
BIOORGANIC

CHEMISTRY
Bioorganic Chemistry 32 (2004) 341–353

www.elsevier.com/locate/bioorg
Mini-review

Enzymatic mechanisms for catalysis
of enolization: ketosteroid isomerase

Ralph M. Pollack*

Department of Chemistry and Biochemistry, University of Maryland, Baltimore County,

Baltimore, MD 21250, USA

Received 3 June 2004

Available online 29 July 2004
Abstract

Breaking a carbon–hydrogen bond adjacent to a carbonyl is a slow step in a large number

of chemical reactions. However, many enzymes are capable of catalyzing this reaction with

great efficiency. One of the most proficient of these enzymes is 3-oxo-D5-steroid isomerase

(KSI), which catalyzes the isomerization of a wide variety of 3-oxo-D5-steroids to their D4-con-

jugated isomers. In this review, the mechanism of KSI is discussed, with particular emphasis

on energetic considerations. Both experimental and theoretical approaches are considered to

explain the mechanistic details of the reaction.

� 2004 Elsevier Inc. All rights reserved.
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1. General mechanistic considerations

Breaking a carbon–hydrogen bond adjacent to a carbonyl is a crucial step in

many chemical reactions. This reaction, unlike the cleavage of bonds between hydro-

gen and heteroatoms, typically has a large activation barrier [1–5]. Difficulties in
breaking these C–H bonds are due primarily to the instability of the anion and to

the rehybridization necessary during the reaction [1–5]. However, a large number

of enzymes, such as mandelate racemase [6,7], triosphosphate isomerase [8,9], citrate

synthase [10,11], and 4-oxalocrotonate tautomerase [12,13], are capable of catalyzing
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this reaction with great efficiency. One of the most proficient, of these enzymes is 3-

oxo-D5-steroid isomerase, also known as ketosteroid isomerase (KSI) [14]. KSI cat-

alyzes the isomerization of a wide variety of 3-oxo-D5-steroids to their D4-conjugated
isomers (Scheme 1). In mammals, KSI is membrane bound [15], while in bacteria the

enzyme is cytosolic [14]. The vast majority of mechanistic studies has been done with

the soluble enzymes from Commamonas testosteroni (TI), previously referred to as

Pseudomonas testosteroni, and from Pseudomonas putida (PI). The enzymes from

these two sources are homologous (34% [16]), and structural studies have shown that

the placement of the catalytic groups in the active sites is virtually identical [17]. Al-

though there are some kinetic differences between them, it is useful to consider the

evidence from both enzymes together. In this review, the numbering of the residues
in the sequence from the TI enzyme will be used.

KSI is one of the most efficient enzymes known, with kcat=Km approaching the dif-

fusion controlled limit [18] and a catalytic proficiency of greater than 1015 [19] for the

isomerization of 5-androstene-3,17-dione (1) (Scheme 1). The Y14F and D38N mu-

tants have substantially lower activity (kcat) by 104:7-fold and 105:6-fold, respectively,

implicating these groups in the catalytic mechanism [20]. A mechanism involving

Asp-38 acting to transfer a proton, with proton donation by Tyr-14, was proposed

(Scheme 2) [20]. To account for the large catalytic activity of KSI, it was later pro-
posed that a short, strong (low barrier) hydrogen bond is formed between Tyr-14

and the O-3 of the steroid to facilitate proton transfer [21].
2. Structural studies

A crystal form of KSI capable of refracting to 2.7�A was reported in 1984 [22], and

a 6�A structure was described in 1984 [23], but no complete atomic structure of KSI
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appeared until 1997, when an NMR structure was reported [24]. This structure

showed that the active site is a deep hydrophobic pit with Asp-38 and Tyr-14 located

at the bottom of this pit. Computational docking of a substrate molecule (1) into the

active site, with the carbonyl oxygen within hydrogen bonding distance of Tyr-14-

OH, gave a structure in which one of the carboxyl oxygens of Asp-38 is located
2.8�A above the 4b proton, in excellent position to abstract this proton. Subsequent

rotation about the Cb-COOH bond places this carboxyl proton directly above the C-

6 carbon, enabling proton transfer to the b face of C-6 of the dienolate intermediate.

The structure is thus entirely consistent with the previously proposed mechanistic

roles of Asp-38 and Tyr-14.

The active site pit is lined with hydrophobic residues, but there is an additional

ionic residue, Asp-99, located adjacent to Tyr-14 and within hydrogen bonding dis-

tance of O-3. Mutagenesis of this residue to alanine (D99A) or asparagine (D99N)
results in a loss in activity (kcat) at pH 7 of 3000-fold and 27-fold, respectively

[24,25], implicating Asp-99 as important for enzymatic activity. A determination

of the pKa of Asp-99 gave a value of greater than 9 [25], high enough that it is still

protonated at the maximum activity of KSI (pH 7–9) [26,27]. On the basis of these

results, Wu et al. [24] proposed a modification of Scheme 2 that involves both Tyr-14

and Asp-99 forming hydrogen bonds directly to O-3 of the steroid (Scheme 3). This

mechanism was challenged by Zhao et al. [28], who postulated a hydrogen bonding

network with Asp-99 hydrogen bonding to Tyr-14, which in turn forms a hydrogen
bond to O-3 (Scheme 4).

Although it is difficult to distinguish between the mechanisms of Schemes 3 and 4,

there are several lines of evidence that strongly support Scheme 3 [25,29]. The first is

the additivity of mutations at Tyr-14 and Asp-99 on the kinetic parameters of KSI.

Kinetic experiments have shown that the rate-retarding effects of the D99A and
Scheme 3.

Scheme 4.
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Y14F mutations are additive in the D99A/Y14F mutant on the rates of both the first

and second steps in the chemical mechanism of the enzyme from C. testosteroni [29].

Similarly, the effects of analogous double mutations of residues in the P. putida en-

zyme are consistent with direct hydrogen bonding of Asp-99 and Tyr-14 to O-3 of

the steroid [30]. The additivity of these effects is strong evidence for independent
functioning of these two residues, as in Scheme 3 [31]. Second, a 2.3�AX-ray structure

of the KSI–equilenin complex [32] confirms the hydrogen bonding network of

Scheme 3. Finally, molecular dynamics simulations of KSI for both the PI [33]

and the TI enzymes [34], as well as empirical valence bond simulations [35], have

led to the conclusion that Scheme 3 represents the most likely arrangement of the

hydrogen bonding groups at the active site.
3. Energetics of KSI catalysis

In order to evaluate the energetics, we compared the KSI reaction with a model

isomerization reaction catalyzed by acetate ion, which proceeds through the same

general mechanism. Thus, in both cases, a C-4 proton is abstracted to give the inter-

mediate dienolate ion (2�), which is then protonated on C-6 to give product. Acetate

ion is used as a model due to the carboxylate functional group, which has a similar

pKa to the active site Asp-38 in the free enzyme (pKa 4.57 [27]) that transfers the pro-
ton. Because an understanding of an enzymatic mechanism involves more than sim-

ply ‘‘arrow pushing,’’ detailed free energy profiles were constructed for both the

nonenzymatic [36] and enzymatic reactions [37,38]. Comparison of these two free en-

ergy profiles (Fig. 1) gives insight into the catalytic strategy of KSI. The first appar-

ent difference in the two free energy profiles is the relative stabilities of the bound
Fig. 1. The free energy profiles for the catalysis of the isomerization of 1 to 3 catalyzed by acetate and by

KSI. The acetate profile assumes formation of an encounter complex with a dissociation constant of

10�1 M. Relative energies of bound and unbound species depend on concentration, and are not specified.
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substrate and the bound intermediate in the enzymatic reaction, with E2 and E1 al-

most isoenergetic (Kint � 1). In contrast, the equilibrium constant in solution (Kext) is

approximately 10�8. Thus, a major function of the enzyme is to stabilize the interme-

diate by ca. 11 kcal/mol.

Catalysis by KSI is also enhanced by an increase in the partitioning of the inter-
mediate to product, relative to the acetate-catalyzed reaction. With acetate, the par-

titioning of the intermediate in solution is about 50:1 favoring reactant over product,

whereas at the enzyme active site, partitioning is approximately 3:1. Thus, a larger

fraction of the intermediate is converted to product in the enzymatic reaction than

in the acetate-catalyzed reaction. Although the free energy profile shows that the sec-

ond chemical step (ketonization) contributes significantly to the rate-limiting step of

the reaction, Xue et al. [39] reported that there is no appreciable secondary kinetic

isotope (kH=kD ¼ 1:00 � 0:01) for the replacement of the C-6 hydrogen by deute-
rium. On this basis, they questioned the experimental results on which the free en-

ergy profile was constructed. However, in unpublished experiments, we [40] have

reexamined this isotope effect, and we find that there is, in fact, a significant second-

ary isotope effect for replacement of H by D at this position (kH=kD ¼ 1:03� 0:01 in

3% methanol and 1.05± 0.02 in 20% methanol), consistent with a significant contri-

bution of ketonization to the rate-limiting step.

The free energy profile of KSI was analyzed in the context of the general theory of

Albery and Knowles [41,42], which relates the energetics of individual steps of enzy-
matic reactions to the catalytic ability of the enzyme. As predicted by this theory for

a highly evolved reversible enzyme [41,42], the bound intermediate has the same free

energy as the bound substrate. The free energy profile exhibits four kinetically signif-

icant barriers for conversion of substrate to product (substrate binding, enolization,

ketonization, and product dissociation). Thus, no single step is completely rate-de-

termining for KSI. The catalytic ability of KSI was also analyzed in terms of Marcus

theory [38]. Marcus theory [43] divides the free energy of activation (DGz) into two

parts: (1) the free energy of the reaction (DG0) and (2) the intrinsic free energy of ac-
tivation (DGz

int), which is the free energy of activation for a reaction in which the re-

actants and products are of equal stability. For the first chemical step (enolization),

DG0 ¼ 0:7 and DGz
int is ca. 10 kcal/mol. A comparison of these values to those esti-

mated for the acetate reaction (DG0 ¼ 11 and DGz
int ¼ ca. 13 kcal/mol) reveals that

the majority of the catalytic ability of KSI resides in its ability to stabilize the inter-

mediate ðDDG0 ¼ 10 kcal/mol, DDGz
int ¼ 3 kcal/mol). Thus, approximately 75% of

the catalytic ability of the TI enzyme can be accounted for by stabilization of the in-

termediate, with the other 25% due to a decrease in the intrinsic barrier.
4. Nature of the intermediate

The first step of the mechanism for isomerization of 1 involves deprotonation of

the C-4b hydrogen of the substrate by Asp-38. Although Scheme 3 depicts the func-

tion of Tyr-14 and Asp-99 as hydrogen bonding, it has been suggested [39] that pro-

ton transfer to O-3 of the steroid may be part of the reaction coordinate. Thus, this
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reaction may lead to either the dienolate ion (2�) or the dienol (2). Early work [44] on

spectral shifts of the intermediate analogs 17b-estradiol and 17b-dihydroequilenin
when bound to KSI was interpreted in terms of the bound anion. Based upon the

response of the fluorescence emission spectra to variation in pH, Zeng et al. [45] con-

cluded that the pKa of equilenin is perturbed from its normal pKa of 9 in aqueous
solution to �3.5 at the active site of KSI. Subsequently, Xue et al. [46] found that

mixing 1 with the D38N mutant produces a species with spectral characteristics cor-

responding to the dienolate ion, with some contribution by the dienol. Similar results

were obtained when the dienol itself was added to D38N [38]. In these experiments,

D38N is used as a model for the COOH of Asp-38, which is present in the interme-

diate complex.

Petrounia et al. [47,48] investigated the ionization state of the intermediate at the

active site through the use of phenol and naphthol analogs. The binding constants of
substituted phenols with D38N are correlated with a modified Brønsted equation

that includes a hydrophobicity parameter. The high value of the Brønsted b (0.85)

indicates that the negative charge in the phenol–D38N complex, and by implication

on 2� in the KSI intermediate, is localized on the phenol ligand [47]. Similar studies

on the binding of substituted naphthols to D38E gave a Brønsted b of 0.87, again

leading to the conclusion that the dienolate is the preferred species [48]. In contrast,

binding of these same substituted naphthols to the D38E/Y14F or D38E/D99A mu-

tants showed a Brønsted b of only 0.28 and 0.25, respectively, indicating that the
charge in these complexes does not reside on the naphthol, but rather on either

Asp-99 or Tyr-14.

As discussed above, the bound intermediate has the same free energy as the bound

substrate at the enzyme active site, which greatly facilitates catalysis by KSI. The re-

action of E1 ! E2 is an acid–base reaction, involving the transfer of a proton from

1, with a pKa of 12.7 [36], to Asp-38 (pKa 4.57 [27]). The most obvious source of the

stabilization of E2 is the hydrogen bonding of Tyr-14 and Asp-38 to O-3 of 2�. Since

the equilibrium constant at the active site is ca. 11 kcal/mol more favorable than in
aqueous solution, stabilization by hydrogen bonding would require strong hydrogen

bonds if that were the only contribution to the stability of E2. Consistent with this

theory, low barrier (short, strong) hydrogen bonds (LBHB) have been postulated to

be involved in this stabilization [21,49,50], although the importance of LBHBs in

KSI [29] and in enzyme mechanisms in general has been questioned [51,52].

In an effort to ascertain the nature of the stabilization of the bound intermediate

relative to bound substrate, Houck and Pollack [53] determined the enthalpy and en-

tropy changes, DH and TDS, for this equilibrium for the D38E mutant of KSI.1 The
temperature dependence of Kint shows that both DH and TDS contribute to this equi-

librium, with enthalpic considerations favoring E2 by )6.3 kcal/mol, and entropy fa-

voring E1 by the same amount. The more favorable enthalpy of E2 than E1 can be

rationalized by stabilization of the negative dienolate through the formation of hy-
1 D38E has a similar free energy profile to wild type KSI, although in the case of D38E diffusion

barriers are unimportant, making D38E an excellent choice for the determination of activation

parameters.



R.M. Pollack / Bioorganic Chemistry 32 (2004) 341–353 347
drogen bonds between O-3 of 2� and both Asp-99 and Tyr-14. These hydrogen

bonds are expected to be stronger to the oxyanion of 2� than to the neutral carbonyl

oxygen of 1. Differences in entropy between E1 and E2 provide support for the mo-

lecular dynamics simulations of Mazumder et al. [34] with wild type KSI, which sug-

gest a more restricted (or ‘‘closed’’) complex for E2 relative to E1. They suggested
that this restricted motion in the E2 complex may function to shield the active site

from solvent water molecules, and thus help stabilize the protonated form of Asp-

38. According to their calculations, the active site is accessible to solvent water in

the E1 complex, but not in E2. A restricted active site of E2 is consistent with the

greater entropy of E1 [54,55].

In contrast to the equilibrium constant of unity at the active site of D38E, in so-

lution the free energy of the intermediate (2� +AcOH) is significantly greater than

that of reactants (1+AcO�) (DG� ¼ 11 kcal/mol) [36]. The decreased stability of
the intermediate is due to both an unfavorable enthalpy (DH� ¼ þ7 kcal/mol) and

an unfavorable entropy (TDS� ¼ �4 kcal/mol) [56]. Thus, the more favorable equi-

librium at the active site is due almost entirely to more favorable enthalpic effects

in the enzymatic case (DDH � ¼ ca:�13 kcal/mol), with entropy differences playing

only a minor role (TDDS� ¼ �2:3 kcal/mol). These results are consistent with the ma-

jor driving force for stabilization of the bound intermediate being hydrogen bonds

from Asp-99 and Tyr-14 to O-3 of 2� in the hydrophobic active site of KSI

[29,32,57].
5. Structure and stabilization of the chemical transition state(s)

Although the majority of the catalytic power for the first step of the KSI reaction

comes from stabilization of the intermediate through a lowering of DG0 by ca.

10 kcal/mol, there is also a significant effect on the intrinsic activation barrier

(DDGz
int ¼ 3 kcal/mol) compared to the acetate-catalyzed reaction. This DGz

int effect
can be interpreted as a specific interaction with the transition state that does not exist

in either the bound substrate or the bound intermediate.

How then does KSI stabilize the transition state with an interaction specific to it?

Warshel [58,59] and others [35,60] have noted the importance of a preorganized ac-

tive site that is complementary to the transition state in enzyme catalysis. Using em-

pirical valence bond simulations of the PI enzyme, Feierberg and �Aqvist [35]

concluded that 60% of the catalytic activity is due to stabilization by hydrogen bond-

ing, and 40% is due to a reduction in the reorganization energy. This preorganized
active site avoids the energy needed to reorient solvent dipoles, which is required

in the corresponding solution reaction. Thus, the active site hydrogen bonds are al-

ready oriented towards O-3 in the enzyme–substrate complex, and the kinetic barrier

associated with solvent reorganization is reduced or eliminated. This type of solvent

reorganization has been postulated to be an important determinant of the sluggish-

ness of enolization reactions in aqueous solution [2–4]. In these reactions, solvation

of the anionic oxygen is thought to ‘‘lag’’ behind proton transfer, resulting in less

than optimal solvation of the transition state.
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Analysis of the temperature dependence of the rate constants for the D38E mu-

tant of KSI shows that proton abstraction from C-4 of bound 1 (E1) by Glu-38

of D38E is characterized by both an unfavorable entropy term (TDSz ¼ �6:3 kcal/
mol) and an unfavorable enthalpy term (DH z ¼ þ7:6 kcal/mol) [53]. Surprisingly,

the change in entropy on going from E1 to the transition state for proton abstraction
(TS1) is identical to that on going from E1 to E2. One might expect that the partial

bond formation between Glu-38 and the hydrogen being transferred at the transition

state would restrict rotation of the carboxylate functional group of Glu-38, resulting

in a greater entropic penalty at the transition state than at the intermediate, where

that functional group is free to rotate.

It is of interest to compare the activation parameters for both the enzymatic

(kcat=Km) and the acetate-catalyzed deprotonation of 1. Proton abstraction by acetate

ion from 1 has an enthalpy of activation of 16.4 kcal/mol, similar to that observed for
other proton abstractions from carbon atoms a to a carbonyl in solution [56]. At the

active site of D38E, DH z is reduced by ca. 13 kcal/mol, presumably due to strength-

ening of the hydrogen bonds with Asp-99 and Tyr-14 as O-3 becomes progressively

more charged [61]. In addition, the active site of KSI provides a hydrophobic envi-

ronment, in which hydrogen bonds are expected to be stronger than in an aqueous

environment [62]. Entropies of activation for the two second-order reactions, how-

ever, are similar (TDSz ¼ ca )5 kcal/mol). A comparison of these entropies of activa-

tion is difficult since several factors are at work, such as loss of translational entropy,
restriction of the enzyme, loss of rotational entropy of the COO� and restriction of

solvent in the acetate reaction.

As a probe for whether preorganization of the active site hydrogen bonds is im-

portant for KSI catalysis, we determined activation parameters for the D38E/Y14F

and D38E/D99A mutants to compare to those for D38E itself [63]. The mutants

D38E/Y14F and D38E/D99A show reduced catalytic activity by ca 104:4-fold and

103:4-fold, respectively [48]. The most straightforward explanation for the reduced

rates is that in each mutant a hydrogen bonding group at the active site is being elim-
inated, which should be exhibited as an increase in DH z. However, a comparison of

the overall activation parameters for the D38E/Y14F and D38E/D99A mutants with

those for the D38E enzyme shows that in each case the loss of activity is due to en-

tropy changes, rather than changes in enthalpy [63]. Thus, TDSz (kcat=KM) is approx-

imately 7 kcal/mol less favorable for both of the double mutants, while DH z actually

decreases by 3.1 kcal/mol (D38E/D99A) and 1.3 kcal/mol (D38E/Y14F).

Although the activation parameters have yet to be determined for each of the mi-

croscopic rate constants of the double mutants D38E/Y14F and D38E/D99A, com-
parisons can be made of the ketonization transition states (TS2). Since the second

chemical step (reprotonation) is entirely rate limiting for the double mutants [57],

the activation parameters for kcat=KM correspond to conversion of E+ 1 to TS2

for both D38E/Y14F and D38E/D99A. The lack of a significant increase in the en-

thalpy of activation for the mutants in which a hydrogen bonding group has been

eliminated from the active site suggests that these hydrogen bonds have been re-

placed by other hydrogen bonds. The large decrease in the entropy of activation is

consistent with restricted motion of additional water molecules at the active site that
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provide these new hydrogen bonds. Possible structures consistent with this hypoth-

esis are shown in Scheme 5. In these structures, these additional water molecules are

depicted in the holes left by the missing oxygens of Asp-99 or Tyr-14.
6. Partitioning of the intermediate

The ability of KSI to catalyze the reaction of the intermediate to product rather

than to reactant is a significant feature of the reaction mechanism [18], and provides

a factor of about 20-fold of the catalytic rate enhancement over the acetate-catalyzed

reaction. One might initially suspect that this enhancement is due to positioning of

the carboxylate of Asp-38 such that it has increased access to C-6 compared to C-

4. However, changing the position of this group through mutation to glutamate
(D38E) has little effect on the partitioning [64]. In contrast, mutations at the hydro-

gen bonding site that eliminate one or both of the hydrogen bonding groups (Y14F,

D99A, and Y14F/D99A), that change the position (D99E), or that change the hy-

drogen bonding effectiveness (D99N) all modify the partitioning ratio, so that the in-

termediate reverts almost exclusively to substrate [57]. A possible rationale for these
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results is that the O-3 of the steroid is in a different position in the transition state for

protonation at C-4 than it is for protonation at C-6. If the hydrogen bonds from Tyr-

14 and Asp-99 are optimally positioned for protonation at C-6 by Asp-38, then

hydrogen bonding from these groups might be weaker at the transition state for pro-

tonation at C-4. Elimination or weakening of one or both of these hydrogen bonds
should have more effect on TS2 than on TS1. Another explanation for these results is

that the position of Asp-38 may change relative to C-4 and C-6 in the mutant pro-

teins. However, it has been found that, for the PI enzyme, the electron density in the

crystal structures of the wild type, the Y14F mutant, and the D99L mutant shows no

significant difference [65].

An alternate model to explain the increased stability of TS2 relative to TS1 comes

from the difference in enthalpies and entropies of activation for protonation of E2 at

C-4 (TS1) and at C-6 (TS2) in the D38E mutant [53]. For this mutant, the DGzs for
formation of TS1 and TS2 are the same, but TS1 is favored over TS2 by 2 kcal/mol

in DH z, whereas TS2 is favored by 2 kcal/mol in TDSz. In contrast, protonation of 2�

by acetic acid in solution favors formation of 1, which is due primarily to a more

favorable entropy of activation (TDDSz ¼ 3:5 ± 1.0 kcal/mol). Enthalpy differences

for the two processes are negligible within a relatively large error limit

(DDH z ¼ 1:2 ± 2.4 kcal/mol). Thus, it appears that the ability of D38E to change

the partitioning ratio is primarily due to a more favorable entropy of TS2 than of

TS1.
This result is surprising in view of our previous explanation for preferential enzy-

matic stabilization of TS2 by changes in hydrogen bond strengths, which would be

expected to show up as a difference in DH z [57]. A possible explanation for the en-

tropy effect may be found in a consideration of hydration differences of the active

site at the two transition states (TS1 and TS2). Mazumder et al.’s calculations indi-

cate that during the conversion of E1 to E2 water is released from the active site, and

that the reaction of E2 to E1 involves the reentry of water into the active site [34]. In

addition, Feierberg and �Aqvist [35] found that the conversion of E2 to E3 is best sim-
ulated when no water molecule is present in the active site in either E2 or E3 for KSI

from PI. Thus, for TS1 there is an entropic cost due to water reentering the active

site, but there is no such penalty at TS2. The entropy for release of a water molecule

from an active site is ca. +2–3 kcal/mol [54,55], and may account for the entropy dif-

ferences between TS1 and TS2. This explanation, however, does not account for the

effects of the hydrogen bonding mutations on the partitioning ratio.
7. How does KSI maintain the pKa of Asp-38 in the hydrophobic active site?

The catalytic base, Asp-38, is located in a deep hydrophobic pit with no polar in-

teractions [24]. Nevertheless, in the E1 complex (TI) this group exhibits a normal pKa

value (4.75), which is shifted only slightly from its value in the free enzyme (4.57)

[27]. From a catalytic perspective, it is important that binding of substrate to KSI

not shift this pKa significantly, since if the carboxyl group of Asp-38 is protonated

in the Michaelis complex, it will lose its ability to abstract a proton from 1. Since
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the active site is very hydrophobic [24], it is surprising that the pKa is not shifted sev-

eral units upward. A possible solution to this problem has been provided by molec-

ular dynamics simulations of both the TI enzyme and the PI enzyme. For TI, these

simulations predict that Asp-38 maintains either two or three hydrogen bonds with

water molecules in the E1 complex [34]. In E2 complex, however, the active site is
shielded from bulk water, which is consistent with the experimental observation that

proton transfer from C-4 to C-6 is predominantly intramolecular [66–68]. Similar re-

sults were found with the PI enzyme [35], and it was calculated that the absence of

water in the E1 complex would perturb the pKa of Asp-38 by about 5 units.
8. Conclusions

It has been almost 50 years since the first ketosteroid isomerase activity was de-

scribed by Talalay and Wang [14], and in that time quite a few mechanistic proposals

have been put forward. In the early years, before the advent of site-directed mutagen-

esis and in the absence of an atomic level structure, it was difficult to identify the func-

tional groups that are involved in catalysis. However, the detailed chemical

mechanism, including the nature of the hydrogen bonding network, now appears

to be on firm ground, although the importance, of a low barrier hydrogen bond

has not yet been satisfactorily resolved. Nevertheless, the ability to push electrons
around in a reaction mechanism is only a start to elucidating the catalytic strategy

of an enzyme. It is also important that the energetics of enzymatic reactions be deter-

mined and compared with an appropriate nonenzymatic reaction to ascertain what

catalytic principles are being utilized. With KSI, this approach has enabled us to un-

derstand quite a bit of the more subtle mechanistic details. Thus, both theoretical and

experimental approaches have yielded evidence that the existence of a preorganized

active site is important in selective stabilization of the transition states. The en-

zyme-intermediate complex is stabilized by hydrogen bonding, as expected, but also
by constriction of the enzyme to force water out of the active site, which increases the

basicity of Asp-38 relative to the enzyme–substrate complex. We also know that the

partitioning of the intermediate on the enzyme surface has been modified from that in

the model reaction, but the exact manner in which this is accomplished is still unclear.
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