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ABSTRACT. To investigate the mechanism of the deacylation reaction in the active site of human
butyrylcholinesterase (BuChE), we carried out quantum mechanical (QM) calculations on cluster models
of the active site built from a crystallographic structure. The models consisted of the substrate butyrate
moiety, the catalytic triad of residues (ggr Gluszs, and Hissg), the “oxy-anion hole” (Glyis Glyi17,

and Alagg), the side chain of Ghd; four water molecules, the side chain of $grand the peptide
linkage between Va}: and Asny,. Analyses of the equilibrium geometries, electronic properties, and
energies of the QM models gave insights into the catalytic mechanism. In addition, the QM calculations
provided the data required to build a molecular mechanics representation of the reactive BUChE region
that was employed in molecular dynamics simulations followed by molecular-mech&otsson-
Boltzmann (MM-PB) calculations. Subsequently, we combined the QM energies with average?8M
energies to estimate the free energy of the reactive structures in the enzyme. The rate-determining step
corresponds to the formation of a tetrahedral intermediate with a free-energy barriéddf kcal/mol.

The modulation of the BUChE activity, exerted by either neutral molecules (glycerol, GOL) or a second
butyrylcholine (CHO) molecule bound to the catiam site, does not involve any significant allosteric
effect. Interestingly, the presence of GOL or CHO stabilizes a product complex formed between a butyric
acid molecule and BUChE. These results are in consonance with the crystallographic structure of BUChE,
in which the catalytic Segsinteracts with a butyric fragment, while the catiem site is occupied by one

GOL molecule.

Cholinesterases are members of the family of hydrolasesassociated and can exist as monomers and dimers. BUChE,
(1, 2). In vertebrates, there are two cholinesterases, acetyl-which is also named serum cholinesterase, is widely distrib-
cholinesterase (AChEgand butyrylcholinesterase (BUChE), uted in tissues and plasma although a clear physiological
which differ in their catalytic properties, inhibition patterns, role has not been ascribed. Nevertheless, the BUChE enzyme
and tissue distributions and which share 53% sequenceis of interest to anesthesioligists and geneticists because it
homology. The principal role of AChE is in the nervous is responsible for the breakdown of the short-term muscle
system, where it serves to terminate impulse transmissionrelaxant succinyldicholine and because numerous genetic
at cholinergic synapses by hydrolysis of the neurotransmitter variants of BUChE exist with lower affinity for succinyldi-
acetylcholine at nearly diffusion-limited rate3) (It occurs choline @). BUChE is also a major detoxifying enzyme
mainly in a glycophospholipid-linked form that is membrane- because it hydrolyzes drugs such as cocaiher(scavenges
organophosphorus pesticides and chemical warfare agents
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cholinesterases possess a catalytic triad of residues in their Other striking features of cholinesterases manifested in
active site (Glygps, Hisszs, and Sefsss BUChE residue their crystallographic structures are (a) their ability to bind
numbering), which closely resembles that of serine proteasesneutral molecules (polyethylene gylcol and glycerol), at the
(12). When a substrate molecule is complexed in the deep cation recognition site through interactions that structurally
catalytic site, it is commonly thought that the Ser hydroxyl mimic the cation-= interactions formed in substrate binding
group is the nucleophile that attacks the substrate carbonyl(10, 17), and (b) the presence of electron-density peaks very
group to give an acytenzyme intermediate. Subsequently, close to the catalytic Ser residue that can be modeled as small
a water molecule deacylates the Ser residue by hydrolyzinganionic molecules (carbonate and sulfatdpg, (19). In
its ester linkage to the substrate. In both mechanistic steps,addition, in the crystallographic structure of native BUuChE
the Glu—His pair is crucial in activating the nucleophile and at 2.0 A, the electron-density peak adjacent to thedser
in donating the proton to the leaving group. residue was best modeled as a tetrahedral butyryl group
Three binding subsites contribute to properly orienting P0UNd t0 Sekgwith a Seigs Oy+++C butyryl distance of 2.16
the choline ester substrates in the catalytic cavity. Using A (10). Several lines of (_awdence confirm this interpretation
BUChE residue numbers, these are (1) a three-pronged “oxy€cause further experimental work has shown that (a)
anion hole” formed by the backbone amides of Gly .3-brc.)mopr'o'p|onate, when yseq to 'replace butyrate', is found
Gly.17, and Alage that stabilizes the negative charge devel- N this position, (b) the moiety is displaced by chollne,_ and
oped at the carbonylic O atom of the substrate in the (c) the presence of butyrate turned out to be essential for
acylation/deacylation process, (2) the aromatic rings ofTrp crystralllzatpn.because butyrqte—depleted BuChE samples are
and Phey that stabilize the quaternary ammonium function €xtremely difficult to crystallize X0). The presence of a
of the choline moiety through catienr interactions, and (3) ~ Putative butyrate bound to Seyis also sterically compatible
a concave hydrophobic pocket (the acyl-binding pocket) with substrate binding at the intermediate site by analysis
consisting of residues Tsp, Pheas, Lelbss and Vapss (the  Of the X-ray structure of the soman-aged BuCIEC
two latter residues are situated in the so-called acy! loop), COMPlex. All of these results suggest that binding of butyrate

in which the propanoyl (or acetyl) function of the substrate to the Se_fg.s hydroxyl group could be som.ehovv. related to
is bound. the reactivity and/or stability of the catalytic serine. Hence,

, ) ) i it has been proposed that concerted product release/substrate
The catalytic mechanism of BUChE has been investigated binding at a deprotonated Sgycould be a mechanistic

intensively by means of mutagenesis and kinetic e,XperimentSaIternative to the expected activation of Sgby the nearby
using different substrate molecules [butyrylthiocholine (BTC), Hisazg (10).

succinyldithiocholine, et'c.]z( 13_.16)' Th?se studies have' Most of the previous theoretical work on the catalytic
shown that the deacylation step IS most Ilkgly rate-de}ermm- mechanism of cholinesterases has been carried out on the
ing at low substrate concentrations. The kinetic studies also p g enzyme to understand the origin of its remarkable rate

revealed that the BUChE enzyme exhibits a complex kinetic enhancement(104) (20—23). The most consistent simula-
behavior. Thus, the hydrolysis of BTC by wild-type BUChE i, g1 dies of the acylation and deacylation pathways have

exhibits three distinct kinetic phases depending upon the ,oq performed by Fuxreiter et a24j and Vagedes et al.
concentration of BTCYE). The first phase, in which kinetic 55) These workers evaluated the activation free energies
data fit well to a Michaelis equation, is observed in the .01 ¢, "the reactions using an empirical valence bond (EVB)
0.10 mM range 13). In the second phase, from 0.4 t0 40 ential energy function that included long-range electro-
mM, there is a 2.53-fold increase in the turnover number  giatic and solvent effects in combination with all-atom free-
of the BUChE enzyme in the presence of excess substrategnergy perturbation (FEP) calculations. These EVB/FEP
This substrate activation is generally considered to be ac5iculations showed that the AChE enzyme reduces the
defining property of BUChE, in contrast to AChE, which activation energy barriers for the acylation/deacylation steps
shows substrate inhibition. In the third phase, when the BTC p,y, 1015/11-12 kcal/mol relative to reference reactions in
concentration is over 40 mM, the kinetic behavior of BUChE 5161 These important catalytic effects were mainly due to
displays substrate inhibition. the electrostatic forces exerted by the catalytic triad and
On the basis of kinetic data and molecular-modeling adjacent residues (the “oxy-anion hole” and the acidig&lu
results, it has been proposed that the peculiar kinetic residue in BUChE residue numbering). For the acylation
properties of BUChE are most likely induced by excess reaction, the attack of the nucleophilic hydroxyl group of
substrate molecules bound to the so-called “peripheral” and Sergg is concomitant with a single proton transfer (Ser-OH
“intermediate” sites, whose existence has been confirmed<— :Ne-His), while the Glu residue in the catalytic triad and
by the X-ray structures of BUuChE complexed with BTC or the “oxy-anion” hole are essential in stabilizing the transition
soman 10). The peripheral site is located at the rim of the structure and the tetrahedral intermediate along the reaction
aromatic gorge and contains the residue Aspvhich pathway through electrostatic interactiorgl,(25).
presumably plays an important role in stabilizing and  Other workers have also studied various aspects of the
orienting the excess substrate molecules. The intermediatereactions catalyzed by AChE and BuChE. Thus, for example,
site is located near the bottom of the gorge channel, whereZhang et al. investigated the acylation step of the AChE
the indole group of Trg interacts with the positively charged reaction using a hybrid quantum mechanical/molecular
choline head of substrate molecules to give a cation  mechanical (QM/MM) method in combination with reaction
complex. It must be noted, however, that the subtle molecular path calculations. These estimated the average energy barrier
details through which the excess substrate molecules carfor the acylation step to be 13.0 kcal/mol, although long-
affect the hydrolysis reaction of the substrate molecule boundrange electrostatic and solvent effects were not taken into
to the catalytic cavity remain to be elucidated. account 26, 27). Likewise, Zhan et al. have addressed the
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reaction mechanisms of hydrolysis of)- and (-)-cocaine giving a total of 980 basis functions3Y). Geometry

by BuChE using QM calculations on small cluster models optimizations at the B3LYP/6-31G* level used a Broyeen
(28) and ONIOM calculations on BuChEcocaine com- Fletcher-Goldfarb—Shanno (BFGS) minimizer until the
plexes 29). Both of these techniques neglect or fail to maximum force and the root-mean-square (rms) force were
account properly for the interactions between the active-site below 0.001 and 0.0003 au, respectively. To locate transition
atoms and the surrounding protein and solvent. structures on the potential energy surface (PES), we em-

Clearly, the availability of BUChE crystallographic struc- Pployed the synchronous transit quasi-Newton method imple-
tures poses interesting questions regarding the catalyticmented in Jaguar. To characterize the critical structures
mechanism of the cholinesterases. What is the catalyticlocated on the B3LYP/6-31G* PES, we carried out analytical
relevance of the presence of the butyrate moiety detectedHessian calculations on the optimized structures using the
crystallographically? What is the nature of the interaction Gaussian03 suite of program32). In addition, zero-point
between the butyrate and $gP Can neutral molecules Vibrational energy (ZPVE) corrections were computed using
bound to the cationx site affect catalysis? How does a the B3LYP/6-31G* Hessian matrices. To avoid any contri-
second substrate molecule influence the kinetics? These andpution of the residual gradient (because of the internal
other questions are amenable to analysis by means ofconstraints) to the ZPVE corrections, we diagonalized
theoretical calculations and, therefore, in this paper, we havesubmatrices of the corresponding full Hessian matrices. These
investigated the deacylation process of the BUChE enzyme,Were constructed by taking the matrix elements associated
which is most likely the rate-determining step in the catalytic With the nuclear degrees of freedom from the butyrate
cycle. We carried out extensive QM calculations on large moiety, the Seks, Gluiez, and Hisss side chains, and four
and realistic cluster models of the active site built from the water molecules. After geometry optimization, the electronic
X-ray coordinates and took into account protein and solvent energies for all of the structures were refined by means of
effects on the reaction profile by means of molecular single-point calculations using the 6-3i®(d,p) basis set
dynamics (MD) simulations followed by molecular mechan- and Gaussian03. As an initial estimate of the effect of the
ics and PoissonBoltzmann (MM-PB) free-energy calcula- ~ Protein and solvent environment on the different critical
tions. Subsequently, we combined QM energies with averagestructures, we performed single-point self-consistent reaction
MM —PB free energies to estimate the free energy of reactive field (SCRF) calculations on the gas-phase QM geometries
structures with respect to the precursor agzyme com-  using the PB solver3g) included in Jaguar. Several values
plex. Altogether, these theoretical results complement well for the dielectric constant of the surrounding continuwn (
the X-ray data and give insight into substrate binding and Were considered to analyze the trend in the relative solvation

catalysis of the BUChE enzyme. energies: 80 (water, high polarity), 20 (intermediate polarity),
and 4 (low polarity).
MATERIALS AND METHODS For comparative purposes, we also studied the denor

) ) acceptor interaction between one water molecule and one

Quantum Chemical Calculations on Cluster Models. acetic acid molecule. Geometry optimizations were done at
Starting coordinates for the cluster models of the active site {y¢ MP2/6-31G*, MP2/6-31+G(2d,2p), B3LYP/6-31G*,
were tf_;lken from the crystallographic structure of th_e and B3LYP/6-313G(2d,2p) levels of theory. Single-point
recom_bmant and truncated human BuChE at 2.0 A resolution CCSD(T)/6-311G(2d,2p) calculations were also carried out
[Protein Data Bank (PDB) ID code 1P00Q. The models 4t the MP2/6-314G(2d,2p) geometries. All of these cal-
consisted of the butyrate moiety observed in the crystal ¢jations were performed using Gaussian03.
structure, the catalytic triad of residues (gand the side Using Bader's theory of atoms in molecule34), the

chains of Gly,s and Hisag), the “oxy-anion” hole (Glyss nature of the Segs Oy++-C butyryl bond and the water
Glywr and Alagg), the side chain of Ghdr, four water  geetic acid interaction were further analyzed by calculating
molecules, the side chain of $gr and the peptide linkage e corresponding bond critical point (BCP) properties in
between Val: and Asn,, giving a total of 112 atoms. We  he charge density(r). The values ofo(r), V2o(r), and of
note in passing that |n.clu3|on of the side chain of,g@&md the local energy densiti(r) at the BCPs enable one to
the Vak,1—Asnsz, peptide bond in the cluster model tumed  characterize the interatomic interactions. The BCP analysis
out to be essential to preserve the orientation of the catalytlcemp|0yed the EXTREME program, a part of the AIMPAC
triad close to that observed in the X-ray structure. suite of programs3s).

To prevent movement of groups of atoms to locations  Environmental Effects: Combining QM, PB, and MM
unattainable in the actual BUChE system, the cluster modelsCalculations We sought to estimate free-energy profiles for
were optimized with constraints. For the amino acid moieties the BUChE reaction in the presence or absence of different
included in the QM models, constraints were imposed by molecules in the gorge and active site, in particular, & Na
including the three closest backbone heavy atoms as non-ation, a glycerol (GOL) molecule, or a second butrylcholine
QM dummy atoms. These atoms constituted the first three molecule. To fulfill this goal, we needed to take into account
atoms in aZ-matrix input for each fragment, and all bonds, |ong-range electrostatic effects as well as the structural
angles, and dihedrals formed with these dummy atoms wereflyctuations of the surrounding protein and solvent environ-
fixed. In addition, torsional constraints were imposed along ments. In principle, FEP calculations of the fully solvated
the Glyi16—Gly117 moiety. We note, however, that the QM enzyme-substrate complex carried out with a hybrid QM/

model retained sufficient flexibility. MM Hamiltonian could have provided the required free-
The internal geometry of the cluster models was relaxed energy profiles, but such QM/MM FEP calculations would
using the Becke 3 LeeYang—Parr (B3LYP) functional 30) have been rather difficult to converge and clearly prohibitive

with the double 6-31G* basis set using the Jaguar program in terms of computational cost.



7532 Biochemistry, Vol. 45, No. 24, 2006 Suaez et al.

In addition to FEP calculations, environmental effects on 2 avoids counting the MM terms affecting the atoms in the
the energy profiles could have been estimated by combining cluster model and that harmonic entropic contributions of
a classical force field with the so-called “semimicroscopic” the surroundings are not taken into account.
version of the protein dipoled_angevin dipoles metho®B6) When the MM-PB method is applied to estimate th&
(PDLD/S) that has been used in the study of the acylation for ligand—protein association (i.eAG = Geomplex— Gprotein
step of AChE 24). In this approach, the PDLD/S free — Gigand, the requireds terms are usually evaluated over a
energies for individual enzyme configurations are treated in series of representative (5A00) snapshots from a single
the framework of the linear response approximation. This MD trajectory of the complex (“one trajectory” approxima-
means that solvation free-energy contributions to the PDLD/S tion) (37). Analogously, for each BUChE molecular environ-
free energies are averaged over the enzyme configurationsment considered in this work, we performed a single MD
generated with two MD simulations, one with the actual simulation to generate protein and solvent structures that were
charge distribution and the other with a zero-charge distribu- compatible with the geometry and charge distribution of the
tion. In this work, however, we followed a simplified QM cluster models. These, in turn, provided the data required
approach in which the PDLD method is replaced by the PB to build the MM models of the reactive region in BChE. In
method, only one MD simulation is carried out to generate the MD simulations, we employed the locally enhanced
the statistical ensemble of enzymsubstrate structures, and sampling (LES) technique4{, 42), which allows the
the AMBER force field is used to represent the enzyme selective application of additional computational effort to a
substrate models. This approach can be considered a varianportion of the system, increasing the sampling of the region
of the so-called MM-PB approach37) that has been widely  of interest (i.e., the reacting region of BUChE represented
applied for calculating enzymesubstrate, proteinprotein, by the QM cluster model). The enhanced sampling is
and DNA—protein binding free energie8§). For this reason,  achieved by replacing the region of interest with multiple
the computational approach used in this work is referred to copies. These copies are constructed in a special way: they
as the MM-PB method. do not interact with each other and interact with the rest of

To apply the proposed MMPB approach, we first derived  the system in an average way. The usual implementation of
MM representations for the reactive regions of the BUEhE  the LES algorithm assumes that all of the copies share the
butyrate complex that were built from the QM critical same topology (i.e., the same covalent structure). In our
structures located along the reaction path. Then, we combinedapproach, however, each LES copy corresponded to a MM
QM energies with average MMPB free energies to estimate  model coming from a QM structure with a particular
the free energy of reactive structures [transition structurestopology and set of atomic charges. In addition, we con-
(TSs), tetrahedral intermediate, and product complexes] with strained the internal geometry of the LES copies by adding
respect to the precursor (reactant) agghzyme complex.  a harmonic energy term computed from the rms coordinate
Thus, for example, the relative free energy of a TS structure deviations (rmsd) between each copy in the simulation and
in the enzyme was estimated by the following equation: its reference QM geometry.

_ Setting Up the BuChEButyrate Models for the MBLES
AG = Eg*(TS) — Eqyy “(reactantyt- AAGT™™™™ (1) and MM—PB Calculations.Some details of the molecular
manipulations, the MBLES simulations, and the
where theEgu terms are the QM energies of the correspond- MM —PB calculations that were required to compute the

ing TS and reactant cluster models ahdGemviementrepre- AAGevionmenttarms in eq 2 are as follows:

sents the average environmental correctionEy that is First, we edited the large cluster models optimized at the

obtained through the following expression: B3LYP/6-31G* level by removing the coordinates of the
enviroment_ =enzym N atoms repre;enting the three nonreactive_ water molecules,

AAG = Gumpe(TS) — Guups (reactanty the side chain of Sess, and the peptide linkage between

=cluster, Ecluster, Valsz; and Asng,. This reduction in size was done to ensure
By (reactanty- Eyy(TS) (2) that the BUChE environment around the rigid reactive region
was fully flexible during the MB-LES simulations (see
below). The energy of these QM substructures (denoted as
“small QM models” hereafter) was computed by means of
single-point HF/6-3+G* and B3LYP/6-31#G** calcula-
tions. From each small QM model, we built a MM model
of the reactive region in BUChE (denoted the “reactive MM
model”). Atomic partial charges for the reactive MM models
were derived from the HF/6-31G* electrostatic potential

where theGyiog’ terms are the average MMPB free
energies of the corresponding TS and reactant enzyme
substrate complexes, which differ in their MM representa-
tions of the reactive region. Similarly, tHe\>"* terms are
the MM energies of the TS and reactant cluster models.
The average free-energy term&wues) in €q 2 are
computed by combining MM and electrostatic calculations

G =E.. +G 3) of the corresponding small QM models using the RESP
MMPB MM P8 methodology 43). The RESP fitting procedure allowed us
whereEwy is the average MM energy to assign a 0 value to the atomic charges of the hydrogen

B B _ B ~ B link atoms and to fix the net charge of selected groups of
Evm = Ebond T Eangie T Etors T Evaw + Eclec (4) QM atoms to their equivalent values in the standard AMBER
database (Glys—Glyi17 to 0.0986 €, Sefggbackbone)
These terms correspond to the bond, angle, torsion, van derAla;qoqto —0.0986€, Gluszsto —1.0€, Glug7to —1.0€, and
Waals, and electrostatic terms in the AMBER force field, the butyrate-Hissss—Sefgg(side chain) moiety to 0.€). In
respectively 89). Gpg in eq 3 is the solvation free energy this way, we made sure that electrostatic interactions between
obtained by PB electrostatic calculatiod€). Note that eq all atoms of the enzymatic system are treated on an equal
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basis, thereby minimizing partial charge artifacts in the MM The MM and PB calculations were done with AMBER
PB calculations. Atom types for the “reactive MM models” charges for the different models. All of the MM energies
were taken from the closest existing AMBER atom types. were computed with no cutoff using the SANDER program.

To build the solvated BuChEbutyrate systems, we 1he PB calculations were carried out with the program
extracted one snapshot from our previous MD simulation of Delphi (46, 47), solving the linearized PB equation on a cubic
the native form of the BUChE enzyme in aqueous solution !attlce_z by using an iterative finite-difference method (1000
(44). Then, we docked a “reactive MM model” along the iterations) and a grid spacing of 0.5 A (260200 x 200).
reaction profile (the tetrahedral intermediate, int, see below) Because of the small size of hydrogens in the AMBER force
into the BUChE active site. Besides considering the native fi€ld, the van der Waals surface used in the PB calculations
form of BuChE, we also modified the molecular environment Was constructed using DREIDING van der Waals radii for
within the BUChE gorge through model building. In this way, C» H: N, O, and S atomstg). The dielectric boundary was
we set up four different configurations of the BuCRE the contact surface between the radii of the solute and the

butyrate system: BCHEBTY (BUChE complexed with the ~ radius (1.4 A) of a water probe molecule. The Debye
butyrate), BCHE-BTY—Na* (BuChE-butyrate complex in Huckel approximation was used to determine the potentials
the presence of the gorge Naon), BCHE-BTY—-GOL at the boundary of the grid. _ _
(BuChE-butyrate complex with one GOL molecule replac- Validation CalculationsIn the Supporting Information,

ing three gorge water molecules), and BGHETY —CHO we present a series of test calculations supporting the use of
(BuChE-butyrate complex in the presence of a butyrylcho- the MD—LES and MM-PB computational protocol for
line (CHO) molecule bound to the intermediate site). studying environmental effects on the BuChE deacylation

reaction. We show first the convenience of carrying out an

MD —LES simulation for configurational sampling prior to
BTY—Na, BCHE-BTY—GOL, and BCHE-BTY—CHO), the MM—PB calculations instead of carrying out standard

the active-site region was partially relaxed through MM 15 i iations. In addition, we explore the sensitivity of
energy minimization. Subsequently, a 500 ps MD simulation 1« MM—PB method to the level of theory (HF/6-3G*

was carried out for equilibration with protocols identical to or B3LYP/6-31G*) employed for the derivation of the
those previously used for the native form of BUChE: the pEegp charges in the gas phase and show that the results are
protein and solvent atoms were represented by the parm94,,p, ot regardless of the method. We also compare the effect
version of the AMBER force field; periodic boundary gas-phase versus condensed-phase charges (SCRF) on the
conditions were applied; constant pressure and temperaturq ) _pg cajculations and find that mixing condensed-phase
were controlled by Berendsen’s algorithm; and long-range charges for the “QM models” and gas-phase charges for the

interactions were treated with the Particle-Mesh-Ewald g5 nding environment gives an unbalanced description
method. Further details are given in our previous papéy. ( of the electrostatic interactions.

Most atoms in the reactive MM model (int) were forced to We also investigate the intramoleculag2Sreaction in

mamtam their internal (,QM) geometry by the imposition of water of a phenol succinate monoester to give a cyclic
harmonic rmsd constraints. The exceptions were the atoms

. . - anhydride and phenolate anion. This reaction can be con-
of the CHCH,CH,— tail of the butyrate moiety, which were  qjgereq as a reference reaction for the enzymatic hydrolysis
allowed to move freely. After the 500 ps MD simulation, a

. ) - ; of the acyt-enzyme intermediate catalyzed by the BuChE
1.0 ns LES-MD simulation was carried out with three

; . . . enzyme. We find that the MBLES simulations of the
different LES copies of the “reactive MM models™ a reactive configurations of the succinate monoester followed
prereactive structure (acyl), the tetrahedral intermediate (int), by MM—PB calculations predict relative solvation energies

and a product complex (prodA). The geometry of each LES very similar to those computed by standard QM SCRF
copy was linked to its corresponding QM reference structure -5iculations. Finally, we study the conversion of){
by again applying appropriate rmsd constraints. All of the cpsrismate to prephenate catalyzed by chorismate mutase
MD trajectories were computed with the SANDER module using QM, MD-LES, and MM-PB calculations. Our value
of the AMBER 7.0 package of programés). for the free-energy barrier in the chorismate mutase enzyme
A total of 100 snapshots were extracted from the last 500 amounts to 13.7 kcal/mol, which compares reasonably well
ps of each LESMD trajectory. The snapshots were pro- with the experimental value of 15.4 kcal/mol. Overall, we
cessed before carrying out the MNPB calculations by  conclude that the combination of MELES simulations with
removing the counterions and most of the water molecules. MM —PB calculations can give a balanced description of
Only the~50 water molecules within the gorge cavity were environmental effects on enzymatic processes or intramo-
kept because these interact directly with the protein residueslecular reactions in solution.
and the reacting butyrate moiety. The coordinates of the LES Parametrization of Glycerol and Butyrylcholingitial
copies were replaced by those of the reactive MM models coordinates for GOL and CHO were built by molecular
along the energy profile. In this way, we generated six modeling. Five low-lying conformers of CHO differing in
different structures, differing only in the coordinates of the the N"—C-C—0O and C-C—0O—C dihedral angles (namely,
reactive MM model, from a single MBLES snapshot. This  the TT, TG, GG, G*G, and GT conformers), were optimized
task was accomplished by rigid superposition of the different at the HF/6-31G* level in the gas phase followed by single-
reactive MM models onto selected backbone atoms of the point MP2/6-31G** energy calculations. The RESP charge
MD—LES snapshot, followed by partial MM relaxation of model for CHO was derived using the electrostatic potential
the explicit solvent molecules (including NaGOL, or CHO) of the five CHO conformers. Similarly, four rotational
and some protein atoms situated at the covalent linkagesconformers of GOL from the optimized HF/6-31G* PES
between the reactive MM models and the rest of the system.were employed to derive the set of RESP charges for GOL.

For each enzymatic configuration (BCHBTY, BCHE—
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Table 1: B3LYP/6-31G*-Optimized Structures for the Deacylation
of the Butyrate-BChE Complex

AAGsolv
B3LYP/ B3LYP/ B3LYP/6-31G* SCRE
structure 6-31G* ZPVE 6-311+G*P ¢=80 ¢ =20 ¢=4.0
acyl 0.0 0.0 0.0 0.0 0.0 0.0
TS1 6.0 —-23 10.4 0.2 0.1 0.0
int 3.7 0.0 9.2 —-45 —-40 -28
TS2 157 —-35 19.4 -34 -31 -—-22
prodA 111 -0.9 125 -36 -33 -23
TS3 123 —-35 13.4 -30 -—-31 -—-32
prodB  —19.1 0.1 —14.6 2.3 2.3 15

aRelative energies are in kcal/méISingle-point calculations at the
B3LYP/6-31G* geometries: From B3LYP/6-31G* frequencies.

Scheme 1
Gly Glyy1g
Sl 16 !
B B Mage | n*
TN I ~ ."h M
G N ot
Serygy G et )E
Gluygy \_O_IC;\BLY ;
\L .H—O-—-H._O)
Ch ] Watt
(s}
Hisgag
Glujzs acyl
TS2
| Gly1g . Gly11g
Alay gy e Aladg  Sn
M., | Glyqq7 I, )
TR '_(\m.._' ' TUHH H}J-._
w4 ANE I
Seryga S Serqgg clr
\_q eg At ]
x H

Gluygy N BTY
]
\L R N
(o I i
i b o
Q

T

Gluygy. 4 Qj\_sw
s3 g‘é) |1| B

=N -— =N
© oy o8 Oyl
Hisgag Hisysg
Gluizs Gluyzs
prodB prodA

Suaez et al.

parameters for GOL and CHO are reported in the Supporting
Information.

RESULTS AND DISCUSSION

QM Calculations: Reaction Pathwag$cheme 1 represents
the reaction mechanism for the deacylation process according
to our B3LYP/6-31G* calculations on the cluster model of
the acylated BUChE active site. Table 1 contains the relative
energies of the corresponding critical points with respect to
the initial acyl-enzyme structure, while the values of
important interatomic distances along the reaction coordinate
are included in Table 2. Views of all of the critical structures
are included in Figure S1 in the Supporting Information.

The reaction mechanism starts at an a®rnzyme struc-
ture (acyl) that is attacked by the nucleophilic water molecule
(Watl), which in turn is activated by the Hig imidazole
ring (see Scheme 1). The structure of acyl was generated by
model building using the X-ray structure of the BuChE
enzyme complexed with butyrate (BTY) as a template
followed by geometry optimization at the B3LYP/6-31G*
level. In the optimized structure, the reactive water molecule
is well-poised for catalysis with BTY G1:O Watl and Watl
O-+*Ne Hissgdistances of 3.11 and 2.98 A, respectively (see
Scheme 1 for atom numbering). From acyl, a transition
structure (TS1) for the nucleophilic attack of Watl toward
the ester group with simultaneous Wati His,ss proton
transfer was located on the B3LYP/6-31G* PES. The
forming C—O bond at TS1 is quite advanced (1.61 A), while
the proton being transferred is equally bound between the
Hissas Ne (N—H = 1.26 A) and Watl O (6H = 1.26 A)
atoms. Inspection of the transition vector for TS1 confirms
that this transition structure corresponds toc@ncerted
mechanism for proton transfer and nucleophilic attack (we
found that an intermediate structure after the WatHis,ss
proton transfer, which would be relevant forstepwise
mechanism, is not a stable minimum on the B3LYP/6-31G*

For the two molecules, most of the bond, angle, and dihedral PES). TS1 leads to a tetrahedral intermediate (int) in which
parameters were available from the AMBER force field. The the BTY O2 atom interacts closely with the three NH groups
van der Waals (vdW) parameters were taken from the closestof the Glyiis Ghiz and Alage residues and the BTY O1

existing AMBER atom types chosen according to electronic atom is hydrogen-bonded to the doubly protonated imidazole

structure similarity. In addition, some specific torsion

parameters were adjusted to reproduce the MP2/6c31//
HF/6-31G* relative energies among the conformers. The through a TS (TS2) for the rupture of the tetrahedral
resulting GOL and CHO parametrizations were tested by intermediate with simultaneous proton transfer from,kdis
minimizing the geometry of their respective conformers, with to the leaving @ atom of Sefss The transition vector of
the resultant MM equilibrium structures being similar to the TS2 is dominated by the elongation of the breaking BTY

HF/6-31G* ones.

In terms of energies, the AMBRAR terms

ring of Hisyss (see Table 2).
The second step of the hydrolysis process takes place

C1::-Oy Sefgg bond (1.81 A) and by proton transfer from

were in good agreement with the ab initio data. The MM Hisyzs to Sefigs (Hissss Ne++*H and Sefgg Oy-+-H distances

Table 2: Important Interatomic Distances (A) in the B3LYP/6-31G*-Optimized Structures for the Deacylation of the BtByrateE

Complex
Sekgg Oy--+ Sekgg Oy--+ BTY O1--- Glugzs Oe-++ BTY O1--- BTY O2:-- BTY O2:-- BTY O2:--

structure rmstl C1BTY Ne HiS438 Ne HiS435b No HiS433 Oe GlU;lgf3 N Glyne N G|y117 N Alalgg
acyl 0.58 1.33 3.07 2.98 2.70 6.27 2.87 4.02 2.80
TS1 0.50 1.42 3.10 2.53 2.74 4.81 2.72 2.90 3.07
int 0.28 1.46 3.01 2.71 2.66 3.95 2.87 3.06 2.78
TS2 0.22 1.81 2.48 3.18 2.59 5.05 2.85 3.04 2.80
prodA 0.26 2.39 2.72 3.16 2.63 4.82 2.71 3.20 2.94
TS3 0.24 2.50 2.74 3.08 2.62 4.62 2.70 3.13 2.98
prodB 1.54 3.11 2.83 3.53 2.67 4.98 2.68 2.87 3.28
X-ray 2.16 2.79 3.44 2.68 5.12 2.69 3.18 2.85

armsd of selected QM atoms with respect to the X-ray structukamte that the BTY O1 and Watl O labels refer to the same atom.
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Table 3: Relative Energy Components and Free-Energy Corrections (in kcal/mol) of the “Small QM Models” Involved in the Deacylation
Process of BUChk

structure B3LYP/6-314G** + ZPVE G _pe° Enm Eele® Evan® Einternal AG'
acyl 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1 4.8 11.0 (0.5) 9.5(0.6) 8.3 (1.0) 2.2(05) —1.0(0.2) 15.8
int 1.3 5.4 (0.6) 5.4 (0.7) 9.5 (1.4) 1.1(0.8) —52(0.2) 6.7
TS2 9.3 0.0(0.5) —0.2(0.6) 3.8 (1.1) 0.7(0.7) —4.8(0.2) 9.3
prodA 9.7 —2.4(0.6) ~5.2(0.8) —2.6(1.3) 1.5 (0.7) -4.1(0.2) 7.3
prodB -14.0 20.1 (0.6) 28.0 (0.7) 28.6 (1.3) 2.9(0.8) —3.6(0.2) 6.1

aThe MM—PB energy terms correspond to average values derived from 100 snapshots extracted during the last 500 ps of-tBIBCHE
MD—LES simulation and postprocessed according to the-MM computational scheme. The standard error of the mean values are given in
parentheses. All values are in kcal/mbFrom single-point calculations on the small QM models, including the approximate ZPVE correction (see
the text for details)¢ Free-energy correction to the QM energies obtained from-MAB calculations:Guv-ps = Emm + AAGson. ¢ MM correction
to the QM energies: Electrostatic, van der Waals, and internal (bond-angle-torsional) energy components of the MM energy cdriguioximate
free energy of the small QM models in the enzym®G ~ AEgaivpis-311+6+ + Gum-pe.

of 1.28 and 1.24 A, respectively). From TS2, a product MM —PB calculations (see below), Gly is neutralized as
complex (prodA) is formed that corresponds to a noncovalentindicated by our previousky calculations 44).
complex between a butyric acid molecule and the enzymatic Another remarkable feature of the catalytic process as
cluster model. According to our QM calculations, the neutral described by the QM calculations is that the three-pronged
carboxyl group of the butyric acid in the prodA structure *“oxy-anion” hole formed by the NH groups of Al@, Glyi1e,
can transfer its proton easily to the carboxylate group of the and Gly;7 is perfectly adapted for binding the negatively
nearby Glyg; residue with the assistance of a bridging water charged BTY O2 atom of the TS1, int, and TS2 structures,
molecule (Wat2) by passing through a low-energy transition because each structure has three-N® hydrogen-bond
structure (TS3). As a consequence, a second product complexontacts with heavy-atom distances of-230 A (see Table
(prodB) was obtained on the PES in which the {glu  2). Inthe other QM structures (acyl, prodA, TS3, and prodB),
carboxylate is neutralized, whereas the carboxylate grouptwo of the NH--O contacts have N-O distances of about
of the leaving butyrate molecule is retained within the “oxy- 2.8 A, whereas the third contact has an-® distance longer
anion” hole. than 3.2 A.

Structure and Energetics of the QM Critical Poin@ur At the B3LYP/6-311#G**//B3LYP/6-31G* level of theory,
QM model of the BUChE active site includes the two main the rate-determining step corresponds to the rupture of the
structural components that are commonly thought to be tetrahedral intermediate via TS2 with an energy barrier of
crucial for catalysis: the catalytic triad of residues and the 19.3 kcal/mol with respect to the aeyénzyme structure
“oxy-anion” hole. There has been some controversy in the (15.9 kcal/mol including the B3LYP/6-31G* ZPVE correc-
literature about the role of the third residue in the catalytic tion). The tetrahedral intermediate int is only 1.2 kcal/mol
triad, Gluss, in BUChE. In our case, the carboxylate group more stable than TS1, which hasA& value of 8.1 kcal/
of Glusys stabilizes the imidazol/imidazolium ring of Hig mol. However, inclusion of the ZPVE correction makes int
along the reaction profile through a Gjg COO ---HNo a transient structure because it becomes less stable than TS1
Hisssg hydrogen bond with a heavy-atom distance of 2270 by 1.1 kcal/mol. Similarly, the B3LYP/6-3H#1G**//B3LYP/
2.60 A (see Table 2). The closest contact occurs at TS2 (2.596-31G* energy of the first product complex, prodA, is only
A), suggesting that the stabilizing role of Glsis particularly 0.9 kcal/mol lower than that of TS3, which is the transition
important for the rupture of the -©0 bond. This short  structure for prodA to donate its acidic hydrogen to the;6lu
distance could be interpreted as indicative of a short and carboxylic group. When the ZPVE correction is added to
strong hydrogen bond, although previous QM/MM calcula- the electronic energies, prodA is less stable than TS3,
tions on AChE have shown that there is a notable energy becoming a transient species, such as the tetrahedral inter-
barrier for proton transfer from the catalytic His to Glu mediate int. The final product complex, prodB, is 14.5 kcal/
residues 26). To further examine this point, we optimized mol more stable than the initial acyenzyme complex.
a QM model of the tetrahedral intermediate having agéslu To check the sensitivity of the energy profile to the polarity
COOH--6N His,3g hydrogen bond. The resulting structure of the environment, we performed single-point SCRF energy
was 14 kcal/mol less stable than int at the B3LYP/6- calculations on the gas-phase QM geometries using three
311+G**//IB3LYP/6-31G* level of theory, and therefore, different values for the dielectric constant of the surrounding
neutralization of the Gljs--Hissss salt bridge during continuum € = 80, 20, and 4). From the relative solvation
catalysis would be unlikely. This result contrasts with recent energies AAGs,) included in Table 1, we see that all of
QM/MM calculations on the hydrolysis reaction of cocaine the dielectrics tend to stabilize preferentially the tetrahedral
catalyzed by BUChE in which a neutral Glg--His,sg pair intermediate int and the rate-determining TS2 structure by
is observed 49). This discrepancy could be in part due to 3—4 kcal/mol and to favor the product complex prodA with
the different level of theory employed for geometry optimi- respect to prodB. Nevertheless, these results should be treated
zations (B3LYP/6-31G* in this work and HF/3-21G in the with caution because proteisolvent environments are not
BuChE-cocaine calculations). In the QM/MM calculations, homogeneous media characterized by a single dielectric
the neutral state of the Gl --Hisyzg pair might be stabilized  constant.
by the presence of a negative charge on the buried,Glu The Nature of the BTY GOy Sengs Interaction. Our
residue (this residue interacts through a water molecule with QM calculations help to clarify the rather enigmatic character
the Glugs carboxylate group). In our MD simulations and  of the tetrahedral adduct observed in the X-ray structure of
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small and positiveV 2p(r¢), etc.). It must be noted that the
existence of the BTY C1-Oy Sefigs BCP in prodA (and
TS3) demonstrates that the butyric carboxyl and thegger
hydroxyl groups establish a stabilizing contadt9) In
Sergg contrast, the corresponding BCP is not found in the electron
TY density of the prodB structure, in which the carboxylate
group of the butyrate moiety is 3.11 A away from the:Ger
hydroxyl group.
For comparative purposes, we also investigated the binding
. energy and equilibrium distance of the ({sp— :0(sp)
w His 38 9— int interaction in a small model system, a §HOH--H,O
dimer, which is relevant to the noncovalent complex between

Glu.lg?

® prodA the butyric acid and the Sgg hydroxyl group at the prodA
structure. Both the B3LYP density functional and the ab
X-ray initio MP2 methods were used to carry out constrained

geometry optimizations of the small complex by forcing the

FIGURE 1. Superposition of the QM cluster models (int and prodA) \yater oxygen atom to lie in a plane perpendicular to the
onto the X-ray structure. carboxyl group of the acetic acid molecule (see Figure S2
BuChE (0). The rmsd values between the protein heavy in the Supporting Information). The equilibrium C(acetic
atoms in the int QM-optimized model and the X-ray structure acidy--O(water) distances are in the 2:83.19 A range
and between the same atoms in the prodA model and thedepending upon the level of theory (MP2 tends to give
X-ray structure are low and have quite similar values of 0.22 shorter distances than B3LYP). These distances are more
and 0.26 A, respectively. However, inspection of the than 0.5 A longer than that found in the prodA model (2.39
interatomic distances collected in Table 2 enables us toA) and show that substituent and environmental effects could
discriminate between int and prodA. Thus, the BTY-C1  reinforce the C(sp---O(sp) interaction seen in prodA. On
Oy Serngs distance at prodA, 2.39 A, compares reasonably the other hand, the BSSE-corrected counterpoise binding
well with the X-ray value of 2.16 A, whereas the int structure energy amounts to 1.6 kcal/mol at the B3LYP/6-313-
displays a typical €0 bond distance of 1.46 A. Curiously, (2d,2p) and CCSD(T)/6-311G(2d,2p)//MP2/6-31+G(2d,-
the C1 sp atom of the butyryl moiety at prodA retains a 2p) levels of theory. This binding energy value for the
slight tetrahedral character (the ©C1-02—-C2 dihedral CH3;COOH-++H,0 dimer, which is similar to those of weak
angle is 172.9), although it is less accentuated than those van der Waals complexes, suggests that the similardC(sp
in the optimized int model (124°Pand in the X-ray structure < :O(sp) interaction seen in the QM prodA model could
(138.8°). Additionally, we also compared the Hig Co2- have a weakly attractive character.
+*Ne2 Hisyzg-Oy Selhggangle, which is 168 175, and 170 When the structural and electronic analyses of the BUChE
at the prodA, int, and X-ray structures, respectively. Con- QM models are taken together, along with the test calcula-
cerning the three important-NO2 BTY contacts defining  tions on the wateracetic acid dimer, they support the
the “oxy-anion” hole interactions, the X-ray structure has a designation of the butyrate group determined crystallographi-
closer match to the optimized prodA structure (see Table cally as a noncovalent complex formed between a butyric
2). This is also shown in Figure 1, in which the prodA, int, acid molecule and the enzyme. In this complex, thedger
and X-ray structures are superposed onto each other. Overallhydroxyl and the butyric carboxyl groups establish a denor
we conclude that prodA should be considered the best QM acceptor interaction that explains the unusually shert@
model for the structure of the butyryl moiety determined distance observed experimentally. Nevertheless, the QM
crystallographically 10). calculations also indicate that prodA would be short-lived

To further characterize the unusuat-O nonbonding and that the much more stable prodB complex lacks the C
interaction, we used the tools provided by the theory of atoms ++O interaction. Hence, energy calculations that take into
in molecules 84), which is able to identify and classify account the protein and solvent environment are needed to
atomic interactions in terms of the topological properties of determine whether the presence of a butyric fragment bound
the electron densityp[r)] and the Laplacian of the electron to the active site of BUChE is thermodynamically favorable.

density V?p(r)]. The evolution of the BTY C#:-Oy Sefgg Protein and Salent Effects: Relatie Energies of the
interaction along the reaction profile is reflected in changes Small QM Models.As described in the Materials and
in the properties of the BCP between the C1 andiDclei. Methods, protein and solvent effects were included in our
During the first step of the reaction, the BTY €Dy Sekgs computational analyses of the deacylation reaction of BuChE

bond is weakened because th@:) and energy density by combining the average MMPB free energies, evaluated
[H(ro)] values at the BCP decrease but its polar and covalentfor a series of MD snapshots of the solvated BUuChE enzyme,
character is maintained as revealed by the negative sign andvith the B3LYP/6-31%#G** energies of the small QM
large magnitude o¥?p(r¢) (see Table S1 in the Supporting models representing the reactive region. The atoms in the
Information). A qualitative change in the BTY €Dy Setigs small QM models are a subset of those in the acyl, TS1, int,
interaction occurs during the second step: the covalef®C  TS2, prodA, and prodB structures and comprise the butyrate
bond is transformed into a C@p— :O interaction that has  moiety, the “oxy-anion hole” residues, G4 Sefigs, HiSazs,

BCP properties typical of donor> acceptor interactions  and Gluys, and the Watl molecule. Their relative gas-phase
between closed-shell systems, such as found in hydrogenenergies, which were obtained through single-point B3LYP/
bonds and van der Waals molecules (a srpél) value, a 6-311+G** calculations, are 0.0, 7.1, 1.3, 12.6, 10.1, and
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—13.5 kcal/mol energy, respectively. We also derived an BTY—CHO protein configurations, respectively. These
approximateZPVE correction for the small QM model observations indicate that the active-site gorge is slightly
systems by normal-mode analysis of a Hessian submatrixrigidified in the presence of small molecules, although we
extracted from the full B3LYP/6-31G* Hessian matrix of confirmed visually that the most important conformational
the large QM models. The addition of the ZPVE correction differences arise in the side chains of solvent-exposed
gives the following relative energies: 0.0, 4.8, 1.3, 9.3, 9.7, residues in the&2 and acyl loops.

—14.0 kcal/mol for acyl, TS1, int, TS2, prodA, and prodB, The BCHE-BTY ConfigurationIn our previous work on
respectively. In this case, prodA turns out to be unstable. the structure and dynamics of the native form of the BUChE
When the relative energies of the small QM models are enzyme 44), we found that the water molecules populating
compared with those of the large cluster models, it turns out the active-site region established organized networks of
that the energy barriers for the deacylation process arehydrogen bonds interconnecting polar protein groups. Most

significantly lower for the small QM models. Thus, for notably, the Gly; carboxylate group played a central role
example, the B3LYP/6-3HG** energy barrier associated in the water-mediated network of hydrogen bonds by
with the TS2 structure decreases from 19.4 to only 12.6 kcal/ establishing long-lived associations with the buried £zlu
mol when the coordinates of the three nonreactive water and Ser,,side chains, the Higs Ne and Sefgg Oy atoms of
molecules, the Ser side chain, and the Vah—Asns the catalytic triad, and the amide NH groups at the “oxy-
peptide linkage are removed. This suggests that microsol-anion hole”. The water molecules with large residence times
vation effects, mainly exerted by the water molecules in the (>3 ns) were those that constituted the one-water bridges
large cluster structures, have an anticatalytic effect on theinterconnecting the catalytic groups. Two of the water
energy profile and that the essential catalytic machinery is molecules with reduced mobility connecting the “oxy-anion”
provided by the three-pronged “oxy-anion hole” and the hole and the Segs hydroxyl group are replaced by the BTY
Sefgg—Hisszg—Glusys triad of residues. Nevertheless, the moiety in the BCHE-BTY configuration, but other impor-
long-range interactions between the reactive region and thetant structural water bridges remain perfectly stable as shown
surrounding BUChE system must be taken into account for schematically in Figure 2a, in which average distances
a more complete view of the enzymatic process. between heavy atoms and the percentage of occurrence data
Stability of the MB-LES TrajectoriesWe carried out MD are also summarized. Of particular importance are thes&lu
simulations using the LES technique to sample the most COG-+(H,0)---HO BTY and Glyg; COG-+(H,0)-+-Ne
likely enzyme and solvent conformations in the presence of Hisasg bridges with 70 and 77% occurrence, respectively,
MM representations of three small QM models embedded because these water molecules closely solvate the groups
within the BUChE gorge (the “LES copies”). During the MD undergoing a chemical reaction during the deacylation
simulations, the geometry of the LES copies was kept frozen, process. Moreover, the BCHEBBTY MD —LES simulation,
whereas the rest of the enzymatic system and waterin which the acyl, int, and prodA small QM models are
molecules were allowed to move. As mentioned above, four simultaneously present in the MM force field as different
different MD—LES simulations were computed: BCHE “LES copies”, shows that these water bridges are structurally
BTY (the gorge cavity is filled with water molecules), and dynamically conserved along the reaction coordinate.
BCHE—BTY —Na (a sodium cation is also present), BCHE As described in the Materials and Methods, all of the
BTY—GOL (a GOL molecule is bound between the (gju reactive MM models (acyl, TS1, int, etc.) built from their
carboxylate and the BTY moiety), and BCHBTY —-CHO parent small QM models were embedded within the struc-
(a CHO molecule is bound to the intermediate site). Figure tures of 100 snapshots extracted from the BCHEY
2 shows schematic representations of the relevant hydrogenMD—LES trajectory. For each reactive MM model, the
bond contacts observed in the active site and characteristicstructures were relaxed by means of MM energy minimiza-
snapshots extracted from the MIRES trajectories. tions, in which only the solvent molecules and the residues
An analysis of the rmsd values of the dynamical structures adjacent to the reactive MM model were allowed to move.
from the four MD-LES simulations with respect to the initial These minimizations maintained the identity and properties
crystal structure indicates that the trajectories evolved to anof the important hydrogen-bond interactions and water
equilibrated state. The average rmsd values @781 A) bridges that interconnect the catalytic residues and BTY
are quite similar to those observed in simulations of the native moiety. Subsequently, we carried out the M®B energy
form of the BUChE enzyme4#). Similarly, in the four calculations on the whole enzymatic system and the reactive
simulations, the accessibilities of the butyrate moiety, the MM models to estimate the average free-energy corrections
cation—s site, and the acyl-binding pocket (collected in Table that take into account the environmental effects along the
S3 in the Supporting Information) are similar to those that deacylation reaction coordinate. The resulting average values
we observed previously). of the MM—PB free energies and MM energy components
The segregation of the rmsd values into distinct motifs are shown in Table 3.
shows that the largest deviations among the four-MIES The Guu-ps values in Table 3 are the MMPB free-
trajectories arise in the BUChE gorge region, and occur energy corrections to the B3LYP/6-3tG** + ZPVE
mainly in residues of various long loops, such as@mop energies of the small QM models. When we go from the
(Cysss—Cys2) and the acyl loop (Pegi—Aspser) and also transition structure for water activation and nucleophilic
in embedded shou-helical segments (see Table S2 in the attack, TS1, to the product complex, prodA, the relative
Supporting Information). For example, the average rmsd Gyw-ps Values decrease monotonically from 11.0-t@.4
values of the acyl-loop residues have values of 3:17.18, kcal/mol. As a result, the approximate free-energy profile
3.10+ 0.11, 2.98+ 0.18, and 2.78 0.26 A for the BCHE- in the enzyme changes with respect to that in the gas phase
BTY, BCHE—BTY —Na, BCHE-BTY —-GOL, and BCHE- because the rate-determining barrier now corresponds to the
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(d) BCHE-BTY-CHO Q-loop

/

hq\;/ -"bg,t;i'rylcholine Serds Glusys

Ficure 2: Schematic representation of the main hydrogen-bond contacts and water bridges observed in the BUChE actit @idaga
the four MD—LES trajectories computed for the BuChBEutyrate complex. The snapshots of the active sites extracted from each simulation
were produced with Molscript and Raster3D.

transition structure (TS1) for the formation of the tetrahedral within the “oxy-anion” hole at prodB, which is electrostati-
intermediate (int). The avera@&w—ps values combined with  cally disfavored when the surrounding protein is included
the density functional theory (DFT) energies lead to an in the MM calculations. On the other hand, other energy
energy barrier of+16 kcal/mol, which seems quite reason- contributions such a&,qw and Ei;, which have a lower
able (see Table 3). The tetrahedral intermediate, whoseimpact onGyw-pg than that ofEee, can also discriminate
approximate free energy in the enzyme-~i8 and~3 kcal/ among the different QM models. For example, the internal
mol below those of TS1 and TS2, respectively, becomes aenergy, which tends to destabilize the aeghzyme structure,
stable structure along the reaction profile. On the other hand,is dominated by the bending energy terms involving the
the relative stability of the product complexes, prodA and Tyri14—Gly11s, Gly117—Phais, and Alags—Glyaee peptide
prodB, is very sensitive to protein and solvent effects. Thus, linkages. These bond angles change slightly as the geometry
in the gas phase, the butyric moiety at prodA readily transfers of the “oxy-anion” hole moiety adapts to the presence of
a hydrogen atom to the carboxylate group of the;&Glside the NH--O(BTY) contacts.

chain to give the prodB complex, in which the negatively = The BCHE-BTY—Na Configuration: Influence of the Na
charged butyrate is tightly bound to the “oxy-anion” hole. Cation.Our previous MD simulations of the native form of
In contrast, in the enzyme, prodA and prodB have a similar the BUChE enzyme4d) indicate that the presence of one
free energy because the greater intrinsic stability of prodB Na' ion in the gorge cavity stabilizes the hydrogen-bond
is largely compensated by the electrostatic interactions of network interconnecting the catalytic triad of residues and
the reactive MM model with the rest of the protein. As a the important water bridges. To find out if a N&n could
result, our calculations predict that prodA would be less have a similar effect in the presence of the BTY fragment

stable than prodB in the protein by ontyl kcal/mol. at different stages of the deacylation process, we examined
Inspection of the free-energy components in Table 3 the BCHE-BTY—Na configuration in which a Nacation
reveals that the intraprotein electrostatic ener@ed is bound to the BUChE catienr site.

dominates theGum-ps terms. The positive sign of the During the BCHE-BTY —Na MD—LES simulation, the
Gps-mv and/orEgecterms corresponding to the TS1 and int  Na' ion showed a stable first solvation shell comprisingss
structures suggests that the rest of the BUChE enzyme nowater molecules and was located close to the indole group
included in the small QM models has actually an anticatalytic of Trps, (the catior-s binding site), the side chain of T,
effect during the formation of the tetrahedral intermediate. the BTY carboxylic group, and the backbone carbonyl group
This was not entirely unexpected given that the B3LYP/6- of Hisiss (see Figure 2b). In terms of other important
3114+G** energy of the gas-phase small QM models is very hydrogen-bond interactions and water bridges, the structural
low because of the stabilization of the TS1 and int structures results were similar to those of the BCHBTY trajectory.

by the short hydrogen-bond interactions of the BTY O2 atom However, it is interesting to note that there is a higher
with the “oxy-anion” hole. These @H—N interactions, in abundance (100%) for the one-water bridge linking thegzlu
turn, polarize the amide backbone groups of @lyGlyi17, carboxylate and the BT¥carboxyl groups. Thus, the
and Alags. However, this polarization effect, which is taken presence of the hydrated Na&ation at the cationn site

into account by the HF/6-3@G* RESP atomic charges, seems to reduce the water mobility around the reactive BTY
implies less favorable electrostatic intraprotein interactions fragment.

and explains the positive values of t&mv-ps €nergies. The calculated free-energy profile for the BCHBTY —
Similarly, the large stabilization of prodA with respect to Na configuration (see Figure 3) indicates that, with respect
prodB can be traced to the placement of the negative chargeto the BCHE-BTY configuration, the presence of the Na
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Ficure 3: Schematic free energAG) profiles in the enzyme. Th&G values combine the relative QM energies and free-energy corrections
(Gum-pe) Of the “small QM models” involved in the deacylation process of BUChE. Bhg-ps €nergy terms correspond to average
values derived from 100 snapshots extracted during the last 500 ps of the BEHE BCHE—BTY—Na, BCHE-BTY—-GOL, and
BCHE—BTY—-CHO MD-LES simulations. All values are in kcal/mol.

ion does not alter significantly the relative energies of the  The energetic analyses show that the GOL molecule
small QM models in the enzyme, except for the TS1 and modifies slightly the energy profile for the deacylation
prodB structures, which tend to be stabilized (their corre- process by stabilizing the TS1, int, TS2, and prodA structures
sponding AG values are~2 kcal/mol lower than in the by ~2 kcal/mol. The rate-determining energy barrier is now
absence of Ng. In fact, the energetic influence of the Na  13.4 kcal/mol. The stabilization effect of GOL stems from
cation is partially exerted through the vdW energy terms, a mixture of electrostatic and vdW interactions and is
which are largely controlled by the differential solvent perfectly consistent along the reaction profile. Most interest-
rearrangement around the BTY and the catalytic triad of ingly, the prodB complex turns out to be destabilized by the
residues (see data in Table S4 in the Supporting Information).nearby GOL molecule so that prodA-g2 kcal/mol below
Overall, our simulations suggest that the*Nan has only prodB in terms of the estimateflG values (see Figure 3).
modest kinetic and thermodynamic effects in consonance On one hand, the QM calculations on the large cluster
with the experimental evidencé®) that, in the presence of  model prodA give molecular geometries and electronic
NaCl, the rate of deacylation for native BUChE is relatively properties that allow us to understand the “long BTY
unaltered (although it is conceivable that BUuChE would retain Cl""O;/—SEﬁgg bond" observed experimenta”y in terms of
a positive small cation even in the absence of external NaCl). a donor-acceptor noncovalent interaction. On the other hand,
Influence of One Glycerol Molecule: Why Is BTY Bound the MD—LES and MM-PB calculations carried out on the
to the BuChE Actie Site in the X-ray StructureX-ray BCHE-BTY—GOL configuration predict that the prodA
structures of both “native” and soman-aged BChE have a product complex is stabilized by enzyme electrostatic effects
GOL molecule (used as cryoprotectant) placed between theand the occupation of the catiewr site by GOL. We note,
Gluyey carboxylate and the Tgp indole groups (i.e., the  however, that our computational analyses do not provide a
cation— site) (10). Because GOL has no physiological role definitive explanation for the presence of butyric acid in the
with BUChE, its presence in the active-site gorge confirms crystal state because the predicta@ of prodA in the
the broad specificity of the catient site. The question also ~ €nzyme is still positive {6 kcal/mol) with respect to the
arises about the influence of GOL or similar neutral acylenzyme structure. In part, this may be due to limitations
molecules on the deacylation process, especially on thein our computational approach, some of which are (i) higher
relative stability of prodA with respect to prodB. To further levels of theory that may be required for accurate prediction
investigate this point, we carried out the BCHETY —GOL of the AEeic energies, (ii) uncertainties in the MM repre-
MD—LES simulation of the BChEbutyrate complex inthe ~ sentation of the reactive small QM models, (iii) several
presence of GOL. During the BCHEBBTY —GOL simula- geometrical constraints that were imposed in the-MIES
tion, the GOL molecule remained bound to the @ju  and MM—PB calculations, and (iv) the MBLES sampling
carboxylate and butyric carboxylic groups through very stable Of the free-energy components that has a significant statistical
OH:---0 interactions (see Figure 2c). In this way, the GOL Mprecision.
molecule replaces the two water molecules that constitute Influence of One Butyrylcholine Molecule Bound to the
the Glugr+-Hissss and Glugr+-BTY water bridges in the  Cation—x Site.Human BuChE is activated by low concen-
BCHE—BTY and BCHE-BTY—Na configurations and pro-  trations of substrate molecules. This kinetic effect is thought
vides a less flexible “first solvation shell” around the reactive to be a consequence of a three-step mechanism for substrate
groups. binding that precedes the formation of the aeghzyme
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intermediate 4). In the first BuChE-substrate complex attack) reaction mechanisms. Different sets of EVB param-
(ES1), the Asp, residue, strategically located at the mouth eters were used for the simulations of each pathway. The
of the aromatic gorge, would serve to stabilize and orient EVB/FEP calculations showed that the concerted and step-
the substrate. To form the second complex (ES2), the wise pathways were nearly isoenergetic. In this work, we
substrate molecule would slide down the gorge so that its investigated only the concerted route for the formation of
choline head has a catiotr interaction with the Trg indole the nucleophilic intermediate because this was the only one
ring. Finally, ES2 should rearrange into a productive complex that we found to exist from our B3LYP/6-31G* cluster-
ESS3, in which the substrate butyryl group is placed at the model geometry optimizations. Nevertheless, we cannot
bottom of the active-site cavity in a position suitable for completely exclude the possibility of a stepwise route if
hydrolysis. In this scenario, substrate activation would occur higher levels of the QM theory were to be used or larger
when ES2 is formed between a substrate molecule andcluster models were to be considered. The EVB/FEP
BUChE is in its acytenzyme form. calculations revealed that the rate enhancement exerted by
To obtain insight into the influence of a nonreactive CHO AChE is very high (by a factor of~10°—1(°), with the
molecule, we carried dwa 1 ns MD-LES simulation of the reported energy barriers in the enzyme being between 15.0
ternary complex BChEbutyrate-CHO. The initial position- and 18.0 kcal/mol depending upon the EVB parameter set.
ing of CHO was selected using the X-ray structure of the Although we do not compute the catalytic effect of the
BuChE-soman-butyrylthiocholine complex as a template BuChE enzyme, the magnitude of the free-energy barriers
(10). In the X-ray structure, the positively charged choline in Figure 3 (13-15 kcal/mol) is similar to those for AChE.
head points toward the indole group of Frpccupying the Interestingly, Vagedes et al. found that the presence of a
cation—m site. Along the BCHEBTY —CHO simulation choline molecule in the catiefir binding pocket of AChE
(see Figure 2d), the orientation of the CHO molecule within lowers the activation barrier by 1.2 kcal/mol. This result
the active-site cavity changes so that its choline head is moreagrees with the kinetic effects observed in the BuChE
oriented toward the gorge mouth (although it remains close enzyme when the catiefr site is occupied. On the other
to the cation-zr site with an average distance between the hand, Vagedes et al. predict that the neutral,6ltesidue
CHO N atom and the center of mass of theghigide chain (Gluyge in AChE residue numbering) stabilizes the rate-
of 5.1+ 0.7 A) and its carbonylic O atom establishes quite determining TS by around-4 kcal/mol according to EVB/
stable water bridges~(50%) with the hydroxyl BTY group  FEP estimates and that Gdushould be neutralized in AChE
and the Higgg carbonyl group. Likewise, in the presence of based on Monte Carlo PB calculations &€ shifts. In the
the gorge Na& cation, the Glwz:-BTY water bridge is case of BUChE, however, our previou&pcalculations
perfectly stable (100%) when the CHO molecule is bound indicated that Glwy7 is unprotonated44).
to the cation- site. The averag&wm—ps corrections in the
BCHE—BTY —CHO configuration show that TS1 is stabi- SYMMARY AND CONCLUSIONS
lized by ~3 or ~1 kcal/mol with respect to the BCHE In this work, we employ QM computational methodologies
BTY and BCHE-BTY—Na simulations (see Figure 3), to characterize a family of cluster models that are relevant
respectively, through an interplay of electrostatic and vdW to the deacylation reaction in the BUChE enzyme. The
influences. analyses of the equilibrium geometries, electronic properties,
Concerning the relative stability of the product complexes, and energies of the large QM cluster models gave insights
prodA (AG ~ 5 kcal/mol) is more stable than prodB in the into the catalytic mechanism of this important enzyme. The
presence of CHO. Because the'Naation does not stabilize  most interesting results and conclusions obtained from our
prodA, we conclude that the CHO effect is not due to its calculations on the cluster models are (a) The QM reaction
positive charge but to the occupation of the catiansite. pathway for the deacylation of the initial aeynzyme
Moreover, these results and those observed for the BEHE complex involves a single proton transfer along thesfdis
BTY—GOL state indicate that the stabilization of prodA Ne-H--:-Oy Sergoshydrogen bond, whereas there is no proton
depends little upon the actual structure of the molecule boundtransfer between Higsand Glu,s The QM calculations also
to the cation-x site. It is also interesting to note that the highlight the crucial catalytic role of the “oxy-anion hole”
stabilization of prodA could have interesting mechanistic at the transition states and tetrahedral intermediate, by
consequences. Because the leaving butyric molecule wouldestablishing three NH---O contacts with heavy-atom dis-
be neutral in the presence of an incoming CHO molecule, tances of 2.73.1 A. (b) On the basis of the electronic
its diffusion away through the acyl-lodpack doorshould properties and equilibrium geometry of the prodA cluster
not be retarded by electrostatic pulling forces exerted by the model, the “long BTY C1---:Oy Selos bond” detected
positively charged CHO choline head (a channel leading to experimentally can be assigned to a noncovalent denor
the acyl-loop back door is formed in the thin acyl-pocket acceptor interaction between the carbonylic C atom of the
wall between the Leygs side chain and the Tgp, CS atom) butyric acid molecule and the Serhydroxylic O atom. (c)
(44). In the gas phase, both the tetrahedral intermediate (int) and
Comparison with Preious Calculations on the Deacyla- the product complex (prodA) should be very short-lived
tion Reaction of AChHL is interesting to compare our results species and the hydrolysis of the initial acgnzyme
with those of Vagedes et al. for the deacylation reaction of structure would proceed through a single-step mechanism
the AChE enzyme 25). These authors studied only the leading to the product complex prodB, in which the (gju
formation of a tetrahedral intermediate and considered bothcarboxylate group is protonated.
stepwise (Wat— Hisssg proton transfer and nucleophilic The QM cluster models provided reference geometries and
attack of a hydroxide moiety to the ester group) and atomic charge distributions that were employed to construct
concerted (simultaneous proton transfer and nucleophilicthe MM representations of the reactive region of the
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BuChE-butyrate complex at different stages of the reaction REFERENCES

pathway for the deacylation process. These “reactive MM
models” allowed us to employ complementary MDES

and MM—PB methodologies to estimate the energetic effects
in various enzymatic configurations. The most important 2
results obtained from the MMPB calculations are (d) When
the free-energy correction&m-ps), Which take into account

the effects of the fluxional protein and solvent environment
interacting with the “reactive MM models”, are added to the
QM energies of the corresponding small QM models, the
rate-determining step is the formation of the tetrahedral
intermediate. The latter, in turn, becomes an energetically
stable structure, although it would not accumulate during the
reaction process. The magnitude of the energy barrier ranges
from 13 to 16 kcal/mol depending upon the exact enzymatic
configuration. (e) When MBLES simulations are carried

out in the presence of a Naon or a neutral GOL molecule 6.

bound to the cationx site, we found that both the Na
cation and the GOL molecule stabilize the network of
hydrogen-bond interactions between the reactive groups and
affect the energy profile for the deacylation process by
decreasing the energy barrier by2 kcal/mol. (f) Glycerol 8
stabilizes preferentially the product complex formed between

a (neutral) butyric acid molecule and the BUChE enzyme 9.

instead of the product complex between a (negatively
charged) butyrate and BUuChE with protonatedglurhis

is in agreement with the crystallographic structure of the
BuChE enzyme, in which both a butyric acid molecule and
a GOL molecule were detected. (g) The results of the
BCHE—BTY —CHO simulation give support to the previous
proposal that the deacylation process can occur with the
simultaneous binding of a second nonreactive CHO molecule
to the cation-xr site. The MM-PB energy calculations show

that the presence of CHO results in the decrease of the energy12.

barrier by ~3 kcal/mol with respect to the BCHEBTY
configuration ¢1 kcal/mol with respect to BCHEBTY —
Na). These computational observations are consistent with
the assumption that substrate activation exhibited by BuChE

arises from the speed up of the deacylation process. (h) The 14.

modulation of BUChE activity, exerted by either GOL or
CHO bound to the cationr site, does not involve any
significant conformational change (i.e., an allosteric effect)
of the gorge residues. Our results point out that the
nonreactive molecules (GOL or CHO) belong to the first
“solvation shell” surrounding the reactive fragments of the
BuChE-butyrate complex and can favor the reaction process
by simply modifying the average structure and energetics
of this shell.
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