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SUMMARY
This paper examines inhibition of acetylcholinesterase (AchE)
and butyrylcholinesterase (BuchE) by tetrahydroaminoacridine
(THA), an acridine analog under consideration for palliative treat-
ment of Alzheimer’s dementia. THA causes linear mixed inhibition
of AchE hydrolysis of acetylthiocholine, a cationic substrate (K,
= 3.8 x 1 0-� M), and linear competitive inhibition of AchE
hydrolysis of 7-acetoxy-4-methylcoumanin, an uncharged sub-
strate (K, = 6.8 x iO� M), and N-methyl-7-dimethylcarba-
moxyquinolinium, a cationic carbamate (K, = 1 .5 x 1 0_8 M).

Propidium association with AchE in the presence of saturating
concentrations of THA is characterized by a dissociation con-
stant of 7.7 ± 0.7 x 1 0_6 M, a value within 2-fold of the
dissociation constant in the absence of THA. Association of THA
with AchE is, therefore, not mutually exclusive with association

of propidium at the peripheral anionic site. Moreover, THA causes
dissociation of decidium complexes with AchE at concentrations
compatible with a dissociation constant of 7.0 ± 0.4 x 1 O� M.
Similar relationships were observed for THA inhibition of BuchE
hydrolysis of butyrylthiocholine (K, = 2.5 x 1 O� M) and dissocia-
tion of decidium complexes with BuchE (K0 = 1 .9 ± 0.1 x 1O_8
M). These kinetic and equilibrium data uniformly indicate that
THA associates with AchE and BuchE with high affinity and that
the subsequent inhibition comes about through ligand associa-
tion at the active center rather than at a peripheral site. The
noncompetitive component of inhibition reflects association of
THA with the acyl-enzyme intermediate, with subsequent effects
on the rate of deacylation.

Alzheimer’s dementia is a progressive neurodegenerative dis-

order characterized as a loss of short and long term memory,
cognitive function, and intellectual facility (1, 2). Examination

of cortical and hippocampal brain sections from Alzheimer’s

patients reveals the presence of neuritic plaques and neurofi-

brillary tangles, abnormal structures that have come to repre-

sent hallmarks of this disorder. Alzheimer’s disease occurs also

with a progressive loss from the cortex and hippocampus of

cholinergic neurons, with accompanying reductions in the num-

bers of muscarinic receptors, choline acetyltransferase, Ach�,

and AchE (3-5).

The pronounced alteration in proteins associated with cho-

linergic neurotransmission has provided a pharmacologic ra-

tionale for palliative treatment of this disorder. In particular,
the reduced muscarinic receptor density and amounts of Ach�

have prompted investigation of a number of potential inhibitors

of AchE (6). One of the principal drugs under current investi-

gation for use in the treatment of Alzheimer’s disease is THA,
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known also as tacrine (Ref. 7, but see Refs. 8 and 9). Although

THA has long been known to cause inhibition of AchE and

BuchE (10, 11), the molecular mechanism and site specificity

underlying inhibition remain unknown.

This paper uses kinetic and equilibrium techniques to ex-

amine THA inhibition of AchE from Torpedo californica and

the topographic specificity underlying inhibition. The kinetics

of noncovalent reversible inhibition are examined with respect

to three kinetically distinct synthetic substrates for which the

relative rates of acylation and deacylation differ. The three

substrates are AcSch�, a cationic acetate, 7AMC, an uncharged

acetate, and M7C, a cationic carbamate. Topographic specific-

ity is assessed with respect to ligand association at the active

center and the peripheral anionic site, a distinct anionic locus

spatially removed from the active center. The fluorescent ligand

propidium is used as a selective probe for the peripheral anionic

site (12). Active center occupation is assessed through compet-

itive interactions with decidium, a fluorescent ligand that binds

with its trimethylammonium moiety within the active center

(13-15). Results for AchE are compared with those obtained

for an homologous enzyme, BuchE, from human plasma.
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Experimental Procedures

Materials. AchE from T. californica was isolated by affinity chro-
matography as described by Taylor et at. (16). In all experiments

reported, the enzyme specific activity was in the range of 5-7 �zmol of

Ach� hydrolyzed/min/�zg of protein. BuchE from human plasma was
isolated to homogeneity by procedures described by Lockridge and La

Du (17) and Ralston et at. (18). In addition, as a first step, fresh
unfrozen plasma was stirred at 4* for at least 24 hr in the presence of

CaCl2 (20 mM) and then filtered through cheesecloth; this procedure
served to remove clotting proteins and to facilitate subsequent ion
exchange and affinity chromatography procedures. As a final step, after
elution of the enzyme from a DEAE-Sephadex A-50 column with a

linear choline chloride gradient, the fractions containing BuchE were
pooled, dialyzed against a 50 mM sodium phosphate buffer, pH 8.0,

containing 0.1 N NaCl, and passed through a Sephadex G-200 column
to afford electrophoretically pure enzyme; this gel filtration procedure
served to remove low molecular weight contaminants that were evident
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. In all

experiments, the enzyme specific activity was in the range of 400-800
�zmol of BuSch�/min/mg. Decidium diiodide and 7AMC were prepared
as already described (15, 19). Propidium diiodide, NMA, 7HMC, and

M7C iodide were obtained from Molecular Probes (Eugene, OR).

AcSch� iodide, BuSch� chloride, and THA were obtained from Sigma
Chemical Co. (St. Louis, MO). Kinetic determinations of AcSch� and
7AMC hydrolysis were carried out at 23’ in 0.01 M sodium phosphate,

pH 7.0, containing 0.2 M NaCl. Kinetic determination of M7C hydrol-
ysis and all equilibrium fluorescence titrations were carried out at 23’

in a 0.01 M Tris. HCI buffer, pH 8.0, containing 0.1 M NaCl and 0.04

M MgCl2.
Fluorescence titrations and spectral determinations were carried out

on SPEX 212 and Aminco-Bowman spectrofluorimeters. Changes in
absorbance were recorded on a Perkin-Elmer Lambda 3B spectropho-
tometer connected through a Data Translation 2805 analog-to-digital
converter resident in an IBM PC computer; data acquisition was
controlled with Lab Tech Notebook (Laboratory Technologies, Cam-
bridge, MA).

Kinetics of reversible inhibition. Enzymatic hydrolysis of

AcSch’ in the presence of 5,5’-dithio-bis(2-nitrobenzoic acid) (3.3 x
io-� M) and the presence or absence of cationic ligands was measured

by monitoring absorbance at 412 nm as a function of time (20). These
procedures have already been described with respect to catalysis by

AchE (19). For BuchE, enzyme activity was measured in a similar

manner with respect to hydrolysis of BuSch�. For each determination,
spontaneous breakdown of substrate was accounted for in a reference

cuvette containing all materials except enzyme. Reaction velocities
were calculated as the change in absorbance per unit time. Liberation

of thiocholine was quantitated using an extinction coefficient for the
thionitrobenzoate dianion of 14,150 M’ cm’ (21). Enzymatic hydrol-
ysis of 7AMC was measured by monitoring fluorescence of the product

7HMC at 450 nm, upon excitation at 360 nm, as described by Berman
and Leonard (19). Enzymatic hydrolysis of M7C was measured by
monitoring fluorescence of the product N-methyl-7-hydroxyquinoli-
nium at 500 nm, upon excitation at 400 nm, as described previously
(15); in this case, hydrolysis rate constants (seC’) were obtained by
analysis of the exponential burst remaining after stripping of the slow
linear component representative of decarbamylation.

Equilibrium fluorescence titrations. Equilibrium titrations of

AchE with propidium and decidium were conducted by monitoring
ligand fluorescence at 610 nm, upon excitation at 535 nm. For titration
of BuchE, ligand fluorescence was monitored at 590 nm, upon excite-
tion at 535 nm. Data acquisition and analysis have already been

described (13-15).

The dissociation constant for THA was determined from its capacity
to cause dissociation of decidium complexes with AchE or BuchE. In
these experiments, decidium was present at concentrations >20 times

its respective dissociation constant and in a stoichiometry at least 2

times the enzyme normality; these conditions obviate consideration of

uncomplexed sites. The observed fluorescence intensity of decidium, f,
was related to the free concentration of decidium, [F], and competing
nonfluorescent ligand, [C], according to the following equation,

(IF 1)1(1 - F�) = (KF/Kc) [C]/[F)

where IF and f�- denote, respectively, the initial fluorescence when all
sites are complexed with decidium and the final fluorescence when all
sites are complexed with competing ligand. KF and K� denote the

respective dissociation constants for decidium and competing ligands.

A logarithmic plot of IF - f/f - Ic versus [C]/[F] gives a slope of unity
for competitive dissociation at a homogeneous class of independent

sites. The x-axis represents the ratio of the free concentrations of the
competitive nonfluorescent (C) and fluorescent (F) ligands.

Noncovalent inhibition of AchE. A general form for equilibrium
reversible inhibition is described by scheme I, where E, 5, and ES

denote free enzyme, free substrate, and enzyme-substrate complex,
respectively. ES undergoes covalent reaction to regenerate free enzyme
and product, P. In the presence of inhibitor, I, two noncovalent corn-

plexes can form, the enzyme-inhibitor complex El and a ternary
complex, ESI, contaiuing enzyme, substrate, and inhibitor. K� and K,

refer, respectively, to the substrate and inhibitor dissociation constants.

This scheme ignores formation of any covalent intermediates that
occur after formation of ES and ES! but before production of P.

K5
E+S � ES
+ +

KIlk

kcat
)s E+P

EI+S -.� � ESI --� EI+P
aK5 �3kcat

SCHEME I

The reciprocal form of the velocity equation for enzyme inhibition that

satisfies scheme I is given in eq. 1, where [E0] refers to the initial
enzyme concentration, and V,�, = k,a,[E#{248}].

1/v = (Ks/V,,,�,)l(1 + ([I]/K1))/(1 + (/i[fl/aK,))((1/[S])

+ 1/Vmas{(1 + ([I]/aK,))/(1 + (/3[f]/aK,))(

(1)

When � = 0, ESI is nonproductive and linear inhibition is obtained.

Replots of slope versus [I] are linear and intersect the Efi axis at a
value equal to -K1. Values of a >>1 indicate that formation of the

ternary complex ES! is negligible, and scheme I reduces to competitive

inhibition. In pure noncompetitive (a = 1) and mixed inhibition (a>

1), the y-intercept versus [1] replots are linear but intersect the [I] axis

at a value equal to -aK,.

Results

Reversible noncovalent inhibition of AchE hydrolysis
and BuchE hydrolysis. THA displayed linear mixed inhibi-
tion of AchE hydrolysis of AcSch� (Fig. 1). This behavior was

indicated by intersection of the double-reciprocal lines in the

upper left quadrant and the linear slope versus [I] replot. From

the x-intercept of the slope replot, the inhibition constant K1

was determined to be 3.8 x iO� M. The y-intercept replot was
linear and afforded a value for a of 1.5. On the basis of scheme
I, the low value of a indicated that THA showed comparable

affinity for both free enzyme and the enzyme-substrate com-
plex, and this was indicative of a strongly noncompetitive mode

of reversible inhibition. The inhibition constant obtained here
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is compatible with the value of 8.5 x iO� M for the noncom-
petitive inhibition constant obtained for Torpedo AchE by Wu

and Yang (22) but is much lower than the value of 2.2 x 1O_6

M obtained by Patocka et al. (11) for human erythrocyte AchE.

THA displayed linear competitive inhibition of 7AMC hy-

drolysis by AchE (Fig. 2). In this case, slopes of the double-

reciprocal plots increased in a linear manner with increasing

THA concentration, without alteration in the y-intercept. The
value of K1 estimated from the slope replot was 6.8 x iO� M,

in close agreement with that obtained with AcSch� as substrate.

THA displayed linear competitive inhibition of M7C hydrol-

Fig. 1. Double-reciprocal plots for inhibition by
THA of AchE hydrolysis of AcSch�. The enzyme
was present at a concentration of 1 .7 x 1 0_b

M, in a reaction medium of 0.01 M sodium phos-
phate buffer, pH 7.0, containing 0.2 M NaCl. �,

No THA; 0, 1 .88 nM; #{149},4.69 nM; 0, 9.36 nM;
A, 18.7 nM; & 37.2 n�. The value for kmt, taken
from the reciprocal of the y-intercept, was cal-
culated to be 2.2 x iO� min1 . The value for K�,
taken from the reciprocal of the x-intercept, was
calculated to be 5.0 x 10� M. Upper left inset,
replot of the reciprocal plot slopes versus THA
concentration; the inhibition constant taken from
the [/]-intercept was calculated to be 3.8 x 1O�
M. Upper right inset, y-intercept replot, from
which a was determined to be 1 .5. The data are
indicative of linear mixed inhibition.

ysis (Fig. 3). M7C is of interest because it forms a long-lived
carbamyl-enzyme intermediate, thereby enabling examination

of the acyl-transfer step without consideration of the kinetic

parameters associated with deacylation of the complex. In this

case, the competitive inhibition constant, estimated from the

slope replot, was 1.5 x 10_s M, within 2-3-fold of the values

observed for AcSch� and 7AMC.

Linear mixed inhibition was observed for interaction of THA
with BuchE (Fig. 4). From the x-intercept of the slope replot,

the value of K1 was determined to be 2.5 x 10_8 M. The y-

intercept replot was linear and afforded a value for a of 1.7.

Fig. 2. Double-reciprocal plots for inhibition by
THA of AchE hydrolysis of 7AMC. The enzyme
was present at a concentration of 2.0 x 10� M,

in a reaction medium of 0.01 M sodium phos-
phate buffer, pH 7.0, containing 0.2 M NaCI.�,
No THA; D, 4.16 nM; #{149},8.32 nM; 0, 16.6 nM; A,
33.3 n�i. The value for kmt was calculated to be
7.4 x 10� min1 . For this calculation, the number
of equivalents of 7HMC liberated upon hydroly-
sis was obtained by comparing the fluorescence
value from the reciprocal of the y-intercept with
the intensities of known concentrations of
7HMC. The value for K5 was 4.2 x 1 0� M. Inset,
replot of the reciprocal plot slopes versus THA
concentration. The [I]-intercept of the replot af-
fords a competitive inhibition constant of 6.8 x
iO-� M. The data are indicative of linear compet-
itive inhibition.
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C)a)
U)

Fig. 3. Double-reciprocal plots for inhibition by THA of AchE hydrolysis
of M7C. The enzyme was present at a concentration of 1 .5 x 10� M, in
a reaction medium of 0.01 M Tns. HCI, pH 8.0, containing 0.1 M NaCI
and 0.04 M MgCl2. #{149},No THA; 0, 29.7 nM; #{149},59.3 nM; 0, 1 18 nM. The
value for k2, the rate constant for carbamylation, was calculated from the
reciprocal of the y-intercept to be 0.25 sec1. The value for Ks was 30.5
x io-� M. Inset, replot of the reciprocal plot slopes versus THA concen-
tration. The [I]-intercept of the replot affords a competitive inhibition
constant of 1 .5 x 10-� M. The data are indicative of linear competitive
inhibition.

The low value of a, comparable to that seen for inhibition of
AchE, was indicative of a strongly noncompetitive mode of
inhibition of BuchE.

Kinetics of reversible noncovalent inhibition of THA were
compared with those observed for NMA, an acridinium mole-
cule structurally related to THA. NMA has been reported to

cause linear mixed inhibition of AchE (a = 1.9, K1 = 4.6 x 1O_8

M) (19). With respect to BuchE, NMA caused linear mixed

inhibition of BuSch hydrolysis (a = 1.2, K1 = 2.6 x i0� M).

Equilibrium association of THA with AchE and
BuchE. Topographic specificity of THA was examined with

respect to its capacity for association with AchE at either the

peripheral anionic site or the active center. Propidium was used

as a selective probe for the peripheral anionic site (12). Titra-

tion of AchE with propidium in the absence of THA afforded

an equilibrium binding profile with a dissociation constant of

4.7 x 10-6 M (Fig. 5), in reasonable agreement with previously

published values. In the presence of THA at a concentration of

8.5 x 10_6 M, 1250-2237 times its inhibition constant, propi-
dium association displayed a saturable binding isotherm com-

patible with ligand association at a single class of homogeneous
sites. From a Scatchard plot of the same data, the dissociation

constant was calculated to be 7.7 ± 0.7 x 10_8 M, within 2-fold

of that in the absence of THA (Fig. 5).

Decidium, containing an n-alkyl trimethylammonium

moiety, was used for its selectivity at the active center of AchE

(13-15). THA caused dissociation of >90% of the bound deci-
dium. The dissociation profile was characterized by a slope of

0.95 ± 0.02, consistent with a competitive interaction (Fig. 6).

The dissociation constant for THA, based on a KD of 2.1 X iO�

M for decidium, was calculated to be 7.0 ± 0.4 X iO� M, a value

in close agreement with the inhibition constant.

The trimethylammonium moiety of decidium associates at

the active center of BuchE. Association is accompanied by an

increase in fluorescence at 615 nm (corrected), follows a satu-

rable binding isotherm, and is characterized by a dissociation

constant of 1.3 ± 0.1 x iO� M.’ Titration of BuchE with THA

caused dissociation of >90% of the bound decidium. The titra-

tion profile was characterized by a slope of 1.00 ± 0.03 (Fig. 6),

consistent with a competitive interaction. The dissociation

constant for THA, based on a K!) of 1.3 x i0� M for decidium,

Fig. 4. Double-reciprocal plots for inhibition by
THA of BuchE hydrolysis of BuSch�. The en-
zyme was present at a concentration of 1 .1 x
i0-� M, in a reaction medium of 0.01 M sodium
phosphate buffer, pH 7.0, containing 0.2 M NaCl.
t No THA; D, 9.23 nM; #{149},18.4 nM; 0, 36.8 nM;
A, 73.4 nM; & 146 n�. The value for k,�,, taken
from the reciprocal of the y-intercept, was cal-
culated to be 2.8 x iO� min1. The value for K1,
taken from the reciprocal of the x-intercept, was
calculated to be 3.4 x 10� M. Upper left inset,
replot of the reciprocal plot slopes versus THA
concentration; the inhibition constant taken from
the [I]-intercept was calculated to be 2.5 x 10�
M. Upper right inset, y-intercept replot, from
which a was determined to be 1 .7. The data are
indicative of linear mixed inhibition.
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Fig. 5. Scatchard plots describing association of propidiam with AchE in
the absence and presence of THA. Propidium association with AchE,
present at a subunit concentration of approximately 3 x 10_6 M, was
monitored directly by measuring fluorescence at 61 0 nm, upon excitation
at 535 nm. In the absence of THA (0), propidium binding was character-
ized by a dissociation constant of 5.1 x 10_6 M. Averaged over two
separate titrations, the dissociation constant was determined to be 4.7
x 1 0-� M, in good agreement with the published value (1 2). When THA
was present at a concentration of 8.5 x 10_6 M (#{149}),propidium association
was characterized by a dissociation constant of 9.7 x 10_6 M. Averaged
over four separate titrations, the dissociation constant was determined
tobe7.7±0.7x 106M.

log( [C]/[F])

Fig. 6. Competitive dissociation by THA of decidium complexes with
AchE and BuchE. This figure presents logarithmic analysis of THA
dissociation of decidium complexes with AChE (S) and BuchE (U).
Decidium was present at concentrations 20 times its dissociation con-
stant and at least 2-fold greater than the enzyme concentration, as
described in Experimental Procedures. For dissociation of decidium
complexes of AchE, the slope was determined to be 0.95 ± 0.02. From
the x-intercept of -0.489 and the known dissociation constant for
decidium (2.1 x iO� M), the competitive dissociation constant for THA
was calculated to be 6.8 x i0� M. Averaged over four separate deter-
minations, the dissociation constant for THA was determined to be 7.0
± 0.4 x 1o-� M. With respect to THA dissociation of decidium complexes
with BuchE, the slope was determined to be 1 .00 ± 0.03. From the x-
intercept of -0.795 and the known dissociation constant for decidium
(1 .3 x 1 0-� M), the competitive dissociation constantfor THA with respect
to association with BuchE was calculated to be 2.0 x 10� M. Averaged
over four separate determinations, the dissociation constant for THA
and BuchE was determined to be 1 .9 ± 0.1 x 1 O� M.

was calculated to be 1.9 ± 0.1 x 10_s M, a value in close

agreement with the inhibition constant.

Discussion

Kinetic examination of THA association with AchE affords
inhibition constants of 3.8 x i0� M with respect to hydrolysis

of AcSch�, 6.8 x i0� M with respect to 7AMC hydrolysis, and

1.5 x 108 M with respect to hydrolysis of M7C, values in close

accord with those derived through competitive dissociation of

decidium (7.0 ± 0.4 x i0� M). With respect to BuchE, inhibi-

tion of BuSch� hydrolysis occurred at concentrations (K1 = 2.5

x 10_8 M) compatible with the dissociation constant derived

through competitive dissociation of decidium (K1) = 1.9 ± 0.1

x iO-� M). For both enzymes, the linear mixed inhibition by

THA of AcSch� and BuSch� hydrolysis reflects the presence of
both competitive and noncompetitive components, whereas the

low value of a indicates that the inhibition is essentially non-

competitive. Such inhibition might arise through ligand asso-

ciation at a site remote from the active center. The catalytic

subunit of AchE contains a peripheral anionic site that, while

topographically distinct from the active center, exerts allosteric

control over enzyme hydrolysis. The peripheral site, therefore,

represents one locus through which noncompetitive inhibition

can occur. In an alternative mechanism, noncompetitive inhi-

bition can arise through ligand association with a kinetic inter-

mediate that appears during hydrolysis. Catalysis by AchE is

known to engender formation of acyl intermediates that can

associate with cationic inhibitors, representing another possible

route to noncompetitive inhibition. Four lines of evidence,

encompassing both kinetic and equilibrium criteria, support

the latter mechanism.

First, the unit slope characterizing THA dissociation of de-

cidium is compatible with a simple competitive relationship

between THA and decidium. Because decidium associates with

the trimethylammonium moiety at the active center of AchE,

the competitive relationship with THA is compatible with

active center association. Second, THA, present at concentra-

tions >1250 times its inhibition constant, does not markedly

alter propidium association. For mutually exclusive association

ofpropidium and THA, the dissociation constant for propidium

is predicted to be (1 + [I]/Kj)-fold, or more than 1251-fold

greater than that observed in the absence of THA. Because the

binding profiles for propidium in the presence and absence of

THA fall within 2-fold of each other, the results demonstrate

clearly that association of THA and propidium with AchE is

not mutually exclusive.

Third, as indicated in scheme I, linear inhibition signifies
that the reaction velocity can be driven to zero by sufficiently

high inhibitor concentrations. The linear inhibition observed

for THA indicates that the ternary complex (ESI) formed

between enzyme, substrate, and THA is inactive. Nonlinear

inhibition of hydrolysis, as observed upon peripheral site ligand

inhibition by uncharged substrates such as 7AMC, signifies

that high concentrations of inhibitor do not drive the reaction

velocity to zero (19). This case is apparent by curvature in the

slope and y-intercept replots and is obtained when f3 > 0,

indicating that both ES and ES! remain productive and con-
tinue to undergo covalent reaction. Nonlinear inhibition rep-

resents a distinguishing feature of peripheral site occupation
on covalent reactivity of AchE, in that peripheral site occupa-

tion blocks acylation by cationic but not uncharged acetyl ester
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substrates. Because ligands selective for the peripheral anionic

site display nonlinear inhibition of uncharged substrates, the

observation of linear inhibition of 7AMC by THA is inconsist-

ent with peripheral site occupation.

Finally, noncompetitive inhibition can arise through a mech-

anism in which a cascade of kinetic intermediates is formed
during hydrolysis of acetyl esters (scheme II). In this mecha-
nism, as described by Krupka and Laidler (23), the enzyme-

substrate complex (ES) undergoes covalent reaction to form a

transient acyl intermediate (ES’), which reacts with water to

form acetate and free enzyme. The rate constants k2 and k:�

denote the rates of acylation and deacylation, respectively.
Apparent noncompetitive inhibition can arise when I binds
with a reaction intermediate, such as the acyl intermediate,

ES’, and alters the velocity of the rate-determining step.

K5 k2 k3
E+S � ES ) ES’ � E+P

SCHEME II

For AcSch�, k3 � k2, and the rate-limiting step is deacylation

(24). In this case, the essentially noncompetitive inhibition of

AcSch� by THA can be attributed to inhibitor association with
the acetyl-enzyme, ES’. For 7AMC, in contrast, k2 < k3, and

the rate-limiting step is acylation (19). The observation of
competitive inhibition of 7AMC hydrolysis is consistent with

k2 < k3, with the consequence that inhibitor association with
the acetyl-enzyme, because it occurs after the rate-determining

step, is kinetically silent. The competitive inhibition of M7C
hydrolysis by THA substantiates the mutually exclusive inter-

action between substrate and ligand. For hydrolysis of M7C,

decarbamylation is slow, in comparison with the rate of car-

bamylation, and the pattern of inhibition reflects the initial
interaction of E and I during the acyl-transfer step before

formation of the covalent carbamyl-enzyme intermediate. Non-

competitive inhibition of AchE hydrolysis of AcSch�, taken

with the competitive inhibition of 7AMC and M7C hydrolysis,
implicates mutually exclusive interactions between E and I and

S and, therefore, direct interaction between THA and substrate
at the active center. The net effect of THA association on

hydrolysis of AcSch� is the slowing of deacylation, k3. The
slowing of deacylation during hydrolysis of 7AMC is not ob-

served, because THA association is apparent only during the
initial substrate-binding step.
Taken together, the kinetic and equilibrium indices uniformly

indicate that THA associates at the active center of AchE and
that the noncompetitive component of inhibition reflects ligand

association with kinetic intermediates rather than association
at the peripheral anionic site. This conclusion is in accord with

intuition derived from structure-activity relationships. THA is

structurally related to NMA, a well studied active center-
selective cation (25, 26). It is of interest that the affinities of

AchE and BuchE for THA are 10-fold higher than those for

association with NMA. Whereas NMA possesses a hard cati-

onic charge that is independent of the ionic milieu, THA
possesses two potential proton-accepting moieties. THA likely

exists with protonation at the more basic endocyclic nitrogen
moiety. NMA shares with THA the capacity to block irrevers-
ible inactivation of AchE by organophosphorus agents (19, 22).
Therefore, THA, as concluded for NMA, likely binds in close

proximity to the nucleophilic residue, Ser-200. Kinetics of

irreversible inhibition of an extended series of structurally

related methylphosphonothioates indicate that the active cen-

ter contains, in addition to an anionic site, an additional region

that accommodates hydrophobic alkyl moieties (27). In this

respect, it is not unreasonable that THA and NMA association

proximal to Ser-200 can occur through association either within

the anionic site or within the n-alkyl binding region. Although

the data do not distinguish between these possibilities, it is

noteworthy that aromatic ligands behave differently than n-

alkyl bis- and monoquaternary cations in their blockade of

irreversible inhibition by organophosphonates and their asso-

ciation at physically distinct regions within the active center

(13, 19).

BuchE from human plasma and AchE from Torpedo show

considerable amino acid sequence homology that includes the

active center region containing the nucleophilic serine residue

(28-30). Decidium association with BuchE appears to occur
within the catalytic center of BuchE, compatible with the

presence of an anionic site. The mutually exclusive relationship

between association of THA and decidium is suggestive of an

active center locus for THA association with BuchE. As seen

through examination of point mutations of cDNA sequences of

BuchE from brain neuroblastomas and glioblastomas (31), the

presence of a distinct residue, Asp-70, appears to be important

in promoting cation association of active center-selective li-

gands. The remarkable similarity in behavior of BuchE and

AchE with respect to ligand association and the capacity for

noncompetitive inhibition suggests operation of similar kinetic

mechanisms underlying hydrolysis of acyl choline esters.

Finally, AchE appears in muscle and neuron as physically

distinct molecular forms characterized as either globular or

asymmetric species (32, 33). Examination of brain tissue from

Alzheimer’s patients reveals measurable reductions in the glob-

ular, largely intracellular, forms of AchE, and increases of

>300% in the asymmetric species (3), a family of elongated,

collagen-tailed forms destined for secretion into the extracel-

lular matrix. Although the overall amounts of AchE appear to

undergo reduction, it is of interest that the increased amounts

of AchE occur among distinct species that, by virtue of their

extracellular localization, are thought to subserve hydrolysis of

Ach�. The rationale underlying utilization of THA in treatment
of Alzheimer’s disease is based on the intuition that inhibition

of AchE results in reduced rates of removal of Ach� from the

synaptic cleft, thereby increasing the probability for effective

encounter between neurotransmitter and the reduced numbers
of muscarinic receptors. The high affinity characterizing asso-

ciation of THA and AchE might be anticipated to promote
selective inhibition of the increased amounts of extracellular

AchE. Such selectivity would be of particular importance in
view ofemerging evidence that concentrations ofTHA (>1 �zM)

substantially greater than those required for inhibition of AchE

exhibit a multiplicity of activities, including blockade of K4

channels (34-36), muscarinic receptors (37, 38), and high affin-

ity choline uptake (39).
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