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Abstract 

The mouse cell line B&H-I synthesizes an acetylcholine 
receptor (AChR) with the pharmacological properties of a 
muscle nicotinic cholinergic receptor. We have purified 
mRNA from this cell line and used the size-fractionated 
poly(A)+RNA to produce a cDNA library of approximately 
50,000 clones. The library was screened with a subclone 
containing genomic sequences coding for the putative ace- 
tylcholine-binding site of the a-subunit of chicken AChR. We 
obtained a plasmid, pMARal5, with a 1,717-base pair inseti. 
The insert cDNA has 26 nucleotides at the 5’-end which code 
for a portion of the signal peptide followed by a single open 
reading frame of 1,311 nucleotides which code for a protein 
of 49,896 daltons. The insert has 377 bases of 3’-untrans- 
lated sequence with 3 polyadenylation sites. Radiolabeled 
plasmid DNA has been used to identify homologous RNA 
species of about 2 kilobases in Northern blot analyses of 
poly(A)+ selected RNA from B&H-I cells. A similar size mRNA 
is seen in innervated mouse diaphragm and leg muscle, and 
both mouse and rat brain. Comparisons of the deduced amino 
acid sequence of the mouse AChR a-subunit with Torpedo 
marmorata, T. californica, chicken, human, and calf se- 
quences show overall homologies of 80%, 80%, 86%, 96%, 
and 95%, respectively. More detailed analyses reveal a non- 
random distribution of amino acid substitutions in several 
structural domains. Based on the absolute conservation of 
cysteine residues, a new model for the arrangement of the 
disulfide bonds in the extracellular portion of the a-subunit 
is proposed. 

Acetylcholine receptor isolated from the electric organ of the ray 
Torpedo is composed of four different polypeptide chains o(, p, y, 

and 6 in the stoichiometry a&S (for review, see Conti-Tronconi and 
Raftery, 1982; Popot and Changeux, 1984). The amino acid se- 
quence of each of these polypeptide chains has been deduced 
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from the nucleotide sequence of cDNA clones coding for the 
respective subunits (Noda et al., 1982, 1983c; Claudio et al., 1983; 

Devillers-Thiery, et al., 1983). Analysis of the amino acid sequences 
identified potential membrane-spanning regions and led to models 
for the distribution of the polypeptide chains across the cell mem- 

brane. In one model (Claudio et al., 1983; Devillers-Thiery et al., 
1983; Noda et al., 1983a, b, c) the protein spans the membrane 
four times leaving both the amino terminus and the carboxy terminus 
on the extracellular surface. In an alternative model an additional 

membrane-spanning region is added (Finer-Moore and Stroud, 1984; 
Guy, 1984) which moves the carboxy terminus from the extracellular 
to the cytoplasmic surface. Recent experiments indicate that the 
carboxy terminal is cytoplasmic (Lindstrom et al., 1984; Young et 

al., 1984). Analysis of the amino terminal extracellular amino acids 
of the a-subunit led Numa et al. (1983) to propose a model for the 
acetylcholine-binding site in which two cysteines, separated by 13 
amino acid residues, are joined by a disulfide bond. They predicted 

that the sequences between or around this disulfide would be found 
to participate in the binding of acetylcholine. 

Acetylcholine receptor has also been purified from mammalian 

sources and has been found to be very similar in structure to that 
purified from Torpedo (Conti-Tronconi et al., 1982). Clones coding 
for the calf a-, p- and y-subunits (Noda et al., 1983b; Takai et al., 

1984; Tanake et al., 1985), the chicken (Y-, 6-, and -,-subunits (Ballivet 
et al., 1983; Nef et al., 1984), the mouse a-subunit (La Polla et al., 
1984), and the human a-subunit (Noda et al., 1983b) have been 
sequenced. It is clear from examination of the amino acid sequences 

deduced from these clones that there was considerable conserva- 
tion of receptor structure during evolution. 

We have isolated a cDNA clone containing the entire coding 
sequence for the mature a-polypeptide of mouse acetylcholine 

receptor. We isolated this clone to determine the primary structure 
of mouse acetylcholine receptor a-subunit and to provide a probe 
for analysis of the regulation of expression of the genes coding for 
this synaptic component (Goldman et al., 1985). In this paper we 

report the sequence of a mouse a-subunit and present a new model 
for the extracellular portion of the subunit carrying the acetylcholine- 
binding site. This model is based upon an analysis of the cysteine 

residues found in the a-subunit and the known topology of disulfide 
bonds in other proteins. A preliminary description of this model has 
been published (Luyten et al., 1984). Recently, Kao et al. (1984) 
proposed a similar model. 

Materials and Methods 

BCfi-I cells and growth conditions. The isolation and characterization of 
the non-fusing mouse muscle cell line B&H-I have been described (Schubert 
et al., 1973; Patrick, et al., 1977) along with the routine passage, growth, 
and culture condltlons. For large scale productlon of B&H-l, cells were plated 
at 1.8 x 1 03/cm2 in 150 x 25 mm plastic tissue culture dishes in 25 ml of 
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Dulbecco modified Eagle’s medium containing 10% fetal bovine serum. Cells 
were fed fresh medrum containing 8% fetal bovine serum plus 2% heat- 
inactivated horse serum on day 4 post-plating. Confluency was reached in 
about 5 to 7 days, whereas maximal acetylcholine receptor densities were 
achieved by 10 to 12 days post-plating. 

isolation of size-fractionated /SC&-/ PO/Y(A)+ m/?/VA. Total cellular RNA 
was isolated using the guanidine thiocyanate-CsCI procedure (Chirgwin et 
al., 1979). Poly(A)-containing RNA was isolated from total cellular B&H-I RNA 
usrng oligo (dT)-cellulose chromatography as described previously (Aviv and 
Leder, 1972). The RNA not adhering to the column is referred to as poly(A)-. 
The poly(A)+ RNA was size-fractionated by sucrose gradient density centrif- 
ugation as follows. Poly(A)+ RNA was precipitated from ethanol, dried by 
lyophilization, resuspended in water, heated to 68°C for 2 min, and quick- 
cooled on ice. The poly(A)+ RNA was then loaded on 15 to 30% (w/v) linear 
sucrose gradients made up in 100 mM NaCI. 0.2% sodium dodecyl sulfate 
(SDS), 1 mM EDTA, 10 mM sodium acetate, pH 6.0. Centrifugation was at 
30,000 rpm for 16.5 hr in an SW-41 rotor. Fractions were collected and 
mRNA corresponding to approximately 12 S and larger was harvested by 
ethanol precrpitation. 

Construction of BC&/ cDNA library. The B&H-I cDNA library was 
constructed using the method of Gubler and Hoffman (1983). 

Screening of B&/--I library. Transformed cells (DH-I; Hanahan, 1983) 
were plated on YT plates containing tetracycline, transferred to nitrocellulose 
filters, and placed on YT plates containing 10 pg/ml of chloramphenicol for 
22 hr at 37°C. The bacteria were lysed and the denatured DNA was fixed to 
the nitrocellulose filters by baking at 80°C in vacua for 2 hr. Approximately 
50,000 tetracycline-resistant colonies were screened using a =P nick-trans- 
lated probe coding for a portion of the chicken receptor oc-subunit. This 
probe has nucleotide sequence homology with the region corresponding to 
ammo acrd residues 161 to 239 of Torpedo califomica electric organ acety- 
choline receptor a-subuntt (Ballivet et al., 1983). 

RNA blot hybridization. mRNA was size-fractionated on denaturing form- 
aldehyde agarose gels and transferred to nitrocellulose membranes (Potter 
et al., 1981). Nick translation of pMARa15, prehybridization and hybridization 
were as described (Thomas, 1980). After hybridization the nitrocellulose 
filters were washed in 2X SSPE (1X SSPE is 180 mM NaCI, 9 mM Na,HPO,, 
0.9 mM NaH2P04, 1 mM EDTA, pH 7.4) 0.05% SDS at room temperature 
followed by 0.2 x SSPE. 0.05% SDS at 65°C and were autoradiographed 

on Kodak XAR5 x-ray film with DuPont Cronex Lightning Plus intensifying 
screens. 

Nucleotide sequence determination. DNA sequencing was performed 
using the dideoxynucleotide chain termination method of Sanger et al. (1977) 
and Ml3 bacteriophage vectors mp18 and mp19 (Messing et al., 1981). 

Sequence comparisons. The nucleotide and deduced amino acid se- 
quences of the B&H-I AChR a-subunit were compared to homologous 
sequences from Torpedo califomica (Noda et al., 1982), Torpedo marmorata 
(Devillers-Thiery et al., 1983) calf and human (Noda et al., 1983b), and chick 
(Ballivet et al., 1983; M. Ballivet, unpublished observation). Amino acid and 
nucleotide sequences were aligned by visual inspection. 

Results 

A cDNA library of 50,000 clones was constructed from size- 
fractionated poly(A)+ RNA isolated from stationary phase, differen- 

tiated BCaH-I cells. The cDNA library was screened with a radiola- 
beled genomic DNA fragment containing sequences coding for a 
portion of the chick a-subunit (Ballivet et al., 1983). Two positive 

colonies were isolated; one of these clones, pMARcul5, contained a 
cDNA insert of approximately 1700 base pairs and was picked for 
further study. Figure 1 is a partial restriction endonuclease map of 

pMARcul5 and illustrates the strategy used to determine the se- 
quence of the cDNA insert. Figure 2 shows the nucleotide and 
deduced amino acid sequence of the pMARoll5 insert DNA. The 
identification of this clone was based on homology of the deduced 
amino acid sequence with published sequences for the a-subunit 
from calf and human (Noda et al., 198313) muscle and Torpedo 
(Noda et al., 1982; Devillers-Thiery et al., 1983) electric organ. 

The cDNA insert in pMAR~ul5 is 1717 base pairs long and contains 
26 nucleotides at the 5’-end which code for a portion of the 
hydrophobic signal peptide. This 8-amino acid stretch is probably 
an incomplete signal peptide because the clone does not contain 
an ATG codon 5’ to the amino terminus of the mature protein and 
because leader sequences are usually 15 to 25 residues long. The 
clone has a single open reading frame of 1311 base pairs coding 
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figure 7. Partial restriction map and nucleotide sequencing strategy for the B&H-I clone coding for the a-subunit of mouse acetylcholine receptor. The 
total number of sequenced nucleotides in pMARorl5 (1717) does not include the 3’.poly (dA). poly (dT) tract (n = 5) or the poly (dG). poly (dC) tracts (n = 
11 at both 5’ and 3’ ends). The indicated restriction enzymes were used to digest pMARoll5 prior to subcloning the fragments into Ml3 mp18/mp19 
vectors (Messing et al., 1981) and subsequent sequencing using the dideoxynucleotide chain termination method of Sanger et al. (1977). The relevant 
restriction endonuclease sites are identified by numbers which correspond to the 5’.terminal nucleotide in the recognition sequence. The direction and 
extent of sequence determinations are shown by horizontal arrows. The Pst I sites at the 5’ and 3’ end of the cDNA insert are intact; the restriction 
endonuclease map positions for the pBR322 vector are included to demonstrate the orientation of the cDNA insert with respect to pBR322 sequences. 
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5' 

-5 -1 1 10 
Ser Ser Ala Gly Leu Val Leu Gly Ser Glu His Glu Thr Arg Leu Val Ala Lys Leu Phe Glu Asp Tyr Ser Ser Val Val 

TC TCG TCC GCT GGC CTT GTT CTG GGC TCC GM CAT GAG ACG CGT CTG G'IG GCA AAG CTC TTT GAA GAC TAC AGC AGT GTA GTC 
-20 -1 1 20 40 

20 30 40 
Arg Pro Val Glu Asp His Arg Glu Ile Val Gln Val Thr Val Gly Leu Gln Leu Ile Gln Leu Ile Asn Val Asp Glu Val Am Gin Ile 
CGG CCA G'X GAG GAC CAC CGT GAG ATT GTA CAA GTC ACC GTG GGT CTA CAG CTG ATC CAG CTT ATC AAT GTG GAT GAA GTA AAT CAG ATT 

60 80 100 120 140 

50 60 70 
Val Thr Thr Am Val Arg Leu Lys Gin Gin Trp Val Asp Tyr Asn Leu Lys Trp Am Pro Asp Asp Tyr Gly Gly Val Lys Lys Ile His 
GTG ACA ACC AAT GTA CGT CTG AAA CAG CAA TGG GTC GAT TAC AAC TTG AAA 'KG AAT CCA GAT GAC TAT GGA GGA GTG AAA AAA ATT CAC 

160 180 200 220 

80 90 100 
Ile Pro Ser Glu Lys Ile Trp Arg Pro Asp Val Val Leu Tyr Asn Am Ala Asp Gly Asp Phe Ala Ile Val Lys Phe Thr Lys Val Leu 
ATC CCC TCG GAA AAG ATC TGG CGG CCG GAC GTC G'IT CTC TAT AAC AAC GCA GAC GGC GAC TTT GCC ATT GTC AAA TTC ACC AAG GTG CTC 
240 260 280 300 320 

110 120 130 
Leu Asp Tyr Thr Gly His Ile Thr Trp Thr Pro Pro Ala Ile Phe Lys Ser Tyr Cys Glu Ile Ile Val Thr His Phe Pro Phe Asp Glu 
CT'.? GAC TAC ACC GGC CAC ATC ACC 'KG ACA CCG CCA GCC ATC TTT AAA AGC TAC 'ET GAG ATC ATT GTC ACT CAC TTT CCC TTC GAT GAG 

340 360 380 400 

4 150 160 
Gin Am Cys Ser Met Lys Leu Gly Thr Trp Thr Tyr Asp Gly Ser Val Val Ala Ile Am Pro Glu Ser Asp Gln Pro Asp Leu Ser Am 
CAG AAC 'KC AGC An; AAG CTG GGC ACC 'XG ACC TAT GAC GGC TCT G'IG G'IG GCC ATT AAC CCG GAA AGT GAC CAG CCC GAC CTG AGT AAC 
420 440 460 480 500 

170 180 190 
Phe Met Glu Ser Gly Glu Trp Val Ile Lys Glu Ala Arg Gly Trp Lys His Trp Val Phe Tyr Ser Cys Cys Pro Thr Thr Pro Tyr Leu 
TTC ATG GAG AGC GGG GAG TGG GTG ATC AAG GAA GCT CGG GGC 'KG AAG CAC 'KG GTG TTC TAC TCC TGC TGC CCC ACC ACT CCC TAC C'TG 

520 540 560 580 

200 210 220 
Asp Ile Thr Tyr His Phe Val Met Gln Arg Leu Pro Leu Tyr Phe Ile Val Am Val Ile Ile Pro Cys Leu Leu Phe Ser Phe Leu Thr 
GAC ATC ACC TAC CAC TTC GTC ATG CAG CGC CTG CCC CTC TAC TTC ATT GTC AAC GTC ATC ATT CCC 'KC CTG CTC TTC TCC TTC TTA ACC 
600 620 640 660 680 

230 240 250 
Ser Leu Val Phe Tyr Leu Pro Thr Asp Ser Gly Glu Lys Met Thr Leu Ser Ile Ser Val Leu Leu Ser Leu Thr Val Phe Leu ku Val 
AGC CTG GTG TTC TAC CTG CCC ACA GAC TCA GGG GAG AAG ATG ACG CTG AGC ATC TCT GTC TTA CTG TCC Cn; ACC G'E TTC CTT CTG GTC 

700 720 740 760 

260 270 280 
Ile Val Glu Leu Ile Pro Ser Thr Ser Ser Ala Val Pro Leu Ile Gly LyS Tyr Met LeU Phe Thr Met Val Phe Val Ile Ala Ser Ile 
ATT GTG GAG CTA ATC CCT TCC ACC TCC AGC GCT GE CCC CTG ATC GGG AAG TAT ATG TTG TTC ACC ATG GTC TTT GTC ATT GCG TCC ATC 
780 800 820 840 860 

290 300 310 
Ile 11s Thr Val Ile Val Ile Am Thr His His Arg Ser Pro Ser Thr His Ile Met Pro Glu Trp Val Arg Lys Val Phe Ile Asp Thr 
ATC ATC ACC GTC ATC GTC ATC MC ACA CAC CAC CGT TCG CCC AGC ACC CAC ATC AX CCC GAG 'KG GTG CGG RAG GTT TTT ATC GAC ACT 

880 900 920 940 

320 330 340 
Ile Pro Am Ile Met Phe Phe Ser Thr Plet Lys Arg Pro Ser Arg Asp Lys Gln Glu Lys Arg Ile Phe Thr Glu Asp Ile Asp Ile Ser 
ATC CCA AAC ATC An; TTT TTC TCC ACA ATG AAA AGA CCA TCC AGA GAT AAA CAA GAG AAA AGG ATT TTT ACA GAA GAC ATA GAT ATA TCT 
960 980 1000 1020 1040 

350 360 370 
Asp Ile Ser Gly Lys Pro Gly Pro Pro Pro Met Gly Phe His Ser Pro Leu Ile Lys His Pro Glu Val Lys Ser Ala Ile Glu Gly Val 
GAC ATC TCT GGG AAG CCG GGT CCT CCA CCT ATG GGC TTT CAC TCT CCG CX ATC AAG CAC CCT GAG GTG AAA AGC GCC ATC Gffi GGC G'IG 

1060 1080 1100 1120 1 

380 390 400 
Lys Tyr Ile Ala Glu Thr Met Lys Ser Asp Gln Glu Ser Am Am Ala Ala Glu Glu Trp Lys Tyr Val Ala Met Val Met Asp His Ile 
AAG TAC ATT GCA GAG ACC A% AAG TCA GAC CAG GAG TCC AAT AAC GCC GCT GAG GAA 'KG AAG TAT GTT GCC A'IG Gl'.? An; GAT CAC ATC 
140 1160 1180 1200 1220 

410 420 430 437 
Leu Leu Gly Val Phe Met Leu Val Cys Leu Ile Gly Thr Leu Ala Val Phe Ala Gly Arg Leu Ile Glu Leu His Gin Gln Gly l 

CTC CTC GGA GTC TTT ATG CTG GTG 'ET CTC ATC GGG ACG CTG GCT GTG TTT GCA GGT CGG CTC ATT GAG TTA CAT CAA CAA GGA TGA GCA 
1240 1260 1280 1300 1 

GAGGCTGAGCTAAGCCTACCTCTGTCCCAGCCATAGCCAT~CT~G~AGA~G~G~AGGAAGGTCn;TCTCCTTGATCCTTTCACACTTACCAAl 
320 1340 1360 1380 1400 1420 

TCCTACA~TTAAn;AGAGn;ATCTCTGCTCACACGG~TATTCT~~G~TCTCCCCTT~CTTCC~CTTTT~CACTA~GGCCTCCTT~GGG~~CCCTT~~GTA~ 
1440 1460 1480 1500 1520 1540 

TAAAAGTGAGCCCTCAAAAGAAGTGTTTG~TCTAAATGGCCCCTGGGAGATTTTG~TGGATACTCAAGGTTTTCTGTTTGTATTGCCATGGCTAGTTGTTTTTGTTTTCTTTCCTT 
1560 1580 1600 1620 1640 1660 

TAATAAATATAATTGTACTTAAAAA 3' 
1680 

-. 

figure 2. The nucleotide and deduced amino acid sequence of the a-subunit of the B&H-I acetylcholine receptor. The nucleotides are numbered in the 
5’ to 3’ direction commencing with the first base in the codon corresponding to the amino terminal residue of the mature protein subunit. Nucleotides 
in the leader sequence are indicated with negative numbers. The deduced amino acids of the a-subunit are shown above the nucleotide sequence. The 
only possible glycosylation site conforming to the Asn-X-Ser/Thr sequence is located at residue 141 and is denoted by 4. The three possible polyadenylation 
signals -AATAAA- (nucleotide 1552) -AATAAA- (nucleotide 1673) and -AATATA- (nucleotide 1677) are underlined. The asterisk marks the translation 
termination codon. 
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for a protein of 437 amino acids with a calculated M, of 49,767. All as the hybridizing mRNA species from muscle. Finally, the pMARal5 
a-subunits completely sequenced to date (five species) contain 437 cDNA hybridizes to rat muscle and brain mRNAs and to RNA from 
amino acids. The 3’untranslated region consists of a translation the rat pheochromocytoma cell line PC12 (Greene and Tischler, 
stop signal following amino acid codon position 437 which is 377 1976) (data not shown). 
bases 5’ to the polyadenylation tract. We found three possible We compared the amino acid sequences of acetylcholine receptor 
polyadenylation signals (Proudfoot and Brownlee, 1976): AATAAA- a-subunits to see if the identification of conserved regions would 
(nucleotide 1.552) -AATAAA- (nucleotide 1673) and an overlapping provide insight into the structure of the protein. Overall, the mouse 
sequence, -AATATA- (nucleotide 1677). In this clone the polyade- a-subunit is 80% homologous with both speices of Torpedo, 86% 
nlyation tract commences 139 bases from the polyadenylation signal homologous with chicken, and 95% homologous with both human 
at position 1552 and 18 bases downstream from the signal at and calf. The aligned sequences are seen in Figure 4. It is clear 
position 1673. from this figure that the putative acetylcholine-binding site and the 

Figure 3 shows a Northern blot of mRNA isolated from the B&H- proposed membrane-spanning regions exhibit the greatest conser- 
I cell line and C3H mouse liver, diaphragm, and leg muscle and vation of sequence. The data in Table I show the degree of inter- 
brain. The transferred RNA was visualized by hybridization to =P species homology calculated for each of the proposed structural 
nick-translated pMARal5 plasmid DNA. The predominant band in domains of the protein. 
the B&H-I poly(A)+ lane corresponds to an RNA with a length of There is good evidence for the presence of a disulfide bond in 
approximately 2 kilobases (kb). The faint band at approximately 4 the vicinity of the acetylcholine-binding site of the a-subunit (Karlin 
kb may represent incompletely spliced a-subunit precursor mRNA. et al., 1976). There are four cysteine residues in the portion of the 
The band in the poly(A)- lane is reproducibly smaller and is enriched a-subunit that is thought to be extracellular; two of these are 
over the band in the poly(A)+ lane. Adult C3H mouse liver mRNA separated by 13 amino acid residues between positions 128 and 
showed no detectable hybridization with the pMAFial5 plasmid. 142 and two are contiguous at positions 192 and 193. Numa et al. 
Both mouse diaphragm and leg muscle contain mRNA homologous (1983) have suggested that the cysteine residues at positions 128 
to the B&H-I a-subunit clone, although we estimate the levels to be and 142 form a disulfide bond and that the residues between them 
less than 1% of those seen in B&H-I cells. In addition, we reproduc- constitute the acetylcholine-binding site. In examining the sequences 
ibly detect an mRNA species in mouse brain; it is most prevalent in shown in Figure 4, we noted that the four cysteine residues are 
the poly(A)+ fraction and appears to be approximately the same size found in all species examined. Free sulfhydryl groups are rare in 

Figure 3. Autoradiograph of Northern blot 
hybridization using radiolabeled pMARoll5 
and mRNA isolated from B&H-I cells, 
mouse liver, brain, diaphragm, and leg mus- 
cle. RNA samples were prepared, electro- 
phoresed, blotted, and hybridized to radio- 
labeled pMARal5 as described under “Ma- 
terials and Methods.” The amount of mRNA 
per lane is as follows: /3&W, 1 pg; liver, 
20 pg; brain, 20 pg; diaphragm and leg 
muscle, 10 rg each. A+ refers to material 
eluted from an oligo-(dT) cellulose column; 
A- denotes material which did not adhere 
to the column. Length of hybridizing species 
was estimated from the positions in the gel 
of 18 S and 28 S ribosomal subunits. 
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INTERSPECIES COMPARISON OF PROTEIN SECIUENCES OF NICOTINIC ACETYLCHOLINE RECEPTOR ALPHA SUBUNIT 

1 TORPEDO CALIFORNICA,EO,CDNA 
2 TORPEDO MARMORATA.EO.C~NA 
3 GALLUS DOMESTICUS.RBC,GENDNA 
4 MUS MUSCULUS,BCBH-l,CDNA 
5 BOS TAURUS.STRMUS.CDNA 
6 HOMO SAPIENS.PLAC.GENDNA 

f---SIGNAL PEPTIDE- 

+----At hBS- 

150 160 170 160 190 200 210 220 230 240 

T- -TRANSMEMBRANE I-----, 
GLYCOSYLATION SITE 

EKMTL S 
EKMTLS 
EKMTLS 
EKMTLS 
EKMTLS 
EKMTL S 

TRANSYEMBRANE II + t-TRANSMEMBRANE III+ 

350 360 370 360 390 400 410 420 , 430 

250 260 270 290 290 300 310 320 330 340 

IDI 
IDI 
IDI 
IDI 
IDI 
IDI 

t-AMPHIPATHIC HELIX+ tTRANSMEMBRANE IV+ 

Figure 4. Alignment of deduced amino acid sequences for acetylcholine receptor a-subunits from six species. Sequence sources are referenced in the 
text. Genus and species names are followed by the tissue source used for cloning: EO, electric organ; RX, erythrocytes; B&I+/, non-fusing mouse cell 
line (Schubert et al., 1973); STRMUS, striated muscle; P/XC, placenta, and the type of clone obtained: CD/VA, complementary DNA; GBVDNA, genomic 
DNA. Amino acids in one-letter code are numbered from the first amino acid of the mature protein. *, stopcodon. Functional domains are indicated below 
the aligned sequences; AChBS, putative acetylchollne-binding site. 

extracellular proteins (Fahey et al., 1977), and they are seldom 
conserved except when they are part of an active site (Schulz and 
Schirmer, 1979; Thornton, 1981). In fact, the cysteine residues of 
the a-subunit do not label with N-[3H]ethylmaleimide without prior 
reduction (Hamilton, et al., 1979; Otero and Hamilton, 1984). The 
mutation rate of cysteine residues is higher than that of the average 
residue, whereas half-cystines tend to be more conserved than the 
average residue (Thornton, 1981). Since the four cysteines are 
conserved among all of the species examined so far, we suggest 
that the four cysteines form two disulfide bonds. It is unlikely that a 
disulfide bond exists between residues 192 and 193 since adjacent 
cysteine residues have never been found to form a disulfide bond 
(Schulz and Schirmer, 1979; Thornton, 1981). However, there are 
numerous instances of “double cystine” bridges (Brown, 1976) in 
which each of two adjacent cysteine residues is disulfide-bonded to 
yet another half-cystine, thus bringing three segments of a polypep- 
tide chain into close proximity. We propose, therefore (Luyten et al., 
1984), that cysteines 128 and 142 form a disulfide bond not with 
each other, as previously suggested (Numa et al., 1983), but with 
cysteines 192 and 193. Figure 5b shows the distribution of disulfide 

bonds as we propose in our model. In this drawing we show disulfide 
bonds between cysteines 128 and 193 and between cysteines 142 
and 192. We chose this arrangement based on analyses of Corey- 
Pauling-Koltun space filling models of this region of the protein but 
cannot exclude the alternative arrangement. 

Although this proposed disulfide arrangement constrains the pos- 
sible tertiary structures for the a-subunit, we do not mean to imply 
that its folding would be grossly different from that of the other three 
subunits. The inter-subunit amino acid homology and similarity of 
hydrophobicity and secondary structure profiles strongly argue 
against that. Rather, we suggest that the region in the other subunits 
corresponding to the P-turn Cys193-Thr196 in the a-subunit (Finer- 
Moore and Stroud, 1984) would lie close to the single extracellular 
disulfide bond of the /3-, y-, and &subunits. 

Discussion 

We have Isolated a clone coding for the a-subunit of mouse 
acetylcholine receptor. This clone identifies two RNA species in 
mouse muscle and has allowed quantitation of their levels following 
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denervation (Goldman et al., 1985). The clone also identified 2-kb 
RNA species in both mouse and rat brain. We do not know, however, 
that this RNA codes for a neuronal acetylcholine receptor or even 
that the RNA was derived from nerve cells as opposed to glial or 
vascular cells. The RNA species detected in mouse muscle are 
similar in size to those found in Torpedo but substantially smaller 
than those found in calf muscle. The faint 4-kb band may correspond 
to the cDNA sequenced by Noda et al. (1983b). The size difference 
between the calf and mouse a-subunit mRNAs lies in the 3’- 
untranslated sequences which are about 2200 bases in calf and 
only 377 in mouse. 

There are three consensus polyadenylation signals in the 3’- 
untranslated sequences of the mouse a-subunit clone. Two of these 

TABLE I 

Amino acid sequence homology for various domains of the B&H-/ AChR 
Lu-subunit and calf, human, chick, and Torpedo californica 

The numbers in parentheses are for segments of the chick a-subunit for 
which the entire sequence of the region in question is not known. The 
membrane-spanning regions (MSR I to IV) for the B&H-l a-subunit were 
determined by inspectton of hydrophobicity profiles and comparisons of 
homologous regions with other a-subunits. The amphipathic region is as 

described by Finer-Moore and Stroud (1984). For purposes of comparison, 
only the T. califormca sequences are used (Noda et al., 1982). 

Protein Domain 

Amino terminal 
Acetylcholine 

binding site 
MSR I 
MSR II 
MSR Ill 

Region between 
MSR III-IV 

Amphipathic seg- 
ment 

MSR IV 
Mature protein 

a NA, not available. 

Amino Acid Homology (%) 

residues Torpedo Chick Calf Human 

l-210 77 (98) 94 95 
128-l 42 93 87 100 100 

211-236 92 92 96 96 
244-265 100 100 100 100 
279-297 79 100 100 100 
298-400 76 (82) 94 93 

362-387 80 84 96 96 

401-433 81 NAa 94 97 
l-437 80 (86) 95 96 

A 
“2 

OUT 

7 COOH 

sequences are found very near the polyadenylation site and the 
third is found 125 bases nearer the 5’ end of the clone. Since the 
two mRNA species found in mouse muscle differ by about 130 
bases at the 3’ end of the clone it is likely that at least two of the 
polyadenylation sites are used in RNA production (Goldman et al., 
1985). The functional significance of these multiple polyadenylation 
sites is not known. Multiple polyadenylation signals are found in viral 
(Nevins and Darnell, 1978) and nonviral (Early et al., 1980) mRNAs 
including Torpedo californica y-subunit (Claudio et al., 1983), human 
a-subunit (Noda et al., 1983b), and calf P-subunit (Tanabe et al., 
1984). Although the role of multiple polyadenylation signals is un- 
known, there is evidence that, late in adenovirus infection, variable 
polyadenylation site selection may be used to alter gene expression 
(Brocker and Chow, 1979). 

Inspection of the aligned sequences of the a-subunits of six 
species sequenced to date shows regions of extensive conserva- 
tion. A striking example of this regional conservation is the portion 
of the protein containing the proposed membrane-spanning regions. 
The results in Table I show 100% conservation among several 
species in the first three membrane-spanning regions. This result is 
striking because evolutionary conservation is not an intrinsic property 
of transmembrane regions. On the contrary, transmembrane seg- 
ments like the signal peptide (Kreil, 1981; von Heijne, 1981a), and 
membrane-anchoring cy-helices of viral glycoproteins (Gething et al., 
1980; von Heijne, 1981 b; Bell et al., 1984) and of class I HLA 
antigens (Kimball and Coligan, 1983) appear to be more variable 
than the rest of the proteins in which they occur. However, proteins 
with multiple transmembrane segments such as the acetylcholine 

receptor seem to exhibit stronger conservation in these segments 
than do proteins with a single transmembrane domain. This is 
apparent in the membrane-bound forms of immunoglobulin (Rogers 
et al., 1981) and class II HLA antigens (Travers et al., 1984). In the 
latter case it has been suggested that this conservation is required 
for transmembrane a-helix packing. Packing constraints can only 
explain the conservation of the acetylcholine receptor a-subunit 

transmembrane segments in part, since the p-, y-, and d-subunit 
transmembrane segments are less well conserved than those of the 
a-subunit. This points to evolutionary constraints specific for the cr- 
subunit transmembrane segments. Indeed, the a-subunit may be 
the only subunit which must interact with three different subunit 
proteins in the receptor pentamer; in addition, the a-subunit may 

OUT 
e 

B 

Figure 5. Schematic diagram of the a-subunit polypeptide chain with the originally proposed disulfide bond arrangement (A) and the alternative arrangement 
(B) described in the text. I to IV, transmembrane domains I to IV; A, amphipathic helix, OUT, extracellular, IN, intracellular. 
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contribute more to the conformational change that leads to channel 
openings. 

There is another instance of conservation of hydrophobic se- 
quences in the cY-subunit. The last five amino acid residues of the 
signal peptide are conserved in the six species examined. Since this 
conservation is not typical of signal peptide sequences (Kriel, 1981; 
von Heijne, 1981 a, b), these sequences may be involved in specific 
processing events involved in the maturation of the a-subunit. It is 
interesting that the absolute conservation of sequence in the signal 
peptide starts at the 3’ end of the intron found in the leader sequence 
of the human a-subunit. 

The conservation of cysteine residues in the extracellular portion 
of the a-subunit led us to make a new model for the disposition of 
disulfide bonds (Luyten et al., 1984). Rather than a single disulfide 
bond between residues 128 and 142 (Numa et al., 1983), we 
propose a double disulfide linking these two residues to the cysteines 
in positions 192 and 193. This brings all four cysteines in proximity 
to the acetylcholine-binding site. This implies that any one of the 
four cysteines might be affinity labeled with radiolabeled 4-(N- 
maleimido)benzyltrimethyl ammonium (MBTA) (Karlin and Cowburn, 
1973), and the affinity labeling reagent might be found on a peptide 
surrounding sequences 128 to 142 or around sequence position 
192, 193. Recent experiments demonstrate that MBTA forms a 
covalent bond with Cys 192 and to a lesser extent with Cys 193, 
leading Kao et al. (1984) to propose a similar model for the arrange- 
ment of the disulfide bonds. 
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