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An cY-neurotoxin, Bgt 3.1, has previously been shown to rec- 
ognize the functional acetylcholine receptor (AChR) on chick 
autonomic neurons, since it specifically blocks receptor 
function and it binds to a class of sites on the neurons with 
the pharmacology, kinetics, and affinity expected for the 
receptor. A monoclonal antibody, mAb 35, to the main im- 
munogenic region of muscle and electric organ AChR alpha 
subunit cross-reacts with a component on chick autonomic 
neurons that, from several lines of evidence, also appears 
to be the functional AChR. The identity of the antibody-bind- 
ing component has remained in doubt, however, because 
previous studies indicated that in at least one instance a 
substantial discrepancy existed between the number of 
functional AChRs estimated physiologically and the number 
of putative AChRs detected by mAb 35 on the neurons. The 
present findings demonstrate that Bgt 3.1 and mAb 35 rec- 
ognize the same AChRs on the neurons, and provide infor- 
mation about the stoichiometry of binding and the identity 
of subunits associated with active sites on the receptor. 

Chick ciliary ganglion neurons examined under a variety 
of growth and regulatory conditions in culture displayed a 
constant ratio of about 2:l for mAb 35 and Bgt 3.1 binding 
to cell surface sites. Treatment of the cells with mAb 35 
induced a substantial decrease in the number of Bgt 3.1 
sites and vice versa. AChRs that had been covalently labeled 
with a photoaffinity derivative of 1251-Bgt 3.1 in situ and then 
solubilized were specifically immune-precipitated by mAb 
35, demonstrating unequivocally that the receptors pos- 
sessed both Bgt 3.1 and mAb 35 binding sites. Coexistence 
of Bgt 3.1 and mAb 35 binding sites was demonstrated in a 
similar manner for each of the several potential AChR sub- 
populations inferred previously from biphasic dissociation 
kinetics of bound Bgt 3.1 on the neurons and from incom- 
plete modulation of mAb 35 binding sites on the neurons by 
Bgt 3.1. Gel electrophoresis of the immune-precipitated, 
photoaffinity-labeled AChR under denaturing conditions re- 
vealed a specifically labeled band with a M, of 66,000. Sub- 
tracting 7000 for the size of the covalently attached toxin 
yields a M, of 59,000 for the corresponding receptor subunit 
likely to be associated with the active site. On some occa- 
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sions, a second labeled band of 61,000 was observed, cor- 
responding to a receptor polypeptide of 54,000. No evidence 
was obtained for a population of AChRs that selectively bound 
either Bgt 3.1 or mAb 35. 

Two probes that bind with high affinity and specificity to nic- 
otinic acetylcholine receptors (AChRs) on chick autonomic neu- 
rons have recently been identified. The first is a monoclonal 
antibody, mAb 35, which represents a class of antibodies rec- 
ognizing the “main immunogenic region” (MIR) of the alpha 
subunit of AChRs from muscle and electric organ (Tzartos et 
al., 1981). mAb 35 cross-reacts with a component on chick 
ciliary ganglion neurons that has properties expected of a neu- 
ronal nicotinic AChR. The component is an integral membrane 
glycoprotein with a sedimentation behavior similar to that ob- 
served for AChR monomers from muscle (Smith et al., 1985). 
It is present in neurons of ciliary and sympathetic ganglia that 
express functional AChRs, but not in tissues that do not express 
AChRs (Smith et al., 1985). Ultrastructural studies localize mAb 
35 binding sites primarily to the postsynaptic membrane on 
ciliary ganglion neurons (Jacob et al., 1984). In addition, the 
level ofmAb 35 binding on neurons in culture can be modulated 
by various cholinergic ligands and growth conditions that cause 
qualitatively similar changes in levels of ACh sensitivity (Smith 
et al., 1986). A related component has been immunopurified 
from chick brain, using mAb 35, and has been shown to have 
high affinity for 3H-nicotine (Whiting and Lindstrom, 1986a, 
b). Antisera to the purified chick brain component specifically 
block AChR function on ciliary ganglion neurons in culture 
(Stollberg et al., 1986). These results strongly suggest that the 
chick ganglionic and brain components recognized by mAb 35 
represent functional neuronal AChRs. mAb 35 does not block 
the AChR response of either muscle or neurons, however, which 
prevents a direct demonstration that the mAb 35 binding com- 
ponents in the nervous system represent functional neuronal 
AChRs. 

A second probe for neuronal AChRs is Bgt 3.1, a snake neu- 
rotoxin that reversibly blocks AChR function on chick auto- 
nomic neurons (Ravdin and Berg, 1979). Bgt 3.1, also referred 
to as K-bungarotoxin (Chiappinelli, 1983) and toxin F (Loring 
et al., 1984, 1986) is present as a minor protein component in 
Bungarus multicinctus venom and can be separated from the 
widely used oc-bungarotoxin (oc-Bgt) present in the same venom. 
oc-Bgt has been invaluable as a probe for muscle and electric 
organ AChRs, and it does bind to a membrane component with 
cholinergic pharmacology on chick ciliary ganglion neurons. 
However, several lines of evidence indicate that the cY-Bgt bind- 
ing component is not the functional, synaptic AChR on the 
neurons (Jacob and Berg, 1983; Smith et al., 1983) and it is 
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also clearly distinct from the chick ganglionic and brain com- 
ponents that are recognized by mAb 35 (Jacob et al., 1984; 
Smith et al., 1985; Whiting and Lindstrom, 1986a). 

In contrast to a-Bgt, Bgt 3.1 appears to be a useful probe for 
AChRs on the neurons. l*jI-Bgt 3.1 recognizes 2 classes of high- 
affinity sites on the cells in culture (Halvorsen and Berg, 1986). 
Binding to the first class is blocked by a-Bgt, indicating that the 
sites represent the cY-Bgt binding component. Binding to the 
second class of sites is not blocked by a-Bgt and has the prop- 
erties expected for the functional AChR on the cells. Binding 
of ‘251-Bgt 3.1 to the second class of sites is inhibited compet- 
itively by a variety of nicotinic cholinergic ligands, and the 
affinity and kinetics of binding are in good agreement with those 
estimated from electrophysiological studies for Bgt 3.1 inhibi- 
tion of neuronal AChR function (Ravdin and Berg, 1979; Ravdin 
et al., 198 1). In addition, a high density ofbinding sites in culture 
is found on cell types known to have ganglionic AChRs (Hal- 
vorsen and Berg, 1986). A preliminary account indicates that 
the Bgt 3.1 binding sites not blocked by Lu-Bgt are located pri- 
marily in synaptic regions on ciliary ganglion neurons (Loring 
and Zigmond, 1985). 

was replaced at 2-3 d intervals and, except where noted, cells were used 
for experiments after 7 d. 

Monoclonal antibodies. Hybridoma cell lines were generated by fusing 
myeloma cells with spleen cells from Lewis rats immunized with purified 
AChRs. mAb 35 was raised against purified AChR from Electrophorus; 
it recognizes the alpha subunit MIR (Tzartos et al., 1981). The mAb 
was purified from hybridoma culture media and radioiodinated to spe- 
cific activities of 2-3 x lOI cpm/mol, as previously described (Smith 
et al., 1985). mAb 113 was raised against AChR purified from Torpedo 
electric organ and belongs to the same IgG subclass (IgGl) as mAb 35 
but has a different specificity, since it recognizes primarily the AChR 
beta subunit (Gullick and Lindstrom. 1983). Nonimmune rat serum 
(NRS) was isolated from Lewis rats and used for control purposes at a 
similar final IgG concentration as that of mAb 35. 

Binding assays. Bgt 3.1 was purified from B. multicinctus venom and 
radioiodinated as previously described (Halvorsen and Berg, 1986). Y- 
Bgt 3.1 binding to intact ciliary ganglion neurons was performed as 
previously described (Halvorsen and Berg, 1986). Cultures were incu- 
bated for 15 min at 37°C in binding medium consisting of MEM with 
10% (vol/vol) horse serum plus 10e6 M a-Bgt to prevent subsequent 
access of Bgt 3.1 to ol-Bgt binding sites. Y-Bgt 3.1 was then added to 
the binding medium at a final concentration of lo-* M, and the incu- 
bation was continued for 60 min at 37°C. The reaction was terminated 
by removing the binding medium and rinsing the cells 4 times with 
rinse buffer (137 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO,, 0.9 mM 
Na,PO,, 0.4 mM K,PO,, 1.8 mM CaCl,, 2 mg,/ml BSA, and 5 rnr.4 HEPES, 

Although several similarities are apparent between the neu- 
ronal components recognized by mAb 35 and Bgt 3.1, it has 
not previously been possible to determine whether the 2 probes 
bind to the same AChRs. This issue is critical in view of recent 
findings with cDNA probes suggesting the presence of multiple 
neuronal AChR mRNAs in brain and in PC12 cells (Boulter et 
al., 1986; Goldman et al., 1986) and studies with monoclonal 
antibodies indicating several related protein species in chick 
brain that have high-affinity binding for nicotine (P. J. Whiting 
and J. M. Lindstrom, personal communication). Moreover, in 
at least one instance, growth conditions induce a substantial 
discrepancy between the number of functional AChRs calcu- 
lated from electrophysiological studies and the number of AChRs 
detected by mAb 35 on neurons (Margiotta et al., 1986, 1987; 
Smith et al., 1986).These results raise the possibility that dif- 
ferent types of neuronal AChRs may coexist in chick ciliary 
ganglion neurons, and that mAb 35 and Bgt 3.1 may distinguish 
different subpopulations. Previous indirect evidence indicates 
a functional coupling between some of the antibody and toxin 
sites, since incubation of ciliary ganglion neurons in culture with 
Bgt 3.1 causes a reduction in mAb 35 binding (Smith et al., 
1986). We report here that binding sites for both mAb 35 and 
Bgt 3.1 are regulated in parallel by a variety of conditions in 
culture. Covalent cross-linking of rZ51-Bgt 3.1 to AChRs via a 
photoactive group allows immune precipitation of the 1251-Bgt 
3.1-AChR complex by mAb 35, providing direct evidence that 
a class of AChRs expresses both mAb 35 and Bgt 3.1 binding 
sites. In addition, a putative active site subunit of the AChR 
coupled to lZSI-Bgt 3.1 is identified using gel electrophoresis. 

Materials and Methods 
Cell culture. Cultures of dissociated ciliary ganglion neurons from 8 d 
chick embryos were grown on a substratum of collagen and lysed fi- 
broblasts and maintained in an atmosphere of 5% CO,/95% air at 37°C 
as described (Nishi and Berg, 198 1). Cultures contained about 1.4 x 
1 O4 neurons/ 16 mm well. Culture medium consisted of Eagle’s minimal 
essential medium (MEM) containing 10% (voVvo1) heat-inactivated horse 
serum, 50 U/ml penicillin, 50 Kg/ml streptomycin and, unless otherwise 
indicated, 3% (vol/vol) embryonic eye extract (eye medium; Nishi and 
Berg, 198 1). In some cases the medium was supplemented with KC1 to 
a final concentration of 25 mM K+ either with (K+/eye medium) or 
without (K+ medium) the presence of embryonic eye extract. Medium 

pH 7.4) in a 20 set period. Cells were then-scraped from the dish in 0.5 
ml of 1 .O NNaOH and measured for radioactivitv with a Tracer Analytic 
gamma counter. Specific binding was determined as the amount of 
binding inhibited by 10 mM carbachol. 

lZSI-mAb 35 bindina to intact neurons was carried out as described 
for lZSI-Bgt 3.1, exceptthat the binding medium did not include a-Bgt. 
Binding was initiated by adding Y-mAb 35 to a final concentration of 
5 nM. Specific binding represented binding inhibited by an excess of 
unlabeled mAb 35 (0.2 PM). To compare the stoichiometry of mAb 35 
and Bgt 3.1 sites on the neurons in culture, the maximum levels of lzsI- 
mAb 35 and 1251-Bgt 3.1 binding were extrapolated from the measured 
values of binding observed with 5 and 10 nM orobes. resnectively, using 
the known K, values of 1.5 (Smith et al., 1986) and’ 5.5-nM (Halvorsen 
and Berg, 1986) for the 2 probes, respectively. (mAb 35 at 5 n& occupies 
77% of its sites. while Bgt 3.1 at 10 nM occuoies 65% of its sites.) 

u-Bgt was purified and radioiodinated by -a modified chloramine T 
method, as previously described (Ravdin et al., 1981). Binding was 
performed at a final concentration of 10 nM 1251-a-Bgt under the same 
conditions described for lZSI-mAb 35. Binding inhibited by 1 PM un- 
labeled a-Bgt was taken to represent specific binding. 

Photoafinity labeling and immunoprecipitation. The photoactive de- 
rivative ANB-Al-12SI-Bgt 3.1 was prepared under dim or no light by 
adding l-2 mg of the heterobifunctional reagent ethyl N-5-azido-2- 
nitrobenzoylaminoacetimidate HCl (ANB-A 1) to approximately 70 pg 
of 12SI-Bgt 3.1 (spec. act., 500-1000 cpm/fmol) in 0.1 M NaCO,, pH 
9.0, and shaking gently overnight at 4”C.The mixture was then applied 
to a Sephadex G-25 column (1.2 x 5.0 cm) and eluted with PBS (100 
mM NaCl, 0.1% sodium azide, and 10 mM NaPO,, pH 7.4) containing 
2 mgml BSA to separate derivitized toxin from free ANB-Al and 
NalZ51. The eluted ANB-Al-‘*+Bgt 3.1 was stored at -20°C and used 
within 3 weeks. ANB-Al has oreviouslv been used to Dhotocouple 1251- 
cu-Bgt to muscle and Torpedh AChRs: where it facihtated studies of 
subunit composition (Nathanson and Hall, 1980). ANB-A 1 has several 
features that make it attractive for use in coupling with Bgt 3.1. The 
para-nitro group on the aryl moiety permits photoactivation at longer 
wavelengths (> 300 nm), decreasing the possibility of photodamage to 
exposed proteins while producing a short-lived and highly reactive aryl 
nitrene (Lewis et al., 1977). In addition, the imidoester portion of the 
molecule reacts with lysine residues to form a covalent bond while 
retaining a positive charge in the vicinity at physiological pH. 

Ciliarv ganglion cultures were incubated for 60 min in the dark at 
37°C with-1 5 >M ANB-Al -‘+Bgt 3.1 in the presence of 1 PM a-Bgt in 
binding medium. After washing with rinse buffer (without BSA), the 
cultures were covered with 0.25 ml of the same buffer and irradiated 
for 15 min with a Blak-Ray model UVL-56 lamp at room temperature. 
The cultures were then rinsed, covered with binding medium, and re- 
turned to the incubator for an additional 30 min in the oresence of 5 
nM mAb 35, 10 nM mAb 113, or a 1:500 dilution of NRS, as indicated. 
After washing 2 additional times with rinse buffer, the cultures were 
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solubilized with PBS containing 0.5% Triton X-100 and the protease 
inhibitors 1 mM EDTA, 1 mM EGTA, 1 pg/rnl phosphoramidon, 10 
Kg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 0.1 mM pep- 
statin A. Insoluble material was removed by centrifugation at 15,600 x 
g for 15 min. Specific binding in the solubilized extracts, calculated as 
the difference between total binding and binding in the presence of an 
excess of either unlabeled Bgt 3.1 or carbachol, averaged about 40% of 
total binding. The extracts were then incubated on ice with either goat 
or mouse anti-rat IgG linked to formalin-fixed and SDS-extracted 
Staphylococcus aureus cells. After 15 min, the immune precipitate was 
collected by centrifugation, washed twice with PBS containing 0.5% 
Triton X- 100, and analyzed for radioactivity. When immune-precipi- 
tated material was to be analvzed bv SDS-PAGE. the washed nrecinitate 
was resuspended in SDS sample buffer (3.5% SDS, 5% 2-mercaptdetha- 
nol, 10% glycerol, 0.0005% bromophenol blue, and 125 mM TRIS-HCl, 
pH 6.8) and heated at 100°C for 3 min. Insoluble material was again 
removed by centrifugation. The solubilized material was analvzed for 
radioactivity and then stored at -20°C until examined by SDCPAGE. 

SDS-PAGE. Immune-precipitated material, resuspended in SDS 
sample buffer as described above, was loaded onto lanes of SDS-9% 
polyacrylamide slab gels and electrophoresed using the discontinuous 
system of Laemmli (1970), as previously modified (Halvorsen and Na- 
thanson, 1984). Molecular-weight standards included human transferrin 
(SS,OOO), BSA (68,000) IgG heavy chain (53,000), ovalbumin (43,000), 
and carbonic anhydrase (30,000). Autoradiography of dried gels was 
performed with Kodak X-omat film using a Cronex intensifying screen 
at -70°C. - -. 

Materials. White Leghorn chick embryos were obtained locally and 
maintained at 39°C in a humidified incubator. Tissue extracts and other 
culture media were prepared as previously described (Nishi and Berg, 
198 1). mAb 113 and the hybridoma cell-line secreting mAb 35 were 
the generous gifts of Dr. J. Lindstrom (The Salk Institute). The hetero- 
bifunctional reagent ANB-Al was generously provided by Dr. W. Al- 
lison (University of California, San Diego). Formalin-fixed Stuphyfo- 
coccus aureus cells were obtained from Bethesda Research Labs and 
were extracted with SDS sample buffer according to product recom- 
mendations. Affinity-purified goat and mouse anti-rat IgG antibodies 
were purchased from Accurate Chemical Corporation (NY). Other re- 
agents were obtained as previously described (Halvorsen and Berg, 1986). 

Results 
Stoichiometry of mAb 35 and Bgt 3.1 sites 
The relationship between mAb 35 and Bgt 3.1 binding sites on 
ciliary ganglion neurons was examined initially by comparing 
the ratio of sites under various growth conditions in cell culture. 
Binding of lZSI-mAb 35 to the neurons exhibited the same de- 
pendence on cell number and culture age as did binding of Y- 
Bgt 3.1 (Fig. 1). Extrapolating the levels of binding measured 
here to those predicted for saturation of the sites (see Materials 
and Methods) yielded a stoichiometry of about 2 mAb 35 sites 
per Bgt 3.1 site in each case. 

A more interesting comparison was between the number of 
mAb 35 and Bgt 3.1 sites on neurons grown in medium sup- 
plemented with K+. Previous studies indicated that growth in 
eye medium supplemented with elevated K+ concentrations has 
the unusual effect of producing a decrease in the number of 
functional AChRs (assayed physiologically under standard con- 
ditions), while not decreasing the number of mAb 35 binding 
sites on the neurons (Margiotta et al., 1986, 1987; Smith et al., 
1986). Growth of cells in elevated K+ with or without eye extract 
produced parallel changes in the levels of LZSI-mAb 35 and lz51- 
Bgt 3.1 binding, as compared to that of neurons grown in eye 
medium (Fig. 2). The decreases in mAb 35 and Bgt 3.1 sites 
observed with K+ in the absence of eye extract were similar to 
the decrease observed previously in ACh sensitivity (Smith et 
al., 1986). The ratio of total mAb 35 to Bgt 3.1 sites on the cell 
surface was again about 2: 1 for each of the growth conditions. 

The chronic growth of neurons with cholinergic agonists caus- 
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Figure I. Codependence of Bgt 3.1 and mAb 35 binding on the number 
of neurons and culture age. Specific binding of 1251-mAb 35 (closed 
symbols) and Y-Bgt 3.1 (open symbols) was determined on cultures of 
ciliary ganglion neurons under standard conditions, varying either the 
number of dissociated ganglia (ca. 6 x lo3 neurons/ciliary ganglion) per 
culture (A) or the culture age (B) as indicated. Each determination rep- 
resents the mean + SE for 3 cultures. Similar results were obtained in 
2 other experiments for A and 3 for B. 

es a decrease in the number of mAb 35 binding sites and a 
decrease in the level of ACh sensitivity associated with the 
neurons (Smith et al., 1986). Cultures grown chronically in 1 
mM carbachol and then rinsed extensively to remove bound 
ligand showed similar decreases in 1251-Bgt 3.1 and lZ51-mAb 35 
binding, as compared to cells grown in the absence of carbachol 
(Fig. 2). Again, estimates of the stoichiometry of binding at 
saturation indicated 2 M of mAb 35 bound/ 1 M of Bgt 3.1. 

Modulation of sites 
Acute exposure of neurons to Bgt 3.1 causes a 50-60% decrease 
in mAb 35 binding sites (Smith et al., 1986). To test whether 
the reverse is also true, i.e., whether mAb 35 can modulate Bgt 
3.1 binding sites, cultures were incubated first with mAb 35 and 
then with goat anti-rat IgG second antibody to promote clus- 
tering and the possible internalization of mAb 35-antigen com- 
plex from the cell surface. The procedure caused a 50% reduction 
in the number of lz51-Bgt 3.1 binding sites on the cells compared 
to that of untreated cells or cells receiving NRS instead of mAb 
35 (Table 1). Control experiments indicated that mAb 35 and 
Bgt 3.1 do not compete with each other for binding (data not 
shown). The antigenic modulation of Bgt 3.1 sites achieved by 
mAb 35 together with secondary antibody was specific, since 
no change was observed in the number of lZ51-a-Bgt binding 
sites on the neurons following the treatment (Table 1). These 
data indicate an association between mAb 35 sites and Bgt 3.1 
sites on the neurons. 
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Figure 2. Coregulation of Bgt 3.1 and mAb 35 binding sites by sup- 
plements in the culture medium. Specific binding of I WmAb 35 (hatched 
bars) and jZ51-Bgt 3.1 (open bars) was determined in triplicate cultures 
grown either in 3% eye medium (100% values), K+/eye medium (K+/ 
EYE), K+ medium (K+), or 3% eye medium containing 1 mM carbachol 
(CARB). Values represent the mean k SE of 4 separate experiments 
and are expressed as a percentage of the binding obtained in cultures 
grown in 3% eye medium under standard conditions. Mean 100% bind- 
ing levels were 3.9 f  0.3 fmol/culture for mAb 35 sites and 1.7 + 0.1 
fmol/culture for Bgt 3.1 sites. 

Cross-linking 

Showing that Bgt 3.1 and mAb 35 bind to the same solubilized 
membrane component would unequivocally demonstrate that 
both probes recognize the same receptor. A large part of the 
binding of L251-Bgt 3.1 to AChRs on the neurons is rapidly 
reversible, however, and preliminary experiments indicated that 
‘251-Bgt 3.1 binding to solubilized receptor was insufficient for 
testing whether mAb 35 bound to the same component. To 
circumvent these problems, a photoactivatable cross-linking de- 
rivative of Y-Bgt 3.1 was synthesized for preparation of a 
covalently attached Bgt 3.1-AChR-solubilized complex. 

The cross-linking procedure involved binding the photoac- 
tivatable derivative of **SI-Bgt 3.1 (ANB-Al-IZSI-Bgt 3.1) to 
AChRs on intact neurons in culture, rinsing away unbound 
derivative, photoactivating to attach the labeled derivative co- 

Figure 3. Immune precipitation of 
photoaffinity-labeled AChRs. Cultures 
were photoaffinity-labeled with ANB- 
A1-‘251-Bgt 3.1 in the absence of a com- 
peting ligand (None) or in the presence 
of 10 mM carbachol (Curb) or 5 mM 
d-tubocurarine (d-Tc). Pooled deter- 
gent extracts from triplicate cultures 
were incubated with mAb 35, NRS, or 
mAb 113 and immunoprecipitated. The 
amount of radioactivity specifically 
precipated in each case (see Table 2) 
was expressed as a percentage of the 
total specific binding (1800 cpm). Total 
specific binding was determined as that 
inhibited by the addition of 1 PM Bgt 
3.1. Similar results were obtained in 2 
additional experiments. 

Table 1. Modulation of AChRs by mAb 35 

Specific binding 

‘=1-B@ 3.1 1251-o-Bgt 
Treatment (fmolkulture) 

Control 1.16 +- 0.09 27.7 t 0.4 

mAb 35 0.58 + 0.06 27.2 + 0.3 

NRS 1.31 + 0.08 n.d. 

Cultures of ciliary ganglion neurons were incubated for I hr at 37°C in culture 
medium (control) in the presence of 10 tt~ mAb 35 (mAb 35) or a 1:500 dilution 
of nonimmune rat serum (NRS). After rinsing, the cultures were incubated for 16 
hr at 37°C in culture medium containing goat anti-rat IgG (l:lOO), then rinsed 
with binding medium and assayed either for T-Bgt 3.1 or ‘*51-a-Bgt binding in 
triplicate. Similar results were obtained in a second experiment. n.d., Not determined. 

valently, solubilizing the labeled complex in detergent, and then 
testing for immunoprecipitation of the labeled toxin-receptor 
complex by mAb 35. Approximately 30% of the specific labeling 
obtained in this manner was immunoprecipitated by mAb 35 
(Fig. 3). Nonspecifically labeled material was not precipitated, 
since little radioactivity was recovered in the pellet when either 
unlabeled Bgt 3.1 or cholinergic ligands were used to prevent 
specific labeling of AChRs in the original binding and cross- 
linking steps. Precipitation of the specifically labeled toxin-re- 
ceptor complex by mAb 35 was also shown to be specific, since 
another monoclonal antibody of the same IgG subclass, but of 
different specificity (mAb 113) failed to precipitate the material, 
as did NRS at a comparable concentration of IgG (Fig. 3). A 
second monoclonal antibody (mAb 2 10) having the same spec- 
ificity as mAb 35, i.e., recognizing the MIR of the muscle and 
electric organ AChR alpha subunit (Ratnam et al., 1986), also 
precipitated the labeled toxin-receptor complex (data not shown). 

The covalently labeled material that was immune-precipitat- 
ed by mAb 35 was analyzed by SDS-PAGE autoradiography 
to determine the nature of the radioactive species. In most ex- 
periments the procedure revealed a single labeled band corre- 
sponding to a component with a relative molecular mass (MJ 
of approximately 66,000 (Fig. 4A). No band was obtained when 
specific labeling of the receptor was blocked by the nicotinic 
cholinergic ligands carbachol, unlabeled Bgt 3.1, or d-tubocu- 
rarine (Fig. 4A), or by nicotine or trimethaphan (data not shown). 
Immune precipitation of ANB-A1JZ51-Bgt 3.1 -labeled material 
with either mAb 113 or NRS did not reveal distinct bands by 

mAb 35 NRS mAb 113 
I A \ I L 3 I A \ 

None Corb d-TC None Corb None Carb 

COMPETING LIGAND PRESENT DURING LABELING 
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SDS-PAGE autoradiography (Fig. 4A). In some experiments, 
an additional band indicating a component with a A4, of ap- 
proximately 61,000 was also resolved following mAb 35 im- 
munoprecipitation (Fig. 4B), although this smaller species was 
usually much lighter in intensity. Partial or complete omission 
of the protease inhibitors during the preparation and immu- 
noprecipitation of affinity-labeled receptor did not convert the 
larger species to the smaller one on the gel (data not shown). 
Similarly, no change in the pattern of labeled species was ob- 
served when the ANB-AIJZSI-Bgt 3.1 was incubated overnight 
at room temperature in the dark prior to labeling the cells and 
carrying out the experiment (data not shown). The average M,s 
for the 2 components were 66,200 Ifr 300 for the larger one and 
60,800 f 300 for the smaller one, when present. 

The M,s of the labeled components reflect the combined sizes 
of the receptor polypeptide and the covalently attached toxin 
in each case. Bgt 3.1 has a molecular weight of approximately 
7300 (Grant and Chiappinelli, 1985; Loring et al., 1986). Sub- 
tracting this from the M,s yields values of 59,000 and 54,000 
for the receptor polypeptides. Bgt 3.1, however, has been re- 
ported to exist primarily as a dimeric species in solution (Chiap- 
pinelli and Lee, 1985). If the dimer is active and can be cova- 
lently attached to the receptor, it would require a different 
correction to estimate subunit size. In addition, the dimeric 
toxin might account for the appearance of the 2 labeled bands 
if the cross-linking procedure was incomplete and generated 
species in which either one or both monomers of the toxin dimer 

Fimre 4. Photoaffinitv-labeled sub- 
units from immune-precipitated 
AChRs. A, Autoradiogram of immune- 
precipitated photoaffinity-labeled 
AChRs from the experiment described 
in Figure 3 after SDS-PAGE. Photoaf- 
finity labeling of receptor was carried 
out in the presence of d-tubocurarine 
(lane I), Bgt 3.1 (2), or carbachol (3) 
or in the absence of competing ligands 
(4-6) and immunoprecipitated with 
mAb 35 (1 I-4), NRS (5) or mAb 113 
(6). The arrow indicates a labeled band 
with an M. of 65.000. B. Autoradi- 
ogram of immunoprecipitate from a 
separate experiment, analyzed by SDS 
PAGE. Photoaffinity labeling of recep- 
tor was carried out in the absence (lane 
I) or presence (2) of 10 mM carbachol 
and immune-precipitated by mAb 35. 
The arrows indicate 2 labeled bands with 
M,s of 66,400 and 60,400. The heavily 
labeled band at the bottom of the lanes 
nrobablv reoresents ANB-A 1 JZ51-Bat 
3.1 that-was-not covalently attached k~ 
receptor and degraded material. The 
light band at the top of the lanes pre- 
sumably is aggregated material. 

were coupled to the subunit. The difference of about 5000 in 
the M,s between the 2 bands is close enough to the size of the 
toxin monomer to be compatible with such an explanation. 
Accordingly, we tested for the presence of a dimeric form of 
ANB-A1JZ51-Bgt 3.1 by gel filtration. Although lZSI-Bgt 3.1 did 
behave as a dimer under these conditions, ANB-Al-lZ51-Bgt 3.1 
appeared to be largely a monomer (Fig. 5). More labeled material 
was recovered both in the void volume and in the fully included 
volume of the column with ANB-Al-lZ51-Bgt preparations than 
with lZ51-Bgt 3.1, signaling that some aggregation and degra- 
dation of the labeled toxin had been caused by the derivatization 
procedure. Analysis of ANB-Al -lZ51-Bgt 3.1 by SDS-PAGE au- 
toradiography both before and after photoactivation failed to 
reveal labeled bands in the 12,000-15,000 range, as would be 
expected for a dimeric species. A labeled band was detected 
migrating slightly faster than lZ51-(u-Bgt, which has an M, of 
about 8000 (data not shown). In short, we found no evidence 
that ANB-A 1 -12sI-Bgt 3.1 exists as a dimeric species. Conversion 
of ‘251-Bgt 3.1 dimer to a monomeric species by derivatization 
with ANB-Al may be a consequence of coupling moieties to 
lysine residues in the toxin. Labeling Bgt 3.1 with 1251-Bolton- 
Hunter reagent, which also attaches at lysine residues, was pre- 
viously shown to produce a monomeric form of labeled Bgt 3.1 
(Nitkin, 198 1). Radiolabeling Bgt 3.1 by the chloramine T meth- 
od used here iodinates mostly tyrosine residues in proteins and 
apparently does not produce dissociation of the dimeric toxin 
species. 
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Figure 5. Gel filtration of 9-Bgf 3.1 
and ANB-A1-1251-Bgt 3.1. lZ51-Bgt 3.1 
(0.1 ml, 80,000 cpm; closed symbols) 
and ANB-A1-1251-Bgt 3.1 (0.1 ml, 
180,000 cpm; open symbols) were ap- 
plied to a Bio-Gel P-100 (Biorad) col- 
umn (6.5 ml: 0.7 x 17 cm) eauilibrated 
with PBS at&C. Fractions’(0.i ml) were 
collected and analyzed for radioactiv- 
ity. The arrows, from left to right, in- 
dicate peaks for elution of Blue dextran 
2000 (200,000) occupying the void vol- 
ume, BSA (68,000), cytochrome C 
(13,500), IZ51-cy-Bgt (8000), and phenol 
red (350). Similar elution profiles were 
obtained in each case when 0.5% Triton 
X- 100 was included in the buffer (data 
not shown). 
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AChR subpopulations 

Previous studies with Bgt 3.1 and mAb 35 suggested the exis- 
tence of heterogeneous behavior by AChRs on ciliary ganglion 
neurons in 2 regards. First, only half of the mAb 35 binding 
sites on the neurons in culture were rapidly removed from the 
surface through modulation when the cells were exposed to Bgt 
3.1 (Smith et al., 1986). Second, about half of the Bgt 3.1 bound 
to the neurons in culture dissociated with a rapid time course 

Ii’: 
- 13 min), while the remainder dissociated more slowly 
> 5 hr) (Halvorsen and Berg, 1986). Accordingly, it seemed 

important to determine whether each potential AChR subclass 
defined in this manner shared mAb 35 and Bgt 3.1 binding sites, 
and further to determine whether the subunit composition of 
such subtypes varied from the pattern described for the total 
ANB-A 1 -lZ51-Bgt 3. I-AChR complex immunoprecipitated by 
mAb 35. 

To examine the first case, neurons were incubated with un- 
labeled Bgt 3.1 to induce modulation of mAb 35 binding sites 
on the cells. The neurons were then rinsed to remove both 
unbound Bgt 3.1 and Bgt 3.1 bound to the rapidly dissociating 
sites. ANB-Al-lZ51-Bgt 3.1 was then used to label covalently the 
unoccupied Bgt 3.1 sites, and mAb 35 was bound to the re- 
maining (unmodulated) antibody sites. Subsequent rinsing, sol- 
ubilization, and immunoprecipitation demonstrated that the 
mAb 35 sites remaining on the neurons after Bgt 3.1 modulation 
were in fact associated with receptors that carried Bgt 3.1 bind- 
ing sites (Table 2). The total level of specific ANB-Al-lZ51-Bgt 
3.1 binding to the cells was reduced under these conditions, as 
expected, since it represented binding only to the “rapidly dis- 
sociating” Bgt 3.1 sites; however, the efficiency of immunopre- 
cipitation by mAb 35 of receptor labeled in this manner was 
similar to that obtained with total labeled receptor (Table 2). 

To examine the relationship between “slowly dissociating” 
Bgt 3.1 sites and mAb 35 sites, cultures were incubated with 
ANB-A1-1251-Bgt 3.1 as usual, then rinsed in the dark for 45- 
60 min to allow dissociation of the toxin derivative from the 
rapidly dissociating sites prior to cross-linking by photoacti- 
vation. Subsequent solubilization of labeled receptor and im- 
munoprecipitation with mAb 35 were carried out to assay for 

IO 20 30 40 50 

FRACTION NUMBER 

linkage between the slowly dissociating Bgt 3.1 and mAb 35 
sites. The level of specific labeling was reduced compared to 
controls, since, again, only a subpopulation of Bgt 3.1 binding 
sites was available, but the efficiency of the immunoprecipita- 
tion by mAb 35 of the labeled receptor formed under these 
conditions was indistinguishable from that observed with the 
other protocols (Table 2). The immune-precipitated material in 
both of these attempts to distinguish a receptor subpopulation 
was analyzed by SDS-PAGE autoradiography. No difference 
was found between the size or pattern of labeled bands and that 
observed when total labeled receptor was examined (Fig. 6). 

A third potential subdivision of AChRs was suggested by the 
data in Table 1, which show that only half of the Bgt 3.1 sites 
on the neurons was lost through modulation by mAb 35. Co- 
valent labeling of the remaining sites with ANB-A 1 -lZSI-Bgt 3.1, 
followed by solubilization and immunoprecipitation, demon- 
strated that receptors identified in this manner are linked as 
effectively to mAb 35 sites as are total AChRs identified by Bgt 
3.1 on untreated neurons (data not shown). In summary, we 
found no evidence from these experiments for distinct subpop- 
ulations of AChRs in ciliary ganglion neurons, either as reflected 
in their relative levels of Bgt 3.1 and mAb 35 binding or in their 
labeled subunit patterns after coupling to ANB-A 1 -lZ51-Bgt 3.1, 
immunoprecipitation by mAb 35, and analysis by SDS-PAGE 
autoradiography. 

Discussion 

Physiological studies with Bgt 3.1 and binding studies with ra- 
diolabeled derivatives of the toxin indicate that it is a useful 
probe for AChRs on chick ciliary ganglion neurons (Ravdin and 
Berg, 1979; Ravdin et al., 1981; Chiappinelli, 1983; Loring et 
al., 1984; Halvorsen and Berg, 1986). A number of lines of 
evidence indicate that mAb 35 also recognized AChRs on 
ciliary ganglion neurons, though the demonstrations are less 
direct (Jacob et al., 1984; Smith et al., 1985, 1986; Stollberg et 
al., 1986). The present studies demonstrate that the 2 probes 
bind to a common class of neuronal AChRs, and corroborate 
the identity of the component detected by mAb 35 on the neu- 
rons as an AChR. 

The stoichiometry of mAb 35 and Bgt 3.1 binding to receptors 
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Table 2. Immunoprecipitation of photoaffinity-labeled AChR 
subpopulations 

Target population 

Total site9 
mAb 35 sites after 

Specific 
binding of Specific Efficiency 
ANB-A 1 Jz51- precipitation of 
Bgt 3.1 by mAb 35 precipitation 
C-v@ (cpm) ( w 

2045 k 237 587 k 10.5 28 + 2 

Bgt 3.1 modulation 1400 zk 250 380 + 184 27 + 7 
Slowly dissociating 

Bgt 3.1 sites 1360 f  282 464 k 120 34 k 2 

Cultures were labeled with ANB-AI-1z51-Bgt 3.1 in the presence of 1 pi or-Bgt 
and 5 nM mAb 35, with or without 10 rnM carbachol, to determine specific binding, 
as described m Materials and Methods. In order to examine only “mAb 35 sites 
remaming after Bgt 3.1 modulation,” cultures were incubated with 10 nM Bgt 3.1 
prior to labeling with ANB-Al-lzSI-Bgt 3.1 to modulate away Bgt 3. l-sensitive 
mAb 35 binding sites. Cultures were then rinsed and photoactivated as described 
in Materials and Methods. In order to covalently label only the “slowly dissociat- 
ing Bgt 3.1 sites,” cultures were rinsed for 1 hr at 37°C in the dark prior to 
photoactivation. In all cases, groups of 3 cultures were then solubilized, pooled, 
analyzed to determine specific binding, and then immunoprecipitated. Specific 
precipitation was calculated from the difference in the percentage of radioactivity 
brought down by mAb 35 m extracts from cultures labeled with ANB-Al-‘2SI-Bgt 
3.1 in the presence and absence of 10 rnM carbachol. The efficiency of immuno- 
precipitation was calculated as [(specific precipitation) x lOO]/(specific binding) 
for each experiment. 
y Counts per minute were adjusted for decay occurring between experiments. 

hN= 6. 
=N= 2. 

under a variety of growth and regulatory conditions in culture 
appears to be about 2: 1. AChRs from muscle and electric organ 
have 2 alpha subunits, each thought to carry an MIR and a 
cholinergic binding site (Lindstrom et al., 1983; McCarthy et 
al., 1986). The 2 cholinergic sites are known to differ in their 
binding affinities (Sine and Taylor, 1980, 198 1). It is possible 
that the AChR on ciliary ganglion neurons has 2 sites for mAb 
35 and only one site with sufficient affinity for Bgt 3.1 to be 
detected in the present assay. It should be noted, however, that 
small errors in the specific activities determined for the labeled 
probes could be magnified when considering the ratio of Bgt 3.1 
and mAb 35 sites, and could point to an incorrect stoichiometry. 
One other consideration is that the lZ51-Bgt 3.1 used here for 
binding studies exists in solution primarily as a dimer. If the 
dimer contributes significantly to the binding observed, the ratio 
of mAb 3 5 and Bgt 3.1 sites on the receptors could in principle 
be as high as 4: 1. Nonetheless, the finding that predominantly 
monomeric ANB-Al -lZSI-Bgt 3.1, under less than saturating 
conditions, yields nearly as much binding (70%) as the maxi- 
mum obtained with 1251-Bgt 3.1 suggests that the monomer may 
be the major bound form. 

An alternative possibility is that Bgt 3.1 binds to only a frac- 
tion of the AChRs recognized by mAb 35. Previous experiments 
with 1251-mAb 35 and Bgt 3.1 demonstrated that at least half, 
and possibly 80%, of the AChRs recognized by mAb 35 can be 
modulated by Bgt 3.1 in culture (Smith et al., 1986). The present 
studies indicate that at least half of the AChRs recognized by 
Bgt 3.1 can be modulated by mAb 35. The immunoprecipitation 
of covalently coupled toxin-receptor complex by mAb 35 dem- 
onstrates that at least 27% of the AChRs recognized by Bgt 3.1 
also carry a site for mAb 3 5. Nathanson and Hall ( 1980) reported 
a cross-linking efficiency of about 30% for a similar ANB-Al 
derivative of cu-Bgt to AChR from muscle and electric organ. 
Since ANB-A 1 -1251-Bgt 3.1 not covalently attached to receptor 

1234 - * 

Figure 6. Photoaffinity-labeled subunits from AChR subpopulations. 
SDS-PAGE autoradiograms are shown of immune-precipitated pho- 
toaffinity-labeled AChRs obtained from an experiment as described in 
Table 2. ANB-AlJ51-Bgt 3.1 labeling was carried out in the presence 
(lanes 1, 4, 5) or absence (2, 3, 6) of 10 mM carbachol. Cultures were 
pretreated with 10 nM Bgt 3.1 for 1 hr and then rinsed for 1 hr prior to 
labeling (5, 6), or pretreated only with control medium and labeled with 
ANB-A1-1251-Bgt 3.1 (I-4). The cultures were then either rinsed im- 
mediately (I, 2, 5, 6) or rinsed for 1 hr (3, 4) before photoactivation. 
Immune-precipitated material from 3 cultures was pooled and loaded 
onto each lane. The arrow indicates a labeled band of M, 66,600. 

rapidly dissociates after solubilization of the toxin-receptor 
complex (unpublished results), it is likely that mAb 35 directly 
binds to a far greater proportion of AChRs with Bgt 3.1 sites 
than the 27% immunoprecipitated here. 

Populations of Bgt 3.1 binding sites, defined both by differ- 
ences in Bgt 3.1 dissociation kinetics (Halvorsen and Berg, 1986) 
and by modulation with mAb 35 (Table l), were revealed here 
by photoaffinity labeling and immunoprecipitation to be asso- 
ciated with mAb 35 binding sites. Similarly, both populations 
of mAb 35 binding sites distinguished by modulation with Bgt 
3.1 (Smith et al., 1986) were shown to be associated with Bgt 
3.1 sites, one population because of modulation by Bgt 3.1 and 
the other because of its role in immune precipitation of pho- 
toaffinity-labeled receptor. No evidence was obtained for a pop- 
ulation of AChRs that selectively bound either Bgt 3.1 or mAb 
35. 

An analysis of subunit composition for ciliary ganglion AChRs 
is complicated by the small amounts of material present in the 
ganglion. Immunoprecipitation of the affinity-labeled receptor, 
however, provides an opportunity to identify labeled subunits 
by SDS-PAGE autoradiography. Since Bgt 3.1 competes with 
cholinergic ligands and blocks AChR function, the toxin is 
likely to bind near active sites on the receptor. Subunits cova- 
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lently labeled by ANB-A1-lZSI-Bgt 3.1 are, therefore, likely to 
comprise or be associated with active sites. In all preparations 
of affinity-labeled ciliary ganglion AChR, immunoprecipitation 
with mAb 35 revealed a major band of IV, 66,000. In some 
preparations, a second band of A4, 61,000 was also detected. 
Subtracting the size of the covalently attached toxin leads to the 
prediction of polypeptide sizes of 59,000 and 54,000, respec- 
tively. No other specifically labeled polypeptides were detected. 

It is not clear whether both bands correspond to distinct AChR 
subunits. The smaller band may represent a degradation product 
of the larger. AChR subunits from other sources are known to 
be very sensitive to endogenous proteases (Lindstrom et al., 
1980). Omission of protease inhibitors from the protocol, how- 
ever, did not convert the larger band to the smaller one. Allowing 
the ANB-A1-LZ51-Bgt 3.1 to “age” prior to the experiment did 
not alter the ratio of large and small bands obtained. It is unlikely 
that the 2 bands reflect different ratios of attached toxin deriv- 
ative, since the ANB-Al-lZ51-Bgt 3.1 behaved as a monomer 
both before and after photoactivation. The reason why the smaller 
band is often undetectable remains unknown. 

The putative AChR immunopurified from chicken brain with 
mAb 35 is composed of 2 polypeptides with M,s, from SDS- 
PAGE autoradiography, of 49,000 and 59,000 (Whiting and 
Lindstrom, 1986a). These have been termed the alpha and beta 
subunits, respectively. Recently, a second putative AChR was 
identified from chicken brain using mAbs to antigenic deter- 
minants other than the MIR (P. J. Whiting and J. M. Lindstrom, 
personal communication). The 2 AChR subtypes from brain 
both fail to bind a-Bgt, and they differ in their regional distri- 
butions and subunit compositions. The relationship between 
the brain AChR subtypes and the ganglionic AChR described 
here is under investigation. The affinity-labeled subunit iden- 
tified here as being associated with the active site of the gan- 
glionic receptor is more similar to the size of the beta subunit 
of the brain receptor than to that of the alpha subunit. 

The present findings demonstrate that both mAb 35 and Bgt 
3.1 recognize a common class of AChRs on chick ciliary gan- 
glion neurons. The AChRs are predominantly synaptic in lo- 
cation on the surface of the neurons in vivo (Jacob et al., 1984), 
and they include the functional AChRs on the neurons, as shown 
both by previous studies (Ravdin and Berg, 1979; Ravdin et 
al., 198 1; Halvorsen and Berg, 1986) and by the results reported 
here. Estimates derived from physiological measurements, how- 
ever, indicate far fewer functional AChRs on the neurons than 
are revealed by mAb 35 or Bgt 3.1 binding, and in at least one 
instance the number of functional AChRs measured physiolog- 
ically undergoes a 3-4-fold decrease without a corresponding 
decrease in the number of mAb 35 or Bgt 3.1 binding sites on 
the neurons (Margiotta et al., 1986, 1987; Smith et al., 1986). 
These results suggest that AChRs detected by mAb 35 and Bgt 
3.1 may include both functional and nonfunctional receptor 
species, and that the neuron may regulate the relative amounts 
of the species in culture. 
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