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Abstract: The energetics of the acylation step of AChE (acetylcholinesterase) is explored by using molecular
simulation approaches. These include the evaluation of activation free energies by using the empirical valence
bond (EVB) potential surface and an all-atom free energy perturbation (FEP) approach, as well as estimates
of the catalytic effect of the enzyme by using the semimicroscopic version of the Protein Dipoles Langevin
Dipoles (PDLD/S) method. The determination of the effect of the enzyme is based on the use of reliable
experimental information in evaluating the energetics of the reference reaction in water and then on using
robust simulations for the evaluation of the effect of moving the reacting system from a solvent cage to the
protein active site. This procedure reduces the error range of the overall analysis since the energetics in water
is not evaluated by a first principle approach. The use of two simulation methods and different initial conditions
provide a way for assessing the error range of the calculations and the validity of the corresponding conclusions.
Both the EVB and PDLD/S approaches show that the enzyme reduces the activation barrier of the acylation
step by 16-15 kcal/mol relative to the corresponding reference reaction in water. This correspondste a (10
10'Y)-fold rate acceleration, which is in good agreement with the corresponding experimental estimate. The
origin of the catalytic power of the enzyme appears to be associated with electrostatic stabilization of the
transition state. This electrostatic effect can be classified as a combination of reduction of the energy of the
charged intermediate and reduction in the reorganization energy. The contributions of different protein residues
to the stabilization of the transition state are estimated. It is demonstrated that, in contrast to some proposals,
AChE and other enzymes do not work by providing a hydrophobic environment but rather a polar environment.
This work concludes that the most important catalytic effects are associated with nearby residues rather than
distant ionized residues. It is also concluded that the enzyme has evolved first to optimize the speed of the
actual bond breaking/bond making chemical processes and only then to fine-tune the rate by optimizing the
barrier for the diffusion step. Since the optimization of the chemical step involves more than 10 kcal/mol and
the optimization of the diffusion step involves at most 1 or 2 kcal/mol, it appears that the possible acceleration
of the diffusion step is a second-order effect. These conclusions are consistent with the available experimental
studies.

1. Introduction 327 (Figure 1). This resembles the catalytic triad of serine
proteases; however, Glu appears as the third residue instead of

Acetylcholinesterase (ACHE) is a serine hydrolaze that : ;
. i — . 4 Asp. The replacement of any of these three residues by alanine
terminates the impulse transmission at cholinergic synapses by

rapid hydrolysis of the neurotransmitter acetylcholine. To causes loss of enzymatic activitylt turned out that the catalytic

accomplish this task the enzyme uses one of the highest ratetrlad s located at the bottom of a 20 A deep gorge, which

3 _ 1 . consists of a large number (14) of aromatic residues, which are
constants kno_ .(kca‘ 1.6x 108s7). The effectlvenesiof highly conserved in AChE’s from different species. Crystal-
AChE catalysis is also reflected by tkg/Ky ~ 2 x 106 M | hi di AChE lexi h .
s~11which is close to the limit of diffusion controlled reactions. 9 2P '\ studies on complexing the transition state

’ . : .~ analog inhibitor TMTFA provided a detailed picture of the
The solution of the X-ray structuteand many biochemical

studies (e.g. refs 1 and 3) have offered the opportunity of a “esteratic” and “anionic” subsites forming the acyl and choline
. 9 . ppo y binding pockef whose presence was indicated by early kinetic
detailed molecular understanding of AChE catalysis.

. studies®. The ammonium binding locus consists of Trp-84, Glu-
The 3D structure of AChE frortorpedo californicashowed - - s
that the catalytic triad consists of Ser-200, His-440, and Glu- 199, and Phe-330, whereas the acyl binding pocket is formed

by Trp-233, Phe-288, Phe-290, and Phe-331. Trp-84 has a close
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| Instructive attempts for understanding the catalytic power of
the enzyme by using mutation experiments were reported
recently> However, despite the insight provided by mutation
) 4 experiments (e.g. ref 12), such studies cannot tell us in a
“ _J conclusive way what is the origin of the overall catalytic effect
1 of the enzyme. To realize this important point it is useful to
- f., think of a hypothetical nonpolar enzyme with a single hydrogen
x - F o bond donor that stabilizes a negatively charged transition state.
i T, sama | = TFT8 Mutation of this hydrogen bond will lead to an enormous
'II reduction in the rate of the reaction and this may lead one to
. ‘- PP assume that the native enzyme is a good catalyst. However,
£ '1 the native enzyme will still be a very poor enzyme since its
b 240 ( .Il : reaction will be much slower than the corresponding reaction
= L g ﬁar' in water (for a related illustration see Figure 3 of ref 13). Thus,
& - £ it is important to relate the structure of AChE to its total catalytic
z F d effect. The present work addresses this challenge by using
Ghs3T : - . . o :
v . ’ computer simulation approaches. This is done by using
F | | microscopic and semimicroscopic approaches to determine how
¥ Y the enzyme reduces the energy barrier of the acylation step of
Tip B . . . .
acetylcholine hydrolysis compared to the reference reaction in
Figure 1. The substrate and key active site residues. water.

W,

important role in substrate binding. This is also reflected by 2. Simulation Methods

the nearly 1000-fold increase in th& of the W84A mutant Reliable simulations of enzymatic reactions are extremely challeng-
compared to th&y of the wild-type enzymé. Glu-199 was ing.* Thus it is crucial to have a clear estimate of the error range of
assumed to contribute to the stabilization of the histidinium ion the computational approaches used. Here we assess the accuracy of
formed prior to the acylation step. Surprisingly, the E199Q our calculations by using two different but complementary simulation
mutant showed only a 5-fold decreasekig” indicating that approaches, the EVB/FEP and the PDLD/S methods. These methods
this residue does not play a major catalytic factor. The Will be outlined below.

replacement of other residues (Phe-288, Phe-330, Phe-331) has 2.1. ' EVB/FEP Simulations. The EVB method has been'discussed
only a slight effect on the rate of cataly4is. extensively elsewhere (e.g. refs. 15 and 16), thus we mention here only

; ] . ~ the points which are most relevant to the present study. The EVB
~ On the basis of the model obtained by docking acetylcholine model treats each reaction step as a transition between different valance
into the crystal structure of AChEijt was suggested that an  bond (VB) configurations or resonance structures. Each of these states

oxyanion hole is formed by the main chain—M dipoles of is modeled by a molecular mechanics force field, whereas the actual
Gly-118, Gly-119, and Ala-201, which interact with the carbonyl quantum mechanical ground state is obtained by mixing a VB
oxygen of the substrate. The structure of the ACABTFA configurations. The EVB method can be incorporated into the free
complex has also supported this hypothésis. energy perturbation (FEP)/umbrella sampling method that allows one

f the effort | lati h | f ACh to evaluate the free energy surface of each reaction step. The EVB
,M(,)St 0 t. e effort in correlating the Crystg st.ructure of AChE surface can be calibrated against experimental data for relevant reactions
with its action has been focused on the diffusion step (e.g. refSin water and on theoretical studies of gas phase reactions. This

9 and 10). However, the actual rate acceleration indicates thatguarantees the correctness of the energetics of the reference reaction
the enzyme must have evolved to catalyze a rather slow reactionin water. Consequently, the reliability of the calculated catalytic effect
by making it as fast as possible rather than just optimizing the depends primarily on the difference between the reaction in enzyme
diffusion rate. That is, the rate in enzyme is around W01 compared to the reference reaction. In the present case we describe
s~1 while the rate constant for OHattack an acetylcholine in the reaction by three resonance structures depicted in Figure 2; the
water is 2.2 M" s 1 Thus (although the definition of the %Z'f;“?o”f;';iﬁﬁfyiié‘isﬁ”e?i”ei"v'E Hamitonian nvolves diogonal and.
catalytic effect depends on the referenice state) the enzyme doe ff-diagonal terms. THe diagonal elements of the EVB Hamiltonian
accelerqte the hydrolysis of acetylchqllhg by mpre than 8 orders corres;g)ond to the energy of gach resonance structure and are given by
of magnitude by any reasonable definition. Since the most an (e g. ref 16)

enzyme can do in optimizing diffusion is around one order of

magnitude rate acceleration, it appears that the enzyme has I | Lo ) )

evolved mainly to catalyze the chemical step of the hydrolysis B=H;= ZAMj(')(bj(l)) + EZVI(') K6 - 983)2 + Vﬂ?m +

reaction. In view of this fact it is important to focus on the ! 0 )
actual bond breaking/bond making “chemistry” of the enzyme o+ Vﬁb,rs
in order to understand the origin of its catalytic power.

V. ()

where AM" denotes the Morse potential (relative to its minimum
(7) Ordentlich, A.; Barak, D.; Kronman, C.; Ariel, N.; Segall, Y.; Velan, ~ value) for thejth bond in theith VB structure. The second and third
B.; Shafferman, AJ. Biol. Chem.1995 270, 2082. terms, respectively, denote the bond angle bending contribution and

(8) Ordentlich, A.; Barak, D.; Kronman, C.; Flashner, Y.; Leitner, M.;  the nonbonded electrostatic and van der Waals interactions between
Segall, Y.; Ariel, N.; Cohen, S.; Velan, B.; Shafferman, ABbl. Chem.

1993 268 17083. (13) Warshel, A.; Papazyan, Rroc. Natl. Acad. Sci. U.S.A996 93,
(9) Ripoll, D. L.; Faerman, C. H.; Axelsen, P. H.; Silman, |.; Sussman, 13665.
J. L. Proc. Natl. Acad. Sci. U.S.A.993 90, 5128. (14) Naay-Szabo G.; Fuxreiter, M.; Warshel, A. IrComputational
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Biochemistryl1993 32, 401. Kluwer Academic Publishers: The Netherlan@897 p 237.
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Figure 2. Resonance structures used in the EVB model to simulate the acylation step of acetylcholine hydrolysis. Resonance structures |, I, and

Il correspond respectively to the reactants, the state formed after the proton transfer step, and the tetrahedral intermediate state.

Table 1. Atomic Charges Used for EVB Resonance States tion
residue atom | Il 11} Il (ab initio) H, = A, expl —ur} @
Ser 200 CB —-0.100 -0.100 -0.100 —0.093
HB1 0.050 0.050 0.050 0.100 wherer is the distance between atoms whose bonding is changed upon
HB2 0.050 0.050 0.050 0.101 transfer from statéto statg. The parameterd; andu can be adjusted
0G —0.450  —1.00 —0.159 —0.360 to reproduce the observed barrier for the reaction in solution or to
His 440 |_(|:GG %405305 0(5010600 06010600 %010600 reprod.uce gas-phgse ap initio ca'lculatio_ns'. The actual grpund_ state
ND1 0.613 —O.i60 —0.160 _0_160 potential surfac&, is obtained by diagonalizing the EVB Hamiltonian
HD1 0.187 0.190 0.190 0.190 (see ref 15 for a detailed discussion).
CE1 0.110 0.540 0.540 0.540 The EVB free energy is evaluated by driving the system from the
HE1 0.077 0.070 0.070 0.070 reactant to the product state by using a mapping potential of the form
NE2 —0.550 0.030 0.030 0.030
CD2 0.058 0.100 0.100 0.100 E,.= ZEW{" 3)
HD2 0.070 0.070 0.070 0.070
substrate C3  —-0.273 -0.273 —0.273 —0.170 wherey; is changed by fixed increments (here we yseather thamt
H31 0.114 0.114 0.114 0.055 to prevent confusion with the reorganization energy, and consgidsr
Eg% 8 ﬁg 81%2 8 ﬁg 8822 a vector with several componet}s The d_ata generated durin_g this
co 0248 0.248 0.248 0291 5|mulat|_on are used to evaluate the reaction fr_ee enAgf¥), using
06 ~0.159 —O.i59 ~1.00 —O.6i7 a combination of the FEP and umbrella sampling approaches (see ref
4 -0.02 —0.02 -0.02 1
541 %(ioi 009134 Oc? 134 Oc? 897 exp[-BAY(X)] = exp[-BAG (15—1y,)] x
H42 0.107 0.107 0.107 0.040 [B(X = X) exp[-B(E; — EIE  (4)
c8 —0.052 —-0.052 —0.052 0.009
:g% 8 112%?1 8152 8 igi 8 8;2 wherefs = 1/kgT, is the Boltzmann constan?m is the value ofy that
N1l  -0.134 —O.i34 —0.134 _0_2'13 keeps the system closest X, and [Ig,, designates an average over
c7 —0153 -0.153 —0.153 —0.060 the trajectory with the giverEn. AG(r0 — nm) is the free energy
H71 0.144 0.144 0.144 0.118 associated with changing the mapping potential fi&go E,. This
H72 0.146 0.146 0.146 0.091 value is obtained by a standard FEP approéch.
H73 0.145 0.145 0.145 0.124 The reaction coordinatX is taken usually (e.g. ref 15) as the
C10 -0.158 -0.158 -0.158 —0.059 difference between the values of the two EVB potentials that change
HO1 0.146 0.146 0.146 0.092 during the given mapping step (eX— E. — E: when we change:
H02 0.145  0.145  0.145 0.129 and ).
HO3 0.144 0.144 0.144 0.120 The relevant activation barriexg* is obtained byAgt = Ag(X*) —
C9 —0.159 -0.159 -0.159 —0.097 Ag(Xo), WhereX, and X* are the values of the reaction coordinate at
HO1 0.146 0.146 0.146 0.112 the ground and transition state, respectively. Previous EVB studies
:gg 8 iij 8132 8 iﬁ 8 igg (e.g. ref 18) have demonstrated that it is possible to obtain a reasonable

approximation for the change dfg* upon transfer from water to the

aThe EVB treatment included all the indicated fragments. The table protein active site by considering only the intermolecular interactions

contains two sets of charges. The first set is given in the first three between the substrate and its surroundings in evaluating eq 4, while

columns whereas the second set is given in the first, second and fourthstill using the trajectories obtained with the full mapping potential. That
columns. The atom indexes correspond to the PDB notation. is, one can evaluate

exp[_ﬂAg(x')inter] = exp[_ﬂAGimer (770_”7m)] X -
[B(X = X) exp[~B(Ejper — Em DIE, (5)

the reacting groups (denoted by subscript The factory{ in the
second term is a coupling between bonds that are being broken or
formed and those angles that depend on these bonds. The{eisn

the gas-phase energy of tith state when all the fragments are at \yhere the index “inter” designates the corresponding intermolecular
infinite separation. The nonbonded interaction with_ the surrounding contribution toe andE. After evaluatingAg(x)iner ONe can use the
protein and solvent, denoted by subscript s, is givekiﬁtﬁys. The last approximation

term (Vs) represents the internal potential energy of the protein/solvent
system. The solutesolvent and solventsolvent interactions are
evaluated with the all-atom ENZYMIX force fieldwith the special
SCAAS boundary condition¥. The off-diagonal elements of the This “electrostatic mapping” approximation reflects the fact that the
Hamiltonian are represented by a simple single exponential approxima_intramolecular contributions to the overall free energy are quite similar

(18) Hwang, J.-K.; King, G.; Creighton, S.; Warshel, AAm. Chem.
S0c.1988 110 5297.

(AAGH" P = (AAGY? = (AGhe)” — (AGhe)”  (6)

(17) Lee, F. S.; Chu, Z. T.; Warshel, A.Gomp. Chem1993 14, 161.
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in the solution and the enzyme cases. The evaluation of eq 5 convergesshell” and then corrects it by considering the local field on each dipole).
much faster than that of eq 4 since it avoids the pathological instabilities AG,qw is the van der Waals contribution to the bonding cyd§ is

that can occur when thig used in the mapping potential of eq 4 are the contribution associated with the change in rotational and translational
very different from each other (this is a well-known phenomenon in entropy of the uncharged ligands upon binding, &@le.x represents
FEP calculations, which occurs when the mapping poteBtialhanges the free energy associated with the relaxation of the uncharged ligand
abruptly). For example, the energy contribution of the-O bond upon moving from the protein to water. The parameterepresents,
that is being formed during the nucleophilic attack step is drastically as stated above, the contributions that are treated implicitly and is not
different in E; and E; (it changes from a nonbonded to a Morse related directly to the actual “dielectric constant” of the protein (see
potential) and its evaluation involves significant instability at the discussion of refs 28 and 29). When the protein reorganization energy
mapping step where the vector.( 72, #3) changes from (0, 1, 0) to is taken into account explicitly it is usually reasonable to gses 4
(0,0.9,0.1). Thus we will focus here on evaluating the “intermolecular” (see refs 23 and 29).

or “solvation” energy contribution toXAg¥)"P. The convergence of The calculation of the catalytic effect by the PDLD/S approach
the calculations is assessed by comparing different sets of simulationsinvolves the evaluation of the binding energy in the ground and
with different simulation times. transition state using

One of the most crucial aspects of the EVB procedure is the

arametrization of the reference reaction in water and patrticularly the Hw—p _ £ 0 \w—p
getermination of the relevani’s by forcing the energgtics of thye (AAG)™ 7= (AGping — AGrind ©)
simulated solution reaction to reproduce the corresponding experimental
(or high-level ab initio) results. The relevanG andAg* values used ~ Where AGy,, and AGY,, designate the binding energy of the transi-
in parametrizing the solution reaction are discussed in detail in Sectionstion and ground state, respectively.
3.1 and 3.2. The average of eq 8 for the ground and transition states is obtained

Finally the effectiveness of the EVB method is evident from the by using a central force field whose minimum energy structure is similar
fact that several research groups have recently adopted it for studies ofto that of the corresponding EVB surface. The relevant charges of the
chemical reactions in solutions and enzyrifed? central force field are taken as the corresponding EVB charges.

2.2. PDLDI/S Simulations. In addition to the EVB method one In studies of enzymatic reactions it is useful to evaluate the effects
can estimate the catalytic effect of the enzyme by the semimicroscopic of mutations of different residues. To perform such studies in a
version of the PDLD model (see refs 17 and 23). This approach, which conclusive way it is essential to simulate the thermodynamic process
is referred to as the PDLD/S method, considers the protein as a mediumthat corresponds to each mutation. However, such calculations are quite
with a “dielectric constant’ei,, that represents all the contributions — expensive, and it is frequently useful to evaluate “group contributions”
which are not treated explicitly (see below) and considers thermody- that correspond to the process of mutating the given residues to their
namic cycles where the dielectric constant of the solvent (water) is fully nonpolar form (zero residual charges). A reasonable approxima-
changed from its actual value,, to €,. The PDLD/S free energies  tion for these contributions sometimes can be obtained by the so called
for individual protein configurations are treated in the framework of “nonrelaxed” approximatioff. This approximation only considers the
the Linear Response Approximation (LR#&)?27 which takes into Va.ein term of eq 4. This seemingly oversimplified approach is quite
account consistently the effect of protein reorganization in different effective if one uses a largs, (i.e. e ~ 40) for ionized residues and
steps of the binding cycle. This treatment leads, after a somewhat €n ~4 for non-ionized residues (see ref 29). This and related
involved derivatior?’ to the following expression: approaches can be quite effective in screening for residues whose

mutation can lead to significant effecf?’
1 1 The EVB/FEP calculations and configuration generation for the
A= [AG T MG+ mC':‘lsol%ﬂéo] [e_ - e_] + PDLD/S calculations were performed Witﬁ the program ENZYMIX.
meoow The PDLD/S calculations were performed with the program PO-
WQ”EI:— + AGpyq + AG gy, — TAS + AG g (7) LARIS.YY
n

) 3. Results and Discussion
here we use the notation ) . .
3.1. Analysis of the Experimental Information for the

Reaction in Solution and in Enzyme. Before summarizing

and analyzing the actual calculations it is crucial to consider
the experimental information about the reaction and to define
where p and | designate protein and ligand (substrate), respectively.the proper reference state. This step of the analysis (which is
AGsol is the solvation free energy of the indicated system, evaluated not yet taken by most practitioners in the field) is quite important
by the microscopic (unscaled) PDLD method is the charge 45 it helps to define the meaning of the catalytic effect in clear
distribution of the substrate atoms, Whlch_chgnges in our binding cycle terms. There are several ways to select a reference state for
(see ref 21) between the actual charge distributigy) &nd zero. g enzymatic reactions, and some of them that involve effective

designates an average over the configurations generated with MD . g
simulations with the designate@. Vo, is the vacuum interaction concentration turn out not to be so useful when one is interested

between the charges to the ligand and the residual charges of the proteinin Well-defined energy considerations (the effect of concentration
AGhyais a field-dependent hydrophobic term (that estimates the relevant can always be considered after the energetics is kF)wiA
surface area from the number of Langevin dipoles in the first “solvation useful definition of the catalytic effect can be obtained when
one compareg:,; for the hydrolysis of acetylcholine by water

1
mGSO|D= é[ mGSCN%ZQD + mGSCﬂ%ZO] (8)

(19) Kim, H. J.; Hynes, J. T. Am. Chem. Sod992 114, 10508.

(20) Bursulaya, B. D.; Zichi, D. A.; Kim, H. 1J. Phys. Chem1996 ~8 x 107957 (e.g. see ref 30) téear in the enzyme active
100, 1392. _ site ~1.6 x 10* s%; (e.g. see ref 1). By this definition we
Ch(21)1%%|a,1%; %r50305h0WSkl' P.; Lesyng, B.; McCammon, JJAPhys. have a rate enhancement ofx210'3. Considering the attack

(ezn;) Lofaugﬂ T Voth, G. A, Them. Phys1996 104 2056. of OH~ on acetylcholine is more problematic. That is, in this

(23) Sham, Y. Y.; Chu, Z. T.; Warshel, A. Phys. Chem. B997, 101, case the reaction in water has a second-order rate constant of
4458. 2.2 M1 s71 (see ref 30), but this rate constant does not reflect

(24) Lee, F. S.; Chu, Z. T.; Bolger, M. B.; Warshel, Rrotein Eng.

1992 5, 215. (28) King, G.; Lee, F. S.; Warshel, A. Chem. Phys1991, 95, 4366.

(25) Aqvist, J.; Medina, C.; Samuelsson, J.FEotein Eng.1994 7, 385. (29) Muegge, |.; Qi, P. X.; Wand, A. J.; Chu, Z. T.; Warshel JAPhys.

(26) Muegge, |.; Schweins, T.; Langen, R.; WarshelS&ucture1996 Chem. B1997 101, 825.

4, 475. (30) Schowen, R. L. InTransition States of Biochemical Processes

(27) Muegge, |.; Tao, H.; Warshel, Arotein Eng.In press. Gandour, R. D., Schowen, R. L., Eds.; Plenum: New Yd®78 p 77.



Origin of the Catalytic Power of Acetylcholinesterase J. Am. Chem. Soc., Vol. 120, No. 1, 18B8

(a) Neutral hydrolysis (b) Hydrolysis in the presence of a base
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Figure 3. Experimentally based estimates of the energetics of acetylcholine hydrolysis in a solvent cage (a) with water as a base and (b) with
histidine as a base.

the energetics of the formation of the Olbn. At any rate, converting this value to the relevant free energy in a solvent
just obtaining the rate enhancement does not help so much incage, we have to ask what will be the rate constant once the
finding its origin. In our experience the most unique way of OH™ is in the same cage as the substrate. In such a case we
analyzing the effect of the enzyme is obtained by relating rates have to consider the rate constant at 55 MOHUsing 2.2x
to free energies. This becomes particularly true when one 55 s1 and absolute rate theory, one obtains an activation barrier
compares the reaction in the enzyme to a reference reaction inof ~15 kcal/mol. Of course, the attack by a methoxy ion would
a water cage that involves tisamemechanism as thaissumed  be the best reference reaction in water, but no experimental data
for the enzymé> In such a case we eliminated the need to were available for this reaction. As in the case of other systems
consider the rather trivial (yet confusing) entropic effect of we assume that the rate constants for hydrolysis by an hydroxide
bringing the reactants to close proximity (see discussion in ref and by a methoxy ion are of the same order of magnitude. Thus
15). Before comparing the energetics of the enzyme reactionwe use in our analysis the experimental data on hydrolysis by
to the proper reference reaction let us start by illustrating our an hydroxide ion. Combining these results gives the energetics
approach of analyzing the energetics in solvent cages. This will depicted in Figure 3a, and an overall barriere86 kcal/mol.
be done by considering the above mentioned neutral hydrolysisThis value is somewhat higher than the barrier deduced from
(Figure 2). In our analysis we assume (see below) that this the observed rate constant of the neutral reaction in wat2® (
reaction is a stepwise process of the proton transfer betweenkcal/mol). However, the 36 kcal/mol estimate reflects an
two water molecules and a nucleophilic attack of the Gith assumed stepwise mechanism where the free energy is evaluated
the carbonyl of the acetylcholine molecule. The first step can ajong the corners of the two-dimensional free energy diagram
be described as (defined by the length of the oxygetydrogen bond and the
oxygen—carbon bond that are being broken and formed,
respectively, during the reaction). The actual reaction coordinate
might be more concerted and have a somewhat lower activation
The free energy of this reaction for two water molecules that barrier. Nevertheless, the 36 kcal/mol value provides a quan-
are in contact with the substrate4€21 kcal/mol according to tjtative estimate for the energetics of a stepwise mechanism in
the considerations of footnote 31. The energetics of the water, and this estimate is relevant to the energetics of an
nucleophilic attack step can be assessed from the rate constarissumed stepwise mechanism in the enzyme. We expect that
for OH™ attack on acetylcholine, which is 2.2 Ms™. In the effect of the enzyme on a stepwise mechanism is strongly
(31) The relevant free energy in a solvent cage can be estimated asCOrrelated with its effect on a more concerted mecharifson,
follows. First, we estimate the free energy of this reaction in an hypothetical in other words that a similar catalytic effect is obtained for both
solution with 1 M H,0, 1 M OH", and 1 M HO". The corresponding  mechanisms. It is important to note that our results are

2H,0 — (Hz0"),+ (OH ), (10)

AGg is obtained by the relationshio = RTIn Keg= RTIn (1071455 =
24.0 kcal/mol. Next, we change theGy to the corresponding free energy
when the water concentration is 55 M, which gives = AGp + RTIn Q

= 24 — RTIn 5% = 19.2 kcal/mol (wher&) = [OH"][H30*]/[H20]? in

the given assumed nonequilibrium conditions with 1 M of Odhd HO™

and 55 M HO). Now we ask how much we have to pay for moving OH
and HO™ from their molar volume to the relevant solvent cage of, say, the

consistent with the related analysis of Scho¥enho used
different considerations.

While the analysis of the neutral reaction in water is useful
it is not fully relevant to the catalytic effect of the enzyme. For
example the reaction in enzyme involves a histidine base rather

size of one water molecule in the proper place near the substrate. This freethan a water molecule and a serine ion rather thamr OBf

energy is given approximately 3T In(55%) = 4.8 kcal/mol (see problem
5.1 in ref 15). Now the free energy of the reaction in a solvent cage#

course, one can view the use of different chemical reagents as

kcal/mol. However, we should also take into account the electrostatic the catalytic effect but this is not so useful. Thus it is more

interaction between OHand HO™ in water, which can be estimated quite
accurately by using Coulomb’s law with a dielectric 6f30 and is
approximately 2.5 kcal/mol (see ref 55). This giv&& = 21.5 kcal/mol
based on purely experimental and thermodynamic considerations.

instructive to consider a reference reaction that involves the same
reactants as the corresponding enzymatic reaction and to define,

for example, the effect of changing the baseadshemical
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rather than catalytic factor. This is justified since the chemical K, using 0.5 fs time steps and a weak (0.03 kcal/(thdl—2))
effect of changing the intrinsicky, of the base has never been internal protein constraint (a constraint that keeps the protein
a really challenging puzzle in studies of enzymatic catalysis. atoms close to the observed X-ray structure).
At any rate, considering the same reactants in the enzyme and As stated in the method section we focus here on the
in the reference reaction leads to the energetics depicted inintermolecular contribution to thehangein the activation barrier
Figure 3b. Now the energy of the proton transfer step is given (AAgH)¥~P rather than on the total contribution to this change.
by The validity of this approximation is demonstrated in ref 18.
To evaluate this[@Ag*)mgf we run a series of simulations for
AGH; = 1.38(KY(Ser)— pK}(His)) ~ 12kcal/mol (11) the two reaction steps in water and in the protein. This involves
20—40 ps molecular dynamics (MD) trajectories, changing the
I(mapping parametensg, 12, 173 from (1.0, 0.0, 0.0) to (0.0, 0.0,
1.0) in 40 to 20 steps, respectively. The first 10% of the data
at eachy point was discarded in the evaluation of the free energy
profile. The simulations were carried out at 300 K with an MD

We also assume that the energetics of the nucleophilic attac
step is similar for OH and Ser (see discussion below). Thus,
the overall activation barrier for our reference reaction in water

. + " . . _
1S (AGcagd 27 kcallmol. If we consider a possible overes step size of 1 fs. The calculations were performed with the

timate for the activation barrier of the nucleophile attack in a spherical SCAAS mod& 3 with its consistent polarization

stepW|§e mechanism (the above mentioned dlfferen.ce betV\Ieenconstraints. The center of the SCAAS system was taken at the
our estimate of 36 kcal/mol and the observed barrier~8D

X - L C2 atom of the substrate, and the sphere radius was taken as
kcal/mol for the neutral reaction) we obtain a lower limit of ; . . .
+ 22 A. The protein-protein and waterwater interactions were
(AQgagd"™ > 21 kcal/mol.

- . . N . treated by using the Local Reaction Field (LRF) methodhich
Our preliminary analysis of the available kinetic information

. . L provides accurate treatment of the long-range effects. This
about the hydrolysis of acetylcholinesterase (ref 32) indicated corresponds to having no cutoff in the first step after updating

that tn? deacylation sfFlep :_r:volves the h_lghe_st bharrler_m _the the nonbond interaction and having an extremely good ap-
overall free energy profile. However, considering the activation ,,yimation for the no-cutoff result in subsequent time steps

barrier for each step relative to its own ground state rather than qee ref 37). The forces associated with induced dipoles of the
relative to the E+ S State, we f'n(hg of ~12 and 11'8. kealf system were considered in all calculations. The error bar for
mol for the deacylation and acylation steps, respectively (the ye gimylations was assessed by running the trajectories with

i —1
correspondingk, and k; are 2.5x 10* and 1.6x 10* s, different initial conditions and for a different length of time
respectively®). Considering the above estimate 27 kcal/ (see below).

mol for the stepwise mechanism in our reference solvent cage, The os of the EVB potentials were adjusted to values that
we find that the enzyme must reduce the barrier for the acylation forced the calculated free energies of the solution reaction to

step by 27— 11.8 ~ 15 kcal/mol. If we use our lower limit . .
. . - - . reproduce the energetics of Figure 2b. The EVB parameters
w_etzhotbhtalnAAlgt_ ~ 2% 11.8h> 10 tkcal/ mol. tggrs' "t] delaygg are those used before in simulating serine protééséth the
wi 10 F:: aci’i |origlep, \t/ve av? otgccoun easta (1. exception of the residual charges of Table 1. This table gives
x 107 to (1.4 x 109 rale acceteration. . two sets of “solute” charges; The first is a standard EVB set
It should be emphasized at this point that the above anaIyS|s(Set 1), and a second set (set 2) where the charges of the
:s,rtte]rve_s fOL more than ]USth?]tlma'[lng .the effe::]t Of. the e”Z.Vdme- tetrahydral intermediate state (state Ill) are taken from an ab
at IS, t € energencs. 0 t e stepwise mec anism provide a;nitiq Mulliken population analysis with a single point HF and
quantitative way of calibrating the EVB potential and allows a minimal basis set. The ester carbonyl system was treated in

one to focusdc_m the ﬁffeCt of the enzyme 0:? a Welll'degne_dhthe same way as the amide carbonyl group of subtilisamd
reaction coordinate whose energetics is usually correlated With o «chemjcal” difference between the amide and ester systems
the energetics of the actual mechanism even if the mechanls‘,r'r\Nas taken into account by using differaxs. Here we focus

; . .

IS concerted} lculati h . int on a qualitative treatment using the electrostatic mapping of eq
_3.2. EVB/FEP Calculations. The starting pom'é?nor OUr 5 and the corresponding's were taken as 101 and 29 kcal/
simulation study was the crystal structure of TCAChEEhe 1 ‘respectively, for the proton transfer and nucleophilic attack

original coordinates were prepared for the simulation runs in steps. The parameters Af, andAgs of eq 2 were taken as 20
the following way: (i) Residues be;yond 20 A from the carbonyl and 36 kcal/mol for these two steps, respectively, with 0
carbon of the substrate were trimmed to “super i;[oms and j, poth cases. This simplification of eq 2 was found to be a
constral_ned by using the_st_andard ENZYMIX proto OlThe reasonable approximation for the electrostatic mapping ap-
only residue (Lys 325) within 20 A that was incomplete in the proach.

crystal structure was built into the sequence and requed (the Since theAG for the nucleophilic attack step in water is not
n_umbe|r_||n% of reS|dtues corréespotnds tol AOiltnIﬁ:)edo califor- i davailable from direct experimental studies, we estimated it by
hicg). Hydrogen atoms and water molecules were generated,, o calculations of attack of a methoxy ion on methyl
by the ENZYMIX program, instead of using the crystallographic acetate in aqueous solution. The geometry of this system in

water molecules. This approach, which is par.t of our.sta'n.dard both reactant and product (tetrahedral intermediate) state was
simulation approach (dating back to ref 34), is fully justified optimized in the gas phase, using the 4-31G* basis set. The

smlce )t(-rayl stutlj|es oncljytﬁ_roylde |nfc|)|rmdat|onfabout| rather f'([av%/ energy of the optimized geometries was calculated by MP2
solvent molecules, and this 1S usually done for only one state single point calculation, using the 6-31G** basis set. The

of lthe treacfmg Isys:em. Of fourlse, Fhe s?ulatlorcljstﬁllow tt_he charges for the solvation energy calculation were obtained by
solvent molecules 1o properly rélax in and around the aclivé o pcop method®3? using 6-31G* basis set. The solvation
site and to reorient upon changes of the reacting system. (i)
The enzyme was then subjected to 10000 relaxation steps at 30 (35) Warshel, A.; Russell, S.. Q. Re. Biophys.1984 17, 283.
(36) King, G.; Warshel, AJ. Chem. Phys1989 91, 3647.

(32) Fuxreiter, M.; Warshel, A. Unpublished Results. (37) Lee, F. S.; Warshel, Al. Chem. Phys1992 97, 3100.

(33) Froede, H. C.; Wilson, I. BJ. Biol. Chem.1984 259, 11010. (38) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117.
(34) Warshel, A.; Sussman, F.; King, Biochemistryl986 25, 8368. (39) Miertus, S.; Tomasi, Them. Phys1982 65, 239.
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Table 2. Results of the EVB/FEP Calculations witkiGy = 5 kcal/mol for the Nucleophilic Attack Step in the Reference Reattion
set time (ps) ionizatioch  charge sét  starting geometry ~ AAGp)" P (AAGh )P (AAG ue)" P (AAgHv—P

| 20 199, 327 1 relaxed —-3.9 12.5 —-1.8 —5.7
1l 20 199, 327 1 non-relaxed —-8.0 19.8 2.2 —-5.8
1 40 199, 327 1 relaxed —6.1 8.0 —-2.9 —9.0
v 20 199 2 relaxed +4.8 —-15.7 —-11.5 —6.7
\% 20 327 2 relaxed +1.1 —6.1 —-8.6 -75
Vi 20 199, 327 2 relaxed —-2.4 -5.0 —-8.5 -10.9
Vil 20 all ion 2 relaxed —-5.2 -7.5 -7.3 —-125
VIl 40 199, 327 2 relaxed -3.7 35 -11.3 —-15.0
1X 40 all ions 2 relaxed —-4.3 4.6 —7.7 —-13.0

aEnergies in kcal/mol, AAGp1)"™®, (AAG*ue)" P, (AAGnue)" P, and AAgH)“~P are respectively the reductions (upon transfer from water to
enzyme) in the free energies of the proton transfer step, the nucleophilic attack step, the activation energy for the nucleophilic attack step, and th
overall activation barrier. The calculations consider only the electrostatic contributions to the free energy using eqs’Thawyé.sets 1 and 2
designate respectively the simplified and ab initio charge set of TalsldlLion: all residues ionized within 15 A from the substrate (Asp-72,
Glu-199, Arg-289, Asp-326, Glu-327, Asp-397, Glu-443).

Table 3. Results of the EVB/FEP calculations witkiGo = 0 kcal/mol for the Nucleophilic Attack Step in the Reference Reattion
set time (ps) ionizatiogn  charge sét  starting geometry  AAGpy)“™P (AAGue)" P (AAGH )P (AAgHY—P

| 20 199, 327 1 relaxed -3.9 +7.5 —6.4 —-10.3
1l 20 199, 327 1 non-relaxed —-8.0 +14.8 —-2.6 —-10.6
[} 40 199, 327 1 relaxed —6.1 +3.0 —4.6 —-10.7
\Y 20 199 2 relaxed +4.8 —-20.7 —-10.7 -5.9
Vv 20 327 2 relaxed +1.1 -11.1 —-12.7 —-11.6
VI 20 199, 327 2 relaxed —2.4 —10.0 —10.8 —-13.2
Vil 20 all ion 2 relaxed —-5.2 -12.2 —10.6 -15.9
VIII 40 199, 327 2 relaxed —3.7 —2.5 —-8.9 —-12.8
IX 40 all ion 2 relaxed —-4.3 —-1.6 -9.6 -13.9

aEnergies in kcal/mol, AAGp1)" P, (AAG )V P, (AAGhue)¥ P, and AAgH)" P are respectively the reductions (upon transfer from water to
enzyme) in the free energies of the proton transfer step, the nucleophilic attack step, the activation energy for the nucleophilic attack step, and th
overall activation barrier. The calculations consider only the electrostatic contributions to the free energy using eqs"®hath6.sets 1 and 2
designate respectively the simplified and ab initio charge set of Tal5l&9Q, 327 indicate that Glu 199 and 327 are ionized. All ion: all residues
ionized within 15 A from the substrate (Asp-72, Glu-199, Arg-289, Asp-326, Glu-327, Asp-397, Glu-443).

energies were determined by a recent version of the Langevinat the transition state where Glu-199 repels the ionized oxyanion
Dipoles model that was specially parametrized for ab initio and attracts the protonated histidine. However, a unique analysis

calculations of chemical processes in solutitthdn this way of the effect of mutation of any of these acids is not the subject
the free energy of the formation of the tetrahedral intermediate of the present study. Regardless of the coupling issue it appears
in water was estimated to be around 5 kcal/mol. that when only one of the acids is ionized the catalytic effect is

The EVB calculations were carried out using nine different reduced significantly (see simulations IV and V with charge
simulation conditions which explored the effect of different set?2). Neutralizing Glu-327 has a larger effect than neutralizing
factors. The calculation considers only the electrosatic contri- Glu-199 (this means that Glu-327 is more important for catalysis
butions to the free energy, using the electrostatic mapping than Glu-199), but as we noted above these results have not
approach of egs 5 and 6. The results of this comparative studybeen established in a quantitative way. The results obtained
are summarized in Table 2. This study considered two chargeby ionizing both glutamates compared to ionizing all residues
sets, the effect of the initial relaxation and the effect of protein within 15 A of the substrate show that the ionization of groups
ionizable groups. The study with the simplified charge set other than Glu-199 and Glu-327 does not contribute considerably
indicates that the initial relaxation effect can change the energyto the catalysis (see simulations VI and VIl with charge set 2).
of the individual reaction steps but has a smaller effect on the This indicates that negatively charged residues beyond the
overall reaction barrier. The effect of changing the simulation surface of the gorge do not contribute to the large valule 9f
time from 20 to 40 ps was found to be significant, but further in AChE. This finding is in full agreement with the available
increase in the simulation time did not have a major effect. The experimental observatior.
change to the ab initio charge set (set 2) appears to increase the As the error in the calculations &Gy for the nucleophilic
activation barrier to some extent. The overall activation barrier attack step is 25 kcal/mol, it is important to examine the
appears to be less sensitive to the simulation conditions thansensitivity of the calculated activation free energy to this.
the energies of the individual steps. This behavior was also Thus we compared the catalytic effect of the enzyme for two
observed in early studies of serine protedSes. limiting values ofAGy that were used in the parametrization of

In studying the effect of ionizable residues we focused on the reference reaction (see Table 3). The 5 kcal/mol change in
Glu-327 and Glu-199. To test the importance of ionization of exothermicity of the nucleophilic attack step resulted in a rather
further residues we also carried out simulations ionizing all small (less than 1 kcal/mol) reduction of theAg* values for
residues within 15 A from the substrate (Asp-72, Glu-199, Arg- the longer simulations. This indicated that the calculated
289, Asp-326, Glu-327, Asp-397, Glu-443). This study did not catalytic effect is not crucially dependent on the exact energetics
attempt to determine the ionization state of distant residues of the reference reaction. This is due to the fact that the catalytic
(although this can be done, e.g. ref 23), but rather to establisheffect reflects the difference between the reaction in protein and
a limit for the possible effect of these residues (this issue will water (and is thus not sensitive to the absolute free energy).
be further discussed below)_. As Glu_-327 and GIu-:_L9E_9 are (40) Florian, J.- Warshel, AJ. Phys. Chem 997 101, 5583,
arourd 6 A apart and both interact with the same histidine (41) Shafferman, A.; Ordentlich, A.; Barak, D.: Kronman, C.; Ber, R.:
residue their effect is coupled. The strongest coupling occurs Bino, T.; Ariel, N.; Osman, R.; Velan, EEMBO J.1994 13, 3448.
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Figure 4. The calculated energetics of the acylation step of the acetylcholine hydrolysis in a solvent cage and in the enzyme active site. The figure
summarizes in a schematic way the results of the EVB/FEP electrostatic mapping that corresponds to simulation VIII of Table 2.

Note, however, that since the reorganization energy is different 1221€ 4. The PDLD/S Activation Energy for the Acylation Step

for the reference reaction and the enzymatic reaction (see Section  set ionizatioh const AAg

3.4) we expect some effect &Gy on AAgF. I 1 ) -7.7

The results of our 40-ps EVB/FEP electrostatic mapping Il 1 0.03 —104
calculations with charge set 2, with Glu-199 and Glu-327 :{'/ ; 2;3 _Eg'g
ionized, are summarized in a schematic way in Figure 4 (the v 5 0.03 41
figure presents the free energies of the relevant EVB states rather v 2 0.3 -89

than the actual free energy profile). As seen from the figure, = AAg' was obtained from eq 6 while evaluating the relavsar

HH HH bind
the enzyme stabilizes .b.oth the proton'transfer and the '[rans['[lon‘,jnd AGPwng by averaging the correspondingAGong Over two
state of the nucleophilic attack relative to the corresponding configurations, each taken after 1 ps of simulation, uging: 4 and
steps in the reference reaction in water. The overall calculatedcharge set 1. Energies in kcal/mol and contraints in kcal 2,
stablilization is~15 kcal/mol, in a good agreement with the " lonization state 1 corresponds to the case where only Glu-199 and

; : ; Glu-327 are ionized, while ionization state 2 corresponds to the case
experimentally observed catalytic effect (the above mentioned where all residues within 15 A from the substrate are ionized (i.e.,

AAG). Asp-72, Glu-199, Arg-289, Asp-326, Glu-327, Asp-397, and Glu-443).
3.3 PDLD/S Calculations. To further examine the validity ¢ The indicated contraint (const) keeps the protein and substrate near
of our conclusions we also estimated the transition state energyg;er:;i "Htr?t'igﬁ]rsu\cl\tlgrrgs fntgéggindrﬁﬂﬂigar?fitfgifﬁﬁfgﬁIﬁgsﬁssiﬁart:ﬂg
using the PDLD/S method (see Section 2). EVBgsurfaces of thegreactant sta%e and t%e t?ansition state.l ?
The binding energies of the ground and transition state were
determined by using the substrate and the relevant fragment ofThis indicated that distant residues do not give a major
the catalytic triad (represented in Figure 1) as “solute” atoms. contribution to catalysis.
The charges used were those of charge set 1 (see Table 1). The
actual calculations of binding energies involved the generation 4. The Origin of the Catalytic Power of AChE
of relaxed structures by MD simulations. The calculations were
carried out with the simulation conditions summarized in Table  Both the EVB/FEP and PDLD/S computational approaches
4. This study was less systematic and extensive than the EVBreproduced the effect of the enzyme on the acylation step in a
study and intended mainly to examine the electrostatic energiesyeasonable agreement with the experimentally-based estimate
in configuration near the X-ray structure. All calculations with  of section 3.1. The overall catalytic effect is associated with
one exception gave a large reduction Ang*. The only  the stabilization of the transition state. In analyzing the catalytic
exception is simulation set V, which involves a very weak effect it is sometimes convenient to describe this transition state
protein constraint and ionization of all residues within 15 A gtapjlization in terms of the corresponding Marcus parabolas,
from the substrate. This problem reflects the difficulty of \yhere the reduction in the transition state free energy is
Staying close to the Original X-I'ay structure in simulations that expressed in terms of two parameters: (|) the free energy of
include many ionized residues (note that with larger constraint the given stepAG? and (i) the reorganization energy;,
we recover the catalytic effect). This important issue is usually using the modified Marcus relationshfp
addressed in our lab by balancing the overall charge of the
system and having a larger simulation sphere. However, this Agaf = (Aij) + ,1”)2/4,1"_ - |I|ij + (Hﬁ/(AGﬁ + ) (12)
is not so relevant to the present PDLD/S study, which focuses
on the contributions to catalysis from configurations near the Wherel:h,- is the average value of the off-diagonal EVB matrix
observed structure. element and the last term is usually small.
As can be seen from Table 4, we obtained a similar catalytic The catalytic effect associated with the changeAﬁi‘j)
effect from ionization sets 1 and 2 while using a 0.3 constraint. operates usually when charge separation is taking place in the
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Diabatic free energy function in water mol than the corresponding energy in water. The easiest way
400 to asses the corresponding effect is to consider the case where
AG® = 0 kcal/mol. In this caseAg" = A/4 — Hip, and a
reduction ofA by 40 kcal/mol decrease the activation energy

by 10 kcal/mol.
(| Iﬂ Although the above analysis clarifies that the enzymes reduce
20 both AG? and 4 it does not tell us anything about how this
reduction has been accomplished. In fact, statingAGftand
- O A were reduced is just another way of saying thgt is reduced.
g ¥ o The fundamental question is, howevéigw AG® and 4 are

3 O w reduced. Previous studiég®44and the present one indicate
_TD o a Mo that enzymes accomplish this task primarily by electrostatic
0

300 [

AG (kcal/mol)
n
8

100 L. . . .
o effects. The remaining question is still how can an enzyme

a]
x“;_>3 Yo H E o provide a larger electrostatic stabilization or “solvation” than
o0 o UDopg 0O00QMOn water. The answer to this question has been given bé¥dre.
’ . It appears that the enzyme uses its folding energy to prepare a
preorganized polar environment that does not have to pay a part
of the reorganization energy needed to form such an environ-
ment at the transition state. This reorganization energy should
not be confused with the reorganization along the reaction
coordinate that is reflected by tieof eq 12, although the two
E effects might be correlated. That is, the main effect of the
\Pé’ O o preorganized environment is to reduce th@&° of high energy
a intermediates, but having the protein dipoles pointing at the
200 o optimal direction has the additional beneficial effect of reducing
O A.
O It must be pointed out in this respect that attempts (e.g. ref
P 45) to account for enzyme catalysis by invoking the small
g P O A3 reorganization energy associated with charge transfer in nonpolar
100 O 3 a environment (i.e.¢ < 4) lead to anticatalysis. That is, since
05 o charged intermediates are unstable in nonpolar environments,
73’2 . ] = E AGP will increase andAG* will become larger than smaller (see
i o 4 O discussion in ref 42). Thus, the catalytic effect of the enzyme
o bpo1A 0. ~. Hoopopono It is associated with the small reorganization energy of its polar
120 -20 80 180 280 active site which is very different than any nonpolar environ-
Age (kcal/mol) ment.
Figure 5. Diabatic free energy functions for the nucleophilic attack ~ Although this work focuses on the overall catalytic effect of
step in water (top) and in the enzyme (bottom). The relevant the enzyme it is interesting to explore the effect of individual
reorganization energies are indicated in the figure. residues. A careful study along this line is quite demanding
and out of the scope of the present work. Thus, we only
course of the reaction. In the present case we find that both considered several related issues in a very qualitative way. First,
AGE2 (for the proton transfer step) anlng3 for the nucleo- we examined the effect of distant ionized residues (all residues
philic attack are reduced significantly. This effect involves except Glu-327 and Glu-199) by using the non-relaxed PDLD/S
major contributions from the two negatively charged glutamates approach withei, = 40 (section 2.2). It was found that none
(Glu-199 and Glu-327) that are involved in stabilizing the of these residues contributes to catalysis more than 0.5 kcal/
histidinium ion (His-440). The calculations also indicated that mol. This finding is in agreement with mutation studféghe
Glu-327 must be the key catalytic residue in the proton transfer effect of nearby ionized residues cannot be studied by the non-
step, but its effect cannot be investigated individually because relaxed PDLD/S approach and the relevant EVB results will
of its strong coupling with Glu-199. This is also reflected by be considered below. Similarly, the effect of polar side chains
the results of the EVB/FEP simulations when both residues wereis not expected to be reproduced in a reliable way without costly
ionized. The same stabilization effect that catalyzes the proton consideration of the reorganization of the relevant dipoles during
transfer step also helps in stabilizing the histidinium-on  the reaction. The only group contributions (except those of
oxyanion charge separated state in the course of the nucleophiliaddistant ionized residues) which are expected to be captured

-70 30 130 230
Ag  (kcal/mol)

Diabatic free energy function in the enzyme
300

AG (kcal/mol)
O

attack. reliably by the non-relaxed approach are the contributions of
In addition to the reduction imefj’ it is quite common to the main chain dipoles. The corresponding calculations are
find that enzymes reduce the reorganization energigg€.g., summarized in Figure 6. According to these calculations the

refs 16 and 42). This effect is related to the curvature of these MOSt significant contribution that appears to persist in calcula-
surfaces, rather than the energy difference between their minimaions with different conditions is due to the main chain effect
In the present case it is found that reorganization energy plays©f residues Gly-118, Gly-119, and Ala-201. The amide nitro-
an important role in the nucleophilic attack step. That is, as 9ens of these residues are located 2.9, 2.9, and 3.2 A from the

can be seen from Figure 5 (corresponding to simulation Vi) carbonyl oxygen of the acetylcholine, and they participate in

the reorganization energy in the enzyme is smaller#9 kcal/ (43) Warshel, AProc. Natl. Acad. Sci. U.S.A978 75, 5250.
(44) Warshel, A.; Avist, J.Annu. Re. Biophys. Biophys. Chert991,
(42) Yadav, A.; Jackson, R. M.; Holbrook, J. J.; Warshel,JAAm. 20, 267.

Chem. Soc1991, 113 4800. (45) Krishtalik, L. I. J.Theor. Biol.198Q 86, 757.
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a Main chain contributions, no reorganization energy calculated
residues from 1 to 300
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b Main chain contributions, no reorganization energy calculated
residues from residues from 300 to 530
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Figure 6. Main chain contributions to catalysis obtained by the non-relaxed PDLD/S methodiwitt4 (residues 300 (a), residues 366630
(b)).

forming the oxyanion hole that stabilizes the transition state by residues should be respectively arourtb(9 + 13.2)= 7.3

the preoriented dipoles of these residues. and (-11.6+ 13.2)= 1.6 kcal/mol. Alternatively, the use of
While distant ionized residues appear to have a small effect Table 2 gives 4.2 and 3.4 kcal/mol for these two mutations.

that could be explored using the non-relaxed approach with largeOne should note, however, that we only report here qualitative

€in, the effect on nearby ionized residues requires more carefulresults and that more reliable estimates would require longer

attention. The EVB calculations summarized in Tables 2 and simulations. Furthermore, it is also useful to note that mutation

3 can be used to estimate the catalytic contributions of Glu- studies by FEP approaches tend to overestimate chatgege

327 and Glu-199. The corresponding energetics can be obtainednteractions (e.g. see ref 46). At any rate, accepting the present

by considering the same simulation conditions and comparing results as a qualitative guidance, we conclude that the contribu-

the effect of having both 199 and 327 ionized as opposed to tion of Glu-327 to catalysis is larger than that of Glu-199. The

only having 327 ionized. Using Table 3 for this comparison (46) Alden, R. G.; Parson, W. W.; Chu, Z. T.; Warshel JAAm. Chem.
suggests that the effect of mutating 327 and 199 to unchargedsSoc.1995 117, 12284.
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reason for the small contribution of Glu-199 is the repulsion
between the negative charge of this group and the negative
charge that resides on the oxyanion at the transition state. This
is consistent with the surprising results of the kinetic data of
the E199Q mutant, which showed only a 5-fold decreasg.in
compared to the wild-type enzyme.

An issue that is frequently addressed in studies of AChE is
the role of the hydrophobic residues on the surface of the gorge
that leads to the catalytic triad. There has been much discussion
about aromatic guidance of the substrate in the diffusion
controlled reactiod:*” Recently it was suggestedhat the
hydrophobic environment provided by AChE, similar to that
of the gas phase, is more favorable for the formation of the
tetrahedral adduct (formed in the course of nucleophilic addition
on carbonyl compounds) than the aqueous solution. Such gas-
phase-like catalytic proposals or the basically equivalent idea
that enzymes work by desolvation effects using hydrophobic
active sites has been frequently advante8! However, our
previous work® have established that this effect is in general
anticatalytic. Thatis, as long as the enzyme has to rekug¢e
km it must reduce the energy of the transition state relative to
that of the E+ S state. Destabilizing the ES state cannot help
in this way. Furthermore, if the transition state is ionic it will
be destabilized in a nonpolar environment. The confusion that
led to the popularity of the desolvation proposal is associated
with the use of incorrect thermodynamic cycles (see ref 52)
and neglecting the energy of forming ionic reactants in
hydrophobic environment or in moving such reactants from
water to hypothetical nonpolar active sites. To illustrate this
problem in the case of AChE we used the PDLD/S approach to
calculate the transition state binding energy in a totally nonpolar
enzyme. It was found that the nonpolar enzyme destabilizes
the transition state relative to the reactant by 11.4 kcal/mol
compared to water. This would mean that a nonpolar enzyme
would lead to anticatalysis rather than catalysis of the acetyl-
choline hydrolysis, which is certainly inconsistent with the
experimental estimate of the enormous increadedirelative
to the corresponding rate constant in the reference reaction in
water.

An interesting and insightful issue is associated with the effect
on nonpolar residues dga/Kwu rather thark.; alone. That is,
hydrophobic residues which are far from the region where ) _ _ .
chemical transformation occurs can contribute significantly to F]gure 7. Cqmparlng the electrostatic potentlal on the transmor! state
binding of both the ground and the transition state leading to 2?&:§é22£’?\?\/‘§tgra§dﬂ% ﬁg?‘ﬁ;;‘;ﬂﬁ;zgfl(tgenzuﬁg%‘:':g;gns
an oyerall stabilization of the .TS relative to the+ES.stat_e. A correspond to negative and less negative (or positive) potentials,
C‘,"md'date_ for such an effect 1S t.ryptophan 84, which interacts respectively. The figure illustrates that the transition state dipole is
directly with the ammonium moiety and is known to have & stapjilized more in the protein than in water. That is, in water, the
significant effect orKy. To examine the role of this residue  potential on the oxyanionis only slightly less negative than on His
we evaluated the effect of the W84A mutant using the PDLD/S (this is not seen clearly in a black and white drawing. On the other
model. The calculations resulted in a8 kcal/mol reduction hand, in the protein we have a negative potential orf ldisd a positive
in the binding energy of the TS, which corresponds to an potential on the oxyanion
increase of about-1(® in keafKy. On the other handkea

remains unchanged. This corresponds nicely to the obser¥ation state is stabilized rather than destabilized. This is an example
that this mutant reducega/Ku by ~3 x 10° while changing of the fact that enzymes catalyze reactions by stabilizing the

keat by ONly @ factor of~5. Interestingly, the calculated effect ~tansition state rather than destabilizing the ground stats
appears to be associated with the permanent dipole of theSNOWN here, itis possible to incredgg/Ky by stabilizing the
tryptophan (thé/o, of eq 7) rather than with its induced dipoles. nonreactive parts of the substrate and redu&ng but this is

Regardless of the actual reason it is interesting that the groundd©ne by stabilizing both the ground and the transition state to
a similar extent. This is an instructive point in view of the

(1273) EOﬁenngé T\-/L;c:i Netilmﬁlﬁnhysﬂgoﬁrefgisgﬂgm 1t?'A387(?'s _ frequently accepted Jencks’ propG3dhat enzymes work by
U.é.A?lQ(;Qegé g, | Coya ¥ M Sehidliz, 1. e, Tafl. Acad. SC - ground state destabilization. That is, Jencks’ pioneering work

(49) Wolfenden, RSciencel983 222 1087. recognized the fact that an enzyme, must provide a strong

(50) Dewar, M. J. S.; Dieter, K. MBiochemistryl988 27, 3302. binding in order to increask../Kwu, but suggested thad. is

(51) Lee, J. K.; Houk, K. NSciencel997, 276, 942.

(52) Warshel, A.; Ayvist, J.; Creighton, Sroc. Natl. Acad. Sci. U.S.A. (53) Jencks, W. RCatalysis in Chemistry and Enzymolo@over: New

1989 86, 5820. York, 1987.
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increased by ground state destabilization effects. This proposalof mutation effects is to use computer modeling approaches (see
clearly has a problem for enzymes that evolved under the discussion in ref 54). For example, the analysis of the same
constraint of increasing:a/Kw rather thark:s (this constraint mutations considered in this work (without the use of computer
applies to many enzymes in their current stage in evolution). simulations in evaluating the totality of the effect of the enzyme)
In any case, any ground state destabilization effect that keepsled previous workers to propose that the enzyme works by
the transition state energy constant would not chaaglKy desolvating the transition state. Our computer modeling, on
and thus has no evolutionary advantage (see ref 15). Morethe other hand, led to the opposite conclusion. As to presenting
specifically, residues that contribute kg/Ky in a major way testable hypotheses, the current work and many of our early
appear to do so by stabilizing the ground state and transition studies advanced repeatedly the “hypothesis” that enzymes work
state to the same amount. On the other hand, residues that onlypy providing electrostatic stabilization to the corresponding
changeke.: (e.9., Glu-327) appear to do so by transition state transition states and that this is associated with the preorganized
stabilization rather than ground state destabilization. polar environment?® This view has been confirmed by com-
Although the present study did not involve a systematic puter modeling of different enzymes (e.g., ref 15). Thus, the
examination of the effect of different mutations it led to the best way of verifying or modifying our picture should probably
following conclusions: (i) dipolar residues help in direct involve more refined computer modeling. Of course, experi-
stabilization of the transition state; (ii) nearby ionized residues mental studies are crucial for providing new observations that
and in particular Glu-327 help in catalysis; (iii) distant ionized should be reproduced by the simulations (before the simulations
residues do not contribute in a major way; and ) is not are considered useful for studying the overall catalytic effect).
increased by desolvation effects and the catalytic effects of However, any credible interpretation of such experiments in
hydrophobic residues are associated with the binding of partscomplex systems must involve some type of structdivection
of the substrate that are far from its reacting region. correlation, and this is best done by computer modeling. As to
The overall catalytic effect is associated with electrostatic the suggestion for new experiments, one may try to find support
stabilization of the transition state. This is done by providing for the desolvation hypothesis (that was eliminated in the present
the electrostatic potential that is complementary to the dipolar work) by mutating nonpolar active site residues to polar residues
charge distribution of the (His-oxyaniorm) transition state (see  and examining the resulting changes ky:. However, the
Figure 7). The effectiveness of this electrostatic potential interpretation of such experiments cannot be performed in a
appears to be associated with the preorganization of the polarunique way without a proper computer model. Thus, we believe
environment of the active site. that true understanding of enzyme catalysis requires models
It might be useful to conclude this paper by discussing a capable of reproducing thetal catalytic effect.
possible perception that the present conclusions are not new
and that our model does not tell one how to refine earlier results  Acknowledgment. M. F. thanks the support of 'Beds
or to formulate testable hypotheses. In addressing such concern&ellowship of the Hungarian Government and the SOROS
we start by restating that the observed effect of different Foundation and Dr. Ingo Muegge and Dr. Jorg Bentzien for
mutations cannot tell us about teerall catalytic effect (see  helpful discussions. A part of this work was supported by NIH
Section 1) and such effects can be interpreted in different ways. Grant No. GM-24492.
Furthermore, mutation experimemar_\not tel] uswhgt is the  JA972326M
actual effect of the oxyanion hole since this crucial catalytic (54) Warshel, A Naray-Szabo, G.. Sussman, F.. Hwang, Bik.
element involves main chain dipoles. In our opinion and chemistry1989 28 3629.
experience, the best way of arriving at a unique interpretation  (55) Warshel, AJ. Phys. Cheml1979 83, 1640.




