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ABSTRACT. The active site gorge of acetylcholinesterase (AChE) contains two sites of ligand binding, an
acylation site near the base of the gorge with a catalytic triad characteristic of serine hydrolases, and a
peripheral site at the mouth of the gorge some-20 A from the acylation site. Many ligands that bind
exclusively to the peripheral site inhibit substrate hydrolysis at the acylation site, but the mechanistic
interpretation of this inhibition has been unclear. Previous interpretations have been based on analyses
of inhibition patterns obtained from steady-state kinetic models that assume equilibrium ligand binding.
These analyses indicate that inhibitors bound to the peripheral site decrease acylation and deacylation
rate constants and/or decrease substrate affinity at the acylation site by factors of up to 100. Conformational
interactions have been proposed to account for such large inhibitory effects transmitted over the distance
between the two sites, but site-specific mutagenesis has failed to reveal residues that mediate the proposed
conformational linkage. Since examination of individual rate constants in the AChE catalytic pathway
reveals that assumptions of equilibrium ligand binding cannot be justified, we introduce here an alternative
nonequilibrium analysis of the steady-state inhibition patterns. This analysis incorporates a steric blockade
hypothesis which assumes 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. Simulations based on this nonequilibrium steric blockade model
were in good agreement with experimental data for inhibition by the peripheral site ligands propidium
and gallamine at low concentrations of either acetylthiocholine or phenyl acetate if binding of these ligands
slows substrate association and dissociation rate constants by factors/0f Direct measurements

with the acylation site ligands huperzine A ame(N,N,Ntrimethylammonio)trifluoroacetophenone showed

that bound propidium decreased the association rate constants 49- and 380-fold and the dissociation rate
constants 10- and 60-fold, respectively, relative to the rate constants for these acylation site ligands with
free AChE, in reasonable agreement with the nonequilibrium steric blockade model. We conclude that
this model can account for the inhibition of AChE by small peripheral site ligands such as propidium
without invoking any conformational interaction between the peripheral and acylation sites.

Peripheral Site

Acetylcholinesterase (AChEhydrolyzes its physiological
substrate acetylcholine at one of the highest known catalytic
rates (), and the unique features of AChE structure that
determine its catalytic power have been pursued for many
years. A major advance occurred with the X-ray crystal-
lographic determination of the three-dimensional structure
of Torpedo californiceAChE (TcAChE) @). This structure
revealed an active site gorge lined with aromatic residues

Acylation Site

that is about 20 A deep. Two sites of ligand interaction in
AChE were first demonstrated in ligand binding studi@s (
and later confirmed by crystallography, site-specific mu-
tagenesis, and molecular modeling: agylation siteat the
base of the gorge andperipheral siteat its mouth. In the
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1 Abbreviations: AChE, acetylcholinesterase; TcAChE, acetylcho-
linesterase fronTorpedo californicaDTNB, 5,5-dithiobis(2-nitroben-
zoic acid); TMTFA,m-(N,N,Ntrimethylammonio)trifluoroacetophenone.

Ficure 1: Schematic diagram of the sites for ligand binding in
AChE.

acylation site (Figure 1) residue S200 (TcAChE sequence
numbering) is acylated and deacylated during substrate
turnover, H440 and E327 participate with S200 in a catalytic
triad (E-H—S), and W84 binds to the trimethylammonium
group of acetylcholine as acyl transfer to S200 is initiated.
The peripheral site involves other residues including W279
(4—9). Ligands can bind selectively to either the acylation
or the peripheral sites, and ternary complexes with distinct
ligands bound to each site can forr).( Peripheral site
ligands that form these ternary complexes include the
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0 — (CHa)a— N(CaHs)s ref 15). We avoid this equilibrium assumption here for the

q N first time in the AChE literature by solving the appropriate
[ O (Chale— N(Caltal differential rate equations with the simulation program SCoP.
™ (CHze— Ri(CaHs)s In particular, we examine the simple hypothesis that the only

CzHs

effect of peripheral site inhibitors such as propidium is to

Propidium Gallamine impose a steric blockade that decreases association and

CHs o dissociation rate constants for substrates without altering their
Cpel ratio, the equilibrium association constant. We test this
- N o hypothesis also by examining the effec't of peripheral ;ite
CHs~_~ o T ligands on the rate constants for the binding of acylation
NHe CHs site inhibitors. Our results indicate that failure to achieve
(-)-Huperzine A TMTFA equilibrium can have a profound impact on the classical

FIGURE 2: Structures of peripheral site and acylation site ligands. Interpretation of AChE inhibition and indeed alter mecha-
nistic conclusions.

phenanthridinium derivative propidium (Figure 2) and the

fasciculins, a family of very similar snake venom neurotoxins EXPERIMENTAL PROCEDURES

composed of 61-amino acid polypeptidd®,(11). _ Materials Human erythrocyte AChE was purified as
In this paper we address the question of how ligand gutlined previously and active site concentrations were
binding to the peripheral site alters AChE catalytic activity. getermined by assuming 410 units/nmoll6( 17).
While_ it _is_ well documented tha_t ligand binding to this site_ (—)-Huperzine A and propidium iodide were purchased from
can inhibit substrate hydrolysis, the mechanism of this calbiochem and gallamine triethiodide from Aldrich Chemi-
inhibition is less clear. Specifically, an understanding of the 5| co. Huperzine A concentrations were adjusted with an
inhibition mechanism may depend on whether the substrateextinction coefficient esos nm= 10400 Mt cm L. TMTFA
and inhipitor are equilibratgd with AChE. This point can \as kindly provided by Dr. Daniel Quinn (University of
be examined in the conventional pathway for the hydrolysis |owa), and stock TMTFA concentrations were calibrated by
of acetylcholine (S) by AChER) in Scheme 2. The initial titration with AChE.

Steady-State Measurements of AChE-Catalyzed Substrate

Scheme 1 . . -
Hydrolysis Hydrolysis ratesy were measured at various
ks k, ks substrate (S) concentrations in buffer composed of 20 mM
E + S k‘ﬁ ES — EA — E + P sodium phosphate and 0.02% Triton X-100 at pH 7.0 and
-S 25 °C unless otherwise indicated. Acetylthiocholine assay

solutions (1 mL) included 0.33 mM DTNB, and hydrolysis
was monitored by formation of the thiolate dianion of DTNB
at 412 nm Qegi2 nm= 14.15 mM* cm (18)) for 1—5 min

on a Varian Cary 3A spectrophotometd®). Acetylthio-
choline concentrations were low enough0(5 mM) in the
absence of inhibitors2Q) that compensation for substrate
inhibition was unnecessary. Hydrolysis rates for phenyl
acetate (0.25 mM, <1% methanol final) were measured

enzyme-substrate compleXS proceeds to an acylated
enzyme intermediatéA which is then hydrolyzed to product
P andE (see refl2). Under classical steady-state conditions
(13), hydrolysis ratesy vary with [S] according to the
Michaelis-Menten equation (eq 1a) to give the maximum
hydrolysis rateVimay, the apparent first-order rate constant
keaw and the second-order rate constiatKap, (€qs 1b and

1c). in 1-ml assay solutions at 270 NMd>70 nm= 1.40 mM™?
d[P] Viax[S] cml‘l) for 1-5min (21). Rgciprocal plots of/‘l vs [ST ! at
et (1a) all inhibitor (I) concentrations here were linear, and slopes
t [S1+ Kapp . .
and intercepts of these plots were calculated by weighted
Vmax - koks ket ksko b1 linear regression analyses which assumed thatas a
Elot ™ ky+ks Kupp  ks+ky (1b. 1c) constant percent error. Nonlinear regression analyses of

these slopes and intercepts vs [I] were conducted with Fig.P
One way in which AChE has optimized these rate constants (BioSoft, version 6.0) as described, with slope and intercept

is by accelerating the acylation stkepso that it exceedk.. values weighted by the reciprocal of their variance (also see
(eq 1b), which for AChE is about 361 (1). Of more  ref22).
importance to the arguments heke,also exceed&_s (1, Simulations of Kinetic EquationsWhen the reversible

14). As aresultES is not in equilibrium witiE and S. The reactions in Scheme 2 below are not at equilibrium, the
failure of ES to equilibrate withE and S is readily corresponding differential equations were solved with the
accommodated by eq 1&./Kappapproacheks, the substrate program denoted SCoP (version 3.51) developed at the NIH
association rate constant. However, when an inhibitor binds National Center for Research Resources and available from
to the nonequilibratecES intermediate, the steady-state Simulation Resources, Inc. (Berien Springs, MI). A model
inhibition patterns present a greater challenge. The conven-file was constructed with differential equations for each
tional interpretation of the classic noncompetitive inhibition enzyme intermediate exceptand with values of all rate
pattern, for example, assumes tiE8 is equilibrated (see ~ constants. Mass conservation was introduced by substitution
of [E] = [E]wt — X [M], where [E}.: is the total concentration

2Scheme 1 assumes substrate concentrations low enougB3Bat
or EAS species leading to substrate inhibition are negligible (see ref 3 Personal communication from B. P. Doctor, Walter Reed Army
1). Institute of Research, Washington, DC.
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Table 1: Inhibition of AChE-Catalyzed Hydrolysis of Acetylthiocholine by Propidium

K s Ko, s K K, ke K s Kap? slope intercept
case (uM~ts?l) (sY (s™ WM~ tshy (s (uM s (s™ (mM)  K{P uM) ob B°
1 200 3x 10° 1.4x 10 200 200 3 45 0.043 1.00 0.0197 0.02 0.01
2 200 3x 18 1.4x 10¢ 200 200 0.3 4.5 0.043 1.01 0.0033 0.0001 0.03G: 0.001
3 200 3x 1 1.4x 10¢ 200 200 200 3x 108 0.043 1.00 1.00
4 200 3x10F 14x 10¢ 200 200 3 45%x 10° 0.79 1.00 0.26 0.78 0.05
5 200 3x 100 1.4x 10 200 200 3 45x 10 75 1.00 0.97 1.00

a Simulations for cases-15 were generated as outlined in the text with indicated rate constant values. Bold entries indicate a change from the
previous case. Values &, K anda andp were calculated by weighted least-squares analysis of replots as in Figu&tasdard errors were
less than 2% of the mean unless otherwise indicated.

of enzyme an& [M] is the sum of the concentrations of all (DTNB), and association reactions were initiated by adding
enzyme intermediates. An analogous mass conservation wa#\ChE, the inhibitor propidium, and the acylation site ligand
introduced for [S]. Simulation and curve-fitting files were (huperzine A or TMTFA) at 23C. Except where indicated,
generated by SCoP from the model file by employing the binding was measured under pseudo-first-order conditions
numerical solver clsoda. This solver for stiff and nonstiff in which the concentration of ligand was adjusted to at least
sets of differential equations uses an improved Gear method10 times the concentration of AChE. At various times a

(23, 24).

1.0-mL aliquot was removed to a cuvette, 4Q of

Rate constants used in these simulations (see Tables 1 andcetylthiocholine and DTNB were added to final concentra-

2) were justified as follows. For acetylthiocholine, direct
estimates ok, andk; (available only for eel AChE) gave
ko/ks = 1.3 25). Noting a 2-fold smallek. of 7000 s*
for human AChE 26) and assuming, = ks for this enzyme,
substitution into eq 1b gave = ks = 1.4 x 10*s%. Solvent
deuterium oxide (BO) isotope effects provided an estimate
of k_s: keat fOr acetylthiocholine was slowed by a factor of
2.03+ 0.05 when HO was replaced by D, a value close

tions of 0.5 mM and 0.33 mM, respectively, and a continuous
assay trace was immediately recorded at 412 nm. Back-
ground rates in the absence of AChE were subtracted.
Dissociation reactions were measured by incubating ligand
with AChE for 1-24 h, diluting=200-fold to the indicated
final concentrations, and assaying 1.0-mL aliquots as above.
Assay rateg from association and dissociation reactions
of huperzine A and TMTFA were divided by control assay

to a typical factor of 2.5 for enzyme-catalyzed steps that are rates in the absence of these ligands-§ or vrmrra=o) t0

rate limited by proton transferl), but k../Kapp decreased
by a factor of only 1.2H- 0.02 in DO (22). Inserting this
value in eq 1c and assuming thatdecreased by a factor of
2.5 in DO while ks andk_s were unaffected, thek/k_s =

6 and, fromk, above k_s = 3 x 10°s™1. An estimate oks
= 2 x 1¢® M~* s was obtained by substitution of these
values ofk, andk_s and the observed value #f.,, = 45
uM (see Table 2) into eq 1c. For phenyl acetdtg;, was
assumed equal to that of acetylthiocholidg §nd the same
value of 1.4x 10* s was assigned fok, andks. From
observed RO isotope effects of 2.43- 0.08 for k.o and

give a normalized valuey). For huperzine A these values
were fitted by nonlinear regression analysis (Fig.P) to eq 2,
whereyyiniial aNdvyinal @re the calculated values af) at
time zero and at equilibrium, respectively, and the observed

@)

pseudo first-order rate constaft for the approach to
equilibrium is given by eq 3.

_ —kt
Uiy = Ynyfinal T (U(N)inital - U(N)ﬁnal)e

k = kop[L]+ koge 3

1.48 4 0.05 for kealKapp (22), ko was assumed to decrease  In eq 3,

by a factor of 2.5 in RO while ks andk_s were unaffected, |

yielding ko/k-s = 2.1 andk_s = 7 x 1®* s'1. These values ki, +kL2% kp +k_L2ﬂ

together with the observed value Kf,, = 1.31 mM (see b = ! b = KL 4a, 4b)
Table 2) gavés = 8 x 10° M~1 s™% for phenyl acetate from on m off m ’
eq 1c. For propidium and gallamine, an estimaté et 2 1+7§ 1 K

x 108 M~1 s 1 was based on association rate constants of 5

x 10" M~1 s for the bisquaternary ligand ambenoniu2@)
and 4 x 10® M~! st for N-methylacridinium 27) with
human AChE. Values fdt_, were then calculated frot
= (k)(K)), whereK, was the observed equilibrium inhibition
constant for propidium or gallamine (see Table 2).

Slow Equilibration of an Acylation Site Ligand in the
Presence of a Peripheral Site Inhibitoil he slow interaction
of an acylation site ligand (L) with AChE in the presence of
a peripheral site inhibitor | as shown in Scheme 3 in the
Results was analyzed by procedures used previo28yd
describe the interaction of fasciculin 2 with AChE. Bovine
serum albumin (1 mg/mL) was incubated overnight in buffer
(20 mM sodium phosphate, 0.02% Triton X-100, pH 7.0)
containing 0.33 mM 5,5dithiobis(2-nitrobenzoic acid)

Structure Analysis and Molecular Graphic€onstruction
and analysis of three-dimensional models were performed
on a Silicon Graphics workstation Indigo2 IMPACT using
QUANTA96 modeling software (Molecular Simulations,
Inc.). Modeling of the ternary TCAChE enzymahibitor
complexes began with the crystal structure coordinates for
the TcAChE-huperzine A complex [Protein Data Bank
(PDB) file: 1VOT] (28) and the TCAChETMTFA complex
(PDB file: 1AMN) (29). Propidium was manually docked
into the peripheral site as previously describéd (Briefly,
the aromatic and alkyl portions of propidium were positioned
in the peripheral site and active site gorge by avoiding
unfavorable contacts with the TcAChE structure. The
resulting structures were optimized by energy minimization
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Table 2: Observed and Simulated Inhibition of AChE-Catalyzed Hydrolysis of Acetylthiocholine and Phenyl Acetate by Peripheral Site
Ligands

observed parameters simulated parameters

substrate

inhibitor Kapp (MM) Ki (uM) o p ksaks K¢ (uM) ol B
acetylthiocholine 0.04% 0.003

propidium 1.1+0.1 0.019+ 0.004 0.10+ 0.01 0.015 1.00 0.0197 0.290.01

gallamine 372 0.019+ 0.002 0.44+ 0.03 0.015 35 0.0189 0%0.1
phenyl acetate 1.3%0.15

propidium 0.8+ 0.1 0.071+ 0.008 0.46+ 0.02 0.05 1.01 0.076 0#40.1

gallamine 31+5 0.25+ 0.01 1.0+0.1 0.2 39 0.27 0.95 0.03

aValues ofKapp Ki, a, andf were calculated by analysis of replots as in Figures 3 and 4. The rakig/k{ in each simulation was assigned
to give optimal agreement between the observed and simulated pararh&ienslations were conducted with the rate constants from case 1 in
Table 1 except as follows: When gallamine replaced propidikm= 6 x 10° s™%; when phenyl acetate replaced acetylthiocholike= 8
uM™t st andk-s = 7 x 10 s7%; with phenyl acetate and propidiurks, = 0.4 uM~ st and k_s, = 350 s%; and with phenyl acetate and
gallamine ks, = 1.6 uM~* st andk-s, = 1.4 x 10° s 1. SimulatedKap, values were identical to the experimenkak, as expected from the
assignment of rate constants in Table¢ $tandard errors were less than 2% of the mean.

using the CHARMmM module of QUANTA96 (conjugate k_g > aky; k—a > ks; ks > bks; 32; 33; see ref22). This
gradient). Initial structural refinement included only the solution is given in eq 5, wher€x = k_x/k.

propidium and gorge solvent molecules while final optimiza-

tion added all amino acid side chains vicinal to propidium

i ita [i (1 1] al
and the acylation site ligand. ; 1 keat (1+ KSIJ Keat [1+ KAIJ Kapp (1+ KJ
RESULTS Vo Ty +

max all] blI] all]
Equilibrium Model of AChE Inhibition When ligands ko (HKTI) k3 (HKTIJ (S) (“,TSJ
bind to the peripheral site, AChE activity is often inhibited.
The inhibitor (I) can bind to each of the three enzyme species &)

from Scheme 1, as modeled in Scheme 2. For exar&flig,
Many inhibition patterns observed with AChE are consistent

Scheme 2 with eq 5. For example, propidium inhibition of phenyl
kg k, ks acetate and acetylthiocholine hydrolysis gave the steady-state
S+ E = ES — EA — E + P kinetic data in Figure 3a,b and Figure 4a,b. The slopes of
kg + + the reciprocal plots in Figure 3a increased with propidium
concentration (Figure 3b), and analyses of these slopes by
I I I eq 6 allowed estimation oK, the equilibrium dissociation
ky Jrkl ksy JF kgt kAI\” ka1 (1 N m)
ks, ak, bk, slope (v vs [ST) U K ©
S + El, k_\_s‘z ESI, — EAlL,— El, + P Kapp / Vina [1 . @]
. a

represents a ternary complex with S at the acylation site and

| at the peripheral site (denoted by the subscript P). The constant for | withE, and theexperimentaparameten. At
acylation rate constark; is altered by a factom in this saturating concentrations of | ([ Ki/a), the slope in eq 6
ternary complex, and the deacylation rate constanis = Kapd0Vmax.  Thereforept is simply the ratio of the second-
altered by a factob in the EAl complex. To characterize  order rate constant with saturating |, which we deriqt¢/
how a peripheral site ligand inhibits AChE, it is useful to Kapp, to that in the absence of I. When equilibrium is
know whether substrate affinities are altered and whetherassumed as in eq & = aK/Ks = aKg/Ksz Within an

the relative rate constangsandb are less than 1 when the equilibrium framework, the low values af = 0.071 for
inhibitor is bound. Unfortunately, for acetylcholine and other propidium and phenyl acetate in Figure 3b and 0.019 for
carboxylester substrates, the acylation and deacylation ratgoropidium and acetylthiocholine in Figure 4b require either
constants are too fast to permit direct measurement by anythatESI» does not form Kg/Ks, = 0) or thata = 0. While
rapid kinetic technique. Consequently, investigations of these two possibilities can in principle be distinguished by
Scheme 2 have employed steady-state kinetic analyses baseahalysis of the intercepts of the reciprocal plots in Figures
on extensions of the Michaelisvlenten expression. How- 3a and 4a, contributions from inhibition of both acylation
ever, this approach is problematic. In contrast to the simple and deacylation complicate the interpretation (eq 5). For
steady-state solution in the absence of inhibitor, the generalexample, the intercepts in Figure 4b also increased with
steady-state solution farin Scheme 2 is too complex for  propidium concentration but in a less linear fashion than the
useful comparison to experimental daB®,(31). To obtain slopes. If we denofglk., as the first-order hydrolysis rate

a more tractable simplified solution, it has invariably been constant for the pathway through the ternary compl&&is
assumed with AChE that the reversible reactions in Schemeand EAl, the intercept data in Figure 4b gage= 0.10.

2 are at equilibrium (i.e ks> ky; k_sp > aky; kg > ky; Uncertainties in the ratio dé; to ks and inb make it difficult
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Observed inhibition Observed inhibition
14 B 30 B
Relative 2 A? 1200 Relative }
o slope 7 v1 o slope 15 o1
A intercept 600 17 A intercept &
—
0 - 0 —
0 10 20 3060 0o 10 20 30 0 10 20 3060
[phenyl acetatel™, mM™' [propidium], uM [acetylthiocholine]™!, mM™! [propidium], uM
Simulated inhibition Simulated inhibition
14 D 30 D
Relative 2 1200 Relative f
v o slope 7 vo! o slope 15
A intercept A 600 A intercept &
A
) — 0 0 —
0 10 20 3060 0 10 20 3060
[sr', mm! [, uM [STY, mM™! [, uM

Ficure 3: Observed and simulated inhibition of AChE-catalyzed Ficure 4: Observed and simulated inhibition of AChE-catalyzed
phenyl acetate hydrolysis by propidium. Part A: Reciprocal plots acetylthiocholine hydrolysis by propidium. Analyses were con-
of measured initial velocities (mM/min) and substrate concentrations ducted as in Figure 3. Part A: Reciprocal plots were obtained at
were fitted by weighted linear regression analysis according to eq fixed propidium concentrations@) 0 «M, (O) 3 uM, (A) 10 uM,

5 at various fixed propidium concentration©f(0 «M, (O) 1 uM, (v) 25uM) and 25 pM E. Two additional points are offscale and
(2) 3 uM, (v) 50 uM) and 0.5 nM E. Four additional points are  not shown. Part B: Normalized slopes and intercepts of reciprocal
offscale and not shown. Part B: Slopes of reciprocal plots including plots including those in part A were analyzed to gkie= 1.1 +
those in part A were normalized by dividing By,dVmax (the slope 0.1,a = 0.019+ 0.004, and3 = 0.10+ 0.01 (see Table 1, Case

in the absence of propidium) and fitted by weighted nonlinear 1). Part C: Plots of~1 vs [S]* at various [I] (©) 0 uM; (O) 3
regression analysis to eq 6 to gike= 0.8 +£ 0.1 anda. = 0.071 uM; (») 10 uM) were generated by the SCoP simulation program
=+ 0.008 (see Table 2). Normalized intercepts of the reciprocal plots with rate constant parameters listed for acetylthiocholine and

were fitted to an equation of the same form as eq 6 to give propidium in Table 2. Lines were extrapolated from linear regions
0.46+ 0.02 (see footnote 4 and Table 2). Part C: Plotsdfvs of these plots encompassing [S] 0.0K,,p t0 0.K,,p, Part D:
[S]7* at various [I] (O) 0 «M; (O) 1 uM; (a) 3 uM; (V) 50 uM) Slopes and intercepts of lines calculated as in part C were analyzed

were generated by the SCoP simulation program with rate constantby replot analysis as in part B to obtain the simulated estimates of
parameters listed for phenyl acetate and propidium in Table 2. LinesK,, o, andj in Table 2.

wergextrapolated from linear re.glons of these plots encompassing, .oi-te interaction alone with AChE were deduced as
[S] = 0.0XK,ppto 0.K4p, Part D: Slopes and intercepts of lines . : . ;
calculated as in part C were analyzed by replot analysis as in partdescribed in the Experimental Procedures and are shown in

B to obtain the simulated estimates Kf o, and/ in Table 2. Table 1 (case 1, columns-2) or in Table 2. They are likely

to be accurate within a factor of 2. Phenyl acetate hydrolysis
by AChE also does not involve equilibrium substrate binding,
S R . . L and the primary difference between the assigned rate
propidium inhibition of acetylthiocholine hydrolysis is that constants for acetylthiocholine and phenyl acetate was a

g:cna?u/g;btkseat T:\i:jg.; bzgilslufe;(foarlr:e:rsiseg:ll,o?%v: \S(r,eri lower value ofks for phenyl acetate (see Experimental
yp ) P PEMbrocedures and footnote a in Table 2). Rate constants for
mental data with the simulated data below. o . X .
o . o propidium interaction with free AChE and ti€S andEA
Nonequilibrium Analysis of AChE InhibitionWe noted : . ; :
intermediates in Scheme 2 are less certain, so we propose a

in the Introducuqn that the _equmbnum model assurkes . simplifying hypothesis based on the location of the peripheral
> ko and that this assumption does not hold for acetylthio- site at the mouth of the active site gorge. We hypothesize

choline hydrolysis by AChE. Nevertheless, the rate equation that the effect of propidium binding to this site is simply a

in eq 5 which assumes equilibrium can still fit the observed . o

AU o X steric blockade that decreases equally the association and

inhibition in Figure 4. Are the mechanistic conclusions that . - ) )
dissociation rate constants for substrates without altering any

Ki/Ksi == 0 ora = O with propidium bound to the peripheral other rate constants in Scheme 2. Thus, this steric blockade
site invalid? To address this question it is necessary to solve . -
hypothesis postulates that bound propidium does not alter

e rate equations for Scheme 2 wthout squlbrum as- (LS PSS L o o Ak
P : P y— Ks). It also stipulates that bound propidium has no effect

because the corresponding differential equations cannot be

) . .-on acylation and deacylation rate constargs=b = 1),
solved analytically. These equations can be solved numeri- ST .
i ; . ] and that bound substrate does not alter propidium interactions
cally with the SCoP simulation program if reasonable

. . . (ki = ksi = kay andk—; = k_g; = k—a)). In this case values
T o oo RS o shany 0 0nly T w0 ate conank and . for propium
9 y PR interaction are required. The key feature of the hypothesis

“p1 s defined as th 1 factor bv which the it o is that bound propidium slows substrate entry into and exit
~1is defined as the maximal factor by which the intercepts in ; ;

Figq(e _3b increased at high concentrations of propidium. Within the from t.he a(t:yllatgj.n ?.Itek(? ; i:s a??hkfsz t< k;S)f'thThelong/
equ|||br|um framework in eq 53 = ab(k2 + kg)/(ak2 + bK?) andﬂkcat expel’lmen al Inaication 1o aate O e exiento IS sliowdown

= abkks/(ak, + bks). involves the effect of fasciculin 2 binding to the peripheral

to estimate a value dd from this value off5, and about all
that can be concluded within this equilibrium model for
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site on N-methylacridinium binding to the acylation site: the effects on calculated values @fand 8 were assessed.
association and dissociation rate constantd\fonethylacri- Whenks,; andk_s, were reduced 10-fold to 0.15% kf and
dinium decreased 8000- and 2000-fold, respectively, in the k_s, estimates ofx and 3 decreased by factors of three to
AChE—fasciculin 2 complex relative to those in free AChE six (Table 1, case 2). Witks; andk_s, set at 15% oks
(27). Steric blockade by the smaller propidium is likely to and k_s, estimates ofx and 8 increased to 0.18 and 0.7,
be less than that by fasciculin 2. In our simulations (Table respectively (data not shown), and when = ks andk_s;
2 and Figures 3c and 4c) we assigned decreasks snd = k_s, a and 8 became 1.00 (Table 1, case 3). Case 3
k_s» that gave optimal agreement with experimental data, demonstrates that, when propidium binding has no effect on
but we also surveyed a range of decreases in these constant@ny of the rate constants involving substrate hydrolysis, no
as described below. inhibition is detected even though ligand binding is not at
The SCoP simulation procedure involved solving the set equilibrium.
of differential equations corresponding to Scheme 2 to obtain  Under equilibrium conditions our steric blockade hypoth-
v = d[P]/dt. By adjusting the total substrate and AChE esis should result in no inhibition by peripheral site inhibitors.
amounts and the time, a series of calculatethd [S] pairs This is clear from eq 5, because the hypothesis stipulates no
were generated as substrate was progressively converted teffect of inhibitor on either substrate bindingg = K;) or
product at various fixed [l]. Transformation of these pairs ket (2 = b = 1). Equilibrium in Scheme 2 is approached
to v~ and [S]? produced reciprocal plots analogous to the whenky/k_s andak/k-_s,become small. For example, if the
experimental data in Figures 3 and 4. Simulated propidium rate constants in case 1 of Table 1 are assumed except for a
inhibition of phenyl acetate hydrolysis witks, and k-s; 100-fold increase ifk-s andk-s» (ko/k-s = 0.047 and ky/
assigned at 5% dfs andk_s, respectively, is illustrated in  k-s;= 3.1),oc andg increase (Table 1, case 4) but still reflect
Figure 3c. The simulated reciprocal plots were nearly linear some propidium inhibition. A further 100-fold increase in
over a substrate concentration range corresponding to thak-s and ks, (to ka/k-s = 0.00047 andak/k-s, = 0.031)
accessible experimentally in Figure 3a. Simulated case lincreasesx to 0.97 andg to 1.00 (Table 1, case 5) and
in Table 1 for propidium and acetylthiocholine, in which essentially abolishes the inhibition.
ks2 and k_s, were 1.5% ofks and k_s, respectively, is It is reassuring that the nonequilibrium model can account
illustrated in Figure 4c. The reciprocal plots were linear at quantitatively for propidium inhibition of acetylthiocholine
low substrate concentrations, but they deviated downward and phenyl acetate hydrolysis, but does this simulation model
at concentrations corresponding to the higher substratehave any predictive value for the inhibition observed with
concentrations examined experimentally in Figure 4a. Theseother peripheral site inhibitors? Gallamine appears to bind
deviations can be eliminated if our steric blockade hypothesis exclusively to the peripheral sit8)( TheK, for gallamine
is extended to include a decrease in product dissociation rates 30- to 40-fold larger than thi§, for propidium (Table 2),
constant by bound peripheral site ligar{dee Discussion).  and this lower affinity permits comparison of experimental
However, simulations from our initial hypothesis can account and simulated values of andg for a lower affinity inhibitor.
for inhibition observed over the lower substrate concentra- The data with acetylthiocholine as substrate are shown in
tions typically employed in inhibition analyses of AChE, as row 2 of Table 2, where thig for gallamine was assumed
the following comparisons indicate. The slopes and inter- to be the same as that for propidium ang = (k)(K,) was
cepts of the linear regions of the simulated reciprocal plots 30 times greater than the, for propidium. Wherks, and
([S] < 0.,y increased as [l] became larger. The Kk s;were maintained at the same values found to be optimal
dependence of these slopes and intercepts on [I] was analyzeébr propidium inhibition of acetylthiocholine hydrolysis
by nonlinear regression analyses (Figures 3d and 4d) exactly(1.5% ofks andk_s, respectively), the simulated estimates
as done for the experimental data in Figures 3b and 4b. Theof a and were again within about 10% of the respective
corresponding curves (Figure 3b vs 3d and Figure 4b vs 4d)observed values. Gallamine was a less effective inhibitor
showed remarkable similarity, indicating that qualitatively of phenyl acetate hydrolysis, and the experimental and
our nonequilibrium hypothesis can account for inhibition of simulated values were in best accord when the simulated
substrate hydrolysis by propidium. For a more quantitative values of ks, and k-s, were 15-20% of ks and k_s,
comparison of the simulations with the experimental data, respectively (Table 2, row 4). Thus the simulations indicate
three parameter¥(, o, andg) were examined for propidium  that propidium or gallamine binding to the peripheral site
inhibition of acetylthiocholine and phenyl acetate hydrolysis does not reduce the rate constants of substrate association
(Table 2). TheK, estimates agreed well, indicating that the and dissociation for the neutral substrate phenyl acetate as
K, estimate from the simulated data still corresponds to the much as for the cationic substrate acetylthiocholine.
equilibrium constant despite the imposed nonequilibrium  Slow Equilibration of Acylation Site Ligands when Pro-
conditions. Furthermore, simulatedandg estimates were  pidium Is Bound to the Peripheral Sitelhe correlation of
within about 10% of the corresponding experimental esti- the simulation results with experimental data in Table 2 is
mates for both substrates. Therefore, quantitatively as wellimpressive for steady-state inhibition of both acetylthiocho-
as qualitatively, our nonequilibrium hypothesis can account line and phenyl acetate hydrolysis by propidium or gallamine.
for the inhibition of phenyl acetate and acetylthiocholine However, it is important to design additional tests of the
hydrolysis by propidium observed in Figures 3 and 4. steric blockade hypothesis that do not incorporate unknown
To demonstrate the sensitivity of the simulations to the variables such as the relative magnitudeskef and ks.
input values, key simulation rate constants were varied andReversible inhibitors that equilibrate slowly with the acyla-
tion site without interfering with the peripheral site offer such

5T. Szegletes, P. Thomas, W. D. Mallender, and T. L. Rosenberry, & test. The interaction of an acylation site ligand (L) with
manuscript in preparation. AChE (E) in the presence of propidium () is shown in
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time, hr
FiIGURe 5: Stabilization of AChE-propidium complexes by bovine
serum albumin. Incubations were conducted at'@3in 20 mM 0.4 B
sodium phosphate, 0.02% Triton X-100, (pH 7.0) wi@®) (L nM L]
AChE and 100u4M propidium; @) 1 nM AChE, 100 uM
propidium, and 1.0 mg/mL bovine serum albumin; a) 60 pM
AChE. At the indicated times aliquots were assayed with acetyl- !
thiocholine as outlined in the Experimental Procedures. Assay points 0.02 L@}}
0.0

time, min

v were normalized to a control activity measured at time Q).

Since the inactivation was not strictly first order, lines simply .
connect the points. In curved], about 50% of the activity was o 60 500 2000
lost after 6 h.

[huperzine Al, nM

Scheme 3, where | binding ®andEL is assumed to reach

I . . . . 5 c 0.03
equilibrium instantaneously with dissociation constafis ®
kon o k o O
Scheme 3 o0z
uM 'm™? m™
kL 02 0.01
L+ E <= EL
+ ky + ) —t 0
I I [propidium], pM
K, Jf K, Jf Ficure 6: Determination of association and dissociation rate
k., constants for huperzine A with both AChE and the AGhE

L + EL. = ELI propidium complex. Ligand binding was assumed to occur accord-
P k P ing to Scheme 3. Part A: Association reactions were initiated by
-L2 mixing AChE (150 pM) with huperzine A (§) 60 nM, @) 40 nM,

(2) 20 nM, (¥) 10 nM) and 2QuM propidium, and aliquots were
andK,, respectively. Binding of L t&e andElp is much assayed at the indicated times as outlined in the Experimental
slower and occurs with association rate constanendk, Procedures. Assay pointswere normalized to a control 150 pM
and dissociation rate constarks. andk_.», respectively. ~ AChE activity with 204M propidium but without hyperzine A
Two acylation site ligands for which the rate constants in (vni-0) and fitted to € 2 to obtain a value kfor each curve. Part

Yy g . ) >l T B: Values of k obtained from both part A and additional
Scheme 3 can be measured without resorting to rapid kineticSmeasurements at 2@M propidium were plotted against the
instrumentation are huperzine 84) and the transition state  huperzine A concentration according to eq 3 to obkgjr= 0.195
analogue TMTFA 85) (see structures in Figure 2). These if%rc())%?gitﬂn;lnlgl a“k(:kgf;] ozlk8'004k3i g-nodogi%lii;r‘ g;%@gisfcvcgs
1 i i 1 n— ff — K—L
ligands are al.s 0 affractive because crystal_ structures Qf thelrﬁsed to obtain the estimateskpfandk- in Table 3. Part C: Values
complexes with AChE have been determined (see Discus-of k,, and ko were plotted against the propidium concentration
sion). according to egs 4a,b. The abdyevalue was fixed in eq 4a, and

Before assessing the effects of propidium on the associa-theko, estimates at 20M and 100uM propidium were then fitted

tion and dissociation rate constants for these acylation siteg’th;?ioenqLi%ti\?vgstoré’:ﬂz;é‘g E)Sttil‘r]nea]":g%;?j—ar(]g Ki j_”\xl[‘"’l‘]t;'g )3;
: ; : : 0 ; = (k-L |
ligands, it was important to confirm AChE stability during (1+ W1}/ Kik_1). The previously obtainekl ., K, andw = knoK,

incubation with propidium over periods of several days. were then fixed, and this equation was used to fitkhe value in
Propidium in fact was observed to inactivate AChE slowly Table 3.

in 0.02% Triton X-100 and 20 mM sodium phosphate (pH

7.0) alone (Figure 5), but this inactivation was prevented by and ke from the dependence ¢fon [L] (eq 3), and then
addition of bovine serum albumin at 1 mg/mL. It has long fitting ko andkes to eqs 4a and b. These steps are illustrated
been known that added protein can stabilize AChE activity in Figure 6a-c. A family of curves showing the approach
(e.g., gelatin; see re36). However, to our knowledge this  to equilibrium at several concentrations of huperzine A is
is the first report that a peripheral site ligand like propidium shown in Figure 6a, and tHevalues obtained as in Figure
can promote the inactivation of AChE and that added protein 6a are graphed against the huperzine A concentration in
can prevent this enhancement of inactivation. Bovine serum Figure 6b. Estimates d§,, andk. from plots such as that
albumin was included in all subsequent experiments with in Figure 6b at two fixed concentrations of propidium and

acylation site ligands. in its absence were fitted to eqs 4a,b in Figure 6¢c. Rate
Association and dissociation rate constants for huperzine constants obtained from this fitting procedure are given in
A were obtained by first determining the rate constafar Table 3. The decrease in the huperzine A association rate

the approach to equilibrium binding at various concentrations constant when propidium is bound at the peripheral site was
of L and propidium according to eq 2, next resolvikg indicated by the ratio ok, to k., a 49-fold decrease.
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Table 3: Propidium Inhibition of Association and Dissociation Rate 10 1
Constants for Acylation Site Ligantls ’ W S

acylation site ligand

kinetic constant  units huperzine A TMTFA v
ke uMIm? 50402 4.9+ 0.1

k2 uM~Im™t  0.102+ 0.009 0.013+ 0.003
k- m! 0.023+ 0.003 (2.4+0.1)x 104 o C
k-2 m-t 0.002240.0005 (4.2+-0.9)x 10°® " —ih 1
Ky nM 4.6+ 0.7 0.049+ 0.003 Y 20 50 350
Kio nM 2245 0.32+ 0.02 time, hr

Ki uM 0.39+ 0.06 0.43+ 0.05

aValues of kinetic constants were calculated as described in Figures B
6 and 7. 0.70 7

0.5 1

VIMTFA=0

Similarly, the decrease in the huperzine A dissociation rate v
constant when propidium is bound at the peripheral site,
indicated by the ratio df-, to k_ », was about 10-fold. The
steric blockade hypothesis is largely supported by these data, par:
as both rate constants were reduced an order of magnitude o1E ; —
or more when propidium was bound. A small thermo- 0
dynamic effect of propidium binding oK, for huperzine time, hr
A, however, was also revealed by the fact that the two rate Figure 7: Determination of association and dissociation rate
constants were not reduced equally. constants for TMTFA with both AChE and the AChfpropidium

The transition state analogue TMTFA has a much higher complex. AChE (56-800 pM) was incubated with TMTFA (0.63
affinity for the acylation site than huperzine A. The apparent 320 "M) and propidium (8100 uM) and aliquots were assayed
K, of 49 pM in Table 3 is in reasonable agreement with for AChE activity at various times as outlined in the Experimental

L Ol pM reas > ag Procedures. Assay points)(were normalized to parallel control
previous estimates3b, 37). This high affinity prevented  assaysimurra=o) containing identical [AChE] and [propidium] but
application of eq 2, particularly for association reactions at without TMTFA. Ligand binding was assumed to occur according
low concentrations of TMTFA that were not in sufficient Eﬁ Sg_?femet?’vla”d tf;_e SCoP fitting SFOQEa'gV\éaS apg“gd Ot”reC“{_tO

: o ; e differential equations corresponding to Scheme 3. First, reaction

excess of AChE an_d fqr dISSOC'at'.On 'r.eactlons where the freetime courses fo?six associatiorﬁ) and fgi]ve dissociation reactions in
TMTFA concentration increased significantly over the course he absence of propidium were simultaneously fit to give the values
of the reaction. Therefore, several individual reaction of k, andk_, in Table 3. These values were then fixed in the SCoP
profiles were fitted simultaneously with the SCoP program program and reaction ti_me courses for five ass.oc.iation ree}ctions
to obtain the rate and equilibrium constants in Table 3. conga!n!ng Zlg%'g' ﬂop'dludm and eight d:;ssomatl?n f.rtetaC“.O”S
Several of these simtaneous fs are shown in Figure 7. o789 26 100M o vee simutanectsy T e
The reduction in TMTFA association and dissociation rate points and calculated fits to 4 association reactions containing 100
constants with propidium bound to the peripheral site was M propidium, 800 pM AChE, and TMTFA (total concentration:
even more pronounced than for huperzine A. The association(©) 320 nM, () 64 nM, (1) 33 nM, (©) 6.4 nM). Part B: Assay
rate constank_ was 380-fold smaller thak, with free pomt_g_and cal%ula,\tﬂgdglngsotowfgurdfosoagtgn rl%%‘:t',\c/’lns':gﬁg"”'”g
AChE, and the dissociation rate constént, was 60-fold '(Dtro(igll é%?c%?traﬁoﬁ:((p)) BZ%M,(QAJ)) odd pl\(/l )(A) 650 %)’M’ ©)
smaller tharka with free AChE. These data pI’OVIde further 620 pM), and TMTFA (tota| Concentration:oﬂ 77 pM, @) 310
support for the steric blockade hypothesis, again with a small pM, (a) 770 pM, ) 770 pM).

thermodynamic effect of bound propidium on the TMTFA 55164 reasonable in view of the spatial separation between
affinity. propidium in the peripheral site and acetylthiocholine in the
acylation site. According to the equilibrium model in eq 5,
DISCUSSION the low values of. and g in Figures 3b and 4b can occur
We llustrate here a nonequilibrium alternative to the only if a (or b andK/Ks)) are much less than one, and these
equilibrium analysis of AChE inhibition by peripheral site inhibitory effects would indeed appear to require a confor-
ligands. We have examined a very simple hypothesis thatmational interaction between the two sites. However, the
bound peripheral site inhibitors only decrease association andconformational interaction hypothesis fails to provide a
dissociation rate constants for acylation site ligawithout satisfactory explanation for several observations. First,
effects on the thermodynamics of the binding of these ligands propidium only partially inhibits the hydrolysis op-
or the rate constants for substrate acylation and deacylationnitrophenyl acetate, showing anvalue of about 0.339).
In other words, the peripheral site inhibitor is proposed to It is unclear why a proposed conformational interaction
act as a “permeable cork” at the mouth of the active site would result ina. values ranging from less than 0.02 for a
“bottle” and thus to slow ligand entry to and exit from the good substrate like acetylthiocholine to 0.3 fenitrophenyl
acylation site. This steric blockade hypothesis can accountacetate, but this observation is readily accommodated by the
for most if not all of the observed steady-state inhibition. steric blockade hypothesis: Fprnitrophenyl acetate, the
Within an equilibrium framework, AChE inhibition by estimateKapis 35-fold higher andk. is 3-fold lower than
propidium previously has been attributed entirely to a the corresponding estimates for acetylthiocholB®).( These
conformational change at the acylation site induced by the values indicate that the ratibg’k_s andak./k_s, are smaller
binding of propidium to the peripheral sit8g). This would for p-nitrophenyl acetate than for either acetylthiocholine or

0.35
VIMTFA=0




4214 Biochemistry, Vol. 37, No. 12, 1998

phenyl acetate, placing the AChE interactions of this

substrate near equilibrium where the steric blockade hypoth-

esis predicts little inhibition. Second, in some mutants
(W84A and Y130A) theK, for propidium inhibition of
acetylthiocholine hydrolysis increases up to 100-fold, while
the Keq for propidium binding as determined by fluorescence
titration remains unchange@g). In these mutants thie.

for acetylthiocholine decreased 10- to 50-fold andfag,
increased by more than 2 orders of magnitlgié 88), again
indicating decreases l/k_s andak/k_s, that should result

in less inhibition according to the steric blockade hypothesis.
In fact, case 5 in Table 1 predicts no inhibition when
increases irk_s and k_s, result in a 2000-fold increase in
Kapp @n increase comparable to the 700-fold reported for
acetylthiocholine with the W84A mutanB§).

The simulations of steady-state substrate hydrolysis in
Tables 1 and 2 provide insight into the mechanism by which
peripheral site inhibition can arise within the steric blockade
hypothesis. First, the ratidg/k_s andak/k_s, must be large
enough that th&S andESI, complexes in Scheme 2 fail to
achieve equilibrium. Théu/k_s ratio has been denoted C,
the commitment to catalysid4), and eq 1c shows that as C

Szegletes et al.

The nonequilibrium simulations in Tables 1 and 2 gener-
ated slope replots that fit eq 6 with high precision, as
indicated by the low standard errors farin Table 2. The
intercept replots tended to be bell shaped rather than
hyperbolic (see Figure 3d), and this led to greater uncertainty
in the estimates of. The bell-shaped curves arose from
slight error that was introduced in the reciprocal plot
intercepts by the curvature of the reciprocal plots that was
noted in the Results in describing Figures 3c and 4c. Not
all of the curvature was eliminated by restricting the
simulation analyses to the low concentrations of substrate
indicated. The curvature occurs because inhibition in our
steric blockade model here arises exclusively from a decrease
in the substrate association constant when inhibitor occupies
the peripheral sitekgs/ks << 1). At high substrate concentra-
tions with this model (i.e., as [S] approaches and exceeds
Kapp = ako/ksy), most catalytic turnovers @Al p are followed
by substrate association wiHip that is faster than the slow
dissociation ofElp. Hydrolysis rates approach those in the
absence of inhibitor becauak andbks become rate limiting,
and inhibitor does not affect these steps because the model
setsa=b=1. Alogical extension of Scheme 2 consistent

approaches and then exceeds unity the second-order substrateith the steric blockade model is to propose that bound

hydrolysis rate constamta/Kap, approache&s. According

peripheral site ligand not only reduces association and

to Scheme 1, this reflects a change in the rate-limiting step dissociation rate constants for substrate binding to the

fromky to ks. At saturating levels of peripheral site inhibitor,
the second-order substrate hydrolysis rate con&taiiKapp

is given by eq 7 under equilibrium conditions and ap-
proximated by eq 7 under nonequilibrium conditio22)(

keat' ksoaks

K

Q)]

app ' k_52 + ak2

As ak, exceed¥_s; in the ESIlr complex, the rate-limiting
step similarly becomds;,. Secondks, must be smaller than

acylation site but also reduces the dissociation rate constant
for product release from this site. If product affinity for the
acylation site is sufficiently high, then product release may
become partially rate-limiting when the peripheral site is
occupied. We have found that this extension can eliminate
the curvature in the reciprocal plots and give quantitative
agreement between simulated and experimental data over the
entire range of substrate concentrations. Furthermore, if
substrate can form a low affinity complex at the peripheral
site and block product dissociation from the acylation site,

ks. In this case, increasing saturation of the peripheral site this extended model can account quantitatively for substrate

slows the second-order hydrolysis rate constant fkgro
ksz, and this slowdown is reflected in a valuemf< 1. No

inhibition.> The necessity for slight revision of the simplest
version of the steric blockade hypothesis offered here also

further restrictions on rate constants are necessary to obtairis indicated by consistent observations of small decreases in

inhibition, but it is noteworthy that the relative magnitude
of k_; does influence the value of the inhibition parameter
B, the relative value ok in the ternary complex. The
simulatedf of 0.5 for gallamine inhibition of acetylthio-
choline hydrolysis was significantly larger than the simulated
B of 0.09 for propidium inhibition (Table 2). Since the only

the affinity of ligands in ternary AChE complexes relative
to the corresponding binary complex. In Table 3 this
decrease, indicated by the ratio Kf,/K., was a factor of
4.7+ 1.4 for huperzine A and of 6.% 0.6 for TMTFA in

the AChE-propidium complex relative to the free enzyme.
Other studies have shown an affinity decrease of about 5

simulation rate constant that differed between propidium and for edrophonium 22) and 4 for methylacridinium27) in

gallamine wask-,, it is clear thajs was sensitive to this rate
constant. For propidiurk-; was much less thak, andks,
whereas for gallamink_; was comparable tk, andks. Thus
with propidium the appareri is partially limited byk-,,
meaning that with a saturating concentration of propidium

and intermediate concentrations of substrate (i.e., roughlytion.

betweenKp, and Kapp = ako/ksy), most catalytic turnovers
of EAlp are followed by slow dissociation of ttp product
before the next catalytic turnover. A similar effect of
inhibitor dissociation rate constant &g, was noted previ-
ously for a simpler version of Scheme 2 in whiEAlp but
not ESIr can form (, 20). In contrast, for gallamink; and

ks alone remain largely rate limiting as in the equilibrium
model in eq 5. Whel_, was set to a value at least 10 times
k. or ks in case 1 of Table 13 became 1.0 ankl_, had no
influence on the relative value &, (data not shown).

the AChE-fasciculin 2 complex relative to free AChE. The
consistent magnitude of these factors suggests that affinity
decreases of cationic ligands in many AChE ternary com-
plexes are governed by general properties such as electro-
static attraction rather than specific conformational interac-
Even though the steric blockade hypothesis here
proposed no changes in equilibrium constants in AChE
ternary complexes, a minor 5-fold decrease in ligand affinities
in the ternary complexes can be incorporated into the
hypothesis with virtually no effect on simulated valuesxof
andf. For example, a 5-fold increase lns, andk_g, from
their values in case 1 of Table 1 changes the simulated values
of a and S by less than 8% (data not shown).

Despite the agreement of the simulated and experimental
data for the two substrates and two inhibitors in Table 2,
these data provide only a correlation and do not prove our
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nonequilibrium steric blockade hypothesis. The predictive A
power of the hypothesis would be enhancedlifthe rate

constants in the simulations could be assigned independently,

but independent estimates laf; andk_s; for substrates are

very difficult to obtain. Alternatively, the hypothesis predicts

that not only substrates but also ligand inhibitors that bind

to the acylation site should show decreased association and
dissociation rate constants £ andk_.,) when a peripheral

site ligand like propidium is bound. Most acylation site
ligands equilibrate too rapidly to test this prediction. For
example,N-methylacridinium has &, in the micromolar
range and equilibrates with AChE in about a msec or less Trp 84
(27, 40). However, huperzine A binds near the acylation

site 28) and equilibrates slowly enough to allow measure-

ment of association and dissociation rate constaB#. (
Furthermore, the AChE complex with the trifluoromethyl

ketone TMTFA provides an excellent model of the transition

state for acylation by acetylcholine. The crystal structure B
of the TMTFA-TcAChE complex shows a tetrahedral
adduct that nearly superimposes on a calculated structure of
acetylcholine in the active sit@9). TMTFA has no leaving

group, so it accumulates as the tetrahedral adduct. Molecular
modeling of the ternary complexes of these ligands with
TcAChE—propidium revealed that the bound propidium is
separated by at least 1.6 A from either bound huperzine A

or bound TMTFA (Figure 8), indicating that no overlap
occurs in the binding sites that could perturb equilibrium
affinities in the ternary complexes. As noted above in
support of this conclusion, the 4- to 7-fold decreases in ligand
equilibrium affinities in these ternary complexes are cOm- gure 8: Molecular models of ternary complexes involving
parable to those reported previously for ternary complexes propidium and TcAChE. Residues are marked by a heavy line with

involving fasciculin 2 in the peripheral site. Measured values propidium and acylation site ligand van der Waals spheres shown

; ; by a dotted surface. Nonpolar hydrogen atoms have been omitted
chﬁé and k.an for huplerZIne %and TMl-II.-FA with th? for clarity. The conformation of propidium in the TcACKE
—propidium complex provide compelling support1or - pnerzine A complex (part A) was very similar to that in the

our steric blockade hypothesis. These rate constants are 497cAChE-TMTFA adduct (part B). The overall root mean square
and 10-fold lower for huperzine A and 380- and 60-fold deviation between matched atoms in the two models was 0.25 A.
lower for TMTFA than the respective rate constaktand Atom to atom closest contacts between the propidium alkyl chain

; . : : . and the acylation site inhibitors are 1.6 A (huperzine A) and 1.7 A
k__ for the interaction of these ligands with free AChE. It is (TMTEA). Comparison of the propidium molecule between the two

particularly satisfying that the magnitude of these decreasesmodels revealed only minor changes in both the planarity of the
for the acetylcholine analogue TMTFA agrees so well with aromatic ring and the position of the alkyl chain.

the simulatedkg/ks; ratio of about 70 that was found to
provide the best correspondence to observed kinetic param
eters for acetylthiocholine and propidium in Table 2.

Trp 279

. Huperzine A

Trp 279

TMTFA

the AChE-fasciculin 2-TMTFA complex3().6 The increase
results in conformational destabilization of the tetrahedral
. ) TMTFA adduct in this ternary compleX(»/K. = 200), and
Does the successful application of our steric blockade {he conformational effect predominates over steric blockade
hypothesis in this report rule out any conformational interac- ot TMTEA egress in determining the net changekin..
tion between the peripheral and acylation sites? We arguecrystal structure analyses of fasciculin-AChE complesges (
that it probably does when the peripheral site is occupied g) ‘show that fasciculin 2 interacts not only with W279 in
by small ligands such as propidium and gallamine. Proof he peripheral site but also with residues on the outer surface
of this conformational interaction now requires evidence uf gn w-loop within 4 A of W84 in theacylation site, well
beyond steady-state measurements of the extent of propidiunbeyond the region of the peripheral site occupied by
bound to the peripheral site, we previously reported not only syrface interactions provide a structural basis for an inhibitory
steric blockade of ligand access to the acylation 2§ ( conformational effect on the acylation site when fasciculin

but also a conformational change in the acylation site that rather than propidium is bound to the peripheral site.
decreased the efficiency of the catalytic trig#R)( This

additional conformational effect of bound fasciculin is seen ACKNOWLEDGMENT
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