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The acetylcholine receptor (AChR) has proven the 
most accessible model system for structure-function 
studies of a transmitter-activated ion channel (Karlin 
1980; Conti-Tronconi and Raftery 1982). However, it 
also presents a good opportunity to study molecular 
events in the assembly of a multi-subunit integral mem- 
brane protein. Moreover, the synthesis of AChR is 
regulated during development, both by trophic factors 
(Jessel et al. 1979) and by activity (Brockes and Hall 
1975). To understand the mechanistic bases of these 
regulatory influences, it would be helpful to know all 
the molecular events and intermediates in AChR 
biogenesis. We can presume that these events encom- 
pass gene transcription, mRNA processing and trans- 
port out of the nucleus, translation, subunit assembly, 
and intracellular transport of the subunits. The follow- 
ing discussion will concern what we have learned about 
the stages including and following mRNA translation. 

To approach this problem we have used cell-free sys- 
tems originally developed to study the transfer of secre- 
tory proteins across the rough endoplasmic reticulum 
(RER) membrane (Blobel and Dobberstein 1975). 
These systems consist of a standard mRNA in vitro 
translation system (from wheat germ or reticulocyte ly- 
sate), supplemented with canine pancreas rough micro- 
somal membranes. These membranes are endowed with 
a set of specific proteins that can effect transfer of nas- 
cent secretory proteins across the lipid bilayer. First in 
the case of a viral spike glycoprotein, this system was 
also shown to reproduce accurately the synthesis, gly- 
cosylation, and asymmetric transmembrane insertion of 
a membrane protein. It has subsequently been success- 
fully extended to eukaryotic membrane proteins, such 
as the H-2 antigen (Dobberstein et al. 1979), opsin 
(Goldman and Blobel 1981), and erythrocyte band III 
(Braell and Lodish 1982). Thus, this system is firmly 
established as a legitimate alternative to pulse-chase ex- 
periments in living cells as a means for studying mem- 
brane protein biogenesis. Moreover, it has the advant- 
age that, because it constitutes a biosynthetic "dead 
end" (in the RER), certain intermediates can be trap- 
ped and studied in stable form in vitro, which would in 
living cells be transient, low-abundance species inac- 
cessible for biochemical analysis. 

To apply this approach, one needs a source of mRNA 
coding for the AChR subunits and antibodies with 
which to purify the translation products from the 
reaction mixtures by indirect immunoprecipitation 

(Anderson and Blobel 1983b). In the case of the AChR, 
the electric organs of rays such as Torpedo have long 
been known to contain copious quantities of AChR 
protein and were therefore apparently the tissue of 
choice for extracting AChR mRNA. Unexpectedly, this 
tissue in fact contains very small amounts of mRNA 
(Anderson and Blobel 1983c). Apparently, the high 
steady-state levels of AChR in electric organ result 
from slow turnover of the protein. Although the tissue 
yields only small amounts of mRNA, this mRNA is en- 
riched in AChR messages, each subunit's mRNA com- 
prising about 0.5% of the total (Mendez et al. 1980). 

Subunit-specific antibodies were obtained by iso- 
lating each subunit of the AChR from preparative 
SDS-polyacrylamide gels and injecting them into rats 
(Claudio and Raftery 1977; Lindstrom et al. 1978). As 
these antibodies had been raised against SDS-denatured 
material, we were able to demonstrate their subunit 
specificity using AChR in which the chains had been 
separated by SDS dissociation (Anderson and Blobel 
1981). Furthermore, we could analyze the in vitro 
translation products by immunoprecipitation following 
SDS denaturation, a procedure that has proven helpful 
in analyzing the primary translation products of integral 
membrane proteins (Anderson and Blobel 1983b). 

Translation of AChR mRNA and 
Initial Membrane Insertion 

Analysis of the AChR subunits' primary transla- 
tion products indicated that each polypeptide chain is 
translated from a separate mRNA. Thus, antibodies to 
each subunit immunoprecipitated a distinct translation 
product (Figs. 1 and 2). These products could each 
be labeled by formylated initiator methionyl-tRNA 
(Anderson and Blobel 1981), indicating that each sub- 
unit's mRNA has a distinct 5'  AUG initiation codon. 
More recently, cloned cDNA probes have been used in 
Northern blot experiments to identify directly the sepa- 
rate mRNAs coding for each subunit (Noda et al. 1982, 
1983; Sumikawa et al. 1982; Claudio et al. 1983; 
Devillers-Thiery et al. 1983). The synthesis of the 
AChR subunits can be contrasted with that of another 
multi-subunit receptor, the insulin receptor. In that 
case, the two subunits are synthesized as a polyprotein 
that is later cleaved into two distinct chains (Jacobs et 
al. 1983). These two alternative mechanisms for the 
synthesis of multi-subunit integral membrane proteins 
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Figure 1. In vitro synthesis, glycosylation, and membrane in- 
sertion of AChR4t subunit. Torpedo californica total cellular 
RNA was translated in a wheat germ cell-free system; AChR- 

was purified by immunoprecipitation with anti-6 antibodies, 
and displayed by SDS-polyacrylamide gel electrophoresis and 
autoradiography. (Endo H, +) Immunoprecipitates were 
digested with Endo H before electrophoresis (Anderson and 
Blobel 1983c); (Endo H, - )  samples were incubated in 
parallel without enzyme; (T/C) posttranslational incubation 
with trypsin and chymotrypsin; (RM) dog pancreas rough 
microsomes were included in the translation at 2 A2s0 
units/ml final concentration. (Lane 1) ~4C-labeled molecular 
weight markers. Note that the smallest protease-resistant frag- 
ment of AChR-6 in lane 5 comigrates with deglycosylated 
material in lane 6 and is therefore probably derived from a 
nonglycosylated, membrane-integrated form of AChR-& 

have important consequences when considering the 
problem of quaternary assembly, as we shall discuss 
shortly. 

The insertion of each subunit into the RER mem- 
brane occurs cotranslationally; that is, it is coupled to 
nascent polypeptide chain elongation. Insertion results 
in an asymmetric transmembrane orientation for each 
AChR subunit, an orientation in which part of each 

subunit is exposed to the cytoplasmic milieu and the 
remainder is either embedded in the membrane or 
exposed to the extracellular space. This has been 
demonstrated by so-called "protease-protection" 
experiments. Protease digestion of AChR subunits syn- 
thesized in the absence of microsomal membranes re- 
sults in complete degradation of the chains, even if the 
chains are incubated with membranes after translation 
is complete (Anderson and Blobel 1981). In contrast, 
when microsomal membranes are included from the 
beginning of the translation incubation, posttransla- 
tional proteolysis results in only partial digestion of 
each AChR subunit (see, for example, Fig. l, lane 5). 
This partial digestion is due to protection of most of the 
chain by the permeability barrier of the microsomal 
membrane, as evidenced by the fact that digestion is 
complete when the membranes are disrupted by deter- 
gent at the time of proteolysis. Thus, the heterologous 
cell-free system is able to reproduce the initial integra- 
tion of the AChR subunits into the lipid bilayer of the 
RER. That this integration is correct is shown by the 
agreement between our data and those obtained for 
mature AChR in Torpedo plasma membranes (Strader 
and Raftery 1980; Wennogle and Changeux 1980; 
Froehner 1981; Wennogle et al. 1981). 

Giycosylation of the AChR Subunits 

Concomitant with their integration into the mem- 
brane, the four AChR subunits become core-glycosy- 
lated (Figs. 1 and 2). This glycosylation represents the 
first stage in a multistep process and consists of the at- 
tachment of preformed "core"  oligosaccharide groups 
(Robbins et al. 1977) en bloc to Ash residues of the 
growing polypeptide chain (Rothman and Lodish 
1977). Thus, core-glycosylation is a quantal event, and 
the AChR subunits differ in the number of these quanta 
that they receive. The/~-subunit, for example, receives 
three core groups (Fig. 1, lane 3) that are susceptible to 
enzymatic removal by ~-N-acetylglucosaminidase H 
(Endo H) (Fig. 1, lane 4), whereas the c~- and/~-sub- 
units receive only one core group each (Fig. 2, lanes 
RM+).  The number of these core oligosaccharide 
groups appears to be proportional to the increase in ap- 
parent molecular weight exhibited by the subunits when 
translated in the presence of microsomal membranes 
(compare Figs. 1 and 2, lanes R M , - ,  and RM, +,  Endo 
H , - ) .  These data are in good agreement with the 
cDNA-deduced amino acid sequences for these sub- 
units, which reveal three Asn-X-Ser(Thr) sites in the/~- 
subunit and one each in the t~- and/~-subunits (Noda et 
al. 1982, 1983). (The Asn-X-Ser[Thr] sequence consti- 
tutes the recognition site for the enzymes catalyzing 
core glycosylation.) The case of the 7-subunit is less 
clear-cut. The increase in the apparent Mr of the 7-sub- 
unit due to glycosylation appears commensurate with 
the attachment of three or four core oligosaccharides, 
by comparison to the &, cr and/3-subunits (Anderson 
and Blobel 1981). Indeed, the eDNA sequence of the 7- 
subunit shows four possible glycosylation sites (Noda 
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Figure 2. Glycosylation and signal peptidase cleavage of the ce- and/3-subunits. Immunoprecipitations were performed using 
either anti-ce (A) or anti-/3 (B) antisera. (RM) Rough microsomes were either included (+) or omitted ( - )  from the translation. 
Endo H incubations ( + or - )  were as per Fig. 1. The position of the glycosylated form of each subunit is marked by a Greek 
character and horizontal arrow. Upward arrowheads indicate the signal peptidase-cleaved, but nonglycosylated form of each 
subunit. Note that the intensity of these bands increases after Endo H digestion. 

et al. 1983). However, some secondary structure pre- 
dictions for the 3,-subunit place only two of these four 
sites extracellularly, where they could be accessible to 
the glycosyltransferases (Noda et al. 1983). It remains 
to be determined whether the error lies in the secondary 
structure model or in the inferred number of core 
sugar groups in the ),-subunit. 

As expected (from the intracellular location of the 
core glycosylating enzymes), the carbohydrate residues 
of the subunits are located on the protease-resistant do- 
main of each chain. Thus, the protease-resistant 44-kD 
fragment of the &subunit (Fig. l, lane 5) is Endo-H- 
sensitive (Fig. l, lane 6). Interestingly, all four 
subunits' protease-resistant domains are converted to 
bands of about the same size (ca. 37 kD) by enzymatic 
removal of the carbohydrate (D.J. Anderson, unpubl.). 
As the intact subunits differ in their apparent Mr, this 
observation of similar-sized membrane-protected do- 
mains suggests that the mass differences between the 
subunits can be accounted for by the relative sizes of 

their protease-susceptible cytoplasmic domains, as sug- 
gested by others (Conti-Tronconi and Raftery 1982). 
This finding is consistent with secondary structure 
predictions for the four subunits based on cDNA se- 
quence analysis (Noda et al. 1983). It is further sup- 
ported by the direct identification of different-sized 
cytoplasmic domains, released from some of the sub- 
units by proteolysis and recovered by monoclonal anti- 
body precipitation (Anderson et al. 1983). 

Role of the Signal Peptide 
in Membrane Insertion of the AChR Subunits 

Many of the single-subunit membrane proteins 
studied previously are synthesized with short, amino- 
terminal peptide extensions termed signal sequences 
(Lingappa et al. 1978). These extensions are removed 
by a specific endoprotease shortly after insertion of the 
protein into the membrane (Blobel and Dobberstein 
1975). They are shared by all proteins that undergo 
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cotranslational transfer across the RER membrane, in- 
cluding secretory, lysosomal, and prokaryotic secretory 
proteins (Blobel 1980). Without exception, those mem- 
brane proteins whose signal peptide is proteolytically 
removed have their amino termini exposed on the outer 
surface of the membrane. There is also a class of mem- 
brane proteins that do not undergo proteolytic removal 
of a signal peptide (Mostov et al. 1981; Braell and 
Lodish 1982). Several proteins in this class have their 
amino termini exposed on the cytoplasmic side of the 
membrane (Braell and Lodish 1982). 

To which class of proteins do the AChR subunits 
belong? We determined by direct radiosequence 
analysis that AChR-t5 contained a 21-amino-acid-long 
signal peptide that was proteolytically removed follow- 
ing membrane insertion (Anderson et al. 1982). Consis- 
tent with this finding, the amino terminus of the tS- 
subunit was found to be protected by the microsomal 
membrane from proteolysis, and thus is most likely ex- 
tracellularly exposed (Wennogle et al. 1981; Anderson 
et al. 1982). Our partial sequence for the t5 signal pep- 
tide was subsequently confirmed by the cDNA se- 
quence (Noda et al. 1983), and cDNA clones revealed 
signal sequences for the other three subunits as well 
(Sumikawa et al. 1982; Noda et al. 1982; Claudio et al. 
1983; Devillers-Thiery et al. 1983). The secondary 
structure models based on these cDNA sequences also 
predict an extracellular disposition for the subunits' 
amino termini, in agreement with our data for the tS- 
subunit. 

What role does the signal peptide play in the insertion 
of the AChR subunits into the RER membrane? Early 
on (Milstein et al. 1972; Blobel and Dobberstein 1975), 
it was proposed that signal sequences contain the infor- 
mation that "targets" nascent proteins specifically to 
the RER. It was also suggested that the signal peptide 
(perhaps by virtue of its hydrophobicity) initiated trans- 
fer of the growing polypeptide across the membrane, 
once a functional ribosome-membrane junction had 
formed (Blobel 1980). Recently, an 11S ribonucleopro- 
tein complex has been purified that appears to decode 
the information contained in secretory protein signal 
peptides (Walter and Blobel 1980, 1982). Termed SRP 
(signal recognition particle), this complex consists of 
six protein subunits together with one molecule of 7S 
RNA, and forms a high-affinity "br idge"  between 
polysomes whose nascent proteins contain signal se- 
quences, and an integral membrane protein receptor in 
the RER (Gilmore et al. 1982; Meyer et al. 1982). This 
arrangement somehow permits the initiation of trans- 
location of the nascent chain across the lipid bilayer. 

SRP is likewise required for the insertion of the 
AChR subunits into the RER membrane. This was ex- 
pected based on the structural similarities between 
signal sequences from secretory and membrane pro- 
teins and from functional similarities suggested by 
competition experiments (Lingappa et al. 1978). Thus, 
rough microsomes (RM) from which SRP has been ex- 
tracted by a 0.5 M KOAc wash (K-RM) (Warren and 
Dobberstein 1978; Walter and Blobel 1980) are in- 

capable of integrating or glycosylating AChR-tS, for ex- 
ample (Fig. 3, lane 3). When purified SRP is added 
back to the system at the beginning of translation, the 
integration and glycosylation of AChR-t5 are restored 
(Fig. 3, lanes 4 and 5). Interestingly, in the absence of 
K-RM, SRP inhibited the synthesis of AChR-t5 (Fig. 3, 
lane 2). In the case of a secretory protein, prolactin, 
this inhibition was shown to be due to a site-specific 
elongation arrest that occurs as soon as the signal se- 
quence emerges from the ribosome (Walter and Blobel 
1981), but which is released by the SRP receptor 
(Gilmore et al. 1982). We may assume that a similar 
arrest accounts for the observed inhibition of AChR-5 
synthesis. Thus, the insertion of the AChR subunits in- 
to the membrane utilizes the same protein machinery 
that initiates the complete transfer of secretory proteins 
across the membrane. 

In the case of membrane proteins, however, transfer 
of the nascent polypeptide across the membrane is in- 
terrupted, presumably due to the emergence of appro- 
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Figure 3. SRP-dependent glycosylation and membrane iu- 
tegration of AChR-t5 subunit. (SRP) Signal recognition parti- 
cle was included (+) at 220 units/ml or omitted ( - )  from 
the reaction; (K-RM) RM extracted with 0.5 M KOAc were 
included (+) or omitted ( - ) ;  (T/C) trypsin/chymotrypsin 
digestion as per Fig. 1. Arrows in lanes 4 and 5 indicate the 
fully glycosylated form of AChR-t5 and its correspondin~ 
membrane-protected fragment, respectively. 



ACHR SYNTHESIS AND ASSEMBLY 129 

priate hydrophobic "membrane anchor" sequences or 
"stop-transfer" sequences from the ribosome (Blobel 
1980; Boeke and Model 1982). The case of the AChR 
subunits is even more complex, in that secondary struc- 
ture models predict four transmembrane segments for 
each subunit (Claudio et al. 1983; Devillers-Thiery et 
al. 1983; Noda et al. 1983). It is generally agreed upon 
by theorists that such multiple transmembrane segments 
are likely to be inserted into the membrane in pairs, as 
hairpin loops (Blobel 1980; Engleman and Steitz 1981). 
However, it is not yet known whether the insertion of 
such loops requires an internal signal sequence that is 
acted upon by the SRP-SRP receptor machinery. If the 
exclusive function of the signal sequence is that of tar- 
geting the protein to the correct intracellular mem- 
brane, then one per protein should be sufficient. The 
integration of subsequent helices into the membrane 
would then occur by insertion sequences (Blobel 1980), 
such as those that anchor the protein cytochrome b5 in 
the membrane (Rogers and Strittmatter 1975) and 
that apparently partition spontaneously into the lipid 
bilayer by virtue of their hydrophobicity. 

Posttranslational Assembly of AChR 

The AChR subunits are not assembled with one 
another into a functional complex immediately upon in- 
sertion into the RER membrane. Rather, multimeric 
assembly of AChR appears to be a lengthy, posttransla- 
tional process. Thus, the in-vitro-synthesized and mem- 
brane-integrated ot-subunit does not exhibit high-affin- 
ity binding to c~-bungarotoxin (Anderson and Blobel 
1981). Nor is any inter-subunit interaction observed in 
this system (see below). As it is currently not feasible 
to reconstruct the movement of proteins from the RER 
to the Golgi apparatus in vitro, we turned to a cell- 
culture system to investigate the formation of the toxin- 
binding site. Initially, we identified the 40-kD (cr 
subunit of the AChR in cultured chick embryonic myo- 
tubes by a two-step affinity purification procedure in- 
volving first cobra toxin-Sepharose and then concan- 
avalin A-Sepharose (Fig. 4, lanes 1 and 2). The 40-kD 
polypeptide enriched by this procedure was eliminated 
from the preparation by including competing choliner- 
gic ligands in the toxin-Sepharose step (Fig. 4, lane 3), 
and was specifically immunoprecipitated by antisera to 
the Torpedo AChR (Fig. 4, lane 4). 

We used this two-step procedure to purify AChR 
from cultures that were pulsed for 5 minutes with 
[35S]methionine and then chased for various periods of 
time in the presence of cold methionine and puromycin 
(to inhibit further protein synthesis). In agreement with 
our in vitro data, no toxin-binding 40-kD material 
could be recovered from cells immediately following 
the pulse (Fig. 5B, lane 1). With increasing times of 
chase, however, increasing amounts of the 40-kD sub- 
unit bound to the toxin-Sepharose column (Fig. 5B, 
lanes 2-4), although no further protein synthesis oc- 
curred during this period (Fig. 5A, lanes 1-4). Thus, 
we may conclude from these data that the formation of 
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Figure 4. Identification and partial purification of an Mr 
40,000 subunit of embryonic chick muscle AChR. (Lane 1) 
Material retained by the cobra toxin-Sepharose affinity resin. 
(Lane 2) An aliquot of the material in lane 1 was adsorbed to 
Con A-Sepharose, and bound material was eluted directly into 
SDS gel sample buffer. (Lane 3) As in lane 2 except that 125 
nM free ot-bungarotoxin was present during the initial incuba- 
tion with cobra toxin-Sepharose. (Lanes 4 and 5) Aliquots of 
the material in lane 2 were immunoprecipitated with anti- 
Torpedo c~-subunit antiserum (lane 4) or nonimmune serum 
(lane 5). 

the high-affinity toxin-binding site is a posttranslational 
event that occurs in the absence of ongoing protein syn- 
thesis, over a period of about 30 minutes. A similar ob- 
servation has been made by Merlie and Sebbane (1981) 
using a tumor cell line BC3H-1. 

We attempted to relate temporally the formation of 
the toxin binding-site to some carbohydrate modifica- 
tions that occur in the Golgi apparatus. Specifically, the 
core oligosaccharides of some membrane proteins have 
been shown to become resistant to Endo H cleavage as 
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Figure 5. Pulse-chase kinetic analysis of the formation of the toxin-binding site in the 40-kD polypeptide. (A) Demonstration 
that protein synthesis is instantaneously stopped by addition of puromycin. Cells were pulsed for 5 rain with [35S]methionine and 
chased for the indicated times in the presence of puromycin. Labeled proteins solubilized by 1% Triton X-100 were analyzed by 
SDS gel electrophoresis and fluorography for each time point. (B) Cells were pulsed and chased as in A. For each time point, the 
dishes were extracted with 1% Triton X-100 and the extracts subjected to the toxin-Sepharose/Con A-Sepharose isolation scheme 
of Fig. 4. (C) Cells were labeled for the times indicated above the brackets, AChR isolated, and subjected to Endo H digestion 
(+)  prior to electrophoresis. 

the result of terminal glycosylation during passage from 
the cis to trans compartments of  the Golgi apparatus 
(Dunphy et al. 1981). Unfortunately, AChR-cx showed 
no such changes in Endo H sensitivity during its 
passage through the cell (Fig. 5C, lanes 2 and 4). Thus, 
it is not possible to say whether formation of  the 
toxin-binding site in the cx-subunit precedes transport to 
the Golgi apparatus. As toxin-binding sites have been 
seen by electron microscope autoradiography over the 
Golgi region but not the RER or transitional elements 
(Fambrough and Devreotes 1978), it is possible that the 
toxin-binding site forms after transport to the Golgi. 

Formation of  the toxin-binding site does not require 
association of  the a-subunit with other subunits (Merlie 
et al., this volume). Indeed, a-subunit purified by pre- 
parative SDS-polyacrylamide gel electrophoresis of the 
mature AChR complex can be reconstituted, after de- 
tergent removal, into a form that displays some (but not 
all) characteristics of  high-affinity a-bungarotoxin 
binding (Tzartos and Changeux 1983). This is to be 
contrasted with the a-subunit in the RER, which ap- 
parently displays no such activity. The difference be- 
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Figure 6. Characterization of anti-AChR subunit antisera 
under denaturing versus nondenaturing conditions. Triton 
X-100 immunoprecipitates: Immunoprecipitation was per- 
formed after dilution of 9S, ~25I-labeled nAChR into immuno- 
precipitation buffer containing 1% Triton X-100 and 0.2% 
SDS. SDS immunoprecipitates: Immunoprecipitation was per- 
formed after prior denaturation of the n25I-iabeled AChR in 
1% SDS. Antisera used in lanes 1-5 were anti-a, -8, -7, -~, 
and nonimmune, respectively. The nonstoichiometric recov- 
ery of the four subunits in each of the Triton X-100 immuno- 
precipitates is most likely due to partial dissociation of the 
AChR complex arising from the iodination procedure 
(Anderson and BIobel 1981). 
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tween the two is likely to be due to some as yet unde- 
tected posttranslational, covalent (i.e., SDS-resistant) 
modification that occurs after transport out of  the RER. 
A possible candidate for this is O-glycosylation of  ser- 
ine and threonine hydroxyl groups by hexoses and hex- 
osamines, which is catalyzed by glycosyltransferases 
located in the Golgi apparatus (Hunt and Summers 
1976). 

AChR Subunits Appear to Self-associate in the RER 

Quaternary assembly of  the AChR subunits may take 
at least as long as acquisition of  the toxin-binding site 
by the a-subunit, if not longer (Merlie et al., this 
volume). When we immunoprecipitated in-vitro-syn- 
thesized and membrane-inserted AChR subunits after 
solubilization of the membrane with Triton X-100 
(which does not dissociate the mature AChR complex), 
only one subunit was brought down by each subunit- 
specific antibody (not shown), even though all four 
subunits of  mature, 9S AChR were coprecipitated by 
this procedure as expected (Fig. 6, Triton Immppts.). 
Surprisingly, however, when we analyzed these Triton- 
solubilized in-vitro-synthesized AChR subunits by su- 
crose gradient centrifugation, we found that they mi- 
grated as greater than monomeric species (shown for 
the 6-subunit in Fig. 7). Immunoprecipitation and elec- 
trophoretic analysis showed that these complexes were 
formed by each subunit, independent of  the others, 
even though all four subunits were synthesized in the 
same reaction mixture (Anderson and Blobel 1981). 
These complexes, or homo-oligomers, were seen under 
a variety of  conditions of salt, pH, divalent cation, and 
type of  detergent (Anderson and Blobel 1983a). Most 
important, they were not observed for another unre- 
lated membrane protein, opsin, studied in exactly the 
same way (Fig. 8). As opsin shares the cotranslational 
integration process in common with the AChR subunits 
(Goldman and Blobel 1981), the high S values see.~n for 
the AChR subunits are unlikely to be due to an associa- 
tion with nonradioactive components of  the RER trans- 
locatidh machinery (such as SRP or SRP receptor), as 
opsin would in that case exhibit a similar sedimentation 
profile. However, we cannot rigorously rule out the 
possibility that the AChR subunits all aggregate non- 
specifically with some unlabeled RER proteins, which 
do not interact with opsin. 

Although it is not yet clear that the homo-oligomeric 
forms of the AChR subunits seen in vitro exist in vivo 
(cf. Merlie et al., this volume), these structures can be 
rationalized as potential metastable intermediates in 
quaternary assembly. Structural studies of  AChR 
(Kistler et al. 1982; Karlin et al. 1983) suggest that the 
subunits surround a central ion channel like barrel 
staves. If each subunit formed a boundary of  the iono- 
phore, it would be expected to contain a surface rich in 
charged or polar amino acid side chains within the 
membrane (cf. Fairclough et al., this volume). As the 
subunits are each inserted separately into the mem- 
brane, assembly of  the ion channel cannot occur co- 
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Figure 7. Sucrose gradient analysis of in-vitro-synthesized 
AChR-& (A) Quantitative representation of the gel profiles 
shown in B-D, obtained by a densitometric scan of the auto- 
radiographic films. The band quantitated by this procedure is 
indicated (in all ensuing figures as well) by an open arrow- 
head, wherever multiple forms appear on the gel. (A [O] and 
B) AChR-t~ obtained by analysis of total reaction mixture. 
Upward arrows in B indicate the nonglycosylated and par- 
tially glycosylated forms characterized previously; open ar- 
rowheads indicate the fully glycosylated form (Fig. l). (A 
[Ai and C) AChR-6, solubilized from reisolated microsomes 
at a fourfold greater dilution than that used in B. (A [�9 and 
D) Pre-AChR-& synthesized in the absence of microsomal 
membranes, analyzed on gradients not containing detergent. 
(E) AChR-enriched Torpedo membranes soluhilized in 1% 
Triton X-100/0.3 M KOAc and analyzed in parallel with the 
samples in B-D. However, the gradient fractions were 
precipitated with trichloracetic acid for analysis of the total 
protein components; shown is the Coomassie blue-stained gel. 
The four AChR subunits are indicated by horizontal arrows; 
the a-chain runs as a smeared doublet due to heating and 
trichioroacetic acid preparation. Arrowheads indicate the 
putative large subunit of the Na+-K + ATPase. Arrows in A 
indicate the peak fractions (4 and 5) containing nAChR (see 
E). Fraction 4 is calculated to be 12S, whereas fraction 5 is 
9S. Although we have assumed (arrows) that fraction 4 con- 
tains some 13S AChR, the resolution of our fractionation is 
not sufficient for us to determine the actual amount of dimeric 
receptor. Each fraction spans ca. 3S units. 
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Figure 8. Comparative sedimentation analysis of AChR-~5 
and opsin. (A) Sedimentation profiles reconstructed from 
densitometric scans of the gels shown in B and C. (A [O] and 
B) Opsin. Arrowheads indicate the core-glycosylated, mem- 
brane-integrated form of opsin (Goldman and Blobel 1981); 
upward arrows indicate the residual unintegrated precursor 
(or integrated, nonglycosylated material), which smears 
slightly into the gradient. (A [0] and C) AChR-~5 analyzed in 
parallel. Arrowheads indicate the fully glycosylated form; up- 
ward arrows indicate the residual precursor. AChR,5 in this 
experiment assumed a slightly broader distribution than on 
other occasions. 

translationally and these ionophore boundary surfaces 
could in the interim be in direct contact with the inte- 
rior of the lipid bilayer. However, it might be energet- 
ically preferred for the subunits to adopt a homo-oligo- 
meric configuration, in which the hydrophilic ionophore 
surfaces were sequestered in the interior of aggregates 
formed by multiple copies of the same subunit. This 
configuration would maximize contact between the polar 
ionophore surfaces and minimize their interaction with 
the hydrophobic interior of the bilayer. These homolo- 
gous associations could form either during or immedi- 
ately after translation, when the local concentration of 
subunit in the membrane would be extremely high (due 
to the multiple copies of each chain being synthesized 
from the same mRNA). Irrespective of the thermody- 
namic rationale, homo-oligomers could provide a use- 
ful way of "packaging" the subunits for transport out 
of the RER to the Golgi apparatus. Finally, the homo- 
oligomer configuration is attractive for evolutionary rea- 
sons: As the four AChR subunits seem to have evolved 

by a process of gene duplication and divergence (Raftery 
et al. 1980; Noda et al. 1983), it is likely that the ances- 
tral AChR may have itself been a homo-oligomer, as is 
the contemporary gap junction channel (Hertzberg and 
Gilula 1982). The assembly of the contemporary AChR 
could in this light be considered (tongue-in-cheek) as an 
example of "ontogeny recapitulates phylogeny" at the 
molecular level. 

If  the homo-oligomer precursor model is correct, 
subunit-subunit exchange must eventually occur in 
AChR assembly. These exchanges must result in bet- 
erologous subunit associations that are of higher affin- 
ity than the homologous ones, to be stable. This would 
occur if the homologous associations were particularly 
weak, or if the heterologous chain interactions were 
somehow rendered irreversible once they occurred. 
The broad sedimentation profile of the homo-oligomers 
(Figs. 7 and 8) is consistent with their being weakly 
associated. On the other hand, the heterologous asso- 
ciations could be rendered irreversible by a covalent 
modification. If they indeed occurred in the Golgi ap- 
paratus, for example, heterologous chain interactions 
might cause conformational changes exposing Ser or 
Thr hydroxyl groups to glycosyltransferases; glyco- 
sylation of these side chains could render this confor- 
mational change irreversible. The strong prediction of 
this model is that inhibition of O-glycosylation would 
block assembly of the AChR subunits. It has been 
shown that inhibition of N-glycosylation by tunicamy- 
cin blocks maturation of the ~-bungarotoxin-binding 
site in the (~-subunit (Merlie et al. 1981); however, it is 
possible that the direct effect in this case was simply to 
prevent transport of AChR out of the RER to the Golgi 
apparatus. This result points up the current lack of a 
good cell culture system in which to study the actual 
assembly of all the AChR subunits. Expression of the 
Torpedo AChR genes in animal cells may alleviate this 
problem. Intrinsic in this approach is the assumption 
that the genes coding for the four different subunits are 
sufficient for the assembly of the receptor-ionophore 
complex. There are currently no data to support this 
assumption, although it is a parsimonious one. 
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