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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 374206-4216]. 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-abktoathylquinolinium (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 revealéglvalues 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 E327 participate with S200 in a catalytic triad, and W84
acetylcholinesterase (AChE)s one of the most efficient  binds to the trimethylammonium group of acetylcholine as
enzyme catalytic reactions knowh)( The basis of this high  acyl transfer to S200 is initiated. The peripheral site involves
efficiency has been investigated with ligand binding studies other residues including W273<8). Ligands can bind se-
interpreted in the context of the AChE three-dimensional lectively to either the acylation or the peripheral sites, and
structure determined by X-ray crystallograpldy. (The long ternary complexes with distinct ligands bound to each site
and narrow active site gorge is about 20 A deep and includescan form @). Ligands that bind specifically to the peripheral
two sites of ligand interaction: aacylation siteat the base  site include the phenanthridinium derivative propidium and the
of the gorge and @eripheral siteat its mouth. In the acyl-  fasciculins, a family of very similar snake venom neurotox-
ation site, residue S200 (TcAChE sequence numbering) isins comprised of 61-amino acid polypeptid@s§, 10, 11).
acylated and deacylated during substrate turnover, H440 and Despite its prominence, the role of the peripheral site in

the AChE catalytic pathway has remained obscure. From
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Institutes of Health and by grants from the Muscular Dystrophy Proposed several years ago that acetylthiocholine binding to
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Postdoctoral FellowshiD.  <hould be addressed near the active site that can electrostatically attract cationic

# Mayo Clinic Jackpsonville. ' substrates and inhibitord& Z). Molecular modeling calcula-
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~ ' Abbreviations: AChE, acetylcholinesterase; TCAChE, acetylcho- this notion by suggesting that the AChE catalytic subunit
linesterase fronTorpedo californicaDTNB, 5,5-dithiobis(2-nitroben- has a dipole moment aligned with the active site gorge that
zoic acid); TMTFA,m-(N,N,Ntrimethylammonio)trifluoroacetophenone; L. AR
M7A, 7-acetoxyN-methylquinolinium; M7H, 7-hydroxyN-methylquin- can accelerate association rate constants for cationic ligands.
olinium. 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 EXPERIMENTAL PROCEDURES
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  Materials Human erythrocyte AChE was purified as
cation TMTFA with mouse AChE at zero ionic strengitb). outlined previously, and active site concentrations were
However, mutation of up to seven negatively charged determined by assuming 410 units/nm20,(21). Propidium
residues at or near the peripheral site on the gorge rimjodide was purchased from Calbiochem. M7H iodide and
reduced this factor by less than 60%(16), indicating that ~ some stocks of M7A iodide were obtained from Molecular
the peripheral site makes only a modest contribution to the probes, while other stocks of M7A iodide were synthesized
electrostatic field at the active site. A second possibility is py the Mayo Clinic Jacksonville Organic Synthesis Core
that ligand binding to the peripheral site results in a Facility. Fasciculin was the fasciculin 2 form obtained from
conformational change that promotes catalysis. Many pe- C. Cervenansky at the Instituto de Investigaciones Biologicas
ripheral site ligands inhibit substrate hydrolysis, and AChE (Clemente Estable, Montevideo, Uruguagp)

inhibition by propidium has been attributed entirely to a Steady State Measurements of AChE-Catalyzed Substrate
conformational change at the acylation site induced by the Hydrolysis Hydrolysis ratesy were measured at various
binding of propidium to the peripheral sit¢?). If substrate  gypstrate (S) concentrations in 1 mL assay solutions with
interacted with the peripheral site on entering the active site yffer (20 mM sodium phosphate and 0.02% Triton X-100
gorge, this interaction in_ principle could induce a confor_— at pH 7.0) at 25°C. To maintain a constant ionic strength
mational change that might promote substrate hydrolysis. \yith protocols in which the acetylthiocholine concentration
However, we recently introduced a steric blockade model gyceeded 1 mM, NaCl was added such that the sum of the
which demonstrated how small peripheral site ligands such gcetyithiocholine and NaCl concentrations was 60 mM.
as propidium may inhibit substrate hydrolysis without acetyithiocholine assay solutions included 0.33 mM DTNB,
inducing a conformational change in the acylation sl).(  and hydrolysis was monitored by formation of the thiolate
This model includes the simple hypothesis that the only effect yianion of DTNB at 412 NMAeaiznm= 14.15 mM cmr L

of a bound peripheral site ligand is to decrease the associatior(zg)] for 1—5 min on a Varian Cary 3A spectrophotometer
and dissociation rate constants for an acylation site ligand (24). Hydrolysis of M7A was followed by formation of M7H
without altering the equilibrium constant for ligand binding 3t 406 nm Qeaosnm = 9.2 mML et at pH 7.0), and

to the acylation site. This hypothesis was generally SUPportednonenzymatic hydrolysis rates were deductsl 6).

by our direct demonstration that bound propidium decreased 5, high concentrations of acetylthiocholine and M7A

the association and dissociation rate constants for thedeCIined below the maximal hydrolysis rates observea at

acylation site ligands huperzine A and TMTFA by factors | trati Th
of 10—400. Therefore, there is little evidence that the binding fﬁ\tlézrti t?]%nail?dgnfr:asciu atigndfe()ee;udk)esr:f;jeaf:h[iﬁi]tig%s(

_of substrates and oth_er small ligands to_the_pe_rl_pheral Sit€ 55 shown in eq 1.
induces a conformational change that is significant with
respect to catalysis.

In this paper, we show that further examination of our _ Vinax [S] o
steric blockade model leads directly to a proposed new role [S]
for the peripheral site, namely, the initial binding of substrate [S]| 1+ rau Ko
ss

on the AChE catalytic pathway. A similar role has been
suggested for a peripheral site in the closely related enzyme
butyrylcholinesterasel@). The first step in clarifying this 1N €q 1,Vinax= Kea{ El1ot Where E]i is the total concentration
role in AChE was to analyze further the inhibition of 0of AChE active sites. Data were fitted with Fig.P (BioSoft,
substrate hydrolysis by peripheral site ligands. We conductedversion 6.0) to eq 1 by nonlinear regression analyses; with
nonequilibrium simulations that accounted quantitatively for experimental data, weighting assumed thats a constant
inhibition by peripheral site ligands at low substrate con- percent error.

centrations but diverged from experimental data at higher At low concentrations of acetylthiocholine and M7A,
substrate concentrations8). The discordance prompted us reciprocal plots ofv™! vs [S]* were linear. Competitive
here to extend the model to include steric blockade of product inhibition constantsk;) for inhibitors | were obtained by
dissociation as well as of substrate association and dissociaeither (1) analysis of replots of reciprocal plot slopes obtained
tion by a bound peripheral site ligand. The extended model over a range of fixed concentrations ofl1gj or (2) direct

not only brought the simulations into quantitative agreement measurements of the second-order hydrolysis rate constants
with experimental data at all substrate concentrations but alsoz in the presence and absence of | at low S concentrations.
suggested that substrate binding to the peripheral site couldwhen | was a competing substratewas measured as an
block product release and account for the well-known initial velocity at low S concentrations (i.e., [S] 0.1Kgpp).
phenomenon of substrate inhibition with AChE. With a The extent of acetylthiocholine hydrolysis in the presence
competition assay for fasciculin binding to quantify the of M7A was measured with 20M pyridine disulfide (2,2
affinity of substrates for the peripheral site, we then dithiobispyridine; Acros) in place of DTNB. Absorbance of
demonstrated a satisfactory correspondence of the simulategyridine thiol was monitored at 347 nMA§z41,m= 8.1 mM*

and observed substrate inhibition data. The complete modelcm™ (28)] because 347 nm corresponded to the isosbestic
indicates that the peripheral site serves as an initial binding point of M7H and M7A. The extent of M7A hydrolysis in
site for substrate entry to the acylation site and that this initial the presence of acetylthiocholine was measured on a Perkin-
binding accelerates the rate constdgf/Kapp for substrate  Elmer LS 50B luminescence spectrometer [excitation at 400
hydrolysis at low substrate concentrations. nm, emission at 500 nn2§)]. When | was an inhibitor that
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was not metabolizedz was determined as a pseudo-first- of all enzyme species in which nothing, S, or propidium (1),

order rate constant from eq 23). respectively, is bound to the peripheral site. Assuming that

fasciculin (F) reacts only with species ¥E andZESp, kon
[S] = [Slpe™ @) is given by eq 6.

Equation 2 is valid when the initial substrate concentration X P [S]

[Slo is low (i.e., [Sh < Kssand [Sh < about 0.Kqp. In Ft PR

the absence of Iz is denotedz—y = VmalKapp and eq 2 kyp= —— O]

corresponds to the integrated form of eq 1. Measaredues 1+ ﬂ + E

at various | concentrations were fitted to eq 3 to obt&in Ky K

and the constari (18).
In eq 6,kr is the intrinsic association rate constant Eoand
[ [I]] F, kep is the intrinsic association rate constant Ef» and
1+ = F, andKs andK;, are the equilibrium dissociation constants
 _ A3) for S and I, respectively, at the peripheral site. When eq 6
Z1=0 afl] was employed, mean values &f, obtained at each S
(1 + —] concentration were fitted with Fig.P by nonlinear regression
analysis with the reciprocals of the variances as weighting
factors to give apparers estimates. If ligand binding to
the peripheral site is altered by the presence of a ligand at
the acylation site, thet,n in eq 6 in principle must be
extended by additional term2, 29). We will assume that
these additional terms can be groupe&iEX, as shown in
eq 7, where the specific terms in each sum are given in
Scheme 5 in the Appendix aikgh is the intrinsic association
rate constant for species EEX, and F.

K;

I

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

Slow Equilibration of Fasciculin in the Presence of
Peripheral Site InhibitorsThe rates of fasciculin binding
to the AChE peripheral site were analyzed by an extension
of procedures used previouslg2). Association reactions  j — kp(LE] + [EAD + kep X ESp + kea 3, EX4 @

(2 mL) were initiated by adding small volumes of AChE ™" [E] + [EA] + Y ESp + Y EX, + Y El,
and acetylthiocholine to final concentrations of 6 nM
fasciculin and 0.1 mM DTNB in buffer (with [NaCH-= 60 Equation 7 cannot be solved analytically, but it can be solved
mM — [S] as above) at 28C. Some reaction mixtures also numerically with the SCoP simulation program as outlined
included 2QuM propidium. The extent of fasciculin binding  in the text.
was measured under approximate first-order conditions in  The value oKs for M7A was obtained by a modification
which the concentrations of all ligands were adjusted to at of the above procedure in which fasciculin association
least 8 times the concentration of AChE and the acetyl- reactions were measured at 412 nm with 2 nM fasciculin,
thiocholine level was not significantly depletee-20%). 0.25 mM acetylthiocholine, and-B00xM M7A in 1.0 mL
Acetylthiocholine hydrolysis was monitored by continuous of buffer without added NaCl. Observek values were
spectrophotometric assay as outlined above, and assay rategssumed to approximaks,, andKs was calculated from eq
v over 2 s intervals were fitted by nonlinear regression 6 (with [I] and kep Set to 0).
analysis (Fig.P) to eq 4. In eq 4iiia and viing are the Simulations of Kinetic Equations and Assignment of
calculated values of at time zero and at the final steady Simulation Rate ConstantShe calculation of substrate
state when fasciculin binding has reached equilibrium, and hydrolysis rates from AChE reaction pathways in which
k is the observed first-order rate constant for the approachreversible reactions are not at equilibrium is difficult because
to equilibrium. solutions to the corresponding differential equations are too
complex for useful comparison to experimental data. We
4 previously described our application of the program denoted
] o ) ] SCoP (version 3.51), developed through the NIH National
Each series of binding measurements included reactions aiCenter for Research Resources and available from Simulation
a fixed acetylthiocholine (S) concentration and at least four Resources, Inc. (Redlands, CA), to solve these equations
fasciculin concentrations [F]. The observédfor each  npymerically (8). To obtain the simulated solutions to
reaction was given by eq 5, akgh, the apparent association  reaction schemes with the SCoP program, values for all
rate constant, was determined by weighted linear regressionyeaction rate constants must be assigned or fitted. For Scheme
analysis in whictk was assumed to have a constant percent 1 the second-order rate constant for substrate hydrolysis in

_ —kt
V = Vna  (Vinitial ~ Veinal) €

error. the absence of inhibitor is given by eq 8.
k = kon[F1+ ko ®) ke ksky
= 8
If ligand binding to the peripheral site is unaffected by the Kapp kst ky

presence of ligands or an acyl group at the acylation site,
then only three sets of enzyme species need be considerediVe previously showedl@) that values oks andk_s in eq
2E, ZESs, andZElp. These are the sums of the concentrations 8 could be assigned if (1) estimateskegf, Kapp andk, were
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Table 1: Rate Constants for Simulated Substrate Hydrolysis and Substrate Inhibition wittf AChE

substrate ks (uM~ts™) k-s(s™) ki (s79) k1P (s ko, ks (s7%) k¢ (s71) k_pdk-p (s71) a—f, i
acetylthiocholine 150 2x 10 3x 10 4x10¢ 1.4x 10 1.3x 1¢° 0.01 1
M7A 200 4x 10 8 x 10* 4 x 1C° 1.4 x 10 1.3x 1¢° 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.? Calculated from eq 9 or 10 with aRs that was assumed to be 1.0 (see Experimental Procedéifesgigned from measured values
for Kp of 0.66+ 0.03 mM for thiocholine or 6.4t 0.6 uM for M7H as outlined in Experimental Procedurédhe extent of substrate inhibition
with acetylthiocholine was measured at a constant ionic strength slightly higher than that in other experiments (see Experimental Prodedures). lon
strength affects primaril)Kap, but notkea (12); ks, assumed to be the only rate constant sensitive to ionic strength, was recalculatd¢,fsom

available and (2) the solvent deuterium oxide isotope effects assigned values & andks for M7A were the same as those
R, Rs, and R, were known, whereR, Rs, and R, are the for acetylthiocholine because (1) thereaction is identical

respective ratios d.a/Kapp ks, andk; in H,O to that in DO. with both substrates and (2) the simulations were quite
When R, was assigned a typical value of 2.5 aRg was insensitive tok, whenk, exceededk_p; 8-fold increases or

assumed to be 1.0, for example, = 1.5(KcalKapp/(2.5 — decreases ik, resulted in less than a factor of 2 change in
R). fitted parameters when simulatedversus [S] curves were

The second-order substrate hydrolysis rate constant inanalyzed with the Haldane equation.

Scheme 3 in the Results is given by eq 9. For all substrates, we obtained estimatek gf(Schemes
2 and 3) fromk_p = Kkp, whereK, = Kp was the competitive

Keat kskyky © inhibition constant for reaction product P measured with a
Kopp B kgky+ ky (kg + k) different substrate. Since estimateskgare unavailable for

any of the substrates used in this stuklywas assumed to
Assuming again thak, and ks are the only intrinsic rate have the same value &s. The steric block_ade parameter
constants in this equation that are altered whe® Hs  K-pdk-p was assumed to be 0.60.04, consistent with our

replaced by BO and thatR, = 2.5, eq 10 may be derived. ~Previous observations that ligand binding to the peripheral
site decreases ligand dissociation rate constants from the

kg 1.5k, acylation site by 16 100-fold (18). Assigned intrinsic rate
k = (10) constants for acetylthiocholine and M7A are summarized in
1+—= g |25_ R Table 1.

RESULTS

To assign the intrinsic rate constants in eq 9, we inserted  gypansion of Our Steric Blockade Model To Include Inhib-
independent estimates dta and Kap, into eq 10. FOr o of Product DissociationWhen a ligand binds to the
example, for acetylthiocholine and human AChE, we previ- perinheral site of AChE, the ensuing inhibition of substrate

ously estimated thatar = 7000 s andk, = ks = 1.4 x hydrolysis is often interpreted according to Scheme 1.
10*s 1 (18). With a measured value fét,p, of 58 uM (Table

2 below), eq 10 requires th&g > Kea/Kapp= 120uM1s71, Scheme 1
For M7A, we obtained.a/Kapp from parallel measurements

of VmalKapp (@s the constant— in eq 2) for M7A and S + E g ES ﬁ) EA g E + products
acetylthiocholine. Thek.a/Kapp for M7A was 824+ 2% of kg

thekea/Kapp for acetylthiocholine (data not shown). From our + + +

measured values &fs [1.5 mM for acetylthiocholine (Figure I I 1

2B below) and 0.18: 0.01 mM for M7A (data not shown)],

k_s values were calculated frof s = Keks. Assignments ke kalkg  kalka

of ky andk_; become problematic wheR approaches 1.0 ks, ak, b

because of uncertainty iRs. Rs has been considered to be s + EI, = ESI, — EAIl, — EI, + products
as high as 1.25, the ratio of the viscosities g0 HO at ks

25°C (see, e.g., ref80and31). For acetylthiocholineR =

1.21+ 0.02 @2), and for M7A,R = 1.09+ 0.05 (data not Inhibitor (1) can bind to each of the three enzyme species

shown);k; calculated from eq 10 was very sensitive to the E, ES, andEA. For example,ESlp represents a ternary
values of bottks andRs. In practical terms, the simulations complex with substrate (S) at the acylation site and | at the
were not sensitive to the absolute valuekgfk;, andk_; peripheral site (denoted by the subscript P). The acylation
as long ak; was calculated from eq 10 akd; from eq 9. rate constank, is altered by a factoma in this ternary
For example, simulated substrate inhibition curves for complex, and the deacylation rate constans altered by a
acetylthiocholine (Figure 3A below) were fitted to the factorb in the EAIpr complex. To obtain a tractable solution
Haldane equation (eq 1) by varyikgfrom 120 to 50Q«M* to the steady state substrate hydrolysis reteat corresponds

s ! and calculating the corresponding valuekaof, k;, and to Scheme 1, it has often been assumed that the reversible
k_; (with all other rate constants fixed). The resulting fitted reactions are at equilibrium (witk_x/kx = Kx). Although
KappandKssvalues varied by less than 5% (data not shown). this assumption cannot be justified for AChB,(the mixed,

We assignedts values of 20«M 1 s7* (at the ionic strength  partial inhibition patterns that are often observed with
of buffer alone) to correspond to the general ligand associa-peripheral site inhibitors of AChE can be fitted to the
tion rate constant used in our previous simulatiatfy).(The equilibrium solution 18). These fits require that (or b and
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Ficure 1: Propidium inhibition of the AChE-catalyzed hydrolysis
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1 between simulated and observedalues in the presence
of propidium is also seen with other substrates such as phenyl
acetate that do not exhibit substrate inhibitidm)(

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 obsemwed the
higher substrate concentrations investigated experimentally
in Figure 1. Scheme 2 makes explicit the dissociation rate
constank_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

of acetylthiocholine. Points represent initial velocities measured as is deferred to Scheme 4 in the Appendix.

outlined in Experimental Procedures at 25 pM AChE and the
indicated acetylthiocholine concentrations with) Or without ©)

50 uM propidium. Lines were generated by the SCoP simulation
program for rate constants in Scheme HH@and - - -) or Scheme

4 (O—0O). Rate constant values assigned previousB) (vere as
follows: ks =k = kgj = kay = 200uM 1 s7%; ks =3 uM-1s7;
k-s=3x 108 S_l; k_sp =45 S_l; ko =k_g = k_a = 200 S_l; k>
=ks=1.4x 10*s%; anda = b = 1. New rate constants required
to extend Scheme 1 to Scheme 4 were assigned as follkwgs=
6x10¢st kp=9x 1®standc=d=e=f=i=1.

Kg/Ksz) 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

Scheme 2

kp
EP + Ac —m E + P

ks k, / ck,

S+ FE =— ES — EAP

ks N2
ks

EA +P — E + Ac

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 stefcAP has not been

solution of the rate equations that arise from Scheme 1 with included explicitly in most catalytic pathways previously

the SCoP programl@). The analysis required assignment

considered for AChE becausé_r has been assumed to be

of all the rate constants in Scheme 1 and generated simulatedufficiently fast to render any accumulation BAP negli-

values ofyv. We simplified these assignments by proposing
our steric blockade model in which the only effect of bound
peripheral site ligand is to decreakg relative toks and
k_s relative tok_s while maintainingks = Ksp anda = b

= 1. Sinceks is rate-limiting at low substrate concentrations
without inhibitor and ks, becomes rate-limiting at low

gible. This appears to be a good assumption for most AChE
substrates. For example, we estimaked for acetylthio-
choline to be 1.3« 1(° s from the relationshifx_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

substrate concentrations and saturating concentrations okp for thiocholine was assigned the same value assumed for

inhibitor, the model with Scheme 1 correctly predicts that
increasing concentrations of inhibitor should progressively

acetylthiocholine (20@M~* s71). Since thisk_p is nearly 1
order of magnitude larger thadg or ks, its inclusion in the

decrease the second-order hydrolysis rate measured at lownodel has little effect on the experimental kinetic parameters;

substrate concentrationd8). However, at high substrate
concentrations, neithédg nor ks, remains rate-limiting, and
the model with Scheme 1 predicts that inhibitor should have

calculations based on Schemes 1 and 2 (dith 1) show
thatk.ais decreased by less than 1% &gdKappis unaltered.
We extend our steric blockade hypothesis with Scheme 4

no effect on theVma Obtained at high substrate concentra- (Appendix) by proposing that a bound peripheral site
tions. This prediction is not supported experimentally, as inhibitor not only reduces association and dissociation rate
illustrated in Figure 1. This figure showsas a function of constants for substrate binding to the acylation site but also
acetylthiocholine concentration. In the absence of propidium, reduces the dissociation rate constant for release of P. In
the observed (O) were fitted well by the line simulated this case, a simulated nonequilibrium analysis demonstrates
with the steric blockade model. With the peripheral site that product dissociation rate constants can become impor-
occupied by a saturating concentration of propidiumg(s0), tant. A key rate constant in this analysis was,, the rate

the simulatedv (dashed line) corresponded well with the constant for dissociation of P from ti&ls ternary complex,
observed (O) at low substrate concentrations but increased since our steric blockade model proposes that the only
much more than the observedt higher substrate concen- consequences of ligand binding to the peripheral site are low
trations. Near 100 mM acetylthiocholine, the simulated lines ratios ofksaks, k-s/k-s, andk_pAk_p. For example, if bound

for v with and without propidium converged. Therefore, the propidium at the peripheral site reduckd; in Scheme 4
steric blockade model with Scheme 1 fails to incorporate an to 1.5% ofk_p, the same reduction previously deduced for
inhibition component that becomes apparent at high substratek_s; relative tok_s for acetylthiocholine 18), then thiocholine
concentrations. This inhibition component might involve dissociation does contribute to a reductiorvinVith ak_p
substrate inhibition, a phenomenon observed with someof 1.3 x 10° s as calculated above, most of the divergence
cationic substrates such as acetylthiocholine that is addressetietween the experimental points with &8 propidium and
below. However, the experimental acetylthiocholine con- the corresponding simulated line in Figure 1 was eliminated.
centrations in Figure 1 are below the range where substrateAssigning just a 2-fold lower value dé_-p (6 x 10* s%)
inhibition is observed. Furthermore, the divergence in Figure completely eliminated this divergence and gave the simulated
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lower line shown in Figure 1. Therefore, if product affinity A B

for the acylation site is sufficiently high, product release may 0.16 - 57 5

become partially rate-limiting when the peripheral site is * 20 M propidium A
occupied. Specificallyy will be affected when the product Ken o addition
dissociation rate constaktp; falls within the range of the M1

acylation k) and deacylationkg) rate constants. Thiocholine, Y ] KM ] 58

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 o 30 o

low (K; > 100 mM) to contribute any rate limitation even 0 10 20 0 10 20 30

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. FicurRe 2: Acetylthiocholine binding to the AChE peripheral site.
Specifically, direct measurement of association and dissocia-‘(aA) Tlft‘)? hr):]dffg;’gig flfdrfef( '(:?Abct.lnzar.nnper fgisnur;ee);grrtgg ap{)hroiighntq?w
H H H H H ulioriu ICUll ndi W u Wi
tion rate constants for the acylation site ligands huperzine agetylthiocholine, 50 pM AChE,?: (@, 5 nM: b, 3 M ¢, 2 nM:
A and TMTFA revealed decreases of-1880-fold when  anqq, 1 nM), and buffered 50 mM NaCl by continuous spectro-
propidium was bound to the peripheral sit&8), and photometric assay as outlined in Experimental Procedures. Rate
decreases in these rate constants alone for substrates and theipnstants K) obtained from eq 4 were then plotted against the
hydrolysis products are sufficient to account for inhibition ?ﬁg'ggg’éﬁggﬁggt&}“gﬂ gﬁg g?;é(t) ﬁﬁ;ﬁéﬁ’r‘g é‘grt] ngr?t‘;‘g:i)éﬁ\)las
by. bound peripheral site Ilgand§ at both lokg and high analyzed with eqs 6 gnd 7. Indicatyed points representing the average
(Figure 1) substrate concentrations. of three or fourk,, measurements (except at 15 mM) were fitted
Acetylcholine Can Bind to the Peripheral Sit&/e turn with eq 6 to give appareris estimates of 3.6= 1.0 mM in the
next to the questions of whether acetylthiocholine, a close ?bise(%e Olf_trti_ropi_diumti) ﬁnd O-r?i O-t-')l ftn_M with 2_0/t|§/_| propizdéun; .
analogue of the physiological substrate acetylcholine, can 4A5 O rr:za'm'?go'f {“é ri I\ﬁ"c’vgsirsee dutolsa g's‘ge” "i]n 'T@J;gg 1 a?n dre
b,'nd_ Fo the peripheral S'te_ and whether this b'”d'”9 is of to g:]eneratebo?h lines representing the simg‘lzsted dependence of
significance on the catalytic pathway. Scheme 3 defines any, 'on [S] from eq 7. The simulations were based on Scheme 5 as
initial complexESe of substrate with the peripheral site and outlined in the text with the rate constant assignments in Table 1

incorporates this species into the previous catalytic pathwayexcept thatkp = 6 x 10* s™% in addition, k-, and kp; for
from Scheme 2. propidium were the same as in Figure 1 kut 70uM~1 s (due

to the change in ionic strength from Figure 1). The simulated lines
also were fitted well by eq 6 with Ks value of 1.36+ 0.01 mM
Scheme 3 both in the absence of propidium and with 281 propidium.
EP + Ac E% E+P
/ck3 be compatible with eq 6. However, in the presence of both
S and I, Scheme 5 includes 14 liganded enzyme species as
s . di noted in the Appendix. It is certainly possible that our model
N k, is oversimplified and that ligands bound to the acylation site
EA+P — E + Ac will alter ligand binding to the peripheral site. We can address
this possibility by simulation analysis of the more general
ESe can reversibly proceed t6S, the complex of substrate eq 7. We began our experimental analysis by measuring the
with the acylation site, where acylation occurs. For simplicity, observed rate constants for fasciculin binding during
we have not included the additional compleE&S, EAPSs, continuous substrate hydrolysis as shown in Figure 2A.
EASp, andEPS in Scheme 3, but they are made explicit in  Apparent association rate constakyswere then calculated
Scheme 5 in the Appendix. These complexes are importantfrom a series ok values obtained at fixed acetylthiocholine
in the phenomenon of substrate inhibition considered below, concentrations [S] according to eq 5. Plotkgfversus [S]
and they also must be considered in any measurement ofin the absence of propidium revealed thgt did decrease
substrate affinity for the peripheral site. at higher S concentrations and reasonably conformed to eq
A direct way of measuring substrate affinity for the 6 (O in Figure 2B). This decrease suggested that acetylthio-
peripheral site is to measure the effect of substrate on thecholine competes with fasciculin at the peripheral site, but
association rate constat, for a slowly equilibrating ligand  to our surprise, the competition was only partial. Values of
that binds exclusively to the peripheral site. Fasciculin is k., at high S concentrations leveled off at about one-half of
such a ligand, and we previously confirmed the affinity of the ko, extrapolated to zero S concentration. According to
propidium for the peripheral site by measuring its inhibition eq 6, this observation indicates tlkag for fasciculin binding
constanK, during fasciculin bindingZ2). The analysis was  to ESp is about one-half ok, the intrinsic association rate
straightforward with an inhibitor like propidium (l) that constant for fasciculin binding to the peripheral site in free
competes with fasciculin, because only a single compBlex  AChE. In contrastk,, for fasciculin was observed previously
is formed to alter the observdd,. If our steric blockade  to decrease to near zero at high propidium concentrations,
model is correct and ligand binding to the peripheral site is and the absence of any detectakdefor fasciculin with the
unaffected by the presence of ligands or an acyl group atpropidium—AChE complex was taken as evidence that
the acylation site, then this analysis can be extended directlyfasciculin and propidium were completely competiti2@)(
to include substrate. Only species with S bound to the Ourimmediate concern was that the partial acetylthiocholine
peripheral site are relevant, and the resulting analysis shouldinhibition of fasciculin binding did not reflect an interaction

time, min [acetylthiocholinel, mM

ks k, k,
S+ E = ES, — ES —> EAP
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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 apparenis 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 thanKap, 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 timesKifs
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 K,) was included, progressively higher S concentrations
actually increased the observied 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 whichk,, was calculated from eq 7. Differential equations

Szegletes et al.
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Ficure 3: Substrate inhibition with acetylthiocholine and M7A.
Points represent initial velocities«¥! min~) 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 tHatp = 6 x 10* s~ When fitted to

the Haldane equation (eq 1), the simulated line corresponded to a

Kapp Of 57.94+ 0.4 uM and aKgss of 17.9+ 0.1 mM. (B) Initial

velocities for M7A in 20 mM sodium phosphate buffer with the

experimental AChE concentrations {22000 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 tHate was slightly increased to 1.5

x 10° s71 and thermodynamic interaction between sites was
allowed, withi = 4, k s =2 x 10*s, ks = 4 x 10* s %, and

corresponding to the rate expressions from Scheme 5 werex jk »= 0.04. When fitted to the Haldane equation, the simulated

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 appa¢esttimates
from eq 6 with and without propidium was about 1.5 mM

line corresponded to Bapp 0f 9.3 £ 0.1 4M and aKgs of 640+
3 uM.

lines in Figure 2B. They superimposed well with the original

(Figure 2B), and from this value and the previously estimated fits of the experimental data to eq 6, and they confirmed

ks, a ks of 2 x 10° s was assigned. Two other key
assignments involved the relative valueskefks and kea/
ke in eq 7. The decision to limit the 14 possible fasciculin

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

association rate constants to only these three in the numeratosimulations agreed with the assigni€g In contrast, when

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

both kep/ke and kea/ks were assigned a value of 0.5, the
simulatedKs with 20 uM propidium was unchanged but the
simulatedKs without propidium decreased 5-fold. This trend

identical rate constants. We sorted these enzyme species intevas the opposite of that observed experimentally in Figure

four groups. The first consisted of those with no bound
cationic ligands (i.e.,§] + [EA]) with a fasciculin associa-
tion rate constant dé=. The second contained those in which
substrate was bound to the peripheral sE&%:) and was
characterized by a relative rate constankgfk-. The third
included those in which the peripheral site was free but
substrate or its thiocholine product was bound to the acylation
site Q EX,), and these were given a relative rate constant
of kea/ke. The fourth involved those with propidium bound
to the peripheral site){Elp) 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.

2B. We also examined whether a small decrease in the
relative fasciculin association rate with substrate or product
bound to the acylation sitekda/ke = 0.5) could be super-
imposed on complete competition between substrate and
fasciculin at the peripheral siteg/ks = 0). In this case, the
simulations showed thét,, with 20 uM 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

Fasciculin association was assumed to be partially blockedin Scheme 3 in general are too high to measure by rapid

by substrate bound at the peripheral ske/ks = 0.5) but
unaffected by substrate or product bound at the acylation

kinetic techniques, there are relatively few phenomena
involving substrate hydrolysis by AChE that allow us to

site kea/ke = 1). In support of the latter assignment, previous obtain experimental evidence to support Schemes 3 and 5
data @2) and our results above indicated that fasciculin and the rate constant assignments in Figure 2B. Two pertinent
association rate constants are not affected by edrophoniunphenomena are substrate inhibition and mixed substrate
bound to the acylation site. With these assignments, thehydrolysis, and these are examined in the following sections.
simulation program calculated the concentrations of all the Substrate Inhibition.When rates of acetylthiocholine
enzyme intermediates in Scheme 5, with and without hydrolysis with AChE are measured as a function of
propidium, and solved eq 7 fok,, as a function of S  acetylthiocholine concentration [S], the profile in Figure 3A
concentration. The simulated valueskgf are shown as the is observed. This profile does not correspond to a simple
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Table 2: Simulated and Observed Kinetic Parameters for Substrate CONStant assignments. The simulateg; of 0.25 mM was
Hydrolysis and Substrate Inhibition with ACRE nearly 3 times smaller than the observegs of 0.7 mM,
but the simulated#.,:was within 20% of that observed (Table

substrate Keat (571 Kapp (uM Kss(mM .
(;(bse)rved Valu";g ) ss(mM) 2). The reasonably close agreement supported our steric
acetylthiocholine 7000 584 2 18.64 0.7 blockade model. In particular, _the ob_ser\lregjfor M7Awas
M7A 1300+ 166 10+ 1 07+01 only 19% of thek., for acetylthiocholine (Table 2), and this
Simulated Values low relativek.os was explained in the steric blockade model
acetylthiocholine d d 44.4+ 0.1 by the low k_p for the M7H product. In contrast to the
M7A 1120+ 3¢ 8.8+0.04  0.25+0.001 interaction of acetylthiocholine with AChE, the most abun-

aKinetic parameters were determined by fitting the dependence of dant simulated intermediate with M7A at concentrations
v on the substrate concentration to the Haldane equation (eq 1).below Kss was EP, the AChE complex with the M7H
Sitmulatecti v?lqes%w;rel?:btained with Sl_ttiheftne 5 (IAppendiX) and the product, and dissociation of this complex was the step that
rate constants in labie rom previous literature values (see . o H H
¢ Calculated from the product tz{Kappx Kapp ¢ Matched to(obsf\’/ed !Imlted the Va'“‘? Okear AS @ consequgnce, a.S“ght mcr.ease
parameters by rate constant assignments. in k-p resulted in an almost proportionate increasedn
but in almost no effect olKss The most straightforward
way to achieve agreement between the simulated and
observedKss value$ was to relax the stringent assumption
in our steric blockade model that the affinity of ligands for
, , > X the peripheral and acylation sites was unchanged when both
fitted to the Haldane equation (eq 1), which contains three gjieq \ere occupied simultaneously in a ternary complex (see

experimental parameters/max (= kealE]iot), Kapp @nd the  pigeyssion). Good agreement was then observed in Figure
substrate inhibition constalss Since the Haldane equation 35 \vhere the affinities of M7A and M7H in ternary

is not restricted to any mechanistic scheme, it provides a complexes were assigned to be 25% of their affinities in
useful quantitative standard for assessing data simulated fronbinary complexes (e.gi,= 4). The simulation in Figure 3B
our nonequilibrium analysis of Scheme 5 with the rate 555 3ssumed that the apparkgof 0.18 mM for M7A was
constant assignments in Table 1. It is important to note that 5, average of the actuslls and of iKs, whereiKs is the
these rate constants were assigned from data unrelated tQjissqociation constant for M7A binding to the peripheral site
the substrate inhibition phenomenon itself. when the acylation site is occupied by M7A or M7H.

For acetylthiocholineKss was the only parameter inde-  \jixed Substrate HydrolysisWhen two substrates are
pendently obtained from this fitting procedure, as known mjyxed with AChE, each substrate inhibits the hydrolysis of
values ofkearandKapp were incorporated into the rate constant  he other. We measured the extent of competitive inhibition
assignments. The simulation in fact generated a curve exhib-gf acetylthiocholine hydrolysis by M7A and, conversely, the
iting substrate inhibition with &ssvalue of 44.4 mM, about  extent of competitive inhibition of M7A hydrolysis by
twice the observe#(ss of 18.6 mM (Table 2). We assessed  acetyithiocholine by monitoring the hydrolysis of each
changes in assigned rate constants that could reconcile thigpstrate independently. Competitive inhibition was assessed
difference. Although substrate inhibition results from a low from relative second-order hydrolysis rate constantsy
value ofk-psk-p, the value ofKss obtained from the simu-  piotting the data according to eq 3. If none of the enzyme
lation was only moderately sensitive to the-/k-p @ssign-  intermediates generated by the competing substrate can react
ment (e.g., changinlg-pJk-p from 0.01 to O only decreased  ith the monitored substrate, then tkgfor the competing
the simulateKssto 28 mM). In contrast, the simulatétss  gypstrate should equal itg,p This is typically the case for

Michealis—Menten kinetic pattern, and the bell-shaped curve
with the decline at high S concentrations has long been
referred to as substrate inhibitioB2). This curve can be

value was more sensitive to the assigned valule-gfwith simple models of substrate competition, and it is also the
the two values appearing virtually proportional. For exarlnple, case when M7A is the competing substrate during acetyl-
decreasing the assignéds from 1.3 x 1P to 6 x 10¢ s thiocholine hydrolysis. In Figure 4A, the solid line represents

decreased thssobtained from the simulation to 17.9 MM {he inhibition calculated from eq 3 whé6 for M7A equals
and gave an excellent fit of the simulated curve to the jis K, from Figure 3B. The observed points were within
experimental data, as shown in Figure 3A. Since the original experimental error of this line. Furthermore, simulation of
assignment ok_p assumed that> = ks, an assumption that  his competition with the steric blockade model applied to
cannot be tested experimentally with available techniques, scheme 5 and the assigned rate constants in panels A and B
the agreement between the observed and simulated substraigs Figure 3 generated the dashed line that also closely
inhibition data appears to be quite reasonable. followed the solid line. The data indicate that acetylthio-
We next turned to M7A, a substrate that previously choline does not initiate its catalytic pathway with any
exhibited substrate inhibition with eel AChRg, 33) and
also Shc,)wed this 'nh'b'tlon pf"mem ,W'th human A_ChE (Flgurg 2 Assigned rate constants could also be adjusted in the following
3B). This substrate is of particular interest in testing our steric way to obtain agreement of the simulated and obsekegdor M7A
blockade model because it binds to the peripheral &ite (  in Figure 3B. A 7-fold decrease i combined with a 3-fold increase
= 0.184+ 0.01 mM from competition with fasciculin, data in k-p, relative to the assignments in Table 1, shifted the rate-limiting

. . . step ink.a:from product dissociation to acetylation and gave a simulated
not shown), and its hydrolysis product M7H has a high e virtually identical to the one in Figure 3B. These adjustments

affinity for AChE and a consequent low calculatied of were not a very attractive option because they seem to run counter to
1.3 x 1@ s! (Table 1). Analysis of the simulatedversus observations that the M7H leaving group promotes excellent acylation

; ; of AChE. For example, dimethylcarbamoylated M7H shows a higher
[S] curve with the Haldane equation and the constants for acylation rate constant than dimethylcarbamoylated choR&e 34).

M7A in Table 1 gave independent estimated<g§ andkcas Furthermore, these adjustments gave a less than satisfactory fit of the
since only the ratidk.a/Kapp Was incorporated into the rate  simulated curve to the experimental points in Figure 4B.
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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 aKs of about 1 mM R9), in good agreement
[M7A], uM [Acetylthiocholine], mM with our current estimate. However, since ambenonium binds
FIGURE 4: Inhibition of hydrolysis of one substrate by a second !0 both the acylation and peripheral sites simultaneously, it
substrate. (A) Points denote second-order rate constarfits was difficult to assign this acetylthiocholine binding to the
acetylthiocholine (AcSCh) measured in the presence of competing peripheral site. Our current assay has the advantages that
M7A as the inhibitor (see Experimental Procedures). The points fascicylin binds only to the peripheral site and that its slower

were normalized ta@v;a—o for acetylthiocholine in the absence of - - . .
M7A and plotted according to eq 3. (B) Points denote second- rate of binding allows greater precision. Noise levels with

order rate constantg for M7A in the presence of competing the Cary 3A spectrophotometer are low enough to allow
acetylthiocholine (AcSCh) normalized #cscr—o for M7A in the velocity estimates ove? s intervals, and rate constank3 (

absence of acetylthiocholine. M7A hydrolysis was monitored by for the approach to equilibrium fasciculin binding (Figure

spectrofluorometry. In each panel, indicated points represent 3A) were fitted with typical standard errors of-5%
averages of two to four measurements. The solid line is the extent )

of calculated inhibition if thek, for the competing substrate were  When acetylthiocholine binding to the peripheral site is
equal to itK,y, The dashed line is the extent of inhibition simulated  incorporated into our steric blockade model, a wide range
for the steric blockade model with theme 5 and the assigned rateof kinetic data, including substrate inhibition, can be
consligntsf in par_lelsd,tA and B of ||:|gure( 3. New ratelconstants explained. To keep the model conceptually simple, we have
resulting from mixed ternary complexes (e.gs; = its = 1, see . - ;
Appendix) were assigned assuming no thermodynamic interaction examined the very I_|m|ted hypothesis that t_he only e_ffe(_:t of
between the bound ||gands in these Comp|exes_ SUbStrateS or |nh|b|t0rs bounq to the perlphel’al Site IS to

] ) decrease association and dissociation rate constants for
enzyme intermediate produced by M7A. However, when ,cyation site ligands without changing their ratio, the
acetylthiocholine is the competing substrate during M7A gqilibrium dissociation constant. Thus, we hypothesize that
hydrolysis, the observed inhibition points fell below the solid 5 pound peripheral site ligand has no effect on the thermo-
line expected ik, for acetylthiocholine were equal to its  gqynamics of binding of acylation site ligands or on their
Kapp (Figure 4B). A similar pattern of inhibition of M7A  yaaciivity at the acylation site. Even with this assumption,
hydrolysis by acetylthiocholine was observed previously with gome of the rate constants in Schemes 3 and 5 cannot be
eel AChE @6). The level of inhibition in Figure 4B  55gigned uniquely. The simulations revealed that an important
corresponded well to the level of inhibition simulated with assignment is the rate constant for product dissociatien
Scheme 5 (dashed line in Figure 4B), thereby supporting This rate constant has not been measured directly for either
our steric blockade model. The simulation was particularly {hiocholine or M7H, the hydrolysis products of the substrates
sensitive to two parameterk,s for M7A and k-pak—p for examined here. It is therefore reassuring that a single
thiocholine product dissociation when M7A was bound to assignment fok_p of 6 x 10* s~ for thiocholine results in

the peripheral site. A decreasekns or an increase in this  gycellent agreement of the simulations with the observed data
k-p/k-p resulted in less inhibition by acetylthiocholine. This - fo; propidium inhibition of acetylthiocholine hydrolysis
pattern indicates that an M7A molecule can initiate its (rigure 1), acetylthiocholine competition with fasciculin and
catalytic pathway by binding to the peripheral site when nqnidium (Figure 2B), and substrate inhibition with acetyl-
acetylthiocholine is bound to the acylation site. The dis- thigcholine (Figure 3A). While we are convinced that the
sociation of this M7A is sufficiently slow that it wilvaitat — gteric plockade model offers the best understanding to date
the peripheral site while acetylation by the acetylthiocholine ¢ ligand interactions with AChE, further refinements can
and deacetylation occur and the thiocholine product dissocCi- he made. For example, we noted previously that association
ates from the enzyme. This M7A then will proceed to the 416 constants were decreased more than dissociation rate
acylation site. A corresponding phenomenon is not seen constants for both huperzine A and TMTFA when propidium
during M7A inhibition of acetylthiocholine hydrolysis be- 55 pound to the peripheral sitdg). The difference
cause acetylthiocholine dissociates too rapidly from the corresponded to about a 5-fold decrease in affinity for the
peripheral site and product M7H dissociates too slowly from |igands in the ternary complex relative to the affinities of
Fhe acylation site. These data provide the most direct ev_ld'e.nceeither ligand in the binary complexes with the free enzyme.
in support _of our proposal_ln Sche_mes 3 and 5 that |n|t|a! We suggested that this difference might reflect an electro-
substrate binding to the peripheral site occurs on the catalyticgiaic interaction between these cationic ligands in the ternary
pathway. This pathway does not require release of substrate,omplexes, and we do not view it as a serious challenge to
from the peripheral site to the solution and its direct (e general steric blockade model. In terms of Scheme 4 or
reassociation with the acylation site for catalysis to occur. 5, this refinement would dictate a larger valuekofzks
than ofksJks and in turn require thermodynamically that

DISCUSSION be greater than 1. Increasingp 4 gave the best agreement

A key observation in this report is that acetylthiocholine of the simulated and the observed data for M7A in Figures
can bind to the AChE peripheral site with an equilibrium 3B and 4. Furthermore, when similar changes were incor-
dissociation constars of about 1 mM. This value was porated into the simulations for acetylthiocholine with eq 7

g4 A 12 -

VM7A=0 / Y AcsCh=0

o 0 -
0 30 60
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in Figure 2B and the simulated data were then fitted with activity in the ESS complex. While no significant deviations
eq 6, a higheKs was obtained without propidium than with  of this type were observed over the range of S concentrations
propidium. This appears to be an improvement, because ainvestigated in our experiments, it is worth noting that such
similar divergence ifKs values was seen in our experimental deviations can be accounted for within our steric blockade
fits in Figure 2B. However, these simulations for acetylthio- model. Ask_pJk_p increases from the low value of 0.01
choline also require small adjustments in other assigned rateassumed in Table 1, simulated values ®ofat high S
constants, and we have not attempted to find a self-consistentoncentrations fall above the curve predicted by the Haldane
set of adjustments that would retain the agreement of theequation because the rate of product dissociation even with
simulations to the observed data for acetylthiocholine in S bound to the peripheral site makes a significant contribution
Figures 1, 2B, 3A, and 4 noted above. to v.

The steric blockade model in Schemes 3 and 5 resolves a Our observation in Figure 2B that acetylthiocholine and
long controversy over the mechanistic interpretation of fasciculin were only partially competitive in binding to the
substrate inhibition with AChE. The controversy involved peripheral site was unexpected. From our analyses with eqs
two alternative mechanisms. One proposal was that substraté and 7 kep for fasciculin binding to th€eSs complex was
inhibition arises from S binding to the anionic site of nearly 50% of theke for fasciculin binding to the free
acetylated AChE to give aBAS complex in which deacyl-  enzyme. However, these equations do not address the
ation is blocked 26, 35-37). This proposal predicted that stability of theESsFr complex in which both acetylthiocho-
the substrate inhibition constals fitted by the Haldane  line and fasciculin are bound to the peripheral site. To explore
equation (eq 1) will depend not only on the substrate affinity the stability of this complex, we considered an extension of
in EAS but also on the relative amount &A. It was Schemes 4 and 5 in which a set of 20 complete time courses
supported by observations that uncompetitive inhibition for fasciculin binding in the presence of acetylthiocholine
constants as well d&ssincreased for substrates with a lower (e.g., like those in Figure 2A) were fitted with the SCoP
keat (Since these formed lesBA). Alternatively, it was program (see examples involving TMTFA binding in ).
proposed that substrate inhibition arises from binding of two Only rough approximations were attempted because fasci-
molecules of S in anESS complex in which enzyme culin exerts a conformational effect on the acylation site in
acetylation is blocked. Either the two S molecules could bind addition to its steric blockade (i.e,< 1; 18, 29. However,
in the acylation site38), or one S could bind in the acylation the fitting procedure indicated a—3 order of magnitude
site and one in the peripheral sit89( 40). This proposal decrease in the affinities of acetylthiocholine and fasciculin
predicted thaKss from the Haldane equation should equal in this ESeFp ternary complex relative to the affinities of
the dissociation constant for the lower-affinity S site in the either ligand in the binary complexes with the free enzyme.
ESS complex. It was supported when valuesKegrof 15— To rationalize the formation of this ternary complex, we
25 mM for acetylcholine or acetylthiocholine binding to the reviewed the kinetic properties of previously reported AChE
peripheral site, determined by competition in a fluorescence mutants and examined the crystal structures of the fasci-
titration of propidium with DFP-inactivated AChE, were the culin—AChE complexesY, 8) to identify a potential acetyl-
same as the correspondigs estimates40). It is unclear thiocholine binding site that largely overlaps with that of
why theseKs estimates are so much higher than those we propidium but only slightly overlaps with that of fasciculin.
have determined from acetylthiocholine inhibition of the D72 is a residue midway along the active site gorge that
association reactions of ambenoniu9)( or fasciculin some reports have included in the peripheral site, and its
(Figure 2B) with the peripheral sifeOur steric blockade  mutation decreasds./Kn, for acetylthiocholine about 50-
model combines features from both of these proposals andfold (5). D72 appears to be important in the initial binding
extends them in a nonequilibrium context. The complex of TMTFA, because mutation to D72N reduced the overall
responsible for inhibition is neithé&AS norESS but instead ~ TMTFA association rate constant at high ionic strengths more
is EPS. This intermediate accumulates because S binding than 20-fold without an effect on the corresponding rate
to the peripheral site blocks the dissociation of P, a feature constant for the neutral analogue of TMTF2RE]. D72 also
that agrees with the contention in the second proposal thatwas shown to be responsible for the enhanced reactivity of
substrate bound to the peripheral site is responsible forcationic organophosphates relative to their uncharged coun-
substrate inhibition. Furthermore, for a series of substratesterparts 41). Since D72 does not make contact with
with similar Ks and k—p values but varyings, values,Kss fasciculin in the crystal structures, it appears to be possible
will increase ask.; decreases. Thus, our steric blockade that acetylthiocholine could interact with D72 and still allow
model can account for the variationskaswhich originally a nearly normal association rate constant for the binding of
led to the first proposal. fasciculin to the remainder of the peripheral site to form the

Some previous reportss) have noted that measured ternary complex. Studies with D72 mutants are currently
values at high S concentrations fall above the overall underway to examine this possibility.
substrate inhibition curve fitted to the Haldane equation (eq Our discussion of the steric blockade model has focused
1). Such deviations have been attributed to a low acetylation entirely on the point that ligand binding to the peripheral

site can have an inhibitory effect on substrate turnover at

3 Preliminary measurement &fs for TorpedoAChE gave a value the aqylatlon site. Howe\_/er,.lnhlbnor bmdmg to the periph-
of about 0.5 mM with techniques identical to those in Figure 2 (T. eral site is not apparent in vivo and thus is not suspected to
Szegletes, W. D. Mallender, and T. L. Rosenberry, manuscript in play any regulatory role under physiological conditions of

preparation), indicating that the higher affinity of acetylthiocholine for ; ; _
the peripheral site reported here is not unique to human AChE. We acetylcholine hydrolysis by AChE. Furthermore, the con

suspect that the lower affinities in the previous reports were subject to C€Ntrations of acetylcholine itself are not high enough to give
technical limitations. rise to any significant substrate inhibition during synaptic
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transmission at the neuromuscular junctid@)( Therefore, preted with an equilibrium analysis. In particul#tp, and

it is important to note that our model indicates a key role Kss(eq 1) will not reflect equilibrium values, armlandb

for the peripheral site under physiological conditions in which (Scheme 1) will not be relative acylation and deacylation

AChE is not saturated with acetylcholine. The hydrolysis rate constants.

rate v under these conditions is proportional to the second-

order rate constart../Kapp @s given by eq 9, and initial APPENDIX

binding of the substrate to the peripheral site increases this ) ) } ]

rate constant in several ways. It increaggsecause the Scheme 4 is an extension of Scheme 2 in which all

peripheral site enlarges the enzyme surface and increase§OMPlexes involving bound peripheral site inhibitor (1) are

the frequency of productive substrate encounters; it decreasedcluded. Our steric blockade model postulates that peripheral

k.s and thus allows a greater proportion of substrate Site binding is unaffected by acylation site ligands (iies,

molecules initially associated with the peripheral site to 1 @nd the same association rate constarind the same

proceed to the acylation site, and it may well accelekate ~ dissociation rate constait, characterize | binding in the

by optimally positioning substrate to diffuse rapidly into the Elr, ESlp, EAPIp, EAlp, andEPIe complexes) and that bound

acylation site. peripheral site ligand has no effect on acylation and deacyl-
Most previous kinetic analyses of AChE have employed ation rate constants (,ea,=b =.1). Our current treatment

equilibrium interpretations of reaction schemes similar to that of Scheme 5 also assumes for simplicity that product P bound

in Scheme 1. Under what conditions do the conclusions from t0 the acylation site does not alter the rate constant for

these analyses remain valid? We offer three guidelines. (1)deacetylation ¢ = e = 1) and that P dissociation rate

If the intent is only to obtain an estimate of an inhibition Cconstants for dissociation from the acetylated enzyme are

constank;, an equilibrium analysis of Scheme 1 will provide identical to those from free enzymel = f = 1). These

an accurate estimate of the thermodynamic affinity of an @ssumptions may require future refinement in view of

inhibitor for either the acylation site or the peripheral site in "eported interactions between ligands and acyl groups at the

free AChE (9. (2) If a substrate under investigation acylation site 25, 44). _The important feature of the steric

essentially equilibrates with AChE during reaction, an Plockade model here is thiags/ks = k-sdk-s < 1 and that

equilibrium analysis of Scheme 1 can be applied. Many k-pdk-p < 1.

slowly reacting substrates such as organophosphéeta(l In Scheme 3, we proposed a more detailed model of AChE

into this category. (3) If, however, one is investigating ligand catalysis in which the first step involved the formation of

binding to the peripheral site with substrates that do not an ESs complex at the peripheral site. Scheme 5 is an

equilibrate with AChE, kinetic parameters can be misinter- extension of Scheme 3 in which all other complexes

Scheme 4
cky
ks k, ‘ dkp k,
E+S =— ES — EAP — P+ FA — E + Ac
+ Sy + + kp
Ac+ EFP —m E + P
I I I I +
k j[ ky k; J[ ik, Kk j[ ik k; J[ ky I
ks ak, Tk p bk, k J[ th
El, + S = ESI,— EAPI, — P + EAl, — EI, + Ac
k—SZ | k
-P2
Ac+EPl, — EL,+P
ek,
Scheme 5
cky
ks k, k, ’ dkp ks
E+S *T\ESP:ES —> EAP — P + EA — E + Ac
k
-8 -1 + + k.P
Ac+ EP —m E+ P
S S S +
ks [ iks ks | s ks || ks S
ak, Jep bk, ks ” ik

ESSp — EAPS, —> P + EAS,— ESp + Ac

k~P2
Ac+EPS, —> ES,+P

ek,



Substrates Bind to the Peripheral Site of AChE

involving bound peripheral site substrate are included. As
in Scheme 4, our steric blockade model postulatesahat

b =i =1 and thaksyks = k-sdk-s < 1 andk_pdk_p < 1,

and again for simplicity, we assume tte=d =e=f =

1. When both S and | are present and compete for binding
to the peripheral site (i.e., no enzyme species involviglg S
can form, such a€£Silp), then the five enzyme species
involving Ip in Schcme 4Elp, ESlp, EAPIp, EAlp, andEPIp)

Biochemistry, Vol. 38, No. 1, 199933

14. Antosiewicz, J., McCammon, J. A., Wlodek, S. T., and Gilson,
M. K. (1995) Biochemistry 344211-4219.

15. Radic, Z., Kirchhoff, P. D., Quinn, D. M., McCammon, J. A.,
and Taylor, P. (1997). Biol. Chem. 27223265-23277.

16. Shafferman, A., Ordentlich, A., Barak, D., Kronman, C., Ber,
R., Bino, T., Ariel, N., Osman, R., and Velan, B. (19%)/BO
J. 13 3448-3455.

17. Barak, D., Ordentlich, A., Bromberg, A., Kronman, C., Marcus,
D., Lazar, A., Ariel, N., Velan, B., and Shafferman, A. (1995)
Biochemistry 3415444-15452.

must be added to Scheme 5 to describe the complete system.qg. Szegletes, T., Mallender, W. D., and Rosenberry, T. L. (1998)

While we do not show the scheme corresponding to this
system, in eqs 6 and 7 we define the following combinations
of enzyme speciesy ESs = [ESe] + [ESS] + [EAPS] +
[EASH] + [EPS), YElp = [Elp] + [ESle] + [EAPIf] +
[EAIF] + [EPIg], and YEXA = [ES] + [EAP] + [EP].
Furthermore, in the text description of eq BE = [E] +

[EA] + YEXa. When acetylthiocholine (S) and M7A (T)
are substrates simultaneously, 17 liganded species from
Scheme 5 for the substrates must be consideEd i§
common to both substrates) as well as six additional species
representing mixed complexes (e.§STr). New rate con-
stants also are introduced by these mixed complexes (e.g.,
istk—t is the rate constant for dissociation of T frd&Tp).
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