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ABSTRACT. The binding of the semirigid agoniséH]arecolone methiodide to th&orpedo nicotinic
acetylcholine receptor has been correlated with its functional properties measured both in flux studies
with Torpedomembrane vesicles and by single-channel analysis after reconstitution in giant liposomes.
Under both equilibrium and preequilibrium conditions, the binding of arecolone methiodide is similar to
that of other agonists such as acetylcholine. At equilibrium, it binds to two sites per receptor with high
affinity (Kq = 99 + 12 nM), and studies of its dissociation kinetics suggest that each of these sites is
made up of two subsites that are mutually exclusive at equilibrium. The kinetics of arecolone methiodide
binding were monitored by the changes in the receptor intrinsic fluorescence, and the data are consistent
with a model in which the initial binding event is followed by sequential conformational transitions of
the receptorligand complex. In flux studies, arecolone methiodide was approximately 3-fold more potent
(ECso = 31+ 5 uM) than acetylcholine but its maximum flux rate was #0-fold lower. This phenomenon

has been studied further by single-channel analysi®gbedoreceptors reconstituted in giant liposomes.
Whereas the flexible agonist carbamylcholineufd) was shown to induce channels with conductances

of 56 and 34 pS with approximately equal frequency, arecolone methiodidd) preferentially induced

the channel of lower conductance. These results are interpreted in terms of a simple model in which the
rigidity of arecolone methiodide restrains the conformation that the recelgand complex can adopt,

thus favoring the lower conductance state.

The nicotinic acetylcholine receptor (nACHRjrom there is accumulating evidence for their occurrence at the
Torpedoelectric organ is a pentameric glycoprotein com- interfaces between the/y ando/d subunits (see ref).
pOSGd of four homologous subunits in which tew@ubunits In a recent reportm, we provided evidence that the

assemble with &, y, andd subunit to form a transmembrane  pinding of agonists to these two high-affinity sites is
ion channel {, 2). Numerous equilibrium binding studies complex. In studies of the kinetics of the dissociation of
have suggested that each receptor oligomer carries two highradiolabeled JHJACh from the receptor complex, the dis-
affinity binding sites for cholinergic agonists and competitive sociation rate was observed to increase in the presence of
antagonists3—6). In recent years, a variety of experimental micromolar concentrations of unlabeled ligands. These results
approaches has been used to localize these binding sites anglere interpreted in terms of a model in which each of the
two high-affinity sites on the receptor is made up of two
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0 the flexibility of the ligand may dictate the type or extent of
HiC o (j)j\CHa the receptor conformational change that it can induce.
H?'C_/N\/\,;,J\CH3 (,? S We show here that the binding of arecolone methiodide
HsC Hyc” CHs under both equilibrium and kinetic conditions is similar to
that of other agonists. In flux studies, arecolone methiodide
Acetylcholine Arecolone Methiodide was found to be approximately 3-fold more potent than ACh
but its maximal flux rate was significantly lower. To
HiC, g o o @, investigate th.is phe.nomenon_ furth@iprpedomembranes
HC— N~~~ )kCH )!\0 ~-N —CH, were reconsptuted in giant Ilposome27( 28 and patch
Ha” 0" "(CHae “CH, clamp techniques were used to record single-channel events

induced by application of arecolone methiodide or carbam-
ylcholine (Carb). Although both ligands induced receptor
desensitization and produced channels that have very similar
lifetimes, interesting differences were revealed in their single-
channel conductances. Carb(9) induced two conductance
states of 34 and 56 pS with approximately equal frequency.
However, arecolone methiodide (&) preferentially in-
duced only the lower conductance state. These results are
interpreted in terms of a simple model in which the rigidity
of the arecolone methiodide restrains the receptor conforma-
tion to favor an open channel state with lower conductance.

Suberyldicholine
Ficure 1: Structures of cholinergic agonists used in this study.

of fundamental significance. In this regard, fluorescence
changes that accompany the formation of the recefigeind
complex have been particularly useful in identifying receptor
conformational changes that occur under preequilibrium
conditions (see reB). The observed kinetics have been
invariably complex. In most cases, multiple conformational
transitions have been detected and many complex binding
mechanisms have been propos8d 10). In general, how- EXPERIMENTAL PROCEDURES
ever, the observed kinetics have been too slow to account
for the rapidity of channel opening and they have been Materials. The electric organs oforpedo californicavere
considered more likely to represent the conformational from Aquatic Research Consultants (San Pedro, CA). The
changes involved in receptor desensitizatidt—<13). lyophilized venom ofBungarus multicinctusvas obtained
Studies of agonist binding to the nAChR have been from Biotoxins (St. Cloud, FL)a-Bungarotoxin was purified
complemented by ion flux measurements with isolated and labeled with N&% as previously described38).
Torpedomembrane vesicles. By monitoring agonist-induced Carbamylcholine chloride, acetylcholine chloride, and diethyl
ion flux responses on rapid time scales, detailed information p-nitrophenyl phosphate (DNPP) were from Sigma Chemical
on both agonist potency and efficacy can be obtairigil ( Co. Suberyldicholine diiodide was from Aldrich, and 8-amino-
The sites involved in channel activation are of intrinsically 1,3,6-naphthalenetrisulfonic acid disodium salt (ANTS) was
low affinity. The EGo for ACh-induced flux is approximately  from either Chem Service or Molecular Probes Inc. All other
80 uM (15), which is in agreement with the concentration chemicals were of analytical grade.

dependence of nicotinic transmission at the neuromuscular - Radiolabeled Ligandg§3H]Acetylcholine iodide (specific
junction (16). In flux studies, it has frequently been observed actjvity = 46.9 mCi/mmol) was from DuPont-NEN Canada.
that different agonists display differences in their efficacies, [341Suberyldicholine diiodide (batches of 166 and 74 mCi/
i.e., they vary in the maximal flux rates that they can induce. ymol) was synthesized as described previously (se@)ref
Whereas “full” agonists, such as ACh and carbamylcholine, [34)arecolone methiodide (108.9 mCi/mmol) was synthe-
have maximal flux rates that can approach 1500(84),  sjzed from 1-(1,2,5,6-tetrahydro-1-methyl-3-pyridinyl)etha-
other agonists, including SbCHL7), nicotine (8), and  none hydrochloride (arecolone hydrochloride; a gift from Dr.
phenyltrimethylammoniuml, 18, have much lower maxi-  jonn S. Ward, Lilly Research Laboratories, Indianapolis, IN).
mal rates of only 1650 s™. In the absence of additional pgyiefly, an aqueous solution of arecolone hydrochloride was
information, it has not been possible to interpret these mixed with sodium bicarbonatecarbonate buffer (pH 10),
observations at a molecular level. titrated to pH~10 with NaOH, and extracted three times with
Measurement of flux responses cannot approach the timechloroform. The organic solution was dried over anhydrous
resolution of single-channel events. Unfortunately, there have magnesium sulfate twice and evaporated to yield an oily
been few electrophysiological studies BérpedonAChR substance. This was reacted with slightly less than 1 equiv
in situ, due largely to the fragility of isolated electroplax of [3H]CHsl (~100 mCi/mmol, American Radiolabeled
cells (19). There have, however, been a number of single- Chemicals, St. Louis, Mo) for complete reaction of thesCH
channel studies of nativEorpedoreceptors after reconstitu-  The crystalline product was washed with chloroform and
tion in planar bilayers 20-23), liposomes 24—26), and  dried in vacuo over phosphorus pentoxide and anhydrous
more recently in “giant liposomes2¢, 28. calcium sulfate. Unlabeled arecolone methiodide was syn-
In the present study, we have investigated the binding andthesized as above except that dichloromethane was used
functional effects of a semirigid agonist, arecolone methio- instead of chloroform. The concentration of stock]f
dide, which has been demonstrated to be a potent agonist airecolone methiodide solution was determined by its absorp-
the frog neuromuscular junctio@4—31). Whereas a flexible  tion spectrum at 223 nme(= 2.32 x 10* M~ cm™). Its
ligand such as ACh has been shown to change conformationpurity was examined by paper chromatography in 70%
upon binding to the nAChR3@), presumably adapting to  propanol. The resulting chromatogram was analyzed by three
the binding site, such conformational adaptation is restricted methods. First, a column of Whatman #1 paper was cut into
in arecolone methiodide. It may, therefore, be predicted that pieces and counted for radioactivity. Second, iodine staining
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of an identical column was performed. Third, the column Inhibitory dissociation constant¥{) were calculated from
was stained with the Dragendorff reageB#)(to identify the Cheng-Prusoff correction41):

the locations of amines. All methods identified one location,

demonstrating the isotopic purity of the compound. ICs

Preparation of nAChR-Enriched Membrane Fragments. Ki = W
nAChR-enriched membrane fragments were prepared from d
electric organs of . californicaas described previous|g®)
and were stored at-70 °C. Prior to use in binding
experiments, the membranes were alkali-extracted to remov
peripheral proteins36, 37 and, unless otherwise stated, were
finally resuspended in C&free TorpedoRingers buffer (20
mM Hepes-N4d, 250 mM NacCl, 5 mM KCI, 2 mM MgdJ,
and 0.02% NaB pH 7.4). The concentration of%f]-a-
BTx binding sites was determined by the DEAE-disk assay
described previously3g), and membrane protein concentra-
tion was measured by either the Bio-Rad assay or the Lowry
method 89). Specific activities of the membrane fragments
were in the range of 24 nmol of ['*3]-a-BTx sites/mg of
protein.

Equilibrium Radioligand BindingAcetylcholinesterase
activity in the membrane preparations was first inhibited by
incubating concentrated membrane fragmentsl®uM in
o-BTx sites) for 3 min with 0.5% volume of 0.3 M DNPP
prepared in 2-propyl alcohol and then diluting the membranes
by approximately 5-fold imTorpedoRingers buffer (20 mM
Hepes-Nd, 250 mM NaCl, 5 mM KCI, 4 mM CaG| 2 mM
MgCl,, and 0.02% Nai pH 7.4) and storing on ice until
use. The equilibrium binding ofif]acetylcholine and®H]-
arecolone methiodide was determined by a centrifugation
method 40). Briefly DNPP-treated nAChR-enriched mem-
branes were incubated with various concentrationdHaf
ligand for 30 min at room temperature. Duplicate &0
aliguots were taken from each sample and counteéHdo
give an estimate of total ligand concentration. The remaining
samples were centrifuged for 20 min in an Eppendorf

where [L] is the concentration of radioligand in the assay
and Ky is the equilibrium dissociation constant for the
eradioligand.

Measurement of Dissociation Kinetidsor measurements
of radioligand dissociation on subsecond time scales, a
Biologic rapid filtration system (Biologic, Meylan, France)
was used 7). DNPP-treated membranes were first equili-
brated with fHJACh, [3H]SbCh, or fH]arecolone methiodide
for 30 min on ice. The AChR concentration was 0:28 in
o-BTx binding sites, and concentrations of radioligand were
chosen to ensure occupancy 800% of these sites at
equilibrium. For measurement of nonspecific binding, an
excess of nonradiolabeled ligand was included in the
equilibration mixture. Aliquots of 0.4 mL were applied to a
Whatman GF/C filter mounted in the filtration apparatus and
excess buffer was removed under vacuum. Dissociation of
bound radiolabeled ligand was initiated by forced filtration
for the desired time periods at appropriate flow rates with
buffer alone or with the buffer containing various concentra-
tions of unlabeled ligand. Times of filtration were 6.9 s
and flow rates were varied from 2 to 0.5 mL/s to ensure
adequate washing of the filte4?). After drying, the filters
were counted for radioactivity in 4 mL of CytoScint to
estimate the concentration of bound radioligand. Nonspecific
binding was negligible at all time periods and was similar
to that of radioligand alone without membranes.

The effect of the concentration of unlabeled ligand, [L],
on the measured dissociation rak® Was fit by:

microcentrifuge at 13 000 rpm. Duplicate aliquots (@0 k..~ ko
each) were taken from the supernatant of each sample and k=k,+ ax
counted for freéH-ligand. The amount of radioligand bound 1 + [(10°°9F%0)" (1091

to nAChR was calculated by subtracting the free from the _ _
total *H-ligand concentration. Nonspecific binding was Whereko is the apparent rate in the absence of an unlabeled
measured by including an excess of unlabeled ligand in ligand, kmax is the maximum dissociation rate, &Js the

parallel samples. concentration of an unlabeled ligand that produces a half-
Equilibrium Competition ExperimentsThe ability of ~ maximal effect, andh is the pseudo Hill coefficient.
nonlabeled ligands to displace bouritiJarecolone methio- Stopped-Flow Measurements of the Kinetics of Ligand

dide or PH]acetylcholine was measured by first equilibrating AssociationThe kinetics of ligand binding to AChR-enriched
DNPP-labeled nAChR preparations with radiolabeled ligand membrane preparations were measured by monitoring the
in the presence of various concentrations of competing changes in protein intrinsic fluorescence that occur upon
ligands followed by determination of bound radioligand as ligand binding. These experiments were carried out using
described above. Data were normalized to the concentrationan Applied Photophysics SF.17MV microvolume stopped-
of bound radiolabel measured in the absence of unlabeledflow spectrofluorometer apparatus equipped with a 150 W
ligand and were fit to a simple sigmoidal displacement curve xenon arc lamp. Protein fluorescence was excited at a

equation by InPlot4 (GraphPad Software Inc.): wavelength of 282 nm with a UV band-pass filter placed in
the excitation beam to reduce stray light. Emission was
_ B—A recorded with a 300 nm cutoff filter. AChR-enriched
o 1+ [(1OX)D/(10C)D] membrane fragments iforpedoRingers buffer were rapidly

mixed with ligand to give a final receptor concentration of
whereY is the fractional bounéH-ligand,A is the minimum 20 nM (in a-BTx binding sites). Fluorescence data were
fraction of bound®H-ligand in the presence of saturating @acquired and analyzed with an Archimedes computer and
concentrations of competing ligarljs the fraction of bound ~ Applied Photophysics kinetic software. Each kinetic trace
3H-ligand in the absence of competing ligandis the log ~ Was fit by a two-exponential model:

of the unlabeled ligand concentratidd,is log 1Cso, andD
is the slope constant or “pseudo” Hill coefficient’) F(t) = Ag + Aexp(—kit)] + Ajlexp(Ht)] + kit
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where F(t) is the fluorescence level at time Ay is the
equilibrium fluorescence levek; andk; are the apparent
rates of the two exponential processAsandA; are their
corresponding amplitudes, akglis the slope of the baseline  dialysis buffer in distilled water and incubated at°€@
used to correct for photolysis effects. overnight in closed Petri dishes containing a wet paper towel
To improve the resolution of the biphasic kinetics, data on the bottom. The rehydrated drops were rinsed with
were recorded using split time scales (e.g., 0.2 s/2 s, 2 s/20experimental buffer (4 mM Hepes, pH 7.4, 50 mM NacCl,
s, 5 s/50 s) in which, for each trace, 200 data points were and 0.1 mM CaG) and centrifuged at 1000 rpm for 10 min.
obtained over each time scale. Due to the small amplitude The concentrated sample at the bottom of the centrifuge tube
of the intrinsic fluorescence signals, data obtained in the first was diluted to a final volume of 1 mL in experimental buffer
100 ms were unreliable and were, therefore, eliminated from and stored at 4C.
the analysis. Kinetic parameters obtained from phases whose Patch Clamp RecordingsAliquots (75-100 uL) were
half-lives contained fewer than 15 points were also excluded pipetted onto 3.5 cm Petri dishes and incubated with 1 mL
from further analysis. For mechanism fitting, the rate of experimental buffer for 510 min to allow the liposomes
constants obtained from any phase in which the time scaleto deposit on the bottom of the dish. Single-channel
of the reaction was less than 2.5 times or more than 25 timesrecordings were obtained by use of patch-clamp techniques
the half-life of that phase were also eliminated (seet®f in the inside-out configuration as described by Hamill et al.
Thallium(l) Flux AssaysThe kinetics of agonist-mediated  (43). Experimental buffer was used both in the bath medium
ion transport were measured by the stopped-flow fluores- and in the electrode solution (referred to as “symmetrical”
cence method previously describetd), Alkali-extracted conditions). The electrode resistance wa25 MQ2 when
Torpedo membrane vesicles were first loaded with the measured in experimental buffer. Single-channel recordings
fluorescent probe ANTS. Extravesicular ANTS was removed were obtained with electrode solutions containing either 5
by gel filtration on a Sephadex G-25 column equilibrated in M Carb or 2uM arecolone methiodide and an Axopatch-

dishes and allowed to partially dehydrate 8h at 4°C in
a desiccator containing anhydrous CaChe droplets were
then rehydrated by addition of 4L of a 1:1 dilution of

10 mM Hepes, pH 7.4, and 35 mM NaNOThe eluted
membranes (32 uM in a-BTx binding sites) were used
directly in stopped-flow measurements of Tuptake using

1D amplifier (Axon Instruments Inc., Foster City, CA). The
holding potential wast65 mV, applied to the interior of
the patch electrode (i.e., exterior of the receptor), and single-

the instrumentation described above. Briefly, membrane channel currents were monitored on an oscilloscope (Tek-

vesicles were rapidly mixed with agonist in a buffer in which
the NaNQ was substituted by TIN©and the rapid influx

tronix 5113, Beaverton, OR) and simultaneously recorded
on magnetic tape.

of TI" was measured by its ability to quench the fluorescence  Single Channel AnalysisAll recorded signals were

of the entrapped dye. The ratdg)(and amplitudesAy) of
the flux responses were analyzed with a modified Stern
Volmer equation:

Al
1+ KT, (1—

F(t) = )+m+%

e— kit

whereF(t) is the fluorescence intensity at timeK is the
Stern-Volmer constant for Tl quenching of the fluorophore
(14), T is the concentration of T| ko is the rate of Tt
leak through the membrane, am is the fluorescence
intensity at equilibrium.

Preparation of Giant Liposome®reparative procedures
were modified from those described previousBhg)( L-o-
Phosphatidylcholine (50 mg/mL) and CHAPS (1.5% wi/v)
were suspended in distilled water and kept &C4overnight
to allow dissolution. Aliquots of 0.5 mL were stored-a86

digitized (TL-1 DMA Interface, Axon Instruments) and
analyzed by pClamp software (Version 5.5, Axon Instru-
ments). Only single-channel events longer than 20@ere
used in the amplitude analysis. Open-channel events were
plotted by fitting a Gaussian histogram to the current
amplitude distribution (number of events versus current
amplitude with bin width 0.1 pA) and the mean amplitude
was obtained thereafter. The time constatf¢r the open-
channel state was determined by fitting of exponential plots
to the frequency plot with a bin width of 1 ms.

RESULTS

Radiolabeled LigandsFigure 1 shows the structures of
the two flexible ligands, acetylcholine (ACh) and suberyl-
dicholine (SbCh), and the semirigid nicotinic agonist,
arecolone methiodide86—37) used in this study.

Equilibrium Binding Experiment3he equilibrium binding

°C before use.Torpedo membranes were prepared as Of [PHJACh and PH]arecolone methiodide was measured in
described above except that the final pellet was resuspende@entrifugation assays. Each ligand bound with high affinity

in dialysis buffer (10 mM Hepes-NapH 7.4, and 100 mM
NaCl). Routinely, 40QuL of lipid —detergent mixture, 200

to two sites per receptor (i.e., equivalent to the number of
sites for [?¥]-a-BTx) and there was no evidence for

ug of membrane protein, and dialysis buffer were mixed to heterogeneity between these sites. The estint&jéar [°H]-

a final volume of 1 mL. After incubation fol h at 0°C,

ACh binding was 33.% 3.5 nM (meant SEM) and {H]-

the mixture was dialyzed exhaustively against dialysis buffer arecolone methiodide bound with approximately 3-fold lower
for 24 h. The sample was diluted in dialysis buffer and affinity (Kq = 99 + 12 nM).

centrifuged at 1000@pfor 1 h. The resulting pellet was
resuspended at 4C in 75uL of dialysis buffer containing

Equilibrium Displacement ExperimenSompetition ex-
periments were used to further characterize the equilibrium

5% (v/v) ethylene glycol by forcing the suspension through binding of arecolone methiodide. Both ACh and arecolone
the needle of a small syringe until an apparently homoge- methiodide displaced boundH]ACh, [*H]arecolone me-
neous suspension was obtained. The suspension was deposhiodide, or fH]SbCh completely (Figure 2), indicating that

ited as small droplets~4 uL) on 3.5 cm diameter Petri

these ligands compete for the same high-affinity sites at
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100, Table 1. Parameters Obtained fréh-Ligand Rapid Dissociation

Kinetics®

75¢ acetylcholine arecolone methiodide

[®H]Acetylcholine
EGso (uM) 2.09+ 0.12 1.24+0.35
Kimm (573 0.117+ 0.006 0.123+ 0.12
ko (s7%) 0.026+ 0.012 0.017+ 0.015

[®H]Suberyldicholine
EGso (uM) 15.3+ 8.6 1.04+ 0.15
X Kumm (579) 0.0724 0.006 0.089+ 0.06%
-4 3 ko (s71) 0.029-+ 0.005 0.011+ 0.003

[®H]Arecolone methiodide
EGso (uM) 0.32+0.15 0.64+ 0.34
100f— B kmw (579) 0.328+ 0.027 0.330+ 0.02¢%
( ) ko (s79) 0.0223+ 0.0004 0.0306Gt 0.0028

75k a Parameters shown in italic type were from veParameter values
listed represent meatt SD. P Kmax from sigmoidal curve-fitting was
used.

Sor

25F

% maximum bound

=7 -6 -5
log[ligand]

Sop

st Rapid Dissociation Experimenté/e previously reported
that the rate of dissociation ofHJACh is accelerated by
the presence of micromolar concentrations of unlabeled
R agonists T; see introduction). In the present study, arecolone
methiodide was found to display similar behavior. Following
saturation of the high affinity sites by incubation of receptor
100 (C) (0.25uM in o-BTx sites) with 0.5uM [3H]ACh or [*H]-
SbCh (sufficient to ensure90% saturation of the two high-
750 affinity sites), dissociation of the radioligand was induced
by forced filtration of the labeled complex with buffer alone
sof or in the presence of various concentrations of arecolone
methiodide. By using the rapid filtration system, free and
25| dissociated ligand are continually removed and this mini-
mizes any possibility of rebinding during the dissociation
ol ) . . . = reaction ). On rapid time scales (0-® s), dissociation
-5 -4 -3 was well described by a single-exponential process (data not
shown) and arecolone methiodide accelerated the dissociation
Ficure 2: Equilibrium displacement of radiolabeled ligands. rate of PHJACh in a similar manner (Table 1) to that
Torpedomembrane fragments (0-8.54M in a-BTx sites) were  yreviously observed for ACh, Carb, and SbCH. (In
equilibrated with 0.3«M radioligand and various concentrations agreement with previous results, the dissociation raté- [

of cold ligand, and the concentration of bound radioligand was e
determined by centrifugation assay. (A) Displacement 3f]{ SbCh was accelerated by arecolone methiodide but to a lesser

% maximum bound

~7 -6 -5
log{ligand]

% maximum bound

-7 -6
log[ligand]

acetylcholine by acetylcholine®) or arecolone methiodideO). extent (Table 1).
Curve-fitting as described in the text gaves§®@alues of 0.76«M . e S T
(Ki = 77 nM) for acetylcholine and 2.14M (K; = 216 nM) for Dissociation Kinetics of JH]Arecolone MethiodideThe

arecolone methiodide with respective Hill coefficient§ of 1.29 effects of unlabeled ACh and arecolone methiodide on the
and 1.05. (B) {H]Arecolone methiodide displacement by either dissociation rate of SH]arecolone methiodide were also
acetylcholine 4) or arecolone methiodider). Curve-fitting gave  investigated (Figure 3). In these experiments the complex

values for acetylcholine of 1§ = 0.34uM (K; = 94 nM) andn’ : i P
= 1.43, and for arecolone methiodide g4G O.I74uM (Ki =0.205 was first formed between 0.28/ AChR (in a-BTx binding

uM) andnf =1.05. (C) fH]Suberyldicholine displacement by either ~ Sites) and 2uM [*H]arecolone methiodide (in order to
acetylcholine M) or arecolone methiodidelj. Data fitting gave  Saturate at least 90% of the available binding sites). Semilog
values for acetylcholine of I = 1.01uM (K; = 0.106xM) and plots of the dissociation of the radiolabeled ligand were linear
W = 0.85, and for arecolone rr;]ethlodlde,SbC: 3.64M (K, Cthree OVEr the firs 3 s of dissociation, and these data were used
gkigeﬁnMw)erzlatrsldcgae%ﬁt Eﬁf‘ ssim?l\gp rgrseu'[:presentatlve of three tq approximate the appargnt rate ponstants .(see _Tal:_)Ie 1 and
Figure 3). Over longer time periods, nonlinearity in the
semilog plots became apparent (data not shown), suggesting
equilibrium. The affinity of arecolone methiodide was that there may be some heterogeneity in either the binding
approximately 3-fold lower than that of ACh in displacing sites for fH]arecolone methiodide and/or in the interaction
all three radioligands, as expected from the direct binding between the subsites. This heterogeneity has not yet been
studies (see above). The larger valueKofompared to the  investigated quantitatively but the data in Figure 3 clearly
Kq values are due to the experimental conditions in which demonstrate that the dissociation #iJarecolone methiodide
similar concentrations of radioligand and receptor were used,is affected by the presence of unlabeled ligands in a manner
instead of the radioligand concentration being in excess of similar to that of other agonists. Both the minimum and
the receptor concentration, which will gite values similar maximum rates observed were higher than those 3d}- [
to Kq values 41). ACh or PH]SbCh (Table 1), which is consistent with the
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06 s response induced by arecolone methiodide and Carb by use
~ of the TI* flux stopped-flow method. The Egvalue for
'y O3 activation by arecolone methiodide was 3H#34.6 uM
: o4l (mean+ sd). Thus arecolone methiodide is approximately
© 3-fold more potent than ACh (Bg~ 100uM, 15) and 30-
c o3f fold more potent than Carb (E&~ 1 mM, 14). The
-% maximum rate of flux induced by arecolone methiodide was,
9 0.2 however, only about 6073, which is lower than that
a ol previously reported for the flexible agonists ACIb) or Carb
S (14; see also Figure 5) but similar to the value reported for
0.0l SbCh (7). Since we have found that the maximum flux rates

a8 -7 -6 -5 -4 -3

logfligand ()] are quite variable among different membrane preparations

Ficure 3: Effects of acetylcholine®) and arecolone methiodide (unpublished observations), in the present study, control flux
(O) on the initial rate of ¥H]arecolone methiodide dissociation. responses tp 0.5 mM Carb were routllne_ly measured and
Rapid filtration techniques were used to measure dissociation on cOmMpared with those of arecolone methiodide. These control
time scales of 83 s (see text for details). Parameters obtained experiments have confirmed that the maximal flux rates
from curve-fitting are given in Table 1. induced by arecolone methiodide are ¥-fold lower than
) o o those induced by Carb.
approximately 3-fold lower affinity for this ligand (see  gingle-Channel Recordinggquilibrium dissociation con-
above). o _ stants for arecolone methiodide and Carb are comparable
Kinetics of Arecolone Methiodide Binding Monitored by (99 vs 100 nM,40) but in functional assays, arecolone

Intrinsic Protein FluorescenceAs reported previously4d, methiodide has been shown to be approximatet3@-fold
45), the binding of agonists to the membrane-bound NAChR 1,4 potent than Carbl4, 29, 30 see also Figure 5)
can be monitored by changes in the intrinsic fluorescence depending on the parameter of function employed. For the

of th_e receptor protein that result from complex formation. single-channel experiments a concentration of Cari\(%
Rapid mixing of membrane fragments and arecolone me- 55 chosen empirically to avoid the bursting response

thiodide resulted in concentration-dependent changes injyerspersed with periods of desensitization that is charac-
protein fluorescence and the kinetics were clearly biphasic gristic of more saturating concentrationtsy, Arecolone
(Figure 4A). Figure 4 shows the ligand concentration methiodide was used at a concentration gik2, which is

dependencies of the rates of each of these phases averageqose to equipotency based on previous functional studies
from four independent experiments. Both the fast and slow (29, 30.

phases could be reasonably described by a hyperbolic model. |, every patch containing a responding receptor, transient

These kinetics are very similar to those we have previously ¢, rrents were seen immediately when a holding potential of
reported for the binding of SbCh to the nAChR when these _ g5 mv was applied in the presence of either agonist. The
were monitored by the fluorescence changes of an extrinsic o rents spontaneously terminated over a periods that ranged

fluorophore [5-(iodoacetamido)salicylic acid] that was Co- fom 1 to 34 min and this was interpreted as desensitization.
valently attached to the receptor protein close to the high- there was no difference in the onset of desensitization

affinity sites (L3 see Discussion). The data are consistent pepyeen the two ligands and the time scales were similar to

with a model (Scheme 1) in which the initial binding event o6 reported previously for desensitization at the frog
is followed by sequential conformational changes of the neuromuscular junctiord{).

bimolecular complex, RL. Parameters obtained from non-
linear regression fitting to Scheme 1 are given in the legend
to Figure 4. The overall dissociation consta8} is given

Figure 6 shows representative single-channel currents
recorded in the presence of Carb or arecolone methiodide.
While the Carb-induced currents clearly display a main

by conductance state and a frequent subconductance state, only
KKK the latter is seen With the arecoI(_)ne methiodide-evoked
- 123 currents. Excursions into a full amplitude current were rare.
Y14+ K(1+KY With the Carb-induced currents, transitions from one state

to another were not uncommon, and the associated currents

and the estimated value of 0.048M is in reasonable  were treated as separate for the purposes of analysis. The
agreement with the equilibrium dissociation constaGt= distribution of current amplitudes is presented in Figure 7
0.099uM) obtained in direct binding studies dHJarecolone  together with the Gaussian fits superimposed. The relative
methiodide. This suggests that Scheme 1 provides a reasonfrequencies of the two currents in each case can be seen. In
able description of the conformational transitions leading to the case of Carb, 42.9% of the evoked currents currents were
the high-affinity equilibrium state. at the lower amplitude, whereas 96.5% of the arecolone
methiodide-evoked currents reflected the subconductance
state. Point conductances of the two states were virtually
identical (34 and 56 pS for the Carb-evoked currents and 33
and 58 pS for the arecolone methiodide currents).

Channel lifetime plots are illustrated in Figure 8. In the

Measurement of Agonist-Induced Flux Resporsescolo- case of Carb, fitting by a double-exponential equation did
ne methiodide was found to be a potent agonist of the notresult in a significantly better fit than a single-exponential
Torpedoacetylcholine receptor. Figure 5 compares the flux equation, which gave a time constant of decaydf 1.96

Scheme 1

Kl k2 k3
R+L=RL=RL==R'L
ko k-3
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Ficure 4: Kinetics of arecolone methiodide bindingTorpedomembranes measured by the quench in the intrinsic fluorescence of nAChR.

(A) Representative kinetic trace obtained for the interaction betweenM &ecolone methiodide and 20 nM AChR @(@BTX sites). The

trace was was analyzed by the sum of two exponential equations (solid\ire17.6 mV,k; = 2.18 s, A, = 10.7 mV, anck, = 0.178

s™1) and a single-exponential equation (dashed lile:= 19.7 mV andk; = 1.18 s'1). (B, C) Concentration dependence of the apparent

(B) fast and (C) slow rates for arecolone methiodide. The rates for each phase obtained from fitting by a two-exponential equation were
pooled from four independent experiments and the data shown are theth&&M concentration. According to Scheme 1, the concentration
dependence of the faster phase is describdd.y= { ko[L]/( Ky + [L]) } + k5, while the apparent rate of the slower phase is approximated

by ksiow = { ks[LJ/( KiK2)/(1 + [L])/ K1K2))} + k-3, (65). Solid lines are calculated by use of the best-fit parameters from nonlinear regression
fitting: Ky = 15.9uM, k, = 2.50 s1, k- = 0.38 s%, ks = 0.15 s, andk_3 = 0.003 s.
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Ficure 5: Effect of arecolone methiodide concentration on the

apparent rate of Tiflux (®) compared with the response induced B TN W TR WYL (RN ey

by Carb Q). As reported previouslyld), at higher Carb concentra-

tions, the flux rate becomes too rapid for resolution by stopped-

flow techniques. However, curve-fitting to the data obtained at Carb WWWMWWNM
concentrations to 1 mM gave extrapolated values for the apparent

equilibrium constant for activatiork(c) of 0.78 mM, a maximum Ficure 6: Typical single-channel currents from an inside-out patch

flux rate kmax) Of 413 s, and an apparent Hill coefficient/{ of recorded at a holding potential 8f65 mV (applied to the interior
1.83. The inset shows the data for arecolone methiodide on anof the electrode) filtered at 2 kHz. (A) Currents were measured in
expanded scale; the best-fit values Kag, kmax, andn’ were 28.1 the presence of &M carbamylcholine in a symmetrical buffer

uM, 57.4 s1, and 2.35, respectively. Data shown are a representa- solution (see Experimental Procedures). Currents were a mixture
tive concentratiorreffect curve and the error bars are standard of full conductance and subconductance events (arrowheads). (B)

errors of the mean (SEM) of multiple determinations made at each Currents measured in the presence @M arecolone methiodide.
concentration. All the currents in the traces are from subconductance events.

ms. With the arecolone-evoked currents, the frequency plot reported values forPH]Carb @0). However, in flux studies
was more obviously biphasic and a double-exponential fit (Figure 5), arecolone methiodide was found to be about
gaver values of 1.2 and 6.45 ms. 3-fold more potent than ACHLE) and 30-fold more potent
DISCUSSION than Carp 14). At high ligand cqchntrations, the maximum
flux rate induced by the semirigid agonist was, however,
Arecolone methiodide (Figure 1) is one in a series of much reduced compared to either ACh and Carb. In an
semirigid and potent cholinergic agonists that was first attempt to explain these observations, we have carried out
synthesized by Spivak et aRg). From studies of the ability = detailed studies of both the binding of arecolone methiodide
of arecolone methiodide to inhibit the initial rate 6f9]- to the Torpedoreceptor and its receptor activation charac-
o-BTx binding to TorpedonAChR 31), it was concluded  teristics.
that, under equilibrium conditions, arecolone methiodide has In most respects, the binding dH]arecolone methiodide
about 4-fold higher affinity than Carb and about 2-fold lower is similar to that of other agonists. It appears to bind to two
affinity than ACh. In the present study, we have synthesized high-affinity sites at equilibrium (see Results), and competi-
[®H]arecolone methiodide and direct binding studies have tion experiments (Figure 2) have suggested that arecolone
confirmed this earlier report. At equilibriumiH]arecolone competes with ACh and SbCh for binding to the same high-
methiodide binds to two high-affinity sites per receptor affinity sites on the receptor. Furthermore, studies of the
molecule with an affinity approximately 3-fold lower than kinetics of PH]arecolone methiodide dissociation suggest
[H]ACh (see Results) and 2 times higher than previously that, as for other agonist)( each high-affinity site is
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500~ In early studies of arecolone methiodide binding, one
unusual characteristic of this ligand was revealed (S. M. J.
Dunn and M. A. Raftery, unpublished observations) and this
prompted the current investigation. We have previously made
extensive use of a fluorophore, 5-(iodoacetamido)salicylic
acid (1AS), attached ta-subunit Cys192/193 near the high-
affinity binding site (3, 40 to monitor the kinetics of agonist
binding to these sites. All agonists previously investigated
enhanced the fluorescence of this probe and the kinetics
revealed slow conformational changes that we suggested may
reflect desensitization processekl{13). Arecolone me-
10007 . thiodide did not induce a change in IAS fluorescence and
this led to the speculation that this ligand, unlike other
é agonists investigated to date, may not induce the changes in
Arecolone Mel receptor conformation that lead to the desensitized state. We
500 now demonstrate that this is not the case since single-channel
& analysis has confirmed arecolone methiodide-induced de-
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750+

Frequency

250- sensitization (see Results). The reasons for the lack of
Bﬁé measurable IAS signal changes are currently under investiga-
] tion.

T

0 . .
10 15 2.0 25 30 35 40 45 50 The lack of an IAS signal change accompanying arecolone

Current Amplitude (pA) methiodide binding prompted the use of protein intrinsic

FIGURE 7: Frequency histograms of single-channel current ampli- ﬂuore_scence_to measure It-s bl_ndlng under preeqUII_lbrl_um
tudes. Histograms have been fitted with Gaussian curves (solid cpndmons (F|g_ure 4,)' Th.e kinetics of arecolgne methiodide
lines). Mean current amplitudes evoked by Cat$D), measured ~ Pinding were biphasic, with both phases having a concentra-
at a holding potential of-65 mV, are 2.2+ 0.2 and 3.6+ 0.1 pA, tion dependence and rate constants very similar to those we
and for arecolone methiodide the mean amplitudes aret2021 have described previoush8)( for SbCh binding to IAS-
and 3.8+ 0.2 pA. Data are derived from analysis of 3763 (Carb) |gpeled preparations. As reported by other authéds 45,
and 3792 (arecolone methiodide) events. . oo .
the amplitudes of the intrinsic fluorescence signals are small

due to to the low intrinsic fluorescence of the receptor
protein. However, the proposed scheme is consistent with
kinetics previously observed for other ligands (see8gf
suggesting that the approach to equilibrium induced by
arecolone methiodide is not significantly different from that
induced by other agonists. Furthermore, this confirms that,
in previous studies, the changes monitored by IAS have been
a reliable measure of receptor conformational changes.

Although the binding of arecolone methiodide appears to
30 40 50 be similar to that of ACh and Carb, there are obvious
75044 differences in the consequences of this binding. In functional
studies, the predominant features of arecolone methiodide-
L induced responses were a reduced maximum rate of Tl
50004 influx and a preponderance of subconductance channel
Arecolone Mel openings. The T influx data indicate that arecolone
methiodide, like some other ligands (see introduction), is a
partial agonist. In previous work with arecolone methiodide,
this partial agonism was not evident since mainly normalized
or comparative responses were report2@-31).
40 50 The data in Figures 6 and 7 demonstrate that, at the
Time (ms) concentrations of Carb (@M) and arecolone methiodide (2

FiGurE 8: Frequency histograms of current duration plotted at 1 #M) used, the subconductance state comprises a significant

ms bin widths. The histograms have been fitted by double- Proportion of channel openings. Indeed, virtually the only
exponential curves (solid lines). The double-exponential fit for the state seen with arecolone methiodide is the subconductance
Carb distribution is only marginally better than a single exponential state, and this is consistent with the diminished maximum
and a clear separation into two populations cannot be made with 1+ juf,x rate that is observed with this ligand (see below).
certainty, but for comparison with other authors, parameters derived .
from both are presented. The valuemfor Carb at+65 mV is We have excluded the p053|b|I|ty that the larger currents seen
1.96 mV (single exponential) and 0.48 and 1.96 mV (double With Carb are the result of the simultaneous opening of two
exponential). For arecolone methiodide, where the double- channels in the same patch since they are not exact multiples
exponential decay is more unequivocal, the corresponding valuespf the lower current, and the frequency with which full
for t are 6.45 and 1.2 ms. ; ; ; ;

current amplitude is attained directly from rest renders chance
composed of two subsites that are mutually exclusive at simultaneous opening of two independent channels improb-

equilibrium. able.
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The subconductance state of the nAChR can be identified
in many published records involving various ligands, and
has been recognized as a real entity with peripheral nicotinic

receptors from a variety of source®(-53). Its significance,

however, has been only tentatively discussed and it has no
place in the kinetic schemes of receptor activation adopted
by others in the field, despite early recognition that it deserves

such a place48).

Two clear and intriguing results of the present study are
that (a) arecolone methiodide is a partial agonist as demon-
stated by its inability to induce the same maximum rate of
TI* flux as the full agonist Carb and (b) in single-channel
recordings it favors a subconductance state. Qualitatively,
the reduction in flux rate would be explained by its almost
exclusive adoption of the subconductance state. Quantitative
analyses of these phenomena require further experiments on

8.

9.
10.

11.

Biochemistry, Vol. 39, No. 14, 200B875

. McLane, K. E., Dunn, S. M. J., Manfredi, A. A., Conti-

Tronconi, B. M., and Raftery, M. A. (1996) ifProtein
Engineering and DesignCarey, P., Ed.) pp 289352,
Academic Press Inc., New York.

. Changeux, J.-P. (199Biochem. Soc. Trans. 2395-205.
. Karlin, A., and Akabas, M. H. (199%euron 151231-1244.
. Changeux, J.-P., and Edelstein, S. J. (1988)ron 21 959

980.

.Dunn, S. M. J., and Raftery, M. A. (199Bjochemistry 36

3846-3853.

Dunn, S. M. J., and Raftery, M. A. (199Bjochemistry 36
3854-3863.

Prinz, H. (1988Neurochem. Int. 12109-119.

Ochoa, E. L. M., Chattopadhyay, A., and McNamee, M. G.
(1989) Cell. Mol. Neurobiol. 9141-178.

Dunn, S. M. J., and Raftery, M. A. (198R)oc. Natl. Acad.
Sci. U.S.A. 796757-6761.

12. Dunn, S. M. J., and Raftery, M. A. (198B)ochemistry 21

the probability of channel opening and the concentration 13.

dependence of the distribution of open states In this regard,
we have preliminary evidenc®&4) to show that the occur-
rence of the higher conductance state increases with Carb
concentration. On the contrary, arecolone methiodide favors
the subconductance state independently of concentration.
The single property that distinguishes the two ligands is
the flexibility of the molecules. Increased incidences of
subconductance states have been noted when more rigid
ligands such as tubocurarings-59) or the nitromethylene
insecticide imidacloprid §0) have been used. Carb is
expected to undergo the same conformational change on
binding as has been seen with AG32), a change that may
be concomitant with the conformational transitions in the
host receptor that are associated with activation and desen-
sitization 61). In the case of arecolone methiodide and other
ligands of limited flexibility, the receptor binding site may
be precluded from undergoing a full conformational trans-
formation and this may be manifested in the overwhelming

14.

15.

16.

17.

6264-6271.

Dunn, S. M. J., and Raftery, M. A. (199Bjochemistry 32
8608-8615.

Moore, H.-P. H., and Raftery, M. A. (198BJoc. Natl. Acad.
Sci. U.S.A. 774509-4513.

Blanchard, S. G., Dunn, S. M. J., and Raftery, M. A. (1982)
Biochemistry 246258-6264.

Dreyer, F., Peper, K., and Sterz, R. (1978physiol. (London)
281, 395-4109.

Kawai, H. (1998) Ph.D. Thesis, University of Minnesota,
Minneapolis-St. Paul, MN.

18. Neubig, R. R., and Cohen, J. B. (198Bipchemistry 19

19.

20.

21.

23.

incidence of subconductance states. Thus the subconductance?4-

state can be seen as associated with the initial stage of ligand
binding, occurring before the transition that leads to the

25.

opening of a full conductance channel. This is over and above g

the already well-established dichotomy of channel open

times, which are conventionally viewed as mono- and 27.

diliganded states in a two-binding-site mod&6{ 62-64).

In a receptor assembly with two high-affinity binding sites
but an undetermined number of low-affinity binding sites,
such as has been proposé&é-17), it is possible to postulate
more than two states of activation having different ionic

28.

29.

conductances. Partial agonists, therefore, may be seen as30-

ligands that favor the subconductance state of the receptor

ion channel following occupation of the binding site.
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