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Abstract: The catalytic reaction of chorismate mutase (CM) has been the subject of major current attention.
Nevertheless, the origin of the catalytic power of CM remains an open question. In particular, it has not
been clear whether the enzyme works by providing electrostatic transition state stabilization (TSS), by
applying steric strain, or by populating near attack conformation (NAC). The present work explores this
issue by a systematic quantitative analysis. The overall catalytic effect is reproduced by the empirical valence
bond (EVB) method. In addition, the binding free energy of the ground state and the transition state is
evaluated, demonstrating that the enzyme works by TSS. Furthermore, the evaluation of the electrostatic
contribution to the reduction of the activation energy establishes that the TSS results from electrostatic
effects. It is also found that the apparent NAC effect is not the reason for the catalytic effect but the result
of the TSS. It is concluded that in CM as in other enzymes the key catalytic effect is electrostatic TSS.
However, since the charge distribution of the transition state and the reactant state is similar, the stabilization
of the transition state leads to reduction in the distance between the reacting atoms in the reactant state.

1. Introduction environmental effect of the enzyme and makes it an ideal
gandidate for combined gquantum mechanical/molecular mechan-
ics (QM/MM) studies (for general references on QM/MM
approaches, see refs-127). In fact, the reaction of CM has

Chorismate mutase (CM) catalyses the Claisen rearrangemen
of chorismate to prephenate. This reaction is a key step in the

shikimate pathway for biosynthesis of phenylalanine and
P Y y pheny become an important benchmark for QM/MM calculatié#s3

tyrosine in bacteria, fungi, and higher plaAtshis enzymatic .
rearrangement has been the focus of major effort in recent years,It should be mentioned, however, that many of the reported

including analysis of its relationship to catalytic antibodies that Stdies did not provide stable results or complete configurational
catalyze the same reaction (e.g., refs72 and extensive sampling, and none of the reported studies involved ab initio
simulation studie&-16 One of the appealing features of this QM/MM calculations with complete configurational sampling.

enzyme is the fact that the chemical reaction only involves the 'NUS: the study of CM still presents an interesting computational

substrate without participation of the enzyme groups in the actual challenge. ) .
chemistry. This allows for a convenient analysis of the The nature of the catalytic effect of CM has been the subject

of recent studié$1* that considered it as a prototype for the

(1) Haslam, E.Shikimic Acid: Metabolism and Metabolite3ohn Wiley & steric strain proposaf-31 where it is assumed that the enzyme
@ 3\2;}; g‘fWHXSLk’Kl?_gg'm_ Chem. S0d.995 117, 1162811639, is designed to be geometrically complementary to the transition
(3) Hilvert, D. Annu. Re. Biochem.200Q 69, 751-793. state!? While the pure steric strain proposal is highly problem-

(4) Mader, M. M.; Bartlett, P. AChem. Re. 1997 97, 1281-1301.
(5) Cload, S. T.; Liu, D. R.; Pastor, R. M.; Schultz, P. G Am. Chem. Soc. (17) Bentzien, J.; Muller, R. P.; Florian, J.; Warshel JAPhys. Chem. B998

1996 118 1787-1788. 102 2293-2301.
(6) Kienhofer, A.; Kast, P.; Hilvert, DJ. Am. Chem. So2003 125 3206— (18) Muller, R. P.; Warshel, AJ. Phys. Chem1995 99, 17516-17524.
3207. (19) Warshel, A.; Levitt, M.J. Mol. Biol. 1976 103 227-249.
(7) Barbany, M.; Gutierrez-de-Teran, H.; Sanz, F.; (feeixa, J.; Warshel, (20) Thay, V.; Rinaldi, D.; Rivail, J.-L.; Maigret, B.; Ferenczy, G. G.Comput.
A. ChemBioChen2003 4, 277—-285. Chem.1994 15, 269-282.
(8) Copley, S. D.; Knowles, J. R. Am. Chem. Sod.987, 109, 5008-5013. (21) Zhang, Y.; Liu, H.; Yang, WJ. Chem. Phys200Q 112, 3483-3492.
(9) Lee, A.; Stewart, J. D.; Clardy, J.; Ganem,&em. Biol.1995 2, 195— (22) Gao, JAcc. Chem. Red996 29, 298-305.
203. (23) Bakowies, D.; Thiel, WJ. Phys. Chem1996 100, 105806-10594.
(10) Lyne, P. D.; Mulholland, A. J.; Richards, W. G.Am. Chem. Sod.995 (24) Field, M. J.; Bash, P. A,; Karplus, M. Comput. Chen99Q 11, 700—
117, 11345-11350. 733.
(11) Guo, H.; Cui, Q.; Lipscomb, W. N.; Karplus, NProc. Natl. Acad. Sci. (25) Friesner, R.; Beachy, M. CCurr. Opin. Struct. Biol.1998 8, 257—262.
2001, 98, 9032-9037. (26) Monard, G.; Merz, K. MAcc. Chem. Red999 32, 904-911.
(12) Marfy, S.; Andres, J.; Moliner, V.; Silla, E.; Tunon, |.; Bertran, J. Phys. (27) Field, M.J. Comput. Chen002 23, 48-58.
Chem. B200Q 104, 11308-11315. (28) Tapia, O.; Andrs, J.; Safront, V. SJ. Chem. Soc., Faraday Trans1994
(13) Marfy, S.; Andfes, J.; Moliner, V.; Silla, E.; Tunon, I.; Bertran, Jheor. 90, 2365-2374.
Chem. Acc2001, 105 207-212. (29) Phillips, D. C.Sci. Am.1966 215 78-90.
(14) Khanjin, N. A.; Snyder, J. P.; Menger, F. M. Am. Chem. Socd 999 (30) Blake, C. C. F.; Johnson, L. N.; Mair, G. A.; North, A. C. T.; Phillips, D.
121, 11831-11846. C.; Sarma, V. RProc. R. Soc. Ser. B967 167, 378—388.
(15) Hur, S.; Bruice, T. CProc. Natl. Acad. Sci2002 99, 1176-1181. (31) Moliner, V.; Andres, J.; Oliva, M.; Safont, V. S.; Tapia, @heor. Chem.
(16) Hur, S.; Bruice, T. CJ. Am. Chem. So@003 125 1472-1473. Acc.1999 101, 228-233.
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Figure 1. Rearrangement of chorismat o prephenate3). The presumed transition state is sho@p This [3,3]-pericyclic process is formally analogous
to a Claisen rearrangement. The chorismate molecule involves the diequatorial and diaxial classes of configurations, which are represeit@tydshema
la and1b, respectively.

atic (see ref 32 and also this paper), CM seems to display an (@) Agha << Ag,
apparent steric effect that can be considered as the result of a
confinement by the active site. That is, recent MD studies of
Hur and Bruicé®>16suggested that the enzyme helps in bringing
the reacting atoms of the substrate to a typical distance, which
they defined as near attack conformation (NAC), and that this
distance is rarely attained in water. Thus, they considered this
NAC effect as the major reason for the catalytic power of CM.
As clarified in our previous work2 the NAC effect and the
NAC distance are poorly defined and cannot be uniquely related
to the catalytic effect of the given enzyme. Nevertheless, the
MD studies of Hur and Bruid&1® indicate that the g--C;
distance of the substrate (Figure 1 and also Figure 1S in the
Supporting Information) can easily reach a distance of 3.7 A,
while it costs significant free energy-@ kcal/mol according
to ref 16) to reach this distance in water. The question that we
would like to address is what is the meaning of the apparent
NAC effect? In other words, we would like to find out whether
the NAC represents a genuine reason for catalysis or whether
it merely reflects the result of electrostatic transition state
stabilization.

Here, we address this issue by first defining clearly the
concepts of reactant state destabilization (RSD) and transition Figure 2. Schematic description of the free energy profiles in protein (bold
state stabilization (TSS). Next, we examine which of these and plain lines) and in water (dashed line) for the limiting cases of RSD

. . . . . and TSS, which are shown in the upper and lower panels, respectively.
effects is operating in CM, using the empirical valence bond The figure focuses for simplicity on the profiles for the “chemical part” of

(EVB) and the linear response approximation (LRA) approaches the substrate (bold line) and describes in panel (a) also the profile for the
for the calculations. It is found that CM operates by electrostatic chemical plus nonreactive part of the substrate (see text). For simplicity,

TSS, and the apparent NAC effect is simply the result of that we consider a case where the binding of the nonreactive part is along a
TSS' coordinate orthogonal to the reaction coordinate.

chem
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free energy
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AGping
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correctly what the origin is of the difference in the binding
energy of the TS and RS since both are confined to the same
active site, which is quite flexible and thus can complement
and not with a semantic problem, it is crucial to define what is e geometries of both states. In any case, there are two limiting
meant by enzyme catalysis. As discussed in many previous9eneric ways for reducingg,, which are shown in Figurf 2.
works (e.g., refs 33 and 34), the key issue has always been thelhe first option (Figure 2a) involves a reduction A,
origin of the reduction ofAgr, relative toAg’, whereAgf, ~ Pecause of RSD. The generic RSD model appears in many
and Ag?, are, respectively, the activation barriers associated catalytic hypotheses including the strain prop&set***°and

with ket and the rate constant for the uncatalyzed reaction in the desolvation proposal (e.g., refs 36 and 37). In the RSD case,
water ). More specifically, the fact that the binding free it is assumed implicitly that the binding to distant nonreactive
energy of the TS (which correspondskig/Ky) is negative was ~ Parts allows the enzyme to strain the reacting pérs.doing
clearly understood (e.g., ref 35) since large changes uponSO itis assumed that the substrate can be divided into reacting
moving the substrate from water to the enzyme site are easy tofragments (the “chemical part”) and distant fragments that do
rationalize. It was much harder to understand and rationalize Not contribute to the activation free energy. To simplify our

2. Defining the Catalytic Effect

To clarify that we are dealing with a fundamental problem

(32) Shurki, A.; VSrajbl, M.; Villa, J.; Warshel, A.J. Am. Chem. So2002
124, 4097-4107.

(36) Crosby, J.; Stone, R.; Lienhard, G.EAm. Chem. Sod97Q 92, 2891-
2900.
(33) Warshel, A.Computer Modeling of Chemical Reactions in Enzymes and (37) Dewar, M. J. S.; Storch, D. MProc. Natl. Acad. Sci. U.S.A985 82,

Solutions John Wiley & Sons: New York, 1991.
(34) Warshel, AJ. Biol. Chem.1998 273 27035-27038.
(35) Wolfenden, R.; Snider, M. Acc. Chem. Re001, 34, 938-945.

2225-2229.
(38) Jencks, W. RCatalysis in Chemistry and Enzymolodover Publication:
New York, 1986.
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Figure 3. lllustrating the nature of recent diagrams that were used to describe the NACEffettPanel (a) shows an energy diagram of the type used

in refs 16, 43, and 44 to describe the NAC proposal. Panel (b) clarifies that the position and nature of the assumed NAC plateau does not change any of the
relevant activation barriers so that we simply have a regular TSS situation such as in Figure 2b. In other words, the position and height of th@iWNAC plate
has no effect on the difference betweﬁgzaﬂ and Agtv and thus no effect on catalysis. This is not meant to suggest that a properly defined NAC effect is

a TSS. That is, at least in the cases considered by ref 43 the NAC was assumed to represent entropic effects, which clearly lead to RSD and to the situation
of Figure 2a (as discussed in the text, the diagram of the type used in ref 43 is simply invalid if the NAC reflects entropic or steric effects). If the NAC
reflects electrostatic TS stabilization we can use Figure 3a, but in this case we have a standard TSS case, and the NAC is not the reason for catalysis.

discussion, Figure 2 focuses (bold line) on the reaction profile possible to formulate what is probably meant by the NAC
and the corresponding binding energy of the reacting part concept in a clear (and verifiable) way by the restraint release
(AGE™. Adding the binding of a distant nonreactive part approach of ref 32. Similar results can be obtained by a simpler
(plain line in Figure 2a) leads to a more complex discussion approach focusing ofR[s and (R (R is the solute contri-
and analysi®, but the conclusions of the present work will stay bution to the reaction coordinate). That is (assuming that the
the same. It is important to note that Figure 2a does not TS structure is similar in water and in the protein), we may
contradict any physical law even in the absence of distant groupssimply ask how much energy it would cost to push R
(see footnote 40). Also, note that in the special case of CM it to [R[g in water and approximate the NAC free energy by

is not justified to talk on the significant contribution to binding

from distant parts of the molecule since the two ionized groups AGyuc ~ AG(RIY),, — AG(IRIYY),, (1)

of the substrate are covalently bound to the atoms that form

the chemical bond and determine the reaction profile (see alsowhereAG([R[ﬂW

the Conclusion). At any rate, in the RSD mechanism the enzyme, . designate@RT] In the above approximatiofR [ provides

Is supposed to push the reacting fragments in the reactant statg, proper definition for the NAC distance. However, this analysis
(RS) toward the transition state (TS) direction. Thus, the average y os not tell us what the origin is of the NAC,effect (eg

g'S‘?{I‘ Ee allong t:\(;e];eagtu:rr: coor;jllnafﬁ n '.[he Eﬂtﬂ(sllrthlgure d electrostatic, steric, entropic, etc.). Here, we can move back to
)\tl'w eF_coseer .Est;]n Tesréro elnh anin waher. ﬂf secon Figure 2. In the RSD case (Figure 2a), we have a real
option (Figure 2b) is the mechanism, where the enzyme ., \finement effect where the enzyme pushes the reactants

stabilizes both t“‘?. RS. an_d the T.S more than vyater Oloes'toward the TS, and this leads to a reducuom@at Now in
However, the stabilization is larger in the TS than in the RS, . .
w—p w—p the TSS case of Figure 2b, we can also have a compression
so that AAGLs" is larger thanAAGgrs" (where w and p : .
designate water and brotein. respectivel). The wo ontions effect whereR[ is closer tolRFs than[R[}s. However, this
'9 W protein, pectively). WO opt is simply a reflection of the fact that the TSS flattens the

considered in Figure 2 correspond to these two extreme limits potential surface in the enzyme; thiBf becomes closer to
of the two different proposals. .
Rl (Figure 2b).

Bruice and co-workers suggested that CM catalyzes its In Vi ¢ ¢ t and at the risk of i
reaction by enabling thedz-C; (Cs:+-Cyin Bruice’s notation) n V'?’:ho a.r? ertfae commen ano?r;t' ens to tr;aptea N9
to reach a NAC distance (3.7 A), which is energetically costly '[S:r:]e?a?e F?gﬁ?énzs tg S%reerg\e”socurisp\t/;/onsl (;? ':hmep(l)\lrsg p(r)o;%sal
in water. Now, from a rigorous point of view, the NAC concept . ) . L

g P P The change ofROin the protein, which has been the main

is arbitrary since one can choose any distance on the way to_ ~ .

the TS (including the TS distance itself). Furthermore, the rate dtﬁf'n't'o? (_)f the l:ACttre]ffect, S(:em? tous af atn RISD hyg_otthess

constant is determined by the difference between the probability( € protein pushes e reacting fragments fo closer distances
than in water). Our view, of what can be understood by the

of being at the TS and the probability of being in the entire .
reactant state region (see Figure 3), which is approximately the NAC proposal, is strengthened by the fact that the NAC Pmpos‘?'
has been frequently related to the rate acceleration in cyclic

probability of being at the minimum of the free energy profile . o SR . -

at the RS side. Thus, considering only the probability of being anf;}ydr;ldre Lorir:?t'?;j' Thhet tr)ate ar(r:lceIeratlornflrllfnthyrdrflldetwttthri

at specific points other thaiR[gs (e.g., NAC) does not tell us ashorter chain Is thought by some (g.g., et ) to reflect steric

much aboutAg* Nevertheless, as explained beféet is RSD or entropic effects. Now, to clarify what is actually meant
car ' by different versions of the NAC proposal, it is essential to try

(39) Warshel, A.; Villa J.: Srajbl, M.; Florian, J.Biochemistry200Q 39, 14728~ to formulate these proposals in terms of the corresponding free

(40) The fact that profiles of the form of Figure 2a are unlikely to exist in most energu_as. Here, we b_elleve th.at a CQnSIStent definition and

enzymes does not present any conceptual or fundamental problem. This isanalysis of the energetics associated with the structural changes

exactly the profile expected from a protein with RSD and without sufficient  h95 heen provided in ref 32. It is also useful to formulate NAC
binding by distant residues. Of course, the fact that proteins with positive ’
binding energies are not found in most cases, provides a major support for
the argument against the RSD proposéls. (41) Lightstone, F. C.; Bruice, T. @. Am. Chem. S0d996 118 2595-2605.

is the free energy in water when R is taken as

10230 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003
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proposals by comparing the energies of the reaction in the %0c

e
— ]
protein and in solution, as is done in Figure 2. Nevertheless, it \< ooc 00C X
is important to consider other representations of the NAC effects. 9 —coc® Ol cod® ol cod®
Unfortunately, the very limited alternative descriptions of the
OH OH
2 3

energetics of the NAC effect are inconsistent. That is, the first
attempt to quantify the energetics of the NAC effect in terms
of the difference between the enzyme and the solution profiles 1
was provided by Kollman and co-workets 44 This description Figure 4. Valence bond resonance structures used in the EVB description

d di fth h in Ei ) 3 Fi 5 fof the reaction of Figure 1. Note that the VB diagram designates bonding
use |agrams of the type shown .'n igure sa (;ee llgure. 0 patterns rather than a specific geometrical structure.
ref 43 and Figure 4 of ref 42), which look at a first sight like

; i Table 1. Calculated and Observed Activation Free Energies for

a TSS proposal (see _captlon_ of Flgure Sa): However, thes.ethe Reaction of CM and the Reference Reaction in Water?
workers actually described using their TSS diagram a destabi-

OH

lization of the RS by entropic effects (for a clear definition and A AGos
relation to the assumed NAC effect, see footnote 45). Now, a wateP 251 245
protein 14.8 154

correct description of the entropic proposal would involve an
increase in the_ height of the protein f_ree energy profile, leading  a gnergies in kcal/mol. The calculated values were obtained by the EVB
to a RSD profile of the type shown in Figure 2a (see ref 46). approach with the parameters given in the Supporting Information.
At any rate, since Kollman and co-workers attributed the NAC b Correspondsa 1 M concentration of the substrate. Note, in this respect,

' . . that since the reacting fragments are connected covalently to each other
effect to entropic RSD (see footnote 45), we establish here thathrough the ring skeleton, we do not need to evaluate the activation barrier
at least some workers considered the NAC effect in a way that at a solvent cag%giage (e.g., as was done in ref 32\g},,, refers to
should have been described by Figure 2a. The same type ofcalculatedAgj, and Ag., in the water and protein reaction, respectively.
diagram as the one used by Kollman and co-workers was also” OPtained from refs 8 and 63 Obtained from ref 67.
used recenty by Hur and Bruice (Figure 1B, ref 16) in describing
the NAC effect in CM. Although in this case the NAC effect 3. Methods
V\;?S TOt tar:trlbu'.[ed T[(.)"dear RSD Qf:ects, S#Eh tas er,::]mpg. orsteric The basis of our simulation is the empirical valence bond (EVB)
etfects, there 1s stll an inconsistency. that 1s, the diagrams approaclt®48which has been used extensively by us, and others (e.g.,
shown n Figure fa here and in Figure 1B of ref 16 involve the et 49-53). Here, we described the Claisen rearrangement reaction
sameAg,, andAg;, as in the diagram of F_lgure_ 3b, and thUS: by considering the three VB structures described in Figure 4 where
they represent a clear TSS case; as clarified in the caption of2, and3 correspond to the reactant state (i.e., chorismate), the TS, and
Figure 3,Ag\jfV and Agﬁat are independent of the shape of the the product state (i.e., prephenate), respectively. In the present case,
surface or the proposed NAC energy and position. There is We refined the EVB using ab initio charges as well as experimental
nothing wrong with Figure 1B of ref 16, but since it simply information about the activation barrier in solution and for the
represents a TSS proposal, it seems to contradict statements OeFxothermicity of the reaction in solution (see section 5 for more details).

Bruice and Hur who argued against the TSS proposal (e.g., refSThe corr_espondlng parameters are given in Table 1 of the Supporting
15 and16) Information. The free energy of the EVB surface was evaluated by the

o ) umbrella sampling/free energy perturbation (UM/FEP) metfidche

In general, it is hard to describe the NAC effect as a new simulations were subjected to the surface constraint all atom solvent
proposal, which is different than our early electrostatic TSS (SCAAS) model and its special polarization constré&htnd long-
proposal’ unless it is considered a RSD proposal of the type range effects were treated by the local reaction field (LRF) long-range
presented in Figure 2b. If the NAC is thought of as a TSS treatment?
proposal, then we are back to the fundamental question of what Another feature in the present study is the use of the linear response
the origin is of the TSS, which is obviously not strain or approximation (LRA) treatmefft for the analysis of the contribution

. ' . . to the free energy of the reactants, transition states, and products. This
confinement effects (these are RSD effects). In this case, if the . : . .
NAC li idered lectrostatic TSS | approach provides a good estimate for the free energy associated with
proposa _'S Cons' eéred as an electrostalic . proposal,i,q change between two potential surfadds dndU,) by

then the question boils down to whether the NAC is the reason
for the TSS or |t_s result. At any rate, it is essen_tlal to cqnduct AG(U, — U,) = (1/2)(U, — U,§ + [U, — U,J) =
a careful analysis to explore whether the catalytic effectin CM (L2)(AUG + AUD) (2)
reflects RSD or TSS.

. ) where[AU[ldesignates an average over trajectories propagatéfl. on
(42) Stanton, R. V.; Pékgla, M.; Bakowies, D.; Kollman, P. AJ. Am. Chem.

Soc.1998 120, 3448-3457. The microscopic LRA approach will be used here for several tasks
(43) Kollman, P. A.; Kuhn, B.; Donini, O.; Perakyla, M.; Stanton, R.; Bakowies, including calculations of binding free energies according to the approach
D. Acc. Chem. Re001, 34, 72—79. described in ref 57

(44) Kollman, P. A.; Kuhn, B.; Perokyla, M. Phys. Chem. B002 106, 1537
1542

(45) Some readers who would start with ref 43 might be confused by our (48) Aqvist, J.; Warshel, AChem. Re. 1993 93, 2523-2544.
statement about the description of the NAC effect by Kollman and co- (49) Bala, P.; Grochowski, P.; Lesyng, B.; McCammon, JJAPhys. Chem.
workers. However, one should realize that the analysis of the NAC effect 1996 100, 2535-2545.
by this group started with the clear analysis of ref 42 where the entropic (50) Chang, Y.-T.; Miller, W. HJ. Phys. Chem199Q 94, 5884-5888.
effect (which they called a cratic effect) was added to the free energy profile (51) Kim, Y.; Corchado, J. C.; Villal.; Xing, J.; Truhlar, D. GJ. Chem. Phys.
of the reaction in water. The same approach was used in all of their explicit 2000 112 2718-2735.
calculations and summarized in ref 43. Subsequently, ref 44 used the same(52) Schmitt, U. W.; Voth, G. AJ. Phys. Chem. B998 102, 5547-5551.
diagrams to describe the NAC effect, while still considering the same (53) Vuilleumier, R.; Borgis, DChem. Phys. Lett1l998 284, 71-77.
calculations (see Table 1 of ref 44) that were based on the analysis of (54) King, G.; Warshel, AJ. Chem. Phys1989 91, 3647-3661.

entropic effects. (55) Lee, F. S.; Warshel, Al. Chem. Phys1992 97, 3100-3107.
(46) Warshel, A.; Parson, W. WQ. Re. Biophys.2001, 34, 563—-670. (56) Lee, F. S.; Chu, Z. T.; Bolger, M. B.; Warshel, Rrotein Eng.1992 5,
(47) Warshel, AProc. Natl. Acad. Sci. U.S.A978 75, 5250-5254. 215-228.

J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003 10231



ARTICLES Strajbl et al.

In addition to the fully microscopic models, we used the semimac-
roscopic PDLD/S-LRA approach for calculations of binding free
energies. This approach, which is described in detail in several works
(e.g., ref 57), provides a reasonable estimate for binding free energies
of highly charged systems.

Our study was conducted by using the CM crystal structure from
Bacillus subtilis BsCM (PDB 1COMS?) as a starting point. The EVB
and LRA simulations were done using the ENZYMIX and POLARIS
modules of the program MOLARIS:5° The SCAAS radius for the
explicit region was taken as 22 A. The Claisen rearrangement reaction
was described by mixing the zero order VB states, which are described <Ag‘)p
schematically by the bonding patternsiof2, and3 in Figure 4. The

i X : -204
selection of proper VB states and off diagonal terms (see Supporting AG(<Ae>p)w~AG(<Ae>,,)
Information) allows one to generate a ground-state model that pIw wiw
reproduces the ab initio charge distribution of the RS and TS. The model -30+
was further parametrized to reproduce the observed activation barrier T T T T T T —
for the reaction in solution. The free energy surface for the reaction -200 -100 O 100 -200-100 O 100 200 300
was mapped in two steps; first, from stdtéo 2 as a function of the Ag, [keal/mol] Ae.,,[keal/mol]
reaction coordinate; — ¢; and then from stat2 to 3 with the reaction 12 23
coordinatees — ¢,. The FEP mapping of each step was typically (RS) (TS) (PS)
evaluated after 50 ps equilibration time, followed by 21 windows of 5
ps each for moving along the reaction coordinate. The LRA calculations The EVB mapping is done from the TS to the reactant and product state,

|nyolved 50_ ps on each state..AIII the smglatlons were dope at 300 K respectively. The two mapping steps are done along two different reaction
with a 1 fstime step. Several initial conditions were used in each cas coordinatesfe1» andAezs, respectively). Notation RS, TS, PS designates
to ensure the stability of the results and to obtain a proper average the reactant state, transition state, and product state.
over the configurations of the system both in the protein and in the
solution. The reaction free energyAGy, was approximated by the
The simulations considered Arg7, Glu78, Arg90, and Arg116 of corresponding observed reaction enthalfeidy = —13.3 kcal/
chain C to be explicitly ionized. The effect of other ionized residues mol, in the absence of a direct experimental measurement of
was considered macroscopically after the microscopic calculations. This the corresponding\Gy. It is important to note in this respect
was don_e by us?ng the e_ffecFive diglectric Cons_tant of ref_61 for charge that none of our conclusions depend on the valuAG.
charge interactions. This dlelectn_c cqpste_mt is a function of @stgnce The experimenta}ﬁg* . was taken from the corresponding
and is usually larger than 20. The justification of our approach is given cat +
clsewhere? value of CM fromB. subtilis(BSMC), where Ag.,)ons = 15.4
kcal/mol®” The ability to reproduce these values without
4. Evaluating the Activation Free Energies for the adjusting any special paramgters was then used to .vali.date our
Reaction of CM and the Corresponding Reference approach. The results of our simulations for the reaction in water
Reaction in Solution and in the enzyme active site are summarized in Figure 5 and
Table 1. The figure depicts the calculated reaction profiles for
To exploit the power of the EVB method in quantitative both the water and the protein reactions. These EVB free energy
studies of enzymatic reactions, it is essential to fit the EVB surfaces correspond to much more extensive and consistent
free energy profile of the reference reaction in water so that it configurational averaging than that reported in some quantum
will reproduce key experimental and theoretical information mechanical studies. The minimum of the free energy profile at
known about this reaction. Here, we usaﬁg&)obs = 245 the RS in the solvent cage involves a complete configuration
kcal/mol based on the experimental information of ref 63. Since sampling on the potential of the ground state EVB surface (the
the reacting fragments are connected covalently by the ring RS region reflects mainly the first VB state of Figure 4 and
skeleton, we do not need to define a “cage” reference systemsome mixing with the second state). This minimum does not
for the uncatalyzed reaction (see refs 32 and 64 for discussionrepresent a single geometrical structure but the result of an
of the cage complex). We also note that the equilibrium between extensive exploration of the surface in the region populated by
the pseudodiequatorial and the pseudodiaxial conformationalthe different diaxial configurations. This point is illustrated by
states of the chorismate molecule does not involve large energythe geometry distributions of the RS of both the water and the
(0.9-1.4 kcal/mol according to the estimate of Copley and protein systems in Figure 1S of the Supporting Information.
Knowle). This finding is supported by recent PMF studie8’ The center of the distribution for the;©C3;—C4—0O;2 torsional
angle is similar to that obtained in ref 11. However, the exact

- water
—e— protein

AG [keal/mol]

o
—>

Figure 5. EVB free energy profile for the reaction in water and in CM.

) o g, Ry |20 i Warshel, Rroteins: Struct, Funct.,  details are not so relevant for the NAC issue. Since the EVB/
(58) Chook, Y. M.; Gray, J. V.. M., K. H.; Lipscomb, W. N. Mol. Biol. 1094 FEP calculations did not explore transitions to the diequatorial
240 476-500. configuration, we estimated the free energy for this transition

(59) Lee, F.S.; Chu, Z. T.; Warshel, A. Comput. Chenl993 14, 161-185. X .
(60) Chu, Z. T.; Villa, J.; ®ajbl, M.; Schutz, C. N.: Shurki, A.; Warshel, A,  to be around-1 kcal/mol by considering the results of refs 65

in preparation.

(61) Schutz, C. N.; Warshel, Rroteins: Struct., Funct., Gene&001, 44, 400— and 66 and the NMR results of Copley and Knowidsote
417.

(62) Sham, Y.Y.; Chu, Z. T.; Warshel, A. Phys. Chem. B997, 101, 4458— (65) Repasky, M. P.; Guimaes, C. R. W.; Chandrasekhar, J.; Tirado-Rives,
4472. J.; Jorgensen, W. L1. Am. Chem. So003 125, 6663-6672.

(63) Andrews, P. R.; Smith, G. D.; Young, |. 8iochemistryl973 12, 3492— (66) Marfy, S.; Andfes, J.; Moliner, V.; Silla, E.; Tunon, I.; Bertran, Chem—
3498. Eur. J.2003 9, 984-991.

(64) Srajbl, M.; Florian, J.; Warshel, AJ. Phys. Chem. R001, 105 4471— (67) Kast, P.; Asif-Ullah, M.; Hilvert, D.Tetrahedron Lett1996 37, 2691~
4484, 2694.
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that these NMR results are not in conflict with more recent Tab({je 2. Calculated Binding Free Energies for the RS and TS of
studie$® since the diaxial state includes several configurations. M

The main point that emerges from Figure 5 and Table 1 is LRA PDLD/S-LRA? observed®
the fact that our calculation reproduced the observed activation — AGRy, -13 -10 —5.6
free energies and the observed catalytic effect. It is useful to  Ags, —27 15 —14.6

note that using other EVB parameters, that gave a narrower TS
region, led basically to the same results. Also note that the aThet?]inding ftre? e?ergies (tkca(lém&l) %0"(‘133%0”? :O)tf;e Irr]ee energy of
: ) S . . moving the substrate from watem standard state) to the enzyme
possible over-stabilization of the _prOdUCt state in the p_rOte'n active site. The calculated binding energies include an estimated entropic
does not present any problem in the present analysis (Seecorrection of 10.0 kcal/mol (estimated from restraint release entropy
footnote 69). At any rate, our ability to reproduce quantitatively C?“#'Q“‘gﬁ of “ginds Odf Slmlll'artfli?l'.hArE;’A Glu7s, A?;O' anld Alf%l,llﬁ .
S . . o of chain C were charged explicitly. The approach for calculations o
the observed barrier is a crucial step in our analys_ls since only binding free energies is described in ref 8The PDLD/S-LRA calculations
methods that can reproduce the overall catalytic effect are were performed by the approach outlined in ref 57 and with an entropic
expected to provide conclusive results in analyzing the individual correction of 10 kcal/imol (see abové)The observed RS binding free
contributions to this effect energy is calculated frork,, from ref 5, and the TS binding energy is

At . . evaluated byAG!S, = AGRS + Agl, — AgE.
Examination of the free energy surfaces of Figure 5 can give bind bind ot AGw

an estimate of the apparent NAC effect. Here, the upper limit 5,54rent NAC effect. Thus, the question is what is the catalytic
of eq 1 is obtained using the generalized reaction coordinate gjgnificance of this effect? This issue will be explored below.
instead of only the solute contribution to the reaction coordinate.
Using eq 1, we obtain from the figure an upper limit-ob 5. Exploring the Apparent NAC Effect
kcal/mol for the NAC effect (note that the solvent coordinate
undergoes a larger change in water than in the protein active After validating the quantitative nature of our free energy
site and thus contributes to part of this overall 5 kcal/mol). This calculations, we can start analyzing the apparent NAC effect.
estimate is smaller than the estimate of 8.4 kcal/mol obtained As a first step in this analysis, we performed microscopic LRA
by Hur and Bruicé® for another form of the enzyme (from and PDLD/S-LRA calculations of the binding free energy of
Escherichia coli. It should be noted in this respect that ref 16 both the RS and the TS. The results are presented in Table 2.
used 30 ns direct MD on the reactant state rather than a freelt should be noted that the calculated LRA binding energies
energy perturbation approach. As explained eloquently by increase significantly with the number of positively charged
Valleau and Torri€? it is very hard to obtain the proper groups, which are treated explicitly (e.g., charging Arg63 of
probability of being at a high-energy region by a direct MD. chain B, in addition to the other charged residues). This reflects
For this purpose, one has to use the umbrella sampling or relatecthe difficulties of obtaining full screening for chargeharge
approaches (see analysis of the difference between direct MDinteractions by microscopic models (e.g., refs 73 and 74). In
estimates and proper sampling approaches in ref 71). It is alsothe present case, a part of this effect might reflect the possibility
useful to note that the early calculations of Maeti all3 that Arg 116 of chain C and Arg63 of chain B are not protonated
produced a very large jump in the energy of the solution reaction at the same time. Fortunately, the calcula’r@g’éalt is only
at the RS region. This jump can be interpreted as a NAC effect weakly dependent on treating Arg63 of chain B explicitly. At
of about 15 kcal/mol. However, this result is an artifact of the any rate, the main point is the fact that both the observed and
use of a limited energy minimization (rather than a proper the calculated binding energies are negative. Thus, the reactant
configurational sampling) for a solvated system with two state must be more stable in the enzyme than in water.
strongly interacting charges. Energy minimizations of the type Furthermore, it is seen that the binding energy of the RS is
used in standard quantum mechanical studies cannot producesmaller than that of the TS. This point establishes clearly that
the proper solvent rearrangement in large cluster of water CM acts by TSS and not by RSD. The two options of RSD and
molecules and are unable to reproduce the large dielectricTSS are also illustrated in Figure 6 in terms of the relative
screening of polar solvents. This point can be easily verified position of the corresponding free energy surfaces. As seen from
by trying to reproduce the energetics of decarboxylic acids in the figure, the actual situation corresponds to Figure 2b. This
solutiong? by energy minimization approaches. At any rate, demonstrates that the classical steric confinement model is
regardless of the possible discrepancies between our results anthvalid. Furthermore, this establishes that the apparent NAC is
those of Hur and Bruice (which are much more reasonable thannot the reason for the catalysis.
those of ref 13), it clearly seems that we have a considerable In view of the above conclusions, we should focus on the
: - - analysis of the reason for the apparent NAC effect. As a starting
) et A aob0a 00 stes ey, v \riant P £ HIVeM - point in this analysis we will examine in a quantitative way the
O oot s el 2 S o pht S i, 1e1ure ofthe resicling system. A3 seen from Figure 1, we have
Howevgr, the probIemJis [r)mt so serious as it migr?t look. That is, most @ System with two negative charges, which are covalently linked
probably we have here some overestimate of the charigarge interaction to the atoms that are involved in the bond making process. Thus,
with the protein because of the fact that microscopic simulations do not . . . . ..
provide sufficient screening for chargeharge interactions (see section W€ can view the electrostatic Cont.“bl.«mon to the aCt]Vatlon free
OOt G (6.6, 1oT 10). Mors importanty. the overalty refbcie > cnergy as the free energy of bringing two negative charges
part the very negativAGg" for the water reactionGo" = —13.3 kcal/ together. Since the TS involves the two charges in close

mol). Thus, the calculated product binding energy is only about 12 kcal/ imi ili i 1 i idi
mol. While this is still an overestimate, it does not indicate a major problem proximity, the enzyme stabilizes this Conflguratlon by prowdmg

with product inhibition.

(70) Valleau, J. P.; Torrie, G. MModern Theoretical ChemistryPlenum (73) Burykin, A.; Schutz, C. N.; Villa, J.; Warshel, Rroteins: Struct., Funct.,
Press: New York, 1977; Vol. 5. Genet.2002 47, 265-280.

(71) King, G.; Warshel, AJ. Chem. Phys199Q 93, 8682-8692. (74) Muegge, |.; Schweins, T.; Langen, R.; WarshelS&ucture1996 4, 475—

(72) Warshel, A.; Russell, S. Q. Re. Biophys.1984 17, 283-421. 489.
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the LRA calculations for charging the RS and TS that were
used in the binding calculations of Table 2. Such an analysis is
summarized in Table 3. The table considers the average
electrostatic interaction between the substrate and its surrounding
for trajectories where the environment “sees” the substrate
charges[AULg, and for trajectories where the environment does
not “see” the charge\U[J. Consideration of the results in the
framework of eq 1 establishes that the catalytic effect is due to
a larger electrostatic stabilization of the TS. A large part of the
electrostatic effect is due to thAUJ term, which reflects the
preorganization energy of the enzyme. In fact, as much as the
binding is concerned we have a very large electrostatic preor-
ganization contribution(z)[AULf. Furthermore, the preorga-
nization effect also contributes significantly to the overall
catalysis (¥/2)(IAU;d8 — [AURgH) = 4 kcal/mol). However,

in the present case there is also a large electrostatic contribution
from the [AU[g term. This is interesting since usually one

expects most of the electrostatic contribution to the catalysis to
be due to théAU[d term. Here, however, since the charges of
the RS and TS are quite similar (see, however, the Conclusion)

Figure 6. llustrating the two options (RSD and TSS) for relating th e and sincdAU[{ plays a major role in stabilizing these charges
gure 6. ustrating the two options an or relating the protein . . . f . n .
and water free energy surfaces. As is found in the present work (and (in the binding of the RS. and TS)_’ the dlff_erentlal stabilization
confirmed by the observed binding energy), the reaction of the CM should that leads to the catalytic effect is due, in part, to (g

be described by the TSS option. Since the RSD case (dashed line)term.

corresponds to a classical steric confinement model, we conclude that such 14 fyrther explore the apparent NAC effect, we considered
a model is invalid. The molecular configurations at the lower part of the h f the f f ' h .
figure are only meant as a schematic representation. The open configuration,t e dependence of the 'jee energy surface on the reaction
on the lower left, corresponds to an extensive sampling on all the diaxial coordinate. These calculations were done by the LRA approach
conformations. while fixing both the G-+-C; distance and the distance between
the carboxylates at three characteristic distanBe, R,
andRoped? (WhereRypedY is the average configuration at the
extended diaxial configuration in water). We use the LRA
approach, rather than the potential of mean force (PMF)
approach, since we are interested indlectrostatidree energy

of the system. The calculated LRA energies are presented in
Figure 9 as a function of this approximated reaction coordinate,
for both the reaction in water and in the protein active site.
rbomparing the electrostatic free energies of the water reaction
at Roped” and [RI{s indicates that the solute contribution to
the apparent NAC effect is not so large (around 3 kcal/mol).
Also note that most of this increase in the free energy upon

o

a complementary electrostatic environment. Figure 7 presents
a TS configuration in a stereoview. As is apparent from the
figure in the TS structure, the two positively charged groups
Arg7 and Arg90 of chain C “bind” one of the carboxylates and
the oxygen whose bond with the ring is brokeny (@ the
notation of Figure 1), whereas the other carboxylate is stabilized
by Arg116 of chain C. As a result of this stabilization effect,
the RS in the enzyme may also involve a closer distance betwee
the charges, and this may lead to the apparent NAC effect.
To quantify the above hypothesis, we separated the electro-
static and steric effects in both CM and the corresponding
reference reaction in water. This was done by performing three . . i
sets of calculations. The first set involved afuﬁ/é)VB, the sgecond changing R from Roper™ to [R5 is due to the electrostatic

set involved omission of the electrostatic interaction between effect. As discussed in section 4, we believe that the total
. apparent NAC effect, that includes the effect of the solvent

the two carboxylates and between the carboxylates and thelrCoor dinate (estimated by us to be between 5 and 3 kcal/mol),

surrounding environment, while in the third set all the charges is significantly smaller than the estimate of ref 16. However,

and the res[dual chqrges of the sgbst.rate were set to zero. Theeven a larger apparent NAC effect would not change our main
results of this analysis are shown in Figure 8. As seen from the

. . ) e nclusion that this effect is the result rather than the r n
figure (comparing Figure 8a and 8b), the omission of the conclusion that this effect is the result rather than the reaso

) . ) for catalysis. Thus, we do not find it essential to use the approach
carboxylates’ electrostatic contribution leads to a disappearance y PP

of a major part of the catalytic effect (the difference between of ref 32 and to fully quantify the NAC effect.

the rea}ction barrigr in water and the protein). The rest of the g Concluding Remarks

catalytic effect disappears when all residual charges of the

substrate are set to zero (Figure 8c). Once all residual charges The present work examines the origin of the catalytic power

are set to zero (Figure 8c), the free energy profile for the reaction of CM by systematic EVB and LRA analysis. It was found that

in CM is similar to that in water. Thus, it can be concluded the catalytic effect is almost entirely due to TSS by the

that a major part of the difference between the reaction in CM electrostatic effect of the active site. This electrostatic stabiliza-

and the reaction in water is due to electrostatic effects. This tion leads to a reduction in the average-@C; distance relative

means that the contributions from steric and/or other nonelec-to the corresponding distance in water. Although this change

trostatic effects are small. in equilibrium distance can be called a NAC effect, it is simply
Another way to demonstrate that the electrostatic effect is the result rather than theeasonfor the catalytic effect, side

the origin of catalysis in this case is to examine the nature of effect of TSS. That is, in analyzing enzyme catalysis it is very
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Figure 7. Active site configuration of CM from BsCM in the TS configuration, a cross-eyed stereoview. Note the stabilization of the two carboxylate

groups by Arg7, Arg90, and Arg116 of chain C.
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Figure 8. Free energy surfaces for the reaction in water and in CM for cases where (a) the complete system is included, (b) the charges of the carboxylate
groups are set to zero, and (c) all the charges and residual charges of the whole substrate are set to zero.
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Table 3. LRA Analysis of the Electrostatic Solvation Contributions 25
to the Binding of the RS and TS in CM? 1 —
water protein ,"
RS TS RS TS 20.0 = water /
[AULY —388.8 —403.1 —369.0 —402.8 % ;'
[AULg 0.0 0.0 —66.2 —74.4 E ! 1
AGiraA —194.4 —201.5 —217.6 —238.6 _‘3 ; —
a All energies are given in kcal/molAUdesignates the average of the s 10.0 - ;' ,‘l
electrostatic interaction between the substrate and its surroundings (water 8 K
and protein)[AUL$ and[AU[g designate the corresponding average over a % 4 3 '.‘ K .
potential surface that includes fully charged substrate and nonpolar substrate.  ¢n — — I,'proteln
The calculated energies are converted to “solvation” energies by subtracting < 0 -7 !
the corresponding values @AU[{ in water. 0.0 +— LI /
‘\\\ -6 ,‘:
important to determine what factors actually lead to the overall —
catalytic effect and to distinguish these factors from other effects 6.3 5.2 48
that result from the catalytic factors. For example, if an enzyme @Qf i f ?""
operates by electrostatic stabilization and this electrostatic effect 52 33 >4
w P p
< Ropen> RS <R> <R >TS

changes the color of the substrate, we will have to recognize
the color change as the result and not as the reason for the

it was found that enzymes catalyze their reactions by ¥SS.
Namely, that the reason for the reductionzkmjféat is the TS
electrostatic stabilization by the enzy’feé’’-’°In some cases,
Rl — RO} may be correlated with the catalytic effects, but
this will happen only when the charge distribution of the RS

Figure 9. LRA estimate of the electrostatic free energy for several points

catalytic effect.
The present work is consistent with previous studies, where along the reaction coordinate. Energies in kcal/mol are indicated over the
' corresponding bars. Distances in angstroms are given for the separation

TS.

between the carboxylate charge centers (designated-pyand for the
distances between;@nd G. The relative position of the protein and water
profiles are set in a way that the binding energyRis will correspond

approximately to the observediGping (—5.6 kcal/mol). The TS free energy
in water includes a constant term that reproduces the corresponding observed

value (since the LRA electrostatic contribution does not include the

and TS are similar. However, as found in the present work, intermolecular activation energy). The same constant is used for the protein

this will be the result rather than the reason for catalysis.

The case of CM presents an excellent opportunity to explore
the nature of enzyme catalysis since the reaction region doe
not include any of the enzyme groups. This makes it particularly

(75) Feierberg, I.; Agvist, JTheor. Chem. Ac2002 108 71—-84.

sSimple to determine whether we have RSD or TSS (for more
complex cases, see ref 39). Now, early theoretical stifthés
implied clearly that CM works by RSD. Other studigs
suggested that CM works mainly by RS effects, while some

J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003 10235



ARTICLES Strajbl et al.

works’® supported TSS. It should also be noted that experimental very costly in terms of energy. This is one of the reasons for
studies have supported the TSS propésairtunately, the issue  the importance of using a generalized soltgelvent coordinate
of RSD or TSS is not a semantic issue but a very well-defined (Ae in Figures 57) as the reaction coordinate. With this
problem. That is, if one uses a complete thermodynamic cycle coordinate, it is quite clear that the RS is quite far from the TS.
with a clear reference state (e.g., the reactants in water) andThus, it is also useful to note that in most cases the main effect
actually calculates the binding of the RS, then the problem can of the enzyme is to push the solvent coordinate toward the TS.
be resolved. Indeed, the calculations of the present work This solvent preorganization effé&t” has nothing to do with
established that CM works by electrostatic TSS. Now, since the NAC effect, which considers only the solute coordinate.
CM does not work by RSD, it is clear that the apparent NAC The enzyme electrostatic TSS also leads to the significant
effect is not similar to the steric effect observed in model changes in the solute contribution to the reaction coordinate
compound¥-*1 and is not the reason for the rate acceleration. only when the solute charges of both the RS and the TS are
The suggestion that steric effects play an important role in similar.

the catalytic effect of CM*15 has paid particular attention to It is useful to comment here on the option that the carboxylate
Val 135 in theE. coli enzyme and Leu 115 in thB. subtilis groups of the substrate can be considered as the nonreactive
enzyme. These residues were assumed to play an important rolgart of the substrate in a RSD mechanism, which supposedly
in pinning the substrate to a correct catalytic configurdtian uses the binding energy to strain the reactive faRirst, as

increasing the NAC population without a strong steric strain. mentioned above, it is unjustified to consider the carboxylates
The present work shows that the pure nonelectrostatic stericas being separated from the chemical part since carboxylates
effect does not contribute to catalysis. In reaching this conclu- are practically bonded to the reacting atoms. Second, in the RSD
sion, we rely on the analysis presented in Figure 8, where we mechanism the binding of the distant groups is supposed to
basically obtain the same results for protein and water once wedestabilize the binding of the chemical part in the RS. However,
omit the electrostatic interactions. Of course, the nonpolar groupsour calculations of the binding of the substrate without the
might help in providing the correct arrangement for maximal charges of the carboxylates gave the same free energies (about
electrostatic effect. —4 kcal/mol) as the increase in binding energy upon making
A recent work of Hilvert and co-worketsprovided an the substrate (without the carboxylates) polar, in the presence
extremely clear insight about the origin of the catalytic effect of the charged carboxylates. Note that the difference between
in CM. This work demonstrates that the electrostatic effect of these two values approximates the effect of the carboxylates
Arg90C amounts to about 5.9 kcal/mol and contributes only on the rest of the system and thus represents their supposed
0.6 kcal/mol to the binding energy. While the contributions of effect as distant groups. Finally, the general RSD idea appeared
the different residues are not additive, we have here a very largeto be in a clear contrast to the results of the above-mentioned
contribution that influences almost entirely the TS with a very experiments of Hilvert and co-worketsThe fact that the
small effect on the RS. This TSS effect reflects stabilizing the mutation of Arg90C only reduced the TS stabilization while
increase in charge separation of the actual reacting atoms ratheteaving the RS unchanged indicates that Arg90C stabilizes the
than the direct interaction with the carboxylates. This type of chemical part in the TS rather than destabiling it in the RS.
effect is apparent in Figure 8, where we consider the effect of A recent study of Jorgensen and co-workers that used a QM/
the enzyme on the substrate in the absence of the carboxylatesMM AM1 model reported a reasonable difference between the
A similar conclusion about the importance of the stabilization PMFs of reaction in CM and the corresponding water reaéfion.
of the nonionized part of the substrate was deduced in our recentUnfortunately, the analysis presented involved significant
study of catalytic antibodies (CAS)It was shown that CAs  inconsistencies. That is, although these workers obtained a large
that are designed to catalyze the reaction of CM are significantly transition state stabilization (enzyme relative to water), they
less effective than CM due, in part, to the effect of the concluded that the TSS plays a secondary role and that the
nonionized part. catalysis is due to “conformational compression of the NAC
It is important to consider here the idea that enzymes by the enzyme”. This seems at odds with the fact that ref 82
compress or mold the reacting fragments to a configuration that found a small energy contribution for the formation of the NAC
resembles their T&14.283L77.7 he TS is defined by both the  in water. The confusion may reflect unfamiliarity with the proper
solute and the “solvent” coordinatés8! That is, even when  thermodynamic cycle in enzyme catalysis and with the defini-
some solute coordinates look close to their TS, the system istions of TSS, RSD, and the NAC effect (for problems with the
usually very far from the real TS. Here, one must look on the NAC definition, see ref 83). More specifically, ref 82 considered
distance in terms of energy rather than structure. For example,8.8 kcal/mol gas-phase energy for moving between the minima
if we define the solute reaction coordinate in CM as theC of the PMF in water (ourlR[}g and in the protein (our
C, distance (a more general definition should include also the (R} as a major contribution to the calculated change in
distance between the two carboxylates), thRfs ~ 3.6 A activation barrier upon moving from water to the protein state.
andRGEs ~ 2.1-2.4 A. This small difference of 121.5 A is Unfortunately, the gas-phase contributions cannot (and should
not) be used in studies of the difference between the reaction

(76) Marfy, S.; Andres, J.; Moliner, V.; Silla, E.; Tunon, |.; Bertran, J.; Field,

M. J.J. Am. Chem. So001, 123 1709-1712. (82) Guimaras, C. R. W.; Repasky, R. M.; Chandrasekhar, J.; Tirado-Rives,
(77) Ford, L. O.; Johnson, L. N.; Machin, P. A;; Phillips, D. C.; Tijian, R. J.; Jorgensen, W. L1. Am. Chem. So2003 125 6892-6899.

Mol. Biol. 1974 88, 349-371. (83) The work of Jorgensen and co-workérseems to represent a misunder-
(78) Castillo, R.; Andts, J.; Moliner, V.J. Am. Chem. S04999 121, 12140~ standing of the NAC proposal. That is, these workers used very different

12147. NAC geometries in the protein and in water. These geometries were chosen
(79) Hwang, J.-K.; King, G.; Creighton, S.; Warshel, A. Am. Chem. Soc. more or less as the minima of the corresponding PMFs. Actually, the

1988 110, 5297-5311. minimum of the protein PMF is the most logical definition of the NAC
(80) Kim, H. J.; Hynes, J. TJ. Am. Chem. S0d.992 114, 10508-10537. geometry in the water reaction (see ref 32). Otherwise the NAC proposal
(81) Kurz, J. L.; Kurz, L. Clsr. J. Chem.1985 26, 339-348. has little to do with the effect of the protein.
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32+194 for moving from [R[}s to R in the gas phaseAGiac)
== contributes both to water and to protein profiles. Thus, the gas-
b & phase contribution leads to no catalytic effect. The actual
g;s 230 catalysis comes from the difference in the interaction between
T 3 the substrate and its environment in the solution and in the
Ag"*’S_.,"' 25 £ enzyme. In summary, the problem with the conclusions of ref
— 3 82 is not in the calculations presented in that paper but with

200 ’ 1 220 é;, the incorrect analysis of the corresponding results.

K A @3’ The conclusion of a recent instructive theoretical study by
/  _gas  water < Marti et al®® appears to be similar to some of the conclusions
= 194~ AGac " reached in the present work. However, we would like to clarify
E 10.0 ml ,’:' - 200 that ref 66 did not attempt to evaluate binding energies, and
E therefore, did not examine the issue of RSD versus TSS.
&, 4 3/ Ag¥= Ag9S + Ag, Furthermore, ref 66 did not provide a quantitative decomposition
(2, . T of the catalytic free energy to electrostatic and steric contribu-
00 | o’ ] ST AP =gt + Agh tions, which is one of the main points of the present work. At
f,”"'e”’ any rate, it is instructive to comment here on the conclusion of
! Marti et al. that “both reorganization and preorganization effects

6 have to be considered as the two faces of the same Edird.

| | ! clarify this statement, it is important to note that Magtial.

I 1 T

<R>%  <R>B <R>E chose to call our enzyme preorganization effect (which reduces

the enzyme reorganization energy) a “reorganization effect” and
Figure 10. Relationship between the free energy surfaces for the reaction ¢g]| “preorganization effect” the enzyme effect on the substrate
of CM in the gas phase, solution, and protein. The figure describes S S '
schematically the relationship between the reaction profile in the gas phaseWhICh mc]udgs the NAC effect. The point is that the enzyme
and the corresponding profiles in water and protein. The energy contributions Preorganization effect and the NAC effect are not two faces of
are given in kcal/mol, and the gas-phase surface corresponds to a muchthe same coin. The enzyme preorganization is the reason for

higher energy that is designated on the right side of the figure. The value catalysis, which in some special cases also leads to an apparent
194 kcal/mol is the negative of the solvation energy in wateAGy,) at NAC effect

[REs As is clear from the scheme, the value AGYy. does not - . )
contribute to catalysis since it provides an identical contribution in both  Finally, we would like to make a general point. At present,
environments. Note that the possibility of having somewhat different all consistent studies indicate that enzymes work by TSS rather

reactions coordinate in different environments is not going to change our than by RSD. Studies that suggested RSD mechanisms either

conclusions. . o .
involved an incorrect reference state (see, for example, discus-

sion in ref 39) convergence of the calculated binding free

in the protein and in solution, and the analysis of ref 82 is simply . i ion in ref 84). N . talvsi
inconsistent. To clarify the above problems and to prevent a energies (see discussion in ref 84). Now since enzyme catalysis

possible confusion by the elaborated free energy diagram of'nVOIVeS TSS and since this TSS is due to electrostatic

Figure 7 of ref 82, we provide in Figure 10 a clear and consistent preorganization, it is preferable to calculate the electrostatic
analysis of the r’elevant energetics of the reaction in the gasstabilization effect and to obtain a clear estimate of the catalytic

phase, in solution, and in the protein, along the same coordinate.e'(fect rather than to evaluate the NAC effect that might or might
' ' y not help in predicting the catalytic effect (see discussion in ref

We note in this respect that the relatively small difference in

the reaction coordinate, for the different phases, is neglected33)'
here to clarify the main conceptual points. Now, as seen from Acknowledgment. This work has been supported by NIH
the Figure 10, there is, indeed, a large energy contribution for Grant GM24492. We thank the USC's High Performance
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ever, this energyAGyx.), which is mainly due to the electro-  time.

static repulsion between the carboxylates, is largely screened

in solution and in the protein; the corresponding contribution ~ Supporting Information Available: =~ Table of the EVB
(AG",. in the notation of Figure 10 and\Guac in the parameters, a flgyre of the VB.structures, gnd a flgure pf
notation of eq 1) is around 3 kcal/mol in water according to 9eometry distributions of the RS in water and in protein. This
the PMF calculations of ref 82. Thus, the energy of deforming Material is available free of charge via the Internet at
the substrate in the gas phase cannot be used in analyzind'ttP://pubs.acs.org.

enzyme catalysis, unless one considers the energy of solvatingyaosseag1

the substrate (this will give thAg” and AgP of Figure 10). In
fact, as clarified in Figure 10, the same 8 kcal/mol contribution (84) Warshel, AAnnu. Re. Biophys. Biomol. StrucR003 32, 425-443
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