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SUMMARY
We have used transient expression in COS cells of the subunits
of the nicotinic acetylcholine receptor (AChR) from mouse skel-
etal muscle to investigate the role of transmembrane and cyto-
plasmic domains of the #{244}subunit in assembly of the AChR. When
chimenc subunits whose extracellular amino- and carboxyl-ter-
minal domains were from the b subunit and whose transmem-
brane and cytoplasmic domains were from either the /3, �, or �
subunit were expressed with a, /3, and � subunits, a-bungaro-
toxin-binding activity appeared on the surface of the transfected
cells. The resulting receptor complexes each had sedimentation
constants resembling those of the native AChR, consistent with
a pentamenc structure. Further investigation of the #{244}�chimenc

subunit showed that it formed a heterodimer with the a subunit
and that the resulting subunit bound d-tubocuranne with an
affinity similar to that of the a#{244}heterodimer; o� also formed a
heterodimer with a form of the a subunit that is truncated after
the first transmembrane domain. A heterodimer formed from the
t)j and a subunits also bound d-tubocuranne with an affinity
similar to that of the at heterodimer. When both � and #{244}�subunits
were substituted for the e and #{244}subunits, respectively, a receptor
complex was formed whose structure appeared to be a2/3(e�,X#{244}$).
These results show that, as with the � subunit, the identity of the
o subunit in AChR assembly arises from the extracytoplasmic
domains of the subunit.

The nicotinic AChR of adult skeletal muscle is a hetero-

oligomer, of stoichiometry a2/3e#{244},whose homologous transmem-

brane subunits surround a central aqueous pore (1-3). In muscle

cells the AChR is assembled in the ER and subsequently

transported to the cell surface (4, 5). Experiments in which

combinations of AChR subunits were expressed in nonmuscle

cells led to the idea that receptor assembly occurs according to

a defined pathway, in which the first step is the formation of

two heterodimers, a#{244}and at (6-9) (see Ref. 10 for an alternate

scheme for assembly). Each of these heterodimers forms a

ligand binding site with characteristic pharmacological prop-

erties, corresponding to one of the two sites in the intact AChR

(6, 7). When coexpressed with the a subunit, the /3 subunit does

not form a heterodimer but can associate with each of the

heterodimers to form a heterotrimer (8, 9). The heterotrimers

then presumably associate with each other or with a heterodi-

mer to yield the fully assembled AChR.

Correct assembly of the AChR requires that the a subunit

recognize, and interact with, specific sequences in the c5 or a
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subunits that are not present in the /3 subunit. To determine
the location of the sequences within the a subunit that allow it

to form a heterodimer with the a subunit, we previously inves-

tigated the behavior of a chimeric subunit whose amino- and
carboxyl-terminal extracellular domains (luminal domains in
the ER) were derived from the subunit and whose transmem-
brane and cytoplasmic domains were derived from the /3 sub-
unit. We showed that this chimeric subunit can form a heter-

odimer with the a subunit and that it can replace the a subunit
but not the /3 subunit in AChR assembly (11). These results
suggest that the sequences in the a subunit that are specifically

recognized by the a subunit are in the luminal domains of the

protein. We now extend this analysis to the #{244}subunit and find

that, as with the a subunit, the sequences responsible for

heterodimer formation are in the luminal domains. Further-
more, we show that a receptor complex can be formed in which

the transmembrane and cytoplasmic domains of all of the
subunits are derived from either the a or /3 subunit.

Materials and Methods

Antibodies. MAb 61 (12) and MAb 124 (13) were generous gifts
from Dr. Jon Lindatrom (University of Pennsylvania), and MAb 88B
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(14) from Dr. Stanley C. Froehner (University of North Carolina).

These antibodies recognize epitopes in the long cytoplasmic loops of
the a, �9, and 5 subunits, respectively.

cDNAs. Full length eDNA clones coding for the a (15), fi (16), -�‘

(17), and 6 (18) subunits of the mouse muscle nicotinic AChR were
gifts from Drs. N. Davidson (California Institute of Technology), S.
Froehner, P. Gardner (University of Texas, San Antonio), J. Lind-

strom, and J. P. Merlie (Washington University). The fulllength cDNA

for the mouse subunit was isolated as described (19). Each of the

cDNAs was subcloned into the simian virus 40-based expression vector

pSM (20) at the multiple cloning site. An M13 origin in this vector was
used to generate uracil-containing single-stranded DNAs for site-di-

rected mutagenesis (21, 22).

Site-directed mutagenesis. Site-directed mutagenesis was con-
ducted according to previously described methods (21, 22), using syn-

thetic oligodeoxyribonucleotides prepared with an automated DNA
synthesizer. Uracil-containmg single-stranded DNAs, prepared by in-

fecting plasmid-transformed Escherichia coli CJ236 (dut-ung-F’) cul-
tures with M13 helper phages, were used as the templates. Each of the

constructed cDNAs was analyzed with restriction enzymes. In some

cases, plasmid sequences were confirmed by DNA sequencing.

For construction of the plasmids encoding the chimeric subunits,

two novel restriction enzyme sites, for SnaBI and SpeI, were introduced

into pSMI3, pSM’y, pSM#{212},and pSMa plasmids, with the SnaBI site at

the beginning of Ml and the SpeI site at the end of M4 of each subunit.
The plasmids with the introduced sites were then digested with the two

restriction enzymes. The plasmids for the chimeric subunits fib, &�, #{244}�,

and 6, were constructed by purifying the corresponding fragments and
ligating them to either pSM#{212}or pSM/3 vectors that had been digested
with the same restriction enzymes. pSMa5 was constructed as described

previously (11). The plasmids were analyzed and mapped by restriction

enzymes to verify their identity.

Transfection. Transfection was performed in COS cells by a mod-

ified DEAE-dextran transfection procedure (23), as described previ-

ously (19). Cells grown to 30-50% confluence in a 60-mm dish were

incubated for 3-5 hr at 37’ with transfection mixture containing

plasmid cDNA in Dulbecco’s modified Eagle’s medium-H21 supple-

mented with 1.0% heat-inactivated fetal bovine serum, 0.10 mM chlo-

roquine diphosphate, and 0.4 mg/ml DEAE-dextran. The amount of

plasmid used for each subunit in the transfection mixture was empiri-

cally determined to produce maximal cell surface AChR expression.
For analysis of cell surface AChR expression, 3 ml of the transfection

mixture were added to a 60-mm dish containing cDNAs for a (1.32 pg),

i9 (0.66 �sg), ‘V or a (1.0 ag), and #{244}(0.26 �&g) subunits. For immunoprecip-
itation of heterodimers, 5 ml of the transfection mixture were added to

a 100-mm dish containing 2.0 �g of each cDNA for the a and 6 or #{244}�

subunits. After 3-4 hr of incubation, the transfection solution was
removed and the cells were treated for 2 mm at room temperature with

10% dimethylsulfoxide/PBS, which was replaced with 5 ml (60-mm
dish) or 10 ml (100-mm dish) of growth medium (10% fetal bovine

serum in Dulbecco’s modified Eagle’s medium-H21 medium supple-

mented with 100 units/ml penicillin and 100 units/ml streptomycin).

After 24 hr at 37’, the cells were trypsinized and distributed into three
wells of 24-well plates (surface AChR assay) or into 60-mm dishes
(heterodimer immunoprecipitation assay). The surface AChR assay

and heterodimer immunoprecipitation analysis were carried out after

an additional 24 hr.
Surface AChR assay. Surface AChR expression was determined

by incubating intact transfected cells for 90 mm at 37’ with 10 nM ‘�I-

a-BTX (Amersham Corp., Arlington Heights, IL). Nonspecific binding
was measured by addition of >100-fold excess unlabeled a-BTX to the

10 flM 1nI�a�BTX�containing medium or by sham transfection. Un-

bound a-BTX was removed by washing the cells with PBS. The amount

of bound toxin was measured by solubilizing the cells in 0.1 M NaOH

and counting the radioactivity in a y counter.

Immunoprecipitation of heterodimers. Immunoprecipitation
with subunit-specific antibodies was performed as described previously

(24). The COS cells transfected with the a and fi, a and t5�, aMi and
fi, or aMl and #{244}5cDNAs were lysed in a solubilizing buffer containing

50 mM Tris.HC1, pH 7.4, 50 mM NaC1, 1.0% Triton X-100, 1 mM

EGTA, 1 mM EDTA, 1 mM sodium tetrathionate, 1 mM N-ethylmal-

eimide, 0.4 mM phenylmethylsulfonyl fluoride, 10 units/ml aprotinin,

and 20 �g/ml leupeptin. ‘�I-a-BTX was then added to the lysates, to

a final concentration of 10 nM, to label all toxin binding sites. Eighty

microliters of the cell lysate samples were incubated with MAb 124 in

the presence of 10 nM ‘�I-a-BTX for 2 hr at 4’. Samples of all reaction

mixtures were then added to a 50-�tl slurry of rabbit anti-rat IgG-

conjugated Sepharose 4B and were incubated at 4*, with rocking, for

an additional 2 hr.

Immunoprecipitations of the a#{244}or aMl#{244} heterodimers were per-

formed by incubating the lysate samples with MAb 88B-coupled Seph-
arose in the presence of 10 nM 1nI�a�BTX for 2 hr at 4’. All precipitates

were washed three times with washing buffer (50 mM Tris . HC1, pH
7.4, 1 M NaC1, 1% Triton X-100) before being counted in a �l’ counter.

Control immunoprecipitations were carried out using sham-transfected
COS cells.

Sucrose gradient sedimentation. To label intracellular interme-

diates, transfected COS cells in 60-mm dishes were incubated for 1-2

hr on ice with 0.5% saponin buffer containing 10 nM ‘�I-a-BTX, 10

mM HEPES, pH 7.4, 0.1% bovine serum albumin, and 0.5% saponin

and were then washed three times in the same buffer without ‘9-a-
BTX. Surface AChRS were labeled with 10 nM ‘9-a-BTX in growth

medium for 90 mm at 37’. The cells were scraped off the plate with a

rubber policeman, pelleted, and solubilized in extraction buffer. The
cell lysates, mixed with gradient markers [bovine alkaline phosphatase

(6.3 5) and catalase (11.4 5)], were applied to 5-20% sucrose gradients.

The gradients were centrifuged at 36,000 rpm in a Beckman SW 50.1

rotor for 15-16 hr at 4’ and were collected in 109-�l aliquots. Fractions

were counted in a -y counter.

dTC inhibition. COS cells (in 100-mm dishes) expressing either

the AChR or the heterodimers were trypsinized after the transfections

and split into 24-well plates. Duplicate wells were used for each con-

centration of dTC. After 20 hr, the cells expressing surface AChRS
were preincubated for 1 hr with 200 �l of growth medium containing

the final concentration of dTC; 10 �l of 100 nM ‘9-a-BTX were then

added, to yield a final concentration of about 5 nM lThI�a�BTX. After

incubation for another 30 mm, the cells were washed three times with
PBS, dissolved in 0.5 ml of 0.1 N NaOH, and counted in a ‘y counter.
For cells expressing heterodimers, the cells were preincubated, 20 hr

after transfection, for 1 hr with 200 Ml of0.5% saponin buffer containing

the indicated final concentration of dTC, 10 �tl of 100 nM tThI�a�BTX

were added to produce a final concentration of 5 nM ‘9-a-BTX, and

the cells were then incubated for another 30 mm. The cells were washed
three times with the saponin buffer, dissolved in 0.5 ml of 0.1 N NaOH,
and counted. Nonspecific binding was defined as that obtained by

adding 1 �zM unlabeled a-BTX with the 1�I-a-BTX. Specific binding
was defined as total binding minus nonspecific binding. Apparent

inhibition constants (ICse) were obtained by computer fitting of the
data to a one-component binding curve, using a conventional, least-
mean squares program.

Results

Chimeric subunits bearing the amino- and carboxyl-terminal
domains of the [delta] subunit can substitute for [delta] in

supporting AChR assembly. When all four subunits of the adult
AChR (a, /3, a, and 6) are expressed in COS cells, AChRS appear
on the cell surface, as measured by the binding of a-BTX

(Table 1). The physiological and pharmacological properties of
the AChR are similar to those of the AChR at adult endplates
(19). When either the �3, #{244},or a subunit cDNA is omitted from

the transfection mixture, little or no toxin-binding activity is

detected on the cell surface, but assembly intermediates are

found intracellularly (8, 11). We showed previously that a



TABLE 1
Chimeric subunits bearing the amino- and carboxyl-terminal
domains of the � subunit can substitute for the 8 subunit in AChR
assembly
cos cells were transfected with vaiious combinations of AChR subunit cDNAs as
shown, and the amount of lesI�BTX binding to the intact cells was determined as
described in Materials and Methods. Each value is the mean ± standard error of
three determinations.
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Subunits expressed Surface toxin bound

fmol/we!I

#{244}$a#{244} 60.9 ± 1.6
#{244}fla <0.3
#{244}$a(#{244}5) 12.4 ± 0.4
a�a(#{244}�) 41 .6 ± 1.1

a�a(#{244},) 4.6 ± 1.5

aa#{244} <0.3

a(#{246}�)a#{244} 0.4± 0.1

& 1�:LI 7: 1111111111E:

Fig. 1. Diagrammatic model of the chimenc AChR subunit used. (A)
Diagrammatic representation of the transmembrane topology of AChR
subunits. (B) Structures of the chimenc subunits with Ml .-M4 aligned.
The chimenc subunits [delta][inf][gamma][r] and [delta][inf][silon][r] have
structures similar to that of [delta][inf][beta][r]. Each of the chimenc
subunit cDNAs was constructed as described in Materials and Methods.
The locations of the introduced SnaBL and SpeL sites are indicated.

chimeric subunit bearing specific sequences that mediate as-
sociation with other subunits can substitute for an intact sub-
unit in supporting surface AChR expression (11). The transient
expression of chimeric subunits in COS cells is thus a conven-

ient experimental system for identifying these sequences.

To locate the domains that confer identity upon the 5 subunit

during AChR assembly, chimeric subunit cDNAs were con-

structed in which the region from Ml to M4 was exchanged
between the #{244}subunit and other subunits (Fig. 1). These cDNAs
were then tested for their ability to substitute for each of the
two parental subunit cDNAs in the COS cell transfection
system.

When the chimeras �, #{244}�,and #{244}�,in which the sequence from
Ml to M4 was replaced by the corresponding sequence from
the a, ‘V)’, or f3 subunit, respectively, were expressed in COS cells

along with a, f�, and a subunits, each was able to support AChR
assembly. Values for cell surface 125I-a-BTX binding obtained

with the chimeric subunits were compared with those seen with

the intact #{244}subunit and ranged from 8% in the case of #{244}.to

68% in the case of #{244}�.When #{244}was completely omitted from the

reaction, <0.3% of the normal toxin-binding activity was seen.

None of the chimeras was able to substitute for the /3 subunit

when its cDNA was omitted from the transfection mixture
(Table 1).’ The chimeric subunit fl#{244}was unable to substitute

for either the f3 or � subunit.

To determine whether the cell surface toxin-binding activity
seen when the chimeric subunits replaced the #{244}subunit corre-

sponds to a fully formed receptor complex, toxin-bound com-

plexes were solubilized from transfected cells and sedimented
in a sucrose gradient. All gave values close to 9.5 S (data not

shown), similar to values seen for native AChRs expressed in
COS cells (19) and for the rodent muscle nicotinic AChR (25).

The chimeric � subunit stably associates with the a
subunit to form a heterodimer. The #{244}subunit normally
forms a heterodimer with the a subunit, whereas the fi subunit
does not (6, 9, 19). We used immunoprecipitation and sucrose

gradient sedimentation to determine whether #{244}�,like t5, forms

a heterodimer with the a subunit. COS cells were transfected
with a cDNA alone, with a plus #{244}cDNAs, or with a plus #{244}�
cDNAs. Lysates from the transfected cells were then incubated

with 19-a-BTX and, in separate samples from each lysate, the
abilities of the t5 subunit-specific antibody MAb 88B (Fig. 2A)
and the 13 subunit-specific antibody MAb 124 (Fig. 2B) to

. ct�13

Fig. 2. Formation of a heterodimer between the chimeric subunit #{244}�and
the a subunit. COS cells were transfected with cDNAs for the a, the a

plus o, or the a plus o5 subunits. Forty-eight hours later, extracts of the
cells were immuniprecipitated with an antibody to the cytoplasmic loop
of the #{246}subunit (MAb 88b) (A) or with an antibody to the fi subunit (MAb
124) (B), as described in Materials and Methods. Each value represents
the mean ± standard deviation of three determinations.
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termine whether the #{244}�subunit can associate with aMi, a
fragment of the a subunit that is truncated after Ml. We first

used immunoprecipitation with MAb 88B to demonstrate that

aMi forms a heterodimer with the #{244}subunit (Fig. 4A), thus
confirming previous experiments (26). When COS cells were

transfected with cDNAs for the aMi plus #{244}�subunits, MAb
124, which recognizes the #{246}�chimeric subunit, was able to
immunoprecipitate toxin-binding activity from the cell extracts

(Fig. 4B). No toxin-binding activity was immunoprecipitated

from cells transfected with cDNAs for a plus �3 or aMi plus (�

subunits. These experiments demonstrate that #{244}�,like the #{244}
subunit, forms a heterodimer with aMi, providing strong evi-
dence that the amino- and carboxyl-terminal domains of the i5

subunit contain all of the subunit-specific information neces-
sary for heterodimer formation, the first step in AChR assem-

bly.
Receptor assembly can occur with both #{244}�and a�. Be-

cause each of the chimeric subunits #{244}�and a� (11) can subsitute
for its respective parental subunit, we tested whether a com-
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plete receptor complex can be made with both chimeric sub-

0 1 0 2 0 3 0 4 0 5 0 units. COS cells were transfected with a, �, �, and #{244}�subunit
cDNAs and toxin binding to the intact cells was measured.

Fraction Toxin-binding activity was detected at a level of about 20% of
that seen when all four parental subunits were used (Table 2).
This is approximately the same level of surface AChR expres-

sion seen when only one of the chimeric subunit cDNAs is

substituted into the transfection mixture. The reduced effi-

ciency seen with only one chimeric subunit is thus not additive
when both are used.

When either of the chimeric subunit cDNAs was omitted,
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immunoprecipitate toxin were tested. In extracts of cells coex-

pressing a and #{244}subunits, MAb 88B (which recognizes the
cytoplasmic loop of #{244}),but not MAb 124 (which recognizes the

cytoplasmic loop of�3), precipitated toxin-binding activity. Con-

versely, in extracts of cells coexpressing a and #{244}�subunits MAb �. � 000

124, but not MAb 88B, precipitated toxin-binding activity.
Thus, the #{244}�subunit, like i5, can associate with the a subunit. � 2000

Sedimentation analysis of extracts of the transfected COS cells
showed that the complex formed with a and #{244}�subunits is
similar in size to the a#{246}heterodimer (Fig. 3). � 1000

The &, subunit can associate with a truncated a sub-
unit. We then used immunoprecipitation experiments to de-

0

ctI3 xMl(#{246}�) ctMfl3

Fig. 4. Association of the chimeric subunit #{244}�with a truncated a subunit
containing only the amino-terminal and Ml domains. COS cells were
transfected with normal and chimenc subunit cDNAs as indicated. Ex-
tracts of the transfected cells were then labeled with ‘�l-a-BTX and
immunoprecipitated either with an antibody to the #{244}subunit (MAb 88B)
(A) or with an antibody to the $ subunit (B), as described in Materials
and Methods. Each value represents the mean ± standard deviation of
three determinations.

TABLE 2
A receptor complex containing only a and � transmembrane and
cytoplasmic domains is expressed in COS cells
cos cells were transfected with vaiious combinations of normal and thimenc
AChR subunit cDNAs as shown, and the amount of lset�a�BTX � to the intact
cells was determined as described in Materials and Methods. Each value is the
mean ± standard error of three determinations.

Fig. 3. Sucrose gradient sedimentation of a#{246}and a(�5) heterodimers.
COS cells transfected with cDNAs for the a plus 6 or the a plus #{244}�
subunits were extracted with detergent. The extracts were labeled with
lrel�a�BTX and sedimented on a 5-20% sucrose gradient as described
in Materials and Methods. The positions of the two gradient markers,
alkaline phosphatase (6.3 S) and catalase (1 1 .4 5), are indicated. The
counts were plotted as percentages of the cpm of the fraction with the
highest value.

Subunits expressed Surface toxin bound

a$#{244} 100±9.9
afl(a�) <0.5

a�(#{244}5) <0.5

a�a(#{246}5) 15.1 ± 3.8

a$(e5)b 23.8 ± 0.3

afl(sX#{244}e) 1 2.7 ± 2.5
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toxin binding on the surface was not detected (Table 2). Be-
cause the toxin-binding activity is provided by the a subunit,

and the �3 subunit is required for surface toxin-binding activity

(data not shown), the complex must thus contain all four

subunits. Also, the surface toxin-binding activity increases as

a function of the concentration of either 5� or a0 cDNA (data

not shown). As with the other complexes, the sedimentation

constant of the complex (9.8 S) is consistent with the formation

of a pentamer. Thus, AChR assembly can occur when three of

the five transmembrane and cytoplasmic regions in the fully
assembled receptor complex are derived from the fi subunit,
with the remaining two from the a subunit.

dTC can inhibit toxin binding both to the heterodimers
and to the complete receptor complexes formed by � and
C19 subunits. Association of the a and t5 subunits to form the

heterodimer a#{244}creates a low affinity binding site for dTC,

whereas association of the a and �y subunits generates a site

with higher affinity (6). These affinities correspond to the two

nonequivalent dTC binding sites seen in the fully assembled
AChR (6, 27, 28). We have determined the binding of dTC both
to intracellular heterodimers and to surface receptor complexes
formed from the chimeric subunits #{244}�and a�. For the heterodi-

mers, COS cells were transiently transfected with a subunit

cDNA plus cDNA for either the #{244},#{244}�,a, or � subunit. The
transfected cells were then permeabilized with saponin and the
effects of different concentrations of dTC on the rate of a-

BTX binding were determined (6). For both #{244}�and a0 subunits,

the heterodimers formed by the chimeric subunit had apparent
inhibition constants that were approximately the same as those

seen with the intact subunit. Thus, the IC50 for a(�) was 1.0 x

iO� M, compared with 4.3 x iO� M for aa, and the IC� for

a(#{244}�)was 8.5 x i0-� M, compared with 8.9 X iO� M seen for a#{244}

(Table 3).
We also examined dTC inhibition for chimeric subunit-

containing receptor complexes expressed on the surface of
transfected COS cells. Inhibition by dTC of the rate of binding
of a-BTX to intact cells was measured, and the results in each
case were expressed by a single apparent inhibition constant.
Again, substitution of the chimeric #{244}�or Cfl subunit for the intact

subunit had little, if any, effect on dTC binding. The results

we obtained for receptor complexes with intact #{244}or a subunits

are consistent with those found for the AChR in earlier inves-
tigations (6, 19, 29, 30). Our result for the receptor complex

containing the a� subunit, however, is different from what we

TABLE 3
dTC inhibits binding to heterodimers and AChR complexes
containing chimeric subunits
cos ceils were transfected with combinations of subunit cDNAs as indicated, and
the inhibition by dTC ofthe rate ofbinding of lesI�BTX was determined as described
in Materials and Methods.

Subunits expressed Apparent inhibition constant

M

Heterodimers
as 1.0x107

a(ap) 4.3 x iO-�
a#{244} 8.9 x i0�
a(��) 8.5 x 10�

AChR complexes
afla#{244} 9.2 x iO-�
afle(65) 3.0 x 10-6

afl(ap)5 5.1 x i0-�

a�(aeX#{244}s) 3.4 x 1 0-�

reported previously (11) based on a less complete analysis. The

reason for this difference is not known. The finding that

substitution of the transmembrane and cytoplasmic regions of

the #{244}and a subunits with the corresponding regions of the fi
subunit has little effect on dTC binding suggests, in agreement

with other findings (reviewed in Ref. 2; see also Ref. 31), that

the contribution of these subunits to the ligand binding site is

chiefly through their extracellular or luminal domains.

Discussion

The experiments reported here show that the identity of the
t5 subunit in the assembly pathway of the AChR is determined

by its amino- and carboxyl-terminal sequences. Thus, if chi-

meric subunits bear these domains, their transmembrane and

cytoplasmic domains can be replaced by the corresponding
regions of the fi, �y, or #{244}subunits without affecting their ability
to replace the #{244}subunit in formation of an AChR complex.
Each of the complexes formed with the chimeric subunits has

the size expected of a pentameric complex and is transported

to the cell surface. Because assembly intermediates and com-
plexes with the incorrect number of subunits are retained in

the ER (8),2 these results suggest that the oligomers formed

with the chimeric subunits are recognized by the COS cells as

completely assembled receptor complexes. Although we do not

know the exact composition or stoichiometry of the receptor
complexes, formation of the complex containing the #{244}�subunit
requires each of the other subunits (a, fi, and #{244})to be expressed,

suggesting that all four subunits are present in the complex.

The ability of the chimeric subunits to substitute for the #{246}

subunit in forming a receptor complex presumably depends

upon their ability to form a heterodimer with the a subunit (8,
11). This was shown directly for the #{244}�subunit, which, when

coexpressed with the a subunit, was able to increase the amount
of toxin binding of the a subunit and which could be immuno-

precipitated with the a subunit, using an antibody to the

cytoplasmic loop of the fi subunit. The ability of the #{244}�subunit

to increase toxin binding has been shown previously to arise
from the decrease in a subunit degradation that results from

its association to form a heterodimer (32, 33).

Our finding that the #{244}subunit associates with the a subunit

via luminal sequences is consistent with previous experiments

from our laboratory showing that the amino-terminal domain
of the #{244}subunit is able to exert a dominant negative effect on

AChR assembly in COS cells and that this effect appears to

arise from the ability of the amino-terminal fragment to inter-

fere with heterodimer formation (26). Thus, in the chimeric
subunits used here, it is presumably sequences in the amino-

terminal domain that are responsible for association with the

a subunit. As with the a subunit,3 chimeric subunits containing

only the amino-terminal domain from � and the remainder

from the �3 subunit were unable to substitute for either t5 or fi
subunits in AChR assembly. Presumably the carboxyl-terminal

domains or interactions between the amino- and carboxyl-

terminal domains are necessary for steps of assembly that are

subsequent to heterodimer formation.

Because we reported earlier that the receptor complex formed

with the a� subunit had an anomalously high affinity (10’#{176}M)

for dTC when expressed on the surface of COS cells (11), we
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4 X.-M. Yu, Z.-Z. Wang, and
z. Hall, unpublished observations.

wished to investigate the affinity for dTC of the heterodimers

and the receptor complexes formed with either #{244}�or a� subunits.

The results reported here show no difference, in the case of
either the heterodimers or the complete complexes, between
the affinities for dTC that are found when chimeric subunits
are used and those found when the intact t5 or a subunits are

used. These results provide support for the idea that the dTC
binding sites are formed exclusively from the extracellular

domains of the #{244}and a (and presumably �y) subunits (31). In

recent experiments, Sine (31) has used chimeric subunits and

mutational analysis to identify the residues in the amino ter-

mini of the #{244}and ‘y subunits that are responsible for the

different dTC affinities of the a� and a-y heterodimers. We

have no explanation for the results that we obtained earlier

with the � subunit (11) but, in light of the more detailed studies
reported here, we now believe them to be in error.

The results reported in this paper for the #{244}subunit, along
with those reported earlier (11, 26), suggest that heterodimer

formation between the a subunit and either the #{244}or a subunit
depends almost entirely on interactions that occur between the

amino-terminal domains of these subunits within the lumen of

the ER. By extension, we believe that this mechanism is also
responsible for a’-y heterodimer formation. In other experiments
we have investigated the later steps of AChR assembly and
have found evidence for the participation of subunit-specific
sequences in the cytoplasmic loops of the a and f� subunits
(34)#{149}4The experiments reported here demonstrate that subunit-

specific sequences in the t5 and a subunits are not required at
any step of the assembly pathway. The dependence of interac-

tions between subunits in the later steps of AChR assembly on
prior interactions (8, 35) suggests that interactions in the
luminal domain must affect the ability of sequences on the

other side ofthe ER membrane to interact with their neighbors.
How interactions in the luminal domain can alter the confor-
mation of cytoplasmic domains is a topic for future investiga-

tion.
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