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Based on ab initio calculations at the MP2(FULL)/6-31+G**//RHF/6-31G**  level, we compare the energetic 
and mechanistic features of a model reaction for catalytic action of A5-3-ketosteroid isomerase (KSI, E.C. 
5.3.3.1) with those of a corresponding nonenzymatic reaction in aqueous solution. The results show that the 
two catalytic acid residues, Tyr14 and Asp99, can lower the free energy of activation by 8.6 kcal/mol, which is 
in good agreement with the experimentally predicted 〜9 kcal/mol contribution of electrophilic catalyses to the 
whole enzymatic rate enhancement. The dienolate intermediate formed by proton transfer from the substrate 
carbon acid to the catalytic base residue (Asp38) is predicted to be stabilized by 12.0 kcal/mol in the enzymatic 
reaction, making its formation thermodynamically favorable. It has been argued that enzymes catalyzing the 
reactions of carbon acids should resolve the thermodynamic problem of stabilizing the enolate intermediate as 
well as the kinetic problem of lowering the free energy of activation for proton abstraction. We find that KSI 
can successfully overcome the thermodynamic difficulty inherent in the nonenzymatic reaction through the 
electrophilic catalyses of the two acid residues. Owing to the stabilization of dienolate intermediate, the 
reketonization step could influence the overall reaction rate more significantly in the KSI-catalyzed reaction 
than in the nonenzymatic reaction, further supporting the previous experimental findings. However, the 
electrophilic catalyses alone cannot account for the whole catalytic capability (12-13 kcal/mol), confirming the 
earlier experimental implications for the involvement of additional catalytic components. The present 
computational study indicates clearly how catalytic residues of KSI resolve the fundamental problems 
associated with the entropic penalty for forming the rate-limiting transition state and its destabilization in the 
bulk solvation environment.
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Introduction

The proton abstraction from carbon acids, which is a key 
step in various enzyme-catalyzed reactions, is inherently 
slow compared to that from oxygen and nitrogen acids. For 
example, the deprotonation of carbonyl a-carbons with 
pKa's 10-13 by the hydroxide ion occurs at a rate more than 
107-fold slower than that for oxygen or nitrogen acids with 
the same pKa.1 An imbalance in the transition state, charac
terized by time-lag of resonance stabilization of the incipient 
carbanionic transition state behind the proton transfer, has 
been widely invoked to explain such an exceptionally low 
reaction rate.2 Indeed, the transition state imbalance has been 
shown to be a general phenomenon for proton abstraction 
from carbon acids that involve delocalization of negative 
charge into a 兀-acceptor group.3

A number of enzymes such as isomerase, racemase, tauto- 
merase, and synthase are able to accelerate the proton ab
straction from the a-carbon of a carbonyl compound. Of 
these, 3-oxo-A5-steroid isomerase (A5-3-ketosteroid isomerase, 
KSI, E.C. 5.3.3.1) has served as a paradigm for enzymatic 
enolizations since it acts on its substrate at a rate that 

approaches the diffusion-controlled limit.4 This enzyme cata
lyzes the tautomerism of 桓Y and a,^-unsaturated keto
steroids via a dienolate intermediate. Earlier crystallographic 
and enzymological studies indicated that the catalysis proceeds 
through the abstraction of an a-proton from the substrate by 
Asp38 and the simultaneous stabilization of a negative charge 
developed on the carbonyl oxygen by the hydrogen bond 
from Tyr14, followed by the reketonization of the resulting 
dienolate intermediate by protonated Asp38.5 Thus, the concert
ed general acid-base catalysis by Tyr14 and Asp38 was the 
generally accepted mechanistic model for the KSI action.

However, there is also some experimental evidence 
suggesting that an additional unknown residue with p Ka > 
8.5 should be involved in the catalytic mechanism of KSI.6 
A few years ago, Wu and coworkers pointed out the impor
tance of the active site residue, Asp99, in the catalytic 
reaction.7 On the basis of the solution structure combined 
with the kinetics, mutagenesis, and inhibitor binding studies 
they proposed that, as depicted in Scheme 1, Asp99 as well 
as Tyr14 would donate a hydrogen bond to the substrate 
carbonyl oxygen, thereby stabilizing the negative charge 
developed on this atom during the catalytic cycle.

This mechanistic aspect of KSI has been further confirmed 
by several studies based on multidimensional N0R and 
X-ray crystallographic methods,8 although an alternative
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mechanism (namely the hydrogen-bonded catalytic diad 
mechanism) in which Asp99 forms a hydrogen bond with 
phenolic oxygen of Tyrl4 was also suggested.9 Recently, 
Kim and coworkers reported the potential energy profiles of 
enzymatic reaction models for wild-type and various mutant 
KSI enzymes by using ab initio calculations at the MP2/ 
6-3l+G* 〃B3LYP/6-3l+G*  level.10 On the basis of the cata
lytic mechanism described in Scheme l, they could success
fully explain the mutation effects on the catalytic perfor-
mance of KSI.

There has been a strong debate on the origin of enzymatic 
catalysis for a reaction involving an enolization step.11 The 
question was whether the electrophilic catalyses could ex
plain the extraordinarily high rate enhancement. In this work, 
we address this problem by estimating the extent of the 
decrease in activation free energy due to the operation of two 
active site acid residues, Tyr14 and Asp99, of KSI. We 
employ the formate-catalyzed isomerization of 3-butenal, 
the simplest 月疗-unsaturated carbonyl compound, as an ap
proximate representation of acetate-catalyzed iomerization 
of 1 in aqueous solution (Scheme 2), which has served as a 
reference reaction for evaluating the catalytic capability of 
KSI.12

For this model system, we take into account not only the 
dielectric medium effect through the polarized continuum 
model (PCM)13 but also the electrophilic catalysis by a sol
vent water molecule, which has been considered an impor
tant aspect of the nonenzymatic reaction in aqueous solution. 
Indeed, it has been suggested that the transition states and 
intermediates are more stabilized in a nonaqueous environ
ment as in an enzymatic active site than in water.14

As an enzymatic reaction model, we consider Scheme 3 in 
which the roles of general acid catalysts are played by 
phenol and formic acid, representing Tyr14 and Asp99, 
respectively, while formate simulates the action of Asp38.15

In contrast to the nonenzymatic case, solvation effects are 
ignored in this model. This is based on the previous experi
mental observation that the layer of apolar residues and the 
ketosteroid substrate would prevent the bulk solvent from 
accessing the active site of KSI during its catalytic action.7,80

In addition to the potential energies, we also evaluate the 
zero-point vibrational energies and entropic terms for 
stationary-state structures of both enzymatic and nonenzy- 
matic reaction models to calculate the free energy profiles. 
By comparing the overall free energies of activation, we 
estimate the extents of rate enhancement offered by Tyr14 
and Asp99. We also examine the variation of geometrical 
features along intrinsic reaction coordinate (IRC), and com
pare them with those of the corresponding nonenzymatic 
reaction to gain some insight into the catalytic strategy of 
KSI.

There has been a controversy on the mode of catalytic 
actions of the enzymes that catalyze reactions of carbon 
acids. It was proposed that the extraordinary efficiency of 
enzymatic reactions could be attributed to the stabilization of 
the transition state for proton abstraction by the electrophilic 
catalysis, which overcomes the kinetic problem of the non- 
enzymatic reaction with an inherently low rate.16 On the 
other hand, there is also an argument that a thermodynamic 
difficulty in forming an enolate intermediate is the funda
mental problem that should be surmounted by enzymes.17 
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By comparing the free energy profiles for the enzymatic and 
nonenzymatic reaction models under consideration, we will 
address the issue of which kind(s) of problems can be 
resolved by catalytic acid residues of KSI.

Computational Methods

All geometries corresponding to minima and transition 
states on the two model enzymatic reaction pathways are 
fully optimized at RHF/ 6-31G**  level of theory with the 
latest version of GAMESS code.18 These geometry optimi
zations are performed with the aid of analytically determined 
gradients and search algorithms of quasi-Newton-Raphson 
procedure.19 The nature of each SCF stationary point is 
determined by the number of imaginary frequencies that are 
evaluated by diagonalizing the analytical hessian. Each 
transition state structure possesses a single negative eigen
value of the hessian matrix, and the corresponding imagi
nary vibrational frequency is related to the time scale of the 
motion that carries the reaction system over the energy 
barrier. The intrinsic reaction coordinate (IRC) connecting a 
transition state to the neighboring stable structures is deter
mined by using the Gonzalez-Schlegel second-order (GS2) 
method20 at the same level of theory used in the preceding 
geometry optimizations.

In order to achieve better prediction of the energetics, 
post-HF level calculations including the effect of electron 
correlation are performed at the optimized geometries. These 
single point calculations are carried out with the 6-31+G**  
basis set using the Moller-Plesset second-order perturbation 
theory (MP2).21 The electronic energies computed in this 
way are then used to calculate the relative free energies in 
the gas phase (A *0) that are given by

AGJ = AEmc + a +- TAS. (1)

AG： = AGJ + AAGsolYation. (2)

Results and Discussion

Nonenzymatic reaction. We first consider the formate- 
assisted isomerization of 3-butenal in aqueous solution under 
the general acid catalysis by a solvent water molecule. This 
is the simplest relevant model for the acetate-catalyzed 
isomerization of 1 in aqueous solution that has been used as 
a reference reaction for discussing the enzymatic activity of 
KSI.12 A comparative study of the model nonenzymatic 
reaction (Scheme 2) and the corresponding enzymatic 
reaction (Scheme 3) will help us to understand the electronic 
and geometrical requirements for the exceptional catalytic 
activity of KSI.

Figure 1 illustrates the variation of free energy along the 
nonenzymatic reaction path as computed by Eq. (2). The 
energies of the stationary-state structures are measured with 
respect to the reactant complex (UR).

As indicated in Scheme 2, the first step involves the proton 
transfer from the a-carbon of 3-butenal to formate, leading 
to the formation of a dienolate reaction intermediate (UINT) 
with a free energy of 11.9 kcal/mol above the reactant 
complex (UR). A kinetic barrier of 13.1 kcal/mol should be 
overcome in this step. Then, the reketonization reaction from 
the unstable dienolate intermediate gives a product complex 
(UP) that is 4.6 kcal/mol lower in free energy than UR. The 
kinetic barrier in this step is predicted to be about 5.3 kcal/ 
mol. The second transition state (UTS2) has higher free 
energy than the first transition state (UTS1) by 4.2 kcal/mol. 
This energetic feature is in good agreement with that observ
ed for acetate-catalyzed isomerization of 1 in aqueous 
solution.12b Since the rate constant for the backward trans
formation from UINT to UR is more than 103 times larger 

Here, AH denotes the enthalpy change due to thermal 
motions of the nuclei including the zero-point vibrational 
energies, and AS is the entropy change. While the electronic 
energies (Eeiec) are evaluated at the MP2/6-31+G**  level, the 
vibrational frequencies used to estimate AH' and AS are 
obtained at the theoretical level adopted in geometry optimi
zations.

In obtaining the free energy profile for the model non- 
enzymatic reaction, solvation effects need to be included, 
since the reference reaction for evaluating the catalytic capa
bility of KSI has been a base-catalyzed isomerization of 1 in 
aqueous solution.12 Therefore, we perform a PCM self-con
sistent reaction field (SCRF) calculation for the stationary- 
state structures on the reaction path to compute their sol
vation free energies (A Gsolvation). These single point calcu

Free Energy (kcal/mol)

Reaction Coordinate

Figure 1. Free energy profile diagram along the intrinsic reaction 
coordinate of the model nonenzymatic reaction, formate-assisted 
isomerization of 3-butenal. For each stationary-state structure, the 
什ee energy measured 什om reactant complex (UR) is indicated in 
units of kcal/mol. UTS1, UINT, UTS2, and UP designate the first 
transition state, reaction intermediate, second transition state, and 
product complex, respectively.

lations are performed at the RHF/6-31G**  level with dielec
tric constant 78.15. The results are then used to estimate 
relative free energies (AG：) of reactant-state, intermediate, 
transition states, and product-state structures of the
uncatalyzed reaction in solution according to the following 
equation:
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than that for the forward transformation into UP, the overall 
rate constant for the conversion of UR to UP can be approxi
mated as the product of the equilibrium constant for the first 
step and the rate constant for the second step. Thus, the 
overall free energy of activation is given by the energy 
difference between UTS2 and UR, that is 17.2 kcal/mol.

The large energy difference (11.9 kcal/mol) between UINT 
and UR is consistent with previous experimental findings17 
indicating that the difficulty in forming the dienolate inter
mediate poses a thermodynamic problem that should be 
overcome by the catalytic action of KSI. For enzymes like 
mandelate reacemase that catalyze the enolization reaction 
of carbon acids, it is known that the reduction of the potential 
barrier is achieved by utilizing some strong interaction rather 
than by the general acid-base catalysis.11b In the case of KSI, 
however, it is likely that hydrogen-bond stabilization of the 
transition state and dienolate intermediate could be a signifi
cant catalytic factor because the thermodynamic difficulty of 
forming the enolate intermediate was found to be less severe 
for substrates like aldehydes, ketones, and thiolesters than 
for carboxylic acid and ester substrates.22

We now detail the variation of geometrical properties of 
the reaction system along the IRC. The stationary-state 
structures located along the reaction path are shown in 
Figure 2, together with some selected interatomic distances.

In the reactant-state structure (UR) a negatively charged 
oxygen (Ob) of formate is directed to the hydrogen (Hs) 
attached to the a-carbon (C2), forming a weak hydrogen 
bond with associated Ob---Hs distance of 2.370 A. From this 
complex the first reaction step is initiated by the transfer of 
Hs from C2 to Ob. When the C2---Hs distance is elongated 
from 1.084 A to 1.422 A, the reaction system reaches the 

first transition state (UTS1) which is late in terms of Ob-Hs 
bond formation. The Ob-Hs distance is shortened by 1.157 A 
in going from UR to UTS1, which corresponds to 83% 
advancement toward the formation of the reaction inter
mediate (UINT in Figure 2). In spite of this significant 
progress, C1-Os and C3-C4 bond lengths are stretched by 
only 0.014 A and 0.009 A, which correspond to 38% and 
47% progress of the first reaction step, respectively. This 
implies that the delocalization of negative charge on C2 lags 
behind the proton transfer, indicating an imbalanced nature 
of UTS1. Thus, the geometrical features are consistent with 
the experimentally predicted carbanionic character of the 
transition states of enolization reactions.2,3

A complete transfer of the Hs to Ob leads to the formation 
of the second energy minimum on the reaction path, UINT, 
which includes the dienolate intermediate. It is noted that a 
hydrogen bond between the water molecule and the Os atom 
is matured in going from UR to UINT, contributing to the 
stabilization of the dienolate intermediate. However, the 
solvent catalysis alone is insufficient to overcome the inher
ent thermodynamic barrier.

From the complex UINT, the second reaction step starts 
with the approach of formate, in its protonated form, to the 
C4 atom, leading to formation of the second transition state 
(UTS2). In this structure, Hs atom is partially transferred to 
the C4 atom with the associated C4---Hs distance of 1.459 A. 
The reaction system then transforms to the final minimum 
energy structure (UP), and the model substrate completes 
the isomerization from Qj-unsaturated to a,^-unsaturated 
carbonyl.

Enzymatic reaction. To estimate the contribution of elec
trophilic catalysis to the enzymatic rate enhancement of KSI,

Figure 2. A pictorial description of the reaction pathway for the model nonenzymatic reaction. Some selected interatomic distances are 
given in A.
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Figure 3. Free energy profile diagram along the intrinsic reaction 
coordinate of the model enzymatic reaction, formate-assisted 
isomerization of 3-butenal with the electrophilic catalysis by 
phenol and formic acid. For each stationary-state structure, the free 
energy measured fiom reactant complex (ER) is indicated in units 
of kcal/mol. ETS1, EINT, ETS2, and EP designate the first 
transition state, reaction intermediate, second transition state, and 
product complex, respectively.

we have carried out calculations on the formate-catalyzed 
isomerization reaction of 3-butenal in the presence of phenol 
and formic acid (see Scheme 3). In this reaction model, 
formate, phenol, and formic acid correspond to Asp38, 
Tyrl4, and Asp99 of KSI, respectively. Figure 3 displays the 
variation of free energy along the reaction coordinate.

First, it is seen that the dienolate intermediate can be
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dramatically stabilized when complexed with two catalytic 
acid residues. The stabilization energy for the intermediate 
(EINT) relative to the nonenzymatic reaction amounts to 
12.0 kcal/mol, making the formation of unstable dienolate 
intermediate thermodynamically favorable. This indicates 
that owing to the hydrogen-bond stabilization of the dieno
late intermediate by two acid residues, KSI can achieve the 
reduction of the thermodynamic potential by 〜12 kcal/mol 
as required for the unexpected acidity observed in enzymatic 
enolization of a substrate carbon acid.11b

The substantial stabilization of the reaction intermediate 
renders the second activation barrier higher than the first one 
by 2.8 kcal/mol in the model enzymatic reaction, which is an 
energetic feature consistent with available experimental 
data.12b Since the rate constant for the backward transfor
mation from EINT to ER is more than 102 times larger than 
that for the forward transformation into EP, the overall rate 
constant for the conversion of ER to EP is approximately 
given by the product of the equilibrium constant for the first 
step and the rate constant for the second step. Then, the 
overall free energy of activation is the free energy difference 
between the reactant complex (ER) and the second transi
tion state (ETS2), which is predicted to be 8.6 kcal/mol. 
This value is lower than that for the nonenzymatic reaction 
by 8.6 kcal/mol, but the reduction is insufficient to explain 
the experimental finding. The KSI-catalyzed isomerization 
reaction of 1 — 3 is about 109 times faster than the reference 
uncatalyzed reaction,12 and this rate enhancement corresponds 
to the reduction of the overall free energy of activation by 
12-13 kcal/mol. Apparently, the electrophilic catalyses offered

Figure 4. A pictorial description of the reaction pathway for the formate-assisted isomerization of 3-butenal in the presence of phenol and 
formic acid, which simulates the concerted general acid-base catalysis by the three essential residues of KSI. Some selected interatomic 
distances are given in A.
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by the two acid residues make significant contributions to 
the KSI catalysis, but they are insufficient to fully explain 
the exceptional catalytic power. This suggests that additional 
catalytic factors should be involved in the KSI action. In this 
regard, there is experimental evidence that PhelOl could 
also play a significant role in the enzymatic catalysis although 
the detailed role has not been explained satisfactorily.23

We now discuss the geometrical features relevant to the 
electrophilic catalysis of KSI. Figure 4 displays the structures 
of energy minima and transition states along the IRC of the 
enzymatic reaction model.

The first minimum energy structure (ER in Figure 4) 
corresponds to the substrate complexed with the three cata
lytic residues. In this structure the hydrogen atoms (Ht and 
Ha) belonging to the phenolic and carboxylic acid groups of 
Tyrl4 and Asp99 are directed to the oxygen (Os) atom of the 
substrate, forming relatively weak hydrogen bonds at distances 
of 1.933 A and l.78l A, respectively. Owing to the presence 
of two additional catalytic residues, interestingly, the C2- 
Hs---Ob hydrogen bond becomes weaker compared to that in 
UR; the Ob---Hs distance is 2.535 A in ER, as compared to 
2.37O A in UR.

From the complex ER the reaction starts with the transfer 
of an a-proton (Hs) from the substrate to the carboxylate 
group of Asp38 and the simultaneous approach of acid 
residues, Tyrl4 and Asp99, to the Os atom. The lengthening 
of the C2-Hs bond from l.O79 A to l.379 A leads to the 
formation of the first transition state (ETS1) in which both 
Ht and Ha are partially transferred to Os. In going from ER to 
ETS1, the two hydrogen bonds between Os and catalytic 
acid residues mature into a stronger form; the associated 
O---H distances shorten from l.933 A and l.78l A in ER to 
l.859 A and l.744 A in ETS1, respectively. This geometrical 
feature satisfies the libido rule of Jencks24 since the full 
protonation of Os is likely to be unfavorable in the transition 
state.

Like UTS1, the transition state ETS1 is late in terms of the 
proton transfer from the substrate carbon acid to the carbox
ylate group of Asp38. The Ob-Hs distance contracts from 
2.535 A in ER to l.25O A in ETS1, which corresponds to 
82% advancement toward the formation of the reaction 
intermediate. This result is in agreement with the previous 
experimental finding that proton transfer from the substrate 
to Asp38 would be well advanced in the first transition state 
of a KSI-catalyzed reaction.25 On the other hand, the length
ening of Cl-Os and C3-C4 bonds make 3O% and 5O% pro
gress, respectively, toward the formation of dienolate inter
mediate, implying that the delocalization of negative charge 
on C2 lags behind the proton transfer in the ETS1. This 
structural feature may be viewed as support for the earlier 
proposal for the transition state structure in the enolization of 
1 by KSI, namely that the carbanionic character would 
prevail over the enolate one.26 Thus, it is likely that the 
transition state imbalance might also be involved in the KSI- 
catalyzed isomerization of 1. As can be inferred from the 7.2 
kcal/mol decrease in the activation barrier for the first step, 
however, the barrier enhancing effect of delayed charge 

delocalization can be negated significantly by the electro
philic catalyses of the two acid residues.

A complete transfer of the a-proton from the model 
substrate to the formate ion carries the reacting system to the 
second energy minimum (EINT in Figure 4), which corre
sponds to the dienolate intermediate bound to the active site 
residues of KSI. We note that protons of acid residues are 
not fully transferred to the substrate oxygen in EINT. This is 
in accordance with the earlier proposal of Gerlt and Gass- 
man. Based on the Marcus theory, they argued that partial 
proton transfer from the acid catalysts to the substrate 
carbonyl group would be sufficient to explain the enzymatic 
stabilization of the reaction intermediate.l3 Thus, the reac
tion intermediate in the KSI-catalyzed reaction has the 
enolate character rather than the enolic one, as also proposed 
experimentally by Wu and coworkers.7

It is noteworthy that Ht---Os and Ha---Os hydrogen bonds 
mature into a much stronger form in going from ER to EINT. 
Moreover, the magnitude of the strengthening exceeds that 
of the Hw---Os hydrogen bond in the nonenzymatic case (cf. 
Figures 2 and 4), which is responsible for the predicted l2.O 
kcal/mol stabilization of dienolate intermediate in the enzy
matic reaction. Indeed, it is well appreciated that the streng
thening of the hydrogen bond in enzymatic reactions should 
be greater than that in the reference uncatalyzed reaction. 
The energetic and structural features found in this study 
show that such a catalytic factor is enough to account for the 
experimentally observed enzymatic stabilization of dienolate 
intermediate. However, the predicted 7.2 kcal/mol reduction 
of the first activation barrier is unable to explain the experi
mental data, according to which the two transition states 
should be stabilized at least by ll kcal/mol in the enzymatic 
reaction.l2 This disagreement also suggests the possible 
involvement of additional catalytic sources in the operation 
of KSI.

The second reaction step proceeds in a similar way as in 
the nonenzymatic reaction except that two acid residues 
stabilize both the second transition state (ETS2) and the pro
duct complex (EP) through hydrogen bonds. The mechanistic 
features of the reketonization step in the real enzymatic 
reaction are well reflected in the model reaction. Asp38, in 
its protonated form, delivers the proton Hs to the C4 atom, 
and the interactions between Os and acid residues are weak
ened in going from EINT to ETS2. Passing through the 
second transition state, the reaction system falls into the final 
minimum energy structure (EP), which corresponds to the 
reaction product complexed with the catalytic residues. In 
this structure, the hydrogen bonds between Os and acid 
residues become weaker again as compared to those in 
ETS2.

Finally, we estimate the relative importance of energetic 
and entropic contributions to the exceptional catalytic power 
of KSI. Table l lists the changes in electronic energy (AEelec), 
thermal energy including the zero-point vibrational energy 
(AHZ), and entropic term (-ZAS) along the IRC of the model 
enzymatic and nonenzymatic reactions.

It is noted that a high value of AGsolvatton for UTS2 relative
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Table 1. Relative contributions of various energetic factor to the 
changes in fte energy along the two reaction paths under 
consideration. Relative 什ee energies (A*0) for structures involved 
in enzymatic and nonenzymatic reaction paths are calculated by 
using Eq. (1) and Eq. (2), respectively. All energies are given in 
kcal/mol

Energy minima and 
transition states AEelec AH' -TAS AA*solvation A*0

Nonenzymatic reaction
ER 0 0 0 0

ETS1 8.1 -4.0 1.8 5.9
EINT -0.4 -0.6 0.9 -0.1
ETS2 12.0 -4.2 0.8 8.6

EP 2.1 -0.2 -1.6 0.3
Nonenzymatic reaction

UR 0 0 0 0 0
UTS1 12.7 -4.0 1.8 2.6 13.1
UINT 9.7 -0.4 0.9 1.7 11.9
UTS2 12.1 -4.0 2.9 6.2 17.2

UP -3.2 0.0 1.0 -2.4 -4.6

to UR is the most significant contributor to the predicted 8.6 
kcal/mol difference in the free energies of activation bet
ween enzymatic and nonenzymatic reactions. This finding 
clearly indicates that the inclusion of solvation effects should 
be indispensable for discussing the enzymatic rate accele
ration in comparison to the reference uncatalyzed reaction. 
Interestingly, the potential energy difference between ER 
and ETS2 is almost equal to that between UR and UTS2, 
implying that the electrophilic catalyses have little effect on 
lowering the enthalpy of activation for the nonenzymatic 
reaction. On the other hand, the overall free energy of acti
vation can be lowered by 2.1 kcal/mol due to the entropic 
contribution. This is consistent with the fact that the catalytic 
residues of KSI can play a role in reducing the entropic 
penalty for forming the rate-limiting transition state. A 
similar mechanistic feature has been observed also in the 
catalytic action of serine proteases28 and aspartic proteinases.29

Conclusions

We have estimated the catalytic contribution from two 
essential active site residues of KSI, Tyr14 and Asp99, by 
comparing the energetic and structural features of a model 
enzymatic reaction with those of a corresponding nonenzy- 
matic reaction. Owing to the electrophilic catalytic compo
nents, the free energy of activation and the thermodynamic 
potential of dienolate intermediate are lowered by 8.6 and 
12.0 kcal/mol, respectively, in the enzymatic reaction model 
under consideration. Comparison of these energy values 
with available experimental data shows that the electrophilic 
catalyses cannot explain the exceptional rate enhancement 
of KSI completely, although they can account for the enzy
matic stabilization of the dienolate intermediate. Thus, the 
results of the present study suggest that, to fully resolve the 
kinetic problem inherent in the reference uncatalyzed reac
tion, additional catalytic sources may have to be invoked. 

The stabilization of the dienolate intermediate is achieved to 
such an extent that the formation of the intermediate becomes 
thermodynamically favorable and the reaction rate is con
trolled by the second step. Considering that the dominant 
factor destabilizing the rate-limiting transition state is the 
solvation effect in the reference uncatalyzed reaction, the 
catalytic activity of KSI is attained by providing a nonaque
ous reaction environment as well as efficient catalytic 
residues. Along the intrinsic reaction coordinate the catalytic 
residues are positioned such that the entropic penalty for 
forming the rate-limiting transition state can be minimized. 
Further study is needed to understand the full details of the 
catalytic strategy of this proficient enzyme.
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