bones from Mules Ear Peak Cave, Texas,
have been dated at 1,500 to 3,000 B.P.
based on nonassociated archeological arti-
facts (4) but a radiocarbon date now indi-
cates a late Pleistocene age (Table 2). Al-
though historic sightings of condors are
known from Arizona and Utah in the late
1800s (5), it is thought that these represent-
ed an early historic range expansion when
large herds of cattle, horse, and sheep were
introduced by European settlers to the in-
land West beginning in the 1700s; cattle are
the primary food of condors today (7, 9).
These herds probably allowed the condor to
re-expand its range inland by feeding on the
carcasses of these animals, just as it had on
those of late Pleistocene megafauna. If con-
dors had survived in the inland West prehis-
torically, their bones should be conspicuous
among the many thousands of bird bones
now known from archeological sites in Ari-
zona, New Mexico, Colorado, and Utah;
none have been reported (15). The absence
of Holocene, prehistoric records of G. cali-
Sfornianus in the inland West supports the
above hypotheses.

At Grand Canyon, the extinction of con-
dors in the late Pleistocene is relevant to
suggestions on releasing condors there as
part of the condor recovery program (5).
Since condors could not survive in the can-
yon at the close of the Pleistocene; and when
modern flora and faunal communities were
gradually established by 8,500 B.P. (16), it
is unlikely that it could survive there today
unless supplemental food supplies are pro-
vided on a regular basis.

Other questions regarding condor extinc-
tions still remain, such as why it did not
survive in coastal regions of Florida and the
castern United States, and why it apparently
did not occur in the Great Plains where large
herds of bison existed throughout the Holo-
cene. Answers to these questions may relate
to habitat, climatic, and temperature limita-
tions for breeding condors that require addi-
tional investigation.
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Sequence of a Probable Potassium Channel
Component Encoded at Shaker Locus of Drosophila

BrRUCE L TEMPEL,* DIANE M. PAPAZIAN, THOMAS L. SCHWARZ,

YUH NUNG JaN, LiLy YEH JAN

Potassium currents are crucial for the repolarization of electrically excitable mem-
branes, a role that makes potassium channels a target for physiological modifications
that alter synaptic efficacy. The Shaker locus of Drosophila is thought to encode a K*
channel. The sequence of two complementary DNA clones from the Shaker locus is
reported here. The sequence predicts an integral membrane protein of 70,200 daltons
containing seven potential membrane-spanning sequences. In addition, the predicted
protein is homologous to the vertebrate sodium channel in a region previously
proposed to be involved in the voltage-dependent activation of the Na* channel. These
results support the hypothesis that Shaker encodes a structural component of a voltage-
dependent K* channel and suggest a conserved mechanism for voltage activation.

HYSIOLOGICAL STUDIES OF Shaker

mutants suggest the the Shaker locus

of Drosophila. melanggaster encodes a
structural component of a voltage-depen-
dent K* channel that conducts a transient
current, the A current (I). We have charac-
terized genomic DNA and several comple-
mentary DNA (cDNA) clones from the
Shaker region (2). Two of these ¢cDNA
clones, ShAl and ShA2, differ only in
length. They appear to have at least seven

exons spread over 65 kilobases (kb) of geno-
mic DNA; molecular rearrangements corre-
sponding to five Shaker mutations are found
within this same expanse of genomic DNA.
These results suggest that the ShA ¢cDNA
clones represent a.processed transcript that
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is likely to be affected by several Shaker
mutations.

Here we report the sequence of the
¢DNA clones, ShAl and ShA2. Because
little biochemical information is available for
any K channel, proof that these cDNA
clones encode a structural component of a
K* channel must await functional reconsti-
tution of the A current. However, two
features of the predicted primary sequence
suggest that these cDNA clones may encode
a channel component. First, there are multi-
ple hydrophobic sequences characteristic of
integral membrane proteins. Second, the
predicted Shaker product is homologous to
the vertebrate Na* channel in a region that
may be responsible for voltage-dependent
activation. These features suggest that the
cDNA clones correspond to the Shaker gene
product and encode a structural component
of a K* channel.

The strategy used to sequence ShA1 and
ShA2 is shown in Fig. 1. Conceptual trans-
lation of ShAI, the longer cDNA at 2928
bp, revealed stop codons in all frames at
both ends (Fig. 2A). In between, however,
is one long open reading frame. This frame
is oriented in the genome so that the 5 end
of the message would be at the end of the
locus nearest to the centromere. These re-
sults were confirmed by sequencing the in-
dependent isolate ShA2, which was 2591 bp
long and contained the complete open read-
ing frame present in ShA1. Within the open
reading frame, the two were identical except
for two single base changes resulting in two
conservative amino acid changes in the pre-
dicted protein sequence (Fig. 3). A deletion
of 2 bp was found in the untranslated 3’
end. These nucleotide changes were proba-
bly due to natural variation within the popu-
lation of flies from which the cDNA library
was made.

Occasionally, cDNA clones contain the
sequences of introns that had not been
removed during messenger RNA (mRNA)
maturation (3). To determine whether the
stop codons 5’ to the open reading frame in
ShA were found in a properly processed
exon or if they might reflect the presence of
an unexcised intron, we sequenced portions
of the genomic DNA and compared it to the
sequence of the cDNA clones. The interval
between the putative exons at positions +64
kb and +78 kb [figure 1 in (2)] is a legiti-
mately spliced intron, flanked in the genome
by appropriate consensus splice sequences
(Fig. 2B). Since, in the exons on either side
of this splice site, stop codons exist in all
three frames preceding the long open read-
ing frame, we conclude that the 5’ end of
the coding region is indeed complete. Simi-
larly, a correctly processed splice site has
been located in the predicted 3’ untranslated
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region (Fig. 3), suggesting that these cDNA
clones contain the entire protein coding
sequence.

The first AUG codon in the open reading
frame may be the translational start site. The
sequence immediately surrounding it
(TGGCAUG-) differs from the consensus
sequence for a ribosome binding site com-
piled from known initiation sequences in
Drosophila (BAXRAUG-). This consensus se-
quence, however, is not absolutely required
for proper initiation of translation, since
many known initiation sites do not match
the consensus (4). The next methionine
codon is no closer to agreement with the
initiation site consensus and is a less attrac-
tive alternative because it does not occur

until halfway through the open reading

frame. A definitive assignment of the trans-
lation start site must await the determina-
tion of the amino-terminal sequence of an
isolated Shaker protein.

If translation is initiated at the first AUG
in the open reading frame, the sequence
predicts that the Shaker cDNA’s encode a
protein of 616 amino acids with a molecular
mass of 70,200 daltons (Fig. 3). Possible A
channel components of similar size (65 to
75 kD) have been identified in vertebrate
brain by cross-linking studies with dendro-
toxin, an A channel blocker (5).

The Shaker product predicted by the se-
quence of ShAI and ShA2 has the proper-
ties of an integral membrane protein. Hy-
dropathy analysis (6) indicates that the pro-
tein has a central hydrophobic core, with

ShA2 R —+ 1 —rt H |
r B P B X P P R Q
ShA1 | 4 + —F # {
'—————————>
1 Ir ; L [} 'L =
I t N I - | Emm——
"—_"’" > T I I
] i ] 4___________| 4_________,
! ] ! - ! {
1 1 4———-—|
I E— M |
b—
500 bp

Fig. 1. Restriction map and sequencing strategy of the cDNA clones ShAl and ShA2. The Eco RI
restriction sites at the ends of the cDNA’s reflect the cloning insertion sites in Agtll. R, Eco RI; B, Bam
HI; X, Xba I; P, Pst I. No sites were found for Hind III, Bgl IT, Sac I, or Sma I. DNA was sequenced by
the dideoxy termination method (23) in MI13 vectors (24). Initially, several internal restriction
fragments were subcloned and sequenced. Oligonucleotide primers were synthesized in order to
complete the sequencing of both strands and to allow the determination of the complete sequence in
Eco RI subclones where microfragments would not be missed (for example, the adjacent Pst I sites at bp
1705-1716). ShAI and ShA2 are similarly oriented here and in Fig. 2.
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Proximal Distal
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S'L I/ . o b i 1l i 1IN O N T | 11 5
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Splice 500 bp

B Fig. 2. (A) Determination of
5' splice consensus: _%AG gtlagt-- open reading frame in ShAl.
Conceptual translation in all six

GenomicDNA :5' -~ -TTTTTTCGGTGAAT|g tgagtgtat -- (intron) ---  possible frames revealed only one

ShACDNA:  :5' ---TTTTTTCGGTGAAT

Genomic DNA : ---gcattctcgcag

CTCTTGTAACCAT-~--3"

CTCTTGTAACCAT---3

long open reading frame of 1848
bp. Stop codons are indicated by
vertical ticks and the first methio-
nine in the open reading frame is

trtrtt ot

u it .
3' splice consensus: cccccc-g?

marked by an arrowhead. The
splice site indicated by a vertical
arrow represents the 12- to 14-kb intron between exons present at genomic walk positions +78 and
+65 kb [figure 1 in (2)]. Stop codons are present in three frames between the splice site and the
predicted translational start methionine. (B) Genomic DNA and ¢DNA sequence in the area
surrounding the splice site shown in (A). The eukaryotic splice site consensus sequences were
determined by S. Mount (25). Sequence from exons is printed in capital letters; from introns in lower
case.
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5~ -~ GAATTCCGGAGTTTCTATCCAGACTTCAATATTTTTTTACCTCGCTCAA  ~ 358

L]
AACCCCCCACTCGCACTTTAAATAATAAAAAAAAGCAGGTGGTGCGTGCCGCGTA GCCGCGCGTGATTC'I‘TGTTG’I‘I‘GT’I"I"I"I‘I‘TT’I‘T‘I"I‘CGGTGAA‘I'vCTCTTGTAACCATGTACCAAA -239
GTTCTTTGCCGCGAAAACTAAAATGAAAACGAAAGTGAAAATGAGCGAATGGCAGCCGCGGCCACAGCAATCGATCCATGACACAACCAGTGACAAGCAGTCCCCCAGTGAAACCGCAT - 120

CCGCATCCGAGTCCGATACCGATAAAGATTCTGAATCGGAGTGAGTGCCGCGTCCGAGAGCGTTCCCTGTCCACGTCCACCATCGGCGGAGCAGGTGTGCCTGAGGCCCACCTGGTGGC -1

1 10 20 30
Met Ala Ala Val Ala Gly Leu Tyr Gly Leu Gly Glu Asp Arg Gln His Arg Lys Lys Gln Gln Gln Gln Gln Gln His Gln Lys Glu Gln
ATG GCC GCC GTT GCC GGC CTC TAT GGC CTT GGG GAG GAT CGC CAG CAC CGC AAG AAG CAG CAG CAA CAG CAG CAG CAC CAG AAG GAG CAG 90

40 50 60
Leu Glu Gln Lys Glu Glu Gln Lys Lys Ile Ala Glu Arg Lys Leu Gln Leu Arg Glu Gln Gln Leu Gln Arg Asn Ser Leu Asp Gly Tyr
CTC GAG CAG AAG GAG GAG CAA AAG AAG ATC GCC GAG CGG AAG CTG CAG CTG CGG GAG CAG CAG CTC CAG CGC AAC TCC CTC GAT GGT TAC 180

70 80 90
Gly Ser Leu Pro Lys Leu Ser Ser Gln Asp Glu Glu Gly Gly Ala Gly His Gly Phe Gly Gly Gly Pro Gln His Phe Glu Pro Ile Pro
GGG TCT TTG CCC AAA TTG AGC AGT CAA GAC GAA GAA GGG GGG GCT GGT CAT GGC TTT GGT GGC GGA CCG CAA CAC TTT GAA CCC ATT CCT 270

100 110 120
His Asp His Asp Phe Cys Glu Arg Val Val Ile Asn Val Ser Gly Leu Arg Phe Glu Thr Gln Leu Arg Thr Leu Asn Gln Phe Pro Asp
CAC GAT CAT GAT TTC TGC GAA AGA GTC GTT ATA AAT GTA AGC GGA TTA AGG TTT GAG ACA CAA CTA CGT ACG TTA AAT CAA TTC CCG GAC 360

130 140 150
Thr Leu Leu Gly Asp Pro Ala Arg Arg Leu Arg Tyr Phe Asp Pro Leu Arg Asn Glu Tyr Phe Phe Asp Arg Ser Arg Pro Ser Phe Asp
ACG CTG CTT GGG GAT CCA GCT CGG AGA TTA CGG TAC TTT GAC CCG CTT AGA AAT GAA TAT TTT TTT GAC CGT AGT CGA CCG AGC TTC GAT 450

160 170 180
Ala Ile Leu Tyr Tyr Tyr Gln Ser Gly Gly Arg Leu Arg Arg Pro Val Asn Val Pro Leu Asp Val Phe Ser Glu Glu Ile Lys Phe Tyr
GCG ATT TTA TAC TAT TAT CAG AGT GGT GGC CGA CTA CGG AGA CCG GTC AAT GTC CCT TTA GAC GTA TTT AGT GAA GAA ATA AAA TTT TAT 540

190 200 210
Glu Leu Gly Asp Gln Ala Ile Asn Lys Phe Arg Glu Asp Glu Gly Phe Ile Lys Glu Glu Glu Arg Pro Leu Pro Asp Asn Glu Lys Gln
GAA TTA GGT GAT CAA GCA ATT AAT AAA TTC AGA GAG GAT GAA GGC TTT ATT AAA GAG GAA GAA AGA CCA TTA CCG GAT AAT GAG AAA CAG 630

220 230 H1 240
Arg Lys Val Trp Leu Leu Phe Glu Tyr Pro Glu Ser Ser Gln Ala Ala Arg|Val Val Ala Ile Ile Ser Val Phe Val Ile Leu Leu Ser
AGA AAA GTC TGG CTG CTC TTC GAG TAT CCA GAA AGT TCG CAA GCC GCC AGA|GTT GTA GCC ATA ATT AGT GTA TTT GTT ATA TTG CTA TCA 720

250 260 270
Ile Val Ile Phe Cys Leu|Glu Thr Leu Pro Glu Phe Lys His Tyr Lys Val Phe Asn Thr Thr Thr Asn Gly Thr Lys Ile Glu Glu Asp
ATT GTT ATA TTT TGT CTA|GAA ACA TTA CCC GAA TTT AAG CAT TAC AAG GTG TTC AAT ACA ACA ACA AAT GGC ACA AAA ATC GAG GAA GAC 810

280 290 H2 300
Glu Val Pro Asp Ile Thr Asp Pro{Phe Phe Leu Ile Glu Thr Leu Cys Ile Ile Trp Phe Thr Phe Glu Leu Thr Val Arg Phe Leu Ala
GAG GTG CCT GAC ATC ACA GAT CCT |[TTC TTC CTT ATA GAA ACG TTA TGT ATT ATT TGG TTT ACA TTT GAA CTA ACT GTC AGG TTC CTC GCA

900

310 320 H3 330
Cys Pro Asn Lys Leu Asn Phe Cys Arg Asp|Val Met Asn Val Ile Asp Ile Ile Ala Ile Ile Pro Tyr Phe Ile Thr Leu Ala Thr Val
TGT CCG AAC AAA TTA AAT TTC TGC AGG GAT|GTC ATG AAT GTT ATC GAC ATA ATC GCC ATC ATT CCG TAC TTT ATA ACA CTA GCG ACT GTC 990

340 350 Met

Val Ala|Glu Glu Glu Asp Thr Leu Asn Leu Pro Lys Ala Pro Val Ser Pro Gln Asp Lys Ser Ser Asn Gln Ala Met Ser|Leu Ala Ile
GTT GCC|GAA GAG GAG GAT ACG TTA AAT CTT CCA AAA GCG CCA GTC AGT CCA CAG GAC AAG TCA TCG AAT CAG GCT ATG TCC|TTG GCA ATA 1080

H G

» » " 370 _m s S4- » Like = 390

Arg|Val Ile{Arg|Leu Val|Arg|Val Phe|Arg|Ile Phe|Lys|Leu Ser|Arg|His Ser|Lys|Gly Leu|Gln Ile Leu Gly Arg Thr Leu Lys
CGA|GTG ATA|CGA|TTA GTT|CGA|GTA TTT|CGA|ATA TTT|AAG|TTA TCT|AGG|CAT TCG|AAG|GGT TTA|CAA ATA TTA GGA CGA ACT CTG AAA 1170

Leu
TTA

400 410 H4 420
Leu Gly Leu Leu Ile Phe Phe Leu Phe Ile Gly Val Val Leu Phe Ser Ser Ala Val Tyr Phe Ala|Glu Ala Gly
TTA GGT TTA CTT ATA TTT TTC TTA TTT ATA GGC GTC GTA CTC TTC TCA TCG GCG GTT TAT TTT GCG|GAA GCT GGA 1260

Ala Ser Met Arg Glu
GCC TCA ATG CGG GAA

430 440 HS5 450
Ser Glu Asn Ser Phe Phe Lys Ser Ile Pro Asp[Ala Phe Trp Trp Ala Val Val Thr Met Thr Thr Val Gly Tyr Gly Asp Met Thr Pro
AGC GAA AAT TCC TTC TTC AAG TCC ATA CCC GAT|GCA TTT TGG TGG GCG GTC GTT ACC ATG ACC ACC GTT GGA TAT GGT GAC ATG ACG CCC 1350

460 Ile 470 H6 480
Val Gly Phe|Trp Gly Lys [Ile Val Gly Ser Leu Cys Val Val Ala Gly Val Leu Thr Ile Ala Leu Pro Val Pro Val Ile Val|Ser Asn

GTC GGC TTC|TGG GGC AAA|ATT GTC GGC TCT TTG TGC GTG GTC GCT GGT GTG CTG ACA ATC GCA CTG CCG GTA CCG GTT ATC GTC|AGT AAT 1440
A
490 500 510
Phe Asn Tyr Phe Tyr His Arg Glu Ala Asp Arg Glu Glu Met Gln Ser Gln Asn Phe Asn His Val Thr Ser Cys Ser Tyr Leu Pro Gly
TTC AAT TAC TTC TAT CAC CGC GAA GCG GAT CGG GAG GAG ATG CAG AGC CAA AAT TTC AAC CAC GTT ACA AGT TGT TCA TAT TTA CCT GGT 1530

520 530 540
Ala Leu Gly Gln His Leu Lys Lys Ser Ser Leu Ser Glu Ser Ser Ser Asp Ile Met Asp Leu Asp Asp Gly Ile Asp Ala Thr Thr Pro
GCA CTA GGT CAA CAT TTG AAG AAA TCC TCA CTC TCC GAA TCG TCG TCG GAC ATA ATG GAT TTG GAT GAT GGC ATT GAT GCA ACC ACG CCA 1620

550 560 570
Gly Leu Thr Asp His Thr Gly Arg His Met Val Pro Phe Leu Arg Thr Gln Gln Ser Phe Glu Lys Gln Gln Leu Gln Leu Gln Leu Gln
GGT CTG ACT GAT CAC ACG GGC CGC CAC ATG GTG CCG TTT CTC AGG ACA CAG CAG TCA TTC GAG AAG CAG CAG CTC CAG CTT CAG CTG CAG 1710

580 590 600
Leu Gln Gln Gln Ser Gln Ser Pro His Gly Gln Gln Met Thr Gln Gln Gln Gln Leu Gly Gln Asn Gly Leu Arg Ser Thr Asn Ser Leu
CTG CAG CAG CAG TCG CAG TCG CCG CAC GGC CAA CAG ATG ACG CAG CAG CAG CAG CTG GGC CAG AAC GGC CTA AGG AGC ACA AAT AGT TTA 1800

610 616
Gln Leu Arg His Asn Asn Ala Met Ala Val Ser Ile Glu Thr Asp Val v
CAG TTA AGG CAT AAT AAC GCG ATG GCC GTC AGT ATT GAG ACC GAC GTC TGA CTACTAGTCAAACAAATGGAAAATGGACGAAATTTGCGCAGTGAAATGCTA 1902

CGTTGGATGCCAGAAACGTCATCAAAAGCAGTCTAATTTAGAATTTTATTAATAAATACAATTAAAATATAATTATAATAATTAGTAAGCAACGTAGTTGTAAATTAAACAGCAAATGT 2021

ACACAGACACAACACACACACAGACACAGTGCCAGTTCACTCAGCTTGAATTAGAGTATTTGTAGACACCAAAAAGAGTCAAATATGGACTGGCCTTCTATAGGGATTTCCTTGTTTCT 2140
CCTTTCATTT'PCCTTCTGGTAATCTACACACCGAAAACACTTACACACACACGTCCACACACACTCAAAGTAAAAACTCTACTTGATACCTATGTTCAAATTTAGCAATTAACAACTAA 2259
CAATCGTTAACAACAACAAAA CAAAACATATAAAACCAAAAAACGA&GAAAAAAAXAAACAAACAAAACCAAAA’I‘CTAAT’I‘ATCTTAGTAGACTAATCTAA‘I‘TGGAG’I‘TTCTTCC’I‘TT 2378
CTTTAGAAGCTAGCAAAACAAAAACAAAGAACAACAACAACCAGACAAAAACAAACATACAATATCTGCTAATTTTATTTTCATCTTTAAATTATGCTCTATTATTAAATATTAGTCAG 2497

AATATTAGTAAAACAAACGGAATTC - —~— 3’
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Fig. 3 (facing page). Nucleotide and deduced
amino acid sequence of the Shaker cDNA clone,
ShAL. The nucleotide sequence is numbered on
the right, with +1 assigned to the first base of the
predicted initiation codon. The deduced amino
acid sequence is numbered and shown above the
nucleotide sequence. A splice site in the 5" un-
translated region (Fig. 2) as well as one found in
the 3’ untranslated region are marked with arrow-
heads. Hydrophobic proposed membrane-span-
ning sequences are boxed (H1-6). The basic
residues of the S4-like region have asterisks above
them. Variations in nucleotide sequence and pre-
dicted amino acid sequence found in ShA2 are
given below and above the sequence determined
for ShA1. A deletion of 2 bp in ShA2 is identified
by an open triangle. The 5’ and 3’ ends of ShA2
are marked by dots.
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Fig. 4. Hydropathy plot of ShAl. Hydrophobi-
city values are from Eisenberg’s consensus index
(6). The plot is of running totals of hydrophobi-
city summed for windows of 19 amino acids and
plotted at the position of the central amino acid in
the window. The hydrophobic peaks are named as
in Fig. 3.

hydrophilic domains at its amino and car-
boxyl termini (Fig. 4). Although there is
little crystallographic information on the
structure of intrinsic membrane proteins
(7), hydrophobic stretches of 19 or more
amino acids are generally believed to span
the membrane (6). Six such stretches can be
found in this sequence at residues 228-246,
279-300, 311-332, 396-417, 432-453,
and 457-478 (Figs. 3 and 4). A seventh
potentially membrane-spanning segment is
described below.

A computer search (8) of the Dayhoft
protein sequence database revealed that the
predicted Shaker protein shares significant
homology with the voltage-dependent Na*
channel from electric eel (9). This channel
conducts a rapidly activating and inactivat-
ing Na™ current kinetically similar to the A
current. The two proteins are 27 percent
identical over a stretch of 121 amino acids.
When conservative amino acid substitutions
are included, the proteins are 47 percent
homologous in the region of overlap (Fig.
5). The center of the homology is an argi-
nine-rich sequence that has been proposed
to be involved in voltage-dependent gating
of the Na* channel (10). The region of
homology extends into hydrophobic se-
quences flanking the arginine-rich sequences
in both proteins. However, if regions of the
predicted Shaker protein that do not include
the arginine-rich sequence were used in the
computer search, no significant homology
with any protein in the database was found
(11).

At the nucleotide sequence level, no sig-
nificant homology was found between the
Shaker cDNA’s and the Na* channel. Since

Shaker cDNA
Eel Na* channel

(304) Lys Leu Asn Phe Cys Arg AspMet AsnéVaI

(1360) lle Phe Val lle lle Phe Thr|Val|Glu Cysileu LeuilysilLeu Leu}

arginine can be encoded by six different
codons, the lack of nucleotide homology in
the arginine-rich region may easily have
arisen during evolution in spite of strong
pressure to conserve the protein sequence.

What is the significance of the arginine-
rich Shaker sequence that is homologous to
the Na* channel? The Na* channel is com-
posed of four domains that are homologous
to one another (9). A sequence called S4 by
Noda ez al. is present once in each domain.
These S4 elements consist of between four
and eight arginine residues (or, less fre-
quently, lysine) at every third position; gen-
erally, the intervening amino acids are hy-
drophobic. The predicted Shaker protein has
a single arginine-rich region with seven ba-
sic residues spaced at every third amino acid;
the intervening residues are primarily hydro-
phobic. Thus the arginine-rich region of the
Shaker gene product has the essential fea-
tures of the S4 regions in the Na™ channel
(Fig. 5).

Several structural models of the Na*
channel have proposed that the arginine-rich
S$4 sequence is the voltage sensor in the Na*
channel (10, 12). In these models, $4 is
predicted to be a transmembrane helix in
which the basic residues form a line of
positive charges across the membrane. The
positive charges would be stabilized within
the hydrophobic interior of the protein by
forming ion pairs with negative residues
supplied by other transmembrane segments.
In response to changes in membrane poten-
tial, each of the four highly charged S4
helices would move, inducing a conforma-
tional change that opens the channel. The
fact that the $4 sequence is the most ho-

lle {Asp: lle lle :

Sh |Ala Ile§ lle Pro|Tyr Phe| lle | Thr|Leu AIaéThr Val | Val| Ala GlugGIuéGIu Asp ThrgLeuéAsnéLeugPro Lys Ala ProéVaIéSer Pro GiIn|AspfLys Ser Ser
Na [Ala LeugArg GIn| Tyr Phe|Phe| Thr| Vval GlygTrp Asn|Val|Phe — gAsnghe Ala VaI§ §Val§lle §Ser lle lle GIyéLeug Leu Leu Ser|Asp| lle lle Glu
..... * * ¥ eens L * *

Sh  Asn GIn Ala §Met Ser|Leu Ala§ lle §Leu Arg Val lle Arg Leu|Val|Arg ValgPhe Arg| lle gPhegLys Leu|Ser|Arg| His Ser|Lys Gly LeugGIn lle {Leu|Gly
Na  Lys Tyr Phe%VaI Ser |Pro ThrgLeugPhe Arg Val lle Arg Leu|Ala|Arg] lle §Ala Arg ValgLeugArg Leu| lle |Arg| Ala Ala|Lys Gly IlegArg ThriLeu|Leu

........... . : raatit et SUR RS ; p RN
Sh  Arg Thr|Leu|Lys Ala |Ser MetéArg Glu|Leul — — — |Gly Leu Leu| lle |Phe|Phe — gLeu Phe lle| — GIyéVaIéVaI Leu Phe|Ser SergAIa Val | Tyr
Na Phe Ala|Leu|Met Met(Ser|LeuiPro AlafLeu|Phe Asn lle |Gly Leu Leu|Leu|Phe|Leu lle iMet|Phe lle|Phe Ser! lle iPhe Gly Met|Ser AsniPhe Ala|Tyr
Sh  Phe Ala Glu — §Ala Gly SergGluéAsn Ser|Phe|Phe Lys Ser lle Pro Asp Ala Phe Trp Trp (435)
Na Val Lys Lys GIniGly|Gly| ValiAspiAsp lle |Phe|Asn Phe Glu Thr Phe Gly Asn Ser Met lle (1496)

Fig. 5. Amino acid homology between the predicted ShA1 protein and the
fourth domain of the electric eel Na* channel (9). The numbers of the first
and last amino acids shown are given in parentheses. Identical amino acids

the S4 region.

(solid boxes) and conservative changes (dotted boxes) are shown. The amino
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acid groups considered conserved were [Met, Val, Ile, Leu]; [Ala, Gly]; [Ser,
Thr, Gln, Asn]; [Lys, Arg]; [Asp, Glu]. Asterisks mark the basic residues of
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Membrane H1[

Fig. 6. Proposed model for the
transmembrane topography of
ShA1 protein. Potential sites for
N-glycosylation ~ (arrowheads)
(16) and cyclic AMP-mediated
phosphorylation (¥) (15) are
shown. Only those basic (Arg,
Lys are +) and acidic (Asp, Glu

In

NH, T
34+,38—

mologous portion of two voltage-gated ion
channels supports the idea that these se-
quences are involved in the voltage-depen-
dent activation of the channels. At the very
least, the region is likely to be functionally
important.

The topography of the predicted Shaker
protein is not easily predicted from its se-
quence. Our tentative model is based on two
teatures of the primary sequence (Fig. 6).
First, the Shaker product probably lacks a
signal sequence. Although the protein be-
gins with a moderately hydrophobic region,
it is only 11 amino acids long and falls just
outside the limits of variability of known
signal sequences (13). The amino-terminal
of the protein is therefore likely to be cyto-
plasmic. Second, seven membrane-spanning
regions can be postulated on the basis of
hydrophobicity and the need for a trans-
membrane voltage sensor. With additional
structural or biochemical evidence the num-
ber or type of membrane crossings may
change (10, 14). For instance, if the poten-
tial site for adenosine 3’,5’'-monophosphate
(cyclic AMP)-mediated phosphorylation at
residue 520 (15) is found to be phosphory-
lated in vivo, the carboxyl end would neces-
sarily be cytoplasmic.

Several features emerge from the working
model (Fig. 6). (i) Of the three potential
sites for N-linked glycosylation [residues
102, 259, and 263 (16)], two are extracellu-
lar. (ii) Negatively charged residues pre-
dominate in the extracellular loops between
(and especially near) proposed membrane-
spanning regions. In contrast, positively
charged residues predominate on the cyto-
plasmic loops between membrane crossings.
A similar charge distribution is seen in sever-
al integral membrane proteins (17), al-
though the function (if any) of this charge
distribution is unknown. (iii) As proposed
in models of the Na* channel, the S$4-like
region of Shaker is the fourth membrane-
spanning region, flanked by hydrophobic
regions and oriented so that it crosses the
membrane from the extracellular to the cyto-
plasmic side.

774

are —) residues found in or near
the hydrophobic regions are
shown individually. The total
number of charged residues
found in the hydrophilic amino
and carboxyl domains are indi-
cated.

Little is known about the subunit struc-
ture of the A channel. Since the predicted
Shaker protein contains only one S$4-like
region, a logical question is whether the
Shaker protein is one subunit of the A
channel, analogous to one domain of the
Na™ channel. This question cannot be an-
swered at present but the relatively small size
of the Shaker protein, compared to the total
size of other known channels in nerve and
muscle, suggests that one Shaker monomer
may not be sufficient to form the channel.
Previous genetic observations, including al-
lele-specific interactions (I, 18) have sug-
gested that the A channel may be a multi-
meric protein, and that it may contain more
than one copy of the Shaker gene product.

These considerations lead to two hypoth-
eses for the subunit structure of the A
channel. (i) The channel may be a homo-
multimer composed of an as yet unknown
number of copies of the Shaker protein. (ii)
It may be a heteromultimer in which the
Shaker protein reported here combines with
other subunits. These other subunits may be
encoded by other products of the Shaker
locus, perhaps represented by other cDNA
clones (2), or by products of one or more
separate loci. Known channel structures
provide precedent for either a homo- or
heteromultimeric structure. Gap junction
channels contain six copies of a 27-kD pro-
tein (19). Muscle acetylcholine receptors are
composed of five subunits, only two of
which are identical, though all of the sub-
units are homologous (20). Since many
channels are built, in one way or another,
from repetitive units, it would not be sur-
prising if additional subunits in a hetero-
meric A channel were homologous to the
Shaker protein.

Thus, a genetic approach has provided a
first step toward studying K' channels at
the molecular level. It remains to be seen
whether the cloning of Shaker can facilitate
the isolation of other, related channels as
might be expected on the basis of Hille’s
hypothesis that ion channels are evolution-
arily related (21). The homology observed

here between the predicted Shaker gene
product and Na' channels suggests that
these proteins may be descended from a
single, voltage-sensitive ancestor. As in the
casc of tyrosine kinase domains or DNA-
binding domains (22), the arginine-rich, S4-
like region may constitute a voltage-gating
module shared by several proteins. It will be
interesting to see whether voltage-activated
Ca®" channels contain an $4-like sequence
as well.
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A Novel Mode of Arbovirus Transmission
Involving a Nonviremic Host

LinpA D. JoNgs, CLIVE R. DAVIES, GORDON M. STEELE,

Patricia A. NUTTALL

In nature, infected and uninfected arthropod vectors often feed together on an animal.
In mimicking this scenario in the laboratory, uninfected vectors were found to acquire
virus while cofeeding on the same host as infected vectors. However, the vertebrate
host on which they fed did not develop detectable levels of virus in its blood. These
observations were made with Thogoto virus, an influenza-like virus of medical and
veterinary significance. Rhipicephalus appendiculatus ticks were used as the vector and
guinea pigs as the vertebrate host. The results demonstrate that a vertebrate that is
apparently refractory to infection by an arthropod-borne virus can still play an
important role in the epidemiology of the virus, and they suggest a novel mode of

arthropod-borne virus transmission.

THE WoORLD HEALTH ORGANIZA-
tion defines arboviruses (arthropod-
borne viruses) as “viruses which are
maintained in nature . . . through biological
transmission between susceptible vertebrate
hosts by hematophagous arthropods; they
multiply and produce viremia in the verte-
brates, multiply in the tissues of arthropods,
and are passed on to new vertebrates by the
bites of arthropods after a period of extrinsic
incubation” (1). Biological transmission of
an arbovirus is confirmed in the laboratory
when the arthropod vector becomes infected
by feeding on a viremic vertebrate host
infected by inoculation or on a virus-con-
taining artificial blood meal. In nature, how-
ever, infected and uninfected vectors fre-
quently feed together on the same host. To
investigate virus transmission under these
conditions, we conducted studies with Tho-
goto (THO) virus, which is transmitted
biologically by the African brown ear tick
Rhipicephalus appendiculatus (2) and is struc-
turally similar to the influenza viruses (fam-
ily Orthomyxoviridae) (3).

Thogoto virus was originally isolated
from ticks collected from cattle in Kenya (4)
and subsequently has been detected
throughout central Africa and in parts of the
Middle East and southern Europe. The virus
is of medical and veterinary significance (4~
0). A laboratory colony of R. appendiculatus,
a three-host tick of the family Ixodidae, was
established by feeding the ticks on guinea
pigs (female Dunkin Hartley strain, average
weight 400 g) and maintaining the inter-
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feeding stages at 28°C and a relative humid-
ity of 85%. Donor adult ticks were infected
at the preceding nymphal stage with THO
virus by feeding on viremic hamsters (2)
that had been inoculated with either the
prototype IIA (4) or Sicilian SiAr 126 (7)
isolates of the virus. Both isolates had been
passaged through mouse brain seven times,
plaque-picked three times in Vero cell cul-
tures, and then passaged three times in BHK
cell cultures. Blood levels of virus were
assayed by either plaque titration in Vero
cell cultures (2) or intracerebral inoculation
of 2-day-old mice (Pathology Oxford
strain); minimum detectable titers were 20
plaque-forming units (PFU) per milliliter
and 1.0 logjy mouse median lethal dose
(LDso) per 0.01 ml of blood, respectively.
Infected adult R. appendiculatus (donors)
were allowed to cofeed on guinea pigs with
uninfected ticks (recipients), by placing
them either together in the same retaining
chamber or in different chambers, on the
same animal. In the first experiments, the
recipients were uninfected adults (on guinea
pigs GP1 to GP4; Table 1). After engorge-
ment, 76% of the recipient adults that were
physically separated from the donor ticks
had acquired THO virus (chambers 2 of
GP1 and GP2). Of the recipient adults
sharing the same chamber as donor adults
(chambers 1, GP1 to GP4), of ecither the
same or different sex, 64% acquired the
virus. A higher proportion of recipient fe-
males (81%) compared with males (55%)
became infected. There was no evidence of

transvenereal infection either from male to
female or vice versa. The experiment was
repeated with the use of ecither uninfected
nymphs or larvac as recipients (GP5 and
GP6; Table 1): 72% of the nymphs (on
GP5) and all of three pools of larvae (on
GP6), assayed 12 or 10 days after engorge-
ment, respectively, had become infected.
During the period of engorgement, not one
of the guinea pigs tested developed a viremia
detectable by plaque assay of whole blood
diluted in medium. However, by day 14, all
of them showed serological conversion
(50% neutralizing antibody titers of 1/32 to
1/128). The results indicate that THO virus
transmission from infected to uninfected
ticks can occur while ticks feed on an appar-
ently nonviremic host.

The efhiciency of this novel mode of virus
transmission on guinea pigs was compared
with transmission on hamsters that develop
high viremic titers (Table 2). Nymphs co-
feeding with infected adult ticks on guinea
pigs (GP7 and GP8) had significantly high-
er infection rates (98%) than nymphs of the
same batch fed under similar conditions on
two hamsters (68%; x> = 10.5, P < 0.01).
Virus was not detected in the blood of the
guinea pigs (by either plaque assay or mouse
inoculation) during the period of nymphal
engorgement. Both hamsters, however, de-
veloped viremia, HI reaching a maximum
titer of 7.5 log;y mouse LDs, (6.0 logio
PFU) per 0.01 ml of blood on day 6 after
tick attachment, and H2, 7.9 log;, mouse
LDs (5.9 logio PFU) per 0.01 ml on day 7.
Thus vector-borne virus transmission, in-
volving a host seemingly refractory to the
virus, was more efficient than transmission
via a sensitive host.

To determine if THO virus isolates could
replicate in guinea pigs, we inoculated four
animals subcutaneously, two with the SiAr
and two with the ITA isolates, at doses of
5000 PFU per animal, and then killed them
on day 4 or 5 after inoculation [these condi-
tions gave maximum viremic titers in ham-
sters (3)]. Titration by plaque assay of ex-
tracts from brain, lung, heart, liver, spleen,
kidney, auxillary lymph node, and subcuta-
neous tissue showed no detectable virus
(<10 PFU per whole organ). No virus was
demonstrated in the blood by plaque assay,
but, when inoculated into 2-day-old mice,
blood samples from animals inoculated with
the SiAr isolate (but not the IIA isolate)
produced clinical signs; virus isolated from
the brains of the affected mice was shown to
be THO virus by plaque neutralization as-
say. Blood from the guinea pigs killed 4 and
5 days after inoculation had titers of <1.0
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