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Abstract

By rapid hydrolysis of the neurotransmitter, acetylcholine, acetylcholinesterase terminates
neurotransmission at cholinergic synapses. Acetylcholinesterase is a very fast enzyme, functioning
at a rate approaching that of a diffusion-controlled reaction. The powerful toxicity of
organophosphate poisons is attributed primarily to their potent inhibition of acetylcholinesterase.
Acetylcholinesterase inhibitors are utilized in the treatment of various neurological disorders, and
are the principal drugs approved thus far by the FDA for management of Alzheimer’s disease.
Many organophosphates and carbamates serve as potent insecticides, by selectively inhibiting
insect acetylcholinesterase. The determination of the crystal structure of Torpedo californica
acetylcholinesterase permitted visualization, for the first time, at atomic resolution, of a binding
pocket for acetylcholine. It also allowed identification of the active site of acetylcholinesterase,
which, unexpectedly, is located at the bottom of a deep gorge lined largely by aromatic residues.
The crystal structure of recombinant human acetylcholinesterase in its apo-state is similar in its
overall features to that of the Torpedo enzyme; however, the unique crystal packing reveals a
novel peptide sequence which blocks access to the active-site gorge.
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1. Introduction

The principal biological role of acetylcholinesterase (AChE) is termination of impulse
transmission at cholinergic synapses by rapid hydrolysis of the neurotransmitter,
acetylcholine (ACh) [1] (Fig. 1). In keeping with this requirement, AChE possesses a
remarkably high specific activity, functioning at a rate approaching that of a diffusion-
controlled reaction [2]. The powerful acute toxicity of organophosphorus (OP) poisons is
due primarily to the fact that they are potent irreversible inhibitors of AChE, forming a
covalent bond with a serine residue at the active site [2]. AChE inhibitors are used in
treatment of various neuromuscular disorders [3], and have provided the first generation of
drugs for the treatment of Alzheimer’s disease [4]. Knowledge of the 3D structure of AChE
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is, therefore, essential for understanding its remarkable catalytic efficacy, for rational drug
design, and for developing therapeutic approaches to OP intoxication. Furthermore,
structural information about the ACh-binding site of AChE can help us understand the
molecular basis for the recognition of ACh by other ACh-binding proteins such as the
muscarinic and nicotinic ACh receptors [5].

The various oligomeric forms of AChE in the electric organs of the electric fish,
Electrophorus and Torpedo, are structurally similar to those in vertebrate nerve and muscle
[6]. Highly purified preparations obtained from these abundant sources of AChE [7] have
taught us much about the number and arrangement of subunits and modes of anchoring to
the surface membrane of these molecular forms [8]. They have also yielded considerable
information concerning the surface topography of AChE [9] and its mechanism of action

[2].

Early kinetic studies indicated that the active site of AChE contains two subsites, the
‘esteratic’ and ‘anionic’ subsites [10], corresponding, respectively, to the catalytic
machinery and the choline-binding pocket. The “esteratic’ subsite was believed to resemble
the catalytic subsites of other serine hydrolases [11,12]. The active-site serine, with which
OPs react, was unequivocally established to be S200 in Torpedo californica AChE
(TcAChE) [13]. Both kinetic [14] and chemical studies implicated a histidine residue in the
active site. The “anionic’ subsite interacts with the charged quaternary group of the choline
moiety of ACh, and was believed to be the binding site both for quaternary ligands, such as
edrophonium [15] and N-methylacridinium [16], which act as competitive inhibitors, and for
quaternary oximes, which serve as effective reactivators of organophosphate-inhibited
AChE [12]. Both chemical modification and spectroscopic studies supported the presence of
aromatic residues in the active site of AChE [17-20].

In addition to the two subsites of the catalytic center, AChE was shown to possess one or
more additional binding sites for ACh and for other quaternary ligands (Fig. 2). Such
‘peripheral’ anionic site(s), clearly distinct from the choline-binding pocket of the active
site, had been proposed [16,21,22], and were firmly established by Taylor and Lappi [23],
by use of the fluorescent probe, propidium, which binds at a peripheral anionic site (PAS)
distinct from that occupied by the monoquaternary competitive inhibitors mentioned above.
Reiner and coworkers [24] suggested that this is the site involved in the substrate inhibition
characteristic of AChE. Rosenberry and coworkers [25] showed that acetylthiocholine
(ATCh) bound transiently to this PAS as the first step in the catalytic pathway and that such
binding, at higher ATCh concentrations, gave rise to substrate inhibition. However, at lower
substrate concentrations, substrate binding to the PAS could actually accelerate the acylation
step in the catalytic pathway [26].

The first AChE crystals obtained were of a tetrameric form purified from electric organ
tissue of Electrophorus electricus [27]. Although their preliminary characterization was
reported [28] [29], no structural data were obtained. The first crystal structure, that of
TcAChE, was determined in 1991 [30]. This was followed by a series of 3D structures of
TcAChE complexed with a broad repertoire of inhibitors, including anti-Alzheimer drugs
[4], as well as the structures of mouse [31] and Drosophila [32] AChE, and those of human
[33], Torpedo [34] and mouse [35] AChE complexed with the snake venom toxin,
fasciculin.

Here we present the key findings that emerged from the structural studies on AChE, and
discuss how they have forwarded our understanding of its mode of action. We also report,
for the first time, the 3D structure of recombinant human AChE (rhAChE) in its apo state.

Chem Biol Interact. Author manuscript; available in PMC 2011 September 6.
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2. Material and Methods

In Torpedo, a major form of AChE is a homodimer attached to the plasma membrane via a
glycophosphatidylinositol (GPI) anchor [8]. The GPI is covalently attached to the C-
terminus of each monomer, with the phosphatidylinositol (Pl) moiety serving as the
hydrophobic anchor [8]. The dimer can be selectively solubilized by a bacterial Pl1-specific
phospholipase C [36] (Fig. 3). This mild procedure yields significant purification prior to the
affinity chromatography step [37]. We were thus able to obtain large amounts of pure, un-
nicked enzyme for crystallization trials, which indeed resulted in diffracting crystals of
TcAChE [37].

rhAChE was produced as described previously [38]. Briefly, the catalytic subunit, consisting
of 556 residues, with an apparent molecular weight of ~70 kDa, was expressed in
Drosophila S2 cells. Purification was performed by affinity chromatography on an
acridinium resin from which the enzyme was eluted with decamethonium. SDS-PAGE
under non-reducing conditions revealed a prominent 130 kDa band that corresponded to a
disulfide-linked dimer [38].

Crystals of rhAChE were grown using the hanging-drop vapor diffusion method, at 4°C, by
mixing the protein solution with an equal volume of the reservoir solution (1.3-1.5M
LiSO4/0.1M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES], pH 6.8-7.0).
Specifically, 2l reservoir were mixed with 2 pl of protein (at ~7 mg/ml). Prior to X-ray data
collection, at 100 K, crystals were cryo-protected with 20% glycerol in the mother liquor. A
complete data set was collected to 3.2 A resolution on beamline 1D14-4 at the European
Synchrotron Radiation Facility (ESRF) in Grenoble. Indexing and integration with DENZO,
and scaling with SCALEPACK [39], indicated a hexagonal space group P64 (see Table 1).
The structure was solved by molecular replacement with MOLREP [40], using, as a search
model, the coordinates (1B41) of the monomer rhAChE structure solved in complex with
fasciculin-11 [33]. The top two peaks of the cross rotation function (31.1-3.5 A resolution)
were clearly distinct from the rest. Translation search showed that these two peaks
correspond to two crystallographically independent monomers in the asymmetric unit
(ASU), yielding an R-factor of 41.7% and a correlation coefficient of 60.9%. Rigid body
refinement in CNS [41], using data to 4 A resolution, yielded an R-factor of 31.9%. Protein
atoms were initially refined in CNS by simulated annealing, imposing strict non-
crystallographic symmetry (NCS), followed by a few cycles of conjugate gradient
minimization, together with manual adjustment and addition of water molecules using the
program O [42]. Releasing the NCS constrains after several such cycles significantly
lowered the free R-factor. The structure was further refined with REFMAC [43] and fitted
with COOT [44], yielding an overall R-factor of 20.0%, and an Ry 0f 24.6%. X-ray data
and processing statistics are displayed in Table 1, and refinement and model statistics in
Table 2. The refined coordinates and structure factors have been deposited in the PDB with
the ID 3LII.

3.1 General Structure of TcCAChE

TcAChE was seen to be an ellipsoid with dimensions ~45 x 60 x 65 A. It belongs to the
class of a/p proteins [46], and consists of a 12-stranded central mixed B-sheet surrounded by
14 a-helices. What is most striking in the structure is a deep and narrow gorge leading to the
active site, which is lined by the rings of 14 conserved aromatic residues (Fig. 4).

The AChE homodimer (Fig. 5), whose subunits are related by a crystallographic 2-fold axis,
is held together by a four-helix bundle composed of helices aF'3 and aH from each subunit

(nomenclature defined in ref [47]). The only inter-chain disulfide involves C-terminal C536
[48].

Chem Biol Interact. Author manuscript; available in PMC 2011 September 6.
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When the TcAChE structure was determined, it initially appeared to be an entirely new fold.
However, its fold soon turned out to be strikingly similar to those of four other proteins
whose structures had also been solved at about the same time: dienelactone hydrolase (DLH)
[49], wheat serine carboxypeptidase-11 (CPDW-II) [50], Geotrichum candidum lipase
(GLIP) [51] and haloalkane dehalogenase [52]. A thorough discussion of the fascinating
similarity of these five enzymes, that are the prototype members of the o/p hydrolase fold
family (Fig. 6), is presented by Ollis et al. [47], and a comprehensive compendium of all
members of this family can be seen at the “Esther Database”
(http://bioweb.ensam.inra.fr/ESTHER/general?what=index) [53].

3.2 Active Site

The existence of a catalytic triad in AChE had previously been the subject of controversy
[2]. The 3D structure of TCAChE showed clearly that the active site consists of S200, E327
and H440 (Fig. 6). The three residues form a planar array, which closely resembles the
catalytic triad of chymotrypsin (Cht) and of other serine proteases [54], although it is of the
opposite ‘handedness’ to that of Cht [55] (see Fig. 6a in ref [30]). This suggested that the
oxyanion hole, which is formed by the amide NH of the active-site serine in the serine
proteases, would be formed by the amide NH of the following C-terminal residue, A201 in
AChE, as appears to be the case for human pancreatic lipase [56] and for the other
structurally related hydrolases [47]. All three triad residues occur within highly conserved
regions of the sequence and, as is typical of active sites in o/B-proteins [57], are in loops
following the C-termini of -strands.

3.3 The Active-Site Gorge

The most remarkable feature of the structure of TCAChE, and of other AChEs, is a deep and
narrow gorge, about 20 A long, which penetrates more than halfway into the enzyme, and
widens out close to its base (Fig. 7). We named this cavity the ‘active-site gorge’ because it
contains the AChE catalytic triad near its bottom. S200-O,, which can be seen looking down
the gorge from the surface of the enzyme, is about 4 A above the base of the gorge. The
rings of 14 aromatic residues contribute a substantial portion (~40%) of the surface of the
gorge (Fig. 4). These residues, and their flanking sequences, which are highly conserved in
AChEs from different species, come from residues as far apart as N66 and 1444, and are
synthesized on the first exon, which codes for residues 1-480 [58]. It should be noted that
the gorge contains only a few acidic residues, which include D285 and E273 at the very top,
D72, hydrogen-bonded to Y334, about half way down, and E199, near the base.

The presence of tryptophan in the active site of AChE was predicted by spectroscopic and
chemical modification studies [20,59]. The subsequent affinity labeling study of Weise et al.
[60] indeed identified W84 as part of the putative ‘anionic’ (choline) binding site. The
observation of tyrosine residues within the active-site gorge, adjacent to the catalytic site, is
in agreement with the chemical modification studies referred to above [17-19]. The
hydroxyl groups of Y121 (half-way up) and Y130 (at the bottom) both point into the gorge.

Despite the structural complexity of the gorge, and the flexibility of the natural substrate,
ACh [61], it was possible to obtain an extremely good fit of the extended, all-trans
conformation of ACh via manual docking [30], using the molecular modeling program O
[42]. Specifically, the acyl group was positioned to make a tetrahedral bond with $200-O,,
while the quaternary group of the choline moiety was placed within van der Waals distance
(~3.5A) of W84 (Fig. 8a). The model suggests that the ‘oxyanion hole’ [54] would be
formed by the main chain nitrogens of G118, G119 and A201, interacting with the ACh
carbonyl oxygen, and that its ester oxygen could interact with the imidazole of H440. The
fact that the amide nitrogen of A201, and not that of S200, contributes to the “‘oxyanion

Chem Biol Interact. Author manuscript; available in PMC 2011 September 6.
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hole’, is consistent with the reversed topology, noted above, of the catalytic triad relative to
the serine proteases. G118 and G119 are part of a 10-residue conserved sequence that
contains three glycines in a row; this may make the chain flexible enough to allow amide
nitrogens from both G118 and G119 to be part of the oxyanion hole. The proposed model
was confirmed by the determination of the 3D structure of TCAChE complexed with a
transition state analog, m-(N,N,N-trimethylammonio)-2,2,2-trifluoroacetophenone (TMTFA)
[62] (Fig. 8b).

The high aromatic content of the walls and base of the active-site gorge (Fig. 4), together
with its dimensions, may help explain why biochemical studies revealed a variety of
hydrophobic and “anionic’ binding sites distinct from, or overlapping with, the active site.
For instance, chemical modification by various reagents [17,63] greatly reduces enzymic
activity towards ACh either without affecting, or sometimes actually enhancing, activity
towards various neutral esters. This supports the existence of hydrophobic areas distinct
from the binding site for ACh.

Two studies utilized photolabeling [64] and affinity labeling [60] to identify peptide
sequences, residues 251-264 and 270-278, respectively, as part of the PAS(s) for ACh and
other quaternary ligands. These two neighboring peptide sequences on the surface of the
protein are both close to the rim of the gorge. The 3D structure of the complex of TCAChE
with thioflavin T shows that the ligand is bound at the PAS, sandwiched between the side
chains of W279 and F330, midway along and directly occluding the active-site gorge [65].
Thus, the binding of any ligand at this location would block the entry of substrates and the
exit of products from the base of the active site. This blockade can have functional
significance. In particular, during ACh hydrolysis, an incoming ACh molecule bound at the
PAS blocks the exit of a choline molecule generated in the active site, giving rise to
substrate inhibition. The complex and varied inhibitory effects of various PAS ligands
[2,11,22,26] may be better understood taking into account the reaction kinetics of the
substrate [66] and the complex geometry of the gorge. Some ligands may be too bulky to
penetrate it, but may still partially block its entrance. Certain elongated bisquaternary
compounds, many of which serve as potent inhibitors, may attach at one extremity to the
PAS(s), and at the other end to any one of the various aromatic residues lining the walls of
the gorge, in certain cases spanning the gorge completely [67]. However, due to the depth of
the gorge, shorter bisquaternary inhibitors and homologous oxime reactivators may bind
wholly within the gorge.

3.4 Aromatic Guidance

Prior to the determination of the 3D structure of TCAChE, there was much controversy
concerning the chemical characteristics of the anionic binding site of AChE [2], as well as of
ACh-binding proteins in general [5]. The positive charge of ACh, as well as of numerous
inhibitors, led to the designation of the site as ‘anionic’. This was supported by the study of
Nolte and coworkers [68], which indicated that the binding site for ACh in Electrophorus
AChE contains 6-9 negative charges. The authors suggested that the exceptionally high on-
rate observed for quaternary ligands stems from the electrostatic potential produced by the
array of negative charges. This is somewhat similar to the *electrostatic guidance’
mechanism postulated for superoxide dismutase, in which an array of positive charges
guides the negatively charged superoxide radical into the active-site cavity of this rapid
enzyme [69].

The above suggestion, however, did not necessarily intend a tight localization of the
negative charges in AChE. As Nolte and coworkers [68] noted, the apparent active-site
charge may well include a substantial contribution from the net charge on the overall
enzyme, a point to which we return in the next section. The 3D structure of TCAChE, in fact,

Chem Biol Interact. Author manuscript; available in PMC 2011 September 6.
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revealed only a small number of negative charges close to the catalytic site, but many
aromatic residues are present, both adjacent to the catalytic triad and on the walls of the
narrow gorge leading down to its bottom. The prototypic crystallographic study of a binding
site for a quaternary ligand, that of the McPC603 myeloma protein, which binds
phosphorylcholine selectively, showed that the quaternary moiety of the bound ligand was
associated with three aromatic rings [70]. Chemical modification studies of the nicotinic
ACh receptor also pointed to involvement of aromatic residues in its ACh-binding site [71],
as has since been confirmed [72]. Dougherty & Stauffer [5] presented theoretical
considerations, as well as experimental data obtained with model host sites, to support a
preferential interaction of quaternary nitrogens with the x electrons of aromatic rings.
Indeed, they suggested that aromatic groups interact more strongly with quaternary
ammonium ligands than with isosteric uncharged ligands, presumably due to the
polarizability of the ion.

It is, however, pertinent to ask how the overall aromatic character of the gorge might
contribute to the high rate of ligand binding and, thereby, to the high catalytic activity. First
of all, it should be noted that the hydrophobicity of the gorge should result in a low local
dieletric constant, which should produce a higher effective local charge than might be
predicted from the small number of acidic groups [68]. More important, the aromatic lining
may permit utilization of a mechanism involving initial absorption of ACh to low-affinity
sites, followed by two-dimensional diffusion to the active site [73]. Rosenberry and
Neumann [74] earlier proposed that such a mechanism, involving multiple negatively
charged sites, might explain the high on-rates for ligand-binding displayed by AChE. The
aromatic lining could function analogously by providing a similar array of low-affinity
binding-sites, an “aromatic guidance’ mechanism. The ACh, once trapped at the mouth of
the gorge, could diffuse rapidly down to the active site. This same mechanism might also
provide an efficient means of achieving rapid clearance of the quaternary reaction product,
choline.

3.5 Electrostatic characteristics of AChE

We now turn to consideration of the electrostatic characteristics of AChE. Fig. 9 places
TcAChE alongside GLIP, which hydrolyzes neutral triglycerides [51]. It can be seen that,
even though their overall folds are very similar, TCAChE has a very large dipole moment,
whereas GLIP has a very small one. Furthermore, the axis of the dipole moment of TCAChE
is oriented approximately along the axis of the active-site gorge, whereas that of the lipase
bears no obvious correlation with function. Accordingly, we proposed that the dipole
moment might serve to attract the positively charged substrate, ACh, into and down the
active-site gorge [75]. Shafferman and colleagues, noticing that a motif of seven acidic
amino acid residues around the entrance to the gorge made a major contribution to the dipole
moment, used site-directed mutagenesis to remove all of them, thus dramatically reducing
the asymmetric charge distribution [76]. They found that the mutant enzyme had very
similar kinetic parameters for the neutral substrate, 3,3-dimethyl butylacetate, and that the
apparent bimolecular rate constant, Kapp, for hydrolysis of ATCh was reduced by only ~2-3-
fold. They thus questioned the contribution of the dipole moment, or of the negative motif,
to catalytic activity. However, in vivo, in the functioning synapse, even the 2-3-fold increase
in activity produced by the dimension-breaking role of the electrostatic motif may be crucial
in drawing ACh towards the mouth of the gorge, especially at low substrate concentrations.
Furthermore, in a subsequent theoretical study, we demonstrated that there is a potential
gradient along the whole length of the active-site gorge, which may serve to pull the
substrate down the gorge once it has entered its mouth [77], and that this intra-gorge
gradient is not very different for the hepta-mutant. The potential within the gorge appears to
be affected primarily by D72, midway down, and by E199 and E443 near its base. For
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example, kapp is decreased 15- to 20-fold with the D72G mutants of both human and
TcAChE [78].

Another issue that we addressed was the extent to which the potential along the gorge would
affect the escape of the positively charged choline against the potential gradient. This study
took advantage of an earlier study of Lifson and Jackson [80], who had been investigating
an essentially analogous problem-self-diffusion of ions in a polyelectrolyte solution. It was
possible to calculate that, assuming that choline can diffuse freely within the gorge, its
escape from the gorge should not be rate-limiting [81]. If the electrostatic characteristics of
AChE attract ACh into and down the active-site gorge, why is there not a similar effect on
metal ions that are present at high concentrations within the synaptic cleft? To date, there are
no reports of visualization of metals ions within the gorge in any of the published crystal
structures of AChE. When crystals of TCAChE were soaked in a concentrated solution of
CsCl, which is very electron dense due to its high atomic number, no traces of cesium ions
could be detected within the gorge (G. Koellner, unpublished results). A recent study by
Hulme and coworkers [82] made the point that the weak hydration of ACh in aqueous
solution favors its interaction with the ACh-binding site of the muscarinic receptor.
Likewise, weak hydration of ACh should favor its n-cation interaction with the aromatic
residues, principally W279 and Y70, at the top of the gorge, as well as subsequent
interactions along the gorge towards the active site, including with the two residues at the
bottleneck, Y121 and F330. By the same token, the strong hydration of alkali metal cations
should preclude their entering the gorge due to their large diameters in their hydrated forms,
7.2 and 6.6 A, for Na* and K*, respectively [83]. Thus the aromatic walls of the gorge
provide a surface that may actually facilitate movement of ACh in a non-hydrated form,
while excluding metal ions that might otherwise jam the gorge, and crowd into the active
site.

3.7 Does AChE show conformational flexibility?

For a protein of over 500 amino acids, it is surprising how remarkably inflexible AChE
appears to be. This is evident from detailed comparison of the 3D structures of the various
native AChEs [84], as well of complexes of TcAChE, and of other AChEs with a broad
repertoire of inhibitors [4]. There are, however, several striking examples of subtle, but
significant changes in the structure of AChE, in particular in the active-site pocket.
Examples include:

1. Significant movement of the active-site H440 during the process of aging of the
VX/TcAChE conjugate [85] (Fig. 10)

2. Movement of the acyl pocket in the conjugate of the anti-Alzheimer drug,
rivastigmine, with TCAChE [86]

3. Rearrangement of the active site of TCAChE upon binding of both (+)- and (-)-
huperzine A and of (—)-huperzine B [87]

4. Careful examination of the PAS reveals that W279 can assume several alternative
conformations [88,89].

3.8 Quaternary structure of AChE

AChE is expressed as a repertoire of molecular forms differing in quaternary structure and
mode of anchoring, whose pattern varies from tissue to tissue, and may reflect the spatial
and temporal demands of individual synapses [8,90]. This structural polymorphism arises
from alternative splicing at the C-terminus, which facilitates association with structural
proteins [91]. The T-spliced (AChErT) variant is the only form expressed in the brain and
muscles of normal adult mammals [92], generating monomers, dimers and tetramers, as well
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as collagen-tailed [93,94] and hydrophobic-tailed [95,96] hetero-oligomers. The functional
AChE species at vertebrate cholinergic synapses are formed by four AChE+t subunits
associated with either the collagenous protein ColQ, or with a transmembrane proline-rich
membrane anchor (PRiMA) protein. These hetero-oligomeric forms of AChE+, and
homologous butyrylcholinesterase species [97,98], are unique structures. In the collagen-
tailed species, one, two or three AChET tetramers are attached to the three collagen strands.
Each such hetero-tetramer is asymmetric, i.e. two AChE subunits are disulfide-linked via
their C-terminal Cys residues, while the corresponding Cys residue of the other two subunits
make disulfide bonds with the collagen strand [99,100]. Nevertheless, the quaternary
structure is maintained even when all inter-chain disulfides are reduced [101,102], and
catalytic and structural subunits still associate when the appropriate Cys residues in AChE or
ColQ are mutated [103-105]; thus, these disulfides are not required to maintain the
quaternary structure.

When ColQ was cloned, first from Torpedo [106], and then from rat [107] and human [108],
a proline-rich sequence, close to its N-terminus, was shown to be responsible for attachment
of the AChET subunits, and two adjacent conserved cysteines were identified as appropriate
candidates for formation of disulfide bridges with the cysteine near the C-terminus of
AChET [103]. This sequence was thus named the proline-rich attachment domain (PRAD).
Subsequently, the 20 kDa hydrophobic polypeptide from brain was cloned [109], and named
PRIMA, since it, too, contains a functional PRAD which organizes AChET subunits into
tetramers, and anchors them to the membrane via its transmembrane domain.

AChET monomers assemble into stable tetramers in the presence of either synthetic
polyproline [103] or PRAD [104,110], with no requirement for disulfide bond formation.
This interaction requires the highly conserved C-terminal T-sequence of AChET, which
forms an amphipathic helix [105], and was named the WAT (tryptophan amphiphilic
tetramerization) domain, due to the presence of three highly conserved and equally spaced
Trp residues. WAT, whether alone, or fused to the C-terminus of heterologous proteins, is
sufficient to form tetramers with Qp;, an N-terminal fragment of ColQ containing PRAD
[111]. Thus, assembly of four AChE+ subunits with one ColQ chain relies on the
interactions between the WAT and PRAD sequences. Mutation of the cysteines involved in
inter-chain disulfide bond formation provided evidence that the WAT chains are oriented
antiparallel to the PRAD [112].

In 2004, we showed that the synthetic WAT and PRAD peptides, without cysteines, form a
[WAT]4PRAD complex, which can be crystallized. The crystal structure revealed a novel
super-coil fold, in which four WAT peptides are wound antiparallel around the PRAD, in a
pseudo 4, symmetry (Fig. 11) [113]. As a result, each WAT chain interacts differently with
the PRAD, thus elegantly explaining the asymmetric disulfide bonds observed
biochemically for AChE+ (see Fig 10 [113]). The striking agreement of the structure with
the hitherto unexplained biochemical data, permitted us to propose a plausible model for the
overall AChEr structure (Fig. 12).

3.9 Structure of apo rhAChE

The crystal structure of rhAChE contains two crystallographically-independent copies
(subunits) of AChE (named A and B), which are nearly identical (RMSD of 0.3 A as
calculated by TOP) [114], and are also very similar to the starting model (PDB ID: 1B41),
viz., the complex of rhAChE with fasciculin-11 (RMSD of 0.5 A) [33]. The two subunits
assemble into the canonical dimer via the four-helix-bundle dimerization module of AChE
[30], and are thus related by 2-fold non-crystallographic symmetry (NCS) (compare Figs. 5
and 13). Structural alignment of molecule A and the TCAChE structure (PDB ID: 2ACE),
which are 59.8 % identical in sequence, yields an RMSD of 0.8 A.
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3.10 Packing Interactions in the structure of apo rhAChE

Each rhAChE molecule in the asymmetric unit makes unique interactions with symmetry-
related dimers (Fig. 14). In general, this leads to systematic variations in surface regions that
are involved in intrinsically different packing contacts. For instance, the loop formed by
residues 483-491, which is highly flexible in virtually all AChE structures, i.e., not being
seen in the electron density maps, is well defined in one subunit, but disordered in the other
subunit of the dimer in the ASU. Interestingly, this loop interacts with the PAS of an NCS-
related subunit from a symmetry-related dimer, such that active-site access is blocked in half
of the AChE molecules in the crystal (Fig. 14).

The interactions are rather specific; in particular, R493 penetrates into the active-site gorge,
and stacks against the PAS residue, W286 (Figs. 15 & 16). A similar interaction with W286,
but by a Met residue, is made by the three-fingered snake toxin, fasciculin, which is a potent
AChE inhibitor, with a Kj in the picomolar range [33,34]. Fig. 15 shows other residues
within the PAS that may participate in the interaction with this loop. In particular, Y124,
Y72, Y341 and D74 are all near R493. Ironically, this apo-structure of rhAChE reveals, for
the first time, specific interactions that the PAS makes with a single linear peptide sequence,
since the interactions seen are made primarily with the 489-499 loop, in contrast to those
made with the three-fingered structure of snake venom toxins, where there are interactions
between several non-contiguous sequences in the toxin and AChE. It would thus be of
interest to test peptides with sequences similar to that of the 489-499 loop for their capacity
to inhibit hAChE, and, thus, for their potential pharmacological value.
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Abbreviations

rhAChE recombinant human AChE

TcAChE Torpedo californica AChE

ES esteratic site

AS anionic substrate binding site

ACS aromatic cation binding site

PAS peripheral anionic binding site

GLIP Geotrichum candidum lipase

WAT domain tryptophan amphiphilic tetramerization domain
AChET AChE spliced variant with a C-terminal T sequence
Pl phosphatidylinositol

GPI glycophosphatidylinositol
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Figure 1.
Enzymatic hydrolysis of ACh by AChE.
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Figure 2.

Schematic representation of the binding sites of AChE based upon biochemical studies
performed prior to determination of the 3D structure. ES, esteratic site; AS, anionic substrate
binding site; ACS, aromatic cation binding site; PAS, peripheral anionic binding site. The
hatched areas represent putative hydrophobic binding regions. ACh is shown spanning the
esteratic and anionic sites of the catalytic center. Imidazole and hydroxyl side chains of His
and Ser are shown within the esteratic site. Within the anionic site, (COO™), represents 6-9
putative negative charges.
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Schematic representation of the GPl-anchored TcAChE dimer. The red lightning bolts
indicate the site of hydrolysis by a bacterial Pl-specific phospholipase C [36].
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Figure 4.

3D structure of TCAChE displayed as a ribbon diagram. The 14 conserved aromatic residues
are shown as pink sticks and a dot surface. A model of the substrate, ACh, bound in the
active site, is shown at the bottom of the active-site gorge, in ball-and-stick format.
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Figure 5.

Cartoon representation of the TCAChE dimer, with one monomer colored green and the
other red. (a) View along the 2-fold axis; (b) View down the 2-fold axis. This type of dimer,
held together by a 4-helix bundle as observed in the TCAChE structure [30], is virtually
identical to that seen in the mouse [31] and Drosophila [32] AChE structures, as well as in
the structures of human [33] and mouse [35] AChE complexed with the snake venom toxin,
fasciculin.
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Figure 6.

Schematic diagram of the topological secondary structure of the o/p hydrolase fold. The a-
helices are shown as red cylinders, the B-strands as turquoise arrows, and the three residues
making up the active site are shown as green circles (the labels of Ser, Glu and His
correspond to the catalytic-triad residues found in the AChE active-site).
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Figure 7.

Schematic view of the active-site gorge of TCAChE. The bottom of the gorge is
characterized by several sub-sites: the anionic site, with which the choline moiety of ACh
interacts; the esteratic site, which contains the three residues of the catalytic triad; the
oxyanion hole, and the acyl pocket, which confers substrate specificity. The PAS is located
~15 A above the active site, close to the mouth of the gorge.

Chem Biol Interact. Author manuscript; available in PMC 2011 September 6.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Dvir etal.

Acyl site

l\ Phe290

Phe288

His440

Anionic site

Chem Biol Interact. Author manuscript; available in PMC 2011 September 6.

Page 23



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dvir etal.

Page 24

F290

G119
F288

G118

H440

wa4

Figure 8.

The active site of AChE. (a) Model of ACh bound in the active site of TCAChE; (b) Close-
up of the active site of the TMTFA-TcAChE complex [62], showing the experimentally
determined TMTFA moiety (open-face lines) together with a superimposed model of ACh
docked in the active site (solid lines). Several key residues in the binding pocket are
indicated.
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Figure 9.

Backbone drawings of TcCAChE (left) and GLIP (right) with electrostatic potentials
superimposed. Backbones of the proteins are displayed as white “worms”. The isopotential
surfaces were generated using the program GRASP [79]. The red surface corresponds to the
isopotential contour, —1kT/e, and the blue one to the isopotential contour, +1kT/e, where k
is the Boltzmann constant, T is the temperature, and e is the electronic charge. Arrows
indicate the direction of the dipole in each protein (taken from Ref. [75]).
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Figure 10.
Structural kinetics of covalent modification of TCAChE by the nerve agent, VX, as

monitored by X-ray crystallography. The active site of TCAChE is depicted with possible H-
bonds involving the catalytic triad and the OP moiety (broken lines). (a) Native structure,
showing the active site, including the catalytic triad (S200-H440-E327) and the oxyanion
hole (-NH of G118, G119, and A201); (b) Pro-aged structure. Phosphonylation triggers a
conformational change of H440 that disrupts the H-bond to G327; this may be caused either
by steric crowding in the pentavalent phosphorus transition state, or by re-distribution of
charge on the H440 imidazole during phosphonylation. It should be noted that E199 and a
water molecule apparently stabilize the alternate conformation of H440. Subsequently, the
H440 imidazole catalyzes either dealkylation (aging), or spontaneous reactivation; (c) Aged
structure. For reaction of AChE with VX and with most phosphonates, aging predominates,
and dealkylation results in movement of H440 into the negatively charged pocket formed by
E327-Og, S200-Oy, and one anionic oxygen of the dealkylated OP.
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Figure 11.

Ribbon diagram of the overall [WAT]4PRAD crystal structure. The structure reveals four
WAT helices wrapped around a single PRAD helix. Color coding is from blue at the N-
terminus to red at the C-terminus for each chain, showing that the four WATS run parallel to
each other, while PRAD runs anti-parallel to all WAT chains. Note that each WAT helix has
a different height; as a consequence, each of the four interacts with a different region of the
PRAD.
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Figure 12.

Model of the physiological ColQ-linked AChEy tetramer. The four catalytic subunits
surround the ColQ polypeptide, with the WAT sequences displayed as ribbons, and the
PRAD as a grey surface model. In this model, access to the active-site gorge (yellow
patches) is from the top in two opposing catalytic subunits, while the other two open
downwards, in the direction of the basal lamina, as described in [113].
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Figure 13.

Ribbon model of the dimeric structure of apo rhAChE. The view displayed is down the 2-
fold NCS axis of the dimer in the ASU. The cysteine residues involved in disulfide bond
formation are shown as balls (with green balls representing carbon atoms, blue balls
nitrogen atoms, red balls oxygen atoms, and orange balls sulfur atoms).
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Figure 14.

Packing of two rhAChE dimers. Each dimer consists of two AChE catalytic subunits (A in
orange and B in blue), which are related by the 2-fold NCS axis shown in Fig. 13. A surface
loop (residues 489-499, green balls-and-sticks) of subunit A interacts with the PAS of
subunit B from a symmetry-related dimer. Since the blue subunits have no adjacent PAS to
interact with, their corresponding loops are disordered, as is the case in many other AChE
structures.
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Figure 15.
The PAS of rhAChE interacts with the positively charged loop on the adjacent monomer.

The adjacent monomer is rendered in grey surface format. Residues in the vicinity (<4.5 A)
of the binding site for the basic loop are highlighted on the surface in stick representation
(with carbon atoms color-coded in yellow, oxygen atoms in red, and nitrogens atoms in
blue). The refined N-acetylglucosamine (NAG) in the proximity of the interface is also
shown.
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X-ray Data Collection and Processing Statistics for rhAChE crystal

Table 1

Space group

P6;

Molecules in asymmetric unit

2

Cell axes (A) and angles (°)

210.9 210.9 115.3, 90 90 120

X-ray source, beamline, wavelength (A)

ESRF, ID-14-4, 0.93

Temperature 100°K
Diffraction limits (A) 31.1-3.2
Number of measured reflections 482,340
Number of unique reflections 47,979
Mosaicity (°) 0.25
Multiplicity 55
Completeness: all data (highest shell*) 99.9 % (100 %)

Rsym: all data (highest shell)

8.3% (47.5 %)

I/sigma: all data (highest shell)

15.1 (3.5)

*
Highest resolution shell is 3.31-3.2 A.
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Refinement and Model Statistics on rhAChE crystal structure

Number of reflections used (free) | 45,612 (2,365)
Number of protein residues 2x543
Number of solvent atoms 106

Rfact (Rfree) F>0s

20.9%, 24.6%

B-factor (A2) 315
Rms bond length (A) 0.008
Rms bond angle (°) 15
ESD from Luzzati plot (A) 0.34
Ramachandran analysis? (%)
Core 81.3
Allowed 17.8
Generously allowed 0.9
Disallowed 0.0

aCalculated using PROCHECK [45]
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