 298-299 
for rapid equilibriwn random bireactant enzymes, 

296 
for uncompetltive inhibition, 260 

Lipase, 238 
Lipids, 129ff 
Lock-and-key hypothesis, 210 
Logarithms, table of, 431-433 



Low,ry method, 334 

Malic dehydrogenase, 164 
Malonic acid, 246 
Mass, effective, 121 
Maximuın velocity, 215 
Mechanochemical coupling hypothesis, 186 
Melting of ONA, 138-140 
Melting point depression, 133-134 
Membrane potential, 194-197 
Membrane transport, 193-197 

assays of, 368-370 
Metabolism and ATI' yield, 181ff 
Met~ylation of carbohydrates, 125-127 
Michaelis constant, definition of, 217-218 
Michaelis-Menten equation, see Henri-Michaelis-

Menten equation 
Micron, defınition of, 324 
Microwaves, 324 
Milligram percent, definition of, 3 
Millimicron, defınition of, 324 
Mitchell (chemiosmotic} hypothesis, 186-188 
Mixed-type inhibition, 261-262 
Mobility in electrophoresis, 95 
Molality, definition of, 7 
Molar absoı:ption coefficient, 327 
Molar rotation, 349 
Molarity, definition of, 1 
Mole, definition of, 2 
Molecular activity of enzymes, 282-283 
Molecular sieving, see Gel fil tra tion 
Molecular weight, by affinity Jabeling, 390 

froın coınposition, 111-112, 133 
from freezing point depression, 133-134 
from gel filtration, 112-114 
from osmotic pressure, 117-119 
from sap oni fication nurnber, 131-13 2 
from SDS gel electrophoresis, 114-115 
from sedimentation velocity, 119-123 

Molecular weights, of acids and bases, 399, 403-
406 (table} 

of amino acids, 409-411 (table) 
Mole fraction, definition of, 7 
Monod, Wyınan, and Changem, concerted-sym-

metry model of allosteric enzymes, 312ff 
Multisubstrate enzymes, 293ff 
Multivalent ( concerted} inhibition, 26 7 
Multisite enzyınes, 303ff 

n, in Hill equation, 309-312 
NaBH4 in polysaccharide structure detennination, 

127 
NADH-linked assays, 341-345 
Nanometer, definition of, 324 
Negative coopeıativity, 308 
Nemst equation, 174 
Nitrate reduction, 183-184 
Nitrate mpiration, 183 
Nitrite oxidation, 183-184 
Nitrobacter agilis, 183 
Noncompetitive inhibition, 252-256 
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Noncooperative multiple sites, 303-305 
Noncyclic photophosphorylation, 189-193 
Nonexclusive binding coefficient, 313 
Nonreducing ends of polysaccharides, 125-127 
Norınality, defınition of, 2 
Nucleic acids, 135ff 
Nucleotides, 135ff 

Open buffer system, 84-85 
Optical activity, 349 
Optical density, 327 
Optical rotation, 348-35 2 
Optimum pH, 273-277 
Optimum temperature, 278 
Orbital steering, 212 
Ordered bireactant enzymes, 295-299, 301 
Orientation factors in catalysis, 212 
Osmolarity, definition of, 3 
Osmometer, 118 
Osmotic pressure, 11 7-119 
ı;-Oxidation, 184-185 
Oxidation-reduction reactions, l 72ff 
Oxidative phosphorylation, 186-188 
Oxidizing agent, defınition of, 173 
Oxygen binding to hemoglobin, 86-90 

Palmitic acid oxidation, 184-185 
Parallel reciprncal plots, in Ping Pong systems, 300-

302 
in uncompetitive inhibition, 259-260 

Partial inhibition, 267-268 
Partial specific volume, 119 
Peptide bond structun,, 101-102 
Peptide sequencing, 96-98 
Percent inhibition, 269 
Periodate in polysaccharide structure determination, 

127-128 
Perınease, 194 
Perınutations, equation for, 99- 100 
pH, definition of, 14-15 

effect on .ô.E0 , 174-17 5 
effect on enzymes, 273-277 

pH electrode, 179-180 
Phenylisothiocyanate, 98 
Phosphate buffer, preparation of, 57-59 
Phosphoenolpyruvate, 149 
Phosphoglycerate kinase, 168-169 
Phosphoric acid, 57 
Phosphorylase, 115, 368·369 
Photon, energy of, 188 
Photosynthetic phosphorylation, 188-193 
Phycobilin, 190 
Pigment systems in photosynthesis, 190 
Ping Pong Bi Bi enzymes, 300-302 
Pitch of a•helix, in DNA, 136 

in proteins, 104 
pKa, deiınition of, 24 

effect of ionic strength on, 408 
numbering convention of, 24 
table of values, 403-406, 409-411 

pK~ definition of, 66 
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pKb, definition of, 24 
Planck's constant, 188 
Plastoquinone, 190 
P!ots of kinetic data, 233ff 
P!eated sheet (13-stnıcture), 103, 106 
pOH, defınition of, 14-15 
Polarimeter, 349 
Polarized light, 349 
Polysaccharide structure determination, 125-129 
Positive cooperativity, 305 
Positron, 354 
Precursor-product relationships, 379-383 
Pıimary structure of proteins, 96 
Proline, effect on a-helix formation, 103 
Protein concentration, detennination of, 333-337 
Protein confomıation, 10Iff 
Proton-motive force, 196-197 
Proximity effects in catalysis, 212 
Purification of enzymes, 287-290 
Pyridoxal phosphate, 115, 117 

Q1 0 , defınition and calculation of, 279 
Quantum of light, 188 
Quatemary structure ofproteins, 103, 107 
Quench correction, in fluorometry, 347-348 

in scintillation counting, 392-393 

Rack theory of enzyme catalysis, 212-213 
Radioactive decay, 354-359 
Radioactive derivative analysis, 389-390 
Radioactive substrates, in binding assays, 372-373 

in deterrnining intracellular concentrations, 367-
368 

in deterınining unknown volumes, 366-367 
in emyme assays, 368 
in transport assays, 369 

Random addition of substrate and inhibitor, 252, 
261 

Random bireactant enzymes, 293-295 
Random coil of proteins, 103 
Range of substrate concentration for kinetic analy· 

sis, 235 
Rapid equilibrium assumption, 214-216 
Rapid equilibrium random bireactant enzymes, 

293-296 
Rate constants, 218-219 
Reaction order, 225-230 
Reciprocal plot, see Lineweaver-Burk plot 
Rectangular lıypeı:bola, 221 
Reduced osmotic pressure, 118-119 
Reducing agent, definition of, 173 
Reducing end of polysaccharldes, 125-129 
Reduttion potential, table of values, 414-415 
Relative activity, definition of, 269 
Renaturation ofDNA, 140-141 
Replots of slope and intercept, for bireactant en-

:tymes, 296, 298, 299, 302 
for competitive inhibition, 251 
for mixed·type inhibition, 262 
for noncompetitive inhibition, 255 
for uncompetitive inhibition, 259 

Residence time, 212 
Reverse isotope dilution, 387-388 
Reversible reactions, kinetics of, 220, 221 
Right-handed helix, 103-104, 136 
RNA, messenger, 138 

ribosomal, 137-138 
R state of allosteric cnzymes, 313 

s (Svedbergunit), 121 
AS (entropy change), 197-200 
{S] o. s, 218, 222, 309 
{8) 0 .,/[S].,, 1 ratio, 221-222, 310-311, 315-316 
Salts, "hydrolysis" of, 31-32 
Sanger reagent, 97 
Saponification number, 131-132 
Scatchard plot, 241-243; see also Eadie-Scatchard 

plot 
Schlieren pattem, 120 
Scintillation counting, 374 
SOS (sodium dodecyl sulfate), 114 
SDS gel electrophoresis, 114-116 
Secondary structure of pioteins, 103 
Second Jaw of thennodynaınics, 145, 197-198 
Second-order rate constant, 11 
Sedimentation coefficient, 120-121 
Sedimentation velocity, 119-123 
Self•absorption of radioactivity, 391-392 
Sephadex, 112 
Sequencing peptides, 96-98 
Sequential inhibition, 266, 268 
Sequential interaction model of allosteric enzymes, 

307-308 
Sigmoidal velocity curves, 306 
Sigmoidicity, measurc of, 310-311 
Sodium borohydride in polysaccharide structure de­

termination, 127 
Specific activity, of emymes, 282 

of radioactive compounds, 359-363 
Specific extinction coefficient, 327 
Specific gravity, definition of, 6 
Specific rotatation, 349 

table ofvalues, 418 
Specific volume, definition of, 105, 119 

use of, 109-110 
SpectrophQtometer, components of, 325 
Spectrophotometry, 324-346 
Spontaneous reactions, definition of, 145 
Stable isotopes, 393 
Stability of enzymes, effect of pH on, 273-274 

effect of temperature on, 277 -278 
Standard state, 152 
Stationary state, see Steady-state kinetics 
Steady-state assumption, 216-218 
Steady-state kinetics, 216-218, 297 
Stereoisomers of carbohydrates, 123 
Stereopopulation control, 212 
Strain theory of enzyme action, see Rack theory of 

enzyme catalysis 
Strong acid, definition of, 13 
Strong base, definition of, 13 
Structure of enzymes, 211 



Substrate, conccntration range for reciprocal plots, 

235 
free versus total, 243 

Substrate anchoring, 212 
Substrate dissociation constant, 215, 252, 261 
Succinic acid, 69-62, 246 
Succinic dehydrogenasc, 246 
Sulfanilamide, 247 . 
Svedberg equation, 119 
Symmetry model of allosteric em;ymes, 312ff 
Synergistic (cooperative) inhibition, 267 

Temperature effect, on enzymes, 277-281 
on equilibrium constant, 200-202 
on reaction :rate, 203-204, 277-281 

Temperature optimum, 278 
Template bypothesis, 210 
Tertiary structure of proteins, 103, 107 
Tetramers, 107, 110 
Therrnodynaınics, laws of, 145-146, 197-198 
Tlürd Iaw of themıodynamics, 146 
Titration cuıve, of amino· acids, 75-81 

· of aspartic acid, 77 
of a diprotic acid, 54 
of lysine, 80 
ofphosphoric acid, 67 
of polyprotic acids, 53ff 
ofa strong acid, 21-22 
of sucdnic acid, 60 
ofa tetrapeptide, 82 
of Trlcine, 49 
of a weak acid, 33-3 7 

Transition state, 203-204, 208, 212-213 
Transitlon te.ınperature, 279 
Tr.ınsınission of light, 327-328 
Transport, ıneınbrane, see Membrane transport 
;rnglycerides, number of possible, 129-131 

Trypsin, 97 
Tryptophan synthetase, 114 
T state of allosteric emymes, 313 
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Tumover, of bjo}ogical mo!ecules, 376-379 
!)fenzymes, 317-318 

Tumover number of enzymes, 282-283 

Ultracentrifugation, 119-123 
Ultraviolet light, wavelengths of, 324 
Uncompetitive inhibition, 257-261 
Units of enzyıne activity, 282 

van't Hoff equation, 201 
Velocity, initial, 215 

maximum, 215 
Velocity curve, 221-222 
Velocity oflight, 188 
Visible light, wavelengths of, 324 
Vitamin A, 338 
Vmax, dcfinition of, 215 

detennin:ı.tion of, 233-240 
Voltage of half-cells, 414-415 (table) 
Volume fraction in calculating average density, 

110 
Volume ofa molecule, 105, 108 

Water, clissociation of, 13-14 
Wavelcngths of light, 324 
Wave numbcr, definition of, 326 
Weak acids, 2lff 
Weak bases, 22-23 
Wcight fractfon in calculating specific volume, 

109 
Woolf-Augustinsson-Hofstee plot, for inhibitors, 

264 
for initial velocity, 236-23 7, 240 

Xanthine oxidase, 114 
X rays, wavelengths of, 324 

Zero-order kinetics, 226, 229 
in enzyme assays, 292 

Zwitterions, 77 
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