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Abstract: The steric effect, exerted by enzymes on their reacting substrates, has been considered as a
major factor in enzyme catalysis. In particular, it has been proposed that enzymes catalyze their reactions
by pushing their reacting fragments to a catalytic configuration which is sometimes called near attack
configuration (NAC). This work uses computer simulation approaches to determine the relative importance
of the steric contribution to enzyme catalysis. The steric proposal is expressed in terms of well defined
thermodynamic cycles that compare the reaction in the enzyme to the corresponding reaction in water.
The Sn2 reaction of haloalkane dehalogenase from Xanthobacter autotrophicus GJ10, which was used in
previous studies to support the strain concept is chosen as a test case for this proposal. The empirical
valence bond (EVB) method provides the reaction potential surfaces in our studies. The reliability and
efficiency of this method make it possible to obtain stable results for the steric free energy. Two independent
strategies are used to evaluate the actual magnitude of the steric effect. The first applies restraints on the
substrate coordinates in water in a way that mimics the steric effect of the protein active site. These restraints
are then released and the free energy associated with the release process provides the desired estimate
of the steric effect. The second approach eliminates the electrostatic interactions between the substrate
and the surrounding in the enzyme and in water, and compares the corresponding reaction profiles. The
difference between the resulting profiles provides a direct estimate of the nonelectrostatic contribution to
catalysis and the corresponding steric effect. It is found that the nonelectrostatic contribution is about —0.7
kcal/mol while the full “apparent steric contribution” is about —2.2 kcal/mol. The apparent steric effect in-
cludes about —1.5 kcal/mol electrostatic contribution. The total electrostatic contribution is found to account
for almost all the observed catalytic effect (~—6.1 kcal/mol of the —6.8 calculated total catalytic effect).
Thus, it is concluded that the steric effect is not the major source of the catalytic power of haloalkane
dehalogenase. Furthermore, it is found that the largest component of the apparent steric effect is associated
with the solvent reorganization energy. This solvent-induced effect is quite different from the traditional
picture of balance between the repulsive interaction of the reactive fragments and the steric force of the
protein.

1. Introduction cent review, see ref 3) has not yet provided a consensus in the
field.

The molecular origin of enzyme catalysis is a problem of  gre e address the proposal that enzymes exert on their re-
major fundamental and practical importance. Biochemical and 5ctants some form of reactants state (RS) strain, and thus
structural studies have provided the groundwork for tackling “compress” or “mold” the reacting fragments to a configuration
this problem (e.g., ref 1). Yet, discrimination between dif- that resembles the transition state, TS, (e.g., ref)4 Un-
ferent proposals for the source of enzyme catalysis still re- fortunately, the processes that have been studied do not appear
quires quantitative structurgunction correlation studies (e,g to be directly relevant to the strain proposal. Moliner €t fair
ref 2). Furthermore, even the advance of computer simula- example, compared the QM/MM structure of the TS in the
tion approaches for studies of enzymatic reactions (for re-
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carboxylation step in ribulose-1,5-bisphosphate carboxylase/haloalkane dehalogena¥eThis study compared the ab initio
oxygenase, (rubisco), to the corresponding TS in gas phase, an@énergies of gas-phase optimized RS and TS geometries to the
found them to be similar. However, they did not explore the corresponding gas-phase energies of an estimated NAC con-
RS structure nor the effect of the protein on this state. Another figuration. However, the calculations did not use the same
study proposed, on the basis of QM/MM calculations, that computational model for the two systems, and the energy
dihydrofolate reductase (DHFR) compresses the substrate todifference is expected to decrease significantly in solution (see
configurations which are close to the TS structure. The authorsref 22 for discussion). Studies of Kollman and coworkers (e.g.
found the G---C, distance to be~3.3 A or 3.8 A in the RS, ref. 26) that seem to support the NAC proposal has been based
(depending on the method used), compared-B7 A in the on inconsistent thermodynamic analysis which will be consid-
TS. However, it is not clear that the 3.3 A distance represents ered in the discussion section (see also refs. 3 and 30).
a strained ground state structure. Other attempts to support the NAC and related proposals have

More specifically, refs. #9 and related studies have invoked been based on model compoufidd1427.280ne study forced
the proposal that the enzyme “molds” the reacting system to the reacting atoms to be at a close contact and demonstrated
the TS structure, but did not examine whether the enzyme canthat a strong compression of the critical-@ distance leads
deform the encounter complex significantly from its reactants to a drastic reduction of the activation barfferiowever, as
state configuration in solution, nor consider the energy cost of noted above, it is unlikely that enzymes can apply strong strain
such deformation. Computer modeling stuéffesd free energy  effects'0! The relationship between chain length and rate
calculation&! have indicated that enzymes are quite flexible and constant in cyclic anhydride formation was used frequently to
cannot exert the very large strain needed to push the substrateupport the idea of steric or entropic effects in enzyme
significantly toward its TS structure. catalysist2-14.27 Clearly, quantitative analysis of the behavior

A more compelling version of the strain concept is the so- of such model compounds is a very important tool for validation
called near attack conformation (NAC) hypothesis, which was of computational models. However, the relationship of nonen-
suggested by Bruice and co-workéfst’ The NAC hypothesis  zymatic reactions of model compounds to enzymatic reactions
implies that the enzyme reduces the activation barrier by is far from obvious: Thus, the catalytic effect derived from
restricting the configurational space of the substrate in the these studies is not simply related to enzyme catalysis, and it is
reactants state. This catalytic effect might reflect either enthalpic essential to examine this strain effect in the actual enzyme active
or entropic contributions. The NAC hypothesis has not been sjte. Apparently, despite the interest in the NAC effect and
related rigorously to the corresponding difference between the related steric proposals, there has been no quantitative assess-
activation barrier of the enzyme and solution reaction, thus ment of the magnitude of the NAC effect by either experimental
making it hard to examine its validity in a quantitative way or theoretical studies.

(see ref 18 for a discussion of the difficulties with the current e present work attempts to obtain a quantitative estimate
definition). of the NAC effect, and to reach a general conclusion about the

Bruice and co-workers have made an important attempt to role of configurational restrictions on the substrate. The enzyme
establish the NAC hypothesis by MD studies of the reactant chosen for this purpose is haloalkane dehalogenase, (DhlA),
states in formate dehydrogena8ehaloalkane dehalogena-  from Xanthobacter autotrophicu§J10. This enzyme, whose

se31620and catecholO-methyltransferasg, and have con-  strycture was solved by Verschueren et al. (PDB entry code

cluded that the enzyme helps in increasing the population of 2pHD 29 was used by Bruice and co-workers in the above-
the NAC state. Attempts to evaluate the energy cost of the mentioned studies of the NAC effel@16 The involvement of
NAC effect have been restricted to a gas-phase study of phja in a simple $i2 reaction makes it an excellent candidate
for quantitative studies.

Section 2 defines the steric proposal in a way that makes
it amenable to quantitative studies. Section 3 describes our
approaches for evaluating the steric contribution to enzyme
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120, 5611-5621.
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(16) Lau, E. Y.; Kahn, K.; Bash, P. A.; Bruice, T. @roc. Natl. Acad. Sci.
U.S.A.200Q 97, 9937-9942.

(17) Bruice, T. C.Acc. Chem. Re002 35, (ASAP).

(18) The NAC effect has not been expressed by rigorous formulation, which is

(22) Ab initio calculations that we performed using B3LYP/6-31G(d) while
comparing the RS energies of the optimized gas-phase configuration to a
configuration similar to that in the enzyme (in both ase3 A O--C
distance was used) gawa 7 kcal/mol difference. However, in solution this

directly related to the relevant activation barriers (as is done in the present
work). The definition of ref 17 implies that “NACs are characterized as
having reacting atoms within 3.2 A and an approach angle for reaction of
15° of the bonding angle in the transition state.” Although this is a
quantitative concept, the way the parameters (distance/angle) were chosen
is somewhat arbitrary. Similarly, other points along the reaction coordinate
could have been chosen. The closer the chosen NAC structure is to the TS
the larger the energy difference between the enzyme and the water reaction

difference dropped almost to zero with both P€Mnd Langevin dipoles
solvation mode?#25 Furthermore, a more consistent analysis should de-
scribe the potential surface of the substrate by the same computational model
in the gas phase and in the enzyme. The structure used in that study for
the NAC configuration in the ab initio gas-phase calculation was obtained
by MD simulationst®3However, an ab initio QM/MM search for a NAC
configuration would most likely result in a configuration very different
from that obtained in ref 16 and the configuration used in ref 13 may be

will be. Thus, one can obtain a very large NAC effect by choosing the unaccessible on this surface.
NAC configuration as the geometry of the reacting fragments in the TS of (23) Miertus, S.; Scrocco, E.; Tomasi,Jl. Chem. Phys1981, 55, 117-129.
the enzyme. However, this will not tell us whether the resulting NAC effect  (24) Florian, J.; Warshel, AChemSalVersion 2.1; 1997.
is just a reflection of the TS stabilization, due to electrostatic effects, or (25) Florian, J.; Warshel, AJ. Phys. Chem B997 101, 5583-5595.
GS destabilization due to steric effects. It should be noted that we did not (26) Kollman, P. A.; Kuhn, B.; Perokyla, M. Phys. Chem. B002 106, 1537~
present this example as a polemic exercise, but in order to emphasize the 1542.
need for a definition that relates the NAC to transition-state theory. (27) Jencks, W. RCatalysis in Chemistry and Enzymolo@over: New York,
(19) Torres, R. A.; Schigtt, B.; Bruice, T. @. Am. Chem. Sod999 121, 1987.
8164-8173.
(20) Lightstone, F.; Zheng, Y.-J.; Maulitz, A.; Bruice, Froc. Natl. Acad. Sci.
U.S.A.1997 94, 8417-8420.
(21) Lau, E. Y.; Bruice, T. CJ. Am. Chem. So200Q 122 7165-7171.

(28) Lightstone, F. C.; Bruice, T. Cl. Am. Chem. Soc997 119 9103~
9113.

(29) Verschueren, K. H.; Seljee, F.; Rozeboom, H. J.; Kalk, K. H.; Dijkstra, B.
W. Nature 1993 363 693-698.
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catalysis. Section 4 describes the results of our calculations and a
section 5 discusses the implication of our findings.

2. Defining the Steric Effect

- -
To illustrate the NAC proposal we consider thg2Seaction a ]
of DhIA (seel) in both water and the protein. 2 v{__
cl =~ ]
Cly g4 Cl ¢ S 7
= / OQE,,/O / _ ]
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Molecular dynamics (MD) trajectories were propagated on the
RS and TS to examine the behavior of the-O bond distance,
re...o, and the CG+C—0 anglefcico, depicted in2.
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I: Figure 1. The distribution ofrc...o and fcico during MD trajectories in
C"‘_ the RS (light plus marks) and TS (black dots). (a) In water and (b) in the
NS rotein.
JJJ \O p
of a reaction. To examine this effect we should consider the
2

steric effects on the same reaction in the enzyme and in solution.
) ) . This can be done by examining what would be the rate
Figure 1 presents the RS and TS configurations of the systemgcceleration of the solution reaction if it was conducted in a

obtained from these trajectories in wateJ @nd in the protein e that imposes the same steric restrictions as the enzyme does.
(b), along therc...o andfcico coordinates, (see below for more |, giher words, we can consider the energetics depicted in Figure

details). These co_ordinates are expected to exhibit a mgjorzl where we compare the reaction in water and in the enzyme
change when moving from the RS to the TS along the reaction 4qtive site. The overall catalytic effect is given by:

coordinate, and hence, should reveal the RS’s similarity to the

TS. For convenience the same scale was used for both systems.AAgr. = Ag?, — Ad, = Agl,, — AUy — Veagd — Alrage
Looking at the figure it is easy to see that in the water system 9 (gl)
the area covered by the RS trajectory is far from that of the TS,

and is widely distributed. On the other hand, in the protein the where for convenience we divide the reaction in water into two
two areas are more confined and closer to each other. Thesteps. The first step involves the process of bringing the reactants
difference is especially pronounced in the geometry distribution from a molar volumeyy,, to a cage (where the reactants are
of the RS structures in water relative to that of the protein, assumed to be in a contact distance) with a volugag° The
having larger ranges of both the-€D distance anécico. Based second part is the chemical step, whose free energy is designated
on the figure, it appears that the protein system shows greaterby Agtage The question has always been whether the enzymes
similarity of the RS to the TS. A qualitative interpretation of provide more catalysis than the trivial effect®§(vo — vcagd,
this geometric similarity has led to the hypothesis that a large which corresponds approximately to the change of effective
steric effect controls the reaction and may be responsible for concentration frmm 1 M to 55 M. Thus, we will focus here on
catalysist®16-20However, the distribution shown in the figure the remaining contributions of eq 1, namely the difference
does not provide a quantitative assessment of that effect, and aoetweenAgiage and Agz,;
detailed analysis of the relevant energetics is needed.

Any attempt to examine a catalytic proposal quantitatively AAgzageqcaF Ag,— Ag‘;age (2)
requires one to express the proposal in terms of clear thermo-
dynamic concepts (unless the proposal deals with pure dynami-Note in this respect that we will use a rigorous approach with
cal effects). In the present case we are trying to determine thea special cage restraint (see next section) that will allow us to
effect of the restricted enzyme active site on the rate constantobtain Agtv, regardless of the cage definition.
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Figure 2. Schematic representation of the reaction profile in water (upper 9ure 3. A thermodynamic cycle that defines the NAC effect in terms of
steric restraints. The cycle considers the transformation from the unrestrained

52;3 %Oa:?‘zgéegréot; 2 Zgggg gifsttgﬁ cseimaf ﬂ:zargtslognan.l.tgeofptrhoetec;re]s(ig\:\ggdpotential surfaces to the restrained surfaces in the RS and TS of the reaction

systems. The figure corresponding to a hypothetical case with a large NAC in the water cage. The effect of th_e restraint is represented schematically
effect. as a dashed line around the reacting fragments.

To analyze the results of our calculations we will have to between the reacting fragments and the entropic effect associated

classify the corresponding energy contributions. In general it is With the steric confinement of these fragments. _
reasonable to separate the activation energy into the internal "€ NAC proposal implies that enzymes catalyze reactions

free energy of the solvated substrate and the interaction of thisPY Pringing the reacting fragments closer to their TS structure.
substrate with its surrounding (enzyme or solution). We can Since this proposal has not been formulated in a rigorous way

further try to separate the interaction with the surrounding to (€:9- no clear thermodynamic cycle), we provide here a
electrostatic and nonelectrostatic components, writing: definition which is amenable to computational verification. The

simplest option is to use the magnitude of the steric effect as a
guantitative measure of the NAC effect. However, the NAC
steric confinement effect might also reflect some electrostatic
contributions. Thus, we will have to consider several alternative
definitions. In doing so we will consider the NAC contribution
as an “apparent steric effect” to indicate the possible contribu-
tions from electrostatic factors.

To assess the steric effect, consider the thermodynamic cycle
of Figure 3. In this cycle we restrain the reacting fragments in
water to the same volume they have in the enzyme and assess
the corresponding restraint effect by:

Agiatg Agiage—'_ AAgzlec+ AAgrﬁonelec 3

where AAG! e @nd AAG,. can be considered as the cata-
lytic effects due to the protein steric restraint and electrostatic
contributions, respectively.

The nonelectrostatic contribution is usually defined as the
sum of the repulsive van der Waals nonbonded interactions
and the stretching, bending and torsional energy terms. The
electrostatic contributions are defined as the effects of the
charge-charge chargedipole and dipole-dipole interactions,
as well as the effects of induced dipof€sCharge-transfer
effects are frequently included implicitly in the van der Waals
parameters. Thus, we can say that the electrostatic effects in-
clude the gas-phase electrostatic interactions and the compenWhereAge: andAg;z are the free energies required to confine
sating “solvation” contributions, while the rest of the interac- the reactants in water to the active site volume in the RS and
tions may be classified as strain forces. Of course, there may TS respectively, (see Figure 3). This restraint energy can serve
be a coupling between the electrostatic and nonelectrostaticas an estimate of the NAC effect, using:
contributions. At any rate, with a separation of these contribu-

AAG = Aghs— Agres (5)

tions effects we may write: AAg?:esz AAQEAC = AAgztericg AAgﬁonelec (6)
AAgjagHatg AAgzlec—i— AAgﬁoneIec 4) As stated above, we identify the NAC effect with the apparent

effect of the steric confinement by the proteiRAg,,;. The
The largest contribution toAAg;ec comes usually from the approximated relationship between the steric contribution and
difference between the reorganization energies of the proteinAAgﬁonmec will be valid if the electrostatic contributions to
and water systems (see refs-33 and section 5). The the NAC effect are small. Our evaluation of the restraint
contributions toAAg’, ... may come from the possible dis- ~energy involves two steps. First we find a restraint potential

tortion of the reacting fragments as well as from the repulsion that forces the probability distribution in water to be like that
of the protein in both the RS and in the TS. Then we evaluate

(30) E{gilb'v M.; Florign, J.; Warshel, AJ. Phys. Chem. B001, 105 4471~ the free energy of releasing the restraint. This free energy
. . . + .
(31) Hwang, J.-K.; King, G.; Creighton, S.; Warshel, A. Am. Chem. Soc. provides the desired\Ag,., Alternatively, we calculate the
1988 110, 5297-5311. ot ; ; ; ;
(32) Warshel, AJ. Biol. Chem1998 273 27035-27038. agtlvauon free energy Wlth and wnhqut this restraint and the
(33) Warshel, AProc. Natl. Acad. Sci. U.S.A978 75, 5250-5254. difference, again, provides the restraint energy.
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In addition to the above approach, we use a complementarythat will best fit the probability distribution obtained witff,* to that

strategy which considers the effect of the protein active site
without the proteir-substrate electrostatic interactions. This
approach provides a useful direct estimate of the protein
nonelectrostatic effect and the correspondmggﬁOnelec

At this point it is useful to clarify the difference between the
present restraint release approach to the approach used in o
previous calculations of entropic contributions to enzyme
catalysis®* In studying the NAC effect we are interested in the
full free energy contribution of the steric effect, rather than only
with the corresponding entropic effect. Thus, we do not have

to minimize the restraint release free energy with regards to
the restraint coordinates, as is done in the entropic calculations.”.

Furthermore, in studies of entropic contribution to catalysis we

release a very large restraint (which forces the system to have

zero entropic contribution) in both the protein and the water

u

calculated in the protein. Thus, we try to minimize the distaniée,
(d* = |x; — X|), between the average coordinat®s, obtained with
Vo andV.,’, respectively, by finding the besg.

In addition, we also try to minimize the difference between the widths
of the distributions by finding the optimét. This is done by an iterative
?pproach that is a simplified version of the approach used previously
in a surface-constrained all-atom solvent mg@dlhat is, we start with
an initial guessxa™:

(11)

a,l

where xy~ is taken as the average structure of the substrate in a
given state (RS or TS) in the protein site. We also start with a rela-
tively large force constark®!. Next we run a MD simulation on the
restraint energy surfac¥,,®, and obtain a new probability distribution

with an average structun‘q‘}v'l. The new distribution is compared to

systems. This is needed to obtain the activation entropies forthat of the protein and the distance between the averatfess

the reaction in both systems. However,in the present study weevaluated. Next, in an attempt to minimide we generate a new guess
have to calculate only the effect of releasing the protein restraint using:

in water.

3. Simulation methods

As stated above we would like to determime\gf[eric and the first

approach is based on the cycle presented in Figure 3. The simplest

way to accomplish this is to add a restraint potential to the potential
surface of the water reaction in a way that will force the reacting

fragments to behave as if they experience the steric constraint of the

Ifdistribution is achieved.

protein. Such a treatment forces the reactants in water to behave as
they are in the protein active site. In other words, we are trying to
satisfy the relationship:

p(r)y:, = P(r)vp 7
wherep is the probability distribution of the syste¥; is the potential
surface for the reactants in the protein active %i@nd V;, is a
modified potential surface of the reaction in water that produces a
protein-like distribution and satisfies eq V;, can be written as:

VE+ Vi Ve

w res= Vp

Vi = ®)
Here, o designates RS or TS/, is the undisturbed potential surface
in water andVf is an extra potential added to the water system,
enabling it to have a potential that mimics the protein steric potential.
The simplest way to obtaik(, is to use a potential that is a function
of the solute coordinates and to adjust it until eq 7 is satisfied. Here

we use a quadratic function of the form:

"1
Ve=§ K% — X)°
;Zm X0 9)

x is a vector of then degrees of freedom of the reactants, which are
subjected to the protein steric effegf; are the restraint coordinates
andk® is the restraint force constant. For example, a simple restraint
potential can be obtained by using the bond lengtland bond angle,

6 of 2. In this case we will have:

Viksoi = 3600 — 60 + 360 — by’ (10)

Our goal is to find the constraint coordinat€sand force constants

(34) Villa, J.; Srajbl, M.; Glennon, T. M.; Sham, Y. Y.; Chu, Z. T.; Warshel,
A. Proc. Natl. Acad. Sci. U.S.£00Q 97, 11899-11904.

(35) V,includes the effect of the protein relaxation in response to the substrate
structural changes.

on _ ,on—1 o0 _ ga,n—1
Xo" =Xo" T (X =Xy )

(12)
This iterative procedure is repeated until convergence is achieved.
Finally we need to minimize the difference in the deviations between
the two distributions by changing thé&. Thus, we start decreasing or
increasing the value df gradually (depending on the relative shapes
of the distributions) and repeating the calculation until the proper

To further clarify the method we present in Figué a sequential
representation of the fitting process for the RS distribution. For
simplicity we will concentrate only on one coordinate,..o, but the
same considerations apply to all the coordinates involved in the fitting
(Bcico In this case). Figure 4a shows the probability distributions
obtained from RS trajectories both in water and in protein when no
constraints were applied (the same RS distributions presented in Figure
1). As seen from the figurerd..o)y> = 2.71 A. Hence, we started our
iterative procedure withf¢...o)5 = 2.71 A andkRS = 6.0 kcal mot?

A~2 The results are presented in Figure 4b. For convenience the protein
distribution is shown as well. Comparing)(and @) of Figure 4 it is
clear that the application of the restraint both moved the average of
the RS G:-O distance in water fromFé...o)>° = 3.48 A (when no
restraint is applied see Figure 4a) to?é...o)\'f,s'l = 2.96 A (a value
closer to that of the protein) and confined the distribution to a narrower
area (more similar to that of the protein). However, as is also evident
from the figure, eq 7 is not yet satisfied, and further fitting needs to be
carried on. The restraint guess for the next step was chosen following
eq 12 to berc.-o)f>?= 2.46 A and the trajectory is calculated. This
procedure is repeated until the average G distance reproduces that

of the protein (Figure 4c). The last step, which included a manipulation
the width of the distribution, involved reducing the force constant from
6.0 to 5.0 kcal moi* A—2, which was still sufficient to keep the shape
shown in Figure 4c.

Once the fitting process is completed and eq 7 is satisfied, it is
assumed that the restraint potential provides a reasonable representation
of the protein steric effect. Our task is then to evaluate the free energy,
Agr.s associated with the release of this restraint. As stated above, the
difference betweerg s and Ags provides our estimate of the NAC
effect. The evaluation of\gy, is done by releasing the constraint
gradually, using the free energy perturbation (FEP) methdal.this

(36) King, G.; Warshel, AJ. Chem. Phys1989 91, 3647-3661.

(37) Unless otherwise metioned, the cage constraint was always included with
a force constant of 0.4 kcal Mol A2 (see text).

(38) Valleau, J. P.; Torrie, G. MModern Theoretical ChemistryPlenum
Press: New York, 1977; Vol. 5.
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Figure 4. Sequential description of fitting of the RS probability distribution
of the reaction in water (light plus signs) to that in the protein (black dots).
(a) Both distributions when no restraints are appfiegb) and (c) RS
distribution in water when a restraint potential of the form of eq 10 was
used. The force constark§® = 6.0 kcal mot® rad 2 andki*= 6.0 kcal
mol~1 A-2 were used in both b and ¢, but the restraint bond distange,

and anglef, used are differentby = 2.71 A andfy = 151.0 andby =
2.16 A anddp = 158.8 in b and c, respectively. These values are determined

5.0

in each step based on the latter, using eq 12. (b) represents the first step

and c is the last step.

procedure we use a mapping potential of the form:

\/1

V?n = ’lmv\'/va +(1- lm)vtllv = V:/lv + lm res (13)
whereln is a parameter that changes from 1 to 0 in fixed increments

(m=0, 1, 2, ...n). The free energyAd, is then evaluated by:

AGres= ZAAg& (14)
M=

—p I ViV,

m

AAg,

wherelll}. designate an average over trajectories propagated over the
potential surface/y,
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The potential surfaces for the chemical reaction in water and in the
protein \, andV,, respectively) are obtained by the empirical valence
bond (EVB) method, whose implementation for DhIA is described
elsewher® (see also supporting information)?°is obtained by using
the ground-state EVB surface at the reactant regiéf.on the other
hand, is obtained by using the combination:

VI =cie; + Cpe, — Hy (15)
wheree; ande; are the potential surface of the reactant and product
diabatic states, respectively. The relative weigbigndc,, are found
using the EVB mapping procedure by looking for the combination that
keeps the system closest to its TS. The TS location is determined as
the highest point along the free energy profile, (see refs 40, 41 for a
detailed description). In the present2Seaction we found the weights
(c1, c2) to be (0.50, 0.50) in water and (0.53, 0.47) in the protein,
respectively; in agreement with related studi®$.Our V' has the
same dependence on the coordinates which are perpendicular to the
reaction coordinate as the actual EVB ground state at the TS region.
However, along the reaction coordinaf has a minimum rather than
maximum. This keeps the system at the TS region during the simulation.

In addition to the restraint release approach, we found it useful to
evaluate the free energy profile for the reaction in water in the presence
of the “protein-like” restraint potential. This was done using the EVB
FEP/umbrella sampling mapping as described elsewhere (e.g., refs 3
and 44), except that the restraint potential was added to the EVB
potential surface.

At this stage, we should address the evaluatioAg(fvo — vcagg Of
eq 1. This correction is needed in order to relaﬁgﬁat to the
experimentally estimated&gtv. As pointed out in section 2 and
elsewheréd? the catalytic effect of the enzyme is best formulated and
analyzed in terms of the difference betwefegzat and AgzagE How-
ever the direct experimental information is given in termsz&gfV and
Agﬁat Fortunately, Ag(vo — wcagd iS a trivial correction that is
qualitatively given by the well-known effect of moving from 1M to
55M, which corresponds te2.4 kcal/mol for two fragment&:45This
means that we have an approximate “experimental” value.

Agzagez Agj/ — Ad(vy— Ucagg = Ag:/ —24 (16)

A quantitative estimate ahg(vo — vcagd Can also be obtained by using

a small constraintcage (Kcagein the notation of ref 41) and evaluating
the free energy associated with the release of that consttdinthis

case the simulations aigzage are performed while usingcage Thus,

in all the calculations we imposed a cage constraint on theCO
distance, withksage= 0.4 kcal mot? A-2, The release of this constraint
gave Ag(vo — vcagd = 2.6 kcal/mol. Note, however, that the use of
Eq. (10) is an arbitrary devision, for practical and conceptual purpose,
and that the samAgfv will be obtained for any ge

It is important to realize that the requirement of eq 7 is more than
an ad hoc intuitive relationship. To illustrate this we consider the simple
case where the main difference between the protein and the water
systems is their steric potential. In this illustrative case we want to
find the free energy associated with changing the water steric potential,
Vg, to the protein steric potentie\?‘;. This can be done using the
following relation4®

(39) Shurki, A.; Warshel, A. Manuscript in preparation.

(40) Hwang, J.-K.; Warshel, ABiochemistryl987, 26, 2669-2673.

(41) Strajbl, M.; Sham, Y. Y.; VillaJ.; Chu, Z. T.; Warshel, Al. Phys. Chem.
B 200Q 104, 4578-4584.

(42) Shaik, S.; loffe, A.; Reddy, A. C.; Pross, A.Am. Chem. S0d.994 116,
262—-273.

(43) Shaik, S.; Reddy, A. Cl. Chem. Soc., Faraday Trank994 90, 1631-
1642.

(44) Chapter 3.4 and 3.5 of ref 2.

(45) Chapter 5.1 of ref 2.

(46) McQuarrie, D. AStatistical MechanicdHarper and Row: New York, 1976.
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7% Table 1. Activation Free Energies? for the Sy2 Step of the
Ag?w 0= _ﬁﬂ In|=2 (17) Reaction of DhIA and the Corresponding Reference Reaction
— (8
ZW Agza\c Ag:xp(
whergzg and Z, are thfe partition fungtions o.f.the wat.er and the xgg)cagé égg ;g_e
protein systems, respectively. The classical partition functions are given proteirf 15.5 15.3

by:
a8 Energies in kcal/mol. The calculated values were obtained by the EVB
o _ BV approach with the parameters given as Supporting Information (for more

% fe dr fp(r)Vs“dr (18) details see ref 39p Correspondsat 1 M concentration of the substrate

. . . namely Ag* refers to Ag:,. ¢ Obtained by extrapolating from related
where, s designates the pa_lrtlcular s_ystem (water or protein). As can bergactiongs see ref 39 for more detail€ Corrésponds to 55 M concentration
seen from eq 18 the partition function of each system corresponds t0 ¢ the substrate namel\g* refers to Ag, . ¢Ag* refers to Ag’,, |

’cage cal

its probability distribution and the free energy associated with transfer- obtained fromk, in ref. 66 using the transition-state the&fy8
ring from one probability distribution to the other is given ng‘WHp).

Now, it is easy to use eq 18 and show, by the same approach used’@2/€ 2. NAC Effect? Obtained Using the (6, b) Constraints®

in deriving the FEP expression (see ref 47), that: entry® ATy Ay Doy | Ay ®  (AAGhgey) !

7 1 3.2 0.1 -3.1 22.3

2 2.6 0.1 =25 19.2
D BV Vi

— =@ I, 19) 3 2.8 0.1 -2.7 20.5

Zy average 2.9 0.1 —2.8 20.7 ~16
Using this and eq 17, we see thAgg, ., can be evaluated by a a Energies in kcal/mol were obtained using a restraint potentialfos
standard FEP approach, which involves the change/pfto V;. andfcico. P Ky = 5.0 kcal mot? rad2 andk} = 5.0 kcal motA=2 were

Usua”y the one-step expression of eq 17 is evaluatea mp& as is the force consta}nts in both t_he RS and the BE)S_.—_Z.].G A andfp = 15_8.8

done in eq 14. Thus, the free energy invested in changing the potential""e"‘:&he Ejestr_amed bond dlsr:ance and %”g'e '(?é.he RS, res(?ecb@l@ty. N
VE to V* (estimated by ® in our work, see eq 8) is given by the 2.23 A andfo = 167.0 were the restrained bond distance and angle in the

fromV,, toV,; (es w ) q g y TS, respectively (see eq 10)The different entries refer to different initial

same FEP approac_h used ip egs 13 and 14 to s_atisfy eq 7. 'In Otherconditipns.d AA'gr*es(H,b evaluated according to eq SAg::es(i,b) is the
words, instead of trying to satisfy eq 7, we can consider a more rigorous activation barrier obgamed by direct EVB calculations of the activation
formulation where we simply ask what is the free ene@?w_p) that barrier in water but with th&/esp,,) potential.f (AAgfes(,,b))' evaluated as
uniquely describes the effect of moving from the regular water cage to dlﬁgrence betyveen the avirage calcuLated restrilned and unrestrained
a water cage with the protein steric effed,(— V,,*). Using these activation barriers. ThusNAGresp )’ = Aresp) ~ Abeago.y:
potentials automatically satisfies eq 7.

The actual implementation of the different methods described above and fcico potential in water (plus sign$y. The trajectories
was done with the program ENZYMI% which is now a part of the populate the same area and have the same averages for the two
modeling package MOLARI®. The average distributions, needed to  coordinates of interest. Hence, one can say that the substrate in
determine the restraint parameters in the RS and TS of the water andwater feels a “protein-like” potential.
protein systems, were determined, in each case, by a 50 ps M[_) run. In Now, releasing the restraint and moving to Figdeegives
most cas_es, we _performed_the FEI_D restraint-release (?alculatlons aanS the free energy associated with the protein steric effect. The
g::;ﬁiig?\zrgrsf'slepga,\%lritr"?nS‘ using 31 frames<( 31 in eq 14), guantitative results of this restraint release process are given in

Table 2 for both the RS and the T®and 6 denote thec...o,

4, Results and O¢cico coordinates that were restrain®dThe results are

Before examining the magnitude of the NAC contribution it given for three different i_nitial conditions along with their
is important to capture the overall catalysis. This was done by 2Verage (each presented in a separate entry), and appear to be
EVB calculations of activation free energies for th@3eaction ~ duite stable.
in water and in the protein. The corresponding EVB parameters AS Seen from the table, the restraint energy in the RS has an
are given here as Supporting Information and more details are@verage value of 2.9 kcal/mol. This calculattglz:y ) reflects
given in ref 39. Table 1 gives the calculated activation free the steric restriction applied by the protein on the substrate in
energies for the & reaction in water and in protein as well as the RS. Similarly, the corresponding effect in the TS is about
the corresponding observed values. 0.1 kcal/mol. The difference between the restraint free energy
As seen from the table the enzyme reduces the activationin the RS and in the TS gives an estimate for the steric effect
free energy of the reaction by about 10.7 kcal/mol (calculated: in the protein (column 4 in the table). Thus, on the basis of
9.4 kcal/mol) relative to water, or 8.3 kcal/mol (calculated: 6.8 these results, one obtains a steric effect which amounts to about
kcal/mol) relative to a water cage. Our goal is to determine how —2.8 kcal/mol.
large is the steric contribution to this catalytic effect. Looking at the cycle in Figure 3 it is seen that the steric effect
4.1. Quantifying the Steric Effect. The magnitude of the  can also be obtained by using the EVBEP/umbrella sampling
steric effect was evaluated by the restraint release approachprocedure and calculating the activation free energy of the
outlined in section 3. The nature of this approach can be bestrestrained substrate in water. The result'kﬂgfese,b) can be

realized by considering Figure 3 and going from Figdoeto compared to the activation free energy of the unrestrained
a. Figure 4c shows the probability distributions for a RS protein substrate in wate\gg,,, The last column of Table 2 gives the
trajectory (black dots) and a RS trajectory on a restnainb, Agfes@‘b) values. As seen from the table the different initial

conditions result in very similar barriers, with an average of

(47) Chapter 3.3 of re.

(48) Lee, F.S.; Chu, Z. T.; Warshel, A. Comput. Chenl993 14, 161-185.

(49) Chu, Z. T.; Villa J.; Schutz, C. N.; Strajbl, M.; Warshel, A. Manuscriptin ~ (50) The potential described in eq 10 uskig= 3.0 kcal mot? A-2 andk] =
preparation. 3.0 kcal mott rad2.

J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002 4103



ARTICLES Shurki et al.

20.7 kcal/mol. Comparing these free energies to those obtainedTable 3. Free Energy of Activation®® with and without
: ; ; P Electrostatic Contributions
in the unrestrained case, (entry 2 in Table 1) it is seen that the

differences again are relatively small, (around.6 kcal/mol entry Ag? AGrosic
steric contribution). The difference between the two estimates Watef
might reflect a difference in convergence and thus we consider 1 22.7 9.3
the average of the two results- 2.2 kcal/mol) as the result g 22'2 i%g
of this specific restraint release calculation. 4 22.4 14.0
The above calculations only restrained thand 6 coordi- 5 211 11.7
nates. Thus, one may argue that the NAC effect involves more average 223 11.8
coordinates and that our study is inconclusive. A seemingly Proteir?
obvious solution is to repeat the calculations while including ; ig:ﬁ ﬂ:g
all the Cartesian coordinates in the restraint of eq 9. Calculations 9 14.9 11.6
with this “protein-like” restraint potential resulted with an ﬁ ig? ig.g
average restraint release effect-ef-3.5 kcal/mol (see Sup- average 1os 11

porting Information). The finding that the restraint release energy
is somewhat larger here than the result obtained while using  agpergies in kcal/mol> Ag* and AG yu1ec cOrespond to calculations
only two degrees of freedom;-@.2 kcal/mol), is probably an  with and without consideration of electrostatic interactions between the
overestimate. That is, the quadratic steric effect correctly Substrate and its surroundings, respectivelyhe different entries reffer
. . . . to different initial conditions.

describes restriction of breathing motions of the substrate atoms
toward the “protein-like envelope” (i.e., expansion of the stabilizes the concentrated RS charge more then the delocalized
substrate). However, by restraining all the substrate’s degreesTS charge. The remaining barrier represents mainly the intrinsic
of freedom, this approach also restricts the motion of the chemical activation energy of the bond-making bond-breaking
substrate in compression and rotation movements, which areprocess, which involves a major reorganization of the electronic
not necessarily restricted in the prot&inTherefore, this steric  structure of the substrate, and is approximately equal to the
restriction leads to an overestimation of the entropic effect of barrier of this reaction in the gas phase.
the active site. One way to resolve this problem is to build a  Moving now to the protein (lower part of the table), we find
cavity with a shape of the enzyme around the reacting fragmentsthat the elimination of the electrostatic contribution reduces the
in water. Another, simpler approach is to use the actual protein activation barrier by only-4.4 kcal/mol. Thus, the electrostatic
structure as the steric cavity for the water reaction. This contributions to the activation barriers ard.4 and~10.5 kcal/
procedure is applied in the next section. mol in protein and water, respectively. In other words, the

4.2. Separating the Electrostatic and Nonelectrostatic ~ electrostatic contribution to the catalysis is approximatetyl
Effects. As stated above, we would like to estimate in a more kcal/mol. Note that the electrostatic (solvation) effentsease
direct way the restrictive effect of the protein. The simplest way the intramolecular barrier for they3 reaction but it does so in
to do so is to consider the nonelectrostatic contribution of the a less pronounced way in the enzyme than in water, (see also
actual active site. If the steric effect involves no significant next section). At any rate, the value A .is 11.1 and 11.8
electrostatic contribution then this nonelectrostatic effect gives kcal/mol in protein and water, respectively. The difference
the best description of the steric effect. Instead of finding a between these values gives a smalH0.7 kcal/mol) nonelec-
restraint that approximates the effect of the active site, we cantrostatic contribution to the NAC effect, indicating that the
use the actual shape of the active site. Thus, we calculated theraditional components of the steric effect (i.e., the strain and
nonelectrostatic contribution by eliminating the substrate- other nonelectrostatic factors) provide a very small catalytic
surrounding electrostatic interactions both in the protein and contribution. As is clear from the present analysis, the pure
water systems. nonelectrostatic effect gives a smaller catalytic contribution than

Table 3 gives the activation free energy for thg Seaction the full apparent steric effect(—0.7 and~—2.2 kcal/mol,
when the electrostatic interaction between the substrate and itsespectively). The difference between these two estimates is due
surrounding (protein and/or water) is either included or set to to special electrostatic effects. First, in the RS in water the
zero. These free energies are denotedAg and Agﬁoelec negatively charged carboxylate is better solvated when it is
respectively. The upper part refers to the reaction in water, further away from the neutral substrate. In fact, the presence of
whereas the lower part refers to the reaction in the protein. such an effect in reactions of model compound has been noted
Results for different initial conditions are given in both cases by Pef&yla and Kollman2® Second, the solvent contribution
along with the average values (in bold). to the activation barrier is much larger in water than in the

ComparingAg¥ to Agﬁoelecin water (upper part of Table 3),  protein. This solvation effect is associated with the change in
it is seen that elimination of the electrostatic contribution reduces the solute charge distribution along the reaction coordinate. The
the activation barrier in water considerably, (0.5 kcal/ reduction in solvation energy upon formation of the TS is much
mol on the average). This is consistent with the well-known larger in water than in the protein. This makes it harder to push
solvent effect on @ reactions (e.g., ref 52), where the solvent the carboxylate oxygen toward the substrate in water than in
the protein. The above effects are quite different than the
e T T e oo o naordsates hay, aditional steric effect since it s not due to a repulsion betvieen

are free to move both in the RS and TS in water (see ref 34 for a related the solute fragments but to a distance-dependent change in the

solvation energy. This point can be best understood by thinking

effect).

(52) Shaik, S. S.; Schlegel, H. B.; Wolfe, Bheoretical Aspects of Physical
Organic Chemistry. Thex® MechanismJohn Wiley & Sons: New York,
1992. (53) Perhyla, M.; Kollman, P. A.J. Am. Chem. S0d.999 103 80678074.
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ey orotein b Thus, ourAg(vo — veagd is NOt (and never has been) an estimate
of the NAC contribution.
= sl =) The present work finds that the electrostatic contribution in
::o § Ang! DhlA is responsible for a major part of the catalysisg(1 kcal/
T‘E § clee mol of the calculated 6.8 kcal/malAg;gHa,). Although a
= Aghotee &£ A8} ee more extensive analysis of this electrostatic contribution will

be given in a subsequent paggwe would like to clarify several
reaction coordinate reaction coordinate points about the origin oA Ag},..and its nontrivial nature. We
Figure 5. Schematic description of the reaction profile in water (a) and in start by clarifying that electrostatic contribution to enzyme
protein (b), with and without the electrostatic interaction between the g . . o . o
substrate and its environment. catalysis cannot be simply identified by looking at specific
interactions in the enzyme. For example, one may argue that

on the hypothetical situation where the enzyme reduces to zerothe interaction between Asp124 and His289 (in its ionized form)
the activation barrier by electrostatic stabilization of the TS. In should reduce the catalytic effect of the enzyme by stabilizing
this case the RS and TS will coincide in the enzyme. If the the RS. Similarly, one might argue that if the overall charge of
activation barrier is high in water we will need a very strong the ionized groups near the carboxylate is positive, then the
restraint to force the reactants in water to be in the same RSreaction in the protein will be slower than the corresponding
structure as in the enzyme. Thus, one will conclude that we reaction in water. However, such a simplified analysis would
have a large NAC effect, although we have here a basic caseoverlook the fact that the energy of the attacking carboxylate
of TS stabilization. At any rate, solvation-induced repulsion is determined by its overall surrounding. For example, in
leads to~—1.5 kcal/mol contribution, which is also not a major ~ solution the attacking carboxylate is stabilized by water

effect (see also Figure 5). molecules. This stabilization may be larger than the correspond-
5 DI . ing stabilization in the protein. Thus, a careful comparison of
- iscussion the overall electrostatic energy in the protein and in the reference

The calculations presented in the results section indicate thatreaction in water, for both the TS and RS is needed.
the nonelectrostatic strain effect does not constitute a major This need for careful considerations can be illustrated by the
contribution to catalysis in DhIA. This conclusion is in agree- analysis of the NAC in DhlA. That is, as stated above, the NAC
ment with previous studies of lysozyéwhich showed that ~ and related concepts (e.g., the desolvation propt¥el)
strain contribution is not significant. As an additional example, assume RS destabilization effects. The finding that in some
we may consider the case of chorismate mutase which wasenzymes the electrostatic interactions do not stabilize the TS
advanced by two research groBpas a prototype of a system  more than the RS has been used to support thistfléd*While
with a large catalytic steric effect. As pointed in the Introduction, this finding can sometimes be correct, it is not necessarily
none of these works demonstrated the validity of their proposal relevant to catalysis. To explain catalysis it is not enough to
by calculating the actual steric effect of the enzyme. In fact, look at the absolute stabilization of the RS and the TS in the
most other studies have concluded that chorismate mutaseenzyme. It is also essential to compare the relative energies of
catalyzes its reactions by electrostatic effects (for review seethe TS and the RS in water and in the prot&iHere, it is
refs 54-56). Since the strain effect is a RS destabilization effect, usually found that the enzyme stabilizes the TS more than water
we can examine its validity by mutation experiments. That is, does. The § reaction of DhIA is a case in point. In water, the
if the catalysis is due to RS destabilization, then there are solvent stabilizes (solvates) the localized charges of the RS more
probably some specific residues that lead to this effect. than the delocalized charges on the TS. The same scenario may
Mutations of these residues will increase the binding (reduce be true in the enzyme, that is, the enzyme can stabilize its RS
Km) while leavingkea/Km unchanged (see ref. 32). On the other more then its TS. Still, this does not contradict the fact that the
hand, if the catalysis is due to TS stabilization, then mutations TS in the enzyme is likely to be more stable than the TS in
will decreasek.o/Km while leavingKy, unchanged. The limited ~ water, which leads to catalysis. In other words, the requirement
mutation studies of chorismate mutase are inconsistent with RSfor catalysis is:
destabilization, namelyk../Kn decreases anll,, increase$’ . . s R s R

A recent work of Kollman and coworkeisseems to support  AGy — Agy, = (Agr® — AR — (Ag,” — Agy) <0 (20)
the NAC hypothesis. However, this work has not defined
properly the NAC contribution, nor the corresponding entropic
effects. It also drastically overestimated entropic contributions
to catalysis by using gas phase vibrational contributions (see
discussions in footnotes 90 and 92 of ref. 30) and considerin TS RS TS RS
an incomplete thermodynamic cycle (see ref. 3). Note in thisg (AQpe0i— AGpso) — (Ayo— AGuse) <0 (21)
respect that in.contr-ast to the misundgrstanding of ref. 26, ourwhereAgg‘m designates the “solvation” energy of the reacting
cage concept is a rigorous mathematical to¢ol_ (see ref. 30 ar'Olfragments in a given environment and we refer to the overall
the present work) that allows us to evaluatg, in two steps.  poncovalent interactions as solvation energy. This requirement
is usually satisfied by the following relatiof8:

Assuming that the intramolecular part of the activation barrier
is similar in water and in the enzyme, the requirement of eq 20
becomes:

(54) Hilvert, D. Annu. Re. Biochem.200Q 69, 751-793.
(55) Davidson, M. M.; Gould, I. R.; Hillier, I. HJ. Chem. Soc., Perkin Trans.

2 1996 525-532. (58) Cohen, S. G.; Vaidya, V. M.; Schultz, R. Rroc. Natl. Acad. Sci. U.S.A.
(56) Lyne, P. D.; Mulholland, A. J.; Richards, W. G.Am. Chem. S0od.995 197Q 66, 249—-256.

117, 11345-11350. (59) Dewar, M.; Storch, DProc. Natl. Acad. Sci. U.S.A985 82, 2225-2229.
(57) Cload, S. T.; Liu, D. R.; Pastor, R. M.; Schultz, P.J3Am. Chem. Soc. (60) Warshel, A.; Strajbl, M.; VillaJ.; Floria, J.Biochemistry200Q 39, 14728~

1996 118 17871788. 14738.
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TS TS
Agp,sol < Agw,sol (22) a b
o
RS RS < 2
Agp,solE Agw,sol (23) 5 < 10
3 5 o0
That is, the enzyme “solvates” the TS stronger than water does, & E s
P . . [od
even if it also “solvates” its RS stronger than its TS g, < E g 50r
Ag;%,). However, actual binding energy calculations are g s 30
needed to quantify this point. Such calculations will be = = 10¢
performed on DhIA in future studies. 250 20 350 150 '1_0150 50 50 150
Itis important to realize that the magnitude of the electrostatic solvent coordinate, S solute coordinate, Q

contribution to catalysis cannot even be determined by compar- _ _-— I

. h | LT . in th h Figure 6. Calculated solvent (a) and solute (b) contributions to the diabatic
Ing t e e e_CtrOStaF'c |nteractlons in the enZyme to the corre- energies of the reactant and product states for & rBaction in water
sponding interaction in water. Such analysis overlooks the (dashed lines) and in the protein (solid lines). For convenience, the difference
electrostatic work invested in reorganizing the solvent (or the between the reactants and products minima is forced to be zero in all cases.
protein) toward the charge distribution of the TS and RS. In ;2:02%‘:;3 w?r:’v;éhsglbgit'i?;ﬁ::é”ge In the reorganization energy is
fact most of the catalytic effect is due to this difference in the '

reorganization.engrgy. We will present pelow a partial gnalysis the reorganization energy ands, is the free energy difference

of the reorganization effect and relate it to the analysis of the p o\ aan the reactant and product stakggx’) andHj (xo) are

NAC effect. the matrix element that mix the reactant and the product states

To analyze the electrostatic contribution to catalysis and {0 4t the TS and the reactant geometries, respectively. In the case
relate it to the NAC effect it is useful to find out which whereAGy < 4 and Hj(xo) < 4, we can write:

coordinates storﬁAgﬁagHar Considering only the substrate

coordinates may be confusing since, the energy stored in the . A N

substrate coordinates (which is associated with the NAC effect) Ag =7 — Hy(x) (25)

is not the major catalytic factor. Apparently, the substrate

coordinates are not sufficient to describe reactions in condensed 4 reorganization energy of eq 25 can be expressed in terms

phases, since both the solute and solvent coordinates (Q and Sof the solute and solvent coordinates using (see ref. 31);

respectively) must be consideréd. '
The solvent coordinate represents a collective solvation 1 , 1 )

coordinate, which can be represented approximately by the A=1qtAs=ShwAq" + ShodAs (26)

product of the solute dipole and the reaction field induced by

its environment (either a solvent or a prote?h)?robably the whereAo andAs are the dimensionless “origin shifts” between
best way to reduce the enormous coordinate space of the systerg free energy minima of the reactant and product states along
into a subspace of solute and solvent coordinates is to use the . solute and solvent coordinates respectively apdndws
EVB f_ormulanon. Ir_‘ thls'formulatlon, thenZ reaction can be 56 the effective solute and solvent frequencies, (the frequencies
described by _the diabatic states of the reactants and products, .o assumed to be identical in both the reactant and product
whose energies are, and ez, respectively. The energy gap  giates). with our EVB mapping approach we can evaldate
betwe_en the tvyo stateg\e, serves as the general reagtlon and lo. Figure 6 presents the solvent (a) and solute (b)
coordinate and IS the sum (_Jf the solyent an_d solute coordinates .o yipytions to the free energy of the reactant and product states
The e_Iectrostat_|c co_nt_n_butlon to this gap is th_e EVB so_lvent for both the reaction in water (dashed lines) and in the protein
coordinate’! This definition of the solvent coordinate provides (solid lines). As seen from the figure, the difference between
a rigorous microscopic equivalent of the macroscoipic coordinate g, protein and the solution reaction is manifested mainly in
used in Marcus’ theory of electron-transfer reaction (for more o yitference between the solvent reorganization energies,
de_tl_?ls fsee ref 61). ¢ | th vent dinat and A% This means that the protein catalyzes its reaction
N r:ee ﬁnergy sur ac:;s aonlg € so venl coor mz_e areprimarily by reducing the reorganization energy along the
somewhat flatter than t ose_ aOT‘g the solute coor Inate'solvent coordinate. In other words, the polar environment of
Furthermore, the solvent coordlnaFe involves many more degreesthe enzyme active site is already partially preorganized to
of freedom th_an the solute coordinate. _Thus, It seems casier Ostabilize the TS relative to the corresponding state in water.
store energy in the solvent rather than in the solute coordlnate..l.hus, the reorganization energy is smaller in the enzyme than
Now, let us try to quantify this issue. in water
mégiﬁsgiﬂrggc:‘; ;);zrii;; the activation free energy by a It is pertinent to comment on the relationship between the
P ' above environmental preorganization energy concept and a
recent study of formate dehydrogena%@ which the interac-

2 2
Ag* - (AG, +4) — Hy( ¢) + H; (o) (24) tions of the enzyme with the reacting groups were found to be
a2 i (AGy+ 1) similar in the RS and TS. The observation that the structure of
the enzyme does not change considerably during the reaction
where the first term is the familiar Marcus expressidi, is was used to support the NAC hypothesis. However, this finding
. is, in fact, consistent with our environmental preorganization
Egg Ewgbtgr';s\./gaé??g:liAJ' Chem. Phys1990 93, 8682-8692. concept, where the enzyme dipoles in the RS are already
(63) Marcus, R. AAnnu. Re. Phys. Chem1964 15, 155-196. partially oriented toward their TS configuration (see above and
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in refs 33, 32, 64). This effect corresponds to a restraint in the of the RS configurations are different in the enzyme and in the
environment and not, as claimed, to a NAC arrangement of the solution cases (Figure 1), the free energy equivalence of this
reacting fragments. As stated above, the preorganization of thedifference is not as large as previously proposed.

enzyme helps to reduce the reorganization energy and is the The conclusions from the present study are different from
primary basis of the catalytic effect. those obtained for qualitative considerations (e.g., refs 5,
6. Concluding Remarks 12-16, 19, 21, 27). This fact emphasizes the importance of a
rigorous definition of the thermodynamic cycles used and of
comparing the reaction in the protein to the corresponding
reaction in solution. In addition, our study emphasizes the
importance of using the same computational model for the
reaction in the protein and in solution. It is also crucial to
evaluate the actual free energy associated with the protein steric
effect, rather than to use other estimates (e.g., average interaction
distance), which cannot provide a quantitative measure of the
; . magnitude of the steric effect. In summary, our work has shown
_2'2. ka”‘"mO' contains aboyt—l.s "C?‘"m.o : electrOStat|c_ that the steric effects do not account for a major part of the
contribution. The corresponding solvation-induced repulsmn_ catalysis in DhIA. In addition, we have found that the elec-
between the carboxylate and the substrate (see section 4) 'Srostatic effects are responsible for most of the overall catalytic

the aciional steic it hi ncroase 1 the repulsion should S/Ect These findings provide a urther suppor o the concept
) riep . P that enzyme catalysis is a result of TS stabilization caused
be associated with the solute coordinates. However, as shown

in the previous section the solute contribution to the reorganiza- mainly by electrostatic contributiorfs?

tion energy {q) is similar in protein and in solution. At any Acknowledgment. This work was supported by National
rate, even with the-—2.2 kcal/mol contribution of an apparent  |nstitute of Health Grant GM24492.

steric effect (that includes coupling with the electrostatic

contributions) we find that the NAC effect is not the primary Supporting Information Available: Tables of EVB calcula-
catalytic effect. Apparently, although the probability distributions tions of activation free energies and steric effect using all the
Cartesian coordinates of the reacting system (PDF), along with

This work examines the magnitude of the steric contribution
to the catalytic effect of DhIA using two independent approaches
based on different thermodynamic cycles. By trying to mimic
the protein steric effect in water using thef constraints, we
obtained a steric contribution of abot®.2 kcal/mol. A second
estimate, obtained by a direct calculation of the nonelectrostatic
effect via removal of the electrostatic contributions gav@7
kcal/mol. This means that the overall steric effect of around

(64) Cannon, W.; Benkovic, S. Biol. Chem.1998 273 26257-26260.

(65) Swain, G.. Scott, C. B. Am. Chem. S0d953 75, 141147 the parameters used to describe the EVB potential energy
(66) ff;ff{%’;g P.; Kingma, J.; Janssen, DJ.BBiol. Chem.1996 271, surface. This material is available free of charge via the Internet
(67) Eyring, H.Acc. Chem. Red.935 17, 65-77. at http://pubs.acs.org.
(68) Glasstone, S.; Laidler, K. J.; Eyring, fihe Theory of Rate Processes

McGraw-Hill: New York, 1941. JA012230Z
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