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ABSTRACT The acetylcholine receptor (AcChoR) at the
neuromuscular junction of elapid snakes binds cholinergic
ligands but unlike other muscle AcChoRs does not bind a-
bungarotoxin. Numerous studies indicate that the ligand-
binding site of the AcChoR includes cysteine residues at
positions 192 and 193 of the a subunit. We have previously
shown that a synthetic dodecapeptide corresponding to resi-
dues 185-196 of the Torpedo AcChoR a subunit contains the
essential elements of the ligand-binding site. In an attempt to
elucidate the structural basis for the precise binding properties
ofsnake AcChoR, we sequenced a portion ofthe snake AcChoR
a subunit. First, a mouse AcChoR a-subunit cDNA probe was
used to screen a size-selected snake (Natrix tesseUata) genomic
library. A genomic done was isolated and was found to contain
sequences homologous to the exon including the first two
cysteines (Cys-128 and -142) ofAcChoR a subunit. The domain
of the a subunit from Natrix and cobra AcChoR (amino acid
residues 119-222), which contains the four extracellular cys-
teines (128, 142, 192, and 193), was amplified by reverse
transcription ofmRNA and the polymerase chain reaction and
then sequenced. The deduced amino acid sequence showed that
the snake a subunit contains the two tandem cysteines at
positions 192 and 193, resembling all other AcChoR a sub-
units. Sequence comparison revealed that the cloned region of
the snake a subunit is highly homologous (75-80%) to other
muscle AcChoRs and not to neuronal AcChoR, which also does
not bind a-bungarotoxin. In the presumed ligand-binding site,
in the vicinity of Cys-192 and Cys-193, four major substitutions
occur in the snake sequence-at positions 184 (Trp, Phe), 185
(Lys -- Trp), 187 (Trp -+ Ser), and 194 (Pro Leu). In
addition, Asn-189 is a putative N-glycosylation site, present
only in the snake. These changes, or part of them, may explain
the lack of a-bungarotoxin-binding to snake AcChoR.

The nicotonic acetylcholine receptor (AcChoR) is the ligand-
gated ionic channel that binds the neurotransmitter acetyl-
choline and mediates synaptic transmission between nerve
and muscle (for review, see ref. 1). Among the four subunits
of the receptor, present in a stoichiometry of a2fly8, the a
subunit has been shown to contain the cholinergic binding
site (2, 3). Affinity-labeling experiments have previously
indicated that within the a subunit the binding site is in close
proximity to a sulfhydryl group (4), thus focusing attention to
the four cysteines (residues 128, 142, 192, and 193) in the
extracellular portion of the a subunit. The first two cysteines
(128 and 142) are common to all AcChoR subunits, whereas
the other two (192 and 193) are present exclusively in the a
subunit (5).
By using synthetic peptides, we had previously shown that

residues 185-1% of the a subunit contain the essential
components of the ligand-binding site of AcChoR (6, 7). This

segment contains the two tandem cysteine residues, at po-
sitions 192 and 193, which are unique to the a subunit of
AcChoR and are present at this position in all a subunits of
muscle AcChoR thus far sequenced. We have shown that
these two cysteines as well as tryptophan at position 187,
which is also conserved in muscle AcChoR, are crucial for
retaining toxin binding (7). Studies by other groups using
CNBr-derived fragments of affinity-labeled a subunit (8),
proteolytic fragmentation (9), synthetic peptides (10-12), and
genetic constructs (13-15) have also localized the cholinergic
binding site in close proximity or contiguous to the two
tandem cysteine residues 192 and 193. Interestingly, the a
subunit of the brain nicotinic AcChoR, which does not bind
a-bungarotoxin (a-BTX), also contains the two tandem cys-
teines at positions 192 and 193 (16), although it differs in other
amino acid residues from muscle AcChoRs.

Snakes, both venomous and nonvenomous, are resistant to
venoms and contain in their blood neutralizing substances
against certain toxins, but apparently not against a-
neurotoxins (for review, see ref. 17). Their resistance to these
latter toxins may be explained by the finding that muscle
AcChoR of elapid and other snakes does not bind a-
neurotoxins, although this AcChoR responds to other cholin-
ergic ligands (18). It is therefore of special interest to dissect
the structure of snake AcChoR and, in particular, its cholin-
ergic binding site. By comparing the sequence and binding
properties of snake AcChoR with that of muscle AcChoRs
from other species, as well as with the neuronal AcChoR, we
may gain insight into the molecular origin of the specific
pharmacological profile of the snake receptor and a general
knowledge of the structure-function relationship of the Ac-
ChoR-ligand binding site. This study describes the cloning and
sequence ofa fragment from snake AcChoR a subunit,* which
encodes the extracellular domain containing the four cysteines
at positions 128, 142, 192, and 193. Several amino acid
substitutions in the presumed ligand-binding region may ex-
plain the lack of a-BTX binding to snake AcChoR.

MATERIALS AND METHODS
Animals. Cobras (Naja naja atra) were obtained from

Latoxan (Rosans, France). Water snakes (Natrix tessellata)
were collected from the fish ponds ofKibutz Maagan Michael
(Israel). Lizards (Agama stellio) were obtained from the
Canadian Centre of Ecological Zoology (Tel-Aviv Universi-
ty). Mice were of the BALB/c strain.
DNA Preparation and Southern Blot Analysis. Natrix liver

tissue was chopped into a solution (1 g of tissue per 3 ml)
containing 0.1 M EDTA, 0.5% SDS, 50 mM Tris (pH 8), and

Abbreviations: AcChoR, acetylcholine receptor; a-BTX, a-bungar-
otoxin; PCR, polymerase chain reaction; nt, nucleotide(s).
1The sequences reported in this paper have been deposited in the
GenBank data base [accession nos. M26388 (cobra) and M26389
(Natrix)].
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proteinase K (250 ,ug/ml) and shaken overnight at 550C.
Nucleic acid extraction and Southern blot analysis (19) were
done as described (20).

Construction of N. tessellata Genomic Library. Snake ge-
nomic DNA digested with EcoRI was size fractionated on
0.7% agarose gel. DNA ranging between 3 and 6 kilobases
(kb) was isolated by electrophoresis onto DEAE-cellulose
paper. DNA (50 ng) was ligated to EcoRI-digested AgtlO
arms, packaged in vitro (Gigapack; Stratagene), and the
phages were plated on the HflA150 strain of Escherichia coli
(21). The library (5 x 105 phages) was screened with a
900-base pair (bp), Nco I fragment, coding for the 280
N-terminal amino acids of mouse AcChoR a subunit. This
probe was derived from the cDNA clone pMAR-15 (22),
provided by S. Heinemann (Salk Institute, San Diego). The
probe was labeled by the multiprime method (23) to a specific
activity of 1-3 x 108 cpm/tug. DNA inserts from the plaque-
purified recombinant phage were subcloned into pUC18 and
M13mpl8 or -19 (24).
RNA Preparation and Northern (RNA) Blot Analysis.

Snakes were decapitated, and trunk muscles were excised.
RNA preparation and Northern blot analysis were done as
described (25).

Preparation and Amplification of cDNA. Five micrograms
of poly(A+) RNA were resuspended in 100 p1L of H20 and
treated with methyl mercury at a final concentration of 1 mM
for 10 min at room temperature. One microliter of 2-
mercaptoethanol was added, and the RNA was precipitated
in ethanol in the presence of 0.3 M sodium acetate. The RNA
was washed in 70%o ethanol, and the first cDNA strand was
prepared as described (26). The cDNA (300 ng) was subjected
to amplification by the polymerase chain reaction (PCR; ref.
27) in 100-Aul reaction mixture containing 16.6 mM
(NH4)2SO4, 67 mM Tris buffer (pH 8.8), 6.71 mM MgCl2, 67
mM EDTA (pH 8.0), 10% (vol/vol) dimethyl sulfoxide, 10
mM dithiothreitol, bovine serum albumin (180 tug/ml), 300
mM of each dNTP (dATP, dCTP, dTTP, and dGTP), and 50
pmol of each primer. Samples were boiled (7 min), cooled on
ice (2 min), and 2.5 units of Thermus aquaticus (Taq) poly-
merase (New England Biolabs) were added before incubation
at 560C for 5 min and at 720C for 2 min. The next 35 cycles
were each as follows: 1 min at 940C, 2 min at 560C, and 3 min
at 72°C. Thermal cycling was performed in a home-made PCR
apparatus. Fragments obtained by PCR amplification were
purified on agarose gel and subcloned into M13 bacteriophage
vectors mpl8 and mpl9.

Nucleotide Sequence Determination. DNA was sequenced
by using the dideoxynucleotide chain-termination technique
of Sanger et al. (28).

RESULTS
Resistance of N. tesseUata to a-BTX. Several elapid snakes

were reported to be resistant to the antagonistic effects of
a-BTX, whereas their AcChoR was shown to be sensitive to
agonist activation (18). As a first step toward understanding
the molecular basis of this phenomenon, we examined
whether the nonpoisonous water snake N. tessellata is also
resistant to a-BTX. The effect of i.p. injection ofa-BTX was
examined in the snake and compared with that in lizard (A.
stellio) and mouse. Intraperitoneal administration of a-BTX
into water snakes in concentrations several orders of mag-
nitude higher than the LD50 for other species did kill the
snakes (Table 1). Similar weight-equivalent doses were lethal
in lizards, which are phylogenetically related to the snake and
have been reported sensitive to a-BTX (18). We ruled out the
possibility that resistance of the snake to a-BTX was due to
neutralizing factors in the serum, because preincubation of
snake serum with a-BTX (10 ,ug) did not abolish its lethal
effect upon subsequent injection into mice (Table 1).

Table 1. Lethality of a-BTX in snake, lizard, and mouse

Dose,* gg of Death,
a-BTX/g min after

Species of body weight injection

Snake (N. tessellata) 10 Survived
100 Survived

Lizard (A. stellio) 10 30
100 5

Mouse 0.1 10
0.1t 10

*a-BTX (in 1 ml of phosphate-buffered saline) was injected i.p. into
snakes and lizards and i.v. into mice.
ta-BTX was incubated with snake serum (1 ml) for 30 min before
injection into mice.

Isolation and Characterization ofa Snake Genomic Clone. In
search of the snake AcChoR a subunit, we digested Natrix
genomic DNA with several restriction enzymes and analyzed
the fragments by Southern blots with the mouse a-subunit
cDNA probe (data not shown). EcoRI-digested DNA showed
one 4.3-kb hybridizing fragment. On the basis of this hybrid-
ization, a library in AglO vector was prepared from DNA
fragments in the range of3-6 kb obtained by EcoRI digestion
of Natrix DNA and screened with the mouse a-subunit
cDNA as probe. A positive clone, designated 15-2, was
isolated and found to contain a 4.3-kb insert. Digestion of
clone 15-2 with Bgl II yielded a 3.5-kb fragment that was
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FIG. 1. Identification of unique sequences homologous to mouse
a-subunit cDNA in pBgl. (A) Ethidium bromide staining. (B) Hy-
bridization to 32P-labeled sheared snake DNA. (C) Hybridization to
32P-labeled mouse AcChoR a-subunit. (D) Restriction map of the
clone. Note that the 1-kb HincII fragment hybridizes selectively to
32P-labeled mouse a-subunit cDNA and not to 32P-labeled total
sheared snake DNA.
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FIG. 2. Nucleotide sequence of Natrix HincIl genomic fragment. Homology to mouse AcChoR a-subunit cDNA and deduced amino acid
sequences are depicted.

subcloned into pUC19 and designated pBgl. It should be
noted that pBgl contains 1 kb derived from AgtlO, because in
the cloning process one EcoRI site ofclone 15-2 was lost (Fig.
ID). Restriction enzyme mapping of pBgl identified a 1-kb
Hinc1I fragment that hybridized only to the mouse a-subunit
cDNA and not to total sheared snake DNA-therefore, being
devoid of repetitive sequences (Fig. 1). Sequence analysis of
this 1-kb fragment revealed significant homology (75%) to
mouse a-subunit cDNA on a stretch of 200 nucleotides (nt)
(Fig. 2). According to the homology, the sequence AGTG at
nt 803-806 and CGGT at nt 999-1002 are candidates for
acceptor and donor splice sites, respectively (29). Compar-
ison of sequences of the a-subunit gene at a parallel region
from chick, Torpedo (30), and human (31) also reveals that
amino acid residues 96-160 compose an exon. The deduced
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amino acid sequence between these two putative splice sites
revealed considerable homology with residues 96-160 of the
mouse AcChoR a subunit. This segment includes the two
cysteine residues at positions 128 and 142 of the a subunit,
which are present in all four subunits of AcChoR (32). The
homology was much higher with the a subunit than with the
other subunits (data not shown).

Southern and Northern Blot Analyses of Cobra and Natriix
Our initial studies were performed on the nonpoisonous
water snake N. tessellata. It was thus of interest to compare
genomic DNA digests of Natrix with those of cobra, which
contains a-neutrotoxin in its venom. Hence, DNA from
Natrix and cobra was digested with several restriction en-
zymes. Samples were electrophoresed through 0.7% agarose
gel, blotted, and hybridized with a 530-bp HincII-Pst I
fragment derived from pBgl (designated PROBE in Fig. ID).
As depicted in Fig. 3, the hybridization pattern obtained with
both DNAs was virtually identical.
To identify snake AcChoR a-subunit transcripts, Northern

blot analysis was performed. Cobra muscle poly(A)-
containing RNA was electrophoresed through a 1.5% form-
aldehyde-agarose gel and blotted onto nylon (GeneScreen
Plus) membrane filters. The blots were hybridized with the
Natrix 530-bp probe and with a mouse AcChoR a-subunit
cDNA probe. As shown in Fig. 4, a 3.7-kb transcript hybrid-
ized specifically to both probes. Similar results were obtained
with Natrix poly(A+) RNA (data not shown).

28S-

18S-

FIG. 3. Southern blot analysis of a-subunmt sequences il %,UVa
and Natrix. Genomic DNA (15 ug) from Natrix and cobra were
digested with several restriction enzymes and separated electro-
phoretically on a0.7% agarose gel. The blot ofthis gel was hybridized
to the Natrix genomic 530-bp Pst 1-HincIl probe.

FIG. 4. Northern blot analysis of
cobra RNA. Poly(A+) RNA from co-

- bra was electrophoresed on a 1.5%
formaldehyde-agarose gel and blot-
ted onto a nylon (GeneScreenPlus)
membrane filter. The blot was probed
with mouse AcChoR a-subunitcDNA
(lane a), and after probe removal the
DNA was subsequently hybridized to
the snake genomic 530-bp HincII-Pst

a b I probe (lane b).
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a
Mouse
Humon
Calf
Torpedo
Xenopus
Snarke

GGACACCGCCAGCCATCTT
GGACACCTCCAGCCATCTT
GGACACCTCCTGCCATCTT
GGACACCTCCAGCAATCTT
GGACACCCCCAGCAATTTT
GGAATCCACCAGCCATCTT

Primer(f) 5 GGAATCCACCAGCCATCTT 3'

(1) 353 371
5 GGAATTCGGAATC(COCCA1TT- 3

EcoRI

Mouse ATCATTCCCTGCCTGCTCTT

Human ATCATCCCCTGCCTGCTCTT
Cof ATCATCCCCTGCCTGCTCTT
Torpedo ATCATTCCTTGTCTGCTTTT
Xenopus ATCATTCCTTGTCTGCTCTT

Consensus 5 ATCATCCCCTGCCTGCTCTTT
T T T T

Primer (2) 3 T3AGTGGG AACGGAA 5
A A A A

gX ~~~~~~~Hindm
\3-TAGTAGGGGACGC:ACGAGAATTCGAAC 5

5 A A A A6;7 2

34 bp

FIG. 5. Amplification ofcobra and Natrix single-stranded cDNA.
(A) Schematic presentation of primer selection. Note that primer 1
was from the snake genomic sequence, and primer 2 was from the
consensus sequence of the first transmembranal segment of the a
subunit. Primers 1 and 2 had EcoRI and Pst I sites respectively
attached at their 5' ends. (B) Aliquots (5 jl) of the amplified products
were electrophoresed in a 1% agarose gel and analyzed by ethidium
bromide staining (Left) and by hybridization to 32P-labeled mouse
a-subunit cDNA (Right). M, marker proteins; C, cobra; N, Natrix.

Cloning of a Snake cDNA Fragment by PCR. It was of
special interest to identify, in the snake, the region that in
other species, such as Torpedo and mouse, contained essen-
tial components of the a-BTX binding site [i.e., the segment
containing the tandem cysteines 192 and 193 (5, 21)]. We used
the PCR to specifically amplify the cDNA encompassing this
region. The primer at the 5' end (GGAATCCACCAGC-
CATCTT, nt 873-891; Fig. 2) accorded to the sequence
obtained from the snake genomic clone and corresponded to

A 120

V I P a I Ca x r c Z I
Cobra MT CCa CCA OCC aTC TC AA A SC T T MAA AT?
watriz AAT CCA CCA 0CC ATC TTC AAA AOC TAT TOT MA AT?

I V
ASA GI

a highly conserved region preceding Cys-128 (Fig. 5A). At the
3' end the primer (AARAGCAGRCARGGRATGAT, where
R = G or A) was a mixed oligonucleotide presenting a
consensus sequence for the first transmembranal region of
the a subunit in different species (Fig. 5A). The primers had
either EcoRI or HindIII sites at their 5' end (Fig. 5A). Cobra
and Natrix single-stranded cDNA were subjected to 35
consecutive PCR cycles. This procedure yielded a 300-bp
fragment, which hybridized specifically to the mouse Ac-
ChoR a-subunit cDNA (Fig. SB). Sequence analysis of the
amplified 300-bp fragments ofNatrix and cobra revealed 72%
homology to the mouse a-subunit cDNA on the level of
nucleotides and 78% homology at the deduced amino acids
(Fig. 6A). The presence of two cysteines at positions 192 and
193 verifies that this fragment corresponds to the snake
AcChoR a subunit. Most differences between snake and
mouse sequences concentrate in the vicinity of these tandem
cysteines and might contribute to the specific pharmacolog-
ical properties of the snake receptor.

DISCUSSION
We have cloned the extracellular fragment of the snake
AcChoR a subunit, which encompasses the four cysteines at
positions 128, 142, 192, and 193. By using a size-selected
snake (Natrix) genomic library we first isolated sequences
coding for the exon containing the cysteine loop between
residues 128 and 142. These cysteines were shown by site-
directed mutagenesis to be crucial for receptor function (35).
The sequence of the snake clone reflected considerable
homology to the mouse a subunit (Fig. 2), indicating the
evolutionary conservation of this region.
A 3.7-kb AcChoR a-subunit transcript was identified by

using either cloned genomic snake sequences or the mouse
a-subunit cDNA as probes (Fig. 4). This analysis confirmed
that the genomic clone isolated codes for portions of the
snake AcChoR a subunit. The size of the snake a-subunit
mRNA (3.7 kb) is higher than that reported for the Torpedo
(5), mouse (22), and human (33) a-subunit mRNAs. Interest-
ingly, a mRNA of a size similar to that of snake has been
detected for the calfa subunit and was found to contain a long
3' untranslated region (31).
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FIG. 6. (A) Alignment of nucleotides and deduced amino acid sequences of cobra and Natrix a subunits. Snake DNA sequence was from
clones obtained by PCR (see Results). Amino acid residues are numbered from 119 to 222, corresponding to their position in the mouse AcChoR
a subunit. Note that cobra and Natrix fragments are identical at all positions except for tryptophan and threonine at positions 149 and 177 of
cobra, which are arginine and alanine, respectively, in Natrix. Cysteine residues are marked with an asterisk. Note that the sequence of the
genomic clone (Fig. 2) differs at four codons from the cDNA sequence given above. We cannot account for these differences, unless they
represent different genes or alleles. (B) Interspecies comparison ofamino acid residues 119-222 of nicotinic AcChoR a subunit. Sequence sources
are as referenced: Torpedo (5), chick and mouse (22), calf and human (31), and rat neuronal (16). All sequences were compared to cobra.
Sequences common to chick, mouse, calf, and human AcChoR but different from snake AcChoR are boxed.
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On the basis of sequence data from the snake genomic
clone and the fact that the first transmembranal segment of
the a subunit is conserved among species, we constructed
two nucleotide primers. These primers were used to specif-
ically amplify, by means of the PCR method, an extracellular
region of the snake a subunit that includes the four cysteines
(126, 142, 192, and 193) of special interest. It is noteworthy
that the same two primers were also suitable for amplifying
the counterpart domain of the a subunit from mouse cDNA
(data not shown), in spite of three mismatches in the first
primer that represents the snake sequence. This fact may
indicate the potential of the PCR method for analyzing other
cholinergic binding sites of special interest.

Analysis ofthe snake a-subunit sequence obtained viaPCR
amplification reveals that cysteines 192 and 193, which are
characteristic of all AcChoR a subunits and participate in the
cholinergic binding site, are also conserved in the snake (Fig.
6).
Alignment of the cobra and Natrix PCR-derived sequences

and those of the respective segments of muscle AcChoR a
subunits of other species, as well as with neuronal AcChoR,
is depicted in Fig. 6B. The snake sequence is highly homol-
ogous to other muscle AcChoRs and not to neuronal Ac-
ChoR, which also does not bind a-BTX. Among the various
muscle AcChoRs the snake receptor exhibits some signifi-
cant differences, most of which occur in the vicinity of
cysteines 192 and 193. Several amino acids that are identical
in distant species, such as Torpedo, chick, mouse, calf, and
human, are different in snake (boxed in Fig. 6B). Of these,
substitution of Trp-184 for phenylalanine, Lys-185 for tryp-
tophan, and Pro-194 for leucine are in close proximity to the
two tandem cysteines and might be relevant for binding
properties. In addition, of particular interest is Trp-187,
which is conserved in Torpedo, chick, mouse, and calf but
substituted for serine in the snake as well as in human. We
have previously shown that chemical modification of this
tryptophan in the synthetic peptide 185-1% of the Torpedo
a subunit abolished its binding to a-BTX (7). Moreover, the
synthetic dodecapeptide corresponding to residues 185-1%
of the human a subunit, which does not contain Trp-187, did
not bind a-BTX (7); this substitution may contribute to the
lower affinity of human AcChoR to a-BTX (34).

Finally, both cobra and Natrix PCR-derived fragments
contain three putative N-glycosylation sites (Asn-111, -141,
and -189), whereas all other known a subunits contain only
Asn-141 as the N-glycosylation site. Hence, it is possible that
the snake AcChoR a subunit might be more glycosylated than
are the other AcChoRs.

In conclusion, we have shown that the ligand-binding
domain of snake AcChoR differs in several crucial amino acid
residues from other muscle AcChoRs that bind a-BTX.
Whether all the changes in primary structure or only part of
them contribute to the specific pharmacological profile of the
snake receptor and explain the resistance of snakes to
a-neurotoxins remains to be determined. The changes in the
AcChoR ligand-binding domain in the muscle of snakes might
have occurred early in their evolution, but after their sepa-
ration from the lizards, from which they presumably origi-
nated (17).
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