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Acetylcholine Receptor Inhibition by d-Tubocurarine Involves both a Competitive
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ABSTRACT: The issue of whether d-tubocurarine, the classical acetylcholine receptor inhibitor, inhibits the
receptor by a competitive or noncompetitive mechanism has long been controversial. d-Tubocurarine, in
this study, has been found to be both a competitive (K- = 120 nM) and a noncompetitive (Kyc = 4 uM)
inhibitor of receptor-mediated ion flux at zero transmembrane voltage in membrane vesicles prepared from
Electrophorus electricus electroplax. A spectrophotometric stopped-flow method, based on fluorescence
quenching of entrapped anthracene-1,5-disulfonic acid by Cs*, was used to measure both the rate coefficient
of ion flux prior to receptor inactivation (desensitization) and the rate coefficient of the rapid inactivation
process. Inhibition by d-tubocurarine of the initial rate of ion flux decreased with increasing acetylcholine
concentration, consistent with competitive inhibition, but the inhibition by micromolar concentrations of
d-tubocurarine could not be overcome with saturating concentrations of acetylcholine, consistent with
noncompetitive inhibition. A minimum mechanism is proposed in which d-tubocurarine competes for one
of the two acetylcholine activating sites and also binds to a noncompetitive site. The present data do not
distinguish between one or two competitive sites, although one successfully accounts for all of the data. By
variation of the acetylcholine concentration, the two types of sites could be studied in isolation. Binding
of d-tubocurarine to the noncompetitive site does not change the rate of rapid receptor inactivation, whereas
binding of d-tubocurarine to the competitive site decreases the rate of rapid inactivation by displacing
acetylcholine, in agreement with the observation that d-tubocurarine does not inactivate (desensitize) the
E. electricus receptor by itself. In addition, evidence is presented showing that d-tubocurarine and cocaine

bind to the same noncompetitive inhibitory site on active (nondesensitized) receptors.

For many years, d-tubocurarine has been regarded as a
competitive inhibitor of the acetylcholine receptor-mediated
permeability response (Jenkinson, 1960; Higman et al., 1963).
The original conclusions of Jenkinson were based on the ob-
servation, in electrophysiological experiments with vertebrate
skeletal muscle, that d-tubocurarine causes a parallel shift of
the dose—response relationship for receptor activation toward
higher concentrations of activating ligand. A number of groups
have come to the same conclusions and account for inhibition
exclusively by a competitive mechanism (Moreau & Chan-
geux, 1976; Popot et al., 1976; Sheridan & Lester, 1977;
Armstrong & Lester, 1979; Neubig & Cohen, 1979; Sine &
Taylor, 1981).

Beginning in 1976, several groups have observed effects of
d-tubocurarine that were not consistent with competitive in-
hibition. Decamethonium-induced **Na* efflux from Elec-
trophorus electricus vesicles was inhibited by d-tubocurarine
in 2 manner consistent with noncompetitive inhibition (Hess
et al., 1976). The inhibition by d-tubocurarine was not ov-
ercome by high concentrations of decamethonium, indicating
that decamethonium could not displace d-tubocurarine from
its binding site(s). In Aplysia neurons (Marty et al., 1976;
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Ascher et al., 1978), and at the frog neuromuscular junction
(Manalis, 1977), voltage-dependent effects of d-tubocurarine
were observed in electrophysiological experiments, which were
proposed to result from a “channel-blocking” action of d-
tubocurarine, rather than from a competitive effect at the
acetylcholine binding sites. Subsequent electrophysiological
measurements with cells (Katz & Miledi, 1978; Colquhoun
et al., 1979; Lambert et al., 1980; Shaker et al., 1982) indicated
that d-tubocurarine can alter the open-channel lifetime in a
manner similar to that observed with local anesthetics and
other aromatic amine noncompetitive inhibitors [reviewed in
Adams (1981) and discussed in the preceding paper (Karpen
& Hess, 1986)]. Because voltage-insensitive effects were also
observed in electrophysiological measurements (Colquhoun
et al.,, 1979), it was concluded in several studies that d-tubo-
curarine has two different actions, competition for acetyl-
choline binding (voltage insensitive) and a noncompetitive
blockade of the open channel (voltage sensitive).
d-Tubocurarine has also been shown to be a weak receptor
channel-activating ligand, but almost exclusively in embryonic
preparations (Ziskind & Dennis, 1978; Trautmann, 1982;
Jackson et al., 1982; Takeda & Trautmann, 1984). In sin-
gle-channel recording studies on rat myotubes (Trautmann,
1982; Takeda & Trautmann, 1984), d-tubocurarine was able
to both open channels and decrease the mean channel-open
time at high d-tubocurarine concentrations, presumably by the
blocking action proposed in the studies described above.
Despite the observations of different effects, the mechanism
of d-tubocurarine inhibition remains controversial and poorly
understood. Within the same tissue type (Torpedo) electro-
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plax, one group (Neubig & Cohen, 1979) observed two widely
separated affinities for d-tubocurarine in binding studies and
concluded that both sites compete with acetylcholine. Another
group (Shaker et al.,, 1982) characterized a site in Torpedo
that they concluded to be noncompetitive for acetylcholine on
the basis of the observation that d-tubocurarine displaced
another noncompetitive inhibitor, histrionicotoxin, under
conditions in which the competitive sites for d-tubocurarine
had presumably been blocked by a-bungarotoxin. In the clonal
muscle cell line BC;H1, one group (Sine & Taylor, 1981) has
characterized two sites of widely different affinities for various
receptor inhibitors, including dimethyl-d-tubocurarine, on the
basis of binding and ?2Na* flux studies. The conclusion was
that both sites are competitive for channel-activating ligands.
One contention has been that the putative noncompetitive sites
observed by electrophysiologists are of significance only for
inhibition at negative (inside the cell) membrane potentials.

The sites have remained poorly characterized for several
reasons. Receptor inactivation (desensitization) has recently
been shown to be rapid (subsecond) in all the tissues studied
thus far (Hess et al., 1979, 1982; Sakmann et al., 1980; Ao-
shima et al., 1981; Walker et al., 1981). In almost all the
previous studies on d-tubocurarine inhibition referenced (in-
cluding all studies involving slow application of acetylcholine
and electrophysiological equilibrium dose ratios, voltage-jump
relaxation, ion flux, and binding), the receptor was exposed
to ligand for a considerable period of time and was presumably
either largely or fully desensitized. Because channel-activating
ligands and many noncompetitive inhibitors bind with much
higher affinity to inactive (desensitized) receptor (Krodel et
al., 1979; Karpen et al., 1982; Karpen & Hess, 1986), it is
necessary in characterizing inhibition to separate effects on
active and inactive receptor. A second problem has been that,
in those studies which may not have been complicated by
desensitization, the activating ligand concentration was either
unknown or could only be varied over an extremely low con-
centration range (to avoid desensitization). In order to
properly separate and characterize competitive and noncom-
petitive binding sites, the ligand concentration must be varied
over a wide range. For example, at very low ligand concen-
trations, competitive and noncompetitive inhibition of
steady-state responses are indistinguishable. At a given con-
centration of ligand, and in the absence of desensitization, the
open-channel form of the receptor, the concentration of which
determines the rate of the receptor-controlled ion flux, can be
assumed to be in a steady state.

The independent measurement, in membrane vesicles, of ion
flux rates prior to receptor inactivation and inactivation rates,
over a wide range of ligand concentrations, has led to the
proposal of a minimum mechanism to account for receptor-
controlled ion translocation [reviewed in Hess et al. (1983)].
In the preceding paper (Karpen & Hess, 1986), rates of ion
flux prior to inactivation were measured over a wide range of
ligand and noncompetitive inhibitor (cocaine, procaine, and
phencyclidine) concentrations, in order to determine which
active (nondesensitized) receptor forms are involved in in-
hibition by noncompetitive inhibitors. The results were con-
sistent with the inhibitors binding to all the active receptor
forms with equal affinity, and not preferentially to the open-
channel form of the receptor. It was also determined that an
inhibitor that enhances the rate of rapid receptor inactivation,
phencyclidine (Karpen et al., 1982), binds to the same site on
active receptors as an inhibitor that does not influence rapid
inactivation, cocaine.
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FIGURE |: Effect of d-tubocurarine on receptor-controlled ion
translocation in E. electricus vesicles, pH 7, 1 °C. Traces were
obtained by using a Cs* stopped-flow method (Karpen et al., 1983)
with improvements in vesicle purification and noise filtering described
in the preceding paper (Karpen & Hess, 1986). Purified, ADS-loaded
membrane vesicles (150 ug of protein/mL) were mixed with an equal
volume of Cs* eel Ringer’s solution with 6 mM CaCl, (Karpen &
Hess, 1986) containing acetylcholine and d-tubocurarine at various
concentrations. Final concentrations were as follows: curve 1, base
line (no additions); curve 2, 1 mM acetylcholine; curve 3, | mM
acetylcholine + 5 uM d-tubocurarine (5 mM acetylcholine + 5 uM
d-tubocurarine, virtually superimposable); curve 4, 1 mM acetylcholine
+ 10 uM d-tubocurarine (5 mM acetylcholine + 10 uM d-tubocurarine
and 10 mM acetylcholine + 10 uM d-tubocurarine, virtually su-
perimposable); curve 5, S0 uM acetylcholine; curve 6, 50 uM ace-
tylcholine + 5 uM d-tubocurarine and 50 uM acetylcholine + 10 uM
d-tubocurarine (superimposable with base line).

In this paper, ion flux rates associated with active (nonde-
sensitized) receptor and inactivation rates over a wide range
of acetylcholine and d-tubocurarine concentrations have been
measured in membrane vesicles prepared from the E. electricus
electroplax and are described. A stopped-flow method, based
on the quenching of entrapped anthracene-1,5-disulfonic acid
by Cs* (Karpen et al., 1983), was used to measure ion flux.
The existence of both competitive and noncompetitive inhib-
ition of ion flux by d-tubocurarine at zero transmembrane
voltage was demonstrated. The sites were characterized in
terms of the affinities for d-tubocurarine, the effects of d-
tubocurarine binding at each site on rapid inactivation, and
the competition of d-tubocurarine at its noncompetitive site
with other known noncompetitive inhibitors.

EXPERIMENTAL PROCEDURES

The use of a stopped-flow spectrophotometric method to
measure ion flux and inactivation rates in membrane vesicles,
based on fluorescence quenching of an entrapped dye (an-
thracene-1,5-disulfonic acid, ADS) by Cs*, has been described
in detail (Karpen et al., 1983; Karpen & Hess, 1986). Cocaine
was kindly supplied by Professor Leo Abood, University of
Rochester.

RESULTS

Competitive and Noncompetitive Inhibition of Ion Flux by
d-Tubocurarine prior to Inactivation. Figure 1 illustrates the
effects of d-tubocurarine on receptor-controlled ion flux over
a wide range of acetylcholine concentrations. There are two
important observations about the data in Figure 1. The first
is that the degree of inhibition of ion flux by d-tubocurarine
is highly dependent on the acetylcholine concentration used.
Concentrations of d-tubocurarine (5 uM) that reduce ion flux
amplitudes in 1 s by approximately 50% at high acetylcholine
concentrations (1 mM) completely abolish the flux induced
by 50 uM acetylcholine (compare curves 3 and 6 in Figute
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FIGURE 2: Minimum mechanism to account for d-tubocurarine inhibition. The mechanism accounts for the effects on J,, the rate coefficient
for ion flux, over a wide range of ligand and d-tubocurarine concentrations. A description of the activation mechanism in the absence of inhibitors,
the assumptions, and definitions of the constants (J,, JRy, K, and &) is in the legend to Table I of the previous paper (Karpen & Hess, 1986).
In the present mechanism, the inhibitor d-tubocurarine (I) is assumed to compete for one of the two acetylcholine-binding sites (designated
by L in the figure) characterized by the dissociation constant K¢ (competitive). The inhibitor also binds to a noncompetitive site, distinct from
the two acetylcholine-binding sites, characterized by the dissociation constant Kyc. Binding of d-tubocurarine to the noncompetitive site is
represented by a circled 1. Equation 1 is the expression for J, relating to the mechanism, eq 2 is the expression for J, in the absence of inhibitor
(Hess et al., 1983; Karpen & Hess, 1986), and eq 3 is the ratio of eq 2 to eq 1. Equation 4 is the expression for J, for a mechanism in which
there are two competitive sites of equal affinity (characterized by K¢) and a single noncompetitive site (characterized by Kxc).

1; note that curve 6 has the same slope as curve 1 which
represents an experiment in which acetylcholine was absent).
Ligand concentration dependent inhibition of this type (de-
creasing inhibition with increasing ligand concentration) in-
dicates a competitive inhibition mechanism. The second ob-
servation is that although the inhibition is less at high ace-
tylcholine concentrations, inhibition by concentrations of d-
tubocurarine greater than about 1 uM could not be completely
overcome by saturating concentrations of acetylcholine.
[Acetyicholine at 1 mM saturates the activating ligand sites,
i.e., results in maximum ion flux rates in the absence of d-
tubocurarine (Cash et al., 1981)]. This is demonstrated by
curves 3 and 4 in Figure 1. In the presence of 5 or 10 uM
d-tubocurarine, raising the concentration from 1 to 10 mM
acetylcholine only slightly increased the rate of ion flux. If
the inhibition by d-tubocurarine at 1 mM acetylcholine was
being caused primarily by a competitive mechanism (to be
described), raising the acetylcholine concentration 10-fold
would almost completely alleviate the inhibition (making the
curves in the presence of d-tubocurarine and 10 mM acetyl-
choline virtually superimposable with curve 2). The inability
to overcome inhibition with saturating concentrations of
acetylcholine indicates noncompetitive inhibition by d-tubo-
curarine.

Recently, a voltage-dependent regulatory site for suberyl-
dicholine and acetylcholine has been characterized (Pasquale
et al.,, 1983; Takeyasu et al., 1983; Shiono et al., 1984).
Binding to this site results in inhibition of ion flux by the ligand
at high concentrations. The experiments in this paper have
been performed at zero transmembrane voltage, where the
affinity of acetylcholine for the regulatory site is very small.
Acetylcholine at 10 mM causes only a small decrease in the
ion flux rate compared to | mM acetylcholine [<20%, see
accompanying paper by Takeyasu et al. (1986)]. This effect
does not begin to account for the inability of 5 or 10 mM
acetylcholine to overcome inhibition by 5-10 uM d-tubo-
curarine.

A minimum mechanism that accounts for all of the above
effects of d-tubocurarine on initial ion flux rates is presented
in Figure 2. The constants are defined in the figure legend
and the footnotes to Table I of the preceding paper (Karpen
& Hess, 1986). The mechanism in the absence of inhibition
was proposed previously (Cash & Hess, 1980) and accounts
for the ligand concentration dependence of the rate coefficient
for ion flux prior to inactivation, J, (eq 2; Figure 2), for
different activating ligands over a wide concentration range
[reviewed in Hess et al. (1983)]. The essential features of the
mechanism in Figure 2 are a single competitive site for d-
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FIGURE 3: Effects of d-tubocurarine on the rate coefficient for ion
flux at low (50 uM) and high (5 mM) concentrations of acetylcholine
(E. electricus vesicles, pH 7, 1 °C). (a) The ratios of J, in the absence
and presence of d-tubocurarine (J5/Ja1c)) at 50 uM acetylcholine
are plotted vs. d-tubocurarine concentration. J, was evaluated from
stopped-flow ion flux traces as described previously (Karpen et al.,,
1983). The solid line represents a fit of the data to eq 3 in Figure
2 in which the expression has been reduced to a linear equation in
I, Jo/Ja@tcy = 1.1 + 0.621/ K, by assuming 1 + I/Kyc = 1.1 and
does not vary appreciably over the concentration range in this figure
(<10%; see part b, Kn¢ = 4 uM) and substituting known values of
K, (80 uM), & (1.5) [see Hess et al. (1983) and Table I of the
preceding paper (Karpen & Hess, 1986)], and L (50 uM). The best
fit of the expression to the data indicates K¢ = 120 = 10 nM. The
dashed line represents the best fit of the data to equation 4 of Figure
2 by assuming two competitive sites of equal affinity for d-tubocurarine,
where K¢ for each site is 340 nM. (b) The same ratio as in (a) is
plotted vs d-tubocurarine concentration, where the acetylcholine
concentration is S mM. The solid line represents the best fit to eq
3, Figure 2, in which the expression was reduced to the equation
(Ja/Ja@rc)) /(1 +1/12.8) =1+ I/Kyc by substituting known values
for K, (80 uM), ®(1.5) (Hess et al., 1983), L (5§ mM), and K¢ (120
nM, part a). The measured values of J,/J1c) were adjusted for
competitive site inhibition (part a) by dividing them by the factor (1
+ I/12.8), shown in the left side of the equation, and the resulting
values were plotted vs. the concentration of d-tubocurarine (I). The
best fit indicates that Kyc = 4 = 0.4 uM. The equation reflects the
fact that, at 5 mM acetylcholine, approximately 20% of the observed
inhibition is due to the competitive site (see text).

tubocurarine (competition with one of two activating ligand
sites; the possibility of two competitive sites will be considered)
and a noncompetitive site which exists on all active receptor
forms (this feature is also addressed below). The sites are
characterized respectively by the dissociation constants K¢ and
Kyc. Equation 1 represents the expression for J, for the
mechanism. Equation 3 represents the ratio of the J, ex-
pressions in the absence and presence of d-tubocurarine, and
is used as will be discussed to determine the values of the two
dissociation constants.

VOL. 25, NO. 7, 1986 1789

In Figure 3a, the d-tubocurarine concentration dependence
of inhibition was determined at 50 uM acetylcholine in order
to evaluate K¢ on the basis of the mechanism in Figure 2. In
the figure, the ratio of J, in the absence and presence of
d-tubocurarine is plotted vs. d-tubocurarine concentration.
Equation 3 can be reduced to a simple linear equation at 50
M acetylcholine by substituting known values for constants
and the ligand concentration, as described in the legend to
Figure 3a. The solid line in Figure 3a represents the best fit
of the reduced form of eq 3 to the data, where K- = 120 nM.
The dashed line represents the best fit of the data to a
mechanism in which it is assumed that there are two com-
petitive binding sites of equal affinity where K- = 340 nM
(eq 4; Figure 2). The present data, therefore, cannot be used
to distinguish whether there are one or two competitive binding
sites for d-tubocurarine. The mechanisms might be distin-
guished at much lower ligand concentrations, where the cur-
vature of the dashed line would be greater. However, since
the ion flux amplitude is small at very low ligand concentra-
tions, the mechanisms are not easily distinguished.

In Figure 3b, the d-tubocurarine concentration dependence
of inhibition was determined at 5 mM acetylcholine in order
to evaluate Kyc on the basis of the mechanism in Figure 2.
The plot is the same as Figure 3a. Equation 3 is again reduced
to a linear plot by substituting known values for constants and
the ligand concentration, as described in the Figure 3b legend.
The plotted J, ratios have been adjusted for the inhibition by
the competitive site (20%) that still occurs at 5 mM acetyl-
choline (see Figure 3b legend). The contribution of competitive
inhibition could be eliminated by using higher concentrations
of acetylcholine, but under these conditions, the inhibition
caused by acetylcholine binding to its regulatory site in the
absence of a transmembrane voltage would become significant
[Takeyasu et al., 1983; see accompanying paper by Takeyasu
et al. (1986)]. Acetylcholine at 5 mM was used to study the
noncompetitive d-tubocurarine binding site throughout this
paper, because the contributions of both d-tubocurarine com-
petitive site inhibition and acetylcholine regulatory site in-
hibition are small at this concentration. The solid line in Figure
3b represents the best fit of the reduced form of eq 3, Figure
2, to the data, where Kyc = 4 uM.

d-Tubocurarine was found to have no detectable “agonist”
properties (activation or inactivation) in the range 2-10 uM,
d-Tubocurarine alone did not induce measurable ion flux in
E. electricus vesicles. In addition, preincubating E. electricus
vesicles with d-tubocurarine alone for 20 min did not result
in a lower jon flux rate after mixing the vesicles with Cs*
buffer, acetylcholine, and the same concentration of d-tubo-
curarine than when ion flux was measured in the presence of
acetylcholine and d-tubocurarine at the same concentration
without preincubation. This indicates that d-tubocurarine does
not inactivate (desensitize) the receptor by itself. The con-
centration range (2~10 uM) was such that the competitive
site(s) would be saturated to result in the maximum possible
activating ligand effects, and the noncompetitive site would
be occupied to various extents (33-71%).

Effects of d-Tubocurarine on the Rate of Rapid Receptor
Inactivation. In Figure 4, the rate coefficient of rapid receptor
inactivation, o, was measured at 5 mM acetylcholine with and
without 5 uM d-tubocurarine (Figure 4a) and at 50 uM
acetylcholine with and without 0.35 uM d-tubocurarine
(Figure 4b). In the experiments, the rate coefficient of ion
flux, J,, was measured after different preincubation times as
described in detail previously (Karpen et al.,, 1983). The
first-order decay of the flux rate coefficient associated with
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FIGURE 4: Effect of d-tubocurarine at its noncompetitive and com-
petitive binding sites on the rate of rapid receptor inactivation (de-
sensitization), pH 7, 1 °C, E. electricus vesicles. The measurements
of a, the rate coefficient for rapid receptor inactivation, using the Cs*
stopped-flow method with two sequential mixings has been described
in detail (Karpen et al., 1983). (a) Purified ADS-loaded E. electricus
vesicles (Karpen & Hess, 1986) were mixed with an equal volume
of eel Ringer’s solution, pH 7, 1 °C, such that the mixtures contained,
as final concentrations, 5 mM acetylcholine (Q) or 5 mM acetylcholine
+ 5 uM d-tubocurarine (A). After the times shown on the abscissa,
the first mixtures were mixed with an equal volume of Cs* eel Ringer’s
solution (Karpen et al., 1983) containing the same concentrations of
acetylcholine and d-tubocurarine. Fluorescence (ion flux) was
monitored after the second mixing event. J, values after different
preincubation times were evaluated as described (Karpen et al., 1983).
« is given by the slope of the semilogarithmic plot [Jor) = Ja() €Xp
(-aT) where T is preincubation time (Aoshima et al., 1981)]: 5 mM
acetylcholine (©), e = 2.0 571} 5 mM acetylcholine + 5 uM d-
tubocurarine (A), a = 1.7 5™, (b) Procedure indentical with (a) with
the following preincubation and incubation conditions: 50 uM ace-
tylcholine (0), « = 0.9 s7'; 50 uM acetylcholine + 0.35 uM d-
tubocurarine (&), a = 0.4 57"

0.l

active receptors represents the inactivation process (Aoshima
et al., 1981; Karpen et al., 1983). « is given by the slopes of
the semilogarithmic plots in Figure 4. The results indicate
that the binding of d-tubocurarine to its noncompetitive site
(Figure 4a) has no effect on o within experimental error. The
binding of d-tubocurarine (0.35 uM) to its competitive site
(Figure 4b) decreases « by a factor of 2.3, Since d-tubo-
curarine does not desensitize the E. electricus receptor by itself,
the simplest way of accounting for the result is that d-tubo-
curarine decreases o by displacing acetylcholine. The value
of o has been shown to be dependent on acetylcholine con-
centration (Cash et al., 1981; Hess et al., 1983), and therefore
on the degree of receptor occupancy by acetylcholine. The
effect of d-tubocurarine at its competitive site on « is probably
simply due to a decrease in receptor occupancy by acetyl-
choline.
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FIGURE 5: Determination of whether the noncompetitive inhibitory
site for d-tubocurarine is the same as the site for cocaine inhibition
(E. electricus receptor). The ratios of J, values in the absence and
presence of cocaine (Ja/J a(cocaine)) Were measured at 5 mM acetyl-
choline minus d-tubocurarine (QO) and in the presence of 5 uM 4-
tubocurarine (A). The upper solid line is the best fit of the data in
the absence of d-tubocurarine to eq 4 in Table I of the preceding paper
(Karpen & Hess, 1986), indicating a K of 6 uM for cocaine. The
lower solid line is the expected curve for cocaine inhibition in the
presence of 5 uM d-tubocurarine, if the two inhibitors bind to the
same site, according to eq 10 in Table I of the preceding paper (Karpen
& Hess, 1986), assuming Ky for d-tubocurarine (corresponding to
K1, in the equation) = 4 uM (Figure 3b). The line also represents
the best fit to the data in the presence of d-tubocurarine (A): K,
= Ky (1 + 12/K1;) = 13.8 uM [see eq 10 of the preceding paper
(Karpen & Hess, 1986); I1 and 12 represent cocaine and d-tubo-
curarine, respectively].

Determination of Whether d-Tubocurarine and Cocaine
Bind to the Same Noncompetitive Inhibitory Site (Active
Receptor). The two alternative mechanisms, same or different
binding sites, are shown as mechanisms V and VI, respectively,
in Table I of the preceding paper (Karpen & Hess, 1986). In
Figure 5, the ratio of J, in the absence and presence of cocaine
is plotted vs. the cocaine concentration (I1) in the presence
of 0 and 5 uM d-tubocurarine (12) (acetylcholine = 5 mM).
If mechanism V is correct, eq 10 of the preceding paper
predicts that the slope of the plot should be dependent on the
d-tubocurarine (12) concentration. This is what is observed
in Figure 5. The lower solid line is the calculated line [using
eq 10 of Karpen & Hess (1986)] for cocaine inhibition in the
presence of 5 uM d-tubocurarine, assuming Kj; = Kyc = 4
uM (Figure 3b). The lower solid line is also the line that best
fits the lower data set. If mechanism VI (different binding
sites) were correct, the measured K; for cocaine inhibition
would be independent of the d-tubocurarine concentration [eq
12 of Karpen & Hess (1986)], and the data in the presence
of d-tubocurarine would also fall on the upper solid line. The
data are consistent with cocaine and d-tubocurarine binding
to the same noncompetitive inhibitory site on active receptors.

DiscussioN

Having the time resolution to measure the rate of ion flux
prior to inactivation and the rate of the inactivation process,
over a wide range of ligand concentrations, has allowed the
investigation of the mechanism of d-tubocurarine action in
detail. As described in the introduction, previous studies either
have not allowed one to separate effects on active and inactive
receptors or have not varied the ligand concentration over a
sufficient range to distinguish competitive and noncompetitive
inhibitory effects and thus to study them in isolation. It is
shown here that the effects of d-tubocurarine on the rapid ion
flux associated with active receptors are acetylcholine con-
centration dependent (less inhibition with increasing acetyl-
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choline concentration), but that they are not overcome by
saturating acetylcholine concentrations. These results indicate
both competitive and noncompetitive inhibition of receptor-
controlled ion flux.

By measurement of the effects of d-tubocurarine at two
widely separated ligand concentrations (50 uM and S mM
acetylcholine), the competitive and noncompetitive effects
could be studied largely in isolation (at 50 uM acetylcholine
the effects at the competitive site dominate, with the converse
being true at 5 mM acetylcholine). The data are accounted
for by a single competitive site (K¢ = 120 nM) and a single
noncompetitive site (Kyc = 4 uM). Several previous studies
have also reported two widely separated affinities for d-
tubocurarine (Eldefrawi et al., 1971; Neubig & Cohen, 1979;
Sine & Taylor, 1981), although it was believed that both sites
were competitive with acetylcholine. The present study in-
dicates that, at a minimum, there are two sites with widely
separate affinities, one (the higher affinity site) which is
competitive with acetylcholine and the other which is not. As
described under Results, the present data do not distinguish
whether there are one or two competitive sites. It seems likely
that d-tubocurarine would compete for both ligand binding
sites, although if the affinities for the competitive sites were
widely separated, the lower affinity competitive site would be
very difficult to detect in an inhibition study. The mechanism
in Figure 2 represents a minimum mechanism that accounts
for all the present data.

It has been shown that the binding of d-tubocurarine to the
competitive site(s) in the absence of acetylcholine does not
result in detectable activation or inactivation of the receptor.
Weak agonist effects of d-tubocurarine have been detected,
but primarily in embryonic systems, as described earlier. The
single-channel recording technique, which was used in some
of the studies (Trautmann, 1982; Takeda & Trautmann,
1984), may also be better suited to detecting very weak agonist
effects, if the frequency and lifetime of open channels is small
but the conductance of an open channel is similar to that
induced by other ligands, as appears to be the case with d-
tubocurarine in rat myotubes. An effect of d-tubocurarine
at its competitive site was observed on the rate of rapid receptor
inactivation induced by acetylcholine. The rate of inactivation
observed at 50 uM acetylcholine was reduced by a factor of
2.3 in the presence of 0.35 uM d-tubocurarine. Since d-
tubocurarine does not inactivate the receptor by itself, and the
rate of inactivation is acetylcholine concentration dependent
(Aoshima et al., 1981; Hess et al., 1983), the simplest ex-
planation for the result is that d-tubocurarine at its competitive
site decreases the rate of inactivation by reducing the degree
of receptor occupancy by acetylcholine.

d-Tubocurarine binds to a noncompetitive inhibitory site on
active E. electricus receptor at zero transmembrane voltage
with an affinity (Kyc = 4 M) similar to that observed with
other high-affinity noncompetitive inhibitors (Karpen & Hess,
1986). Evidence is presented in this study showing that d-
tubocurarine binds to the same noncompetitive inhibitory site
on active receptors as cocaine. The possibility exists that the
binding of one compound prevents inhibition by the other
compound through an allosteric mechanism. Since the dis-
placement would have to be complete for the data to agree
with eq 10 of the preceding paper (Karpen & Hess, 1986),
by use of the two dissociation constants measured independ-
ently (Figure 3b, d-tubocurarine; Figure 5, cocaine), such an
allosteric mechanism is unlikely. In addition to binding to the
same site, the noncompetitive inhibitory actions of d-tubo-
curarine and cocaine are similar in two other respects. The
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compounds inhibit with a very similar dissociation constant
(on the same membrane preparation, for cocaine, 6 uM, and
for d-tubocurarine, 4 uM). Second, d-tubocurarine at its
noncompetitive site was shown not to change «, the rate
coefficient of rapid receptor inactivation. This was previously
shown to be true for cocaine (Karpen et al., 1982) and procaine
(Shiono et al., 1984).

In the preceding paper (Karpen & Hess, 1986), it was
demonstrated that inhibition of the initial rate of ion flux by
cocaine was independent of the acetylcholine concentration.
The data showed that cocaine binds to all active receptor forms
(at a single site) with equal affinity, and not only to the
open-channel form of the receptor. It is not possible to do the
same experiments to study the noncompetitive d-tubocurarine
site, because the competitive site dominates inhibition at low
ligand concentrations. However, because cocaine and d-
tubocurarine bind to the same site in the presence of high
acetylcholine concentrations, this strongly suggests that d-
tubocurarine at its noncompetitive site also interacts with all
active receptor forms, and not exclusively with the open-
channel form as previously postulated (Marty et al., 1976;
Manalis, 1977). The fact that phencyclidine also competes
with cocaine and binds to all active receptor forms (Karpen
& Hess, 1986) provides further support for the same conclu-
sion about d-tubocurarine. Phencyclidine has been shown to
increase the rate of receptor inactivation at the same site,
however, and to change the equilibrium between active and
inactive receptor forms (Karpen et al., 1982), in contrast to
both cocaine and d-tubocurarine.

Several aromatic amine noncompetitive inhibitors have been
shown to interact weakly with activating ligand binding sites
(Heidmann et al., 1983). The present study shows that d-
tubocurarine has the structural features necessary to interact
strongly with both acetylcholine and known noncompetitive
inhibitor sites.

The application of fast reaction techniques to the investi-
gation of transmembrane processes permits one to investigate
the effects of inhibitors on acetylcholine receptor function at
known concentrations of reactants (ligand and acetylcholine
receptor) over a wide range of ligand concentrations. Fur-
thermore, measurements can be made before and after receptor
inactivation (desensitization), and the rate coefficients for the
inactivation process can be obtained in separate experiments.
We can now explain a multitude of effects of inhibitors by a
simple mechanism: a number of diverse compounds (cocaine,
procaine, phencyclidine, and d-tubocurarine) bind to a common
inhibitory site that preexists on the acetylcholine receptor
(channel opening is not required to reveal the site). The
inhibitory site is different from the regulatory site for the
activating ligands suberyldicholine and acetylcholine. Inhib-
itors binding to the inhibitory site may affect the rate of re-
ceptor inactivation (desensitization) (e.g., phencyclidine) or
have no effect on the inactivation rate (cocaine, procaine, and
d-tubocurarine). In addition, an inhibitor like d-tubocurarine
can both bind to the inhibitory site and compete with the
channel-activating ligand-binding site. If such an inhibitor
does not inactivate (desensitize) the receptor by itself, it can
decrease the rate of receptor inactivation in the presence of
activating ligand by decreasing the binding of the activating
ligand to its site. The simple mechanisms presented here
accommodate many seemingly contradictory results obtained
in electrophysiological and biochemical studies in the past.

ACKNOWLEDGMENTS

We are grateful to Professor Leo Abood for providing co-
caine, to Andrea Resetar for making excellent membrane



1792 BIOCHEMISTRY

preparations, and to New Unit, Inc. and Arturo Pece for help
with computer interfacing.

Registry No. d-Tubocurarine, 57-95-4; cocaine, 50-36-2.

REFERENCES

Adams, P. R. (1981) J. Membr. Biol. 58, 161-174.

Aoshima, H., Cash, D. J., & Hess, G. P. (1981) Biochemistry
20, 3467-3474.

Armstrong, D. L., & Lester, H. A. (1979) J. Physiol. (Lon-
don) 294, 365-386.

Ascher, P., Marty, A., & Neild, T. O. (1978) J. Physiol.
(London) 278, 207-235.

Cash, D. J., & Hess, G. P. (1980) Proc. Natl. Acad. Sci.
US.A. 77, 842-846.

Cash, D. J., Aoshima, H., & Hess, G. P. (1981) Proc. Nat!.
Acad. Sci. US.A. 78, 3318-3322.

Colquhoun, D., Dreyer, F., & Sheridan, R. E. (1979) J.
Physiol. (London) 293, 247-284.

Eldefrawi, M. E., Eldefrawi, A. T., Gilman, L. P., & O’Brien,
R. D. (1971) Mol. Pharmacol. 7, 420-428.

Heidmann, T., Oswald, R. E., & Changeux, J. P. (1983)
Biochemistry 22, 3112-3127.

Hess, G. P., Andrews, J. P., & Struve, G. E. (1976) Biochem.
Biophys. Res. Commun. 69, 830-837.

Hess, G. P., Cash, D. J., & Aoshima, H. (1979) Nature
(London) 282, 329-331.

Hess, G. P., Pasquale, E. B., Walker, J. W., & McNamee,
M. G. (1982) Proc. Natl. Acad. Sci. US.A. 79, 963-967.

Hess, G. P., Cash, D. J., & Aoshima, H. (1983) Annu. Rev.
Biophys. Bioeng. 12, 443-473.

Higman, H., Podleski, T. R., & Bartels, E. (1963) Biochim.
Biophys. Acta 75, 187-193.

Jackson, M. B., Lecar, H., Askanas, V., & Engel, W. K.
(1982) J. Neurosci. 2, 1465-1473.

Jenkinson, D. H. (1960) J. Physiol. (London) 152, 309324,

Karpen, J. W., & Hess, G. P. (1986) Biochemistry (second
paper of a series of three in this issue).

Karpen, J. W., Aoshima, H., Abood, L. G., & Hess, G. P.
(1982) Proc. Natl. Acad. Sci. U.S.A. 79, 2509-2513.
Karpen, J. W., Sachs, A. B., Cash, D. J,, Pasquale, E. B,, &

Hess, G. P. (1983) Anal. Biochem. 135, 83-94.

KARPEN AND HESS

Katz, B., & Miledi, R. (1978) Proc. R. Soc. London, Ser. B
203, 119-133.

Krodel, E. K., Beckman, R. A., & Cohen, J. B. (1979) Mol.
Pharmacol. 15, 294-312.

Lambert, J. J., Volle, R. L., & Henderson, E. G. (1980) Proc.
Natl. Acad. Sci. U.S.A. 77, 5003-5007.

Manalis, R. S. (1977) Nature (London) 267, 366—368.

Marty, A., Neild, T. O., & Ascher, P. (1976) Nature (London)
261, 501-503.

Moreau, M., & Changeux, J. P. (1976) J. Mol. Biol. 106,
457-467.

Neubig, R. R., & Cohen, J. B. (1979) Biochemistry 18,
5464-5475,

Pasquale, E. B., Takeyasu, K., Udgaonkar, J. B., Cash, D. J.,
Severski, M. C., & Hess, G. P. (1983) Biochemistry 22,
5967-5973.

Popot, J. L., Sugiyama, H., & Changeux, J. P. (1976) J. Mol.
Biol. 106, 469-483.

Shaker, N., Eldefrawi, A, T., Aguayo, L. G., Warnick, J. E.,
Albuquerque, E. X., & Eldefrawi, M. E. (1982) J. Phar-
macol. Exp. Ther. 220, 172-177.

Sheridan, R. E., & Lester, H. A. (1977) J. Gen. Physiol. 70,
187-219.

Shiono, S., Takeyasu, K., Udgaonkar, J. B., Delcour, A. H.,
Fujita, N., & Hess, G. P. (1984) Biochemistry 23,
6889-6893.

Sine, S. M., & Taylor, P. (1981) J. Biol. Chem. 256,
6692-6699.

Takeda, K., & Trautmann, A. (1984) J. Physiol. (London)
349, 353-374.

Takeyasu, K., Udgaonkar, J. B., & Hess, G. P. (1983) Bio-
chemistry 22, 5973-5978.

Takeyasu, K., Shiono, S., Udgaonkar, J. B., Fujita, N., &
Hess, G. P. (1986) Biochemistry (first paper of a series of
three in this issue).

Trautmann, A. (1982) Nature (London) 298, 282-285.

Walker, J. W., McNamee, M. G., Pasquale, E., Cash, D. J,,
& Hess, G. P. (1981) Biochem. Biophys. Res. Commun.
100, 86-90.

Ziskind, L., & Dennis, M. J. (1978) Nature (London) 276,
622-623.



