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Computational approaches have proved valuable in elucidating structure/function relationships in the cholin-
esterases in the context of their unusual three-dimensional structure. In this review we survey several recent
studies that have enhanced our understanding of how these enzymes function, and have utilized computational
approaches both to modulate their activity and to improve the design of lead compounds for their inhibition. An
animated Interactive 3D Complement (I3DC) is available in Proteopedia at http://proteopedia.org/w/Journal:

1. Introduction

Solution of the crystal structure of Torpedo californica acetylcholin-
esterase (TcAChE) in 1991 (Sussman et al.,, 1991), revealed a
three-dimensional structure that was wholly unanticipated. Despite the
fact that AChE is one of the most rapid enzymes known, operating at a
speed approaching diffusion control (Bazelyansky et al., 1986; Rose-
nberry, 1975), its active site is deeply buried, at the bottom of a long and
narrow gorge, whose cross-section, at its narrowest point, is significantly
smaller than the cross-section of the quaternary group of acetylcholine
(ACh). Subsequent solution of the crystal structures of mouse (m)
(Bourne et al., 1995), Electrophorus electricus (Ee) (Bourne et al., 1999;
Raves et al., 1998), human (h) (Cheung et al., 2012; Kryger et al., 2000),
Drosophila melanogaster (Dm) (Harel et al., 2000), Bungarus fasciatus (Bf)
(Bourne et al., 2015), and Anopheles gambiae (Ag) (Cheung et al., 2018;
Han et al.,, 2018) AChEs, as well as that of human serum butyr-
ylcholinesterase (hBChE) (Nicolet et al., 2003), revealed highly ho-
mologous structures. The crystal structures of the cholinesterases (ChEs)
raised cogent questions with respect to the coupling of the structure of
the enzymes, together with their dynamics, to their catalytic activity,
and to the way in which inhibitors, some of which are large and rigid,
bind to, and disassociate from them. These topics have been covered
extensively in earlier reviews (Silman and Sussman, 2008; Xu et al.,
2017). However, as computing power has continued to grow, databases
have expanded, and increasingly sophisticated algorithms have been
developed, problems become accessible that had previously seemed
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unapproachable (Fuxreiter, 2015). In the following, after briefly
surveying the structure and dynamics of the ChEs, taking TcAChE as the
prototypic case, we wish to briefly present and discuss some recent
studies that cover various aspects of these topics.

2. Overall structure and dynamics

As stated above, we will use TcAChE as the prototypic template, and
only refer to other structures where there are relevant differences of
structural and functional significance.

As already mentioned, solution of the crystal structure of TcAChE
revealed that despite its high catalytic turnover rate for its natural
substrate, ACh, its active-site is buried near the bottom of a deep and
narrow cavity, >15 A deep (Sussman et al., 1991). This cavity has been
named the active-site gorge, or the aromatic gorge, since it is lined by 14
conserved aromatic residues, the rings of which account for ~70% of its
surface, to many of which functional/structural roles can be assigned.
Two functional binding sites can be distinguished - a catalytic ‘anionic’
site (CAS), adjacent to the catalytic triad, near the bottom of the gorge,
and a peripheral ‘anionic’ site (PAS), near the top of the gorge. The latter
serves as an initial binding site for ACh, and powerful bi-functional in-
hibitors have been designed, whose potency arises from the fact that
they are elongated ligands that span the CAS and the PAS (Harel et al.,
1993). Although these sites are called ‘anionic’ they do not contain
anionic groups (e.g., carboxylates), but rather conserved aromatic resi-
dues, the aromatic rings of which make n-cation interactions with the
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quaternary group of ACh, the principal residues involved being W84 in
the CAS, and W279 in the PAS (TcAChE numbering, and also below,
unless stated otherwise). Accordingly, a constructive suggestion has
been made that the two sites be renamed as the catalytic aromatic site
and the peripheral aromatic site, respectively. If this change in
nomenclature were to be adopted, the abbreviations, CAS and PAS,
would be ‘conserved’.

Closer inspection of the crystal structure revealed two features
shared by the AChEs:

e A bottleneck, about halfway down the gorge, formed by two aro-
matic residues, F330 and Y121. The cross-section of the gorge at the
bottleneck is smaller than the diameter of the quaternary group of
ACh, implying that the enzyme must breathe substantially for the
substrate to reach the active site (Colletier et al., 2006).

e An asymmetric charge distribution, resulting in an enormous dipole
moment of ~1000 Debye (Porschke et al., 1996; Ripoll et al., 1993).
The dipole moment is oriented approximately along the axis of the
active-site gorge, and its direction is such that the positively charged
ACh is attracted towards the active site (Botti et al., 1999; Felder
et al., 1997).

The fact that the ACh is driven towards the active site by a strong
electric field raised the question of how the choline moiety produced by
substrate hydrolysis would exit the gorge. It was suggested that rather
than exiting back along the gorge it might to do so via a ‘back door’, near
the active site at the bottom of the gorge (Ripoll et al., 1993). Indeed,
MD simulations suggested a candidate exit route (Gilson et al., 1994).
Subsequently, when greatly increased computing power had become
available, the issue was revisited, and the back door was more accu-
rately identified by use of MD (Xu et al., 2010). Furthermore, it was
shown to correspond exactly to a back door that was identified by X-ray
crystallography (Sanson et al., 2011), which was located at the seam
between the two sub-domains of which the enzyme is composed (Morel
et al.,, 1999). hBChE has a high dipole moment similar to that of the
AChEs (Felder et al., 1997). Moreover, the three aromatic residues at the
backdoor of TcAChE, viz., W84, W432, and Y442, are conserved in
hBChE (Harel et al.,, 1992). Thus, the back-door exit appears to be
similarly conserved (Silman & Sussman, unpublished).

As to the structural basis for the high catalytic activity displayed by
AChE, the crystal structure of the complex of TcAChE with a powerful
transition state analog revealed that it was completely enveloped by the
enzyme, making multiple interactions that generate a highly favorable
transition state (Harel et al., 1996), and the substrate, acetylthiocholine,
is similarly enveloped (Colletier et al., 2006). Similar structural data
have also been obtained for mAChE (Bourne et al., 2006).

The above description of structure/function relationships in TcAChE
adequately describes the similar relationships in other vertebrate AChEs
that have been studied, with only minor differences in structure being
observed. The insect AChEs, AGAChE and DmAChE, differ somewhat
more, but not in any fundamental features (Cheung et al., 2018; Harel
et al., 2000; Nachon et al., 2020). The same cannot be said, however, for
BChE. The human enzyme (hBChE) displays high sequence homology
(53%) to TcAChE, with no additions or deletions in their first 535 resi-
dues, and possesses the same three intrachain disulfides (Harel et al.,
1992). However, its active-site gorge is very different from that of AChE.
Six of the 14 conserved aromatic residues present in TcAChE are lacking
in hBChE. Although the key Trp residue with which ACh interacts at the
CAS is retained, W84 in TcAChE, W82 in hBChE - the residues homol-
ogous to the two residues in the bottleneck, Y121 and F330, and to the
two aromatic residues in the PAS, W279 and Y70, are all replaced by
non-aromatic, and consequently much smaller, residues. Thus, the
active-site gorge of hBChE is less complex, and much more open, than
that of TcAChE (Nicolet et al., 2003). It also lacks the aromatic residues
of the PAS. However, it displays an alternative PAS whose principal
member is Y70 (Masson et al., 1996). Although it is rather difficult to
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directly compare their catalytic efficacies, since AChE displays substrate
inhibition (Colletier et al., 2006), whereas BChE displays substrate
activation (Masson et al., 1996), BChE also displays very high catalytic
activity on ACh. Nevertheless, the maximal activity values reported for
AChE are several-fold higher than those for BChE (Mukhametgalieva
et al.,, 2019). Thus, the more complex structure of AChE may be a
requirement for it to achieve the catalytic power necessary for rapid
termination of impulse transmission at cholinergic synapses.

n-Cation interactions are important structural motifs in the ChEs
(Harel et al., 1993), as well as in both nicotinic and muscarinic re-
ceptors. Indeed, the ACh-binding site in these receptors has been called
the ‘aromatic cage’ (Hulme et al., 2003; Post et al., 2017). Furthermore,
n-cation and n-m stacking interactions are involved in the binding of
many ligands to the ChEs. Several of the commonly employed docking
programs, such as Autodock (Goodsell et al., 1996) and GOLD (Jones
et al., 1995, 1997) do not take into account either of these types of
interaction, and thus are most unsuitable choices when AChE or BChE
are the docking targets. A case in point is the docking of methylene blue
to AChE, where Autodock and Autodock vina both performed poorly
(Wildman et al., 2011). In order to achieve a result that matched the
experimental data it was found necessary to use Glide XP within the
Schrodinger software suite (Halgren et al., 2004; Friesner et al., 2004,
2006).

Another issue with general implications, but which applies especially
to the active-site gorge in the ChEs, is the presence of conserved waters
in the active-site gorge (Koellner et al., 2000). Some of these waters are
tightly bound to amino acid residues lining the gorge, and may effec-
tively considered as part of the protein template with which a ligand
interacts. However, not only conserved waters may be present in a
protein structure, but also solvent molecules that serve as precipitants in
the crystallization conditions. They, too, may occupy sites that may need
to be considered as part of the protein template when docking protocols
are implemented. A large proportion of the crystal structures deposited
in the PDB were obtained for crystals obtained using PEGs as pre-
cipitants. But, as we have pointed out (Dym et al., 2016), in most
structures no PEGs are assigned. We will return to this important issue in
Part 7.

3. The PROSS algorithm permits large-scale expression of AChE
and BChE in a prokaryotic expression system

Expression of a eukaryotic protein in a prokaryotic expression system
usually permits its production in much larger amounts, and at a much
lower cost, than in a eukaryotic expression system (Zemella et al., 2015).
Expression of both AChE and BChE in a prokaryotic host is an important
objective because both civilian and military organizations have been
interested in their large-scale utilization as both prophylactic and ther-
apeutic bioscavengers for treatment of intoxication by organophosphate
(OP) nerve agents and insecticides (Lushchekina et al., 2018), and as
decontaminants of the same OP compounds, whether in the context of
elimination of environmental pollution or for decontamination of
equipment or personnel (Maxwell et al., 1999).

Many unsuccessful attempts to express the ChEs in prokaryotic
expression systems were made over several decades - mostly unpub-
lished. In an early attempt, hAChE was expressed as inclusion bodies in
E. coli, and very small amounts of active enzyme were obtained by sol-
ubilization of the inclusion bodies under denaturing conditions followed
by renaturation (Fischer et al., 1995), and expression of rat AChE was
similarly unsuccessful (Heim et al., 1998; Masson et al., 1992).

A novel algorithm was developed, PROSS, which stands for Protein
Repair One Stop Shop - http://pross.weizmann.ac.il. It was designed to
predict amino acid substitutions that would improve the expression and
stability of proteins (Goldenzweig et al., 2016). To this end it scans the
entire protein sequence, using bioinformatics sequence alignment tools,
and introduces mutations that are predicted to improve such charac-
teristics as core packing, surface polarity and backbone rigidity, at the
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Fig. 1. Crystal structure of a hAChE designed using the PROSS algorithm, and
expressed in E coli. It is displayed in ribbon form, colored from the N-terminus
to the C-terminus in a spectrum going from blue to red. The 51 amino acids that
were mutated on the basis of the prediction of the PROSS algorithm are shown
as magenta spheres. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

same time excluding the introduction of deleterious mutations, by
careful selection of changes that do not introduce any predicted loss of
protein stability. This latter feature makes an important contribution to
the success achieved by PROSS, since many attempts to generate similar
predictive algorithms were not able to avoid deleterious mutations.

The first protein on which PROSS was tested was hAChE. It was
selected as the first candidate since, as already mentioned, attempts to
express it in an active and soluble form in a prokaryotic expression
system had been completely unsuccessful. Application of PROSS to
hAChE met with spectacular success. Five design mutants were gener-
ated, bearing 17-67 mutations, scattered all over the surface and inte-
rior of the enzyme. All these variants expressed well in E. coli, producing
2-3 orders of magnitude higher enzymic activity than WT hAChE
(whose expression level was so low that it was hard to quantitate),
reaching up to 2 mg/ml of AChE protein. They all displayed thermal
stability ca. 20° higher than WT hAChE expressed in a eukaryotic
expression system. Furthermore, they hydrolyzed ACh at rates within 2-
fold of the value for WT hAChE, and displayed rate constants for inac-
tivation by the nerve agent VX that are nearly identical to the value for
the WT enzyme (Goldenzweig et al., 2016).

The D4AChE design variant, bearing 51 mutations (Fig. 1), was
crystallized as its conjugate with the nerve agent VX [PDB-ID 5hq3].
Comparison of the 3D structure of D4AChE to that of WT hAChE
revealed an overall RMSD of 0.7 A over Ca atoms, and atoms in the
catalytic gorge aligned particularly well, with an all-atom RMSD of only
0.125 A. Thus, despite 51 mutations relative to wild-type, ~2000-fold
gain in bacterial expression levels, and 20 °C higher heat tolerance,
D4ACHE is virtually indistinguishable in its active site from WT hAChE.
Differences throughout in the structure can be seen online interactively
and in 3D at http://proteopedia.org/w/Journal:Molecular_Cell:1).
D4AChE thus provides a promising model for use in structural studies of
inhibitors that target the AChE active site.

Subsequently, PROSS was successfully applied to expression of
hBChE in E coli (Brazzolotto et al., 2017). A variant predicted by PROSS,
which carries 47 mutations, was expressed at high levels, purified, and
crystallized. Again, the designed hBChE had kinetic constants similar to
those of the WT enzyme, and its crystal structure revealed that its
conformation closely resembled that of the WT enzyme.

E322

Fig. 2. Change in orientation of the catalytic histidine (H438) in the N322E/
E325G mutant. Carbon atoms of H438 and E325 are shown as green sticks for
the wild-type conformation. Carbon atoms of H438 and E322, as well as of the
oxyanion hole residues - G116, G117 and A199 - are shown as cyan sticks for
the mutant. In both cases, oxygens are coded in red, and nitrogens in blue. The
OP moiety covalently attached to S198 in the mutant is displayed as balls, with
the phosphorus in orange, the oxygens in red and the carbons in cyan. H-bonds
are shown as yellow dashed lines. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

4. Computer-designed human butyrylcholinesterase possessing
a new catalytic triad

Lockridge and coworkers showed that a single mutation, G117H,
conferred phosphotriesterase activity on hBChE (Lockridge et al., 1997).
The mutant enzyme was able to hydrolyse both echothiophate and
paraoxon. Subsequent crystallographic studies showed that formation of
the phosphyl adducts of the mutant enzyme was accompanied by a shift
in the position of H117 that offered a plausible mechanism for its
involvement in the dephosphylation step (Nachon et al., 2011).

The impressive growth in the power of computer design to success-
fully predict the outcome of specific mutations is elegantly illustrated in
a recent study on the engineering of hBChE (Grigorenko et al., 2019). In
this study, in silico modeling predicted that in the N322E/E325G double
mutant the catalytic triad of WT hBChE, S198-H438-E325, would be
replaced by a novel catalytic triad - S198-H438-E322 (Fig. 2).
Furthermore, MD simulations predicted that the mutant enzyme should
be catalytically active, and also interact covalently with the OP,
echothiophate.

A monomeric form of the N322E/E325G double mutant was
expressed in HEK cells, and shown to be catalytically active on butyr-
ylthiocholine. Furthermore, like the WT enzyme, it was inactivated by
echothiophate. Again, like WT hBChE, the OP conjugate slowly reac-
tivated spontaneously, but the qualitative data generated do not permit
a decision as to whether reactivation of the double mutant is slower or
faster than that of the WT.

5. A dynamic basis for the differential activity on mammalian
and electric organ AChEs of the covalent inhibitor
phenymethylsulfonyl fluoride (PMSF)

Phenylmethylsulfonyl fluoride (PMSF) is a covalent inhibitor of
serine hydrolases commonly used in the preparation of cell lysates (Le
et al., 2015). It has long been known that it inhibits EeAChE very poorly
(Fahrney and Gold, 1963), even though it inhibits mammalian AChEs
very well (Moss and Fahrney, 1978). More recently, it was shown that
PMSEF also inhibits TcAChE very poorly (Kraut et al., 2000a). However, it
was also observed that benzylsulfonyl fluoride (BSF) inhibits both
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Fig. 3. Docking and MD simulations for interaction of BSF and PMSF with TcAChE and mAChE. The upper panels show the data obtained for interaction of BSF with
(a) TcAChE and (b) mAChE. The lower panels show the data obtained for interaction of PMSF with (c¢) TcAChE and (d) mAChE. In all four panels two copies of the
ligand are displayed. One shows the position of the ligand after docking alone (blue), and the other shows the position after docking followed by MD simulation
(orange). It should be noted that the orientations of the amino-acid side-chains displayed are those seen prior to the MD simulations. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

TcAChE and mAChE very well. These were puzzling observations, since
the only difference between BSF and PMSF is the methylene group be-
tween the benzene ring and the sulfonyl moiety in the latter. Moreover,
the catalytic activity of mammalian and electric organ AChE on ACh and
acetylthiocholine is very similar (Vigny et al., 1978).

In a theoretical study that combined ligand docking with a subse-
quent MD protocol (Chandar et al., 2019), it was shown that both in
mAChE and TcAChE BSF passes through the bottleneck within the
active-site gorge, and approaches the catalytic triad. However, whereas
PMSEF can pass through the bottleneck in mAChE, it is not able to do so in
TcAChE (Fig. 3). MD simulations on the native enzyme structures
revealed that mAChE is substantially more flexible than TcAChE,

suggesting that enhanced ‘breathing motions’ of the mouse enzyme,
relative to the Torpedo enzyme, may explain why PMSF can pass through
the bottleneck in the former, but not in the latter. The difference be-
tween PMSF and BSF may tentatively be ascribed to the fact that BSF is
planar, whereas PMSF is not.

Experimental data are also consistent with the notion that breathing
motions or conformational flexibility are involved in controlling access
of PMSF to the active site. Thus, mutating two aromatic residues in the
acyl pocket (F288L/F290V), thereby enabling TcAChE to hydrolyse
butrylthiocholine (Harel et al., 1992), also greatly enhances its rate of
inhibition by PMSF (Kraut et al., 2000a). Furthermore, the L282A
mutant, which is less stable than the WT enzyme (Morel et al., 1999), is
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inhibited by PMSF at a rate similar to that at which the double mutant is
inhibited (Kraut et al., 2000Db).

PMSF is not the only covalent reagent for which very different
reactivity towards mammalian AChEs and TcAChE is observed. Riva-
stigmine is a carbamate inhibitor of AChE which, under the trade name
Exelon®, is used for treatment of Alzheimer’s disease (Enz et al., 1993).
Rivastigmine inhibits TcAChE with a bimolecular rate constant
1600-fold lower than that at which it inhibits the human enzyme
(Bar-On et al., 2002). It contains a bulky leaving group that may account
for this difference, but no MD studies have been performed to support
this possibility.

However, various organophosphates (OPs) do not differ greatly in
their rates of phosphorylation of TcAChE and hAChE. Thus, the two
enzymes are inhibited at quite similar rates by diisopropylphosphoro-
fluoridate (DFP) (Millard et al., 1999). Another interesting case for
comparison is that of the alkaloid, (—)-huperzine A (HupA). HupA is a
bulky molecule with a rigid structure and a diameter of 9.8 A. Although
HupA is a reversible inhibitor, it inhibits AChE extremely slowly, and its
rate of disassociation is also very low (Ashani et al., 1994). MD and
steered MD simulations show that sizeable distortions of the residues
along the active-site gorge are required for it to pass the bottleneck (Bai
et al., 2013; Rydzewski et al., 2018; Xu et al., 2003). Yet the rates of
inhibition of TcAChE and hAChE by HupA are very similar (Ashani et al.,
1994). Furthermore, many bulky and/or gorge-spanning ligands, such
as galanthamine (Greenblatt et al., 1999) and E2020 (Kryger et al.,
1999), interact with AChE, and disassociate from it, very rapidly. It is
obvious that our understanding of how protein function is coupled to
protein dynamics in the ChEs is inadequate, to say the least.

6. Microsecond MD studies of domain motions of AChE

In the previous section we used docking, together with MD simula-
tions, to study how the covalent inhibitors, PMSF and BSF, move
through the bottleneck midway down the gorge in mouse and Torpedo
AChE, and showed how the flexibility of the enzymes, as reflected in
their ‘breathing’ motions, affects the movement of the inhibitors
(Chandar et al., 2019). Most of these simulations were of only 20 ns
duration. However, as mentioned in the Introduction, computing power
is increasing continuously. In a recent study, microsecond MD simula-
tions were used to study subdomain movements and breathing motions
of the gorge in TcAChE (Cheng et al., 2017). Surprisingly, it was
observed that not only amino acid residues lining and adjacent to the
gorge, but also distant residues, appear to be tightly associated with
changes in the gorge radius, and thus contribute to the ‘breathing’
motions of the active-site gorge. Thus, long-range ‘communication’, via
multiple residue-residue interactions, may rationalize the influence of
remote residues on those lining the gorge.

Not only were the dynamics of the monomer studied, but also those
of its complex with a gorge-spanning inhibitor, the anti-Alzheimer drug,
E2020, as well as the complete physiological dimer. The functional
forms of AChE at cholinergic synapses are all oligomeric. Thus, it is
important to understand to what extent oligomerization affects the dy-
namics of the monomer. Dynamics of three subdomains were studied,
including that of the Q-loop, which bears the W84 residue in the CAS
with which the quaternary group of ACh interacts. High correlation was
observed in the movements of these subdomains. This correlation lies at
the basis of the capacity of remote residues to modulate breathing mo-
tions of the gorge allosterically.

7. Reassessment of existing crystal structures yields novel
information

Structural biology is an example of an experimental discipline in
which both the experimental and computational technologies have
developed enormously over the past thirty years. Thus, at the experi-
mental level, it is now possible to collect complete data sets at
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Fig. 4. Effect of ethylene glycol oligomers (PEGs) on the positioning of the
ligand in the crystal structure of the methylene blue/TcAChE complex crys-
tallized from PEG200. Three PEGs are shown in red, methylene blue in blue,
and conserved aromatic residues lining the active-site gorge in green. A highly
conserved H,O molecule, shown as a yellow sphere, also affects the positioning
of the ligand. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

synchrotrons in a few minutes, rather than over a period of several
hours, as was the case in the early 1990s. However, this is also true for
analysis of the experimental data, due primarily to developments in the
CCP4 Suite of programs (Winn et al., 2011), such as REFMAC (Mur-
shudov et al., 1997) for refinement, COOT (Emsley et al., 2010) for
fitting molecules to electron density, and the PHENIX package
(Liebschner et al., 2019) for refinement. Fortunately, in many cases, the
X-ray structure factors are retained in the PDB, and the original data
frames are often preserved at the synchrotrons where they were
collected. It is thus possible to reexamine the data taking advantage of
the major improvements in software (see above) in order to find out: a) If
more accurate structures can be obtained, in which features of the
experimental map can be better assigned; b) Whether, as a consequence,
structure-function relationships can be better understood. Automated
post-deposition optimization, utilizing PDB_REDO often generates sig-
nificant improvements in X-ray structure models (Touw et al., 2016).

Two examples of such reexaminations have recently been published:
1) A reexamination of the complex of methylene blue with TcAChE
(Dym et al., 2016), originally described in 2012 (Paz et al., 2012); 2) A
reexamination of the 3D structure of DmAChE, and of its complexes with
tacrine derivatives (Nachon et al., 2020), originally described 20 years
earlier (Harel et al., 2000).

8. The methylene blue/TcAChE complex

Structure-based drug design utilizes apo protein or complex struc-
tures retrieved from the PDB. More than 57% of the crystallographic
PDB entries were obtained with polyethylene glycols (PEGs) as precip-
itant and/or as cryoprotectant, but less than 6% of these entries display
individual ethylene glycol oligomers in the refined structures (Dym
et al., 2016)! In complexes of TcAChE with methylene blue and deca-
methonium, the presence of ethylene glycol oligomers in the crystal
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Fig. 5. Active-site gorge in the original (left) and updated (right) structures of native DmAChE. Residues of the catalytic triad (E367/H480/5238), of the oxyanion
hole (G150/G151/A1239), and key residues of the peripheral site (W321), acyl-binding pocket (W271), and choline-binding pocket (W83), are represented as sticks,
with carbons in white, nitrogens in blue, and oxygens in red. The alternative conformation of W83 is depicted with carbons in cyan. The acetyl (ACT) is represented
as balls and sticks. H-bonds are depicted as black dashes, with distances in A. The meshes represent the 2 |Fo| — |Fc| map (1 ¢ blue) and the |Fo| — |Fc| difference map
(3 o green/—3 o red). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

structure markedly affected the positioning of the bound ligand (Dym
et al., 2016). Isomorphous crystals were obtained of complexes of both
ligands, using either ammonium sulfate or PEG200 as the precipitant. In
the complexes obtained using crystals precipitated with ammonium
sulfate, both methylene blue and decamethonium make direct r-cation
interactions with the indole ring of W84, in the CAS, as is typical of
quaternary inhibitors of AChE (Harel et al., 1993, 1996). In the crystals
obtained by precipitation with PEG200, in both cases an ethylene glycol
oligomer is seen bound to W84, in a mode similar to that earlier
described for a PEG molecule bearing a thiol group (Koellner et al.,
2002), thus preventing interaction of the ligands’ proximal quaternary
groups with its indole group. As a consequence, both methylene blue
(Fig. 4) and decamethonium are positioned ~3.0 A further up the gorge,
making stronger interactions with W279 in the PAS. These findings have
cogent implications for structure-based drug design, since data obtained
for complexes obtained when a PEG is employed as the precipitant may
not reflect the ligand’s position in its absence, and could thus result in
selection of incorrect leads for drug discovery. Indeed, docking methy-
lene blue into the crystal structure obtained with PEG200, but omitting
the ethylene glycols, yields results agreeing poorly with the crystal
structure, whereas excellent agreement is obtained if they are included
(Dym et al., 2016). Many proteins display features in which precipitants
might lodge. Thus, it is crucial to investigate the presence of precipitants
in published crystal structures, so as to check whether their presence has
resulted in misinterpretation of the electron density maps, thus
adversely affecting drug design.

9. Reexamination of the DmAChE crystal structure

Over recent decades, crystallographic software for data processing
and structure refinement has improved dramatically, resulting in more
accurate and detailed crystal structures. It is, therefore, sometimes
valuable to have a second look at “old” diffraction data, especially when
earlier interpretation of the electron density maps was rather difficult.
Recently this was done for the crystal structures of Drosophila mela-
nogaster acetylcholinesterase (DmAChE), originally published in 2000
(Harel et al., 2000), which revealed features that had not been noticed
earlier (Fig. 5). Thus, previously un-modeled density in the native active
site can be interpreted as stable acetylation of the catalytic serine.
Similarly, a strong density in the DmAChE/ZA complex, originally
attributed to a sulfate ion, is better interpreted as a small molecule that is

covalently bound. This small molecule can be modeled as either a pro-
pionate or a glycinate. The complex is reminiscent of the carbox-
ylate/BChE complexes observed in crystal structures of hBChE
(Brazzolotto et al., 2012; Nicolet et al., 2003), and demonstrates the
remarkable ability of ChEs to stabilize covalent complexes with car-
boxylates. A very strong peak of density (10 o) at covalent distance from
the Cp atom of the catalytic serine is present in the DmAChE/ZAI com-
plex. This can be undoubtedly attributed to an iodine atom, suggesting
an unanticipated iodo/hydroxyl exchange between S238 and the in-
hibitor, possibly caused by the intense synchrotron X-ray irradiation.
Finally, the binding of tacrine-derived inhibitors, such as ZA (1DX4) or
the iodinated analog, ZAI (1QON), results in the appearance of an open
channel that connects the base of the active-site gorge to the solvent, as
originally noticed by Nachon and coworkers (Nachon et al., 2008). This
channel, which arises due to the absence of the conserved tyrosine
present in vertebrate ChEs, has the potential to be exploited for the
design of inhibitors specific to insect ChEs. Overall, the study demon-
strates that updated processing of older diffraction images, and the
re-refinement of older diffraction data, can produce valuable informa-
tion that would have been difficult or impossible to detect in the original
analysis, and strongly supports preservation of the diffraction images in
public data banks.

10. Concluding remarks

In the above, we have surveyed some recent studies in order to
illustrate how application of cutting edge computational techniques can:
(a) Heighten our understanding of how the ChEs function; (b) Design
variants engineered to improve, or otherwise modulate, their function;
(c) Improve approaches to the design of leads for novel ChE inhibitors.
As already noted above, our understanding of the relationship of the
dynamics of the ChEs to their activity is a topic that demands especial
attention.
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