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PREFACE

In the six years since the publication of the first edition, Biochemical Calcula-
tions has been used as a supplementary text at many colieges and universities
in the United States, and has been translated into Japanese and
Spanish. This new edition is the result of suggestions that [ 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 basis 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 material (formerly in the appendixes) has been incorporated into
the body of the text so that the problems immediately follow the corresponding
theory. The main emphasis of the book is still 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
included. For example, the amount of material on aqueous solutions 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 Bioclogical Molecules,” has been added. The material on
biochemical energeties now includes entropy and enthalpy changes, activation
energy, and the energetics of membrane transport and photosynthesis,
These problems do not require previous 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, and the
kinetics of allostericenzymes. Kinetic mechanisms of bisubstrate enzymes are
introduced without complicated mathematics, Chapter 5, ‘‘Spec-
trophotometry and Other Optical Methods,” includes new problems on
protein determination, fluorometry, 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
Biocnemistry.” 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.
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PREFACE TO THE FIRST
EDITION

Biochemistry is a quantitative science, Yet too often the subject is tanght in a
purely descriptive 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 Calculaiions was writtenn 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, alrost
every problem is solved completely. There are no “rearranging terms and
solving for X " statements. This book is meant to be used in conjunction with
a standard textbook of general biochemistry. Nevertheless, a substantial
amount of descriptive background (including mathematical derivations) is
given in the appendixes.

A mmimeographed edition of Biachemical Calculations was used by more than
800 students on the Davis campus duoring 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. Itwas 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. T am especially grateful to
Miss Leigh Denise Albizati for all her help.

Irwin H. Segel

October 1968
Davis, California
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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 interconverting concentrations of solutions.

CONCENTRATIONS 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.

Molarity (M) = the number of moles of solute per liter )
of solution '

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

e = moles (2)

Mw

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

1 mmole = 107 moles

1 wmole = 107° moles

1 nmole = 1 mg mole = 107" moles

1 pmole = 1 gpmole = 107 moles

Therefore:
1 mM= 10" M = I'mmole/liter = 1 pmole/ml
1 uM=10"° M =1 pmole/liter = 1 nmole/m]
1 nM=10"° M = 1 nmole/liter = 1 pmole/mi
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A 1 M solution contains one Avogadro's number of molecules per liter.

Avogadro’s number = number of molecules per g-mole
= number of atoms per g-atom
= number of ions per g-ion
=6.028 x 10"

In general practice, one Avogadro’s number of particles (i.e., 1 g-mole or
1 g-atom or 1 g-ion) is frequently- called a “‘mole” regardless of whether the
substance is ionic, monoatomic, or molecular in nature. For example, 355 g
of CI” ions may be called a “mole” instead of a “gram-ion."”

Aclivily (@) = the effective or apparent molarity of a
-solute

(3)

Activity and actual molarity are related by:

a = y[M] (%)

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

Normality (N) = the number of equivalents of solute
per liter of solution

(5}

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

wi,
Ml :
EW equivalents (6)

One 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
reaction is the weight that provides or accepts 1 faraday (1 mole) of elec-
trons. In general:

EW=

(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 normality are related by:

N=nM (8)

For example, a 0.01 M solution of H.50, is (.02 N.

Weight | Volume Percent (% w/u) = the weight in g of a
solute per 100 ml of (9
solution

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

Milligram Percent (mg %) = the weight in mg of a solute

per 100 mi of solution (10)

Milligram percent is often used in clinical laboratories. For example, a clinical
blood sugar value of 225 means 225 mg of glucose per 100 ml of blood serum.

Osmolarity = the molarity of particles in a solution )

A 1 M solution of a nondissociable solute is also I Osmolar. (The solution
contains 6,023 X 10* particles per liter.} A 1 M solution of a dissociable salt is
n Osmolar, where 7 is the number of ions produced per molecule. Thus, a
0.08 M solution of KCl is 0.06 Osmolar. Osmolarity is often considered in
physiological studies where tissues or 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 NaCl solution is said to be isolonic with respect to the red
blood cells.

+ Problem 1-1

(a) How many grams of solid NaOH are required to prepare 500 ml of a
0.04 M solution? (b) Express the concentration of this solution in terms of N,
gltiter, % wiv, mg %, and osmolarity.
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Solution
(a) liters X M = number of moles NaOH required
0.5 X 0.04 = 0.02 mole NaOH reqguired

= Wig = Wi
number of moles MW 0.02 40

wt=08g

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

{b) NaOH contains one OH per molecule.

M = N and the soluticn is 0.04 N

The solution contains 0.8 g/500 ml, or 1.6 g/liter

% (w/v)= g per 10@ 1.6 g/liter = 0.16 g/100 ml = 0.16% _Tﬂ/ i

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

NaOH yields two particles (Na® and OH™)

osmolarity =2 X M = 0.08 Osmolar

* Problem 1-2
How many milliliters of 5 M H,SQO, are required to make 1500 1nl of a 0.002 M
H.SO, solution?

Solution

The number of moles of Hy8Q, in the dilute solution equals the number of
moles of H,SO, taken from the concentrated solution. '

+ liters X M (dilute solution) = liters X M (concentrated solution)
1.5 % 0.002 = liters X5

L5%0.002 _ 1;iers concentrated solution required

5 ‘
1S
3—)(519—” —0.6x10 liters= | 0.6 ml \

Take 0.6 m! of the concentrated solution and dilute to 1.5 liters.
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Tonic Strength (—12:) =123 MzZ?

where M, = the molarity of the ion (12)
Z;= the net charge of the ion (regardiess of sign)
¥ = a symbol meaning “the sum of”

Ionic strength measures the concentration of charges in solution. As the
ionic strength of a solution increases, the activity coeflicient 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 Ionic Strength
Type Example
i:1 KCI, NaBr ; M
2:1 CaCl,, Na,HPO, 3xXM
2:2 MgSO, 4x M
3:1 FeCl,, Na,PO, 6xX M
\ 2:5 FCQ(S_Oq)s 15_ XM

“Type” refers to the net charge on the ions. Thus MgSO,, which yields Mg®™*
and SO, is called 2 2:2 salt. Na,HPO,, which yields HPO;™ and Na" ions, is
called a 2:1 salt.

Only the net charge on an 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
16 -
Calculate the ionic sirength of a 0.02 M solution of Fey(SO,)s.

Solution
r .
E = % 2 MiZi2 = %[M&’*Z;e’f + Mso?“zgo%']

The 0.02 M Fex(SOL)s yields 0.04 M Fe** and 0.06 M SOi".

T _ (0.04)(3)"+(0.06)(—2)° _ (0.04)(9) + (0.06)(4)
2 2 2

_ (0.36)+ (0.24) _ 0.60
a 9 9

o=y
it
=
(<]
=
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Or, from the precalculated relationship for 2:3 salts:

gm 15X M = (15)(0.02) = 0.30

CONCMTMHONS BASED ON WEIGHT

Weight | Weight Percent (% w/w) = the weightingofa
solute per 100 g of (13)

solution

The concentrations of many commercial acids are given in terms of %
wi/w. In order to calculate the volume of the stock solution required for a

given preparation, we must know its density or specific gravily where:

p = density = weight per unit volume
SG = specific gravity = density relative to water. Since the density of
water is 1 g/ml, specific gravity is numerically

equal to density.

“e Probl'em 1-4
Describe the preparation of 2 liters of (0.4 M HCl starting with a concentrated

HCI solution {28% w/w HCI, SG = 1.15).

Solution

liters X M = number of moles 2 X 0.4 = 0.80 mole HC1 needed

wt, = number of moles X MW wig = 0.80 X 36.5

wt, = 29,2 ¢ pure HCl needed

The stock solution is not pure HC1 but only 28% HCI by weight.

ho
w
3]

‘ I‘I.

)
N
Qo

104.3 ¢ stock solution needed

Instead of weighing out 104.3 ¢ of stock sohition, we can calculate ithe

volume required.

wty 1043 99.7 ml stock solution needed

volm = Do = ‘1"1'5“ =
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Measure out 90.7 ml 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 X poea X % (as decimal)

where  wt, = weight of pure substance required in g
vol,, = volume of stock solution needed in ml
% = fraction of total weight that is pure substance

wt 29.2

vol = o = T Ts x 625 = 907 !

As an alternate method, we can calculate the molarity of the stock
solution. Firstcalculate the weight of pure HClin ! liter of stock solution.
wt=volXp X %
wt, = 1000 ml X 1.15 g/ml X 0.28 ¢
wt =322 g
In other words, 1000 ml (1 Hter) of stock solution contains 322 g of pure HCL

number of moles MJ_MW 6.5 8.82

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

. _ numberof moles . 0.80 .
liters = 7 = 8182 0.0907 liter

Take 0.0907 liter (90.7 ml) of stock and dilute to 2 liters.

Molelity (m) = the number of moles of solute per (14
1000 g of solvent

Molality is used in certain physical chemical calculations (e.g., calculations of
hoiling-point elevation and freezing-point depression). For dilute aqueous
solutions, m and M will be quite close. In 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 (15)
question

For example, in a solution containing n, moles of compound 1, n, moles of
compound 2, and n, moles of compound 3, the mole fraction of compound 2,




8 AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY
MF,, is given by:
1y
MFy=——
2 ny + ns + Ty

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

 Problem 1-5

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

Solution

{a) The solution contains 28% wiw HCI, or 28 g HCI per 100 g total, or 28 g
HCi per (100 —28) = 72 g water.

28 8 HOL . 1000 = 388.9 g HCY1000 g H,0

72 g H,O
wig _ 388.9 _
—"—MW moles 365 10.65 moles HCY1000 g H,O

the solution is 10,65 m

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

28g HCI _
36.5 aimole g/mole 0.767 moles of HCI
and
72gHO _ 4.0 moles of H,O
18 g/mole
_ Mua 0767
MFHCI - nH(Zl+ ﬂg{_,o - 4.767
MFuyo = 0.161

CONCENTRATION BASED ON DEGREE OF SATURATION

Protelns are often purified by differential precipitation with- neutral
salts, Ammontum sulfate is the most common salt used for this purpose,
aithough occasionally NaCl is used. The concentration of ammonium sul-
fate used to “salt out” proteins is almost always expressed in terms of
“percent saturation.”

Percent Saturation = the concentration of salt in solution
as a percent of the maximum concentra- (16)
tion possibie at the given temperature




AQUEOUS SOLUTIONS §

In order to take into account volume changes that occur when a large amount
of salt is added to an aqueous solution we need to know the specific volume of
the salt, where:

o = 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®. Calculate (a) the concent-
ration of ammonium sulfate in a saturated solution at'j}f@}nd {b) the amount
of solid ammonium sulfate that must be added at 0°C to 500 ml of a **40%

saturated” solution to bring it to ““60% saturation.”

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 ml+ ('7‘06).(_().5__65)Jml = 1399 ml

The concentrationr of AS in the solution is:

706 _

1306~ 0.505 g/ml = 505 g/liter

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

505
—_— = 3.82 M
132.14 2 :

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

S, = (initial wt, of AS present) + (wi; AS added)
7 {fnal vol. of solution in m}){0.505 g/ml)

\ (1600 mb(0.505 g/mi}(S1) + (wty)
" [1000 ml + 0.565 (wt5)]0.505 g/ml

.\

_ 505(S;— S1)
) Wt =T -0.2858; a7

*» Different sources give slightly different values. For example, Appendix 11 gives 697 gliiter
at 0°C; Appendix III gives 706.8 g/liter.

e
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where wte = wt of solid AS to be added to 1000 milliliters
S, = the final saturation {as a decimal)
S, = the initial saturation (as a decimal)
505 =g AS per 1000 m! for 100% saturation

.. 505(0.60—0.40) _ 101
1 —0.285(0.60) 0.829

Wi,

= 121.8g/liter  or 60.9 g/500 ml

- Problem 1-7

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

Solution
(40 m1){0.20) + (X mi)}(1.00) = {40+ X mi)}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 m! of solution at saturation S, (as a decimal) to produce a final
saturation, Se, 1s given by:

100(S:— §1) (I18)
(1-8,)

Vol =

(Usually, the tables shown in Appendices II 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 0 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 constant, 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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ky

HA H'+A”

-1 =~
The forward velocity, v, is proportional to the concentration of HA:
U * [HA] or vy = k]EHA}

where £k, is a proportionality constant, known as a rate constant (specifically, a
first-order rate constant bécause v; 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 A7, and, therefore, to the products of
the concentration of A” and H™:

= [HY] and v, = [A7]

«[H)[AT]  or v =k, [HJAT]
where k., is a second-order rate constant. Thus, doubling [H*] doubles
. Doubling [A7] doubles v,. Doubling both [H*] and [A™] increases v,
fourfold. At equilibrium:

vf = v,

or
ki _[H)[AT]

k![HA] = k—![H+}[A-] or ku.l - [HA]

The ratio of the two constants k,/k_, is itself a constant and is defined as K

[HCJAT]

HAT (19)

K=

In this particular case, K., is an acid dissociation constant and would be
indicated as K..

If the reaction in question is A+ B 2C,

then: -

y=k[A[B] and v = A,[C][C]= k. [C]

Ko =S

A](B]

The dimensions of K., 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 effective 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 coefhicients.
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+ Problem 1-8

k
Consider the reaction E+ 8§ ‘:.—‘1_ ES. What are the units of (a) &, (b) £k, and
-1

(c) Ko?
Solution

(@) v = k[E])S]
Let v;= moles of ES formed per liter per minute
= moles X liter X min™' = M X min™'
and {E] and [S] = moles X liter™ = M

1 ]

PR/ M Xmin™ _ min_
' [E]S] (M) M
or ki=min* XM~

(b)  v,= k[ES]

P
o= ] = T ks = min™
_&_min_'XM"' . gl
(©) Ku= s mn S K.=M

(013

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
purification 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” as a substance that donates protons (hydrogen ions} and a
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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 + B~ = AT + HB

[conjugate acid}; {conjugate base], [conjugate base], [conjugate acid],

IONIZATION OF STRONG ACIDS AND BASES

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,O" and
Cl™:

HCl + Hgo a— H50+ + Cl—‘
H,O" (the hydronium ion, or conjugate acid of water) is the actual form of the
hydrogen ion {proton} in solution. The ionization of HCl could just as easily
be represented as a simple dissociation:

HCl— H"+CI”

Thus, for all practical purposes, H;O" 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.

KOH — K"+ OH"~

IONIZATION OF WATER

The tonization 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,” K, an
“jonization constant,” K, and a specific constant for water, K., as shown
below.

Simple Dissociation Conjugate Acid-Conjugate Base
HOH = H"+0OH" HOH + HOH = H,O*+ OH~
k, - O ) . = [H:0JOH']
[HOH] ' [HOHY

Note that water produces two conjugate acid-conjugate base pairs:
HOH/OH™ and H,0"/HOH.

For every mole of H* (or H,O"), 1 mole of OH is produced. In pure
water [H]=10"M. .. [OH]=10"M. The molarity of HOH can be
calculated as follows:
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— wit,
number of moles _—LMW

_ number of moles H,O
liter

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

.. 1000/i8g _
M 1 liter 55.6

M

The M of H;O is actually 55.6 M (original concentration), minus 107" M
(the amount that ionized). However, this amount is so close to 55.6 that we
may neglect the 1077 M.  We can now substitute the above values into the K,
and K; expressions.

K - 07107 _ 1™ K - 0707y _ 107"
¢ 55.6  55.6 ; (55.6) 3.09x10°
K,=18x107" K =324%x10"

The molarity of H,O is essentially constant in the dilute solutions consi-
dered in most biochemical problems. Consequently, we can define a new
constant for the dissociatiocn or ionization of water, K., which combines the
two constants (K, and [H,O] or K; and [H.OT).

K.= K, X[H.0}
K, = (1.8 x107")(55.6)

Ku‘z K; X [H20]‘2
K. =(3.24 X 107"%)(55.6¥
= (3.24 x 107""(3.09 % 10%)

K,=1x%10"=[H"|[OH] K,=1x10""=[H,0*][OH"]

(20)

pH AND. pOH

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

pH = —log au+ = log ! pOH = —log aou- = log ! -
ap* ach
= —log yu+[H"] = —log you-[OHT]
1 1
= log ~——rr=33 = log ————=
o8 yu{H"] o8 You-[OH™]

"In 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 ]=logﬁ

- 1
pOH =—-log [OH™] = logfa-ﬁ:j

(21)
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In all aqueous solutions the equilibrium for the ionization of water must be
satisfied, that is, [H*J[OH }= K, =107, Thus, if [H*] is known, we can
easily calculate [OH™]. Furthermore, we can derive the following relation-
ship between pH and pOH:

[H'JOH 1=K,
Taking logarithms:
log[H'1+log [OH = log K.
—log[H']-log[OH}=—-log K.
—log [H*] = pH —log [OHT}=pOH —log K, = pK.
pH+pOH = pK,
K.=10™" pK.=~logl(d™"=+14

pH +pOH = 14 (22)

Thus, if any one of the values [H*], [OH7), 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 coeflicients 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 HCI?

Solution

(a) HClis a “strong” inorganic acid; that 1s, 1t is essenually 100% ionized in
dilute solution. Consequently, when 0.001 mole of HCl is introduced into }
liter of H,0, it immediately dissociates into 0.001 M H* and 0.001 M CI",

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

(b) pH = —log [H*] or oH = logﬁ_%ﬁ
) 1
=—log 10~° =log-1—6—_§
= (%)= +3 = Jog 10°
pH=3 pH=3
( [H')OH]=K., [OH7] =
C) w [H+]
_1X 107" —— —13
(OH] = 2315 (OB =1x10
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{d) pOH=-log[OH"]
=—log {107'Y
——(-11)
pOH=11
or:
pH + pOH = 14,
pOH =14~

« Problem 1-10

or

3

1
POH =108 t5
~ log.
~ OB gp

= log 10"

pOH =11

pOH = 14 - pH

pOH =11

What are the (a) [H*], (b} [OH ], {c) pH, and (d} pOH of a 0.002 M solution of

HNO;?

Solution

(a) HNO; is a strong incrganic acid.

[H']=0.002 M =2x10"M

(b)
[OH}=

[H'J[OH} =1 x 107"

i % 10—14

9%x107°

=0.5x 107"

[OH=5x10"2M

1

() pH =log g
= log s

2x 10
=log 0.5 x 10°
= log 5 X 107
= log 5+ log 10°
={.699+2

pH =2.699

or

!

whe

pH = log 500
log 500 = 2.699

pH = 2.699

re 2 =the number of places be-

tween the first significant figure and
the decimal point and 0.699 = log of

“5 23

*
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10" M [H*] =pH 2
107 M [H*] = pH 3
2x 107 M [H*] = pH between 2 and 3

(d) pH+pOH=14

pOH = 14.000 — 2.699

pOH = 11.301

- Problem 1-11

or

1
pOH = log[o—H__]

1
=log 5x 102

=log 0.2 X 10"
=log 2 x 10"
=log 2 +log 10"
=0.301+11

pOH = 11301

What is the concentration of HNO; in a solution that has a pH of 3.4?
r

Solution

pH= log[Ti:j= 34

where 3 = number of places
between first significant figure
and the decimal point. Look
up antilog of *4.”

antilog of 4 = 2512
e 1
(H ]_2512
1

“9512% 10
=0.398x10°°

[H']=3898x10"'M

ar

[H*]=10"""
=10
— 10—4 x 10+0.S
Look up antilog of 0.6

antilog of 0.6 = *398”
=3.98

[H']1=398%x10"' M

HNO, = 3.98 X 107" M assuming 100% ionization

Check:

pH 3 =107 M [HNO:]
pH4=10"" M [HNO]
pH 3.4 = [HNO;] between 107 and 107° M
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- Problem 1-12

How many (a) H* ions and (b) OH™ ions are present in 250 mi of a solution of
pH 3?

Solution
(a) pH=3%
[H*1=10"° M (107° g-ions/liter)
1 g-ion/liter = 6.023 X 10* ions/liter
107% g-ions/liter = 6.023 X 10% ions/liter
20
*@4"—?—0— ~1 1506 x 10% jons/250 ml
(b} pH+pOH =14

pOH =14-3=11
[OH™]=10" M or 107" g-ions/liter
107" g-ions/liter X 6.023 X 10 ions/g-ion = 6.023 X 10" ions/liter

12
6.0234>< 107 _ 1.506 x 10* ions/250 ml

+ Problem 1-13
What is the pH of a 10™ M solution of HCI?
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. In this dilute solution, the contribution of H" ions
from H,O is actually greater than the amount contributed by HCl  Asa first
approximation, therefore, the H” ions from the HCI 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*] = 107 (from H,0) + 10~ (from HCI)
pH = —log (1 X 107+ 0.1X 10
_ 1 _ 7
= log TIx107 - log 0,909 x 10
= log 9.09 X 10° = log 9.09 + log 10°

=0.959+6 pH = 6.959

The above solution is still not completely correct. It assumes that the
contribution of H* ions from water is still 1077 M in the presence of 107° M
HCL Actually, the slight increase in H” ions from HCI tends to depress the
ionization of H.O, that is, shift the equilibrinm of the HOH = H*+OH"



ACIDS AND BASES [9

reaction back to the left. An exact solution to the problem can be obtained in
the following manner: Both HOH and HCI ionize to form H* ions.

HOH=H"+0H"
HCl—- H* +CI”
Let X=[H"]from H,O
[OH]=X
[H']from HCl= 10" M
[H]=X+107[OH]=X
[HTJ[OH}=10""
(X +107%)(x)=10"
X*+10°°X=10"
X210 X ~107" =90
The above equation can be solved by substituting into the general solution for
a quadratic equation:

—b =V ~dac
2a

where a =1, b=10" and c=—10""

_ 10 VA0TH - 4(=107) _ ~ 10+ VIO +4x 10"

X =

X

2 2
_107+V4.01x 107" —107°+2.0025 X 107
2 2

_ — 10720025 X 10™*
B 2

19.025 x 107° —~21.025 x 107°
=——F— and T

2 2
X=05126x10" (neglecting the negative value) .
[H']=X+107°

= 95125 X 107* + 107" =10.5125 x 10™*

_ ]
PH = log {55 Tor 10—

= log 0.09512 X 10° = log 9.512 X 10°

=log 90.512+log 10° = 0.978 + 6

pH =6.978

* Problem 1-14

What are the (a) ay and (b) yu- in a 0.010 M solution of HNQ, if the pH is
2.08?

Solution

In this problem we can no longer assume that a,+ = [H*]. ‘It is obvious that if
aw =[H']and pH = —log [H"], the pH would be 2.0 and not 2.08. .. y# L.
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(a) pH = log 1 or anr= 1077
Ayt
2.08 = log L ayr =107
ay
antilog of 0,08 = “120™ =107 x 10"
1 190 =107°x 8.3
au+
b
4w =190 aw =83 x 107
ap+r = 0.0083
aw = 8.3%x107°
{b) aw = yufH'] where vy = the activity coefhcient

0.0083 = y4+(0.010)

v+ = 0.83

Although the actual concentration of HNO; is 0.01 M, the solution behaves
as if only 83% of the HNO; molecules are dissociated; the gffective or apparent
concentration (au+) is 0.0083 M. The HNO; is actually 100% ionized. In-
teractions of ion clouds, however, prevent full expression of the H" ions; that
is, the shielding effects of NOs™ tons surrounding the H* ions make it seern as
if some of the H* ions are not there.

NEUTRALIZATION AND TITRATION OF STRONG
ACIDS AND BASES

« Problem 1-15

(a) How many milliliters of 0.025 M H.S0, are required to neutralize exactly
595 ml of 0.06 M KOH? (b) What is 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.ca X Naga = HteTsne X Nyase
H.80.,=0025 M =005 N
litersaca % 0.05 = 0.525 X 0.06

liters. = 0—%;—50@ = 0.63

acid required = 630 ml




ACIDS AND BASES 21

(b} The neutralized solution contains only K.SO, that, being a salt of a
strong acid and strong base, has no effect on pH.

pH=7

* Problem 1-16

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

Solution

At the equivalence point, the number of moles H* added equals the number
of moles OH™ present.

liters,ca X Noaa = number of moles (equivalents) of H* added

. ﬁ”:qs; = number of moles of NaOH (and OH") present
liters x N= K‘/{XEWL liters X 0.05 = %50
liters = Zﬁ% =80
= 4.0 liters = 4000 m!

+ Problem 1-17

Calculate the appropriate values and draw the curve for the titration of 500 m!
of 0.0l N HCI with 0.01 N XOH. )
o

Solution

A titration curve is a plot of pH versus milliliters (or equivalents or moles) of
standard titrant added. For the titration of a given amount of acid, the curve
is a plot of pH versus milliliters (or equivalents) of base added. The pH atany
position up to the equivalence point is calculated from the concentration of
excess (untitrated) HY remaining (taking the increased volume into
account). At the equivalence point, the solution contains only KCI, a salt of a
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 isshown in Figure 1-1.

IONIZATION OF WEAK ACIDS

. In an aqueous solution a weak acid ionizes to a limited extent as follows:
HA + H,O = H,O" + A~

[conjugate adid); [conjugate basel [conjugateacid]s  [ronjugate base},

The proton released from HA is accepted by water to form the hydroni‘x_}m
ion H;O". The reversible ionization reaction can be described by an equilib-
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12+ -
198 o
10+

gt

oH

1 Equivalence point

NS S S B
0 100 200 300 400 500 600 700 800
Milliliters of 0.0LN KOH added
Figure 1-1 ‘'Titration of a strong acid (e.g.,
HC with a strong base (e.g., KOH}

/_rium constant, K;:

- [H:0"][A7]

K = (HAjH,0]

Because [H.O] is itself a constant, we can define a new constant, K,, that
combines K; and [H:O].
e [HOIAT]
Kl {H?O] Kn [HA]

Because [HsO"] is the same as the “hydrogen ion concentration,” [H'], the K,
expression is usually written as shown below.

_HTAT]
It is not surprising that the above K, expression is identical to the

expression that we would obtain if we assumed that the weak acid-dissociates
directly to yield H* and A™:

HA

H"+A”

IONIZATION OF WEAK BASES

In an agueous solution, inorganic bases yield OH™ ions directly by dissocia-
tion.

KOH—-K"+OH"™
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Organic bases such as amines R-NH,;, coatain no OH 1o dis-
sociate. However, if we assume that.the -R-NH,; reacts with H,Q to form
“R-NH3OH,” then we can consider the “dissociation” of organic bases to yield
OH~ ions directly just as we do for inorganic bases. In fact, this is frequently
done when we consider aquecus ammonia, NH;; we assume that the dissoci-
able substance present is “NH,OH.”

“R-NH,OH” = R-NH; + OH"
“NH,OH" = NH{ +OH~

We should bear in mind that “R-NH;OH" refers to the sum of R-NH, plus
any small amount of R-NH.OH that might exist.

It usually makes little difference whether we consider the ionizaton 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-NH, + HOH = R-NH; + OH~

[conjugate base), [conjugate acid]; [conjugate acidj; [conjugate base}],

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

g, = [R-NH:J[OH"]
' [R-NH,]}{H,0)
Again, we can define a new constant, K,, that combines the two constants, K;

and [H.O1.

_ [R-NHIJ[OH"]

Ki [H20] - Kb [R-NHQ]

The K, expression is exactly the same as that which we obtain il we assume
that R-NH; is actually R-NH;OH, which dissoctates directly to yield R-NH7
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 H;O" and the corresponding conjugate base, A~. A K, expression can
be written for the ionization.

A H,0*J[A"]
HA+H0 = H,0*+A~ K, = HBOHAT]
2 3 [HA]
If we start with the conjugate base, A™, and dissolve it in water, it ionizes as a
typical base; it accepts a proton from HyO to form OH™ and the correspond-
ing conjugate acid, HA., A K, expression can be written for this ionization.

A"+HOH=HA+OH" K, = HA[}:E(_)}H"]
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Solving the K, and K, expressions for [Hs0'] and [OHT]:

- A_ Ka
mon-HlE on 1=k

Substituting into [H,O"J{OH™} = K..:

(HAJK, [A1Ks _
A XA K-

or K. xK;, =K. (23)

Taking logarithms:
log K, +log K, = log K.
—log K, —log K, = —log K.

Just as --log [H*] has been defined as pH, we can define —log K, as pK,,
—log K, as pK,, and —log K., as pK.. (which equals 14).

pK, +pK, = 14 (23a)

For polyprotic acids, the K, values are numbered in order of decreasing
acid strength (K., K., etc.). The K, 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 K, values are numbered accordingly as shown below.

HLA —=H* + HA"

Ky
Kﬂz Ky,

H* +AY

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

Kal X Kh = K., pKﬂl + pre = pKw

Kﬂg XK, = K. pKaz+ prl = pI{’-l

pH OF SOLUTIONS OF WEAK ACIDS

The dissociation of a weak monoprotic acid, HA, yields H” and A” in equal
concentrations. 1f K, and the initial concentration of HA are known, H* can
be calculated easily:
[HATY_{H'P

[HA]  [HA]

K, =
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[H'] = VE.[HA] (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 K.[HA] = {log K. + log [HA})

—log K. — log [HA]

~log [H*} = 5

or pH = B,.K.s..'f_éB.[.g,A.l (25)

where p[HA] is the negative logarithm of the HA concentration. Similar
relationships can be derived for weak bases, A” or RNH..

K, +p[A-
[OH] = VE.[A] and pOH = E__*# (26)

+ Problem 1-18

The weak acid, HA, is 0.1% ionized (dissociated) in a 0.2 M solution. (a)
What is the equilibrium constant for the dissociation of the acid (K.)? (b)
What is the pH of the solution? (¢} How 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 (o neutralize completely 500 ml of
the 0.2 M HA solution?

Solution
{(a) HA = H* + A~
Start: 0.2 M 0 O
Change: ~{0.1% of 02 M) =

-9X 107" M +2x 10° M +o2x107* M
Equilibrium: 0.2-2x10°M 2x107* M 2x107* M

K = [H'[A] _2x 1079(2 % 107
i [HA] 0.2—-2x1067

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

_(@x107%2x107) _4x 10

Ke 0.2 T 2x107

K.=2xH07
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1 1

(b) pH=log (07 = log %10~
=log 0.5 X 10" = log 5 X 10°
~log 5 +log 10°=0.7+3

pH =37

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

1 1 !
pH =log 0] =log 5% 10~ log0.5x10'=logh

pH=0.7 {(assuming y = 1)

The weak acid is 3 pH units less acid than a comparable HCI solu-
tion. Remember the pH scale is a logarithmic scale, not a linear scale. The
HA then is 10° 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 HCl solution, the iotal acidity (free H* plus the undissociated
hydrogen in HA) is the same. When OH" is added, it reacts with the free H®
to form H,O. Some HA then immediately dissociates to H* and A” to
reestablish the equilibrium. This H is also necutralized by further additions
of OH™ and so on until all the HA is neutralized. Neutralization calculations
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

Iitersbase x Nbase = litersaa’d X Nadd

HA is monoprotic.

. N=M
literspn. X 0.1 = 0.5 X0.2
Htersps. = 0'5{;(10'2 = g—% = 1 liter of base required

+ Problem 1-19

The K, for a weak acid, HA, is 1.6 X 10°.  What are the (a) pH and (b) degree
of ionization of the acid in a 107 M solution? ({¢) Calculate pK. and pK,.

Solution
(@) Let x = M of HA that dissociates, .. x =M of H" and also M of A~
produced.
HA = H* + A
Start: 107°% M ] 0
Change: ~-xM +xM txM
Equilibrium: 107°—xM M x M

_[HTAT) L (x)(x) _ -
K, = [HA] ’10*3—x‘1'6“0
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First calculate x assuming that x is very much smaller than the concentra-
tion of un-ionized acid, that is, assuming that the acid is less than 10%
ionized. The denominator of the K. expression may then be simplified.

2
& X
1.6 x 10 =107

¥*=16x10°%=16%x1)7"°
x=VIEX I =VIexVIE P =4.0%x10"°

[H*]=4x10° M

or using equation 24:
[H'1=VE,[HA]=V({1.6X 1051075

=VIEX10"=4%x10" M

1
pH = log[mﬁT}
= log;&lm—_s = log 0.25 X 10° = log 2.5 X 10*
=log 2.5+ 1og 10° = 0.898 + 4

pH = 4.398
{b) degree of ionization = [}gi]] X 100
orig
_4x10 4x107°
= 10_5 X].OOMTO:;H— 4%

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

{c) The pK, is the negative logarithm of K,

pK.=—-log K, = logé

pK.= logﬁﬁﬁ =log6.25 x10°

pK.=log6.25+1log 10°=0.796+5

pK, =5.796

pK. +pK, =14 pK,=14-pK, = 14—5.796

pK, = 8.204
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« Problem 1-20 '

Calculate (2) the H* ion concentration in a 0.02 M solution of a moderately
strong acid, HA, where K, =3 X 1072 M, and (b) the degree of dissociation of
the acid.

Solution
(a) Let . x= M of HA dissociated
=M of H* produced

HA =— H* + A~
Start: 0.02 M 0 0
Change: -xM +xM +xM
Equilibrinm: 0.02—-xM M M

_[HAT] o _(6)()

K="mar P Tom-x

The relatively large K.(>107°) suggests that the acid is more than 10%
dissociated. Therefore, the denominator term in the K, expression should

not be simplified.
(3% 1072)(0.02 - x) = x*

6x 107 -3 % 107%x = x*
x+3X107%% —~6x107 =0
Soive for x using the general solution for quadratic equations.
—b = Vb —4ac
2a
where a=1 b=3%x10"" ¢ =—6x107"

-

x =

o = 23X 102V (3 x 107 —4(—6Xx 107
2

_—3x 107 =VOx107H)+24x 107"

9
_ 38X 10°+Vv33%107" _ —8X 1072574 %107
9 2
_+2.74%107

5 (neglecting the negative answer)

[H*]=1.37x107 M

{b) degree of dissociation = [I_[II-;}jrig x 100

_0.0187
0.0200

x 100 =68.5%

+ Problem 1-21

What is the pH of a 3.5% 107 M solution of an amine with a pK., of 9.6?
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Solution
pK,=pK, - pK, p[RNH:] = —log [RNH,]
’ -4 = log——t
=]14-96 10g3.5 X107

pK,=4.4 = log 28.57
p[RNH,] = 1.456

_ pX, + p[RNH,] _ 4.4+ 1.456
pOH 5 5
= 52ﬁ =2.83

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, =
1.5x 107

Solution

Butyric acid is only partially ionized. The undissociated molecules have no
effect on the ionic strength of the solution.  First calculate My and Myuiyeace

_[H'Mbuyrate) _ COG) _ X*_ | o 10

° [butyricacid] 0.1-X 0.
X?=15x10"°

X =vV150x 107 =12.25 x 10™*
(H']=1225x10" M, [butyrate’]=1225x10">M

r 1
o § 2 M252 = % [_MH+Z?-I+ + Mbutyra(e_'zzbmmlc—]

2
_ (1225 X 107%)(1) + (1.225 X 10 (— 1)*
2

{
=1.225 X107 .

ro|ry

EFFECT OF CONCENTRATION ON DEGREE OF DISSOCIATION

As a consequence of the law of mass action, the degree of dissociation of a
weak acid varies with concentration. A dissociating system of the type
HA = H*+ A™ has an unequal number of particles 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 particles). As the total
concentration of all species decreases, the equilibrium shifts to the right (i.e.,
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to the side with the greater number of particles). The equiiibr}um constant
remains constant. Only the relative proportions of the various species
change. -

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

BJ[C
k=Bl 10
[A]
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:

New concentration of A =0.1[A]=0.1M
New concentrationof B=0.1[B}=01M
New concentration of C = 0.1 [C]=0.1 M

But Q—%)_(IO—I} does not equal 1.0

Therefore, the relative concentrations must change to reestablish equilib-
rium. B and C increase while A decreases.
A mathematical relationship between concentration, K, and the degree of

dissociation can be derived easily.

HA == H' + A~

Start: C 0 0
Change: —nl +nC +nC
Equilibrium: € —nC nC nC

where €= the original total concentration of HA
n=the fraction dissociated (as a decimal)

_ (nCH(nC) _ e
K, (€ = nC) KC—KnC=nC
K, — K.n =n%C K.(l1—n)=n'C

C=—7=K. (27)

1f nC is very small compared to C, the expression for K. simplifies to:

_ (nC)C('nC} _ n;C2 = nC

K.

Solving for C or n:

p¥ls

and n= \/%: {28)
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- Problem 1-23

At what concentration (in terms of K,)of a weak acid, HA, will the acid be (a)
10% dissokiated, (b) 50% dissociated, and (¢} 9% dissociated?

Solution -
) 1=-n, _1-01_ _ 09 _
(a) C= 7 Ka_ =00y K, =001 K, C =9K,
1-065_, 05 _
(b) C= 5y K.= 0.95 K. C =2K,
_1-09, 01 _
(c) C= (.97 K, = 0.81 }?a C =0.123K,

Thus, we see that the degree of dissodiation 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.

AT+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,” K, is
identical to K,.

_ [HAJIOHT]
~ [AT][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-NH, + H.O"
NH{ + HOH = NH; + H;0*

[HAJOHT] _

K., K. JHOH}=K, = [A] =K,

or
NH; + HOH = “NH,OH”+ H*

Again, we see that the “hydrolysis” is nothing more than the usual
ionization of the conjugate acid. In this instance, the K, that is defined is
identical to K, for the conjugate acid.

_ [R-NH,][H:0%}

- [R-NHLJ{H:0"] _
"~ [R-NH3)[HOH] B

K., KLHOH}= K, = [RNH:] K,

O Problem 1-24
(a) Calculate the pH of a 0.1 M solution of NH,C!. The K, for NH,OH is
1.8 x107°, (b) What is the degree of hydrolysis of the salt?
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Solution

(a) NH.CI is a salt of a weak base and a strong acid. Therefore a solution of
NH.,ClI will be acidic because of “thydrolysis” of the NH{ ion.

NH!+ HOH = NH,OH +H’
—1d4
Ky Ko =B L =556 x 007
b R
- DOBIILT .
4
Let
y= M of NH,OH produced upon hydrolysis
y= M of H* produced upon hydrolysis
)0 =5.56x107"°
(0.1-y) 7
Simplifying:
y2=5.56x 107" y = V556 x V107"
1 5 - 1
[H*]="7.46%10 pH 10g7.46><10‘6
pH=5.13
. [HT _746x107°
(b} degree of hydrolysis = ——#_[NHI} X 100% = ot % 100
4
ST 746x107%

Because the NHI is less than 10% hydrolyzed (ionized), our substitution of
0.1 M for 0.1—y M is reasonably valid.

HENDERSON-HASSELBALCH EQUATION

A useful expression relating the (2) K. of 2 weak acid, HA, and the pH of a
solution of the weak acid or (b) K, of a weak base and the pOH of a solution of
the weak base can be derived.

_[HAT]
(2) K. ="HA]
Rearranging terms:
o [HA)
[H ] - Ka EA-—]

Taking logarithms of both sides:

[HA]

log [H'}=log K. +log [A]

Multiplying both sides by —1:
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—log {H'] = ~log K, — log E{If}]}
pH = pKa —log [[ij}]}
pH =pXK. +log {[‘IE (29)
_[M'JOH7] _[RNHJJOHT]
(®) B ="nom K [R-NH;]
_._ . [MOH] - _ . [R-NH
[OH) = Ky [OH7) = K tp e
log[OH ]=1log K, log [OH"] = log K,
[MOH] [R-NH.]
+log M +log h{R-NH;]
~log [OH ] = —log K, —log[OH"]=—-log K,
—log IMOH] og IR-NHs]
8 M7 8 [R-NH:]
MOH R-NH,
pOH = pKwiogﬁ pOH =pr—logE[~lnm~—-—ﬁ—s%
_ _[M'] _ [R-NH{]
pOH = pK, +log MOH] pOH = pK, +log [R-NH,]
(30)

Note that when the concentrations of conjugate acid and conjugate base are
equal, pH = pK, and pOH = pK,. This same refationship can be seen from
the original K, or K, expressions; when {A7]={HA], [H*'}= K, and when
[R-NIL] = [R-NH3], [OH ] = ,.

According to the above equations, the pH of a solution containing HA and
A" is independent of concentration; the pH is established solely by the ratio 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 [A7] and [HA] are
high compared to K,, but not so high as to warrant corrections for activity
coefficients. Under the usual laboratory conditions, the. concentrations
might b}e 0.1 M orless with K, values of 107® or less, so this condition is met.

D. LABORATORY BUFFERS
TITRATION OF A WEAK ACID
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., CI7) has no effecton
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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.

1. HA=H"+A"

When OH- ions are added, they are neutralized by the H” ions to form
H,0.

9, ’ OH™ +H* - H,0

The removal of H* ions disturbs the equilibrium between the weak acid and
its ions. Consequently, more HA ionizes to reestablish the equilib-
rium. The newly produced H* jons can then be neutralized by more OH™
and so on until all 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. HA+OH =H,O+A"

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,Q 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 calculating the values
for [HA} and [A7] during a titration, it is safe to assume that moles
HA,cmin = moles HA,., — moles HAuuea, and moles A= moles HAumwes
throughout most 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 of a solution of HA
that has been 99% titrated.

- Problem 1-25

Calculate the appropriate values and draw the curve for the titration of 500 ml
of 0.1 M weak acid, HA, with 0.1 M KOH. K, =107 (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..

3.0

_pK.+p[HA]_5+1_
pH 9 9 -



LABORATORY BUFFERS 35

d
[HA] < [A7]

[HA] > [A7]

2 Half-titrated
[Ha} = [A7] Equivalence poin

0 1 | | [
) 100 200 300 400 500
Millifiters of 0.13f KOH added

Figure 1-2 Titration of a weak monoprotic acid, HA, with a strong base (e.g.,
KOH). pK.=5.0; [HA] at the start=0.1 M.

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

(A7)
[HA]

pH = pK, +log

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

0.1 liter X 0.1 M = (.01 moles of O™ have been added
(.01 moles of HA have been converted to 0.01 moles of A~
moles HA remaining = moles HA originally present
—moles of HA titrated to A~

= (0.5 liter x 0.1 M) —0.01
= .05 — 0.01 = 0.04 moles

The volume has changed, but the ratio of moles A7/moles HA is the same as
the ratio of [A7]/[HA].

pH =50+ lc,g%—g—}i = 5.0 +log 0.25

To avoid dealing with the log of a 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—log0_—01

=5.0—log4=>5.0-0.602

pH = 4,40

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

A
pH = pK. +log {[HA}]

[A)=[HA] =1 log1=0
pH=pK, or pH =50

(d) Beyond the halfway point, the pH is still given by:
Al
[(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

pH=5.0+log-g-'%g§=5.0+log3

pH =pK, +log

= 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..

(¢} When exactly 500 ml of 0.1 M KOH have been added, we have theoreti-
cally titrated all the HA to A”. However, the pH at the endpoint is not 7
because A~, the salt or conjugate base of HA, ionizes:

AT+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 K, First note that the concentration of A™ is 5X 107 M at
the endpoint (500 mi of 0.1 M KOH have been added to 500 ml of 0.1 M HA
yielding 1 liter of solution containing 0.05 moles of A™).

\
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_[HAJOH™] _ K, _ 107"
Al K 10°
pK, +plA7]_ 9+ log &k

K, =10"°

pOH =

9 2
_9+1.30 _10.30
2 2
pOH =5.15

pH = pK, —pOH pH=14-5.15

pH =8.85

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) “ml! of 0.1 M HCI added.”

WHAT IS A BUFFER? HOW DOES A BUFFER WORK:?

A “buffer” is something that resists change. In common chemical usage, a
pH buffer is a substance, or mixture of substances,-that permits solutions to
resist large changes in pH upon the additon of small amounts of H* or OH"™
ions. To put it another way, a buffer helps maintain a near constant pH upen
the addition of small amounts of H* or OH™ ions t0 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 and a salt
of the weak base (conjugate acid). Together the two species (conjugate acid
plus conjugate base) resist large changes in pH by partially absorbing
additions of H* or OH™ ions o the system. If H' tons are added to the
buffered 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. Buflered 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
Buffer 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 pK, the pH changes only slightly 4s 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 buffer at pH 7. If we wished to
prepare a solution that would buffer at pH 7, we would use a weak acid whose
pK. is around 7.



i

i,
i

[
i“
P
L:
I

LR

383 AQUEQUS SOLUTIONS AND ACID-BASE CHEMISTRY
+ 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 “acetate” 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 [H*}J{OAc”] divided by [HOAc] must be
constant:

[H'}OACT]

K. =" IH0Aq]

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] is still the same constant value (K. ).

For example, if OH™ ions are added to the system, they react with the H*

ions present to form H.O.

OH +H -H,0

The reduction in [H’] disturbs the equilibrium momentarily. Con-

~ sequently, more HOAc dissociates to reestablish the equilibrium condition,

HOAc=H"+O0Ac”

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 H,O
plus more conjugate base [OAcT] -

OH +HOAc = H,0+0Ac

All of this, of course, happens almost instantaneously.

Similarly, if H* ions are addeéd to the system, the equilibrium again
shifts. This time the conjugate base [OAc™) reacts with some of the excess H"
jons o form un-ionized HOAc.

H*'+0OAc = HOAc

It should be emphasized that the excess H' or OH™ ions are not completely
neutralized by the buffer; that is, the pH does not remain absolutely constant
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upon addition of H* or OH " ions to abuffer. The reactions by which H* and
OH" ions are absorbed are themselves equilibrium reactions and do not go to
completion.

PREPARATION OF BUFFERS

» Problem 1-27

, What are the concentrations of HOAc and OAc™ in a 0.2 M “acetate” buffer,
, pH 5.00? The K, for acetic acid is 1.70x 107 (pK. = 4.77).

Solution

A 0.2 M acetate” buffer contains a lotel of 0.2 mole of “acetate™ per
liter. 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-Hasselbalch equation.

_[HIOACT) _ . [0ACT]
K ="HoAq PH = pK. +log 15
Let ) Let
y=M of OAc” y= M of OAC”
0.2~y= M of HOAc 0.2—y= M of HOAc
_ _ y
pH=5 5.00=4.77+log 02—y
+1 = 1475 - ¥y
[H*]=10"" 0.23 = log 69—y
S (1090 Y _ant
1.7% 10 09— ) 52— antilog of 0.23
3.4X107°-1.7x107%.
— -5 = ,
1X107% —J——O'Qﬂ 1.70
3.4x107°=2.7x107% 0.34—1.70y=1y
_34x10™° _
y=10.126
y=0.126" [OAcT]|=0.126 M

{OAcT]=0.126 M

[HOAc}=0.200—0.126

[HOAc] = 0:074 M

[HOAc)=02—y M

[HOAc) = 0.2 - 0.126

[HOAc] = 0.074 MJ
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[OACT]
[HOAc]
’ [OACT] [OAcT}

[OACT]
[HOAC]

or pH =pK, +log 5=477+log

0.23= logm—]  [HOAq) = antilog of 0.23
[OACT] _ | 79 L0
[HOAC] 1.70 1
: - L7 _ - 1.00 -
. T of total = OAc and 570 of total = HOAc
i.70 _ =1
—2—7><0.2 M=10.126 [OACT]=0.126 M
1.00 _
570 % 0.2 M=0.074 [HOAc]=0.074 M
i‘f’; 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

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

Solution

' First calculate the molarities of OAc™ and HOAc present.  Any of the three
= methods shown in Problem 1-27 may 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 OACT)

The total of 0.6 mole is obtained from two sources:

3 liters X 0.126 M = 0.378 mole OAc”
3 liters % 0.074 M = 0.222 mole HOAc

The 0.578 mole of QAc™ comes from solid NaOAc.

- Wl Wi
: number of moles = W 0.378 136
g wt,=5l4g

The 0.999 mole of HOAc comes from a I M stock solution.

number of moles = liters X M 0.222 = fiters X 1

liters = 0.222 or 222 ml
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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 of a 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 presernt.

- [QACT], = I0ACT]
pH =pK, +log THOAC] 4.47= 4.77 +log [HOAC]
080 = log £OACT] _ . [HOAd]
,.0-30 =log [(HOAC] or +0.30 = log [OAC]
[[PCI)?\?'C]] =antilogof 0.3=2= % ratio

% of the total acetate is present as HOAc and 3 of the total acetate is
present as OAc¢™. The final solution contains:

1% 0.3 M=0.2 M HOAc (1 mole in 5 liters)

_% X 0.3 M=0.1M OAc {0.5 mole in 5 liters)
In this buffer, ail of the acetate must be provided by the HOAc. ' The
buffer is prepared by converting the preper proportion of the HOAc to QAc™ by

adding KOH. We need 5 liters X 0.3 M = 1.5 moles total acetate. Calculate
how much stock 2 M HOACc is needed to obtain 1.5 moles.

liters X M = number o6f moles

liters Xx2=15 liters = -1—22 =0.75
750 ml of the 2 M HOAc is required.
Next, convert 3 of the 1.5 moles to OAc¢™ by adding the proper amount of

25 M KOH.
1% 1.5 moles = 0.5 mole KOH needed

liters X M = number of moles
liters X 2.5 = 0.5 mole

.05 _ .
liters = 55" 0.2 liter
Add 200 ml of 25 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 ina
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foliowing section, the ability of a buffer to maintain a near-constant pH
i increases as the concentration 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 jonic
strength. There are some circumstances where we want the pH to change
significantly (e.g., when the extent of a reaction is measured by 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

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

Solution

Suppose we have a buffer containing 0.01 M HA and 0.01 M A" Assume
that the K, of the weak acid is also 107°. Consequently, the H* ion
concentration must also be 107 M.

| HUATD . Q0900 _ 0
- [HA] . (107

Fi Now suppose 107 M H* is added to the buffer. If all of the H” reacts with
F;:‘ A" to yield HA (thus maintaining [H*] at 107 M), the new concentration of
[HA] would be 1.1xX 10 M and the new concentration of [A7] would be
EEE' 0.0x 107* M. Substituting these values into the K, expression, we can see that
the [H*}[A"] divided by [HA] is not constant and equal to 107,

(107°)(0.9 % 107 s
(1.1x 107 # 10

- Problem 1-31

Consider a 0.002 M acidic buffer containing 107 M HA and 107° M A™. The
pH = pK, =5 (K, =107%). Suppose that 5 x 107" moles of H" are added to 1
liter of the buffer (assume that the volume remains at 1 liter). (a) Calculate
the exael 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 in the amount of A7) is equal to the amount of H" added.

Selution

The added H* is partially utilized by reacting with A~ to form un-ionized HA.

H*+A = HA
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() Let
y= M of H* utilized by the buffer
[AT]=10°—y M [HA}=10"+y M
[H7=10°+5X10—y = 51X 107~y
o AT (B1X10°-5)(0° =) o,
© [HA] (107 +y)

Cross multiplying:
1078+ 107y = 51 X 107° — 51 x 1075y — 107% + y?

Rearranging and collecting terms:
Y2107 =51 X 107y — 107y +51 X 107°— 107 =0

o100 107°y =51 x 107°y — 1 X107y +50x 107" =0
y ¥
y—152x107%y +50x 107° =0

_—b Vb ~4ac
y= 2a

where a =1 bh=—152%x107° ¢ =50x 1078

y— +152X 107 = V(~15.2x 107 —4(50 X 107%)
- 2

_152% 107 +1/931 X 107~ 200 x 10™°

y 2

. 15.2% 107 =V31x107° _ 15.20X 107 +5.57x 107"
- 2 - 2

20,77 % 1071 963x10™*
= — 9 and W

y=1089x10* and  4.815%107*M

The higher value is obviously incorrect because only 5x107* M H" was
added.

y=48l5X 107 M

Thus, of the 5X 10™* M H" originally added, 4.815 X 107™* M was utilized by the
buffer. The final H* ion concentration was increased by 0.185X% 107 M.

(H Yo = (1 X 107%) + (1.85 X 107%) [H ) = 2.85x107° M

[A Jeoa = (10X 107 — (4.82 X 107%) [A o =518 X 107" M

[(HAJfmr = (10X 1079 + (4.82 X 107%) [HAJ5pu = 14.82x 107" M J
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Cor = | U S
PHon = log 7y — = 108 5 g5 76

=1log 0.351 x 10° = log 3.51 X 10°

pH = 4,545

In other words, the pH decreased by 0.455 unit.
(b) If we assume that virtually all the H* reacts with A™ to form HA, in order
to simplify the calculations:

[A Jgom = (10X 107*) — (5% 1079 [A e =5.0x 107" M

[HA g = (10% 107 + (5 X 1079 [HA)rem = 15X 107 M

The estimated new [II*] is that which is in equilibrium with 15X 107 M HA
and 5% 107* M A~. The estimated value will be slightly high because, as
shown in part a, the [HA}/[A™] ratio is actually a little less than 3:1.

K= "HaA) pH = pK. +log 17735
—4
Let y= M of H present pH =500+ Iogz%%%%
-+ QUEXA0 ) 00 1oy 1BX1079)
10 (15 % 107% pH =5.00—log %10
16X 107 = (5 X 107y oH =500 log 3
_15x1077 o
YT X106 pH =5.00—0.477
y=3$x 107°
[H']=3X10"°M pH = 4.523

The calculated H* ion concentration | The calculated pH decrease is 0.477
increase is 2X 107 M (compared to | unit (compared to the true value of
the true value of 1.85x 107 M). 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 buffer employed would be high compared to the expected change inH*
(or OH™) ion concentration. Consequently, buffer calculations may be
simplified greatly, as shown in part b above, without undue error.



LABORATORY BUFFERS 45

+ 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/liter of H" was produced. (a)
What was the ratio of Tris* (conjugate acid)/Tris® {conjugate base) at the start
of the reaction? (b) What are the concentrations of Tris* and Tris® at the start
of the reaction? (¢} Show the reaction by which the buffer maintained a near
constant pH. (d) What were the concentrations of Tris’ 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
_ Tris® _ Tris"
(2) pH=pK, +log Trie® 7.8=8.1+ logTris"
. Tris® . Tris®
0.3=log Tris® or +0.3=log Tris’
Tris" _ . _ Tris® _ 2
Tris® antilogof 0.5 =2 Tris® — 1
(b)
§x0.2M=| 0.133 M Tris* and sx02M =] 0.067M Tris’
Check:  The pH is less than the pK,; .. [conjugate acid]> [conjugate

base}; 0.133 M > 0.067 M.
(c) The conjugate base reacts with the excess ",

Tris"+ H* = Tris*

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

[Tris*]=0.133+0.030=| ©.163 M

[Tris] = 0.067-0.030 = 0.037 M

_ Tris® _ 0.037
(e) pH = pk, +I0gTris"' =8.1 +log 0.163
0.163

=8.1—logw=8.1—log4.4

pH = 8.1 - 0.644 pH = 7.456
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{f) If no buffer were present, the production of 0.03 M H” would bring the

pH to:

L ogoie =
pH= logm— log 0= log 33.33

pH =152

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

BUFFER CAPACITY—THEORETICAL 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 of a given amount of H”
or OH" (e.g., 1 mole/liter). The first definition is better because it can be
applied to buffers of any concentration. )

An expression for instantaneous buffer capacity, B, can be derived using
calculus. Essentially, B8 is the reciprocal of the slope of the titration curve at
any point. Starting with the Henderson-Hasselbalch equation:

pH = pK. +log [ﬁ;] = pK, +log [A7]— log [HA]

= pK. +log[A7]—log ([C]~[AT])
In[AT] In([C]—-{A]

=pK 4793 23
where C=the total concentration of buffer components
={AT]+[HA]
Differentiating with respect to [A7]:
dpH _ - 1 _ 1 _ [C]
dlA™} 23[AT] 23(Cl-[A]) 23AJ{C)-[(AD

d[A7] 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 A7 is
produced. Substituting and inverting:

d[H"] _4{OH"} _2.3[ATJ[C]—-[AT]) _

: dpH ~  dpH [C] P
_ 2.3[ATJ[HA] .
or B=15+HA] 31

Further substitution from the expression for K, yields:
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23 K.[H'][C . .

where [H*]=the hydrogen ion concentration of the buffer.

We see that 8 increases as the concentration of the buffer increases. We
might have arrived at this conclusion intuitively. It seems logical that a
0.25 M buffer should resist a pH change better than a 0.01 M buffer. 1t can
also be shown (by calculus or by trial and error) that 8 will be maximum when
[ATl=[HA]or [H'} = K,, that is, the slope of the titration curve is minimal at
pH=pK,. Also, when [H] =K., . 8 =23[H"P[C]/(C[H"])? = 2.3[H*]?
[C]/4[H"])? or 8 = 0.575[CL. -

Since 8 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 practical
definition of bufler capacity is:

Buffer capacity, = the number of moles of H” that must be
added to one hiter of the buffer in order 10
decrease the pH by 1 unit

= the buffer capacity in the acid direction. (33)

and Buffer capacity, = the number of moles of OH™ that must be
added to one liter of the buffer in order to

increase the pH by | unit,
=the buffer capacity.in the alkaline direction.

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 eflect on a 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 M Tricine buffer, pH 7.5. Tricine is N-tris-
(hydroxymethyl)-methylglycine. pK, =8.15. (K, =7.08x107")

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 titration 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
bufferis less than pK.. Therefore, [Tricine’] > [Tricine®], as shown below.

- [Tricine"] [Tricine”]

H=pK, +1 o T o0 = 8. S

p p og [Tricine’] 7.50 =8.15+log [Tricine’]
_ Tricine'} [Tricine’]
7.50=8.15 -1} [—_ .65 = =y
o8 [Tricine"] 065 = log [Tricine"]

[Tricine'} _ 4.47

{Tricine”] 1
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44T
[Tricine'] = 547 Xx0.05=0.041 M

[Tricine’] = 5—27- % 0.05 = 0.009 M

AtpH 7.5,[H*]1=3.16 X 10" M

(a) . or
. 2.3 K,[H)[C] g 9 3[Tricine’][Tticine”)
(K. +[H]Y [Tricine’] + [ Tricine’}
(2.9)(7.08 X 107°)(3.16 X 107°)(0.05) _ 2.3[Tricine’][ T ricine*]
(7.08x 107 +3.16 X 107%* B C
_257x1077 _ {2.3)(0.641)(0.009)
T (3.87 x 107%)° B 005
_2.57x107" _ 8.40x10™
T 150x 1077 ToBx107 .
! B =0017M B=0017M

(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 Tricine® at pH 6.5 (one pH unit less than the pH of the buffer).

_ [Tricine’] _ [Tricine’]
pH =pkK, +log __[Tricine*} 6.50=8.15+1log ——_[Tricine+}
) _ [Tricine’] [Tricine™] _44.7
g LE5 =log (2506 [Tricne} 1
atpH6.5: [Tricine']= 1 X 0.05 = 0.049 M

3 ‘ (Tricine’] = 7oz % 0.05 = 0.001 M

Next, calculate the [H*} required to change the original concentrations of
conjugate acid and conjugate base to the final concentrations.
[Tricine s = [Tricine Jugg + [H']
0.049 = 0.041 + [H']

[H*]=0.008 M BC.=0.008 M

or [Tricine")sna = [Tricine®loq; — [H']
0.001 = 0.009— [H']

i (H]=0008 M ..| BC,=0008M




LABORATORY BUFFERS 49

Buffer
capacity
in acid
| Buffer capacity in alkaline direction _| _ direction |
i 71
8.50
8.15]
7.50
pH
6.50

i |
0 0.5 1.0
Moles H* added/mole Tricine base
Figure -3 Titration of a 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 Tricine® and Tricine* at pH 8.5.
[Tricine’]
& [Tricine']
[Tricine"] [Tricine’] _ 2.24

8.5=8.15+lo

035 =log tritine’]  [Tricine’] ~ 1
[Tricine®] = % X 0.05 M = 0,035 M
T
[Tricine™] =394 X0.06 M =0.015M

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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[Tricine®}gnu = [TricineJoa + [OHT]
0.035 = 0.009+ [OH"]

[OH]=0026M .. | BC,=0026M

or © [Tricine*]snm = [Tricine’ Jo;s — [OHT]
0.015=0.041 -[OH"]

[OH™}=0.026 M ] BC, =0.026 M

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, BG. >
B, but BC. < f. If the pH of the buffer were 8.15 (i.e., pH= pK.):

BC. =BC,=0.020 M

and
B=0.029 M

That is, the slope of the line 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, for BC, where pH, is
the initial pH and pIl; is the final (lower) pH:

pH; = pK. +1og[2£2]‘ and = pK. tlog [Hz;]}z
pH, — piH; = 1 = (pK. +1log [[HA}]I) (pi. +10g [[HA?]?)
or : 1=log [D};E]ll ~log [[I:IXE]Z

Substituting [HAL = [HA]1+{H Jand [A)= [A_L-*[H 1, multiplying out,
separating terms, and solving for [H']:

e OTHALIAT,
[H']=BC. = {51qa], + (A 1L (34)
Similarly, we can derive the equation for BG,:
o 9HALIATL
[OH'] = BC. = {54+ [HATL 2

For Tricine, HA = Tricine®, A~ = Tricine’.
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* Problem 1-34

In the preceding problem, we saw that it takes 8 X 10 moles H*/liter to
decrease the pH of a 0.05 M Tricine buffer, pH 7.5, by one unit. {a) Will the
addition of 4x 107 M H” decrease the pH by 0.5 unit? (b) What is the ApH
caused by adding 4x107° 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
ApH. Thus, it does not take half as much H* to decrease the pH by 0.5 unit
as it 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 o [H aaea = 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
0.041 +0.004

=8.15+ logg—'g%g =8.15—log9=8.15-0.95

pH=28.15+log

pH =72 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.

i
CH;—C—CO0O™ + NADH + H" == CH,— C—COO0™ + NAD"
O OH

pyruvate lactate

Suppose the enzyme that you are interested in has a 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 still 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. 7

o~

G50 1 w2 TP ARES]
MET L), LIRRARY
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Solution

The reaction utilizes H* jons. Therefore, we would start at the lowest pH
permissible (7.9). The pH will 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:
B [Tris’) » [Tris’le
pH = pK. +log [Tris T 7.9=8.1+log [Tris I
[f%‘izo]i: — antilog 0.2
[Tris"lo _ 1.585 .+ _ 1.585 -
~_[Tris°]o 5 or [Tris o 9585 1C1=10.613[C]
and
[Tris’le = 2_%8_5 [C]=10.387[C]
At the end:
_ [Tris’]; [Tris’);
= P -5 4 = a. E—
pH=pK. +log [Tris')y 8.4=81+log [TrisT)y
-0
{%%% = antilog 0.3

Tris";, 2 .
[[T;::*%i =7 . o [Trsl ::E;[C]=O.667 [cl

' and  [Tris‘)y = % [C]=0383[C]

[Tris*); = [Tris*]a—0.05

0.8383[C1=0.613{C]—0.05

0.05=098[C]  [C}=ggn _

[C]=0.1786 M

Thus, at the start, the buffer contains:

[Tris'] = (0.613)(0.1786) = | 0.1095 M

[Tris®] = (0.387)(0.1786) = |  0.0691 M

At the end of the reaction, the buffer contains:
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[Tris*]= (0.338)(0.1786) = |  0.0595 M

[Tris®) = (0.667)(0.1786) = | 0.1191 M

POLYPROTIC ACIDS

A polyprotic acid ionizes in successive steps:

Kay

HoA H"+ HA
X, _HHAT]
Ko = linAT
H+
+
- - [H[A™)
A K= [HAT]

Note that HA™ is the conjugate base of H.A, but the conjugate acid of
A*. For most common weak diprotic acids, K, is at least one order of
magnitude greater than K., Consequently, the pH of a solution of HA s
established almost exclusively by the first ionization.

Titration and buffer calculations for weak diprotic and triprotic acids are
done exactly as shown earlier for weak monoprotic acids. The only new
consideration is which K, or pK. 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™ (pK., =4, pK,,=7). The pH at any point along the
titration curve is given by:
[HA]
[HoA]
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 calcunlate the
ratios of (HA }/[H,A] and [A* ]/[HA™], hence, the ratie of all three species.

[A*
and pH=pK,+log [I—IA"}

pH = pK. +log

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. HA™+ H,O = A> +H,0" K., =K.,

2, HA 4+ HO=HA+OH  Kuy= Ky = K= 2"
ay
If reaction 1 proceeds further to the right (that is, has a greater K.} than
reaction 2, the solution is acidic. If reaction 2 proceeds further to the right



!
]
[

54 AQUEOQUS SOLUTIONS AND ACID-BASE CHEMISTRY

HpA HA™ AZ”
I f | 3 | I i I

10

pH

| ! | } I ] I [ f I
0 0.2 04 06 0.8 1.0 12 14 16 18 20

Moles OH™ per mole HpA—
1.0 0.8 0.6 04 0.2 Q 0.2 0.4 0.6 0.8 1.0
~<—Moles H* per mole HA™ Moles OH™ per mole HA™—
20 1.8 1.6 1.4 1.2 10 133 0.5 04 0.2 0
) < Moles H¥ per mole A*~

Figure 1-4 ‘Titration of a weak diprotic acid, H:A, with a strong base (e.g.,
KOH). pK.,=4.0; pK,=7.0; [H:A] 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 Keq, and Ko,
because of a further compensating reaction that takes place. If reaction 1
goes further to the right than reaction 2, then some of the excess H.0"
produced reacts with unreacted HA™ according to reaction 3.
3. HA™+H,0" == H,A + H,0O K,q,=;

a

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

1 _1_Ke

4. T+ O0H =AY ==
HAT+OH =AY +H0  Ka=g =g =%
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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 for a dispropor-
tionation reaction always is the ratio of the K, for the next acid dissociation to
the K. for the preceding acid dissociation (K./K.), as shown below.

1. . HA +H,0=A" +H;0" K. =K.,
3. HA_ + HSO+ w\—& HEA + HZO Kqu = f;
Sum: b. SHA = A" + H,A Keq=Keqy X Koqy = Ko
— K“?
Kdis - Kal
or:
— — K‘\D
2. HA + HQO = HQA +0OH K:qz = “f
- _ 2= Ko,
4, HA"+OH = A" +HO K““=K
Sum: 5. 2HA = A" +H,A Kego= Kegy X Keq, = Kais
_Ko K,
Ku, = X. x e
K
Kai, = K:

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

HA = H"+ A% K= K.,
HA +H"= H:A K= KI
. - - o Ko
Sum: 5. ZHA " = H A+ A Keg= 7o K

L]

The disproportionation reaction tends to equalize the concentrations of the lwo 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 H,O and
OH™ or H:O 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 HsO" produced (by reaction 1
or 2) and utilized (by reaction 3 or 4} are much greater than the difference
between the amounts produced @nd utilized. Consequently, we can safely use

_reaction 5 as a basis for calculating the concentrations of all ionic forms (HaA,
"HA™, and A™) in the solation. ’

The H" ion concentration and subsequently the pH of the solution may

then be calculated from any K., expression containing the above components:
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_[H)[HAT _[HAT]
Ko = [HAl K fHAT)
K _(H.AJOHT]_ K. g _[HATJIOHT]_ K.«
h [HA™] K., b [AT] K.,

We can also derive equations from which the H" jion concentration and the
pH may be determined directly from the K., and K, values.

_HANAT) K.,

Kas="HAT  Ka
[H.A]=[AY]
LAY _Ke (H.A] _ VE,

[HAT K. [HA1 VK,

Substituting the [H:A}/[HAT] ratio into the K, expression:

K — {H+][HA—] [H+] - Knl[HEA] — Kq v Kui,
N [H:A] [HA] VK.,
K
L = a .. Y= ,,ﬂ
_"\/EZ:, Vv K, [H'1=VK,VK

[H')= VK.K., (36)

log [H*] = #{log K., + log Kz}
—log [H']1= —ilog K., +log K,)
—log K., — log K.,

1 ~log [H]= g
g K.+ pK.
R pH =B P (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 pI the major ionic
species present is AA°. However, because of the disproportionation reac-
_tion, small (and essentially equal) amounts of AA™" and AA" are also
present. The pH is designated pH. if the major ionic species present carries
the maximum number of charges, regardless of sign. By the same reasoning
. we can show that the pH of a solution of a salt of a weak acid and a weak base
‘ is the average of the two pK. values. For example, the pH of a solution of
L NH.OAc is given by:

;:-": pK, NHI +pKa
pH= 5

HOAc
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+ Problem 1-36

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

Solution

The pH of this buffer is a little above the pK,, of HsPQ, as shown in the
titration curve in Figure 1-5. Consequently, the two major ionic species
present are H,PO; (conjugate acid) and HPOI™ (conjugate base) with the
HPOY™ predominating.

The buffer can he prepared in any one of several ways: (1) by mixing
KH,PO, and K:HPO; in the proper proportions, (2) by starting with H,PQ,
and converting it to KH,PO, plus K.HPO, by adding the proper amount of
KOH, (3) by starting with KH,PO, and converting a portion of it to K:HPO,
by adding KOH, (4) by starting with K:HPQ, and converting a portion of it to
KH.PO: by adding a strong acid such as HCI, (5) by starting with KsPO; and
converting it to KH:PO, plus K:HPO, by adding HCI, and (6) by mixing
XyPO, and KH:PO, 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.

_ [HPO{]
pH=pK. tlog 1 po)
- [HPOY] _ oo LHPOI]
7.5="72+log [H.PO7] 0.3 =log [F.PO.]
[HPOST_ . o2 .
[H.PO7] antilog of 0.3 =2 ] ratio

£ 0.45 mole = 0.30 mole of HPO} is needed and 3X0.45 mole =
0.15 mole of H,PO; is needed.

pEKgyb———————————— e —— —

pH

pKﬂz ____________
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Figure 1-5 Titration curve of H,PO,.
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1. From KH:PO, and K:HPO.—Weigh out 0.30 mole of K;HPO, (52.8 g) and
0.15 mole of KH:PO, (20.4 g) and dissolve in sufficient water to make 10 liters
fnal volume. Or, if stock solutions of the two phosphates are available,
measure out the appropriate volumes of each and dilute to 10liters. In
practice, we might prepare 0.045 M K.HPO, and 0.045 M KH,PO, 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 regardless of what volumes of each are added.

9. From HsPO, and KOH-—Start with 0.45 mole of H,PQ, (position a in
Figure 1-5) and add sufficient KOH to titrate completely 1 hydrogen (to

position ¢) and § of the second hydrogen (to position e).
HaPO,— > H,PO; ———> HPOY

For example, suppose we have available only stock concentrated (15 M)
H.PO, and a standard solution of 1.5 M KOH. Weneed 0.45 mole of HsPO..
liters X M = number of moles

liters X 15 = 0.45 mole

liters = Qﬁ- = (.03 liter

15

Take 30 ml of HsPO,. Add 0.45 mole of KOH to convert all the HsPO,
to HoPO5,; then add another %_X 0.45 = 0.30 mole of KOH to convert 0.3 mole
of H,PO; to HPOY™. In other words, a total of 0.75 mole of KOH is required.

Since we have available 1.6 M KOH, we can caleulate how much of this

solution to add.

liters X M = number of moles

liters = I 15

number of moles _ 0.75 0.500

Add 500 ml of KOH to the 30m! of concentrated HsPO.; then aﬂd

sufficient water to bring the final volume to 10 liters.
3. From KH:PO, and KOH—We can start with KHaPOx {position ¢) and add
sufficient KOH to convert ¥ of the H,PO: to HPOI™ (position e).

H.PO; ——— > HPO™

For example, suppose we have available only solid KH,PO, and KOH. We
need 0.45 mole of KH.PO..
wily _
MW
wt, = (0.45)(136) =61.2 g
. Dissolve the KH:POy in some water; then add 0.30 mole of KOH (solid or
dissolved in some water).

wi, = (0.30)(56) = 16.8 g of KOH

number of moles

Next, add sufficient water to bring the volume to 10 liters.
4 From K.HPO, and HCl—The HPO} (position f) may be converted to
H.PO; by adding HCL

HPO} — > H.POS
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Because we want to end up with an HPOI /H:PO; of ¢ we want to convert
only i of the HPO; to H.PO: (to reach position e). Suppose we have
available solid K.HPO. and a 2 M solution of HCl. Weigh out 0.45 moles of
K:HPO,.

wt; = number of moles X MW
ty = (0.45)(174) =783 &
Dissolve the KH.PO, in some water; then add § X 8.45 = 0.15 mole of HC),

liters X M = number of moles

Jiters = ““mberﬂ;f moles 0. 215 — 0.075 liter

Add 75 mlof 2 M HClL. Then add sufficient water to bring the volume
to 10 liters.
5. From Ks;PO; and HCI—Start with 0.45 mole of KsPOQ, (position h) and add
sufficient HC] to convert all the PO}” to HPOI™ (position f). Then add
additional HCI to convert 3 of the HPO}™ to H.PO; (position e).

3— H* - H* -
PO; HPO; > H.PO;
We need 0.45 mole of KsPO,.

wig = number of moles X MW
te = ((L.45)(212)=95.4 g

Dissolve the KsPQ, in water, Add 0.45 mole of HCI to convert all the PO™
to HPOI". Then add another 3%x0.45=0.15mole of HCI to convert
0.15 mole of HPO{ to H:PO:. The final solution then contains (.15 mole of
H,PO; and 0.30 mole of HPO}~. Now add sufficient water to make 10 liters.
6. From KH.PQO, and K;PO,—The KH,PO, and K:PO,; react to form
K,HPO,. The HoPO; acts as an acid and the PO} acts as a base.

H:PO; + PO = 9HPO;”

The reaction is the reverse of the disproportionation reaction. Note that
each mole of H,PO; and POX” yields 2 moles of HPO;™. Thus, to produce
0.30 mole of HPOT, 0.15 mole of HyPO; and 0.15mole of PO are re-
quired. But,in addmon to the 0.30 mole of HPO:™, the final solution contains
0.15 mole of H;PO;. Therefore, dissolve 0.30 mole of KH;PO, and 0.15 mole
of K.PO; in water. Of the original 0.30 mole of KH,PO,, 0.15 mole reacts
with the PO:” to produce 0.30mole of HPOI , leaving 0.15 mole as
H.PO:. 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 succinate, pH 4.59,

Solution

We can see from the titration curve sketched in Figure 1-6 that the major ionic
species present at pH 4,59 are Hasuccinate and Hsuccinate™ with the latter
predominating. However, because pK., is close to pK,, an apprecmble
amount of succinate’ is also present. :
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Figure 1-6 Titration curve of succinic acid.
First calculate the ratio of Hsuccinate /Hssuccinate using the Henderson-

Hasselbalch equation.

[Hsuccinate™] [Hsuccinate™ ]

pH = pK,, t+log 4.56=4.19+ log

{Hasuccinate] [Hesuccinate]
3 _ [Hsuccinate ] {Hsuccinate ] _ __ . _
g 0.40 = log [Hsuccinate] [Husuccinate] antilog of 0.40 =251

The Hsuccinate /Hysuccinate ratio is 2.51.
Next calculate the Hsuccinate /succinate®” ratio at pH 4.59.

{succinate™]
[Hsuccinate )

[succinate’ ]

[Hsuccinate ™} 4.59 = 5.57 +log

pH =pK,+log
. . . -
[succinate™ ] £0.98 =10 [Hsuccinate ]

._ 0.98=log [Hsuccinate] o [succinate™)

o [Hsuccinate ™}

[succinatez_] = antilog of 0.98 = 9.55

The Hsuccinate“{succinatee‘ ratio is 9.55:1.
The three ionic species are in the following proportions:

, Hasuccinate Hsuccinate™ succinate™”
.‘ 1 : 251
bl 9.55 : 1

The two ratios must be expressed relative to a common component such as
Hsuccinate™. So, if 1 part succinate’” is present for every 9.55 parts of
*Hsuccinate™, caleulate how much succinate™ is present for every 2.51 parts of

,_. Hsuccinate ™.
. 1y -
. ! 955 " 951 9.55y = 2.51
_251_
Y=395" 0.263

That is, the ratio of the three ionic species is:
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Hasuccinate Hsuccinate™ succinate™” total
1 : 2.51 K 0.263 3.773 parts

The total succinate concentration is 0.1 M.

1 B ' .
W.X 0.1 M= 0.02656 M H:succinate
251 X0.1 M= 0.0665 M Hsuccinate™
3.773° )

0.963 B .
3 w73 X01M= 0.00697 M succinate

« Problem 1-38 .

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

Solution

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

Ko +pK,_419+557 9.7
9 9 2

(@) pH =L

pH = 4.88

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

9Hsuccinate” — Hasuccinate + succinate®”

. . 2— —6
_ [Hasuccinate}{succinate™ ] _ K., _ 2.69X10™ 416X 10°°

Ko [Hsuccinate™J* K., 646x107°
Let | »
y= M of Hsuccinate™ that disappears
%= M of Hsuccinate produced
and
%= M of succinate’ produced

(/D) -2 Y /7 =3
00—y = 41610 \/4(0_1_y_), V4.16x 10 ‘

=2.04x 107" = 0.204

N A _y
2(0.1—y) (0.2 —2v)
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y = (.0408 — 0.408y 1.408y = 0.0408

_0.0408 _ y_
y==iop =0.0200  5=00145

H.succinate = 0.0145 M
succinate™ = 0.0145 M
Hsuccinate™ = 0.100 — 0.029 = 0.071 M

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

{Hsuccinate ™}

_ [Hsuccinate™] _
pH=pK, tlog r—7— 4.88 = 4.19+ log [Hsuccinate]

g [Hssuccinate]

[Hsuccinate ] [Hsuccinate § _ . 3
[H,zsu.:cina[e] [Hqsuccinate] anEllOg Of 0.69 4.9

0.69 = log
The ratio of Hsuccinate /Hssuccinate is 4.9:1.
Next calculate the ratio of Hsuccinate™ /succinate®.

. 2 . P
pH = pK,, +1o [succinate™ ] 4.88 = 5.57+ log [succinate™ ]

[Hsuccinate™] [Hsuccinate ]
B _ [succinate’ ] _ 1., [Hsuccinate™]
0.69=log fHsuccinate™) or +0.69=log [succinate™ ]

%ﬁﬁ—ﬁ]—] — antilog of 0.69 = 4.9

. The ratio of Hsuccinate fsuccinate’” is also 4.9:1. The concentrations
of all three ionic species are in the ratio of 1:4.9:1.

. . - . o
H.succinate = Hsuccinate &= succinate
1 49 !

The total concentration of succinate is 0.1 M.

1 . .
5.9 x 0.1 M = Hssuccinate concentration
4.9 . - .
59 x 0.1 M = Hsuccinate concenirafion

1 . 2 .

5.0 X 0.1 M = succinate  concentration

{H:succinate] = 0,0145 M
[Hsuccinate '] = 0.0710 M
[succinate’ } = 0.0145 M .
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DILUTIONS OF BUFFERS

+ Problem 1-39

According to the Henderson-Hasselbalch equation, the pH of a bufler
depends only on the ratio of conjugate base activity to conjugate acid
activity. Explain then why the pH of a buffer changes when it is diluted.

Solution

The pH of a buffer changes with dilution for several reasons:

1. Changes in Activity Coefficients—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 yaror- is 0.445 in a 0.} M solution and 0.803 in a 0.001 M
solution. The activity coefficient of its conjugate acid (vi.ro;) is 0.744 in a
0.1 M solution and 0.928 in 2 0.001 M solution, In general, dilution results in
an increase in v; v approaches unity at infinite dilution. The greater the
charge on the ion, the greater is the change in its activity coefficient for a given
change in concentration. Consider a “0.2 M phosphate buffer” containing
_equal molar amounts of HPO: and I.PO: (0.1 M of each ionic
species). The exact pH of the solution can be calculated taking into account
the activity coefficients 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
coefficients.

Yuror [HPOZ )

. anpol” -
pH =pK.,, +log P— pK., tlog Y maror H2PO3]
0.2 M Bufler 0.002 M Buffer

_ (0.445)(0.1) b ot log (0:909)(0.001)
pH =7.2+log 05201 pH = 7.2+ log 4 5o830.001)

=7.2 +log 0.598 =7.2-+1log 0.973

=7.2-0.22 =17.2-0.01
pH =6.98 pH=17.19

In general, the log aa-/aua term of "acidic’” buffers increases upon dilution,

resulting in an increase in pH. In “basic” buffers, the log arnu/arnn; 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 weak acid alone (no added conjugate base), the acid is 10%
dissociated when [HAJ.; =100 K. and 50% dissociated when [HA)wi =
2 K.. Thaus, 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 2 buffer solution contain-
ing (HA]= 2 K., the HA is somewhat less than 50% dissociated.

For example, consider a 0.02 M succinate buffer, prepared by dissolving
0.01 mole of succinic acid and 0.01 mole of monosodium succinate in sufficient
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water to make 1liter 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
[HA1=0.01+y [H:AT1=0.01—% and [(H =y

_[H'HAT X001 +y) -5
K.= LAl 00—y 6.46 % 10

Because the concentrations of HeA and HA™ are more than 100 times the
K., value, y is small compared to 0.01 and may be neglected.

[H']=K, pH=pK.,=4.19

Now let us dilute the above buffer 100 times.
[HAT]=10""+y [HAl=10""—9y and [Hl=9y

Now the concentration of buffer components is of the same order of
magnitude as the K, value. Thus, H»A is more than 10% dissociated and y is
not small compared to 107°. Consequently, we must solve for y exactly,

(0" +y) s
K, =30 "9 546 %10
(107 —y)
6.46 X 107° — 6.46 X 107%y = 107y + 5°
92+ 10% 107y + 646X 107y —6.46 X 10° =0
y + 1646 X 107%y —6.46 X 107" =0
__ b=Vbh*—dac
J %a
where a =1 b =16.46 x 10~° c=6.46% 107",

y == 16.46 X 107° £ V/(16.46 X 107°)* —4(—6.46 X 107°)
2

y == 1646 X 1075 £ V271 % 107"+ 9258 < 107

2
y= o 16.46 X 107+ V529 x 107"°
3 :
—16.46X107°+£23.0%107° _ 6.54x107°
y = =
2 2
’ y=3.97x107 )
[H'1=327Tx10°M .. pH=449

[H:Al= (10X 107 — (8.27%x 107 = 6.73 X 107" M
[HA = (10X 1075+ (3.27 X 107 = 13.27X 10° M

Note that the [HAT)/[H2A] ratio that is essentially 1-in the 107* 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 liter of a weak
acid, HA, and 0.10 mole per liter 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? Neglect changes in
activity coeflicients.

Solution
{a) Let 3= M of HA that dissociates
[HA]=06.10—y [AT]1=0.10+y and [H=1y

JHCNAT] 00(0.10+y) _ o
K. = [HA] — (0.10—y) —10

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.

=010 _
Ke="010 =10

y=107"=[H"]

pH=3

(b) If the pH increases by ! unit upon dilution (to pH 4.0), then [H'}=
107 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 y are made (when the HA dissociates) the ratio of A7/HA is
10:1.
Let € =new “original” M of HA and A”™.
_[H][AT]

a=

107 = (107HC +107Y

[HA)] (C—107%

107 C~-107=10""C+10°°
0.9x10°C=1.1x10"

_1L1x107

C_o.gx 107°

=1.22x 107"

In other words, if we start by dissolving 1.22 X 107" moles per liter each of
HA and A7, 1x107°M HA dissociates producing 2.22X107°M A~ and
leaving 0.22 X 10~ M HA.

Check:

109Q22X 1079 .,
022x10% 10710

We will obtain exactly the same result by diluting the 0.2 M buffer to the
above new concentrations.

10"3=(
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0.10 M HA 1.92 %107 M HA

+ dilation. . . +
010 M A™ 199X 107" M A”

« . results in
further dissodation
of HA

0.22% 107" M HA
+
2.29xX107° M A~

The original buffer must be
diluted 820-fold.
wmX010M=122x10"'M

GENERAL RULE

As a general rule for solving buffer problems, we can assume that the
concentrations of conjugate acid and conjugate base present in solution 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. vatue). In such dilute buffers, the
changes (y) are large compared to the original concentrations.

CORRECTIONS FOR TOTAL IONIC STRENGTH

Ions (in addition to those of the buffer components) influence the ionic
strength and affect the activity coefficients of the buffer components. Thus,
even i a very dilute solution containing equimolar concentrations of, for
example, HPO}™ and H;PO%, the pH will not equal pK. if a relatively high
concentration of NaCl 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 an*) to the
actual concentrations of buffer components at a given total ionic
strength. The apparent pK, is designated pK..

A ' 3
= i‘ﬁ;T]I and | pH=pK.+log [[}‘; A]] (38)

K.

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

pK!.=pK. +ApK. (39)




) LABORATORY BUFFERS 67
The values for ApK. at three different total ionic strengths are given in
Appendix VL

* Problem 1-41

What is the pH of a 0.05 M KCI solution containing 0.01 M K,HPQ, and
0.01 M KH.PO,?

Solution

The pH is not 7.2 even though [HPO{ ] = [H.PO:]. If we correct for the ac-
tivity coefficients of HPOZ  and H,POj, we still will not obtain the correct
pH. We must correct for the total 1onic strength, part of which results from
the KCl. First calculate the ionic strength, The solution contains: 0.01 M
HPOI +0.01 M H:PO; +0.05 M CI"+0.08 M K* (one K* for every H,PO;
and CI'; two K* for every HPOIN).

T _ [HPO: 2+ [HPO: (1) + [CIJ(1)° + [KI(1)°
2 2

_ (0.01)(2)* + (0.01)(1) + (0.05)(1) + (0.08)(1)
9

048 _
=5 =0.069

From Appendix VI, we see that at ~ .10 1onic strength, ApK, for a conjugate
acid with a charge of —1 is —0.32.

pK.=pK.+ApK., pKi=72+(-032)
pK!=6.88
Since [HPOI ]} =[H.PO;], pH = pK_..

pH = 6.88

BUFFERS OF CONSTANT IONIC STRENGTH

In order to determine the effect of pH on a reaction, we must make certain
that all 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
bufler of any given composition has a different ionic strength at different pH
values, and (b) two buffers of different 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 all 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 0.06 M Tris buffer, pH
7.5, or a 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 Tris®, Tris*, and a counter ion, for example,
CI". (The buffer might have been made by titrating Tris® with HCL) Tris’
is uncharged and, thus, has no effect on ionic strength. The concentrations
of H' and OH™ are exceedingly low and, thus, can also be neglected. If we
kept track of the amount of HCI added to attain pH 7.5, we would
automatically know the concentration of Tris®. If not, we can calculate

[Tris'}:
S ¢ . PR U oo 0.
pH = P T OB T D= 8T OB s
v {Tris’) | _
0.6 =log __ﬂ[Tris*] [Tris"] = 5 x0.05 M =004 M

: _ c. [C1=0.04 M

A more accurate calculation would include yra (about 0.9 for monopositive’

ions in the region of 0.05 M). )
The phosphate buffer contains {1,PO;, HPO] and, for example, K*. The
pH is in the region of pK.. Therefore, there is approximately 0.025 M of
N each phosphate species present. (If we prepared the buffer ourselves, we
] would know the exact amounts of HPO? and H.PO; present.) The activity
coefficients of HPO?™ and H:POJ in the region of 0.025 M are (.64 and 0.88,
respectively (estimated from a semi-log plot of the values given in App-

endix V).
Yyupot-[HPOY] 0.64[HPO: )
= w T Al b=72+ ——
pH = pK, tlog 2™ nrpon 7= T2 H 108 g gg(H,POT]
0.3 = log MO4HPOT] 0.64[HPOT] _2
: £0.88[H.,PO;] ~~ 0.88[H.PO;] 1

[HPOU] _ (2)(0.88) _2.75

[H.PO:] (1}0.64) 1

[HPOY] = g—;% % 0,05 = 0.037 M

AP -
[HaPOI] = oy % 0.05 = 0013 M

: The phosphate buffer contains: 0.037 M HPOI, 0.013M H.PO;, and
4 (0.037)(2) + (0.013)(1) = 0.087 M K.
The ionic strengths of the two buffers are:

i " Tris: g _ [Tris*}(l)*; [CI (1" - 0.04 ;L 0.04

=0.04

ra |
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T _ [HPOY1(@)" + [H.POII(1)* + [K}(1Y*
2 2
_ (0.087)(4) + (0.013)(1) + (0.087)(1) _ 0.248
2 2

Phosphate:

no|*

=0.124

Thus, the 0.065 M phosphate buffer has about three times the ionic strength of
the 0.06 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 acids are simply weak polyprotic acids. Calculations of
pH, buffer preparation, 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, ghiutamic acid) and basic amino acids (e.g., lysine, histidine,
arginine) are treated as triprotic acids, exactly as shown earlier for phosphoric
acid.

* Problem 1-43

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

Solution
(a) COOH (6) COO~ () COO Na*
Cl‘HsIﬁ--(!]—f{ ' Hsrs—uflz——H HQN—(?—H
H H H
glycine hydrochloride iscelectric glycine sodium glycinate
(AA™Y (4A% (A7)

« Problem 1-44

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

Solution

(@) Glycine hydrochloride is essentially a diprotic acid. Because the car-
boxyl group is so much stronger an acid (K., =4.57% 107, pK., = 2.34) than
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the charged amino group (pK., = 9.6), the pH of the solution is established
almost exclusively by the extent to which the carboxyl ionizes.

COOH COO™
Hsl:I—CfZ—H = HN—O—H + H K.=K,

H ] H
AAY AA°

K. = [AA®H]
ag [AA-H]

Let

y = M of AA™ that ionizes

y = M of H" produced
and

y = M of AA’ produced
and

0.1 -y =M of AA™ remaining at equilibrium
Ko = ——(é”l)(_y;) = 4.57x 107

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.
4.57x 107 —4.57x 107y = 5
Y1+ 457X 1070y ~4.57x 107 =0

_—b Vb —4ac
Y= 2a

where a=1 b=457x107° ¢ = 457%107
Solving for y, we obtain:

[H'1=192x10"M pH =172

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, dssentially independent of
the concentration of the ion. The pH may be calculated from the pK. values
on either side of the ion; that is, from the pK. of th‘e next acid group to ionize
and the pK. of the previous acid group ionized.

Ko+ pKe _2.34+9.6 _11.94
2 2 2

pH="F

pH =5.97
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At this point, it would be convenient to review why the pH is the average of
pK., and pK.,. The pI is defined as that pH where the predominant ionic
form is AA®, and any small concentration of AA' present is balanced by an
equal concentration of AA”. We know that:

_[AA%HT] _ [AATIHT]
Ka=""TKA" and Ko, =5
oy KulAA'] oy KAL)
(AR =258 and  [A')="F%5
Substituting for [AA®):
o Ko Ka[AA"] 2 _ K, K. JAA']
H1=33mg ¢ P77 s
But: [AAT]=[AAT]
_pE.+pK,

{H"] = VEK.K. and pH (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 2 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 K, for each
group. For the amino group,

Ko=g= %—; =107 =3.98x 10"
For the carboxylate ion,
K, = ;{‘w - 11(?_"; =107 = 2.19% 107
cOO” coO

H‘ZN—?—H + HOH — HSIS—C!I_H + OH"

H H
AAT AA°

K, = [OHJAAY] _ _()O)
& [AA™] (0.1—9)

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

2
3.98 X 107° = 63’3 y?=3.98% 107

y=V3.98%x 10° = 1.995% 107
[OH 1=1995%107° M =2X107 M
K, _1x10™
[OHT] 2x107°

[H]= =5x 107"
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i 1
pH=log[—I_I:.:jmlog5—x—iE:;§=log2X 10"

pH =113

+ 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.

Solntion

{(a) ‘‘Aspartic acid” may be obtained in four forms: aspartic hydrochloride
(AA™), isoelectric aspartic acid (AA°), monosodium aspartate {AA™), and
disodium aspartate (AA™). The structures are shown below.

COOH COO~ (|:oo* ?00‘
CI”HSI;I—(]J“-H Halj—-(}—H HaI:I—(.IT—H HgN—“(i]—H
Na” 9Na"
CH, - CH. CH, ° CH, “
COOH COOH CcCOoO cOO
aspartic hydro- isoelectric aspartic monosoedium disodium aspartate
chloride (AA*Y acid (AA% aspartate (AA™Y) (AATY)

(b) Aspartic hydrochloride ionizes as a typical polyprotic acid. The pK.
values for the three acidic groups are 2.1 (2-COOH), 3.86 (8-COOH), and
9.82 (a-NH3). 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 COO
HaI_:J—" | —H pr— Ha.l}]_C""'H + H+ ch = K,,l

CH, CH.
COOH COOH
AA™ AA°

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

_[AA®JH"]
Ko = [AA™]

{c) Disodium aspartate ionizes as a typical polyprotic base. The pKs values
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, for the three basic groups can be calculated from their respective pK. values
' as shown in Table 1-2.

i pK, =14—pK.
Table 1-2
Conjugate Acid pK, Conjugate Base pKs
a-COOH 2.1 (pK.,) a-CO0™ 11,9 (pKs)
B-COOH 3.86 (pK.,) B-COO™ 10.14 (pKs)
a-NH3 9.82 (pK.,) oa-NH, 4.18 {pK.)

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-NHs group is the weakest acid and its pK,
P value is designated pK.,. The conjugate base of the «-NH; group is the
a-NH; group which is the strongest of the basic groups. Hence, its pK; value
is designated pK,. Because pK,, is almost 6 pH units less than pKe, (K, is
almost 10° 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-NH, group.

CcoO™ coo

HzN—(ll—H + HOH = Hglg—(!:—ﬁ + OH" Kgq=K5,=—§:'"-
CH. CHa 5
COO Coo™

AR AAT"

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

K :[AA_I][OH_]

" [AATT
i (d) The two remaining 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.

(IJOO' COO™
Hsl}jm(l}-H == H,I}T—-(E}-H + H' Ka=Ka.

CH. CH.,

COOH cOoO
AA® AA™
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coo” COCH
HN—G—H  + HOH = HN—G—H + OH' K,,,=K,,,=I"(‘:

CH, CH,

COOH COOH -

AA° Apc

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

K.+ pK., _2.1+3.86 _5.96
2 2 2

pH=E =998

(¢) The remaining form, monosodium aspartate, is also an intermediate ion
of a polyprotic acid. Its ionizations as an acid and as a base are shown below.

cCooO” COO
H,IS—(IJ—H .= H,N—C—H + H" K,=K,

CH, CH.
COO~ oelon
AA™! AA?

coOo CcOO™

H:2N—C—H + HOH =— H.N—C—H + OH K= K»:%

CH, CH. '

cCOO COOH

AA™! AA°

The group shown ionizing as an acid (the «-NHj3) is the only remaining
acidic group. The group shown ionizing as a base (the B-COO™ group) is the
stronger of the two basic groups present. The ionization of the «-COO”
group as a base contributes little toward establishing the pH of the solution
because it is so much weaker a base than is the 8-COO™ group. The pH of
solutions of monosodium aspartate may be calculated from the pK., and pK,,

values.

+pK, _3.86+9.82 13.68 _

9 9 5 6.84

pH= P

+ Problem 1-46

Sketch the pH curves for the titration of 100ml 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 pK. 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 get to the
midway, (the pK.,) position. To go from the first endpoint to the second end
{equivalence) 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 COOH COOH
HCHO HCHO
HQN—(ll—H —— H—N—C—H HOH.C—N—C—H

R ' HOH.C R HOH.C R

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-
a dehyde has no effect on the amounts of KOH required to titrate the amino
L acid to pK.,, pK., (or pKL), and the equivalence points. Also note that only
v 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 (pHn) for (a) glycine, (b} aspartic acid, and (c)

lysine.
|
pKg, o ————————————— {
pKfp = e —— —— [ :
t b
1| l
pH | {
| | i
{ i 1
- pKr:i —— | | |
| | i |
! | I ]
| ! | |
I | | |
I l } |
6 0.005 0.010 0.015 0.020
Motes KOH

Figure 1-7 Titration curve of 0.01 moles of alanine hydro-
chloride in the presence and in the absence of formaldehyde.
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Solution

The isoelectric point, pl, is the pH at which the amino acid or peptide carries
no net charge; that is, the predominant ionic form is the isoelectric species,
AA® and (because the isoelectric form ionizes both as an acid and as a base)
there are equal amounts of the ionic forms AA™ and AA™. (The ionization
of AA® to form AA* and AA™ is a disproportionation reaction, as described
earlier.) The pfI may also be thought of as the pH of a solution of the
isoelectric form of the amino acid. )

The pI of amino acids is the pH at one equivalence point along the titration
curve, specifically the equivalence point at which all the AA™ is converted to
AA®. The pH at this point is, as usual, the average of the pK., value to follow
and the pK, value just passed. Similarly, pH. is the pH at one equivalence
point and may be similarly calculated. To determine pI 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 first equivalence point. At this point, glycine also
bears the greatest total number of charges. Therefore:

_pKatpK, 2.34+96_ 1194
2 2 2

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

pl = pH.. =5.97

9.82

pK,, + pK,

pHm = 2 2 =

pH

3.86

pK, + pK,
_ 1 2

pl= >
21
+
HsN—¢C

Figure 1.8 Titration curve of aspartic acid. For clarity, the vertical
axis is not drawn to scale.
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_pKa+pKe_200+386_5.95
pl 5 5 5 2.98

We can also see that aspartic acid carries the maximum total number of
charges at the second equivalence point.

 pKntpKe_3.86+9.82 13.68
=P2es 5 S =6.84

pH=

When constructing Table 1-3, we assumed that at the first equivalence point
the a-carboxyl is completely ionized and that the B-carboxyl is completely
un-ionized. These assumptions, of course, are not entirely true; the actual
degree to which the a- and B-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 B-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
B-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.

(¢) Lysine. We see from Table 1-4 and Figure 1-9 that lysine carries no net
charge at the second equivalence point.

of = pK.,,-lz- pK., _895 4«210.53 _ 19;18 974

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

pH

pK,

hus | + pK"z_

pHm =

Figure 1-9 Titration curve of lysine, For clarity, the vertical axis is not
drawn to scale.
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_DpK,+pK., 218+895 1LI3
9 2 9

We assumed that at the second eqguivalence 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.

pH = 5.57

* Problem 1-48

An enzyme catalyzing the decarboxylation of lysine accepts only the isoelectric
form as a substrate. What is the actual concentration of isoelectric lysine in a
107 M solution of lysine in a buffer at pH 7.607

Solution

At pH 7.60, the predominant ionic forms of lysine are AA™ and AA® {Fig.
1-9).  The equilibrium between these two species is described by K. -

_ [AAY] _ [AA°]
pH=pK,tlog [AAT] 7.60 = 8.95 + log [AA*]
_ [AATT [AAT] 924
1.3b=log [AAT) [AA"] 1
ey 1 s
AN} =gg g X 10 [AA°] =4.27% 10~ M

+ Problem 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 pH values around plI is the isoelectric form.

COOH CO0O~
HzN—CII—H H,ﬁ—clzmH'
H H
Uncharged form Isoelectric form

Assuming pK,, =2.5 and pK,, = 9.5, estimate the fraction of the rotal glycine
present as the “rare” uncharged form at pH 5.5.

Solntion

From the Henderson-Hasselbalch equation, we find that the ratio of R-
COOH/R-COO™ at pH 5.5 is about 107, (The solution is 3 pH units above
PK..) Theratio of R-NH,/R-NHj is about 107,  (The solution is 4 pH units
. below pK.,.) Therefore, the combination, which gives the ratio of HyN-R-
COOH/H;N'-R-COO™, is 107°x 107 = 107",

one ten-millionth 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 of a 0.05 M glycine buffer, pH 9.6.
Solution ~

The pH = pK.,,; therefore [AA’1=[AAT). Ofthe glycine species present only
the net charged AA™ contributes to the ionic strength. If the buffer was
prepared by titrating isoelectric glycine (AA%) with NaOH, the solution
contains 0.095 M AA°, 0.025 M AA™,and 0.025 M Na®. The ionic strength of
2 1:1 salt is identical to the molarity of either ion.

= (0.025

1 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 CI,
0.075 M Na®, 0.025 M AA7, and 0.025 M AA°® of which the first three would
contribute to thé ionic strength:

0.075

I'_ (0.050)+ (0.075) + (0.025) _
2

]

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

B itk ,

PHp = 676 | — e T

pH —~ e ———————

pl =~~3.25|- ————
~25}-

(

I
Lo
! l
% |
|

| |
il |
i

I |
{ |
i |
! !
l |
I }

9] 05 LO 2.0 3.0 35 40
Moles OH /mole peptide « HCI

Figure 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. Itisassumed that the a-COOH group retains a pK, of ~2.5

[ B
(PK.y=~9.5) HsI{I——C—ﬁ—N—*C—C—IFI—C-‘ﬁ—N—C—'COOH (pK., = ~2.5)
o[BI
i He ?He ] H2 H— l ""“CH;
CE}H, OH CFH2 CH,
COOH COOH
(pK.,=~4) (pK,=~4)

and that both ¥-COOH groups have identical pK, values of ~4.0. In reality,
the a-COOH group would probably be 2 much weaker acid once the @-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
THE HCO;/CO, SYSTEM

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

K= 158x107"

H.COs H"+HCO;

pH, =3.8

PKoy=10.25 || Koy=56x107""

H-I—
+
cOy

However, most of the conjugate acid dissolved in bloed and cytoplasm is
present as GO, not H:COys.  The dissolved COz is in equilibrium with CO: in
the gas phase. A more complete presentation of the CO; buffer system is
shown below. '
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COa(gas) _ oloru
+
H+
x
K“!
Keq Ka
CO:+H.O H.COs H"+HCO;
(dissolved)

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

[Coz]dismlved = k(Pco,) (41)

That is, the concentration of dissolved CO: is directly proportional to the
partial pressure of CO; in the gas phase. At 37°C and an ionic strength of
0.15, k =3.01x10™° when Pco, is expressed in terms of mm Hg. The
equilibrium constant for the reaction: dissolved COs+ H,O == H.COs is

about 5x 107
_ [H.COs] _

= % 107
[COon. >

Kea

Thus, the overall equilibrium constant between dissolved CO: and H™ +
HCO5 is given by:

,  (H'JHCO:] _
Kn [(;021 K“ll X Kﬂl
= (5% 107){1.58% 107 =7.9%x 107
and pK.i=6.1.

The relationship can also be written as:

. [H'HCO:]

Lk S S = 7
K= 501X 107 Peoy, Tox10
At any pH:
~ [HCO:) - __[HCO:]
pH =6.1+log [CO:] and pH =6.1+log (3.01 % 10ﬁ5)Pco?A

For all practical purposes, a bicarbonate buffer can be considered-to be
composed of HCO; (conjugate base) and dissolved CO: {conjugate acid).
The pH of blood is maintained at about 7.4. If the pK. of CO,is 6.1, how
can the HCOs/CO. 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 vive the HCO;/CO. buffer is an open system in which the
concentration of dissolved CQs is maintained constant. Any excess CO.
. produced by the reaction H'+ HCO; - HoO +CO; 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 HCOs +CO:) of
2.52% 107 M. (a) What is the HCO3/COs ratio and the concentration of each
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buffer component present at pH 7.4?  (b) What would the pHbeif 107° M H”
is added under conditions where the increased [CO:] cannot be released? (c)
What would the pH be if 107 M H" is added and the excess CO; eliminated
(thereby maintaining the original [COD?

Solution
- [HCO:] _ [HCO;]
{a) pH=pKi+log ————[002} 74=6.1+log —_—[COQ]
_ [HCO:] . [HCO;] 20
1.3 =log—7=% | St B W)
°8 1C0O. " [CO, 1

(HCO;]= g(-l} X252x107%=| 240x107*M

[CO.=| 1.2x107°M

(b) I 0.01 M H' is added:

[(HCOs Jana = 0.024 — 0.010 = 0.014 M
[COs)hina = 0.0012+ 0.010 = 0.0112 M

0.014
0.0112

pH =6.1+log

=6.1 +log 1.95

= 6.1+ 0.097

Clearly, in a closed system, the HCO3/CO, mixture has very little buffer
capacity at pH 7.4.
() In an open system:

0024 M HCO3 +0.01 M H' +0.0012 M COy

0.014 M HCO; +0.0112 M COs,
—— 0.01 M CQ: exhaled
0.014 M HCO; +0.0012 M GO,

0.014
0.0012

pH=46.1+log =6.1+log 11.667

=6.1+log 1.07 pH=1716

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 vive, HCO5 is constantly replenished by the oxidative
metabolic pathways, as described in the following section.
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» Problem 1-53

The pH of a sample of arterial blood is 7.42.  Upon acidification of 10 ml of
the blood, 5.91 ml of CO; (corrected for standard temperature and pressure)
are produced. Calculate (a} the total concentration of dissolved CO: in the
blood [CO:+ HCOs], (b) the concentrations of dissolved CQ, and HCOS, and
(c) the partia) pressure of the dissolved CO: in terms of mm Hg.

Solution

(a) First calculate the number of moles of CO. represented by 5.91 ml at
S T.P. One mole of a “perfect” gas occupies 22.4 liters at S.T.P. The
experimental value for CO: is 22.26 liters. '

5.91 x 107" liters _ s
99.26 liters/mole 0.265 x 107" moles

This amount of CQO. came from 10 ml of blood.

. . ., 26.5x 107 moles _ s
concentration of ‘total CO:"" = 0% 10 liters 266x107 M
(b) n [HCO;]
pH = pK,, +log “[COE]
_ [HCO:] _ [HCO;]
7.42 6.1+log—r——[002] 1.32 logw———[coﬂ
[HCOs] _ . _ 20.89
__——[COQ} antilog of 1.32 -1
—, _ 20.89 r 2
[HCOs1= 21_ng 965X 10° M =| 253x10 | M
. 1 -2 = -3
[CO?]‘——“‘Ql'ggXQ.BBXIO M 121 X100 M
(c) [COslatsotvea = kP oy
GOy} _ 1.21%107°
Pcoﬂ— k H?},le 10_5— 40.22 mmHg
HEMOGLOBIN

Aside from its well-known function as an 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 of a single molecule of Oz to a hemoglobin
monomer. 1In 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 Q..

“deoxyhemoglobin” + O, == “oxyhemoglobin”

Hemoglobin contains many ionizable groups. One in particular is a
histidine residue that has 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™
1

“Hemoglobin”
+
H+

In order to combine the two simultaneous equilibria, 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 O, 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 pK. of deoxyhemoglobin. Since the pH is about 7.4, and pK. is
about 7.7, approximately 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 to the right (reaction 1). HHghO,
is a stronger acid than HHgb. (A conformational change in the molecule
upon oxygenation decreases the pK. of the histidine group in the region of
the heme to about 6.2.) As a result, the vertical equilibrium shifts downward
(reaction 2) and H” is released. The increased [H*} forces the H* + HCO;
equilibrium to the right {reaction 3). This results in the removal of H and
the release of CO; to the atmosphere. The oxygenated hemoglobin (mostly
as the conjugate base HgbO, at pH 7.4) is transported to the tissues where the
low O, partial pressure causes the horizontal equilibrium to shift to the
left. O:is given off (reaction 4). Hgbisa stronger base than HghQ; (which
follows, if HHgbO. is a stronger acid than HHgb). Thus, after O, 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 constant. The “percent saturation versus [0.]" curve for this model would be a
hyperbola. Hemoglobin is actually a tetramer which displays “‘cooperative” binding of four
molecules of O,. The O; 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 Oy, H*, and CO..
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an =1 .
HHgb | +02 : H Hgb Oz

v |
K;=63x% 1077

K,=2x% 1078
@ . @ pK;i =62

PKa_= 1.7

Kp, = 0032

+ + @ +

X HY Food H* + HCOF===H,0 + CO,t
l@
i - COz + H0

l Replenishes HCO3

®

A simplified model for the oxygen/H' equilibria of hemo-
globin. Ko, is arbitrarily taken as unity. All constants are dissociation
constants. pK. istakenas7.7,but values of7.71 to8.18 have been reported. - pK.

is taken as 6.2, but values of 6.17 to 6.68 have been reported.

! : Figure 1-11

[H'] forces the vertical equilibrium upward. The conjugate acid of hemo-

globin has a lower Q. affinity (higher O 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 O shifts
occur sisnultaneously.  The sequence of events can be surnmarized as shown

below.
. " lungs [ Conjugate acid forms

i g | — | &

: f ™ B

i g E | and :
& Tissues = Tissues Lungs
Q| e— 5‘ .
A Conjugate base forms

or, the overall equilibrium shifts as follows:

—

In the In the

i lungs and tissues

R

As an overall result, the oxidation of food yields COs, H*, and HCO; yet the
concentrations of all three (hence, the pH of the tissues and blood) remain

essentially constant.
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* Problem 1-54

Consult Figure 1-11. If K, =9x 107% K1 =6.3x 107, and Ko, =1, why must
K&, equal 0.0827

Solution

The overall equilibrium constant between any two points is the same regard-
less of the path taken. Thus, K., for the sequence HHghO,= 0O, +
HHgb=H"'+Hgb equals K, for the sequence HHgbO. == H" +
HgbO. = O:+Hgb. The overall K., of a sequence of reactions is the
product of the K.’s of each step.

Ko, % K.= KLx Kb,

K = Ko X Ko _ (1)(2x107%
s K. (6.3 %1077

Ka,=10.032

‘Thus, HgbO, has a lower oxygen dissociation constant (higher O: binding
constant) than HHgbQ,.

* 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 0.2 Assume pK.=7.7 and
pK.=16.2.

Solution

Using the Hendersen-Hasselbalch equation, we can calculate that, at pH 7.4,
15.85/16.85 = 0.941 of the total oxyhemoglobin is in the HgbO, form, and
1/16.84 = 0.059 is in the HHgbO; 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 Oy, 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 oxyhemogiobin 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 O, 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 H” are formed (from CO, entering the blood) for
every mole of O, released. This extra H* is partially absorbed by the
noncarbonate blood buffers (phosphate and plasma proteins). As a 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 CQ,, the partial pressure of Q, required for any given fraction of



90 AQUEOUS SOLUTIONS AND AGID-BASE CHEMISTRY

100 —

-C0,

+CO0, (fower pH)

Percent saturated

1::_“ 0 Po

z

Figure 1-12 Oxygen binding by hemoglobin in the absence and in the
presence of COs. ! !

saturation is increased. Suggest an explanation for this “Bohr effect,” asitis
known.

Solution

As shown in Figure 1-11, HHgbO, has a greater oxygen dissociation constant
than HgbQ, or, in other words, HHgb has a lower O, affinity than does
Hgb. In effect, CO, shifts the equilibrium between the conjugate acid and
conjugate base forms of hemoglobin. In wive, CO, 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, + H:0 = H* + HCO3.) The decreased pH shifts the verti-
cal equilibria of Figure 1-11 upward. Thus, hemogtobin is forced to a form
with a lower O, affinity and O is given off. In other words, at any given Po,,
less O is bound to hemoglobin in the presence of CO: because CO. causes the
pH to decrease. As a result, a higher Po, is required to attain any given
percent saturation.
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PRACTICE PROBLEMS

PRACTICE PROBLEMS 8l

Consult Appendices IV and VII for K, and pK. values. Answers to the Practice Problems are

given on pages 421-493.

Concentrations of Solutions

1. A solution contains 15¢ of CaCh in a
total volume of 190 ml. Express the concen-
tration of this solution in terms of (a) gliter,
) % (wiv), () mg %, (d)y M, and (e} osmolar-
ity. (f) What is the ionic strength of the
solution?

2. A solution was prepared by dissolving
8.0g of solid ammonium sulfate (MW=
152.14, specific volume = 0.565 ml/g) in 35 m]
{i.e., 35g) of water. (3} What is the final
volume of the solution? Express the con-
centration of ammonium sulfate in terms of
(b} % (wiw),- (c) % (w/v), (d) m, (e} M, (B
osmolarity, and {g) mole fraction ammonium
sulfate. {h) What is the ionic strength of the
solution?

3. Starting with 150 m] of a 40% saturated
ammonium sulfate solution at 0°C calculate (a)
the weight of solid ammonium sulfate that
must be added to bring the solution to 60%
saluration, and (b) the volume of saturated
solution that must be added to attain 609
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 liter
of pure ethanol? The density of ethanol is
0.789 gfml. 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 liter in each of the
following solutions: (a) 0.01M HCI, (b)
107 M HNO,, {0) 0.0025 M HsS0,, (d) 3.7x
10 M KOH, () 5X10°M HCL, () 2.9x%
107 M NaOH, (g) 1 M HCL, (h) 10 M HNO,,
and (i) 3% 10 N H:S0,.

6. Calculate the H* ion concentration (M),
the OH" ion concentration, and the number
of H" and OH" ions per liter in solutions
having pH values of (a) 2.73, (b} 5.29, (c) 6.78,
{d) 8.65, (e) 9.52, () 11.41, and (g) 0.

1. Calculate the (a) [H"], (b) [OH], (c) pH,
and (d) pOH of the final solution obtained
after 100ml of 0.2 M NaOH are added 1o
150 ml of 0.4 M HSO,.

8. Calculate the pH and pOH of a solution
obtained by adding 0.2 g of solid KOH to 1.5
liters of 0.002 M HCL

9. The pH of a2 0.10 M HCI solution was
found to be 1.15. Calculate the {(2) ay and
(b} yu+ in this solution,.

10.  The activity coefficient of the hydroxyl
ion (yow) is 0.72 in a 0.1 M solution of
KOH. Calculate the pH and pOH of this
solution.

H. Concentrated H:S0, is 96% H,SO, by
weight and has a density of 1.84 giml.
Calculate the volume of concentrated acid
required to make (a) 750 ml of 1 N H,S0,, (b)
600 ml of 1 M H,S0,, {c) 1000 g of a dilute
H:80, solution containing 12% H.SO, by
weight, {d) an H,SO, solution containing 6.5
equivalents per liter, and (e) a dilute H,80,
solution of pH 3.8.

12. Concentrated HC! is 37.5% HCI by
weight and has a density of 1.19. (a) Calco-

late the molarity of the concentrated
acid. (b) Describe the preparation of 500 ml
of 0.2 M HCL (c) Describe the preparation

of 350ml of 0.5 N HCL (d) Describe the
preparation of an HC! solution containing
25% HCI by weight. ({¢) Describe the prep-
aration of a dilute HC! 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} 500ml of 62% w/w solution. The
density of 62% NaOH solution is 1.15 g/m).

14, How many milliliters of 0.12 M H.SO,
are required to neutralize exactly half of the
OH’ ions present in 540 ml of 0.18 N NaOH?

15. How many grams of solid Na,COQ; are
required to neutralize exactly 2 liters of an
HCI solution of pH 2.07

16. How many milliliters of 0.15 M KOH
are required to neutralize exactly 180 g of
pure H.50,?
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Weak Acids and Bases—Buffers

When solving the problems below, assume that v =1 for all substances unless otherwise

indicated.

17. The weak acid, HA, is24% dissociated
in 2 0.92 M solution. Calculate (a) the K., (b)
the pH of the solution, (¢) the amount of 0N
KOH required to neutralize 550 ml of the
weak acid solution, and (d) the number of H*
ions in 550 mi of the weak acid solution.

18, The pHofa027TM solution of a weak
acid, HA, is 4.3, (a) What is the H' ion
concentration in the solution? by What is
the degree of ionization of the acid? ()
What is the K.?

19. The K. of a weak acid, HA, is 3%
10~ Calculate {2) the OH jon concentration
in the solution and (b) the degree of dissocia-
tion of the acid in a 0.15 M solution.

9. At what concentration of weak acid,
HA {(in terms of its K.), will the acid be 25%
dissociated?

91. (a) Calculate the pH of a 0.05 M solu-
tion of ethanolamine, K, =2.8X% 107%. (b}
What is the degree of ionization of the amine?

99. Calculate the pK. and pKs of weak
acids with K. values of (a) £.23x 107, (b)
2.9%10°%, (c) 3.4% 107, and (d) 7.2% 107,

93. Calculate the pK, and pK. of weak
bases with K, values of {a) 21X 107, (b) 3.1 X
107, () 7.8% 107, and (d) 9.2% 107,

94. Calculate the pH of 2 0.2 M solution of
an amine that has a pK. of 8.5.

95. What is the pH of 2 0.20 M solution of
{a) HyP Oy, (b} KH:PO,, () KsHPO,, {(d) KsPOs,
(e) potassium acetate, {fy NHBr, (g) sodium
phenolate, () trisodium citrate, (i) disodium
citrate, and (j) ethanolamine hydrochloride?

96. How many milliliters of 6.1 M KOBR
are required to titrate completely 270 mi of
0.4 M propionic acid?

97. How many milliliters of 0.2 M KOH
are required to titrate completely 650 m! of
0.05 M citric acid?

98. What are the final hydrogen jon con-
centration and pH of a solution obtained by
mixing 100 ml of 0.2 M KOH with 150 ml of
0.1 M HOAc? pK, of HOAc= 4.717.

99. What are the final hydrogen on con-
centration and pH of a solution obtained by
mixing 200 ml of 0.4 M aqueous NH; witl
300 ml of 0.2 M HCR (K, = 1.8 X 1077)

30. What are the final hydrogen ion con
centration and pH of a solution obtained br
mixing 250 ml of 0.1 M citric acid with 308 m
of 0.1 M KOH? pK,'s are $.06, 4.74, and 5.4(

51. What are the final hydrogen ion con
centration and pH of a solution obtained b
mixing 400 ml of 0.2 M NaQH with 150ml o
0.1 M H,PO.? pK.'s are 2.12,7.21, and 12.32.

32. What are the concentrations of NF
and NH,Clin a 0.15 M “ammonia” bufler, pl
9.6 (K = 1.8%107°)?

33. (a) What is the pH of a solutien cor
taining 0.01 M HPOY and 0.01 M PO (a
sume y = 1)? (b} Calculate the actual pH t
using the activity coefficients listed in Appel
dix V. (¢} What is pK, at a total ion
strength of 0.1?  (Consult Appendix V1)

34, What is the pH of a solution contai
ing 0.3 M Tris(hydroxymethyljamin
methane (free base) and 0.2 M Tris hydr
chloride? pK, = 8.1.

35. What is the pH of a solution conta’
ing 0.2 g/liter Na;COy and 0.2 gfliter NaHC(
(pK., = 10.25)} :

356. What is the pH of a solution prepar
by dissolving 5.35 g of NH,Clin aliter 0 0.2
NH,? (K, of NHj is 1.8 X 10-5)

_.37. . Describe the preparation of 2 liters
0.95 M formate buffer, pH 4.5, starting fr
1 M formic acid and solid sodium form
(HCOONa). pK. of HCOOH is 3.75.

38. Describe the preparation of 40 litert
0.02 M phosphate buffer, pH 6.9, start
from (a) a 2M PO, solution and a ~
KOH solution, (b 2 0.8 M HsPOu solution
solid NaOH, (c) a commercial concentra
H,PO, solution and 1 M KOH, (d) | M s
tions of KH:PO, and NaHPO, (e} st
KH,PO, and K:HPO,, (f) solid K:HPOx .
1.5 M HCI, () 1.2 M K,HPO,and 2 M H.!
(h) solid KH,POs and 2M KOH, (i) 1.
KH.PO,and 1 M NaOH, and (j) solid Nas
and 1 M HCL



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/liter of acid was formed. (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.

41. 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 molefliter of H' was consumed. (a)
What was the ratio of Tris” (free base) to Tris"
CI” at the start of the reaction? (b) What was
the Tris’/Tris" ratio at the end of the reac-
tion? (c) What was the final pH of the reac-
tion mixture? (d) What would 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 8.1.

42, When a sulfate ester is hydrolyzed, an
H" ion is produced:

R-0-80; + H;,O——> ROH+ S50 + H"

The above reaction was carried out in 1.0 m]
of 0.02 M Trs buffer, pH 8.10, containing
0.01 M R-O-S50; and an enzyme called a sui-
fatase that catalyzes the reaction. At the end
of 10 minutes, the pH of the reaction mixture
decreased to 7.97. How many pmoles of R-
0-50; were hydrolyzed 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 0.01 M phosphate
buffer, pH 6.8,

44, The pK, values of malic acid are 3.40
and 5.05. (a) What is the pH of a solution of
0.05 M monosodium malate? (b) What is the
pH at the first equivalence point when malic
acid is titrated with KOH? (¢} What are the
ratios and concentrations of all malate species
in a 0.05 M solution at pH 4.70?

PRACTICE PROBLEMS 3
Amino Acids and Peptides

45, Calculate the pH of a 1 mM solution of
(a) alanine hydrochleride, (b} isoelectric
alanine, and {c) the sodium sait of alanine.

46. Calculate the volume of 0.1 M KOH
required to titrate completely (a) 450 ml of
(.25 M alanine hydrochloride, (b) 200 ml of
0.10 M isoelectric serine, (c) 400 m} of 0.15 M
monosodium glutamate, and {d) 400ml of
0.15 M isoelectric glutamic acid.

47, Calculate the volume of 0.2 M HCI
required to titrate completely {a) 200 ml 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) 125ml of 025 M
sodium salt of lysine.

48. Calculate the pH of a solution ob-
tained by adding 20mi of 0.20 M KOH to
480 ml 9f 0.02 M isoelectric glycine.

49. What is the major ionic species present
at pH 7.5in 0.15 M solutions of {(a) leucine, (b)
aspartic acid, and {(c) lysine.

50. Describe the preparation of 1 liter of
0.2 M histidine buffer, pH 6.5, starting from
solid histidine hydrochloride monohydrate
(MW=2096) and 1M KOH. pK, of

_histidine = 6.0. (His. HCl is AA™),

Blood Buffers

51. What is the concentration of dissolved
CO; in equilibrium with an atmosphere con-
taining a partial pressure of CO. of 40mm
Hg?

52, What are ~ the ratios of
CO,/HCO5/COy 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‘2M HCO; and 1.2X 107 M CO.. Calcu-
late the pH after the addition of 3.2x 107 M
H'. Assume that the concentration of dissol-
ved CO:z is maintained constant at 1.2 X 107 M
by the release of excess GOy, '

84. Consider the hemoglobin reaction
scheme shown in Figure 1-11. If K, =
B.6X107°, Ki=24x107, and Ko,=1, what
must K§, be?

5. The pK.’s of HHghO. and HHgb
from an aquatic mammal are 6.62 and 8.18,
respectively. Calculate the number of moles
of H" taken up by the hemoglobin per mole of
O; released at pH 7.4.



CHEMISTRY OF BIOLOGICAL
MOLECULES

A. AMINO ACIDS, PEPTIDES, AND PROTEINS

The following two sections illustrate how a knowledge of the acid-base
properties of amino acids and peptides can be used to advantage in designing
separation procedures, or predicting separation patterns.

ION-EXCHANGE CHROMATOGRAPHY

Ton-exchange chromatography is widely used to separate and analyze mix-
tures of amino acids. The most common jon-exchange resin used for this
purpose is a sulfonic acid cation exchanger of the Dowex-50 (polystyrene)
type. The structure of the resin is:

- CH,—CH—CH,—CH—

SO3 sOs |,

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. Atany pH, a certain fraction of any
amino acid exists in positively charged forms. An amino acid with a higher
[AA*Y/[AA®] ratio will move through the column slower than one of equal
nonpolar character with a lower [AA")/[AA®] ratio. In other words, the
amino acid with the Jower [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 pl with the pH of the buffer used:

LetAp=plI —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
little attraction for the resin.

+ Problem 2-1

A solution containing aspartic acid (pI = 2.98), glycine (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 fractons
collected. In what order will the five amino acids elute from the column?

Solution

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")/[AA"] 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 leucine. Lysine has a high effective positive charge
because of its additional amino group (pI =9.74, Ap=6.74). Therefore
tysine elutes last, or not at all, 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:

~kAp Ek{(pH-pl)
MW = MW

Mobility = )

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 like.

Electrophoretic moblhty at any given pH on a given medium is usually
expressed in terms of cm® volt™ sec”™, as shown below:
distance per unit time __ cmy/sec
electrical field strength ~ volts/cm

-1

mobility = =cm® X volt™ X sec

* 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 lysine 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 pI  Mobiliy « PEZPL o prp 470

MW

Lysine 146.2 9.74 —0.0345
Glycine 75.1 5.97 —0.0169
Leucine 131.2 5.98 —0.0098
Glutamic

acid 147.1 3.22 +0.0100
Aspartic

acid 133.1 2.98 +0.0129

PRIMARY STRUCTURE—SEQUENCING

The sequence of amino acids in the polypeptide chain (i.e., the primary
structure of a polypeptide or protein) can be established by selective chemical
and enzymatic cleavage of the protein followed by separation, amino acad
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. One of
them was purified. Deduce the sequence of amino acids in this polypeptide
from the following information;

(a) Complete acid hydrolysis yielded ala+arg+2ser+lys+ phe+met+
trp - pro.

(b) Treatment with fluorodinitrobenzene (FDNB, the Sanger reagent} fol-
lowed by complete acid hydrolysis yielded dinitrophenylalanine (DNP-ala)
and e-dinitrophenyllysine (e-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. One
contained ser+trp+pro. The other contained all the remaining amino
acids (including the second ser).

(e) Treatment with chymotrypsin yielded three peptides. One contained
only ser+pro. Another contained only met+trp. The third contained
phe +lys +ser +arg +ala.

() Treatment with trypsin yielded three peptides, One contained only
ala-+arg. Another contained only lys+ser. The third contained phe+
trp + met + ser + pro.
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Solution

(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 amino  acids except ar-
gmme lysine, or proline. 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 both
enzymes suggest that proline is the last or penultimate residue.
Note. 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
data so far suggest that the tripeptide released by CNBr is C-terminal. (It
contains the pro.) Thus, the last four residues include mer, followed by trp,
ser, and pro (but the sequence of the last three is still 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 arginine 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:

FDNB Trypsin  Trypsin Chymotrypsin  Chymotrypsin

x ]
H.N - aEa—arg%ser—lys%phe—q—m—metw -trp+ser—pro~—COO
- |

FDNB CNBr

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

Upon complete acid hydrolysis, a peptide yielded gly +ala+2 cystargt
glu +ile + thr + phe + val + NH{. Reduction of the original peptide with
mercaptoethanol, followed by alkylation of the cysteine residues with iadoace-
tate yielded two smaller peptides (A and B). Suggest a likely structure of the
original peptide from the {ollowing data:
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Peptide A: (a) Contained ala+gly +cys+ glu +arg + ile + NHY

(b) Carboxypeptidase A liberated isoleucine

(c) Treatment with phenylisothiocyanate (PITC, the Edman
reagent) yielded the phenylthiochydantoin derivative of
glycine (PTH-glycine)

(d) Treatment with trypsin yielded two peptides. One con-
tained glutamate + isoleucine + NH:, The other con-
tained gly +ala+cys+arg

Peptide B: (e) Contained thr + val + cys + phe

(f) Carboxypeptidase A liberated valine

(g) Chymotrypsin liberated valine and a tripeptide containing
cys + thr + phe : ,

(h) The Edman degradation yielded PTH-threonine

Solution

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 NHi 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) PITC Trypsin Carboxypeptidase A

I
Hgﬁ—gly \) ala Lla arg«%g]u—NHr—%ﬁﬂe——ﬂCOO_

——————— Mercaptoethanol
\ |
(B) 1 N——thr—}—cys phe——iﬁval—*COO’
|
PITC Carboxypeptidase A
and
Chymotrypsin

The ala and cys of peptide A could be reversed.

VARIETY OF PEPTIDES AND PROTEINS

The following problems illustrate the tremendous variety of polypeptides and
proteins that can be made from 90 amino acids, and the variety of amino acid
analysis patterns they would vield.

+ Problem 2-5

How many different linear tripeptides can be made from three different i-o-
neutral amino acids(a)using any of the three amino acids for any position(repeti-
tion allowed), (b) using each aminc acid only once in the chain? (c} How many
qualitatively different amino acid analysis patterns containing all three amino
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acids are possible? (d) How many gualitatively unique amino acid analysis
patterns are possible among the total number of possible tripeptides calcu-
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 possibilities for the first position and, because any of the
three amino acids can be used for any position, there are also three
possibilities for the second position and three possibilities for the third
position. Thus, the total number of tripeptides possible is 3x3x 3=
27. These are shown below calling the three amino acids a, b, and c.

a=2" b=g™ c=2"
a is the aaa aba aca
first amino {aab abb ach
acid aac abc acc
b is the baa bba bca
first amino bab bbb becb
acid bac bbc bec
¢ is the caa cbha cca
first amino {cab cbb cch
acid cac cbe cce

In general, the total number of different linear arrangements of n objects
taken in groups of r at a time is given by:

N =0 (2)

where any of the n objects can be used as many as r times. Inthiscase, n =3
and r =3. Therefore Ny =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 all three amino acids is 3X2Xx1=6. These
are shown below.

a=first b = first c = first
abc bac cab
acb bea cha

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

Po=an—1Dn—-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:

P.=n! 4)

In this problem three amino acids are taken three at a time.

WPa=31=3%X2XL= 6

(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 at a time is given by:

n!
.G = pTep——" . (5)

where 7 is equal to or greater than r. - (Each of the r objects in a combination

" is different.) All six permutations shown in b represent the same combina-

tion. When n=3% and r=3:

C. = 3 31 3x2x1 1
rTRIE =3 B0 (BX2x 1IN

(Remember, 01 =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 {{rom aaa)

{2) Only b (from bbb)

(3) Only ¢ (from ccc)

(4) a-th (from aab, aba, abb, baa, bab, and bba)
(5) a+¢ (from aac, aca, acc, caa, cac, and cca)

{6) b +c¢ (from bbc, beb, bec, ¢bb, cbe, and cch)

(7) a+b+c (from abc, ach, bac, bea, cab, and cba)

In general, the total number of unique qualitative patterns equals the sum
of all the combinations of n objects taken 1,2, 3, ... up to r at a time, where n
is equal to or greater than r. When n is 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,... upton
at a time:

O =201 (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 2°—~1=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 of a for every mole
of b, and no ¢. All together there are 10 different quantitative patterns.

Molar Ratio

a: b: ¢

)] 3 0 0
(2) ¢ 3 ¢
(3) 0 0 3
4 2 1 0
(5} 0 2 1
(6) 2 0 1
N 1 2 0
(8) I 0 2
9 0o 1 2
(1) 1 1 1

In general, the total number of quantitatively different patterns obtained from
n objects taken in groups of r at a time is given by:

=1}
N =S g

Forn=3%and r =38:

N :(3+3—1)!:£;5x4x3x2=10
TTOO33 -1 3121 3xX2x%x2
Applying Equations 2 to 6 to a linear dodecapeptide {12 amino acids), we

would fAind that with 20 different amino acids it is possible to construct
4,09 x 10" different linear dodecapeptides, using each amino acid as many as
12 times (Equation 2). Only 6.03 X 10" dodecapeptides can be made if each
amino acid is used once (Equation 3). Among the 6.03 X 10" dodecapeptides,
there are 125,970 unique combinations {Equation 5). The rest represent the
same combinations in a different order. The 4.096x 10" different
dodecapeptides yield 9.106% 10° qualitatively different amino acid analyses
(Equation 5 used 12 times). Quantitatively, 1.41 ¢ 10° different amino acid
analyses are possible (Equation 6).

PROTEIN CONFORMATION

The four atoms of the peptide bond and the two consecutive a-carbons lie
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 rernains



Figure 2-1 The peptide bond is rigid and fixedin 2 plane. The planes
can rotate about the a-carbons. The rotation is described by the angles

¢ and ¢

102
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3.6 A. Thus, a fully extended polypeptide chain of 100amino acid residues is
3600 A long.

The linear polypeptide chain can assume 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 acid 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 that 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 «-helix has a pitch of
5.4 A, That is, for each turn, the helix rises 5.4 A along the axis. The
a-helix is stabilized by intrachain hydrogen bonds between the —C=0 of each
peptide bond and the —NIH of the peptide bond four residues away. (If the
H is called atom number 1, the hydrogen-bonded oxygen is the 13th atom
along the chain. Thus, the coil is designated a 3.6:s 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 B-carbon (e.g., isoleucine, threonine,
valine). In these cases, the pol}'rpeptide chain may assume a random coil
structure. Proline cannot 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 «-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-helix.

Repeating sequences of amino acids with small, compact R-groups (e.g.,
glycine, alanine) tend to form the §, 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 «-helix and random coil
of the polypeptide chain bends, twists, and folds over and back upon
itself. The tertiary structure is stabilized by interactions of amino acid
R-groups (Fig. 2-4a), and thus, is dictated by the primary structure. The
biochemical function of a protein is intimately ted 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 quaternary structured protein (dimer,
tetramer, and so on) shows full activity.

+ Problem 2-6

(a) Calculate the axial length of an «-helix containing 78 amino acids. (b)
How long would the polypeptide chain be if it were fully extended?



104

18 residues
27 A

Fifth
turn |
Fourth |
turn
Thied |
turn
_ 51A
Second |
turn 26°
First 54 A pitch
turn 3.6 residues
=7} Rise per
1.5 A} residue
a
{a) /,4NH2
’
f
{ !
S~ H ¢
I ETN
f 0 i
Ny
gy
Ld
1 C'C ¢
NT |
/770 I
c 1 f
N\, H | I
PR
- H
P e
f 1O Ty
I i C
i j
! Mo
e
o 0
v P\
B
1
5
sc\\l'li \
] M \
ot ChC H
I \\ A
1Y N
BN
H c
© C/ ? I
( I
~
~~¢O0H
(c}



‘r‘:‘r‘ i

AMINO ACIDS, PEPTIDES, AND PROTEINS 105
Solution
(@) The a-helix rises 5.4 A for every 3.6 residues (or 1.5 A per residue),

5.4 A - 1.5 A __ length
3.6 residues 1residue 78residues

length = (78)(1.5 A)=| 1174

(b) In the fully extended chain, the distance between residues is 3.6 A.

length = (78)(3.6 A)=] 280.8A

» Problem 2-7

The average molecular weight of an amino acid residue is 120.  The average
density of a soluble protein is 1.33 g/cm®. Calculate (a) the specific volume of
an average soluble protein, (b) the weight of a single molecule of a protein
containing 270 amino acids, and (c) the volume occupied by a single molecule
of this protein. (d) Will a molecule of this protein fit completely within a cell
membrane 100 A thick? Assume that the molecule is spherical.

. Solution

(a) Spedfic volume, 7, is the reciprocal of density (muiliiliters occupied by
1.0 g of the substance).

1
1oL | omsm
7 133 ml/g

=

(by MW =(270)(120) = 32,400

!} mole weighs 32,400 g. One mole contains 6.023 X 10® molecules.
Therefore, the weight of a single molecule is given by:

_ MW _ 324x10°

Wigmolocute = N 0B xXioT 5.38 X 107" g/molecule

Figure 2-2 Three tepresentations 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 NH., terminus is placed at the top, each
—C=0 is hydrogen-bonded to an —NH four residues (but three peptide
planes) below. (o) Redrawn from from E. E. Coan and P, K. Stumpf,
Qutlines of Biochemisiry, Wiley (1972), R represents the o-carbon. (b)
Redrawn from R. Barker, Organic Chemistry of Biological Molecules.
Prentice-Hall (1971). (¢) Redrawn from K. D. Kopple, Peptides and
Amino dcids. Benjamin (1966). For clarity, the R-groups on the
a-carbons are not shown.
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®

Tetramer Dimer
(composed of two different subunits) {b) {composed of identical subunits)

Figure 2-4 (@) The tertiary structure of a protein is stabilized by (1) covalent
disulide 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. (#) The association of tertiary-
structured subunits to form a dimer and a tetramer {quaternary
structures). The subunits of an oligomer are not always identical.

107
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= Whgrmelecule
(C) :\folml!moltculc = Vmyg X Wlg/molecule =
P g/m!

= (0.75)(5.38 X 107™) =]  4.035 % 107 ml/molecule

In general, the volume of a molecule is given by:

MWi_ MW

N _ pN (8)

vol =

(d) The volume of a sphere is $7r® where 7 is the radius.
: vol = 4,035 X 107 ml = 4.035 X 107 cm’®
4.035 % 107 = §ar®

s _ (8)(4.035 X 107%)
(4)(3.142)

=9.63%x 107"

r=¥963x10 " =¥963x V10"

3

r=213%x10"7 ¢m or r=213A

The diameter of the molecule is 42.6;& and will fit into a 100 A-thick
membrane.

+ Problem: 2-8

E. coli is a rod-shaped bacterium about 2 p long and 1 @ in diameter. The
average density of a cell 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 has a 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:

7 vol = 7rr°l
*where r=05p =5%X10"cm
and =2 =9%x10" " cm"
vol = (3.14)(5 X 107%)*(2 % 107") = (3.14)(26 X 107)(2 X 107™)

~

vol = 1.57x 107" (:n:‘l3
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The weight of a single E. coli cell is given by:
wt=vol X p = (1.57 X 107%)(1.28)

wt=2x10""g

In a single cell, the amount of the enzyme is:
13.5% % 0.1% X 2 X 107" = (0.135){107°}2 x 10™'%)
=27%x10"%g

wi, X N

number of molecules = MW
where N = Avogadro's number

(2.7 % 10779(6.02% x 10™
10°

number of molecules =

= 1626 molecules per cell

In general:

_NpVf
number of molecules per cell = MW . (N

where N = Avogadro’s number = 6.023 x 10™
p = the density of the cell (g/cm® or g/ml)
V = the volume of the cell {cm® or ml)
f= the weight fraction of the cell represented by the compound
{as a decimal)
MW = the molecular weight of the compound

- Problem 2-9
The specific volume of a leucine residue is 0.80 ml/g. The specific volume of-
a glycine 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:

[ Ur = 2, (weight fraction of residue X specific volume of residue) {10}

Note that weight fraction is used so that the answer comes out in milliliters per
1 g of protein. Equation 10 can also be written as:
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- E(ﬁ residue x Mw:'esh!ue)
gy = 2 Lemiane X an
Similarly, the density of a protein is given by:
pe = % (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 cm® (ml) of protein.  We know the weight fractions, so using Equation 10:

Tp = (0.60)(0.90) + (0.40)(0.64) = 0.54 + 0.256

_ 1
7= 0.796 ml/g pr=z= b”%
Pe= 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 LDHis MMMM. A
large fraction of the heart LDH is HHHH. Other tissues contain hybrid
isozymes 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”

Seolution

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 7:

C(nbr—D)_@+4-1i_5!_
e T VTR T T | R T
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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.

Sohition

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 lock
at it is that 55.85 g represents (.335% of the minimum molecular weight,

or

100 g protein MW, ..
- . x min = .
0.335gFe  55.85gFe 0.335% X MW i = 55.85

8.35 % 107> MW . = 55.85
_ (100)(55.85) 55.85

MWoin =7 335) MWoin = 555 10
MW.... = 16,672 MW, = 16,672
In general:
Mw:nnsli!u:nl X 100
MWoin = 9% of constituent (13)

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 pg of leucine
(MW =131.2) and 36.2 ug of tryptophan (MW =204.2). What is the
minimum MW of the enzyme? )
Solution
The minimum MW based on leucine content is calculated as follows:
10~ genzyme _ MW
58.1 X 107" gleucine  131.2
MW i, = 2258
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The minimum MW based on tryptophan content is calculated as follows:

10~ genzyme _ MW
36.2% 10 °gtrp  204.2
M‘Wm;n = b4l

Each calculation assumes that only one residue of each amino acid is present
in a molecule of the enzyme. The molar ratio of leucine/tryptophan is:

53.1/131.2 _ 0.443 _ 2.5
36.2/2042  0.177 1

There must be a whole number of residues of each amino 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,

5 x 2258 = 11,280

or 2x5641 = 11,282

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 filtration 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. 2-5¢). Thus, molecules much smaller than the pores can freely
penetrate the gel particles. Molecules with diameters much larger than the
largest pore are completely excluded from the gel. Intermediate size
i molecules can pass into some of the gel particles but, compared to the very

s small molecules, a greater proportion of the intermediate size molecules will
Ly be outside the gel atany time. The gel filtration processisillustrated in Figure
P 9-5b. A small amount of solution containing molecules of different sizes is
Ry placed on a 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: Vo= Vo + Vi. Very large molecules, which
have only V. to pass through, will elute from the column first (Fig. 2-
5¢). The intermediate size molecules elute next. Very small molecules,
which must pass through V,+V;, elute last. Gel fltration is the most
convenient method for estimating the molecular weight of a 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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+ 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 all
proteins of MW 200,000 and higher: cytochrome ¢ (MW = 13,000), tryptophan
synthetase (MW = 117,000), hexokinase (MW =96,000), ATP 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 completely excluded and, consequently, will
not separate from each other. Both enzymes will elute in a volume equal to
V.. The clation order is ATP-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 spherical 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 with 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./V, of 2.1. }

Solution

A V./V. of 2.1 corresponds to a MW of abour 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, all 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 filtration 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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5x 10°}— .
Ferritin

Neurospora phosphorylase a

Catalase

Skeletal muscle phosphorylase b

Yeast alcohol dehydrogenase

8 108
v
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= 2 Hemoglobin
g
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85x 105
o
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Myoglobin
104 l I I
0 1 2 3

Relative elution volume (V,/V,)

Figure 2-6 " Calibration of a Sephadex G-200 ge! filtration column.  V,/V, 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 microbiological assay on an en-
zymatically hydrolyzed sample of phosphorylase a disclosed the presence of
1.86 ug 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) Distuption of quaternary protein structure by
SDS. The SDS binds tightly to the subunits obscuring the
original charge on the protein, In 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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Solution

1.86 X 10™° pg pyridoxal _ 1672
1.0 x 107 g phosphorylase MW,

MW..., = 89,802

The cumulative results suggest that phosphorylase 2 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 (7). 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.

wV =aRT (14)

where = 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

w:%RT

m=MRT {15)

where M = molarity of the solution.
The molecular weight of the solute may be determined from measurement

of m.

Ve g Mw=2ERD L W S CRT

MW V = v (16)

7V =

where C = concentration in g/liter.
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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 wV =nRT. Yet,
relatively concentrated solutions must be used to obtain good measurements
of . Usually, the observed value of m must be corrected for
nonideality. This is accomplished by plotting 7w/C (the reduced or specific
osmotic strength) against G, and extrapolating to zero C. The MW is then

calculated from:

MW = —&

= @ /C)eo

an
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. Problem 2-16

At 10°C, the osmotic pressure of a protein solution was 3.05x 107 atm at
4 mg/ml, and 1.40 X 107 atm at 2 mg/ml. Calculate MW,

Solution

The data and the values of #/C are tabulated below:

c T w/C

4 mg/m] 3.05x 107 7.625x 107
2 mg/ml 140107 | 7.000x 107

at 0 mg/mi — 6.375x 107"

The value of #/C decreases by 0.625%X 107" for a decrease in G of
2mg/ml. Therefore, at infinite dilution, #/C would be 6.375% 107, (In
practice, many values of 7 would be obtained and the values of #/C plotted
as shown in Figure 2-8b.)

___RT _ (0.0821)(283)
(w/Cleas  6.375% 107

MW

MW = 36,446

MOLECULAR WEIGHT FROM SEDIMENTATION VELOCITY

The malecular 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:

RTs

MW = Dli=p9

(18)

where R =the gas constant (8.314 x 10" ergs mole ™' degree™)
T = the absolute temperature (°K)
D = the diffusion coefficient {cm®/sec)
= the amount of the compound diffusing per second across an area

of 1 em® at a unit concentration gradient (i.e., 1 M higher on one
side of a membrane)

v =the specific volume of the macromolecule (the inverse of its
density}*

* Actually, ¥ represents the partial specific volume of the solute, that is, the increase in the
volume of the solution caused by the addition of 1g of solute. If there are no significant
structural changes in the solute as a result of interaction with the solvent, 7 can be taken as the
sum of the fractional specific volumes of the 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 coefficient (sec)

s = dx,;’dt or . =2.3 lozgx (19)
wx tw ~

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: '

velocity

velocity = acceleration X time or time = —————
acceleration

where velocity = dx/dt
and acceleration in a centrifugal field = »”x
= (radians/sec)® X cm

Air
Air

0 025 05 075 lbcm

Meniscus
{a} Concentration
1 1 1
1 T ]
/A( } /\ !
60 6251 65 675 7.0 e g —s] |<__13_>.'
to i 'ty ts
;‘: R {b) Schiieren optics pattern (dzm)
€
(G
I B
i &
: g
t [ i i 1
600 1050 1500 1950 2400
M Time (sec)
(e}

Figure 9-9  Sedimentation velocity measurement. {a) The distribution of protein in the cell a:
function of centrifugation time. The protein is sedimenting toward the right. (b) Schlier
optics pattern. The optical system measures the change in refractive index of the solutic
Thus, the pattern gives the concentration gradient of protein along the sedimentation path. |
Plot of log x versus time where x is the distance the boundary has moved (i.e., the distance frc
the meniscus to the peak of the Schiieren pattern).
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The sedimentation constant is obtained by measuring the position of the
boundary at different times and plotting log x versus time (Fig. 2-9¢). The
slope of the plot is logx/t. Therefore:

_ 2.3(slope)
§ =
w

(20)

If the rotation of the centrifuge is given in terms of revolutions per minute
(RPM), then @ in terms of radians per second is obtained from:

_RPM

5 @m) @1

«w

because one revolution (the circumference of a circle) is 2w radians. For
convenience, s is usually expressed in terms of Svedberg units, where
1s =10""sec. If the s value is determined at 20°C in aqueous solution, the
symbol s, is used. The diffusion coefhcient, 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 sumn of the buoyant force, F,, plus the frictional force
(drag), Fr

F¢=F¢,+Ff or Fc—Fb:F]
where F. — F¢ can be considered to be the net centrifugal force:
net F, = M2 = Mg ’x

where m.q 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).

e = (volumes X densitys) — (volumer X densitys)

= volumes{(pr — ps) = (Mfy Yo (pe — ps)

net F. JMW% (pr—ps) -
= I/PP
net F. = Wl}’vl‘iﬁ (1= 3ps) (22)

The frictional force is given by:

_ RT dx

F= DN dt 2%
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i' where N is Avogadro’s number, dx/di 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 first law of
diffusion:

dc__DABc

T -8: (24)

Fick’s first law 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 25:

L (MW)mex(l_ _ )=RTdt
H N T DN
or
dx
RT==
MW dt ____RTs (25)

T Dwx(1—3ps) D(1l— ips)

In practice, s values would be determined at several different concentrations
of protein and extrapolated to zero concentration.

» Problem 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_

e v 3

center of rotation. (¢) How many “g’s” is this equivalent to?

Solution
(a) e }%M (@m) = (58,000{)3(02)(3.14)
w = 6070.7 radians/sec
(b) a=w'x = (6070.7)%6.2) = (36.85 X 10°(6.2)

a = 2.284 % 10® cm/sec®

, . Note that a radian has no units since it is simply the ratio of arc length to
‘ radius length.

i
1
{
! ' (c) The earth’s gravitational field = g = 980 cm/sec”.

_ 2.984 % 10°
A==

980 233,061 x g
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+ Problem 2-18

At 20°C, human serum alburmnin has a diffusion coefficient of 6.1 X 1077 cm®/sec
and a sedimentation coeflicient of 4.6s. 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.

Solution

MW = RTs _{8.314% 107)(293){(4.6 x 107*)
D(1—1dps) (61X 1071~ (0.74)(0.998)]

_ 11205107 11205 x107°

(6.1 x1077)(0.2615)  1.595x 1077

MW = 70,253

See also Problem 6-28 for a description of molecular weight determination by
aflinity labeling.

B. CARBOHYDRATES

+ Problem 2-19

How many different aldohexose stereoisomers are possible (exchiding
anomers)?

Solution

The number of stereoisomers depends on the number of asymmetric carben
atoms present. For nonlike-ended molecules:

number of stereoisomers = 2" T (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 stereoisomers = 2* = 16

Half are p-sugars (OH on carbon 5 to the right) and half are r-sugars (OH on
carbon 5 to the left). A fifth asyminetric carbon atom is produced upon ring
formation yielding the o« and £ anomers of each of the 16 sugars.

+ Problem 2-20

How many different disaccharides containing D-galactopyranose plus b-
glucopyranose are possible?
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Solution

There are 20 possible disaccharides containing galactose plus glucose in the
pyranose ring forms:

Galactosides: 1-2, 1-3, 1-4, and 1-6 =4
linked & or 8 Joo X2

=8

Glucosides:  1-2, 1-3, 1-4, and 1-6 =4
linked a or B A

=8

Nonreducing disaccharides: o—a, a—f, f—a,and p-f8 =4

(1-1 linked)

Total: 20

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 (inclhading 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 units of fewer than 5 different monosaccharides.

- Problem 2-21

A 25mg sample of E. coli glycogen was hydrolyzed in 2ml of 2N
H,SOs. The hydrolysate was neutralized and diluted to 10 ml. The ghicose
content of the final solution was found to be 2.35 mg/ml. What is the purity
of the isolated glycogen?

Solution
The amount of glucose obtained upon hydrolysis is:

2.35 mg/ml X 10 ml = 23.5b mg

23.5 mg

W = (.1306 mmole

The glycogen sample contains 0.1306 mmole of glucose. However, when
glucose {or any other monosaccharide) is polymerized, an average of one
mole of H,O 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 % 162 mg/mmole = 21.16 mg glycogen
The purity of the glycogen is:

(21.16)(160) =

T 84.6%

{Or, the sample was not completely hydrolyzed.)
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. Problem 2-22

Exactly 81.0mg of glycogen were exhaustively methylated and then acid
hydrolyzcd. The methylated products were separated and identified by thin
layer chromatography. Exactly 62.5 pmoles of 2,3-dimethylglucose were
obtained. (2) 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?

Solution
{a) The total amount of glucose present is:

-3
BLx10%g

162 g/mole 107* moles = 500 gmoles

The 2,3-dimethylglucose comes from the branch points (Fig. 2-10).
Therefore,

% branch points = % X100 =] -12.5%

O Reducing end
® Branch peint
8 Noareducing end

CH,R0H CH;0H CH;0H
Q o}
OH OH OH
HO a} 0
OH OH OH
Nonreducing CH,0H CHLOH CH, CH,0H CH,OH Reducing
ends 0 0, 0. 0 end
[o]5 oH OH H H
HQ 0 0 OH
OH H OH OH OH
Branch
point
b)

Figure 2-10 (a) Branched structure of glycogen or amylopectin. (&) 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-tetramethylghicose 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-1 is removed as methanol. (The other methyl groups are present as stable
ethers) Thus the RE and all the remaining 14 linked residues yield 2,3,6-
trimethylglucose. Free OH groups 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).

pmoles of 2,3,4,6-tetramethylglucose = 62.5

There are actually n + 1 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.

pmoles of 2,3,6-trimethylglucose = 500 — (2 X 62.5)
=500—125

pmoles of 2,3,6-trimethylglucose = 375

» Problem 2-23

The glycogen described in the previous problem has a MW of 3 x 10°% (@)
How many glucose residues does a molecule of this glycogen contain? (b)
How many of the residues are at branch points? (¢} How many of the
residues are at the nonreducing ends?

Solution

3 % 10° g/mole glycogen
162 g/mole glucose residue

18,519 moles glucose per mole
glycogen

(2

= 18,519 residues of glucose per molecule
of glycogen

(b) 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+tl= 2316 NRE residues per molecule
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Thus, the 81 mg of glycogen represents

x 107 - -
3 Ellﬁslg?’mole = 2.7 %X 107° moles = 0.027 pmoles of glycogen

and (0.027)(18,519) = 500 pmoles of ghicose (total)
including (0.027)(2315) = 62.505 pmoles of branch points
and {0.027)(2316) = 62.552 pmoles 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 g-
galactosidase to galactose and glucose in a 2:1 ratio. Reduction of the
original trisaccharide with NaBH,, 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-1,5-diacetyl-
galactitol, (b) 2,3,4-trimethyl-1,5,6-triacetylgalactitol, and {(c) 1,2,3,5,6-
pentamethyl-4-acetylsorbitol. What is the structure of the irisaccharide?

Solution

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 opens 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 (81— 6) gal (81 >4) glu as shown

below:
H.OH
HO O
gal
OH 0\'
oH CH. © CH,OH
HO O o
gal
oH O o Elu
OH
H OH

* Problem 2-25

Upon treatment with periodate, a 200mg sample of cellulose released
4.12 pmoles of formic acid. (a) What is the average MW of the cellulose
molecules? (b) What is the average chain length of a cellulose molecule?
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Solution

(a) Periodate (107) cleaves the bonds between carbon atoms containing
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 aleohol 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 eftect,
the middle alcohol group is oxidized in two steps. Cellulose is a linear
(unbranched) polymer composed of g1—4 linked glucose residues. Each
chain yields three molecules of formic acid, as shown in Figure 2-11. Thus,
900 mg of cellulose corresponds to:

%1—2 = 1.373 pmoles of cellulose
;7; MW = numbe‘:;gf moles
MW = %g,?_&ll%; MW = 145,666
: : (b} Number of ghicose residues per chain = MWMo‘gjg{;)li:::sll:i:Z?due
- }%ﬁ = 899

CHO > HCOOH
V{.,\
H—C~—0H > HCOOH
‘l+l\

CH,OH CH,OH CH,OH
0 o 0
OH o4 o o. £ oH
HO
OH OH OH
% Hy~—C—OH > HCHO
HCOOH
107
CH,OH CH,0H CH,OH cHo
. J—o0 0 0¥ Cc—H
OHC >\o o I
OHC CHO cHo CHO cHo CHO

n

Figure 2-11 Periodate oxidation of cellulose. FEach 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 500mg sample of glycogen wad treated with radioactive cyanide
(KC"N). Exactly 0.193 pmoles of G"*N™ were incorporated. Another 500
mg sample of the glycogen was treated with methanol containing 3% HCl in
order to form the methyl glucoside of the reducing end. (Methanol will not
methylate the other OH groups.) The methyl glucoside was then ireated
with periodate. Exactly 347 umoles of formic acid were produced. Calcu-
late {a) the MW of the glycogen and (b) the degree of branching.

Solution

{(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 pemoles.

_ Wi, _. 500X 107
" number of moles 0.193 X 10~°

MW

MW = 2,59 x 10°

(b) Methylation renders carbon number one of the reducing end residue
resistant to periodate oxidation. All the formic acid produced now comes
from carbon number three of the NRE residues. Thus, 347 pmoles of
formic acid indicate that there are 347 umoles of NRE residues (and
347 pmoles of branch point residues) present,

' 500% 107 g

= -3
162 g/mole residue 3.086 x 107" moles

total glucose present =

= 3086 pmoles

347 _
% branch points = 3086 100=] 11.24%

See also the problems in Chapter 5, Section C on Optical Rotatio'n.

C. LIPIDS

* Problem: 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 acids?

Solution

{(a) Proceeding as we did earlier for calculating 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:

Ne=nt =8 =1 27

However, the middle carbon atom of the symmetrical glycerol molecule
becomes assymmetric when two different fatty acids are esterified on the first
and third positions. So we might ask ourselves: s L-stearodipalmitin, for
example, really different from L-dipalmitostearin? The structures are
shown below.

HQC——O—(HJ—-® L-stearodipalmitin {L-SPF)
rotate 180° in the
®—C—0—C—H g plane of the page

H.C—0—C—® p-dipalmitostearin (D-PPS)

H.C—O0—C—® L-dipalmitostearin (L:-PPS)

rotate 180° in the

®_T|:W%?MH 0 plane of the page
O  H.GC—0—C—®  p-stearodipalmitin (D-SPP)

It is clear that L-SPP is indeed different from r-PPS. However, L-SPP is
identical to D-PPS, while L-PPS is identical to p-SPP. Thus, there really arve
97 different triglycerides possible. These can be considered 27 different
L-triglycerides or 27 different D-triglycerides. 1f we count only one member
of a 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 i-forms are equivalent to the enantiomers (D-forms) of other
L-forms. Specifically, there are 18 different trigiycerides with the six differ-
ent combinations of end substituents shown below.

S
T
L

where P = palmitic, $ = 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
B, position {6x3=18). In general, the total number of different tri-
glycerides {(excluding enantiomers) can be derived from Equation 7:

o
v ——
= ——
v —— g
M

*(Including nine like-ended molecules which are really neither D nor L.
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(n +1‘—1)!) ~n(n+D _n*+n? @7

N=(r!(n—1)! T -t 3

where n=the number of faity acids available

r=2 (the two ends)
(b) The total number of quantitatively different compositions is given by
Equation 7 with r = 3:

_(ntr-D!_ (n+2] _5x4x3x2
T orln—1) 3l(n—1) 3x2x2

~IN-

N=10

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.

glycerol
+

H—C—0—C—(CHu)iw—CH; + 3KOH —— 4 K-palmitate
I} +

2 K-stearate

HEC—O—ﬁ——(CHg)N—CHs

O
HQC—O‘—‘ﬁ'“(C Hz):s‘“"‘CHs

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 saponify 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 g triglyceride

= 194.9 mg KOH/g triglyceride

or saponification number = 194.9
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+ Problem 2-29

A 250 mg sample of pure olive oil required 47.5 mg of KOH f{for complete
saponification. Calculate the average MW of the triglycerides in the olive oil.

Solution

. —5
amount of KOH required = 475x10 g _ ¢ 489 % 10 moles
56 g/mole

It takes 3 moles of KOH for each mole of triglyceride.

482 %107
amount of triglyceride present = §—é§-2-31—0 = 9897 X 107 moles

Wiy Wt
number of moles = or MW = B
MW number of moles

_ 950x 107 _
MW = %16~ MW = 884

Or, in general:

_ 3 % 56 X 1000 _ 168,600
MWoer = saponification number ~ saponification number (28)
The saponification number of the olive oil is M =190
0.250 g oil
_ 168,000 _
Mwav:r - 190 - 884

+ Problem 2-30

The olive oil described in the previous problem was reacted with iodine. Ex-
actly 578 mg of I, 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?

/ Solution

{a) Calculate the number of moles of I absorbed by a mole of the cil.  Each
mole of I; adds across a double bond.

0.578 g Iz = W'T.g 12
0.680 g oil 884 goil

_ (884)(0.578) _ .
wtg I» absorbed T 0.680) 751.4 g I, per mole of oil
MW of I, = (2)(126.9) = 253.8

751.4 g I-

W = 2.96 moles I./mole of oil
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Thus, on the average, there are three double bonds per molecule of
triglyceride. .
(b) Iodine number is defined as g iodine absorbed per 100 g of oil or {at.

751.4

284 X100=| 85

1odine number =

» Problem 2-31

An acidic, lipid-soluble organic compound with prostaglandin activity was
isolated from a Pacific coral. Elemental analysis gave 67.80% C, 9.60% H,
and 92.60% Q. 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 coniain at least 1atom of every clement
shown to be present. Once 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, divide the percent composition values by the atomic weights of each
clement present. 'This yields the number of gram-atoms of each element per
100 g of compound.

_ 67.80 _9.60 9260
c= 12 H== o= 16

C=5.65 H=9.60 O =141

Next, divide each of the relative molar amounts shown above by the smallest
relative value.

_5.65 _ 9.6 - 141
C=1Ta H= 1.41 0= 1.41
C=4 H=6.38 O=1

There must be a whole number of atoms of each element present. Thus, the
simplest empirical formula might be C,H,O. However, if the elemental
analysis is quite accurate, then we can multiply the 4:6.8:1 ratio by integers
until whole numbers result. In this case, multiplying by 5§ yields:

CEOHMOS

(b) The minimum MW is (20)(12) + (34)(1) + (5)(16) = | 354

* 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 molal
solution) depresses the freezing point by the molal freezing point depression
constant (K;). 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.

MW, solute/1000 g solvent _ (1000} wi, solute/wt; solvent

K_f A Tf.p.
__ (1000)(K[) wt, solute
or MWootuie = (AT:,) wtg solvent (29)

M = (100037712 % 107%) _ 4524
T84 176.8)(0.8)  (1.6)(0.8)

MW =353.4

Thus, the assigned formula CxHsiOs is correct.  The freezing point depres-
sion is a colligative property—it depends on the number of particles of solute
present. If the solute dissociates in the solvent, the calculation 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/em®. The average density of the
membrane lipids is 0.92 g/em®. What are the weight percentages of protein
and lipid in the membrane?

Solution
As shown by Equation 10:

Tonembeane = (weight fraction protein X Upraein) + (weight fraction lipid X Trpie)

5 . S S S P
Umembrane — 1.15 - 0-87 vpro(em 1‘30 0-77 Uhpld - 0.92 - 1<09
Let X = weight fraction of protein C. (1= X) = weight fraction of lipid
0.87=077X)+1.08(1-X)=077X +1.09-1.05 X
0.22

0.22=032X X =032
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weight fraction protein = (.688 or 68.8% protein

weight fraction lipid = 1.000 — 0.688

=0512  or 31.2% lipid

D. NUCLEOTIDES AND NUCLEIC ACIDS

+ Problem 2-34

A sample of DNA purified from Mycobacterium tuberculosis 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
15, A=T and G=C.
ifA=15.1%,then T =15.1%
and 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. Thefactthat A=Tand 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 length of a double-stranded DNA molecule of MW 3 x
10", (b) What is the volume occupied by one molecule of this DNA? (c)
How many helical turns does a molecule of this DNA contain? Consult
Figure 2-12.

Solution

{a) The average MW of a complementary pair of Heoxy nucleotide residues
is about 618, Therefore, the DNA contains:

!
3 x 107 g/mole DNA
618 g/mole of nucleotide pair

= 48,544 nucleotide pairs

As shown in Figure 2-124, the double helix rises 3.4 A per nucleotide pair.

length = (48,544)(3.4) =| 165,049 A =16.50 pm=1650% 10" cm




irs

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
interior of the double helix. ({¢) 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, OQutlines of
Biochemistry, Wiley (1972); (b) and (c) Redrawn from ]. R. Bronk, Chemical Biology.
Macmillan (1873).]

136
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{b) The molecule can be considered to be a cylinder 16.50 X 107 ¢cm long and
20 % 10" cm in diameter.

vol = arr?l

vol = (3.14)(10 X 107%*(16.50 x 107 = 5.18x 107" cm’

{c) Asshownin Figure 2-12, there are 10 nucleotide pairs per helical turn.

48,5644 nucleotide pairs =| 4854 helical turns

- Problem 2-36

The MW of bacteriophage T4 DNA is 1.3 X 10° {double siranded). (a) How
many amino acids can be coded for by T4 DNA? (b} How many different
proteins of MW 55,000 could be coded for 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:

1.3 % 10°

— 5 . .
618 - 2.1 X 10° nucleotide pairs

= 2.1 % 10° nudleotides in the coding strand

2.1X10° _

3 7 % 10* codons

(b} The average MW of an amino acid residue is 120. A protein of MW
55,000 contains:

55,000

190 = 458 amino acids

7 X 10" codons can yield:

7X10° _
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 5 ribosomal RNA of E. coli has a MW of 1.1 x10°. Approximately
0.3% of the total E. coli DN A hybridizes with the 23 s yRNA. The MW of the
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E. coli DNA (chromosome) is 2.2 x 10°. How many copies of the 23 s rRNA
gene does the E. coli chromosome have?

Solution

Approximately 0.8% 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 % 107%)(2.2 % 107 = 6.6 X 10°

The molecular weights of a ribonucleotide residue and a deoxyribonucleotide
residue are about the same (320 and 309, respectively). Since there isa 1:1
coding ratio between DNA and RNA, the E. coli chromosome must contain:

6.6%10°

T Ix10° 6 copies of the r RNA gene

: Problem 2-38
What is the MW of an mRNA that codes for a protein of MW 75,0002

Solution
A protein of MW 75,000 contains:
75,000 . .
190 625 amino acids

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 of a ribonucleotide residue is about 320. Therefore, the MW of -
the mRNA is approximately:

(1875)(320)=; 600,000

In general, the ratio MW, nxa /MW i, is 8 to 10, depending on amino acid
composition,

- Problem 2-39

A sample of calf thymus DNA bad a Tn of 86.0°C in 0,5 M NaCl+0.015 M
sodium citrate. Under the same conditions, DNA samples of known base
composition gave Tn values shown in Figure 2-13b.  (a) Calculate the G+ C
content of the calf thymus DNA. (b} Derive a simple equation relating the %
G+ C content to the T. for the conditions shown in Figure 2-135.

" Solution

When a solution of double-stranded DNA is heated, an increase in ultraviolet
light absorption {Assaam) 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 Assnm versus T
curve (“melting curve’) is called the “melting temperature,” T,.. Samples of
DNA from different sources have different T. values in a given ionic
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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 Aand T form only two hydrogen bonds, as shown in
Figure 2-12¢,

(a) From Figure 2-13b, we would predict that calf thymus DNA contains 40%
G+C.

(b} The relationship between % G+ Cand T» isalinear one. However, the
plot shown in Figure 2-13b does not start at 0°C. Tosimplify matiers, 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 stope {from
standard samples A and C} is (50— 95)/(90 — 80) = 25/10 = 2.5.

% G+ C = (2.5)(T.. —70) (30)

For a 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 had a
MW of 2 % 10° before shearing, renatured 3 times faster than sample A. The
original MW of sample A was 6 X 10°. Sample C renatured at a rate 5 times
faster than sample B, and 15 times faster than sample A. All three solutions
contained 1 mg DNA/ml. What was the original MW of the DNA in sample
C?

Solution

A schematic representation of samples A and B are shown below. The
vertical lines represent the positions of shearing.

Sample A: Imgiml Sample B: 1 mg/ml

albjecidl]e]f glh glh glh

af bf Cf df ef f-f gr hf gl hf gJ hf
MW =6 % 10° MW =2x10° MW=2x10° MW=2x10°

The letters a, b, ¢, etc. represent polynucleotide sequences in one
strand. The letters 2’, b/, ¢, etc. 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 inversely proportional to the original
MW of the DNA, or directly proportional to the concentration of complemen-

tary sequences,

Sample C at 1 mg/mi renatured 5 times faster than sample B

and 15 times faster than sample A. Therefore:

MWc= 5

_2x10°_6x10°_

)

LMW, _ MW,

15

4x10°

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,

Amino 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), arginine (plI=
10.76), ghutamic acid {pI = 5.22), serine (pf =
5.68), and tryptophan (pl = 5.88)?

2. What are the relative electrophoretic
mobilities at pH 5.68 of the five amino acids
given jn problem 17

3./ Deduce the sequence of amino acids in
eptide from the following informa-
tion: {(a) composition = met+ tyr + ser+
phe+gly+lys+ala; (b) Sanger’'s reagent
yielded o,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 released three pep-
tides. One contained tyr+lys+ met. A sec-
ond contained ala+gly. The third contained
ser + pﬁe.

. Deduce the sequence of amino acids in
a peptide from the following informa-
tion: (a) composition =phe-t pro+glu+2
lys; (b} treatment with the Edman reagent
yielded' PTH-glutamate; and (¢} trypsin, car-
hoxypeptidase A, and carboxypeptidase B did
not release any smaller peptides or amino
acids.
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5. A peptide comtaining equimolar
amounts of met+ phe+asp+ser+thr was
treated with CNBr. A peptide and a single
amino acid {(identified as homoserine) were
released. Treatment of the original pen-
tapeptide with chymotrypsin produced two
fragments, one of which was significantly
more acidic than the other. The acidic frag-
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-p-amino acids (a) using any amine 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 patterns are possi-
ble? () How many quantitatively different
amino acid analysis patterns are possible?

7. (a) Calculate the axial length of an «-
helix containing 122 amino acid residues. (b)
How long would the polypeptide chain be if it
were fully extended? (¢) Approximately
what is the MW of the protein?

8. The specific volumes of serine, proline,
alanine, and glycine residues are 0.64, 0.76,
.74, and 0.64, respectively. (a) Calculate the
specific volume and density of a syntheric
polypeptide containing equimolar ratios of all
four aminoacids. (b) What is the diameter of
a spherical molecule of the synthetic polypep-
tide if MW =7810?

9. The ribosomes in E. colt account for
about 5% of the cell volume. Assuming that
each ribosome is approximately a sphere of
180 A in diameter, calculate the number of
ribosomes in an E. coli cell. Assume that E.
coli isacylinder 1 i in diameter and 2 p 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, y, between the H attached to the nit-
rogen atom and the a-carbon. Consult Fig-
ure 2-1. (Hint; use plane trigonometry.)

11. Glatamine synthetase is a dodecamer
composed of 12 identical subunits, Each sub-
unit can be adenylated. How many guantita-

tively different forms of glutamine synthetase
are possible?

12. A protein believed to be involved in
membrane transport was obtazined from a
bacterium by osmotic shock, Amine acid
analysis of 10mg of the purified protein
vielded 61 png of tryptophan. What is the
minimum molecular weight of the pro-
tein? (The MW of tryptophan is 204.1.)

13. The enzyme glutathione peroxidase
contains (.34% selenium by weight. (The
atomic weight of Seis 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°C, the osmotic pressure of a
protein  soluton (5.0 mg/ml) was 2.86%
10 atm. Estimate MW. (b) Another meas-
urement made at 2.5 mg/m] yielded an osmo-
tic pressure of 1.37x10%atm. Calculate a
more accurate value for MW. (Extrapolate
to zero concentration.) R =0.0821 Iliterx
atm % mole™ X degree™.

15. The $w0. of lysozyme is 191X
10 "sec. D is 11.2% 107 em¥/sec, and ¥ =
0.703. Calculate MW.

Carbohydrates

16. (a) How  many  2-ketopentose
stereoisomers are possible {excluding anom-
ers)? How many aldopentose sterecisomers’
are possible (excluding anomers)? i

17. How many different disaccharides can
be made from two molecules of b-
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 ghicose
was exhaustively methylated and then 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 1o a
single disaccharide with an enzyme specific
for «, 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 formaldehyde. What is a likely
structure of the unreduced disaccharide? (b}
Exhaustive methylation of the original
polysaccharide followed by acid hydrolysis
yielded approximately equal molar amounts
of 2,4,6-trimethylghicose 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 pmoles of 2.9,4,6-
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 10°, how many
branch point residues does a molecule of
amylopectin contain?

22. Raffinose is a trisaccharide found in
plants, It has the structure galleel—
6)glu(al-»28)ru (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 e,1-4 glucan. A
648 mg sample of amylose was treated with
periodate. Exactly 4.43 pmoles of formic
dcid were produced. {a) What is the average
MW of the amylose in the sample? (b) How
many pmoles of "GN~ will add to 648 mg of
the amylose?

Lipids

24, (a) How many different L-triglycerides
can be made from glycerel and four different
fatty acids? (b) How many different tri-
glycerides does this correspond to if we count
only one member of a p-L pair? {c) How
many triglycerides of guantitatively different
composition can be made from glycerol and
four different fatty acids?

25. Calculate the saponification number of
tributyrin.

o 3L
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v'26. The saponification number of a sam-
ple of butter fatis 230. Calculate the average
MW-of the triglycerides present.

v 27. The iodine number of a sample of
butter fat is 68. If the saponification number
of the sample is 210, how many double bonds,
on the average, are present in a molecule of
triglyceride?

28. Progesterone, a female 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 750mg of benzene freezes at
4.20°C. The freezing point of pure henzene
is 5,50°C. The molal freezing point depres-
sion constant is 5.10°C.  What is the empirical
formula and MW of progesterone?

29. Calculate the density and specific vol-
urme of a lipoprotein containing 80% protein
and 20% lipid by weight. The average den-
sities of protein and lipid are 1.30 g/emn® and
0.92 g/em®, respectively.

Nucleotides and Nucleic Acids

+ 30. Yeast DNA contains 32.8% thymine on

a molar basis. Calculate the molar percen-
tages of the other hases.

E. coli DNA (chromosome) has a MW
of 29 x 10°. {a) How many nucleotide pairs
does the DNA contain? {b) How long is the
DNA molecule? (¢} An average E. coli cell
has a volume of 1.57% 107" cm®. What frac-
tion of the cell volume is occupied by the
DNA?

*32. E. coli can divide every 40 mi-
nutes. Thus, its DNA (MW =2.2x 10% can
be duplicated in 40 minutes (or less). CGaleu-
late {a) the number of internuclectide bonds
made per minute, (b) the rate of chromosome
duplication in terms of mm/min and g m/min
(assuming only one growing point), and (c)
the rate at which the double helix unwinds
(turns/min} during duplication.

v’ 33, Whatis the MW of a protein coded for
by an mRNA containing 1000 nucleotides?

< 34, I 75% of the E. coli chromosome
codes for specific proteins, how many differ-
ent proteins of average MW 60,000 can be
made?

/35, What is the MW of the gene that codes
for a t RN A containing 80 nucleotide residues?
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. 36. The following T. data were obtained {z) Calculate the % G+ C content of sample
for double-stranded DNA in 10 mM phos- Z. (b) Derive an equation relating the %

phate buffer containing 1 mM EDTA. G + C content to the T for the above condi-
tions.
Sample % G+C T. (0 37, Sheared and melted segments of bac-

teriophage T2 DNA (MW =1.83x10°) rena-

A 70 78.5

B 525 7.2 tured 19.2% as fast as sheared and melted
G 37.5 65.0 DNA from T7 bacteriophage under the same
7 ?' 733 conditions of temperature, ionic strength, and

concentration, What is the MW of T7 DNA?
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BIOCHEMICAL ENERGETICS

A. ENERGY-YIELDING AND ENERGY-REQUIRING
REACTIONS

THE LAWS 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 thermodynamics 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 systemn 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 thermodynamics states that all naturally occurring processes
proceed in a direction that leads to a minimum potential energy level, that is,
toward equilibrium. Such *spontanecus™ 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
to 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 all of
these spontaneous reactions, energy is conserved. For example, the heat lost
by the warm body is gained by the cooler body. But certainly, something has
been lost. That something is the capacity or potential to do more work (to
transfer still more energy). While the total energy of a systern 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 js 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 he 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 thermodynamacs, which
states that at a temperature of absolute zero (0°K), where all random motion
ceases, the entropy of a perfect crystal of every substance is zero, that is, all 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 (o 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 organisins capture light energy.

While the entropy change that takes place during a process or reaction is of
great interest to biologists, there are {wo related thermodynamic functions 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 heut
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 Teaction as it proceeds
toward equilibrium at constant temperature, pressure, and volume. These
concepts are examined in more detail below.

COUPLED REACTIONS

Chemical reactions may be classified as (a) “exergomic,” 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 processcs (.e.,
the formation of large 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
also 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 ecnergy. For example, sup;;ose that the
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reaction by which A is converted to B is exergonic, releasing 15 kcal of energy:
A->B +15 keal (1)

All of this energy would be wasted if the reaction proceeded as written. Ina
living cell, a portion of the total energy is trapped by coupling reaction 1 to the
endergonic synthesis of an “energy-rich” compound X ~ Y. I, for example,
the synthesis of X~Y requires 8 kcal, then the overall coupled reaction

releases only 7 kcal.

X+Y X~Y

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.

SBkcal+C+D—C-D (3)

The b5kcal 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, $ kcal
are released by the overall coupled reaction.

C+D 7?'-0-}) + 3 kcal (4)
X~Y X+Y

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+8keal (5)

These energy relationships are illustrated in Figure 3-1.  Note 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
2 two reactions. Instead, the net effect is generally obtained by catalyzing two

O~
1

7 keal {2)

15 keal (1)

Figure 3-1 Energy relationships in the synthesis of G-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 GOOH
H—C_—O0OH NAD* NADH+H" H—C—OH
N N | + 12kcal (6
H—C—H H—C—H

|
PO QPOY

This oxidation-reduction reaction yields sufficient energy to drive the syn-
thesis of ATP from ADP and P: in a hypothetical coupled reaction.

CHO COOH
H—C—OH NADP* NADH+H" H—C—QH
B + 4keal (7)
H—C—H ADP+P; arp  H—G—H
OPOi— (8 kcal conserved) OPO?

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 %i)
H—C—OH C—OPO;
NAD* NADH-+H'.
H—C—H S s> H—C—OH + Okaal (8
glyceraldehyde-3-phosphate
O}‘Jog" P; dehydrogenase H..._Ct_H
OPO3

The energy is conserved by transferring the phosphate group to ADP in a
subsequent reaction.

il COOH
C—OPO: H—C—OH
phosphoglycerate kinase
H—C—OH + ADP — H—C—H + ATP + 4keal
):4
H—C—H PO;”

> %)
OPO;

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 coOoH

enolase

l
H—C—OPO, ———— (—OPOT + H,O (16)
: CH.OH CH.
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In this reaction an energy-rich compound is produced from an energy-poor
precursor by a simple dehydration reaction. The student is temnpted 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 CO,, H:O, and p,, The
dehydration reaction results in a rearrangement of electrons so that 2 much
larger 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, + 3 kcal - G-6-P (11

The reaction is endergonic and requires 3 kcal/mole, which can be supplied by
the hydrolysis of ATP. The hypothetical coupled reaction is shown below.

glhucose + P; G-6-P+ HOH + b5 kcal (12}
ATP ADP+P,
+HOH

The reaction actually catalyzed by hexokinase is the sum of the two individual
reactions.

hexokinase

glucose + ATP —M?w G-6-P + ADP + 5 keal (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 molecule 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.

FREE ENERGY CHANGE (AG)

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”), AG, 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 1, we obtain the following:

A—B+ 15 keal iy
AG = Gz~ Ga .
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In order for A to yield B plus energy, the free energy content of A must be
greater than the free energy content of B.

AG = (some value) — (some larger value)
AG = a negative value
AG=—15kcal

Thus, because of the definition of AG, exergonic reactions have negative
AG values while endergonic reactions have positive values, Whena reaction
is written in reverse, the sign of AG changes. For example, the synthesis of
X ~Y requires 8kcal per mole. Therefore, AG for the synthetic
(endergonic) reaction is +8 kcal/mole.

XK+Y¥->X~Y AG = + 8 kcal/mole

The degradation of X ~Y releases 8 kcal/mole.
XK~Y-»X+Y AG = — 8 kcal/mole

RELATIONSHIP BETWEEN AG AND THE [PV/IS] RATIO

Consider the reaction $— P where § is the reactant or “substrate” (of an
enzyme) and P is 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. Letus also place a waterwheel
in the arm confaining S. When the stopcock separating S and P is opened
(i.e., when an enzyme catalyzing the S —» P reaction is added), S is 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 P at 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 §/P ratiois. The greater the S/P ratio, the more the work that can be
done in converting S to P.  We can also see that if we start with an S/P ratio
identical to the equilibrium $/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.,
AG =0). If we start with a P/S ratio greater than K., (the system is displaced
from equilibrium in favor of P), then work must be done (energy is required)
to convert still more S to P (i.e., AG is positive). However, the conversion of
P to S now occurs with the production of energy (a minus AG value) until
equilibrium (the minimum energy ievel of the systemn) 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 levels. Nevertheless, the analogy illustrates
how the energy released or utilized in a reaction depends on the displacement
of the systern from equilibrium. A mathematical statement of the AG of a
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 ¢S+ dS:+- - -—aPi+
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S—=P S—=P
AG=0

AG is negative

- Fquillbrium__

(2) (b)

§—>P
AG is positive

Figure 3-2 {a) The [S)/{P] ratio at the start
of the reaction is greater than the ratio at
equilibrium. The reaction will proceed
“spontaneously” from S to P (if the stopcock
is opened). (b) The [S)/[F] ratio at the end
rof the rteaction equals the equilibrium
ratio. [P)/[S]= K., No further net reac-
tion occurs. (¢} The [P)/[S] ratio is greater
than that at equilibrium. The reaction will
proceed “spontaneously” in the direction [P}
: to [S] (f the stopcock is opened).

bPs. . . 1s shown below:

= [B)° [Pl .. _
AG = RTIn TR RTIn K.,
that is, AG...depends on —_— thebc:itliizznce | —
{the actual product/} d the product/
substrate ratios an substrate ratios
. 2t equilibrium -
L] b
or AG =~ RT In Ko+ RT In 12l [Pl .. (14)
3 ) [S:1° [S:]. ..
a b
or AG =—2.3 RT log K., +2.3 RT log bt (P2l (15)
. [Si] [S:]. ..
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where R =the gas constant = 1.987 cal X mole™ x °K™
T =the absolute temperature, °K
[P], [S], etc. = the actual concentrations of products and substrates
a, b, ¢, etc. = the coefficients of P, 8, etc., in the balanced chemical
equation :

At 25°C, 2.303 RT = 1364; at 37°C, 2.303 RT = 1419.

We can, see that at equilibrium the [P)/[S] ratio equals K.q; hence, AG =0.

To catalog and compare AG values for various reactions, chemists have
agreed upon a ‘‘standard-state” where all reactants and products are consid-
ered to be maintained at steady-state concentrations of 1 M. The standard-
state for gases is considered to be latm partial pressure. Under this
condition the log [P)/[S] term (regardless of the exponents) is zero. ‘The AG
under standard-state conditions is designated AG®.

AG=—1364log K.+ 13641og 1
=~ 1364 log K., +0

AG®=~1364log K, at 25°C (16)

Thus the AG® value of a reaction is related to the K. In fact, both the
AG® and K., values impart the same information, that is, in which direction
and how far a reaction will proceed when all substrates and products are
1 M. The correspondence between AG® and K. is shown in Table 3-1.

The actual AG under any particular set of concentration conditions can be
calculated fromi:

[P.]° [Pl ..

AG =~ 1364 log K.+ I -
G og K.+ 1364 log (5] [82}4.”‘ (17
a b
or AG=AG°+1364logﬂ:‘-’]—e—LP%1; at 25°C (18)
[S:]° [S:1° ..

Table 3-1 Correspondence Between K., and

AG® at 25°C

K log K. AG®
0.0001 -4 + 5456 cal
0.001 -3 +4092 cal
0.01 -2 + 2728 cal
0.1 -1 + 1564 cal

1 ] 0
10 1 © — 1364 cal
100 2 — 2728 cal
1000 3 — 4092 cal
10,000 4 — 5456 cal
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A negative AG means that the reaction as written will proceed from left to
right toward 2 state of minimum energy. Such reactions are said to bhe
“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
goes at all.  The magnitude of the negative AG even tells us how far to the
right the reaction will go (because the magnitude of AG tells us how far the
system is from equilibrium). However, a AG value says absolutely nothing
about the rafe at which the reaction will approach equilibrinm, 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 of a reaction tells us only the difference between the free energy
contents of the products and the original substrates. This difference must be
the same regardless of the path 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:

Koo,
AG)

Keq
AGq

The overall AG is the same whether the reaction sequenceis S»>P, S—» X > P
or S=Y—»P. If the overall AG is the same, then AG, + AGy=AG:+AG,=
AGs. Similarly, the overall equilibrium constant is the same:

Ko X Koy =Ko, X Keq= Koo

EFFECT OF NONSTANDARD [H*] %

When the H' ion appears as a substrate or product, its standard-state
concentration is also taken as 1M (ie., pH=0). However, almost all
enzymes are denatured at pH 0 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 tobe 1 M. The
H”™ jon concentration is taken to be some physioclogical value (e.g.,
1077 M). The relationship between AG® 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"

AG = AG®+ 1364 log TIEL]

(5]
AG'=AG°+ 1864 1log [H] when [S]and [P1=1M
o 1
= AG®~ 1364 log 77
AG'=AG®-1364 pH at 25°C (19}

For a reaction involving H" ion as a substrate, the relationship is:

AG'=AG°+1364 pH at 25°C {20)

Equations 19 and 20 assume that there is no change in the jonization of a
group as a result of the reaction. That is, ionizable compounds are not
involved in the reaction or, if a group does ionize, it has the same pK. in the
substrate and product. (The H" that appears as a product might come from
the oxidation of a —CHOH— group to a —G=0 group.} Equation 19 can
be used to predict AG' 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 $-»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 AG' in
relation to AG®.

The AG’ of a reaction under physiological standard-state conditions (all
substrates and products at 1 M except H"} is given by:

AG'=-2.3 RT log K., @1

or AG' =—13641log KL at 25°C (22)

where K1, is the equilibrium constant of the reaction at the specified pH
(usually around 7). The AG of a reaction when all substrates and products
are not 1 M (but pH =7} is given by:

[P, [P.). ..

AG=-23RT log Kiq+ 2.3 RT log [S:F [SaT"
1 ] ...

(P} [P:]". ..

or AG=AG'+23 RT log 5T [Se)°
1 2| s o0

(23)
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o [P [P:) ..
or AG =AG +1364 log W at 25°C (24)

Thus, if K., or AG' is specified, there is no further need to include H* or pH
in the calculations unless we are interested in calculating AG” ac another pH.

DIFFERENT CONVENTIONS FOR DEFINING “K.,” AND “AG»

We would expect the “K.”" of a reaction to be a fixed value for a given set of
conditions (e.g., temiperature, pressure, total ionic strength). However, the
value of “K."” depends on how we define it. For example, consider the
acid-catalyzed hydrolysis of ethyl acetate. - The reaction can be written:

Ht

EtOAc+ H.O

EtOH +HOAc
We can define the K., as follows:
K = [EtOH}HOAC] {Convention I}

- [EtOAc][H-O]

Suppose we measure the equilibrium concentrations and find [EtOH] =
2x 107" M, [HOAC]=2x10" M, and [EtOAc]=2.18X10° M. As defined,
K. contains [Hs;0), which is present at very close to
(1000 g/liter)/(18 g/mole) = 5.6 M.

002 .

Ko = @ 18x 10°(55.6)
and

AGY =~ 1364 log 0.33 = + 656.7 cal/mole

The calculated K., and AGY values are correct for the reaction as de-
fined. The positive AG$ value says that when all components (including
H.O) are 1 M, the reaction will proceed to the left. Since the concentration
of water is essentially constant in dilute aqueous solutions, we could also
define “K.,” as:

_ [EtOHJHOA] _

Kew [EtOAc] Ko [H.0] (Convention II)

Ko, = (0.833)(55.6) = 18.35 M
and
AGE= —1364 log 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., and K.,,
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are different numbers, but they say the same thing. For example, we can use
K., to calculate the concentrations of EtOH and HOAc present at equilib-
v rium if the equilibrium concentration of EtOAcis known. When Ke, 18 used,
' we must include [H.0]=55.6 M. We will get exactly the same answer using
K eaps but now we do not include the concentration of water in our calculations

) {because it is built into Keg,)-
: 4 Suppose the hydrolysis is catalyzed by an enzyme {called an esterase) at
E some fixed pH where the HOAc produced jonizes. The reactions occurring

are:

FtOAc+ H.O = EtOH + HOAc Koo = 0.33
HOAc=OAc +H" K,=175%x107"

overall: FtOAc+ HO == EtOH+OAc +H" Keq=578%107°

_ [EtOH][OAcTTH] _ ,
Ko = EOACILOT (Ko )(Ko) (Convention I)
Kow=5.78%107°
or | Ko=BOPIOACKH] (mo)K.)@) | (Convention V)

K., =3%21x107"
and

AGE = —1364 log 5.78 X 107° = + 7145 cal/mole

AGS = ~1364 log 3.21 X 107* = + 4765 cal/mole

K., differs from K., (and AGZ differs from AG?Y) because of the way “Ko " is
defined. FEither set will predict the same correct concentration of one
component if the concentrations of the others are known. Note that K., and
K., are expressed in terms of the concentration of OAc™, not HOAc or HOAc
plus OAc™ (total analytical concentration of “acetate”). The positive AGS
value says that when all components (including [H*]) are 1 M (but [H:O}=
55.6 M), the reaction will proceed to the left.
So far, we have seen that the constant [H,O] can be incorporated into the
“K..~ and “AG°’ values. Ata fixed pH, [H™] is also constant and can be
» similarly incorporated into the constants yielding a “K.” and “AG°” for one
fixed pH. The standard AG and K. at the new pH # 0 will be designated
AG' and K., respectively. For example, at pH 7.0:

K. = [EOHIOACT] _ Koy
*«~ " [EtOAc] [H']

(Convention V)

o
=
o
o
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1077

AG;=—1364log 8.21 X 10° = — 4783 cal/mole (at pH 7.0)

As before, if the equilibrium [EtOH] and [EtOAc] are known at pH 7, the
equilibrium [OAc’] can be calculated using K. The same [OAc] results if
Keq, 1s used. provided the calculations include [H'}. The negative AG} says
that at 1M EOH, I'M OAc, and 1M EtOAc (and 55.6 M H,0 and
107" M H™) the reaction will proceed to the right.

The relationship between AG: and AG{ is one weé have seen before:

{EtOH][OACT]
[EtOAC]

K, = =321 % 10°

AGi=—-1364log + 1864 log [H')

AG:=AG;— 1364 pH (25)

To reiterate: the fact that some of the AG® 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 H.O (AG$), 55.6 M H,O (AGY),
1M H,OCand 1 M H" (AGS), 55.6 M H,O and 1 M H* (AGY), 55.6 M 11,0 and
1077 M H' (AGY. If we compare the signs and relative magnitudes of the
calculated standard AG values, we see that the standard AG becomes more
negative as [H:O] increases and [H"] decreases. 'This is expected: high [H,0}
promotes hydrolysis; low {H"] thigh pH) promotes ionization of the HOAc,
which pulls the hydrolysis reaction to the right.

At first glance, it would seem that K., and AG} are the values of interest to -
biochemists. However, these constants are defined in terms of QAc™ 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 K. or AG' value defined in terms of one
ionic form of each compound would not be particularly useful. For exam-
ple, consider the hydrolysis of ATP:

ATP+H.O= ADP+P;

At pH values around 6 to 7.5, the inorganic phosphate (pK. = 6.82) exists as a
mixture of HO-POyH™ 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 K1,
in terms of total [ATP], [ADP], and [Pi]. Let us return to our esterase
reaction in order to see how total analytical concentrations are incorporated
into the K1, and AG’ expressions. We would like to determine the value for
Ki,, where:

. _ [EtOH]J[HOAc+OAc”] _ [EtOH][OAck

K [EtOAc] [EtOAc]

(Convention VI)

where [OAc) = total acetate = [HOAc]+ [OAcT]
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We know that:
[OACc) = [HOAc] + [OAcT)

_ K.[HOACc]
= [HOA] + ——ge7

- K,
= [HOAc](l + [H+])
Substituting for {OAch in the expression for Kl

| [EtOHJ[OAc} _ [EtOH][HOAC] K.
K= "[EtOAq [EtOAd] (H *)

[H']

, K.
K= Km(l + [m)

At pH 7.0

1.75%x 10™°

= ) = (18.35)(176)

Kl = (18.35)(1 +

. K., =8.23%10°
AG’ = —1364 log 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 ] =[OAc]. At a lower pH, where all the
acetate is not present almost exclusively in one ionic form, the two conven-
tions would yield significantly different values.

Let us backtrack z litle and examine the effect of ionization on the
standard-state AG values. At pH 0 (Le., 1M ﬁ+), the standard-state AG is
given by AGS$, which we shall simply call AG®. (From now on the activity of
water will be assumed to be unity—that is, all constants have the 55.6 M H,O
built in.) At pH 7.0 (ie, 107" M H"), the standard-state AG is given by
AG’. Thus:

AG® = 1364 log Key - AG'=—136410g Kes (1 +%)
I The difference between the standard AG values at the two states is:

AG'— AG® = — 1364 10g Kew (1 +£) +1364 log Ko

[H"}
. = 1364 log K., — 1364 log (1 +[—§I§;—3) + 1364 1og Kewn
K,
— 1364 log (1 + [H+})
or AG’ = AG°— 1364 log (1 + K ) (26)
[H™}
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or | AG'= AG®+ AGi. (27)

where : AGi.. = —13641log (1 + [gi]) (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 compound, for example, HOAc+
OAc, isstill 1 M} There seems to be a contradiction here. Earlier, we saw
that the AG’ for a reaction that yields H* as a 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 for a standard-state where all reactants (except HzQ
and H") are 1 M. Thisincludes [OAc"]=1M. Equation 28 does not assume
that f[OAc™] = 1 M but, instead, that the total, [HOAc]+[OACc™],is 1 M. Since
most concentrations that biochemists deal with are totel (analytical) concentra-
tions, Equation 28 is the one used to predict the effect of a change in pH on
the standard-state AG when ionizable groups are present. Again, it should
be stressed that if K[, or AG' is given at a fixed pH, and concentrations
include all ionic forms of a given component, then it is not necessary to
include H* or H:zO in the calculations. Equations 23 or 24 can then be used
directly to calculate AG values for nonstandard conditions (total [S]# 1 M,
total {P]#1M).

» Problem 3-1

Calculate the standard-state AG values at (a) pH 0 and (b) pH 5 for the
dissociation of acetic acid: HOAc= OAc +H'. K. =1.75x10"°. (c¢) Cal-
culate AGion at pH 5.0.

Solution

(a) AG® = —13641og K.
= —1364 log (1.75 X 107%) = ~ (1364)(—4.76)

AG® = 46488 cal/mole

That is, when [HOAc]=1M, [OAc"]=1M, and [H']=1 M, the reaction
proceeds from right to left because the [H'J[OAc }/[HOAC] ratio is > K..
(b AG'=AG°+ 1364 log [H']

=+ 6488 + 1364 log (107°) = + 6488 + 1364(--5)

= + 5488 — 6820

AG’ = —332 cal/mole
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That is, when [HOAc}=1M, [OAc]=1M, and [H"]= 107° M, the reaction
proceeds from left to right because the [H'JOAc J/[HOAC] ratio is < K.

Kn
(c) AGion=—1364l0g (1 + [H+])
175 x 107°

= )= — 1364 log (1 + 1.75)

= — 1364 log (1+

= —1364 log 2.75

AGin = —599 cal/mole

Thatis, when 1 mole of HOAc is added to 1 liter of a solution buffered at pH b,
the HOAc willionize yielding 599 cal. The total acetate concentration remains

I M.

+ Problem 3-2
The hydrolysis of ATP at pH 7 can be written as:
O O O
Adenine-ribose—0O— {:I‘ —MO~*l‘l —QO— y’ —0™ +H.0 —=HO— ]P—O—

| [ | |
0 O O 0

I
+adenine-ribose —O—P-—0—P—0" + H”
O~ (O
(a) The pK. of the newly formed ionizable group on ADP is 6.68 at 25°C
(K. =2.09% 1077, Of the total AG" of — 7700 calfmole, how much can be
attributed to the ionization of the ADP? (b) The termminal phosphate of ATP
has pK. 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 AG'?

Solution

(2) AGion = — 1364 log (1 +[—§T]) = — 1364 log (1 +2.09)
— — 1364 log 3:09 = — 1364(0.490)

AGin = — 668 cal/mole

(b) The strongest acid group in the terminal phosphate of ATP has the same
pK. after hydrolysis as before hydrolysis (2.3). Therefore, the ionization of
this group does not contribute to the AG’. 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 AG’. The remaining acid group becomes slightly
stronger as a result of hydrolysis (pK. =6.95 or K. =1.12X 107 becomes
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pK. =6.82 or K. = 1.51X107"). The contribution of the further ionization of
this group can be calculated from Equation 29:

[ )
(53]

=— 136410g;'—§

AG,,,= —1364log (29)

AG, = —100 cal/mole

- Problem 3-3

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 M at the start. At equilibrium, only 0.05% of the original
glucose-6-phosphate remained. Calculate {a}) K& for the hydrolysis of
glucose-6-phosphate, (b) AG' for the hydrolysis reaction, (¢) K., for the
reaction by which glucose-6-phosphate is synthesized from inorganic phos-
phate and glucose, and (d) AG' for the synthesis reaction.

Solution

{a} The equation for the hydrolysis reaction is glucose-6-phosphate +
H.O = glucose +Pi.  The K, for the reaction at unit activity of water is given
by:

K = [glucose][P;]
“ " [glucose-6-P]

where [P:]=[HPO: + H.PO;],
and [glucose-6-P] = [glucose-6-OPO5™ + glucose-6-OP0sH ]
At equilibrinm:

[glucose-6-P] = (0.05%)(0.10 M} = (5 X 107)(1 x 107"

=5X107° M
[glucose] = (99.95%)(0.10 M) = (99.95 X 107)(1 x 107"
=99.95%x 107> M
[P:]={glucose] .. [Pi]=99.95% 107 M
K+ = (99.95x107)(99.95 X 107) _ 9.99x 107
* (5% 107°) 5% 107

K., =199.8




162 BIOCHEMICAL ENERGETICS

(b) AG'=—1364log Ki,= — 1364 log 199.8
= —(1364)(2.501)

AG’'=—3138 cal/mole

In other words, under standard-state conditions in which the concentra-
tions of giucose-ﬁ—phosphate, glucose, and P; are all maintained at a steady-
state level of unit activity, the conversion of 1 mole of glucose-6-phosphate to
1 mole of glucose and 1 mole of P; liberates 3138 cal.

(¢) The equilibrium constant for a reaction A—>B is the reciprocal of the
equilibrium constant for the reaction B—A.

» _[B]
1. A—>B ch.—[A]
9 Bo A KlquLA]= 1 1

(B] [BMIA]l K&,
| Therefore, for the reaction
glucose + P; = glucose-6-F

[glucose-6-P} 1 _ -
[glucosel[Ps] ~ 1998 010

(d) If the hydrolysis of ghicose-6-phosphate yields 3138 cal/mole, the synthesis
of glucose-6-phosphate requires 3138 cal/mole. :

Kl,=

AG' = +3138 cal/mole

AG' can also be calculated from Kl,.

. AG'=-1564 log Kly=—1364log 5% 10°
y AG' = —1364(log 5+ log 107%) = — 1364(0.699 — 3)

AG'=—1364(—2.301) AG’ = +3138 cal/mole

+ Problem 3-4

_Calculate the AG for the hydrolysis of ATP at pH 7 and 25°C under
steady-state conditions (such as might exist in a living cell) in which the
concentrations of ATP, ADP, and P; are maintained at 107° M, 10™ M, and
107" M, respectively.

Solution

The equation for the AG of the hydrolysis under nonstandard-state condi-
tions is:
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[ADP][P;:]
[ATP]

(1079(107)
(107%
=—7700+ 1364 log 107 = — 7700 + 1864(— 3)

AG=AG'+1364log

=—7700+ 1364 log

=-"7700— 4092 AG =—11,792 cal/mole

ADDITION OF AG VALUES FOR COUPLED REACTIONS

Earlier, we saw that if the conversion otl' A to B releases 15 kcal while the
synthesis of X~ Y utilizes 8 kcal, the coupled, or overall, reaction releases
Tkeal. It is clear that the energy values are additive:

1. A—=B AG{=— 15 kcal/mole
2. X+Y->X~Y AG3: =+ 8 kcal/mole

3. (Sum) A+X+Y->B+X~Y AG3 = —Tkcal/mole

The K, values are multiplied:

1. A->B K, =9.932x10"
92. X+Y=>X~Y K!,=13%64x107°
3. (Sum) A+X+Y->B+X~Y  Kl,=13.55x%10"

The additive nature of energy quantities allows us to calculate unknown AG’
values if the reaction in question can be expressed as the sum of two or more
reactions whose AG’ values are known. This is illustrated in Problem 3-5.

* Problem 3-5

The AG' of hydrolysis of ATP at pH 7 and 25°C is — 7700 cal/mole. As shown
in Problem 3-2, the AG' of hydrolysis of glucose-6-phosphate at pH 7 and 25°C
is — 3138 cal/mole. From this information, calculate the AG' and K/, for the
reaction between glucose and ATP catalyzed by hexokinase.

Solution

Given that:

1. Glucose-6-phosphate + H;O = glucose + P AG’=—3138 cal/mole
Ki,=199.8

We can immediately write:

2. glucose + P: = glucose-6-phosphate + H:0 AG’ = +3138 cal/mole
Kia=5x107"
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We also know that:

3. ATP+H, O = ADP+ P AG' = —T7700 cal/mole
K., =4.42x 10°

The reaction of interest is:

4. glucose + ATP = glucose-6-phosphate + ADP

Reaction4 can be expressed as the sum of reactions 2 and 3:

2. glucose + P; = glucose-6-phosphate + H.O AG; = +3138 cal/mole
3. ATP+H.O=ADP+D, AG; = —7700 cal/mole

4. (Sum) - glucose + ATP = glucose-6-phosphate + ADP
AGi=AGI+AGI=+3138~T700

AGi = —4562 cal{mole

Kloo= (Klou)(Klo) = (5 X 107)(4.42 X 10

K., =221x10

or AG} = —1364 log Kl,, = — 4562
, 4562 _ . .
log Klo =555 = 3315 . | KL= 2f21 x 10

- Problem 3-6

Calculate the overall K{;, and AG' 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 could 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 calculating
K!l; and AG' are the same.

The enzyme-catalyzed reactions by which furmaric acid is converted to citric
acid are shown below.

fumarase

1. fumarate + H.Q

malate Ki,=4.5

malic dehydrogenase

oxalacetate + NADH + H”
Kl,=13x10"°

2. malate+ NAD"




ENERGY-YIELDING AND ENERGY-REQUIRING REACTIONS 165

citrate synthetass

3. oxalacetate + acetyl CoA + HO citrate + CoASH

Ki.=3892x%x10°

4. (Sum)
fumarate + 2H,0 + acetyl CoA + NAD" = citrate + NADH + H" + CoASH
K = [citrate INADH]{CoASH]
* [fumarate][acetyl CoA)[NAD"]
K= Kl X Kl X Kl
= (4.5)(1.3 X 107°)(3.2 X 10%)

K., =18.72

AGi=—1364 log Kl,, = — 1364({1.272)

AG;=—1735 cal/mole

*We can see that the overall conversion of fumarate to citrate is favorable in
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{; for any number of consecutive reactions, 1, 2, 3,
4,...etc,1s KL, XKL, XK, % K!.,... et

2. The overall AG’ for any number of consecutive reactions, 1, 2, 3,
4,... etc, is AGI+AGL+HAGI+AGE. .. etc. The AG.n can also be
calculated from Ki,... .. -

AGheas =—23 RT log Kiqu:r:}]

3. The K, for a single reaction that can be expressed as the sum of two
or more consecutive reactions, 1, 2, 3,... etc., is KL, X K, XKL, ...
etc. Similarly, the AG' for a single reaction that can be expressed as the
sum of two or more consecutive reactions 1s AGI+ AGI+AGE. .. etc.

AG:Wcrali = —‘2-3 RT log Ki%v:nll

Some further examples will illustrate these principles.

+ Problem 3-7

The cleavage of citrate to acetate and oxalacetate his a AG' of
680 cal/mole. The KL of the citrate synthetase reaction is 3.2 X 10°, From
this information, calculate the standard free energy of hydrolysis of acetyl-S-
CoA and the Ki, for the hydrolysis.
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Solution

The two reactions given are shown below,

cittate Iyase

1. citrate acetate + oxalacetate AGi = —680 cal/mole

citrate synthetase

citrate + CoASH .
Kl,=32x10°

2. acetyl-5-CoA + oxalacetate + H:O

We can work the problem in terms of AG’ or K, values. First calculate the
missing values.
AG! = —1564 log K., = — 680 cal/mole

log Kiq, = {—%% = 0.4985

K., = antilog of 0.4985

K., =3.15

AG; = —1364log Ki,,
= —1364 log 3.2 X 10° = — 1364(log 3.2 + log 10%)
= — 1364(0.505 + 5) = — 1364(5.505)

AG; = — 7509 cal/mole

The reaction we are interested in is the hydrolysis of acetyl-S-CoA:
3. acetyl-5-CoA + H,O = 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. citrate == acetate + oxalacetate AG{ = —680 cal/mole K, =315

2. aceiyl-S-CoA + oxalacetate + H.O <= citrate + CoASH
AGj = — 7509 cal/mole K, =32%10°

3. (Sum) acetyl-S-CoA + H:O = acetate + CoASH
AGL=AGI+AGE Ko, =KL XK,
= (— 680} -+ (—7509) = (3.15)(3.2 x 10°)

AG! = —8189 cal/inole K., =10.08 x 10°

AG: =—1364 log K/, AGs = —1364 log K.,
—8189=—1364log K., = —1364 log 10.08 X 10°
—8189 . ‘ b
1364 - log Ki,,= 86 AGL = —1364(6.003)

K, =16° AG{ = - 8189 cal/mole
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We could also determine the AG’ of hydrolysis of acetyl.S-CoA by a
different line of reasoning. If the clequage of citrate to acetate and oxalace-
tate liberates 680 cal/mole, then the synthesis of citrate from acetate and
oxalacetate requires 680tal/mole. When the synthesis is carried out from
acetyl-S-CoA  (an ‘‘activated” form of acetate), 7509 calimole are
released. The acetyl-8-CoA then must have contained sufficient energy to
form the new carbon-carbon bond (680 cal/mole) plus have 7509 cal/mole left
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-5-CoA + H,O = acetate + CoASH + 8189 cal

Sum: acetyl-5-CoA + H,O +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 particnlar group that is transferred to an acceptor.

General Principle

Endergonic reactions may be driven toward completion by coupling
them to highly exergonic reactions. The coupling may 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
may take place in two or more consecutive steps {(e.g., the fumarate —
citrate sequence), In sequential reactions, we can think of a 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

Estimate the AG' values for the following reactions: (a) ATP+
GDP=GTP+ ADP, (b} glycerol+ ATP = a-glycerophosphate + ADP, and
(¢) 3-phosphoglycerate + ATP == 1,3-diphosphoglycerate + ADP.

Solution

(2} In this reaction the energy {group-transfer potential) of ATP is utilized
to transfer its terminal phosphate to GDP. The product (GTP) is itself
“energy rich”; in fact the group-transfer potential 6f GTP is as high as that of
ATP. Thus, AG’'=0and K, =1. We can verify these results mathemati-
cally by considering the reaction as the sum of two component reactions.

1. ATP+H.O=ADP+P;+7700cal or AGi = —7700 cal/mole
2. GDP+P;+7100cal = GTP+H,0O or AGE = +7700 cal/mole

3. (Sum) ATP+GDP=GTP+ADP AGi=0
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(b) In this reaction the energy of ATP is used to transfer its terminal
phosphate to glycerol to form an “energy-poor” phosphate ester. The AG'
of hydrolysis of a-glycerophosphate is about —2000 cal/mole while that of .
ATP (terminal phosphate) is about —7700 cal/mole. Thus, of the original
7700 cal, only 2000cal are conserved. The AG’ of the reaction is the
difference between —'7700cal and —2000 cal, or —5700 cal/mole. We can
verify this mathematically by considering the reaction as the sum of two
component reactions.

1. ATP+ H.Q == ADP+P; + 7700 cal
or AG{ = —"7700 cal/mole

2. glycerol + P; + 2000 cal = a-glycerophosphate
or AG)=+2000 cal/mole

3. (Sum) ATP + glycerol = ADP -+ a-glycerophosphate + 5700 cal

AGi = —5700 cal/mole

(c} The product of this reaction, 1,3-diphosphoglycerate, is more “energy-
rich" than ATP (AG' of hydrolysis = —12,000 cal/mole). Thus, the reaction as
written is endergonic. We can consider the reaction as the sum of two
component reactions.

1. ATP+H,O = ADP+ P, 4+ 7700 cal
or AG{=-T7700 cal/mole
2. 3-PGA +P; + 12,000 cal = 1,3-DiPGA + H.Q

or AG: = 412,000 cal/mole

3. (Sum) ATP + 3-PGA + 4300 cal = ADP +1,5-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 imake the phosphoglycerate kinase reaction thermodynamically favorable
in the direction of 1,3-diphosphoglycerate synthesis?

Solution

The reaction catalyzed by phosphoglycerate kinase is:

phosphoglycerate kinase

ATP +3-PGA ADP+1,3-DiPGA
AG' = +4300 cal/mole L="7.039x107*
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The positive AG' value indicates that under standard-state conditions the
reaction is endergonic in the direction of [,3-DiPGA synthesis (AG'=
4300 cal/mole). In other words, if the concentrations of the four components
of the reacfion are maintained at steady-state levels of 1 M, the reaction goes
spontaneously in the direction of ATP and 3-PGA formation with the
liberation of 4300 cal/mole. In a living cell, however, the concentrations of
ATP, ADP, 3-PGA, and 1,3-DiPGA are not maintained at 1 M. The reaction
can be made to proceed spontaneously in the directon 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 ATP 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-PGA]/[1,3-DiPGA) ratio that would make AG =0 at an [ATP}/[ADP]
ratio of 10. Alternatively, we could calculate the [3-PGA}/[1,3-DiPGA] ratio
that would be at equilibrium with the [ATPY[ADP] ratio of 10.
, _ [ADPJ1,3-DiPGA]

—4
KLo= [ATPI3-PGA] 7.039x 10

[3-PGA] _ [ADP] _ (1)
[1,3-DiPGA] [ATPIKL, (10)(7.089% 10

=) 142

Thus, when the ratic 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 AG a negative value., This
problem illustrates another general principle.

General Principle

The AG' (or K&) values provide a convenient way to classify 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 vive (the nonstandard-state AG 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
107" M. AG’=+5456cal/mole. Calculate the concentrations of fructose-
1,6-diphosphate (FDP), dihydroxyacetone phosphate (DHAF), and
glyceraldehyde-3-phosphate (GAP) at equilibrium when the initial FD}P con-
centration is (a) 1 M, (b) 107 M, (c) 2x 167 M, and (d) 10° M.
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Solution

The reaction catalyzed by FDP-aldolase is shown below.

CH,OPO%~ CH.OPO;”

| |

C=0 C=0 (DHAP)

| aldolaze
HO—CII—H CH.0OH

H—(ll——OH +
; H—(IL‘—-OH CIIHO
4 CH,;OPO} H—C—OH (GAP)
;_ . (FDP) CH,OPO%"
| (a) Let
!__ y= M FDP? that disappears
‘ y = M DHAP produced, y = M GAP produced
I ; and
. (1—y)= M FDP remaining
o FDP == DHAP + GAP
£ f‘, Start: 1 0 0
! ' Change: —¥ +y +y
. Equilibrium: 1-3 ¥ y
(6216)] —1
K= =10
(1-y)

First calculate y, assuming y is small compared to 1 M. Therefore, y can be
ignored in the denominator.

LS 15) B R— N
K= 0 10 32 = 10 y =10

At equilibrium:

[DHAP] =107 M
b [GAP]=10"M
i [FDP]=99x 10 M

o, +  Qur assumption that y is small compared to 1 M is valid. We can see that
: at high initial FDP concentrations the reaction comes to equilibrium when the
1; concentrations of DHAP and GAP are small compared to FDP.

“ ' (by When the initial FDP concentration is 0.01 M:

P ) 6) B
Ka=to01-5~ 1
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Again assume that y is small compared to 0.01 M.
k=000 Seojge yoqgm

At equilibrium:

[DHAP] =10 M
[GAPI=10"M
[FDP]|=9x 10 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 107 M.)

(c) When the initial FDP concentration is 2 X 107 M:

Kl = (6)16) BN
: We have seen from the trend established in parts a and b that y becomes
9 larger as the initial concentration of FDP decreases. For an accurate solution
i in part ¢, we can no longer neglect ¥ in the denominator.

- Cross multiplying:
| ¥ = (10792 X 107~ y) = 2X 10— 107
Y2107 —2x 107 =0
—b Vb —4dac
Y2)TTT

where a=1 b=10" and ¢ =—-2x107%

_ =107 =V I07Y — 4(1) (=2 x 107

= 2
107 V10T 48X 107 — 107 £ VIxX 10~
2 2
_ 1073107 ~4x107 . +2x107
2 -2 2

=—2%10" and 1x107*
The negative value is obviously incorrect.
y =107

At equilibrium:

[DHAP]=10"" M
[GAP]=10"M
[FDP]=10"*M
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Thus, when the initial concentration of FDP is 2 X 107* M, the reaction
comes to equilibrium when the concentrations of all three components are
.y
equal at 107" M each.

{d} When the initial FDP concentration is 107° M:

PN ¢)16) BERpp 2 _ 109 _ 10~¢
eq”(lo—s_y) 10 y 10 10 y

~b =V —4ac

2 4. 16079 — =
y + 107y —10 0 ¥ 92

where a=1 p=10" and ¢ = —107.
yo 210 = VATT - EDHEI0T) 107 VIO 14X 10"

2 2
_ 107 V10T +04x107 _ ~107° V14X 107
I 2 2
—107+1.183x 10" ~-2.183x10"" +0.183 x 10~*
= 5 = 9 and S R

y=10.0915x% 107* = 9.15 X 107°, neglecting the negative value.

At equilibrium:

[DHAP] =8.15x10° M
[GAP]=9.15X 10" M
[FDP]=8.5%X10" M

We see from this problem that although K is small (10™") and AG’ 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 Ej reflect the reduction
potentials relative to the 2H"+2¢” — H, 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 (1M H* and latm Hs;). For those few half-
reactions of biological importance that do not involve H* as a reactant, the Eo
and E{ values are essentially identical.
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Because no substance can gain electrons without another substance losing
clectrons, a complete oxidation-reduction 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 positive 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 oxidizing agents (and are easily reduced).

Oxidized Form Reduced Form Relative E}
5 A +2H +2¢ - AH, | 4 +3

2. | B +9H " +9% > BH, | 2. +2
85| G +OH" + 20" CH, | & +1

c 2 z U &

Ef b +2H" +2¢ 7> DH, | &2 0

£5 | E +2H" +2¢ "~ EH, | 53 -1

£5 | F +2H 426" FH | §° —2

= G +2H +92¢ GH. | ~ —3

For example, EH; is a much better reducing agent than DH,, CHs,, BH;, or
AHs, but not as good a reducing agent as FH, or GH,. C is a much better
oxidizing agent than D, E, F, or G, but not as good an oxidizing agent as B or
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 g0 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]
—LE; of the half-reaction containing the reducing agent] (30)

If the oxidizing and reducing agents are identified correctly, Equation 30
always yields a positive AF;. E§ values may be thought of as electron
pressures and, as such, they are independent of the number of electrons in
the half-reaction. The AG’ of the reaction can be calculated from the
following relationship:

AG' = —nFAE} (81)

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 volt™ %
equivalent™'), a factor converting volts/equivalent to calfequivalent, We can
see that AEj must be positive to yield a “‘spontaneous’ reaction (i.e., a negative
AGH.



174 BIOCHEMICAL ENERGETICS

The K., of the reaction is related to AG’ (and hence to AE;) in the following
ways:
AG'=—23RT log K and- AG'=-—nFAE,

9.3 RT )
AR} =222 log KL, (32)
or AE.’,=0'?1ﬁlog K. 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
may be calculated from the following expression, called the Nernst equation.

23 RT, [oxidized form]
— 1
E=Eot n%F log [reduced form] (34)
., . 0089 Joxidized form] .
or E=E+ - log [reduced form] at 25°C (35}

For the reaction Ao+ Brea—* Ares T Boy, the nonstandard state AE is given by: |

— [ 2'3 RT [Ard][Box]
AE=AE} G log (A I[Bou

(36)

which is analogous to Equation 23. We can see from Equation 34 that E will
equal E; even under nonstandard conditions as long as there is only one
oxidized form and one reduced form of a compound involved in a haif-
reaction and their concentrations are equal.

EFFECT OF pH ON E,

Equation 35 can be used to predict the Ej of a half-reaction at one pH if E} at
another pH is known. For example, consider the half-reaction:
A+9H'+2 = AH,

The nonstandard-state E value at 25°C is related to Eq by:

_ 0.059 [AJH'T
E=FE,+ 3 log [AHG]

(37)
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if [A] and [AH:] are each 1 M (or are equal), Equation 87 gives E§:

6= Eo+ % log {Hﬁ2 = E;+0.059 log [H*]
= Eqo—0.059 log ﬁ Ej= Eo— 0.059 pH 38)

Thus, for each increase of one pH unit, E, becomes more
negative by 0.059 volt (0.0235 volt for NAD*/NADH and
NADP+/NADPH half-reactions.)

. Problem 3-11

(a) The Eo of the 2H"+2¢” —H: half-reaction is .arbitrarily set at
zero. Calculate Ebat pH 8. (b) The Ef of the NAD" +2H  + 2¢ > NADH+
H* half-reaction is —0.32 v at pH 7. Calculate E; at pH 5.

Solution
(a) E¢= E,—0.059 pH = E,— (0059)(8) =0—-0.472
Eo=-—0472v
(b) Ebps = Ejy, —(0.0295)(5 — 7} = (— 0.32) — (0.0295)(~2)
= —0.32+0.059

Eipe=—0261v

+ Problem 3-12

Calculate the AG' and K[, values for the reaction shown below.
1. FADH:+2cytochrome-c-Fe™ = FAD + 2 cytochrome-c-Fe™® 4 2H*

Solution

The overall reaction can be expressed as the sum of two half-reactions.

2. FADH:; » FAD+2H" 4+ 2¢”
3. 2[cytochrome-c-Fe™ + 12~ — cytochrome-c-Fe*]
1. (Sum)

FADH, + 2 cytochrome-¢-Fe'* — FAD + 2 cytochrome-c-Fe** + 2H*
The two half-reactions written as reductions are shown below.

2a. FAD+2H" +2¢”— FADH, Es=—0.18v
3. 2fcytochrome-c-Fe™ + l¢ ™ — cytochrome-¢-Fe™?] Ej=+4+025v
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The E} value of the cymchrome—c-Fe‘”’/cytochrome—c-Fe” half-reaction is
more positive than that of the FAD/FADH, half-reaction. Thus, half-
reaction 3 goes as written, forcing half-reaction 2a to go n reverse—as an
oxidation. The overall spontaneous reaction (under standard-state condi-
; tions) is in the direction shown in reaction }. FADH, (the reducing agent) is
oxidized to FAD by cytochrome-c-Fe™ (the oxidizing agent).

AEj = (E; of the half-reaction containing the oxidizing agent)
- {E} of the half-reaction containing the reducing agent)

AE, = (0.25) — (—0.18) = 0.25 + 0.18

AE;=4+0.43v

Note that the Ej value for the cytochrome-c-Fe™*/cytochrome-¢c-Fe'™ half-
reaction is not doubled when calculating AEs. The fact that 2 moles of
cytochrome are required per mole of FADH, is taken into account in
calculating AG’ and K.

AG' = —nFAE, = —(2)(23,063)(0.43)

AG'= —19,834 cal/mole FADH; = — 9917 cal/mole cytochrome ¢

, , _—19,834
AG'= ~1364 log Kl log Kig = 1364 14.54
K!, = antilog of 14,54 K!,= 3467 x 10"

where
[FAD][cytochrome-¢-Fe* ]

K= [FADH:][cytochrome-¢-Fe"}*

- Problem 3-13

P A solution containing 0.2 M dehydroascorbate and 0.2 M ascorbate was
mixed with an equal volume of a solution containing 0.01 M acetaldehyde and
0.01 M ethanol at 25°C and pH 7. (a) Write the equation for a ther-
modynamically favorable reaction that could occur. (b) Calculate AE{ and

AG’.
Solution

by {a) The half-reactions involved and their standard reduction potentials are
1 shown below.

1. dehydroascorbate +2H" + 2¢~ — ascorbate Ez=+0.06v
2. acetaldehyde +2H" + 2¢” — ethanol Ej
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Under standard-state conditions, dehydroascorbate gains electrons and be-
comes reduced while ethanol provides the electrons and becomes oxidized.

I. dehydroascorbate -+ 2H" + 2¢~ — ascorbate
2a. ethanol» 2H" + 2¢~ + acetaldehyde

3.(Sum) dehydroascorbate + ethanol — ascorbate + acetaldehyde
(oxidizing agent) * (reducding
agent)

Although the dehydroascorbate and ascorbate concentrations are 8.1 M in
the final solution and the ethanol and acetaldehyde concentrations are only
0.006 M, the concentration ratios for each oxidized-reduced pair are
unity. Consequently, the E values for each half-reaction are identical to
their corresponding Eo 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 for
standard-state concentrations.

{b) AEj = (E; of half-reaction containing the oxidizing agent)
— (Es of half-reaction containing the reducing agent)
AE{= (+0.060) — (—0.163) = (+0.06) + (0.163)

AE{=+0.223v

AG' = — nPAE} = — (2)(28,068)(0.228)

AG’ =—10,286 cal/mole

» Problem 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/pyruvate =1, NAD*/NADH = 1, (b) lactate/pyruvate
=159, NAD*/NADH = 159, and (c) lactate/pyruvate = 1000, NAD*/NADH =
1000. T '

Solution

The half-reactions involved and their standard reduction potentials are
shown below.

1. pyruvate+2H" 4 2¢” —lactate E;=-0.190v

o
2. NAD'+2H"+2¢ " >NADH+H"* Eo=—-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"
: ’ AE} = (—~0.190)— (—0.320) = -+ 0.130
t The NADH is the reducing agent; pyruvate is the oxidizing agent.
{: AG"=—nFAE; = — (2)(23,063)(0.130)

i A G’ = —5996 cal/fmole

[
i - (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.

0.059. [pyruvate]

i i. E,=-0.190+ 9 log [actate]

= —0.190 +0.0295 log Tfls'ﬁ = —0.190 — 0.0295 log 159
L = —0.190— 0.0295(2.201) = — 0.190 — 0.065

E:=—0255v
. 0.059 [NAD"]
2. E,=—0.320+ 5 log[NADH]
= —{.320+ 0.0295 log 159 = —0.320 + 0.0295(2.201)
= —(.320 + 0.065
Ez = _0-255 v

Qo At these concentration ratios the two half-reactions have the same E values;

e AE is zero, hence AG =0, In other words, at the indicated concentration

P . . . ye . -
ratios, the reaction is at equilibrium already so no further net change will

- occur.
T (c) Now suppose that the lactate/pyruvate and NAD"/NADH ratios are set at

1000:1. Under this condition the reduction potentials of the two reactions
are as follows:

1. E,=—0.190+0.0295 log 7o

=—-0.190 — 0.0295 log 1000
=—0.190-0.0295(3) = —0.190 — 0.089

E;=-0279v
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2. E;=—0.320 + 0.0295 log 1000
= —0.320+ 0.0295(3) = — 0.320 + 0.089

E;=-0231v

Now the NAD*/NADH haif-reaction has the more positive reduction
potential. Thus, this haif-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 Teaction is:

NAD" + lactate—> NADH + H* + pyruvate
AE=(—0.231)— (—0.279) = — {0.231) + (0.279)
AE=+0.048v
AG=—nFAE = —(2)(23,063)(0.048)

AG=—2214 calfmole

We could also have calculated AE from Equation 36. If the reaction is
written: pyruvate + NADH + H" - lactate + NAD" where AE}= 0.130, then
AE will come out negative, indicating that the reaction actually goes in
reverse,

pH ELECTRODES

Consider the two half-reactions shown below,

E,
. X+ne =X Zv
2. Y+ne +nH = YH, My

Reaction 1 represents any half-reaction whose Eq value is known (for
example, the normal calomel electrode: Hg,Cle+2¢™ = 2Hg"+2CI7, or the
silver/silver chloride electrode: AgCl+ le_—>Ag°+Cl'). Reaction 2 repres-
ents any other half-reaction that is H® jon dependent (e.g., H*+1¢ >
$1Hs). I the E, 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 reaction can be measured and the E, value for
reaction 2 and the concentrations of Y and YH, 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 pIH meters employing a “glass electrode” and a
reference electrode are used to make pH measurements. The E value
(potential) of the glass electrode dees 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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Reference {calomel}
electrode

Glass
electrode

Ag0 coated with )
AgCl —

KC! solution in
acetic acid or ——
buffer

|____ Paste of Hg,Cl, and
Hg?

——— KCI sclution

7Capil§ary openings

Soft glass
tubing

Membrane of
special glass

=

\Soluticm of unknown pH

Figure 3-3 Glass electrode for pH measurements.

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 Ag’/AgCl electrode. The concentration of
Ag" ions in the solution is fixed by the Kse of AgCl and the concentration of
Cl” ions provided by the KGl. The H" ion concentration is fixed by the
buffer or weak acetic acid. The Ag’/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 =E,+0.0591og[H*]. The E, value of the glass electrode
depends not only on the potential of the Ag®iAgCl 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 AE, of the overall cell depends on
these factors and the E, value of the reference cell. Because the glass
electrode has no fixed E, value, it does not provide an absolute measure of the
H* ion concentration (such as the iHz/H® elecirode 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 from the external solution into the thin glass
membrane. This, in turn, causes positive ions 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 (ZHg® + 2CI" - HgCl: +2¢7/2AgCl+ 2¢™ >

9Ag°+2CI"). If the pH of the external solution were higher than that in the
glass electrode compartment, then H” jons 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 (2Ag°+2C1 - 2AgCl+ 2¢ " /Hg:Clo+ 2¢ > 2Hg’ +2Cl").  The volt-
meter measures the potential of the electrons which is proportional to the H*
ion gradient established across the glass membrane.
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D. METABOLISM AND ATP YIELD

. Problem 3-15

The conversion of glucose to lactic acid has an overall AG' of
—59,000 cal/mole. In an anaerobic cell, this conversion is coupled to the
synthesis of 2 moles of ATP per mole of glucose. (a) Calculate the AG' of the
overall coupled reaction. . (b) Calculate the efficiency of energy conservation
in the anaerobic cell, (c} At the same efliciency, how many moles of ATP per
mole of ghucose could be obtained in an aerobic organism in which ghucose is
completely oxidized to CO; and HyO (AG' = 686,000 cal/mole)? (d) Calcu-
late the AG’ for the overall oxidation coupled to ATP synthesis.

Solution
(2)
1. CsHi1:06—>2CH;—CHOH---COOH AG{=—52,000 cal/mole

glucose lactic acid

2. 2ADP+2P, = 2ATP AGS=+"7700 cal/mole x 2
= + 15,400 cal/mole

8. (Sum) glucose + 2ADP+2P; ->2 lactic acid + 2ATP

AGi = (—52,000) +(15,4G0) AG! = —36,600 cal/mole
' . __energy conserved _ 15,400 cal
®) efficiency = energy made available * 100% = 52,000 cal * 100%
efficiency = 29.6%
()
4, CeHi1206 + 603 = 6CO, +6H0 AG} = —8686,000 cal/mole
5. nADP+nP, - nATP AG{ = n{+ 7700 cal/mole)

6. (Sum) CsH1206+60:+nADP+nP; »6C0,+6H0+nATP

At 29.6% efficiency the total energy that can be conserved is 0.296X
686,000 cal/mole = 203,000 cal/mole. If each mole of ATP requires 7700 cal
for its synthesis:

203,000
7700

=26.4 moles of ATP

= 26 moles of ATP {nearest whole number)
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(d) For the overall coupled reaction:

AGs=AG{+AGE
= (~686,000) + 26(+ 7700} = (— 686,000) + (200,200)

AG; = — 485,000 cal/mole

Aerobic cells are actually more efficient than 29.6%. One 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

686,000 ®100=| 40.4% efliciency

AGE = (— 686,000) +(277,200)

A G} = — 448,800 cal/mole

- Problem 3-16

{a) Calculate the AG’ for the complete oxidation of lactic acid to CO. and H.O
given the information below. (b) How many moles of ATP could be
synthesized in the process at 40% efficiency?

1. glucose — 2 lactic acid AGi = ~52,000 cal/mole
2. glucose + 60— 6CO: + 650 AG4= 686,000 cal/mole
Solution

{a) The reaction we are interested in is shown below.
3. lactic acid -+ 30z~ 3CO; + 3H:0

The overall oxidation of glucose to CO: and H,O can be written in two
steps.

1. glucose —» 2 lactic acid AG!=-52,000 cal/mole
4, 2 lactic acid + 60 = 6CO0: + 6H,0 AGL="7?

2. (Sum) glucose +60,— 6CO; +6H:0  AGh= —686,000 cal/mole

The AG; can be calculated easily.
AGi=AGI+AG;
— 686,000 =—52,000+AG:
AGS = — 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 15 half of reaction 4.

— 634,000 _

AGs = 9

~ 317,000 cal/mole of lactic acid

(b) At 40% efficiency:
0.40 X 317,000 = 127,000 cal conserved
Each mole of ATP requires 7700 cal.

127,000 _

7700 ~16 moles of ATP

- Problem 3-17

(a) Nitrobacter agilis plays an important role in the nitrogen cycle in nature
by oxidizing soil nitrite to nitrate in the presence of oxygen. Given the E}
values shown below, calculate the potential AT?P yield per mole of nitrite
oxidized assuming an efficiency of 50%.
NO; +2H" +2¢ 7> NO; + 1.0 1=+1042v
$0: +2H" +2¢” - H,O Ei=+0.82v
(b) Many facultative microorganisms can use NO; as a terminal electron
acceptor (oxidizing agent) under anaerobic conditions. Compare the ATP
yields per mole of NADH oxidized by O; and by NO;.  Assume an efficiency

of energy conservation of 50%. The E} value of the NAD'/NADH half-
reaction is —0.32v. The other relevant E§ values are given in part a.

Solution
(a) The overall reaction is:
NO; +30.-»>NO;  AE;=040v
AG’ = —(2)(23,063)(0.40) = — 18,450 cal/mole

_ (18,450)(0.50) _

vield (7700}

1.19 or ~1 ATP/NO; oxidized

(b) When NO: is the terminal electron acceptor, the coupled reaction is:
NADH +NO; + H*-» NAD" + NO; + H,O

AE{=(0.42)—(—0.832)=042+0.32=0.74
AG'= —(2)(23,063)(0.74) = — 54,133 cal/mole

At an efliciency of energy conservation of 50%:

(34,133)(0.5) _

yield = (7700) 2.2 or | ~2 ATP/NO; reduced
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When Os is the terminal electron acceptor, the overall reaction is:

NADH +3:0. + H' » NAD" + H,;O

AEL=(082)—(—0.32)=0.82+0.32=114v
AG’ = —(2)(25,063)(1.14) = — 52,584 cal/mole

. 1q . (52,684)(0.5) _ _
yield = 00y 34 or 3 ATP/O: reduced

General Principle

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:

NAD*/NADH E{=-0.32v) Parth
NADH is oxidized

Parta NO;/NOs Ei=+10.42vj NO5is reduced
NOy; is oxidized
02 is reduced %O?/Hﬂo Eg’) =+40.82v

+ 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 COz+ HzO via B-oxidation, the TCA
cycle, and the electron transport system. (b) The AG' for the complete
oxidation of a long-chain fatty acid is about 9000 cal/g. What fraction of the
total AG is conserved as ATP in the biological oxidation of palmitic acid?

Solution
(a) The pathway and ATP 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.

AG’ of oxidation = (256.4)(9000) = 2.31 X 10° cal/mole
The energy conserved in 130 moles of ATP is about:

(130)(7700) = 1 % 10° cal

6-
efficiency = W =| 43.3%
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Palmitic acid — CH3(CH,);4 COOH

acyl thiokinase
B-oxidafion {7 cycles)

7 FADH2 7 NADH 4+ HY

ETS .ETS 8 acetyl-5-CoA

l 14 ATP | 21 ATP TCA cycle

8 GTP l 8 FADH, 24 NADH + H*

= 8 ATP
ETS £TS

I 16 ATP 72 ATP

Net: 131 — 1 (acyl thiokinase) = | 130 ATP/paimitic acid |

Figure 3-4 ATP 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 107" M ATP, 3% 107 M ADP, and 10 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,

Selution

{a) “Energy charge” is defined as:

[ATP} +3i[ADP]
[ATP] + [ADP]4+[AMP]

(39)

energy charge =

That is, “energy charge’ is equivalent to the mole fraction of the total
adenylate pool represented by ATP or its equivalent. One-half the [ADP] is
equivalent to {ATP] because of the action of adenylate kinase, which catalyzes
the reaction:

adenylate kinase

2 ADP ATP+ AMP
{If 2ADP == 1 ATP, then 1 ADP «= $ ATP.)
(107 +3(3x 107" (107 + (1.5 % 107%)

energy charge = 35 e 10 + 107 T 10+ B 109+ (10D

_1.15x107°

T14x10° energy charge = 0.82
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, _[ATPJAMP] _ (107)(107%) _ 10°

7

(b) Kea=""TADPF ~ GX10F 9x10°
% 107"
- % Kl =111

OXIDATIVE PHOSPHORYLATION AND
THE CHEMIOSMOTIC HYPOTHESIS

Several hypotheses have been put forward to explain how electron transport
in mitochondria or bacterial membranes can be coupled 1o ATP
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 membrane is dissipated by the formation of
ATP. The chemiosmotic hypothesis suggests that the electron carriers are
asymmetrically positioned within the membrane so that when H" ions are
produced, they are released on only one 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 2¢~ 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 ApH. A simplified model is shown in Figure 3-5b. Here,
it is assumed that H.O 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 3-5¢ represents a more likely model. It is assumed that
the ATPase reaction is obligately coupled to the movement of H'
jons. Experimental evidence suggests that the reaction catalyzed by the
ATPase is:

ATFase

ATP+ H.O +9H:... ADP+P: + 2H e

Thus, the synthesis of ATP 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
"AG for this movement of 2H" is given by:

[H+}:15h pH aide
[H+]low pH alde

AG=23RT log or AG =—-(2.3 RT)(2)ApH

(40)
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2H* 2H* oH*
| | |
SHy Hap* 2R3 l FAD 2e®" l Cal EIFA l 10,
2 conheme F
n:rr'o:;e : flavoproteln | 2 cylochrome b | coenzyme p ¥ OYtochomes
{FerS) RN
3 NADH 2Rt FADH, I 2fe" ColHz 25 B0
1 1 Y 4l
H* H* 2H* 2HY
{a)
H+
Ht OH™ }‘
0] 0] OH
Il i
adenine-ribose — O —r{—o —p—off  HO— E———OH
OH OH 0
H* OH~ oH™
(&)
2HY, (High pH side)

\

ATP

ADP + P;

2H+/ (Low pH side)
(c)

Figure 3-5 (a) Asymmuetric release and uptake of H* ions as 92¢°
move down the eiectron transport system. This generates 2 ApH
across the membrane. (b) Synthesis of ATP from ADP+P; by a
membrane ATPase. The enzyme removes the elements of
H:0O. 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 intimnately coupled to the translocation of two H*
ions.
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+ Problem 3-20

Calculate the ApH across the inner mitochondrial membrane that is required
at 25°C to drive the synthesis of ATP from ADP+P; under standard

conditions.
Solution

The synthesis of ATP under standard conditions requires 7700 cal/
mole. Therefore, the AG provided by the ApH must be —7700 for the
movement of 2H" across the membrane.

AG =—(1364)(QApH  —7700=—2728ApH
~7700 _ N
—orog = APH ApH =2.82

E. PHOTOSYNTHETIC PHOSPHORYLATION

LIGHT ENERGY

Each photon or guantum of light has an energy of hv, where:

h=Planck’s constant
=6.627 X 107" erg X sec = 1.58 X 107 cal X sec
and v=the frequency of the light in sec™".

The energy in one einstein (one mole) of photons is given by:

% = Nhv = Nh{ cal/einstein 41
or ' Z = 2'i55 cal/einstein

where N= Avogadro’s number = 6.023 % 10% photons/einstein
) = the wavelength of the light in centimeters
¢ =the speed of light in em/sec if A is given in centimeters
=3 x 10" cm/sec

Thus, the energy of light is inversely proportional to its wavelength.

+ Problem 3-21

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

(2) lnm=310"m=10"cm .. 400nm=4X10"cm=A
% = % = 71,375 cal/einstein

)] % = 6%;81505_5 = 47,582 cal/einstein

« Problem 3-22

{a) How many moles of ATP could be synthesized at 100% efficiency by a
photosynthetic organism upon absorption of 1 ecinstein of red light of
700nm? (b) How many molecules of ATP could be produced from one
photon? (c) What is the overall efficiency of energy conversion if 1 mole of
ATP is formed per 2 equivalents of electrons excited by red light (i.e., per 2
einsteins of photons)?

Solution
_ 2855 2.865 . .
{(a) g = S T ux10° 40,786 cal/einstein
40,786 . .
LT b5 moles of ATP/einstein

{b) The ratio of photons/einstein is the same as the ratio of molecules/mole.

5 molecules of ATP/photon

(¢} Assuming that two photons must be absorbed in order to excite two
electrons to a sufficient energy level, then:
Einpur = (2)(40,786) = 81,572 cal
gcanscwcd = (1)(77(}(}) = 7700 cal

efficiency = 8?—50’?2 x100=| 9.4%

NONCYCLIC AND CYCLIC PHOTOPHOSPHORYLATION

Green plants possess two distinct pigment systems (PS I and PS I1), which
provide 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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ferredoxin reducing substance (FRS). Reduced ferredoxin then passes the
electrons to NADP providing NADPH for the dark phase (the CQ, reduction
phase) of photosynthesis, The oxidizéd PS5 1 is reduced by electrons from PS
II. These electrons are excited to a negative potential somewhere between
0and —0.2v. Asthe electrons are transferred to oxidized PS 1, one or more
ATP’s are made. The oxidized PS II is reduced by electrons from H,0O
(which results in O, evolution). H:O is a strong enough reducing ageng to
reduce oxidized PS 11, biit not oxidized PS I.  Itis also believed that electrons
from PS I can traverse a cyclic route leading to the synthesis of ATP without
the concomitant synthesis of NADPH. The scheme shown in Figure 3-6 is
one of several versions. The exact sequence of electron 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/O: produced in one noncyclic
process and (b) the ATP yield of one cyclic' process. (c¢) Calculate the
efficiency of red light (A = 700 nm) in the overall synthesis of 1 mole of glucose
from 6CQO.+6H.0. Assume that each noncyclic process {(4¢7) yields 1 ATP
and 1 NADPH and that each cyclic process (2¢7) yields 1 ATP. (d) What
would the efficiency be if each noncyclic process yielded 2 ATP -+ 1 NADPH?

Solution

(2} The synthesis of ATP reguires 7700 cal/mole under standard conditions
at 100% efficiency. This amount of energy is equivalent to a AE§ of 0.167 v
for a 2¢~ oxidation-reduction reaction, as shown below:

AG'=—nFAE} or AE{= AG
—nF
,_ =700
AE} =55 G55 = 167

At a reasonable efficiency of 50%, a AE{ of 0.334 is required. Only one
oxidation-reduction couple in the noncyclic sequence shown in Figure 3-6
provides a AE} of 0.33 or greater—that between cytochrome bsss and cyto-
chrome f. Thus, for each 4¢~ excited (by 4 quanta), we obtain:

I NADPH: 1 ATP: 0,

(b) The cyclic pathway seems rather incomplete. It is unlikely that elec-
trons would move directly from ferredoxin to cytochrome bs and then directly
from cytochrome be to cytochrome f. The AE{ values of these reactions are
rather large compared to other electron transport reactions. In fact, the AG’
values for these reactions are sufficient to synthesize an ATP at each step for
only a 1¢” transfer. Thus, the potential exists for the synthesis of 4 ATP per
2¢” in the cyclic process as shown in Figure 3-6.

By a different line of reasoning, we might conclude that no ATP can be
formed. There is no way of generating 2 ApH by passing electrons from.
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ferredoxin to cytochrome f—none of the carriers picks up or releases H'. It
seems likely then that additional carriers are involved (e.g., flavoproteins,
quinones, and such),

(¢} The synthesis of one glucose from 6CO:+6H.O requires 18 ATP+
12 NADPH. Thus, 12 noncyclic processes (=12 ATP+ 12 NADPH) plus 6
cyclic processes (=6 ATP) are needed for the assumed NADPH and ATP
yields. If each noncyclic process requires the input of 4 quanta and each
cyclic process requires the input of 2 quanta, then 48+ 12 = 60 einsteins of red
light will yield the 18 moles of ATP plus 12 moles of NADPH needed.

_2.855  2.855
X gxie

input = (40,785)(60) = 24.47 X 10° cal

= 4{},785 cal/einstein

The AG’ for the formation of 1 mole of glucose from Brnoles of CO: plus
6 moles of HxQ is + 686,000 cal/mole.

efficiency = 2648—57%}% x100=| 28%

(d) If each noncyclic process yielded 2 ATP+ 1 NADPH, then 12 noncychic
processes alone (48 quanta) would yield sufficient NADPH and an excess of
ATP. The efficiency would then be greater:

(68.6 % 10°)(100)_

(48)(40,785) 35%

efficiency =

+ Problem 3-24

Photosynthetic bacteria of the genus Chlorobium possess a single pigment
systern, yet are capable of carrying out noncyclic photophosphorylation in the
presence of HsS (K} for the half-reaction $°+2H" +2¢” > H,Sis —0.23v). In
red light (A =700 nm), Chlorobium can reduce methyl viologen, an artificial
electron acceptor (E{=—0.55v). The organism possesses at least two differ-
_ent cytochromes, one of which is bound to a flavoprotein. Ouiline 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 H.S 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 systemn must have a
reduction potential more negative than —0.55v in order to reduce
methylviologen. A likely estimate would be —0.60 v, which would be sufh-
cient to reduce a natural electron acceptor, such as ferredoxin, and, in turn,
NADP". (b) Two einsteins of 700 nm light contains 81,5672 cal. If 60% is
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2e= (Ej=—06WV)
(lel'ed (MV)OX
2FDgy Ef=—0432 v 2F0
2ADP + 27;
FP Fiavoprotein FPH,
2Fe*? 2 Cytochromes 2Fet?
2ATP
2}:9\ m 2Fe*® 2 Cytochromes 2Fe*?
\ PS Eg=+0461v PS*

Figure 3-7 Noncyclic photosynthetic phosphorylation  in
Chlorgbium in the presence of H.S,

conserved in the reduction of the primary electron acceptor, then AG'=
— 48,943 cal/2 equivalents. This corresponds to a AE{ of 1.061v. Therefore,
the E; of the unexcited pigment system is +0.461v. {¢) HsS can reduce the
oxidized pigment system. The overall AE}is 0.691 v, which corresponds to a
AG' of —31,873 cal/mole. The amount of energy conserved at 50% efhiciency
(15,937 cal) is sufficient to make 2 ATP. The exact sites of coupling cannot be
predicted without a knowledge of the E{ values of the carriers. The
products of the overall process are 1l NADPH, 2 ATP, and 1 free sulfur. The
2 ATP:1 NADPH ratio is more than sufficient for CO; reduction. Note that
a second pigment system is unnecessary in Chlorobium because the reduction
potential of H,S is more negative than that of the pigment system. Green
plants require PS I because HyO cannot reduce oxidized PS 1 (but can reduce
oxidized PS II).

F. ACTIVE TRANSPORT

The standard free energy change for the movement of an uncharged
molecule from one side of a membrane at concentration C, to the other at
concentration C; is given by the usual equation:
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AG =—-2.3 RT log K’y + 2.3 RT log g—’ (42)
1

K, for a simple diffusion process is unity. That is, at diffusion equilibrium,
the concentration of the solute is the same on both sides of the mem-
brane. Thus, the AG for the movement of the solute from side 1 to side 2
under nonequilibrium conditions is given by:

AG =23 RT log %’5 (43)
1

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 C,is greater than Cs;, AG is negative. This says that the molecules
of solute will spontanecusty move from compartment 1 to compartment 2 (a
conclusion we intuitively reach without any equations). Living cells have the
ability to transport and accumulate certain compounds against Jarge concen-
tration gradients. The AG 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 AG zero or negative. The mechanisms of energy coupling
{as well as the mechanisms of transport itself) are subjects of intensive
research. Most transport processes are mediated by specific 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
systemn simply equilibrates the external and internal substrate, the process is
known as facilitated diffusion—there is no concentration against a gradient
(AG = 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 to effect translocation of the carrier-substrate complex
inward, translocation of the uncharged carrier outward, or to reduce the
affinity of the carrier for the substrate at the cytoplasm-membrane boundary,
or to 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 elecirochemical potential that then acts as the driving force. For example, in
animal cells, a membrane ATPase promotes the movement of $ Na™ ions
outward and 2 K" ions inward per ATP hydrolyzed. This results in both a
high [Na'l./[Na'}. ratio and a superimposed electrical charge gradient
(inside negative with respect to outside). The AG for Na” transport inward
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{a)

Figure 3-8 Carrier-mediated transport. C is a specific mem-
brane protein with a high affinity for 8§, The carrier-substrate
complex forms at the external surface and then (a) diffuses across
the membrane or (#) 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:

AG =23RT log-gi+ ZFAYT (44)
1
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where Cy/C,=the internalfexternal concentration ratio of the charged
molecule {Nza")
Z =the net charge on the molecule (+1 for Na")
and AW = the membrine potential in volts (internal relative to external)

The ZFAVY term is analogous to the nFAE 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¥ =
0.) 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) equals the AG for Na”
transport (a negative value). In 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 iwo reactions hasa AG of 0. Ina
similar manner, the high [KJi./[K Jeu 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 of a 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 bloed 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 ClI” ions could be transported per mole
of ATP hydrolyzed?

Solution

0.16 _ 1364(0.204)

(@ - AG=1362log 515

AG =278 cal/mole

(b) ATP hydrolysis provides 7700 cal/mole.

7100 _ . B}
grs =277 98 CI'/ATP

. Problem 3-26

in E. coli, oxidation-reduction reactions (or ATP hydrolysis) within the cell
membrane generates a ApH of 1 (interior higher by one unit) and a AY of

" =120 mv (interior negative). Alqng with H" ions, B-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 ApH and A¥? (b) To what concentration
gradient could E. coli accumulate B-galactosides?
Solution
(a) A ApH of 1 unit is equivalent to an [H*]i/[H Jou ratio of 1:10
AG=1364log 0.1 + (1)(23,063)(—0.120)
= — 1364 — 2768

AG=—4132 cal/mole

Thus, S-galactoside transport is coupled to an exergonic systemn providing
4132 calfmole.

(b) The maximum internal/external B-galactoside ratio is that which is
equivalent to a AG of +4132 cal/mole. At this ratio, the overall coupled
system will be at equilibrium (AG gveran = 0).

AG = 1364 Iogg—“= 4139 cal/mole
1

C._ 4132

log 5 = 1364 = 303
Cs
C.- 1000

G. ENTHALPY AND ENTROPY

AH AND AS

Suppose a mole of ATP is hydrolyzed at 25°C under standard conditions
where AG’=—T700 cal/mole. The hydrolysis is not coupled to any group
transfer reaction. Does this mean then that the entire AG' appears as
heat? The first and second laws of thermodynamics relate the AG of a
reaction to the heat evolved in the following way:

AG =AH ~ TAS (45)

AH is called enthalpy change, and represents the quantity of heat released {or
absorbed) at constant temperature, pressure, and volume. AS is the eniropy
change and is 2 measure of the change in the randomness of the system. f
we measure or calculate AH for the hydrolysis of ATP, 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 random motion. (TAS =+ 3700 cal/mole.) Equation 45 could
also be written as

AH=AG+TAS (46)

which says that if a quantity of heat is added to a system (AH is positive), only
a portion of the input can be used to do useful work on the system if AS is
positive. The TAS term represents that portion of the heat input that
becomes unavailable to do useful work.

The sign of AH gives no indication of the spontaneous direction of a
reaction. We see from Equation 45 that even if AH is positive, AG can still be
negative if AS is positive enough. For example, if we mix certain solid salts
with water, we observe a marked decrease in the temperature as the salt
dissolves. Heat has been absorbed. AH is positive (heat must be added to
keep the temperature of the system constant). The salt spontaneously
dissolves, therefore AG is negative. The TAS term 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
example of a process that has a negative AH (heat is given off}, a negative AG
(freezing is spontaneous—at a temperature below FP the solid is more stable
than the liquid), and a negative TAS (the molecules of the liquid become
more highly ordered as a solid). It is obvious that we cannot predict the sign
of AG from a knowledge of AH or vice versa unless we also know TAS (or
uniless AG or AH is zero). Similarly, we cannot predict the sign of AS from
either AH or AG alone unless one of them is zero. For example, at 0°C, solid
ice and liquid water are at equilibrium. Thus AG =0. AH for the reaction
liquid » solid is negative (—80cal/fg or —1440 caifmole) Thus, TAS =
— 1440 cal/mole.

Entropy changes are not usually reported in terms of TAS, but rather, in
terms of AS.

' AH ~AG

TAS =AH - AG or AS = T

Thus, AS has units of cal X mole™ X degree™ that are called entropy units
(ear): 1 e.u. = 1 cal X mole™ X degree”'. The AS for ATP hydrolysis at 25°C
can be calculated as

—~4000 -- (—7700) _ — 4000+ 7700 _ 3700

AS= 998 - 998 ~ 908

AS=124e.n.

The AS 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 thermodynarnics.)
In order to appreciate the value of AS measurements consider the
reversible reaction:
E€NZYMCactive v— ENZYIMECinactive
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gince AS is a measure of the change in orderliness, the AS of the above

reac

tion can tell us something about the change in molecular shape that

occurs with inactivation. A large positive AS 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 functions of stale. Conse-
quently, AH and AS, like AG, depend only on the initial and final states of the
system and not the mechanism or path of the reaction. Thus, it is possible to
calculate the AH and AS of a reaction that is unfeasible to carry out directly if
that reaction can be expressed as the sum of two or more reactions where AH
and AS values are known.

- Problem 3-27

The standard heat of combustion of ethanol at 25°C and 1 atm pressure is
— 328,000 cal/mole. The standard heat of combustion of acetaldehyde is
— 270,000 cal/mole. The E; of the acetaldehyde/ethanol half-reaction is
—0.20v. The E) of the 3Q4/H:O half-reaction is +0.82v. From these
values, calculate (a) AH, (b) AG’, and (¢) AS for the reaction: ethanol
+ 30, > acetaldehyde + H,0.

Solution

(a) The oxidation of ethanol to acetaldehyde:

1. C:H;OH +10,= CH;CHO + .0

can be expressed in terms of the two reactions whose A H values we know:
2. C:H:OH + 30:—> 2C0:+ 3H0 AH:=—328,000 cal/mole
3. CH:CHO + 2:0,>2C0.+ 2H:0  AH=—279,000 cal/mole

Writing reaction 3 backwards and then adding reaction 2:

3b. 2C0, +2H,;0 > CH,CHO +210;  AHy = +279,000 cal/mole
2. C:H;0H 4 30y > 2C0, + 3H,0 AH, = —328,000 cal/mole
1. (Sum) CeHaoH'i’%Oa—)CHsCHO"'HRO AH,=AHu+AH,

(b)

AH, = (+279,000) + (—328,000)

AH,; = —49,000 cal/mole

AG'=—nFAE;=—(2)(28,063){1.02)

AG’ = — 47,049 cal/mole
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() AG'=AH -~ TAS
TAS=AH — AG' = (—49,000) — (- 47,049)

TAS = —1951 cal/mole

—1951
~ 998

AS =—65eun

f—'L‘” EFFECT OF TEMPERATURE ON K.—DETERMINATION OF AH

From the two equations for AG":
AG'=—-23RT log K., and AG'=AH — TAS

we obtain:
—23RT log Kl,=AH —TAS

o log K=~ AH L, AS

23RT 23R “7)

Equation 47 is a linear relationship from which AH and AS can be ob-
tained. All we need do is determine K, at several different temperatures
and then plot log Kl versus 1/T (Fig. 3-9). Alternatively, differentiating

Log K3y

AH
ope = — 2L
Stope 23R

1 o
7K

Figure 3-9 Graphical determination of AH from K, values at two or more
different temperatures. (AH is negative. If AH is positive, the plot has a
negative slope.)

i
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Equation 47 we obtain the van't Hofl equation:

dlog K.,  AH

. , AH
J(UT) ~ 23R or dlog K/, = d(1/T)

T 23R

Integrating between limits of log 'K, at 1/T, and log K!,, at 1/ T%, we obtain:

tog Kt __ AH (1 1)

8K, 23R\T: T,

K., AH (T,—T,)

K., 23R\ T.T, (48)

or log

If K., is known at one temperature, the K/, at another temperature can be
calculated if AH is known. Or, we can calculate AH from the K, values at
two different temperatures. If K., increases with increasing temperature,
AH is positive; if Ki, decreases with increasing temperature, AH is nega-
tive. The calculations assume that AH 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 AG'/—2.3 RT for log K/,, we obtain the integrated Gibbs-
Heimholtz equation:

AG} _AG

T T,

T — T;) (49)

"AH( T2 T

- Problem 3-28

An amino acid binding protein (presumably involved in membrane transport)
was isolated from E. coli. Equilibriumn dialysis measurements at 25 and 37°C
yielded Ks values of 8.8% 107 and 3.0x107° M, respectively. (Ks is the
dissociation constant of the protein-substrate complex.) Calculate (a) AG’
for the binding reaction at 25 and 37°C, (b) AH for the binding reaction, and
(c) AS for the binding reaction at 25°C. (d) What does the sign and
magnitude of AS suggest about the conformational change in the protein that
accompanies amino acid binding?

Solution
(@) The binding reaction is:
P+ amino acid == P-amino acid

The Ks values are dissociation constants. The corresponding binding con-
stants {called K.,. and K[, ) for the reaction as written are:
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r _;___ 5
Ko =ggyies=114%10

Klom= =3.33 x 10*

1
3x107°
AGly = — 1364 log 1.14 X 10° = — (1364)(5.056)

AG» = — 6896 cal/mole

At 37°C, 2.303 RT = 1419,
AGiy = — 1419 log .88 X 10°* = — (1419)(4.522)

AGir=—6417 cal/mole

Kl  AH (T,— Tl)
() loggr =93k \ToT,
Kl _ K;qsr T,T), )
; : AH=23 R(log KLq,,.) ("-ﬁw_ T
g = (2.3)(1.987)(log 0.202) (%@Q)
AH=—18,809 cal/mole
© TAS=AH —AG’ = (- 18,809) — (— 6896)
i = -- 18,809 + 6896
o TAS=—11,913 cal/mole at 25°C
o :
11,913
C A=
AS=—40 e.u. 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=(Sp-a)— (Sp + S}
= (Sp + S,aa)bound - (Sp + Saa)fr:e

A large part of the negative AS may result from the restricted random motion
i of the bound amino acid.
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H. ACTIVATION ENERGY

THE COLLISION THEORY AND THE ARRHENIUS EQUATION

The fact that a reaction has a large negative AG does not mean that the
reaction proceeds at a rapid (or even a measurable) rate. The negative AG
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. Fhe collision frequency does not equal the reaction velocity
because only a small proportion of the collisions occur with sufficient energy
to promote the reaction. This minimum energy required for a fruitful
reaction is called the energy of aclivation, E..

The relationship between E. and temperature was formulated empirically
by Arrhenius in 1889. The relationship is usually written as the Arrhenius

equation:
E = Ae 5T (50)
Or, in linear form:
E. 1
Ht e e
ogk=-gggTtlog4 (51)

The integrated form of the Arrhenius equation is:

iog!‘z=
1

w537 (Crr ) (52)

23R \ TaT:

where k. and ki are the specific reaction rate constants at T, and T,
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. At a 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,” Fyring, in 1935, proposed that/ 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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Ayt
'J
Can be
described
. by E,
3
&
2
7]
®+®
Can be
described by
AG’, AH,
and AS .

Figure 3-10 *“Energy diagram™ for the reaction A+B=AB. As
shown, AG’, AH, and AS are negative. E, is always positive.

state. The transition state is viewed as an unstable, “halfway,” transient
phase in which bonds and orientations are distorted. Once the reactants
overcome the energetic obstacle and attain the transition state, they proceed
to form the products of the reaction at a 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. CQalculate the activation energy.

Solution

ks E, (T:—Tl)
% 23R\ T:T,
ks

E - 23 RT:Tilogy _ (2.3)(1.987)(298)(308) log 2

Ty~ T, 10

E, =12,627 cal/mole
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{Consult Appendices VIII and IX for the necessary AE{ and AG' values. Assume pH =7 unless
otherwise indicated.) Answers to Practice Problems are given on pages 424-426.

¥, The K., of the reaction glucose-6-
phosphate = fructose-6-phosphate  is  0.43.
Calculate the AG'.

9% The K of the reaction G-1-P+ATP
=adenosine diphosphate glucose (ADPG)+
PP; is 1.0. (a) Calculate AG under steady-
state  conditions where [G-1-P]1=107"M,
[ATP]= 107" M, [ADPG] = 107" M, and {PP,] =
10° M. (b} In which direction will the reac-
tion proceed spontaneously under these condi-
tionse

1 3./Which reaction will proceed further to
" therightat pH7: the hydrolysis of glucose-6-
phosphate or the hydrolysis of glucose-6-
sulfate? Why?
-

4, Fructose-1,6-diphosphate may be con-
verted to glucose-1-phosphate by three con-
secutive reactions:

(1) fructose-1,6-diphosphate + H.O

Frustose
diphoiphatase

=== fructose-6-phosphate + P;

AG{=—3800 cal/mole

(2) fructose-6-phosphate
phospho-

hexiosomerase

glucose-6-phosphate

Kin=20
(3} glucose-6-phosphate
K{Phﬂsph:;-”
s———— glucose-1-phosphate
K & =0.0526

From the above information, caiculate the
K., and AG' for the overall reaction.

5 Calculate the AG' of hydrolysis of
phosphenolpyruvate (PEP) to P: and pyruvate

given the following information.

pyruvic kinzse
(I PEP+ADP pyruvate
+ATP
K, =32x10
ATPase
{2y ATP+H.O ADP+P;

AG S =—T700 cal/mole

£~ The AG’ of succinyl-8-CoA hydrolysis at
pH 7.0 is about — 8000 calfmole. How much
of this negative AG results from the tonization
of. the newly formed carboxyl group? The
pK. of the carboxyl group (pK, of succinic
acid) is §;5.7- {In other words, calculate AGia.)

L/j/ The hydrolysis of asparagine to
aspartate + NHy has a AG’ of —3400cal/
mole. The hydrolysis of ATP to AMP -+ PP;
has a AG’ of —- 8000 cal/mole.

(a) Fromtheaboveinformation, calculate the
AG' for asparagine biosynthesis via the overall
reaction:

aspartate + ATP + NHJ
-» asparagine + PPy + AMP

{b) The overall biosynthetic reaction occurs
in two steps:

(1) aspartate + ATP
= B-aspartyladenylate + PP;

(2) B-aspartyladenylate + NHy
= asparagine + AMP

The AG' of B-aspartyladenylate hydrolysis is
— 10,000 cal/mole. Calculate the AG' of each
step in the overall synthesis of asparagine,

[/8.‘ Hexokinase catalyzes the reaction
ATP + glucose = glucose-6-phosphate + ADF,
AG'=—4562, K{,=2.21%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 107 M glucose,
10° M ATP, and 107' M ADP.

(}V The enzyme ATP sulfurylase catalyzes
the reaction:

ATP+ S80I = APS+ PP,

APS is adenosine-5'-phosphosulfate (AMP-O-
SO%). The K!, of the reaction as written is
10 Estimate the AG' of APS hydrolysis to
;AMPJrSOL

~10. The K, of the adenyl cyclase reaction
(ATP = cyclic AMP+PP;} was found to be
0.085. If the AG' for ATP hydrolysis to
AMP +PP; is taken to be — 8000 cal/mole, cal-

culate the AG' of cyclic AMP hydrolysis (to
5-AMP).

{+11. Estimate the AG’ values of the follow-
ing reactions:

(a) Acetyl-5-CoA + butyrate
== butyryl-5-CoA + acetate.

(b} Acetyl-5-CoA + ethanol
= ethyl acetate + CoASH.

{¢) ATP+ pyruvate=PEP+AMP+P;

(d) Glycerol + PP; = a-glycerolphosphate
+ P

ﬂ«/Calcu]ate the equilibrium concentra-
tions and concentration ratio of ghicose-6-
phosphate/glucose-1-phosphate in the phos-
phoglucomutase reaction when the initial con-
centration of glucose-6-phosphate is (a) 1 M,
by 0.1 M, (¢) 10°M, (d) 10°M, and (e)
107* M. The K/, for the reaction written as
glucose-1-phosphate = glucose-6-phosphate

is 19.

J/ Calculate the equilibrium concentra-
tions and concentration ratios of all compo-
nents  of the isocitritase reaction
{isocitrate == glyoxylate + succinate) when the
initial concentration of isocitrate is (a) 1 M, (b)
01M, (© 001M, (& 16°M, and
1e) 107* M. The AG' for the isocitritase reac-
tion as written is + 2110 cal/mole.

14. A solution was made 1 M in the follow-
ing compounds: acetoacetate, pyruvate, f-
hydroxybutyrate, and lactate. (a} Write an
equation for a thermodynamically favorable
oxidation-reduction  reaction that couid
occur. (b} Identify the compounds that are

oxidized and reduced in the reaction. Iden-
tify the oxidizing and reducing agents. (c)
Calculate AEL, AG',and K, for the reaction.

J5 A solution containing 0.001 M ubi-
quincne and 0.001 M ubiquinone-H: was
mixed with an equal volume of asolution
containing 0.} M fumarate and 0.1 M succi-
pate. (2) Write the equation for a ther-
modynamically favorable reaction that could
occur. (b) Calculate the AE, AG', and K.
values,

16. Calculate the reduction potential of
the fiavoprotein/flavoprotein-H, half-reaction
when the oxidizedfreduced concentration
(activity) ratios are (a) 107, (b} 0.2, (©) 1, (d) 3, (e)
25, and (f) 400. E;=—-0.06v.

17. (a) Calculate the minimum
NADH/NAD" ratic required to reduce ox-
alacetate to malate when [QAA]= 10" M and
[malate] = 107" M. (b) What must the ratio be
if [OAA}=10"M and [malate] = 107" M?

¢ 18. Calculate the Ej values at pH 9.0 for (a)

the oxalacetate/malate half-reaction’ and (b)
the Fe''/Fe’ half-reaction. (The E§ values
given in Appendix IX are for pH 7.}

19. {(a) Thishacillus thicoxidans plays an im-
portant role in the sulfur cyce in na-
ture. The organism oxidizes reduced 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+ 130, + H,O = 507 + 2H"
AG’ = —120,000 cal/mole

Calculate the potential ATP yield at 40%
efficiency of energy conservation under stan
dard conditions. (b) Bacteria of the genuw
Nitrosomonas play a role in the nitrogen cycle
in nature by oxidizing NHi to NOz. The
overall reaction is:

NH+ 10, = NO: + HO+2H*
AG' = —65,400 cal/mole

Calculate the potential ATP yield at 409
efficiency of energy conservation under stan
dard conditions.

20. ‘Which compound would you expect t
yield the greater amount of ATP per mol
upon complete oxidation to CO:+H:O:
6-carbon fatty acid (e.g., n-hexanoic acid} or
6-carbon carbohydrate (e.g., fructose)?



Given the following information:

glucose = 2 ethanol +2C0,
AG’=—55,000 cal/mole
glucose +60; = 6C0O: + 6H0
AG' = —686,000 cal/mole

ate the number of moles of ATP that
be synthesized from ADP+P: upon
lete oxidation of one mole of tethanol to
+3H,0O. Assume an efficiency of
onservation of 44% under standard

2.

Galcul

uid
comp
9C0:

s 99, Calculate the ApH across the inner
x;:imchondrial membrane t-hat is nf?cess?ry to
drive the ATPase reaction in the dlrectllc;fl of
ATP synthesis under Steady—s_tsate condjtions
at 25°C where {A;‘rp] =10° M, [ADP}=
107 M, and [P:i] =107 M.

. -23, Calculate the energy in one einstein of
bhotons for light of wavelengths (a) 260 nm

nd (b) 750 nm.

94 In the presence of I Chromatium
kenii, a purple photosynthetic bacterium, car-
ies out a cyclic photophosphorylation process
hat yields only ATP. (NADPH is obtal.ned
rom the hydrogenase-catalyzed reaction:
“H,+NADP* = NADPH+H") How many
“moles of ATP 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
. nergy conservation of 40-50%.

95. Blood contains about 0.1 M CI.
Brain tissue contains about .04 M CI". Cal-
culate (a) the AG for the transport of Cl” from
‘blood into brain cells and (b) the energy
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expended by brain cells in transporting CI”
outward against the concentration gradient.

26. The pH of gastric juice 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 —0.90 v
(interior negative). What is the AG for Ca®
transport into the mycelium? Assume that
under steady-state conditions the [Ca®™]./
[Ca™]s ratio is maintained at unity by an
ATPase that moves Ga’" outward. (b) To
what concentration ratio could an amino acid
be accumulated if the uptake of the amino
acid is coupled to Ca® influx?

28. The AH of combustion of acetal
dehyde is —~279,000 cal/mole. The reaction
is CH,CHO + 250, — 2C0, + 2H,0. The
AH of combustion of acetate is — 209,000
calfmole. The reaction is CH,COOH+
20:;—>2C0:+2H;0. Using these data, and
the standard reduction potentials of the
acetaldehydefacetate and Oy)H,O half-
reactions at 25°C, calculate AH, AG’, TAS,
and AS for the reaction: CH,CHO +10,—
CH,COOH.

29. The K, of a deamination reaction at
20°C is 185. The K, at37°Cis65. (a) Calcu-
late AH and AG’, TAS and AS at 37°C. (b)
What is K, 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 15°C?



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 AG simply means that
the existing [product]/{reactant] ratic is smaller than the equilibrium
ratio. For example, the oxidation of glucose has a AG’' 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;0 at a 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 minirmum energy in order to pass into a
transition state, § - - 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 enter the transition state per unit
time. There are two ways of increasing the reaction rate. One is to raise the
temperature. The other is to lower the activation energy. Living cells exist
at relatively low temperatures—between 0 and 100°C. At life temperatures,
few, if any, of the reactions of intermediary metabolism would occur at a rate
suficient to permit cell growth and maintenance. ZFiving cells can exist
under relatively mild environmental conditions because they possess
enzymes—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 10° to 10" times faster than the same uncatalyzed reaction.
Enzymes have no effect on the AG or K, of areaction. They simply speed .

- up the rate at which a reaction approaches eguilibrium. For example, in the

b

' reaction § =P, ky might be 107 min™" while k_; might be 10 min™, At
equilibrium, the forward and reverse reactions are equal. Therefore:

V= kl[S} = = k—l[P]

—3
b 10 4

K= 81 ka 107

208

o
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(S--Pyl

Energy level
Energy level

{a) (b}

Figure 4-1 AG and E. of (a) nonenzymatic and (b) enzymatic reactions.

In the presence of an appropriate enzyme, both k, and k., are enhanced to
the same degree. Thus, if k; increases 10°-fold, k., must also increase
10°-fold. AG and K., are unchanged (Fig. 4-15).

k107

Ker=4, =10 = 100

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 helow:

1. A-B— A+ B +energy (AG is negative)
2. C+D+energy—=C-D (A G is positive)

The cleavage 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 rapidTate. In a living cell, the
overall process might be coupled in a productive manner as. follows:

El
3. AB + X—A + B~X
L
4 B~X + Y—»B + X~Y
Ey
5. C + X~Y—C~X + Y
El
6. C~X + b—CD + X
7. (Sum) A-B + C + D—CD + A + B

In reaction 3, A-B is cleaved by enzyme E, and a 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 Es. The resulting X~V 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 enzymes.

THE ACTIVE SITE
An enzyme-catalyzed reaction S—P can be written
E
§S— 7P

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

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 § to P each second. The existence of an
enzyme-substrate complex, ES, was inferred from (a) the high degree of
specificity 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 flexible enzyme 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)

iside) (Side)

Figure 4-2 Lock-and-key (template) hypothesis of enzyme specificity.
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S Analog

(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. (¢) and (d) Substrate analogs (competitive inhibitors)
bind to the enzyme (aided by group C} but the catalytic groups are not aligned
property. [Redrawn from D, E. Koshland, Jr., Cold Spring Harbor Symposia on
Quaniitative 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 all the essential binding and catalytic groups, but the

Figure 44 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 essential R-groups to
assume the required spatial relationship. A large protein composed of
hundreds of amino acid residues can bend, twist, and fold back on itself and
thereby fix the positions of the essential R-groups 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

Now that we have examined the concept of the 2ctive 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. TFirst 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 may be optimized. The effective
“concentration” of a substrate in the volume of the active site is much greater
than the conceniration in the soluticn 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
catalytic 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 (compared 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 hetween 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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Figure 4-5 Distortion or rack mechanism.

activation energy is provided directly by the binding forces between E and
5. 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
(107 to 10 M). Estimate the concentration of an enzyme in a living
cell.  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) all the
soluble proteins are enzymes, (d) the average molecular weight of a 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

= (1.1875 g protein/g water

or 187.5 gfliter

The total molarity is

187.5 g/liter

— -3
150,000 g/mole 125> 107 M
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If there are 1000 different enzymes, the average concentration of each is

1.25%107° _

o 1.25%10° M

Thus, we might expect a range of 107° to 107 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, ligand concentrations (substrates,
products, inhibitors, and activators), pH, iocnic 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 order 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 determined 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 vive. A sty of the effect of varying pH and temperature on

‘the kinetic constants can provide information concerning the identities of the

amino acid R-groups of the active site. A kinetic analysis can lead to a model
for an 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
nomenclature. The reaction sequence is:

k, ™ K

E+S§ ES EP———E+P

kg hey Ky

ES and EP are called ceniral 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 concern ourselves with the initial
velocity in the forward direction before a significant concentration of P has
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accumulated. Thus, the reaction under consideration can be written:

kg

- k
ES— S F+P

E+S

ko

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]

k., is called the catalytic rate constant. The total enzyme is distributed
between E and ES:

[E]. = [E]+[ES]
Dividing the velocity-dependence equation by [E], where [E]+[ES] is used on
the right-hand side, we obtain:

v __hI[ES]

(E} {E]+({ES]

Because of the equilibrium assumption, [ES] can be expressed in terms of [S],
{E), and Kjs, where Ks is the dissociation constant of the ES complex:

_{ENS]_ & _Is]
Ke= [ES] ks LES] =, [E]
Substituting for [ES]:
[S]
v _ _kaVEE]
[E]. 51
[E]+ K- [E].

Or, cross multiplying k, and canceling [Ej:

[S]

u - Ks
RIEL L (5]
1+ K.

If v="FE[ES), then KR[E] = V..., the maximal velocity that would be
observed when all the enzyme is present as ES.

18] /
Ks
—=—% L/ (1)

Vs 1
1+Ks

All velocity equations for rapid equilibrium systems can be derived in the
above manner. The numerator of the right-hand side of the final equation
will contain terms corresponding to the complexes 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 dissoctation
constants between the complex and free E. The 1" 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 numerator 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:

T (Ve @

Vo Ks+[S]

The Heriri-Michaelis-Menten equation gives the instanfaneous 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 time, so that [S] remains essentially
constant. This requires that no more than'6% of the substrate be utilized
over the assay period. K

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+ 8§, 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 Eand S, a
steady-siate 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
equilibriim expressions. The reaction sequence is:

E

k
ES—->E+P

E+S

L

As usual:

_ v _ _k[ES]
v=RIES] TR L[5S (22)

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:

k
’ E+S— 5 ES

ES decomposes by two processes:
, k_|
ES——E+P and ES—— E+S
rate of ES formation = k,[E}[S]
rate of ES decomposition = k_,[ES] + k,[ES] = (k_ + k,)ES]
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S
5
g
Q
(€ = (€] +[ES)
(€}, -
: sy o !
L~ 1£) -
= - 1
4] T

Time
Figure 4-6 Progress curve for a catalyzed reaction where the initial reactant
{substrate) concentration, [Sh, is significantly greater than the initial enzyme
concentration, [E). As the ratio of [SK/[E} increases, the steady-state
region accounts for an increasing fraction of the total reaction time. T
represents the presteady-state interval,

At the steady-state, d[ES}/dt =0, or
. RIENS] = (k_y + ks NEST

Solving for [ES]: ’

kJENS]

(k-1 + k)

The group of three rate constants can be defined as a single “Michaelis™

constant, K,.:

[ES] =

kit ky (5]

Bn=—0 [ES) =7~ (E]

which upon substitution into the velocity dependence equation(2a) yields

s | ‘

v _ K I

Vo T[S or Ve Ko % [5] &)
k.

Thus, 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:

_[SIE] _k_i+k,
=" "k
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Thus, K., 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 k, is very small compared to
ki, K. 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 complex function, composed of the rate constants
of all the steps. Thus, the physical significance of K. cannot be stated with
any certainfy in the absence of other data 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:

=81 : K oy Bm _1
U_K,,.+[S] Vinax . when[S]=Kn: v=- Vinax = 8 Vinax

e

WHY DETERMINE K.?

The numerical value of K. is of interest for several other reasons: (a) the K.,
establishes an approximate value for the intracellular level of the sub-
strate. It is unlikely that this level would be significantly greater or signifi-
cantly lower than K. If [Sliawscen <€ Km, 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 <€V... There is also no physiological sense in maintaining
[8]3 K. since v cannot exceed Viax, and the difference between v at [S] = K.
and v at [S}= 1000 K.. is only twofold. Also at [S]> 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 or from different tissues of the same organism, or from the same
tissue at different stages of development. In this way, we might determine
whether enzyme A is identical to enzyme B, or whether they are different
proteins that catalyze the same reaction. (Note that Vmax 15 IOt @ con-
stant. V... depends on k, which is a constant, and the concentration of
enzyme in the assay.) (c) A ligand-induced change in the effective value of
K., 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 wive to lower the effective K.. By measuring the effects of
different compounds on K. we might identify physiologically important
inhibitors as well. (d) If we know K., we can adjust the assay conditions so
that [S]> K, and thereby determine V.., which is a measure of [E]. (e)
The Michaelis constant indicates the relative “‘suitability” of alternate sub-
strates of a particular enzyme. That s, the substrate with the lowest K,, value
has the highest apparent affinity for the enzyme. (The “best’ substrate is
that which has the highest Vi../K. ratio.)

+ Problem 4-2 o f(.(s*

&
R ¥

1 k
ES —— E+ P where by = 1 X 10" M ™" X sec™,

Given the reaction £ 4 8

L1
k., =1x10*sec™”, and k, = 3 X 10" sec”’, calculate (a) Ksand (b) K... {c)Cank,
be very much greater than ky?
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Solution

ke 1Xi0Psect
(2) Ks= ki 1X10°M TXsec'

I1x3107° M

b K =Fath  (1x10°sec)+(3X10%sec™)
(b) ™ k. 1% 10" M "X sec?

4% 10 sec™ _
=1X107M”?Xsec”‘=L4XI0 M

(c} Students often have the mistaken idea that k, cannot be greater than k,
- because if k, ®k; it would mean that “ES breaks down faster than it
forms.” First of all, k, and &, have different units and cannot be compared
directly; ki has units of M~ X sec™ or M™" X min~" while k, has units of sec” or
min~". Furthermore, k, and k, are not rafes but, instead, they are rate
consiants (second-orderand firstorder rate constants, respectively). The rate
of ES formation is k[E][S]. The rate of ES breakdown to E+P is
k[ES]. Thus it is quite possible for k, to be numerically much greater than
k.. But for any given substrate and enzyme concentration k,[ES] cannot
exceed k[E)[S]. It is also quite possible for k, > k., (in which case, K,
reduces to k/k,).

HALDANE RELATIONSHIP_ BETWEEN KINETIC CONSTANTS
AND EQUILIBRIUM CONSTANT

The constants K., and V... were derived in terms of the various rate constants
of the overall reaction. The equilibrium constant for the overall reaction is
composed of the same rate constants. Consequently, it should be possible to
express K. in terms of K., and V... For example, consider the simple
two-step reaction shown below.

E+S ES E+P

The reaction may be measured in either direction. We will designate the K,
values for S and P as K., and K,,,, respectively. The maximal initial velocities
in the forward and reverse direction will be designated V.., and V...,
respectively. As shown earlier:

Koo = ki:%! and Vi, = kfE),

By an identical steady-state treatment, we can show that:

and Vinax, = k1 [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:

_ _ kike
Keo=KK:= ke
We can express this grouping of rate constants in terms of K. and V.. values
as shown below.

V""‘“‘f . k1k2[E]: Vmax, _ k—ik—l[E]l

K., hitka Ko  hatka

Now dividing one ratio by the other:

Vinaxy [ Kms _(Rika[ B (ke + k1)
Ve Ems (k2 + B} (k2B fER)

Voo Biks _ g, @

or Ve Koe  koshoa

The relationship between Keq, Kn, and V..ox is known as the Haldane equation.

REVERSIBLE REACTIONS—EFFECT OF PRODUCT ON
FORWARD VELOCITY

Strictly speaking, all enzyme-catalyzed reactions are reversible. The overall
reaction can be represented as:
ky ky k

ES EP—=TLE+P

ket ks kes

E+S

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.

Ve[S - Ve [P
When{P]=0: v = ETI[[E% and  when[S]=0: v = ;{/ -;[[P]]
™8 mp

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 S and a 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 K. An equation
for the net velocity can be derived quite easily from rapid equilibrium
assumptions (where K., = Ks, and K.,= K.
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Vnet = ka[ES} - k—z[EP]

Unee _ ka[ES] — k-s[EP]
[E]l. [E]+[ES]+[EP]

es1=NE)  (eRy= By

s {S] i) - 1, B gy

Unet __
El gy 3] S Jmy+ L2 = ey
.'ig[E};E - k_g[E].%
R i3
Ks K,
SI_,  IP1
. V"'“"K Voax, X. \/ (5)
. 5T, (7]
&t

ool

g

Py PR

Vmaer P
Vrnzx,KS

where K,

or Vnet =

(6)

A steady-state treatment yields the same final equations with K., and K.,
replacing Ks and Ky, In place of the usual [S)in the numerator of the above
equation, we have the difference between [S] and the equilibrium value of
[S]. The Ksterm 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,

VELOCITY 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 K., 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.. to the substrate required for
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Specific (refative) substrate concentration [S°} ({S|/Km)
0 1 2 3 4 5 6 7 8 9§ 10 , 100

- I I I I I I I | | T
i £

"3 Viax - —10

=% /

02 0.9 Vinax |- —108~

E 3

o - o (3
o ‘E 3
%' E L _ 181 —10.7 =
.g EJ. Vo Kn+ (5] — 06_8
Zs [S)os = Km g
&3 0.5Vma; - 0.57&
23 (Slos _ a1 &
- o 5, —04.E

5 v

9 ~10¢3%

S &

E ~02%

> 9K,

g 0.1 Vnax r/ m —o1

| | ] | i i | !

Substrate concentration (M)

Figure 4-7 'The curvature of the v versus [3] plot is constant.  [Shs/[Sl
always equals 81 regardless of the absolute values of K. and Ve

10% of V. is always 81 as shown below:

i _ ) __ [Sls__ -

: When v =0.9 Vui 0.9 =3 [Slos =9 K.
= _ . [Ska _ Kn

: When v = 0.1 Vaa 0.1= —"'"‘_Km T ES}{).I [S]o_] = ‘9

2
s [Slo 81

+ Problem 4-3

(a) What fraction of V. is observed at [S]=4 K., [S]=5 K., [S]=6 K,
[S]=9 K., and [S]=10K,? (b) Calculate the ratios of [Sls/[Sles and

[Slors/[STes.

Solution
i (a} Without any hesitation or substitution we can state that:

At[S1=4 K v =% Vauyat[S]=5 K., v =& Vs 2L [S]= 6 Ko, v =5 Vinas}
at [S]=9 Kn, v =15 Vinax; at [S]= 10 K, v =137 Viax.
(b) As shown above, [Sls =9 K., and, of course, [Slos = Ka.. Therefore, the

[S)os/[Slos ratio is always 9, regardless of the absolute values of V... and
K.. We observe 0.75 Vo at [S]=3 K... Thus, [Sles/[Sless is always 3.
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@Jp,oblem 4-4

The following data were recorded for the enzyme-catalyzed reaction S— P.

[81 v
(M) {nmoles x liter™ X min™")
6.25 X 107 15.0
7.50 % 107 56.25
1.00 % 107 GO
1.00x 107 74.9

1.00x 107® 75

(a) Estimate V.. and Ka. (b) What would v be at [S]=2.5X 10" M and at
[S]=5.0%x 107 M? {c) What would v be at 50X 107°M if the enzyme
concentration were doubled? (d) The v given in the above table was
determined 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. S

Solution

(a) The best way to obtain V... 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 {S] above 107 M. * That is, in the region of [S] = 10~*
to 107° M, v must be very close t0 Vi

Ve = 75 nmoles X liter * X min™

To solve for K., we can pick any v and the corresponding [S]:
v __ S} 60__ 107°
Veax Ka+[S] 75 K.+10°
75x 107" =60 K. + 60 x 107*

_15x10™
En= 60

=0.25x 107"

K.=25%x107° M

Any other set of data should give the same answer if the enzyme obeys the
Henri-Michaelis-Menten equation.

(b) At[S]=25x 10°M =K., v =05 Vi, O

v = 37.5 nmoles X liter* X min ™"
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At [S8]=5.0%107" M:

v _ 5% 107 _5
75 @5X10)+(5x10°) 7.5

_ (b)(75)
YT

or v = 50 nmoles X liter * X min™

Note that when [S]=2 Km, v is N0t Vi, although when S1= K., v is
0.5 Vmax. We are not dealing with a linear relationship but, instead, a
hyperbolic relationship.

(¢} The Henri-Michaelis-Menten equation can be written as:

__15]
U=R. +51
Thus, v is directly proportional to the enzyme concentration at all substrate
concentrations. Doubling [E], at [S] = 5% 107 M doubles Vnax and, hence, v.

v = 100 nmoles X liter™ X min™"

(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 [§] is utilized. This is no
problem at substrate concentrations that are relatively high compared to K.,
so let us check for substrate depletion at the lowest [S] used. The apparent v
at 6.25%X 10° M [S] is 15 nmoles X liter' X min™" or, in other words, 150’
amoles/liter of P had accumulated (and 150 nmoles of § had disappeared) in
10 minutes.

150 % 10~° moles § utilized per liter _0.150x10°°
6.25 X 107° moles S originally present per liter  6.25 X 107"

= 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]=2X107*M and [P]=3X10" M. Ku=3X10"M, Vi, =
2 wmoles X liter " X min™", Vi, = 4 pmoles X Liter " X min~". {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 equilibrinm?

Solution

(a) The existing [P)/[S] ratio is 1.5, which is less than K. Consequently, the
reaction will proceed from § to P.
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(b) In order to calculate the initial vn., we need to know K... This can be
calculated from the Haldane equation.

K - V s Ko 2K,
P Vo Ko T @3Bx107)

K, =3.0xX107°M

Vsl = VAP

; _ max; K max, Km?
81,7
1+ K.. + .,

(DEX107) (43 x107Y
(3%107°) (3%107%

2x 10“+ 3x 107

3%x107° 3x107*-

__18.33—4 933
1+6.67+1 8.67

1+

Vnee == 1.08 pmoles X liter ' X min™

C. REACTION ORDER

1f we examine the v versus [8] curve, we find three distinct regions where the
velocity responds in a characteristic way to increasing [S] (Fig. 4-8a). At very
low substrate concentrations (e.g., [S]<0.01 K..), the v versus [S] curve is
essentially linear, that is, the velocity (for all practical purposes) is directly
proportional to the substrate concentration (Fig. 4-8b). 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 kineties {Fig. 4-8¢). At intermediate substrate con-
centrations, the relationship between v and [§] follows neither first-order nor
zerv-order kinetics, The characteristics of the first-order and zero-order
regions are described below.

FIRST-ORDER EKINETICS

The linear relationship between v and [S] when [S] <€ K., can be derived from
the Henri-Michaelis-Menten equation.

= VaaulS]
K. +[8]
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' when [S] < K., the [S§] in the denominator may be ignored and the equation
reduces to: .
v = -‘;(;-“ [S] or v = k}S] (7)

where k is the first-order rate constant for the overall reaction, The units of
! if v is expressed as moles X liter " X min~' and K.. is expressed as

k are min’
moles/liter:
_ Vinax _ moles X liter ' X min™’ ___{(moles) liter _ 1
k= K moles X liter” (liter)(min)  moles min

The equation expresses the fact that when [S] is very small, the absolute
velocity decreases from moment to moment as [S] decreases (Fig. 4-
9q). However, at any given moment, a constant fraction of the substrate
present undergoes conversion to product:

—d[S]’
-
— " = v = k b
4t (S}
The amount of that s, issome =~ ofthe
5 used up per the constant substrate’
small increment velocity, .. fraction. .. present at
of time. .. that time.
—disyIs] _,
or dt

Thus, the physical significance of the first-order rate constant is that it
approximates the fraction of the substrate present that is converted to
product per srall increment of time. A k that is greater than 1 min™' means
that more than 100% of the substrate present at zero time would be utilized in
4 minute if v remained constant for a minute. It may be more meaningful to
express k values in units that yield numerical values that are less than unity.

[Slo g
Ly

{StorF]
wl &

I5)

e .

Time ¢

*

Time

{a) (b3
Figure 4-9 First-order region of the velocity curve. (a) v decreases
continually with time.  (b) The appearance of and disappearance of § are
not linear with time.
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Because v decreases with time in the first-order region, plots of [S] versus
time and [P] versus time are curved (Fig. 4-9b). We can determine the
amount of substrate utilized or product formed during any given time
interval by using the integrated first-order rate equation:

_4d[St_ _d[s]_
= =k{S = hdt
v 7t [S] or [S] d
Integrating between any two different substrate concentrations, [S]y and [S],
and the corresponding times, fo and ¢:

®d[s] _
=k
J;Sh [5] o dt

Bh_,,_ Sk _
In (3] ‘k(t to) or 231g[S]

If [S)e = the initial substrate concentration, and t, = zero time, then the above
equation may be written as:

= k(t —to)

Sl _
2.3 log ETs] Rkt (8)

where t=elapsed time
{S] = substrate concentration at time ¢

In exponential form, the equation may be written:

(S]=[Ske ™ 9

Equation 8 may be rearranged to:

log [S]= ""2% t +log [ST (10)

Thus, a plot of log [S] versus ¢ is linear with a slopeof — k/2.3'and an inter-
cept of log [S], on the log [S] axis (Fig. 4-10). When {5} = 14[S],, ¢ = the “half-
life,” t,5. In other words, {;,, is the time required to convert half the substrate
originally present io product. The ¢, is constant for first-order reactions and
is related to % as shown below.

=ty

23 Iogbl_s'_—' kt]_ﬂ &Log—g_

0.693
& =t (11}
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tog {Slo

log [S}

Time

Figure 4-10 Semilog plot of the integrated
first-order velocity equation.,

ZERO-ORDER KINETICS

When [S]3 K., the K, in the denominator of the Henri-Michaelis-Menten
equation may be ignored and the equation simplifies as shown below.

_ Veax[S]  BPFa VoulS]
VT K. +[5] (S}

or V= Viax

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 [S}D
(S}
[
’ 5O
[52)
LA |
|
|
|
[P} ;
/ :
0 Time 0 fy = £8)y
= 2Vmax
Time
(a) (b)

Figure 4-11 Zero-order region of the velocity curve. {a) The velocity is constant
over time. (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
Vs Oof 4.6 pmoles Xliter™* X min~' under the given experimental condi-
tions. K. =2X107"°M.

Solution
p o Viese 4.6 10° M X min™ _ 2.3 min™
" Kn Ix107° M o mn
i -1
or _23min_ | (0383 e
60 sec X min

Thus, 2 k of 2.3 min™ 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° M. The
K.. for the substrate is 2X 107* 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 3min? What will be the product and
substrate concentrations after 3 min? (b) If the initial concentration of
substrate were 107° M, what percent of the substrate will be converted o
product after $ min? (¢} What is the maximum attainable velocity { Vi...) with -
the enzyme concentration used? (d} At about what substrate concentration
will Vo be observed? (e} At this 8 concentration, what percent of the
substrate will be converted to product in 3 min?

Solution”

(2) At an initial S concentration of 107> M (which is less than 0.01 K..), the
reaction will be first-erder—the velocity will be directly proportional to the §
concentration. Because [S] keeps decreasing with time, v_will also decrease
with time. For first-order reactions, a constant preportion of the substrate is
converted to product per unit time (not a constant amount). We can solve the
problem in two ways. One 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.



Approximate Method
At the end of 1min, 2% of the
substrate is used, leaving 98%. During
the second minute, 2% of the remain-
ing 98% will be used up; 2% of 98% is
1.96% more.
By the end of 2min, 2%+
1.96% = 3.96% of the substrate will be
gone, leaving 100% — 3.96% =
96.04%. During the third minute,
2% of the remaining 96.04% will be
used up; 2% of 96.04% is 1.92% more.
. By the end of the third minute,
3.96% + 1.92% = 5.88% of the sub-
strate will be gone, leaving 100% —
5.88% = 94.12%.

[product] = 5.88% of 107° M
=(0.088 X 107" M

!

[product] =5.88x 107" M

{substrate] = 94.12% of 10° M
=0.9412X107° M

[substrate] = 9.412 X 10™° M

General Principle

The amount of sibstrate used in a
given time interval (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™" will always be larger than the
fraction of the substrate used per
minute for the same reason.
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Exact Method
First calculate k knowing that at the

“end of 1min 98% of the original

substrate remains.

STe
2310 [[_S]}- =kt
Let:
[Slo= 100 and [S1=98
2.8log'® = (kX1)
23(Jog 1.02) =1

2.3(0.009) = k

k= 0.0287 min™

Next calculate {S] at ¢ = 3 min.
100
181
2.3(log 100 — log [S]) = 0.0621
4.6—2.3 log [S] = 0.0621
—2.3 log [S] = 0.0621 — 4.60

9.3 log —o~ = (0.0207)(3) = 0.0621

= —~4.54
_—4.54
log[S]= o3 1.975
[8] = antilog of 1,975
[S1=94.4

or [8]= 94.4% of original conc.
{S]=0.944 X 107° M

0

[S]=9.44% 107° M

[product] = 100% — 94.4%
= 5.6%
=56%cf 10°M
=0.056 X 107> M

[product] = 5.60 X 107" M

When using the integrated form of
the first-order rate equation, {S}s and
[8] 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° M
and 0.944 X 107° M).
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{(b) I the initial substrate concentration were 107° 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 amount of product formed would, of course, be
less than in part a.

{(c) Vamax can be estimated since we know K. and an initial velocity (v} at a
given substrate [S] concentration. At [S}=107" M,

v=9% of 107 M /min

2% of 107* M /min = 9% X 107° moles X liter ' X min~"
= (0.02)(10"° moles X liter ' X min ")

v=2x% 107" moles x liter ' X min™’

v____[8]
Viax Ko + 18]
2x1077 10°° 107°

Ve ZX10)+ (107 201X 10°

(201X 1072 % 1677

o —7 — -6

Ve = 40.2 pmoles X liter™ X min™

{d) Vwmae will be observed at about 100 K.
1002X10° M)=2X10"'M =02 M

[S]~0.2 M

(e} At 0.2 M, the reaction will be essentially zero-order.
[product] = Vo Xt
=4.02 %X 107 moles X liter ™" X min~" X $ min
= 12.06 X 10" M at 3 min

12.06 x 107° M

X = i
09 M 100 = % conversion of substrate to product

12.06x 107

5% 10 %=603x107%% =] 0.0603%

Now that we know Vi and K., we can obtain another estimate of the
» first-order rate constant, k.

Vix _ 4.02 X 10™ moles X liter ’ X min”’
K. 2% 107° moles/liter

k=

E=2.01% 10" min™
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. problem 4-8

An enzyme was assayed at an initial substrate concentration of 2% 107° M, In
.6 min, half of the substrate had been used. The K. for the substrate is
5% 107 M. Calculate (a) k, (b) Vs, and (c) the concentration of product
produced by 15 min.

Solution
The [S} is <0.01 K.. .. The reaction is first-order.
0.693 0.693 . . 0.693
(@ —5 T —k——ﬁmm k————6—-
k =0.115 min™
Vrnax —_
(b) k=" Vimax = (R)(K)

Ve = (0.115 min )5 X 107 M) = 0.575 X 10> M min™

= 0575 x 107° mole X liter™ X min™"

Voas = 575 pmoles X liter”' X min™

Sk _ 2x107°
(c) 2.3 log 5] kt 23 log 5] (0.115)(15)

2.31log (2x107)—2.3log{S}= 1725
2.3log [S]1=2.3log (2 X 107%)— 1.725

—10.81—-1.726 _—12,

log [S]=—545 .. [S]=855X10"°M
[P]={Slo—[S]=(2 X 107%) — (0.855 X 107

[P]=1.645 %10 M

D. METHODS OF PLOTTING ENZYME KINETICS DATA

Because the v versus [S] curve is a hyperbola, it is rather dificult to determine
V.. and, hence, the [S] that yields 3 V.. (ie., K.). To facilitate the
determination of the kinetic constants, the data are usually plotted in one of
the linear forms described below.
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LINEWEAVER-BURK RECIPROCAL PLOT: 1/v VERSUS 1/[S]

This plot is based on the rearrangement of the Henri-Michaelis-Menten
equation into 2 linear (y = mx +b) form:

v [8] . Vi Kn +[S]
Vo % 115 5] Inverting: e —[S]

Coo 1 K +[S] . A1 K. [S]
Cross multiplying: v VoISl Separating terms: v " VonSI + Vo]

K 1 1
= VriSl Vo |- (13)

or

CRT

Thus, if we plot ¥}v versus 1/[S], the slope=K./Vn. and
the intercept on the y axis = 1/ V.. (Fig. 4-12). We can also see that when
1/v =0, (Kn/ V) X (1/[S]D = — 1/ Vmax and, therefore, 1/{S]=—1/K... Thus,
the intercept on the 1/[S] axis is — 1/K.. As we shall see later, any factor that
multiplies the K,, term of the original Henri-Michaelis-Menten equation will
turn out to be a factor of the slope (ie., of K./V..} in the reciprocal
equation. Any factor that multiplies the [S] termn of the original equation will
turn out to be a factor of the 1/v-axis intercept (i.e., of 1/ V... in the reciprocal
equation,

_En En 2Kp 3Km
(51 0 [8] {s} {s]
I I [ I
Range . 0.33—2.0K,
' 1.4
Vmal
.3
Vinax
.z
Vimax
1 (UL TR T A T N O TN
1 0705 10 15 20 |Vmx
-1 Vinaz [s]
K,,.\ -
[ [ |
3 0 1 2 3 0

Figure 4-12 Double reciprocal (1/v versus 1/[S8]) Lineweaver-Burk
plot. The [8] range chosen is optimal for the determination of K.,
and Vi
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SUBSTRATE CONCENTRATION RANGE

The concentrations of substrate chosen to generate the reciprocal plot should
" be in the neighborhood of the K. value. If the concentrations chosen are
very high relative to the K. value, the curve will be essentially horizon-
tal. This will allow Vmax to be determined, but the slope of the line will be
near zZero. Consequently, it will be difficult to determine K., 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 essentially first-order. There is no hint of saturation. V., and

K. appear to be infinite.)

LABELING THE AXES OF RECIPROCAL PLOTS

The beginning student sometimes is uncertain about the units used in labeling
axes or columns of data. 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 10°.” Below
the heading we might find the figure “0.1.” Some people interpret the
heading as ‘“‘the units of the data” and, hence, the “0.1” really represents
0.1%10° mM or 10mM. Others interpret the heading as ‘‘the numbers
shown below are mM concentrations that have aiready been increased
100-fold.” The figure “0.1” then represents 0.1X10°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
ssubstrate concentration, pM.”  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: firsg, equal increments of [S] that yield equally spaced points on
the basic v versus [S] plot do not vield equally spaced points on the reciprocal
plot. For example, relative values of [S] equalt0 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, criticisim 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). One or two “bad” points at high 1/v—1/[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
increments. 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
circumstances 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 [S] may be more convenient
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t

for data obtained at equally spaced increments of [S]. The Woolf-
Augustinsson-Hofstee plot of v versus v/[8] and the Eadie-Scatchard plot of
v/[8] 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 atiention 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-WOOLF PLOT: [S]l/v VERSUS [S]

The Lineweaver-Burk equation may be rearranged to yield the linear.
equation for the Hanes-Woolf plot:

1 K. 1 1

4 Vmax Fsi * Vmax

Multiplying both sides of the equation by [S]:

S1_[S1E= 1, [S]
v Veax [3] Vian

or E:!z

1 o, Kn
v - Ve Ty (4

Thus, a plot of [S}/v versus [S] is linear with a slope of 1/V45ax. The intercept -
on the [S)/v axis gives Kn/Vmx. When [S]/v =0, the intercept on the [S] axis
gives ~ Kn. 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-HOFSTEE PLOT: v VERSUS v/[S].

Another linear form is obtained by rearranging the basic velocity equation as
shown below. :

A
K. +[8]
Dividing numerator and denominator by [S]:
— Vmax — ‘U_‘K'ﬂ
v—_r_[_l Vmu~[8]+v
[S]
- _vEa. =K.
U= Vmax [S] or v Km [S] + anx (15)
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The plot of v versus v /(5] is linear with a slope of — K... The intercept on the
v axis gives Via When v =0, the intercept on the v/[S] axis-gives
" Veue/ 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 Vo../Kn. (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.

THE EADIE-SCATCHARD PLOT: v/[S] VERSUS »

1f the Henri-Michaelis-Menten equation is rearranged as described above for
the # versus v/[S] plot, we obtain:

vK,,
Vinax = E"l" v

Dividing both sides of the equation by K.,.:

(16)

1
or E’S—]-—-—E" Km

Thus, a plot of v/[S] versus v is linear with a slope of —1/K. and an inte:rcept
of Vaau/K. on the v/{S] axis, When v/[S]=0, 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] v
(M) {nmoles X liter ' X min™)
8.33 % 10°° 13.8
1.00x 107 16.0
1.25x 107 19.0
1.67x107° 23.6
2.00x 107* 26.7
2.50x107° 30.8
3.33x 107 36.3
4,00 107 40.0
5.00% 107° 44.4
6.00x 107 48.0
8.00x 107 53.4
1.00¢ 107 57.1

200 107 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 v by [S] or [S] by v, all concentrations are expressed in molarity, and
all velocities are expressed in terms of moles per liter per minute. In order
to simplify the numbers to be plotted, the decimal point has been moved
appropriately. Thus, {§]=2.50X107° M is indicated simply as 2.5. The

Table 4-1
[S] v 1/ES) v v/[S} [SYv
(MyX10° (M Xmin™)x10° (M )% 107 (Mxmin™)7"' %107 (min)'x10° (min)x107
0.835 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
1.67 93.6 6.00 4.94 1.41 0.709
2.00 96.7 5.00 3.74 1.34 0.746
250 30.8 4.00 3.25 1.93 0.812
3.00 34.3 3.33 2.91 1.14 0.875
3.33 36.5 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 2.95 0.89 115
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 57.1 100 1.75 0.57 175
20.00 66.7 0.50 1.50 0.334 2.99

column heading “(M) % 10”" means that the numbers shown represent the
concentrations multiplied by 10°. The v observed at [S]=250%X107" M was
30.8 nmoles X liter ' X min™" or $0.8 X 107° moles X liter* X min™". This is in-
dicated simply as 30.8 under the heading (M Xmin™"y % 10°, that is, the
number shown is 10° times the observed v. The corresponding 1/{S]=
1/(2.5 X 107%) = 0.400 X 10° = 4,00 X 10, This value is entered simply as 4.00
and the column is headed (M ™)X 107", that is, the value shown is 107" times
the true reciprocal concentration. /v =1/(30.8%107° moles X liter™ x
min™") = 0.0325 X 10° = 3,25 X 10", Only 3.25 is entered. The column head-
ing shows that this represents the true reciprocal velocity multiplied by
1077, With the units chosen, the v/[3] and {S])/v entries come out relatively
‘simple numbers. For example at [S]=2.5X 107°M and v = 308X 107° M X
min”, [S}/v = (2.5 X 107°)/{30.8 X 107°) = 812 min, which is entered as 0.812 in
the column headed (min) % 107°.  The 1jv 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



‘6% werqold up usALd erep jo [SI/] snsisa a/1 Jo 101y £I-p andiy

p=01 % ()2
A ot 8 ] 7 2 o .- _
! | ~ H m i _ _ [ T T ¥ 14
—TEE X 43} X sajowu gg = xm_.ﬁ

10T ‘.“ A = Xeuy —]

b
o HIEX B8 X SB{OW . 0T X 0g = y Wi X | _J3) X sajoud , 07 x (g0 =

Em}o._”x.vHEVN

OH X . SnEﬁ-
hqumNﬂE ! w O._..x‘v.oivo.HXm.N|:..
WS¢ = L MSERIENIT] y— T = tiyr

T-=

239




90 —

Intercept = V., = "80"
Viax = 80 x 1072 moles x liter™? x min™
T

[Vm“= 80 nmoles x fter™! x min™~

@ 60— Stage = ~ K = yint __BOX 10~ moles x Fitae ™1 x min~!

— xint 2 mip~1
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R Figure 4-14 Plot of v versus v/[S} 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.
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figure 4-16 (a)Plotof /v, versus 1/{8]. Two enzymes are present: Ko =1, Voo = 10; K., = 10,
V.= 10. The [5] range plotted is 0.1 to 25. (b) Plot of vw./[S] versus va, for the same two
maxg

enzymes described in (a).

linear plot would best disclose the presence of multiple enzymes? To decide,
assume that the serum sample contains two enzymes with the following kinetic
constants: K, =1, V.., =10; K.,,=10, Vinaxe = 10, .

Solution

The observed v would be the sum of the activities of the two enzymes.

_ 1V, 5]V
Yo S v T e ST T Ko+ [S]

Calculate ves over a wide range of substrate concentrations, for example,
{S]=0.1 to [S]=25. Plot 1/vw. versus 1/[S}], Uabs/[S] versus v.,., and so
on. All 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,./IS] versus ve, obviously provides the better
indication that the data do not conform to a single Henri-Michaelis-Menten
equation. (The plot is curved over a wider range of points.) The v, versus
Vobs/[S] and [S]/ves: versus [S] plots are also better than the 1/v., versus 1/[8]
plot for detecting multiple enzymes that catalyze the same reaction.

SCATCHARD PLOT FOR EQUILIBRIUM BINDING DATA:
[S1:/[S]; VERSUS [S], OR [SL/IS),[E]l, VERSUS [S],/[E]

Many proteins bind small molecules but do not catalyze a reaction of the
ligand. Some examples include the binding of oxygen by myoglobin or
hemoglobin and the binding of hormones and drugs by specific receptor
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/
(51, = 12 = 2 = 1 (Inside and outside)

(Sl +[PS) = £ = 1.6 (Inside)
2 [PS] = [Sl5 = 0.6 or [PS] =2 = 06 (Inside)

Ple= % = 2.0 (Inside)
[Pl; = iPle - [PS] = 20 ~ 06

Vot = 10— Vol = 5
iPlp = 14 ot [Pl = = 1.4 (Inside)
{Ps] 3 _
P, - 16" 0.3
YISy, _ aaw
ST sy 06 233

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 represent 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, or activator, and 50 on. At equilibrium, the
concentration of free ligand, [S);, is the same on both sides of the membrane. The
excess ligand inside the dialysis bag represents bound ligand, [S} or [PS]. Note
that if no protein were present inside the dialysis bag, the equilibrium {S); 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 m)), separated by a semipermeable 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, inhibitors, and activators to enzymes can also be studied by
equilibrum dialysis if no catalytic reaction occurs. (This is feastble 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
equation 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]: for v, and
n[E]. for Vm.x since:

v « {S] and Vnax ® nfE],

where  [S],=[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 eguation becomes:

n [E]:

K a7

Bs__ 1
s, KT
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[Sls [Sls
s, SHED
0 [STs 0 ISk
[El:
(a} (&)

Figure 4-18  Scatchard plots for equilibrium ligand binding.

where Ks is the intrinsic substrate dissociation constant of a site. The ST,
term in the above equation stands for the concentration of free sub-
strate. (Usually, it is indicated simply as [S].) [S1./[S); 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, [S]. 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 significantly less than [S].

A plot of the ratio of bound to free ligand versus the concentration of
bound ligand is linear with a slope of —1/Ks (Fig. 4-18a). The horizontal axis
intercept gives n[E]. (i.c., the total concentration of ligand binding sites). If
the molar concentration of enzyme is known, the data can be plotted as:

.....[S_]"_ — _.._.:L [S]b i
[SIE).  Ks[E). T K. (18)

A plot of [S]./[S}[E] (i.e., moles of ligand bound per mole of enzyme divided
by the concentration of free substrate} versus {S)i/[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. If the
enzyme possesses multiple independent binding sites with different affinities

for the ligand, the plot will be curved.

* Problem 4-11

An amino acid binding protein, P (presumably involved in membrane
transport and chemotaxis), was released from E. coli by osmotic shock. The
protein was purified to homogeneity and found to have a molecular weight of
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$5,000. A solution of the protein (0.5 mg/ml} was placed in one compartment
of a dialysis chamber. An equal volume of buffer containing 4 % 107° M w-
leucine-C" 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 Testricted to one compart-
ment. After equilibration, the compartment containing the protein had
2.3x107° M total (bound+ free) L-lcucme C¥. The compartment without
protein contained 1.7 % 10~ M L-leucine- cH. Calculate (a) the concentration
of bound L-leucine-C*, [PS] or [S]s, (b) the concentration of free protein, [P];,
and (c) the dissociation constant for the protein-leucine complex assuining one
binding site per molecule of protein.

Solution

First, note that if no protein were present on one side of the dialysis
membrane, the concentration of L-leucine- C*" would be 2% 107 M in both

compartments after equilibration.
(a) (S} +[S]=2.3x107
[S=17x10"M

[S]s = [PS]= 0.6 X 10~° M

Note that [S§}, represents the concentration of bound substrate in one
compariment of the dialysis chamber.

(by The total protein concentration, [P], is:

0.5 g/liter

= -5
55 % 10° g/mole ~ 3 X10°M

(Pl =

[P), also equals the total concentration of binding sites when there is only one
site per molecule of protein.

[P],= [P}, — [PS] = (1.43 X 107%) — (0.6 X 10

[P}, =0.83%107°M

[P}[S) _ (0.88 X 10-°}(1.7 X 10™)
{PS] 0.6% 107

() Ks=

) Ks=235x10"° M

Figure 6-2 shows the equilibrium distribution of radioactive S and proteinin a
dialysis chamber composed of two equal-volurne compartments separated by
a semipermeable membrane. Problem 6-18 illustrates the use of radioactive
substrates in equilibrium binding studies.
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INTEGRATED FORM OF THE HENRI-MICHAELIS-MENTEN
EQUATION

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. is very high and the product has a
very low affinity for the enzyme, then the decreasing velocity with time results
only from the decreasing saturation of the enzyme. K. and V... may be
determined by using the integrated form of the velocity equation.

_d[S] - Vmu{S]
dt K. +{8]
Rearranging

K. +S]
(S]

Integrating between any two times (e.g., zero time, f,, and any other time, t)
and the corresponding two substrate concentrations ([S]o and [S]):

Ve L di = f[m Ko +ES}d[S]

Separating the terms in the right-hand expression:

] (51 51
vmf di=-k, [ 48[ 4

Vonaedt = — d[8]

e[S Jsw
or Vit = = Ko I {0 = (51 (5]
Vaut=23 K, log {{31]"-4»([5].,—[5]) (19)
where [S] = the concentration of substrate at any time ¢

=[5} —[P]
([S]o— [S]) = concentration of substrate utilized by time ¢
= [P], the concentration of product produced by time ¢

Note that the right-hand part of Equation 19 is composed of a first-order term
and a zero-order term. Equation 19 may be divided throughout by ¢t and
then rearranged to:

2.3 [Slo_ 1 ([Sk—(S) 6V
ey ™"k, Tk

(20)

This is the equation for a straight line. Thus, K. and V... 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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Figure 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 tell 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 masquerading 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 ina
manner that prevents substrate binding. That is, the inhibitor and the
substrate are mutually exclusive, often because of true competition for the same
site. A competitive inhibitor might be a nonmetabolizable analog or deriva-
tive of the true substrate, or an alternate substrate of the enzyme, or a product
of the reaction.

Malonic acid is a classical example of a true competitive inhibitor. Malonic
acid inhibits succinic dehydrogenase, which catalyzes the oxidation of succinic
acid to fumaric acid, as shown below.

CH—COOH H—C—COOH
] +FAD == i +FADH,
CH.—COOH HOQC—CH
succinic acid tumaric acid

Malonic acid resembles succinic acid sufficiently to combine with the enzyme

at the active site.
COOH

.
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-amincbenzoic acid (PABA).

NH2 NH?
COOH SO.NH;
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 24
represent other ways in which an inhibitor and substrate would be mutually
exclusive: steric hindrance (Model 2); steric hindrance or competition for a
common binding group (Model 3); and overlapping binding sites (Model

Figure 4-20 Models of competitive inhibition: S and 1 are mutually
exclusive. (1) Classical model. 8§ and I compete for the same binding site. 1
must resembie § structurally, {2) I and S are mutually exclusive because of steric
hindrance. (3)1and § share a common binding group on the enzyme. (4} The
binding sites for T and 5 are distinet, but overlapping. (5) The bindingof F toa
distinct inhibitor site causes a conformational change in the enzyme that distorts
or masks the substrate binding site (and vice versa).
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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 (or a 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
ATP by fructose or mannose is an example of competitive inhibition 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:

L A,
E+S ES E+P
+
I
_[EI
“‘“ K ="g
EI

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 inhibitor (a) w (the velocity in the presence of a competitive inhibitor)
can be made to equal v (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 Vm. (the maximal initial velocity in the absence of in-
hibitor). The apparent K., (measured as [S] required for 3 V) will increase
in the presence of a competitive inhibitor because at any inhibitor concentra-
tion a portion of the enzyme exists in the EI 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=h[ES] == ___kIES] __

(El [E]+[ES]+[EI]

[ES] = % (E] and [(EI]= %1 [E]

(5] (8]
2 Ks =) or LA K. (21)
k,[E) 8] i Vo [s1, M
[E]1+ Ks [E}-f—Ki [E] 1+K5+K4
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If we compare the above equation to the usual velocity equation we see that
the denominator has gained an additional {I)/K; term representing the EI
complex. The numerator still has one term indicating that there is stil] only
one product-forming complex (ES). To obtain a more familiar form, the
numerator and denominator of the right-hand part of the aboye equation can
be multiplied by Ks and factored:

v . [S]
- ©2)
Viees Ks(l + E,—?) +[8]

We obtain the same final velocity equation for steady-state conditions,
except K., replaces Kg. 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 EI must be at equilib-
rium. (There is nowhere for EI to go but back to E+1) The velocity
equation differs from the usual Michaelis-Menten equation in that the K.,
term is multiplied by the factor [1 + ({1)/K:)}. The above derivation confirms
our original prediction that V..., is unaffected by a competitive inhibitor, but
that the apparent K., value is increased. The increase in the K, value does a0t
mean that the EI complex has a lower affinity for the substrate. EI 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 available enzyme between the “full affinity” and “no affinity”
forms. The factor [1+([I)/K:}] may be considered as an [1]-dependent
statistical factor describing the distribution of enzyme between the E and EI
forms. Figure 4-21 shows the effect of a competitive inhibitor on the v versus
[S] plot. ‘

The velocity equation for competitive inhibition in reciprocal form is:

1 K., ( [I]) 1 )3
== 14—t 23
v Vi KiJ[8] " Ve (23)
T T T T T T I T T T T
Vinax - 1.0
max i Contral rj?? ]
- —08
v - - - v
+ Competitive
- inhibitor 136
0.5 Vinax Y S at [I] = 3K; ~
{1 ! —304
; ! ]
H —402
5 LK -
0 | I 1 1 1 [ 1 I ] i 4]
0 2 4 & 8 10 12 14 16 18 20 80
(s}

Figure 4-21 v versus [S] plot in the presence and in the absence of a fixed
concentration of a competitive inhibitor.
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Figure 4-22 1/v versus 1/[S] plot in the presence of different fixed concentra-
tions of a competitive inhibitor.

Thus, the slope of the plot increases by the factor {1+ ([1}/Ki)} (which
multiplied K. in the original equation), but the }/v-axis intercept remains
1/Vimax. K: can be calculated from either the slope of the plot, or the
1/{Si-axis intercept. When l/v =0, the 1/[S]-axis intercept gives —1/K.,,
where K., = K«[1+({I}/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/ Vamx 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 line on the 1/v axis. As [I] increases, the
intercept on the 1/[S] axis moves closer to the origin, that is, Kn,,, continually
increases.

The slope of the reciprocal plot in the presence of a competitive inhibitor 1s
given by:

_ Ka m) _ K. K.
slopess = Vo (1 + K, or slopeys = VoK, 11+ Vo (24)

Thus, a replot of the slope of each reciprocal plot versus the corresponding
inhibitor concentration at which it was obtained will be a straight line (Fig.
4-23q). For convenience the slope of a reciprocal plot can be read off directly
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Figure 4-23 Replots of data taken from the reciprocal plot. (a) Slopeys versus
(Il. (b} K., versus [I].
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Figure 4-24 (a) Dixon plot for a competitive inhibitor: 1/v versus [I] in the
presence of different fixed concentrations of substrate. If V.. is known, a
horizontal line at a height of 1/Vin, 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 [1] (Fig. 4-23b):

—_——

_K-
K. X, 1]+ Kn (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:

L4

1_ K. 1 K.,
I T A ) L (1 + [S}) (20)

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... remains un-
changed, but in the presence of a competitive inhibitor a much greater
substrate concentration is required to attain any fraction of Vpa. The,
degree of inhibition caused by a competitive inhibitor depends on [S], [1],
K., and K. An increase in [8] 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 K, the greater is the degree of
inhibition at any given [S]and {I}. K is equivalent to the concentration
of 1 that doubles the slope of the 1/v versus 1/{S] plot. (K: is not
equivalent to the [I] that yields 50% inhibition.)

NONCOMPETITIVE INHIBITION

A classical noncompetitive inhibitor has no effect on substrate binding and
vice versa. S and I bind reversibly, randomly, and independently at different
sites. ‘That is, I binds to E and to ES; § binds to E and to EI. However, the
resulting ESI complex is catalytically inactive. I might prevent the proper
positioning of the catalytic center. The equilibria are:

E+S = ES— " >E+P
+ + ‘
: 1 K. = [ElS] _ [ETI[S]
[ES] [ESI]
‘I " . = [ENI _ [ESI[T)
El+8=—= ESI " [EI]  [ESD
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We can see from the equilibria that, at any inhibitor concentration, an
infinitely high substrate concentration cannot drive all the enzyme to the
productwe ES form. At any [I} a portion of the enzyme will remain as the
nonproductive ESI complex. Consequently, we can predict that the Vi in
the presence of a noncompetitive inhibitor (V.u..,) will be less than the V...
cbserved in the absence of inhibitor. The K, value (measured as the £S]
required for 0.5 Va..) will be unchanged by a noncompetitive inhibitor
because, at any inhibitor concentration, the enzyme forms that can combine
with § (E and EI) have equal affinities for 8. 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 usua! way.

- k [ES]
v=hIES] T [ES]-+ [EL] + [EST]

es) =B g [EI]:%}[E]

IS}
v K, [E]

8]
k) ’ Ks
Ve 57, [0, TSI (
1 + K; el K.K,
or v _ (8] 8-
Veoae Ks(l +Lé,1)+[8](1 +%-‘]-)

We can better appreciate the effect of 2 noncompetitive inhibitor by dividing
both sides of the velocity equation by the parenthetical factor:

v __IS]
Vo Ks+ 5] (29
]
(1+50)
oT
_v ___[S1 Vi
Vow:  Es+[5] “here Ve (1+11)
| 0

= the apparent V... at the given {1}
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Figure 4-25 v versus [8] plot in the presence of a noncompetitive inhibitor.

As predicted, we see that the only effect of a noncompetitive inhibitor is to
decrease Vo, The Ks value remains unchanged (Fig. 4-25). (The student
should not be confused by the fact that the Ks term in the original equation
was multiplied by [1+({I}/K:)]. Before deciding whether or not Ks is
affected, we must first modify the equation by removing any factor of the
variable [S].}) The decrease in V.. does not mean that the inhibitor has
decreased the rate constant for the breakdown of ESto E +P. This constant,
k,, is unchanged. It is the equilibrium level of ES that is decreased. Atany
[S] and (1], the enzyme-substrate complex is present as a mixture of produc-
tive ES and nonproductive ESI forms (and k, =0 for the ESI complex). The
factor [ + ([I)/K.)) 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, K, ==Kz A steadystate 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:

The equation indicates that both the slope and the 1/v-axis intercept of the
reciprocal plot are increased by the factor (1 +[1VK,} compared to the
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Figure 4-26  1/v versus 1/[S] 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/[S]-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 (1]
increases, the “plus inhibitor” curves increase in slope and 1/v-axis intercent
(Fig. 4-26), pivoting counterclockwise about the point of intersection with the
control curve (at —1/K.. on the 1/[S] axis). As [I] increases, 1/ Vaax, cOntinu-
ally increases, that is, V..., continually decreases. Because the initial velocity
can be driven to zero at a saturating inhibitor concentration, the limiting slope
will be a vertical line through —1/K,. and parallel to the 1/v axis.

‘The slope of the reciprocal plot in the presence of a pure noncompetitive
inhibitor is a linear function of [I] as shown earlier for pure competitive
inhibition. The 1/v-axis intercept (1/V,...) is also a linear function of [I} as
shown below.

1 1 E_l) 1 _ 1 1
Vs~ Vo (1 tx) °r Vo, Voo, Mty | G

Thus, a replot of 1/ V., for each reciprocal plot versus the corresponding
inhibitor concentration at which it was obtained will be a straight line with
slope 1/ Vimax K; and intercepts of 1/ Vo (at [} = 0 on the 1/ Vi, axis) and — K
(at 1/ Vaax, =0 on the [I] axis).
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Siope

(a)

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.

K.
L )

The plot is shown in Figure 4-27. Noncompetitive inhibition may be disting-
uished from competitve inhibition by the intersection of plots at all values of
[S] on the [I] axis at [I}=~Ki, The alternate linear plots are shown in
Figures 4-33 to 4-35.

IRREVERSIBLE INHIBITION

A substance that combines irreversibly with an enzyme may resemble a
noncompetitive inhibitor because V.. is decreased but K. remains
unchanged. The reactions are

hﬁ
ES—— E+P

Kg

E+S
+
I

$
EI

Diisopropylfluorophosphate, which irreversibly binds to active serine residues
on some hydrolytic enzymes, is an example of this type of inhibitor. Vo
decreases because some enzyme is completely removed from the
system. (Remember, Vo= k[E].) An irreversible inhibitor can be dis-
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Figure 4-28 A plot of V... versus amount of enzyme added will
distinguish between a reversible and an irreversible noncompetitive
inhibitor. [EJ; represents the amount of enzyme ttrated by the
irreversible inhibitor.

tinguished from a classical noncompetitive inhibitor by plotting V... versus the
total amount of enzyme added to the assay mixture in the presence of I (Fig.
4-28).

UNCOMPETITIVE INHIBITION

A classical uncompetitive inhibitor 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. Nevertheless, 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 1 binds to the enzyme only after the
substrate binds (although I rarely binds to a central complex where all the
substrate binding sites are filled). Classical uncompetitive inhibition is de-
scribed by the following equilibria: )

K kp
E+S ES——>E +P
+
1
o
ESI

The equilibria show that at any [I] an infinitely high substrate concentration
will not drive all of the enzyme to the ES form; some nonproductive ESI
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complex will always be present. Consequently, we can predict that Vi in
the presence of an uncompetitive inhibitor (Vmsx,) will be lower than V. 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+S8+ ES to
proceed further to the right. The velocity equation is derived below:

- v k, [ES]
v=hIES] ey T E]+[ES]+ (EST)

(£s1 -2 [e)

and [Esn—m sy =Sl ]E{} [E]
) Bligy
BIEL (E] +{S] (E] +[S]{1] (E]
5]
v v Ks
(33)
! Ve [5] {S)1}
; I+ 7 Y E.K,
or L = [S] (34)
Ve Ks+[S](1+[I])

A steady-state treatment yields the same equation with K, veplacing Ks. I
we remove the parenthetical factor from the variable [S], the equation

becomes:
v _ {5]
Viax - K. 18] (35
(1] [1}
(1 +E) (1 + K,)
v___ I8 '
or Ve,  Km,+[S] (36)

where Vo, = Yemn 1 = the apparent Vm.. at the given [1]
(-8 |
K. .
and K., = —----f-]— the apparent K. at the same given [I]
+_,...
(+2)




R e AR

ENZYME INHIBITION 259

T T T ——

Vmax |- . —H10

Control

0.5 Viax = mmm—m e o

+ Uncompetitive inhibitor at |1] = 2K; 5/0
—> e S =03

Vmax,- _

0.5Vinax,

Ko

AN

1

1

!

]

i Kn

i/ | | | ({ i 0
1 100
157

Figure 4-29 v versus [S8] plot in the presence of an uncompetitive inhibitor,

In other words, an uncompetitive inhibitor decreases V... and K.. tc the same
extent. The v versus [S] plot is shown in Figure 4-29, The reciprocal form
of the velocity equation for uncompetitive inhibition is:

_ K. 1. 1 23]
= VoSl Vo (1+K.-) 7)

|

The slope of the plot is stil Kn/Vmax, 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
paraliel. As{I] increases, the 1/v-axis intercepts increase, vielding 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/ Vi,
versus [I] will be linear with intercepts of 1/V... and —K: as shown for
noncompetitive inhibition. K., varies inversely with {I]: ‘

1 1

1
K.. KK, 0tk ©8)

Thus, a replot of 1/K.,,, versus [I} will be a straight line with a slope of 1/K:Kn
and an intercept on the 1/K,,  axis of 1/K.. When /K., __ =0, the intercept
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Figure 4-30 /v versus 1/[S] plot in the presence of different fixed concentrations of

an uncompetitive inhibitor.

Vou: (115

N7 [ o i1

Figure 4-81 Dixon plot for an uncompetitive inhibitor: /v
versus [I] at different fixed concentrations of 5.
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on the [I} axis gives — Ki. The equation for the Dixon plot is:

1 i 1 K. '
- VoK By (1 * fS?) (39)

The slope expression does not contain an [S] term. Consequently, the family
of plots are parallel (Fig. 4-31). ‘Thealternate 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 4 form of noncompetitive inhibition):

HS kp
E+S ES——E+P  _[EJS EI][S
'; . + 5= [ES] aKs= [EST]
. - _[EJL] - _[ESHI
"‘] I K="y K=" Eag
EI+S ESI

The presence of I on the enzyme changes the dissociation constant for S from
KstoaKs. Note that the dissociation constant of I from ESI must also change
by the factor « for the four enzyme species to be at equilibrium, that is, the
overall K., of the reaction between E and ESI must be the same regardless of
the path. Thus the path E->ES—ESI has an overall K., of 1/KsaK.. The
path E—> EI—ESI has an overall K, of 1/KiaKs. (See Fig. 1-11 for a similar
situation.) ESI is catalytically inactive. The velocity equation for rapid
equilibrium conditions is obtained in the usual manner;

_ v k[ES]
v=k(ES] 15y [T (ES] + BN+ [EST]

From past experience, we can write the terms for each complex without
deriving them.

IS]
v ks Ks
{EL [81, [H1, [S]{i]
TR T aKsK
Letting & [E]L = V!
51
v Ks
= (40)
Ve {81, ], -[S]]
1 +'R-;+ 2 +—aKsKe
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v {8} (1)

= K1 +D)es(s +20)

or

The family of reciprocal plots intersect to the left of the 1fv axis. The
intersection point is above the 1/[S}-axis if & > 1 (Fig.4-32a). The slope replot
gives K; (Fig. 4-32b); the 1/v-axis intercept replot gives aK; (Fig. 4-32¢).
The alternate liner plots are shown in Figures 4-33 to 4-35.

General Rules for Unireactant Inhibition Systems Where ESI is not
Catalytically Active

1. IfIand S aremutually exclusive, I willbe a competitive inhibitor.

9 If I and S are not mutually exclusive and both ligands bind
independently of each other, [ willbea noncompetitive inhibitor. If
1 affects the affinity of E for 8, I will be 2 mixed-type inhibitor with
linear slope and intercept replots.

3, T T binds only after S, I will be an uncompetitive inhibitor.

FEEDBACK INHIBITION*

Many biosynthetic pathways are regulated by feedback inhibition; that s, the
end product(s) or near end product(s) control the metabolic lux by inhibiting
one or more early Teactions of the pathway. Often, maximum feedback
inhibition is attained only by the combined action of multiple end
products. This prevents one end productofa 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 Es. BothIand X
together might inhibit enzyme E, in a cooperative, concerted, cumnulative, or
additive way as described in Table 4-2.

Feedback inhibition

Sequential
feedback inhibition

Feedback inhibition

* For a more complete discussion of the various types of inhibition and feedback systems,
including partial and mixed-{ype systems where the ESI complex is catalytically active, the student
is referred to the author’s Enzyme Kinetics: Behavior and Analysis of Rapid Equilibrium and
Steady-State Enzyme Systems, Wiley-Interscience (1975).
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Table 4-2 Patterns of Feedback Inhibition

Cooperative (synergistic}
inhibition

Example: Phosphoribo-
sylamine synthetase

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 [1}= 6 K; and {X] =0 and if 35% inhibi-
tion is observed at [X}=6 Kx and [I]=0, then at
[I]=3 K, plus [X]=13 Kx, the inhibition will be
greater than 35%. Cooperative inhibition implies
that I and X are not mutually exclusive. Roth end
products can combine with E; simultaneously to form
dead-end EIX and/or EIXS complexes.

_ Concerted (multivalent)
i inhibition

Example: B-aspartyl-
kinase of some
microorganisms

Either end productalone has no effect atall on Ey, but
when both are present, enzyme activity is markedly
reduced. Concerted inhibition may be an extreme
case of cooperative inthibition where the binding of
one end product greatly increases the afiinity of the
enzyme for the other end product. That is, at low
levels of I alone only anegligible amount of EI forms;
at low levels of X alone only a negligible amount of
EX forms. At low levels of I plus X a large
proportion of the enzyme becomes tied up as the
dead-end EIX andfor EIXS complexes. An alter-
nate model for concerted inhibition is as follows: EI
and EX bind § just as well as E; EIS and EXS function
just as well as ES, but EIX {formed only whenIand X
are both present) does not bind S, or EIXS is
catalytically inactive.

Cumulative (partial)
inhibition

Example: Glutamine
synthetase

Each end product is a partial inhibitor. That is, a
saturating level of I alone or X alone cannotdrive the
velocity to zero. This implies that EI 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 parrial
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 at a given concent-
ration yields 20% inhibition {(leaving 80% of the
original activity), then the same concentrations of
I+ X will leave 48% (i.e., 80% of 60% of the original
activity and yield 52% inhibition (L.e., 40% + [20% of
60%17 or 20% +[40% of 80%]}=52%).

Additive inhibition
Example: Multiple

B-aspartylkinases in
some microorganisms

e

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

267
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Table 4-2 (Cont.)

enzyme or site is affected). Mixtures of I plus X will
appear to act synergistically. That is, the inhibition
observed at [1} = 3 K; plus [X] = 8 Kx will be greater
than the inhibition observed at [I] =6 K; and [X] =0,
or vice versa. However, if X at 6 Kx inhibits 35%,
while I at 6 K; inhibits 35%, then X at 6 Kx plus I at
6 K; 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
acid biosynthetic
pathway)

End product 1 inhibits only Es; 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 buildsup. N inhibits E.

/——\/6

An enzyme has a K. of 4.7

2x 107" M substrate and 5X
noncompetitive inhibitor, (c)
cases is 3X 107° M. (d) What

% 107° M. If the V... of the preparation is

92 pmoles X liter™' X min~', what velocity would be observed in the presence of

107*M of (a) a competitive inhibitor, (b) a
an uncompetitive inhibitor. K in all three
is the degree of inhibition in all three cases?

Selution
@ =S @x10 )0
K,,,(l + %) +[S] (4.7% 10‘5)(1 +g . 18_4) + X107
44 %107 44 x10™

TEIXI0H2EN +@x107) 3.25x10°

v =13.54 pmoles X liter ™ X min~’

b) b= [S]Vomax . (2x107(22)

i ’ 18] » s 5x 10~
s1+ K1+ 8] rexi0+@rxo N(1+35707)
_44x107 44x107*

3 (247X 107(2.67)  6.59x 107

v = 6.68 pmoles X liter ™ X min~

1

htl
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(2 X 10729)

[S1Vime ___
U]) (47X 107+ (2% 10*‘)(1 +2—§%:)

K.+ [51(1 ra
44 x 107 44%10™

T @IX 10+ (@ X 109(2.67) 58Ix 10

(©) v =

1

= "1.57 pmoles X liter " X min~

(d) In the absence of inhibitors the velocity, v, is given by:

_ S Vimar _ (2 % 1071(22) _ 44x10”
Ko +[8] (47%107)4+2%107% 247x10°

To

vo = 17.8 pmoles X liter™ X min™"

We can express the inhibition in a number of ways:

IH N . n -

a = — = relative activity as a fraction

¢
160 25 . e

o relative activity in terms of percent

1]
. ™
- (1

Uy

ig = 100(1 — a) = degree of inhibition as a percent (“percent

inhibition’")

g =
) == ] — a = {fractional inhibition

Thus for the three inhibitors described above:

Competitive inhibitor

v _13.54 0.76 or 76% of the original activity

T 178

24% inhibition

i=1—-0.76 =0.24 or

Noncompetitive inhibitor

a= 5.68 0.375 or  37.5% of the original activity

62.5% inhibition

i=1-0.375=0.625 or
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Uneompetitive inhibitor

a=——=0.4256 or

i=1—0.425 = 0.575

- Problem 4-13

What is the relative activity and the degree of

or 57.5% inhibition

42 5% of the original activity

competitive inhibitor when [8]= K~ and [I]1= Ki?

Solution

In general, the r
inhibitor is given by:

[S] Vmax
g="= K“‘(l +%)+ IS] or a K. +[S]
o [S]1V s [1i
K, ¥ [S] K’“(l * K.-) 18]
The inhibition, i, is 1 —a:
i=l—-a=1— K’";][S]
Km(l +E') +{5]
K, +%n [I] 4 [S]— K — [S] .
K. + KK[I] +1(5] K.K.. + K.[1]+ K[S]
= {1l . 100411
{=— and ig =
K,(l +E’3) +111 K (1 + {S]) + ]
Thus, when [S]= K. and [I] =K
EntKn _2Kn_| qe67

a =

i=1—a=1-0.667=| 0.333

K.(1+1)+ K. 3Kn

ig=1001=

33.3%

inhibition caused by a

elative activity, @ = v/vo, in the presence of a competitive

(42)

(43)
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100K 100K _

or wERO+D+ K 8K | 383%

Note that the value of Vi is not needed to calculate either @ or i.
Similar derivations yield:

Noteompetitive inhibition

K{ y = I
a= X+ and i= —L}_K; +m (44)

Utncompetitive inhibition

_ Ka+[S] _ m
Tkt [S}(l +%}) nd ‘ K.-(l +&) +1] ")

(8]

Equations 43, 44, and 45 tell 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 uncompetitive inhibition. The effect of increasing [S]
on the degree of inhibition caused by a mixed-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 {I].

« 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 Kn =6.7X 107 M and V.= 300
nmoles X liter ' X min™".  Galactose-6-sulfate isa competitive inhibitor (I). At
107° M galactose-6-sulfate and 2 X 107° M glucose-6-sulfate, v was 1.5 nmole X

liter ' X min~". Calculate K, for galactose-6-sulfate.

Solution
v __ [8] - ( ﬁ)
Vo~ Koo + 5] Ko, = K[1+ K.
1.5 (2x107%)

300 K. +(2x107)
1.5 Kn,,, + 3% 107 = 600x 10"
1.5 Kin,,, = {600 X 107) — (3 X 107

597X 10

— —5
Ky =2 = 808X 10

K., =39.8x 10~ M
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Knpy = Km(l +El) ~39.8x 107
b K;
—5
6.7 % 10“(1 + 1§ ) ~30.8% 107
i
-9
6.7x107+ 21210 - 39,8 10
-8
-‘17—;}-‘)— — (39.8% 107 — (6.7 x 107 = 35.1 X 10"
33.1% 107 K. =6.7x 107
-
K= 22X~ 0,902 x 107

E=202%x10"°M

In practice, the data would be analyzed by one of the linear plots described
earlier. The K: would be obtained from an appropriate replot.

- Problem 4-15

Ethylene glycol is oxidized to toxic oxalic acid in the liver. The first 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 107° M, and the K. for ethylene '
glycol is 107 M at the fixed NAD™ concentration in the liver. Let us assuine
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% 107° M in the blood. (a) To what conceniration 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 isa new drug thatactsasa
noncompetitive inhibitor of ADH (K; =2X 107° M). What concentration of
Proinebrium is required to achieve 95% inhibition of ADH?

Solution

(2) If we assume that K; for ethanol is equal to its Kn., then to obtain 95%
inhibition:

. 100 {EtOH] ~ 100 [EtOH] ~
b [EG] - EX10° =95%
] K;m,i(l + f—) + [EtOH] 10“5(1 #2240 ) + [EtOH]

95 x 107°(1 + 0.5) + 95 [EeOH] = 100 [EtOH]}
142.5 X 107° = 5 [EtOH] [EtOH]=28.5X 107" M

EtOH =285 10" M
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(b) Although v and v; vary with [8], the degree of inhibition is independent
of [S] for a noncompetitive inhibitor (Equation: 44). Thus, to achieve 95%
inhibition:

1.00[1}
K; +[1]
0.05[1}1=0.95 K; [11=12K; = (19)(2x 1075

0.95= 0.95 K; +0.95[1] = 1.00[X]

M=3%8x10"°M

If Proinebrium is toxic, then we can reduce its blood concentration 19-fold (to
[1]=2x10"° M) and still achieve 50% inhibition.

E. EFFECT OF pH ON ENZYME STABILITY
AND ACTIVITY

Itis not surprising that pH will influence the velocity of an enzyme-catalyzed
reaction. The active sites on enzymes are frequently composed of ionizable
groups that must be in the proper ionic form in order to maintain the
conformation 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 values of the prototropic groups of the
active site can often be determined by measuring the pH-dependence of slopeys
and Vix,,,. Once the pK valuesare 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 stability study, such as that shown in curve B, is an essential
part of any enzyme characterization. Unfortunately, it is frequently omitted
and only the curve A datapresented. The stability curve B can be obtained by
preincubating the enzyme at the indicated pH for a time at least as long as the
usualassay time. Enzyme 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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4
pH

Figure 4-36 Effect of pHl 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 ionizable 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. Inmanycasesa 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 conceniration 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 thenis A~, Ata
fixed concentration of total weak acid, the proportion that is in the properionic
form can be calculated from the Henderson-Hasselbalch equation. Thus, at
pH = pK., half of the total concentration is presentas A" Whenthe pH isone
unit above the pK., 10/11 of the total is present as A~ (i.e., the ratio of
[AT}/[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 AT,

R e Tk

g
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and soon. Thus, we might expect the velocity to increase as the pH increases,
as shownin curve A of Figure 4-37 where 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 all the enzyme exists as EH* and
all the substrate existsas A~.  However, the two pK. values are only three units

1.0
0,
~
. N
0.9
\
A\
Combination ™
proportional
0.8~ to v at very
fow total
substrate
07 A Substrate B Enzyme
E
2
L 06
j =y
R
g
e pK"substrate pKaenzyme
3 05
£
pit pH at half-maximum v
=
=]
B804
fo
i
03
02—
0.1
O 1 i I l J_ [ ' I
2 3 4 5 6 7 8 9

pH

Figure 4-37 Curve A: Fraction of the total substrate that is in the proper
ionic form (A7) as a function of pH. Curve B: fraction of
the total enzyme that is in the proper ionic form (EH") 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
[ATJ< 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 compared 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. Ifthe A” concentrationishigh compared to K., then the curve will not
decrease as rapidly below pH 5.5. For example, if K. = 107° M and (8], =
107 M, théen even at pH 3.0 the A” concentration will still be almost 10 times
K.. Atfrstglance, it ayseem aneasy matterto 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 for the values chosen to generate
Figure 4-38. If the pK values are quite close, the velocity will still be maximal
at the average of the two pK’s. However, the pH’s at the half-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 also 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 5%,
the reactions are:

F+§ =—ES —2 >E +P"

EH

Thus, for this simple monoprotic system, H* acts as a competitive
inhibitor. As[H']increases (i.e., pH decreases), the enzyme is driven to the -

inactive, dead-end EH form.



Figure 4-38  (e) Plot of v versus pH at [S*]® K,,,,. (b) Plot of v versus pH at [S1=< K
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Vmax;pp ________
\\{__If E is unstable at
high pH values
At [SH) >> Kinanp vl \‘

!

i AS*) <<Kmgy

Ir \

N\
K

{[/p e \\.
pH pH
{a} (b}

app*

(b) The velocity equation is the usual equation for competitive inhibition
with [H™)/K. replacing [IVK;:

v [S+] 1 K. [H+] 1 1
= + and —= 1+ —
Ves k. (1 +%—]) +[S"] 7 Ve ( K. ) IS} V..

(46)

Reciprocal plots of 1/v versus 1/[S'] at different fixed H* concentrations will
yvield different values of K., from which K. (hence, pK.) can be obtained in
the usual way.

(c) 1If [$*]is saturating (very high compared to K. at all pH values) then
¥ = Vi and the plot of V... 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 line at pH
values high compared to pK. (as almost all the enzyme is converted to the
active E” form) (Fig. 4-385). If the enzyme is unstable at high pH values, v
may decrease, giving an apparent “optimum' pH region.

G. EFFECT OF TEMPERATURE ON
ENZYME STABILITY AND ACTIVITY

Most chemical reactions proceed at a faster velocity 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 specific 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
.enzj/mé molecule is a very delicate and fragile structure. If the molecule
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absorbs 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 increase in v resulting from increased E+ 8 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
temperature 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 temperature 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 of a reaction, k, and the activation
energy, F., is given by the Arrhenius equation (Chapter 3):

E. 1 +log A {47)

— —EJ/RT ——
k=Ae or log k 93RT T

A is a constant for the particular reaction. A plot of logk versus 1/T is
linear (Fig. 4-39). The integrated form of the Arrhenius equation is:

R _23RT.T, k: |
log — or E.= _——_—(T,— ™ log ™ (48)

ky __E. (TE—T,)
. 23R\ T.Th

where k. and k; are the specific reaction rate constants at two different
temperatures, T2 and T, respectively. _

In a simple rapid equilibrium system, Vuu/[E]l =k, a first order rate
constant, Thus, a plot of log Vauax/[El versus 1/T yields E. for the catalytic
step. In practice, just log Vms can be plotted since the Vimax of a given
preparation is proportional to k,. Because the K., varies with T, it cannot be
assumed that a given concentration of substrate will be saturating at all
temperatures. Ideally, Via should be determined from a reciprocal plot at
each temperature. For most enzyme catalyzed reactions, Vi depends on
several rate constants, each of which may be affected differently by changing
temperature. As a result, the E, calculated from the Arrhenius plot will be
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Figure 4-39 The activation energy, E,, for a reaction can
be determined by measuring the reaction rate constant at
different temperatures and plotting log k versus 1/T. For
enzyme-catalyzed reactions, log Va./[E], or just log V..
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 some temperature

- (“transition temperature”) where the dependency of V.. changes from one

rate-limiting step to another (Fig. 4-39, Curve B). A sudden drop in the
Arrhenius plot at low 1/T (high T) indicates protein denaturation (F ig. 4-39,
Curve C).

The effect of temperature on the rate of reactions is frequently expressed in
terms of a temperature coefficient, Q1o, which is the factor by which the rate
increases by raising the temperature 10°C.

23R T.T, Iog QIO
E.= 10

(49)

A Qi 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 B-galactosidase is
shown below. Calculate the activation energy, E., and also Q.
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T (°C) V ax (pmoles X min™ X mg protein™)
20 4.50
30 8.65
3b 11.80
40 15.96
45 21.36

Solution

The best way to obtain E, is to plot log Vi versus 1/T where T is given in

°K. The data are arranged below.

TEC) TCEKY  (YT)x10 V s 108 Vinas
20 293 3.413 4,50 0.653
30 303 3.360 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 — 953 % 10°

(3.145-3.413) X 10° —0.268X10°

This slope equals —E./2.3R.
E, = —2.3(1.98)(— 2.53 X 10"

E,=11,500 cal/mole

We can calculate E, directly from any two points:
Vinaxg _ Lo (Tz”“ Tl)

gy To3R\ T.T,
2.3R log “;"'“’ T T,
Ea - maxy
(Te—Ty)

"Choosing 30 and 40°C:
_ (2.3)(1.98) log 1.845(293)(303)

B =" 10

E_=11,600 cal/mole
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The (o between 30 and 40°C is:

. 15.96 _
Qm——_&ss 1.85

Slightly different Qi values are obtained for different 10° temperature
differences. :

H. ENZYME ASSAYS

INTTIAL VELOCITY AS A FUNCTION OF [E],

Under. the usual in vitro assay conditions, the enzyme is present in limiting or
“catalytic” amounts in the neighborhood of 107 to 107 M while [S] is
generally 10°to 10 M. At any substrate concentration, the initial velocity is
given by:
. Lo )
K. +[S] K.+85§ ( K )

1+ 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 [E} 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-

1 I I
; f {El, '
1I [E]r_,
i {Ele,
I
I -
{Ellg
- &=
) 1
=]
{E]s,
§
[
|
|
1 1 | | ] | ]
4 ta 4] 1 2 3 4 5 6
fncubation time [E]; {e.g., units/mi, gl enzyme, etc.)
(a) ]

Figure 440 Enzyme assays. (a) Product formation with time at different concentra-
tions of enzyme. ({b) Initial velocity (calculated as [P)/t)) as a function of enzyme
concentration. ’
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tions of enzyme and a fixed [§). The rate of product formation, d{PJ/dt, is
Comstant for [E), to [E], up until time = t; (Fig. 4-40b). If alonger assay time
is chosen {e.g., 42), the response would not be linear over the entire range of
[E]. Similarly if an enzyme concentration greater than [Ely is used, the
response would not be linear for an assay time t,, Thus, the first thing to do
in any assay or kinetic study is to establish the limits of linearity, that is,
establish the maximum concentration of product that can accumulate before
the {P] versus 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:

One International Unit {LU) of enzyme is that amount that
catalyzes the formation of 1 pmole 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
protein. As the enzyme is purified, the specific activity will increase to a hmit ‘
(that of the f)ure enzyme). Since v varies with [8], pH, ionic strength,
ternperature, and the like, a given preparation can have an infinite number of
specific activities. Consequently, specific activities are usually reported for
optimal assay conditions at a fixed temperature {usually 25, 30, or 37°C), with
all substrates present at saturating concentrations.

A new unit of enzyme activity, the katal, has been proposed. One katal is
that amount of enzyme that catalyzes the conversion of one mole of substrate
per second. Thus, one International Unit= 1/60 pkatal = 16.67 nkatal.
One katal =6 X% 107 Units. Specific activity can be expressed as katals/kg
protein or pkatals/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. One way, which has
been redefined as “molecular activity” or “molar activity,” is the number of
moles of substrate transformed per minute per mole of enzyme (units per micromole of
enzyme) under optimum conditions. Since many enzymes are oligomers con-
taining n subunits, another possible ‘‘turnover number” is the number of moles
of substrate transformed per minute per mole of active subunit or catalytic center
(under optimum conditions). This latter definition of catalytic power is called
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“catalytic center activity.” Both values are sometimes given simply as a

number with units of min™,

Vimex _ pemoles (of S— P) min™" X m]™!

TEN pmoles (of E) ml™

The k, ranges from about 50 to about 10° min™". Carbonic anhydrase has one
of the highest turnover numbers known (36 X 10° min™). The reciprocal of
k, gives the time required for a single catalytic cycle. Thus, for carbonic
anhydrase, 1/k, = 1/(36 x 10°) = 0.028 X 10"* min = 1.7 psec.

= min™"

k,

QUANTITATION OF [E], USING THE INTEGRATED
VELOCITY EQUATION

One form of the integrated velocity equation is:

Vet =23 K., 1og{—S]-[ﬂf—

L] (50)

Thus, for any fixed [S]e the time required for the formation of a given {P] is
inversely proportional to Vi, that is, V! is constant for a given [S], and
[P]. Keep in mind that V.. is a measure of [E]. Thus, the rule is usually
stated as:

[Ej: X time = constant {51)

If n units of enzyme produce 1 mM product in 5 min, then 24 units will yieid
I'mM product in 2.5 min while 0.5 units will require 10 min.” This relation-
ship holds for all regions of [Sle. Although 2n units yields I mM product in
2.5 min, it is not necessarily true that 2» units will yield 2 mM product in 5 min
(unless [S}o> K. so that v = V... and the reaction is zero-order). The
refationship V.t = 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}e. 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 volume of 0.5 ml!
catalyzed the formation of 30 nmoles of product in I min under optimum
assay conditions (optimum pH and ionic strength, saturating concentrations
of all substrates, coenzymes, activators, and the like). (a) Express ¢ in terms
of nmoles/assay, nmoles X ml™ X min~", nmoles X liter " X min™, pmoles X
liter " X min™', M X min™. (b) What would v be if the same 10 p2] of extract
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were assayed in a total volume of 1.0 ml?  (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
_ __ 30 nmnoles/min

{a) v= ' 30 nmolesfassay |=—"" = =
={ G0nmolesXxml™*Xmin" = 60x10°nmolesx titer ™ % min™"
=| 60 pmoles X liter ' X min”? = 6%10° M Xmin™

(b) The same total amount of product would be formed. This would halve
the velocity in concentration terms:

s =! S0nmolesxml’Xmin@ = 3x107°M Xmin~’

{c) 60 nmoles X m!” x min~" = 0.060 pmoles X ml™ X min™

[E]. = 0.06 units/ml assay mixture

The actual assay volume of 0.5 ml contained 0.03 units. The 0.03 units came
from 10 pul=0.01 ml of extract. ’

0.03 units _

[E] = 0.0l mal 3 gnits/m! extract

3 units/mil _
20 mg protein/ml

(d} S.A = 0.15 units/mg protein

* Problem 4-19

An enzyme preparation has a specific activity of 42 units/mg protein and
contains 12 mg of protein per milliliter. Calculate the initial velocity of the
reaction in a standard 1ml reaction mixture containing: (a) 20 ul and (b)
5 ul of the preparation. (c) Should the preparation be diluted before an

assay?
Solution

First calculate the enzyme concentration in the preparation in terms of
units/ml.
[enzyme] = 42 units/mg protein X 12 mg protein/ml

[enzyme] = 504 units/ml
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Now the velocities in terms of pmoles/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/mi X 0.02 ml = 10.08 units enzyme

v = 10.08 pmoles X min~' X m}™

(b) Five microliters of preparation contain

504 units/ml X 0.005 m! = 2.52 units enzyme

v =2.52 pmoles X min~" X ml™

() In all likelihood, the preparation will have to be diluted so that the
substrate is not depleted during a reasonable assay time. For example, in
10 min 5 pl of preparation in a 1.0 ml assay volume would use up

(2.52 % 107° moles X min"" X ml™"}{10 min) = 2.52 X 10"* moles/ml

= 2.52 X 10" moles/liter = 2.52%107° M

[S] would have to be greater than 0.5 M in order to keep the fraction of 8
utilized below 5%.

* Problem 4-20

Fifteen microliters of an enzyme preparation catalyzed the production of
0.52 pmole of product in 1min under standard optimum assay condi- -
tions. (a) How much product will be produced in 1 min by 150 ul of the
preparation under the same reaction conditions? (b) How long will it take
150 p1 of the preparation to produce 0.52 emole of product under the same
assay conditions?

Solution

(a) The initial velocity of the reaction was 0.52 pmole/min. Our first
tendency is to say that 10 times as much enzyme will produce 16 times as much
product in the same period of time. However, this will only be true if the
velocity remains constant for the entire minute, 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 out of the zero-order region. The amount of product formed
by 150 ul of enzyme in 1min will be (10)(0.52)=5.2 umoles only if the
substrate concentration at the end of the 1 min is still at least 100 K, 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 pmole of product will be produced by 150 ul of enzyme preparation in
one-tenth as much time as it took 15 ul of enzyme preparation.

t = 0.1 min =6 sec

or [E] xtime=k  (15al)(lmin)=k k=15 plmin
“Then (150 ph)(t) = 15 pl-min
L= 15 pl-min
150 pl

t = 0.1 min = 6 sec

+ Problem 4-21

One microgram of a pure enzyme (MW = 92,000) catalyzed a reaction at a rate
of 0.50 pmoles/min under optimum conditions. Calculate (a} the specific
activity of the enzyme in terms of units/mg protein and units/mole, and (b) the
turnover number. {c} How long is one catalytic cycle?

Solution

_05 pmoles/min _ 500 units/mg protein

Vmax
(a) S.A. = g 10" mg

S.A. = (5% 10° units/g protein)(8.2 x 10* g/mole) =

4.6 X 10" units/mole enzyme

(b) turnover number = (4.6 X 10'° wmoles X min~' X mole enzyme™') X
H ¥
(107° moles X pmole™")

turnover number = 4.6 X 1¢* min™

or DU S
HB = 99X 10" mole/g

_ V max _ 0.5 % 10° moles S = P/min _
[E}. 1.09% 107" moles enzyme

= 1.09 X 107" moles enzyme

turnover number =k,

4.6 % 10 min™
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{c) The time required for one catalytic cycle is the reciprocal of the turnover
number. Therefore, one molecule of enzyme will convert one molecule of S
to P in: )

1

i P -5 _ =
tie = 16X 10" min" 2.17 % 107 min

* Problem 4-22 . \

One gram fresh weight of muscle contains 40 units of an enzyme with a
turnover number of 6% 10* min~’. Estimate the intracellular concentration

of the enzyme.

Solution

Assume that 1 g fresh weight of muscle contains about 0.80 ml of intracellular

water:

Ounits_
0.80ml 50 units/mi = 50 X 10" units/liter

= 50 x 107 moles X liter ' X min™’

Vnax = K [E]: or [EL = Yf

50 X 10~° moles X liter™' X min~' _ 7
6X 107 moles X mole "X min | o33 X107M

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

—_ —7
(5.0 % 10° tmrits/g enayme) (1.2 X 10° g enzymejmole) | 33107 M

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 much of the other proteins, nucleic
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 originally
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 observed 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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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 cells (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 I1I) 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 chromatography is to follow the ammonium sulfate step, then itisa
good idea to dialyze the preparation first, or pass the preparation through a
rapid gel Altration 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 include differential centrifugation (for
mitochondria, chloroplasts, nuclei, microsomes, ribosomes), pH precipitation,
organic solvent precipitation (e.g., ethanol, acetone), protamine sulfate or
streptomycin sulfate precipitation (to precipitate nucleic acids and acidic
proieins), 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 Altration column as a single symmetrical activity
and protein peak with a constant specific activity throughout. A homogene-
ous preparation is by no means necessary for kinetic 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/ml. Ten
microliters of the extract catalyzed a reaction e_of {0.14 pmole/min
under standard optimum assay conditions. sJof<the extract
were fractionated by ammonium sulfate precipitation. The fraction pre-
cipitating between 20% and 40% saturation was redissolved in 10m}. This
solution was found to contain 50mg protein/ml. Ten microliters of this
purified fraction catalyzed the remmole/min. Calculate
(a) the percent recovery of the enzyme in the purified fraction, and (b) the
degree of purification obtained by the fractionation (the purification factor).

Solution

The crude cell-free extract contained:

0.14 pmole/min _ I
0.01 ml 14 pmoles X mi™' X min 14 units/ml
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14 units/m! X 50 ml total volume = 700 total units" _\/

and 32 mg protein/ml X 50 ml total volume = tﬁﬂﬁ mg total protein \/

The specific activity of the crude cell-free extract was:

14 units/ml . .
= . t
B_Es 32 mg protein/ml 0.4375 unit/mg protein <

The purified fraction contained:

\/

0.65 pmole/min _ 65 pmoles X ml Xmin~'={ 65 units/mi
0.01 ml

65 units/ml X 10 ml = 650 total units L/

and 50 mg protein/ml X 10 m} = 500 mg total protein /

The specific activity of the purified fraction was:

65 units/ml
KQ mg protein/ml

1.30 units/mg protein

total units in purified fraction % 100%

(2) TeCovVery = ™ otal units in crude extract
recovery = -?%—g x100% =| 93.8%
‘(b . s speciﬁF activity of purified fraction
®) purification specific activity of crude extract

purification = 6%5— 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 converis the product
quantitatively to another substance that can be measured. The overall
reaction sequence is:

where E, is the enzyme being assayed and E, is the auxiliary enzyme. P is
usually a compound that can be observed spectrophotometrically (e.g.,
NADH). The conditions for the conversion of § to P by E; may not be
compatible with those for the conversion of A to §. (One of the cosubstrates
for the E» reaction may be an inhibitor of E,, the pH optimum for the E,
reaction may be quite different from that of the E, reaction, and so on.) In
this case, the assay is run in two stages. First A is incubated with E, (plus any
cosubstrates) for a time sufficient to accumulate a detectable concentration of
S. The reaction is then stopped (by boiling or changing the pH, for
example). Then E, and all necessary cosubstrates are added and the reaction
is allowed to proceed until all 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 maximuim level of S to P for a
fixed amount of Es, and saturating cosubstrates of E;? The incubation time
for any level of S can be calculated from the integrated velocity equation:

_ 23K, [Sh

= +-1F1

I
Vowre B[Sl [P] ' Vs,

(52)

Since part of the reaction will be first-order, a 100% conversion of S to P will
take an infinite time. We can settde for 88% 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 Viux,.

If the K., 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:

maxgs

Ko

] . [S]=—Kes (53)

v =k[S}= v

COUPLED ASSAYS

If none of the conditions required for the S—= 5P reaction is detrimental

- E -
to the reaction A ——— § (and vice versa), then both stages of the assay can be

carried out simultaneously. The amount of E, present can be determined by
measuring the velocity of P formation. The following conditions are neces-
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sary for a valid coupled assay: (a) the primary reaction must be zero-order
with respect to [A] over the assay time and irreversible, and (b) the second-
stage reaction must be first-order with respect to [S} and irreversible. Condi-
tion a is easily met if only a small fraction of [A}, is utilized during the assay
period or if [A)y® K., for E; and all cosubstrates are saturating. Irreversibil-
ity is assumed by the removal of § in the second-stage reaction. Condition b -
is met if [S)ss, the steady-state concentration of 8, is € K., for Es.  [S]ss can be
maintained <€ K,,, by using a sufficient excess of E,. Irreversibility can be
assumed if the equilibrium of the E, reaction les 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 [Slss after a short lag and thereafter the rate of P formation will be
constant and proportional to [E;]. If [E] is doubled, [Slss 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 ve=Rs[Slss[Es], ve is un-
changed. Thus once a sufficient excess of E; is present, the rate of P
formation will be independent of [Es).

- Problem 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
determined by the coupled enzyme system shown below,
glycerol + MgATP ey a-glycerol phosphate + MgADP
+
PEP

pyTuvate
kinase

lactate dehydrogenase

NAD™ + Iactate 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). «-Glycerolkinase is rather expensive. What is the
minimum amount (units) of this enzyme needed in a 1.0 ml reaction mixture
in order to “complete’ the reaction in 15 min if the maximum concentration
of glycerol that could be present is 0.3 umoles/ml? All other enzymes and
substrattis are present in excess. The K. of a-glycerolkinase for glycerot is
1.5x107° M.

Solution
The integrated velocity equation can be rearranged to:

93K, Sk [F]
R ST

Vinax

If we assume “completion” of the reaction when 98% of [S], (glycerol) has
been converted to P {a-glycerolphosphate), then
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(Sk=38x10"M [P1=294%X10°M  [Sh—[P1=6X10"°M
— (2.3)(1.5x 10“‘)M1 (BXI0HM  2.94%x107' M

Vi 15 omin CBIEX10 M 15 min
= (2.3% 107%(L.7)+ 1.96 X 10°°
= §.87 % 107* M /min = 0.0587 mM/min = 0.0587 pmoles X ml™" X min™*
or 0.0587 units/ml

Since [E), Xt = constant, she can use half as much enzyme and read the
decrease in NADH after 30 min.

We would not have obtained an accurate answer assuming only first-ordey
kinetics or only zero-order kinetics because [S] 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 resule, 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 V.
of a preparation at a saturating concentration of one substrate may not be the
same Vo, observed when another subsirate is saturating. The true K.
for a particular substrate is that observed when all other substrates are
saturating. The true V... is observed when all substrates are present at
saturating concentrations. Inhibition constants are also affected by the fixed .
concentrations of substrates. Thus, an observed “K;”" 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 or an
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.
RAPID 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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Figure 4-41 A schematic representation of a random kinetic mechanism for a 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.
K =K, Kp=K,,

E +A—— EA EP P+ E

+ + + +

B

KBFKQ1[ J[&Ka"}(ﬂn ﬁKQuK,,,QA“ l[xq-xiq
aKy = K...A ", BKe= K-,
EB+A EAB —— EPQw————=—=P+ EQ
14

A binds to free E with a dissociation constant K (also called K., in the Cleland
nomenclature). B binds to free E with a dissociation constant Ka (or
K.). The binding of one substrate may alter 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 path taken, B binds to EA with a dissociation constant aKs. oK isthe
same as K., (the K. for A at saturating [B]). «Ksis the same as K, (the K.
for B at saturating [A]). 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]
v=hk[EAB] and T = TEVT(EA]+[EB]+ [EAB]

i Expressing the concentrations of each enzyme species in terms of free E we
' obtain:

[AI[B]
v oK. K»
= (b4)
Vx4 +LA LI [AlIB]

" K. Ks oK Kx
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v [A)[B]
Ve @KiKn+ aKo[Al+ aKA[B] + [A]B]

or {55)

where V...=k[El
The equation can be rearranged to show either A or B as the varied substrate
at a fixed level of the other substrate. For example, when [A] is varied:

v [A]
= (56)
sz é aKB
aK. (1 + [B})+ [A] (1 + o5 )
At a fixed [B], the velocity equation can be written as:
v [A]
V‘“"-FP - K"‘Mpp + [A] (57)

where Vi, and K., are apparent constants at the fixed [B]. We see from
Equation 56 that when [B] is saturating, the constants are aKa (i.e., K..,) and
the true Vi (When [B]=o, the Ka/[B] and «aKs/[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 for varied [B] are symmetrical to those
shown for varied [A].

ORDERED BI Bi

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:

& kg

E+A EA EQ Q+E
k- k_5
R +
B P
S
kS
EAB EPrQ
k_g

Or, in the abbreviated scheme of Cleland:

A B

||

E EA (EAB =—= EPQ) EQ E

— ty
 —
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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 £, A, EA, B, and EAR
are at equilibrium, the equation is:

[AI[B]
v KAKB
= (58)
Vor - [A] . [ATIBI
1+ R + —-_KA K.
. [A](B]
or Vo~ KaKs+ Ko[A] ¥ AIB] (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 BiBi system, a steady-
state derivation yields:

v _ [A](B] _
Vor  KiBry+ Ko [A]+ Ko, [B]+ [A][B]

(60

where K, is the dissaciation constant for A and K., 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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i PING PONG 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:

]

E (EA == EP) F (FB == EQ) E

Q

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 _ [AI[B]
Vom KAl + 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]

Vi K., +A] (1 + %)

(62)i

Figure 4-46 A schematic representation of a Ping Pong kinetic mechanism for a
group transfer reaction. The donor A reacts with E to form a substituted enzyme; P
leaves before the acceptor, B, adds.
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Since the K., term in the denominator is not multiplied by any factor, the
family of reciprocal plots obtained at different 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 4-47,

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 path 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 equaily likely?

Solution

The reaction sequence between F. and EAB is shown below with some
arbitrary values inserted for the rate constants.

h‘-lO-"

E+A — EA
4 k=10 +
B B
k=107 |fa gt kop= 107 |[ k= 10°
h_ =107 [N
EB+A EAB EPQ
kg=10% ko
ka_yos Y 2
KA— k] 10 QKB— k?_ 10
KB"“'k;s_ Iﬂﬁg aKA=£;4_10gg
ks k.;

The overall K., between free E and EAB is 10" by either route. Conse-
quently, no rules of thermodynamics have been violated. However, the
product of the forward rate constants for one route to EAB is much greater
than the product of rate constants for the other route:

kiks 2 Rk
hik ksk
even though k_‘:kig = k_:k:;

Thus, the overall reaction sequence has a kinetically preferred path and, for
all practical purposes, the sequence appears obligately ordered: E—EA —
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EAB. Furthermere, binding studies with [A] alone in the range 107 M to
107° M will yield substantial EA. Binding studies with [B] alone in the range
107°to 107* M will yield little or no detectable EB. Yet, in this [B] range in the
presence of A, v is an appreciable fraction of V..

J. MULTISITE 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. 1f the
enzyme is a tetramer, then at any fixed substrate concentration [E}, will be
distributed among five different species: E, ESy, ES,, ES;, and ES,.  Yet, as we
shall 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 monomers 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 [8] 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.

Ky X,
E+S - ES E+4P
+ +
S S
Ks Ks
5 X, %, (ES+P
P+E<« SE+§ SES {SE+P

The velocity is given by:
v = ky(ES]+ &, [SE]+ 2 k, [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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v _ k[ES]+k[SE] + 2k, [SES]
[E):  [El+[ES]+[SE]+[SES}

_[8] -8 _I8] oy ST
ms1=Riwy  SEI=E] (SES]= . (ESI=T s [E)
sy, , 8 sy 8] ST
_‘U___’k#Ks-{hk#Ks-i_zhpKs2_2kas+2k#K52
[E) 5, 1, 8¢ .28, [5¢

R VR TS I+ % kS

Ve will be observed when both sites are filled. Therefore we can designate
2k (EL as Vo

IS} [ST
v Ks+“K_sE (63)
Vs 14 281, [SI

1+ K +R_s!

The numerator contains two terms because there are two kinds of product-
forming complexes. The denominator reflects 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 ESy ESs ES,
5 S 51S 3 S S|8 518 SIS
st S S S BB
' 5 S S )
S S S 3 518 51§ 5iS
Four ways fo make Six ways to make Four ways to make  One way to make
£S, ES, ES4 ES
N~ 7 e/ — N/
A
kp, by, - kg, ko,
l f
Ist 15 sy 81
A1k, 22 4 (6)(2hp) 5 + (A) {3k = + (D (kg —
, —()sz 6 p)K: ) p)K: 3 p)K;
i, s, o, 6F, 51
1 4+ 423627 +403 Fo
/ K, KKy K
E

Figure 4-48 Distribution of species for an enzyme with four identical subunits.
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Figure 4-48. If 4 k,]E). is taken as V.., the equation becomes:

[S) 8IST'  3IST  IST"

e

v Ks ng Kss 1"(54

Vm_1+ilLS__]_+_ﬁ__|:§I+4_[S_I+LS_I

Ks I{s2 Kss st

(64)

In general, the velocity equation for an enzyme with n identical sites is:

I8
v _Ks Ks
V.= (1 +@.)" (65)
K
which reducés to:
5]
v Ks - [S]

Vo 1, 8] Ks+[S]

S

Thus, the v versus [S] plots are hyperbolic regardless of the value of n. Itis
impossible to tell from the kinetics of the reaction whether we are dealing with
1 pmole of an enzyme with n identical sites or » 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 aflinities 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 velocity 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.” Interactions 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
negativ;g

The pttential advantage of a sigmoidal response to varying substrate is
illustrated in Figure 4-49. For comparison, a normal hyperbolic velocity
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0.5Vinax

Figure 4-49 Comparison of velocity curves for two different enzymes
that coincidentally have the same v at [51=9. (&) Hyperbolic re-
sponse. {b) Sigmoidal response. :

curve with the same [Slos is shown. Between [S]= 0 and [S]=3, the hyper-
bolic Tesponse curve decelerates, but still rises to 0.75 Vi The sigmoidal
curve accelerates exponentially, but only attains 0.10 Viax hetween the same
limits of [S). However, the sigmoidal curve increases from 0.10 Vnex 10
0.75 Veae with only an additional 9.3-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 originally applied by Monod, Changeux, and
Jacob to enzymes that display altered kinetic properties (usually a change in
[S}s) in the presence of ligands (“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 firs¢ reaction of a sequence by the ultimate
product), Most allosteric 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 models 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 assumes that the enzyme preexists as an
equilibrium mixture of a high affinity oligomer and a low affinity
oligomer. Ligands, including 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 ligand. 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 allosteric enzyme with
two cooperative sites (Fig. 4-50a). The reactions are:

K k
E+84—— ES — > E+P
+ +
S S
(66)
Ks aKg
E, aKg 2k, SE+P
P+E<«—SE SES {E8+P

When one site is occupied, the dissociation constant of the vacant site changes
to aKs, where a <<1. The velocity equation is:

(81, IST
v Ks aKsz &7
szx - El Isjz ( )
1+ K, +m

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 §
binds to any of the four vacant sites with a dissociation constant Ks. As a
result, the dissociation constants of ail three vacant sites change to
aKs. When the second molecule of § binds, the dissociation constants of the
remaining two sites are changed by a factor b to ¢bKs. When the third
molecule of S binds, the dissociation constant of the last unfilled site is
changed by a factor ¢ to abcKs. Note that effects are progressive and
cumulative.
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(Free enzyme} {Singly-occupied species)
Eof Ay . SE or ABS
! A A
i Kg|l+5 +5|laKs

A
ES or ABS SES or B2S;
(Singly-occupied species) or
ES;
{Doubly-occupied species)

{a) Dimer

.

>
+
w
>

(b) Tetramer

4_

Figure 4-50 The sequential interaction model of allosteric enzymes.

e

m'_:r:.f.:.‘:'.‘r

Feh

arrangement of each occupied species is shown.

The velocity is given by:

0= k[ES:]+ 2 b [ESs] +8 ko (ESa} +4 b, [ES4]

tors as shown in Figure 4-48, we obtain:

(S}, 3[SI', 8(S} . _(SI'
K5+ GK52+ a’st’+a’bchs‘
4{S] 6[S]’ , 4[ST (s1*
ot Rt ok T ek

where Viax = 4 k. [E].

Al a K, @ A oK, @ abK, @@ abeks @@
f— e ——- 4 i ——— * fvmm— ‘
RO N OO0

As each site is occupied,

f the subunit carrying the site undergoes a change from the A conformation to.the B
‘gi} conformation. Asa result, new interactions between subunits are established and the affinities
of the vacant sites change. Ks represents a dissociation constant, Thus, if the affinities of

vacant sites increase, a, b, and ¢ (the interaction factors) are <1 and we observe positive
cooperativity (a sigmoidal velocity curve). The sequential interaction mo
negative cooperativity (g, b, and ¢ are >1). (a) Dimer model. The two ways of arranging 5 to
form a singly-occupied species is shown. (b) Tetramer model. For simplicity, only oné

del also provides for,

Dividing both sides of the equation by [E], and introducing the statistical fac-

(68)
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A SIMPLIFIED VELOCITY EQUATION FOR ALLOSTERIC
ENZYMES—THE HILL EQUATION

Consider an e¢nzyme with n equivalent substrate binding sites. If the
cooperativity in substrate binding is very marked (i.e., the factors a, b, ¢, etc.,
are very small numbers), then the concentrations of all enzyme-substrate
complexes containing less than n molecules of substrate will be negligible at
any [S] that js 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:

[ST' 81

v @bk K
Vieax [s;* sy
14,(1’1’32::!{5,4 1+ K’
4
or v _ 81 where K'= g’b’cKs*

Veax K’ +[ST

In general:

v ___[SI"
Ve K'+[S]” (69)

The above equation is known as the Hill equation.

n = the number of substrate binding sites per
molecule of enzyme
K’ =a constant comprising the interaction factors a, b, c,
etc., and the intrinsic dissociation constant, Ks
=K (a" b L zh

The constant K’ in the above equation no longer equals the substrate
concentration that yields half-maximal velocity (except when n = 1, when the
equation reduces to the Henri-Michaelis-Menten equation).

When v=0.5 Vit 0.5 K'+0.5[5]5: =[S]es

K’ ={Sks

{Slos=V K’ or n log [Sls = log K’ (70

If the cooperativity is not very high, the velocity equation will not reduce to
the Hill equation. Nevertheless, velocity curves can be expressed in terms of
the Hill equation, although n will no longer equal the number of sites. In
this case, the “n” should be designated n.,, or nu. For example, if the
cooperativity is such that the major species present between 10 and 90% of
Vma are ES; 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 =3.8). To putitanother way, if experimental velocity data 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 integer above this apparent
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n value represents the minimum number of actual sites. Therefore, if the
experimental data yield an na,, 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.
i

SIGMOIDICITY OF THE VELOCITY CURVE

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 Vemax, for example,
0.9 Vor and 0.1 Vinos.  This ratio, called the cooperativity index, depends on
the value of n as shown below.

! v _ISI"

j Veax K +[ST
1
_ o [Ske T
i When v=09 me. 0.9= K+ ES]S-Q . [S]o_s - 9K

- : __(Sha S
Whenv =0.1 Viax: 0.1= X'+ Sk [Slen = 9

[Skhe _ VOK' _ +f9K'
Sla VK VK'/9

T I I 1 [ I I 1 I I 1L I T I T T I !

AandA' a:b=c=0.05
Vmax —
i ISkos

~ 3.
" | 5., 5 for B ]
L (St |

~30for A [Slos _

0.5V max iS1,, J . 5 for C N

N TR VAN SN NN NN SO TN SN N SO S S
0 002 004 006 008 @lo 012 014 0i6 018 0.20

5]
Figure 4-51 Effect of the interaction factors on the sigmoidicity and [Slos of
a four-site enzyme. Curve A: a =b=c¢ =005 Curve B: a=b=c¢=01
Curve C: a=b=c =02 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 ES, are taken into
account).
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Ble_ w1 of n =881 (71)
[8)e. log ke
{8l

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 become more sigmoidal and [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:

v __ {81 LR n
Vmax K+ [S],, Vmax[s] vK'+ U{S]

[ST" (Ve —v)

[ST (Vo — 2} = 0K - =K’
n log [S]+log£t’;~:~3=}og K’
log¥=log1{'—'n log [S]
v r
or logm- n log [8]-log K {72)

Thus, a plot of log v/( Vo — v) versus log [S] is a straight line with a slope of n
(Fig. 4-52). When log v/{Viax—v) =0, v/(Vax — 1) = 1 and the correspond-
ing position on the log [S] axis gives log [Slos. K’ may be calculated from the
relationship K'= [S]s. 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 ES.). With experimental data, 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 low [S], 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 . — v) versus log{Slona
linear scale. The slope, n, can then be read directly from the
plot. However, it is usually more convenient to plot v/( Vi — 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 same
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 pOSSessSes
one, and only one, binding site for any given ligand (substrate, inhibitor,
activator). (¢} 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 conformation 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 of a binding site for a 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. Asaresult, the ligand binding curve or velocity curve is sigmoidal.
Figure 4-53 illustrates the concerted-symmetry model for a tetramer. The
<7 (“taut” or “tight”) state represents the conformation with the lower
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Figure 4-53 'The concerted-symmetry model of
Monod, Wyman, and Changeux. T rtepresents a
low affinity form of an oligomeric enzyme which is

in equilibrium with R, 2 high affinity form of the .
enzyme. This model allows only positive
cooperativity.

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 Re== Tg is designated L.

~ Lo}

LR %
The intrinsic dissociation constant for the $ binding site on a protomer in
the T state is designated Ks,. The intrinsic dissociation constant for the §
binding site on a protomer in the R state is designated Ks,. The ratio

Ksu/Ks, is designated c and called the “nonexclusive binding coefficient.”
The cooperativity of substrate binding depends on L and ¢. The velocity
curves become more sigmoidal as L increases (i.e., as the Ro == T, equilibrium
favors To) and as ¢ decreases (i.e., as the affinity of the T state decreases
relative to the affinity of the R state for §).  Allosteric inhibitors are assumed
to bind preferentiaily to the T state thereby disptacimg the T, = R, equilib-
rium in favor of T, (Fig. 4-54). In effect, the allosteric constant, L., increases
and the velocity curves become more sigmoidal with n.,, (from Hill plots)
approaching the actual number of sites. An activator is assumed to bind
preferentially to the R state and thus mimics the substrate by shifting the
To = Ro equilibrium to the right. As a result, the velocity curves become less



314 ENZYMES

Vma x

+ Saturating
activator

Contral

18]

Figure4-5¢ 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 [Shs. An allosteric activator mimics the substrate
by binding preferentially to the R form. Asa result, the velocity curve becomes
less sigmoidal {hyperbolic at saturating activator) and [Shs decreases. These
observations can also be explained in terms of the sequential interaction model.

sigmoidal. At an infinitely high activator concentration, all 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. It 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
L
e
KS ' KS
+3 +3
@&y (5D
RS SR
+5 +5
Ks K

RS,

Figure 4-55 The concerted-symmetry model for an allosteric dimer where 3
binds exclusively to the R form {c=10).
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with a dissociation constant that can be indicated simply as Ks. The velocity
is given by:

v =k, [RS]+ &, [SR]+ 2 k,[RS;)
Dividing by [E).:

v By [RS]+ b [SR]+ 2 £, [RS,]

[E}  [To]+[Ro] +[RS]+[SR]+[RS:]

Substituting for [RS], etc., in terms of [Ro]:

. b R+ kR R+ 2.1,
) L[Ro]+ [Rq] i 5] [Ro] + Eg] [Re] + [I“?}s {Ro]
22, IS
L+1+ 2 [S] g?z
Vonux L+ (1 +1~S-£)

where V...=2k,[E].

In general:

= (B

(75)

Equation 75 (as all others derived from rapid equilibrium assumptions) 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 ¥5 to v/V

_ [occupied sites]  [bound 8] v
Y= Totalsites] — AlEL Vo (76)

* Problem 4-26

The [8]os/[S). ratio for an enzyme that obeys sigmoidal kinetics is 6.5. What
is the n.p, value?
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Solution
Bls_wgy a= _log8l
[SToa logE}E
[S)oa
_ log81 _ 191 _
"og65 0.815 200
Napp = 2.35

: Problem 4-27
Calculate the [Slos/[Sle. ratio for an enzyme that obeys sigmoidal kinetics with
an n.pe value of 2.6,

Solution

Sto. 2.5,
When 7ap = 2.6; Blos _ g1 =817
[Slos

[Sles _ 1
log Sl 2.6 log 81

= (0.385)(1.91) = 0.735

[Skes _
S =543

- Problem 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]1=
0.3 Ks? (b) What is the specific velocity at [S]=0.3 Ks? (¢ Wwill the calcu-

lated value of #f., equal 27

Solution

(2) 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.

®m__ 1
[E) . 2[5] (S 0.09
1+ Ks +aK52 1+0.6+ 0.9

1

56" 0.488 |=| 48.8%




Lo

ENZYME TURNOVER 317

8]
ES] Ks __ .03 03 _ B
(B} ~ |, 2051, IS, 1+06+045 205 | M6 |=| 146%
KS aK32
[ST"
[SES] _ aKs _0.45
(E]. 2[S], [S] 2.0
1+ KS +ﬂK52
= 0.220 = 22.0%
81, I8
(b) v __Ks aKS® 034045
Ve ) 2S] [sy 2.05
KS a_Ksz

075 _ _
=505 0.366 F =0.366 V ...

{c) A velocity curve plotted according to the equation given in part b is
sigioidal with [S)o.:==0.09 Ks and [Sls=2.5 Ks. The calculated Tapp from
this ratio (or from the slope of the Hill plot between the points corresponding
to 10% and 90% of V..., or the slope in the regiont of 0.5 V.. is about
L3. The n.,, value is less than the true n because throughout most of the
velocity curve, the ES and SE complexes contribute to a substantial portion of
the observed velocity. (For example, at v = 0.366 Venax, E§4SE account for
29.2% of the total enzyme while SES accounts for only 22%.) 1If a were much
smaller (e.g., 0.02), then most of the enzyme will be present as either E or SES
and .., 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 relatively 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-state 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 minute. 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.

Vsyn = UVdegrad = k [E]t

12.5 = 12.5 = k[E],

L 125125
[E]. 250
k = 0.05 min™

That is, 5% of the steady-state enzyme level is turned over each minute.

(b) If v,. increases sixfold to 6X12.5=75 unitsX g tissue” ' X min~', then
Udegraa TUSL 2150 be 75 units X g tissue™ X min”' to maintain a new steady-state

level. If k is unchanged:

75=005[Ek or [El= %

[EY} = 1500 units/g tissue

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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1. The concentration-velocity data shown
below were obtained for an enzyme catalyzing
a reaction $-»P. (a) Calculate K. and
Vs (b) Verify that the enzyme obeys
hyperbolic saturation kinetics. (¢} Calculate
the first-order rate constant for the enzyme
concentration employed.

8] v

M nmoles X liter ™ X min
2.50x10°® 24
3.33x 107 30
40%x10° % 34
5 107° 40
1% 107 60
2x10™ 80
43107 a6
1x10™ 109
g% 107 119
1x 107 120

2. An enzyme with a K. of 24x107 M
was assayed at the following substrate con-
centrations: (a) 2x 107 M, (b) 6.3%107° M,
(€) 107" M, (d)2x10° M, and (e} 0.05 M. The
velocity observed at 0.05 M was 198 nmoles X
liter ' X min™". Calculate the initial velocities
at the other substrate concentrations.

3. 1f 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 §===Pis 2x10°. Enzyme E catalyzes
the reaction (Kn=25X107°M, V., =
4.2 pmoles X liter ' X min™"). (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 Vias, [ Kop? :

5. An enzyme catalyzes the reaction
S5 P, (Vmay =22 pmoles X liter™ x
min™, Vi, 14 pmoles X liter! x
min™. In which direction and how fast will
the reaction proceed if [S] =2 K., and [P} =7
Ko?

6. An enzyme with a K. of 1.2%107*' M
was assayed at an imitial substrate concentra-
tion of 0.02 M. By 30 sec, 2.7 pmoles/liter of
product had been produced. How much
product will be present at (a) 1 min, (b) 95 sec,
{c) 8 min, and (d) 5.3 min? (¢) What percent
of the original substrate will be utilized by the
times indicated?

7. An enzyme with a K. of 2.6x107° M
was assayed at an initial substrate concentra-
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tion of 0.3 M. The observed velocity was
5.0 % 107° moles X liter ' X min™". If the initial
substrate concentration were 2 X 107 M, what
would the product concentration be after (2) 5
min and (b) 10 min?

8. An enzyme with a K. of 3X 107 M was
assayed at an initial substrate concentration of
10° M. By I min, 5.0% of the substrate had
been utilized. (a) What percent of the sub-
strate will be utilized by 5 min? (b) If the
initial substrate concentration were 8X 107 M,
what percent of the substrate will be utilized
by 5 min? (¢} Calculate Vuu. (d) At BX
107 M, how long will it take for 50% of the
substrate to be utilized? (e} At 10° 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
I0°M total (bound+ free) ‘H-morphine,
The chamber without the glycoprotein
contained  0.78X10°M  ‘H-morphine.
Calculate (a) the concentration of bound *H-
morphine, (b) the concentration of free pro-
tein, and (c) the dissociation constant for the
glycoprotein-morphine  complex. Assume
one binding site per protein moleculg.

12. Embryonic liver tissue contains an en
zyme that catalyzes the reaction S—>P.  Adub
liver also displays S — P activity. Some kineti
data are shown below. What conclusions car
you draw concerning the identity of the twc
enzymes?

{Data for Practice Problem 12)

Observed Initial Velocity (pmoles X mg

[8] Protein™ X Min™)
Extract of Adult Extract of Embryonic
(M) Liver (Ey) Liver (E3)
1.67 x 107° 1.05 5.00
9.5% 107 1.54 6.66
8.33% 107 1.98 8.00
50x 107 2.86 10.00 .
7.0x 107 3.78 11.67
1.0x107 h.00 13.33
1.5 1¢™ 6.67 15.0
1.67x10™ 7.15 15.4
2.0x107 8.00 16.0
3.0x 107 10.00 17.1

9. Caleulate {a) [Sloss/[Sloes, (b) [Slose/[Slom,
(C) [510.751'[310.25 and (d) [S]Ms/[S]o_s for an en-
zyme that obeys hyperbolic saturation kine-
ties.

10, The /v axis of a teciprocal plot is
labeled »™  (nmoles X liter * X min~)™ X
10°. The 1/[S] axis is labeled [S]™: (M) X

. 10™". ‘The plot intersects the two axes at “2”

and “—4," respectively. What are Vi 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

13. During severe liver damage, an el
zyme (E; of practice problem 12) is release
into the bloodstream. After severe exercis
a muscle enzyme, Es, that catalyzes the san

{Data for Practice Problem 13)

£s] J
(M) wmoles X mi serum ™ X min™"
5% 10 43
%107 57
1x 107 75
1.5x 107 100
2% 107 120
ax10™ 150
6x 107 900




reaction is released into the blood stream. E,
and E; can be differentiated easily because
they have different K. values. (The K. of
the muscle enzyme is 2x 107 M.) Anassay of
a blood sample of a patient gave the results
shownonp.320. Isthe patientsuffering from
liver disease, or has he simply been exercising
strenuously? (The patient arrived at the hos-
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ence of a competitive inhibitor, [S];, to the
substrate concentration required in the ab-
sence of inhibitor, {Sk, in order to observe a
given velocity?

19, The following velocity dara were ob-
tained. Determine the nature of each in-
hibitor and calculate K.

Initial Velocity (nmoles/min) (Data for Practice Problem 19}

[SHmM) (Control) +Ilaté6pM +Xat30uM +Yatd4mM +Zat0.9mM
0.200 16.67 6.25 5.56 10.00 8.89
'0.250 20.00 7.69 6.67 11.11 10.81
0.333 24,98 10.00 8.33 12.50 13.78
0.500 " 33.33 14.99 .11 14.29 19.05
1.00 50.00 25.00 16.67 16.67 30.77
2.00 66.67 40.00 22.22 18.18 44.44
2.50 71.40 45.45 23.81 18.52 48.78
3.33 76.92 52.63 25.64 18.87 54.06
4.00 80.00 57.14 26.67 19.00 57.14
5.00 83.33 62.50 27.77 19.23 60.60

pital unconscious, so you can’t ask him any
gquestions.)

14. Calculate v; and the degree of inhibi-
tion caused by a competitive inhibitor under
the following conditions: (a) [S]=2x 107" M
and [J=2x10"M, (b} {S]=4XI10*M and
M=2%10"M, and () [S]="7.5X 10° M and
(I1=10° M. Assume that K. =2X107 M,
Ki=15X10*M, and Vo.=270nmolesX
liter™ X min™".

15. (a) What concentration of competitive
inhibitor is required to yield 75% inhibition at
a substrate concentration of 15X 107 M if
K.=29x10"M and K =2X10"°M? (b)
To what concentration must the substrate be
increased to reestablish the velocity at the
original uninhibited value?

16. Calculate K; for 2 noncompetitive in-
hibitor if 2% 107 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 6X 107" M sub-
strate (K. =10"M) and 25%x10*M non-
competitive inhibitor (K; =3X 107° M). The
Viax = 515 nmoles X Jiter ™ X min™",

18. What is the relationship between the
substrate concentration required in the pres-

20. The product of a Uni Uni reaction, P,
acts as a competitive inhibitor with respectto §
(both P and S compete for free E). If K. is
very large (Vi is very small), the equation
for the forward velocity is:

v__ [S]

Ve g (1 +%) +[S]

Consider a system where the total pool of
[§]+1P] is constant and equal to 107 M, K=
1007 M, Ep=HW°M,  V.o.=100nmolesX
liter ' xmin™. What will the v versus [S]
curve look like? Keep in mind that [S]+
[P1=10"M. Thus, at [S}=10"M, [P]=
9% 10 M; at [S]=2x107*M, [P]=8x10"*
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-
ity to occur. What is the 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-COQ™ 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.

98.  V.u at 21 and 37°C was 140 nmoles X
liter ! X min~! and 400 nmoles X Liter” % min ",
respectively.. Calculate (a) the activation
energy and (b) the Q, value between 25 and
35°C.

94. A cell-free extract of Escherichia coli
contains 24myg protein per milliliter.
Twenty microliters of this extract in a stan-
dard incubation volume of 0.1 ml catalyzed
the incorporation of glucose-"C from glicose-
1-phosphate-"'C into glycogen at a rate of
1.6 nmole/min. Calculate the velocity of the
reaction in terms of (a) pmoles/min, {b)
pmoles x liter* X min™,  (€) pmoles X mg
protein”')(min“. Also calculate the phos-
phorylase activity of the extract in terms of (d}
units/m! and () units/mg protein.

95, Fifty milliliters of the cell-dree extract
described above was fractionated by am-
monium sulfate precipitation. The fraction
precipitating between 30 and §50% saturation
was Tedissolved in a total volume of 10 mi and
dialyzed. The solution after dialysis oc-
cupied 12ml 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. Calculate (a} the
recovery of the enzyme and (b) the degree of
purification obtained in the ammonium sul-
fate step.

96, A pureenzyme hasa 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 cycle.

97. (a) How many units of hexokinase
must be added to 1 mtl of reaction volume to
use up 95% of 8x10°M glucose in
98 min? K.=47%107*M. (b) How long
would it take 1.0 unit/ml to use up the same
" amount of glucose?

98. Calculate the velocity of an enzyme-
catalyzed reaction A+B-P+ Q at [A]l=
9x10° M and [B]=6.7X107°M. Assume
that A and B add randomly to the enzyme and
{a) @ = 1 (the binding of cne 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 Ka=2.2%X 107 M, Ks=19%10" M, and

V... =797 nmoles % liter ' x min”. )

99, Rearrange the velocity equation for a
steady-state ordered bireactant system to show
o/ Vs 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 systern?

3]. What relative values of a, b, and ¢
(interaction factors) would yield a velocity
curve for an alosteric tetramer that exhibited
positive-negative-positive cooperativity?

39. The following data 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 Vi, OT
Kr, [S]u,s, Mappy and me).

Initial Substrate Initial
Concentration Velocity
(M > 109 (moles X liter™ X min™")
6.25 1.54
12.5 5.88
25.0 20.0
50.0 50.0
100.0 80.0
200.0 94.12
400.0 98.46
800.0 99.61

(a) What is the ny, value of an enzym
if [S]o.g,"[S}a,l is 97 (b) Calculate the [S]ogf[S]
ratio of an allosteric enzyme where n,,, =4

4. What is the value of L for an alloster
dimer (n = 2) if v/Vmu= 0.3 when [S8V/Ks
5?2 Assume c=0.

7 The concerted-symmetry model do
not forbid T =R transitions among partial
filed complexes. If L; is defined
[TSV/[RS], and L, is defined as [TS:)/IRS
what are the values of L, and L, in terms of
and ¢? Consult Fig. 4-53.

R
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7" The level of 2 particular enzyme is
500 units/g tissue in the liver of rats on a
natural diet. Studies indicate that the first-
order rate constant for the degradation of the
enzyme is 0.03 min™". (a) Calculate the zero-
order rate of enzyme synthesis, (b) When
rats are raised on a completely synthetic diet,
the steady-state level of the above enzyme
decreases to 848 units/g tissue. If the rate of
enzyme synthesis is unaffected by 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-
affected by diet (and remains 0.03 min™") what
must the new zero-order rate of enzyme
synthesis be in order to maintain {E}, at the
new level of 848 units/g tissue?

Also sce 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 OPTICAL METHODS

A. SPECTROPHOTOMETRY

ABSORPTION OF ELECTROMAGNETIC ENERGY

Specirophotometry (the measurement of light absorption or transmission), is
1 one of the most valuable analytical techniques available to biochernists. Un-
: known compounds may be identified by themr 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.

L Table 5-1

i
Region X rays Ultravielet  Visible Infrared Microwave
100- 400~ 800 nm— 100 pm—
Wavelength 0.1-100 nm 400 nm 800 nm 100 pm 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 = 107 m) is called a mpt (millimicron); a um
(micrometer = 10° m) is called a micron. An Angstrom, A, is 10 m=
10~%cm. Sometimes, infrared radiation is described in terms of wave number,
em™, 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:

Av=¢ H

824
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where A =wavelength (e.g., in cm)
v = frequency (e.g., in sec ')
and ¢ = the speed of light (3 % 10" cm/sec)
The units of » are sec”’, which means vibrations per second.

* Problem 5-1

An optical filter passeé only far red light with an average wavelength of
6500 A. Calculate (a) the wavelength in nanometers and centimeters, (b) the
wave number in centimeters ', and (c) the frequency.

Solution

(a) 6500 A =6500%107°m=650%10"m

A =650 nm or A =6.50%10" cm

(b} | wave number = 1/A = 1/(6.50 35‘_1_(}3513)__(

wave number = 15,384 cm™’

© Aw=¢ v =xc
_ 3 10" _ 14 -1
v " 650X 10" v =4.61 X107 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

C,

i

- Meter
Light
source
A
//‘A’S-? I
Monoct}ronM Photocell
(prism) Cuvatte
A selector (slit) (containing
sample
solution)

Figure 5-1 Essential components of a spectrophotometer.
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nents of a spectrophotometer (Fig. 5-1) include: (a) a light source, (b) a
collimator or focusing device that transmits an intense straight beam of light,
(¢) a monochromator (prism or grating) to divide the light beam into its
component wavelengths, (d) a device for 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-BEER LAW

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 nature of the absorbing compound. Light
absorption follows an exponential rather than a linear law. The relationship
between concentration, length of the light path, and the light absorbed by a
particular substance are expressed mathematically as shown below.

—‘—?rx cdl and —%gmldc

or
dI dal
—=—kedl and = =—kldc
I I
where —dI=the small decrease in light transmission caused by increasing
the thickness a small increment, d4l, at constant concentration,
or the small decrease in light transmission caused by increasing
the concentration a small increment, de, at constant thickness

% = 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
thicknesses (¢.g., 0 and ) or any two concentrations (e.g., 0 and ¢).

I dI_ [ ! I___ e
T kcht 5= li;dc
1 I
lnl—o—wkcl ln-f;w kic
Iy Io _
in 7 = kel In 7 = klc¢
or
2.3 iogé = kel 2.3 10g£= klc
. I I
I_ b L_k
log 1-93 ¢l log 753 lc

log-ir—'J = acl logJ—II2 = ale (2)
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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 coefficient” or “‘molar extinction coefficient,” @, or E. If the
concentration is given in g/liter, a becomes the “specific absorption coeffi-
cient,” a,; a,, = a, X MW. If the concentration is expressed in % w/v, then the
absorption ¢oefficient is given the symbol a1z or Eiz. In most biochemi-
cal calculations, wmolarities and molar absorption coefficients are
employed. Furthermore, the sample thickness is almost always 1 cin.  Then
a. has units of M~ 'Xcm™. Absorption coefficients vary with varying
wavelengths. Thus, the symbol amsw0 refers to the molar absorption coefficient
at 340 nm. Thelog Io/I term is called “absorbance,” A, or “optical density,”

0.D.

. A = a.el (3)

The absorbance of a 1M solution of a given substance at a given
wavelength in a 1 em 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 of a light-absorbing compound. Suppose 80% of the incident light
is transmitted {20% of the incident light is absorbed).

e

Tg= 100 =08
c =1 mg fliter

i

=l =1 cm—

Now let us place a second identical cuvette in the light path directly behind the
first cuvette. What is the intensity of the light transmitted through both
cuvettes? The Lambert-Beer law is not a linear relationship. Thus I, is not
0.6. Each centimeter of path length does not absorb a constant amount of
light. Instead, each centimeter absorbs 20% of the incident light. However,
the incident light on the second cuvette is I, 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,

bttt b,

Ip=1.00 I; =080 Is =064
=1 mg/liter, c =1 mg/liter
re=i=1cm— Pl =1 cm—

Similarly, if we place three 1 em cuvettes in series, each one absorbs 20% of
the incident light and transmits 80%.



: 398 SPECTROPHOTOMETRY AND OTHER OPTICAL METHODS

i
' d ot |ecscmsecacsremmn

' e PN RN

: Ig= 100 I; =0.80 Ip = 0.64 I3 =0512
f c =1 mg/liter o= I mgfliter ¢ = 1 mg Jliter

1 <~ = 1 e~ re—{=1cm—+ bl = 1 crn—

We would obtain exactly the same results if we used single cuvettes with
9 ¢em and % cm thicknesses or increased the concentration of the absorbing
K compound, maintaining { constant.

L=l o | I=064 e

m. =1 mg/liter ¢ =1 mg/liter
i fe——1\ =2 cm———3 l=3cm
i
i pem——. == seSgaes
i Ip= 100 I=08 Ig=100 s =064 fp=1.00 e I=0512
' ¢ = 1 mg/liter ¢ =2 mg/liter e = 3 mg/lite

e~ = 1 cm —> <—l=1cm— =1 =1 e~

General Principles

1. If a solution of concentration ¢ has a transmission of I (as a
decimal fraction), then a solution of concentration 2¢ has a transmission
of I*, a solution of concentration 3¢ has a transmission of I, and a
; solution of concentration nc has a transmission of I™
! 9. Similarly, if the light path thickness is increased n-fold, the new
transmission is 1"

3. The absorbance of a solution is a linear function of concentra-
tion. Doubling ¢ results in a doubling of the absorbance, tripling ¢
results in a tripling of the absorbance, and so on.

T S Tt

General Procedure

All light absorption measurements should be made relative to a blank
solution that contains all the components of the assay, except the
compound being measured.
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SOLUTIONS CONTAINING ONLY ONE
ABSORBING COMPOUND

!’%—- Problem 5-2

A solution containing 2 g/liter of a light-absorbing substance ina 1 cm cuvette
transmits 75% of the incident light of a certain wavelength, Caiculate the
transmission of a solution containing (a) 4 g/liter, (b) 1 g/liter, (c) 6 g/liter, and
(d) 5.4 glliter. (e} If the molecular weight of the compound is 250, calculate
e

t  Solution
(a) logJI—o = acl

First solve the equation for a, which will be a specificabsorption coefficient, a,,
because the concentration is given in g/liter.

log(lfg—g= (a.)@2X1)  log1.333=2q,

0.195 = 94, a =-°-'§—2§

a, = 0.0625

Now that we have the specific absorption coefficient, the I values for
solutions of any concentration may be calculated.

Lo
log 7= ascl
Calling I, 100% Calling 1, 1.00
log%o—o = (0.0625)(4)(1) logl';)—o = (0.0625)(4}(1)
log 100 —log I = 0.95 log 1.00—~log T = 0.95
log 100 - 0.25 =log I log I =—0.25
2-025=logJ =—1+0.75
1.75=1log I I=562x10"
I =56.2% or 0.562 I =10.562

We could also solve the problem by recalling that if a solution of concentra-
tion ¢ has a transmission of I, then a solution of concentration nc has a
transmission of I". When ¢=2, 1=075. .. When ¢ =4 {ie., 2cong),
I=0.75"=0.562.
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i ®

|
i By Formula By Inspection
&;i Is When ¢=9, I1=0.75 .. When
" log T = ascl ¢ =1 (e, do, I =075
log 1% — (0.0625)(1)(1) I="0.75
log 100—log I = 0.0625
; I =0.866
5 2 —log I =0.0625
9 —0.0625 = log T
; 19375 =log I
i
Y T = 86.6% or 0.866
i
i ©
By Formula By Inspection
I, When ¢ =2, I=075. .. When
log 7 = acl ¢ =6 (i.e., 36asg), I = 0.75%
log i{}g — (0.0625)(6)(1)
1=0.422
log 100 —log T = 0.375
2--0.875 = log I
1.625=1log I

"I =42.2% or 0.422

(d) Recause 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.

og Q= log P = (006255401

log 100 —1log 1 = 0.3375 or 2—-0.3375=logl

i 16625 =log I I =antilog of 1.6625 I =46.0% or 0.46

(e) 2. = a, X MW = (0.0625)(250) an = 15.63

Ak
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A solution containing 107> M ATP has-a transmission 0.702 {70.2%) at 260 nm
in a 1 ecm 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 107 M ATP solution in a 1 cm cuvette.

Solution

{a} We can calculate the transmission by the formula after first calculating

an, or by inspection,

By Formula

log% = el

log 773 = (ax)(107)(1)

log 1.425 =107 a..

0.154 = 10"°a,,
_0.154
=0
=0.154 % 10°
a., = 1.54 x 1¢*
log-i:'3 = ancl
Ioglg-q =(1.54% 10%
X (107°)(3)

log 100 —log I =4.62 x 107
2—0462=loglI
1.538=log I

I=134.5% or 0.345

(b)

1 cm Cuvette

A=log—°

A= Iog%% =log 1.495

A=0154

By Inspection

When { =1em, I=0.702. .. When
I=3cm (ie, 3 La), I =0.702%,

I=0.345

3 cm Cuvette

— Jog 10
A—]oglr

—log 100 _
A—log34'5—log2.9
A =0.462
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or orT
A= ﬂmCl A= a-mCE
A = (1.54 X 10%)(107°)(1) A= (1.54 X 10°)(107°)(3)
A=10.154 A =0.462
or

Ag;m =3 A!crn
Asen = (3)(0.154)

‘ A = 0,462

(c)
Asrosa =B X Ao ar or A = ancd
A = (5)(0.154) A = (1.54 X 107(5 X 107°)(1)
A=0.77 A=0.71
L_ 100 _
log 7 =A log 7 0.77
log 100 —log I=10.77 or 2-07T=logi
1.93=logI I =antilogof1.23 N
I=17.0% or 0.17
+ Problem 5-4

The specific absorption coefficient (a15") of a glycogen-iodine complex at
450 nm is 0.20. Calculate the concentration of glycogen in a solution of the
jodine complex, which has an absorbance of 0.38 in a 3 cm cuvette.

" Solution

A =al el - 0.38=(0.20)(cx)(3)

0.38 _0.38 _
o = (0‘2)(3) = 6 c = 0-633%
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+ Problem 5.5

A suspension of bacteria containing 400 mg dry weight per liter has an
absorbance of 1.00 in a ! cm cuvette at 460 nm. What is the cell density in a
suspension that has a transmission of 30% in a 3 cm cuvette?

Solution

First calculate the absorbance of the suspension in a I cm cuvette,
—log 20 = 10g 100 _ _
sem = 108 7° log 30 log 5.333 = 0.528

_A.Scm_ﬂ-523=
Avem= 3 3 0.1743

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.
Ifan A of 1.00=>=400 mg/liter bacteria, calculate the A of 1 g/liter bacteria.

1.00 A unit _ a;
0.40 g/liter bacteria 1.0 g/liter bacteria

a=2.5

Now use the usual formula,

A = (@) Came)(lem)  0.523 = (2.5)(Comer)(3)

0.523

Cotice = = = 0.0697 g/liter

e = (9.7 mg/liter

PROTEIN DETERMINATIONS

Several spectrophotometric methods are available for the determination of
protein in solution. The hiuret method is based on the reaction of Cu®™ 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/ml. Interfering substances such as thiols, NI, and the
like, can be removed by precipitating the protein with an equal volume of cold
109% 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 pg protein/ml.

Most proteins have a distinct absorption maximum at 980 nm, due primarily
to the presence of tyrosine, tryptophan, and phenylalanine. The absorbance
at 980 nm can be used to measure protein at levels of 0.1 to 0.5 mg/m} 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 nucleic acids is:

[protein)ugm = 1.55 A5 —0.76 A" (4)

The equation was derived for enolase (Amo/Azo=1.75) in the presence of
yeast nucleic acid (A ssof/A 10 = 0.49) and thus may not be precise for other
proteins and other nucleic acids. The ase of different proteins ranges from
0.5 to 2.5 (depending on the aromatic amino acid content). '

All proteins absorb strongly below 230 nm. For example, the a®™

% yalues

. of bovine serum zlbumin 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®'® values are essentially the same for all
proteins. Protein concentrations in the region 10 to 100 pg/ml can be
determined from the difference in absorbances at 215 and 225nm. A stan-
dard curve is prepared plotting AA versus [protein]. Asa first approxima-
tion, the protein concentration is given by:

[proteinlym = 144(A 2550 — A 2i5am) (5

The absorption difference is used to minimize errors resulting from nonpro-
tein compounds in the solution. High concentrations of certain buffer
components interfere. Some inorganic compounds may also interfere (e.g.,
0.1 N NaOH cannot be used to dissolve the protein, but 5 mM NaOH causes
no problems).

+ Problem 5-6

A protein solution (0.8 ml) was diluted with 0.9 ml of water. To 0.5 mlof 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 &
lem 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 coeflicient.

A = almglmtx Cmgfmlx lcm

However, because the light path length is the same for the standard and the
unknown, we can neglect the | term in the equation. (In a sense, we are
incorporating { into the specific absorption coefficient.} Similarly, because
the total volume of both reaction mixtures is 5ml, we can replace the
concentration term with the weight of the protein.

A=a1mngtmg 0.12=almgx2mg

0.12

aimg:T Timg — 0.06

That is, 1 mg of protein (in a standard sample size of 0.5 ml) plus 4.5 ml of
bivret reagent will yield an absorbance of 0.06 at 540 nm in the particular test
tube used. :
The weight of protein in 0.5ml of the diluted unknown can now be
calculated.
A _018
d1mg N 0.06

A= aymg X Wimg Whng =

Wing, = 3 mg

Because the absorbance of the reaction mixture is directly proportional to
the amount of protein present, we can also solve for the unknown weight by
setting up a simple proportion.

A _ A, 012 0.8

¥

wt, Wt 2mg  wt,

0.18 _
W’tu—a-—I—Q'XQ =15x2
wi.= 3 mg

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
05mi | 6me/ml
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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 dilutien factor.

Cortg = Cana X dilution factor = 6 mg/mlx 4

Corig = 24 mg!m-l

Note that the addition of 0.9ml of water to 0.3 ml 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 measurements were made using a 1 cm cuvette.

Solution A 300 A s600m A nsom Agisnm
Undiluted 0.35 0.20 — T
Diluted 1:10 — —_— 0.20 0.47
Solution
{a) [protein]mg;ml = 1.bb Azsu - 076 Azﬁo
= (1.55)(0.35) — (0.76)(0.20)
= (0.5425 ~ 0.1520
[protein] = 0.391 mg/ml
(b) ‘ [protein]pg,ml = 144(A215 - Aggg,)
= 144(0.47 —0.20)
= 144(0.27)

{protein] = 38.9 pg/ml

The diluted solution contained (38.9)(10) = 389 ng/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%am of 1.5 in a lcm
cuvette. A concentrated solution of the protein was found to contain
10.56 pg of Mo/ml. A 1:50 dilution of the same solution has an A sonmm of
0.375. Calculate the minimum molecular weight of the enzyme. The
atomic weight of Mo is 95.94.
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Solution
The concentrated solution contains:

10.56 X 10~° g Mo/ml
95.94 g/g-atom Mo

=1.1x 107" g-atom Mo/ml

An a™'® is the absorbance of a solution containing 1 mg protein/ml. The
absorbance of the concentrated solution is:

(50)(0.375) = 18,76
0.1% = WA
A= (a )(Cmgfml)(l) or Cmgrml = (ao"%)(l)

_18.75

5= 12.5 mg/ml =125 % 107° g/m}

The minimum molecular weight is that amount of enzyme containing one
gram-atom of Mo.

125 X10 " g protein __ MW,
10.56 % 10~° g-atom Mo 95.94 g Mo

or
12.5 x 107° g protein MW,
1.1 X 107" g-atom Mo~ 1 g-atom

MW == 113,600

SOLUTIONS CONTAINING TWO ABSORBING COMPOUNDS

» Problem 5-9

A solution containing NAD" and NADH had an optical density in a lem
cuvette of 0.311 at 340 nm and 1.2 at 260 nm. Calculate the concentrations
of the oxidized and reduced forms of the coenzyme in the solution. Both
NAD® and NADH absorb at 260nm, but only NADH absorbs at
340 nm. The extinction coeflicients are given below.

a. (M7 Xcm™)
Compound 260 nm 340 nm
NAD* 18,000 ~0
NADH 15,000 6220

Solution

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= (an)(e)D)
0.311 = (6.22 X 10°){(c }1)
_3.11x107

_ 5
c=Famxior X0

€rapu = B X 10°M

Next calculate the absorbance at 260 nm resulting from the NADH.

A= ()X
i A= (15.0 X 10°)(5 X 107%)(1) =75 X 107

LA 260[NADH] — Q.75

The remainder of the absorbance at 960 nm must result from the NAD*Y

3 1.20 total A at 260 nm
I —0.75 A of NADH at 260 nm
045 A of NAD" at 260 nm

Finally, from the absorbance of the NAD™ at 260 nm, calculate the concen-
tration of NAD".

A=(a)e)(D) 045 =(18.0%10)(c)})

_45x107
¢ ~180x 10°

Caapt = 2.50 % 10_5 M J

=0.250 % 107* ..

« 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 0.55 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.

aiF in CHCly

Compound 328 nm 458 nm

Carotene 340 2200
Vitamin A 1550 ~0
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Solution

The concentration of carotene may .be obtained from the shsorbance at
458 nm where the vitamin A has no absorption.

A= {a1g)(canoom){l) 048 = (2200)(c)(1)

_ 048 _4.8x10™
€T 9200 2.2x10°

c:lrMene = 2-18 x 10-‘l g/lOU ml

The total carotene content of the chloroform extract (25 ml) is

2.18 % 107* g/100 mi
4

=0.545 % 107" g = 0.0545 mg

The carotene content of the butter is

0'_02?)5?% = 5.45 X 107" mg carotene/g butter

or 5.45 pg carotene/g hutter

The vitamin A content of the butter may be calculated from the absorbance
of the chloroform solution at 328 nm after correction of the absorbance for
the carotene present.

A 398 ronene = (@12 ){(Cgnioom){1)
=(340){2.18 X 107) (1) =741 x 10"
A 328cacorene 0.0741
0.530 total A at 328 nin
—0.074 A of carotene at 328 nm
0.456 A of vitamin A at 328 nm
Aviea= (am)(cg;_moml)(l) 0.456 = (1550} c){(1)

_0.456 _45.6x10
1550 16.5X 107

c

Criea = 2.94 % 107" g/100 ml

The vitamin A content of the chloroform extract is:

2.94 X 10" g/100 ml
4

=0.735% 107" g = 0.0735 mg

The vitamin A content of the butter is;

73.6 pg
I0g

=| 7.35 pg vitamin A/g butier
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« Problem 5-11

s, A and B, has an absorbance in a 1 cm
95 at 400 nm. The molar absorption
are given below. Calculate the

A solution containing two substance
cuvette of 0.36 at 350 nm and 0.2
coefficients of A and B at the two wavelengths
concentrations of A and B in the solution.

e (M X em™)

Compound 350 nm 400 nm
A 15,600 3000
B 7,000 6500

Solution

Because both compounds absorb at both wavelengths, we can set up two

simultaneous equations.
ASSO nm — (ﬂ'»mss-o[A] X CA) + (%550{3] X GB)
0.36 =(156 % IOBGA) F (1% 10°cs)
Asonm = (ﬂmqooml X CA) + (a1n4OO{B] X Ca)
0.295 = (3 % 10°¢.) + (6.5 X 103(:5)

Next, solve for ¢a in terms of ¢p OT vice Versa.
0.36 = 15X 10°cA+ 7% 10°s
0.36—7 X 10%n = 15X 107ca
[ 2367 10%cs
15 x 10

Next, substitute the above value for ca into the second A expression.

0.295 = (3% 10%ca) + (6.5 % 10%cs)

. 3 0.36"’? X ]0365 5
0.225 = (3% 10 )—_——_15 X10° +6.5%X107°¢cs

 1.08%10°—21x10%x , 6.5X% 10°cs
0.295 = 5% 10° + I

Maultiply the numerator and denominator of the second right-hand term by

15 x 10°, and collect terms:
_ 1.08x10°—21 % 10%s . (15 X 10°)(6.5 X 10°cs)
0.225= 16 % 10° + 15 % 10°

108X 10°— 21 x 10°¢s + 97.5 X 10%cs
0.225= 15 x 10°

338 x 10° = 1,08 X 10° — 21 X 10°¢p -+ 97.5 X 10%cs
9.30 x 10* = 76.5 X 10°cs

3 2 .
2.3%10° _ 23x10 cB=SX10'5M]

2 =wEEx 100 7.65% 107
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i
Now that cs is known, ¢a may be calculated by substituting the value for ¢
into the expression for Assonm O Asanm.
0.36 = (15 X 10%.a) + (7 X 10%z)  0.36 = 15X 10%.4 + (7 X 10°)(3 x 107%)
0.36 =15 x 10’cs +0.21 0.15=15x10%4

0.15 15 % 107°
Ca = =

. -5
T1x10° 15X 10° ca=1xX107"M

COUPLED ASSAYS

Many compounds of biological importance do not have a distinct absorption
maximum, Nevertheless, their concentrations can be determined if they
stoichiometrically promote the formation of another compound that does
have a characteristic absorption peak.

[
+ Problem 5-12 .

To 2.0ml of a glucose solution, 1.0 ml of solution containing excess ATP,
NADP*, MgCl,, hexokinase, and glucose-6-phosphate dehydrogenase was
added. The absorbance of the final solution (in a 1 ¢m cuvette) increased to
0.91 at 340nim. Calculate the concentration of glucose in the original

solution.
Solution

The reactions that take place are shown below.
hexakinase
MgZt

ghucose-B-phosphzte dehydrogenase

glucose + ATP glucose-6-phosphate

glucose-6-phosphate + NADP*
6-phosphogluconic acid-§-lactone + NADPH + H*

Although glucose has no absorption at 340 nm, NADPH does. Recause
the K., 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 10°}e (1)

. __ 091 _91x10”
NADFH T 699 % 10° 6.22 % 10°

Enanee = 1.463 X 107" M NADPH
€ glucoseorig = (1,463 %X 107} % dilution factor
= (1.463 X 1075

€ glucose orig = 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

All four compounds can give rise to a stoichiometric amount of NADPH by
the reactions shown below.

glucose-1-phosphate

phosphoglucomurase

hexokinase slucose—ﬁ—pho:.phzle dehydrogenase

glucose 7~ glucose-6-phosphate Py— 6-phosphogluconic

1
i acid-8-lactone + NADPH

phosphohexoisomerase

i fructose-6-phosphate

: (a) First add gluicose-6-phosphate dehydrogenase and a large excess of
NADP* and MgClh. The glucose-6-phosphate present is converted to 6-
phosphogluconic 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
ﬁ . enzyme catalyzes the conversion of the glucose-1-phosphate to glucose-6-
t; phosphate that produces more NADPH in an amount equivalent to the
amount of glucose-1-phosphate originally present. Measure the increase in
F Asoam. -
! (¢) When no further increase in absorbance occurs, add phosphohex-
1 oisomerase. This enzyme catalyzes the conversion of the fructose-6-
phosphate to glucose-6-phosphate that yields another increment of
il NADPH. Measure the increase in Asonm.

{(d) Finally, add hexokinase and ATP. The glucose present yields a

stoichiometric amount of NADPH as described previously. Again measure

the increase in A swam.

| Although the glucose-6-phosphate dehydrogenase, phosphoglucomutase,
and phosphohexoisomerase reactions do not have large K. 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 Aswom time course of the assay is

i shown in Figure 5-2.

i In calculating the ANADPH concentrations at any point from the AAsonm
{ values corrections must be made for the dilution of any preexisting

NADPH. Also, in calculating the concentrations of giucose, glucose-6-
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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
might be 1.0 or 3.0 ml (usual cuvette sizes) while the assay enzymes might be
added in 10 pl volumes.

+ Problem 5-14

To 1.0 ml of a solution containing a mixture of glucose-6-phosphate and
glucose-1-phosphate, 1.0 ml of a solution containing excess NADP", MgCl,
and glucose-6-phosphate dehydrogenase was added. . The absorbance in a
lem cuvette increased to 0.57 at 340 nm. When no further increase in
absorbance was observed, an additional 1.0ml of a phosphoglucomutase
solution was added. The absorbance then decreased to 0.50. Calculate the
(a) glucose-6-phosphate and (b) ghicose-1-phosphate concentrations in the
original solution.

Solution
{a) A=g. Xcnaprr X1 0.57 = (6.22x 103)(5 naner)(1)
057 _BTX107 _ s
€ NADPH = 6.99 % 10° T w0 9,16X107 M
copy, = (9.16 X 10 x dilution factor = (3.16 X 107)(2)
CO6Foutg — 1.83 % 10_4 M
(b) AA corrected T A final Am—ig.concc(ed

A orig,correcced = (0.57)5 = 0.38
AA correcea = 0.50 - 0.38 = 0.12
AA = a. X Acyaper X | -
0.12 = (6.22 X 10°) X {Acnanru) X (1}

Ac __ 012 _12xI0™
NADFE T 5 00 % 10° 6.22 X 10°

AﬁNADPH =1.93X% 10_5 M
Co1Po = 1.93 X 107® X dilution factor = (1.93 X 107°)(3)

C G-1-Pory = 5.79 X 10_5 M

ENZYME ASSAYS

Enzymes can be assayed spectrophotometrically by following the rate at which
a product appears or a substrate disappears. If 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 so that the overall rate depends 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 bhelow,

GOT

aspartate + o-ketoglutarate glutamate + oxalacetate

+
NADH

son ||

malate
+
NAD"

A reaction mixture contained excess aspartate (i.e., 100 times its K. value),
0.1 ml of serum, 0.3 pmole of NADH, and an 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 at a
rate of 0.04 A unit/min. The cuvette had a light path of 1 cm. Calculate the
concentration of GOT in the patient’s serum {i.e., the specific activity of the
seruin in terms of enzyme units/ml).

Solution

v=AA /min = 0.04/min

AA
BA=(am)Ae)l)  or  Ac=rEip
- 009 oy ,
Ac=mx 109~ 043X 107 M =6.43 pmoles/liter

v=06.43 pmoles X kter ' X min~' = 6.43 X 107 wmoles X ml™" X min™

Thus, the 1.0 mi cuvette contained 6.43 X 107 units of enzyme activity. This
activity came from (.1 ml of serum. Therefore, the serum contains:

6.43 % 107> units _

—2 »
01 ml 6.43 X 107" units/ml

» Problem 5-16

A cell-free extract of Penicillium chrysogenum was assayed for B-galactosidase .
activity. The extract (0.25 ml) was incubated with 3 X 107* M p-nitrophenyl-
B-galactoside and buffer in a total volume of 1.0 ml. Periodically, 0.1 ml
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aliquots were removed and added to 9.9mlof 0.1 N NaOH. The concentra-
tion of free p-nitrophenol was determined by measuring the absorbance at
400 nm against a p-nitropheny}-B-galactoside + buffer + NaOH blank. (a. of
p-nitrophenol in 0.1 N NaOH is 18,300) The cell-free extract contained
5 mg protein/ml, The absorbance of the NaOH solution in a 1 cm cuvette is

shown below.

Incubation lime Aonm
(minutes)
2 0.09
4 0.18
6 0.27

Calculate the specific B-galactosidase activity of the cell-free extract.

Solution

v=AA /min = 0.045/min —

, __AA_
AA=(a)Be)l)  or  Ac=ren

__ 004
(18.3 % 10%(1)

Thus, the concentration of p-nitrophenol in the NaOH solution increased at a
rate of 2.46 X 107° M /min = 2.46 X 107 pmole X ml™ X min~'. The volume of
the NaOH solution is 3.0ml. .". (3)(2.46X 107 =7.38 % 107° umole of p-
nitrophenol produced/min. The 7.38 X 107 wmole were produced each mi-

nute in 0.1 ml of assay mixture. In the assay mixture:

1

¢ =946%X107° M X min~

v =7.38% 107 pmole X ml™ X min™"

The 1.0ml of assay mixture contained 0.25ml of cell-free extract. The
protein concentration in the assay was:

(0.25 mi/ml)(b mg protein/ml) = 1.25 mg/ml

—2
5.A.= 7—381—2510— =|  0.059 units/mg protein

Note that by 6 min, (7.38X% 107%)(6) = 0.4428 umoles of substrate had been
atilized. 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 ® K. and v = Vi

»

B. FLUOROMETRY

Many compounds absorb light and then immediately reemit some of the
energy as light of a longer wavelength. This fluorescence phenomenon can be
used with an instrument called a fluorometer to measure very low 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 A and one to select the desired emission A.  Usually 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 wavelengths. In other words, fluorescent compounds have a
characteristic excitation spectrum and a characteristic fluorescence spec-
trum. Two compounds with sufficiently different excitation and/or fuores-
cence specira may be determined in the presence of each other in much the
same manmner 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 pg of pure compound X might
yield a fluorescence intensity of 53 arbitrary units all by itself. However, if
25 pug 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 ug of X is
cquivalent to 29 units of fluorescence (not 53 units). It is also necessary to
subtract from the readings the flucrescence of a blank. The blank should
contain the same substances as the sample. For example, if the sample is
treated chemically to induce fluorescence, 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.

IX

I, — I, = [standard}
v Iu
I, — I « [unknown]

Iy
I, = fluorescence of blank

Zero

where Iy = fluorescence of blank
I, = fluorescence of unknown plus blank
I, = fluorescence of internal standard plus unknown plus blank
I, — I, =fluorescence of unknown under assay conditions
I, — I, = fluorescence of standard under assay conditions

fluorescence of unknown __ amount of unknown

and fluorescence of standard  amount of standard
I, — I, _ amount of unknown ©)
or I.— I, amountof standard
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. Problem 5-17

Catecholamines (epinephrine and norepinephrine) can be converted to
fluorescent compounds (called lutines) by oxidation and treatment with
alkali, The concentration of total catecholamine can then be determined by
excitation at 405nm and fluorescence intensity measurements at
495 nm. (These two wavelengths do not discriminate between epinephrine
and norepinephrine.) The following data were recorded:

1. = fluorescence intensity of 1.5 ml of urine, treated
to induce fluorescence of catecholamines
= 52 units
I, = fluorescence intensity of 1.5 ml 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, = Auorescence intensity of 1.5 ml of treated urine
to which 0.95 ug of epinephrine standard had
been added
=85

Calculate (a) the concentration of catecholamines in the urine sample and (b}
the total daily catecholamine excretion if 900 ml of urine were collected in 24 .
hours.

Solution

(a) Amountof catecholamines in sample = L—L, 0.25 png

T-1
_ 526 _ (46)(0.25)
a5—52 0B~ (33

Amount of catecholamines = 0.348 pg J

_ 0348 pg
conc="yg 9" 0.232 pg/ml J
(b} Total excretion = {0.232 1g/ml1)(800 mi) = 209 pg/day

C. OPTICAL 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 plane of sym-
metry. The optical rotation of a solution at a given temperature and
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wavelength is given hy:

A°=[alix C X1 n

where  A°=the observed rotation in degrees
fali =the specific rotation of the compound in solution at a fixed
temperature (generally 20 or 25°C} and wavelength (generally
the b line of sodium, 5893 A)
C = the concentration of the solution in g/ml
= the light path length (through the solution) in decimeters (dm)

Note that Equation 7 is analogous to Equation 3 for absorbance. The
relationship is also frequently given as:

- A°X100

leh="Txc ®)

where now C = concentration in % w/v (i.e., g/100ml). The “molar rota-
tion,” [a]s, is [a]X MW.

Optical rotation is measured with an instrument 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 perpendicular to the transmission 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

e

Monaochramatic Nonpalarized Polarizing Plane
light source light lens pofarized
light
Sample (in Piane-poianzed Analyzing ye
polarimeter light-plane lens
tube) rotated

Figure 5-3 Essential components of a polarimeter. Polarized light vib-
rates in a single plane perpendicular to the path of propagation. Non-
polarized light vibrates in an infinite number of planes, all of which are
perpendicular to the path 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 or +). If the analyzing lens is rotated counterclockwise, the

- substance is said to be levorotary (! or ~). The symbols d or | 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 follow the course of a reaction
where the substrate and product have different specific rotations. Optical
rotary dispersion measurements (i.e., the optical rotation at several different
wavelengths) can provide information concerning the structure and asym-
metry of a compound (e.g., percent a-helix content of a protein).

+ Problem 5-18

A solution of L-leucine (3.0 g/50 ml of 6 N HCI) had an observed rotation of
+1.81°in a 20 cmn polarimeter tube. Calculate () the specific rotation, {e],and
(b) the molar rotation, [a ], of 1-leucine in 6 N HCL

Solution

__A°
@ (o=

+1.81 e
fe] =~ 5% 0.06 or L[a]-‘:+15.1 \

(b) (@] =[] X MW = (+15.19)(131.2)

[ =20cm=2dm C = 3% g/50 ml = 0.06 g/ml

l [ ]ac = +1980°

- Problem 5-19

A solution of L-arabinose (containing an equilibrium mixture of ¢ and B
forms) has an observed rotation of +93.7° in a 10cm polarimeter tube at
98°C. Calculate the concentration of L-arabinose in the solution. The [a)s
for an equilibrium mixture of a- and B-L-arabinose is +105°.

Solution

+ Problem 5-20

An equilibrium mixture of w- and p-p-ghucose has an {a]s of +52.7°. Pure
a-p-ghicose has an [afs of +112°. Pure B-D-glucose has an [els of
+18.7°. Calculate the proportions of @- and 8-pD-glucose in the equilibrium
mixture.
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So-lu{fon
The contribution of each anomer toward the total A° or [«]y is directly
proportional to the concentrations of each anomer present. Let:
X=%pB S (00-X)=% a
(+18.7)(X) + (+ 112){100— X) = (100)(+ 52.7)
18.7X + 11,200~ 112X = 5270

5930 = 93.3X
5950 -
X=0s5= % B B =635%
a = (100 —63.5)% @ =36.5%

+ Problem 5-21

Thirty grams of a polysaccharide containing only p-mannose and p-glucose
were acid hydrolyzed. The hydrolysate was diluted to 100 ml. The ob-
served rotation of the solution was +9.07° in a 10 cm polarimeter tube. Cal-
culate the ratio of D-mannose/p-glucose in the polysaccharide. The specific
rotations of «/B-p-glucose and «/f-p-mannose are +52.7 and +14.5°, respec-
tively.

Solution

After acid hydrolysis, the two sugars are present as the equilibrinm mixture of
their @ and B forms. Furthermore, the total weight of monosaccharides
after hydrolysis is 33.3 g as a result of adding 1 mole of water (18 g) per mole

of monosaccharide residue (162 g).

Let
X = g/ml D-glucose present

(0.333 — X)) = g/ml p.mannose present
glucose = [ J(IHC) = (B2 X) = 527X
Afnoose = [ {D(C) = (14.5)(1)(0.833 — X) = 4.83 —~ 14.5X
lucose T Amannose = Aot
(52.7X)+(4.83 — 14.5X) =9.07
382X =4.24

4,
X = g/ml b-glucose = 389

D-glucose = 0.111 g/mil

p-mannose = 0.333 - 0.111 g/ml

p-mannose = 0.222 g/ml
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] i
Because mannose and glucose have the same molecular weights, the molar
ratio of the two sugars is the same as the weight ratio. '

p-mannose/D-glucose = 2

PRACTICE PROBLEMS

Answers to Practice Problems are given on page 429.

v+ 1. Calculate the absorbance and the trans-
mission at 260 nm and 340 nm of the following
solutions in a 1ecm cuvette: (a) 2.2x 107 M
NADH, (b 7X107°M NADH plus 42X
16°M ATP. The a. of NADH is
15,000 M 7' xem™ at 260nm and 6220 at
340 nm. The a. of ATP is 15,400 M ™' X em™
at 260 nm and zero at 340 nm.

9. 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 0.75 at 260 nm,
and {c} 022 at 340nm and 0.531 at
260 nm. The 4, values of NADPH at the two
wavelengths are the same as those of NADH
{problem 1).

3. Calcvlate 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 g. of 12,000 M X cm™ at 450 nm and
4000 M X cm™ at 485nm. Compound B
has an 4. of 00O M 'xcm™ at 450 nm and
11,600 M ™' cm™ at 485 nm.

4. A swandard solution of bovine serum
albumin containing 1.0 mg/ml had an absor-
bance of .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 215nm and at 2256 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
280 nrn?

6. Suppose that 1.5 mlof 2 2x 107 M soh
tion of NADPH were added to 1.5 ml 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 nm was 0.25 in a 1 cm cuvette.  Calcula
the concentration of oxidized ghatathione i
the original 1.5 ml. The reaction catalyzc
by glutathione reductase is GSSG + NADPH
H*'»2GSH + NADP" and goes essentially
completion.

7. Devise a spectrophotometric ass:
based on light absorption at 340 nm by whic
the concentrations of fructose-1,
diphosphate,  glyceraldehyde-3-phosphat
and dihydroxyacetone phosphate in'a mixtu
may be determined.

8., Calculate the concentrations of city
acid and isocitric acid in a mixture, given,t]
following information: (a) After the adc
tion of 1.5ml of solution containing exce
NAD" and the enzyme isocitric dehydroge
ase to 2.0ml of the original solution,
absorbance at 34Qnm in a lcm cuvette i
creased to 0.48. (b) After an additional 3.5
containing the enZyme aconitase were adde
the absorbance remained constant at 0.48.

9. A commercial sample of adenosine-
phosphosulfate (APS) is known to be contan
nated with 5-AMP. A solution of the Al
that had an Assonm 0f 0.90 was prepared. E
actly 0.9 ml of this solution was mixed wi
0.1 m! of a solution containing excess inc
ganic pyrophosphate, glucose, NADP*, Mg
and the enzymes ATP sulfurylase, hexoki
ase, and glucose-6-phosphate dehydroge
ase. The Asonm increased to 0.262. C
culate the purity of the APS sample, (£
sume that APS and AMP have a. values



15400 M~ X cm™ at 260 nm.) ATP sulfuryl-
ase catalyzes the reaction APS+PP; = SO{™+
ATP with a K, of 10° as written.

10. If the extract described in problem
5-16 is reassayed using  ¢-nitrophenyl-g-
galactoside, what would the Aup.., of the
NaOH solution be for the 2%-min sam-
ple? The a. of o-nitrophenol at 420 nm (in
base) is 21,300 M ' x¢cm™. (Assume that the
velocity with e-nitrophenyl-g-galactoside is
the same as that with p-nitrophenyl-B-
galactoside.)

Y11, Lactate dehydrogenase was assayed by
following the appearance of NADH spec-
trophotometrically in a 1cm cuvette. The
assay mixture (3.0 m! total volume) contained
excess lactate, buffer, 0.1 ml of enzyme prep-
aration, and semicarbazide {to trap the pyru-
vate and pull the reaction to comple-
tion). The enzyme preparation contained
120 g protein/ml.  The Ao increased at a
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 dehydrogenase, glycerol, and 3%
10'M NADH in a total volume of
0.9ml. The reaction is started by adding
0.1ml of glycerol kinase solution. If the
specific activity of the enzyme is as it should
be, the 0.1 m! should have added 0.03 units of
activity.  After a short lag, the absorbance at
365 nm decreased ar a rate of 0.08/min. (The
“assay was performed at 365 nm rather than
340 nm in order o keep the shsorbance read-
ings below 1.0. The 4, of NADH at 365 nin
is 3.11x10°M7'xem™) Does the stock
glycerol kinase solution reaily contain 0.3
units/ml?
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13. Lead poisoning causes an increased
daily excretion of coproporphyrin, which can
be measured Huorometrically in urine (excita-
tion at 405 nin, Auorescence measurements at
595 nm). A 0.5ml sample of urine from a
suspected lead poisoning case was processed
appropriately and diluted to 25 ml for Aluores.
tence measurements. The following data
wererecorded: I, =40, =5, I, =80. ‘The
internal standard added 1.95 pg of co-
proporphyrin to the 25 ml assay volume. The
total volume of urine excreted per 24 hours
was800 ml. Whatis the daily coproporphyrin
excretion of the patient? (Normal values are
7510300 pg/day.) Keepin mind that [, refers
to fluorescence of the unknown plus that of the
blank; I, refers to the Huorescence of the
internal standard plus that of the unknown
and the blank.

14. A solution of D-histidine (4 g/100 m! of
1 M HCI) had an observed rotation of —0,41°
in a 20 cm polarimeter tube.  Calculate {a) the
specific rotation [e} and (b) the molar rotation
{«lw of D-histidine in 1 M HCL

15. A solution of L-ribulose {containing an
equilibrium mixture of o and g forms) has an
observed rotation of —3.75° in a 10cm
polarimeter tube., Calculate the concentra-
tion of L-ribulose in the solution. The [a]?
for an equilibrium mixture of - and B-L-
ribulose is —16.6°.

16.  An equilibrium mixture of o- and B-D-

mannose has an [e]y of +14.5°. Pure o-D-
mannose has an [a]y of +29.5°. Pure g.-p-
mannose has an {«]§ of —16.3°. Calculate

the proportion of a- and B-b-mannose in the
equilibrium mixture.

17. The [eld of «-D-mannose is
+28.30°. The [alf of pB-D-mannose is
—16.30°, A freshly prepared solution of a-n-
mannose had an observed rotation of +14.65°
in a 10cm polarimeter tube, After 10 min,
the observed rotation decreased  to
+11.0°%  Caleulate the overall net rate of
mutarotation.
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ISOTOPES IN BIOCHEMISTRY

A. ISOTOPES AND RADIOACTIVE DECAY

ISOTOPES

“Isotopes’ are atoms that contain 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 Mg®, Mg®, and Mg®, which
account for about 78.6, 10.11, and 11.99%, respectively, of the total mag-
nesium in nature. Because of the mass distribution, the weighted average
atornic weight of magnesium is 94.31. The chemical properties of an element
are determined by its atomic number, not its atomic weight. Consequently,
all three isotopes of magnesium react identically. “Isotope effects” caused by
the slight mass differences are generally negligible in biochemical
studies. Both radioactive and stable isotopes are used in biological research.

MODES OF RADIOACTIVE DECAY
Many of the naturally occurring and man-made isotopes arc 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

Nuclear
Decay Process Transformation Net Equalion
Beta particle emission o' = ap' + B’ a2 o e I 4 80
Positron particle emission ap'>on' B’ U P LY b
Alpha particle emission Loss of «He' (a) I o I s He!
Electron capture (EC) ap'+ et —on’ N (L B RPLE e el B
Particle emission followed AT o Iy

by isomeric transition of
still unstable nucleus

354
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isotopes.” Because of the decay process many isotopes have long since
disappeared from nature. For example, Mg™ and Mg® no longer constitute
a significant proportion of the magnesium in nature, although they can be
produced by appropriate nuclear reactions for use in research.

Most radioisotopes used in biochemical studies are beta andjor gamma
emitters {Appendix XI1I).

- Problem 6-1

C¥ P¥ 8% and H® are radioisotopes commonly used in biological
research, All are B emitters. Write the nuclear reactions by which they
decay.

Solution

In all four cases, the ejection of a B particle will result in a stable isotope with
an atomic number one higher than the original radicisotope and an atomic
weight identical to the parent.

ﬁclé_)_lBU_{_?Nl'(

1P -130 + 165%

’6335___)4504“ ”C]ss

IHS“‘)_Iﬁo + QHCS

EQUATIONS OF RADIOACTIVE DECAY

The decay of radioactive isotopes is a simple exponential (first-order) process.

_AN_

T =AN o))

dN . . .
where ~——=the number of atoms decaying per small increment of time
(i.e., the count rate)
N = the total number of radioactive atoms present at any given

time
A =a decay constant, different for each isotope
The negative sign indicates that the number of radioactive atoms decreases

with time.
Although A is a proportionality constant, we can see its physical significance
by rearranging the above equation.

AN _ ., __dN
ST TAN L A=
A = —4N/N @

dt
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In other words, A is the fraction of the radioactive atoms that decays per
smal increment of time.

The differential decay equation may be integrated to obtain a far more
useful relationship.

dN dN JdN J
=" = AN ——=—A S—=—) ] dt
! dt N 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 ume:
N dN ‘ N
£ = In o= — Al
J.ND N '\J’.uo dt n
| N
: In —N—" = At
i
or , 2.3 log—ﬁ = At or N = Noe 3)
i
i
i . A
4 or, in linear form, log N = ~33 t +log No 1)
i
1!
;&g,! N, and N can be expressed in any consistent manner, For example, -
o No=100%, N=% remaining after time interval {; No=1.00, N = fraction
remaining (as a decimal) after time interval t; No= original CPM in sample,
N = CPM remaining after time interval t; No=3S.A. of sample at a certain
time, N = S.A. of the sample after an elapsed time, L.

HALF-LIFE

The “half-life” (f,) of a radioactive isotope is the time required for half of the
original number of atoms to decay. The relationship between tz and A is
shown below,

In Nl\—ro = Al or 2.303 log II\I\: = Af
In— = Atiz 9,303 log <= = Atue
. 0.5 0.5
In2 = Ale 2.303 log 2 = Al
0.693 = Atie €2.303)(0.301) = Atin
0.693 = Atz
A= 0.633 or tip= 0.693 (5}

tie A
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3

Log ¥ {Linear scale)

Percent of Oiginal radicactivity
remaining (Log scale)

| | |
0 1 2 3 4 Time
Number of half-lives elapsed

(a) (&)

Figure 6-1 The decay of a 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.

THE 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™® decays. Because of the
relatively long half-life of Ra™, the isotope served as a convenient
standard. The curie is now defined as the quantity of any radicactive
substance in which the decay rate is 3.700 X 10'° disintegrations per second
(2.22 x 10" 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 pCi of radioactive material has a
decay rate of 2.22 X 10° DPM.  If only 30% of the disintegrations are detected,
the observed count rate is 6.66 X 10° CPM.

- Problem 6-2

Ca® has a half-life of 163 days. Calculate (a) the decay constant (A) in terms
of day™ and sec”’, and (b) the percent of the initial radioactivity remaining in
a sample after 90 days.

Solution

-1

_0.693_ 0.603 _6.93x10°
" he 163days  1.63x10°

A day

A =425%x10"day™
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0.693
A = 163 days x 24 hr/day % 60 min/hr x 60 sec/min

_ 0.693 _ 0.693
= 163 days x 86,400 sec/day (163 10°)(8.64 109

2
= Mﬁ’ sec A=4,92X 107% sec™

T 14.1% 10

(b) 2.3 1og1—§7": M

Let No= 100%.
100
i N
§
1ogl£,9 = 0—~——'28;4 =0.167
log 100 —log N = 0.0167

log N = 2.000—0.167 = 1.833

N =68.1%
+ Problem 6-3

C' has a half-life of 5700 years. Calculate the fraction of the C' atoms that
decays (a) per year (b} per minute.

93100 _ (4,96 x 107)(90) = 0.3834

Solution

{a) Calculate A:

_ 069 _6.95x107 - — -
A =700 yr BIX 10° 7 LA =1.216% 107" yr

That is, }.216)(10" atoms per atom decays per year oOT 1 atom out of
1/1.216 X 107" atoms decays per year.

TQ_IB_LXW = ().8995 x 10° = 8.225 X 10°

1 out of every 8225 radioactive atoms decays per yearA‘
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_1216x107" yr™"
®) A = 365)(24)(60)

1
231X 10~ #9210

=2.31x107° min™

1 out of 4.32 x 10° radioactive atoms decays per minute ‘

* Problem 6-4

K* (tiz= 1.3 % 10° 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 K* decay in a 75 kg human.

Solution
total K = 0.012% X 0.35% x 76X 10° g
= (1.2 107%(3.5 X 10~*){7.5 x 10"
=315%x107% g
1
number of K* atoms = -i’—blz;—_iu{;ﬁ % 6.023 % 10™ atoms/g-atom
= 4.74 X 10™ atoms

_ 0.693 _693x10"
1.5 X 10°x 365 x 24 X 60 6.83 % 10"

. =1
min

A

A=1.014% 107" min™!

AN
DPM = —="= AN

= (1014 % 107%)(4.74 X 10®) =|  4.81 x 10° DPM

or 481x10°DPM _ _
2.92 X 10° DPM/Ci

0.217 uGi

SPECIFIC ACTIVITY

It is not necessary for every molecule of a compound to be radioactive for us
to use the radioactivity as a measure of concentration (and, thereby, deter-
mine reaction rates, and so on). All 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 (mGCi/mg), millicuries per millimole (mCi/mmole), disintegra-
tions per minute per millimole (DPM/mmole), counts per minute per mic-
romole (CPM/pmole), or in any other convenient way. Once the specific
activity of a compound is known, any given count rate ¢an 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 effects, that is, it 1s assumed that the radicactive 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 H®, which has a
mass three times that of normal H. However, for most biologically impor-
tant H'-labeled compounds, the total molecular weight is not much different
from that of the unlabeled compound. For example, H3O has a molecular
weight only 19% greater than that of H:zO.

- Problem 6-5

C* is produced continuously in the upper atmosphere by the bombardment
of N™ with neutrons of cosmic radiation. The reaction is 4N +en' =G+
JH'. As a result, all carbon-containing compounds currently being biosyn-
thesized on the earth contain sufficient C" to yield 13 DPM/g carbon. After
death of an organism the C'* decays with a half-life of 5700 years. Calculate
{a) the abundance of C™ in the carbon that is participating in the carbon cycle
on the surface of the earth today and (b) the age of a sample of biological

material that contains 3 DPM/g carbon.

Solution

() DPM/g = —%2—] = AN

where N = the number of C" atoms per gram of carbon and A = the decay
constant, 2.31x 107 min~ for c".

13=231x107"N

13

N=g3ix10"°

‘7 5.63 % 10*° atoms C'*/g carbon

1 g of carbon contains

3

3 —
{9 g/g-atom x 6.023 ¥ 10¥ atoms/g-atom

\7 5.02 x 10™ total atoms of carbon

abundance = 5.63 % 10" atoms C**
5.02 x 10™ total atoms carbon

% 100% =| 1.12x107°%
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®) 2.3 logv;—s = At
where A=1216x10"yr" for C*

2.3log 4.33=1.216 X 10" ¢
(2.3)(0.636) = 1.216 X 107" ¢

_ (2.3)(0.636)

b= 1916% 10

age=1=12,029 yr

Check: The C" activity has decayed to about 3 of its original level. After
5700 years it would decay toz. After 11,400 years (2 half-lives), it would decay
tos. After 17,100 years (3 half-lives), it would decay to4. Thus, the sample is
between 2 and 3 half-lives old.

SPECIFIC ACTIVITY OF CARRIER-FREE ISOTOPES

- Problem 6-6

(2) What is the specific activity of pure C" in terms of DPM/g, Gi/g, and
Ci/g-atom? (b) What is the theoretical maximum specific activity {Ci/mole) at
which L-phenylalanine-G" (uniformly labeled) could be prepared? (c} What
proportion of the molecules is actually labeled in a preparation of L-
phenylalanine-C™ that has a specific activity of 200 mCi/mmole? A =
2.31% 107 min™", ’

Solution

wo_lg g
(a) 1gC T4 gjg.atom 0.0714 g-atom

N = 0.0714 g-atom X 6.023 % 10™ atoms/g-atom
N=4.3% 10" atoms

DPM _ _dN_

. ST=AN

where N = the number of atoms in 1 g of C".

DPM =231 % 10" min™ X 4.3 X 10® atoms

specific activity = 9.94 x 16" DPM/g

9.94x 10" DPM/g _
2.92 x 10" DPM/Ci

or

4.48 Gifg

or 4.48 Ci/g X 14 g/g-atom = |  62.7 Cifg-atom
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(b) 1r-phenylalanine contains 9 g-atoms of carbon per mole. As shown
above, pure C" has a specific activity of 62.7 Ci/g-atom.

maximum specific activity = 9 g-atoms/mole X 62.7 Ci/g-atom

= 564 Cijmole
{c) 2—%2—%;%2%: % 100 = % C" labeled molecules = | 35.6%
* Problem 6-7

Calculate (a) the number of radioactive atoms and (b) the weight in grams of
phosphorous in 1 Ci of pure P®.  (c) Calculate the specific activity of pure
P¥®. The half-life of P* is 14.5 days.

Solution

(a) 1Ci=292x10"DPM. First calculate A in terms of min.

_ 0.693 __ 0698 _ 6.93 x 107 i
14.8% 94 %60 2.06x 10" 2.06x10°
A=336% 10" min"'

__4N_
DPM = -2~ = AN

9299x10¥=336x 107" N

A

2.22 % 10"
N= 336%10° 0.66 % 10" N = 6.6 x 10" atoms/Ci
(b) 1gatom of P (ie, 32g) contains 6.023 % 10® atoms, .. 6.6X
10" atoms weigh:
6.6 % 10"

(c) Pure P contains 6.6 X 10" atoms/GCi, or:

1Ci

— -17 .
56X 10" atoms 1.515 X 107" Cifatom

+ 1.515 % 107" Ci/atom X 6.023 X 10® atoms/g-atom =}  9.125 x 10° Ci/g-atom

9.125 x 10° Ci/g-atom _
32,000 mg/g-atom

or 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 =~ 2N_ )y - 0693

£ §tminy

DPM _ 0.693
g-atom  tlmim

% 6.023 x 10%

If ¢} is given in days and the specific activity in Cifg-atom:
(0.693)(6.023 x 16

A D60 2.2 X 10'%)
8 4 .
: ’ .305 x 10
0] SAciguen =138 X10 or S.A .y, = 1:305 6

AW X t%(d.y,)

Lhtaays

where AW = the atomic weight of the isotope.

B. SOLUTIONS OF RADIOACTIVE COMPOUNDS

* Problem 6-8

A bottle contains 1 mCi of L-phenylalanine-G (uniformiy labeled) in 2.0 ml of
solution. The specific activity of the labeled 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 at a counting
efficiency of 80%.

Solution

(a) Since ! mmole is equivalent to 150 mCi, we can calculate the number of
mmoles that corresponds to 1 mCi:

1 mmole .
50 me — 0.60667 mmole/mCi

The 1mCi is dissolved in 2.0 ml.

—a
concentration = Wﬁ = 3.335 X 10~ mmole/ml

concentration = 3.335 X 107 Af J

(b) 1Ci=2.29x 10" DPM
1 mCi=2.22x10° DPM
total activity = (0.80)(2.22 x 10%) CPM
= L775 X 10°CPM in 2.0 ml

1.775 X 10° CPM

. 9
90 ml =0.888 X 10" CPM/ml

activity = 8.88 X 10° CPM/ml
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« Problem 6-9

A solution of L-glutamic acid-C" (uniformly labeled) contains 1.0 mCi and
0.25 mg of glutamic acid per milliliter. Calculate the specific activity of the
labeled amino acid in terms of (a) mCi/mg, {(b) mCi/mmole, (c) DPM/umole,
and (d) CPM/umole of carbon at a counting efficiency of 70%.

Solution
' _1.0mGi _ .
(a) S.A. = 095 mg 4.0 mCi/mg
) S.A. = 4.0 mCi/mg % 147.1 mg/mmole
S.A. = 588 mCi/mmole
© ., =288mCi_ SB8mCL _ peg 1 ci/pmole

1 mmole 1000 pmole
S.A. = 0.588 mCi/umole X 2,22 X 10° DPM/mCi

S.A. = 1.305 x 10° DPM/umole

{d} One micromole of L-glutamic acid contains 5 pmoles of carbon.

9
S.A. = LOSBE—I—Q— DPM/umole carbon

=(.261 X 10° DPM/pmole carbon
At 70% efhciency:

S.A. = (0.70)(2.61 x 10%)

S.A. = 1.83 x 10° CPM/pmole carbon

+ Problem 6-10

Describe preparation of 100 ml of a 107 M solution of L-methionine-§8* in
which the amino acid has a specific activity of 1.5 X 10° DPM/umole.  Assume
that you have available a 0.1 M solution of unlabeled L-methionine and a stock
solution of L-methionine-5* (30 mCi/mmole and 1 mCi/ml).

Solution
First calculate the amount of radioactivity needed.

107 M =10 pmoles/m]
10 pmoles/ml X 100 ml = 1006 pmoles

1000 wmoles X 1.5 X 10° DPM/umole ={ 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 10° DPM.

1 mCi/ml X 2.22 x 10° DPM/mCi = 2.22 X 10° DPM/mnl

1.5 10° DPM L
- - x = R
222X 10° DPM/in] ~ 676X 10" ml 67.6 pl

Thus, 67.6 ul of the radioactive stock provide the radioactivity re-
quired. Next, calculate whether 67.6 #l also provides any significant amount
of L-methionine. Stock solution:

I mmole

m = 00333 mmole/’mC1

Because the stock contains ) mCi/ml, its concentration is 0.0333 mmole/m} or
33.3 pmoles/ml. In the 67.6 pl, we have:

0.0676 ml x 33.3 pmoles/m] = 2.95 umoles

For most applications the amount of L-methionine added from the radioac- °
tive stock (2.25 pmoles) is so small compared to the total {1000 pmoles) 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 pl of radicactive L-methionine-5* solution, add 10.0 ml
of 0.1 M (1000 pmoles) nonradioactive L-methionine solution, and
then add sufficient water to make 100 mi final volume.

* Problem 6-11

Ten milliliters of a 10 M unlabeled L-methionine solution and 100 u! of the
L-methionine-S$* stock solution described in the previous problem were mixed
and diluted to a final volume of 100 mi. What are (a) the concentration and
(b) the specific activity of the L-methionine-S® in the final solution?

Solution
{a) The unlabeled L-methionine solution contains:

0.010 liter X 0.001 M = 10~ mole = 10 wmoles
The radioactive solution contains:

33.3 pmoles/mi X 0.1 ml = 3.33 pmoles

The final solution will contain:

10 +3.33 = 13.33 pwmoles/100 ml = 133.3 pmoles/liter
=133.3%107° M

=! 1333x10°'M
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(b) The radioactive stock solution provides:
1 mCi/ml X 0.1 ml = 0.1 mCi

__ 01 mCi  _ 100 pCi
13.3% pmoles 13.33 pwmoles

S.A.

S.A. =7.5 pCi/pmole (or 7.5 mCi/mmole or 7.5 Ci/mole)

In terms of DPM:
S.A.="7.5 pCi/pmole X 2.22 X 10° DPM/uCi

S.A. = 16.65 x 10° DPM/p.mole

Note that in problem 6-11 the amount of L-methionine provided by the
radioactive stock solution was significant compared 1o the amount provided
by the nonradioactive solution.

C. ASSAYS USING RADIOACTIVE SUBSTRATES

The following problems illustrate some of the applications of radioactive
assays in the biochemical laboratory.

DETERMINATION OF UNKNOWN VOLUMES

- Problem 6-12

Ten microcuries of C"-labeled inulin were added to 15.0ml 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 95%. Calculate the pro-
portion of the packed yeast pellet that is interstitial space, assuming that the
yeast cells were completely impermeable to the inulin and that the inulin did
not adsorb to the cell surface.

Solution

The “specific activity” of the original suspension is 10 wCi/15ml or
0.667 wCi/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 nCi. Iowever, for a more 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:

W0pGi 10 _ \ .
o—oam "1ag-| %676nCi/ml




ASSAYS USING RADIOACTIVE SUBSTRATES 367

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 milliiiter of extracellular fluid is equivalent to:

0.676 nCi/ml x 2,22 X 10° DPM/uCix 0.25=| 35.75 X 10° CPM/ml

. 10 X 10° CPM 2
iti = = 67 %
interstitial volume 375 % 10° CPM/ml 2.67x 107 ml
The packed yeast pellet contains:
0.0267 mlinterstitial space _| ¢ 134 11 interstitial space/mi packed cells
0.2 ml total volume

or 13.4% interstitial volume

DETERMINATION OF INTRACELLULAR CONCENTRATIONS

« Problem 6-13

A microorganism was grown in a synthetic medium containing $*Q}” as the
sole sulfur source. The initial concentration of $*0}” in the medium was
7x 107 M. One milliliter of the medium contained 2 X 10° CPM of radioac-
tivity. 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 §»*
in the L-methionine fraction. Calculate the intracellular concentration of
L-methionine in the organism, assuming that the 1 g wet weight contamed
0.2g of dry cell constituents and 0.8 ml of intracellular water.

Solution

To convert CPM to moles, we must first know the specific activity of the
§”. We know that the original medium contained 7 X }107° M S$¥0! (ie.,
7 pmoles/mi) and 2 X 10° CPM/ml.

2 x 10° CPM/mt

&
7 jemoles/ml = (.286 x 10° CPM/umole

S.A. =

S.A. = 2.86 x 10° CPM/pmole

All sulfur compounds in the organism are derived from the 807, Con-
sequently, the specific activity of all sulfur compounds containing 1 atom of
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sulfur per molecule also is 2.86 % 10° CPM/umole.

t of thionine = 53,000 CPM
amount of L-methio 986 % 10° CPM/pmole

_ 5.3x10° )
=5gex 100 e

=10.,1856 pmole

The L-methionine came from 0.8 ml of intracellular water.

. . 1.85 % 107 1
intracellular concentration of L-methiomne = 0.8 m;;.mo £

=931 % 107" pmoles/ml
= 9,31 X 10 moles/liter

intracellular concentration of i-methionine = 2.31 X WM

ENZYME AND TRANSPORT ASSAYS

- Problem 6-14

Glucose-1-phosphate-C** (uniformly labeled, specific activity 16,000 CPM/
pmole) 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 pmoles glucose
incorporated/min. (b} Calculate the rate in terms of pmoles X liter ’ X min~
if the reaction volume was 0.2ml. (c) Calculate the rate in terms of
pmoles X mg protein™ X min~" if the incubation mixture contained 0.35 mg of
protein. (d) Calculate the specific {enzyme) activity of the preparation.

Solution

_ 9550 CPM/min__ _ 2.55%10° .
(2} v pmole/min

~ 16,000 CPM/pemole  1.6x 10°

p==1.59% 107" pmole/min

v =0.15% pmole/min

b) = 0.159 wmole/min _ 15.9X 10~ pmole/min
0.2 ml 2 x 107 liter

» =795 pmoles X liter™" X min™




ASSAYS USING RADIOQACTIVE SUBSTRATES 369

: _ 0.159 pmole/min
© Y7035 mg protein:

v = 0.454 pmole X mg protein~ X min~

{d} 5.A. = 0.454 units/mg protein

- Problem 6-15

One gram wet weight of Penicillium chrysogenum mycelium (an ATP-
sulfurylase negative mutant) was suspended in 100 ml of buffer. One milli-
liter of 2 107" M solution of Ks$**0; was added at zero-time. (Ten microliters
of the stock K:5%0, solution contained 1.2 X 10* CPM under standard count-
ing conditions.) Four 5 ml aliquots of the mycelial suspension were filtered
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 120sec. A preliminary
experiment established that the mycelial pads contained 85% water and 15%
dry matter. (a) Calculate the sulfate transport rate in terms of pmoles X g
dry wt' Xmin™'. (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/m] at both times. Estimate the K., of -
the sulfate transport system.

Solution
{a) The stock K;$¥0y solution (107 M) contained 1 pmole/ml.

10 g1 = 0.01 ml-2:0.01 pmole

_1.9x10°CPM _ .
SA. = U pmole = 12X 10° CPM/umole
The mycelium transports $*0OJ” at an initial rate of about 21,000 CPM x

min~' Xsample™'. Each 5 ml sample contained:

(1.0 g wet wt){0.15 g dry wt/g wet wt)(5 ml) - .
(100 ml) ) 0.0075 g dry wt mycelium

The initial transport rate on a dry weight basis is:

(21,000 CPM X min ! X sample™) .
(1.2 X 10° CPM X pmole "Y7.5 X 10~ g X sample™)
p

2.33 pmoles X g~* X min™

(b) One gram wet weight of mycelium contains approximately 0.85 ml of
intracellular water. Thus, the external (i.e., medium)finternal (i.e., cellular)
volume ratio in the suspension is about 118:1. A decrease of 1 wmole/m] in
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the external solution corresponds to an increase of 118 pmoles/ml in the
internal volume. By 3 or 4 hr, the external medium contained:

220 CPM/ml
1.2 x 10° CPM/pmole

At zero-time, the medium contained 0.01 umole/ml=10"M S*OI". The
medium has been depleted of:

(1.000 X 107%) — (0.0183 X 10™°) = 0.9817 x 107 M $¥S0i

= 1.8% % 10~ pmole/ml = 1.83 X 107" M §*0%"

The mycelium has accumulated:

(0.9817 X 107°)(118) = 1.158 X 107" M *SOF

_1158%107° _

Ka=Tasxior ~| %0

ISOTOPE COMPETITION IN ENZYME ASSAYS

- Problem 6-16

An enzyme catalyzing the reaction S P is competitively inhibited by I. The
assay is based on the incorporation of label from radioactive S into P. K. =
93%x107° M and Ve..=290 nmoles/min under standard assay conditions.
K. =93%x10°M. The specific activity of the labeled § 1is 4.5X%
10° CPM/umole.  (a) What is the observed velocity in terms of CPM incorpo-
rated into P per minute when [S]=23X107M? (b) What would the
observed rate be (CPM/min) if a fivefold excess of unlabeled S were
added? (c) What would the observed rate be (CPM/min) if a fivefold excess
of 1 were added?

Solution
(2) When [S]=2.3%107° M = K., v =05 Viax
v = (0.5)(290 nmoles/min)(4.5 % 10 CPM/nmole)

v = 62,250 CPM/min

(b} The addition of (5)(2.3 % 107° M) unlabeled S reduces the specific activity
of the substrate to & of the former value:

b4
S.A = 4.5% 10 Cg‘M/nmole

The increase in {S] to 6 K.. increases the actual velocity to 7 of V=
0,857 Vst

=75 CPM/nmole

v = (0.857)(290) = 248.6 nmoles/min

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:

Ui - 18,645 _

v 62,250

0.5 or ig =70

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.)

[STV mae
K,,.(l + '[f{ﬂ) +[8]

(€ v =

(2.8 X 107%)(290) _ 6.67x 107
11.5x 107" s (23X 107°)6)+2.3%107°
9 8% 10" )+2.3>< 10

v =

23x% 10‘-")(1+

_6.67%107°

=16Ix10° " 41.43 nmoles/min

v = (41.48)(4.5 % 103 =| 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 K; = K... If the degree of inhibition by I was less than that caused by
the same concentration of unlabeled S, then we can conclude that X >
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 of a column fraction contain-
ing unlabeled S was included in a 1.0 mi standard reaction volume containing
[$*]=2.3x107° M and an [E]. sufficient to yield a V.. of 290 nmoles/min.
The observed initial velocity was 48,000 CPM/min. What is the concentration
of unlabeled S in the column fraction?

Selution

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:

Y, Kat[ST _ K.+[S%]
o Km(1+%)+[s*} K. +[S]+(S%]

where [S*]= the concentration of labeled substrate of a given specific activity
and [S] = the concentration of unlabeled substrate.
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Solving for [S]:

[S]= (K. + [S:})(l —a) o
48,000 N
_————62,250—0.771 (1—a)=0.229
(4.6x107°)(0.229) -3
[S]= 0.7 =137xX107° M

The incubation contained 1.37 X 107° M unlabeled S along with 2.3 % 107 M
labeled S of specific activity 4.5 % 10° CPM/pmole. The unlabeled S was
originally present in 0.1 ml of a column fraction. The concentration of 8 in
the fraction then is

1.37x107' M

EQUILIBRIUM BINDING ASSAYS

« Problem 6-18

An amino acid binding protein (MW = 35,000) was purified from E. coli. A
solution of the protein (.5 mg/ml} was placed in one compartment (0,10 ml)
of an equilibrium dialysis chamber (the “plus” compartment). A solution of
L-leucine-C* (S,A. =2 X 10" CPM/umole) was placed in the other (“minus”)
compartment (.10 ml). At equilibrium, 10 pl 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-C", and the K for the protein-leucine complex. Assume
one binding site per protein molecule.

Selution

The concentration of bound + free L-leucine-C' is that in the “‘plus’ compart-
ment:

4600 CPM/10 i
2 % 10’ CPM/pmole

= 2.3 %107 wmole/10 pl = 2.3 X 107* pmole/m]
=92.3% 107 mmole/ml =23 x 107" M
The concentration of free L-leucine-C" is that in the “minus” compartment:

3400 CPM/10 pl
9 X 10" CPM/pmole

=1.7x 107 pmole/10 ] = 1.7 X 107 pmole/ml
=1.7x 10 mmole/mnl = 1.7x107° M

The concentration of bound L-leucine-C' is the difference between the
bound + free L-leucine-C* in the “plus” compartment and the free L-leucine-
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s s 3 S
&S s 58 S
S s R 8 1
05 \ s
Membrane
""Plus" compariment “Minus" compartment
Vigy=0.10 ml Yoy =010 mi
[S] + [PS] = 46,600 CPM [8] = 34,000 CPM
=23x107° M =17x107° M

[PI+([PS]=143x 107° M
[PS] = 0.6 x 107 M
[Pl=083x107° M

Figure 6-2 Eguilibrinm dialysis chamber. The protein is
introduced into one compartment. The labeled substrate
is introduced into either or both compartments. The
membrane restricts the protein 1o one compartment, but
the substrate can freely diffuse across the membrane. At
- equilibrium, the free [S] will be the same in 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 “minus” compartment:

[L-leucine-C™], = (2.3 X 107° M) — (1.7 X 10™° M)

[L-leucine-CY, = 0.6 X 10° 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 ANALYSIS

The B 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", 1.701 mev for P**). When two isotopes
have different emission energy spectra, the amount of each present in a
mixture can be determined 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 bath) will
result from both isotopes (Fig. 6-3). Nevertheless, the amount of each
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Channel 1

Percent of total emissions

Energy

Figure 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 C), while Channel 2 records only C',

isotope present can still be calculated. If a dual-channel scintillation counter
is unavailable, a Geiger-Muller counter can be used. In this case a piece of
filter paper or aluminum foil of appropriate thickness (placed between the
sample and the detector) can be used to differentiate energy levels.

* Problem 6-19

A sample of labeled RNA containing C".adenine and I’-uracil yielded
95,000 CPM in Channel 1 and 45,000 CPM in Channel 2 of a dual-channel
scintillation counter. A C' standard, containing 40,000 DPM (or 40,000 CPM
under optimum counting conditions) yielded 10,000 CPM in Channel 1 and
90,000 CPM in Channel 2. An H® 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 * DPM and C"DPM in the RNA sample.

Solution

We see from the standards that essentially all the counts in Channel 2
originate from C', but only half the C™ DPM is recorded. (The very small
contribution of H® to Channel 2 is ignored.) Thus, the 45,000 Channel 2
CPM of the sample is equivalent to:

45,000 _

14
0% 90,000 DPM C

The 25,000 CPM recorded in Channel 1 represents 25% of the C'* DPM plus
20% of the H® DPM.
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(0.25)(90,000) + (0.20)(H® DPM) = 25,000

1y# — (25,000) — (0.25)(90,000) _ 2500
0.2 0.2

H’ = 1250 DPM

+ Problem 6-20

An alga was grown in synthetic medium containing S$¥0 (2.9x%
10° DPM/pmole) and P¥* (5.2 x 10° DPM/pcmole) 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 §%
and P** was eluted from the chromatogram and counted in a dual-channel
scintillation counter, §* and P** standards were also counted. The data are
shown below.

Observed {corrected for background)

Added Channel 1 Channel 2
P*¥ standard 39,000 CPM 14,000 CPM
{58,000 DPM)
5* standard 18,000 CPM 56,000 CPM
(110,000 DPM)
Eluted sample 74,606 CPM 38,5600 CPM

Calculate the P/S ratio in the unknown compound.

Solution
Channel 1 counts: igiggg = 67.2% of the P DPM
and 0 = 16.4% of the S DPM
Channel 2 counts: %gfg—gg = 24.1% of the P* DPM
and %%%.(% = 50.9% of the $* DPM

Neither channel represents the CPM of only one of the isotopes. Therefore,
we must set up two simultaneous equations to solve for P DPM and §® DPM.

Channel 1:  (0.672)(P**) + (0.164)(S>) = 74,600
Channel 2:  (0.241)(P**) + (0.509)(S$>) = 38,500
Solving for P** in terms of % using the Channel 1 equation:

o (74,600) — (0.164)(S*)
(P7) = (0.672)
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Substituting for (P*') in the Channel 2 equation:

0 241 (L2200 LAV ) 1 0.509(5%) = 38,500
(0.241)(74,600) _ (0241)(0.164)(5™ .
0.672 0.672 +0.509(8™} = 38,500

96,753 — 0.059(5*) + 0.5009(5>) = 38,500
0.45(S%) = 11,747

(§*) = 26,104 DPM

Next, calculate (P*) from the Channel 1 or Channel 2 equation:

(0.672)(P*) + (0.164)(26,104) = 74,600

_ (74,600) — (0.164)(26,104) _ 70,318
0.672 0.672

(P™)

(P**) = 104,641 DPM

The amounts of each isotope in the sample are:
_ 104,641 DPM
5.2 % 10° DPM/pwmole

5% 26,104 DPM
2.9x 10° DPM/pmole

P = (02 pmole

= 0.009 pmole

or P/S =2

E. BIOLOGICAL HALF-LIFE—TURNOVER

EFFECTIVE 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). 1f the biological
turnover is a first-order process, then A.,, the apparent first-order rate
constant, is the sum of A, (radioactive)+ A, (biological). This is quite
understandable since A 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:

2.3 log N = Aot = (A, + As)t
BN
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The effective half-life (when No/N =1:0.5=2) is given by:

0.693

iy !

(ett) (8)

Rire

1 AtA A Ao

or them  0.693  0.693 ' 0.693
111
t%(eﬂ)— t%r -t;: (9)
L e ()
or t;(gﬁ)'—- t%, +t%b (10)

* Problem 6-21

A guinea pig was given a single injection of Na™Cl. Periodically, blood
samples were withdrawn and analyzed immediately for radioactivity. The
data 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 Na™ is 15 hr.

Time after Imjection (hr}  Specific Activity (CPM /ml)

1 3604
3 2928
5 2376
10 1412
16 756
24 329

Solution

(a) First calculate the effective half-life from the specific activities at any two
times, for example, 3 and 10 hr:

2098 _ 0.693
81412 tiem

(0.693)(7) 4.851

Hem = 5 5 l0g 2.074  (2.3)(0.3167)

2.31

tf(eﬁj = 6.66 hI'
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Now, i3 can be calculated:

(b) At 24 hr, the radioactive decay factor is the same for all samples. The
decrease in specific activity of each sample reflects solely the rate at which Na™
was removed from the bloodstream with a half-ife of 12hr. The 24hr
sample would count 329 GPM/ml.  The specific activity of the 1 hr sample can
be calculated as shown below:

No _ 0.693
2.310g§2—5=-§— (23)

(0.693)(23) _
(12)(2.3) 0.5775

log No = 0.5775 + log 329 = 3.0946

log No—log329=

N, = 1243 CPM/ml

TURNOVER

Many cellular components are in a dynamic state whereby they are synthesized
and degraded at a constant lurnover rate while their total concentration
remains 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 P{" 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-
Gally, 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 specific activity of
the phosphatidy! glycerol is shown below. All samples were counted within a
few minutes of each other, so no correction for decay of P** is needed.
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Time after Resuspension (hr) Specific Activity of Phosphatidyl
~ Glycerel (CPM /umole P)

0 40,000
0.5 30,306
1.0 22,962
2.0 13,181
2.5 9,987
8.0 7,567
5.0 9,494

Calculate the rate at which phosphatidyl glycerol turns over in E. coli (k and
t”’?).

Solution

We can estimate from the recorded data that {4 lies somewhere between 1 and
1.5hr. (Between 0 and 1hr, less than half the P** had been removed;
between 0.5 and 2.0 hr more than half of the P* present at 0.5 hr had been
removed.) A plot of log specific activity versus time can be constructed and %,
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):

22,962

2.3 log 5957

=k (90 min)

k= % log 2.299 = (0.0256)

k=9.24 X 107 min™"

0.693  0.693

K 92axi0s | = 7bmin

=

PRECURSOR-PRODUCT RELATIONSHIPS

Isotopic tracers have been extremely useful in elucidating metabolic
pathways., Precursor-product relationships (l.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 appearance of
label in the other intermediates ang: the final product. The mass in the
labeled precursor should be very smalf'so that the steady-state pool sizes of the
various intermediates do not change. For example, consider the sequence
shown below where we suspect that C is an intermediate in the pathway from
At D,

—-A—->B-Cr-D—-E—>
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At zero-time, B is made radioactive by injecting 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 Iabeled B is
converted to 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 Ais
converted to B. Similarly, under this steady-state condition, the total pools
of C, D, E, and so on, remain constant. Only the radicactivity in B, G, 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 unlabeted
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, G, 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.
maximum of B. Similarly, the specific activity of I} can never be greater
than S.A. maximum of G Also, 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 specific activity of C. These observations establish the direct
precursor-product relationships between B and C and between G and D.

5, ky &

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:

A¥=A* —kt 11 B*:._%_A_g Rt gt ’ 12
=&Hg € ( ) (hg""kx) (8 e ) ( )

C*= hlth?{((kg_ Rl)(hs— ki) + (k; — ka)(hs~— kz) * (k1— ks)(ke— k!)

(13)

where A%=the original CPM in A
k1, ko, ks = the first-order rate constants for the biological turnover of
A, B, and C (also indicated as A;, Az, and As)
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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 intermediate. 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 8.A.:=5.A.s.  The relationship could
be set up as a lab demonstration using a dye in place of radicactivity. The
absorbancies of the solutions would be analogous to specific activities,

381
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SA.

E

0 Time

Figure 6-5 Specific activities of B, C, and D as a function of time,
where B is an immediate precursor of C, and C is an immediate
precursor of I, and so on.

The specific activities of A, B, and C at any time equal the CPM present
divided by the total number of pmoles in the pool. It is assumed that the
isotope has a 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. ]. Bielski,
Kinetic Systems, Ch. 9, Wiley-Interscience (1972)].

« Problem 6-23

The biosynthesis of §-amino levulinic acid (ALA, a chlorophyll precursor) was
studied in greening barley leaves. Preliminary long-term experiments
showed that radioactivity from glycine-2-C™ (a-carbon labeled) and from
glutamate-Q,S,-C“ (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 C" originally present in
glycine-G'* 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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SA.

Glyeine-2-CH*

Time

{a}
SA

Glutamate -2, 3-C1*

ALA-CH#

Time

(b

Figure 6-6 Specific activitles of §-aminolevulinic acid and
two potential precursors: (a) glycine-2-C* and (b)
glutamate-2,3-C',

F. RADIOACTIVE TRACER AND DILUTION ANALYSES

DETERMINATION OF UNKNOWN AMOUNTS OF
UNLABELED COMPOUNDS—ISOTOFPE DILUTION

Radioactive tracers may be used to determine the amount of a single
substance in a mixture. 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 unimporiant, 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
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nonradioactive compound in the mixture may be calculated as shown
below. Let:

A, =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
A. . . .. . .
M =S.A., = specific activity 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

A : d
M,

=§.A., = specific activity of the reisolated compound

It is obvious that the ratio of radiocactivity to mass—the specific activity of
the compound—is the same in the mixture as it is after isolation.

A, A
S.A. =8S.A., MM,
A, A,
M. =M, A or M., = SA. {14)

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 radiocactive 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, = CPM of tracer added
M. = amount of tracer added
A, . -
M specific activity of tracer added
=5.A., :
M. = unknown amount of nonradioactive compound in the mix-
ture
ML M specific activity of compound 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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r

M,

= specific activity of reisolated sample

=8.A.,

As before, the specific activity of the compound in the reisolated sample is
the same as it was in the mixture.

S.A.=S.A.
_ A _ A
M.+ M, M,

AM, + A M, = AM,
AM, =AM, — A M,
Aqu — ArMa — AoMrm Aqu

M.= A, A, A
Aﬂ - An _
M. =M, e ~-M. or M,= SA_ M, {15)

We can see that as M, becomes small compared to M., the equation reduces
to Equation 14,

I 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.

SA.__ M,
SA. M. +M.
S.A. M, +S.A. M. = S.A.M,
S.-A.M.=S.A..M, —S.A.M,
_S.A.M. —S.AM,

dilution =

T S.A.
_ /S.A.—S.A., _{S.A., S.A.
M. = ( S.A.. )M" - (S‘A.r s.A.,)M°
S.A..
M.= (S.A., - 1)M° (16)

* Problem 6-24

Carrier-free $0%" (5 X 10° 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™0O.. A 2mg sample of the BaS*O,
contained 2.9 X 10° CPM. Calculate M., the amount of unlabeled SO in the
samples as Na;SO,.
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Solution

The specific activity of the reisolated RaS>”Qy, S.A., is:

2.9% 10° CPM _

5
g 1.45 X 10° CPM/mg

S.A.r = S.A.Bas”cu =

or 145 X 10° CPM/mg X 233.5 mg/mmole =|  3.39X 10’ CPM/mmole‘\

One mmole of BaSO: contains 1 mmole of SOi. Therefore, the specific
activity of the SOI™ is also 3.39X 10" CPM/mmole. We can now calculate the
amount of unlabeled SO7” in the sample.

A

M.=ga

where A.= total activity added = 5 x 10° CPM
S.A.. = 3.30% 10" CPM/mmole

5 x 10° CPM

=335 x 107 CoMjmmole | M= 14.74 mmoles

Mu

Expressed as Na:SOx:
M. = 14.74 mmoles X 142 mg/mmole = 2093 mg

FM.. =2.09¢g

+ Problem 6-25

Twenty milligrams of C'*-labeled glycogen (6.7 % 10° 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% 10° 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., the amount of
unlabeled glycogen in the solution obviously was significant compared to the
amount of labeled material added. We must use Equation 16:

’ _ {S.A. _ (6.1 x10°
M.= (S.A., ”1)M° M. = (2.8x 10 1)20 mg

= (2.39 — 1)20 — (1.39)20)

M,=279mg
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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 radicactive
compound is present in a mixture, if the specific activity of the compound is
known. For example, if an organism is grown on labeled C*0, or uniformly
labeled glucose-C' as the sole carbon source, then all carbon compounds in
the organism have the same specific activity (CPM/umole of C) as the original
radioactive carbon source. Let:

M. = unknown amount of a radioactive compound in a mixture

A. =CGPM in the above unknown weight

u

M,

= specific activity of the radioactive compound

=8 A.
M, = amount of nonradioactive compound added to the mixture

f%]\-/!— = specific activity of the compound in the mixture after adding

the nonradioactive tracer
=5.A.,

M, =amount of compound reisolated from the mixture after
equilibration of radioactive and nonradioactive compound

A, = CPM in recovered sample

r

= specific activity of recovered compound

M,
=8 A.,
5.A.. =S.A.,
Y
SAr= M.+ M,

If the amount of the added nonradioactive compound (“carrier”) is very
large compared to the amount of the radioactive compound in the mixture,
the equation may be simplified:

A

S5.A, = . A, =8.A M,
By defnition:
Al _ A
SA~ =M, M. =5A.
Substitating:
S.A.,
M. = S.A M, . (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.

Au
SA=3IM,
S.A.M. +S.A.M,= A,
A.=S.A. M.

S.A. M. +S.A.M,=S.A.M.

S AM. —S.AM.=—S.A.M,

S.A. M. —S.AM.=S.AM,
Mo[S.Aw —S.AL)=S.A.M.

S.A., M (18)

M.=g A “8A. °

. Problem 6-26

A plant was grown in an atmosphere containing C"0. (83X
10° CPM/pmole). After several wecks a leaf extract was prepared for
glucose-1-phosphate determination via reverse isotope dilution analysis. To
90m! of the extract, 1.5mmoles 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
9.6 x 10° CPM/pmole. Calculate the concentration of labeled glucose-1-
phosphate in the extract.

Solution

All carbon compounds in the plant have the same specific activity (on a per
mole of carbon basis) as the C**O; 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 X3 x 10° = 18 x 10° CPM/pmole

S.A. M

M= g A, —SA,

where M, = amount of nonradioactive carrier added to the extract
= 1.5 mmoles

2.6 x 10°

M= 1 E%10°—2.6x 1

o 1.5 mmoles

“The 2.6 X 10° is insignificant compared to the 1.8 % 10° and may be discarded
in the denominator. The fact that §.A.. is so small compared to S.A.
immediately shows that the amount of carrier added was very large compared
to the amount of radioactive glucose-1-phosphate in the extract.
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_26%10°

= W 1.5=2.167 X 107" mmole

M,

M, = 0.2167 pmole

- 0.2167 pmole _ 21,65 % 107
concentration = 20 mi 20

=1.084 x107° pmole/mli

concentration = 1,084 X 107° M

RADIOACTIVE DERIVATIVE 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 radicactive 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 1" to produce the radioactive pipsyl deriva-
tives of the individual amino acids. The specific activity of the pipsyl
chloride was 4.23 X 10° CPM/pmole.  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 constant specific activity
of 1700 CPM/pmole. Calculate the amount of unlabeled leucine in the
original mixture.

Solution

After the reaction with pipsyl chloride the pipsyl derivatives of all the amino
acids present have the same specific activity (4.23 x 10° CPM/umole).

____S.A. B 17 % 10°
M= 5 K. —SA. * TN I —0.017 x 10° 220 m8
_17x10°

= 191 % 107 250 = (404X 107%)(250) mg

M. =1.01 mg
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MOLECULAR WEIGHT OF ENZYMES BY
AFFINITY LABELING

» Problem 6-28

Exactly 3.4 mg of a purified proteolytic enzyme (with esterase activity} was
treated with excess cliisoprop‘ylﬂuorophosphate-l’!’2 (1 wCi/mmole). After
94 hr, KOH was added to the solution to destroy the unreacted (extremely
toxic) DFP*®. The P”-labeled enzyme was precipitated with TCA, washed
free of soluble P, and then redissolved in 0.5 ml of dilute KOH. The 0.5 ml
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?

Solution

The DFP™ reacts with serine residues at the active site. The minimum
molecular weight of the enzyme is that which contains one mole of active
serine residue. The number of moles of P* 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 P* had decayed
slightly:

2.3 iogs'A"’: At log 1 —log S.A. - _(0.698)
S.A. (14.3)(2.3)

log S.A. =log 1-0.0210  logS.A.=-0.0210
S.A. = 0.953 pCi/mmole

At the given counting efficiency:

S.A. = (0,953 p.Ci/mmole)(2.22 X 10° DPM/pCi}(0.80 CPM/DPM)
— 16.93 X 10° CPM/mmole = 16.93 X 10° CPM/mole

The labeled enzyme contains:

7380 N
TP =193 CPMof P
193 CPM 0 "
—7.965% 1 le of P
16.93 % 10° CPM/mole 0" moleo

Using the procedure outlined in Problem 2-11:

7.965 % 107 mole of P** _ 1 mole of P*
54x107°g MW,

3.4x107°

MW =yoex s | MW=4680
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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 material/cm®). If the samples are in
sohution, 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 NaCl for salt-containing sam-
ples, unlabeled BaCO, for BaC" (s, and so on.

If sufficient material is available, the sample can be counted at infinite
thickness, 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

20
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| I [ I
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Figure 6-7 Self-absorption correction curve: 10 mg/
planchet is taken as the standard density.
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20,0001 "
Sampte 2

CPM
sample

10,060 F— ——

Sample 1
o | | ] | | | |
0 20 40 60 80 100 120 140

Milligrams of sample/planchet

Figure 6-8 Plot of CPM/sample versus amount of sample in the planchet {i.e,
sample thickness) illustrating thata constant activity is observed at “infinite thickness.”

rate because, even though the amount of labeled sample under the tube is
greater, only the radiation emitted 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 quenching 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 agueous buffer) that are added to 5 ml of scintilla-
tion fluid, then the specific activity of the standard should be determined in
0.5 ml of the same bufler, counted in 5 ml of scintillation fluid.

« Problem 6-29

A columnn eluate was analyzed for H.cyclic AMP. Exactly 0.2 ml of each
fraction was counted in 0.5 m! of scintillation fluid. The column was eluted
with a linear KCI gradient, so that the salt concentration is not constant in
each fraction. To correct for quenching, 10 pl 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 Hs‘ activity of each sample. The blank
was 0.2ml of water.

CPM Above Background
Sample Sample Alone  Sample + Added H*-Cyclic AMP

Blank ) 1786
Fraction 50 9 1610
Fraction 75 115 1575
Fraction 80 5250 6630
Fraction 82 1589 2829
Fraction 85 125 1285

Solution

If we take the blank value as our standard, then the 10 pl of Hg-cyclic AMP
added 1781 CPM above background. In Fraction 50, the 10 pl of H-cyclic
AMP yields 1610—9=1601 CPM. Thus, only 1601/1781=89.9% of the
added counts were recovered. The corrected count rate of friction 50 is:

9 ' 1781 .
m—IOCPM or WXQQIOGPM
Similarly, the corrected count rates of the other fractions are given by:
(CPM)add:d
(CPM)rconecea . (CFMrarestene
. 1781 _
Fraction 75: m X 11b= 140 CPM
Fraction 80; ——'00 _ s 5950=1 g7
raction 80:  wearn oS 6775 CPM
. 1781 _
Fraction 82: m X 1589 = 2282 CPM
\ 1781 _
Fraction 85: 1985 195 X 125 = 191 CPM

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 inciude: H?
(deuterium), G, N, O, O, 8%, Ca®, Fe*, Fe”, Zn™, and Zn®.
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ATOM PERCENT EXCESS

The degree to which a radioactive compound is labeled is given in terms of its
specific activity (CPM/pumole, 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 P. is the normal
abundance (%) of a given isotope in nature and P. is the abundance (%)} in a
labeled (enriched) compound, then P. — P, 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 radiocactive
tracers. The calculations are based on the atom percent excess per mole

instead of specific radioactivities.

GENERAL REFERENCES

Hendee, W. R., Radioactive Isotopes 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) CI*, (c) K, and (d) P* decay by B
emission.

9. An isotope has a half-life of
4yr. Calculate (a) the decay constant, A, in
terms of yr™, day™, hr'™', min™, and sec ' and
(b) the fraction of the original activity remain-
ing after 13 months.

3. I'" hasa half-life of 8.1 days. Calculate
{a) the fraction of the 1" atoms that decays
per day and per minute and (b) the specific
activity of pure I 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 C" sufficient to provide a count
of 10 DPM/g carbon. What fraction of the
total carbon in the stream is contamination
from the plant? (Note: the organic matter
in petroleum is millions of years old; essen-
fially all the C" has decayed.)

5. (a) What is the theoretical maximum
specific  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
FDP? that has a specific actvity of 2%
10° DPM/pmole?

6. Calculate the weight in grams of rl
calcium-45 in I mCi of carrier-free Ca®. The-
half-life of Ga® is 163 days.

7 A bottle of serine-C" (uniformly
labeled) contains 2.0 mCi in 3.5ml of sohu-
tion. The specific activity is given as
160 mCi/mmole. Calculate (a) the concentra-
fion of serine in the solution and (b) the
activity of the solution in terms of CPM/mlata
counting efficiency of 68%.

8. A solution of L-lysine-G" (uniformly
labeled) contains 1.2 mCi and 0.77 mg of L-
lysine per ml. Calculate the specific activity
of the lysine in terms of (a) mCi/mg, (b)
mCi/mmole, (c) DPM/pmole, and (d)
CPM/pmole of carbon at a counting efficiency
of 80%.

9, Describe the preparation of 75ml of a
107 M solution of L-cysteine-5° hydro-
chloride in which the amino acid has a specific



activity of 3.92%10' DPM/pmole. Assume
that you have available solid unlabeled L-
cysteine hydrochloride and a stock solution
of L-cysteine-5* (14 mCi/mmole and 1.2
mCi/mt).

10, Describe the preparation of 50 ml of a
107* M solution of glucose-G* in which the
sugar has a specific activity of 3000 DPM/
pmole. Assume that you have available a
107 M stock solution containing 0.02 nCi/ml
and solid glucose.

11, An aliquot of a cell-free extract of
Neurospora crassa, containing 0.72 mg of pro-
tein, was incubated with O-acetythomoserine
and labeled methylmercaptan (C"H,-SH,
specific activity 2.4 X 10° CPM/pmole) in a total
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dialysis cell bad a volume of 0.1ml At
equilibrium, 10 pl of the solution in the
chamber containing the protein gave
2570 CPM; 10 gl of the solution from the
chamber  without the protein gave
1870 CPM. Calculate [S], [PS], [P), [P], and
Ks.

14, A sample of G and P*-labeled AMP
was prepared with a specific activity of
0500 CPM/pmole (75% of the activity results
from decay of P¥, 2% from decay of
C"). Calculate the specific activity of the
sample after (a) 5 days, (b) 10 days, and (c) 25
days.

15. The following data were obtained with
a windowless, gas-flow planchet counter.

(Data for Practice Problem 15)

Addition

CPM Above Background

Without Shield With Aluminum Shield

C" Standard
250,000 DPM

P*? Standard
125,000 DPM

Sample

75,000 12,520
80,000 50,000
217,000 113,900

volume of 1.5ml. The C" was enzymatically
incorporated into L-methionine at a rate of
2240 CPM/min. Calculate the rate of the
reaction in terms of {(a) pmoles/min, (b)
gmoles X liter” X min™, and (¢} pmoles > mg
protein” X min".

12. A 10 ml suspension of Cr*'-labeled red
blood cells, containing 3x10°CPM total
radioactivity, was injected into a subject. Af-
ter 10 min a small blood sample was taken and
found to contain 5x 10 CPM/ml. Calcuiate
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 pg/ml was
placed in one side of a dialysis membrane, A
solution containing H'-cyclic GMP (S.A. =
10° CPM/pmole) was placed on the other side
of the membrane. Each chamber of the

Caleulate the true C* and P® DPM in the
sample.

16. A small amount of Cu* (13=128hr)
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 data, calculate the effective half-life
and the biological half-life of the isotope in
the bloodstream. (b) What was the zero-time
S.A. (CPM/ml)?

Sample Time Specific Activity
(hours) (CPM jml)

7120
5070
3610
1850

470

[ =B =T r I N X

o
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17. A solution containing 0.5mg of D-
mannose-C'* (uniformly labeled, specific activ-
ity 3.3 % 10° CPM/umole) 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/umole. Calculate the concentra-
tion of unlabeled D-mannose in the original
solution.

18. Fifty-six micrograms of Co™-labeled
vitamin B, containing 7.39 % 10° CPM, were
added to a sample containing an unknown
amount of unlabeled vitamin B, The sam-
ple was then extracted and the vitamin By
purified by chromatography. The final pro-
duct contained 49 pg of vitamin B, and 1.58 X
10" CPM  of radioactivity. Calculate the
amount of unlabeled vitamin By in the
sample.

19. A yeast culture was grown in a synthe-
tic medium containing $¥0% " (specific activity
478 % 10' CPM/emole) as  the  sulfur
source. After several days of growth, the
cells were harvested and extracted. To 50 ml
of extract, 500mg 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 10° CPM/pmole. Calculate the con-
centration of glutathione in the extract.

90. A mixture of fatty acids was treated
with G'-labeled diazomethane (specific activ-
ity 1.93% 10’ CPM/pmole) to produce the
methyl-C-labeled esters of each acid pres-

ent. Unlabeled methyl stearate (2 mmoles)
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 % 10° CPM/pmole. Calculate
the amount of stearic acid in the mixture.

21. Exactly 1.7mg of a purified enzyme
(MW =55,000) was incubated with an ex-
cess of iodoacetamide-C" (5.A.=2 pGif
mmole). The carboxymethylated protein
was then precipitated, washed free of un-
reacted jodoacetamide-C", 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.

29, The enzyme ADPG phosphoryl-
ase (ADPG synthetase) was assayed by follow-
ing the incorporation of P* from PPY into
ATP: ADPG+PPP=G-1-P+ATP?. The
ATPY formed was adsorbed into charcoal,
washed free of occluded PPY, resuspended in
1.0ml of aqueous ethanol-NH,, and @.5ml
counted in a scintillation counter. A sample
gave 21,650 CPM above background. To
check for quenching, 10,000 CPM of PP
(counted earlier in the absence of charcoal)
was added to the sample. The sample plus
added PP} now counted 28,270 CPM above
background. (2) 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 l

PROPERTIES OF
COMMERCIAL
CONCENTRATED
SOLUTIONS OF ACIDS
AND BASES

Malliliters
Required for
Specific  Percent Approximate I liter of I N
Compound MW  Gravity wiw  gll00ml N Selution
HCl 36.5 119 37 44 12.1 82.5
HNO; 63.0 1.42 70 91 15.8 63.5
H.30, 98.1 1.84 96 173 35.2 29
H,PO, 98.0 1.71 85 146 445 22.5
HCIO, 100.5 1.66 70 116.2 11.6 86.5
HCOOH 46.0 1.20 88 105.6 24 41.6
CH,;COOH 60.0 1.06 100 106 174 57.5
NI, 17.0 0.91 28 292.8 14.8 67.5

399
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Saturated ammonium sulfate solutions at various temperatures

Temperature (°C) g 10 20 25 30
Moles (NH.,),SO; per 1000 g H.O 5.95 5.53 5.73 5.82 5N
Percentage by weight 4142 492.22  43.09 4347 43.85
g (NH.):80, required to saturate
1000 ml H.O 706.8 730.5 7558  766.8 771D
g (NH1,):SO; per liter of saturated
solution 514.8 525.2 B36.5 B41.2 5459
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 for Biochemical
Research, 9nd ed. Edited by R. M. C. Dawson, D. C. Elliott, W. H. Elliott, and K. M. Jones, ©
Oxford University Press (1969).



APPENDIX I V

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 particular 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 involving 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-HCI).

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. As a general rule, the pH of a reaction
mixture should be checked at the end of an assay period to insure that it
remained constant.

Free Acid or Base MW pK. at 25°C
Pyrophosphoric 177.98 0.85 (pK.,}
Oxalic 95.07 1.19{pK.)
Glycerophosphoric 172.08 1.47 (pK..}
Ethylenediamine tetraacetic acid (EDTA) 292.24 1.70 (pK.)
Histidine 155.16 1.82 (pK.,)
Pyrophosphoric 177.98 1.96 (pX.,)
Maleic - 116.07 2.00 (pX.,,)
Benzenehexacarboxylic (mellitic) 342.17 2.08 (pK.,)
Phosphoric 98.0 2.12 (pK.,)
Brucine tetrahydrate 466.53 2.30 (pK.,)
Benzenepentacarboxylic 296.18 2.34 (pK.,)
Glycine 75.07 2.34 (pK,,)
Benzene-1,2,4,5-tetracarboxylic (pyromellitic) 254.15 243 (pK.)
Benzenehexacarboxylic {mellitic) 342.17 2.46 (pK.,,)
EDTA 292.24 2.6 (pK.)
Malonic 146.02 2.85 {(pK.,)
Phthalic 116.13 2.90
Benzenepentacarboxylic 2908.16 2.95 (pK.,)
Salicylic ' 198.12 2.98
Benzene-1,2,3-tricarboxylic (hemimelitic) 246.18 2.98 {(pK.,}
1,4-Piperazinebis-{ethanesulfonic acid) “PIPES” 302.37 3.0 {(pX.)
Tartaric 150.09 3.02 (pK.)
Fumaric 116.07 '3.03 (pK.)
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Free Acid or Base MW pK. at 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.,)
¢-Phthalic 166.13 3.10 (pK.)
Benzene-1,2,4,5-tetracarboxylic {pyromellitic) 254.15 3.13 (pK.,)
Benzene-1,3,5-tricarboxylic (trimesic) 210.14 316 {(pK.)
Benzenchexacarboxylic {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.)
1,1-Cyclohexanediacetic 200.18 3.52 (pK.,)
2-Methylpropane-1,2,3-triscarboxylic

{B-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 3.7% (pK.;)
1,1-Cyclopentanediacetic (3,3 tetra-

methyleneglutaric acid) 186.21 3.82 (pK.)
Itaconic 130.1 3.84 (pK.)
Lactic 50.08 3.86
Benzenepentacarboxylic 298.16 3.94 (pK.,)
Benzene-1,3,5-tricarboxylic (trimesic) 210.14 5.98 (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 95.07 421 (pK.,)
Benzene-1,2,3-tricarboxylic (hemimellitic) 246.18 4.25 (pK.)

$,6-Endomethylene-1,2,3,6-tetrahydrophthalic acid
“EMTA" (endo-5-norbornene-2,3-dicarboxylic

acid “ENDCA™) 183.62 4.3 (pK.)
2,2-Dimethylglutaric - 160,17 4.31 {pK.)
Butane-1,2,3 4-tetracarboxylic 234.12 4.38 (pKo)
Benzenehexacarboxylic (mellitic) 342 17 4.44 (pK..)
Benzene-1,2,4,5-tetracarboxylic {pyromellitic) 254,15 4.44 (pK.,)
Fumaric 116.07 447 (pK.,)
Cyclopentanetetra-1,2,3,4-carboxylic 246.17 4,48 (pK..)
Tartaric 150.09 4.54 (p K.}
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

(B-methyltricarballylic) 190.15 502 (pK.,)
Malic 134.09 5056 (pK.,)
Benzenepentacarboxylic 298.16 5.07 (pK.)
Pyridine 79.1 523
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Free Acid or Base MW pK. at 25°C

o-Phthalic 118,13 5.27 (pKa)
Citric 192,12 540 {pK.)
Butane-1,2,3 4-tetracarboxylic 234.12 5.45 (pK.,)
Benzenchexacarboxylic (mellitic) 342.17 550 {pK.))
2,2-Dimethylglutaric . 160.17 5.51 (pK.)
Itaconic 130.1 5.55 (pK.)
Cyclopentanetetra-1,2,3,4-carboxylic 246.17 5.57 (pK.,)
Succinic 118.09 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
Carbonic (HCOs + COy) 62({COy) 6.10 (pK.)
Malonic 104.06 6.10 (pK.)
2-(N-Morpholino)-ethane sulfonic acid “"MES” 195.2 6.16 (pK.,)
Glycerophosphoric 172.08 6.19(pK.,)
Propane-1,2,5-tricarboxylic (tricarballylic) 176.12 6.20 (pK.))
Benzenepentacarhoxylic 208.16 6.25(pK.,)
Maleic 116.07 6.26 (pK.,)
2,2-Dimnethylsuccinic 146.14 6.29(pK.,)
EDTA 292,24 6.30 (pK.,)
3,3-Dimethylglutaric 160.17 6.31 (pK.)
Bis(2-hydroxyethylimino-tristhydroxymethyl)-

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,}-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.)
1,1-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-(Amincethyl)trimethylammonium chloride

“CHOLAMINE" 156.69 7.1
N, N -Bis(2-hydroxyethyl)-2-amincethanesulfonic

acid “BES” 218.25 7.15 (pK.)
2-Methylpropane-1,2,3-triscarboxylic

{B-methyltricarballylic) 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(thydroxymethyl)methyl-2-aminoethane

sulfonic acid “TES” 220.28 7.5 (pK.)
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic

acid “HEPES"” 238.31 7.55 (pKa,)
2-Hydroxyethylimino-tristhydroxymethyl)methane

*MONO-TRIS” 165.18 7.83
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Free Acid or Base MW pK, at 25°C

Brucine tetrahydrate 466.53 7.95 (pEa)
4-(2-Hydroxyethyl)-1-piperazinepropane )

sulfonic acid “EPPS” 252.23 8.0
Tris(hydroxymethyl)aminomethane *“TRIS” 121.14 8.1
N-Tristhydroxymethylymethylglycine

“TRICINE” 180.18 8.15
Glycinamide 74.04 8.2
N,N-Bis(2-hydroxyethylglycine “BICINE” 163.18 8.35
N-Tristhydroxymethylymethyl-2-aminopropane

sulfonic acid *TAPS” 2433 8.4 (pK.)
N-Glycyl-glycine 132.12 8.4
Histidine 155,16 917 (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 10.06 (p K.}
Carbonic (H.COs+ COy) 62(COs)  10.26 (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 (p K.}
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APPENDIX V

ACTIVITY COEFFICIENTS OF

SOME IONS IN AQUEOUS

SOLUTION

Tonic Concentration (M)

Ion 0.00IM  00IM 01 M
H* 0.975 0.933 0.86
OH~ 0.975 0,995 0.805
Acetate” 0.975 0.928 0.82
H.PO; 0.975 0.928 0.744
HPOY 0.903 0.740 0.445
POY 0.796 0.505 0.16
Hscitrate™ 0.975 0.926 .81
Hcitrate®” 0.903 0.741 0.45
Citrate® 0.796 0.51 0.18
HCO; 0.975 0.928 0.2
COy 0.903 0.742 0.445
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APPENDIX V I

pK. CORRECTION
FACTORS FOR IONIC
STRENGTH

Correction: ApK,

Iz Z=+1 Z=10 Z=-1 Z=—2

0.01 +0.04 —0.04 —0.13 —0.22
(.05 +0.08 —0.08 —0.25 -0.42
0.16 +8.11 -0.11 -0.32 —0.53

Sclected values from Bruening, G., Criddle, R., Preiss, [., and
Rudert, F. Biochemical Experiments, p. 60 Wilcey-Interscicnce
(1870).
Values are given for 20°C. They are essentially the same between 0 and 37°C.
I'/2 = the ionic strength (total of all ions present)
Z = the charge on the conjugate acid of the buffer
At any total ionic strength: pK.=pK, +ApK,
The corrections are based on the Debye-Hiickel equation:

log y =—0.509 Z*VT/2

where v = the activity coefficient of an ion.
The relationship between pK, and pX,’ is shown below:

Yo.B. [C-B-}
= pK, + log J&B
pH=phatlog ICA]

Yo.B. [C.B]
it I{a + lo + log ——rr
Prat o8y s T 8 [TA]
- [C.B.]
ponta pKa + APKG + }.Og IET.]
U (o4 : 3
= pK,/+ log [CA]
where: pK,’ = pK, + ApK,
Yo.B.

and ApK, = log ~==
Yo.a

408



G686 0T X 8§09 HIN-© 8L°01 001X 99°1 HN-»
oG 0T XF1'3 ) €88 01 X B9F HS-¢
G0'g 628Gl 0T XELG 00Q0D-» 41 0T %GBT HOOD-© ra Al sur1sd)
69°F% SO XLGE THN-D 1¥'6 n-01 X688 fHN®
664 L9811 a-01 X 69°¢ _0Q0-» A 01 XBL'E HOOO® GSL1 SWINLNTD
8I'¥ 01 X199 THN-» 386 w01 X191 THN-
FUOL 01 X654 0009 98°g 0T X 8%'] HOOD-¢
86°% 16711 a-BT X §3'1 Heleony 60'3 0L X ET8 HGOQOD-v 1"g61 proe snaedsy
&'s 0L X189 THN-© 88 0T X 89T HN-©
|58 86°11 a-0I %801 _Q00-» 03 01 X 99°8 HOOD® 1'GET suidesedsy
891 01 X808 HN-wnipuens g8y'gl 01 X188 FHN-wnurpruens
96'¥ 0T x0T HN-© 2404 D1 X316 fHN-®
94701 £8°11 a-0T X 8%'1 -.000-» LIS 01 X949 HOOQD-» &PLL aupmday
18°¢ 01 X661 TIN-E 61708 L-01 X 9%'9 SHN-¢
06'9 0¥°01 -0F X 86°¢ _00Q0® 09°¢ 01 %1678 HOOD-» 168 sutue|y-g
1% NI X06F tHN-® 69°6 001 X303 FHN-©
G609 89°11 a0l XPE5 000 668 O XLFF HOQOD® 1'68 JUIUElY -0
1d apd 4xr asog syrd sy : PY MA PUNOGULOT)
appdnfuor) adnfuon

.SAIDVY ONINY NOWWWOD
INOS 40 SIANTVA /d ANV
‘Md “yd ‘SINVLISNOD NOILVZINOI

m_> XION3ddV

409



[T

0¥y 01X 86 THN-P 096  ,01X193 © .. PHNO

866 YOI, 0U X633 Nelelons 963 SO XLEF HOOD-® 318t auPNIT
P32 ~OTX8LF THN-® 896 01 X603 SHN-©

09 FYIl ,01X633 _00D® 9¢'2 0T XLED HOQD-© [ 81! aurnajos]
Le OIXLES SHN-® 86 5 0Tx98'T SHN-?

€8 80731 0T %x3E8 _QOQD® 361 01 X031 HOOD™® '1g1  eueaddxorpdy
§EY 01 X89% 'HN-? L96 o DIXHIE fHN-3
88°S o OT X LTF THN-® 39'8 0T X 03 SHN-®

§I'6 4811 . 01X4E'T 00D €18 DT XTFL HOQD-» 291 SuIsA[AX0IpAH
96'F 0T %9478 SHN-© 6,01 XE9°E SHN-®
8'g ST XIEE SHN-® 345’8 0T X 30§ FHN-©
9Tl L, 0T XIS 00D ® T $5'% 01 X885 HOOD-®

£6'S  IFEl .01 X685 _00D-® 69T 0T X488 HOQD-® £'89% 2unsSA>0WOH
P18 01 X 554 S+ 98'01 .01 %86 HS-A
gr'g 0T X TF L, THN-® 18'8 601 X GE'1 SHN-®

PGS BLIL 01 %9891 000 S <01 X €09 HOOD™® 3¢ SUINSAO0WOY
€8'F% 0T X 8F'1 YHN-® L6 4, 01%9.9 SHN-®

0’8 0% 01 N-?[0zEPIW] (9 L0TX 01 LHN-s10zepIII]
8L  8I'l L 0TX19'Q _000-® 381 0T X181 HOOD® 3'9q1 JuIpnsty
V¥ 01 %X 86°¢ CHN-® 9'6 01X 162 SHN-® .

&S 991l L _0TX613 _00D® P62 0T X LG} HOQOD-® 1'6L SUIAD)
L8F 0T XGE'T YHN-0 EI'6 o OIXTFL SHN-©

€ §8I1 L 01 X8F1 _00D® AR 01X949 HOOD-® 1951 sunreIn|o
g8¥ 0T X89F ZHN-© 196 0T X P12 SHN-® :
g6 a 0L X8LT Neleleol Sov 0T X 39°G HOOD+

3T¢  I8TL L, 01XG8T 000 613 0T X 9%'9 HOOD® T'L¥1 proe drurein|o
S1'% LOUX80L THN-© G686 L 0IXTIPIT HN-P
g1'9 01 %807 THN-0 8L o OT X TF'T SHN-®
PLIT L 01 XE8'T _00D-® 9z'% 01 %088 HOOD-®

90°¢  GE'ZL 0T XL¥¥ _00D® 591 0L XFEE HOOD-» g0%e sunsdg

rd Srd P asog yd " poy MHA punoguiol)

avdnfuon) arednfuon

410




_._VHQ SVN nwVNQ r.uVM
“yd ' yrd o4 1y a1 uo
Gyrd Sy tesrd ) UMOUS ST PRIIQUWING 218 sanfes yd pue y |
8% 0L XLTF 'HN-® 69’6 w00 X 0F'8 {HN-®

6's 8911 u-01 X60°¢ 0000 68’6 01 X6LF HOQDO» [ AR |Sulfes
£6°¢ 0T XBT°1 O L001 w01 X168 HO-
68°F 0T X681 *HN-° 116 w01 X 9472 +THN-°

999 0811 101 X681 00D 0g'd 01> 189 HOQO-» &' 181 JUISOIA,
9% 01 X0¥°¢ ‘HN-® 686 a-01 % L0'F tHN-©

88'¢  BYIT L 01%0¥E Relelons 8¢5 0T XLTY HOOOD-® 502 ueydoidAay,
LE¢ »-0F X593 THN-® gF01 w01 X EL°6 tHN-®

899 LE1 -0l X Le'F 00D £9°¢ 01 X G§'% HOOD-» 1'611 UG T,
9¢'g p-01 X 097G THN-® PL'8 §-0T X E8'1 fHN-®

&1g A a-0T X 91°¢ fos- g1 01 X918 HOS- 1°G81 JunneJ,
a8 0T X197 "HN-» 91’6 u-01 X804 fHN-©

89°9 " BLIT 20T X897 000 122 0T XLT'O HOCQOO-® 17601 SULIG
0v's 01X B6'E *HN-© 0901 u-0T X 16°¢ IHN-®

0g9 10781 u-0L X L4°6 -000-» 66'T 01 %601 HOQOD-» ratr autold
L8'¥ PR ‘HN-© E1'6 a- 0T X TFL SHN-»

84 LT°GT a-01 %949 _Q00o» £8°1 :-0T X 8¥%'1 HOOD-® 6991 sutuereduatg
¥ee 0T X QLG *HN-9 94701 10T X #L°T FHN-¢
q9¢'g +OIXLFF "HN-© 598 0T X PE'G HN-»

04’6 90°31 aDTXTL8 -000-» 61 0T X &1'1 HOOD» G'es1 JUIPIUIG
6L% 0T X 29°1 EHN-© 1876 n-0T X419 JHN-»

YA I Y A 4 w00 X 16°1 -000-» 8&2 01 X989 HOOD-o &'6¥1 UMONIa |
L¥'g w01 X 68°¢ TEIN-® 8501 1-01 X 5678 SHN-?
§0°9 -0 X168 *HIN-© G6°8 0T X811 {HN-®

¥L'6 8’1l a0l X 1971 0005 8178 0T X199 HOOD-» 3'9b1 JuIsA]

411




APPENDIX V E i E

AG' VALUES FOR THE
HYDROLYSIS OF SOME
COMPQUNDS OF
BIOLOGICAL IMPORTANCE

Approximate

Hydrolysis AG' (pH~T7)
General Type Example Products (kcal [mole)
Phosphosulfate Adenosine phos- AMP + 50§ —18
anhydride phosulfate
(APS)
Pyrophosphate Inorganic PP; 2% —4.2
ATP ADP+ Py 1.7
ATP AMP+ PPy -99
ADP AMP+ P, —6.4
Acyl phosphate Acetyl phos- Acetate+ P; =10
phate
1,3-DiPGA 3-PGA+D -12
Carbamyl phos- Carbamate + P; —12 (pH 9.5)
phate
Acyl adenylate Amino acid Amino acid + AMP —13
adenylate
Amino acid ester Glycine ethyl- Glycine + ethanol —8
ester
Glycyl IRNA Glycine + {(RNA -8
Phenolic ester p-NOp-Phenyl- p-Nitrophenol + —13
acetate acetate
p-NO;-Phenyl- p-Nitrophenol + -13
sulfate 504
Nucleotide di-
_phosphosugar UDPG UDP + glucose -7.3
Gyclic phospho- 3',5"-Cyclic 5-AMP —-10
diester AMP
Enolic phosphate Phosphoenol Ketopyruvate + P; —-13.8
pyruvate (PEP)
Guanidinium Creatine phos- Creatine + P; ~10.5
phosphate phate
Arginine phos- Arginine +P; —10.5
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Approximalte

Hydrolysis AG' (pH~T)
General Type Example Products (keal fmole)
Thiocester Acetyl-5-CoA CoASH + acetate ~8.2
Acetoacetyl-S- CoASH + acetoacetate — 10.5
CoA
Acyl ester Acetyl carnitine Carnitine + acetate -7.2
Acetyl choline Choline + acetate —-6
Hemiacetal-1- Glucose-1- Glucose +P; -5
phosphate phosphate
Simple phosphate Glucose-6- Glucose + P -3
ester phosphate
a-Glyceryl- Glycerol + P; —25
phosphate
AMP Adenosine + P; —2
Amide Glutamine Glutamate + P -34
Asparagine Aspartate+ P; —-34
Peptide bond Glycylglycine Amino acids -0.5
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APPENDIX I X

STANDARD REDUCTION
POTENTIALS OF SOME
OXIDATION-REDUCTION
HALF-REACTIONS®

Eyat
pH 7.0
Reaction Half-Reaction (Written as a Reduction) {volis)
I 10, +2H" +2¢” > H,O 0.816
2 Fe"+1e¢”—>Fe™ 0.771
3 SOF +9H* +2¢” =50 + H,0O 0.48
4 NO7 +2H +2¢” - NO; + H,O 0.42
5 2I"+2e —~ 1. 0.536
6 Cytochrome ay-Fe*’+ 1¢”— cytochrome-as-Fe™ 0.55
7 10, + HoO + 2¢” — HaOy 0.30
8 Cytochrome-a-Fe* + e~ — cytochrome-a-Fe™* 0.29
9 Cytochrome-c-Fe™ + 1e” - cytochrome-c -Fe™ 0.25
10 2,6-Dichlorophenolindophenol,+2H" +2¢” -
2,6-DCPPi .y 0.22
11 Crotonyl-5-CoA + 2H" 4 2¢™ > butyryl-5-CoA 0.19
12 Cu**+1le”>Cu” 0.15
13 Methemoglobin-Fe** + l¢” = hemoglobin-Fe™ 0.139
14 Ubiquinone + 2H" + 2¢~ -> ubiguinone-H; 0.10
15 Dehydroascorbate + 2H" -+ 2¢” — ascorbate 0.06
16 Metmyoglobin-Fe*> + 1~ — myoglobin-Fe'* 0.046
17 Fumarate +2H" + 2¢ -» succinate 0.030
18 Methylene blueg, -+ 2H"+2¢” — methylene blueg., 0.011
16 Pyruvate + NH; 4+ 2H" +2¢” — alanine 0,13
20 a-Ketoglutarate + NH: +2H" +2¢” - glutamate + H,O —0.14
21 Acetaldehyde+ 2H" +2¢7 — ethanol —-0.16%
22 Oxalacetate -+ 2H" + 2¢7 > malate —-0.175
. 28 FAD+2H" +2¢" = FADH, -0.18"
24 Pyruvate + 2H" + 2¢~ — lactate —0.190
25 Riboflavin + 2H" + 2¢~ - riboflavin-H, —0.200
26 Cystine+2H" + 2¢” > 2 cysteine -0.22
27 GSSG+2H " +2: -2 GSH —0.23
28 §°+2H" +2¢7-» HiS -0.23
29 1,3-Diphosphoglyceric acid +2H" +2¢: > GAP +P; —0.29
30 Acetoacetate + 2H" +2¢” — B-hydroxybutyrate —0.290
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E® at

pH 7.0
Reaction Hulf-Reaction {Wriiten as a Reduction) {volts)
31 Lipoates + 9H* + 2¢” = lipoateg. -0.29
32a NAD'+92H*+2¢ —>NADH+H" - $.520
b NADP' +2H"+ 2. > NADPH+ H" —0.320
33 Pyruvate + CO, + 2H' + 2¢” — malate —-0.33
34 Uric acid + 2H* + 2¢” — xanthine —0.36
35 Acetyl-S-CoA + 2H* + 2¢” — acetaldehyde + CoA ~0.41
36 CO; + 2H + 2¢~ = formate —0.420
37  2H'+2:> H, - 0.414
38 Ferredoxin-Fe'* + le” - ferredoxin-Fe™ - 0.432
39 Ghuconate + 2H* + 2¢~ — glucose + H,O -0.45
40 3-Phosphoglycerate+ 2H" +2¢™ >
glyceraldehyde-3-phosphate + H,O —0.55
4} Methylviologeng.y + 2H" + 2¢ "~ methylviologeng.y —0.55
42 Acetate + 2H* + 2¢” - acetaldehyde —0.60
43 Succinate + CO; + 2H" + 2¢™ - a-ketoglutarate + HyO —0.67
44 Acetate + CO, + 2H" + 2¢” = pyruvate -0.70

* Standard conditions: Unit activity of all components except H”, which is maintained at
107" M. Gases are at 1atm pressure.
* Thevilue given is for free FAD/FADH,.. The Ej of the protein-bound coenzyme varies.
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APPENDIX X

ABSORPTION MAXIMA AND
ABSORPTION COEFFICIENTS
OF SOME COMPOUNDS OF
BIOCHEMICAL IMPORTANCE

Malar Absorption Coefficient®

Compound Amax () (a. % 107%)
Adenine 260.5 13.3
Adenosine, AMP, ADP, ATP 259 15.4
Cytidine 271 3.9
Cytosine 267 6.1
CMP, CDP, CTP 271 9.1
NAD*, NADP* 259 18
NADH, NADPH 339 6.22
259 15
Flavin adenine dinucleotide
{(FAD) 450 11.3
375 9.3
) 260 37
Guanine 276.6 8.1
246 10.7
Guanosine, GMP, GDP, GTP 252 13.7
Nicotinamide 260 4.6
Phenylalanine (in 0.1 N HC)) 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
Riboflavin phosphate (FMN) 450 12.2
378 104
260 27.1
Thiamine hydrochloride 267 9.9
235 115
Thymidine 267 9.7
207.5 9.6
Thymine 264 7.9
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Molar Absorption Coefficient”

Compound A (M) {a. X 107%)

Tryptophan (in 0.1 N HCl 278 5.6
218 33.5

Tryptophan (in 0.1 N NaQH) 280.5 5.43
: 221.5 34.6

Tyrosine (in 0.1 N HC} 274.5 1.34
223 8.2

Tyrosine (in 0.1 N NaOQH) 293.5 2.35
240 IL1l

Uracil 258.5 8.2

Uridine, UMP, UDP, UTP,

UDPG, UDPGal 262 10.0

* Absorption coefficients are given for 2 1cm light path.
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APPENDIX X l

SPECIFIC ROTATION OF
SOME CARBOHYDRATES
AND DERIVATIVES

418

Compound

Specific Rotation [o]o

T=20-25°C

B-D-Arabinose
a-L-Arabinose
B-L-Arabinose
B-D-Fructose
p-Galactonic acid
a-D-Galactosamine
o-D-Galactose
B-D-Galactose
B-D-Galacturonic acid
n-Gluconic acid
a-D-Glucosamine
a-D-Glucose
B-p-Glucose
a-L-Glucose
. B-D-Glucuronic acid
D-Glyceraldehyde
a-D-Mannose
B-D-Mannose
B-p-Mannuronic acid
a-L-Rhamnose
a-D-Xylose

—175% > —10%°
+554—+105
+190.6-> + 104.5

—133.5—>—92
—-11.9>+57.6
+121—>+80
+150.7—>+80.2
+52.8>+80.2
+97->+55.6
—-67>+11.9
+100—> +47.5
+112>+52.7
+18.7>+52.7
—95 5->—51.4
+11.7->+36.3
+13.5
+99.3—>+14.5
—16.3—>+14.5
—47.9--23.9
—8.6—>+8.2
+936—>+188

¢ The first figure given indicates the {e]s of the original form;

the second Hgure given indicates the [e]s of the equi

librium

mixture of « and B forms after mutarotation. The aldonic acids

equilibrate with the lactone.



APPENDIX Xl i

RADIOISOTOPES USED IN
BIOLOGICAL RESEARCH

Decay Energy (MeV)
Isotope Hualf-life Beta (B” or B°) Gamma
Calcium-45 163 days 0.254
Carbon-14 5700 yr 0.154
Cesium-137 33 yr 0.52 0.032
1.18 0.662
Chiorine-36 4.4 10 yr 0.714
Chromium-51 27.8 days 0.267
0.32
Cobalt-60 53yr 0.31 1.17
1.33
Copper-64 12.8 hr 0.573 1.35
0.654
Gold-198 2.69 days 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 0.564
0.638
Iron-55 29yr K-capture: (.232
fron-59 45.1 days 0.27 0.19
0.47 110
1.57 1.29
Lead-210 25 yr 0.018 0.047
0.029
Manganese-54 314 days 0.84
Mercury-203 46.6 days 0.212 0.279
Molybdenum-99 66 hr <0.2 0.04
0.445 0.367
1.23 0.740
0.780
Nickel-63 85 yr 0.063
Phosphorus-32 14.3 days 1.718
Phosphorous-3%3  25.2 days 0.248
Potassium-42 12.4hr 1.98 1.51
3.58

419



Decay Energy (MeV)

Isotope Half-life Beta (8~ or B7) 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 26 yr 0.55 0.51
0.58 1.27
. 1.8
Sodium-24 15.06 hr 1.390 1.38
2.758
Strontium-90 28 yr 0.54
Sulfur-35 87.1 days 0.167
Technetium-99  2.1%10°yr 0.293
Zinc-65 244 days 0.325 0.201
1.11
Zirconium-95 65 days 0.84 0.72
0.371
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ANSWERS TO PRACTICE

PROBLEMS

CHAPTER 1.

Concentrations of Solutions

Lo (&) 78.95 g/liter, (b) 7.805% (wiv), (¢}
7895 mg %, (d) 0.711 M, (e) 2.134 Osmolar, (f)
2.134

2. {a) 39.52 ml, (b) 18.6% (w/w), (c) 20.24%
(w/v), (d} 1.73 m, {e) 1.63 M, (f) 4.59 Osmolar,
{g) 0.03, ¢(h) T'/2 =4.5¢

3. (a) 18.3 g (at 0°C—calculated from Equ-
atiori 1-17); 18.0g (at 0°C—-calculated from
Appendix II), (b) 75 ml (from Equation 1-18
or Appendix I1I)

4, 1715 M

Strong Acids and Bases— pH

AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY

7. [H'1=04M, [OHT}=25x 107" M,
pH = 0.398, pOH = 15.602

8. pOH =342, pH = 10.58
9. aw =0.071, yue =0.71
10. pH=12.86, pOH = 1.14

11. (a) 20.8:ml, (b) 33.3ml, (c) 68 ml, (d)
180 ml, (e) 4.4x 107 m]

12, (a) 12.2 M, (b} 8.2 ml con HCY/500 m! of
solution, {¢) 14.3 ml con HCY350 m! of solu-
tion, (d) 666 g (or 560 ml} con HCl+ 334 g (or
mi} of water, (e) 1.64 % 107" ml con HCl/liter of
solution

5. {a) (c) {d)
pH 2 2.5 9.57
pOH 12 1.7 4.43
H" jons/liter 6.023 x 10 6.023 % 10" 3.0x W07 1.6 x 10
OH ionsfliter  6.023 x 10" 6025 x 10" 1.2x 10" 2.23%x 10"

{e) (f) (2) (h) (B

pH 6.88 11.46 0 -1 4,52
pOH 7.12 9.54 14 15 9.48
H" ions/liter 7.9x 10" 2.1x 10" 6.023x 10"  6.023 x 1¢% 1.81 x 10"
OH" ions/liter 4,88 x 10 L75x 107 6.023%10° 6.023 % 10° 1.99 x 19"

6. () (b) {c) ()
[H*] 1.86x 107° M XM 166X 1077 M 294X 10° M
[OH) BAXIOYM  195x10°M 6.02x 107 M 446 10° M
H* ions/iiter LI2x 10 - 3.1 10" 1.0x 10" 1.35 x 10"
OH  ions/liter 3.26 % 10" 1.18 x 10™ 3.6x 10" 2.7 % 10"

(e) H (g)

(H'] 3.09x 107" M 39X10°% M 1M
[OH] 3.31%107° M 257107 M 1x10% M
H* ions/liter 1.82 x 10 2.8% 10" 6.023 x 10
OH~ ions/liter 1.99x 10" 1.55 x 16% 6.023 x 10°
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499 ANSWERS TO PRACTICE PROBLEMS

13. ({(a) 400 g NaOH/5 liters of solution, (b}
0.25 g NaOH/2 liters of solution, (c) 3561
NaQH/500 ml of solution

14. 202 m!
15, 1.06g
16. 24.5x 10° ml (24.5 liters)

Weak Acids and Bases—DBuffers

17. (a) K. =1.27x10", (b) pH =2.28, (¢
1210 ml, (d) 1.75 % 10" jons

18. (a) [H']=5x10" M, (b) 1.85% 1072%,
() K. =9.25%x107°

19. (a) [OH}=149x 107" M, (b) 4.46%
20. 12K,
91. {a) pH = 11.07, (b) 2.36%

99. (a) pK,=321 and pK,=10.79, (b)
pK. =4.54 and pK, =9.46, () pK. = 4.47 and
pK, =9.58, (d) pK. = 5.14 and pK, = 8.86

93. (a) pK, =468 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

94. pH=114

95. (a) 1.46, (b) 4.67, (c) 9.76, (d) 12.74, (e)
9.03, () 4.98, (g) 11.59, (h) 9.35, (i) 5.07, (j} 5.07

26. 1080 ml
27. 487.5ml

98. [H'1=5x10"M, pH=123
99. [H'}=1.66x107° M, pH=8.78

50, [H']=7.25%x 107 M, pH=4.14
31. [H']=16%x107"M, pH=128
32. [NH,]=0.103 M, [NH.Cl}=0.047 M

33, (a) pH=1232, (b) pH=12.15 (o)
pKL = 11.79

34. pH=898
35. pH=10.15
36, pH =0.56

37. 98.9g sodium formate+75.5ml 1 M
formic acid/2 liters of salution

38. (a) 400m! 2M HPO,+1070ml 1N
KOH/40 Yters of solution, (b) 1000 ml 0.8 M

H,PO, + 42.8 g NaOH/40 liters of solution, {(c)
54ml 14.8 M H,PO,+1070ml 1 M KOH/40
liters of solution, (d) 533 ml KH,PO,+ 267 ml
Na,HPO,/40 liters of solution, {e) 72.5g
KH,PO.+46.5 g KeHPO,/40 liters of solution,

- (f) 139.tg K:HPO;+355ml 1.5 M HCI40

liters of solution, {g) 666.7ml K.HPO.+
133.0mt 2 M H.S0./40 liters of solution, (h)
108.8 g KH.PO, + 133.5 m! 2.M KOH/40 liters

. of solution, (i) 633.3m! 1.5 M KH.PO.+

967 ml | M NaOH/40 liters of solution, (8}
131.2 g Na;,PO,+ 1330 ml 1 M HCY/40 liters of
solution

39. 21 ml glacial acetic acid and 62.2g
potassium acetate/5 liters of solution

40, (@) pH=6.96, (b) pH=24, (0
HPOI + H' = H. PO

41, b=TrisYTris", (b} +="Tris"/Tris’, (¢
pH=81, (d) pH=1252, (¢ R-NH'=
R-N°+ H" replacing a large portion of the H’
utilized and converting some of the Tris” to
Tris®

42, [H'] formed=1.49%107° M =149
pmoles/m}
“43. (a) B =4.69x10" M in both direc-

tions, (b) BC,=247%x107M, BC=

5I5XI0° M

44. (a) pH=4.23, (b) pH=423, (g
H,A:HA ;A" = 1:19.95:8.90; [H,A)=1.675
%107 M, [HA™} = $3.41 X 10 M, [A"]=14.91
x10° M

Amino Acids and Peptides

45. (a) pH=3.07, (b) pH=6.02, (c) pH =
10.3 S -~

46. () 2250 ml, (b) 200 ml, (c) 600 ml, (d)
1200 mi ,

47. (a) 250 mi, (b) 468.8 m), (c} 1225 ml, {d)
468.8 ml

48. pH =045
49. (a) AAS, (b) AAT, () AAT

50. Dissolve 41.92 g (0.2 moles) of histidine
hydrochloride monchydrate {AAT) in some
water. Add 152ml of L M KOH. Dilute to
1.0 liter. The final solution contains 0.162 M
AA"and 0.048 M AA".



Blood Buffers
1. 1.2x107° M
52. [CO.]:[HGCO;]:{CO} = 1:20:0.0283

ANSWERS TO PRAGTICE PROBLEMS 423
53. pH=734

B4 K&, =0.0275

§5. 0.716 H*/O,

CHAPTER 2° CHEMISTRY OF BIOLOGICAL MOLECULES

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 qguite 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
clutes before trp. The actual order is ser,
glu, ala, trp, arg. (Arginine will not elute at
all unless the pH is increased.)

2. Serine will not move (pH =pl). 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) 6.4x 107, (b) 2.79% 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 amino acid residue: ser=0.279, pro=
0.311, ala = 0.228, and gly = 0.183. Then cal-
culate 7 of the lipoprotein from % (wt. frac-
tion of amino acid) (¥ of amino acid). 7=
0.700 cm’/g, p = 1/7 = 1.420 gfem?®, {b)
volume = 9.077 x 107 ¢m® = 9077 A®, diameter
=25.88 A

9. 25,700

10. Use the law of cosines: a®=
b+ c*—2be cos A (where g, b, and ¢ 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)....
GS(AMP)s}

12. MW =33,459

13. The enzyme is probably composed of
four subunits of MW 22,000, each subunit
containing one atom of selenium,

4. (a) 39,901, (b) 41,649 at 2.5 mg/ml—
48,397 at infinite dilution

15, MW =13,921

Carbohydrates
16. (a) 4, (b) 8

17. 11[1-2, 3,4, 6; o or B, plus three 1-1
linked disaccharides: a-a, a-B, {same as 8-

o), and §-8]

18. 90% (75 mg of pure cellulose should
vield 83.33 mg of glucose on hydrolysis)

19. glucose (1 -+ 2) glucose

20. (a) Glucose (a or Bl1—3) glucose, or
glucose (B1-4) glucose. The nonreducing
residue utilizes two moles of pertodate 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 1
and 6) and one mole of formic acid {from
carbon b 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 and 1-3 linked glucose
residues.

21. There are a total of 200 pmoles of
glucose in 32.4 mg of amylopectin. (a) The
products are 10 pmoles of 2,34,6-
tetramethylglucose. 10 pmoles of 2,3-
dimethylglucose (frem branch points), and
180 pmoles of 2,3,6-trimethylglucose. (b)
5%, (c) 370

22. (@ 5 (b)) 2, () 2346
tetramethylgalactose; 2,3,4-trimethylglucose;
and 1,3,4,6-tetramethylfructose

23. ({(a) 438,727, (b) 1.477



494 ANSWERS TO PRACTICE PROBLEMS
Lipfds

24. (a) 64, (48, discounting like-ended
molecules), (b} 40, (c) 20

25. 556.3
26. 730.4
27. 2

98. Flemental analysis yields CiosoHienO
{or possibly CiH0), or CuHx0O: The
freezing point depression calculation yields a
MW of 313.8, which agrees with CaHsOe:
(actual MW = 314.45).

99, Use Trpoprorein = % (wt. fraction of com-
ponent}x (i of component) to obtain ¥ =
0.833 cm’/g. p =1/ = 1.20 g/em’,

Nucleotides and Nucleic Acids

30. If T=32.8%, A=3%28%, G=17.2%,
and C=17.2%

31. (a) 3.56x 10°, (b) 1.21 mm, (¢} volume
of DNA = 3.8x 107" cm® or 0.24% of the total
cell volume

39, (a) (3.56X107)x2="7.12x10° nucleo-
tides/40 min = 178 X 10° nucleotide bonds/
min, {(b) 0.03025 mm/min = 30.25 pm/min, (c)
356,000 turns/40 min = 8,900 turns/min

33, 40,000

34. 75% of 3.56 X 10° coding nucleotides =
267 % 10° nucleotides = 890,000 codons. A
protein of MW 60,000 contains k00 amino

acids. 1,780 different proteins can be
made.

35, 49,440 (Assuming double-stranded
DNA)

36. (a) 57.5% G+C, (b) % G+C=24
(Tn —49.3)

37, 2.5x 10

CHAPTER 3 BIOCHEMICAL ENERGETICS

1. AG'=-+500cal/mole

9. (a) AG = —4092 cal/mole (AG"=0). (b)
The reaction proceeds in the direction of
ADPG + PP; synthesis.

3. The hydrolysis of glucose-6-sulfate will
proceed further to the right {higher Kz, and
more negative AG') because the product,
HSO;, is a strong 4cid {pK.,= 1.9) that spon-
taneously ionizes at pH 7 to SO +H™ The
product of glucose-6-phosphate hydrolysis,

ATP+ H.0 = AMP+ PP

NH{ + aspartate = asparagine + H.O

HPOY + H,PO:, is a weak acid (pK,=12.5)
that does not ionize further.

4. K! =6496, AG'=—2466 cal/mole
5. AG'=-12,481 cal/mole

6. AGi.= — 1972 cal/mole
2,69 % 107

{(when K,=

7. (a) The overall synthesis can be consid-

ered as the sum of two reactions:

AG" = —8000 cal/mole
AG' = 43400 cal/mole

Sum: aspartate + ATP+ NH{ = asparagine + AMP + PP:

A more rapid mental calculation says:

AG' = —4600 cal/mole

ATP (worth —8000 cal/mole} is used to make asparagine

(worth —3400 cal/mole). Therefore, the overall AG® (the difference) is —4600 cal/mole.

{b) ’ (1) aspartate + ATP == B-aspartyladenylate + PP
(2) B-aspartyladenylate + NH; < asparagine + AMP

AG) = + 92000 cal/mole
AGE = —6600 cal/mole

Overall: (3) aspartate-+ ATP+ NH; = asparagine + PP; +AMP

ATP (worth

cal/mole). Therefore, AGi = +2000 cal/mole.
AGI+AG=AGL

the overall AG' is —4600 cal/mgle:
(—4600) — (+2000) = — 6600 cal/mole.

A G} = —4600 cal/mole

— 8000 cal/mole) is used to make B-aspartyladenylate (worth —10,000
The second reaction must have a AG’ such that

Therefore, ACi=AGI—AGI=



8, [G-6-P]>0.221 M

9. AG'=-18912calfmole. (The AG’

of the
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ATP  sulfurylase reaction is

+10,912 cal/mole. ATP is worth —8000. Therefore, APS must be worth — 18,912.)

18, ATP = cyclic AMP + PP;
cyclic AMP + PP, = ATP
ATP+H..O = AMP + PP:

K’ = 0.065
K!,=1538 AG’'= 1619 cal/mole

AG' = ~8000 cal/mole

cyclic AMP + H,O = AMP

11 (a) ~0, (b) — 3415 calfmole, (c) ~0, (d)
—1700 cal/mole

12. (a) [glucose-6-P]=0.95 M, [ghicose-
1-P] = 0.05 M, [glucose-6-P}/
[glucose-1-P] = 19

(b) {glucose-6-P] = 0.095 M, [glucose-
1-P]1=0.005 M, [glucose-6-P)/
[glucose-1-P]= 19

{0) [glucose-6-PI=9.5x 107" M, fgla-
cose-1-P] = 6 x 107" M, [glucose-
6-P}/[glucose-1-P] = 19

{d) [glucose-6-P1=9.5% 107 M, [glu-
cose-1-P] = 5% 107 M, [glucose-
6-Pl/[glucose-1-P]= 19

(e) [glucose-6-P]=9.6x 107° M, [glu-
cose-1-PI = 5% 10°° M, [glucose-
6-P)/[glucose-1-P] = 19

13. (a} isocitrate = 0.84b M, glyoxylate =
0.155 M, succinate = 0.155 M

isocitrate _ ) g!zo;-.:y]ate ~1.0
glyoxylate succinate

(b) isocitrate = 0.0591 M, glyoxylate =
0.0409 M, succinate = 0.0409 M

isocitrate _ _ glym_iylate - 1.0
glyoxylate succinate

(¢) isocitrate = 0.0022 M, glyoxylate =
0.0078 M, succinate = 0.0078 M

isocitrate . g[yox‘;zlatei 1.0
glyoxylate succinate

(d) isocitrate = 3.3 % 107° M, glyoxyl-
ate = 9.67 X 107 M, succinate =

9.67x 107" M
isocitrate _ 0.034 glzo:::zlale =10
glyoxylate succinate

(e} isocitrate = ~0 M, glyoxylate =
~1x 107 M, succinate = ~ 1 x
10 M

isocitrate _ ~0 glyoxylate _ 1.0
glyoxylate succinate )

AG' = —9619 cal/mole

14. (a} pyruvate + B-hydroxybutyrate —
lactate + acetoacetate; (b) pyruvate is reduced
to lactate, B-hydroxybutyrate is oxidized to
acetoacetate, pyruvate is the oxidizing agent,
B-hydroxybutyrate is the reducing agent; (c)
AE{=+40.100v, AG' = —4612 calfmole, Kl =
2408

15. (a) ubiquinone + succinate —+ ubi-
quinone-H, + fumarate; (b} AE = +0.070 v,
AG'=—3228 B cal/mole, K, = 233

16. (a) —0.149 v, (b) —0.081 v, (c} —0.06v,
(d) —0.046 v, {e) —0.019v, () +0.017v

17. (a) [INADHJ/[NAD*] = 1.22 X 10" (equa-
tion 33), (b) [NADH)/[NAD*) = 1.92 x 10~

18. (a) Eiuo= Ehy,—(0.059)Q2) .. Ej,,
=—-0.293v, (b) Ei,,,= Ei_, because H* is not
involved in the reaction .. El,,=+0.771 v

18. (a}) ~6 ATP/mole S oxidized, (by ~3
ATP/mole NH oxidized

20, The fatty acid because it is more highly
reduced than the sugar (more hydrogens per
mole to burn), The AG' of hexanoic acid
oxidation will be more negative than the AG’
of fructose oxidation,

21. 18 moles ATP/mole ethanol

22, AG =(2)(1364)ApH. Under the given
conditions, AG = 6336 cal/male. ApH =
2.32

23. (a) & =109,808 calleinstein, by €=
38,067 calfeinstein
24. ~2 ATP at 40 to 50% efficiency

25. (@) AG =543 cal/mole, (b) AG =
+543 calimole (i.e., 543 cal are required to
move a mole of CI” outward).

26. At 37°C, AG = 1419 ApH . AG=
7518 cal/mole

27. (a) AG = ZFAY
cal/mole, (b) ~ 10"

AG =-13,838
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98, AH =—"70,000 cal/mole,AG' = — 65,314
caljmole, TAS = —4686 cal/mole, AS = — 15.7
e.u. at 25°C (298°K)

99. (a) AH =-11,092 cal/mole, AG'=

CHAPTER 4 ENZYMES

1. (@) K.=10"M, Va=120% 107° M/
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] data
yield the same K. value regardless of which
values are substituted into the Michaelis-
Menten equation. (¢} 0.012 min™".

9. (a)0.107 nmole X liter™ x min™", (b} 26.6
nmoles X liter "X min~', (¢} 37.7nmolesX
fiter* X min”, (d) 114.2 nmoles X liter ' X
min!, (g) 128 nmoles X fiter " X min"' = Vi

3. Each of the indicated values of v would
be five times greater.

4, (a) b = Voux /Ko = 0.168 min~', (b) k=

b iKeo=84%107 min™", {¢) Ve /Ks =
8.4 %107 min™'

5. yma=—54 pmoles X liter” X min
(P—5)

6. (a) 5.4 pmoles/lter, (by 8.55 pmoles/
liter, (¢} 16.2 pmolesfliter, (d) 28.62 pmoles/
liter, (e) 2.7 X 107°%, 4.28 X 107°%, 8.1 X 107°%,
14.31%107°%

7. {a) 21x10°M at 5min, (b) 3.9%
10°° M at 10 min

8. (1) 224%, (b) 224%, () 152X
10™° moles X liter ' x min™', (d) 13.7 min, (e)
97.4 min (k = 0.051 min™)

9. (a) 361, (b) 16, (c) 9, (d} 3

10. v ="2"=0.02, Voo = 1/0.02 =50
nmoles X liter? X min™, 1/[8}= 4" =4Xx 1(,
K. =1/(4x10")=25x 10" M

11. (a} [PS}=0.65x 10°°M, (b)) [P]=
0.50%10°°M, [Pl =115%x10° M, (¢) Ks=
6x 107 M. A Scatchard plot using data at
several different concentrations of {8} would
yield a more reliable estimate and also estab-
lish whether only one type of binding site is
present.

- 9568 cal/mole, TAS = —8524 cal/mole, AS =
—97.5 e, (b) K, at 28°C= 1114

30, o at $7°C is 3,77 times greater than v at
15°C

12. A reciprocal plot will establish that the
kinetic constants for the adult liver extract are
K,=3%X10"M, Vaou=20pmoles/mg pro-
tein. The embryonic liver extract has kinetic
constants of K.=5x%10"M and V=
90 pmoles/mg protein. The different K. val-
wes 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 V... values may be coin-
cidental since V.= k[E}. 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 m-
hibitor that increases the apparent K.

i3. A reciprocal plot shows that the K. of
the enzyme present in the serum is 3 X
107' 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 liter ' X min ', 87%;
(b) v = 3.7 nmoles X liter ' x min”", 91.8%; (c}
v; = 210.2 nmoles X liter ' X min”', 1.3%

15. (a) 3.7x 107 M, (by 2.93x 107" M
16. 6.66x107° M

7. (a)
89.3%

90.7 nmoles X liter ' X min™",  (b)

2

e 51 = (1+ 5k

19. The control data (or a reciprocal plot)
yields Ko=1x10"M and V=100
nmoles/min. I is a competitive in-
hibitor. {The reciprocal plot intersects the
control plot at Vi) Ki=3%107"M (calcu-
lated from either the slope of the reciprocal
plot or from K. ). Xisa noncompetitive



inhibitor, (The reciprocal plot intersects the
control plot on the 1/{S] axis at —1/K.) K=
1.5X 107 M (calculated from the slope of the
reciprocal plot or from the 1/v-axis inter-
cept). Y is an  uncompetitive in-
hibitor. (The reciprocal plot is parallel to the
control piot) K =1x107"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/{S] axis) Ki=2x10"M (calculated
from the slope of the recipracal plot). oK =
8% 107 M (calculated from the 1/v-axis inter-
cept or the 1/[8] intersection coordinate.
Thus, o =4,

20. The » versus [S] 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 converted 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. If the [S}/[P]
ratio is poised at about 9 X 107 M, v would be
extremely responsive to small changes in the
ratio. The energy charge response is seen
only when K, << Ky; that is, when the enzyme
has a higher affinity for the product than for
the substrate,

21, pHe=}pK.+pK)=55

22. The situation is identical to that de-
scribed in Practice Problem 21 except mow
both ionizable groups are on the enzyme. (a)

P
Male fraction S: &+
0 0.2 0.4 0.6 0.8 1.0
100 L . T T

i

=

E n = 10-5

: Kp=107% M

- Ks=10"% M

5 50| 18]+ [P1=107% M

x

E

‘a —

E

=

()

0 L ! I i ! 1 t
2x107* 4x107* 6x 107* 8x107* 1073
[S] (M)

Figure PP4-1  (Practice Problem 20) Energy charge response where [S1+fP}is constant

and P is a product inhibitor.
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pHop = 5.5. (b} The reactions are:

Eni-]

K,
H+
+ Ks ip
E" 45 ES—s E+P

Ky
H+
+
En—l

where E" = "HN-E-COO", E"'="HN-E-

COOH, E*' = N-E-COO". {H"] acts as 2 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™ form accumulates).  The veloc-
ity equation can be written according to the
usual rules.

s
v _ K
Ve 1+[—§%+%+[§?]
or
v [S]
Ve g1+ B ) e

where the K,/[H'] term represents the con-
centration of E"" relative to E™

93, (a) E. = 11,828 cal/mole, (b)) Q=192

94. (a) 1.6X 107 pmole/min, (b) 16 wmoles
xliter ' X min~!, () 3$.33x 107 pmoleXmg
protein” X min ™, (d) 0.08 unit/ml, (e) 0.0033
unit/mg protein

95, (a) 88.5%, (b) 2.95-fold

96. {2) 45,200 (moles 5~ P) X mole
enzyme ™' X min~, (b) 2.3 % 107 min

927, (2) Vo =3.6% 107 M /min = 3.6 X 107"
pmole X ral™ X min~' =036  unitmi, (b)
[E] X t = constant. Therefore, t = 9.0 min

28. (a) 4.72 nmolesX liter ' X min™", (b)
99.79 nmoles X liter ' X min™

29. (a)
_v _ (A
Veur g (1 + g:l[{g'j) + [A}(l +%3‘3}!)
Al

= K., {slope factor) + [A](intercept factor)

(b}
Vo 2 = K
= (i) mi( )

= [B]
K..,(stope factor) + [B](intercept factor)

30. The equations for initial velocity
studies of a rapid equilibrium ordered bireac-
tant system are:

L {A]
an KB KB -
KA(E) +1al1+ fl?])
- [A]
Ka(slope factor) + [Al{intercept factor) -
and
v _ [B]
Vrnax KA
K B(I + -[A_}) +[Bl
- [B]
Ka(slope factor) + [B]

Unlike the steady-state system, the slope of :
the 1/v versus 1/[A] plot for the rapid equilib-
rium systern goes to ZeTO as [B] approaches
infinity. (As[B]increases, the Kg/[Blterm of
the slope factor becomes very small.) Also,
unlike the steady-state system, the plots of I/v
versus 1/[B] intersect on the vertical axis at
1/Vus. (There is no intercept factor—the
denominator [B] term is not multiplied by an
[AJ-containing term.}

31. a<l, b>1, ¢<l. b>1 {negative
cooperativity) indicates that the second
molecule of § that binds makes it more diffi-
cult for the third molecule to bind.

1 1

99, Vom =100 pmoles X liter’ X min.
[Shs=5%10" M. The v versus [S] plot is
sigmoidal. The slope of the Hill plot =2 (i.e.,
R =2). K'=25x107° M~



33. (@) mupp =2, (b) [Slos/[SToc =3
3. 1L=49.7

35. The rules of equilibrium require that
L% Ksk = KN| x L|. L= (L)(KSR)IKS[ or
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Li=Lc. Similarly, 1, LS, Lozt

Li=1c" » L= Lc, and
36. (a) 45 unitsx & tissue™ X i by

0.053 min"", (c) 25.44 units x £ tissue™ X min!

CHAPTER 5 SPECTROPHOTOMETRY

AND OTHER OPTICAL METHODS

1. (a) At 260 nm: A =058, I = 0.468. At
340 nm: A =0.137, I =0.730. {(by At 260
nm: A=0.752, I1=0177. At %40nm:
A =0.044, I =0.905

2. (a) [NADPH]=241% 10" M, [ATP)
350X 10° M. (b) [NADPH]=0, [ATP]
487X 107° M. (c) [NADPH]=354%10° M,
[ATP]=0

3. [Al=126%10"°M, [B]=1.11%x10" M

4. {a) 0.207mg/ml. (b} The proteins in
the preparation may not have the same aver-
age aromatic amino acid composition as
bovine serum albumin.

5. (a) 2232 ug/mi=0.223. (b) Yes—the
absorbance at 215nm and 225nm results
from the peptide bond.

[

6. [GSSG)= 1.196X107° M in the original
1.5 mi

7. To the unknown solution, add a solu-
tion containing excess NAD", P; and
glyceraldehyde-3-phosphate dehydrogenase.
The GAP present will be converted to 1,3-
DiPGA. One mole of NADH will be pro-
duced for every mole of GAP originally pres-
ent. Then add triosephosphate isomerase to
convert the DHAP to GAP that will then be
converted to 1,3-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 conversion to 1,3-DiPGA, will vield 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

completion. (The triose-l-arsenate anhyd-
ride spontaneously hydrolyzes.)

8. [citrate]=1.35 x 107 M, [isocitrate] =
185X 107 M

9. The Awnw of 0.262 corresponds to
[NADPH} of 421x10° M. Therefore, the
APS concentration in the assay was 4.21 X
10°M. The original solution contains
(4.21 X 107°}(1.0/0.9 = 4.68 X 10°° M APS. The
total nucleotide concentration of the original
solution is 5.84 X 107° M. Therefore, the pre-
paration is 80.1% APS.

10. A sroom = {.105

11. {(a} 0.232 units/ml, (b} 1.93 units/mg
protein

12 AAssn. of 0.08/min=~AC of 2.57x
107 M xmin™'=257x10° M X min™' = 25.7
pmoles X liter™ X min™ = 0.0257 pmole x
ml™ X min~' =0.0257 unit/ml. The glycerol
kiriase solution contains 0.257 unit/m] {85.7%
of the stated activity).

13. The assay mixture contained .1.094
#£/25 ml. The urine contained 2.19 pg/ml.
The amount excreted is 1750 pg/24 hours,
which is considerably above normal,

14. (a) —5.12°, (b) —794.6°
15, 0.226 g/ml
16. a =67.5%, B =32.5%

V9 A°=[alxc¢xl; A%r= A+ AL =
0.5g/ml. At 10 min, the 8 form represents
16.0% of the total (0.080 g/ml). v =80

mgXml™ X min™'.
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CHAPTER 6 ISOTOPES IN BIOCHEMISTRY

L (a) :»oCaﬁ%-lﬁo‘leSCﬁ, (b) |7Ciﬁ*vlﬁo+
WA%, () 5K B0 wCa®, (d) wPP B0

33
IGS

9. (a) 0.173yr", 4.75%x107 day™, 1.98%
10 hr, 3.30% 107 min™', 549X 107° sec™,
(b) 82.9%

11. {a) 9.33X 107" pmole/min, (b) 0.622
pmole x liter™ X min™, (c) 1.30 X 107* pmoles X
mg protein™ X min™'

12. 6 liters

13. The data and calculations are shown
below.

(Data for Practice Problem 13)

“Minus”
chamber without
protein = [8]

“Plus”
chamber with
protein =
[8]+[PS]

[P5] = difference

1870 CPM/10 pl = 1.87 x 107 pmole/10 pl =
1.87 % 107 pmoles/pl = 1.87x 107 M

9570 CPM/10 gl = 2.57 % 107 mole/10 ut =
957 107! pmole/pl = 2.57x 107 M

700 GPM/10 i = 0.7 % 107 pmole/10 pl =

0.7% 107 pmole/pl =0.7%x 107 M

[P}, 6x 10 g/iml=6% 107 g/liter

6 107 glliter s N -
650% 10° g/mole 0.1 % 107° molefliter = 1 X 107 M

[(P1=1PL — [PS]

Ks Ks

[P]=(1X107)—(0.7X 10 =03%10" M

_[PYS] . (3% 10187 X107} _ s
=1p8] 8.01x 107 M

(1% 1079

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) 123X 10*
Ci/g, 16.11 x 10° Cifg-atom, 2.73 X 10" DPM/g

4. 923%

5. (a) 18.25x 10" Ci/mole
mCi/pmole), (b) 4.93 % 107°%

6. 5.62% 107 g/mCi
7. (a) 3.57x 107 M, (b) 8.63X 10° CPM/ml

(18.25 % 10°

8. (a) 1.56 mCi/mg, () 997 .7 mCi/mmole,
(c) 5.05x%10° DPM/umole, (d) 6.74X 10
CPM/umole carbon

9. Take 11 pl of radioactive L-cysteine-S*
stock solution plus 0.118%g solid, unlabeled,
anhydrous L-cysteine hydrochloride and dis-
solve in sufficient water or buffer make
75 ml of solution.

10. Take 8.38 m! of radioactive glucose-C"
stock solution plus 2.92 mg solid, unlabeled
glucose and dissolve in sufficient water to
make 50 ml of solution.

14. (2) 7965 CPM/umole, (b} 6761 CPM/
pmole, (¢} 4494 CPM/pmole

15, CY=158,000 DPM, P” = 265,000 DPM

16. (@) tyem = 4.085 hr, 5 =6 hr, {b) S.A. at
zero time = 10,000 CPM/mi

17. 0.0128 M

18. 1732 pg

19. 85.35 mg/50 ml = 171 mg/ml
90. 51.8 pmoles

91. There is 6.19% 107 mole of reactive
SH per 3.09%107° mole of enzyme, or 2
SH/molecule

92, (a) 6720 CPM of the known 10,000
CPM  (67.2%) was recovered. The un-
quenched  activity of the sample is
39,068 CPM. (b) Determine the specific activ-
ity of the PP under the same quenching
conditions that the samples are counted (i.e.,
in the presence of charcoal).



LOGARITHMS

Preportional Parts

T E

3 L3

550 1 2 3 4 5 6 7 8 91234506 7809
10 0000 043 0086 0128 0170 0212 0253 0294 0334 0374 4 § 12 17 21 25 99 33 37
I1 0414 0453 0492 0531 0360 0607 0646 0682 0719 0765 4 8 11 15 19 93 96 30 34
12 0792 0828 0864 0899 0934 0969 1004 1038 1072 1106 3 7 10 14 17 21 24 28 31
13 1130 1173 1206 1239 1271 1303 1335 1367 1399 1430 3 6 10 13 16 19 23 26 20
14 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 3 6 O 12 15 18 21 94 27
15 1761 1790 1818 1847 1875 1903 1931 1950 1987 2014 3 6 8 11 14 17 20 22 %
16 9041 2068 2095 2122 2148 2175 2201 2227 9953 9278 3 5 § 11 13 16 18 21 24
17 2304 2330 9355 2380 2405 2430 2455 2480 2504 2529 2 5 7 10 12 15 17 90 29
18 9553 2577 9601 9625 2648 2672 2695 2718 2742 2765 25 7 9 12 14 16 19 21
19 2788 9810 9833 9856 2878 2900 2023 2045 2067 2989 24 7 9 11 13 16 18 20
20 3010 3032 3054 3075 3006 3118 3139 3160 3181 3201 24 6 8 11 13 15 17 19
91 3292 3243 3963 3284 3304 3324 5345 3365 3585 3404 24 6 B 10 12 14 16 18
92 3424 3444 3464 3483 3502 3522 3541 3560 3570 3598 2 4 6 & 10 13 14 15 17
23 3617 3636 3655 3674 3692 3711 3729 3747 3766 3784 24 6 7 9 11 13 15 17
94 3802 3620 3833 3856 3874 3892 3909 3027 3945 3962 24 5 7 9 11 12 14 16
95 3079 3097 4014 4031 4048 4065 4082 4090 4116 4133 23 5 7 O 10 12 14 15
96 4150 4166 4183 4200 4216 4232 4249 4265 4981 4298 23 5 7 8 10 11 13 15
27 4314 4330 4346 4362 4378 4303 4409 4495 4440 4456 23 5 6 8 9 11 13 14
98 4472 4487 4502 4518 4533 4548 4564 4570 4504 4609 23 5 6 8 9 11 12 14
99 1624 4639 4654 4660 4685 4608 4713 4728 4742 4757 13 4 6 7 9 10 12 13
30 4771 4786 4800 4814 4820 4843 4857 4871 4886 4900 13 4 6 7 9 10 11 13
31 4014 4998 4942 4955 4969 4983 4097 5011 5024 5038 13 4 6 7 8 10 11 12
32 5051 5065 5070 5092 5105 5119 5132 5145 5150 5172 13 4 5 7 8 9 11 19
33 5185 5108 5211 5204 5237 5250 5263 5276 5280 5302 15 4 5 6 8 9 10 12
34 5315 5328 5340 5355 5366 5378 5391 5403 5416 5498 13 4 5 6 8 9 10 11
35 5441 5453 5465 5478 5400 5502 5514 5527 5539 5651 12 4 5 6 7 9 10 11
36 5563 5575 5587 5509 5611 5623 5635 5647 5658 5670 12 4 5 6 7 8 10 I1
37 5682 5694 5705 5717 5729 5740 5752 5763 5775 5786 12 3 5 6 7 8 9 10
38 5798 5800 5821 5832 5813 5855 5866 5877 5888 5899 12 3 5 6 7 8 O 10
39 5011 5922 5933 5044 5055 5066 5977 5088 5999 6010 12 3 4 5 7 8 010

431



432

Naiural
numbers

0

40
41
42
43
44

45
46
47
48
49

50

" 51

52
53
54

55
66
57
58
59

60
61
62
63
64

65
66
67
68
69

70
71
72
73
T4

75
%
1
8
79
80
81
82
83
84

6021
6128
6232
6335
6435

6532
6628
6721
6812
6902

6930
7076
7160
7243
7324

7404
7482
7559
7634
7709

7782
7853
7924
7993
8062

8129
8195
8261
8325
8388

8451
8513
8573
8633
3692

8751
8808
8866
8921
8976

9031
9085
9138
9191
9243

6031
6138
6243
6345
6444

6542
6637
6730
6821
6911

6998
7084
7168
7251
7332

7412
7490
7566
7642
7716

7789
7860
7931
8000
8069

8136
8202
8267
8331
8395

8457
8519
8579
8639
8698

8756
8814
8371
8927
8982

2036

9090

9143
9196
9248

6042
6149
6253
63565
6454

6551
6646
6739
6830
6920

7007
7093
77
7259
7340

7419
7497
7574
7649
7728

7796
7868
7938
8007
BOT5

8142
8209
8274
3338
8401

8463
8525
8585
8645
8704

8762
8820
8876
8932
8987

9042
5096
9149
9201
9253

6053
6160
6263
6365
6464

6561
6656
6749
6839
6928

7016
7101
7185
7267
7348

7427
7505
7582
7657
7731

7803
1875
7945
8014
8082

8149
8215
8280
8344
8407

8470
8531
8591
8651
8710

8768
8325
8882
8938
85993

9047
9101
9154
G206
9258

6064
6170
6274
6375
6474

6571
6665
6758
6848
6937

7024
7110
7193
7275
7356

7435
7513
7589
7664
7738

7810
7882
7952
8021
8089

8156
8222
8287
8351
8414

8476
8537
8597
8657
8716

8774
8831
8887
8943
8998

9053
9106
9159
9212
9263

6075
6180
6284
6385
6484

6580
6675
6787
6857
6946

7033
7118
7202
7284
7364

7443
7520
597
7672
7745

7818
7889
7959
8028
8096

8162
8228
8293
8357
8420

8482
8543
8603
8663
8722

8779
8837
8893
8949
8004

9058
2112
9165
9217
9269

6085
6191
6294
6395
6493

6550
6684
6776
6866
6955

7042
7126
7210
7292
7372

7451
7528
7604
7679
7752

7825
7896
7966
8035
8102

8169
8235
8299
8363
8426

8488
8549
8609
8669
8727

8785
§842
8399
8954
9009

9063
9117
9170
9222
9274

6006
6201
6304
6405
6503

6599
6693
6785
6875
6964

7050
71385
7218
7300
7380

7459
7536
7612
7686
7760

7832
7903
7973
8041
8109

8176
8241
8306
8370
8432

8494
8555
8615
8675
8733

8791
3848
8904
8960
9015

5069
9122
9175
9227
9279

6107
6212
6314
6415
6513

6609
6702
6794
6884
6972

7059
7143
7226
7308
7388

7466
7543
7619
7694
767

7839
7910
980
8048
8116

8182
8248
8312
8376
8439

8500
8561
8621
8681
8739

8797
8854
8910
8565
9020

9074
9128
9180
3232
6284

6117
6222
6325
6425
6522

6618
6712
6803
6893
6981

7067
7152
7235
7316
73596

1474
7551
7627
7101
7174

7846
N7
‘7987
8055
8122

8189
8254
8319
8382
8445

8506
8567
8627
8686
8745

8802
8859
8915
8971
5026

9079
9133
9186
9233
9289

Proportional Parls
12 3 4 5 6 7 89
12 3 4 5 6 8§ 910
12 8 45 6 7 889
12 3 4 5 6 7 889
12 8 4 5 6 7 89
12 38 4 5 6 7 8¢9
12 3 4 5 6 T 89
12 3 4 5 6 7 78
12 58 4 5 5 6 78
12 3 4 4 5 6 7 8
12 8 4 4 5 6 7 8
12 %3 38 4 5 6 7 8
12 8 3 4 5 6 7 8
12 2 38 4 5 6 77
12 2 3 4 5 6 6 17
12 2 5 4 5 & 6 7
12 2 8 4 5 B &7
12 2 3 4 5 5 67
12 2 3 4 5 5 6 17
1T 2 3 4 4 5 67
11 2 8 4 4 5 67
il 2 3 4 4 5 6 6
11 2 3 4 4 5 6 6
11 2 8 3 4 5 6 6
11 2 3 3 4 5 5 6
11 2 3 3 4 6 5 6
11 2 8 3 4 5 5 &
i1 2 3 3 4 5 5 B
11 2 3 3 4 5 5 6
11 2 3 3 4 4 5 6
1T 2 2 3 4 4 5 6
11 2 2 3 4 4 5 6
11 2 ¢ 38 ¢4 4 5 5
11 2 2 3 4 4 5 5
11 2 2 3 4 4 5 5
11 2 2 3 4 4 5 5
11 2 2 3 3 4 55
11 2 2 3 3 4 5 5
11 2 2 % 3 4 4 5
11 2 2 3 3 4 45
11 2 2 3 3 4 4 b
11 2 2 3 3 4 45
11 2 2 3 3 4 456
11 2 2 3 3 4 45
11 2 2 3 3 4 45
1t 2 2 3 3 4 45
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Natural
numbers

Proportional Parts

ot

2

3 4 5 6

7

85
86
87
88
89

50
91
92
93
94

95
96

98
99

9294
9345
9395
9445
9494

9542
9580
9638
9685
9731

9777
9323
9868
9912
9956

5269
9350
9400
9450
94599

9547
9595
9643
9689
9736

9782
9827
9872
8917
9561

5304
5355
9405
9455
9504

9552
9600
9647
9694
9741

9786
9832
9877
9921
9965

9309
9360
9410
9460
9509

9557
9605
9652
9699
9745

9791
9836
9881
9926
9969

9315
9365
8415
9465
9513

9562
9609
9657
9703
9750

9795
9841
9886
9930
9974

9320
9370
9420
9459
9518

9566
9614
9661
9708
9754

9800
9345
9890
9934
9978

9325
9375
9425
9474
9523

9571
9519
9666
9713
9759

9805
9850
9394
9939
9983

9330
9380
9430
9479
9528

9576
8624
9671
9717
4763

9809
9854
9899
9943
9987

9335
9385
9435
9484
9533

9581
9628
9675
9722
9768

9514
5859
9903
9948
9991

9340
5390
9440
9489
9538

9586
9633
9680
9727
9773

9818
9863
9908
9952
9996
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ATOMIC NUMBERS AND
ATOMIC WEIGHTS OF
THE ELEMENTS

Atomic Atlomic Atomic Atomic
Element Symbol  Number  Weight | Element Symbol  Number  Weight
Aluminum Al 13 26.97 Neodymium Nd 60 144.27
Antimony Sb 51 121.76 Neon Ne 10 20.183
Argon A 18 39.944 Nickel Ni 28 58.69
Arsenic As 33 74.01 Niobium Nb 41 92.91
Barium 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 Palladium Pd 46 106.7
Bromine Br 35 79.916 Phosphorus P 15 30.98
Cadmium Cd 48 112.41 Platinum Pt 78 195.25
Calcium Ca 20 »40.08 Potassium K 19 39.096
Carbon C 6 12.01 Praseodymium Pr 59 140.92
Cerium Ce 58 140.13 Protactininm Pa 91 231
Cesium Cs 55 132.91 Radium Ra 88 226.05
Chlorine Cl 17 $5.457 | Radon Rn 86 292
Chromium Cr 24 52.01 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 Samarium Sm 62 1650.43
Eurepium Eu 63 152.0 Scandium Sc 21 45.10
Fluorine - F g 19.00 Selenium Se 34 78.96
Gadolinium Gd 64 156.9 Silicon Si 14, 28.06
Gallium Ga a1 69.72 Silver Ag 47 107.880
Germanium Ge 32 72.60 Sodium Na 11 29,097
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
Holmium Ho 67 164.94 Tellurium Te 52 127.61
Hydrogen H 1 1.0081 | Terbium Thb 65 159.2
Indium in 49 114.76 Thallium Tl 81 204.59
Iodine I 53 126.92 Thorium Th 90 232.12
Iridium ir 77 193.1 Thulium Tm 69 169.4
Iron Fe 26 55.84 Tin Sn 50 118.70
Krypton Kr 36 857 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 \Y 23 50.95
Lutecium Lu 71 175.00 Xenon Xe 54 131.3
Magnesium Mg 12 24,52 Yeterbium Yb 0 173.04
Manganese Mn 25 54.93 Yetrium Y 39 £8.92
Mercury Hg 80 200.61 Zinc Zn 30 65.38
Molybdenum Mo 42 95.95 Zirconium Zr 40 91.22
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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 structure determina-

tion, 127-128

Acids, definition of, 12-13
polyprotic, H3ff
strong, 13
titration of strong, 20-22
weak, Z21{f

Acids and bases, table of concentrated solutions,

399

Acid dissociation constant, definition of, 11
of enzymes, 274-277
of hemoglobin, 88

Activation energy, calculation of, 204, 278-279
definition of, 203, 208

Activators, allosteric, 314

Active site, 210-212

Active transport, 193-197

Activity, 2

Activity coefficient, 2
table of values, 407

Additive inhibition, 267-268

Adenylate kinase, 185-186

Aldolase, 169-172

Alosteric constant, 313

Allosteric enzymes, 303, 305
concerted-symmetry medel of, 312ff
sequential interaction model of, 307-308

Alpha helix, in DNA, 136

in proteins, 103-105
Alpha particle, 354
Altemnate substrates as inhibitors, 248
Amino acids, acid-base properties of, 69ff
ion exchange separation of, 94.95
table of, 409-411
S-Aminolevulinic acid, 382
Ammonium acetate, 56
Ammonium sulfate 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 forms of, 73-75
Aspartyl kinase, inhibition of, 267
Assay of enzymes, 28 1§f, 368-372
Atomic numbers, table of, 434
Atomic weight, weighted average, 354
Atomic weights, table of, 434
Atom percent excess, definition of, 394
ATP, in energy charge, 185
fres energy of hydrolysis of, 160, 162-163, 168
yield during metabolism, 181 {f
ATPase, 186-188, 194-196
ATP sulfurylase, 114
Augustinsson plot, see Woolf-Augustinsson-Hofstee
‘plot
Auxiliary enzymes, assays with, 291-293
Avogadro’s number, 2

Base, definition of, 12-18
Base composition of DNA, 135
Base-pairing in DNA, 136
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Bases, table of pK, values, 403-406
Base stacking in DNA, 136
Beer's law — See Lambert-Beer law
Beta paxticles, 354
Beta structure of proteins, 103, 106
Bicarbonate buffer system, 83-86
Binding assays, 242, 372-375
Binding cquations, 242-243, 515
Binding sites, number of, 243
Biochemical energetics, 145£f
Biogel, 112
Biological half-life, 376-379
Bireactant enzymes, 293-308
Biuret method, 333-334
Blood buffers, 83-90
Bouyant force on a molecule, 121
Branch points in polysaccharides, 125-127
Briggs-Haldane derivation, 216-218
Bronsted definition of acids and bases, 12-13
Buffer capacity, 46-50
Buffers, blood, 83-20

definition of, 37

dilution of, 63-66

pH changes in, 41-46

preparation of, 39-41

table of, 403-406

¢, see Nenexclusive binding coefficient
Calomel electrade, 180
Carbonic acid, 83-86
Carboxypeptidases, 37
Carotene, 538
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!* dating, 360-361
Cell breakage techniques, 289
Cellulose, 127-128
Central complex, definition of, 214
Centrifugal force, 122
Centrifugation, 119-123
Chemical coupling hypothesis, 186
Cherniosmotic hypothesis, of ATP formation, 186-
188
of membrane transport, 194-197
Chlorobium, 192
Chlorophyils, 190
Chromatography, ion exchange, 94-95
Chymotrypsin, 87
Civ{Curie), definition 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, 1ff

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,
3126
Conformational coupling hypothesis, 186
Conjugate acid, definition of, 12-13
Conjugate base, definition of, 12-13
Consecutive reactions, 164-167
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, 34 1-345
Coupled reactions, 146ff, 165-168, 209-210
Cumulative inhibition, 266-267
Curie, definition of, 357
Cyanide in polysaccharide structure determination,
129
Cyanogen bromide, 97
Cyclic photophosphorylation, 189-192
Cytochromes, 114, 175-176, 150

Decay, radicactive, 354-3569
Decay constant, 355
Decay energy of radicactive isotopes, 419-420
{table}
Degree of inhibition, 268-271
Density, definition of, 6
of membranes, 134-135
of proteins, 110
Dextrorotary, definition of, 350
Dialysis, equilibrinm, 242-244, 372-373
Diffusion coefficient, 119, 121-122
Dilution, isotope, 383ff
Dimner model of allosteric enzymes, 307-308, 314
515
Dimers, 107, 307-308, 514-315
Dipole-dipole interactions in protein structure, 107
Dissociation, degree of, 29-31
Disproportionation reactions, 55
Distortion theory of enzyme action, 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, 186
Dual-label radjoactive techniques, 373-376
Dynamic state, 378

E {extinction coefficient}, 327
E;, effect of pH on, 174-175

table of values, 414-415
Eadie-Scatchard plot, for inhibitors, 265



for initial velocity, 237
for multiple enzymes, 238, 241
Edman reagent, 98
Einstein, definition of, 188
_ Electrochemical potential, 194-197
Electromagnetic spectrum, 324
Electrophoresis, of amino acids, 95-96
gel, 116
Empirical formula from composition, 133
Endergonic reactions, 146
Energetics, biochemical, 145£f
Energy charge, 185-186
Energy diagram, 204, 209
Encrgy distribution spectra of isotopes, 374
Energy of activation, 203
Energy-rich compounds, 146, 148-149
Enolase, 148-145%
Enthalpy, 197-202
Enthalpy change, determination of, 200-201
Entropy, 145, 187-199
Enzyme assays, 281ff, 368.-372
Enzyme concentration, effect on velocity, 281-282
Enzyme inactivation, 198-199
Enzyme kinetics, definition of, 214
Enzyme purification, 287{f
Enzymes, as basis of life, 208
as catalysts, 208-209
as proteins, 211
assay of, 28 1ff, 368-372
catalytic efficiency of, 212
intracellular concentration of, 213-214, 287
purification of, 287-290
Enzyme-substrate complex, evidence for, 210
relative concentration of, 517
Enzyme unit, 282
Equilibrium, 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 terms of Ky, and Vigay, 219-220
Equilibrium dialysis, 242-244, 372-373
Equivalent weight, 2
Escherichia coli, size of, 108-109
Ethyl acetate, hydrolysis of, 155-159
Exergonic reactions, 146
Extinction coefficient, 327

Facilitated diffusion, 194
Fatty acid oxidation, AT? yield of, 184-185
Faraday’s constant, 173
Feedback inhibition, 266-268 .
additive, 268
cooperative {synergistic), 267
concerted {multivalent}, 267
cumulative, 267
Ferredoxin, 189-192
First law of thermodynamics, 145, 197-198
First order, absorption of light, 326
decay of radioisotopes, 355-356
kinetics, 225-229
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rate constant, 11, 855-356

Flexible enzyme hypothesis, 210-211
“Fluorescence, 346-348

Fluorometry, 346-348

Fluorodinitrobenzene, $7

Formic acid from periodate oxidation of polysac-

charides, 127-128

Fractionation in enzyme purification, 287{f

Free energy change, 146, 149ff; see also AG
Freezing point depression, 133-134

Frequency of light, relationship to wavelength, 324
Furnarase, 164

Fumaric acid, 246

AG (free energy change), conventions for defining,
153-159
effect of pH on, 153-159
of ionization, 159
refationship to ARG, 173-174
relationship to K-eq: 150-153
AG', definition of, 152
table of values, 412413
f-Galactosidase, assay of, 345-346
f-Galactoside transport, 196-197
Gel electrophoresis, 114-115
Gel filtration, 112-114, 288
Gibbs-Helmholtz equation, 201
Glass electrode, 180
Glucose oxidase, 114
Glutamic-oxalacetate fransaminase, 345
Glutamine synthetase, cumnulative inhibition of, 267
Glyceryl kinase, 292-293
Glycine, ionic forms of, 69-73
Glycogen, 124-127

AH {enthalpy change}, 200-201
Haldane eguation, 219-220
Half-life, biological, 376-379
effective, 376-378
in first-order reactions, 228
of radicactive isotopes, 356-857, 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, O, and H* equilibra of, 86-30
O, saturation curve of, 30
Henderson-Hasselbalch equation, derivation of, 32-
33
Henri-Michaelis-Menten equation, derivation of, 214~
218
for bireactant enzymes, 295, 297, 300
Heterotropic 1esponse, 305
Hexokinase, 114
AG' and Kgq of, 163-164
potential kinetic mechanisms for, 293-300
Hill equation, 309-310
Hill plot, 511-312
H* ion, 12-13
Hofstee plot, see Woolf-Augustinsson-Hofstee plot



438 INDEX

Homogeneity of enzyme preparations, criteria of,
289
Homotropic response, 305
Hybridization of nucleic acids, 137
Hydrogen bonds, in DNA, 136
in proteins, 103-104
Hydrolysis, free energy of, 149, 412-413 (table)
of peptides, 96-98
of salts, 31-32
Hydronium jon, 18
Hydrophabic interactions in protein structure, 107
Hyperbolic velocity curve, properties of, 221.222,
226

Inactivation of enzymes, by heat, 277-27%
by irreversible inhibition, 266-257
by pH, 273-274
Induced fit hypothesis, 210-211, 307
Infinite thickness, 392
Infrared light, wavelengths of, 324
Inhibition, of allosteric ¢énzymes, 314
competitive, 246-252, 268-273
concerted (multivalent), 267
cooperative (synergistic), 267
cumulative, 267
feedback, see Feedback inhibition
general rales for, 266
by H*, 277
irreversible, 266-257
mixed-type, 261-262
noncompetitive, 252-256, 268-273
partial, 267-268
by product, 220-221
uncompetitive, 267-261
Inhibition constant, definition of, 248, 252
Initial velocity, definition of, 216
Instability, thermodynamic versus kinetic, 208
Integrated Henri-MichaelisMenten 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
Internal standard, 347
Intracellular concentration of enzymes, 213-214,
287
Iniracellular concentrations, determination of, 367
Iodine number, 131-132
Ion exchange chromatography, 94-95
Ionic interactions, of amino acid solutions, 5, 82
in protein structure, 107
Ionic strength, calculation of, 5-6
corfections for, 66-69
definition of, b
effect on pK, values, 408
Ionization, of enzymes, 274-277
of strong acids, 13
of strong bases, 13
of water, 13
of weak acids, 21-22
of weak bases, 22-23

Irmeversible inhibition, 256-267
Isoelectric point, 76-77
Isotonic solution, 3

Isotope competition, 370-372
Isotope dilution, 383(f
Isotope effects, 354, 360
Isotopes, 854if

Isozymes, number of, 110

K,, definition of, 11, 22
relationship to Ky, 23-24
table of values, 405411

K, definition of, 66

Katal, definition of, 282

K}, definition of, 23
relationship to Kp, 23-24
table of values, 409411

Keq, conventions for defining, 153-158
definition of, 10-11
relationship to AG®, 152
relationship to kinetic constants, 219-220

K, see Inhibition constant

Kinetics, definition of, 214

K, definition of, 217-218
determination of, 233.240
practical significance of, 218

Kp, 215, 283

Kg, definition of, 215
relationship to Ky, 217-218

Ky, definition 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 thermodynamics, 145-146
Levorotary, definition of, 350
Light, energy of, 188
polarized, 548-349
transmission of, 326-328
velocity of, 188
Linear arrangement, equation for, 99
Linear plots of enzyme kinetics data, see Eadie-
Scatchard plot; Hanes-Woolf plot; Lineweaver-
Burk plot; and Woolf-Augustinsson-Hofstee plot
Lineweaver-Burk plot, 234-236
for competitive inhibition, 250
for initial velocity, 234-236, 239
for linear mixed-type inhibition, 262
for multiple enzymes, 238, 241
for noncompetitive inhibition, 255
for ordered bireactant enzymes, 298-299
for rapid equilibrium random bireactant enzymes,
296
for uncompetitive inhibition, 260
Lipase, 238
Lipids, 129{f
Lock-and-key hypothesis, 210
Logarithms, table of, 431433



Lowry method, 354

Malic dehydrogenase, 164
Malonic acid, 246
Mass, effective, 121
Maximum velocity, 215
Mechanochemical coupling hypothesis, 186
Meliing of DNA, 158-140
Melting point depression, 133-184
Membrane potential, 194-197
Membrane transport, 193-197
agsays of, 368-370
Metabolism and ATP yield, 181ff
Methylation of carhohydrates, 125-127
Michaelis constant, definition of, 217-218
Michaelis-Menten equation, see Henri-Michaelis-
Menten equation
Micron, definition of, 324
Microwaves, 324
Milligram percent, definition of, §
Millimicron, definition of, 324
Mitchell {chemiosmotic} hypothesis, 186-188
Mixed-type inhibition, 261-262
Mobility in clectrophoresis, 95
Molality, definition of, 7
Molar absorption coefficient, 327
Molar rotation, 349
Molarity, definition of, 1
Mole, definition of, 2
Molecular activity of enzymes, 282-283
Molecular sieving, see Gel filtration
Motlecular weight, by affinity labeling, 350
from composition, 111-112, 133
from freezing point depression, 133-134
from gel filtration, 112-114
from osmotic pressure, 117-119
from saponification number, 151-132
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, Wyman, and Changeux concerted-sym-
metry model of allosteric enzymes, 312ff
Multisubstrate enzymes, 293ff
Multivalent {concerted} inhibition, 267
Multisite enzymes, 303ff

7, in Hill equation, 309-312

NaBH, in polysaccharide structure determination,
127

NADH-linked assays, 341-345

Nanometer, definition of, 324

Negative cooperativity, 308

Nernst equation, 174

Nitrate reduction, 183-184

Nitrate respiration, 185

Nitrite oxidation, 183-184

Nitrobacter agilis, 183

Noncompetitive inhibition, 252-256
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Noncooperative multiple sites, 303-306
Noncyclic photophosphorylation, 189-193
Nonexclusive binding coefficient, 315
Nonreducing ends of polysaccharides, 125-127
Normality, definition of, 2

Nucleic acids, 135

Nucleotides, 1356{f

Open buffer system, 84-85

Optieal activity, 349

Optical density, 327

Optical rotation, 348-352

Optimum pH, 275-277

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, 117-119
fOxidation, 184-185
Oxidation-reduction reactions, 172ff
QOxidative phosphorylation, 186-188
Oxidizing agent, definition of, 173
Oxygen binding to hemoglobin, 86-90

Palrnitic acid oxidation, 184-185
Parallel reciprocal plots, in Ping Pong systemas, 300-
302
in uncompetitive inhibition, 259-260
Partiat inhibition, 267-268
Partial specific volume, 119
Peptide bond structure, 101-102
Peptide sequencing, 95-98
Percent inhibition, 269
Periodate in polysaccharide structure determination,
127-128
Permease, 194
Permutations, equation for, 99-100
pH, definition of, 14-16
cifect on AE, 174-175
effect on enzymes, 273-277
pH electrode, 179-180
Phenylisothiocyanate, 98
Phosphate buffer, preparation of, 57-59
Phosphoenolpyruvate, 149
Phosphoglycerate kinase, 168-169
Phosphoric zcid, 57
Phosphorylase, 115, 368-36%
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, definition 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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pKp, definition of, 24

Planck’s constant, 188

Plastoguinone, 190

Plots of kinetic data, 233ff

Pleated sheet (B-structure), 103, 106

pOH, definition of, 14-16

Polarimeter, 349

Polarized light, 349

Polysaccharide structure determination, 125-129
Positive cooperativity, 305

Positron, 354

Precursor-product relationships, 379-383
Primary structure of proteins, 36

Proline, effect on a-helix formation, 103
Protein concentration, determination of, 333-337
Protein conformation, 101£f

Proton-motive force, 196-197

Proximity effects in catalysis, 212

Purification of enzymes, 287-230

Pyridoxal phosphate, 115, 117

Q, 5, definifion and calculation of, 279

Quantum of light, 188

Quaternary structure of proteins, 103, 107

Quench correction, in fluorometry, 347-348
in scintillation counting, 392-393

Rack theory of enzyme catalysis, 212-213
Radioactive decay, 554-359
Radioactive derivative analysis, 369-390
Radioactive substrates, in binding assays, 372-373
in determining intracellular concentrations, 367-
368
in determining unknown volures, 366-367
in enzyme assays, 368
in transport assays, 369
Random addition of substrate and inhibiter, 252,
261
Random bircactant enzymes, 293-295
Random coil of proteins, 103
Range of substrate concentration for kinetic analy-
sis, 235
Rapid equilibrium assumption, 214-216
Rapid equilibriumn random bireactant enzymes,
293-296
Rate constants, 218-219
Reaction order, 225-230
Reciprocal plot, see Lineweaver-Burk plot
Rectangular hyperbola, 221
Reduced osmotic pressure, 118-119
Reducing agent, definition of, 173
Reducing end of polysaccharides, 125-129
Reduttion potential, table of values, 414-415
Relative activity, definition of, 269
Renaturation of DNA, 140-141
Replots of slope and intercept, for bireactant en-
zymes, 296, 298, 299, 302
for competitive inhibition, 251
for mixed-type inhibition, 262
for noncompetitive inhibition, 255
for uncompetitive inhibition, 269

Residence time, 212
Reverse isotope dilution, 387-388
Reversible reactions, kinetics of, 220, 221
Right-handed helix, 103-104, 1386
RNA, messenger, 138

rbosomal, 157-138
R state of allosteric enzymes, 313

s {Svedberg unit}, 121
AS (entropy change}, 197-200
[Sl..s, 218,222, 309
18)e.5/181,. matio, 221-222, 310-311, 316-316
Salts, ‘‘hydrolysis™ of, 31-32
Sanger 1eagent, 97
Saponification number, 131-132
Scatchard plot, 241-243; see also Eadie-Scatchard
plot
Schlieren pattern, 120
Scintillation counting, 374
SDS (sodium dodecyl sulfate), 114
SDS gel electrophoresis, 114-116
Secondary structure of pl:oteins, 103
Second law of thermodynamics, 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, measure of, 310-311
Sodium borohydride in polysaccharide structure de-
termination, 127
Specific activity, of enzymes, 282
of radioactive compounds, 359-363
Specific extinction coefficient, 327
Specific gravity, definition of, 6
Specific rotatation, 349
table of values, 418
Specific volume, definition of, 105, 119
use of, 109-110 '
Spectrophotometer, components of, 325
Spectrophotometry, 324-346
Spontaneocus reactions, definition of, 145
Stable isotopes, 393
Stability of enzymes, effect of pH on, 273-274
effect of temperature on, 277-278
Standard state, 162
Stationary state, see Steady-state kinetics
Steady-state assumption, 216-218
Steady-state kinetics, 216-218, 297
Sterecisomers 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, concentration range for reciprocal plots,

235
free versus total, 243

Substrate anchoring, 212

Subsirate dissociation constant, 215, 252, 261
Succinic acid, 59-62, 246

Succimic dehydrogenase, 246

Sulfanitamide, 247

Svedberg equation, 119
Symmetry model of allosteric enzymes, 312ff

Synergistic (cgoperati\rt:) inhibition, 267

Temperature effect, on enzymes, 277-281

on equilibrinm constant, 200-202

on reaction rat¢, 203-204, 277-281
Temperature optimum, 278
Template hypothesis, 2108
Tertiary structure of proteins, 163, 107
Tetramers, 107, 110
Thermodynamics, laws of, 145-146, 197-198
Third law of thermodynamics, 146
Titration curve, of amino acids, 75-81

of aspartic acid, 77

of a diprotic acid, 54

of Iysine, 80

of phosphoric acid, 57

of polyprotic acids, 53ff

of a strong acid, 21-22

of succinic acid, 60

of a tetrapeptide, 82

of Tricine, 49

of a weak acid, 33-37
Transition state, 203-204, 208, 212-213
Transition temperature, 279
Transmission of light, 327-328
Transport, membrane, see Membrane transport

Triglycerides, number of possible, 129-131

Trypsin, 97
Tryptophan synthetase, 114
T state of aflosteric enzymes, 313

INDEX 441

Turnover, of biclegical molecules, 376-379
of enzymes, 317-318
Turnover number of enzymes, 282-283

Ultracentrifugation, 115-123
Ultraviolet light, wavelengths of, 324
Uncompetitive inhibition, 257-261
Units of enzyme activity, 282

van't Hoff equation, 201
Velocity, initial, 2156
maximum, 215
Velocity curve, 221-222
Velocity of light, 188
Visible light, wavelengths of, 324
Vitamin A, 338
Vinax, definition of, 215
determination of, 233-240
Voltage of hatf-cells, 414-415 {table)
Volume fraction in calculating average density,
110
Volume of a molecule, 105, 108

Water, dissociation of, 13-14

Wavelengths of light, 324

Wave number, definition of, 325

Weak acids, 21ff

Weak bases, 22-23

Weight fraction in calculating specific volume,
109

Woolf-Augustinsson-Hofstee plot, for inhibitors,
264

for initial velocity, 236-237, 240

Kanthine oxidase, 114
X rays, wavelengths of, 524

Zero-order kinetics, 226, 229
in enzyme assays, 292
Zwitterions, 77






