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ABSTRACT. The relationship between binding of transition state analogues (TSAs) and catalysis is an open
problem. A recent study of the binding of phenolate TSAs to ketosteroid isomerase (KSI) found a small
change in the binding energy with a change in charge delocalization of the TSAs. This has been taken as
proof that electrostatic effects do not contribute in a major way to catalysis. Here we reanalyze the
relationship between the binding of the TSAs and the chemical catalysis by KSI as well as the binding
of the transition state (TS), by computer simulation approaches. Since the simulations reproduce the relevant
experimental results, they can be used to quantify the different contributions to the observed effects. It is
found that the binding of the TSA and the chemical catalysis represent different thermodynamic cycles
with very different electrostatic contributions. While the binding of the TSA involves a small electrostatic
contribution, the chemical catalysis involves a charge transfer process and a major electrostatic contribution
due to the preorganization of the active site. Furthermore, it is found that the electrostatic preorganization
contributions to the binding of the enolate intermediate of KSI and the TS are much larger than the
corresponding effect for the binding of the TSAs. This reflects the dependence of the preorganization on
the orientation of theonpolarform of the TSAs relative to the oxyanion hole. It seems to us that this
work provides an excellent example of the need for computational studies in analyzing key experimental
findings about enzyme catalysis.

The origin of enzyme catalysis is a problem of great isomerase (KSHby examining the energies of binding of
importance and significant current interest (e.g., fefs8). series of phenolate ions to this site, considering these ions
Simulations and conceptual studies have suggested thato represent good transition state analogues (TSAs). This
electrostatic effects provide the major factor in enzyme study produced an interesting and instructive correlation
catalysis 2, 9, 10) and that other factors cannot make large between the binding energies of the phenolate ions and the
contributions 2). On the other hand, some workers believe delocalization of their hydrogen bonding (as estimated from
that many effects have been exploited in the evolution of NMR shifts) to the proton donors of the oxyanion hole. An
enzyme catalysis (e.g., refsl and 12). Establishing the  attempt to use this correlation as an experimental tool in the
relative importance of different catalytic factors by direct assessment of the importance of electrostatic energies in
experimental studies is very challenging, since such anenzyme catalysis was then made. The finding of a small
analysis requires a decomposition of the observed energeticchange in binding energy for a significant change in
to different contributions, and in some cases, it is not clear delocalization was interpreted as evidence that electrostatic
how to overcome this challenge. contributions do not play a major role in KSI and presumably

Nevertheless, recent work attempted just to resolve thisin other enzymes.
challenging issue experimentally, focusing on estimating the In this work we will try to explore the actual information
electrostatic contribution to catalysis. That is, Kraut et al. content in the experimental findings and illustrate that it is
(11) explored the effect of the oxyanion hole of ketosteroid sometimes essential to use modern simulation approaches

rather than conventional physicochemical assumptions in
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Ficure 1: Schematic description of the catalytic reaction of KSI. This figure describes only the chemical parts of the system so that it can
be compared conveniently to the corresponding reference reaction in water. The reaction is described in terms of the actual states rather
than by arrows that correspond to electronic rearrangements.

experiments. It will be shown that the binding process of

the TSAs involves a very small electrostatic contribution and

a large contribution from the nonpolar interactions with the Asp 103
ligand. The chemical rate-determining step, on the other

hand, involves a transfer of charge from Asp 40 to the oxygen

of the enolate of the substrate, and this step involves a major

electrostatic catalysis due do the preorganization of the

enzyme active site. It will also be demonstrated that the

electrostatic contribution to binding of the phenolates is very Tyr 16

different from the corresponding contribution to the binding

of the enolate intermediates of the reacting system (and th

actual TS) and that this difference is associated with a major

difference in the corresponding preorganization effect. This

comparative study provides a clear illustration of the

importance of electrostatic effects in enzyme catalysis.

The catalytic reaction of KSI is described schematically Tyr 57

in Figure 1 (see ref§ and13—16 for more discussion). In

Asp 40

this work, we will consider only the first step of the reaction,
since the two steps are thought to have similar barriers in
the enzyme and similar catalytic effec®.(Now, the first
step in the chemical reaction of KSI involves a very large fgure 2: Substrate and key residues in the active site of KSI.
catalytic effect where the activation barrier for the reaction
in solution (Agfv) is ~21.9 kcal/mol [correcting this for 55
M, which is roughly the cage effect of ré&f gives aAgzage

of ~19.6 kcal/mol 9)], while the rate-determining barrier
in the enzyme is~10.3 kcal/mol {4). Thus, the rate
acceleration, AAg¥, is 11.6 kcal/mol. The origin of the
catalytic effect has been attributed to the electrostatic
stabilization of the enolate intermediate by the hydrogen
bonds of Tyr 57 and Asp 103, described in Figure 2, and

the reduction of the reorganization energy during the reaction the electrostatic contribution to binding of a phenolate is

(see ref9). correlated with the delocalization of the charge on the oxygen
Some workers (e.g., reff7) have attributed the catalytic  of the phenolate. Such an assumption is, however, quite
effect to a low-barrier hydrogen bond (LBHB) between the problematic, since (a) the change in delocalization will also
enolate and Tyr 57, but a careful EVB study by Feierberg lead to a reduced level of solvation of the phenolate in water,
and Aqvist @) demonstrated that the catalytic effect is not (b) the degree of delocalization was deduced from the NMR
due to LBHB but to the combined preorganization of the shift, but this shift reflects the charge transfer to the tyrosine,
Tyr 57 and Asp 103 dipoles. There is also experimental and (c) the binding energy might not be related to the
evidence that the enolate is stabilized by these two hydrogencatalytic effect.
bonds rather than by a delocalized bond with Tyr 16 (e.g., In our view, it is hard to explore the points mentioned
ref 18). At any rate, although the theoretical calculations of above without careful theoretical studies, and this will be
ref 9 strongly supported the electrostatic stabilization mech- done in the subsequent sections. However, we emphasize
anism for KSI (see also reff9 for experimental support), it that the idea that electrostatic effects play a major role in
is hard to establish this finding by direct experimental studies. the catalytic effect of KSI is related to the chemical step

A recent attempt to determine the magnitude of the
electrostatic contribution to the catalytic effect of KSI and
in other oxyanions was reported by Kraut et all)( These
workers evaluated the binding energies of different phenolate
TSAs to KSI and observed a very small change in the binding
energy with a change in theKp of the phenolates (due to
different substituents). The observed trend in the binding
energies was then used as a probe for the electrostatic
contribution to catalysis. This was done by assuming that
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O AG"—*Y, ° To analyze the energetics of the binding of the TSAs and
Y the TS as well as the chemical catalysis, we have to consider

both electrostatic and charge transfer contributions. At
Ay present, the most effective way of doing so is probably the
use of the empirical valence bond (EVB) methad20, 21),
and this method will be used here. We clarify that the EVB
does not involve any special focus on electrostatic contribu-
tions (although it evaluates them more reliably than most
5 . -5 other methods), and it can capture any possible catalytic
%%y ° effect as has been demonstrated in our studies of almost any
X v catalytic proposal [see discussion and references in a recent
review @)].
The use of the EVB will also be instrumental in separating
electrostatic and nonelectrostatic charge transfer contribu-
(b) tions. That is, in the EVB representation, we start with the

o agh, "‘o---- charge distribution of the isolated reacting fragments and
NS )
-5

then let these zero-order charges interact with the surrounding

N2 A environment and with each other. The mixing of the solvated

Y 0\{0 charge states by the EVB off-diagonal terms allows us to
quantify the charge transfer contributions.

A%, At The first step of our study involved the evaluation of the

binding energy of the phenolates, using the cycles of Figure
3. The electrostatic parts of these cycles were evaluated by
an adiabatic charging free energy perturbation (FEP) ap-
proach using the ENZYMIX force field2Q). The charges
for the phenolates were taken from the ab initio ESB) (
charges evaluated at the B3LYP/6-3&* level using the
GAUSSIANO3 @4) package for the given system in a
COSMO solvent model25, 26). The relevant charges are
_ — given in Table 1 of the Supporting Information. We clarify
Efg’ﬁ;aﬁ Tg‘p‘f:gggégi“;g (gﬂlfcgi;l%g rtggct?gr‘}dg]ngg{ tThheis at this point that obtaining the charges with a better quantum
figure draws attention to the fact that the cycles are not identical, s_cheme_ is extremely unlikely 1o change any of_our conclu-
although in some cases the electrostatic contributiorzts;cjg;;l can slons, since we aI_way§ compare _the solvat[on in water and
be similar toAGLS,, in the protein active site, and this comparison makes the
results relatively insensitive to the exact charges that are used.
This point has been established in many of our papers (e.g.,
refs 27 and 28).

(which is characterized b, or more precisely bks) and
notto the TS binding (which is related ka,/Kw) (1). Thus, The calculations of the reaction profile for the chemical

it is useful to recognize that the binding of a TSA does not step and charge transfer effects were performed using the

tell us directly about the electrostatic contribution to the g\/g method and involved the three following diabatic states
chemical step, unless the ground state electrostatic contribu-

tions are negligible. That is, as shown in Figure 3, the binding ¢,=A"H-D H-Z

cycle involves a transfer of a charge from water to the protein

site, while the chemical process involves the very different ¢,=A—H D H-Z (1)
transfer of a negative charge from Asp 40 to the steroid

oxygen. The effect of the protein on these two processes is ¢s=A—H D—H Z~

quite different. We also clarify that we do not question the

usefulness of assessing binding energies of TSAs, butwhere A is the proton acceptor, D is the ketosteroid, and Z
apparently this might not provide the best way of assessingis a group that forms a hydrogen bond with the enolate (e.g.,
electrostatic contributions to chemical catalysis. We also Tyr 16 in the protein and a water molecule in water) that
clarify that we will explore the binding of the TSAs and the can form, in principle, a delocalized hydrogen bond, which
TS. is also known by its common name, a low-barrier hydrogen

Table 1: Components of the Binding Energy of the Phenolate and Trifluorophenolate Lfigands

System A(Bﬁpaion AG:,HO” AG:;" AGE; AGE; AGping AGgﬁfd pKP
¢—0O~ —83 —82 —7.0 -19 -1.0 —8.9 —10.5 9.95
Fasp—O~ —73 —73 —8.3 -15 —1.0 —8.3 —10.3 7.10

aThe different contributions are defined in Figure 4 and are given in kilocalories per prilite. (K, values are for the parent compounds, viz.,
phenol and 3,4,5-trifluorophenol.
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Ficure 4: The cycle used for calculation of the binding energy of the phenolate ligands. The cycle involves charging the ligand in the
protein and water[(gﬁp_ion and Agﬁrion, respectively), the free energies of moving the nonpolar form of the ligand from water to the
protein active site AGy,"), and the charge transfer or LBHB contribution in the protein active site and wA®F,(and AGgr,
respectively). The charging step is illustrated by changing the ligand from being negatively charged to being completely nonploar (designated
by a subscript np). The specific environment (water or protein) is designated by w or p, respectively.
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bond (LBHB). The EVB free energy profiles were evaluated
by the EVB free energy perturbation (FEP) umbrella
sampling (US) mapping procedure, as described in detail
elsewhere 1, 20). The contributions to the binding free
energies for the different phenolates were evaluated according
to the cycle of Figure 4. The charging free energies,
AG, i, andAGy, ., were evaluated by using a standard
adiabatic charging (AC) FEP procedure (e.g., fedmd?29),
changing the solute residual charges from zero to their values
in the solution,Qg, in m + 1 incremental steps using

Reaction free energy

Qn = Qo (2)
Reaction coordinate (A€, ,)
and Ficure 5: EVB description of the charge transfer contribution to
the binding of the phenolates. This figure describes the diabatic
U= U(Q;)ss + Ugs () surfaces for the case when the proton is on Tyr A§;J and on

the phenolateAg,). This figure also describes the ground state
adiabatic free energyhgy. In the cases where the mixing term
between the diabatic states is larger than the reorganization energy,
one might have a delocalized hydrogen bond which will be
stabilized byAGcr relative to the electrostatic hydrogen bond.

where Uss and Ugs are the solutesolvent and solvenrt
solvent potentials, respectively. With this, we have

AAG, (o, — &, =
soiOm r_n;.)rln@x (U — U YRTD (4a) free energy AGcr, by applying the EVB approach to the
P mt1 m le system depicted in Figure 5 (see the Results and Discussion).
n+1 The FEP/AC calculations were performed with 30 frames
AG.. = S AAG. . (0. — . 4b (i.e., 30 values o, in eq 2), each of 20 ps with time steps
solv ,;1 so(%m m1) (4) of 1 fs. These calculations were then repeated 10 times with

different initial conditions, and the average value of all these
The binding free energy of the nonpolar form of the calculations was taken as the calculated free energy. Before
ligands,AGy,, was evaluated by an FEP approach, which performing the simulations described above, we relaxed and
converts all the atoms of the nonpolar ligands to dummy equilibrated the simulation system with a 100 ps run. The
atoms and shrinks the solute size at the same time to a smalEVB free energy profile (FEP/US) was evaluated in the same
size. In addition to the free energy of this process, we also way as the FEP/AC calculations. The FEP/AC and FEP/US
considered the entropic effect of moving the noninteracting simulations were performed using the MOLARIS program
substrate from the active site volume) to a molar volume package with an explicit simulation sphere of 18 A completed
(v0). The corresponding contribution is given by the relation to 21 A by Langevin dipoles surface and then extended to
AG = —RT In(vo/verr) (for more details, see the cycle of infinity by a macroscopic sphere. This system was subjected
Figure 2 in ref30). Finally, we evaluated the charge transfer to the SCAAS B81) surface constraints and the LRF long-
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range treatment3@) and described by the ENZYMIX2Q)
force field. The reliability of the electrostatic simulations

Warshel et al.

the paper, the binding and the chemical cycles are very
different and they can have very different electrostatic

carried out using such a simulation protocol and the stability contributions. To demonstrate and quantify this issue, we
of such simulations to changes in the system size have beerevaluated the free energy profile of both the reaction of KSI

established in many of our studies (e.g., r8&and 34).

and the corresponding reference solution reaction. Note in

The ESP charges of Table 1 of the Supporting Information this respect that the catalytic effect in KSI is evaluated
were used as the EVB charges. The EVB parameters usedelative to a reference reaction in solution that includes an

were the standard ENZYMIX parameters, except for the
atoms involved in bond making and bond breaking. In this

ionized aspartic acid as a general base. This approach, which
is described in re®, is based on the realization that the

case, we adjusted the van der Waals parameters and the offenergetics of the general base is very well understood in
diagonal terms to reproduce the dependence of the ab initioterms of the K, values of the donor and acceptor and was

energies and charges on the donacceptor distance (i.e.,
the results reported in Table 1 of the Supporting Information).

RESULTS AND DISCUSSION

The first step of our study involved the evaluation of the

never a part of the catalytic puzzle. At any rate, the calculated
free energy profiles are given in Figure 6.

As seen from Figure 6, the calculated vaIueA(g‘Eage—

AgL, is ~8 kcal/mol so thag, — Agp,, = 10.3 kcal/mol.
Thus, in agreement with a previous stud),(we repro-

binding energies of the two TSAs, namely, a phenolate anion §,,ced the catalytic effect/{Ag’,)" P = 10 kcal/mol, and

and a 3,4,5-trifluorophenolate ion. The calculations involve
evaluation of all the terms in the cycle of Figure 4, where
the overall binding energy is given by

AGyjng= AG'gp—»ion - A(-:"\rl:lp—»ion + AG\rqv;p +
AGR; — AGgr (5)

whereAGny—ion is the free energy of converting the nonpolar
form of the ligand to its polar (or charged) fort\Gy, ™" is
the free energy of moving the nonpolar form of the ligand
from water to the protein active site, ardscr is the free
energy of allowing the charged ligand to form a nonelec-

trostatic delocalized charge transfer bond with possible proton

donors. The specific environment (water or protein) is
designated by w or p, respectively.

The different terms were evaluated as discussed in

=

(AAgszW“P 11.6 kcal/mol] in a reasonable way. To
demonstrate the electrostatic origin of this effect, we
performed the EVB calculations while using zero residual
charges for all the reacting atoms. The results of these
calculations are summarized in Figure 7. As seen in Figure
7, the catalytic effect becomes zero when the electrostatic
contributions are removed. Therefore, the electrostatic con-
tribution to the chemical step is10 kcal/mol, and it accounts
for almost all the observed effect, thus establishing our point
about the chemical catalysis. We clarify in this regard that
our calculations are not biased toward electrostatic effects
in any shape or form, since the EVB surfaces represent all
possible catalytic effects. We did not attempt to explore
nuclear tunneling and dynamical effects in this work, since,
as demonstrated in many of our previous studies, these effects
are very similar in enzyme and in solutions, and we are not

Computational Methods, and the corresponding results are2Ware of any consistent experimental or theoretical study

summarized in Table 1. Note in this respect that the
electrostatic term was calculated by running 10 AC-FEP
calculations with different initial conditions, thus reducing

possible convergence errors. As seen from Table 1, we
reproduced the trend in the observed binding energies. In

particular, it is significant to see that we reproduced the
experimental finding of a small difference in binding energies
of two phenolates with quite differenKg values. It is also
important to point out that the electrostatic contributions to
the binding energy are very small in both the case? kcal/
mol). This has, however, very little to do with the chemical

that established the importance of such effects in enzyme
catalysis (e.g., see re85 and36). Furthermore, this study
has been set up to explore the trend in electrostatic contribu-
tions.

In the next stage, we went one step further in comparing
the binding of the TSA to the binding of the TS. That is,
although as discussed in the introductory section, the binding
of TSAs might not be directly related to chemical catalysis,
it is crucial to demonstrate that even the binding of the TS
and that of the TSA have very different electrostatic
contributions. This point can be established by comparing

catalysis. That is, it may be assumed by some that the factthe binding of the eneolate intermediate to that of the TSAs
that the binding energy and the chemical catalytic effect are and then using the fact that the electrostatic contribution to
around 10 kcal/mol means that the electrostatic contributionsbinding of the eneolate is similar to that of the TS (see
are similar (and thus small) in both cases. With this in mind, below). Thus, we used a FEP/AC approach, which trans-
one might assume that the catalytic effect involves a small formed the charges of the enolate intermediate from zero to
electrostatic contribution and thus, presumably, most of the their actual value in both the protein active site and water.
catalytic effect is due to unspecified nonelectrostatic effects The corresponding calculated electrostatic contributions to
(12). However, this view (which was not stated in ref binding of the enolate are summarized in Figure 8. As seen
but could be assumed by some readers) is very problematic,n Figure 8a, the electrostatic stabilization of the intermediate
since most of the binding energy is due, in fact, to the in the protein is larger by-10 kcal/mol than the correspond-
nonpolar terms which simply do not exist in the chemical ing solvation in water. That is, one can see that at the
step (this point will be elaborated further below). beginning of the charging process £ 0 — oo = 0.15), the
As stated above, calculations of the binding energies energy of the bound intermediate decreases reasonably fast,

established that the small electrostatic contributions to thesewhile the energy in water stays around zero. This reflects
free energies cannot account for the very large catalytic effectthe preorganization effect of the protein, since in the active
of KSI. However, as discussed in the introductory part of site the protein dipoles are already oriented toward the
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the corresponding reference reaction in water (- - -) for the case
where the residual charges of the reacting atoms are set to zero
This figure shows that the reduction of the chemical barrier is due
to electrostatic effects.

developing charge while in water they are oriented randomly
around the nonpolar form of the enolate. This effect is also
illustrated in Figure 8b for the phenolate. As is clear from

the figures, the fact that the enolate is more stable in the
protein than in water is almost entirely associated with the
preorganization effect. Interestingly, and very significantly,

the preorganization effect is smaller in the case of binding

AG (kcal/mol)

of the phenolate TSA (shown in Figure 8b), and it does not

Compensate for the |arger electrostatlc energy in the Charged:|GURE 8: (a) EnergetiCS of Charging the enolate intermediate in

state. This point is also illustrated in Table 2, where we

of the phenolate. This approach approximates the charging
free energy as

the site of KSI and in water. (b) Energetics of charging the phenolate
> i .~ ligand in the active site of KSI. The bottom part of each figure
present the results of the linear response approximationaiso illustrates the preorganization effect, showing that this effect

(LRA) (30) for both the enolate intermediate and the binding is significantly smaller in the case of the phenolates, since the ligand
is not held in a fixed orientation once it is converted to its nonpolar

form (see text).
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Table 2: LRA Analysis for the Enolate and the Phendlate

enolat¥  enolaté  phenolat¥ phenolate
Wq — Uold —209 —167 —-179 —130
Wq — Uold 24 —36 13 -16
AGira —93 —102 —83 —73
AGeep -92 —102 -75 -75

aThe different LRA contributions (eq 6) are given in kilocalories
per mole. As seen here, the preorganization téllg,— Uold, is most
negative for the enolate case. This term is not zero for the water case,
due to the arbitrary selection of the solute system.

AG Y[Wg = Ugld + Wo— U (6)

np—ion =

(a) (Water)

= " =
l O Y @ o
=7 = /\% @f

whereUq andUy are the potential energies of the nonpolar
and polar (charged) forms of the ligand, respectively, while
14 designates an average over trajectories with the indicated
charged form. The terniId, reflects the preorganization
effect, which is zero when we deal with the ligand in solution
(see ref2). As seen from the table, the preorganization
contribution is significantly larger in the case of the binding
of the real intermediate than in the binding of the phenolate.
This seems to be very significant and reflects the shape of
the substrate that prevents its rearrangement in its nonpola
form. Since it is very hard to quantify experimentally the
electrostatic component in the structures obtained upon

Random solvent Random solvent / %
Neutral ligand Charged ligand
Polarized solvent
Charged ligand
1
‘ AGy= 5 (auy + <AU>Q)
b .
®) (Protein)
AN
O —~ s
g S,
p
P o,
Preorganized site N 7
Neutral ligand
Preorganized site
Charged ligand p

Fully polarized site

AT
binding of the nonpolar form (th8Ug — Ugld term), it is |AGS°'7 7 (@0 <AU>Q)| Charged ligand

very important to have the corresponding theoretical result.

In this respect, it would be interesting to explore binding of FISURE9: Demonstrating the preorganization effect by considering
. . - . the stabilization of an ion in water by polarization effects (a), and
ligands that resemble the actual intermediate better. Itis alsoihe stabilization of an ion in a protein by the cumulative effects of

important to realize that the electrostatic contributions of the polarization and preorganization (b) (see also text).
binding of the enolate intermediate are similar to the
corresponding contributions to the binding of the TS. This
point was established in a preliminary study that considered
the charging of the actual TS. Since the polar preorganiza-
tion concept may not be entirely familiar to some readers
and is clearly not fully intuitive, we expand it by considering whereAGer is the proton transfer energy defined in Figure
Figure 9. As seen here, the overall charging process can beb, while ApK, is the difference between th&pvalues of
decomposed into two steps: (a) charging the substratethe phenolate and the proton donor (Tyr o} at the given
(solute) while keeping the solvent (environment) in the environment.Apr is the reorganization energy, defined in
orientation it had when the system was uncharged and (b)Figure 5. Interestingly, the origin of the dependence of the
allowing the solvent to rearrange when the solute is already LBHB energy on the K, is quite different from what has
charged. The first term represents the preorganization effectbeen proposed in re#l (see the discussion in red7).
which is zero in water since the solvent is randomly oriented Nevertheless, the weak dependence of the observed binding
when the solute is uncharged. energy on the pKs of the phenolates indicates that we do
Another interesting issue is the contribution of the so-called not have a large LBHB contribution.
low-barrier hydrogen bond (LBHB) to catalysis and binding.  Equally interesting is the issue of the LBHB contribution
This type of contribution is usually related to a catalytic g the catalytic effect of KSI (e.g., réf). The earlier study
proposal, where it is suggested that a delocalization effect 5t Fejerberg and Aquisgj found that the LBHB contribution
(the charge transfer term\Ger, of eq 5) is larger in the  goes not constitute a major catalytic factor. The work
protein thr_:m in solution gnq_thus cont_r|bute§ In a major way presented here found that the LBHB contributidG{.; —
to catalysis (see the definition and discussion in¥8f In AGY) to the enolate binding is around2 kcal/mol, as

general, it has been shown by careful EVB calculati@s ( . o
38) and by ab initio QM/MM calculations (.g., re9 and compared to the electrostatic contribution-©f0 kcal/mol.

40) that the LBHB effects are very small or even anticata-  The overall contributions to binding of the TSA and to
lytic. Nevertheless, it is important to examine possible LBHB the binding of the eneolate intermediate as well as the
contributions; this was done here using the EVB approach, chemical step are summarized in Figure 10. The main point
and the corresponding results are included in Tables 1 andthat emerges is that we could reproduce the observed
2. As seen from the tables, the CT contributions to binding energetics while demonstrating that the electrostatic contribu-
are small but not negligible. Interestingly, these LBHB tion to the TSA binding is not related to the corresponding
binding effects follow the relationshiB7) contribution to catalysis or the contribution to the TS binding.

AGcr = —HI/(AGpr + Zp7)

= —H2J[2.3R(APK,) + Ap-] ()
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catalytic effect. This work calculated the electrostatic
contribution to the binding of different phenolates to KSI
and examined the relationship between these small contribu-
— tions and the large electrostatic contribution to the chemical
Al catalysis of KSI. The initial part of our analysis focused on
the origin of the trend in the experimentally observed binding
m energy, and the calculation reproduced the finding that there
- is only a small change in the binding free energy despite
elect CT  nonpolar and ~TAS significant changes in the{q values of the phenolates. The
fact that the calculations reproduced the observed results
indicates that they can be used to provide a detailed analysis
—|  Contributions to binding of the enolate intermediate of the origin of these results.
10— Several important points emerged from our analysis. First,
it was found that the change in the charge localization of
the phenolates cannot be used as a reliable probe for the
magnitude of the electrostatic effect in the protein, since the
i change in delocalization also changes the solvation in water
[] and since the predicted delocalization is quite different from
clect CT nonpolar and~TAS the charge distribution evaluated by the quantum mechanical
calculations. Second, the overall electrostatic contribution
to binding is quite small and has very little relationship to
Contributions to égt—:ig:n the large electrostatic contribution to catalysis (see below).
i Furthermore, most of the contribution comes from the part
of the cycle that considers the binding of the nonpolar form
of the ligand. Finally, the delocalization as reflected by the
5 NMR chemical shifts observed in réfl is mainly related to
the charge transfer between the phenolate and Tyr 16 and
| not to the delocalization of the charge in the phenolate.
Despite these problems, we can state that careful theoretical
o o analysis that reproduced the observed binding energies agrees
FiGurRe 10: Free energy contribution to the binding of a phenolate

ligand (@), to the binding of the enolate (b), andAg, — Ag’ with the suggestion of refll that the electrostatic con-
(©). The —TAS contribution in panel ¢ reflects the %aége tributions to binding are small. However, this analysis also

(a)

Contributions to binding of a phenolate ligand
10—

Free energy (kcal/mol)

(b)

Free energy (kcal/mol)

(c)

Free energy (kcal/mol)

elect CT -TA S:t

contribution. demonstrates that the overall binding energy has little to do
with the chemical catalysis, since most of the binding energy
CONCLUDING REMARKS is due to the nonpolar contribution that plays no role in the

chemical step.

Although there is a growing body of evidence which shows  Some workers may be inclined to assume that the binding
that the main catalytic factor of an enzyme is associated with energy of the TSAs is related to the chemical catalysis, since
electrostatic effects (see r@ffor a review), it is hard to  poth energies are-10 kcal/mol. However, as illustrated in
quantify these contributions by direct experimental studies. this work, the main contribution to the TSA binding energy
An interesting attempt to examine the electrostatic proposal, is due to the nonpolar term, but this term is basically zero
advanced recentlyll), has evaluated the binding energy of in the chemical cycle. In other words, despite the problems
different phenolate TSAs to KSI and considered the trend with the analysis of Kraut et al1() mentioned above, it is
in this binding energy as a probe for the electrostatic true that the electrostatic contributions to the binding of
contribution to catalysis. It was assumed that the electrostaticphenolates to KSI are small. Unfortunately, the electrostatic
contribution to binding of the TSAs is correlated with the contributions to binding do not allow us to estimate the
delocalization of the charge on the oxygen of the phenolate electrostatic contributions to the chemical catalysis of the
and, presumably, with the catalytic effect. Although the real substrate. To illustrate this problem, we evaluated the
charge delocalization cannot be used as a quantitativecatalytic effect in the reaction of KSI. As found in the
yardstick for the electrostatic contribution to binding (see calculations and in a previous studg),(the large catalytic
below), it does provide a useful qualitative probe for the effect (~10 kcal/mol) can be reproduced in a quantitative
interaction between the ionized form of the TSA and the way and is almost entirely due to electrostatic effects. This
protein. However, as demonstrated in this work (see alsojs demonstrated, for example, in Figure 7, where we
below), this interaction energy does not tell us about the compared the calculated reaction profile with and without
preorganization effect, which is very different in the binding  solute-solvent electrostatic interactions. As seen from Figure
of the TSAs and the chemical processes and is also very7, the free energy profiles in the enzyme and solution are
different in the case of the binding of the actual high-energy very similar to each other when we turn off the sotdte
reaction intermediate (the enolate) and the phenolate TSAs.solvent electrostatic interactions. However, the barrier for

It seems to us that the best way to actually assess thethe enzyme reaction is reduced by 10 kcal/mol when the
relevance of the TSA binding experiments to the catalytic electrostatic interactions are turned on (Figure 6). The
effect is to use some form of computer modeling approach difference between the catalytic reactions to the binding
that evaluates both the binding energy of the TSAs and the process is, in fact, a very profound difference. In the actual
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reaction, we have a charge transfer from Asp 40 to the steroideven in the absence of such a direct experiment, we can use
oxygen (Figure 1) and reducing the reorganization energy a simple thermodynamic cycle and compare the transition
in this process can have a major catalytic advantage. Also,state free energ)Ag; , that corresponds t./Ky (or, more

the charge transfer process does not involve any significantprecisely, the rate of the chemical step dividedKy) to
change in the interaction between the enzyme and thethe activation free energy in watekg;, (see the discussion
uncharged form of the reacting system (it is very similar for in ref 2). With aAg* value of~3.0 kcal/mol (using & of

the reactant and product state). On the other hand, the TSA1 7 % 1'05 s and gKD of 5 ”M"See A

- . w—p
binding prpcess does involve a larges;, *. o and aAg;, of 21.9 kcal/mol, we obtain the transition state
In addition to the fact that the TSA binding and the pinding free energy of-19 kcal/mol as compared to only
chemical catalytic processes are different, there is a funda-~10 kcal/mol for the phenolates. Since, according to our
mental difference in the seemingly similar process of binding calculations, the binding energies of the enolate intermediate
of the enolate intermediate and the binding of the phenolate ang the actual transition state are similar, we can conclude
ligands. As found here, the electrostatic preorganization effectinat the binding energy of the enolate~d7—19 kcal/mol,
is much larger in the case of the enolate intermediate of thenich is quite impressive. This binding energy has been
real reacting system than the binding of the phenolates. Thisgyained by our calculations that combined a0 kcal/
situation is explained with the help of Figures 8 and 9, where o o jectrostatic and CT effect with7 kcal/mol contribu-

we illustrate the fact that a large preorganization effect tions from the nonpolar part of the cycle (see Figure 10).

requires the nonpolar form of the ligands or the intermediate i oo )
to be oriented in the correct way, where the oxygen is The fact that the factors that contribute to binding energies

pointing out toward the oxyanion hole (in addition to the €an be very different from those involved in catalysis has
requirement that the oxyanion hole be polarized toward the Several interesting implications. For example, some estimates
oxygen in the absence of charge on this oxygen). Apparently, of the ability of an enzyme to stabilize the transition state
the phenolates can easily rotate in the active site when theyhave been based on binding energiég).(However, ref2

are in their nonpolar form. On the other hand, the real argues that such estimates are not fully justified. The present
substrate is held in the correct orientation even in its polar Work provides further support to the idea that the factors
form. It is important to note in this respect that the effect involved in reducingAgy,, are frequently very different
described above is fundamentally different from the so-called from those involved in the binding process.

entropy trap 43), which is related to the entropy of aligning  The conclusions given above are also relevant to the
the reacting fragments (in this case Asp 40 and the Stero'd),concept of using TSA-type haptens to induce the formation
rather than with aligning the fragments with respect to their ¢ catalytic antibodies47, 48). As demonstrated in refo,
surroundings 44). Apparently, in our case, we may have e charge distributions of the TSAs are usually quite
additional confusion regarding the possible extension of the yifterent from those of the corresponding transition state.
entropy trap proposal to the orientation of the substrate ryi finging is consistent with our finding, in pointing out
relative to the protein groups. This entropic effect, which is the difference between the binding and catalytic processes.

approximatelyRT In 2 (<1 kcal/mol), is trivial, since we ) i
are talking about 8 kcal/mol of electrostatic effects here. This |t might be useful to comment here on the perception that

possible confusion may arise due to the fact that it is simpler the catalytic effectis due to many factors (e.g., I8 While
to understand the idea of rotation of the phenolates than thethis possibility should always be considered, it is essential
fundamental catalytic effect, which is the difference between t0 define, examine, and quantify each proposed catalytic
the rotation (reorganization) of the water molecules on the contribution, as done repeatedly in our studies (e.g.2yef
way to the transition state in the solution reaction and having Now, while ref11 does not clarify or quantify the nature of
fixed dipoles in KSI. In other words, KSI catalysis should the presumed nonelectrostatic factors that can be examined
be considered relative to the reference reaction in water andcomputationally, it concludes that electrostatic effects do not
not by comparing the binding of the phenolate and enolate. play a crucial role. In this respect, it is important to consider
In view of the findings in this work and re®, it is key experiments, such as the effects of mutation of Try 16

important to clarify that the discussion of the reorganization @nd Asp 103, and ask what other catalytic effects, except
effect in ref11 reflects some misunderstanding. That is, the electrostatic contribution, can account for the enormous effect

preorganization idea reflects fully quantitative considerations, ©f these residues. Here we can only point out that a previous
which are now well accepted in the electron transfer Study ©) found that the mutational effects are due to
community (e.g., re#45), and is not related to the number electrostatic interactions, am_j it is very hard to account for
of water molecules or to the inability of some continuum Such effects by other catalytic factors.
models to evaluate this effect. At present, it appears that only Perhaps the most interesting conclusion from this work is
microscopic computational approaches can quantify the the finding that the catalytic effect is almost entirely due to
preorganization contribution, and of course, the same modelselectrostatic preorganization effects. This trend that has been
must be validated by reproducing the actual observed bindingfound in other enzymes (e.g., see the summary in2jef
and catalysis. indicates that enzyme catalysis is associated mainly with
The finding that the preorganization effect is much larger electrostatic factors rather than with many other small effects.
for the enolate of the true substrate than for the phenolatesFurthermore, the work reported here demonstrates the crucial
presents a challenge for experimental studies, where it wouldrole of computer simulations in converting the overall
be interesting to see a dramatic increase in the binding energyobserved energetics to individual energy contributions to
of ligands that resemble the shape of the enolate. However,binding and catalysis.
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