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ABSTRACT: The binding of agonists, antagonists, and the acetylcholinesterase inhibitor, eserine, to the
nicotinic acetylcholine receptor from Torpedo californica has been monitored by the fluorescence changes
of two extrinsic probes that have been covalently attached to the receptor protein. Although both probes,
5-(iodoacetamido)salicylic acid (IAS) and 4-[N-[(2-iodoacetoxy)ethyl]-N-methylamino]-7-nitrobenz-2-
oxa-1,3-diazole (IANBD) react with sulfhydryl groups, they donot react at the same location. The conditions
for IAS labeling and competition studies have shown that, following reduction of the receptor, this fluorophore
reacts with the same cysteines on each of the two « subunits that may be labeled by the alkylating agonist,
[*H]bromoacetylcholine. The fluorescence of this probe is sensitive to the binding of agonists and competitive
antagonists to two high-affinity sites on the receptor. IANBD does not react with the same cysteines as
IAS, and its fluorescence is unchanged by the high-affinity binding of agonists and antagonists. The
fluorescence of this probe is, however, specifically and saturably enhanced by the binding of agonists to
distinct low-affinity sites. Heterogeneity in the NBD fluorescence changes induced by the bis-quaternary
agonist, suberyldicholine, has indicated that the stoichiometry of low-affinity sites is also two per receptor.
Stopped-flow studies of agonist binding to receptor preparations that had been doubly labeled by both
fluorophores demonstrate that the conformational changes detected by IAS occur on slow time scales of
seconds to minutes whereas a much faster conformational change is revealed by changes in NBD fluorescence.
These results provide further evidence that the acetylcholine receptor carries two distinct classes of sites
for classical agonists and are consistent with the involvement of the low-affinity sites in channel activation.
Eserine, which has been reported to activate the acetylcholine receptor channel at a concentration of 50-100
M via a pathway that is not inhibited by a-bungarotoxin [Okonjo, K. O., Kuhlmann, J., & Maelicke, A.
(1991) Eur. J. Biochem. 200, 671-677], also induces a saturable enhancement of NBD fluorescence (Ky
approximately 50 uM) that is not blocked by a-bungarotoxin. These results are consistent with the notion
that the NBD fluorescence changes induced by high concentrations of agonists are a reflection of the

induction of cation translocation.

Fluorescence methods have been widely used to measure
the interaction of ligands with the nicotinic acetylcholine
receptor (nAChR),! in both its soluble and membrane-bound
states. These methods include the monitoring of protein
intrinsic fluorescence, the binding of fluorescent ligands, and
measurements of conformational changes using extrinsic
probes either reversibly or covalently bound to the receptor
protein [reviewed by Conti-Tronconi and Raftery, (1982) and
Ochoa et al. (1989)]. The major aim in the use of these
techniques has been to develop kinetic methods for monitoring
conformational changes of the receptor protein that may be
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important in its functional responses of channel activation
and receptor desensitization.

The nAcChR is a pentameric complex of four homologous
subunits in the ratio a,8v5 (Raftery et al., 1980; Noda et al.,
1983). Equilibrium binding measurements have shown that
each nAcChR carries two high-affinity binding sites for
agonists and competitive antagonists. The results of affinity
labeling studies have shown that these sites are located, at
least in part, on the o subunits. Following reduction of a
reactive disulfide bond formed by adjacent cysteines at
positions 192 and 193 in the « subunits (Kao & Karlin, 1986;
Mosckovitz & Gershoni, 1988; Kellaris & Ware, 1989), these
cysteines may be labeled by the alkylating antagonist, [*H]-
[4-(N-maleimido)benzyl]trimethylammonium (MBTA; Kao
etal., 1984). Thealkylatingagonist, [*H]bromoacetylcholine,
also labels each of the two o subunits of the reduced receptor,
presumably also as a result of reaction with Cys-192 and Cys-
193 (Damle et al., 1978; Moore & Raftery, 1979a; Wolosin
et al., 1980). It was recently suggested that these sites are
not associated exclusively with the « subunits but are located
atthe a—y and a—d subunit interfaces (Blount & Merlie, 1989).
This suggestion has been supported by recent photoaffinity
labeling studies. Labeling with [3H]tubocurarine resulted in
covalent incorporation not only into «, but also into the v and
& subunits (Pederson & Cohen, 1990), and [*H]nicotine
photoaffinity labeled both « and & subunits, with most of the
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a subunit label being incorporated into Tyr-198 (Middleton
& Cohen, 1991).

In most of the models that have been proposed to describe
the pathways leading from agonist binding to the opening of
the ion channel and receptor desensitization, it has been
assumed that the two sites identified in labeling studies are
the only agonist binding sites on the nAcChR [reviewed by
Conti-Tronconi and Raftery (1982), Ochoa et al. (1989), and
Stroud et al. (1990)]. However, we have previously described
the presence of additional low-affinity sites for agonists on
the Torpedo nAcChR (Conti-Tronconi et al., 1982; Dunn &
Raftery, 1982a,b; Dunn et al., 1983; Raftery et al., 1983).
These sites were revealed by the fluorescence changes of a
probe, IANBD, which was covalently bound to the receptor
on three (a, 8, ) of the four subunits (Conti-Tronconi et al.,
1982). Agonist binding to NBD-labeled receptor preparations
was accompanied by a saturable enhancement of NBD
fluorescence, which was inhibited by a-bungarotoxin but
unaffected by other cholinergic antagonists and local anes-
thetics (Dunn & Raftery, 1982a,b). The characteristics of
agonist binding to the low-affinity sites, particularly the
excellent agreement between dissociation constants estimated
from fluorescence titrations of NBD-labeled receptor and from
cation flux responses, in addition to the rapidity of the
conformational change that results from binding, led us to
propose that occupancy of these sites may be important for
channel activation (Raftery et al., 1983). In the case of
acetylcholine (AcCh), the estimated Ky values of approxi-
mately 100 uM are in agreement with electrophysiological
measurements of dose—responses at the neuromuscular junction
(Adams, 1981). Furthermore, such low-affinity binding is
consistent with the high local concentrations of AcCh
(approaching millimolar) that are estimated to be present in
the synaptic cleft soon after neurotransmitter release (Hartzell
etal,, 1975; Lesteretal., 1978; Land et al., 1980). Incontrast
to the rapid conformational changes accompanying agonist
binding to the low-affinity sites, the conformational changes
associated with binding to the high-affinity sites associated
with the « subunits (and likely also with the v and § subunits)
are considerably slower (see below), and we have proposed
that these may reflect pathways leading to channel closing
and desensitization (Raftery et al., 1983).

Thelikelihood of multiple agonist binding sites being present
on some or all of the subunits is supported by the sequence
homology of the subunits (Raftery et al., 1980; Noda et al.,
1983), which first suggested the possibility of homologous
binding domains. Such sequencing approaches were used to
first demonstrate the existence of a family of related nicotinic
AcChRsinthe peripheral and central nervous systems (Stroud
et al,, 1990). More recently, it has been shown that the
sequence homology of nAcChR subunits extends to other
members of the ligand-gated ion channel family, including
the GABA, (Schofield et al., 1987), glycine (Grenningloh et
al., 1987), and 5-HT; receptors (Maricq et al., 1991). Direct
evidence that each of the GABA, receptor subunits carries
a binding site (or sites) for GABA and other GABAergic
ligands has come from the observation that individual subunits
of this receptor can form homo-oligomeric GABA-gated
chloride channels when expressed in Xenopus oocytes from
their encodingmRNAs (Blairet al., 1988). Similar expression
of homo-oligomeric channels has been reported for subunits
of the glycine [reviewed by Betz (1991)] and SHT; (Maricq
etal., 1991) receptors, suggesting that multiplicity of agonist
binding sites may be a common feature of all subunits in this
channel “superfamily”. In view of the significance of these
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binding sites in the receptor mechanism, it is clearly important
that agonist binding be further characterized.

In this report we describe the double labeling of the nAcChR
by two fluorescent probes, one of which, IAS, has been used
previously in studies of agonist binding (Dunn et al., 1980,
1981; Blanchard et al., 1982) and which monitors binding to
the high-affinity sites located, at least in part, on the a subunits,
and the other, JANBD, reflects low-affinity binding as
described above. These studies are extended to the investi-
gation of eserine, a reversible acetylcholinesterase inhibitor,
which has recently been reported to induce cation flux by the
nAcChR in muscle (Pascuzzo et al., 1984) and, in the case
of TorpedonAcChR, toinduce cation flux evenin the presence
of saturating concentrations of the competitive antagonists of
AcCh binding, tubocurarine, and «-BuTx (Okonjo et al.,
1991). It is shown that both high- and low-affinity sites for
agonists exist in the same preparations. Furthermore, eserine
induces a fluorescence enhancement of NBD-labeled nAcChR,
similar to the behavior of other receptor activators, and this
enhancement is not inhibited by a-BuTx. These results suggest
a pathway(s) for activation of nAcChR that does not depend
on conformational transitions of the high-affinity sites even
though these sites are most likely to be occupied by agonists
during the activation process.

MATERIALS AND METHODS

Preparationand nAcChR-Enriched Membrane Fragments.
nAcChR-enriched membrane fractions were prepared from
Torpedo californica electric organ and were alkali-extracted
toremove nonreceptor protein as previously described (Elliott
etal., 1980), with the exception that, for experiments involving
IANBD, iodoacetamide was excluded from the initial ho-
mogenization. Specific activities lay in the range of 2—4 nmol
of [1%51]-a-BuTx (New England Nuclear) sites per milligram
of protein. Unless otherwise stated, the buffer used in each
experiment was Torpedo Ringers (20 mM Hepes, pH 7.4,
250 mM NaCl, 5§ mM KCl, 4 mM CaCl,, 2 mM MgCl,,
0.02% NaN3j).

Labeling of Membrane Fragments by 5-1AS. Membranes
were diluted to 1 uM in [125]]-@-BuTx sites in Ca2*-free
Ringers and were reduced with 50 uM DTT for 60 min at 4
°C. 5-1IAS (Molecular Probes Inc., Eugene, OR) was added
toa final concentration of 250 uM, and the mixture was stirred
for 2 h at 4 °C, after which the membranes were collected by
centrifugation and washed to remove unreacted reagents
(Dunn et al., 1980).

Labeling of Membranes by IANBD. Labeling of nAcChR-
enriched membranes by IANBD was carried out as described
previously (Dunn & Raftery, 1982b). Membranes were
diluted to 10 uM in [125]]-a-BuTx sites in 10 mM Hepes, pH
7.4, and 35 mM NaNOj; and reduced with 50 uM DTT for
15 min at room temperature. Solid IANBD was added as a
finely ground powder to a nominal concentration of 300 uM,
and the membranes were stirred for 2 h at 4 °C. Unreacted
reagent and residual solid IANBD were removed by gel
filtration on a Sephadex G-25-300 (Sigma Chemical Co., St.
Louis, MO) column equilibrated in Ca2*-free Ringers.

Double Labelingof nAcChR by 5-14S and IANBD. Double
labeling of nAcChR by the two fluorescent probes was achieved
by first labeling with IANBD, concentrating the membranes
by centrifugation, and then carrying out the IAS labeling
procedures as described above.

Affinity Labeling with [H]Bromoacetylcholine. [3H]-
Bromoacetylcholine (BrAcCh) was prepared by the reaction
of [*H]choline (New England Nuclear) with bromoacetyl
bromide (Aldrich) as described (Moore & Raftery, 1979a).
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Labeling of nAcChR by [3H}bromoacetylcholine was as
described by Wolosin et al. (1980) with modifications (Dunn
et al, 1983). Under an argon atmosphere, membrane
fragments were diluted to 1 uM in ['2°]]-a-BuTx sites in 15
mM Tris HCI, pH 8.0, 150 mM NaCl, 4.5 mM NaN3, and
1.5 mM EDTA and reduced with 300 uM DTT for 45 min
at room temperature. The membranes were centrifuged to
remove DTT and resuspended in the same buffer but at pH
7.0 and reacted with 40 uM [*H]BrAcCh for 30 min. The
extent of labeling was estimated by DEAE—disc assay (Moore
& Raftery, 1979a) or by NaDodSO, gel electrophoresis
(Laemmli, 1970) followed by cutting of 2-mm strips, digestion
in 30% hydrogen peroxide, and counting for [*H].

Equilibrium Fluorescence Measurements. Equilibrium
fluorescence measurements were made using a Perkin-Elmer
MPF4 fluorometer and appropriate monitoring conditions for
IAS fluorescence (via energy transfer from the protein) and
NBD fluorescence. Since IAS monitors high-affinity binding
and there is significant depletion of added ligand due to binding,
fluorescence titration data were fit by nonlinear regression
methods (Dunn et al., 1980) by the equation:

Fl=0.5 X Fy[(Ly+ Ry + Ky) —
{(Ly+ Ry + K,)* ~ 4R, Lo}/

where Fl is the observed fluorescence (after subtraction of
background due to IAS-labeled membranes alone), Lo is the
total added ligand concentration and the unknown parameters,
and Ry, Ky, and Fy are the concentration of binding sites, the
dissociation constant, and the maximum fluorescence en-
hancement, respectively.

Titrations of NBD-labeled nAcChR, since they reveal low-
affinity binding sites and there is no significant depletion of
added ligand, were fit by the simple binding model:

Fl = FyLy/(Ky + Ly)

where the parameters are as defined above.

Stopped-Flow Fluorescence Experiments. Kinetic data
wereobtained using a Durrum D-110 stopped-flow instrument
and the data collection and analysis procedures previously
described (Dunnetal., 1980), using the appropriate monitoring
conditions for TAS fluorescence excited via energy transfer
(Dunnetal., 1980) or IANBD fluorescence (Dunn & Raftery,
1982b).

Binding of Radiolabeled Agonist. [*H]AcCh and [*H]-
carbamylcholine (Carb) binding to membrane-bound nAcChR
was measured using the centrifugation assay previously
described (Dunn et al., 1980).

RESULTS

Localization of the 1AS Label. Following mild reduction
of nAcChR, alkylation by 5-IAS gives rise to a highly
fluorescent receptor preparation whose fluorescence is en-
hanced in a specific and saturable manner on the binding of
agonists (Figure 1) or competitive antagonists (see below).
Asdiscussed above, each o subunit carries a reactive disulfide
bond formed by vicinal cysteines 192 and 193, and, after
reduction, these residues are thought to be the sites of covalent
incorporation of [3H]BrAcCh. We previously reported that
prelabeling of nAcChR by IAS partially inhibited the covalent
incorporation of [*H]BrAcCh (Dunnet al., 1980). Although,
inthe earlier study, the extent of inhibition was not quantitated,
wesuggested that TAS reacts with the same sulfhydryl groups
as [*H]BrAcCh. The results in Figure 1 show that the
fluorescence enhancement occurring on the binding of ligands
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FiGURE 1: Effect of the presence of 10 uM Carbduring DTT reduction
on the agonist-induced fluorescence enhancement of 1AS-labeled
nAcChR. Membrane fragments were reduced either in the absence
(A) or presence (B) of 10 uM Carb. The agonist was then removed
by centrifugation and the membranes were labeled by IAS as described
in the Materials and Methods. Fluorescence spectra of nAcChR
(0.6 uM in a-BuTx sites) alone (i) or after incubation with 50 uM
Carb (ii) were recorded using an excitation wavelength of 290 nm.

to [AS-labeled nAcChR is due specifically to the probe bound
in this position. When the reactive disulfides near the high-
affinity sites were protected from reduction by the presence
of low concentrations of Carb during the reaction with DTT
(Bregestovski et al., 1977; Damle & Karlin, 1980), the
fluorescence enhancement occurring on ligand binding was
completely abolished, although there was still a significant
nonspecific incorporation of IAS. If Carb was included at
the alkylation step but not during the reduction, there was a
reduced but still significant enhancement of fluorescence upon
agonist binding. Thus occupancy of the high-affinity sites by
agonists during reduction and, to a lesser extent, during the
long alkylation procedures inhibits IAS labeling of those
sulfhydry! groups that give rise to the specific fluorescence
enhancement. Similar experiments have previously been used
to demonstrate the specificity of [*H]BrAcCh labeling on the
asubunits (Bregestovskietal., 1977). Incontrol experiments,
labeling of nAcChR by BrAcCh prior to IAS labeling has
been shown to completely abolish all specific IAS labeling.
Thus BrAcCh and IAS compete for the same sulfhydryl groups
near the high-affinity binding sites, and the fluorescent
enhancement observed upon ligand binding to IAS-labeled
nAcChR is likely to be due to IAS labeling of Cys-192 and /or
Cys-193. In view of the proximity of the IAS label to the
high-affinity sites, it is important to note that its incorporation
in this position does not perturb the equilibrium binding of
agonists to their adjacent sites (see below), nor does it affect
the ability of agonists to mediate cation flux responses (Dunn
et al., 1980).

Quantitation of the Extent of IAS Labeling. Since, as
described above, the specific IAS label which yields the
fluorescence enhancement upon ligand binding is competitive
with bromoacetylcholine labeling, the extent of specificlabeling
could be estimated from measurements of the number of
residual sites for [*H]BrAcCh. The conditions used for IAS
labeling, i.e., reduction and alkylation in Ca2*-free Ringers
at 4 °C, were based on those used by Moore and Raftery
(1979a) for covalent labeling of the receptor by [*H]BrAcCh.
These conditions lead to labeling of only one of the two «
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FIGURE 2: Titration of IAS-labeled nAcChR (1.5 uM in a-BuTx
sites) by [3H]AcCh, monitoring either the enhancement of IAS
fluorescence using excitation and emission wavelengths of 290 and
340 nm, respectively (O), or bound radioactivity (@).

subunits by [*H]BrAcCh, but Wolosin et al. (1980) later
established conditions to label both of the available sites. Using
the former conditions, IAS prelabeling consistently inhibited
40-60% of the available sites for [*H]BrAcCh when these
were measured by the procedures of Wolosin et al. (1980).
The extent of IAS labeling could be increased such that 80%
of the [P HBrAcCh sites were inhibited by using the alkylation
conditions of Wolosin et al. (1980), although in no case was
[*H]BrAcCh labeling completely abolished. By increasing
the concentration of DTT in the reduction step to 300 uM,
the extent of [AS labeling could also be increased, but this
consistently led to an apparent loss of high-affinity sites for
[3H]Carband [2*H]AcCh. Extensive reduction and alkylation
of nAcChR has previously been reported to cause a decrease
in agonist affinity (Moore & Raftery, 1979b; Walker et al.,
1981; Blanchard et al., 1982), and the observed loss of sites
is likely to be due to reduction of a receptor disulfide other
than that at Cys-192/193.

High-Affinity Binding of Agonists Monitored by Changes
in IAS Fluorescence. Despite the proximity of the IAS label
to the high-affinity agonist sites and its significant level of
incorporation (40-60% of available sites), the probe does not
perturb the equilibrium binding of agonists to these sites and
K4 values obtained from fluorescence titrations are in good
agreement with values obtained from measurements of
radiolabeled ligand binding (Dunn et al., 1980; Blanchard et
al., 1982). The fluorescence of bound IAS monitors the
binding of agonists to two high-affinity sites per nAcChR.
Such a stoichiometry can be obtained from fluorescence
titrations by agonist using an nAcChR concentration which
is much greater than the dissociation constant of the complex.
Under these conditions, at substoichiometric concentrations
of ligand, virtually all ligand will be bound with a proportional
enhancement of fluorescence until saturation of binding sites
isreached. Figure 2 comparessuch “stoichiometric” titrations
of IAS-labeled nAcChR by [3H])AcCh, monitoring either the
fluorescence enhancement or the concentration of bound
radiolabel. Inboth cases, saturation wasreached ata number
of sites equivalent to the number of sites for [12I]-a-BuTx,
i.e., two per nAcChR. Therefore, although IAS routinely
labels only approximately 50% of the availablesites, the probe
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FIGURE 3: Kinetics of hexamethonium binding to IAS-labeled
nAcChR (0.5 uM in o-BuTx sites). Apparent rate constants were
obtained in stopped-flow experiments and fitting of the reaction traces
by a single-exponential model. Data were fit by a model in which
a conformation change follows the formation of the initial complex
as described in the text. The solid line is calculated using the best
fit parameters K; = 80.4 uM, k;, = 0.096 s, and k, = 0.03 s-1.

appears to be an effective monitor of all high-affinity sites in
the receptor population.

Antagonist Binding to 1AS-Labeled nAcChR. There is
considerable evidence both from affinity labeling studies
(Damle et al., 1978) and from competition experiments
(Neubig & Cohen, 1979) that agonists and antagonists
compete for the high-affinity sites associated with the «
subunits [reviewed by McCarthy et al. (1986)]. Since the
binding of agonists and that of antagonists induce different
conformational states of nAcChR, it was of interest to
investigate whether competitive antagonists also have an effect
on the fluorescence of IAS covalently attached close to the
sites. The binding of both gallamine and hexamethonium to
the IAS-labeled nAcChR resulted in a saturable enhancement
of TAS fluorescence, allowing dissociation constants of 5.0 &
0.6 uM and 27 + 3 uM to be measured for gallamine and
hexamethonium, respectively. The mechanism of binding of
hexamethonium has been investigated in stopped-flow ex-
periments. At all hexamethonium concentrations, the fluo-
rescence enhancement could be fit with precision by a single-
exponential model and the apparent rate had a hyperbolic
dependence on ligand concentration as shown in Figure 3.
These data are consistent with a mechanism in which a slow
conformational change follows formation of the initial complex
and in which there is a rapid equilibration between free and
bound receptor:

K &,
R+ L=RL=R*L
k2

The best fit parameters for the hexamethonium binding data
were 80.4 uM, 0.096 s71, and 0.03 s! for K, k2, and k_y,
respectively. There is thus reasonable agreement between
the overall dissociation constant estimated from the kinetic
data [K1K3/(1 + K3) = 19.1 uM] and that estimated from
equilibrium fluorescence titrations (27 £ 3 uM).
Investigation of tubocurarine binding to IAS-labeled nAc-
ChR was complicated by spectral overlap between tub-
ocurarine and proteinabsorbance. The IAS fluorescence could
not, therefore, be measured by energy transfer, necessitating
the use of direct excitation, which is considerably less sensitive
(Dunn et al., 1980). The binding kinetics were biphasic and
the equilibrium results suggested that binding was not to a
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homogeneous class of sites. This evidence for heterogeneity
is consistent with earlier results of Neubig and Cohen (1979),
who showed that tubocurarine binding is characterized by
two dissociation constants of 33 nM and 7.7 uM.

IANBD and IAS React at Different nAcChR Location.
As shown above, the fluorescence enhancement occurring on
agonist or antagonist binding to IAS-labeled receptor prep-
arations is due specifically to IAS labeling of a reduced
disulfide on the a:subunits. Reactionof nAcChR withIANBD
following mild reduction (50 pM DTT, 15 min at room
temperature) also results in a fluorescent receptor preparation
whose fluorescence is enhanced by the binding of agonists,
although much higher concentrations of agonists are required
than those that affect IAS fluorescence (Dunn & Raftery,
1982a,b). There are several experimental observations that
demonstrate that IANBD does not react in the same position
asTAS: (a) theextent of specific IANBD labeling as estimated
by the magnitude of the fluorescence enhancement occurring
upon agonist binding is unaffected by low (10-100 uM)
concentrations of Carb during either the reduction or alky-
lation; (b) prelabeling of nAcChR by covalent reaction with
BrAcCh does not affect the specific labeling by IANBD; (c)
TIANBD labeling, in contrast to IAS, does not reduce the extent
of subsequent incorporation of [*H]BrAcCh; (d) prelabeling
of nAcChR by IANBD does not inhibit the specific incor-
poration of IAS. Thus, the fluorescence changes occuring
upon binding of agonists to IAS- or NBD-labeled preparations
arise from labeling of distinct sulfhydryl groups of the receptor,
which is not surprising since IAS is a small water-soluble
fluorophore whereas IANBD is only sparingly soluble in
aqueous solution and reacts and develops appreciable fluo-
rescence only in a hydrophobic environment (Haugland, 1975).

Stoichiometry of Low-Affinity Sites Revealed by NBD
Fluorescence. Evidence that NBD fluorescence monitors the
binding of agonists to two low-affinity sites on the nAcChR
has been obtained from studying the binding of the bis-
quaternary agonist, suberyldicholine (SdCh). Ininitialstudies,
measurements of SACh binding to NBD-labeled preparations
were hampered by the low amplitude of the fluorescence signal
change, which was consistently only about 50% that induced
by AcChor Carb. Theresultsillustratedin Figure 4A provide
an explanation for this low amplitude and show that, whereas
SdCh binds to one low-affinity site with a Xj of about 2 uM,
Carb binds to two low-affinity sites with apparently equal
affinity. When NBD-labeled nAcChR was titrated by SdCh
until well beyond saturation of this binding site ([SdCh] =
100 gM) and the titration was continued by Carb, a second
site was revealed with a Ky similar to that obtained in the
absence of SACh, but with only half of the amplitude change.
Similar results have been obtained using AcCh as the second
agonist. A more detailed examination of the binding of SdCh
to NBD-labeled nAcChR has revealed that, for this agonist,
there is also a second site but this has much lower affinity,
witha K4 of about 2.5 mM (Figure 4B). Thus the low-affinity
binding of Carb and AcCh appears to be to two sites having
similar affinity, whereas the low-affinity sites for SdCh have
muchdifferent affinities. Inthe caseof SdCh, it would appear
that only the site of higher affinity (K34 ~ 2 uM) must be
occupied for channel activation since the midpoint of the flux
response occurs at 1-3 uM (unpublished results).

Double Labeling of nAcChR by IAS and IANBD. When
membrane-bound nAcChR was first labeled by IANBD and
then by IAS, the fluorescence spectra were characteristic of
~ theincorporation of both fluorescent probes as shown in Figure
5. In the doubly labeled preparation, the extent of incorpo-
ration of each probe, as estimated from the incorporation of
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FIGURE4: Heterogeneity of SACh binding to NBD-labeled nAcChR.
(A) NBD-labeled nAcChR was first titrated by SACh (@) to give
a final concentration of 100 uM, after which the titration was
continued using Carb (O). The solid line is calculated from the best
fit parameters obtained from fitting by a biphasic model giving a K4;
of 2.9 uM (SdCh) and K;; of 1.3 mM (Carb). In the absence of
SdCh, titration by Carb (O) gave a Ky of 0.8 mM. (B) Effect of
SdCh concentration on the fluorescence of NBD-labeled nAcChR.
The solid line is best fit by two independent sites having Ky values
of 1.8 uM and 2.5 mM.

fluorescence, and the magnitudes of the ligand-induced
fluorescence enhancements were similar to preparations
labeled with one of the two probes alone. This is consistent
with the results described above that demonstrate that the
two fluorophores react at different sites. There is also little
spectral overlap between the two probes. IAS fluorescence
may be excited directly at 340 nm or indirectly at 290 nm via
energy transfer from the protein, resulting in fluorescence
emission at about 430 nm whereas the NBD fluorophore
absorbs at 480-490 nm and fluoresces at about 535 nm.

Addition of Carb to the doubly labeled preparation shows
clearly that the enhancement of IAS fluorescence takes place
at low concentration and is saturable in the micromolar range
(Figure 5). On the contrary, micromolar concentrations of
Carb have noeffect on NBD fluorescence, and the fluorescence
enhancement of this probe occurs only in the millimolar range
(Figure 5). The two probes therefore monitor equilibrium
binding to agonist binding sites that have very different
affinities.

Egquilibrium Binding of [3H}Carbamylcholine to NBD/
IAS-Labeled nAcChR. Labeling of nAcChR by IAS, IAN-
BD, or both did not alter either the dissociation constant or
the number of high-affinity binding sites for [*H]Carb, as
shown for the doubly labeled preparation in Figure 6.
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Ficure 5: Effect of Carb concentration on the fluorescence spectra
of double labeled nAcChR (1.4 uM in a-BuTx sites) monitoring
either IAS fluorescence (Ax = 290 nm) or NBD fluorescence (Aex
= 482 nm). Fluorescence spectra of nAcChR alone (i) or in the
presence of 25 uM Carb (ii), 2.52 mM Carb (iii), or 10 mM Carb

(iv).
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FIGURE 6: Scatchard plot of [*’H]Carb binding to NBD/IAS-labeled

nAcChR (0.25 uM in a-BuTx sites). The solid line is the linear
least-squares fit, giving Ry = 0.25 uM and Ky = 0.26 uM.
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FiGUure 7: Fluorescence titrations of double-labeled nAcChR (0.5
#M in a-BuTx sites). (A) IAS fluorescence (Aex = 290 nm, Aem =
340nm). Data were fit by a model with correction for ligand depletion
as described in the Materials and Methods, giving Ky = 0.21 uM and
Ry = 0.48 uM. (B) NBD fluorescence (Ax = 482 nm; Aem = 530
nm). Data were fit by a simple binding model, giving X3 = 0.81 nM.
Data were corrected from the results of parallel control titrations of
NBD-labeled membranes that had been preincubated with excess
a-BuTx.

Equilibrium fluorescence titrations in which the fluorescence
of both probes was monitored in parallel show that the K4
estimated from the IAS fluorescence enhancement induced
by Carb was 0.2 uM (Figure 7), in good agreement with
estimates of radiolabeled Carbbinding. The Kyvalue obtained

(A) IANBD  }(B) IAS

Y_,,
B W

Dms

FIGURE 8: Kinetics of Carb (1 mM) binding to double-labeled
nAcChR. (A) Changes in NBD fluorescence. The lower trace was
fit by single exponential, giving kapp = 66 s~!. The upper trace was
recorded ona 100 times longer time scale and is offset slightly upward
for clarity. (B) Changesin IAS fluorescence. Traces were recorded
over the same time courses as in (A), showing the differences in the
rate constants. The reaction curve may be fit by two exponential
processes having rates of 6.1 s~! and 0.23 s,
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FIGURE 9: Titration of NBD-labeled nAcChR by eserine in the
absence (O) or presence (@) of excess a-BuTx. Membranes were
titrated with eserine from a concentrated stock solution in ethanol.
Data were corrected for nonspecific effects by parallel titrations with
ethanol alone. Solid lines are calculated using the best fit parameters
from fitting by the equation:

Fl = FL/(K;+ L) + N L

The term N, L was included to correct for the slight decrease in
fluorescence that is routinely observed at high eserine concentrations
and is likely to be due to eserine absorbance; Ky values were 23 uM
and 43 uM in the absence and presence of a-BuTx, respectively.

from the NBD fluorescence change was 0.81 mM, in agreement
with previous results from singly labeled preparations (Dunn
& Raftery, 1982a,b).

Kinetics of Agonist Bindingto NBD/IAS-Labeled nAcChR.
The kinetics of the fluorescence changes occurring on agonist
binding to IAS/IANBD-labeled nAcChR have been inves-
tigated in stopped-flow fluorescence experiments. Over a
range of Carb concentration (0.1-10 mM) the NBD fluo-
rescence enhancement occurred in a single fast phase as shown
in Figure 8. This is consistent with previous results in which
we have shown that the NBD fluorescence reflects a fast
conformational change of the receptor—agonist complex. Using
the same preparation but monitoring IAS rather than NBD
fluorescence, the enhancement was multiphasic and the rate
constants of each phase were much slower than those observed
for NBD. At no agonist concentration was there any
agreement between the rates obtained from the fluorescence
of the two probes.

Effects of Eserine on the Fluorescence of NBD-Labeled
nAcChR. Since, with the exception of a-BuTx (see below),
the sites reported by changes in NBD fluorescence appear to
be specific for receptor ligands that cause channel activation,
it was of interest to investigate the effects of eserine, an
unconventional nAcChR agonist, on the fluorescence of NBD-
labeled receptor. As shown in Figure 9, eserine caused a
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saturable enhancement of NBD fluorescence which was not
blocked by a-BuTx. The Ky obtained from these and similar
equilibrium experiments lay in the range of 20-60 uM, in
agreement with the concentrations of eserine that have been
reported to induce ion flux (Okonjo et al., 1991).

DISCUSSION

Double labeling of nAcChR preparations by two sulfhydryl
alkylating probes, IAS and IANBD, has shown that the two
fluorophores react at different locations and reflect agonist
binding to distinct binding sites that have very different
affinities.

The specific enhancement occurring upon agonist binding
to IAS-labeled nAcChR is due to labeling of the o subunit
cysteine residues in reduced nAcChR that are also labeled by
bromoacetylcholine. Specific labeling was abolished by
protection of this disulfide from reduction by inclusion of low
concentrations of Carb (10 uM) during the reduction or by
prelabeling of the nAcChR by the affinity reagent [*H]-
bromoacetylcholine. Quantitation of the extent of IAS
labeling by the reduction in the number of residual sites for
[*H)BrAcCh has shown that approximately 50% of these sites
are routinely labeled. However, covalent attachment of IAS
in this position does not perturb the equilibrium binding of
radiolabeled agonists, and the fluorescence changes accom-
panying ligand binding appear toaccurately reflect the receptor
population as a whole.

Labeling of nAcChR by IANBD also results in significant
incorporation of the fluorophore. We have previously reported
that,in a typical membrane preparation, approximately three
ITANBD molecules were incorporated into each nAcChR, and
these were associated with the o, 8, and vy subunits (Conti-
Tronconi et al., 1982). Although the labeled sites that give
rise to the NBD fluorescence changes occurring on agonist
binding have not been identified and cannot presently be
quantitated, it is clear tht IANBD does not react with the
cysteines generated by reduction of the disulfide bond near
the a subunit binding sites.

When nAcChR preparations were labeled by both IAS and
IANBD, fluorescence titration data clearly demonstrate that
the two probes are monitoring agonist binding to two classes
of sites having different affinities (Kgs of 0.2 uM and 0.8 mM
for Carb). The kinetics of the fluorescence changes were also
quite different for the two fluorophores. At high Carb
concentrations, the NBD signal change was monophasic and
rapid (K = 66 s7! at 1 mM). The IAS fluorescence
enhancement was more complex and could be resolved into
several phases, all of which had rates appreciably less than
that observed with NBD. We have previously reported a
detailed analysis of the concentration dependence of Carb
binding to IAS-labeled nAcChR and proposed the model
shown in Scheme I (Dunn et al., 1980). According to this
model, the pathway to C; corresponds to the high-affinity
binding measured in fluorescence titrations or in the equi-
librium binding of radiolabeled agonists. All of the observed
conformational transitions are too slow to be rate-limiting
steps in channel activation, and also the extrapolated disso-
ciation constants for the resting state are much lower than

Dunn and Raftery

concentrations of agonist that are required to induce ion flux.
Desensitization has been shown in electrophysiological ex-
periments to be characterized by several rate constants similar
to those shown above (Sakmann et al., 1980; Anwyl &
Narahashi, 1980; Feltz & Trautmann, 1980, 1982), and it is
therefore likely that IAS fluorescence reflects similar desen-
sitization processes. Conformational changesassociated with
binding to these sites do not, therefore, display the charac-
teristics of being directly involved in channel opening.

In the same preparations, agonist-induced changes in
fluorescence of bound NBD show clearly that the nAcChR
has a distinct class of low-affinity binding sites that are present
at equilibrium, i.e., in desensitized nAcChR. The close
agreement between dissociation constants obtained in NBD
fluorescence titrations and from ion flux measurements (Dunn
& Raftery, 1982a,b), in addition to the rapidity of the agonist-
induced conformational changes, is compelling evidence that
these sites are functionally important in channel activation.
We have previously proposed a model (Raftery et al., 1983)
according to which channel activation and desensitization are
parallel processes mediated by agonist binding to distinct
binding sites. Occupancy of the low-affinity sites results in
a rapid conformational transition which leads to channel
activation. Although, if the agonist concentration remains
high, these sites will remain occupied, parallel processes
mediated by agonist binding to other sites (R in Scheme I
above) result in the slower conformational changes that
desensitize the receptor.

Although there is strong evidence for the existence of low-
affinity agonist sites, proving a functional role is much more
difficult. In this respect, it is intriguing that eserine, an
unconventional agonist, also gives rise toan NBD fluorescence
change. Inelectrophysiological experiments, eserine has been
shown to be an activator of nAcChR at the neuromuscular
junction (Pascuzzo et al., 1984; Albuquerque et al., 1989),
and more recently, it has been reported to stimulate ion flux
innAcChR-enriched membrane vesicles from Torpedo electric
organ (Okonjo et al., 1991). An unusual property of the
eserine-induced flux response in Torpedo nAcChR is that it
was not blocked by a-BuTx. Inthe present study, it has been
shown that eserine induces an NBD signal change in labeled
nAcChR with a similar dose dependence to the reported flux
response (Okonjo et al., 1991) and, like the flux response, this
was not blocked by a-BuTx. Inthe case of classical agonists,
both flux responses and changes in the fluorescence of NBD-
labeled nAcChR are blocked by a-BuTx (Dunn & Raftery,
1982a,b). Taken together, these results suggest the existence
of a binding site(s) for eserine that may be involved in channel
activation but is distinct from the high-affinity sites that bind
agonists, antagonists, and a-BuTx. The binding site(s) for
eserine that leads to channel activation also appears to be
distinct from the low-affinity sites for classical cholinergic
agonists since it has been reported that the eserine-induced
flux response is not blocked by a-BuTx. Nevertheless, the
binding of both classical agonists and eserine elicit confor-
mational changes detected by NBD fluorescence changes with
concentration dependencies very similar to those that elicit
channel activation.

At the neuromuscular junction, the concentration of
acetylcholine soon after release is likely to be high (Land et
al., 1980, 1984) and sufficient to occupy low-affinity sites,
leading toa rapid conformational change and channel opening.
At the same time, all available sites, including those associated
with the « subunits, will be occupied since the rates of the
bimolecular association reactions are likely to be close to
diffusion controlled. Eventually, as a result of slow confor-
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mational changes in vitro, the Torpedo nAcChR becomes
desensitized and it assumes a conformation with high affinity
for agonists. However, the distribution of resting state, acti-
vated state, and close/desensitized state is kinetically deter-
mined by the relative affinities of the binding sites and the
rates of the conformational changes associated with each
binding event. In vivo, the slow transitions leading to
desensitization are unlikely to occur due to the short time of
occupancy of the sites as a consequence of rapid diffusion of
acetylcholine out of the synaptic cleft and its destruction by
acetylcholinesterase. Control of channel opening by neu-
rotransmitter binding to low-affinity sites allows rapid equil-
ibration between resting and open states and allows for rapid
closing of the channel as the concentration of acetylcholine
declines.

In conclusion, the Torpedo nAcChR appears to carry
multiple binding sites for cholinergic agonists. The recent
demonstrations that individual subunits of the GABA 4 (Blair
et al., 1988), glycine (Betz, 1991), and SHT; (Maricq et al.,
1991) receptors are capable of forming homo-oligomeric
agonist-gated ion channels indicate that these receptors must
also carry multiple agonist binding sites. This suggests that
further characterization of agonist binding of nAcChR may
shed light on the mechanisms of action of other members of
this ligand-gated ion channel family.

REFERENCES

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

Albuquerque, E. X., Alkondon, M., Lima-Landman, M. T.,
Deshpande, S. S., & Ramoa, A. S. (1989) in Neuromuscular
Junction (Sellin, L. C., Libelius, R., & Thesleff, S., Eds.) pp
273-300, Elsevier Science Publishers, Amsterdam.

Anwyl, R., & Narahashi, T. (1980) Br.J. Pharmacol. 69,91-98.

Bergestovski, P. D., Iljin, V. L., Jurchenko, O. P., Verprintsev, B.
N., & Vulfuio, C. A. (1977) Nature 270, 71-73.

Betz, H. (1991) Trends Neurosci. 14, 458—461.

Blair, L. A. C., Levitan, E. S., Marshall, J., Dionne, V. E., &
Barnard, E. A. (1988) Science 242, 577-579.

Blanchard, S. G., Dunn, S. M. J., & Raftery, M. A. (1982)
Biochemistry 21, 6258—6264.

Blount, P., & Merlie, J. P. (1989) Neuron 3, 349-357.

Conti-Tronconi, B. M., & Raftery, M. A, (1982) Annu. Rev.
Biochem. 51, 491-530.

Conti-Tronconi, B. M., Dunn, S. M. J., & Raftery, M. A. (1982)
Biochem. Biophys. Res. Commun. 107, 123-129.

Damle, V.N., & Karlin, A. (1980) Biochemistry 19, 3924-3932.

Damle, V. N., McLaughlin, M., & Karlin, A. (1978) Biochem.
Biophys. Res. Commun. 84, 845-851.

Dunn, S. M. J.,, & Raftery, M. A. (1982a) Proc. Natl. Acad. Sci.
US.A.79, 6757-6761.

Dunn, S. M. J., & Raftery, M. A. (1982b) Biochemistry 24,
62646272,

Dunn, S. M. J., Blanchard, S. G., & Raftery, M. A. (1980)
Biochemistry 19, 5645-5652.

Dunn, S. M. J, Blanchard, S. G., & Raftery, M. A. (1981)
Biochemistry 20, 5617-5624.

Dunn, S. M. J., Conti-Tronconi, B. M., & Rafter, M. A. (1983)
Biochemistry 22, 2512-2518.

Elliott, J., Blanchard, S. G., Wu, W., Miller, J., Strader, C. D.,
Hartig, P., Moore, H.-P. H., Racs, J., & Raftery, M. A. (1980)
Biochem. J. 185, 667-677.

Biochemistry, Vol. 32, No. 33, 1993 8615

Feltz, A., & Trautmann, A. (1980) J. Physiol. (London) 299,
533-552.

Feltz, A., & Trautmann, A. (1982) J. Physiol. (London) 322,
257-272.

Greeningloh, G., Rienitz, A., Schmitt, B., Methfessel, C., Zenson,
M., Beyreuther, K., Gundelfinger, E. D., & Betz, H. (1987)
Nature 328, 215-220.

Hartzell, H. C., Kuffler, S. W., & Yoshikami, D. J. (1975) J.
Physiol. 251, 427-463.

Haugland, R. P. (1975) J. Supramol. Struct. 3, 338-347.

Kao, P.N., & Karlin, A. (1986) J. Biol. Chem. 261, 8085-8088.

Kao, P. N., Dwork, a. J., Kaldany, R.-R. J., Silver, M. L.,
Wideman, J., Stein, S., & Karlin, A. (1984) J. Biol. Chem.
259, 11662-11665.

Kellaris, K. V., & Ware, D. K. (1989) Biochemistry 28, 3469~
3482,

Laemmli, U. K. (1970) Nature 229, 680—685.

Land, B. R., Salpeter, E. E., & Salpeter, M. M. (1980) Proc.
Natl. Acad. Sci. U.S.A. 77, 3736-3740.

Land, B. R., Harris, W. V., Salpeter, E. E., & Salpeter, M. M.
(1984) Proc. Natl. Acad. Sci. US.A. 81, 1594-1598.

Lester, H. A., Koblin, D. D., & Sheridan, R. E. (1978) Biophys.
J. 21, 181-194.

Maricq, A. V., Peterson, A. S., Brake, A. J., Myers, R. M., &
Julius, D. (1991) Science 254, 432-437.

McCarthy, M. P., Earnest, J. P., Young, E. F., Choe, S., &
Stroud, R. M. (1986) Annu. Rev. Neurosci. 9, 383-413.
Middleton, R. E., & Cohen, J. B. (1991) Biochemistry 30, 6987-

6997,

Moore, H.-P. H., & Raftery, M. A. (1979a) Biochemistry 10,
1862-1867.

Moore, H.-P. H., & Raftery, M. A. (1979b) Biochemistry 10,
1907-1911.

Moskovitz, R., & Gershoni, J. M. (1988) J. Biol. Chem. 263,
1017-1022.

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

Noda, M., Takahashi, H., Tanabe, T., Toyosato, M., Kikyotani,
S., Furutani, Y., Hirose, T., Takashima, H., Inayama, S.,
Miyata, T., & Numa, S. (1983) Nature 302, 528-532.

Ochoa, E.L.M,, Chattopadhyay, A., & McNamee, M. G. (1989)
Cell. Mol. Neurobiol. 9, 141-178.

Okonjo, K. O., Kuhlmann, J., & Maelicke, A. (1991) Eur. J.
Biochem. 200, 671-677.

Pascuzzo, G. J., Akaide, A., Maleque, M. A., Shaw, K.-P.,
Aronstam, R. S, Rickett, D. L., & Albuquerque, E. X. (1984)
Mol. Pharmacol. 25, 92-101.

Pederson, S. E., & Cohen, J. B. (1990) Proc. Natl. Acad. Sci.
US.A. 87, 2785-2789,

Raftery, M. A., Hunkapiller, M. W., Strader, C. D., & Hood,
L. E. (1980) Science 208, 1454-1457,

Raftery, M. A., Dunn, S. M. J,, Conti-Tronconi, B. M,,
Middlemas, D. S., & Crawford, R. D. (1983) Cold Spring
Harbor Symp. Quant. Biol. 48, 21-23.

Sakmann, B., Patlak, J., & Neher, E. (1980) Nature 286, 71-73.

Schofield, P. R., Darlison, M. G., Fujita, N., Burt, D. R.,
Stephenson, F. A.,Rodriquez, H., Rhee, L. M., Ramachandran,
J., Reale, V., Glencorse, T. A., Seeburg, P. H., & Barnard, E.
A. (1987) Nature 328, 221-227.

Stroud, R. M., McCarthy, M. P., & Shuster, M. (1990)
Biochemistry 29, 11009-11023.

Walker, J. W., Lukas, R. J., & McNamee, M. G. (1981)
Biochemistry 20, 2191-2199.

Wolosin, J. M., Lyddiatt, A., Dolly, J. O., & Barnard, E. A.
(1980) Eur. J. Biochem. 109, 494-505.



