1526 ROBERT A. ALBERTY AND W. H. PEIRCE Vol. 70

|CONTRIBUTION FROM THE DEPARTMENT Ol CHEMISTRY, UNIVERSITY OF WISCONSIN]
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Generally steady-state studies of enzymatic reactions vield only rate parameters which are combinations of individual rate
comstants for the catalytic inechianism.  Hawever, when the rate parameters are determined for botl the forward and reverse
reactions, it beeomes possible to calculate individual rate constants for certain mmechanisms. From studies of the effect of
pH on the initial steady-state velocities of the forward and reverse reactions catalyzed by fumarase, it is possible to calculate
6 apparent acid dissociation constants and 4 pH independent kinetic parameters (2 Michaelis constants and 2 maximum
initial velocities). However, the simplest mechanism which will represent the observations involves 12 constants. An
investigation hias been made of the extent to which the values of the desired constants are determined by the experimental
data. The two acid dissociation constants of the enzymatic site are given directly by the experimental data, and it is found
that the values of two otliers are fixed within their experimental uncertainties.  The values of 2 of the individual rate con-
stalts are established within their experimental uncertainties, and minimum or maximum values are obtained for the re-
maining constants. It is of special interest that the minimum values for the second-order rate constants for the combination
of enzyme and substrate are of the order of 10% sec.™! 1/~! which is larger than any directly measured second-order rate

coustant for a protein-ion reaction.

Introduction

The determination of individual rate constants
1 enzymatic mechanisms by studies of the transient
state of the reaction was pioneered by Chance,?*
In such studies determination of the time course of
the concentration of substrate, catalytic intermedi-
ate, or product make it possible to calculate the
values of the individual rate constants. The feasi-
bility of such experiments is limited by (a) the
sensitivity of the experimental method for differ-
entiating the intermediate from the free enzyme or
detecting low concentrations of the product, (b)
the speed of mixing the solutions of enzyme and
substrate, and (c) the speed of response of the
measuring instrument. Recently, there has been
increased interest in the technique®® and theory®—*
of transient state experiments.

The information about individual rate constants
in enzymatic mechanisms which is obtainable
from steady-state kinetic studies is usually limited
since only certain combinations of the individual
rate constants are obtained. However, if the param-
eters in the rate law for the reverse reaction are
also determined, it is possible to calculate the values
of the individual rate constants for certain mech-

anisms.  Two examples of such mechanisms are (1)
&y ks
E+F(_k—_>EX7<_>E+M (1)1
2 4

which is discussed below, and iechanisin (2),
which is illustrated by the liver alcohol dehydro-
genase reaction for which Theorell and co-work-
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ers't1* calculated the six specific reaction rate
constauts from onlv rate measurements in the
steady state.

Calculation of Individual Rate Constants for the
Fumarase Mechanism Involving a Single Inter-
mediate Complex

The steady-state treatment of mechanism 1 as-
suming the substrate and product concentrations
are large in comparison with the concentration of
enzymatic sites yields!?

_AF) _ dM) _ Ve(F)/Kr ~ Vy(M)/Ky
e 1+ (F)/Kr + (M)/Ky

de T dr (3)
where Vp and Vy are the maximum steady-state
velocities for fumarate and r-malate and Kr and
Ky are the Michaelis constants. When fumarate
is in the initial substrate the second term in the
numerator is negligible so long as the reaction is
far from equilibrium, but this is not necessarily true
of the term involving (M) in the denominator.
However, by means of integration of equation 3
and use of series expansions in time it is possible
to show that the steady-state velocities for the for-
ward, 5, and reverse, g, reactions obtained by
extrapolation to ¢ = ( are given by!*

i Var
o= F o and iy, =t (4
U= TR T T T Rgen (Y
where for mechanism 1

Ve = k(E) Vi = ko(E)o

0 k k
Ky = ke ]:_ ks Ky = —2“2_ ? (5)

1 4
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These four kinetic parameters are not independent
but are related through the equilibrium constant
for the over-all reaction® as has been shown.!®18
However, for present purposes it is simpler not to
eliminate one of these equations by introduction of
the equilibrium constant. All the rate constants
calculated in this article will be consistent with the
equilibrium expression because the experimental
data are consistent. Equation 3 is suitable for
representing kinetic data for the fumarase reaction
only at sufficiently low substrate concentrations
that the effect of substrate activation or inhibition
is avoided. !¢

Since the two Michaelis constants and two maxi-
mum initial velocities have been determined over
a range of pH values it is of interest to calculate the
corresponding values of &y, ks, k3 and ks, To show
how these constants vary with pH for 0.01 ionic
strength “‘tris”’ acetate buffers, the values have
been calculated for pH 6, 7 and 8 using
- Ve/(E) + Vu/(E)o

k1 e (6)

ks = Vn/(E) (7)

ky = Vr/(E) (8)

B = VF/(E)0K+ Vu(E) (9)
M

One of the striking things about the values of the
specific rate constants which are summarized in
Table I is that %, and k4 are very large, of the order
of 10% sec.”! M ~1. These are very large second-
order constants for a reaction of a protein. Un-
fortunately, mechanism 1 is too simple to represent
the effect of pH on the kinetics since according to
this mechanism it would be expected that &2 and &,
would vary in the same way with pH. It is evi-
dent from Table I that this is not the case.

However, it is of interest to inquire as to the
duration of the transient phase of the reaction using
the values of the rate constants of Table I. Since
the transient phase is short the product concentra-
tion term in the equation for d(EX)/d¢ may be ig-
nored and the initial substrate concentration (F),
may be considered constant during the transient
phase. It is shown® readily that the concentration
of EX increases in a first-order manner with a half-
life of #7, = 0.693/[k1(F)o + (k2 + k3)]. At low
substrate concentrations the half-lives are inde-
pendent of substrate concentration and would be
4.0 X 1074 3.3 X 10~*and 5.4 X 10—*sec. at pH
6, 7 and 8, respectively. Thus it does not appear
that the transient state of this enzymatic reac-
tion could be studied by direct methods using pres-
ently available techniques.

It is of interest to note that in the case of mech-
anism 1 the concentration of EX may either in-
crease or decrease during the steady-state phase of
the reaction. Provided the substrate and product
concentrations during the steady state are large
in comparison with the concentration of enzymatic
sites

(EX) _ Ey(F) + (k1 — R4)(F)
(E)e (k2 + k) + E(F)o + (k1 — ka)(F)
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aminomethane catjon.
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According to the values of the rate constants in
Table I when fumarate is the initial reactant, the
concentration of EX increases in the steady state
so that A(EX)/d¢ does not actually equal zero until
equilibrium is reached. Tf rL-malate is the initial
reactant, the concentration of EX goes through a
maximum very early in the reaction.

TABLE I
KINETIC PARAMETERS FOR THE FUMARASE REACTION FOR
25° anp 0.01 Ioxic STRExXGTH 'TRIs” ACETATE BUFFER
PH 6 7 8
Experimental parameters

[VE/(E)o] X 1073 (sec.”1) 1.45 1.20 0.30
[Vu/(E)o] X 1078 (sec.™?) 0.26 0.93 0.98
Kp X 108 (M) 5.7 4.7 7.3
Ku X 108 (M) 4.6 15.9 103
Derived rate constants

k1 X 1079 (sec. 1M ) 0.30 0.45 0.18
ks X 1073 (sec.™) 0.26 0.93 .98
ks X 1073 (sec. 1) 1.45 1.20 .30
ks X 1079 (sec. 7M7Y 0.38 0.13 .012

Calculation of Individual Rate Constants for the
General Fumarase Mechanism

In order to provide a basis for the interpretation
of the effect of pH on the fumarase reaction it is
necessary to extend mechanism 1 to include two
intermediate enzyme-substrate complexes and to
provide for two proton dissociations of each com-
plex and of the free enzymatic site.’® The follow-
ing mechanism is believed to be the simplest one
which may be used to represent the effect of hydro-
gen ion concentration on the reaction.

E EF EM E
KEETl KnEFTl KaEMTl KaETl
1 ky ks
F+EH = EHF —~ EHM —~EH+M
ks 2 ke
KhETl KbEFTl KLEMTl KDET‘L (11)
EH, EH,F EH,M EH,

In this mechanism %; to kg are the individual rate
constants for the interconversions of EH, EHF and
EHM; while KaE, KbE, KaEF, KbEF, KaEM and KbEM
are the first and second acid dissociation constants
for the ionization of the enzymaticsite. Asexpected
for the steady-state treatment of a mechanism of
this type it is found that only the equilibrium con-
stants for the acid dissociations are involved and
not the individual rate constants for the proton
dissociations and associations. Furthermore the
steady-state rate equation may be arranged in the
form of equation 3. The Michaelis constants
and maximum velocities are given by
V'8(E)o

Ve = 1+ (H*)/K’ser + K'ver/(HT) (12)
e 14+ (HY/Kig + Keg/(HY)
Kr = K T @9 /K vor + Browr /(A5 (1)
_ V'm(E)o
Vu = 1 + (H*)/K’sgm + K'oen/(HY) (14)
KM = K,M 1 + (H+)/KB.E + KbE/(H+) (15)

1+ (HY/K ey + K'omn/(HY)
(18) C. Frieden and R. A. Alberty, J. Biol. Chem., 212, 859 (1955),
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The evaluation of the parameters in the right-
hand side members of these equations has been dis-
cussed in the preceding article.! It is of interest
to note that two kinetic constants (Ka.g and Kpr)
for mechanism 11 are obtained directly from the
experimental data. The pH-independent maxi-
mum initial velocities and Michaelis constants are
related to the rate constants of mechanism 11 by

k3k5

Vel =
F ks + by + ks (16)
babs + kaby - koo
K/ - =0 ) Tele 1 TROTR ~
Ll gy yy 5 an
kaks
77 — et
Ve = o TR (18)
K’M - kaS + k2k4 + ksks (19)

ke(ks + k3 + ko)

The apparent acid dissociation constants (primed)
are related to those in mechanism 11 by?®

ks + ki + ks

K'apr =
IR %) empng W) G
- _ (k4 + ks)Kppr + ksKpeu
Byer = Fo £ by T B (21)
ky + ks + Ry

K'gq = 2
FM T By k) /Koy + ka/Kape (22)

Klopy = (By + k3)Kppn + k:Kper (23)

by + by + R

The values of the ten experimental parameters for
the fumarase reaction in ‘'tris”’ acetate buffers at
25° are given in Table I of the preceding article.

Although the 8 non-linear relationships (equa-
tions 16-23) between the ten unknown quantities
are insufficient to determine the values of these
constants, they do place certain restrictions on the
values of these constants. The 8 non-linear rela-
tionships are such that it is possible to write the 10
unknown constants in terms of the 8 measurable
quantities and two combinations of specific rate
constants given by

ky + ks

R SRy Yy 5 (24)
ket ks .
Ll N ey (25)

which are the only combinations of constants ap-
pearing in equations 20-23. The first equation
given below is obtained by eliminating K.em be-
tween equations 20 and 22 after introducing 24
and 25, and the subsequent equations are obtained
in a similar fashion.

- a+b=1
I\aEF‘ = __Z?_\>__: (-1‘__ ll) (26)
K,B.EF K’uEM
. _ a+b -1
Ramar = o _(d=5 (27)
K’aEM K,REF -
bK' - (1 - a)K’
Kopp = bEF‘a +(b —_lll) bEM (28)
K’ — (1 - K’
Kupy =& bEMa _1_(1, - 117) LEF (29)
The individual reaction rate constants & — ks

are expressed in terms of ¢ and b and the experi-
mental parameters by

(1M R, A Alberty, J. Cell. Comp. Physiol., 47, 245 {1940).
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"

bo = II:“[’ 319
b o V’Fa++( 2_:_ c;) L (32)
. Z&%%;KE_Z;)V'F (33)

by = IJ_P_L (34)
by = bV’ + (1 = a)V'y (33)

K'w(1 — a)
These equations are obtained by first eliminating
k; between equations 16 and 24 and k, between
equations 18 and 235. The two simultaneous
equations in k3, and k4 are then solved to obtain
equations 32 and 33.

It remains now to determine how ¢ and & must
be restricted so that the 10 unknown constants will
all be positive. From the definition of a and b we
immediately have that 0 < a < 1and 0 < & < 1,
and from equations 32 and 33 we have that (¢ <+
b — 1) > 0. With these restrictions on ¢ and b it
follows that &y, ks, ks, ks, ks and ke will all be positive.
It is apparent from equations 26-29 that the acid
dissociation constants will be positive if

bK'smyw — (1 — a)K'qgr > 0 (36)
aK'pgr — (1 — H)K’;gu > 0 (37)
bK'vgr — (1 — a)K'ypn > 0 (38)
aK’vpy — (1 — b)K'pgr > 0 (39)

If the inequality signs are replaced with equal signs
the plots in @ — b plane of these four equations are
shown in Fig. 1. This figure is for the special case,
always observed for fumarase, that K’.gr > Kagum
and K'vgr > K’pem. Since the inequality signs
require that we use values of ¢ and 4 to the right
and above the corresponding straight lines, the
shaded area in this figure gives the range of permit-
ted values of @ and 4.

In considering the ranges of values for the ten
unknown constants we can interpret these ten un-
knowns geometrically as surfaces above the a — b
plane, and we can consider the heights of the sur-
faces over the shaded area in the ¢ — b plane. Ex-
cept for ks and ks, which can be handled quite sim-
ply, it turns out that the surfaces for the remaining
eight unknowns have a constant height above either
the boundary imposed by equation 36 or the bound-
ary imposed by equation 39. It turnsout further
that for each of the remaining eight unknowns, the
partial derivatives with respect to ¢ and & are both
positive, or both negative. If they are positive the
constant height above the boundary due to equa-
tion 36 or 39 will be the minimum value of the un-
known, and the maximum value is obtained at «
= b = 1. If the partial derivatives are both nega-
tive, the constant height above the boundary due
to equation 36 or 39 will be the maximum value of
the unknown, and the minimum value is obtained
at @ = b = 1. For example, kb has a constant
height above the boundary due to equation 39 and
substituting ¢/(1 — b) = K’per/K'wex il equation
30 yields 2 = [(K'ver/K’vem) V'a + Vr]/Ke.
Since d £1/da> 0and d &/d b > 0 thisis the mini-
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TaBLE 11
SpectFIc REAcTION RATE ConsTANTS AND pK VALUES FOR MECHANISM 11 AT 25°
@ = 0.001 u = 0.005 u = 0.010 @ = 0.020 ¢ = 0.100

Mini-  Maxi-  Mini-  Maxi- Mini-  Maxi-  Mini-  Maxi-

mum roum mnm mum Minimum Maximum mum mum mum mum
1 X 107 (sec.™? MY 17 ® 25 ® 11 (5) © 11 © 0.8 £
Ey X 1073 (sec.™) 30 ® 45 @ 27 (13) @ 45 ® 28 @
k3 X 1073 (sec.™Y) 1.2 2.0 2.0 2.2 2.3(2.1) 2.5(2.4) 3.2 3.5 2.2 3.0
ke X 1073 (sec.™Y) 1.2 1.3 1.8 2.0 1.7 (1.6) 2.0(2.1) 1.8 2.0 1.8 2.0
k; X 1073 (sec. ™Y 3 © 40 ) 46 (29) ) 51 © 14 o
ke X 1079 (sec. ™1 MY (.8 © 5 © 5(8) © b) © 0.1 ©
p KLk 6.5 6.3 6.2 6.3 7.4
pK.aErF — 6.5 — 5.8 — 5.3 — 5.6 — 6.9
pKaru 7.1 7.1 7.1 7.1 6.6 6.6 6.8 6.8 7.7 7.7
pKox 6.9 6.8 6.8 6.9 7.4
pKvEF 7.0 7.1 6.9 6.9 7.3 7.3 7.3 7.3 7.7 7.8
pEpeM 8.5 © 8.3 © 8.5 © 8.7 © 9.0 ®
mum value £y can assume. The maximum valueis acid dissociation constants is about = 209]. The

obtained

atb = 1 where ) = o,

The limits ob-

values given in parentheses for u = 0.01 are ob-

tained in this way are summarized by
(B'ves/K"vmy) Viw + V'r

Ky < kb < @ (40)
(K'vmr/K'vm) Vig < kp < o (41)

. (K'ege/K apm) Ve + V'y .
Vip < k LA IA i A et
PSR (K'age/K'amm) — 1 (42)

(K'ver/K'vex)V'u + V'r

’ by < = s 43
Vive<k < (K'ser/K'vey) = 1 (43)
(K'ame/Kapn) Ve < by < (44)
(K g@y"_/ée%f%{ VetV g o (45)
K'ypr < Kapp < o (46)

(K'brr/K'pay) — 1

Y22 E ’ /-‘; v"’_—7—— < I< ak < K,a R
(K'ver/K vex)(1/K imy) — (1/K'apr) M B

(47)

- (K'ser/K'spr) Kver — K'omn
K’ K YT 7 48
ver < Aper < (eee/Eamy) = 1 (48
0 < Kyey < K'prn (49)

The limits would be different if K’agr < K'per and
K’.gm < K'vEM, but could be worked out readily in
the same way.

The minimum and maximum allowed values for
these constants at three ionic strength values and
25° are summarized in Table IT. It is of interest
to note the symmetry in the values of the specific
reaction rate constants. Because of the similar
nature of the two substrates it is not surprising
that k1 =~ k¢ (minimum values) and %, = ks (mini-
mum values), but the fact that k23 = %, must have
a deeper significance. The most noteworthy effect
of increasing ionic strength is to decrease 2, and ks
without as pronounced an effect on the other con-
stants. The minimum values of the six specific
reaction rate constants are related by!?

Keq = (M)eq/(Fleq = kiksks/kakaks (50)
The values for 0.01 ionic strength given in
parentheses were calculated to indicate the mag-
nitude of the uncertainty resulting from the ex-
perimental errors. The maximum uncertainty in
the experimental rate parameters is about =+ 109,
aud the maximum uncertainty in the apparent

tained when these maximum errors combine in
such a way as to give the lowest possible values of
k1 and ks.

It is of considerable interest that the values of
the constants are fixed to the extent they are for
this underdetermined set. Actually, of course, it
is physically impossible that pKvem, &1, k2, ks and kg
could have values of infinity, or that pKagr could
have a value of — «. Originally it was hoped that
by placing reasonable limits on certain of these
constants, the ranges for others would be more nar-
rowly restricted. However, the restrictions which
it was felt could safely be applied did not alter the
ranges of the other constants sufficiently to make a
detailed discussion worthwhile,

(36)

\(39)

38) Y, a
~ \

\ qQ

«Qn

Fig. 1.—The shaded area in the diagram shows the range
of permitted values of ¢ and 4. The numbers on the lines
are the respective equation numbers, the inequality signs
being replaced with equal signs. The lines in this diagram
are only for the case that K’sgr > K'agm and K'pgr >
K'vEM.

The calculation of the half time for the transient
phase for mechanism 11 would be rather compli-
cated. While the rates of proton associations and
dissociations do not come into the steady-state
treatment, information about these rates would be
required for the transient state treatment. How-
ever, the rates of proton reactions are presumably
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very fast, and an idea as to the duration of the
transient state may be obtained by noting that the
half times for the interconversions of the two en-
zyie substrate complexes is less tliai a millisecond.
The rapid approach to the steady state whicl is
indicated by these calculations justifies the use of
the steady-state approximation in deriving equa-
tions for the representation of experimental data
and shows that the error made in using total
elapsed time in integrated equations rather than
time after establishment of the steady state is
negligible.
Discussion

The minimum values of the second-order rate
constants for the reactions of fumarase with its
substrates are greater than any which have been
measured for reactions of enzymes. Chance®
obtained 1.2 X 10% sec.™! M ! for the reaction of
veast cytochrome-c peroxidase with cytochrome-¢
by the flow method. The second order rate con-
stants!!!? for the combination of alcohol dehydro-
genase with DPN and DPNH are of the order of
108 sec.™! M —!. The high minimum values of the
second-order rate constants for the fumarase reac-
tion raise the question, which is to be discussed in
a future article, as to how this rate compares with
what would be expected from collision theories and
diffusion theories of reactions in solution.

The values of the equilibrium constants for the
first and last steps of mechanism 11 cannot be cal-
culated from the steady-state kinetic data, but the
maximum and minimum values consistent with
the experimental data may be calculated using
equations 30, 31, 34 and 35 and inequalities 36
and 39. The maximum and minimum factors by
which &, 'k, differ from K’r at 0.001, 0.01 and 0.10
ionic strengths are 1.3-0.96, 1.05~0.90, 1.2-0.95,
respectively. Thus although the exact values of
the equilibrium constants cannot be calculated, it
can be stated that they are equal to the Michaelis
constants within approximately the experimental
error. The same conclusion has been reached for

(20) B. Chance, in J. T. Edsall, “"Enzymes and Eanzyme Systems.”
Harvard University Press, Cambridge, Mass., 1951,
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chymotrypsin®! and urease®® by other niethods.

The calculations of specific reaction rate con
stants in this article are all based upon the as-
sumption of one enzyiuatic site per funtarase niole-
cule. If there arc n sites thie calculated rate con-
stants will all be decreased by this fuctor. Since
the titration curve lor fumarase has heen deter-
mined® in 0.1 3/ NaCl at 253° it is possible to esti-
mate the maximum number of enzvmatic sites per
molecule. The kinetic studies with 0.1 iouic
strength buffer (0.09 1/ NaCl plus 0.01 3/ “tris”
acetate) show that there are two groups per cu-
zyimatic site with pX = 7.1, The slope of the
titration curve at pH 7.4 indicates a maxininm of
12 groups with this pK value or o maximum of 6
catalvtic sites per molecule

Although the present calculations have been
made using data fromi kinetic studies of both the
forward and reverse reactions, similar calculations
could be made for reactions which go essentially to
completion, provided the inhibition constant of the
product has been measured. Since this constant is
identical with the Michaelis coustant for the prod-
uct, the maxnmun initial velocity for the reverse
reaction could be calculated using Keq = I
Ky 'TmKy provided the free energy change or
equilibrium constant for the over-all reaction are
known. For reactions involving two reactants or
two products the mechanisin would have to be
known so that the correct form of the relation be-
tween kinetic parameters and the equilibriuni con-
stant for the over-all rcaction could be chosen.?!
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Bolaform Electrolytes. VI.

Conductance of Bis-(trimethylammonium)-polymethylene

TIodides and Related Compounds in Methanol and in Ethanol

By OrMonD V. Bropy! anp Ravmonp M. Fuoss
RECEIVED NOVEMBER 28, 1956

The following conductance data are presented: bis-(trimethylammonium)-trimethyvlene diiodide, bis-(trimethylam-
monium )-tetramethylene diiodide, bis-(trimethylammonium)-pentamethylene dilodide, tetramethylammonium iodide,
methylpyridinium iodide and dimethylpiperidinium iodide in ethanol at 25°; tetramethylammonium iodide and bromi(_ie,
methylpyridinium iodide, dimethylpiperidinium iodide and 1,1-methane-N,N’-bispyridiniuin diiodide in methanol at 25°.
In cthanol, electrostatic attraction is strong enough to stabilize structures in which two anions associate with the bolaform

cations.

It has been shown that association of an anion to
one end of a bisquaternary salt of the structure
- (+)oe (+)

(1) California Research Corporation Postdoctoral 1Tellow, 1955-
1056.

The association decreases with increasing distance between the cationic sites of the latter.

is sensitive to the distance between the cationic
sites. Most of our previous work has been in
methanol, where the dielectric constant (33.62) is
sufficiently high to permit ueglect of configurations
in which anions associate with hoth cationic sites, at



