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ABSTRACT: Cholinergic synaptic transmission often re-
quires extremely rapid hydrolysis of acetylcholine by
acetylcholinesterase (AChE). AChE is inactivated by organo-
phosphates (OPs) in chemical warfare nerve agents. The
resulting accumulation of acetylcholine disrupts cholinergic
synaptic transmission and can lead to death. A potential long-
term strategy for preventing AChE inactivation by OPs is
based on evidence that OPs must pass through a peripheral
site or P-site near the mouth of the AChE active site gorge
before reacting with a catalytic serine in an acylation site or A-
site at the base of the gorge. An ultimate goal of this strategy is
to design compounds that bind tightly at or near the P-site and
exclude OPs from the active site while interfering minimally
with the passage of acetylcholine. However, to target the AChE P-site with ligands and potential drugs that selectively restrict
access, much more information must be gathered about the structure−activity relationships of ligands that bind specifically to the
P-site. We apply here an inhibitor competition assay that can correctly determine whether an AChE inhibitor binds to the P-site,
the A-site, or both sites. We have used this assay to examine three uncharged, natural product inhibitors of AChE, including
aflatoxin B1, dihydrotanshinone I, and territrem B. The first two of these inhibitors are predicted by the competition assay to
bind selectively to the P-site, while territrem B is predicted to span both the P- and A-sites. These predictions have recently been
confirmed by X-ray crystallography. Dihydrotanshinone I, with an observed binding constant (KI) of 750 nM, provides a good
lead compound for the development of high-affinity, uncharged inhibitors with specificity for the P-site.

Acetylcholinesterase (EC 3.1.1.7) is one of the most
important enzymes of the vertebrate nervous system. It

hydrolyzes the neurotransmitter acetylcholine into choline and
acetate at one of the highest known enzymatic rates1 and is
involved in the transmission of signals at synapses between
nerves and between nerves and muscles.2 Application of drugs
at concentrations that partially inhibit AChE can increase the
levels of acetylcholine and potentiate its physiological effects.
This is the rationale for the therapeutic use of AChE inhibitors
that penetrate the blood−brain barrier for symptomatic
treatment of several neurological disorders, including Alz-
heimer’s disease, in which cholinergic neurons are lost and
endogenous levels of acetylcholine are decreased.3 AChE
inhibitors largely selective for insect AChEs also have been
developed as pesticides. However, some inhibitors like the
organophosphates (OPs) in chemical warfare nerve agents can
completely block AChE activity4 by covalently reacting with the
S203 residue in the AChE active site. This results in

accumulation of acetylcholine in cholinergic synapses and
leads to failure of cholinergic synaptic transmission, deterio-
ration of neuromuscular junctions, flaccid muscle paralysis,
seizures in the central nervous system, and, ultimately, death.
Better insight into the interaction of inhibitors with AChE

may provide new strategies for protecting against OP
inactivation of AChE. Kinetic and thermodynamic studies
have revealed that inhibitors can interact with either or both of
two binding sites in AChE,5−8 and X-ray crystallography has
provided information about the location of these sites.9−12 A
narrow active site gorge some 20 Å deep penetrates nearly to
the center of the ∼65 kDa catalytic subunits (Figure 1A). Near
the base of this gorge, H447, E334, and S203a participate in a
triad that catalyzes the transient acylation and deacylation of
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S203 during each substrate turnover. Two molecules of
substrate can be detected in the active site gorge when
acetylcholine or acetylthiocholine is diffused into crystals of
TcAChE13 or the inactive S203A mutant of mouse AChE.14

One substrate molecule in contact with W286, Y124, and D74
in mouse AChE indicates the peripheral site or P-site, and the
second molecule interacting with W86 near the catalytic triad
specifies the acylation site or A-site. The mobile side chain of
Y337 is at the boundary between the two sites (Figure 1B). The
P-site specifically binds certain ligands like the fluorescent
probes propidium6 and thioflavin T,7 and it is included in the
extensive AChE surface area bound by the neurotoxin
fasciculin.15,16 The P-site thus far has been shown to contribute
to catalytic efficiency by ensuring that most substrate molecules
that collide with and transiently bind to the P-site proceed to
the A-site17−19 and, with certain bound cationic substrates, by
providing a modest allosteric activation of the acylation step.20

One antidote to OP toxicity involves cationic oximes that act
as strong nucleophiles to remove an OP from S203 in the A-site
and restore AChE activity21 in individuals who have already
been exposed to OPs. We are exploring a new strategy for
developing drugs that prevent AChE inactivation by OPs while
still maintaining adequate hydrolysis of acetylcholine by AChE.
This strategy is suggested by data showing that bound P-site
ligands block the entry and exit rates of ligands specific for the
A-site by factors of up to 400.18,22 We seek compounds that
bind very tightly at or near the P-site and are able to selectively
exclude OPs from the A-site while showing minimal
interference with the entry of acetylcholine. To pursue this
strategy, we need to learn more about the structure−activity
relationships of ligands that bind selectively to the P-site.
Unfortunately, this area of study has largely been ignored. We
have applied virtual screening to identify compounds that bind
specifically to the P-site, and one compound with such
specificity but rather low affinity was identified.23 Higher-
affinity ligands specific for the P-site are needed as lead
compounds, which provide templates for modification to
achieve even greater efficacy and specificity. Such compounds
will allow us not only to refine and expand virtual screening
tools but also to test experimentally the effects of synthetic
modifications.
To identify better candidates for a lead P-site inhibitor, we

turned to several natural products. During millions of years of

coexistence with animals, plants and fungi have developed a
variety of mechanisms of defense. One important defense
mechanism is the production of chemicals that adversely affect
important physiological functions in animals. These natural
products offer amazing structural diversity and distinct modes
of action that have led to a resurgence of interest in this field
over the past three decades. Molecular sites of action for many
of these compounds are being identified, although it is
important to remember that a compound may have additional,
unidentified molecular sites of action that are responsible for its
primary physiological effects.24 Natural products have been
reported to inhibit AChE activity and possibly bind selectively
to the P-site. We are particularly interested in uncharged P-site
inhibitors that may be less likely to interfere with the entry
trajectory of cationic acetylcholine. Aflatoxin B1 (Figure 2) is a

fungal metabolite produced by species of Aspergillus that can
contaminate human and animal food stocks.25,26 Its carcinoge-
nicity,27 extreme toxicity,28 and relatively low affinity for
mammalian AChE29,30 make it unattractive as a potential lead
compound in this study, but it is included here because it is
uncharged and the first natural product inhibitor of AChE
shown to bind exclusively to the P-site by X-ray crystallog-
raphy.31 Dihydrotanshinone I (Figure 2) is a diterpenoid that
was first isolated from the roots of Salvia miltiorrhiza,32 an
angiosperm that belongs to the family Lamiaceae, and it has
been widely used as a Chinese folk medicine for the treatment
of cardiovascular diseases.33 While it inhibits the activities of
cyclooxygenase-2 and inducible NO synthase34 and of
diacylglycerol acyltransferase,35 dihydrotanshinone I showed a
relatively high affinity as an inhibitor of human AChE (KI of 0.6
μM). Binding was suggested to involve aromatic residues in the
P- or A-site,36,37 and one molecular docking simulation
indicated binding to the A-site.36,37 Territrem B (Figure 2), a

Figure 1. (A) Cross section of AChE with the active site gorge colored
yellow and S203 colored red. (B) Additional key residues in the active
site gorge are colored gray with their residue number.a The orientation
is identical to that of panel A. Acetylcholine molecules observed in the
crystal structure of the S203A mutant14 are inserted into the P-site
(pink) and the A-site (green). This mutation does not alter the
structure of native AChE but abolishes all catalytic activity, allowing
acetylcholine ligands and their binding sites in AChE to be preserved.

Figure 2. Molecular structures of acetylcholine and AChE inhibitors.
The structures are oriented so that the moieties directed toward the
mouth of the AChE active site gorge are at the top of each structure
and those nearest the catalytic triad in the A-site are at the bottom.
The orientation for acetylcholine is the one found at the P-site.
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fungal meroterpenoid isolated from Aspergillus terreus, induces
tremor and convulsions in mice on intraperitoneal admin-
istration.38 It is a potent inhibitor of AChE with high selectivity
relative to butyrylcholinesterase, and its binding to electric eel
AChE was reported to be irreversible.39 Molecular modeling
indicated extensive overlap of territrem B with the P-site and
less overlap with the A-site.39 Molecular docking studies of the
closely related (+)-arisugacin A meroterpenoid suggested
alternative binding modes, either exclusively with the P-site
or spanning the P- and A-sites.40 Here we make use of an
inhibitor competition assay that can distinguish whether an
inhibitor is bound to the A-site or the P-site. The reliability of
this assay has been confirmed with inhibitor standards whose
sites of binding have already been identified by X-ray
crystallography.7,23,41,42 We have employed this assay to resolve
the overlap of bound dihydrotanshinone I and territrem B with
the P- and A-sites of AChE.

■ EXPERIMENTAL PROCEDURES
Materials. Recombinant human AChE was expressed as a

secreted, disulfide-linked dimer in Drosophila S2 cells and
purified as outlined previously.43 Edrophonium chloride, 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB), acetylthiocholine
iodide (AcSCh), aflatoxin B1, and bovine serum albumin
(BSA), Fraction V (approximately 99%), were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO). Thioflavin T
(Sigma-Aldrich) was recrystallized from water, and concen-
trations were assigned by the absorbance at 412 nm with an ε412
of 36000 M−1 cm−1. Aflatoxin B1 (Sigma-Aldrich) concen-
trations were determined from an ε362 of 21800 M−1 cm−1 in
methanol.44 Dihydrotanshinone I (Quality Phytochemicals
LLC; 98% pure by high-performance liquid chromatography)
gave an ε409 of 3400 M−1 cm−1 in methanol based on the
concentration by weight. Territrem B was isolated from the
culture broth of arisugacin-producing strain Penicillium sp. FO-
4259.45 An ε331 of 18400 M

−1 cm−1 in methanol39 was assumed.
The uncharged inhibitors were dissolved at concentrations of
1−3 mM in methanol, although in several experiments
dihydrotanshinone I was dissolved at a concentration of 25
mM in DMSO before dilution in methanol to ensure solubility
on further dilution into assays.
Assay of Substrate Hydrolysis. The substrate was AcSCh

in all assays, and hydrolysis rates (v) were measured in a
coupled Ellman reaction in which the amount of thiocholine
generated in the presence of 0.33 mM DTNB was determined
by the formation of the thiolate dianion of DTNB at 412 nm
(Δε412 = 14150 M−1 cm−1).20 Total AChE concentrations
(Etot) were calculated assuming 450 units/nmol.7,b Assays were
conducted at 25 °C in 20 mM sodium phosphate buffer (pH
7.0) (stock buffer) and 0.01% bovine serum albumin46 unless
otherwise noted. AChE concentrations were varied to optimize
measured rates, and nonenzymatic hydrolysis rates were
deducted from all enzymatic hydrolysis rates.
The fitting of kinetic data with AChE inhibitors was

conducted by nonlinear regression with SigmaPlot (version
11.0), and analyses were either unweighted (eqs 1 and 4) or
weighted assuming that the dependent variable had a constant
percent error47 (eqs 2, 3, 5, 6A, 6B, and 7A) unless otherwise
noted.
Inhibition of Substrate Hydrolysis at Low Substrate

Concentrations. To simplify the analysis of inhibition of
substrate hydrolysis arising from the interaction of ligands with
either the A- or P-site in only the free enzyme (E), it is useful to

focus on the second-order hydrolysis rate constant obtained
when the substrate concentration ([S]) is much less than Kapp,
the apparent Michaelis constant.42 Here we denote this rate
constant kE.

42,48 In the absence of inhibitors, kE = kcat/Kapp,
where kcat is the turnover number for the substrate with
AChE.19 Under these conditions, Scheme 1 includes all relevant

enzyme species.42 This scheme assumes that substrate S binds
initially to the P-site (ESP) before progressing to the A-site
(ES) where it is hydrolyzed to products P, and it can be applied
both to inhibitors that bind at the A-site (IP = I, and 1/i = 0)
and to inhibitors that bind at the P-site (IP) with dissociation
constant KI. Under these second-order conditions, the substrate
hydrolysis rate v = kE[E]tot[S], where [E]tot is the total enzyme
concentration and kE is measured from eq 1.49

= −[S] [S] e zt
0 (1)

In eq 1, z = kE[E]tot and t is the time after addition of S to the
complete assay mixture. To fit hydrolysis data, the following
substitutions were made in eq 1 and the equation was solved
for A412 at time t: [S] = [A412 − A412(final)]/Δε412, where
A412(final) is A412 at the conclusion of the exponential time
course, and [S]0 = [A412(final) − A412(t=0)]/Δε412.

46

Because AcSCh is hydrolyzed by AChE at nearly diffusion
controlled rates, binding of the inhibitor to either the A- or P-
site results in an expression for the ratio of kE in the absence of
inhibitor (kE[I]=0) to kE in the presence of inhibitor (kE+I) given
by eq 2.22
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Under these diffusion-controlled conditions, α in eq 2 is given
by kS2/kS, from Scheme 1 the ratio of the association rate
constant for S with EIP to the association rate constant for S
with E.42 The value of α is always zero for inhibitors that bind
specifically to the A-site because kS2 then is zero, and it is
expected to be close to zero when the bound P-site ligand
blocks the entry of AcSCh into the A-site.18,22,42

To conduct an inhibitor competition assay, two inhibitors for
which α = 0 are selected. A series of assays are then conducted
with a fixed concentration of one inhibitor (I1) together with
varying concentrations of the second inhibitor (I2), and kE in
the presence of both inhibitors (here denoted kE+I2) relative to
kE when only I1 is present (here denoted kE[I2]=0) is given by eq
3.7

Scheme 1. Enzyme Species Considered in the Low-Substrate
Kinetic Model
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In eq 3, K1, K2, and K12 are the equilibrium dissociation
constants for I1 with E, I2 with E, and I1 with the EI2 complex,
respectively. The value of [I1]/K12 will be significantly greater
than zero only if the ternary complex EI1I2 can form, and this
analysis thus can be used to detect ternary complex formation.
Inhibition of Substrate Hydrolysis at Intermediate

Substrate Concentrations. At substrate concentrations that
are near Kapp but low enough that highly substrate bound
species can be ignored (e.g., ESSP

20), an acyl enzyme
intermediate (EA) in addition to those in Scheme 1 must be
considered. In this report, these concentrations are used with
only one inhibitor, territrem B, that we will show is unable to
form ternary complexes with ligands that bind specifically to
either the A- or P-site. Under these conditions, Scheme 2

includes all relevant enzyme species.c Inhibitor I spans the A-
and P-sites and binds to E with respective association and
dissociation rate constants kI and k−I and to EA with respective
association and dissociation rate constants kAI and k−AI.
When the concentration of a slow binding inhibitor in

Scheme 2 is changed at the start of an AChE assay containing
the substrate AcSCh, a continuous trace of A412 versus t can be
recorded as the assay approaches a new steady state. If substrate
is only minimally depleted and the absorbance and time scales
are adjusted so that the trace would be linear in the absence of
inhibitor, we observe that the trace with inhibitor can be
analyzed with eq 4.

= + +
−
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−

⎛
⎝⎜
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k t
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0 final
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In eq 4, At=0 is A412 at time zero, v0 and vfinal are the hydrolysis
rates dA412/dt at time zero and the final steady state,
respectively, and kobs is the observed rate constant for the
approach to the final steady state. In cases where v = dA412/dt
rather than A412 was measured, data were fit to the time
derivative of eq 4 shown in eq 5.

= + − −v v v v( )e k t
final initial final

obs (5)

The general expression for vfinal that arises from Scheme 2,
when I is not necessarily in equilibrium with EA, has been
derived previously1,41 and is given in a rearranged format in eqs
6A and 6B.
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When vfinal in the presence of I (vfinal+I) is normalized to v in the
absence of I (v[I]=0), a plot of v[I]=0/vfinal+I versus [I] is linear
when [S] approaches zero with a slope that gives the apparent
KI (KI app) = KI. As [S] increases, KI app becomes a function of
[S] and depends on the ratio KI/KU = (kcat/k3)KI(1 − b + bk3/
k−I)/(KR + b[I]), where KR = (k−AI + bk3)/kAI.

41 The value of
this ratio in turn depends on whether I is in equilibrium with E
and EA: at equilibrium (bk3 ≪ k−I, and bk3 ≪ k−AI), KR = KAI
and the extent of inhibition depends on the value of b.22 With a
very slow-binding inhibitor like territrem B, Scheme 2 is not at
equilibrium (bk3 ≫ k−I, and bk3 ≫ k−AI). If v[I]=0/vfinal+I remains
linear in [I], implying KI/KU is independent of [I] (k3/kAI ≫
[I]), then KI/KU = (kcat/k3)(kAI/kI).

41 The ratio kcat/k3 is a
measure of the fraction of total substrate-bound enzyme
intermediates in the acetyl enzyme form [EA]/([ESP] + [ES] +
[EA]).
The approach to the steady state in eq 4 involves only a

single-exponential term (kobs), and conditions have been
described previously50 under which this situation can arise
from Scheme 2. Either one inhibitor-bound species predom-
inates (e.g., [EI] ≫ [EAI]), or inhibitor dissociation is
essentially unaffected by enzyme acetylation (k−I ≅ k−AI).
The resulting expression for kobs in eq 4 is given in eqs 7A and
7B.

= +k k K([I] )obs on I app (7A)
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■ RESULTS
Aflatoxin B1. Our search for uncharged inhibitors with

binding specificity for the AChE P-site began with aflatoxin B1,
the first uncharged inhibitor shown by X-ray crystallography to
bind specifically to the P-site.31 To demonstrate that our
inhibitor competition assay supports this assignment, we
conducted the analyses in Figure 3. We first measured aflatoxin
B1 inhibition of AChE hydrolysis of low concentrations of the
substrate AcSCh. The substrate was completely hydrolyzed
over an exponential time course (eq 1 and Figure 3A), and
second-order, substrate hydrolysis rate constants (kE) were
obtained at several inhibitor concentrations. Such direct
measurements of kE are attractive because they are more
precise than those obtained from a series of conventional initial
rate measurements. Furthermore, under these second-order
conditions, inhibition reflects binding of aflatoxin B1 only to
the free enzyme. Values of kE[I]=0/kE+I had a linear dependence
on the aflatoxin B1 concentration (Figure 3B), providing a KI of
28 μM and indicating that substrate reacts slowly if at all with
the inhibitor-bound enzyme (α in eq 2 is zero). In this case, the
inhibitor competition analysis in eq 3 can then be applied.7,41,42

This analysis is designed to assign the binding location of an
unknown inhibitor by examining its competition with inhibitors
whose binding sites are known from X-ray crystallography. In
Figure 3, the A-site inhibitor edrophonium51 and the P-site
inhibitor thioflavin T11 (Figure 2) are employed as the known

Scheme 2. Enzyme Species Considered at Intermediate
Substrate Concentrations
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inhibitors and aflatoxin B1 is analyzed as the unknown
inhibitor. The analysis is designed to detect any ternary
complex formed when the unknown inhibitor and the inhibitor
with a known binding site are added to AChE simultaneously.
The data with aflatoxin B1 alone are plotted in the form kE+I/
kE[I]=0 in panels C and D of Figure 3 to emphasize KI as the
IC50, or the inhibitor concentration at which kE+I/kE[I]=0 was
decreased by 50%. When a fixed concentration of edrophonium
was included in the assays, the IC50 for aflatoxin B1 was shifted
slightly to the right, indicating some competition between the
two inhibitors. The affinity of aflatoxin B1 or edrophonium in
the ternary complex decreased by a factor of 5 relative to their
affinities in their respective binary complexes with the free
enzyme, a small change consistent with slight steric overlap
between the two binding sites. In principle, this small decrease
in affinity could also arise from a negative allosteric interaction
between the two ligand binding sites, but crystal structures of
the edrophonium and aflatoxin B1 complexes with TcAChE
show no evidence of backbone α-carbon movements necessary

for an enzyme conformational change that could give rise to
such allosterism.
In contrast to the results with edrophonium, the IC50 for

aflatoxin B1 in Figure 3D was shifted well to the right by the
addition of thioflavin T. One can calculate the extent of the
shift that would result from complete competition and no
ternary complex formation from the KI values of the inhibitors
individually, and these calculated shifts are shown as the dashed
lines in panels C and D of Figure 3. Aflatoxin B1 and thioflavin
T showed complete competition in Figure 3D. These data
indicate that aflatoxin B1 binds to the AChE P-site in a fashion
that is competitive with thioflavin T but slightly overlaps
edrophonium bound at the A-site. This interpretation confirms
the P-site binding of aflatoxin B1 complexed with AChE in the
crystal structure of Protein Data Bank (PDB) entry 2XI4,31 as
outlined in the Discussion.

Dihydrotanshinone I. To find a more attractive uncharged
lead compound as a specific P-site inhibitor of AChE, we
surveyed the literature for reports of uncharged natural

Figure 3. Inhibition of AcSCh hydrolysis by aflatoxin B1. (A) Examples of experimental traces that were analyzed with eq 1 to yield values of kE+I.
The assay solvent consisted of 20 mM sodium phosphate (pH 7.0), 10% methanol, and 0.02% Triton X-100. The initial AcSCh concentration ([S]0)
was 10 μM; [E]tot was 0.37 nM (for ≤20 μM I) or 0.7−1.1 nM [for ≥40 μM I (not shown)], and aflatoxin B1 concentrations are indicated.
Experimental traces (black) at 0, 10, and 20 μM aflatoxin B1 and fitted lines (white) are offset by 0.02, 0.01, and 0 A412, respectively, and 0, 0.5, and
1.0 min, respectively, for the sake of clarity. (B) Values of kE+I obtained from traces like those in panel A were analyzed with eq 2. Weighted analysis
of two data sets (n = 2) gave an α of −0.059 ± 0.010 (not significantly different from zero based on a P value of 0.11). With α fixed at zero, an
average KI of 28 ± 1 μM (n = 2) was obtained. (C and D) Inhibitor competition assay for assignment of AChE binding site specificity. Values of kE,
with inhibitor I2 in the presence (▲) or absence (○) of inhibitor I1 as indicated, were obtained as described for panel A, and the kE+I2/kE[I2]=0 ratios
were fit to eq 3. Values of K1 (0.45 ± 0.02 μM for edrophonium and 3.01 ± 0.12 μM for thioflavin T) and K2 for aflatoxin B1 (27.1 ± 0.9 and 29.2 ±
0.9 μM in panels C and D, respectively) were obtained as described for panels A and B, and these values were fixed in eq 3 and K12 was fit. For
edrophonium and aflatoxin B1 (C), the affinity in the binary complexes relative to that in the ternary complex was given by a K12/K1 of 5.0 ± 0.3. For
thioflavin T and aflatoxin B1 (D), K12/K1 > 1000 because K1/K12 was not significantly different from zero (p = 0.86). Dashed lines were calculated
with the same values of K1 and K2 but with [I1]/K12 fixed at zero.
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products with affinities higher than that of aflatoxin B1 as AChE
inhibitors. Dihydrotanshinone I (Figure 2) was reported to be a
potent inhibitor of AChE36 with a KI of 0.64 μM.37

Furthermore, its planar structure with an ortho-quinone ring
bore some resemblance to aflatoxin B1 and its pyrone and
cyclopentenone rings (Figure 2). These features made it an
attractive candidate for a specific P-site inhibitor. The analysis
of dihydrotanshinone I binding to AChE with our inhibitor
competition assay is shown in Figure 4. The dependence of kE
on the dihydrotanshinone I concentration (Figure 4B) gave a
KI of 0.75 μM and indicated, as in Figure 3B, that α in eq 2 is
zero. The inhibitor competition assays with a fixed concen-
tration of edrophonium revealed a slight shift to the right in
IC50 for dihydrotanshinone I (Figure 4C). The affinity of
dihydrotanshinone I or edrophonium in the ternary complex
decreased by a factor of 3.4 relative to their affinities in their
respective binary complexes with the free enzyme, a small
change that indicated slight steric overlap between the two
binding sites. In contrast, the IC50 for dihydrotanshinone I in
Figure 4D was shifted well to the right by the addition of

thioflavin T, almost to the theoretical dashed line indicating
complete competition between these two inhibitors. These data
indicate that dihydrotanshinone I, like aflatoxin B1, binds to the
AChE P-site in a fashion that is competitive with thioflavin T
but slightly overlaps edrophonium bound at the A-site.

Association and Dissociation Rate Constants of
Territrem B. One class of high-affinity AChE inhibitors
encompasses a number of closely related fungal meroterpe-
noids, including the terreulactones, arisugacins, and terri-
trems.52 Territrem B (Figure 2) has been reported to be an
irreversible inhibitor of electric eel AChE that does not form a
covalent bond with the enzyme.39 This conclusion was based
on two observations: These authors failed to detect a gradually
approaching steady state in the inhibition of AChE by territrem
B, yet radiolabeled territrem B was released from AChE by 8 M
urea, indicating a noncovalent binding mechanism. In contrast,
our data with human AChE in Figures 5 and 6 reveal high-
affinity but reversible binding of territrem B. The reversibility is
readily apparent in the continuous assays with AcSCh in panels
A and B of Figure 5. These assays show the approach to steady

Figure 4. Inhibition of AcSCh hydrolysis by dihydrotanshinone I. (A) Examples of experimental traces that were analyzed as described in the legend
of Figure 3A. The solvent was assay buffer containing 10% methanol, 0.04% DMSO, and 0.01% BSA. [S]0 was 10 μM; [E]tot was 0.30 nM (for ≤0.5
μM I) or 0.5−2.7 nM [for ≥1.0 μM I (not shown)], and dihydrotanshinone I concentrations are indicated. Experimental traces (black) at 0, 0.25,
and 0.50 μM dihydrotanshinone I and fitted lines (white) are offset by 0.006 A412 and 0.5 and 1.0 min, respectively, for the sake of clarity. (B) Values
of kE+I obtained from traces like those in panel A were analyzed with eq 2. Weighted analysis of four data sets gave an α of 0.0133 ± 0.0047 (not
significantly different from zero based on a P value of 0.067). With α fixed at zero, an average KI of 0.75 ± 0.04 μM (n = 3) was obtained. (C and D)
Inhibitor competition assays for the assignment of AChE binding site specificity were conducted as described in the legend of Figure 3. Values of K1
(0.239 ± 0.001 μM for edrophonium and 1.94 ± 0.05 μM for thioflavin T) and K2 for dihydrotanshinone I (0.79 ± 0.02 and 0.76 ± 0.05 μM in
panels C and D, respectively) were obtained as described for panels A and B, and these values were fixed in eq 3 and K12 was fit. For edrophonium
and dihydrotanshinone I (C), the affinity in the binary complexes relative to that in the ternary complex was given by a K12/K1 of 3.4 ± 0.3. For
thioflavin T and dihydrotanshinone I (D), K12/K1 = 54 ± 18. Dashed lines were calculated as described in the legend of Figure 3.
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state territrem B binding during both net association with the
unoccupied enzyme (Figure 5A) and net dissociation from the
complex of territrem B with AChE (Figure 5B).
While these continuous assays are convenient and

qualitatively make clear both association and dissociation
reactions, quantitative analyses must consider the competition
between territrem B and AcSCh for binding to the enzyme
active site. We modeled this competition with Scheme 2 and fit
the data in panels A and B of Figure 5 with eq 4 to give the
initial substrate hydrolysis rate (v0) upon addition of enzyme to
substrate, the final rate (vfinal) when a steady state is achieved,
and the exponential rate constant (kobs) for the approach to the
steady state. Because eq 4 assumes a constant hydrolysis rate v
for a control in the absence of inhibitor (see Figure 5B), a
substrate concentration is often chosen that is the lowest
necessary to maintain a constant control rate while minimizing
competition with the inhibitor. For example, a higher substrate

concentration was employed for the net dissociation reaction in
Figure 5B than for the net association reaction in Figure 5A.
The dependence of vfinal from Figure 5A on inhibitor
concentration was fit with eq 6A in Figure 5C to give the
apparent inhibition constant (KI app). KI app reflects a weighted
average of binding of the inhibitor to both free enzyme E and
acyl enzyme EA in Scheme 2 and thus is dependent on the
substrate concentration as given in eq 6B and shown in the
inset of Figure 5C. The value of Kapp for AcSCh obtained from
this fit was 0.11 mM, in reasonable agreement with the Kapp of
0.045 mM for AcSCh under these solvent conditions directly
measured from Michaelis−Menten kinetic analysis.22 Informa-
tion about rate constants was obtained by analyzing kobs values
from Figure 5A. The dependence of kobs on territrem B
concentration in Figure 4D was fit to eq 7A with KI app both as a
variable () and as a parameter fixed from Figure 4C (···). In
this case, the resulting values of kon were in very good

Figure 5. Association and dissociation rate constants for binding of territrem B to AChE in the presence of AcSCh. Stock buffer was supplemented
with 0.02% Triton X-100 and 0.0001% BSA in the assays. (A) Samples of territrem B were added to the assays at time zero. Experimental traces were
analyzed with eq 4 to obtain fitted values of four parameters, including vfinal and kobs. The concentration of substrate ([S]0) was 0.125 mM; [E]tot was
6 pM, and territrem B concentrations are indicated. Experimental traces (black) at 13, 22, and 44 nM territrem B and fitted lines (white) are offset by
0, 2, and 4 min, respectively, for the sake of clarity. (B) A sample with territrem B (100 nM) and a control without territrem B were incubated for 3 h
with AChE and diluted into assays to the indicated territrem B concentration at time zero. Analysis was the same as in panel A except that vfinal was
fixed at the control value, [S]0 was 0.75 mM, and [E]tot was 12 pM. Experimental traces (black) at 0 and 0.2 nM territrem B and fitted lines (white)
are offset by 0 and 2 min, respectively, for the sake of clarity. (C) Values of vfinal obtained from traces in panel A were analyzed with eq 6A to obtain a
KI app of 3.19 ± 0.15 nM. The KI app from this set together with those from similar analyses of vfinal with [S]0 at 0.50 mM and [S]0 at 0 (Figure 5D)
were analyzed with eq 6B in the inset to give fitted values of Kapp (0.11 mM) and (kcat/k3)(kAI/kI) (0.10). (D) Values of kobs obtained from traces in
panel A were analyzed with eq 7A to obtain a kon of 0.11 ± 0.02 μM−1 s−1 (). When KI app in eq 7A is fixed at the value determined in panel C, kon
= 0.120 ± 0.006 μM−1 s−1 (···). The kon from this fit together with those from similar analyses of kobs with [S]0 at 1.05 and 0.50 mM and [S]0 at 0
mM (Figure 6E) was analyzed in the inset with eq 7B to give fitted values of Kapp (0.21 ± 0.07 mM), kI (0.162 ± 0.008 μM−1 s−1), and (kcat/k3)(kAI/
kI) (0.25 ± 0.05). Error bars in panels C and D are within the symbols.
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agreement, but for determinations of kon at other substrate
concentrations in the inset of Figure 4D, scatter in the data was
reduced by fixing KI app at values based on the fitted curve in
Figure 4C. Analysis of the kon values in the inset of Figure 5D
with eq 7B again gave the Kapp for AcSCh among the fitted
parameters, and in this case, Kapp was 0.21 ± 0.07 mM.
Agreement of this Kapp with that from the inset of Figure 5C
was within a factor of 2. A possible explanation for the slight
overestimates of these Kapp values relative to that from direct
Michaelis−Menten analysis is that Scheme 2 ignores additional
substrate binding in complexes like ESSP and EASP,

20 and such
binding would decrease the fitted Kapp.

50

Key measurements in the insets of panels C and D of Figure
5 are values of KI app and kon in the absence of substrate, as
these are the respective equilibrium dissociation constant (KI)
and the association rate constant (kI) for the binding of

territrem B to the free enzyme. To determine these values, we
conducted assays at various times after mixing territrem B and
AChE. In Figure 6A, mixing occurred at time zero and the
incubated mixture was assayed at subsequent time points as
territrem B (15 nM) progressively associated with the enzyme.
Because a new steady state was introduced in the assay, assay
traces were extrapolated back to assay time zero with eq 4 to
obtain the correct v0 for the corresponding incubation time.
These v0 values were then plotted against incubation time in
Figure 6B and fit with eq 5. Values of v0 for an additional
mixture with 77 nM territrem B are also fit in Figure 6B.
Incubations were also initiated by dilution of territrem B and
AChE mixtures, and fitted v0 values from assays as territrem B
dissociated from the enzyme were analyzed in Figure 6C. Both
vfinal and kobs were obtained from each fitted line in panels B and
C of Figure 6, and these data together with data from additional

Figure 6. Association and dissociation rate constants for binding of territrem B to AChE in the absence of AcSCh. Stock buffer was supplemented
with 0.02% Triton X-100 and 0.01% BSA in initial incubations and subsequent assays. (A) Samples with 15 nM territrem B and 1 nM AChE were
incubated for the indicated times and diluted 10-fold into assays containing 1.05 mM AcSCh at assay time zero. Experimental traces were analyzed
with eq 4 with vfinal fixed at 0.50 ΔA412/min to obtain fitted values of v0, kobs, and At=0. This vfinal value was calculated with eq 6A from the control v
without inhibitor and the KI app for 1.05 mM AcSCh fit in the inset of Figure 5D. Experimental traces are black, and fitted lines are white; the 4 min
trace and fit are offset by 0.01 absorbance unit for the sake of clarity. (B) Values of v0 from traces at each time point in panel A and traces at
additional time points from the same incubation (○) and values of v0 from traces from a similar incubation with 77 nM territrem B (△) were fit to
eq 5 to give (for ○) vfinal (0.072 ± 0.03 ΔA412/min) and kobs (0.197 ± 0.014 min−1) and (for △) vfinal (0.0127 ± 0.0010 ΔA412/min) and kobs (1.4 ±
0.2 min−1). (C) Territrem B (380 or 190 nM) and AChE (27 nM) were incubated for 10 min and diluted 100-fold. At the indicated times, aliquots
were diluted 3.3-fold into continuous assays containing 1.05 mM AcSCh, and values of v0, kobs, and At=0 were obtained by fitting with eq 4 as
described for panel A. These values of v0 at each time point were then analyzed with eq 5 as described for panel B to give [(○) 2 nM territrem B]
vfinal (0.198 ± 0.007 ΔA412/min) and kobs (0.031 ± 0.002 min−1) and [(△) 4 nM territrem B] vfinal (0.141 ± 0.005 ΔA412/min) and kobs (0.045 ±
0.003 min−1). The 4 nM territrem B trace and fit are offset by 5 min for the sake of clarity. (D) Values of vfinal obtained from association reactions,
including those in panel B (△), and dissociation reactions, including those in panel C (○), were initially analyzed with eq 2 to obtain an α of −0.005
± 0.003 (p = 0.19, not significantly different from zero) and then analyzed with eq 6A to yield KI app ≡ KI = 1.67 ± 0.19 nM. Error bars in panels B−
D are within the symbols. (E) Values of kobs obtained from the traces analyzed in panel D were fit with eq 7A to yield kon ≡ kI = 0.21 ± 0.02 μM−1

s−1 (). When KI app ≡ KI in eq 7A was fixed at the value determined in panel D, kon ≡ kI = 0.160 ± 0.014 μM−1 s−1 (···), and k−I ≡ kIKI = 0.00027
± 0.00004 s−1. In these analyses, the dependent variable was weighted by the reciprocal of its variance.47
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incubations not shown were investigated in panels D and E of
Figure 6. Analysis of vfinal in Figure 6D revealed a KI of 1.67 nM,
while fitting of kobs with KI fixed at 1.67 nM in Figure 6E gave a
kI of 0.160 μM

−1 s−1 and a k−I of 0.00027 s
−1. This value of kI is

in good agreement with the value of 0.01 nM−1 min−1 reported
for electric eel AChE.39 However, the KI for eel AChE appears
to be several-fold lower than that determined here,39 implying a
lower k−I for eel AChE that could increase the incubation time
needed to reach the steady state during territrem B association
to the point where these authors concluded that no steady state
exists.
Inhibitor Competition with Territrem B. Having

established the equilibrium affinity for territrem B in Figure
6, we returned to inhibitor competition assays to examine the
overlap of territrem B with the P- and A-sites. Because of the
slow approach of TB to equilibrium binding, we first incubated
AChE with territrem B at a concentration well in excess of the
KI for territrem B and then further incubated AChE with
varying concentrations of competing inhibitor edrophonium or
thioflavin T. Examples of the resulting second-order hydrolysis
curves for AcSCh with edrophonium are shown in Figure 7A.
These inhibitor competition assays can again be analyzed with
eq 4, and the fitted curve in Figure 7B revealed a major shift to
the right in IC50 for edrophonium relative to the curve (···) and
IC50 calculated for edrophonium alone under these solvent
conditions. The affinity of territrem B or edrophonium in the
ternary complex decreased by a factor of 94 relative to their
affinities in their respective binary complexes with the free
enzyme, a large change that indicated almost complete steric
overlap between the binding sites for these two ligands. The
IC50 for thioflavin T in Figure 7C was also shifted well to the
right in the presence of territrem B, and it was not significantly
different from that for the theoretical dashed line representing
complete competition between these two inhibitors. These data
indicate that the binding of territrem B, unlike that of

dihydrotanshinone I and aflatoxin B1, completely overlaps
with the AChE P-site and also overlaps with much of the A-site
occupied by edrophonium.

■ DISCUSSION

The Inhibitor Competition Assay Correctly Predicts
the Binding Site Specificity of Three Uncharged
Inhibitors of AChE. To target the AChE P-site with ligands
and potential drugs that may selectively restrict access of
substrates and OPs to the AChE A-site, much more
information must be gathered about the structure−activity
relationships of ligands that bind specifically to the P-site. We
apply here an inhibitor competition assay that can correctly
determine whether an AChE inhibitor binds to the P-site, the
A-site, or both. The assay requires inhibitor standards known to
bind exclusively to the P-site or to the A-site from known three-
dimensional structures of their complexes with AChE. We
selected thioflavin T as the P-site standard and edrophonium as
the A-site standard, as their respective structures are known
from X-ray crystallography11,51 and superposition of the bound
inhibitors shows no overlap.11 The assay measures the affinity
of a test inhibitor in a binary complex with the free enzyme
relative to its affinity in ternary complexes with the inhibitor
standard bound to AChE. This relative affinity is denoted by
the ratio K12/K1. When the binding sites for the test inhibitor
and the inhibitor standard strongly overlap, no ternary complex
can form and K12 becomes very large relative to K1. Conversely,
when the binding sites for the test inhibitor and inhibitor
standard do not overlap at all, K12 will approach K1. A good
example of this case is the competition assay involving the two
inhibitor standards themselves, thioflavin T and edrophonium.
The measured K12/K1 for this pair is 0.81 ± 0.0442 (Table 1),
confirming no overlap in binding sites in this assay and in fact
suggesting a slight energetically favorable interaction between
these two inhibitors in the ternary complex. Competition assay

Figure 7. Inhibition of acetylthiocholine hydrolysis by territrem B. (A) Examples of experimental traces that were analyzed with eq 1 to obtain values
of kE+I2. The assay solvent consisted of 20 mM sodium phosphate (pH 7.0), 0.5% methanol, and 0.01% BSA. Substrate S was acetylthiocholine ([S]0
= 10 μM). I1 was territrem B (280 nM). [E]tot was 13 nM (for ≤10 μM I2) or 25−50 nM [for >10 μM I2 (not shown)]. Edrophonium (I2)
concentrations are indicated. The assay mixture with the enzyme was incubated for 15 min after addition of I1 and an additional 15 min after
addition of I2, and DTNB and finally S were added. Experimental traces (black) at 0, 5, and 10 μM edrophonium and fitted lines (white) are offset
by 0.03, 0.01, and 0 A412, respectively, and 0, 1, and 2 min, respectively, for the sake of clarity. (B and C) Inhibitor competition assays for assignment
of AChE binding site specificity. Values of kE+I2, with inhibitor I2 in the presence (▲) of inhibitor I1 as indicated, were obtained as described for
panel A, and the kE+I2/kE[I2]=0 ratios were fit to eq 3. Values of K2 (0.14 μM for edrophonium and 0.92 μM for thioflavin T, corresponding to dotted
lines) and K1 for territrem B (1.26 nM) were obtained in this solvent as described in the legends of Figures 3 and 6, respectively (not shown), and
these values were fixed in eq 3 andK12 was fit. For edrophonium and territrem B (B), the affinity in the binary complexes relative to that in the
ternary complex was given by K12/K1 = 94 ± 6. For thioflavin T and territrem B (C), K12/K1 = 411 ± 180 [K1/K12 was not significantly different
from zero (p = 0.056)]. Dashed lines were calculated with the same values of K1 and K2 but with [I1]/K12 fixed at zero.
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results with several other inhibitors and edrophonium as the A-
site inhibitor standard are also listed in Table 1. These results
are entirely consistent with structures of the inhibitor−AChE
complexes determined by X-ray crystallography. On the basis of
these structures, the inhibitors in Table 1 are assigned as A-site
or P-site specific or as binding to both sites. Because of our
focus on P-site inhibitors, only one A-site specific inhibitor,
huprine X, is included in Table 1 as a control. The K12/K1 for
huprine X and edrophonium is >1000, as expected when both
inhibitors bind to the A-site. Four inhibitors in addition to
thioflavin T in Table 1 bind at the P-site as determined by X-
ray crystallography, and these inhibitors all gave measured
values of K12/K1 between 3.3 and 5.0 with edrophonium as the
inhibitor standard. This result is somewhat unexpected.
Propidium and methylene blue are cationic, while aflatoxin
B1 and dihydrotanshinone I are uncharged; one might have
expected some increase in K12/K1 just from charge interaction
between a cationic inhibitor and edrophonium. Apparently,
binding to the enzyme neutralizes any charge interaction. All
four of these inhibitors showed high values of K12/K1 with
thioflavin T as the inhibitor standard (data not shown in Table
1, but see Figures 3 and 4), consistent with their specificity for
the P-site.
To examine in greater detail the binding site for the

uncharged P-site specific inhibitors in Table 1, the crystal
structure of aflatoxin B1 complexed with TcAChE (PDB entry
2XI4) is shown in Figure 8. As in Figure 1B, the P- and A-sites
are identified by color-coded acetylcholine molecules super-
imposed from the crystal structure of PDB entry 2HA4. Bound
aflatoxin B1 overlaps with the superimposed acetylcholine
molecule at the P-site. The molecular structure of aflatoxin B1
includes two nearly coplanar carbonyl groups in the adjacent
pyrone and cyclopentenone rings that are potential hydrogen
bond acceptors (Figures 2 and 9). In the crystal structure, the
pyrone carbonyl oxygen forms hydrogen bonds with backbone
amide NH groups of F295 and R296 while the cyclopentenone
carbonyl oxygen H-bonds to the hydroxyl side chain of S293.a

It appears that these are the only two backbone amide NH
groups accessible for hydrogen bonding in the P-site. The aryl
and cyclopentenone rings in aflatoxin B1 insert between the
aryl side chains of W286 and Y341, with which they form π−π
stacking interactions, and water-mediated H-bonding is
observed between the benzofuran oxygen and the side chain
hydroxyl of Y72 and between the dihydrofuran oxygen and the
side chain of Y124 (Figure 9). Crystal structures of the
dihydrotanshinone I and territrem B complexes with human
AChE have recently been obtained.53 Important contacts

between these bound inhibitors and P-site residues are also
shown in Figure 9, and it is noteworthy that many of these
contacts are similar to those in the complex of aflatoxin B1 with
TcAChE. All three inhibitors have aromatic groups involved in
π−π stacking between W286 and Y341; all three have ether
oxygens that form hydrogen bonds with tyrosine hydroxyls, and
aflatoxin B1 and dihydrotanshinone I have carbonyl oxygens
that form hydrogen bonds with F295. However, dihydrotan-
shinone I and aflatoxin B1 do not extend past Y337 into the A-
site while territrem B does. This explains why dihydrotan-
shinone I and aflatoxin do not compete significantly with
edrophonium for binding to the A-site while territrem B does
(Table 1). Structural features of territrem B important for its
inhibition of AChE were identified by analysis of inhibitory
activities of territrem B derivatives.54 Further information was
obtained in a computational docking study of arisugacin A, a
related natural product that differs only in having one fewer
methoxy substituent on the aryl group than territrem B. This
docking of arisugacin A with AChE used two versions of

Table 1. Affinities of Inhibitors in a Binary Complex with Free Human AChE (K1) Relative to Their Affinities in a Ternary
Complex with Edrophonium Bound to the A-Site, Denoted K12/K1

reference

inhibitor K1 (nM) K12/K1 K12/K1 crystal structure

A-site specific
Huprine X 0.026 >1000 41 56

P-site specific
thioflavin T 1000 0.81 ± 0.04 42 11
propidium 660 3.4 ± 0.1 this report 12
methylene blue 110 3.3 ± 0.3 23 57
aflatoxin B1 28000 5.0 ± 0.3 this report 31
dihydrotanshinone I 750 3.4 ± 0.3 this report 53

binds to both sites
territrem B 1.7 94 ± 6 this report 53

Figure 8. Crystal structure from PDB entry 2XI4 of the complex of
TcAChE with aflatoxin B1.31 Aflatoxin B1 in PDB entry 2XI4 is shown,
with carbon atoms colored blue and oxygens colored red. To highlight
the AChE P- and A-sites, acetylcholine molecules from the crystal
structure of PDB entry 2HA4 are superimposed in pink and green,
respectively. The orientation of the AChE structure is identical to that
in panels A and B of Figure 1.

Biochemistry Article

dx.doi.org/10.1021/bi401043w | Biochemistry 2013, 52, 7486−74997495



AutoDock and found three modes of binding, one of which was
favored by the authors and closely matched the binding mode
subsequently observed in the crystal structure.40 This mode has
the terminal enone ring extending into the A-site. The other
two docking modes both had the inhibitor rotated nearly 180°
with this enone ring directed toward the mouth of the active
site gorge. Despite the extent to which all three of these bound
inhibitors are superimposed in the crystal structures, their
AChE affinities range over 4 orders of magnitude (Table 1).
The molecular basis of this variation is unclear, although the
interaction of the enone ring in territrem B with the A-site

clearly makes an important contribution to the higher affinity of
this inhibitor.

Slow Association of Territrem B with AChE. The
binding of territrem B to AChE also may be providing
information about the conformational flexibility of the AChE
active site gorge. Territrem B is unusual in having a very low
association rate constant with AChE. The only other AChE
inhibitor with a similar low association rate constant is
(−)-huperzine A, which is known from X-ray crystallography
to bind to the A-site.55 The kI values for these two inhibitors in
Table 2 are at least 300-fold lower than those for any other
inhibitor in the table, regardless of whether the inhibitor is a
mono- or bisquaternary ammonium ion, a tertiary amine, or an
uncharged compound. It was earlier suggested that a flipped
conformation of the G120 peptide bond, observed in the
TcAChE−(−)-huperzine A structure, might be necessary for
the binding of (−)-huperzine A to AChE.55 It was thus
reasonable to speculate that the flipping process might be
relatively slow and thus serve as the rate-limiting step in the
association of (−)-huperzine A with AChE.56 However, this
conformational flip at G120 is not observed in the human
AChE−territrem B complex.53 Thus, the low association rate
constant for territrem B must arise from another source. The
crystal structure of the human AChE−territrem B complex
does show a distortion of the active site gorge, particularly in
regions near the P-site, with movements of backbone α-carbons
of as much as 1.5 Å.53 These regions must be at least a subset of
the conformationally variable residues that allow for ligand
entry, and concerted movement of these regions necessary to
accommodate territrem B may be rate-limiting for territrem B
association.

Territrem B Associates Almost As Well with the Acetyl
Enzyme As with Free AChE. The high affinity of territrem B
for AChE and its relatively low association rate constant result
in low dissociation rate constants for its complexes with both
free AChE and the acetyl enzyme intermediate (Figures 5 and
6). However, how much of an effect does acetylation have on
territrem B binding? Some insight may be gained by
recognizing a useful feature of Scheme 2, namely that algebraic
expressions for the kinetic constants can be obtained without
assuming any equilibria among the enzyme intermediates.1

While the analysis in Figure 5 was not intended to present a
detailed description of the effects of AcSCh on territrem B
binding, some general conclusions can be drawn. The very low
dissociation rate constant for territrem B with AChE is likely to
keep inhibitor binding to EA far from equilibrium. The

Table 2. Rate Constants for Binding of Ligands to AChE

inhibitor enzyme source kI (μM
−1 s−1) k−I (×10

4 s−1) KI (nM) reference

monoquaternary
edrophonium mouse 130 320000 250 58
N-methylacridinium mouse 850 2700000 310 58

bisquaternary
decamethonium mouse 230 1100000 460 58
BW286C51 mouse 450 9200 2 58
ambenonium human 52 130 0.12 50

tertiary/primary amine
tacrine mouse 130 23000 18 58
huperzine A human 0.083 3.8 4.6 22

uncharged
coumarin mouse 45 4200000 9300 58
territrem B human 0.15 2.7 1.7 this work

Figure 9. Molecular structures of AChE inhibitors with side chain
contacts identified in the three-dimensional structures of their
complexes with AChE.a The structures are oriented as in Figure 2.
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resulting expression for KI/KU in eq 6Bd simplifies to KI/KU =
(kcat/k3)(kAI/kI), and therefore, kAI/kI can be determined from
both the steady state and the pre-steady state analyses in the
insets of panels C and D of Figure 5, respectively (see
Experimental Procedures). These determinations depend on
factoring out the contribution of kcat/k3, which has been
estimated to be 0.5.22 This leaves kAI/kI ratios of 0.2 and 0.5
from panels C and D of Figure 5, respectively. The agreement
between the two values is reasonable, indicating that these
analyses within Scheme 2 are internally consistent and that
acetylation of the enzyme in the EA intermediate has at most a
small effect on the association of territrem B with AChE. In this
interpretation of Scheme 2, however, no information is
obtained about the relative magnitude of dissociation rate
constant k−AI. When deacetylation of EAI is much faster than
inhibitor dissociation (bk3 ≫ k−AI), the product of kon and KI app
(from eqs 6B and 7B) is just k−I at all substrate concentrations.
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■ ADDITIONAL NOTES
aThroughout this paper, we number amino acid residues
according to the human AChE sequence (Uniprot entry
P22303).
bOne unit of AChE activity corresponds to 1 μmol of
acetylthiocholine hydrolyzed per minute under standard pH-
stat assay conditions at pH 8.7 Our conventional spectrophoto-
metric assay at 412 nm20 is conducted in pH 7 buffer. With
recombinant human AChE and 0.5 mM acetylthiocholine, this
assay results in 4.8 ΔA412/min with 1 nM AChE or ∼76% of
the pH-stat assay standard.
cIn the general steady state formulation of Scheme 2, kE ≡ kcat/
Kapp = (kSk1k2)/(k−Sk−1 + k2k−S + k2k1),

18 kcat = [(k−1 + k2)/
(k1k2) + 1/k2 + 1/k3]

−1, and Kapp = (k3/kS)[k1k2 + k−S(k−1 +
k2)]/[k1k2 + k3(k−1 + k1 + k2)].
dAt 0.5 mM AcSCh, the plot corresponding to Figure 5C is
linear to 200 nM territrem B, indicating from eq 6B that k3/kAI
≫ [I]. Because k3 ≅ 104 s−1,22 k−I = 2.7 × 10−4 s−1 from Figure
6E, and b is unlikely to be smaller than 10−6, then bk3 ≫ k−I
and presumably bk3 ≫ k−AI. Then KI/KU = (kcat/k3)(kAI/kI).
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