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ABSTRACT
Molecular dynamics simulations are leading to a deeper under-
standing of the activity of the enzyme acetylcholinesterase. Simula-
tions have shown how breathing motions in the enzyme facilitate
the displacement of substrate from the surface of the enzyme to
the buried active site. The most recent work points to the complex
and spatially extensive nature of such motions and suggests
possible modes of regulation of the activity of the enzyme.

Introduction
Acetylcholinesterase (AChE) is among the fastest of en-
zymes. This is an evolutionary consequence of one of its
key activitiessthe hydrolysis of the neurotransmitter
acetylcholine (ACh) to terminate signaling in cholinergic
synapses, including the neuromuscular junction. The great
speed of the enzyme is essential for rapid modulation of
synaptic activity.

When the first crystallographic structure of AChE was
determined in 1991, it revealed a number of surprising
features.1 Among these was the existence of a long, narrow
gorge or channel leading from the surface of the enzyme
to the chamber containing the active site. Partway along
this passageway, the channel is so narrow in the crystal

structure that substrate would have no access to the active
site if the enzyme were rigid. This original observation for
AChE from the fish Torpedo californica has subsequently
been reiterated in the AChE from the mouse2 and human.3

That structural fluctuations occur in some proteins to
allow ligand binding to otherwise inaccessible sites has
long been known. In fact, this was noted to be the case
for hemoglobin and myoglobin, among the first proteins
whose structures were determined.4 But how could this
be reconciled with the great speed of AChE? A series of
molecular dynamics simulations that extend back to 1994
has explored this question. The results of these simula-
tions suggest that the primary channel to the active site
opens frequently enough to pose little kinetic penalty for
the hydrolysis of the physiological substrate. They also
suggest that a variety of secondary channels fluctuate open
and shut and allow solvent to move between the primary
channel and the surroundings as substrate enters.

More recent molecular dynamics simulations have
begun to hint at other dynamical features of the AChE
that are relevant to its function. These include a coupling
of the primary channel fluctuations to collective fluctua-
tions that involve much of the protein. Such coupling
could represent a basis for either static or dynamic
allostery in the enzyme. In what follows, we review the
results of molecular dynamics simulations of mouse AChE,
with special emphasis on the newer results. We conclude
with a brief discussion of some outstanding issues.

Cholinesterase Biology
Signaling from nerve to muscle is mediated by ACh in
specialized synapses called neuromuscular junctions. The
mechanism of this process is as follows (Figure 1). ACh is
synthesized from choline and acetyl-CoA and packaged
into vesicles in the presynaptic terminal. An action
potential arriving at the terminal of the presynaptic
neuron triggers the opening of voltage-gated Ca2+ chan-
nels. Ca2+ entering the cytosol stimulates the vesicles to
release their ACh by exocytosis into the synaptic cleft. ACh
diffuses across the cleft and binds to and activates the
postsynaptic receptors, allowing Na+ and K+ to diffuse
across the membrane and depolarize the cell. AChE
quickly degrades ACh to acetate and choline, deactivating
the receptor and tapering off the transmitted nerve
impulse. Choline is taken up again by the presynaptic
terminal for resynthesis of ACh.

The mechanism of AChE largely resembles that of
serine proteases. Ser 203 (in mouse AChE) nucleophilically
attacks the carbonyl group of ACh, displacing the choline
to form an acyl-AChE intermediate. A water molecule then
displaces the acyl group to regenerate the enzyme and
release acetic acid.
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AChE is encoded from a single gene but is known to
exist in a variety of physiological forms due to alternative
mRNA splicing and association with structural subunits.5,6

Monomer and disulfide-linked dimer forms may be
soluble or attached to a membrane by a glycophospho-
lipid. The tetramer form may be soluble, lipid-linked to
the membrane, or attached to a collagen triple helix, up
to three tetramers per helix.

Clinically, moderate inhibition of AChE is effective in
the treatment of a number of diseases to prolong the effect
of ACh on the receptor. Such treatment is desirable either
if there is reduced concentration of ACh, as in the case of
Alzheimer’s disease, or if there are fewer receptors, as in
the case of myasthenia gravis. Currently, U.S. FDA-
approved inhibitors for treatment of Alzheimer’s disease
are E2020 (donepezil, Aricept), tacrine (Cognex), rivastig-
mine (Exelon), and galantamine (Reminyl).7 Inhibitors for
treatment of myasthenia gravis include pyridostigmine
(Mestinon) and neostigmine (Prostigmine).8 However,
overwhelming inhibition of AChE, particularly by covalent
bonding to the active site serine, is invariably lethal.
Hence, AChE is a prime target for naturally occurring

toxins such as the snake venom fasciculin II, pesticides
such as parathion and malathion, and chemical warfare
agents such as sarin, tabun, and VX.9

Acetylcholinesterase Structure, Dynamics, and
Function
The structures of the catalytic domains of the acetylcho-
linesterases from such species as T. californica, mouse,
and human are quite similar.1-3 In all cases, the active
site is found at the bottom of a 20 Å long channel leading
from the surface of the enzyme, and a group of aromatic
side chains forms a bottleneck partway down the channel.
Despite these apparent impediments to rapid catalysis,
the enzymes hydrolyze acetylcholine at nearly the diffu-
sion-controlled limit. Small, cationic active-site inhibitors
can also bind with similarly rapid kinetics. Ligands that
are not cationic or that are bulkier can bind in the active
site, but with slower kinetics. For example, the effective
second-order rate constant kcat/Km for butyrylthiocholine
hydrolysis by mouse AChE is reduced by a factor of 4 ×
10-3 relative to the corresponding quantity for the smaller
acetylthiocholine of 4.4 × 109 M-1 min-1.10 The second-
order rate constant for binding the small, neutral inhibitor
TFK by mouse AChE is reduced by a factor of 2 × 10-3

relative to that for a cationic isostere (at zero ionic
strength).11

One factor that contributes to the speed of binding of
cationic ligands to AChE is electrostatics. Early suggestions
of an electrostatically enhanced collision rate between
such ligands and the enzyme12 have been confirmed and
extended by Brownian dynamics simulations. In the latter,
the crystallographic structure of the enzyme serves to
define both the target for productive collisions and the
enzyme’s steric and electrostatic effects on the simulated
diffusion of a ligand. Consistent with experiment, such
simulations show that steering of a cationic ligand by the
field of the enzyme contributes about 2 orders of magni-
tude to the effective second-order rate constant for
binding (cf., e.g., Tara et al.13). More recent experimental
and simulation studies have shown that the toxin fasci-
culin II, a small protein that inhibits AChE by binding over
the entrance to the gorge, also exhibits electrostatically
enhanced, diffusion-controlled binding.11,14

But the electrostatic steering effects mentioned above
only act to increase the speed of encounter of the cationic
ligands with the enzyme. For the ligands to reach the
active site, they still must move through the steric
bottleneck in the primary channel. And water molecules
in the channel must move out of the way of the ligand as
it moves along this narrow passageway. To discover
mechanisms by which these processes may be facilitated,
a series of molecular dynamics simulations of increasing
length and quality have been carried out, starting with a
100 ps simulation of the gorge region of the T. californica
enzyme.15 This simulation revealed both fluctuations in
the width of the bottleneck in the primary channel and
the transient opening of a secondary channelsthe “back
door”swide enough to allow water molecules to exchange

FIGURE 1. Schematic of the neuromuscular synapse. (1) Depolar-
izing of the cell opens Ca2 + channels and Ca2 + enters. (2) Ca2 +-
stimulates vesicles to release acetylcholine (ACh) into the synapse.
(3) ACh diffuses and binds to the ACh receptors, opening their ion
channels. (4) Na+ and K+ diffuse through the channel, depolarizing
the postsynaptic terminal. (5) ACh diffuses to acetylcholinesterase
(AChE) and is hydrolyzed to choline (Ch) and acetate (A). (6) Ch is
taken up for resynthesis of ACh and packaged into vesicles.
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between the active site and the exterior of the enzyme
(Figure 2). A simulation of the whole T. californica dimer
for 500 ps was subsequently analyzed in more detail.16

This simulation confirmed the earlier results and revealed
the transient existence of additional possible water ex-
change pathways between the active site region and the
exterior through comparatively thin sections of the
gorge.

Statistics gathered from the 500 ps simulation sug-
gested that the distribution of the widths of the bottleneck
region in the main channel was essentially Gaussian, with
the bottleneck open wide enough to admit acetylcholine
less than 5% of the time. Thus, the binding of substrate is
a “gated” process. Early theories of such processes indicate
that the gating may greatly reduce the rate of ligand
binding if the time for diffusional escape of the ligand
from the gate region is short compared to the time for
the gate to open and close, but the kinetic penalty for
gating may be small in the opposite case.17,18 An analysis
was made of AChE kinetics using the data from the 500
ps simulation, plus a simple model of the gate dynamics
as diffusion in a harmonic potential.19 The results indi-
cated that the catalytic rate for the physiologic substrate
acetylcholine would, in fact, only be reduced by a factor
of about 0.5 due to the gating but that larger substrates
would be strongly selected againstsa phenomenon char-
acterized as “dynamic selectivity”.20

As will be seen in what follows, even longer simulations
of AChE have started to reveal the dynamical complexity
expected for molecules that have rough energy landscapes.
Many of the features described above may be preserved,
but this requires more detailed study.

The Bottleneck Fluctuations Are Complex
For the last 30 years or so, researchers from different fields
have investigated complex systems characterized by rough
energy landscapes. Such systems include protein mol-
ecules.21 Full understanding of the activity of a protein
therefore requires identification of its functionally impor-
tant conformational substates and the dynamics of the
transitions from one substate to another.

Computer simulation is an important complement to
theoretical and experimental study of complex systems,
but very long simulations are often required. In the 1980s,
a simulation of spin glasses22 first showed the kinds of
complex features inherent in these systems, such as the
stretched exponential relaxation behavior above the glass
transition temperature, Tg, and even slower power-law
decay below Tg. However, simulations of structural glasses
were much more difficult.23 It was not possible until
recently to run simulations long enough to explore the
rough energy landscape, nor could a large enough system
be modeled to eliminate strong boundary effects and
produce complex behavior. With increasing computer
power in the 1990s, complexity arising from the energy
landscape began to be observed in both structural glass
and protein simulations.23,24 Our most recent simulation
of AChE, continued for 10 ns, shows clear evidence of the
kind of complexity described above. This simulation
comprised the monomeric AChE from mouse (543 resi-
dues) and more than 25 000 water molecules.25 State-of-
the-art methods, including particle-mesh Ewald treatment
of the electrostatic interactions, were used for the simula-
tion.

A key goal of this new simulation was a more accurate
description of the dynamics of the bottleneck region of
the main channel or gorge. We quantified the gorge width
with the single variable, the gorge radius, F(t), for snap-
shots recorded every picosecond from the molecular
dynamics trajectory. The gorge radius for each snapshot
is defined to be the radius of the largest spherical ligand
that can pass through the bottleneck of the gorge and
reach the active site chamber. This quantity may be found
by generating a solvent-accessible surface using a probe
radius of ligand size. An open state is one in which the
surface in the active site connects with the bulk, while in
the closed state, the surface is cut off from the bulk. Figure
3a and b shows representative open and closed confor-
mations, respectively, for a ligand of a given size. The
radius of the probe is then varied to the desired precision
to determine the critical radius at which the gorge goes
from open to closed, and this is defined to be F(t). The
variation of F(t) with time is plotted in Figure 4. This figure
excludes the initial equilibration time in the simulation.
The average gorge radius 〈r(t)〉t ) 1.5 Å. F(t) is bounded
by Fmax ) 2.4 Å and Fmin ) 0.8 Å. The standard deviation
is 0.26 Å.

The dynamics of the fluctuating bottleneck were ana-
lyzed in three ways. The autocorrelation function of F(t)
is shown in Figure 4 and reveals a nonexponential
relaxation from the normalized initial value of 1.0 since it

FIGURE 2. Schematic of the AChE monomer. Access of ligands to
the active site is governed by fluctuations in the width of the
bottleneck in the primary channel or “gorge”. Secondary channels
(“side” or “back doors”) between the active site and the protein
surface occur transiently.
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features a fast initial decay followed by a very slow decay.
The power spectrum26 of F(t) and the dynamic scaling
exponent for a fractional random walk27 also both show
that the gorge fluctuations have the features of fractional
Brownian motion. For ideal fractional Brownian motion,
all three methods should give power-law functions with
exponents which are not independent but instead satify
a set of mutual equations.27 In practice, it seems that
dynamic scaling exponents are best among them to
overcome the finite-size effect.27,28

Further, the form of the probability density function,
P(F), is instructive. This quantity indicates the relative
probability of finding a gorge radius with a given value,
F. Plotted in Figure 5, P(F) shows an interesting bimodal

distribution which suggests that there are two major
conformational states, one around F ) 1.6 Å and a second
around 1.15 Å. The manifestation of complexity is even
more evident by examining the transition rate between
these two states. Defining a threshold to separate the two
conformation states at gorge radius F* ) 1.27 Å (the
position of local minimum between the peaks), the first
passage time distributions from one state to the other were
calculated. The probability of a transition does not follow
an exponential decay, as would be expected for a simple
barrier-crossing event, but rather is better described by a
power law with small oscillations over several orders of
time scale.28 This kind of complex fluctuation behavior
might be a very important aspect of protein motion in

FIGURE 3. Comparison of conformations with an open (a) and closed (b) gorge using a dotted molecular surface representation of AChE.
Ser 203 in the active site is shown in the center of each figure.

FIGURE 4. Variation of gorge radius during the 10 ns simulation
time. The inset shows the time autocorrelation function of the gorge
radius. The error bar is a rough estimation based on the assumption
that each of the 500 ps blocks of data is independent. Adapted from
ref 28 with permission.

FIGURE 5. Probability density function of the gorge radius. The
function has a bimodal shape which indicates that the protein has
two major conformational substates with different gorge radii.
Reprinted with permission from ref 28. Copyright 2001 American
Institute of Physics.
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general. A similar kind of molecular-level gating motion
might be a candidate for the fractal gating phenomena in
the ion channel case which was also proposed from recent
experimental results.29

Though a challenging problem, there are several recent
theories that attempt to explain the nonexponential
dynamical nature of complex systems, with varying levels
of success.30-32 Indeed, it is debatable whether there is a
universal mechanism leading to power-law or stretched
exponential decay in different complex systems. For the
case of proteins,31 it is possible that the power-law
behavior may be explained by the hierarchical structure
of protein energy landscapes which result from different
scales of interactions that all have important but compet-
ing contributions. The dynamical constraint hierarchical
model30,32 is one such model that describes the complex
relaxation event as a hierarchy of simple Markov relax-
ations. The hierarchy of relaxations is divided into tiers.
In each tier, the relaxations are considered to be parallel
and uncorrelated. One tier comprises the fastest degrees
of freedom that involve simpler motions of only a few
atoms, while another tier consists of the slower motions
of a larger group of atoms such as a subdomain. The key
feature is that relaxations in the slower tiers are permis-
sible only when the faster tiers have moved into the
required conformations. Combining all these effects to-
gether, the overall result may appear as a nonexponential
decay process typical of a complex system.

The Bottleneck Fluctuations Reflect Collective
Motion
Our 10 ns mouse AChE molecular dynamics simulation
is also able to provide information about the extent of the
of protein motions responsible for the fluctuations in the
width of the gorge. The distance between atoms Phe 338
Cε2 and Tyr 124 OH, both at the constriction point in the
bottleneck region, was found to correlate very significantly
with the gorge radius, F(t), with a correlation coefficient
of 0.91. The correlation coefficient for the distance be-
tween atoms Phe 338 CR and Tyr 124 CR (d124,338) and F(t)
is 0.55. Therefore, the local motions of the side chains
projecting into the gorge seem to contribute significantly
to the opening of the gorge. But these side chains are
riding on larger domains of collective dynamics whose
motion is reflected in the CR displacements, as discussed
below. Principal component analysis33,34 (PCA) provides
one way of extracting large-scale motions in proteins.
Similar in spirit to a normal-mode analysis, PCA breaks
up the total motion into contributions, each with a pattern
of coherent motion. Typically, only the motions of the CR’s
are included, since the aim is to extract only large-scale
motion. We wanted to establish a connection between the
principal components and the gorge radius and determine
whether only a few components were significant to the
gorge breathing motion. Therefore, since d124,338 was found
to correlate with the gorge radius, we derived an expres-
sion for this distance as an exact function of the principal
components in the form

N is the number of R carbons in the protein; pci(t) is the
projection or value of principal component ci at time t;
the coefficients S, Rc, and Qc1c2 are functions of the average
positions, 〈xi〉t, and the matrix of principal component
eigenvectors, and thus are time independent.

The first issue to resolve was the relative importance
of the three terms that make up [d124,338(t)]2. The constant
term, S, corresponds to the average width of the gorge
and is not relevant for studying fluctuations. By calculating
and comparing the sizes of the linear term, ∑cRcpc(t), and
the cross term, ∑c1∑c2Qc1c2pc1(t)pc2(t), as a function of time,
it was observed that both terms make large contributions
to the fluctuations in [d124,338(t)]2, often with comparable
magnitude but opposite sign. Therefore, a naive model
that ignores the contribution of either the cross term or
the linear term to the gorge opening behavior is not
justified.

The size of the coefficients themselves indicates which
principal components contribute the most to fluctuations
in [d124,338(t)]2. It was hoped that only a few coefficients
would be significant. However, when sorted, neither the
Rc or Qc1c2 coefficients displayed a dominant term or
collection of terms. Thus, no few principal components
appear to control the fluctuations in the width of the
gorge. Nevertheless, such a result is in accord with the
complex hierarchical dynamics suggested in the previous
section. Therefore, a different approach was needed to
make sense out of the complex motions contributing to
the gorge radius fluctuations.

We devised an alternative measure to identify and
visualize the residues important to gorge fluctuations by
calculating a correlation vector for each residue and
displaying these on the protein to produce a “porcupine”
plot.25 This was done by defining the correlation coef-
ficient, rxi, between the x coordinate of the CR of residue
i and the gorge radius F(t) to be

Similar expressions are obtained for ryi and rzi for the y
and z coordinates. Note that a negative correlation coef-
ficient does not imply a negative correlation in the
traditional sense, but rather that the residue is displaced
in the negative coordinate direction from its average
position when the gorge is more open than average. These
three correlation coefficients make up a correlation vector
for the CR atom of each residue. The size of the correlation
vector indicates the extent to which the displacement of
the residue and the gorge radius are correlated. The
direction of the vector indicates where the residue is
displaced when the gorge radius is above average.

The correlation vector for each residue was then
displayed on the initial structure with the origin of each
vector at the CR, as shown in Figure 6. This figure reveals

[d124,338(t)]2 ) S + ∑
c)1

3N

Rcpc(t) + ∑
c1)1

3N

∑
c2)1

3N

Qc1c2
pc1

(t)pc2
(t)

rxi )
〈(xi(t) - 〈xi〉t)(F(t) - 〈F〉t)〉t

x〈(xi(t) - 〈xi〉t)
2〉t〈(F(t) - 〈F〉t)

2〉t
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a wealth of information about protein motions correlated
with the gorge. The most surprising feature is that at least
half the protein appears to be involved in opening the
gorge, as shown by all the high correlation red arrows,
some of them quite distant from the gorge. Clearly, it is
not simply a matter of a few side chains moving that opens
up the gorge, but rather the concerted motion of a large
number of residues away from their average positions.
Another noteworthy feature is that the direction of residue
displacement is approximately radial and away from the
gorge, marked by the active site Ser 203. This is a fairly
intuitive result, but it does demonstrate that the method
is able to extract meaningful information. A similar figure
(not shown) was made for entire secondary structure
elements, each of whose correlation vector is an average
of all their component CR’s. The similar results obtained
from this clarified the fact that the motions are largely
occurring at the interface between secondary and tertiary
structure. Therefore, the porcupine plots provide a solid
means to resolve the complex motions of mAChE and to
identify potential target residues to modulate the gorge
fluctuations.

Water Behavior and Its Access to the Gorge
In addition to the difficulties of navigating the narrow
gorge, a ligand must somehow displace water molecules
resident in the gorge in order to enter. In more solvent-
exposed active sites or other enzymes, highly mobile water
molecules are unlikely to interfere with the diffusion of
comparably larger ligands. However, in the highly con-
fined gorge of AChE, water molecules may present a
significant obstacle to ligand entry. The 10 ns simulation

of explicitly solvated AChE provides an opportunity to
examine the unusual properties of the gorge water. The
simulation is able to provide information about the gorge
population, the extent and frequency of the population
fluctuations, the means by which waters enter and leave
the gorge, and the gorge water structure and dynamics.
This information may be related not only to how ligands
enter and leave the gorge, but also to how water structure
may influence the overall stability of ligands binding in
the gorge.35

Gorge waters are defined as those waters in the active
site chamber separated from the bulk by the bottleneck.
More precisely, gorge waters are defined to be within 4 Å
of each other and having the minimal number of 4 Å
contacts with bulk water. To reduce noise arising from
the fuzzy boundary at the bottleneck, a water left or
entered the gorge only if the change was maintained for
10 ps. The most common gorge population defined in this
way is 20 waters, and the variation in population extends
from 16 to 22 waters. A total of 69 population changes
occurred during the entire 10 ns. Given the large number
of transitions, it should be pointed out that, while many
molecular processes are currently beyond the time scale
of molecular dynamics, water transitions around proteins
is one property for which reasonable statistics are now
attainable.

The changes in gorge water population arise from two
sources. Waters may enter and exit from the bulk or from
the protein. Gorge/bulk transits were observed 53 times,
so an estimate of the time scale of this process is ∼200
ps. All the transits occurred through the main gorge
entrance, the only entrance observed in the crystal

FIGURE 6. Stereograph showing the correlation vector (see text for definition) for each residue of AChE. The vectors are colored by their
length, with the longest being red and the shortest blue. The N-terminus is on the top right, and the C-terminus is on the bottom left. The
viewer is looking into the gorge, with the active site Ser 203 marked by the space-filling model. Reprinted with permission from ref 40.
Copyright 2001 Springer-Verlag.
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structure. However, previous simulations have revealed
other entrances to the gorge that open wide enough for
water passage but without any water transits into the
gorge.15,16,36,37 The most frequently observed alternative
path in simulations including this one has been the back
door at the bottom of the gorge. A second neighboring
back door was also observed here and in a simulation of
T. californica AChE dimer complexed with tacrine.16

Another front door adjacent to the main gorge entrance
was also detected, previously unreported in the literature.
However, consistent with previous simulations without a
ligand, no side doors were found. Such doors have been
seen only when AChE is complexed with the ligands
huperzine A36 and tacrine.16 Free energy calculations38

have also suggested that a third front door is favorable
for passage of negatively charged acetate. For all simula-
tions, no passages apart from the main gorge were open
for more than a small fraction of the simulation time.
However, this does not rule out their role in water or
product release, since all the simulation times are very
short compared to the turnover time of ∼0.5 ms for mouse
AChE.11

The alternative means of water entering the gorge is
gorge/protein transits. Four of these involved the real
displacement of a water molecule. One site participating
in these transits lies behind the catalytic Ser 203 and the
other behind Trp 86, a key residue that contributes
substantially to the gorge (see Figure 7 discussed further
on). Both sites filled and emptied once each during the
simulation, indicating that the time scale for waters
exchanging with these sites is ∼5 ns. Twelve gorge/protein
transits were more artifactual and arose when the move-
ment of a neighboring gorge water stranded neighboring
water molecules in the protein. Thus, they reflect subtle
changes in gorge water packing rather than a change in
gorge population.

We have undertaken a more detailed analysis of the
gorge water structure and dynamics to get insight into how
a ligand may behave in the gorge. This was done by first
defining discrete water sites in the gorge. The sites were
derived using a recently developed method that places
them at peaks in the water density calculated in coordi-
nates local to the gorge.39 The gorge contains 20 such sites,
consistent with a predominant population of 20. Entry of
a ligand into the gorge requires empty space and/or
moving waters. We have therefore examined the water
molecule occupancies, residence times, and traffic be-
tween the water sites. The average occupancy of each site
was 1.01. However, sites were not always found to be
singly occupied. Four of the sites were empty for more
than 20% of the simulation time. Two of these sites were
at the gorge entrance, while two lay in the middle of the
gorge near Glu 202. On the other hand, five sites were
doubly occupied 15% of the time. These were fairly evenly
distributed over the gorge, again with a tendency to lie in
the middle. The next site property studied was average
site residence times, illustrated in Figure 7. Residence
times in the gorge varied over a wide range from 50 ps
(red sites) to the full simulation time of 10 ns (blue sites).

The mobile areas are the gorge center, entrance, and face
of Trp 86, while the pocket between Thr 83 and Asp 74
and the choline binding site are the least mobile, the latter
possibly due to the presence of the sodium ion. Finally,
the water traffic between sites may also be analyzed. This
is also shown in Figure 7 by the bars connecting sites. The
thickness scales with the number of water transits. Again,
most of the traffic involves waters exchanging with the
center of the gorge or through the main gorge entrance.
Few waters diffuse directly along the protein surface.

The main result is that the center and entrance of the
gorge are characterized by shorter residence times, more
traffic, and a higher chance of empty or double occupancy,
and they contribute the most to fluctuations in gorge
water population. Such properties are expected to be key
to ligand entry. The sides of the gorge mostly have the
opposite properties, the exceptions being sites beside Glu
202 and the face of Trp 86, which may contain waters of
lower stability suitable for displacement by ligands.

To understand how water mobility would affect ligands
entering the gorge, the diffusion coefficient was roughly
estimated along an axis leading from the gorge to the bulk,
assuming one-dimensional diffusion. The diffusion coef-
ficient plunges dramatically inside the gorge compared
to bulk by up to a factor of 100. Assuming that the

FIGURE 7. Location of the water sites (spheres) and water traffic
between them (bars) in and adjacent to the gorge. The color of the
site indicates the average residence time of the site (red ∼50 ps to
blue ∼10 ns). The thickness of the bar indicates the number of
waters that pass along the bar (thinnest < 10 to thickest ∼50; bars
with less than three transits are excluded for clarity). The gray
background represents a cross section of the protein.
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diffusion coefficient of acetylcholine behaves similarly, its
diffusion coefficient in the gorge would be ∼0.6 Å2 ns-1,
100 times smaller than its value in bulk water of ∼60 Å2

ns-1. Using the Einstein diffusion relation in one dimen-
sion, acetylcholine should diffuse into the gorge, a length
of about 15 Å, in ∼200 ns. This is still negligible compared
to the turnover time of the enzyme, ∼0.5 ms.11 Therefore,
given the nanosecond time scale of water and the ∼100
ns time scale of the ligand diffusing into the gorge, these
relatively rapid steps are not inconsistent with the great
speed of AChE.

Concluding Remarks
The results described above suggest that the dynamics of
the bottleneck in the primary channel or gorge of AChE
influence the binding of ligands to the active site. For the
normal state of the enzyme, the bottleneck fluctuations
are likely not to hinder the binding of ACh significantly,
but larger ligands may escape by diffusion before a large
enough fluctuation allows binding. We call this “dynamic
selectivity”. Additional simulation studies, with substrate
models included, are needed to explore these possibilities
further.

The bottleneck dynamics in part reflect complex,
collective motion of a large fraction of the protein. This
raises the possibility that alterations at the AChE surface,
e.g., by the binding of protein toxins, could alter the
kinetics of substrate transport through the bottleneck to
produce allosteric effects.

The dynamic selectivity that has been suggested for
binding of ligands to the active site could represent a more
general phenomenon in biomolecular recognition. For
example, protein-protein association that involves inter-
nal structural rearrangements in the monomers could
display kinetic signatures of the competition between the
internal and overall structural changes.
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(5) Massoulié, J.; Pezzementi, L.; Bon, S.; Krejci, E.; Vallette, F.
Molecular and cellular biology of cholinesterases. Prog. Neuro-
biol. 1993, 41, 31-91.
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