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Acetylcholinesterase in
Motion: Visualizing
Conformational Changes in
Crystal Structures by a
Morphing Procedure

Abstract: In order to visualize and appreciate conformational changes between homologous

three-dimensional (3D) protein structures or protein/inhibitor complexes, we have developed a
user-friendly morphing procedure. It enabled us to detect coordinated conformational changes not
easily discernible by analytic methods or by comparison of static images. This procedure was
applied to comparison of native Torpedo californica acetylcholinesterase and of complexes with
reversible inhibitors and conjugates with covalent inhibitors. It was likewise shown to be valuable
for the visualization of conformational differences between acetylcholinesterases from different
species. The procedure involves generation, in Cartesian space, of 25 interpolated intermediate
structures between the initial and final 3D structures, which then serve as the individual frames in

a QuickTime movie. © 2003 Wiley Periodicals, Inc. Biopolymers 68: 395—-406, 2003
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INTRODUCTION

Acetylcholinesterase (AChE) is responsible for the
terminating impulse transmission at cholinergic syn-
apses by rapid hydrolysis of the neurotransmitter ace-
tylcholine (ACh)." Its key role makes it the target of
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nerve gases, pesticides, snake venom toxins, and anti-
Alzheimer drugs.'~¢

The three-dimensional (3D) structure of the en-
zyme from Torpedo californica (TcAChE) was deter-
mined by x-ray crystallography in 1991.” The crystal
structure reveals a single-domain protein, containing
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FIGURE 1 C_ trace of the 3D structure of TcAChE. Residues 4-305 are colored blue, and
residues 306535 are colored red, highlighting the division of the molecule into two subdomains.

537 amino acids, with an overall o/ hydrolase fold.?
TcAChE is a serine hydrolase. Its active site lies near
the bottom of a deep and narrow cavity, named the
active-site gorge, which is about 15 A deep. The
structure can be further divided into two subdo-
mains, each comprising one contiguous segment of
the polypeptide: domain 1, residues 1-305, and
domain 2, residues 306-537 (Figure 1). The active-
site gorge is lined by residues derived from both
subdomains.’

Since solution of the crystal structure of TcAChE,
those of AChEs from three other species have been
solved: those of mouse AChE!®!! (mAChE), human
AChE'? (hAChE), and Drosophila AChE'?* (DmAChE).
In addition, a repertoire of structures, primarily of
TcAChE, either complexed with reversible ligands, or
conjugated with covalent inhibitors, have been re-
ported (for literature, see Refs. 14 and 15). Currently
ca. 30 such structures have been deposited in the
Protein Databank (PDB). All four native structures
have a similar overall fold, but DmAChE, which
shares only 36% sequence identity with the other
three, differs substantially in some of its outer loops
and in the dimensions and other features of the active-
site gorge.'? In general, the protein backbones of the
complexes and conjugates do not differ substantially
from their native counterparts; but as the number of
structures solved has increased, such differences are

becoming increasingly apparent, though often quite
subtle.'®~'®

Morphing, a computer graphics technique that has
been used for more than two decades, permits smooth
transition from one structure or pattern to another.
Tom Brigham used a form of morphing in experimen-
tal art at New York Institute of Technology in the
early 1980s. Industrial Light and Magic used mor-
phing for cinematic special effects in such movies as
Indiana Jones and the Last Crusade as reviewed by
Wolberg.'? It is increasingly being applied to pattern
recognition in general and for analyzing macromolec-
ular motions in particular.’® We have developed a
user-friendly, straightforward procedure that per-
mits us to readily morph from one protein structure
to another, and thus to perceive subtle conforma-
tional differences and/or transitions that might not
be detected or fully appreciated either by visual
comparison of discrete structures or by computa-
tional procedures.

METHODS

Structural Alignment

Coordinates of structures employed were retrieved from the
PDB. The native TcAChE structure (PDB code 1ea5) was



taken as the reference structure. All others were structurally
aligned to native TcAChE using the LSQMAN package.*!
The alignment was accomplished in two steps: (1) explicit
least-squares superposition; (2) improvement of the matrix
relating the two structures by omitting the most divergent
parts. This was done by employing a 3.5 A distance
cutoff and requiring a minimal fragment length of 5
contiguous residues. The rotation/translation operator ob-
tained was applied to the second structure. This would be
either the structure of a TcAChE complex or conjugate
with an inhibitor, or the structure of an AChE from another
species.

Interpolation

The putative conformational transition from one structure to
another was modeled by a series of interpolated intermedi-
ate model structures calculated by use of the morphing
option in the LSQMAN package.>' All transitions were
morphed in Cartesian space since, in all cases examined,
there are one or more large torsion-angle changes between
the initial and final structures. It has been observed by
Kleywegt®? that “If one of the torsions changes a lot, this
means that all residues C-terminal of it will swing with it,
which may lead to very strange effects....” When mor-
phing in Cartesian space, every atom moves in a straight
line from its initial to its final position. Morphing was
implemented on each atom independently for the entire
initial structure. For the cross-species transition, the input
residue range was fragmented to ensure that the equivalent
residues in the two sequences (structures) were matched
correctly. For all morphing procedures, 25 interpolated in-
termediate structures were calculated. The output consisted
of 25 PDB files containing the coordinates of the models, in
which the B factor for each residue was replaced by the
distance between the positions of its C,, in the initial and
final models. The correctness of the intermediate models
was validated visually using the O program.?

Animation

The PDB files were converted to RGB images, via the
molecular graphics program RasMol,?* with each image file
serving as a single frame in the movie. Since this procedure
results in freezing the image displayed, the coloring scheme,
the style of display, and the orientation for visualization
were all specified before writing the images into files. In
order to compose the movie, all frames (images) were
collated into one QuickTime format file by the MediaCon-
vert program® on a Silicon Graphics (SGI) workstation.
The resulting file is viewable via the QuickTime program?®
(with “.mov” extension) on virtually all computer platforms,
e.g., PC, Mac, Unix.

RESULTS

In principle, conformational differences between na-
tive proteins and their conjugates with ligands, or

Morphing Conformational Changes in AChE 397

between the same protein from different species, can
be assessed by a variety of analytical procedures. In
practice, however, the size of an individual protein
structure, and the complex nature of its motifs and
folds, often makes such conformational differences
difficult to detect and assess. The morphing procedure
utilized in the present study serves as a powerful
method for visualizing significant, though often sub-
tle, conformational changes, as will be apparent from
the examples presented and discussed below.

Morphing from Native TcAChE to
Organophosphoryl Conjugates

Organophosphorus (OP) agents act as powerful inhib-
itors of AChE by interacting covalently with its ac-
tive-site serine.?”-*® This is the basis for their toxicity
and thus for their potency as nerve agents and insec-
ticides.>?° Some OPs, subsequent to this covalent
modification, undergo a reaction called “aging,”
which involves dealkylation of the bound OP moi-
ety.'®3° One such reagent is diisopropylfluorophos-
phate (DFP) that, subsequent to phosphorylation and
“aging,” yields the monoisopropylphosphoryl (MIP)/
TcAChE conjugate whose 3D structure was solved.*®
The crystal structure revealed that the bulky isopropyl
group distorts the acyl-binding pocket, which nor-
mally recognizes the acetyl group of the substrate,
ACh (Figure 2). The two structures have a root mean
square deviation (RMSD) of 0.36 A for 530 C, atoms.
The transition from native TcAChE (PDB code 1ea5)
to the MIP/TcAChE conjugate (PDB code 2dfp) is
morphed in a movie (http://www.weizmann.ac.il/
~joel/moveis.html) of which three superimposed
frames, the initial, the final, and one intermediate
frame, are displayed in Figure 3.

The movie shows that phosphorylation by DFP
causes a movement of the main chain in the conserved
loop (residues 279-291), which includes the acyl
pocket residues, F288 and F290, as reported by Mil-
lard and co-workers.>® However, this major move-
ment of residues in the acyl pocket also affects part of
the peripheral site, which is on the same loop (viz.
W279); this, in turn, causes substantial movement of
residues in the second subdomain, across the active-
site gorge, with which the 279-291 loop is in con-
tact.” This is also shown by color coding the move-
ments between native TcAChE and the MIP conjugate
on a scale from blue to red, going from the smallest to
the largest differences (Figure 3).

For comparison, we show the transition from
native TcAChE (PDB code 1lea5) to the TcAChE/
soman conjugate, viz. the methylphosphonyl con-
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(a)

(b}

FIGURE 2 C,_ traces of “aged” OP/TcAChE conjugates. (a) MIP/TcAChE, i.e., TcAChE inhibited
by DFP. Inset, chemical formula of DFP. (b) Methylphosphonyl/TcAChE, i.e., TcAChE inhibited by
soman. Residues 486489 were not seen in the electron density map of TcAChE/soman,*® and thus
there is a break in the polypeptide chain near the bottom right portion of the structure, as has been
observed for a number of AChE structures.” Inset, chemical formula of soman. Color coding of
TcAChE as in Figure 1. OP moieties shown as space-filling models.

jugate (PDB code 1SOM), for which the crystallo- weizmann.ac.il/~joel/movies.html) indeed shows
graphic data did not reveal any significant confor- little or no movement, and the corresponding color-
mational change, with an RMSD of 0.16 A for 528 coded pictures show an almost uniformly blue C,

C, atoms. The corresponding movie (http://www. trace (Figure 4).
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FIGURE 3 Morphing of the native TcAChE structure to the MIP/TcAChE structure. Superposi-
tion of three frames from the movie (http://www.weizmann.ac.il/~joel/movies.html), i.e., initial,
middle, and final. Movement is coded on a blue-to-red scale, representing the distance for each C,
atom between its position in the initial and final model in dngstroms, with red corresponding to the
largest displacements and blue to the smallest. This coloring scheme highlights movement of the
main chain in the conserved loop (residues 279-291) and in the second subdomain.

Morphing from Native TcAChE to Its
Complex with Fasciculin-ll

Fasciculin-II (FAS-II) is a member of the “three-
fingered” polypeptide toxin family,>'~*? found in the
venom of the green mamba, which inhibits vertebrate
AChEs by binding tightly to the entrance of the ac-
tive-site gorge.*? Its inhibitory action is ascribed pri-
marily to steric hindrance'®'#**=® but an allosteric
component has also been invoked.'**37=%! We
thought it worthwhile, therefore, to utilize the mor-
phing technique to visualize putative conformational
changes occurring in the enzyme upon binding of the
toxin.

Figure 5a shows the TcAChE/FAS-II complex
with the polypeptide positioned over the entrance to
the active-site gorge; in Figure 5b this same structure

is shown rotated 90° about the x axis. The movie
(http://www.weizmann.ac.il/~joel/movies.html), in
the same orientation as Figure 5b, shows the transition
from native TcAChE (PDB code 1lea5) to the
TcAChE/FAS-II complex (PDB code 1fss), with the
FAS-II omitted to facilitate visualization of the
changes in the TcAChE polypeptide. The RMS dis-
tance between the AChE chain of the two structures is
0.52 A for 532 C,, atoms. The movie shows that the
binding of FAS-II causes a local shift of residues, in
comparison to native TcAChE, as reported by Harel et
al.>* One can note a shift downward of the 279-291
loop in the first subdomain, on the left-hand side of
the picture, and a concomitant upward shift of a loop
containing Y334 and G335 in the second subdomain
on the other side of the gorge. These movements are
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FIGURE 4 Morphing of the native TcAChE structure to the methylphosphonyl/TcAChE struc-
ture. Superposition of three frames from the movie (http://www.weizmann.ac.il/~joel/movies.html),
i.e., initial, middle, and final. The almost uniformly blue C, trace indicates little or no difference
between the two structures. Color coding as in Figure 3. Residues 486—489 were not seen in this
structure (see Figure 2b).

presumably driven by insertion of loop 2 of FAS-II
into the mouth of the gorge. Inspection of Table 3 in
Harel et al.** shows that both these loops, indeed,
interact with FAS-II. In Figure 5b, the contact resi-
dues of FAS-II loop 2 are color coded in cyan and the
contact residues on the complementary loops in the
gorge of AChE are color coded in yellow. One can see
the good correspondence of these color coded loops
and the color code for movement in Figure 6 and in
the corresponding movie. It is worth noting that in
Figure 6 one can see also substantial movement of the
omega loop in agreement with previous sugges-
tions.'03*38-40 The color coding also suggests a
slight movement of Ser200. It was earlier suggested
on the basis of kinetic data that FAS-II acts predom-
inantly by altering the conformation of the active site
in the ternary complex, so that the steps involving
proton transfer during enzyme acetylation are

slowed.>” Molecular dynamics simulation also sug-
gested a disruption of the catalytic triad in the AChE/
FAS-II complex.*! A subtle movement of the triad
residues would obviously suffice to affect catalytic
activity profoundly.

Morphing from the TcAChE/FAS-II
Complex to the hAChE/FAS-II Complex

hAChE displays 53% sequence identity to 7cAChE,
suggesting that their 3D structures should be very
similar. This was indeed born out when the 3D struc-
ture of hAChE, complexed with FAS-II, was solved.'?
The RMSD between the TcAChE/FAS-II complex
(1fss, PDB code) and the hAChE/FAS-II complex
(1b41, PDB code) is 0.88 A for 521 C, atoms'?
However, comparison of the two structures revealed a
significant difference which involves flipping of the
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FIGURE 5 C, trace of the 3D structure of the TcAChE/FAS-II complex. (a) Entrance to
active-site gorge at the top; (b) rotation ~90° about the x axis relative to (a). The TcAChE
subdomains are represented as in Figure 1, and FAS-II is color coded in green. Interacting residues
of FAS-II loop 2 are colored cyan and the complementary interacting residues in T7cAChE are
colored yellow.
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FIGURE 6 Morphing of the native 7cAChE structure to the TcAChE/FAS-II complex. Super-
position of three frames from the movie (http://www.weizmann.ac.il/~joel/movies.html), i.e.,
initial, middle, and final. One sees good correspondence of the color coding, indicating substantial
movement of the conserved 279-291 loop, and of the loop containing Y334 and G335, across the
active-site gorge, in the second subdomain, with the residues coded yellow in Figure 5. The apparent
change in conformation of residues 486—489 is most likely a consequence of the known flexibility
of this external loop, which often, indeed, is not seen in the electron density map (see Figure 2b).

310-317 loop (TcAChE numbering).'? This was not
due to crystal contacts, as was established by com-
parison with the native mAChE structure,'" and with
that of the mouse AChE/FAS-II complex'’, both of
which showed the same flip relative to the 7cAChE/
FAS-II structure. In the movie (http://www.weizmann.
ac.il/~joel/movies.html) of the transition from
TcAChE/FAS-II to hAChE/FAS-II, this flip is clearly
visualized. However, the movie also highlights a cor-
related movement of an adjacent but noncontiguous
loop, residues 413-417 (TcAChE numbering), not
reported previously (Figure 7).

Morphing from TcAChE to DmAChE

DmAChE displays 36% sequence identity to
TcAChE. This homology is substantially lower than

that between TcAChE and hAChE; a similar fold was,
nevertheless, to be expected, as was born out by the
3D structure of DmAChE,"? even though the similar-
ity of the structures was not high enough to permit
solution of the structure by molecular replacement
based on the TcAChE structure. The RMSD between
the C, atoms of TcAChE (lea5, PDB code) and
DmAChHE (1qo9, PDB code), using 481 residues, is
1.28 A. Although the geometry of the catalytic appa-
ratus of the two enzymes is almost isomorphous,
substantial differences were observed in the volume
and geometry of the active-site gorge, as well as large
differences in some of the distal loops.'? In the movie
(http://www.weizmann.ac.il/~joel/movies.html)  of
the transition from T7cAChE to DmAChE one clearly
sees, not surprisingly, much larger overall movements
than in the previous movies. It is interesting, however,
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FIGURE 7 Morphing of the TcAChE/FAS-II complex to the hAChE/FAS-II complex. Superpo-
sition of three frames from the movie (http://www.weizmann.ac.il/~joel/movies.html), i.e., initial,
middle and final. In these pictures a correlated movement is seen of loops 413—417 and 310-317
(TcAChE numbering). Color coding as in Figure 3. The absence of residues 486—489 in this movie
is due to the fact that they are absent in the hAChE/FAS-II complex, as in a number of other AChE
structures (see Figure 2b). Although they are present in the starting structure—viz., the TcAChE/
FAS-II complex—the absence of corresponding residues in the final model did not allow the
automatic morphing procedure to process these residues.

that a flip of the two loops which flip in the transition
from 7cAChE to hAChE is also observed in the
TcAChE/DmAChE transition. The movie also shows
a large movement in the region 333-337 relative to
the 279-291 loop (TcAChE numbering) on the oppo-
site side of the top of the gorge. Since this region
contains one of the helices (365-375) making up the
four-helix bundle of the biological dimer, movement
of this region, like a smaller one observed for hAChE
relative to TcAChE, is due to differences in the amino
acid sequence in this region, and not to different
crystallographic contacts in the 7cAChE vs the
DmAChHE crystal structures. This movie shows, in
addition, coordinated movement of a third loop, res-
idues 216221 (TcAChE numbering), adjacent to the
two loops just mentioned (Figure 8). Another differ-
ence between the TcAChE and DmAChE structures is

at the entrance to the active-site gorge, and is high-
lighted using the morphing technique. There are two
amino acids deleted in the conserved loop, 279-291
(TcAChE numbering), i.e., residues 283-284 at the
top of the gorge. This makes the DmAChE loop
smaller, which, in turn, increases the distance between
the two subdomains (Figure 8).

DISCUSSION

Although a wide variety of tools are available for
analysis of structural differences between related pro-
teins, or between proteins and their complexes and
conjugates with reversible or covalent ligands,?! >4
the ability to visualize the morphing between pairs of
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FIGURE 8 Morphing of the native TcAChE structure to the native DmAChE structure. Super-
position of three frames from the movie (http://www.weizmann.ac.il/~joel/movies.html), i.e.,
initial, middle, and final. These pictures clearly show a similar flipping of loops as observed in the
transition from TcAChE to hAChE (residues 310-317, 413—417; TcAChE numbering). In addition,
a large movement is observed in subdomain 2 across from the conserved loop 279-291 in
subdomain 1.

structures often reveals differences not otherwise
readily perceived.

One of the most illustrative examples of the use of
morphing was in the case of the four different crystal
structures of adenyl kinase and of the movie produced
to show the “motions” between these different
forms* (see also: http://bio.chemie.uni-freiburg.de/
ak_movie/). More recent progress in this area has
been reviewed by Krebs and Gerstein®® (see also
http://bioinfo.mbb.yale).

In this study, we have developed a “user-friendly”
tool to automate transitions between any pair of
closely related protein structures. As described under
Methods, our procedure utilizes Cartesian coordi-
nates, and is not intended to faithfully reflect the
“chemical” trajectory of a conformational change.
However, it does make it possible to readily perceive
and evaluate coordinated changes in structure that

may occur when a ligand/protein complex is formed,
or to evaluate conformational differences between
closely related proteins from different species.

For example, our morphing technique clearly re-
veals the coordinated movements occurring in the two
subdomains across the active-site gorge from each
other upon distortion of the acyl pocket by covalent
modification with DFP, or upon insertion of loop 2 of
FAS-II into the mouth of the gorge. It also shows that
these changes do not occur in all cases of ligand
binding, e.g., for the TcAChE/soman conjugate. The
technique also highlights interspecies differences.
Thus, comparison of the TcAChE structure with those
of both hAChE and DmAChE shows a coordinated
change in structure of several loops that would not be
easily perceived from inspection of static structures.

The morphing movies can also reveal the nature of
the conformational changes between structures—e.g.,



the apparent “spiral” movement of the two helices
contributing to the four-helix bundle of the dimer in
both TcAChE and DmAChE (viz. helices a5 and oy
in TcAChE’).

When examining the apparent conformational
changes between any pair of structures, care must be
exercised to ascertain that the apparent differences are
not a trivial consequence of different crystallographic
packing. For the native vs TcAChE conjugates, since
the same crystal form was employed, this was not a
problem. However, for native TcAChE vs the
TcAChE/FAS-II complex, as well as for the cross-
species comparisons, it was indeed a potential prob-
lem. For the case of the FAS-II complex, the FAS-II
binds at virtually the same site as another TcAChE
binds in the native enzyme; thus in both cases the top
of the gorge is making contacts, in fact, with another
molecule, albeit in one case with another copy of
TcAChE and in the other case with a FAS-II mole-
cule. For both the hAChE and DmAChHE structures,
the major movements seen relative to the TcAChE
structure are found in the region of the two helices
that form the four-helix bundle of the biological
dimer. As this four-helix bundle is very similar in all
three structures—i.e., TcAChE, hAChE, DimAChE—
the large changes in structures seen in the morphing
movies likely reflect real differences in conformation
between these structures, reflecting the differences in
amino acid sequences of the residues in the four-helix
bundle and in adjacent parts of the structures.

The method we have developed is a “user-friendly”
approach based on tying together a series of preexist-
ing tools, and taking advantage of the capacity of the
human visual system for subtle pattern recognition.
What we have done here, using morphing techniques,
is in the spirit of a study carried out in collaboration
with Shneior Lifson in the cross-species analysis of
electrostatic properties of AChE.** We feel that
Shneior would have been delighted to see our current
movies, and probably would have been able to per-
ceive more than our eyes did.
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