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ABSTRACT: Acetylcholinesterase (AChE) contains a narrow and deep active site gorge with two sites of
ligand binding, an acylation site (or A-site) at the base of the gorge, and a peripheral site (or P-site) near
the gorge entrance. The P-site contributes to catalytic efficiency by transiently binding substrates on their
way to the acylation site, where a short-lived acyl enzyme intermediate is produced. A conformational
interaction between the A- and P-sites has recently been found to modulate ligand affinities. We now
demonstrate that this interaction is of functional importance by showing that the acetylation rate constant
of a substrate bound to the A-site is increased by a faxtwhen a second molecule of substrate binds

to the P-site. This demonstration became feasible through the introduction of a new acetanilide substrate
analogue of acetylcholine, 3-(acetamiddN,N-trimethylanilinium (ATMA), for which a = 4. This
substrate has a low acetylation rate constant and equilibrates with the catalytic site, allowing a tractable
algebraic solution to the rate equation for substrate hydrolysis. ATMA affinities for the A- and P-sites
deduced from the kinetic analysis were confirmed by fluorescence titration with thioflavin T as a reporter
ligand. Values ofa >1 give rise to a hydrolysis profile called substrate activation, and the AChE site-
specific mutant W86F, and to a lesser extent wild-type human AChE itself, showed substrate activation
with acetylthiocholine as the substrate. Substrate activation was incorporated into a previous catalytic
scheme for AChE in which a bound P-site ligand can also block product dissociation from the A-site, and
two additional features of the AChE catalytic pathway were revealed. First, the ability of a bound P-site
ligand to increase the substrate acetylation rate constant varied with the structure of the ligand: thioflavin
T accelerated ATMA acetylation by a factas of 1.3, while propidium failed to accelerate. Second,
catalytic rate constants in the initial intermediate formed during acylaf@( whereEA is the acyl
enzyme and P is the alcohol leaving group cleaved from the ester substrate) may be constrained such that
the leaving group P must dissociate before hydrolytic deacylation can occur.

Acetylcholinesterase (AChEgatalyzes the hydrolysis of  the transient acylation and deacylation of S203 during each
the neurotransmitter acetylcholine at one of the highest substrate turnover. The peripheral or P-site, spanned by
known enzymatic rates). Considerable progress has been residues W286 near the mouth of the gorge and D74 near a
made in understanding the mechanistic basis of this catalyticconstriction at the boundary between the P-site and the A-site,
efficiency. Ligand binding studies7) and X-ray crystal- specifically binds certain ligands such as the neurotoxin
lography 8) have revealed a narrow active site gorge some fasciculin @—12) and the fluorescent probes propidiui) (

20 A deep with two separate ligand binding sites. At the and thioflavin T Q). Residues from Y74 through W86
base of the gorge is the acylation or A-site where residue comprise part of amw-loop and extend along one side of
W86 binds the trimethylammonium group of acetylcholine the gorge from the P-site to the A-site.

and H447, E334, and S203 participate in a triad that catalyzes In recent studies on human AChE we have begun to show
how the P-site and the A-site work in tandem to optimize
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Fellowship NS-41828 to J.L.J. lower affinity than to the A-site®), and this transient P-site
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Ficure 1: Structures of acetylcholine analogues and thioflavin T
utilized in these studies.

been known to deviate from a classical Michaelidenten
dependence on substrate concentration, with substrate inhibi
tion seen at high substrate concentratidi®y,(and substrate
inhibition was proposed to result from substrate binding to
a peripheral sitel(5, 16). Ligands that bind specifically to
the P-site do inhibit substrate hydrolysis, and much of this

inhibition results from a process that we have denoted steric

blockade 8, 6, 17). Steric blockade is simply a reduction in

association and dissociation rate constants for ligand binding

to the A-site when a second ligand is already bound to the
P-site. For example, substrate inhibition with acetylthiocho-
line arises from steric blockade of thiocholine product release
from the A-site by a molecule of acetylthiocholine bound to
the P-site 8, 6). Steric blockade also is sufficient to account
for the inhibition of substrate hydrolysis observed when
small, reversible inhibitors bind specifically to the P-size (
6, 17).

The P-site is likely to play additional roles in AChE
catalysis. One possibility is that ligand binding to the P-site
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Furthermore, BChE and, more strikingly, wild-typgoso-
phila AChE were characterized by triphasic substrate hy-
drolysis curves, with substrate activation at intermediate
substrate concentrations and substrate inhibition at high
substrate concentration®3 24). In this paper, we briefly
examine substrate activation with acetylthiocholine in wild-
type human AChE and the W86F mutant and then introduce
the new acetanilide substrate ATMA, whose structure (Figure
1) is very similar to that of acetylcholine and the transition
state analogue TMTFALQ). This substrate shows triphasic
hydrolysis curves with wild-type human AChE, and its slow
turnover allows equilibrium analysis both of the hydrolysis
kinetics and of fluorescence titrations in the presence of
thioflavin T. The data are quantitatively consistent with a
model in which substrate binding to the P-site gives rise to
both substrate activation and substrate inhibition by acting
on different steps in the catalytic pathway.

EXPERIMENTAL PROCEDURES

Materials. Recombinant human AChE was expressed as
a secreted, disulfide-linked dimer DrosophilaS2 cells and
purified as outlined previously2f). The W86F mutant of
human AChE was constructed by procedures similar to those
described previously for D74G AChB) The D74G and
W86F AChEs were purified from culture medium by two
cycles of affinity chromatography on acridinium restt).(
The affinity chromatography procedure was modified in that
NaCl concentrations used during the washing steps did not
exceed 100 mM and TX-100 was reduced to 0.02% to
prevent excess stripping of bound protein off the column.
Purified recombinant AChE samples analyzed by SDS
PAGE (6) showed no contaminants. Thioflavin T and
o-nitrophenyl acetate were from Sigma. Thioflavin T was
recrystallized from water, and concentrations were assigned
by absorbance at 412 nm wit;2,m = 36000 Mt cm 2.
Concentrations of propidium iodide (Calbiochem) were
determined with an extinction coefficieadgznm= 5900 M1
cm™t (7). TMTFA (kindly provided by Dr. Daniel Quinn,
University of lowa) concentrations were calibrated by
absorbance at 225 nm usiagsnm = 43900 Mt cm.

alters reaction rate constants for substrates bound to the Syntheses of 3-(Acetamido)-N,N,N-trimethylanilinium lo-

A-site. Changeux1(8), who was among the first to appreciate

dide (ATMA) and 3-Amino-N,N,N-trimethylanilinium lodide.

that AChE contained two distinct ligand binding sites, A heterogeneous mixture of 3-amimgN-dimethylaniline
suggested that allosteric interactions between ligands bounddihydrochloride (Aldrich; 5.0 g, 24 mmol) and triethylamine

at these sites might involve conformational changes in the
protein molecule. Solid evidence of ligand-induced confor-

(12.6 mL, 91 mmol) in 150 mL of dichloromethane was
cannulated into a stirred solution of acetyl chloride (2.1 mL,

mational changes in AChE has recently been obtained from29 mmol) in dichloromethane cooled te10 °C. The

studies with fluorescent reporter grougs19). Furthermore,

resulting mixture was left stirred f@ h at 0°C and for 12

there may be functional consequences to conformationalh at room temperature. Water was added, and the dichlo-
interaction between these sites. In a phenomenon calledromethane solution was separated in a separatory funnel.
substrate activation, hydrolysis rates for cationic substratesAfter concentration and silica gel chromatography (using
again deviate from a classical Michaeliglenten dependence  90—60% ethyl acetate/hexane as eluem[3-(dimethyl-

on substrate concentration, but now with rates higher than@mino)phenyljacetamide (compound I) was isolated as a clear
predicted at moderate substrate concentrations. Such ac@il: yield 3.1 g (72%);'H NMR (CDCl) 6 7.25 (1H, br s,
celeration of the catalytic reaction cannot arise simply from NH), 7.17 (1H, t, 1H,J = 8.2 Hz), 7.08 (1H, br s), 6.76
ligand trapping and steric blockade at the P-site, effects that(1H, br d,J = 7.8 Hz), 6.52 (1H, br dJ = 8.2 Hz), 2.92

do not require conformational interaction between the P- and (6H, s), 2.12 (3H, s); IR (thin film) 1670 cm.

A-sites. Substrate activation was first observed in the A homogeneous mixture of compound | (300 mg, 1.7
cholinesterase gene family with horse serum butyrylcho- mmol) and iodomethane (8 mL) was left standing in the dark
linesterase (BChE)20—22) but has not been apparent for at room temperature overnight. The white crystals produced
wild-type AChE from mammals, electric eel, diorpedo were dissolved in hot water and treated with charcoal.
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Cooling the aqueous filtrate gave pure ATMA in essentially
guantitative yield:*H NMR (D,0) 6 8.06 (1H, br m), 7.58
7.55 (2H, m), 7.51 (1H, m), 3.51 (9H, s), 2.12 (3H, s); IR
(solid) 1679 cm?; MS [235, M" — (acetyl+ methyl)].

3-Amino-N,N,N-trimethylanilinium chloride has been pre-
pared from ATMA by refluxing in 50% (v/v) ethanel
concentrated HCI fio2 h (27). We employed an alternative
procedure in which 3-aminbkN-dimethylaniline dihydro-
chloride was converted to its butyloxycarbonate (BOC)
derivative (dibutyl dicarbonate, dioxane, X&s;, H,O) and
then methylated in Mel as solvent to gieBOC-N',N',N'-
trimethylanilinium iodide. Removal of the BOC protecting
group (dry HCI, ethyl acetate) followed by HPLC purification
afforded pure 3-amindN,N-trimethylanilinium chloride:
IH NMR (D,0) 6 7.21 (1H, br dJ = 7.72 Hz), 7.67 (2H,
m), 7.42 (1H, br dJ = 8.6 Hz), 3.59 (9H, s).

Johnson et al.

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

The total concentration of enzyme active sites (fFfor
wild-type and D74G AChE was calculated by assuming 450
units/nmol @, 3).2 For W86F AChE, [E} was determined
by titrations with TMTFA (7) and DEPQ 25), and a cali-
bration factor of 3.0 As12ndmin was established for 1 nM
W86F AChE and 5 mM acetylthiocholine in 20 mM sodium
phosphate and 0.02% Triton X-100 (pH 7.0) atZh

The second-order rate constant for substrate hydrolysis was
denotedke.a/Kapp As the substrate concentration [S] ap-
proaches zeray[E]w: = (Keal Kapp[S] for virtually all models
of AChE hydrolysis. Before hydrolysis rates for a full range
of substrate concentrations were fitted to models below,
kealKappWas determined by applying the Michaetislenten
expression/[Eliot = (KealKapg[S)/(1 + [S])/Kapp over the

Steady-State Measurements of AChE-Catalyzed Substrateange [S]< 0.6Kapp When data sets with slightly different

Hydrolysis Hydrolysis ratesy were measured by spectro-

KealKapp determinations were combined on one graph with a

photometry in 60 mM NaCl, 20 mM sodium phosphate, and mean kealKappu, [Elior Was normalized to [K] such that

0.02% Triton X-100 at 25C. To maintain constant ionic

(kca{Kapp)M [E] N — (kca{KapF)[E]tot-

strength when the concentrations of the cationic substrates A Two-Site Model of ATMA HydrolysiSchemes 4 and 5

acetylthiocholine and ATMA exceeded 1 mM, NaCl con- (appendix) and eq 5 (Appendix) present mechanistic models
centrations were decreased such that the sum of the substratgyr supstrate inhibition and substrate activation. For efficient
and NaCl concentrations was 60 mM. The pH was adjusted sbstrates such as acetylthiocholine, quantitative examination
to 7.0 unless otherwise noted. Three substrates were empyf these models is challenging. However, with substrates for
ployed. With acetylthiocholine, thiocholine generated in the \hjch k, in Scheme 5 is sufficiently small, all reversible
presence of 0.33 mM DTNB2@) was determined by  reactions reach equilibrium, and solution of the steady-state
formation of the thiolate dianion of DTNB at 412 nm  rate equations is simplified considerably. To decréasato
[A€aronm= 14150 Mt cm™* at pH 7.3 @9)]. Hydrolysis of  thjs range, we introduced the cationic acetanilide substrate
o-nitropheny! acetate was measured by the appearance OATMA. The ratio ofk to ks for this substrate with AChE is
o-nitrophenol (. = 7.0) at its isosbestic point at 373 nm a0yt 16-fold lower than that for acetylthiocholine. The low
(A€gzanm= 2800 M"* cm™). With ATMA, the formation of  yajue ofk, not only allows the equilibrium assumptions but
the aniline hydrolysis product 3-aminéN,N-trimethyl- also reduces the acetyl enzyn#A and all its ligand

anilinium (pKa = 2.4) was followed at 290 nmMAlezgonm = complexes in Scheme 5 to negligible levels. Scheme 5 then
1850 Mt cm?) for ATMA concentrations below 5 mM and s condensed to Scheme 1.

at 310 nm QAezionm= 465 M~* cm™?) for higher concentra-
tions. Concentrations of the substrate stocks were establishe&cheme 1
by absorbance measurements following complete AChE-

) . . : ) K. K k, k
catalyzed hydrolysis to their respective products: thiocholine E+S= ES, = ES — Ep -5 F+p
as the thiolate dianion of DTNB at 412 nRy{2nm= A€ai2nm + +
= 14150 Mt cmt (29)]; o-nitrophenol §max at 416 nm, S S

€416nm= 5600 M~ cm™tin 0.1 N NaOH;1 at 373 nmg373nm

= 3000 Mt cm™Y); and 3-aminaN,N,N-trimethylanilinium

(Amax at 286 NM,e2g6nm = 1960 Mt cm™ at neutral pH).
Reactions were recorded for-¥ min on a Varian Cary 3A
spectrophotometer. Substrate concentrations were corrected [N this scheme as in Scheme 5, the acylation rate constant
for substrate depletion resulting from hydrolysis during the Kz is altered by the factoa in the ESS ternary complex,

iK1 iK |
ak,

2 gkp
ESS, — EPS, — ES,+P

assay, and hydrolysis ratesat the average assay interval
tay were adjusted for nonenzymatic hydrolysis. At very low
substrate concentrations values:ofvere sometimes con-

and the dissociation rate constdnt of the product (here
3-aminoN,N,N-trimethylanilinium) is altered by the factor
g when substrate is bound to the P-site prior to product

firmed by fitting the complete time course of the absorbance dissociation. The equilibrium dissociation constakts=

Ato the relationshid = Ay + AA(1 — e ¥), whereAA was

k-s/ks and K; = k-i/ki. The steady-state equations for

fixed as the product of the initial substrate concentration and Scheme 1 may be solved algebraically to give eq 1. In eq 1,

the difference extinction coefficient, and at t,, was
calculated ay = AAke ¥, The ratio of monobasic and

Ku = KsKi. The second-order rate constatiKapp =
ko/Ky was measured as noted above at low substrate

dibasic sodium phosphate (each 20 mM) was adjusted toconcentration, and the full eq 1 was then fitted with three

obtain hydrolysis rates at pH 5.5. At pH 5.0, mixtures of 20

mM acetic acid and 20 mM sodium acetate were used in

% One unit of AChE activity corresponds togimol of acetylthio-

place of sodium phosphate to increase buffering. In thesecholine hydrolyzed/min under standard pH-stat assay conditions at pH

buffers, the value al\es12nmfor the thiolate dianion of DTNB
was calculated on the basis of & of 4.53 @9), and the

8 (1, 2). Our conventional spectrophotometric assay at 412 nm is
conducted in pH 7 buffer. With wild-type AChE and 0.5 mM
acetylthiocholine, this assay results in AB412n{min with 1 nM AChE

pH was confirmed at the end of each reaction. To stabilize or about 76% of the pH-stat assay standard.



Tandem Site Interaction in Acetylcholinesterase

fixed parameterské/Ky, i, andg) and four variablesiKs,
Km, @, andk_p).

k, [S](H als] ]
. Ky iKg
= o)
[E]mt a [S]
1+

ils] sl [ [s] J k, [ iKs ]
—_—t— |1+ — 1+ ——— =
iKy Ky iK k., [H g[s]}

iK

Inclusion of a P-site inhibitor during hydrolysis of ATMA

results in the extension of Scheme 1 to Scheme 6 and eq 1

to eq 6 as presented in the Appendix.

Inhibition Constants for Reersible Inhibitors At low
concentrations of all the substrates used in this study,
reciprocal plots ofv=* vs [S]* were linear in the absence
and the presence of a fixed concentration of an inhibitor I.
Slopes of these plots were calculated by weighted linear
regression analyses assuming thdtas a constant percent
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be <0.03% of the initial activity by the standard acetylthio-
choline assay.

In experiments with thioflavin T and AChE alone,
measurements df were analyzed with eq 32(30). In eq

F=Fg+ 050 —f)[D — YD’ — 4Elylll] (3

3, D = [Eltwt + [L]tot + K¢, where [E],: and [L}: are the
total enzyme and thioflavin T concentrations, respectively,
andK_ is the equilibrium dissociation constarfty = B +
fL[L] ot + fe[E]wor, whereB is the blank fluorescence without
E or L; andf, fg, andfg are the fluorescence intensity
coefficients for free thioflavin T, bound thioflavin T, and
ree enzyme, respectively. Values fpfand fz were deter-
mined from measurements with thioflavin T or enzyme alone.
Because the absorbance of thioflavin T was significant at
the excitation wavelengthefsonm = 8500 Mt cm™),
observedF values Fqn9 Were correctedHgor) for inner
filter effects @1) as follows: l0gFcon) = l0g(Fobd +
0.5(Ass0)(path), whereAyso is the absorbance at 450 nm and
path is the path length of the excitation beam in the

error. These slopes were reciprocals of the apparent secondq,5rescence cuvette. Data were fitted to eq 3 by nonlinear

order hydrolysis rate constantsIn the absence of Iz is
denotedz—o = VimalKapp Measured at various [I] were fitted

according to eq 2 by weighted nonlinear regression analyses

Z— 1+[I/K

z 1+ ofl)/K, 2)
to obtain the inhibition constar, and the experimental
parametera. (2, 17).* K, is the equilibrium dissociation
constant for | withE. The constantt is simply the ratio of
the second-order rate constant with saturating | to that in
the absence of I.

Determination of Ligand Affinities for the P-Site by
Fluorescence Titration with Thioflan T. The fluorescence
of thioflavin T is enhanced when bound to the AChE P-site
(2). Fluorescence was monitored on either a Perkin-Elmer
LS-50B luminescence spectrometer or a Cary Eclipse

fluorescence spectrophotometer. The sample for each ex-

perimental point was premixed and then measured ifr®.2
mL cuvettes at pH 7.0 in 60 mM NaCl, 20 mM sodium
phosphate, and 0.02% Triton X-100 with thermostating at
23 °C. To maintain constant ionic strength when the
concentration of ATMA exceeded 1 mM, NaCl concentra-
tions were decreased such that the sum of the ATMA and
NaCl concentrations was 60 mM. Thioflavin T fluorescence
(F) was measured with excitation at 450 nm and emission
either fixed at 490 nm or scanned from 480 to 530 nm with
excitation and emission slits of #20 nm. When scans were

obtained, total areas under the fluorescence emission curves

were calculated.

To restrict the fluorescence titrations to just the P-site and
to minimize the effect of ATMA hydrolysis on the titrations,
the A-site of AChE was blocked by inactivation with
TMTFA or echothiophate. The inactivated enzymes were
generated by incubating a 3-fold molar excess of TMTFA
or echothiophate with 2620 uM AChE for several hours
at room temperature prior to dilution for fluorescence

regression analysis (Fig.P), with either f.br [E],: as the
independent variable. Initial fitting involved,, fg, andB

as the fitted parameters, and valued-ofvere weighted by
assuming constant percent error. The fitted valu® efas

then fixed in an unweighted final fitting witK_ andfg_ as

the fitted parameters.

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

Scheme 2

ty
F‘+r.4
L]

Ky

Pa—
e

K K, iK,
E+S = ES, = ES+S = ESS,

In this scheme the affinity of thioflavin T (L) at the P-site
(denoted by subscript P) of AChE is characterized by the
dissociation constari, in the absence of substrate and by
i.K. when S occupies the acylation site. All reactions were
assumed to reach equilibrium, and the fluorescence data were
analyzed with eq 4. In eq &g = B + fi[L]tot + f5[Siot,

[L] feLs|( [S]

(El ot fELK_L 1+ (E)(E)

SR AC ]
KM

L+ TRt Ko TR

F=

4

B

whereB is the blank fluorescence with in the absence of

L or S. Values offi andfs were determined from measure-
ments with thioflavin T or ATMA alone. Data were fitted
to eq 4 by nonlinear regression analysis (Fig.P), with [S] as
the independent variable and values Bfweighted by

measurements. Residual enzyme activity was confirmed toassuming constant percent error. With wild-type ACKE,

4This equation was inverted and thus incorrect inGef

i, andi, were fixed, anKy, iKs, fer, andfg /fe s were the
fitted parameters. With echothiophate- and TMTFA-inacti-
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FIGURE 2: Substrate activation during acetylthiocholine hydrolysis is easily detected with human W86F AChE but not with wild-type or
D74G AChE. Panels AC: Representative plots of[E]: vs [S] for wild type (A), D74G (B), and W86F (C) at pH 7.0. [glorresponded

to 80-150 pM in each case. The solid lines indicate analyses with eq 5 (as outlined in the Appendix) and predetermined fixed values of
kealKapp (Table 1) to give fitted parameters that are included in the averages in Table 1. Two independent datasetsefe fitted
simultaneously for the wild-type enzyme. The dotted lines correspond to the best fits of data below 5 mM [S] to the Mibherakn
equation. Panels BF: Data and fitted lines in panels-AC were transformed to the Eadiélofstee format (corresponding t@[E] VS
VI[E]ioS]) to clarify the substrate activation phase, which is indicated by the deviation of points above the dashed line calculated as

outlined under eq 5 in the Appendix.

vated AChE ,Ky~! was set to zeroK, was fixed, andKs
andfg were the fitted parameters.

RESULTS

Substrate Actiation during Acetylthiocholine Hydrolysis
Is Readily Obsared with Human W86F AChE but Not
with Wild-Type or D74G AChESubstrate inhibition and

data for wild-type and D74G AChEs in Figure 2D,E conform

to such linear plots until substrate inhibition intervenes at
the left of each curve. However, data points for W86F AChE

in Figure 2F at intermediate substrate concentrations fall
above the dashed line established at low substrate concentra-
tions before substrate inhibition again intervenes at the
highest substrate concentrations. Therefore, W86F AChE

substrate activation are defined as deviations from classicalShOWs substrate activation at intermediate concentrations as

Michaelis-Menten substrate hydrolysis profiles. Profiles of
acetylthiocholine hydrolysis by wild-type, D74G, and W86F
AChEs are shown in Figure 2. In plots of normalized
hydrolysis rates/[E]: VS the substrate concentration [S] in
Figures 2A-C, substrate inhibition is recognized as a
decrease from the maximuwdi[E]i at high [S]. It is more
apparent with wild-type AChE in panel A and W86F AChE
in panel C than with D74G AChE in panel B. D74
contributes to ligand affinity at the P-site (the acetylthio-
choline affinity decreased 20-fold in D74G AChE), and
this decrease in P-site affinity was sufficient to account for
the nearly complete loss of substrate inhibition with D74G
AChE (3). Substrate activation is defined as an increase in
vI[E]wt from that corresponding to a hyperbolic Michaelis
Menten profile. Such a deviation is difficult to see in panels
A—C of Figure 2, but it can become more evident when the
x-axis is replotted in the EadieHofstee format in Figure
2D—F. In this format, adherence to the Michaelenten
formulation results in a straight line of negative slope. The

well as substrate inhibition at high concentrations.

Substrate inhibition and activation are important phenom-
ena because they can reveal underlying features of an enzyme
catalytic site. Unfortunately, quite different catalytic mech-
anisms can result in identical substrate hydrolysis profiles,
and additional experimental data are necessary to select the
appropriate mechanism. It is generally conceded that sub-
strate inhibition or activation occurs only when a second
molecule of substrate interacts with an enzyme catalytic
intermediate produced by an initial substrate molecule. The
resulting ternary complex can be as simpl&8S. Substrate
inhibition occurs if ESS is unreactive, as proposed by
Haldane 82). Alternatively, substrate activation arise&BS
undergoes catalytic turnover more rapidly tHz®. Simple
models limited toESS are often invoked to allow fitting of
substrate inhibition or substrate activation data with cho-
linesterases (e.g., ref® and 33). However, these models
are insufficient if a hydrolysis profile is triphasic, showing
both substrate inhibition and activation, as in Figure 2F.
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Table 1: Analysis of Substrate Hydrolysis According to the Three-Site Model in Sch&éme 4

kca{Kapp

enzyme substrate pH n (mM~1s) Asa Ksa(MM) Ksi (MM) Kg (mM)
W86F AChE acetylthiocholine 7.0 5 5010 5.8+ 1.0 1.94+0.2 86+ 4 0.21+4+ 0.06
D74G AChPE acetylthiocholine 7.0 1 3.5 1¢° —¢ —c 290+ 60 1.71+0.03
wild-type AChE acetylthiocholine 7.0 11 77 10¢ 1.15+ 0.03 0.5+ 0.2 26+ 1 0.073+ 0.007
wild-type AChE acetylthiocholine 55 2 1010 1.31+0.08 4+ 3 230+ 90 0.127+ 0.003
wild-type AChE acetylthiocholine 5.0 1 2510 20+0.3 1.1+ 0.3 700+ 300 0.24+ 0.04
wild-type AChE ATMA 7.0 6 1.1x 17 41+0.2 2.7+ 0.4 108+ 8 0.045+ 0.005

a Acetylthiocholine hydrolysis profilesn(independent sets) like those in Figures 2 and 3 were fitted with eq 5 to obtain the three equilibrium
constantKs, Ks, andKy and the relative acceleration constagtin Scheme 4. ATMA hydrolysis profiles such as those in Figure 4 also were
analyzed with eq 5. Values &¢./Kapp employed in the analyses were obtained prior to fitting as outlined in the Experimental Procedures, and the
average values are shown. In this and other tables in this report, listed values wherare unweighted means with standard errors of the mean;
whenn = 1, they are the fitted value with the standard error calculated from the fitting procéddaga for D74G was taken from ré& ¢ The
fitted Ksa * was zero, removings, as a variable.

Triphasic profiles also have been observed iithsophila 1800 4 A 1800 1 B

AChE, and a curve-fitting model involving substrate binding
in two distinct ternary complexes was propos8&d)( One
ternary complex was unreactive and resulted in substrate
inhibition, and the other complex resulted in acceleration of [El
the catalytic pathway and substrate activation. We consider

a similar curve-fitting model in Scheme 4 (Appendix), where
substrate can bind to three enzyme sites. This model is very
simple because it assumes equilibrium substrate binding and

no interaction between sites. Its major advantage is that the o ; - . "y
corresponding rate equations can be solved algebraically (eq ' ) i e

5), providing kinetic parameters to quantify and compare [acetylthiocholine], mM VI([Elo{SD, mM"s

triphasic profiles. For example, parameters for the W86F FIGURE 3: Substrate activation during acetylthiocholine hydrolysis
profile in Figure 2F (listed in Table 1) include the equilibrium ~BY human wild-type AChE becomes more apparent at pH values

. I~ - ... _below 7.0. Panel A: Plots af/[E S] at pH 5.0 df
dissociation constants for substrate binding to the activation tv\?ooivr\:dependagﬁt data S%fs at[pl]—io:s\g ([7)] FE]Sn corre(s);))gr?de(? ;0

site Ksa= 1.9 mM), to the inhibition siteKs; = 86 mM), 300-800 pM. The solid lines were fitted with eq 5 to obtain the
and to the catalytic siteK = 0.21 mM). Acetylthiocholine parameters indicated in Table 1. Panel B: Data and fitted lines in

turnover in theESS,,complex is increased by the factay, panel A were transformed to the Eadidofstee format to clarify
= 5.8 relative to turnover in thES complex the substrate activation phase as in Figure 2.

The three-site model detects a small substrate activation ) _ ) o
component with high sensitivity. Activation is indicated by AS noted in the introduction, the A- and P-sites in the AChE
anas, value greater than 1. Fitting of the hydrolysis profile catalytic site are well established, but there is no evidence
for wild-type AChE in Figure 2A to eq 5 yieldeal,= 1.1 for the third independent substrate binding site postulated
+ 0.2. Since this value is not significantly different from 1, in Scheme 4. It thus becomes a mechanistic challenge to
it would be hard to conclude from this single profile that @ccount for triphasic hydrolysis profiles such as that for
wild-type AChE shows substrate activation at pH 7.0. W86F in Figure 2 with a model involving only the A- and
However, an average value @, = 1.15 + 0.03 was P-sites. Scheme 5 (Appendix) proposes such a model. This
obtained when a large number of profiles for wild-type AChE Scheme, which we proposed previously), makes explicit
was analyzed (Table #$),suggesting that a small but four A-site intermediates on the catalytic pathway and allows
significant substrate activation does occur with wild-type consideration of the effects of substrate binding to the P-site
AChE. Masson et al. recently reported that substrate activa-On €ach of them. If the binding of substrate (S) had no effect
tion with wild-type AChE is enhanced at lower pBgj, and (@ =Db=g=1i = 1in Scheme 5), hydrolysis data such as
we have confirmed this observation by analysis with eq 5 that in Figure 2 would follow MichaelisMenten profiles.
(Figure 3). At both pH 5.5 and pH 5.0, the points in Eadie To account for hydrolysis data for acetylthiocholine and wild-
Hofstee plots fall above the dashed line in Figure 3B, and tYPe AChE, where substrate inhibition is the predominant
fitted values ofas, were 1.31 and 1.97 at pH 5.5 and 5.0, deviation from a MichaelisMenten profile (Figure 2A), it
respectively (Table 1). Therefore, wild-type human AChE Was sufficient to restrict effects to just one reaction, product
at lower pH also shows triphasic substrate activation and dissociation from intermediateSAPS> and EPS,, as pro-
substrate inhibition curves, although these effects are lessPosed in our steric blockade modé, 6, 17). Hydrolysis
pronounced than for the W86F mutant. data were fitted to this model with the SCoP program

While Scheme 4 and eq 5 are useful for curve fitting and outlined in the Appendix. When the rate constans for
for detecting substrate inhibition and activation, they are of Product dissociation was reduced by the faggowith S
little help in understanding the AChE catalytic mechanism. bound to the P-site, substrate inhibition data with wild-type

AChE like that in Figure 2A were accurately fitted with
5 A large number of hydrolysis profiles for wild-type AChE were values approaching 0.08,(6, 17). We now find that, if this

generated in analyzing inhibition patterns by various inhibitors for a Steric blockade assumptiog ¢ 0.01) is retained and the
manuscript in preparation. relative acetylation rate constaat or deacetylation rate

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

enzyme substrate pH n a iKs (mM) kop (s} k2 (s79) Ky (MM)
W86F AChE acetylthiocholine 7.0 5 187 2.3+03 (1.2+£01)x 160 (9+3)x 1
wild-type AChE  acetylthiocholine 7.0 11 1580.2 0.9+0.2 (1.2+£0.1)x 1¢  (1.24+0.02)x 10
wild-type AChE  acetylthiocholine 5.5 2 *1 3.3+0.2 (5.3 0.3)x 10*  (1.8+£0.2)x 10°
wild-type AChE  acetylthiocholine 5.0 1 4 3 % 10¢ 1.5x 10°
wild-type AChE ~ ATMA 7.0 6 41+0.2 2.7+04 700+ 100 5.3+ 0.4 0.047+ 0.006

2 The acetylthiocholine hydrolysis profiles in Table 1 were analyzed by numerical solution of the nonequilibrium rate equations with the program
SCoP. Scheme 5 fitting employed fixed parameter assignments similar to those used previously (see Append8},andeet that joined Ks,
k_p, andk; as a fourth fitted parameter. The ATMA hydrolysis profiles in Table 1 were fitted to eq 1 with fixed parameteé8sandg = 0.01
to obtain the fitted parametess iKs, k-p, andKy = KgK; (see Experimental Procedures). The valud.ofvas calculated as the product of the
predeterminedkca/Kapp and fittedKy. Values ofk.a/Kapp employed in the analyses were taken from Table 1.

constantb in Scheme 5 is allowed to vary, the fitted curves
showing both substrate activation and substrate inhibition
with W86F AChE (Figure 2C) or wild-type AChE at pH

5.5 (Figure 3A) can be reproduced precisely. The fitted
parameters witta as a variable are listed in Table 2. In v
addition to a, these parameters include the equilibrium [Elx
constantKs for substrate binding to the P-site and the rate
constantk, andk_p. Table 1 indicates that fitted values of s
a andag, followed similar trends in the two-site and three-

site models, although treevalues in the two-site model were
somewhat larger. Other features of the fitted parameters are ol” 01
considered in the Discussion. The key conclusion here is 0.01 1 100 0 100
that the two-site model in Scheme 5 can quantitatively [ATMA], mM V(] oS), mM"'s"

account for triphasic hydrolysis profiles. However, the E 4 Sub i bt d activati duri
nydrolysis curves alone when fited by this two-site model SR & Svsiete thition and seition are apparent durho
unfortunately did not provide a unique solution. Anincrease g}, . vs [S] for two independent data sets at pH 740 ¥). [El:or
in eithera or b was sufficient to provide a good fit, so these corresponded to 3538 nM. Points at ATMA concentrations above
curves do not resolve whether acetylation or deacetylation 2 mM are the means of two to four measurements. The solid line
rate constants are increased during substrate activation. Was ;igleed i"’itgaer?e? tBO- Ot[’)tgig par g“;i‘fttgés |ii?1(élgdiﬁd ";rggf averages
Substrate Actiation Occurs at the Apetylatlon Step with transformed to the EadieHofstee format to clarify '?he substrate
the Substrate Analogue 3-(Acetamido)-N,N,N-trimethyl- aciivation phase as in Figure 2.
anilinium (ATMA) If acetylation rates are accelerated during
substrate activation, the activating ligand must bindE®) Hydrolysis of ATMA can be conveniently followed by
the enzyme intermediate that undergoes acetylation. To testhe absorbance difference with its aniline product at 290 nm.
this possibility, substrates for which acetylation is rate- Ratesv were obtained at initial ATMA concentrations as
limiting (k; < ks) are attractive, because they generate very low as 10uM, allowing a determination dfa{Kappwith wild-
low levels of acetylated enzyme intermediates and allow type AChE of 105 mM?! s (Table 1). This value is about
simplification of Scheme 5. These substrates can be identified700-fold lower than that for acetylthiocholine in Table 1,
because they have low values of the turnover nundpgr  consistent with the previous reports of the relative activity
relative to those for good substrates such as acetylthiocholine of acetanilides with AChE. The hydrolysis profile in Figure
phenyl acetate, anatnitrophenyl acetate. Most low turnover  4A indicated slight substrate inhibition at the highest ATMA
substrates that have been reported, however, such as ineoncentrations, and the Eaeielofstee transformation in
dophenyl acetate36) and o-nitroacetanilide §7), are un- Figure 4B revealed significant substrate activation as well.
charged and thus unlikely to bind to the P-site to give Fitting of the data to eq 5 for the three-site equilibrium model
substrate activation. The only low turnover cationic substrate in Scheme 4 gave a substrate activation paranagier 4.1
known is the amide analogue of acetylcholiB&)( for which andKy = 45 uM (Table 1). SincekalKapp is equivalent to
no convenient spectrophotometric assay is available. Aceta-k./Kg in this model, &, for ATMA of 5 s~* was calculated
nilides are attractive low turnover substrates because acetaas the product df../KappandKg. This estimate ok is about
nilide bonds are much stronger than ester bonds and the2000-fold lower than estimates & andk; for acetylthio-
formation of aniline products can be monitored by spectro- choline with wild-type AChE (see Table 2). Since both
photometry. Quinn and colleagues have shown kh#Kapp substrates generate the same acetyl enzyme intermediate and
for o-nitroacetanilide with AChE is 1000-fold lower than thus are characterized by the sakggalue, the lowk; value
that for o-nitrophenyl acetate39) and thatk. values of indicates that acetylation is rate limiting for ATMA&: =
anilides in general are-13 orders of magnitude lower than k;) and that the acetylated enzyme intermediates included
those of the corresponding aryl este83)( Therefore, we in Scheme 5 are negligible. Scheme 5 is then simplified to
synthesized the acetanilide substrate analogue ATMA, aScheme 1. Furthermore, the slow acetylation step allows
compound previously examined only as an inhibitor of AChE ATMA to equilibrate fully at the A-site, a simplification that
(27, 40). The structure of this compound is very similar to allows the steady-state rate equations for Scheme 1 to be
those of high-affinity A-site ligands such as TMTFA and solved in a tractable algebraic form (eq 1) without resorting
edrophonium (Figure 1). to the numerical integration necessary for Scheme 5.

16 1
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Equation 1 contains seven variable parameters for fitting e 2: KL
of data like that in Figure 4A, and these are reduced to six

Determinations for Thioflavin T at the P-Site

. L kinetic fluorescence
by mdepe_ndent determination tkﬁa/K?,,p at low ATMA A-site ligand assay 4M) titration M)
concentrations. Two of these parametérs 8 andg = 0.01) 3 18820201
were fixed, and the remaining foug,(iKs, kp, and Ky) Rgﬂg Ra 189013 El;
were fitted to give the values for the two-site model in Table  one 1.83t 0.10 (1¥ na
2. iKs is a measure of ATMA affinity for the P-site when none 1.3-1.0(1) na
ATMA is bound to the A-site ESS> in Scheme 1). This echothiophate na 4504 (1y
affinity (iKs = 2.7 mM) was more than 50-fold lower than TMTFA na 1.1+ 0.07 (1y
the ATMA affinity for the A-site Ky = 47 uM). The fitting 2The equilibrium dissociation constar. was determined as

was not sensitive to the value pffitted parameters varied indicated in the following footnotes and the Experimental Procedures.
bna, not applicablé From fluorescence titration with eq 3 (varying

less than 20% over the ra“ggjl = 10_) because th? binary [Eli)- @ From fluorescence titration with eq 3 (varying {&)]. ©As K,
complexESs was a very minor species. A value b= 3 in eq 2 from the data in Figure 6DAs K, in eq 2 from the data in
was selected on the basis of comparisons with other P-siteFigure 6B. Where indicated, the A-site was occupied by irreversible
ligands as noted in Table 5 below. Sensitivitygtalso was diethylphosphorylation_With echothiophate or slowly reversible binding
low (variation less than 20% over the rangesQy < 0.04) o TMTFA (see Experimental Procedures).

except fork—p, which varied nearly 2-fold over this range.
The equilibrium assumptions in Scheme 1 and eq 1 were
verified by fitting with the same fixed parameters in the
nonequilibrium SCoP model (see footnote 7 in the Ap-
pendix). Agreement for the four fitted parameters in Table

2 was within 0.3%. Since egs 5 and 1 reflect equilibrium A dix. Si it ble t that the level
versions of Schemes 4 and 1, respectively, it is not surprising ppendix. since It IS reasonabie 1o assume that the levels
of intermediates involving bound product P are negligible

that the lines fitted to both equations for the data in Figure . oo S
4 superimposed precisely and that very similar valuea of in the fluorescence titrations, Scheme 6 can be simplified to

(=89, iKs (=Ks, K (=Kq), andk, were obtained from  Seheme 2, allowing the tiration data to be analyzed with eq
the two schemes (Tables 1 and 2). This agreement emphaih' Pe_?n% yi's reqm_rre bl % :Ca;]ém y Oth 'Ot.‘i‘\"? d O'rth
sizes that both models postulate that substrate activation e P-site be known (Table 3). was then titrated wi

arises from equilibrium substrate binding to a site distinct varying concentrations of ATMA in the presence of a fixed

from the catalytic or A-site with consequent acceleration of concentration of thioflavin T as shown in Figure 5A. The

; ; ; : itial high fluorescence of the binary complex of thioflavin
the acetylation reactiok,. They differ in that Scheme 4 ni 2 ;
attributes substrate inhibition to substrate binding to a T and AChE decreased on addition of ATMA. Partial

hypothetical third site while Scheme 1 stipulates that both ﬂuoresctent_ce qghechmgtwﬁhs pr_?cted dat Iowerl '?TIIVIA
substrate activation and inhibition derive from substrate concentrations that bind to the A-sité, and a compiete 10ss

bindina to the P-site with differing effects on acetvlatian qf fluorescence was anticipa;ed at hig_her ATMA goncgntra—
>| 1)| a%d productldisvg:)ciatliorgl(g 1) ylatian ( tions as ATMA competed with and displaced thioflavin T

Confirmation of ATMA Affinities for the A-Site and P-Site Irombt_hz_P-sit_etz. FifttingA_?;AtRe dzta to eq t4;|§]arly indicatted
in AChE by Titrations with Thioflein T, a Fluorescent WO Binding Sites for and supported these expecta-

Reporter LigandFitting of kinetic data alone to a mecha- tions. The higher affinity site gave an average equilibrium

nistic model like that in Scheme 1 is not sufficient to establish gtlrsst? c;]auo_P Eclm‘ztam’\"nm; Atr4njtcv?/i!tthMbli?u;ic:1ur ;ndtﬁpegd?[nt
the validity of the model. To gain additional evidence to ations (Table 4), consiste g fo the A-Site as

support Scheme 1, we obtained estimates<@fand iKs measured by thKy value for ATMA in Tables 1 and 2 and

independent of the kinetic parameters from ATMA hydroly- ;Ihe K values fr;)rtr;]_hﬁdr(_)ly?s_ m?r:bltlton noted abolve. T.Tr?
sis. First, we examined ATMA as an inhibitor of acetylth- Auc(;)r:(ésacr?ngﬁA A Igsaw;nchlg d be aef?(;atg gfg;)%e%\;?
iocholine hydrolysis at low acetylthiocholine concentrations was qu Y u

to confirm the prediction tha, for ATMA as an inhibitor fers = 3.0; Figure 5A). A similar quenching was reported
is equal to itsKy in Scheme 1. ATMA behaved as a pure previously for thioflavin T in the ternary complex with AChE

competitive inhibitor, having no effect on the intercepts of and edrophoniumff/fey = 2.8 2)]. The lower affinity
reciprocal plots ofs! vs [acetylthiocholine]® at ATMA ATMA site gave an average fitted equilibrium dissociation

. . . constantiKs of 4.1 + 1.0 mM for ATMA binding to the
concentrations as high as 500! (data not shown). Analysis : . o .
of the reciprocal pl%t slop%s E/vith eq 2 shov?/ed a)llinear P-site (Table 4). This value is in reasonable agreement with

dependence on ATMA concentration with a competitive the iKs \{alue Qf 2.7+ 0.4 mM determmgd from ATMA
inhibition constank, of 304+ 2 uM. Similar procedures were hydrolysis proflles (Tal_)Ies 1 and 2), prowdmg_ strong support
used to analyze ATMA inhibition of the AChE-catalyzed for the P-site as the site of substrate activation as proposed
hydrolysis ofo-nitrophenyl acetate, andk§ of 42 + 3 uM in Schemes 1 and 2.

was obtained (data not shown). Thégaleterminations are birY(\j/ihn”et trt‘ﬁ a;)gr?ter‘inernt n trt]:%t(ﬁ valuieinl:orl;ﬁgfl;Mrﬁ
in reasonable agreement with thg, of 47 &+ 6 uM for g fothe F=Site 1S reassuring, the assignme 0

ATMA from Scheme 1 in Table 2. the fluorescence titration in Figure 5A was less robust than

A more critical test of Scheme 1 is to assess whether the

; At ; . 6 Testing this assumption by fitting the data in Figure 5A to the full
iIKs for substrate activation determined by fitting the ATMA Scheme 6 with the SCoP program resulted in changes of less than 3%

hydrolysis data to eq 1 agrees with the affinity of ATMA  in'the four fitted parameters when intermediates involving bound P
for the P-site. This affinity can be measured independently were included.

of kinetic data with fluorescence assays that monitor the
equilibrium binding of thioflavin T, a fluorescent ligand that
binds specifically to the P-sit). The extension of Scheme
1 that specifically considers interaction of both ATMA and
thioflavin T with AChE is given as Scheme 6 in the
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200 - A 100 - B Figure 6A below. Fixingi; at 3 eliminated virtually all of

the variation in fitted values dfy andiKs over the range 1

< i = 10. Second, the fluorescence titration was repeated

after blocking the A-site. In this case ATMA can only

compete directly with thioflavin T for binding to the P-site.

Two blocking agents specific for the A-site were used.

Echothiophate is an organophosphate that blocks the A-site

by forming a covalent diethoxyphosphorylated adduct with

S203 in the A-site. Titration of this modified AChE with

| ATMA in the presence of thioflavin T gave profiles

o o011 100 ‘B“”—;—E consistent with a single ATMA binding site with an

equilibrium dissociation constanKs of 5.2 £ 0.5 mM

[ATMA], mM [ATMA], mM (Figure 5B and Table 4). Diethylphosphorylation of S203

Ficure 5: The ATMA affinity for the P-site of wild-type AChE  does alter the affinity of ligands for the P-site, as Kefor

determined with thioflavin T as a fluorescent reporter agrees with ;.: ; ; ;
that calculated from ATMA hydrolysis profiles. The fluorescence thioflavin T Inc:lrea'\s;ledffrom 1810 1;9\{:_b(;{0re ec_:l_thth Iopfhate
of thioflavin T bound to the P-site at the indicated ATMA tréatmentto 4.5M after treatment (Table 3). Thuts for

concentrations was measured for 60 s at an emission wavelengttATMA binding to the P-site of this modified AChE is
of 490 nm as outlined in the Experimental Procedures. The expected to correspond closelyika; for ATMA binding to
dependence df on the ATMA concentration was then fitted to eq  the P-site in the unmodified enzyme, and this is the observed

4. The fluorescencé&g without AChE was measured in parallel, citaL i :
and points and the fitted lines are plotted s Fs. Panel A: result. A second A-site-specific blocking agent employed was

Samples contained thioflavin T (M) and unmodified AChE (200 ~ TMTFA (Figure 1), a transition state analogue that forms a
nM). After temperature equilibration for 20 s, a slight linear increase tetrahedral adduct with S2033). Titration of TMTFA-
in fluorescence with time (due in part to hydrolysis of ATMA)  modified AChE with ATMA in the presence of thioflavin T
as Cgf”i‘;itzggby Eéﬂgﬁgl,atf"thsthﬁtigﬁ'av'vfi't‘r’.?reﬁig?i“ i?\g also gave profiles consistent with a single ATMA binding
. L . . s .
predetermined value of 1.88Vl (Table 3) and andi, set at 3 to S',te (d,at.a not shoyvn), but here the fitted equilibrium
give Ky = 46 + 5 uM, iKs = 3.8+ 0.5 mM, fe, = 890 =+ 20 dissociation constariKs was 0.70+ 0.03 mM (Table 4).
nM-1, andfe /feis = 3.0+ 0.2 (solid line). Thes&y andiKs values This value is 6-fold lower than the measuréfls with
are included in the averages in Table 2. The maximal valugof  unmodified AChE, indicating that the affinities of ATMA
‘(’:V;?ezb%nagsﬂt‘g tﬂgr}ﬁsvtvrgwiﬁecggéegtrré’“}g?eeght% ga:i?]%?e"gtee and TMTFA in this ternary complex are slightly higher than
version of eq 4fg, fixed at 890 nM! andKy, ! fixed at 0). Panel th_e affinity of glther I'ga,n_d in the binary AChE, ComplexeS'
B: The A-site of AChE (240 nM) was blocked by pretreatment Since TMTFA is a transition state analogue, this observation
with echothiophate, and thioflavin T was adjusted tdVf. Equation indicates that ATMA binding to the P-site stabilizes the

4 was fitted to a single site witk, fixed at the predetermined  transition state for ATMA acetylation at the A-site and

value of 4.5uM (Table 3),i set at 1, an&y,~* set at zero to give ; St
iKs = 4.6+ 0.3 MM andf, = 590 20 nM-L, ThisiKs value is explains the observed substrate activation.

included in the average in Table 4. The maximal valu€gfvas Other P-Site Ligands Actate Acetylation Less Effecély
27.9. The cuvette size differed in panels A and BfgoandFg than ATMA Having established that ATMA activates its own
values in these panels are not comparable. acetylation by forming ternary complexes with ATMA bound
to both the A- and P-sites, we investigated the effects of
Table 4: iKs andKu Determinations for ATMA at the A- and two other P-site ligands on substrate hydrolysis in general
P-Sites and relative acetylation rates in particular. The data for one
iKs Kwm ligand, thioflavin T, complemented the fluorescence data in
kinetic fluorescence  kinetic  fluorescence Figure 5. Thioflavin T inhibited the hydrolysis of both
A-site assay titration assay titration ATMA and acetylthiocholine, but the inhibition was much
ligand (mM) (mMm) uM) uM) more pronounced with acetylthiocholine (Figure 6). A similar
none 27404 (6 41+1.0(@4F 47+6(6P 44424y difference was noted previously for inhibition of the hy-
ECHO' na 52+05(11) na na drolysis of arylacylamides and acetylthiocholine by the P-site
TMTFA na 0.70+ 0.03 (7¥ na na

— S . ligands propidium and gallaminetl). This difference is
a Equilibrium dissociation constani&s and Ky were determined expected from the steric blockade feature in our kinetic

as indicated in the following footnotes and the Experimental Procedures. cita i PR .
b From the kinetic assays in Table 2=rom fluorescence titration with models. Bound P-site ligands inhibit the hydrolysis of good

eq 4 (as in Figure 5AY! Echothiophate¢ na, not applicable.! From substrates such as acetylthiocholine primarily by slowing
fluorescence titration with eq 4 (as in Figure 5BFrom fluorescence  their entry to the A-site. The slower hydrolysis rates of poor
titration with eq 4 [varying [ATMA] with K, for thioflavin T fixed at substrates such as ATMA are unaffected by their rate of entry
the predetermined value of 1.1 0.07uM (Table 3) and assigned  gjnce these substrates equilibrate with the A-site before
as 1. acetylation 17, 25). These differences were quantified by
analysis of second-order hydrolysis rate constansasured
its evaluation from the hydrolysis profiles in Figure 4. For at low substrate concentrations with eq 2. The reciprocals
example, the fitting was more sensitive to the fixed values of these rate constants increased nearly linearly with thiofla-
of i andi; imposed in eq 4. Over the range<li = i, < 10, vin T concentration for acetylthiocholine hydrolysis (Figure
the fitted values oKy andiKs varied by as much as a factor  6D), allowing determination of ¥, for thioflavin T of 1.83
of 2 from the values determined with= i, = 3 in Figure uM with considerable accuracy. The slight curvature in the
5A and Table 2. Two steps were taken to minimize this plot gave the value. = 0.03, and this is a good measure of
concern. First, an, of 3 was measured independently in the factorg, by which substrate association and product
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Ficure 6: Thioflavin T binding to the P-site of AChE inhibits the
hydrolysis of ATMA and acetylthiocholine to different extents.
Panels A and C: Plots af[E]i vs [S] were generated for ATMA
(A) and acetylthiocholine (C) in the presence) @nd absenceX)

of 14 uM thioflavin T (I) at pH 7.0. Panel A: The points in the
absence of | were first fitted to eq 1 as in Table 1 wkth fixed

at the average value of 700'sanda, iKs, andKy, as the variables
(solid line). These parameters as wellkgs= 1.83uM (Table 2)
andg, = 0.01 were then fixed in eq 6, and the points in the presence
of | were fitted witha, andi, as the variables to giva, = 1.42+

0.03 andi; = 3.14+ 0.10 (solid line). These values are included
in the averages for thioflavin T in Table 5. [E]corresponded to
34.2 nM. Panel B: Points at low ATMA concentrations in panel
A (<240uM with [I] = 14 uM; <100uM with [I] = 0 or 3uM;

the 3uM set is not shown in panel A) were analyzed in reciprocal
plots of ¥~ vs [S]* as outlined in the Experimental Procedures.
The ratios of the slopes of these plats.§/z) were fitted as shown

to eq 2 to giveK; = 1.3+ 1.0uM anda = 0.47+ 0.06. Panel C:
The points in the absence of | were first fitted to the nonequilibrium
model in Scheme 5 as in Table 1, witfixed at 3,k_p fixed at an
average value of 1.3 10° s71, anda, Ks, andk; as the variables
(dotted line largely obscured by upper solid line). The fitting with
this model was extended to points in the presence of | in three
ways. (1) The previously fitted parameters and all others were fixed,
with a, = 1.3 andi, = 3 (as determined for ATMA in Table 3 and
panel A) andK, = 1.83uM (Table 3) to give the dashed line. (2)
Only a; andi, were allowed to vary, resulting in a fit @ = 0.24
andi, = 0.18 that nearly superimposed with the lower solid line.
(3) Parameters were set as in (1) exceptas set to 0, and five
parametersg, Ks, k;, d, andi,) were fitted simultaneously to three
data sets (the two shown plus a third set atN3 thioflavin T)
(solid lines). The fitted values of the first three parameters were
within 40% of their values in Table &t = 0.32 and, = 1.2. [E}ot
corresponded to 100 pM. Panel D: Points at low acetylthiocholine
concentrations in panel G310uM with [I] = 14 or 3uM; <170

uM with [I] = 0) were analyzed in reciprocal plots @f! vs [S]*

as in panel B. The ratios of the slopes of these plnts/¢) were
fitted as shown to eq 2 to givi§; = 1.83+ 0.10uM and o =
0.031+ 0.010.

dissociation are slowed by the bound thioflavin & 17).
In contrast, the second-order rate constants for ATMA varied
by only a factor of 2 over the entire range of thioflavin T
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Table 5: Effects of P-Site Ligands on ATMA Hydroly3is

P-site ligand Ki (uM) a I2
thioflavin T 1.83+0.10 (1) 1.3+ 0.1(2) 3.1+:0.1(2)
propidium 155+£0.13(1) 0.8£0.3(4) 9.5+ 1.9 (4)

a ATMA hydrolysis rates were measured in the presence and absence
of the indicated P-site ligand, and the data were fitted first to eq 1 and
then to eq 6 as described in Figure 6A. The indic#efibr each ligand
was measured independently with acetylthiocholine as in Figure 6D
and fixed in the eq 6 analysis widy andi, as the only variables.

concentrations (Figure 6B), and the pronounced curvature
in the plot lowered the precision of tikg estimate. The value

o. = 0.47 is consistent with an absence of steric blockade
and provides a check of other kinetic constants as noted
below.

The fact that ATMA equilibrates with the A-site before
acetylation allows explicit solution of its rate equation (eq
6) from Scheme 6 (in the Appendix) over the entire range
of ATMA and thioflavin T concentrations. Analysis of the
data with this equation was carried out in two steps in Figure
6A, first by fitting kinetic parameters to the data in the
absence of thioflavin T and then fixing these parameters to
fit the two remaining variables, andi, introduced by the
addition of thioflavin T (Table 5). Th& value of 3.1+ 0.1
is a measure of the extent to which thioflavin T and ATMA
affinities decrease in thetSlr ternary complex with AChE
relative to their affinities in the binary complexes. Tlis
value is slightly smaller than correspondingestimates of
5—7 for ternary complexes with propidium at the P-sit&)(

If i, values reflect slight unfavorable electrostatic interactions
between the two cationic ligands in a ternary complex, one
would expect a largeir with propidium because it has two
positive charges (this is also observed in Table 5). &he
value of 1.3+ 0.1 indicates that thioflavin T slightly
accelerates ATMA acetylation in tHeSle ternary complex
but not to the extent measured in tB8S complex when
ATMA is bound to the P-site. Comparison of eqs 2 and 6
reveals thatt in eq 2 should be equivalent /i, in eq 6,
and the calculated,/i, of 0.43 was in good agreement with
the oo of 0.47. An analysis similar to that in Figure 6A,B
was conducted with propidium as the P-site ligand (data not
shown). The value o, with propidium was about 1 (Table
5), further indicating that P-site ligands vary in their ability
to accelerate the acetylation of substrates at the A-site.
However, these data continue to support our previous
contention that, with the exception of the neurotoxin fasci-
culin, P-site ligands do not induce an allosteric modulation
in the A-site that inhibits the acetylation rate constant (i.e.,
a, values do not fall below 1).

Deacetylation Appears To Be Delayed until Product
Dissociates from the EAP CompleWe returned to the
analysis of hydrolysis over the entire range of acetylthio-
choline concentrations with Scheme 5 and investigated
whether kinetic constants measured with ATMA could be
applied to this substrate. The ATMA data clearly show that
substrate activation does involve the acetylation step, thus
justifying the assignment af > 1 rather tharb > 1 in the
two-site model for acetylthiocholine in Table 2. The analyses
with ATMA also indicate that is likely to be greater than
1 for acetylthiocholine. This change had a very minor effect
on the fitting of the data sets in Table 1. After repeating
these fits withi = 3, a increased by 50%, buks, k-p, and
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k. were altered by less than 6%. More interesting results werethe fitted substrate affinity for the P-site decreased by a factor
obtained when Scheme 5 was extended as outlined in theof 10* when substrate bound to the A-site, a difference that
Appendix to allow analysis over the entire range of acetylth- is not supported by independent data. In a later report, this
iocholine concentrations in the presence of a P-site ligand research group shifted to a three-site model similar to that
like thioflavin T. Three fitting procedures were applied in Scheme 4 and attributed substrate inhibition to a decrease
(Figure 6C). In the first, fixed values @ = 1.3 andi, = in the deacylation rate constant when substrate bound to the
3 obtained from the ATMA analyses were simply imposed inhibition site 34). The kinetic constants obtained for their
on the best fit parameters obtained in the absence oftriphasic acetylthiocholine hydrolysis profile wibrosophila
thioflavin T. This procedure gave the dashed line in Figure AChE in fact resemble those determined for human AChE
6C and clearly failed to provide sufficient inhibition by with our three-site model in Table 1. Their estimate that
thioflavin T at higher acetylthiocholine concentrations near substrate occupancy of the inhibition site would slow
the maximum inv. More inhibition could be obtained in a deacetylation by a factor of 25 was particularly noteworthy.
second procedure that fitted andi, to values of less than  The validity of this estimate was tested by measuring the
0.25 (Figure 6C). While this fit superimposed reasonably effects of several cationic ligands that bind to the AChE A-
well with the data, these values, particularly thatipfare and/or P-sites on decarbamoylation, a deacylation rate
not reasonable. Thig value indicates ligand affinities in the  constant that can be isolated from other steps in the catalytic
ESlp, EAPIp, andEPIp ternary complex that are more than pathway. Carbamic acid esters form intermediate carbamoyl
5-fold higher than the respective affinities in the binary enzymes analogous to the acetyl enzyme in Scheme 5, but
complexes. Such an increase is inconsistent witlpthalues carbamoyl enzymes are hydrolyzed with a deacylation rate
in Table 5 and has not been measured for closely relatedconstantks that is some 10times smaller tharks for the
ternary complexes (except for those involving the transition acetyl enzyme. Most of the cationic ligands, including a
state analogue TMTFA, as noted in the preceding section).ketone analogue of acetylcholine, increased the appksent
More inhibition also could be obtained in a third fitting for decarbamoylation by factors ofZ, and none decreased
procedure that suggests a new feature of the AChE catalyticks by more than 40%34). These observations appear to rule
mechanism. Rather than increase the level of inhibition by out the hypothesis that substrate inhibition involves a
simply forcing the inhibitor to bind more tightly in thESIp, blockade of deacylation.
EAPIp, andEPIr intermediates on the catalytic pathway, the  Substrate activation has been less evident with wild-type
inhibition could be increased by raising the relative level of mammalian and electric organ AChEs than with insect AChE
at least one of th&S, EAP, andEP intermediates to which  and BChE, but the similar three-dimensional structures of
the inhibitor can bind. This could be achieved by imposing these enzyme<!B, 44) strongly argue that they do not have
a decrease in the product dissociation rate congtanbut fundamentally different catalytic mechanisms. Substrate
such a decrease results in an unreasonkhievalue (see activation is seen with acetylthiocholine and mammalian
Discussion). Instead, we set the valuecdh Scheme 5to  AChE mutants, including F29746) and W86F (Figure 2),
zero. This assignment means that deacetylation cannot occuwith a cationic carbamate substrate and eel ACH, @nd
in EAP andEAPIp until the product dissociates. Since the to a small extent with acetylthiocholine and wild-type AChE
bound P-site ligand slows the product dissociation rate, the between pH 5 and pH 736; Figure 3 and Table 1). One
¢ = 0 assignment increased the relative leveEdfPlr by advantage of the introduction of ATMA as an AChE
nearly an order of magnitude. Settingo zero had only a  substrate is that it clearly reveals substrate activation with
small effect on data fitting in the absence of a P-site ligand. wild-type human AChE. Furthermore, the fact that the
After the fits of the data sets in Table 2 were repeated with acetylation rate constaht is so much slower for ATMA
¢ = 0 andi = 3, aandiKs increased by about factors of 2 than for acetylthiocholine allowed us to demonstrate that
while k-_p andk, changed by less than 30% from the tabulated substrate activation involves the acetylation step and to
values. However, when three data sets over a range ofsimplify the kinetic mechanism in an equilibrium model.
thioflavin T concentrations were analyzed simultaneously Substrate activation is less evident with acetylthiocholine and
with five variable parameters, good fits were obtained (solid wild-type AChE because acetylation in this case is only
lines in Figure 6C) with a fitted, value of 1.2. Therefore, partially rate-limiting, and acceleration of the acetylation step
the observed level of thioflavin T inhibition was consistent has only a modest effect on the overall hydrolysis rate.
with ani, value greater than 1 if was set to zero. However, fitting of these hydrolysis profiles to Scheme 5
with i = 3 andc = 0 results in a value o that approaches
DISCUSSION 3—4, indicating that the increase in the acetylation rate
The mechanistic basis of substrate activation and substrateconstant with acetylthiocholine bound at the P-site is similar
inhibition with cholinesterases in general has been unre-to that with ATMA even though the resulting substrate
solved, especially when triphasic substrate hydrolysis profiles activation is cryptic.
that show both phenomena are observed. As outlined in the It is worthwhile to place this work in the context of our
Results, it is a special challenge to account for both recent efforts to characterize the complete catalytic pathway
phenomena simultaneously with a model that includes only in AChE by returning to our proposed model with the 10
the A- and P-sites of AChE. A two-site model with only enzyme species in Scheme 5. To allow analysis of this model,
three intermediates was proposed to account for triphasicwe have minimized the number of rate constants that involve
acetylthiocholine substrate activation and inhibition curves these species with one simple principle: Assume that reaction
with Drosophila AChE (42). While this model is very  rate constants at either the A- or P-site remain unaltered by
concise, the kinetic constants derived from the fitting of additional ligand occupancy unless there is experimental
substrate hydrolysis data do not appear realistic. For examplegvidence to the contrary. If there were no such evidence,
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this assumption would eliminate all but seven rate constantss™* (4). When the product of these constants is calculated, it
in Scheme 5 (because all of the lettered coefficients c, initially appears to disagree with thep obtained from the

d, g, andi would equal 1), and all AChE substrates would ATMA hydrolysis profile. Even at the low end of the
follow simple Michealis-Menten kinetics. However, the association rate constant range, the product of the rate
following evidence is to the contrary. First, many cationic constant and, is 9000 s?, more than an order of magnitude
substrates show substrate inhibition at high concentrations.larger than thé&_p value in Table 2. While this discrepancy
This is accommodated in Scheme 5 by setting 1, our might appear to create a problem for the application of
steric blockade proposal. Steric blockade accounted not onlyScheme 1 to the hydrolysis of ATMA, it in fact provides
for substrate inhibition 3, 6) but also for the kinetics of  independent evidence in support of the following new
ligand binding in AChE ternary complexe$7) and for the proposal that = 0 in Scheme 5.

extent of inhibition of substrate hydrolysis by P-site ligands  The new feature of the AChE catalytic pathway that we
(6, 25; Figure 6). Second, a few cationic substrates show propose involves the initial intermediate formed by acetyl-
substrate activation at intermediate concentrations. Thisation of S203. In thi€AP intermediate, the alcohol leaving
phenomenon was readily apparent for ATMA, and analysis group (e.g., thiocholine when the substrate is acetylthiocho-

of Schemes 1 and 6 indicated that it arises fieom 1. Third, line) has not yet dissociated from the A-site. In Scheme 5,
the slight inhibition of ATMA hydrolysis by P-site ligands this intermediate can either deacetylate with rate constant
indicated thai, > 1 (Table 5) and, by analogy, that- 1. cks or undergo product dissociation with rate consti..

Finally, application of the finding that > 1 to the inhibition Deacetylation involves hydrolysis of the acetic acid ester
of acetylthiocholine hydrolysis by P-site ligands suggested bond inEAP, and three-dimensional structures suggest that
a new feature of the catalytic mechanism, namely, that a water molecule assumes the location of the cleaved leaving
Scheme 5 approaches zero (Figure 6C). We return to thisgroup in order to attack the carbonyl carbon. Therefore, it is
suggestion in the Discussion below. quite reasonable to propose that deacetylation is slowed until
Our analysis of ATMA hydrolysis not only showed that the leaving group dissociates (i.es= 0). The initial evidence
substrate activation resulted from acceleration of the acetyl-we have presented to support this proposal was drawn from
ation step in the catalytic pathway but also allowed one test the fitting of the hydrolysis curves for acetylthiocholine in
of the proposal in Scheme 1 that the site responsible for the presence of thioflavin T (Figure 6C) to Scheme 5. After
substrate activation is the P-site. The affinity of ATMA for restrictingi, andk-p to reasonable values, best fits to the
the substrate activation site as measured from the substratélata in Figure 6C were obtained by allowingo approach
hydrolysis profile was compared to the affinity of ATMA  zero. Additional evidence was provided by the valudof
for the P-site determined by fluorescence titration, and the fitted from the ATMA hydrolysis data (Table 2). As noted
two values ofiKs were in agreement (Table 4). Therefore, in the preceding paragraph, the fittede of 700 s is an
conformational interaction between the A- and P-sites to order of magnitude smaller than the value predicted from
promote enzyme acylation is triggered when both are boundkeKp. Other kinetic constants determined by fitting the
with this cationic substrate. The detailed enzyme conforma- ATMA hydrolysis data to eqs 1 and 6, includirigs, Ku,
tional movements that mediate this interaction remain to be andi,, as noted above, are consistent with independent ligand
clarified. It may seem paradoxical that, in Scheme 1, substratebinding measurements, providing strong support for the
binding to a single P-site can give rise to both substrate model in Schemes 1 and 6. These schemes are easily adapted
activation and substrate inhibition. However, these effects to the assignment af = 0. As the value otks in Scheme
are linked to different steps in the catalytic pathway. The 5 falls below that oflk-p, the intermediate that gives rise to
extent of substrate activation is essentially proportional to substrate inhibition in Scheme 1 becont&sP rather than
the substrate occupancy of the P-site. In contrast, substratd=P. This slight revision of Scheme 1 is outlined in Scheme
inhibition lags far behind substrate occupancy of the P-site, 3. In this scheme the formats of Scheme 1 (and Scheme 6)
because it only becomes detectable when the productremain the same, blEP, EPS, andEPIr are replaced by
dissociation rate is slowed sufficiently from a relatively high EAP, EAPS;, andEAPIp, respectively; andt—p (in Scheme
initial value to become rate-limiting. Quantitative final 3 and egs 1 and 6) is redefineddis . In other words, all
confirmation of the model in Scheme 1 would be obtained determinations of ATMA kinetic parameters in Tables 1 and
if the value ofk_p = 700 s obtained for the 3-amindkN,N- 3 remain valid except that nodk p = 700 s*. If k_p were
trimethylanilinium product generated during the hydrolysis 9000 s as suggested above, thdnwould correspond to
of ATMA (Table 2) agreed with an independent direct 0.08.
measurement of_p as a ligand dissociation rate constant.
This rate constant has not yet been measured by rapid kineticocheme 3

techniques, but it can be estimated as the product of the Eais i s @ ES i FAP ﬂp Fap
equilibrium dissociation constalt and the association rate ’ N .
constanke. Numerous studies with AChE have shown good S s
correspondence between the equilibrium dissociation constant iKs | iKs |

(as measured, e.g., by fluorescence titration) and the inhibi- ak, edk,

tion constantk, for ligands that bind to the catalytic site ESS, — EAPS, — ES,+P

(e.g., refs2, 7, and 47 and Tables 3 and 4). Thk, for

3-aminoN,N,N-trimethylanilinium was determined to be Further evidence in support of the proposal that O is

70 + 10 uM (data not shown). Association rate constants provided by recent striking observations on the interaction
for the binding of monoquaternary cationic ligands to of rivastigmine with AChE by Bar-On et al48). Rivastig-
mammalian AChE range from 1.8 10°to 9 x 10° M~? mine, a potent inhibitor of AChE, is currently in use for the
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treatment of Alzheimer's disease under the trade name of Scheme 4

Exelon. It is an ester dil,N-methylethylcarbamic acid, and , K, agak

its potent inhibition arises in part from the fact that it forms ) P ] PR ESare
a carbamoyl enzyme like those noted earlier in the Discus- /1 k. / 7 X,

sion. The carbamoyl AChEs generated by the reaction of K 7 ek,
N,N-methylethylcarbamoyl chloride with AChEs from vari- -y w e w > Bt

ous species exhibited typical hydrolysis rate const&ats s ==K s ak, b o b
ranging from 0.02 to 0.2 mirt (48), and the rivastigmine cf . okl . ’ .
leaving group NAP [3-[1-(dimethylamino)ethyl]phenol] itself / /

was a rapidly reversible inhibitor of AChE with an affinity P b > £+p

(K, = 0.5uM) comparable to that of other cationic phenols
(48). However, the rate of hydrolytic reactivation of rivastig- and turnover rate constaky); and two nonproductive sites,
mine-inhibited AChE was only 1@ min—! (48), more than a substrate inhibition site (with dissociation const&gtand

2 orders of magnitude slower than expected fromkiier a substrate activation site (with dissociation constént
decarbamoylation. The slow reactivation was not due simply (49). Binding at each of the three sites is assumed to be
to stabilization of the carbamoylated enzyme by NAP, as independent (i.e., affinities are unaffected by substrate
addition of NAP during reactivation of AChE carbamoylated occupancy of other sites) and to reach equilibrium. However,
with N,N-methylethylcarbamoy! chloride had no effect on binding of substrate to the inhibition site decreases substrate
the observeds. Analysis of the three-dimensional crystal turnover gs < 1) while binding of substrate to the activation
structure of rivastigmine-inhibiteflorpedoAChE suggested  Site increases substrate turnova ¢ 1). The rate equation

an explanation for the slow reactivation, as both the obtained from Scheme 4 (normalized by the total enzyme
carbamoy! group and NAP remained in the A-site but were concentration [E}) is given in eq 5.

detached from each othe#8). This complex would cor-

respond t&EAP, where A is the carbamoyl group, in Scheme E[S](l + a4S] 1+ asi[s])

3. Furthermore, in the crystal structure the catalytic histidine v Ky Ksa K

that participates in decarbamoylation was rotated out of its [E] = [S] [S] [S] ®)
normal catalytic triad position, indicating a structural reason ot (1 + ?)(l + K—)(l + K_)

for c to approach zero and dramatically slow the hydrolytic d s si

reactivation rate constaks.

The AChE-rivastigmine crystal structure suggests the more
general concept that tHeAP complex produced from the
substrate by acylation differs from that generated when added
product binds to preformelA. The orientation of the NAP
leaving group in the A-site of this structure differed from
that in a crystal structure of NAP with AChE aloné§g,
and incubation of carbamoylated enzyme with NAP had no
effect on the observeds. The extent of the structural error) to obtain fitted values oKg K Kes and as
difference betweeAPS formed by these two routes may Conversion of the data to the EaeHl,alofélt'ee S%rma‘t [cgr—
become more pronoqnceq as the substrate structure Varie?esponding tou/[Eler Vs vI([Ele{S]); 50, 51] allowed
ILOH; thtaEdO_f ttr;]e gl?_ysm:oglcal tsut:sftrate ?jcettytljc_holm_e,t_and substrate activation to be displayed graphically as a deviation

€ Iactord n the dk-p rate constant for product dissociation - ¢ points above the theoretical line without activation. This
from EAP produced from substrate may be a very sensitive line was calculated (i.ey-intercept= k, and slope= —Ky)

me?stli”ﬁ f(r)fr:gz;hffrerdenced fforrn ?i)\(/anlﬁ%r ,:/IVAP|C?I}’?-V from theky/Kq value measured at low substrate concentration
sociation 1o produced 1ro astigmine would have 5, 4 theKy value determined from eq 5.

to be smaller even than(<0.01) to result in such dramatic
stabilization of thisEAP. Thus NAP and the carbamoyl group Scheme 5

mutually interfere with the other’s release from the enzyme. oy
On the other hand, the expecteg for thiocholine calculated
askeKp (L3 x 10°s %, 6) agreed with thécpvalue fixed in -+ s 2 p, & w5 o & e 5 5o l .

This equation may be considered as an extension of the
Haldane equation for substrate inhibitid) 82). WhenKg; *
andag are set to zero, it essentially reduces to the Haldane
equation. After fixingk/Kq (=k.a/Kapp at the value measured
at low substrate concentration (as outlined in the preceding
section) and settings; to zero, data were fitted to eq 5 by
weighted nonlinear regression analysis with Fig.P (BioSoft,
version 6.0; weighting assumed théhas a constant percent

Figure 6C, and the fitted of 0.32 indicated relatively little s b + + Ac+ EP—> E+P
interference with thiocholine release from the acetyl enzyme S S § *
intermediate. Thel of 0.08 calculated above for thHeAP ks Tiks ks Liks ks I ks S
produced by ATMA falls between these two extremes. b gk, b, b Liks
ESS, —> EAPS, —> P + EAS, —> ES,+Ac
gkp
APPENDIX bk, Ac + EPS, —> ES, + P
Three-Site Model of Substrate Hydrolygissimple model Two-Site Model of Substrate HydrolysBcheme 5 is a

to account for both substrate inhibition and substrate activa- two-site model of substrate hydrolysis with AChE from
tion over a full range of substrate concentrations is presentedwhich we recently introduced the concept of steric blockade
in Scheme 4. This model assumes that the enZycentains (3, 6). In this schemeES represents an ester substrate S
three sites that bind substrate S: the active site wherebound to the A-siteEA is an intermediate in which the
hydrolysis occurs (with substrate dissociation constant  enzyme is acetylated, and P is the alcohol leaving group of
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the substrate generated by acetylation of the enzySe. 0. defined the relative rate constant both for product P
EAP, EA, andEP are intermediates involving only the A-site, dissociation from the A-site and for S association with the
and S can bind to the P-site (designated by subscript P) inA-site when the P-site was occupied byg} Corresponds to
each of these intermediates as well as in the free enE&me ksisks andk_ps/k_p in ref 6). The value ofg, was fixed at
For exampleESS represents a ternary complex with one S 0.03, as determined by the measured valuer @i Figure
molecule at the A-site and a second at the P-site, and the6D (17).

acylation rate constark is altered by the factoa in this Extension of the Two-Site Model of ATMA Hydroly3ise
ternary complex. In general, the 10 enzyme species specifiednclusion of a P-site ligand as an inhibitor (I) during AChE-
in this scheme are related by 22 independent rate constantscatalyzed ATMA hydrolysis requires the extension of
Scheme 5 reduced the number of independent rate constantScheme 1 to Scheme 6.

to the 13 shown largely by assuming that only 3 rate

constantsK_s, k_s, andik_s) characterized substrate binding Scheme 6

to the P-site regardless of ligand occupancy at the A-site. ak, Sk
Reversible reactions were not assumed to reach equilibrium. El, ESl, = EPl, — Elp + P
Fitting of the steady-state differential equations corresponding K| LKy | LK |
to Scheme 5 with a numerical solver in the program SCoP 1 I I
was conducted as describe®).(Five of the 13 remaining + L +
individual or combined independent rate constants were again E+S= ES, = ES —> EP > E+P
fixed by separate measurement or conservative approxima- + +
tions [kealKapp G; ks; B = KsKapdkeat andR/Rs=1+ (1.5— S S
1.587)/(1 + ko/k-1)].” The value ofkeafKapp Was measured iK1, iKs |
as a single parameter at low substrate concentrations as noted ak, gk
ESS, — EPS, — ES,+P

above, because precise estimates of the individyaand
KappVvalues inserted previousl@)are difficult to obtain when
substrate activation is observed. The steric blockade model
(3) further simplified Scheme 5 by assuming that only one
reaction is not independent, product dissociation @es,b
=c=d=i=1, butg < 1 because product dissociation is
slowed fromEAPS andEPS), thereby reducing the number
of fitted variable parameters to thrde,(k-p, andKs = k_g/

ks). Herein, a value of 0.01 was again assigned {8, 6,
17), but a or b was allowed to vary as a fourth fitted
parameter to account for substrate activation.

When thioflavin T was included as an inhibitor | during
AChE hydrolysis over the entire range of acetylthiocholine k,
concentrations, Scheme 5 was expanded by including five > -
more intermediatesElp, ESlp, EAPIp, EAlp, andEPIp, where P
the subscript P indicates binding of | to the P-site. The RS DL [1+ [s], [ ]1+
expanded scheme is not shown here explicitly, but the reader KKKl KRR ) ke [H . gz[ll]
should visualize a set of relative rate constants for these K Bk
intermediates parallel to those involving species in Scheme
5 that are indicated by the subscript 2 (iaky, boks, gok-—p, Table 5, determinations @k andi, were insensitive to the
andizk-;). These additional rate constants were incorporated fixed value ofg,. Over the range & g, < 0.05,a; andi; in
into the nonequilibrium numerical solutions and assigned the Table 5 varied by less than 2%.
valuesa, = b, = i, = 1 except where noted. The parameter

In Scheme 6, the affinities of S and | in the ternary
complexESlr and of | inEPIr are decreased by the facier
relative to their affinities in the respective binary complexes;
the acylation rate constais is altered by the factoa, in
the ESIp complex; and the dissociation rate constant of
the product is altered by the factgs in the EPIp complex.
Other constants were defined in Scheme 1. The steady-state
equations for Scheme 6 may be solved algebraically to give
eq 6. With the fitting procedure described in Figure 6A and

[s] [1+ als] . a;[l]]

Ky K, 0K,

[ alsl a1l ] 6)
1+ +
k, iK i K,

gls]
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