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ABSTRACT. The stereoselectivity of the phosphonylation reaction and the effects of adduct configuration
on the aging process were examined for human acetylcholinesterase (HUAChE) and its selected active
center mutants, using the four stereomers of 1,2,2-trimethylpropyl methylphosphonofluoridate (soman).
The reactivity of wild type HUAChE toward thesBoman diastereomers was 4105 x 10*fold higher

than that toward theddiastereomers. Aging of thesBs-somany-HUAChE conjugate was alsel.6 x

10*fold faster than that of the correspondingd2somanyl adduct, as shown by both reactivation and
electrospray mass spectrometry (ESI/MS) experiments. On the other hand, both processes exhibited very
limited sensitivity to the chirality of the alkoxy group,Qof either R- or Pk-diastereomers. These
stereoselectivities presumably reflect the relative participation of the enzyme in stabilization of the Michaelis
complexes and in dealkylation of the respective covalent conjugates, and therefore could be utilized for
further probing of the HUAChE active center functional architecture. Reactivities of HUAChE enzymes
carrying replacements at the acyl pocket (F295A, F297A, and F295L/F297V) indicate that stereoselectivity
with respect to the soman phosphorus chirality depends on the structure of this binding subsite, but this
stereoselectivity cannot be explained only by limitation in the capacity to accommodaterthe P
diastereomers. In addition, these acyl pocket enzyme mutants display seib@-f@d) preference for

the RRCr-soman over the gZsstereomer, while reactivity of the hydrophobic pocket mutant enzyme
W86F toward the RCssoman resembles that of the wild type HUAChE. Residue substitutions in the
H-bond network (E202Q, E450A, Y133F, and Y133A) and the hydrophobic pocket (F338A, W86A, W86F,
and Y337A) result in a limited stereoselectivity for theCe over the RCgr-stereomer. Aging of the
Pssomanyl conjugates with all the HUAChE mutant enzymes tested practically lacked stereoselectivity
with respect to the gof the alkoxy moiety. Thus, the inherent asymmetry of the active center does not
seem to affect the rate-determining step of the dealkylation process, possibly because bgiis-thnd®

the RCgr-somanyl moieties yield the same carbocationic intermediate.

Acetylcholinesterase (AChEEC 3.1.1.7) is among the catalytic power and high reactivity toward organophosphorus
most efficient enzymes, with a turnover numbepdf(* s—* inhibitors have been a subject of interest for several decades,
(1). While the mechanistic and structural origins of its only recent studies have begun to delineate the unique
functional architecture of the AChE active center. These
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Scheme 1 In this study, we further explore28, 24) the functional

0 0 0 architecture of the HUAChE active center, using enzymes

EOH + FoP—CH;  — g E-0-b-cH, Ka g g o-b ~cH, that carry residue substitutions at the various active center
6 H CH, & m oH, o- subsites, and examine the effects of structural perturbations

>ca - %a - CH, )c{ - G- cH, Form on the reactivity and stereoselectivity of the resulting mutants

CH,  CH, CH,  CH, with respect to the soman stereomers. We find that the

. pronounced HUAChE stereoselectivity with respect to the

(reacu:atiom l+ HL6 phosphorus chirality cannot be explained solely by steric

interference at the acyl pocket. We find also, in accordance

EOH + products with the previously described mechanism of aging, that the

cholinesterase (BChE), which unlike AChE can catalyze dealkylation process of the various somanuAChE
efficiently hydrolysis of larger molecules such as butyryl-, conjugates is not stereoselective with respect to chirality of
benzoyl-, or succinylcholine, the modified substrate selectiv- the phosphonyl alkoxy substituent.
ity was shown to result mainly from differences in the acyl
pocket structure between the two enzym@sy 15). MATERIALS AND METHODS

For further exploration of the functional architecture of
the AChE active center, it is necessary to use specific ligands Enzymes and ReagenExpression of recombinant HUA-
that probe the various facets of the enzyme reactivity. AChE ChE and its mutants in a human embryonal kidney-derived
organophosphorus inhibitors seem to be particularly suitablecell line (HEK-293) 8, 25, 26) and generation of all the
for this task since their unusually high reactivity toward the mutants were described previous8 8, 21, 27, 28). Stable
enzyme suggests an efficient accommodation by the activerecombinant cell clones expressing high levels of each of
center binding elementsl?, 15-17). Their ground-state  the mutants were established according to the procedure
tetrahedral geometry, compared to that of the planar sub-described previously2g). Enzymes were purified90%
strates, affords an additional dimension for mapping the pure) either by ligand affinity chromatograph3j or by
spacial organization of these binding elemeritg (5). In fractionation on a monoclonal antibody affinity colun®).(
addition, AChE reactions with organophosphonates display The monomeric C580S HUAChE enzyme, expressed in
marked stereoselectivity §—17) which can also be utilized ~ Escherichia colwith an N-terminus sequence Met-Glu-Gly-
for investigation of the hydrophobic and steric interactions Arg, was a gift from M. Fischer29). EQBChE was purified
with the structural elements of the active center. Soman is ausing a modification of the ligand affinity chromatographic
prime example of such AChE inhibitors, combining an method described previousl2%). Acetylthiocholine iodide
outstanding phosphylatiAgactivity with chiral preference  (ATC), 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), and 1-(2-
in the range of 4 orders of magnitude in favor of the P hydroxyiminomethylpyridinium)-1-(4-carboxyiminopyridin-
diastereomersl@, 19). In addition, interactions with soman  ium) dimethyl ether dichloride (HI-6) were purchased from
may be modulated by additional subsites in the AChE active Sigma. Preparation of diastereomeric mixtures of tgea@d
center, due to the chiralgsee Scheme 1) of the inhibitor's  Cr-1,2,2-trimethylpropyl methylphosphonofluoridates (so-
alkoxy moiety (interactions of the four soman stereomers man) followed an accepted synthetic procedure using meth-
with HUAChE are displayed in Figure 1). Indeed, recent Ylphosphonodifluoride30) and the appropriate optically pure
studies with certain BChE mutants demonstrated substantialpinacolyl alcohol 19). The pure diastereomers ogRand
stereoselectivity toward the sBssoman stereomer2(), Pr-soman (for provisional assignment of absolute configu-
indicating that differential reactivity of thegRliastereomers  ration with respect to the phosphorus, see the Results) were
may assist in probing the fine structure of the AChE isolated from incubations with rabbit serum archymo-
hydrophobic pocket. trypsin, respectively, as described previoush®)( Since

Due to the tetrahedral geometry of the phosphonate samples of the #&s and RCr-soman, obtained in this
inhibitor in the initial Michaelis complex as well as in the manner, contained up to 4% of the corresponding P
covalent conjugate, and the limited motion of the equatorial diastereomer (as determined B NMR and by titration
phosphorus substituents in the pentacoordinate transition ofwith wild type HUAChE), they were further purified by
the nucleophilic addition, the phosphonyl moiety in both reincubaton witha-chymotrypsin. The resultinggP’soman
adducts may face similar regions of the active center diastereomers were-99% optically pure, according to
structural manifold. As a result, the same interactions that HUAChE titration with a>10%fold higher concentration of
govern the stability of the initial complex may be also the inhibitor. Purified R-soman diastereomers were stored
important in facilitating a characteristic chemical transforma- in dry acetonitrile at-20 °C.
tion of the covalent somanylAChE conjugate, the aging Measurements of Enzyme Adly and Phosphonylation
process?1, 22). Thus, the relative rates of phosphonylation Rates.HUAChE activity was assayed according to Ellman
by soman stereomers, as well as those of the postinhibitoryet al. @1) [in the presence of 0.1 mg/mL BSA, 0.3 mM
processes (aging, see Scheme 1) for the stereomeric somaRPTNB, 50 mM sodium phosphate buffer (pH 8.0), and
conjugates, may provide another sensitive measure forvarious concentrations of ATC], in experiments carried out
probing the effects of structural perturbations at the phos- at 27°C, and monitored by a Thermomax microplate reader
phonyl binding locus of HUAChHE (for related studies, see (Molecular Devices). Measurements of phosphonylation rates
refs12, 15, and22). of the HUAChE enzymes, by thesBoman diastereomers,
were carried out essentially as described previously for

3 The comprehensive term “phosphyl” is adopted from Bourne and reactions with racemic soman, using four to six different
Williams (51) for all tetravalent phosphorus electrophilic groups. concentrations of &5 or P<Cgr-soman [) and monitoring
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Ficure 1: Michaelis complexes of HUAChE with soman stereomers. Inhibitor configurations are shown in each panel. Only amino acids
adjacent to the inhibitor are shown, while hydrogen atoms of the protein are omitted for clarity. The sgmeih§@l substituent is

displayed as balls and sticks. Molecular volumes of the phosphorus methyl substituent and of the aromatic moieties of residues Phe295 and
Phe297 are shown with dots and grids, respectively. For gsoPar-HUAChE complexes, the fit of the phosphorus methyl substituent

with residues of the acyl pocket and the different positioning of then@thyl substituent relative to the aryl moiety of residue Tyr337 are

shown in panels A and B. Note that in the-8omar-HUAChE complexes (panels C and D) the acyl pocket cannot accommodate the bulky
tert-butyl portion of the R-soman alkoxy moiety and it points away from the phenyl groups defining this acyl pocket (for the three-
dimensional orientation, see Figure 3A).

the enzyme residual activityEj at various times. The  prior to reactivation. The reactivatable (nonaged soman
apparent bimolecular phosphonylation rate constak)s ( conjugate) fraction was assessed by reactivation with 0.5 mM
determined under pseudo-first-order conditions were com- HI-6 under conditions where the rate of reactivation is faster
puted from the plot of slopes of IB}f versus time at different ~ than the rate of agingk(HI-6] > k, see Scheme 1). The
inhibitor concentrations. Rate constants under second-orderactivity of the reactivated enzymé, was routinely cor-
conditions were determined from plots of E[l, — (E, — rected for the inhibitory effect of the reactivat@®2). The
E)]} versus time 23). first-order rate constants of aginks were determined from
Phosphonylation rate constants of HUAChE enzymes by the slopes of Ir;) versus time.
the R-soman diastereomers were determined under second- Mass Spectrometric Analysislolecular mass measure-
order conditions using phosphonate and enzyme concentraments were carried out on a VG Platform mass spectrometer,
tions in the range of 10—10 ¢ M. Reactions were carried  which consists essentially of an electrospray ion source
out in 50 mM Tris buffer to minimize the effects of operating at atmospheric pressure followed by a quadrupole
phosphonate racemizatiohd) and were followed for periods  mass analyzer. Samples of diastereomeric somatiyA-
not exceeding two half-lifes. ChE conjugates, prepared by mixing the enzyme—&0
Measurements of Aging Rat@#e initial soman-inhibited pmoljuL) with an excess of the appropriate phosphono-
enzymes were obtained under conditions where the rate offluoridate in deionized water (pH-6.5), were assayed as
phosphonylation is much faster than the rate of agkd,] described previously3@). The multiply charged electrospray
> k] and with over 98% inhibition of the initial enzyme ionization mass spectra were converted to the true molecular
activity. The excess soman was rapidly removed either by mass spectra using the VG MaxEnt algorithm of the
column filtration (Sephadex G-15) or by 1000-fold dilution, MassLynx NT software. Molecular mass calculations of
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as described previousl{ 2, 34). The models were optimized
64700 by molecular mechanics using the MAXMIN force field (and
AMBER charge parameters for the enzyme) and zone
refined, including 127 amino acids (15 A substructure sphere
around O-Ser203). Optimization of the initial models
included restriction of the distances between the phosphonyl
oxygen and the amide nitrogen atoms of residues Gly121
and Gly122 which were relieved in the subsequent refine-
ment.

Modeling of the acyl pocket region in theg@s-somanyt
HUAChE covalent adduct was based upon the recently
resolved X-ray structure of the aged DFPCAChE conju-

Py S— gate B5). The conformational distortion of the main chain
in the acyl pocket region was introduced into the HUAChE

e 64860 conjugate by manipulation of the appropriate torsion angles
followed by energy optimization.
% 50 40 sec
64780
RESULTS
0 ™ T d

Formation and Aging of Stereomeric SomatuAChE

100 D 64780 . .
64860 Conjugates.To use the four soman stereomers as steric

% 5o 60 sec probes of the HUAChE active center (see Figure 1), it is
necessary to assign absolute configurations to their chiral
atoms and to ascertain that the diastereomeric purity of the

o T sample does not change during the reaction. In the case of

101 g 64780 soman, the chirality of the Os known [from the synthetic
precursor 1,2,2-trimethylpropyl alcoholy = Cg, Ct) =
% 50 180 sec Cql, while that of the asymmetric phosphorus can be
provisionally assigned from chemical correlation with analo-
gous solved structure8) and from the chiroptical proper-

660 670 6B B0 &0 &I ties of the parent phosphonaemethyl methylphosphono-
mass fluoridate @7) [Py = Ps, P4y = Pg]. Fluoride-catalyzed
racemization at the phosphorus could lead, during the
relatively slow phosphonylations by the-Biastereomers,
FiGure 2: Progression of the aging reaction of-€bmanyt to their contamination by the highly reactive-§tereomers
HUAChE monitored by positive-ion ESI-MS. Molecular masses of (19), Minimization of the extent of such racemization (see

the mixture components were obtained for each spectrum after\,4erials and Methods), together with the extensive purifica-
processing by the VG MaxEnt software over a mass range of

6400068000 Da. (A) Free C580S HUAChE from a bacterial source 10N Of the Rr-diastereomers, enabled us to determine their
(mass calculated from sequence of 64 695 Da). The same sampleactual reactivity with respect to HUAChE.
calculated over a wider mass range (50680000 Da) is shown Comparison of the apparent bimolecular rate constéts (

in the inset. (B-E) Mass spectra of the reaction mixtures determined .
at the indicated time interval after reaction onset (at-p6i5) and of HUAChE phosphonylation by the four stereomers of

containing varying proportions of a molecular species presumably SOman shows an outstanding stereoselectivity with respect
corresponding to thessomanytHUAChE conjugate (calculated ~ to the R-diastereomers (7.5« 10*-fold for the RCs
mass of 64 863 Da) and to the corresponding dealkylation product stereomer over thegRsisomer and 4.0< 10%-fold for the
(calculated mass of 64 778 Da). The absence (_)f other pea_ks in thePsCR-stereomer over thegBg-isomer; see Table 1). Such
spectra taken after 40 and 60 s suggests a direct transition fromAChE t lectivity i h higher than that ob d
the species with a molecular mass of 64 860 Da to one with a stereoselectivity 1S much higher than that observe
molecular mass of 64 780 Da. with respect to phosphonates carrying other leaving groups
such asp-nitrophenol 88) or thiocholine (5, 22). These
homogeneous samples were carried out over a mass rangdifferent stereoselectivities result mainly from the lower
of 50000-80000 Da (see the inset of Figure 2). reactivity of the R-diastereomers. Thus, while the AChE
The process of dealkylation ofsBomanyt-HUAChE phosponylation rate constant for phosphonylation By P
conjugates could be monitored by mixing aliquots from an cycloheptylmethylphosphonylthiocholine (1:9 10° min~!
appropriate phosphonylation mixture (20Q) with formic M™% see reflb) is similar to those measured for the
acid (1 uL) followed by immediate mass spectrometric corresponding diastereomers of soman (£.3C® and 0.8
analysis using a mass range of 646@®000 Da (Figure x 10 min~! M~%; see Table 1), the constant for the-P
2). cycloheptylmethylphosphonylthiocholine (84 10* min—!
Molecular Modeling Building and optimization of three-  M™1; see refl5) is about 400-fold higher than those for the
dimensional models of 1,2,2-trimethylpropyl methylphos- PrCs or the RRCr-soman isomers (0.2 10* min~* M~ for
phono-HUAChE conjugates were performed on a Silicon both cases). The low reactivity of the-Boman isomers was
Graphics IRIS 70/GT workstation using SYBYL modeling already suggested in the past (see Table 1); however, due to
software (Tripos Inc.). The initial models of the Michaelis technical limitations, the precise values lofcould not be
complexes and of the covalent conjugates were constructedobtained. In this study, the actual measurement of these

100, A 64700

% 50

100

% 50
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Table 1: Rate Constants of Phosphonylatih #nd Aging ks of Different AChEs by Stereomers of Soman
ki (x10* min"t M%)

PsCs P<Cr PrCs PrCr
rHUAChE 15000+ 3000 8000+ 400 0.2+0.1 0.2+ 0.1
phosphonylation BOACHE 18000+ 1000 2700+ 100 <1.0 <1.0
EelAChP 28000+ 2000 180006+ 1000 <0.5 <0.5
ka (x103min~?)
P<Cs P<Cr PCs PrCr
aging rHUAChE 130+ 30 90+ 30 <0.008 <0.08
BoAChE 74 82 - -

apH 8.0 and 24C. P pH 7.7 and 25C (19). ¢pH 7.5 and 25C (18). ¢ Samples were followed for 70 daysSamples were followed for 7 days.

constants was made possible by preparation of optically puremeasurements, recombinant HUAChE expressed in bacteria
samples of the f#2soman diastereomers (see Materials and was used 29) since with such an enzyme we could avoid
Methods) and by the ability to produce sufficient amounts the extensive molecular heterogeneity due to glycosylation
of recombinant HUAChE proteins, using the remarkably (33). The ESI-MS analysis indicates the involvement of only
efficient HEK 293 expression syster8, 25). Notably, for two molecular species in the aging reaction: the original
reactions of the wild type enzyme or its mutant derivatives somany-HUAChE conjugate and the dealkylation product.
with the RRCs-soman, enzyme concentrations of up tx5 Examination of Figure 2 shows that the molecular mass of
10° M (~3 mg/mL) were required for determination of 64 860 Da, corresponding to the somanpuAChE conju-
kinetic parameters, while the corresponding concentrationsgate @3), gradually disappears and is replaced (within less
used for reactions with thesBoman isomers were lower than 180 s) by a molecular mass of 64 780 Da which
by at least 4 orders of magnitude. corresponds to the aged conjugate. These results demonstrate
In contrast to the pronounced HUAChE stereoselectivity that the time frame of the observed changes is similar to the
with respect to phosphorus chirality, rates of phosphonylation measured value afi; (0.4 min at pH 6) for the correspond-
by either the B or Pr-soman diastereomers show negligible ing aging process, as determined by monitoring the re-
effect due to the chiral Cof the 1,2,2-trimethylpropyloxy  activability of the conjugate 2@). Using the ESI-MS
soman substituent (see Table 1). Such limited stereoselectechnique, it was also possible to show that the molecular
tivity for the P<Cssoman over the corresponding(g- masses of the @Psomanyt-HUAChE conjugates did not
stereomer was also reported for AChE from electric eel or change for a long period of time (up to 7 days), corroborating
BoAChE (19), indicating that the AChE active center the results of reactivation experiments (see Table 1) and
environment is nearly symmetrical with respect to the C extending earlier observationdld) with regard to the
methyl substituent of thefsoman stereomers (Figure 1A,B). resistance of these stereomeric adducts to aging. For the
Our kinetic findings demonstrate now that this is true also PrRCssomanyt-HUAChE conjugate, the reactivability was
for the R-stereomers, despite the different orientation of the monitored for up to 70 days by incubating the adduct solution
alkoxy moieties of the £ and R-soman diastereomers in in a thermostated heatcube at 3Z. Throughout this
the active center (see models in Figures 1 and 3A). prolonged incubation period, full enzymatic activity could

Unlike the stereoselectivity of the phosphonylation reac- be restored by reaction of the somauAChE conjugates
tion, which probably depends on specific interactions in the With HI-6 (23). It is worth noting that samples of the free
noncovalent Michaelis complex (see the Discussion), the €nzyme, incubated under the same conditions, are somewhat
stereospecificity of aging should have probed the asymmetry!€ss thermostable than the soman conjugates.
of the chiral somarnHUAChE covalent adducts. Yet, as Formation of Stereomeric Soman Conjugates with HuA-
already observed for the slliastereomeric adducts of ChE Enzymes Mutated at the Acyl PocKBhe aromatic
BoAChE (18), the rates of aging for the corresponding moieties of residues Phe295 and Phe297, in the HUAChE
conjugates of HUAChE are practically equivalent (see Table active center, form the binding subsite accommodating the
1), indicating that no specific interactions with thg-@ethyl methyl group of the substrate acyl moie6).(As shown in
group are required during the dealkylation process. Similar the past, by others and us, replacements of these residues
results were recently reported for aging reactions, carried with an aliphatic amino acid (alanine, leucine, and valine)
out at 4°C and over a wide range of pH value39), alters the substrate specificity of the mutant AChEsY
involving eel AChE and BoAChE (from fetal serum). The 15). Some of these mutations generated enzymes which
fact that the exact position of the,@ethyl substituent does  resemble the BChE catalytic activity, hydrolyzing effectively
not affect the rate of aging is consistent with a dealkylation butyrylthiocholine (BTC) as well as acetylthiocholine (ATC)
mechanism in which the elimination proceeds via formation (6, 15). Molecular models of these modified acyl pockets
of a formally planar carbocatio28, 24, 40) since the same  suggested that the altered substrate specificity is mainly due
species is expected from both thedg and RCr-somanyl  to a better accommodation of the larger acyl moieties of
conjugates. butyryl- or benzoylcholiness 34, 41). Indeed, the increased

Progression of the dealkylation process could be deter- reactivities of the AChE acyl pocket mutants F295A, F295L,
mined directly, through monitoring of the changes in the F297A, and F297V as well as of the double mutant F295L/
somanyt-HUAChE conjugate molecular mass by electro- F297V toward certain phosphates seem to be mainly a
spray mass spectrometry (ESI-MS; see 38f. For these consequence of removing steric restrictions on the size of
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Ficure 3: Michaelis complexes of thersFsoman diastereomers with the wild type and F295A HUAChEs. Only amino acids adjacent to the
inhibitor are shown, and hydrogen atoms of the protein are omitted for clarity. (A) Stereoview of@gesdMmanr-HUAChE complex
exemplifying the exclusion of the soman alkoxy group from the acyl pocket and its position pointing toward the gorge exit. The inhibitor
is shown as a heavy line. (B}xBssoman-F295A HUAChE complex. Note the ligand conformation which is analogous to that in the
corresponding complex with wild type HUAChE (Figure 1@}) PrCr-somanr-F295A HUAChE complex. In this case, the soman alkoxy
group is partially accommodated in the acyl pocket, unlike its conformation in the complex with the wild type HUAChE (Figure 1D) or in
the analogous g€s-soman-F295A HUAChE complex (panel B).

Table 2: Rate Constants of Phosphonylatiih ¢f HUAChE Enzymes Mutated at the Acyl Pocket by Stereomers of Soman

Kapp (x 10P stereoselectivity
min~tM™Y) kP (x10* min~tM1) carbon phosphorus

ATC BTC P<Cs PsCr PCs P=Cr PsCJPCr PrCdPrCr P<CdPrCs PsCr/PrCr
rHUAChE 28.6 0.3 15000+ 3000 8000+ 400 0.2+0.1 0.2+ 0.1 1.9 1.0 75000 40000
F295A 29.2 33.3 2000+ 400 340+ 30 0.2+0.1 1.7+ 0.2 5.9 0.1 10000 200
F297A 2.2 1.4 5000+ 1000 1600+200 0.05+0.01 0.5+0.1 3.1 0.1 100000 3200
F295L/F297v 2.2 14.0¢ 330+ 20 150+ 70 1.0+£0.2 4.5+ 0.7 2.2 0.2 330 33
Y337A 7R 0.12 2500+ 400 800+ 100 =<0.04 ND 3.1 - - -
Y337F 183 0.9 4900+ 300 1900+ 400 ND ND 2.6 - - -
EqgBChE 16 3.0 6008- 400 1000+ 300 12+4 170+ 20 6.0 0.07 500 5.9
HuBChE! ND  10.0 4000+ 500 500+ 100 ND 600+ 200 8.0 - - 0.8

aQrdentlich et al. §). P pH 8.0 and 24C. ¢ Relativek. 9pH 7.5 and 25°C (20).

the acyl pocket 12). The modeling studies3d) also propyloxy moiety of the RCsstereomer. This inferior

suggested that similar steric features of the acyl pocket in accommodation of the alkoxy group could be expected from

BChE may be the principal reason for its lack of stereo- the molecular models of the corresponding Michaelis com-

selectivity with respect to phosphonates such as 2-propyl plexes (Figure 3A,B) which indicate that removal of either

methylphosphonofluoridate (sarir3g). residue Phe295 or Phe297 does not create sufficient space
Surprisingly, and in contrast to the above-mentioned In the acyl pocket to fit theert-butyl portion of the RCs-

observations, the phosphonylation rate constants of both thesSoman alkoxy group. Consequently, conformations of this

F295A and F297A HUAChEs by ther@ssoman were  Stereomer in noncovalent complexes with the _F295A and

similar or even somewhat lower than the corresponding value F297A enzymes resemble those of thesBman diastereo-

for the wild type enzyme (see Table 2). Thus, these Mers in complexes of the wild type HUAChE.

modifications of the acyl pocket are apparently insufficient  Unlike the case of the f€s-stereomer, the g€z-soman

for improving accommodation of the bulky 1,2,2-trimethyl- seems to be better accommodated in the Michaelis complexes
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with the F295A or F297A enzymes than with the wild type F297V HUAChE toward the &ssoman stereomer over the
HUAChE (see Table 2). Also, for both of these mutant PrCsstereomer is comparable to that of equine BChE (330-
enzymes, the reactivity toward this stereomer-sl8-fold and 500-fold, respectively); however, one should note that
higher than toward theg€sstereomer. This stereoselectivity the reactivity toward both thesBr- and RCssoman ster-
is compatible with molecular models of the®k-soman eomers is higher (#18-fold) in the case of equine BChE
complexes with the F295A and F297A enzymes, which show than in the case of the F295L/F297V enzyme (see Table 2).
that the alkoxy moiety is partially accommodated in the acyl ~ Another difference between the active centers of HUAChE
pocket, in contrast to its positioning in the corresponding and BChE is that the position equivalent to 337 in HUAChE
models of the RCssoman (see Figure 3C). In fact, the is occupied, in BChE, by alanine rather than by tyrosine.
juxtaposition of the alkoxy group with the acyl pocket in According to molecular models of the corresponding Michae-
these RCr-soman complexes seems to be similar to that lis complexes, the aryl moiety of Y337 is within interaction
modeled in the respective BChE complex (model not shown). distance of the 1,2,2-trimethylpropyloxy group of both the
The reactivity of the ECssoman toward the F295A and P<Cs and RCg-soman diastereomers (Figure 1A,B). Exami-
F297A enzymes is also diminished«3-fold relative to that nation of phosphonylation kinetics of the Y337A HUAChE,
of the wild type enzyme), probably due to perturbation of for phosphonylation by the £s and RCr-soman dia-
the optimal pocket dimensions for the phosphorus methyl stereomers, shows-@.0-fold decreases in the bimolecular
substituent. Similarly, the phosphonylation rate constant of rate constants, yet there is no significant change in the
the F297A HUAChE, for phosphonylation by theGQg- stereoselectivity for the &sisomer (3-fold) compared to
soman, is 5-fold lower than the corresponding value of the that to the wild type HUAChE. Thus, replacement at position
wild type enzyme. On the other hand, the reactivity of this 337 of HUAChE seems to introduce about half of the
stereomer toward the F295A HUAChE is 23-fold lower moderate (6-8-fold) stereoselectivity for thesstereomer,
relative to that of the wild type HUAChE, indicating that in  characteristic of BChEs (see 20 and the data cited in Table
this case additional enzym@&oman interactions may be 2).
affected. Due to the decreased reactivity of both thesP Effects of Replacements of Residues of the H-Bond
and RCssoman diastereomers toward either F295A or Network on the Rates of Formation and Dealkylation of
F297A enzymes, their stereoselectivities with regard to Diastereomeric BRSoman Conjugates with HUAChE En-
phosphorus chirality appear to be not very different from zymesThe H-bond network in the HUAChE active center
that of the wild type HUAChE (see Table 2). In the case of was suggested to include the carboxylates of two of the three
the Gsdiastereomers, we note that the reduced stereoselecburied acidic residues (Glu202 and Glu450), the hydroxyl
tivity (P<Cr over RCg) of the F295A enzyme, relative to  group of residue Tyr133, the backbone amide nitrogens of
that of the wild type HUAChE (200-fold compared tox4 Gly122 and Gly448, and two water molecules corresponding
10*-fold, respectively), is only partially due to enhanced to solvent molecules in the structure of TCAChE2(21).
reactivity toward the RCr-soman (9-fold greater than that The presence and positioning of these water molecules were
of the wild type HUAChE). The other contribution to this recently corroborated by the reported structure of the
stereoselectivity (§r over RCrg) is a consequence of the HuAChE-fasciculin complex %), further supporting the
decreased reactivity of the F295A enzyme toward &P notion that such a network is one of the characteristic features
soman (23-fold; see Table 2). of the AChE functional architecture. Replacement of each
The decline of reactivity toward thesBoman diastereo-  of the acidic residues (Glu202 and Glu450) affected the
mers, due to replacement of either of the residues at the acylcatalytic activity of the resulting enzymes toward both
pocket, is further demonstrated by the double mutant F295L/charged and noncharged substrates as well as toward
F297V HUAChE. Although this enzyme resembles BChE, phosphate inhibitorsl@, 21, 23). This effect was attributed
with respect to the composition of the acyl pocket and the to reorganization of the active center upon replacement of
enhanced catalytic activity toward BTC (Table 2), its the carboxylates with noncharged moieties, rather than to
reactivity toward soman stereomers is rather different from removal of negative charge from the vicinity of the catalytic
that of BChEs. The phosphonylation rate constant of the Ser203.
F295L/F297V HUAChE by the #€ssoman is about 12 Rate constants for phosphonylation by thesBman
18-fold lower than that for the human or equine BChE (Table diastereomers, of the H-bond network subsite HUAChE
2). On the other hand, the reactivity of the double mutant mutants (E202Q, E450A, and Y133F), indicate again the
toward the BCg-soman is only 3-7-fold lower than that of  similarity in the reactivity phenotypes of the three enzymes
the BChEs. Thus, while accommodation of bothsBman (12, 21, 23). The decrease in reactivity toward theC2
diastereomers is similarly affected by the double replacementsoman is 52125-fold, while the corresponding reactivity
in HUAChE, the reactivities of BChE toward these dia- decrease toward the®Bk-soman is 246:890-fold (see Table
stereomers vary, indicating that despite the “equivalence” 3). Interestingly, these effects were more pronounced than
in their acyl pockets the active center architectures of the those precipitated by perturbations of the H-bond network,
two enzymes are quite different. Furthermore, although the on reactivity toward certain phosphateB2), The larger
bimolecular rate constant of the reaction of F295L/F297V decline in reactivity toward thed2g-soman stereomer gives
HUAChE with the RCr-isomer is 22-fold higher relative to  rise to a moderate stereoselectivity of these mutant enzymes
that of the wild type enzyme, this rate is still 38-fold lower toward the BCsstereomer (613-fold; see Table 3). We note
than that of the equine BChE with the same stereomer. Thisthat a similar stereoselectivity was recently reported for the
further underscores the difference in interaction of the 1,2,2- E197Q human BChE (equivalent to E202Q in HUAChE)
trimethylpropyloxy group with the acyl pockets of the two (20); however, while the wild type HUAChE is practically
enzymes. In addition, the stereoselectivity of the F295L/ nonselective, with respect tosBoman diastereomers, the
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Table 3: Effects of Mutation of Residues in the H-Bond Network and the Hydrophobic Pocket on the Rate Constants of Fdgnation (
Aging (k) of PsSomanyl Conjugates

Kapi? (x10° phosphonylatiork; (pH 8.0 agingk, (pH 8.0
min~tM™%) and 24°C) (x10* min~t M) and 24°C) (x10~3 min™?)
ATC P<Cs P<Cr P<Cs P<Cr

rHUAChE 28.6 1500@- 2600 8000+ 400 130+ 30 92+ 25
E202Q 21 296t 40 33+3 0.6+0.1 0.24+ 0.05
E450A 0.7 120G+ 50 9+ 3 4.7+0.8 1.2+0.3
Y133F 4.2 140+ 10 22+ 6 ND ND
Y133A 0.04 3.3:0.8 0.46+ 0.05 8+ 2 3.84+0.8
F338A 10.0 70006t 2400 2800+ 500 0.8+ 0.1 1.3+ 0.3
W86F 2.6 2300k 500 600+ 200 7.6+ 1.5 3.0+ 0.6
W86A 0.009 2300t 900 150+ 40 <0.08 <0.0@
wild type BChE 14.3 4000 500
BChE-E1970 - 50C° 23

a2 Qrdentlich et al. ). ® The values for thd, constants for the W86A mutant at pH 7 are 0:34.0° min~* for CsPs and <0.3 x 1072 min™*
for CsPs. ¢pH 7.5 and 25°C (20).

wild type human BChE already shows a 8-fold selectivity Scheme 2
toward the BCs-soman 20).

Compared to other residue substitutions in the H-bond 1 . . _('?_ . 1
network, substitution of Tyr133 with alanine resulted ina °°7} s ~ omimes - BTOT A
very dramatic decrease in reactivity toward both th€P N H+(s)\\ o
and the RCg-soman diastereomers (4550- and 17400-fold, CH(CH,)0CH,), #, CH= C(CHy); Aged Fom
respectively). Similar effects of this substitution were CH,

observed in the past on catalytic activity (see Table 3) and
on reactivity toward the phosphate DFP and were explained defines a hydrophobic pocket for the alkoxy leaving groups
by a steric blockage due to the altered conformation of Trp86 of the substrates as well as for the phosphoryl alkoxy
in the Y133A enzymeZ8). Interestingly, despite the exceed- substituents of organophosphates such as DFP or D&FP (
ingly low reactivities of the Y133A HUAChE toward thesP  12). In a previous study, we found that replacement of
soman diastereomers, its stereoselectivity (7-fold) resemblegresidues Tyr337 and Phe338 had only a limited effect on
those of other enzymes carrying replacements in the H-bondreactivity toward racemic soma@3). Results of the present
network. investigation are consistent with this finding, although the
Participation of the H-bond network residue Glu202 in reactivity toward the ECgr-soman seems to be somewhat
the aging process of somanyHuAChE conjugates, as well more affected than that toward the correspondirGsP
as in the enzyme hydrolytic activity, seems to be strongly isomer. Replacement of residue Trp86 with alanine or
dependent on the exact location and orientation of its phenylalanine had a limited and equivalent effect on phos-
carboxylate 21, 23, 24). Other constituents of the network, phonylation rates for phosphonylation by theCBsoman
residues Glu450 and Tyrl33, participate in orienting the (7-fold), suggesting that the reduced reactivity did not result
Glu202 carboxylate and therefore exert an indirect influence from the loss of specific interactions with the residue at
on the aging process2). Yet, our earlier results2@) position 86. Such a conclusion is consistent with molecular
demonstrate that replacement of residue Glu202 with eithermodels of the corresponding Michaelis complexes which do
noncharged (alanine and glutamine) or charged (aspartatenot indicate interactions of residues at position 86 with the
amino acids results in a similar and large reduction in the ligand G,-methyl substituent. In contrast, reactivities of both
rate of aging, indicating that the contribution of Glu202 the W86F and W86A enzymes toward th&CRsoman are
cannot be rationalized by simple electrostatic interactions considerably lower (13- and 53-fold, respectively, compared
with the evolving carbocatio@). The very limited stereo-  to that of the wild type enzyme), although for the twe P
specificity (1—3-fold) of the aging process, observed for the diastereomers, the orientation of the alkoxy group with
P<Cssomanyl adducts of the wild type and the E202Q respect to the hydrophobic pocket is rather similar.
HUAChEs, does not seem to support the notion that a Molecular models suggest that the hydrophobic pocket
difference in the € positioning is of consequence for the does not interact with alkoxy substituents of the- P
dealkylation mechanism. Furthermore, similar stereospeci- phosphonate diastereomers (Figures 1 and 3A). To test this
ficities (4- and 2-fold) are observed also for conjugates of suggestion, the reactivity of the W86F HUAChE toward the
E450A and Y133A, respectively (Table 3), suggesting that PRCssoman has been evaluated. Indeed, the value of the
this minor effect may be common to the replacement of corresponding phosphonylation rate constant (8.2L0*
H-bond network residues and is not primarily related to min~! M) is equal to that of the wild type enzyme. Due to
specific interactions of the Glu202 carboxylate with the such correspondence between model predictions and the
partially charged alkoxy moiety (see Scheme 2). experimental findings, and in view of the exceedingly large
Effect of Replacement of Residues of the Hydrophobic amount of enzyme required, further phosphonylations by the
Pocket on the Rates of Formation and Dealkylation of Pg-soman diastereomers were not carried out with hydro-
Diastereomeric RSoman Conjugates with HUAChE En- phobic pocket HUAChE mutants.
zymes The aromatic patch in the HUAChE active center  The crucial importance of residue Trp86, which constitutes
consisting of residues Trp86, Tyr337, and Phe328) (  the HUAChE choline binding site6(41) and which is also
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Ficure 4: Covalent conjugates of the®s and RCgr-somar-HUAChE conjugates (shown in stereoview). Only amino acids adjacent to

the inhibitor are shown, and hydrogen atoms of the protein are omitted for clarity. The somanyl moieties are shown as heavy lines. (A)
PsCssomanyl conjugate. Note that the-@ethyl substituent is proximal to the aromatic moieties of residues Tyr337 and Phe338. (B)
PrCr-somany! conjugate. Note that the conformation of the acyl pocket main chain was modeled according to the recently 38solved (
X-ray structure of the aged DFPTcAChE conjugate (see Materials and Methods), in which the acyl pocket is distorted compared to that
of the inhibitor free enzyme.

part of the hydrophobic pocket, to the aging processsf P The contribution of residue Phe338 to the aging process
somany+HUAChHE conjugates was already demonstrated by of the somanytHUAChE conjugate was proposed to involve
studies with the racemic phosphona28,(24). Replacement  interaction with residue His447 rather then steric interference
of this residue by alanine resulted in a dramatic decreasewith the somanyl alkoxy moiety2(, 23). According to
(over 10-fold) in the dealkylation rate. Such a role for Trpg86 molecular models, the &methyl substituent is closer to the
was hypothesized to involve the stabilization of partial Phenyl moiety of Phe338 in thesBs than in the BCr-
positive charge on the /&methyl substituents, imparted conjugate (Figure 4A), and therefore if as recently suggested
through hyperconjugation with the evolving carbocation on (43) steric effects are involved, replacement of this residue
the C, (Scheme 2) of the alkoxy group, by cation should have affected differently the rates of deall_<ylat|on of
interactions 23, 24). Due to this rate decrease, no dealkyl- the corresponding somanyF338A HUAChE conjugates.
ation of the racemic conjugate could be detected for several The n_early equivalent values of_the flrst-ord_er rate constants
days at pH 8; however, at a lower pH a slow reaction could °f 20ing &) observed for the diastereomerie-$omanyt-

be observed with a rate constant 1850-fold lower than the TUACNE conjugates adducts do not support this notion (see

corresponding value for the wild type enzyn#3). In this Table 3).

investigation, we examined the possible contribution of the DISCUSSION

Trp86 residue to the stereospecificity of the dealkylation  peaterminants of Stereoseledty of HUAChE Phospho-
process, with respect to the alkoxy Chirality. Since asfor  pyjation by Soman StereomeRetermination of the apparent
the racemic conjugate, the kinetics of aging @C& and  pimolecular rate constants for HUAChE phosphonylation by
the RCr-somanyt-W86A HUAChEs could not be followed  the four stereomers of soman allowed us to obtain an accurate
at pH 8, the respective rate constants at pH 7 were measuregheasure of the AChE stereoselectivity with respect to the
(see the footnote of Table 3). The values obtained (34  phosphorus chirality in methyl phosphonofluoridates. In the
10*and=<0.3 x 10~ min~%, respectively; see the footnote past, only the upper limits of AChE reactivity toward the
of Table 3) are in good agreement with that obtained for the Px-diastereomers of agents such as 2-propyl, 2-octyl, or 1,2,2-
racemic conjugate (0.2 103 min~%; 23) and demonstrate  trimethylpropyl methylphosphonofluoridates could be found
that the effect of residue Trp86 does not depend on thein the literature {7, 35, 37). The finding that phosphonylation
chirality of the alkoxy moiety. by the R-soman diastereomers is almost-i@ld faster than
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that by the correspondingsfliastereomers signifies that the F297V enzyme, the accommodation of thed®dman alkoxy
enzyme interacts very differently with the two soman moieties is still inferior compared to that in BChE. Moreover,
diastereomeric pairs. These differences should be evident inintroduction of a BChE-like acyl pocket into HUAChE results
the respective Michaelis complexes since their stabilities in a surprising decrease in the reactivity toward th€4
appear to determine the AChE reactivity characteristics and RCr-soman diastereomers (45- and 53-fold, respec-
toward organophosphorus inhibitof?( 16, 44, 45). In such tively). On the other hand, the reactivity of equine BChE
complexes, the phosphorus atom should be proximal to thetoward these stereomers is 2.5- and 8-fold lower, respectively,
nucleophilic Ser203, and as recently show8)( the P=0O than that of wild type HUAChE, demonstrating that the active
bond has to be polarized by interactions with the oxyanion center architecture probed by interaction of soman stereomers
hole. Therefore, the tight complementarity of theseman with the F295L/F297V HUAChE is different from that probed
diastereomers with the HUAChE active center is bound to by these interactions with BChE.
be influenced primarily by the accommodation of their  Unlike the case of the double mutant, where partial
alkoxy substituents. In addition, the juxtaposition of tlre@ accommodation of both therBBoman diastereomers is
bond relative to the elements of the HUAChE catalytic possibly due to a sufficient opening of the acyl pocket,
machinery defines the orientation of the alkoxy substituent replacement of residue Phe295 by a smaller amino acid,
within the active center and can guide the docking of alanine, seems to enable the accommodation of H@x-P
different soman stereomers. The HUACké®man molecular  but not of the BCsstereomer. This is suggested by the
models allow us to define the different active center observation that the reactivity of the F295A enzyme toward
environments probed by the alkoxy groups of the &d the RRCr-soman resembles that of the F295L/F297V HUA-
the R-soman diasteromers and seem to indicate that the lowChE, while its reactivity toward thesg2s-soman is practically
reactivities of the Rdiastereomers arise mainly from steric equivalent to that of the wild type enzyme (see Table 2).
constraints which prevent accommodation of the 1,2,2- Molecular models of the respective F295A enzyme Michaelis
trimethylpropyloxy group and practically exclude it from the complexes are also consistent with this conclusion (compare
acyl pocket (see Figures 1 and 3A). Such a notion is Figure 1D to Figure 3C), indicating that thg@®-soman can
consistent with the observation that the difference in substratebe accommodated in the acyl pocket and that its conforma-
specificity between AChE and BChE is predominantly due tion resembles that in the corresponding complex of the
to the more open acyl pocket of the latter accommodating F295V/F297L enzyme (not shown). Yet, in the model of the
more readily the larger acyl group of butyrylcholirg 15). F295A—PrCssoman noncovalent complex, the alkoxy moi-
It is also in agreement with the enhanced reactivity of ety is mostly excluded from the acyl pocket, as in the
phosphates DFP, DEFP, and paraoxon toward HUAChEsrespective complex with the wild type HUAChE (compare
modified at the acyl pocke®@, 35). The estimated nearly  Figure 1C to Figure 3B).
10*-fold AChE stereoselectivitiy for the respectives P The effect of substituting Phe297, the other element of
enantiomer of sarin is also compatible with this rationale the HUAChE acyl pocket, with alanine is more difficult to
since BChE is not stereoselective toward sarin enantiomersanalyze since the reactivity of the F297A enzyme toward
(38). These findings as well as the molecular models could the RRCr-soman is merely 2.5-fold higher than that of the
suggest that, as proposed in the past 41, 46), interactions wild type enzyme. On the other hand, this enzyme appears
of phosphonofluoridates such as soman or sarin with AChE to be 4-fold less reactive toward the@-soman, suggesting
and BChE reveal nearly equivalent architectures of the that substitution at position 297 affects the acyl pocket
respective active centers, differing only in the void volume structure in a manner different from that of an analogous
of the acyl pocket. Results of this study suggest that althoughsubstitution at position 295. Therefore, it seems that the 10-
this view is basically correct it is also somewhat simplistic fold stereoselectivity of the F297A enzyme toward thE®
since it does not account for some of the kinetic data, over the BRCssoman may not originate from improved
especially with respect to phosphonylation of HUAChE accommodation of the former stereomer in the acyl pocket.
enzymes mutated at the acyl pocket, as discussed below. Such differential kinetic behavior of the F295A versus F297A
BChE and the F295I/F297V HUAChE contain the same was already observed in the past toward substrates such as
composition of the acyl pocket, and therefore could be butyrylthiocholine and organophosphatés 12). It should
expected to exhibit comparable stereoselectivities with be noted that molecular models of the respective Michaelis
respect to soman phosphorus chirality. Indeed, the observeccomplexes seem to suggest that the modified acyl pockets
stereoselectivity of the F295L/F297V HUAChE and of of both the F295A (Figure 3B,C) and F297A enzymes should
EqBChE, favoring the &ssoman over the f€sstereomer be open enough to relieve part of the steric strain due to
(330- and 500-fold, respectively; see Table 2) and #&P accommodation of the soman alkoxy group.
soman over thedZg-stereomer (33- and 6-fold, respectively), The merely 2-fold stereoselectivity observed for the wild
suggests that the AChE acyl pocket is the main determinanttype HUAChE, with respect to the®s-stereomer, compared
of the relative reactivity toward the sPand R-soman to that of the BCg-isomer, implies that the £methyl
diastereomers. However, the actual reactivity profiles of the substituent should be similarly accommodated in the respec-
F295L/F297V HUAChE and EQBChE toward soman isomers tive Michaelis complexes. On the other hand, molecular
are quite different. The phosphonylation rate constants of models of these complexes suggest that then@thyl group
the double mutant, with thegRs and RCg-diastereomers,  of the RCsdiastereomer is oriented toward the aromatic
are 5- and 22-fold higher, respectively, than the correspond-systems of the hydrophobic pocket residues Tyr337 and
ing values for the wild type enzyme. Yet these constants Phe338, while that of the &g-stereomer points away
are also 12- and 38-fold lower than the corresponding values(compare Figure 1A to Figure 2B). Thus, substitution of
for EQBChE. These comparisons imply that in the F295L/ either of these residues could have been expected to
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selectively lower the reactivity toward the@-stereomer.
Indeed, the reactivities of both the Y337A and the F338A
HUAChE enzymes toward the@®sstereomer are somewhat
lower than that of the wild type enzyme; however, the tion (a concerted elimination of the,@ydroxy substituent
reactivity toward the ECr-Stereomer is similarly affected. and a 1,2-shift of a gsmethyl group; see ref8), since such

A more significant relative decrease in the reactivity toward a process is bound to involve a formal inversion of the C
the R-diastereomers is observed upon substitution by alanineconfiguration 49). During such an inversion process, the
of the third constituent of the hydrophobic pocket, residue C,-methyl groups of the € and the G-somanyl moieties
Trp86, yet this decrease cannot be accounted for by molec-should have sampled different chemical environments since
ular models of the corresponding Michaelis complex. The the respective transition states of elimination are not equiva-
limited utility of the models, in these specific cases, may lent, and therefore affect differentially the corresponding rates
originate from shortcomings of the modeling methodology of dealkylation. On the other hand, the lack of ©r Cg-
and/or may be due to their absolute dependence on the statistereoselectivity in aging is compatible with a stepwise
crystallographic structures of AChEs. Since the dynamics mechanism where formation of a carbocation precedes the
of the induced fit probably taking place during Michaelis 1,2-shift of a G-methyl group. In such a mechanism, the
complex formation cannot be readily simulated in the model carbocations evolving from both the® and RCg-somanyl
building procedure, the resulting models may not be accuratemoieties should be nearly equivalent with respect to the
enough. Furthermore, as already suggested for the AChEactive center environment.

noncovalent complexes with tacrine and huperzine A, the

solid-state structures may not be identical to those in solution ACKNOWLEDGMENT

(14). The recently resolved structures of HUAChE and of its
E202Q mutant share a nearly identical structure of the active
center b), yet the difference in the reactivity and stereo-
selectivity of the two enzymes toward soman stereomers iSREFERENCES
greater than could have been predicted from these X-ray
structures.

Significance of the Lack of Stereoseleityi in Aging of
Somanr-HUAChE Conjugatedn this study, the diastereo-
meric ir-somanyt-HUAChE conjugates proved to be stable
for days without appreciable decomposition or aging. This
absolute stereospecificity-(L.5 x 10* for the stereomeric
P<Cssomanyt-HUAChE conjugate as compared to that of
the respective gCs-conjugate) is consistent with most of the
structural models of #phosphonytAChE adducts15, 23,

34) (see Figure 4B) as well as with the recently proposed
involvement of specific ChE active center residues in the
catalysis of the aging proces&3( 24, 43). On the other hand, 6.
these results do not support the conclusion of a recent

modeling study that the “dealkylation reaction is almost 7

immediate molecular environment of thesg1@ethyl sub-
stituents seems to be inconsistent with a possible mechanism
of dealkylation through an anchimerically assisted elimina-
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