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ABSTRACT. Organophosphates inactivate acetylcholinesterase by reacting covalently with the active center
serine. We have examined the reactivation of a series of resolved enantiomeric methylphosphonate
conjugates of acetylcholinesterase by two oximes, 2-pralidoxime (2-PAM) arehioxyiminomethyl-
1'-pyridinium)-3-(4-carbamoyl-1-pyridinium) (HI-6). Th&, enantiomers of the methylphosphonate esters

are far more reactive in forming the conjugate with the enzyme, and we find that rates of oxime reactivation
also show arfy, versusR, preference, suggesting that a similar orientation of the phosphonyl oxygen
toward the oxyanion hole is required for both efficient inactivation and reactivation. A comparison of
reactivation rates ofg)- and R)-cycloheptyl, 3,3-dimethylbutyl, and isopropyl methylphosphonyl
conjugates shows that steric hindrance by the alkoxy group precludes facile access of the oxime to the
tetrahedral phosphorus. To facilitate access, we substituted smaller side chains in the acyl pocket of the
active center and find that the Phe295Leu substitution enhances the HI-6-elicited reactivation rates of the
S conjugates up to 14-fold, whereas the Phe297Ile substitution preferentially enhances 2-PAM reactivation
by as much as 125-fold. The fractional enhancement of reactivation achieved by these mutations of the
acyl pocket is greatest for the conjugated phosphonates of the largest steric bulk. By contrast, little
enhancement of the reactivation rate is seen with these mutants fBy twmjugates, where limitations

on oxime access to the phosphonate and suboptimal positioning of the phosphonyl oxygen in the oxyanion
hole may both slow reactivation. These findings suggest that impaction of the conjugated organophosphate
within the constraints of the active center gorge is a major factor in influencing oxime access and reactivation
rates. Moreover, the individual oximes differ in attacking orientation, leading to the presumed pentavalent
transition state. Hence, their efficacies as reactivating agents depend on the steric bulk of the intervening
groups surrounding the tetrahedral phosphorus.

Reaction of organophosphates with the serine hydrolaselinesterase poisoning2( 3). One of the limitations to the
family of enzymes such as acetylcholinesterase (ACRE)  use of oximes is the relatively slow rate of reactivation they
characterized by the formation of the serine-conjugated elicit, and an understanding of the mechanism of reactivation
phosphonates or phosphorates which are only slowly revers-might lead to means by which reactivation rates can be
ible. The classic studies of Irwin Wilson and his colleagues enhanced. By contrast, aging arises from cleavage of the
some 40 years ago demonstrated that strong nucleophilecarbor-oxygen bond on one of the alkoxy constituents on
such as oximes are able to reactivate organophosphate the conjugated organophosphate, resulting in an anionic
cholinesterase conjugates, giving rise to free enzyine ( phosphylated conjugate resistant to all oximes.

3). The strength of the nucleophile, the orientation of the  Early studies demonstrated chiral preferences at the
nucleophile with respect to the phosphate conjugated to thephosphorus moiety and at the attached alkyl carbons for rates
active center serine, and prevention of aging of the organo- of inactivation by the organophosphatds-g). Moreover,
phosphate conjugate are three factors well known to affect oxime reactivation kinetics also appear to show structural
reactivation. Relylng on the first two considerations, various (9) and chiral preferences for the attached Organophosphate
oximes were subsequently developed as antidotes to cho{10, 11). While these studies point to orientational constraints

+ Supported by Grants USPHS GML8360 to P.T. and DAMD 17C for. organophosphate attack of t.he active centgr serine and
951-5027 and USPHS ES-03085 to H A B. o oxime attack of_the phosphosgarlne, details on ligand acces-

# University of California. sibility to the active center awaited a structure of the enzyme.

S Present address: Department of Medicinal Chemistry, University — The availability of three-dimensional structures of AChE
of Utrecht, The Netherlands.

!'Present address: Central Research, Pfizer, Groton, CT 06340. (12-14) PFOY'ded an expanded framewor!‘ for.examlnmg
U State University of New York at Buffalo. the mechanism of the organophosphate inactivatid-(
! Abbreviations: AChE, acetylcholinesterase; 2-PAM, pralidoxime 18) and oxime reactivation1@, 20). The active center and

iodide; obidoxime, 1,t(oxymethylene)bis[4-(hydroxyimino)methyl- ; ; ; ;
pyridinium]; DDVP, O,0-dimethyl O-(2,2-dichlorovinyl)phosphate; HI- site of conjugation by organophosphates lie at the base of a

6, 1-(2-hydroxyiminomethyl-1-pyridinium)-3-(4-carbamoyl-1-pyri- narrow gorge some &0 A'in depth. The largely aromatic
dinium). side chains lining the gorge wall and contributing to the acyl
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pocket and the choline binding subsite at the base of thecubated with oxime in 10 mM Tris-HCI buffer (pH 8)
gorge are well defined. Thus, diffusional entry of the ligand containing 40 mM MgGJ and 100 mM NacCl, and diluted
within the narrow confines of the gorge and the orientation 1:1000, and residual activity was measured by the Ellman
of the associated and conjugated ligands become importantassay 23).
considerations. Nucleophilic reactivation of organophosphate-inhibited
Recently, using a series of resolve&)¢ and Ry)- AChE is thought to proceed through the following mecha-
alkylmethylphosphonyl thiocholines and neutral thioates, we hism (1, 2, 24, 25).
examined the influence of acyl pocket dimensions and
charges of residues in the gorge on the rates of phosphony- 0, WOR' Q
: . . . XNy ky \V4
lation. From this approach, we ascertained the determinants /P\ + TO-N=CHR" === E-Ser-0----P"--=~ ~O-N=CHR"
responsible for the chiral preference dg) and R))- E-Ser-0 R ki L
phosphonatesle—17) and for the reaction specificity of Phosphonylated Oxime
organophosphates with cationic and neutral leaving groups Enzyme l K
(16). With the structure of the active center of the AChE
templates known and the absolute stereochemistry of the
phosphonates assigned, the configuration of the reactant
phosphonate in the transition state can be predict&f ( R
In this study, we combine measurements of the chiral Phosphonylated Active Enzyme
preference of the organophosphate for reactivation by oximes Oxime
with modification of the acyl pocket dimensions by site-
specific mutagenesis to examine the orientation of the
attacking oxime in the reaction. Using a series of congeneric
(Ro)- and &,)-methylphosphonates conjugated to the active

OR'

O, R

N

Y ~ O/ AN + E-SerOH
HC R

The reaction rate constarksps describing regeneration of
E—SerOH can be described in terms of an apparent equi-
librium constantKoy, and an intrinsic reaction constak,

center, we show that impaction of the organophosphate in K,
the narrow gorge restricts access of the oxime to the Kops= 77— (1)
phosphonate and individual oximes attack from distinct 1+ Ko/[oxime]

angles. For th&, enantiomers, steric constraints within the
gorge can be relieved, in part, by substitution of smaller alkyl Where

residues for the large aromatic residues in the acyl pocket, — kJK 2
such that reactivation rates are markedly enhanced. Steric ke = kofKox (2)
constraints may prevent tfig enantiomers from maintaining

a low-energy conformation with their phosphonyl oxygen nd

in the oxyanion hole; association with the oxyanion hole may K .+ k

facilitate both efficient inactivation and reactivation. Koy = %2 (3)
1

MATERIALS AND METHODS
Whenk; < k-1, Kox = k_1/k; and thus reflects the dissociation

Materials. Synthesis, characterization, and determination constant of the oxime from the phosphonylated enzyme. The
of the absolute stereochemistry of th&)X and §&)- phosphonyl oxime product is also known to be inhibitory to
alkylmethylphosphony! thiocholines have been described the enzymeZ5), but it should not accumulate, by virtue of
previously 6, 7). 2-PAM (2-pralidoxime iodide) was a the initial removal of excess organophosphate. Hence,
product of Sigma; HI-6 [1-(2hydroxyiminomethyl-1-py- phosphonyl oxime concentrations should not exceed the
ridinium)-3-(4-carbamoyl-1-pyridinium)] and obidoxime  enzyme (1 nM), concentrations shown not to be inhibitory
[1,1'-(oxymethylene)bis[4-(hydroxyimino)methylpyridini-  for the phosphonyl conjugates of HI-6 and 2-PARE).
um] were gifts from B. P. Doctor at Walter Reed Medical ~ Data were plotted in terms of fractional reactivation as a
Center (Washington, DC). DDVPO[O-dimethyl O-(2,2- function of time. Full reactivation was achieved by passing
dichlorovinyl)phosphate] was a generous gift of R. Fanelli an equivalent sample of uninhibited AChE through a parallel
(Bayer, Inc., West Haven, CT). Structures of the alkyl column to account for dilution.
phosphates and oximes used in this study are shown in Figure Structures of the Conjugated Alkyl Methylphosphonates
1. AChE was produced by transfection of an expression gnd the OximesStructures of the R,)- and G)-alkyl
plasmid encoding the 548 amino-terminal amino acids in methylphosphonates and the achiral dimethyl phosphorate
mouse AChE into human embryonic kidney (HEK-293) cells, conjugated to AChE were built using the Insight Il and
selection of expressing cells, and expression as a secretedJOPAC optimization programs. Oxime structures were
soluble enzyme in the culture medidgj. Purification and obtained from the Cambridge Structural Data Ba28). (
characterization of Wlld—type and F295L and F2971 mutant Starting Configurations of the Conjugated phosphonates
AChEs are described in detail in previous studi2g).( were built from congeneric organophosphates whose struc-

Reaction KineticsWild-type and mutant enzymes were tures were found in the Cambridge Data Base. The A€hE
reacted with a slight stoichiometric excess of the correspond-organophosphate conjugate was formed by deletion of the
ing alkylphosphonate until the extent of inhibition of ACh leaving group and placement of the seripeoxygen a
hydrolysis was greater than 95%. Inhibited AChELQ 5— covalent bond distance<@ A) from the phosphate. The
10°® M) was passed through a Sephadex G-50 spin columnstructures were then minimized by steepest descent prior to
(Pharmacia) to remove excess unconjugated reactants, inan estimation of the charge distribution. The ab initio
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FIGURe 2: Reactivation of §,)-dimethylbutyl methylphosphonyl-
AChE by HI-6. Purified mouse AChE expressed in transfected
human embryonic kidney (HEK-293) cells was inhibited witg){S
dimethylbutyl methyl phosphonyl thiocholine to greater than 95%
of the original activity. The enzyme was separated from reactants
on a spin column. Oxime at the specified concentration was added
to the diluted enzyme, and AChE activity was measured after
designated times: ) 0.0425, &) 0.128, (r) 0.26, and ®) 0.85
mM HI-6. In the inset,kys is plotted as a function of HI-6
concentration. Substitution of the data into eqs 1 and 2 yields the
following values: k, = 0.15 mirr?, Kox = 0.83 mM, andk, = 181
M~1 min~L

RESULTS

Reactvation Kinetics.For the achiral inhibitor conjugate,
dimethoxyphosphoryl-AChE, and the six enantiomeric con-
jugates, Ry)- and &)-cycloheptyl, Ry))- and &)-3,3-
dimethylbutyl, andR,)- and &)-isopropyl methyl phosphono-
AChE (Figure 1) a series of reactivation reactions were
run over a wide concentration range to achieve saturation
and determin&Kyy, ko, andk;, the overall bimolecular rate
constant (Figure 2).

Reactvation of the Achiral Phosphorat&he dimethoxy-
phosphoryl conjugate is formed by reaction of AChE with

Ficure 1: Structures of the organophosphates and oximes used inDDVP. The DDVP reaction yields the smallest, symmetrical

this study. Upon reaction of the organophosphates with the active
site serine, thiocholine and dichloroethylene are the two leaving

groups forming the respective phosphoserine (203) conjugates of

the enzyme.

organophosphate conjugate which serves as a reference for
the bulkier chiral methylphosphonates. Data in Table 1 show
similar rates of 2-PAM- and HI-6-elicited reactivation of the
dimethylphosphoryl-conjugated enzyme. Modification of the

approach, using an STO-3G* basis set (Gaussian 94,two residues situated in the acyl pocket of AChE from the
Pittsburgh, PA), yielded a charge approximation with the bulky aromatic groups to the aliphatic residues in BUChE at
simple peptide sequence Asp-Ser-Ala and the organophoslhese positions reduces the bimolecular rate constant (
phate linked to the serine. The amine on the Asp and carboxylslightly for the position 295 mutation and more dramatically
on the Ala were capped as neutral residues. for the position 297 mutation. Hence, oxime-elicited reac-
Molecular Dynamics and Energy Minimization of the tivation rates for the phosphoryl Conjugate with small alkoxy
Conjugated Phosphonates and the Reacting OxBirau- moieties appear not to be enhanced by enlarging acyl pocket
lated anealing of the organophosphate conjugates wasdimensions. Opening of the acyl pocket may simply provide
conducted in vacuo; side chains of AChE residues let free more degrees of freedom of a conjugated phosphorate with
to assume energy minima are at positions 72, 74, 86, 121, relatively small substituent groups.
122, 124, 203, 204, 286, 295, 297, 337, and 347. Other side
chains and thex-carbon backbone were fixe®Y). Six
starting positions for the OP with rotation increments of 60

2 Attack of the phosphorus by the serine with the thiocholine leaving
group in the other apical position yields, in the absence of pseudoro-

_ tation, a stereochemical inversion of the phosphorus upon forming the
around the ¢—0O, bond of Ser203 were used. The complex phosphoserine conjugate. Since thiocholine is the leaving group, the

was originally minimized using 100 steps of conjugate stereochemical nomenclature is reversed due to the higher order of the
gradients followed by 30 subsequent molecular dynamic time oxygen for the R;)- and &,)-cycloheptyl and isopropyl side chains. In
periods of 50 fs, starting at 700 K. The structures were cooled the case of the 3,3-dimethylbutyl side chains, the order of the

. . .~ substituents does not change and the stereochemistry is not reversed.
using steps of 50 K from 700 to 300 K. The dielectric 14 avoid ambiguity, we designate all covalent conjugates via the
constant was set at 4.0.

configuration of the reacting alkylmethylthiocholing0j.



Oxime Reactivation of Chiral Cholinesterase Conjugates Biochemistry, Vol. 39, No. 19, 2006753

Table 1: Rate Constants for the Reactivation of Mouse
Acetylcholinesterase Inhibited with DDVP

Table 3: Rate Constants for the Reactivation of Mouse
Acetylcholinesterase Inhibited witR, Enantiomeric

enzyme kx(min™!) Ko (MM) k (M~tmin) % reactivation Organophosphonates
2-PAM in—
ko K, (min—1 %
AChE 0.06 0.28 227 96100 reactivator enantiomer enzymémin=1) (m(lj\;l) M~1)  reactivation
F295L 0.004 0.04 100 960110 - -
F297] 0.02 0.39 51 90110 Cycloheptyl Methylphosphonyl Thiocholine
HI-6 R AChE " — - - <25
HI-6 HI-6 Ro F295L — - - <25
AChE 0.02 0.19 113 90100 HI-6 Ry F297] — — — <25
F295L 0.005 0.09 56 90110 2-PAM Ry AChE — — — <25
F297I 0.01 0.36 28 96110 2-PAM Ro F2o5 — - - <25
@ The kinetic constants represent the average or mean of two or more 2-PAM Ro Feori — - 0.005 92
experiments. Individual determinations were typically within 10% of 3,3-Dimethylbutyl Methylphosphonyl Thiocholine
the average or mean value given in this and subsequent tables. HI-6 Ro AChE  0.24 1.9 117 86
HI-6 Ry F295l° 0.0007 0.93 0.75 50
HI-6 Ry F2971 - - - <25
Table 2: Rate Constants for the Reactivation of Mouse 2-PAM Ry AChE  0.0130 28.0 0.52 77
Acetylcholinesterase Inhibited wit§, Enantiomeric 2-PAM R F295L  0.0007 1.0 070 68
Organophosphonaﬂes 2-PAM Rp F2971 0.0008 2.1 0.40 74
Isopropyl Methylphosphonyl Thiocholine
k Ko (mint % HI-6 Ry AChE 0.019 084 220 82
reactivator enantiomer enzym@min-!) (mM) M~ reactivation HI-6 Ro F205L 0.001 097 1.03 101
loh | hviohosphonvl Thiocholi HI-6 Ry F2971 0.001 0.97 1.03 83
Cycloheptyl Methylphosphony! Thiocholine 2-PAM R, AChE 00120 040 36.0 89
HI-6 S AChE  0.36 20 186 96 N
HI-6 s F205L  3.60 14 2520 94 2-PAM Ry F295L 0.0009 0.03 39.0 87
HI-6 < F2971 - B 353 127 2-PAM Ro F2971  0.0008 1.03 0.77 134
2-PAM S AChE 0.01 24 0.46 70 aThe kinetic constants represent the average or mean of two or more
2-PAM S F295L 0.04 27 1.40 76 experiments. If the extent of reactivation is less than 25% over a 72 h
2-PAM S F2971  0.07 7.5 9.20 74 period, individual constants were not determined and are denoted by a
3,3-Dimethylbutyl Methylphosphony! Thiocholine dash.P The reaction profile of F295L shows biphasic behavior; the slow
HI-6 ' S AChE 015 083 181 97 phase represented by the constants above has the greater amplitude.
HI-6 S F295L  1.70 1.30 1230 93
HI-6 F2971 0.14 0.44 318 120 L .
2-PAM % AChE 0042 179 0.24 104 Substitution for the phenylalanines at the 295 and 297
2-PAM S F295L 0.038 35 1.10 103 positions with two aliphatic groups (F295L and F2971)
2-PAM $  F297 0190 64 300 - 102 should reduce the steric constraints in the gorge and improve
Isopropy! Methylphosphony! Thiocholine access of the oxime to the conjugated phosphonate. Reac-
HI-6 S AChE 0.87 0.56 2160 91 At i ;
Hie S F205. 105 038 3320 105 tivation rates are accelerated by either of the two mutations,
HI-6 S F2971  0.41 0.17 2400 102 with the greater acceleration achieved for the conjugated
2-PAM S AChE 0130 0.83 155 99 inhibitors with more bulky alkoxy moieties (Table 2).
2-PAM S F295L 0043 037 116 107 However, acceleration is also oxime specific, with HI-6
2-PAM S F2971 0.740 0.95 779 92

reactivation rates enhanced by substitution for Phe295 and
aThe kinetic constants represent the average or mean of two or more2_pAM reactivation enhanced by substitution for Phe297.
experiments. Dash denotes unresolved kinetic constants. This suggests that the two oximes present themselves to the
conjugated §,)-phosphonate with distinct attack orientations.
Reactiation of the Enantiomeric (FPhosphonatesable The mutations enhancing HI-6 reactivation rates appear
2 provides the kinetic parameters for reactivation of the to affect the maximum rate of reactivatiok, rather than
AChE conjugates with th&, enantiomers by 2-PAM and  the apparent dissociation constant of the oxime-conjugated
HI-6. Kox andk, were determined from data similar to those AChE complex, Kox. 2-PAM has a larger dissociation
depicted in Figure 2. constant than HI-6, and acyl pocket mutations that enhance
The maximal rate of reactiorkd) is more rapid for HI-6, reactivation do so by decreasif@x and increasing: to
and coupled with its slightly smallét,, this reactivator gives  influence the bimolecular rate.
rise to a more rapid bimolecular rate constantreflecting Reactiation of the Enantiomeric (fRPhosphonatesable
the comparative rates at low oxime concentrations. The rates3 presents parallel reactivation rates for Ryeenantiomers
for 2-PAM and HI-6 reactivation are greatest for the with 2PAM and HI-6. For the bulky R;)-cycloheptyl
isopropyl methylphosphonyl conjugate which should present methylphosphono-AChE conjugate, appreciable reactivation
the least interference of the threg)(phosphonates for oxime  is not evident; only in the case of the F2971 mutation is slow
entry to the base of the gorge and attack on the phosphonylreactivation detected. With the 3,3-dimethylbutyl conjugate,
oxygen. Moreover, this reactivation rate is also greater than slow reactivation is evident with HI-6 and 2-PAM; however,
that observed for the dimethoxy phosphorate (Table 1). mutation of the acyl pocket residues does not enhance
Reactivation rates are-R orders of magnitude slower for reactivation rates or the extent of reactivation. HI-6 only
the (&)-3,3-dimethylbutyl and theS;)-cycloheptyl methyl elicits partial reactivation for the F295L mutation, and its
phosphonate conjugates. The alkoxy moieties of the latterrate appears to be biphasic. TRecompounds are known
two compounds occupy larger volumes and should impart to be less reactive than tt# enantiomers in forming the
greater steric hindrance to the attacking oxime in the active phosphonate conjugated5j, and all, but one, of the
center gorge. conjugates studied here reactivate more slowly. The isopropyl
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Table 4: Rate Constants for the Aging of Mouse
Acetylcholinesterase Inhibited with Respective Organophosphonates

enantiomer enzyme Kaging (Min~1) ti2 (h)
Cycloheptyl Methylphosphonyl Thiocholine
S AChE 0.00042 24
S F295L 0.001 12
S F297I1 0.0037 31
Ry AChE NA2 NA
3,3-Dimethylbutyl Methylphosphonyl Thiocholine
S AChE NA NA
S F295L NA NA
S F2971 NA NA
Ry AChE NA NA
Isopropyl Methylphosphonyl Thiocholine
S AChE 0.0002 49
S F295L NA NA
S F297I NA NA . »
R, AChE 0.00045 27 FIGURE3: Starting positions o&);cyclohep_tyl methy_l phosphonyl-
" - AChE conjugates for energy minimization in the active center gorge.
NA, no aging detected over the course of 72 h. A starting conformation was built from conformations of congeneric

organophosphates in the Cambridge Data Base. The leaving group
is removed, and the phosphorus is attached to seringith 60°

methylphosphonyl conjugates show the least alteration of thetorsional rotations in the GerCseer-O,—P bond.

oxime dissociation constarit{) or maximal k) rates upon
mutation of acyl pocket residues.

Aging and Spontaneous Reastiion of the Conjugates.  Cgse—O,—P torsional angle of the conjugated Ser203 was
Both 2-PAM and HI-6 have their oxime moieties ortho to started in the six positions on the enzyme differing by 60
the cationic pyridinium nitrogen, and their attacking orienta- (Figure 3), and side chains from residues 72, 74, 86, 121,
tions should have distinctive steric constraints (cf. Figure 122, 124, 203, 204, 286, 295, 297, 337, and 447 were allowed
1). Hence, the inability of 2-PAM and HI-6 to cause to move freely. All other residues were fixed. The results of
reactivation of certairR, enantiomers may not reflect the  simulated annealing show that, for the majority of minimized
capacity of all oximes for reactivation. Accordingly, we have - stryctures, the phosphonyl oxygen for tBgenantiomers
conducted additional studies with obidoxime, a symmetric mqyes to the oxyanion hole and the cycloheptyl group orients
bifunctional compound, that has its oxime para to the i5vard the choline site and gorge entrance. For e

pyridinium ring. Here, we find Conjugates_ of thi, enantiomers, the bulky group is forced from the acyl pocket
compounds can be reactivated to near completion, but at Ve the gorge entrance, diminishing the interactions of the
slow maximal ratesk, = 0.002 min? for the cycloheptyl '

conjugate, k, = 0.14 min?! for the 3,3-dimethylbutyl pho_s_ph(_)nyl oxygen with the ox_yanion hole (Figure 4). Proper
conjugate, and; = 0.02 min? for isopropyl conjugate. positioning fo.r hydrogen poqdmg of the phqsphonyl oxygen
Appreciable reactivation seen with obidoxime indicates that depends on it residing withi3 A of the amide backbone
aging of the conjugated phosphonate with the loss of the Ydrogens of Glyl21, Gly122, and Ala204. In the case of
alkoxy group does not account for the resistance ofRhe  theR, énantiomers, the cycloheptyl or another alkoxyl group
compounds to reactivation. resides within the gorge entrance, occluding potential oxime
Each organophosphate conjugate formed with the wild- @ccess. These phospherenzyme conjugates provide a basic
type and mutant enzymes was examined for spontaneougemplate for docking of the two oximes (Figure 5).
hydrolysis and aging (Table 4). Rate constants for spontane-
ous hydrolysis in each case are considerably less than 0.00DISCUSSION
min~t. Hence, these rates are comparable to the rate of the

loss of enzyme activity at 23C. Nevertheless, these slow  Te gyailability of a three-dimensional structure of AChE

rates shpw that general base—.cat.alyzed hydr(_)IyS|s is not(12_14) and its conjugateg, 29) enables one to examine

coRtr]butmg tot:]helovera:cl reactllll/atmn ratet proﬁlgs.. reactivity in relation to the geometric confines of the active
ging (i.e., the loss of an alkoxy moiety rendering an center. A comparison of reaction rates with enantiomeric

anionic_conjugate resistant to oxime f?aCt_'Va“O’_‘) was phosphonates with known absolute stereochemistry is also
examined by measuring the extent of reactivation using high . . : . :
of particular value, since in the absence of a dissymmetric

oxime concentrations added at designated intervals after . . .
enzyme active center, the two enantiomers should exhibit

inactivation with the phosphonate and removal of excess identical chemical behavi bini d
reactant. Table 4 shows the rates of aging seen for thosddentical chemical behaviod6, 30). Combining an under-
compounds showing measurable reactivation rates with standing of the structure of AChE and its mutants with the

2-PAM and HI-6. Aging rates are also relatively slow €nantiomeric selectivity of the phosphonates constitutes a
compared to the rates of oxime reactivation. powerful approach to delineating the orientation of the
Energy Minimization of the Conjugated Phosphonates and reactants involved in organophosphate inhibition and reac-
Docking of the OximesJsing the charges determined from tivation of AChE. Similar questions of chiral specificity have
the ab initio calculations for the respective organophosphatesbeen approached with other enantiomeric organophosphates
linked to the serine Qof the capped tripeptide, Asp-Ser- and hydrolases of the determined three-dimensional structure
Ala, a second minimization was performed where the.€ (31, 32). Our analysis of the reactivation of the conjugates
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FiGUre 4: Energy-minimized conformation foiS()- and R)-cycloheptyl methylphosphonyl-AChE. After energy minimization of the
phosphonates as described in the text, they were conjugated to the serine Wwiths&hal rotations around the,&e—Csser—O,—P bond

(Figure 3). The figure shows the structures with the phosphonyl oxygen out of (red) and in (white) the oxyanion hole. The overlay shows
the different conformation achieved after completing the cooling gradient: §eéonjugate; and rightR, conjugate. In the case of tI8
stereochemistry, the phosphorus can be accessed from the gorge opening. The maf@yripeaafies maintain the phosphonyl oxygen
directed in the oxyanion hole.

FiIGURE 5: Stereoview with Conally surfaces of the proposed angle of access of 2-PAM and H&§-ty¢loheptyl methylphosphonate-
conjugated AChE. The F295L mutation enhances the rate of reactivation by HI-6, whereas the F297L mutation enhances 2-PAM reactivation
rates. Attack of the phosphorus can be optimized by substitution of phenylalanines in distinct positions. The orientation shows the gorge
entry. The phosphonyl oxygen is shown in maroon; the cycloheptyl and methyl carbons are shown in yellow, @uarthen amide
backbone of residues 120, 121, and 204 forming the oxyanion hole and the active center serine (203) are shown in white.

of chiral (R,)- and &)-phosphonates with the-serin€ in the oxyanion holel5—17) and that this orientation facilitates
the active center reveals several distinctive features of thethe phosphonylation reaction, then t§eenantiomers will

reactivation mechanism. have the small phosphonyl methyl moiety directed to the
First, reactivation occurs more readily with the conjugated acyl pocket and the more bulky alkoxyl group directed to
S enantiomers than with th®, enantiomers. TheS)- the choline subsite (Figure 4). The phosphonyl oxygen in

phosphonates have been shown previously to be the morghe oxyanion hole is stabilized by hydrogen bond donors of
reactive enantiomer6( 7, 15 16). If we assume an  amide bond hydrogens at positions 120, 121, and 204. With
orientation where the leaving group is directed out of the the R, isomer, the same constraints on leaving group
gorge and where the phosphonyl oxygen is directed toward orientation and on phosphonyl oxygen binding in the
oxyanion hole will force the alkoxyl group toward the space-

3The two asymmetric centers, located on the phosphonate and onconfining acyl pocket. Steric limitations in the acyl pocket
L-serine 203, define the conjugates as diastereomers. should relax the positional constraints of the phosphonyl
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oxygen in the oxyanion hole and the leaving group exiting phosphonate from two discrete directions preferentially
the gorge or distort the dimensions of the acyl poc8) ( facilitates oxime reactivity. Both reactivators have the

(cf. Figure 4). Since oxime reactivation also prefers$e  attacking oxime situated ortho to the pyridinium nitrogen,

enantiomer, we might assume that orientation of the phos-but the HI-6 structure contains a second pyridinium moiety
phonyl oxygen in the oxyanion hole facilitates the bond separated by a flexible 4.5 A chain (Figure 1). This additional
breaking associated with reactivation. Alternatively, distortion moiety with its cationic group can be expected to enhance
of the amino acid side chains necessary for accommodatingaffinity; however, it may also constrain the possible orienta-
the R, enantiomer in the active center may yield a less tions of the attacking oxime.

reactive conjugate. In either case, eenantiomer has its Fourth, it is instructive to compare the rates of phosphonate
attached moieties with differing steric bulk better positioned jnactivation and reactivation. Even after optimization of the
for acylation and nUCIGOph”e'eliCited deacylation of the reaction with a more open gorge, rates of bimolecular
serine. Maintaining the phosphonyl oxygen in the oxyanion reactivation by oxime (Tables 1 and 2) appear to be relatively
hole is a critical consideration for both reaction mechanisms. g|gw k = 10>—10®* M~! min~%) compared to the rate of
However, for theR, conjugates, this requirement forces the formation of the phosphonate conjugate with the serkne (
bulky alkoxy group into the gorge at a point of narrowing, ~ 108 M1 min-1). Analysis of the phosphonylation reaction
further precluding access to the oxime (Figure 4). by the phosphonate suggests a transition state orientation
The second feature stems from the relative resistance towhere the leaving group is directed out of the gorge and the
reactivation for the methyl phosphonates substituted with hydrogen bond donors in the oxyanion hole delocalize the
larger alkoxy groups. The elegant studies of Wilson and negative charge of the transition stal&,(16). This creates
colleagues showed that the efficiency of the oxime reaction near-optimal apical positioning of the attacking serine and
is enhanced by site directing the oxime to the organophos-|eaving group in a pentavalent transition state. By virtue of
phate through the use of cationic compounds resemblingthe geometric constraints of the gorge, the efficiency of the
substrates or inhibitord(2). This finding takes on consider-  gxime reactivation reaction appears to be limited by the
able practical significance since these oximes are the mostattacking and leaving group not being in appropriate apical
efficacious agents in the treatment of organophosphatepgsitions for forming an optimal transition state as is the
toxicity through reactivation of inhibited AChE3( 35). case for phosphonylation by the phosphonate. Hence, even
Oximes, being relatively strong nucleophiles, attack the with facilitation of access of the oxime to the phosphonate,

electrophilic phosphorus, breaking the phosphoserine bondreactivation reactions may have intrinsic limits to their overall
and forming an unstable phosphonyl oxin2®)( Within the efficiency.

confines of AChE’s narrow gorge, bulky organophosphates
would be expected to lodge against the gorge wall, therebyth
limiting access of the oxime to the serine-conjugated
phosphorus. The enhanced rate of reactivation of $he
conjugates seen upon substitution for the aromatic groups
in the acyl pocket with smaller and more flexible aliphatic
groups presumably arises from increased oxime accessibility.
The influence of the acyl pocket mutations also appears to
be most dramatic for the larger cycloheptyl and dimethylbutyl
moieties with little effect seen for the smaller isopropyl
(Table 2) or methyl moieties (Table 1). Hence, steric
limitations and impaction of the conjugate in the gorge are
dominant factors in reducing oxime reactivation rates.

Our studies have examined only two oximes in detail, but
e distinctions in kinetic constants for the series of orga-
nophosphates suggest that the rank order of potencies of the
oximes in reactivation depends on the structure of the
conjugated phosphonate. Others have observed in both in
vivo and in vitro studies that oxime efficacies vary with the
organophosphate inhibitor3%). Thus, antidote selection
might be optimized by considering structure of the inhibitor.
Overall, organophosphates with larger substituents may be
the least amenable to oxime reactivation. The gorge dimen-
sions create a substantial impediment to oxime access. In
circumstances where combinations of oximes and AChE are
X . considered to have catalytic potential in antidote therapy,
The combined requirement of the phosphonyl oxygen — gnpanced reactivation rates and turnover of the conjugated

oEyanlr(])n hole ?]nentauon anqld oxime acces|5|b|llty to thfe phosphonate can be achieved with mutant enzymes that make
phosphorus in the gorge provides an unusual constraint fory,e active center gorge more accessible to the attacking
reactivation of the conjugates of tli® enantiomers. The oxime
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