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ABSTRACT: Studies of ligand binding to acetylcholinesterase (AChE) have demonstrated two sites of
interaction. An acytenzyme 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-AighBd 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 374206-4216]. 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. (186¢hemistry 38122—-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 condtgntrom the dependence of the substrate
hydrolysis rate on substrate concentration. For human ACh&, @ 1.9 £ 0.7 mM obtained by fitting

this substrate inhibition curve agreed witliKgof 1.3+ 1.0 mM measured directly from acetylthiocholine
inhibition of the binding of the neurotoxin fasciculin to the peripheral site. FampedoAChE, aKs of

0.5+ 0.2 mM obtained from substrate inhibition agreed witiKaof 0.4 +£ 0.2 mM measured with
fasciculin. Introduction of the P2G mutation (corresponding to D74G in human AChE) increasedthe

to 4—10 mM in theTorpedoenzyme and to about 33 mM in the human enzyme. While the turnover
numberke;: 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 decredsg/Kyp, 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) active site gorge some 20 A deep with two separate ligand
is to hydrolyze the neurotransmitter acetylcholine at cholin- binding sites. The acylation site at the bottom of the gorge
ergic synapseslj. AChE is one of the most efficient contains residues involved in a catalytic triaddéd, E327,
enzymes known2), and recent studies have focused on the and 20072 and W84, which binds to the trimethylammonium
structural basis of its high catalytic efficiency. Ligand binding group of acetylcholine. The peripheral site at the mouth of
studies 8) and X-ray crystallographyj revealed a narrow  the gorge includes, among others, residugn®/ AChE, like
other members of theJs-hydrolase family, contains an

T This work was supported by Grant NS-16577 from the National , _ ; ; i ; ~
Institutes of Health, Grant DAMD 17-98-2-8019 from the United States w-loop with boundaries set by a disulfide bond5(cC94)

Army Medical Research Acquisition Activity, and by grants from the (2 6). Residues from YO through W84 in this loop extend
Muscular Dystrophy Association of America. W.D.M. was supported along one side of the gorge from the peripheral site to the
by a Kendall-Mayo Postdoctoral Fellowship. acylation site. This segment includes residugDwhich is

* To whom correspondence should be addressed. Telephone: (904) s ;g
953-7375. Fax: (904) 953-7370. E-mail: rosenberry@mayo.edu, positioned near a constriction at the boundary between the

1 Abbreviations: AChE, acetylcholinesterase; TCAChE, acetylcho- Peripheral site and the acylation site.
linesterase fromTorpedo californica BChE, butyrylcholinesterase;
DTNB, 5,5-dithiobis(2-nitrobenzoic acid); OP, organophosphate; EMPC, 2 Throughout this paper, italicized residue numbers refer to the
7-[(methylethoxyphosphonyl)oxy]-4-methylcoumarin; DEPQ, 7-[(di- Torpedo AChE sequence. D74 in the human and mouse AChE
ethoxyphosphoryl)oxy]-1-methylquinolinium iodide; TMTFA-(N,N,N- sequences corresponds t@Din TorpedoAChE and D70 in mam-
trimethylammonio)trifluoroacetophenone. malian BChE.

10.1021/bi0002100 CCC: $19.00 © 2000 American Chemical Society
Published on Web 06/08/2000




7754 Biochemistry, Vol. 39, No. 26, 2000 Mallender et al.

In a series of recent publications, we have focused on (BChE), a close relative of AChE, that results in large
clarifying the role of the peripheral site in the catalytic increases irfKqpp for butyrylthiocholine and succinyldithio-
pathway for AChE 7—9). The three-dimensional structure choline relative to that of wild-type BChEY). Individuals
indicates that ligands specific for the acylation site must first with this BChE mutation have severe difficulty in metaboliz-
pass through the peripheral site on their way to the acylation ing the muscle relaxant succinyldicholin&g( 19).

site. Other cationic ligands, including the phenanthridium  To examine the possibility that acetylthiocholine binds near
derivative propidium and the fasciculins, a family of nearly p72, we constructed the human D74G mutant and assessed
|dent|callsnake venom neurotoxins, are specific for the peri- jts ability to bind acetylthiocholine at the peripheral site both
pheral site and do not proceed further. Cationic substratesfrom the substrate inhibition profile and with the fasciculin
such as the acetylcholine analogue acetylthiocholine partially competition assay. Similar analyses were carried out with
competed with fasciculin for binding to the peripheral site wild-type TorpedoAChE and its ’2G mutant to assess the
(8). This discovery revealed that acetylthiocholine had a jmportance of 32 in acetylthiocholine binding at the peri-
modest affinity for the peripheral site, and further kinetic pheral site in AChE from another species. We also measured
analysis indicated that the binding of acetylthiocholine to the effects of bound fasciculin on the organophosphorylation
the peripheral site accelerated hydrolysis rates at low sub-of human D74G. Fasciculin is the only peripheral site ligand
strate concentrations. The acceleration is probably the mostgentified to date that inhibits reactions at the acylation site
important contribution of the peripheral site to the catalytic py a mechanism in addition to steric blockade or simple steric
process. Additional information about the peripheral site was overlap in the ternary complex. This mechanism, which
obtained by studying the formation of ternary complexes with appears to involve a conformational change in the acylation
AChE. Such complexes, involving the binding of different sjte is best revealed by determination of the organophos-
|igands to the acylation and peripheral Sites, exhibited little phory|ation rate Constantg)( and we examined the extent

thermodynamic interaction between the bound liga®)s ( to which it is disrupted in the D74G mutant.
However, the binding of small cationic ligands such as pro-

pidium to the peripheral site slowed the rate constants for EXPERIMENTAL PROCEDURES

ligand entry into and exit from the acylation site by factors

of up to 400 {). We termed this effect steric blockade and ~ Materials. Recombinant human “wild-type” AChE was
demonstrated that it was responsible for pronounced pro-expressed as a secreted dimeric forrdmsophilaS2 cells
pidium inhibition when substrate hydrolysis is near diffusion- in culture @) and purified by two cycles of affinity
controlled. Steric blockade also was shown to be involved chromatography on acridinium resir2Q). AChE from

in the phenomenon of substrate inhibitict0), a decrease ~ Torpedo(type H), modified by site-directed mutagenesis as
in hydrolysis rates at high substrate concentrations. Our described previously2(l) and produced by transfection of
analysis revealed that substrate inhibition occurs because thécOS-7 cells with the pEF-Bos vectdd), was provided by
binding of acetylthiocholine in the peripheral site also slows S. Bon and J. MassoUl# the Ecole Normale Sdgeure in

the rate of dissociation of product thiocholine from the acyla- Paris, France. The free cysteine (C231) was replaced by a
tion site, making it rate-limiting at high substrate concentra- Serine, and a stop codon was introduced at position 540, thus
tions @). Steric blockade by a peripheral site ligand is pre- deleting the GPI addition signal but retaining a C-terminal
icted to result in little inhibition of substrates, like organo- Cysteine that results in a soluble disulfide-linked dimeric
phosphates, that equilibrate with the acylation site before enzyme. In this study, this enzyme is denoted wild-type
reacting, and experimental data confirmed this pa@t ( TorpedoAChE and is compared to its T2G derivative.

In this report, we examine the location of acetylthiocholine Torpedowild-type and I¥2G AChEs also were purified by
binding in the AChE peripheral site. A clue to this location affinity chromatography on acridinium resin except where
was provided when acety|thiocho|ine was observed to 0n|y noted. Purification did not alter the fitted substrate inhibition
partially compete with fasciculin for binding to the peripheral Parameters for th&orpedoD72G enzyme (data not shown).
site (8) This f|nd|ng was unexpected, since propidium ap- Fasciculin 2 was obtained from C. CervenanSky at the
pears to be completely competitive with both fasciculit)( Instituto de Investigaciones Biologicas, Clementa Estable,
and acetylthiocholineg) at the peripheral site, and crystal Montevideo, UruguayX(1), while fasciculin 3 was obtained
structures of the fascicukltrAChE Comp|ex show direct fas- from P. Marchot at the Laboratoire de BiOChimie, Faculte
ciculin contacts with V79 and most other residues in the de Mdalicine, Universited'Aix-Marseille 11, Marseille, France
peripheral site12, 13). However, the crystal structures also (23). The concentration of purified fasciculin 2 was deter-
showed that B2 was a little too deep in the gorge to make Mined by absorbances = 4900 M™* cm™*; 24), while
direct contact with fasciculin, and it appears possible that the fasciculin 3 concentration was determined by titration
acetylthiocholine could bind near and still allow a nearly ~ With @ known amount of human erythrocyte AChE as
normal fasciculin association reaction with the remainder of described in refll. DEPQ and EMPC were synthesized as
the peripheral site. Furthermore, site-directed mutagenesisPreviously describeddj. Propidium iodide was purchased
has identified 0’2 as an important residue in the catalytic from Calbiochem.
pathway. The mouse and human D7?4NChE mutants Mutagenesis of Recombinant Human AChke secreted
showed significant reductions in bokh./Kapp for acetylth- dimeric form of human AChE with a truncation sequence,
iocholine (L4, 15) and the second-order phosphorylation rate including a stop codon inserted just downstream from the
constankop/Kop for cationic organophosphatesdj relative exon 4-5 boundary, was used as a template for mutagenesis
to those of wild-type AChE, and substrate inhibition was (9). D74G AChE was constructed using the Alter Sitemll
nearly abolished in this mouse mutari4). D70 is a vitro Mutagenesis System (Promega Corp., Madison, WI).
naturally occurring mutation in human butyrylcholinesterase Briefly, the gene cassette encoding human AChE was cloned
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from theDrosophilaexpression vector pPac into the cloning constant, anéa,,is the apparent Michaelis constant. Active
and mutagenesis vector pALTER to make pAlqan DNA site concentrations were determined frfu/Keas andkear
was transformed into JM10%&scherichia colicells for was established in titrations with DEPQ monitored by
preparation of phagemid ssDNA using R408 helper phage. fluorometric or inactivation assay8)( Measurements d€.q
dsDNA was synthesizeth vitro using the AChE vector  at pH 7.0 for human erythrocyte AChE [(5.78 0.38) x
ssDNA template, DNA polymerase, DNA ligase, and three 10° s™%, n = 3], wild-type recombinant human AChE [(6.61
site-specific oligonucleotides. The first two oligonucleotides + 0.32) x 1¢® s%, n = 3], and D74G human AChE [(6.53
(provided in the Altered Sites Il kit) were annealed with 4+ 0.27) x 13 s ™%, n = 3] were not significantly different,
antibiotic resistance genes on the pAlqanplasmid, switch- and a meark. value of 6.3x 10° s™ was assumed. This
ing the antibiotic resistance encoded on the synthesized DNAvalue agrees with a previously assigrigg of 7 x 10° s*
strand and allowing for selection d&. coli with mutant at pH 8.0 B8) and a K, of 6.3 for ke (20). Determinations
plasmids. The third oligonucleotide (synthesized by the Mayo of k.,; at pH 7.0 for wild-type recombinanfftorpedoAChE
Clinic Rochester Molecular Biology Core Facility) was [(4.184 0.20) x 10°* s, n = 3] and D72G TorpedoAChE
annealed with AChE DNA corresponding to amino acid [(5.334 0.17)x 10°s %, n= 3] also were averaged to give
residues67—76 to introduce the D74G mutation (GA& a meankgy value of 4.8x 10° s™2,

GGC). The mutagenic oligonucleotide also contained a silent
mutation that removed a Van91l 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 the program SCoP (version 3.5%) 8). This solution avoids

and propagat'ed in ‘JMl.OE' (.:(.)”' Mutant plasmids f.ro.m. equilibrium assumptions and allows examination of Scheme
JM109 colonies were identified (after further antibiotic 3 in the context of our steric blockade model. which

selection) by Van91l endonuclease digestion of purified i s
: postulates that p, < k_panda = b = 1. To allow the fitting
DNA. The D74G AChE sequence was confirmed by DNA of rate constants from data, our current treatment also

sequencing carried out qt_the Mayo C_I|_n|c Rochester Mo- simplifies Schemes 2 and 3 from their more general format
lecular Biology Core Facility. The modified human AChE (see ref8) by postulating that product P bound to the
D74G cassette was returned to the pPac vector for tranSfeC'acylation site does not alter the rate constant for deacetyla-

t|o|rt1 Into ang%xcp;)r’iésr:%n frori)ro_sf(_)p dhlfIaSZ Cils In t|s(sjge tion, that rate constants for P dissociation from the acetylated
culture ©). was purified from cuiture medium enzyme are identical to those from free enzyme, and that

by two cycles of affinity chromatography on acridinium resin . A I .
-~ o peripheral site binding is unaffected by the binding of ligands
(20). The affinity chromatography procedure was modified to the acylation site. These assumptions still leave eight rate

in that NaCl concentrations used during the washing steps : ; ;

. . constants in Scheme 3 to be assigned or determined. On the
did not exceed %00 mM and the Triton )§-lO_O level was basis of previous experimental data, we assidaed ks (7,
reduqed to 0.02% to pre.v.ent excess stripping of bound 29) andk-pyk_p = 0.01 (7, 8). Additional constraints placed
protein off the column. Purified recombinant ACh!E samples upon the remaining parameters are given by the following
analyzed by SDSPAGE (5) showed no contaminants. three equations. The second-order substrate hydrolysis rate

Steady-State Measurements of AChE-Catalyzed SUbStrat%onstantlQalKapp for Schemes 2 and 3 is given by eq 2.
Hydrolysis Hydrolysis of acetylthiocholine was monitored

Determination of Rate Constants in Schemé&\& have
recently presented substantial evidence which shows that
catalysis of acetylthiocholine hydrolysis by human AChE
proceeds according to Scheme 3 in the Res8)s To
estimate key rate constants in Scheme 3, we solved the
corresponding steady-state rate equations numerically with

with a spectrophotometric Ellman assag) Assay solutions k kok k

included 0.33 mM DTNB, and hydrolysis was monitored L s @
by formation of the thiolate dianion of DTNB at 412 nm K kk .tk (ket k)

[A€s2 = 14.15 mM L cm™2 (27)]. Hydrolysis ratesy were e s mms o

measured at various substrate (S) concentrations in 20 mM . . ) . .
sodium phosphate and 0.02% Triton X-100 (pH 7.0) at 25 An adjustable constar is defined in eq 3 to set the ratio
°C, and the constant ionic strength was maintained with Of ks €qual tokea/Kapp
0—100 mM NaCl ). The dependence afon S concentra-

tion was fitted to eq 1, the Haldane equation for substrate

inhibition (28), by weighted nonlinear regression analysis

(assuming constant percent errorunwith Fig.P (BioSoft,

version 6.0). In eq 1Vmax = KealElwot, Where keyt is the

kK

app

B = ©)

k

cat

Another adjustable constaR(Rs is defined in eq 4.
Vinax [S]

y = = R 15B-1)
[S] @ R L+ ———— &)

[SI[ 1+ — |+ K, k,

Ss B|l + —

k.

maximal substrate turnover rate, {kis the total concentra-
tion of AChE active sitesKss is the substrate inhibition  To solve for the parameters in Scheme3;was set to the
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human orTorpedoAChE value determined above akdy,
and [E]i,: 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 RBs = k_g/ks, k_p, and
k.. The three other rate constantg, (k-1, andk_g) were
calculated iteratively from eqs-24 during the fitting of these
parameters.

The constant8 and R/Rs were defined for the fitting

Mallender et al.

ratesv determined ove2 s intervals were fitted by nonlinear
regression analysis (BioSoft Fig.P) to eq 5.

_ —ke
V. = Vaina + Winiial = Veinat) € ©)

In eq 5, viniia @aNduting are the calculated values ofat time
zero and at the final steady state when fasciculin binding
has reached equilibrium, respectively, dnd the observed
first-order rate constant for the approach to the final steady

procedure outlined here because they are constrained withirstate. Each series of binding measurements included reactions

a narrow range of values8); According to eq 2B = 1.
WhenB = 1, kea/Kapp= ks and the second-order reaction is
diffusion-controlled (i.e.k-g/k; = 0). For acetylthiocholine,
the relatively high value okca/Kapp (>10® M~1 s7%; see ref

8) and its viscosity dependencgQj argue thaB is close to

1, and it is very unlikely to exceed 10. According to eq 4, 1
=< R/Rs = 2.5. This range places no restriction on the value
of ko/k_1, but via assignment oB and R/Rs, the value of
ko/k-, is set by eq 4 and that &f ¢/k; by eqs 2 and 3R and

at a fixed acetylthiocholine (S) concentration and four to ten
fasciculin concentrations [F]. The observédfor each
reaction was given by eq 6, akgh, the apparent association
rate constant, was determined by linear regression analysis
in which k values were weighted by the reciprocal of their
variance.

k = kon[F] +koff (6)

If ligand binding to the peripheral site is unaffected by the

Rs are introduced because they represent observed solvenpresence of ligands or an acyl group at the acylation site,

deuterium oxide isotope effects for AChE.Kf andks are

then only two sets of enzyme species in Scheme 3 below

the only intrinsic rate constants in eq 2 that are altered whenneed be considere@E[Sp] and=E (8). These are the sums

H,0 is replaced with BO, andR, Rs, andR; are defined as
the respective ratios d¢a/Kapp ks, andk, in HO to that in

D,0, thenR/Rsis given by eq 4 wheR; is assigned a typical
value of 2.5 8). For all data fitting hereB was estimated to
be 1.2 andR/Rs was set at the observed value of 18). (

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 species3i& with an
intrinsic association rate constakt and with species in
2E[Sp] with an intrinsic association rate constadgp, kon is

However, varying these constants over their entire range (Lgiven by eq 7, whereKs is the equilibrium dissociation

< B =< 10 and 1< R/Rs = 2.5), while producing large
changes in calculateld/k-,, resulted in no more than 40%
changes in the fitted parametefs, k-p, andk; for wild-
type AChES 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 wher& p > k, was selected,
consistent with previous estimateslof (8).

Slow Equilibration of Fasciculin in the Presence of
Peripheral Site InhibitorsApparent association rate constants
kon for fasciculin binding to the AChE peripheral site were
measured by a procedure used previou8|ylQl). In brief,
stock solutions of fasciculin 2 (140M) 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 albuminll). Association reactions (0.1 mL
for fasciculin 3 and £+2 mL for fasciculin 2) were initiated
by adding small volumes of AChE and acetylthiocholine to
final concentrations of 0:11.8 nM fasciculin 2 Torpedo
AChE) or 1-5 nM fasciculin 3 (human AChE) and G6-B0O
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

constant for S at the peripheral sit®.(

k k —[S]
+
F FP K,

on

M
[S]
1+ —
N

To obtain estimates dfs, values ofk,, obtained at each S
concentration were fitted to eq 7 by nonlinear regression
analysis (BioSoft Fig.P) in whick,, 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 AChE}.(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 inactivati®). (The misinterpretation
resulted from a small population of AChE that was resistant

assessed under approximate first-order conditions in whichto normal fasciculin inhibition and dominated the enzyme
the fasciculin concentration was at least 7 times higher thanactivity during OP inactivation measurements in the presence

the concentration of AChE and acetylthiocholine was not
significantly depleted €20%). Acetylthiocholine hydrolysis

3 Values ofB andR/Rs have a greater effect on the fitted parameters
when little substrate inhibition is observed. Wherwas fixed for the
human D74G data sets in Table 1, fitted valueKoandk_» remained
within a factor of 2 of those shown over most of the rang8Baind
R/Rs values. However, in certain narrow ranges (e.g., Ix0B/Rs <
1.02 and 1.3< B < 1.8, or 2< RIRsand 4< B < 8), fitted values of
Ks andk-p differed by up to a factor of 10.

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 fasciculi®) 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
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°C (pH 8.0 for EMPC and pH 7.0 for DEPQ). The release acylation site. These intermediates are den&#&B andEP
of product from each OP occurred in two phases, a largein Scheme 2.
rapid phase and a small slower phase, and was fitted to an

equation with two exponential term®)( Some reactions  Scheme 2
included the peripheral site inhibitors propidium (1201)

kp
or fasciculin 2 (10uM). A two-exponential fit also was Ac + EP — P+ E

required with DEPQ in the presence of propidium. Additional Tk
precautions were taken with fascicul®).(The rate constants }
k for the rapid phase were analyzed according to Scheme 1. Eas rii» Es, g ES _"2_> EAP fg P+ EA _’g E o+ Ac
k.
Scheme 1 ® '
Ko ky ks The second includes intermediates in which S is bound to
OPX + E = FEOPX — X+ FOP — E+OPOH the AChE peripheral site, indicated by the subscript P as in
+ + + ES in Scheme 2. The substrate initially bindsE$ and
I I I then slides into the acylation site to giVES. Previous
K, Jf kg | K, ) schemes that i_gnqrg intermediates squAE andEP can
) sometimes be justified. For example, with acetylthiocholine,
Ko ak, ks the product dissociation rate const&ng is estimated to be

OPX + El, = FEOPXl, — X + EOPl, — EI,+ OPOH : X
F F F F nearly an order of magnitude greater than the acylation rate

constantk, or deacylation rate constamg, and explicit
inclusion of EAP, EP, andk_p changes calculated values of
keat by less than 1%8). According to Scheme 2, a plot of
the substrate hydrolysis ratesagainst the substrate con-
centration [S] should fit the familiar MichaetlidMenten
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 (

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 constégt
which equalsk_o/ko (9) and EOP is the phosphorylated
enzyme. The ligand | can bind to the peripheral site in each
of the enzyme species (as denoted by the subscyigdPs
were assumed to equilibrate with the AChE acylation site
even when inhibitors were bound to the peripheral site, and
the dephosphorylation rate const&gtwas assumed to be
negligible. The dependence &fon the OP concentration  gcheme 3
was analyzed by weighted nonlinear regression analysis

(assuming constant percent errorkinaccording to eq 8 to 'Af L
give kop andkop/Kop, the respective first- and second-order EPS, = S + EP —> P+ E
rate constants of phosphorylation, respectively. T 5
kg ky k, kp ks
kop [OP] E+S = ES, = FS —> EAP —> P + EA — E + Ac
k = —— (8) ks ks + + +
Kop + [OP] S S S

In the absence of kop = k; andKop = Ko. In the presence Jr ak, J[ Ky Jf bk,
of |, the relative intrinsic first-order rate constaatfor ESSp —> EAPS, — P + EAS, — ESp + Ac
phosphorylation in Scheme 1 was calculated fi® Kop, bk
and the competitive inhibition constaKt for the inhibitor l }
as outlined previously9). Values ofK; were obtained in Ac + EPS, k_”> P + ES,
the pH 7.0 buffer with acetylthiocholine as the substrate. The
K for propidium was calculated from the slopes af térsus |, this scheme, the second molecule of substrate can bind

1/[S] plots over a range of fixed concentrations of inhibitor, 4 the peripheral site in theS, EA, EAP, andEP intermedi-
while theK, for fasciculin 2 was estimated from relative ates in Scheme 2 with an association rate consaand a
measurements in the presence and absence of inhibitor afjissociation rate constakts. In theory, substrate inhibition
low S concentrations?j. could arise from inhibition of acylationa( < 1) or of
RESULTS deacylationlp < 1) when S binds to the peripheral site, but
there is no evidence that the binding of a small ligand like
A Mechanistic Model for Substrate Inhibition of AChE acetylthiocholine to the peripheral site can inhibit these steps.
Traditional catalytic pathways for AChE propose the binding However, it has been directly shown that the binding of the
of an ester substrate S to the acylation site to fornrE8n  small peripheral site ligands propidium or gallamine de-
complex, followed by formation of the acylated enzyme creases the association and dissociation rate constants for
intermediateEA and deacylation to regenerate the free ligand binding to the acylation site by factors of-14900
enzymeE. We recently obtained evidence that the catalytic (7). Substrate binding to the peripheral site then would be
pathway for AChE should be extended by making explicit expected to slow the rate constant for product dissociation
two new classes of intermediate®).(One class includes  (k-pz < k_p) in Scheme 3. Ik_p; falls within the range of
enzyme species with the initial product of hydrolysis, the k, andks, thenEPS: can accumulate at high substrate con-
alcohol leaving group P (e.g., thiocholine), still bound to the centrations and result in substrate inhibition. We recently
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Table 1: Comparison oks Values Obtained from Substrate Inhibition Curves and from Fasciculin Compétition

rate constants from substrate inhibition

AChE n Ks (mM) kop (s} k2 (s79) Ks from fasciculin competition (mM)
human wild type 3 1.90.7 6+ 1) x 10*° (1.28+ 0.02) x 10* 1.3+1.0
human D74G 3 3% 8 (94 3) x 10%¢ 1.28x 10¢ -
Torpedowild type 2 0.51+ 0.16 (16+ 3) x 10¢ (0.974+0.01)x 10* 0.40+0.21
TorpedoD72G 3 104+ 1° (4+0.3)x 10 0.97 x 10%¢ 4+2

a2 Rate constants from substrate inhibition were the meansrotasurements obtained by data fitting with the SCoP program and-efjs 2
Estimates oKs from fasciculin competition were obtained with eq 7 as shown in Figures 1B ané X8 mean includes one experiment in which
the sum of [NaCl] and [S] was 40 mM. Th&; obtained from this experiment was normalized to 60 mM prior to calculating the mean by assuming
that ionic strength affected onkg (31) and thatks was inversely proportional t&a,, (€q 3).¢ The mean includes experiments in which the sum
of [NaCl] and [S] was fixed at 40, 60, or 100 mMs values obtained from the experiments at 40 and 100 mM were normalized to 60 mM prior
to calculating the mean as in footnotedd-or the fitting of Ks andk_p, this k, was fixed at thek, value observed for the wild-type AChE.

examined whether this scheme could account quantitativelytion of fasciculin with the AChE peripheral site was

for substrate inhibition profiles with human erythrocyte
AChE by measuring the affinity of S for the peripheral site
in a fasciculin competition assag;(see Figure 1B below).
The value oKs (=k-g/ks) obtained for acetylthiocholine was
about 1 mM. This value was then combined with our steric
blockade model of Scheme 3, which postulates khat <
k_p but thata = b = 1, to construct a nonequilibrium
simulation of the substrate inhibition profile that was in
excellent agreement with the observed profég (
Estimation of the Acetylthiocholine Affinity for the AChE
Peripheral Site Directly from the Substrate Inhibition Profile.

monitored as a decrease in AChE activity toward acetylth-
iocholine @). The apparent fasciculin association rate
constants,, then were calculated from the rate constants
for this activity decrease as a function of the fasciculin
concentration, and finally, the dependencekgf on the
acetylthiocholine concentration was fitted to eq 7 to obtain
Ks. The assay requires a sufficiently low dissociation rate
constantk_g for the fasciculi-rAChE complex to allow
measurement of the initial rate constants for fasciculin
association, and our preliminary observations indicated that
k_r for fasciculin 2 with human D74G was too high to allow

While our previous work demonstrated that experimental these measurements. Therefore, we turned to fasciculin 3,
estimates of some of the remaining rate constants allowedwhich was reported to have iy nearly 100-fold smaller
reasonable simulation of substrate inhibition plots, our goal than that of fasciculin 2 with rat brain AChR3%) and which

here was to actually fit the two key kinetic parameters in
Scheme 3Ks and k_p, with substrate inhibition data. To

did allow k,n determinations with the human D74G. As
observed previously for fasciculin 2 and human erythrocyte

achieve this, we reduced the 11 rate constant variables inAChE (8), acetylthiocholine only partially blocked the
Scheme 3 to three that could be fitted, as outlined in association of fasciculin 3 with recombinant wild-type human
Experimental Procedures. Briefly, the assumptions in our AChE (Figure 1B). At high saturating concentrations of

steric blockade model together with previous data from
inhibition of substrate hydrolysis by bound peripheral site

acetylthiocholinek,, decreased to about 50% of its extrapo-
lated value in the absence of acetylthiocholine. Fitting the

ligands {7) decreased the number of variables to the sevenk,, values for fasciculin 3 at various concentrations of

rate constants in Scheme 2. Assignikg= k. (29) and
invoking eqs 2-4 further reduced the system to three fitted
parametersKs, k-p, andk,). The profile ofv versus [S] for
acetylthiocholine with recombinant wild-type human AChE

acetylthiocholine to eq 7 gaveka of 1.3+ 1.0 mM. The
precision of the individuak,, points made it difficult to
decrease the error of this estimate, but tisvalue agreed
well with that obtained from the substrate inhibition data

exhibited the bell shape that is the hallmark of pronounced (Table 1).

substrate inhibition, and this profile was fitted precisely by
the procedure (Figure 1A). Fitted valueskf (1.9 + 0.7
mM) and kp [(6 £ 1) x 10* s'1] averaged from this

Human AChE Residue D74 Is Important in the Binding
of Acetylthiocholine to the Peripheral Site of AChEhe
guantitative agreement between tke measured by fasci-

experiment and two others (Table 1) agreed to within 40% culin competition and that obtained by fitting the substrate
of the corresponding values assigned previously to simulateinhibition profile provided reassuring support for our model

substrate inhibition for human erythrocyte ACh8.(
We selectedKs andk_p as parameters to be fitted because

in Scheme 3 and its application to wild-type human AChE.
We next investigated whether such agreement would extend

they can be compared to independent experimentally pre-to the human D74G mutant. The rationale outlined in the

dicted values. The predictddp was calculated indirectly
from the relationshifk_p = Kpkp, whereKp is the measured
equilibrium dissociation constant for thiocholine inhibition
of AChE and the association rate constignfor thiocholine

is assumed to be the same lasfor acetylthiocholine. Its
calculated value (1.% 10° s%) agreed with the simulated
k_p value @) and the fittedk_p value determined here. To
obtain the predicte&s for acetylthiocholine, we employed

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 correés 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 relationk, < k_p. Therefore k, was fixed to the

the fasciculin competition assay in Figure 1B. In this assay, value in Table 1 obtained for the wild-type human AChE,
the substrate affinity for the peripheral site is determined and onlyKs andk_p were fitted. The assumption thit is

from the effect of substrate concentration on the rate of the same for human wild-type and D74G AChEs was
equilibration of fasciculin at the peripheral site. The associa- supported by our observation that these AChEs have the same
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Ficure 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
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FiIGUrRe 2: Acetylthiocholine binding to the peripheral site of
TorpedoAChE. lonic 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 (O) AChE (80 pM). Lines were fitted with

minute) measured at the indicated substrate concentrations with thehe SCoP program as in Figure 1A except that for tig® mutant

wild-type (O) or D74G @) AChE (80 pM) as outlined in

ko was fixed at 0.97 10 s71 (see Table 1). Lines fitted with the

Experimental Procedures. Lines were fitted with the SCoP program Haldane equation (eq 1) were close to (wild type) or virtually

by employing eqs 24. For wild-type AChE, the parameteks;,

k_p, andk, were fitted simultaneously, while for the D74G mutant,
k. was fixed at 1.28x 10* s' andKs and k_p were fitted (see
Table 1). Lines fitted with the Haldane equation (eq 1) were
virtually superimposable with those shown and gau,g of 76

+ 2 uM and aKssof 22+ 1 mM for wild-type AChE and &zpp

of 1670+ 60 uM and aKssof 300+ 70 mM for the D74G mutant.
(B) Inhibition of fasciculin 3 binding by acetylthiocholine. As-
sociation rate constanks, for fasciculin 3 measured at the indicated
substrate concentrations with wild-typ@)(or D74G () AChE
were determined by analysis with eqs 5 and 6 as outlined in

superimposable with (I2G) those shown and gavea,, of 35+

2 uM and aKssof 39 + 3 mM for wild-type AChE and &g, of
570+ 25 uM and aKssof 140+ 20 mM for the Ir2G mutant.
(B) Inhibition of fasciculin 2 binding by acetylthiocholine. As-
sociation rate constantg, for fasciculin 2 with affinity-purified
wild-type (©) or unpurified Dr2G (v) AChE were determined as
described for Figure 1B (data not shown). Lines were obtained as
in Figure 1B withkep/ks fitted to 0.33+ 0.04 (wild type) or 0.15
+ 0.05 (Dr2G). Lines fitting all three constants in eq 7 cor-
responded closely to those shown and gawgaf 0.40+ 0.21
mM and akep/ks of 0.32+ 0.05 for the wild-type points and lés

Experimental Procedures (data not shown). Points represent a seriesf 3.8+ 1.7 mM and a&rp/kr of 0.30+ 0.06 for the Y2G points.

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 kep/ke 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 ga¥gaf 1.3+ 1.0

mM and akgrp/kr of 0.52 4 0.06.

keat Value (see Experimental Procedures), &nd a major
contributor tok... Average fitted values dfs (33 &= 8 mM)
andk_p [(9 £ 3) x 10* s 1] were obtained from the human
D74G data in Figure 1B and two additional experiments at
slightly different ionic strengths (Table 1). lonic strength had
no effect ork_p, which was nearly unchanged from the value
for wild-type AChE. In contrast{s increased about 20-fold

saturating concentrations of acetylthiocholine decreésed

to about one-third of its extrapolated value in the absence
of acetylthiocholine (Figure 2B). Fitting tHe, values to eq

7 gave &Ksof 0.4+ 0.2 mM (Table 1), in agreement with
the Ks obtained from substrate inhibition of wild-type
TorpedoAChE. Substrate inhibition with th€orpedoD72G
mutant was more evident than with the human D74G enzyme
(Figure 2A). As with human D74G, however, it was
necessary to fixk, to obtain aKs of 10+ 1 mM (Table 1).
The fasciculin 2 competition data supported this estimate.
Values ofky, with the TorpedoD72G mutant decreased at
least 3-fold as the acetylthiocholine concentration ranged

with the D74G mutant, and the change in this parameter from 0.1 to 30 mM (Figure 2B), and fitting to eq 7 gave a

alone was sufficient to nearly abolish substrate inhibition.
Of particular importance, this increaseKg was supported
by the fasciculin 3 competition data for the human D74G
mutant in Figure 1B. Values &, did not differ significantly

Ks (4 + 2 mM). The somewhat lowe{s values for the wild-

type and O2G TorpedoAChEs relative to those of the
corresponding human AChEs suggest that residues other than
D72 contribute more to the peripheral site for acetylthio-

as the acetylthiocholine concentration ranged from 0.1 to 30 choline in Torpedo AChE than in human AChE. For

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 T2 was essential for the binding
of acetylthiocholine to the peripheral site of AChE from
another species, we examined recombifarpedoAChEs.
Wild-type Torpedo AChE exhibited substrate inhibition
similar to that observed with wild-type human AChE (Figure
2A), and average fitted values &% (0.5 + 0.2 mM) and
k_p[(16 £ 3) x 10* s 1] were obtained (Table 1). Both the
wild type and IY2G 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-
type Torpedothan with the wild-type human AChE, as high

example, residue&2—75in TorpedoAChE are DEQF, while

in human AChE they are DTLY; this sequence difference
may contribute to greater acetylthiocholine affinities in the
peripheral site of th&orpedoAChEs.

The effects of the D2G mutation that we observe on the
experimental kinetic parameters for acetylthiocholine hy-
drolysis in eq 1 are consistent with previous analyses## D
mutants of AChE. We found no significant differencekig
between human wild-type and D74G AChEs and a slight
25—30% increase in théky 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 reportkgd; values for mouse
and human D74N 14, 15). All studies agree thakKgapp
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Table 2: Rate Constants for the Phosphorylation of Wild-Type and D72G AChE by Fluorogerfic OPs

opP kop Kop Kor/Kop
enzyme inhibitor (min71) a (uM) («M~tmin™Y) relative decrease (fold)
EMPC
wild type
none 150+ 11 - 224424 0.67+0.03 -
propidium 570+ 14C° 5+£2° 1260+ 35C° 0.454+0.02 15
fasciculin 0.23+0.08 0.002 220t 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 0.244+0.08 1260+ 320 0.015+ 0.001 80
DEPQ
wild type®
none 160Gk 200 - 75+£13 205+ 11 -
propidium 1200+ 40C¢° 0.7+ 0.4 85+ 30¢ 15+1 14
fasciculin 0.66+0.10 0.0003 70@: 140 0.0010£ 0.0001 220000
D74G
none 850+ 140 - 90+ 20 10+1 -
propidium 760+ 300° 0.8+ 0.9 240+ 130 3.2+04 3
fasciculin e e e <0.006+ 0.0004 >1500

aValues ofkop and Kop were determined from the dependencekain [OP] (eq 8), anda (Scheme 1) was calculated by extrapolation to a
saturating concentration of inhibito®) ® Data from refd. ¢ The maximum [OP] employed (360% of the estimatelop) did not exceed 80% of
the estimateKop, and therefore, estimates kfp and Kop are approximate! kop/Kop increased by a factor of 1.9No 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).

increases when T2 is mutated, and our observations of a

of the ligand 0). Since the extrapolation required a known

22-fold increase in human D74G (Figure 1A) and a 16-fold K, for the ligand, we determinel, values of 29.5+ 0.4

increase inTorpedoD72G (Figure 2A) are consistent with
28- and 5-fold increases reported for mous4 @nd human
(15 D74N, respectively. We also found th#tss the

uM 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 correspondiagdeter-

experimental substrate inhibition constant, increased by minations with wild-type human AChE7( 11). These

factors of 14 with human D74G and 4 wifforpedoD72G increases are somewhat larger than the respective 4- and 30-
relative to those of the wild-type enzymes, in reasonable fold increases iiK, relative to that of the wild type previously
agreement with the 35-fold increase reported in mouse D74Nreported for propidium and fasciculin 2, with mouse D74N
(14). AChE (14, 31). The relatively low affinities of propidium
Phosphorylation of Recombinant Human D74G by EMPC and fasciculin 2 with human D74G AChE made it difficult
and DEPQ in the Presence and Absence of Peripheral Siteto extrapolate their precise effects on OP phosphorylation,
Ligands.EMPC and DEPQ are fluorogenic OPs that release particularly with DEPQ. Propidium showed no inhibition of
fluorescent leaving groups when they phosphorylate the the EMPC reaction with this mutant, and bdtp andKop
AChE acylation site (Scheme 1). As observed previously increased when propidium was introduced (Table 2). The
with wild-type human AChEsY), most of the fluorescence absence of propidium inhibition of EMPC phosphorylation
increase on reaction of these OPs with the human D74Galso was seen with wild-type AChE (Table 2) and was noted
mutant occurred with a single rapid exponential time course previously to be consistent with our steric blockade model
(data not shown). The dependence of the rate constants or{9). Since this model predicts that a small peripheral site
the OP concentrations was analyzed with eq 8. The D74Gligand like propidium will have relatively little effect on a
mutation had little effect on the reaction of EMPC, a neutral substrate like an OP that equilibrates with the acylation site

OP. The first-order rate constakr decreased about 2-fold,
and the equilibrium dissociation constér decreased about
4-fold relative to that of wild-type AChE (Table 2). A similar
decrease itkop Was observed for DEPQ, a cationic OP, but

before acylation occurs, the increase&dn and Kop 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

Kopincreased by about an order of magnitude. These changeshe fact that steric overlap would occur if both propidium
are consistent with those reported in second-order phosphoand EMPC or DEPQ were placed in their normal binding

rylation rate constantsgr'Kop) for other neutral and cationic
OPs with mouse wild-type and D74N AChE%$6|. These
reports showed thab/Kop for cationic OPs decreased-35
145-fold in the mutant relative to that of wild-type AChE,
in contrast to a 1.42.6-fold increase for neutral OPs, and

sites in the binary AChE complexe8)( Molecular move-
ment of the substrate to reduce this overlap can explain the
increase irkop 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

the authors concluded that D74 was responsible for the OP leaving group to account for the increaskgpfor EMPC

enhanced reactivity of cationic OPs relative to their un-

charged counterparts.

(Table 2;9). Alternatively, this increase ikop may result
from nonproductive binding of EMPC to the free enzyme,

In the presence of peripheral site ligands, interpretation for example, with its leaving group directed inward rather

of kop and Kop in terms of the intrinsic rate constants in

than out of the active site gorge. If bound propidium

Scheme 1 involved extrapolation to a saturating concentrationinterfered with EMPC binding in a nonproductive binding
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configuration and thereby increased the percentage of EMPCways. First, it could contribute to a general electrostatic effect
bound in a productive mode, an increasaifalong with a that attracts cationic substrates and inhibitors. A high net
corresponding increase Kop) would be expected, as seen negative charge near the active site was initially demonstrated
in Table 2 for the propidiumEMPC ternary complexes. In by the effects of ionic strength oke./Kapp for cationic
any event, it is clear that there are mechanisms which couldsubstrates and on the association rate conktéort cationic
account for this increase kayp without invoking a propidium- inhibitors 33). Molecular modeling calculations34, 35)
induced conformational change in the acylation site. from the three-dimensional structure supported this notion
In contrast to propidium, fasciculin 2 binding to the by suggesting that the AChE catalytic subunit has a dipole
peripheral site dramatically decreased the phosphorylationmoment aligned with the active site gorge that accelerates
rate constants for EMPC and DEPQ with wild-type AChE @association rates for cationic ligands. The magnitude of the
by 3—5 orders of magnituded( Table 2). We interpreted ~ acceleration can be estimated as the ratik ektrapolated
this qualitative difference from propidium to indicate that to zero ionic strength tdy at high ionic strength. For
fasciculin induces a conformational change or a conforma- €xample, this ratio was about 7.5 for the cationic trifluo-
tional restraint in the acylation site that reduee¢9). The  romethyl ketone TMTFA and mouse AChBY). It remained
D74G mutation appears to have an effect on the ability of about 7.1 following mutation of D74 to N, even though this
fasciculin to induce this conformational change with EMPC. mutation decreasddfor TMTFA more than 20-fold relative
The value ofa increased from 0.002 in the wild-type enzyme 1o that of wild-type AChE 81). From this comparison, we
to 0.24 in D74G AChE (Table 2). Fasciculin 2 clearly conclude that @2 contributes very little to a general
inhibited the reaction of DEPQ with D74G AChE, but the €lectrostatic effect on cationic ligands. This conclusion is
maximal inhibition could not be determined. Estimates of consistent with other observations which show that negatively
kod/Kop decreased nearly linearly with the fasciculin 2 charged residues at or near the peripheral site contribute only
concentration up to 1M, the highest concentration tested Modestly to the electrostatic field at the active si#, G6).
(Table 2). Because of the relatively low affinity of fasciculin A second way in which D2 could affect catalytic activity
2 for the D74G enzyme, the residual free AChE dominated Was recently proposed from molecular modeling studies of
the reaction with DEPQ and prevented extrapolation to the AChE @37). In these Brownian dynamics simulations, the
very low rate constants for the reaction of DEPQ with the mutation D74N had little effect on the frequency of cation

fasciculin 2 complex. entry into the peripheral site but significantly decreased the
likelihood that a cation in the peripheral site would move to
DISCUSSION the acylation site. The simulations predicted a 30-fold

reduction ofk, for TMTFA in the D74N mutant relative to

To understand the role of an active site residue in the that of the Wi|d-type enzyme, in excellent agreement with
AChE catalytic pathway, it is useful to determine the the observed 25-fold reduction. These authors proposed that
contribution of the residue to the affinity of substrates for D72 may act as an electrostatic anchor that traps cationic
the peripheral site. While this contribution can be aSSGSSGd”gands entering the active site gor@¥). A similar proposal
by measurements dfs from substrate competition with  pased on modeling calculations also has been offe38d (
fasciculin as depicted in Figure 1B, such measurementsoW data provide Strong experimenta| Support for this
require great precision as well as a high affinity of fasciculin hypothesis by showing that 12 is directly involved in a
for the peripheral site. To develop an alternative procedure transient binding of acetylthiocholine at the peripheral site.
for measurinKs in AChE mutants as well as idrosophila |t is likely that as a consequence of this bindikgs falls
AChE and BChE with low fasciculin affinities, we examined  pelowk, in Scheme 3, ensuring that most substrate molecules
whetherKs can be measured direCtIy from substrate inhibition that encounter the periphera| site proceed on to hydr0|ysis_
curves as shown in Figure 1A. We show in Table 1 at  Estimates ofKs, the equilibrium dissociation constant for
values can be obtained from substrate inhibition curves thatthis binding, can be obtained directly from the partially
agree with those from fasciculin competition if three condi- competitive effect of acetylthiocholine on fasciculin binding,
tions are met: (1K is determined independently from  and they can also be obtained indirectly by the application
active site titrations; (2Kapp and [Elo are estimated from  of Scheme 3 to the substrate inhibition curve for acetylth-
an initial fit of the substrate inhibition curve to the Haldane iocholine (Figure ]_) Both methods agreed taincreased
equation (eq 1); and (3) simplifying assumptions are applied from about 2 mM in wild-type human AChE to about 30
to Scheme 3 to decrease the independent rate constants to @M in the D74G mutant.
number that can be fitted uniquely by a computer-assisted The hypothesis that T2 traps entering cationic ligands
simultaneous equation solver. We impose the simplifying revives the classic notion of an anionic site in the AChE
assumptions that several rate constants are unaffected bY:ataIytic pathway 10) and suggests that 12 functions as
bound ligands (e.ga = b = 1), are related by previous  gych a site. Whilé&s is the most direct measure of cationic
measurements in the literature (e.Bs,= kg), or can be  gsypstrate affinity for this anionic site, analysis according to
combined into terms (e.gB and R/Rg) for which Ks is Scheme 3 indicates that two parameters determined from eq
relatively insensitive. As future studies fit multipleversus 1, Kapp andKss are closely related tis. As noted above,
[S] data sets with, for example, varying concentrations of mytation of D72 to G decrease#.a/Kapp by increasing the
specific inhibitors, the number of independent rate constants effectiveK,, without appreciable effect di.. Mutation of
that can be fitted uniquely should increase and eliminate p72 to G also increased thiéss for acetylthiocholine and
uncertainties arising from the simplifying assumptions. made substrate inhibition less evidekts increased in the

As a negatively charged residue in the AChE active site, mutant because the level of substrate binding that gave rise
D72 in principle could affect catalytic activity in several to steric blockade was decreased. Therefore, according to
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Scheme 3, mutations such as that in23 that result in an
increase in th&s for substrate binding in the peripheral site
(without an effect orka) should give rise to parallel increases
in KappandKss Furthermore, this loss in affinity should also
be reflected in increases K for cationic inhibitors specific

Mallender et al.

the peripheral site but also with residues on the outer surface
of the B7—C94 w-loop within 4 A 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-

to either the peripheral site or the acylation site, as shown tional effect on the acylation site when fasciculin but not

by consideration of Scheme 4.

Scheme 4

ky kiy
E+1 = Elr = EI
ko ki

In Scheme 4, an inhibitor first binds to the peripheral site
with an equilibrium dissociation constaii. Its partitioning

propidium is bound to the peripheral site. Data in Table 2
indicate that some of this inhibitory conformational effect
is mediated by 2. In particular, the first-order phospho-
rylation rate constant in thEOPXIp ternary complex with
fasciculin relative to the corresponding rate constaBd® X
alone is given by the constaatin 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-

between the peripheral site and the acylation site is then givenculin. Sincea for EMPC increased about 100-fold to 0.24

by the equilibrium constark, (=k-2/ki2). The experimental
K, = Ki1Ki2/(1 + K2), and the inhibitor will be specific for
the peripheral site K, > 1 (K, = Kj;) or for the acylation
site if Ki; < 1 (K| = K;1Kpp). In either casek; is proportional
to K1, and a mutation like that in G which we propose
to increase onl¥;; will increase the experiment}. 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

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 T2 does not make direct contact

with fasciculin 2 according to the crystal structures, it may

be important in maintaining an interaction between fasciculin
and thew-loop that is necessary to transmit the inhibitory
conformational effect. Evidence supporting a role fof2D

in this interaction was provided by the 300-fold decrease in

acylation site (edrophonium) and of cationic ligands specific fasciculin 2 affinity in the human D74G mutant relative to

to the peripheral site (propidium) by factors of aboutl8, (
31, 39). Bisquaternary ligands that bind simultaneously to

that in the wild-type enzyme.

both the peripheral and acylation sites are particularly ACKNOWLEDGMENT
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active site of BChE were observed when D70 was mutated REFERENCES

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 2

D70G mutant relative to that of the wild-type BChE. To
account for these data, Masson et &l7)( 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 5.

ligand binding near D70, this proposal is very similar to that
inferred here for the role of 2 in AChE.

A third possible way that D2 could affect catalytic
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