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Equilibrium Reaction Rates and Enzyme Mechanisms*

P. D. BOYER* and E. SILVERSTEIN***

Department of Biochemistry, University of Minnesota Medical School,
Minneapolis 14, Minnesota, USA

General relationships are developed for rates of substrate interchange
at equilibrium for enzyme reactions of the type A+ B=C+D and
A+4+B= roceeding through interconversion of ternary complexes and
with compulsory or with alternative orders of addition of substrates. Use-
fulness of such measurements for determination of substrate binding order
and of ternary complex interconversion as a possible rate-limiting step,
for setting minimum values for dissociation constants, and for detection of
other aspects of catalytic mechanisms are presented and discussed.

Many approaches are essential for study of enzyme mechanisms. For example,
measurements of initial reaction velocities and of substrate and inhibitor
binding under various conditions have been powerful tools in the skilful hands
of Professor Theorell and his associates, and it is with pleasure that this paper
is dedicated to Professor Theorell. A new approach which may deserve con-
siderably more attention is the measurement OE) reaction rates at equilibrium, as
made possible by isotopic techniques. Biochemists have made frequent and va-
luable use of measurements of exchange reactions, but without consideration of
the fundamental relationships governing such exchange rates in enzyme systems.
Rate measurements at equilibrium, although technically somewhat difficult,
have the theoretical advantage that all reaction intermediates are at equilibrium
concentration, thus considerably simplifying derivation and interpretation.

Some theoretical bases for equilibrium reaction rate studies in enzyme systems
were first presented by Boyer in 1959', and have been correlated with experi-
mental observations in subsequent studies from his laboratory>—. The reports
have stimulated a generalized treatment by Morales and co-workers® of transient
states of tracer distribution in enzyme systems where the amount of labeled sub-
strate combined with enzyme may be appreciable, and of considerations by
Alberty et al.¢ of alternative means of deriving the appropriate relationships for
simpliged linear sequences.
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Previous considerations have not included enzyme reactions proceeding
through interconversion of two ternary complexes and with either alternative or
compulsory order of addition of substrates. The purpose of this paper is to pre-
sent some appropriate equations and their implications. These serve as the basis
for studies of equilibrium reaction rates with liver and yeast alcohol dehydro-
lg(;enase, with heart and skeletal muscle lactate dehydrogenases, and with hexo-

inase which have quite recently been completed in our laboratory*.

DERIVATION OF BASIC RELATIONSHIPS

The approach previously used! leads readily to general equations governing
rates of interchange of reactants in enzyme systems as described by eqn. (1).*

' EB v ED
For example, for the rate, R, of interconversion of A with C at equilibrium, let

EA=p + g, where p= EA derived most recently from A**
and = » ” ”» ” ”
EAB = w 4 x, where 17) = EAB ” ” » ”
- : and X= » ' ”» ”» m
ECD =y + z, where y=—=ECD » ” " ”
and z = » » ” " ”
EC = m 4 n, where m = EC » ” ” ”
a.nd n— » ” ” " T
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The enzyme conservation equation and the various equilibria involved lead to

K .

where K;, K,, etc. are the respective dissociation constants and A, B, etc.
refer to reactant concentrations. In the system given by eqn. (1), R=k .y 4+
k_gm, and from this and the relation dm/dt = O = k_gy — kymD —k_gm, one
obtains y = R(k_g + ksD)/(k_sk_s + k_gk_s+ ksk_;D). Similarly, R also =k_gx
+k_,q, and from this and the relation dg/d¢t=0=k _sx—k;qB—k _;q one obtains

* Relationships for rates of isotopic interchange in linear systems or systems where only one
ternary complex is formed, whether at equilibrium or considerably displaced from equi-
librium, may be obtained from initial velociti' uations as developed by Cleland” (W. W.
Cleland, personal communication). The initial velocity equation for a scheme such as given
by eqn. (1) is extremely complex, and the simple derivation given herein is preferable for
the equilibrium situation.

** The chemical properties of the various enzyme-substrate combinations are obviously inde-
pendent of their route of formation. The useful concept given here can also be visualized
in terms of specific activities. For example, if isotope is added as A and negligible isotope
is present in C, the ratio p/q X specific activity of A = specific activity of EA.
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x = R(k_y + kyB)/(k_jk_s + k_ik_4 +ksk_sB). In addition, R = k’z — kx, which
allows solving for z in terms of x and R. Substitution of the values for z and y
into eqn. (2) leads to general eqn. (3).*

K (k_g + kD) k(k_i+kB) ]
R=
E/ {[ YRR kR F &D) TRk, + Kok + &BY) <

1 K; K, 1 Ky, K, KK,
X[#(1+ D+ )1+ B+ IR ©
The rate of B = D interconversion, R’, is given by a similar expression as follows:

' K'(k_g + k:C) k(k_g + k,A) 1.,
H=h /{[1 +k—7k—8 + k_s(k_g + k,C) +k_3k_4 + k_s(k_g + kA)] X
1

ST TIRTINE Ve

Relationships for compulsory pathways (linear sequences) are readily de-
rived, as limiting cases of general relationships, such as eqns. (3) and (4). For
example, for the pathway involving only the upper part o(% eqn. (1), the terms
Ky, Ky, k_4 and k_; are set equal to 0 to give:

B (kg + kD)  k(k_, + k,B)
R—Et/ {[1+ e X

A §) i B o

.R’:Et/[l—{— 7("_;5+k%][%(1+%)+71€—(1+ %—F%—B&)] (6)

Unwarranted confusion and apparent discrepancy may arise because of lack of clarity in
definition rather than experimental result. For reaction proceeding through complexes between
an enzyme and two or more substrates, the following definitions apply to terms as used in this
paper and are suggested for general usage:

1. Random order or sequence of substrate addition. The addition of substrates to an enzyme
or their dissociation from enzyme-substrate complexes occurs at equal rate whether or not
another substrate or other substrates are bound to the enzyme. In terms of eqn. (1), this means
that ky = kg, k_1 = k_4, ko = ks, etc.

2. Alternative order or sequence of substrate addition. Complexes of enzyme with more
than one substrate may be formed by prior addition of any of the substrates, and similarly,
dissociation of substrates may occur in any order. Alternative order of addition thus includes
the random pathway, but also includes enzymes for which the rate constant for binding of a
substrate to the enzyme is greater or less than the rate constant for binding when another
substrate is already present on the enzyme. Alternative orders with differences in rate constants

* The equalities KiKa2/kAB = K3K4/kAB = K5Kg/k’CD = K7Kg/k’CD obviously obtain, and
these terms may be used interchangeably in the denominator.
For many purposes, the form of eqn. (3) as given here is preferable to the form of equations
given previously for simpler systems. For example, eqn. (25) of Boyer! may be written:

R—E [ k_g + kD + k_1 + kB
= koks + klkg + kD) = k_tkg + k_g4(k_1 + ksB)
Ky | Ko KiKe K5 |, Ky
X [1+T+B—+W+E‘+F]}
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for binding must also have differences in some rate constants for dissociation for equilibrium
to be maintained.

The designation branched sequence is synonymous with alternative order of substrate addi-
tion, and, similarly, includes but is not limited to random addition.

Designations such as “partially compulsory” or “partially random” may be appropriate for
patterns of behavior of certain enzymes with branched sequences.

8. Compulsory order or sequence substrate binding. The addition of one specific substrate
must occur before another substrate can be bound, and similarly, dissociation of a certain sub-
strate must occur before another substrate can dissociate.

The designations linear, ordered, or obligatory sequences are synonymous with a compulsory
sequence.

equchanisms of appropriate enzymes are best described in relation to possible orders of
substrate addition as detined above, and not in relation to the order that may exist under
prescribed conditions of substrate concentration, pH, etc. Thus an enzyme with a branched
mechanism may, under appropriate conditions, catalyze net reaction almost entirely through
ordered addition of substrates. This may be appropriately described as kinetically ordered under
presi:lribed conditions, but the enzyme should not %e described as having a branched or ordered
mechanism.

When one pair of substrates is at high concentration, simplified relationships
are also obtaiend. Thus if B and D are increased until they no longer influence R,
general eqn. (3) for the alternative pathway becomes

o /e b Epeie 5] o

When all reactants are at high concentration, eqn. (3) becomes

: Kook V11
and eqn. (4) becomes R’ = E, / ( 1+ 72"; + kL )(%’_ +71c_) ©
_5 _9

Relationships for three component systems, such as A 4 B« C, are readily
obtained from eqns. (3) or (4) by dropping appropriate terms. For example, if
k

eqn. (1) is modified so that EAB = EC \——‘_5E + C, the eqn. (3) terms kg, k_g,
7k

kg, Ki/C, kD, K{Ky/kAB (= K-,Kg/k’CIg) would be dropped with K;/C re-

placing K;/D to give eqn. (10) for A= C.

_ K k(k_y + kB) 1 K\ 1 K, , K
r=E /[ e P e R )

APPLICATIONS OF RELATIONSHIPS

Compulsory pathways — If a compulsory pathway exists such that either the
top or the bottom of eqn. (1) applies, increase in concentration of all reactants
or of one or both of the last reactants to add in formation of the ternary com-
plexes will give a predictable and distinguishable rate behavior. For example,
as shown by eqn. (5), increase in B and D while maintaining equilibrium will
result first in an increase, then in progressive inhibition of the A = C interchange
until complete inhibition occurs; in contrast, the B = D interchange will increase
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T

Fig. 1. Theoretical exchange at equi-

librium showing decrease in the rate
A = C when dissociation is limited to S
ternary complexes. The curves are F
calculated from eqns. (3) and (4) as- sk T e
suming that E; =100, all K’s ¥/, k,
ke, k-2, ks and k5 =1; kg, k_g, kq,
k7 =0.1; and ky, k_1, k¢ = 2; A))Ky4,
B )) Ko, k4A )) k_3, k_7k_g; and k;C

_8, k_gk_4.

CONCENTRATION OF B= D

to a maximum. Appropriate experiments will thus readily identify the order of
reactant combination in any linear sequence.

If partially compulsory pathways occur, these may be revealed in some cir-
cumstances by incomplete inhibition in the interchange rates of one substrate
pair as the concentrations of another substrate pair is increased. As B and D
are increased from 0 to oo the left-bracketed term of the denominator of eqn. (3)
increases from 1/(k_s 4 k_;) to 1/k_,, thus tending to decrease R. Conversely,
the right-bracketed term decreases, thus tending to increase in R. When certain
relationships between rate constants hold, these effects may occur relatively
independently of one another. Such a possibility is shown in Fig. 1. The con-
ditions for this plot are such that the rate of dissociation of A from EAB is less
than the rate from EA, and that of C from EAC less than that from EC. Thus
at high concentration of B and D, the interchange A = C is effectively limited
to the slower dissociation steps.

Results obtained with glutamine synthetase®, in which a hump” in rate plats
at equilibrium was observed, may perhaps be ascribed to relationships such as
those discussed above.

Ternary complex interconversion as a rate-limiting step. When the rate of
ternary complex interconversion, governed by k and k” is very small compared to
the rate of dissociation of substrates from the ternary complexes, equality of A= C
and B = D interchanges will result at all levels of A, B, C, and D for the al-
ternative addition sequence. This may be illustrated, for example, bz further
examination of e(}ns. (3) and (4). If K’ (( k_; and k (( k_,, the leftbracketed de-
nominator term of eqn. (3) becomes equal to 1. A similar situation holds for eqn.
(4) if ¥ (( k_s and k (( k_;. When these limitations on rate constants apply, e%?.
(3) becomes identical to (4). These limitations are the requirements for the
ternary complex interconversion as the rate-limiting step. Thus for the alter-
native addition of substrates, when k' (( k_sk_; and k {{ k_ok_4, equality of
A = B and C <= D will be observed.

Alberty et al.% have regarded previous deductions! 2.8 that equilibrium exchange rates may
provide information about rate-limiting steps as being without foundation. In their develop-
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ment they consider only linear sequences, and incorrectly infer that the previous considerations
of Boyer et al.1.2.8 were similarly limited to linear or compulsory sequences. As noted in this
section, and in agreement with earlier deductions'®:8, measurements of exchange rates can
give information about rate-limiting steps in branched sequences.

Even with linear sequences inferences about rate-limiting steps may be derived from ex-
change rate measurements. For example, if ternary complex interconversion was extremely
slow, equalit{ of exchanges in a linear mechanism would occur until inordinately high con-
centrations of the last substrates to add were reached. Also, irrespective of the rate of ternary-
complex interconversion, if the first pair of substrates to add equilibrate very rapidly between
free and bound forms, equality of exchanges would be observed until sufgciently high con-
centrations of the last substrates to add were reached so as to reform the ternary complexes
before rapid ecfuilibration with the first substrates could ensue. Thus eqns. (5) and (6) for R
and R’, compulsory Eathwa s, are identical as long as k_1 )) keB and k_g¢ )) ksD. Further, if
exchanges such as those of oxygen among substrates of glutamine synthetase are observeds,
additional inferences are possible about rate-limiting steps for linear ‘as well as for branched
sequences. '

Equality of the interchanges A =B and C <= D might also be observed even
when k' << k_;,k_; and k «<<k_g,k_, if a fortuitious equality existed in the left-
bracketed denominator terms of eqns. (3) and (4) at certain substrate concentra-
tions, or with excess substrates present and if k_, =k_, and k_; = k_;. Such
situations would, however, give inequality of interchanges with variations of B
and D or A and C at less than saturation levels and thus could readily be de-
tected.

Equalities of reaction rates at low substrate concentrations. When the reaction
proceeds by a compulsory sequence and substrate concentrations are high, in-
equality of A=C and B<=D must be observed, as noted before, even if the
ternary complex interconversion is slow. However, irrespective of the rate of
ternary complex interconversion, equalities of exchange will appear as substrate
concentrations approach low levels for both linear and branched sequences. For
linear sequences, eqns. (5) and (6) become identical when D and B are decreased
sufficiently so that k;D (( k_g and k;B (( k_;. Thus the concentration range at
which exchange rates in a compulsory sequence approach equality, as B and D
are varied and lowered, gives information about the relative magnitudes of k,
and k_j, and of k; and k_g.

With branched sequences, eqns. (3) and (4) become identical when k;D (( k_g,
kB (( k_y, k:C (( k_g, and kA (( k_g. Conditions for equality of exchange with
decrease in substrate concentration for branched sequences are thus somewhat
more stringent than those for linear sequences.

Relationships to dissociation constants. From eqn. (7) for A = C, random path-
way, at high B and D concentrations, R will be a function of K;/C or K,/A or
both. Under some circumstances it may be possible to adjust equilibria con-
centrations so that B, D, and C remain high so that eqn. (7) becomes of the form

a constant
kK,
I+t

A limitation in obtaining eqn. (11) is that B must be sufficiently high so that not
only is Ky/B negligible, but K;K,/AB must remain negligible throughout the
concentration range studied. If eqn. (11) applies, the ratio of the slope to inter-
cept of the 1/R vs. 1/A plot will give K,/(1 + k/k’), or a minimum value for K.

R= (11)
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Similarly, if A can be maintained high, a minimum value for K; may be obtained.
Values obtained from such approaches will give K, and K, each divided by
(14 k/K’), but K5 and K; each divided by (1 + k’/k). If k =K/, the ratios of
slopes to intercepts will give % the values of dissociation constants. If k)) K/,
actual values for K; and K; but far too small values for K, and K, will be obtain-
ed, or vice versa if ¥’ ) ) k. Equality of k and k¥’ would be unusual fortuity, and
thus actual values for dissociation constants of some substrates are likely to be
approached. If values of dissociation constants are known from independent
studies, the equilibrium rate studies may allow evaluation of the ratio k/k’.

Similar approaches are applicable to linear sequences, but with dissociation
constants given by the concentration dependency of R’. For example, when con-
centrations of A, B, and C are held high, the equilibrium rate dependencies will
give a minimal value for the dissociation constant of D.

Effects of abortive ternary complex formation. The formation of abortive
ternary complexes, or of combinations of enzyme with more than one substrate
molecule might have definite effects on the rate relationships. For example, the
addition of reactions for formation of the complexes EAC and EBD to eqn. (1)
leads to relationships like eqns. (3) and (4) but with additional terms involving
ratios of A/C and of B/D together with appropriate dissociation constants in the
second bracketed term of the denominator. Thus if the ratios of A/C and B/D are
held constant, the general form of the equation will not vary. But if, for example,
concentrations of A and D are increased, the term involving B/D will drop out
but that involving A/C will continue to increase with continued fall in R.

Relationships between the chemical transformation rate and equilibrium re-
action rate. The rate of interconversion of the ternary complexes, or the actual
chemical transformation rate, R”, is equal to k(EAB) = k’'(ECD).* For alter-
native addition sequences, and at high substrate concentrations eqn. (2) becomes
E, = (ECD) (1 4 k/K’). Thus it follows that R” = E,kk’/(k 4+ k’). From this, and
eqn. (8), the ratio of the equilibrium reaction rate to the rate of chemical trans-

formation would be: )
R/R" =1 [(L+K/ks+ K/ (12)

When k_; )) K, and k_)) k, R will=R”. Similarly, when k_5 }) k¥’ and k_,
)) k, R” will = R” at high substrate concentrations. These are the same conditions
as for ternary complex interconversion being rate limiting with alternative orders
of substrate addition. Thus under these circumstances, the equilibrium inter-
conversion rate would equal the chemical transformation rate.

DISCUSSION

The relationships developed in this paper for an enzyme system as described
by egn. (1) show that measurement of equilibrium rates may be a powerful tool
for detection of compulsory pathways of substrate binding, for discerning
whether or not ternary complex interconversion is rate-limiting, for finding mini-

*

The rate of actual chemical transformation in any enzymic reaction whether or not at equi-
librium must equal but may far exceed the rate of net reaction or the highest equilibrium
interconversion rate of any substrate pair or atoms of substrates. Rapid chemical transforma-
tion of enzyme-bound reactants accounts for a rapid transfer of oxygen from the glutamate
carboxyl to the terminal phosphoryl group of ATP without formation of free orthophosphate?.
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mal values of dissociation constants, and for gaining information about relative
velocities of certain steps. These considerations have been applied to results
from liver and yeast alcohol dehydrogenases and to skeletal and heart muscle
lactate dehydrogenase as presented elsewhere?. With liver alcohol dehydrogenase
alternative order addition of substrates is found, with dissociation of coenzymes
as rate-limiting steps. This is in agreement with the extensive studies of Theorell
and associates® but not with recent conclusions of Dalziel'®. A similar situation
holds with yeast alcohol dehydrogenase, in contrast to the conclusions of Nygaard
and Theorell'* and of Mahler and Douglas'?. Compulsory order of binding is
found with lactate dehydrogenase, particularly with bovine heart lactate de-
hydrogenase at pH 7.9. These results are in harmony with data of Takenaka and
Schwert!8. With hexokinase, in agreement with Zewe and Fromm!* but not with
Hammes and Kochavi'®, an alternative order of substrate addition is found. In
addition, particularly with the alcohol dehydrogenase, inhibitory effects on
alcohol and acetaldehyde interconversions and information about the chemical
transformation steps were obtainable.

The equations as given are based upon rates of interconversion of substrates
at equilibrium, and are exact for the systems described. Isotopes provide the
only known method for measurement of such rates; in their use certain assump-
tions must be made, as well as agpropriate corrections for approach to isotope
equilibrium used in evaluation of rates?.

Equations are presented in this paper only for interconversion of A with C
and of B with D. Appropriate relationships may, of course, be readily derived
for other interconversions such as A with B or A with D, as well as for a wide
.variety of other enzyme reaction schemes. Such extensions can perhaps best be
done in connection with appropriate experimental data.

Methodology limitations and restriction of the equilibrium set some obvious
limits to the applications of equilibrium rate measurements, but the potentialities,
as well as the results obtained to date, would appear to warrant much broader
application. oy
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