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ABSTRACT: Acetylcholinesterase (AChE) contains a narrow and deep active site gorge with two sites of
ligand binding, an acylation site (or A-site) at the base of the gorge, and a peripheral site (or P-site) near
the gorge entrance. The P-site contributes to catalytic efficiency by transiently binding substrates on their
way to the acylation site, where a short-lived acyl enzyme intermediate is produced. A conformational
interaction between the A- and P-sites has recently been found to modulate ligand affinities. We now
demonstrate that this interaction is of functional importance by showing that the acetylation rate constant
of a substrate bound to the A-site is increased by a factora when a second molecule of substrate binds
to the P-site. This demonstration became feasible through the introduction of a new acetanilide substrate
analogue of acetylcholine, 3-(acetamido)-N,N,N-trimethylanilinium (ATMA), for which a ) 4. This
substrate has a low acetylation rate constant and equilibrates with the catalytic site, allowing a tractable
algebraic solution to the rate equation for substrate hydrolysis. ATMA affinities for the A- and P-sites
deduced from the kinetic analysis were confirmed by fluorescence titration with thioflavin T as a reporter
ligand. Values ofa >1 give rise to a hydrolysis profile called substrate activation, and the AChE site-
specific mutant W86F, and to a lesser extent wild-type human AChE itself, showed substrate activation
with acetylthiocholine as the substrate. Substrate activation was incorporated into a previous catalytic
scheme for AChE in which a bound P-site ligand can also block product dissociation from the A-site, and
two additional features of the AChE catalytic pathway were revealed. First, the ability of a bound P-site
ligand to increase the substrate acetylation rate constant varied with the structure of the ligand: thioflavin
T accelerated ATMA acetylation by a factora2 of 1.3, while propidium failed to accelerate. Second,
catalytic rate constants in the initial intermediate formed during acylation (EAP, whereEA is the acyl
enzyme and P is the alcohol leaving group cleaved from the ester substrate) may be constrained such that
the leaving group P must dissociate before hydrolytic deacylation can occur.

Acetylcholinesterase (AChE)1 catalyzes the hydrolysis of
the neurotransmitter acetylcholine at one of the highest
known enzymatic rates (5). Considerable progress has been
made in understanding the mechanistic basis of this catalytic
efficiency. Ligand binding studies (7) and X-ray crystal-
lography (8) have revealed a narrow active site gorge some
20 Å deep with two separate ligand binding sites. At the
base of the gorge is the acylation or A-site where residue
W862 binds the trimethylammonium group of acetylcholine
and H447, E334, and S203 participate in a triad that catalyzes

the transient acylation and deacylation of S203 during each
substrate turnover. The peripheral or P-site, spanned by
residues W286 near the mouth of the gorge and D74 near a
constriction at the boundary between the P-site and the A-site,
specifically binds certain ligands such as the neurotoxin
fasciculin (9-12) and the fluorescent probes propidium (7)
and thioflavin T (2). Residues from Y74 through W86
comprise part of anω-loop and extend along one side of
the gorge from the P-site to the A-site.

In recent studies on human AChE we have begun to show
how the P-site and the A-site work in tandem to optimize
catalysis. The substrate acetylthiocholine [a chromogenic
analogue of acetylcholine (Figure 1) with identical kinetic
parameters] was found to bind to the P-site with a somewhat
lower affinity than to the A-site (6), and this transient P-site
binding contributes to catalytic efficiency by trapping
substrates on their way to the A-site (3, 6, 13). The interaction
of substrates with both the A- and the P-sites was not
unexpected. Hydrolysis rates for cationic substrates have long
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been known to deviate from a classical Michaelis-Menten
dependence on substrate concentration, with substrate inhibi-
tion seen at high substrate concentrations (14), and substrate
inhibition was proposed to result from substrate binding to
a peripheral site (15, 16). Ligands that bind specifically to
the P-site do inhibit substrate hydrolysis, and much of this
inhibition results from a process that we have denoted steric
blockade (3, 6, 17). Steric blockade is simply a reduction in
association and dissociation rate constants for ligand binding
to the A-site when a second ligand is already bound to the
P-site. For example, substrate inhibition with acetylthiocho-
line arises from steric blockade of thiocholine product release
from the A-site by a molecule of acetylthiocholine bound to
the P-site (3, 6). Steric blockade also is sufficient to account
for the inhibition of substrate hydrolysis observed when
small, reversible inhibitors bind specifically to the P-site (2,
6, 17).

The P-site is likely to play additional roles in AChE
catalysis. One possibility is that ligand binding to the P-site
alters reaction rate constants for substrates bound to the
A-site. Changeux (18), who was among the first to appreciate
that AChE contained two distinct ligand binding sites,
suggested that allosteric interactions between ligands bound
at these sites might involve conformational changes in the
protein molecule. Solid evidence of ligand-induced confor-
mational changes in AChE has recently been obtained from
studies with fluorescent reporter groups (2, 19). Furthermore,
there may be functional consequences to conformational
interaction between these sites. In a phenomenon called
substrate activation, hydrolysis rates for cationic substrates
again deviate from a classical Michaelis-Menten dependence
on substrate concentration, but now with rates higher than
predicted at moderate substrate concentrations. Such ac-
celeration of the catalytic reaction cannot arise simply from
ligand trapping and steric blockade at the P-site, effects that
do not require conformational interaction between the P- and
A-sites. Substrate activation was first observed in the
cholinesterase gene family with horse serum butyrylcho-
linesterase (BChE) (20-22) but has not been apparent for
wild-type AChE from mammals, electric eel, orTorpedo.

Furthermore, BChE and, more strikingly, wild-typeDroso-
phila AChE were characterized by triphasic substrate hy-
drolysis curves, with substrate activation at intermediate
substrate concentrations and substrate inhibition at high
substrate concentrations (23, 24). In this paper, we briefly
examine substrate activation with acetylthiocholine in wild-
type human AChE and the W86F mutant and then introduce
the new acetanilide substrate ATMA, whose structure (Figure
1) is very similar to that of acetylcholine and the transition
state analogue TMTFA (12). This substrate shows triphasic
hydrolysis curves with wild-type human AChE, and its slow
turnover allows equilibrium analysis both of the hydrolysis
kinetics and of fluorescence titrations in the presence of
thioflavin T. The data are quantitatively consistent with a
model in which substrate binding to the P-site gives rise to
both substrate activation and substrate inhibition by acting
on different steps in the catalytic pathway.

EXPERIMENTAL PROCEDURES

Materials. Recombinant human AChE was expressed as
a secreted, disulfide-linked dimer inDrosophilaS2 cells and
purified as outlined previously (25). The W86F mutant of
human AChE was constructed by procedures similar to those
described previously for D74G AChE (3). The D74G and
W86F AChEs were purified from culture medium by two
cycles of affinity chromatography on acridinium resin (1).
The affinity chromatography procedure was modified in that
NaCl concentrations used during the washing steps did not
exceed 100 mM and TX-100 was reduced to 0.02% to
prevent excess stripping of bound protein off the column.
Purified recombinant AChE samples analyzed by SDS-
PAGE (26) showed no contaminants. Thioflavin T and
o-nitrophenyl acetate were from Sigma. Thioflavin T was
recrystallized from water, and concentrations were assigned
by absorbance at 412 nm withε412nm ) 36000 M-1 cm-1.
Concentrations of propidium iodide (Calbiochem) were
determined with an extinction coefficientε493nm) 5900 M-1

cm-1 (7). TMTFA (kindly provided by Dr. Daniel Quinn,
University of Iowa) concentrations were calibrated by
absorbance at 225 nm usingε225nm ) 43900 M-1 cm-1.

Syntheses of 3-(Acetamido)-N,N,N-trimethylanilinium Io-
dide (ATMA) and 3-Amino-N,N,N-trimethylanilinium Iodide.
A heterogeneous mixture of 3-amino-N,N-dimethylaniline
dihydrochloride (Aldrich; 5.0 g, 24 mmol) and triethylamine
(12.6 mL, 91 mmol) in 150 mL of dichloromethane was
cannulated into a stirred solution of acetyl chloride (2.1 mL,
29 mmol) in dichloromethane cooled to-10 °C. The
resulting mixture was left stirred for 2 h at 0°C and for 12
h at room temperature. Water was added, and the dichlo-
romethane solution was separated in a separatory funnel.
After concentration and silica gel chromatography (using
50-60% ethyl acetate/hexane as eluent),N-[3-(dimethyl-
amino)phenyl]acetamide (compound I) was isolated as a clear
oil: yield 3.1 g (72%);1H NMR (CDCl3) δ 7.25 (1H, br s,
NH), 7.17 (1H, t, 1H,J ) 8.2 Hz), 7.08 (1H, br s), 6.76
(1H, br d,J ) 7.8 Hz), 6.52 (1H, br d,J ) 8.2 Hz), 2.92
(6H, s), 2.12 (3H, s); IR (thin film) 1670 cm-1.

A homogeneous mixture of compound I (300 mg, 1.7
mmol) and iodomethane (8 mL) was left standing in the dark
at room temperature overnight. The white crystals produced
were dissolved in hot water and treated with charcoal.

FIGURE 1: Structures of acetylcholine analogues and thioflavin T
utilized in these studies.
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Cooling the aqueous filtrate gave pure ATMA in essentially
quantitative yield:1H NMR (D2O) δ 8.06 (1H, br m), 7.58-
7.55 (2H, m), 7.51 (1H, m), 3.51 (9H, s), 2.12 (3H, s); IR
(solid) 1679 cm-1; MS [235, M+ - (acetyl+ methyl)].

3-Amino-N,N,N-trimethylanilinium chloride has been pre-
pared from ATMA by refluxing in 50% (v/v) ethanol-
concentrated HCl for 2 h (27). We employed an alternative
procedure in which 3-amino-N,N-dimethylaniline dihydro-
chloride was converted to its butyloxycarbonate (BOC)
derivative (dibutyl dicarbonate, dioxane, Na2CO3, H2O) and
then methylated in MeI as solvent to giveN-BOC-N′,N′,N′-
trimethylanilinium iodide. Removal of the BOC protecting
group (dry HCl, ethyl acetate) followed by HPLC purification
afforded pure 3-amino-N,N,N-trimethylanilinium chloride:
1H NMR (D2O) δ 7.21 (1H, br d,J ) 7.72 Hz), 7.67 (2H,
m), 7.42 (1H, br d,J ) 8.6 Hz), 3.59 (9H, s).

Steady-State Measurements of AChE-Catalyzed Substrate
Hydrolysis. Hydrolysis ratesV were measured by spectro-
photometry in 60 mM NaCl, 20 mM sodium phosphate, and
0.02% Triton X-100 at 25°C. To maintain constant ionic
strength when the concentrations of the cationic substrates
acetylthiocholine and ATMA exceeded 1 mM, NaCl con-
centrations were decreased such that the sum of the substrate
and NaCl concentrations was 60 mM. The pH was adjusted
to 7.0 unless otherwise noted. Three substrates were em-
ployed. With acetylthiocholine, thiocholine generated in the
presence of 0.33 mM DTNB (28) was determined by
formation of the thiolate dianion of DTNB at 412 nm
[∆ε412nm ) 14150 M-1 cm-1 at pH 7.3 (29)]. Hydrolysis of
o-nitrophenyl acetate was measured by the appearance of
o-nitrophenol (pKa ) 7.0) at its isosbestic point at 373 nm
(∆ε373nm) 2800 M-1 cm-1). With ATMA, the formation of
the aniline hydrolysis product 3-amino-N,N,N-trimethyl-
anilinium (pKa ) 2.4) was followed at 290 nm (∆ε290nm )
1850 M-1 cm-1) for ATMA concentrations below 5 mM and
at 310 nm (∆ε310nm) 465 M-1 cm-1) for higher concentra-
tions. Concentrations of the substrate stocks were established
by absorbance measurements following complete AChE-
catalyzed hydrolysis to their respective products: thiocholine
as the thiolate dianion of DTNB at 412 nm [ε412nm= ∆ε412nm

) 14150 M-1 cm-1 (29)]; o-nitrophenol (λmax at 416 nm,
ε416nm) 5600 M-1 cm-1 in 0.1 N NaOH;λ at 373 nm,ε373nm

) 3000 M-1 cm-1); and 3-amino-N,N,N-trimethylanilinium
(λmax at 286 nm,ε286nm ) 1960 M-1 cm-1 at neutral pH).
Reactions were recorded for 1-7 min on a Varian Cary 3A
spectrophotometer. Substrate concentrations were corrected
for substrate depletion resulting from hydrolysis during the
assay, and hydrolysis ratesV at the average assay interval
tav were adjusted for nonenzymatic hydrolysis. At very low
substrate concentrations values ofV were sometimes con-
firmed by fitting the complete time course of the absorbance
A to the relationshipA ) A0 + ∆A(1 - e-kt), where∆A was
fixed as the product of the initial substrate concentration and
the difference extinction coefficient, andV at tav was
calculated asV ) ∆Ake-ktav. The ratio of monobasic and
dibasic sodium phosphate (each 20 mM) was adjusted to
obtain hydrolysis rates at pH 5.5. At pH 5.0, mixtures of 20
mM acetic acid and 20 mM sodium acetate were used in
place of sodium phosphate to increase buffering. In these
buffers, the value of∆ε412nmfor the thiolate dianion of DTNB
was calculated on the basis of a pKa of 4.53 (29), and the
pH was confirmed at the end of each reaction. To stabilize

AChE at pH 5.0 and 5.5, bovine serum albumin was added
to each reaction to a final concentration of 0.1 wt %.

The total concentration of enzyme active sites ([E]tot) for
wild-type and D74G AChE was calculated by assuming 450
units/nmol (2, 3).3 For W86F AChE, [E]tot was determined
by titrations with TMTFA (17) and DEPQ (25), and a cali-
bration factor of 3.0∆A412nm/min was established for 1 nM
W86F AChE and 5 mM acetylthiocholine in 20 mM sodium
phosphate and 0.02% Triton X-100 (pH 7.0) at 25°C.

The second-order rate constant for substrate hydrolysis was
denotedkcat/Kapp. As the substrate concentration [S] ap-
proaches zero,V/[E]tot ) (kcat/Kapp)[S] for virtually all models
of AChE hydrolysis. Before hydrolysis rates for a full range
of substrate concentrations were fitted to models below,
kcat/Kappwas determined by applying the Michaelis-Menten
expressionV/[E]tot ) (kcat/Kapp)[S]/(1 + [S]/Kapp) over the
range [S]< 0.6Kapp. When data sets with slightly different
kcat/Kapp determinations were combined on one graph with a
mean (kcat/Kapp)M, [E]tot was normalized to [E]N such that
(kcat/Kapp)M[E]N ) (kcat/Kapp)[E]tot.

A Two-Site Model of ATMA Hydrolysis. Schemes 4 and 5
(Appendix) and eq 5 (Appendix) present mechanistic models
for substrate inhibition and substrate activation. For efficient
substrates such as acetylthiocholine, quantitative examination
of these models is challenging. However, with substrates for
which k2 in Scheme 5 is sufficiently small, all reversible
reactions reach equilibrium, and solution of the steady-state
rate equations is simplified considerably. To decreasek2 into
this range, we introduced the cationic acetanilide substrate
ATMA. The ratio ofk2 to k3 for this substrate with AChE is
about 103-fold lower than that for acetylthiocholine. The low
value ofk2 not only allows the equilibrium assumptions but
also reduces the acetyl enzymeEA and all its ligand
complexes in Scheme 5 to negligible levels. Scheme 5 then
is condensed to Scheme 1.

In this scheme as in Scheme 5, the acylation rate constant
k2 is altered by the factora in the ESSP ternary complex,
and the dissociation rate constantk-P of the product (here
3-amino-N,N,N-trimethylanilinium) is altered by the factor
g when substrate is bound to the P-site prior to product
dissociation. The equilibrium dissociation constantsKS )
k-S/kS and K1 ) k-1/k1. The steady-state equations for
Scheme 1 may be solved algebraically to give eq 1. In eq 1,
KM ) KSK1. The second-order rate constantkcat/Kapp ≡
k2/KM was measured as noted above at low substrate
concentration, and the full eq 1 was then fitted with three

3 One unit of AChE activity corresponds to 1µmol of acetylthio-
choline hydrolyzed/min under standard pH-stat assay conditions at pH
8 (1, 2). Our conventional spectrophotometric assay at 412 nm is
conducted in pH 7 buffer. With wild-type AChE and 0.5 mM
acetylthiocholine, this assay results in 4.8∆A412nm/min with 1 nM AChE
or about 76% of the pH-stat assay standard.

Scheme 1
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fixed parameters (k2/KM, i, andg) and four variables (iKS,
KM, a, andk-P).

Inclusion of a P-site inhibitor during hydrolysis of ATMA
results in the extension of Scheme 1 to Scheme 6 and eq 1
to eq 6 as presented in the Appendix.

Inhibition Constants for ReVersible Inhibitors. At low
concentrations of all the substrates used in this study,
reciprocal plots ofV-1 vs [S]-1 were linear in the absence
and the presence of a fixed concentration of an inhibitor I.
Slopes of these plots were calculated by weighted linear
regression analyses assuming thatV has a constant percent
error. These slopes were reciprocals of the apparent second-
order hydrolysis rate constantsz. In the absence of I,z is
denotedzI)0 ) Vmax/Kapp. Measuredzat various [I] were fitted
according to eq 2 by weighted nonlinear regression analyses

to obtain the inhibition constantKI and the experimental
parameterR (2, 17).4 KI is the equilibrium dissociation
constant for I withE. The constantR is simply the ratio of
the second-order rate constant with saturating I to that in
the absence of I.

Determination of Ligand Affinities for the P-Site by
Fluorescence Titration with ThioflaVin T. The fluorescence
of thioflavin T is enhanced when bound to the AChE P-site
(2). Fluorescence was monitored on either a Perkin-Elmer
LS-50B luminescence spectrometer or a Cary Eclipse
fluorescence spectrophotometer. The sample for each ex-
perimental point was premixed and then measured in 0.2-2
mL cuvettes at pH 7.0 in 60 mM NaCl, 20 mM sodium
phosphate, and 0.02% Triton X-100 with thermostating at
23 °C. To maintain constant ionic strength when the
concentration of ATMA exceeded 1 mM, NaCl concentra-
tions were decreased such that the sum of the ATMA and
NaCl concentrations was 60 mM. Thioflavin T fluorescence
(F) was measured with excitation at 450 nm and emission
either fixed at 490 nm or scanned from 480 to 530 nm with
excitation and emission slits of 10-20 nm. When scans were
obtained, total areas under the fluorescence emission curves
were calculated.

To restrict the fluorescence titrations to just the P-site and
to minimize the effect of ATMA hydrolysis on the titrations,
the A-site of AChE was blocked by inactivation with
TMTFA or echothiophate. The inactivated enzymes were
generated by incubating a 3-fold molar excess of TMTFA
or echothiophate with 10-20 µM AChE for several hours
at room temperature prior to dilution for fluorescence
measurements. Residual enzyme activity was confirmed to

be<0.03% of the initial activity by the standard acetylthio-
choline assay.

In experiments with thioflavin T and AChE alone,
measurements ofF were analyzed with eq 3 (2, 30). In eq

3, D ) [E]tot + [L] tot + KL, where [E]tot and [L]tot are the
total enzyme and thioflavin T concentrations, respectively,
andKL is the equilibrium dissociation constant;FB ) B +
fL[L] tot + fE[E]tot, whereB is the blank fluorescence without
E or L; and fL, fEL, and fE are the fluorescence intensity
coefficients for free thioflavin T, bound thioflavin T, and
free enzyme, respectively. Values offL and fE were deter-
mined from measurements with thioflavin T or enzyme alone.
Because the absorbance of thioflavin T was significant at
the excitation wavelength (ε450nm ) 8500 M-1 cm-1),
observedF values (Fobs) were corrected (Fcorr) for inner
filter effects (31) as follows: log(Fcorr) ) log(Fobs) +
0.5(A450)(path), whereA450 is the absorbance at 450 nm and
path is the path length of the excitation beam in the
fluorescence cuvette. Data were fitted to eq 3 by nonlinear
regression analysis (Fig.P), with either [L]tot or [E]tot as the
independent variable. Initial fitting involvedKL, fEL, andB
as the fitted parameters, and values ofF were weighted by
assuming constant percent error. The fitted value ofB was
then fixed in an unweighted final fitting withKL andfEL as
the fitted parameters.

In other experiments, thioflavin T fluorescence was
employed to evaluate interactions of ATMA (S) at the A-
and P-sites. Scheme 6 (Appendix) was simplified to Scheme
2 because intermediates involvingEP were assumed negli-
gible.

In this scheme the affinity of thioflavin T (L) at the P-site
(denoted by subscript P) of AChE is characterized by the
dissociation constantKL in the absence of substrate and by
i2KL when S occupies the acylation site. All reactions were
assumed to reach equilibrium, and the fluorescence data were
analyzed with eq 4. In eq 4,FB ) B + fL[L] tot + fS[S]tot,

whereB is the blank fluorescence withE in the absence of
L or S. Values offL andfS were determined from measure-
ments with thioflavin T or ATMA alone. Data were fitted
to eq 4 by nonlinear regression analysis (Fig.P), with [S] as
the independent variable and values ofF weighted by
assuming constant percent error. With wild-type AChE,KL,
i, and i2 were fixed, andKM, iKS, fEL, andfEL/fELS were the
fitted parameters. With echothiophate- and TMTFA-inacti-4 This equation was inverted and thus incorrect in ref6.

zI)0

z
)

1 + [I]/ KI

1 + R[I]/ KI

(2)

F ) FB + 0.5(fEL - fL)[D - xD2 - 4[E]tot[L] tot ] (3)

Scheme 2

F ) FB +
[E]tot fEL

[L]
KL

[1 + (fELS

fEL
)( [S]

i2KM
)]

1 +
i[S]
iKS

+
[L]
KL

+
[S]
KM

[1 +
[S]
iKS

+
[L]
i2KL

]
(4)
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vated AChE,KM
-1 was set to zero,KL was fixed, andKS

and fEL were the fitted parameters.

RESULTS

Substrate ActiVation during Acetylthiocholine Hydrolysis
Is Readily ObserVed with Human W86F AChE but Not
with Wild-Type or D74G AChE.Substrate inhibition and
substrate activation are defined as deviations from classical
Michaelis-Menten substrate hydrolysis profiles. Profiles of
acetylthiocholine hydrolysis by wild-type, D74G, and W86F
AChEs are shown in Figure 2. In plots of normalized
hydrolysis ratesV/[E]tot vs the substrate concentration [S] in
Figures 2A-C, substrate inhibition is recognized as a
decrease from the maximumV/[E]tot at high [S]. It is more
apparent with wild-type AChE in panel A and W86F AChE
in panel C than with D74G AChE in panel B. D74
contributes to ligand affinity at the P-site (the acetylthio-
choline affinity decreased 10-20-fold in D74G AChE), and
this decrease in P-site affinity was sufficient to account for
the nearly complete loss of substrate inhibition with D74G
AChE (3). Substrate activation is defined as an increase in
V/[E]tot from that corresponding to a hyperbolic Michaelis-
Menten profile. Such a deviation is difficult to see in panels
A-C of Figure 2, but it can become more evident when the
x-axis is replotted in the Eadie-Hofstee format in Figure
2D-F. In this format, adherence to the Michaelis-Menten
formulation results in a straight line of negative slope. The

data for wild-type and D74G AChEs in Figure 2D,E conform
to such linear plots until substrate inhibition intervenes at
the left of each curve. However, data points for W86F AChE
in Figure 2F at intermediate substrate concentrations fall
above the dashed line established at low substrate concentra-
tions before substrate inhibition again intervenes at the
highest substrate concentrations. Therefore, W86F AChE
shows substrate activation at intermediate concentrations as
well as substrate inhibition at high concentrations.

Substrate inhibition and activation are important phenom-
ena because they can reveal underlying features of an enzyme
catalytic site. Unfortunately, quite different catalytic mech-
anisms can result in identical substrate hydrolysis profiles,
and additional experimental data are necessary to select the
appropriate mechanism. It is generally conceded that sub-
strate inhibition or activation occurs only when a second
molecule of substrate interacts with an enzyme catalytic
intermediate produced by an initial substrate molecule. The
resulting ternary complex can be as simple asESS. Substrate
inhibition occurs if ESS is unreactive, as proposed by
Haldane (32). Alternatively, substrate activation arises ifESS
undergoes catalytic turnover more rapidly thanES. Simple
models limited toESS are often invoked to allow fitting of
substrate inhibition or substrate activation data with cho-
linesterases (e.g., refs19 and 33). However, these models
are insufficient if a hydrolysis profile is triphasic, showing
both substrate inhibition and activation, as in Figure 2F.

FIGURE 2: Substrate activation during acetylthiocholine hydrolysis is easily detected with human W86F AChE but not with wild-type or
D74G AChE. Panels A-C: Representative plots ofV/[E]tot vs [S] for wild type (A), D74G (B), and W86F (C) at pH 7.0. [E]tot corresponded
to 80-150 pM in each case. The solid lines indicate analyses with eq 5 (as outlined in the Appendix) and predetermined fixed values of
kcat/Kapp (Table 1) to give fitted parameters that are included in the averages in Table 1. Two independent data sets (4, 3) were fitted
simultaneously for the wild-type enzyme. The dotted lines correspond to the best fits of data below 5 mM [S] to the Michealis-Menten
equation. Panels D-F: Data and fitted lines in panels A-C were transformed to the Eadie-Hofstee format (corresponding toV/[E]tot vs
V/[E]tot[S]) to clarify the substrate activation phase, which is indicated by the deviation of points above the dashed line calculated as
outlined under eq 5 in the Appendix.
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Triphasic profiles also have been observed withDrosophila
AChE, and a curve-fitting model involving substrate binding
in two distinct ternary complexes was proposed (34). One
ternary complex was unreactive and resulted in substrate
inhibition, and the other complex resulted in acceleration of
the catalytic pathway and substrate activation. We consider
a similar curve-fitting model in Scheme 4 (Appendix), where
substrate can bind to three enzyme sites. This model is very
simple because it assumes equilibrium substrate binding and
no interaction between sites. Its major advantage is that the
corresponding rate equations can be solved algebraically (eq
5), providing kinetic parameters to quantify and compare
triphasic profiles. For example, parameters for the W86F
profile in Figure 2F (listed in Table 1) include the equilibrium
dissociation constants for substrate binding to the activation
site (Ksa ) 1.9 mM), to the inhibition site (Ksi ) 86 mM),
and to the catalytic site (Kd ) 0.21 mM). Acetylthiocholine
turnover in theESSsa complex is increased by the factorasa

) 5.8 relative to turnover in theES complex.
The three-site model detects a small substrate activation

component with high sensitivity. Activation is indicated by
anasa value greater than 1. Fitting of the hydrolysis profile
for wild-type AChE in Figure 2A to eq 5 yieldedasa ) 1.1
( 0.2. Since this value is not significantly different from 1,
it would be hard to conclude from this single profile that
wild-type AChE shows substrate activation at pH 7.0.
However, an average value ofasa ) 1.15 ( 0.03 was
obtained when a large number of profiles for wild-type AChE
was analyzed (Table 1),5 suggesting that a small but
significant substrate activation does occur with wild-type
AChE. Masson et al. recently reported that substrate activa-
tion with wild-type AChE is enhanced at lower pH (35), and
we have confirmed this observation by analysis with eq 5
(Figure 3). At both pH 5.5 and pH 5.0, the points in Eadie-
Hofstee plots fall above the dashed line in Figure 3B, and
fitted values ofasa were 1.31 and 1.97 at pH 5.5 and 5.0,
respectively (Table 1). Therefore, wild-type human AChE
at lower pH also shows triphasic substrate activation and
substrate inhibition curves, although these effects are less
pronounced than for the W86F mutant.

While Scheme 4 and eq 5 are useful for curve fitting and
for detecting substrate inhibition and activation, they are of
little help in understanding the AChE catalytic mechanism.

As noted in the introduction, the A- and P-sites in the AChE
catalytic site are well established, but there is no evidence
for the third independent substrate binding site postulated
in Scheme 4. It thus becomes a mechanistic challenge to
account for triphasic hydrolysis profiles such as that for
W86F in Figure 2 with a model involving only the A- and
P-sites. Scheme 5 (Appendix) proposes such a model. This
scheme, which we proposed previously (3, 6), makes explicit
four A-site intermediates on the catalytic pathway and allows
consideration of the effects of substrate binding to the P-site
on each of them. If the binding of substrate (S) had no effect
(a ) b ) g ) i ) 1 in Scheme 5), hydrolysis data such as
that in Figure 2 would follow Michaelis-Menten profiles.
To account for hydrolysis data for acetylthiocholine and wild-
type AChE, where substrate inhibition is the predominant
deviation from a Michaelis-Menten profile (Figure 2A), it
was sufficient to restrict effects to just one reaction, product
dissociation from intermediatesEAPSP and EPSP, as pro-
posed in our steric blockade model (3, 6, 17). Hydrolysis
data were fitted to this model with the SCoP program
outlined in the Appendix. When the rate constantk-P for
product dissociation was reduced by the factorg with S
bound to the P-site, substrate inhibition data with wild-type
AChE like that in Figure 2A were accurately fitted withg
values approaching 0.01 (3, 6, 17). We now find that, if this
steric blockade assumption (g ) 0.01) is retained and the
relative acetylation rate constanta or deacetylation rate

5 A large number of hydrolysis profiles for wild-type AChE were
generated in analyzing inhibition patterns by various inhibitors for a
manuscript in preparation.

Table 1: Analysis of Substrate Hydrolysis According to the Three-Site Model in Scheme 4a

enzyme substrate pH n
kcat/Kapp

(mM-1 s-1) asa Ksa (mM) Ksi (mM) Kd (mM)

W86F AChE acetylthiocholine 7.0 5 5.0× 103 5.8( 1.0 1.9( 0.2 86( 4 0.21( 0.06
D74G AChEb acetylthiocholine 7.0 1 3.5× 103 -c -c 290( 60 1.71( 0.03
wild-type AChE acetylthiocholine 7.0 11 7.7× 104 1.15( 0.03 0.5( 0.2 26( 1 0.073( 0.007
wild-type AChE acetylthiocholine 5.5 2 1.0× 104 1.31( 0.08 4( 3 230( 90 0.127( 0.003
wild-type AChE acetylthiocholine 5.0 1 2.5× 103 2.0( 0.3 1.1( 0.3 700( 300 0.24( 0.04
wild-type AChE ATMA 7.0 6 1.1× 102 4.1( 0.2 2.7( 0.4 108( 8 0.045( 0.005
a Acetylthiocholine hydrolysis profiles (n independent sets) like those in Figures 2 and 3 were fitted with eq 5 to obtain the three equilibrium

constantsKsa, Ksi, andKd and the relative acceleration constantasa in Scheme 4. ATMA hydrolysis profiles such as those in Figure 4 also were
analyzed with eq 5. Values ofkcat/Kapp employed in the analyses were obtained prior to fitting as outlined in the Experimental Procedures, and the
average values are shown. In this and other tables in this report, listed values whenn > 1 are unweighted means with standard errors of the mean;
whenn ) 1, they are the fitted value with the standard error calculated from the fitting procedure.b Data for D74G was taken from ref3. c The
fitted Ksa

-1 was zero, removingasa as a variable.

FIGURE 3: Substrate activation during acetylthiocholine hydrolysis
by human wild-type AChE becomes more apparent at pH values
below 7.0. Panel A: Plots ofV/[E]tot vs [S] at pH 5.0 (O) and for
two independent data sets at pH 5.5 (4, 3). [E]tot corresponded to
300-800 pM. The solid lines were fitted with eq 5 to obtain the
parameters indicated in Table 1. Panel B: Data and fitted lines in
panel A were transformed to the Eadie-Hofstee format to clarify
the substrate activation phase as in Figure 2.
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constantb in Scheme 5 is allowed to vary, the fitted curves
showing both substrate activation and substrate inhibition
with W86F AChE (Figure 2C) or wild-type AChE at pH
5.5 (Figure 3A) can be reproduced precisely. The fitted
parameters witha as a variable are listed in Table 2. In
addition to a, these parameters include the equilibrium
constantKS for substrate binding to the P-site and the rate
constantsk2 andk-P. Table 1 indicates that fitted values of
a andasa followed similar trends in the two-site and three-
site models, although thea values in the two-site model were
somewhat larger. Other features of the fitted parameters are
considered in the Discussion. The key conclusion here is
that the two-site model in Scheme 5 can quantitatively
account for triphasic hydrolysis profiles. However, the
hydrolysis curves alone when fitted by this two-site model
unfortunately did not provide a unique solution. An increase
in eithera or b was sufficient to provide a good fit, so these
curves do not resolve whether acetylation or deacetylation
rate constants are increased during substrate activation.

Substrate ActiVation Occurs at the Acetylation Step with
the Substrate Analogue 3-(Acetamido)-N,N,N-trimethyl-
anilinium (ATMA). If acetylation rates are accelerated during
substrate activation, the activating ligand must bind toES,
the enzyme intermediate that undergoes acetylation. To test
this possibility, substrates for which acetylation is rate-
limiting (k2 , k3) are attractive, because they generate very
low levels of acetylated enzyme intermediates and allow
simplification of Scheme 5. These substrates can be identified
because they have low values of the turnover numberkcat

relative to those for good substrates such as acetylthiocholine,
phenyl acetate, ando-nitrophenyl acetate. Most low turnover
substrates that have been reported, however, such as in-
dophenyl acetate (36) and o-nitroacetanilide (37), are un-
charged and thus unlikely to bind to the P-site to give
substrate activation. The only low turnover cationic substrate
known is the amide analogue of acetylcholine (38), for which
no convenient spectrophotometric assay is available. Aceta-
nilides are attractive low turnover substrates because aceta-
nilide bonds are much stronger than ester bonds and the
formation of aniline products can be monitored by spectro-
photometry. Quinn and colleagues have shown thatkcat/Kapp

for o-nitroacetanilide with AChE is 1000-fold lower than
that for o-nitrophenyl acetate (39) and thatkcat values of
anilides in general are 1-3 orders of magnitude lower than
those of the corresponding aryl esters (37). Therefore, we
synthesized the acetanilide substrate analogue ATMA, a
compound previously examined only as an inhibitor of AChE
(27, 40). The structure of this compound is very similar to
those of high-affinity A-site ligands such as TMTFA and
edrophonium (Figure 1).

Hydrolysis of ATMA can be conveniently followed by
the absorbance difference with its aniline product at 290 nm.
RatesV were obtained at initial ATMA concentrations as
low as 10µM, allowing a determination ofkcat/Kappwith wild-
type AChE of 105 mM-1 s-1 (Table 1). This value is about
700-fold lower than that for acetylthiocholine in Table 1,
consistent with the previous reports of the relative activity
of acetanilides with AChE. The hydrolysis profile in Figure
4A indicated slight substrate inhibition at the highest ATMA
concentrations, and the Eadie-Hofstee transformation in
Figure 4B revealed significant substrate activation as well.
Fitting of the data to eq 5 for the three-site equilibrium model
in Scheme 4 gave a substrate activation parameterasa ) 4.1
andKd ) 45 µM (Table 1). Sincekcat/Kapp is equivalent to
k2/Kd in this model, ak2 for ATMA of 5 s-1 was calculated
as the product ofkcat/KappandKd. This estimate ofk2 is about
2000-fold lower than estimates ofk2 andk3 for acetylthio-
choline with wild-type AChE (see Table 2). Since both
substrates generate the same acetyl enzyme intermediate and
thus are characterized by the samek3 value, the lowk2 value
indicates that acetylation is rate limiting for ATMA (kcat )
k2) and that the acetylated enzyme intermediates included
in Scheme 5 are negligible. Scheme 5 is then simplified to
Scheme 1. Furthermore, the slow acetylation step allows
ATMA to equilibrate fully at the A-site, a simplification that
allows the steady-state rate equations for Scheme 1 to be
solved in a tractable algebraic form (eq 1) without resorting
to the numerical integration necessary for Scheme 5.

Table 2: Analysis of Substrate Hydrolysis According to the Two-Site Model in Schemes 5 and 1a

enzyme substrate pH n a iKs (mM) k-P (s-1) k2 (s-1) KM (mM)

W86F AChE acetylthiocholine 7.0 5 16( 7 2.3( 0.3 (1.2( 0.1)× 105 (9 ( 3) × 102

wild-type AChE acetylthiocholine 7.0 11 1.9( 0.2 0.9( 0.2 (1.2( 0.1)× 105 (1.2( 0.02)× 104

wild-type AChE acetylthiocholine 5.5 2 7( 1 3.3( 0.2 (5.3( 0.3)× 104 (1.8( 0.2)× 103

wild-type AChE acetylthiocholine 5.0 1 4 3 7× 104 1.5× 103

wild-type AChE ATMA 7.0 6 4.1( 0.2 2.7( 0.4 700( 100 5.3( 0.4 0.047( 0.006
a The acetylthiocholine hydrolysis profiles in Table 1 were analyzed by numerical solution of the nonequilibrium rate equations with the program

SCoP. Scheme 5 fitting employed fixed parameter assignments similar to those used previously (see Appendix and ref3), except thata joinedKS,
k-P, andk2 as a fourth fitted parameter. The ATMA hydrolysis profiles in Table 1 were fitted to eq 1 with fixed parametersi ) 3 andg ) 0.01
to obtain the fitted parametersa, iKS, k-P, andKM ) KSK1 (see Experimental Procedures). The value ofk2 was calculated as the product of the
predeterminedkcat/Kapp and fittedKM. Values ofkcat/Kapp employed in the analyses were taken from Table 1.

FIGURE 4: Substrate inhibition and activation are apparent during
ATMA hydrolysis by human wild-type AChE. Panel A: Plots of
V/[E]tot vs [S] for two independent data sets at pH 7.0 (4, 3). [E]tot
corresponded to 35-38 nM. Points at ATMA concentrations above
2 mM are the means of two to four measurements. The solid line
was fitted with eq 5 to obtain parameters included in the averages
in Table 1. Panel B: Data and fitted lines in panel A were
transformed to the Eadie-Hofstee format to clarify the substrate
activation phase as in Figure 2.
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Equation 1 contains seven variable parameters for fitting
of data like that in Figure 4A, and these are reduced to six
by independent determination ofkcat/Kapp at low ATMA
concentrations. Two of these parameters (i ) 3 andg ) 0.01)
were fixed, and the remaining four (a, iKS, k-P, and KM)
were fitted to give the values for the two-site model in Table
2. iKS is a measure of ATMA affinity for the P-site when
ATMA is bound to the A-site (ESSP in Scheme 1). This
affinity (iKS ) 2.7 mM) was more than 50-fold lower than
the ATMA affinity for the A-site (KM ) 47 µM). The fitting
was not sensitive to the value ofi (fitted parameters varied
less than 20% over the range 1e i e 10) because the binary
complexESP was a very minor species. A value ofi ) 3
was selected on the basis of comparisons with other P-site
ligands as noted in Table 5 below. Sensitivity tog also was
low (variation less than 20% over the range 0e g e 0.04)
except fork-P, which varied nearly 2-fold over this range.
The equilibrium assumptions in Scheme 1 and eq 1 were
verified by fitting with the same fixed parameters in the
nonequilibrium SCoP model (see footnote 7 in the Ap-
pendix). Agreement for the four fitted parameters in Table
2 was within 0.3%. Since eqs 5 and 1 reflect equilibrium
versions of Schemes 4 and 1, respectively, it is not surprising
that the lines fitted to both equations for the data in Figure
4 superimposed precisely and that very similar values ofa
()asa), iKS ()Ksa), KM ()Kd), and k2 were obtained from
the two schemes (Tables 1 and 2). This agreement empha-
sizes that both models postulate that substrate activation
arises from equilibrium substrate binding to a site distinct
from the catalytic or A-site with consequent acceleration of
the acetylation reactionk2. They differ in that Scheme 4
attributes substrate inhibition to substrate binding to a
hypothetical third site while Scheme 1 stipulates that both
substrate activation and inhibition derive from substrate
binding to the P-site with differing effects on acetylation (a
> 1) and product dissociation (g , 1).

Confirmation of ATMA Affinities for the A-Site and P-Site
in AChE by Titrations with ThioflaVin T, a Fluorescent
Reporter Ligand.Fitting of kinetic data alone to a mecha-
nistic model like that in Scheme 1 is not sufficient to establish
the validity of the model. To gain additional evidence to
support Scheme 1, we obtained estimates ofKM and iKS

independent of the kinetic parameters from ATMA hydroly-
sis. First, we examined ATMA as an inhibitor of acetylth-
iocholine hydrolysis at low acetylthiocholine concentrations
to confirm the prediction thatKI for ATMA as an inhibitor
is equal to itsKM in Scheme 1. ATMA behaved as a pure
competitive inhibitor, having no effect on the intercepts of
reciprocal plots ofV-1 vs [acetylthiocholine]-1 at ATMA
concentrations as high as 500µM (data not shown). Analysis
of the reciprocal plot slopes with eq 2 showed a linear
dependence on ATMA concentration with a competitive
inhibition constantKI of 30( 2 µM. Similar procedures were
used to analyze ATMA inhibition of the AChE-catalyzed
hydrolysis ofo-nitrophenyl acetate, and aKI of 42 ( 3 µM
was obtained (data not shown). TheseKI determinations are
in reasonable agreement with theKM of 47 ( 6 µM for
ATMA from Scheme 1 in Table 2.

A more critical test of Scheme 1 is to assess whether the
iKS for substrate activation determined by fitting the ATMA
hydrolysis data to eq 1 agrees with the affinity of ATMA
for the P-site. This affinity can be measured independently

of kinetic data with fluorescence assays that monitor the
equilibrium binding of thioflavin T, a fluorescent ligand that
binds specifically to the P-site (2). The extension of Scheme
1 that specifically considers interaction of both ATMA and
thioflavin T with AChE is given as Scheme 6 in the
Appendix. Since it is reasonable to assume that the levels
of intermediates involving bound product P are negligible
in the fluorescence titrations, Scheme 6 can be simplified to
Scheme 2, allowing the titration data to be analyzed with eq
4.6 The analysis required that the affinity of thioflavin T for
the P-site be known (Table 3). AChE was then titrated with
varying concentrations of ATMA in the presence of a fixed
concentration of thioflavin T as shown in Figure 5A. The
initial high fluorescence of the binary complex of thioflavin
T and AChE decreased on addition of ATMA. Partial
fluorescence quenching was expected at lower ATMA
concentrations that bind to the A-site, and a complete loss
of fluorescence was anticipated at higher ATMA concentra-
tions as ATMA competed with and displaced thioflavin T
from the P-site. Fitting of the data to eq 4 clearly indicated
two binding sites for ATMA and supported these expecta-
tions. The higher affinity site gave an average equilibrium
dissociation constantKM of 44 ( 3 µM in four independent
titrations (Table 4), consistent with binding to the A-site as
measured by theKM value for ATMA in Tables 1 and 2 and
the KI values from hydrolysis inhibition noted above. The
fluorescence of thioflavin T in the ternary complex with
AChE and ATMA was quenched by a factor of about 3 (fEL/
fELS ) 3.0; Figure 5A). A similar quenching was reported
previously for thioflavin T in the ternary complex with AChE
and edrophonium [fEL/fELI ) 2.8 (2)]. The lower affinity
ATMA site gave an average fitted equilibrium dissociation
constantiKS of 4.1 ( 1.0 mM for ATMA binding to the
P-site (Table 4). This value is in reasonable agreement with
the iKS value of 2.7( 0.4 mM determined from ATMA
hydrolysis profiles (Tables 1 and 2), providing strong support
for the P-site as the site of substrate activation as proposed
in Schemes 1 and 2.

While the agreement in theseiKS values for ATMA
binding to the P-site is reassuring, the assignment ofiKS from
the fluorescence titration in Figure 5A was less robust than

6 Testing this assumption by fitting the data in Figure 5A to the full
Scheme 6 with the SCoP program resulted in changes of less than 3%
in the four fitted parameters when intermediates involving bound P
were included.

Table 3: KL Determinations for Thioflavin T at the P-Sitea

A-site ligand
kinetic

assay (µM)
fluorescence
titration (µM)

none nab 1.88( 0.20 (1)c

none na 1.89( 0.13 (1)d

none 1.83( 0.10 (1)e na
none 1.3( 1.0 (1)f na
echothiophate na 4.5( 0.4 (1)c

TMTFA na 1.11( 0.07 (1)c

a The equilibrium dissociation constantKL was determined as
indicated in the following footnotes and the Experimental Procedures.
b na, not applicablec From fluorescence titration with eq 3 (varying
[E]tot). d From fluorescence titration with eq 3 (varying [L]tot). e As KI

in eq 2 from the data in Figure 6D.f As KI in eq 2 from the data in
Figure 6B. Where indicated, the A-site was occupied by irreversible
diethylphosphorylation with echothiophate or slowly reversible binding
of TMTFA (see Experimental Procedures).
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its evaluation from the hydrolysis profiles in Figure 4. For
example, the fitting was more sensitive to the fixed values
of i andi2 imposed in eq 4. Over the range 1e i ) i2 e 10,
the fitted values ofKM andiKS varied by as much as a factor
of 2 from the values determined withi ) i2 ) 3 in Figure
5A and Table 2. Two steps were taken to minimize this
concern. First, ani2 of 3 was measured independently in

Figure 6A below. Fixingi2 at 3 eliminated virtually all of
the variation in fitted values ofKM andiKS over the range 1
e i e 10. Second, the fluorescence titration was repeated
after blocking the A-site. In this case ATMA can only
compete directly with thioflavin T for binding to the P-site.
Two blocking agents specific for the A-site were used.
Echothiophate is an organophosphate that blocks the A-site
by forming a covalent diethoxyphosphorylated adduct with
S203 in the A-site. Titration of this modified AChE with
ATMA in the presence of thioflavin T gave profiles
consistent with a single ATMA binding site with an
equilibrium dissociation constantiKS of 5.2 ( 0.5 mM
(Figure 5B and Table 4). Diethylphosphorylation of S203
does alter the affinity of ligands for the P-site, as theKL for
thioflavin T increased from 1.8 to 1.9µM before echothiophate
treatment to 4.5µM after treatment (Table 3). Thus,iKS for
ATMA binding to the P-site of this modified AChE is
expected to correspond closely toiKS for ATMA binding to
the P-site in the unmodified enzyme, and this is the observed
result. A second A-site-specific blocking agent employed was
TMTFA (Figure 1), a transition state analogue that forms a
tetrahedral adduct with S203 (12). Titration of TMTFA-
modified AChE with ATMA in the presence of thioflavin T
also gave profiles consistent with a single ATMA binding
site (data not shown), but here the fitted equilibrium
dissociation constantiKS was 0.70( 0.03 mM (Table 4).
This value is 6-fold lower than the measurediKS with
unmodified AChE, indicating that the affinities of ATMA
and TMTFA in this ternary complex are slightly higher than
the affinity of either ligand in the binary AChE complexes.
Since TMTFA is a transition state analogue, this observation
indicates that ATMA binding to the P-site stabilizes the
transition state for ATMA acetylation at the A-site and
explains the observed substrate activation.

Other P-Site Ligands ActiVate Acetylation Less EffectiVely
than ATMA.Having established that ATMA activates its own
acetylation by forming ternary complexes with ATMA bound
to both the A- and P-sites, we investigated the effects of
two other P-site ligands on substrate hydrolysis in general
and relative acetylation rates in particular. The data for one
ligand, thioflavin T, complemented the fluorescence data in
Figure 5. Thioflavin T inhibited the hydrolysis of both
ATMA and acetylthiocholine, but the inhibition was much
more pronounced with acetylthiocholine (Figure 6). A similar
difference was noted previously for inhibition of the hy-
drolysis of arylacylamides and acetylthiocholine by the P-site
ligands propidium and gallamine (41). This difference is
expected from the steric blockade feature in our kinetic
models. Bound P-site ligands inhibit the hydrolysis of good
substrates such as acetylthiocholine primarily by slowing
their entry to the A-site. The slower hydrolysis rates of poor
substrates such as ATMA are unaffected by their rate of entry
since these substrates equilibrate with the A-site before
acetylation (17, 25). These differences were quantified by
analysis of second-order hydrolysis rate constantszmeasured
at low substrate concentrations with eq 2. The reciprocals
of these rate constants increased nearly linearly with thiofla-
vin T concentration for acetylthiocholine hydrolysis (Figure
6D), allowing determination of aKI for thioflavin T of 1.83
µM with considerable accuracy. The slight curvature in the
plot gave the valueR ) 0.03, and this is a good measure of
the factorg2 by which substrate association and product

FIGURE 5: The ATMA affinity for the P-site of wild-type AChE
determined with thioflavin T as a fluorescent reporter agrees with
that calculated from ATMA hydrolysis profiles. The fluorescence
of thioflavin T bound to the P-site at the indicated ATMA
concentrations was measured for 60 s at an emission wavelength
of 490 nm as outlined in the Experimental Procedures. The
dependence ofF on the ATMA concentration was then fitted to eq
4. The fluorescenceFB without AChE was measured in parallel,
and points and the fitted lines are plotted asF - FB. Panel A:
Samples contained thioflavin T (6µM) and unmodified AChE (290
nM). After temperature equilibration for 20 s, a slight linear increase
in fluorescence with time (due in part to hydrolysis of ATMA)
was corrected by extrapolation to the initial fluorescence (F) at the
time of mixing. Equation 4 was fitted withKL fixed at the
predetermined value of 1.83µM (Table 3) andi and i2 set at 3 to
give KM ) 46 ( 5 µM, iKS ) 3.8 ( 0.5 mM, fEL ) 890 ( 20
nM-1, andfEL/fELS ) 3.0( 0.2 (solid line). TheseKM andiKS values
are included in the averages in Table 2. The maximal value ofFB
was 7.3 at the highest ATMA concentration. The dashed line
corresponds to the fit when the data are forced to a single site
version of eq 4 (fEL fixed at 890 nM-1 andKM

-1 fixed at 0). Panel
B: The A-site of AChE (240 nM) was blocked by pretreatment
with echothiophate, and thioflavin T was adjusted to 7µM. Equation
4 was fitted to a single site withKL fixed at the predetermined
value of 4.5µM (Table 3),i set at 1, andKM

-1 set at zero to give
iKS ) 4.6 ( 0.3 mM andfEL ) 590( 20 nM-1. This iKS value is
included in the average in Table 4. The maximal value ofFB was
27.9. The cuvette size differed in panels A and B, sofEL andFB
values in these panels are not comparable.

Table 4: iKS andKM Determinations for ATMA at the A- and
P-Sitesa

iKS KM

A-site
ligand

kinetic
assay
(mM)

fluorescence
titration
(mM)

kinetic
assay
(µM)

fluorescence
titration
(µM)

none 2.7( 0.4 (6)b 4.1( 1.0 (4)c 47 ( 6 (6)b 44 ( 2 (4)c

ECHOd nae 5.2( 0.5 (11)f na na
TMTFA na 0.70( 0.03 (7)g na na

a Equilibrium dissociation constantsiKS and KM were determined
as indicated in the following footnotes and the Experimental Procedures.
b From the kinetic assays in Table 2.c From fluorescence titration with
eq 4 (as in Figure 5A).d Echothiophate.e na, not applicable.f From
fluorescence titration with eq 4 (as in Figure 5B).g From fluorescence
titration with eq 4 [varying [ATMA] withKL for thioflavin T fixed at
the predetermined value of 1.11( 0.07µM (Table 3) andi assigned
as 1].
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dissociation are slowed by the bound thioflavin T (6, 17).
In contrast, the second-order rate constants for ATMA varied
by only a factor of 2 over the entire range of thioflavin T

concentrations (Figure 6B), and the pronounced curvature
in the plot lowered the precision of theKI estimate. The value
R ) 0.47 is consistent with an absence of steric blockade
and provides a check of other kinetic constants as noted
below.

The fact that ATMA equilibrates with the A-site before
acetylation allows explicit solution of its rate equation (eq
6) from Scheme 6 (in the Appendix) over the entire range
of ATMA and thioflavin T concentrations. Analysis of the
data with this equation was carried out in two steps in Figure
6A, first by fitting kinetic parameters to the data in the
absence of thioflavin T and then fixing these parameters to
fit the two remaining variablesa2 and i2 introduced by the
addition of thioflavin T (Table 5). Thei2 value of 3.1( 0.1
is a measure of the extent to which thioflavin T and ATMA
affinities decrease in theirESIP ternary complex with AChE
relative to their affinities in the binary complexes. Thisi2
value is slightly smaller than correspondingi2 estimates of
5-7 for ternary complexes with propidium at the P-site (17).
If i2 values reflect slight unfavorable electrostatic interactions
between the two cationic ligands in a ternary complex, one
would expect a largeri2 with propidium because it has two
positive charges (this is also observed in Table 5). Thea2

value of 1.3 ( 0.1 indicates that thioflavin T slightly
accelerates ATMA acetylation in theESIP ternary complex
but not to the extent measured in theESSP complex when
ATMA is bound to the P-site. Comparison of eqs 2 and 6
reveals thatR in eq 2 should be equivalent toa2/i2 in eq 6,
and the calculateda2/i2 of 0.43 was in good agreement with
the R of 0.47. An analysis similar to that in Figure 6A,B
was conducted with propidium as the P-site ligand (data not
shown). The value ofa2 with propidium was about 1 (Table
5), further indicating that P-site ligands vary in their ability
to accelerate the acetylation of substrates at the A-site.
However, these data continue to support our previous
contention that, with the exception of the neurotoxin fasci-
culin, P-site ligands do not induce an allosteric modulation
in the A-site that inhibits the acetylation rate constant (i.e.,
a2 values do not fall below 1).

Deacetylation Appears To Be Delayed until Product
Dissociates from the EAP Complex.We returned to the
analysis of hydrolysis over the entire range of acetylthio-
choline concentrations with Scheme 5 and investigated
whether kinetic constants measured with ATMA could be
applied to this substrate. The ATMA data clearly show that
substrate activation does involve the acetylation step, thus
justifying the assignment ofa > 1 rather thanb > 1 in the
two-site model for acetylthiocholine in Table 2. The analyses
with ATMA also indicate thati is likely to be greater than
1 for acetylthiocholine. This change had a very minor effect
on the fitting of the data sets in Table 1. After repeating
these fits withi ) 3, a increased by 50%, butiKS, k-P, and

FIGURE 6: Thioflavin T binding to the P-site of AChE inhibits the
hydrolysis of ATMA and acetylthiocholine to different extents.
Panels A and C: Plots ofV/[E]tot vs [S] were generated for ATMA
(A) and acetylthiocholine (C) in the presence (4) and absence (O)
of 14 µM thioflavin T (I) at pH 7.0. Panel A: The points in the
absence of I were first fitted to eq 1 as in Table 1 withk-P fixed
at the average value of 700 s-1 anda, iKS, andKM as the variables
(solid line). These parameters as well asKI ) 1.83µM (Table 2)
andg2 ) 0.01 were then fixed in eq 6, and the points in the presence
of I were fitted witha2 andi2 as the variables to givea2 ) 1.42(
0.03 andi2 ) 3.14( 0.10 (solid line). These values are included
in the averages for thioflavin T in Table 5. [E]tot corresponded to
34.2 nM. Panel B: Points at low ATMA concentrations in panel
A (<240µM with [I] ) 14 µM; <100µM with [I] ) 0 or 3µM;
the 3µM set is not shown in panel A) were analyzed in reciprocal
plots of V-1 vs [S]-1 as outlined in the Experimental Procedures.
The ratios of the slopes of these plots (zI)0/z) were fitted as shown
to eq 2 to giveKI ) 1.3 ( 1.0 µM andR ) 0.47( 0.06. Panel C:
The points in the absence of I were first fitted to the nonequilibrium
model in Scheme 5 as in Table 1, withi fixed at 3,k-P fixed at an
average value of 1.3× 105 s-1, anda, KS, andk2 as the variables
(dotted line largely obscured by upper solid line). The fitting with
this model was extended to points in the presence of I in three
ways. (1) The previously fitted parameters and all others were fixed,
with a2 ) 1.3 andi2 ) 3 (as determined for ATMA in Table 3 and
panel A) andKI ) 1.83µM (Table 3) to give the dashed line. (2)
Only a2 andi2 were allowed to vary, resulting in a fit ofa2 ) 0.24
and i2 ) 0.18 that nearly superimposed with the lower solid line.
(3) Parameters were set as in (1) exceptc was set to 0, and five
parameters (a, KS, k2, d, andi2) were fitted simultaneously to three
data sets (the two shown plus a third set at 3µM thioflavin T)
(solid lines). The fitted values of the first three parameters were
within 40% of their values in Table 1;d ) 0.32 andi2 ) 1.2. [E]tot
corresponded to 100 pM. Panel D: Points at low acetylthiocholine
concentrations in panel C (<310µM with [I] ) 14 or 3µM; <170
µM with [I] ) 0) were analyzed in reciprocal plots ofV-1 vs [S]-1

as in panel B. The ratios of the slopes of these plots (zI)0/z) were
fitted as shown to eq 2 to giveKI ) 1.83 ( 0.10 µM and R )
0.031( 0.010.

Table 5: Effects of P-Site Ligands on ATMA Hydrolysisa

P-site ligand KI (µM) a2 i2

thioflavin T 1.83( 0.10 (1) 1.3( 0.1 (2) 3.1( 0.1 (2)
propidium 1.55( 0.13 (1) 0.8( 0.3 (4) 9.5( 1.9 (4)

a ATMA hydrolysis rates were measured in the presence and absence
of the indicated P-site ligand, and the data were fitted first to eq 1 and
then to eq 6 as described in Figure 6A. The indicatedKI for each ligand
was measured independently with acetylthiocholine as in Figure 6D
and fixed in the eq 6 analysis witha2 and i2 as the only variables.
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k2 were altered by less than 6%. More interesting results were
obtained when Scheme 5 was extended as outlined in the
Appendix to allow analysis over the entire range of acetylth-
iocholine concentrations in the presence of a P-site ligand
like thioflavin T. Three fitting procedures were applied
(Figure 6C). In the first, fixed values ofa2 ) 1.3 andi2 )
3 obtained from the ATMA analyses were simply imposed
on the best fit parameters obtained in the absence of
thioflavin T. This procedure gave the dashed line in Figure
6C and clearly failed to provide sufficient inhibition by
thioflavin T at higher acetylthiocholine concentrations near
the maximum inV. More inhibition could be obtained in a
second procedure that fitteda2 and i2 to values of less than
0.25 (Figure 6C). While this fit superimposed reasonably
well with the data, these values, particularly that ofi2, are
not reasonable. Thei2 value indicates ligand affinities in the
ESIP, EAPIP, andEPIP ternary complex that are more than
5-fold higher than the respective affinities in the binary
complexes. Such an increase is inconsistent with thei2 values
in Table 5 and has not been measured for closely related
ternary complexes (except for those involving the transition
state analogue TMTFA, as noted in the preceding section).
More inhibition also could be obtained in a third fitting
procedure that suggests a new feature of the AChE catalytic
mechanism. Rather than increase the level of inhibition by
simply forcing the inhibitor to bind more tightly in theESIP,
EAPIP, andEPIP intermediates on the catalytic pathway, the
inhibition could be increased by raising the relative level of
at least one of theES, EAP, andEP intermediates to which
the inhibitor can bind. This could be achieved by imposing
a decrease in the product dissociation rate constantk-P, but
such a decrease results in an unreasonablek-P value (see
Discussion). Instead, we set the value ofc in Scheme 5 to
zero. This assignment means that deacetylation cannot occur
in EAP andEAPIP until the product dissociates. Since the
bound P-site ligand slows the product dissociation rate, the
c ) 0 assignment increased the relative level ofEAPIP by
nearly an order of magnitude. Settingc to zero had only a
small effect on data fitting in the absence of a P-site ligand.
After the fits of the data sets in Table 2 were repeated with
c ) 0 andi ) 3, a and iKS increased by about factors of 2
while k-P andk2 changed by less than 30% from the tabulated
values. However, when three data sets over a range of
thioflavin T concentrations were analyzed simultaneously
with five variable parameters, good fits were obtained (solid
lines in Figure 6C) with a fittedi2 value of 1.2. Therefore,
the observed level of thioflavin T inhibition was consistent
with an i2 value greater than 1 ifc was set to zero.

DISCUSSION

The mechanistic basis of substrate activation and substrate
inhibition with cholinesterases in general has been unre-
solved, especially when triphasic substrate hydrolysis profiles
that show both phenomena are observed. As outlined in the
Results, it is a special challenge to account for both
phenomena simultaneously with a model that includes only
the A- and P-sites of AChE. A two-site model with only
three intermediates was proposed to account for triphasic
acetylthiocholine substrate activation and inhibition curves
with Drosophila AChE (42). While this model is very
concise, the kinetic constants derived from the fitting of
substrate hydrolysis data do not appear realistic. For example,

the fitted substrate affinity for the P-site decreased by a factor
of 104 when substrate bound to the A-site, a difference that
is not supported by independent data. In a later report, this
research group shifted to a three-site model similar to that
in Scheme 4 and attributed substrate inhibition to a decrease
in the deacylation rate constant when substrate bound to the
inhibition site (34). The kinetic constants obtained for their
triphasic acetylthiocholine hydrolysis profile withDrosophila
AChE in fact resemble those determined for human AChE
with our three-site model in Table 1. Their estimate that
substrate occupancy of the inhibition site would slow
deacetylation by a factor of 25 was particularly noteworthy.
The validity of this estimate was tested by measuring the
effects of several cationic ligands that bind to the AChE A-
and/or P-sites on decarbamoylation, a deacylation rate
constant that can be isolated from other steps in the catalytic
pathway. Carbamic acid esters form intermediate carbamoyl
enzymes analogous to the acetyl enzyme in Scheme 5, but
carbamoyl enzymes are hydrolyzed with a deacylation rate
constantk3 that is some 107 times smaller thank3 for the
acetyl enzyme. Most of the cationic ligands, including a
ketone analogue of acetylcholine, increased the apparentk3

for decarbamoylation by factors of 2-7, and none decreased
k3 by more than 40% (34). These observations appear to rule
out the hypothesis that substrate inhibition involves a
blockade of deacylation.

Substrate activation has been less evident with wild-type
mammalian and electric organ AChEs than with insect AChE
and BChE, but the similar three-dimensional structures of
these enzymes (43, 44) strongly argue that they do not have
fundamentally different catalytic mechanisms. Substrate
activation is seen with acetylthiocholine and mammalian
AChE mutants, including F297I (45) and W86F (Figure 2),
with a cationic carbamate substrate and eel AChE (46), and
to a small extent with acetylthiocholine and wild-type AChE
between pH 5 and pH 7 (35; Figure 3 and Table 1). One
advantage of the introduction of ATMA as an AChE
substrate is that it clearly reveals substrate activation with
wild-type human AChE. Furthermore, the fact that the
acetylation rate constantk2 is so much slower for ATMA
than for acetylthiocholine allowed us to demonstrate that
substrate activation involves the acetylation step and to
simplify the kinetic mechanism in an equilibrium model.
Substrate activation is less evident with acetylthiocholine and
wild-type AChE because acetylation in this case is only
partially rate-limiting, and acceleration of the acetylation step
has only a modest effect on the overall hydrolysis rate.
However, fitting of these hydrolysis profiles to Scheme 5
with i ) 3 andc ) 0 results in a value ofa that approaches
3-4, indicating that the increase in the acetylation rate
constant with acetylthiocholine bound at the P-site is similar
to that with ATMA even though the resulting substrate
activation is cryptic.

It is worthwhile to place this work in the context of our
recent efforts to characterize the complete catalytic pathway
in AChE by returning to our proposed model with the 10
enzyme species in Scheme 5. To allow analysis of this model,
we have minimized the number of rate constants that involve
these species with one simple principle: Assume that reaction
rate constants at either the A- or P-site remain unaltered by
additional ligand occupancy unless there is experimental
evidence to the contrary. If there were no such evidence,
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this assumption would eliminate all but seven rate constants
in Scheme 5 (because all of the lettered coefficientsa, b, c,
d, g, and i would equal 1), and all AChE substrates would
follow simple Michealis-Menten kinetics. However, the
following evidence is to the contrary. First, many cationic
substrates show substrate inhibition at high concentrations.
This is accommodated in Scheme 5 by settingg , 1, our
steric blockade proposal. Steric blockade accounted not only
for substrate inhibition (3, 6) but also for the kinetics of
ligand binding in AChE ternary complexes (17) and for the
extent of inhibition of substrate hydrolysis by P-site ligands
(6, 25; Figure 6). Second, a few cationic substrates show
substrate activation at intermediate concentrations. This
phenomenon was readily apparent for ATMA, and analysis
of Schemes 1 and 6 indicated that it arises froma > 1. Third,
the slight inhibition of ATMA hydrolysis by P-site ligands
indicated thati2 > 1 (Table 5) and, by analogy, thati > 1.
Finally, application of the finding thati2 > 1 to the inhibition
of acetylthiocholine hydrolysis by P-site ligands suggested
a new feature of the catalytic mechanism, namely, thatc in
Scheme 5 approaches zero (Figure 6C). We return to this
suggestion in the Discussion below.

Our analysis of ATMA hydrolysis not only showed that
substrate activation resulted from acceleration of the acetyl-
ation step in the catalytic pathway but also allowed one test
of the proposal in Scheme 1 that the site responsible for
substrate activation is the P-site. The affinity of ATMA for
the substrate activation site as measured from the substrate
hydrolysis profile was compared to the affinity of ATMA
for the P-site determined by fluorescence titration, and the
two values ofiKS were in agreement (Table 4). Therefore,
conformational interaction between the A- and P-sites to
promote enzyme acylation is triggered when both are bound
with this cationic substrate. The detailed enzyme conforma-
tional movements that mediate this interaction remain to be
clarified. It may seem paradoxical that, in Scheme 1, substrate
binding to a single P-site can give rise to both substrate
activation and substrate inhibition. However, these effects
are linked to different steps in the catalytic pathway. The
extent of substrate activation is essentially proportional to
the substrate occupancy of the P-site. In contrast, substrate
inhibition lags far behind substrate occupancy of the P-site,
because it only becomes detectable when the product
dissociation rate is slowed sufficiently from a relatively high
initial value to become rate-limiting. Quantitative final
confirmation of the model in Scheme 1 would be obtained
if the value ofk-P ) 700 s-1 obtained for the 3-amino-N,N,N-
trimethylanilinium product generated during the hydrolysis
of ATMA (Table 2) agreed with an independent direct
measurement ofk-P as a ligand dissociation rate constant.
This rate constant has not yet been measured by rapid kinetic
techniques, but it can be estimated as the product of the
equilibrium dissociation constantKP and the association rate
constantkP. Numerous studies with AChE have shown good
correspondence between the equilibrium dissociation constant
(as measured, e.g., by fluorescence titration) and the inhibi-
tion constantKI for ligands that bind to the catalytic site
(e.g., refs2, 7, and 47 and Tables 3 and 4). TheKI for
3-amino-N,N,N-trimethylanilinium was determined to be
70 ( 10 µM (data not shown). Association rate constants
for the binding of monoquaternary cationic ligands to
mammalian AChE range from 1.3× 108 to 9 × 108 M-1

s-1 (4). When the product of these constants is calculated, it
initially appears to disagree with thek-P obtained from the
ATMA hydrolysis profile. Even at the low end of the
association rate constant range, the product of the rate
constant andKI is 9000 s-1, more than an order of magnitude
larger than thek-P value in Table 2. While this discrepancy
might appear to create a problem for the application of
Scheme 1 to the hydrolysis of ATMA, it in fact provides
independent evidence in support of the following new
proposal thatc = 0 in Scheme 5.

The new feature of the AChE catalytic pathway that we
propose involves the initial intermediate formed by acetyl-
ation of S203. In thisEAP intermediate, the alcohol leaving
group (e.g., thiocholine when the substrate is acetylthiocho-
line) has not yet dissociated from the A-site. In Scheme 5,
this intermediate can either deacetylate with rate constant
ck3 or undergo product dissociation with rate constantdk-P.
Deacetylation involves hydrolysis of the acetic acid ester
bond inEAP, and three-dimensional structures suggest that
a water molecule assumes the location of the cleaved leaving
group in order to attack the carbonyl carbon. Therefore, it is
quite reasonable to propose that deacetylation is slowed until
the leaving group dissociates (i.e.,c = 0). The initial evidence
we have presented to support this proposal was drawn from
the fitting of the hydrolysis curves for acetylthiocholine in
the presence of thioflavin T (Figure 6C) to Scheme 5. After
restricting i2 and k-P to reasonable values, best fits to the
data in Figure 6C were obtained by allowingc to approach
zero. Additional evidence was provided by the value ofk-P

fitted from the ATMA hydrolysis data (Table 2). As noted
in the preceding paragraph, the fittedk-P of 700 s-1 is an
order of magnitude smaller than the value predicted from
kPKP. Other kinetic constants determined by fitting the
ATMA hydrolysis data to eqs 1 and 6, includingiKS, KM,
andi2, as noted above, are consistent with independent ligand
binding measurements, providing strong support for the
model in Schemes 1 and 6. These schemes are easily adapted
to the assignment ofc = 0. As the value ofck3 in Scheme
5 falls below that ofdk-P, the intermediate that gives rise to
substrate inhibition in Scheme 1 becomesEAP rather than
EP. This slight revision of Scheme 1 is outlined in Scheme
3. In this scheme the formats of Scheme 1 (and Scheme 6)
remain the same, butEP, EPSP, andEPIP are replaced by
EAP, EAPSP, andEAPIP, respectively; andk-P (in Scheme
3 and eqs 1 and 6) is redefined asdk-P. In other words, all
determinations of ATMA kinetic parameters in Tables 1 and
3 remain valid except that nowdk-P ) 700 s-1. If k-P were
9000 s-1 as suggested above, thend would correspond to
0.08.

Further evidence in support of the proposal thatc = 0 is
provided by recent striking observations on the interaction
of rivastigmine with AChE by Bar-On et al. (48). Rivastig-
mine, a potent inhibitor of AChE, is currently in use for the

Scheme 3
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treatment of Alzheimer’s disease under the trade name of
Exelon. It is an ester ofN,N-methylethylcarbamic acid, and
its potent inhibition arises in part from the fact that it forms
a carbamoyl enzyme like those noted earlier in the Discus-
sion. The carbamoyl AChEs generated by the reaction of
N,N-methylethylcarbamoyl chloride with AChEs from vari-
ous species exhibited typical hydrolysis rate constantsk3

ranging from 0.02 to 0.2 min-1 (48), and the rivastigmine
leaving group NAP [3-[1-(dimethylamino)ethyl]phenol] itself
was a rapidly reversible inhibitor of AChE with an affinity
(KI ) 0.5 µM) comparable to that of other cationic phenols
(48). However, the rate of hydrolytic reactivation of rivastig-
mine-inhibited AChE was only 10-4 min-1 (48), more than
2 orders of magnitude slower than expected from thek3 for
decarbamoylation. The slow reactivation was not due simply
to stabilization of the carbamoylated enzyme by NAP, as
addition of NAP during reactivation of AChE carbamoylated
with N,N-methylethylcarbamoyl chloride had no effect on
the observedk3. Analysis of the three-dimensional crystal
structure of rivastigmine-inhibitedTorpedoAChE suggested
an explanation for the slow reactivation, as both the
carbamoyl group and NAP remained in the A-site but were
detached from each other (48). This complex would cor-
respond toEAP, where A is the carbamoyl group, in Scheme
3. Furthermore, in the crystal structure the catalytic histidine
that participates in decarbamoylation was rotated out of its
normal catalytic triad position, indicating a structural reason
for c to approach zero and dramatically slow the hydrolytic
reactivation rate constantck3.

The AChE-rivastigmine crystal structure suggests the more
general concept that theEAP complex produced from the
substrate by acylation differs from that generated when added
product binds to preformedEA. The orientation of the NAP
leaving group in the A-site of this structure differed from
that in a crystal structure of NAP with AChE alone (48),
and incubation of carbamoylated enzyme with NAP had no
effect on the observedk3. The extent of the structural
difference betweenEAPs formed by these two routes may
become more pronounced as the substrate structure varies
from that of the physiological substrate acetylcholine, and
the factord in thedk-P rate constant for product dissociation
from EAP produced from substrate may be a very sensitive
measure of this difference. For example,d for NAP dis-
sociation fromEAP produced from rivastigmine would have
to be smaller even thanc (<0.01) to result in such dramatic
stabilization of thisEAP. Thus NAP and the carbamoyl group
mutually interfere with the other’s release from the enzyme.
On the other hand, the expectedk-P for thiocholine calculated
askPKP (1.3× 105 s-1; 6) agreed with thek-P value fixed in
Figure 6C, and the fittedd of 0.32 indicated relatively little
interference with thiocholine release from the acetyl enzyme
intermediate. Thed of 0.08 calculated above for theEAP
produced by ATMA falls between these two extremes.

APPENDIX

Three-Site Model of Substrate Hydrolysis. A simple model
to account for both substrate inhibition and substrate activa-
tion over a full range of substrate concentrations is presented
in Scheme 4. This model assumes that the enzymeE contains
three sites that bind substrate S: the active site where
hydrolysis occurs (with substrate dissociation constantKd

and turnover rate constantk2); and two nonproductive sites,
a substrate inhibition site (with dissociation constantKsi) and
a substrate activation site (with dissociation constantKsa)
(49). Binding at each of the three sites is assumed to be
independent (i.e., affinities are unaffected by substrate
occupancy of other sites) and to reach equilibrium. However,
binding of substrate to the inhibition site decreases substrate
turnover (asi < 1) while binding of substrate to the activation
site increases substrate turnover (asa> 1). The rate equation
obtained from Scheme 4 (normalized by the total enzyme
concentration [E]tot) is given in eq 5.

This equation may be considered as an extension of the
Haldane equation for substrate inhibition (3, 32). WhenKsa

-1

andasi are set to zero, it essentially reduces to the Haldane
equation. After fixingk2/Kd (≡kcat/Kapp) at the value measured
at low substrate concentration (as outlined in the preceding
section) and settingasi to zero, data were fitted to eq 5 by
weighted nonlinear regression analysis with Fig.P (BioSoft,
version 6.0; weighting assumed thatV has a constant percent
error) to obtain fitted values ofKd, Ksi, Ksa, and asa.
Conversion of the data to the Eadie-Hofstee format [cor-
responding toV/[E]tot vs V/([E]tot[S]); 50, 51] allowed
substrate activation to be displayed graphically as a deviation
of points above the theoretical line without activation. This
line was calculated (i.e.,y-intercept) k2 and slope) -Kd)
from thek2/Kd value measured at low substrate concentration
and theKd value determined from eq 5.

Two-Site Model of Substrate Hydrolysis. Scheme 5 is a
two-site model of substrate hydrolysis with AChE from
which we recently introduced the concept of steric blockade
(3, 6). In this scheme,ES represents an ester substrate S
bound to the A-site,EA is an intermediate in which the
enzyme is acetylated, and P is the alcohol leaving group of

Scheme 4
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the substrate generated by acetylation of the enzyme.ES,
EAP, EA, andEP are intermediates involving only the A-site,
and S can bind to the P-site (designated by subscript P) in
each of these intermediates as well as in the free enzymeE.
For example,ESSP represents a ternary complex with one S
molecule at the A-site and a second at the P-site, and the
acylation rate constantk2 is altered by the factora in this
ternary complex. In general, the 10 enzyme species specified
in this scheme are related by 22 independent rate constants.
Scheme 5 reduced the number of independent rate constants
to the 13 shown largely by assuming that only 3 rate
constants (k-S, k-S, andik-S) characterized substrate binding
to the P-site regardless of ligand occupancy at the A-site.
Reversible reactions were not assumed to reach equilibrium.
Fitting of the steady-state differential equations corresponding
to Scheme 5 with a numerical solver in the program SCoP
was conducted as described (3). Five of the 13 remaining
individual or combined independent rate constants were again
fixed by separate measurement or conservative approxima-
tions [kcat/Kapp; g; k3; B ) kSKapp/kcat; andR/RS ) 1 + (1.5-
1.5B1-)/(1 + k2/k-1)].7 The value ofkcat/Kapp was measured
as a single parameter at low substrate concentrations as noted
above, because precise estimates of the individualkcat and
Kappvalues inserted previously (3) are difficult to obtain when
substrate activation is observed. The steric blockade model
(3) further simplified Scheme 5 by assuming that only one
reaction is not independent, product dissociation (i.e.,a ) b
) c ) d ) i ) 1, butg < 1 because product dissociation is
slowed fromEAPSP andEPSP), thereby reducing the number
of fitted variable parameters to three (k2, k-P, andKS ) k-S/
kS). Herein, a value of 0.01 was again assigned tog (3, 6,
17), but a or b was allowed to vary as a fourth fitted
parameter to account for substrate activation.

When thioflavin T was included as an inhibitor I during
AChE hydrolysis over the entire range of acetylthiocholine
concentrations, Scheme 5 was expanded by including five
more intermediates:EIP, ESIP, EAPIP, EAIP, andEPIP, where
the subscript P indicates binding of I to the P-site. The
expanded scheme is not shown here explicitly, but the reader
should visualize a set of relative rate constants for these
intermediates parallel to those involving SP species in Scheme
5 that are indicated by the subscript 2 (i.e.,a2k2, b2k3, g2k-P,
andi2k-I). These additional rate constants were incorporated
into the nonequilibrium numerical solutions and assigned the
valuesa2 ) b2 ) i2 ) 1 except where noted. The parameter

g2 defined the relative rate constant both for product P
dissociation from the A-site and for S association with the
A-site when the P-site was occupied by I (g2 corresponds to
kS2/kS and k-P2/k-P in ref 6). The value ofg2 was fixed at
0.03, as determined by the measured value ofR in Figure
6D (17).

Extension of the Two-Site Model of ATMA Hydrolysis. The
inclusion of a P-site ligand as an inhibitor (I) during AChE-
catalyzed ATMA hydrolysis requires the extension of
Scheme 1 to Scheme 6.

In Scheme 6, the affinities of S and I in the ternary
complexESIP and of I inEPIP are decreased by the factori2
relative to their affinities in the respective binary complexes;
the acylation rate constantk2 is altered by the factora2 in
the ESIP complex; and the dissociation rate constantk-P of
the product is altered by the factorg2 in the EPIP complex.
Other constants were defined in Scheme 1. The steady-state
equations for Scheme 6 may be solved algebraically to give
eq 6. With the fitting procedure described in Figure 6A and

Table 5, determinations ofa2 and i2 were insensitive to the
fixed value ofg2. Over the range 0e g2 e 0.05,a2 andi2 in
Table 5 varied by less than 2%.
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