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ABSTRACT We have cloned and sequenced a fragment of
the chicken genome approximately 9 kilobases in length that
comprlses the genes encoding the 6 and y subunits of the nico-
tinic acetylcholine receptor. The two gene$ are homologous
and have identical structures: both consist of 12 exons, some of
which precisely correspond to predicted structural domains of
the receptor subunits. The 5 and vy subunit gehes are encoded
by the same DNA strand and are very closely linked, there
being only 740 base pairs between the last codon of & and the
initiator codon of Y- Blot analysis demonstrates that the genes
we describe are unique in the genome. Comparison of the pre-
dicted protein sequence for the corresporiding subunits of
chicken and of the elasmobranch Torpedo reveals a high de-
gree of conservation in $ome but not all of thie protein domains.

The nicotinic acetylcholine receptor (AcChoR) mediates
synaptic transmissiod at the vertebrate neuromuscular junc-
tion. Located in the folds of the postsynaptic membrane, the
AcChoR is a cation channel whose opening is tnggered by
acetylcholme AcChoR activation normally results in an in-
flux of Na* that depolarizes the postsynaptlc membrane and
leads to muscle contraction. The AcChoR is the best under-
stood of all ligand-gated ion channels due to its relative abun-
dance in the electrocytes of Torpedo or Electrophorus, from
which workable quantitiés of receptor can be punfxed The
receptor is a pentamer of four different subunits in the stoi-
chiometty a,By8. All subunits are glycosylated dnd span the
membrane. They assemble into a barrel-shaped structure
whose central cavity is thought to be the gated ion channel
(for recent reviews see refs. 1-3). That the four subunits par-
ticipate in the assembly of a single functional AcChoR mole-
cule was elegantly verified by showing that all four mRNA
species must be injected in Xenopus oocytes to allow detec-
tion of physiologically active receptor (4). Microsequencing
of the amino ends of the four purified Torpedo subunits dem-
onstrated that they were related and suggested that they had
evolved from an ancestral gene by a series of duplications
).

Several laboratories recently succeeded in cloning and se-
quencing some (6-9) ar all (10-12) of the cDNAs encoding
the four subunits of Torpedo AcChoR. It was found that
there is significantly more homology between the deduced
protein sequences of the a—B and y-6 pairs than between
any other combinations of subunits, suggestmg that an initial
duplication of the ancestral gene had given rise to two proto-
genes, one of which later yielded the y and & genes while the
other gave rise to the « and B genes (12). Moreover, all sub-
units were shown to have four very hydrophobic stretches—
three of them closely grouped—of sufficient length to span
the membrane. This finding suggested a model for the trans-
membrane insertion of the receptor whereby each subunit
weaves four times through the membrane to yield an assem-
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bly of twenty transmembrane « helices, a subset of which
constitutes the channel per se (8, 9, 12). A related model (13)
predicts that there is yet a fifth transmembrane helix in each
subunit and that its marked amphiphilic character provides
polar residues to the channel’s interior.

In this report we describe a fragment of the chicken
genome containing the 8- and y-subunit genes. We show that
the two genes are closely linked, encode homologous pro-
teins, and have identical structures. We note in particular
that in both cases each of the four hydrophobic stretches
predicted to span the membrane is encoded by a separate
exon. In addition, we show that the & and y genes are unique
in the chicken genome.

METHODS

Genomic Library. Chicken erythrocyte, brain, and muscle
DNA were prepared from the tissues of day 8-12 embryos
by a standard procedure (14). Erythrocyte DNA (the gift of
France Keppel) was used to construct a library in the vector
phage A L47 (15). A detailed account of our procedure has
been published (16). Briefly, the target DNA was partially
digested with Mbo I and 15- to 25-kilobase (kb) fragments
generated by several degrees of digestion were pooled and
ligated between the BamHI sites of the vector. In vitro pack-
aging was according to ref. 17. The initial library consisting
of 5 X 10° recombinants was amplified 10° times on a phage
P2 lysogen.

Library Screening. The original procedure (18) has been
adapted to permit screening of 5 X 10* phage per 10-cm
plate. After transfer of the phage to nitrocellulose mem-
branes and processing, the filters were incubated in 5% stan-
dard saline/phosphate/EDTA (SSPE)/5x% Denhardt’s solu-
tion/0.1% NaDodSO, containing sonicated and denatured
salmon sperm DNA at 100 ug/ml and denatured probe at 5 x
10° dpm/ml, at 58°C for 18 hr. After hybridization the filters
were washed extensively in several changes of 2x standard
saline/citrate (NaCl/Cit)/0.01% NaDodSO, at room tem-
perature. SSPE, Denhardt’s solution, and NaCl/Cit (SSC)
are standard hybridization reagents (19).

Radioactive probes (1-2 X 10° dpm/ug) were prepared by
nick-translation (20) of whole plasmids or of gel-purified re-
striction fragments.

Phage Analysis and Subcloning. Recombinant phage giving
a positive signal in plaque hybridization were purified by
several cycles of plating at low density. Phage stocks were
grown in liquid culture by standard procedures and purified
on equilibrium CsCl gradients. Phage DNA was prepared by
phenol/chloroform extraction. The inserts were mapped by
agarose gel electrophoresis of appropriate restriction di-
gests. The mapping gels were blotted to nitrocellulose mem-
branes (21) which were incubated with labeled cDNA probes
and prepared for autoradiography exactly as described

Abbreviations: AcChoR, acetylcholine receptor; kb, kilobase(s);
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Physical map of the 5/ gene pair. Phage c106 and c102 define a unique region of the chicken genome containing the & and vy genes.

The region extending between the filled circles has been sequenced. Vertical arrows: Pst I sites; p1.6 and p9: two Pst I fragments used as 8 and
v probes in genomic blots. Numbered boxes delineate exons; filled, signal sequences; hatched, hydrophobic regions I to IV.

above. In this manner we could determine which genomic
fragments contained transcribed sequences. Overlapping
subclones 400-1600 base pairs (bp) in length and encompass-
ing approximately 15 kb of continuous genomic DNA were
constructed in the vector pUC 8 (22). Subcloning was rou-
tinely done by ligation of the vector to the appropriate target
DNA fragment after the vector had been treated with restric-
tion endonuclease and alkaline phosphatase.

DNA Sequencing. We used the chemical method (23) as
modified in ref. 24. Thin gels were fixed and dried on What-
man 3MM backing paper before autoradiography for 18 hr at

room temperature. End-labeling of restriction fragments was
effected by filling-in of 3’ recessed ends with the Klenow
fragment of DNA polymerase I in the presence of the appro-
priate [a-32P]dNTP.

Blot Analysis. Total DNA from chicken tissues, prepared
as described above, was analyzed by Southern blot hybrid-
ization with appropriate nick-translated probes. DNA was
digested with restriction enzymes as indicated in Results.
Samples of the digested genomic DNA (8 ug) as well as ap-
propriate controls (made of roughly single-gene-equivalent
amounts of cloned DNA) were run on 0.7% agarose gels and

....CATG6GBGACATGGCAGTGC TGC TBGCC TTOT TTGG66CACTBETGCTETCOGgtgage. . . . . (399).... . agecccccagBTGEGC TCTGCGT TARCCABGAGGAGCGGL TCATCCATCACC T TTGAGGAGRGAGGC TACARCARGGAGGTGLG

MetAlovolLeuLeuRlaLeuPheGlyRloLeuvolLeuSerG

CCCCGTTGCCTCTGCTGATGAGGT TGTGGATGTC TACCTAGCCC TTACCCTCTCCARCCTCATCTCACTGGEgagE. . .

gProvolflaSerAloRspGluvalValRspVal TyrLeuAlaLeu IhrLeuggrﬂsnLcul leSerLev

lyGlyLeu[stalHsnGlnG!uGluHrgLeuIleHlsHlsLeuPheGluﬁluﬂ*gﬁlylyrﬂmysgLUVolﬂr

..... LtattgcagRRAGRGGTGGACGAGACAC TCACCACCAACG TATGGGTIGARCARGLgagt . .. .. (163).
o LysBluVolﬂspﬁlthr\LwInrfhrﬂsnvalIrpvmmuﬁsi,ﬂf{g »

+..CteecoccogRBC T66AC TGAT TACCGCC TECAGTGGAACACATC TGAGT TT66666CGTCGACGTGC TCCGGC T6C TGCCAGAGRA 1GCT6TG6C TECC TGAGATAGTCC TGGAGARCARGEgage. . ... (118)...... tctcatgca@ngﬂlgﬂtg
Snfspl

SerTrpThrAspTyrArgLeuGInTrpAsnThrSerGluPhet]y6l qulepVolgguﬂrgLeuLcquGluﬂctLeurrpLeuProGlul levolLeuGluRsnAs

GBCTCTTTGAAGT TGCCTACTACTGCARCGTGC TGGTC TACARCAC TGGC TRCOTCTACTGGC T6CCCCCCOCCATCTICCGCABCGLC TGCCCCATCRRTGTCRACTTC TTCCCCT TTGACTGGCAGARC TGCACCCTCARATTCAGGLgLg. .. .. (81)
‘lemmﬁluValmonrlerysﬂanaleVul TyrfisnThrGlyTyrval IyrIQELeuProProﬂl ol 1ePhefirgSerAlaCysProl leAsnval RsnPrmPnzProPhcmrrpGlnﬂsn[yslhrLeuLysPMSe

..... tocgettcogCTCATTGECATACAATGCACAGGAGATCAACATGCACC TGAAGGABGAGAGTGACCCAGAGAC TGARRAGART TACCGGGTGGAGTGGATCATCATCGRCCCCGARGGC TTCHCOGgatcg. . ... (31).. .. . gtcccancaghR
rSerLevAlaTyrAsnAlaGInGlu] leHsnngngsLeuLysGluGluSerﬂspProGluThrElutysﬂsnlyrﬂrgvmﬁlulrpl lz{lgl 1eAspPro6lubl yPheThrG lv

RATGGCGAATGGGARATCATCCACCGCCCORCCCHCARGRACATCCACCCCAGC TACCCCAC TORGAGCAGCGAGCACCAGGRCATCACCT TCTACCTCATCATCAAGCGCARGCCACTCTTCTACGTCATCAACATCGTCACACCCTGCGTCCTCATIGLCT
RsnblyGluTrpblullel leﬂlsﬂ‘gProﬂlogrog.ysﬂsnl 1eH1sProSerTyrProThrGluSerSerGlub1sGInAspl leThrPhemmul lel leLysﬂrnggFjr:q:ewnerrVOl [1eRsnl leVal ThrProCysvalLev! 1eRloP

hetetAlal leLeuValPheTyrLeuProRl

TCHIGGECHTCUFGIUTCTF[CTGECTGC‘T“;GHF’EIgtgogt ..... (247)..... tgotctocagbTOGTGAGARGATGAC TCTGGTGATCTCAGTGC TCCTGRCCCAGTCTGTCTTCCTCCTGCTGGTC TCCEAGCGCCTGCCTGECACC TCCCACGCCA
254

erGlyGluLyshet ThrLeuVol I leSerValLeuLeuRlablnSerValPheLeuL el ewVal SerGlnArgLevProRlaThrSerHisAlal

leProL

TCCCCCTCATTGECARgEgogt...... . (108D . acceccgeogGTACC T TC TG TCATCATGC T6C TGGTGACGEC TGTGGTGRTGATCTBCGT TGTGOT TCTCARCTICCATTTCCBCACCCCCAGCACTCALGTCATGC TGATTGGGICAGAGGAg
eul Iegw.y sTyrLeuLeuPhe] leMetLeuLeuVal ThrAlavalVolVol ] letysVulVaqulLeuﬂsnPhe@MgIhrPr‘ogc;IhrHlsVo!HetSerHspIrpVolﬂrgGly

£000g....... (139)..... tcctatgeagbTGTTCCTGGAGRTCC TGCCCCGCTTETTGCACATGTCACACCCAGC TGAGRGCCCAGCAGG TGCCCCGTGCATCCGGCEC TGCAGE TCGGL TGGGTACATCGCCARGGCAGAGGAGTAC TRCAGCGTCARGT
ValPheLeuGlul IeLetPromgLeusylsHetSemsPr‘oﬁluGluSer‘ProFlloGlyﬂloProEysl IemgﬂrgtysSerssﬁ:Fl!oﬁl yTyrI1eRlaLysAloGluGTuTyrTyrServalLysS

CCCGCAGCGAGC TCATGT T TGAGAAGCAG IWWT&C[MGTGT(K&C%%MW. .

erfgSertlLeufetPneslul S LnSerGluAghi 1 eulaSerfriol T

..... ccgtceccagGCTTTGCACCAGCAGCCACGAGCGAGGAGCAGC TCTATGATCACC TGRAACCCACCCTGGATGA

rmlj‘l’gProﬂlaﬂloanerGluGluGlnLeuryrﬂspﬂlsLMystTrrLMspGl

GCCAACT TCAT T6TCAAGCATATGCGOAGAARARCAGC TACPATGAGGLQRQQ. .. (vdD). .. CCCLCCCCOgGAGARRGACRRC TBGARCCGCGTGOCACGCACCE TGGACCECC TCTGCTGTTCC TCATCACCCCCATGE TGGTGGTGOCAC
GlutystspAsnlrpfsnrghalAloieghrl euspingl eoysLeuPhel el LT FrotetLeual ValGly Th

uRlohsrPnellefolLysHishet gl yshnser TyrAsnG 1y

TCTCTGGRTCTTCCTCATGOGCATC TACRACCACCCACCECCAC TGCCC T TCTCTGGAGACCCCTTCGAC TACCGGGAGGAGARCARACEC TACATATAGGGCAGCCCCGAGBETGE66TGOBGTCC TCTGTBGCAGCCCTTCTACTCCTICCTGLCTRCCTG
rLoulr‘pllcPheLetﬂetG]yl]eTyrﬂanlsProProProLetProP‘t:gScrﬁlyﬂspProthﬂspTym‘gGluGlxﬂsnLyer‘gTyrl le +
7 495

CTGTGGC TRGGAGARATARAGC 7666 TGAT TCACARTGTGGG6TGCAGAGC TGGCGGT TARGTGAGACC IARAA. ..

F1G. 2. Nucleotide and deduced protein sequence of the chicken & gene. Exon 1 and the first 11 bases of exon 2 encode the proposed signal
sequence. Lower-case nucleotide symbols indicate acceptor and donor sites of intervening sequences. Numbers in parentheses give length of
corresponding intron in bp. Underlined symbols represent hydrophobic regions I to IV. The coding sequence contains 43% A +T (Torpedo: 58%
A+T) and codon usage reflects this considerable difference in base composition. A canonical polyadenylylation signal A-A-T-A-A-A is present
77 bp downstream from the termination codon. The mature & subunit has a calculated molecular weight of 57,215 and amino acid composition
Phe;s, Leuss, lles;, Met;;, Valy,, Sers;, Pros;, Thry,, Alag, Tyras, Hisys, Glnge, Asngy, Lysis, Aspis, Glug,, Cyss, Trpy1, Argze, Glyye. There are
two potential N-linked glycosylation sites, the Asn residues at positions 70 and 143.
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blotted onto nitrocellulose filters (Schleicher & Schuell, BA
85). After heating in a vacuum oven at 80°C, the filters were
treated with 4x SSPE/10x Denhardt’s solution/0.1 mg of
heat-denatured salmon sperm DNA per ml at 65°C for 4-6
hr. They were then incubated overnight in a small volume of
the above solution to which 10% dextran sulfate (Pharmacia)
and a radioactive probe had been added. The filters were
washed in several changes each of 2x NaCl/Cit at room
temperature, then 1x NaCl/Cit/0.2% NaDodSO, at 65°C,
and finally 0.5x NaCl/Cit/0.2% NaDodSO, at 65°C over a
total time of 3-S5 hr.

RESULTS AND DISCUSSION

Close Linkage of the & and y Genes. Phage c106 and c102
(Fig. 1 and Methods) were originally screened from our
chicken genomic library with a Torpedo y cDNA probe (6).
In the process of subcloning restriction fragments from the
genome of c106, we noticed that in addition to fragments giv-
ing a strong signal there were fragments yielding faint but
reproducible signals when hybridized to the probe. We then
decided to subclone and sequence the whole region covered
by the two phages and found it to encode the entire & and y
genes of chicken AcChoR.

In control experiments, a Torpedo & subunit cDNA probe
(25) hybridized strongly to chicken & genomic fragments pre-
sent in c106. Moreover, a screen of the chicken library with
the Torpedo 8 probe yielded a set of phage identical to or
overlapping c106. Restriction analysis of the region encom-
passed by phage c106 and c102 yielded the map shown in
Fig. 1. We made use of the high frequency of Pst I sites (an
average of one site in 900 bp) to construct a battery of contig-
uous subclones. Overlapping subclones were also construct-

. .EPBUCEFI[HTGCGCTGCTCEGHTET[EI[ITCETCTICUCETCBCPUCTGTBTCCTGCE%gtoogg .....

HetArqCysSerfispLeut eul eul euPhel el euAlal euCysValL e

-22

(CTGCCCCAGCGL TBCGTO666ACCAGGTCATTGACGTCACCCTCARRCTCACCCTCACCARCCTCATCTCC TTGgt gaga

sLevArgProR] oLeuArgbl yAspbInval I 1eAspYal Thrieut ysLeuThrLeuThrfisnLeu] 1eSert ey
20 40
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ed from the other restriction sites shown in Fig. 1 (see Meth-
ods).

We sequenced 9000 bp of continuous DNA, comprising
the & and y subunit genes from a point located about 900 bp
5’ to the (putative) initiator codon of the & gene to a point 240
bp 3’ to the ultimate triplet of the y gene. As summarized in
Fig. 1, we found that both genes are encoded by the same
DNA strand and that there are only 740 bp in the intergenic
region separating the last codon of the & gene and the initia-
tor codon of the vy gene.

Structure of the 8 and y Genes. The 8- and y-subunit genes
are quite compact (about 3300 and 4000 bp, respectively) and
have very similar structures (Figs. 1, 2, and 3). Both genes
consist of 12 exons. Exons of like rank have extensive se-
quence homology and are nearly identical in size. In addi-
tion, the splice sites between homologous exons are exactly
conserved: at all 11 pairs of splice sites the coding sequences
of the two genes are interrupted at the same location within
or between the affected codons. Thus all homologous exons
either have the same number of nucleotides or differ by 3n
nucleotides. Intervening sequences are flanked by acceptor
and donor sites that closely conform to the canonical splice
sequence (26). Introns of like rank in the two genes, howev-
er, differ sharply in length and in sequence (intron sequences
not shown, full sequence printouts available on request).

The above features and the overall homology of the de-
duced protein sequences to the corresponding Torpedo 6 and
v subunits (Fig. 5) make it likely that our assignments of cod-
ing and intervening sequences are entirely correct for those
exons (2-12) that encode the mature proteins. The signal se-
quences we suggest (exons 1, Figs. 2 and 3) are conjectural.
We note, however, that nowhere in the intergenic region can

cteccaccagbCATARGCTGCRGGAACCAGGAGGAGRAGC TGCTCCARGRCC TGATGACCAACTATARTCGTCA
lyl1eSerCysArgRsnG1nG1uG1uL ysL eul eubinAspLeuMet ThrsnTyrAsnArgH]
1

..... (118).... . teectgtcogARTGRGCGEGAGGAGACCC TCACCACCARTGTTTGGATCOAGATGgt gago. . . ..

AsnG1uArg61uGluThrLeuThr ThrAisnVal Trpl 1eG1uMet

(149)......cotctcccogUARTGTCTBRCTATCGLC TGCG6TBGGACCLCATAPATACGATGACATCCAGCAGCTECGG T6CC TTCCGLCRTEBTCTGLCTELLCEACATTGTCTTGGABRACAAgEGagg. ... (84). ... tececegcagthl
GInTrpSerfspTyrfingleufrgTrpRspProfspL ysTyrAspRsp] 16§16 nL euArg¥alProSerAloMetVal Trpl euProfispl 1eValL euGlufsrAs il
80

CGATGGGACATTTGAGATCACACTCTATACCARCGTGCTAGTGTACCCTGATEGCABCATCTACTBGC TGCCCCCTGCCATCTACCBCAGCTCCTBCTCCATCCACOTCACCTRCTTCCCCTTTGACTGECAGARC TGCACCATGETCT TCCAgtgage. . . .
efspblyThrPheblul leThrLeuTyrThefisnValLeuVal TyrProfispblySer [ 1eTyrTrpLeuProProRlal leTyrfirgSerSerCysSer [ 1eH1sVal ThrTyrPheProPheRspTrpGlnAsnCysThrMet ValPheGl
100 120

140

.(33)..... ctcctcctogﬁngggmcrmmcscmsmrcmmc T6CT6ACAGTG6AGGAAGGLCAGACCATAGAGTGOA IENEHTT&QCECEGHHGEEHTHG%gtoacc ..... (661)..... cgcatggcag;lggﬂlg?ﬂg?ﬂ}ﬁ
SnG1yGluTr

InThe TyrSerAioAsnG1ul leAsnL el euleuThr¥alG1uG1u61yGInThe 1 e51uTrp] 1ePhel leAspProGluATaPheThr

160

181

660CATCARGCACCGCCC TGCACGGAAGATCATCART TCAGGGCGCT TCACCCCABGRTGACATCCAGTACCAGCAGOTGATCTTCTACCTCATCATCCAACGCARGCCGCTCTTCTRCATCATCARCATCATCGTGCCCTGTGTTCTCATCTCCTCCATGELT
pAlalleLysHisArgProRloArgLysI el 1eAsnSerGlyArgPheThrProRspspl 1e61nTyrG1nGInVal I1ePheTyrt evl 1eT1eG1nArgLysProLeuPheTyr [ 1el lesnl lel leValProCysvalLeul leSerSerMetAla
200

219

ETGCTGGICTHSTTTETBCETGC&MSERgtOCCt ..... (~140).... . get ttgtcagl6o66666CAGARGTGCACCGTCTCCATCARTGTCCTCCTORCCCAGRCTGTCTTCCTCTTCCTCATTGCCCAGARGGTECCCOAGACC TCCCRGGCAGTGLC
)

ValLeuVal TyrPheLewProfl

1a61y61y61nLysCysThr¥alSer1eAsnValLeuLeuRl o6InThrYalPheLeuPheLeul 1eAlabInLysValProGluThrSerGInAlavalPr

273 280

FETCRTEGERQOOR..... 230).....cactocqogf
S

AC
oleulleblyLy yrL

CTGACCTTCCTCATG6TG6TGACAGTGGTGRTTOTGGTGARCGCCOTCATCGTCCTCARCGTCTCACTGAGARCACCCARCACTCACTCCATG TCTCAGAGGGTGCOCCAGGLace
evThrPheLeuMetValVal ThrValVal I levalValAsnRlaval [ 1eVallevAsnValSerLeuArgThrProfsnThrHisSerMet Ser61nfrgValArgGln
311 320

t....@N..... tttccoﬁvllli}GIITECPCUCUBCEEEBUHTEIGGGCHIIIPCHTBCEPGBGPSGCCEEGGGGCEFIC
']

6CARGCCACCCBGCGACGCAGT TCCCTGO66CTGATGGTGRAAGC TGRTGAGTACATGC TATGGARAGCCCOOAC

rpLeuH1sLeut evProfrgTyrLevb 1 yMetH sHetProG1ub1uRl aProGlyProPro6lnlaThrrgArgArgSerSert eublyLeuMet ValLysAloRsp61uTyrHetLeuTrpLysRloArgTh
340 380

CGAGCTTCTCTTTGAGARGCAGAAGGAGRAGGGATGGAC TGATGARRACCETGC TGGAGAAGAT T6gt gagt. .. .. (70)

rG1uLeuLcuPheG 1 ysG1nLysG1uArgAspG 1 yLeuMetLysThrYalLevGIutys! 166
380

C66GCATGCHTTGAGGCC TGCAACCACATCHCCARCGCCACGCGGEAGCAGARTGACTTCAGCAGC gt gagt. . . . . (8D)

ArgRlaCysValGluRlaCysAsnHis! 1eAloRsnAlaThrArgGluGInAsnAspPheSerSer
420

0gt gt gcagGACGTGECCTE6AGAGCARCCHTGCHCABBAC TTCTECCABAGCC T6GAGGAGGCGAGCCCAGAGATC

TyArg61yL ev61uSerAsnCysAlo61AspPheCysG InserL eus 106 1uRTaSerProGlul le
400

gecocaacagoRGARCGAGEAGTGGATCCTGETE666AGAGTGATCGRCCGCGTCTGCTTCTTCATCATGACCTCGC

GluAsnblubluTrplleLeuVal6lyArgVal I1eRspArgValCysPhePhel leMetRlaSert
440 45

3 S

TCTTCGTGTBCB6TACCATIGGARTC T TCCTCRTGAC TCACT TCARCCAGRCGCCCGCCCTBCCCT TCLC TGGGGACCCCAAGACTACC TGLCCCCGTBACAGGTCCRRTGACAGGGTCTG6665TCCC TRGACC TG6CTCCCAGTECCARGTERGETGAC
euPheValCysGlyThr] 1661y  1ePheL eutetRloH) sPheAsnG 11 cProA oL euProPhePro yRspProL ySTh TyrLeuProPro +
490

73 480

G6AGGCACGGEOTBOLTOTBOTTGTGOTTOTGE. . .

FiG. 3. Nucleotide and deduced protein sequence of the chicken y gene. Symbols are as in Fig. 2. The coding sequence contains 42% A+T
(Torpedo: 56% A+T). The mature y subunit has a calculated molecular weight of 56,484 and amino acid composition Phe,,, Leuss, Ileso, Metyy,
Valy, Serzs, Proyg, Thrag, Alags, Tyry, Hisg, Glng, Asnps, Lys;s, Aspa, Glusa, Cysie, Trpii, Argzs, Glyys. There are three potential N-linked

glycosylation sites, the Asn residues at positions 141, 307, and 427.
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F1G..4. Genomic Southern blot analysis of  and y subunit genes
in the chicken genome. (A and B) Total DNA extracted from chicken
erythrocytes was digested with EcoRI (lanes 1) and double-digested
with EcoRI/HindIIl (lanes 2), separated by electrophoresis on du-
plicate agarose gels, and blotted onto nitrocellulose. The blot of one
gel, A, was hybridized to a y-specific probe, p9, whereas blot B was
hybridized to pl.6, a &specific probe. (C and D) A similar experi-
ment was performed with muscle DNA digested with BamHI (lanes
1) and HindIII (lanes 2). The patterns in C result from hybridizing
with the y probe; those in D were obtained with the § probe, as in A
and B above. In addition, the figure shows the hybridization pattern
obtained from the control lanes in the gel, in which appropriate
quantities of digested DNA from the recombinant phages c102 and
c106 had been loaded as follows: C3 and D3, c106 digested with
BamHI; C4 and D4, c106 digested with HindIII; CS, c102 digested
with BamHI; C6, c102 digested with HindIII. The sizes of the vari-
ous bands were obtained by calibration with HindIII-digested A
phage DNA.

another sequence be found with the following required fea-
tures: (i) an initiator ATG flanked by a purine at —3 (27), (i)

| |

Proc. Natl. Acad. Sci. USA 81 (1984)

followed by a sequence encoding a hydrophobic core, and
(iii) interrupted by an acceptor splice site connecting the sig-
nal sequence to exon 2 in the appropriate phase. The same
argument applies to the proposed exon 1 of the § gene (Fig.
2), but in that case we cannot exclude that another sequence
with the required features is present further upstream. The
intergenic region contains a single canonical polyadenylyla-
tion signal 77 bp downstream from the termination codon of
the & gene (Fig. 2). No such site is present in the 240 bp we
sequenced downstream from the terminator of the y gene.

The & and y Genes Are Unique in the Chicken Genome.
Chicken DNA was digested by several restriction enzymes
and the fragments were separated by electrophoresis on
agarose gel, blotted on nitrocellulose, and hybridized to la-
beled probes encoding known & and y genomic sequences.
These probes were produced by nick-translation of the puri-
fied eukaryotic inserts of the relevant subclone plasmids. As
indicated in Fig. 1, the & probe (pl.6, 1650 bp) and the y
probe (p9, 1280 bp) respectively encompass exons 4-10 and
2-6 of the corresponding genes. As evidenced by the autora-
diographs of Fig. 4 (A and B, lanes 1) both probes hybridize
to a very large (>23 kb) EcoRI fragment. When this fragment
is cut further by HindIII (Fig. 4 A and B, lanes 2) the § and y
probes hybridize to distinct fragments 11.0 and 4.8 kb in
length, respectively. This result establishes the colinearity of
the two genes on an EcoRI fragment bearing at least one
HindIII site between the probed sequences. In addition, the
simple hybridization pattern seen in this experiment indi-
cates that the 6 and y genes are unique in the genome.

The blots presented in Fig. 4 C and D confirm this finding
and demonstrate that the organization of the two genes is the
same in the genome and in the recombinant clones. When
BamHI and HindIII blots of muscle DNA are probed with
pl.6 and p9, simple hybridization patterns are obtained. The
v probe (Fig. 4C) is seen to hybridize with 5.1- and 4.8-kb
fragments that migrate with the corresponding cloned frag-
ments. Fainter signals are also detectable at 4.3 and 3.4 kb
(BamHI) and 3.8 kb (HindIII); from their variable intensity
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F1G. 5. Alignment of the mature & and v subunits from chicken and Torpedo. Vertical arrows, exon boundaries as determined on the chicken
genes. Overlined, proposed transmembrane regions I-IV. Garnier analysis of the four presented sequences predicts extended secondary struc-
ture in exon 5 (////) and a-helical structure in exon 11 (XXXX). Asterisks identify those positions in the alignment where three or four residues are
identical. Numbers are positions of last residue of chicken 8 subunit encoded by successive exons. The & and vy pairs both have 63% homology
and all other combinations of paired subunits have 49-50% homology.
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on this and other blots it is likely that they represent distinct
related sequences—perhaps encoding another AcChoR sub-
unit. The & probe (Fig. 4D) yields an unequivocal pattern of
unique BamHI and HindIIl fragments. Fig. 4 C and D also
rules out the formal possibility that the & and y genes are
tandemty repeated in the chicken genome, because similar
signal intensities are obtained with chicken DNA and with
cloned DNA loaded at approximately one gene copy equiva-
lent.

From these observations we conclude that the genomic or-
ganization of the & and vy genes is faithfully conserved in the
cloned sequences and that the gene pair is unique in the
chicken genome.

Recent reports (25, 28) have established that the 6 and a
subunit genes are unique in the Torpedo genome.

Homology of the é and y Proteins. The predicted primary
sequences of the mature & and y subunits of chicken Ac-
ChoR are respectively 495 and 492 residues in length (calcu-
lated molecular weights are 57,215 for 8 and 56,484 for y). As
shown in Fig. 5, they can easily be aligned with the corre-
sponding Torpedo subunits and so can the two sets of sub-
units. The & and vy subunits of chicken AcChoR have an
overall homology of 63% with the corresponding Torpedo
subunits and of 49% between themselves. Most of the fea-
tures detected in the analysis of Torpedo AcChoR subunits
are also found in the chicken subunits. In particular, the hy-
dropathy profiles (29) of all subunits that have been se-
quenced are essentially superimposable (not shown). Con-
servation is not evenly distributed throughout the molecules:
it is highest in the extracellular aspect of the subunits, partic-
ularly in the region thought to encompass the acetylcholine
binding site on the a subunit (encoded by exons 4 and 5) and
in the main transmembrane region containing hydrophobic
stretches I-III (encoded by exons 7-9). The high degree of
conservation between the main transmembrane regions of
such distantly related vertebrates as chicken and Torpedo
strongly suggests that those sequences are part of the chan-
nel per se and that DNA probes encoding them may detect
kindred channel genes throughout the animal kingdom.

We found that the four transmembrane regions thought to
anchor the subunits in the membrane and to assemble into a
channel are each encoded by a separate exon in the é and y
genes. This finding constitutes a clear example of the fact
that particular structural domains in a protein often are en-
coded by separate exons.

The segments of the § and y subunits that show the poor-
est homology are those encoded by exons 11. It is worth
noting, however, that the COOH-terminal halves of those
segments are predicted to be a-helical by Garnier analysis
(30) and that the a helices are clearly amphiphilic (wheel dia-
grams not shown) in this region, as was found to be the case
in the corresponding regions of the four Torpedo subunits.
This observation supports but does not constitute a test of
the model (13) whereby in each-subunit a fifth, amphiphilic,
a-helix traverses the membrane and supplies hydrophilic
side chains to the channel.

In conclusion, we note that there is sound immunological
and biochemical evidence for the presence in chicken brain
of a nicotinic AcChoR with properties similar to but distin-
guishable from those of the AcChoR at the neuromuscular
junction (31, 32). It will be interesting to see if our set of
chicken AcChoR probes detects related sequences in brain
cDNA libraries. In addition, the compact and closely linked
6 and vy subunit genes offer a potentially fruitful model sys-
tem for transcriptional studies, as their expression is tissue
specific and probably coregulated.
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