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ABSTRACT: Two sites of ligand interaction in acetylcholinesterase (AChE) were first demonstrated in ligand
binding studies and later confirmed by crystallography, site-specific mutagenesis, and molecular
modeling: an acylation site at the base of the active site gorge and a peripheral site at its mouth. We
recently introduced a steric blockade model which demonstrated how small peripheral site ligands such
as propidium may inhibit substrate hydrolysis [Szegletes, T., Mallender, W. D., and Rosenberry, T. L.
(1998)Biochemistry 37, 4206-4216]. In this model, the only effect of a bound peripheral site ligand is
to decrease the association and dissociation rate constants for an acylation site ligand without altering the
equilibrium constant for ligand binding to the acylation site. Here, we first provide evidence that not only
rate constants for substrates but also dissociation rate constants for their hydrolysis products are decreased
by bound peripheral site ligand. Previous reaction schemes for substrate hydrolysis by AChE were extended
to include product dissociation steps, and acetylthiocholine hydrolysis rates in the presence of propidium
under nonequilibrium conditions were simulated with assigned rate constants in the program SCoP. We
next showed that cationic substrates such as acetylthiocholine and 7-acetoxy-N-methylquinolinium (M7A)
bind to the peripheral site as well as to the acylation site. The neurotoxin fasciculin was used to report
specifically on interactions at the peripheral site. Analysis of inhibition of fasciculin association rates by
these substrates revealedKS values of about 1 mM for the peripheral site binding of acetylthiocholine and
0.2 mM for the binding of M7A. The AChE reaction scheme was further extended to include substrate
binding to the peripheral site as the initial step in the catalytic pathway. Simulations of the steric blockade
model with this scheme were in reasonable agreement with observed substrate inhibition for acetylthio-
choline and M7A and with mutual competitive inhibition in mixtures of acetylthiocholine and M7A.
Substrate inhibition was explained by blockade of product dissociation when substrate is bound to the
peripheral site. However, our analyses indicate that the primary physiologic role of the AChE peripheral
site is to accelerate the hydrolysis of acetylcholine at low substrate concentrations.

The hydrolysis of the neurotransmitter acetylcholine by
acetylcholinesterase (AChE)1 is one of the most efficient
enzyme catalytic reactions known (1). The basis of this high
efficiency has been investigated with ligand binding studies
interpreted in the context of the AChE three-dimensional
structure determined by X-ray crystallography (2). The long
and narrow active site gorge is about 20 Å deep and includes
two sites of ligand interaction: anacylation siteat the base
of the gorge and aperipheral siteat its mouth. In the acyl-
ation site, residue S200 (TcAChE sequence numbering) is
acylated and deacylated during substrate turnover, H440 and

E327 participate with S200 in a catalytic triad, and W84
binds to the trimethylammonium group of acetylcholine as
acyl transfer to S200 is initiated. The peripheral site involves
other residues including W279 (3-8). Ligands can bind se-
lectively to either the acylation or the peripheral sites, and
ternary complexes with distinct ligands bound to each site
can form (9). Ligands that bind specifically to the peripheral
site include the phenanthridinium derivative propidium and the
fasciculins, a family of very similar snake venom neurotox-
ins comprised of 61-amino acid polypeptides (7, 8, 10, 11).

Despite its prominence, the role of the peripheral site in
the AChE catalytic pathway has remained obscure. From
analysis of the effect of ionic strength onkcat/Kapp, we
proposed several years ago that acetylthiocholine binding to
the active site is controlled by a high net negative charge
near the active site that can electrostatically attract cationic
substrates and inhibitors (12). Molecular modeling calcula-
tions (13, 14) from the three-dimensional structure support
this notion by suggesting that the AChE catalytic subunit
has a dipole moment aligned with the active site gorge that
can accelerate association rate constants for cationic ligands.
The extent of this acceleration, measured as a ratio of the
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association rate constant at low ionic strength to that at high
ionic strength, depends on the cationic ligand and the species
of AChE, but it appears to be about a factor of 7.5 for the
cation TMTFA with mouse AChE at zero ionic strength (15).
However, mutation of up to seven negatively charged
residues at or near the peripheral site on the gorge rim
reduced this factor by less than 60% (15, 16), indicating that
the peripheral site makes only a modest contribution to the
electrostatic field at the active site. A second possibility is
that ligand binding to the peripheral site results in a
conformational change that promotes catalysis. Many pe-
ripheral site ligands inhibit substrate hydrolysis, and AChE
inhibition by propidium has been attributed entirely to a
conformational change at the acylation site induced by the
binding of propidium to the peripheral site (17). If substrate
interacted with the peripheral site on entering the active site
gorge, this interaction in principle could induce a confor-
mational change that might promote substrate hydrolysis.
However, we recently introduced a steric blockade model
which demonstrated how small peripheral site ligands such
as propidium may inhibit substrate hydrolysis without
inducing a conformational change in the acylation site (18).
This model includes the simple hypothesis that the only effect
of a bound peripheral site ligand is to decrease the association
and dissociation rate constants for an acylation site ligand
without altering the equilibrium constant for ligand binding
to the acylation site. This hypothesis was generally supported
by our direct demonstration that bound propidium decreased
the association and dissociation rate constants for the
acylation site ligands huperzine A and TMTFA by factors
of 10-400. Therefore, there is little evidence that the binding
of substrates and other small ligands to the peripheral site
induces a conformational change that is significant with
respect to catalysis.

In this paper, we show that further examination of our
steric blockade model leads directly to a proposed new role
for the peripheral site, namely, the initial binding of substrate
on the AChE catalytic pathway. A similar role has been
suggested for a peripheral site in the closely related enzyme
butyrylcholinesterase (19). The first step in clarifying this
role in AChE was to analyze further the inhibition of
substrate hydrolysis by peripheral site ligands. We conducted
nonequilibrium simulations that accounted quantitatively for
inhibition by peripheral site ligands at low substrate con-
centrations but diverged from experimental data at higher
substrate concentrations (18). The discordance prompted us
here to extend the model to include steric blockade of product
dissociation as well as of substrate association and dissocia-
tion by a bound peripheral site ligand. The extended model
not only brought the simulations into quantitative agreement
with experimental data at all substrate concentrations but also
suggested that substrate binding to the peripheral site could
block product release and account for the well-known
phenomenon of substrate inhibition with AChE. With a
competition assay for fasciculin binding to quantify the
affinity of substrates for the peripheral site, we then
demonstrated a satisfactory correspondence of the simulated
and observed substrate inhibition data. The complete model
indicates that the peripheral site serves as an initial binding
site for substrate entry to the acylation site and that this initial
binding accelerates the rate constant (kcat/Kapp) for substrate
hydrolysis at low substrate concentrations.

EXPERIMENTAL PROCEDURES

Materials. Human erythrocyte AChE was purified as
outlined previously, and active site concentrations were
determined by assuming 410 units/nmol (20, 21). Propidium
iodide was purchased from Calbiochem. M7H iodide and
some stocks of M7A iodide were obtained from Molecular
Probes, while other stocks of M7A iodide were synthesized
by the Mayo Clinic Jacksonville Organic Synthesis Core
Facility. Fasciculin was the fasciculin 2 form obtained from
C. Cervenansky at the Instituto de Investigaciones Biologicas
(Clemente Estable, Montevideo, Uruguay) (22).

Steady State Measurements of AChE-Catalyzed Substrate
Hydrolysis. Hydrolysis ratesV were measured at various
substrate (S) concentrations in 1 mL assay solutions with
buffer (20 mM sodium phosphate and 0.02% Triton X-100
at pH 7.0) at 25°C. To maintain a constant ionic strength
with protocols in which the acetylthiocholine concentration
exceeded 1 mM, NaCl was added such that the sum of the
acetylthiocholine and NaCl concentrations was 60 mM.
Acetylthiocholine assay solutions included 0.33 mM DTNB,
and hydrolysis was monitored by formation of the thiolate
dianion of DTNB at 412 nm [∆ε412nm ) 14.15 mM-1 cm-1

(23)] for 1-5 min on a Varian Cary 3A spectrophotometer
(24). Hydrolysis of M7A was followed by formation of M7H
at 406 nm (∆ε406nm ) 9.2 mM-1 cm-1 at pH 7.0), and
nonenzymatic hydrolysis rates were deducted (25, 26).

At high concentrations of acetylthiocholine and M7A,V
declined below the maximal hydrolysis rates observed at
lower S concentrations. The dependence ofV on [S] was
fitted to the Haldane equation for substrate inhibition (27)
as shown in eq 1.

In eq 1,Vmax ) kcat[E]tot where [E]tot is the total concentration
of AChE active sites. Data were fitted with Fig.P (BioSoft,
version 6.0) to eq 1 by nonlinear regression analyses; with
experimental data, weighting assumed thatV has a constant
percent error.

At low concentrations of acetylthiocholine and M7A,
reciprocal plots ofV-1 vs [S]-1 were linear. Competitive
inhibition constants (KI) for inhibitors I were obtained by
either (1) analysis of replots of reciprocal plot slopes obtained
over a range of fixed concentrations of I (18) or (2) direct
measurements of the second-order hydrolysis rate constants
z in the presence and absence of I at low S concentrations.
When I was a competing substrate,z was measured as an
initial velocity at low S concentrations (i.e., [S]< 0.1Kapp).
The extent of acetylthiocholine hydrolysis in the presence
of M7A was measured with 20µM pyridine disulfide (2,2′-
dithiobispyridine; Acros) in place of DTNB. Absorbance of
pyridine thiol was monitored at 347 nm [∆ε341nm) 8.1 mM-1

cm-1 (28)] because 347 nm corresponded to the isosbestic
point of M7H and M7A. The extent of M7A hydrolysis in
the presence of acetylthiocholine was measured on a Perkin-
Elmer LS 50B luminescence spectrometer [excitation at 400
nm, emission at 500 nm (25)]. When I was an inhibitor that

(1)
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was not metabolized,z was determined as a pseudo-first-
order rate constant from eq 2 (22).

Equation 2 is valid when the initial substrate concentration
[S]0 is low (i.e., [S]0 , KSS and [S]0 < about 0.2Kapp). In
the absence of I,z is denotedzI)0 ) Vmax/Kapp and eq 2
corresponds to the integrated form of eq 1. Measuredzvalues
at various I concentrations were fitted to eq 3 to obtainKI

and the constantR (18).

For inhibitors that bind to the peripheral site and form ternary
complexesESIP (see Scheme 1 below),R is a measure of
the acylation rate constant through the ternary complex at
low substrate concentrations relative tokcat/Kapp (18). In
contrast, for inhibitors that bind preferentially to the acylation
site, R is essentially zero.

Slow Equilibration of Fasciculin in the Presence of
Peripheral Site Inhibitors.The rates of fasciculin binding
to the AChE peripheral site were analyzed by an extension
of procedures used previously (22). Association reactions
(2 mL) were initiated by adding small volumes of AChE
and acetylthiocholine to final concentrations of 0.5-10 nM
fasciculin and 0.1 mM DTNB in buffer (with [NaCl]) 60
mM - [S] as above) at 25°C. Some reaction mixtures also
included 20µM propidium. The extent of fasciculin binding
was measured under approximate first-order conditions in
which the concentrations of all ligands were adjusted to at
least 8 times the concentration of AChE and the acetyl-
thiocholine level was not significantly depleted (<20%).
Acetylthiocholine hydrolysis was monitored by continuous
spectrophotometric assay as outlined above, and assay rates
V over 2 s intervals were fitted by nonlinear regression
analysis (Fig.P) to eq 4. In eq 4,Vinitial and Vfinal are the
calculated values ofV at time zero and at the final steady
state when fasciculin binding has reached equilibrium, and
k is the observed first-order rate constant for the approach
to equilibrium.

Each series of binding measurements included reactions at
a fixed acetylthiocholine (S) concentration and at least four
fasciculin concentrations [F]. The observedk for each
reaction was given by eq 5, andkon, the apparent association
rate constant, was determined by weighted linear regression
analysis in whichk was assumed to have a constant percent
error.

If ligand binding to the peripheral site is unaffected by the
presence of ligands or an acyl group at the acylation site,
then only three sets of enzyme species need be considered:
ΣE, ΣESP, andΣEIP. These are the sums of the concentrations

of all enzyme species in which nothing, S, or propidium (I),
respectively, is bound to the peripheral site. Assuming that
fasciculin (F) reacts only with species inΣE andΣESP, kon

is given by eq 6.

In eq 6,kF is the intrinsic association rate constant forE and
F, kFP is the intrinsic association rate constant forESP and
F, andKS andKI are the equilibrium dissociation constants
for S and I, respectively, at the peripheral site. When eq 6
was employed, mean values ofkon obtained at each S
concentration were fitted with Fig.P by nonlinear regression
analysis with the reciprocals of the variances as weighting
factors to give apparentKS estimates. If ligand binding to
the peripheral site is altered by the presence of a ligand at
the acylation site, thenkon in eq 6 in principle must be
extended by additional terms (26, 29). We will assume that
these additional terms can be grouped inΣEXA as shown in
eq 7, where the specific terms in each sum are given in
Scheme 5 in the Appendix andkFA is the intrinsic association
rate constant for species inΣEXA and F.

Equation 7 cannot be solved analytically, but it can be solved
numerically with the SCoP simulation program as outlined
in the text.

The value ofKS for M7A was obtained by a modification
of the above procedure in which fasciculin association
reactions were measured at 412 nm with 2 nM fasciculin,
0.25 mM acetylthiocholine, and 0-300µM M7A in 1.0 mL
of buffer without added NaCl. Observedk values were
assumed to approximatekon, andKS was calculated from eq
6 (with [I] and kFP set to 0).

Simulations of Kinetic Equations and Assignment of
Simulation Rate Constants.The calculation of substrate
hydrolysis rates from AChE reaction pathways in which
reversible reactions are not at equilibrium is difficult because
solutions to the corresponding differential equations are too
complex for useful comparison to experimental data. We
previously described our application of the program denoted
SCoP (version 3.51), developed through the NIH National
Center for Research Resources and available from Simulation
Resources, Inc. (Redlands, CA), to solve these equations
numerically (18). To obtain the simulated solutions to
reaction schemes with the SCoP program, values for all
reaction rate constants must be assigned or fitted. For Scheme
1, the second-order rate constant for substrate hydrolysis in
the absence of inhibitor is given by eq 8.

We previously showed (18) that values ofkS andk-S in eq
8 could be assigned if (1) estimates ofkcat, Kapp, andk2 were

(2)

(3)

(4)

(5)

(6)

(7)

(8)
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available and (2) the solvent deuterium oxide isotope effects
R, RS, and R2 were known, whereR, RS, and R2 are the
respective ratios ofkcat/Kapp, kS, andk2 in H2O to that in D2O.
When R2 was assigned a typical value of 2.5 andRS was
assumed to be 1.0, for example,kS ) 1.5(kcat/Kapp)/(2.5 -
R).

The second-order substrate hydrolysis rate constant in
Scheme 3 in the Results is given by eq 9.

Assuming again thatk2 and kS are the only intrinsic rate
constants in this equation that are altered when H2O is
replaced by D2O and thatR2 ) 2.5, eq 10 may be derived.

To assign the intrinsic rate constants in eq 9, we inserted
independent estimates ofkcat and Kapp into eq 10. For
example, for acetylthiocholine and human AChE, we previ-
ously estimated thatkcat ) 7000 s-1 andk2 ) k3 ) 1.4 ×
104 s-1 (18). With a measured value forKappof 58µM (Table
2 below), eq 10 requires thatkS > kcat/Kapp ) 120µM-1 s-1.
For M7A, we obtainedkcat/Kapp from parallel measurements
of Vmax/Kapp (as the constantzI)0 in eq 2) for M7A and
acetylthiocholine. Thekcat/Kapp for M7A was 82( 2% of
thekcat/Kappfor acetylthiocholine (data not shown). From our
measured values ofKS [1.5 mM for acetylthiocholine (Figure
2B below) and 0.18( 0.01 mM for M7A (data not shown)],
k-S values were calculated fromk-S ) KSkS. Assignments
of k1 andk-1 become problematic whenR approaches 1.0
because of uncertainty inRS. RS has been considered to be
as high as 1.25, the ratio of the viscosities of D2O to H2O at
25 °C (see, e.g., refs30 and31). For acetylthiocholine,R )
1.21( 0.02 (22), and for M7A,R ) 1.09( 0.05 (data not
shown);k1 calculated from eq 10 was very sensitive to the
values of bothkS andRS. In practical terms, the simulations
were not sensitive to the absolute values ofkS, k1, andk-1

as long ask1 was calculated from eq 10 andk-1 from eq 9.
For example, simulated substrate inhibition curves for
acetylthiocholine (Figure 3A below) were fitted to the
Haldane equation (eq 1) by varyingkS from 120 to 500µM-1

s-1 and calculating the corresponding values ofk-S, k1, and
k-1 (with all other rate constants fixed). The resulting fitted
KappandKSSvalues varied by less than 5% (data not shown).
We assignedkS values of 200µM-1 s-1 (at the ionic strength
of buffer alone) to correspond to the general ligand associa-
tion rate constant used in our previous simulations (18). The

assigned values ofk2 andk3 for M7A were the same as those
for acetylthiocholine because (1) thek3 reaction is identical
with both substrates and (2) the simulations were quite
insensitive tok2 whenk2 exceededk-P; 8-fold increases or
decreases ink2 resulted in less than a factor of 2 change in
fitted parameters when simulatedV versus [S] curves were
analyzed with the Haldane equation.

For all substrates, we obtained estimates ofk-P (Schemes
2 and 3) fromk-P ) KIkP, whereKI ) KP was the competitive
inhibition constant for reaction product P measured with a
different substrate. Since estimates ofkP are unavailable for
any of the substrates used in this study,kP was assumed to
have the same value askS. The steric blockade parameter
k-P2/k-P was assumed to be 0.01-0.04, consistent with our
previous observations that ligand binding to the peripheral
site decreases ligand dissociation rate constants from the
acylation site by 10-100-fold (18). Assigned intrinsic rate
constants for acetylthiocholine and M7A are summarized in
Table 1.

RESULTS

Expansion of Our Steric Blockade Model To Include Inhib-
ition of Product Dissociation.When a ligand binds to the
peripheral site of AChE, the ensuing inhibition of substrate
hydrolysis is often interpreted according to Scheme 1.

Inhibitor (I) can bind to each of the three enzyme species
E, ES, andEA. For example,ESIP represents a ternary
complex with substrate (S) at the acylation site and I at the
peripheral site (denoted by the subscript P). The acylation
rate constantk2 is altered by a factora in this ternary
complex, and the deacylation rate constantk3 is altered by a
factorb in theEAIP complex. To obtain a tractable solution
to the steady state substrate hydrolysis rateV that corresponds
to Scheme 1, it has often been assumed that the reversible
reactions are at equilibrium (withk-X/kX ) KX). Although
this assumption cannot be justified for AChE (1), the mixed,
partial inhibition patterns that are often observed with
peripheral site inhibitors of AChE can be fitted to the
equilibrium solution (18). These fits require thata (or b and

Table 1: Rate Constants for Simulated Substrate Hydrolysis and Substrate Inhibition with AChEa

substrate kS (µM-1 s-1) k-S (s-1) k1
b (s-1) k-1

b (s-1) k2, k3 (s-1) k-P
c (s-1) k-P2/k-P (s-1) a-f, i

acetylthiocholine 150d 2 × 105 3 × 106 4 × 104 1.4× 104 1.3× 105 0.01 1
M7A 200 4× 104 8 × 104 4 × 103 1.4× 104 1.3× 103 0.01 1
a Simulations for both substrates were generated as outlined in the text with the indicated values of rate constants defined in Scheme 5 in the

Appendix.b Calculated from eq 9 or 10 with anRS that was assumed to be 1.0 (see Experimental Procedures).c Assigned from measured values
for KP of 0.66( 0.03 mM for thiocholine or 6.4( 0.6 µM for M7H as outlined in Experimental Procedures.d The extent of substrate inhibition
with acetylthiocholine was measured at a constant ionic strength slightly higher than that in other experiments (see Experimental Procedures). Ionic
strength affects primarilyKapp but notkcat (12); kS, assumed to be the only rate constant sensitive to ionic strength, was recalculated fromKapp.

(9)

(10)

Scheme 1
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KS/KS2) be much less than 1, and interpretation of such low
values would appear to indicate a conformational interaction
between the two sites.

To avoid assumptions of equilibrium in Scheme 1, we
introduced a nonequilibrium analysis that involved numerical
solution of the rate equations that arise from Scheme 1 with
the SCoP program (18). The analysis required assignment
of all the rate constants in Scheme 1 and generated simulated
values ofV. We simplified these assignments by proposing
our steric blockade model in which the only effect of bound
peripheral site ligand is to decreasekS2 relative tokS and
k-S2 relative tok-S while maintainingKS ) KS2 anda ) b
) 1. SincekS is rate-limiting at low substrate concentrations
without inhibitor and kS2 becomes rate-limiting at low
substrate concentrations and saturating concentrations of
inhibitor, the model with Scheme 1 correctly predicts that
increasing concentrations of inhibitor should progressively
decrease the second-order hydrolysis rate measured at low
substrate concentrations (18). However, at high substrate
concentrations, neitherkS nor kS2 remains rate-limiting, and
the model with Scheme 1 predicts that inhibitor should have
no effect on theVmax obtained at high substrate concentra-
tions. This prediction is not supported experimentally, as
illustrated in Figure 1. This figure showsV as a function of
acetylthiocholine concentration. In the absence of propidium,
the observedV (O) were fitted well by the line simulated
with the steric blockade model. With the peripheral site
occupied by a saturating concentration of propidium (50µM),
the simulatedV (dashed line) corresponded well with the
observedV (0) at low substrate concentrations but increased
much more than the observedV at higher substrate concen-
trations. Near 100 mM acetylthiocholine, the simulated lines
for V with and without propidium converged. Therefore, the
steric blockade model with Scheme 1 fails to incorporate an
inhibition component that becomes apparent at high substrate
concentrations. This inhibition component might involve
substrate inhibition, a phenomenon observed with some
cationic substrates such as acetylthiocholine that is addressed
below. However, the experimental acetylthiocholine con-
centrations in Figure 1 are below the range where substrate
inhibition is observed. Furthermore, the divergence in Figure

1 between simulated and observedV values in the presence
of propidium is also seen with other substrates such as phenyl
acetate that do not exhibit substrate inhibition (18).

Schemes 2 and 4 incorporate a logical extension of Scheme
1 which, as we now show, can eliminate disagreement
between the steric blockade model and observedV at the
higher substrate concentrations investigated experimentally
in Figure 1. Scheme 2 makes explicit the dissociation rate
constantk-P for the first product P, the alcohol leaving group
(e.g., thiocholine) generated by acylation of the active site
serine. For simplicity, inclusion of a peripheral site inhibitor
is deferred to Scheme 4 in the Appendix.

The first intermediate following enzyme acylation in Scheme
2 is EAP. To maintain generality, P may dissociate before
(dk-P) or after (k-P) the deacylation step.EAP has not been
included explicitly in most catalytic pathways previously
considered for AChE becausedk-P has been assumed to be
sufficiently fast to render any accumulation ofEAP negli-
gible. This appears to be a good assumption for most AChE
substrates. For example, we estimatedk-P for acetylthio-
choline to be 1.3× 105 s-1 from the relationshipk-P ) kPKP,
where aKP of 0.66 mM was measured as the competitive
inhibition constant for thiocholine inhibition of M7A hy-
drolysis (data not shown) and the association rate constant
kP for thiocholine was assigned the same value assumed for
acetylthiocholine (200µM-1 s-1). Since thisk-P is nearly 1
order of magnitude larger thank2 or k3, its inclusion in the
model has little effect on the experimental kinetic parameters;
calculations based on Schemes 1 and 2 (withd ) 1) show
thatkcat is decreased by less than 1% andkcat/Kappis unaltered.

We extend our steric blockade hypothesis with Scheme 4
(Appendix) by proposing that a bound peripheral site
inhibitor not only reduces association and dissociation rate
constants for substrate binding to the acylation site but also
reduces the dissociation rate constant for release of P. In
this case, a simulated nonequilibrium analysis demonstrates
that product dissociation rate constants can become impor-
tant. A key rate constant in this analysis wask-P2, the rate
constant for dissociation of P from theEPIP ternary complex,
since our steric blockade model proposes that the only
consequences of ligand binding to the peripheral site are low
ratios ofkS2/kS, k-S2/k-S, andk-P2/k-P. For example, if bound
propidium at the peripheral site reducedk-P2 in Scheme 4
to 1.5% ofk-P, the same reduction previously deduced for
k-S2 relative tok-S for acetylthiocholine (18), then thiocholine
dissociation does contribute to a reduction inV. With a k-P

of 1.3× 105 s-1 as calculated above, most of the divergence
between the experimental points with 50µM propidium and
the corresponding simulated line in Figure 1 was eliminated.
Assigning just a 2-fold lower value ofk-P (6 × 104 s-1)
completely eliminated this divergence and gave the simulated

FIGURE 1: Propidium inhibition of the AChE-catalyzed hydrolysis
of acetylthiocholine. Points represent initial velocities measured as
outlined in Experimental Procedures at 25 pM AChE and the
indicated acetylthiocholine concentrations with (0) or without (O)
50 µM propidium. Lines were generated by the SCoP simulation
program for rate constants in Scheme 1 (OsO and - - -) or Scheme
4 (0s0). Rate constant values assigned previously (18) were as
follows: kS ) kI ) kSI ) kAI ) 200µM-1 s-1; kS2 ) 3 µM-1 s-1;
k-S ) 3 × 103 s-1; k-S2 ) 45 s-1; k-I ) k-SI ) k-AI ) 200 s-1; k2
) k3 ) 1.4× 104 s-1; anda ) b ) 1. New rate constants required
to extend Scheme 1 to Scheme 4 were assigned as follows:k-P )
6 × 104 s-1; k-P2 ) 9 × 102 s-1; andc ) d ) e ) f ) i ) 1.

Scheme 2
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lower line shown in Figure 1. Therefore, if product affinity
for the acylation site is sufficiently high, product release may
become partially rate-limiting when the peripheral site is
occupied. Specifically,V will be affected when the product
dissociation rate constantk-P2 falls within the range of the
acylation (k2) and deacylation (k3) rate constants. Thiocholine,
a cationic leaving group P, illustrates this point in Figure 1.
In contrast, the acetate product (Ac) of acetylthiocholine
hydrolysis has an affinity for the acylation site that is too
low (KI > 100 mM) to contribute any rate limitation even
with propidium bound to the peripheral site. The analysis in
Figure 1 completes our demonstration that the steric blockade
can explain AChE inhibition by peripheral site ligands.
Specifically, direct measurement of association and dissocia-
tion rate constants for the acylation site ligands huperzine
A and TMTFA revealed decreases of 10-380-fold when
propidium was bound to the peripheral site (18), and
decreases in these rate constants alone for substrates and their
hydrolysis products are sufficient to account for inhibition
by bound peripheral site ligands at both low (18) and high
(Figure 1) substrate concentrations.

Acetylcholine Can Bind to the Peripheral Site. We turn
next to the questions of whether acetylthiocholine, a close
analogue of the physiological substrate acetylcholine, can
bind to the peripheral site and whether this binding is of
significance on the catalytic pathway. Scheme 3 defines an
initial complexESP of substrate with the peripheral site and
incorporates this species into the previous catalytic pathway
from Scheme 2.

ESP can reversibly proceed toES, the complex of substrate
with the acylation site, where acylation occurs. For simplicity,
we have not included the additional complexesESSP, EAPSP,
EASP, andEPSP in Scheme 3, but they are made explicit in
Scheme 5 in the Appendix. These complexes are important
in the phenomenon of substrate inhibition considered below,
and they also must be considered in any measurement of
substrate affinity for the peripheral site.

A direct way of measuring substrate affinity for the
peripheral site is to measure the effect of substrate on the
association rate constantkon for a slowly equilibrating ligand
that binds exclusively to the peripheral site. Fasciculin is
such a ligand, and we previously confirmed the affinity of
propidium for the peripheral site by measuring its inhibition
constantKI during fasciculin binding (22). The analysis was
straightforward with an inhibitor like propidium (I) that
competes with fasciculin, because only a single complexEIP

is formed to alter the observedkon. If our steric blockade
model is correct and ligand binding to the peripheral site is
unaffected by the presence of ligands or an acyl group at
the acylation site, then this analysis can be extended directly
to include substrate. Only species with S bound to the
peripheral site are relevant, and the resulting analysis should

be compatible with eq 6. However, in the presence of both
S and I, Scheme 5 includes 14 liganded enzyme species as
noted in the Appendix. It is certainly possible that our model
is oversimplified and that ligands bound to the acylation site
will alter ligand binding to the peripheral site. We can address
this possibility by simulation analysis of the more general
eq 7. We began our experimental analysis by measuring the
observed rate constantsk for fasciculin binding during
continuous substrate hydrolysis as shown in Figure 2A.
Apparent association rate constantskon were then calculated
from a series ofk values obtained at fixed acetylthiocholine
concentrations [S] according to eq 5. Plots ofkon versus [S]
in the absence of propidium revealed thatkon did decrease
at higher S concentrations and reasonably conformed to eq
6 (O in Figure 2B). This decrease suggested that acetylthio-
choline competes with fasciculin at the peripheral site, but
to our surprise, the competition was only partial. Values of
kon at high S concentrations leveled off at about one-half of
the kon extrapolated to zero S concentration. According to
eq 6, this observation indicates thatkFP for fasciculin binding
to ESP is about one-half ofkF, the intrinsic association rate
constant for fasciculin binding to the peripheral site in free
AChE. In contrast,kon for fasciculin was observed previously
to decrease to near zero at high propidium concentrations,
and the absence of any detectablekFP for fasciculin with the
propidium-AChE complex was taken as evidence that
fasciculin and propidium were completely competitive (22).
Our immediate concern was that the partial acetylthiocholine
inhibition of fasciculin binding did not reflect an interaction

Scheme 3

FIGURE 2: Acetylthiocholine binding to the AChE peripheral site.
(A) The hydrolysis rateV (∆A412nmper minute) for the approach to
equilibrium fasciculin (F) binding was measured with 10 mM
acetylthiocholine, 50 pM AChE, F (a, 5 nM; b, 3 nM; c, 2 nM;
and d, 1 nM), and buffered 50 mM NaCl by continuous spectro-
photometric assay as outlined in Experimental Procedures. Rate
constants (k) obtained from eq 4 were then plotted against the
fasciculin concentration (eq 5) to obtainkon (plot not shown). (B)
The dependence ofkon on the acetylthiocholine concentration was
analyzed with eqs 6 and 7. Indicated points representing the average
of three or fourkon measurements (except at 15 mM) were fitted
with eq 6 to give apparentKS estimates of 3.6( 1.0 mM in the
absence of propidium (O) and 0.6( 0.1 mM with 20µM propidium
(4). (This fitting is not shown here but is given in Figure 2B of ref
45.) A meanKS of 1.5 mM was used to assignk-S in Table 1 and
to generateboth lines representing the simulated dependence of
kon on [S] from eq 7. The simulations were based on Scheme 5 as
outlined in the text with the rate constant assignments in Table 1
except thatk-P ) 6 × 104 s-1; in addition, k-I and k-P2 for
propidium were the same as in Figure 1 butkI ) 70 µM-1 s-1 (due
to the change in ionic strength from Figure 1). The simulated lines
also were fitted well by eq 6 with aKS value of 1.36( 0.01 mM
both in the absence of propidium and with 20µM propidium.
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of acetylthiocholine at the peripheral site but instead was an
indirect effect of acetylthiocholine bound at the acylation
site. Three points argued against this interpretation. First,
the apparentKS for the acetylthiocholine that competes with
fasciculin according to eq 6 was in the low millimolar range
(Figure 2B). This value was nearly 2 orders of magnitude
higher thanKapp for acetylthiocholine, which roughly indi-
cates the affinity of substrate complexes at the acylation site.
Second, inclusion of edrophonium, an inhibitor specific for
the acylation site, at high concentrations (90 times itsKI)
with acetylthiocholine and fasciculin only slightly altered the
upper plot in Figure 2B (data not shown). Third, when in
contrast a high concentration of propidium (nearly 10 times
its KI) was included, progressively higher S concentrations
actually increased the observedkon substantially (4 in Figure
2B). Since propidium affinity for the peripheral site is at
most slightly affected by the binding of ligands to the
acylation site (9, 18), this observation appears to require that
acetylthiocholine and propidium compete at the peripheral
site and that displacement of propidium by acetylthiocholine
result in an increased rate of fasciculin association.

To confirm this indication of acetylthiocholine binding to
the peripheral site, we conducted nonequilibrium simulations
in whichkon was calculated from eq 7. Differential equations
corresponding to the rate expressions from Scheme 5 were
solved numerically by the SCoP program with rate constants
(Table 1 and Figure 2B) assigned as outlined in Experimental
Procedures. The geometric mean of the apparentKS estimates
from eq 6 with and without propidium was about 1.5 mM
(Figure 2B), and from this value and the previously estimated
kS, a k-S of 2 × 105 s-1 was assigned. Two other key
assignments involved the relative values ofkFP/kF andkFA/
kF in eq 7. The decision to limit the 14 possible fasciculin
association rate constants to only these three in the numerator
in eq 7 was largely based on the close conformity of the
data in Figure 2B to eq 6. This conformity indicated that
fasciculin associated with several enzyme species with
identical rate constants. We sorted these enzyme species into
four groups. The first consisted of those with no bound
cationic ligands (i.e., [E] + [EA]) with a fasciculin associa-
tion rate constant ofkF. The second contained those in which
substrate was bound to the peripheral site (∑ESP) and was
characterized by a relative rate constant ofkFP/kF. The third
included those in which the peripheral site was free but
substrate or its thiocholine product was bound to the acylation
site (∑EXA), and these were given a relative rate constant
of kFA/kF. The fourth involved those with propidium bound
to the peripheral site (∑EIP) and with a relative rate constant
of zero. We first simulated our steric blockade model, in
which ligand binding to the peripheral site is unaffected by
the presence of ligands or an acyl group at the acylation site.
Fasciculin association was assumed to be partially blocked
by substrate bound at the peripheral site (kFP/kF ) 0.5) but
unaffected by substrate or product bound at the acylation
site (kFA/kF ) 1). In support of the latter assignment, previous
data (22) and our results above indicated that fasciculin
association rate constants are not affected by edrophonium
bound to the acylation site. With these assignments, the
simulation program calculated the concentrations of all the
enzyme intermediates in Scheme 5, with and without
propidium, and solved eq 7 forkon as a function of S
concentration. The simulated values ofkon are shown as the

lines in Figure 2B. They superimposed well with the original
fits of the experimental data to eq 6, and they confirmed
that eq 6 provides an excellent approximation when fasciculin
association is affected only by substrate bound to the
peripheral site. TheKS of 1.4 mM calculated from the
simulations agreed with the assignedKS. In contrast, when
both kFP/kF and kFA/kF were assigned a value of 0.5, the
simulatedKS with 20 µM propidium was unchanged but the
simulatedKS without propidium decreased 5-fold. This trend
was the opposite of that observed experimentally in Figure
2B. We also examined whether a small decrease in the
relative fasciculin association rate with substrate or product
bound to the acylation site (kFA/kF ) 0.5) could be super-
imposed on complete competition between substrate and
fasciculin at the peripheral site (kFP/kF ) 0). In this case, the
simulations showed thatkon with 20 µM propidium did not
change significantly with increased S concentrations, again
in contrast to the observations in Figure 2B. These simula-
tions confirmed the indication in the previous paragraph that
acetylthiocholine and propidium must compete at the pe-
ripheral site for acetylthiocholine to accelerate fasciculin
association in the presence of propidium.

Since the individual rate constants on the catalytic pathway
in Scheme 3 in general are too high to measure by rapid
kinetic techniques, there are relatively few phenomena
involving substrate hydrolysis by AChE that allow us to
obtain experimental evidence to support Schemes 3 and 5
and the rate constant assignments in Figure 2B. Two pertinent
phenomena are substrate inhibition and mixed substrate
hydrolysis, and these are examined in the following sections.

Substrate Inhibition.When rates of acetylthiocholine
hydrolysis with AChE are measured as a function of
acetylthiocholine concentration [S], the profile in Figure 3A
is observed. This profile does not correspond to a simple

FIGURE 3: Substrate inhibition with acetylthiocholine and M7A.
Points represent initial velocities (µM min-1) measured at the
indicated substrate concentrations as outlined in Experimental
Procedures. (A) Reaction mixtures with acetylthiocholine and 20
pM AChE were supplemented with NaCl such that [S]+ [NaCl]
) 60 mM to maintain a constant ionic strength. The line was
generated by the SCoP simulation program with assigned rate
constants in Table 1 except thatk-P ) 6 × 104 s-1. When fitted to
the Haldane equation (eq 1), the simulated line corresponded to a
Kapp of 57.9 ( 0.4 µM and aKSS of 17.9 ( 0.1 mM. (B) Initial
velocities for M7A in 20 mM sodium phosphate buffer with the
experimental AChE concentrations (20-2000 pM) were normalized
to 20 pM AChE for comparison to Figure 3A. The line was
generated by the SCoP simulation program with assigned rate
constants in Table 1 except thatk-P was slightly increased to 1.5
× 103 s-1 and thermodynamic interaction between sites was
allowed, with i ) 4, k-S ) 2 × 104 s-1, k1 ) 4 × 104 s-1, and
k-P2/k-P ) 0.04. When fitted to the Haldane equation, the simulated
line corresponded to aKapp of 9.3 ( 0.1 µM and aKSS of 640 (
3 µM.
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Michealis-Menten kinetic pattern, and the bell-shaped curve
with the decline at high S concentrations has long been
referred to as substrate inhibition (32). This curve can be
fitted to the Haldane equation (eq 1), which contains three
experimental parameters:Vmax () kcat[E]tot), Kapp, and the
substrate inhibition constantKSS. Since the Haldane equation
is not restricted to any mechanistic scheme, it provides a
useful quantitative standard for assessing data simulated from
our nonequilibrium analysis of Scheme 5 with the rate
constant assignments in Table 1. It is important to note that
these rate constants were assigned from data unrelated to
the substrate inhibition phenomenon itself.

For acetylthiocholineKSS was the only parameter inde-
pendently obtained from this fitting procedure, as known
values ofkcat andKappwere incorporated into the rate constant
assignments. The simulation in fact generated a curve exhib-
iting substrate inhibition with aKSSvalue of 44.4 mM, about
twice the observedKSS of 18.6 mM (Table 2). We assessed
changes in assigned rate constants that could reconcile this
difference. Although substrate inhibition results from a low
value ofk-P2/k-P, the value ofKSS obtained from the simu-
lation was only moderately sensitive to thek-P2/k-P assign-
ment (e.g., changingk-P2/k-P from 0.01 to 0 only decreased
the simulatedKSS to 28 mM). In contrast, the simulatedKSS

value was more sensitive to the assigned value ofk-P, with
the two values appearing virtually proportional. For example,
decreasing the assignedk-P from 1.3× 105 to 6 × 104 s-1

decreased theKSS obtained from the simulation to 17.9 mM
and gave an excellent fit of the simulated curve to the
experimental data, as shown in Figure 3A. Since the original
assignment ofk-P assumed thatkP ) kS, an assumption that
cannot be tested experimentally with available techniques,
the agreement between the observed and simulated substrate
inhibition data appears to be quite reasonable.

We next turned to M7A, a substrate that previously
exhibited substrate inhibition with eel AChE (26, 33) and
also showed this inhibition pattern with human AChE (Figure
3B). This substrate is of particular interest in testing our steric
blockade model because it binds to the peripheral site (KS

) 0.18 ( 0.01 mM from competition with fasciculin, data
not shown), and its hydrolysis product M7H has a high
affinity for AChE and a consequent low calculatedk-P of
1.3 × 103 s-1 (Table 1). Analysis of the simulatedV versus
[S] curve with the Haldane equation and the constants for
M7A in Table 1 gave independent estimates ofKSS andkcat,
since only the ratiokcat/Kapp was incorporated into the rate

constant assignments. The simulatedKSS of 0.25 mM was
nearly 3 times smaller than the observedKSS of 0.7 mM,
but the simulatedkcat was within 20% of that observed (Table
2). The reasonably close agreement supported our steric
blockade model. In particular, the observedkcat for M7A was
only 19% of thekcat for acetylthiocholine (Table 2), and this
low relativekcat was explained in the steric blockade model
by the low k-P for the M7H product. In contrast to the
interaction of acetylthiocholine with AChE, the most abun-
dant simulated intermediate with M7A at concentrations
below KSS was EP, the AChE complex with the M7H
product, and dissociation of this complex was the step that
limited the value ofkcat. As a consequence, a slight increase
in k-P resulted in an almost proportionate increase inkcat

but in almost no effect onKSS. The most straightforward
way to achieve agreement between the simulated and
observedKSS values2 was to relax the stringent assumption
in our steric blockade model that the affinity of ligands for
the peripheral and acylation sites was unchanged when both
sites were occupied simultaneously in a ternary complex (see
Discussion). Good agreement was then observed in Figure
3B, where the affinities of M7A and M7H in ternary
complexes were assigned to be 25% of their affinities in
binary complexes (e.g.,i ) 4). The simulation in Figure 3B
also assumed that the apparentKS of 0.18 mM for M7A was
an average of the actualKS and of iKS, where iKS is the
dissociation constant for M7A binding to the peripheral site
when the acylation site is occupied by M7A or M7H.

Mixed Substrate Hydrolysis.When two substrates are
mixed with AChE, each substrate inhibits the hydrolysis of
the other. We measured the extent of competitive inhibition
of acetylthiocholine hydrolysis by M7A and, conversely, the
extent of competitive inhibition of M7A hydrolysis by
acetylthiocholine by monitoring the hydrolysis of each
substrate independently. Competitive inhibition was assessed
from relative second-order hydrolysis rate constantsz by
plotting the data according to eq 3. If none of the enzyme
intermediates generated by the competing substrate can react
with the monitored substrate, then theKI for the competing
substrate should equal itsKapp. This is typically the case for
simple models of substrate competition, and it is also the
case when M7A is the competing substrate during acetyl-
thiocholine hydrolysis. In Figure 4A, the solid line represents
the inhibition calculated from eq 3 whenKI for M7A equals
its Kapp from Figure 3B. The observed points were within
experimental error of this line. Furthermore, simulation of
this competition with the steric blockade model applied to
Scheme 5 and the assigned rate constants in panels A and B
of Figure 3 generated the dashed line that also closely
followed the solid line. The data indicate that acetylthio-
choline does not initiate its catalytic pathway with any

2 Assigned rate constants could also be adjusted in the following
way to obtain agreement of the simulated and observedKSS for M7A
in Figure 3B. A 7-fold decrease ink2 combined with a 3-fold increase
in k-P, relative to the assignments in Table 1, shifted the rate-limiting
step inkcat from product dissociation to acetylation and gave a simulated
curve virtually identical to the one in Figure 3B. These adjustments
were not a very attractive option because they seem to run counter to
observations that the M7H leaving group promotes excellent acylation
of AChE. For example, dimethylcarbamoylated M7H shows a higher
acylation rate constant than dimethylcarbamoylated choline (25, 34).
Furthermore, these adjustments gave a less than satisfactory fit of the
simulated curve to the experimental points in Figure 4B.

Table 2: Simulated and Observed Kinetic Parameters for Substrate
Hydrolysis and Substrate Inhibition with AChEa

substrate kcat (s-1) Kapp (µM) KSS(mM)

Observed Values
acetylthiocholine 7000b 58 ( 2 18.6( 0.7
M7A 1300( 160c 10 ( 1 0.7( 0.1

Simulated Values
acetylthiocholine d d 44.4( 0.1
M7A 1120( 30c 8.8( 0.04 0.25( 0.001

a Kinetic parameters were determined by fitting the dependence of
V on the substrate concentration to the Haldane equation (eq 1).
Simulated values were obtained with Scheme 5 (Appendix) and the
rate constants in Table 1.b From previous literature values (see ref18).
c Calculated from the product ofkcat/Kapp× Kapp. d Matched to observed
parameters by rate constant assignments.
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enzyme intermediate produced by M7A. However, when
acetylthiocholine is the competing substrate during M7A
hydrolysis, the observed inhibition points fell below the solid
line expected ifKI for acetylthiocholine were equal to its
Kapp (Figure 4B). A similar pattern of inhibition of M7A
hydrolysis by acetylthiocholine was observed previously with
eel AChE (26). The level of inhibition in Figure 4B
corresponded well to the level of inhibition simulated with
Scheme 5 (dashed line in Figure 4B), thereby supporting
our steric blockade model. The simulation was particularly
sensitive to two parameters,k-S for M7A and k-P2/k-P for
thiocholine product dissociation when M7A was bound to
the peripheral site. A decrease ink-S or an increase in this
k-P2/k-P resulted in less inhibition by acetylthiocholine. This
pattern indicates that an M7A molecule can initiate its
catalytic pathway by binding to the peripheral site when
acetylthiocholine is bound to the acylation site. The dis-
sociation of this M7A is sufficiently slow that it willwait at
the peripheral site while acetylation by the acetylthiocholine
and deacetylation occur and the thiocholine product dissoci-
ates from the enzyme. This M7A then will proceed to the
acylation site. A corresponding phenomenon is not seen
during M7A inhibition of acetylthiocholine hydrolysis be-
cause acetylthiocholine dissociates too rapidly from the
peripheral site and product M7H dissociates too slowly from
the acylation site. These data provide the most direct evidence
in support of our proposal in Schemes 3 and 5 that initial
substrate binding to the peripheral site occurs on the catalytic
pathway. This pathway does not require release of substrate
from the peripheral site to the solution and its direct
reassociation with the acylation site for catalysis to occur.

DISCUSSION

A key observation in this report is that acetylthiocholine
can bind to the AChE peripheral site with an equilibrium
dissociation constantKS of about 1 mM. This value was

determined from the effect of the acetylthiocholine concen-
tration on the rate at which fasciculin associates with the
peripheral site. The approach to equilibrium fasciculin
binding was monitored by continuous spectrophotometric
assay of acetylthiocholine hydrolysis. We employed this
method previously with the high-affinity bisquaternary
inhibitor ambenonium and found that acetylthiocholine
inhibited ambenonium association by binding to a site on
AChE with a KS of about 1 mM (29), in good agreement
with our current estimate. However, since ambenonium binds
to both the acylation and peripheral sites simultaneously, it
was difficult to assign this acetylthiocholine binding to the
peripheral site. Our current assay has the advantages that
fasciculin binds only to the peripheral site and that its slower
rate of binding allows greater precision. Noise levels with
the Cary 3A spectrophotometer are low enough to allow
velocity estimates over 2 s intervals, and rate constants (k)
for the approach to equilibrium fasciculin binding (Figure
3A) were fitted with typical standard errors of 1-5%.

When acetylthiocholine binding to the peripheral site is
incorporated into our steric blockade model, a wide range
of kinetic data, including substrate inhibition, can be
explained. To keep the model conceptually simple, we have
examined the very limited hypothesis that the only effect of
substrates or inhibitors bound to the peripheral site is to
decrease association and dissociation rate constants for
acylation site ligands without changing their ratio, the
equilibrium dissociation constant. Thus, we hypothesize that
a bound peripheral site ligand has no effect on the thermo-
dynamics of binding of acylation site ligands or on their
reactivity at the acylation site. Even with this assumption,
some of the rate constants in Schemes 3 and 5 cannot be
assigned uniquely. The simulations revealed that an important
assignment is the rate constant for product dissociationk-P.
This rate constant has not been measured directly for either
thiocholine or M7H, the hydrolysis products of the substrates
examined here. It is therefore reassuring that a single
assignment fork-P of 6 × 104 s-1 for thiocholine results in
excellent agreement of the simulations with the observed data
for propidium inhibition of acetylthiocholine hydrolysis
(Figure 1), acetylthiocholine competition with fasciculin and
propidium (Figure 2B), and substrate inhibition with acetyl-
thiocholine (Figure 3A). While we are convinced that the
steric blockade model offers the best understanding to date
of ligand interactions with AChE, further refinements can
be made. For example, we noted previously that association
rate constants were decreased more than dissociation rate
constants for both huperzine A and TMTFA when propidium
was bound to the peripheral site (18). The difference
corresponded to about a 5-fold decrease in affinity for the
ligands in the ternary complex relative to the affinities of
either ligand in the binary complexes with the free enzyme.
We suggested that this difference might reflect an electro-
static interaction between these cationic ligands in the ternary
complexes, and we do not view it as a serious challenge to
the general steric blockade model. In terms of Scheme 4 or
5, this refinement would dictate a larger value ofk-S2/k-S

than ofkS2/kS and in turn require thermodynamically thati
be greater than 1. Increasingi to 4 gave the best agreement
of the simulated and the observed data for M7A in Figures
3B and 4. Furthermore, when similar changes were incor-
porated into the simulations for acetylthiocholine with eq 7

FIGURE 4: Inhibition of hydrolysis of one substrate by a second
substrate. (A) Points denote second-order rate constantsz for
acetylthiocholine (AcSCh) measured in the presence of competing
M7A as the inhibitor (see Experimental Procedures). The points
were normalized tozM7A)0 for acetylthiocholine in the absence of
M7A and plotted according to eq 3. (B) Points denote second-
order rate constantsz for M7A in the presence of competing
acetylthiocholine (AcSCh) normalized tozAcSCh)0 for M7A in the
absence of acetylthiocholine. M7A hydrolysis was monitored by
spectrofluorometry. In each panel, indicated points represent
averages of two to four measurements. The solid line is the extent
of calculated inhibition if theKI for the competing substrate were
equal to itsKapp. The dashed line is the extent of inhibition simulated
for the steric blockade model with Scheme 5 and the assigned rate
constants in panels A and B of Figure 3. New rate constants
resulting from mixed ternary complexes (e.g.,iST ) iTS ) 1, see
Appendix) were assigned assuming no thermodynamic interaction
between the bound ligands in these complexes.
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in Figure 2B and the simulated data were then fitted with
eq 6, a higherKS was obtained without propidium than with
propidium. This appears to be an improvement, because a
similar divergence inKS values was seen in our experimental
fits in Figure 2B. However, these simulations for acetylthio-
choline also require small adjustments in other assigned rate
constants, and we have not attempted to find a self-consistent
set of adjustments that would retain the agreement of the
simulations to the observed data for acetylthiocholine in
Figures 1, 2B, 3A, and 4 noted above.

The steric blockade model in Schemes 3 and 5 resolves a
long controversy over the mechanistic interpretation of
substrate inhibition with AChE. The controversy involved
two alternative mechanisms. One proposal was that substrate
inhibition arises from S binding to the anionic site of
acetylated AChE to give anEAS complex in which deacyl-
ation is blocked (26, 35-37). This proposal predicted that
the substrate inhibition constantKSS fitted by the Haldane
equation (eq 1) will depend not only on the substrate affinity
in EAS but also on the relative amount ofEA. It was
supported by observations that uncompetitive inhibition
constants as well asKSSincreased for substrates with a lower
kcat (since these formed lessEA). Alternatively, it was
proposed that substrate inhibition arises from binding of two
molecules of S in anESS complex in which enzyme
acetylation is blocked. Either the two S molecules could bind
in the acylation site (38), or one S could bind in the acylation
site and one in the peripheral site (39, 40). This proposal
predicted thatKSS from the Haldane equation should equal
the dissociation constant for the lower-affinity S site in the
ESS complex. It was supported when values forKS of 15-
25 mM for acetylcholine or acetylthiocholine binding to the
peripheral site, determined by competition in a fluorescence
titration of propidium with DFP-inactivated AChE, were the
same as the correspondingKSS estimates (40). It is unclear
why theseKS estimates are so much higher than those we
have determined from acetylthiocholine inhibition of the
association reactions of ambenonium (29) or fasciculin
(Figure 2B) with the peripheral site.3 Our steric blockade
model combines features from both of these proposals and
extends them in a nonequilibrium context. The complex
responsible for inhibition is neitherEAS norESS but instead
is EPSP. This intermediate accumulates because S binding
to the peripheral site blocks the dissociation of P, a feature
that agrees with the contention in the second proposal that
substrate bound to the peripheral site is responsible for
substrate inhibition. Furthermore, for a series of substrates
with similar KS and k-P values but varyingk2 values,KSS

will increase askcat decreases. Thus, our steric blockade
model can account for the variations inKSSwhich originally
led to the first proposal.

Some previous reports (5) have noted that measuredV
values at high S concentrations fall above the overall
substrate inhibition curve fitted to the Haldane equation (eq
1). Such deviations have been attributed to a low acetylation

activity in the ESS complex. While no significant deviations
of this type were observed over the range of S concentrations
investigated in our experiments, it is worth noting that such
deviations can be accounted for within our steric blockade
model. Ask-P2/k-P increases from the low value of 0.01
assumed in Table 1, simulated values ofV at high S
concentrations fall above the curve predicted by the Haldane
equation because the rate of product dissociation even with
S bound to the peripheral site makes a significant contribution
to V.

Our observation in Figure 2B that acetylthiocholine and
fasciculin were only partially competitive in binding to the
peripheral site was unexpected. From our analyses with eqs
6 and 7,kFP for fasciculin binding to theESP complex was
nearly 50% of thekF for fasciculin binding to the free
enzyme. However, these equations do not address the
stability of theESPFP complex in which both acetylthiocho-
line and fasciculin are bound to the peripheral site. To explore
the stability of this complex, we considered an extension of
Schemes 4 and 5 in which a set of 20 complete time courses
for fasciculin binding in the presence of acetylthiocholine
(e.g., like those in Figure 2A) were fitted with the SCoP
program (see examples involving TMTFA binding in ref18).
Only rough approximations were attempted because fasci-
culin exerts a conformational effect on the acylation site in
addition to its steric blockade (i.e.,a < 1; 18, 22). However,
the fitting procedure indicated a 2-3 order of magnitude
decrease in the affinities of acetylthiocholine and fasciculin
in this ESPFP ternary complex relative to the affinities of
either ligand in the binary complexes with the free enzyme.
To rationalize the formation of this ternary complex, we
reviewed the kinetic properties of previously reported AChE
mutants and examined the crystal structures of the fasci-
culin-AChE complexes (7, 8) to identify a potential acetyl-
thiocholine binding site that largely overlaps with that of
propidium but only slightly overlaps with that of fasciculin.
D72 is a residue midway along the active site gorge that
some reports have included in the peripheral site, and its
mutation decreaseskcat/Km for acetylthiocholine about 50-
fold (5). D72 appears to be important in the initial binding
of TMTFA, because mutation to D72N reduced the overall
TMTFA association rate constant at high ionic strengths more
than 20-fold without an effect on the corresponding rate
constant for the neutral analogue of TMTFA (15). D72 also
was shown to be responsible for the enhanced reactivity of
cationic organophosphates relative to their uncharged coun-
terparts (41). Since D72 does not make contact with
fasciculin in the crystal structures, it appears to be possible
that acetylthiocholine could interact with D72 and still allow
a nearly normal association rate constant for the binding of
fasciculin to the remainder of the peripheral site to form the
ternary complex. Studies with D72 mutants are currently
underway to examine this possibility.

Our discussion of the steric blockade model has focused
entirely on the point that ligand binding to the peripheral
site can have an inhibitory effect on substrate turnover at
the acylation site. However, inhibitor binding to the periph-
eral site is not apparent in vivo and thus is not suspected to
play any regulatory role under physiological conditions of
acetylcholine hydrolysis by AChE. Furthermore, the con-
centrations of acetylcholine itself are not high enough to give
rise to any significant substrate inhibition during synaptic

3 Preliminary measurement ofKS for TorpedoAChE gave a value
of about 0.5 mM with techniques identical to those in Figure 2 (T.
Szegletes, W. D. Mallender, and T. L. Rosenberry, manuscript in
preparation), indicating that the higher affinity of acetylthiocholine for
the peripheral site reported here is not unique to human AChE. We
suspect that the lower affinities in the previous reports were subject to
technical limitations.
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transmission at the neuromuscular junction (42). Therefore,
it is important to note that our model indicates a key role
for the peripheral site under physiological conditions in which
AChE is not saturated with acetylcholine. The hydrolysis
rateV under these conditions is proportional to the second-
order rate constantkcat/Kapp as given by eq 9, and initial
binding of the substrate to the peripheral site increases this
rate constant in several ways. It increaseskS because the
peripheral site enlarges the enzyme surface and increases
the frequency of productive substrate encounters; it decreases
k-S and thus allows a greater proportion of substrate
molecules initially associated with the peripheral site to
proceed to the acylation site, and it may well acceleratek1

by optimally positioning substrate to diffuse rapidly into the
acylation site.

Most previous kinetic analyses of AChE have employed
equilibrium interpretations of reaction schemes similar to that
in Scheme 1. Under what conditions do the conclusions from
these analyses remain valid? We offer three guidelines. (1)
If the intent is only to obtain an estimate of an inhibition
constantKI, an equilibrium analysis of Scheme 1 will provide
an accurate estimate of the thermodynamic affinity of an
inhibitor for either the acylation site or the peripheral site in
free AChE (18). (2) If a substrate under investigation
essentially equilibrates with AChE during reaction, an
equilibrium analysis of Scheme 1 can be applied. Many
slowly reacting substrates such as organophosphates (43) fall
into this category. (3) If, however, one is investigating ligand
binding to the peripheral site with substrates that do not
equilibrate with AChE, kinetic parameters can be misinter-

preted with an equilibrium analysis. In particular,Kapp and
KSS (eq 1) will not reflect equilibrium values, anda andb
(Scheme 1) will not be relative acylation and deacylation
rate constants.

APPENDIX

Scheme 4 is an extension of Scheme 2 in which all
complexes involving bound peripheral site inhibitor (I) are
included. Our steric blockade model postulates that peripheral
site binding is unaffected by acylation site ligands (i.e.,i )
1 and the same association rate constantkI and the same
dissociation rate constantk-I characterize I binding in the
EIP, ESIP, EAPIP, EAIP, andEPIP complexes) and that bound
peripheral site ligand has no effect on acylation and deacyl-
ation rate constants (i.e.,a ) b ) 1). Our current treatment
of Scheme 5 also assumes for simplicity that product P bound
to the acylation site does not alter the rate constant for
deacetylation (c ) e ) 1) and that P dissociation rate
constants for dissociation from the acetylated enzyme are
identical to those from free enzyme (d ) f ) 1). These
assumptions may require future refinement in view of
reported interactions between ligands and acyl groups at the
acylation site (25, 44). The important feature of the steric
blockade model here is thatkS2/kS ) k-S2/k-S < 1 and that
k-P2/k-P < 1.

In Scheme 3, we proposed a more detailed model of AChE
catalysis in which the first step involved the formation of
an ESP complex at the peripheral site. Scheme 5 is an
extension of Scheme 3 in which all other complexes

Scheme 4

Scheme 5
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involving bound peripheral site substrate are included. As
in Scheme 4, our steric blockade model postulates thata )
b ) i ) 1 and thatkS2/kS ) k-S2/k-S < 1 andk-P2/k-P < 1,
and again for simplicity, we assume thatc ) d ) e ) f )
1. When both S and I are present and compete for binding
to the peripheral site (i.e., no enzyme species involving SPIP

can form, such asESPIP), then the five enzyme species
involving IP in Schcme 4 (EIP, ESIP, EAPIP, EAIP, andEPIP)
must be added to Scheme 5 to describe the complete system.
While we do not show the scheme corresponding to this
system, in eqs 6 and 7 we define the following combinations
of enzyme species:∑ESP ) [ESP] + [ESSP] + [EAPSP] +
[EASP] + [EPSP], ∑EIP ) [EIP] + [ESIP] + [EAPIP] +
[EAIP] + [EPIP], and ∑EXA ) [ES] + [EAP] + [EP].
Furthermore, in the text description of eq 6,∑E ) [E] +
[EA] + ∑EXA. When acetylthiocholine (S) and M7A (T)
are substrates simultaneously, 17 liganded species from
Scheme 5 for the substrates must be considered (EA is
common to both substrates) as well as six additional species
representing mixed complexes (e.g.,ESTP). New rate con-
stants also are introduced by these mixed complexes (e.g.,
iSTk-T is the rate constant for dissociation of T fromESTP).
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