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Several variunts of fusl-activating, voltuge-dependent K* channels exist in the nervous system where they control cell excitability and synaptic

transmission, some of which are blocked selectively by a-dendrotoxin. Cloning of a R* channel from bovine genomic DNA was achieved using

a primer based on the N-terminal sequence of the larger subunit Irom the purified toxin acceptor, in conjunction with secondary primers, in the

polymeruse chain reaction. The resultunt amino ucid sequence is highly homologous to RCK § already cloned from rut brain, which yields a K~

current susceptible 1o a-dendrotoxin, when expressed in ooeytes. These findings establish conclusively that the extensively characterised a-
dendrotoxin acceptor is a K* ¢hannel protein.

K" channel; Dendrotoxin: Bovine briin; Polymerase chain reaction

1. INTRODUCTION

K* channels represent the most diverse group of
cation channels comprising A-type, delayed rectifiers,
Ca**-activated, ATP-dependent and inward rectifiers
(reviewed in [1]). Studies at the molecular level were
hindered until the mamba snake polypeptide, ¢-dendro-
toxin (o-Dtx), was shown to inhibit certain voltage-
dependent, fast-activating K* channels in rodent hip-
pocampal [2,3] and ganglionic neurons [4-6]. High
affinity binding sites for a-Dtx were identified in synap-
tosomal membranes and localized in mammalian brain
[2,3,73, When purified from bovine and rat cortex by
affinity chromatography on toxin I (4 homologue of
a-Dtx), the acceptors/K" channels were found to be
large hetero-oligomeric sialoglycoproteins containing
two non-covalently linked subunits with apparent M, of
78 (65 after N-deglycosylation) and 39 kDa, respectively
[8.9]. A family of voltage-activated K~ channels has
recently been cloned from rodent brain and their pre-
dicted molecular weights [10] approximate to that of the
larger subunit of the toxin acceptor protein identified
biochemically in synaptic membranes [11,12]. When
these were expressed in oocytes, RCK 5 produced a K~
current with delayed-rectifier kinetics that exhibited the
highest sensitivity to blockade by a-Dix. Morcover, a
sequence of 27 amino acids from the N-terminus of the
large subunit of the a-Dtx acceptor [12] was found to
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be virtually identical to that predicted for RCK 5 and
BK 2{13].

In this study, cloning and sequencing of the bovine
equivalent of RCK 5 was carried out to establish the full
extent of their similarity and because of the usefulness
of the primary sequence for structure/activity studies of
this e¢-Dtx-sensitive K™ channe! which, as noted above,
has been studied extensively in the nervous systems.

2. EXPERIMENTAL

Bovine genomic DNA was isolated from bovine cortex: the tissue
(1-2 g) was suspended in 10 ml of solution A (25 mM Tris-HCI, pH
8: 10 mM EDTA; 50 mM glucose) und homogenized by passage
through a syringe with a large-bore needle. DNA was released by
genile lysis following the addition of equal volumes of solution B (0.5
mM EDTA; 100 ug/ml proteinase K; 0.5% (w/v) sodium dodecyl
sulphate (SDS). pH 8), Protein was removed by phenol/chloroform
extraction and DNA recovered by ethunol precipitation, Following
digestion of DNA (3 ug) with EcoR1 in a volume of 20 i1, 0.5 ug was
used in the polymerase chain reaction {PCR) to amplify the sequence
of inlerest. This process requires the production of primers which
hybridize Lo opposite strands on either side of the unknown region and
promote DNA extension through the desired sequence (141, Primers
were synlhesised on a Pharmacia Gene Assembler and used in combi-
nations detailed later.

Primer 1: (5-ATGACAGTYGC"/;ACCGGAGA"/CC-3)
corresponding 1o amino acids 1-8.

Primer 2: antisense (5-CCYgTGCATA G TCT/ TCATT' /. TC-3)
corresponding to amino acids 191-197.

Primer 3: sense (5-GAMNGAAT/ .GAYGATI-ATGCA"/GG-3)
as primer 2.

Primer 4: antisense
(5-TTYTC/TCY,CGMAAM GTCI-TCM G TT-3)
corresponding to amino acids 468475,

PCR conditions were 94°C, | min; 35°C. -5 min; 72°C. 2 min; 40
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cyeles with 10 min extension, Following electrophoresis in 19 agarose
gels of the reaction produets, the fragment corresponding to the cor-
rect predicted length was exeised Irom the gels and, where necessary,
subjected to reumplification. The conditions employed for the second
round of PCR were 94°C, | min: 55°C, 1 min: 72°C, 1.5 min; 35 cycles
with no extension. Approx. 10 ng of' turget DNA were used per reac-
tion. Alter excision ol PCR [ragnients [roin agarose gels, rugged ends
were filled-in using T4 DNA polymerase und phosphorylated using
polynueleotide kinuse, Fragments were then cloned into EcoRV re-
stricted Bluescript vector (Stratagene) and sequenced using the
method described in [15].

3. RESULTS

For the isolation of the bovine equivalent to RCK §
(BGK 5), PCR was chosen for its speed and simplicity.
From the literature it is known that voltage-activated
K™ channel genes do not normally contain introns
which, therefore, permitted the use of genomic DNA
[16,17]. Primer for use in PCR were designed from re-
gions specific to RCK 5 using codon usage frequencies
described in [18] and the authors’ own unpublished
observations, The amplification of DNA fragments util-
ised EcoRI-digested DNA to ensure complete separa-
tion of double-standard DNA during the initial dena-
turing step, thereby increasing the yield. The amplifica-

Fig. |. Electrophoresis in agarose gel of PCR fragments from bovine

genomic DNA. 10 gl aliquols of cach PCR reuction were loaded per

well and bunds visuzlised by UV irradiation. PCR reaction utilising

primers 3 and 4 (lane !); | and + (lune 2); 1 und 2 (lane 3), Lune 4

represents stundards with sizes indicated, Broad band at base of gel

represents unused primers, Conditions employed for PCR reaction ure
detailed in seclion 2.
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ATGACAGTCUCGACCCOGAGATCCAGOGGATCAGGOTGOTGCCCTCCUCTGGGCACCCGCAA
M ' v A 1 G 1 F oA §] E A& A A L B G 'Y P Q
GATACCTATGACCCAGAAGCAGACCACGAATCOCTGTCGAGAGGOTGGTGATCAACATCTCA
DT ¥ D I E A oH E € C E ' - 1 N 1 s
SITTGAAACCCAGCTAAAGACCT TAGCCCAGTTTCCAGAGACCCTCTTAGGG

) CH I E T e PR S L. A Q F e E T L L G
GACCCAMNAGAAACGGA TGAGATACTTTGATCCCCTCCGGAACGAGTACTTTTTCGATCGG
P P K K R M R ¥ F D P L. R N E Y F F D_R_
ARCCGCCCGAGCTTTGATGCCATTTTGTACTACTACCAGTCTGGGGGCCGGTTAAGGCGG
M It P_S I DA 1 | T Y Yy Q § G G R L. R R
COCCTGAATGTGCCG T TACACATATTCTCTCAGGARATTCGGTTTTATCGAGCTGGGAGARN
I v N v P L &) I F 5 E E 1 K ¥ 4 E L G E
CAAGCAATGGAGATGTTTCCGGAGGATCAAGGCTACATCAAACACCGAAGAGCGGCOTOTG
I 7, T F R E E G ¥ I K B EE R P L
CCTGAAAATGAATTITCAGACACAGE CTTCTCTTTGAATACCCAGAGAGCTCAGGG
P E N E B - Y P E s G
CCTGCCAGGATTATAGCTA 'GATCTCAANTCGTCAGCTTC
I A R 1 1 A I 3 I v 5 F
TCCCTGGAGACGTTGCCCATATTCCGGGATGAGAACGAAGACATGCATGGCAGTGGAGTG
Cc Iy B T L P I E- R 0 E N E g M H- G B G v
ACCTTCCATACCTACTCCAATAGTACCATCGGGTACCAGCAGTCCACTTCCTTCACTGAC
I k H T % 4 s N s o I G ¥ Q Q S T S F L] D
CCTTTCTTCATCGTAGAGACCCTCTGTATCATCIGGTTICTCCTTTGAGTTCTTGGTGAGG
) I v E T L. C 1 I W F F E F L N R
TTCTTTGCCTGTCCCAGTAAAGCCGGCTTCT TCACCAACATCATGAACATCATTGACATC
F FoN 2 . 5 K A G F F N 1 M N I 1 D I
GTGGCCATCATCCCCTACTTCACCACCCTGGGAACAGAGCTGGCTGAGAAGCCAGAGGAT
VvV A I 1 PO ¥ AF 4T ' L. & PE LWL E 'R P BB
GCTCAGCAGGGTCAGCAGGCCATGTCACTGGCCATCCTTCGAGTCATCCGGTTGGTAAGA
A Q O G @ 0 A M 5B L A 1 L R v 1 R L -% R
GTCTTTAGGATTTTCAACTTGCTCCAGACACTCCAAAGGTCTCCAGATTCTACGTCAGAGC
v F R I F K L & R H F X & L Q 1 L G Q &8
CTCARMAGCTAGCATGAGAGAATTGGGCCTCCTAATATTCTTCCTCTTCATCGGGGTCATC
L K-& 8 M R L 5 L L I ¥ L F 1 G Vv I
#y AGTGCTGTCTATI CGAGGCTGATGAGAGGGATT AGTTCCCGAGC
& A% N F F . F B
ATCCCGGATGCCTTCTGETGGGCAGTCGTCTCCATGACAACTGTAGGCTATGGAGACATG
1 P D A F W W A Vv V S T TN G X6 D M
GTTCCGACTACCATTGGGGGAAAGATCGTGGG 2 TGCAATTGCAGGTGTTTTA
v FP T T I G G K 1 ¥ G s  PIRE L I A G VWV L
ACCATTGCCTTACCGGTCCCTGTCATAGTGTCCAATTTCAACTACTTCTACCACCGGGAG
T I A - -N P ¥ 1 ¥ &5 N P N Y F: X H R E
ACAGAGGGAGAGGAGCAGGCCCAGTACCTGCAAGTGACAAGCTGTCCAAAGATCCCATCC
T. B & B E @ @A Q ¥ L O M T B S P WK 1 P8
TCCCCAGACCTAAAGAAAAGTAGAAGTGCCTCTACCATTAGTAAGTCTCATTACATGGAG
P b -L KK S -R-&8 &£ 93 % T -5 K-8 "'K'T-M E
ATCCAGGAGGGGGTAAACAACAGTAACGAAGACTTCCGAGAGGARAANC
1 Q E G v N N S N E b F R E E N

Fig. 2, DNA sequence and predicled amino acid sequence of' the

bovine genomic K* chunne! (BGK 5). Aminoucidsure listed beginning

with the methionine initiution site, Putative N-glycosylation and phos-

phorylation sites are indicuted by the broken and continuous bars,
respectively,

tion steps produced three [ragments approximating in
length to those expected f[rom RCK 5 (Fig. 1), The 600
bp clone obtained using primers | and 2 in the PCR
(Fig. 1, lane 3), was found to be highly homologous to
the N-terminal of RCK 5 and BK 2. Overall homology
was 99% at both the nucleotide and the amino acid
levels; at position 8 (of the protein) there is a conserva-
tive substitution of alanine for valine. Use of primers 3
and 4 in PCR (Fig. 1, lane 1), yielded a 800 bn clone that
was highly homologous to C-terminus of RCK 5 - 96%
and 95% at the nucleotide and amino acid levels, respec-
tively. This clone differs from the RCK 5 channel by 12
of 284 amino acids and is nearly identical to BK 2,
except for substitutions at position 198 where glycine is
replaced by serine, and threonine for isoleucine at posi-
tion 268. The third clone (1400 bp) obtained using prim-
ers 1 and 4 in the PCR (Fig. 1, lane 2), gave a nucleotide
sequence (Fig. 2) that encompassed almost the entire
reading frame seen in RCK 3. The amino acid sequence
corresponding to the latter (Fig. 3) shows that it lacks
the last 21 amino acids from the C-terminus; this was
a consequence of utilising primer 4 which was designed
specifically to amplify the bovine equivalent of RCK 5.
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30 40 50 60

BGKS. MTVATGDP:EDEAAALPGHPQDTYDPEADHECCERVVINISGLRFETQLKTLAQFPETLLG
RCK5. MTVATGDPMDEAAALPGHPQDTYDPEADHECCERVVINISGLRFETQLKTLAQFPETLI.G

70 80

90 100 110 120

DPKKRMRY FDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRFVNVPLDIFSEEIRFYELGE
DRKKRMRY FDPLRNEYFFDRNRPSFDAILYYYQSCGRLRRPVNVPLDIFSEEIRFYELGE

130 140

150 160 170 180

EAMEMFREDEGYIKEEERPLPENEFQRQVWLLFEYPESSGP. IAIVSVMVILISIVSF
EAMEMFREDEGY IKEEERPLPENEFQRQVWLLFEYPESSGP. IAIVSVMVILISIVSF

190 200

210 220 230 240

CLEI'LPI FRDENEDW'I@GVTFHTYSNSTIGYQQSTSFTDPFFIVE‘I‘LCI IWFSFEFLVR
CLEI'LPI FRDENEDD"H'IGJQGVTFHTYSNSTIGYQQSTS FIDEFFIVETLCIIWFSFEFLVR

250 260

270 280 290 200

~" 310 320

VFRIFKLSRHSKGLQILGQTLKASMRE

LGLLIFFLFIGVILFSSAVYIFAEADERDSQFPS
LLIFFLFIGVILFSSAVY[FAEADERDSQFPS

VERIFKLSRHYKGIQILGQTLKASMRE]

370 380

IPDAFWWAVVSMTTVGYGDMVPTTIGG

FFACPSKAGFFTNIMNIIDIVAI 1 PYFITLGTE LAERPEDAJICURANS LATTRVIRLVRE
FFACPSKSGFFTNIMNIIDIVIEI I PYFITLGTELAEKPEDAGHTNR MSLATIRVIRLVR

330 340 350 360

390 400 410 420

EVGSI:CAIAGVLTIALPVPVIVENFNYFYHRE
IPDAFWWAVVSMITVGYGDMVPTTIGGKLVGS LCAIAGVLTIALPVPVIVSNFNYFYHRE

430 440

450 460 170

TEGEEQAQY LQVISCPKIPSSPDLKKSRSASTISKSDYMEIQEGVNNSNEDFREE
TEGEEQAQYLQVITSCPKIPSSPDLKKSRSASTISKSDYMEIQEGVNNSNEDFREE

MATCHING PERCENTAGE 97%

(463/475)

Fig, 3. Primary sequence homology between RCK 5 und BGK 5. Gups are intraduced 1o fucilitate alignment, Ainino ucid substitutions are enclosed
by broken lines, Putitive membrane spunning regions are enclosed by boxes.

Hence, a primer corresponding to the final amino acids
could not be employed due to similarities between this
sequence and the other members of the RCK family and
inter- species variation found at the 3 non-translating
regions,

Hydropathy analysis [19] of the predicted amino acid
sequence showed that the six hydrophobic membrane-
spanning regions are present, as noted for RCK 3 (Fig.
3). This accords with models proposed for the arrange-
ment of the protein in the membrane that place both the
N- and C-termini on the cytoplasmic side, though there
is recent evidence for an additional hairpin loop be-
tween segments § and 6 [20]. There is conservation of
the single asparagine-linked glycosylation site, Asn-207,
which is situated in a poorly conserved region belween
the S, and S, hydrophobic domains; this would be jo-
cated on the extracellular side of the membrane accord-
ing 1o suggested topographical models. Also conserved
is the Lys-Lys-Ser-Arg-Ser-Ala-Ser motif and, although
not in accordance with known consensus sequences for
phosphorylation by cAMP-dependent protein kinase
[21], the proximity of the basic residues may permit this
region of the protein to serve as one acceptor site for
phosphorylation. Similarly, the motif Arg-Asp-Arg-
Pro-Ser at the N-terminus, conserved belween RCK
family members, could function as a second phospho-

rylation site. There are also several putative Ca**/cal-
modulin and casein kinase motifs located throughout
the predicted amino acid sequence [22,23].

4, DISCUSSION

The predicted amino acid sequence of BGK 5 con-
tains the protein sequence obtained [12] from the N-
terminal of the larger subunit of the bovine a-Dtx ac-
ceptor. Although the N- and C-termini could contain
base variations from the primer sequences used, the
N-terminus [rom three individual PCR clones each gave
an identical sequence, indicating that this had the great-
est stability and, thus, is most likely tocorrespond to the
natural gene. A similar observation was made with two
clones containing the C-terminus. Notably, the protein
sequence showed a single difference (at position 8) from
the cloned sequence of RCK 5 (Fig. 3); the presence of
an alanine residue in the BGK 5 sequence reported
herein establishes that this change from a valine is due
to inter-species variation between rat and cow. Genes
corresponding to BGK 5 have been isolated from
mouse (MK 2), rat (BK 2, RK 2, RBK 2), and neuro-
blastoma cells (NGK 1), which all show a strikingly
high degree of homology (reviewed in [24]). Such a
widespread distribution reaffirms the functional impor-
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tance of these proteins that had already been revealed
through the use of a-Dtx (reviewed in [25]). It is note-
worthy that the amino acids found by site-directed mut-
agenesis to be responsibie ior ¢-Dtx binding in the RBK
1 K* channel expressed in oocytes [26] are conserved in
BGK $ and its counterpart in other species. Although
the protein encoded by BGK § may represent one of the
major subunits present in the oligomeric arrays of a-
Dix-sensitive, voltage-gated K* chunnels in mammalian
brain. others (including those found to be sensitive and
insensitive to a-Dtx followingz expression e.g. equivalent
of RCK 1,2 or RCK 3.4) undoubtedly also contribute
to the heterogeneity of this K™ channel family unveiled
by dendrotoxins, S-bungarotoxin, charybdotoxin and
mast cell degranulating peptide (reviewed in [25]).

The calculated M, for BGK 5 is 8 kDa less than that
of the acceptor subunit, even though the size of the
latter was reduced substantially following N-deglycosyl-
ation [12]. No inserts were detected that could explain
this discrepancy; the presence of additional residues
prior io the N-terminus is excluded because protein
micro-sequencing has confirmed the identity of the N-
terminal residues. Likewise, it is not suspected that an
insert may be present at the C-terminal, which was not
amplified in the PCR (see position of primers used), as
no such inserts have been detected within any of the
numerous homologous channels isolated from several
other species. As dephosphorylation of the RCK | K*
channel expressed in oocytes alters its electrophoretic
mobility in SDS (M. Stocker and O. Pongs, unpublished
observation), it is notable that the larger subunit of the
a-Dtx acceptor can be phosporylated with cAMP-de-
pendent kinase or an endogenous enzyme that co-puri-
fies with the K* channel protein [27]. Such covalent
modification might cause an anomalous electrophoretic
migration that would underlie the apparent difference
in size between the isoluated protein and the cloned se-
quences. Another possible explanation could be pro-
vided, at least in part, by the extent of O-glycosylation.
The observed substitution of serine for glycine at posi-
tion 198 located in the 8,-S,; loop gives a total of 9
potential sites (S/T) for O-linked glycosylation; its con-
tribution to aberrant electrophoretic migration of the
protein is being evaluated present!y. As O-linked glyco-
sylation usually occurs clustered in one region, the S,-S,
extracellular loop may be a prime target for this form
of post-translational modification [28].
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