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Abstract

Determination of the three dimensional structure of Torpedo Californica acetyl-
cholinesterase (7c¢cAChE) provided an experimental tool for directly visualizing interaction
of AChE with cholinesterase inhibitors of fundamental, pharmacological and toxicological
interest. The structure revealed that the active site is located near the bottom of a deep
and narrow gorge lined with 14 conserved aromatic amino acids. The structure of a
complex of TcAChE with the powerful ‘transition state analog’ inhibitor, TMTFA, sug-
gested that its orientation in the experimentally determined structure was very similar to
that proposed for the natural substrate, acetylcholine, by manual docking. The array of
enzyme-ligand interactions visualized in the TMFTA complex also are expected to envel-
ope the unstable TI that forms with acetylcholine during acylation, and to sequester it
from solvent. In our most recent studies, the crystal structures of several ‘aged’ conjugates
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of TcAChE obtained with OP nerve agents have been solved and compared with that of
the native enzyme. The methylphosphonylated-enzyme obtained by reaction with soman
provides a useful structural analog for the TI that forms during deacylation after the
reaction of T¢AChE with acetylcholine. By comparing these structures, we conclude that
the same ‘oxyanion hole’ residues, as well as the aromatic side chains constituting the
‘acyl pocket’, participate in acylation (TMTFA—-AChE) and deacylation (OP—AChE), and
that AChE can accommodate both TIs at the bottom of the gorge without major confor-
mational movements. © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

The three-dimensional structure of acetylcholinesterase (EC 3.1.1.7) from Tor-
pedo californica (Tc AChE) [1], together with kinetic, spectroscopic and site-directed
mutagenesis studies, has permitted tentative identification of the amino acid
residues that interact with the natural substrate, ACh, during catalysis (reviewed in
[2]). The AChE active site presently is believed to possess an oxyanion hole, an acyl
binding pocket, and a choline binding site (formerly called the ‘anionic site’). Direct
demonstration of these subsites with natural substrates has not yet been achieved
because of the inherent instability of the Michaelis complex and the acyl-enzyme.
To circumvent this limitation, we are studying the three-dimensional structures of
stable enzyme-inhibitor complexes as structural models for intermediates in car-
boxyl ester hydrolysis.

The reaction of ACh and other carboxyl esters with AChE is believed to proceed
through an unstable TI, or through a transition state resembling such a structure,
before collapsing to a short-lived (#,,, ~ 50 ps) acyl-enzyme [3] (Scheme 1). In the
reverse reaction, the acyl-enzyme undergoes nucleophilic attack and proceeds
through a second TI or transition state structure, and the regenerated enzyme is
expelled as the leaving group (Scheme 1, lower panel).

The trifluoroketone compound, TMTFA (Fig. 1), is a potent inhibitor of AChE
(apparent K; =15 fM) which forms a covalent complex with the enzyme, that
structurally mimics the theoretical acylation TI [4-6]. The TMTFA-AChHE com-
plex, with a trimethylammonium group in the choline binding subsite of the
enzyme, is a good analog for the acylation TI of ACh (Scheme 1, upper panel).
However, this structure does not address alterations that may occur in the acyl-en-
zyme, or in the formation of the deacylation TI.

O-pinacolylmethylphosphonofluoridate (soman; Fig. 1) is an OP nerve agent that
reacts as a facile ‘hemisubstrate’ of AChE, mobilizing as much as 70% of the
enzyme’s natural catalytic power during inhibition [7]. OPs react with AChE to
produce a covalent intermediate but, unlike the fleeting acyl-enzyme formed during
carboxyl ester hydrolysis, the phosphoenzyme persists for many hours or days
(reviewed in [8]). After phosphonylation, soman undergoes a rapid dealkylation
reaction, called ‘aging’, to form a monoester anion adduct with the enzyme that is
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Scheme 1. Reaction of AChE with ACh. The scheme begins with the reversible enzyme-—substrate
complex and ends with free enzyme. The top panel shows acylation and the lower panel shows
deacylation. The enzyme’s catalytic general base, probably Ne2 of His440, is depicted as :B, and the first
product is choline. Hypothetical tetrahedral intermediates are indicated by brackets. Note that the
TMTFA complex is expected to resemble the acylation TI (top panel), and the aged OP-AChE
conjugate is expected to resemble the deacylation TI (bottom panel).

indefinitely stable [9]. The aged methyl phosphonylated (MeP)-7c¢cAChE complex
formed after reaction with soman is expected to share multiple structural features
with the unstable ACh deacylation TIT [10,11].

In this report, we compare the structure of the TMTFA-TcAChE complex [6]
with that of MeP—-TcAChE, obtained by reaction with soman [12], with the goal of
identifying common topographical features of the theoretical acylation and deacyla-
tion TIs formed between ACh and AChE.
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Fig. 1. Chemical structures of soman and TMTFA.
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2. Materials and methods

2.1. Determination of MeP-AChE structure

TcAChE was purified from electric organ, essentially as described [13], and the
pure enzyme was inhibited with a 2100-fold molar excess of soman. The OP-AChE
conjugate was allowed to undergo complete aging in solution. Aging was judged to
be greater than 95% complete because no reactivation was observed after incuba-
tion in 10 mM pyridine-2-aldoxime methiodide (2-PAM) or 1,1’-trimethylene-bis(4-
formylpyridinium bromide) dioxime (TMB-4) for 20 h. Unbound OP was separated
from the enzyme by gel filtration, and aged OP-AChE was crystallized using the
hanging drop method, with PEG-200 as precipitant in 0.15 M MES buffer, pH
5.8-6.0, 4°C.

The exterior mother liquor which surrounds the crystals during their growth was
exchanged with oil to remove water, and the crystals subsequently were flash cooled
in liquid nitrogen [14]. Diffraction data were collected at 100 K using a Rigaku
Raxis-IT camera on a Rigaku rotating anode FR300 generator ‘in-house’ at the
Weizmann Institute (Rehovot, Israel). X-ray diffraction data collection parameters
were optimized using the computer program STRATEGY [15], and intensity data
were processed with DENZO and SCALEPACK [16]. The OP structure was refined
using difference Fourier methods.

2.2. Structure comparison

The coordinates of the TMTFA-TcAChE complex (1ACH) were obtained from
the Brookhaven Protein Data Bank. Final refined structures were evaluated and
compared using the programs PROCHECK [17] and WHAT-IF [18]. Comparisons
of the main chain atom positions for each residue with those of native AChE were
performed to identify significant movements using the software PROFIT (SciTech
Software, University College, London, UK). Hydrogen positions were calculated
and figures generated using the program InsightII v.97.0 (Biosym Technologies, San
Diego, CA).

3. Results and discussion

Reaction with soman resulted in an MeP-AChE structure that was refined at 2.2
A resolution (Fig. 2). The highest positive difference density peak, corresponding to
the OP, was observed to be within covalent bonding distance of the Oy of Ser200.
As expected, the large molar excess of OP resulted in almost exclusive reaction of
AChE with the more toxic, P(S) stereoisomers [19]. No significant change was
observed in the positions of the active site triad residues of the MeP-AChE
structure compared with those of native AChE or of the TMTFA-AChE complex
(Table 1).
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Fig. 2. Three-dimensional structure of the active site of MeP—AChE determined by X-ray crystallogra-
phy. The conjugate was obtained by reaction of 7cAChE with soman. Note the proximity of four
possible hydrogen bond donors (dashed lines) to the anionic phosphonyl oxygen atoms: backbone amide
nitrogens of A201, G118, and G119, as well as Ne¢2 of H440. The OP methyl carbon is within
non-bonded contact distances (dotted lines) of F288 and F290 in the acyl pocket. For reference, the
Ca-traces of native- and OP-enzyme are overlaid.

A favorable electrostatic interaction between Ne2 of the active-site imidazolium
and one of the oxygen atoms of the anionic OP conjugate was postulated to be a
key force in stabilizing aged monoisopropylphosphoryl (MiPrP)-trypsin [11,20], as
well as MiPrP-chymotrypsin [21]. The distance from the Ne2 of His440 to the
anionic oxygen in the MeP-AChE structure also is consistent with a favorable
interaction [12]. The geometry is consistent with either a coulombic salt bridge or
a strong hydrogen bond (Fig. 2).

Table 1
Active site distances in 7cAChE structures (A)

Atom 1 Atom 2 Native AChE TMTFA complex MeP-AChE (soman)
S200 Oy H440 Ne2 2.7 2.7 32
H440 No'1 E327 O¢l 2.5 2.7 24
H440 No1 E327 O&2 44 44 44
Oxyanion® G119 N - 2.9 2.4
Oxyanion® G118 N - 2.9 2.8
Oxyanion® A201 N - 32 3.0

4 Refers to the carbonyl oxygen of TMTFA [6], or the phosphonyl oxygen of soman.
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E327

Fig. 3. Comparison of the active sites of MeP-7c¢cAChE (soman) and TMTFA-T7cAChE. The
MeP—AChE residues are shown as thick lines, TMTFA—-AChE residues are shown as thin dark lines,
and TMTFA is shown as a ball-and-stick model. Note that the tetrahedral geometries allow for close
superpositioning of the oxyanion hole oxygen atoms (dashed lines indicate potential H-bonds), as well
as of the methyl and CF; groups in the acyl pocket (dotted lines indicate potential non-bonded
contacts).

The phosphonyl oxygen atoms carry significantly greater fractional negative
charges than do the oxygens of the ACh deacylation TI [11,22]. Despite this
limitation, the active site of MeP—AChE is expected to provide a useful structural
analog for modeling steric interactions of the ACh deacylation TI [11,23].

The position of the phosphonyl oxygen should mimic that of the TI carbonyl
oxygen. The AChE oxyanion hole has been described as ‘three-pronged’ [6,24,25]
because it has three potential hydrogen bond donors. The MeP-AChE structure
corroborates that the oxyanion is stabilized in the deacylation TI by potential
hydrogen bonds from the amide nitrogens of G118, G119 and A201 (Fig. 2 and
Table 1). This is consistent with preliminary modeling of ACh bound to native
TcAChE [1], as well as with the structure of TMTFA—TcAChE [6]. The carbonyl
and phosphonyl oxygen atoms in the oxyanion hole are almost superposable for the
TMTFA- and MeP-AChE structures (Fig. 3), as expected from the common
tetrahedral geometry in both the acylation and deacylation TI structures. We note
that the amide nitrogen atom (donor) of A201 is consistently farther away from the
oxygen atom (acceptor) than are those of G118 or G119 (Table 1).
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3.1. Acyl pocket

A hydrophobic pocket which surrounds the phosphonate methyl group in the
MeP-AChE structure is formed by W233, F288 and F290. The phenyl rings of
F288 and F290 provide close non-bonded contacts to the methyl group of soman
(Fig. 2 and Table 2). Contacts from the acyl pocket to the phosphonate methyl
group are generally closer than are those observed for the CF; carbon atom of
TMTFA (Table 2). Site-directed mutagenesis studies, along with the TMTFA
structure, have emphasized the role of F288 and F290 in determining the specificity
of the acyl pocket for different substrates [6,24,26].

Although F288 and F290 have an established role in determining acyl pocket
specificity, that of W233 is less clear. Several lines of evidence point to a functional
role for W233: (1) both W233 and the adjacent proline (P232) are conserved in all
known AChE and BChE sequences; (2) distances from the geometric center of the
indole ring to the carbon atom of the CF; moiety of TMTFA, as well as to the
methyl group of the OP-AChE structure, suggest that W233 is positioned to
provide close hydrophobic contacts in the substrate TI (Table 2); and (3) replace-
ment of W233 in human BChE by alanine results in a 30-fold decrease in k.,,, with
little effect on K, [28]. We also note that the positions of F288 and F290 are
flexible and change significantly upon binding of a bulky inhibitor, diisopropy-
Iphosphorofluoridate (DFP), whereas W233 does not move [12].

It has been proposed that F331 also participates directly in the acyl pocket [6].
The distance of F331 to the methyl group is, however, appreciably greater than are
those of F288, F290 or W233 (Table 2). An alternative possibility is that F331 plays
a cooperative role in the acyl pocket structure by providing stabilizing 7-z-interac-
tions with the key aromatic side chain at F288. This hypothesis could be tested by
appropriate double mutant thermodynamic cycles [27,29,30].

Table 2 .
Acyl pocket distances in TcAChE structures (A)

From carbon® to: TMTFA complex MeP-AChE (soman)
F288® 5.1 4.8
F290° 5.6 4.7
W233P 4.8 44
F331° 5.6 5.4
G119Cu 43 3.8

2 Straight line distances from the carbon atom of the phosphonate methyl group, or the carbon atom
of the CF; group of TMTFA [6].

® Distances shown are to the geometric center of the phenyl or benzopyrrole rings of the indicated side
chain.
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3.2. No conformational movement upon binding TI analogs

In the OP-ACHhE structure, the overall fold of the protein is very similar to that
of the native enzyme or the TMTFA—-AChE complex, suggesting that TcAChE
accommodates the TI for both the acylation and the deacylation reactions at the
bottom of the active site gorge without major conformational movements. In
contrast, several related serine lipases with extensive secondary structure homology
to AChE [31] undergo a major conformational movement of a ‘lid’ region in the
protein structure upon reaction with OP transition state analogs [32,33].

Although there is evidence for conformational changes associated with aging of
some OP-AChE, —BChE, and -chymotrypsin conjugates in solution [34-36], we
found no major structural rearrangements in 7cAChE as a result of the aging
reaction itself. The rms deviation found by comparing the Co atoms of the
MeP-AChE structure with native AChE was less than 0.3 A. Moreover, superpos-
ing the active site residues of MeP-AChE upon those of native TcAChE (Table 1),
as well as of 13 other previously solved Tc¢ AChE structures, showed no significant
movements that could be attributed to aging. It remains possible, however, that a
transient conformational change occurred on the pathway to the final aged struc-
ture observed by X-ray crystallography. This possibility may be addressed by
ongoing X-ray crystallographic studies of OP—AChE complexes that are not aged.
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