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ABSTRACT: The dimeric form of Torpedo californica acetylcholinesterase provides a valuable experimental
system for studying transitions between native, partially unfolded, and unfolded states since long-lived
partially unfolded states can be generated by chemical modification of a nonconserved buried cysteine
residue, Cys 231, by denaturing agents, by oxidative stress, and by thermal inactivation. Elucidation of
the 3D structures of complexes of Torpedo californica acetylcholinesterase with a repertoire of reversible
inhibitors permits their classification into three categories: (a) active-site directed inhibitors, which interact
with the catalytic anionic subsite, at the bottom of the active-site gorge, such as edrophonium and tacrine;
(b) peripheral anionic site inhibitors, which interact with a site at the entrance to the gorge, such as propidium
and d-tubocurarine; and (c) elongated gorge-spanning inhibitors, which bridge the two sites, such as
BW284c51 and decamethonium. The effects of these three categories of reversible inhibitors on the stability
of Torpedo californica acetylcholinesterase were investigated using spectroscopic techniques and differential
scanning calorimetry. Thermodynamic parameters obtained calorimetrically permitted quantitative
comparison of the effects of the inhibitors on the enzyme’s thermal stability. Peripheral site inhibitors
had a relatively small effect, while gorge-spanning ligands and those binding at the catalytic anionic site,
had a much larger stabilizing effect. The strongest effect was, however, observed with the polypeptide
toxin, fasciculin II (FasII), even though, in terms of its binding site, it belongs to the category of peripheral
site ligands. The stabilizing effect of the ligands binding at the anionic subsite of the active site, like that
of the gorge-spanning ligands, may be ascribed to their capacity to stabilize the interaction between the
two subdomains of the enzyme. The effect of fasciculin II may be ascribed to the large surface area of
interaction (>2000 Å2) between the two proteins. Stabilization of Torpedo californica acetylcholinesterase
by both divalent cations and chemical chaperones was earlier shown to be due to a shift in equilibrium
between the native state and a partially unfolded state (Millard et al. (2003) Protein Sci. 12, 2337–2347).
The low molecular weight inhibitors used in the present study may act similarly and can thus be considered
as pharmacological chaperones for stabilizing the fully folded native form of the enzyme.

The stability of globular proteins is governed by a balance
between the destabilization conferred by conformational
entropy and the stabilization conferred primarily by hydrogen
bonding and by hydrophobic interactions (1). Consequently,
the conformational stability of most proteins is quite low,
of the order of 5-15 kcal mol-1, and enhancing their stability
is of great importance in a biotechnological context (2). Such
stabilization may often be achieved by enzyme inhibitors or
metal ions (for a recent example see ref 3), as well as by
appropriate protein engineering (2). It has lately been shown
that enzyme inhibitors may also be used to assist protein
folding in situ (4); this has led to the emerging strategy of
using reversible enzyme inhibitors as pharmacological

chaperones for stabilizing the folded form of a protein
generated in the endoplasmic reticulum (5-7). This approach
shows special promise for treatment of patients suffering
from the lysosomal storage disease, Gaucher disease (4, 6).

The principal role of the serine hydrolase, acetylcholinest-
erase (AChE1), is termination of impulse transmission at
cholinergic synapses by hydrolysis of the neurotransmitter,
acetylcholine (8). In keeping with its biological function, it
is a very rapid enzyme that exhibits one of the highest known
second-order rate constants for the hydrolysis of its physi-
ological substrate, acetylcholine (kcat/Km > 5 × 109 M-1

min-1), approaching a rate at which substrate availability is
diffusion-controlled (8).
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The catalytic subunit of AChE contains ∼550 amino acid
residues (9). Solution of the 3D structure of Torpedo
californica AChE (TcAChE) revealed that it is composed
of two subdomains (residues 4-305 and 306-535) and that
its active site is buried at the bottom of a deep and narrow
gorgethatispositionedattheinterfaceofthesesubdomains(10,11).
Inspection of the 3D structure, taken together with site-
directed mutagenesis, reveals that residues encompassing
almost the entire sequence of the catalytic subunit are
required for its function (12, 13).

Subsequent solution of the 3D structures of complexes of
TcAChE with a repertoire of reversible inhibitors revealed
that they can be classified in three categories: (a) active-site
directed inhibitors, which interact with the catalytic anionic
subsite (CAS), at the bottom of the gorge; (b) peripheral
anionic site (PAS) inhibitors, which interact with a site at
the entrance to the gorge; (c) elongated gorge-spanning
inhibitors, which bridge these two sites (14).

It has been shown that chemical modification and phys-
icochemical perturbation can transform native TcAChE into
catalytically inactive partially unfolded species that are long-
lived under physiological conditions, permitting their detailed
physicochemical characterization (15-17). Such states can
be generated by chemical modification, denaturing agents,
oxidative stress, and thermal inactivation (15-18).

Two principal species were observed, a quasi-native (N*)
state, whose physicochemical characteristics were similar to
those of the native (N) enzyme (16), and a molten globule
(MG) state, devoid of significant tertiary structure (15). The
N* species transforms spontaneously and irreversibly to the
MG state, which can, in turn, by more drastic denaturation,
be reversibly transformed to an unfolded (U) state (19). The
relationships between these four states can be schematically
depicted as shown in Scheme 1 (20). TcAChE thus provides
a valuable experimental system for studying transitions
between native, partially unfolded and unfolded states.

It was earlier shown that chemical chaperones (21), as well
as divalent cations, can stabilize both the N and N* states
of TcAChE (20). As mentioned above, in general, enzyme
inhibitors stabilize the structure of their target enzyme (3)
and may also be used to assist protein folding (4). Although
some such data exist for AChE (see, for example, refs 11
and 22), there has been no systematic study of the effects of
a repertoire of ligands on the thermal transition and
thermodynamic parameters of a purified AChE preparation,
although studies of this type have been perfomed on the
tetrameric form of human serum butyrylcholinesterase (23).
In the following, we investigate the effects of the three
categories of reversible inhibitors mentioned above on the
stability of TcAChE to thermal and chemical denaturation,
as well as to inactivation by thiol reagents, using a repertoire
of spectroscopic techniques as well as differential scanning
calorimetry (DSC).

MATERIALS AND METHODS

Materials. Biradical (RS-SR) and monoradical (RS) were
synthesized as described (24). Allicin and 3H-allicin were
gifts, respectively, from Drs. Aharon Rabinkov and Talia

Miron (Weizmann Institute of Science). Acetylthiocholine
iodide (ATC), 4,4′-dithiopyridine (DTP), 1-anilino-8-naph-
thalenesulfonic acid (ANS, magnesium salt), 5,5′-dithiobis(2-
nitrobenzoic acid) (DTNB), and bovine serum albumin
(BSA) were purchased from Sigma (St. Louis, MO), as were
the reversible AChE inhibitors, edrophonium (EDR), deca-
methonium bromide (DECA), tacrine hydrochloride (TAC),
d-tubocurarine chloride (TC), and BW284c51 (BW), as well
as the irreversible organophosphate inhibitor, paraoxon.
Propidium ethiodide (PROP) was obtained from Calbiochem
(San Diego, CA). Guanidinium hydrochloride (Gdn ·HCl)
was from Schwartz/Mann Biotech (Cleveland, Ohio).

TcAChE was the dimeric (G2) glycosylphosphatidylinosi-
tol-anchored form purified from electric organ tissue of T.
californica by affinity chromatography subsequent to solu-
bilization with phosphatidylinositol-specific phospholipase
C (25). Concentrations of stock solutions were determined
by titration with paraoxon (O,O-diethyl-O-[4-nitrophe-
nyl]phosphate), according to the procedure of Ralston et al.
(26). Recombinant human AChE (rhAChE), expressed in
Drosophila S2 cells, and purified as described (27), was a
gift from by Dr. Terry Rosenberry (Mayo Clinic, Jackson-
ville, FL). Fasciculin II (FasII), from Dendroaspis angusti-
ceps, was obtained from Alamone Laboratories (Jerusalem,
Israel) as a lyophilized preparation. The lyophilized toxin
(70 µg) was dissolved in deionized water (1 mL) containing
0.025% BSA, and stored at -20 °C. Freshly prepared
working solutions were prepared by dilution of the stock
solution into deionized water containing 0.025% BSA, and
were calibrated against rhAChE solutions whose concentra-
tion had been determined by titration with paraoxon, assum-
ing 1:1 stoichiometry for inhibition by FasII (28).

Determination of Inhibition Constants. The inhibition
constant, KI, for inhibition of TcAChE by FasII was
determined by two methods, both carried out in 0.025% BSA/
0.01% NaN3/50 mM phosphate, pH 8.0, at 25 °C.

Method A: Solutions of 0.02-0.035 nM TcAChE were
preincubated for 15 min, in a 1 mL cuvette, with
increasing concentrations of FasII. Residual activity was
then measured in the presence of 0.02-0.07 mM ATC
by a standard protocol (29). The slopes and y-intercepts
of the Lineweaver-Burk plots versus FasII were used to
determine KI values.

Method B: Preincubation of TcAChE with FasII was as
in Method A, but residual AChE activity was measured at a
single ATC concentration (0.5 mM). KI was calculated from
the following equation:

KI ) [Eeq][I0 -EIeq]/[EIeq] (1)

where [Eeq], [EIeq], and [I0 - EIeq] are, respectively, the
equilibrium concentrations of the free enzyme, the FasII/
TcAChE complex, and FasII, assuming 1:1 binding stoichiometry.

Since Tris buffer was used for the unfolding experiments
with Gdn ·HCl, the dissociation constants for tacrine,
BW284c51, and Gdn ·HCl were determined in 0.025% BSA/
0.01% sodium azide/0.6 M NaCl/10 mM Tris, pH 8.0, at 25
°C. Briefly, increasing fixed concentrations of the inhibitors
were used to construct the 1/V versus 1/S Lineweaver-Burk
plots, and KI was then calculated from the replots of the
slope and from the y-intercepts of the Lineweaver-Burk
plots versus the ligand concentrations (30).

Scheme 1
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ESR Spectroscopy. ESR spectra were measured in 70 µL
flat quartz cells at room temperature, using a Bruker
ER200D-SRC spectrometer. A stock solution of 5 mM
biradical in ethanol was diluted to 20 µM in 10 mM Hepes,
pH 7.2, and added to 6 µM TcAChE in the same buffer.
The instrumental parameters were as follows: microwave
frequency, 9.7 GHz; microwave power, 10 mW; modulation
amplitude, 1 G; receiver gain, 6.3 × 104.

NMR Spectroscopy. Spectra were recorded on a Bruker
Avance-500 spectrometer, equipped with a dedicated TXI-
microprobe; 2.5 mm NMR tubes were used, permitting the
use of sample volumes as small as 120 µL.

Solutions of samples were prepared in 99.8% deuterium
oxide/10 mM phosphate; pD ) 7.3. The 1H- and 13C NMR
signals of tacrine were assigned on the basis of its DEPT,
g-COSY, g-HSQC, and g-HMBC spectra.

Differential Scanning Calorimetry. The calorimetric ex-
periments were performed on a MicroCal MC-2D differential
scanning microcalorimeter (MicroCal Inc., Northampton,
MA) with cell volumes of 1.22 mL, interfaced with a IBM-
compatible personal computer, as described previously (20).
Scan rates in the range of 0.5-1.5 K/min were employed.
Before measurement, sample and reference solutions were
degassed in an evacuated chamber for 5 min at room
temperature and carefully loaded into the cells to avoid
bubble formation. Exhaustive cleaning of the cells was
undertaken before each experiment. An overpressure of 2
atm of dry nitrogen was maintained over the sample solutions
throughout the scans to prevent any degassing during heating.
A background scan collected with a buffer in both cells was
subtracted from each scan. Reversibility of the thermal
transition was checked by performing the scan a second time,
immediately after the sample had cooled subsequent to the
first scan. The experimental calorimetric traces were cor-
rected for the effect of instrument response time (31). The
excess heat capacity functions were plotted after normaliza-
tion (M ) 65,000 g/mol of monomer) and chemical baseline
subtraction using the Windows-based software package
(Origin) supplied by MicroCal. As in our earlier studies on
TcAChE (18, 20), only one model was considered in
analyzing the data. This is an irreversible, kinetically
controlled two-state model in which only the native state
and the final (irreversibly denatured) state are significantly
populated, and conversion from the native to the denatured
state is determined by a strongly temperature-dependent, first-
order rate constant, k; this rate constant is given by the
Arrhenius equation:

k) exp{EA(1/T∗– 1/T)/R} (2)

where R is the gas constant, EA is the activation energy of
the denaturation process, and T* is the temperature at which
k ) 1 min-1. The rate constant can also be determined by

the equation derived on the basis of the activated-complex
theory (32):

k) (kBT/h) exp(∆S#/R) exp(-∆H#/RT) (3)

where kB is the Boltzmann constant, h is the Planck constant,
and ∆S# and ∆H# are, respectively, the entropy and enthalpy
of activation.

The Arrhenius equation parameters, EA and T*, were
obtained by nonlinear least-squares fitting of the equation
for the excess heat capacity, Cp

ex (33):

Cp
ex ) 1

V
∆H exp{EA

R ( 1

T∗ -
1
T)} ×

exp{-1
V∫To

T
exp[EA

R ( 1

T∗ -
1
T)]dT} (4)

where ν ) dT/dt (K/min) is the scan rate, and ∆H is the
enthalpy difference between the denatured and native states.

Thermal InactiVation of TcAChE. TcAChE (3.5 nM) in
0.025% BSA/0.01% sodium azide/50 mM phosphate, pH 8.0,
was incubated for 10 min at 25 °C, in the absence or presence
of FasII, and then transferred to 40 °C. To determine residual
enzyme activity, 10 µL aliquots were diluted, at appropriate
times, into 1 mL of 0.025% BSA/0.01% sodium azide/50
mM phosphate, pH 8.0, and then incubated for 6 min, so as
to allow complete reequilibration of the FasII/TcAChE
complex, prior to the addition of the Ellman assay mixture,
with ATC at a final concentration of 0.5 mM. The thermal
protection conferred by TAC was determined by the same
protocol, except that residual enzyme activity was assayed
immediately following dilution into the assay buffer.

Denaturation by Gdn ·HCl. The fluorescence of 0.24 mL
of 100 µM ANS in 0.75 M Gdn ·HCl/10 mM Tris, pH 8.0,
was monitored for 0.75-1.5 min to determine baseline
intensity. Denaturation was initiated by rapid mixing of 60
µL of a solution of TcAChE, in the presence or absence of
an inhibitor, with the ANS/Gdn ·HCl solution, to yield a final
concentration of 1.5 µM TcAChE in 0.6 M Gdn ·HCl. The
increase in ANS fluorescence was then monitored for 3 min.

RESULTS

ReVersible Inhibition. BW (34) and TAC (35) are both
well-known reversible inhibitors of AChE. Nevertheless, for
the present study we considered it necessary to accurately
assess their inhibitory capacity for TcAChE under the
experimental conditions employed. Table 1 shows the values
of KI and of RKI (the dissociation constant of the ternary
enzyme-inhibitor-substrate complex) obtained for the two
inhibitors and for Gdn ·HCl.

Although inhibition of AChE by FasII has been studied
in detail for various wild-type and mutant mammalian and

Table 1: Dissociation Constants of the Reversible Complexes of TcAChE with BW, TAC, and Gdn ·HCla

KI
b (nM) RΚΙ

b (nΜ)

ligand 0.1 M NaCl 0.6 M NaCl 0.1 M NaCl 0.6 M NaCl binding stoichiometryc

BW 4.6 44.7 3.5 34.1 1.05
TAC 6.4 21.1 7.4 18.6 0.98
Gdn ·HCl 18.1 mM 35.1 mM NAd NAd 1.03

a 0.01% azide/0.025% BSA/10 mM Tris chloride, pH 8.0, 25 °C. b KI and RKI are the dissociation constants of the [ligand][TcAChE] and
[ligand][TcAChE][substrate] complexes, respectively (30). c [Ligand]/[TcAChE] molar ratio. d Not applicable; competitive inhibitor.
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fish AChEs (28, 36-39), no full kinetic characterization has
been performed for TcAChE.

As described under Materials and Methods, two methods
were used to determine the KI of FasII for TcAChE. Using
Method A, it was shown that FasII did not affect Km, but
reduced Vmax. This apparent noncompetitive mode of inhibi-
tion yielded a KI value of 0.15 ( 0.05 nM. Similar values,
0.14 and 0.36 nM, were reported for Torpedo marmorata
AChE and for Electrophorus electricus AChE by Cousin et
al. (40) and by Golicnik and Stojan (39), respectively.
Mammalian AChEs are 14- to 25-fold more sensitive to FasII
than TcAChE (28, 36). Cousin et al. (40) reported only an
RKI value (for dissociation of the ternary [E][FasII][ATC]
complex), suggesting that the same slopes were obtained for
the Lineweaver-Burk plots at different FasII concentrations.
Such parallel lines would suggest uncompetitive inhibition,
i.e., that the inhibitor would bind only to the ES complex,
which seems most unlikely. Unlike with Electrophorus
AChE (39) and mammalian AChEs (28, 36), the rate of
approach to steady state with TcAChE in the presence of
FasII was rapid and, under the experimental conditions
employed, precluded accurate separation of the individual
rate constants for the association and dissociation of FasII
(not shown).

Using Method B, a KI value of 0.16 ( 0.01 nM (SE, n )
13) was obtained. The number of binding sites for FasII was
calculated from the slope of the straight line obtained by
plotting log[(V0/VFasII) - 1] vs log[FasII]. A value of 1.01
( 0.09 (SE, n ) 13) was obtained. The close agreement
between the KI values obtained by the two methods is
consistent with apparently noncompetitive inhibition in which
ATC and FasII both bind reversibly and randomly at separate
sites, and the dissociation constants of the [E][FasII] and
[E][FasII][ATC] complexes are indistinguishable.

Chemical Modification. We earlier showed that chemical
modification by thiol reagents, which can modify the buried
and nonconserved Cys231 residue in TcAChE, deactivates
the enzyme (15, 41). Concomitant with deactivation there is
a transition to one of two partially unfolded states, either
N* or MG. Mercurials and allicin produce the N* state,
which subsequently decays to an MG state (16, 20), whereas
various alkylating reagents, such as N-ethylmaleimide,
produce an MG state directly (15, 16).

Modification of TcAChE by the disulfide reagent, DTP,
directly produces the NfMG transition (15). Figure 1 shows
the effect of two reversible inhibitors (BW and DECA) on
the deactivation of TcAChE by DTP. Both inhibitors
significantly slowed the inactivation of the enzyme and thus
blocked the transition.

As already mentioned, modification by the reactive thio-
sulfinate, allicin, initially results in the NfN* transition, with
concomitant deactivation (20). Figure 2 shows that in this
case, too, deactivation can be strongly retarded by the
reversible inhibitor, BW.

The question arose whether retardation of deactivation was
due to the prevention of chemical modification or to the arrest
of a conformational transition of the chemically modified
enzyme from an active to an inactive state. This issue was
addressed by making use of the nitroxyl-containing disulfide
reagent, biradical (24) (Scheme 2). This reagent can be used
to titrate sulfhydryl groups using ESR and also to spin-label
cysteine residues in proteins (42, 43).

Indeed, we earlier showed that the biradical, like DTP,
can covalently label Cys231 in TcAChE, with concomitant
deactivation and transition to a MG state (15). The stable,
nonactive free thiol, R•SH (42), released during the reaction,
can be detected due to the appearance of the narrow and
strong monoradical ESR signal.

Figure 3 shows the rate of appearance of the monoradical
signal upon reaction of the biradical with TcAChE in both
the absence and presence of BW. It can be seen that there is
no detectable difference in the rate of modification in the
two samples. Thus, clearly, the BW has no effect on the
rate of chemical modification and must, therefore, be acting
by retarding the rate of transition of the enzyme from an
active to an inactive conformation, presumably the MG
state (15, 16).

Figure 4 makes use of 3H-allicin to show that inactivation
of TcAChE by allicin is accompanied by stoichiometric
covalent binding of allicin to the enzyme, most likely by
thiol-disulfide exchange with Cys231, as was demonstrated

FIGURE 1: Protection by ligands against DTP-induced inactivation
of TcAChE. TcAChE (2 µM) was inhibited by 2 mM DTP in 0.01%
NaN3/0.1 M NaCl/10 mM sodium phosphate, pH 7.0, at 23 °C.
9-9-9, TcAChE + DTP alone; b-b-b, TcAChE + 20 µM
BW+DTP; 2-2-2, TcAChE + 20 µM DECA+DTP.

FIGURE 2: Effect of BW on the rate of inactivation of TcAChE by
allicin.O-O-O, 2 mM allicin; b-b-b, 2 mM allicin + 20 µM BW.
Experimental conditions are as described in Figure 1.

Scheme 2
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for both the biradical and DTP (15, 16). 3H-allicin (44) was
also used to demonstrate that BW does not protect against
chemical modification but only against the conformational
transition to an inactive form (not shown).

Gdn ·HCl Denaturation. We earlier showed that exposure
ofTcAChEtoGdn ·HClproducedaNfMG transition(15,16).
In the MG state, TcAChE displays exposed hydrophobic
surfaces whose appearance can be monitored by use of the
amphipathic probe, ANS (15, 16). Figure 5A shows the time
course of increase in ANS fluorescence following the
addition of Gdn ·HCl (final concentration 0.6 M) to a solution
of TcAChE in the presence and absence of TAC. For
TcAChE alone, a sharp ∼5-fold increase in ANS fluorescence

was observed, followed by a second slower phase. If the
same experiment was performed with TcAChE that had been
preincubated with TAC, both the initial jump in ANS
fluorescence and the rates of the first and second phases were
decreased in a concentration-dependent manner. BW pro-
duced very similar data (not shown). Figure 5B shows the
relative decreases in ANS fluorescence produced by increas-
ing concentrations of TAC and BW, as compared to the
control value, at 20 s after addition of Gdn ·HCl. Addition
of either TAC or BW to a solution of TcAChE in 0.6 M
Gdn ·HCl, in the presence of ANS, did not reduce the
intensity of ANS fluorescence, showing that neither of these
ligands could displace the bound ANS from the partially
unfolded enzyme.

It should be noted that, despite the high calculated
occupancy of TcAChE by 5 and 20 µM TAC and BW
(>99.5% based on the KI values shown in Table 1), if an

FIGURE 3: Rate of modification of TcAChE by the spin-labeled
disulfide, biradical, in the presence and absence of BW. The traces
display the rates of appearance of monoradical, monitored by EPR,
using 20 µM biradical and 5 µM TcAChE, in 10 mM phosphate,
pH 7.4, in the presence (9-9-9) and absence (O-O-O) of 16 µM
BW. The lower trace (2-2-2) is a control showing the rate of
spontaneous appearance of the monoradical in the absence of
enzyme.

FIGURE 4: Kinetics of inactivation of TcAChE by allicin and of
covalent binding of radioactive allicin to the enzyme. b-b-b,
inactivation of 0.17 mM TcAChE in 0.01% NaN3/0.1 M NaCl/10
mM phosphate, pH 7.0, at 23 °C by 4 mM allicin; 9-9-9,
incorporation into TcAChE of 3H-allicin. TcAChE (0.17 mM) in
0.1 M NaCl/10 mM phosphate, pH 7.0, was incubated with 4 mM
3H-allicin at 23 °C. Aliquots were removed at the appropriate time
and the levels of labeled ligand bound determined as described
under Materials and Methods.

FIGURE 5: Protection by AChE inhibitors against unfolding of
TcAChE by 0.6 M Gdn ·HCl. Panel A: Rate of increase in ANS
fluorescence of TcAChE produced by addition of the 0.6 M
Gdn ·HCl to TcAChE. An ANS/Gdn ·HCl solution was added to a
solution of TcAChE, in the presence or absence of TAC, as
described under Materials and Methods. 1. Control, in the absence
of ligand. 2. Final TAC concentration, 5 µM. 3. Final TAC
concentration, 20 µM. Panel B: Bargraph representation of the
increase in ANS fluorescence produced at 20 s after the addition
of 0.6 M Gdn ·HCl to the TcAChE solution at the appropriate
concentrations of TAC and BW. Experimental conditions are as in
(A). 100% denotes the average increase in fluorescence intensity
(∆I) obtained in the absence of ligand (n ) 3).
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even larger excess of inhibitor was employed (100 µM, viz.
a >60-fold molar ratio over TcAChE), a further decrease in
ANS fluorescence intensity was observed (Figure 5B).
Notably, the ratio, [Gdn ·HCl]/KGdn ) 17, was substantially
lower than [ligand]/Kligand (>2800 at 100 µM); this suggests
that high concentrations of both ligands are required to
kinetically compete out the association of Gdn ·HCl with
TcAChE in the rate-limiting step of enzyme inactivation due
to unfolding and thereby to confer complete protection by
their presence within the active-site region. We cannot rule
out the possibility that saturation of the PAS, or of another
ligand-binding site influencing stability, might contribute to
the thermal stabilization, an effect that would be recognized
experimentally only at high ligand concentrations. Overall,
the data presented indicate that full occupancy of the CAS
by either of the two reversible ligands can significantly
protect against unfolding by Gdn ·HCl.

Protection against Gdn ·HCl denaturation by TAC was also
assessed by monitoring the rate of disappearance of enzymic
activity. Figure 6 shows that the rate of inactivation at 50
µM TAC, at which concentration it can be calculated that
occupancy of the anionic subsite of the active site is well
over 99%, protection against loss of enzymic activity is
virtually complete.

Thermal Denaturation. TcAChE has been shown to
undergo irreversible thermal denaturation that can be de-
scribed by a two-state model (20, 23). Figures 7-9 show
that thermal denaturation, too, can be retarded by reversible
inhibitors of AChE. However, an interesting pattern emerges.
Although all of these inhibitors were utilized at saturating
concentrations based on their inhibition constants, the active-
site directed inhibitors, EDR and TAC, and the two gorge-
spanning inhibitors, DECA and BW, retarded thermal
deactivation strongly, whereas the two peripheral anionic site
inhibitors, TC and gallamine, had a relatively weak effect
(Figure 7). Figure 8A shows the protective effect exerted
by DECA at three different temperatures. Similar experi-
ments were also performed for the other inhibitors and

permitted the construction of Arrhenius plots (Figure 8B)
from which values of EA could be extracted. The values were
85 ( 10 kcal/mol and 167 ( 15 kcal/mol, respectively.

As mentioned above, FasII is a very powerful inhibitor of
vertebrateAChEs,withKi values in the lowerpMrange(28,36).
Figure 9 shows that even at 40 °C FasII protects TcAChE
against thermal denaturation. Thus, if the concentration of
ligand was both much greater than that of the enzyme and
of its Ki value, resulting in >99% saturation of the binding
site, essentially complete protection was obtained. Under the
experimental conditions employed, with TcAChE ) 3.5 nM,
this could be achieved using 1.5 µM TAC (Figure 9A) or
50 nM FasII (Figure 9B).

Figure 10 shows protection against inactivation by the
gorge-spanning ligand, DECA (45), the divalent cation,
Mn2+, and the two together. Divalent metal ions are known
to stabilize TcAChE very strongly (20) and do so by binding
at a site distinct from both the active site and the PAS
(Nicolas, A., personal communication). Thus, it is not
unexpected that the two ligands act synergistically.

Calorimetric Measurements. The thermal denaturation of
intact and inhibitor-modified TcAChE at pH 7.0 gives rise
to well-defined DSC transitions (Figure 11), whose apparent
Tm (temperature at the maximum of the heat capacity profile)
depends on the scan rate (data not shown). In all cases,
thermal denaturation is calorimetrically irreversible, as shown
previously (18), since no thermal effect was observed if the
scan was repeated on the same sample. The effect of the
scan rate on the calorimetric profiles (Tm is shifted toward
higher temperatures as scanning rate increases) clearly
indicates that they correspond to kinetically controlled
processes; it is thus evident that equilibrium thermodynamics
cannot be applied to their analysis (46). Analysis was,
therefore, accomplished on the basis of a simple two-state
irreversible model (see Materials and Methods). The excess
heat capacity functions obtained for TcAChE were analyzed
by fitting the data to the two-state irreversible model (eq 4),
either individually or globally, using the scan rate as an

FIGURE 6: Protection by TAC against inactivation of TcAChE by
Gdn ·HCl as monitored by the decrease in enzymic activity.
TcAChE (2 µM) in 0.01% NaN3/0.1 M NaCl/10 mM phosphate,
pH 7.0, containing 0.6 M Gdn ·HCl was incubated at 23 °C in the
presence and absence of 50 µM TAC. O-O-O, control (TcAChE
alone); 0-0-0, 0.6 M Gdn ·HCl; b-b-b, 0.6 M Gdn ·HCl + 50
µM TAC.

FIGURE 7: Retardation of thermal denaturation of TcAChE by
reversible inhibitors. TcAChE (3 µM) in 0.01% NaN3/0.1 M NaCl/
10 mM phosphate, pH 7.0, was incubated at 39 °C in the presence
or absence of ligands, and aliquots were removed for assay at the
appropriate times. O-O-O, control (without ligand); [-[-[, 50 µ
M TC; 0-0-0, 50 µM GAL; 2-2-2, 20 µM EDR; 4-4-4, 20 µM
DECA; b-b-b, 20 µM BW.
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additional variable. The lines through the data points in
Figure 11 were generated using the results of individual fits.
It can be seen that the calculated and experimental curves
are in good agreement. Furthermore, no dependence of the
shape of DSC transitions on the protein concentration was
found in the concentration range of 0.35-1.9 mg/mL.

In the present study, the activated-complex theory (32),
which describes irreversible denaturation of proteins in terms
of thermodynamic parameters, was used to examine how
various reversible inhibitors affect thermal denaturation of
TcAChE. In accordance with the above-mentioned theory,
the rate constant of denaturation, k, can be expressed as
shown in eq 3. The value of k can be obtained experimentally
from the calorimetric measurements by making use of eq 4
to obtain the Arrhenius parameters and then inserting them
into eq 2. Equation 3 can then be used to obtain the values
of thermodynamic parameters of activation, ∆H# and ∆S#.
The parameters thus obtained are presented in Table 2. Since
the values of the parameter, EA, in eq. 2 are closely related

to those of ∆H#, with the only difference being the value of
RT (∼0.6 kcal/mol), they are not shown.

FasII has a very pronounced effect on the thermal
transition of TcAChE, raising the Tm by more than 16 °C
(Figure 11). A control experiment using FasII alone did not
reveal any DSC peak for the toxin in the range of 10-100
°C. Thus, the thermal peak observed for the complex can
clearly be ascribed to the enzyme.

NMR Spectroscopy. NMR spectroscopy is an effective
method for studying the interaction of small ligands with
biopolymers (47). The method has been applied in only a
few cases to the study of AChE-ligand interactions (48, 49).
Figure 12 displays a portion of the aromatic regions of the
NMR spectra of tacrine alone and in the presence of
TcAChE. It is clearly seen that binding to the enzyme
produces upfield chemical shifts and broadening of all the
major peaks. In the presence of an excess of the gorge-
spanning ligand, DECA, this effect was practically eliminated
(spectrum not shown).

FIGURE 8: Temperature-dependence of thermal denaturation of
TcAChE in the absence and presence of DECA. (A) TcAChE (2.5
µM) in 0.01% NaN3/0.1 M NaCl/10 mM phosphate, pH 7.0, was
incubated in the presence and absence of 20 µM DECA. O-O-O,
39 °C, control; b-b-b, 39 °C + DECA; 4-4-4, 41 °C, control;
2-2-2, 41 °C + DECA; 0-0-0, 45 °C, control; 9-9-9, 45 °C +
DECA. (B) Arrhenius plots derived from the data shown in (A)
obtained in the absence (b-b-b) and presence (2-2-2) of DECA.

FIGURE 9: Protection of TcAChE against thermal denaturation by
FasII and TAC. TcAChE (3.5 nM) was preincubated in 0.025%
NaN3/0.025% BSA/50 mM sodium phosphate, pH 8.0, at 25 °C
for 10 min with the appropriate concentrations of TAC or FasII,
and then transferred to 40 °C (see arrows). Residual activity was
determined at 25 °C following 100-fold dilution into 0.01% NaN3/
0.01% BSA/sodium phosphate, pH 8.0, and 6 min preincubation
prior to the addition of the Ellman’s reagent reaction mixture, with
a final ATC concentration of 0.5 mM. These experimental condi-
tions assured complete reequilibration of the FasII/TcAChE com-
plex. (A) Protection by TAC. b-b-b, no ligand; 9-9-9, 50 nM
TAC; 2-2-2, 330 nM TAC; [-[-[, 0.5 µM TAC; 0-0-0, 1.5
µM tacrine. (B) Protection by FasII. b-b-b, no ligand; 9-9-9,
7.5 nM FasII; 2-2-2, 50 nM FasII.
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DISCUSSION

TcAChE provides a valuable experimental system for
studying transitions between native, partially unfolded, and
unfolded states because long-lived partially unfolded states
can be studied by various methods (15-17, 20). As already
mentioned, such fundamental studies are of special interest
in the context of the emerging strategy of using reversible
enzyme inhibitors as pharmacological chaperones for stabi-
lizing the folded form of an enzyme generated in the
endoplasmic reticulum, an approach that shows special
promise for treatment of the lyososomal storage disease,
Gaucher disease (6). Whereas the N state of TcAChE is
resistant to proteolysis, the MG state is very susceptible (15).
However, even the N* state, although energetically and
spectroscopically not very different from the N state (16),

displays enhanced susceptibility to protease treatment (20).
We earlier presented evidence that divalent cations (Ca2+,
Mg2+, and Mn2+) stabilize TcAChE against both thermal
denaturation and proteolysis due to their capacity to retard
both the N f N* and the N* f MG transitions (20).

In the present study, we have presented evidence that the
conformational transitions initiated by chemical modification
of TcAChE, by low concentrations of Gdn ·HCl or by
elevated temperatures, are affected by the various reversible
inhibitors investigated.

Table 2 summarizes the calorimetric data, and certain
trends can be distinguished. It can be seen from the table
that, with respect to the transition temperature, the two low-
molecular-weight PAS inhibitors, TC and PROP, have the
smallest effect, and ligands spanning the gorge (DECA and
BW) or in the CAS at its base (EDR and TAC), have a
stronger influence. Among the low-molecular-weight ligands,
BW produces the greatest increase in transition temperature.
However, the most dramatic effect is achieved by the
polypeptide toxin, FasII, even though, in terms of its binding
site, it belongs to the category of PAS ligands. With respect
to ∆H#, low values are observed for the two PAS inhibitors
relative to the inhibitors that bind at the CAS or span the
CAS and the PAS, in apparent agreement with their low T*
values, but for FasII the value of ∆H# is also low, despite
its high T* value. This apparent discrepancy will be discussed
below.

For the ligands binding at the PAS, the entropic effects
are much smaller than those for the others. PROP has a larger
value of ∆S# than the other two PAS ligands, possibly due
to a contribution of the substantial stacking interaction that
it makes with the indole ring of Trp279 (38). Although one
finger of FasII penetrates the gorge, the interaction of Met33
of the toxin with Trp279 is obviously less substantial.
Unfortunately, no crystal structure is yet available for a
complex of AChE with TC.

We earlier ascribed the stabilization against denaturation
by divalent cations and chemical chaperones to a shift in
equilibrium from the N* state to the N state (see Scheme 1)
produced by the bound metal ion (see Scheme 2 in ref 20).
In the case of the metal ions, it was proposed that this is
achieved by their tight binding to the N state, which increases
the value of the Gibbs free energy (∆G# ) ∆H# - T∆S#)
between the N and N* states. It is plausible that the binding
of a ligand specific for the enzyme can exert a similar effect.

The principal issue driving the present study is to
understand how a quite small ligand can exert such a strong
stabilizing effect on a large protein molecule. It is important
to clarify that we are not referring to the change in Gibbs
free energy between the free enzyme and its complex with
the ligand, which can readily be calculated from the
dissociation constant (50). Values of Gibbs free energy for
the ligands in question range from 6.5 kcal/mol for the TC/
TcAChE complex to 11.4 kcal/mol for the FASII/TcAChE
complex. Rather, we are concerned with the stabilization
conferred by a large increase in the energy barrier that needs
to be overcome for the conformational transition to occur,
viz. ∆G# (see Table 2).

The X-ray structure of the TAC/TcAChE complex revealed
that the ligand is sandwiched between Trp84 and Phe330
(45). The observed chemical shift of the aromatic protons
of tacrine (Figure 12) can be ascribed to π-π interactions

FIGURE 10: Synergistic protection by DECA and Mn2+ against
thermal inactivation of TcAChE at 43 °C. TcAChE (2 µM) in 0.01%
NaN3/0.1 M NaCl/10 mM phosphate, pH 7.0, was incubated at 43
°C in the absence and presence of 20 µM DECA, 2 mM Mn2+, or
both. O-O-O, control; 4-4-4, DECA; b-b-b, Mn2+; 2-2-2,
DECA+Mn2+.

FIGURE 11: Temperature dependence of the excess molar heat
capacity of TcAChE and of TcAChE in the presence of various
inhibitors. (1) TcAChE alone, and TcAChE in the presence of (2)
TC; (3) PRO; (4) DECA; (5) EDR; (6) TAC; (7) BW; (8) FasII.
The scan rate was 1 K/min. Solid lines represent the best fits for
each calorimetric curve, using eq 4. The TcAChE concentration
was ∼12 µM. The inhibitors were all at a concentration of 120
µM with the exception of FasII, which was at the same concentra-
tion as the enzyme. The buffer employed was 100 mM NaCl/10
mM HEPES, pH 7.0.
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with the two aromatic amino acid rings. The broadening of
these aromatic proton signals reflects the anticipated loss of
mobility due to binding of the small ligand to the protein. It
is reasonable to assume that intercalation of the ligand
between the two aromatic rings can have a stabilizing effect
on the region at the bottom of the active-site gorge. However,
inspection of the structure of TcAChE shows that it is
composed of two subdomains, corresponding approximately
to residues 4-305 and 306-535, which face each other
across the active-site gorge (see Figure 13 and ref 11). Thus,
it is plausible that binding of a ligand at this site may freeze
the dynamic motions of the entire AChE molecule, with
concomitant stabilization, as reflected in our various phys-

icochemical measurements. Global stabilization by other
ligands that either bind to the CAS at the bottom of the gorge
(e.g., EDR) or span the CAS and the PAS (e.g., BW and
DECA), may be similarly explained.

The principal interaction of the PAS ligand, PROP, which
binds at the top of the active-site gorge, is with the residues
equivalent to Tyr70 and Trp279 in mouse AChE (40). These
residues are both in the first subdomain, which may explain
why it has a smaller stabilizing effect than ligands that span
the CAS and PAS or that bridge the two subdomains at the
PAS. The same may also be true for TC, but, unfortunately,
no 3D structure of a TC/AChE complex is yet available.

Table 2: Kinetic Parameters Estimated for Thermal Denaturation of Native TcAChE and of Its Complexes with Reversible Inhibitorsa

sample ∆H# (kcal/mol) ∆S# (cal/Kmol) T* (°C) r KI

TcAChE 73.5 (1.6 171.7(0.5 45.9 ( 0.2 0.9984
TcAChE+TC 79.3 (1.8 189.0(0.5 47.0 ( 0.2 0.9982 15 µMb

TcAChE +PROP 132.7(1.6 354.1(0.5 48.4 ( 0.2 0.9986 2.8 µMb

TcAChE +BW 160.8(1.2 430.0(0.6 48.9 ( 0.1 0.9992 0.34 µMb

TcAChE+DECA 175.2(1.2 485.5(0.5 51.0 ( 0.2 0.9989 0.15 µMb

TcAChE +EDR 176.4(1.4 485.7(0.6 54.1 ( 0.1 0.9991 6.0 nMc

TcAChE +TAC 185.8(1.4 509.1(0.7 55.9 ( 0.1 0.9990 4.0 nMc

TcAChE +FasII 101.5(1.9 243.8(0.7 62.4 ( 0.2 0.9986 0.4 nMc

a The data were obtained by DSC as described under Materials and Methods. The parameters were obtained by global fitting of experimental data
obtained at three different scan rates (0.5, 1.0, and 1.5 K/min) to a two-state irreversible model (33). The experimentally determined inhibition constants
of the ligands employed are also presented. ∆H# and ∆S# are the enthalpy and entropy of activation, respectively, and were estimated using eq 3. T* is
the temperature at which K ) 1 min-1 and was estimated using eq 2. The correlation coefficient (r), which served as criterion for the accuracy of the
fits, was calculated as follows

r)�1- Σ
i)1

n
(yi - yi

calc)/ Σ
i)1

n
(yi - yi

m)2

where yi and yi
calc are, respectively, the experimental and calculated values of Cp

ex; yi
m is the mean of the experimental values of Cp

ex, and n is the number
of points. b Ref 53. c Present study.

FIGURE 12: Effect on the NMR spectrum of TAC of its association with TcAChE. (A) 0.5 mM TAC in deuterated buffer (see Materials and
Methods) at 23 °C; (B) in the presence of 15 µM TcAChE.
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FasII also binds at the PAS, but inspection of its complexes
with TcAChE and the mammalian AChEs (37, 51) shows
that it makes numerous contacts both with residues in the
first subdomain (most notably with W279, but also with
Tyr70, Gln74, Pro 76, and others) and in the second
subdomain (in particular, residues Tyr334 and Gly335) (37).
These multiple interactions may help to explain why it has
both the highest affinity for TcAChE and forms a complex
with the highest transition temperature (T*). However, with
the exception of TC, it has the smallest effect on the
activation parameters of the transition, viz. ∆H# and ∆S# (see
Table 2). We have no unequivocal explanation for this
apparent discrepancy. One possibility is that, due to weaken-
ing of the interaction of FasII with the enzyme with
increasing temperature, it actually dissociates prior to unfold-
ing of TcAChE. The multiple interactions involved in FasII-
TcAChE complexation, involving a total loss of accessible
surface area of >2000 Å2 (37), must necessarily result in
significant desolvation of the TcAChE molecule. This, in
turn, might decrease the cooperativity of the denaturation
process (52), as is indeed found to be the case (see Figure
11).

It is interesting to note that the values of ∆H# and ∆S#

were found to increase simultaneously, which was due to
the compensatory effect (Figure 14). The consistency of the
T∆S#/∆H# ratio for denaturation of complexes of TcAChE
with different inhibitors suggests that the mechanism of
denaturation for all of them (with the possible exception of
FasII) is very similar.

We earlier showed that both divalent cations and chemical
chaperones can retard the transition of TcAChE to a partially
unfolded and enzymatically inactive state (20). Here, we have
shown that specific inhibitors of the enzyme have a similar
effect and that their efficacy can be rationalized in structural

terms. Thus, low molecular weight ligands that bridge the
two subdomains at the bottom of the active-site gorge seem
to be as effective as ligands that span the gorge, whereas
ones which bind at the PAS have a much weaker effect.
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FIGURE 13: Backbone trace of the complex of TAC with TcAChE. The N-terminal subdomain (residues 4-305) is displayed in green, and
the C-terminal subdomain (residues 306-535) in red. The bound TAC is shown in a white space-filling representation, sandwiched between
Trp84 and Phe330, which are both shown as turquoise sticks with their van der Waals surfaces represented as turqoise dots.

FIGURE 14: Entropy-enthalpy compensation plot for TcAChE and
its ligand complexes. T∆S# values are plotted vs ∆H# values, both
calculated at 298 K. (1) TcAChE alone; (2) + TC; (3) + FasII; (4)
+ PRO; (5) + BW; (6) + DECA; (7) + EDR; (8) + TAC. The
line represents the least-squares linear fit of the data (R ) 0.9992).
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