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ABSTRACT: Selective mutants of mouse acetylcholinesterase (AChE; EC 3.1.1.7) phosphonylated with
chiral SP- and RP-cycloheptyl, -3,3-dimethylbutyl, and -isopropyl methylphosphonyl thiocholines were
subjected to reactivation by the oximes HI-6 and 2-PAM and their reactivation kinetics compared with
wild-type AChE and butyrylcholinesterase (EC 3.1.1.8). Mutations in the choline binding site (Y337A,
Y337A/F338A) or combined with acyl pocket mutations (F295L/Y337A, F297I/Y337A, F295L/F297I/
Y337A) were employed to enlarge active center gorge dimensions. HI-6 was more efficient than 2-PAM
(up to 29000 times) as a reactivator ofSP-phosphonates (kr ranged from 50 to 13000 min-1 M-1), while
RP conjugates were reactivated by both oximes at similar, but far slower, rates (kr < 10 min-1 M-1). The
Y337A substitution accelerated all reactivation rates over the wild-type AChE and enabled reactivation
even ofRP-cycloheptyl andRP-3,3-dimethylbutyl conjugates that when formed in wild-type AChE are
resistant to reactivation. When combined with the F295L or F297I mutations in the acyl pocket, the Y337A
mutation showed substantial enhancements of reactivation rates of theSP conjugates. The greatest
enhancement of 120-fold was achieved with HI-6 for the F295L/Y337A phosphonylated with the most
bulky alkoxy moiety,SP-cycloheptyl methylphosphonate. This significant enhancement is likely a direct
consequence of simultaneously increasing the dimensions of both the choline binding site and the acyl
pocket. The increase in dimensions allows for optimizing the angle of oxime attack in the spatially impacted
gorge as suggested from molecular modeling. Rates of reactivation reach values sufficient for consideration
of mixtures of a mutant enzyme and an oxime as a scavenging strategy in protection and treatment of
organophosphate exposure.

Organophosphates are potent inhibitors of acetylcholinest-
erase (AChE;1 EC 3.1.1.7) and butyrylcholinesterase (BChE;
EC 3.1.1.8). The progressive inhibition of cholinesterases
by organophosphates is due to phosphylation (denotes
phosphonylation and phosphorylation) of their active center
serine characterized by the formation of conjugates, which
react very slowly with water. Inhibition of AChE is the main
cause of organophosphate toxicity (1). Early studies on
reactivation of the enzyme by Wilson and colleagues showed
that, by directing nucleophiles to the active site, conjugated
organophosphates could be released, regenerating the active
enzyme (2, 3). Strong nucleophiles such as oximes are
particularly effective in reactivating organophosphate-

cholinesterase conjugates. Nucleophilic strength, the orienta-
tion of the nucleophile with respect to the conjugated
organophosphate, and the rate of aging (postinhibitory
dealkylation) are three factors well-known to affect reactiva-
tion. During the past several decades, effective oximes have
been developed as antidotes to cholinesterase poisoning that
greatly improve efficacy of treatment of acute organophos-
phate poisoning (4). The monopyridinium oxime, 2-PAM,
and bispyridinium oxime, HI-6, are the most potent reacti-
vating agents in use in antidotal therapy (Figure 1). The
effectiveness of oxime reactivators is primarily attributed to
the nucleophilic displacement rate of the organophosphates,
but efficiency varies with the structure of the bound
organophosphate, the source of enzyme and the oxime.

The crystal structures of AChE (5-7) provide templates
for detailed structural studies on ligand access to the impacted
enzyme active center gorge and steric constraints within the
active center gorge that govern selectivity in organophosphate
inhibition (8-13) and oxime reactivation (14-18). The site
of conjugation by organophosphates lies at the base of a
narrow and 18-20 Å deep gorge. The gorge wall of AChE
is lined largely by aromatic side chains contributing to a well-
defined acyl pocket and choline binding site at the base of
the gorge (19, 20). Therefore, the orientation of the associated
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and conjugated ligands within narrow confines of the gorge
and the rates of nucleophilic attack by oxime at the
conjugated phosphorus atom become important determinants
of the reactivation mechanism.

In this study, we investigated structural and kinetic bases
for reactivation of the enzyme conjugates by oximes using
a combined structure-activity approach where both inhibitor
and enzyme were modified systematically. Mouse AChE was
modified within the choline binding site (Y337A, F338A)
and the acyl pocket (F295L, F297I) in various mutation
permutations. The mutant AChE species, except for F338A,
contained mutations that resemble residues found at structur-
ally equivalent positions in BChE (residue numbering
corresponds to mouse AChE). This enabled us to examine
the basis of the divergence between oxime reactivation of
phosphonylated AChE and BChE. By using a congeneric
series ofSP andRP enantiomeric pairs of alkyl methylphos-
phonates and two related oximes of different dimensions,
HI-6 and 2-PAM (Figure 1), subtle differences in reactivation
capability have been analyzed with the objective of enhanc-
ing reactivation rates.

MATERIALS AND METHODS

Chemicals. SP- and RP-alkyl methylphosphonyl thiocho-
lines were synthesized and isolated as resolvedSP and RP

enantiomers (8). Stock solutions in acetonitrile were kept at
-20 °C, and aliquots were diluted in water immediately
before use. HI-6 was a gift of B. P. Doctor at Walter Reed
Army Research Center, Washington, DC. 2-PAM, acetyl-
thiocholine iodide (ATCh), 5,5′-dithiobis(2-nitrobenzoic
acid), and bovine serum albumin (BSA) were purchased from
Sigma Chemical Co., St. Louis, MO. Both oximes, HI-6 and
2-PAM, were kept at-20 °C, and they were dissolved and
diluted in water immediately before use.

Enzymes.Preparation, expression, purification, and char-
acterization of recombinant wild-type mouse AChE and wild-
type mouse BChE and AChE mutants were described in
detail in previous studies (9, 13, 19, 21).

Oxime ReactiVation of the Phosphonylated Enzyme.Wild-
type and mutant enzymes (concentrations between 0.01 and
1.0 µM) were reacted with an∼10% molar excess of the
corresponding alkyl methylphosphonate until inhibition was
greater than 90%. Typical inhibition times were 30 min to 2
h, except for the case of slower inhibition withRP enanti-
omers, when the required time was up to 6 h. The inhibited
enzyme was passed through a Sephadex G-50 spin column

(Pharmacia) to remove excess unconjugated organophosphate
and incubated with specified concentrations of oxime in 10
mM Tris-HCl buffer, pH 8.0, containing 0.01% BSA, 40
mM MgCl2, and 100 mM NaCl. At specified time intervals,
5-10 µL of the reactivation mixture was diluted up to 100-
fold, and residual activity was measured at 22°C by the
Ellman method using ATCh as substrate (1.0 mM final
concentration) (22). An equivalent sample of uninhibited
enzyme was passed through a parallel column, diluted to
the same extent as the inhibition mixture, and control activity
was measured in the presence of oxime at concentrations
used for reactivation. Both activities of the control and
reactivation mixture were corrected for oxime-induced hy-
drolysis of ATCh, whenever oxime concentrations were
greater than 1.0 mM.

Kinetics of Oxime ReactiVation. Oxime reactivation of
phosphylated cholinesterases proceeds according to Scheme
1. In this scheme EP is the phosphylated enzyme, [EP][OX]
is the reversible Michaelis-type complex between EP and
the oxime (OX), E is the active enzyme and P-OX the
phosphonylated oxime,k+2 is the maximum first-order rate
constant, andkr is the overall second-order rate constant of
reactivation.

Scheme 1 is defined by the equation:

where [EP]0 and [EP]t are the concentrations of the phos-
phonylated enzyme at time zero and at timet, respectively.
Kox is equal to the ratio (k-1 + k+2)/k+1, and it typically
approximates the dissociation constant of the [EP][OX]
complex. kobs is the observed first-order rate constant of
reactivation at any given oxime concentration.

WhenKox . [OX], eq 1 simplifies to

where from it follows that

Experimental data were presented as percent of reactivation

whereV(EP+OX)t denotes the activity of the reactivated enzyme
at timet andV(E+OX) stands for the activity of the unmodified
enzyme incubated with oxime. Both activities were corrected
for oxime-induced hydrolysis of ATCh. If the enzyme was
not completely inhibited prior to reactivation, both activities
in eq 4 were also corrected for the enzyme activity at time

FIGURE 1: Structures of the organophosphonates and oximes used
in this study.
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zero. Since (100- % reactivation) is equal to 100[EP]t /
[EP]0, one can relate the experimental data to eqs 1 and 2.

At each oxime concentration,kobswas calculated from the
slope of the initial portion of log(100- % reactivation) vs
time of reactivation plot askobs) -2.303× slope, assuming
an approach to 100% reactivation. When reactivation fol-
lowed eq 1,k+2 andKox were obtained by the nonlinear fit
of the relationship betweenkobs vs [OX]; kr was calculated
from eq 3. When reactivation followed eq 2,kobs vs [OX]
was linear, and the slope corresponded tokr; in this case
constantsk+2 andKox could not be determined.

Molecular Modeling.Molecular modeling analysis was
performed in order to ascertain probable HI-6 orientations
inside the active center gorges ofSP-cycloheptyl methylphos-
phonylated wild-type mouse AChE and F295L/Y337A
mouse AChE, where the HI-6 oxime group was facing the
phosphorus conjugated to the AChE active center serine. The
model of HI-6 was built as described earlier (14, 18) and
docked manually inside active center gorges of eitherSP-
cycloheptyl wild-type mouse AChE (taken from ref18) or
SP-cycloheptyl F295L/Y337A mutant mouse AChE (gener-
ated from phosphonylated wild-type mouse AChE using the
Insight II program suite, Accelrys, San Diego) to achieve
starting structures of the complex. Molecular dynamics of
the complex was then performed using the procedure
described earlier (14) and repeated 20 times for both wild-
type and mutant complexes. During the computation the
conformation of the HI-6 molecule was unrestricted, as were
the side chains of AChE residues at positions 295, 297, 338,
and phosphonylated serine at 203. The resulting 20 conform-
ers of the complex were analyzed for their total energy and
distance between the oxime group oxygen and phosphonate
phosphorus.

RESULTS

Oxime ReactiVation Kinetics. Recombinant DNA-ex-
pressed mouse cholinesterases phosphonylated withSP- and
RP-alkyl methylphosphonyl thiocholines were subjected to
reactivation by HI-6 and 2-PAM. The series of reactivation
reactions were run over a wide concentration range of oximes
to determine constantsk+2, Kox, andkr (Figure 2). The results
for the 74 distinct oxime-enzyme combinations are listed
in Tables 1-6. In 18 reactions, the rates of reactivation were
so slow that rate constants could not be reliably determined.
For these reactions only the maximum percent of reactivation
obtained within the stated time is listed in the tables. For
reactivation of the triple mutant F295L/F297I/Y337A only
limiting values of constants were calculated because reac-
tivation was measured at one oxime concentration only. For
8 reactions thekobsvalues were a linear function of the oxime
concentration; consequently, only the bimolecularkr constants
could be calculated. For 44 reactions, all three constants (k+2,
Kox, kr) were obtained as presented in Figure 2 and are
displayed in the tables including the maximum percent of
reactivation obtained with the highest oxime concentration
after the indicated time of reaction. The mean relative
standard error ofk+2 was 11%, while the corresponding errors
of Kox andkr were larger, 43% and 39%, respectively.

All kobsconstants were calculated from the initial slope of
the reactivation profile. For some of the reactions, typically
those where the reactivation was not complete (cf. Tables

1-6), the kinetics at the longer time intervals deviated from
the first-order process described in eqs 1 and 2. This
deviation could be due to a fraction of the phosphonylated
enzyme aging with the loss of the alkoxy group, reinhibition
of the active enzyme by the phosphonylated oxime, the
presence of a minor abundance oxime-resistant conformation,
and/or spontaneous reactivation of the phosphonylated
conjugates.

Aging of the threeSP-phosphonate-conjugated Y337A
mutants was examined by measuring the extent of reactiva-
tion with high HI-6 concentrations added at designated
intervals after inhibition with the phosphonate and removal
of excess inhibitor. Aging ofSP-isopropyl and SP-3,3-
dimethylbutyl methylphosphonyl Y337A conjugates was not
detected over 36 h, while the aging rate constant of
SP-cycloheptyl methyl conjugated Y337A was 0.005 min-1.
This is faster than the reported aging rate constant ofSP-
cycloheptyl methyl conjugated wild-type AChE (0.0004
min-1; 18).

In a previous study it was shown that spontaneous
reactivation of phosphonylatedTorpedo californicaAChE
and human plasma BChE by cycloheptyl, isopropyl, and 3,3-
dimethylbutyl methylphosphonyl thiocholine enantiomers

FIGURE 2: Reactivation of theSP-isopropyl methylphosphonyl
F297I/Y337A conjugate by HI-6. (A) Single datum points indicate
calculated percent reactivation by eq 4 after the designated time of
reactivation with (O) 1, (1) 0.5, (0) 0.1, and (2) 0.05 mM HI-6.
(B) Slopes of the reactivation curve yieldkobs constants. (C)kobs is
plotted as a function of HI-6 and the line fitted using eq 1.
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proceeded very slowly, if at all (rate constants less than 0.001
min-1) (23). In initial studies, we did not observe spontaneous
reactivation with return of AChE activity in several of the
methylphosphonyl conjugates studied as we have observed
for the dimethyl, diethyl, and diisopropylphosphoryl conju-
gates of mouse AChE (24). The phosphonyl oxime (product
of reactivation) could reinhibit the free enzyme (2, 25, 26),

but we have yet to identify the inhibitory potency and the
stability of these reactivation products.

Oxime ReactiVation of the SP-Alkyl Methylphosphonylated
Cholinesterases.The kinetic parameters for reactivation of
the SP-cycloheptyl,SP-3,3-dimethylbutyl, andSP-isopropyl
methylphosphonylated cholinesterases by HI-6 and 2-PAM
are presented in Tables 1-3. All SP conjugates were

Table 1: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated withSP-Cycloheptyl Methylphosphonyl
Thiocholinea

reactivator (mM) enzyme k+2 (min-1) Kox (mM) kr (min-1 M-1) % reactmax time

HI-6 (0.2-20) AChE wt 0.60( 0.04 5.4( 0.8 112( 19 90 5 min
HI-6 (0.02-0.5) Y337A 2000( 90 80 1 min
HI-6 (0.002-0.1) F295L/Y337A 13180( 1414 80 3 min
HI-6 (0.01-5) F297I/Y337A 6.0( 0.5 2.6( 0.4 2300( 400 100 1 min
HI-6 (0.2-10) Y337A/F338A 0.051( 0.003 0.50( 0.12 102( 26 80 30 min
HI-6 (10) F295L/F297I/Y337Ab g24 80 20 min
HI-6 (1, 30) BChE wt <10 48 h

2-PAM (1-20) AChE wt 0.0040( 0.0007 6.1( 3.0 0.66( 0.34 70 15 h
2-PAM (0.1-40) Y337A 0.0025( 0.0001 0.62( 0.14 4.1( 1.0 80 5 h
2-PAM (0.4-20) F295L/Y337A 0.016( 0.003 10( 3 1.7( 0.5 70 3 h
2-PAM (2-30) F297I/Y337A 0.018( 0.002 2.7( 1.2 6.9( 3.3 70 2 h
2-PAM (1-60) Y337A/F338A 0.00035( 0.00002 0.75( 0.45 0.47( 0.29 40 25 h
2-PAM (40) F295L/F297I/Y337Ab g0.12 100 5 h
2-PAM (5, 40) BChE wt <5 48 h
a Constants ((standard errors) are calculated (eqs 1-3) from kobs constants (8-16 values) obtained in two to seven experiments. The maximal

percent of reactivation (% reactmax) measured within the specified time of the experiment is also given.b Only onekobswas determined (0.24( 0.04
min-1 with HI-6 and 0.0048( 0.0011 min-1 with 2-PAM).

Table 2: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated withSP-3,3-Dimethylbutyl Methylphosphonyl
Thiocholinea

reactivator (mM) enzyme k+2 (min-1) Kox (mM) kr (min-1 M-1) % reactmax time

HI-6 (0.05-5) AChE wt 0.39( 0.09 3.8( 1.8 102( 53 80 10 min
HI-6 (0.05-5) Y337A 3.2( 0.5 2.8( 1.0 1200( 490 100 2 min
HI-6 (0.01-1) F295L/Y337A 1300( 60 100 2 min
HI-6 (0.01-10) F297I/Y337A 1.4( 0.1 1.9( 0.5 720( 180 100 5 min
HI-6 (1-40) Y337A/F338A 0.10( 0.01 2.1( 1.2 47( 28 80 20 min
HI-6 (10) F295L/F297I/Y337Ab g31 80 10 min
HI-6 (0.5-20) BChE wt 0.73( 0.14 7.1( 3.2 103( 51 100 10 min

2-PAM (1-40) AChE wt 0.18( 0.01 90 8 h
2-PAM (5-40) Y337A 0.041( 0.003 80 33 h
2-PAM (0.5-40) F295L/Y337A 0.0018( 0.0002 2.8( 1.1 0.66( 0.27 90 25 h
2-PAM (10-60) F297I/Y337A 0.0025( 0.0002 9.0( 3.6 0.27( 0.11 80 15 h
2-PAM (5-60) Y337A/F338A 0.00023( 0.00001 0.54( 0.85 0.42( 0.65 60 70 h
2-PAM (40) F295L/F297I/Y337Ab g0.22 90 6 h
2-PAM (3-30) BChE wt 0.028( 0.003 3.2( 1.7 8.7( 4.6 100 3 h
a Constants ((standard errors) are calculated (eqs 1-3) from kobs constants (5-15 values) obtained in two to four experiments. The maximal

percent of reactivation (% reactmax) measured within the specified time of the experiment is also given.b Only onekobswas determined (0.31( 0.06
min-1 with HI-6 and 0.0088( 0.0021 min-1 with 2-PAM).

Table 3: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated withSP-Isopropyl Methylphosphonyl Thiocholinea

reactivator (mM) enzyme k+2 (min-1) Kox (mM) kr (min-1 M-1) % reactmax time (min)

HI-6 (0.05-1) AChE wt 0.20( 0.03 0.15( 0.09 1330( 780 90 10
HI-6 (0.2-20) Y337A 1.13( 0.08 4.7( 0.8 240( 47 100 2
HI-6 (0.5-30) F295L/Y337A 0.27( 0.01 0.37( 0.09 730( 180 80 10
HI-6 (0.05-1) F297I/Y337A 0.95( 0.13 0.41( 0.14 2330( 844 100 5
HI-6 (1-20) Y337A/F338A 0.26( 0.02 1.5( 0.6 178( 74 90 15
HI-6 (0.05-5) BChE wt 0.014( 0.001 0.064( 0.024 215( 70 80 90

2-PAM (0.1-10) AChE wt 0.095( 0.013 0.088( 0.075 1080( 940 100 30
2-PAM (0.2-40) Y337A 0.21( 0.01 2.6( 0.3 82( 11 80 20
2-PAM (1-40) F295L/Y337A 3.5( 0.4 90 30
2-PAM (0.1-40) F297I/Y337A 2.9( 0.2 5.5( 1.3 534( 133 90 1
2-PAM (1-40) Y337A/F338A 0.072( 0.004 1.5( 0.5 46( 14 90 30
2-PAM (0.05-10) BChE wt 2.98( 0.01 2.39( 0.02 1250( 9 90 1
a Constants ((standard errors) are calculated (eqs 1-3) from kobs constants (6-19 values) obtained in two to five experiments. The maximal

percent of reactivation (% reactmax) measured within the specified time of the experiment is also given.
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reactivated nearly completely with the exception ofSP-
cycloheptyl methylphosphonylated BChE (cf. Table 1). The
SP-cycloheptyl methylphosphonylated F295L/F297I/Y337A
mutant, structurally the most similar to BChE in substituted
active center gorge residues, was reactivated between 80%
and 100% by both oximes.

Reactivation of allSP-phosphonylated AChE and mutant
conjugates by HI-6 was appreciably faster than by 2-PAM.
The difference inkr between oximes is primarily dictated
by the unimolecular reaction step,k+2, which is more than
100-fold slower for 2-PAM than HI-6. Single or double
substitutions involving F295L, F297I, and Y337A within the
AChE gorge enhanced thekr in reactivation of mutants
phosphonylated with bulky methylphosphonates (cycloheptyl

and 3,3-dimethylbutyl; Tables 1 and 2), while only the F297I/
Y337A double mutation enhanced reactivation of all three
SP conjugates. The greatest enhancement ofkr (about 120-
fold) over the wild-type AChE was obtained in reactivation
of SP-cycloheptyl methylphosphonyl F295L/Y337A AChE
by HI-6 (cf. Table 1); the determinedkr was the greatest for
all reactions reported in this paper.

Both wild-type AChE and BChE phosphonylated withSP-
isopropyl methylphosphonate were reactivated by both
oximes more rapidly (higherkr value) than the wild-type
enzymes phosphonylated by the more bulkySP-3,3-dimeth-
ylbutyl andSP-cycloheptyl methylphosphonates (cf. Table 3
vs Tables 1 and 2). Althoughkr for 2-PAM reactivation of
wild-type AChE and BChE was similar, the componentKox

Table 4: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated withRP-Cycloheptyl Methylphosphonyl
Thiocholinea

reactivator (mM) enzyme k+2 (min-1) Kox (mM) kr (min-1 M-1) % reactmax time (h)

HI-6 (1, 40) AChE wt <15 50
HI-6 (0.3-20) Y337A 0.00042( 0.00002 1.0( 0.2 0.41( 0.06 50 85
HI-6 (1-30) F295L/Y337A <25 40
HI-6 (10-40) F297I/Y337A <25 72
HI-6 (0.2-2) Y337A/F338A <15 40
HI-6 (10-30) BChE wt <15 50

2-PAM (1, 40) AChE wt <25 50
2-PAM (0.3-5) Y337A 0.00047( 0.00004 0.36( 0.16 1.3( 0.6 50 85
2-PAM (20-40) F295L/Y337A <25 40
2-PAM (5-40) F297I/Y337A <40 60
2-PAM (0.3-5) Y337A/F338A 0.00040( 0.00010 0.99( 0.87 0.40( 0.37 40 20
2-PAM (20-40) BChE wt 0.027( 0.001 70 25
a Constants ((standard errors) are calculated (eqs 1-3) from kobs constants (4-8 values) obtained in one to three experiments. The maximal

percent of reactivation (% reactmax) measured within the specified time of the experiment is also given.

Table 5: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated withRP-3,3-Dimethylbutyl Methylphosphonyl
Thiocholinea

reactivator (mM) enzyme k+2 (min-1) Kox (mM) kr (min-1 M-1) % reactmax time (h)

HI-6 (0.2-2) AChE wt <15 40
HI-6 (0.2-40) Y337A 0.00040( 0.00002 0.54( 0.14 0.74( 0.19 70 35
HI-6 (1,10) F295L/Y337A <25 60
HI-6 (10-40) F297I/Y337A <25 60
HI-6 (0.2-2) Y337A/F338A 0.00014( 0.00001 0.076( 0.051 1.8( 1.2 50 40
HI-6 (1-10) BChE wt <25 50

2-PAM (0.3-5) AChE wt <15 40
2-PAM (0.5-5) Y337A 0.0007( 0.0000 0.38( 0.08 1.8( 0.4 60 35
2-PAM (5, 30) F295L/Y337A <25 60
2-PAM (20-60) F297I/Y337A <25 60
2-PAM (0.3-5) Y337A/F338A <15 60
2-PAM (3-30) BChE wt 0.0079( 0.0011 13( 4 0.62( 0.22 80 20
a Constants ((standard errors) are calculated (eqs 1-3) from kobs constants (4-8 values) obtained in one or two experiments. The maximal

percent of reactivation (% reactmax) measured within the specified time of the experiment is also given.

Table 6: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated withRP-Isopropyl Methylphosphonyl Thiocholinea

reactivator (mM) enzyme k+2 (min-1) Kox (mM) kr (min-1 M-1) % reactmax time (h)

HI-6 (0.2-40) AChE wt 0.0075( 0.0003 4.3( 0.7 1.7( 0.3 70 10
HI-6 (0.2-30) Y337A 0.0071( 0.0004 0.97( 0.23 7.3( 1.8 80 8
HI-6 (1-30) F295L/Y337A 0.0013( 0.0001 0.95( 0.56 1.3( 0.8 70 16
HI-6 (5-40) F297I/Y337A 0.0021( 0.0003 16( 8 0.13( 0.07 50 16
HI-6 (1-30) BChE wt 0.00035( 0.00004 1.1( 0.9 0.23( 0.25 40 25

2-PAM (0.3-40) AChE wt 0.0029( 0.0004 1.9( 1.1 1.5( 0.9 70 20
2-PAM (0.3-40) Y337A 0.0026( 0.0001 0.60( 0.21 4.3( 1.5 80 8
2-PAM (5-30) F295L/Y337A 0.0096( 0.0039 10( 11 0.95( 1.09 80 10
2-PAM (5-60) F297I/Y337A 0.041( 0.003 100 25
2-PAM (5-30) BChE wt 0.024( 0.006 27( 13 0.88( 0.47 100 4
a Constants ((standard errors) are calculated (eqs 1-3) from kobs constants (6-10 values) obtained in two to four experiments. The maximal

percent of reactivation (% reactmax) measured within the specified time of the experiment is also given.
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andk+2 constants differed by 30-fold where phosphonylated
AChE had a higher affinity (i.e., lowerKox) and lowerk+2

for 2-PAM, and on the other hand, phosphonylated BChE
had a higher maximum reactivation rate constant (k+2).

Oxime ReactiVation of the RP-Alkyl Methylphosphonylated
Cholinesterases.Tables 4-6 present results for reactivation
of theRP-cycloheptyl,RP-3,3-dimethylbutyl, andRP-isopropyl
methylphosphonylated enzymes. HI-6 and 2-PAM showed
similar but low reactivation efficiency (from 34 conjugates
only 18 were reactivated). For the bulkyRP-cycloheptyl
(Table 4) andRP-3,3-dimethylbutyl (Table 5) methylphos-
phonylated wild-type AChE reactivation was not evident with
either HI-6 or 2-PAM, while the corresponding BChE
conjugates were reactivated by 2-PAM nearly completely
albeit at slow rates. Hence, 2-PAM reactivation showed an
inverted stereoselectivity for the cycloheptyl methylphos-
phonyl BChE conjugate: theSP conjugate was resistant to
reactivation (cf. Table 1), while theRP conjugate was
reactivated.

Reactivation kinetics of mouse single residue mutants of
AChE conjugated with these methylphosphonates was previ-
ously studied by Wong et al. (18). Data given in the present
paper agree with the reported results except for the reactiva-
tion of wild-type AChE conjugated withRP-3,3-dimethyl-
butyl methylphosphonate (Table 5). In the present experi-
ments this conjugate was found not to be reactivatable, while
in previous experiments substantial reactivation was observed
by both oximes (18). In the previous study inhibition was
carried out at a 14-fold excess of organophosphate, on
average (range of 4-fold to 22-fold), and inhibition by a
minor abundance of theSP contaminant may have predomi-
nated under this condition. This situation was avoided in the
current studies by using inhibitors in only 10% stoichiometric
excess.

Reactivation rates of the less bulkyRP-isopropyl methyl
phosphonylated enzymes presented in Table 6 were generally
more rapid than the conjugates phosphonylated with the
larger twoRP-phosphonates. The highest bimolecular reac-
tivation rate for theRP conjugate of Y337A was 7.3 min-1

M-1 for HI-6 and 4.3 min-1 M-1 for 2-PAM. Comparing
these reactivation rates with the rates ofRP-Y337A conju-
gates in Tables 4 and 6, it follows thatRP-isopropyl methyl
phosphonylated Y337A had the highestk+2 value. The
Y337A mutation coupled with F338A also showed ap-
preciable rates of reactivation ofRP-cycloheptyl methylphos-
phonyl Y337A/F338A AChE by 2-PAM andRP-3,3-
dimethylbutyl methylphosphonyl Y337A/F338A AChE by
HI-6, but reactivation was not complete.

Molecular Modeling.Models of the reversible Michaelis-
type complexes (Figure 3; [EP][OX] in Scheme 1) between
HI-6 and eitherSP-cycloheptyl methylphosphonylated wild-
type mouse AChE or F295L/Y337A mouse AChE resulting
from molecular dynamics calculation indicate that, with the
wild-type enzyme, HI-6 can assume only one distinct
productive orientation with the slender molecule extended
through the narrow gorge (Figure 3B). Within the enlarged
gorge of the F295L/Y337A mutant AChE additional orienta-
tions appear likely. The HI-6 chain coils back into the
enlarged choline binding site where the nonreactive carbam-
oyl pyridinium moiety is stabilized (cf. Figure 3A,C). The
distance between the oxime oxygen and the phosphorus in
wild-type conformations (4.2( 1.0 Å, n ) 20) and mutant

gorge conformations (4.5( 0.9 Å, n ) 20) appeared very
similar and consistent with distances found for similar
oxime-AChE complex models obtained by other authors
(about 4.4 Å measured for the structure deposited by Pang
et al.: PDB accession codes 1JGA and 1JGB;27).

DISCUSSION

Reactivation by the two oximes demonstrates the superior-
ity of HI-6 over 2-PAM for reactivation of wild-type AChE
and mutantSP-phosphonate conjugates. Moreover, the en-
zyme conjugates showed a high degree of stereoselectivity
for HI-6 reactivation, with preference ofSP overRP enanti-
omers. Taken together with previous findings on organo-
phosphate inactivation (9, 10, 13) and reactivation (18, 25,
28), oxime-mediated reactivation is governed by several
principles.

Similar to inhibition by phosphonates, reactivation ef-
ficiency is enhanced by phosphonyl oxygen insertion into
the oxyanion hole in the presumed transition state. Owing
to the spatial constraints of the acyl pocket, the bulkyRP-
methylphosphonates cannot achieve optimal positioning of
alkoxy groups without distortion of structure. Accordingly,
just as theRP inhibitors react far more slowly with AChE
(9, 10, 13), they are either resistant to reactivation or
reactivate slowly (18). For RP conjugates suboptimal posi-
tioning of the phosphonyl oxygen in the oxyanion hole and
limitations on oxime access to the phosphonate both slow
reactivation rates. However, a single mutation of the choline
binding site, Y337A, enabled reactivation of theRP conju-
gates. Reactivation was increased presumably because of an
improved clearance in the formation of the pentacoordinate
transition state and the reduction in steric constraints around
residue 337. The tetrahedral phosphonate may move slightly
toward the vacant area created by removal of the aromatic
side chain at position 337, allowing a more favorable angle
of oxime attack.

The spatial constraints of the gorge give rise to a
dimensionally impacted organophosphate with a limited
angle of access for the attacking nucleophile. Our previous
studies of acyl pocket mutations suggest a nucleophilic attack
route to the phosphorus atom coming from the acyl pocket
direction (18). We show in this paper that enhancing
clearance in the vicinity of Y337 has an influence on
reactivation rates. Indeed, the double mutation involving
F295 and Y337 yields the greatest rate enhancement. This
suggests that the route of oxime attack still occurs from the
acyl pocket side, but the tethered phosphonate is able to adopt
an exposed position more amenable to attack, or new
orientations of the attacking oxime allowed by the vacant
area created near residue 337 optimize the attack angle.

The likely position of HI-6 in the mutant F295L/Y337A
for the attack on phosphonylated serine is shown in Figure
3A. Simply opening the AChE choline binding site in all
dimensions to enhance access of the oxime group to the
phosphorus atom is not sufficient to increase reactivation.
Additional substitution by F338A leading to a more open
gorge appeared counterproductive for reactivation (cf. Table
1). Certain aromatic residues may be required in order to
stabilize the oxime in the proper orientation between F338
and F297 as shown in Figure 3. Hence, reactivation ofSP-
cycloheptyl methylphosphonyl Y337A/F338A conjugate was
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not as efficient as was reactivation of the F295L/Y337A
conjugate.

While opening of the gorge can greatly enhance oxime
efficacy, a gorge devoid of critical aromatic residues or a
tethered phosphonate with many degrees of freedom and
torsional movement, as found for BChE, yields an environ-
ment not conducive to efficient reactivation by HI-6, whereas
reactivation by the smaller, but less efficient, 2-PAM
molecule is less influenced by this difference. Hence, efficacy
of oximes is dependent not only on the oxime structure but
also on the position of the conjugated phosphorus residue.
Attack by the oxime is believed to proceed through a
pentavalent (trigonal bipyramidyl) intermediate and formation
of the phosphorylated oxime. Both 2-PAM and HI-6 have
their oxime groups in theortho position to the cationic
pyridinium nitrogen, and their attacking orientations should
have distinctive steric constraints. Hence, the inability of
2-PAM and HI-6 to cause reactivation of certain conjugates,
particularlyRP conjugates, may not prevail for all oximes.
Obidoxime and TMB-4, two symmetric dioximes with oxime

groupspara to the pyridinium ring, reactivateRP conjugates
to near completion although at very slow rates (18, 23).
Fortunately, theRP enantiomers that are resistant to oxime
reactivation are also less reactive as phosphonylation agents
(9, 10, 13). Hence, they will be the less reactive and toxic
of the chiral pair.

A practical outgrowth of these studies is the application
of mutant AChE-oxime combinations to catalyze the
hydrolysis of organophosphates both in vitro and in vivo.
Cholinesterases in the plasma are efficient scavengers of
organophosphates in terms of reactivity; however, their
capacity is limited by virtue of the 1:1 stoichiometry between
the small organophosphate (100-200 Da) and the∼70 kDa
subunit bearing the catalytic serine. Hence, an enzyme-
reactivator combination catalytic to the organophosphate
hydrolysis, rather than stoichiometric to conjugation, would
greatly reduce doses needed for scavenging.

Lockridge et al. (17) generated mutations in butyrylcho-
linesterase that catalyze the hydrolysis of organophosphates.
However, mutations that enable organophosphate turnover

FIGURE 3: (A) Stereo image of an energy-minimized HI-6 conformation (carbon atoms in yellow, nitrogen in blue, oxygen in red) in the
F295L/Y337A mouse AChE (in blue ribbon)SP-cycloheptyl methylphosphonylated active center gorge. The active center is viewed through
the gorge opening. The lowest energy conformer is shown, out of a cluster of 20 similar resulting conformations. The dotted white line
indicates the direction of nucleophilic attack of HI-6. Only selected AChE residues are displayed in blue, white (catalytic triad), and orange
(residues mutated in this study). (B, C) Cutaway diagrams at identical angles of the HI-6 complex with wild-type mouse AChE (panel B)
and in the F295L/Y337A mutant mouse AChE (panel C). The AChE represented by Connolly solvent-accessible surface was cut approximately
in half to reveal the position, size, and depth of the active center gorge in the wild-type and mutant AChE. The orange arrow indicates the
position of the F297 side chain hidden behind a surface.
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also compromise its capacity to react initially with the
organophosphate, thus limiting the potential of butyrylcho-
linesterase in vivo. By contrast, the mutations described here
that enhance oxime reactivation react efficiently with the
methylphosphonates as described previously (13), and the
limitations in scavenging capacity then depend on efficiency
of the oxime to continually regenerate active AChE. By
enhancing the rate some 120-fold, we approach a range where
scavenging efficiency has a practical outcome. Efficiency
of scavenging is also a pharmacokinetic consideration since
the introduced organophosphate must be scavenged in the
plasma before it distributes into extracellular space and/or
accesses the blood-brain barrier. As shown here, the
enhanced scavenging capacity is manifested to the greatest
extent in those bulkySP enantiomers that are most intractable
to reactivation. Of the offending methylphosphonates, cy-
closarin and soman would fall into this category.
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