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Novel exon 1 protein-coding regions N-terminally
extend human KCNE3 and KCNE4
Geoffrey W. Abbott1

Bioelectricity Laboratory, Department of Pharmacology and Department of Physiology and Biophysics, School of Medicine, University of

California, Irvine, Irvine, California, USA

ABSTRACT: The 5 human (h)KCNE b subunits each regulate various cation channels and are linked to inherited
cardiac arrhythmias. Reported here are previously undiscovered protein-coding regions in exon 1 of hKCNE3
and hKCNE4 that extend their encoded extracellular domains by 44 and 51 residues, which yields full-length
proteins of 147 and 221 residues, respectively. Full-length hKCNE3 and hKCNE4 transcript and protein are
expressed in multiple human tissues; for hKCNE4, only the longer protein isoform is detectable. Two-
electrode voltage-clamp electrophysiology revealed that, when coexpressed in Xenopus laevis oocytes with
various potassium channels, the newly discovered segment preserved conversion of KCNQ1 by hKCNE3 to a
constitutively open channel, but prevented its inhibition of Kv4.2 and KCNQ4. hKCNE4 slowing of Kv4.2
inactivation and positive-shifted steady-state inactivation were also preserved in the longer form. In contrast,
full-length hKCNE4 inhibition ofKCNQ1was limited to 40%at +40mV vs. 80% inhibition by the shorter form,
and augmentation of KCNQ4 activity by hKCNE4 was entirely abolished by the additional segment. Among
the genome databases analyzed, the longer KCNE3 is confined to primates; full-length KCNE4 is widespread
in vertebrates but is notably absent fromMus musculus. Findings highlight unexpected KCNE gene diversity,
raise the possibility of dynamic regulation of KCNE partner modulation via splice variation, and suggest that
the longer hKCNE3 and hKCNE4 proteins should be adopted in future mechanistic and genetic screening
studies.—Abbott, G.W.Novel exon 1 protein-coding regionsN-terminally extend humanKCNE3 andKCNE4.
FASEB J. 30, 2959–2969 (2016). www.fasebj.org

KEY WORDS: arrhythmia • KCNQ1 • KCNQ4 • Kv4.2 • potassium channel

Ion channels are complex macromolecules that consist of
multiple pore-forming and non-pore-forming subunits in
vivo. Voltage-gated potassium (Kv) channels are a numer-
ous and diverse class generated by 40 different a subunits
in human tissues that can each come together to form the
functional assembly, a tetramer of a subunits. The 40 a

subunits are categorized into several subfamilies, and
subfamily-specific heterotetramerization commonly oc-
curs, which further diversifies the resultant complexes
and the currents they generate (1). In addition, multiple
different classes of non-pore-forming (b) subunits, either
transmembrane or cytosolic, can coassemble with Kv a

subunits to create the considerable complexity required
for normal cellular functions of higher animals (2).

The most widely studied group of transmembrane
Kv b subunits are the KCNE proteins, also referred to as
MinK-related peptides (3, 4), with .1000 published
studies on this gene family to date. KCNE proteins are so
widely studied because they can exert sometimes dra-
matic effects on Kv channel function (5–11), are obligate
partners for many Kv a subunits in vivo (5, 6, 9–17), can
alter Kv channel pharmacology with respect to clinically
relevant and investigational drugs (18, 19), and their reach
is impressive, each modulating multiple Kv a subunits
and, in some cases, other channel types (20, 21). In addi-
tion, sequence variants in each of the 5 human (h)KCNE
genes are associatedwithone ormore formsof potentially
lethal cardiac arrhythmia (22–30) [for recent review, see
Crump et al. (31)], andKcne-knockoutmice exhibit a wide
range of sometimes dramatic phenotypes (12–17, 32–34),
which suggests that additional discoveries of hKCNE-
linked diseases in other tissues will follow.

KCNEproteins each consist of a single transmembrane
span, an extracellular N-terminal segment, and an intracel-
lular C-terminal segment, with known protein sequences
ranging from 103 aa for the shortest (hKCNE3) to 170 aa for
the longest (hKCNE4) (31). Here, I report the discovery of
additional coding regions that N-terminally extend these

ABBREVIATIONS: BLAST, Basic Local Alignment Search Tool; CHO, Chi-
nese hamster ovary; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
hKCNE, human KCNE; KCNE3/4L, long KCNE3/4; KCNE3/4S, short
KCNE3/4; Kv, voltage-gated potassium; NCBI, U.S. National Center for
Biotechnology Information; TBST, Tris-buffered saline–Tween 20; TEVC,
2-electrode voltage-clamp; UTR, untranslated region
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2 proteins by 44 and 51 residues, respectively. I present evi-
dence that the novel longer forms are expressed in multiple
human tissues, and demonstrate functional differences be-
tween short and long forms of hKCNE3 and hKCNE4.

MATERIALS AND METHODS

Genome database analyses

hKCNE3 and KCNE4 protein sequence searches on the U.S.
National Center for Biotechnology Information (NCBI) database
revealed putative longer forms of each protein than those cur-
rently reported (gene accessionnumbersare shown inFigs. 1 and
2). Expanding these searches by using the Basic Local Alignment
Search Tool (BLAST) to query genomes from multiple species
revealed that nucleotide and protein sequences for the predicted
longer forms of each subunit were represented in multiple
species, increasing confidence in the finding. Other database
searches are described in Results.

RT-PCR

Themajority of PCRwas performed by using premade 48-tissue
human cDNA arrays that were prenormalized by the manu-
facturer (Origene, Rockville, MD, USA) to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression. Because
arrays lacked an atria-only cDNA, human atrial RNA (isolated
from tissue samples kindly provided by Dr. David Christini,
Weill Cornell Medical College, Institutional Review Board Proto-
col 1206012437) was reverse-transcribed by using a QuantiTect
Reverse Transcriptase Kit (Qiagen, Valencia, CA, USA) to yield
atrial cDNA. Thiswas also used for primer annealing temperature
optimization (21). ThePCRprimersusedare given inTable 1. PCR
products (either 30 or 35 cycles) were run on 1–1.5% agarose gels
that contained ethidium bromide and were visualized by using a
Gbox system with Gbox software (Syngene, Cambridge, United
Kingdom). Each gel shown is representative of at least 2 indepen-
dent PCRs and gel visualizations.

Western blotting

For Western blotting of human tissues, premade Western blots
(Zyagen, SanDiego,CA,USA)wereprobed,washed, anddetected
as described below for Chinese hamster ovary (CHO) cell samples.

For CHO cell biochemistry, CHO cells were transfected with
cDNAs for long KCNE4 (KCNE4L) in pCDNA3.1+ or short
KCNE4 (KCNE4S) in pCINeo. Two days post-transfection,
cells were lysed in 1 ml lysis buffer (for a 100-mm dish)
that contained 150 mM NaCl, 50 mM Tris-HCL (pH 7.4),
20 mM NaF, 10 mM NaVO4, 1 mM PMSF (Thermo Fisher Sci-
entific Life Sciences, Waltham, MA, USA), 1% Nonidet P-40
(Pierce, Rockland, IL, USA), 1% CHAPS [3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate; Sigma-Aldrich, St. Louis,
MO, USA], 1% Triton X-100 (Thermo Fisher Scientific Life Sci-
ences), and 0.5% SDS (Sigma-Aldrich) with protease inhibitor
cocktail (Sigma-Aldrich). Homogenate was subjected to cen-
trifugation (4000 g, 10 min, 4°C), and aliquots of the super-
natant were then mixed with sample buffer that contained 5%
b-mercaptoethanol, heated at 65°C for 10 min, and loaded
onto 4–12% Bis-Tris SDS-PAGE gels (Thermo Fisher Scien-
tific Life Sciences). After electrophoresis, proteins were trans-
ferred onto PVDF membranes (Bio-Rad, Hercules, CA, USA).
Membranes were incubated overnight at 4°C with 1:1000 di-
lutions of primary antibodies in 5% dried milk/Tris-buffered
saline–Tween 20 (TBST) as follows: a-KCNE3S, in-house rabbit
polyclonal antibody raised to the C-terminal domain as pre-
viously reported (14); a-KCNE3L, a custom antibody (Gen-
script, Piscataway, NJ, USA) raised to a peptide based on the
KCNE3L-specific N-terminal segment (residues 10–23), se-
quence PSVRGRRVQRANGR-C; a-KCNE4S, rabbit polyclonal
antibody raised to a peptide within the C-terminal domain
(residues 136–150), as previously reported (35) (a kind gift from
Drs. Daniel Levy and Steve A. N. Goldstein, University of Cal-
ifornia, Irvine); and a-KCNE4L, a custom antibody (Genscript)
raised to a peptide based on the KCNE4L-specific N-terminal
segment (residues 17–32), sequence RAQSRTEQKNPLGLD-C.
Blots were then incubated for 1–2 h at room temperature with
1:5000 horseradish peroxidase–conjugated goat anti-rabbit IgG
secondary antibody (Bio-Rad) in TBSTwith orwithout 1%dried
milk, followed by chemiluminescent detection by using Lumi-
nata Forte chemiluminescence substrate (Millipore, Temecula,
CA, USA). Blots were washed for 3 3 10 min in TBST between
each step and for an additional 3–5 min in PBS before chemilu-
minescent detection, then analyzed with a Gbox system using
Gbox software (Syngene).

Xenopus laevis oocyte expression

cRNA transcripts encoding hKCNE3L and hKCNE4L were
generated by using in vitro transcription (T7 polymerase

Figure 1. Gene structure and predicted protein sequence of full-length KCNE3. A) Gene structure of hKCNE3 as annotated in the
NCBI database, showing 2–3 predicted exons in each of 2 different isoforms identified by their accession numbers (left). Thin,
colored lines, introns; thick, colored lines: green, exons (light green, noncoding; dark green, coding); purple, entire gene; red,
protein-coding exons. Black boxed region is the hKCNE3 isoform with 2 predicted exons encoding full-length hKCNE3. Upper
scale is human chromosome 11 base pair numbering (GRCh38.p2 primary assembly). B) Predicted protein sequence for the
novel N-terminal portion of hKCNE3. C) Predicted protein sequence for full-length KCNE3 of primates and the shorter KCNE3
predicted for M. musculus. Branched icons, consensus glycosylation sites; P, known PKC phosphorylation site. Consensus arginine
amidation site indicated by open black square. Consensus sites predicted by Expasy ScanProsite (http://prosite.expasy.org/
scanprosite/). Human gene numbering indicated. TM, transmembrane.
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mMessagemMachine kit; Thermo Fisher Scientific Life Sciences)
from synthetic genes subcloned into pCDNA3.1+ with Xenopus
laevisb-globin 59 and 39untranslated regions (UTRs) flanking the
coding region to enhance translation and cRNA stability after
vector linearization. hKCNE3S and hKCNE4S [in pGA1 (22)] and
rKv4.2, hKCNQ1, and hKCNQ4were similarly transcribed from
cDNA templates that also incorporated X. laevis b-globin 59 and
39 UTRs. Channel subunit cRNA was quantified by spectro-
photometry. Defolliculated stage V and VI X. laevis oocytes
(Ecocyte Bioscience, Austin, TX, USA)were injectedwith$1 of
the cRNAs above (2–10 ng for KCNE subunits, 2 ng Kv4.2,
2.5–10 ng KCNQ1, 10 ng KCNQ4/oocyte). Oocytes were in-
cubated at 16°C in ND96 solution that contained penicillin and
streptomycin, with daily washing, for 2–3 d before 2-electrode
voltage-clamp (TEVC) electrophysiology.

TEVC

TEVCrecordingswereperformedat roomtemperatureusing an
OC-725C amplifier (Warner Instruments, Hamden, CT, USA)
and pClamp8 software (Molecular Devices, Sunnyvale, CA,
USA). Oocytes were bathed in a small-volume oocyte bath
(Warner Instruments) and viewedwith a dissectionmicroscope.
Bath solutionwas (inmM): 96 NaCl, 4 KCl, 1MgCl2, 1 CaCl2, 10
HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
pH 7.6] (bath chemicals were from Sigma-Aldrich). TEVC pi-
pettes were of 1–4MV resistance when filledwith 3MKCl. For
quantification of current–voltage relationships, currents were
recorded in response to a voltage protocol that consisted of
pulses between 2120 or 280 mV and 40 or 60 mV at 20-mV
intervals. In the case of KCNQ1 and KCNQ4, prepulses were

TABLE 1. PCR primer details

Primer pair Name Sequence, 59–39 Template strand Product size (bp)

KCNE3-1 KCNE3-F GCTGAGAGGCAGAGCTTCTA Plus 399
KCNE3-1R GTGTCTTGGTCTTCCACCGT Minus

KCNE3-2 KCNE3-F GCTGAGAGGCAGAGCTTCTA Plus 503
KCNE3-2R GACGACCTCCCTTAACCGTG Minus

KCNE3-3 KCNE3-F GCTGAGAGGCAGAGCTTCTA Plus 505
KCNE3-3R GTGACGACCTCCCTTAACCG Minus

KCNE3-4 KCNE3-F GCTGAGAGGCAGAGCTTCTA Plus 318
KCNE3-4R CTACGCTTGTCCACTTTGCG Minus

KCNE3-5 KCNE3-F GCTGAGAGGCAGAGCTTCTA Plus 323
KCNE3-5R GGTCACTACGCTTGTCCACT Minus

KCNE4-1 KCNE4-1F GAACCCTCTTGGACTGGACG Plus 850
KCNE4-1R CAAAGTCAGTGTACGCGCTG Minus

KCNE4-2 KCNE4-2F TCACCGCTACCTGAAAACCC Plus 890
KCNE4-2R AAGGTTGCTGGCTGATGGAG Minus

F, forward primer; R, reverse primer. The same forward primer (KCNE3-F) was used for all 5 KCNE3
primer pairs, with various reverse primers.

Figure 2. Gene structure and predicted protein sequence of full-length KCNE4. A) Gene structure of hKCNE4 from NCBI
databases showing 2 predicted exons. Thin, colored lines, introns; thick, colored lines: green, exons (light green, noncoding; dark
green, coding); purple, entire gene; red, protein-coding exons. Upper scale is human chromosome 2 base pair numbering
(GRCh38.p2 primary assembly). B) Predicted protein sequence for the novel N-terminal portion of hKCNE4. C) Predicted protein
sequence for full-length KCNE4 of various vertebrates and the shorter KCNE4 predicted forM. musculus. Branched icons, consensus
glycosylation sites; P, consensus PKC phosphorylation site. Consensus sites predicted by Expasy ScanProsite (http://prosite.expasy.org/
scanprosite/). Human gene numbering indicated. TM, transmembrane.
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each followed by a tail pulse to230 mV from a holding potential
of 280 mV. For quantification of Kv4.2 steady-state inactivation,
oocytes were held at 2100 mV and prepulsed to voltages be-
tween2120 and0mV, followedby a tail pulse to +40mV. TEVC
data analysis was performed with pClamp8 and Origin 6.1
(OriginLab, Northampton, MA, USA). Values are stated as
means 6 SEM. Normalized tail currents for Kv4.2 steady-state
inactivation and KCNQ1 and KCNQ4 G/V relationships were
plotted vs. prepulse voltage and fitted with a single Boltzmann
functionaccording to:g= (A1–A2)/{1+exp[(V1/2–V)/Vs]} +A2,
where g is the normalized tail conductance,A1 is the initial value
at2‘,A2 is the final value at+‘,V1/2 is the half-maximalvoltage
of activation, and Vs the slope factor. Kv4.2 current inactiva-
tion curves were fitted with a standard (zero-shift) single expo-
nential decay functionwith Chebyshev 4-point smoothing filter.
Where appropriate, currents were compared with one another
using 1-wayANOVA to assess statistical significance (P, 0.05).
Ifmultiple comparisonswereperformed, a post hocTukey’sHSD
test was performed after ANOVA.

RESULTS

Genome databases predict N-terminally
extended hKCNE3 and hKCNE4
protein products

Genomic organization of the hKCNE family was previ-
ously determined, with exon boundaries identified and
maps established for all 5 genes, each containing a single
protein-coding exon. Furthermore, additional exons were
described in KCNE genes 1–4, but not KCNE5, that were
predicted to generate 59 UTR but not code for protein. In
addition, splice variants were identified in KCNE1 and
KCNE3 that generated alternative transcription start sites
(2variantspergene) andwerepredicted toalter the 59UTR
but not the translated protein product (36).

Here, analyzing the NCBI protein database, 2 alterna-
tive predicted protein products were identified each for
hKCNE3 and hKCNE4. This was followed by further anal-
ysis of multiple human genomes on the 1000 Genomes
Browser (http://browser.1000genomes.org/Homo_sapiens/Info/
Index) and the genomes of other species by using BLAST
searching of NCBI databases with nucleotide and pro-
tein sequences for either form of hKCNE3 and hKCNE4.
These analyses predicted that primate KCNE3 genes
contained a novel translation initiation start site on exon
1 that is in-frame with the currently known hKCNE3
coding region, which resulted in an additional 44 aa
N-terminal to the established start methionine encoded
by part of exon 1 and the 59 end of exon 3, with the
putative exon 2 either spliced out or incorrectly identi-
fied as an exon (Fig. 1A–C). The hKCNE3 proteinwould
thus be extended from 103 to 147 aa and of interest,
bears a consensus amidation site not present in the
predicted KCNE3 proteins of other primates analyzed,
Cercocebus atys (Sooty mangabey) and Macaca mulatta
(Rhesus macaque). In contrast to primate KCNE3 pro-
teins,Musmusculus Kcne3 is not predicted to encode the
additional N-terminal residues (Fig. 1C) because it lacks
an ATG start site at the appropriate position in exon 1.

I also discovered a novel translation initiation start site
on exon 1 of hKCNE4, in-frame with the known hKCNE4

coding region,which ispredicted togenerate anadditional
51 residues at the N-terminal of hKCNE4, encoded by the
39 endof exon 1 and the 59 endof exon 2 (Fig. 2A,B),which
extends the lengthofhKCNE4from170 to221aa.The longer
form of KCNE4 is widely represented among vertebrates
and contains an additional consensus glycosylation site in
the novel N-terminal segment; however, the longer form of
KCNE4 is predicted to be absent fromM. musculus because
mouse Kcne4 lacks an ATG start site in exon 1 (Fig. 2C).

Experimental validation of database
predictions of extended hKCNE3 and
hKCNE4 transcripts

RT-PCR was used to confirm existence of full-length
transcripts covering the predicted novel coding region
spanning both hKCNE3 exon 1 and 3 (Fig. 3A) and
hKCNE4 exon 1 and 2 (Fig. 4A). Amplification of hu-
man cDNAs from a 48-tissue array prenormalized to
GAPDH by the manufacturer (Origene) confirmed that
hKCNE3 exon 1 and 3–spanning transcript (omitting
exon 2; Fig. 3) and hKCNE4 exon 1 and 2–spanning
transcript (Fig. 4) are expressed in multiple human tis-
sues by using multiple primer pairs and confirmatory
sequencing of amplicons for each. Expression patterns
matched and expanded on those previously described
for each gene. Thus, full-length (dual exon–spanning)
hKCNE3 transcriptwasmost readilydetectable in the lower
gastrointestinal tract—colon, duodenum, small intestine,
and rectum—and was also detected in the atria, among
other tissues (Fig. 3B). Full-length hKCNE4 transcript was
most readilydetected in theuterusandwasalsodetected in
the atria as well as in several other tissues (Fig. 4B). A
primer pair designed to anneal to KCNE3 exons 2 and 3
failed to amplify any products on the 48-tissue array, also
using 35 cycles (data not shown), potentially suggesting
that hKCNE3 exon 2 RNA is absent or rarely transcribed.

Full-length predicted coding regions each contain ad-
equateKozak consensus sequences (AUG, andA/G in the
23 position); each also contains a G at the 26 position,
which is also thought to facilitate translation initiation
(37).Moreover, the previously accepted exon 2 start-site
for hKCNE4 is GCCTCAATGCTG,which is considered
a weaker Kozak sequence than the newly identified
exon 1 start-site, because the former contains neither the
G at +4 nor the A/G at23 (Fig. 5A). Furthermore, exon
1 sequences for both hKCNE3 (Fig. 5B, C) and hKCNE4
(Fig. 5D) contain strong transcription start sites and
promoter binding sites and motifs, as predicted by us-
ing the Swiss Institute of Bioinformatics, Eukaryotic
Promoter Database (http://epd.vital-it.ch/). In sum, these
features increased confidence that the exon 1 consensus
start sites are functional, which I next tested directly in
vitro and ex vivo.

Experimental validation of extended hKCNE3
and hKCNE4 protein expression and function

Human tissue lysates were next probed for KCNE3 expres-
sion by Western blot using 2 rabbit polyclonal antibodies.
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 15306860, 2016, 8, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.201600467R

 by U
niversity O

f C
alifornia - Irvine, W

iley O
nline L

ibrary on [15/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://browser.1000genomes.org/Homo_sapiens/Info/Index
http://browser.1000genomes.org/Homo_sapiens/Info/Index
http://epd.vital-it.ch/
http://www.fasebj.org


a-KCNE3-CTantibodywas raised to theC-terminaldomain
common to both the 103-residue short form of KCNE3
(designated here KCNE3S) and the novel, 147-residue
form (designated here KCNE3L). The a-KCNE3L anti-
bodywas raised to anN-terminal epitope only present in
the novel longer form (KCNE3L). The short form of
KCNE3 protein that is expressed in mice migrates much
more slowly (;37 kDa) in SDS-PAGE than would be
predicted solely from its 103-residue length (;14 kDa),
primarily because of glycosylation (3 sites) (5, 14, 38).
Deglycosylation eliminates the 37-kDaband and leaves a
single band for mouse KCNE3 at 14 kDa (38). The newly
discovered portion of hKCNE3 does not contain addi-
tional consensus glycosylation sites (Fig. 1B). On the
basis of the nativemigration pattern formouseKCNE3, I
therefore predicted amigrationdistance for hKCNE3Lof
45–55 kDa. Strikingly, in human colon—in which KCNE3
is known to be enriched on the basis of previous mouse
studies (14, 38)—and esophagus, the highly predominant
band detected by a-KCNE3L antibody was at a migration
distance close to the 50-kDa marker, which corresponded
to the expectedmigration distance for hKCNE3L (Fig. 6A).
The a-KCNE3-CT antibody detected similar bands at

50 kDa in colon and esophagus and also detected bands at
37 kDa in the stomach, colon, and intestine. In the case of
the stomach,densebandswerealsovisibleat30and24kDa
(Fig. 6B). Results suggest that in tissues inwhich KCNE3 is
thought to be functionally important, hKCNE3L consti-
tutes a major isoform. In addition, hKCNE3S is also po-
tentially expressed in stomach, intestine, and colon, but
was not detectable in esophagus.

I next studied expression of the hKCNE4 protein in
human tissues by Western blot analysis using rabbit
polyclonal antibodies raised to epitopes either on the
C-terminal domain (a-KCNE4-CT antibody) common to
both the 170-residue short form of KCNE4 (designated
here KCNE4S) and the novel, 221-residue form (desig-
nated here KCNE4L), or to an N-terminal epitope
(a-KCNE4L antibody) only present in KCNE4L. Previous
studies showed that KCNE4S, the previously accepted
form of KCNE4, migrates at a distance corresponding to
the 25 kDa marker, whereas native rat KCNE4, which
I now predict to be KCNE4L, runs at a migration distance
corresponding to;30 kDa (35). Here, the a-KCNE4L an-
tibody detected bands at 25 kDa in several human tissue
lysates separatedbySDS-PAGE, a strongbandat;30kDa

Figure 3. hKCNE3L transcript is expressed in multiple human tissues. A) Primer pairs used to verify expression of exon 1 and
3–spanning full-length hKCNE3 (hKCNE3L) transcript in human tissues, with annealing sites on exons 1 and 3 and product sizes
indicated. B) Image of agarose gels showing the 399-bp hKCNE3L amplicon generated by PCR by using primer pair 1 from
cDNA in human 48-tissue array. Image of agarose gel showing the various hKCNE3L amplicons with sizes as predicted
(A, right), generated by using primer pairs 1–5, and human atrial cDNA. Each gel is representative of at least 2 independent
PCRs and gel visualizations.

Figure 4. hKCNE4L transcript is expressed in multiple human tissues. A) Primer pairs used to verify expression of exon 1 and
2–spanning full-length hKCNE4 (hKCNE4L) transcript in human tissues, with annealing sites on exons 1 and 2 indicated. B)
Image of agarose gels showing the 850-bp hKCNE4L amplicon generated by PCR by using primer pair 1 from cDNA in human 48-
tissue array (left). Image of agarose gel showing the 890-bp hKCNE4L amplicon with sizes as were predicted in panel A, generated
by using primer pair 2, and human atrial cDNA (center). Image of agarose gel showing the 890-bp hKCNE4L amplicon with sizes
as predicted (A), generated by using primer pair 2, and human uterus cDNA (right). Each gel is representative of at least 2
independent PCRs and gel visualizations.
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in kidney, and a weaker ;30-kDa band in uterus. The
a-KCNE4-CT antibody detected strong bands at;30 kDa
in kidney, thymus, and uterus and only very faint bands
at 25 kDa in all 5 tissues tested (Fig. 7A). Because the
a-KCNE4L antibody cannot detect KCNE4S, the 25-kDa
band it detects may either by an immature form or non-
specific. Thepresenceof an;30-kDabanddetectedbyone
or both antibodies strongly suggested that hKCNE4L is
expressed in human kidney, thymus, and uterus, and the

relatively low intensity of the 25-kDa bandwhen probing
with a-KCNE4-CT antibody suggests that hKCNE4L is
the predominant and, possibly, sole hKCNE4 isoform in
the tissues tested.

To further test these conclusions, CHO cells that were
transfected with cDNAs that corresponded to hKCNE4S
or hKCNE4L were lysed, separated by SDS-PAGE, and
probed with either antibody. Cells transfected with
hKCNE4S cDNA expressed a protein recognized only by

Figure 5. In silico promoter analysis of hKCNE3 and hKCNE4. A) Alignment of consensus start sites for human hKCNE3S,
hKCNE3L, hKCNE4S, and hKCNE4L. ATG start sites underlined; Kozak sequence features and other features considered
important for translation in bold. B) In silico analysis for hKCNE3 performed by using Swiss Institute of Bioinformatics Eukaryotic
Promoter Database New (EPDnew; http://epd.vital-it.ch/). Features identified include human promoter binding region (bright
blue), CpG islands (green), transcription start sites (beige), and transcription factor binding sites (black). C) In silico analysis for
hKCNE4 performed by using EPDnew. Features identified include human promoter binding region (bright blue), CpG islands
(dark green), transcription start clusters (blue line), histone H3K4me3 (trimethylated) binding region (bright green), and RNA
polymerase II (Pol III) binding site.

Figure 6. hKCNE3L protein expression in
human tissues. A) Western blot showing de-
tection of 50-kD band in human colon and
esophagus by using anti-KCNE3L antibody. B)
Western blot showing detection of 50-kD band
in human colon and esophagus and faster-
migrating bands in several tissues by using
anti–KCNE3-CT antibody.
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thea-KCNE4-CTantibody,with2densebandsat24–26kDa
and a much fainter band at 20 kDa, which may reflect
nonglycosylated and monoglycosylated forms [KCNE4S
has one N-glycosylation site (35)] and another form with
alternative post-translational modification—hKCNE4S
has a consensus PKC site (Fig. 2B) andmultiple consensus
myristoylation sites (not shown). CHO cells that were
transfected with hKCNE4L expressed a protein recog-
nized by either antibody, with a predominant doublet
at 28–30 kDa and much fainter bands at 25 and 20 kDa
(Fig. 7B). This band pattern is consistent with the mature
(diglycosylated) form of hKCNE4L migrating at ;30 kDa
that I alsodetected inhuman tissues, andwith3other forms
(non- and monoglycosylated, and, possibly, one lacking
additional post-translational modification as discussed
above for hKCNE4S) migrating at 28, 25, and 20 kDa,
which is consistent with the novel portion of hKCNE4L
that contains an additional consensus glycosylation site
(Fig. 2B). Of interest, it is possible that the 2 higher-weight
KCNE4L bands that run as a doublet close to 30 kDa in
Western blots from CHO cell lysates (Fig. 7B) are differ-
entially detected by a-KCNE4L and a-KCNE4CT anti-
bodies in tissue lysates, as the most prominent band
detectedby the latter in thehuman tissues analyzedseems
to correspond to the heavier band of the CHO cell lysate
doublet, whereas the band detected by the a-KCNE4L
antibody corresponds more to the migration distance of
the lighterbandof theCHOcell lysatedoublet (Fig. 7A,B).

Electrophysiologic analysis of functional
effects of full-length hKCNE3 and hKCNE4

cRNAs that corresponded to the novel hKCNE3L and
hKCNE4L transcripts were injected into X. laevis oocytes
with cRNAs that encode known KCNE3 and KCNE4
Kv channel a subunit partners Kv4.2 (KCND2), Kv7.1
(KCNQ1) and Kv7.4 (KCNQ4), and functional effects were
comparedwith those of hKCNE3S and hKCNE4S by using
TEVC electrophysiology. hKCNE3S was previously found
to strongly inhibit the fast-inactivatingKv4.2 channel,which

generates transient outward current in musine auditory
neurons (39) and human cardiacmyocytes (40), whereas
rat KCNE4S was previously found to slow Kv4.2 inactiva-
tion (41). Here, I recapitulated these effects with hKCNE4L,
but found that hKCNE3L was ineffective at inhibiting
rKv4.2 and, instead, slowed its inactivation by ;43% (Fig.
8A–C). As previously reported for rat KCNE4S (41), both
hKCNE3L and hKCNE4L right-shifted the voltage depen-
dence of Kv4.2 steady-state inactivation (Fig. 8D, E).

KCNE3 forms channels with KCNQ1 in the basolateral
membranes of epithelia in the lower intestinal tract, and
hKCNE3S converts KCNQ1 to a constitutively active K+

channel with an essentially linear current–voltage rela-
tionship across the physiologic range (10). Here, I reca-
pitulated this effect and also found that hKCNE3S
augments KCNQ1 outward current. hKCNE3L similarly
converted KCNQ1 to a constitutively active K+ channel
but, in contrast, concomitantly reduced outward current
amplitude (Fig. 9A, B). Comparing normalized G/V re-
lationshipsmeasured fromtail currents,KCNQ1–hKCNE3L
channels retained marginally more voltage-dependence,
exhibitingreducedfractionalcurrentat2120mV,compared
with KCNQ1-hKCNE3S (Fig. 9C). hKCNE4S strongly in-
hibits KCNQ1 (42, 43), recapitulated here with inhibition
of .80%—and some of the 0.5-mA current remaining is
likely to be endogenous oocyte current, which is typically
;0.2 mA under these recording conditions. In contrast,
hKCNE4L inhibition of KCNQ1 was limited to only
;40–45% (Fig. 9A–C). This lower efficacy of inhibition is
unlikely to have arisen from insufficient expression of
hKCNE4L, because similar fractional current inhibi-
tion at +40 mV was observed for the same quantity of
hKCNE4L cRNA injected per oocyte (10 ng) with KCNQ1
expressed from2.5ng cRNAperoocyte (42% inhibition) vs.
KCNQ1 expressed from 10 ng cRNA per oocyte (45% in-
hibition; mean currents shown in Fig. 9D).

hKCNE3S was previously found to inhibit KCNQ4
activity (10), whereas hKCNE4S was found to augment
KCNQ4 current (44, 45). These effects were recapitulated
in the present study (Fig. 10A, B). In contrast, hKCNE3L
and hKCNE4L did not affect KCNQ4 current magnitude

Figure 7. hKCNE4L protein expression in
human tissues. A) Western blots showing detec-
tion of ;30-kD band in human kidney and,
faintly, in uterus by using anti-KCNE4L antibody.
A 25-kD band, possibly nonspecific, is also visible
in all tissues tested (top). Western blots showing
detection of ;30-kD band in human kidney,
thymus, and uterus by using anti–KCNE4-CT
antibody (bottom). B) Western blots showing
detection using anti-KCNE4L antibody of;30-kD
band doublet in lysates of CHO cells transfected
with hKCNE4L; band was absent from lysates of
CHO cells transfected with hKCNE4S and from
lysates of nontransfected CHO cells (top).
Western blots showing detection using anti–
KCNE4-CT antibody of ;30-kD band doublet in
lysates of CHO cells transfected with hKCNE4L
and of ;25-kD band doublet in lysates of CHO
cells transfected with hKCNE4S; band was ab-
sent from lysates of nontransfected CHO cells
(bottom).
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(Fig. 10B). hKCNE3S-KCNQ4currents exhibited relatively
higher fractional current at hyperpolarized potentials as
measured in the tail current, but this most likely arises
from linear leak contributing relatively more to the tail
because of the low current amplitude for this subunit
combination (Fig. 10B, C). Of note, hKCNE4S–KCNQ4
channels produced a prominent early current at2120 and
2100 mV, measured immediately after (see arrow in Fig.
10A) switching from holding potential (280 mV). Aside
from hKCNE3S–KCNQ4 channels, the early current–
voltage relationship for KCNQ4 alone or with the KCNEs
tested was essentially linear (Fig. 10D), in contrast to the
outward-rectifying late currentmeasured at the end of the
test pulse (Fig. 10B). The early current deactivates during
the first secondwhen the oocyte is held at2120mV, but it
is evidence that KCNQ4 channels, especially those mod-
ulated by hKCNE4S, are active at the holding potential
and could therefore influence the resting membrane po-
tential of cell types in which they are expressed.

DISCUSSION

TheKCNEproteins are themost highly studied regulatory
b subunits of Kv channels and they have also been shown

to modulate the function of hyperpolarization-activated,
monovalent cation-nonselective channels that provide
pacemaking activity in the heart and brain (46). KCNE2
has even recently been shown to regulate L-type calcium
channels (47). As a family, KCNE proteins are ubiqui-
tously expressed, with coverage between them of most, if
not all, tissues and inboth excitable andnonexcitable cells.
Each KCNE isoform is expressed in multiple human tis-
sues and can regulate multiple types of Kv channel a
subunits, at least in vitro. Indeed, proteins such asKCNE2
can be viewed as master regulators of cellular excitability
because they can modulate so many channel types and
multiple facets of channel biology, for example, gating, traf-
ficking, localization, and even a subunit composition (48).

Whenweoriginally clonedKCNE4byBLAST searching
using residues important for KCNE1 function, we discov-
ered themouseKcne4genebut not the human isoform (22).
Others then cloned the hKCNE4 gene on the basis of the
published mouse sequence (49) and, understandably, did
not expect that the human isoform would be so much
longer than that of the mouse because of an additional
coding exon. In the case of KCNE3, we and others uncov-
ered only the short form of the human gene, againmissing
the exon 1–encoded portion (10, 22). Evolutionarily, it is
extremely interesting that M. musculus lacks the start site

Figure 8. Functional effects of long and short forms of hKCNE3 and hKCNE4 on rKv4.2. A) Exemplar current traces recorded
from Xenopus oocytes expressing rat Kv4.2 alone (n = 36) or with hKCNE3L (E3L; n = 19), hKCNE3S (E3S; n = 16), hKCNE4L
(E4L; n = 19), or hKCNE4S (E4S; n = 10). Voltage-clamp protocol (top right). B) Mean 6 SEM peak current–voltage relationship
for currents and n values are same as in panel A. C) Mean 6 SEM t of fast inactivation (single exponential fit) for currents and
n values are same as in panel A. D) Exemplar current traces recorded from Xenopus oocytes expressing rat Kv4.2 alone (n = 36) or
with hKCNE3L (E3L; n = 15) or KCNE4L (E4L; n = 16) by using steady-state inactivation protocol (left). Tail current time point
used for quantifying available channels indicated by arrow. E) Mean 6 SEM for voltage dependence of steady-state inactivation
(plotted as fraction of channels available at arrow in panel D vs. voltage) for currents and n values are same as in panel D. **P ,

0.01 vs. Kv4.2 alone current at +40 mV; other groups P . 0.05 vs. Kv4.2 alone (B). **P , 0.01 vs. all other groups; other
comparisons P . 0.05 after pairwise analysis by 1-way ANOVA followed by Tukey’s HSD test (C).
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required to generate protein from KCNE4 exon 1, partic-
ularly when other lower animals, such as reptilians, are
predicted to translate the longer form (although I have not
experimentally confirmed this), and the prairie vole,which
exhibits similar heart rate to the house mouse, is also pre-
dicted to express KCNE4L. Strikingly, the chinchilla
KCNE4 sequence even lacks the accepted start methionine
for KCNE4S, according to the NCBI sequence, which
suggests it can only express KCNE4L (Fig. 2B). In the case
of KCNE3, the longer form may be a primate or higher
mammal adaptation; I have thus far only found the shorter
form in genome databases covering nonprimates (Fig. 1
and data not shown), but these searches are by no means
exhaustive. Asmore a-KCNE channel functional pairings
are compared between short and long forms of KCNE3

and KCNE4, the picture may emerge of how the relative
modulatory effects of each isoform shape aspects of
physiology unique to, for example, primates vs. lower
mammals.

KCNE3 is also quite promiscuous and is expressed in
numerous tissues, predominantly the lower gastrointesti-
nal tract but also in human atria (Fig. 3). Native Western
blots offer tantalizing evidence that both KCNE3S and
KCNE3L might be expressed in vivo, perhaps depending
on splice variation. By using primers directed toward
amplifying the region between hKCNE3 exons 1 and 3,
I could only detect transcripts that lacked exon 2, but it is
possible that hKCNE3S is encoded by transcripts that are
generatedby either exons 2 and3, or exon3 alone (i.e.,with
exons 1 and/or 2 spliced out), whichwould not have been

Figure 10. Functional effects of long and short forms
of hKCNE3 and hKCNE4 on KCNQ4. A) Exemplar
current traces recorded from Xenopus oocytes ex-
pressing hKCNQ4 alone (n = 35), or with hKCNE3L
(E3L; n = 16), hKCNE3S (E3S; n = 12), hKCNE4L
(E4L; n = 38), or hKCNE4S (E4S; n = 12). Voltage-
clamp protocol (top right). Zero current level in-
dicated by dashed line. B) Means 6 SEM peak
current–voltage relationship for currents and n
values are same as in panel A. C ) Mean 6 SEM

normalized G/V relationship measured at beginning
of tail pulse for currents and n values are same as in
panel A. D) Mean 6 SEM early current (recorded at
position shown by arrow in panel A) for currents and
n values are same as in panel A; symbols are same as
in panels B and C. *P , 0.05. ***P , 0.0001 vs. early
current at 2120 mV for KCNQ4 alone, other groups
not significantly different from KCNQ1 alone.

Figure 9. Functional effects of long and short
forms of hKCNE3 and hKCNE4 on hKCNQ1. A)
Exemplar current traces recorded from Xenopus
oocytes expressing hKCNQ1 alone (2.5 ng cRNA
per oocyte; n = 17) or with 10 ng cRNA per oocyte
hKCNE3L (E3L; n = 11), hKCNE3S (E3S; n = 10),
hKCNE4L (E4L; n = 11), or hKCNE4S (E4S;
n = 24). Voltage-clamp protocol (top). Zero
current level indicated by dashed line. B)
Mean6 SEM peak current–voltage relationship for
currents and n values are same as in panel A. C)
Mean 6 SEM normalized G/V relationship mea-
sured at beginning of tail pulse for currents and n
values are same as in panel A; symbols are same as
in panel B. KCNQ1-E4S values were omitted
because low currents precluded accurate tail
current measurements. D) Mean 6 SEM peak
current at +40 mV for KCNQ1 (2.5 ng vs. 10 ng
cRNA per oocyte) alone (n = 10–17) or with
coinjection of 10 ng/oocyte KCNE4L (E4L) cRNA
(n = 11). ***P , 0.0005 (B). ***P , 0.00001 (D).
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detected by using my PCR strategy. The short form of
KCNE3 has been reported to modulate KCNQ1, KCNQ4,
KCNQ5, hERG, Kv2.1, Kv3.1, Kv3.2, Kv3.4, Kv4.2, Kv4.3,
and Kv12.2 (21).

Here, in an initial functional screen, the additional
KCNE3 residues found in primates are shown to modify
its effects on rKv4.2,which essentially swaps inhibition for
slowed inactivation (Fig. 8). The longer form of hKCNE3
stronglymodulatedKCNQ1voltagedependence, butwas
unable to inhibit KCNQ4 in contrast to hKCNE3S (Figs. 9
and 10). Thus, long and short forms of hKCNE3 differ in
both their a subunit specificity and in the specific effects
they can have on a particular a subunit that they both
modulate. Analogously, hKCNE4L retained the ability,
like hKCNE4S, to slow rKv4.2 inactivation, but was less
inhibitory to KCNQ1 and lost the capacity to augment
KCNQ4 current (Figs. 8–10). KCNE4 is also quite widely
expressed (Fig. 4) and its previously reportedmodulatory
capacity includes regulation of Kv4.2 and Kv4.3 in-
activationkinetics aswell as inhibitionofKv1.1 (KCNA1),
Kv1.3 (KCNA3),KCNQ1, andeven theCa2+-activatedBK
potassium channel (35, 41, 42, 50). In contrast, KCNE4
augments Kv1.5 (KCNA5) activity in CHO cells and in
native mouse myocytes (32) and also augments, and left-
shifts the voltage dependence of activation of, KCNQ4 in
vitro and in ratmesenteric artery smoothmuscle cells (45).
Future studieswill bedirected towarda fuller comparison
of the functional effects of the long forms vs. the short
forms of hKCNE3 and hKCNE4 upon their full repertoire
ofa subunit partners, including the possibility that longer
forms may be able to regulate a subunits that the short
forms cannot.

Sequence variants in hKCNE3 and hKCNE4 genes
are associated with inherited cardiac arrhythmias. In
particular, it will be of interest to determine whether the
functional effects of nonsynonymous point mutations al-
tering the sequence of the KCNE3 extracellular segment,
which are associated with Brugada syndrome/Long
QT syndrome (hKCNE4S-T4A) and atrial fibrillation
(hKCNE4S-V17M and R53H) (24–26), are altered by the
novel segment introduced nearby into the extended
N-terminal region of hKCNE3L. In the case of hKCNE4,
a single variant in the intracellular segment (KCNE4S-
E145D) is associated with increased incidence of atrial
fibrillation (29, 30), the functional implications of which
could also conceivably be affected by the longer extra-
cellular region of hKCNE4L, if it, for example, mediates
altered partnering capabilities or allosteric effects. Dis-
covery of the newportions of hKCNE3andhKCNE4also
may suggest re-evaluation of previous genetic screens in
cases inwhich exon 1was not examined or inwhich exon
1 nucleotide sequence variants were identified but not
published because theywere not considered to liewithin
the coding region.

Finally, discovery of extended forms of hKCNE3 and
hKCNE4 proteins opens up the possibility of variable iso-
forms of these 2 proteins in vivo, depending on splice var-
iation, whichwould add yet another level of complexity to
this fascinating gene family, and is something to be ex-
amined more fully in future work. Previously discovered
KCNE1 and KCNE3 splice variants were not considered to

alter protein sequence but, rather, the UTRs (36). A thor-
ough examination of KCNE1, KCNE2, and KCNE5 in ge-
nome databases during the present analysis did not reveal
predicted longer forms of these proteins, but to be abso-
lutely certain, a comprehensive analysis of all possible tis-
sues will be required.
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