12254

J. Am. Chem. So@000,122,12254-12262
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Abstract: The deacylation step of acetylcholinesterase was simulated using the empirical valence bond (EVB)
method in combination with free energy perturbation calculations. Before the enzyme structure was used to
simulate the reaction, the protonation pattern of the acylated enzyme and the free enzyme was determined by
a Monte Carlo titration. As a result, it was found that Glu199, which is located close to the catalytic triad, is
protonated in the free and acylated enzyme. Also, the EVB simulation of the reaction showed that the uncharged
Glul99 is favorable to stabilize the transition state of the deacylation step. This is in agreement with experiments

demonstrating that the Glu199GIn mutation does not have a significant influence on the kinetics of deacylation.
The EVB calculations yielded an energy barrier of the deacylation step thatik21dcal/mol lower in AChE

as compared to a reference reaction in water. The largest calculated rate of the deacylation reagtien is

5.5 x 1(? s’ and thus only by a factor of 30 smaller than the experimental value.

1. Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) is a serine hydrolase,
whose main biological function is to terminate impulse trans-
mission at cholinergic synapses by rapid hydrolysis of the
neurotransmitter acetylcholine (ACh) (for reviews, see Qtuinn
and Rosenberdy. The enzyme possesses a remarkably high
activity and works close to the diffusion-controlled limit. The
turnover ratekco for the hydrolysis of acetylcholine in aqueous
solution is~8 x 10710 s713 whereas the overall rate is1.6
x 10* s71 in the enzyme active siteyhich corresponds to a
rate enhancement in the enzyme by the factor 2013,

The X-ray crystallographic structure of AChBhows a 20
A deep and narrow cavity, which can host the substrate ACh.
Itis called the “aromatic gorge”, because its wall is covered by
14 highly conserved aromatic residues. The catalytic triad,

E+S E+P,

P,
Figure 1. Kinetic mechanism for ACh hydrolysis. Key: E, AChE; S,
substrate (e.g., acetylcholine):E reversible enzymesubstrate com-
plex; E-A, acylated enzyme; [P choline; B, acetic acidk; andk-1
are the rate constants for the diffusion of the substratekarsohd ks
are the rate constants for the chemical conversion steps, i.e., the
acylation and deacylation, respectively.

and dissociation of AChE with its substrates and the riges
andks correspond to the chemical conversion steps. The catalytic
mechanism is outlined in Figure 2. The hydrolytic destruction
of carboxyl esters, including ACh, is assumed to occur via an
unstable tetrahedral intermediate (TI1) leading to a short-lived
(t12 &~ 50 us) state, where the enzyme is acylated at Sef200.

consisting of Ser200, Glu327, and His440, is located at the deadSubsequently, a nucleophilic attack of a water molecule occurs

end of this gorge. The cationic moiety of ACh binds to the
aromatic residues Trp84 and Phe330 by catisrinteractions
and to the acidic residue Glul199 by electrostatic interactions.
The residues of the binding pocket interacting with the acyl
part of ACh are Gly119, Trp233, Phe288, Phe290, and Ph&331.
The reaction of AChE follows the scheme outlined in Figure
1, wherek; andk-; are the rate constants for the association
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resulting in a second tetrahedral intermediate (T12), which
decomposes into the native enzyme and an acetate ion. This
second part of the reaction is called the deacylation step and is
investigated in this work. It comprises a nucleophilic attack of
a water oxygen on the ester carbonyl group and a proton transfer
from this water molecule to the Mitrogen of the His440 side
chain.

For simulation of the deacylation step, we take the acylated
enzyme as the starting point. The corresponding valence bond
structure | is given in Figure 3. The end point of our simulation
is the tetrahedral intermediate TI2 of the deacylation step,
corresponding to the valence bond structure Il in Figure 3. As
the barrier for the decomposition of the tetrahedral intermediate
TI2 is lower than the barrier for its formation, the formation of
this intermediate state is the rate-determining step in the
deacylation reactioh.Hence, it is sufficient to simulate the
reaction up to the point, where the formation of the tetrahedral
intermediate TI2 is completed.

(7) Guthrie, J. PJ. Am. Chem. Sod.973 95, 6999-7003.
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Figure 2. Reaction mechanism of AChE with a carboxyl ester substrate. The top row shows the acylation and the lower row shows the deacylation
reaction. The base in the catalytic triad is His440. Choline, the product of the acylation reaction, is denoted as ROH. For both reactions, the
carbonyl carbon atom of acetylcholine and Ser200, respectively, proceeds from its planar geometry to a tetrahedral intermediate. (TI1 and TI2).

deacylation reaction, which is dramatically accelerated by the

(o] [o) (o]
Ser Mg, Hisaso SRR isaso Ser20 hch,  Hisado enzyme. The uncatalyzed hydrolysis of an ester, which is
o — e oH comparable to the acylated serine (e.g., methyl acetate), has a
HH N NH HO  HNNH N NH rate constant okesr = 5 x 107° s7! in aqueous solutiof,
whereas in AChE this reaction proceeds with ¥.60* s™14
(1] which is as large as the overall rate of the enzyme. This is equal

Figure 3. Resonance or valence bond structures used in the EVB/ to an acceleration of the reaction by the factox 3.0'2
FEP simulation of the deacylation step. I, I, and Ill correspond to the The deacylation is an important process in order to understand
reactants, the state formed after the proton transfer from water 10 the jrreversible inhibition of AChE by compounds that modify
His440, and the tetrahedral intermediate, respectively. Ser200 due to phosphorylation, such as sarin and soman, or
) . carbamoylation, such as physostigmine and epastigmine. The
In crystal structures with transition-state analogues of the hydrolysis of these derivates is very slow, and understanding

acylation step and in modeled structures, it could be observedy he mechanism and the accelerating factors of deacylation is
that the oxyanion hole in AChE, which stabilizes TI1, consists \,cial to characterize the inhibition of ACHELS

of the dipoles of the backbone NH groups of Gly118, Gly119,
and Ala2013689Glu327, as a member of the catalytic triad,
stabilizes the protonated His440. In site-directed mutagenesis
studies, it was shown that Glu327Ala and Glu327GIn mutants
are inactivel® Furthermore, Glu199, which is located adjacent
to the active site, is ascribed an important role, although it is
not clear to what extent it contributes to the rate enhancement
of the chemical conversion. The Glu199GIn mutant of AChE
from Torpedo californicehas ak.o/Kr ratio 50-fold lower than
that of the native enzymeé,whereK, is the Michaelis constant.
Most experimental and theoretical studies on AChE focused
on the diffusion of substrates to the active site or on the acylation
step~14 Enzymes, which by evolution are optimized for rapid
catalysis, may often show similar activation barriers for the
different reaction steps, since optimization requires lowering
of the highest barrier. Therefore, it is not surprising that for
AChE, which is a very fast processing enzyme, both acylation
and deacylation were found to be rate determining with a
keat = 1.6 x 10* s71.4 For this reason, we investigate here the

Experimental and theoretical studies have shown that the
substrates of AChE are guided into the active site gorge by a
strong electrostatic monopole and dipole figldhis is unfavor-
able for the cationic product, choline, to move out of the active
site after the reaction is complet&dTherefore, it was suggested
that it may leave the active site via a “back dodthut this is
still a matter of debat&’?® To elucidate the dissociation of
choline from AChE, it is important to know at which reaction
step it leaves the active site.

The electrostatic properties of an enzyme have a significant
influence on its catalytic functioft Thus, in this work, the
protonation pattern of all titratable groups was determined in
detail. This permits us to conclude how individual titratable
groups stabilize the protein structure in a particular protonation
state and how they reduce the energy of the transition state in
an enzymatic reaction.

The present work investigates the rate-determining deacyla-
tion step of AChE using computer simulation approaches. First
the protonation state of the acylated enzyme is analyzed. Then

(8) Ordentlich, A.; Barak, D.; Kronman, C.; Flashner, Y.; Leitner, M.; the hydrOIyUC reaction in the active site of AChE is Compared
Segall, Y.; Ariel, N.; Cohen, S.; Velan, B.; A., S. Biol. Chem 1993

268 17083-17095. (15) Bernhard, S. A.; Orgel, L. ESciencel959 130, 625-626.
(9) Selwood, T.; Feaster, S. R.; States, M. J.; Pryor, A. N.; Quinn, D. (16) Millard, C. B.; Kryger, G.; Ordentlich, A.; Greenblatt, H. M.; Harel,
M. J. Am. Chem. S0d.993 115 1047710482. M.; Raves, M. L.; Segall, Y.; Barak, D.; Shafferman, A.; Silman, |;
(10) Shafferman, A.; Kronman, C.; Flashner, Y.; Leitner, M.; Grosfeld, Sussman, J. LBiochemistry1999 38, 7032-7039.
K.; Ordentlich, A.; Gozes, Y.; Cohen, S.; Ariel, N.; Barak, D.; Harel, M.; (17) Ripoll, D. R.; Faerman, C. H.; Axelsen, P. H.; Silman, |.; Sussman,
Silman, |.; Sussman, J. L.; Velan, B. Biol. Chem 1992 267, 17640~ J. L. Proc. Natl. Acad. Sci. U.S.A993 90, 5128-5132.
17648. (18) Gilson, M. K.; Straatsma, T. P.; McCammon, J. A.; Ripoll, D. R.;
(11) Radic Z.; Gibney, G.; Kawamoto, S.; MacPhee-Quigley, K.; Faerman, C. H.; Axelsen, P. H.; Silman, I.; Sussman, Bdiencel994
Bongiorno, C.; Taylor, PBiochemistry1992 31, 9760-9767. 263 1276-1278.
(12) Fuxreiter, M.; Warshel, AJ. Am. Chem. Sod 998 120, 183— (19) Kronman, C.; Ordentlich, A.; Barak, D.; Velan, B.; Shafferman, A.
194. J. Biol. Chem 1994 269, 27819-27822.
(13) Wlodek, S. T.; Antosiewicz, J.; Briggs, J. M. Am. Chem. Soc. (20) Faerman, C.; Ripoll, D.; Bon, S.; Le Feuvre, Y.; Morel, N.;
1997 119 8159-8165. Massoulie J.; Sussman, J.; Silman,FEBS Lett 1996 386, 65—71.
(14) Axelsen, P. H.; Harel, M.; Silman, I.; Sussman, JPkotein Sci. (21) Warshel, A.; Naray-Szabo, G.; Sussman, F.; Hwang, JBil-

1994 3, 188-197. chemistry1989 28, 3629-3637.
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atoms, leading to an all-atom representation of AChE. Subsequently,

the whole protein was energy minimized with the CHARMM22 force

field,?> but all experimentally known atomic coordinates were fixed.
Calculation of the Protonation State.The protonation probability

of a titratable residué in a protein withn titratable groups can be

expressed by the following Boltzmann-weighted stfm:

Zx exp[ —ﬁz(quGimn,u + EZ qﬂquWW)]
u VEU

By= @

1
z €X| _ﬂz XuAGimr/ﬂ + EZquUWﬂU
u =]

q

wheref = (kgT)~%. The componenr; of the n-dimensional protonation-
state vectoq represents the charge state of titratable giofor bases
(acids), it adopts the valuesl or 0 (0O or—1). The outer sums run
Figure 4. Active site of the acylated AChE. Only the side chains of over all 2' different protonation state vectots The inner sums run
the amino acids are shown. The water molecule is modeled into the over all titratable groups«v). If groupi is protonated (unprotonated),
structure, such that it has an H-bond distance (2.8 A) to thetdin of X Is unity (zero).AGi, is the protonation energy for the titratable
His440, to which the proton is transferred during the deacylation groupu if all other titratable groups are in their uncharged state. This
reaction. Additionally it is positioned close (3.4 A) to the carbonyl energy is related to the so-called intrinsi¢walue Ka int,. Of titratable
carbon atom of the acyl group of Ser200. (Drawn with MOLSCRIBT.  groupu via the expression

to a reference reaction in water. It is determined how the enzyme AG. = —2.303(8Kiny, — PH) @)
manages to reduce the activation barrier of the reaction, where e B

we concentrate on three aspects: (1) Is it possible to differentiate The intrinsic X value of a specific titratable group is defined b
between a concerted or a stepwise mechanism for the protonthe following eneragy terms: P group Y
transfer and the nucleophilic attack of the deacylation step? (2) ’

What is the influence of choline on the energetics of deacyla- 1 )

tion? (3) Which protonation state of Glu199 is favorable for PKinr = PKy(model)+ QW[AGBW(PVOE'“)—

stabilization of the transition state of the deacylation step? AGgy(Model)+ AGy,.(protein)— AGg,q(model)] (3)

2. Methods The labelsmodeland protein refer to the amino acids in solution (as

N-formyl-N-methylamide model compound) and in the protein, respec-
tively. The Born solvation energiGgom Of a titratable group in the
absence of any other charge and the interaction en&psc of the
charge at sitei with the nontitrating “background” charges were
evaluated with the corresponding electrostatic potenti¥ly. These
potentials were obtained by solving the linearized Poisson Boltzmann
equation (LPBE) of the protein and the model compounds in solution.
The experimentallg, values for the model compounds were taken from
Ullmann and Knapp® Arginine, aspartate, histidine, glutamate, lysine,
tyrosine, cysteine, the reactive water molecule, and the C- and N-termini
ere considered as titratable groups. Histidine occurs in two tautomeric
orms in the unprotonated state. Both were considered in our calcula-
tions.W,, in eq 1 is the electrostatic interaction between two titratable
groupsu andv in the charged state, while all other titratable groups
are in their uncharged state. It needs to be evaluated in the protein

Structure of AChE. The starting coordinates for our simulations
were generated from the AChE crystal structure of the native enzyme
from T. californicadetermined at 2.5-A resolution (PDB entry 2ag®).
This structure was solved without inhibitor, and subsequently, the
substrate acetylcholine was modeled into the active site using informa-
tion from a structure of AChE with the transition-state analogue inhibitor
m-(N,N,N-trimethylammonio)trifluoroacetophenone (PDB entry 1afn).
This model structure is believed to represent the transition state of the
acylation step (TI1 in Figure 2). The distance between the side-chain
oxygen of Ser200 and the carbonyl carbon of ACh is 1.4 A. The carbon
possesses a tetrahedral conformation. To obtain a model of the enzym
in its acylated form, we added the acyl part of ACh to Ser200 and
deleted the coordinates of the choline part (see Figure 4).

Coordinates of hydrogen atoms are not available from the crystal

structure. Adding hydrogen atoms to water oxygens by modeling only and is also calculated by solving the LPBE.

procedures can be rather ambiguous due to the large number of possible The LPBE is solved on a lattice with a finite difference meffod

hydrogen-pondmg pa}tterns. Therefore, all waters were remgved. The'rimplemented in the program MULTIFLE® For the protein, we started
electrostatic interactions were generated by corresponding surface,

h t the boundaries of th I ” ith a dielectri with a cubic lattice of 202.5-A side length with 2.5-A grid spacing. In
¢ argt;est ak _esooltén anfesﬂ:) . et_rf(_esut_ Ing ;:31\'.' 1es wi "; 1 etc;rlc two focusing steps, we reduced the side length of the cube to 81.0 and
constant ok = ob. For a further justiication ot this approach, Se€ 1€ 55 75 & yith o grid spacing of 1.0 and 0.25 A, respectively. The lattices
discussion in ref 23. However, one water molecule plays a special role

in hvdrolvzing th lated Ser200. We ol thi " t with the higher resolution were centered on the titrating site. For the
In hydrolyzing the acylated Sercu. We place this reactive Waler e calculation in solution, we applied lattices of 61.0- and 15.25-A
molecule in an appropriate H-bond position to the nitrogen atomf N

. . R side length with 1.0- and 0.25-A resolution.
His440. This position is also close to the carbonyl carbon atom of the The dielectric constant was setdp= 4 everywhere in the protein,
acylated Ser200 (Figure 4). ) and the dielectric constant of the solvent was set te 80. The value
In the X-ray structure of AChE, 10 complete residues and several of the dielectric constant in the protein is typically chosen to account
atoms from 23 residues are missing. We modeled these residues intqy the lack of nuclear and electronic polarization effééts general,
the structure with the program CHARMF.The HBUILD command the small value, = 4 of the dielectric constant in proteins is chosen

of CHARMM was used to generate the coordinates for all hydrogen \ypen applying a detailed molecular charge model. Larger values of

(22) Raves, M. L.; Harel, M.; Pang, Y. P.; Silman, |.; Kozikowski, A. (25) MacKerell, A. D., Jr.; et alJ. Phys. Chem. B998 102, 3586-
P.; Sussman, J. INat. Struct. Biol.1997, 4, 57—63. 3616.

(23) Rabenstein, B.; Ullmann, G. M.; Knapp, E. Biochemistry1998 (26) Ullmann, G. M.; Knapp, E. WEur. Biophys. J1999 28, 533~
37, 2488-2495. 551.

(24) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J,; (27) Warwicker, J.; Watson, H. C. Mol. Biol. 1982 157, 671-679.

Swaminathan, S.; Karplus, M. Comput. Cheml993 4, 187-217. (28) Bashford, D.; Karplus, MBiochemistry199Q 29, 10219-10225.



Deacylation Step of Acetylcholinesterase J. Am. Chem. Soc., Vol. 122, No. 49, 2208y

the protein dielectric constant of up ¢p = 20 are chosen for cruder ~ Table 1. EVB Atomic Charges in Units of an Elementary Charge
molecular charge models, where for instance the protonation of a

. : . - . residue atom | I 1l
titratable group is modeled simply by placing a unit charge at a central
atom of the titratable sit&:3°For the solvent, we used an ionic strength Ser-200 CcB —0.110 —0.110 0.058
of 100 mM and an ion exclusion layer of 2.0 A around the protein. HB1 0.120 0.120 0.011
The boundary between the molecules and the solvent was established HB2 0.120 0.120 0.011
by the surface resulting from a probe, consisting of a sphere with 1.4-A 83 _82‘:;8 _0636135)0 _Oi5(1)36
radius, rolling on the van der Waals surface of the protein and model oD _0'520 -0 520 -0 9'43
compgund, respectively._Cavities in the protein, whigh can host a sphere cT —0170 —0.170 0663
of r{idlus _1.4 A, are considered to be solvent accessible and thus possess HT1 0.090 0.090 0.090
a dielectric constant ofs = 80. HT2 0.090 0.090 0.090
The atomic partial charges of the amino acids, including the charged HT2 0.090 0.090 0.090
and neutral state of the titratable residues, were taken from the water OH —0.834 —1.010 —0.799
CHARMM22 parameter séb.For some of the titratable residues (Arg, H1 0.417 0.440 0.440
Lys, Cys), only the standard protonation state is included in this H2 0.417 0.010 0.379
parameter set. For these residues, the atomic partial charges were His-440 CB —0.090 —0.050 —0.050
calculated with the program SPARTANIsing the semiempirical PM3 CB1 0.090 0.090 0.090
method and the CHELPG proceddfeyhere the charges are determined CB2 0.090 0.090 0.090
such that they reproduce the electrostatic potential outside of the (N:CD; 1 :8228 _ (?5119(? B 005'180
molecular group appropriately. The calculated charges are summarized HD1 0.320 0 440 0.440
in Table S1 (see Supporting Information). CE1 0'.250 0'_320 0'320
AChE contains 145 titratable groups. Hence, the number of possible HE1 0.130 0.180 0.180
protonation states is_12'> and thus too large for a direct calculation of NE2 —0.700 —0.510 —0.510
the Boltzmann sum in eq 1. To sample the space of protonation states, CcD2 0.220 0.190 0.190
we used a Metropolis Monte Carlo (MC) method implemented in the HD2 0.100 0.130 0.130
program KARLSBERG, which is freely available under the GNU public )
license from our webservét. The program KARLSBERG is an aThe charges of state | are taken from the CHARMMZ22 force field,

the charges of the OHion are from AqvisE® and the charges for the
tetrahedral intermediate in state Il are calculated with a quantum
chemical ab initio method as explained in the text.

adaption of the program MC¥#%>but contains some additional features.
These features will be reported in detail elsewhere (manuscript in
preparation). Here we needed only two of them: triple moves for
increased sampling efficientyand biased MC! To improve sampling  resonance states corresponding to the reactants and products of the
efficiency, two (three) titratable groups that are coupled more strongly reaction. Each of the two states is described by a separate molecular
than 2.5 (5.0) [ units changed their protonation state simultaneously mechanics force field. The transition from the reactant state to the

in one MC move. Such double and triple moves were done in addition product state is accomplished by a linear combination of the two energy
to Simple moves. The MC Sampling was done at pH 7.0 and 300 K. functions‘ y|e|d|ng the mapp|ng potentia|:

We first performed 1000 MC scans with all titratable groups. In one
MC scan, one tries on the average to change the protonation state of 12 4y — _

each titratable group using single MC moves at randomly chosen émadt) = (L0~ A)ey +4e,  where  2€[0,1] - (5)
titratable groups. In addition, each MC scan includes the necessary
double and triple MC moves. After that, we fixed the protonation state

of all groups that did not change their protonation during the first 2000

scans. With the reduced set of 67 variable titratable groups, we
performed another 10 000 MC scans. This MC sampling led to a 1
standard deviation of less than 0.01 proton at each itratable group.e, = ZAMJ-@‘)(Q-(")) + —ny“) K (6" — 98?)2 +
The protonation energy of a titratable group was obtained from its ] 2

protonation probability:

With this mapping potentia¢mad4), the reaction is guided from the
reactant state to the product state by varying the parardtem 0 to
1. The potentialg; ande; are described by the energy functions

1
S 4 KL+ costly gl — o] +
m

1 0O
AG= - 55 (4) VO + o+ VY + Ve u=1,2 (6)

nbrs

Empirical Valence Bond (EVB)/Free Energy Perturbation (FEP) The sub_scripts r and s stand for the reacting fragments and Fhe
Method. The EVB/FEP methc3%is a tool to examine reaction free  surrounding of the molecular system, which can be aqueous solution
energy surfaces. The EVB method models a chemical reaction in the ©F the protein/water environment, respectively. The first term in eq 6

simplest case as a transition between two valence bond structures of €Presents the Morse potential of forming and breaking bonds relative
to its minimum value for th¢th bond in the valence bond stateThe

(29) Antosiewicz, J.; McCammon, J. A.; Gilson, M. K.Mol. Biol. 1994 second and third terms denote the corresponding potentials of bond
238 415-436. o _ ) ) angles and torsional angles. The energies of those bond or torsional
moﬁ?}é&?ﬁg"ff&g'bﬁgﬁgz'g‘g 2"7 fé%cﬂeﬁf K. G. MiMcCam-  onles that are involved in forming or breaking bonds are coupled to

(31) SPARTAN version 4.0. Wavefunction, Inc. Irvine, CA, 1995. the corresponding bond strength by the coupling fagf8r= |AM®/

(32) Breneman, C. M.; Wiberg, K. B. Comput. Chen.99Q 11, 361— D], whereD" is the dissociation energy of the bofdVas, and
373. Vnoss are the nonbonded energies (van der Waals and electrostatic)

(33) Rabenstein, B. KARLSBERG online manual, http:/lie.chemie.fu-

beriin.de/karlsberg, Freie Univeraitaeriin, 1999. among the reacting atoms and between reacting atoms and the

(34) Beroza, P.; Fredkin, D. A.; Okamura, M. Y.; Feher,Rgoc. Natl. surrounding. . . .
Acad. Sci. U.S.A1991, 88, 5804-5808. As common in the EVB procedure, the van der Waals interaction
(35) Beroza, P.; Fredkin, D. R. Comput. Chenl996 17, 1229-1244. between atoms that form a new bond during the reaction or whose
(36) Rabenstein, B.; Ullmann, G. M.; Knapp, E. \Bur. Biophys. J bond is broken is modified to an exclusive repulsive interaction in the
1998 27, 626- '63_7' . . ] state where the bond is not pres&hfThe interaction has the form
19527%5’e£g§gi 'f)z"zg(r)?dk'”’ D.R.; Okamura, M. Y.; Feher Biaphys. J Vies= Cji&"; the constant€ anda depend on the atom types as given
(38) Warshel, AComputer Modeling of Chemical Reactions in Enzymes N Table 2. The pure exponential repulsion differs from the conventional
and Solution John Wiley & Sons: New York, 1991. Lennard-Jones interaction used for nonbonded atom pairs. In principle,

(39) Aquist, J.; Warshel, AChem. Re. 1993 93, 2523-2544. the influence originating from this difference in the interaction can be
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Table 2. EVB Interaction Parameters (in kcal/mol and?A) coordinateX, which we consider, is defined as the energy gap €.
_ f the two energy functions at each conformation of the trajectory.
M AM(b) = Dy(1 — b — b))2 0 . tunctions at each . !
Ofﬁe Du (:)110_8" go — ?((%1;(: 2.%0())) The reaction coordinaféis partitioned in a number of bing,, typically
N—H Dy = 98.3,50 = 1.104; =200 50. The free energyAG"AX), corresponding to the trajectories moving
oO-C Dy = 92.0,b = 1.43,1 = 2.00 on the adiabatic energy surface of the electronic ground Bfaen 7,
repulsive Viep= Cije™® mediating the transition from the reactant state to the product state, is
O-+H Cij=1950.0a=4.2 obtained with the umbrella sampling expression
N---H Cij =150.0,a=2.5
C---0 C;=65.0a=25 1
EVB parameters exp[~AG (X )ksT] = —— n(j, X,,) exp[~AGL2 (A)/ksT]
proton transfer A=185.,=0.0,5=0.4, N(Xm)lz e
P _
Neyy=2.1,00=119.0 exol—(EY4X ) — )Y
nucleophilic attack A=66.5u=0.0,7 =0.02, PE (B (%) — emad ) ka1,
ry=2.9,0 = 241.0 where  N(Xp) = 3 n(X,) (10)
concerted reaction T
setl A=69.9,u = 0.0, =0.00,
o -
w=0.0,a=3717 The Boltzmann factor of the free energyG'%X.) is obtained as a
set 2 A=¢82-91# =0.0,7 = 0.00, weighted sum over the differeif ensemblesn(j, Xu) is the number
rxy=0.0,a=374.4 of conformations from thd; ensemble, where the reaction coordinate
aThe Morse potential parameters and the repulsive potentials for X P€longs to binm. The ensemble average in eq 10 considers all
N---H and G--O are taken from Warshét.The interaction for ®-H conformations, where the reaction coordinate corresponds tm himd
is adjusted such that the repulsive potential has the sarie ;. This statistical average accounts for the energy difference between
dependence as the repulsive part of the Lennard-Jones interaction, buthe mapping potentiak#f‘p used for the MD simulation and the

shifted to smaller distances by0.5 A. adiabatic potential energy surfagg? of the reaction considered.

An important aspect of the EVB procedure is the calibration of the
EVB parameters itdi2 and ofa. The parameters are chosen such that
in a simulated reference reaction in aqueous solution the resulting free
energy profile reproduces the experimental value of the activation barrier
and of the free reaction energy. In practice, the reaction of interest is
simulated in a water sphere and the obtained energy data are evaluated
within the FEP procedure, in which the parameterandH;, can be
varied to yield the proper free energy curve. A detailed discussion about
setting up the reference energy profile is given in section 3.2. These

calibrated parameters are then also used to evaluate the energy profiles

any relation _between the energies .Of resonance states possessingf a simulation in which the water sphere has been replaced by the
different bonding schemes that result in alteration of Lennard-Jones orenzyme and water molecules to fill the protein cavities. With this

charge parameters. The energy difference between two resonance states h the eff f th . he f
is given by the difference of heat of formation in the gas phase and is approach, t e ect ° the enzyme environment on the free energy
reaction profile is obtained.

thus introduced in the energy function by the constant energy parameter ~ . - . )
o, Simulation Conditions. The MD simulations and free energy

| calculations were performed with the prograrft @ing the CHARMM22
force field?® The starting point for the deacylation reaction was the
acylated enzyme, corresponding to resonance state | in Figure 3. We
simulated the deacylation reaction under several conditions: In one
case, we treated it as a two-step mechanism with proton transfer and
10 1o 1 1 > > subsequent nucleophilic attack using resonance states I, Il, and Il in
B =Ela-a=3ate) —Svla—e) +4H, (7) Figure 3, where resonance state Il corresponds to the tetrahedral
intermediate TI2 (Figure 2), which is the end point of our simulation.

evaluated by applying the FEP method, where one changes from one
interaction type to the other. But, since we consider free energy
differences between the reaction in the enzyme and in solution, where
we apply the same nonbonded interaction, the specific influence of
the difference in the exponential repulsive type will essentially cancel.
The last ternVssin eq 6 lumps together all energy contributions of the
nonreacting part of solvent and protein.

Conventional force fields describe molecular systems with an energy
function corresponding to one chemical state only. They do not provide

The described energy function is used to sample the configurationa
space of the system by molecular dynamics (MD). Subsequently, the
adiabatic electronic ground-state eneEj;F, mediating the transition
between the states 1 and 2, is calculated at all configurations:

E, is the lower of the two eigenvalues of a22 Hamiltonian matrix, In this stepwise reaction, we applied the mapping potentidig2)
where the diagonal elements are the potentiainde, fromeq 6 and ~ and ey, and the electronic energy surfacks' and E;" for the
the off-diagonal elemeril;, is represented by proton transfer and the nucleophilic attack, respectively. Alternatively,
we modeled it as a concerted mechanism, where proton transfer and
Hiz = Asp @XPliu Ay = M) = alTxy = )] ®) nucleophilic attack proceed simultaneously with a direct transition from

state | to state Il by using the mapping potem@!p(/l) and the

whereryy is the distance between two atoms that are involved in a €lectronic energy surfadg}".

bond-breaking or -forming process in the reaction considered and can  The partial charges for the tetrahedral intermediate TI2 in resonance
be used to monitor to what extent the reaction has evolved. In a structure Il were calculated with a quantum chemical ab initio method
nucleophilic attack reaction, the distance is measured between the atomsising the 6-31G* basis set and the MK charge m&deiplemented

that form the new bond. The distanp% is a constant, chosen such  in GAUSSIAN 98 The charges are listed in Table 1. The titratable
that Hi, adopts a maximal value close to the transition state. The residues were charged according to the calculated protonation pattern.

parametergiiz, Aaz, andriY are given in Table 2. The protein was immersed in a 23-A sphere of TIP3P water. Water
The free energy difference of the transition from state 1 to state 2 is molecules whose oxygen atom had a closer contact than 2.7 A to non-
evaluated with the free energy perturbation apprdéch: hydrogen atoms of the protein were removed. The center of the water
sphere was chosen such that a suitable stabilization of the reacting part

AGpad4i) = Graddy) — Gradio) = due to the interaction with water was reached. This center was placed

-1
40) Zwanzig, R. WJ. Chem. Phys1954 22, 1420-1426.
—heT / INEEXPL(€madisd) — €mad4i))/ka 1G] (9) é41§ Mareliug, J.; Kolmodin, K.; Fe%erbe:lg, I.; Aqvist,d1.Mol. Graphics

= Modell. 1999 16, 213-225.
. . . (42) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chen199Q
AGnad4;) represents the free energy associated with moving on the 17431439,

mapping potentiakﬁ;;{l) defined in eq 5. The generalized reaction (43) GAUSSIAN 98, Gaussian, Inc., Pittsburgh, PA, 1999.
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at the atom of the imidazole ring of His440. For nonbonded water _ _ ; —
interact%ns, we used a cutoff of 12.0 A. Electrostatic interactions over AGpr 1.38[K(H,0) — pK(HisN,)]
longer distances were included by the local reaction field method. 1.38(15.7- 6.6)=12.6 (11)
Atoms, which were initially located more than 23.0 A from the
molecular center of the molecular system, thea®m of His440, were The [Ka value of histidine is taken from Ullmann and Knapp
fixed to their crystallographic coordinates and excluded from nonbonded and the value of water is calculated using the Hendetson
interactions. The waters were subjected to radial and polarization surfaceHasselbalch equation for the decomposition of wateis- p
restraints by a surface constraint all-atom solvent (SCAAS)-related (H,0) = pH — log(JOH])/([H-0)] and taking pH= 7.0,
model#>*6Water bonds and angles were constrained with the SHAKE [OH™] = 107 mol/L and [H, O] = 55.5 mol/L.
algorithm#”

Before MD simulations for the differedtensembles were performed,

the protein was subjected to a careful structural relaxation at 30 K at barrierAGE of th ton-t f fi be ded df
the intermediaté valueA = 0.5, which is close to the transition state. arner ofthe proton-transier reaction can be deduced from

For that purpose, MD simulations were applied using increasing time a “nea_r free energy relat'onSh'p (LFER). For the LFER_
steps. With each of the step sizes 0.01, 0.1, and 1.0 s, an MD simulation€valuation, we make the assumption that the reverse reaction
of 3000 time steps was performed. Subsequently, the molecular systen©f our proton-transfer reaction is diffusion controlled and has a
was equilibrated at 300 K running an MD simulation for another 10 000 rate constant of 8 mol~! s71.4° with the known difference
time steps with a step size of 1.0 fs. The MD simulations for each of of pk; values we obtain the rate constaktof the proton
the reactions were started with= 0.5 and proceeded toward the transfer: log 1&° — log k = ApK andk = 7.9 M~1 s71. With
products £ = 1.0) and the reactants. (= 0.0). To accomplish an  the use of the Eyring rate law accordingktes 101351 g~ AG#RT
efficient sampling4 was varied in steps of 0.1 within the interva we obtain the corresponding energy barrier, which is 16.3 kcal/
[0.1,0.9] and in steps of 0.02 within the end intervals [0,0.1] and mol. For the nucleophilic attack reaction, we used experimental
A €[0.9,1.0]. Eachl ensemble generated comprised an MD trajectory data of a base-catalyzed hydrolysis of methyl acetabe
of 4 ps. The data of the first 0.5 ps of eatlensemble were used for o . . . - .

Y ; ; __activation barrier of forming the tetrahedral intermediate in the
equilibration and discarded. The parameters used for the MD simulation . . .
and the EVB method are summarized in Table 2. hydrolysis reaction of m(_ethyl acetate is found to be 18.5 kcal/

mol and the free reaction energy is 10.0 kcal/mdirom

transition-state theory, one obtains for this energy barrier a rate
constant ofk = 1.52 x 10-*M~! s71, which refers¢ a 1 M

3.1. Protonation State We calculated the protonation pattern ~ Solution of OH". Hence, the rate constant for Otdnd methyl
of the acylated and the free enzyme using a continuum acetate in the same solvent cage would be 55.5 NI.52 x
electrostatic method. In both cases, we found the same six10 "M ~*s™*=8.36 s, leading to an activation barrier of 16.6
residues in a nonstandard protonation state: Asp392, Glu199 kcal/mol.
Glu278, and Glu445 were uncharged and His471 and His513 With the energetics of the stepwise mechanism, the overall
were positively charged. However, the acidic side chains of activation barrier of the reference reaction adds up to 12.6 kcal/
Asp392, Glu278, and Glu445 are located more than 11 A away mol + 16.6 kcal/mol= 29.2 kcal/mol and the overall free
from His440 in the active site. The two doubly protonated reaction energy is 12.6 kcal/mei 10.0 kcal/mol= 22.6 kcal/
histidines are more than 20 A away from the active site. Hence, mol, which is however not measurable, since the tetrahedral
these residues are not supposed to have a significant influencdntermediate is not stable and decays spontaneously. The
on the catalytic reaction, whereas Glu199, which is highly schematic energy profile of the stepwise reaction can be seen
conserved in AChE from several specféss located close to in Figure 6a. Alternatively, the actual reaction may proceed in
the active site. The distances of the two carboxylate oxygens & concerted mode. Since the concerted reaction type also may
to the nitrogen atom Nof His440 are only 5.4 and 4.4 A,  implicitly involve aspects of the sequential reaction mechanism,
respectively. The energy required to deprotonate Glu199, which it Wi||' no'rmally result in a .Iower activation barrier for the
in the equilibrium state is protonated, is 3.8 kcal/mol for the reaction in the solvent and in the enzyme. Also the concerted
acylated and 2.6 kcal/mol for the free enzyme. This energy mechanism requires a suitable calibration of the EVB parameters

difference refers to a protonation state, where all other titratable describing the reaction in the solvent. However, there is no
groups are in equlibrium. experimental model system available to perform a straightfor-
ward calibration for this mechanism. Therefore, we consider

3.2. Reference Reaction in SolutionTo clarify the effect
of the enzyme environment on the ester hydrolysis, we need atWO parameter sets to see how the rate enhancement depends
’ on the choice of EVB parameters (see Table 2). The first

reference reaction to calibrate the EVB-parameters (see section is desianed ield th lue for th I
2). As indicated above, the hydrolysis of the acetylated Ser200 parameter set s designed to yield the same value for the overa
can be considered as a two-step process: (1) a proton-transfeenergy barrier (29.2 kcal/mol) and the reaction energy (22.6

. . - kcal/mol) as the two-step reaction mechanism in aqueous
;?f:;;f rc')ff r%n; ?g;’ﬁfg;;nﬁlye dcrlélsi(;cé ';'(';4?)?] ?Rg (ngrg:#;ligeggﬁ solution. This parameter set can be considered as an upper Iimit,
atom of the ester leading to a tetrahedral intermediate TI2 TheWher? the activation be_lrrler 's as large as for the sequential

. ) . . . : reaction mechanism. With the second parameter set, we model
energy difference in units of kilocalories per mole be_twe_en the an activation barrier, which is reduced by 5 kcal/mol yielding
product anq reactant ;tate of the proton-transfer reaction in watery \ajue of 24.2 kcal/mol. The overall free reaction energy is of
can be estimated using the relevaii,palues: course the same in the stepwise and the concerted mechanism.

The schematic profile of the concerted mechanism with

With the known difference of I§, values of the reacting
fragments in aqueous solution, the corresponding activation

3. Results and Discussion

(44) Lee, F. S.; Warshel, Al. Chem. Phys1992 97, 3100-3107.

(45) King, G.; Warshel, AJ. Chem. Phys1989 91, 3647-3661. parameter set 2 can be seen in Figure 6b. The reduced activation

(46) Essex, J. W.; Jorgensen, W.1.Comput. Cheml995 16, 951— barrier of 24.2 kcal/mol from parameter set 2 is close to the
972. . - . :

(47) Ryckaert, J. P.: Ciccotti, G.; Berendsen, H. JJ0Comput. Phys. conceivable lower limit, which should be equal to the reaction
1977 23, 327-341. energy of 22.6 kcal/mol.

(48) Massoulie, J. Pezzementi, L.; Bon, S.; Krejci, E.; Valette, F. M.
Prog. Neurobiol 1993 41, 31-91. (49) Eigen, M.Angew. Chem., Int. Ed. En¢964 3, 1-72.
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a) Proton transfer b) Nucleophilic Attack ¢) Conc. reactions [1] d) Conc. reactions [2]
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Figure 5. Free energy profiles for the proton transfer, the nucleophilic attack, and the concerted reactions with the EVB parameter sets 1 and 2.
The solid line curves show the energy profiles of the calibrated reference reactions in water. The two other curves denote the reactions in the
enzyme (dotted, without choline; dashed, with choline). All enzymatic free energy profiles are from simulations with uncharged Glu199.
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Figure 6. Schemes of the free energy profiles of the stepwise mechanism (a) and the concerted mechanism with EVB parameter set 2 (b) for the
reference reaction in water and for the catalyzed reactions. The three numbers beside the arrows refer to the reference reaction in watar, the reactio
in AChE without choline, and with choline in the binding pocket, respectively. All energies are given in kcal/mol.

Table 3. Results of Free Energy Perturbation: Free Energies of Stepwise MechanismThe free energy profile of the proton-
the Enzymatic Reactiohs transfer reactions in Figure 5a shows that the corresponding
reaction AG AGF  (AAG™ P (AAGHVP reaction rate is practically not enhanced by the enzyme. The
PT no choline 15.4 15.4 +2.8 —0.9 activation barrier is reduced by only 0.9 and 2.0 kcal/mol in
PT with choline 14.1 143 +1.5 -2.0 the absence and presence of choline, respectively, compared to
NA no choline -50 34 -150 —13.2 the reference reaction in water. The free reaction energies of
NA with choline -3.7 13 -137 —5.3 the proton transfer in the enzyme are even increased by 2.8
ggmg Cvci’tﬁiﬂgl'ii ([31[]1] 1112?? 11?'3 _1%2 :1(2):2 and 1.5 kcal/mol as compared to aqueous solution. This indicates
CONC no choline [2] 13.7 150 -8.9 —9.2 that the proton-transfer reaction is not favored by the enzyme.
CONC with choline[2] 12.7 13.8 -9.9 -10.4 The role of the enzyme to enhance the overall rate of the

a PT, proton transfer; NA, nucleophilic attack,; CONC, concerted StepWIS.e rn_echanlsrn results from the cons!derable decrease of
reaction. The concerted reactions were simulated using two different (€ activation barrier and the free reaction energy of the
EVB parameter sets (see Table 2). The numbers in brackets behindnucleophilic attack reaction only (see Figures 5b and 6a). In
the reaction type denote the used set. the Superscript pvdenotes the absence and presence of choline, the nucleophilic attack
the d.'ffe.re”ﬁe in free energy between the reaction in water and the reaction has activation barriers that are 15.0 and 13.7 kcal/mol
irr?icctg?,nnigf @ enzymeAAG = AGprotin — AGuaer ENergiesare gven 1o o1 than the corresponding value of the reference reaction,

respectively. The corresponding free reaction energies are

3.3. EVB/FEP Calculations. The EVB calculations were negative and Iowered.by 13.2 and 15.3 kcal/mol as compared
carried out using different simulation conditions. The deacylation © the reference reaction.
reaction was simulated as a two-step mechanism and as a Concerted Mechanism.The simulation of the concerted
concerted mechanism. Additionally, both mechanisms were reaction with the EVB parameter set 1, that corresponds to the
investigated with choline absent or in the binding pocket. To energetics of a stepwise mechanism (see section 3.2) yielded
check the influence of Glu199, the concerted reactions with an energy profile (Figure 5c) that is very similar to the overall
choline in the binding pocket were also simulated with this energy profile of the stepwise reaction. To obtain the total
glutamate in the charged, unprotonated state, albeit, according@ctivation barrier for the stepwise reactions, the free reaction
to our computations of electrostatic energies, the unprotonatedenergyAG of the proton-transfer reaction and the activation
Glu199 would not be appropriate, since this state possesses £nergy AG* of the nucleophilic attack reaction have to be
3.8 kcal/mol higher energy (see section 3.1). The calculated summed up. This leads ttzAGf‘mal = 18.8 kcal/mol and
values of the free reaction energies and activation barriers areAGfotal = 15.4 kcal/mol for the stepwise reactions in the ab-
summarized in Table 3. The free energy profiles of the reactions sence and presence of choline, respectively (see Figure 6a).
in water and in the enzyme are given in Figure 5 explicitly and Comparing these energies with the corresponding energies of
in Figure 6 schematically. the concerted reaction obtained with the EVB parameter set 1
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(18.3 and 17.0 kcal/mol, Table 3) it can be seen that the
corresponding differences are only 2 and 9%, respectively. This
indicates that the enzyme accelerates the stepwise and the
concerted reaction similarly. Hence, using the same parametri-
zation for the reference reaction of the concerted and the
stepwise mechanism, one cannot decide which mechanism is
prevailing. Anyhow, the enzyme without choline in the binding
pocket lowers the activation barrier of the total reaction by 40%
compared to the reaction in water, corresponding to a rate
enhancement by the facter1(®. In the presence of choline,
this value increases to 42%, corresponding to a rate enhancement
of ~1(° compared to the reaction in water.

With the EVB parameter set 2, the enzyme diminishes the Figurg 7. Tetrahedral intermedigte TI2 irj thg deacylgtion step. The
activation barrier by the same amount with respect to the n_egatlvely charged tetrahe_dral intermediate is stabilized by the NH
reference reaction as by using parameter set 1 (see Figures (;pm_es (éf _theb?aclfbgphe am|§|_e gerUpS of Qlyllﬁ, Gly119", a(\jnd Ala201
and o). This indicaes tha the calulated sabiizaton ofthe (51551 bec), Tnese dpoes conattte he socated ocyror
transition state in the enzyme is not very sensitive on the exactgimylation from the product ensemble= 1.0, which contains the
calibration of the EVB parameters. The energy barriers obtained igtrahedral intermediate TI2. Drawn with MOLSCRIPT.
with the parameter set 2 are 15.0 kcal/mol without choline and

13.8 with choline. The latter value is close to the experimentally The reactant state of the aging reaction is a neutral phosphonyl

found valqe of 12.0 kcal/md. derivate of Ser200, which should have an electrostatic effect
‘Comparison of Rate ConstantsThe rate constant calculated  comparable to that of the acyl group of the acylated intermediate.
with parameter set 2 and choline in the binding pocket #s Thus, the experimental information from the aging reaction

5.5 x 1? st and, thus, only by a factor 29 smaller than the contradicts the result from our theoretical titration. It should be
corresponding experimental valke= 1.6 x 10*s™. Compared  mentioned, however, that two features of the aging reaction
to the reference reaction, this is a rate enhancemertléf. differ from the deacylation reaction: (a) His440 is assumed to
Without choline in the binding pocket, the rate constarit is be doubly protonated in the reactant state of the aging reaction.
74 s'1. This value is by the factor 2.2 107 smaller than the  Thus, considering the electrostatic potential in the active site,
experimental value. Using parameter set 1 with choline in the the negative charge state of Glu199 is favored. (b) In the aging
binding pocket, the rate constant amountk te 2.6 s* and is reaction, a carbenium ion intermediate occurs, which profits
thus by the factor 6x 10° smaller than the corresponding from stabilization by a negatively charged Glu199. But un-
experimental value. Without choline in the binding pocket, the doubtly our theoretical result has to be judged critically in the

calculated rate constantks= 0.3 s'1. This is a factor of 5.4« light of the experimental evidence from the aging reaction of
10* smaller than the experimental rate constant. The rate AChE.

constants of the stepwise mechanism with and without choline |, oyr EVB/FEP calculation of the deacylation reaction in
in the binding pocket are of the same magnitude as those of A\chE, we found that a negative charge at Glu199 increases
the concerted mechanism with parameter set 1. Hence, regardingne activation barrier of the deacylation step from 13.8 to 19.7
the rate of the deacylation reaction in AChE, only the concerted ca1/mol in the absence of choline in the binding pocket. Hence,
mechanism with EVB parameter set 2 can explain the experi- the rate enhancement compared to the reference reaction is a
mental values satisfactorily. factor of 1 only. From this large effect and from our titration
Role of Specific ResiduesOur theoretical titration of the  calculation, we conclude that Glu199 has to be uncharged and
acylated enzyme resulted in an uncharged Glu199 and a chargeé mutation to GIn should consequently have only a small effect
Glu327. The role of Glu199 was discussed in several previous on the rate of the deacylation reaction. This is in agreement
experimental and theoretical works. In site-directed mutagenesiswith mutation studies in decarbamoylation reactions of irrevers-
studies, it was found that the Glu199GIn mutant showed only ibly inhibited AChE, where the barrier of the decarbamoylation
a 5-fold decrease ikca:>*°! It was showd? that the negative  reaction did not vary with the Glu199GIn mutatiéh.
charge of Glul99 has only a moderate accelerating effect on e EVB/FEP simulation showed that AChE reduces the
the acylation step. On the other hand, it was stated from getivation barrier of the deacylation reaction considerably
theoretical calculations that Glu199 should have a negative .ompared with the reaction in water. Glu327 with its negative
charge and removing this charge would result in a 32-fold charge contributes to the stabilization of the positively charged
reduction of the acylation raté. histidinium ion. The distance between the carboxylate oxygen
The aging reaction or dealkylation of phosphonylated AChE of Glu327 and the nitrogen atomsMf His440 is 2.6 A. Hence,
can be compared with the deacylation reaction. The starting there is a strong hydrogen bond. In analogy to the stabilization
point of the aging reaction is a phosphonylated Ser200 that of the tetrahedral intermediate TI1 in the acylation reaction, in
undergoes a dealkylation, which is catalyzed by the enzyme. the deacylation reaction, the tetrahedral intermediate TI2 is
From mutation studies it was concluded that Glu199 should be stabilized similarly with the amide groups of Gly118, Gly119,
deprotonated during the aging react®iThis indicates thatthe  and Ala201 forming the oxyanion hole. The amide nitrogen
acylated enzyme also should have Glu199 in the charged StatEatoms are located 2.7, 2.7, and 2.8 A' respecti\/e]yl from the
carbonyl oxygen atom in the tetrahedral intermediate TI2. The

(50) Shafferman, A.; Velan, B.; Ordentlich, A.; Kronman, C.; Grosfeld,

H.: Leitner. M. Flashner. Y.: Cohen. S.: Barak. D.- Ariel. EMBO 1 structure of the tetrahedral intermediate and the stabilizing NH
1992 11, 3561-3568. dipoles are visualized in Figure 7.
(51) Ordentlich, A.; Barak, D.; Kronman, C.; Ariel, N.; Segall, Y.;Velan,  choline. The influence of choline on the activation barrier

B.; Shafferman, AJ. Biol. Chem 1995 270, 1082-2091. . . .
(52) Saxena, A.; Viragh, C.: Frazier, D. S.; Kovach, 1. M.; Maxwell, D. of the deacylation reaction is not large. In the concerted

M.; Lockridge, O.; Doctor, B. PBiochemistry1998 37, 15086-15096. mechanism, we found that the presence of choline accelerates
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the reaction by a factor of 10. This effect is too small to decide the EVB method leads to an energy barrier of the deacylation
whether the choline is released before or after the deacylationstep in AChE that is decreased by-112 kcal/mol as compared
reaction. It can merely be deduced that the presence of cholineto a corresponding reference reaction in water. This is equivalent
does not hinder the deacylation reaction. Hence, the release oto a rate enhancement ofL(8. With Glu199 deprotonated, the
the first product, the choline, may occur before or after rate enhancement was?36nly. We obtained the largest rate
deacylation. However, in the latter case, choline could leave constant of the deacylation reaction with choline inside the
the binding pocket together with the acetate ion as a neutral binding pocket using a concerted reaction mechanism with EVB
ion pair, which would be energetically more favorable. This parameter set 2. The corresponding rate constantiss.5 x
could solve the problem that the positively charged acetylcholine 10? s~%. The experimental value of 1.6 10* s 1 is only a factor
binds very well at its binding site in the enzyme via strong of 29 larger than the calculated value.
cation—r interactions with Trp84 and Phe330 rendering the By simulating the deacylation reaction, we observed that the
release of choline alone to be unfavorable. The neutralized tetrahedral intermediate TI2, which occurs during this reaction,
positive charge of choline would facilitate its removal from the is stabilized by three dipoles from the protein backbone NH
binding pocket in AChE by weakening the catieminteraction ~  groups of Gly118, Gly119, and Ala201. In the acylation reaction
with the aromatic residues and the electrostatic interactions with of AChE, these residues form the so-called oxyanion hole. Thus,
the negatively charged groups inside the binding pocket. these residues have a similar function in the acylation and
Though, from experimental studies on the noncompetetive deacylation reaction. Glu327, which belongs to the catalytic triad
inhibition of AChE by thiocholine, which has binding affinities  of AChE, forms an H-bond with His440 and thus stabilizes the
comparable to that of choline, a rate-e1(P s™* for the release  positive charge of the imidazole ring, which occurs during the
of thiocholine from AChE was deducé&>* This process is  deacylation reaction.
faster than the deacylation, suggesting that choline leaves the e considered that choline, the reaction product of the
binding pocket before deacylation. For a quantitative investiga- acylation step, may still be present in the binding pocket during
tion of the interaction between choline and enzyme, the deacylation, albeit experiments support an earlier release. In our
cation—z interaction between choline and the aromatic residues simulations, the choline did not have a significant influence on
in the binding pocket must be consideféd® This is not  the energy barrier of the deacylation reaction. Hence, it is not
possible with the force field used at present and is therefore possible to conclude from our computations, which concentrate
out of the scope of this study. on transition-state stabilization by the enzyme environment, at
. which reaction step, before or after the deacylation, choline
4. Conclusion leaves the binding pocket.
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