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We have isolated and characterized a human cDNA
(HBK2) that is homologous to a novel member (RCK2)
of the K+ channel RCK gene family expressed in rat
brain. RCK2 mRNA was detected predominantly in mid-
brain areas and brainstem. The primary sequences of the
HBK2/RCK2 K+ channel proteins exhibit major
differences to other members of the RCK gene family.
The bend region between segments Si and S2 is unusually
long and does not contain the N-glycosylation site com-
monly found in this region. They might be 0-glycosylated
instead. Functional characterization of the HBK2/RCK2
K+ channels in Xenopus laevis oocytes following micro-
injection in in vitro transcribed HBK2 or RCK2 cRNA
showed that the HBK2/RCK2 proteins form voltage-
gated K+ channels with novel functional and pharma-
cological properties. These channels are different to
RCK1, RCK3, RCK4 and RCK5 K+ channels.
Key words: channel diversity/gene family/K+ channels/
mammalian brain/mRNA expression

Introduction
Voltage-gated K+ channels are transmembrane proteins that
seem to be present in almost every eukaryotic cell (Rudy,
1988). K+ channels provide the outward current that
inward Na + and Ca2 + currents must overcome to
depolarize the membrane (Hille, 1984). As a result of this,
K+ channels play an important role in regulating excit-
ability of cells and in setting the resting potential of the
membrane. It is now clear that voltage-gated K+ channels
are encoded by distinct, but related multigene families giving
rise to the diversity of voltage-gated K+ channels found in
excitable cells (Butler et al., 1989; Frech et al., 1989;
Stiihmer et al., 1989b). Cloning and sequencing of four
separate cDNAs has revealed four members of a gene family
(RCK) that are highly homologous in structure, but distinct
in their pharmacological and electrophysiological properties
(Stiihmer et al., 1989b). This shows that relatively small
variations in amino acid sequences of K+ channel forming
proteins can be responsible for diverse voltage-gated K+
channels. Therefore, isolation of other K+ channel forming
proteins is relevant for a molecular understanding of the basic

structure of voltage-gated K+ channels and for an under-
standing of the amino acid changes that underly the
differences in electrophysiological and pharmacological
properties.

Recently, the polymerase chain reaction (PCR) method
was applied to find RCK homologous sequences in the
human genome (Kamb et al., 1989). The results showed that
the human genome encodes K+ channel protein sequences
that are very similar to the RCK protein sequences. This
observation suggested that the human genome encodes an
RCK-like multigene family. In characterizing members of
the human RCK-like multigene family, we have isolated
and sequenced a cDNA from which a novel K+ channel
forming protein was derived (HBK2). The corresponding
rat cDNA was also isolated and characterized for com-
parison. [RCK2: it should be noted that a cDNA clone that
corresponded to the sequence ofRCK1 cDNA from nucleo-
tides +245 to + 1864 (Baumann et al., 1988) originally was
designated RCK2. According to our new nomenclature, each
number following the abbreviation RCK denotes a different
K+ channel protein expressed in the rat brain; therefore we
have changed the nomenclature of the old RCK2 clone
described by our laboratory to RCKla.] The functional
properties of the channels formed by the HBK2 and RCK2
proteins measured after injection of the respective cRNAs
into Xenopus laevis oocytes showed that these proteins
assemble into very similar voltage-gated K+ channels with
functional and pharmacological characteristics distinct from
the hitherto known RCK K+ channels. The RCK2 channel
and its human homologue HBK2 add another member to the
RCK multigene family, thus increasing the diversity of
voltage-gated K+ channels derived from this K+ channel
family.

Results
Cloning a human K+ channel cDNA
Previously, we have used Drosophila Shaker and RCK1
cDNA probes to isolate homologous rat cDNAs encoding
K+ channel forming (RCK) proteins (Baumann et al.,
1988; Stiihmer et al., 1989). By analogy, we have hybrid-
ized, with an RCK3 cDNA probe, a human fetal cDNA
library under conditions of low stringency and have screened
for homologous cDNAs encoding RCK-related proteins.
Several hybridizing clones were isolated and sequenced.
These clones corresponded to overlapping cDNAs encoding
a human K+ channel subunit homologous to members of
the RCK-protein family. The deduced open reading frame
consisted of 490 amino acids, but was apparently incomplete
for the amino-terminal end of the derived protein. As we
were not able to isolate another cDNA with which we could
have completed the open reading frame, we isolated the
corresponding genomic DNA. Genomic DNA digested with
various restriction enzymes was hybridized with radio-
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5'- AAGCIJAC -855
TGG2TGAGGCAArGTGTGCGTCTATITITCCATGsCGCCCTGGCTCGCGGCAGCCCCTGGCTGGGCGAGGGGTGTGA~T6TGGGAGTGGCIGTGGGAGGGGGCAGCAGGCGGGGCC TGC -742
CACGTCACT TGGAGAGIGTGTGT TGGGAAGGAAGGGCAGAGCGGAGAGCCGAGCCGCTGCAGCTGCGGCGGCGGCAGCGAAGCCT TGAGCCGTGGGGAGGTGGGTCCCCGGCT - 629
CGGGCGCcGGGoGCAGCCCCGGGCCICTGCGAGGCCTGCGGCGCGGCICCTAGGGAGGAGGTGGCGGCTGTGGCGGCCGGA.ACCGCGACCT TGGCCGGACCCAGCCCCGCGGIG -516
GACGCAGGGCGGAGGCCGAGCCCCGCAGGAGTCT TTGCCGAGCCGGAGGAGGCGCATCTGGCGCT TCGGTACCAGCGGCAGCCGGGGGTCCGGAGCGGCTGaAGGAGCGCAGT - 403
GiGAGaAAC TGGGAAGAGCTAGCCCGGCTGGAGGGCGGACCTCTGCGICCGGGAGCCGGGGTCTCAAGGCACCGCTGGGGGCGAAGCACGGCGTCTTITITCGGGCAGCCAGTTI CA - 290
CACGCGCCTGTGTGCCGGTTICCGGGCATCCCAGTAAGCIC TAGCACCCGGGCGCGGGTAACGGGAAGCGCAGAkACCAAATCCCCAGCGCCCAGGTCACCTCCCCAGACCCAGC -177
CT TGCACGGGCCAGGGCTTITAGGGC TCACGGACCCAACGGCCAGGTCAGACCGCGAACCGGGAGAGCGCGGCCCCACCCTAA.AGAGGGCGCACGGGAGCTGGGGGCGGGTGC - 64
CGCGCTCC_AGAGATTGTGTCGTGGGCGCCGTCCTAGTGGCGGGaGAGCGCACCTCCGAGGGGGC ATO AGA TCG GAG AAA TCC CIT ACG CTG'GCG GCG CCG GGG 39

MR SE K SLT LA AP G 13
GmAG GTC CGT GGGs CCG GAG GGG GAG CAA CAG GAT GCG OxGA GaAC TTC CCG GAG GCC GGC GGG GGC GGGa GGC TGC TGT AGT AGC GAG CGG CTG 129

E VRG P EG EQ QD AG DF PE AG GG GG CC S SER L 43
GTG ATC A.AT ATC TCC GGG CTG CGC ITTY GAG ACA CAA TTG CGC AGC CTG TCG CTG TTT CCG GAC ACG CTG CdC GGA GC CCT GGC CGG Ctuk 219

V I N I S GLRFE T QL R SL SLFP DT L LG D PG RR 73
GTC CGC TTC TTC GAC CCC CTG AGG AAC GAG TAC TTC TTC GAC CGC AAC CGG CCC AGC TTC GAC GCC ATC CIC TAC TAd TAC CAG TCT GGG 309

V RF FD PL RN EY FF D RNR P SF DA I LY YY Q SG 10 3
CGOC CGC CIG CGG AGG CCG GTC AAC GTG CCC CTG GAC ATT TTC CTG GAG GAG AId CGC TTC TAC CAG CTG GGG GAC GAG GCC CTG GCG GCC 399

G R I R R P VN VP ID I F L EE I R F Y QL GD EA L AA '33
TTC CGG GAG GAC GAkG GGC TGC dIG CCC GAA GGT GGd GAG GAkC GAG AAG CCG CTG CCC ICC CAG CCC TTC CAG CGC CAG GTG TOG CTG CdC 489

F R ED E G C L P E GG ED E K P L P S Q P F QR Q VWL I 163
TTT GAG TAC CCA GAG AGC TCT GGG CCG GCC AGG GGC ATC GCC ATC Old TCC GTG ITG OTd ATT CTC ATd TCC ATA Old ATC TTT TGC CIG 579

F E Y P E S 5 6 P A R IG I A I V S V L V I I I S I V I F C L. 193

GAG ACC TTA CCC CAG TTC CGT GTA GAT GGT CGA GGT GGA AAC AAT GGT GGT GTG AGT CGA GIC ICC CCA GTIl TCC AGG GGG AGT CAG GAG 669

E T I P QF R V DGR GGN N GG VSR V SP V SRG SQ E 223
GAA GAG GAG GAl GAA GAC GAl TCC TAC ACA ITT CAT CAT GGC ATC ACC CCT GGG GAA ATG GGG ACC GiGG GGC TCC TCC TCA CTC AGT ACT 759

E E E D E D DS Y T F H HG I T P G EM GT GG S SS 1 ST 253
CIT GGG GGC ICC TIC TTT ACA GAC CCC TIC ITT CTG GIG GAG ACG CTG TGC All GTC TGG TIC ACT TTT GAG CTC CTG GIG CGC TIC ICC 849

L G G SF FTDPFF L VE TLC I V WFT FELLIV RF S 283
S2

GCC TGC CCI AGC AAG CCG GCC TIC TIC CGG AAC ATC ATG AAC ATC All GAC TTG GIG GCT ATC TIC CCC TAC TIC ATC ACC CIG GsGC ACT 939

AJC P SKP A FF RN IOM N I I DILVA I F P YF I T LGT 313

GAG CIG GIG CAG CAG CAG GAG CAG CAA CCA GCC AGT GGA GGA GGC GGC CAG AAI GOzG CAG CAG GCC ATG ICC CTG GCC ATC CTC CGA GTC 1029

EIVJQ Q QE QQPA SG GG GQ NG Q QA MSLA L
V343

ATC CGC CTG GIC CGG GIG TIC CGC ATC TIC AAG CTC ICC CGC CAC ICC AAG GOPG CTG CAG ATC CTG GGC AAG ACC TTG CAG GCC ICC ATG 1119

I RIL V R V F R I F K IS R H S KG L Q I L G K TIL Q A S M 373
S4

AGG GAG CTG GGG CTG CIC ATC TIC TIC CTC TIC ATC GGGC GTC ATC CTC TIC ICC AGT GCC GTC TAC TIC GCA GAG GCT GAC GAT GAC GAT 1209

R E LGILI F FILF I G V LIF SSA VYF A EA D DDD 403

TCG CTT TTT CCC AGPC ATC CCG GAl WCC TIC TCGO TOG GCA GIG GIl ACA ATG ACC ACG GTA GOT TAC GGG GAC ATG TAC CCC ATG ACT GIG 1299

SLF P S I PD A FWWA VV T MTT VG YG D M YPMTV 433
CGOG GGA AAG ATC GIG GGsC TCG CTG TGT GCC ATC GCT GGG GTC CTC ACC All GCC CTG CCT GIG CCC GTC ATC GTC ICC AAC TIC ^AC TAC 1389

G GK MI_V G SLC A I AGVILT I ALP V PV IVISN FN Y 463

TIC TAC CAC CGG GAG ACG GAG CAG GAG GAG CA'A GGC CAG TAT ACC CAC GTC ACT IGI GGG CAG CCI GCG CCG GAC CIG AGG GMA ACT GAC 1479

F Y HRE TE QE E QGQY T HV T CGQ PA PDILR AT D 493
AAC GGAk CIT GGC A.AG CCI GAC TIC CCC GAG GCT AAC COG GAA CGG AGA CCC AGC TAC CIT CCI ACA CCA CAT CGG GCC TAT GCA GAG W^ 1569

N GILG KPD FP EA NR ER RP SYILP TP HR A YA EK 523
AGA ATG CTC ACG GaAG GITC T04 CCCATGCAGOiCAGGGCCTGCAGGAGGGGAkGCACTGAGCTA.ACAGTCTCTTAGGCTTCCTTCTCATTTCCACTACTC.ACTCTAGCTTC 1677

R MLT E V* 529

TGACAT IITTGAAAT TCCAGCGGTGCCACCCAATCATGCCCAGCT TCTGTCATATGAATGAGATATACATTITATATGACAGAAGCTOGGCATGATTIGGGTGGCACCGCTGGAAT1 1905

TTCAA^TGTAAGjACAGAAAGTCACAiCTGGAACAGCCTTCTAGTTTCCTCCTCTTGTGTCTYGTYTGGYAYGGCGTTCTAC7 20G191
GCCACI TGGTAACTGGAAGAkAGCTGGAGGACAGAAGCAGTACTCAACT IGCTGI TAT TCCAGTGCCCIGTAAC.AACCACTGGTCCTCC TGCAGATGACCCT TGGTAGAGTC TI 2133

AITTTGCATAGCCTCAAAATAGGT TATTICGT TCTAAACT TGGATGGbAAT TAGAGAATACAATCAAACTTITACCACT TGGAGGACACGGGOT IAGICCAGGACCAAACAGGCCA.AT 2247

GGAYTTYAAATGTCCCCOCAACAAOGACTOYGTCGGCTAATITGTTTCCCACCTGACCCTGATCTCAGCTCCGGAGGTCCTTTCAA 23236
C.AAATAC TICT TI7IGTGCAAGTGCCT TCCIGAGCAGAAGAAC TGGWAGAAAGGGAACCACAGAGCCAGGAGGAATGTCITGAGCAGAGTCAAGCAAC TOGGC I IGACCACAGIC TG^AG 24753
CAGGTCCCT^OACGATCG7TTTCAAGGGAAGA^T G GT GAG TGG^GC TT CT C ICATT 7CCCAA TT CT TGGCCT TAC 2T58928

TCCTGGGAGTTTGATTTAGGAIIGCTGTIGAAGGCTTCCTCAGGCAAACTCCAGCTTA.AGCCCTAGACAGOTA^^ 4CCACATTGGATGCGCATGOGTTTCTICCCATTT 2703

TAGGAG^TTTGTAATAGAAGATTCTTC^CGCTAYTAAGYTTGTATAG^AATGCGTTCC 2817

TTGGAGGTGCATTTGACCTGCTCTCACTOOTA.AGGTGACTTGOGTGGGTTCCCACTTGATITAGCC-ATTTTCTTCCATTGTGAGACCACTGCCATCTATCCACCTGCCCACCTC 2931

CCCTTTTGTITCTCAGTAACATTGCCATTTGTTTTTTGCCTTTGATAA^CTGTGATGTACTGTTCT GAGATCTTTTG GTGC GTTCTGAACTGAAGGCTGTT^ACATGTT 3045

T A7TT7AIATCY CT7TCGC37T159TCATATTTTTTA^ATTATC GAACA CAGGAACC7TATGGGT C7I(A.GiC 13
AGTGTGsGCTTCTGTGACTGCCAGCTCTAAATCTCGATCYTGCCATAACTTTACAGGT^ACTTGOOICCACAGTCACTCTTTGTGCCTCAGITTACCCACCcATT^A..TPGCrAA 3273

CATTACTGTCTTCCCCTCCCTACCTCATCGOGGAATGTCTGGG^AGCTGGGGACATTGCTATGCA^TGIGT0OkTdTTAGICATGGAITTGATTTTTAG - 3 3372

Fig. 1. DNA sequence and predicted amino acid sequence of the human K' channel forming protein HBK2. Nucleotides are numbered in the 5' -3'
direction, beginning with the first residue of the ATG triplet encoding the methionine initiation site. The nucleotides on the 5' side of residue 1 are

indicated by negative numbers. The number of the nucleotide residue at the right end of each line is given. The deduced amino acid sequence (in
one-letter code) is shown below the nucleotide sequence. Amino acid residues are numbered beginning with the methionine initiation site. Numbers
of the last residue are given on the right-hand side. The non-sense codon TGA at the end of ORF is marked by an asterisk. Proposed
transmembrane segments S 1 -S6 are indicated by brackets. The segments are predicted from a hydropathy profile computed according to Kyte and
Doolittle (1982). An asterisk in front of the first methionine denotes the first upstream in frame stop codon in the 5'-untranslated sequence. The
sequence presented is a composite of genomic and cDNA clones. The sequence of cDNA clone H92 was from nucleotide + 171 to +3372, that of
the genomic clone HDTg from nucleotide -863 to +4092. The 3'-untranslated sequence of clone HDTg between nucleotides +3372 and +4092 is
not shown.
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HBK2 MRSEKSLTLAAPGEVRGPEGEQQDAGDFPEAGGGGGCCSSERLVINISGLRFETQLRSLSLFPDTLLGDPGRRVRF 76
RCK 2 --------------------------E-Q--E-------------------Y-----T------------------ 76

HBK 2 FDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFLEEIRFYQLGDEALAAFREDEGCLPEGGEDEKPLP 152
RCK 2 -----------------------------------------M---------------------------------- 152

HBK 2 SQPFQRQVWLLFEYPESSGPARGIAIVSVLVILISIVIFCLETLPQFRVDGRGGNNGG VSRVSPVSRGSQEEEED 227
RCK 2 ----------------------------------------.-------A-----S-E-SGT-M--A----H---DE 228

HBK 2 EDDSYTFHHGITPGEMGTGGSSSLSTLGGSFFTDPFFLVETLCIVWFTFELLVRFSACPSKPAFFRNIMNIIDLVA 303
RCK 2 DE---A-PGS-PS-GL----T--F----------- --------§----------I----A --4-------304
HBK 2 IFPYFITLGTELVQQQEQQPASGGGGQNGQQAMSLAILRVIRLVRVFRIFKLSRHSKGLQILGKTLQASMRELGLL 379
RCK 2 --- 3---------RH---V---S---R-------.------------------ -------------------7-380)
HBK 2 IFFLFIGVILFSSAVYFAEADDDDSLFPSIPDAFWWAVVTMTTVGYGDMYPMTVGGKIVGSLCAIAGVLTIALPVP 455
RCK 2 ----------------.------V----------------------------- 456

-~S5 ----' 6
HBK 2 VIVSNFNYFYHRETEQEEQGQYTHVTCGQPAPDLRATDNGLGKPDFPEANRERRPSYLPTPHRAYAEKRMLTEV 529
RCK 2 --.r---------------------------T---K-----------A--S----S------------------- 530

Fig. 2. Alignment of the deduced human K+ channel (HBK2) protein sequence with the deduced rat cortex K+ channel (RCK2) protein sequence.
Identical amino acid residues are indicated by bars. One gap has been introduced for maximal alignment of the two K+ channel protein sequences
between amino acid residues 210 and 211 of the HBK2 protein. Proposed transmembrane segments SI -S6 are indicated by brackets. The RCK2
sequence is decuced from a composite 2759 nucleotide long cDNA sequence. The sequence of cDNA R5050 was from nucleotide 1 to 1940, that of
cDNA R5151 was from nucleotide 1093 to 2759.

labelled cDNA. The same results were obtained with
genomic Southerns using human lymphocyte DNA or HeLa
cell DNA. As described previously for RCK cDNAs, only
a few hybridizing bands were observed with the differently
cut genomic DNA (data not shown). This suggested that the
corresponding gene is apparently present only once in the
human haploid genome. A 5.0 kb Hindm restriction
fragment, which hybridized with the N-terminal coding
region of the cDNA, was selected for cloning and sequencing
(see Materials and methods). The sequence of the genomic
DNA was aligned with the cDNA sequence in order to derive
a complete open reading frame (Figure 1). The genomic
DNA sequence was co-linear with the cDNA sequence and
contained only at two positions (out of 3600 nucleotides) a
different nucleotide in the sequence. These differences would
result in a conservative replacement of Ser58 (AGC) by Thr
(ACC) and in a non-conservative replacement of Phe276
(TTT) by Ser (TCT). The combined genomic/DNA
sequence information was used to derive a human K+
channel protein sequence consisting of 529 amino acid
residues with a calculated mol. wt of 58 891. Accordingly,
the original cDNA sequence lacked 171 nucleotides (57
amino acids) at its 5' end for derivation of a complete open
reading frame (Figure 1). The derived protein sequence
contains one potential N-glycosylation site (Asn46) and one
potential phosphorylation site for protein kinases (Ser5l 1).
The proposed topology of K+ channel proteins in the
membrane would place both the sites on the intracellular side.
Therefore, the potential N-glycosylation site at Asn46 is
probably not used, suggesting that the deduced K+ channel
protein is not N-glycoslated.

The human K+ channel is analogous to a novel
member of the RCK protein family
The primary structure of the human K+ channel is
homologous to those of RCK (Stuhmer et al., 1989b) and
Shaker (Kamb et al., 1988; Pongs et al., 1988; Schwarz
et al., 1988) K+ channel subunits. However, unlike the
known RCK or Shaker proteins, the derived sequence of the
human K+ channel subunit does not have a potential
N-glycosylation site (N-X-S/T) in the bend region connecting

the possibly membrane-spanning segments SI and S2
(Figure 1). This and other features of the protein sequence
(see below) suggested to us that the human K+ channel
subunit was related with a novel member of the RCK
multigene family corresponding to another, not yet
characterized RCK gene. We searched a rat cortex cDNA
library for a related cDNA. Indeed, the search resulted in
the isolation and characterization of another member of the
RCK family (RCK2). Figure 2 aligns the derived amino acid
sequences of the novel human and rat K+ channel subunits.
The human K+ channel amino acid sequence has an overall
identity of94% versus the RCK2 amino acid sequence. We
have therefore named the derived human K+ channel
sequence HBK2 (human brain K+ channel 2), anticipating
that the human genome harbours an HBK gene family (Kamb
et al., 1989) that is homologous in structure and complexity
to the RCK gene family in the rat genome. A comparison
of the HBK2 and RCK2 sequences shows that one insertion
and 40 substitutions out of 529 amino acids have occurred
between the human and the rat K+ channel sequence. Most
of these substitutions correspond to conservative amino acid
replacements. Only 16 substitutions are non-conservative and
are clustered mostly in the bend regions between possibly
membrane-spanning segments SI -S2 and S3 -S4 respect-
ively. These regions of the K+ channel have been suggested
to face the extracellular side of the membrane.
HBK2 and RCK2 channels are also similar in hydropathy

profiles (data not shown) to MBK and RCK channels
(Baumann et al., 1988; Tempel et al., 1988; McKinnon,
1989; Stiihmer et al., 1989b), previously analysed, having
five hydrophobic segments (S1, S2, S3, S5 and S6) and one
positively charged segment (S4) containing a positively
charged amino acid residue (arginine or lysine) at every third
position. This scheme is like that found in every voltage-
gated ionic channel, suggesting that the positive charges in
the S4 segment are part of the voltage sensor (Stiihmer et al.,
1989a). Based upon the topology previously proposed for
voltage-gated K+ channels (Pongs et al., 1988), the amino-
and carboxyl-terminal ends and the regions connecting
segments S2 -S3 and S4 -S5 all reside on the cytoplasmic
side of the membrane. The amino- and carboxyl-terminal
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residues show low similarity to previously characterized K+
channels. These sequences may be important for specifying
distinct functional properties of vertebrate K+ channels
similar to the Shaker K+ channel family (Iverson et al.,
1988; Timpe et al., 1988a,b). Extracellular connecting
sequences with low conservation (50-70%) are also found
between segments S1 -S2 and S3-S4. These sequences may
be important for specifying distinct pharmacological
properties of the K+ channels. One major difference to the
primary structure of previously characterized K+ channels
is that the SI - S2 bend region of HBK2/RCK2 K+
channels is unusually long (70 amino acids) and rich in
glycine/serine residues, reflecting a possible 0-glycosylation
instead of the N-glycosylation in the usually 10-30 amino
acid long SI -S2 bend region of other cloned K+ channels.

Expression of RCK2 mRNA in the nervous system
The size of RCK2 mRNA was estimated from Northern blot
experiments (Figure 3A) using an RCK2-specific RNA
probe derived from the 5'-non-translated sequence ofRCK2
cDNA, which was very similar to the corresponding HBK2
DNA sequence. Of the 429 nucleotide long sequence in front
of the first in-frame ATG of RCK2 cDNA, 72.3% were
identical with the HBK2 DNA sequence. The hybridization
with total RNA from rat brain of P30 animals yielded one
specific band of - 6800 nucleotides which resisted RNase
treatment. The probe hybridized to RNAs of smaller sizes,
which is most likely due to unspecific hybridization, because
these signals were seen in all tissues examined and in
comparable amounts even in cases when the specific mRNA
was not detected, such as in liver. Different amounts of the
RCK2 transcript were detected in different areas of the
central nervous system (Figure 3B). RCK2 mRNA was
expressed most abundantly in medulla-pons and inferior
colliculus (Figure 3B). Levels in superior colliculus and
midbrain were comparable (not shown). Lower RCK2
mRNA levels were detected in corpus striatum (Figure 3B),
cerebral cortex and hippocampus (not shown). Relatively
minor amounts were found in RNA from cerebellum and
spinal cord; the olfactory bulb expressed lowest levels. The
RCK2 mRNA was detected at all developmental stages
studied (E10-P90), which agrees with the isolation ofHBK2
cDNA from a fetal human and of RCK2 cDNA from an
adult rat cortex cDNA library. Apparently, the steady-state
level of RCK2 mRNA increases until the end of the first
postnatal week (Figure 3B) with sustained high levels until
adulthood. RNA from dorsal root ganglia expressed levels
of RCK2 mRNA comparable to total brain. As we have not
detected RCK2 mRNA in RNA of skeletal muscle, heart
muscle or liver, the expression of RCK2 mRNA seems to
be specific for the nervous system. The expression ofRCK2
mRNA exhibits a regional and temporal pattern in the central
nervous system that is distinct from those of the other RCK
family members (Beckh and Pongs, 1990).

Functional expression of HBK2 and RCK2 channels in
Xenopus oocytes
The functional and pharmacological properties of the
channels formed by RCK2 and HBK2 proteins were
characterized after injection of RCK2 and HBK2 cRNAs into
Xenopus toevis oocytes. K+ currents mediated by RCK2
and HBK2 channels were recorded from macro-patches in
the cell-attached configuration of the patch clamp method

as described previously (Stiihmer et al., 1987, 1989b). The
expressed K+ channels were characterized by recording
membrane currents in response to depolarizing voltage steps
and measuring their voltage-dependent activation/inactivation
properties and their single-channel amplitude.

Figure 4(A) shows a-family of outward current traces
mediated by HBK2 channels in response to steps in
membrane voltage to various depolarizing test potentials.
Following the voltage steps, the K+ currents increased in
a voltage-dependent manner (Table I). At 0 mV test potential
it reached its maximum within a few milliseconds and then
remained on a plateau during the 100 ms test pulses. The
plateau value was voltage dependent and slightly saturated
at positive membrane voltages. The currents mediated by
RCK2 channels did not differ significantly from the HBK2
currents and are therefore not shown. In their time course
and voltage dependence of activation the outward currents
mediated by HBK2 and RCK2 channels resemble the
currents mediated by RCK1 and RCK5 channels (Stiihmer
et al., 1989b). However, the threshold of activation of
HBK2/RCK2 channels was more positive (around -30 mV)
than that of other RCK channels. Thus, unlike other
expressed RCK channels, HBK2/RCK2 channels did not
mediate outward currents in response to a step in membrane
voltage from -80 to -40 mV.

Figure 4(B) shows the normalized conductance -voltage
[G/G,,. (V)] relation (steady-state activation curve) of the
HBK2 channels for the peak responses. The HBK2 currents
activated at test potentials that were more positive than
-40 mV, and saturated at 30-40 mV. The conductances
were half-maximal in the range of -30 to -8 mV (Table I),
which was at more positive test potentials than the value
determined for the steady-state activation of RCK1, RCK3,
RCK4 and RCK5 channels (Stiihmer et al., 1989b). On the
other hand, the slope of the conductance-voltage relation
of the HBK2/RCK2 channels (a" in Table I) was very
similar to those of RCK1, RCK3 and RCK5 channels. The

.t ....t. ,. .;

Fig. 3. Expression of RCK2 mRNA in the rat central nervous system.
(A) Autoradiogram of RNA from rat brain of P30 animals hybridized
to the RCK2-specific probe (lane 3), the methylene blue stained
ribosomal RNAs (lane 2) and size markers (lane 1) which are
indicated at the left-hand side in kb. The duration of autoradiography
was 8 days. The RCK2 mRNA and the ribosomal 18S and 28S RNAs
are indicated by closed and open arrowheads respectively.
(B) Autoradiograms from RNA blot hybridization analysis of RNA
from rat CNS regions given at the right-hand side of the corresponding
Northern blot. The three selected regions exemplify forebrain,
midbrain and hindbrain regions. The embryonic (E) and postnatal (P)
stages of development are given on top of each lane in days.
Hybridization and exposure times were as in (A). Only the
RCK2-specific bands are shown.
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activation time course, measured for the HBK2/RCK2
channels at 0 mV test potentials (Table I) was 18 ± 6 and
29 i 16 ms, i.e. relatively slow compared to the other RCK
channels. However, this is due to the right-shift of the
activation curve in HBK2/RCK2 currents resulting in a
slower rise time at the same membrane potential.
The time course of inactivation of the current mediated

Table I. Functional characteristics of HBK2 and RCK2 channels

vnI12 an tn th i(°) dV/P
(mV) (mV) (ms) (%) (pA) (vM)

HBK2 -20.8 ± 7.5 -8.1 ± 1.5 18 + 6 75 ± 3 0.91 56
(6) (6) (6) (6) (3) (2)

RCK2 -17.3 + 10.0 -6.1 ± 1.2 26 ± 19 72 + 5 0.87 54
(4) (4) (4) (3) (4) (1)

V1/2 refers to the test potential in mV where the conductance increase
has reached one-half of its maximal value. The conductance was
obtained as described in the legend of Figure 4(B).
ad refers to the slope of the normalized conductance-voltage relation.
Its value corresponds to the change in test potential (in mV) to cause
an e-fold increase in conductance.
t' refers to the rise-time of the K+ currents (elicited by a step from
-80 to 0 mV membrane potential) to reach 90% of amplitude.
th refers to ratio of peak amplitude to amplitude at the end of a 3.2 s
voltage pulse to 0 mV test potential. Holding potential was -80 mV.
i(O) refers to the single-channel current amplitude in pA at 0 mV
membrane potential. The respective chord conductances, assuming a
reversal potential of -100 mV, are 8.7 and 9.1 pS respectively.
dV/P refers to the change in equilibrium potential caused by 10-fold
change in K+ concentration.

CA
HBK 2

by HBK2 channels is illustrated in Figure 4(C). During a
voltage step of 3.2 s to 0 mV the current mediated by HBK2
and RCK2 channels decreased to 75% of its maximal value
(eh in Table I). The values of th were between those
determined for the inactivation ofRCK1 and RCK5 channels
(Stiihmer et al., 1989b). Since HBK2 and RCK2 channels
needed several minutes for complete inactivation, a steady-
state inactivation curve was not determined.

Figure 4(D) shows single-channel currents measured in
two oocytes injected with HBK2 or RCK2 cRNA in response
to voltage steps from -60 to 0 mV. The size of elementary
currents was not significantly larger for HBK2 than for
RCK2 channels (Table I). Both step sizes were in the same
range as the single-channel current amplitudes of RCK1,
RCK3 and RCK5 channels. The ion-selectivity for potassium
of the HBK2/RCK2 channels was also in the same range
as for RCK1, RCK3, RCK4 and RCK5 channels (see dV/P
in Table I).

Pharmacology of HBK2 and RCK2 channels
The sensitivity of HBK2 and RCK2 channels to different
K+ channel blockers has been investigated in whole-cell
current recordings using the two-microelectrode voltage
clamp technique. The concentration dependence of the block
of outward currents by a particular K+ channel blocker was
determined with voltage steps to 0 mV test potential. The
concentrations needed for a 50% block of the outward
current are summarized in Table II. The profile of the
pharmacological sensitivity of HBK2 and RCK2 channels
to the K+ channel blockers 4-aminopyridine (4-AP), tetra-

10 ms 1 s

D

HBK2

9*
-U) O6

HBK2

Fig. 4. Expression of HBK2 and RCK2 cRNAs in Xenopus laevis oocytes. (A) Family of outward K+ currents mediated by HBK2 channels in
response to depolarizing voltage steps of 100 ms from -80 mV to test potentials between -80 and +40 mV in 10 mV intervals. Ensemble currents
were recorded from macro-patches. The records of two successive measurements have been averaged. Filtering at 3 kHz low pass, sampling at
5 kHz. (B) Plot of normalized conductance (G/Gmax) versus test potential. To obtain the conductance values, the current maxima of the traces in (A)
were divided by the difference between their test pulse potential and an assumed reversal potential of -100 mV. The line is the result of a non-

linear least-squares fit of a Boltzmann isotherm to the normalized conductance. (C) Time course of inactivation of currents mediated by HBK2
channels during a 3.2 s depolarizing test pulse from -80 mV to 0 mV. The trace is an average of three. Filtering at 120 Hz low pass, sampling at
62.5 Hz. (D) Single-channel recordings of HBK2 and RCK2 channels. Both current traces were recorded during a prolonged depolarization of a cell-
attached patch after a voltage step from -60 mV to 0 mV. The mean single-channel amplitude of HBK2 channels was slightly, but not significantly
higher (0.91 pA) than the one of RCK2 channels (0.87 pA). Both channel types showed substates in their elementary currents of almost one half of
their total current amplitude. Upward deflection corresponds to channel opening. Filtering at 1 kHz low pass, sampling at 2 kHz.

1753

B
0/Gm
1,

-80

I

,J-A 11
RCK2 11 r W-9r7 p -1 --- -..I" A 2 pA



A.Grupe et a!.

Table H. Action of K+ channel blockers on HBK2 and RCK2
channels

Blocker
4-AP TEA DTX MCDP CTX ,-BUTX
(mM) (mM) (nM) (nM) (nM) (nM)

HBK2,
RCK2 1.5 7 20 10 1 s>200

The concentrations given refer to the ID50 values (50% inhibition of
peak current, measured at 0 mV; experiments were made in a two-
microelectrode voltage clamp configuration). The sign 's>' indicates no
effect at the highest concentration tested.

ethylammonium (TEA), dendrotoxin (DTX), charybdotoxin
(CTX), mast cell degranulating peptide (MCDP) and
(-bungarotoxin ((3-BTX) was identical, but different from
all other RCK channels (Stiihmer et al., 1989b). The HBK2
and RCK2 channels were as sensitive to CTX and to 4-AP
as RCK3 channels but much more sensitive to TEA and to
DTX than RCK3 channels. On the other hand, their
sensitivity to TEA and DTX was low compared to RCKl
channels. This indicates that each member of the RCK gene
family has its own pharmacological profile.

Discussion
The HBK2 channels and its rat homologue RCK2 represent
a novel member of the RCK gene family (Stiihmer et al.,
1989b), extending the number of different RCK K+
channels to five. The RCK2/HBK2 K+ channels have
functional and pharmacological properties distinct from the
RCK1, RCK3, RCK4 and RCK5 channels. The functional
characteristics are that of a typical delayed-rectifier channel
(Rudy, 1988), which acts especially in the more positive
membrane voltage range. Although the derived RCK2 and
HBK2 protein sequences differ at 40 positions, the whole
spectrum of properties found in HBK2 cRNA expressing
Xenopus oocytes is reproduced in RCK2 cRNA expressing
oocytes, demonstrating that the amino acid replacements
between the rat and human K+ channel proteins are not
significant for its function. As described in Results, the
HBK2 cDNA sequence was completed by a corresponding
genomic DNA sequence that was co-linear with the cDNA
sequence. It is presently not clear whether this co-linearity
indicates that the HBK2 open reading frame is not interrupted
by intervening sequences or whether the human genome
contains K+ channel pseudogenes. Although our whole
genome Southern analysis does not indicate the existence of
HBK2 pseudogenes, the complete cloning of the HBK2 gene
is required to resolve this question.
A comparison of the deduced RCK2/HBK2 protein

sequences with the Shaker (Kamb et al., 1988; Pongs et al.,
1988; Schwarz et al., 1988) and the other RCK protein
sequences indicates that a pattern is now emerging for the
different members of the Shaker/RCK proteins. The general
structure among these voltage-gated K+ channel proteins is
highly conserved, with six possibly membrane-spanning
segments preceded by a conserved sequence of 130 amino
acids on the N-terminal side. The N-terminal sequences can
vary in length and in sequence considerably, whereas the
C-terminal sequences are also variable, but always possess
a potential phosphorylation site for serine/threonine protein
kinases (Rehm et al., 1989). Current topological models of

the K+ channels in the membrane place the bend regions
between segments S1-S2, segments S3- S4 and segments
S5 - S6 on the extracellular side. In agreement with this view
of the K+ channel structure is the observation that these
bend regions are not well conserved among the members
of the ShakerIRCK K+ channel family, whereas the bend
regions between segments S2 -S3 and S4 -S5, presumably
located at the intracellular side of the membrane, are highly
conserved. The HBK2/RCK2 K+ channels are the first
ones that do not have a potential N-glycosylation site in the
bend region between segments S1-S2. They might be
0-glycosylated instead because this bend region is rich in
glycine/serine residues. RCK1, RCK3, RCK4 and RCK5
bend regions are 39 i 5 amino acids long and do not have
an excess of negatively or positively charged amino acids.
The RCK2/HBK2 bend regions, on the contrary, are 69/70
amino acids long, i.e. almost twice the size of those of the
other RCK channels. Also, they exhibit an excess of seven
negatively charged amino acid residues. However, the basic
electrophysiological properties of the HBK2/RCK2 channels
in the oocyte expression system are quite similar to those
of the RCK1, RCK3 and RCK5 channels (Stiihmer et al.,
1989b). This suggests that neither the distance between
segments S1 and S2 nor the charge of the sequence
connecting these two segments seems to influence profoundly
the K+ channel properties.
The affinity of the positively charged toxins DTX and

CTX, which block K+ channels from the outside, would
depend on the number and kind of negatively charged amino
acids being near or in the mouth of the K+ channel
(McKinnon and Miller, 1989). Therefore, we have suggested
previously that the CTX sensitivity of an RCK channel could
be correlated with the number of acidic amino acid residues
in the S3 -S4 bend region and the DTX sensitivity with the
presence of an acidic amino acid residue (Asp4O2) in the
S5-S6 bend region (Stuihmer et al., 1989b). The pharma-
cology of the HBK2/RCK2 channels expressed in Xenopus
oocytes (Table II) is in agreement with our previous
suggestion.

Biochemical work has shown that two populations ofDTX
acceptors, associated with neuronal K+ channels, were
discernible in preparations of chick synaptic membranes
(Black and Dolly, 1986) and of rat brain membranes (Rehm
and Lazdunski, 1988). The two DTX-acceptor subtypes bind
fl-BTX either with low or high affinity. Apparently, this
latter class of DTX and 13-BTX binding K+ channels has
not been cloned yet. Given the structural similarities among
the variant K+ channels that have been cloned and
characterized so far, it can be expected, however, that
,B-BTX sensitive K+ channels have a very similar primary
structure.

Materials and methods
Screening of cDNA libraries
A human fetal cDNA library kindly provided by P.Seeburg (ZMBH,
Heidelberg) was screened at low stringency according to Benton and Davis
(1977) with a labelled probe derived from RCK3 cDNA. Similarly, an adult
rat brain cDNA library was screened with a labelled probe derived from
HBK2 cDNA. The hybridization was performed in 5 x SSC (20 x SSC
is 3 M sodium chloride, 0.3 M sodium citrate, pH 7.0), 0.1% bovine serum
albumin, 0.1% Ficoll, 0.1% polyvinyl pyrrolidone, 100 jtg/ml denatured
salmon sperm DNA, 50 mM sodium phosphate (pH 7.0), 0.1% SDS, 43%
deionized formamide at 37°C for 12 h (McGinnis et al., 1984). Filters were

1754



Cloning and expression of a human voltage-gated K+ channel

washed twice in 2 x SSC, 0.1% SDS for 5 min at room temperature,
followed by two washes for 15 min each at 42°C. Recombinant DNA was
propagated in ERI host-vector system under L2 containment conditions,
as defined in the guidelines of the Federal German,Government for recom-
binant DNA research. Recombinant DNA was isolated according to Maniatis
et al. (1982). 32P-labelled DNA probes were prepared with an oligo-
nucleotide labelling kit (Boehringer).

Cloning of genomic HBK2 DNA
Genomic DNA of HeLa cells digested with Hindml was separated by agarose
gel electrophoresis (Maniatis et al., 1982). A 5 kb HindIII band that
hybridized with HBK2 cDNA was cut out of the gel and isolated (Vogelstein
and Gillespie, 1979). The HindIII fragment was ligated with HindIll-cut
XNM1 149. Recombinant phages were packed in vitro (Gigapack Gold,
Stratagene) and plated on the Escherichia coli POP13b strain (Shull et al.,
1986). Positive phages were selected after hybridization with radiolabelled
HBK2 cDNA. Inserted HeLa DNA was subcloned into Bluescript.

Restriction maps and sequencing
Restriction maps were derived by a combination of complete, single and
double digests followed by gel electrophoresis of the resulting fragments
on 0.7% agarose gels (Maniatis et al., 1982). cDNAs were subcloned into
Bluescript and deletions were generated with DNase I according to Lin et al.
(1985). Deleted subclones were selected after plasmid mini-preparation,
restriction digestions and agarose gel electrophoresis. The dideoxy nucleotide
sequencing technique was used for sequencing both strands of overlapping
cDNA subclones (Sanger et al., 1977).

Northern blots
A detailed description of the preparation of CNS tissues is given in Beckh
et al. (1989). Total RNA was isolated by the guanidine thiocyanate method
(Chirgwin et al., 1979). Each RNA sample was adjusted to a concentration
of 2.5 ILg/Il. RNA (7.5 tg) was applied to each lane. Northern blot
experiments were as described (Beckh et al., 1989). The probe was prepared
from a KS' Bluescript subclone of a HindIll-SacI fragment of RCK2
cDNA (nucleotides -430 to -47) by T7 polymerase (Stratagene) promoted
transcription using [c-32P]UTP. The sp. act. of the probe was
5 x 10 d.p.m./ig. Hybridization was carried out in 50% formamide at
68°C (Thomas, 1980). Washing of blots was in 0.1 x SSC and 0.1% SDS
at 70°C with several changes of buffer. Autoradiography was performed
at -80°C with an intensifying screen. An RNA ladder (Bethesda Research
Laboratories) was used as size markers.

Current recording and data analysis
Electrophysiological experiments were done with X. laevis oocytes 4 days
after microinjection of HBK2 or RCK2 cRNA (Stuhmer et al., 1989b). All
experiments were performed in a bathing solution containing (in mM) NaCl
115, KCI 2.5, CaC12 1.8, HEPES 10 (pH 7.2). In some experiments,
sodium was partly replaced by potassium or blocking substances [TEA and
4-AP (Sigma), ,B-BTX, DTX (gift from Drs F.Dreyer and E.Habermann,
Universitat Giessen, FRG) and MCDP (Bachem, Bissendorf Biochemicals,
Hannover, FRG), charybdotoxin (gift from Dr C.Miller, Brandeis
University, USA)] added to the bathing solution. A two-microelectrode
voltage clamp was used to test for the action of the K+ channel blockers
and to determine the whole-cell K + current of each oocyte prior to patch
current recording. In - 20% of the oocytes injected with HBK2 or RCK2
cRNA the current was > 10 14A at 0 mV test potential. This indicated that
the channel density was high enough to obtain smooth current traces in
ensemble current records from cell-attached patches.

Patch pipettes were filled with the normal bathing solution in all
experiments. Pipettes for macro-patches were made from aluminum-silicate
glass and had a tip diameter of 6 itm and a resistance of 0.5-1 MD when
filled with bathing solution. The intracellular potential was simultaneously
measured by a second microelectrode to monitor the transmembrane potential
across the patch. To find the area of maximal channel density the oocyte
was turned around by an angle of 900 between the first three patch
experiments. Stimulation and sampling was done by a VME-bus computer.
Leak and capacitive currents were subtracted on-line using the P/4 procedure.
To determine the steady-state activation parameters, the parameters Vn1"2,
a' and Gmax of a single Boltzmann isotherm of the form

G = Gm./t I +exp[(V-V-n12)lan]l
were fitted to the peak values of a family of records. To get the conductance
(G) the peak current values were divided by the driving potential assuming
a reversal potential of -100 mV.

Pipettes for single-channel recording were made from borosilicate glass,
and had a diameter of 1 itm and resistances of 3-5 MQ2 when filled with
bathing solution. The single-channel current records were stored on video

tape and analysed by an interactive semi-automatic procedure. Distribution
of single-channel current amplitudes were fitted by either single or sums
of Gaussians.
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