
nuclear receptors containing a conserved 
cvsteine-rich DNA-binding domain. This " 
family may be larger than anticipated, in- 
cluding yet to be discovered genes with the 
capability of hybridizing to consensus oligo- 
nucleotide probes based on known DNA- 
binding domain sequences. Genomic DNA 
libraries prepared from flow-sorted human 
chromosomes are now available, making it " 
possible to screen specific chromosome 
DNA for additional nuclear receptor genes. 

Cloning of the AR cDNA opens new 
approaches to studies on the biological ac- 
tions of male sex hormones. The molecular 
mechanisms of androgen-induced male sex- 
ual develo~ment and re~roductive function 
can be investigated in normal and diseased " 
conditions. Identification of mutations caus- 
ing androgen insensitivity should provide 
insight into structure-function relationships 
of the AR and, by analogy, of other mem- 
bers of the nuclear receptor family. 

REFERENCES AND NOTES 

1. W. J. Meyer, B. R. Migeon, C. J. Migeon, Pmc. 
Natl. Acad. Sci. U.S.A. 72, 1469 (1975); B. R. 
Migeon, T. R. Brown, J. Axelman, C. J. Migeon, 
ibid. 78, 6339 (1981). 

2. M. F. Lvon and S. G. Hawkes. Nature (London) 
227, 12i7 (1970); P. W~eacker k h . ,  Hum. ~ene i .  
76, 248 (1987). 

3. F. S. French et al., J. Clin. Endocrinol. Metab. 26, 
493 (1966); A. L. Strickland and F. S. French, ibid. 
29, 1284 (1969); C. W. Bardin, L. P. ~ u l l o c k ; ~ .  J. 
Sherins, I. Mowszowicz, W. R. Blackburn, Recent 
Frog. Horn. Res. 29, 65 (1973). 

4. U. Gehring, G. M. Tomkins, S. Ohno, Nature 
(London) New Bwl. 232, 106 (1971); E. M. Ritzen, 
S. N. Nayfeh, F. S. French, P. A. Aronin,Endocn'nol- 
ogy 91, 116 (1972); B. Attardi and S. Ohno, Cell 2, 
205 (1974); B. S. Keenan, W. J. Meyer, A. J. 
Hadjian, H. W. Jones, C. J. Migeon, J. Clin. 
Endocrinol. Metab. 38, 1143 (1974); J. E. Grifin 
and J. L. Durrant, ibid. 55, 465 (1982); W. J. 
Kovacs, J. E. Griffi, D. D. Weaver, B. R. Carlson, 
J. D. Wilson, J. Clin. Invest. 73, 1095 (1984). 

5. S. M. Hollenberg et al., Nature (London) 318, 635 
(1985). 

6. 1. L. Arriza et al.. Science 237. 268 11987). 
7. M. Misrahi et al:, Biochem. B'iophYss.'~es, kammun. 

143, 740 (1987). 
8. G. L. Greene et al., Science 231, 1150 (1986); S. 

Green et al., Nature(London) 320, 134 ('1986). 
9. C. Weinberger et al., Nature (London) 324, 641 

(1986). 
10. M. Petkovich, N. J. Brand, A. h s t ,  P. Chambon, 

ibid. 330, 444 (1987); V. Giguere, E. S. Ong, P. 
Segui, R. M. Evans, ibid., p. 624. 

11. J. Miller, A. D. McLachlan, A. Klug, EMBO J. 4, 
1609 (1985); J. M. Berg, Science 232, 485 (1986); 
G. P. Diakun. L. Fairall. A. Klue. Nature (London) 
324,698 (1986); L. ~aiiall,  D. c o d e s ,  A.' Nug, J. 
Mol. Bwl. 192, 577 (1986). 

12. A bacteriophage lambda Charon 35, chromosome- 
sorted, X genomic library (partial Sau 3A, 
XLAOXNLOl) was obtained from L. L. Deaven at 
Los Alamos National Laboratory in Los Alamos, 
NM. Recombinant phages (300,000) were screened 
with "P-labeled oligo A (Fig. 1A) (1.2 x lo7 cpmi 
pmol) as probe. Oligonucleotides were 32P-labeled 
with T4 polynucleotide kinase and [y-32P]ATP. 
Hybridization [G. M. Wahl, M. Stem, G. R. Stark, 
Proc. Natl. A d .  Sci. U.S.A. 76, 3683 (1979)J in 
30% formamide, was for 16 hours at 30°C. Strin- 
gent washing was with 0.2X SSC ( l x  SSC is 
0.15M NaCl and 0.015Msodiu.m citrate) with 0.5% 
sodium dodecyl sulfate at 37°C for 2 minutes. The 
positive clones were characterized by partial DNA 

sequencing [J. Messing, Method Enzymol. 101, 20 
(1983); F. Sanger, S. Nicklen, A. R. Coulson, Proc. 
Natl. A d .  Sci. U.S.A. 74, 5463 (1977)l. 

13. Oligonucleotide B (38 residues) was made from the 
coding sequence 5' to the DNA-binding region of 
genomic done XOSAR. 

14. Poly(A) RNA was prepared [H. Aviv and P. Leder, 
Proc. Natl. Acad Sci. U.S.A. 69, 1408 (1972); J. M. 
Chirgwin, A. E. Przybyla, R. J. MacDonald, W. J. 
Rutter, Bwchemirny 18, 5294 (1979)l from human 
epididymis and cultured human foreskin fibroblasts 
and used to prepare cDNA by the method of U. 
Gubler and B. J. Hoffman [Gene 25, 263 (1983)l. 
After blunt-ending of the cDNAs with T4 DNA 
polymerase, Eco RI methylation and the addition of 
Eco RI linkers, the cDNAs were cloned in bacteri- 
ophage Agtll [R. A. Young and R. W. Davis, Proc. 
Natl. Acad Sci. U.S.A. 80, 1194 (1983)l. The 
recombinant phages were screened for AR cDNA 
with oligo B as described for oligo A above (12). 

15. C. S. Huckaby et al., Proc. Natl. Acad. Sci. U.S.A. 
84, 8380 (1987). 

16. D. P. McDonnell, D. J. Mangelsdorf, J.  W. Pike, M. 
R. Haussler, B. W. O'Malley, Science 235, 1214 
(1987); C. Weinberger, S. M. Hollenberg, M. G. 
Rosenfeld, R. M. Evans, Nature (London) 318, 670 
(1985); H. de The, A. Marchio, P. Tiollais, A. 
Dejean, ibid. 330, 667 (1987); V. Giguere, N. 
Yang, P. Segui, R. M. Evans, ibid. 331, 91 (1988). 

17. M. Kozak et al., Namre (London) 308, 241 (1984). 
18. E. M. Wilson and F. S. French, J. Bwl. Chem. 251, 

5620 (1976); ibid. 254, 6310 (1979). 
19. H. F. Wiard and J. R. Riordan, Science 230, 940 

(1985); H .  F. Willard et al., Cytogenet. Cell Genet., 
in press. 

20. D. S. Colvard and E. M. Wilson, Endom'nokyy 109, 
496 (1981); ibid. 121, 931 (1987). 

21. Rat glucocorticoid receptor cDNA was a gift from 
R. Miesfeld and K. R. Yamamoto, Department of 
Biochemistry and Biophysics, University of Califor- 
nia, San Francisco. 

22. The vector pCMV was obtained from D. W. Rus- 
sell, Department of Molecular Genetics, University 
of Texas Health Science Center at Dallas. 

23.The 1200-bp Hind 111-Xmn I fragment 
ARHFLlH-X (Fig. 1B) was doned into pCMV 

(Hind 111-Sma I cleaved). After insertion of the AR 
DNA, a 26-bp synthetic fragment containing a 
consensus translation initiation site, CCACCATGG, 
was placed in reading frame into the Kpn I-Hind I11 
restriction sites of pCMV DNA. Subconfluent COS 
M6 cells (lo6 cells per 100-mm dish) were transfect- 
ed with 3 pg of pCMVAR DNA per dish by the 
DEAE-dextran method [R. J. Deans, K. A. Denis, 
A. Taylor, R. Wall, Proc. Natl. A d .  Sci. U.S.A. 8 1, 
1292 (1984)l and assayed for steroid binding as 
previously described (18, 20). 

24. K. C. Reed and D. A. Mann, Nudeu Acih Res. 13, 
1201 (1985); D. R. Joseph, S. H. Hall, F. S. 
French, Proc. Natl. Acad. Sci. U.S.A. 84, 339 
(1987). 

25. The human cell lines GM1416B (48,XXXX) and 
GM6061A (49,XXXXX) were obtained from the 
National Institute of General Medical Sciences Hu- 
man Genetic Mutant Cell Repository, Camden, NJ. 

26. P. S. Thomas, Proc. Natl. Acad. Sci. U.S.A. 77,520 1 
(1980); D. R. Joseph, S. H. Hall, F. S. French, J. 
Andvol. 6, 392 (1985). 

27. The rat AR cDNA was isolated from a rat epididy- 
mis g t l l  cDNA libraty with human AR cDNA as 
probe (J. Tan, D. R. Joseph, D. B. Lubahn, F. S. 
French, E. M. Wilson, unpublished results). 

28. We thank H. N. Higgs, R. E. Larson, and R. 
McNeil for technical assistance, and M. 0 .  DeShazo 
for typing the manuscript. We also thank G. 
Meissner, J. A. Cidlowski, and M. Conti for reading 
the manuscript; D. W. Stafford for helpful discus- 
sions; D. W. Russell for providing the expression 
vector pCMV and COS M6 cells; E. P. Smith for 
cultured fibroblasts; S. H. Hall for cultured COS 
M6 cells; and D. Fowlkes for oligonucleotide syn- 
thesis. Supported by grants HD16910, HD04466, 
HD21744, and P30-HD18968 (tissue culture and 
recombinant DNA cores) from the National Insti- 
tute of Child Health and Human Development 
Center for Population Research and by the Andrew 
W. Mellon Foundation. D.B.L. was supported by 
T32-DK07129 and H.F.W. by the Medical Re- 
search Council of Canada, 2HFW. 

30 December 1987; accepted 7 March 1988 

Functional Expression of a New Pharmacological 
Subtype of Brain Nicotinic Acetylcholine Receptor 

A new type of agonist-binding subunit of rat neuronal nicotinic acetylcholine receptors 
(nAChRs) was identified. Rat genomic DNA and complementary DNA encoding this 
subunit (alpha2) were cloned and analyzed. Complementary DNA expression studies 
inXenopus oocytes revealed that the injection of messenger RNAs (mRNAs) for alpha2 
and beta2 (a neuronal nAChR subunit) led to the generation of a functional nAChR. 
In contrast to the other known neuronal nAChRs, the receptor produced by the 
injection of alpha2 and beta2 rnRNAs was resistant to the a-neurotoxin Bgt3.l. In situ 
hybridization histochemistry showed that alpha2 mRNA was expressed in a small 
number of regions, in contrast to the wide distribution of the other known agonist- 
binding subunits (alpha3 and alpha4) mRNAs. These results demonstrate that the 
alpha2 subunit differs from other known agonist-binding a-subunits of nAChRs in its 
distribution in the brain and in its pharmacology. 

T HERE IS A FAMILY OF GENES THAT code agonist-binding subunits (1,2) which, 
encodes functional subunits of rat when combined with the beta2 gene prod- 
neuronal nicotinic acetylcholine re- uct, form a functional neuronal nAChR in 

ceptors (nAChRs) (1-3). The genes identi- Xenopus oocytes (2, 3 ) .  In addition, our 
fied thus far have been designated alphas, previous study (4) indicated the existence of 
alpha4, and beta2. The first two genes en- another gene, alpha2, which encodes a pro- 
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tein homologous to the three neuronal re- 
ceptor subunits already described. We have 
now isolated rat genomic DNA and comple- 
mentary DNA (cDNA) clones encoding the 
entire alpha2 gene product and have discov- 
ered novel properties of the new neuronal 
nAChR. 

Rat genomic DNA and brain cDNA li- 
braries were screened as described in the 
legend to Fig. 1. Among several isolated 
clones, two genomic clones (R12 and R31) 
(Fig. 1A) and four cDNA clones (HYP16, 
C22, C183, and C244) (Fig. 1B) were 
studied firther. Sequence analysis of these 
clones has revealed that the protein-coding 
sequence of the rat alpha2 gene is composed 
of six exons extending over 9 kb of genomic 
DNA (Fig. 1A and Fig. 2). The assigned 
exon-intron boundaries are compatible with 
the GTiAG rule (5) .  The sequence around 
the predicted initiator methionine codon 
(ATG) agrees with the consensus sequence 
described by Kozak (6). 

The alignment of the sequence of each 
cDNA clone with the genomic DNA indi- 
cates that, among the four cDNA clones, 
only the HYP16 clone contains an open 
reading frame for the entire alpha2 protein. 
Clones C183 and C244 lack exons 2 and 3, 
and C244 also lacks a 5' part of exon 5. The 
deletions of exon 2 and 3 shift the reading 
frame and would result in the termination of 
translation before the appropriate carboxyl- 
terminal residue. The deletions in the two 
clones may represent splicing errors, as in a 
similar case reported elsewhere (7). Restric- 
tion enzyme mapping, S1 nuclease protec- 
tion mapping, and partial sequencing indi- 
cated that regions of these clones 3' to the 
deleted exon; are identical to the homolo- 
gous region of the 111-length clone HYP16. 

The deduced amino acid sequence shows 
that the alpha2 protein is composed of 511 
amino acids. The amino terminus of the 
mature protein was predicted by the method 
of von Heijne (8). The proposed mature 
alpha2 protein is preceded by a leader se- 
quence of 27 residues and is composed of 
484 amino acid residues, with a calculated 
molecular size of 55,480 daltons. 

Several common structural features found 
in all known nAChR subunits (9-11) are 
conserved in alpha2. Some of these features 
are also found in glycine and y-aminobu- 
tyric acid (GABA) receptor subunits (12) 
and are presumed to be important for the 

K. Wada, J. Boulter, J. Connolly, E. Wada, E. S. 
Deneris, S. Heinemann, J. Patrick, The Salk Institute for 
Biological Studies, San Die o, CA 92138. 
M. Ballivet, Department oF~lochemisuy, University of 
Geneva, Genevi, Swiaerland. 
L. W. Swanson, The Salk Institute for Biological Studies, 
and Howard Hughes Medical Institute, San Diego, CA 
92138. 

function of ligand-gated ion channels. These receptor subunits); (ii) four hydrophobic 
conserved features are (i) cysteine residues putative membrane-spanning segments (M1 
aligned at residues 133 and 147 (alpha2 to M4); (iii) a proline residue in the M1 
protein numbering, analogous to the cys- segment, which has been proposed to intro- 
teine residues at 128 and 142 in Tmpedu duce structural flexibility for the control of 

Fig. 1. Restriction en- 
zyme maps of (A) rat 
genomic DNA and (8) 
cDNA encoding the al- 
pha;! protein. In (A), the 
locations of exons com- 
prising the protein-cod- 
ing sequence are indicat- 
ed by numbered boxes. 
A closed box represents 
the protein-coding se- 
quence. In (B), the pro- 
tein-coding sequence is 
indicated by the closed 
box. The deleted se- 
quences in clones C183 
and C244 are indicated 
by broken lines. C183 
and C244 clones lack 
exons 2 and 3. A part 
of exon 5 (nucleotides 
300 to 432) is also delet- 
ed in the C244 clone. 
An EMBL3 phage li- 
brary (1.5 x lo6 recom- 
binants) of rat genomic 
DNA (23) was screened 
with a fragment of previ- 
ouslv cloned avian al- 
p h h  genomic DNA (4). Hybridization and washing offilters were carried out in 5 x SSPE at 55°C ( I  X 
SSPE is 180 mM NaCI, 9 mM Na2HP04, 0.9 mM NaH2P04, and 1 mM EDTA, pH 7.4). Ten clones 
were isolated and two of them (R12 and R31) were analyzed in detail. Fragments of the R12 and R31 
inserts were subcloned into pUC8 vectors and sequenced by the chemical method (24). Rat brain 
cDNA libraries were constructed in hgtlO vector by using polyadenylated RNA isolated from 
cerebellum, hypothalamus, and hippocampus regions. Precise methods for constructing the libraries 
were described previously (I) .  From 6 x lo6 phages, six clones were isolated by probing with alpha4 
cDNA (1). Hybridization and washing offilters were carried out in 5 X SSC ( I  X SSC is 150 mM NaCl 
and 15 mM sodium citrate,pH 7) or 5 x SSPE at 65°C. Four of the isolated clones (C22, C183, C244, 
and HYP16) were analyzed in detail. The cDNAs were subcloned into M13 derivatives and sequenced 
by the chain termination method (25). 

Table 1. Pharmacological properties of the nAChR formed after the injection of alpha2 and beta2 
mRNAs. Preparation of oocytes, RNA injection and electrophysiological recording were performed as 
described (2). Briefly, Xenqw I d  oocytes were injected with alpha2 and beta2 (2,3) RNAs (2 to 5 ng 
each per oocyte) in a total volume of 50 nl of H20.  Alpha2 and beta2 RNAs were synthesized in vitro 
by using the plasmid pSP65, which contained HYP16 and PCX49 (2, 3) cDNA, respectively. After 
injection, oocytes were incubated at 20°C in Barth's saline for 2 to 5 days. The depolariziig responses 
(A) to perfused agonist, acetylcholine (ACh), from the corresponding resting potential (RP) were 
recorded in the presence and absence of antagonists, hexamethonium (Hex) and d-tubocurarine (dtc), 
at room temperature (20" to 25OC). The control solution contained 115 mM NaCI, 1.8 mM CaC12, 2.5 
mM KCI, 10 mM Hepes (pH 7.2), and 1 fl atropine. For toxin studies, recordings were performed 
before and after a 30-minute incubation with either a-bungarotoxin (a-Bgt) or the a-neurotoxin 
Bgt3.1. Bovine serum albumin (0.1 mglml) was added to the toxin test solution to prevent nonspecific 
binding. Only healthy oocytes with resting potentials greater than - 30 mV were used for recordings. 
Values given are mean + SEM of experiments in n oocytes. 

Agonist only Agonist plus 
Antagonist antagonist or toxin Agonist or toxin n 

RP A RP A 
(mV) (mV) (mV) (mV) 

Antagonkt studies 
ACh, 1 fl Hex, 100 fl - 7 8 t 7  + 8 & 1  - 7 8 + 7  + 0 . 4 + 0 . 4  4 
ACh, 5 fl dtc, 100 fl -75 i 5 +19 i 1 -76 i 5 +2 + 0.4 3 

Toxin studzes 
ACh,lO$d a -Bgt ,O. l f l  - 8 2 + - 7  + 2 8 ? 2  - 8 5 + - 7  +32 2 2  3 
ACh, 10 $d Bgt3.1,O.l fl -69 +- 1 +27 +- 2 -71 ? 3 +24 +- 1 3 

T o  whom correspondence should be addressed. 
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5 '  ....... ACTGAGCATTC 

-360 -330 -300 -270 
TGTTGAACTCGGATCACCTATCTCCAGGAAGCTAGCCTCAATCCCTCATCCCAACAGTGCCTCCCAAACCTTGCAGGTTCTGTGTCTGGGCAACCATGAGCTGAAGCAACTGAGCTCTG 

Fig. 2. Nucleotide sequence of the 
genomic DNA with the deduced 
amino acid sequence. The 5' nucle- 
otide sequences (-385 to -93) are 
derived from the HYP16 cDNA 
clone. Sequences extending to the 
5' and 3' end of the HYP16 se- 
quence are not shown. Lower-case 
nucleotide symbols indicate accep- 
tor and donor sites of intron se- 
quences. The nucleotides are num- 
bered starting with the first nucleo- 
tide in the codon corresponding to 
the proposed amino terminus of 
the mature alpha2 protein. The de- 
duced amino acid sequences are 
numbered starting with the amino 
terminus of the mature protein. 
Nucleotides and amino acids on the 
5' side of residue 1 are indicated 
with negative numbers. 

-240 -210 -180 -150 
TTCTGCACCTGTCACTGCTTCCGAGGGACCCTCGTCAGCCACCCCAGGTCTCCAGCCGGTTGGTTCTCTGCATCCCTTGAGGGGCCTGTCTTCTTCTATGACAATTGCAGAGAGACAGT 

-120 -90 -60 
GCCTCAAAGAAGCCAGCTCTTGGTAGTCCAAGGGAAACCAGGACCCTCTGAAGCC ATG ACC CTT TCC CAT TCT GCT CTC CAG TTC TGG ACA CAT CTT TAT CTC 

M e t  T h r  L e u  S e r  H i s  S e r  A l a  Leu  G l n  Phe T r p  T h r  H i s  Leu  T y r  L e u  
-20 

-30 -1 1 3 0 
TGG TGT CTC CTT CTG GTG CCA GCA G g t g a g t  ...... t a t c c c a c a g  TG TTG ACC CAG CAA GGC TCA CAC ACC CAT GCT GAG GAC CGC CTG TTC 
T r p  Cys L e u  L e u  Leu  V a l  P r o  A l a  V a1  Leu  T h r  G l n  G l n  G l y  S e r  H i s  T h r  H i s  A l a  G l u  Asp  A r g  L e u  Phe 

-10 -1 1 10  

60 90 120 
AAA CAC CTG TTT GGA GGC TAC AAT CGC TGG GCA CGG CCA GTG CCC AAC ACT TCT GAT GTG GTC ATC GTG CGC TTT GGA TTA TCC ATT GCT 
L y s  H i s  L e u  Phe G l y  G l y  T y r  Asn  A r g  T r p  A l a  A r g  P r o  V a l  P r o  Asn  T h r  S e r  Asp  V a l  V a l  I l e  V a l  A r g  Phe  G l y  Leu  S e r  I l e  A l a  

20 3 0 40 

150 180 
CAG CTC ATA GAT GTG g t g g g c  ........... g c t a c a a c a g  GAT GAG AAG AAT CAA ATG ATG ACC ACC AAT GTC TGG CTA AAG CAG g t a a a c  ..... 
G l n  L e u  I l e  Asp  V a l  Asp  G l u  L y s  Asn  G l n  M e t  M e t  T h r  T h r  Asn  V a l  T r p  Leu  L y s  G l n  

50 60 

210 240 ..... c c c t a a g c a g  GAA TGG AAT GAC TAC AAG CTG CGC TGG GAC CCG GCT GAG TTT GGC AAT GTC ACC TCC CTG CGC GTC CCT TCA GAG ATG 
G l u  T r p  A s n  A s p  T y r  L y s  Leu  A r g  T r p  Asp  P r o  A l a  G l u  Phe G l y  Asn  V a l  T h r  S e r  Leu  A r g  V a l  P r o  S e r  G l u  M e t  

70 80 

270 300 330 
ATC TGG ATC CCA GAC ATT GTC CTC TAC AAC AA g t a a g a  .......... c t c t t c c c a g  T GCA GAT GGG GAG TTT GCG GTG ACC CAC ATG ACC AAG 
I l e  T r p  I l e  P r o  Asp  I l e  V a l  L e u  T y r  Asn  As n A l a  A s p  G l y  G l u  Phe  A l a  V a l  T h r  H i s  M e t  T h r  L y s  

90 100 110 

360 390 4 20 
GCT CAC CTC TTC TTC ACG GGC ACT GTG CAC TGG GTG CCC CCA GCC ATC TAC AAG AGC TCC TGC AGC ATC GAT GTG ACC TTC TTC CCC TTC 
A l a  H i s  L e u  Phe  Phe T h r  G l y  T h r  V a l  H i s  T r p  V a l  P r o  P r o  A l a  I l e  T y r  L y s  S e r  S e r  Cys S e r  I l e  Asp V a l  T h r  Phe  Phe P r o  Phe 

120 130 140 

450 480 510 
GAC CAG CAG AAC TGC AAG ATG AAG TTT GGC TCC TGG ACA TAT GAC AAG GCC AAG ATC GAT CTG GAG CAG ATG GAG AGG ACA GTG GAC CTG 
Asp  G l n  G l n  Asn  Cys L y s  M e t  L y s  Phe G l y  S e r  T r p  T h r  T y r  Asp  L y s  A l a  L y s  I l e  Asp  Leu  G l u  G l n  M e t  G l u  A r g  T h r  V a l  A s p  L e u  

150 160 170 

540 570 600 
AAG GAC TAC TGG GAG AGT GGC GAG TGG GCC ATT ATC AAT GCC ACC GGA ACC TAT AAC AGT AAG AAG TAC GAC TGC TGC GCG GAG ATC TAC 
L y s  Asp  T y r  T r p  G l u  S e r  G l y  G l u  T r p  A l a  I l e  I l e  A s n  A l a  T h r  G l y  T h r  T y r  Asn  S e r  L y s  L y s  T y r  Asp  Cys Cys  A l a  G l u  I l e  T y r  

180 190 200 

630 660 690 
CCC GAT GTC ACC TAC TAC TTT GTG ATC CGC CGG CTG CCG CTG TTC TAT ACC ATC AAC CTC ATC ATC CCA TGC CTG CTC ATC TCC TGC CTC 
P r o  Asp  V a l  T h r  T y r  T y r  Phe V a l  I l e  A r g  A r g  L e u  P r o  Leu  Phe T y r  T h r  I l e  Asn  L e u  I l e  I l e  P r o  Cys Leu  Leu  I l e  S e r  Cys Leu  

210 220 230 

720 750 780 
ACT GTG CTC GTG TTC TAC CTG CCT TCC GAG TGT GGA GAG AAG ATC ACG CTG TGC ATC TCG GTG CTG CTA TCT CTC ACT GTC TTC CTG CTG 
T h r  V a l  Leu  V a l  Phe  T y r  L e u  P r o  S e r  G l u  Cys  G l y  G l u  L y s  I l e  T h r  L e u  Cys I l e  S e r  V a l  L e u  L e u  S e r  Leu  T h r  V a l  Phe  L e u  L e u  

240 250 260 

810 840 870 
CTC ATC ACG GAG ATC ATC CCG TCC ACC TCG CTG GTC ATC CCA CTC ATC GGC GAG TAC CTG CTC TTC ACC ATG ATC TTT GTC ACC CTC TCT 
L e u  I l e  T h r  G l u  I l e  I l e  P r o  S e r  T h r  S e r  Leu  V a l  I l e  P r o  L e u  I l e  G l y  G l u  T y r  L e u  L e u  Phe T h r  M e t  I l e  Phe V a l  T h r  Leu  S e r  

270 280 290 

900 930 960 
ATC GTT ATC ACA GTC TTC GTG CTC AAT GTA CAC CAC CGC TCC CCC AGC ACC CAC AAC ATG CCC AAC TGG GTA AGG GTA GCC CTG CTA GGC 
I l e  V a l  I l e  T h r  V a l  Phe  V a l  Leu  Asn  V a l  H i s  H i s  A r g  S e r  P r o  S e r  T h r  H i s  Asn  M e t  P r o  Asn  T r p  V a l  A r g  V a l  A l a  L e u  L e u  G l y  

300 310 320 

990 1020 1050 
CGG GTG CCC AGG TGG CTG ATG ATG AAC CGG CCC CTG CCA CCT ATG GAG CTC CAT GGC TCC CCG GAT CTG AAG CTC AGC CCC TCA TAC CAT 
A r g  V a l  P r o  A r g  T r p  L e u  M e t  M e t  Asn  A r g  P r o  Leu  P r o  P r o  M e t  G l u  Leu  H i s  G l y  S e r  P r o  Asp  L e u  L y s  Leu  S e r  P r o  S e r  T y r  H i s  

330 340 350 

1080 1110 1140 
TGG CTA GAG ACT AAC ATG GAT GCT GGA GAA AGG GAG GAG ACA GAG GAA GAG GAG GAA GAA GAA GAT GAA AAC ATA TGT GTG TGT GCA GGC 
T r p  Leu  G l u  T h r  A s n  M e t  Asp  A l a  G l y  G l u  A r g  G l u  G l u  T h r  G l u  G l u  G l u  G l u  G l u  G l u  G l u  Asp  G l u  Asn  I l e  Cys  V a l  Cys  A l a  G l y  

360 370 380 

1170 1200 1230 
CTT CCA GAC TCT TCG ATG GGT GTC CTC TAT GGC CAT GGC GGC CTG CAT CTG AGA GCC ATG GAG CCT GAG ACC AAG ACT CCA TCC CAG GCT 
L e u  P r o  Asp S e r  S e r  M e t  G l y  Va l  L e u  T y r  G l y  H i s  G l y  G l y  L e u  H i s  Leu  A r g  A l a  M e t  G l u  P r o  G l u  T h r  L y s  T h r  P r o  S e r  G l n  A l a  

390 400 410 

1260 1290 1320 
AGC GAG ATT CTG CTG TCA CCT CAA ATA CAG AAA GCA CTA GAA GGT GTA CAC TAC ATT GCT GAC CGT CTG AGG TCT GAG GAT GCT GAC TCT 
S e r  G l u  I l e  L e u  L e u  S e r  P r o  G l n  I l e  G l n  L y s  A l a  L e u  G l u  G l y  V a l  H i s  T y r  I l e  A l a  Asp  A r g  L e u  A r g  S e r  G l u  A s p  A l a  A s p  S e r  

420 430 440 

1350 1380 
TCG g t g a g t  ........... c t a a c t t c a g  GTG AAG GAA GAC TGG AAG TAT GTG GCC ATG GTG GTA GAC CGG ATA TTC CTC TGG CTG TTC ATT ATC 
S e r  V a l  L y s  G l u  Asp  T r p  L y s  T y r  V a l  A l a  M e t  V a l  V a l  Asp  A r g  I l e  Phe  L e u  T r p  L e u  Phe  I l e  I l e  

450 460 

1410 1440 1470 
GTC TCG TTC CTG GGG ACC ATC GGA CTC TTC CTT CCT CCA TTC CTG GCT GGA ATG ATC T!A CTTCATGTCCTTCATGTTGGCTCCAAGGTGGCCTTCGTA 
V a l  Cys Phe  L e u  G l y  T h r  I l e  G l y  L e u  Phe  L e u  P r o  P r o  Phe  L e u  A l a  G l y  M e t  I l e  

470 480 

1500 1530 
ACTATCTTCTAGTCTTCTGTGAATGGAGCCATCTCTAGAATACTCTTTTGAC ....... 3 '  
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the channel lumen (13); and (iv) an abun- 
dance of uncharged polar amino acid resi- 
dues in the M2 segment, which may form a 
hydrophiiic inner wall for ion transport 
(14). 

The alpha2 protein has a greater amino 
acid sequence identity with the alpha3 and 
alpha4 proteins (57% and 67%, respective- 
ly) (Fig. 3) than with beta2 (48%) or alphal 
(49%) proteins. Two contiguous cysteine 
residues align at positions 197 and 198 in 
the alpha2 protein. The equivalent residues 
are found in T q e h  and muscle nAChR 
agonist-binding a-subunits (9) and in the 
proposed agonist-biding subunits of neu- 

ronal nAChR receptors (1, 4), including a 
Draruphila receptor subunit (15). These resi- 
dues are close to the acetylcholine (ACh)- 
binding site in Tmpeh nAChRs (16). In 
addition, the alpha2 protein has three po- 
tential N-linked glycosylation sites at resi- 
dues 29, 79, and 185. The first site is 
consented in all known neuronal subunits 
(1, 3, 11, 15). This site is not found in 
muscle or electric organ nAChR subunits. 
All known subunits of nAChRs except the 
subunits ofhsophila receptor have a poten- 
tial glycosylation site at Asn-1% (alpha2 
protein numbering). However, the equiva- 
lent residue of the alpha2 protein is proba- 

ALP*.! ..P..P U T L S ~ S L O ~ ~ T ~ L ~ L W L . L V P I Y L T O D G S ~ T ~ ~ ~ ~ ~ * . ~ , " ~ ~ ~ ~ ~ ~ ~ ~ ~ V ~ ~ ~ ~ ~ ~ ~ ~ A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  LIE.ETVL.L.GLEEAGLYLGSII ! : E ~ ~ ~ . ~ v ~  
A L P M I 3  I G V Y L L P P P L E Y L Y . V . Y . L P A A S A E E A  3 '  101 C O  h E I  A h V E h P  I O F T V E Y I .  d a u . UE < S O I O G  E F Y I Y '  
I I P n A 4  YE G G P G A P P P . L . L P . L . L L G I G L L P A E S S S L T R I I 1 .  :. .LR IG %L*S" G N I S D V  . Y R I G L S I & .  0 I < . U T  2 C '  D l E h  T S  I I  S 

SIGNAL P E P T I O E  . . 
ALP* , ,  

ME#<w?A$i ' ! A % $ . ' %  .. u l u , $ A $ i  < I A $ % l % '  :.' ",", 6 4 % )  SbA%,. .%C I l l  

CYTOPLASMIC R E G I O N  

A L P H A 1  
A L P H A 2  
A L P H A 3  
A L P H A 4  D H L I A I  

CYTOPLASMIC R E G I O N  AMPHIPA JHIC H E L I k  

Fig. 3. Alignment of the amino acid sequences of mouse musde a-subunit (alphal) (26) and rat 
neuronal a-subunits (alpha, alpha3, and alpha4) (1). Amino acids conserved in all four a-subunits are 
shown on a black background. The two cysteule residues that are thought to be close to the 
acetylcholine-biding site (16) are indicated by asterisks. The signal peptide, the putative membrane- 
spanning and cytoplasmic regions, and the proposed amphipathic helix (27) are indicated below the 
aligned sequences. The mature alpha2 protein has 49%, 57%, and 67% amino acid sequence identity 
with the mature alphal, alpha3, and alpha4 proteins, respectively. The percentages of sequence identity 
were calculated by dividing the number of identical residues by the number of residues in the shorter of 
the two compared sequences. 

Fig. 4. Comparison of the dismbution of alpha2, 
alphad, and alpha4 transcripts by in situ hybrid- 
ization histochemistry. Scrial coronal sections 
through (A) the medial habenula and (B) the 
interpeduncular nucleus were hybridized with the 
probes for alpha2, alpha3, and alpha4. In (B), 
slides contain sections of the aigeminal ganglion. 
Abbreviations: C, cortex; IPN, interpeduncular 
nucleus; MH, medial habenula; MG, medial ge- 
niculate nucleus; T, thalamus. Tissue preparation 
and hybridization were performed as described 
(l), with minor modifications. Briefly, paraform- 
aldehyde-fixed rat brain sections (25 pm) were 
mounted on ply-L-lysine-coated slides, digested 
with proteinax K (10 ~ g l m l ,  3 X ,  30 minutes), 
acetylated, and dehydrated. Hybridization with 
3SS-labeled RNA probe (5 x lo6 to 10' cpm/ml) 
was performed at 55°C for 12 to 18 hours in a 
solution containing 50% formamide, 0.3M NaCI, 
10 mM ms (pH 8.0), 1 mM EDTA, 0.05% 
transfer RNA, 10 mM dithiothreitol, 1 x Den- 
hardr's solution, and 10% dextran sulfate. Because 
of the sequence similarities in the protein-coding 
regions of the cDNAs, 3' untranslated sequences 
were used to make probes. The Eco RI 3' end, Bal 
I 3' end, and Bgl I 3' end fragments derived from 
C183 (Fig. lB), PCA48 (I), and a 4 2  (1) EDNA 
clones, respectively, were subcloned into the plas- 

/ C  

/MG 

- IPN 

alpha3- 

- / c  + MG 
t -  ----- IPN 

- IPN 

mid pSP65 and used to synthesize antisense RNA 
probes in-vitro. After hybridization, sections were 
treated with ribonucleax A (20 pg/ml, 3TC, 30 
minutes) and washed in 0 . 1 ~  SSC at 55°C. 
Dehydrated slides were exposed to x-ray films for 
3 to 16 days at 4°C. An RNA probe encoding the 
sense strand of done C183 was used as a control. 

bly not glycosylated because the residue 
does not-lie in a glycosylation consensus 
sequence (17). 

The sequence similarity and the existence 
of common structural features suggest that 
the alpha2 gene is a member of the neuronal 
nAChR gene family. The presence of the 
two contiguous cysteine residues at 197 and 
198 M e r  suggests that the alpha2 protein 
is an agonist-biding subunit. These infer- 
ences are supported by cDNA expression 
studies in Xntopw oocytes. Messenger RNA 
(mRNA) transcribed from HYP16 cDNA 
clone (Fig. 1B) was injected into oocytes in 
combination with beta2 mRNA derived 
from the cDNA clone, PCX49 (2,3). Depo- 
larking responses to perfused ACh were 
recorded (1 to 10 f l  in all oocytes inject- 
ed with a mixture of alpha2 and beta2 
mRNAs (n = 25). The responses could be 
blocked by d-tubocurarine and hexametho- 
niurn but not by a-bungarotoxin (Table 1). 
Nicotine (10 f l  also elicited a depolariz- 
ing response. These are the properties ex- 
pected of ganglionic nAChRs (1 8). We test- 
ed the possibility that oocytes injected with 
either alpha2 (n = 22) or beta2 (n = 21) 
mRNA alone would produce a depolarizing 
response to ACh. In experiments that in- 
cluded a maximum application of 1 mM 
ACh, we found no responses. These results 
show that neither alpha2 nor beta2 subunit 
alone will form functional receptor but that 
coinjection of the RNAs results in forma- 
tion of a functional neuronal nAChR. 

The a-neurotoxin Bgt3.1 did not substan- 
tially block the receptor produced by the 
injection of alpha2 and beta2 mRNAs (Ta- 
ble 1). Bgt3.1 blocks all other neuronal 
nAChRs that have been studied in ganglia 
and the adrenal medulla (19). The receptors 
formed in oocytes after the injection of 
beta2 and either alpha3 or alpha4 mRNAs 
were sensitive to this toxin (2). This result 
demonstrates that the alpha2 type receptor 
differs pharmacologically from all other 
nAChRs characterized to date (2,20). 

In situ hybridization histochemistry on 
rat brain sections shows that the pattern of 
distribution of the alpha2 transcripts differs 
from those of the alpha3 and alpha4 tran- 
scripts, although there are some areas of 
overlap. Only weak signals for alpha2 are 
detected in the diencephalon, whereas al- 
pha3 and alpha4 transcripts are strongly 
expressed in the diencephalon, particularly 
in the thalamus (Fig. 4 4 .  The most intense 
signal for alpha2 is detected in the interpe- 
duncular nucleus (Fig. 4B). These and pre- 
vious observations (1) suggest that the d- 
pha2, alpha3, and alpha4 code for three 
different receptor systems. 

We have shown that functional neuronal 
nAChRs are formed in oocytes after the 

REPORTS 333 



injection of beta2 mRNA along with an 
alpha2, alpha3, or alpha4 mRNA (2, 3). 
Although the subunit composition of neu- 
ronal nAChRs in vivo has not been deter- 
mined, the idea that the neuronal receptors 
are composed of two different subunits is 
consistent with findings in a recent study 
(21). On the basis of the stoichiometry of 
the Torpedo electric organ receptor, we pre- 
dict that the neuronal receptor is a penta- 
meric structure. 

Detailed studies of in situ hybridization 
histochemistry (22) show that alpha2, al- 
pha3, and alpha4 transcripts are coexpressed 
with beta2 transcripts (3) in many brain 
regions. This result suggests that the func- 
tional combinations observed in oocytes 
could also occur in vivo. However, the 
studies also show that in some regions, 
beta2 and alpha2, alpha3, and alpha4 tran- 
scripts are not coexpressed. This observation 
raises the possibility of the existence of 
another alpha-type subunit and another 
beta-type subunit. It would seem, therefore, 
that there are more than three distinct popu- 
lations of neuronal nAChRs. 

Our studies indicate that the alpha2 gene 
product functions as a neuronal nAChR 
subunit with pharmacological features dif- 
ferent from those of the alpha3 and alpha4 
subunits and that the alpha2 type of recep- 
tor differs from all other neuronal nAChRs 
studied to date. Neuronal nAChRs are a 
heterogeneous population with respect to 
composition, distribution, and functional 
properties. 
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Exon-Intron Organization in Genes of Earthworm 
and Vertebrate Globins 

The structure of an invertebrate, intron-containing globin gene has been determined as 
part of a study of the evolution of hemoglobin. The gene encoding chain c ofLumbricw 
t e r r d  hemoglobin has the two-intron, three-exon structure characteristic of verte- 
brate globin genes, and the exact positions of the splice junctions are conserved. The 
two introns interrupting the coding sequence are longer than those of known 
hemoglobins but shorter than myoglobin introns. The gene encodes a secretory 
preglobin containing a 16-residue signal peptide, as expected for an extracellular 
hemoglobin. However, no intron separates the DNA encoding the signal sequence 
from that of the globin sequence. The 3' untranslated region of the Lumbricw gene is 
much longer than those of the genes for other hemoglobins and is similar to those 
found for myoglobins. 

T HE GENES OF VERTEBRATE GLOBINS 

are characterized by the presence of 
three exons separated by two introns 

(1). A third intron, which is predicted to 
have existed in the ancestral globin gene and 
to have been lost during animal evolution 
(2), exists in the genes for plant globins (3- 
5). The structures of invertebrate globin 
genes need to be determined in order to fix 
the time of loss of the third intron (Fig. 1A). 
The only invertebrate globin gene character- 
ized to date is that of the insect Chironomus 
thummi, which surprisingly contains no in- 
trons (6). We have investigated the organi- 
zation of a gene coding for a chain of 
earthworm hemoglobin to determine if this 
gene is similar in intron organization to 
those of vertebrates, plants, or the insect 
Chironomus. 

The extracellular hemoglobin of the earth- 
worm Lumbricus terrestris is composed of 
about 200 polypeptides of six kinds (7) that 
are arranged to form hexagonally shaped 
molecules with a molecular weight of 3.8 
million (8). The amino acid sequences (9, 

10) of the four major globin chains (a, b, c, 
and d) are homologous with those of verte- 
brates. Two additional chains of unknown 
structure appear to be necessary for assem- 
bly (11). The globin chains are synthesized 
in the chloragogen cells that line the gut (12, 
13). 

A XgtlO complementary DNA (cDNA) 
library was prepared from polyadenylated 
RNA of the chloragogen cells. The 11 19-bp 
insert of a clone was sequenced (14) and 
found to encode chain c. Comparison with 
the known protein sequence (10) shows the 
presence of an NH2-terminal signal peptide 
of 16 residues. The remainder of the open 
reading frame corresponds exactly to the 
sequence of chain c determined by protein 
analysis. 

The 3' untranslated regions of known 
globin cDNAs range from 88 to 295 bp (15, 
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