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(5) INTRODUCTION: 

This project has been directed towards examining ligand interactions, 

particularly organophosphates and other potent inhibitors, with 

acetylcholinesterase, by kinetic, physicochemical and recombinant DNA methods. 

The studies are directed to analyzing mechanisms of inhibition by 

organophosphates, their spontaneous hydrolysis, reactivation by oximes and the 

sites of interaction of reversible inhibitors. 

Through these studies we not only hope to understand mechanisms of 

catalysis, inhibition and reactivation, but also develop means for making 

cholinesterase itself a useful antidote. 

(6) BODY: 

Our studies, to date, have employed site-specific mutagenesis, kinetic 

analysis, X-ray crystallography, fluorescence spectroscopy and ligand design. 

Below are described the projects in which we have made substantive inroads. 

A.    Crystallographic Analysis of the Mouse Acetylcholinesterase Fasciculin 

Complex 

i. Production of Mammalian Acetylcholinesterase by Recombinant DNA 

Methods 

Several groups, including our own, have been expressing recombinant 

cholinesterases for mutagenesis studies and a few groups have developed 

expression systems based on permanent transfectants and clonal selection 

of cells. For suitable crystallographic studies, we found it was 

necessary to achieve very high expression levels over short intervals so 
that the media is quickly subjected to purification without freezing. 

Typically purifications involve 70-100 mg batches of enzyme and this can 

be produced in a few days. The procedure involves growing cells in serum- 
free medium, harvesting and affinity chromatography (Marchot et al., 

1996). 

ii. Crystallization of an Acetylcholinesterase-Fasciculin Complex 

After many trials with free enzyme without great success, we found that 

addition of fasciculin in a 1.2 molar stoichiometric excess, yielded high 

quality crystals: The only problem was that the unit crystal was large 

containing six monomers. Through the help of Drs. Robert Sweet and Joel 

Sussman at Brookhaven, Drs. Yves Bourne, Pascale Marchot and I were able 

to obtain diffraction patterns down to 3Ä and solve the structure of the 

complex (Bourne et al., 1995). 

The study provided the first crystal structure of a mammalian 

cholinesterase and enabled one to analyze interactions of a high affinity 

peptide inhibitor with the enzyme with high resolution at the binding 

interfaces. 



In the description of the results, one picture is worth a thousand words 
and the coordinates are perhaps worth a million words. Coordinates have 
been made available to workers in the field and will generally be made 
available through Brookhaven within the month. The published article 
(Bourne et al., 1995) describes the three contact points: (1) tip of loop 
one in fasciculin with a furrow at the rim of the gorge on AChE, (2) 
insertion of loop two in fasciculin into the gorge mouth, (3) interaction 
of a proline loop in AChE with two tyrosines in the core of the fasciculin 
molecule. This approach has suggested several mutants in fasciculin for 
study, and we are presently engaged in a major study of linkages between 
interactive residues on fasciculin and AChE. We hope to report on this 
next year. 

B. Studies of Enantiomeric Specificity of Organophosphates 

We have felt that enantiomeric organophosphates would provide a novel 
approach to mutagenesis studies since: (a) the enantiomers are chemically 
identical in the absence of the disymmetric surface, (b) their absolute 
stereochemistry is known, and (c) a series of their compounds are 
available through collaborative studies with Drs. Harvey Berman at SUNY, 
Buffalo and Charles Thompson at the University of Montana. 

Using a series of R- and S-phosphonates: cycloheptyl-2, 2 dimethyl butyl-, 
and isopropyl-methylphosphonylthiocholines, we showed that the 250-fold 
preference for the S-isomer can be eliminated by mutation of the acyl 
pocket phenylalanines (295 and 297) . In fact, a three fold preference for 
the R-isomer is achieved. These specificity differences have been 
analyzed in relation to organophosphate structure and catalytic parameters 
for hydrolysis (Hosea, et al., 1995). 

Further studies have compared the cyclohexyl, methylphosphonothiocholines 
with the methyl and ethyl thioates, which have a neutral leaving group. 
Mutation of Asp74 to the neutral isosteric Asn results in a 100-fold 
reduction in the rate of reaction by cycloheptyl methylphosphonyl- 
thiocholine whereas no change in rate is seen for the neutral thioates. 
The enantiomeric ratio for the thiocholines do not change. This indicates 
that both the R- and S-isomers have their leaving groups positioned out 
the gorge. These findings confirm the orientation of the attacking serine 
facing the plane formed by the other three substituents. In the penta- 
coordinate, trigonal bipyramidal transition state, the attacking serine 
and the thio containing leaving groups are in the apical positions. Thus, 
for both the acyl pocket and the Asp74 mutations, the data are consistent 
with the proposed orientations of the transition states for the R- and S- 
enantiomers (Hosea et al., in prepatation). Energy minimization of the 
bound phosphonates is being analyzed by molecular dynamics. The influence 
of other residues in the choline site (W86, Y337) are also being analyzed. 

C. Studies on Fasciculin Interactions with the Peripheral Site 

The crystal structure of the fasciculin-AChE has enabled us to determine 
residues likely to be involved in the interaction.  Accordingly we have 



developed a COS cell expression system using a glutamine synthetase- 
methionine sulfoxime amplification system. We have synthesized a 
synthetic gene for expression of fasciculin using a erabutoxin leader 
sequence. Fasciculin has been expressed with the correct sequence and 
specific activity and we are now producing several fasciculin mutants. 
T8A, T9A, R11Q, K32G, R27W, M33A and K45D. We have a fasciculin antibody 
which enables us to examine expression of the inactive or less active 
isomers. 

Other studies with fasciculin are directed to its influence on the ionic 
strength dependence of substrate entry into the enzyme active center and 
the ionic strength dependence of fasciculin binding. 

Studies of Oxime Reactivation of Ethoxymethylphosphonyl-AChE 

Our initial studies were done in collaboration with Drs. Yacov Ashani and 
B.P. Doctor (Ashani et al., 1995). These studies show: (a) differences in 
reactivity for the two enantiomeric conjugates, (b) the influence of 
various residues surrounding the active center on the entry of oximes, (c) 
the basis for the enhanced reaction of HI-6 over 2-PAM. These studies 
will soon be extended with the enantiomerically resolved organophosphates 

(7) CONCLUSIONS: 

The studies of the structure of AChE coupled with the detailed analysis of 

enantiomeric phosphonates and other specific inhibitors have yielded 
important information on enzyme structure in relation to function. We 

will continue this line of study, but extend the work to conformation in 

solution since we feel that the crystal structure does not reflect the 

catalytically active conformational states of acetylcholinesterase. 
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Allosteric Control of Acetylcholinesterase Catalysis by Fasciculin* 
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The interaction of fasciculin 2 was examined with 
wild-type and several mutant forms of acetylcholines- 
terase (AChE) where Trp88, which lies at the base of the 
active center gorge, is replaced by Tyr, Phe, and Ala. The 
fasciculin family of peptides from snake venom bind to a 
peripheral site near the rim of the gorge, but at a posi- 
tion which still allows substrates and other inhibitors to 
enter the gorge. The interaction of a series of charged 
and uncharged carboxyl esters, alkyl phosphoryl esters, 
and substituted trifluoroacetophenones were analyzed 
with the wild-type and mutant AChEs in the presence 
and absence of fasciculin. We show that Trp86 is impor- 
tant for the alignment of carboxyl ester substrates in the 
AChE active center. The most marked influence of Trp86 

substitution in inhibiting catalysis is seen for carboxyl 
esters that show rapid turnover. The extent of inhibition 
achieved with bound fasciculin is also greatest for effi- 
ciently catalyzed, charged substrates. When Ala is sub- 
stituted for Trp86, fasciculin becomes an allosteric acti- 
vator instead of an inhibitor for certain substrates. 
Analysis of the kinetics of acylation by organophos- 
phates and conjugation by trifluoroacetophenones, 
along with deconstruction of the kinetic constants for 
carboxyl esters, suggests that AChE inhibition by fasci- 
culin arises from reductions of both the commitment to 
catalysis and diffusional entry of substrate into the 
gorge. The former is reflected in the ratio of the rate 
constant for substrate acylation to that for dissociation 
of the initial complex. The action of fasciculin appears 
to be mediated allosterically from its binding site at the 
rim of the gorge to affect the orientation of the side 
chain of Trp86 which lies at the gorge base. 

The fasciculins, 61 amino acid peptides found in venom of 
snakes of the mamba or Dendroaspis family, are potent inhib- 
itors of most acetylcholinesterases (EC 3.1.1.7) (AChEs)1 (1). 
Three fasciculins have been identified to date with nearly iden- 
tical amino acid sequences: fasciculin 1 (FAS1), FAS2, and 
FAS3. FAS3 binds to rat brain AChE with a dissociation con- 
stant one order of magnitude lower than that for FAS1 and 
FAS2 (2). The sequence and crystal structure of FAS 1 (3) show 
that these toxins fall within a larger family of "three finger" 

* This work was supported by United States Public Health Service 
Grant GM18360 (to P. T.). The costs of publication of this article were 
defrayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement" in accordance with 18 
U.S.C. Section 1734 solely to indicate this fact. 

t Visiting Fellow from the Institute for Medical Research and Occu- 
pational Health, University of Zagreb, 41000 Zagreb, Croatia. 

§ Visiting Professor: Dept. of Chemistry, University of Iowa, Iowa 
City, IA 52242. 

H Present address: Dept. of Chemistry, City University of New York, 
Brooklyn, NY 11210. 

1 The abbreviations used are: AChE, acetylcholinesterase; FAS, fas- 
ciculin; ATCh, acetylthiocholine; TFK, m-tertbutyl trifluoroaceto- 
phenone; TFK+, m-trimethylammonium trifluoroacetophenone; PA, 
phenylacetate; pNPA, p-nitrophenylacetate. 

Elapidae toxins which include erabutoxin, cardiotoxins, a-bun- 
garotoxin, and a-cobratoxin. These latter toxins, however, do 
not inhibit AChE, whereas FAS at low concentrations does not 
block acetylcholine receptor function (4, 5). 

Torpedo and most mammalian AChEs are inhibited by FAS 
at picomolar concentrations, whereas the closely related bu- 
tyrylcholinesterases (EC 3.1.1.8) (BuChE) require FAS concen- 
trations approaching millimolar for inhibition (5, 6). Three 
domains in AChE and butyrylcholinesterase appear responsi- 
ble for their distinct substrate and inhibitor specificities (7-10). 
Two of them, the acyl pocket and choline-binding site of the 
active center, should be virtually inaccessible to FAS since they 
are located at the base of a narrow gorge leading to the active 
center of the cholinesterases. FAS, however, should access 
binding sites peripheral to the active center as evidenced by 
protection of the enzyme from FAS inhibition by micromolar 
concentrations of propidium and millimolar concentrations of 
acetylthiocholine (ATCh). This concentration range of ATCh 
results in substrate inhibition rather than maximal catalytic 
rates (2, 5). Thus, FAS appears to be specific for a peripheral 
site on AChE. The high affinity of FAS is primarily a reflection 
of a slow dissociation rate yielding a half-time of several hours, 
while the rate of association between FAS and AChE is only 
one to two orders of magnitude slower than expected for a 
diffusion-controlled reaction between a peptide and a protein 
(2, 6). 

The mechanism of AChE inhibition by FAS might involve 
physical occlusion of the entrance to the active center gorge by 
the peptide, modification of the electrostatic field affecting sub- 
strate entry into the gorge, and/or an allosteric influence on the 
active center affecting the commitment to catalysis of bound 
substrate. The capacity of the FAS-AChE complex to react with 
diisopropyl fluorophosphate (2) reveals that the active serine at 
the base of the gorge remains potentially accessible to reaction 
with substrates. In this article we analyze the possible mech- 
anisms of inhibition by FAS by measuring kinetic constants for 
inhibition of wild-type and several mutant cholinesterases. In 
addition, we examine the capacity of FAS to affect AChE spec- 
ificity for carboxyl and alkylphosphoryl ester acylation and for 
conjugation with substituted trifluoroacetophenones. 

MATERIALS AND METHODS 
Enzymes—Wild-type and mutant mouse AChEs were expressed in 

HEK-293 cells following transfection of the cells with the encoding 
cDNA as described previously (7, 8). Cells containing the recombinant 
plasmids stably integrated into the DNA were used, and AChE was 
concentrated from the serum-free medium in which the expressing cells 
were, grown. 

Fasciculin—Purified and lyophilized FAS2 was kindly provided by 
Dr. Carlos Cervenansky, Institute de Investigaciones Biologicas, 
Montevideo, Uruguay. Concentrations of FAS stock solutions were 
determined by absorbance (e276 = 4900 M_1 cm-1) (1). 

Inhibitors—m-Tertbutyl trifluoroacetophenone (TFK) and m-tri- 
methylammonium trifluoroacetophenone (TFK+) were synthesized as 
described earlier (11, 12). Paraoxon was obtained from Sigma and 
echothiophate from Ayerst Laboratories Inc. (Philadelphia, PA) 
(Structure I). 

20391 
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STRUCTUBE I. 

Enzyme Activity—Hydrolysis of ATCh, phenylacetate (PA), and p- 
nitrophenylacetate (pNPA) was measured spectrophotometrically using 
the method of Ellman et al. (13) for ATCh, or measurement of phenol or 
p-nitrophenol release at 270 and 405 nm, respectively. Kinetic con- 
stants for hydrolysis of the above substrates by wild-type AChE and 
butyrylcholinesterase and mutant AChEs were determined using a 
nonlinear fit of the data to the following equation (modified from Ref. 
14): 

(1 + bS/KJ^        V 
"  (1 + S/KJ     (1+KJS) (Eq. 1) 

where S denotes the substrate concentration, Km and KBS Michaelis- 
Menten and substrate inhibition constants, and b the productivity ratio 
of the ternary S£S complex to the ES complex (cf. 7). 

Enzyme Inhibition—Reversible inhibition constants in the picomolar 
range were determined upon overnight incubation of aliquots of en- 
zymes with increasing concentrations of FAS and fitting the remaining 
enzyme activities to the following equation: 

viß = v( [1 + ß F(Ki + vjkj] (Eq. 2) 

where vt is described by (15): 

Vi = k{(E-Ki - F) + [(Kt + F + E)2-4FE]V2}/2 (Eq. 3) 

and Kt is a reversible inhibition constant for fasciculin, F, and is also 
equal to k_^lk¥. Equations 1 and 2 were derived from Scheme I: 

K„ ßk 
FE + S^F£S -^FE + P 

F F 
+ K,    +   k 
E +S^=^ ES-+E + P 
+ + 
s s 

Ks bk 
SE + S^=^ SES^ SE + P 

SCHEME I 

with the constraints of F = 0 for Equation 1, and Km<KS<zKss and F ~ 
E for Equation 2. 

Rate constants for FAS and trifluoroacetophenone association and 
dissociation were determined as described earlier (6). Rate constants for 
inhibition of the enzymes with paraoxon and echothiophate as well as 
rate constants of association of trifluoroacetophenones were determined 

by following the time course of the onset of inhibition using ATCh Bs 
substrate and three or more inhibitor concentrations as described 
earlier (16). 

RESULTS 

Rate and Equilibrium Constants for Fasciculin Binding to 
Mutant Acetylcholinesterases—FAS inhibition of wild-type and 
Trp86 substituted AChEs, measured with ATCh andpNPA as 
substrates, is shown in Fig. 1. All of the enzymes were inhibited 
by FAS except for Trp86Ala, where the presence of FAS actually 
increased enzyme activity toward pNPA. None of the enzymes 
could be inhibited completely at high FAS concentrations. Re- 
sidual uninhibited activities were always higher when meas- 
ured with 1 mM pNPA compared to 1 or 10 mM ATCh. A 
nonlinear fit of experimental data to Equation 2 yielded Kt, the 
equihbrium dissociation constant for FAS, and ß, the fraction of 
residual activity reflecting partial productivity of the FES com- 
plex. These data are tabulated in Table I. Dissociation con- 
stants for FAS inhibition, Kt, were indistinguishable when 
measured with both substrates but were increased up to 10-fold 
by the various mutations. Residual enzyme activities ranged 
from below the experimental error of detection (-0.2%) in the 
case of wild-type AChE to 80 and 160% of the control activity in 
the Trp86Ala mutant for ATCh andpNPA, respectively. Thus, 
the primary effect of substitutions at Trp86 is on the capacity of 
FAS to influence catalytic parameters once bound to enzyme 
rather than on FAS binding per se. 

This behavior contrasts with the marked increases in Kt and 
lack of effect on ß that three substitutions at peripheral site 
residues, Trp286Arg, Tyr72Asn, Tyr124Gln, have on FAS inter- 
actions with AChE. It also distinguished from the virtual lack 
of effect that substitutions at the acyl pocket and position 337 
have on FAS inhibition (6). With these mutants residual activ- 
ities of the FAS complexes measured with ATCh were equiva- 
lent to those for wild-type enzyme. The residues at positions 
286, 72, and 124 constitute part of the peripheral site and are 
located at the entrance of the active center gorge. They are 
directly accessible to FAS and might be expected to be in direct 
contact with FAS. Accordingly, their replacement should influ- 
ence the dissociation constant of FAS. The two aromatic resi- 
dues Trp86 and Tyr337 in the choline-binding site are located 
deep within the active center gorge and seem inaccessible for 
direct contact by FAS. Therefore, a minimal effect of their 
replacement by Ala on Kt of the FAS-AChE complex is not 
surprising. However, while Tyr337Ala was almost totally inhib- 
ited by saturating FAS concentrations (>99%), hydrolysis of 
ATCh by Trp86Ala was only inhibited about 20% at saturating 
FAS concentrations. Catalytic hydrolysis of pNPA was acti- 
vated in the presence of FAS. 

The small increase in Kt arising from substitutions at Trp86 

is due to the increase in the dissociation rate constant for FAS, 
k_v (Table II), as previously observed for the Tyr124Gln and 
Asp74Asn mutants (6). Rates of FAS association are not af- 
fected by any of the mutations where the rate constants are 
sufficiently slow for detection by conventional measurement. 

The presence of ATCh in concentrations up to 1 mM did not 
affect FAS association or dissociation rate constants. FAS 
therefore binds with the same affinity to free enzyme and 
enzyme-ATCh complex. Only high ATCh concentrations, suffi- 
cient to cause substrate inhibition in wild-type AChE, decrease 
the rates of FAS association with wild-type and mutant en- 
zymes (6). The decrease may be a consequence of either a 
modified electric field in AChE or, more likely, competition 
between occupation of ATCh and FAS at peripheral sites. 

The Influence of Trp86 Substitutions on Substrate Hydroly- 
sis—The dependences of enzyme activity on ATCh and pNPA 
concentrations, measured in the absence and presence of sat- 
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FIG. 1. Influence of varying FAS 
concentrations on the activity of 
wild-type and mutant mouse AChE. 
Enzyme activity was measured using 
ATCh (A) andpNPA (S) as substrates at 
concentrations denoted in Table I. Theo- 
retical curves were obtained by fitting ex- 
perimental points to equation (2). Trp at 
position 86 in the wild-type enzyme was 
replaced by Phe (F), Tyr (Y), and Ala (A). 
The recombinant DNA-derived enzymes 
were incubated overnight (14-16 h) with 
FAS prior to assay. 
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TABLE I 
Inhibition constants for fasciculin 2 with wild-type and mutant aChEs 

Equilibrium dissociation constants, Kit and fractions of residual activity, ß were obtained by nonlinear regression of Equation 2 from the sets of 
experimental points as illustrated in Fig. 1. Following incubation of the enzyme with FAS alone, measurements of catalysis were conducted at the 
specified substrate concentrations for ATCh and pNPA. Values are means ± standard errors. 

Enzyme Substrate Kt 

AChE wild-type 

W86F 

W86Y 

W86A 

1.0 or 10 mM ATCh 
l.OmMpNPA 

10 mM ATCh 
l.OmMpNPA 

10 mM ATCh 
l.OmMpNPA 

30 mM ATCh 
1.0 mM pNPA 

pin 
4.8 ± 1.8 (6) 
3.7 ± 2.4 (2) 

4.5 ± 2.0 (8) 

4.1 ± 1.8 (4) 
8.2 ± 3.8 (3) 

5.8 ± 3.8 (7) 

18 ± 8 (4) 
17 ± 4 (2) 

17 ± 7 (6) 

33 ± 16 (3) 
77 ± 33 (2) 

51 ± 32 (5) 

0(: 
0 0 

=0.002) 
=0.06) 

0.13 
0.57 

: 0.01 (5) 
: 0.10 (3) 

0.34 ± 0.02 (3) 
0.72 ±0.14(2) 

0.80 ± 0.04 (2) 
1.60 ± 0.2 (4) 

TABLE II 
Rate constants for inhibition of AChE by fasciculin 2 

Rate constants of association kF and of dissociation k_F are obtained by nonlinear regression of the equation describing the approach to inhibition 
at equilibrium (6). The ratio k_p/kF yields the equilibrium dissociation constant Kt. Experiments were conducted in the presence of the specified 
ATCh concentrations. Values below the line represent means ± standard errors of all values irrespective of ATCh presence. 

Enzyme ATCh k-Y K, 

AChE wild-type 

W86F 

W86Y 

W86A 

mM 
1.0 
0 

1.0 
0 

1.0 
0 

1.0 
0 

10s min 1 M ' 
1.9 ± 0.3 (4) 
2.6 ± 0.4 (6) 

2.3 ± 0.5 (10) 

2.1 ± 0.2 (3) 
2.8 ± 1.1 (6) 

2.6 ± 0.9 (9) 

2.0 ± 0.7 (4) 
1.8 ± 0.6 (7) 

1.8 ± 0.6 (11) 

1.5: 
1.4: 

0.8 (7) 
0.5 (9) 

1.4 ± 0.6 (16) 

10~3 min'1 

3.5 ± 1.5 (2) 
5.0 ± 1.6 (4) 

4.5 ± 1.8 (6) 

10 ± 1 (2) 
11 ± 5 (4) 

11 + 4 (6) 

15 ± 10 (2) 
7 ± 0.7 (3) 

10 ± 6 (5) 

52 ± 21 (4) 
27 ± 9 (8) 

34 ± 17 (12) 

pM 
18 
19 

20 

48 
39 

42 

65 
41 

56 

350 
180 

240 

urating FAS are shown in Fig. 2. The relatively high enzyme 
concentrations (2-8 nM) used in these experiments enabled 
detection of residual activity in the presence of FAS. Experi- 
mental data fitted to Equation 1 yielded the constants reported 
in Table III; also included are the constants for hydrolysis of a 
neutral substrate PA, which has a high turnover rate. 

Substitutions of Phe, Tyr, or Ala for Trp at position 86 
influence catalysis to the largest extent with the most efficient 
substrate ATCh. Replacements of the indole ring of Trp with 
other aromatic substituents reduce kcai/Km by an order of mag- 
nitude, whereas deletion of the ring leaving the aliphatic side 
chain in alanine reduces kcsJKm by two orders of magnitude. 
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FIG. 2. Influence of fasciculin on acetylchoHnesterase cataly- 

sis. A, representative plots of activity versus substrate concentration for 
high (ATCh) and low (pNPA) turnover substrates in the presence and 
absence of saturating (40-200 nM) FAS. Curves were obtained by non- 
linear regression of Equation 1 to fit the experimental points. Fasciculin 
was incubated with the enzyme for at least 1 h prior to the activity 
measurements. B, substrate concentration dependence for catalysis of 
ATCh andpNPA by wild-type AChE-FAS complex. Data show enlarged 
ordinates from the top panels. The solid line was obtained by a nonlin- 
ear regression of Equation 1 to fit the experimental points. The dotted 
line shows the best fit to the data assuming Michaelis-Menten kinetics. 

The reductions in kcat/Km are reflected mainly in larger Km 

values except for the Trp86Ala mutation where &cat is reduced 
50-fold. However, the Trp86Ala enzyme shows substrate acti- 
vation which will effectively increase catalysis at high sub- 
strate concentrations. 

In the case of PA, a neutral but relatively high turnover 
substrate, kcat was decreased only 2-3-fold for the aromatic 
substituents, and 10-fold for the Ala substitution. Since the Km 

values also decrease slightly upon substitution of Phe or Tyr for 
Trp86, kcat/Km is virtually unaffected. pNPA is a relatively poor 
substrate whose kcat/Km for the wild-type enzyme is nearly 
three orders of magnitude less than that for ATCh. All three 
substitutions for Trp86 led to an increase oikcJKm forpNPA; 

this is a cumulative effect of lowering Km and increasing kca\. 
Thus, the mutations reduced kcat in a similar manner for the 

two substrates of rapid turnover, ATCh and PA, while two 
neutral substrates, PA and pNPA, have their Km values simi- 
larly affected. kcaJKm was affected the most for ATCh and 
pNPA, while for PA kcat was most affected. 

Inhibition of Wild-type and Mutant Enzyme Substrate Hy- 
drolysis by Fasciculin—FAS inhibition is most marked with the 
wild-type enzyme showing a reduction of activity by three 
orders of magnitude for the efficient substrates and by about 
10-fold forpNPA (Table III). Most of the reduction arises from 
a diminution in kcat. In all of the mutant enzymes, such large 
reductions in kcat associated with FAS association are not evi- 
dent. Substitution of Tyr or Phe for Trp results in a smaller 
reduction of kcat/Km for the two fast substrates upon FAS 
binding, and mainly arises from changes in Km. FAS has little 
influence on either kcat or Km for pNPA. In the case of the 
Trp86Ala enzyme, an apparent activation is measured for all 
three substrates. It is noteworthy that in the presence of 
FAS the mutant enzymes exhibit relatively similar catalytic 
parameters. 

The Influence of Trp86 Substitutions and Fasciculin on Sub- 
strate Inhibition—Of the three carboxyl ester substrates only 
ATCh exhibited substrate inhibition in the range of substrate 
concentrations used. The upper concentration boundary for 
detection of catalysis is limited by the high rate of general base 
hydrolysis for ATCh and by the solubilities for aromatic esters. 
Introduction of smaller aromatic residues, Phe and Tyr, in 
place of Trp86 increased the substrate inhibition constant, Kss, 
stepwise to a value 60 times larger than the wild-type constant. 
By contrast for the Trp86Ala mutant, substrate activation was 
observed and no substrate inhibition was measurable (Table 
III). The parameter b, reflecting the efficiency of the hydrolysis 
of the ternary complex (cf. Equation 1), increased from 0.2 in 
wild-type to 0.4 for Trp86Phe and to 8.2 for Trp86Ala, whereas 
for the Trp86Tyr mutant, ascertaining whether the mutation 
affects Kss or b is difficult owing to the lack of pronounced 
substrate inhibition or activation. 

The binding of FAS to the wild-type and mutant enzymes 
completely abolished substrate inhibition by ATCh. In fact, Fig. 
2B shows elements of substrate activation (b = 6.8) for hydrol- 
ysis of ATCh by the complex of wild-type AChE with bound 
FAS. This is similar to the activation observed for ATCh hy- 
drolysis by the Trp86Ala mutant in the absence of FAS. Sub- 
strate activation should not arise as a result of FAS-ATCh 
competition since the FAS dissociation rate is inherently slow 
(cf. Table I). 

Fasciculin Inhibition of Wild-type and Mutant Enzyme Phos- 
phorylation by Charged and Uncharged Organophosphates— 
Rate constants for time-dependent inhibition of the enzymes by 
echothiophate and paraoxon were determined in the absence 
and presence of saturating concentrations of FAS (Table W). 
Reaction rates for enzymes in the absence of FAS followed 
pseudo-first-order kinetics. However, in the presence of FAS, 
the time courses of inhibition were frequently biphasic. The 
fast phase always had the greater amplitude, but the kinetics 
required rate constants that differ by a factor of two to eight to 
fit the data. This phenomenon was independent of FAS concen- 
tration in the range of 20-120 nM where enzyme concentra- 
tions were lower than 0.3 nM. Reaction rates were determined 
from the initial linear portion of the inhibition curves. 

The largest reduction of a second-order phosphorylation con- 
stant, approaching three orders of magnitude, was produced by 
Trp86Ala substitution in reaction with echothiophate (Table 
W). With the same mutation, paraoxon inhibition was affected 
only 3-fold. Substitution of Trp86 with Phe decreased the sec- 
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,                         1 TABLE III 
Catalytic parameters for hydrolysis o fcarboxyl ester substrates by mutant and wild-type AChEs 

Constants were obtained by nonlinear regression analysis of Equation 1 as shown in Fig. 2. Values are means of 3-5 separate measurements. 

Standard errors were typically less than 30% for the measurements. Units for tabulated constants are: mM for Km, 105 min 1 for kCBt and 

min xu 1{orkca1/Km. 

Enzyme                         Acetylthiocholine ] 'henylacetate p-Nitrophenylacetate 

Km ^cat Kzt/Km Km ^cat kc*t/Km                          Km *cat kmt/Km 

Wild-type            0.047" 1.4 3x 109 1.5 1.9 1.3 x 10s           4.6 0.22 5 x 106 

+FAS                0.206 0.004 2X 106 2.3 0.009 3.9 x 105           3.9 0.014 4X 105 

W86F                 0.32c 1.2 4x 10s 0.5 0.98 2.0 x 10s            1.7 0.88 5X107 

+FAS               11 0.30 3X 106 5.1 0.98 1.9 x 107           2.5 0.43 2 X 107 

W86Y                 0A7d 0.64 IX 10s 0.6 0.59 1.0 x 108            1.6 0.43 3 X 107 

+FAS                 5.4 0.33 6X 106 2.7 0.64 2.4 X 107            2.1 0.49 2 X 107 

W86A                 0.066e 0.028 4 X 107 0.67 0.20 3.0 X 107            0.81 0.17 2X107 

1 +FAS                2 0.13 7 X 106 0.98 0.57 5.8 X 107            0.51 0.25 5 X 107 

"K., = 17 mM, b = 0.2; 
bKBS = 96 mM, b = 6.8; 
°K„ = 50 mM, b = 0.4; 
*.£„> 300 mM, 0 <b< 1; 
eK„„ = 20 mM, b = 8.2. In the presence of FAS K„ and b were only measurable for the wild-type enzyme (see Fig. 2B). For all other substrates 

and enzyme combinations, appreciable substrate inhibition or activation was not detected, hence 6 approaches 1 or Kss is substantially greater than 

the highest substrate concentration employed. 

TABLE IV 
Constants for phosphorylation of enzymes by echothiophate and paraoxon 

The second order rate constant for inhibition (kj), reversible inhibition constant (KJ and maximal rate of phosphorylation (k+2) were derived as 
described in Ref. 16.   

Enzyme *, (106 M"
1
 min-1) 

AChE wild-type 
+FAS 

W86F 
+FAS 

W86Y 
+FAS 

W86A 
+FAS 

3.5 
0.37 

0.48 
0.11 

3.0 
0.23 

0.0044 : 
0.27 

± 1.1 (5) 
± 0.09 (3) 

± 0.05 (4) 
± 0.04 (4) 

± 1.4 (3) 
± 0.05 (4) 

: 0.0015 (3) 
± 0.07 (3) 

AChE wild-type 
+FAS 

W86F 
+FAS 

W86Y 
+FAS 

W86A 
+FAS 

1.6 
2.4 

0.71 
0.50 

1.2 
0.30 

0.46 
0.17 

± 0.3 (3) 
± 0.8 (3) 

± 0.08 (3) 
± 0.19 (3) 

± 0.6 (4) 
± 0.09 (3) 

± 0.18 (3) 
± 0.08 (3) 

if* (MM) k + 2 (min *) 

Echothiophate 
0.92 ± 0.35 
9.5 ± 3.5 

10 ±4 
3.2 ± 2 

3.0 ± 0.8 
3.3 ± 0.3 

1.5: 
2.1: 

1.0 
0.7 

233: 
17: 

68 
12 

4.8 ± 
0.34: 

4.5 ± 
0.48 

1.1 ± 
3.7 ± 

2.0 
±0.08 

1.4 
±0.04 

0.3 
1.9 

Paraoxon 
5.6 ± 2.1 
1.7 ± 1.1 

4.2: 
3.6: 

1.4: 
4.3: 

:0.7 
: 1.9 

:0.4 
:0.4 

11 ±3 
3.4 ± 1.3 
3.2 ± 0.7 
1.8 ± 1.2 

2.8 ± 1.7 
1.3 ± 0.3 

3.0 ± 0.8 
7.3 ± 1.7 

1.8 
1.2 

0.6 
:0.3 

ond-order inhibition constants for echothiophate and paraoxon 
7- and 3-fold, respectively, while the inhibition constant for the 
Trp86Tyr mutant enzyme was not affected (Table IV). The 
changes in inhibition parameters were mainly a consequence of 
an increase in Kt for echothiophate and a decrease in maximal 
phosphorylation rate for paraoxon. 

FAS association had more effect on inhibition by echothio- 
phate with its cationic leaving group than by the neutral con- 
gener, paraoxon. The second-order inhibition rate constant for 
the wild-type enzyme-FAS complex decreased 10-fold for echo- 
thiophate as a result of an increase in its Kt; paraoxon's overall 
inhibition rate constant is largely unchanged, although both Kt 

and k+2 were decreased in a compensatory fashion in the pres- 
ence of FAS. FAS binding to the Trp86Phe and Trp86Tyr mu- 
tants only modestly affects inhibition by paraoxon, whereas 
echothiophate inhibition is decreased up to 10-fold as a conse- 
quence of a slower phosphorylation rate. FAS had a minimal 
effect on inhibition of the Trp86Ala mutant by paraoxon, but 
the second-order inhibition constant for echothiophate was in- 
creased 100-fold. This mutant enzyme shows both enhanced 
affinity and reactivity for the cationic organophosphate in the 

presence of FAS. 
Fasciculin Inhibition of Wild-type and Mutant Enzyme Con- 

jugation by Charged and Uncharged Substituted Trifluoroace- 
tophenones—Substitution of aromatic and aliphatic residues 
for Trp86 results in destabilization of the hemiketal conjugates 
for both the charged and uncharged /n-trimethylammonium 
trifluoroacetophenone and m-terbutyl trifluoroacetophenone 
isosteres (Table V). These substrate analogs differ from the 
carboxyl and phosphoryl esters in that the reaction product is 
a conjugate formed without the loss of a leaving group. Recent 
x-ray crystallographic studies of the complex do indeed show 
bond distances consistent with formation of a hemiketal con- 
jugate (17). While mutations at position 86 are limited to 20- 
fold or smaller' increases in the rates of dissociation of the 
neutral trifluoroacetophenones conjugate, the rates of dissoci- 
ation of the charged conjugate are affected by one to two orders 
of magnitude and rates of formation up to an order of magni- 
tude. This results in up to 1000-fold destabilization of charged 
conjugate for Trp86Ala mutant and only a 20-fold destabiliza- 
tion of the neutral conjugate. 

Second-order inhibition rates for trifluoroacetophenones re- 
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TABLE V t , 
Constants for acylation of enzymes by m-trimethylammonium trifluoroacetophenone and m-tertbutyl trifluoroacetophenone 

Rate constants for formation kF and decomposition k_F of enzyme conjugates with trifluoroacetophenones were obtained by nonlinear regression 
of the equation describing an approach to equilibrium of bimolecular association and unimolecular dissociation (6). The association rate constants 
were corrected for the fraction of ketone in the unhydrated state (12). 

Enzyme *F (109 M_1 min-1) k_F (min *) Kt (pit) 

AChE w.t. 
+FAS 

W86F 
+FAS 

W86Y 
+FAS 

W86A 
+FAS 

AChE w.t. 
+FAS 

W86F 
+FAS 

W86Y 
+FAS 

W86A 
+FAS 

210 ± 20 (7) 
22 ± 4 (3) 

m-Trimethylammonium trifluoroacetophenone 
0.0011 ± 0.0003 (3) 
0.024 ± 0.01 (3) 

110: 
6.9 : 

30 (5) 
2.5 (3) 

110 ± 30 (4) 
36 ± 22 (3) 

19 ± 9 (3) 
24 ± 8 (5) 

3.0 ± 0.4 (4) 
0.70 ± 0.15 (4) 

6.5 ± 0.3 (4) 
1.8 ± 0.5 (3) 

4.8: 
0.32: 

2.6: 
3.1: 

1.4 (4) 
0.09 (3) 

0.8 (4) 
0.8 (4) 

0.019 : 
0.14: 

: 0.006 (3) 
: 0.07 (4) 

0.045 ± 0.008 (3) 
0.15 ± 0.08 (3) 

0.15 ± 0.08 (3) 
0.077 ± 0.022 (3) 

m-Tertbutyl trifluoroacetophenone 
0.011 ± 0.001 (3) 
0.060 ± 0.006 (3) 

0.036 ± 0.008 (3) 
0.16 ± 0.03 (3) 

0.16 ± 0 (3) 
0.16 ± 0.04 (3) 

0.20: 
0.13: 

0.04 (3) 
0.05 (3) 

0.0053 
1.1 

0.17 
20 

0.40 
4.2 

7.7 
3.2 

3.7 
85 

5.5 
91 

33 
510 

78 
43 

fleet both formation of a reversible complex and subsequent 
covalent bond formation. Since rates of conjugate formation for 
both isosteres and all mutants showed a linear dependence on 
concentration, formation of conjugates was treated as a simple 
bimolecular association. When correlated for the ratio of non- 
hydrated to hydrated species (12), the measured second-order 
reaction rate constants for the non-hydrated ketones fell well in 
the range of rates for diffusion-limited reactions (109-101:L M

_1 

min-1). These values are very similar to a rate of association of 
4 X 1010 M_1 min"1 determined for the reversible inhibitor 
iV-methylacridinium (18) and exceed kcJKm for ATCh. Even 
though NME measurements for similar trifluoroacetophenones 
(19) and the crystal structure of the AChE-TFK+ complex (17) 
show that trifluoroacetophenones bind to the active serine co- 
valently forming a hemiketal, the rate of the TFK+ reaction 
appears limited by diffusion in the concentration range where 
measurements are practical. 

Bound FAS affects the reaction rates of trifluoroacetophe- 
nones for both the wild-type and mutant enzymes. Rates of 
conjugate formation with the wild-type and Trp86Phe enzymes 
decreased in the fasciculin complexes, and rates of conjugate 
dissociation increased to a greater extent with the charged 
than with neutral isostere. This results in a 10-fold greater 
increase in Kt for the charged isostere. Bound FAS also affected 
the interaction of both trifluoroacetophenones with Trp86Tyr 
and Trp86Ala. While bound FAS increased Kt for Trp86Tyr 
10-fold, the Kt for Trp86Ala mutant decreased about 2-fold. It is 
interesting that a 1000-fold difference in Kt between charged 
and uncharged isosteres for wild-type AChE is significantly 
reduced 5-100-fold when FAS is bound to the mutant or wild- 
type enzymes. 

Bound FAS decreased rates of diffusion of the cationic TFK+ 

into the enzyme gorge by an order of magnitude. Since bound 
FAS may restrict diffusion-limited entry into the gorge, the 
reductions in rate of TFK+ association may reflect the gating 
influence of the positively charged FAS molecule toward entry 
of cationic substrates into the gorge. In addition, substitution of 
aromatic and aliphatic residues at position 86 diminishes the 
stability of the hemiketal conjugates formed between the sub- 
stituted trifluoroacetophenones and AChE. These factors are 

reflected in a larger &_F and a smaller kF. As the overall kF 

diminishes, diffusion is no longer rate-limiting. With the sub- 
stitutions at position 86 which form the less stable complexes, 
FAS has a greatly diminished influence on the reaction. FAS 
affects rates of dissociation of the conjugate presumably by 
allosterically influencing the site of TFK binding. The overall 
effect of FAS binding is similar in magnitude to substitution of 
Ala for Trp86. 

DISCUSSION 

In this study we have examined the influence of a peptidic 
peripheral site inhibitor, FAS 2, on the catalytic parameters of 
AChE. Substantial evidence has accumulated to show that FAS 
binds at a peripheral site to regulate substrate catalysis (1, 2, 
5, 6). We show here by examining mutations in the choline 
binding subsite at the base of the gorge that FAS, by acting 
near the rim of the gorge, controls the overall configuration of 
the substrate-binding site. By comparing charged and un- 
charged substrates, one approaches the question of whether 
FAS affects initial entry of substrate into the gorge or the 
subsequent steps of catalytic turnover of bound substrate. To 
this end it becomes useful to deconstruct the catalytic param- 
eters, kcat and Km, where possible, into primary constants. For 
Scheme II below: 

Km — 

&i k2 > 
E + AB^± E*AB -* EA+B 

(k-! + k2) k3 

kx 

  ,        _   kz-k3 

'(k2+k3) *<»' ~ fc2 + £3 

SCHEME II 

E+A 

Rcav&m 
k1-k2 

k + k2 

we have examined three classes of substrates designated by 
AB: (a) the carboxylic acid esters: ATCh,pNPA, and PA. These 
acetoxy esters differ about 600-fold in catalytic efficiency, kcJ 
Km, with the following order ATCh>PA>pNPA; (6) the sym- 
metric organophosphates which only differ in their leaving 
groups: the charged, diethoxyphosphoryl thiocholine (echothio- 
phate), and uncharged diethoxyphosphoryl p-nitrophenol 
(paraoxon). These two compounds yield structurally identical 
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FIG. 3. Presumed orientation of the 
transition states for acylation of 
AChE by ATCh (black) and echothio- 
phate (gray) obtained by molecular 
modeling of the acylation transition 
state for the reaction of the two 
compounds with AChE. Molecular 
dynamics modeling was performed as 
described in Ref. 28. 

Glu334 Ser203 

f>\^H\s 447 

Glu334 Ser203 

His 447 

covalent conjugates with the active serine. Echothiophate and 
paraoxon have the same leaving groups as ATCh and pNPA, 
respectively. In contrast to the carboxyl esters, only rates of 
acylation require consideration in analyzing substrate kinetics. 
For organophosphates Km (now defined as K^) is reduced to (kx 

+ k2)/k1, and &cat is reduced to k2; (c) isosteric trifluoroaceto- 
phenones which contain charged and uncharged moieties at the 
meta position. The conjugation reaction here only involves nu- 
cleophilic addition by Ser200 to form the hemiketal without loss 
of a leaving group. Consequently Km reduces to the ratio of k _ x 

and kx. There is no substrate turnover, and kC3t is zero. 
Since the AChE-FAS complex remains catalytically active 

and susceptible to phosphorylation by diisopropyl fluorophos- 
phate (2), or other organophosphates (Table IV), FAS does not 
serve as a physical barrier to block totally substrate entry into 
the AChE active center gorge. Rather, binding of FAS to the 
enzyme appears to affect the chemical acylation step of the 
catalytic reaction described by k2. This is indicated by pro- 
nounced reductions in kcat and kcat/Km for the three carboxyl 
esters, as opposed to modest increases in their Km values. 
Values of kcat and kceJKm for hydrolysis of ATCh and PA by 
human AChE in the presence of FAS decrease significantly in 
D20 buffers, while in the absence of FAS the isotope effect of 
D20 is small (20). These findings indicate that FAS reduces the 
rate of ATCh and PA acylation described by k2. 

In addition, cationic ligands may find their entry to the 
active center diminished due to the electrostatic restrictions 
imposed by bound FAS. Positively charged ATCh, unlike the 
other two neutral substrates, has a 5-fold greater Km for the 
AChE-FAS complex compared to AChE. Also, charged organo- 
phosphates and trifluoroacetophenones react with AChE-FAS 
complex at rates an order of magnitude slower than with 
AChE. The Trp86Ala enzyme is an exception where FAS accel- 
erates an inherently slow rate of echothiophate inhibition while 
exerting little influence on the reaction with the neutral 
organophosphates. 

Substitution of Trp86 by two other aromatic residues, Phe 
and Tyr, abolishes the capacity of FAS to reduce acylation 
rates, whereas introduction of Ala at this position results in 
bound FAS causing a slight increase of acylation rates for all 
substrates. Thus, unlike the other residues in the choline bind- 
ing site (i.e. Tyr387) and acyl pocket (i.e. Phe295, Phe297) (6), the 
indole ring of Trp86 is linked to the mechanism of FAS inhibi- 
tion. The aromatic substitutions, however, slightly enhance the 
increase in Km induced by FAS for the two most effective 
substrates ATCh and PA. This suggests that an aromatic res- 
idue at position 86 influences hx or k_x in the FAS-AChE 
complex. For catalytic hydrolysis of both ATCh and PA, k_x is 
likely to be increased by FAS, while we might also expect a 
reduction of kx for the charged substrate ATCh. Catalytic hy- 
drolysis of pNPA is far slower (Table III), and it has been 

suggested, based on solvent isotope effects on acylation rates, 
that it is rate limited by the chemical acylation step (21, 22). 

Introduction of an aliphatic residue at position 86 exerts a 
large reduction in the catalytic rates for both fast substrates 
PhAc and ATCh. With the less efficient catalysis, the influence 
of FAS is diminished so that the FAS complexes of these mu- 
tant enzymes have catalytic constants which approach those of 
wild-type enzyme-FAS complex. The mild acceleration in cata- 
lytic rate for the Trp86Ala AChE-FAS complex is likely to be a 
consequence of an increase in the acylation rate constant k2> 

indicating an enhanced capacity to stabilize acylation transi- 
tion state upon FAS binding. This conclusion is supported by 
the observation that the binding of FAS increases the affinity of 
the Trp86Ala mutant for both charged and neutral trifluoroace- 
tophenones, substrate transition state analogs. Hydrolysis of 
ATCh by the Trp to Ala mutant enzyme is enhanced upon 
binding of FAS primarily through enhancing k2, suggesting an 
improved fit of the ATCh transition state in the active center 
gorge. 

Ordentlich and colleagues (23) previously examined the 
Trp86Ala mutation on rates of catalytic hydrolysis of ATCh, 
pNPA, and other carboxyl esters. They also observed a dra- 
matic reduction on ATCh hydrolysis with the Trp86Ala muta- 
tion and smaller effects on other substrates. They suggested 
that Trp86 is not involved in the stabilization of uncharged 
substrates. However, the Trp86 to Ala mutation accompanies a 
large volume change which must be accommodated by either 
collapse of the peptide backbone or entry of several water 
molecules into the gorge. Analysis of the kinetics through step- 
wise replacement of Trp by Tyr, Phe, and then Ala suggests 
that subtle changes in alignment of the associated carboxyl 
ester are sufficient to dramatically decrease catalysis. More- 
over, occupation of the peripheral site by FAS may affect the 
alignment of the substrate through an allosteric influence me- 
diated between the lip of the gorge and its base. Support for 
this linkage comes from previous studies of AChE structure 
involving circular dichroism, fluorescence spectroscopy, and 
site-specific mutagenesis when propidium is bound to the pe- 
ripheral site (24-26). Efficient catalysis requires an optimal 
alignment of substrate, and FAS exhibits its most dramatic 
effects on inhibition parameters for the fast substrate. When 
alignment is compromised through residue substitution at po- 
sition 86, FAS has a far smaller effect on catalysis and can, in 
some cases, slightly increase kcatIKm. 

Since both Trp86 mutations and FAS affect substrate inhibi- 
tion parameters, the binding of a second substrate molecule at 
the FAS site may also mediate its effect on catalysis through 
Trp86 (6, 27). Although FAS binding and Trp86 substitutions 
occur at two different locations, they both influence the align- 
ment of residues in the site of ATCh catalysis and prevent the 
most productive binding orientation of substrate. Substrate 
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activation of the residual activity in the FAS-AChE complex 
(Fig. 2B), however, may be a consequence of ATCh interaction 
with still another site on the enzyme. 

The effect of Trp86 substitutions on acylation by the organo- 
phosphates resembles that seen for the carboxylic acid esters. 
The substrate pairs of ATCh and of echothiophate andp-nitro- 
phenyl acetate and paraoxon share identical leaving groups, 
and their reaction rates show similar sensitivities to Trp86 

substitution. This underscores the importance of residue 86 in 
affecting the position of the leaving group. However, FAS is a 
less effective inhibitor of echothiophate acylation in the wild- 
type enzyme by at least two orders of magnitude. Compared to 
ATCh, the thiocholine leaving group in echothiophate is di- 
rected slightly farther away from Trp86 and closer to the ani- 
onic residue of Asp74, due to the tetrahedral geometry around 
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FIG. 4. Relationship between the inhibition constant of triflu- 
oromethyl acetophenones (TFSP and TFK+) and the molar re- 
fractivity and hydrophobicity of the side chain at residue 86 in 
the AChE choline subsite. Molar refractivity and hydrophobicity 
indexes for amino acid residues were taken from Ref. 30 and analyzed 
according to Nair et al. (29). Measurements were made in the presence 
and in the absence of 40 nM FAS following incubation with FAS for at 
least 1 h. 

the phosphorus in echothiophate (Fig. 3).2 The difference in the 
leaving group orientations in the transition state complexes 
with FAS-AChE may cause Trp 86 substitutions to affect acyl- 
ation rates in markedly different manners since stabilizing 
forces contributed by Trp88 decrease with the sixth power of 
distance (29). This conclusion is supported by the significantly 
greater acceleration of echothiophate inhibition in 
Trp86Ala-FAS complex as compared to the mild acceleration of 
ATCh hydrolysis. 

The geometry of the planar trifluoroacetophenones and the 
positioning of the carbonyl oxygen toward the oxyanion hole 
should direct quaternary ammonium or tertbutyl groups to a 
position equivalent to that of choline in ATCh, in close apposi- 
tion to Trp86 as confirmed by crystal structure of the charged 
TFKAChE complex (17). These tetrahedral adducts resemble 
the acylation transition state analogues of ATCh hydrolysis. 
That FAS affects kcgt/Km for substrates and Kt for trifluoroace- 
tophenones to similar extents suggests that the major mode of 
FAS action is to affect stabilization of the transition state for 
hydrolysis of substrates. 

Correlations of the free energy of association of the TFKs 
with AChE in the absence and presence of FAS with molar 
refractivities and hydrophobicities of residues at position 86 
(Fig. 4) support such a mechanism. In the absence of FAS, the 
pKi values for both TFKs increase with both molar refractivity 
and hydrophobicity constants for the residues at position 86 
indicating that this residue is directly involved in stabilization 
of the TFK-enzyme complex. In the presence of FAS, the con- 
tributions to the energy of stabilization of the aromatic resi- 
dues at position 86 remain unchanged and roughly equivalent 
to that of Ala. Hence FAS association at a distant location on 
AChE appears to negate the stabilization energy conferred by 
the electron-rich indole ring, perhaps by allosterically influenc- 
ing its alignment. 

Recently, it was suggested that products of acetylcholine 
hydrolysis or perhaps solvent molecules required for catalysis 
could exchange with bulk solvent through an opening in the 
AChE gorge wall behind Trp86, termed the "back door" (31, 32). 
A vectoral movement of substrate and products would pose 
additional energetic requirements for acylation and deacyla- 
tion in catalysis. Mutagenesis of residues in the region of the 
putative back door region has not yielded supportive evidence 
for this hypothesis (33), nor is there substantive evidence for 
choline dissociation being a rate limitation. One might assume 
that diminished FAS inhibition, arising from the smaller side 

! N. Hosea, H. A. Berman, and P. Taylor, manuscript submitted. 

FIG. 5. Stereo ribbon diagram of a 
model of the fasciculin-AChE com- 
plex (34). The first disulfide AChE loop 
(Cys69-Cys96) is represented by a bold rib- 
bon. Side chains of Trp86, active Ser203, 
and peripheral site residues Tyr72, Tyr124, 
and Trp286 are displayed and labeled with 
their numbers. FAS represented by the 
gray ribbon is sitting atop the disulfide 
loop, while interacting with peripheral 
site residues. 

FAS 

AChE 
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chain at position 86, might arise from increasing the opening at 
the putative back door thereby increasing the rate of exchange 
of ligands between bulk solvent and the active center gorge. 
The catalytic constants may, however, point to the opposite 
conclusion. FAS most effectively blocks acylation of rapidly 
reacting substrates and the most rapid catalysis is achieved 
with an indole residue at position 86. Also, rates of dissociation 
of positive and neutral trifluoroacetophenones increase with 
small side chains at position 86. The binding of FAS further 
increases these dissociation rates, whereas one might expect a 
decrease if it directly or indirectly closed the back door. 

While the three-dimensional structure of AChE-FAS complex 
is still unknown, one may speculate on a possible sequence of 
events associated with FAS binding and enzyme inhibition. 
Identification of interacting residues on AChE through site- 
specific mutagenesis (6), combined with an computational anal- 
ysis of the interacting forces between FAS and AChE (34), 
suggests that a likely area of their interaction is the most 
amino-terminal disulfide loop in AChE encompassing residues 
69-96 (Fig. 5). This loop covers the active center gorge as a "lid" 
with Trp86 residing at its tip. Tyr72, one of the aromatic resi- 
dues that form the peripheral site, is located at the base of the 
loop, while the adjacent residues Tyr124 and Trp286, which also 
contribute to the peripheral site, reside on the other two AChE 
loops. Binding of a ligand to the peripheral site could therefore 
serve to partly close the lid. A conformational change of a 
homologous loop in a lipase from Candida rugosa was shown 
from the crystal structure to be essential for catalysis (35), 
wherein an open site is found in the active state. While there 
are no indications from crystallography of mobility of the ho- 
mologous loop in AChE (36), flexibility of such a loop may be 
required for efficient catalysis. Substitutions of two aspartates 
at positions 92 and 93 in Torpedo californica AChE (equivalent 
to Asp94 and Asp95 in mouse AChE) with neutral residues at 
the base of this loop yield inactive enzyme (37) and are ex- 
pected to break at least two salt bridges. 

Hence FAS inhibition may arise from an influence on two 
steps in the catalytic process. For cationic ligands where catal- 
ysis is efficient, FAS may serve to partially gate their entry 
therein diminishing kx in Scheme I. It also exerts an allosteric 
influence on the alignment of all substrates in the active center 
gorge. This occurs in the transition state where it apparently 
affects the configuration of the leaving group in achieving pro- 
ductive acylation. Capping a potentially mobile loop which 
extends between the lip of the gorge, containing the peripheral 
site, and its base, where Trp86 resides, represents an attractive 
structural basis for an allosteric linkage. This may serve to 
decrease the stability of the initial complexes in the active 
center and/or diminish the commitment to catalysis, repre- 
sented by k2/k_1 (22). 
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INTRODUCTION 

Linkages between cholinesterases and the pharmacological sciences extend 
back to the mid-nineteenth century when the first organophosphate was 
synthesized (1) and physostigmine was recognized in the western world for 
possessing pharmacological activity (2). However, not until Sir Henry Dale 
(3) delineated two components of the cholinergic nervous system was the 
suggestion made that physostigmine inhibited an enzyme that catalyzed the 
breakdown of choline esters. Dale's and later Loewi & Navratil's (4) studies 
established a role for acetylcholine as a labile neurotransmitter. The high 
turnover number of acetylcholinesterase (AChE), the specificity of its 
inhibitors, and the selectivity of thiocholine-metal ion interactions provided 
the bases for sensitive in vitro and in situ assay systems (5-7). Several 
cholinesterase inhibitors remain of value as medicinal agents and insecticides, 
but others possess the potential for insidious use as chemical warfare agents 

(8). 
Despite this long history of study, less than a decade has passed since 

the primary structure of a cholinesterase was determined (9), and only in 
1991 was its crystal structure solved (10). Clearly, these recent events have 
added a new perspective to cholinesterase research wherein all facets of 
gene expression become amenable to study and structure-function relation- 
ships within this family of enzymes can be approached at an atomic level 

'Visiting Fellow from Institute for Medical Research and Occupational Health, University of 
Zagreb, Croatia 

281 

0362-1642/94/0415-0281 $05.00 

><*1f*<W&-j*'-!V*» 0 



^^^•■•'..-•j 

^WSW^f- 

»!$jif^>V£& 

SV:^i- 

■•?;•';:>■:.';'.■■■•;■■ 

282      TAYLOR & RADIC 

of resolution. This review deals primarily with the new structural information 
that has emerged since these developments. Not only has this structural 
framework added a dimension to the study of catalytic mechanisms and 
inhibitor specificity, but it has also enabled investigators to extend the 
interpretations of earlier studies where conclusions were arrived at without 
benefit of a structural template. 

The reader should refer to other reviews for complementary or background 
information. Classic though somewhat dated reviews detail catalytic mecha- 
nisms (11), biochemical and catalytic properties (11, 12), and genetics of the 
cholinesterases(13,14). Recently, short overviews (15,16) and an exhaustive 
review (17) with a perspective on structure have been written. A recent 
monograph details several of the ongoing research events in the field (18). 

THE CHOLINESTERASE FAMILY OF PROTEINS 

The initial sequence of cholinesterase showed no global amino acid homology 
with any other serine hydrolases despite similarity of functional parameters 
and a common pentapeptide sequence around the active center serine (9). 
Rather, sequence identity was evident between cholinesterase and the car- 
boxyl-terminal region of thyroglobulin (9, 19). This discovery provided the 
first indication that the cholinesterases defined a new family of serine 
hydrolases and that this gene family possessed an unexpected diversity in 
that non-hydrolase functions could be subserved by a common structural 
matrix. Soon after Torpedo AChE was cloned, the Drosophila cholinesterase 
gene was located from genetic studies and its sequence determined (20). 
This was followed by a butyrylcholinesterase (BuChE) sequence determined 
by amino acid sequencing (21) and by molecular cloning (22, 23). Mam- 
malian AChEs proved more intractable, but in 1990 the mouse, bovine, 
and human enzyme sequences were completed (24-26). Other cholinesterase 
sequences, rabbit BuChE (27), rat AChE (28), Anopheles cholinesterase 
(29), and chicken AChE (30) have been reported. Distinct hydrolases from 
Dictyostelium (31, 32), Drosophila and other insects (33-36), the fungi 
Geotrichum and Candida (37), and mammals show sequence identities. 
Included in the mammalian group are microsomal carboxyl esterases (38, 
39), lysophospholipase (40), and cholesterol esterase (41). Other proteins, 
while apparently not similar in primary structure, show a common folding 
pattern termed the ot/ß hydrolase fold (42). Included in this group are a 
wheat carboxypeptidase with a serine hydrolase mechanism (43), diene- 
lactone hydrolase (44), and haloalkane dehalogenase (45). 

In addition, members of the tactin family, glutactin and neurotactin, are 
homologous to the cholinesterases, but like thyroglobulin lack hydrolase 
activity (46, 47). No mammalian homologue of the tactins is yet known, 
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but in Drosophila tactins are believed to function in establishing contacts 
between heterologous cells during development. In short, a functionally 
eclectic family of proteins has emerged whose functional capacities extend 
well beyond simple hydrolase function (Figure 1). Several recent reviews 
have tabulated sequence identities within this family (42, 48, 49). 

Since the initial AChE cloning relied on amino acid sequence to obtain 
oligonuclcotide probes, the disulfide bond profile was established not long 
after in AChE (50) and BuChE (51). Labeling with radioactive DFP 
distinguished the catalytic serine, S2oo (52). The histidine. H440, involved 
in the catalytic triad was established through mutagenesis (53), but the third 
component in the triad, a diacidic amino acid, E327, 

was not defined until 
the crystal structure was solved (10). All members of the family possess 
histidine in the 440 reference position, while either glutamate (as in the 
cholinesterases) or aspartate is found at the position corresponding to E327. 
Corresponding residues to E327 and H440 can be found in the hydrolases of 
this series; however, in some cases, the alignments require liberty in gapping 
the residues. The three disulfide loops (50, 51) are conserved in several 
proteins in the family (all cholinesterases and the Dictyostelium proteins); 
others contain the amino-terminal two loops while Culex Est B and juvenile 
hormone estcrase contain only the most amino-terminal loop. The third loop 
present in the cholinesterases, in addition to containing the histidine of the 
catalytic triad, functions in intersubunit contacts forming a four-helix bundle 
involved in subunit association (10). An additional cysteinc is found very 
near the carboxyl-terminus that is involved in intersubunit disulfide bonds. 

Intersubunit disulfide bonding occurs with identical catalytic subunits to 
form dimcrs; typically, noncovalent associations of dimers form homomeric 
tetramers. Hetcromeric oligomers also form between the catalytic subunits 
and either a lipid-linked subunit or a collagen-containing subunit. These 
species are shown in Figure 24. In mouse AChE one splicing variant does 
not contain a carboxyl-terminal cysteine, resulting in a monomeric enzyme 
species. In some cholinesterases, an eighth cysteine is found as a free 
sulfhydryl in variable locations. Its role in situ is unknown, but it proved 
invaluable for obtaining crystals of heavy metal derivatives of Torpedo 
AChE (10). 

RELATIONSHIP OF PROTEIN STRUCTURE TO GENE 
ORGANIZATION 

A comparison of protein and gene structures of the cholinesterases from 
different species provides additional insights into structure-function relation- 
ships. Typically, the cholinesterases have been defined as AChEs (EC 
3.1.1.7) and BuChEs (EC 3.1.1.8). The latter have broad specificity with 
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respect to the size of the substrate acyl group, while for AChE, a marked 
reduction in catalysis is seen between propionylcholine and butyrylcholine 
(54). Over the decades several selective inhibitors for AChE and BuChE 
have been found (55). 

Drosophila appears to harbor only a single cholinesterase gene, which 
has features of both the AChEs and BuChEs in its encoded protein sequence 
(20). Similarly, its catalytic specificity is also intermediate between the two 
enzymes (56). Hence, it seems likely that the acetyl and butyryl subtypes 
of cholinesterase, which arc found in lower vertebrates (57), diverged in 
the broad time frame between insects and lower vertebrates. Interestingly, 
genetic and biochemical evidence suggests multiple cholinesterase genes, 
perhaps three, in Caenorhabditis elegans (58, 59). Since the C. elegans 
genes have not been cloned, ancestral relationships in terms of sequences 
and specificity have yet to be ascertained. 

Genomic clones of Drosophila cholinesterase (20), Torpedo AChE (60), 
human AChE (61), mouse AChE (61), and human BuChE (62) have been 
isolated. The Drosophila gene contains multiple exons, whereas Torpedo 
and mammalian AChE genes have relatively simple organizations. At 
present, our knowledge of AChE gene organization is more advanced than 
for BuChE, and there is as yet no evidence for alternative splicing of the 
BuChE gene. The open reading frame of human BuChE gene is encoded 
in over 50 kb of sequence and contains very large introns, whereas the 
comparable region in the mammalian AChE genes are encoded within 
4.5^.7 kb. The Torpedo AChE gene is larger; it requires 25 kb of sequence. 
However, the exon-intron junctions are identical in the open reading frames 
for AChE and BuChE, except for an additional intron located between exons 
2 and 3 in mammalian AChE (Figure IB). 

Alternative mRNA processing is found at the 5' and 3' ends of the AChE 
gene (60, 61, 63-67), but only the splicing at the 3' end of the open reading 
frame is responsible for the various molecular species of AChE. This splice 
occurs at amino acid 535 in the Torpedo sequence (68) and at 543 in mouse 
and human (61). Splicing in Torpedo gives rise to two splice alternatives, 
a hydrophilic peptide of 40 amino acids in length and a hydrophobic peptide 
of 38 amino acids; the latter appears to be cleaved after cysteine 537 with 
the concomitant addition of a glycophospholipid. A cDNA clone isolated 
from Torpedo marmorata has raised the possibility of a continuation of 
exon 4 into the retained intron (64); however, the existence of this mRNA 
species or the gene product awaits documentation. 

In the mouse enzyme two splicing alternatives give rise to a hydrophilic 
species: either splicing exon 4 to exon 6 yielding a cysteine containing a 
40-amino acid peptide or a direct extension into the retained intron yielding 
a 30-amino acid extension devoid of a cysteine (61). Hence, the latter 
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Figure 2 (A) Molecular species of acetylcholinesterase. The species are divided into two classes: 
a heteromeric class consists of catalytic subunits disulfidc bonded to either a lipid-linked subunit 
or a triple helix of collagen-containing subunits. The homomeric class exists as monomers, dimers, 
and tetramers and can be divided to the hydrophilic or amphiphilic (glycophospholipid-linked) 
forms. The alternative exons that give rise to the various molecular species are also shown. 
Nomenclature designating hydrodynamic properties (A = asymmetric and G = globular) and 
number of catalytic subunits is also shown (17). (B) Structure of the genes encoding mammalian 
acetylcholinesterase and the exon numbering system. Alternative cxon splices arc shown by the 
dotted lines. The transcriptional start sites (Cap), translational start site (ATG). translationai stop 
signals (TAA), and polyadenylation signals (pA) are also marked (modified from Ref. 16). 

species should only exist as a monomer. The glycophospholipid-linked 
species in mouse and human are encoded by splicing exon 4 to exon 5 
yielding 43- and 42-amino acid peptides, respectively, at their carboxyl-ter- 
mini. All but 14 of the amino acids are cleaved with the addition of a 
glycophospholipid (24, 61). mRNA protection and expression studies verify 
the existence of such species in intact tissue and in transfected cells (66, 
67). Hence, AChE contains a constant catalytic core consisting of the first 
543 amino acids in mammals or 535 amino acids in Torpedo, which are 
encoded within three exons in mammalian AChE and two exons in Torpedo 
AChE. In mammalian BuChE the open reading frame is encoded in two 
exons. In this region is found the essential catalytic residues required for 
activity. The alternatively spliced regions in AChE only encode the remaining 
few amino acids (from 2 to 40) at the very carboxyl-termini of the respective 
processed enzymes. This domain governs intersubunit linkages and the 
cellular dispositions of the enzymes. 

Avian AChE shows an interesting variant on this theme since it contains 
additional coding sequence at the position between exons 2 and 3 in the 
mammalian enzyme (30). The included sequence gives rise to a 20-kd 
increase in molecular mass of the enzyme. Variations in this region are 
responsible for the polymorphism of molecular weight seen in AChE from 
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quail (69). Alternative splicing giving rise to cholinesterases with distinct 
carboxyl-termini have yet to be found in the avian AChE or in BuChE from 
any species. 

Although early studies indicated a greater complexity in the cholinesterase 
genes, mammalian AChE (61), avian AChE (69), and mammalian BuchE 
(62) are apparently each encoded by single genes. The human AChE gene 
is localized to 7q22 (70, 71) and human BuChE to 3q26 (71-73). The 
mouse gene is found at the distal end of chromosome 5. an area of synteny 
with 7q (74). 

THREE-DIMENSIONAL STRUCTURE OF 
ACETYLCHOLINESTERASE 

Crystallographic Analysis 
The dimeric, glycophospholipid-linked form of Torpedo AChE was treated 
with phosphatidylinositol-specific phospholipase C to yield a soluble form 
of the enzyme amenable to crystallization (75). A structure at 2.8Ä resolution 
has been solved and crystals suitable for higher resolution studies are 
available (10). Three amino acids at the amino- and carboxyl-termini, the 
noncleaved portion of the glycophospholipid, and a very short exposed loop, 
residues 485-489, showed sufficient disorder to preclude detection. 

The subunits contain a 12-stranded ß-sheet surrounded by 14 a-helices. 
They are ellipsoid in shape (45 x 60 x 65Ä) and associate as dimers in 
a four-helix bundle. A tetramer of Electrophorus electricus AChE has also 
been crystallized (76). A low resolution structure revealed a subunit ar- 
rangement of a dimer of dimers. 

Identities in Folding Patterns 
The structure of Geotrichum lipase, an enzyme homologous in sequence, 
became known at about the same time as that for Torpedo AchE (77). 
These two enzymes show the same folding pattern and also contain the 
identical positional alignments of the Glu, His, and Ser catalytic triad 
discussed below. A common folding pattern is seen in the cholinesterase 
family (10, 49), termed the a/ß hydrolase fold (49); it consists of the ß, 
through ß8 sheets and the connecting a-helices. Surprisingly, a serine 
carboxypeptidase from wheat, a dienelactone hydrolase from Pseudomonas, 
and a haloalkane dehalogenase from Xanthobacter also show the same 
folding pattern, despite the absence of sequence identity. Even with the 
disparities in sequence, the structures of these proteins have converged to 
position the catalytic triad not only in the same three-dimensional configu- 
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ration but also at corresponding positions in the turns at the ends of the 
ß-sheets and a-helices. 

Modeling of Other Cholinesterase Structures 

AChE and BuChE exhibit 51-54% amino acid residue identity and modeling 
of BuChE on the basis of the AChE structure has been carried out, yielding 
a virtually identical configuration of the peptide backbone (78). Conservation 
of the intrasubunit disulfide bond positions and the conservation of the a/ß 
hydrolase fold, despite considerable variations in primary structure, suggest 
that modeling will provide a useful framework for structural studies of other 
proteins in the homologous series. 

The Active Center and Catalytic Triad 

The crystal structure established that a E327 HMO S20O triad with appropriate 
hydrogen bonding distances and alignment was at the base of a narrow 
gorge 20Ä in depth (10). Such triads, involving a dicarboxylic amino acid 
withdrawing a proton from a serine through the imidazole of histidine, are 
characteristic of the other families of serine hydrolases. This arrangement 
in the cholinesterases and Geotrichum lipase differs from other serine 
hydrolases in two respects: most enzymes in the cholinesterase family use 
a glutamate instead of the aspartate found in the previously characterized 
serine hydrolases to supply the negative charge; and the steric arrangement 
of residues in AChE is the mirror image of the pancreatic serine hydrolases 
(10). Otherwise, orientation of the side chains and hydrogen bond distances 
show the side chains of the triads virtually superimposable in three-dimen- 
sional space. 

The gorge is lined with 14 aromatic residues. Some arc deep within the 
gorge while most others define a large aromatic patch on the wall of the 
gorge. Just below the rim of the gorge lies D72, at the base of the gorge 
lies Ei99, and deeper into the molecule lies D443. Several other anionic 
residues are located farther from the gorge. EI99 is the closest anionic side 
chain to contact distance with trimethylammonio group acetylcholine when 
bound. A single negative charge at the base of the gorge seems inconsistent 
with a rate acceleration for binding of cationic ligands ascribable to the 
presence of 6-9 negative charges (79, 80). However, a global analysis of 
surface potentials (81) and of the orientation of the molecular dipole intrinsic 
to AChE with respect to the active center gorge (82) predict substantial 
charge accelerations for cationic substrates or inhibitors entering the gorge. 
Various hypotheses have also been proposed regarding the role of aromatic 
residues in the gorge [aromatic guidance, (10)1 that facilitate diffusion of 
the substrate to the active center. The aromaticity may also preclude the 
necessity of displacement of slow-exchanging water molecules at the base 
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mm 

of the cleft upon ligand binding and hence it could simply play a passive 
role. BuChE contains six fewer aromatic residues within its gorge, yet 
exhibits only a threefold reduction in catalytic efficiency, as measured by 

Crystallographic analysis of the AChE-decamethonium and AChE-edro- 
phonium complexes (83, 84) and the positioning of the active center serine 
near the carbonyl carbon of acetylcholine enable one to model the bound 
substrate and perform experiments on energy minimization docking. Aro- 
matic residues clearly play an important role in stabilization of the complex. 
The choline moiety appears to be stabilized by W84 and F330 in AChE 
whose orbitals lie close to the trimethylammonio surface, as defined by its 
van der Waal's radii. Also, the van der Waal's surfaces of choline and E199 

are found within 1-2Ä of each other. 
Several considerations allow estimation of the free energy contributions 

stabilizing a bound quaternary group. Studies of neutral substrate interactions 
with AChE (85, 86), the synthesis of cage-like compounds containing 
aromatic residues to stabilize quaternary ammonium ligands (87), and the 
crystal structure of phosphorylcholine-antibody complexes (88) all point to 
a role for aromatic residues being in close apposition to the quaternary 
moiety in the stabilization of this diverse set of complexes. However, this 
argument can be carried too far if longer-range electrostatic forces are 
ignored. In fact, both electrostatic (Coulombic) and hydrophobic forces are 
likely to contribute to stabilization of the complex. The approach of 
partitioning free energy to both the electrostatic and hydrophobic force 
contributions to a quaternary ligand binding site was made almost a half- 
century ago by Pauling and colleagues when they compared energetics of 
binding of phenyltrialkylammonium ions to an antibody raised to quaternary 
ligands (89). 

As we continue around the binding site for acetylcholine (Ach), the active 
site serine hydroxyl should be positioned close to the carbonyl carbon on 
Ach. In turn, the carbonyl oxygen should be stabilized through hydrogen 
bonding to two amide backbone hydrogens at positions 119, 121, and/or 
201 (10). A clear delineation of the acyl pocket is provided by the side 
chains of F288 and F290 pointing inward toward the binding site. These two 
residues would be expected to constrain the dimensions of the acyl pocket 
in AChE (Figure 3). 

* 

*tiM&^^ 

The Peripheral Anionic Site 

J.-P. Changeux proposed an allosteric mechanism of inhibition of AChE 
nearly 30 years ago. He examined the inhibition of steady state kinetic 
parameters by various inhibitors and inhibitor combinations (90). A periph- 
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Figure 3 Structure of Torpedo acctylcholincstcrasc showing the positions of critical side chains 
and bound acetylcholine positioned by energy minimization (131, 132). Ut) The catalytic triad: 
S200. H440. E 327. (b) The cholinc binding subsite: Ww. Y wo. Eiw. <<) The acyl pocket: F;SH. 

F290. (d) The peripheral anionic site: Y70. Y121. W279. D72- 
•1 

j***..',* '■ 

eral site, which likely gives rise to ailosteric inhibition, was subsequently 
identified by direct titrations with the fluorescent inhibitor, propidium (91: 
see inset for structures). Criteria such as (a) the inability of agents that 
phosphorylate the active center serine to alter propidium binding; {b) the 
capacity of reversible inhibitors such as edrophonium and N-methylacridin- 
ium, which bind at the active center, to associate with AChE simultaneously 
with propidium to form ternary complexes; and (c) the mode of propidium 
inhibition of AChE acylation by substrates all point to a peripheral anionic 
site for the binding and ailosteric actions of this inhibitor (91, 92). Moreover, 
measurements of fluorescence energy transfer between certain fluorescent 
alkyl phosphonates and propidium suggest that approximately 20A separate 
the excited state dipoles between the alkylphosphate donor and the propidium 
acceptor of resonance energy transfer (92). Labeling studies using propidium 
to protect labeling by a photoactive reagent, DDF (93), and direct labeling 
by azidopropidium (94), have identified two sets of peptides (residues 
270-278 and 251-266 in Torpedo) that should contribute to the binding 
surface of the peripheral anionic site. Finally, a terpyridine platinum coor- 
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dination complex acts in a manner similar to propidium as an inhibitor and 
labels H280 in human AChE (95). The locations of the exposed surface of 
these residues are near the rim of the active center gorge. Hence, ligand 
association with the peripheral site may prevent access of substrates to the 
gorge by physical obstruction to restrict entry to the gorge, by charge 
repulsion imparted by the association of a cationic ligand. or by an allostenc 
mechanism in which the active center conformation is altered. In this 
connection, it is noteworthy that the cationic Pt-terpyridine complex inhibits 
catalysis of acetylcholine to a greater extent than neutral substrates (95). 

CH, fH» 

L_/~\_ CHa-CH2.CO-CH2CH2—■{_J— 
I 

CH, CH] 

BW284C51 

(CHa),-N-C2Hs 

C2HS 

Propidium 

CHj 

Edrophonium 

CH, 

CH2-CH-N-(C2HS)2 

Ethopropazine 

CH} 

H-C — N—(CH2)10 

/ 
CH, 

CHj 

N — CH, 
\ 
CH, 

Decamethonium 

Tetrahydro-9-aminoacridine 

(Tacrine) 

1 

Three related peptide snake toxins of the fasciculin family bind to 
mammalian and Torpedo AChE but not to avian AChE or mammalian 
BuChE with /rDs in the picomolar range (96, 97). These peptides of 6500 
Da bind to AChE phosphorylated with DFP, but binding is prevented by 
propidium and certain few-quaternary inhibitors. Hence, fasciculin emerges 
as a strong candidate for binding to the peripheral site on AChE as well 

The function of the peripheral anionic site in catalysis in vivo and its 
role in synaptic activity remain open issues. It may be involved in forming 



CHOLINESTERASE GENES AND PROTEINS     293 

an initial complex to facilitate substrate transfer down the gorge (95). 
Competition between high concentrations of substrate and propidium suggest 
a role in substrate inhibition (98), and it has been proposed that the site 
serves as a sensor to maintain constant catalytic rates over a range of ionic 
strengths (99). Several bis- and frä-quaternary ligands bind to the peripheral 
site, and ^«-quaternary ligands with large interquaternary distances (-14Ä 
or greater) prevent the binding of both active center and peripheral site 
ligands (91, 92). Steric overlap between the ^-quaternary ligand with 
ligands selective for the peripheral and active sites could be responsible for 
this mutually exclusive binding. 

Molecular Basis of Ligand Specificity at the Active Center 
The dimensions of the active center gorge determined from X-ray crystal- 
lography (10) and chemical modification studies help to elucidate the 
specificity and orientation of bound ligands. 

Early studies of Wilson & Quan (100) demonstrated the importance of a 
meta hydroxyl group in enhancing the inhibition capacity of phenyl tri- 
alkylammonium ligands. The crystal structure of the edophonium-AChE 
complex shows that the hydroxyl group bisects the hydrogen bond between 
the imidazole nitrogen in H440 and the serine hydroxyl group (S2oo) and 
should alter the hydrogen bonding scheme (83). In addition, the aromatic 
ring of edrophonium is stabilized through IT orbital overlap with W84 and, 
perhaps, F330. The role of this site in binding of quaternary ammonium 
groups was also established by chemical labeling experiments where edro- 
phonium selectively protects DDF labeling of peptides containing W84 in 
Torpedo (101) and presumed a peptide in Electrophorus AChE homologous 
to F,3o (84, 102). Longer-range electrostatic interactions also appear to play 
a role. El99 resides at the base of the gorge and the distance separating the 
van der Waals radii of its carboxylate oxygen and the quaternary methyl 
groups is within 1.5Ä. 

Tricyclic ring-containing inhibitors such as tacrine (tetrahydro-9-amino- 
acridine, see inset for structures) occupy a location similar to that of 
edrophonium, although further rotation of the F330 side chain to accommodate 
an aromatic ring in the complex between tacrine and AChE is evident (83, 
84). The tricyclic ring system inserts between F330 and W84, causing 
increased stabilization by virtue of the -rr-orbitals. Early studies provided 
evidence for a charge-transfer complex between N-methylacridinium and a 
tryptophan in AChE (103). Moreover, the binding of N-methylacridinium 
and 3-aminopyridinium-l,10 decane results in near complete quenching of 
their fluorescence upon binding (104). The role of the indole side chain in 
W84 in acridinium binding seems clear in that it should provide the 
electron-rich donor ring system for association with the cation-containing 
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ring acceptor of acridinium. This tryptophan may well account for the 
changes mentioned above in absorption and fluorescence spectra typical of 
a charge-transfer complex. 

The tricyclic ring system must not completely occlude the nucleophilic 
serine or the alignment of the other members of the catalytic triad since 
Barnett & Rosenberry found that the binding of these compounds can actually 
augment catalysis of neutral substrates such as ethylacetate (105). Accord- 
ingly, charge neutralization and the insertion of an aromatic ring system 
within the cleft enhance the catalytic surface for neutral ester substrates 
provided the size of the alcohol portion of the ester is kept small. Given 
the steric constraints of the gorge, the finding becomes even more intriguing 
and may argue for intrinsic flexibility within the gorge. 

The portion of the active center accommodating the acyl portion of the 
substrate reveals that two phenylalanines, F288 and F290, have their side 
chains directed into the active center and, as such, define the steric 
constraints of the active center. In BuChE, the conserved phenylalanines 
are replaced with L and I or V, providing a hydrophobic but less dimen- 
sionally constrained acyl pocket. Presumably, the phenylalanine side chains 
account for the marked fall-off in AChE catalysis in going from pro- 
pionylcholine to butyrylcholine (54), the specificity of certain organophos- 
phates (i.e. isoOMPA) for butyrylcholinesterase (55) and the marked stereo- 
specificity seen with organophosphate inhibition of AChE when the moieties 
attached to the phosphorus differ greatly in molecular dimensions (106). 
Such observations would also predict that the stereoselectivity of organo- 
phosphate reactions with BuChE are much lower than with AChE. 

Site of Bis-Quaternary Ligand Association 

The site of /;/.y-quaternary ligands possessing large interquaternary distances 
can be ascertained, in part, from kinetic studies. Early studies by Belleau and 
colleagues (107, 108) and by Wilson and colleagues (109) demonstrated that 
fc/s-quaternary and some monoquaternary inhibitors actually enhance the rate 
of acy lation of the enzyme by neutral substrates. This enhancement is indicative 
of the fc/s-quaternary ligand-enzyme complex maintaining access to the active 
center serine for acylating agents and perhaps altering conformation of the 
active center to affect reactivity. In addition, series of 6/s-quatemary ligands 
were examined for their capacities to bind to the sulfonylated and phosphory- 
lated AChEs (110). Only when the phosphorylating agent or the groups 
surrounding the ammonio group in the quaternary ion became bulky did 
modification of the active center serine by phosphorylation or sulfonylation 
affect the affinity of the ^-quaternary ligand (110). In addition, ^-quaternary 
ligands bind in a mutually exclusive manner with ligands selective for the active 
center (i.e. edrophonium and N-methylacridinium) and the peripheral site 
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(propidium, gallaminc, and d-tubocurarine). The simplest explanation would 
suggest an overlap of binding surfaces. Since the interquaternary extension 
between the nitrogens in decamethonium is ~14A and the two 
trimethylammonio groups will add another 6Ä in length, the potential spanning 
distance is large. The crystal structure of the AChE-decamethonium complex 
shows one trimethylammonio group lodged between Fm antl w«4itne otner 

extends out of the active center gorge and is enlodged in the vicinity of W279, 
Y70, and Y12l, which reside near the lipof the gorge (83.84). The latter residues 
have also been implicated in binding at the peripheral anionic site (10,92-94). 
Studies with spin-labeled to-quaternary ligands show immobilization of both 
ends of the bound molecule and a separation between the ammonio-linked 
nitroxides consistent with an extended bound conformation (111). Other 
to-quaternary fluorophores have further defined the characteristics of the 
ligand binding site (11 la). 

A self-consistent picture of the binding loci of the active center, peripheral 
anionic site, and to-quaternary ligands is emerging. Having identified the 
major domains in the molecule responsible for specificity, their precise roles 
in catalysis and in the energetics of inhibitor binding have been analyzed 
further through mutagenesis and molecular modeling. These studies are 
detailed in a subsequent section. '* 

CATALYTIC PARAMETERS AND MECHANISMS 

The catalytic potential of the cholinesterases is wide ranging with oxyesters, 
thioesters, selenoesters, amides, anilides. carbamoyiesters, and phosphor- 
ylesters all being susceptible to catalysis (II, 12. 17, 112). Often the range 
of substrate catalytic potential goes unrecognized owing to the high rate of 
acetylcholine turnover (keJKm = KM"1 sec"1) and the 1014 enhancement 
of enzyme catalyzed over H20 catalyzed ester hydrolysis for the efficient 
substrates (113, 114). 

A general scheme for catalysis can be represented for an ester or related 
substrate designated by AcOR: 

E-OH + AcOR 
k, k2 

i     ■  (E-OH—AcOR)  
k-i 

E-OAc + ROH 
*3 .      ♦ 
 — E-OH + AcO + H 

acylatlon 

Scheme I 

H20 

deacylatlon 

igpi&^i 
In the above scheme formation of a reversible complex with an acyl ester 
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296      TAYLOR & RADl6 

xm^ 
:-^V;^'>;";, 

is followed by acylation to form E-OAc represented by the first order rate 
constant k2, and then deacylation, represented by the first order rate constant, 
*3. The general features of the catalytic cycle of acylation and deacylation 
have been widely studied in the serine hydrolases. Serine 200 is likely to 
be rendered more nucleophilic by the catalytic triad. Formation of the acyl 
enzyme proceeds through formation of a tetrahedral intermediate which 
relaxes back to the trigonal, acyl enzyme. The imidazole in H440 may also 
assist by accepting the released proton. Deacylation also proceeds through 
a tetrahedral intermediate by attack of the acyl-enzyme bond from an internal 
H20. The H20 may be rendered more nucleophilic by a neighboring 
carboxylate or imidazole residue. 

In the above scheme, 

feat ~~ 

feat  _ 

Km 

fcfc 
h + to 
k-\ + ki 

k\ 
*3 

k2 + h 

k\ -fc 
k-i + ki 

(Equation 1) 

(Equation 2) 

(Equation 3) 

feat is governed by the energy barriers for acylation and deacylation and is 
the geometric mean of the two rate constants. Km equals the equilibrium 
constant for the initial association only when *3 »k2 and *-i >:> *2- kcJKm 

measures the initial steps leading up to formation of the acyl enzyme. 
Attempts to trap the acyl intermediate suggest that acylation and deacylation 
occur at comparable rates at V^ (115). This, in turn, indicates that k2 and 
k3 are of comparable magnitude for acetylcholine. For acetylcholine, fea, 
approaches 104 sec"1 and Km = 5 x 10"5 M. Accordingly, kJKm = 2 
x 108 M_1 sec-1, a value approaching the diffusion limitation for fe (80, 
114, 116). 

AChE catalyzed hydrolysis of ACh and its thiol ester analogue acetyl- 
thiocholine (ATCh) approaches catalytic perfection (117) and under such 
conditions we might expect the transition state barriers for diffusion, acyla- 
tion, and deacylation to be roughly equivalent. Hence, over a large con- 
centration range, diffusion of substrate to the active center denoted by fe 
is essentially rate limiting. 

By contrast, neutral esters and other less optimal substrates may require 
an induced fit to achieve acylation. Under such conditions, fe might be 
divided into two (or more) steps where fe now reflects the diffusion step 
and fe, induced fit to optimize substrate orientation (118). 

.*ä 
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E-OH + AcOR ^=^=r (E-OH-AcOR),  ^=^ (E-OH-AcOR)2 -ill* E-OAc  —1«.   E-OH*AcO"*H* 
k., k.b + 

ROH 

In this situation: 

Scheme 2 

fccat 

Km 

ka kbh 

ki (£-a  + *b)   + *-a*-b 
(Equation 4) 

For a common acyl group, deacylation rates should be the same; hence, 
we may find sets of substrates where the a step of diffusion of reactants 
or the b step of isomerization is rate limiting. Rosenberry (118) and Quinn 
and colleagues (114, 116, 119) have examined the influence of pH and 
fraction of deuterated substrate (isotope inventories) on catalytic parameters 
to deconstruct Michaelis-Menten parameters into individual rate constants 
and ascertain rate-limiting steps. For example, linear proton inventory plots 
for v/Km have been observed for various acyl esters, which indicate that a 
single proton transfer rather than transfer of multiple protons is involved in 
the rate-limiting step of the reaction (119). Hence, no evidence can be 
adduced for a charge-relay system or multifunctional proton transfer in the 
reaction (119). The pH dependences also indicate that the rate-limiting step 
changes between efficient and poor substrates (118) and between ACh and 
benzoylcholine (116). Efficient substrates such as ACh are limited by 
diffusion of substrate, while others may depend either on isomerization steps 
leading to acylation or the acylation step itself. 

In the extreme case for carbamoylating and phosphorylating agents, 
deacylation or the £3 step is rate limiting in turnover. Effectively, these 
agents become hemisubstrates when the observation times become shorter 
than the deacylation half-lives. 

SI 

Substrate Inhibition and Activation 

Since the comprehensive studies of Augustinsson in the 1940s (54), substrate 
inhibition has been a hallmark of cholinesterase catalysis. It has been 
sufficiently characteristic to use it as a means of distinguishing AChEs from 
BuChEs. The mechanism of substrate inhibition is not well resolved and, 
in fact, data do not clearly distinguish between influence occurring on the 
acylation or deacylation step (98, 112, 120). If we consider the overall 
scheme: 

-:v>c 
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AcOR 

E-OH ♦ AcOR 

AcOR 
+ 

E-OH-AcOR 

AcOR 

E-OAc + ROH 

AcOR-E-OH ♦ AcOR 
1    AcOR-E-OH-AcOR » AcOR-E-OAc ♦ ROH 

k'.< 

E-OH ♦ AcO' ♦ H 

-*- AcOR- E-OH ♦ AcO'+ H* 

■V:-«*..".*'. ;'■'• ■' 

,.: — ) v<t-1 

xp.l 

Scheme 3 

If excess substrate affects acylation k2*k2', while an influence on the 
deacylation sequence is reflected in kicks'. For substrate inhibition either 
k2'<k2 or k3'<k3. Values of k2 or Jfc3' = 0 denote excess substrate causing 
complete inhibition. The BuChEs (121-123) and certain mutations of AChE 
(123) show substrate activation. If activation and inhibition are occurring 
through substrate binding to a common site, we might expect both to be 
dependent on similar sets of residues in the molecule. 

SITE-SPECIFIC MUTAGENESIS—CHOLINESTERASE 
CHIMERAE 
Mutagenesis studies in the absence of a three-dimensional structure were 
largely restricted to residues where sequence conservation, sequence prox- 
imity, or a natural mutation suggested a role in function (53, 124-126). 
The report of a crystal structure added a new dimension as well as a flurry 
of activity in this arena of investigation. 

Expression Systems 
Initial studies of mutagenesis were done by mRNA injections into oocytes 
(125, 127) and transient transfections of cDNA into a receptive cell such 
as COS (53) or HEK cells (128). mRNA injection of single cells is labor 
intensive and the limited expression has not permitted a detailed analysis of 
kinetic and inhibition parameters. Similar limitations apply to transient 
transfections, particularly in the case of the Torpedo enzyme, where efficient 
protein folding does not occur at 37°C (53, 126) and expression at lower 
temperatures compromises cell viability. Although the high turnover rates 
of the cholinesterases facilitate their detection, details of substrate inhibition 
are only revealed at high substrate concentrations (10-100 mM). At substrate 
concentrations well above the Km (-50 jxM) general base catalysis of the 
esters will contribute substantially to basal ester hydrolysis. 

Determinations of *cal or kcJKm, as measures of turnover and catalytic 
efficiency, necessitate titrations of stoichiometry of active sites. This entails 
antibody precipitation to determine total cholinesterase protein, ascertaining 

IS 
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active center concentrations with high-affinity phosphorylating agents or 
purifying the enzyme to homogeneity. Each approach has particular advan- 
tages and limitations. 

Stable transfectants of mammalian embryonic cell lines have yielded 
expression levels about an order of magnitude higher than transient trans- 
fection (129, 131). Finally, expression systems in baculov'mis-Spodoptera 
(132) and Escherichia coli (133) have produced 3 mgs and over 100 mg 
of enzyme per liter of culture system, respectively. However, the former 
system presents difficult cloning steps to achieve expression, while in the 
latter system, generation of active enzyme required denaturation followed 
by refolding. Only ~3% of the enzyme renatured as an active entity. 

Kinetic Parameters for Mutant Enzymes 
The ratio kcJKm, a second-order rate constant, is typically used as the 
measure of catalytic efficiency to compare mutant enzymes. This ratio 
reflects the catalytic through put under nonsaturating conditions while k^ 
reflects maximal turnover. To describe substrate inhibition, two constants, 
ATm and Kss, represent the concentration-dependence of catalysis and inhi- 
bition by excess substrate. An additional parameter, b, has been incorporated 
into kinetic schemes (112) to reflect the maximal extent of inhibition or 
activation by excess substrate with the mutant enzymes (123). 

In a scheme where we do not differentiate whether binding of a second 
substrate molecule affects acylation or deacylation and Kss = atfss, 

AcOR 
+ 

E-OH + AcOR 

AcOR 
♦ 

E-OH-AcOR 

K„ 

kc»t 

bkcal 

E-OH + AcO'+ ROH + H* 

AcOR-E-OH + AcOR ^=^AcOR-E-OH-AcOR  — AcOR-E-OH + AcO'+ ROH + H* 

then 
Scheme 4 

V = 
'mai 1 + b [S] / K« 

I + [S] / /Css   '   1 + Km I IS] 
(Equation 5) 

when 6 = 0, 

^•MPM&lh 
V  = 

1   +  [S] / Kss  + Am    /    [S]  + Km I Kss 
(Equation 6) 

d^*?$#>;te^ M* 
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Hence, in this scheme substrate inhibition is described in terms of the 
dissociation constant for the inhibitory site, Ka, and the relative efficiency 
of the ternary versus the Michaelis-Menten complex to acylate and deacylate 
substrate, b. This scheme is also applicable to substrate activation where b 
>  1 rather than b <  1. When b =  1, Michaelis-Menten kinetics are 

observed. 
Reversible inhibition has been evaluated by IC50's and by measurement 

of dissociation constants. lC50's leave considerable uncertainties regarding 
inhibition mechanisms and the form of the enzyme to which the inhibitor 
binds. IC50's for competitive inhibitors are dependent on the Km of the 
substrate relative to the substrate concentration, whereas for noncompetitive 
inhibitors they are independent of this ratio. Since tfm's may also be affected 
by mutations in the enzyme, a change in IC50 in the extreme case could 
reflect a change in Km and not in Kx for the inhibitor. By contrast, Kx is 
independent of Km. A second advantage of ascertaining the inhibition 
mechanism is that the influence of mutation can be compared for the same' 
species of enzyme in the kinetic scheme. For convenience, the free species 
without bound substrate (i.e. E-OH) is often used; dissociation of its complex 
is reflected in the competitive inhibition constant. 

In the case of inhibitors that carbamoylate or phosphorylate the active 
site serine, IQo's become parameters of limited applicability to mechanistic 
considerations or correlating data obtained under different conditions. Data 
for these inhibitors should be described in terms of a time-dependent 
parameter and a constant describing the concentration dependence of inhi- 

bition. 

Summary of Mutation Analyses 
Table 1 summarizes the reported cholinesterase mutants by dividing them 
into several structural domains: (a) catalytic triad; (b) active center-acyl 
pocket; (c) active center-choline binding subsite; (d) peripheral-site(s)—run 
of the gorge; (e) carboxyl-terminus; (/) glycosylation; (g) cholinesterase 
chimeras. The essential observations are detailed below: 

4 

W^'';r.;-;-:-'.-| 

CATALYTIC TRIAD Mutagenesis has confirmed the role for the E327 H440 
S200 linkage in catalysis (53, 129, 134, 135). Although mutation of several 
other conserved diacidic amino acids results in inactive enzyme (129, 136), 
these residues are likely to be critical for folding into a correct tertiary 
conformation rather than directly involved in the acylation and deacylation 
steps (136). In fact, recent evidence suggests that a conformation of chicken 

2Residue identification refers to the species under study. The parentheses refer to the Torpedo 
sequence, which serves as an alignment reference for other enzymes. 
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AChE is produced that is DFP reactive, but catalytically inactive towards 
Ach (137). Whether the catalytically inactive mutants achieve a tertiary 
conformation approaching the active enzyme or are simply degraded as a 
nascent peptide chain is unknown. Some mutations of the active center (i.e. 
S(200)C) show low activity (53, 135), and it will be of interest to achieve 
high expression to analyze them for catalytic properties. 

The functional existence of a catalytic triad does not prove the existence 
of a charge-relay system or rate-limiting proton transfer (119). Rather the 
optimal alignments of these residues may be critical for confering a pro- 
ton-withdrawing, inductive effect on the serine and/or a sink capacity for 
released protons. 

ACTIVE CENTER ACYL POCKET Based on the residue differences between 
AChE and BuChE, the residues outlining the acyl pocket have been 
substituted in mammalian AChE to produce multiple mutant enzymes (Figure 
4). Substitution of F295<288) and F297(290) in AChE to the corresponding 
residues found in BuChE has increased BuChE character as measured by 
an increased ratio of butyrylthiocholine (BTCh) to acetylthiocholine (ATCh) 
catalyzed hydrolysis, changes in the substrate activation and inhibition 
profiles, and increased susceptibility to inhibition by the BuChE-specific 
inhibitor, isoOMPA (131, 138). The F295(288)L, F297(290)I double mutant (78, 
131, 138) and the F295<288)L, R296<289)S, F297<290)I triple mutant (131) showed 
similar BuChE character, but were far less active. A detailed analysis of 
the individual F295 and F297 mutants uncovered several interesting properties 
of the acyl pocket. First, the F295L mutant of mouse AChE, while slightly 
less efficient towards ATCh hydrolysis, hydrolyzed BTCh with a kcJKm 
greater than that found for native BuChE (131). Similar behavior was seen 
for the human F295L and F295A mutations (138). The F297I mutation is 
notable in its increased Km for both ATCh and BTCh and for the elimination 
of substrate inhibition. In fact, the concentration dependence of BuChE 
catalyzed hydrolysis of BTCh and ATCh is best described in terms of 
substrate activation (123, 131) and the F297 mutation alone is sufficient to 
reverse the substrate inhibition in AChE and achieve a large measure of 
the activation seen with BuChE (123). F338031), which comes in close 
proximity to F295 through ring stacking, also has a marked influence on 
diminishing substrate inhibition (123). 

Drosophila cholinesterase has a single phenylalanine in its acyl pocket; 
a natural mutation to Y produces a enzyme conferring insecticide resistance 
to several bulky organophosphates (139). 

ACTIVE CENTER-CHOLINE BINDING SUBSITE   Four side chains appear to be 
of particular importance in stabilizing the quaternary moiety of choline. The 
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crystal structure shows the trimethylammonio-methylene group of dccame- 
thonium or the dimethylethylammonio group of edrophonium appears to 
make a three-point contact with the indole ring of W(84) (84). F(330) and 
Y(442) are also in close apposition, and some movement of the side chain 
F(3M) towards the aromatic ring of edrophonium is also evident in this 
complex. The van der Waal's outer shell of the carboxylate of Eow> comes 
within 1.5Ä of that of the trimethylammonio group. 

Replacement of WK6(84) by A results in a marked reduction in ATCh 
catalysis and diminished binding of edrophonium (130). A iollow-up study 
shows that the loss of activity is selective for the quaternary substrate since 
the isosteric, 2,2 dimethylbutyl acetate ester shows little diminution of 
activity (138). This finding illustrates the importance of the quaternary 
ammonium-indole interaction in the stabilization of complexes of substrate 
and inhibitors. However, a large difference in molecular volume is also 
inherent to this substitution. Wt84) is conserved in all the cholinesterases. 

The second aromatic residue in this domain is not conserved; the AChEs 
contain an F or Y at position 337(330) and BuChE has A at 332(330). 
Several inhibitors selective for BuChE or AChE depend on this difference. 
The Y337A mutation results in an 10- to 20-fold reduction in edrophonium 
affinity but little or no reduction in dccamethonium affinity (123, 130, 138). 
By contrast, the affinities of the acridines and particularly certain pheno- 
thiazines are increased by this mutation (123). This behavior appears to 
depend on the phenothiazinc side chain and was most marked with ctho- 
propazine where a 2700-fold decrease in Kx was evident. This decrease was 
virtually identical to its difference in Kx between AChE and BuChE (123). 
Huperzine shows a decreased affinity with the Y337A substitution (A Saxcna, 
N Qian. IM Kovach. AP Kozikowski, D Vellom, et al. submitted). Taken 
together, the data indicate that the aromatic group at 337(330) contributes 
to stabilization of the complexes (i.e. ring stacking and quaternary aromatic 
interactions in the case of edrophonium and stabilization of the caged 
structure in the case of huperzine). However, addition of the tricyclic ring 
system and, in particular, certain substitutions on the exocyclic chain create 
steric hindrance with the aromatic ring in F(330) or Y(330) This is reflected 
in lower affinities of inhibitors of larger volume for AChE than for either 
BuChE or the Y337(330A< AChE mutant (123). The 337(330) residue change 
has minimal influence on ATCh catalysis. Shafferman and colleagues have 
shown that the Y337 to A mutation diminishes substrate inhibition in human 
AChE (130) and suggest a direct linkage to the peripheral site. However, 
upon mutation of Y337 to A in mouse AChE substrate inhibition is still 
evident when examined over a wider range of substrate concentrations (123), 
which indicates that a substrate inhibition mechanism involving the 337 
residue is not universal. 
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Furthermore, Y(442) also contributes to the choline binding site surface. 
In BuChE, with F328(330) changed to A, the role of Y 44*442) may be more 
influential. Altered catalytic parameters are found with the Y440A mutation 
in BuChE (135). 

Mutagenesis experiments also revealed that the charge on E(199) stabilizes 
binding in this region. Edrophonium affinity is markedly reduced (132, 130) 
and Jfccat/Km for ATCh is lowered by a factor of 50 with the E199Q mutation 
(132). Hence, the energy of stabilization of edrophonium can be partitioned 
between both the electrostatic and ir-electron bonding forces. Similar anal- 
yses are possible for other inhibitors, substrates, and transition state mimics. 
The E199D mutation has less influence on kcJKm but markedly affects 
substrate inhibition (130, 132). 

THE PERIPHERAL ANIONIC SITE: GATING AT THE RIM OF THE GORGE Muta- 
genesis studies reveal that three residues, W286<279), Y72(70) and Y124021) are 
critical for dictating specificity of BW284c51, decamethonium, and propid- 
ium (123) (Figure 5). These residues are also essential for binding of the 
peptide, fasciculin (Z RadiC, R Duran, DC Vellom, Y Li, C Cervenansky 
& P Taylor, submitted). Decamethonium and BW284c51 likely span between 
the choline binding subsite and a portion of the peripheral anionic site 
whereas propidium and fasciculin are peripheral site selective ligands. In 
the case of BW284c51 a partitioning of free energy shows essentially linear 
free energy relationships for summing the contributions of the three residues 

$ 

BW284C51 BW284C51 

Figure 5   Positions of critical amino acid side chains for an energy minimized complex between 
BW284c51 and acetylcholinesterase (123). 

1 
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to stabilization of the complex (123). W286 appears to be the most important 
residue for BW284c51, although each ligand shows slightly different par- 
titioning of free energy. The involvement of only a small number of residues 
in stabilizing specific complexes is buttressed by the observation that a 
BuChEi_i74 AChEi75-575 chimera behaves like the Y?2N,Yi24Q mutation and 
the Y72N,Yi24Q,W286R mutation behaves similarly to mouse BuChE for 
inhibition by BW284c51. This is not the case for decamethonium and 
propidium, which suggests different binding loci for the latter ligands on 
the two respective cholinesterases (123). 

0,4(72) also affects the binding of these ligands (123, 125, 140) and it 
too is positioned rather close to the rim of the gorge. The site near the rim 
of the gorge defined by W286, Y72, Yl24, D74 has several features in common 
with the W86, F337, Y342, E202 site found at the base of the gorge. Since 
few-quaternary ligands span between the two sites, a similar complement of 
residues may thus be stabilizing each end of the few-quaternary ligand. 

D,^,^ is conserved in BuChE as D70. In fact, mutation of this residue to G 
is responsible for succinylcholine-induced paralysis in man (13,14,124,125); 
an increased Km and resistance to dibucaine inhibition and succinylcholine 
catalysis can be demonstrated in the mutant enzyme (140). Curiously, other 
mutations that concommitantly appear with the D70G, Hn4, Y56| and P425 
restore some of the catalytic efficiency of the D70G mutation (140). Studies 
involving a BuChE template and replacement of residues with those found in 
AChE (135) and BuChE-AChE chimerae (141) have yielded results comple- 
mentary to those obtained with the AChE template. In Drosophila, Y109 
corresponds to D70 and mutations here influence inhibitor specificity (142). 

Occupation of the peripheral site affects the conformation of the active 
center and the configuration of bound ligands at the active center (143, 
144). Mutagenesis studies should further delineate the residues involved in 
this allosteric linkage (123, 138). 

The three domains outlined above appear primarily responsible for the 
reported selectivity of AChE and BuChE for substrates and inhibitors. 
Specificity for acyl chain length and the propensity for substrate activation 
or inhibition are governed largely by the two phenylalanines, F295(288) and 

F297(290), whose side chains outline the acyl pocket. This region also governs 
the reactivity of isoOMPA for the enzyme; steric hindrance precludes 
isoOMPA from rapidly reacting with AChE. The BuChE selectivity of 
ethopropazine arises from its ability to be accommodated in the choline 
binding subsite. The diethylamino-2-propyl side chain exhibits interference 
with F337O30) in AChE whereas A332(330) in BuChE enables the fit (123). 
Finally, the site near the rim of the gorge dictates specificity of the 
few-quaternary inhibitors and peptides that cannot fit at the base of the gorge; 
BW284c51, propidium, and fasciculin are the prime examples. 

4 
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CARBOXYL-TERMINUS Several mutations of this region have emerged from 
a knowledge of the sequence and alternatively spliced forms. Gibney et al 
(126) documented the cassette characteristics of the individual exons. By 
splicing the invariant exons encoding the Torpedo enzyme to the exon 
encoding the glycophospholipid signal (exon 5) through loop-out mutagen- 
esis, the glycophospholipid-linked form of AChE was synthesized in trans- 
fected COS cells. By dropping an intermediate exon, a truncated, but 
inactive, enzyme carrying the glycophospholipid-Iinkage was formed. By 
deleting the terminal exons (5 and 6), the expressed enzyme was secreted 
into the medium and lacked the glycophospholipid attachment. A natural 
splice variant in the mouse enzyme yields AChE with the same properties 
with virtually all of the enzyme appearing in the media (66, 67). Hence, 
the exon encoding the glycophospholipid linkage signal is both necessary 
and sufficient for generating the signal sequence for processing and addition 
of the glycophospholipid. Removal of the cysteine from exon 6 (128) or 
formation of a truncated hydrophilic form of the enzyme results in secretion 
of a monomeric enzyme (126). Similar dependencies of membrane attach- 
ments have been documented in Drosophila cholinesterase (145, 146). 

An important development in the study of the assembly process has been 
the cloning of the gene that encodes the collagen-containing tail species in 
the Torpedo enzyme (147). Although there appear to be multiple tail subunits, 
coexpression of the cDNA encoding the catalytic subunit and that encoding 
the tail unit gave rise to the expected asymmetric species for both Torpedo 
and rat catalytic subunit cDNAs (28, 147). Moreover, truncation of the tail 
subunit cDNA showed that the amino-terminal portion of the tail molecule 
contains the sulfhydryl necessary for the intersubunit disulfide linkage (148). 

Transfection of the cDNAs encoding the hydrophilic (exon 6) and glyco- 
phospholipid-linked (exon 5) forms of AChE generates the expected multi- 
plicity of species seen in vivo (149). Hence, assembly to the various 
oligomeric species of AChE and processing occur with the transfected 
cDNAs. Transfection of mouse and human genomic constructs into various 
cell lines shows tissue selective splicing of mRNA to achieve a diversity 
of gene products (D Vellom, S Camp, and P Taylor, submitted). 

GLYCOSYLATION Human AChE contains three N-linked glycosylation rec- 
ognition sequences at N265, N350, and N464. Deletion of the recognition 
sequences singly and in combination diminishes biosynthesis and secretion 
of the enzyme. The influence appears progressive since an enzyme deficient 
in all three signals shows the least expression, followed by the mutation 
with two of the three signals deleted (150). Glycosylation increases the 
thermal stability of the enzyme, but did not affect the catalytic parameters. 
Initial studies with the Drosophila enzyme also indicate that active enzyme 
can be synthesized in the absence of glycosylation (146, 151). 
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CHOLINESTERASE CH1MERAE Construction of choiinesterase chimerae has 
been useful in analyzing gene structure in relation to function and in 
identifying domains of the molecule responsible for particular functional 
characteristics. The initial approach deleted exon 5 and demonstrated secre- 
tion of the Torpedo enzyme (126); variants of this construct are discussed 
above. Attachment of the carboxyl-terminal signal sequence contained in 
exon 5 to upstream exons or to sequence encoding the amino-terminal portion 
of the collagen-containing tail unit yielded glycophospholipid-attached en- 
zymes (126, 149). A second approach entailed forming BuChE chimerae 
between wild-type and naturally occurring mutants (125) and enabled ex- 
amination of the influence of secondary mutations on the D70G mutation 
(125). Hence, portions of carboxyl-terminal domain of the molecule can 
modulate the consequences of an amino-terminal modification. Formation 
of active chimerae between AChE and BuChE have led to assigning domains 
responsible for inhibitor specificity, for delimiting the selection of residues 
in site-specific mutagenesis (131, 141). Comparisons of specificity between 
site-specific mutants and chimerae can often rule out an influence of several 
residues on inhibitor specificity. 

Relationship of Ligand Binding Sites on Acetylcholinesterase 
to Those on Other Acetylcholine-Binding Proteins 
Examination of the high resolution structure of AChE in relation to its 
functional characteristics and specificity of ligand binding sites may provide 
insights into the structure of other Ach binding proteins. We have already 
alluded to the similarities in both the proximal aromatic clusters and the 
more distant negative charges residing at the choline binding subsite and at 
the peripheral anionic site in AChE. Further parallels can be drawn with 
the aromatic clusters in the phosphorylcholine binding antibody and in 
chemically synthesized host ligands that bind quaternary ligands (87, 88, 
152). Chemical labeling studies also show proximity of tyrosines and 
tryptophan in the vicinity of the ligand binding site on the acetylchoiine 
receptor (153-155). Moreover, tacrine, a ligand that inhibits AChE by 
binding at the choline subsite (83, 123) also shows a propensity to inhibit 
^■•■-channels. Mutagenesis studies are beginning to define the nature of a 
quaternary ammonium binding site within the K+ channel, and a tyrosine 
substitution for threonine enhances tetraethylammonium inhibition of K+ 

conductance (156). However, apart from using proximal aromatic residues 
and longer range electrostatic forces to stabilize the quaternary ligands and 
perhaps a more global organization of charges to form a macromolecular 
dipole to direct the binding of the ligand, there may be few specific parallels 
between the recognition sites on acetylchoiine binding proteins. 

In the case of the nicotinic acetylchoiine receptor, the ligand binding site 
appears not to be in the central ion cavity or "gorge"; rather, agonists bind 
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at distinct sites at the periphery of the receptor (157). Entry of Ach to its 
two binding sites on the receptor appears to be normal to the axis defined 
by the ion permeability channel through the membrane. Finally, Ach binding 
sites are formed at subunit interfaces on the nicotinic receptor rather than 
being central to one of the subunits. 

The muscarinic receptor presents an even different situation since the 
binding site must be constructed from within the seven membrane-spanning 
regions (158), a constraint not found for a globular protein or an extracellular 
domain of a membrane-associated protein. 

Ach binds with relatively low affinity to an activatible state of the nicotinic 
receptor (KD » 10-4M), but short-term exposure results in desensitization 
and concomitant formation of a high-affinity state for Ach, KD = 5 x 
10-8M (153, 159, 160). This low dissociation constant may be contrasted 
with an AChE Km of 0.5-1.0 x l(T4M. Deconstruction of the AChE ^ 
would indicate that Ach dissociation constant (*_|/*i in Scheme 1) is actually 
larger than Km. Each state of the nicotinic receptor is designed to recognize 
the parent ligand whose acetoxy group is planar or trigonal, while in the 
case of AChE, the site is designed to force the formation of a transition 
state that is best approximated by a tetrahedral conformation around the 
carbonyl-containing carbon. The dissociation constant of the enzyme for 
this transition state, KTS, can be estimated from KTS = K^/k,., where 
V*u (the ratio of catalyzed and uncatalyzed ester hydrolysis) is the catalytic 
enhancement provided by the enzyme. The product of Km (~10-4 M) and 
V*c (~10-13) (113) yields a value of ~10"I7M and reflects a uniquely 
high affinity for the labile transition state of the substrate. Hence, receptors 
and AChE are designed to recognize and catalytically force or accommodate 
distinct conformations of acetylcholine. Accordingly, these unique binding 
characteristics are likely to be reflected in major differences in molecular 
and spatial characteristics of their respective binding sites. 

Any Annual Review chapter, as well as any article cited in an Annual Review chapter, 
may be purchased from the Annual Reviews Preprints and Reprints service. 

1-800-347-8007; 415-259-5017; email; arpr<adass.org  

Literature Cited 

1. Clermont P. 1854. Note sur la 
preparation de quelques others. CR 
Acad. Sei. Paris 39:338-41 

2. Argyll-Robinson D. 1863. The cal- 
ibar bean as a new agent in oph- 
thalmic practice. Edinburgh Med. J. 
8:815-20 

3. Dale HH. 1914. The action of certain 
esters of choline and their relation to 

muscarine. J. Pharmacol. Exp. Ther. 
6:147-90 
Loewi O, Navratil E. 1926. Über 
humorale Übertragbarkeit der Herz- 
nervenwirkung. XI. Über der Mech- 
anismus der Vaguswirkung von Phys- 
ostigmin und Ergotamin. Pfluegers 
Arch. 214:689-96 
Ellman GL, Courtney KD, Andres V 



CHOLINESTERASE GENES AND PROTEINS      313 

■^81Ä^^ 

Jr, Featherstone RM. 1961. A new 
and rapid colorimetric determination of 
acetylcholinesterase activity. Biochem. 
Pharmacol. 7:88-95 

6. Koelle GB. Friedenwald JS. 1949. A 
histochemical method for localizing 
cholinesterase activity. Proc. Soc. Exp. 
Biol. Med. 70:617-22 

7. Kamovsky MS. Roots L. 1964. A 
direct coloring thiocholine method for 
cholinesterase. J. Histochem. Cyto- 
chem. 12:219-32 

8. Taylor P. 1990. Anticholinesterase 
agents. In The Pharmacological Basis 
of Therapeutics, ed. AO Oilman. LS 
Goodman. TW Rail, F Murad, AS 
Nies, P Taylor, op. 131-49. New 
York: Pergamon. 8th ed. 

9. Schumacher M. Camp S, Maulet Y, 
Newton M. MacPhee-Quigley K, et 
al. 1986. Primary structure of Torpedo 
californica acetylcholinesterase de- 
duced from cDNA sequences. Nature 
319:407-9 

10. Sussman JL. Harel M, Frolow F, 
Oefner C, Goldman A, et al. 1991. 
Atomic structure of acetylcholinesterase 
from Torpedo californica: a prototypic 
acetylcholine-binding protein. Science 
253:872-79 

11. Quinn DM. 1987. Acetylcholinesterase: 
enzyme structure, reaction dynamics, 
and virtual transition states. Chem. 
Rev. 87:955-79 

12. Rosenbcrry TL. 1975. Acetyl- 
cholinesterase. Adv. Enzymol. Relat. 
Areas Mol. Biol. 43:103-218 

13. Whittaker M. 1986. Cholinesterases. 
In Monographs in Human Genetics, 
ed. RS Sparkes. 11:125. Basel: Karger 

14. Soreq H. Zakut H. 1990. Cholinester- 
ase genes: multileveled regulation. In 
Monographs in Human Genetics, ed. 
RS Sparkes, 13:1-102. Basel: Karger 

15. Sussman JL. Silman I. 1992. Acetyl- 
cholinesterase: structure and use as a 
model for specific cation protein in- 
teractions. Curr. Opin. Struct. Biol. 
2:721-29 

16. Taylor P. 1991. The cholinesterases. 
J. Biol. Chem. 266:4025-28 

17. Massoulie' J, Pezzementi L, Bon S, 
Krejci E, Vallette FM. 1993. Molec- 
ular and cellular biology of the 
cholinesterases. Prog. Neurobiol. 41: 
31-91 

18. Shafferman A, Velan B, eds. 1992. 
Multidisciplinary Approaches to Cho- 
linesterase Functions. New York: Ple- 
num. 293 pp. 

19. Swillens S, Ludgate M, Mercken L, 
Dumont JE, Vassart G. 1986. Analysis 
of sequence and structure homologies 

between thyroglobulin and acetylcho- 
linesterase: possible functional and clin- 
ical significance. Biochem. Biophys. 
Res. Commun. 137:142—48 

20. Hall LMC, Spierer P. 1986. The Ace 
locus of Drosophila melanogaster: 
structural gene for acetylcholinesterase 
with an unusual 5' leader. EMBO J. 
5:2949-54 

21. Lockridge O. Bartels CF. Vaughan 
TA, Wong CK. Norton SE, Johnson 
LL. 1987. Complete amino acid se- 
quence of human serum cholinesterase. 
J. Biol. Chem. 262:549-57 

22. Prody CA. Zcvin-Sonkin D. Gnatt A, 
Goldberg O. Soreq H. 1987. Isolation 
and characterization of full-length 
cDNA clones coding for cholinesterase 
from fetal human tissues. Proc. Natl. 
Acad. Sei. USA 84:3555-59 

23. McTieman C. Adkins S. Chatonnet A, 
Vaughan TA, Bartels CF. ct al. 1987. 
Brain cDNA clone for human cholin- 
esterase. Proc. Natl. Acad. Sei. USA 
84:6682-86 

24. Rachinsky TL. Camp S. Li Y, Ekström 
TJ. Newton M. Taylor P. 1990. Mo- 
lecular cloning of mouse acetyl- 
cholinesterase: tissue distribution of 
alternatively spliced mRNA species. 
Neuron 5:317-27 

25. Doctor BP. Chapman TC. Christner 
CE. Deal CD. De La Hoz DM. ct al. 
1990. Complete amino acid sequence 
of fetal bovine serum acetylchol- 
inesterase and its comparison in various 
regions with other cholinesterases. 
FEBS Lett. 266:123-27 

26. Soreq H, Ben-Aziz R. Prody CA. 
Seidman S. Gnatt A. ct al. 1990. 
Molecular cloning and construction of 
the coding region for human acetyl- 
cholinesterase reveals a G+C-rich at- 
tenuating structure. Proc. Natl. Acad. 
Sei. USA 87:9688-92 

27. Chatonnet A. Lorca T. Barakat A, 
Aron E, Jbilo O. 1991. Structure of 
rabbit butyrylcholinesterase gene de- 
duced from genomic clones and from 
a cDNA with introns. Cell Mol. Neu- 
robiol. 11:119-30 

28. Legay C. Bon S. Vernier P, Coussen 
F, Massoulie J. 1993. Cloning and 
expression of a rat acetylcholinesterase 
subunit: generation of multiple molec- 
ular forms and complementarity with 
a Torpedo collagenic subunit. J. Neu- 
rochem. 60:337-46 

29. Hall LMC, Malcolm CA. 1991. The 
acetylcholinesterase gene of Anopheles 
stephensi. Cell. Mol. Neurobiol.   11: 
131-41 

30. Maulet  Y.   Ballivet  M.   1991.  Two 

^&Ä*d 



314      TAYLOR & RADIC 

different genes encoding cholinester- 
ases in chicken. See Ref. 162, p. 186 

31. Rubino S. Mann SKO. Hori RT, Pinko 
C. Firtel RA. 1989. Molecular analysis 
of a developmental^ regulated gene 
required for Dictyostelium aggregation. 
Dev. Biol. 131:27-36 

32. Bomblies L, Biegelmann E. Döring V, 
Gerisch G. Krafft-Czepa H. et al. 
1990. Membrane-enclosed crystals in 
Dictyostelium discoideum cells, con- 
sisting of developmental regulated 
proteins with sequence similarities to 
known esterases. J. Cell Biol. 110:669- 
79 

33. Oakeshott JG. Collet C. Phillis RW, 
Nielsen KM, Russell RJ. et al. 1987. 
Molecular cloning and characterization 
of esterase-6, a serine hydrolase of 
Drosophila. Proc. Natl. Acad. Sei. 
USA 84:3359-63 

34. Collet C, Nielsen KM. Russell RJ. 
Karl M, Oakeshott JG, Richmond RC. 
1990. Molecular analysis of duplicated 
esterase genes in Drosophila met- 
anogaster. Mol. Biol. Evol. 7:9-28 

35. Mouches C, Pauplin Y. Agarwal M. 
Lemieux L. Herzog M. et al. 1990. 
Characterization of amplification core 
and esterase Bl gene responsible for 
insecticide resistance in Culex. Proc. 
Natl. Acad. Sei. USA 87:2574-78 

36. Hanzlik TN. Abdel-Aal YAI, Harsh- 
man LG. Hammock BD. 1989. Isola- 
tion and sequencing of cDNA clones 
coding for juvenile hormone esterase 
from Heliothis virescens. Evidence for 
a catalytic mechanism for the serine 
carboxylesterases different from that of 
the serine proteases. J. Biol. Chetn. 
264:12419-25 

37. Shimada Y. Sugihara A. Tominaga Y. 
Izumi T. Tsunasawa S. 1989. cDNA 
molecular cloning of Geotrichum can- 
didum lipase. J. Biochem. 106:383- 
88 

38. Long RM. Satoh H. Martin BM. 
Kimura S, Gonzalez FJ, Pohl LR. 
1988. Rat liver carboxylesterase: cDNA 
cloning, sequencing, and evidence for 
a multigene family. Biochem. Biophys. 
Res. Commun. 156:866-73 

39. Korea G. Ozols J. 1988. Complete 
covalent structure 60-kDa esterase iso- 
lated from 2,3,7,8-tetrachlorodibcnzo- 
p-dioxin-induced rabbit liver micro- 
somes. J. Biol. Chem. 263:3486-95 

40. Han JH. Stratowa C. Rutter WJ. 1987. 
Isolation of full-length putative rat 
lysophospholipase cDNA using im- 
proved methods for mRNA isolation 
and cDNA cloning. Biochemistry 26: 
1617-25 

41. Kyger EM. Wiegand RC. Lange LG. 
1989. Cloning of the bovine pancreatic 
cholesterol esterase/lysophospholipase. 
Biochem. Biophvs. Res. Commun. 164: 
1302-9 

42. Ollis DL, Cheah E. Cygler M, Dijkstra 
B, Frolow F. et al. 1992. The a/ß 
hydrolase fold. Prot. Eng. 5:197-211 

43. Cooper A. Russey H. 1989. Charac- 
terization of the yeast KEX1 gene 
product: a carboxypeptidase involved 
in processing secreted precursor pro- 
teins. Mol. Cell. Biol. 9:2706-14 

44. Franken SM. Rozeboom HJ, Kalk KH. 
Dijkstra BW. 1991. Crystal structure 
of haloalkane dehalogenase: an enzyme 
to detoxify halogenated alkanes. EMBO 
J. 10:1297-302 

45. Pathak D. Ngai KL. Ollis D. 1988. 
X-ray crystallographic structure of 
dienelactone hydrolase at 2.8 A. J. 
Mot. Biol. 204:435-45 

46. Olson PF, Fessler LI, Nelson RE, 
Campbell AG, Fessler JH. 1990. Glu- 
tactin. a novel Drosophila basement 
membrane related glycoprotein with 
sequence similarity to serine esterases. 
EMBO J. 9:3593-601 

47. De la Escalera S. Backamp E-O. Moya 
F. Piovant M. Jimenez F. 1990. Char- 
acterization and gene cloning of neu- 
rotactin, a Drosophila transmembrane 
protein related to cholinesterases. 
EMBO J. 9:3593-601 

48. Gentry MK. Doctor BP. 1991. Align- 
ment of amino acid sequences of 
acetylcholinesterases and butyrylcho- 
linesterases. See Rcf. 162. pp. 394-98 

49. Cygler M. Schräg J. Sussman JL. 
Hare! M. Silman I. et al. 1993. Re- 
lationship between sequence conserva- 
tion and three-dimensional structure in 
a large family of esterases, lipases, 
and related proteins. Protein Sei. 2: 
366-82 

50. MacPhee-Quigley K. Vedvick TS, Tay- 
lor P, Taylor SS. 1986. Profile of 
disulfide bonds in acetylcholinesterase. 
J. Biol. Chem. 261:13565-70 

51. Lockridge O, Adkins S. La Du BN. 
1987. Location of disulfide bonds 
within the sequence of human serum 
cholinesterase. J. Biol. Chem. 262: 
12945-52 

52. MacPhee-Quigley K. Taylor P. Taylor 
SS. 1985. Primary structures of the 
catalytic subunits from two molecular 
forms of acetylcholinesterase: a com- 
parison of NH2-terminal and active 
center sequences. J. Biol. Chem. 260: 
12185-89 

53. Gibney G, Camp S. Dionne M, Mac- 
Phee-Quigley K. Taylor P. 1990. Mu- 

I 
/s3 

•i* 

m 



CHOLINESTERASE GENES AND PROTEINS      315 

tagenesis of essential functional resi- 
dues in acetylcholincsterasc. I'roc. 
Nail. Acad. Sei. USA 87:7546-50 

54. Augustinsson KB. 1948. Cholinestcr- 
ases: a study in comparative enzymol- 
ogy. Ada Phvsiol. Scand. 15 (Suppl. 
52:1-182 

55. Silver A. 1974. The Biology of Cho- 
linesterases. Amsterdam: North-Hol- 
land 

56. Gnagey AL. Forte M. Rosenbcrry TL. 
1987. Isolation and characterization of 
acetylcholinestcrase from Drosophila. 
J. Biol. Chem. 262:1140-45 

57. Toutant J-P. Massoulie" J. Bon S. 1985. 
Polymorphism of pseudocholincsterase 
in Torpedo marmorata tissues: com- 
parative study of the catalytic and 
molecular properties of this enzyme 
with acetylcholinestcrase. J. Neuro- 
chem. 44:580-92 

58. Johnson CD. Rand JB. Herman RK. 
Stern BD. Russell RL. 1988. The 
acetylcholinestcrase genes of C. ele- 
gans: identification of a third gene 
(ace-3) and mosaic mapping of a syn- 
thetic lethal phenotype. Neuron 1:165- 
73 

59. Arpagaus M. Richicr P. L'Hermittc Y. 
Le Roy F. Berge J. et al. 1992. 
Nematodc acctylcholinestcrascs: sev- 
eral genes and molecular forms of their 
products. See Ref. 18, pp. 65-74 

60. Maulet Y, Camp S. Gibney G, 
Rachinsky TL. Ekström TJ. Taylor P. 
1990. A single gene encodes glyco- 
phospholipid-anchored and asymmetric 
acetylcholinestcrase forms: alternative 
coding exons contain inverted repeat 
sequences. Neuron 4:289-301 

61. Li Y. Camp S. Rachinsky TL. Getman 
DK. Taylor P. 1991. Gene structure 
of mammalian acetylcholinestcrase: al- 
ternative exons dictate tissue-specific 
expression. J. Biol. Chem. 266:23083- 
90 

62. Arpagaus M. Kott M. Vatsis KP. 
Bartels CF. La Du BN. Lockridge O. 
1990. Structure of the gene for human 
butyrylcholinesterasc. Evidence for a 
single copy. Biochemistry 29:124-31 

63. Sikorav JL. Krejci E. Massoulie' J. 
1987. cDNA sequences of Torpedo 
marmorata acetylcholinestcrase: pri- 
mary structure of the precursor of a 
catalytic subunit; existence of multiple 
5'-untranslated regions. EMBO J. 6: 
1865-73 

64. Sikorav JL. Duval N. Anselmet A. 
Bon S, Krejci E. et al. 1988. Complex 
alternative splicing of acetyl- 
cholinestcrase transcript in Torpedo 
electric organ; primary structure of the 

precursor of the  glycolipid-anchored 
dimeric form. EMBO J. 7:2983-93 

65. Schumacher M. Maulet Y. Camp S, 
Taylor P. 1988. Multiple messenger 
RNA species give rise to the structural 
diversity in acetylcholinestcrase. J. 
Biol. Chem. 263:18979-87 

66. Li Y. Camp S. Taylor P. 1993. Tis- 
sue-specific expression and alternative 
mRNA processing of the mammalian 
acetylcholinestcrase gene. J. Biol. 
Chem. 268:5790-97 

67. Li Y. Camp S. Rachinsky TL, Bon- 
giorno C. Taylor P. 1993. Promoter 
elements and transcriptional control of 
the mouse acetylcholinestcrase gene. 
J. Biol. Chem. 268:3563-72 

68. Gibney G. MacPhee-Quigley K, 
Thompson B. Vedvick T. Low MG, 
et al. 1988. Divergence in primary 
structure between molecular forms of 
acetylcholinestcrase. J. Biol. Chem. 
263:1140-45 

69. Rotundo RL. Gomez AM. Fernandez- 
Valle C. Randall WR. 1988. Alleltc 
variants of acetylcholinestcrase forms 
in avian nerves and muscle and encoded 
by a single gene. Proc. Natl. Acad. 
Sei. USA 52:7121-25 

70. Getman DK. Eubanks J. Evans G. 
Taylor P. 1992. Assignment of the 
human acetylcholinestcrase gene to 
chromosome 7q22. Am. J. Hum. 
Genet. 50:170-77 

71. Ehrlich G. Viegas-Pcquignot E, 
Ginzbcrg D. Sindel L. Sorcq H. Zakut 
H. 1992. Mapping the human acetyl- 
cholinestcrase gene to chromosome 
7q22 by fluorescent in situ hybridiza- 
tion coupled with selective PCR am- 
plification from a somatic hybrid cell 
panel and chromosome-sorted DNA 
libraries. Genomics 13:1192-97 

72. Gaughan G. Park H. Priddle J. Craig 
I. Craig S. 1991. Refinement of the 
localization of human butyrylcholi- 
nesterase to chromosome 3q26. l-q26.2 
using a PCR-derived probe. Genomics 
11:455-58 

73. Allderdice PW. Gardner HAR, Galutira 
D, Lockridge O, La Du BN. McAlpine 
PJ. 1991. The cloned butyrylcho- 
linesterasc (BCHE) gene maps to a 
single chromosome site. 3q26. Geno- 
mics 11:452-54 

74. Rachinsky TL. Crcnshaw EB III. Tay- 
lor P. 1992. Assignment of the gene 
for acetylcholinestcrase to distal mouse- 
chromosome 5. Genomics 14:511-14 

75. Sussman JL. Harel M. Frolow F. Varon 
L. Toker L. ct al. 1988. Purification 
and crystallization of a dimeric form 
of acetylcholinesterase from Torpedo 

m- 

&%#$:W$ä&i 



316      TAYLOR & RADIO 

californica subsequent to solubilization 
with phosphatidylinositol-specific phos- 
pholipase. J. Mol. Biol. 203:821-23 

76. Schräg JD, Schmid MF, Morgan DG, 
Phillips GN, Wah C, Tang L. 1988. 
Crystallization and preliminary X-ray 
diffraction analysis of 1 IS acetyl- 
cholinesterase. J. Biol. Chem. 263: 
9795-801 

77. Schräg JD. Li Y. Wu S, Cygler M. 
1991. Ser-His-Glu triad forms the 
catalytic site of the lipase from 
Ceotrichum candidum. Nature 351: 
761-64 

78. Hare! M, Sussman JL, Krejci E, Bon 
S, Chanal P, et al. 1992. Conversion 
of acetylcholinesterase to bucyryl- 
cholinesterase, modeling and mutagen- 
esis. Proc. Natt. Acad. Sei. USA 89: 
10827-31 

79. Rosenberry TL, Neumann E. 1977. 
Interaction of ligands with acetyl- 
cholinesterase. Use of temperature- 
jump relaxation kinetics in the binding 
of specific fluorescent ligands. Bio- 
chemistry 16:3870-78 

80. Nolte HJ. Rosenberry TL, Neumann 
E. 1980. Effective charge on acetyl- 
cholinesterase active sites determined 
from the ionic strength dependence of 
association rate constants with cationic 
ligands. Biochemistry 19:3705-11 

81. Tan RC. Truong TN, McCammon JA, 
Sussman JL. 1993. Acetylcholines- 
terase: electrostatic steering increases 
the rate of ligand binding. Biochemistry 
32:401-3 

82. Ripoll DR, Faerman CH, Axelsen PH, 
Silman I, Sussman JL. 1993. An elec- 
trostatic mechanism for substrate guid- 
ance down the aromatic gorge of ace- 
tylcholinesterase. Proc. Natt. Acad. 
Sei. USA 90:5128-32 

83. Sussman JL, Harel M, Silman I. 1992. 
Three dimensional structure of ace- 
tylcholinesterase. See Ref. 18, pp. 
95-108 

84. Harel M, Schalk I, Ehret-Sabatier L, 
Bouet F, Goeldner M, et al. 1993. 
Quaternary ligand binding site of ace- 
tylcholinesterase as revealed by X-ray 
crystallography and photoaffinity label- 
ling. Proc. Natl. Acad. Sei. USA. 
90:9031-35 

85. Hasan FB, Cohen SG, Cohen JB. 1980. 
Hydrolysis by acetylcholinesterase. Ap- 
parent molal volumes and trimethyl 
and methyl subsites. J. Biol. Chem. 
255:3898-904 

86. Cohen SG, Salih E, Solomon M, 
Howard S, Chishti SB, Cohen JB. 
1989. Reactions of l-bromo-2- 
[r4C]pinacolone    with    acetylcholin- 

esterase from Torpedo nobiiiana. Ef- 
fects of 5-trimethylammonio-2-pentan- 
one and diisopropyl fluorophosphate. 
Biochem. Biophys. Ada 997:167-75 

87. Dougherty DA, Stauffer DA. 1990. 
Acetylcholine binding by a synthetic 
receptor: implication for biological rec- 
ognition. Science 250:1558-60 

88. Segal DM, Padlan EA, Cohen GH, 
Rudikoff S, Potter M, Davies DR. 
1974. The three-dimensional structure 
of phosphorylcholine—binding mouse 
immunoglobulin Fab and the nature of 
the antigen binding site. Proc. Natl. 
Acad. Sei. USA 71:4295-302 

89. Pressman D, Grossberg AL, Pence LH, 
Pauling L. 1946. The reaction of an- 
tiserum homologous to the p-azo 
phenyltrimethylammonium group. J. 
Am. Chem. Soc. 68:250-55 

90. Changeux J-P. 1966. Responses of 
acetylcholinesterase from Torpedo 
marmorata to salts and curarizing 
drugs. Mol. Pharmacol. 2:369-92 

91. Taylor P, Lappi S. 1975. Interaction 
of fluorescence probes with acetyl- 
cholinesterase. The site and specificity 
of propidium binding. Biochemistry 14: 
1989-97 

92. Berman HA. Yguerabide J. Taylor P. 
1980. Fluorescence energy transfer on 
acetylcholinesterase: spatial relation- 
ship between peripheral site and active 
center. Biochemistry 19:2226-35 

93. Weise C, Kreienkamp HJ, Raba R. 
Pedak A, Aaviksaar A, Hucho F. 1990. 
Anionic subsites of the acetyl- 
cholinesterase from Torpedo cali- 
fornica: affinity labelling with the 
cationic reagent A/,N-dimethyl-2-phe- 
nyl-aziridinium. EMBO J. 9:3885-88 

94. Amitai G. Taylor P. 1991. Character- 
ization of peripheral anionic site pep- 
tides of AChE by photoaffinity labeling 
with monoazidopropidium (MAP). See 
Ref. 162, p. 285 

95. Haas R, Adams EW, Rosenberry MA, 
Rosenberry TL. 1992. Substrate-selec- 
tive inhibition and peripheral site la- 
beling of acetylcholinesterase by plati- 
num(terpyridine)chloride. See Ref. 18, 
pp. 131-40 

96. Marchot P, Khelif A, Ji YH. MansueUe 
P, Bougis PE. 1993. Binding of I- 
fasciculin to rat brain acetylchol- 
inesterase. The complex still binds 
diisopropyl fluorophosphate. J. Biol. 
Chem. 268:12458-67 

97. Cervenansky C, Dajas F, Harvey AL, 
Karlsson E. 1991. The fasciculins. In 
Snake Toxins, ed. AC Harvey, pp. 
303-21. New York: Pergamon 

98. Radio Z, Reiner E, Taylor P. 1991. 



CHOLINESTERASE GENES AND PROTEINS     317 

-^^yiU^t&r'' •» 

Role of the peripheral anionic site on 
acetylcholinesterase: inhibition by sub- 
strates and coumarin derivatives. Mol. 
Pharmacol. 39:98-104 

99. Berman HA. Nowak MW. 1992. In- 
fluence of ion composition of the 
medium on acetylcholinesterase con- 
formation. See Ref. 18. pp. 149-56 

100. Wilson IB. Quan C. 1938. Acetyl- 
cholinesterase studies on molecular 
complementariness. Arch. Biochem. 
Biophys. 73:131-38 

101. Kreienkamp HJ. Weise C. Raba R. 
Aaviksaar A, Hucho F. 1991. Anionic 
subsites of the catalytic center of acetyl- 
cholinesterase from Torpedo and from 
cobra venom. Proc. Nail. Acad. Sei. 
USA 88:6117-21 

102. Schalk I, Ehret-Sabatier L. Bouet F, 
Goeldner M, Hirth C. 1992. Structural 
analysis of acetylcholinesterase ammo- 
nium binding sites. See Ref. 18, pp. 
117-20 

103. Shinitzky M, Dudai Y. Silman I. 1973. 
Spectral evidence for the presence of 
tryptophan in the binding site of ace- 
tylcholinesterase. FEBSLett. 30: 125- 
28 

104. Mooser G, Sigman DS. 1974. Ligand 
binding properties of acetylcholin- 
esterase determined with fluorescent 
probes. Biochemistry 13:2299-307 

105. Barnett P. Rosenberry TL. 1977. Ca- 
talysis by acetylcholinesterase: acceler- 
ation of the hydrolysis of neutral acetic 
acid esters by certain aromatic cations. 
J. Biol. Chem. 252:7200-6 

106. Berman HA. Leonard K. 1989. Chiral 
reactions of acetylcholinesterase probed 
with enantiomeric mcthylphospho- 
nothioates. Noncovalent determinants 
of enzyme chirality. J. Biol. Chem. 
264:3942-50 

107. Belleau B. DiTullio V. 1970. Kinetic 
effects of alkyl quaternary ammonium 
salts on the methanesulfonylation of 
the acetylcholinesterase catalytic cen- 
ter. Significance of substituent volumes 
and binding enthalpies. J. Am. Chem. 
Soc. 92:6320-25 

108. Belleau B, DiTullio V. Tsai Y-H. 
1970. Kinetic effects of leptocurares 
and pachycurares on the methane- 
sulfonylation of acetylcholinesterase. A 
correlation with pharmacodynamic 
properties. Mol. Pharmacol. 6:41-45 

109. Wilson IB. 1967. Conformation 
changes in acetylcholinesterase. Ann. 
NY Acad. Sei. 144:664-79 

110. Taylor P, Jacobs NM. 1974. Interaction 
between bisquatemary ammonium 
ligands and acetylcholinesterase: com- 
plex formation studied by fluorescence 

quenching.  Mol.  Pharmacol.   10:93— 
107 

111. Wee VT. Sinha BK. Taylor P. Chignell 
CF. 1976. Interaction of spin-labeled 
bisquatemary ammonium ligands with 
acetylcholinesterase. Mol. Pharmacol. 
12:667-77 

112. Aldridge WN, Reiner E. 1972. Enzyme 
Inhibitors as Substrates, Amsterdam: 
Elsevier. 328 pp. 

112a. Himel CM. Taylor JL. Pape C. Millar 
DB. Christopher J. Kurlansik L. 1979. 
Acridine araphanes:  a new class of 
Srobe materials for biological receptors. 

cience 205:1277-79 
113. Bazclyansky M. Robcy E. Kirsch JF. 

1986. Fractional diffusion limited 
component of reactions catalyzed by 
acetylcholinesterase. Biochemistry 25: 
125-32 

114. Quinn DM. Pryor AN. Seiwood T, 
Lee BH, Acheson SA. Barlow PN. 
1991. The chemical mechanism of 
acetylcholinesterase reactions. Biolog- 
ical catalysis at the speed limit. See 
Ref. 162, pp. 252-57 

115. Froede HC. Wilson IB. 1984. Direct 
determination of acetyl-enzyme inter- 
mediate in the acetylcholinesterase ca- 
talysis of acetylcholine and acetyl- 
thiocholine. J. Biol. Chem. 259:11010- 
13 

116. Quinn DM. Seiwood T, Pryor AN, 
Lee BH, Leu L-S, et al. 1992. Cryptic 
catalysis and cholinesterase function. 
See Ref. 18. pp. 141-48 

117. Albery WJ. Knowles JR. 1976. Evo- 
lution of enzyme function and the 
development of catalytic efficiency. 
Biochemistry 15:5631-40 

118. Rosenberry TL. 1975. Catalysis by 
acetylcholinesterase: Evidence that the 
rate-limiting step for acylation with 
certain substrates precedes general acid- 
base catalysis. Proc. Natl. Acad. Sei. 
USA 72:3834-38 

119. Pryor AN, Seiwood T, Leu L-S, An- 
dracki MA, Lee BH. ct al. 1992. 
Simple general acid-base catalysis of 
physiological acetylcholinesterase reac- 
tions. J. Am. Chem. Soc. 114:3896- 
900 

120. Krupka RM. Laidler KJ. 1961. Mo- 
lecular mechanisms for hydrolytic en- 
zyme action II. Inhibition of acetyl- 
cholinesterase by excess substrate. J. 
Am. Chem. Soc. 83:1448-54 

121. Augustinsson KB, Bartfai T, Man- 
nervik B. 1974. A steady state model 
for butyrylcholinesterase from horse 
plasma. Biochem. J. 141:825-34 

122. Cauet G, Friboulet A, Thomas D. 
1987.     Horse     serum     butyrylcho- 

£4*-1**-*.-^* ^ ■■- 1 



318      TAYLOR & RADIC 

••'.•V&.'.---' linestcrase kinetics: a molecular mech- 
anism based on inhibition studies with 
dansylaminocthyl trimcthylammonium. 
Bmchem. Cell. Biol. 65:529-35 

123. Radic Z, Pickering N. Vellom DC. 
Camp S, Taylor P. 1993. Three distinct 
domains in the cholinestcrase molecule 
confer selectivity for acetylchol- 
inesterase and butyrylcholinesterasc in- 
hibitors. Biochemistry. 32:12074-84 

124. La Du BN, Bartels CF. Nogueira CP. 
Arpagaus M. Lockridge O. 1991. Pro- 
posed nomenclature for human bu- 
tyrylcholinesterase genetic variants 
identified by DNA sequencing. Cell. 
Mol. Neurobiol. 11:79-90 

125. Neville LF, Gnatt A, Padan R. Seid- 
man S. Soreq H. 1990. Anionic site 
interactions in human butyrylcholin- 
esterase disrupted by two single point 
mutations. J. Biol. Chem. 265: 20735- 
38 

126. Gibney G, Taylor P. 1990. Biosynthe- 
sis of Torpedo acetylcholinesterase in 
mammalian cells. Functional expres- 
sion and mutagenesis of the glyco- 
phospholipid-anchored form. J. Biol. 
Chem. 265:12576-83 

127. Soreq H. Seidman S. 1992. Xenopus 
oocyte microinjection: from gene to 
protein. Methods Enzymol. 207:225- 
65 

128. Velan B, Grosfeld H. Kronman C. 
Leitner M. Gozes Y. 1991. The 
effect of elimination of intersubunit 
disulfide bonds on the activity, as- 
sembly, and secretion of rccombinant 
human acetylcholinesterase: expres- 
sion of acetylcholinesterase CYS-580- 
Ala mutant. J. Biol. Chem. 266: 
23977-84 

129. Shafferman A. Kronman C, Flashncr 
Y. Leitner M. Grosfeid H, et al. 1992. 
Mutagenesis of human acetyl- 
cholinesterase; identification of residues 
involved in catalytic activity and in 
polypeptide folding. J. Biol. Chem. 
267:17640-48 

130. Shafferman A, Velan B. Ordentlich 
A, Kronman C, Grosfeld H, et al. 
1992. Substrate inhibition of acetyl- 
cholinesterase: residues involved in 
signal transduction from the surface 
to the catalytic center. EMBO J. 11: 
3561-68 

131. Vellom DC, Radic Z, Li Y. Pickering 
NA, Camp S, Taylor P. 1993. Amino 
acid residues controlling acetylchol- 
inesterase and butyrylcholinestcrase 
specificity. Biochemistry 32:12-17 

132. Radic Z, Gibney G, Kawamoto S, 
MacPhee-Quigley K. Bongiorno C, 
Taylor P. 1992. Expression of recom- 

binant acetylcholinesterase in a Bac- 
ulovirus system: kinetic properties of 
glutamate 199 mutants. Biochemistry 
31:9760-67 

133. Fischer M. Utah A, Liefer I. Gorecki 
M. 1993. Expression and recognition 
of biologically active human acetyl- 
cholinesterase from E. coli. Cell Mol. 
Neurobiol. 13:25-38 

134. Duval N, Bon S. Silman I, Sussman 
JL. Massoulie' J. 1992. Site-directed 
mutagenesis of active site-related res- 
idues in Torpedo acetylcholinesterase. 
Presence of a glutamic acid in the 
catalytic triad. FEBS Lett. 309:421- 
23 

135. Gnatt A, Lowenstein Y. Yaron A, 
Schwarz M, Soreq H. 1993. Site-di- 
rected mutagenesis of active site resi- 
dues reveals plasticity of human bu- 
tyrylcholinesterase in substrate and in- 
hibitor interactions. J. Neurochem. In 
press 

136. Krejci E, Duval N, Chatonnet A, 
Vincens P. Massoulid J. 1991. Cho- 
linesterase-like domains in enzymes 
and structural proteins: functional and 
evolutionary relationships and identifi- 
cation of a catalytically essential as- 
partic acid. Proc. Natl. Acad. Sei. 
USA 88:6647-51 

137. Chatel JM. Grassi J. Frobcrt Y. Mas- 
soulid J. Vallctte FM. 1993. Existence 
of an inactive pool of acetylchol- 
inesterase in chicken brain. Proc. Natl. 
Acad. Sei. USA 90:2476-80 

138. Ordentlich A. Barak D. Kronman C. 
Flashner Y. Leitner M. ct al. 1993. 
Dissection of the human acetyl- 
cholinesterase active center—Determi- 
nants of substrate specificity. J. Biol. 
Chem. 268:17083-95 

139. Foumier D. Bride J-M. Hoffmann F. 
Karch F. 1992. Acetylcholinesterase: 
two types of modifications confer re- 
sistance to insecticide. J. Biol. Chem. 
267:14270-74 

140. Neville LF, Gnatt A, Loewcnstein Y, 
Seidman S. Ehrlich G. Soreq H. 1992. 
Intramolecular relationships in cholin- 
esterases revealed by oocyte expres- 
sion of site-directed and natural 
variants of human BCHE. EMBO J. 
11:1641-49 

141. Lowenstein Y, Gnatt A, Neville 
LF. Soreq H. 1993. A chimeric 
human cholinesterase: identification 
of interaction sites responsible for 
recognition of acetyl-, butyrylcholin- 
esterase specific ligands. J. Mol. 
Biol.   234:289-96 

142. Mutero A. Pravalorio M. Simeon V, 
Fournier D. 1992. Catalytic properties 

ä 

■v« 



CHOLINESTERASE GENES AND PROTEINS      319 

of cholinesterases: importance of tyro- 
sine 109 in Drosophila protein. Neu- 
roReport 3:39-42 

143. Epstein DJ. Berman HA. Taylor P. 
1979. Ligand-induced conformational 
changes in acetylcholinesterase inves- 
tigated with fluorescent phosphonates. 
Biochemistry 18:4749-54 

144. Berman HA. Becktci W. Taylor P. 
1981. Spectroscopic studies on acetyl- 
cholinesterase: influence of periph- 
eral-site occupation on active-center 
conformation. Biochemistry 20: 4803- 

145. Fournier D, Mutero A. Rungger D. 
1992. Drosophila acetylcholinesterase: 
expression of a functional precursor in 
Xenopus oocytes. Eur. J. Biochem. 
203:513-19 

146. Fournier D, Mutero A. Pravalono M. 
Bride J-M. 1992. Drosophila acetyl- 
cholinesterase: analysis of structure and 
sensitivity to insecticides by in vitro 
mutagenesis and expression. See Ref. 
18. pp. 75-82 

147. Krejci E. Coussen F. Duval N. Chatel 
JM. Legay C. et al. 1991. Primary 
structure of a collagenic tail subunit 
of Torpedo acetycholinesterase: co-ex- 
pression with catalytic subunit induces 
the production of collagen-tailed forms 
in transfected cells. EMBO J. 10:1285- 
93 

148. Duval N. Krejci E. Grassi J. Coussen 
F. Massoulie" J. Bon S. 1992. Molec- 
ular architecture of acetylcholinesterase 
collagen-tailed forms: construction of 
a glycolipid-tailed tctramcr. EMBO J. 
9:3255-61 

149. Duval N. Massoultö J. Bon S. 1992. 
H and T subunits of acetylchol- 
inesterase from Torpedo, expressed 
in COS cells, generate all types of 
globular forms. J. Cell Biol. 118:641- 
53 

150. Velan B. Kronman C. Ordentlich A. 
Flashner Y. Leitner M. et al. 1993. 
N-glycosylation of human acetylchol- 
inesterase effects enzyme stability and 
secretion efficiency but not enzymatic 
activity. Biochem. J. In press 

151. Mutero A, Fournier D. 1992. Post- 
translational modifications of Dro- 
sophila acetylcholinesterase. In vitro 
mutagenesis and expression in Xeno- 
pus oocytes. J. Biol. Chem. 267: 
1695-700 

152. McCury A. Jimenez L. Stauffer DA, 
Dougherty DA. 1992. Biomimetic ca- 
talysis of SN2 reactions through cat- 
ion-Tr interactions. The role of 
polarizability in catalysis. J. Am. 
Chem. Soc. 114:10314-21 

153. Changeux J-P. Galzi J-L. Devillers- 
Thiery A, Bertrand D. 1992. The 
functional architecture of the acetyl- 
choline nicotinic receptor explored by 
affinity labelling and site-directed mu- 
tagenesis. Q. Rev. Biophys. 25:395- 
432 

154. Abramson SN. Li Y. Culver P, 
Taylor P. 1989. An analog of lopno^ 
toxin  reacts  covalently  with  Tyr 
in the a-subunit of the nicotinic 
acctylcholine receptor. J. Biol. Chem. 
264:12666-72 

155. Cohen JB. Sharp SD. Liu WS. 1991. 
Structure of the agonist-binding site of 
the nicotinic acctylcholine receptor: 
pHlacetylcholine mustard identifies 
residues in the cation-binding subsite. 
J. Biol. Chem. 266:23354-64 

156. Heginbotham L. MacKinnon R. 1992. 
The aromatic binding site for tetraeth- 
ylammonium ion on potassium chan- 
nels. Neuron 8:483-91 

157. Unwin NJM. 1993. Nicotinic acetyl- 
choline receptor at 9 A resolution. J. 
Mol. Biol. 229:1101-24 

158. Hulme EC. Kurtenbach E. Curtis CA. 
1991. Muscarinic acetylcholine recep- 
tors: structure and function. Biochem. 
Soc. Trans. 19:133-38 

159. Taylor P, Johnson DA. Brown RD. 
1983. The linkage between ligand oc- 
cupation and response of the nicotinic 
acetylcholine receptor. In Advances in 
Membranes and Transport, cd. A 
Kleinzeller. BR Martin, pp. 407-43. 
New York: Academic 

160. Sine SM. Claudio T. Sigworth FJ. 
1990. Activation of Torpedo acetyl- 
choline receptors in mouse fibroblasts: 
Single channel current kinetics reveal 
distinct agonist binding affinities. J. 
Gen. Phvsiol. 153:305-12 

161. Bartels CF. Zelinski T. Lockridge O. 
1993. Mutation at codon 322 in the 
human acetylcholinesterase (ACHE) 
gene accounts for YT blood group 
polymorphism. Am. J. Hum. Genet. 
52:928-36 

162. Massoulie" J, Bacou F, Barnard b, 
Chatonnet A. Doctor BP. Quinn DM, 
cds. 1991. Cholinesterases: Structure, 
Function, Mechansism, Genetics and 
Cell Biology. Washington, DC: Am. 
Chem. Soc. 414 pp. 

163. Mason P, Adkins S. Gouet P, 
Lockridge O. 1993. Recombinant hu- 
man butyrylcholinesterase G390V, 
the fluoride-2 variant expressed in 
Chinese hamster ovary cells, is a 
low affinity variant. J. Biol. Chem. 
268:14329-41 . 

164. Fournier D, Mutero A. Pravalono M, 

f-tf. 

i 

!#' 



■•»•SfXV i-';::*' 

.-'.^Vi'V- 

320      TAYLOR & RADIC 

Bride JM. 1993. Drosophila acetyl- 
cholinesterase: mechanism of resistance 
to organophosphates. Chem. Biol. In- 
teract. 87:233-38 

165. Kerem A, Kronman C, Bar-Nun S, 
Shafferman A, Velan B. 1993. Inter- 
relations between assembly and secre- 
tion  of  rccombinant  human  acetyl- 

cholinesterase. J. Biol. Chem. 268: 
180-84 

166. Saxena A, Doctor BP. Maxwell DM, 
Lenz DE. Radicac Z, Taylor P. 1993. 
The role of glutamate 199 in the aging 
of cholinesterase. Biochem. Biophys. 
Res. Commun. In Press 

•'3 

4 

:#4ü- 



PRS 95-364 
Protein SdenfeiWd). .5:000-000. Cambridge University Pre«. Printed in the USA. 
Copyright © 1996 The Protein Society 

Soluble monomeric acetylcholinesterase from mouse: 
Expression, purification, and crystallization 
in complex with fasciculin 

5 r%   - 

PASCALE MARCHOT,1-6 RAIMOND B.C. RAVELLI.2 MIA L. RAVES,3-5 YVES BOURNE,4'7 

DANIEL C. VELLOM,1-» JOAN KANTER,1 SHELLEY CAMP,' JOEL L. SUSSMAN,3-5 

AND PALMER TAYLOR1 r—— \<W 
' Department of Pharmacology, University of California at San DieSo, La Jolla. California M093-O«0_J 
SoaMrMtstK of Crystal and Structural Chemistry. Bijvoet Center for MolMula^ Research,  __    _ ^ \       \ 

35&UtrechtJcT?) The Netherlands r~Z~T7^ b\öv*»\tfc^ 
' i ■  \~-*-^        '   Brookhav.n National Laboratory, Upton. L*nfhtawtl. New York [1973 
4 Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037 
5 Department Of Structural Biology, Welzmann JhuUjuKjjfJ5sicmx. Rehovot 76100, larael 

(RECEIVBP October 25, 1995; ACCEPTBD January 12, 1996) ** 

iW^j 

Abstract 

W 
S, OwWftK 

A soluble, monomerlc fonn of acetylcholInestcrasc'(mAChE), truncated at its carboxyl-terminal end, was gener- 
ated from a eDNA encoding the glycophospholipid-linked form of the mouse enzyme by insertion of an early stop 
codon at position 549. Insertion of the cDNA behind a cytomegalovirus promoter and .selection by ammoglyco- 
side resistance in transfected HEK cells yielded clones secreting large quantities of mAChfi Into the medium. The 
enzyme sediment, as a soluble monomer at 4.8 S. High levels of expression coupled with a one-Step purification 
bv affinity chromatography have allowed us to undertake a crystatlographic study of the fascicuun-mAChE com- 
plex Complexes of two distinct fasciculins, Fasl-mACbE and Fas2-mAChE, were formed prior to the crystalliza- 
tion and were characterized thorouehly. Single hexaSonal crystals, up to 0.6 mm x 0.S mm x 0.5 mm, grew ~ i  V 
spontaneously from ammonium Sulfate solutions buffered in the pH 7.0 range. They were found by electropho-    dt\ W^CA 
retic miration to consist entirely of the complex andtJfltfOTWto 2.8 A resolution. Analysis of initial X-ray data 
collected on Fas2-mAChE crystals identified the space group as P6,22 or P6322 with unit cell dimensions a =      A 
h - 75 5 A c = 556 Ä giving a V,„ value of 3.t ÄVDa (or 6097» of solvent), consistent with a single molecule of 
Fas2-AChE complex (72 kDa) per asymmetric unit. The complex Fas 1 -mAChE crystallizes in the same space group 

with identical cell dimensions. 
Keywords: acetylcholinesterase; crystallization; fasciculin; peptide-macromolecule complex; snake toxin 
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Acetylcholinesterase's only well-documented action is the ter- 
mination of receptor activation by the neurotransmiuer, acetyl- 
choline, at synaptic junctions through ester hydrolysis (cf. 
Massoulie et al., 1993; Taylor & Radic, 1994). Inhibition of ace- 
tylcholinesterase gives rise to a panoply of symptoms. In skel- 
etal muscle, fasciculations arc observed initially, followed by 
flaccid paralysis. 

Fasciculins arc the only known peptide inhibitors of AChE, 
with dissociation constants as low as I-10 pM. These 7-kDn pep- 
tides, which are found in mambasnake venoms (cf. Cervefiansky 
ct al., 1991), form three loops emerging from a dense core con- 
taining the disulflde bridges. They belong to the structural family 
of threc-fingcred peptidic toxins from Elapidac venoms, which 
include the nicotinic receptor-blocking a-neurotoxins (Changeux 
et al., 1970; Endo ÄTamiya, 1991), the muscarinie receptor pep- 
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tide agonists (Adern et a!., 1988; Segalas et at., 1995). and the 
cardiotoxins that interact with cell membranes (Bougis et ai., 
1981; Dufton & Hid«, 1991). Despite a common structural mo- 
tif, the toxins in this family are directed to diverse targets, yet 
their modes of action are highly selective. Several lines of evi- 
dence show that the fasciculins bind to a peripheral site of 
AChE, a region distinct from the catalytic center and located 
at the rim of the active site gorge. This site shares a common 
region with the binding sitefl of MM, peripheral-site cationic in- 
hibitors and with the site at which the substrate, when present 
in larse excess, binds. In addition, fasciculins appear not to to- 
tally occlude access of small molecules to the catalytic site (Mar- 
chot et ai., 1993; Radic et al., 1995). Rather, they influence 
AChE catalysis In an allosteric fashion, although a partial gat- 
ing influence may also restrict the rate of entry into the gorge 
for substrates whose catalysis is rate-limited or near-limited by 
diffusion (Eastman et ai., 1993; Radic et ai., 1995; van den Born 
et al., 1995). 

The X-ray structure of a dimeric AChE from Torpedo cali- 
fornica has been solved at 2.8 Ä resolution (Sussman et al., 
1991). Since then, substantial information regarding the fasciculin 
binding site on mouse AChE has been obtained by site-directed 
mutagenesis (Radic et al., 1994,1995). The X-ray structures of 
fasciculins, Fas 1 and Fas2, have been solved ai 1.9 A and 2.0 A 
resolution, respectively (Le Du et al., 1992. 1995). Analysis of 
the structures, however, allowed one only to hypothesize on the 
nature of the fasciculin determinants responsible for binding to 
AChE. 

The predominant monomeric and dimeric forms of native 
AChE contain a hydrophobic domain at their carboxykerminus, 
either as an attached glycophospholipid or an amphipathic se- 
quence (Massouliö et al.. 1993), both being likely to limit the 
propensity for crystallization. In the dimeric Torpedo AChE. 
the diglyceride on the glycophospholipid, which serves as the hy- 
drophobic anchor in the membrane, was enzymaticallv cleaved 
prior to crystallization (Sussman et at., 1988). 

We have generated a soluble, monomeric AChE from mouse 
(mAChE) KpuiriniTirnof a catalytic subunit (-65 kDa^from 
a cDNA lackine the coding sequence for the extreme carboxyl 
terminus. High levels of expression in HEK cells, coupled with a 
one-step purification by affinity chromatography on an inhibitor- 
conjugated resin, have allowed us to undertake an X-ray crys- 
tallographic study of the fasciculin-AChE complex. 

Results and discussion 

Insertion of a stop codon in place of the Cys 549 codon of 
mouse AChE (Rachinsky et al.. 1990; Li et al., 1991, 1993) 
maintains the catalytic core of the molecule, but truncates 37 
amino acids from the nascent peptide. This eliminates the sig- 
nal for attachment of the hydrophobic glycophospholipid to the 
carboxy-tcrminal residue (Gly 557) of the processed native en- 
zyme (Fig- 1). Thus, the recombinani DNA-derived enzyme is 
nine residues shorter than the processed amphiphilic enzyme 
and. importantly, lacks a hydrophobic glycophospholipid or am- 
phipathic helix at its carboxyt-terminus found On Other forms 
of AChE. HEK cells in which the mutated cDNA was stably in- 
tegrated were grown in the presence of serum, then allowed to 
express mAChE in a serum-free medium. Typically. 0.2-0.5 mg 
of mAChE was secreted over a 3-day period in a 10-cm dish cov- 
ered with 10 mL of medium, and secretion at a high level could 
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Fig. 1. Carboxyl-terminal sequences of native and truncated mouse 
AChE. The signal for attschmem of th« hydrophobic glycophospho- 
lipid to Gly 557 in the processed native enzyme (top sequence) has been 
eliminated by insertion Of a Stop codon in place of the Cys 549 eodpn. 
The resulting enzyme, mAChE, is monomeric and devoid of a carboxyl- 
terminal hydrophobic segment (bottom sequence). Sequence Ser-Ala- 
Thr is encoded by the end of e*on 4: sequence Ala-Thr-Olu is encoded 
by the beginning of exon 5 (U et al.. 1993). Mouse AChE residue num- 
bering Is used. 

be maintained for up to one month. Sedimentation of mAChE 
from the collected medium on sucrose gradients in the presence 
of I % Triton X-100 yielded a single, symmetric peak sediment- 
ing at 4.8 S (Fig. 2), consistent with the recombinant enzyme sed- 
imenting as a monomer. Indeed, dimcrs of the catalytic subunit 
containing the glycophospholipid sediment at 6.0 S, whereas 
cleavage of the phospholipid yields a sedimentation constant of 
6.5 S (D.C. Vellom, unpubi. data). Similar behavior has been 
reported for corresponding forms of Torpedo AChE (Duval 
et at., 1992). 

Purification and characterization of mAChE 

Similar to the procedure adopted for purification of the 1 IS 
form of 7". californica AChE (Taylor & Jacobs, 1974), affinity 
chromatography was used to purify milligram quantities of 
mAChE from the tissue culture medium. Typically, 30-50 mg 
of enzyme in 2-4 L of medium were subjected to purification by 
selective retention on an w-aminophenyUrirnethyl-ammonium- 
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Fig. 2. Hydrodynamic analysis of mAChE-containing harvested culture 
media. The sample (100 /*U. supplemented with sedimentation stan- 
dards, was centrifuged in a 3-20% sucrose gradient in the presence of 
"friiort X-100, then fracrionated as described in the text. Sedimentation 
positions Of two standard-;, carbonic anhydrasc (3.3 S) and alkaline phos- 
phatase (6.1 S). are shown as dotted open circles. 
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conjugated column and subsequent eluiion by decamethonium. 
Owing to the high concentration of decamethonium used, 
mAChE eluted as a single, sharp peak with only minor calling 
representing a few percent of the initial activity loaded on the 
column. Purification yields ranged from 60<% to 95% of the ac- 
tivity initially detected in the medium. The specific activity or 
purified mAChE, 2,206 units mg"1, corresponds to a k„, of 
16.2 x 104 min"', in good agreement with the value reported 
previously (Vellom et al., 1993). Routine storage at -20 aC of 
purified mAChE mixed with glyccrol 1:1 (v/v) was not consis- 
tent with reliable crystallization. An immediate and dramatic 
loss of activity was observed upon flash-freezing of the purified 
enzyme in liquid nitrogen. mAChE, however, could be stored 
for weeks on ice without loss of activity or alteration of the gel- 
filtration or SDS-PAGE patterns. 

Electrophoretic analysis of the purified mAChE SUSS«" that 
the enzyme displays slight heterogeneity. Indeed, SDS-PAGE 
resulted in two diffuse and partially Overlapping bands with a 
ratio of about 1:1 and an average apparent mass of ca. 65 kDa 
(Figs. 3,4A), whereas native gel electrophoresis resulted in a dif- 
fuse and particularly broad band, larger than expected from a 
protein with three /V-glycosylation sites (Fig. 4B). Reducing the 

f volume of the loaded samplejö^iidlincreasing the crosslink- 
lng of the stacking gel did not change these patterns significantly. 
Removal of the N-linked carbohydrate side chains from mAChE 
by digestion with PNGascF. then subsequent analysis by SDS- 
PAGE, resulted in sharpening of the two bands, causing them 
to migrate closer to each other, and lowering their apparent mass 
to ca. S5 kDa (Fig. 3). The purified mAChE could therefore be 
composed of two roughly equal populations of monomeric en- 
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Flß. <t. Electrophoretic analysis of mAChE and fasciculin-mAChE 
complexes. A: SDS-PAGE (4-20% gradient gel, 8 cm X S cm) under re- 
ducing conditions; lanes 2, 3, «nd 4, purified mAChE; lane 1, mAChE 
completed to Fast; lane 5, mAChE complcxcd tp Fas2; lane 6, washed 
and dissolved Fus2-mAChE hexagonal crystal; mAChE migrates as two 
diffuse and overlapping bands; arrow at the bottom of the gel indicates 
the fasciculin band (lanes l, 5, and 6). B: Native gel electrophoresis 
(7.5% resolving/51^) stacking sei, SOTXScm) with migration toward 
the anode; lanes 1,3,5, and 9, purified mAChE; lane 2, mAChE com- 
pleted to Fasl; lane 4, mAChE complexed to Fas2; lanes 6, 7, and 8, 
washed and dissolved triangular, needle-shaped, and hexagonal Fas2- 
mAChE crystals, grown in (NH4)1S04; the shift toward the cathode in 
the position of the complexes (lanes 2.4.6.7. and 8) relative to the free 
mAChE is evident. 

zyme differing slightly in their carbohydrate composition, 
^riBjWBiiPWEtfeWggrBPWauii umimiuiu. Similar observations 
have been reported for purified recombinant human AChE (Ve- 
lan et al., 1992). Independent analysis of the Chromatographie 
fractions from the affinity column showed thai the two bands 
co-elute throughout the elution peak, suggesting identical-ess--!L 

r properties for the two Forms. The two forms were still ob-   \ 
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served upon SDS-PAGE analysis of the fasciculin-mAChE 
complexes and of the dissolved crystals (Fig. 4; see below), and 
therefore arc not distinguished by complexation with fascicu- 
lin and subsequent crystallization. 

Fig. 3. Electrophoretic analysis of native and deglycosylatcd mAChE. 
SDS-PAGE (15% resolving/5% stacking gel. 20 cm x 20 cm) under re- 
ducing conditions: lanes 1 and 6, purified mAChE; lanes 2 ar.d 7, BSA 
{66 kDa); lanes 3 and 4, mAChE d=slycoiylaiÄd with PNCri^eF; lane 
5, BSA treated with PNGaseF. The thin band at the bottom of the gel 
corresponds to PNOascf (30 KDa. lanes 3, 4, and 5). 

Complexation of mA ChE with fasciculins 
and characterization of the complexes 

Special care has been taken for complexation of Fasl and Fas2, 
respectively, to mAChE and characterization of the complexes 



prior to crystallization. The fasciculin-mAChE complexes were 
preformed at. or close to. the high protein concentrations re- 
quired for crystallization, i.e., a concentration -lOg-foitl 
greater than the K-, Of Fas2 for mouse AChE (Radic et al., 1994), 
together with an 1.2 molar excess of fasciculin. Slightly higher 
residual activity was observed repeatedly for the Fas2-mAChE 
complex compared to the Fasl-mAChE complex. Both com- 
plexes were analyzed by gel electrophoresis (after removal of the 
unbound excess fasciculin) and gel filtration chromatography 
(before and after removal). SDS-PAGE of the complexes was 
performed with a gradient gel appropriate for the large difference 
in size of the fasciculin and the mAChE molecules (Fig. 4A). 
Although fasciculin migrated together with the free dodecyl- 
sulfate, it ran as a thin, intense band at the bottom of the gel. 
The migration pattern of initially complexed mAChE was found 
to be identical to free mAChE. In order to establish actual com- 
plexation of Fas I or Fas2 to mAChE and not only their simul- 
taneous presence, native gel electrophoresis was performed both 
on the free and complexed mAChE (Fig. 4B). The bound fas- 
ciculin was found to diminish the mobility of mAChE, as ex- 
pected from the increased M* or/and basicity of the complex 
compared to the free enzyme. Identical electrophoreiic patterns 
were observed for the Fasl- and Fas2-mAChE complexes. 

Gel filtration chromatography of the free mAChE and the 
fasciculin-mAChE complex« led to single, symmetric absor- 
bance peaks (data not shown). No difference in the chromato- 
gTaphic mobility of the fascicuIin-mAChE complexes with 
regard to mAChE could be detected, most probably because of | 
the limited resolution for a mass change from -65 kDa to | 
-72 kDa. Screening the Chromatographie fractions for their ' 
AChE activity, however, required 103-fold less dilution of the '• 

fasciculin-mAChE fractions than the mAChE fractions, con- 
sistent with the level of residual activity (in the 0.1 % range) re- 
corded upon complexadon of mAChE. Screening for rasclculln 
activity of the fractions eluting from chromatography of the 
fasciculin-mAChE complexes performed before removal of the 
unbound fasciculin revealed an included free fasciculin peak el- 
uting at a position consistent with its mass. No such fasciculin 
peak was detected upon equivalent screening of the fractions el- 
uting from chromatography of the fasciculin-mAChE com- 
plexes performed after removal of the unbound fasciculin, 
thereby affirming the total removal of the excess fasciculin. 

Crystallization of the fasciculin-mAChE complexes 

Crystals spontaneously grew within 2-5 days in hanging drops 
and within a week in sitting drops. Various crystal morpholo- 
gies were obtained in two major conditions based on the use of 
PEG or (NH4)iS04 as precipitating agents. Thick needles with 
hexagonal sections, extending across the droplet and sometimes 
hollowed at one end, grew similarly from PEG 600, 2000, 4000, 
or 10000 solutions buffered with 0.1 M NaAc or ImMal at pHs 
between 6,5 and 7.5. In contrast, three different crystal forms 
were Obtained from 1.25 M to 1,45 M (NH4)2S04, buffered to 
pH 6.5 to 7.5 with ammonia. Short and large needles with hex- 
agonal sections, thick triangles, stars, and crowns, all made of 
stacked thin triangular platelets, as well as symmetric hexagons 
with slightly variable geometry, were generally found in the same 
drop, although with varying distribution depending on the pre- 
cise (NH4)2S04 concentration or pH (Fig. 5A.B). Growth of 
hexagonal needles as perpendicular axes from the triangles or 

A B 

D 

Fig. 5. Photographs of fasciculin-mAChE crystals. A,B: Fasl-mAChE and Fas2-mAChE crystals spontaneously grown in a 
4-uL hanging drop from 1.35 M (NH4)2S04, pH 6-73. C: Half Fas2-mAChE crystals (0.6 mm x 0.3 mm x 0.25 mm) sponta- 
neously grown in a 10-«L sitting drop from 1.35 M (NH4)2SÖi, pH 7.25. D: Fas2-mAChE crystal (1 mm X 0.5 mm X 0.5 mm) 
grown from 1.35 M (NH-ihSO*, pH 7.0, by macroseeding of a 10-/tL drop. 
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as parallel axes from the hexagons was sometimes observed, sug- 
gesting chat the three forms crystallize in related, if not identical, 
space groups. Buffering the (NH4)2504 solutions with 0.1 M 
NaAc, ImMal. or NaKP04. as well as adding 0.25% (w/v) 
0-octylglucoside, did not change the crystallization behavior sig- 
nificantly. Triangular crystals could not be dissociated to mono- 
crystals, even when grown in the presence of 0.25V» or 0.5°7» 
(w/v)0-octyIglucoside or0.1 % (w/v) heptanediol orjsithede- 
tergent screening kit solutions. Growing the hexagonal Fas2- 
AChE crystals in sitting drops occasionally led to half-crystals 
adhering tightly to the siliconized cover-slip, presumably aris- 
ing from epitaxial nuckation (Fig. 5C). 

Except for the hexagonal form, which grew almost specifically 
from the Fas2-mAChE complex (only three hexagonal Fasl- 
mAChE crystals were obtained in a unique drop after -10 weeks 
of equilibration), the same crystal forms were obtained for the two 
complexes. They all could be enlarged by macroseeding. Larger 
hexagonal Fas2-mAChE crystals were so obtained (Fig. 5D). 
Cross-seeding of the Fasl-mAChE complex with seeds from a 
hexagonal Fas2-m AChE crystal led to both triangular and hexag- 
onal Fasl-mAChE crystals, although the later £revv more slowly 
than their Fas2 counterparts and displayed a slightly different 

&\ geometry (not shown). The two fasciculins differ by.single Sub- 
stitutioni Fasl-Tyr to Fas2-Asn at position 47. No difference, 
however, could be found in their affinity for mAChE (P. Mar- 
chot, unpubl- data). Differences in solubility of the two com- 
plexes Should therefore account for their different crystallization 
behavior^. The protein content of all crystal forms was checked 
by SDS-PAGE and native-gel electrophoresis after several suc- 
cessive rinses of the crystals in decreasing concentrations of the 
precipitating agent, then dissolution in distilled water (Fig. 4A.B). 
In all cases, the patterns were the same as observed initially upon 
analysis of the complexes in solution, indicating actual crystal- 
lization Of the fascicutln-mAChE complexes rather than 
mAChE alone. Free mAChE. even when concentrated to 18- 
20 mg mL_1, remained totally soluble in all conditions that 
yielded fasciculin-mAChE crystals. 

Data collection 

Preliminary X-ray studies were performed at beam line X12B 
of the National Synchrotron Light Source (NSLS) equipped with 
a standard MarRescarch imaging plate detector. The highest dif- 
fracting patterns (2.8 A) were obtained for the hexagonal Fas2- 
mAChE crystals as compared to triangles (3.5 A) and PEG- or 
(NH4)2SOj-grown needles (5 A) from both complexes, but the 
diffraction Hm'n dropped to about 4 A after the first 15° rota- 
tion of data collection. With the aim of protecting the crystals 
from radiation damage, numerous cryoprotection and fiash- 
cooling assays were performed, but all failed because of imme- 
diate cracking of the crystal or/and dramatic loss of resolution. 
Preliminary data were therefore collected at 4 °C. The crystals 
belong to space group P<5]22 or F6522 with cell dimensions a ~ 
b = 75.5 A. c = 556 A, giving a V„, value of 3.1 A'/Da or 60% 
of solvent, consistent with the presence of a single molecule of 
complex (72 kDa) in the asymmetric unit (Matthews, 1908). Ef- 
forts to collect dato at beam line X12B, however, were hampered 
by the large dimension of the c axis and the resulting overlap 
of the diffraction spots. Diffraction data were therefore col- 
lected at beam line X12C of the NSLS, equipped with a Mar- 

Research imaging plate detector mounted on an Enraf Nonius 
4-circle goniometer. A distance of 540 mm (X = 1.5 A) and 
860 mm (>\ = 1.0 A) with a tilt of 11° and 12°, respectively, was 
used with 2» oscillation steps. A total of ca. 62,200 observations 
was obtained at 3.2 A from four Fas2-mAChE crystals, giving 
ca. 14,500 unique reflections (85% complete, Rsym = 8.9%). 
Further details on the crystallographic parameters of the Fas2- 
mAChE complex have been presented elsewhere (Bourne et al., 
1995). 

The same resolution limit was observed for the spontaneously 
grown hexagonal Fasl-mAChE crystals, which belong to the 
same space group with similar cell dimensions a = b = 75.4 A, 
c = 350 A. In spite of the apparently different conformations 
of their first disulfide loop, loop 1 (Le Du et al.. 1992, 1995). >;' 
Fasl and Fas2 would tfeMtaPbe expected to adopt the same 
conformation upon binding to mAChE. The crystals, however, 
were most probably heterogeneous because double diffraction 
patterns were obtained. Diffraction patterns from triangles and 
needles were also consistent with a particularly long c axis. 

In summary, the expression of a rccombinant cDNA-derived 
form of AChE. truncated by nine amino acids from native 
mouse AChE. has yielded a monomeric enzyme appropriate for 

■ structural studies. The solubility of mAChE decreased in the 
presence of fasciculin, and crystals of fasciculin-mAChE com- 
plexes suitable for X-ray analysis have been obtained (Bourne 
et al., 1995). This structure offers a new template for further 
structure-function studies of mammalian cholinesterases. The 
structures of the fascicuIin-AChE complexes (Bourne et al., 
1995; Harel et al., 1995) contribute to at least three lines of in- 
yestigation. First, they help reveal how fasciculin Inhibits AChE.    """T"^ ^ 
Second, they represent the first structures of three-finjexed__^".   i 
snake toxins bound to their macromolecular receptors .mstab- 
lishing the contact points between fasciculin and AChE provirIeT~^ 
a framework for understanding the bases of the high affinities O 
and unusual specificities of the family of three-fingered peptidic 
toxins. 

Materials and methods 

Materials 

HEK-293 cells were obtained from American Type Culture Col- * 
lection. UUraculture cell culture medium was purchased from J* 
Biowhittaker. Dialysis tubing (Spectra/Por#5) was from Spec- 
trum Medical Industries. Centriprep, Centricon, and Microcon 
concentration units were from Amicon. Sterile 0.22-/im SpinX 
units were fmmjCostar. The BCA kit for nrntein assays was 
from Piercel'SrepackedJSuperose-12 HR 10/30 column was 
from PharmaaarCeFfiltration molecular weight markers (Mw- 
GF-70 Kit) were from Sigma. Precast Tris-glycine 4-20% gra- 
dient gels were from Novex. Prcstained protein Mw standards 
for SDS-PAGE (14,300-200,000 Mw range) were from Gibco 
BRL. PNCaseF (S.A., 12,500,000 U mg"') was from BioLabs. 
DTNB, ATCh, decamethonium bromide, and PEG 200 were 
from Sigma. All other PEG (600,2000,4000, and 10000), as well 
as ammonium sulfate or biochemical grade, were from Fluka. 
The Detergent Screening Kit was from Hampton Research. All 
buffers used for crystallization were made with deionized wa- 
ter from a Millipore MilliRO/MilliQ system and filtered through 
0.22-fi.m cellulose acetate membrane filtration units (Corning). 
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Proteins 

Fasl and Fas2 were from the same purification batches as those 
used previously for crystallization and structure determination 
(Le Du et al., 1989, 1992, 1995). The concentrations of stock 
solutions were determined from their UV spectra («276nm *» 
6,300 M-1 cm-1 for Fasl and 4,900 M"' cm-1 for Fas2). 
inAChE jyas a soluble, form derived from the cDNA encoding 

-v-tnTilycophosphoIipid-linkcd form of mouse AChE (LI et al., 
s/i 1993). The cDNA was truncated after Pro 548 by insertion of 
\ a stop codon (TGA) in place of the Cys 549 codon (Fig. 1). Se- 

* quence of the mutant cDNA was confirmed by direct sequencing 
of the insert. The cDNA was inserted behind a CMV promoter. 
Transfection into HEK cells was with Ca>(POa)2 co-precipitation 
(Vellom ct a)., 1993). Selection of clones depended on incorpo- 
ration Of the neomycin-rcsistance gene and selection of cells with 
G418 sulfate (800 ^mL"1) (Radio" ec a!., 1993; Vellom et al., 
1993). HEK-293 cells in which the mutated mAChE cDNA was 
stably integrated were grown to con fluency in Dulbecco's mod- 
ified Eagle's medium supplemented with 10% fetal bovine se- 
rum, then switched into serum-free media (UUraculture) for 
collection of secreted mAChE. 

Assay of A ChE activity 

AChE activity measurements were conducted spectrophotomet- 
rlcally (EUman et al., 1961) with 0.5 mM acetylthiocholine io- 
dide and 0.33 mM DTNB in 100 mM NaH2P04/Na2HPO.„ 
pH 7.0, BSA 0.1 mg mL ~', to a final volume of 1.5 mL (room 
temperature). Initial kinetics of duplicate samples were recorded 
at \ = 412 nm during 5 min with a Response™ spectrophotom- 
eter (Gilford). A specific activity of 30,000 &A min-1 mg"' was 
used. Relative AChE activities were screened at room tempera- 
ture by microutration on a Vmax kinetic microplate reader (Mo- 
lecular Devices Corp.) with \ = 405 nm. Gel-filtration fractions 
were diluted 20-50,000-fold for'screening of free mAChE and 
30-fold for screening of the residual activity of the fasciculin- 
AChE complexes. Free fasciculin in the Chromatographie frac- 
tions was screened by recording the residual activity of an extra 
AChE sample (-8 pM) after incubation for 1 h at 37 *C with 
a 30-100-fold dilution of the fractions (Marchot et al., 1993). 

Sedimentation velocity analysis 

mAChE^contaming culture medium was sedimented into linear 
3-20% sucrose gradients containing 0.1 M NaCI, 0.04 M 
MsCl-, 0.01 M Tris-HCl, pH 8.0. and 0.1% (v/v) Triton 
X-100" for 20h at 200,000 x g(4 °C). The layeredsample(lOO^L) 
was supplemented with carbonic anhydrase (20 ^g, 3.3 $), al- 
kaline phosphatase (0.2 ^8, 6.1 S), catalase (2 ,<g. 11.4 S). and 
ß-galactosidasc (0.4 pg, 16 S) as sedimentation standards (Camp 
et al.. 1995). The sedimented 12-mL tubes were fractionated in 
96-tube racks with the microtitration plate format allowing fur- 
ther screening of the respective enzyme activities. 

Purification and characterization of mAChE 

Soluble mAChE was purified by affinity chromatography using 
/77-trimcthylaminophenyt amine coupled to Sepharose through 
a successively coupled succinic acid and diaminodipropylamine 

arm (Taylor & Jacobs, 1974). The conjugated resin was stored 
as a 50% suspension in 100 mM NaCt, 40 mM MgCU, 10 mM 
NaHCOj, pH 8.0, containing NaN3 0.02V« (w/v). Harvested 
Ultraeulture medium containing the expressed mAChE was cen^_ 
trifuged (mmfBSffe, 15 min, 4°C) to remove cell debris, and 
assayed for AChE activity. MgClj (1 M) was added to a final 
concentration of 40 mM, then the resin suspension (1 mL for 
each 2 mg AChE), and the mixture was allowed to stir in a spin- 
ner flask overnight at 4«C in the presence of NaN3 0.02% 
(W/v). Trie mixture was assayed for residual AChE activity and, 
if required, supplemented with the exact amount of resin nec- 
essary to achieve total inhibition of the enzyme. It was poured 
into a Bio-Rad econo column, allowed to pack by sedimenta- 
tion, then washed with the equilibrating buffer (50-100-fold the 
bed volume). The bound AChE was eluted with 100 mM deca- 
mcthonium bromide (30 x Kh Radic et al. 1993) in the same 
buffer, at a low flow rate (1-1.5 mL h-'). Elution fractions 
were assayed for AChE activity with a 106-fold final dilution, 
which reduced the final decamcthotlium concentration to well 
below its Ki for the mouse enzyme. The purified enzyme was 
dialyzed extensively against the crystallization buffer with 
SpectraPor^dTalysis tubing^ then rinsed again and concentrated 
to 10-20 mg mL-' in a Centriprep3 or Centricon3 unit. Puri- 
fied mAChE was quantified independently from catalytic activ- 
ity, BCA protein assay, absorbance at X = 280 nm, and titration 
by Fas2 (Marchot « al., I993),iwhich yielded a close correla- 
tion. It was stored on Ice.        V  
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N-linked carbohydrate removal 

Purified mAChE (20 /i$ in 100 pL) was boiled for 10 min in de- 
naturing buffer|20 mM Tris-HCl. pH 8.0, 5 mM EDTA, 5 mM 
0-mercaptoethanol. 0.5% (w/v) SDS, cooled, added with 1% 
(v/v) Nonidet P-40, then incubated in the presence of PNGaseF 
(2,000 U) for 5 h at 37 «C. A further aliquot of 2,000 U was 
added after 2 h of incubation. 

Complexation of mAChE with fasciculins 
and crystallization Of the complexes 

The respective complexes were formed in 50 mM NaCI, 1 mM 
Mes, pH 6-5, NaNj O.Ol^o (w/v) (crystallization buffer) with a 
fasciculin-to-AChE molar ratio of 1.2:1 to preclude jtoichiomet- 
rie deficiency assuming a maximal 10% error in the quantifica- 
tion of protein and peptide. After equilibration overnight on ice, 
the complexes were assayed for residual AChE activity and free 
fasciculin, respectively. The enzyme was considered to be totally 
complexed to fasciculin when no decrease in its residual activ- 
ity (usually 0.1-0.5% of the initial activity of the sample) was 
Observed upon further addition of fasciculin and extended in- 
cubation, and when free fasciculin could be detected in the mix- 
ture through inhibition of a second AChE sample. Excess 
fasciculin was then dialyzed from the complexes with the crys- 
tallization buffer in a CentriconlO or MicrocOnlO concentrator, 
until no free fasciculin could be detected in both the filtrate and 
the sample. Total removal was confirmed by gel-filtration chroma- 
tography. The complexes were concentrated to 12-15 mg mL"1, 
then filtered through a SpinX unit. They were stored on ice and 
were used within a week with no change in their crystallization 
behavior. Both Fasl- and Fas2-AChE complexes were crystal- 



lizcd at 20 °C by the vapor diffusion method using hanging 
drops (4 nL) or sitting drops (10 /iL) with a protein-to-well so- 
lution ratio of l:l- Macroseeding of 10 jiL sitting drops previ- 
ously equilibrated overnight was performed according to Stura 
and Wilson (1992). 

Electrophoresis 

SDS-PAOE under reducing conditions and native gel clcctro- 

phoreses of mAChE and Fas-AChE complexes were performed 
according to the discontinuous system of Laemmü (1970) with 
a vertical gel electrophoresis apparatus (JM Specialty Parts) or 
a Mighty Small Slab set electrophoresis unit (Hoefer Scientific 

Instruments). Precast Tris-glycine 4-20<7o gradient gels, or \5Va 
or 10<7o resolving/S^o stacking gels, were used for SDS-PAGE. 
A 7.5<7o resolving/5% stacking gel made with no SDS was used 

for native gel electrophoresis. Samples loaded were typically 
5 fiL and contained 10% (v/v) glycerol. Silver nitrate staining 
was performed according to Morrisey (1981). 

Gel-filtration chromatography 

Analytical gel-filtration chromatography of mAChE and fasci- 
culin-AChE complexes was conducted at 4 "C on a Superose- 
12 column using the FPLC system from Pharmacia. The column 
was equilibrated in, then eluted with, the crystallization buffer 
(flow rate, 0.5 mL min-1). The loaded samples were 5 pL of 
the concentrated protein solutions used for complexation 
(mAChE) or crystallization (complexes), sandwiched into 25 /«L 

of the crystallization buffer. Absorbaoce of column effluents 
was monitored at X = 280 nm. Fractions (0.5 mL) were collected 
and assayed for AChE activity. The column was calibrated with 
a molecular weight standard kit. 
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Specificity and Orientation of Trigonal Carboxyl Esters and Tetrahedral 
Alkylphosphonyl Esters in Cholinesterases1 
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ABSTRACT: We have examined the specificity of planar carboxyl and tetrahedral phosphonyl esters for 
mouse cholinesterases and have delineated the orientation of these ligands in the enzyme active center. 
The approach involved altering acyl pocket dimensions by site-specific mutagenesis of two phenylalanines 
and varying ligand size and enantiomer presentation. Substrate catalysis rates by wild type acetylcho- 
linesterase (AChE) of acetyl-, butyryl-, and benzoylthiocholine diminished with increasing size of the 
acyl moiety. In contrast, substitution of the acyl pocket phenylalanines giving the mutants F295L and 
F297I of AChE yielded more efficient catalysis of the larger substrates and a specificity approaching that 
of butyrylcholinesterase. Extension from planar substrates to enantiomerically pure organophosphonates 
allowed for an analysis of enantiomeric selectivity. We found that AChE reactions are 200-fold faster 
with the Sp than the Rp enantiomer of cycloheptyl methylphosphonyl thiocholine. Upon the acyl pocket 
size being enlarged, the Rp enantiomer became more reactive while reaction with the Sp enantiomer was 
slightly reduced. In fact, the F297I mutant displayed inverted stereospecificity. A visual correlation 
with the kinetic data has been developed by docking the ligands in the active site. Upon placement of the 
phosphonyl oxygen in the oxyanion hole and the leaving group being directed out of the gorge, the Rp, 
but not the 5P, enantiomer engendered steric hindrance between the alkoxyl group and the acyl pocket. 
Replacing F297 with He accommodated the bulky alkoxyl group of the Rp isomer in the acyl pocket, 
allowing similar orientations of the phosphonyl oxygen and the leaving group to the Sp isomer. Thus, 
analysis of reaction rates and absolute stereochemistry enabled us to position the organophosphonates 
and ascertain loci of interaction of their functional groups in the active center gorge. 

Acetylcholinesterases (AChEs)1 catalyze ester hydrolysis 
of the neurotransmitter acetylcholine, resulting in termination 
of neurotransmission. As found in the serine hydrolase 
family of enzymes, mammalian AChE employs a catalytic 
triad of Glu 334, His 447, and Ser 203, where the serine 
residue is the proximal nucleophile in the hydrolysis mech- 
anism (Gibney et al., 1990; Sussman et al., 1991). The 
butyrylcholinesterases (BuChEs), which share about 55% 
amino acid sequence identity (Cygler et al., 1993), also 
hydrolyze acetylcholine with high efficiency. However, 
AChE and BuChE differ in their capacity to catalyze the 
hydrolysis of substrates larger than acetylcholine, where 
BuChE can efficiently hydrolyze butyrylcholine and ben- 
zoylcholine and AChE shows diminished catalysis rates with 
substrates larger than propionylcholine (Augustinsson, 1948). 
The side chains of two phenylalanines, numbered as Phe (F) 
295 and 297 in mouse, form a boundary to the site of binding 

f Supported by USPHS Grant GM 18360 and DAMD Grant 17- 
95-1 5027 to P.T. and by the U.S. Army Research Office (Research 
Triangle Park, NC) and NIH ES-03085 to H.A.B. 

* University of California at San Diego. 
§ Formerly Natilie A. Pickering. 
11 State University of New York at Buffalo. 
0 Abstract published in Advance ACS Abstracts, August 15, 1995. 
1 Abbreviations: AChE, acetylcholinesterase; BuChE, butyrylcho- 

linesterase; Phe or F, phenylalanine; Leu or L, leucine; He or I, 
isoleucine; Ala or A, alanine; Tyr or Y, tyrosine; ATC, acetylthiocho- 
line; BuTC, butyrylthiocholine; BzTC, benzoylthiocholine; OP, organo- 
phosphonates; CHMP, cycloheptyl methylphosphonyl; iPrMP, isopropyl 
methylphosphonyl; DMBMP, 3,3-dimethylbutyl methylphosphon- 
yl; k, bimolecular rate constant in min-' M~'. 

of the substrate acyl moiety sterically restricting larger acyl 
containing substrates from optimal positioning for catalysis 
in the active site (Harel et al, 1992; Vellom et al., 1993; 
Radic' et al., 1993; Ordentlich et al., 1993). Aliphatic 
residues of smaller dimensions are found at the corresponding 
positions in BuChE (Cygler et al., 1993), for example Leu 
(L) and He (I) in mouse, allowing larger substrates to fit 
into the active site in an orientation appropriate for efficient 
catalysis. Individual mutant cholinesterases containing 
F295L and F297I have enabled us to examine the basis of 
the divergence between AChE and BuChE inhibitor specific- 
ity and kinetics (Vellom et al., 1993). 

Cholinesterases also catalyze the acylation of the enzyme 
by organophosphonates, ligands which react with the enzyme 
by rapidly phosphonylating the active site serine (Oosterbaan 
& Cohen, 1964; Aldridge & Reiner, 1972). However, unlike 
carboxyl ester substrates, the phosphonyl enzyme reacts 
slowly with water, and thus, these ligands behave as 
hemisubstrates (Froede & Wilson, 1971). Their selectivity 
for the cholinesterases has been a subject of continued study 
over the past fifty years [cf. Froede and Wilson (1971) and 
Aldridge and Reiner, (1972)]. Furthermore, AChE reaction 
with organophosphonates displays marked stereospecificity 
and dependence on substituent size with differences generally 
greater than 200-fold in reaction rates between enantiomers 
(Berman & Leonard, 1989). This specificity might arise 
from steric hindrance by the acyl pocket phenylalanines as 
found for carboxyl ester substrates. 

0006-2960/95/0434-11528$09.00/0    © 1995 American Chemical Society 
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Organophosphonates, by virtue of their tetrahedral con- 
figuration, afford an additional dimension in the study of 
structure—activity relationships and, therefore, complement 
and extend the analyses derived from the study of planar 
substrate molecules. Moreover, the availability of resolved 
enantiomerically pure methylphosphonates offers a unique 
means for analysis of configuration and spatial orientation 
in the active center with respect to the available three 
dimensional crystal coordinates of Torpedo californica AChE 
(Sussman et al., 1991). Herein, we examine the role of the 
acyl pocket of mouse cholinesterases in dictating stereospeci- 
ficity for enzyme acylation by the organophosphonates and 
describe the positioning of tetrahedral and planar ligands in 
the active center of the enzymes. Structural models con- 
sistent with the reaction kinetics provide plausible orienta- 
tions achieved by the phosphonates within the active site. 

MATERIALS AND METHODS 

Materials. Acetylthiocholine iodide (ATC), butyrylthio- 
choline iodide (BuTC), and 5,5'-dithiobis(2-nitrobenzoic 
acid) (DTNB) were products of Sigma Chemical Co, St. 
Louis, MO. Benzoylthiocholine iodide (BzTC) was a 
product from TCI-GR, Japan. (Sp)- and (/?p)-alkyl meth- 
ylphosphonyl thioates were synthesized and isolated as 
resolved Rp and Sp enantiomers as described previously 
(Berman & Leonard, 1989). 7-[[(Methyletiioxy)phosphinyl]- 
oxyl]-l-methylquinolinium (MEPQ) was k gift of Y. Ashani 
and B. P. Doctor (Walter Reed Army jResearch Center, 
Washington, DC; Levy & Ashani, 1986)j 

Production of Enzymes. Wild type AChE and BuChE and 
mutant AChE constructs were generated as described in 
Radic' et al. (1993). Site-specific mutants not described 
previously were generated using the same procedures except 
pBluescriptKSn(-) vector and VCSM13 helper phage (Strat- 
agene) were used to obtain a single stranded template. 
Mutations were conducted in cassettes flanked by BstXI sites 
(490 bp fragment) which were sequenced in their entirety 
by double stranded sequencing. The pRCCMV (Invitrogen) 
expression plasmids were purified by standard procedures 
involving poly(ethylene glycol) precipitation and centrifuga- 
tion on CsCl gradients. 

Human embryonic kidney (HEK-293) cells obtained from 
American Type Culture Collection (Atlanta, GA) were plated 
at 1.5 x 106 cells/10 cm of plate in 10% fetal bovine-serum 
supplemented Dulbecco's modified Eagle's (DME) medium 
24 h prior to transfection. Cells were transfected with 15 
fig of plasmid/plate of mutant or wild type cholinesterase— 
pRCCMV constructs using a standard HEPES-based calcium 
phosphate precipitation protocol (Ausubel et al., 1994). After 
16—24 h, the transfected plates were washed with phosphate- 
buffered saline and maintained in serum free/DME for 48— 
72 h. The medium, containing a secreted form of cholinest- 
erase, was collected, and the transfected cells were supplied 
fresh serum free DME. This process was continued for three 
to four harvests of enzyme. The medium was then concen- 
trated using Centriprep30 Centicons (Amicon, Beverly, MA) 
to approximately 1 -2% of original volume and stored at 4 
°C. 

To produce larger quantities of enzyme for detailed kinetic 
studies, stable transfectants were generated by selecting 
transiently transfected HEK cells with G418 for 2-3 weeks 
or until cell death subsided.  Pools of selected cells were 

frozen in 10% serum and 5% DMSO-containing DME for 
future uses. 

Enzyme Activity Measurements and Active Site Quantitä- 
ten. AChE, BuChE, and mutant cholinesterase activities 
were measured in 0.1 M NaP04, pH 7.0, and 0.3 mM DTNB 
at 22 °C according to the procedure of Ellman et al. (1961) 
using ATC, BuTC, or BzTC as substrates. Maximum 
concentrations used were 100 mM for ATC and BuTC and 
10 mM for BzTC due to spontaneous substrate hydrolysis 
and maximum solubility, respectively. Active sites were 
quantitated according to the procedures of Levy and Ashani 
(1986) and Radic' et al. (1992) by titrating the enzyme 
samples with known concentrations of MEPQ. 

Organophosphonate Inhibition. Enzyme samples (tens of 
picomoles) were incubated for various amounts of time with 
the inhibitor in the above assay mixture in the absence of 
substrate; typically, four inhibitor concentrations were used. 
The extent of inhibition was determined by measuring the 
residual activity with 5 mM ATC after a designated time of 
incubation. From the slopes of semilogarithmic plots of 
activity versus time, pseudo-first order rate constants (kobs) 
were plotted against inhibitor concentration to obtain the 
bimolecular rate constants (k) (Radic' et al., 1992). 

Computer Modeling. Binding of butyrylcholine, benzoyl- 
choline, and (5P)- & (Äp)-cycloheptyl methylphosphonyl 
thiocholines to AChE as reversible ligands was modeled 
using InsightTI (version 2.3.5), Discover (Biosym Technolo- 
gies, San Diego, CA), and the X-ray crystal structure of 
Torpedo californica AChE (Sussman et al., 1991). The 
ligands were docked manually in the active site in a position 
that would minimize collisional interactions between mol- 
ecules and in a position appropriate for an SN2 type reaction 
involving Ser 203 in mouse (200)2 in Torpedo. Mutant 
structures were generated by replacing Phe 295 (288) with 
Leu and Phe 297 (290) with He prior to docking and energy 
minimization. The choline and acyl moieties of BuTC and 
BzTC were directed toward Trp 86 (84) and towards residues 
Phe 295 and 297, respectively. 

The OP inhibitors were docked initially for a nucleophilic 
attack of the plane defined as the methylalkoxylphosphonyl 
oxygen (CH3-OR-P(0)) face, or the plane opposite the leaving 
group, by Ser 203. This places the leaving group ap- 
proximately 180° from the side chain oxygen of Ser 203 
and directed out of the gorge, facilitating concomitant apical 
displacement with apical attack. The bulky moieties of the 
Rv and Sp enantiomers were directed to different domains, 
Rp to the acyl pocket and Sp to the choline subsite, in order 
to satisfy the leaving group position and to place the 
phosphonyl oxygen with in hydrogen-bonding distance with 
the oxyanion hole defined by Gly 121 (118) and 122 (119) 
and Ala 204 (201) (Sussman et al., 1991; Harel et al., 1991; 
Barak et al., 1992; Cygler et al, 1994). For all the ligands, 
generic constraints between serine oxygen and the carbonyl 
carbon of the substrates or phosphorus of the organophos- 
phonates were set at 3.5 Ä and between the carbonyl or 
phosphonyl oxygen and the nitrogens of the amide backbone 
constituting the oxyanion hole at 3.0 Ä, as the upper limit 
with no lower limit constraint. An upper force (upr-£) limit 
of 1000 was used to satisfy the distance constraints with the 

2 The numbers in parentheses denote residue positions in the T. 
californica AChE sequence from which the molecular models were 
built. 
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lower force (Iwr-K) set at 0. Energy minimizations were 
completed on the restrained molecules with the side chains 
proximal to the bound ligand left free to move. They were 
run until convergence was achieved at a maximum derivative 
of 0.001. 

RESULTS 

Acyl Pocket Dimensions and Carboxyl Ester Substrate 
Size. Wild type and mutant cholinesterases have been 
examined kinetically with acylthiocholine esters of varying 
chain length in order to examine the relationship between 
the catalytic parameters and substrate dimensions. In 
particular, with a wider selection of mutant enzymes, we have 
measured substrate catalysis as a function of substrate 
concentration for ATC, BuTC, and BzTC and have fitted 
the corresponding data to Scheme l3 as described in Radic' 
et al. (1993). 

As shown in Scheme 1, the enzyme associates reversibly 
with carboxyl substrates in two distinct fashions, resulting 
in ES and SE binary complexes. These two complexes differ 
in their affinities and in affecting substrate catalysis. The 
ES complex represents substrate bound to the active site and 
leads to hydrolysis. The SE complex, on the other hand, 
results from binding of substrate to a secondary site 
peripheral to the active site and does not lead to direct 
hydrolysis. Since binding to the two sites is not mutually 
exclusive, a ternary complex SES can also form. The SES 
complex could lead to substrate hydrolysis with varying 
degrees of efficiency, described as a fraction of ES turnover 
and represented by b. Three possible scenarios are pos- 
sible: when b < 1, the SES complex is less productive than 
the ES complex which indicates that binding to the secondary 
site leads to substrate inhibition; when b = 1, SES is as 
productive as ES and is silent in substrate catalysis measure- 
ments; and finally, when b > 1, the SES complex is more 
productive than ES and results in substrate activation. When 
Kss approaches the maximum substrate concentration em- 
ployed experimentally (100 mM for ATC and BuTC and 10 
mM for BzTC), uncertainties of both Kss and b increase. 

The three substrates, ATC, BuTC, and BzTC (Figure 1), 
were examined with wild type mouse AChE, wild type 
mouse BuChE, and acyl pocket mutants, where the Phes 295 
and 297 were mutated to Leu and He, respectively, to Ala, 
or to Tyr. Table 1, which tabulates the Km, Kss, b, and /ccat 

values, shows that mutating 295 and 297 to the corresponding 
aliphatic groups found in mouse BuChE, Leu and He 

3 Scheme 1 assumes that S has equivalent affinity for the active site 
of E and SE as does S for a peripheral site of E and ES. Should these 
affinities differ, a more complex equation would describe substrate 
catalysis and modulation of catalysis [cf. Webb, 1963]. 
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respectively, gives rise to a reduction in &cat for ATC and an 
enhancement in fccat for BuTC and BzTC, kinetic properties 
which approach BuChE's catalytic behavior. When exam- 
ined in terms of efficiency of catalysis (kcJKm, Table 1), 
F295L and F295A display the most dramatic increase in 
BuTC catalysis, and in fact, mutation at this position yields 
constants exceeding those of BuChE wild type. With the 
largest substrate BzTC, F295L and F297I show similar 
enhancements of catalysis; however, the constants are still 
diminished compared to those of BuChE. This indicates that 
while the acyl pocket dimensions may constrain catalytic 
rates of large substrates, they are not the sole determinant 
in the dependence of catalytic constants on substrate dimen- 
sions. 

Mutating Phe 295 and Phe 297 to alanines and tyrosines 
gave unexpected results. F295A demonstrated kinetic pa- 
rameters (/tcat and Km) with all three substrates similar to those 
of the corresponding Leu mutation. However, F297A 
displayed greater catalytic turnover rates (fccat) for ATC and 
lower rates for BzTC than seen with the corresponding He 
mutation, indicating that simply removing steric bulk does 
not ensure a greater capacity to hydrolyze choline substrates 
with large acyl groups. Examining the mutation to tyrosine 
further supports this contention, since enlarging the residues 
at 295 and 297 by the addition of a hydroxyl group to a 
phenyl ring does not further limit the rates of hydrolysis of 
the largest substrate BzTC. In fact, kcJKm values for F295Y 
and F297Y with BzTC are approximately 10-fold greater 
than those found with AChE wild type. This phenomenon 
may be a consequence of altered structural integrity of the 
acyl pocket in the mutant enzymes. It should be noted that 
no native cholinesterases thus far sequenced contain Ala or 
Tyr at positions corresponding to 295 and 297 in mouse 
AChE (Cygler et al., 1993). 

As initially reported by Radic' et al. (1993), and extended 
by the data in Table 1, AChE and BuChE show distinct 
behaviors when a second molecule of substrate binds to the 
enzyme, forming a ternary complex. The SES complex of 
BuChE with ATC is more active than ES, whereas this 
ternary complex in AChE is less active. The acyl pocket 
mutants F295L and F297I differ when ATC and BuTC bind 
at a peripheral site; while F295L resembles AChE in that 
this mutant species displays substrate inhibition (b < 1). 
F297I resembles BuChE in that the mutant species shows 
substrate activation (b > 1). Hydrolysis of the largest 
substrate BzTC by AChE wild type, F295L, and F297I 
occurs with substrate activation and therefore displays 
behavior that differs qualitatively from that of BuChE, which 
shows substrate inhibition with BzTC. Nonetheless, these 
observations signify that the residue at position 297 plays a 
role in linking occupation at a peripheral site with substrate 
hydrolysis at the base of the active center gorge. When the 
residue at 297 is a Phe, as in AChE wild type, the enzyme 
displays substrate inhibition; when the residue at 297 is Be, 
as in BuChE wild type, substrate activation is evident [see 
also, Radic' et al., 1993)]. 

Influences of Acyl Pocket Dimensions on Reaction Rates 
with Enantiomeric Organophosphonates. Reaction of enan- 
tiomeric phosphonates with AChE is known to be dependent 
on the chemical nature of the leaving group and the size 
and stereochemical configuration of substituents about 
phosphorus (Berman & Leonard, 1989). The analysis of the 
organophosphonate (OP) reactions affords a clear kinetic 
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FIGURE 1: Structures of substrates and inhibitors employed. ATC, BuTC, and BzTC refer to acetyl-, butyryl-, and benzoylthiocholine 
substrates, respectively. CHMP, iPrMP, and DMBMP refer to cycloheptyl-, isopropyl-, and 3,3-dimethylbutyl methylphosphonyl, respectively. 
CHMP 5-methyl and CHMP 5-ethyl refer to cycloheptyl methyl 5-methylphosphonyl thioate or cycloheptyl methyl 5-methyl phosphonyl 
thioate. 

separation of the acylation step (Froede & Wilson, 1971), 
and presents two additional features that complement analysis 
of planar carboxyl substrates. First, the tetrahedral config- 
uration of organophosphonates provides a structural dimen- 
sion outside the plane of the sp2 trigonal geometry of 
substrate molecules. Second, the availability of enantio- 
merically pure phosphonates allows one to assess the spatial 
orientations of individual residues within the dissymmetric 
active center. 

The series of compounds shown in Figure 1 have been 
analyzed with mouse AChE and mouse BuChE and the acyl 
pocket mutants, F295L, F295A, F297I, and F297A. Bimo- 

lecular rate constants (ki) for inhibition by enantiomers of 
cycloheptyl methylphosphonyl, isopropyl methylphosphonyl, 
and 3,3-dimethylbutyl methylphosphonyl thiocholine are 
shown in Table 2. 

The Sp enantiomer is the most reactive for both CHMP 
and iPrMP thiocholine with a selectivity difference of more 
than 2 orders of magnitude for AChE; this ratio decreases 
significantly for BuChE. More specifically, the Rp enanti- 
omers of CHMP and iPrMP thiocholine show a 10-20-fold 
increase in the reaction rate for BuChE over AChE, whereas 
the Sp enantiomers show little difference between the wild 
types. Hence, the (Sp)-OPs are binding and phosphonylating 
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Table 1 Kinetic Constants 
a Calculated for the Catalysis of Acetylthiocholine, Butyrylthiocholine, and Benzoylthiocholine by Recombinat 

DNA-D 

enzyme 

erived Cholinesterases 

acetylcholine butyrylthiocholine benzoylthiocholine 

(«M) (mM) b 
teat 

(103 min"1) (1 0s min-1 M~ 

30 

•)C«M) 

93 

(mM) 

7.1 

b 

0.48 

Kcat 

(103 min" 

1.1 

') (108 
Kcat'^m 
min-1 M~ 

Km       Kss 
') (MM) (mM) b   < 

^cat 
103min" ') (108min"' M"1) 

AChE 46 13 n?i 140 0.12 46 3.3 13 0.03 0.0063 

BuChE 23 1.0 39 40 17 55 1.7 2.0 37 6.7 27 3.7 <0.2 3.8 1.4 

F295A 64 75 <0.2C 73 11 3.6 >100 ID 8.0 22 16 4.2 <0.2 0.39 0.24 

F295L 52 67 <0.2 44 8.5 10 23 0.40 12 12 10 1.0 2.4 0.24 0.24 

F295Y 17'' 27 <W> 6.1 3.6 84 1.4 0.74 0.8 0.10 5.1 0.44 :6.2 0.02 0.031 

F297A 61 1.6 1 7 61 10 86 2.5 2.0 17 2.0 4.8 0.54 , 1.5 0.13 0.27 

F297I 170 43 1 8 15 0.9 82 2.4 1.7 60 7.3 19 >4 :   ID 0.45 0.24 

F297Y 58<* = >100 ID" 39 6.7 45 0.96 2.7 1.8 0.40 13 1.1 3.1 0.08 0.062 

" Values come from three measurements. Standard errors are typically within 20% of the mean, except where Kss approacnea tne maximal 
substrate concentrations employed (see text). Then Kss and b incurred greater uncertainties. » kal was determined from titrations of the inhibition 
assay with MEPQ Values for Km, Kss, and b were calculated using nonlinear computer fit according to v - [V max(l + öli>J/Äss)j/[(i + JWiajxi 
+ [sW)] using Sigma Plot.c When substrate inhibition is evident, resulting b values less than 0.2 cannot be distinguished from zero. Data ot 
Radic' et al (1933) e When Kss was greater than the highest substrate concentration employed, the b values were indeterminable (ID). 

Table 2:  Bimolecular Rate Constants (min"1 M"1) Determined for the Inhibition of Recombinant DNA-Derived Mouse Cholinesterases by 
Alkyl Methylphosphonyl Thiocholine Enantiomers" 

cycloheptyl methylphosphonyl thiocholine    isopropyl methylphosphonyl thiocholine    3,3-dimethylbutyl methylphosphyl thiocholine 

enzyme 5p x 106 R? x 106 Sp/Rp Spx 106 Rp x 106 Sp/Rp Sp x 106 Rp x 106 Sp/Rp 

AChE 190 ± 30 0.81 ±0.09 230 16 ±1 0.14 ±0.03 110 360 ± 10 19 ±9 19 

BuChE 470 ± 90 6.7 ± 0.7 70 10 ±1 3.3 ±0.1 3 500 ± 150 32 ± 16 16 

F295A 290 ± 50 7.1 ±0.7 37 16 ±1 1.2 ±0.1 14 530 ± 40 15 ±0 35 

F295L 66 ±9 8.7 ±1.1 7.6 3.4 ±0.1 1.2 ±0.1 3 140 ± 10 10 ±5 14 

F297A 17 ±4 2.4 ± 0.3 7.1 1.5 ±0.3 0.098 ± 0.012 15 56 ±1 1.8 ±0.1 31 

F297I 16 ±3 62 ±3 0.3 0.95 ± 0.46 1.2 ±0.1 0.8 56 ±4 12 ±4 5 

" Data shown as means ± standard deviations. 

the two enzymes at similar rates, while the amino acid 
differences presumably in the acyl pocket with BuChE confer 
a selective increase in rate of reaction of the Rv enantiomers. 
Examination of the acyl pocket mutants supports this 
conclusion since replacing either F295 or F297 with smaller 
aliphatic residues results in a 10-100-fold increase in the h 
values for (i?p)-CHMP and (/?p)-iPrMP thiocholine. The 
F297 mutation also decreases the reaction rate for the Sp 

enantiomers, resulting in an inversion in chiral specificity 
for F297I where the reaction rate of the Rp enantiomer 
exceeds that of the 5P enantiomer. 

The third asymmetric OP, DMBMP thiocholine, shows 
reaction rates similar to those of (SP)-CHMP thiocholine but 
is distinctive in lacking the enantiomeric selectivity of the 
other two inhibitors. Moreover, little difference in reaction 
rate for AChE and BuChE is seen for the two DMBMP 
thiocholine enantiomers. Mutations to smaller residues in 
the acyl pocket region do not affect the bimolecular rate 
constants for (i?p)-DMBMP thiocholine, unlike the other two 
asymmetric OPs, although, as with the other inhibitors, some 
reduction in rate is seen with F297A. 

Influence of Thioalkyl and Thiocholine Leaving Groups 
on Reaction Kinetics. The second set of compounds for 
kinetic analysis of enantiomers is made up of two neutral 
cycloheptyl methylphosphonyl organophosphonates, shown 
in Figure 1. Table 3 displays the inhibition kinetics for two 
CHMP thioate congeners with thiomethyl and thioethyl 
leaving groups. These CHMP compounds, with neutral 
leaving groups of diminished molecular dimensions, show 
stereospecificity of a magnitude comparable to that of the 
corresponding methylphosphonyl thiocholines, although the 
reaction rates are 2-3 orders of magnitude slower for the 
uncharged CHMP OPs. 

Table 3: Bimolecular Rate Constants (h in min-1 M_1) for the 
Inhibition of Recombinant DNA-Derived Cholinesterases by Neutral 
(Sp)- and (/?p)-Cycloheptyl Methylphosphonyl Thioates"  

leaving group 

S-methyl S-ethyl 

enzyme   Sp x 104     Rp x 104    Sp/Rp   St : 104 Rp x 104      Sp/Rp 

AChE 31 ±4 
BuChE 23 ±6 
F295L   34 ±2 

0.18 ±0.07 170 
0.25 ± 0.07 92 
0.29 ±0.11 120 

7.6 ±0.5 0.018 ±0.002 420 
13 ± 1 0.17 ± 0.02 76 
16 ±2       0.100 ± 0.03    160 

F297I      5.5 ±0.1 2.2 ±0.4 2.5   5.5 ±1.3 2.6 ±0.6 2.1 

" Data shown as means ± standard deviations. 

Also, as shown in Table 3, the Rp enantiomers react with 
F297I more rapidly than with AChE; the Sp enantiomer 
agents display a slight reduction in rate. Consequently, 
substitution for Phe at position 297 with the lie found in 
BuChE virtually eliminates the eriantiomeric preference. The 
similarity in Sp/R? chiral specificity seen for the cationic and 
uncharged CHMP compounds suggests that the charge on 
the leaving group does not dictate enantiomeric preference. 

DISCUSSION 

Analysis of substrate specificity reveals that differences 
between AChE and BuChE substrate specificity are largely 
due to the phenylalanines at 295 and 297. Clearly, replace- 
ment of these residues by Leu and He results in an 
enhancement in catalysis of larger substrates that can be 
attributable to enlarging the acyl pocket region (Figure 2A,B). 
With their sp2 planar geometry, the substrates dock for 
catalysis presumably by placing the carbonyl oxygen toward 
the oxyanion hole. With the choline moiety toward Trp 86, 
and the acyl moiety toward F295 and F297 (Sussman et al., 
1991), only one of the two faces of the planar compound is 
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FIGURE 2: Energy-minimized stereoviews of carboxyl choline substrates in the active center of mutant acetylcholinesterase structures as 
described in the Materials and Methods: (A) F295L with butyrylcholine and (B) F297I with benzoylcholine. In parts A and B of this 
figure, the carbonyl oxygen resides within the oxyanion hole defined by the hydrogen bonds (<3 Ä) with amide backbone hydrogens of 
Gly 121, Gly 122, and Ala 204. The residue numbers correspond to mouse sequence. 

Table 4:  Summary of AAG Values" (Kilocalories per Mole) Obtained from Free Energy (AG) Calculations of kMIKm for the Catalysis of 
Acetylcholine (ATC), Butyrylthiocholine (BuTC), and Benzoylthiocholine (BzTC) and from the Bimolecular Rate Constants (h) for (Sp)- and 
(flp)-Cycloheptyl Methylphosphonyl, Isopropyl Methylphosphonyl, and 3,3-Dimethylbutyl Methylphosphonyl Thiocholines 

substrates CHMPTCH IMPTCH DMBMPTCH 
enzyme ATC BuTC BzTC Sp *P Sp RP sP RP 

BuChE -0.34 +2.4 +3.2 +0.54 + 1.30 -0.28 + 1.90 +0.19 +0.31 
F295A -0.59 +3.1 +2.2 +0.25 +1.30 0 + 1.30 +0.23 -0.14 
F295L -0.75 +2.7 +2.2 -0.63 +1.40 -0.92 +1.30 -0.56 -0.38 
F297A -0.65 +1.7 +2.2 -1.40 +0.64 -1.40 -0.21 -1.10 -1.40 
F297I -2.1 +2.4 +2.2 -1.50 +2.60 -1.67 + 1.30 -1.10 -0.27 

" AAG values obtained using values in Tables 1 and 2 and the equation AAG = AGACM- - AGßuchE/mutam = RT In (fc'/fc), where h = the 
bimolecular rate constant for the organophosphonates and is equal to kcJKm for carboxyl ester substrates (Fersht, 1988).  The ' refers to either 
BuChE or mutant AChE; R = 1.99 
x 10"3 kcal/mol K, and T = 298 K. 

available for nucleophilic attack by the active center serine. 
Upon such attack of the carbonyl carbon, the bond angles 
change with formation of a tetrahedral intermediate. The 
change in bond angles might move the thiocholine slightly 
in the direction of the gorge exit, a position well-suited for 
leaving the active site where no hindrance to exit would be 
encountered by other substituents on the substrate. Further- 
more, with the planar configuration and the acyl moiety 
directed toward the residues F295 and F297, changes in the 
acyl chain length will be reflected only in the acyl pocket 
direction. 

The OP compounds have an additional substituent due to 
their tetrahedral configuration with 109° bond angles, and 
thus, the substituent groups will project differently in the 
active site than for the planar (trigonal) substrates with 120°- 
bond angles. This becomes evident with AChE wild type 
which most efficiently catalyzes the hydrolysis of carboxyl 
choline substrates with small acyl group size while the same 

enzyme is acylated by organophosphonates with bulkier 
substituents (Tables 1-3). Table 4 tabulates the relative free 
energies of reaction for the various substrates, where a 
positive AAG value indicates a more energetically favorable 
reaction relative to AChE wild type. The direction of the 
free energy changes between AChE and mutant cholinest- 
erases with the Sp enantiomers reflects that of acetylthio- 
choline, while the Rv compounds parallel that of the larger 
acyl containing substrates. 

The CHMP and iPrMP thiocholine compounds display a 
similar enantiomeric selectivity with AChE even though 
iPrMP thiocholine is approximately 10-fold less reactive. 
From the analysis of the individual enantiomers, the dimin- 
ished inhibition rates of (ÄP)-CHMP and iPrMP thiocholine 
with AChE also can be attributed to the phenylalanines at 
295 and 297 since their replacement with smaller residues 
gives a substantial enhancement in the bimolecular rate 
constant,  approaching or exceeding that with BuChE. 
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Therefore, the respective alkoxyl substituents of these two 
Rp compounds are restricted from optimal positioning in the 
active site of AChE due to occlusion by F295 and F297 in 
a manner similar to restricting large carboxyl ester substrates. 

The third charged inhibitor, DMBMP thiocholine, shows 
diminished stereoselectivity for AChE which seems to be a 
consequence of an enhanced rate of inhibition by the R? 

enantiomer, with little to no change by the Sp enantiomer 
when compared to (S„)-CHMP thiocholine. Therefore, (Rv)- 
DMBMP thiocholine with a primary instead of secondary 
alkoxyl substituent probably orients slightly differently in 
AChE than do the other two congeners. In addition, the 
inhibitory efficiencies of reaction with (i?p)-DMBMP thio- 
choline for the acyl pocket mutants are similar to those of 
AChE wild type, indicating that the two phenylalanines play 
a diminished role in dictating the rate of reaction with (Rv)- 
DMBMP thiocholine and in sterically occluding the DMB 
substituent. Part of this may arise from steric restrictions 
of a secondary alkoxyl constituent, rather than solely being 
a consequence of molecular volumes. 

The Sp enantiomers of all three thiocholine inhibitors show 
equivalent or slower rates of inhibition with the acyl pocket 
mutants where F297I and F297A show the largest reduction. 
Removing the aromatic group from the side chain reduces 
the potency of the Sp thiocholine inhibitors which may be 
attributed to increased degrees of freedom of the organo- 
phosphonate in the active site region. BuChE, lacking the 
large aromatic side chains at 295 and 297, reacts more 
efficiently with the Sp compounds, supplying evidence that 
the mutant AChEs do not precisely mimic BuChE and that 
other groups close to the substrate, such as Tyr 337 in mouse 
AChE (Phe in T. californica), might indirectly influence 
substrate positions. In addition, the reduced reaction rates 
with (S'p)-CHMP and iPrMP enantiomers along with the 
concomitant increased reaction rates with the Rp enantiomers 
give rise to the dramatic inversion in enantiomeric preference 
for the F297I mutant relative to AChE wild type. 

Interestingly, the F297A mutation does not display the 
same kinetics as F297I with the 0Rp)-alkyl methylphosphonyl 
thiocholine inhibitors, where the Ala mutant gives a 10-fold 
lower k\ for common inhibitors than for the He mutant. A 
similar lack of reactivity was noted for the carboxyl esters 
(&cat values, Table 1). Replacement of the large Phe residue 
with Ala can be expected to yield a void area which should 
be filled with water or which may result in collapse of the 
a-carbon chain. For the F297I substitution, the volume 
reduction is smaller and would require a smaller structural 
perturbation than would the equivalent Ala mutant. 

A final factor in determining the rate of reaction of 
organophosphonates with AChE is the chemical nature of 
the leaving group. The uncharged cycloheptyl methylphos- 
phonyl thioates display a chiral selectivity similar to that of 
the cationic cycloheptyl methylphosphonyl thiocholines. 
Since the uncharged phosphonyl thioates react at rates that 
are 3 orders of magnitude slower than the corresponding 
charged compounds, the large difference in reaction rates 
depends on the nature of the leaving group. As analyzed 
by Kitz et al. (1967), the reaction rates reflect the interaction 
energy gained upon formation of the phosphonate—enzyme 
complex rather than pKa. differences between the leaving 
groups. As discussed by Berman and Leonard (1989), the 
slower reaction rate typical of the uncharged methylphos- 
phonyl thioates reflects diminished electrostatic attraction for 

the enzyme. Therefore, stabilization of the quaternary 
choline group enhances the reaction of the charged com- 
pounds but carries little influence in enantiomeric preference. 
These findings are consistent with the thiocholine or thioalkyl 
leaving group residing in a common position for the 
individual enantiomers. 

Substrate and Organophosphonate Orientation. As a 
model for the orientation of substrates and organophospho- 
nates begins to emerge, it is first instructive to compare the 
tetrahedral phosphonyl esters with the planar carboxyl esters. 
The phenylalanines in the acyl pocket of AChE hinder 
noncovalent association of reactive substrates and phospho- 
nates containing large bulky substituents. The phenylalanine 
residues also serve to enhance association of reactive 
substrates and phosphonates containing small, less bulky 
substituents, as seen for ATC and (5p)-methylphosphonates. 
In Figure 2, the large carboxyl substrates are modeled in 
the active site region of F295L and F297I and are positioned 
with their acyl moieties occupying the region of the acyl 
pocket where butyryl is directed toward 295 (Figure 2A) and 
where benzoyl is closer to the 297 side chain (Figure 2B). 
By comparison, the F297I mutant modeled with (flp)-CHMP 
thiocholine (Figure 3B) shows that the mutation at 297 to 
the smaller residue, He, allows the bulky cycloheptyl group 
to be accommodated in a manner similar to BzTC. There- 
fore, steric occlusion by the phenylalanines within the acyl 
pocket of AChE, in particular Phe 297, represents a primary 
determinant of substrate selectivity and enantiomeric prefer- 
ence. Such steric constraints can be relieved by replacing 
the phenylalanines with dimensionally smaller aliphatic 
residues. 

A comparison of AChE covalent reactivity with respect 
to large substrates, such as BuTC and BzTC, and large 
phosphonates, such as the most reactive (SP)-CHMP and (5P)- 
DMBMP thiocholines, indicates that reaction efficiency is 
governed in part by the spatial orientation achieved at the 
base of the active center gorge by the substrate molecules 
and the organophosphonates. This conclusion is supported 
by the observations that AChE reacts 10-fold more rapidly 
with large alkoxyl (Sp)-methylphosphonates than the large 
acylcholine substrates {h in Table 2 versus kzJKm in Table 
1; Table 4). Furthermore, mutations of the two Phes to 
smaller aliphatic residues give rise to enzymes with reduced 
efficiency in catalyzing the hydrolysis of small ligands such 
as ATC and the reactions with ligands, such as (,SP)-CHMP 
thiocholine, whose binding of the large alkoxyl moiety does 
not necessitate interaction with the acyl pocket. From the 
modeling of AChE with (S^-CHMP thiocholine (Figure 3A), 
it can be inferred that removal of aromatic groups at 295 
and 297 permits increased degrees of freedom for binding, 
association of nonproductive complexes, and resulting slower 
reaction rates. Thus, a systematic study of a series of 
congeneric compounds with a graded diminution of side 
chain volume in the acyl pocket reveals an optimal volume 
or dimension, a feature unresolvable from substrate structure- 
activity relationships alone. This demonstrates that the Phes 
in wild type AChE, in addition to occluding substrates 
exceeding a critical dimension, may serve to stabilize and 
orient substrates of smaller dimensions for efficient catalysis. 
Opening the acyl pocket creating a larger dimension may 
lead to additional orientations of bound substrate, whose 
alignment may not be optimal for catalysis. 
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FIGURE 3: Energy-minimized stereoviews of the reversible complex in the active center of (A) acetylcholinesterase with (Sp)-cycloheptyl 
methylphosphonyl thiocholine and (B) F297I mutant acetylcholinesterase with (i?p)-cycloheptyl methylphosphonyl thiocholine as described 
in the Materials and Methods. In parts A and B of this figure, the phosphonyl oxygen resides within the oxyanion hole defined by the 
hydrogen bonds (<3 Ä) with amide backbone hydrogens of Gly 121, Gly 122, and Ala 204. The residue numbers correspond to mouse 
sequence. 

Enantiomeric Selectivity. The information to be gained 
from the analysis of enantiomeric selectivity requires the 
absolute stereochemical assignment of the Rp and Sv enan- 
tiomers along with the positioning of a primary functional 
group on the dissymmetric macromolecular surface. Forma- 
tion of the alkylphosphonyl conjugate in addition to the 
obvious nucleophilic attack by the serine requires polarization 
of the phosphonyl bond through hydrogen bonding to the 
phosphonyl oxygen in the oxyanion hole. The region in 
AChE is likely created by hydrogen bond donors of the 
backbone amide hydrogens from Gly 121, Gly 122, and Ala 
204 (Sussman et al., 1991). Evidence for the obligate 
phosphonyl oxygen—oxyanion hole interactions stems from 
the rapid rates of conjugation by the cholinesterases and the 
X-ray crystal structure of a phosphonyl enzyme conjugate 
in Candida rugosa lipase, a structure homologous to cho- 
linesterase (Cygler et al., 1993, 1994). 

With this initial substituent placement, orientation of the 
leaving group in the direction of the mouth of the active 
center gorge allows for preferential nucleophilic attack by 
the y-oxygen of Ser 203 at the one face of the tetrahedron, 
comprising CH3-OR-P(0), not containing the leaving group 
(Figure 3A). Such attack at this face opposite the leaving 
group results in formation of a trigonal bipyramidal inter- 
mediate in which both the attacking nucleophile and the 
potential leaving group assume apical positions. In this case, 
displacement of the leaving group can occur without a 
requirement for pseudorotation of the trigonal bipyramidal 

enzyme conjugate (Berman & Decker, 1989). In the case 
of docking (5P)-CHMP thiocholine, these initial residue 
placements find the cycloheptyl group oriented toward the 
more space-accommodating choline subsite (Figjure 3A). 

By contrast, these requirements enforce an orientation of 
(i?p)-CHMP thiocholine in which the cycloheptyl moiety 
encounters obvious steric hindrance from the Phes 295 and 
297, precluding either optimal positioning of the phosphonyl 
oxygen in the oxyanion hole or displacement of the leaving 
group from an optimal position for in-line attack by Ser 203. 
The former case would lead to loss of stabilization energy 
which would arise from polarization of the phosphonyl— 
oxygen bond; the latter would result in equatorial jpositioning 
of the leaving group and thus would require pseudorotation 
of the intermediate prior to apical displacement (Berman & 
Decker, 1989). Since both cases require an expenditure of 
additional energy (Berman & Decker, 1989; Cyjler et al., 
1994; Ashani et al., 1995), steric interference engendered 
upon docking (Rp)-enantiomers is expected to reduce the rates 
of reaction. Such steric constraints are relieved in the F297I 
mutation, as shown for association of (ÄP)-CHMP thiocholine 
in Figure 3B, leading to the increased reaction rates observed 
for the Rp methylphosphonates. 

This study clearly shows that substrate selectivity and 
enantiomeric preference of AChE as well as rates of covalent 
reaction are all governed in large part through steric 
limitations imposed with the acyl pocket. One component 
of the acyl pocket that plays a prominent role is identified 
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as F297. This postulate can be subjected to further analysis 
through modification of the gorge dimensions and charge 
distribution of the residues within the gorge. 
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Single and multiple site mutants of recombinant 
mouse acetylcholinesterase (rMoAChE) were inhibited 
with racemic 7-(methylethoxyphosphinyloxy)-l-meth- 
ylquinolinium iodide (MEPQ) and the resulting mixture 
of two enantiomers, CH3PBS(0)(OC2H5)-AChE(EMPBjS- 
AChE), were subjected to reactivation with 2-(hydrox- 
yiminomethyl)-l-methylpyridinium methanesulfonate 
(P2S) and l-(2'-hydroxyiminomethyl-l'-pyridinium)-3- 
(4"-carbamoyl-l"-pyridinium)-2-oxapropane dichloride 
(HI-6). Kinetic analysis of the reactivation profiles re- 
vealed biphasic behavior with an approximate 1:1 ratio 
of two presumed reactivatable enantiomeric compo- 
nents. Equilibrium dissociation and kinetic rate con- 
stants for reactivation of site-specific mutant enzymes 
were compared with those obtained for wild-type 
rMoAChE, tissue-derived Torpedo AChE and human 
plasma butyrylcholinesterase. Substitution of key 
amino acid residues at the entrance to the active-site 
gorge (Trp-286, Tyr-124, Tyr-72, and Asp-74) had a 
greater influence on the reactivation kinetics of the bis- 
quaternary reactivator HLT-6 compared with the mono- 
quaternary reactivator P2S. Replacement of Phe-295 by 
Leu enhanced reactivation by HI-6 but not by P2S. Of 
residues forming the choline-binding subsite, the E202Q 
mutation had a dominant influence where reactivation 
by both oximes was decreased 16- to 33-fold. Residues 
Trp-86 and Tyr-337 in this subsite showed little involve- 
ment. These kinetic findings, together with energy min- 
imization of the oxime complex with the phosphonyl- 
ated enzyme, provide a model for differences in the 
reactivation potencies of P2S and HI-6. The two kinetic 
components of oxime reactivation of MEPQ-inhibited 
AChEs arise from the chirality of O-ethyl methylphos- 
phonyl moieties conjugated with Ser-203 and may be 
attributable to the relative stability of the phosphonyl 
oxygen of the two enantiomers in the oxyanion hole. 

Inhibition of acetylcholinesterase (AChE; EC 3.1.1.7)1 and 

* This work was supported in part by U. S. Army Research and 
Material Command Grant DAMD17-91-C-1056 (to P. T.). The costs of 
publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

§ Visiting scientist from the Israel Institute for Biological Research, 
Ness-Ziona, Israel. 

|| Visiting fellow from the Institute for Medical Research and Occu- 
pational Health, University of Zagreb, Croatia. 

** Visiting scientist from the Department of Chemistry, University of 
Iowa, Iowa City, IA. 

tt To whom correspondence should be addressed. Tel.: 202-782-3001; 
Fax: 202-782-6304. 

1The abbreviations used are: AChE, acetylcholinesterase; BChE, 

butyrylcholinesterase (BChE; EC 3.1.1.8) by organophosphorus 
(OP) esters is attributed to the formation of a covalent conju- 
gate between the OP moiety and the active-site serine of the 
enzyme (1). OP-inhibited cholinesterases (ChEs)2 can be reac- 
tivated by certain oxime nucleophiles, if the enzyme does not 
undergo a prior "aging" reaction (1, 2). Since the discovery of 
powerful reactivators of OP-inhibited ChEs, 2-(hydroxyimi- 
nomethyl)-l-methylpyridinium iodide (2-PAM; Fig. 1) (3), and 
the bispyridinium dioxime l,l'-trimethylene bis(4-hydroxyimi- 
nomethylpyridinium)-dibromide (4), several reports have de- 
scribed the preparation, structure, and biochemical properties 
of mono- and bisquaternary oximes. The limited scope of anti- 
dotal activity of commonly used reactivators such as the meth- 
anesulfonate salt of 2-PAM (P2S; Fig. 1) or l,l'-trimethylene 
bis(4-hydroxyiminomethylpyridinium)-dibromide against cer- 
tain types of OP anti-ChE, prompted the evaluation of a new 
series of oxime reactivators (5). One such compound, l-(2'- 
hydroxyiminomethyl-1' -pyridinium)-3-(4"-carbamoyl- l"-pyri- 
dinium)-2-oxapropane dichloride (HI-6; Fig. 1) is among the 
most potent reactivating agents that serve as antidotes against 
organophosphate toxicity (6, 7). 

The effectiveness of oxime reactivators as antidotes is pri- 
marily attributed to the nucleophilic displacement rate of the 
OP moiety from the inhibited enzyme (Fig. 2) and varies with 
the structure of the bound OP, the source of the enzyme, and 
the oxime. In spite of three decades of progress in improving 
the reactivation properties of the lead compounds, structure- 
function relationships are not clearly understood. 

The elucidation of the three-dimensional structure of Tor- 
pedo AChE (TcAChE) (8), together with kinetic and mechanis- 
tic studies of site-directed mutants (9), have added a new 
dimension to the study of organophosphate inhibition and re- 
activation. In this report we describe studies on P2S- and 
HI-6-induced reactivation of wild-type recombinant mouse 
AChE (rMoAChE) and its mutants inhibited with 7-(methyl- 
ethoxyphosphinyloxy)-l-methylquinolinium iodide (MEPQ; 
Fig. 2) (10). Delineation of amino acid residues that are impor- 
tant for reactivation highlight several aspects of the mecha- 
nism by which oximes enhance displacement of an OP from 

butyrylcholinesterase; OP, organophosphorus; ChE, cholinesterase; 
2-PAM, 2-(hydroxyiminomethyl)-l-methylpyridinium iodide; P2S, 
2-(hydroxvimmomethyl)-l-methylpyridinium methanesulfonate; HI-6, 
l-(2'-hydroxvimmomethyl-l'-pyridinium)-3-(4"-carbamoyl-r-pyridmi- 
um)-2-oxapropane dichloride; rMoAChE, recombinant mouse AChE; 
MEPQ, 7-(methylethoxyphosphinyloxy)-l-methylquinolinium iodide; 
EMP-ChE, O-ethyl methylphosphonyl-ChE; HuBChE, human BChE; 
TcAChE, Torpedo californica AChE; paraoxon, diethyl p-nitrophenyl 
phosphate; ATC, S-acetylthiocholine iodide; BTC, S-butyrylthiocholine 
iodide; 7-HQ, 7-hydroxy-l-methylquinolinium ion. 

2 The abbreviation ChE was used whenever AChE was not distin- 
guished from BChE. 
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FIG. 1. Structures of 2-PAM, P2S, and HI-6. The syn configura- 
tions shown are in accordance with the crystal structure of 2-PAM (19) 
and HI-6 (20). 

EMP-ChEs and provide an explanation for differences between 
the reactivation potency of HI-6 and P2S. In addition, owing to 
chirality of the phosphorus in MEPQ and the potent anti-ChE 
activity of both of its enantiomers (10, 11), the inhibited en- 
zyme consists of two enantiomeric components, EMPÄ-ChE, 
and EMPs-ChE, that are amenable to analysis of the ster- 

eospecificity of the reactivation process. 

EXPERIMENTAL PROCEDURES 

Materials—MEPQ was prepared as described elsewhere (10). O.O'- 
Diethylp-nitrophenyl phosphate (paraoxon) was purchased from Sigma. 
P2S and HI-6 were obtained from the Division of Experimental Thera- 
peutics, Walter Reed Army Institute of Research, Washington, D. C. 

Wild-type and mutant rMoAChEs were prepared as described previ- 
ously (12, 13). The cDNA insert encompassing exons 2, 3, 4, and 6 was 
placed behind the human cytomegalovirus promoter. Most of the ex- 
pression plasmids exist as stable transfectants in human embryonic 
kidney (HEK-293) and Chinese hamster ovary (CHO-K1) cells. They 
secrete into the medium hydrophilic enzyme which was concentrated by 
ultrafiltration for the kinetic studies. Torpedo californica AChE, wild- 
type mouse AChE, and some of the mutant enzymes were purified by 
affinity chromatography as described previously (14). HuBChE was 
purified by procainamide-Sepharose® 4B gel affinity chromatography. 
One mg of pure enzyme contained approximately 11 and 14 nmol of 
active sites of BChE and AChE, respectively. Inhibition and reactiva- 
tion experiments were carried out in enzyme solutions prepared in 
microfiltered 0.05% bovine serum albumin containing 25 ml phosphate 
buffer, pH 7.8, at 25 °C. 

pKa Determinations—pH-optical density profiles were recorded in 25 
mM phosphate buffer (pH 6.4-8.3; 25 °C) at 336 and 354 nm for P2S and 
HI-6, respectively. Extinction maxima were measured in 0.1 M NaOH 
and 1% carbonate buffer at pH 10.2 for P2S and HI-6, respectively; pKa 

values were calculated as described by Albert and Serjeant (15). 
Hydrolysis of MEPQ—Rate constants of the hydrolysis of MEPQ 

were determined in 25 mM phosphate, pH 7.8 and 7.0, at 25 °C. Release 
of the leaving group 7-hydroxy-l-methylquinolinium ion (7-HQ, Fig. 2) 
was monitored at 406 nm (10). 

Enzyme Assays—AChE and BChE activities were determined by the 
method of Ellman et al. (16), using 1.5 mM acetylthiocholine (ATC) and 
butyrylthiocholine (BTC) as substrates, respectively. Assays were car- 
ried out in 0.05% bovine serum albumin, 50 mM phosphate buffer, pH 
8.0, at 25 °C. Due to the low catalytic efficiency of the W86A3 mutant 
and the need to minimize nonspecific hydrolysis of ATC, its assay was 
carried out with 60 mM ATC in the above buffer adjusted to pH 6.3. 

Determination of the Dissociation Constants of AChE Oxime Com- 
plexes—The dissociation constants, Km and aK0„ were determined by 
examining the dependence on the concentration of P2S or HI-6 for the 
Km and Vmax of the enzyme-catalyzed hydrolysis of ATC. ATC between 
0.01 and 0.4 mM was added to the enzyme that had been incubated for 
5 min with specified concentration of oxime and 5,5'-dithiobis(2-nitro- 
benzoic acid) at 25 °C. Activities were corrected for oxime catalyzed 
hydrolysis of ATC. Secondary plots of the slopes and the intercepts 
derived from Lineweaver-Burk plots against the concentration of the 
oxime were used to obtain Km, and ctK0„ respectively (17). 

Titration of the AChE Active Center by MEPQ and Paraoxon—In- 
creasing amounts of MEPQ, in 5-20-/xl aliquots, were added to 0.3-1 
unit of wild-type or mutant enzyme in 0.6-2 ml of 25 mM phosphate 
buffer, pH 7.8. Final concentrations of enzyme and MEPQ ranged 
between 1 and 10 nM with MEPQ in slight substoichiometric amounts to 
minimize the presence of appreciable ChE inhibitor in the reactivation 
media. Active-site titrations of W86A were carried out with 10-20 nM 
enzyme. Inhibition was allowed to proceed until no further changes in 
enzyme activity were observed. Titration curves were constructed by 
plotting residual enzyme activity against the number of equivalents of 
MEPQ. Wild-type rMoAChE and HuBChE were incubated for 20 h at 
room temperature with substoichiometric amounts of paraoxon. Ap- 
proximately 90% of enzyme activity was inhibited. 

Reactivation of MEPQ- and Paraoxon-inhibited ChEs—Reactivation 
was started by mixing 2-5 JAI of 2-20 mM oxime stock solution in water 
with 0.1-0.2 ml of OP-ChE conjugate equilibrated for 5 min at 25 °C. 
Final concentration of oximes in the reactivation media ranged between 
0.01 and 3 mM. At specified time intervals, 5-10 fil of reactivation 
mixture were diluted into 0.6-1 ml of assay mixture and enzyme 
activity (Et) was monitored as described above. Control activity (Ec) was 
measured in the same volume ratio of oxime to nonphosphonylated 
enzyme. Both Et and Ec were corrected for oxime-induced hydrolysis of 
ATC and BTC. Inhibited enzyme without oxime was monitored for 
spontaneous reactivation and/or the presence of residual anti-ChE ac- 
tivity. Fluoride-induced reactivation was conducted as described above 
except the final concentration of NaF was 0.005-0.01 M. 

Calculations of Enzyme Activity—Prior to reactivation OP-ChEs con- 
tained 4-14% residual activity (E0). The actual percentage of reactivat- 
able enzyme at time t was calculated according to Equation 1: 

HEmA = 100[£,-£„]/[£„„-£0] (Eq. 1) 

where Smax = 100 Et,JEc. 
Since reactivation profiles of EMP-ChEs displayed marked devia- 

tions from a first-order approach to reactivation of a single reactivat- 
able species, Equation 2 was used to determine the best-fit values of the 
following parameters: 

%(£reac), = El(l - *-*<»') + E2(l - e-«
2") (Eq. 2) 

3 MoAChE numbering system. 

where Ex and E2 are the percent-amplitudes of two reactivatable forms 
of MEPQ-inhibited ChE and the parameters k(l) and k(2) are the 
corresponding fast and slow pseudo first-order rate constants of the 
reactivation of Ex and E2, respectively. Ratios ofE1IE2 ranged between 
0.8 and 1.2. In those cases where nonlinear regression did not converge 
due to insufficient data points, curve fittings were processed assuming 
an E1 to E2 ratio of 1. To fit the data to a single exponential curve, E2 

in Equation 2 was set to zero. A statistical F test was used to compare 
single and biexponential nonlinear regression fits to the data. Ev E2< 

k(V), and k(2) were determined by computer iterations to give best-fit 
values for these parameters. Nonlinear regression and statistical F test 
analyses were performed by Graphpad Inplot Software, version 4.01, 
1992 (GraphPad Software, Inc., San Diego, CA). 

Molecular Modeling—Molecular modeling was done on Silicon 
Graphics Indigo Elan using Discover 2.9, a module of Insightll 2.2.0 
program (Biosym, San Diego). Coordinates from the crystal structure of 
TcAChE (8) and coordinates from a model of HuBChE (18) were used in 
calculation of energy-minimized conformations of oximes in phospho- 
nylated TcAChE and HuBChE. Coordinates of crystal structures of 
2-PAM (19) and HI-6 (20) were used in docking the respective oximes in 
the models of EMP-ChEs. 

Modelling was done in vacua, with the dissociation state of ionizable 
groups set equivalent to pH 7.8. First, the O-ethyl methylphosphonyl 
group was covalently attached to the Oy of the active-site serine and the 
conformation of the conjugate minimized. By the initial placement of 
the oxygen of P=0 bond in the oxyanion hole, the phosphonyl moiety is 
susceptible to an "in-line" SN2 displacement. Oxime groups were ion- 
ized and then partial charges of oximes calculated using the MOPAC 
module of Insightll. Then 2-PAM and HI-6 were minimized in the 
model of the phosphonylated enzymes leaving specified residues to 
rotate freely. 

The assumed complex of the transition state for the reactivation of 
EMPHS-AChE by HI-6 (Fig. 26) was analyzed by initially constraining 
the three putative hydrogen bonds between the phosphonyl oxygen and 
the oxyanion hole to distances <2.7 Ä. Water molecules found in the 
gorge in the crystal structure were included. Amino acid side chain 
residues surrounding the EMP conjugate and EMP itself were allowed 
to rotate, whereas the peptide backbone and distal side chains were 
fixed. The pentacoordinate complex containing the covalently attached 



6372 Residues Controlling Reactivation of Acetylcholinesterase 

CHj" 
-CHj 

CHi 

CHjCHjO—p; 
»CH, 

O 
I 
N-CHR j 

V o 
.CH, 

CH„ 

a.      /?CH=NOH       + 

Oxime 

CH, \J 
V 
CH, 

CH /S 
+  HOAs. II   + 

ON-CHÄ CH, 

MEPQ POI 7-HQ 

ChE 
I o 

CHJCHJO— pj 
»CH, 

b.      ChE + MEPQ 
v° 

^CHj 

/»I 

7-HQ 

■>•   CH, Oxime 
ChE 

Ki 

*-i 

o 
I 
N-CHR 

[EMP-ChE][Oxime] ChE + POI 

EMP-ChE 

FIG. 2 Chemical pathways and kinetic schemes of the reaction of oximes with MEPQ (a), and the inhibition and oxime-induced 
reactivation of ChEs (6). The structure m parentheses depicts the assumed pentacoordinate transition state having a trigonal bipyramidal 
geometry. Both the nucleophile and the leaving group occupy apical positions when assuming an in-line SN2 displacement reaction. 

HI-6 to the phosphorus was initially minimized by 100 iterations, 
equilibrated by running dynamics at 300 K for 100 fs and then at 700 K 
by 50 subsequent runs of 50 fs. The seed number of the random number 
generator is changed after each 50-fs run. Data on possible structures 
were collected from the last 0.5 ps of each run. These structures were 
then slowly cooled using steps of 50° from 700 to 300 K. Then, the 
system was minimized with 1000 iterations using a conjugate gradient 
method. A dielectric constant of 4.0 was used. The above algorithm was 
created to avoid falling into local energy minima. This algorithm raises 
the temperature of the EMP-AChE conjugates to an equilibrium state 
where upon cooling they should approach global energy minima, 

RESULTS4 

Nucleophilicity of 2-PAM, HI-6, and Fluoride—To compare 
chemical reactivity with the reactivation rate constants, the 
relative nucleophilicities of reactivators were ranked by deter- 
mining bimolecular rate constants of MEPQ hydrolysis (Fig. 
2a). Semilogarithmic plots conforming to a pseudo first-order 
reaction resulted in straight lines (not shown), indicating that 
the two enantiomers of MEPQ react at similar rates. The 
following bimolecular rate constants (&nuc, M"

1
 min"1) were 

calculated for the nucleophiles: 2-PAM, 34.6 ± 1.4; HI-6, 34.2 ± 
3.1; NaF, 27.7 ± 0.9. Lowering the pH from 7.8 to 7.0 decreased 
&m>c of both oximes by 3.5-fold, consistent with the actual 
nucleophile being the oximate anion rather than its conjugate 
acid. The rate constant of spontaneous hydrolysis of MEPQ was 
0.005 (± 0.001) min"1 at either pH, and the bimolecular rate 

4 Since 2-PAM and P2S generate the same 2-(hydroxyiminomethyl)- 
1-methylpyridinium cation, the abbreviation 2-PAM was used for both 
salts. 

constant of the reaction between MEPQ and water was esti- 
mated to be 9 X 10~6 M"

1
 min-1. 

To compare reactivity of the actual nucleophiles, bimolecular 
rate constants were corrected by dividing knuc by the fraction of 
the oximate anion at pH 7.8, [1 + lo^-7-»]-1. Using pKa 

values 8.07 ± 0.02 (2-PAM) and 7.47 ± 0.01 (HI-6), A:nuc in- 
creased to 98.9 and 49.9 M~

X
 min""1, respectively. Fluoride 

anion is approximately 1.8 and 3.6-fold less potent as a nucleo- 
phile than the oximate forms of HI-6 and 2-PAM, respectively. 

Dissociation Constants of 2-PAM and HI-6 for Nonphospho- 
nylated rMoAChE—A. comparison of Kox and aKOK (Scheme I) 
for wild-type and mutant rMoAChE may provide insight into 
the binding regions of mono- and bisquaternary oximes at the 
entrance or within the active center gorge of both the free and 
substrate-bound enzyme. In several cases an increase in oxime 
concentration appeared to enhance enzyme-catalyzed hydroly- 
sis of either ATC or BTC. To calculate Kox and aKm, the 
concentrations of both oximes were adjusted to a range that 
enabled the use of the secondary plots (17). 

Plots of 1/V versus 1/S were linear, and, for most of the 
enzyme preparations, the intersections from Lineweaver-Burk 
plots occurred in the upper left quadrant (not shown). These 
observations suggest that both 2-PAM and HI-6 are likely to 
exhibit linear mixed-type inhibition in accordance with Scheme 
I (17). For the series of enzymes, dissociation constants of 
HuBChE-oxime and rMoAChE-W286R-HI-6 could not be de- 
fined due to significant deviations from simple equilibrium 
schemes for reversible association of inhibitor with an enzyme. 
The high concentrations of ATC required to saturate mutant 
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AChE + ATC ^ [AChE-ATC] -» acetate +   thiocholine 

+ + 

Oxime Oxime 

[AChE-oxime] + ATC ^ [AChE-oxime-ATC] 

SCHEME I. Equilibria for reversible inhibition of AChE by 
oximes. The [AChE-oxime-ATC] complex is assumed not to lead to 
hydrolysis. 

W86A enzyme5 precluded an accurate determination of Kox and 
aKoy. for either oxime. 

The dissociation constants of 2-PAM (Table I) for the mutants 
tested were only moderately perturbed relative to wild-type 
rMoAChE. The largest destabilization was observed with Y337A 
and W86F as reflected by an approximately 6-7-fold increase in 
the corresponding Koy, compared with that of wild-type enzyme. 
Replacement of Tyr-337 by phenylalanine produced a mutant 
with the same aromatic amino acid residues within the active- 
site gorge as TcAChE. tfox values for Y337F and TcAChE were 
virtually equivalent. These findings are consistent with previous 
observations that established a role for aromatic residues at 
positions 337 (13, 21, 22) and 86 (21-23) in the stabilizing inter- 
actions of quaternary ammonium-containing hgands within the 
active-site gorge. However, the influence of aromatic side chains 
at these positions is relatively small. Similarly KOK of F295L-2- 
PAM decreased less than 3-fold and single (W286R) and triple 
(W286A/Y72N/Y124Q) mutations at the entrance to the gorge 
increased the dissociation constants of 2-PAM 2.7- and 4.7-fold, 
respectively. 

As summarized in Table II, Kox of HI-6 for wild-type 
rMoAChE is 4-fold lower than that of 2-PAM, suggesting that 
the second pyridinium ring of HI-6 contributes less than 1 
kcal/mol to the stabilization of the bisquaternary oxime-en- 
zyme complex relative to the monoquaternary pyridinium 
oxime. Replacement of Tyr-337 by alanine increased HI-6 dis- 
sociation constant 8-fold compared to the wild-type enzyme, 
whereas Kox of HI-6 with E202Q, F295L, and wild type 
rMoAChE were essentially equivalent. The three aromatic 
amino acid residues at the entrance to the gorge have been 
shown to constitute part of the peripheral anionic site for 
bisquaternary ligands (13, 24). Their replacement with the 
residues found in BChE increased Kox of the association of HI-6 
with mutant W286A/Y72N/Y124Q only 6.5-fold relative to 
wild-type rMoAChE. 

In Scheme I, aK0X is the dissociation constant for the 
AChE-oxime-ATC complex. If association of substrates de- 
creases the affinity of the oxime relative to the free enzyme, 
then a should be >1. Whenever plots of Vmax

_1 versus [oxime] 
gave straight lines, aKoy, was calculated from the intercept on 
the * axis. Both 2-PAM and HI-6 displayed a values of 1.5 to 6 
with the following rank order: for 2-PAM, TcAChE ~ wild-type 
rMoAChE > W286R ~ W86F > E202Q ~ triple mutant; for 
HI-6, wild-type rMoAChE > triple mutant ~ E202Q. Thus, 
binding of substrate to AChEs moderately increased the disso- 
ciation constant of either oxime. The relative destabilization of 
the ternary complex of substrate, oxime, and enzyme complex 
is in agreement with the dissociation constants determined for 
the corresponding EMP-AChE-oxime complexes (see below). 

Inhibition and Stability of MEPQ-inhibited Enzymes— 
MEPQ-ChE conjugates are likely to be composed of a mixture 
of two enantiomers (10, 11), designated as EMPÄ-ChE and 
EMPs-ChE. The symbols R and S denote absolute configura- 
tion around the phosphorus atom of the inhibited enzyme. 

5 D. M. Quinn and Z. Radic, unpublished data. 

Rates of spontaneous reactivation of EMPB,s-ChE conjugates 
were slow; all were less than 0.5% h_1, with the exception of 
EMPBS-W86A which was slightly increased to 0.8% h"1. The 
extent of reactivation did not differ significantly for prepara- 
tions that were allowed to incubate for 1-24 h at 25 °C before 
the addition of reactivator. The almost negligible spontaneous 
reactivation and aging reactions simplify evaluation of the 
kinetic profiles. The absence of competing processes, together 
with the high bimolecular rate constants for the inhibition of 
AChE (11, 25) and HuBChE (11) by MEPQ, resulted in rapid 
formation of an inhibited enzyme with defined species that 
could be transferred immediately to reactivation buffer. It 
should be pointed out that the concentration of the product 
7-HQ in the reactivation medium is equal to the active site 
concentration of the inhibited enzyme (Fig. 2b). To ascertain 
whether 7-HQ interferred with reactivation, up to 5 times the 
initial concentration of MEPQ-inhibited enzyme in reactivation 
medium of 7-HQ was added to reactivation buffer. Increased 
7-HQ did not significantly affect reactivation rate constants. 

Is Reactivated Enzyme Subsequently Inhibited by the Phos- 
phonyl-oxime?—Atenetic study of 2-PAM-induced reactivation 
of EMP-AChE, prepared from bovine erythrocyte AChE using 
Rp and Sp enantiomers of CH3P(0)(OC2H5)X, demonstrated 
inhibition of reactivated AChE by a reaction product under 
certain conditions (26). This phenomenon was attributed to 
formation of a phosphonyl-oxime intermediate (Fig. 2a) (27). 
While preparation of EMP-AChE conjugates from MEPQ en- 
sures that the phosphonyl-oxime will not be generated through 
direct reaction between either 2-PAM or HI-6 and MEPQ, it 
might be formed upon addition of oxime to EMPBS-ChE con- 
jugates. To examine this, we measured rates of reactivation as 
a function of increasing the initial concentration of EMPBS- 
ChEs with a fixed concentration of oxime. Representative data 
are shown in Fig. 3 (panels A and B). 

At concentrations of EMPB>s-ChE0, ranging between 2 and 
20 nM of EMPR]S-AChE and between 3.4 and 10 nM EMPR>s- 
BChE the kinetics of oxime reactivation were virtually identi- 
cal. Hence, inhibition by reactivation product in these concen- 
tration ranges is not likely to influence reactivation rates. 

Kinetics of Reactivation of EMP-ChEs—Analysis of kinetic 
data by curve fitting clearly showed that oxime-induced reac- 
tivation of all EMP-ChEs progressed in a manner that indi- 
cates non-homogeneity in reactivatable enzyme (Fig. 3, panels 
A and B). A curve constructed in accordance with a two-com- 
ponent reactivation model provided a better fit than that ob- 
tained for a single exponential equation. The difference in 
component rate constants was even more pronounced for 
HuBChE. Semilogarithmic plots of the reactivation of MEPQ- 
rMoAChE by three different reactivators showed approxi- 
mately equal distribution of fast and slow components irrespec- 
tive of the nucleophile used (Fig. 4). 

These findings are satisfactorily explained by the presence of 
two kinetically distinguishable EMP-ChE enantiomers. How- 
ever, since it was observed for bovine erythrocyte AChE that 
the achiral inhibitor, paraoxon, also produces more than one 
class of reactivatable species (26), it was necessary to compare 
the reactivation profile of paraoxon- and MEPQ-ChE conju- 
gates under the same experimental conditions. Results are 
depicted in Fig. 3 (panels C and D). Indeed, for both achiral 
paraoxon-inhibited rMoAChE and HuBChE, the biexponential 
equation improved the fit only slightly, but significantly, better 
than a single component model. 

Although the deviations from kinetics of a homogenous class 
of inhibited enzyme species were substantially larger for the 
EMPÄS-ChE conjugates compared to similar preparations 
using paraoxon, we could not ascertain the basis of an intrinsic, 
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TABLE I 
Biochemical parameters for the binding of2-PAM to ChE and the reactivation ofEMPR -ChEs by 2-PAM 

In 25 mM phosphate, pH 7.8, 25 °C. 

Enzyme K^fjmi) 
& ox (mM) *'    ' (min-1) kr X lO2* (M * min x) "oximate * 10 

(M
_1

 min-1) 
Fast Slow Fast Slow Fast Slow Fast Slow 

MoAChE wt 0.049 0.18 0.57 0.093 0.028 5.2 0.49 14.9 1 40 (±0.007) (±0.08) (±0.38) (±0.010) (+0.006) 
W86A NDe 

0.26 
(±0.11) 

0.62 
(±0.20) 

0.11 
(±0.01) 

0.013 
(+0.002) 

4.2 0.21 12.0 0.60 
W86F 0.297 NR' NR NR NR 3.8« 0.21* 10.9 0.60 
Y337F 0.086 0.29 

(±0.11) 
0.58 

(±0.38) 
0.22 

(±0.04) 
0.039 

(+0.017) 

(±0.6) 
7.6 

(±0.02) 
0.67 21.7 1.92 

Y337A 0.357 0.60 
(±0.27) 

1.75 
(±0.63) 

0.36 
(±0.05) 

0.054 
(+0.012) 

6.0 0.31 17.2 0.88 
E202Q 0.172 0.82 2.86 0.013 0.006 0.16 0.021 0.45 0 06 (±0.038) (±0.23) (±1.08) (±0.001) (+0.003) 
F295L 0.141 0.27 

(±0.04) 
0.17 

(±0.06) 
0.038 

(±0.002) 
0.007 

(+0.001) 
1.4 0.41 4.0 1.17 

W286R 0.132 0.077 0.17 0.036 0.014 4.7 0.82 13.4 2 35 ±0.018 (±0.049) (±0.08) (±0.004) (+0.002) 
W286A 

Y72N Y124Q 
0.229 

(±0.021) 
0.73 

(±0.37) 
1.16 

(±0.45) 
0.23 

(±0.04) 
0.019 

(+0.003) 
3.2 0.16 9.2 0.46 

TcAChE 0.089 0.40 0.96 0.39 0.029 9.8 0.30 28.0 0 86 (±0.008) (±0.12) (±0.64) (±0.09) (+0.007) 
HuBChE ND 1.59 1.35 0.58 0.009 3.6 0.07 10.3 0.20 

" Mean H- S P   fr,  — 

(±0.28) (±0.66) (±0.04) (±0.001) 

b r\ür: ~J~Z" 
v"     i"~ -""■""-"»"«"=■;■ »oiuco wiuuuuu o.a. are average rrom two ttetenmnations (4-5 

"Gained from nonlinear regression analysis of the data points in accordance with Equation 3. Numbers 
Obtained by dividing k 'umx by K'ox. 
Normalized to oximate anion concentration at pH 7.8. 

* Not determined (see "Results"). 
'Individual constants could not be resolved. 
e Calculated from the slope of the line obtained by plot of koba against [2-PAM]. 

TABLE II 
Parameters for the binding ofHI-6 to ChE and the reactivation ofEMPRS-ChEs by HI-6 

In 25 mM phosphate, pH 7.8, 25 °C. 

data points each) that differ <30%. 
in parentheses are S.E. (re = 5-12). 

Enzyme Wra) K"0 .'(mM) k'    b 
"■ max (min-1) kr X 102* (M * min *) «oximate * 10 

(M
_1

 min-1) 
Fast Slow Fast Slow Fast Slow Fast Slow 

MoAChE wt 0.013 0.066 0.071 0.25 0.0250 37.9 3.5 55 7 5.2 (±0.002) (±0.017) (±0.045) (±0.02) (+0.007) 
W86A ND* 0.45 NR' 0.77 NR 17.1 0.68 25.1 10 
Y337A 0.108 

(±0.11) 
0.095 

(±0.032) 
0.067 

(±0.032) 

(±0.13) 
0.53 

(±0.12) 
0.0175 

(+0.006) 
55.8 

(±0.08)« 
2.6 82.0 3.8 

E202Q 0.0134 0.045 0.091 0.011 0.0024 2.4 0.26 3 5 0.4 (±0.004) (±0.029) (±0.063) (±0.002) (+0.0006) F295L 0.0125 0.080 
±0.038) 

0.051 
(±0.018) 

0.66 
(±0.21) 

0.091 
(+0.019) 

82.5 17.8 121.3 26.2 
W286R ND NR 0.29 NR 0.021 0.94-* 0.72 1.4 1.1 
W286A 

Y72N Y124Q 
0.085 

(±0.011) 
0.57 

(±0.15) 

(±0.02) 
0.091 

(±0.020) 
0.031 

(±0.003) 

(±0.003) 
0.0055 

(+0.0004) 

(±0.08) 
0.54 0.60 0.79 0.9 

HuBChE ND NR NR NR NR 1.47"* 0.076-* 2.16 0.1 

" Mean + K P.  (r, - f 
(±0.04) (±0.011) 

* riKfo-    J AT' r     "C"C1"""?uiuiiBA venues wraioui; o.a. are averages trom two determinations (4-5 data points each) that differ 

• ObS^igT regr™        y data iD aCCOrdance ^ E1uation 3- Fi^es - Parenthese^ are SKfe™. 
max by -**- ox = Obtained by dividing k mai[ ^ „ „. 

Normalized to oximate anion concentration at pH 7.8. 
* Not defined (see "Results"). 
f Individual constants could not be resolved. 
s Calculated from the slope of the line obtained by plot of fcohB against [HI-6]. 

but small, contribution to the deviation from monoexponential 
decay function for the achiral O.O'-diethylphosphoryl-AChE 
conjugate. Therefore, we categorize the two phases in Equation 
2 as fast and slow components of oxime-induced reactivation, 
and k(l) and k{2) are the corresponding first-order rate con- 
stants of the fast and slow components, respectively, in the 
presence of large stoichiometric excesses of the reactivator. 

The mathematical solution for the kinetic scheme of the 

reactivation depicted in Fig. 26 is: 

*obs = kmax(l + Koj/foximejr1 
(Eq. 3) 

where kohs is either £(1) or £(2), and K'ox = (k_± + £'max)/£+1. 
Assuming k_x > £'max, K'ox is approximated by £_x/£+1 which 
is the corresponding dissociation constant of the complex EMP- 
ChE-oxime. The individual constants £'max and K'ox were de- 
termined by nonlinear regression analysis of the data shown in 
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Time,  min 
FIG 3. Time course of reactivation of MEPQ- and paraoxon- 

inhibited ChEs, by 1 mM 2-PAM (P2S). Broken and solid lines were 
fitted to the open squares using mono- and biexponential equations, 
respectively. A, MEPQ-inhibited wild-type rMoAChE, D, 2 nM; •, 5 nM; 
▲ 20 nM. B, MEPQ-inhibited HuBChE, D, 3.4 nM; •, 10 nM. C, para- 
oxon-inhibited wild-type rMoAChE, D, 2 nM; •, 10 nM. D, paraoxon- 
inhibited HuBChE, D, 0.5 nM; •, 34 nM. The ordinates show percent of 
maximal reactivation after 48 h. 

Fig. 5, according to Equation 3. The bimolecular rate constant 
of reactivation (kr) was obtained by dividing k'max by K'07L. 

In several cases (Fig. 5, panel E) the plots of kobs versus 
[oxime] were linear rather than asymptotically approaching a 
constant value. In this situation, the individual component 
constants could not be resolved. Assuming üT'ox > [oxime], 
Equation 3 is approximated by the following expression: 

&obs = (k'^K'J [oxime] (Eq. 4) 

Thus, kr = k'mJK'ox was obtained from the slopes of straight 
lines constructed by plots of kohs versus [oxime]. 

Tables I and II summarize the kinetic constants of the reac- 
tivation of EMP-ChEs by 2-PAM and HI-6, respectively. The 
last column also gives the bimolecular rate constant for the 
reactivation by the oximate ions, RCH=N-0~(&oximate)- In gen- 
eral, dissociation constants of the reactivators for EMPBlS- 
AChEs (K'ox) are increased compared with nonphosphonylated 
enzyme (i.e. Kox<K'ox). The magnitude of destabilization of the 
inhibited enzyme-oxime complex was in the range obtained for 
the ratio aKJKm, an observation that is consistent with the 
interpretation of a. Thus, the presence of bound ATC or its 
reaction product and conjugated EMP decreased the affinity of 
the oximes to an equivalent extent. 

Mutations at the Choline Binding Subsite—-The side chains 
of Trp-86, Tyr-337, and Glu-202 appear to contribute to the 
stabilization of binding of both the choline moiety of ATC and 
the positive poles of quaternary reversible inhibitors of AChE 
(13, 21, 22,25). Replacement of Glu-202 by glutamine (EMPH>S- 
E202Q) remarkably decreased the bimolecular rate constant of 
reactivation by 2-PAM or HI-6. Both reactivatable components 
were affected similarly. In the case of HI-6, the decrease in 
^oximate (13-16-fold) compared with wild-type enzyme almost 
exclusively arises from a smaller unimolecular rate constant 
£'max- By contrast, the reduction in fc03dmate of 2-PAM (23-33- 
fold) contains contributions from both the affinity of the oxime 
for the phosphonylated enzyme (K'ox) and fe'max. These findings 
indicate that the stability of the initial complex EMPByS- 
AChEHI-6 is largely controlled by residues located outside the 
choline-binding region. The 13-33-fold decrease in &oximate of 

both reactivators, compared with wild-type EMPÄS-rMoAChE, 
is highlighted by the fact that fcoximate values of mutants of 
other constituents of the choline binding site, namely, W86F, 
W86A, Y337F, and Y337A, are approximately within 2-fold of 
the wild-type enzyme, for the fast reactivatable component. 

Replacement of the Tr-electron-rich indole side chain of 
Trp-86 by alanine decreased only slightly (1.2-2.3-fold) and 
moderately (2.2-5.1-fold) fc03dmate (slow) of 2-PAM and HI-6, 
respectively, compared with wild-type phosphonylated 
rMoAChE. Furthermore, &oximate (fast) of both 2-PAM and HI-6 
were slightly enhanced with the EMP-Y337A conjugate rela- 
tive to the corresponding reactions with wild-type rMoAChE. 
These findings suggest that Trp-86, and Tyr-337 play only a 
limited role in binding the oxime in a conformation suitable for 
reactivation of phosphonylated AChEs. 

The reactivatability of the two components of EMPÄS- 
TcAChE by 2-PAM was comparable to that of mutant Y337F. 
Replacement of tyrosine by phenylalanine in rMoAChE pro- 
duces a mutant that contains aromatic side chain residues of 
the choline subsite identical to TcAChE (8, 13, 28). 

Mutation at theAcyl Pocket—Of the two aromatic side chains 
that constitute the acyl pocket, Phe-295 and Phe-297, mutation 
of the former (F295L) produced the greater enhancement of 
butyrylthiocholine hydrolysis (kcJKm) (12). Dimensions of the 
acyl pocket are likely to determine, in part, the stability of the 
two enantiomeric O-ethyl methylphosphonyl conjugates of 
AChE in a manner analogous to their influence on carboxyl 
ester specificity. Since F295L appears to place the essential 
constraint in limiting butyrylthiocholine hydrolysis by AChE, 
it is interesting to compare £oximate of Rp and Sp enantiomers of 
EMP-F295L with wild-type EMPBS-rMoAChE. MEPQ-inhib- 
ited F295L reactivated only up to 50-65% of the expected 
activity at t„. By contrast, the extent of reactivation of other 
MEPQ-inhibited mutants, as well as that of wild-type 
rMoAChE and tissue-derived TcAChE and HuBChE, ranged 
from 80 to 98%. The reactivation profiles of EMPÄS-F295L 
constructed for either 2-PAM or HI-6 were fitted significantly 
better to a two-component model rather than to a single class of 
inhibited enzyme (not shown), but the difference in the ratio of 
kr (fast) and kr (slow) was markedly reduced from the ratio 
found for the wild-type enzyme. 

One enantiomeric form of EMPBiS-F295L reactivated pro- 
foundly faster than the other, which appeared resistant to 
reactivation. Since the extent of maximal reactivation was 
independent of the time of prior incubation of F295L with 
MEPQ, slow dealkylation (i.e. aging) cannot explain the rela- 
tive resistance of the second component to oxime-induced reac- 
tivation. Similar observations were made previously with the 
O-cycloheptyl methylphosphonyl-TcAChE conjugate (29). 

Interestingly, replacement of phenylalanine in position 295 
by leucine had opposing effects on koximate for 2-PAM (de- 
creased 3.7-fold) and HI-6 (increased 2.2-fold). These findings 
are consistent with the relative changes observed in the affinity 
of the oximes (Kox and K'J for F295L (Table I). F295L alters 
the spatial constraints surrounding the 07 Ser-203-bound 
phosphonyl moiety and thereby changes the stereochemical 
requirements of the reactivation process. 

Mutations at the Entrance to the Gorge—The potency of 
2-PAM in reactivating both the fast and slow components de- 
creased only 1.6 to 3-fold with the triple mutant involving 
residues at the entrance to the gorge (W286A/Y72N/Y124Q) 
and with W286R, relative to the wild-type enzyme. By contrast, 
HI-6-induced reactivation of the triple mutant decreased 70- 
and 6-fold for the fast and slow components, respectively. Sim- 
ilarly, &oximate of HI"6 with EMP-W286R, a mutation to the 
residue found in mouse BChE, was 40- and 5-fold lower for the 
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fast and slow components, respectively, compared with those 
observed for wild-type rMoAChE. 

Finally, kOJdumte values of EMPÄ s-HuBChE that contains 
aliphatic amino acid residues in positions homologous to 286, 
124, and 72 of AChE, revealed that 2-PAM is superior to HI-6 
in reactivating HuBChE, and the Aoximate ratio of rMoAChE to 
HuBChE is >25 with HI-6, whereas it is <2 for 2-PAM. This 
further underscores the importance of the aromatic amino ac- 
ids at the entrance to the gorge of AChEs in enhancing reacti- 
vation potency of HI-6 as compared with 2-PAM. 

Molecular Modeling—A. stereo view of energy minimized con- 
formations of complexes between EMPÄ-AChE, EMPs-AChE, 
EMPÄ-HuBChE, and EMPs-HuBChE with 2-PAM is shown in 
Fig. 6. In addition, the EMPÄAChE and EMPÄ-HuBChE com- 
plexes with HI-6 are also shown. The overall geometries of the 
side chain residues that are lining the gorge of EMP-ChE-2- 
PAM complexes were similar to the starting models of 
EMPBS-ChE conjugates with one exception. The indole ring 
of Trp-86 that is aligned with the gorge axis of TcAChE (22) 
and HuBChE model (18) is slightly moved to face the gorge 
entrance, a rotation that appears to increase parallel contacts 
between the aromatic rings of 2-PAM and Trp-86. 

Although the charge on the pyridinium nitrogen (N+) is 
delocalized (30), it is interesting to measure distances between 
N+ and some of the atoms surrounding 2-PAM. Trp-86 C82 is 
5.4 and 4.8 A from N+ of the Rp and Sp enantiomers, respec- 
tively. Both Tyr-337 &, and Phe-338 Cf of the enantiomeric 
EMP-AChE conjugates are >6.2 A away from the pyridinium 
nitrogen. These distances are in fair agreement with experi- 
mental observations showing that &oximate is not significantly 
affected by single replacement of an aromatic side chain by 
aliphatic amino acids at positions 86 and 337. 

Of the two carboxylate side chains that are projected into the 
gorge, the carboxylate oxygen of Asp-74 is 4.2 and 5.0 A from 
the quaternary nitrogen of 2-PAM modeled in the Rp and S 
conjugates, respectively, whereas Glu-202 carboxylate is about 
9.5 A from nitrogen in both enantiomers. Despite the greater 
distance of Glu-202 carboxylate from the pyridinium nitrogen 
compared with Asp-74 carboxylate, perturbation of reactiva- 
tion with 2-PAM was significantly greater with E202Q com- 
pared to D74N. We note that the distance of either Glu-202 

carboxylate or His-447 Ne2 from the oximate oxygen ranged 
from 5.8 to 8.8 A in all EMPÄS-AChE-oxime complexes. 

The oxime-containing pyridinium ring of HI-6 is oriented 
essentially as described above for the 2-PAM complex. The 
carbamoyl, C(0)NH2 moiety of the distal pyridinium ring is 
projected toward the peripheral binding site and forms close 
contacts with aromatic side chains of Trp-286, Tyr-72, and 
Tyr-124.   Computer-simulated   molecular   dynamics   of the 
ground state (not shown) and the pentacoordinate transition 
state (Fig. 7a) of EMPÄ s-AChE-HI-6 clearly point to the ability 
of the hydroxyl of Tyr-124 to hydrogen bond to the oxygen of the 
bismethylene ether moiety that connects the two pyridinium 
rings. These interactions appear to restrict movements of HI-6 
within the gorge. Apparently, anchoring of the distal pyridin- 
ium moiety results in shortening of the distances between N+ 

of the proximal pyridinium ring and Trp-86 C82 (4.6 Ä), Tyr-337 
C* (3.9 A), and Phe-338 & (5.1 Ä), compared to EMPÄ-AChE-2- 
PAM. The model of EMPÄ-AChE-HI-6 is consistent with the 
finding that mutations of residues Trp-286, Tyr-72, and Tyr- 
124 decreased dramatically koximate of HI-6 but not of 2-PAM. 
Molecular dynamics carried out by equilibration of the EMPÄ s- 
AChE-HI-6 complexes at high temperature followed by cooling 
yields a dramatic difference for the EMPÄ-AChE and EMPs- 
AChE enantiomers. In the case of the R enantiomer the phos- 
phonyl oxygen remains within the oxyanion hole (Fig. 76) while 
the S enantiomer assumes multiple conformations. Binding in 
the oxyanion hole should enhance reactivity by lowering the 
energy of the transition state and this factor could account for 
the different rates of reaction of the R and S enantiomers. 

DISCUSSION 

The overall mechanism of displacement of the phosphonyl- 
bound moiety of EMPÄ^-AChE by oxime reactivators is as- 
sumed to parallel analogous reactions with low molecular 
weight organophosphate model compounds. Thus, reactivation 
is expected to proceed from a tetrahedral ground state of the 
phosphonyl moiety to a trigonal bipyramidal transition state 
(Fig. 2a) (31). For both oximes the carboxylate side chain of 
Glu-202 appears to be important for stabilizing intermediates 
along the chemical pathway by an inductive electronic influ- 
ence on the phosphorus which facilitates the nucleophilic at- 



Residues Controlling Reactivation of Acetylcholinesterase 6377 

0.10, 

0.05 0.015 

0 0.5 1.0 1.5 

0.10. 

FIG. 5. Representative plots of feobs 
versus [oxime] for reactivation of 
EMP^s-AChE. Lines were fitted to the 
data in accordance with Equation 3 ex- 
cept for panel E that was fitted to 
Equation 4. The left- and right-hand side 
panels of each pair show the fast and the 
slow rate constants, respectively. A and 
B, P2S with wild-type rMoAChE; C and 
D, 2-PAM (P2S) with W86A; E and F, 
HI-6 with W286R; G and H, HI-6 with 
W286A/Y72N/124Q. 
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tack. This was suggested previously to account for the dimin- 
ished rates of phosphorylation of the E202Q mutant (25). The 
acquisition of a negative charge of the transition state is likely 
to be stabilized by both the amide hydrogens in the oxyanion 
hole and the positive charge of the pyridinium ring. The con- 
tribution of the latter interaction to the overall stabilization of 
the transition state is evident from the high ratios of £oximate for 
2-PAM (>125) and for HI-6 (>500) compared with the esti- 
mated bimolecular rate constant of the reactivation by NaF 
(<10 M"

1
 min-1), even though the nucleophilicity of fluoride is 

only 3.6- and 1.8-fold smaller than that of 2-PAM and HI-6, 
respectively. 

The unimolecular rate constants of the reactivation of wild- 
type phosphonylated AChE by both oximes (&'max, 0.25-0.58 
min"1) are 2500-fold higher than the estimated rate constants 
for spontaneous restoration of enzyme activity. Such an en- 
hancement suggests a decrease of more than 4.5 kcal/mol in 
energy barrier, in going from initial state of oxime-bound com- 
plex to the activated state, compared with a general base or 
HzO-catalyzed reactivation. This consideration together with 
results shown here reveals a specific molecular recognition of 
quaternary oximes in the active-site gorge. 

Comparative Reactivating Potencies of HI-6 and 2-PAM— 
The nucleophilicity of the oximate anion of 2-PAM is 2-fold 
greater than that of HI-6, as would be expected from the strong- 
er basicity of 2-PAM (32). Nevertheless, variations of &oximate 
ratio for HI-6 to 2-PAM with wild-type EMPB,s-rMoAChE is 

[oxime], mM 

approximately 4 yielding an overall enhancement of 8-fold for 

^oximate -oximaxe of HI"6 over 2-PAM. A similar trend was reported for 
human erythrocyte EMP-AChE that was obtained using O- 
ethylp-nitrophenyl methylphosphonate (33). The superiority of 
HI-6 over 2-PAM is well established with respect to other 
O-alkyl methylphosphonyl conjugates of rat, bovine, and hu- 
man AChEs (34-37). 

Considerations of energy barriers suggest that reactivation 
will be favored by an in-line displacement where the nucleo- 
phile and the enzyme occupy apical positions in the trigonal 
bipyramidal transition state (31). Molecular modelling showed 
that the oximate oxygen of various EMPBS-AChE-oxime com- 
plexes is positioned 4.4 to 4.9 Ä from the P atom, suggesting 
that a change in conformation is required in order for the 
hydroxamate oxygen atom to form a covalent bond with the 
phosphonyl moiety. This view is supported by the observation 
that the ratio of dissociation constants of the HI-6 complexes 
with nonphosphonylated (Kox) and EMP conjugate (K'„J of the 
triple mutant is 6 to 9 as opposed to a ratio of 70 for wild-type 
rMoAChE. Of all the models examined, the bond angle 
RCH=NO—P—0T Ser-203 that approaches an optimal 180° for 
in-line displacement was found to be 169° for EMPB- 
AChEHI-6. The most likely explanation for the overall 8-fold 
increase in &oximate of HI-6 over 2-PAM stems from a better 
orientation of the oximate oxygen of the former oxime toward 
an apical approach to the phosphorus atom from the face 
formed by three atoms and perpendicular to P-07 Ser-203 bond. 
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[EMPR-AChE : 2-PAM1 [EMPs-AChE : 2-PAM] 

FIG. 6. Stereo views of the final con- 
formations of energy minimized 
2-PAM and HI-6 in models of EMPH- 
AChE, EMPs-AChE, EMPÄ-HuBChE, 
and EMPs-HuBChE. Energy minimiza- 
tions were carried out using the atomic 
coordinates obtained from the crystal 
structure of TcAChE (8), and HuBChE 
model based on the TcAChE structure 
(18). Amino acid residues are labeled in 
accordance with the numbering system of 
rMoAChE (EMPR-AChE) and HuBChE 
(EMPÄ-HuBChE). Hydrogen bonds be- 
tween the phosphonyl oxygen and the am- 
ide hydrogens in the oxyanion hole are 
shown by dotted lines. The hydrogen bond 
formed between the hydroxyl of Tyr-124 
and the etheral oxygen of HI-6 is not 
shown. Selected final geometries of en- 
ergy minimized 2-PAM within the corre- 
sponding conjugates were included to il- 
lustrate differences in steric hindrance 
around the P-atom. Dotted spheres are 
van der Waals surfaces of CH3-P, 
CH3CH20-P, and RC=N-0" of 2-PAM 
modeled and energy minimized within 
the corresponding EMP-AChE conju- 
gates. The final conformation of 2-PAM 
shown is one of several closely related 
overlapping structures with similar en- 
ergy content. 
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Eventually, this might lead to greater stabilization of the tran- 
sition state. 

Using similar arguments, the smaller molecular volume of 
2-PAM may confer to this reactivator sufficient flexibility to 
accommodate itself at various overlapping orientations within 
the gorge of wild-type phosphonylated AChE as well as within 
a gorge of diminished aromaticity seen with BChE. This view is 
supported by energy minimization yielding different final con- 
formations with similar energy depending on the starting po- 
sitions of the oxime within EMPfl s-ChEs (not shown). This 
flexibility may diminish the dependence of &03dmate on struc- 
tural changes with the active-site gorge and give rise to unpro- 
ductive binding conformations. 

Sequence alignments of AChE and BChE reveal that aro- 
matic amino acids at positions Trp-286, Tyr-124, and Tyr-72 in 
mammalian AChE are replaced by aliphatic residues in BChE 
(13, 28). For EMPB s-HuBChE the reduced koldnmte for HI-6 to 
values less than &oximate of 2-PAM further substantiates the 
contribution of the aromatic cluster at the gorge entrance to the 
enhanced potency of HI-6. Interestingly, the ratio &oximate(fast)/ 
*oximate(slow) for the reactivation of EMPÄ s-HuBChE by HI-6 
was similar to wild-type rMoAChE, whereas the ratio ap- 
proached one for the mutant enzymes W286A/Y72N/Y124Q 
and W286R. The diminished differences in the susceptibility of 
the two enantiomeric mutant EMP conjugates to undergo re- 
activation with HI-6 show that productive binding of the fast 
reactivatable component by peripheral residues is significantly 
greater than for the slow enantiomer of wild-type rMoAChE. 
Initial experiments show that replacement of aspartic acid by 
asparagine at position 74 produced approximately 24- and 
3-fold decreases in -%oximate(fast) for HI-6 and 2-PAM, respec- 

tively. These observations suggest that the role of the con- 
served carboxylate side chain of Asp-74 in stabilizing a produc- 
tive conformation of AChE-HI-6 is manifest mainly in 
combination with the aromatic residues of the peripheral site. 

An interesting feature of the energy minimized EMPÄ- 
AChE-HI-6 complex is hydrogen bonding of the hydroxyl of 
Tyr-124 to the etheral oxygen of HI-6. The proposed stabiliza- 
tion of HI-6 is consistent with a reported decrease in reactiva- 
tion potency of a congener of HI-6 in which a three carbon 
methylene chain (CHS-6) was substituted for the bisoxymeth- 
ylene bridge (HS-6) (34). 

Finally, it is of interest to point out that &oldmate of 2-PAM 
was reported to be significantly larger than £oximate of HI-6 for 
the reactivation of homologous EMP conjugate of electric eel 
AChE (33). The anomalously low potency of HI-6 as reactivator 
of phosphonylated eel AChE allows one to speculate that one or 
more amino acids that control the enhanced reactivity of HI-6 
toward EMP-AChE from mammals are not conserved in eel 
AChE. 

Stereospecificity of Oxime-induced Reactivation—Molecular 
modeling of Äp and Sp enantiomers of O-isopropyl methylphos- 
phonyl-AChE conjugates predicted distinct enantiomeric selec- 
tivity for nucleophilic displacement of the organophosphonyl 
moiety (38). However, O-isopropyl- and 0-3,3-dimethylbutyl 
methylphosphonyl-TcAChE conjugates were found to undergo 
reactivation by 1 mM HI-6 and l,l'-trimethylene bis(4-hydroxy- 
iminomethylpyridinium)-dibromide at rates that were largely 
independent of configuration around the P atom of the inhibitor 
or the structure of the alkyl group (29). The concentration of 
the oximes could be well above K'01L and therefore the observed 
rate constant might actually reflect A'     . Our data show that 
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FIG 7 Molecular dynamics of the pentacoordinate transition state between EMPRS-AChE and HI-6. A stereoview of EMP„- 
AChE-Hie. Geometry around phosphorus was pentacoordinate with the oxime and Ser-203 oxygen assuming apical positions Shown are the 
results of five simulations with heating and equilibrating at 700 K with subsequent cooling to 300 K Simulations were constructed for*andS 
enantiomers of EMP. B shows an enlarged view in the region of the pentacovalent phosphorus for the EMPs-AChEHI-6 transition state Note Oe 
fixed position of the phosphonyl oxygen. C shows an identical simulation for EMPs-AChE-HI-6 where a large variation of position of the residues 
around the phosphorus are noted. 

the rank orders of &'max do not correlate closely with the bimo- 
lecular rate constants of reactivation and therefore compara- 
tive analysis should include K'ox. Below we rationalize the two 
kinetically distinguished components in terms of stereospecific 
reactivation of the enantiomeric conjugates. 

Energy minimization of the putative covalent enantiomeric 

conjugates revealed that the bond angles P=0- - -H—N(C=0) 
of either EMPB-AChE (residues 121, 122, and 204) or EMPB- 
HuBChE (corresponding residues 116,117, and 199), as well as 
the relevant interatomic distances, should produce three hy- 
drogen bonds between the phosphonyl oxygen and the back- 
bone nitrogen atoms of the oxyanion hole region (Fig. 6, broken 
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lines). By contrast, the bond lengths increase and only a single 
hydrogen bond appears to stabilize the Sp enantiomers of O- 
ethyl methylphosphonyl conjugates of AChE and HuBChE. 
Furthermore, molecular dynamic simulations (Fig. 7) indicate 
that stabilization of the putative P-0~ of the transition state 
(Fig. 2b), by hydrogen bonding to the oxyanion hole, is likely to 
be greater for EMPs-ChE than for the EMPs-ChE conjugates. 
In the latter conjugate the P-CT moiety of several of the lowest 
energy conformers are shifted out of the oxyanion hole. These 
considerations predict that the Äp enantiomer is the fast reac- 
tivatable component. The importance of the oxyanion hole in 
stabilizing the phosphonyl oxygen is underscored in the re- 
cently reported crystal structures of phosphonate complexes 
with lipases that are homologous to the ChE's (39). 

The van der Waals surfaces of the methyl group CH3-P of 
EMPs-AChE, as well as of EMPs-HuBChE, that are aligned in 
both cases toward the oxime moiety, reveal that the oximate 
oxygen should experience greater steric hindrance for its ap- 
proach toward the P atom, compared with the homologous 
EMPÄ-ChE conjugates (Fig. 6). In the latter conjugate, CH3-P 
is projected toward the acyl pocket (Phe-295, Phe-297), the 
methylene of the ethyl moiety that faces the oximate oxygen 
is removed from the phosphorus by an oxygen ester linkage 
(P-OCH2CH3), and thereby a larger space is opened to the 
oxime from the side envisaged for the nucleophilic attack. 
These observations are also consistent with EMPÄ-ChE being 
the enantiomer of MEPQ-inhibited ChEs exhibiting rapid 
reactivation. 
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Please read: 

The unusual shape of loop n, comprised of two vicinal Pro residues at its tip with Pro-31 
in the eis conformation, fits perfectly... (p. 506, right, lines 18-20). 

Of the five ion pairs involved in the interaction of the gorge rim of TcAChE and the 
symmetry-related molecule, three residues (Glu-73 -Thr-75 in mAChE-, Asp-276 
-Asp-283 in mAChE-, and Asp-285 -GIu-292 in mAChE-) contribute to the Fas2- 
mAChE interaction and... (p. 509, right, lines 1-5) 
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Summary 

The crystal structure of the snake toxin fasciculin, 
bound to mouse acetylcholinesterase (mAChE), at 
3.2 A resolution reveals a synergistic three-point an- 
chorage consistent with the picomolar dissociation 
constant of the complex. Loop II of fasciculin contains 
a cluster of hydrophobic residues that interact with 
the peripheral anionic site of the enzyme and sterically 
occlude substrate access to the catalytic site. Loop I 
fits in a crevice near the lip of the gorge to maximize 
the surface area of contact of loop II at the gorge entry. 
The fasciculin core surrounds a protruding loop on the 
enzyme surface and stabilizes the whole assembly. 
Upon binding of fasciculin, subtle structural rearrange- 
ments of AChE occur that could explain the observed 
residual catalytic activity of the fasciculin-enzyme 
complex. 

Introduction 

Acetylcholinesterase (AChE), which terminates the action 
of the neurotransmitter acetylcholine (ACh) at cholinergic 
synapses in the central and peripheral nervous systems, 
is a target site for a variety of pharmacologic agents, insec- 
ticides in widespread use, and nerve gases (Massoulie et 
al., 1993; Taylor and Radic, 1994). The Torpedo californica 
AChE (TcAChE) molecule, with its a/ß hydrolase fold 
(Sussman et al., 1991), has defined the structures of a 
large family of enzymes that includes other esterases and 
several upases, as well as proteins without hydrolase activ- 
ity (Cygler et al., 1993). The active center triad, consisting 
of the catalytic Ser-200, Glu-327, and His-440 in TcAChE, 
is found nearly centrosymmetric to the subunit at the bot- 
tom of a narrow gorge. The narrow gorge width, coupled 
with its depth of 18-20 Ä, has raised questions regarding 
the compatibility of these dimensions with a near diffusion- 
limited rate of substrate entry and catalysis (Tan et al., 
1993). The charge distribution on the enzyme creates a 
dipole that not only directs ligands to the gorge entry, but 
may also facilitate diffusion to the active center. This, in 
turn, has led to the suggestion of a "back door," a portal 
of substrate access distinct from the gorge entrance, to 
accommodate the rapid product removal or solvent con- 
tact (Ripoll et al., 1993; Gilson et al., 1994). However, mu- 
tations of AChE in areas where solvent exposure to the 
gorge might be increased have not yielded evidence for 

a second site of access (Shafferman et al., 1994). Inhibi- 
tors, in addition to binding at the active center, may associ- 
ate with a peripheral anionic site, remote from the active 
center, to influence catalysis allosterically. Labeling and 
site-specific mutagenesis studies indicate that this site re- 
sides near the lip of the active center gorge (for review 
see Taylor and Radic, 1994). 

Fasciculins are 61 amino acid peptides isolated from 
mamba (Dendroaspis) venoms. They belong to the family 
of three-fingered snake toxins that includes the a-neuro- 
toxins, selective nicotinic receptor blockers (Changeux et 
al., 1970; Endo and Tamiya, 1991), and the subtype-spe- 
cific muscarinic receptor agonists (Adern et al., 1988; Seg- 
alas et al., 1995). The fasciculins are the only known pep- 
tidic AChE inhibitors and are highly selective; they inhibit 
mammalian and electric eel AChE with K, values in the 
picomolar range, but have only micro- to millimolar Ks for 
avian and insect AChEs and for butyrylcholinesterases 
(BuChE) (for review see Cervenansky et al., 1991). Chemi- 
cal labeling (Duran et al., 1994), ligand competition (Karls- 
son et al., 1984; Marchot et al., 1993; Radic et al., 1995; 
Eastman et al., 1995), and site-directed mutagenesis stud- 
ies (Radic et al., 1994,1995), indicate that fasciculin does 
not completely occlude ligand access to the active center 
Ser, but rather binds to the peripheral site to inhibit cataly- 
sis, perhaps allosterically. Although the X-ray structures 
of the fasciculins Fas1 and Fas2 have been solved (Le 
Du et al., 1992; 1995), they have not revealed the nature 
of the binding interface. 

To delineate the structural determinants of the fasciculin 
specificity for AChE and how the fasciculins inhibit AChE, 
we have determined the crystal structure of the complex 
formed between Fas2 and a recombinant monomeric 
AChE from mouse (mAChE) and refined it to 3.2 A resolu- 
tion. The current model (model A) contains one molecule 
of mAChE (residues 4-257 and 265-543; Rachinsky et 
al., 1990), one molecule of Fas2 (residues 1-61), and one 
N-acetylglucosamine (GlcNAc) moiety linked to mAChE 
at Asn-350. The structure, which has an excellent stereo- 
chemistry with a R factor of 18.4% for data between 10 
and 3.2 A, reveals the nature of AChE inhibition by Fas2 
with implications for the binding of structurally related a-neu- 
rotoxins and muscarinic agonists to their respective ACh 
receptors. 

Results and Discussion 

Overall Structure of the Complex 
The excellent quality of the 3.2 Ä electron density map 
unambiguously reveals the positions of the side chains in 
Fas2 and mAChE, as well as those located at the interface 
of the complex (Figure 1). The mAChE molecule has the 
a/ß hydrolase fold and consists of the same 12-stranded 
central-mixed ß sheet surrounded by 14 a helices as the 
TcAChE molecule (Sussman et al., 1991). Secondary 
structure motifs are specified according to Cygler et al. 
(1993): the strands of the small amino-terminal ß sheet 
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Figure 1. Quality of the Structure and Overall View of the Complex 

(A) Stereoview of the final oA weighting 2F„- Fc electron density map (contoured at 1 o) of the entire Fas2 molecule at 3.2 Ä resolution. Labels 
I, II, and III refer to Fas2 loop I (residues 4-16), loop II (residues 23-38), and loop III (residues 42-51). The Fas2 molecule is particularly well 
ordered in the complex. The Arg-11 side chain extends on the right of the molecule. 
(B) Stereoview of the 3.2 A resolution omit F„- Fc electron density map of the tip of Fas2 loop II and the surrounding mAChE residues (5% of the 
total number of atoms, contoured at 2.5 o). The coordinates of this region were omitted and the protein coordinates refined by simulated annealing 
before the phase calculation for the map. Residues are labeled in white for mAChE and in yellow for Fas2. 
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Figure 2. Three-Point Interface of the Fas2- 
mAChE Complex 

(A) Side chain to side chain interactions be- 
tween mAChE (blue Ca tubes with green side 
chains and colored spheres) and the tip of Fas2 
loop II (yellow Ca tubes with light yellow side 
chains and colored sphere). A part of the mo- 
lecular surface of mAChE buried in the com- 
plex is displayed in transparency and shows 
the cavities around the gorge entrance for Fas2 
Pro-30, Pro-31, and Met-33. The tip of Fas2 
loop II interacts with mAChE peripheral anionic 
site residues Tyr-72(70), Tyr-124(121), Trp- 
286(279), Tyr-341(334), and Gly-342(335). Ex- 
tensive polar and van der Waals interactions 
between Fas2 loop II and mAChE residues sur- 
rounding the gorge entrance stabilize this inter- 
face of the complex. 
(B) Side chain to side chain interactions be- 
tween mAChE (blue Ca tubes with light blue 
side chains and colored spheres) and the tip 
of Fas2 loop I (yellow Ca tubes with light yellow 
side chains and colored spheres). The side 
chain of Fas2 Arg-11 comes in close apposition 
with mAChE Glu-84(82) and Asn-87(85) and 
surrounds mAChE Trp-86(84), a proposed sec- 
ond portal for entry of substrate and exit of 
product (Gilson et al., 1994). mAChE Asp- 
283(276) and Gln-279(272), suspended from 
helix a367, are hydrogen bonded to Fas2 Thr-8 
and Thr-9. For clarity, Fas2 residues Thr-8, 
Thr-9, and Ser-10 at the tip of loop I are not 
labeled, but their side chains are clearly visible. 
The capacity for hydrogen bonding of the hy- 
droxyl groups of Thr-8 and Thr-9 is evident. 
(C) Side chain to side chain interactions be- 
tween mAChE (blue Ca tubes with light blue 
side chains and colored spheres) and the core 
region of Fas2 (yellow Ca tubes with orange 
side chains and colored spheres). The cavity 
formed at the molecular surface of Fas2 by the 
side chains of Arg-11 (protruding at the front), 
Ala-12, Tyr-4, and Tyr-61 is filled by mAChE 
Pro-78(76). Fas2 Arg-24, a structurally im- 
portant resid ue, is hydrogen bonded to the car- 

bonyl atom of Tyr-61 and stabilizes the carboxy-terminal region of Fas2. Fas2 Arg-37, a residue conserved in the three-fingered peptide toxin 
family, is in stacking interaction with Fas2 Arg-24 and is hydrogen bonded to mAChE Thr-75(73). 
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are identified as ßi; the strands of the large central ß sheet 
are identified as ft; the a helices are identified as ak,,j, 
where subscripts refer to the loop-connecting strands i 
and j of the ß sheet in which the helix is embedded, and 
superscripts refer to the sequential number of this helix 
within the loop (no superscript is used when there is a 
single helix in the connecting loop). The number in paren- 
theses that follows the mAChE residue number denotes 
the corresponding position in the TcAChE sequence. 

The Fas2 molecule consists of two antiparallel ß sheets 
with a three-stranded ß sheet formed by residues 22-27, 
34-39, and 48-53 and a short two-stranded ß sheet formed 
by residues 3-4 and 14-15 (Le Du et al., 1992). Fas2, with 

its three loops emerging from a dense core containing the 
disulfide bridges, forms a slightly concave flat disk that 
fits into an elongated cavity at the surface of mAChE (Fig- 
ure 1C). This cavity, located between helix <x3

6,7 and the 
ß loop Cys-69(67) to Cys-96(94), which corresponds to 
the lid region in Upases (Grochulski et al., 1994), forms 
the entrance of the mAChE active site gorge. The inner 
side of Fas2 ß strand 4 is oriented roughly 45° away from 
the direction of the gorge entrance. Three distinct, sepa- 
rated anchorage points of Fas2 on mAChE result in a par- 
ticularly well-ordered molecule of bound Fas2 (Figures 1 
and 2) consistent with its picomolar dissociation constant 
for mAChE. All three regions of Fas2 responsible for com- 

(C) Stereoview ribbon diagram of Fas2 (yellow and green) bound to mAChE (blue and magenta). The tip of loop II and the inner side of ß strand 
4 of Fas2 are tightly associated with the peripheral anionic site of mAChE, whereas loop I binds on the other side of the lid region (Q loop) of 
mAChE. The residues of Fas2 and the secondary structure elements of mAChE involved in the complex are highlighted in green and in magenta, 
respectively. Residues within the mAChE catalytic site, Ser-203(200), Glu-334(327), His-447(440), and Trp-86(84), are displayed as white bonds 
with colored spheres. Residues belonging to the mAChE peripheral anionic site, Tyr-72(70), Asp-74(72), Trp-286(279), and Tyr-341(334), are 
displayed as green bonds with colored spheres. The GlcNAc moiety linked to Asn-350(343) is displayed in white with colored spheres. Secondary 
structure elements of mAChE are labeled according to Cygler et al. (1993). 
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Figure 3. Molecular Surfaces of Fas2 and mAChE at the Complex 
Interface 

(A) Fas2 molecular surface, colored in blue for the residues buried to 
a 1.6 A probe radius and shown in white for the nonburied residues. 
A Ca trace (yellow) is shown through the surface. The buried residues 
are found at the tip of loop I (bottom center), where Arg-11 is clearly 
visible (bottom) and at the tip of loop II (middle left) and extend to the 
concave face of ß strand 4 (center). Only two residues are buried at 
the tip of loop III (back left). This interracial area represents 27% of 
the total accessible surface area of Fas2 and comprises 21 residues 
of Fas2, of which only four are positively charged. The cavity formed 
by the side chains of Tyr-4, Arg-37, and Tyr-61 is visible at the center 
of the molecule. 
(B) mAChE molecular surface, viewed looking down into the gorge. 
The color code is the same as in (A). Buried residues cluster in and 
largely around the gorge of the enzyme and on the other side of the lid 
region (top). This interface area represents 5% of the total accessible 
surface area of the molecule and comprises 25 residues of mAChE. 
Fas2 (yellow Ca trace) is superimposed on the molecular surface and 
is oriented -90° away from that in (A). Labels I, II, and III refer to the 
loops of Fas2. The arrow indicates the active site gorge entrance. 

plex formation are located in the concave face of the mole- 
cule (Figures 1C and 3A). 

Detailed Structure of the Complex 
Loop II of Fas2, formed by residues Tyr-23 to Arg-38, is 
central to the interface (Figure 1C). The tip of loop II, which 
contains the Pro-Pro-Lys-Met sequence motif char- 
acteristic of the fasciculin family, is tightly bound to the 
peripheral anionic site along with numerous residues sur- 

rounding the gorge entrance in mAChE (including resi- 
dues from the lid and from helices a3

SJ, aV.s, and a2
7,8) and 

sterically occludes substrate access to the gorge (Figures 
1C, 2A, and 3B). Loop II residue Met-33 establishes sev- 
eral key van der Waals contacts with mAChE Tyr-72(70), 
Tyr-124(121), and Tyr-341 (334) and packs against mAChE 
Trp-286(279) (Figure 2A). Predominant hydrophobic inter- 
actions are found between Fas2 Pro-30 and Pro-31 and 
mAChE lle-365(358) and Leu-289(282), which form a tight 
cluster of buried residues at the binding interface. The 
side chains of Fas2 His-29 and Pro-30 also participate in 
van der Waals interactions with the side chain of mAChE 
Glu-292 (Asp-285 in TcAChE), one of the few acidic resi- 
dues present at the top of the gorge and contributing to 
its negative charge (Sussman et al., 1991). In addition, 
Fas2 Val-34 and Leu-35 in ß strand 4 establish van der 
Waals contacts with mAChE Leu-76(74), Tyr-72(70), and 
His-287(280). The unusual shape of loop II, comprised of 
two vicinal Pro residues at its tip with Pro-30 in the eis 
conformation, fits perfectly the mAChE peripheral anionic 
site without requiring a dramatic conformational change 
in the two partners of the complex (Figures 1C, 2A, 3B, 
and 4A). In addition, Fas2 Arg-27 is hydrogen bonded to 
Fas2 His-29, Pro-30, and Pro-31 and to mAChE Trp- 
286(279) carbonyl oxygen atoms and thus stabilizes the 
conformation of the entire loop in bound Fas2 (Figure 2A). 
Polar interactions are established between the nitrogen 
atom of Fas2 Pro-31 and the carbonyl oxygen atom of 
mAChE Ser-293(286), between the amide backbone nitro- 
gen of Fas2 Lys-32 and the carbonyl oxygen atom of 
mAChE Tyr-341 (334), and between the side chains of 
Fas2 Arg-37 and mAChE Thr-75(73). A critical role is 
played by mAChE Gly-342(335), which is in van der Waals 
contact with the side chain of Fas2 Lys-32 and, thus, can- 
not be substituted by a larger side chain without perturbing 
the complex. 

The precise orientation of loop II allows loop I, formed 
by residues Tyr-4 to Asn-16, to abut on top of the lid region 
of mAChE and be the second interaction point (Figure 1C). 
The tip of loop I, which contains the motif Thr-Thr-Thr- 
Ser-Arg-Ala that is also characteristic of fasciculins, in- 
serts within a small crevice at the surface of mAChE and 
interacts with residues from loop b3-ab3.2 and helices ab3,2 
and a36,7, located 25 A away from the gorge entrance (Fig- 
ure 1C). Numerous polar interactions are found between 
the Fas2 Thr-8 side chain and the nitrogen backbone 
atoms of mAChE Val-73(71), Gln-279(272), and the Asp- 
283(276) side chains, between the Fas2 Thr-9 side chain 
and the mAChE Gln-279(272) side chain, and between the 
Fas2 Arg-11 side chain and the side chains of mAChE 
Glu-84(82) and Asn-87(85), conserved in all cholinester- 
ase sequences (Figure 2B). Van der Waals contacts are 
observed between Fas2 His-6 and mAChE Thr-75(73), be- 
tween Fas2 Thr-8 and mAChE Tyr-72(70), and between 
Fas2 Thr-9 and mAChE Tyr-70(68), Leu-92(90), and Val- 
282(275). The most critical residue in this interaction is 
Fas2 Ala-12, whose close packing with mAChE Pro- 
78(76), an amino acid protruding at the top of the gorge 
entrance, precludes substitution of a bulkier residue (Fig- 
ure 2C). 
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The third interaction point between Fas2 and mAChE 
involves the side chains of residues Tyr-4 and Tyr-61, re- 
spectively located near and at the amino and carboxyl 
termini of Fas2, which establish van der Waals interactions 
with mAChE Tyr-77(75) and completely surround mAChE 
Pro-78(76) (Figure 2C). The close proximity of Fas2 Arg-37 
also contributes to exclusion of Pro-78(76) from the sol- 
vent. These interactions substantially extend the area of 
the complex interface to a total of 1100 Ä2 buried to a 1.6 
Ä radius probe on each protein and encompasses 27% 
of the total surface area of Fas2 (Figure 3), two values 
in the highest range of general patterns for high affinity 
peptide-protein complexes (Janin and Chothia, 1990). 
Fas2 loop III, formed by residues Pro-42 to Lys-51, contri- 
butes weakly to the complex interface, as only residues 
Asn-47 and Leu-48, located at its tip, are in van der Waals 
interaction with mAChE through the His-287(280) side 
chain (Figure 3A); the other residues and the outside of 
ß strand 5 are facing the solvent and are stabilized within 
the crystal by a symmetry-related mAChE molecule. 

The Peripheral Anionic Site of mAChE 
The key role played by the side chains of mAChE Tyr- 
72(70), Tyr-124(121), Trp-286(279), and Tyr-341(334), lo- 
cated at the rim of the gorge (Figure 2), in the binding of 
Fas2 closely matches previous site-directed mutagenesis 
data that defined these residues as belonging to the pe- 
ripheral anionic site of the enzyme (Barak et al., 1994; 
Harel et al., 1992; Ordentlich et al., 1993; Radic et al., 
1993; Shafferman et al., 1992) and, specifically, the bind- 
ing site for Fas2 (Radic et al., 1994,1995). This constella- 
tion of residues is unique to those AChEs that have high 
affinity for fasciculins. In contrast, the location of the con- 
served residue Asp-74(72) in the gorge entrance, relative 
to the other residues of the peripheral anionic site, is con- 
sistent with the limited influence of mutation of this residue 
on mAChE inhibition by Fas2 (Radic et al., 1994). Pro- 
78(76) and Gly-342(335) on mAChE also contribute to the 
fasciculin-binding site. Whether they should also be con- 
sidered as part of the peripheral anionic site is, however, 
not certain. mAChE Pro-78(76) is conserved in all cholines- 
terase sequences and is positioned at the top of the lid 
rather than in the depression of the gorge entrance. The 
residual low affinity of fasciculins for insect and avian 
AChE as well as for BuChE could therefore arise from the 
interaction of Pro-78(76) with Fas2 residues Tyr-4, Ala-12, 
Arg-37, and Tyr-61, even in the absence of a contribution 
for loop II. Residue mAChE Gly-342(335), in close contact 
with Fas2 Lys-32, is highly conserved among the various 
cholinesterases, with the exception of insect AChE, where 
Asp is found. That substitution may partly explain the resis- 
tance of Drosophila AChE toward fasciculin inhibition. 

Functional Residues of the Fasciculin Molecule 
The predominance of basic amino acids on fasciculin, to- 
gether with evidence for its i nteraction with an anionic site 
on AChE shared with cationic inhibitors of the enzyme, 
initially suggested a primary role for the positively charged 
side chains of fasciculin in its interaction with AChE. Re- 
cent studies, probing the functional role of the amino and 

guanidino groups of Fas2 through chemical modifica- 
tion, suggested that five positive residues, Arg-11, Lys-25, 
Arg-27, Lys-32, and Lys-51, comprise interacting sites of 
Fas2(Cervenanskyetal., 1994,1995). Initial site-directed 
mutagenesis data indicate that three to four positive resi- 
dues, Arg-11, Arg-27, Lys-32, and perhaps Arg-24, contrib- 
ute to the interaction sites of Fas2, whereas three others, 
Lys-25, Arg-28, and Lys-51, do not (P. M., unpublished 
data). These mutagenesis data correlate well with the 
Fas2-mAChE structure, including the role played by 
Arg-24 in stabilizing the side chain of Tyr-61 (the Fas2 
Tyr-61 to mAChE Pro-78 interaction would weaken in the 
absence of Arg-24) (Figure 2C). Changes in the Fas2 struc- 
ture may have occurred upon chemical modification of 
residues Lys-25 and Lys-51. In contrast, the reported ab- 
sence of reactivity of Arg-24 to 1,2-cyclohexanedione is 
consistent with internal bonding within Fas2 rather than 
direct contact with mAChE. 

Actually, only four out of the nine positively charged 
residues of Fas2 directly interact with mAChE: Arg-11, 
Arg-27, Lys-32, and Arg-37. The picomolar K values of 
the fasciculin-AChE complexes (Karlsson etal., 1984; Lin 
et al., 1987; Marchot et al., 1993; Radic et al., 1994; East- 
man et al., 1995) arise in large part from the interactions 
of the hydrophobic residues located at the tips of loops I 
and II of Fas2. Nevertheless, six of the nine positively 
charged residues of fasciculin are located along loop II 
and, together with the isolated charge at the tip of loop I, 
play a major role in the approach and initial docking of 
the fasciculin to AChE (van den Born et al., 1995), consis- 
tent with the strong directional electrostatic field existing 
along the active center gorge axis (Rippll et al., 1993). 

Structural Adaptability and Specificity 
of the Fasciculin Molecule 
Superimposition of the structure of Fas2 bound to mAChE 
with that of free Fas2 (Le Du et al., 1995) reveals that the 
tips of loops I and II are shifted by 2-2.5 Ä within their 
respective mAChE-binding sites, resulting in a root mean 
square (rms) deviation of 0.77 A for 61 Ca atoms (Figure 
4A). Comparison of the crystal structures of Fas1 and 
Fas2, which differ by single mutation Tyr/Asn at position 
47, revealed a large difference in the conformation of loop 
I, perhaps influenced by the detergent employed for crys- 
tallizing Fas2 (Le Du et al., 1992, 1995). It is noteworthy 
that mAChE Pro-78(76) plays exactly the same role as the 
side chain of Thr-9 in the structure of Fas1 in mimicking 
the detergent molecule that fills the hydrophobic pocket 
formed by Tyr-4, Arg-37, and Tyr-61 in the structure of 
Fas2 and allows free Fas2 to crystallize in a conformation 
resembling the bound state. In contrast, superimposition 
of free Fas1 with bound Fas2 reveals steric occlusion be- 
tween loop I of Fas1 and the lid region of mAChE (Figure 
4A), indicating that Fas1 binds to mAChE with a conforma- 
tion of loop I different from that in the Fas1 crystal. The 
observations that crystallization yielded hexagonal Fas1- 
mAChE crystals belonging to the same space group and 
having the same cell dimensions as the Fas2-mAChE 
crystals (Marchot et al., submitted) and that Fas1 forms 
Fas2-type crystals in the presence of the detergent (Le 
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Figure 4. Comparison of Fas2 and mAChE with Their Respective Ho- 
mologs 

(A) Molecular surface of mAChE (blue) buried in the Fas2-mAChE 
complex, with the Ca traces of bound Fas2 (yellow), free Fas2 (green), 
free Fas1 (magenta), and toxin a (white). The toxin molecules are 
superimposed according to their Ca atoms. Steric occlusions of toxin 
a loops I and II and of Fas1 loop I with the mAChE interface are 
demonstrated by the surface transparency. The disulfide core and 
loop III conformations are conserved in all three-fingered toxins of 
known structure. The arrow indicates the mAChE active site gorge 
entrance. 
(B) Superimposition of the mAChE monomer (blue) with a TcAChE 
monomer (white) according to their Ca atoms. The Fas2 molecule 
bound to mAChE is in yellow. The rigid body motion of residues Tyr- 
341(334) to Ser-399(392), at the bottom of the gorge entrance, is indi- 
cated by the curved arrow. The amino and carboxyl termini of the 
monomer are indicated by N and C, respectively. The GlcNAc moiety 
linked to Asn-350(343) is displayed in white with colored spheres. 

Du et al., 1995) strongly support this hypothesis. These 
findings demonstrate the adaptability of the fasciculin mol- 
ecule to its binding site on AChE, consistent with the gen- 
eral flexibility of the three-fingered toxins found by nuclear 
magnetic resonance (NMR) spectrometry (Brown and Wuth- 
rich, 1992, and references therein). 

Detailed structural information is available for the mem- 
bers of the three-fingered toxin family: a-neurotoxins, 
cardiotoxins, and muscarinic toxins (Endo and Tamiya, 
1991; Rees and Bilwes, 1993; Segalas et al., 1995), and 
comparisons with fasciculins have already been made (Le 
Du et al., 1992,1995: van den Born et al., 1995; Segalas 
et al., 1995). A cluster of Thr/Ser residues (loop I) exists 
in several short a-neurotoxins but is shifted by four to six 

residues and lacks an equivalent to Arg-11. Ala-12 exists 
only in fasciculins and in four of the short a-neurotoxins, all 
from Dendroaspis venoms. A unique short a-neurotoxin, 
toxin a from black mamba venom, possesses several of 
the fasciculin determinants for binding to AChE with Ser-8 
(in place of Thr-8), Thr-9, Arg-11, and Ala-12 at the tip of 
its loop I, together with Tyr-4 in its disulfide core and, nota- 
bly, a carboxy-terminal Tyr-61; it is, however, a fully potent 
a-neurotoxin (Strydom, 1972). Loop II of toxin a has none 
of the fasciculin determinants, except for the widely con- 
served Arg-37 and two lie residues in place of Val-34 and 
Leu-35, and adopts the a-neurotoxin-typical conformation 
and orientation (Brown and Wüthrich, 1992). The presence 
of a Glu residue in toxin a in place of Gly-36 in Fas2 ß 
strand 4 appears to be critical for dictating the backbone 
direction and, consequently, the bond angles of loop II 
(Figure 4A). Bond angles in loop II, governed by the above 
substitution and side chain compositions, distinguish the 
fasciculins from the a-neurotoxins and the muscarinic tox- 
ins (Le Du et al., 1992; Segalas et al., 1995). The specific 
shape of loop II allows perfect positioning of the key resi- 
due located at its tip: Met-33 in fasciculins, the conserved 
Arg residue in a-neurotoxins, and Lys-34 in the muscarinic 
agonist. In contrast, the conformation of loop III is highly 
conserved in all structures of three-fingered toxins. In fas- 
ciculins, loop III essentially appears to maintain a specific 
conformation of loop II through an extensive set of stabiliz- 
ing interactions. 

Comparison of mAChE and TcAChE Structures 
Overall, a close structural similarity is observed between 
mAChE and TcAChE (Figure 4B). An rms deviation value 
of 0.84 A for 509 Ca atoms is obtained when the two struc- 
tures are superimposed. The largest difference is in the 
conformation of loop Glu-319(312) to Leu-324(317), re- 
sulting from the formation of a salt bridge between Asp- 
323(316) and Arg-223(216). Such a salt bridge cannot form 
in TcAChE, where Lys-316 is found. Within the active site, 
the shorter side chain of mAChE Pro-446, relative to lle- 
439 in TcAChE, induces several rearrangements of the 
neighboring side chains: the Trp-439(432) side chain 
moves by 1.5 A to maintain van der Waals contacts with 
the Pro-446 side chain, and the Phe-80(78) side chain slips 
in concert to keep interacting with Trp-439. The Tyr- 
337(330) side chain, which is hydrogen bonded to Tyr- 
441 (334), adopts the conformation of the Phe-330 side 
chain in the edrophonium-TcAChE complex (Harel et al., 
1993). Incidentally, this result confirms that no decametho- 
nium was retained in the mAChE active site during purifica- 
tion (Marchot et al., submitted). 

Some other substitutions are located at the binding in- 
terface that do not alter the backbone conformation but 
could modulate Fas2 interaction with the respective en- 
zymes: mAChE Tyr-70 (Gln-68 in TcAChE), Thr-75 (Glu- 
73), Leu-76 (Gln-74), Tyr-77 (Phe-75), Leu-92 (Met-90), 
His-287 (Asn-280), and Glu-292 (Asp-285). The most criti- 
cal of these appear to be the Leu-76-*Gln substitution that 
brings to TcAChE a larger side chain that might interact 
differently with Arg-24, Val-34, and Arg-37 of Fas2 loop 
II, and the Thr-75^Glu and His-287^Asn substitutions 
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that cause charge differences that might change the inter- 
action of loops II and III of Fas2. These substitutions could 
contribute to the -100-fold lower affinity of Fas2 toward 
TcAChE compared to mAChE, mainly owing to a difference 
in the dissociation rate constants of the respective com- 
plexes (Z. Radic and G. Amitai, personal communication). 
Analysis of the Fas2-mAChE structure also revealed a 
GlcNAc moiety linked to mAChE at Asn-350 (Ser-343 in 
TcAChE), located -14 A away from the Fas2 Pro-30 an- 
choring point at the gorge entrance (Figures 2, 4, and 5). 

Conformational Rearrangements in mAChE upon 
Binding of Fas2 
The binding of Fas2 to mAChE does not induce a dramat- 
ic conformational change in the structure of complexed 
mAChE, when compared with TcAChE (Sussman et al., 
1991). Several differences, however, are observed that 
might be related to conformational rearrangements of 
mAChE upon binding of Fas2. The first one is a rigid body 
motion of residues Tyr-341(334) to Ser-399(392), located 
at the bottom of the gorge entrance, with the largest devia- 
tion (up to 2.5 A for residue Tyr-341) located closer to the 
top of the entrance (Figure 4B). However, the Asp-74(72) 
side chain moves in concert, and the hydrogen-bonding 
distance between the side chains of these two residues 
is conserved. The second difference between the two 
structures is a 1-1.5 A deviation of the Asp-74(72) to Glu- 
84(82) region of mAChE, relative to its position in TcAChE. 
This displacement likely results from the tight fit of this 
region with the Pro-78(76)-binding area on Fas2. Finally, 
the surface cavity located near Glu-84(82) (and solvent 
molecule 27 in TcAChE) is enlarged owing to the transla- 
tion^ movements of Tyr-341 (334) and Asp-74(72), while 
the dimensions of the active site cavity near Trp-86(84) 
slightly increases owing to the internal movement of the 
Trp-439(432) side chain. In the Fas2-mAChE complex, 
the side chain of mAChE Thr-83(81) constitutes the unique 
barrier between the two cavities. A small gap between 
Fas2 loop I and mAChE keeps the surface cavity accessi- 
ble to the solvent. 

The tight packing of loop II of Fas2 at the gorge entrance 
seems to preclude the entrance of other molecules, even 
as small as water (Figure 2A). The structure of the Fas2- 
mAChE complex would suggest that the fasciculin mode 
of action is occlusion of substrate entry. Such a model, 
however, is not consistent with kinetic evidence showing 
that bound Fas2 and Fas3 fail to block completely subse- 
quent organophosphate acylation and trifluoromethylace- 
tophenone conjugation of the active center Ser (Marchot 
et al., 1993; Radic et al., 1995) and demonstrating the 
existence of detectable levels (0.1 °/o-5%) of residual cata- 
lytic activity toward acetylthiocholine for the fasciculin- 
AChE complexes (Marchot et al., 1993; Marchot et al., 
submitted; Radic et al., 1994; 1995; Eastman et al., 1995). 
Fractional inhibition by fasciculin is even less for larger 
substrates of lower turnover rates such as p-nitrophenylac- 
etate (Radic et al., 1995). 

A similar enigma is encountered for the entry of active- 
site ligands in crystalline TcAChE, the gorge entrance of 
which is occluded by a symmetry-related molecule (Harel 

Figure 5. Dimeric Assembly of Monomeric mAChE 

Ribbon diagram of the mAChE dimer (blue) with bound Fas2 (yellow) 
viewed down the crystallographic two-fold axis. The enzyme is devoid 
of an intersubunit disulfide-linking Cys and is monomeric in solution, 
but a dimer forms within the crystal. A four-helix bundle is formed by 
the tight packing of helices a3

7,8 and a)0 (magenta) from each monomer. 
The amino and carboxyl termini of each monomer are indicated by N 
and C, respectively. The two gorge entrances are at opposite faces. 
The GlcNAc moiety linked to Asn-350 (Ser-343 in TcAChE) is displayed 
in white with colored spheres. 

et al., 1993; Axelsen et al., 1994). Of the five ion pairs 
involved in the interaction of the gorge rim of TcAChE and 
the symmetry-related molecule, three residues (Glu-73 to 
Thr-75 in mAChE, Asp-276 to Asp-283 in mAChE, and 
Asp-285 to Glu-292 in mAChE) contribute to the Fas2- 
mAChE interaction and constitute -20% of the buried 
interface area of the Fas2-mAChE complex. In addition, 
loop I of Fas2 resides on the lid of mAChE with Arg-11, 
extending to interact with mAChE Glu-84(82) and Asn- 
87(85), residues also conserved in TcAChE (Figure 2B). 
Both residues belong to the proposed back door region 
(Ripoll et al., 1993; Axelsen et al., 1994) and are immediate 
neighbors of Trp-86(84) that stabilizes the quaternary 
group of the substrate (Gilson et al., 1994). Thus, compati- 
bility between the kinetic data and these new structural 
results requires either a second portal for both entry of 
substrates and exit of products in the complex or a confor- 
mational change in mAChE, not obvious in the crystal 
structure, opening a gap between the gorge wall and the 
bound fasciculin. A discrete shutter-like movement of the 
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side chain of Thr-83(81), located midway in the channel 
that we observe between Glu-84(82) and the mAChE ac- 
tive site, could occur simultaneously to the opening of a 
back door at Trp-86(84). 

Dimeric Assembly of Monomeric mAChE 
Recombinant mAChE was created by truncation of the 
carboxyl terminus through an early stop codon at position 
549 (541 in TcAChE) and elimination of the intersubunit 
disulfide-linking Cys of recombinant form mAChE-H. The 
resulting product is monomeric and devoid of a carboxy- 
terminal hydrophobic segment (Marchot et al., submitted). 
Analysis of the Fas2-mAChE complex structure revealed 
that a homodimer assembles between two symmetry- 
related molecules in the crystal, arising from the tight pack- 
ing of helices a3

7,8 and a,0 from each mAChE monomer, 
which thus form the same four-helix bundle as previously 
observed for the disulfide-linked dimeric TcAChE (Suss- 
man et al., 1991) (Figure 5). Since in dilute solution dimers 
were not detected by hydrodynamic and Chromatograph- 
ie analyses, oligomeric assembly of mAChE monomers 
through hydrophobic interactions outside of the Cys-con- 
taining carboxy-terminal segment may be facilitated by the 
high protein concentration or the high salt concentration in 
use for crystallization of the Fas2-mAChE complex (or 
both). However, hydrophobic interactions account for 77% 
of the 870 A2 interface area buried on each of the two 
mAChE monomers. Similarity of these values with general 
patterns observed in oligomeric proteins (Janin et al., 
1988) suggests that the linking disulfide bridge is not the 
major determinant for dimer formation. 

Significance and Implications 
The crystal structure of the Fas2-mAChE complex offers 
a model for a three-fingered snake toxin in a complex with 
its specific receptor and reveals several features that are 
likely to be characteristic of the fasciculins, the a-neuro- 
toxins, and the peptidic muscarinic agonists. First, the tips 
and exposed side surfaces of the loops govern the speci- 
ficity of the toxin molecule. Additional segmental flexibility 
is accorded to these domains, and the <p and \|/ bonds 
between the loop tip and base may serve essentially as 
joints to effect finger orientation. Second, an interdepen- 
dence of the loop positions is also critical. In the case of 
fasciculin, loop I fits in a crevice near the lip of the gorge 
to maximize the surface area of contact of loop II at the 
gorge entry, therein serving to buttress the loop position. 

Models of the muscarinic receptor, based on the bacte- 
riorhodopsin structure (Henderson and Schertler, 1990), 
reveal that the seven transmembrane-spanning regions 
form the outer perimeter of a 20 Ä cleft in which agonists 
and antagonists bind (Nordvall and Hacksell, 1993). Loop 
II of the muscarinic agonist toxin MTX2 contains the pro- 
trudingLys-34atitstip(Segalasetal., 1995). Its position in 
the receptor cleft would enable it to interact with Asp-105, a 
residue found in transmembrane helix 3 and believed to 
contribute to the interaction sites for the quaternary moiety 
inACh(Spaldingetal., 1994). Insertion of the longer loop 
II into the muscarinic cleft could well arise from the appro- 
priate apposition of loop I at a site near the cleft entrance 

(Segalas et al., 1995). Such a synergy between loops is 
also likely when the binding site encompasses an interface 
between two subunits, as for the a-neurotoxin-binding 
sites on the nicotinic receptor (Blount and Merlie, 1989; 
Bertrand and Changeux, 1995). Loop III in fasciculin may 
largely contribute to stabilizing the position in loop II, 
whereas in the a-neurotoxins it may interact more directly 
with the nicotinic receptor. 

The structure of the fasciculin-AChE complex should 
enable the systematic design of mutations to ascertain 
the energetic contributions of the loops to the complex. 
Moreover, since loop II of fasciculin appears to occlude 
the entrance of the gorge of the enzyme, coupling of kinetic 
analyses, mutagenesis of individual residues comprising 
the interaction surface, and structural studies should 
prove informative for ascertaining the portal(s) of substrate 
entry into the complex. 

Experimental Procedures 

Crystallization and Data Collection 
Details on expression and purification of recombinant mAChE and on 
preparation and crystallization of the Fas2-mAChE complex will be 
reported elsewhere (Marchot et al., submitted). The Fas2-mAChE 
complex generated two indistinguishable hexagonal crystal forms, A 
and B, obtained from identical crystallization conditions, both diffract- 
ing up to 2.8 A. This resolution limit, however, could not be achieved 
because the crystals could not be flash cooled and were very sensitive 
to X-ray radiation. All data were therefore collected at 4°C. Form A 
crystals belong to space group P6522 with cell dimensions a = b = 
75.5 A, c = 556.2 Ä, giving a Vm value of 3.1 Ä3/Da (60% solvent; 
Matthews, 1968) for a single Fas2-mAChE complex in the asymmetric 
unit. A 3.2 A resolution data set, which consisted of 62,214 observa- 
tions for 14,488 unique reflections (85% complete; Rsym = 8.9%), was 
collected from four crystals with a crystal-to-detector distance of 862 
mm (X = 1 A) and a 10.6° tilt or with a distance of 538 mm (X = 1.5 A) 
and a 12.4° tilt. In the 3.3-3.2 A resolution range, the data set was 
67% complete with an Rsym of 21%. Form B crystals also belong to 
space group P6522 with cell dimensions a = b = 128.4A.C = 556.6 Ä, 
giving the same Vm value as form A crystals for three Fas2-mAChE 
complexes in the asymmetric unit. A 3.5 Ä resolution data set, which 
consisted of 92,846 observations for 33,798 unique reflections (87% 
complete; Rsym = 9.4%), was collected from four crystals with a dis- 
tance of 757 mm (X = 1.15 Ä) and a 10° tilt. Data were collected 
at beam line X12C of the National Synchrotron Light Source with a 
MarResearch imaging plate detector and were processed with DENZO 
and SCALEPACK (Otwinowski, 1993). 

Structure Solution and Refinement 
Initial phases for the form A crystal data set were obtained by the 
molecular replacement method using the TcAChE model (PDB code, 
1 ACE) as a search model with the AMoRe program package (Navaza, 
1994). The positioned mAChE (correlation = 51%; R factor = 41% 
in the 15 A to 4 A resolution range) was refined with X-PLOR (Brünger 
et al., 1987), which gave an R factorof 26%and a free R factor of 
39% (5% of the reflections) in the 10 Ä to 3.2 Ä resolution range. The 
mAChE model was manually fitted, and a poly-Ala model correspond- 
ing to Fas2 was built into oA weighting electron density maps (Read, 
1986) with the graphics program XFIT (McRee, 1992) and a modified 
version of TURBO-FRODO (Roussel and Cambillau, 1989; A. G. Ini- 
san, A. Roussel, and C. Cambillau, personal communication). Subse- 
quent refinements were performed alternating with model building until 
a 40 residue poly-Ala model, consisting of five segments, was ob- 
tained. Superimposition of Fas2 (PDB code, 1FSC) with the model 
revealed an orientation based on the position of the four disulfide 
bridges and the side chains of Tyr-27 and Tyr-61, together with the 
directions of loops I and II. This overlapped model was refined by rigid 
body motion in the 10 A to 3.2 A resolution range after removal of 
loops I and II, suspected of high flexibility, from Fas2. Successive 



Structure of Fasciculin-Acetylcholinesterase Complex 
511 

rounds of rebuilding and simulated annealing refinement allowed com- 
plete interpretation of both the Fas2 and mAChE structures. X-PLOR 
omit maps were used from the final model to check systematically 
every part of Fas2 and of the mAChE regions bound to Fas2: five and 
ten residues of the structures of Fas2 and mAChE, respectively, were 
deleted in each calculation, and simulated annealing was used to re- 
duce model bias in the omit maps. The final model (model A, described 
herein) has a R factor of 18.4% for 13,823 reflections (all data) between 
10 Ä and 3.2 Ä resolution and a free R factor of 29.4%. High tempera- 
ture factors and weak electron density include mAChE residues Pro- 
492(485) to Pro-498. Fas2 residue Lys-51 and mAChE residues Arg- 
13(11), Arg-45(43), Arg-253(250), Arg-364(357), Arg-470(463), and 
Arg-493(486) are truncated to Cß. The overall deviations from ideal 
geometry are 0.007 A for bond distances and 1.5° for bond angles. 
The stereochemistry of the model was analyzed with PROCHECK 
(Laskowski et al., 1993), and 80% of the polypeptide backbone dihe- 
dral angles were found to lie in the most favored regions of the Rama- 
chandran diagram. The coordinates of model A will be deposited with 
the Brookhaven Protein Data Bank. 

The structure of form B was determined by molecular replacement 
with the AMoRe program using the refined model A. For three Fas2- 
mAChE complexes in the asymmetric unit, the correlation and R fac- 
tors were 70% and 39%, respectively, in the 15 A to 4 A resolution 
range. Successive rounds of refitting were followed by refinement cy- 
cles. The final model (model B) has an_R factor of 20.8% for 29,167 
reflections (all data) in the 10 A to 3.5 A resolution range and a free 
R factor of 32.2%. The overall deviations from ideal geometry are 
0.01 A for bond distances and 1.7° for bond angles. Model B is essen- 
tially identical with model A and is not described herein. 
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Abstract 

The fasciculins are a family of closely related peptides that are isolated from the venom of mambas and exert their 
toxic action by inhibiting acetylcholinesterase (AChE). Fasciculins belong to the structural family of three-fingered 
toxins from Elapidae snake venoms, which include the a-neurotoxins that block the nicotinic acetylcholine re- 
ceptor and the cardiotoxins that interact with cell membranes. The features unique to the known primary and ter- 
tiary structures of the fasciculin molecule were analyzed. Loop I contains an arginine at position 11, which is found 
only in the fasciculins and could form a pivotal anchoring point to AChE. Loop II contains five cationic residues 
near its tip, which are partly charge-compensated by anionic side chains in loop III. By contrast, the other three- 
fingered toxins show full charge compensation within loop II. The interaction of fasciculin with the recognition 
site on acetylcholinesterase was investigated by estimating a precollision orientation followed by determination 
of the buried surface area of the most probable complexes formed, the electrostatic field contours, and the de- 
tailed topography of the interaction surface. This approach has led to testable models for the orientation and site 
of bound fasciculin. 

Keywords: acetylcholinesterase; elapid peptides; electrostatic fields; fasciculin; snake toxins 

t 

The fasciculins are 6,800-Da peptides found in the venom of 
snakes from the mamba family. The isolated peptides have been 
shown to be potent inhibitors of acetylcholinesterase (AChE) 
(Karlsson et al., 1984). Four fasciculins have been described to 
date: fasciculin 1 (Fasl) and fasciculin 2 (Fas2) from Dendro- 
aspis angusticeps (eastern green mamba), toxin C from Den- 
droaspispolylepis (black mamba), and fasciculin 3 (Fas3) from 
Dendroaspis viridis. Their primary structures are known (Karls- 
son et al., 1985). Fas3 and toxin C were found to have identi- 
cal primary structures (Marchot et al., 1993). All three fasciculin 
structures contain 61 amino acids and differ only by one to three 
residues. So far only the crystal structure of Fasl has been solved 
(Kinemage 1; le Du et al., 1992). These peptides fall into a larger 
family of small three-fingered peptide toxins from Elapidae 
snake venoms; other members of this family are the cardiotox- 
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ins, which interact with cell membranes, and the a-neurotoxins, 
such as erabutoxin (Ebt) and a-bungarotoxin (Bgt), which are 
antagonists at the acetylcholine receptor (Karlsson et al., 1984; 
Endo & Tamiya, 1991). 

The fasciculins inhibit AChE of mammals and fish with disso- 
ciation constants between 0.4 and 100 pM; the fasciculin-AChE 
complex, as measured with Fasl and Fas3, has an extremely slow 
rate of dissociation, with half times of several hours. Fascicu- 
lins are also selective in their action because avian, insect, and 
snake AChEs are relatively resistant to them and micromolar 
concentrations are required to inhibit butyrylcholinesterases 
(BuChEs) from mammals (Karlsson et al., 1984; Cervenansky 
et al., 1991; Radic et al., 1994). Fasl and Fas2 have nearly equiv- 
alent dissociation constants, whereas Fas3 has a 10-fold lower 
dissociation constant for rat brain AChE (Marchot et al., 1993). 

Recent studies show that Fas3 binds to diisopropylfluorophos- 
phate (DFP)-inhibited enzyme, and that DFP can still enter the 
active center gorge of the Fas3-AChE complex (Marchot et al., 
1993). Moreover, peripheral site inhibitors such as propidium 
(Taylor & Lappi, 1975), and not active center inhibitors, are 
competitive with the binding of fasciculins (Karlsson et al., 1984; 
Marchot et al., 1993). Thus, fasciculin appears to influence 
AChE catalysis in an allosteric fashion. Indeed, modification 
of residues residing at the rim of the active center gorge and not 
residues at the substrate binding site markedly influences fas- 

703 



704 H.K.L. van den Born et<al. 

ciculin binding (Radic et al., 1994). Hence, fasciculin inhibition 
could arise both from a gating influence, therein restricting 
substrate entry into active center gorge and from exerting allo- 
steric control over the commitment to catalysis of the bound 
substrate. 

The availability of the three-dimensional structure of AChE 
from Torpedo californica (Sussman et al., 1991) provides the 
first structure of the target site for the family of three-fingered 
Elapidae toxins and has prompted renewed interest in studying 
the highly selective interactions between this family of toxins and 
their binding sites. In this study we detail the structure of the 
fasciculins in relation to related toxins in order to delineate fea- 
tures responsible for their specificity for the AChEs. Secondly, 
we analyze fasciculin interaction with the peripheral site on 
AChE by procedures that initially establish a precollision ori- 
entation and subsequently analyze probable complexes on the 
bases of electrostatic forces, surface area of contact, and sur- 
face topography of the respective molecules. 

Results 

Electrostatic properties of the toxins deduced 
from their three-dimensional structures 

Internal structure stabilization 

The complete structural maps of Fas 1 (le Du et al., 1992) and 
Ebt-b (Smith et al., 1988) obtained from their crystal coordinates 
are presented in Figure 1A and B. Figure 1C and D shows only 
the regions of Fas2 and Fas3 that differ from Fasl. The over- 
all folding of fasciculins as shared with other toxins mainly con- 
sists of three loops forming a large and flat triple-stranded 
antiparallel /3-sheet (Kinemage 1; le Du et al., 1992; Pillet et al., 
1993). In Fasl the (3-sheet is formed by residues Cys 22-Arg 27, 
Val 34-Cys 39, and Leu 48-Cys 53. Formally Cys 3-Cys 4 and 
Leu 14-Thr 15 also form a 0-strand. Loop I consists of residues 
5-15, loop II of residues 24-38 and loop III of residues 43-50 
(le Du et al., 1992). 

Fasciculin 1. The vast majority of residues of Fasl are sol- 
vent accessible. Only two, the disulfide-linked Cys 3 and Cys 22, 
show no solvent accessibility. Several residues (Tyr 4, Leu 14, 
Tyr 23, Arg 37, Leu 48) are only partly solvent accessible. Sev- 
eral of these residues located in homologous positions on other 
toxins are less accessible. Virtually all potentially charged resi- 
dues in this family of toxins are fully accessible to solvent; only 
Arg 37 is partly accessible. 

Initial observations of the three-dimensional structure of Fasl 
reveal the following distribution of charged residues (Kinemage 
1). The electrostatic fields produced by the cationic side chains 
of Arg 11, Lys 25, Arg 27, and the anionic side chains of Asp 45 
and Asp 46 are located on a common surface area of the mol- 
ecule. This confers a small overall positive charge to this side. 
The cationic side chains of Arg 24, Arg 37, Lys 51, Lys 58, the 
obliquely oriented side chains of Arg 28 and Lys 32, and the 
negatively charged side chains of Asp 57, Glu 49, and carboxyl- 
terminus of Tyr 61 are located on the opposite surface of the 
molecule. Cationic residues Arg 27, Arg 28, and Lys 32 are 
located at the tip of loop II, whereas anionic Glu 19 and posi- 
tive amino-terminus of Thr 1 reside on the opposite end of the 
molecule. 

There are three significant clusters of hydrophobic residues 
in this molecule: (1) a cluster that contains Pro 42, Pro 43, and 
Val 50 of loop III and Tyr 23 of loop II; (2) a cluster that con- 
tains Leu 48 and Tyr 47 of loop III, the hydrophobic portion 
of the side chains of Arg 27, and Leu 35 of loop II; (3) a clus- 
ter formed by Tyr 4 and Leu 14 of loop I, and the hydrophobic 
parts of the side chains of Lys 58 and Tyr 61 located in the area 
of the disulfide core of the molecule. This system of hydropho- 
bic clusters likely stabilizes the overall structure of the fascicu- 
lin molecule, as found for other toxins (Fig. IB). 

Salt bridges formed between positively charged residues of 
loop II and negatively charged residues of loop III constrain 
these loops significantly in Fasl; such strong electrostatic con- 
straints do not occur in the a-neurotoxins, Ebt, Bgt, a-cobratoxin 
(Cbt), and in cardiotoxin V" (Cdt). Those bridges impart ad- 
ditional rigidity to the fasciculin molecule loops when compared 
with the homologous a-neurotoxins. 

Fasciculin 2. Fasl and Fas2 differ by single substitution 
Tyr 47 Asn. This difference does not affect the rigidity of the 
fasciculin molecule because all of the strong electrostatic con- 
straints between loop II and loop III are maintained in the pres- 
ence of the Asn residue (Fig. 1C). 

Fasciculin 3. In Fas3 two additional charges appear in loop 
I: Lys 15 and Asp 16 (Fig. ID). These are significant modifi- 
cations because Arg 11 is the lone positive charge in this area 
for Fasl and Fas2. In the minimized structure of Fas3 Lys 15 
is not linked by any salt bridge to other residues. This imparts 
an additional density of positive charges in the loop I area. The 
negative charge on Asp 16 is mostly compensated by the amino- 
terminus strengthening rigidity of loop I together with an ad- 
ditional (He 2-Leu 14) hydrophobic interaction. Because Fas3 
has an order of magnitude higher affinity than Fasl for rat brain 
AChE (Marchot et al., 1993), this positively charged area of 
loop I is presumed to contribute substantially to the stabiliza- 
tion energy for Fas3 binding to AChE. 

Structural bases of functional properties 

To determine the structural features in the fasciculin molecule 
that contribute to its mode of action, we compared the three- 
dimensional structures of the fasciculins to those of a-neuro- 
toxins, which are antagonists at the nicotinic receptor: Cbt, Bgt, 
Ebt (Fig. IB), and to that of Cdt. Fasl shows substantive dif- 
ferences at the following positions. 

Loop I. Conservation of Arg 11 is a feature unique to the fas- 
ciculins. Only four a-neurotoxins out of a family of 104 have 
a positively charged residue in this position, but two of them 
have a neighboring negative residue yielding charge compensa- 
tion (Endo & Tamiya, 1987). Several a-neurotoxins (19 out of 
104) have a negatively charged residue in this position. The maps 
of toxins shown in Figure 1 reveal the uniqueness of Arg 11, con- 
tributing to the exposed positive charge of its loop I to the elec- 
trostatic profile of fasciculin. Similar positive residues are not 
found in Bgt and Ebt (Fig. IB). The uncompensated positively 
charged residue Lys 15 of Bgt and Ebt is located much closer 
to the base of loop I and to the amino-terminal positive residue 
Thr 1. Accordingly, it does not change significantly the electro- 
static profile in the area of the amino-terminal residues. Lys is 
the most common residue for a-neurotoxins in position 15. A 
far smaller number of a-neurotoxins (12 of 104) have a positively 
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loop III 
loop II 

loop III 
loop II 

Fig. 1. Maps of the charge distribution and proximity of charged resi- 
dues in the toxins. Horizontal filling, positively charged residues; ver- 
tical filling, negatively charged residues; dotted filling, hydrophobic 
residues; arrows at one end, intramolecular electrostatic interactions; 
dashed lines, hydrogen bonds; solid lines, hydrophobic interactions; solid 
lines with the arrows on both ends, disulfide bonds. Bold circled resi- 
dues are cysteines. A: Fasl. B: Erabutoxin b. C: The portion of Fas2 
that differs from Fasl. D: The portion of Fas3 that differs from Fasl. 

loop I 

charged residue in position 13. In Cbt, the positively charged 
Lys 12 is compensated by negative Asp 13, and the electrostatic 
field only influences the very amino-terminal residues He 1 and 
Arg 2. These differences cause significant changes in electrostatic 
field distribution between the fasciculins and the a-neurotoxins 
(Fig. 2). The specific positioning of positive residues Lys 12 and 
Lys 5 in Cdt differs from Cbt, Ebt, and Bgt, and confers to 
loop I an electrostatic profile closer to that of fasciculin. 

Loop II. The noteworthy feature of loop II in the fasciculin 
molecule is the presence of six positively charged residues: 
Arg 24, Lys 25, Arg 27, Arg 28, Lys 32, and Arg 37. Two of 
them, Lys 25 and Arg 27, are weakly compensated. Neverthe- 

less, these residues are positioned to have the nearest opposite 
charge neighbor at the distance about 8 Ä. The closest negatively 
charged residue to Arg 11 is more than 21 A away. In this ar- 
rangement the charge on Arg 11 is more likely to interact with 
a distant charge on AChE than would the charges on Lys 25 and 
Arg 27. The difference between energies of interaction with 
AChE of the uncompensated charge and dipole are significant 
at the distance of 20 A. These considerations point to an uncom- 
pensated charge of Arg 11 from loop I playing the more signif- 
icant role in fasciculin docking to the surface of AChE. Other 
toxins have much smaller differences in charges between loops. 
In Ebt (Figs. IB, 2B) the charges of polar residues are compen- 
sated, creating pairs of opposite charged residues within the 



Fig. 2. Electrostatic isopotential surfaces superimposed with the CPK 
model (gray spheres) of toxins. The red surface corresponds to the iso- 
potential contour —1 kT/e, and the blue surface corresponds to the iso- 
potential contour +1 kT/e, where k is the Boltzmann constant, T is 
temperature, and e is the electronic charge. In the upper right quadrant 
is shown the a-carbon structure oriented with the CPK model. A: Fas- 
ciculin 1. B: Erabutoxin b. 

H.K.L. van den Born et al. 

Some of the positive charges in loop II are not specific to fas- 
ciculin: Arg 24 (represented by Arg 25 in a-Bgt and by Lys 23 
in Cdt) and Lys 25 (represented by Lys 26 in a-Bgt and by Lys 27 
in Ebt). The short neurotoxins of 60-62 amino acids (Karlsson, 
1984; Endo & Tamiya, 1987) often have both of these positive 
charges on positions 24 and 25. For Ebt, Lys 27 was proposed 
to be at the receptor binding site (Faure et al., 1983; Martin 
et al., 1983; Pillet et al., 1993). Arg 37 is common to many 
toxins represented as Arg 39 in Ebt and Arg 36 in Cdt (Rees 
et al., 1990). However, the following residues are unique to the 
fasciculins: 

Arg 27: The majority of short a-neurotoxins, Ebt (residue 29), 
Cbt (residue 25), and long neurotoxin a-Bgt (residue 28) have 
a Trp residue at this position. Trp is conserved as a part of a 
/3-strand and is also thought to be involved in the binding of the 
these toxins to the nicotinic receptor (Faure et al., 1983; Pillet 
et al., 1993). 

Arg 28: Although present in 23 of 104 three-fingered toxins 
(Endo & Tamiya, 1987), this positive charge in all fasciculins is 
immediately compensated by the highly conserved neighboring 
residue, Asp 46 from loop III. 

Phe 31 in fasciculins is substituted in many a-neurotoxins for 
a positively charged residue (Arg 33 in Ebt, Arg 33 in Cbt, 
Lys 30 in Cdt). A possible role for this residue in a-neurotoxins 
is to create a specific electrostatic profile selective for the nico- 
tinic acetylcholine receptor (nAChR) binding site. 

Lys 32 is present only in fasciculins. Although no other toxin 
has a positive charge in this position, many contain a positive 
residue at position 33 or 34. 

Loop III. This loop in the fasciculins has unique character- 
istics due to two negatively charged neighbors Asp 45 and Asp 46. 
Instead of Asp 45 most a-neurotoxins have a positive charge in 
the corresponding position (Lys 49 in Cbt, Lys 47 in Ebt, Lys 52 
in Bgt). Only 9 of 106 members of the three-fingered toxin group 
have a negatively charged residue in this area. Only the fascic- 
ulins have a negative charge at position 46. Also, no short a- 
neurotoxin has a negative charge in position 49 (Glu 49 in Fas), 
although about 30% of long a-neurotoxins have negatively 
charged residues close to this position (Asp 53 in Cbt, Glu 56 
in a-Bgt). 

Lys 51 appears less important to specificity. About 5 three- 
fingered toxins have the negatively charged group in the clos- 
est position (equivalent to 51 in Fas), whereas 30 of 104 toxins 
have a positively charged residue in this position (Endo & 
Tamiya, 1987). 

loop: Asp 31-Arg 33, Lys 27-Glu 38. The residue Arg 39 is 
partly compensated by the carboxyl-terminal charge, and as a 
result, the overall charge of this loop in Ebt is smaller. A simi- 
lar situation exists in Bgt where compensating pairs are created: 
Asp 30-Arg 36 and Arg 25-Glu 56, whereas Glu 41 and Lys 26 
are not close enough for charge compensation. The overall pos- 
itive charge of loop II is mainly due to uncompensated Lys 38. 
In Cbt, loop II contains four cationic residues and two anionic 
residues, which makes its overall charge positive. Cdt has a dis- 
tribution of positive charges close to fasciculin, but the position 
of uncompensated cationic residues, Lys 29 and Lys 30, at the 
tip of loop II makes it possible for this loop to play a signifi- 
cant role in the binding of this toxin. 

Precollision orientations of Fas 1 and AChE 

The most favorable electrostatic energies of intermolecular in- 
teraction for almost all rotational orientations of Fasl (lowest 
in the free energy profile) are found in the sectors of orbits 
(Fig. 3): circles 1, 2, and 5 from -45° to 45°; circles 3 and 4 from 
0° to 90°. This first step of selection gave a significant reduc- 
tion in the number of possible bound conformations of Fasl. 

Rotational conformers that minimize electrostatic energy were 
selected more precisely in the next step. The highest energy lev- 
els occur when charges of the same sign come in close apposi- 
tion to each other, and the lowest occur when these charges are 
distant and the opposite charges are proximal. Table 1 shows 
the most favorable rotational positions of Fasl in a precollision 
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+45 

Fig. 3. Stereo view of five circular tracks along which the Fasl molecule was moved across the acetylcholinesterase surface for 
evaluating intermolecular electrostatic energy. Shown is the AChE orientation with a central axis perpendicular to the plane 
of the paper, entering the active center gorge. 

orientation to AChE. The main low-energy positions are X, Z 
and Y, X, which occur in all circles. We also included other 
low energy positions for further investigation: Y, —Z; Y, —X; 
Z,-Y;- Y, Z. The chosen positions (Table 1) were further in- 
vestigated with the addition of five rotational Fas positions to 
increase the overall number of investigated positions to 15. To 
avoid overlooking of possible positions generally due to the dig- 
ital increments of angles, only the very high energy positions 
were eliminated. The selected positions were investigated with 
6° increments of orbital rotation. 

In each orbital position, three orientations with the lowest 
energy were chosen. These energy values are shown in Figure 4. 
Regions where the electrostatic energy values are the most favor- 
able were selected at each orbital circle. The selected positions 
are: circle 1: angles from -30° to 6° and angles from 12° to 36°, 
orientations X, -Yand X, Z; circle 3: angles from -48° to 
-30°, orientations X, - Yand - Y, X; angles from 36° to 54°, 
orientation X, -Y; X, -Z and X, Z; circle 4: angles from 
-24° to 6°, orientations X, -Fand X, -Z; angles from 24° 
to 42°, orientations Y, A'and X, Z; circle 5: angles from -42° to 
— 18°, orientations X, Z and X, Z. 

The area of the most favorable AChE-Fasl interactions is 
shown on Figure 5A. This specific area surrounds the gorge en- 
trance of AChE. By investigating the precollision orientation of 
Fasl, the results were refined. The preferred orientation of Fas 

is found to vary with its translational position. At the central 
point (Fig. 5A) position X, Z is favored, as the loops of Fasl 
are directed toward the entrance of the gorge. Around the cen- 
tral point (0°), the X, Z orientations are preferred to —X, Z for 
all circles. In the X, Z orientation the electrostatic field direc- 
tion of Fasl roughly points toward the enzyme. The large neg- 
ative electrostatic potential existing in this region of AChE 
(Ripoll et al., 1993; Tan et al., 1993) is the basis for the favor- 
able interactions with the positively charged loops I and II of 
the fasciculin molecule. 

Loop I is more likely to be oriented toward the enzyme than 
loop III because on one hand Y, X; X, —Z, and X, — Y rota- 
tions have very low energies and on the other hand —X, —Z and 
Y, —X rotations have very high values. It appears that loop I 
is attracted toward the right side of AChE defined by an angle 
of 90° in circle 3 (Figs. 3, 5A). When the Fasl molecule is moved 
on circle 1 from —30° to 30°, the most preferred orientation is 
changed from X, —Yto X, Z, again turning loop I toward the 
right side of the AChE molecule (Fig. 3). 

Orientation X, — Y with the loop tips toward the right side of 
the gorge (Fig. 3) is more favorable than —Z, —X. Movement 
toward this side is nearly parallel with the general direction of 
the electric field in the AChE molecule. 

Analyses of the preferred orientations of all circles over a 10-A 
intermolecular distance reveal that the electric fields of AChE 

Table 1. Favorable orientations of Fasl as found at the various circles 
(according to Fig. 3) 

Circle -45° 0° +45° 90° 

Y,X 
Y, -Z 

Y,X; Y, -X; Z, -Y 

X, Z; Y, X 
X, Z; Y, X; Z, 
X,Z 
X, Z; Y, X 
X,Z; -Y,Z 

-Y 
X, Z; y, X; Z, 
X, Z 
X,Z;Z, -Y 
X, Z; Y, X; Z, 
X, Z 

X, Z; Y, X 
X, Z; Y, X 
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Fig. 4. Representative electrostatic energies of AChE-Fasl interactions 
using different positions of the Fasl molecule. In each circle, the three 
lowest energy orientations are represented by three distinct symbols. 
A: Circle 5, average minimal distance 10 Ä between surfaces of two mol- 
ecules. B: Circle 4, average minimal distance 10 Ä between surfaces of 
two molecules. C: Circle 3, average minimal distance 10 A between sur- 
faces of two molecules. D: Circle 1, average minimal distance 10 Ä be- 
tween surfaces of two molecules. E: Circle 1, average minimal distance 
20 A between surfaces of two molecules. 

and Fasl are closely aligned. This suggests an approach with ei- 
ther Arg 11 of loop I or the tip of loop II facing toward the gorge 
of AChE. At intermolecular distances greater than 15 A, the dif- 
ferences between various orientations of Fasl begin to vanish. 

Hence, a focused electrostatic guidance of Fasl alone leads 
to a precollision position at the surface of the AChE molecule, 
near the gorge entry. This position results mainly from the ori- 
entation of the electrostatic fields of AChE and Fasl. The next 
step is the determination of possible AChE-Fasl complexes. 

Complexation of AChE and Fasl 

The orientations of Fasl with loop I and the tip of loop II 
approaching the region of the aromatic triad cluster (Tyr 70, 
Tyr 121, Trp 279) at the peripheral site of AChE were consid- 
ered for further analysis. These three residues residing at the rim 
of the AChE gorge account for the selectivity of the fasciculins 
for AChE over BuChE (Kj = 2 pM versus 200 /xM for mouse 
enzymes) (Radic et al., 1994). The distance between Arg 11 of 
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y-rotation 

AChE 

p-rotation 

a-rotation 

Fig. 5. Interaction of Fasl with recognition site on AChE. A: Area of 
possible binding of Fasl on the surface of AChE calculated from the 
precollision orientations (lighter area is the simplified region of the 
gorge). Position of the AChE peptide chain is shown in Figure 3. 
B: Movement of the Fasl molecule during the complexation procedure. 

Fasl and each amino acid of the AChE peripheral aromatic 
triad cluster was constrained to 4-6 A. Putative complexes were 
formed in two steps. Firstly the Fasl molecule was rotated along 
its jy-axes (Fig. 5B) for a complete circle of 360° in 30° incre- 
ments (a-rotation). At each 30° position, Fasl was rotated along 
its 0-axis in 30° increments again in a complete circle. The ß- 
axis starts at the center of the peripheral aromatic triad cluster 

and leads to the center of Fasl. Then, after each Fasl 0-rotation, 
an AChE-Fasl complex was created by moving the Fasl mol- 
ecule (7-rotation) toward AChE surface to maximize inter- 
molecular contacts within the distance where van der Waals 
forces could be considered. The three rotations are depicted in 
Figure 5B. In this way, 144 putative complexes were generated. 

The orientations of AChE and Fasl side chains in selected 
complexes were then minimized to make the complex less de- 
pendent on the fixed orientations of the respective crystal struc- 
tures. Sixty complexes of lowest interaction energy were selected. 
After minimization the final energy values showed a significant 
drop and were nearly equivalent. About 90% of this energy 
arises from the electrostatic component and the remainder from 
van der Waals' forces. A similar general pattern of local mini- 
mal energies was seen for both cutoff distances of 12 A and 
100 A. We eliminated the largest electrostatic energy complexes. 
Forty-one complexes remained after this selection. The follow- 
ing selection was based on the electrostatic energy and buried 
surface calculations. For the selected complexes the range of 
electrostatic energies at a 100-Ä cutoff distance were from —663 
to — 1,014 kcal/mol; at a 12-Ä cutoff distance, they were from 
—439 to -807 kcal/mol and the buried surface areas ranged 
from 832 to 2,378 A2. The absolute values of energies do not 
have a specific reference point, and we considered only the dif- 
ferences between these energies for various complexes. The elec- 
trostatic energy values with the 12-Ä cutoff mainly reflect the 
short-range interactions of fasciculin with AChE and 100-A cut- 
off values also encompass the long-range electrostatic inter- 
actions. Taking into account the numerous approximations of 
theoretical calculations of this kind, we used both energy val- 
ues for the selection of complexes. For six selected complexes, 
the values of these parameters are the following: complex 25: 
electrostatic energy (100 Ä) —1,015 kcal/mol, electrostatic en- 
ergy (12 A) —767 kcal/mol, buried surface 1,688 Ä2; complex 
36: -927 kcal/mol, -734 kcal/mol, 1,431 A2; complex 39: 
-860 kcal/mol, -808 kcal/mol, 1,508 Ä2; complex 45: -823 
kcal/mol, -698 kcal/mol, 1,411 Ä2; complex 58: -862 kcal/ 
mol, -699 kcal/mol, 1,216 Ä2; complex 60: -880 kcal/mol, 
-697 kcal/mol, 1,300 A2. Other complexes with larger buried 
surface areas have the higher electrostatic energy values and were 
eliminated. Complex 25 appears most favorable among the list, 
where it is found to have the global minimum of electrostatic 
energy (100 Ä) and close to the global minimum in 12-A cutoff 
calculations. It also has a substantial buried surface area. 

We then calculated the favorable interactions between side 
chains of fasciculin and AChE of these complexes to make a fi- 
nal selection. We find that complex 36 has the same intermolec- 
ular interactions as complex 25 and very similar energy values. 
It falls into the same family as complex 25 and was eliminated 
because of slightly higher energy than complex 25. Similarly, two 
complexes, 45 and 39, happen to be in one family, and complex 
39 was chosen. Complexes 58 and 60 were also nearly identical, 
but complex 58 has the larger number of favorable intermolec- 
ular contacts (Table 2), so it was selected. 

Three complexes emerged based on optimizing the parameters 
used in this strategy: 25, 39, and 58. Table 2 shows the residues 
of AChE in contact with Fasl in the selected complexes. Table 3 
shows their intermolecular interactions, and the coordinates of 
the complexes are contained in the Electronic Appendix. A com- 
parison of possible contacts of AChE and BuChE in the final 
complexes leads to the following considerations. 
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Table 2. Calculated contact regions of the 
AChE-Fasl complexes 

Complex Contact residues of Torpedo AChE 

25 70-76, 121, 279-280, 285-287, 332-342, 348-358, 362-372 
39 68-78, 120-121, 250-256, 265-285, 333-336 
58 39-42, 63-93, 121, 268-285, 333-336 

Asp 285 Gly should diminish the attraction of Arg 11 toward 
the gorge. 

Complex 58 (Fig. 6C; Kinemage 4) 

The area of intermolecular interactions in this complex is 
nearly identical for AChE and BuChE and points to the aro- 
matic triad cluster (Tyr 70, Tyr 121, Trp 279) at the peripheral 
site as primarily accounting for the selectivity differences be- 
tween AChE and BuChE. 

Complex 25 (Fig. 6A; Kinemage 2) 

In this complex, Arg 24, Arg 27, and Arg 28 in Fasl are likely 
to be stabilized by negative charges in AChE, of which Glu 350 
is a primary candidate. Because this residue exists as Lys in 
BuChE, the change in binding energy associated with the mu- 
tation would be one means for assessing this complex. 

Complex 39 (Fig. 6B; Kinemage 3) 

Near the contact positions in this complex, several residue dif- 
ferences exist between AChE and BuChE: Glu 73 Gin, Glu 268 
Asn, Lys 270 Asp, Asp 276 Leu, and Asp 285 Gly. Some of these 
substitutions might be expected to diminish the contributions of 
Arg 11 and Arg 37 in Fasl for stabilization of this complex. Sub- 
stitution of Glu 268 Asn in the AChE molecule should result 
in the loss of the Arg 27-Glu 268 interaction. Substitution of 
Lys 270 Asp should result in the loss of the Asp 45-Lys 270 in- 
teraction and create repulsion between two negatively charged 
side chains. Substitution of Asp 276 Leu should result in loss 
of interaction with Arg 24, Lys 25, and Arg 37. Substitution of 

Discussion 

Taking into consideration the high electrostatic potential of 
AChE and its unique surface charge distribution oriented toward 
the gorge, one may assume that these factors can play a deci- 
sive role in guidance of the molecules found to associate with 
AChE. Recent theoretical calculations revealed the importance 
of this concept for association of cationic substrates with AChE 
(Ripoll et al., 1993; Tan et al., 1993). The question of specific- 
ity of peptide toxin binding to AChE is critical because among 
the family of more than 100 three-fingered toxins, only the fas- 
ciculins bind with high affinity to AChE. 

Elimination of surface charges peripheral to the gorge through 
mutagenesis appeared to have little influence on substrate ca- 
talysis (Shafferman et al., 1994). However, several changes 
within the gorge itself were not included in the permutations of 
mutations. Glu 199 and Glu 443 within the gorge are critical for 
both inhibitor binding and catalysis (Radic et al., 1992, and un- 
publ. data). Other anionic residues also exist within or near the 
gorge, which give rise to mutant enzymes with sufficiently low 

Table 3. Contact residues of Fasl (shown in italics) and Torpedo AChE in the selected complexes 

Electrostatic interactions Hydrophobie contacts 

Complex <6 Ä                         6-9 A <4A 4-5 Ä 
Possible 

hydrogen bonds 

25 

39 

58 

R24-E350 
R24-D351 
R27-D365 
R27-D369 
R37-D351 
^57-E350 

R11-D72 
R27-E268 
R27-E273 
D45-K270 

R11-012 
Ä27-E89 
R37-D276 

R11-D72 
R11-D276 
K32-E350 
R37-D2S5 
R37-E350 

R24-E273 
R24-D276 
K25-D276 
R37-D276 
D46-K270 

D45-R88 
K25-E73 
K25-E82 
R24-D276 
R27-E&9 
R27-E92 
R27-D93 
R37-E73 

P31-L36S 
ZJ5-K357 
Ä57-P337 

P31-K269 
L35-K270 
Y47-K270 
L48-K270 

P31-P271 

R27-L368 
P31-V356 
Y61-P337 

I13-P76 

P31-K270 

77-D285 
T9-P337 
T9-G338 
S/0-L332 
RI1-Y70 
R//-W279 
R24-E350 
R27-V365 
K32-M353 
F6/-D351 

S5-E73 
H6-Y10 
R11-Y10 
R11-Y334 
Y47-E26S 

H6-Q74 
H6-Y70 
T7-V71 
S10-D276 
RU-Y70 
R37-E73 
Y47-ES9 



Fasciculin-acetylcholinesterase interactions 

'o 

711 

00 



712 H.K.L. van den Born et al. 

activity to preclude study. This may point to a cluster of charges 
focused toward the gorge as being responsible for the associations 
of small ligands and the orientation of associating fasciculin. 

The potential intramolecular interactions stabilizing loop III 
in Fasl relative to Fas2 can be compared to the increase in num- 
ber of interactions in loop I of Fas3 relative to Fasl and Fas2. 
Only Fas3 has an appreciably higher affinity among the fascic- 
ulins (Marchot et al., 1993), which suggests that loop I could 
play the more important role in association of Fas and AChE. 
The six positively charged residues in loop II of fasciculin with 
their distinctive charge compensation are likely to be critical for 
its orientation toward the enzyme. These differences create an 
electrostatic potential for Fas unique among the three-fingered 
toxins. Our calculations of precollision orientation of Fasl, 

which took into account only the charge distribution on AChE 
and Fasl and no other preconditions, resulted in positioning of 
the fasciculin molecule in the region of AChE close to the gorge 
entrance and near the three aromatic residues that have been 
shown by mutagenesis to be involved in the AChE-fasciculin in- 
teraction (Radic et al., 1994). Electrostatic guidance calculations 
can therefore lead to a reasonable positioning of fasciculin in 
apposition to a specific region of AChE. The drastic change of 
electrostatic field of AChE after the binding of Fas (Fig. 7) can 
definitely affect the electrostatic guidance mechanism of the 
AChE-fasciculin complex toward subsequent entry of charged 
substrates. Recent kinetic experiments where fasciculin can serve 
as an allosteric activator and/or inhibitor of AChE depending 
on the nature of the substrate and mutated residues (Z. Radic 

Fig. 7. Electrostatic isopotential surfaces 
of Fasl and AChE. Orientation of the pro- 
teins is the same in A and B. Red surface 
corresponds to the isopotential contour 
— 1 kT/e; blue surface corresponds to the 
isopotential contour +1 kT/e. A: Free state. 
B: Bound state of the complex. 
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D. Quinn, D. Vellom, S. Camp, & P. Taylor, submitted for pub- 
lication) are in accord with this notion. Calculations of the bur- 
ied surface of the complex delimited the possible orientations 
of the complex to a number realistic for designing mutagenesis 
studies on fasciculin and AChE. 

Of the three complexes (Fig. 6A,B,C), for complexes 58 and 
39, Fas is located on the surface of AChE, actually capping a 
disulfide loop between residues Cys 60 and Cys 97. This loop 
serves as a flap that opens the binding site for substrates in Can- 
dida rugosa and Rhizomucor miehei lipases (Brzozowski et al., 
1991; Grochulski et al., 1994). These enzymes show homology 
in sequence and overall a-/?-hydrolase fold characteristics of 
AChE (Ollis et al., 1992). Hence, it is possible that the dimin- 
ished catalytic capacity of the fasciculin-AChE complex may 
also arise from constraints imposed on this region that restrict 
the conformational flexibility of AChE. 

The known three-dimensional structures of Fasl (le Du et al., 
1992) and AChE (Sussman et al., 1991) allow for multiple and 
complementary approaches to study the complex. Initial stud- 
ies showing competition between propidium and fasciculin 
pointed to fasciculin interactions not occurring at the active cen- 
ter of the enzyme (Karlsson et al., 1984). Subsequent studies 
showing that fasciculin will bind to the DFP-conjugated enzyme 
and that the active center of AChE can be phosphorylated by 
DFP when fasciculin is bound (Marchot et al., 1993) provide im- 
portant documentation of accessibility to the active center gorge 
in the complex. Site-specific mutagenesis has revealed that res- 
idues that form the acyl pocket and the choline binding site have 
minimal influence on fasciculin binding, whereas modification 
of three residues Trp 279, Tyr 121, Tyr 70 at the rim of the gorge 
have the major influence and can actually account for the free 
energy difference of fasciculin binding to AChE versus BuChE 
(Radic et al., 1994). Moreover, the importance of cation-T- 

electron interactions that could arise between positively charged 
residues of fasciculin and this aromatic cluster have been well 
documented in quantum chemical calculations (Kim et al., 1994). 
Hence, the surface for binding can, at least in part, be defined 
by this aromatic cluster at the top of the gorge. 

At present, there is only fragmentary chemical modification 
data and no mutagenesis evidence with the fasciculin molecule 
to aid in assignment of interacting residues. Cervenansky and 
colleagues (1994) have shown that acetylation of residues Lys 25, 
Lys 32, and Lys 51 of Fas2 partly reduces its interactions with 
AChE. These three residues appear involved in the intermolec- 
ular stabilization of loop II in fasciculin and their modification 
may lead to destabilization of its rigid structure, a finding not 
revealed upon examination of the CD spectra of the modified 
molecule. Also, in our calculations Lys 51 and Lys 32 are shown 
to play a role in electrostatic interactions with AChE in com- 
plex 25. Lys 25 is involved in electrostatic interaction with AChE 
in complexes 39 and 58 (Table 3). The theoretical considerations 
presented here define the unique features of the fasciculin struc- 
ture and should enable us to distinguish the more probable bind- 
ing orientations of the complex. 

Methods 

Initial protein structures 

The crystallographic coordinates of Torpedo AChE, code 1 ACE 
(Sussman et al., 1991), Fasl, code 1FAS (le Du et al., 1992), 

a-bungarotoxin, code 2ABX (Bgt) (Love & Stroud, 1986), car- 
diotoxin V}1, code 1CDT (Cdt) (Rees et al., 1990), erabutoxin b, 
code 3EBX (Ebt) (Smith et al., 1988), and a-cobratoxin, code 
1CTX (Cbt) (Walkinshaw et al., 1980), were retrieved from 
Brookhaven Protein Data Bank (WWW: http://www.pdb.bnl). 
All structures were reexamined to add unresolved atoms with 
Insight 2.3.0 and Homology programs (Biosym Technologies, 
Inc., 1994, San Diego, California). Charges were assigned ac- 
cording to average pÄ^'s of the ionizable side chains at pH 7.5. 
We performed the short steepest decend minimization cycle to 
relieve strain in the side chains and also energy minimized the 
regions that deviated from the crystal structure with the Discover 
program (Biosym Technologies, Inc., 1994). Raman and NMR 
spectroscopy show general agreement between the solution and 
crystal structures of some members of the three-fingered toxin 
family (Love & Stroud, 1986; Endo & Tamiya, 1987). The mo- 
lecular models of Fas2 and Fas3, whose crystal structures are 
not known, were constructed using the residue replacement with 
the Insight 2.3.0. program. Side chains were then minimized 
using the Discover program to avoid artificial constraints. 

Calculations and display of electrostatic fields 

Electrostatic potential fields of the toxins and AChE were de- 
termined using the linearized Poisson-Boltzmann equation 
solved numerically by the DelPhi 2.5 program (Biosym Tech- 
nologies Inc., 1994). The dielectric constant of water was set to 
80, and that of the protein interior to 2. An ionic strength of 
0.145 was used. The grid had a spacing of 0.9 A and overall size 
of 57.8 A. 

Precollision orientation procedure 

The precollision orientation of the fasciculin molecule relative 
to AChE was calculated using a strategy that considered only 
electrostatic interactions. Coulombic energies of electrostatic in- 
teraction between AChE and Fasl were calculated by summing 
the contributions of partial charges of all atoms of these two 
molecules using the Docking program of Insight 2.3.0 and 
CFF91 force field. Interactions were measured within short 
(12 A) and long (100 Ä) range cutoff distances. 

The following strategy was used. Five full circles were defined 
around the center of mass for AChE (Fig. 3). The distance be- 
tween the mass centers of the two molecules was kept constant 
at 56 Ä, a value consistent with a 20-Ä distance as an average 
shortest distance between AChE and Fasl molecular surfaces. 
In local regions where the position was refined, we also used a 
distance of 10 A. Each full circle was rotated in 45° incremen- 
tal positions of Fasl, and the electrostatic interaction energies 
were calculated (Fig. 8). A zero angle refers to the position di- 
rectly above an axis aligned down the center of the AChE gorge. 

At each of the positions, orientations of Fasl differing by 90° 
rotational angles around the respective x-, y-, and z-axes, pre- 
suming the tip of the molecule fixed at the zero point (Fig. 8A), 
were evaluated. The x orientation is perpendicular to the aver- 
age surface of the AChE molecule (Fig. 8B). The overall num- 
ber of possible orientations of the Fas molecule was 24. These 
orientations were named by the directions of the orientation of 
loops II and I (Fig. 8A), presuming the orientation of the loop 
II always is directly congruent with one of axes. The direction 
of the orientation of loop I is designated after the direction of 



Fig. 8. Precollision orientation of Fasl. A, B: Representative examples 
of orientations of the Fasl molecule used for evaluation of precollision 
orientations (positions X, Yand -Y, Z). Symbols I and III denote struc- 
tural loops. C: Starting position of Fasl (position X, Z) and AChE used 
in circle 3. Dashed line, position of the gorge. 

the vector component associated with this loop that is perpen- 
dicular to the direction of the vector of loop II and lies in the 
same plane as loops I, II, and III. So, for example, orientation 
X, - Y is the orientation where loop II is directed toward the 
surface of AChE along the x-axis (Fig. 8A) and loop I is ori- 
ented toward the - Ydirection. The structure of the Fasl mol- 
ecule is rigid and rather flat, so the direction of loop III always 
corresponds to the orientations of loops II and I. Some of ori- 
entations were skipped initially due to strong unfavorable elec- 
trostatic interaction between AChE and Fasl. We eliminated, 
for example, positions where the tip of Fas and/or loop III were 
directed to the surface of AChE (orientations Y, -X; -Y, -X; 
Z, ~X). The positions with so-called "flat" orientation, where 
the largest surface of Fasl is oriented perpendicular to AChE 
(-Y, Z; -Z, Y; Z, Y; -Z, -Y), also had relatively large elec- 
trostatic energies and were eliminated. The same situation holds 
for other orientations. In selected positions of Fasl the energies 
then were measured at every 6° increment. All of these calcu- 
lations were made using our own semi-autonomous programs 
in Insight II. The program kept the AChE molecule stationary 
while translating the Fasl molecule to each position around 
AChE and rotating it to the chosen orientation. During the ro- 
tation of the Fasl molecule, the axes connecting the mass cen- 
ters of both molecules were kept at a constant length, and the 
point of internal rotation of the Fasl molecule was fixed close 
to its center of mass. With this procedure, the shortest separa- 
tion distance between the surfaces of molecules varied. 

Areas of molecular surfaces that become inaccessible to sol- 
vent upon formation of AChE-Fas complexes were calculated 
using the Solvation 2.5 program (Biosym Technologies, Inc., 
1994). In order to define these buried surface areas in the com- 
plex, we calculated the solvent-accessible surfaces of the indi- 
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vidual molecules and of the complexes. A molecular surface 
algorithm (Connolly, 1983) with a 1.6-Ä radius of probe was 
used to determine the solvent accessibility of each molecule. 

Selection of fasciculin-AChE complexes 

In the first selection procedure the area of the buried surface of 
interaction and its shape complementarity were weighed against 
the complementarity of electrostatic field vectors of both mol- 
ecules. For example, complexes with relatively small contact 
areas were still selected if they had significant complementar- 
ity of electric fields, whereas structures with small contact areas 
and strongly opposing electric field orientations were eliminated. 

The topography of residues at the interface was closely eval- 
uated. Complementary groups were aligned to maximize salt 
bridges and hydrophobic clusters. Complexes with relatively 
small interfacial areas but significant complementarity of inter- 
facial residues, by virtue of formation of a significant number 
of salt bridges and hydrophobic clusters, were selected for fur- 
ther investigation. 

Each potential complex selected for further investigation was 
minimized using the Discover 3.1 program (Biosym Technolo- 
gies, Inc., 1994) in CVFF force field. This afforded an oppor- 
tunity to adjust the fit of the intermolecular complexes avoiding 
the problem of "rigid bodies." Using this approach, we avoided 
rejection of remaining favorable complexes because of artificial 
van der Waals energy barriers between nonenergy-minimized 
side chains of both molecules. A cutoff distance of 25 A was 
used in these calculations. The peptide backbones of both mol- 
ecules were constrained during the minimization. 
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Abstract 

The availability of a crystal structure and comparative sequences of the cholinesterases has provided templates 
suitable for analyzing the molecular bases of specificity of reversible inhibitors, carbamoylating agents and 
organophosphates. Site-specific mutagenesis enables one to modify the structures of both the binding site and 
peptide ligand as well as create chimeras reflecting one type of esterase substituted in the template of another. 
Herein we define the bases for substrate specificity of carboxylesters, the stereospecificity of enantiomeric 
alkylphosphonates and the selectivity of tricyclic aromatic compounds in the active center of cholinesterase. We also 
describe the binding loci of the peripheral site and changes in catalytic parameters induced by peripheral site 
ligands. using the peptide fasciculin. 

Keywords: Acetylcholinesterase; Cholinesterase: Serine hydrolase: Organophosphates; Fasciculin: Enantiomeric 
inhibitors 

1. Introduction 

Sequencing of the cholinesterases and the 
cloning of their genes a decade ago revealed that 
these enzymes defined a family of serine hydro- 
lases distinct from the well characterized pan- 
creatic protease and subtilisin families of en- 
zymes [1]. The diversity in this hydrolase family 
is not only reflected in enzymes which hydrolyze 
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2 Visiting Scientist. CNRS Unite de Recherche Associee 

1455, Universite d-Aix-Marseille II, Marseille, France. 

complex ester structures such as juvenile hor- 
mone and lysophospholipids, but the family also 
includes enzymes with distinct differences in 
mechanism, the epoxide hydrolases and dehydro- 
halogenases [2,3]. Even more remarkable is the 
observation that several proteins without hydro- 
lase function such as thyroglobulin, the tactins 
and the neuroligins show sequence identity with 
the hydrolases in this family [3,4]. Solutions of 
the crystal structures of acetylcholinesterase 
(AChE) and the fungal Upases revealed a struc- 
tural motif, termed the alß hydrolase fold [2,5]. 
Surprisingly, this motif is also shared by several 
enzymes that possess no discernible sequence 
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identity with the cholinesterases [2,3]- Hence, 
this family continues to enlarge, and the a/ß 
hydrolase fold emerges as a common structural 
motif associated with a wide variety of catalytic 
and surface contact functions. 

The catalytic steps in ester hydrolysis involve 
an initial transacylation step in which the acyl 
group is transferred from substrate to the serine 
on the enzyme with the departure of the alcohol 
moiety of the substrate [3,6,7]. This is followed 
by water addition with the concomitant deacyla- 
tion of the enzyme. Of importance is that both 
acylation and deacylation proceed through tetra- 
hedral transition states which are facilitated by 
hydrogen bonding from amide backbone hydro- 
gens to the carbonyl oxygen in the oxyanion 
hole. 

The solution of the crystal structure of the 
enzyme [5] has revealed that the catalytic serine 
and the accompanying histidine and glutamate in 
the catalytic triad lie centrosymmetric to each 
subunit in the molecule at the base of a deep 
gorge. The crystal structure, sequence compari- 
sons and site-specific mutagenesis now enable 
one to define distinct residues and discrete do- 
mains which contribute to overall specificity for 
substrates and inhibitors. Since AChE and 
butyrylcholinesterase (BuChE) show well de- 
fined differences in specificity, substitutions can 

be developed from either template. Table 1 
outlines a series of selective and non-selective 
inhibitors of the cholinesterases and the residues 
in the enzyme which dictate specificity. 

2. Specificity governed by acyl pocket 
dimensions 

The acyl pocket in AChE is outlined by the 
side chains of two phenylalanines, F,9S and F-,97, 
in the mammalian enzyme; in BuChE the res- 
idues at corresponding positions are leucine (L) 
and isoleucine (I), therein occupying much small- 
er volumes. Substitution of L for F at the 295 
position provides a sufficient reduction in side 
chain volume to allow butyrylcholine to become 
an efficient substrate, while substitution of I or V 
for F at the 297 position changes the kinetic 
profile of the enzyme from one that shows 
substrate inhibition to one of substrate activation 
(Fig. 1, Table 1). Substrate inhibition is charac- 
teristic of AChE, whereas substrate activation is 
characteristic of BuChE [8-10]. Hence, the two 
phenylalanines outlining the acyl pocket play 
distinct roles in governing the catalytic profile of 
the cholinesterases. The carboxylesters possess 
trigonal, planar acyl groups, and by extending 
these observations to tetrahedral substrates such 

Table 1 
Cholinesterase domains affecting ligand specificity 

Substrate Selective inhibitors       AChE/BuChE preference       AChE residues' 

1. Acyl pocket Critical to acyl group IsoOMPA BuChE 
(active center) dimensions; influences 

substrate inhibition 
2. Choline subsite Specificity neutral Ethopropazine BuChE 
(active center) versus cationic esters Huperzine AChE 

3. Rim of the gorge Little direct influence; Fasciculin AChE 
(peripheral site) only allosteric Propidium AChE 

4. Rim of the gorge Similar to 2 and 3 BW284c51 AChE 
and choline subsite 

Phcnylaianine-F2(,5(: 

Phenylalanine-F:y7( 

XK) 

WO) 

Tyrosine-Y,,,,,,,,, 
Tryptophan-WM(H4,

b 

Phenylalanine-F44g|44,,
b 

Glutamate-E2a3(l,V|
b 

Tyrosine-Y72(7()) 

Tyrosine-Y,,4(,,,, 
Tryptophan-W:s ,„, 
Aspartate-D74(72)

b 

Residues in domains 
2 and 3 

"The first subscript corresponds to the numbering system for mammalian AChE; the number in parentheses is the Torpedo 
numbering system. 
b Conserved residues in AChE and BuChE. 
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(•): Wild-type Mouse BuChE (O). Right hand panel: Mutant F,,„L AChE (•): Mutant FWI AChE (O). The catalytic constants 
obtained from triplicate kinetic analyses and enzyme titrations are detailed in Table 1. Data are from Refs. (9,10]. 

as the alkylphosphonates, we can gain additional 
information on the specificity of enzyme acyla- 
tion. Deacylation of the phosphonyl enzyme 
conjugates occurs slowly and may be studied as a 
separate step. 

Berman and colleagues have found that a 
series of alkoxyl methyl phosphonylthiocholines 
show a 200- to 300-fold preference with the Sp- 
isomer over the Rv -isomer for Torpedo AChE 
[11,12]. A similar preference is seen with the 
mammalian enzyme and, through site-specific 
mutagenesis, we are able to define the structural 
determinants for enantiomeric specificity. It ap- 
pears that the phosphonyl oxygen must be placed 
in the oxyanion hole and the leaving group 
directed out of the gorge to maximize acylation 
rates. A knowledge of the absolute stereochem- 
istry of the phosphonates then reveals that the 
Sp-enantiomer positions its bulky alkoxyl group 
toward the choline binding site, while the small 
methyl group occupies the more space restrictive 
acyl pocket. On the other hand, the same con- 
straints on the positioning of the phosphonyl 
oxygen and the leaving group require the bulky 
alkoxy group of the /?p-enantiomer to be ori- 
ented towards the acyl pocket where steric limi- 

tations do not allow an optimal fit. This orienta- 
tion is consistent with the kinetic differences in 
S - and 7?p-acylation, for as we enlarge the acyl 
pocket, we find that the /?p-isomer becomes a 
more efficient acylating agent [10] (Table 2). 
Other studies which compare cationic thioch- 
oline and neutral thioalkyl leaving groups of 
these phosphonates are also consistent with this 
interpretation for orientation (N.A. Hosea, un- 
published observations). Fig. 2 shows the orienta- 
tions of Sp- and /?p-cycloheptyl methylphos- 
phonylthiocholine when reversibly bound to 
AChE and F,97I AChE, respectively. 

3. The choline binding site in the active center 

Tricyclic phenothiazine and acridine analogues 
are effective inhibitors and appear to associate 
with the choline subsite, located within the active 
center of the cholinesterases [5,9]. This region is 
also bounded by several aromatic side chains. 
While most tricyclic compounds do not exhibit 
a preference for AChE over BuChE, etho- 
propazine is a specific BuChE inhibitor with a 
1800-fold preference over AChE (Table 3) [9]. 

M 
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Table 2 
Influence of acyl pocket dimensions on substrate specificity 

Acetvlthiocholine Butvrylthiocholine Cycloheptyl methyl 
phosphonothiocholine 

Km *c K„ h ^m *«., K„ b 
k,SP *.-*P 

AChE 46 140 X 10' 13 0.21 93 1.1 X 10' 7.1 0.48 1.8 X 10" 0.008 X 10" 

BuChE 23 40X10' 1.0 3.9 55 37 X 10' 1.7 2.0 4.7 X 10" 0.067 X 10" 

F,„L 52 44 x 10-' 67 <0.2 10 12 x 10-' 23 0.40 0.66 x 10s 0.087 X 10" 

F2„I 170 15 x 10' 43 1.8 82 ÖOXIO-' 2.4 1.7 0.16 x 10s 0.62 X 10" 

Km (/tM), kc„ (min"'), K„ (mM), A-, (M"' min ') and b (dimensionless) were determined as described in Refs. [10,14]. 

Rp-Cycloheptyl Methylphosphonyl Thlocholine 

Fig. 2. Proposed orientations of Rp- and Sp-cycloheptylmethyl-phosphonylthiocholine in the active center of mammalian AChE. 
The model was developed from the coordinates of Torpedo California AChE [5]. Shown are the side chains of several of the 
catalytically (S,„.„ H447 and E„4) and structurally (F,„, F,„, WH6, F337, Gm, G,2:, E:o2, D74) important residues in the active 
center. In both enantiomers the phosphonyl oxygen is directed back towards the plane of the paper forming hydrogen bonds with 
the amide backbone hydrogens of Gm. G,,, and A;(M. The thiocholine leaving group is directed out of the gorge toward the 
reader. The 5 -enantiomer is docked with the wild-type sequence and the /?p-enantiomer docked with the F,,7I mutant. 

Since BuChE and AChE differ by having alanine 
versus tyrosine or phenylalanine at the 337 
position, the basis for this specificity might arise 
from steric occlusion between the tyrosine or 
phenylalanine side chain at position 337 on 
AChE and the exocylic amine containing side 

chain on ethopropazine. Substitution of alanine 
for tyrosine at this position in AChE confers high 
affinity for ethopropazine binding to AChE sub- 
stituted at a single position. In fact, the change in 
energy (AAG) is remarkably similar to the 
AChE-BuChE difference (Table 3). Docking of 

Table 3 
Specificity at the choline binding site* 

Ethopropazine Kt (nM) ^d.M'"d.WT AAG (kcal) 

Mouse BuChE Wild Type 
Mouse AChE Wild Type 
Y„7A AChE Mutant 

61 
110000 

41 

1.0 
1800 
2700 

0 
4.5 
4.7 

' Mammalian AChE has tyrosine (Y) at the 337 position, while BuChE has alanine. AAG was calculated from the ratio of 
dissociation constants. 

i. 
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the ethopropazine molecule in a BuChE tem- 
plate and energy minimization show that the 
diethylaminoisopropyl moiety occupies the same 
region as would the phenyl ring at position 337 in 
AChE [9]. Hence, the specificity difference for 
this widely used inhibitor results from steric 
hindrance by a single aromatic side chain. 

4. Fasciculin and the peripheral site on AChE 

A peripheral site of inhibitor binding to AChE 
was defined many years ago on the basis of 
steady-state kinetics [13,14] and by direct titra- 
tion with propidium [14]. This site is also 
believed to be the locus through which substrate 
inhibition is allosterically transmitted to the 
active center [15]. A family of peptides of 6750 
Da found in the venom of mambas, termed the 
fasciculins, also appear to bind to the peripheral 
site on AChE with high affinity, but they are 
ineffective inhibitors of BuChE. Modification of 
residues comprising the peripheral site at the rim 
of the gorge and the active center deep within 
the gorge shows that only those residues at the 
rim of the gorge appreciably affect fasciculin 
binding [16]. In fact, substitutions of R for W286, 
N for Y72 and Q for YI24 result in a large 
reduction of fasciculin affinity (Kd = 2.3 pM vs. 
220 pM). These substitutions reflect BuChE- 
AChE sequence differences. This increase in Kd 

is equivalent to 11 kcal of free energy and is 
exactly the same as the energy difference seen 
between AChE and BuChE (Table 4). 

By contrast, modification of a tryptophan at 
the base of the gorge, W86, results in unusual and 
intriguing kinetic behavior for the fasciculin 
complex [17]. In the uncomplexed enzyme, the 
substitutions of tyrosine, phenylalanine and 
alanine for the tryptophan result in progressive 
reductions in catalytic efficiency, kcatlKm. How- 
ever, the fractional inhibition of ACh catalysis by 
fasciculin is proportionally decreased in the re- 
spective fasciculin mutant-AChE complexes. 
Hence, in no case does saturating fasciculin 
result in 100% inhibition of catalysis, but frac- 
tional inhibition is greatest with the more active 
mutants. In fact, the fasciculin complexes of the 
various enzymes mutated at position 86 have 
relatively similar catalytic efficiencies. 

Table 4 
Dissociation constants for 
tant acetylcholincsterases 

fasciculin with wild-type and mu- 
and butyrylcholinestcrase 

Enzyme K., (pM) 

AChE (wild type) 2.3 ± 0.7 

*° 2<»J *■* 
16 + 8 

F,„I" 57 ± 15 

F2v7Y 7.9 ±1.7 

F.V1KG 7.9 ±1.7 

Y,„A 4.2 ±1.7 

D74N 43 ±7 

Y124Q 248 + 57 

Y72N 7800 + 900 

W286R 2 100 000 ±600 000 

Y„N,Y12 <Q 72 000± 19000 

Y124Q,W286R 8 500 000 ±3 100 000 

Y72N,W;86R 170 000 000 ±66 000 000 
Y72N,Y,24Q.W;s„R 235 000 000 ±60 000 000 

BuChE (wild type) 210 000 000 ±98 000 000 

If a neutral and less efficiently catalyzed sub- 
strate such as p-nitrophenylacetate is used in- 
stead of acetylthiocholine, fractional inhibition 
by fasciculin is diminished. Moreover, fasciculin 
is a less effective inhibitor of p-nitrophenylace- 
tate hydrolysis by the mutant enzymes, and for 
the fasciculin-W86A AChE complex is a more 
efficient catalyst than is W86A AChE alone. 
Hence, for this mutant enzyme of diminished 
catalytic efficiency, fasciculin behaves as an ac- 
tivator rather than an inhibitor [17]. 

These data not only reveal the surface of 
fasciculin binding on the enzyme, but also con- 
firm previous results with diisopropylfluoro- 
phosphate labeling in which the gorge remains 
open, or partially open, in the fasciculin complex 
[18]. A more detailed kinetic analysis shows that 
fasciculin may gate entry to the gorge for those 
substrates whose catalysis is limited or near-lim- 
ited by diffusion. In the case of poorer substrates, 
such as p-nitrophenylacetate, whose catalysis is 
limited by substrate orientation or a similar 
unimolecular isomerization step [6], substrate 
entry is not rate limiting nor does it become rate 
limiting in the presence of fasciculin. Hence, the 
primary influence of fasciculin for these sub- 
strates is to induce a conformational change 
which affects chemical reactivity and orientation 
of the bound substrate. In most cases this di- 
minishes catalytic efficiency, except for the Wg6A 
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mutation where catalysis of p-nitrophenylacetate 
is enhanced slightly, 

i The binding of propidium at a peripheral site 
has also been shown to affect the conformation 
of the active center and catalytic efficiency of 
AChE [3]. Some of the residues involved in 
allosteric control by propidium have also been 
defined [19]. 

A knowledge of the structures of fasciculin and 
the cholinesterases enables one through muta- 
genesis to analyze which side chains in peptide 
and protein are energetically coupled in the 
formation of the complex. This approach should 
distinguish which residues in fasciculin contribute 
to formation of the surface of interaction, to 
alterations in kinetics through steric constraints 
or charge repulsion, and to inducing conforma- 
tional changes in AChE. Hence, the wealth of 
natural and synthetic inhibitors of the cholines- 

(>-   ', terases will continue to yield important molecu- 
■■'.'. Iar details on the function of this family of 

enzymes. 
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Introduction 
Acetylcholinesterase (AChE) and the nicotinic 
acetylcholine receptor (nAChR) are the major func- 
tional proteins controlling postsynaptic events at the 
neuromuscular junction and in certain other central 
and peripheral nervous system synapses. In addi- 
tion to AChE's and nAChR's common recognition 
capacity for acetylcholine and certain inhibitors, 
both proteins show proximal localization in 
synapses, function within a millisecond time frame 
and exhibit common features of expression during 
differentiation in muscle or following denervation 
[1,2]. The fidelity of neuromuscular transmission in 
the organism and the duration of miniature end- 
plate potentials in individual synapses require that 
the active states of these proteins be functioning 
within close stoichiometric confines [3]. In auto- 
immune myasthenia gravis, functional receptor is 
diminished and the disease can be managed by pro- 
longing the presence of acetylcholine in the synapse 
with AChE inhibitors [4]. AChE inhibition by 
insecticides and a congenital myasthenic state with 
diminished endplate AChE also lead to compro- 
mised synaptic neurotransmission [3,5]. 

Comparative sequences [6] and an X-ray 
crystal structure [7] have enabled examination of 
the structure of AChE and its inhibitor complexes 
at an atomic level of resolution, whereas the 
nAChR's disposition within integral membranes 
makes its crystallization a formidable endeavour. 

Abbreviations used: AChE, acetylcholinesterase; BuChE, 
butyrylcholine esterase; nAChR, nicotinic acetylcholine 
receptor. 
To whom correspondence should be addressed. 

Nevertheless, electron microscopy image analysis 
[8] has provided structural details of the receptor 
approaching 10 A resolution; this work, along with 
studies of sequence in relation to function, has con- 
tributed to the understanding of details of ligand 
specificity for the receptor at a molecular level of 
resolution. 

Herein we present an overview of the factors 
governing ligand specificity and gene expression for 
these two proteins. Some general structural features 
prevail for stabilization of the quaternary ammo- 
nium moiety of bound ligands. However, the most 
noteworthy comparative aspects for these proteins 
do not result from evolutionary divergence of 
related structures, but rather emerge from parallel, 
independent evolutionary pathways aimed at 
achieving specificity and coordinated gene expres- 
sion. 

Gene expression of the nicotinic 
receptor and AChE 
Cholinergic receptors are the products of two large 
gene families. The five known subtypes of muscar- 
inic receptors are members of the seven membrane- 
spanning G-protein-linked receptors. Members of 
the nicotinic receptor family of receptors exist as 
ligand-gated ion channels assembled as pentamers 
of homologous subunits. Since as many as four dif- 
ferent subunits can be found in the pentamers and 
at least 16 different nicotinic receptor subunits have 
been identified [2,8,9], the possibility for receptor 
diversity is enormous. Fortunately, not all permuta- 
tions of subunits associate into functional receptors, 
and virtually all subunits which primarily contribute 
to the binding site (a subunits) require association 
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with non-a subunits to achieve function. Since each 
gene encoding these subunits has a distinct promo- 
ter region, transcription might be expected to be a 
dominant, differential regulatory mechanism of 
gene expression. 

By contrast, AChE is encoded by a single 
gene and its structural variations arise from alterna- 
tive mRNA splicing, yielding three distinct 
C-termini (Figure 1). The portion of the gene 
encoding the essential catalytic residues is invariant, 
giving rise to identical catalytic properties for all of 
the molecular species. The distinct C-termini allow 
the enzyme to be expressed as: (a) hydrophilic 
monomers, (b) homomeric dimers and tetramers 
which vary hydrophobicity through attachment of a 
fatty acid or exposure of an amphiphatic helix, (c) a 
glycophospholipid-linked species, and (d) hetero- 
meric oligomers which link via a disulphide to a 
filamentous, triple-helical collagen unit or a lipid- 
linked subunit. RNA splicing governs the structural 
diversity of AChE, but multiplicity of species is fur- 
ther enhanced by post-translational events [10,11]. 

A second difference between AChE and the 
nAChR lies in the control of gene expression. Upon 
differentiation from myoblasts to myotubules, the 
enhanced expression of the nAChR gene is a conse- 
quence of increased transcription [12,13]. By 
contrast, we find that enhanced AChE gene expres- 
sion in the same differentiation scheme arises from 
stabilization of otherwise rapidly turning over 
mRNA [14]. Decreased degradation of AChE 
mRNA with a concomitant increase in mRNA 
levels appears to be controlled, at least in part, by 
the release of cellular Ca2+ (Z. Luo, M.-E. Fuentes 
and P. Taylor, unpublished work). Ca2+ has little 
influence on the increased expression of the nAChR 

during muscle differentiation. Only AChE expres- 
sion shows superinduction after initiation of differ- 
entiation of the myoblast and subsequent treatment 
with cycloheximide [14]. The distinction of tran- 
scriptional activation versus mRNA stabilization is 
shown by comparing (a) transcription rates in 
myoblasts and myotubes by run-on transcription, 
(b) transcription rates of reporter genes placed 
behind the nAChR and AChE promoters, and (c) 
differential rates of gene expression in cell lines 
containing or lacking the muscle differentiation 
genes. 

In short, AChE and the nAChR show parallel 
increases in expression with differentiation and the 
capacity to express distinct molecular species in dif- 
ferent tissues. Surprisingly, this co-ordinated 
expression employs very different mechanisms to 
increase the level of mRNA species available for 
translation. 

Ligand specificity at cholinergic binding 
sites 
The most notable difference between AChE and the 
nAChR, as two oligomeric proteins, is that the 
agonist sites in the receptor reside at subunit inter- 
faces (Figure 2), whereas AChE's active centre is 
close to the geographic centre of each subunit at the 
base of a 18-20 A gorge (Figure 3). A site at the 
interface between subunits for ligand binding to the 
nAChR accords with the co-operativity seen for 
ligand-gated channel opening and for ligand bind- 
ing. By contrast, each AChE subunit appears to 
behave in an independent, non-cooperative fashion. 

The crystal structure [7,15], sequence com- 
parisons and mutagenesis studies [16-18] of AChE 
allow one to define three distinct domains respon- 

741 

Structure of the mammalian AChE gene 

Splicing to alternative exons or acceptors is shown by the dashed lines. Transcriptional 
start sites (Cap), translational start sites (ATG), translational stop sites (TAA) and poly- 
adenylation signals (pA) are also marked (cf. [10]). 
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Stereoview of the structure of active-centre gorge of AChE 

Shown are the critical residues governing the dimensions of the acyl pocket (F295 and F297) choline subsite (E202, Y341, Y337 and W86) 
and the peripheral site (D74, W286, Y72 and Y124). The catalytic triad (E334, H447 and S203) is shown with hydrogen bonds between side 
chains. Residue numbering is for the mammalian enzyme. 

Figure 3 

Subunit arrangement of the extracellular region of 

the nAChR 

Shown are the arrangement of subunits and the location of the 
two ligand-binding sites at the a-y and a-d interfaces. The 
wedge-shaped structures represent bound ligand. Receptor 
assembly forms stable ay and ad dimers which bind a-toxin 
and various low-molecular-mass agonists and antagonists. 
Addition of the ß subunit allows for the expression of stable 
pentamers on the cell surface. The subunits are homologous 
and should have the same stereosymmetric orientation. 
Accordingly, the anti-clockwise face of a and the clockwise 
faces of y and d form the ligand-binding sites. Mutagenesis of 
a residues and substitutions of yld domains enable one to 
define residues that contribute to the binding sites and are 
responsible for subunit assembly. 

sible for ligand specificity. Two lie within the active 
centre. The first constitutes the acyl pocket which is 
formed by two phenylalanine (F295 and F297) side 
chains that point towards the gorge. They permit 

substrates with small acyl groups (i.e. acetylcholine 
and small alkylphosphates) but not substrates con- 
taining large acyl groups (i.e. butyrylcholine, 
benzoylcholine and isoOMPA) to interact with 
AChE. F295 and F297 in mouse AChE are replaced 
with leucine and isoleucine respectively in butyryl- 
choline esterase (BuChE). The F295L substitution is 
the primary means of introducing BuChE substrate 
specificity into an AChE template. Accordingly, we 
can expect the butyryl moiety in butyrylcholine to 
be directed to the side chain of residue 295. AChE 
and BuChE also differ in showing substrate inhibi- 
tion and activation respectively in the presence of 
excess substrate. Position 297 appears to be the pri- 
mary determinant of substrate inhibition and activa- 
tion behaviour. F297I substitution in an AChE 
template is sufficient by itself to convert the sub- 
strate inhibition seen in AChE to substrate activa- 
tion. 

The other active-centre locus is in the choline- 
binding subsite, which is formed by W86, Y341, Y449, 
F/Y337 and E202. Except for the substitution Y337A, 
these residues are identical in BuChE. The crystal 
structure of edrophonium and acridine complexes 
of AChE [15] and energy minimization with dock- 
ing of acetylcholine show that the aromatic residues 
surround the choline and contribute to the stabiliza- 
tion energy. However, an anionic side chain from 
E202 comes within 1-2 Ä of the van der Waals radius 
of bound quaternary (trimethylammonio) groups. 
Both the Coulombic and hydrophobic interactions 
(dispersion forces) have been touted as primary 
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contributors to the stablization energy, but an analy- 
sis of free energy difference (AAG) associated with 
the mutations shows that both forces contribute to 
stabilization [16,18]. 

Certain tricyclic amines containing a bulky 
exocyclic group such as ethopropazine are highly 
selective for BuChE. This selectivity appears to be 
entirely a result of steric hindrance. The position of 
the diethylaminoisopropyl side chain of ethopropa- 
zine overlaps with that of Y337. The Y337A substitu- 
tion in an AChE template yields a mutant which 
virtually replicates the binding affinity of ethopropa- 
zine for BuChE [16]. Other participating side chains 
in the active centre, the catalytic triad (E334, H447 

and S203), in which the active-centre serine (S203) 
attacks the carbonyl carbon, and the oxyanion hole 
(G120, G121 and A204) are invariant among the 
cholinesterases. 

The third domain responsible for ligand 
specificity lies outside the active centre and resides 
at the lip of the gorge. This region contributes to the 
peripheral anionic site. Certain ligands, the proto- 
type of which is propidium, bind to the peripheral 
site, regulating catalysis in an allosteric fashion [10]. 
Fasciculin, a peptide toxin of molecular mass 
6500 Da which is homologous to the three-loop, 
short a-toxins, also bind to this site. Bisquaternary 
ligands in which the quaternary groups are separ- 
ated by at least 1.4 nm span between the peripheral 
site and the active centre. Site-specific mutagenesis 
show that at least four residues, W286, Y72, Y124 and 
D74, encompass the peripheral site. H285 and Y130 

may also be involved. W286, Y72 and Y124 are 
replaced with R(A), Q and N respectively in 
BuChE. Remarkably, substitution at only these 
three positions to the residues found in BuChE con- 
fers BuChE characteristics to this site where 
fasciculin, propidium and certain bisquaternary 
ligands bind with markedly lower affinities [16,19]. 
Some bisquaternary ligands and propidium prob- 
ably bind to BuChE with an orientation different to 
that with which they bind AChE. 

Perhaps the most interesting peripheral site 
ligand is fasciculin, which binds to AChE with a KD 

of 2pM and to BuChE with a KB of 230 JUM. Parti- 
tioning of the free energy shows that W286R, Y124Q 
and Y72N can account for the entire specificity dif- 
ference [20]. Hence this relatively large peptide 
residing at the lip of the gorge could restrict sub- 
strate access and/or allosterically affect the align- 
ment of residues in the active-centre gorge. 
Although mouse BuChE contains six more glyco- 
sylation sites than AChE, glycosylation is not a 
factor influencing fasciculin binding. 

Ligand specificity at the nAChR 
The absence of a high-resolution structure of the 
nAChR necessitates a different approach to the 
analysis of structure. Site-directed labelling with 
chemically reactive reagents [20], photoreactive rea- 
gents [21] and natural conjugating toxins [22] have 
defined candidate residues involved in agonist and 
antagonist binding to the receptor. Reactive resi- 
dues in the a subunit include C192, C193, Y93, Y190, 
Y198 and W49. Additional insights into the structural 
basis for conferring specificity and into how these 
residues affect the functional states of the receptor, 
i.e. the fractions in the open channel, activatible and 
desensitized states, come from mutagenesis. 

Inserting mutations at residues where 
sequence differences between species might be 
responsible for functional differences offers a 
second approach. This approach, for example, 
enabled us to define residues responsible for con- 
ferring resistance to snake a-toxins for the snake 
and mongoose nAChR [23]. By selecting sequence 
differences [24], we have determined that glycosyla- 
tion signals at N189 in snake and N187 in mongoose 
confer resistance to the a-toxin. This interference 
from presumed steric hindrance is seen with the 
6800 Da a-toxins but not for the 1500 Da a- 
conotoxin or the 500 Da lophotoxin. The observa- 
tion that only glycosylation affects a-toxin binding 
differs from data acquired with isolated peptides 
and fusion proteins [25] and probably reflects the 
necessity of a proper apposition of amino acid resi- 
dues at the subunit interface to achieve ligand 
specificity. 

The third approach relies on distinct 
sequences in the domains of the y and b subunits 
associating with the same interface of a. As shown 
in Figure 3, the counterclockwise face of a will 
associate with the clockwise face of y and d. These 
two interfaces form the two binding sites for agon- 
ists. When the dissociation constants at these sites 
differ, it becomes possible through substitutions in 
y and d to define residues contributing to the inter- 
facial binding sites [26]. This approach has been 
used to define the residues that contribute to a 100- 
fold preference of ay over ad in £?-tubocurarine 
binding [27]. An even more dramatic example is 
the 104-fold preference in a-conotoxin binding 
found for the ad over that of the ay interfaces [24], 

A two-subunit transfection of ay or ad yields 
dimeric receptor with appropriate ligand-binding 
properties. For example, the difference in specificity 
seen for the ay in an intact pentameric receptor can 
be replicated in assembled dimers. However, the 
assembled dimers do not reach the cell surface. 
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Three subunit transfections of aßy, or aßö yields 
pentameric a2ßy2 

an^ o.2ßö2 which are expressed 
on the cell surface as is the native a2ßyö. Only the 
four subunit transfection aßyö gives the requisite 
cooperativity seen in the intact receptor [28]. 

In the case of the receptor, we chose to study 
the binding, at the primary site of acetylcholine 
recognition between subunits, of a-toxin (i.e. a- 
bungarotoxin, cobra a-toxin and erabutoxin). Bind- 
ing of these three-fingered a-toxins is prevented 
competitively by agonists and the presumed site lies 
within the subsite interface. Reactions are slow (four 
orders of magnitude slower than diffusion) and 
glycosylation    presumably    diminishes     a-toxin 
access. 

The fasciculins are three-fingered peptide 
toxins, homologous to the a-toxins, that bind to 
AChE. By contrast, fasciculin binding is not com- 
petitive with substrate or active-site Iigand; the dif- 
ferences in AChE and BuChE specificity are 
attributable to particular aromatic side chains at the 
lip of the gorge outside the active site. Glycosylation 
plays no role in the specificity difference. Hence, 
only in the case of a-toxin association with the 
receptor is the site of inhibition the primary acetyl- 
choline recognition site. 

Receptor subunit assembly 
Studies of the influence of particular residues on the 
properties at a subunit interface possess the poten- 
tial advantage that mutations can be matched in 
paired subunits to ascertain whether comple- 
mentarity is required for either Iigand binding or 
subunit assembly. In the case of the receptor, the 
assembling subunits can be examined as dimers 
after transfection of ay or ad into cells not express- 
ing receptor [26]. The a subunit alone binds a- 
toxin but with an affinity that is far lower than the 
intact receptor. Moreover, agonists ineffectively 
compete with a-toxin binding to the monomeric 
receptor. With the dimers, a-toxin and agonist 
affinities are increased. The pentameric receptor 
gives a better representation, but only the four-sub- 
unit pentamer a2ßyö shows co-operativity. Just as 
in the case for Iigand binding, the N-terminal 200 
residues dictate subunit assembly, and this ap- 
proach has enabled us to define residues and 
domains present on the clockwise and counter- 
clockwise face of each subunit. 

Summary 
The functional design of the nAChR and AChE 
rather than their recognition capacities requires 
divergence in structure of the two binding sites. The 

receptor requires co-operativity to link Iigand occu- 
pation to the response, rapid conformational transi- 
tions of activation, and slower transitions of 
desensitization. Hence, its binding sites have 
evolved at subunit interfaces. By contrast, AChE 
functions with a large /ecat and a comparatively large 
Km. To do so, it must force acetylcholine through a 
low-energy transition site that features tetrahedral 
rather than the ground-state, trigonal conformation 
around the carbonyl carbon. This requires a high 
affinity (KD ~ 10~17 M) for the enzyme complex of 
the transient transition state. Interestingly, the three- 
finger peptide toxins (a-bungarotoxin and fascicu- 
lin), though closely homologous, use different 
interaction sites on the receptor (the agonist recog- 
nition site) and AChE (a peripheral site). Finally, 
although the two proteins show co-ordinated 
expression during muscle differentiation, the recep- 
tor relies primarily on transcriptional control while 
AChE expression is post-transcriptional, being con- 
trolled by mRNA stability. 
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Introduction 
The principal biological role of acetylcholinesterase 
(AChE) is the termination of impulse transmission 
at cholinergic synapses by rapid hydrolysis of the 
neurotransmitter, acetylcholine (ACh) [1]. In keep- 
ing with this requirement, AChE possesses a cata- 
lytic activity that is unusually high, especially for a 
serine hydrolase [2], functioning at a rate approach- 
ing that of a diffusion-controlled reaction [3]. The 
powerful acute toxicity of organophosphorus and 
carbamate poisons is due primarily to their serving 
as potent cholinesterase inhibitors [4], by forming a 
covalent bond with the active-site serine of the 
enzyme [2]. Anticholinesterase agents are used in 
the treatment of various disorders, such as myas- 
thenia gravis and glaucoma [5], and have been pro- 

Abbreviations used: ACh, acetylcholine; AChE, acetyl- 
cholinesterase;  [3H]DDF, £-(AfA4methyl-3H]dimethyl- 
amino)-benzenediazonium; DECA, decamethonium; EDR, 
edrophonium; THA, tacrine. 
§To whom correspondence should be addressed. 

posed as possible therapeutic agents in the manage- 
ment of Alzheimer's disease [6]. 

The active site of AChE comprises an ester- 
atic subsite, containing the catalytic machinery, and 
an 'anionic' subsite, which binds the quaternary 
ammonium group of ACh [2]. A second, 'peri- 
pheral' anionic site exists, so named because it 
appears to be distant from the active site [7,8]. Bis- 
quaternary inhibitors of AChE are believed to 
derive their enhanced potency, relative to homolo- 
gous monoquaternary ligands [9], from their ability 
to span the two anionic sites, which lie 14 A apart 
[10,11]. The three-dimensional structure of Torpedo 
AChE reveals that, like other serine hydrolases, it 
contains a catalytic triad [12]. This triad is located at 
the bottom of a deep and narrow cavity, named the 
'aromatic gorge' since a substantial part of its lining 
is composed of the rings of 14 conserved aromatic 
amino acids [12,13]. Docking studies suggest that 
the primary interaction of the quaternary group of 
ACh within the active site is with the indole of a 
conserved tryptophan, Trp-84 [12]. This is in 
agreement with earlier spectroscopic and labelling 
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studies [14,15], as well as with a recent affinity 
labelling study [16]. X-ray crystallography of com- 
plexes of AChE with ligands of pharmacological 
interest can provide direct information concerning 
the structures of the drug-AChE complexes and, 
thereby, reveal which residues in the active site of 
the enzyme are important for ligand binding. Such 
information is, of course, crucial for structure-based 
drug design. 

In the following article, we present structural 
data for complexes of AChE with three drugs of 
biological interest, namely endrophonium, tacrine 
and decamethonium. Complexes of all three drugs 
were obtained by soaking the appropriate ligand 
into crystals of the native enzyme. 

Decamethonium-AChE complex 
Decamethonium (DECA), a bisquaternary ligand, is 
both a depolarizing neuromuscular blocker and an 
anticholinesterase [17]. Crystals of the complex 
obtained by soaking DECA into the native crystals 
display an elongated electron density within the 
gorge which is consistent with that expected for a 
DECA molecule (Figure 1). Only small differences 
can be detected, however, between the electron- 
density map for these crystals, and that obtained for 
'native' crystals previously regarded as representing 
an unliganded form of the enzyme [12,13]. This 
suggests that DECA, which had been used to elute 
AChE from the affinity column used for its purifica- 
tion [18], had remained bound in the active-site 
gorge of the native enzyme, perhaps at lower occu- 
pancy, despite prolonged dialysis. In the complex, 
DECA assumes a curved shape along the gorge, 
with a mixture of trans and gauche rotamers along 
its length. Apart from space adequate to accom- 
modate five or six water molecules, DECA defines 
and fills the volume of the gorge. Nevertheless, the 
possibility that the shape and dimensions of the 
gorge are determined in part by the presence of the 
DECA molecule can be excluded, because the 
structure of the gorge is essentially identical in 
crystals obtained using an AChE preparation which 
had been obtained by eluting the bound enzyme 
from the affinity column with the monoquaternary 
ligand tetramethylammonium, rather than with 
DECA. In the DECA-AChE complex, both quater- 
nary groups of DECA are in van der Waals contact 
with tryptophan indole rings; one is apposed to that 
of Trp-84, at the base of the gorge, and the distal 
quaternary group is apposed similarly to the indole 
of Trp-279, ~12Ä distant, near the top of the 
gorge. 

Figure 

Electron-density map, at 0.28 hm resolution, of the 
DECA-AChE complex 

The final refined co-ordinates of the complex are super- 
imposed on the difference electron-density map. Broken lines 
indicate hydrogen bonds. 
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Edrophonium-AChE complex 
Endrophonium (EDR, ethyl[3-hydroxyphenyl]di- 
methylammonium) is a powerful competitive inhi- 
bitor of AChE [19], which is used clinically to 
diagnose myasthenia gravis [1]. Since EDR is a 
quaternary nitrogen compound, it does not pene- 
trate cell membranes or the blood-brain barrier, 
and acts peripherally [5]. In the EDR-AChE com- 
plex, the quaternary group of the ligand nestles 
adjacent to the indole of Trp-84, in a position virtu- 
ally equivalent to that assumed by the proximal 
quaternary group of DECA and to that assigned to 
the quaternary group of ACh in the docking proce- 
dure [12]. Trp-84 is covalently labelled by the aziri- 
dinium ion [16], which is similar in structure to 
EDR, and EDR protects against labelling by aziridi- 
nium. Our data thus demonstrate good correspond- 
ence between the crystal structure and that in 
solution. The w-hydroxyl group is positioned 
between His-440 N£2 and Ser-200 Oy, thus making 
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