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The functional role of individual ACh receptor subunits in the 
mechanism of the nicotinic ACh receptor channel was examined 
using subunit-specific monoclonal antibodies (mAbs) as probes. 
Single-channel recordings from the Torpedo californica purified 
ACh receptor reconstituted in planar lipid bilayers were used 
as the assay to evaluate the influence of distinct mAbs on the 
ion conduction and gating characteristics of the ACh receptor 
channel. The mAbs that bind to the main immunogenic region 
on an extracellular domain of the (Y subunits do not perturb the 
open-channel conductance or lifetimes. A mAb that binds to 
extracellular domains of a! and @ subunits and two mAbs that 
bind to the cytoplasmic surface of the /3 and y subunits inhibit 
single-channel activity. Thus, mAbs with primary specificity for 
B and -y subunits affect channel gating. This approach may spec- 
ify the functional roles of distinct structural domains in the ACh 
receptor molecule. 

The nicotinic ACh receptor from Torpedo calijbrnica consists 
of four structurally’homologous subunits in the mole ratio a,&6 
(cf. Changeux et al., 1984). All four ACh receptor subunits are 
transmembrane polypeptides (Froehner, 198 1; Strader and Raf- 
ferty, 1980; Strader et al., 1979; Tarrab-Hazdai et al., 1978; 
Wennogle and Changeux, 1980) and the complete amino acid 
sequences of all four subunits have been deduced from the nu- 
cleotide sequences of cDNA clones (Claudio et al., 1983; De- 
villers-Thiery et al., 1983; Noda et al., 1982, 1983a, b). Recon- 
stitution of the purified ACh receptor in lipid vesicles (Anholt 
et al., 1981, 1982; Changeux et al., 1979; Gonzalez-Ros et al., 
1980; Huganir et al., 1979; Lindstrom et al., 1980; Wu and 
Raftery, 1979) and in lipid bilayers (Boheim et al., 1981; La- 
barca et al., 1984a, b; Nelson et al., 1980; Schindler et al., 1984; 
Tank et al., 1983) demonstrated that the a,&6 structure is suf- 
jicient to express the transduction of ligand binding into the 
opening of a cation-specific channel. Expression of functional 
ACh receptor in Xenopus oocytes directed by the cloned cDNAs 
encoding the four subunits of the ACh receptor indicated that 
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all four subunits are necessary to exhibit the cholinergic response 
(Mishina et al., 1984). However, a fundamental question re- 
mains concerning the functional specificity of individual ACh 
receptor subunits in channel function. The 01 subunits contain 
the two ACh binding sites (Kao et al., 1984; Mishina et al., 
1985) and it is thought that LV@~ and 6 subunits all contribute 
to the structure of the cation channel (Changeux et al., 1984). 

Monoclonal antibodies (mAbs) directed against determinants 
in specific ACh receptor subunits (Donnelly et al., 1984; Gold- 
berg et al., 1983; Gullick and Lindstrom, 1983; Hochschwender 
et al., 1985; Lindstrom et al., 1981a, b, 1983; Sargent et al,, 
1984; Tzartos and Lindstrom, 1980, 1981; Tzartos et al., 1981, 
in press; Wan and Lindstrom, 1985) are being extensively used 
to map the distribution of nicotinic receptors in nervous tissues 
and inside neurons, to purify and characterize these receptors 
(Lindstrom et al., 1983) and to identify transmembrane qua- 
ternary arrangements of the five receptor subunit polypeptides 
as a first step toward a low-resolution structure of the ACh 
receptor protein (Criado et al., 1985a, b; Young et al., 1985). 
In this study, mAbs are used as probes for the functional spec- 
ificity of individual ACh receptor subunits in the mechanism 
of the ACh-regulated cation channel. The novelty of this ap- 
proach resides in the use of single-channel recordings from the 
T. calijbrnica purified ACh receptor reconstituted in lipid bi- 
layers to examine the ability of mAbs to alter the ion conduction 
and gating characteristics of the ACh receptor channel (Labarca 
et al., 1984a, b; 1985a, b; Montal et al., 1984; Suarez-Isla et al., 
1983). We report that mAbs that bind to the main immunogenic 
region (MIR) on an extracellular domain of the cy subunits do 
not perturb the open-channel conductance or lifetimes. A mAb 
that binds to extracellular domains of (Y and p subunits and two 
mAbs that bind to the cytoplasmic surface of the p and y sub- 
units, inhibit single-channel activity. Thus, mAbs with primary 
selectivity for @ and y subunits affect channel gating. This ap- 
proach may specify the functional roles of distinct structural 
domains in the ACh receptor molecule. Preliminary accounts 
of this research were presented elsewhere (Blatt et al., 1984; 
Lindstrom et al., 1983). 

Materials and Methods 

ACh receptor preparation 
Receptor from the electric organ of T. californica (Pacific Bio-Marine 
Laboratories, Inc., Venice, CA) was solubilized, purified, reconstituted 
in lipid vesicles, and assayed as described in detail elsewhere (Anholt 
et al., 198 1, 1982; Lindstrom et al., 1980). The reconstituted soybean 
lipid vesicles (32 mg/ml) were supplemented with cholesterol (8 mg/ 
ml). The ACh receptor concentration in the vesicles ranged between 0.2 
and 1.0 PM. 
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Figure 1. Anti-MIR mAb 6 does not affect ACh receptor single-chan- 
nel currents. Single ACh receptor channel currents were activated by 10 
PM ACh in the absence (left-handpanel) and presence (right-handpanel) 
of anti-receptor mAb 6. The recordings were obtained at an applied 
voltage of 100 mV. As indicated, an upward deflection corresponds to 
a channel-opening event. The open-channel conductance was 45 pS in 
both conditions. The mAb 6 was added to the same compartment as 
the ACh (cis) to a final concentration of 1.4 KM. ACh receptor concen- 
tration was 0.07 PM. The recordings were obtained from bilayers formed 
at the tip of patch pipets. The seal resistance was 10 GO. 

Monoclonal antibodies specific to ACh receptor subunits 
MAbs were prepared by fusion of spleen cells from immunized rats 
with mouse or rat myeloma cell lines as previously described (Lindstrom 
et al., 1981a; Tzartos and Lindstrom, 1980, 1981; Tzartos et al., 1981). 
The IgG fractions were precipitated from culture supernatants by 45% 
saturation ammonium sulfate and dialyzed against phosphate buffer 
(0.15 M NaCl, 0.01 M sodium phosphate, 0.01 M NaN,, pH 7.4). The 
mAbs were affinity purified by adsorption onto goat anti-rat IgG Seph- 
arose CL-4B; mAbs were eluted with 0.1 M triethylamine, pH 11.5, 
dialyzed against phosphate buffer, concentrated by ultrafiltration (Ami- 
con) and the titer was determined (Lindstrom et al., 198 la; Wan and 
Lindstrom, 1985). Receptor subunit specificity was determined by ra- 
dioimmunoassay using 1251-labeled subunits (Gullick and Lindstrom, 
1983; Tzartos and Lindstrom, 1980) and also by (ELISA) assays (Hoch- 
schwender et al., 198 5). Transmembrane orientation of the mAb binding 
sites was measured by histochemical methods on frog muscle (Sargent 
et al., 1984) by immune precipitation and ELISA assays (Hochschwen- 
der et al., 1985), and by binding to native ACh receptor vesicles (Wan 
and Lindstrom, 1985). Fab fragments were produced by papain pro- 
teolysis (mAb : papain, 100: 1, w/w), dialyzed, concentrated, and titer 
determined as described (Wan and Lindstrom, 1985). 

Single-channel recording and data processing 
Monolayers at the air-water interface were derived from suspensions 
of reconstituted ACh receptor vesicles (Anholt et al., 1982) as described 
in detail (Labarca et al., 1984a). The vesicles were diluted 6-fold in the 
bilayer chamber. Planar lipid bilayers were assembled from two such 
monolayers across apertures in Teflon septi (Labarca et al., 1984a, b; 

Montal et al., 1984; Nelson et al., 1980) or at the tip of patch pipets 
(Labarca et al., 1985a, b; Montal et al., 1984; Suarez-Isla et al., 1983). 
Bilayers were formed and studied in 0.5 M NaCl, 5 mM CaCl,, and 2.5 
mM Tricine (N-Tris [hydroxymethyl] methylglycine) or HEPES buffer, 
pH 7.4. 

Single-channel currents were activated by ACh added to one side of 
the membrane (cis-side) and recorded as described in detail elsewhere 
(Labarca et al., 1984a, b; Suarez-Isla et al., 1983). A List EPC-7 patch 
clamp system was also used (List Medical Electronics, Darmstadt, 
F.R.G.). The recordings were filtered at 2 kHz (g-pole Bessel filter) and 
digitized at a sampling rate of 10 kHz in a PDP 1 l/34 computer. Records 
in which only one channel was open at any given time were analyzed. 
Histograms of dwell times in the open state of ACh receptor channel, 
normalized to have a total area equal to one, were well-fitted by a 
probability density function of the form N(t) = A, exp(-t/T, + A,. 
exp( - t/T=) using a x2 minimization algorithm (Fletcher, 197 1) giving p 
values 2 0.8 (Labarca et al., 1985a, b). The single-channel conductance 
was calculated from conductance histograms fitted by the sum of two 
Gaussian functions corresponding to closed- and open-channel states 
(Labarca et al., 1984a). 

The effects of the antibodies were studied by (1) incubating the re- 
constituted vesicles with antibody for 20 min at 4°C at a 4-40-fold 
molar excess prior to bilayer formation; or (2) by addition of antibody 
to a bilayer during periods of channel activity elicited by ACh. All the 
experiments were performed at room temperature (22 + 2°C). 

Results and Discussion 
The properties of the mAbs characterized in this study are sum- 
marized in Table 1. A detailed description appears elsewhere 
(Gullick and Lindstrom, 1983; Hochschwender et al., 1985; 
Lindstrom et al., 1981a, b, 1983; Sargent et al., 1984; Tzartos 
and Lindstrom, 1980, 1981; Tzartos et al., 1981, in press; Wan 
and Lindstrom, 1985). None of these mAbs bind to the ACh 
binding site. A few mAbs block the function of ACh receptor 
when studied by the Na+ flux assay in reconstituted vesicles 
(Lindstrom et al., 198 1 b, 1983; Wan and Lindstrom, 1985). The 
detailed identification of the inhibitory effects of mAbs on the 
ACh receptor channel can be further investigated in reconsti- 
tuted planar lipid bilayers, where the ion conduction and gating 
characteristics of the purified ACh receptor channel are readily 
measurable (Boheim et al., 198 1; Labarca et al., 1984a; Nelson 
et al., 1980; Schindler et al., 1984; Tank et al., 1983). This is 
illustrated in the left-hand panel of Figure 1. Three sections 
from a continuous record of single-channel currents activated 
by 10 PM ACh at a constant applied voltage of 100 mV are 
illustrated. Two distinct channel states are clearly discerned, 
corresponding to the closed and open states of the channel. 
Transitions between closed and open states are indicated by the 
arrows. The single-channel conductance was 45 pS (in 0.5 M 
NaCl) as calculated from conductance histograms (not shown, 
see Labarca et al., 1984a). 

Both mAb 6 and mAb 35 bind to the main immunogenic 
region on the extracellular domain of the LY subunit, away from 

Table 1. Monoclonal antibodies used in this study 

Transmembrane 
Subunit orientation of Type of Ab-AChR Affinity 

mAb specificity binding site complex formed Immunogen UL nf4 Ref.b 

6 LY, MIR Extracellular 2Ab/AChR Native AChR (Torpedo) 0.3 l-4 
35 LY, MIR Extracellular 2Ab/AChR Native AChR (Electrophorus) 2 1, 5 
10 /3 (also a) Extracellular 1 Ab/AChR Denatured AChR (Torpedo) 15 l-3 

148 P Cytoplasmic 1 Ab/AChR Denatured AChR (Torpedo) 2.7 3, 6, 7 
168 Y Cytoplasmic 1AblAChR Denatured AChR (Torpedo) 18 3, 6, 7 

7 6 (also 7) Cytoplasmic lAb/AChR Denatured AChR (Torpedo) 1.6 l-4 

= Ab-ACh receptor complex formed at high Ab to AChR ratio, a condition similar to that used in this study. AChR denotes ACh receptor. 
b 1, Lindstrom et al. (198 1 b); 2, Tzartos and Lindstrom (1980); 3, Gullick and Lindstrom (1983); 4, Tzartos and Lindstrom (198 1); 5, Tzartos et al. (198 1); 6, Wan and 
Lindstrom (1985); 7, Tzartos et al. (in press). 
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Table 2. Effect of antireceptor mAbs and their Fab fragments on the 
single-channel conductance of reconstituted Torpedo ACh receptor 

Open-channel 
mAb conductance (pS) 

None 46 k 6 (n = 29) 
35 Fab 45 + 5 (n = 6) 

6 47 f  5 (n = 10) 
148 Fab 44 f  5 (n = 6) 
168 Fab 44 + 5 (n = 6) 

7 46 k 6 (n = 10) 

Membrances were formed in 0.5 M NaCI, 5 rnM CaCI,, and 2.5 rnM Tricine or 
HEPES, pH 7.4. ACh receptor channels were activated with 10 FLM ACh and 
recorded at 100 mV. The tabulated values are the single-channel conductance i 
SD (n = number of experiments). 

the ACh binding site (Lindstrom et al., 198 1 b). Single-channel 
current recordings obtained in the presence of a 20-fold molar 
excess of mAb 6 are shown in the right-hand panel of Figure 1. 
Inspection of the records reveals no change in single-channel 
conductance (Table 2); nor were the frequency or the pattern of 
occurrence of the single events altered. 

To assess quantitatively the effect of anti-MIR mAbs on the 
kinetics of channel gating, the lifetimes of the ACh receptor 
channel in the open state were analyzed. Previous analysis of 
single-channel records of the reconstituted ACh receptor dem- 
onstrated that the ACh receptor channel has two, kinetically 
distinct, open states (Labarca et al., 1984a, b; Montal et al., 
1984; Suarez-Isla et al., 1983). Probability density analysis of 
dwell times in the open state of the ACh receptor channel in 
the presence of mAbs 6 and 35 shows that the data are also 
well-fitted by a sum of two exponentials. The results of this 
analysis are summarized in Table 3. The amplitudes (A) and 
the time constant (T) values for the exponential components of 
the short (S) and long (L) kinetic processes involved in channel 
closure are virtually unaltered by mAbs 6 and 35. The results 
obtained with Fab 35, the monovalent antigen binding frag- 
ment, were equivalent (Tables 2 and 3). Two other cholinergic 
agonists were also used, namely, carbamylcholine (400 PM) and 
suberyldicholine (10 PM), and the results obtained were analo- 
gous (see also Lindstrom et al., 1983). Thus, anti-MIR mAbs 
altered neither the ion conduction through the ACh receptor 
channel nor its gating characteristics. This result is significant, 
since this is the most frequent autoantibody specificity in myas- 
thenia gravis patients (Tzartos et al., 1982) and implies that 
such autoantibodies impair neuromuscular transmission, pri- 
marily through antigenic modulation and complement-mediat- 
ed focal lysis (Lindstrom et al., 1983; Tzartos et al., 1982). 

In contrast, three mAbs directed against determinants in the 
p and y subunits inhibited channel activity. This is illustrated 
in Figure 2. MAb 10, which binds to an extracellular domain 
of the @ subunit and also cross-reacts with the (Y subunit (Lind- 
Strom et al., 198 1 b; Tzartos and Lindstrom, 1980) caused in- 
hibition of the ACh receptor channel when added to the same 
compartment as ACh (Fig. 2A, Table 4). MAb 148, which rec- 
ognizes a domain on the cytoplasmic surface of the p subunit, 
inhibited single ACh receptor channel activity only when added 
to the compartment opposite that containing ACh, as would be 
expected from its known specificity for a determinant on the 
cytoplasmic surface of the receptor (Wan and Lindstrom, 198 5) 
(Fig. 2B, Table 4). MAb 168, directed against a domain on the 
cytoplasmic surface of the y subunit, also inhibited channel 
activity only when added to the compartment opposite that 
containing ACh (Fig. 2C, Table 4), in agreement with its spec- 
ificity for a cytoplasmic domain (Wan and Lindstrom, 1985) 
(Table 1). MAb 10 was previously shown (Lindstrom et al., 

Table 3. Effect of mAb 35 and mAb 6 on the open-channel gating 
kinetics of reconstituted Torpedo ACh receptor 

Control mAb 35 mAb 6 

AS 0.70 k 0.06 0.71 k 0.08 0.69 + 0.17 
7s 0.63 f  0.19 ms 0.62 k 0.30 ms 0.64 + 0.40 ms 
4. 0.30 + 0.06 0.29 f  0.08 0.31 + 0.18 
TL 4.3 + 1.5 ms 4.1 + 2.1 ms 4.3 + 1.6 ms 

n 25,725 39,192 8774 

Membranes were formed in 0.5 M NaCl, 5 rnM CaCl,, 2.5 rnM Tricine or HEPES, 
pH 7.4. ACh receptor single-channel currents were activated by 10 PM ACh and 
recorded at 100 mV. The amplitudes A, and A,, and the time constants TV and TV, 
of the exponential fit obtained by a x2 minimization algorithm (Fletcher, 197 1; 
Labarca et al.. 1985a. bj are tabulated. S and L refer to the short and lone kinetic 
processes; n is the to&l Lumber of events analyzed. MAb 35 Fab and mAIb 6 were 
added to a final concentration of 0.4 and 1.2 PM, respectively. The ACh receptor 
concentration was between 0.02 and 0.09 PM. 

198 1 b, 198 3) to inhibit the carbamylcholine-activated influx of 
zzNa+ into reconstituted vesicles when added after their for- 
mation. In contrast, mAbs 148 and 168 inhibited the flux re- 
sponse only if present during the vesicle reassembly process, 
implying that inhibition was caused by binding to a domain on 
the cytoplasmic surface of the ACh receptor (Lindstrom et al., 
1983; Wan and Lindstrom, 1985). 

MAbs 10, 148, and 168 drastically reduced channel activity. 
The few remaining events had the same channel properties as 
those present before the addition of mAb. This is clearly shown 
in the lower portion of Figure 2, A-C, where the indicated 
sections of the records are displayed at higher time resolution. 
These results indicate that the inhibition of channel activity can 
be accounted for by a reduction in the number of active channels 
rather than by an alteration in single-channel characteristics. 

The monovalent Fab fragments of both mAb 148 and mAb 
168 affected neither the single ACh receptor channel activity 
(Table 4) nor the agonist-activated permeability response of 
reconstituted ACh receptor vesicles (Wan and Lindstrom, 1985). 
An antibody, mAb 7, directed against a cytoplasmic domain of 
the 6 subunit, and that probably crosslinks the cytoplasmic 
surfaces of y and 6 subunits (Tzartos and Lindstrom, 1980, 

Table 4. Effect of antireceptor mAbs on agonist-activated single- 
channel currents of Torpedo ACh receptor in lipid bilayers 

Percent inhibition of channel activity 

ACh receptor and 
mAb preincubated MAb added during 
before membrane periods of channel 

mAb assembly activity 

6 19 (n = 37) 0 (n = lo), cis 
35 - 0 (n = 7), cis 
35 Fab 20 (n = 40) 0 (n = 4), cis 
10 63 (n = 32) 44 (n = 34), cis 

148 - 0 (n = 4), cis 
148 - 100 (n = 7), tram 
148 Fab 0 (n = 4) 0 (n = 4), truns 
168 - 30 (n = lo), cis 
168 - 100 (n = 6), truns 
168 Fab - 20 (n = 5), truns 

7 - 0 (n = 3), cis 
7 - 0 (n = lo), truns 

Inhibition of channel activity, as that illustrated in Fig. 2, is expressed as percent 
effectiveness (n = total number of experiments). cis and tram define the location 
ofthe antibody with respect to the compartment containing ACh. Other experimental 
conditions were as described in Methods. 
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Figure 2. MAbs block of ACh receptor channels. Single ACh receptor channel currents were activated by 10 UM ACh and recorded at 100 mV. 
The recordings were obtained from bilayers formed at the tip of patch pipets. A, MAb 10 inhibits single ACh receptor channel activity. The initial 
current shows a single ACh receptor open channel interrupted by many brief closings. At the arrow, mAb 10 (0.2 FM, a 4-fold molar excess with 
respect to ACh receptor) was added to the cis chamber. The ACh receptor channel activity was promptly inhibited. The lower panel of the figure 
displays the sectionbf the record indicated by the urrow at higher timeresolution (note the-change in time calibration) to illustrate clearly resolved 
single channels after a vrevious addition of mAb 10 (0.1 UM). The seal resistance was 5 GQ. B, MAb 148 inhibits single ACh recevtor channel 
activity. The initial current shows bursts of channel openings separated by short and long quiescent periods. At the a&w, 3.8 PM mAb 148 was 
added to the truns chamber. The ACh receptor channel activity was soon inhibited and remained blocked for more than 10 min. The ACh receptor 
concentration was 0.05 PM. The lower panel of the figure displays the segment of the record indicated by the arrow at higher time resolution. The 
records illustrate that the channel properties of the ACh receptor before and after addition of mAb 148 are virtually the same. The seal resistance 
was 6 GQ. C, MAb 168 inhibits single ACh receptor channel activity. At the arrow, 1.3 PM mAb 168 was added to the tram chamber. The single 
ACh receptor channel was drastically inhibited. The ACh receptor concentration was 0.05 PM. The lower panel shows the section of the record 
indicated by the arrow at higher time resolution. The seal resistance was 7 GQ. All other conditions were as for Figure 1. 

198 l), altered neither the single-channel conductance (Table 
2) nor the lifetimes of the open ACh receptor channel, irre- 
spective of the compartment to which it was added (Table 4). 
The results of this study are summarized in Table 4. 

The mechanism of mAb inhibition of channel function is 
unknown. Inhibition cannot be accounted for by steric hin- 
drance as introduced by binding the large immunoglobulin mol- 
ecule on the ACh receptor, since mAbs 35 and 6, which bind 
to the MIR and crosslink ACh receptors (Conti-Tronconi et al., 
198 1; Fairclough et al., 1983; Lindstrom et al., 1983; Wan and 
Lindstrom, 1985) do not inhibit channel function. The inhib- 
itory mAbs may act by crosslinking sites between adjacent sub- 
units to prevent the sliding or rotation of subunits, thereby 
leading to an immobilized conformation of the ACh receptor. 
This inference is based on the fact that monovalent Fab frag- 
ments of the inhibitory mAbs (148 and 168) do not crosslink 
ACh receptor subunits and are noninhibitory. 

It is clear that most Abs do not block function (see also Lind- 
Strom et al., 1983; Wan and Lindstrom, 1985). This conclusion 
is valid for mAbs to the extracellular surface of a: (i.e., near the 
ACh binding site) and for several mAbs that crosslink ACh 
receptor subunits. Therefore, the sites at which the rare inhib- 
itory antibodies bind are evidently functionally important. As 
these binding sites are mapped on the primary structure of the 
ACh receptor, the functional role of these discrete domains may 
be identified. MAbs directed against the ACh binding site (Gold- 
berg et al., 1983) and to a noncholinergic site (Donnelly et al., 
1984) also inhibit the agonist-activated translocation of cations 
mediated by ACh receptors. The approach described here (see 
also Donnelly et al., 1984; Goldberg et al., 1983; Gonzalez-Ros 
et al., 1984), namely, the use of mAbs to probe ACh receptor 
function in conjunction with site-specific mutagenesis (Mishina 
et al., 1985) and site-directedantibodies (Lindstrom et al., 1984; 
Neumann et al., 1984), should contribute additional strategic 
information toward a molecular mapping of structure-function 
relationships in the cholinergic receptor channel. 

Note added in proof The binding site for mAb 148 has been 
determined to lie within the sequence 368-406 on the cyto- 
plasmic surface of p subunits (M. Ratnam, P. Sargent, V. Sarin, 
J. Fox, D. Le Nguyen, J. Rivier, M. Criado, and J. Lindstrom, 

unpublished observations). MAb 10 binds weakly to the se- 
quence 360-370, which is located on the cytoplasmic surface 
of (Y subunits (M. Ratnam, D. Le Nguyen, J. Rivier, P. Sargent, 
and J. Lindstrom, unpublished observations). It also binds weakly 
to a comparable region of p subunits. Because mAb 10 binds 
weakly and only blocks receptor function when it is used at high 
concentrations, the site(s) through which it blocks function is 
(are) unclear. 
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