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ABSTRACT: Studies of ligand binding to acetylcholinesterase (AChE) have demonstrated two sites of
interaction. An acyl-enzyme intermediate is formed at the acylation site, and catalytic activity can be
inhibited by ligand binding to a peripheral site. The three-dimensional structures of AChE-ligand complexes
reveal a narrow and deep active site gorge and indicate that ligands specific for the acylation site at the
base of the gorge must first traverse the peripheral site near the gorge entrance. In recent studies attempting
to clarify the role of the peripheral site in the catalytic pathway for AChE, we showed that ligands which
bind specifically to the peripheral site can slow the rates at which other ligands enter and exit the acylation
site, a feature we called steric blockade [Szegletes, T., Mallender, W. D., and Rosenberry, T. L. (1998)
Biochemistry 37, 4206-4216]. We also demonstrated that cationic substrates can form a low-affinity
complex at the peripheral site that accelerates catalytic hydrolysis at low substrate concentrations but
results in substrate inhibition at high concentrations because of steric blockade of product release [Szegletes,
T., Mallender, W. D., Thomas, P. J., and Rosenberry, T. L. (1999)Biochemistry 38, 122-133]. In this
report, we demonstrate that a key residue in the human AChE peripheral site with which the substrate
acetylthiocholine interacts is D74. We extend our kinetic model to evaluate the substrate affinity for the
peripheral site, indicated by the equilibrium dissociation constantKS, from the dependence of the substrate
hydrolysis rate on substrate concentration. For human AChE, aKS of 1.9 ( 0.7 mM obtained by fitting
this substrate inhibition curve agreed with aKS of 1.3( 1.0 mM measured directly from acetylthiocholine
inhibition of the binding of the neurotoxin fasciculin to the peripheral site. ForTorpedoAChE, aKS of
0.5 ( 0.2 mM obtained from substrate inhibition agreed with aKS of 0.4 ( 0.2 mM measured with
fasciculin. Introduction of the D72G mutation (corresponding to D74G in human AChE) increased theKS

to 4-10 mM in theTorpedoenzyme and to about 33 mM in the human enzyme. While the turnover
numberkcat was unchanged in the human D74G mutant, the roughly 20-fold decrease in acetylthiocholine
affinity for the peripheral site in D74G resulted in a corresponding decrease inkcat/Kapp, the second-order
hydrolysis rate constant, in the mutant. In addition, we show that D74 is important in conveying to the
acylation site an inhibitory conformational effect induced by the binding of fasciculin to the peripheral
site. This inhibitory effect, measured by the relative decrease in the first-order phosphorylation rate constant
kOP for the neutral organophosphate 7-[(methylethoxyphosphonyl)oxy]-4-methylcoumarin (EMPC) that
resulted from fasciculin binding, decreased from 0.002 in wild-type human AChE to 0.24 in the D74G
mutant.

The primary physiological role acetylcholinesterase (AChE)1

is to hydrolyze the neurotransmitter acetylcholine at cholin-
ergic synapses (1). AChE is one of the most efficient
enzymes known (2), and recent studies have focused on the
structural basis of its high catalytic efficiency. Ligand binding
studies (3) and X-ray crystallography (4) revealed a narrow

active site gorge some 20 Å deep with two separate ligand
binding sites. The acylation site at the bottom of the gorge
contains residues involved in a catalytic triad (H440, E327,
and S200)2 and W84, which binds to the trimethylammonium
group of acetylcholine. The peripheral site at the mouth of
the gorge includes, among others, residue W279. AChE, like
other members of theR/â-hydrolase family, contains an
ω-loop with boundaries set by a disulfide bond (C67-C94)
(5, 6). Residues from Y70 through W84 in this loop extend
along one side of the gorge from the peripheral site to the
acylation site. This segment includes residue D72, which is
positioned near a constriction at the boundary between the
peripheral site and the acylation site.
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linesterase fromTorpedo californica; BChE, butyrylcholinesterase;
DTNB, 5,5′-dithiobis(2-nitrobenzoic acid); OP, organophosphate; EMPC,
7-[(methylethoxyphosphonyl)oxy]-4-methylcoumarin; DEPQ, 7-[(di-
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In a series of recent publications, we have focused on
clarifying the role of the peripheral site in the catalytic
pathway for AChE (7-9). The three-dimensional structure
indicates that ligands specific for the acylation site must first
pass through the peripheral site on their way to the acylation
site. Other cationic ligands, including the phenanthridium
derivative propidium and the fasciculins, a family of nearly
identical snake venom neurotoxins, are specific for the peri-
pheral site and do not proceed further. Cationic substrates
such as the acetylcholine analogue acetylthiocholine partially
competed with fasciculin for binding to the peripheral site
(8). This discovery revealed that acetylthiocholine had a
modest affinity for the peripheral site, and further kinetic
analysis indicated that the binding of acetylthiocholine to
the peripheral site accelerated hydrolysis rates at low sub-
strate concentrations. The acceleration is probably the most
important contribution of the peripheral site to the catalytic
process. Additional information about the peripheral site was
obtained by studying the formation of ternary complexes with
AChE. Such complexes, involving the binding of different
ligands to the acylation and peripheral sites, exhibited little
thermodynamic interaction between the bound ligands (3).
However, the binding of small cationic ligands such as pro-
pidium to the peripheral site slowed the rate constants for
ligand entry into and exit from the acylation site by factors
of up to 400 (7). We termed this effect steric blockade and
demonstrated that it was responsible for pronounced pro-
pidium inhibition when substrate hydrolysis is near diffusion-
controlled. Steric blockade also was shown to be involved
in the phenomenon of substrate inhibition (10), a decrease
in hydrolysis rates at high substrate concentrations. Our
analysis revealed that substrate inhibition occurs because the
binding of acetylthiocholine in the peripheral site also slows
the rate of dissociation of product thiocholine from the acyla-
tion site, making it rate-limiting at high substrate concentra-
tions (8). Steric blockade by a peripheral site ligand is pre-
icted to result in little inhibition of substrates, like organo-
phosphates, that equilibrate with the acylation site before
reacting, and experimental data confirmed this point (9).

In this report, we examine the location of acetylthiocholine
binding in the AChE peripheral site. A clue to this location
was provided when acetylthiocholine was observed to only
partially compete with fasciculin for binding to the peripheral
site (8). This finding was unexpected, since propidium ap-
pears to be completely competitive with both fasciculin (11)
and acetylthiocholine (8) at the peripheral site, and crystal
structures of the fasciculin-AChE complex show direct fas-
ciculin contacts with W279 and most other residues in the
peripheral site (12, 13). However, the crystal structures also
showed that D72 was a little too deep in the gorge to make
direct contact with fasciculin, and it appears possible that
acetylthiocholine could bind near D72and still allow a nearly
normal fasciculin association reaction with the remainder of
the peripheral site. Furthermore, site-directed mutagenesis
has identified D72 as an important residue in the catalytic
pathway. The mouse and human D74N2 AChE mutants
showed significant reductions in bothkcat/Kapp for acetylth-
iocholine (14, 15) and the second-order phosphorylation rate
constantkOP/KOP for cationic organophosphates (16) relative
to those of wild-type AChE, and substrate inhibition was
nearly abolished in this mouse mutant (14). D70G2 is a
naturally occurring mutation in human butyrylcholinesterase

(BChE), a close relative of AChE, that results in large
increases inKapp for butyrylthiocholine and succinyldithio-
choline relative to that of wild-type BChE (17). Individuals
with this BChE mutation have severe difficulty in metaboliz-
ing the muscle relaxant succinyldicholine (18, 19).

To examine the possibility that acetylthiocholine binds near
D72, we constructed the human D74G mutant and assessed
its ability to bind acetylthiocholine at the peripheral site both
from the substrate inhibition profile and with the fasciculin
competition assay. Similar analyses were carried out with
wild-typeTorpedoAChE and its D72G mutant to assess the
importance of D72 in acetylthiocholine binding at the peri-
pheral site in AChE from another species. We also measured
the effects of bound fasciculin on the organophosphorylation
of human D74G. Fasciculin is the only peripheral site ligand
identified to date that inhibits reactions at the acylation site
by a mechanism in addition to steric blockade or simple steric
overlap in the ternary complex. This mechanism, which
appears to involve a conformational change in the acylation
site, is best revealed by determination of the organophos-
phorylation rate constants (9), and we examined the extent
to which it is disrupted in the D74G mutant.

EXPERIMENTAL PROCEDURES

Materials. Recombinant human “wild-type” AChE was
expressed as a secreted dimeric form inDrosophilaS2 cells
in culture (9) and purified by two cycles of affinity
chromatography on acridinium resin (20). AChE from
Torpedo(type H), modified by site-directed mutagenesis as
described previously (21) and produced by transfection of
COS-7 cells with the pEF-Bos vector (22), was provided by
S. Bon and J. Massoulie´ at the Ecole Normale Supe´rieure in
Paris, France. The free cysteine (C231) was replaced by a
serine, and a stop codon was introduced at position 540, thus
deleting the GPI addition signal but retaining a C-terminal
cysteine that results in a soluble disulfide-linked dimeric
enzyme. In this study, this enzyme is denoted wild-type
TorpedoAChE and is compared to its D72G derivative.
Torpedowild-type and D72G AChEs also were purified by
affinity chromatography on acridinium resin except where
noted. Purification did not alter the fitted substrate inhibition
parameters for theTorpedoD72G enzyme (data not shown).
Fasciculin 2 was obtained from C. Cervenansky at the
Instituto de Investigaciones Biologicas, Clementa Estable,
Montevideo, Uruguay (11), while fasciculin 3 was obtained
from P. Marchot at the Laboratoire de Biochimie, Faculte´
de Médicine, Universite´ d'Aix-Marseille II, Marseille, France
(23). The concentration of purified fasciculin 2 was deter-
mined by absorbance (ε276 ) 4900 M-1 cm-1; 24), while
the fasciculin 3 concentration was determined by titration
with a known amount of human erythrocyte AChE as
described in ref11. DEPQ and EMPC were synthesized as
previously described (9). Propidium iodide was purchased
from Calbiochem.

Mutagenesis of Recombinant Human AChE.The secreted
dimeric form of human AChE with a truncation sequence,
including a stop codon inserted just downstream from the
exon 4-5 boundary, was used as a template for mutagenesis
(9). D74G AChE was constructed using the Alter Sites IIin
Vitro Mutagenesis System (Promega Corp., Madison, WI).
Briefly, the gene cassette encoding human AChE was cloned
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from theDrosophilaexpression vector pPac into the cloning
and mutagenesis vector pALTER to make pALThuman. DNA
was transformed into JM109Escherichia coli cells for
preparation of phagemid ssDNA using R408 helper phage.
dsDNA was synthesizedin Vitro using the AChE vector
ssDNA template, DNA polymerase, DNA ligase, and three
site-specific oligonucleotides. The first two oligonucleotides
(provided in the Altered Sites II kit) were annealed with
antibiotic resistance genes on the pALThumanplasmid, switch-
ing the antibiotic resistance encoded on the synthesized DNA
strand and allowing for selection ofE. coli with mutant
plasmids. The third oligonucleotide (synthesized by the Mayo
Clinic Rochester Molecular Biology Core Facility) was
annealed with AChE DNA corresponding to amino acid
residues67-76 to introduce the D74G mutation (GACf
GGC). The mutagenic oligonucleotide also contained a silent
mutation that removed a Van91I restriction endonuclease site
as a marker to confirm the presence of the mutation. The
pool of mutant and wild-type dsDNA was transformed into
ES 1301 mutSE. coli, and cultures were grown in liquid
media with the appropriate antibiotic for mutant DNA
selection. Plasmid DNA was prepared from these cultures
and propagated in JM109E. coli. Mutant plasmids from
JM109 colonies were identified (after further antibiotic
selection) by Van91I endonuclease digestion of purified
DNA. The D74G AChE sequence was confirmed by DNA
sequencing carried out at the Mayo Clinic Rochester Mo-
lecular Biology Core Facility. The modified human AChE
D74G cassette was returned to the pPac vector for transfec-
tion into and expression fromDrosophilaS2 cells in tissue
culture (9). D74G AChE was purified from culture medium
by two cycles of affinity chromatography on acridinium resin
(20). The affinity chromatography procedure was modified
in that NaCl concentrations used during the washing steps
did not exceed 100 mM and the Triton X-100 level was
reduced to 0.02% to prevent excess stripping of bound
protein off the column. Purified recombinant AChE samples
analyzed by SDS-PAGE (25) showed no contaminants.

Steady-State Measurements of AChE-Catalyzed Substrate
Hydrolysis. Hydrolysis of acetylthiocholine was monitored
with a spectrophotometric Ellman assay (26). Assay solutions
included 0.33 mM DTNB, and hydrolysis was monitored
by formation of the thiolate dianion of DTNB at 412 nm
[∆ε412 ) 14.15 mM-1 cm-1 (27)]. Hydrolysis ratesV were
measured at various substrate (S) concentrations in 20 mM
sodium phosphate and 0.02% Triton X-100 (pH 7.0) at 25
°C, and the constant ionic strength was maintained with
0-100 mM NaCl (8). The dependence ofV on S concentra-
tion was fitted to eq 1, the Haldane equation for substrate
inhibition (28), by weighted nonlinear regression analysis
(assuming constant percent error inV) with Fig.P (BioSoft,
version 6.0). In eq 1,Vmax ) kcat[E]tot, where kcat is the

maximal substrate turnover rate, [E]tot is the total concentra-
tion of AChE active sites,KSS is the substrate inhibition

constant, andKapp is the apparent Michaelis constant. Active
site concentrations were determined fromVmax/kcat, andkcat

was established in titrations with DEPQ monitored by
fluorometric or inactivation assays (9). Measurements ofkcat

at pH 7.0 for human erythrocyte AChE [(5.78( 0.38) ×
103 s-1, n ) 3], wild-type recombinant human AChE [(6.61
( 0.32)× 103 s-1, n ) 3], and D74G human AChE [(6.53
( 0.27)× 103 s-1, n ) 3] were not significantly different,
and a meankcat value of 6.3× 103 s-1 was assumed. This
value agrees with a previously assignedkcat of 7 × 103 s-1

at pH 8.0 (8) and a pKa of 6.3 for kcat (20). Determinations
of kcat at pH 7.0 for wild-type recombinantTorpedoAChE
[(4.18( 0.20)× 103 s-1, n ) 3] and D72G TorpedoAChE
[(5.33( 0.17)× 103 s-1, n ) 3] also were averaged to give
a meankcat value of 4.8× 103 s-1.

Determination of Rate Constants in Scheme 3. We have
recently presented substantial evidence which shows that
catalysis of acetylthiocholine hydrolysis by human AChE
proceeds according to Scheme 3 in the Results (8). To
estimate key rate constants in Scheme 3, we solved the
corresponding steady-state rate equations numerically with
the program SCoP (version 3.51) (7, 8). This solution avoids
equilibrium assumptions and allows examination of Scheme
3 in the context of our steric blockade model, which
postulates thatk-P2 < k-P anda ) b ) 1. To allow the fitting
of rate constants from data, our current treatment also
simplifies Schemes 2 and 3 from their more general format
(see ref 8) by postulating that product P bound to the
acylation site does not alter the rate constant for deacetyla-
tion, that rate constants for P dissociation from the acetylated
enzyme are identical to those from free enzyme, and that
peripheral site binding is unaffected by the binding of ligands
to the acylation site. These assumptions still leave eight rate
constants in Scheme 3 to be assigned or determined. On the
basis of previous experimental data, we assignedk2 ) k3 (7,
29) andk-P2/k-P ) 0.01 (7, 8). Additional constraints placed
upon the remaining parameters are given by the following
three equations. The second-order substrate hydrolysis rate
constantkcat/Kapp for Schemes 2 and 3 is given by eq 2.

An adjustable constantB is defined in eq 3 to set the ratio
of kS equal tokcat/Kapp.

Another adjustable constantR/RS is defined in eq 4.

To solve for the parameters in Scheme 3,kcat was set to the

(1)

(2)

(3)

(4)
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human orTorpedoAChE value determined above andKapp

and [E]tot were obtained by an initial fit of data to eq 1.
Values ofB andR/RS were assigned, and the dependence of
V on [S] was then fitted in the SCoP program for the three
remaining parameters in Scheme 3:KS ) k-S/kS, k-P, and
k2. The three other rate constants (k1, k-1, and k-S) were
calculated iteratively from eqs 2-4 during the fitting of these
parameters.

The constantsB and R/RS were defined for the fitting
procedure outlined here because they are constrained within
a narrow range of values (8). According to eq 2,B g 1.
WhenB = 1, kcat/Kapp = kS and the second-order reaction is
diffusion-controlled (i.e.,k-S/k1 = 0). For acetylthiocholine,
the relatively high value ofkcat/Kapp (>108 M-1 s-1; see ref
8) and its viscosity dependence (30) argue thatB is close to
1, and it is very unlikely to exceed 10. According to eq 4, 1
e R/RS e 2.5. This range places no restriction on the value
of k2/k-1, but via assignment ofB and R/RS, the value of
k2/k-1 is set by eq 4 and that ofk-S/k1 by eqs 2 and 3.R and
RS are introduced because they represent observed solvent
deuterium oxide isotope effects for AChE. Ifk2 andkS are
the only intrinsic rate constants in eq 2 that are altered when
H2O is replaced with D2O, andR, RS, andR2 are defined as
the respective ratios ofkcat/Kapp, kS, andk2 in H2O to that in
D2O, thenR/RS is given by eq 4 whenR2 is assigned a typical
value of 2.5 (8). For all data fitting here,B was estimated to
be 1.2 andR/RS was set at the observed value of 1.1 (8).
However, varying these constants over their entire range (1
e B e 10 and 1e R/RS e 2.5), while producing large
changes in calculatedk2/k-1, resulted in no more than 40%
changes in the fitted parametersKS, k-P, and k2 for wild-
type AChE.3 Depending on the initial values of these three
parameters, simultaneous fitting of wild-type AChE activities
as in Figure 1A converged on one of two alternative
solutions. The solution wherek-P > k2 was selected,
consistent with previous estimates ofk-P (8).

Slow Equilibration of Fasciculin in the Presence of
Peripheral Site Inhibitors.Apparent association rate constants
kon for fasciculin binding to the AChE peripheral site were
measured by a procedure used previously (8, 11). In brief,
stock solutions of fasciculin 2 (140µM) and fasciculin 3
(20 nM) were prepared in buffer [20 mM sodium phosphate
and 0.02% Triton X-100 (pH 7.0)] and contained 0.1%
bovine serum albumin (11). Association reactions (0.1 mL
for fasciculin 3 and 1-2 mL for fasciculin 2) were initiated
by adding small volumes of AChE and acetylthiocholine to
final concentrations of 0.1-1.8 nM fasciculin 2 (Torpedo
AChE) or 1-5 nM fasciculin 3 (human AChE) and 0.1-30
mM acetylthiocholine. The reaction mixtures also included
0.1 mM DTNB and NaCl (with a NaCl concentration of 60
mM - [S]) in buffer at 25 °C. Fasciculin binding was
assessed under approximate first-order conditions in which
the fasciculin concentration was at least 7 times higher than
the concentration of AChE and acetylthiocholine was not
significantly depleted (<20%). Acetylthiocholine hydrolysis

ratesV determined over 2 s intervals were fitted by nonlinear
regression analysis (BioSoft Fig.P) to eq 5.

In eq 5,Vinitial andVfinal are the calculated values ofV at time
zero and at the final steady state when fasciculin binding
has reached equilibrium, respectively, andk is the observed
first-order rate constant for the approach to the final steady
state. Each series of binding measurements included reactions
at a fixed acetylthiocholine (S) concentration and four to ten
fasciculin concentrations [F]. The observedk for each
reaction was given by eq 6, andkon, the apparent association
rate constant, was determined by linear regression analysis
in which k values were weighted by the reciprocal of their
variance.

If ligand binding to the peripheral site is unaffected by the
presence of ligands or an acyl group at the acylation site,
then only two sets of enzyme species in Scheme 3 below
need be considered,ΣE[SP] andΣE (8). These are the sums
of the concentrations of all enzyme species in which S or
nothing, respectively, is bound to the peripheral site. As-
suming that fasciculin reacts with species inΣE with an
intrinsic association rate constantkF and with species in
ΣE[SP] with an intrinsic association rate constantkFP, kon is
given by eq 7, whereKS is the equilibrium dissociation
constant for S at the peripheral site (8).

To obtain estimates ofKS, values ofkon obtained at each S
concentration were fitted to eq 7 by nonlinear regression
analysis (BioSoft Fig.P) in whichkon values were weighted
by the reciprocal of their variance.

Phosphorylation of Human D74G AChE by Fluorogenic
OPs. Reaction of recombinant human D74G AChE with
EMPC or DEPQ was monitored by the appearance of their
fluorescent leaving groups by stopped flow fluorometry as
described previously for wild-type human AChEs (9). We
have shown that direct fluorescence monitoring of the leaving
group during phosphorylation avoids misinterpretations of
fasciculin inhibition that arise when phosphorylation is
assessed by enzyme inactivation (9). The misinterpretation
resulted from a small population of AChE that was resistant
to normal fasciculin inhibition and dominated the enzyme
activity during OP inactivation measurements in the presence
of fasciculin. Measurements of inactivation of the D74G
mutant by EMPC and DEPQ in the absence of fasciculin
again indicated more than one population of enzyme.
Stoichiometric titration of the D74G stock with DEPQ in
the presence of fasciculin (9) indicated that less than 10%
corresponded to the fasciculin-resistant population (data not
shown).

Fluorogenic phosphorylation reactions were conducted in
20 mM sodium phosphate and 0.02% Triton X-100 at 23

3 Values ofB andR/RS have a greater effect on the fitted parameters
when little substrate inhibition is observed. Whenk2 was fixed for the
human D74G data sets in Table 1, fitted values ofKS andk-P remained
within a factor of 2 of those shown over most of the range ofB and
R/RS values. However, in certain narrow ranges (e.g., 1.00< R/RS <
1.02 and 1.3< B < 1.8, or 2< R/RS and 4< B < 8), fitted values of
KS andk-P differed by up to a factor of 10.

(5)

(6)

(7)
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°C (pH 8.0 for EMPC and pH 7.0 for DEPQ). The release
of product from each OP occurred in two phases, a large
rapid phase and a small slower phase, and was fitted to an
equation with two exponential terms (9). Some reactions
included the peripheral site inhibitors propidium (150µM)
or fasciculin 2 (10µM). A two-exponential fit also was
required with DEPQ in the presence of propidium. Additional
precautions were taken with fasciculin (9). The rate constants
k for the rapid phase were analyzed according to Scheme 1.

In this scheme, OPX is the intact OP with leaving group X,
EOPX is the initial complex of the OP with AChE,
characterized by the equilibrium dissociation constantKO

which equalsk-O/kO (9) and EOP is the phosphorylated
enzyme. The ligand I can bind to the peripheral site in each
of the enzyme species (as denoted by the subscript P). OPs
were assumed to equilibrate with the AChE acylation site
even when inhibitors were bound to the peripheral site, and
the dephosphorylation rate constantk3 was assumed to be
negligible. The dependence ofk on the OP concentration
was analyzed by weighted nonlinear regression analysis
(assuming constant percent error ink) according to eq 8 to
give kOP andkOP/KOP, the respective first- and second-order
rate constants of phosphorylation, respectively.

In the absence of I,kOP ) k2 andKOP ) KO. In the presence
of I, the relative intrinsic first-order rate constanta for
phosphorylation in Scheme 1 was calculated fromkOP, KOP,
and the competitive inhibition constantKI for the inhibitor
as outlined previously (9). Values ofKI were obtained in
the pH 7.0 buffer with acetylthiocholine as the substrate. The
KI for propidium was calculated from the slopes of 1/V versus
1/[S] plots over a range of fixed concentrations of inhibitor,
while theKI for fasciculin 2 was estimated from relativeV
measurements in the presence and absence of inhibitor at
low S concentrations (7).

RESULTS

A Mechanistic Model for Substrate Inhibition of AChE.
Traditional catalytic pathways for AChE propose the binding
of an ester substrate S to the acylation site to form anES
complex, followed by formation of the acylated enzyme
intermediateEA and deacylation to regenerate the free
enzymeE. We recently obtained evidence that the catalytic
pathway for AChE should be extended by making explicit
two new classes of intermediates (8). One class includes
enzyme species with the initial product of hydrolysis, the
alcohol leaving group P (e.g., thiocholine), still bound to the

acylation site. These intermediates are denotedEAP andEP
in Scheme 2.

The second includes intermediates in which S is bound to
the AChE peripheral site, indicated by the subscript P as in
ESP in Scheme 2. The substrate initially binds inESP and
then slides into the acylation site to giveES. Previous
schemes that ignore intermediates such asEAP andEP can
sometimes be justified. For example, with acetylthiocholine,
the product dissociation rate constantk-P is estimated to be
nearly an order of magnitude greater than the acylation rate
constantk2 or deacylation rate constantk3, and explicit
inclusion ofEAP, EP, andk-P changes calculated values of
kcat by less than 1% (8). According to Scheme 2, a plot of
the substrate hydrolysis ratesV against the substrate con-
centration [S] should fit the familiar Michaelis-Menten
expression. However, AChE shows substrate inhibition and
thus requires a model in which a second molecule of substrate
interacts with at least one of the intermediates in Scheme 2.
Our recent evidence supports Scheme 3 (8).

In this scheme, the second molecule of substrate can bind
to the peripheral site in theES,EA, EAP, andEP intermedi-
ates in Scheme 2 with an association rate constantkS and a
dissociation rate constantk-S. In theory, substrate inhibition
could arise from inhibition of acylation (a < 1) or of
deacylation (b < 1) when S binds to the peripheral site, but
there is no evidence that the binding of a small ligand like
acetylthiocholine to the peripheral site can inhibit these steps.
However, it has been directly shown that the binding of the
small peripheral site ligands propidium or gallamine de-
creases the association and dissociation rate constants for
ligand binding to the acylation site by factors of 10-400
(7). Substrate binding to the peripheral site then would be
expected to slow the rate constant for product dissociation
(k-P2 < k-P) in Scheme 3. Ifk-P2 falls within the range of
k2 andk3, thenEPSP can accumulate at high substrate con-
centrations and result in substrate inhibition. We recently

Scheme 1

(8)

Scheme 2

Scheme 3
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examined whether this scheme could account quantitatively
for substrate inhibition profiles with human erythrocyte
AChE by measuring the affinity of S for the peripheral site
in a fasciculin competition assay (8; see Figure 1B below).
The value ofKS ()k-S/kS) obtained for acetylthiocholine was
about 1 mM. This value was then combined with our steric
blockade model of Scheme 3, which postulates thatk-P2 <
k-P but that a ) b ) 1, to construct a nonequilibrium
simulation of the substrate inhibition profile that was in
excellent agreement with the observed profile (8).

Estimation of the Acetylthiocholine Affinity for the AChE
Peripheral Site Directly from the Substrate Inhibition Profile.
While our previous work demonstrated that experimental
estimates of some of the remaining rate constants allowed
reasonable simulation of substrate inhibition plots, our goal
here was to actually fit the two key kinetic parameters in
Scheme 3,KS and k-P, with substrate inhibition data. To
achieve this, we reduced the 11 rate constant variables in
Scheme 3 to three that could be fitted, as outlined in
Experimental Procedures. Briefly, the assumptions in our
steric blockade model together with previous data from
inhibition of substrate hydrolysis by bound peripheral site
ligands (7) decreased the number of variables to the seven
rate constants in Scheme 2. Assigningk3 ) k2 (29) and
invoking eqs 2-4 further reduced the system to three fitted
parameters (KS, k-P, andk2). The profile ofV versus [S] for
acetylthiocholine with recombinant wild-type human AChE
exhibited the bell shape that is the hallmark of pronounced
substrate inhibition, and this profile was fitted precisely by
the procedure (Figure 1A). Fitted values ofKS (1.9 ( 0.7
mM) and k-P [(6 ( 1) × 104 s-1] averaged from this
experiment and two others (Table 1) agreed to within 40%
of the corresponding values assigned previously to simulate
substrate inhibition for human erythrocyte AChE (8).

We selectedKS andk-P as parameters to be fitted because
they can be compared to independent experimentally pre-
dicted values. The predictedk-P was calculated indirectly
from the relationshipk-P ) KPkP, whereKP is the measured
equilibrium dissociation constant for thiocholine inhibition
of AChE and the association rate constantkP for thiocholine
is assumed to be the same askS for acetylthiocholine. Its
calculated value (1.3× 105 s-1) agreed with the simulated
k-P value (8) and the fittedk-P value determined here. To
obtain the predictedKS for acetylthiocholine, we employed
the fasciculin competition assay in Figure 1B. In this assay,
the substrate affinity for the peripheral site is determined
from the effect of substrate concentration on the rate of
equilibration of fasciculin at the peripheral site. The associa-

tion of fasciculin with the AChE peripheral site was
monitored as a decrease in AChE activity toward acetylth-
iocholine (8). The apparent fasciculin association rate
constantskon then were calculated from the rate constants
for this activity decrease as a function of the fasciculin
concentration, and finally, the dependence ofkon on the
acetylthiocholine concentration was fitted to eq 7 to obtain
KS. The assay requires a sufficiently low dissociation rate
constantk-F for the fasciculin-AChE complex to allow
measurement of the initial rate constants for fasciculin
association, and our preliminary observations indicated that
k-F for fasciculin 2 with human D74G was too high to allow
these measurements. Therefore, we turned to fasciculin 3,
which was reported to have aKd nearly 100-fold smaller
than that of fasciculin 2 with rat brain AChE (23) and which
did allow kon determinations with the human D74G. As
observed previously for fasciculin 2 and human erythrocyte
AChE (8), acetylthiocholine only partially blocked the
association of fasciculin 3 with recombinant wild-type human
AChE (Figure 1B). At high saturating concentrations of
acetylthiocholine,kon decreased to about 50% of its extrapo-
lated value in the absence of acetylthiocholine. Fitting the
kon values for fasciculin 3 at various concentrations of
acetylthiocholine to eq 7 gave aKS of 1.3 ( 1.0 mM. The
precision of the individualkon points made it difficult to
decrease the error of this estimate, but thisKS value agreed
well with that obtained from the substrate inhibition data
(Table 1).

Human AChE Residue D74 Is Important in the Binding
of Acetylthiocholine to the Peripheral Site of AChE.The
quantitative agreement between theKS measured by fasci-
culin competition and that obtained by fitting the substrate
inhibition profile provided reassuring support for our model
in Scheme 3 and its application to wild-type human AChE.
We next investigated whether such agreement would extend
to the human D74G mutant. The rationale outlined in the
introductory section for focusing on this mutant is that D74
may be the key residue in defining peripheral site binding
of acetylthiocholine. If this idea is correct,KS should increase
dramatically in D74G mutants. With the human D74G
enzyme in Figure 1A, the extent of substrate inhibition in
fact was decreased to such an extent that the three-parameter
fit in SCoP was unreliable and sometimes failed to converge
with the relationk2 < k-P. Therefore,k2 was fixed to the
value in Table 1 obtained for the wild-type human AChE,
and onlyKS andk-P were fitted. The assumption thatk2 is
the same for human wild-type and D74G AChEs was
supported by our observation that these AChEs have the same

Table 1: Comparison ofKS Values Obtained from Substrate Inhibition Curves and from Fasciculin Competitiona

rate constants from substrate inhibition

AChE n KS (mM) k-P (s-1) k2 (s-1) KS from fasciculin competition (mM)

human wild type 3 1.9( 0.7b (6 ( 1) × 104 b (1.28( 0.02)× 104 1.3( 1.0
human D74G 3 33( 8c (9 ( 3) × 104 c 1.28× 104 d -
Torpedowild type 2 0.51( 0.16 (16( 3) × 104 (0.97( 0.01)× 104 0.40( 0.21
TorpedoD72G 3 10( 1b (4 ( 0.3)× 104 0.97× 104 d 4 ( 2
a Rate constants from substrate inhibition were the means ofn measurements obtained by data fitting with the SCoP program and eqs 2-4.

Estimates ofKS from fasciculin competition were obtained with eq 7 as shown in Figures 1B and 2B.b The mean includes one experiment in which
the sum of [NaCl] and [S] was 40 mM. TheKS obtained from this experiment was normalized to 60 mM prior to calculating the mean by assuming
that ionic strength affected onlykS (31) and thatkS was inversely proportional toKapp (eq 3).c The mean includes experiments in which the sum
of [NaCl] and [S] was fixed at 40, 60, or 100 mM.KS values obtained from the experiments at 40 and 100 mM were normalized to 60 mM prior
to calculating the mean as in footnote b.d For the fitting ofKS andk-P, this k2 was fixed at thek2 value observed for the wild-type AChE.
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kcat value (see Experimental Procedures), andk2 is a major
contributor tokcat. Average fitted values ofKS (33 ( 8 mM)
andk-P [(9 ( 3) × 104 s-1] were obtained from the human
D74G data in Figure 1B and two additional experiments at
slightly different ionic strengths (Table 1). Ionic strength had
no effect onk-P, which was nearly unchanged from the value
for wild-type AChE. In contrast,KS increased about 20-fold
with the D74G mutant, and the change in this parameter
alone was sufficient to nearly abolish substrate inhibition.
Of particular importance, this increase inKS was supported
by the fasciculin 3 competition data for the human D74G
mutant in Figure 1B. Values ofkon did not differ significantly
as the acetylthiocholine concentration ranged from 0.1 to 30
mM, and the data could be fitted to eq 7 by assigning a fixed
KS of 33 mM from the substrate inhibition data.

To determine whether D72 was essential for the binding
of acetylthiocholine to the peripheral site of AChE from
another species, we examined recombinantTorpedoAChEs.
Wild-type Torpedo AChE exhibited substrate inhibition
similar to that observed with wild-type human AChE (Figure
2A), and average fitted values ofKS (0.5 ( 0.2 mM) and
k-P [(16 ( 3) × 104 s-1] were obtained (Table 1). Both the
wild type and D72G AChEs fromTorpedohad sufficient
affinity for fasciculin 2 to conduct fasciculin competition
measurements. Acetylthiocholine was slightly more effective
in blocking the association of fasciculin 2 with the wild-
typeTorpedothan with the wild-type human AChE, as high

saturating concentrations of acetylthiocholine decreasedkon

to about one-third of its extrapolated value in the absence
of acetylthiocholine (Figure 2B). Fitting thekon values to eq
7 gave aKS of 0.4 ( 0.2 mM (Table 1), in agreement with
the KS obtained from substrate inhibition of wild-type
TorpedoAChE. Substrate inhibition with theTorpedoD72G
mutant was more evident than with the human D74G enzyme
(Figure 2A). As with human D74G, however, it was
necessary to fixk2 to obtain aKS of 10 ( 1 mM (Table 1).
The fasciculin 2 competition data supported this estimate.
Values ofkon with the TorpedoD72G mutant decreased at
least 3-fold as the acetylthiocholine concentration ranged
from 0.1 to 30 mM (Figure 2B), and fitting to eq 7 gave a
KS (4 ( 2 mM). The somewhat lowerKS values for the wild-
type and D72G TorpedoAChEs relative to those of the
corresponding human AChEs suggest that residues other than
D72 contribute more to the peripheral site for acetylthio-
choline in Torpedo AChE than in human AChE. For
example, residues72-75 in TorpedoAChE are DEQF, while
in human AChE they are DTLY; this sequence difference
may contribute to greater acetylthiocholine affinities in the
peripheral site of theTorpedoAChEs.

The effects of the D72G mutation that we observe on the
experimental kinetic parameters for acetylthiocholine hy-
drolysis in eq 1 are consistent with previous analyses of D72
mutants of AChE. We found no significant difference inkcat

between human wild-type and D74G AChEs and a slight
25-30% increase in thekcat for Torpedo D72G AChE
relative to that for theTorpedo wild-type enzyme (see
Experimental Procedures), in reasonable agreement with a
small 40% decrease in the reportedkcat values for mouse
and human D74N (14, 15). All studies agree thatKapp

FIGURE 1: Acetylthiocholine binding to the peripheral site of human
AChE. Reaction mixtures with varying amounts of acetylthiocholine
were supplemented with NaCl such that [S]+ [NaCl] ) 60 mM
to maintain a constant ionic strength. (A) Substrate inhibition with
acetylthiocholine. Points represent initial velocities (micromolar per
minute) measured at the indicated substrate concentrations with the
wild-type (O) or D74G (0) AChE (80 pM) as outlined in
Experimental Procedures. Lines were fitted with the SCoP program
by employing eqs 2-4. For wild-type AChE, the parametersKS,
k-P, andk2 were fitted simultaneously, while for the D74G mutant,
k2 was fixed at 1.28× 104 s-1 and KS and k-P were fitted (see
Table 1). Lines fitted with the Haldane equation (eq 1) were
virtually superimposable with those shown and gave aKapp of 76
( 2 µM and aKSS of 22 ( 1 mM for wild-type AChE and aKapp
of 1670( 60µM and aKSSof 300( 70 mM for the D74G mutant.
(B) Inhibition of fasciculin 3 binding by acetylthiocholine. As-
sociation rate constantskon for fasciculin 3 measured at the indicated
substrate concentrations with wild-type (O) or D74G (3) AChE
were determined by analysis with eqs 5 and 6 as outlined in
Experimental Procedures (data not shown). Points represent a series
of kon measurements, and lines were obtained with eq 7 by fixing
KS at the value obtained from substrate inhibition in Table 1 and
fitting kFP/kF to 0.52( 0.05 (wild type) or 0.6( 0.5 (D74G). A
line for the wild-type AChE points fitting all three constants in eq
7 corresponded closely to that shown and gave aKS of 1.3 ( 1.0
mM and akFP/kF of 0.52 ( 0.06.

FIGURE 2: Acetylthiocholine binding to the peripheral site of
TorpedoAChE. Ionic strength was maintained with up to 60 mM
NaCl as shown in Figure 1. (A) Substrate inhibition with acetylth-
iocholine. Assays were conducted as described for Figure 1A with
wild-type (O) or D72G (0) AChE (80 pM). Lines were fitted with
the SCoP program as in Figure 1A except that for the D72G mutant
k2 was fixed at 0.97× 104 s-1 (see Table 1). Lines fitted with the
Haldane equation (eq 1) were close to (wild type) or virtually
superimposable with (D72G) those shown and gave aKappof 35 (
2 µM and aKSS of 39 ( 3 mM for wild-type AChE and aKapp of
570 ( 25 µM and aKSS of 140 ( 20 mM for the D72G mutant.
(B) Inhibition of fasciculin 2 binding by acetylthiocholine. As-
sociation rate constantskon for fasciculin 2 with affinity-purified
wild-type (O) or unpurified D72G (3) AChE were determined as
described for Figure 1B (data not shown). Lines were obtained as
in Figure 1B withkFP/kF fitted to 0.33( 0.04 (wild type) or 0.15
( 0.05 (D72G). Lines fitting all three constants in eq 7 cor-
responded closely to those shown and gave aKS of 0.40 ( 0.21
mM and akFP/kF of 0.32( 0.05 for the wild-type points and aKS
of 3.8( 1.7 mM and akFP/kF of 0.30( 0.06 for the D72G points.
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increases when D72 is mutated, and our observations of a
22-fold increase in human D74G (Figure 1A) and a 16-fold
increase inTorpedoD72G (Figure 2A) are consistent with
28- and 5-fold increases reported for mouse (14) and human
(15) D74N, respectively. We also found thatKSS, the
experimental substrate inhibition constant, increased by
factors of 14 with human D74G and 4 withTorpedoD72G
relative to those of the wild-type enzymes, in reasonable
agreement with the 35-fold increase reported in mouse D74N
(14).

Phosphorylation of Recombinant Human D74G by EMPC
and DEPQ in the Presence and Absence of Peripheral Site
Ligands.EMPC and DEPQ are fluorogenic OPs that release
fluorescent leaving groups when they phosphorylate the
AChE acylation site (Scheme 1). As observed previously
with wild-type human AChEs (9), most of the fluorescence
increase on reaction of these OPs with the human D74G
mutant occurred with a single rapid exponential time course
(data not shown). The dependence of the rate constants on
the OP concentrations was analyzed with eq 8. The D74G
mutation had little effect on the reaction of EMPC, a neutral
OP. The first-order rate constantkOP decreased about 2-fold,
and the equilibrium dissociation constantKOPdecreased about
4-fold relative to that of wild-type AChE (Table 2). A similar
decrease inkOP was observed for DEPQ, a cationic OP, but
KOP increased by about an order of magnitude. These changes
are consistent with those reported in second-order phospho-
rylation rate constants (kOP/KOP) for other neutral and cationic
OPs with mouse wild-type and D74N AChEs (16). These
reports showed thatkOP/KOP for cationic OPs decreased 35-
145-fold in the mutant relative to that of wild-type AChE,
in contrast to a 1.4-2.6-fold increase for neutral OPs, and
the authors concluded that D74 was responsible for the
enhanced reactivity of cationic OPs relative to their un-
charged counterparts.

In the presence of peripheral site ligands, interpretation
of kOP and KOP in terms of the intrinsic rate constants in
Scheme 1 involved extrapolation to a saturating concentration

of the ligand (9). Since the extrapolation required a known
KI for the ligand, we determinedKI values of 29.5( 0.4
µM for propidium and 8.2( 0.6 nM for fasciculin 2 with
human D74G AChE. These values are about 30- and 300-
fold higher, respectively, than the correspondingKI deter-
minations with wild-type human AChE (7, 11). These
increases are somewhat larger than the respective 4- and 30-
fold increases inKI relative to that of the wild type previously
reported for propidium and fasciculin 2, with mouse D74N
AChE (14, 31). The relatively low affinities of propidium
and fasciculin 2 with human D74G AChE made it difficult
to extrapolate their precise effects on OP phosphorylation,
particularly with DEPQ. Propidium showed no inhibition of
the EMPC reaction with this mutant, and bothkOP andKOP

increased when propidium was introduced (Table 2). The
absence of propidium inhibition of EMPC phosphorylation
also was seen with wild-type AChE (Table 2) and was noted
previously to be consistent with our steric blockade model
(9). Since this model predicts that a small peripheral site
ligand like propidium will have relatively little effect on a
substrate like an OP that equilibrates with the acylation site
before acylation occurs, the increases inkOP andKOP might
appear to require an additional conformational effect induced
by bound propidium on the OP reactivity at the acylation
site (32). However, these increases may arise simply from
the fact that steric overlap would occur if both propidium
and EMPC or DEPQ were placed in their normal binding
sites in the binary AChE complexes (9). Molecular move-
ment of the substrate to reduce this overlap can explain the
increase inKOP for both EMPC and DEPQ when propidium
is bound with either wild-type or D74G AChE (Table 2),
and this movement could induce strain in the bond to the
OP leaving group to account for the increase inkOP for EMPC
(Table 2;9). Alternatively, this increase inkOP may result
from nonproductive binding of EMPC to the free enzyme,
for example, with its leaving group directed inward rather
than out of the active site gorge. If bound propidium
interfered with EMPC binding in a nonproductive binding

Table 2: Rate Constants for the Phosphorylation of Wild-Type and D72G AChE by Fluorogenic OPsa

kOP/KOPOP
enzyme inhibitor

kOP

(min-1) a
KOP

(µM) (µM-1 min-1) relative decrease (fold)

EMPC
wild typeb

none 150( 11 - 224( 24 0.67( 0.03 -
propidium 570( 140c 5 ( 2c 1260( 350c 0.45( 0.02 1.5
fasciculin 0.23( 0.08 0.002 220( 110 0.0011( 0.0002 610

D74G
none 74( 10 - 64 ( 12 1.2( 0.1 -
propidium 710( 110 >10 330( 70 2.2( 0.2 d
fasciculin 19( 4 0.24( 0.08 1260( 320 0.015( 0.001 80

DEPQ
wild typeb

none 1600( 200 - 7.5( 1.3 205( 11 -
propidium 1200( 400c 0.7( 0.4c 85 ( 30c 15 ( 1 14
fasciculin 0.66( 0.10 0.0003 700( 140 0.0010( 0.0001 220000

D74G
none 850( 140 - 90 ( 20 10( 1 -
propidium 760( 300c 0.8( 0.9c 240( 130c 3.2( 0.4 3
fasciculin e e e <0.006( 0.0004 >1500

a Values ofkOP and KOP were determined from the dependence ofk on [OP] (eq 8), anda (Scheme 1) was calculated by extrapolation to a
saturating concentration of inhibitor (9). b Data from ref9. c The maximum [OP] employed (30-60% of the estimatedKOP) did not exceed 80% of
the estimatedKOP, and therefore, estimates ofkOP and KOP are approximate.d kOP/KOP increased by a factor of 1.9.e No estimate was possible
because of the lower affinity of fasciculin 2 for the D74G mutant, the low reactivity of the complex of fasciculin 2 and D74G with DEPQ, and the
near linearity ofk with [OP] (eq 8).
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configuration and thereby increased the percentage of EMPC
bound in a productive mode, an increase ina (along with a
corresponding increase inKOP) would be expected, as seen
in Table 2 for the propidium-EMPC ternary complexes. In
any event, it is clear that there are mechanisms which could
account for this increase inkOPwithout invoking a propidium-
induced conformational change in the acylation site.

In contrast to propidium, fasciculin 2 binding to the
peripheral site dramatically decreased the phosphorylation
rate constants for EMPC and DEPQ with wild-type AChE
by 3-5 orders of magnitude (9; Table 2). We interpreted
this qualitative difference from propidium to indicate that
fasciculin induces a conformational change or a conforma-
tional restraint in the acylation site that reducesa (9). The
D74G mutation appears to have an effect on the ability of
fasciculin to induce this conformational change with EMPC.
The value ofa increased from 0.002 in the wild-type enzyme
to 0.24 in D74G AChE (Table 2). Fasciculin 2 clearly
inhibited the reaction of DEPQ with D74G AChE, but the
maximal inhibition could not be determined. Estimates of
kOP/KOP decreased nearly linearly with the fasciculin 2
concentration up to 10µM, the highest concentration tested
(Table 2). Because of the relatively low affinity of fasciculin
2 for the D74G enzyme, the residual free AChE dominated
the reaction with DEPQ and prevented extrapolation to the
very low rate constants for the reaction of DEPQ with the
fasciculin 2 complex.

DISCUSSION

To understand the role of an active site residue in the
AChE catalytic pathway, it is useful to determine the
contribution of the residue to the affinity of substrates for
the peripheral site. While this contribution can be assessed
by measurements ofKS from substrate competition with
fasciculin as depicted in Figure 1B, such measurements
require great precision as well as a high affinity of fasciculin
for the peripheral site. To develop an alternative procedure
for measuringKS in AChE mutants as well as inDrosophila
AChE and BChE with low fasciculin affinities, we examined
whetherKS can be measured directly from substrate inhibition
curves as shown in Figure 1A. We show in Table 1 thatKS

values can be obtained from substrate inhibition curves that
agree with those from fasciculin competition if three condi-
tions are met: (1)kcat is determined independently from
active site titrations; (2)Kapp and [E]tot are estimated from
an initial fit of the substrate inhibition curve to the Haldane
equation (eq 1); and (3) simplifying assumptions are applied
to Scheme 3 to decrease the independent rate constants to a
number that can be fitted uniquely by a computer-assisted
simultaneous equation solver. We impose the simplifying
assumptions that several rate constants are unaffected by
bound ligands (e.g.,a ) b ) 1), are related by previous
measurements in the literature (e.g.,k2 ) k3), or can be
combined into terms (e.g.,B and R/RS) for which KS is
relatively insensitive. As future studies fit multipleV versus
[S] data sets with, for example, varying concentrations of
specific inhibitors, the number of independent rate constants
that can be fitted uniquely should increase and eliminate
uncertainties arising from the simplifying assumptions.

As a negatively charged residue in the AChE active site,
D72 in principle could affect catalytic activity in several

ways. First, it could contribute to a general electrostatic effect
that attracts cationic substrates and inhibitors. A high net
negative charge near the active site was initially demonstrated
by the effects of ionic strength onkcat/Kapp for cationic
substrates and on the association rate constantkI for cationic
inhibitors (33). Molecular modeling calculations (34, 35)
from the three-dimensional structure supported this notion
by suggesting that the AChE catalytic subunit has a dipole
moment aligned with the active site gorge that accelerates
association rates for cationic ligands. The magnitude of the
acceleration can be estimated as the ratio ofkI extrapolated
to zero ionic strength tokI at high ionic strength. For
example, this ratio was about 7.5 for the cationic trifluo-
romethyl ketone TMTFA and mouse AChE (31). It remained
about 7.1 following mutation of D74 to N, even though this
mutation decreasedkI for TMTFA more than 20-fold relative
to that of wild-type AChE (31). From this comparison, we
conclude that D72 contributes very little to a general
electrostatic effect on cationic ligands. This conclusion is
consistent with other observations which show that negatively
charged residues at or near the peripheral site contribute only
modestly to the electrostatic field at the active site (31, 36).

A second way in which D72could affect catalytic activity
was recently proposed from molecular modeling studies of
AChE (37). In these Brownian dynamics simulations, the
mutation D74N had little effect on the frequency of cation
entry into the peripheral site but significantly decreased the
likelihood that a cation in the peripheral site would move to
the acylation site. The simulations predicted a 30-fold
reduction ofkI for TMTFA in the D74N mutant relative to
that of the wild-type enzyme, in excellent agreement with
the observed 25-fold reduction. These authors proposed that
D72 may act as an electrostatic anchor that traps cationic
ligands entering the active site gorge (37). A similar proposal
based on modeling calculations also has been offered (38).
Our data provide strong experimental support for this
hypothesis by showing that D72 is directly involved in a
transient binding of acetylthiocholine at the peripheral site.
It is likely that as a consequence of this bindingk-S falls
belowk1 in Scheme 3, ensuring that most substrate molecules
that encounter the peripheral site proceed on to hydrolysis.
Estimates ofKS, the equilibrium dissociation constant for
this binding, can be obtained directly from the partially
competitive effect of acetylthiocholine on fasciculin binding,
and they can also be obtained indirectly by the application
of Scheme 3 to the substrate inhibition curve for acetylth-
iocholine (Figure 1). Both methods agreed thatKS increased
from about 1-2 mM in wild-type human AChE to about 30
mM in the D74G mutant.

The hypothesis that D72 traps entering cationic ligands
revives the classic notion of an anionic site in the AChE
catalytic pathway (10) and suggests that D72 functions as
such a site. WhileKS is the most direct measure of cationic
substrate affinity for this anionic site, analysis according to
Scheme 3 indicates that two parameters determined from eq
1, Kapp andKSS, are closely related toKS. As noted above,
mutation of D72 to G decreasedkcat/Kapp by increasing the
effectiveKappwithout appreciable effect onkcat. Mutation of
D72 to G also increased theKSS for acetylthiocholine and
made substrate inhibition less evident.KSS increased in the
mutant because the level of substrate binding that gave rise
to steric blockade was decreased. Therefore, according to
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Scheme 3, mutations such as that in D72G that result in an
increase in theKS for substrate binding in the peripheral site
(without an effect onkcat) should give rise to parallel increases
in KappandKSS. Furthermore, this loss in affinity should also
be reflected in increases inKI for cationic inhibitors specific
to either the peripheral site or the acylation site, as shown
by consideration of Scheme 4.

In Scheme 4, an inhibitor first binds to the peripheral site
with an equilibrium dissociation constantKI1. Its partitioning
between the peripheral site and the acylation site is then given
by the equilibrium constantKI2 ()k-I2/kI2). The experimental
KI ) KI1KI2/(1 + KI2), and the inhibitor will be specific for
the peripheral site ifKI2 . 1 (KI ) KI1) or for the acylation
site if KI2 , 1 (KI ) KI1KI2). In either case,KI is proportional
to KI1, and a mutation like that in D72G which we propose
to increase onlyKI1 will increase the experimentalKI. Scheme
4 is consistent with experimental results. Mutations of D74
to G or N in human or mouse AChE consistently reduced
the affinity of both monoquaternary ligands specific to the
acylation site (edrophonium) and of cationic ligands specific
to the peripheral site (propidium) by factors of about 5 (14,
31, 39). Bisquaternary ligands that bind simultaneously to
both the peripheral and acylation sites are particularly
sensitive to these D72 mutations and showed reductions in
affinity of more than 2 orders of magnitude.KOP for OPs is
essentially an equilibrium constant equivalent to aKI, and
Table 2 shows thatKOP for cationic DEPQ increased about
12-fold for human D74G relative to that for wild-type AChE.
Similar decreases in the affinity of cationic ligands for the
active site of BChE were observed when D70 was mutated
to G (17). The affinity of monoquaternary cations decreased
about 10-fold relative to that of the wild-type BChE, and
that of bisquaternary cations decreased about 100-fold in the
D70G mutant relative to that of the wild-type BChE. To
account for these data, Masson et al. (17) proposed a
mechanism in which a cationic ligand first binds to D70
before proceeding to a second site at the base of the active
site gorge. Although no data were presented to demonstrate
ligand binding near D70, this proposal is very similar to that
inferred here for the role of D72 in AChE.

A third possible way that D72 could affect catalytic
activity is by mediating a conformational change to the
acylation site when a ligand binds to the peripheral site. Such
a conformational change has been proposed previously to
account for inhibition of substrate hydrolysis by bound
peripheral site ligands (17, 40), but in our view, solid
evidence supporting this proposal has been obtained for only
one peripheral site ligand, fasciculin (9). The binding of
fasciculin drastically decreased organophosphorylation rate
constants for both the neutral EMPC and the cationic DEPQ
by factors of nearly 103-105 (Table 2). Since OPs essentially
equilibrate prior to phosphorylation of S200 in the acylation
site (9), this inhibition cannot result from steric blockade.
We previously rationalized this unique effect of fasciculin
(9) by referring to crystal structure analyses of fasciculin-
AChE complexes (12, 13). These analyses show that fasci-
culin 2 interacts not only with W279 and other residues in

the peripheral site but also with residues on the outer surface
of the C67-C94 ω-loop within 4 Å of W84 in the acylation
site, well beyond the region of the peripheral site occupied
by propidium (7, 15). These more extensive surface interac-
tions provide a structural basis for an inhibitory conforma-
tional effect on the acylation site when fasciculin but not
propidium is bound to the peripheral site. Data in Table 2
indicate that some of this inhibitory conformational effect
is mediated by D72. In particular, the first-order phospho-
rylation rate constant in theEOPXIP ternary complex with
fasciculin relative to the corresponding rate constant inEOPX
alone is given by the constanta in Scheme 1, and the low
value of a for the wild-type enzyme (0.002) is a direct
indication of the inhibitory conformational effect of fasci-
culin. Sincea for EMPC increased about 100-fold to 0.24
in the human D74G mutant relative to that in wild-type
AChE, almost all of the inhibitory effect of fasciculin on
first-order phosphorylation by EMPC was lost in the mutant.
Therefore, even though D72 does not make direct contact
with fasciculin 2 according to the crystal structures, it may
be important in maintaining an interaction between fasciculin
and theω-loop that is necessary to transmit the inhibitory
conformational effect. Evidence supporting a role for D72
in this interaction was provided by the 300-fold decrease in
fasciculin 2 affinity in the human D74G mutant relative to
that in the wild-type enzyme.
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