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ABSTRACT: The origins of human acetylcholinesterase (HUAChE) reactivity toward the lethal chemical
warfare agen©-ethyl S[2-(diisopropylamino)ethyl] methylphosphonothioate (VX) and its stereoselectivity
toward the P-VX enantiomer (VX) were investigated by examining the reactivity of HUAChE and its
mutant derivatives toward purified enantiomers of VX and its noncharged is@tetteyl S-(3-isopropyl-
4-methylpentyl) methylphosphonothioate (nc-VX) as well as echothiophate and its noncharged analogue.
Reactivity of wild-type HUAChE toward VXwas 115-fold higher than that toward #)Xwith bimolecular

rate constants of 1.4 10° and 1.2x 10° min-* M~1. HUAChE was also 12500-fold more reactive toward

VXS than toward nc-VX Substitution of the cation binding subsite residue Trp86 with alanine resulted

in a 3 order of magnitude decrease in HUAChE reactivity toward both VX enantiomers, while this
replacement had an only marginal effect on the reactivity toward the enantiomers of nc-VX and the
noncharged echothiophate. These results attest to the critical role played by Trp86 in accommodating the
charged moieties of both VX enantiomers. A marked decrease in stereoselectivity towand¥¥bserved
following replacements of Phe295 at the acyl pocket (F295A and F295A/F297A). Replacement of the
peripheral anionic site (PAS) residue Asp74 with asparagine (D74N) practically abolished stereoselectivity
toward VXS (130-fold decrease), while a substitution which retains the negative charge at position 74
(D74E) had no effect. The results from kinetic studies and molecular simulations suggest that the differential
reactivity toward the VX enantiomers is mainly a result of a different interaction of the charged leaving
group with Asp74.

The catalytic efficiency of acetylcholinesterase (AChE, and kinetic studies of the AChE mutan®—15), include
EC 3.1.1.7) and its high reactivity toward both covalent and (a) the esteratic site containing the active site serine, (b) the
noncovalent inhibitors are believed to originate from the “oxyanion hole” consisting of residues Gly120(118), Gly121-
unique architecture of the AChE active centeér—B8). (119), and Ala204(201), (c) the “anionic subsite” or the
Elements of this architecture, unraveled during over a decadecholine binding subsite [Trp86(84)], (d) the hydrophobic site
by X-ray crystallography4—7), site-directed mutagenesis, for the alkoxy leaving group of the substrate containing an
“aromatic patch” that includes residues Trp86(84), Tyr337-
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L Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; @S dialkyl phosphates and methylphosphonates, are particu-
ATC, acetylthiocholine; BChE, butyrylcholinesterase; BCh, butyryl- larly suitable. Their unusually high reactivity toward the

choline; ChE, cholinesterase; DEFP, diethyl phosphorofluoridate; DFP, enzyme indicates efficient accommodation by the active
diisopropyl phosphorofluoridate; echothioph&0-diethyl S-(2-ethyl)- L - . .
trimethylammonium phosphorothioate iodide; nc-echothiopt@®; center binding elementd.§—20). The high affinity toward
diethyl S(3,3-dimethylbutyl)phosphorothioate; HUAChE, human acet-  OP inhibitors may result from their ground-state tetrahedral
ylcholinesterase; MEPQ, 7-(methylethoxyphosphinyloxy)-1-methylquin-  geometry that mimics to some degree the spatial disposition

olinium iodide; soman, 1,2,2-trimethylpropyl methylphosphonofluori- : ;
date; TcAChE,Torpedo californicaacetylcholinesterase; TMTFA, of the intermediate ACRAChE adduct 16, 19). In the

mr(N,N,N-trimethylammonio)trifluoroacetophenone; VR;ethyl S[2- noncovalent OPAChE complex, accommodation of the
(diisopropylamino)ethyl] methylphosphonothioate; nc-\O¢ethyl S(3- tetrahedral phosphoryl moiety includes polar interactions of

isopropyl-4-methylpentyl) methylphosphonothioate. Amino acids and i i
numbers refer to HUAChE, and the numbers in parentheses refer tothe phosphyl oxygen with the oxyanion hole as well as that

the positions of analogous residues in TcAChE according to the Of His447 with the phosphate (or phosphonate) alkoxy
recommended nomenclaturgdy. oxygen. The alkyl moieties of the inhibitor are contained
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within the hydrophobic domains of the active center (acyl Scheme 1

pocket and the hydrophobic patch), with the spatial differ- 0 o OH O

ences between those sites presumably contributing to tEBICH,CO0(CHy), + (CHy,CHOCH(CHy), ——> [(CH3>ZCH]z<|ECHZy:0C<CH3)3L>
inherent asymmetry of the AChE active center environment

(17). The resulting stereoselectivity in particular with respect EOC ‘”) i
to methylphosphonofluoridates was utilized for in-depth [KCH:CHLCECHCOUCHy); + (CH,CHECH,COCCHy); ———=
investigation of the hydrophobic and steric interactions with CH(CHy),

(0]

the structural elements of the active centéi)( Earl i
M y [(CH,CH,CHOH,E0C(CHy); ——m [CHRCHI,CHCH,CH,OH ——>

modeling studies attributed the 4fdld stereoselectivity of
AChE toward the Penantiomer of sarin mainly to the
restrictive dimensions of the acyl pock&lj. More recent [(CH),CHI,CHCH,CH,Br

studies with the diastereomers of soman suggest that a more iy 7 THF, reflux; (iiy POCS, pyridine; (iii) Hy, Pd-5%/C; (iv)
complex array of interactions is affecting affinity and LialH,, ether, room temperature; (v) PBbenzene, reflux.
reactivity in the corresponding phosphorylation reactions

(17). In the case of phosphonofluoridates, those interactions mutant was introduced by replacing tAed —Esd DNA

do not seem to include the leaving group, and therefore, fragment of the pAChE-w4 variani.() with the respective
interactions with the fluorine do not contribute to AChE synthetic DNA duplexes carrying the mutated GAG(Glu)
stereoselectivity toward soman. codon.

Interaction of the AChE active center with OP agents  Expression of recombinant HUAChE and its mutants in a
bearing a positively charged leaving group is characterized human embryonal kidney-derived cell line (HEK-293)(
by additional polar interaction that should affect the affinity 32, 33) and generation of all the mutants were described
as well as the stereoselectivity toward these inhibitag; ( previously g, 10, 29, 31, 34). Stable recombinant cell clones
22, 23). Indeed, AChE inhibition studies with various charged expressing high levels of each of the mutants were estab-
and noncharge®-ethyl methylphosphonothioates demon- lished according to the procedure described previol&dy. (
strated the contribution of such polar interactions to the Acetylthiocholine iodide (ATC) and 5&lithiobis(2-ni-
reactivities of the respective inhibitor24). All those trobenzoic acid) (DTNB) were purchased from Sigma.
reactions result in the same phosphonylation prod@et ( Organophosphate InhibitorsThe enantiomers of VX
ethyl methylphosphono-AChE), the structure of which has [O-ethyl S-(2-diisopropylaminoethyl) methylphosphonothio-
recently been determined by X-ray crystallography, following ate] were synthesized by following a literature procedure
AChE phosphonylation by VX25). Also, AChE stereose-  (35). The final reaction step was modified by usihgN-
lectivity toward certainO-alkyl S[(trimethylamino)ethyl]  diisopropylaziridinium chloride rather thaN,N-diisopro-
methylphosphonothioates was found to be much lower thanpylaminoethyl chloride that gave the pure enantiomers
that found for analogous phosphonofluoridat@®, (23). without further purification:*H NMR (CDCls) 6 1.00 (d,J
These studies indicated also that the thiocholine leaving = 6.5 Hz, 12H), 1.33 (tJ = 7.0 Hz, 3H), 2.78 (m, 2H),
group of these inhibitors is oriented toward the gorge 2.99 (septet) = 6.4 Hz), 4.11 (m, 2H)?*P{*H} NMR
entrance and that residue Asp74 is a primary determinant in51.14; p]*» = 31.C° (R), —30.2 (S).
AChE specificity for cationic organophosphorus agef.( Enantiomers of nc-VXQ-ethyl S(3-isopropyl-4-methyl-
This finding is quite surprising in view of the X-ray structures pentyl) methylphosphonothioate] were synthesized from the
of AChE in complex with noncovalent inhibitors such as €nantiomericO-ethyl methylphosphonothioate sodium salt
edrophonium26) or conjugated with covalent modifiers such ~ (36) and 3-(2-bromoethyl)-2,4-dimethylpentane. The bromide
as TMTFA 7) that show invariably that the ammonium Was prepared according to Scheme 1. Detailed procedures
cationic head points toward the anionic subsite residue Trp860f the synthetic steps and characterization of the intermedi-
and is quite remote from Asp74. ates are provided in the Supporting Information.

In this study, we investigate the origins of HUAChE Kinetic StudiesHUAChE activity was assayed according

stereoselectivity toward the enantiomers of VX through (© the method of Ellmart al. (37) in the presence of 0.1
comparisons with their noncharged isosteres as well as withM9/mL BSA, 0.3 mM DTNB, 50 mM sodium phosphate
the symmetrical diethyl phosphates echothiophate and itsPuffer (pH 8.0), and various concentrations of ATC at 27
noncharged analogue. Our results indicate that in the case C @nd monitored with a Thermomax microplate reader
of VX stereoselectivity is a result of multiple interactions (Molecular Devices). ,

involving several elements of the active center and the Measurements of phosphorylation rates for VX and nc-

peripheral anionic site, including polar interactions with the VX Were carried out with at least four different concentra-
charged leaving group. tions of VX and nc-VX (PX), and enzyme residual activity

(E) at various times was monitored. The apparent bimolecular
MATERIALS AND METHODS phosphorylation rate constankg) determined under pseudo-

first-order conditions were computed from the plot of slopes

Enzymes and Reagentdutagenesis of AChE was per- of In(E) versus time at different inhibitor concentrations (see

formed by DNA cassette replacement into a series of Scheme 2). Rate constants under second-order conditions
HUAChE sequence variants, which conserve the wild-type were determined from plots of{i&/[l, — (E, — E)]} versus
coding specificity 28) but carry new unique restriction sites time (16). Both VX and nc-VX were stable in the reaction
(10). Generation of mutants D74N, D74E, W86A, W86F, medium (phosphate buffer) within the time scale of the
G122A, W286A, F295A, F297A, Y337A, F338A, and kinetic experiments. The half-life time;() for hydrolysis
Y341A was described previousl§@ 16, 29—31). The D74E of both inhibitors was more than 100 h as determined by
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Scheme 2 Hs THa H, H
E+PX J EPX f2 EP +X CH AN CH Ch~—
| k.1 ‘ Hac/ \ﬁ/ CH, " C/ \®/ CH,
ki v \ H//
CH, H,C
Scheme 3 / AN
H,C, CH,
k
epx —L— epox \ /
YA Z / S‘
E+PX+S . 043.,, H, H, .
\ K Yo— P \ ©
4, ES 2 E + products H,C CH, HyC X
31P{1H} NMR. This estimation is in accordance with S
measurement of VX stability at pH 8 in an aqueous solution VX VXR
(39).

Determination of the bimolecular rate constants for phos- THS H, H, Hs
phorylation by echothiophate and nc-echothiophate was " d cH
carried out following the double-reciprocal method of Hart wc~ \ / \CHS N A
and O'Brien @9), as described previously§). Appart from CH HC  CH
bimolecular rate constants, this method allows for evaluation \CH y c/
of the apparent dissociation constant for the enzyme e N
inhibitor Michaelis complexKq = k_1/ky) and the phosphy- HZC\ /C"'2
lation rate constant of the reactioky;(see Scheme 3). S

Molecular Dynamics SimulationsSimulations of the / i
HUAChE Michaelis complexes with ViXand VX® were o==", H, H, LSS
performed using the AMBER 5.0 suite of programs with an A ”/O/C\ y C/C\O\\\‘ \
all atom parameter set. Characterization and visual examina- Hs CH, : s

tion of the molecular structures were carried out using the
molecular modeling package SYBYL 6.7 running on an SGI S ne-VXR
; . : nc-VX
Octane workstation. The starting conformation of the enzyme . . .
Ficure 1: Chemical formulas of VX enantiomers and their

Was_ob_tamed from the X-ray sFructure of the HUAChE noncharged isosteres. The protonated forms of botf and VXR
fasciculin complex modek Protein Data Bank entry 1b41).  are shown since the charged species are present under our
The rim of the active site gorge as well as the active center experimental conditions [the< value for VX was recently reported
was solvated by adding a spherical cap of water (using theto be 9.4 49)].

SOL option of AMBER). The cap waters were restrained

by a soft half-harmonic potential to avoid evaporation without (see Scheme 1 and the Supporting Information), and the
affecting the protein movement. The part of the complex resulting nc-VXs were>95% enantiomerically pure as
included in the simulation (using the belly option in  gnown by H NMR using the chiral reagentR}-2,2,2-
AMBER) was comprised of residues in the active center trifluoro-1-(9-anthryl)ethanol.
gorge and around the ligand as well as the ligand itsel50 0,0-Diethyl S(3,3-dimethylbutyl) phosphorothioate (“nc-
residues were included, and the number varied slightly ¢chothiophate”) was prepared from 3,3-dimethylbutyl bro-
depending upon the definition of the belly region for the ige @®) and the potassium salt of diethyl thiophosphoric
specific simulation experiments). Partial charges of the VX 4.iq.
enantiomers were asigned the Del Re method implemented Reactiity of HUAChE toward VX and nc-VX Enantiomers.
in SYBYL. Model optimization and dynamics simulations Reactivity of recombinant wild-type HUAChE toward WX
were carried out according to a protocol described previously a5 115-fold higher than that toward ¥Xwith the values
©) of the bimolecular rate constants being ¥.4.0° and 1.2x
RESULTS 1P min~t M1, respectively. Such HUAChE stereoselectivity
toward VX enantiomers is consistent with earlier reports on
Preparation of Organophosphate InhibitorRkesolved AChE reactivities toward VX 35, 40) and toward other
O-ethyl methylphosphonothioic acids, which served as charged methylphosphonothiocholin2§,(36). In particular,
starting materials for both the VX and nc-VX enantiomers AChE from bovine erythrocytes was reported to display a
(Figure 1), were synthesized following the procedure of 200-fold stereoselectivity toward the \#Xnantiomer 40).
Berman and Leonard36). S-Alkylation of the resolved The HUAChE enzyme displayed 60-fold stereoselectivity
enantiomers, using\,N-diisopropylaziridinium chloride, toward the noncharged nc-\?XFigure 1), with reactivity
yielded pure VX enantiomers. This procedure proved to be toward this enantiomer being12500-fold lower than that
more convenient than that usihgN-diisopropylaminoethyl toward VXS (Tables 1 and 2). The corresponding reactivity
chloride, as reported previousigg). Analogous preparation  toward the nc-VX was exceedingly low (the value of
of the nc-VX enantiomers was carried out using 3-(2- bimolecular rate constamt was 2 x 10* min~t M%), and
bromoethyl)-2,4-dimethylpentane as the alkylating agent. the actual measurement of this constant, as well as of those
Preparation of this alkyl bromide was carried out in five steps for other HUAChE enzymes, was made possible only by the
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Table 1: Apparent Bimolecular Rate Constarts) of ethoxy substituent. Comparison of the bimolecular rate
Phosphonylation of HUAChE Enzymes by ¥¥nd VX® constant k) for HUAChE phosphonylation by VXand by
VXS VXR echothiop.hate shows quite s_imilar values (>’k_.ZLO6 and 1.5
K10°  WII  K(x10¢ WI/ VX9 x 10° 'mm‘l ML, respectl\_/ely), suggesting that _such
HUACRE  M-imin) mutant M-imin® mutant VXR mt_era_cﬂons of the ethoxy moiety may indeed dete_rml_nv_s the
affinities of these two charged organophosphorus inhibitors.

‘,':V'Zlgéxpe 1%88 g gég'g (1)3 112 On the other hand, HUAChE reactivity toward nc-echo-
F297A 1560 9 225 5 70 thiophate was found to be only 6-fold lower than toward
F295A/F297A 18 760 3.4 35 5 nc-VXS, indicating that replacement of a methyl group with
W86F 465 30 10.0 12 50 an ethoxy group in the acyl pocket results in a roughly 6-fold
\évff,\’? 103; 451(%% 4%% 982 5 32 decrease in binding affinity. This effect seems to be too small
D74E 5900 2 31.0 4 190 to account for the observed HUAChE stereoselectivity toward
W286A 13000 1 85.0 1 170 VXS,

Y341A 5100 3 13.0 9 370 Therefore, it was important to investigate the dependence
\F(ggg,': gg%% % %%‘% i 1:;8 of stereoselectivity toward VX enantiomers on interactions
G122A 7 2000 0.3 400 25 with the different components of the active center functional

architecture. To this end, enzyme derivatives with modifica-
tions introduced by site-directed mutagenesis at active center
subsites involved in ligand accommodation such as the acyl
pocket, anionic subsite, hydrophobic subsite, peripheral
anionic site, and the loop of the oxyanion hole were
introduced. Kinetic evaluation of the reactivity characteristics

aValues represent the mean of triplicate determinations with a
standard deviation not exceeding 20%.

Table 2: Apparent Bimolecular Rate Constérts) of
Phosphonylation of HUAChE Enzymes by nc-¥and nc-V>®

ne-Vxe ne-VXx® of these HUAChE enzymes toward the charged and non-
K_(lx;CT_‘l wT/ K_(1X1CT_‘1 wT/ nC-VXFf/ charged VX as well as toward the symmetric phosphate
HUAChE M™"min™") mutant M~*min™) mutant ncvX echothiophate allowed for characterization of the main
wild type 11 1 0.02 1 60 elements of the HUAChE chirality toward charged meth-
F295A 0.5 2 0.03 1 20 ylphosphonates
F297A A . .02 1 17 o . .
Fzgs AJE297A %_0 4 2073 %%03 7 1% Stereoselectity of HUAChE Enzymes Carrying Mutapons
W86F 0.6 1.8 0.025 1 25 at the Acyl PocketReplacements of acyl pocket residues
W86A 0.3 3.7 0.01 2 30 Phe295 or Phe297 with alanine had quite different effects
B;ig g-g 2-5 8-82 ; ;g on stereoselectivity toward the \Pénantiomer. While the
W286A 15 0.7 0.015 1 100 F295A enzyme was only 5-fold more reactive toward the
Y341A 25 3 0.02 1 23 VXS than toward the VX enantiomer, the corresponding
Y337A 63.0 0.03  0.07 0.3 900 ratio for the F297A was 70-fold, resembling that of wild-
F338A 0.9 1 0.003 7 300 HUAChE Table 1). Th r in stereoselectivi
G129A 0.02 €0 0.0004 50 =0 type HUAChE (see Table 1). The decrease in stereoselectivity

of the F295A enzyme resulted mainly from its lower
aValues rgp(esent the mean of triplicate determinations with a reactivity toward V)€ (9-f0|d) rather than from an increased
standard deviation not exceeding 20%. reactivity toward V)& (3-fold; see Table 1). Thus, while
structural perturbation at position 295 of the acyl pocket
stability of the inhibitors in buffer solutions (see Materials affects stereoselectivity toward the V¥nantiomer, the basis
and Methods) and by the ability to produce sufficient for the differential reactivity does not seem to involve steric
amounts of recombinant enzyme proteins, using the remark-exclusion from the acyl pocket. The notion that steric
ably efficient HEK 293 expression systerh0( 33). congestion at the acyl pocket does not determine HUAChE
Wild-type HUAChE exhibited a 850-fold higher reactivity —stereoselectivity toward Vs also supported by reactivities
toward the diethyl phosphate echothiophate than toward itsof the F297A enzyme toward the VX enantiomers. In this
noncharged isostere nc-echothiophate (see Table 3). Sincease, the mutated enzyme is less reactive toward both VX
for both phosphates disposition of the phosphyl ethoxy (9-fold) and VX (5-fold), suggesting a suboptimal accom-
substituents with respect to the HUAChE active center should modation of the phosphonate in the active center irrespective
be similar, the different reactivities signify the contribution of the substituent adjacent to the acyl pocket.
of interactions with the charged leaving group. Thus, the  Mutations at positions 295 and 297 in HUAChE had an
large reactivity differences between the VX enantiomers and only small effect on the reactivity of the corresponding
their corresponding noncharged isosteres (nc-VX) may haveenzymes toward the nc-VX enantiomers (all effects were
also resulted predominantly from accommodation of the within a factor of 3; see Table 2). These findings seem to
diisopropylammonium group in the active center. suggest that there is nearly no energetic penalty for accom-
While interactions with the charged leaving group seem modating the nc-VX ethoxy substituent in the HUAChE acyl
to make up the major contribution to the HUAChE affinity pocket.
toward the two VX enantiomers, the question regarding the Replacement of the aromatic residue at position 295
specific interactions contributing to the 115-fold stereose- resulted in a 40-fold reactivity increase toward the diethyl
lectivity toward VX® remains open. Since stereoselectivity phosphate, echothiophate, relative to the wild-type enzyme.
has usually been associated with perturbations at the acylThe corresponding replacement at position 297 had practi-
pocket 8, 17, 21), the lower reactivity of HUAChE toward  cally no effect, suggesting that the orientation of the ethoxy
VXR may still be a result of inferior accommodation of the group with respect to the acyl pocket in the echothiophate
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Table 3: Apparent Bimolecular Rate Constér{ts) of Phosphonylation of HUAChE Enzymes by Echothiophate and nc-Echothiophate

echothiophate nc-echothiophate
ki (x1074 ko Ki ki (x1074 ko Ki

HUAChE M-I min™1) (min~1) (x1C M) M-I min1) (min™1) (x1CP M)
wild type 154 3.7 2.4 0.18 0.6 325
F295A 6000 0.8 0.013 1.46 0.95 65
F297A 58 4.4 7.6 0.2 0.3 146
F295A/F297A 45 ND NDP 0.02 ND NDP
W86F 17 0.7 4.2 0.25 0.56 220
WS86A 0.08 0.8 1020 0.02 0.8 4570
D74N 3.8 5.5 147 0.96 0.55 57
D74E 32 1.1 3.4 0.18 0.92 510
D74G 14 0.9 3.2 0.72 0.6 83
W286A 260 1.7 0.64 1.07 0.6 55
Y341A 40 1.2 3.0 0.4 0.97 244
Y337A 34 1.8 55 0.06 0.34 540
F338A 12 1.7 14.1 0.009 0.13 1500

aValues represent the mean of triplicate determinations with a standard deviation not exceediftidN@0%etermined.

HUAChE complex is somewhat different from that of the mainly of accommodating the charged moieties of substrates
corresponding complex with the VWXenantiomer. This  and other charged ligands. However, reactivity of W86A
different reactivity toward echothiophate may be related to HUAChE toward nc-VX was still 10-fold lower than that
the other ethoxy substituent since similar effects, due to toward VXS, suggesting participation of other elements in
mutations at the acyl pocket, were reported for neutral diethyl the active center to accommodate the charged leaving group.
phosphates such as DEFP and paraoX@). Similarly, reactivity of this enzyme toward nc-echothiophate
The double mutant F295A/F297A exhibits a lower affinity was 4 times lower than that toward echothiophate (Table
for both VX and nc-VX, with consistently larger effects for  3).
the P-enantiomers (see Tables 1 and 2). Interestingly, the  Stereoselectity of HUAChE Enzymes Carrying Mutations
reactivity decline toward VXis much more pronounced than at the Hydrophobic Subsité&tereoselectivity toward VX
that toward nc-VX (760- and 27-fold, respectively), sug- as well as reactivity toward both VX enantiomers is only
gesting that the reactivity decrease does not seem to be alightly affected by single replacements of elements of the
result of deficient accommodation of the methyl group. It hydrophobic pocket [aromatic patch4)], residues Tyr337
appears also that the outcome of removing aromatic moietiesand Phe338 (Table 1). The effects are weald-fold) and
from the acyl pocket (e.g., enhanced mobility of the catalytic do not indicate disruption of major interactions with the
His447; see refé—3) has a stronger effect on the presumably active center environment. In view of this result, it was rather
more rigidly oriented VX within the Michaelis complex than  surprising to find that replacement of this residue with alanine
on the neutral nc-VX resulted in a 57-fold increase in affinity toward nc-¥/X
Stereoselectity of HUAChE Enzymes Carrying Mutations  suggesting that th8-alkyl leaving group of nc-VX appears
at the Anionic Subsite, the Choline Binding SReplacement  to interfere with the aromatic moiety of Tyr337 (Table 2).
of Typ86 with alanine had a dramatic effect on the reactivity A small increase in affinity is observed also for nc-¥/X
toward both VX enantiomers, yet only a minor effect on and consequently, the stereoselectivity of this enzyme toward
stereoselectivity toward VX(Table 1). The decrease of the nc-VXSwas 900-fold. Such an effect on stereoselectivity due
W86A HUAChE reactivity toward the VXand VXR enan- to replacement of Tyr337 indicates that the leaving groups
tiomers as compared to the reactivity toward the wild-type in VX and in nc-VX may point to somewhat different regions
enzyme (the values of bimolecular rate constants decreaseaf the active site. Furthermore, Y337A HUAChE was only
by 4500- and~1000-fold, respectively; see Table 1) was 3-fold less reactive toward the nc-echothiophate than the
compatible with what was observed in the past for other wild-type enzyme (Table 3), implying that the orientation
covalent or noncovalent charged ligan8s 14, 24, 25, 29, of its leaving group, in the nc-echothiophaté337A
30). The corresponding effects of the replacement of Trp86 complex, resembles more that of nc-¥¥an that of V¥
with phenylalanine were much weaker and consistent with (see Table 2). The findings indicate also that the positively
the well-established role of the aromatic residue at position charged leaving groups of either the VX enantiomers or
86 as the main interaction locus of the charged moieties of echothiophate do not interact with the aromatic moiety of
AChE ligands {4, 30). Similarly, W86A was 1925-fold less  Tyr337 (Tables 1 and 3). In this respect, the findings are
reactive toward echothiophate than the wild-type enzyme consistent with our previously reported conclusion that
(Table 3). These effects are considerably stronger than thoseesidue Tyr337 is not a part of the anionic subsite participat-
reported for interaction of similarly charged methylphos- ing in accommodation of the cationic headgroups of AChE
phonates, RO-cycloheptyl methylphosphonylthiocholine ligands (L4), as suggested previousIg7 41).
(40-fold), or the corresponding*®nantiomer (33-fold) with Stereoselectity of HUAChE Enzymes Carrying Mutations
the W86A mutant of mouse AChE(). at the Peripheral Anionic Site (PAF}eplacement of Asp74
Mutations at the anionic subsite had only minor effects with asparagine practically abolished stereoselectivity toward
on HUAChE affinities toward the nc-VX enantiomers and the VXS enantiomer. D74N HUAChE was 130-fold less
the nc-echothiophate (Tables 2 and 3), demonstrating agairreactive toward VX while its reactivity toward VX
that the role of the aromatic moiety at position 86 consists resembled that of the wild-type enzyme (see Table 1). In
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contrast, substitution of the aspartate at position 74 with the ethoxy moieties are located closer to Alal22 than in the
another acidic residue, glutamate, yielded an enzyme with corresponding complexes of DEFP or soman. Such proxim-
affinities toward both VX enantiomers nearly the same as ity, which may be induced by the rigid orientation of the
those of wild-type HUAChE. These results show thatVX charged leaving group, suggests also that the corresponding
interacts with the acidic residue at position 74 of HUAChE, phosphyl moieties are positioned close to the oxyanion hole.
suggestng that in the case of VX enantiomers charged The reactivity of G122A HUAChE toward the nc-W¥X
interactions of the leaving group are a major determinant of enantiomer was 60-fold lower than that of the wild-type
stereoselectivity. Thus, it is reasonable to expect that theenzyme (see Table 2). Such a reactivity decrease is much
charged leaving groups in the HUAChE Michaelis complexes smaller than what could be expected from comparison to
of VXS and VX® assume somewhat different orientations, the corresponding ratios for both ¥énd soman (2000- and
with the cationic head in the VXcomplex closer to the  500-fold, respectively), again suggesting that accommodation
Asp74 carboxylate than in the correspondingReémplex. of nc-VXS in the HUAChE active center is quite different
Reactivity of the D74N HUAChE toward echothiophate from that of the other phosphonates.
was also 40-fold lower than that of the wild-type enzyme  Molecular Modeling of Michaelis Complexes of HUAChE
(see Table 3), yet in this case, the decrease may not resulvith VX EnantiomersThe question of AChE stereoselec-
from loss of a specific electrostatic interaction of the cationic tivity toward VXS has already been addressed in the past
leaving group. This notion is suggested by the similar effects by molecular dynamics simulations of the TcACREZX
of replacing residue Asp74 with glutamic acid or with the Michaelis complexes4@Q). In construction of the initial
noncharged residue glycine (5- and 10-fold respectively; seestructures, it was assumed that the cationic leaving group in
Table 3 and reR2). both the V)€ and the VXX complexes was oriented toward
Replacement of Asp74 with asparagine had practically no the peripheral anionic site and that the electrostatic interaction
effect on the reactivity toward nc-VX enantiomers (see Table with Asp72 (Asp74 in HUAChE) contributes substantially
2). In addition, a minor (45-fold) increase was observed to the accommodation of the charged diisopropylammonio
in the activity of D74N and D74G HUAChEs toward nc- moiety 0). Such an assumption was consistent with the
echothiophate (Table 3). These findings are consistent withrole played by residue Asp72 in accommodating the charged
our previous observation that residue Asp74 contributes groups of certain methylphosphonothiocholines in the Michae-
predominantly to binding of charged ligands in the HUAChE lis complexes with TCAChE2Q). The simulations suggested
active centerZ2, 29). that TCAChE stereoselectivity toward VX enantiomers
Replacement of other components of the PAS, Tyr341 and resulted from impaired interaction of \RXvith the oxyanion
Trp286, had an only limited effect on reactivity toward VX hole subsite42). Our results, from kinetic studies with the
enantiomers. The most pronounced effect was that onwild-type and G122A enzymes, suggest, however, that in
reactivity toward VXX due to substitution of position 341 HuUuAChE both VX enantiomers appear to be well accom-
with alanine (9-fold). Also, these replacements had nearly modated in the oxyanion hole. Furthermore, interactions with
no effect on affinities toward nc-VX enantiomers or nc- the oxyanion hole seem to be crucial for HUAChE reactivity
echothiophate (see Tables-3). toward phosphate inhibitors, and therefore, a significant
Stereoselectity of HUAChE Carrying a Mutation at  misalignment of the O moiety with respect to this subsite
Position 122 Next to the Oxyanion HoResidue Gly122is  could abolish the phosphorylation proce$S)( Thus, it was
adjacent to oxyanion hole residues Gly120 and Gly121. interesting to examine the dynamic behavior of the HuA-
Replacement of Gly122 with alanine was shown to introduce ChE-VX complexes, especially in view of the finding, from
a methyl group into the space of the acyl pocks; (see kinetic studies, regarding the role of residue Asp74 in
also ref27). As already reported, the reactivity of G122A determining HUAChE stereoselectivity toward VX (Table 1).
toward phosphonates is affected to a larger extent than that In this study, molecular simulations of the HUAChEX
toward phosphated §), due to the size of the moiety in the complexes were performed assuming that the proper orienta-
immediate vicinity of the Alal22 methyl group [e.g., for tion and proximity of the phosphorus atom with respect to
DEFP reactivity of G122A HUAChE was 95-fold lower than  O” of Ser203 are essential for the phosphylation process and
for wild-type HUAChE, and for soman the corresponding therefore should be kept throughout the simulation. In
ratio was 500 15)]. In the case of VX G122A HUAChE addition, interaction distances from the phosphonyl oxygen
was 2000-fold less reactive than the wild-type enzyme, while to the oxyanion hole elements were maintained since
for VXR, the corresponding ratio is 400 (Table 1). Thus, polarization of the PO bond was found to be crucially
G122A HUAChE displayed lower stereoselectivity, than the important to the subsequent chemical process. Therefore,
wild-type enzyme, toward the VXenantiomer (25-fold), during optimization of the initial structures and the dynamic
probably due to impaired accommodation of the phosphonyl simulation runs, the positioning of the VX=R moieties
methyl group in the acyl pocket as a consequence of was restrained with respect to the HUAChE active center. In
replacement of the hydrogen with a methyl group in the the two diastereomeric initial structures of the ¥MUuAChE
G122A mutant. The G122A enzyme was also 260-fold less Michaelis complexes, the protonated diisopropylammonio
reactive toward echothiophate than wild-type HUACIKE (  group was juxtaposed with the anionic subsite Trp86 (see
=6 x 10° M~ min™%), suggesting that in the phosphate  Table 4). Simulation experiments showed that for the?vX
G122A adduct the phosphate ethoxy group may be positionedcomplex there was no significant change in the positioning
in the acyl pocket more like that of \X(see Table 1) than  of the cationic head with respect to residues Trp86 and Asp74
like that of the homologous phosphate DEF)( These (Figure 2B). On the other hand, in the VXomplex there
observations may indicate that in the Michaelis complexes is motion of the cationic head toward the gorge exit,
of both VX enantiomers or of echothiophate the methyl and shortening its distance from residue Asp74 (see panels A
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Table 4: Changes of Relevant Distances in the HUAChE Michaelis significant relocation of the side chains of both Phe295 and

Complexes of VX and VX® following a Molecular Dynamics Phe297, or by replacement of these residues with allphatlc
Simulation amino acids 1—3).
changes in average Structural characteristics of the acyl pocket also seem to
initial structures (A)  simulated structures\A) play a role in determining HUAChE stereoselectivity toward
distance V)8 VXR VXS VXR VXS, as demonstrated by the mere 5-fold stereoselectivity
Nowo O(=Phx  2.97 208 012 022 of the F295A and F295A/F297A enzymes (sge_ Table 1). For
Noizi—O(=P)x  2.88 318 —0.06 —0.21 the latter, the 760-fold decrease in the reactivity toward the
Nazos—OF=P)x  3.40 3.10 0.27 0.10 VXS enantiomer was accompanied by an only 35-fold
8’5203—E/x ggg 3-23 —(1”1)8 8-}1515 decrease toward VX Apparently, the overall effect of the
Céz\?/:;—N\\//i 510 599 118 0.15 double mutation at the acyl pocket, on reactivity toward?/X

was smaller due to some compensating factor. Such com-
pensation could come from relief of steric pressure (due to
and C of Figure 2). Examination of the structures along the removal of the bulky aromatic residues) on the ethoxy
simulation trajectories suggested that orientation of the sypstituent in the acyl pocket, yet there is no evidence that
cationic leaving group was influenced by its interaction with  accommodation of an ethoxy group results in perturbation
the phosphonyl substituent pointing toward the acyl pocket. of the acyl pocket. In fact, the lack of AChE stereoselectivity
In the VXS complex, the phosphonyl methyl group is toward MEPQ (see Figure 3), where all the phosphorus
accommodated in the acyl pocket, permitting the cationic substituents apart from the charged leaving group are
leaving group to point toward the gorge entrance and to identical to those of VX 46), indicates that the acyl pocket
interact with both Trp86 and Asp74 (Figure 2A). On the other accommodates equally well the methyl and ethoxy substit-
hand, in the VX complex, the ethoxy group is forced to uents. Therefore, the different effects, due to modifications
point upward by the restricted space of the acyl pocket (seeof the acyl pocket, on reactivity toward the ¥Xénd VXR
Figure 2B). Such a conformation of the ethoxy moiety enantiomers must originate from interactions with other
interferes with the cationic leaving group, inducing an elements of the active center. Indeed, for both the¥Xd
alternative conformation where the diisopropylammonio VXRenantiomers, interactions of the charged leaving group
group is displaced from residue Asp74 (and toward residue appear to be another major determinant of HUAChE stereo-
Trp86), as compared to its orientation in the Ye6mplex. selectivity. The findings that D74N HUAChE was practically
devoid of stereoselectivity toward \BXand yet reactivity

DISCUSSION of this mutant toward VX was nearly equivalent to that of
) , the wild-type enzyme, indicated that the difference in
Early hypotheses4@) and modeling experiment21) HUAChE accommodation of the two VX enantiomers can

related the pronounced stereoselectivity of AChE toward pe reduced to a single interaction of the charged phosphonyl
methylphosphonofluoridates such as sarin or soman to thegypstituent with Asp74. Thus, while the diisopropylammo-
structure of the acyl pocket. The main reason for this piym moiety in Michaelis complexes of both W¥énd VXR
assessment was that the homologous enzyme butyrylchoenantiomers interacts mainly with the anionic subsite residue
linesterase (BChE), in which residues at positions 295 and Typg6, as demonstrated by the respective 980- and 4500-
297 are isoleucine and valine, respectivelf)( was found  fo|d decreases in reactivity toward the W86A enzyme,
to be more reactive than AChE toward bulky substrates suchrespectively (Table 1), in the HUACKE/XS complex

as butyrylcholine (BCh) and organophosphorus inhibitors additional stabilization is provided by its interaction with
such as diisopropyl phosphorofluoridate (DFP) but not the carboxylate of residue Asp74. In fact, interaction of the
stereoselective toward sari8, (11, 17, 19, 45). Indeed,  thiocholine leaving groups of certai-alkyl S[(trimethyl-
studies of HUAChE reactivity using site-directed mutagenesis amino)ethyl] methylphosphonothioates with residue Asp74
and enzyme kinetics suggested that acyl pocket residueshas already been suggest&@)( However, for these ligands,
Phe295 and to a lesser extent Phe297 determine the specifichothenantiomers interacted with Asp74 and their interaction
ity toward acylating (substrates) and phosphorylating agentswith Trp86 was less pronounced.

(8, 16) mainly by limiting the volume of the acyl pocket. A If stabilizing interaction of the diisopropylammonium
more recent examination of stereoselectivity in reactions of mojety with Asp74 is possible in the \BMichaelis complex,
HUAChE active center mutants with diastereomers of somanwhy is it absent in the corresponding #¢omplex? The
suggested that while the AChE acyl pocket is in fact the reason for that is suggested by the molecular simulation
main determinant of the relative reactivity toward the P experiments, which show the cationic moiety of ¥

and the P-diastereomers, the actual mechanism of stereo- [ocated nearly Z closer to the Asp74 carboxylate than the
selectivity is only partially related to steric interferend@)( corresponding moiety of VX (see Table 4). Thus, the
Further inquiry into the consequences of structural modifica- respective locations of the VX cationic moieties seem to be
tions at the HUAChE acyl pocket led us to propose that determined by interactions with the phosphonyl ethoxy
residues Phe295 and Phe297 are also part of an aromatigubstituent. In the HUAChEVXS complex, the ethoxy
system involved in “trapping” the catalytic His441, (2). group, positioned in the hydrophobic pocket, allows for an
Thus, modifications of the AChE acyl pocket may perturb apparently optimal juxtaposition of the diisopropylammo-
the positioning of His447 and thereby impair the accom- nium group with respect to residues Trp86 and Asp74 (Figure
modation of tetrahedral species in the active center. Such2A). On the other hand, in the HUACKE/XR complex, the
modifications of the acyl pocket could be brought about ethoxy group emerging from the acyl pocket induces an
either by accommodation of bulky groups, leading to a alternative conformation of the leaving group, in which
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A

FiGURE 2: Average structures from molecular dynamics simulations of Michaelis complexes of fandX/X? enantiomers with HUAChE.

Only amino acids adjacent to the inhibitor are shown, and hydrogen atoms have been omitted for clarity. Interatomic distances defining the
relative orientation of the respective ligands are listed in Table 4. (A) Stereoview of tie MX¥AChE complex with the phosphonate
depicted in magenta and the protein in green. The volumes &fard the molecular environment around the acyl pocket are shown as a
grid. (B) Stereoview of the VR—HUAChE complex with the phosphonate depicted in red and the protein in cyan. The volume& of VX

and the molecular environment around the acyl pocket are shown as a grid. (C) Superposition of-ti¢uXXhE and VXX—HUAChE

complex structures, using theaGatoms of the residues shown and the respective phosphorus atoms as reference points. Note that the
ammonio group of the VXcomplex (magenta) is proximal to both the Asp74 carboxylate and the indole moiety of Trp86, while that of
the VXR complex (red) points exclusively in the direction of residue Trp86.

interaction with residue Asp74 is practically precluded for interaction of the cationic moiety in the corresponding
(Figure 2B). According to this molecular scenario, opening Michaelis complex with the carboxylate of Asp74.

of the acyl pocket, as in F295A/F297A HUAChE, may relieve  To our knowledge, the notion thattramolecularinterac-
the steric crowding around the \®fphosphorus, allowing  tions of the phosphyl moiety may contribute to AChE
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— — CHPPT and CHMPT (220-fold) and the stereoselectivity
/) \ observed here toward the VX enantiomers (115-fold; see
. Table 1) may not be accidental, since the overall dimensions
of propyl and ethoxy substituents are quite similar. Therefore,
the relative reactivity decrease for both ¥Xnd propyl-
o phosphonothiocholine may originate from similar interactions
P/ between the phosphonyl substituents.
\ o The reactivities of HUAChE toward echothiophate and its
CH, noncharged isostere nc-echothiophate are also consistent with
the idea that the charged bulky leaving group affects the
S R orientation of the ethoxy substituents within the active center.
MEPQ MEPQ The value of the dissociation constadtifor the HUAChE-
iHa THe o echothiophate Michaelis complex is practically equivalent
HGC\N/CH° Hes~N” to that of the corresponding complex with DEFP [2.4.0°°
* and 1.9x 108 M, respectively 16)], despite the fact that
/cm /CH: in the latter there is no stabilization due to charge interactions.
HzC\ The fact that hydrophobic interactions due to the ethoxy
S s moieties, which stabilize the DEFP complex, do not seem
/ / to contribute to accommodation of the echothiophate complex
o/j\ 04/\ can be understood by assuming that these moieties are
nd © o—"CH: improperly oriented with respect to the active center of the
/ enzyme, by interactions within the ligand. Furthermore,
Ry removal of the charged interaction, either through modifica-
tion of the enzyme (aliphatic replacement at position 86 of
CHMPT CHPPT HUAChE) or by utilizing the noncharged nc-echothiophate,
resulted in very low values of the respective bimolecular rate
/F / constantss (see Table 3). Thus, it appears that irrespective
O;u\ O%/F\ of charge, a large leaving group interferes with the hydro-
HC/ o phobic stabilization of the HuAChEdiethyl phosphate

CH, H,C

/ complex.
HC The analysis presented above suggests that comparison of
reactivities of the isosteric VX and nc-VX analogues toward
CHMPF CHPPF HUAChE, in fact, isolates the effect of charge on the relative
FiIGURE3: (A) Structural formulas of the MEPQ enantiomers which  &ffinity of the enzyme toward these methylphosphonothio-
display nearly equivalent reactivity toward AChE6| while lates. Without the charge interactions and in the absence of
yielding the same adducts as the corresponding enantiomers of VX.a significant contribution of the nc-VX hydrophobic sub-
(B) Formulas ofO-cycloheptyl alkylphosphonate AChE inhibitors  stityents to accommodation in the active center, the reac-

bearing thiocholine and fluorine as leaving groupg)( Note that e _ _ ;
while reactivities of the two methyl phosphonates CHMPT and tivities of both nc-VX® and nc-VX enantiomers were

CHMPF are similar, the reactivity of CHPPT is much lower than €xceedingly low, yet the reactivity of HUAChE toward nc-
that of CHPPF (see ref7 and the text). VXS was still 60-fold higher than that toward nc-¥X

indicating the presence of specific interactions underlying
stereoselectivity toward VXor any other organophosphate this HUAChE stereoselectivity. Although such interactions
inhibitor was not considered before. Yet certain results could not be fully characterized on the basis of the functional
reported in the past seem to be consistent with the suggestioranalysis described here, they appear to be different from those
that interactions of charged leaving groups with other bulky contributing to stereoselectivity toward XThe largest
substituents affect the inhibition properties of the corre- observed effects are related to either introduction or removal
sponding phosphates and phosphonates. One such examplef steric obstructions (e.g., effects due to replacement of
is the different accommodation, by AChE, mpropylphos- Gly122 or Tyr337, respectively) rather to the effects related
phonates bearing either fluorine or thiocholine as a leaving to perturbation at the acyl pocket (see Table 2).
group @7), as compared to the respective methylphospho- The suggestion that interactions of the charged leaving
nates (see Figure 3). While cycloheptypropylphospho- group constitute the main determinant of HUAChE stereo-
nofluoridate (CHPPF) was only3-fold less reactive than  selectivity toward VX may also provide insight into the
the corresponding methylphosphonofluoridate (CHMPF), the question regarding the wide range of AChE stereoselectivities
cycloheptyl n-propylphosphonothiocholine (CHPPT) was toward different methylphosphonates. Namely, the outstand-
found to be 220-fold less reactive than the methylphospho- ing stereoselectivity toward thediastereomers of soman
nothiocholine (CHMPT). Since reactivities of the two [e.g., 7.5x 10%fold for the FCS over the BCS diastereomer
cycloheptyl methylphosphonates were quite similar (6.8  (17)] seems to be in contrast to that observed here, and in
10° and 1.4x 1 min~t M~ for CHMPF and CHMPT, previous studies, for VX(40). The AChE stereoselectivity
respectively), the 360-fold lower reactivity of CHPPT, toward PCS and PFCR-soman diastereomers is also much
relative to the corresponding fluoridate (CHPPF), may higher than the stereoselectivity reported in the past for
indicate mutual interference of the two bulky phosphonyl methylphosphonates carrying other leaving groups such as
substituents. The resemblance of the reactivity ratio betweenp-nitrophenol 48) or thiocholine 20, 36). These different
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stereoselectivities result predominantly from the exceedingly
low reactivity of the P-diastereomers of methylphospho-
nofluoridates. For instance, while the rate of AChE phos-
phonylation by VX (1.37 x 10° min~* M~%; see Table 1)

is similar to those measured for the’> and FCR-
diastereomers of soman [1:6 10° and 0.8x 10° min~!
M1, respectively 17)], the corresponding constant for (X
(1.18 x 10° min~* M%) is ~600-fold higher than those for
the PRCS- or the FRCR-soman isomers (2.8 10° min"* M1

for both cases). In fact, the reactivities of th&gdman
diastereomers toward HUAChE resemble those of the nc- ¢
VXS and nc-VX® enantiomers, suggesting that hydrophobic
interactions contribute little to the accommodation of the
PRCS- or PRCR-diastereomer of soman in the AChE active
center.

In conclusion, it appears that stereoselectivity of HUAChE
toward methylphosphonates is determined by both the nature
of the phosphonyl leaving group and the inherent asymmetry
of the active center environment. The relative contribution

of each of these elements seems to depend on the nature oftl

the specific inhibitor, with the active center asymmetry
playing a dominant role in stereoselectivity towafds®man

and the positive charge of the leaving group being dominant 12-

in stereoselectivity toward VXas well as toward otherSP
methylphosphonothiocholines. In contrast to the notion

regarding the acyl pocket being the main component of the 13.

AChE active center asymmetry, it appears now that other
subsites and in particular the PAS contribute to stereoselec-
tivity of HUAChE toward VX and other methylphosphonates.
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