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Model of the enzyme acetylcholinesterase with elec-
trostatic lines of force (yellow) emanating from the
interior of the active site (buried). The field lines exit
mostly through the main entrance (blue atoms) or
through a channel (“back door") to the active site. A

molecular dynamics simulation shows transient open-
ing of this back door (top), which may facilitate the
entry or exit of substrate, products, or solvent. See
page 1276. [Graphics: Michael K. Gilson, using
Insight Il software (Biosym)]

Open ‘‘Back Door’’ in a Molecular Dynamics
Simulation of Acetylcholinesterase
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The enzyme acetylcholinesterase generates a strong electrostatic field that can attract the
cationic substrate acetylcholine to the active site. However, the long and narrow active site
gorge seems inconsistent with the enzyme’s high catalytic rate. A molecular dynamics
simulation of acetylcholinesterase in water reveals the transient opening of a short channel,
large enough to pass a water molecule, through a thin wall of the active site near tryp-
tophan-84. This simulation suggests that substrate, products, or solvent could move
through this “back door,” in addition to the entrance revealed by the crystallographic
structure. Electrostatic calculations show a strong field at the back door, oriented to attract
the substrate and the reaction. product choline and to repel the other reaction product,
acetate. Analysis of the open back door conformation suggests a mutation that could seal
the back door and thus test the hypothesis that thermal motion of this enzyme may open

multiple routes of access to its active site.

The enzyme acetylcholinesterase (AChE)
terminates signaling at cholinergic synapses
by rapid hydrolysis of the neurotransmitter
acetylcholine (ACh). The crystal structure
of AChE (1) raises questions regarding sub-
strate entry and product release. First, the
active site gorge is very deep and appears
too natrow to admit ACh (I, 2). However,
the demonstration that quaternary amines
enter the active site of crystallized AChE
(3) proves that the protein is sufficiently
flexible to admit substrate by some route.
Second, the inward electrostatic field at the
gorge, which is likely to accelerate penetra-
tion of the positively charged substrate (4,
5), would seem to impede the exit of the
product choline from the mouth of the
active site. A thin wall near the base of the
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active site, at residues Met®> and Trp%,
could offer an alternative route for the
escape of products (4). This back door
might also provide a vent for water mole-
cules during the passage of substrate, prod-
ucts, or both through the narrow gorge. We
have studied these issues by performing a
molecular dynamics (MD) simulation of
AChE and analyzing the resulting time
series of protein conformations with regard
to active site accessibility.

Unobserved atoms were added to the
Torpedo californica AChE dimer (1), as de-
scribed in (5), using the program Quanta
(Molecular Simulations, Waltham, Massa-
chusetts). Protonation states at neutral pH
were assigned on the basis of atomic solvent
accessibilities, of salt-bridging and hydro-
gen-bonding opportunities, and of the pu-
tative catalytic mechanism, which requires
the active site His**° to be neutral (6). The
model enzyme was immersed in water, and
the classical laws of motion solved numer-
ically with weak coupling to a heat bath at
300 K to generate 119 ps of analyzable
conformations (7).

We searched for conformations in
which the active site had any aperture
large enough to pass a water molecule,
generating for each conformation a Lee
and Richards (8) solvent-accessible dot
surface with a 1.4 A probe. The molecular
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surface was separated into the outer sur-
face and some number of cavity surfaces,
based on distances between surface points
(9). Of these surface subsets, the active
site surface was defined as that contacted
by Glu'®® OE2, because this atom was
consistently at the surface of the active
site interior. Conformations with an open
active site were those in which the num-
bers of connected points in both the active
site and outer surfaces were identical.

Conformations with an open back door
were sought as follows. For each conforma-
tion having an open active site, the active
site entry was blocked by the deletion of
all surface points within 8 A of a point
located approximately in the middle of resi-
dues Glu”, Asn?®, Asp?®, and Leu*? that
defines the entrance to the gorge. If the
active site surface was still continuous with
the outer surface of the enzyme, an alterna-
tive aperture existed.

This surface analysis detected a transient
opening, occurring in the first 20 ps of
production MD and persisting for 0.3 ps. A
channel (Fig. 1) formed in the thin active
site wall at Trp®4, the side chain of which
probably contributes to binding of the qua-
ternary ammonium of ACh (1, 3, 10). The
channel began near Trp®* CH2 and CZ2,
Gly**!, and the ring of Tyr**? and curved
around the edge of Trp®* to emerge at a
surface dimple near Glu*#. Its path led
directly through a solvent-sized cavity that is
observed in the crystal structure and which
lies near Val'?. The displacement of the
Trp®* indole, relative to its location in the
crystal structure, resembles that of a camera
shutter because it is completely in-plane.

Fig. 1. Active site gorge with open back door.
Green dots, solvent-accessible surface of ac-
tive-site gorge (T, top of gorge); white dots,
channel to back door. Space-filling atoms are
shown for Trp8 (W84), Val'2® (V129), Gly*4!
(G441), and Glu**5 (E445). Vectors indicate
directions of displacement of three of these
residues relative to their positions in the crystal
structure. Stick diagrams indicate catalytic res-
idues His*4® and Ser2%°.

The channel can be opened by shifting only
residues Trp®, Val'?, and Gly**! from their
crystal coordinates to their positions in the
open conformation. The average atomic dis-
placement for these residues, relative to the
crystal conformation, is only 1.3 A. The
Trp® residue is somewhat more mobile than
average: The average root-mean-square
(rms) fluctuation of its nonhydrogen atoms
is 1.2 A (main chain 0.8 A, side chain 1.4
A), compared with 0.72 A for all nonhydro-
gen atoms within 25 A of the dynamical
center. The Val'?? and Gly**! residues have
unremarkable rms fluctuations of 0.70 A.
Several points are significant to this
opening mode. First, the time required for
ACKhE to hydrolyze one substrate molecule
is about 0.1 ms (I1). Thus, although the
observed opening event is brief, that it
occurs at all in a 119-ps simulation suggests
that the back door can play a functional
role on the longer time scale of catalysis.
Second, the small size of the atomic dis-
placements required to open the back door
means that the open conformation should
be easy to achieve; experiments have dem-
onstrated that protein structures fluctuate
substantially (12). Third, the presence in

Fig. 2. Electric field lines for AChE with (A)
open and (B) closed back door. The field lines
(yellow) are traced from the region of negative
potential near Glu'®® OE2 deep in the active
site. Blue atoms highlight the opening to the
active site gorge. The back door is clearly
marked by the vertical bundle of field lines in
(A). Field lines were computed and displayed
with GRASP (76). The orientation is changed
relative to Fig. 1.
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the crystal structure of a solvent-sized cavity
in the thin wall of the active site where the
channel forms suggests that the x-ray data
may reflect similar opening events in a
time-averaged fashion. Finally, no opening
events were observed in other portions of
the active site wall, although every stored
conformation was analyzed. Thus, Trp®*
defines the only permeable part of the
active site wall in this simulation.

Because AChE appears to generate a
functionally important electrostatic field (4,
5), we examined the effect of the open back
door on this field (13). When the back door
is open, field lines initiated at the active site
Glu'®®, near Trp®, exit preferentially
through this aperture (Fig. 2A). However,
for the crystal structure most of these field
lines emerge from the mouth of the active
site gorge (Fig. 2B). When the electrostatic
potential was evaluated at each point on a
Lee and Richards—type surface (8), the sur-
face point with the lowest electrostatic po-
tential lay at the bottom of the active site,
near [le***. Therefore, ACh and choline are
attracted to the base of the gorge, either
through the front or the back door. This
observation militates against the idea that
the same field that guides ACh into and
down the gorge urges choline out the back
door. However, the field accelerates the
departure of the other product, acetate ion.
Also, a more widely opened back door might
significantly weaken the active site fields by
increasing exposure of the active site to the
high dielectric solvent. This effect would
facilitate the release of choline.

One way to test whether a functionally
important back door does exist would be a
kinetic study of a mutant enzyme whose back
door is sealed. Of the three residues whose
movement opens the channel, Trp®, Val'?°,
and Gly**!, it appears that only Val'?° could
be modified without the disruption of enzyme
function by undesired mechanisms. Steric
analysis of the crystal structure suggests that a
Lys or Arg would fit well at position 129, with
the positive group between Met®®, Asp!Z,
Glu*, and Leu*® (Fig. 1). In this position,
the side chain would fill the surface dimple
where the back door channel emerges. The
positive group of the mutant side chain would
be far (~11 E\) from the interior of the active
site. To our knowledge, no special role has
been suggested for Val'?®, and because it lies
at the protein surface, it appears to be struc-
turally unimportant. However, aligned cho-
linesterase amino acid sequences show little
variation at this position: Eight have Val and
two have Ile (14). Isoleucine seems unlikely
to block the back door because it possesses
only one more methylene than Val. If the
mutation of Val'?® does slow the enzyme, it
will be necessary to confirm the absence of
structural distortion through crystallographic
studies.
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Experiments have shown that thermal

fluctuations make proteins somewhat po-

o

us, especially to small, nonpolar mole-

cules (15). Our analysis supports the con-
cept that the active site of AChE has a
particularly porous wall at Trp®*, which
may be of functional importance. Kinetic
energy gained by the catalytic residue
His**° during hydrolysis may pass by way of

the peptide linkage to Gly

441 one of the

channel residues. This energy might in-
crease the probability of opening, causing
an organized sequence of catalysis and
channel opening.

-
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