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ABSTRACT The high aromatic content of the deep and narrow active-site gorge of acetylcholinesterase (AChE) is a re-
markable feature of this enzyme. Here, we analyze conformational flexibility of the side chains of the 14 conserved aromatic
residues in the active-site gorge of Torpedo californica AChE based on the 47 three-dimensional crystal structures available for
the native enzyme, and for its complexes and conjugates, and on a 20-ns molecular dynamics (MD) trajectory of the native
enzyme. The degree of flexibility of these 14 aromatic side chains is diverse. Although the side-chain conformations of F330
and W279 are both very flexible, the side-chain conformations of F120, W233, W432, Y70, Y121, F288, F290 and F331 appear
to be fixed. Residues located on, or adjacent to, the V-loop (C67–C94), namely W84, Y130, Y442, and Y334, display different
flexibilities in the MD simulations and in the crystal structures. An important outcome of our study is that the majority of the side-
chain conformations observed in the 47 Torpedo californica AChE crystal structures are faithfully reproduced by the MD
simulation on the native enzyme. Thus, the protein can assume these conformations even in the absence of the ligand that
permitted their experimental detection. These observations are pertinent to structure-based drug design.

INTRODUCTION

The principal role of acetylcholinesterase (AChE) is termi-

nation of transmission at cholinergic synapses by rapid hy-

drolysis of the neurotransmitter acetylcholine (ACh) (1). Due

to its crucial biologic role, AChE is the target of the first

generation of anti-Alzheimer drugs, insecticides, and nerve

agents (2). Solution of the three-dimensional (3D) structure

of Torpedo californica AChE (TcAChE) revealed, unex-

pectedly, that its catalytic site is located near the bottom of a

deep and narrow gorge, ;20 Å deep (3). Its cross section at

the narrowest point is substantially smaller than the diameter

of the quaternary group of choline; thus, AChE must undergo

substantial ‘‘breathing’’ motions to carry out its catalytic

activity (3,4). A remarkable feature of the gorge is that it is

lined by the rings of 14 conserved aromatic amino acids

(F120, F288, F290, F330, F331, W84, W233, W279, W432,

Y70, Y121, Y130, Y334, and Y442), which contribute

;60% of its total surface area. These residues are highly

conserved, and most of them can be assigned functional roles.

Thus, W84 and F330 are involved in the so-called ‘‘anionic’’

subsite of the catalytic site (CAS), making p-cation interac-

tions with the quaternary group of the substrate (3,5–8);

W279 andY70 contribute to the peripheral anionic site (PAS)

at the mouth of the gorge, which serves as a relay station for

the substrate en route to the active site (7–12); and W233,

F288, and F290 contribute to the acyl pocket, which deter-

mines the specificity for ACh (6,13). Midway down the gorge

is the narrow bottleneck mentioned above, to which both

Y121 and F330 make important contributions (7,14,15).

Crystallographic studies have also established the involve-

ment of several of these conserved aromatic residues in in-

teractions with anticholinesterase agents via both p-cation
and p–p stacking interactions (5,16,17). A typical example

is the drug E2020 (Aricept), which is used to treat Alzheimer

disease. E2020 interacts with W84 at the bottom of the gorge

and W279 at the entrance to the gorge through p–p stacking

interactions, and it interacts with F330 in the middle of the

gorge via a p-cation interaction (16). Steered molecular dy-

namics (MD) simulations of the dissociation of E2020 from

AChE suggest a model in which the aromatic residues serve

as a conveyer belt for E2020 entering and leaving the active-

site gorge (18).

Since the solution of the initial crystal structure of

TcAChE, more than 17 years ago (3), 3D structures of the

native enzyme from several different species, as well as nu-

merous complexes and conjugates with various ligands, in-

hibitors and substrate analogs, have been deposited in the

Protein Data Bank (PDB) (www.pdb.org). Even though the

enzyme has been crystallized under a number of very different

conditions and in seven different space groups, the overall fold

of the enzyme is remarkably well conserved in all these

structures. The side chains of several aromatic residues,
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however, appear to be quite flexible. Thus, several crystal

structures show that W279, at the PAS, can adopt several

different conformations in various ligand/enzyme complexes

(PDB codes 1q83 (19), 2gyu (20), 1odc (21), 2cek (22), 2ckm

(23), 2gyw (20), and 2gyv (20)). F330 is one of two residues

that form the bottleneck of the gorge, and it has been suggested

that the orientation of its phenyl ring controls the opening/

closing of the bottleneck (5,7,15,24,25). F330 has also been

shown to adopt a spectrum of conformations in various ligand/

AChE complexes (see the overlay representation in Fig. 7 in

the work of Kryger, Silman, and Sussman (16)). Another ar-

omatic residue that deserves attention is W84, which is the

main contributor to the stabilization of the substrate in the

active site. An earlyMD simulation of TcAChE suggested that

a conformational change in the orientation of its indole ring

could result in the transient opening of a short channel con-

necting the interior of the gorge with the bulk solvent (namely

the backdoor) through which solvent, and perhaps substrate

and products, might enter or leave the active site (4,26). Other

possible back and side doors to the active-site gorge have also

been suggested on the basis of theoretical studies (27–29).

Reexamination of the Drosophila melanogaster AChE struc-

ture (30) by Nachon et al. (31) revealed that a flip in W83

(equivalent toW84 in TcAChE) had generated a channel;5 Å

in diameter betweenW83,W472, andD482.Although various

lines of experimental evidence have been produced both for

(32,33) and against a functional backdoor (34,35), none of this

evidence can be considered decisive.

In this study, the side-chain flexibility of the 14 conserved

aromatic residues in the active-site gorge of TcAChE is ex-

amined in the 47 available crystal structures of TcAChE and

compared to those produced in a 20-ns MD simulation using

the native enzyme as a starting model. The data presented

emphasize the importance of taking into account side-chain

flexibility in evaluating protein-ligand interactions. The data

also suggest that MD simulation is an appropriate method for

studying side-chain conformations, especially of proteins for

which multiple crystal structures are not yet available (36).

METHODS

MD simulations

The monomer of native TcAChE, determined at 1.8 Å resolution (3), was

used as the starting structure for the simulations (PDB code 1ea5). In brief,

the protein, together with crystal water molecules, was inserted into a box of

dimensions 10.63 10.63 10.6 nm3, with the minimal distance of the protein

from its walls being 2.0 nm. This box was solvated by use of a simple point

charge water model (37), and the resulting solvated box was then submitted

to energy minimization. Counterions were subsequently added to provide

a neutral simulation system. Energy minimization was then repeated on the

entire system. After convergence had been reached, the solvent, the coun-

terions, and the protein were coupled separately to a temperature bath at

300 K. The entire system was then equilibrated for 20 ns. To eliminate the

influence of the main-chain movement on the side-chain conformational

changes, a second 20-ns MD trajectory was run for the simulation system

with a force restraint of 1000 kcal/mol imposed on all the main-chain atoms

throughout the simulation time.

MD simulations were carried out with the GROMACS package (38,39),

using NPT and periodic boundary conditions. The GROMOS96 force field

(40) was applied to the protein. The pressure was kept constant at 1 bar by

coupling to a Berendsen barostat with tp ¼ 1.0 ps and a compressibility of

4.5 3 10�5 bar�1 (41). The temperature was maintained at 300 K by cou-

pling to a Berendsen thermostat with a coupling time of tT¼ 0.1 ps (41). The

LINCS method (42) was used to restrain bond lengths, allowing an inte-

gration step of 2 fs. The coordinates of the entire system were saved every

500 steps. Electrostatic interactions were calculated using the particle-mesh

Ewald algorithm (43,44).

To assess the effect of packing restraints on the flexibility of the side

chains of certain residues, MD simulations were also carried out on the

physiologic dimer (PDB code 1ea5) using the same protocol.

Crystallographic data

All the side-chain conformations of the 14 aromatic residues included in the

47 3D structures of TcAChE available from the PDB were examined by

calculating the x1 (N-CA-CB-CG) and x2 (CA-CB-CG-CD1) angles for each

residue. The structures included native data sets (PDB codes 1ea5, 1qid,

1w75, and 2ace), complexes with reversibly bound ligands (PDB codes 1acj,

1acl, 1amn, 1ax9, 1dx6, 1e3q, 1e66, 1eve, 1fss, 1gpk, 1gpn, 1gqs, 1h22,

1h23, 1hbj, 1jjb, 1odc, 1qti, 1u65, 1ut6, 1vot, 1w4l, 1w6r, 1w76, 1zgb, 1zgc,

2ack, 2c5g, 2cek, 2ckm, 2cmf, and 2j4f), and covalent conjugates (PDB

codes 1cfj, 1gqr, 1oce, 1som, 1vxo, 1vxr, 2bag, 2c4h, 2c5f, 2c58, and 2dfp).

To avoid introducing bias via redundant entries, only one of the nine

structures produced in the radiation damage study on TcAChE (45) was taken

into account in the analysis, namely 1qid. Three crystal structures of re-

combinant mouse AChE (mAChE), 1q83, 2gyu, and 2gyv, were used to

calculate the x1 and x2 angles of W286 (homologous to W279 in TcAChE).

RESULTS AND DISCUSSION

To our knowledge, 97 crystal structures of AChE are avail-

able from the PDB to date. The majority are for TcAChE (55

structures) and for mAChE (34 structures), as well as 2, 3,

and 3 structures, respectively, for human, Electrophorus
electricus, and D. melanogaster AChEs. Because the side-

chain conformations observed for the 14 aromatic residues in

the ensemble of TcAChE structures cover almost the entire

range of conformations that occur in the structures of the

AChEs of the other species and to eliminate any possible

effects of differences in amino acid sequence, only the 47

crystal structures of TcAChE were used for the side-chain

flexibility analysis of these residues.

The dihedral angles of an aromatic residue, x1 and x2,
suffice to describe its side-chain conformation; hence, x1/x2
plots provide a simple representation of the shuffling between

aromatic side-chain conformations along an MD trajectory.

The x1 and x2 angles of the 14 conserved aromatic residues

lining the active-site gorge of TcAChE were extracted from

the MD simulation performed for the native structure, 1ea5,

and plotted together with the experimental values obtained

from the crystallographic data (Fig. 1). The black triangles

represent the conformations observed in the crystal struc-

tures, whereas the gray dots are derived from the MD tra-

jectory. Because our protocol involved sampling at 1-ps

intervals, there are 20,000 such points in each representation.

For most of the residues, though not for all, the side-chain
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conformational space explored by the MD simulation en-

compasses the space covered by the crystallographic data.

Conversely, much of the conformational space explored by

the simulation is devoid of experimental points.

The principal conclusions to be drawn from the data dis-

played in Fig. 1 are as follows. For most of the residues, the

distribution of the black triangles corresponding to the ex-

perimentally determined angles is quite narrow; thus, their

side-chain conformations in the various crystal structures,

whether of native TcAChE or of its complexes and conju-

gates, are very similar. Considering that;80% of the crystal

structures are of complexes or conjugates, this result indi-

cates that the binding of a ligand to the enzyme has only

subtle effects on the side-chain conformations of most of the

aromatic residues lining the active-site gorge

With respect to the flexibility of their side chains, the 14 aro-

matic residues can be divided into three groups. Fig. 1 A shows

that residues F120, W233, W432, Y70, Y121, F331, F288, and

F290 (group I) fall into a category for which both the crystallo-

graphic data and MD simulation trajectory indicate very low

flexibility. In contrast, for F330 and W279 (Fig. 1 B, group II),
the MD trajectory and the crystallographic data indicate high

flexibility of the side chains. The third category (Fig. 1 C, group
III) includes W84, Y130, Y442, and Y334, whose side chains

appear being quite flexible in the MD simulations, even though

no substantial flexibility is evident in the crystal structures.

Group I

Fig. 1 A clearly shows that the side-chain conformations of

the aromatic residues in group I are, in general, quite fixed.

With the exception of F288, F290, and F331, all the exper-

imental and MD points are concentrated in a specific region.

For each of these latter residues, there are two aberrant ex-

FIGURE 1 x1/x2 plots for the 14 aromatic residues lining the active-site gorge of TcAChE. (A) Group I: F120, W233, W432, Y70, Y121, F290, F288, and

F331; (B) Group II: F330 and W279; (C) Group III: W84, Y130, Y442, and Y334. The gray dots are derived from a 20-ns MD trajectory of native TcAChE.

Each one represents a pair of x1 and x2 angles calculated based on snapshot structures of TcAChE extracted from the MD trajectory at 1-ps intervals. Thus, each

plot contains 20,000 such dots. The white pentacle is the crystal structure (PDB code 1ea5) used for the MD simulation. The dark triangles present pairs of

x1 and x2 angles calculated based on 47 crystal structures of TcAChE deposited in the PDB.
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perimental data sets. The two aberrant points in the plots for

F288 and F290 correspond to PDB entries 2dfp and 2cmf,

whereas those in the plot for F331 correspond to PDB entries

2dfp and 2cek. In both the 2dfp and 2cmf structures, the

W279–S291 loop undergoes a substantial conformational

rearrangement, due either to the modification of the catalytic

S200 by an organophosphate with a bulky alkyl leaving

group (2dfp) or to the binding of a bis-tacrine ligand with a

short linker between the two tacrines (2cmf). In both cases,

F288 and F290 rearrange and adopt side-chain conformations

very different from their native ones (23,46). The confor-

mational change observed for F288 in the 2dfp structure

disrupts the p–p stacking interaction between the phenyl

rings of F288 and F331. As a consequence, it increases the

flexibility of the side chain of F331, which thus adopts an

orientation different from its native one. In the 2cmf struc-

ture, the side-chain conformation of F331 is similar to its

native one, yet a backbone movement is observed. Finally,

there are two conformations for F330 and F331 in the 2cek

structure (22). In one conformation, the F330 ring is stacked

between the aromatic moiety of the ligand and F331, just as

in the 2ckm structure (23). In the second conformation, F330

has moved away from the aromatic moiety of the ligand, and

the aromatic ring of F331 assumes an unusual conformation.

Group II

This group includes the twomobile residuesW279 and F330.

Figs. 1 B and 2 A show that the distribution of the experi-

mental x1/x2 data points for F330 is very broad, clearly

demonstrating an inherent flexibility of its side chain. Use of

the protein structure validation program PROCHECK

(47,48) to examine the allowed x1/x2 conformational angles

reveals that a number of the data sets are clustered in one

favored region. However, in many others, including all the

native structures except 2ace, F330 adopts various unfavored

side-chain conformations (Fig. 2, A and B). The unfavored

side-chain conformations of F330 in the complex and con-

jugate structures can be ascribed to steric restrictions imposed

by the respective ligands or covalently attached groups. But

the cause of F330 adopting unfavored side-chain orientations

in the three native structures, 1qid, 1ea5, and 1w75, was not

immediately apparent. We earlier reported that continuous

electron density observed within the active-site gorge in

certain data sets collected for native TcAChE (49) and for

complexes (50) could be ascribed to the polyethylene glycol

200 (PEG200), which had been used as a precipitant. Careful

reexamination of the electron density maps of the four native
structures revealed that the three structures in which F330

adopts an unfavored side-chain conformation all contain a

PEG200 molecule bridging the PAS and the CAS, with the

proximal tip of the bound PEG200 pushing the side chain of

F330 into the unfavored position (Fig. 2 C). In the 2ace

structure (Fig. 2 D), no PEG200 molecule can be seen, al-

lowing the F330 side chain to assume a favored orientation.

The 2ace data set was collected at an earlier time than the

others, using a different batch of PEG200. Because PEG200

is a heterogeneous polymer, a difference in composition may

FIGURE 2 (A) x1/x2 plots for F330. The gray dots are

derived from a 20-ns MD trajectory of native TcAChE as in

Fig. 1. The green pentacle is the crystal structure (PDB code

1ea5) used for the MD simulation. The green, red, and blue

triangles represent, respectively, the native structures, cova-

lent conjugates, and reversible complexes obtained from the

crystallographic data. (B) The x1/x2 coordinates of all Phe

residues in TcAChE (PDB code 1ea5) overlaid on the favored

regions for Phe derived using the program PROCHECK

(47,48). Each square represents one residue. The color coding

of the squares from yellow to red reflects the degree to which

the orientation is favored; thus, yellow and red indicate that

the residue is in a favored or an unfavored region, respec-

tively. The residue numbers adjacent to the red squares,

namely A197, A288, and A330 indicate that these three Phe

residues reside in highly unfavored regions. The intensity of

the green shading indicates how favored each region on the

plot is—the darker the shading, the more favored the region.

These assignments are based on a data set of 163 nonhomol-

ogous, high-resolution protein chains chosen from structures

solved by x-ray crystallography to a resolution of 2.0 Å or

better, and anR-factor no greater than 20% (47,48). (C andD)

Difference electron density maps contoured at 3.0 s, of the

side chain of F330 and of neighboringwatermolecules, based

on the 1ea5 (C) and 2ace (D) crystal structures of native

TcAChE. The side chain of F330 and PEG200 are displayed

as stick models; oxygen atoms of water molecules are dis-

played as yellow balls.
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explain the apparent discrepancy with the other native data

sets.

The MD simulation predicts three principal conforma-

tional states for the F330 side chain, also indicating that it is

flexible. However, even though the starting side-chain con-

formation of F330 is unfavored, most of the points sampled

by theMD simulation are located in favored regions. Because

no bound PEG 200 is included in the simulation system, F330

can easily switch its side chain from an unfavored to a fa-

vored conformation. Because many of the experimental data

points are located in unfavored regions, whereas most of the

simulation points are in favored regions, the side-chain

conformations observed for F330 in the MD simulation,

unlike for other residues, do not encompass all the confor-

mational possibilities revealed by the crystal structures.

F330 is situated on an a-helix in the middle of the active-

site gorge and is one of two residues that form the bottleneck

of the gorge. This location permits it to interact with ligands

bound at the CAS and/or at the PAS. The crystal structures of

the various complexes reveal that F330 always adopts an

appropriate side-chain conformation that allows it to make

p–p stacking and/or p-cation interactions with the bound

ligand, resulting in the diverse repertoire of side-chain con-

formations observed. F330 and Y121 form the bottleneck of

the gorge; therefore, changes in the conformations of their

side chains influence its opening and closing. Fig. 1 A shows

that the side-chain conformation of Y121 is quite fixed in all

the crystal structures. This observation implies that it is the

flexibility of the side chain of F330 that permits ligands to

enter or leave the CAS. MD simulations of TcAChE in its

native and complexed/conjugated states do, indeed, show

that F330 is flexible, that the conformational switch of its side

chain can control the opening of the bottleneck, and that it

thus has the capacity to play a key role in both ligand binding

and release (7,15,18,25). Moreover, as discussed above, a

conformational change in F330 may affect the side-chain

orientation of the adjacent residue F331. The side-chain re-

orientation of F331 may, in turn, affect the conformation of

F288, as is seen in the structure of TcAChE complexed with a

bis-tacrine containing a shorter linker (PDB code 2cmf) (23),

also referred to above. Hence, the flexibility of F330 may

induce other residues along the active-site gorge to change

their conformations.

The side-chain conformations of W286 (corresponding to

W279 in TcAChE) in the mAChE structures 1q83, 2gyu and

2gyv were not included in Fig. 1. The x1 and x2 angles of
W286 in those three mAChE structures are, however, in-

cluded with those for W279 in the x1/x2 plot shown in Fig.

3 A. As for F330, the experimental data points for W279 (and

for mouse W286) are quite dispersed. To analyze these

conformations in more detail, the x1 and x2 values obtained
from the crystallographic data were grouped into six cate-

gories on the basis of their orientations (Fig. 3 A) (51). Group
a includes the majority of the crystal structures, including that

of native TcAChE. Group b is the single tacrine/TcAChE data

set (PDB code 1acj) (5). Group c represents the complex of

syn1 TZ2PA6/mAChE (PDB code 1q83) (19). There are two

data points, one for each of the monomers in the dimer in

1q83. Groups d and e include the structures of mAChE

complexed with the oximes HI-6 (PDB code 2gyu) (20) and

Ortho-7 (PDB code 2gyv) (20), respectively. In both these

cases, too, there are separate data points for each monomer in

the dimer, as was the case for 1q83. Group f includes com-

plexes of TcAChE with bis-tacrine derivatives (PDB codes

1odc (23), 2cek (22), and 2ckm (23)). If one side-chain

conformation of W279 is selected from each group and fitted

onto the backbone atoms of the residue, their superposition

(Fig. 3 B) reveals that the six side-chain conformations span

almost all the entire space (0–360�) around the Ca-Cb bond.

Thus, the flexibility of the side chain of W279 is very high. It

is noteworthy that a standard x1,x2 rotamer plot (47,48) of

tryptophan would miss several of these groups, in particular

group f (51).

We selected several representative structures and aligned

each of them with native TcAChE to illustrate how the

conformation of the protein around W279, at the PAS,

changes as a result of ligand binding (Fig. 4). Fig. 4 A shows

the monofunctional inhibitor tacrine bound at the CAS of

TcAChE. The orientation of the side chain of W279 is dif-

ferent from its position in the native data set. Fig. 4 B presents

the inhibitor that had been shown to be synthesized within the

active-site gorge by ‘‘click chemistry’’ (52); as might be

expected, the inhibitor spans the CAS and the PAS of

mAChE. Fig. 4C shows a bis-tacrine derivative, NF595, with

an 8-carbon spacer, which spans the CAS and the PAS of

TcAChE. Fig. 4D shows an example of a bifunctional oxime,

FIGURE 3 (A) x1/x2 plot for TcAChE W279 and

mAChE W286. The gray dots are derived from a 20-ns

MD trajectory of native TcAChE as in Fig. 1. The blue

pentacle corresponds to the conformation of W279 in the

crystal structure (PDB code 1ea5) used as a starting model

for the MD simulations. The dark triangles represent all the

crystal structures of TcAChE; the red triangles represent

those of mAChE (PDB codes 1q83, 2gyu, and 2gyv). (B)

The snapshots of W279 (286) (fitted onto the backbone of

the residue) corresponding to the six groups highlighted in

A: (a) 1ea5 (green); (b) 1acj (cyan); (c) 1q83 (magenta); (d)
2gyu (gray); (e) 2gyv (blue); and (f) 2ckm (orange).
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Ortho-7, which also spans the two anionic sites of mAChE.

Both the three structures with the bifunctional ligands and the

one with tacrine only bound at the CAS show that only the

side-chain conformation of W279/286 changes relative to the

native structure, whereas the main chain maintains its posi-

tion. Furthermore, in all three bifunctional complexes, the

bound inhibitor makes a p–p stacking and/or a p-cation
interaction with W279/286. It may be asked whether the

conformations of the side chain of W279/286 observed in

these complexes is generated de novo by ligand binding or

represents a preexisting conformation present at low occu-

pancy in the native enzyme and stabilized by interaction with

the ligand. We consider the second possibility to be the

plausible one for the following reasons. In the tacrine com-

plex, the inhibitor does not interact with W279, but, never-

theless, its side-chain conformation changes (Fig. 4 A). This
indicates that the side chain of this residue is flexible even in

the absence of a directly interacting ligand. In the complexes

with the inhibitors that span the CAS and PAS, the aromatic

rings of the inhibitors always occupy a position occupied by

the side chain of W279 in the native structure (Fig. 4, B–D).
Because no large conformational change occurs in the vi-

cinity ofW279, its side chain must move away from its native

position for the inhibitor to occupy the corresponding space.

As shown in Fig. 3 A, the areas generated by the gray dots

derived from the MD simulation of native TcAChE encom-

pass all but one group (group d) of the experimental data

points. This also suggests that the side-chain conformations

of W279 observed in the various crystal structures preexist in

dynamic equilibrium at differing occupancies in the native

enzyme. Therefore, conformational changes of W279 upon

ligand-binding involve preexisting equilibrium dynamics (51).

The specific side-chain conformation of W279 preexists in

the enzyme, and the inhibitor binds to the enzyme and sta-

bilizes this specific conformation of W279 by p–p stacking

and/or p-cation interactions. W279 is the main contributor to

the stabilization of substrates and products at the PAS; hence,

its preequilibrium dynamics are relevant to trafficking of

substrate and product along the active-site gorge. The fact that

F330, at the bottleneck of the gorge, andW279, at its rim, both

display high conformational flexibility suggests that they play

a dynamical role in the processes of attracting substrate to, and

ejecting products from, the active site; their aromatic side

chains may serve as relay stations interacting with the sub-

strate/product via cation-p interactions.

The side-chain flexibilities of all the Trp residues in

TcAChE, not only those within the active-site gorge, were

also analyzed on the basis of the MD trajectory. For most of

them, the side-chain conformations are stable, and the x1 and
x2 values obtained from the MD trajectory are in the vicinity

of the starting crystal structure (data not shown). The residue

with the most flexible side chain is W378 (Fig. 5 A). The data
derived from the MD trajectory of the TcAChE monomer for

this residue cover almost all six favorable regions for the Trp

side chain yielded by PROCHECK, but the experimental data

points are confined to only one of these regions (Fig. 5, A and

C). W378 is located on a flexible loop with its side chain

exposed to the solvent (Fig. 5 D). However, examination of

the structure of the physiologic dimer shows that it is at the

interface of the two monomers. Consequently, an MD sim-

ulation of the TcAChE dimer was performed. As Fig. 5 B
shows, the theoretical points derived from the 20-ns MD

trajectory of the dimer encompass the experimental points

derived from the crystal structures. Thus, the MD simulation

performed for the dimer accurately represents the true rep-

ertoire of conformations that the side chain of W378 can

assume, whereas the MD simulation performed for the

monomer does not.

Group III

This group includes four residues: W84, Y130, Y442, and

Y334. In this group, the side chains in the crystal structures

occupy fixed positions, whereas the MD simulation exhibits

diverse side-chain conformations (Fig. 1 C). Because W84 is

the key component of the CAS and changes in the confor-

mation of its side chain have been invoked to control the

opening of the backdoor at the bottom of the active-site gorge

(4,26), we focused our attention on this residue. As already

noted, the x1/x2 plot for W84 shown in Fig. 1 C reveals that

its side-chain conformation is constant in all the crystal

structures, with no opening of the putative backdoor being

observed. However, in the 20-ns MD trajectory, the side

chain of W84 displays considerable flexibility. Whereas the

x1 angles are very similar and do not deviate much from those

in the crystal structures, large fluctuations in the x2 angles are
observed. This large fluctuation in the x2 angles makes

possible a movement of the indole ring that would result in

partial opening of the backdoor.

FIGURE 4 Structural alignments of 1acj (A, cyan), 1q83 (B, magenta),

2cek (C, orange), and 2gyv (D, blue) with 1ea5 (green). Only the loop

corresponding to residues 270–290 is displayed. W279 is shown as a stick

model; the inhibitors are shown as ball-and-stick models.
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How can the flexibility of the side chain of W84 in the MD

trajectory be reconciled with its fixed conformation in the

crystal structures? Fig. 6 A shows that the indole is hydrogen-

bonded to W432 and Y442 in the starting structure for the

MD simulation. These two hydrogen bonds are only main-

tained during the first ;4 ns of the 20-ns MD trajectory,

whereas the hydrogen bond between W432 and Y442 is

maintained throughout almost the entire trajectory (Fig. 6 B).

Breaking its hydrogen bonds with W432 and Y442 would

obviously give W84 more freedom to change its side-chain

orientation. Breakage of these bonds might result from a

conformational rearrangement of the C67–C94 V-loop. The

root mean-square fluctuation (RMSF) of the Ca atoms in this

loop during the 20-ns MD simulation was;2.5 Å, compared

to an average RMSF value of 0.9 Å for the Ca atoms of the

entire subunit (Fig. 6C), indicating that it is relatively mobile.

FIGURE 5 (A) x1/x2 plots for W378.

The gray dots are derived from a 20-ns

MD trajectory for the TcAChE mono-

mer as in Fig. 1. The red pentacle is the

crystal structure (PDB code 1ea5) used

for MD simulation. The dark triangles

present pairs of x1 and x2 angles calcu-

lated based on 47 crystal structures of

TcAChE deposited in the PDB. (B) x1/

x2 plots for W378. Details are all the

same as in A except that the gray dots are

derived from a 20-ns MD trajectory for

the TcAChE dimer. (C) The x1/x2 posi-

tions of all Trp residues of TcAChE (PDB

code 1ea5) overlaid on the favored re-

gions for Trp derived using PROCHECK

(47,48); details are the same as in Fig. 2 B.

(D) The positions of the 14 Trp residues in

native TcAChE (PDB code 1ea5). All Trp

residues are shown as stick models envel-

oped by their van der Waals surfaces.

FIGURE 6 (A) Aromatic residues, shown as stick models, located in and around the C67–C94V-loop. Hydrogen bonds are shown as dashed lines. The 1ea5

structure was used. (B) H-bond formation and cleavage between W84 and Y442, W84 and W432, and W432 and Y442. (C) The RMSF of Ca atoms of

TcAChE calculated based on the 20-ns MD trajectory (black) and 47 crystal structures (red). The region of the V-loop (C67–C94) is highlighted in magenta.
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Such large movements of the V-loop would not only cause

W84 to adopt different side-chain orientations but might af-

fect the side-chain conformations of the other four aromatic

residues with which it is interacting, namely Y130, Y334,

W432, and Y442. However, in all the crystal structures, not

only the side-chain of W84, but also the conformation of the

entire V-loop is quite fixed. This is because the RMSF of its

Ca atoms for the 47 TcAChE crystal structures is 0.2 Å, the

same value as obtained for the whole polypeptide (Fig. 6 C).
We considered the possibility that this might be due to

FIGURE 7 (A) Packing diagram of TcAChE (PDB code 1ea5). The backbones of the C67–C94V-loop in copy A, and of the R216-R222 loop in copy B, are

shown in red and blue, respectively. (B) Space-filling representation of two copies extracted from the packing diagram of TcAChE. The V-loop in copy A and

residues R216–R222 in copy B are colored red and blue, respectively. (C) LIGPLOT (61) representation of the interactions between the two copies. The red

box highlights the specific interactions between the V-loop in copy A and residues R216–R222 in copy B.
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restraints imposed by crystal packing. Native TcAChE crys-

tallizes in three space groups; there are actually 42 data sets in

P3121, 3 data sets in P212121, and a single data set in P3221.

In all three, the V-loop is in contact with a symmetry-related

copy of the enzyme. In the complex of TcAChE with the

snake venom toxin fasciculin II (PDB code 1fss), which

crystallizes in space group P21212, the V-loop interacts with

the toxin. Fig. 7 shows how, in the 1ea5 crystal structure,

which is in the P3121 space group, the V-loop in one copy

interacts with the R216-R220 loop in one of the symmetry-

related copies. E73 in copy A forms a salt bridge with R220

in copy B; Q74 in copy A forms a hydrogen bond to D217 in

copy B; and P76 in copy A makes hydrophobic interactions

with R220 in copy B (Fig. 7 C). These interactions, all of

which help stabilize the conformation of the V-loop in the

crystal structures, were not taken into account in the MD

simulations because only one copy of the enzyme was used.

Thus, in solution, theV-loop may be quite flexible, as may be

the side chains of W84 and those of Y130, Y334, W432, and

Y442. Indeed, using site-directed labeling in conjunction

with time-resolved fluorescence anisotropy, Shi et al. (53)

reported that the V-loop residues are significantly more

mobile than nonloop residues facing the interior of the gorge,

and so they are likely to contribute to transient gorge en-

largements in the nonliganded enzyme.

To evaluate whether overall movements of the V-loop af-

fect the mobility of the side chains of W84, Y130, Y442, and

Y334, a second 20-ns MD simulation of the monomer was

FIGURE 8 (A) x1/x2 plots for W84, Y130, Y442, and

Y334 generated from a 20-ns MD simulation of the native

TcAChE monomer, applying force restraints to the main

chain atoms. (B) x1/x2 plots for W84, Y130, Y442, and

Y334, extracted from Fig. 1 C, generated from the 20-ns

MD trajectory performed without any force restraints. In

both cases, the native data set used was PDB code 1ea5.

2508 Xu et al.

Biophysical Journal 95(5) 2500–2511



performed. This time, the simulation was performed with the

application of force restraints to the main-chain atoms. The

x1/x2 plots for these four residues obtained using this trajec-

tory are shown in Fig. 8 A. Clearly, the observed side-chain

conformations of W84 are more restricted than when the main

chain is not restrained (Figs. 1 and 8 B), and they agree well

with the crystallographic data. The side-chain flexibility of the

other three residues is also substantially reduced under the new

simulation conditions (Fig. 8). Therefore, the discrepancies in

side-chain flexibility of the residues in group III revealed by

the MD simulation and by the crystal structures can be prin-

cipally ascribed to the restricted mobility of the V-loop in the

crystal structures due to the effects of crystal packing.

We were curious to know if there were significant corre-

lations between conformational switches from one side-chain

conformation to another. Accordingly, we performed principal

component analysis (54) based on the coordinates of all 14

aromatic side chains, which were generated by the MD sim-

ulation with 1-ps intervals. Analysis of these results showed no

evident correlation between side-chain flexibilities.

CONCLUSIONS

The x1 and x2 analysis of side-chain conformations, based on

the ensemble of crystal structures and on the MD trajectories,

permits classification of the 14 conserved aromatic residues

in the active-site gorge of TcAChE into three groups. F120,

W233, W432, Y70, Y121, F331, F288, and F290 fall into

group I, which is the category of residues with fixed side-

chain conformations. In contrast, the experimental and the

MD data show that the side chains of F330 and W279 (group

II) are very flexible. For F330, certain alternate conforma-

tions can be ascribed to interactions with the ligands. How-

ever, the alternative conformations observed in some native

data sets appear to be due to the presence of the precipitant

PEG200 in the active-site gorge. The side chains of W84,

Y130, Y442, and Y334 (group III) display fixed side-chain

conformations in the crystal structures, but they appear to be

quite mobile in the MD simulations. This apparent discrep-

ancy can be ascribed to crystal packing restraints.

The mobility of W279 revealed by the MD simulations,

taken together with the crystallographic data, suggest that it

may occur in a repertoire of conformations, with varying

degrees of occupancies in the native enzyme, and that a given

ligand may select one of these preexisting conformations

preferentially. AChE has been shown to accelerate aggre-

gation of the Ab peptide, a process thought to be intimately

involved with the progression of Alzheimer disease (55,56);

this acceleration appears to involve the PAS, of which W279

is the key element (57,58). Many second-generation cholin-

esterase inhibitors for the treatment of Alzheimer disease are

thus compounds that span the CAS and PAS (23,59,60).

Structure-based drug design in this context, therefore, should

explore the landscape of conformations revealed by MD

simulations and not be confined to docking to a single av-

erage native structure. This concept should be of general

applicability to structure-based drug design.
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41. Berendsen, H. J. C., J. P. M. Postma, W. F. van Gunsteren, A. DiNola,
and J. R. Haak. 1984. Molecular dynamics with coupling to an external
bath. J. Chem. Phys. 81:3684–3690.

42. Hess, B., B. Bekker, H. J. C. Berendsen, and J. G. E. M. Fraaije. 1997.
LINCS: a linear constraint solver for molecular simulations. J. Comput.
Chem. 18:1463–1472.

43. Darden, T., D. York, and L. Pedersen. 1993. Particle mesh Ewald: an
Nlog(N) method for Ewald sums in large systems. J. Chem. Phys. 98:
10089–10092.

44. Essmann, U., L. Perera, M. L. Berkowitz, T. Darden, H. Lee, and L. G.
Pedersen. 1995. A smooth particle mesh Ewald potential. J. Chem.
Phys. 103:8577–8592.

45. Weik, M., R. B. Ravelli, G. Kryger, S. McSweeney, M. L. Raves, M.
Harel, P. Gros, I. Silman, J. Kroon, and J. L. Sussman. 2000. Specific
chemical and structural damage to proteins produced by synchrotron
radiation. Proc. Natl. Acad. Sci. USA. 97:623–628.

46. Millard, C. B., G. Kryger, A. Ordentlich, H. M. Greenblatt, M. Harel,
M. L. Raves, Y. Segall, D. Barak, A. Shafferman, I. Silman, and J. L.
Sussman. 1999. Crystal structures of aged phosphonylated acetylcho-
linesterase: nerve agent reaction products at the atomic level. Bio-
chemistry. 38:7032–7039.

47. Laskowski, R. A., M. W. MacArthur, D. S. Moss, and J. M. Thornton.
1993. PROCHECK: a program to check the stereochemical quality of
protein structures. J. Appl. Cryst. 26:283–291.

48. Morris, A. L., M. W. MacArthur, E. G. Hutchinson, and J. M.
Thornton. 1992. Stereochemical quality of protein structure coordi-
nates. Proteins. 12:345–364.

49. Koellner, G., T. Steiner, C. B. Millard, I. Silman, and J. L. Sussman.
2002. A neutral molecule in a cation-binding site: specific binding of a
PEG-SH to acetylcholinesterase from Torpedo californica. J. Mol.
Biol. 320:721–725.

2510 Xu et al.

Biophysical Journal 95(5) 2500–2511



50. Greenblatt, H. M., G. Kryger, T. Lewis, I. Silman, and J. L. Sussman.
1999. Structure of acetylcholinesterase complexed with (-)-galantha-
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