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SUMMARY

The monoclonal antibody AE-2, raised against the human eryth-
rocyte acetyicholinesterase (AChE) dimer (acetylcholine acetyl-
hydrolase, EC 3.1 .1 .7), binds to other mammalian AChEs, in-
cluding the tetramer that occurs in fetal bovine serum (FBS). AE-
2 partially inhibited the rate of hydrolysis of the charged substrate
acetylthiochoiine by FBS AChE, whereas it increased the rate of
hydrolysis of the neutral substrate indophenyl acetate. Present

results show that AE-2 decreases the rate of inhibition of FBS
AChE by the positively charged organophosphate amiton-p-
toluene sulfonate and the positively charged carbamates pyn-
dostigmine and neostigmine but accelerates inhibition of FBS
AChE by the neutral organophosphates paraoxon and dmisopro-
pyifluorophosphate. Results suggest that AE-2 may allostencally
modulate an anionic site in the catalytic center of FBS AChE.

The mAb AE-2 was raised (1) against the human erythrocyte

AChE dimer but binds to and partially inhibits AChEs from
adult and fetal human brain tissue (2) and from FBS (3-5). It

also binds to but does not inhibit (5) TcAChE (6). AE-2 is a

conformational antibody (2, 5) that inhibits FBS AChE hy-

drolysis of ATC (2, 7) by 80% but increases IPA hydrolysis by

15-fold (7). Maximal decrease in ATC hydrolysis and maximal

increase in IPA hydrolysis occur at a 4-fold molar excess of

AE-2 with respect to enzyme active sites (2, 7). Both inhibition

and acceleration are noncompetitive, with the respective Km

values for these processes remaining unchanged while their

Vines values are altered (2, 7). AE-2 does not alter substrate

inhibition (2), which has been reported to occur at the periph-

eral anionic site (8), but the equilibrium between AE-2 and
AChE is perturbed (2, 7) by the active site ligands edrophonium

and pralidoxime chloride, suggesting that the AE-2 epitope is

related to the active center anionic site. We now report that

AE-2 also modulates the rate of AChE inhibition by OPs and

CBs, regardless of whether ATC or IPA is used as the substrate.
Thus AE-2, complexed to FBS AChE, retards the rate of AChE

inhibition by the positively charged inhibitors pyridostigmine,

neostigmine, and amiton, whereas it increases the rate of in-

hibition by the uncharged OPs paraoxon and DFP. An analo-
gous perturbation of activity occurs upon treatment of AChE

with aziridinium ion-generating alkylating agents (9-11), or

with protein-modifying reagents (12), whereas a cassette mu-

tation (13) caused similar kinetic changes in the hydrolysis of

ATC. Present results extend the findings with AE-2, ATC, and

IPA to positively charged and neutral OP and CBs, and they

suggest allosteric AE-2 modulation of sites within the AChE

gorge (14).

Materials and Methods

FBS (GIBCO, Grand Island, NY) AChE was purified to homoge-
neiety by procainamide affmity gel chromatography (15). Amiton-p-
toluene sulfonate was a gift ofDonald M. Maxwell, United States Army

Medical Research Institute of Chemical Defense (Aberdeen Proving

Ground, Aberdeen, MD). Pyridostigmine, neostigmine, DFP, paraoxon,

ATC, and IPA were purchased from Sigma Chemical Co. (St. Louis,

MO).
The activity ofFBS AChE, free or complexed with AE-2, was assayed

colorimetricaily (16) using a concentration of 1 mM ATC as substrate,

in a volume of 3.0 ml of 0.1 M phosphate buffer, pH 8.0, containing
3.11 x iO-� M 5,5’-dithio-bis(2-nitrobenzoic acid). One unit of FBS

AChE activity is defined as the hydrolysis of 1 �mol of 1 mM ATC/

mm at 25’ in 0.1 M phosphate buffer, pH 8.0. Some experiments were

also conducted with IPA as substrate (12). Such reaction systems

contained a concentration of 0.5 mM IPA in 3.0 ml of 0.05 M phosphate
buffer, pH 8.0, and were assayed at a wavelength of 625 am (12). All
reactions were conducted at 25#{176}.Typical incubations for the formation

of AE-2-FBS AChE complexes were conducted for 18 hr in 0.05 M

phosphate buffer, pH 8.0, and contained 3.8 x i0� M to 1.7 x iO� M

FBS AChE active sites and a 6-28-fold molar excess of AE-2. AChE

concentrations are presented in terms of enzyme active sites; ratios of

AE-2 to AChE are presented in terms of multiples of AE-2 required (2,

7) to saturate AChE (4/1); thus, a 6/1 AE-2/AChE ratio is 1.5-fold

saturation. The ATC-hydrolyzing activity of AE-2-FBS AChE com-
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Fig. 1. Structures of the CBs and OPs used in these studies.
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plexes was typically reduced to 25% that of the free enzyme, although

during the 2-year course of these investigations AE-2 appeared to lose
10-15% of its inhibitory effect. For inhibition analysis, the initial

volume of such mixtures varied from 600 �il to 1000 �l and was divided

into 50-il or 100-�zl aliquots for use; graded concentrations of OP or

CB were introduced into such mixtures, and 5-al or 10-�il aliquots were

withdrawn at time intervals for immediate assay. Enzyme or enzyme-
antibody complexes were assayed for activity for a minimum of 30 sec,
to establish an initial linear progress curve for analysis. A Varian DM5-
200 spectrophotometer, driven by the program Spectracalc (Galactic
Industries, Nashua, NH), was used in all experiments.

Eq. 1 (17) describes the reaction between OP or CBs and AChE:

k
E + I ;4 (EI)� -� (EI)q

k2

where E and I are the enzyme and inhibitor concentrations, respec-
tively, (EI)r �5 the concentration of the enzyme-inhibitor intermediate,
and (EI)� is the concentration of the “irreversible” enzyme-inhibitor
complex (17); IC� = k�Jk1 is the equilibrium dissociation constant for
the initial reaction between inhibitor and enzyme. Eq. 2, derived from
this reaction scheme, was used to analyze inhibition data graphically

(17) to obtain the appropriate kinetic constants.

1/i = (i�t/2.303�Jog u)k� - 1/K0

In this equation, i is the inhibitor concentration, t is time in minutes,

and v is reaction velocity. Pseudo-first-order inhibition curves were

used to construct replots in which the slope is equal to the bimolecular
rate constant k�, the intercept on the ordinate (1/i-axis) is equal to -1/

K0, and the intercept on the x-axis is equal to 1/k,,, or 1/kr. The constant

k� is the phosphorylation constant and k� is the carbamylation constant.

These terms should obey the relationship k = k,,/K�, (17).

Results

Paraoxon and DFP are OPs that lack a positive charge, in

contrast to amiton and the CBs neostigmine and pyridostig-
mine (Fig. 1). Incubation of FBS AChE with paraoxon, in the
absence and presence of AE-2, showed AE-2 to markedly ac-
celerate paraoxon inhibition of the enzyme (Fig. 2, upper). In
the presence of AE-2, a 2-fold ratio of paraoxon to complex

(1) was sufficient to cause complete enzyme inhibition in <4 mm.
In the absence of AE-2, this ratio of paraoxon to enzyme

produced approximately 60% inhibition in 30 mm. AE-2 caused
a 5-fold (Fig. 2, inset, Table 1) increase in the bimolecular rate
constant for paraoxon at inhibitor/enzyme ratios between 2

and 30, at a mAb/AChE ratio of 5 times saturation. Table 2

shows AE-2 to cause an 11-fold increase in the affinity (K0) of
the enzyme for paraoxon, while simultaneously causing a 2-

fold reduction (k,,) in the phosphorylation rate. AE-2 also
accelerated DFP inhibition of AChE (Fig. 2, lower, Table 1).

Affinity and velocity data for DFP were unobtainable from this
plot because the rate did not converge to a maximum value in
the concentration range used. An identical result was obtained
in the original paper (17) describing this form of graphical

analysis.
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Fig. 2. Upper, pseudo-first-order plots of paraoxon inhibition of 1 .84 x
1 0-� M FBS AChE in the absence 4 and presence (A) of a 3.75-fold
saturating ratio of AE-2 to AChE active sites and a paraoxon concentra-
tion of 3.59 x i0-� M. Inset, replots of the reciprocal of the slopes of
pseudo-first-order reaction curves versus the reciprocal of the paraoxon
concentrations, illustrating the acceleration of paraoxon inhibition by AE-
2. The concentration of FBS AChE in both groups of reaction mixtures
was 3.97 x 1 0-� M (activity without AE-2, 1 5.6 units/mI; with AE-2, 5.3
units/mi). The concentrations of paraoxon for reaction mixtures lacking
AE-2 were 1.15 x 10� PA, 9.2 x i0� M, 6.9 x i0� M, 4.62 x i0� M,
and 2.3 x 10-� M; paraoxon concentrations in the AE-2-containing
mixtures were 1 .15 x 1O� M, 9.2 x 10-� M, 3.7 x 1o-� M, 2.3 x i0-� PA,

9.2 x iO� N, and 4.62 x i0� PA. Ten-microliter aliquots were withdrawn

every 30 secfor assay. Lower, typical pseudo-first-order plots and replots
(inset) illustrating AE-2 acceleration of DFP inhibition of FBS AChE.

In contrast to the effects of AE-2 on paraoxon and DFP

inhibition ofAChE, AE-2 retarded amiton, pyridostigmine, and
neostigmine inhibition of both ATC and IPA hydrolysis (Figs.

3 and 4; Tables 1 and 2). Inhibition of AE-2-AChE hydrolysis
of ATC by amiton-p-toluene sulfonate contrasted strikingly

with inhibition by paraoxon and DFP. Fig. 3 illustrates pseudo-
first-order plots for inhibition of FBS AChE by amiton-p-

toluene sulfonate in the absence and in the presence of AE-2;

Fig. 3, inset, presents a replot that compares amiton inhibition

of ATC hydrolysis by FBS AChE in the absence and in the
presence of a saturating mAb/enzyme ratio of 7. AE-2 caused
a 10-fold decrease in the rate of amiton inhibition (Table 1).

The replot for amiton inhibition of free AChE also passed

through the origin, therefore preventing a quantitative com-

parison between systems lacking and containing AE-2. AE-2
apparently increased the affinity of amiton for the complex but
decreased the phosphorylation velocity.

Neostigmine and pyridostigmine inhibition of free FBS
AChE and AE-2-FBS AChE complexes is depicted in Fig. 4,
which illustrates typical pseudo-first-order reaction kinetics
and replots using ATC as the substrate in the absence of AE-2

and both ATC and IPA (neostigmine replot) as substrates in
the presence of a 5-fold saturating ratio of AE-2 to FBS AChE.

Replots for neostigmine inhibition of AE-2-AChE could be

presented as a single curve formed from results with both ATC

and IPA (Fig. 4; Tables 1 and 2). AE-2 reduced both the

TABLE 1
Summary of bimolecular rate constants
In view of the occasional use of low inhibftor to enzyme ratios, bimo�ecuIar rate
constants were also routinely calculated (26) by means of appropriate Integral
equations for the hydrolysis of ATC, from the slopes of 10 or more pseudo-first-
order plots produced for each inhibitor in the absence and �esence of AE-2. All
dIfferences between systems containing or lacking AE-2 were significant at p <

0.001 . When IPA was substituted for ATC, bimOlecuLar rate constants for AE-2-
AChE were similar to those Obtalned with ATC, except for amfton, which yielded a
rate constant that was 10-fold lower than that listed.

mte�
Rale a�ai

+AE-2 -AE-2 Ra�o +1-

&r’ min’

Neostigmine
Amiton
Pyrldostigmmne
Paraoxon
DFP

3.80 x 10� 1 .96 x 10�
1.18 x 10� 1.01 x 10�
8.79 x 10� 2.29 x 10�
5.79 x i0� 1.09 x 10�
8.20 x 10� 2.27 x 10�

0.19
0.11
0.38
5.31
3.61

TABLE 2
Carbamylatlon (ks), phosphoryistion (ks), and dissociatIon (K.)
constants for Inhibition of FBS AChE hydrolysis of ATC In the
absence and presence of AE-2
Values were determined from appropriate intercepts (see Materials and Methods).

k,cek,� K.

+AE-2 -AE-2 +1- +AE-2 -AE-2 +1-

mm_I N

Paraoxon 1 .75 4.01 0.43 3.29 x iO� 3.76 x 10� 0.09
Pyridostigmmne 1 .73 4.95 0.34 1 .97 x 10� 1 .65 x 10� 1.19
Neostigmine 0.86 1 .38 0.62 2.05 x 10� 7.09 x 1O� 2.89

Experimental concentrations: FBS AChE, 1 .60 x 10� PA (activity without
AE-2, 62.8 units/mi; with AE-2, 20.3 units/mI); 5-fold saturating ratio of
AE-2 to FBS AChE; 8.5 x 10� PA DFP. Inset, replots of pseudo-first-
order kinetics for AE-2 acceleration of DFP inhibition of FBS AChE. DFP
concentrations were 3.4 x i0� PA, 1.75 x iO� PA, 8.5 x 10� PA, 3.4 x
1 0-� PA, and 1 .75 x i0-� PA. Ten-microliter aliquots were withdrawn every

1 mm for assay.
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Discussion

Previous work has shown that the mAb AE-2 partially inhib-

its the rate of hydrolysis of the charged ester ATC, while
increasing the rate of hydrolysis of the neutral ester IPA (7).
Present research extends these findings to show that AE-2
slows inhibition of FBS AChE by the protonated OP and CB

inhibitors amiton, neostigmine, and pyridostigmine and accel-
erates inhibition by the neutral OP inhibitors paraoxon and
DFP. In instances where the bimolecular step is not rate
limiting and a non-zero intercept on the graph could be ascer-

tamed (paraoxon, pyridostigmine, and neostigmine) (Table 2),

AE-2 reduced both the velocity constant and the affinity of the

CBs and amiton for the complex, as opposed to the free enzyme.

The affinity of the complex, as opposed to the enzyme, in-
creased by a factor of 11 for paraoxon, suggesting that AE-2

either was increasing the efficiency of a site to which paraoxon

bound or was neutralizing a site that negatively influenced its
binding. It is noteworthy, however, that the magnitude of the
phosphorylation constant for paraoxon decreased to a similar

extent as did the carbamylation constants, despite the overall

differences in the rates of inhibition. These results differ from

those obtained with ATC and IPA (7) in that AE-2 did not
change the affmity (Km) of FBS AChE for the respective
substrates but reduced the V� for the charged substrate ATC

and increased the V� for the neutral substrate IPA. Thus, it
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Fig. 3. Typical pseudo-first-order reaction plot, illustrating inhibition of
FBS AChE by 1 .86 x 10� PAamiton-p-toluene suifonate in the absence
(�) and in the presence (A) of a 7-fold saturating ratio of AE-2 to FBS
AChE. The original enzyme concentration was 1.02 x iO� PA(39.9 units/
ml), and AE-2 reduced the ATC-hydroiyzing activity to 12.68 units/mI.
Inset, repiots of pseudo-first-order reac�on klne�cs were produced with
the following concentrations of amiton: 5.58 x 10’ PA, 2.79 x 10� PA,
1.86 x 10� PA, 9.11 x i0� PA, and 4.65 x iO� PA. F,ve-microliteraiiquots
were withdrawn every 30 sec or 1 mm, depending upon the amiton
concentration, for assay.

carbamylation rate and the initial affinity of the enzyme for
both neostigmine and pyridostigmine inhibition of FBS AChE
(Table 2).

Fig. 4. Upper, pseudo-first-order plots of AE-2 retardation of 2 x 10� PA

neostigmine inhibition of ATC hydrolysis by I .01 x iO� PA FBS AChE,
and replots (inset) comparing concentration versus pseudo-first-order
slope reciprocals, in which AE-2 systems contained either ATC or IPA.
In repiots: FBS AChE without AE-2, 5.97 x 10� PA (23.5 units/mI); FBS
AChE with AE-2, 1 .78 x 10� PA; activity, 30.2 unIts/mi (5-fold saturating
ratio of AE-2). Neostigmine concentrations: #{149}(AChE plus ATC), 5.15 x
iO-� PA, 4.46 x 10� PA, 3.75 x 10� PA, 3.03 x iO� PA, and 2.3 x 10� PA;

A (AE-2-AChE PIUS ATC), 3.88 x 10� PA, 3.43 x 10� PA, 2.97 x 10� PA,
2.50 x 10-i PA, 2.02 x 10� PA, and 1.84 x 10� PA; x (AE-2 plus IPA),
9.09 x i0-� PA, 7.41 x iO� PA, 5.66 x 10� PA, 3.85 x 10 PA, and 1.96
x 10-i PA. With ATC, 10-pJ aliquots were withdrawn every I mlii for
assay; with IPA, 10-ui aliquots were withdrawn every 2 mm for assay.
Substitution of IPA for ATC did not change the bimolecular rate constant
for neostigmine with AE-2-FBS AChE (r� = 0.90 for this replot). Lower,
pseudo-first-order plots of 1 x 10� PA pyrkiostigmine mhlbition of the
hydrolysis of ATC by 9.97 x 10’ PA FBS AChE [U (without AE-2), 39.9
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appears that, whereas AE-2 differentially modulates the reac-

tion of AChE with protonated in contrast to neutral substrates
and hemi-substrates (inhibitors), qualitative differences occur

between the dissociation and rate constant terms that in toto

comprise catalysis or inhibition. In addition, limited experi-
ments that compared OP and CB inhibition of IPA and ATC
hydrolysis suggested that the two substrates were processed by

similar catalytic mechanisms and inhibited at the same site.
Although the epitope for AE-2 is unknown, a CNBr-cleaved

peptide consisting of FBS AChE amino acids 53-84 (5) corn-
peted with AE-2 for binding to FBS AChE, suggesting that this
sequence contains one of the AE-2 binding regions. Dot blot

enzyme-linked immunosorbent assays (5) also showed AE-2 to

bind to the analogous sequence from TcAChE, but AE-2 was
not inhibitory. Approximately 50% homology occurs between
these enzymes in this sequence (4, 6). In addition, the mAbs

4E7 and 2C9, raised against TcAChE, also bind to residues

within this sequence but do not inhibit TcAChE (18). The 2C9
epitope has been identified as the sequence 47-63 (18). This

sequence lies on the surface of the enzyme, as a portion of the

hairpin loop before the first a-helix. In contrast, the putative

AE-2 binding region extends beyond position 63 to FBS AChE

position 84 and contains one amino acid recognized to possess

unusual catalytic significance ED74 in human AChE (19) and
FBS AChE (4), D72 in TcAChE (6), and D70 in butyrylcholines-
terase (20)]. However, AE-2 fails to inhibit butyrylcholinester-
ase, and cassette mutations (13, 21) of D74 produce a consider-
able increase in Km values while minimally reducing k�.

Crystallographical analysis (14) of TcAChE shows W� to be

a portion of the anionic site at the active center of AChE,
binding the quaternary ammonium substituents of acetylcho-
line and edrophonium at the base of the gorge, proximal to the

catalytic center S2#{174}(6, 14). It was speculated (14) that neostig-
mine, a carbamyl analog of edrophonium and one of the inhib-
itors used in the present studies, may be expected to be posi-
tioned similarly to edrophoniurn. High concentrations of edro-

phonium, as well as pralidoxime chloride, tend to drive the AE-
2/AChE equilibrium towards dissociation (2, 7). Edrophonium
also caused reorientation of the gorge constituent F3� (FBS

AChE Y337). Mutation of human AChE Y�7A produced the

kinetic characteristics of AE-2-FBS AChE, in that it caused a
75% reduction in the V� of ATC, whereas the Km remained

unchanged. Thus, some data suggest that AE-2 perturbs either
Wse or Y337, or both, most probably through an allosteric

mechanism, in view of the dimensions of the AChE gorge. The

length of the peptide competing with AE-2 may also be signif-
icant, however, because this peptide terminates only two amino

acids short of FBS AChE Wse.

Chemical treatment of AChE also produced effects similar
to those of AE-2 binding to FBS AChE. Thus, Wg� was one of

several alkylation sites (22, 23) in TcAChE. Alkylation of
bovine erythrocyte AChE (11) resulted in a decrease in V,�

for ATC and an increase in V� for IPA. Their respective Km

values remained constant. Alkylation of bovine erythrocyte
AChE also produced a larger reduction in the bimolecular rate

units/mi; A (with AE-2), 5-fold saturation = 14.54 units/mi]. Inset, replot
of the slopes of these and additional curves. FBS AChE and AE-2
concentrations were as deSCribed above. Pyridostigmmne concentrations:
5x105PA,2x 10’PA,l X10’PA,2X10�PA,5fld1 x10�PA.Five-
m�roliter aliquots were withdrawn every 20 or 30 sac, depending upon
the pyridostigmine concentration, and were assayed immediately.

constant for protonated inhibitors than for paraoxon (11);
indeed, the rate constant for amiton was decreased approxi-
mately 900-fold. It also appeared, however, that sulfur-contain-

ing OPs were more severely affected than was paraoxon (11).
Alkylation also perturbed the peripheral anionic site (9-11, 22,

23), and incubation of alkylated eel AChE with curare resulted
in inhibition of IPA hydrolysis. AE-2 did not appear to alter
K�, the substrate inhibiton constant, however (2). Treatment
of bovine erythrocyte AChE with N-bromosuccinimide, which

specifically binds to or alters tyrosine, tryptophan, and thiol
groups, resulted in similar effects on ATC and IPA hydrolysis.
Among the basis for the effects of chemical treatment of AChE

appears to be perturbation or alteration of TcAChE W� (FBS
AChE and human AChE Wise) and TcAChE F3� (human AChE

and FBS AChE Y337). Parallel effects result from specific chem-
ical treatment and AE-2 binding and appear to reinforce the
inference that AE-2 allosterically perturbs either Wse or Y�7,

or both.
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