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The rate enhancement produced by any catalyst depends on 
its ability to discriminate between the substrate in the ground 
state and the altered substrate in the transition state, binding 
the latter species with greater affinity and reducing the activation 
barrier of the reaction.1,2 An upper limit can be estimated for 
the dissociation constant of an enzyme's complex with the 
altered substrate in the transition state (K1x) by dividing the rate 
constant for the reaction in the absence of enzyme (knon) by the 
catalytic efficiency of the enzyme (kcJKm).2 We have used 
this approach to estimate the magnitude of the transition state 
stabilization achieved by fumarase and have observed that 
binding of the altered substrate in the transition state by the 
enzyme is associated with a substantial gain of entropy. 

Fumarase catalyzes the reversible hydration of fumarate to 
(5)-malate (Scheme 1) with high efficiency under physiological 
conditions, acting on its substrate with an apparent second-order 
rate constant (kcJKm = 2.4 x 108 M - ' s -1)3-5 that approaches 
the rate of encounter between enzyme and substrate in solution.6 

The corresponding nonenzymatic reaction, involving hydration 
of a carbon—carbon double bond, proceeds so slowly that, even 
in the presence of hydronium ion7 or hydroxide ion8 catalysis, 
it has been observed only in superheated aqueous solutions.9'10 

To determine the rate of fumarate hydration in the absence 
of enzyme, we have measured the nonenzymatic rate of fumarate 
hydration in neutral solution at elevated temperatures,11_13 

obtaining by extrapolation a rate constant of 2.5 x 10~13 s_1 

for the nonenzymatic reaction at 37 0C (Figure 1). Comparison 
with the turnover number (fccat = 880 s_1) reported for fumarase3 

indicates a rate enhancement of (3.5 x 1015)-fold at pH 6.8 
and 37 0C. Comparison with the reported second-order rate 
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Figure 1. Effect of temperature on the rates of hydration of fumaric 
acid at pH 4.47 (O) and pH 6.82 ( • ) . Curves shown are linear 
regression lines of k (s~') plotted as a logarithmic function of the 
reciprocal of absolute temperature. The enthalpy and entropy of 
activation at pH 6.82 are 28.9 (±0.6) kcal mol"1 and -23.0 (±0.7) cal 
mol"1 K"1, respectively. At pH 4.47, the enthalpy and entropy of 
activation are 28 (±1) kcal mol - 1 and - 2 1 (±1) cal mol"1 K"1, 
respectively. 
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constant indicates that the upper limit of the dissociation constant 
of the enzyme-substrate complex in the transition state (K1x) 
is approximately 1.0 x 1O-21 M.14 

Accordingly, fumarase stabilizes the altered substrate in the 
transition state (AG1x) by at least 30 kcaiymol (Figure 2). By 
the principle of microscopic reversibility, the transition state 
for the reverse reaction, involving carbon—hydrogen bond 
scission, is also stabilized by 30 kcal/mol in free energy.21 This 
value is substantially greater than that observed for triosephos-
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Table 1. Apparent Thermodynamic Parameters for Enzymes 
Binding Their Altered Substrate in the Transition State" 

AG1x Atf„ ASt 

energy 

(kcal / mol) 

Figure 2. Free energy profile (pH 6.8, 37 0C) for the hydration of 
fumarate (Fum) in the absence of enzyme (dashed line) and in the 
presence of fumarase (solid line, from ref 3). The enzyme—substrate 
complex in the transition state (E-Fum*) is shown at an arbitrary free 
energy close to the free energy of the transition state of the rate-limiting 
step of the enzyme-catalyzed reaction.14 

phate isomerase (AG t x = - 1 9 kcal/mol)2 3 '2 4 and ketosteroid 
isomerase (AGtx = —21 kcal/mol),25,26 which also catalyze C - H 
bond cleavage. The only enzyme for which a comparable 
degree of transition state stabilization has been observed is OMP 
decarboxylase (AG1x = —32 kcal/mol), which catalyzes the 
cleavage of a carbon-carbon bond.27 

An apparent enthalpy (AfJ1x = - 2 4 kcal/mol) and entropy 
(AStx

 = 19 cal mol - 1 K - 1) for formation of the enzyme-
substrate complex in the transition state28 are obtained by 
comparing the variation of kmn with temperature observed in 
the present experiments with the variation of kcu/Km with 
temperature reported by Brant et a/.3,28 Of particular interest 
is the finding that binding of the altered substrate in the transition 
state is accompanied by an overall gain of entropy of 19 cal 
mol - 1 K - 1 . The temperature dependence of the kinetic param
eters of both the enzymatic and nonenzymatic reactions has also 
been reported for two other enzymes, ribonuclease A30-31 and 
carbonic anhydrase,32'33 allowing similar calculations for these 
enzymes as well. The results (Table 1) indicate that ribonu
clease A and carbonic anhydrase stabilize their altered substrates 
in the transition state by 16 kcal/mol and 13 kcal/mol, 
respectively, considerably less than the value (30 kcal/mol) that 
we observe for fumarase. In contrast to the behavior of 
fumarase, the apparent change in entropy that accompanies 
transition state binding is negative for both ribonuclease A (A5tx 

= —14 cal mol - 1 K - 1) and carbonic anhydrase (AStx = —15 
cal m o r 1 K- ' ) . 

The observation that transition state binding by fumarase is 
accompanied by a gain in entropy may seem surprising in view 
of the loss of transitional and rotational freedom mat is expected 
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enzyme (kcal/mol) (kcal/mol) (cal mol 1 K ' ) 

fumarasefc -30 -24 19 
(fumarate hydration) 

ribonuclease Ac —16 —21 —14 
(cCMP hydrolysis) 

carbonic anhydrase1* —13 —18 —15 
(CO2 hydration) 

" The apparent enthalpy and entropy of association are calculated 
from the temperature dependence of the dissociation constant Ka.

2i The 
Ka values were calculated from the temperature dependence of KJKm 
and /fcnon for the different enzymatic and nonenzymatic reactions, 
respectively: bthis study; cdata from refs 30 and 31; ddata from refs 
32 and 33. 

when two molecules combine.34,35 In aqueous solution, how
ever, compensating entropic effects may arise from changing 
solvation. Electrostatic interactions, like hydrophobic interac
tions, probably involve a release of ordered water molecules 
from the region between the interacting groups, resulting in a 
positive contribution to the observed AS;36 complete protonation 
of the dianion of fumarate, for example, is accompanied by a 
gain of entropy of 37 cal mol - 1 K"*1 P The binding of fumarate 
by fumarase, in the ground state, was shown in earlier work to 
be accompanied by a small increase in entropy (AS = +4 cal 
mol -1 K-1).3,38 Electrostatic stabilization of the greater negative 
charge, developed by fumarate in a carbanionic intermediate15,16 

approaching the transition state, could explain the much greater 
gain in entropy that is observed for binding the altered substrate 
in the transition state relative to the ground state. Entropic 
effects from changes in solvation could also arise, presumably, 
from changes in the conformation of fumarase.19,35 

To stabilize the altered substrate in the transition state most 
effectively, an enzyme might be expected to maximize enzyme— 
ligand interactions, including hydrogen-bonding, electrostatic, 
and hydrophobic effects, and these interactions tend to be 
accompanied by a gain of entropy. It will be of interest to 
determine whether large positive entropy changes in the 
transition state, such as that observed for fumarase, tend to be 
characteristic of enzymes that are unusually proficient. In the 
course of maximizing these contacts, one might expect that the 
active site might tend to surround the ligand as completely as 
possible.41 The nature of the enzyme—ligand interactions will 
be clearer when structural information concerning this remark
able catalyst becomes available.42 
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