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Voltage-gated potassium (K*) channels are assembled
by four identical or homologous a-subunits to form a
tetrameric complex with a central conduction pore for
potassium ions. Most of the cloned genes for the a-sub-
units are classified into four subfamilies: Kv1l (Shaker),
Kv2 (Shab), Kv3 (Shaw), and Kv4 (Shal). Subfamily-spe-
cific assembly of heteromeric K* channel complexes has
been observed in vitro and in vivo, which contributes to
the diversity of K* currents. However, the molecular
codes that mediate the subfamily-specific association
remain unknown. To understand the molecular basis of
the subfamily-specific assembly, we tested the protein-
protein interactions of different regions of a-subunits.
We report here that the cytoplasmic NH,-terminal do-
mains of Kvl, Kv2, Kv3, and Kv4 subfamilies each asso-
ciate to form homomultimers. Using the yeast two-hy-
brid system and eight K* channel genes, two genes (one
isolated from rat and one from Drosophila) from each
subfamily, we demonstrated that the associations to
form heteromultimers by the NH,-terminal domains are
strictly subfamily-specific. These subfamily-specific as-
sociations suggest a molecular basis for the selective
formation of heteromultimeric channels in vivo.

Potassium (K*) channels comprise a large family of homol-
ogous membrane proteins. They regulate cardiac pacemaking,
action potentials, and neurotransmitter release in excitable
tissues (1-4). In non-excitable cells, they play important roles
in hormone secretion, cell proliferation, cell volume regulation,
and lymphocyte differentiation (5). Four membrane bound
a-subunits can form a channel, either as a homotetramer or
heterotetramer (6—8). The heterogeneity of the K* channel
function is reflected in part by a large number of K* channel
genes and their splice variants (9). The K* channel diversity
may also arise from the formation of heteromultimeric chan-
nels with novel properties when compared with their parental
homomultimers (10-12). A combination of differential gene
expression and selective formation of heteromultimeric chan-
nels by different membrane-bound a-subunits and hydrophilic
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B-subunits (13-16) may allow individual cells to acquire their
own characteristic properties of K™ currents.

The known a-subunits of voltage-gated K* channels share a
common design composed of a hydrophobic core region with six
putative transmembrane segments flanked by hydrophilic cy-
toplasmic amino (NH,)- and carboxyl (COOH)-terminal do-
mains (17, 18). There is about 40% amino acid identity within
the transmembrane core regions between a-subunits of differ-
ent subfamilies, compared with ~70% identity within each of
the Kvl (Shaker), Kv2 (Shab), Kv3 (Shaw), and Kv4 (Shal)
subfamily (8, 9, 19). Studies of coexpressing different subunits
in Xenopus oocytes have indicated that the formation of het-
eromultimeric channels is subfamily-specific (8, 10-12, 20, 21).
In addition, coimmunoprecipitation of K* channel protein in
culture cells and in rat brain has detected the physical associ-
ation of different subunits in the Kv1 subfamily (22-24). The
subfamily-specific association of a-subunits provides one mech-
anism to prevent different subunits expressed in a cell from
random mixing, thereby permitting the cell to maintain several
distinct K™ current systems (8). However, the molecular deter-
minant(s) for such selectivity of subunit assembly is unknown.

Analysis of homomultimer formation has resulted in the
identification of regions in Kvl a-subunits that play a role in
subunit assembly (21, 25-27). Possible regions of K* channel
protein involved in subfamily-specific association were inferred
by electrophysiological studies on cells that heterologously co-
express two different subunits. 1) Substitution of the NH,-
terminal domain of a distantly related mammalian K* channel
polypeptide Kv2.1 (DRK1, Ref. 34) with that of ShB in Kvl
subfamily permits the chimeric polypeptide to coassemble with
ShB (21). 2) Deletion of the conserved regions within the NH,-
terminal hydrophilic domains of Kv2.1 and hKv1.4 channels
resulted in ~100- and ~20-fold decreases in channel expres-
sion in Xenopus oocytes (27, 28) and the loss of subfamily-
specific assembly (27). Consistent with this hypothesis, Shen
and Pfaffinger (29) recently showed that the NH,-terminal
domains of AKv1.1 of the Kvl subfamily and that of AKv3.1
(Kv3 subfamily) form only homomultimers, as determined by
coimmunoprecipitation.

To systematically determine the regions that mediate the
specific interaction between different subunits, we have stud-
ied eight K* channel genes from the four different subfamilies,
two genes (one isolated from rat and one from Drosophila) from
each subfamily. We report here that the NH,-terminal domains
of Kvl, Kv2, Kv3, and Kv4 subfamilies each associate to form
homomultimers. Using the yeast two-hybrid system, designed
to analyze heteromultimeric interactions (30-32), and homo-
meric interactions (32, 33) of proteins in a physiological envi-
ronment, we demonstrated that the associations to form het-
eromultimers by the NH,-terminal domains are strictly
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TaBLE |
Sequences of oligonucleotide primers

Oligonucleotides Sequences® Genes Amino acid positions
ML108 GGCGTCGACG GAGGTGGCAATGGTGAG Kv1.4(RCK4) 2
ML109 GACGCGGCCGCACTA GCCCCTGGCAGGGCTGG Kv1.4(RCK4) 310
ML111 GACGCGGCCGCACTA TCTGGCGGCTTGCGAAC shB 227
ML120 GGCCCCGGGG GCCGCCGTTGCCGGC ShB 2
ML125 GACGGATCCGGTCGACG ATGGCAGCCGGTGTTGC Kv4.2(rshall) 1
ML126 GACGCGGCCGCGGATCCTCA CATGGTGCTGGTGTGGG Kv4.2(rshall) 183
ML127 GACGGATCCGGTCGACG ATGACGAAGCATGGCTCG Kv2.1(DRK1) 1
ML128 GACGCGGCCGCGGATCCTCA CACCGACGAGTTGGGC Kv2.1(DRK1) 182
ML129 GACGGATCCGGTCGACG ATGGGCCAAGGGGACG Kv3.1(NGK2) 1
ML130 GACGCGGCCGCGGATCCTCA CCGCGCATAGCGGATG Kv3.1(NGK2) 180
ML133 GACGGATCCGGTCGACG GACGCTCTAATTGTGCTG Kv4.2(rshall) 40
ML134 GACGGATCCGGTCGACG CACCCAGAGACCCAACAAT Kv4.2(rshall) 7
ML135 GACGGATCCGGTCGACG TTGGCCTTCTTTGGCCTC Kv4.2(rshall) 119
ML136 GACGCGGCCGCGGATCCTCA CTCTCCTGTATTGTCAGTG Kv4.2(rshall) 159
ML137 GACGCGGCCGCGGATCCTCA GGCCACTGCATACCTTTC Kv4.2(rshall) 228
ML900 CAGCCCGGGAACC ATGGTCGGGCAATTGCAAG fshabll 1
ML901 CAGGCGGCCGCCTA CCGGGCGGCGAAACTAG fshabll 435
ML902 CAGAGATCTTTACC _ATGGCCTCGGTCGCCGC fshal2 1
ML903 CAGAGATCTTT_ACGGACGACGAGAAGCTCC fshal2 38
ML904 CAGGCGGCCGCCTA CAGGGCGCTCGTCGACG fshal2 185
ML905 CAGCCCGGGTACC ATGGATCTGATCAACATGGACTC fshaw?2 3
ML906 CAGGCGGCCGCCTA CTTGGCTGCATTGGAACTG fshaw2 174
ML1009 CAGGCGGCCGCTA CTTTTGGTGATAGCGGGC Kv2.1(DRK1) 136
ML1010 CAGCCCGGGA TCGCGCCGGGTGCGCC Kv2.1(DRK1) 26
ML1011 CAGCCCGGGA GAAAACAGGGTGGTGCTC fshaw2 9
ML1012 CAGGCGGCCGCTA ATGCTGTGTGTAGGTCATCC fshaw2 110

2 The underlined sequence represent coding sequence or complementary to coding sequence of the indicated potassium channel genes. For all

antisense primers, a stop codon (UGA) was included.

subfamily-specific. Sequence analysis of the regions required
for the associations suggests that the subfamily-specific asso-
ciations are mediated by a motif of a common structural design.
The subfamily-specific associations of the NH,-terminal do-
mains provide a molecular basis for the selective formation of
heteromultimeric channels in vivo.

EXPERIMENTAL PROCEDURES

Yeast Strains—PCY2 (MATaDgal4Dgal80URA3::GAL1-lacZ lys2-
8012™M°er His3 A200trp1-A63ILEU2 ADE2-101°°"") is a gift from Dr. D.
Nathans. It contains a genomic GAL1-lacZ reporter gene, whereas the
endogenous GAL4 and GAL80 genes are deleted (30). YGH1
(LYS2::GAL1UAS-GAL 1tata-HIS3, URA3::GAL1-lacZ ) is a gift from
Dr. D. Beach (52). In addition to the deletion of endogenous GAL1 and
GALS8O genes, it also contains a GAL1-HIS3 reporter gene.

cDNAs and Plasmids—The full-length cDNA clones of Shabll,
Shal2, fshaw?2 are gifts from Dr. L. Salkoff (19), and Kv2.1 (or DRK1)
was kindly provided by Dr. R. Joho and Dr. A. Brown (34). Two hybrid
vectors that carry DNA binding domain (pPC97) and transcription
activation domain (pPC86) are gifts from Dr. D. Nathans (30).

Vector Construction—Plasmid vector construction was carried out
using standard recombinant DNA techniques (35). The desired partial
cDNA fragments were obtained by low copy polymerase chain reaction
according to the procedures described previously (21). Vectors express-
ing GST? fusion proteins were constructed using pG-1KS (provided by
Dr. Lewis Williams of the Chiron Corp., Emeryville, CA), which con-
tains the GST gene and one copy of 12CAS5 epitope followed by EcoRI
restriction enzyme site (SVPYDVPDYASLGGPGF). The expression is
driven by the human cytomegalovirus (CMV) immediate early promoter
and the plasmid contains the SV40 large T antigen. The NH,-terminal
domain of ShBA(6—46) and that of Kv4.2 were cloned in frame into the
EcoRI site COOH-terminal to the 12CA5 epitope, resulting in two
constructs: pCMV.GST-NShBA(6—46) and pCMV.GST-NKv4.2. In the
yeast two-hybrid tests, the vectors for expressing different GAL4 fusion
proteins were constructed by inserting the coding fragments into the
Smal-Notl or Sall-Notl sites of pPC97 and pPC86 vectors (30). The
expression of DNA binding domain and transcription activation domain
fusion proteins were driven by a constitutive promoter of the alcohol
dehydrogenase (ADH) gene. The stable expression of ShBA(6—-46) in

1 The abbreviations used are: GST, glutathione S-transferase; CMV,
cytomegalovirus; CHO, Chinese hamster ovary; CHAPS, 3-((3-cholami-
dopropyl)-dimethylammonio)-1-propanesulfonic acid; SD, minimal se-
lective medium (37).

CHO cells was obtained by transfecting with pRc/CMV vector (Invitro-
gen, San Diego, CA) carrying ShBA(6—46). Primers used for the cloning
are listed in Table I.

CHO Cell Culture and Transfection—CHO cells were grown in Dul-
becco’s modified Eagle’'s medium-F-12 medium (Life Technologies, Inc.)
supplemented with 5% fetal calf serum. The stable cell line was estab-
lished by transfecting CHO cell using electroporation. Briefly, 10° cells
at 80% confluence were harvested, washed, and resuspended in 0.5 ml
of phosphate-buffered saline containing 20 ug of pRc/CMV.ShBA(6-46)
plasmid DNA. The electroporation transformation was done using Bio-
Rad GenePulser system with voltage gradient of 650 V/cm. After elec-
troporation, the cells were recovered by incubating with the normal
medium. At 40 h after the transfection, the medium was replaced with
fresh medium supplemented with 1 ug/ml of G418 (Life Technologies,
Inc.). After selection for 14 days the survived cell colonies were isolated.
The expression of ShBA(6—46) was tested by whole cell recording and
by immunoblot using antibody against the COOH-terminal domain
(amino acids 479-656) of ShBA(6—46) (21). One cell line (ShB-CHO4)
with an expression level of ~5 X 102 copies/cell was identified and used
in this study. In the coexpression experiments, either the pPCMV.GST-
NShBA(6-46) or pCMV.GST-NKv4.2 was transfected by the standard
calcium phosphate precipitation protocol (37) using 10 pg of plasmid
DNA/transfection. The cells were harvested for later analysis 48—60 h
after transfections.

Immunoblot—Proteins were separated by SDS-polyacrylamide gel
electrophoresis and transferred on a nitrocellulose filter membrane.
The membrane was then incubated in a blocking solution containing 10
mm Tris, pH 8, 150 mm NaCl, 1% Tween 20, 2% bovine serum albumin,
3% normal goat serum for 30 min at room temperature. Binding to
primary antibodies was effected by adding the indicated rabbit anti-
serum (1:5,000 dilution). The unbound material was removed by three
washes using a solution containing 10 mm Tris, pH 8, 150 mm NacCl, and
1% Tween 20. The binding of primary antibody was detected by adding
anti-rabbit peroxidase-conjugated secondary antibody (1:10,000) (Vec-
tor Laboratories, Inc., Burlingame, CA). The formed complexes were
visualized by enhanced chemiluminescence (ECL, Amersham Corp.).

Immunoprecipitation—Cells at 70% confluence (typically 5 x 10°
cells) were transfected and allowed to grow in normal Dulbecco’s mod-
ified Eagle’s medium plus 5% fetal calf serum for 12 h before the
S%-labeled cysteine and methionine (Amersham) were added. After
24-36 h of labeling, the cells were washed and lysed in a buffer con-
taining 30 mm Hepes, pH 7.4, 100 mm NaCl, 1 mm EDTA,, 0.5 mm
B-mercaptoethanol, plus 2.5% CHAPS. The antibody binding was car-
ried out at 4 °C for 2 h, and the formed complexes were brought down
by protein G-conjugated Sepharose (Sigma). The immunoprecipitated
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polypeptides were separated by SDS-polyacrylamide gel electrophoresis
and visualized by autoradiography.

Methods for Yeast Two-hybrid System—Vectors (pPC86, pPC97, and
their derivatives) carrying coding sequence of interest were introduced
into yeast cells by lithium acetate transformation according to the
procedures of Gietz et al. (36) using approximately 1 ug of DNA. To test
the association of the two fusion proteins, the cells having both plas-
mids were first selected using supplemented synthetic dextrose me-
dium containing no leucine and tryptophan. The B-galactosidase activ-
ity of liquid yeast culture (either PCY2 or YGH1) was then quantified as
described (37). All tests were carried out in triplicate, and mean values
were shown. The standard errors were typically 20% of the mean. The
growth selection tests were carried out using transformed YGH1 host.
In this strain the GAL4 transcription factor controls the expression of
the HIS3 gene, which is required for the YGH1 cells to grow in synthetic
medium lacking histidine.

Amino Acid Sequence Alignment—K™ channel sequences of the
cloned cDNAs were retrieved from data base (Swissprotein, GenBank®,
and EMBL) using a key word search. Nucleotide sequences that gave
different restriction enzyme digest patterns were considered to be dif-
ferent genes. The deduced amino acid sequences were obtained and
aligned. The gap assignments were guided by computer-based neural
network alignment procedures (38).

RESULTS

Specific Association of ShB to NShB (Kv1 Subfamily) but Not
NKv4.2 (Kv4 Subfamily)—The involvement of the NH,-termi-
nal domains of the Kvl K* channels in subunit assembly has
been implicated by their ability to induce the dominant sup-
pression of channel expression and their ability to mediate
coassembly (21, 26). If indeed the association of the NH,-ter-
minal domain with the full-length channel polypeptide inhibits
proper channel assembly, one should be able to detect this
physical association. To directly identify complexes that might
be formed by the full-length ShB (Kv1 subfamily) and its NH,-
terminal domain (NShB, amino acids 1-227), we transiently
expressed GST-NShBA(6—-46) (see “Experimental Procedures”)
in a CHO cell line that stably expresses ShBA(6—46), a mu-
tated ShB channel with a deletion of amino acids 6—46 that
corresponds to the inactivation gate (39, 40). Thus any physical
association to be detected could not be attributed to the possible
binding between the inactivation gate and its acceptor (41). A
72-kDa polypeptide corresponding to the size of ShBA(6—-46)
polypeptide was coimmunoprecipitated using a monoclonal an-
tibody 12CAG5 specific to the tag only present in the GST fusion
proteins (Fig. 1, lanes 2, and see “Experimental Procedures”).
The identity of this 72-kDa polypeptide was further confirmed
by a polyclonal antibody specific to the COOH-terminal domain
of the ShBA(6—46) protein (Fig. 1, lane 5). This association of
the NH,-terminal domain to ShB appears to be subfamily-
specific, because an NH,-terminal domain GST fusion protein
of Kv4.2 (rshall or RK5, Refs. 50 and 51), NKv4.2 (amino acids
1-183, see “Experimental Procedures”), failed to interact with
ShBA(6-46) (Fig. 1, lane 3). These results indicate that GST-
NShBA(6-46) fusion protein, despite its lack of transmem-
brane segments, binds to ShBA(6-46), whereas the GST-
NKv4.2 fusion protein of the Kv4 subfamily fails to bind
ShBA(6—46).

Specific Homomultimeric Interaction of Shaker NH,-termi-
nal Domain Detected by the Yeast Two-hybrid System—The
yeast two-hybrid system (31) was employed as an efficient way
to detect the interactions between K™ channel a-subunit inter-
action. In this assay, the interacting fusion proteins have to be
transported into the nucleus where their physical association
will reunite the DNA binding domain (DB) and transcription
activation domain (TA) of the yeast GAL4 transcription factor.
This results in the activation of GAL4-mediated transcription
machinery. To test whether this genetic method is suitable for
studying the interaction of the NH,-terminal domains of volt-
age-gated K™ channels, we constructed two plasmids, one of
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Fic. 1. Physical association of ShBA(6-46) with NShBA(6-46)
detected by coimmunoprecipitation. CHO cells that express
ShBA(6—-46) were metabolically labeled after transfecting the cells with
constructs that express either GST-NShBA(6—46) or GST-NKv4.2. The
associated products were brought down by monoclonal antibody 12CA5
specific to the tag present in GST-fusion proteins (see “Experimental
Procedures”). The immunoprecipitated polypeptides were visualized by
either autoradiography (lanes 1-3) or by immunoblot using rabbit an-
tiserum against COOH-terminal domain of ShB (see “Experimental
Procedures”) (lanes 4-6). Lanes 1 and 4, ShBA(6—-46) expressing cells
with no transfection; lanes 2 and 5, cells transfected with pCMV.GST-
NShBA(6-46); lanes 3 and 6, cells transfected with pCMV.GST-
NKv4.2.

which has the NShB fused in frame to the GAL4DB (amino
acids 1-147) of GAL4, the other with NShB fused to the
GALA4TA (amino acids 768—881). The expression of the fusion
proteins is driven by the constitutive promoter of the alcohol
dehydrogenase gene (ADH). These plasmids contain either the
LEU2 or TRP1 gene for selection and CEN2, a yeast autono-
mously replicating sequence, to ensure one plasmid per cell
(30). Yeast transformants were first selected using synthetic
medium with supplement of histidine but no leucine and tryp-
tophan (SDH) to identify YGH1 or PCY?2 cells that carry both
plasmids (Leu® Trp™). The extent of GAL4-activated gene ex-
pression was determined by the activity of B-galactosidase in
the transformed PCY2 or YGHL1 cells using chromatogenic sub-
strate, o-nitrophenyl-B-p-galactoside (see “Experimental Proce-
dures”), and by the ability of the transformed YGH1 cells to
grow in selection medium in the absence of histidine. Fig. 2
shows the selective growth of transformed YGH1 cells with
different combinations of plasmids. Positive control cells con-
taining GAL4DB-c-fos (amino acids 132-216) and GAL4TA-c-
jun (amino acids 250-334) (box 1) grow on SDH and SD plates
as expected (30). Transformants that carry NShB together with
c-fos,c-jun, GAL4DB binding domain, or GAL4TA domains
grew on SDH but not on SD medium (Fig. 2, boxes 2, 3, 5, and
6), indicating that NShB alone does not have transcription
activity nor does it associate with GAL4 DB or TA domains. In
contrast, coexpression of GAL4DB-NShB and GAL4TA-NShB
resulted in the growth of the transformants on both SDH and
SD plates (Fig. 2, box 4), which suggests that the homophilic
interaction between NShB molecules could indeed bring to-
gether GAL4DB and GALA4TA to activate the expression of
HIS3.

For a quantitative estimate of the extent of NShB-NShB
interaction, a standard enzymatic assay for determining B-ga-
lactosidase activity in cell lysate was performed (Table II). The
specific association of human c-fos and murine c-jun through
the leucine zipper domains was used as an internal standard.
The Leu™ Trp™ transformants expressing GAL4DB-NShB and
GALATA-NShB exhibited ~80% of the p-galactosidase activity
conferred by c-jun and c-fos interactions, which is at least
100-fold higher than the background as determined using
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SDH

SD

Fic. 2. Association of NShB detected by the yeast two-hybrid
system. YGH1 yeast cells were transformed by different pairwise com-
binations of the two-hybrid constructs that express either fusion pro-
teins of DNA binding domain of GAL4 (DB, pPC86) or transcription
activation domain of GAL4 (TA, pPC97). The transformed cells express-
ing the two different fusion proteins were first selected by dextrose
synthetic medium with supplement of histidine but no supplements of
leucine and tryptophan (SDH). Identical numbers of cells in each com-
bination were dotted on both SDH and SD (synthetic medium with no
supplements of histidine) medium and allowed to grow at 30 °C for 65
h. Box 1, GAL4(DB)bz-fos and GAL4(TA)bz-jun; box 2, GAL4(DB)bz-fos
and GAL4(TA)NShB; box 3, GAL4(DB)NShB and GAL4(TA)bz-jun; box
4, GAL4(DB)NShB and GAL4(TA)NShB; box 5, GAL4(DB) and
GAL4(TA)NShB; box 6, GAL4(DB)NShB and GAL4 (TA).

1 2 3 4

SDH

SD

Fic. 3. Subfamily-specific association of NH,-terminal do-
mains of the Kv1 subfamily. Associations of NShB with different
NH,-terminal domains were tested by the two-hybrid system using
growth selection as described in the legend to Fig. 2. In these experi-
ments, GAL4(DB)NShB fusion protein was coexpressed with one of the
following GAL4(TA) fusion proteins: NShB (from Drosophila, Kv1 sub-
family) (box 1), Nfshal2 (Drosophila, Kv4) (box 2), Nfshabll (Drosoph-
ila, Kv2) (box 3), Nfshaw2 (Drosophila, Kv3) (box 4), NKv1.4 (rat, Kv1l)
(box 5), NKv4.2 (rat, Kv4) (box 6), NKv2.1 (rat, Kv2) (box 7), NKv3.1
(rat, Kv3) (box 8). The corresponding p-galactosidase activity was
shown in Table Il and Table III.

transformants of GAL4-DB and GAL4-TA (Table 11, number 6).
Transformants expressing either one of the NShB fusion pro-
teins along with the complementary GAL4 domain showed only
a background level of B-galactosidase activity consistent with
the results from the tests of growth selection (Fig. 2). Coexpres-
sion of GAL4DB-NShB with GAL4TA-c-jun in either YGH1 or
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TasLE 11
Association of NH,-terminal domains of K* channels detected by the
yeast two-hybrid system

DNA (5 ng) from indicated pairs of plasmids were mixed and trans-
formed into PCY2 strain by lithium acetate method (see “Experimental
Procedures”). The cells were allowed to grow on glucose synthetic me-
dium without leucine and/or tryptophan. Single colony (Leu+ and
Trp+) from each cotransformation was picked and allowed to grow in 5
ml double selection medium. Equal number of cells were pelleted, lysed,
and the B-galactosidase activity was quantified according to methods by
Ausubel et al. (37) and calibrated against the control, i.e. the association
between bz-fos and bz-jun, that was arbitrarily set at 100%.

Double Transformants

B-Galactosidase

No GAL4(DB) fusion GALA4(TA) fusion activity
(pPC86) (pPC97)
%
1 <0.1
2 GAL4(DB) <0.1
3 GAL(TA) <0.1
4 GAL4(DB)-NShB <0.1
5 GAL4(TA) <0.1
6 GAL4(DB) GAL4(TA) <0.1
7 GAL4(DB)-NShB GAL4(TA) <0.1
8 GAL4(DB)-NShB GAL4(TA)-NShB 80
9 GAL4(DB)-NKv1.4 GAL4(TA) <0.5
10 GAL4(DB)-NKv1.4 GAL4(TA)-NKv1.4 112
11 GAL4(DB)-NKv1.4 GAL4(TA)-NShB 94
12 GAL4(DB)-NKv4.2 GALA4(TA) <0.1
13 GAL4(DB)-NKv4.2 GAL4(TA)-NKv4.2 69
14 GAL4(DB)-NKv4.2 GAL4(TA)-NShB <0.1
15 GAL4(DB)-NKv2.1 GALA4(TA) <0.1
16 GAL4(DB)-NKv2.1 GAL4(TA)-NKv2.1 58
17 GAL4(DB)-NKv2.1 GAL4(TA)-NShB <0.1
18 GAL4(DB)-NKv3.1 GAL4(TA) <0.1
19 GAL4(DB)-NKv3.1 GAL4(TA)-NKv3.1 83
20 GAL4(DB)-NKv3.1 GAL4(TA)-NShB <0.1
21 GAL4(DB)-bz-jun GAL4(TA)-bzfos 100

PCY?2 cells led to no detectable growth on triple selection plates
and only a background level of B-galactosidase activity (Table
Il and Fig. 2), revealing no nonspecific interaction between
NShB to the GAL-mediated transcription machinery. Thus, it
is most likely that association of NShB-GALA4 fusion proteins is
responsible for the production of B-galactosidase activity and
the activation of the HIS3.

Subfamily-specific Interactions of NH,-terminal Domains of
K* Channels in Kvl, Kv2, Kv3, and Kv4 Subfamilies—In the
Kv1 subfamily, subunits encoded by different genes coassemble
to form heteromultimeric channels with novel properties. Us-
ing biochemical binding, we have found that their NH,-termi-
nal domains also form heteromultimeric complexes (21). To
determine whether this is true in the yeast two-hybrid system,
we have constructed two additional plasmids expressing GAL4
fusion proteins of the NH,-terminal domain of Kv1.4 (or
RCK4), NKv1.4 (amino acids 1-280), a rat homologue of ShB.
When these fusion proteins, i.e. GAL4DB-NKv1.4 and
GAL4TA-NKv1.4, were coexpressed in yeast, they conferred
the ability of YGHL1 cells to grow on SD plates and induced
B-galactosidase activity (Table I1). To determine whether the
NKv1.4 interacts with NShB, we coexpressed either GAL4DB-
NKv1l.4 with GAL4TA-NShB or GAL4DB-NShB with
GALATA-NKv1.4 in PCY2 and YGHL1 cells. Indeed, the associ-
ation of NShB and NKv1.4 was observed in both cases (Table
11, numbers 9-11).

If the involvement of NH,-terminal domain in K* channel
a-subunit assembly is a general mechanism, one would expect
the interaction of NH,-terminal domains of other subfamilies.
To test this hypothesis, we have subcloned cDNA fragments of
the NH,-terminal domains of three rat K* channels into
GAL4DB and GALATA vectors, which include NKv4.2 (amino
acids 1-183 of Kv4.2, a member of the Kv4 or Shal subfamily),
NKv2.1 (amino acids 1-182 of Kv2.1, Kv2, or Shab subfamily),
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TasLE 111
Subfamily specific association of NH,-terminal domains detected by the yeast two-hybrid system

Double transformants (Leu™, Trp*) of YGH1 containing pair combinations of GAL4-TA fusion proteins and GAL4-DB fusion proteins were
selected. The ability of association of the fusion proteins was tested by the growth on the same medium with no supplements of histidine. +
indicates that the growth was detected; — indicates that no growth was detected. The number in the parenthesis indicates the relative
B-galactosidase activity (%) using a procedure identical to that described in Table I. NShB represents the hydrophilic-NH,-terminal domain (amino
acids 1-227) of ShB; Nfshal2d (amino acids 38—-185); Nfshabll (amino acids 1-435); Nfshaw2 (amino acids 3-174); NKv1.4 (amino acids 1-280);
NKv2.1 (amino acids 1-182); NKv3.1 (amino acids 1-195), and NKv4.2 (amino acids 1-183).

GAL4-TA
GAL4-DB
NShB Nfshabll Nfshaw2 Nfshal2d NKvl.4 NKv2.1 NKv3.1 NKv4.2
NShB (Kv1 subfamily) + (86) - (<0.1) - (<0.1) - (<0.1) + (92) - (<0.1) — (<0.1) - (<0.1)
Nfshabll (Kv2 subfamily) + (94) + (122)
Nfshaw2 (Kv3 subfamily) + (78) + (89)
Nfshal2d (Kv4 subfamily) + (107) + (110)
NKv1.4 (Kv1 subfamily) + (97) + (122)
NKv2.1 (Kv2 subfamily) + (144) + (64) - (<0.1)
NKv3.1 (Kv3 subfamily) + (131) - (<0.1) + (87)
NKv4.2 (Kv4 subfamily) - (<0.1) + (119) — (<0.1) - (<0.1) + (76)

and Kv3.1 (amino acids 1-180 of Kv3.1, Kv3, or Shaw subfam-
ily). To test the possible homophilic association of these NH,-
terminal domains, pairwise combinations of plasmids were co-
transformed into PCY2 and the B-galactosidase activity was
measured. Table Il (numbers 12-20) summarizes the results
from these experiments. Activity of B-galactosidase was de-
tected when GALATA-NKv4.2 and GAL4DB-NKv4.2 were co-
expressed in yeast cells. In contrast, coexpression of GAL4DB-
NKv4.2 and GAL4ATA produced only background
B-galactosidase activity, indicating that the NH,-terminal do-
main of Kv4.2 does not have transcription activation activity
nor does it show nonspecific association with GAL4-TA domain.
Results for the NH,-terminal domains of Kv2.1 and Kv3.1 were
also similar (Table Il, numbers 15, 16, 18, and 19). Thus, the
homophilic interactions of the hydrophilic NH,-terminal do-
mains were detected for each of the four subfamilies.

To test the ability and specificity of NH,-terminal domains to
form heteromultimers, eight K* channel genes were selected as
representatives of the four subfamilies: Kvl, Kv2, Kv3, and
Kv4. Among them, four genes are from Drosophila (ShB,
fShabll, fShaw2, and fShal2) and four from rat (Kv1.4, Kv2.1,
Kv3.1, and Kv4.2). The cDNA fragments that represent the
coding sequences of the putative NH,-terminal domains were
cloned and fused in frame to GAL4ATA and GAL4DB coding
sequences. The ability of different fusion proteins to interact
was determined by testing pairwise combinations of different
NH,-terminal domains. For example, GAL4DB-NShB was co-
expressed with GAL4TA fusion proteins of NH,-terminal do-
mains of all eight genes, two genes (one isolated from rat and
one from Drosophila) from each subfamily. Fig. 3 shows that
these yeast transformants all grew in double selection of SDH
medium with supplement of histidine, indicating the cells con-
taining both plasmids. But the triple selection medium (SD)
only allowed the growth of cells that have fusion proteins
containing the NH,-terminal domains of the same subfamily.
Consistent results were also obtained using B-galactosidase
assay (Table I11). In summary, the heteromultimer formation of
NH,-terminal domains is strictly subfamily-specific. These re-
sults further strengthen the notion that the association of
hydrophilic NH,-terminal domains plays an important role in
determining the specificity of a-subunit association to form
heteromultimeric K* channels.

Structural Motifs That Mediate the Subfamily-dependent As-
sociation of NH,-terminal Domains—Detection of subfamily-
specific associations of the hydrophilic domains of K* channels
using the yeast two-hybrid system facilitated a deletion anal-
ysis allowing the identification of regions responsible for these
interactions. Fig. 4A shows that different coding segments of
NKv4.2 were cloned in frame into the yeast two-hybrid vectors

to produce various GAL4TA fusion proteins. Their ability to
associate with the GAL4DB-NKv4.2 was tested by the growth
selection in the SD medium with no supplement of histidine
and by testing B-galactosidase activity. This analysis has re-
vealed that a fragment of 101 amino acid residues (amino acids
40-140) is sufficient for the association of NKv4.2.

Using a similar approach, regions responsible for associa-
tions of NH,-terminal domains of other subfamilies were iden-
tified: Kvl1l.4 (Kv 1 subfamily), amino acids 177-279; Kv2.1
(Kv2 subfamily), amino acids 26-136; and fshaw2 (Kv3 sub-
family), amino acids 9-110. Within the mapped regions, 20
amino acid residues were found to be conserved in these four
a-subunits (Fig. 4B). These residues are present in the majority
of the 56 members of the four subfamilies (Fig. 5).

Previous sequence comparison of K* channels in different
subfamilies has revealed significant conservation within the
amino-terminal domains. Drewe et al. (42) have identified two
such regions and named them A box and B box. We note that
the A and B boxes are contained in our mapped regions for
subfamily-specific association. Thus we name these four
classes of motifs as NAB,,,; (N, NH,-terminal domain; AB, the
AB boxes; Kv1, the subfamily), NAB,,,, NAB,, s, and NAB, .,

(Fig. 5).
DISCUSSION

Using coimmunoprecipitation and the yeast two-hybrid sys-
tem, we demonstrated that different NH,-terminal domains
interact to form heteromultimers only if they are from the same
subfamily. These reported subfamily-specific associations of
NH,-terminal domains support the hypothesis that the specific
interactions of NH,-terminal domains determine the compati-
bility of different a-subunits in forming heterotetrameric
channels.

Previous studies using pulse-chase metabolic labeling have
suggested that the heteromultimeric assembly of Kv1 subfam-
ily K* channels is cotranslational (24). The extracellular NH,-
terminal domains of muscle nicotinic acetylcholine receptor
(AChR), a ligand-gated ion channel, are necessary for channel
assembly, and their interactions may precede the association of
hydrophobic domains to form the functional channel (43). Per-
haps the association of NH,-terminal domains prior to the
completion of translation helps to determine specificity and
efficiency of K* channel assembly. Consistent with this hypoth-
esis, we have found that the coexpression of a-subunit of ShB
together with its NH,-terminal domain as a fusion protein
leads to their physical association.

Subunit assembly of functional K* channels involves two
aspects: efficiency and specificity. Both are critical for cells to
establish their characteristic current systems in vivo. Thus, a
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Fic. 4. Determination of four conserved motifs that mediate subfamily-specific association of NH,-terminal domains from Kv1,
Kv2, Kv3, and Kv4 subfamilies. A, the schematic diagram of Kv4.2 coding region was shown. Black boxes represent the six putative
transmembrane segments. The minimal region sufficient for NH,-terminal domain association of the Kv4.2 was determined by deletion analysis.
The fragments representing different coding regions of Kv4.2 were obtained, expressed, and tested by the two-hybrid system. The ability to
associate with NKv4.2 (amino acids 1-183) was determined by either growth selection or B-galactosidase activity. The + indicates that the growth;
— indicates no growth. The results of B-galactosidase assay were shown as percent of the activity conferred by jun and fos interaction (Table I1I).
A region of amino acids 40-159 (indicated by the gray box) is sufficient to mediate the association. B, minimal regions responsible for the
associations of the other three subfamilies were mapped by deletion analysis as described above. Alignment of amino acid sequences of the four
mapped motifs (NAB; 4 NABy, 1 NAB w2 @and NAB,, , corresponding to the four subfamilies of Kv1, Kv2, Kv3, and Kv4) was shown. The
conserved positions were shaded. Single letter amino acid codes are: A, Ala; R, Arg; N, Asn; D, Asp; C, Cys; Q, GIn; E, Glu; G, Gly; H, His; I, lle;
L, Leu; K, Lys; M, Met; F, Phe; P, Pro; S, Ser; T, Thr; W, Trp; Y, Tyr; V, Val.

region directly involved in subunit assembly should meet at
least two criteria. 1) It is a site for protein-protein interac-
tion(s). 2) Changes in this region alter the efficiency and/or
specificity of assembly. The identified NAB domains meet this
definition. First, the association of the NAB region has been
demonstrated in Kv1 channels (21, 25) and AKv3.1 (29). In this
report we have shown that the homomultimeric association of
NH,-terminal domains can be generalized to all tested K*
channels in all four subfamilies. Second, deletions of regions,
including NABs, abolish the homomeric expression of ShB (9)
and mKvl.1 (26) or reduce the expression of Kv2.1(Kv2.1) by
more than 100-fold (28) and hKv1.4 by 20-fold (27). Finally,
Kv2.1 of the Kv2 subfamily does not coassemble with ShB
subunits of Kv1 subfamily unless its NH,-terminal domain is
replaced with that of ShB (21). This observation is now sup-
ported at the molecular level by evidence in this report,
namely, the NH,-terminal domains of the four subfamilies
associate to form heteromultimers in a subfamily-specific man-
ner. Hence, compatible association of NAB regions is important
for both the efficiency and specificity of the K* channel
assembly.

The yeast two-hybrid system detects the associated fusion
protein complexes inside yeast nuclei. This system works only
if the proteins to be tested do not possess a dominant signal
that dictates their subcellular localization outside the nucleus.

We found no detectable difference in the ability of different
NAB domains to reunite the two domains of GAL4 for the
transcription activation regardless of whether they were at-
tached to nuclear localization signal (NLS) of “MPKKKRKV”
from simian virus 40 large tumor antigen. In contrast, if the
first putative transmembrane region (S1) was included as a
part of fusion protein, the association was no longer detectable
(Fig. 4A). These results suggest that the NAB regions do not
contain any dominant signals for membrane binding or cell
surface localization in yeast. Thus, the ability and specificity of
the NH,-terminal domain to associate do not appear to involve
membrane binding but rather the specific interactions between
these hydrophilic portions of a-subunits.

To directly compare the amino acid sequences of the mapped
regions of the known K™ channels, we have searched protein
and/or DNA data bases. A total of 56 genes that encode K™
channels of the four subfamilies have been retrieved and
aligned using FFDR sequence that is conserved in all cloned
genes listed. Guided by the computer-based neural network
alignment procedures (38), several gaps were introduced to
allow higher scores in alignment between different subfamilies.
Three major features were seen from this analysis. First, the
percentage of residue identity of the alignment (IDE) scores for
the different genes encoding NAB of a given subfamily indi-
cates remarkably high sequence conservation: IDE scores are
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RNRYYDPLRNEYFFDRNRPSFDAILYFYQSGGRLRRPVNVPLDVFSEETKFYELGENAFERYREDEGFIK
. . .RNRYYDPLRNEYFFDRNRPSFDAILYFYQSGGRLRRPVNVPLDVFSEEIKFYELGENAFEYRYEDEGFIK
. . . RNHYYDPLRNEYFFDRNRSSFDGILYFYQSGGRLRRPVNVPIDVFNEEIKFYELGEEALAKYREEEGFIK
.. .RLRYFDPLRNEYFFDRSRPSFDAILYYYQSGGRLRRPVNVPLDVFSEEIKFYELGDQAINKFREDEGFIK
. . .RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDMFSEETKFYELGEEAMERFREDEGFVK
.. .RMRYFDPLRNEYFFDRNRPSFDAILYFYQSGGRLRRPVNVPLDIFSEEIRFYELGEEAMETFREDEGFIK
.. .RTQYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLKRPVNVPFDIFTEEVKFYQLGEEALLKFREDEGFVR
.. .RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDMFSEEIKFYELGEEAMEKFREDEGFIK
.. .RVRFFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFMEEIRFYQLGEEALAAFREDEGCLP

. RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFSEEIRFYELGEEAMEMFREDEGYTK
. RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRIRRPVNVPIDIFSEEIRFYQLGEEAMEKFREDEGFLR
. RTQYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLKRPVNVPFDIFTEEVKFYQLGEEALLKFREDEGEFVR
.RLRYFDPLRNEYFFDRNRPSFDGILYYYQSGGRLRRPVNVSLDVFADETRFYQLGDEAMERFREDEGF IK
.RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFSEEIRFYELGEEAMEMFREDEGY IK
.. .RLHYFDPLRNEYFFDRNRPSFDGILYYYQSGGRLRRPVNVSLDVFADEIRFYQLGDEAMERFREDEGF IK
. . .RVRFFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFMEETRFYQLGDEALAAFREDEGCLP
. . .RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRTRRPVNVPIDIFSEEIRFYQLGEEAMEKFREDEGFLR
. . .RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDMFSEETKFYELGEEAMEKFREDEGFIK
. . .RVRFFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFMEEIRFYQLGDEALAAFREDEGCLP
. . . RMRYFDPLRNEYFFDRNRPSLDAILYYYQSGGRIRRPVNVPIDIFSEEIRFYQLGEEAMEKFREDEGFLR
.. .RTQYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLKRPVNVPFDIFTEEVKFYQLGEEALLKFREDEGFVR
.. .RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRIRRPVNVPIDIFSEEIRFYQLGEEAMEKFREDEGFLR
. . . RMRFFDPLRNEIFFVRNRPSFDAILYYYQSGGRLRRPVNVPLDIFSEETRFYELGEEAMEMFREDEGYTIK

. RLRYFDPLRNEYFFDRNRPSFDGILYYYQSGGRLRRPVNVSLDVFADEIRFYQLGDEALERFREDEGFIK
. RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFSEEIRFYELGEEAMEMFREDEGYIK
.RTQYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLKRPVNVPFDIFTEEVKFYQLGEEALLKFREDEGFVR
.RVRFFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFLEETRFYQLGDEALAAFREDEGCLP
.RLPYFDPLRNEYFFDRNRPSFDGILYYYQSGGRLRG . VNVSLDVFADEIRFYQLGDEAMERFREDEGFTK
. . .RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRIRRPVNVPIDIFSEETRFYQLGEEAMEKFREDEGFLR
. . .RLPYFDPLRNEYFFDRNRPSFDGILYYYQSGGRLRRPVNVSLDVFADEIRFYQLGDEAMERFGEDEGFIK
. . .RTQYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLKRPVNVPEFDIFTEEVKFYQLGEEALLKFREDEGFVR
. . .RMRYFDPVRNEYFFDRNRPSFDAILYYYQSGGRIRRPVNVPIDIFSEEIRFYQLGEEAMEKFREDEGFLR
. . .RLRYFDPLRNEYFFDRNRPSFDGILYYYQSGGRLRRPVNVSLDVFADEIRFYQLGDEAMERFREDEGFIK
. . .RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDMF SEEIKFYELGEEAMEKFREDEGF TK
. . .RTQYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLKRPVNVPFDIFTEEVKFYQLGEEALLKFREDEGFVR
RMRYFDPLRNEYFFDRNRPSFDAILYYYQSGGRLRRPVNVPLDIFSEEIRFYELGEEAMEMFREDEGYIK

. SLADNEYFFDRHPKSFSSILNFYRTG . KLHIVDEMC . LAFGDDLEYWGVDELYLESCCQHKYHQR
. SLEDNEYFFDREPGAFTSILNFYRTG . RLHMMEEMCALSFSQELDYWGIDEIYLESCCQARYHOK
. SLEDNEYFFDRHPGAFTSILNFYRTG . RLHMMEEMCALSFSQELDYWGIDEIYLESCCQARYHQK
.NLNENEYFFDRHPGAFTSILNFYRTG . KLHMMEEMCALSFGQELDYWGIDEIYLESCCQARYEQK
. SLDDNEYFFDRHPGAFTSILNFYRTG . RLHMMEEMCALSFSQELDYWGIDEIYLESCCQARYHQK
. SLDDNEYFFDRHPGAFTSILNFYRTG.RL LSFSQELDYWGIDETIYLESCCQARYHQK

.DPILNEYFFDRHPGVFAQVLNYYRTG . KLHYPTDVCGPLFEEELEFWGLDSNQVEPCCWMTY TQH
.DPGTDEFFFDRHPGVFAYVLNYYRTG . KLHCPADVCGPLFEEELGFWGIDETDVEACCWMTYRQH
GGGREFFFDRHPGVFAYVLNYYRTG . KLHCPADVCGPLFEEELAFWGIDETDVEPCCWMTYRQH

........... ARFDY . DPGTDEFFFDRHPGVFAYVLNYYRTG . KLHC PADVCGPLFEEELGFWGIDETDVEACCWMTYRQH
........... SHFDY . DPRADEFFFDRHPGVFAHILNYYRTG . KLHCPADVCGPLYEEELAFWGIDETDVEPCCWMTYRQH

GGGCEFFFDRHPGVFAYVLNYYRTG . KLHCPADVCGPLFEEELTFWGIDETDVEPCCWMTYRQH

Name Access  Species Sequence
Number
NABRv1
M95914 aplysia CERVVINVSGLRFETQLKTLNOF PDTLLGNPQK
AKOL aplysia CERVVINVSGLRFETQLKTLNQFPDTLLGNPOK . . .
SKvi.l L26968 S.mansoni SERLVINVSGLRFETQAQTVNQFPDTLLGNPNK. . .
ShB/H4 M17211 Drosophila CERVVINVSGLRFETQLRTLNOFPDTLLGDPAR. .
M94258  xenopus CERVVINVSGLRFETQLKTLAQFPSTLLGNPKK . .
xsh2 M35664 xenopus CERVVINISGLRFETQLKTLSQFPETLLGDPKK. .
FK1 U06156 mustela CERVVINVSGLRFETQMKTLAQFPETLLGDPEK . .
MK1/MBK1 M30439 mouse CERVVINISGLRFETQLKTLAQFPNTLLGNPKK . .
MK1.6 M96688 mouse SERLVINISGLRFETQLRTLSLFPDTLLGDPGR. .
MK2 M30440 mouse CERVVINISGLRFETQLKTLAQFPETLLGDPKK.
MK3 M30441 mouse GERVVINISGLRFETQLKTLCQFPETLLGDPKR .
KCNA4 U03723 mouse CERVVINVSGLRFETQMKTLAQFPETLLGDPEK .
L22218 mouse HQRVLINISGLRFETQLDTLVQFPNNLLGDPVK .
BK2 /RAK J04731 rat CERVVINISGLRFETQLKTLAQFPETLLGDPKK.
Kvl M27158 rat HQRVLINISGLRFETOLGTLAQFPNTLLGDPAX .
Kv2 M27159  rat SERLVINISGLRYETQLRTLSLFPDTLLGDPGR .
kv3/RGK5 M31744 rat GERVVINISGLRFETQLKTLCOFPETLLGDPKR.
RCK1/BK1/RBK1 X12589 rat CERVVINISGLRFETQLKTLAQFPNTLLGNPKK .
RCK2 X17621 rat SERLVINISGLRYETQLRTLSLFPDTLLGDPGR .
RCK3 X16001 rat GERVVINISGLRFETQLKTLCOFPETLLGDPKR. .
RCK4 /RHKL X16002 rat CERVVINVSGLRFETQMKTLAQFPETLLGDPEK . .
RCK5/NGK1 X16003 rat GERVVINISGLRFETQLKTLCQFPETLLGDPKR. .
M77482  dog CERVVTNISGLRFETQLKTLAQFPETLLGDPKK. .
L19740 dog HQRVLINISGLRFEAQLGTLAQFPDTLLGDPEK .
BGKS X66186 cow CERVVINISGLRFETQLKTLAQFPETLLGDPKK .
x57033  cow CERVVINVSGLRFETQMKTLAQFPETLLGDPEK .
HBK2 X17622 human SERLVINISGLRFETQLRTLSLFPDTLLGDPGR .
HK2 M60451  human HQRVHINISGLRFETQLGTLAQFPNTLLGDPAK .
HLK3 M85217  human GERVVINISGVRFETQLKTLCOFPETLLGDPKR.
HPCN1 M55513 human HORVHINISGLRFETQLGTQAQFPNTLLGDPAK. .
HPCN2/HK1 M55514  human CERVVINVSGLRFETQMKTLAQFPETLLGDPEK. .
HPCN3/HGK5 /KCNA3 M55515  human GERVVINISGLRFETQLKTLCQFPETLLGDPKR. .
KCNAS M83254  human HQRVHINISGLRFETQLGTLAQFPNTLLGDPAK . .
L02750  human CERVVINISGLRFETQLKTLAQFPNTLLGNPKK. .
L02751  human CERVVINVSGLRFETQMKTLAQFPETLLGDPEK. .
L02752  human CERVVINISGLRFETQLKTLAQFPETLLGDPKK
NABRv2
£shabll M32659 Drosophila NSRVSINVGGVRHEVLWRTLERLPHTRLGRLGECTTHEAIVE
mshab M64228 mouse SRRVRLNVGGLAHEVLWRTLDRLPRTRLGKLRDCNTHDSLLO. .
rDrkl X16476 rat SRRVRLNVGGLAHEVLWRTLDRLPRTRLGKLRDCNTHDSLLO
Cbrk M77482 rat SRRVKINVGGLNHEVLWRTLDRLPRTRLGKLRDCNTHESLLE
hprkl X68302  human SRRVRLNVGGLAHEVLWRTLDRLPRTRLGKLRDCNTHDSLLE
hkv2.1 L02840 human SRRVRLNVGGLAHEVLWRTLDRLPRTRLGKLRDCNTHDSLLE
NABRv3
fshaw2 M32661 Drosophila ENRVVLNVGGIRHETYKATLKKIPATRLSRLTE
mkv3.3 X60796 mouse SGKIVINVGGVRHETYRSTLRTLPGTRLAGLTEPEAA. . .
KSHITIA M84202 rat NERVILNVGGTRHETYRSTLKTLPGTRLALLA <- 58 aa. insert ->
M84210 rat SGKIVINVGGVRHETYRSTLRTLPGTRLAGLTEPEAA
NGK2b Y07521  rat SERIVINVGGTRHQTYRSTLRTLPGTRLAWLAEPDAH
x62841 rat SEKIIINVGGTRHETYRSTLRTLPGTRLAWLADPDGGGRPESDGG
Raw3 rat
Kv4 rat SERIVINVGGTRHQTYRSTLRTLPGTRLAWLAEPDAH
KCNC1 5856770  human SERIVINVGGTRHQTYRSTLRTLPGTRLAWLAEPDAH
M64676  human
NABRv4
fshal2 M32660 Drosophila DEKLLINVSGRRFETWRNTLEKYPDTLLGSNER. ... ............
mshal M64226 mouse DEVLVVNVSGRRFETWKNTLDRYPDTLLGSSEK . .
RK5 M59980 rat DALIVLNVSGTRFQTWODTLERYPDTLLGSSER . . .
rshall $64320 rat DALIVLNVSGTRFQTWODTLERYPDTLLGSSER. . v . oo vin e vn s

i

A

SEKIIINVGGTRHETYRSTLRTLPGTRLAWLADPDGGGRPDSDGGGAGS SGSSGGGGGCEFFFDRHPGVFAYVLNYYRTG . KLHCPADVCGPLFEEELTFWGIDETDVEPCCWMTYRQH
........... SHFDY . DPRADEFFFDRHPGVFAHILNYYRTG . KLHCPADVCGPLYEEELAFWGIDETDVEPCCWMTYRQH
........... SHFDY . DPRADEFFFDRHPGVFAHILNYYRTG . KLHCPADVCGPLYEEELAFWGIDETDVEPCCWMTYRQH
SEKIIINVGGTRHETYRSTLRTLPGTRLAWLADPDGGGRPETDGGGVGSSGTS . GGGGCEFFFDRHPGVFAYVLNYYRTG . KLHCPADVCGPLFEEELTFWGIDETDVEPCCWMTYRQH

. DEDCKEYFFDRDPDIFRHILNYYRTG . KLHY PKHECLTSYDEELAFFGIMPDVIGDCCYEDYRDR
. DAESGEYFFDRDPDMFRHVLNFYRTG . RLHCPRQECIQAFDEELAFYGLVPELVGDCCLEEYRDR
.HPETQQYFFDRDPDIFRHILNFYRTG. . LHY PRHECISAYDEELAFFGLIPEIIGDCCYEEYKDR
HPETQQYFFDRDPDIFRHILNFYRTG. KLHY PRHECISAYDEELAFFGLIPELIIGDCCYEEYKDR

@ ¢
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Fic. 5. Amino acid sequence comparison of NAB domains of the cloned genes. The NAB regions of 56 genes encoding the a-subunit were
aligned. The amino acid residues were indicated by single letter codes (see Fig. 4). A and B boxes were assigned according to Drewe et al. (42). The
four clones that have no access number were obtained from: AKOL1 (47), Raw3 (48), Kv4 (49). The numbers from O to 6 at the top of Kv1 subfamily
sequences indicate the extent of the conservation at the given position. 0, the residue is conserved in all four subfamilies; 1, four subfamilies share
residues with conserved changes; 2, no specific conservation; 3, two different types of amino acid residues are present in that position, one is present
in three subfamilies and the other is present in one subfamily (1/3 +1/1); 4, 2/2+2/2; 5, 1/1+1/1+2/2; 6, 1/1+1/1+1/1+1/1. Thus the residues with

high scores are subfamily-specific.

80-86% for the genes within Kv1 subfamily, 67% in the Kv2
subfamily, 68% in the Kv3 subfamily, and 68-76% in the Kv4
subfamily. The weighted similarity of the alignment (WSIM)
scores are even higher as some residues are conserved changes
in amino acid side chains. Table IV summarizes the comparison
of NABy,1, NABy,», NAB,3, and NAB,,, using the sequences
of ShB, fShabl1l, fShaw?2, and fShal2 genes of Drosophila.
NAB,; is most closely related to NAB,, (43%) and most
distantly related to NAB,, (33%) in agreement with results
from comparing full-length polypeptides (44). Similar scores
have also been obtained using NABs from other species (data
not shown). Second, a major gap was introduced between box A
and box B regions to permit significantly higher IDE scores
between subfamilies. The length and the sequence of insertions
within this gap as seen in NAB,,; do not appear to be critical
for the binding specificity, since the NH,-terminal domains of
Kv3.1 and fshaw2, which have different sequences of different
lengths between the A and B boxes, nevertheless associate in a
subfamily-specific manner (Table Ill). Third, positions with
subfamily-specific conservation were identified and assigned
with higher scores (Fig. 5 and legend). Although it is not known
whether all subfamily-specific conserved positions are required
for the association of a-subunits, it is likely that multiple

residues of one subunit, perhaps including some of those posi-
tions with high assigned scores in the alignment, are involved
in the recognition of the two adjacent subunits to form the
predicted tetrameric ring structure.

The involvement of the NH,-terminal domain of a-subunits
in the formation of a tetrameric channel with a central pore
would juxtapose two parts of the NAB surface to their respec-
tive complementary surfaces of the adjacent subunits, similar
to what was seen in the three-dimensional structure of neura-
minidase (45). We speculate that the ability to form homo- or
heterotetramers then requires one of these two surfaces of NAB
to interact with the complementary surface of an adjacent
NAB. Since the NABs from each subfamily have to possess
these structural requirements, one possibility would be that
they are folded in a similar way to present certain amino acid
residues that dictate subfamily-specific interactions. This no-
tion is supported by the following evidence. First, despite the
fact that NAB regions of different subfamilies do not interact,
pairwise comparison reveals that amino acid conservation be-
tween subfamilies is ~30% (Table 1V), suggesting that they are
structurally related and are likely to share a common scaffold.
Second, although it is difficult to assess the secondary struc-
tural prediction in the absence of any structural information of
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TasLE IV
Amino acid sequence alignment scores of NABs
NAB regions of the four Drosophila potassium channels (ShB, fshabl1, fshaw2, and fshal2) were submitted for amino acid alignment against
available protein sequences in the EMBL/Swissprotein data bank. The alignment procedures were done according to those established by Rost and
Sander (38) (see “Experimental Procedures”). The percentage of residue identity of the alignment (%IDE) and weighted similarity of the alignment

(%WSIM) of cross-alignment for the four NABs were listed.

%IDE/%WSIM

NABKVl-NShB

NAB y2-Nfshabl1

NABKVS-NfshaWZ NABKVA-NfshaI2

NAB1-nshE 1.00/1.00 0.33/0.44 0.43/0.57 0.43/0.54
NAB (\2-Nfshabi1 0.33/0.43 1.00/1.00 0.40/0.52 0.40/0.51
NAB s.Nfshaw2 0.40/0.53 0.50/0.59 1.00/1.00 0.43/0.58
NAB 4 Nfshal2 0.43/0.53 0.41/0.50 0.49/0.60 1.00/1.00
15. Morales, M. J., Castellino, R. C., Crews, A. L., Rasmusson, R. L., and Strauss,

NABSs, analysis of a large number of NAB regions of different
subfamilies using a neural network prediction program (38)
suggests that NABs from different subfamilies exhibit similar
secondary structure or pattern of side chain properties. This
secondary structural pattern is also shared by the newly cloned
Kv5.1 K* channel that represents yet the fifth subfamily (46)
(data not shown). Hence, a three-dimensional structure ob-
tained from any one NAB would be likely to help our under-
standing on the NAB motifs of different subfamilies of K™
channels.

Since mutations within the regions involved in subunit as-
sembly are likely to result in the loss of channel expression,
analysis of protein interactions using the yeast two-hybrid
system provides an alternative method to study the interac-
tions of NH,-terminal domains in the subunit assembly of K*
channels. This approach would allow one to screen a large
number of mutants that have altered properties in K™ channel
subunit interaction without the requirements for such mutants
to form functional channels. Combining this mutational anal-
ysis with electrophysiological and cell biological methods may
make it possible to analyze the molecular basis and physiolog-
ical functions of subunit interactions of K* channels.
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