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Shaw-like rat brain potassium channel cDNA’s with divergent 3’ ends
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The complete amino acid sequence of a potassium channel protein of rat brain, Kv3.2b, plus a partial sequence of a related channel, Kv3.2c, are
deduced from molecular cloning of the respective cDNA’s. Kv3.2b and Kv3.2¢ share extensive amino acid sequence identity with a previously
identified channel, RKShIIIA[1], before diverging to unique carboxy termini. Probes specific for Kv3.2b and RKShIIIA detect similarly sized
mRNA's on Northern blots. These two proteins are encoded by a single gene based on genomic Southern blotting, and therefore arise by alternative
splicing. In vitro transcribed mRNA for Kv3.2b induces the expression of outward K * currents in Xenopus oocytes under voltage-clamp conditions.
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1. INTRODUCTION

In Drosophila, both gene duplication and alternative
splicing mechanisms have generated diversity in K*
channel function [2]. In mammals, the existence of a
family of homologs to the Drosophila Shaker K * chan-
nels [3,4] suggests previous gene duplication events.
Alternative splicing is also observed, as demonstrated
by the recent cloning of K,4 [5], a rat homolog of the
Drosophila Shaw K* channel [6]. We report here the
molecular cloning of rat brain cDNA’s containing one
partial and one full length K * channel coding sequence,
and present evidence demonstrating that they arise by
alternative splicing of a transcript from the gene that
also encodes a previously identified K* channel,
RKShIIIA [1].

2. MATERIALS AND METHODS

Isolation of total and the poly-A* fraction of brain RNA from
Sprague-Dawley rats was by standard techniques [7]. cDNA was syn-
thesized (You-prime kit, Pharmacia), ligated into Mgt10 arms (Pro-
mega) and packaged for slating (Gigapack Gold, Stratagene). RNA
blots were prepared, and oligonucleotide probes synthesized and
radiolabelled, as described [5]. Genomic DNA blots were prepared as
described [5] and probed with restriction fragment DNA radiolabelled
by the random priming method [8). Hybridization was in 20% (RNA
blots) or 50% (genomic DNA blots) formamide, 5xSSPE,
5 x Denhardt’s, 0.5% SDS, 50 ug/m! salmon sperm DNA, at 42°C
overnight; filters were washed to a final stringency of 0.1 xSSC at
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65°C. First strand cDNA was amplified by PCR as described by the
manufacturer (Perkin-Elmer-Cetus); amplifications were run for 40
cycles of 405 at 94°C, | min at 55°C, and 3-5 min at 72°C. The pro-
ducts were subcloned into pKSII* (Stratagene) and sequenced by the
chain termination method (Sequenase kit, USB). Oligonucleotides
were synthesized on a commercial DNA synthesizer (Applied
Biosystems). The actin probe was used as described [3]. Sequences
were analyzed with Genetics Computer Group, Inc, and In-
telligenetics PC/Gene software.

For the construction of a full-length coding template for Kv3.2b, a
short ¢cDNA 87-6, extending from bp —54 through bp +318 of
RKShIIIA[}), was generated by PCR and its sequence verified as
above. Downstream sequence was contained in overlapping cDNA’s
L7-2 and L1-14 previously isolated from a rat brain Agtl0 library.
These clones were ligated together, truncated at a Kpnl site 485 bases
into the 3’ untranslated sequence, and cloned into pGEM-A [3]. The
resulting clone, Kv3.2b, has a sequence identical to RKShIlIA from
bp - 55 through + 1781 [1}, then diverges to the unique 3' end of
L1-14; this cDNA sequence was previously demonstrated by PCR to
exist in cDNA synthesized from total rat brain mRNA (see section 3).
For expression of Kv3.2b, the plasmid was linearized with Norl, and
RNA was transcribed with T7 RNA polymerase. Xenopus oocytes
were isolated, injected with approximately 50 nl of 1 mg/ml RNA,
and voltage-clamped, as described previously [3].

3. RESULTS AND DISCUSSION

An adult rat brain ¢cDNA library was screened with a
probe, 0123 [5], based on a conserved region of two
previously identified K* channel cDNA’s, NGK2[9]
and K.4 [5], and two clones, L1-6 and L1-14, were
isolated, The L1-14 ¢cDNA sequence is identical to bp
+ 604 through + 1781 of a previously identified K™
channel, RKShIIIA[1] (see Fig. 1, legend), then
diverges to a unique 3’ end. L1-6 identical to bp + 1280
through +1781 of RKShIIIA, and also diverges to
another unique 3’ end. L1-14 and L1-6 contain 871 and
652 bp of sequence below their respective first in-frame
STOP codons. Each clone contains an almost identical
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insertion of approximately 100 bases in the region of
overlap with RKShIIIA (at thymidine-1616 [1]),
generating a frameshift which results in premature ter-
mination of the ORF, Comparison of these sequences
to RKShIIIA and subsequently isolated PCR clones
suggests that L1-6 and LI-14 represent incompletely
spliced mRNA’s, as was observed with another rat
brain K* channel cDNA [5].

L1-14 formed the basis for generation of a full length
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coding sequence for a channel we have termed Kv3.2b,
in keeping with a proposed nomenclature for K* chan-
nel clones (K. Chandy, et al., personal cornmunica-
tion). Rat brain cDNA was used as a template for
amplification by PCR, with the 5’ primer based on an
18 base region of the 5’ end of RKShIIIA (nt - 54
through —37(1]) and the 3’ primer based on an 18 base
region within the unique 3’ end of L1-14 (the sequence
28 through 45 bases 3’ to the STOP codon). The

Kv3.2kh MGKIE.NNE.RVILNVGGTRHETYRSTLKTLPGTRLALLASSEPQGDCLTAAGDKLQPLPPPLSPPPRPPPLSPVPSGCF 78
Kv4 MGQGD.ESE.RIVINVGGTRHQTYRSTLRTLPGTRLAWLAEPDAHSHFDYDPPA . . .. vt vt v cnv e vnnerenrs 52

Shaw MNLINMDSENRVVLNVGGIRHETYKATLKRKIPATRLSRLTEALAN. .. . ¥DPIL.. .. .ottt rnrnneennonen

50

v v
Kv3.2b EGGAGNCSSHGGNGSDHPGGGREFEFFDRHPGVFAYVINYYRTGKLHCPADYCGP LFEEELAFWGIDETDVEPCCWHTYRQ 158

Kvd ., i ia i i DEFFFDRHPGVFAHILNYYRTGKLHCPADVCGPLYEEELAFWGIDETDVEPCCWMTYRQ 111
ShAW  evvvvrre i, NEYFFDRHPGVFAQVLNYYRTGKLHYPTDVCGPLFEEELEFWGLDSNQVEPCCWNTYTQ 109
Kv3.2b HRDAEEALDIFETPDLIGGDPGDDEDLGGKRLGIEDAAGLGG. . .. ... PDGK . SGRWRKLOPRMWALFEDPYSS: 230
Kv4 HRDAEEALDSFGGAPLDNSADDADADGPGDSGDGEDELEMTKRLALSDSPDGRP GGFWRRWOPRIWALFEDP YSSRY 191
Shaw HRDTQETLAVLDRLDLDTEKPSEEELARKFGFEEDYYKGTISWWQ. .. . . EMK......... PRIWSLFDEPYSSN 175
S1 v v s2

Kv3.2b TRFASLIFILVSITTECUETHEAFN. .IVRNKTEP. VINGTSAVLQYEIETD. .pui GVCVVWETFEFLVAY 304
Kv4 VAFASLFFILVSITTFCIETHERFN.PIV.NKTEIENVRNGTQVRYYREAETE . .AFLTYIEGVCVVWFTFEFLMR 267
Shaw IGVVSVFFICISILSFCLXKTHPDMRVPIVRNITVKTA. .NGSNGWFLDKTQTNAHIAFEY IECVCNAWETFEILVREI 253

53
Kv3.2b PNKLEFIK IIDFVAILPFYLEVGLSGLS
Rvd PNRVEFIKN IIDFVAILPFYLEVGLSGLS
Shaw PNEWEFIKS IIDYIATLSFYIDLVLORFASH. .LE

® s5

sS4 @ ® ®

@
LRVVRFVRILRIFKLTRHFVGIRVLGHTLRAS LL 384
VLGFLRVVRFVRILRIFRKLTRHFVGLRVLGHTLRAS LL 347
ILEFFSITRIMRLFRLTRHSSGIKILIQTFRAS LTL 331

S6

Kv3.2b LIIFLALGVLIFATMI ﬂYAERVGAQPNDPSASEHTQFKNIP IGFWWAVVTMT TLGYGDMYPQTWSAMLVGALCALAGVLT 464
Rvd4 LI IFLALGVLIFATHIYYAERIGAQPNDPSASEHTHFRNIP IGFWWAVVTHT TLGYGDMYPQTWSGMLVGALCATAGVLT 427

Shaw _LVFFLVLGIVIFASLVYYAERI..QPN.P,..

. HNDF'NSIPLGLWALWWWGYGDWKTYIdMFVGALCALAGVLT 404

Kv3.2b msmoxmmmxppapmssprrcxmanégsmsorcz.mnmmmv&nsv, .... 539
Rv4 GMYYSLAMAKQK LY RKKKKH IPRPPQLGSPNYCKSVVNSPHHSTQSDTCPLAQEEILEINRADSKLNG 507
Shaw NFAMYYSHTQARAK LPRKRRRVLPVEQPRQPRLPGAPGGVSGCGTPGSGPHSGPMGSGGTGPRRMNNETR 4684
X

+ + 4
Rv3.2¢ ASTLEPMESTSQTKGDTRPE - --
RKShIIIA . DNCRDV.VITGYTQAEARSL 612
Rv3.2b ...... LSGDDSTGSEPPLSPPERLP IRRSSTRDENRRGETCFLLTTGDY TCASDGGIRRGYEKSRSLNNIAGLAGNALR 613
Kv4 EVARAALANEDCPHIDQALTPDEGLPFTRSGTRERY. .G.PCFLLSTGEYACPPGGGMRRDLCKESPVIAKYMPTEAVRV 584
Shaw DLVSPKSDMAFSFD 498
Kv3.2c AHWNCAHLLNFGCPTGSSFPTL -
RKShIIIA T 613
Rv3.2b LSPVTSPYNSPCPLRRSRSPIPSIL 638
Kvd T 585

Fig. 1. Deduced amino acid sequences for Shaw [6) and four rat Shaw homologs, Kv3.2b, Kv3,2¢, RKShlIIA[1), K.4 [5]. The RKShIIIA sequence
is based on a ¢cDNA sequence identical to that published, except that the thymidine at nt 1663 (1] has been removed. (We isolated a partial
RKShIIIA ¢cDNA by PCR spanning bp 1259 through 1863 (extending 82 bp into the unique 3’ end) of the published sequence. Neither this clone,
nor the Kv3.2b or Kv3.2c cDNA's contain this extra T. Comparison of the translation of RkShIIIA, without the one base insertion, with that of
K.4 reveals significant homology below the frameshift; 29/50 amino acids arc identical). Amino acid sequence for RKShIIA, N-terminal to that
shown, is identical to Kv3.2b, Kv3.2¢ sequence is based on clone L1-6 and PCR clone B3-1, with sequence identity to Kv3.2b N-terminal to that
shown through Phe-428 (sce text). Putative transmembrane regions $1-56 {2,10] are boxed. (@) leucine repeats (sce text); (W) potential sites for
N-linked glycosylation; (#) potential cAMP-dependent Kinase recognition site; (arrow) point of divergence of Kvd.2 family. Potential sites in the
unique C-terminal ends for casein kinase [ are also shown for Kv3.2¢ (4) and RKShIUA (%),
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resulting clone has 36 bp of 5’ untranslated and 1780 bp
of coding sequence identical to RKShIIIA before
diverging to the unique 3’ end of L1-14, and did not in-
clude the insertion present in L1-14 (above). Including
L1-14 sequence, this Kv3,2b ¢cDNA spans 2605 bp, with
an open reading frame that could encode a protein of
638 amino acids, of which the N-terminal 593 are iden-
tical to RKShIIIA (Fig. !). The Kv3.2b protein se-
quence contains six hydrophobic regions, suggesting six
membrane spanning domains, S1-S6, as observed in
other cloned K™ channels [2,10]. The S4 region con-
tains a series of six positive charges at every third posi-
tion, forming a possible voltage sensor for the channel
[2,10].

An analogous PCR was attempted with a 3’ primer
based on the unique sequence of L1-6, without success,
suggesting that this cDNA may not be co-linear with the
5’ sequence of Kv3.2b and RKShIIIA. PCR amplifica-
tion using the same 3’ primer with a 5’ primer located
between S5 and S6 produced a clone, B3-1, that did not
have the insertion mentioned above, but was otherwise
identical to L1-6. Therefore the deduced partial amino
acid sequence for Kv3.2¢, presented in Fig. 1, is based
on the L1-6 sequence, without this insertion. None of
the C-termini shown are homologous to each other or
any other known ion channels or sequences in the com-
bined Genbank/EMBL database. Also, none of the
three isotypes, Kv3.2b, Kv3.2¢, and RKShIIIA, share
any sequence in the 3’ untranslated regions.

Kv3.2b, Kv3.2¢, and RKShIIIA share a consensus
site for phosphorylation by cAMP-dependent protein
kinase (Ser-564 in Kv3.2b)[11], absent in the
homologous K* channel proteins K.4, NGK2, and
Shaw. Shaker and mammalian Shaker homologs also
conserve such a site in their C-terminal regions [3,4].
Kv3.2b contains several consensus sites for other
kinases throughout the sequence shared with RKShIIIA
(not shown). Within their unique carboxy terminal do-
mains, however, Kv3.2¢ has three potential casein
kinase II recognition sites [12}, RKShIIIA, one, and
Kv3.2b, none (Fig. 1), suggesting the possibility of dif-
ferential phosphorylation of these three channels.
Kv3.2b contains two consensus sites for N-linked
glycosylation[13], Asn-259 and Asn-266, in the S1-S2
loop, as observed in most other K* channel proteins
[3,4]. Two other N-glycosylation sites, Asn-84 and
Asn-91, exist in the proline-rich region of the N-
terminus [1], and two in the C-termiinus, Asn-518 and
Asn-536. Kv3.2b shares conserved charges in the
putative S2 and S3 transmembrane regions with K,4 and
Shaw, similar to those observed in the rat Shaker
homologs [3,4]. Kv3.2b, K4, and Shaw also share im-
perfect heptad repeats of leucine overlapping the S4
region, the putative ‘leucine zipper' (14], each
substituting phenylalanine for a leucine at one position.
The functional roles of two interesting regions of
Kv3.2b, a proline-rich segment in the N-terminus [1],
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Fig. 2. (a) Northern blots of poly-A* brain RNA (5 ug) isolated from
3-week-old rats and hybridized with oligonucleotide probes. The
common probe contained a sequence spanning 100 bp immediately '
to the divergence of Kv3.2b and RKShIIIA; the specific probes for
Kv3.2b, Kv3.2¢, and RKShIIIA contained sequence spanning the first
100 bp of 3’ divergence for each. (b) Northern blot of poly-A * brain
RNA from different aged rats, probed with the common probe of
panel (a). The result of reprobing this blot with an actin probe is also
shown.

and a repeat of five lysines and/or arginines C-terminal
to S6, also shared with NGK2, K4 and Shaw, are
unknown.

Probes based on the unique sequence of Kv3.2b or
unique sequence of RKShIIIA detect a similar pattern
of RNA’s on Northern blots probed under high
stringency (Fig. 2), hybridizing to transcripts of 7.5 kb
and 6.5 kb. This suggests the possibility of differential
exon usage beyond that observed in the carboxy ter-
minal region of these channels. In contrast, a probe
specific to Kv3.2¢ detected only the 7.5 kb transcript,
similar to the Drosophila Shaw mRNA[6]. A probe bas-
ed on the shared sequence of these three clones detected
no additional bands, and demonstrated a sharp increase
in expression of these mRNA's between birth and three
weeks of age. Another probe derived from the common
region hybridized to only a single restriction fragment
in Southern blots of genomic DNA (Fig. 3),
demonstrating that the region encoding the sequence
shared by Kv3.2b, Kv3.2c, and RKShIIIA s
represented only once in the genome. .

Kv3.2b cRNA was transcribed in vitro and injected
into Xenopus oocytes, where it induced the expression
of large outward K* currents under voltage-clamp con-
ditions (Fig. 4). Currents were of the delayed rectifier
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Fig. 3. Genomic Southern blot. Rat genomic DNA (20 ug) was
digested to completion with the enzymes indicated and resolved on a
0.8% agarose gel. The DNA was blotted to Hybond-N and probed
with a *?P-labelled random-primed DNA fragment (bp 850 through
1617 of the Kv3.2b coding sequence plus 86 bp of intron) which spans
a portion of the common sequence. A single restriction fragment
hybridized to the probe in each digest, suggesting that the region
common to Kv3.2b, Kv3.2¢, and RKShlIIA is represented only once
in the rat genome.

type with a 10-90% risetime at 40 mV of 12 ms. No in-
activation was apparent during 225 ms pulses. Half
maximal inhibition (n =4 eggs) was obtained at approx-
imately 0.15 mM TEA and 0.3 mM 4-aminopyridine;
charybdotoxin at 10 nM was ineffective. These data are
very similar to those reported for both NGK2 and
RKShIIA [1,9]). Therefore, no effect of the different
carboxy termini of Kv3.2b and RkShllIA on their ex-
pressed currents has been detected. This suggests other
roles for this domain, such as in differential post-
translational modification, interaction with regulatory
proteins or ligands, or subcellular localization [15].
These rat Shaw homologs share an almost identical
S$5-56 region, implicated as being near to or forming
the mouth of the channel’s pore [1,10]; this region is 9
amino acids longer than those of rat Shaker and Shab
homologs, and 7 amino acids longer than Shaw ~ sug-
gesting a somewhat different structure for this domain.
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Fig. 4. Expression of Kv3.2b in Xenopus cocytes. Representative
whole cell currents elicited under voltage clamp by injection of Kv3.2b
cRNA are shown (top) along with the resulting current-voltage
relationship (bottom). Oocytes were voltage-clamped at —-80mV and
depolarizing voltage pulses 225 msec in duration were applied in 10
mV steps up to 40 mV. Currents were recorded in OR-2(-Ca’*) buffer
(82.5 mM NaCl, 2.5 mM KC}, 1.1 mM MgClz, 5 mM HEPES, pH
7.6). Data were collected at 2 kHz sampling rate, filtered at | kHz and
analyzed using PClamp software (Axon Instruments).

Selectivity to K*, however, is comparable to other
cloned rat K™ channels (not shown), although sensitivi-
ty to TEA blockade is somewhat greater than that of
K* channels Drkl [16] and Kv2 [3] that also contain
consensus tyrosines for TEA sensitivity[17](Tyr-444 of
Kv3.2b).

The Kv3.2 and K\4/NGK2 families, and Shaw, are
clearly related proteins. Kv3.2b and K.4 share 50% and
47% amino acid identity with Shaw, respectively, ac-
cording to the alignment of Fig. 1, or 65% and 62%
similarity if conservative substitutions are allowed (ST,
QNED, HKR, LIVM, FYW, AG), Kv3.2b shares 72%
amino acid identity with K4, or 79% similarity, as
above. The transmembrane and amino terminal do-
mains are the most highly conserved. The S1-S2 loop,
which displays little or no sequence homology among
cloned K* channels, exhibits 59% amino acid identity
between Kv3.2b and K.,4. Finally, various Kv3.2 ¢cDNA
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isolates (not shown) contained what appeared to be in-
trons at three positions analogous to established splic-
ing locations of the K.4/NGK2 gene [5] (at the begin-
ning of S1, at the divergence point of K4 and NGK2,
and at Lys-564 of Kv4), suggesting a similar exon struc-
ture for the two genes.

We have presented evidence from sequence analysis,
RNA blotting, and genomic DNA blotting that Kv3.2b,
Kv3.2¢, and RKShIIIA arise by alternative splicing.
This is analogous to the transcription of the K.4/NGK2
gene, where different 3’ exons have been demonstraied
to generate distinct isotypes of that channel.
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