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ABSTRACT: The active center gorge of human acetylcholinesterase (HuAChE) is lined by 14 aromatic
residues, whereas in the closely related human butyrylcholinesterase (HuBChE) 3 of the aromatic active
center residues (Phe295, Phe297, Tyr337) as well as 3 of the residues at the gorge entrance (Tyr72,
Tyr124, Trp286) are replaced by aliphatic amino acids. To investigate whether this structural variability
can account for the reactivity differences between the two enzymes, gradual replacement of up to all of
the 6 aromatic residues in HuAChE by the corresponding residues in HuBChE was carried out. The
affinities of the hexamutant (Y72N/Y124Q/W286A/F295L/F297V/Y337A) toward tacrine, decamethonium,
edrophonium, huperzine A, or BW284C51 differed by about 5-, 80-, 170-, 25000-, and 17000-fold,
respectively, from those of the wild-type HuAChE. For most of these prototypical noncovalent active
center and peripheral site ligands, the hexamutant HuAChE displayed a reactivity phenotype closely
resembling that of HuBChE. These results support the accepted view that the active center architectures
of AChE and BChE differ mainly by the presence of a larger void space in BChE. Nevertheless, reactivity
of the hexamutant HuAChE toward the substrates acetylthiocholine and butyrylthiocholine, or covalent
ligands such as phosphonates and the transition state analoguem-(N,N,N-trimethylammonio)trifluoroac-
etophenone (TMTFA), is about 45-170-fold lower than that of HuBChE. Most of this reduction in reactivity
can be related to the combined replacements of the three aromatic residues at the active center, Phe295,
Phe297, and Tyr337. We propose that the hexamutant HuAChE, unlike BChE, is impaired in its capacity
to accommodate certain tetrahedral species in the active center. This impairment may be related to the
enhanced mobility of the catalytic histidine His447, which is observed in molecular dynamics simulations
of the hexamutant and the F295L/F297V/Y337A HuAChE enzymes but not in the wild-type HuAChE.

Acetylcholinesterase (AChE,1 EC 3.1.1.7) is a serine
hydrolase whose function at the cholinergic synapse is the
rapid hydrolysis of the neurotransmitter acetylcholine (ACh).
X-ray structures of AChEs from various sources (Torpedo
californica, TcAChE; mouse, MoAChE; human, HuAChE;

Drosophila, DAChE) show that the catalytic site is located
near the bottom of a deep and narrow “gorge”, which
penetrates halfway into the enzyme (1-4). One of the
striking features of this gorge is related to the presence of
14 aromatic residues, which line about 40% of its surface
and which are highly conserved in enzymes from different
species (5). This complex array of aromatic residues was
hypothesized to provide a guidance mechanism facilitating
a two-dimensional diffusion of ACh into the active site (5-
7) as well as for substrate accommodation (7-11). Yet,
butyrylcholinesterase (BChE, acylcholine acyl hydrolase, EC
3.1.1.8), another type of cholinesterase found in vertebrates,
catalyzes ACh hydrolysis as efficiently as AChE, although
six of the active site gorge aromatic residues (72, 124, 286,
295, 297, and 337, HuAChE numbering) are replaced by
aliphatic amino acids (12, 13). On the other hand, AChE
and BChE exhibit distinct substrate and inhibitor selectivities
(14, 15), and some of the differences have been directly
associated with the nature of the amino acids at each of these
six positions (8-10, 16, 17).

Early hypotheses (18, 19) and modeling experiments (12,
20) indicated that the main functional difference between
the AChE and BChE active sites is related to the structure

† This work was supported by the U.S. Army Research and
Development Command, Contracts DAMD17-96-C-6088 and DAMD17-
00-C-0021 (to A.S.).

* Corresponding author. Tel: (972)-8-9381595. Fax: (972)-8-
9401404. E-mail: avigdor@iibr.gov.il.

‡ Department of Biochemistry & Molecular Genetics.
§ Department of Organic Chemistry.
1 Abbreviations: AChE, acetylcholinesterase; ACh, acetylcholine;

TcAChE,Torpedo californicaacetylcholinesterase; MoAChE, mouse
acetylcholinesterase; HuAChE, human acetylcholinesterase; DAChE,
Drosophila acetylcholinesterase; BChE, acylcholine acyl hydrolase;
BCh, butyrylcholine; DFP, diisopropyl phosphorofluoridate; paraoxon,
p-nitrophenyl diethyl phosphate; tacrine, 9-amino-1,2,3,4-tetrahydroacri-
dine hydrochloride hydrate; BW284C51, di(p-allyl-N-dimethylami-
nophenyl)pentan-3-one; BTC, butyrylthiocholine; ATC, acetylthiocho-
line, edrophonium, ethyl(m-hydroxyphenyl)dimethylammonium chlo-
ride; decamethonium, 1,10-bis(trimethylammonium)decane; TMTFA,
m-(N,N,N-trimethylammonio)trifluoroacetophenone; IBMPF, 2-butyl
methylphosphonofluoridate; soman, 1,2,2-trimethylpropyl methylphos-
phonofluoridate; ChE, cholinesterase; iso-OMPA, tetraisopropylpyro-
phosphoramide; DEFP, diethyl phosphorofluoridate; VX,O-ethyl-S-
[2-[bis(1-methylethyl)amino]ethyl] methylphosphonothioate.

7433Biochemistry2001,40, 7433-7445

10.1021/bi010181x CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/26/2001



of the acyl pocket, where residues corresponding to Phe295-
(288)2 and Phe297(290) are replaced by Leu and Val,
respectively. Indeed, studies of AChE by site-directed
mutagenesis and enzyme kinetics indicated that the acyl
pocket residue Phe295 and to a lesser extent Phe297
determine specificity for phosphylating agents (21, 22) and
for the acyl moiety of substrates (8, 9, 12, 17), mainly by
limiting the pocket size. Accordingly, BChE is more reactive
than AChE toward bulky substrates such as butyrylcholine
(BCh) or organophosphorus inhibitors such as diisopropyl
phosphofluoridate (DFP) or paraoxon. In a similar manner,
the about 5-fold higher affinity of BChE toward the active
center inhibitor tacrine, as compared to that of AChE, can
be related to the absence of an aromatic residue in position
337 (Tyr in HuAChE and Ala in BChE) (17, 23, 24).

These results as well as similar mutagenesis studies
conducted on BChE (25, 26) suggested that distinct substrate
and inhibitor selectivity of the latter can be attributed mainly
to a larger void at the active center and to a local structural
modification of the active center environment (8, 9, 12, 21,
22, 25, 26). However, this widely accepted view seems to
be inconsistent with the finding that although the F295L
AChE is almost as reactive as BChE toward butyrylthio-
choline (BTC), its corresponding reactivity toward acetyl-
thiocholine (ATC) is reduced relative to either wild-type
AChE or BChE (8, 17). Further modification of the HuAChE
acyl pocket, mimicking the composition in the HuBChE acyl
pocket (the F295L/F297V enzyme), results in reactivity
decrease toward both ATC and BTC compared to the F295L
HuAChE (8). In addition, recent examination of the stereo-
selectivity of the phosphonylation reaction of HuAChE active
center mutants with soman isomers suggests that although
the AChE acyl pocket is an important determinant of the
relative reactivity toward the PS- and the PR-diastereomers,
the actual reactivity profiles of the acyl pocket mutant
HuAChE, F295L/F297V, and the equine BChE toward
soman are quite different (27).

In AChE, residues Tyr72(70), Tyr124(121), and Trp286-
(279) are localized at or near the rim of the active center
gorge and together with Asp74(72) and Tyr341(334) were
shown to constitute the peripheral anionic subsite(s) (PAS)
(10, 11, 16, 17). In BChE positions corresponding to 72,
124, and 286 are substituted by aliphatic amino acids, and
consequently this enzyme is less reactive toward bisquater-
nary inhibitors such as ambenonium and BW284C51, which
bind to both the active center and the PAS or toward the
PAS specific ligand fasciculin (9, 17, 28). Thus, the absence
of aromatic residues at these positions makes the existence
of a PAS on BChE questionable. Yet, affinity of BChE
toward the peripheral ligand propidium was shown to be
much higher than that of the MoAChE (Y72N/Y124Q/
W286A) triple PAS mutant (17). These studies as well as
photoaffinity labeling studies (29, 30) suggest that the ligand
may bind at different loci in AChE and BChE. Thus the
marked difference in affinities between AChE and BChE
toward PAS ligands may not be related only to the absence
of the three aromatic residues from the rim of the gorge (31).
Moreover, the possible difference in the location of the PAS

sites may be related also to the finding that modulation of
catalytic activity at high substrate concentration, which is
thought to involve substrate binding at the periphery, appears
to be different for the two enzymes, leading to substrate
inhibition in AChE (16, 32, 33) and substrate activation in
BChE (31, 34-36).

In the present study, we further explore the differences
between the functional architectures of AChE and BChE
active centers by systematic replacements of the relevant
aromatic residues along the HuAChE active center gorge.
Through comparison of the reactivities of single and multiple
mutants toward noncovalent inhibitors, we find that indeed
the general architecture of the hexa-HuAChE mutant mimics
the more spacious active center of BChE. Yet reactivities of
the hexamutant toward certain covalent ligands such as
substrates, transition state analogues, and phosphonates reveal
a significant functional impairment in the modified enzyme.

MATERIALS AND METHODS

Enzymes, Reagents, and Inhibitors.Mutagenesis of AChE
was performed by DNA cassette replacement into a series
of HuAChE sequence variants, which conserve the wild-
type coding specificity (37) but carry new unique restriction
sites (38-40). Generation of mutants W286A(Trp279),
F295L(Phe288), F297V(Phe290), and Y337A(Phe330) and
the double mutant F295L/F297V was described previously
(8). Substitution of residues Y72N(Tyr70) and Y124Q-
(Tyr121) was carried out by replacement of theAccI-NruI
and theNruI-NarI DNA fragments of the AChE-w4 variant
(40) with synthetic DNA duplexes, respectively. Generation
of the double mutant Y72N/Y124Q was carried out by
replacements of theAccI-DdeI as well as theDdeI-BstEII
DNA fragments of the AChE-w3 variant (40) with the
respective fragments from the Y72N and Y124Q variants.
The triple mutant Y72N/Y124Q/W286A was generated by
inserting the EcoRV-BstEII fragment carrying Y72N/
Y124Q mutations into the W286A AChE cDNA variant. The
triple mutant F295L/F297V/Y337A was generated by re-
placement of theSalI-DdeI as well as theDdeI-Bsu36I
DNA fragments of the neo-cat HuAChE expression vector
(41) with the respective fragments from the F295L/F297V
and Y337A variants of the AChE-w7 vector (16). Construc-
tion of the hexamutant was carried out by ligation of the
relevant DNA fragments from the two triple mutant variants
(Y72N/Y124Q/W286A and F295L/F297V/Y337A), resulting
in a DNA containing all six mutations (Y72N/Y124Q/
W286A/F295L/F297V/Y337A), bounded by two unique
restriction sites (EcoRV andBsu36I) of the neo-cat vector
(41). On the basis of previously published genomic sequences
of human BChE (42, 43), the complete coding cDNA
sequence of BChE was reconstructed through ligation of PCR
amplified exons. The full-length cDNA was inserted between
theEcoRV-SalI sites, replacing the HuAChE sequences in
the neo-cat expression vector (41).

The sequences of all clones were verified by the ABI
PRISM BigDye terminator reaction kit, using the ABI310
genetic analyzer (Applied Biosystems).

Procedures of transfection of the human embryonal kidney-
derived cell line (HEK-293) with expression vectors of
recombinant enzymes (HuAChEs and HuBChE) and the
generation of stable cell clones, expressing high levels of

2 Amino acids and numbers refer to HuAChE, and the numbers in
parentheses refer to the positions of analogous residues in TcAChE
according to the recommended nomenclature (71).
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each of the various recombinant products, were described
previously (38-40).

Acetylthiocholine iodide (ATC), butyrylthiocholine iodide
(BTC), 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), ethyl-
(m-hydroxyphenyl)dimethylammonium chloride (edro-
phonium), di(p-allyl-N-dimethylaminophenyl)pentan-3-one
(BW284C51), 1,10-bis(trimethylammonium)decane (deca-
methonium), 9-amino-1,2,3,4-tetrahydroacridine hydrochlo-
ride hydrate (tacrine), and diisopropyl phosphorofluoridate
(DFP) were purchased from Sigma. Synthetic (()-huperzine
A was obtained from Calbiochem.m-(N,N,N-Trimethylam-
monio)trifluoroacetophenone (TMTFA) was prepared ac-
cording to the procedure described by Nair et al. (44).

Preparation of the racemic mixtures (45) of 2-butyl
(IBMPF) and 1,2,2-trimethylpropyl (soman) methylphospho-
nofluoridates followed an accepted procedure using meth-
ylphosphonodifluoride and the appropriate alcohol. The
PsCs-soman stereomer was prepared and purified as de-
scribed before (27, 46).

Determination of HuAChE ActiVity and Analysis of Kinetic
Data.Activity of HuAChE enzymes was assayed according
to Ellman et al. (47) (in the presence of 0.1 mg/mL BSA,
0.3 mM DTNB, 50 mM sodium phosphate buffer, pH 8.0,
and various concentrations of ATC or BTC), carried out at
27 °C, and monitored by a Thermomax microplate reader
(Molecular Devices). Enzyme concentration was determined
by ELISA (40) and by active site titration (38) using the
PsCs-soman stereomer.

Michaelis-Menten constants (Km) and the apparent first-
order rate constantskcat were determined according to the
kinetic treatment described before (16, 40). The apparent
bimolecular rate constantskappwere calculated from the ratio
kcat/Km. The behavior of either inhibition or activation at high
substrate concentration can be described by Scheme 1 in
which substrate molecule (S) binds to two different sites (17).
The dissociation constant for SE isKss and for SES isRKss,
whereR ) 1. Assuming that S binds to both E and ES, the
parameterb reflects the efficiency with which the ternary
complex SES forms product. If 0< b < 1, there is substrate
inhibition; if b > 1, there is substrate activation; and ifb )
1, the enzyme is said to have Michaelian behavior.Km, Kss,
Vmax, andb were calculated by nonlinear curve fitting of eq
1, using PRISM software (Graphpad).

Values of competitive inhibition constants (Ki) for the
noncovalent inhibitors edrophonium, tacrine, huperzine A,
BW284C51, and decamethonium were determined from the
effects of various concentrations of the inhibitor onKm and
Vmax of the enzyme-catalyzed hydrolysis of ATC. All the

HuAChE enzymes examined formed rapid equilibria with
the inhibitors, allowing for an immediate addition of increas-
ing amounts of ATC to the enzyme-inhibitor mixture
(preincubation of the enzymes with huperzine A for 10 min,
before addition of the substrate, or simultaneous mixing
yielded the same results). The values ofKi were computed
from the secondary plots of the apparent values ofKm (slopes
of 1/V vs 1/[S]) vs concentrations of the respective inhibitors
as described before (8).

The apparent first-order rate constants for the time-
dependent inhibition of the wild-type HuAChE mutants by
TMTFA were determined by periodical measurement of the
initial rate of substrate hydrolysis of aliquots taken from the
reaction mixture. Following the kinetic treatment described
by Nair et al. (44, 48) and assuming a two-state inhibition
mechanism, the values ofkon andkoff could be estimated from
the linear plots ofkobs vs inhibitor concentration, according
to the equation:

Since in aqueous solution TMTFA is a mixture of the free
ketone (TMTFAket) and the ketone hydrate (TMTFAhyd),
corrected values of the association rate constants were
obtained fromkon ) k′on(1 + [TMTFAhyd]/[TMTFA ket]),
using the ratio of hydrated and ketone forms of TMTFA
(62500) as determined by19F NMR (see ref44). Direct
measurements ofkoff for wild-type HuAChE, its hexamutant,
and HuBChE were determined from the rates of regeneration
of enzymatic activity following removal of excess of free
inhibitor by filtration through Centrisart C-4 microcentrifuge
filters (Sartorius). The measuredkoff values were in a good
agreement with the calculated values.

Measurements of phosphylation rates, with HuAChE and
its mutants, were carried out in at least four different
concentrations of DFP, soman, and IBMPF (I), and residual
enzyme activity (E), at various time points, was monitored.
The apparent bimolecular phosphylation rate constants (ki),
determined under pseudo-first-order conditions, were com-
puted from the slopes of the plots of ln(E) vs time at different
inhibitor concentrations. Rate constants under second-order
conditions were determined from plots of ln{E/[I0 - (E0 -
E)]} versus time (27). Stereoselectivity of the enzymes
toward various phosphonates was determined by active site
titrations, comparing residual activities of enzymes inhibited
by the appropriate racemic phosphonate to that of soman
stereomer PsCs (49).

Molecular Dynamics Simulation.All simulations were
performed on an Octane Silicon Graphics workstation using
the Dynamics execution and analysis modules of SYBYL
6.6 (Tripos, 1999). An AMBER all-atom parameter set was
used throughout the simulations. The starting conformation
of the wild-type enzyme was obtained from the X-ray
structure of the HuAChE-fasciculin complex model (3,
structure 1b41 on the Protein Data Bank) by removal of the
ligand and relaxation of the contact regions. The essential
water molecules W659 and W670 (3) were retained through-
out the simulations. Models of the HuAChE mutants were
obtained by relaxation of the appropriately modified struc-
tures. One hundred and forty-seven residues were involved

Scheme 1

V ) (1 + b[S]/Kss

1 + [S]/Kss
)( Vmax

1 + Km[S]) (1)

kobs) k′on[TMTFA] + koff (2)
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in the simulation. Initial equilibrations at 3000 K (20 ps)
were followed by 160 ps of dynamics runs at 4000 K with
constrained main chain.

RESULTS

According to the molecular models of BChE proposed in
the past (12, 50), out of about 30 residues lining the active
site gorge, only 10 amino acids differ between HuAChE and
HuBChE. Six of these changes involve substitutions of
aromatic residues in HuAChE by nonaromatic residues in
HuBChE [the other four, V73I(71), S125T(122), L289V-
(282), and S293T(286), being conservative replacements].
To further investigate whether this diminished “aromatic
lining” of the BChE active site gorge is the main determinant
of its distinct ligand selectivity, a HuAChE enzyme carrying
appropriate replacements of all of the six aromatic residues
has been generated (Y72N/Y124Q/W286A/F295L/F297V/
Y337A). In addition, triple HuAChE mutants, with BChE-
like replacements at the active center (F295L/F297V/Y337A)
and the peripheral site (Y72N/Y124Q/W286A), were con-
structed. These multiple HuAChE mutants, together with the
previously examined HuAChE derivatives carrying double
and single aromatic residue replacements, were used to
examine whether gradual “butyrylization” of HuAChE leads
to increasingly BChE-like reactivity characteristics toward
substrates and noncovalent and covalent inhibitors shown
in Figure 1.

Hydrolytic ActiVity toward ATC and BTC.As already
observed in the past wild-type HuAChE and HuBChE display
similar reactivity toward ATC, with bimolecular rate con-
stants of 2.9× 109 and 1.3× 109 M-1‚min-1, respectively
(see Table 1). No significant substrate selectivity of HuBChE
is evident with respect to ATC and BTC, as the correspond-
ing values ofKm andkcat are similar for both substrates. On
the other hand, HuAChE displays nearly 100-fold selectivity
for ATC over BTC, with most of this reactivity decrease
originating from the 50-fold difference between the corre-
sponding values ofkcat (see Table 1).

The hexamutant HuAChE (Y72N/Y124Q/W286A/F295L/
F297V/Y337A) exhibits low catalytic activity toward both
ATC and BTC with bimolecular rate constants of 2× 107

and 5× 107 M-1‚min-1, respectively (see Table 1). In fact,

catalytic activities (kapp) of the hexamutant HuAChE for ATC
and BTC are approximately 65- and 45-fold lower, respec-
tively, than the corresponding values of HuBChE. It appears
that this large difference in reactivity between the hexamutant
and HuBChE is mainly associated with an increase inKm

values (4.7 mM vs 0.04 mM for ATC and 3.3 mM vs 0.05
mM for BTC). We note also thatKm values for both BTC
and ATC of hexamutant HuAChE are higher (10-30-fold)
than those determined for the wild-type HuAChE enzyme.
Furthermore, thekcat values for hydrolysis of substrates by
the hexamutant appear to be also affected relative to the wild-
type enzyme. For ATC we find a slight decrease (5-fold)
but for BTC an increase (approximately 20-fold) inkcat values
relative to HuAChE.

Table 1: Kinetic Parametersa of Hydrolysis of Acetylthiocholine and Butyrylthiocholine by HuBChE, HuAChE, and Its Mutants

ATC BTC

type
Km

(mM)
kcat

(×10-5 min-1)
kcat/Km

(×10-8 M-1‚min-1)
Km

(mM)
kcat

(×10-5 min-1)
kcat/Km

(×10-8 M-1‚min-1)

HuAChE
wild type 0.14 4.0 29 0.30 0.08 0.3
Y72N 0.14 5.4 38 0.14 0.09 0.7
Y124Q 0.19 4.5 24 0.16 0.25 1.5
W286A 0.25 4.1 16 0.20 0.27 1.4
F295L 0.25 1.0 4 0.04 0.26 6.5
F297V 0.78 1.5 1.9 0.25 0.60 2.7
Y337A 0.09 1.4 16 0.24 0.03 0.1
Y72N/Y124Q 0.14 4.1 29 0.25 0.20 0.8
F295L/F297V 1.3 0.5 0.4 0.42 0.43 1.2
Y72N/Y124Q/W286A 0.26 4.7 18 0.20 0.19 1.0
F295L/F297V/Y337A 2.9 0.8 0.3 0.90 0.55 0.6
Y72N/Y124Q/W286A/

F295L/F297V/Y337A
4.7 0.8 0.2 3.3 1.5 0.5

HuBChE 0.04 0.5 13 0.05 1.1 22
a Values represent means of triplicate determinations with standard deviation not exceeding 20%.

FIGURE 1: Chemical formulas of ligands used in this study.
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The reactivity characteristics of the hexamutant HuAChE
toward ATC are fully reproduced in the F295L/F297V/
Y337A HuAChE and to a lesser extent in the double mutant
F295L/F297V. For both of these triple and double mutant
enzymes a 9-20-fold increase of theKm values and a 5-8-
fold decrease of thekcat values relative to the wild-type
HuAChE were observed. The hexamutant HuAChE and the
triple and double active center mutants also display similar
catalytic activities toward BTC. The observation that reactiv-
ity toward substrates is determined predominantly by muta-
tions at the active center is consistent with the lack of
corresponding effects due to the multiple mutations at the
PAS. Thus, the catalytic activities of the triple PAS mutant
Y72N/Y124Q/W286A HuAChE toward ATC and BTC are
comparable to those of the wild-type enzyme.

In conclusion, with respect to ATC the values of the
bimolecular rate constants (kapp) of the hexamutant or the
F295L/F297V/Y337A HuAChEs are about 2 orders of
magnitude lower than those of either the wild-type HuAChE
or the HuBChE enzymes. For BTC the values ofkapp for
these hexamutant and triple mutant HuAChEs are comparable
to those of the wild-type HuAChE and accordingly about
40-fold lower than that of HuBChE.

Substrate Inhibition.Hydrolytic activities of HuAChE and
HuBChE show different dependence on substrate concentra-
tion, with the former exhibiting substrate inhibition at
[ATC] > 2 mM, while for the latter, substrate activation
has been reported at a BTC concentration range of 20-40
mM and substrate inhibition at [BTC]> 40 mM (31, 51).
Effects of excess substrate on hydrolytic activity of HuAChE
enzymes carrying single and multiple replacements of
aromatic residues along the active site gorge were examined
according to a kinetic model depicted in Scheme 1. The
experimental values of factorb (see Scheme 1) are a measure
of relative activity of the complexes ES and SES (b > 1
demonstrates substrate activation whileb < 1 demonstrates
substrate inhibition).

As already shown before (16, 17), single replacement of
residues Tyr72, Tyr124, and Trp286 at the periphery and of
residue Phe295 at the active center affects secondary ATC
binding to the enzyme (reflected in the values ofKss) but
has no effect on corresponding values of factorb (see Table
2). On the other hand, replacements of residues Phe297 and
Tyr337 abolished substrate inhibition by ATC (9, 16). Unlike
the case of ATC, the secondary binding constant of BTC to
the Y72N enzyme resembles that of the wild-type HuAChE.
In addition, substrate inhibition by excess of BTC is not
abolished by replacement of Phe297.

In the case of the F295L/F297V and the F295L/F297V/
Y337A HuAChE mutants no substrate inhibition could be
observed for both ATC and BTC (see Table 2;b ) 1.0).
The hexamutant HuAChE is also insensitive to substrate
inhibition by ATC and BTC, at the concentration range
tested, with similarb values. Notably, none of the mutant
HuAChE enzymes exhibited a switch from substrate inhibi-
tion to substrate activation. In MoAChE substrate activation
has been reported for the F297I enzyme (17). Thus it appears
that the structural features distinguishing between AChE and
BChE with respect to substrate inhibition/activation are not
dependent only on the aromatic residues lining the respective
active site gorge. This observation is consistent with theb
values (see eq 1) reported for BChE mutants where aromatic

residues have been introduced to mimic the AChE sequence
(25, 35). In these cases substrate activation persisted in
analogy to the wild-type BChE.

ReactiVity toward the AChE Transition State Analogue
TMTFA. The kinetics of AChE inhibition by TMTFA has
been studied extensively since the AChE-TMTFA tetrahe-
dral covalent adduct is believed to resemble the transition
state of the acylation process (44, 48, 52). On the other hand,
only very recently a comparable reaction with BChE has been
described (53). Thus, comparison of TMTFA reactivities
toward the wild-type and certain mutant HuAChEs as well
as HuBChE could shed new light on the effects of structural
differences in the active center gorge on accommodating and
covalently binding of substrates.

TMTFA was found to be a time-dependent inhibitor of
HuAChE and its mutants, as well as of HuBChE, showing
linear dependence of the pseudo-first-order rate constants of
inhibition (kobs) on inhibitor concentrations (44, 48). The
bimolecular rate constantskon and the dissociation rate
constantskoff were calculated from the relationkobs )
kon[TMTFA] + koff and corrected for hydration of the free
ketone (see Materials and Methods). Values ofkoff for the
different enzymes were also determined directly by monitor-
ing the regeneration of hydrolytic activity from the corre-
sponding adducts and found to be in good agreement
with those determined according to the above equation (see
Table 3).

Comparison of TMTFA reactivities toward wild-type
HuAChE and toward HuBChE shows that while the values
of kon are practically equivalent (1.9× 1011 and 1.7× 1011

M-1‚min-1, respectively), the dissociation rate constant (koff)
of the HuBChE-TMTFA adduct is 66-fold higher than that
of the corresponding HuAChE conjugate (see Table 3). The
value of kon for TMTFA inhibition of the hexamutant
HuAChE is 170-fold lower than that of HuBChE, and the
corresponding value ofkoff is 13-fold lower. Thus, butyryl-
ization of the HuAChE active center both fails to reconstitute
the functional environment of HuBChE necessary for high
reactivity toward TMTFA and impairs the corresponding
functional architecture of HuAChE. While most of the

Table 2: Kinetic Parametersa for Substrate Inhibition/Activation of
HuBChE, HuAChE, and Its Mutants

ATC BTC

type
Kss

(mM) b
Kss

(mM) b

HuAChE
wild type 6( 1 0.2( 0.02 3( 1 0.4( 0.1
Y72N 21( 8 0.3( 0.1 2( 0.6 0.5( 0.1
Y124Q 15( 3 0.2( 0.1 11( 3 0.1( 0.1
W286A 16( 8 0.3( 0.1 30( 10 0.4( 0.1
F295L 28( 3 0.3( 0.1 20( 2 0.1( 0.02
F297V 1( 0.5 0.9( 0.1 50( 10 0.4( 0.1
Y337A 0.9( 0.2 8( 2 0.8( 0.1
Y72N/Y124Q 20( 7 0.3( 0.1 24( 4 0.1( 0.1
F295L/F297V 1.0( 0.1 1.0( 0.1
Y72N/Y124Q/W286A 15( 2 0.5( 0.1 20( 5 0.5( 0.2
F295L/F297V/Y337A 1.0( 0.1 1.0( 0.2
Y72N/Y124Q/

W286A/F295L/
F297V/Y337A

0.9( 0.2 1.0( 0.1

HuBChE 4( 1 1.9( 0.2 1( 0.2 2.4( 0.2
a The kinetic parameters were determined according to eq 1 (see

Materials and Methods).
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impairment is due to mutations at the HuAChE acyl pocket
(see Table 3), a small effect due to modifications at the PAS
could be observed (the value ofkon for the Y72N/Y124Q/
W286A HuAChE is 3-fold lower than that for the wild-type
enzyme). Therefore, the 190-fold decrease in the value of
kon for the hexamutant HuAChE, relative to that of the wild-
type enzyme, results predominantly from the triple replace-
ments at the active center.

Multiple mutations at the HuAChE active center gorge
appear to decrease the stability of the corresponding HuA-
ChE-TMTFA conjugates (see Table 3). Yet the value of
koff for the hexamutant conjugate is merely 5-fold higher than
that for the wild-type HuAChE (and 13-fold lower than that
for HuBChE), suggesting again that the active center
environments participating in stabilization of the TMTFA
tetrahedral intermediates with HuBChE and with hexamutant
HuAChE are quite different.

ReactiVity toward Organophosphate Inhibitors.While
reactions of AChE with substrates and with TMTFA involve
rapid formation of covalent tetrahedral intermediates, interac-
tion of ChEs with organophosphate inhibitors such as soman,
IBMPF, or DFP is thought to involve initial formation of a
noncovalent complex with the tetrahedral species (22, 54,
55). Thus the inhibitory activity of these agents may further
probe the influence of a modified AChE active center
environment on the emergence of tetrahedral intermediates
in reactions with substrates.

Reactivities of the bulky phosphate DFP toward the
hexamutant HuAChE and toward HuBChE were found to
be very similar and 150-166-fold higher than the corre-
sponding activity toward the wild-type HuAChE (Table 4).
This reactivity enhancement toward DFP may result from
the space-creating replacements at the acyl pocket (22) as
well as from the replacements at the PAS. These findings
are consistent with the recently reported X-ray structure of
an aged AChE-DFP conjugate, where both the acyl pocket
and part of the PAS seem distorted due to interaction with
the phosphoryl isopropoxy substituent (56). The notion that
space-creating mutations at both the HuAChE acyl pocket
and the PAS result in a HuBChE-like binding environment
for the bulky phosphoryl substituents is consistent also with
the stoichiometry of the hexamutant phosphonylation by
racemic methylphosphonates. While the stoichiometry of
reactions of HuBChE with racemic soman and IBMPF is
1:1 (indicating a relatively low stereoselectivity of this

enzyme toward the corresponding phosphonate Ps-diaster-
eomers), equivalent reactions of both the wild-type and the
F295L/F297V/Y337A HuAChEs display 2:1 stoichiometry
(see Figure 2). However, reaction of the hexamutant HuA-
ChE with IBMPF proceeds with 1:1 stoichiometry, indicating
that the respective stereoselectivity of this enzyme is lower
than that of the F295L/F297V/Y337A HuAChE and may in
fact be similar to that of HuBChE. Yet, the acyl pockets of
HuBChE and of hexamutant HuAChE are not structurally
equivalent, as indicated by the fact that the latter still displays
2:1 stoichiometry in reaction with the somewhat bulkier
soman (see Figure 2).

In contrast to the nearly equivalent reactivities of the
hexamutant HuAChE and the HuBChE toward DFP, the
corresponding reactivities toward the two methylphospho-
nates soman and IBMPF were surprisingly different. For
these organophosphate inhibitors we find a decrease in the
hexamutant reactivity of 80-14-fold relative to HuBChE
(note that corresponding decrease in reactivity relative to the
wild-type HuAChE is even greater; see Table 4). While
affinities of HuAChE enzymes carrying replacements at the
PAS toward the two methylphosphonates resemble those of
the wild-type enzyme, replacements at the active center result
in 40-80- and 30-130-fold drops in the corresponding
affinity for the F295L/F297V and the F295L/F297V/Y337A
HuAChEs toward soman and IBMPF, respectively. These

Table 3: Inhibition Rate Constants of HuBChE, HuAChE, and Its Mutants by the Transition State Analogue TMTFA

TMTFA

type
kon

a

(×10-9 M-1‚min-1)
koff

a

(×104 min-1)

TMTFA
rel kon

(WT/mutant)

ATC
rel kapp

c

(WT/mutant)

HuAChE
wild type 190 6b 1 1
Y337A 250 5 0.8 1.8
F295L/F297V 4 20 50 73
Y72N/Y124Q/W286A 63 25 3 1.6
F295L/F297V/Y337A 6 55 32 97
Y72N/Y124Q/W286A/F295L/F297V/Y337A 1 30b 190 145

HuBChE 170 400b 1.1 2.2
a Values ofkon andkoff were determined from the slope and intercept, respectively, of the plots ofkobs vs five different concentrations of inhibitor

(spanning the range of 1 order of magnitude) of [TMTFA], with correlation coefficients of at least 0.95 (see Materials and Methods).b Values of
koff were determined from the rates of regeneration of hydrolytic activity following removal of the free inhibitor: WT HuAChE) 4 × 10-4 min-1,
Y72N/Y124Q/W286A/F295L/F297V/Y337A) 40 × 10-4 min-1, and HuBChE) 300× 10-4 min-1. c Values are according to results depicted in
Table 1.

Table 4: Kinetic Constantsa of Phosphylation Reactions of
HuBChE, HuAChE, and Its Mutants by DFP, Soman, and IBMPF

ki (×10-4 M-1 min-1)

type DFP soman IBMPF

HuAChE
wild type 10 (1)b 10000 (1) 13000 (1)
Y72N/Y124Q 16 (0.6) 11000 (1) 15000 (1)
F295L/F297V 800 (0.01) 280 (36) 500 (26)
Y72N/Y124Q/W286A 30 (0.3) 13300 (0.8) 18000 (0.7)
F295L/F297V/Y337A 150 (0.07) 120 (85) 100 (130)
Y72N/Y124Q/W286A/

F295L/F297V/Y337A
1500 (0.01) 50 (200) 290c (45)

HuBChE 1660 (0.01) 4000c (2.5) 4000c (3)
a Values were determined with five different concentrations of

inhibitor (spanning the range of 1 order of magnitude) with the standard
deviation not exceeding 20%.b The number in parentheses represents
the ratio between the rate constant of WT HuAChE to that of the rate
constant of the corresponding mutant.c Stoichiometry ratio of 1:1 was
obtained by active site titration for the indicated mutants (for all other
enzymes the stoichiometry ratio was 1:2).
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results indicate that the relative destabilization of the
hexamutant HuAChE-methylphosphonate complexes (15-
200-fold as compared to wild-type HuAChE or to HuBChE)
is entirely due to mutations at the active center. These
observations cannot be rationalized by an inferior accom-
modation of the phosphonyl methyl substituent in the more
spacious acyl pocket, since a similarly composed acyl pocket
in the HuBChE does not produce the same effect. Thus,
unlike the case of DFP, accommodation of tetrahedral species
with lower steric demands at the active center acyl pocket
seems to be different for the hexamutant HuAChE and for
HuBChE. This difference appears to be common to the
various tetrahedral species formed in the AChE active center
either by noncovalent binding (methylphosphonates such as
soman or IBMPF) or through formation of covalent inter-
mediates (substrates, TMFTA).

ReactiVity toward NoncoValent Inhibitors.The functional
architecture of HuAChE enzymes carrying multiple replace-
ments of aromatic residues at the active center gorge and its
possible resemblance to that of BChE were further investi-
gated through interactions with noncovalent inhibitors.
Prototypical active center ligands such as edrophonium,
tacrine, and huperzine A, as well as BW284C51 and
decamethonium, the ligands bridging the active center and
the PAS, were used to probe the changes in affinity resulting

from removal of aromatic residues from the previously
defined binding subsites (8, 10; see Table 5).

(a) Edrophonium. Examination of the effects of single
replacements of aromatic residues at the active center on
enzyme reactivity toward edrophonium (10, 57) indicated
that only substitutions of Tyr337 and Phe297 by aliphatic
residues had some effect on binding (8-fold and 6-fold,
respectively). The loss of reactivity toward edrophonium,
observed for the hexamutant HuAChE, is 170-fold compared
to the wild-type HuAChE, and its inhibition constant is
equivalent to that measured for HuBChE (Table 5). We note
that most of this effect is contributed by the combined
replacements of all of the three aromatic residues at the active
center, as manifested by the fact that the measured values
of Ki for the F295L/F297V/Y337A and the Y72N/Y124Q/
W286A HuAChEs are 53µM and 1.1 µM, respectively,
while that of HuBChE is 50µM.

(b) Tacrine. Previous studies with this active center
inhibitor have shown that its binding is affected predomi-
nantly by residues of the HuAChE “aromatic patch” (Trp86,
Tyr133, Tyr337) (23). In particular, replacement of the
aromatic residue at position 337 by Ala increased the affinity
of the resulting mouse (17) and human (23) AChEs toward
tacrine and could partially account for the higher affinity of
tacrine toward BChE (15, 49). Residue Tyr337 is substituted

FIGURE 2: Comparison of active site titration profiles of HuAChE, the triple active center mutant F295L/F297V/Y337A, the hexamutant
of HuAChE, and HuBChE with soman and IBMPF. For each enzyme preparation the active site concentration was determined using the
PsCs-soman stereomer which reacts in all cases with 1:1 stoichiometry (see inset). For both racemic soman (O) and racemic IBMPF (9)
the wild-type HuAChE and its triple mutant display approximate stoichiometric ratios of 2:1 while the HuBChE exhibits a ratio of 1:1. In
the case of the hexamutant of HuAChE the stoichiometric ratios for racemic soman and IBMPF are 2:1 and 1:1, respectively.
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also in the multiple active center mutant HuAChEs (F295L/
F297V/Y337A and hexamutant) and is probably contributing
to the minor 5-fold increase in affinity of these enzymes for
tacrine. Moreover, the values of dissociation constants for
tacrine complexes with these HuAChE enzymes are practi-
cally equivalent to that with HuBChE (Table 5). This again
suggests that the active center regions of the hexamutant
HuAChE, probed by ligands such as tacrine, are quite similar
to those in HuBChE. As could be expected from previous
studies (23), replacement of aromatic residues at the PAS
has no effect on tacrine binding.

(c) Huperzine A. HuAChE reactivity toward this bulky
inhibitor was previously shown to be affected significantly
by replacements of active center residues which did not seem
to be directly involved in the accommodation of this ligand
(23, 52). This may be exemplified by the large effects of
mutation of the oxyanion hole residue Gly121 or the adjacent
residue Gly122 on huperzine A binding (52). Therefore, the
relatively minor effects due to single replacements of
aromatic residues at the active center or the PAS are difficult
to explain in terms of specific interactions with the ligand.
The exception is residue Tyr337, the replacement of which
has been long known to lower affinity toward huperzine A
(58, 59), probably due to loss of cation-π interaction with
the ligand amine moiety (23). Thus, the 1250-fold drop in
affinity toward huperzine A of the F295L/F297V/Y337A
HuAChE (Table 5), as compared to the wild-type enzyme,
seems to result mostly from the replacement at position 337.
However, since replacements of aromatic residues at the PAS
do not seem to affect reactivity toward huperzine A (e.g.,
Y72N/Y124Q/W286A HuAChE; see Table 5), the structural
basis for the further decrease in affinity of the hexamutant
toward this ligand is unclear. In any case, the dissociation
constant of the huperzine A-hexamutant HuAChE complex
is 25 000-fold higher than that of wild-type HuAChE and
only 8-fold higher than that of the corresponding complex
with HuBChE. This underscores the similarity of the
molecular environments of the hexa-HuAChE mutant and
HuBChE as sampled by this ligand.

(d) BW284C51. This bisquaternary ligand has long been
known to display an over 3 orders of magnitude selectivity
toward AChEs as compared to BChE (54). It binds along
the AChE active site gorge spanning the binding sites at the
active center and the PAS (10, 60). Indeed, the affinity of
HuAChE enzymes toward this inhibitor is affected by
perturbations at both the active center and the PAS with
affinity decreases of 800-fold and 92-fold for Y72N/Y124Q/
W286A and F295L/F297V/Y337A HuAChEs, respectively.

The corresponding affinity of the hexamutant HuAChE
seems to reflect approximately the contributions of the
structural changes at the two binding subsites. The hexa-
mutant HuAChE is about 12-fold less reactive toward
BW284C51 than the HuBChE. Since the structural motif of
BW284C51 interacting with the AChE active center re-
sembles edrophonium (10), we may assume that the modified
HuAChE active center and the active center of HuBChE
contribute similarly to the overall affinity toward the ligand.
Therefore, the somewhat different affinities of the hexamu-
tant HuAChE and the HuBChE may originate from minor
structural differences, which are not related to aromatic
residues, along the active center gorge of the two enzymes.

(e) Decamethonium. This bisquaternary ligand differs from
BW284C51 in that it binds essentially with same affinity
toward HuAChE and HuBChE (ref17 and Table 5).
Nevertheless and unlike the other noncovalent ligands, the
phenotype of the hexamutant is markedly different from that
of HuBChE with respect to binding decamethonium. Yet,
in line with the fact that this ligand binds to the PAS (10,
61, 62), it is not surprising to find a substantial decrease in
affinity of the Y72N/Y124Q, Y72N/Y124Q/W286A and of
the hexamutant HuAChEs toward decamethonium (40-, 60-,
and 80-fold, respectively). It is therefore quite clear that the
binding modes of decamethonium to HuBChE and to
HuAChE are different. In fact, such alternative binding was
suggested in an earlier study where binding of decametho-
nium to BChE was modeled to bridge residues corresponding
to Trp86 and Trp236 in AChE, which are well inside the
gorge (17). However, it appears that mutations at the bottom
of the gorge (F295L/F297V and F295L/F297V/Y337A) lead
to adecreasein affinity toward decamethonium which could
not be expected from either the models of the AChE-
decamethonium complex (10, 17) or the X-ray structure of
TcAChE and MoAChE-decamethonium complexes (61, 62).
Finally, the effects of the mutations in the active center and
the PAS are not additive, and the various double and triple
as well as the hexa-HuAChE mutants have similar inhibition
constants for decamethonium (2 orders higher than wild-
type HuAChE; Table 5). Thus, although these results reveal
some intriguing features with respect to binding of deca-
methonium to HuAChE, it appears that this ligand is
currently not very useful to probe the active center differential
characteristics of AChE and BChE.

DISCUSSION

Early sequence comparisons of AChE and BChE com-
bined with the X-ray structure of TcAChE identified three

Table 5: Inhibition Constantsa of HuBChE, HuAChE, and Its Mutants by Noncovalent Ligands

type
edrophonium

Ki (µM)
huperzine A

Ki (nM)
tacrine
Ki (nM)

decamethonium
Ki (µM)

BW284C51
Ki (nM)

HuAChE
wild type 0.3 16 57 4.6 10
Y72N/Y124Q 1.1 90 55 200 270
F295L/F297V 2.2 50 60 210 55
Y72N/Y124Q/W286A 1.1 30 35 260 8000
F295L/F297V/Y337A 53 20000 9 210 920
Y72N/Y124Q/W286A/

F295L/F297V/Y337A
50 400000 12 360 170000

HuBChE 50 50000 12 2.5 14000
a Values were determined with five different concentrations of inhibitor (spanning the range of 1 order of magnitude) with the standard deviation

not exceeding 20%.
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inhibitor binding regions distinguishing the two enzymes
(63-65). In AChE each of these regions is defined by a
cluster of aromatic residues that seem uniquely disposed to
accommodate the particular specificity requirements of the
inhibitor, while in BChE the equivalent position bears
aliphatic residues. One of these regions is located at the
entrance to the active site gorge, about 15 Å away from the
catalytic serine, and its composition is thought to affect
primarily the AChE specificity toward bisquaternary ligands
such as BW284C51. The other two regions, the acyl pocket
(Phe295, Phe297) and the hydrophobic subsite (containing
Tyr337), are integral parts of the active center functional
architecture, accommodating differentially ligands specific
for AChE and BChE. The effects of residue substitutions at
each of these regions have been investigated, mostly by
single replacements (8-12, 16, 17, 24, 25, 31), leading to
certain conclusions with regard to the structural and func-
tional correspondence between the two cholinesterases: (a)
The difference in substrate specificity between AChE and
BChE is predominantly due to a more open acyl pocket of
the latter, accommodating more readily the larger acyl groups
of butyrylcholine or benzoylcholine. (b) The more open acyl
pocket is responsible also for BChE specificity toward
organophosphorus inhibitors such as iso-OMPA or phos-
phates such as DFP, DEFP, and paraoxon and for its greatly
diminished stereoselectivity toward chiral phosphonates such
as soman or IBMPF.(c) BChE selectivity toward tacrine
and other aminoacridines as well as toward carbamates like
bambuterol is predominantly due to the absence of an
aromatic residue at the position equivalent to 337 of the
hydrophobic subsite. Other bulky inhibitors such as soman
seem to sample similar hydrophobic environments in BChE
and AChE. (d) The absence of some aromatic residues at
the PAS in BChE is probably responsible for its lower
affinity, compared to AChE, toward bisquaternary ligands
that bridge the active center and the rim of the gorge, such
as BW284C51.

These conclusions are based mainly on single “space-
creating” mutations in AChEs as well as on “space-reducing”
mutations in BChE and are compatible with the generally
accepted notion that interactions of substrates as well as of
covalent and noncovalent inhibitors with AChE and BChE
reveal nearly equivalent architectures of the respective active
centers. Yet as mentioned earlier, reactivity differences of
BChE and of certain acyl pocket AChE mutants toward the
substrates ATC or BTC (8, 9, 12) and certain stereoselective
alkyl methylphosphonates (21, 27) imply that active centers
of AChE and BChE may not be as similar as thought before.

Examination of reactivity of the hexamutant HuAChE
toward noncovalent inhibitors seems to indicate that the
active center architecture of this enzyme indeed resembles
that of HuBChE (Table 5). For the relatively small active
center ligands such as edrophonium or tacrine, the ratio of
the respective inhibition constants of BChE and hexamutant
HuAChE is 1. For the much bulkier huperzine A or the active
center and PAS bridging ligand BW284C51, we find that
while affinities of the hexamutant are 17 000-25 000-fold
lower than those measured for HuAChE, they are only 8-12-
fold different from those determined for HuBChE. In
particular, affinities of the triple active center mutant F295L/
F297V/Y337A toward edrophonium, tacrine, and huperzine
A are very similar to those of HuBChE (Table 5). Thus, the

multiple replacement of the active center aromatic residues
Phe295, Phe297, and Tyr337 of HuAChE by the respective
aliphatic residues Leu, Val, and Ala of HuBChE does not
affect the overall architecture of the active center but rather
creates local voids that seem to be characteristic also to the
corresponding architecture of HuBChE. In this modified
HuAChE active center the positioning and function of
residues, most important for ligand accommodation [like
Trp86 or Tyr133 (57)], appear unchanged from those in the
wild-type HuAChE and HuBChE. Furthermore, it appears
that additional replacements of the three aromatic residues
at the PAS by aliphatic residues do not seem to affect in a
major way the accommodation of these noncovalent ligands
at the active center.

In view of this conclusion it was rather surprising to find
that the hexamutant HuAChE is about 40-140-fold less
efficient than HuBChE or HuAChE, with respect to hydroly-
sis of both ATC and BTC. Most of the effect can be
attributed to replacements of the three aromatic residues at
the active center (Phe295, Phe297, and Tyr337). The
discrepancy between the capability of the hexamutant HuA-
ChE to accommodate noncovalent ligands in a HuBChE-
like fashion and its inferior catalytic activity toward substrates
may suggest that elements of the catalytic machinery have
been affected by the multiple mutations. Several observations
seem to be consistent with such a possibility. Removal of
the steric constrains in the acyl pocket of HuAChE by
mutation of residue Phe295 to either alanine or leucine
imparts BChE-like catalytic activity to HuAChE toward
BTC. However, substitution of additional aromatic residues
leads to a decline of this activity, and in the hexamutant the
catalytic activity toward BTC resembles actually that of the
wild-type HuAChE (which is 50-fold lower than that of
HuBChE). In addition, although the HuAChE and HuBChE
enzymes are almost equally efficient catalysts of ATC
hydrolysis, creation of a HuBChE-like void volume in the
HuAChE active center lowers very significantly the catalytic
activity toward ATC. Finally, the catalytic activity of the
hexamutant HuAChE is very similar for ATC and BTC,
irrespective of their size difference.

Further demonstration that the aromatic residue replace-
ments affect the HuAChE catalytic machinery, while pre-
serving the overall HuAChE (and HuBChE) active center
architecture, is provided by experiments with TMTFA, the
prototypical AChE transition state analogue. The TMTFA
molecule has been thoroughly investigated with respect to
the structure of its tetrahedral adduct with TcAChE (66) as
well as to the kinetics of its reactions with various wild-
type and mutated AChEs (48, 52, 67). The accepted kinetic
model of TMTFA reactivity indicates that the tetrahedral
adduct is formed in a single kinetic step, and therefore the
corresponding rate constant (kon) is analogous tokapp (kcat/
Km) of the catalytic process. Indeed, examination of the
relative rate constant values in Table 3 shows analogous
response of HuAChE reactivity, toward TMTFA and toward
the substrate ATC, that culminates in the 150-fold decrease
of kapp for the hexamutant HuAChE catalytic activity, as
compared to a 190-fold decrease of reactivity toward
TMTFA. In addition, a 170-fold ratio of TMTFAkon values
for HuBChE and for the hexamutant HuAChE has been
observed. Thus it appears that the difference in catalytic
activity and in reactivity toward TMTFA, between both wild-
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type HuAChE and HuBChE and the hexamutant HuAChE,
is in the reduced ability of the latter to accommodate
tetrahedral intermediates in the active center.

The notion that the hexamutant HuAChE or more signifi-
cantly the multiple active center mutants are impaired in their
capacity to stabilize tetrahedral species in the active center
is consistent with the reactivity patterns of the HuAChE
enzymes and of HuBChE toward methylphosphonates such
as soman or IBMPF. Unlike the substrates and TMTFA, the
free phosphate molecules have tetrahedral geometry, and it
was suggested that their reactivity toward ChEs is determined
to a large extent by the stability of the corresponding
noncovalent phosphate-ChE Michaelis complexes (22, 54,
55). Accommodation of methylphosphonates by the HuAChE
active center includes positioning of a methyl substituent in
the acyl pocket in analogy to the acetyl methyl introduced
in the tetrahedral intermediate of ATC or the trifluoromethyl
substituent in the TMTFA-HuAChE adduct. The results
demonstrate that the active center triple mutant HuAChE is
impaired in reactivity toward soman and IBMPF to ap-
proximately the same extent as toward ATC or TMTFA
(Table 3 and 4 and Figure 3). Thus, the diminished ability
of the active center modified HuAChE to accommodate
tetrahedral species, as compared to that of the wild-type
HuAChE and that of HuBChE, is manifested for both
covalently (tetrahedral intermediates of substrates and TMT-
FA) and noncovalently bound (Michaelis complexes with
methyl phosphonates) species.

The analysis presented above, underscoring the HuBChE-
like ability of the hexamutant HuAChE to accommodate
ligands as long as they do not present a tetrahedral geometry
like that of methylphosphonates, suggests the involvement
of the catalytic His447. In the tetrahedral intermediate with
substrate this residue is thought to interact with both the
choline oxygen and the Oγ-Ser203 as a part of its function
in catalysis of the hydrolytic reaction (45, 68, 69). In the
X-ray structure of the TcAChE adduct with TMTFA,
participation of the analogous residue His440 in accom-
modation of the tetrahedral adduct, is clearly visible (66).
In various modeling experiments of AChE-phosphate
Michaelis complexes, the catalytic histidine was also impli-
cated in interaction with the oxygen of the P-alkoxy
substituent (21, 22, 27). The precise juxtaposition of His447
was found to correlate with the facility of certain HuAChE-
phosphonate conjugates to undergo a catalytic aging reaction
(45, 69). It appears from all these studies that minor changes
in orientation of the His447 side chain, resulting from
mutations at the HuAChE active center, may interfere
therefore with accommodation of tetrahedral species. Ex-
amination of whether impaired accommodation of tetrahedral
species in the butyryl-like mutants correlates with enhanced
mobility of the His447 side chain was carried out by
molecular simulation of residue motions at the active center
(see Materials and Methods). The starting structure used in
these experiments was taken from the X-ray structure of the
HuAChE-fasciculin complex (3). Following initial equili-
bration at 3000 K, the main chain was constrained and
motions of the side chains were examined at 4000 K. The
results (see Figure 4) seem to suggest that while in the wild-
type HuAChE the side chain of His447 maintains a similar
average orientation as in the X-ray structure of HuAChE

(Figure 4A), in the F295L/F297V/Y337A and in the hexa-
mutant HuAChEs (Figure 4B,C) it tends to assume a different
average conformation. This mobility results in breaking of
the H-bond with the catalytic Ser203 (Figure 4B,C and Figure
5). This conformational transition of His447 seems to be
irreversible within the time scale of our simulations. While
one should be careful about attributing any specific role to
the altered His447 conformation, the enhanced His447
mobility in the two mutant enzymes is consistent with their
impaired ability to accommodate tetrahedral species. In fact,
such mobility of the catalytic histidine, in apparent response
to steric changes in the active center, has recently been
observed in the X-ray structure of the TcAChE-VX
conjugate (70). Steric changes due to multiple mutations at
the HuAChE active center may also result in perturbation
of its water structure (6). Specific water molecules in
TcAChE and HuAChE were shown to play a major role in
maintaining the orientation of His447 through the H-bond
network (3, 22, 49).

If replacement of aromatic residues in the HuAChE active
center produces a HuBChE-like architecture and at the same
time alters the mobility of the catalytic histidine, the obvious
question is why the same effect is not evident in HuBChE?
It is reasonable to assume that in HuBChE an analogous
perturbation to the positioning of the catalytic histidine is
compensated by other interactions, yet an inquiry regarding
the nature of these interaction as well as the residues
participating in them is hardly possible without the X-ray
structure of the enzyme. The results of the present study
allude indeed to some differences in steric interactions within
the active center, between the hexamutant HuAChE and

FIGURE 3: Relative reactivities of HuBChE and the triple active
center mutant (F295L/F297V/Y337A) of HuAChE toward active
center ligands. Shown are the relative values of the inhibition
constants (Ki; see Table 5) for the noncovalent inhibitors edropho-
nium, huperzine A, and tacrine; of the apparent bimolecular rate
constants for substrate hydrolysis of ATC and BTC (Table 1); and
of the bimolecular rate constants of inhibition by the covalent
ligands TMTFA, soman, IBMPF, and DFP (see Tables 3 and 4).
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HuBChE. These differences may be responsible for the small
reactivity variations toward large ligands such as huperzine
A or BW284C51 and for the dissociation rate constant (koff)
values of the corresponding TMTFA adducts. In addition,
while multiple mutations at the HuAChE active center gorge
abolish substrate inhibition, the HuBChE-like phenotype of
substrate activation could not be achieved. Another finding
that suggests a somewhat different array of steric interactions
with catalytic histidine in HuBChE is the nearly equivalent
reactivity of the hexamutant HuAChE and HuBChE with
the organophosphate DFP. As with phosphonates these
reactions involve initial noncovalent accommodation of the
tetrahedral phosphate. Yet, in the case of DFP the substituent
introduced into the acyl pocket is very large and may result
in some distortion of the pocket in HuAChE. In fact, a recent

X-ray structure of the TcAChE-DFP adduct shows that the
isopropoxy substituent pointing toward the acyl pocket
distorts the main chains of both the acyl pocket and part of
the peripheral site (56). In the triple active center mutant
HuAChE the accommodation of DFP seems to be impaired
in a manner similar to that of other phosphate ligands,
compared to HuBChE. Yet, during formation of the hexa-
mutant HuAChE-DFP Michaelis complex, introduction of
the bulky substituent into the void volume of the active center
gorge may compensate for the aromatic replacements with
respect to the proposed mobility of His447.

In summary, comparison of reactivity profiles of the
Y72N/Y124Q/W286A/F295L/F297V/Y337A hexamutant
HuAChE and of HuBChE suggests that the active center
overall architecture, which is responsible for noncovalent
accommodation of ligands, is not very sensitive to local
perturbations resulting from mutagenesis. Therefore, the
enzymatic characteristics of hexamutant HuAchE seem to
be consistent with previous indications that AChE and BChE
active centers differ predominantly in the volume of ligands
they can accommodate. On the other hand, the precise
juxtaposition of the catalytic residues (His and Ser) appears
to be more sensitive to changes in the active center. Thus,
the fact that the hexamutant HuAChE does not mimic the
reactivity of HuBChE toward substrates and other covalent
ligands may suggest that the catalytically productive orienta-
tion of the histidine in butyrylcholinesterase is maintained
by a somewhat different array of interactions than that in
acetylcholinesterase.
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FIGURE 4: Examination of conformational mobility of the catalytic histidine side chain by molecular dynamics simulation. Depicted are 40
ps simulations performed on (A) wild-type HuAChE, (B) the triple active center mutant F295L/F297V/Y337A, and (C) the hexamutant
Y72N/Y124Q/W286A/F295L/F297V/Y337A. Top panels: time dependence of the dihedral angle between the imidazolium moiety of His447
and the backbone (ø°). Lower panels: time dependence of the distance between Nε2-His447 andγ-Ser203 (Å). Extension of simulation
time (up to 160 ps) did not result in any further changes of these conformational parameters.

FIGURE 5: Potential modification of the optimal juxtaposition of
the catalytic triad elements of the triple active center mutant and
the hexamutant HuAChEs. The relative positions of Glu-His-Ser
in the wild-type enzyme (yellow line) and in the mutant enzymes
(blue line) are as suggested by molecular dynamics simulations (see
Figure 4). Note that, in the mutants devoid of the three active center
aromatic residues, disruption of the H-bond interaction between
the catalytic His and Ser is a consequence of displacement of the
side chains of both of these residues, resulting in an increase of
the Nε2-His447 and Oγ of Ser203 distance from 2.62 Å in WT to
4.85 Å.
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