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HERG (human eag-related gene) encodes an inward-
rectifier potassium channel formed by the assembly of
four subunits. Since the truncated HERG protein in pa-
tients with long QT syndrome induces a dominant phe-
notype, that is, cardiac sudden death, the assembly of
nonfunctional complexes between wild-type and mu-
tated subunits was implicated in causing the disease. To
understand HERG-mediated cardiac sudden death at
the molecular level, it is important to determine which
regions in the HERG protein participate in subunit in-
teraction. We therefore report the identification of a
subunit interaction domain, NABHERG, that is localized
at the hydrophilic cytoplasmic N terminus and can form
a tetramer in the absence of the rest of the HERG pro-
tein. TruncatedHERG proteins containing NABHERG, in-
cluding one that resulted from the D1261 human muta-
tion, inhibit the functional expression of the HERG
channel in transfected cells. Together, these results sup-
port the notion that the expression of HERG in the hu-
man heart may be decreased in the presence of the trun-
cated subunit. Such a decrease of potassium channel
expression can contribute to the longer QT intervals
observed in the patients with the HERG mutation.

Human eag-related gene (HERG) was first cloned on the
basis of its homology to the Drosophila ether a go-go (eag)
channel (1), a member of the eag potassium (K1) channel
family. This group of proteins contains six putative transmem-
brane segments that are flanked by the cytoplasmic N-terminal
and C-terminal domains (2, 3). Despite its overall topological
similarity to the eag and Shaker-like outward K1 channels,

electrophysiological studies have shown that HERG subunits
form inward-rectifier K1 channels (4, 5), which are generally
made up of a different class of K1 channel subunits with only
two transmembrane segments (6). In contrast to the Shaker-
like channels, little is known about the region or regions that
mediate the subunit assembly for either eag or inward-rectifier
K1 channels.
Recently,HERGmutations were found in patients with chro-

mosome 7-linked long QT syndrome, and it was proposed that
the HERG dysfunctions caused cardiac arrhythmia (7). Be-
cause the biophysical properties of the HERG channel ex-
pressed in Xenopus oocytes resemble a well-characterized, rap-
idly activating, delayed-rectifier K1 current (also called IKr)
found in cardiac myocytes (8), HERG probably encodes sub-
units of cardiac IKr channels. Since a decrease in IKr current
could induce the longer interval typical of that seen in patients
with long QT syndrome, it was proposed that the dominant
disease phenotype could result, at least in part, from the non-
functional subunit assembly of the mutated HERG protein
with its compatible functional subunits (9). Thus, identifying
the region or regions in the HERG protein involved in subunit
interaction may help us understand the cause of chromosome
7-linked long QT syndrome at the molecular level.

EXPERIMENTAL PROCEDURES

Vector Construction—Expression of the glutathione S-transferase
(GST)1 fusion protein was carried out using pGEX-4T2 vector (Pharma-
cia Biotech Inc.). Vectors in which exogenous gene expression was
driven by human cytomegalovirus (CMV) immediate early promoter
were used to carry out all transient transfection experiments, and
standard recombinant DNA techniques (10, 11) were used for plasmid
vector construction. The vectors that express partial cDNA fragments
were constructed by the high fidelity polymerase chain reaction cloning
strategy that we have previously described (12). The NABHERG coding
sequence was obtained by using ML1095 (GGGTCGACAATGCCGGT-
GCGGAGG) and ML1129 (CAGGCGGCCGCCTACTTCTCCATCAC-
CACC) primers. The coding sequence for N-Herg was obtained by using
ML1103 (CAGGAATTCCTCAGGATGCCGGTGC) and ML1104 (CAG-
GAATTCGTGGATGCGCGGTGC) primers.
The CMV promoter in the pRc/CMV vector (Invitrogen) was used to

express cDNAs encoding the N-terminal domain of HERG (or N-Herg)
and D1261. In the N-Herg expression vector, 12CA5 monoclonal epitope
(PYDVPDYASL) was fused to the C terminus, while for D1261, 12CA5
monoclonal epitope was added to the N terminus. The expression vector
for intact HERG was constructed by first releasing the HERG full-
length cDNA from pSP64.HERG (from Dr. Mark Keating, University of
Utah) (7, 8) with HindIII and EcoRI restriction enzymes. The cDNA
fragment was then subcloned into the pRc/CMV vector (Invitrogen).
Construction of the D1261 Mutation—The D1261 mutation was con-

structed by a polymerase chain reaction-based mutagenesis strategy.
The HERG coding sequence was amplified by 59-ML1124 and 39-
ML1125 primers. The 39-primer (CAGGGATCCTCAGCAGGAAGG-
CAGCCGAGTAGGGTGTGAAGACAGCCGGTAGATGACCAGC) con-
tains a single-base deletion at a position corresponding to position 1261
in HERG. Thus, the resultant fragment encodes a protein with an
amino acid sequence equivalent to that of D1261.
Fusion Protein Expression and Purification—Fusion proteins and

thrombin cleavage were obtained by standard protocol for GST fusions
provided by manufacturer (Pharmacia Biotech Inc).
Gel Filtration Chromatography—Protein in 0.5 M NaCl was sepa-

rated by FPLC on Superdex-200 in a running buffer containing 20 mM

HEPES pH 7.5, 500 mM NaCl, 2 mM EDTA, 1 mM 2-mercaptoethanol,
and 0.5 mM phenylmethylsulfonyl fluoride. In a typical separation, 100

* This work was supported in part by grants from the National
Institutes of Health, the Council for Tobacco Research-U.S.A., Inc., and
a grant-in-aid from the American Heart Association (to M. L.). The costs
of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate this
fact.
§ Neuroscience Fellow of the Alfred P. Sloan Foundation and the

Esther A. & Joseph Klingenstein Fund. To whom correspondence
should be addressed: Dept. of Physiology, The Johns Hopkins Univer-
sity School of Medicine, 725 N. Wolfe St., WBSB 216, Baltimore, MD
21205. Tel.: 410-614-3692; Fax: 410-614-1001; E-mail: min_li@
qmail.bs.jhu.edu.

1 The abbreviations used are: GST, glutathione S-transferase; CMV,
cytomegalovirus; FPLC, fast performance liquid chromatography;
PAGE, polyacrylamide gel electrophoresis.

Communication
THE JOURNAL OF BIOLOGICAL CHEMISTRY

Vol. 272, No. 2, Issue of January 10, pp. 705–708, 1997
© 1997 by The American Society for Biochemistry and Molecular Biology, Inc.

Printed in U.S.A.

This paper is available on line at http://www-jbc.stanford.edu/jbc/ 705



mg of protein in 200 ml of running buffer was loaded. The column was
developed at a flow rate of 0.5 ml/fraction/min.
Chemical Cross-linking—Purified fusion protein in a buffer contain-

ing 20 mM HEPES pH 7.5, 100 mM KCl, 2 mM EDTA, and 1 mM

2-mercaptoethanol was subjected to chemical cross-linking experiments
using glutaraldehyde. The reaction was initiated by mixing an identical
amount of protein (1 mg in 20 ml) with a stock solution of glutaraldehyde
to a final concentration of 0.005% to 1%. After a 1-h incubation at room
temperature, the reaction was quenched by adding 1 volume of 1 M

glycine. The resultant protein preparations were separated by poly-
acrylamide gel electrophoresis with sodium dodecyl sulfate (SDS-
PAGE) according to standard procedures.
Tissue Culture, Transfection, and Immunoblotting—The expression

and immunoblot analysis were performed according to published
protocols (13, 14).
Whole-cell Patch Clamp Recording—Whole-cell recordings were car-

ried out according to a published protocol (5, 14, 15). A typical pulse
protocol was designed according to the work of Smith et al. (5). After the
gigaohm seal was achieved, the cell was first held at 277 mV, and the
holding voltage was then jumped from this potential up to a long
depolarizing potential of 113 mV for 600 ms, followed by decreasing
test potentials from 257 mV to 2137 mV at 20-mV increments. Current
data were filtered at 1 kHz, digitized at 100-ms intervals, and stored in
a computer (Dell 486/33) for later analysis. After basal leak current was
subtracted, data were transferred to SigmaPlot (Jandel Scientific Soft-
ware) for final analysis. The current density was then calculated from
the capacitance of the recorded cells and the peak amplitude at
2117 mV.

RESULTS AND DISCUSSION

One mutation found in patients with chromosome 7-linked
long QT syndrome is a single-base deletion at 1261 (D1261),
which introduces a frameshift at amino acid 421 of HERG (7).
The resultant protein contains the first 420 amino acids of
HERG (mostly its N-terminal hydrophilic domain), followed by
a peptide of RLSSHPTRLPSC. The protein is truncated at
amino acid position 432 because of a stop codon. In a heterozy-
gotic patient, this mutation resulted in a dominant phenotype
of cardiac sudden death (7). One possible cellular mechanism
for this phenomenon is that the truncated D1261 protein might
associate with the intact subunit to alter the expression or
properties of the wild-type subunit. If this is the case, it is likely
that there is an embedded region or regions in the D1261
protein for subunit interaction. Amino acid comparison of
HERG and other eag-related genes has revealed significant
homology, including a stretch within the N-terminal region (1).
This conserved region, which we called NABHERG, corresponds
to amino acids 1 to 135 in HERG.
Since topologically comparable regions in the Shaker-like K1

channels are involved in subunit assembly (12), it would be
interesting to test whether this region is involved in subunit
interaction as well. We expressed this coding fragment as a
GST fusion protein in Escherichia coli. This fusion protein,
with an apparent molecular weight of 39,700 (consistent with
the predicted size), was affinity-purified on glutathione-Sepha-
rose beads (Fig. 1A, lane 2). Since the GST portion and the
conserved domain (NABHERG) are linked by a peptide contain-
ing a cleavage site for a sequence-specific proteinase, thrombin,
the purified protein was digested with thrombin to yield two
polypeptides (29.7 and 12.8 kDa) corresponding to the GST
protein and NABHERG (Fig. 1A, lane 3). The thrombin digestion
of this fusion protein was highly specific, since prolonged incu-
bation with enzyme yielded no additional proteolytic species
(Fig. 1A, lanes 3–6), and mock digestion revealed no detectable
protein degradation (Fig. 1A, lane 7).
If the conserved HERG region is involved in subunit inter-

action, it may be sufficient to form oligomers in the absence of
the rest of the protein, similar to other subunit assembly do-
mains of Kv1 to Kv4 subfamilies of Shaker-like channels (17).
To test this hypothesis, we separated the GST-NABHERG on a
Superdex-200 gel filtration column by FPLC and developed the

column under high-salt conditions (0.5 M NaCl) to reduce non-
specific hydrophilic protein-protein interactions. The A280 chro-
matogram revealed a major peak corresponding to the Stoke’s
radius of a 160-kDa globular protein (Fig. 1B, open circles).
When protein in each fraction was separated by SDS-PAGE
followed by silver staining, the major peak was indeed the
purified GST-NABHERG protein (39.7 kDa). This result indi-
cates that GST-NABHERG is an oligomer.
Since the GST portion of the fusion protein may contribute to

the protein-protein interaction, we performed similar experi-
ments using pure NABHERG protein (12.8 kDa) after purifica-
tion on a Mono Q column (Fig. 1A, lane 8; also see “Experimen-
tal Procedures”). The A280 chromatogram of the Superdex-200
separation showed only a single NABHERG protein peak corre-
sponding to a globular protein with a molecular weight of
40,000 (Fig. 1B, closed circles). Thus, oligomer formation is
mediated by NABHERG.
The uniform migration profile of GST-NABHERG and

NABHERG in the gel filtration column (Fig. 1B) supports the
hypothesis that oligomers were formed via these specific inter-
actions. Since both Shaker-like K1 channels and inward-
rectifier K1 channels are tetramers (18–20), it is likely that the
HERG homomultimeric channel also contains four subunits. To

FIG. 1. Purified NABHERG proteins are oligomers. A, expression
and purification of NABHERG. The GST-NABHERG fusion protein pro-
duced in E. coli was affinity-purified and digested with thrombin (see
“Experimental Procedures”). The resultant polypeptides (about 0.5 mg
per lane) were separated by polyacrylamide gel electrophoresis with
SDS-PAGE (15% for lanes 1–7, 12.5% for lane 8) and visualized by
Coomassie stain. Lanes 1 and 2 are prestained protein molecular weight
markers (Bio-Rad) and purified GST-NABHERG. The GST-NABHERG
fusion protein was treated with thrombin for 30 min (lane 3), 1 h (lane
4), 2 h (lane 5), and 4 h (lane 6). Lane 7 shows a 4-h mock digestion (with
no thrombin added). To purify NABHERG, the digested GST-NABHERG
was separated by fast-performance liquid chromatography (FPLC) on a
Mono Q column. The purified NABHERG is shown in lane 8. B, gel
filtration fractionation of GST-NABHERG and NABHERG. Superdex-200
was used to separate the purified fusion protein, and A280 profiles are
shown. Open circles, GST-NABHERG; closed circles, NABHERG. Protein
standards (in kDa) are thyroglobulin (670), bovine g-globulin (158),
chicken ovalbumin (44), equine myoglobulin (17.5), and vitamin B12
(1.35). Their migration positions on Superdex-200 are marked by
arrows.
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test whether the oligomers observed in gel filtration analysis
are tetramers, we used either purified GST-NABHERG or
NABHERG protein to perform chemical cross-linking experi-
ments. Fig. 2A shows SDS-PAGE analysis of the GST-
NABHERG protein (39.7 kDa) after incubation with different
concentrations of glutaraldehyde (see “Experimental Proce-
dures”). As the concentration was increased, two discrete ad-
ditional protein species, with apparent molecular masses of
80.5 and 150 kDa (which agree with the sizes of dimers and
tetramers), were detected. Similarly, when NABHERG (12.8
kDa) was subjected to the same analysis, we observed addi-
tional polypeptides with higher molecular masses of 23.1 and
44.9 kDa, which correspond to the sizes of dimers and tetram-
ers (Fig. 2B). Taken together, these results showed that oligo-
meric NABHERG is a tetramer.
A region involved in subunit interaction may participate in

several cellular processes including but not limited to subunit
assembly. Depending on the detailed assembly pathway of a
specific oligomeric protein, coexpression of a truncated form
together with its intact subunit or subunits can result in inhi-
bition of the expression of functional oligomers to different
degrees, since the truncated protein can compete for subunit
interaction. This dominant suppression in channel expression
has been observed in transiently transfected cells that express
the Shaker-like K1 channels and the acetylcholine receptor
(21, 22). Since sequence data indicate that the human D1261
mutation results in a truncated N-terminal domain of the
HERG subunit, it would be particularly interesting to test
whether this truncated protein containing NABHERG is capable
of inhibiting the functional expression of HERG.
We expressed HERG in COS cells using conventional tran-

sient transfection procedures, and a whole-cell voltage clamp
was used to record the characteristic current induced byHERG

(4, 5). The HERG channel was expressed alone or in the pres-
ence of either the N-terminal domain of HERG (N-Herg, amino
acids 1 to 396) or D1261 (see “Experimental Procedures” for
detailed amino acid positions). Within each group, we recorded
from more than 29 transfected cells that expressed HERG
currents. Consistent with previous results obtained in Xenopus
oocytes, the electrophysiological properties of HERG channels
showed no detectable changes in the presence or absence of
truncated proteins (Fig. 3, A–D) (9).
When the current density within each group was determined

and plotted against the number of cells in the percentage of
cells, we found that either N-Herg or D1261 shifts the overall
distribution of current density to a lower level (Fig. 3, E–H).
The current densities for these three groups are 42.7 6 4.95
pA/pF (mean 6 S.E., n 5 33) for HERG 1 control plasmid,
29.1 6 4.99 pA/pF (mean 6 S.E., n 5 29) for HERG 1 D1261,
and 22.5 6 3.54 pA/pF (mean 6 S.E., n 5 29) for HERG 1
N-Herg. Although transfection efficiency can vary by experi-
ment, the distribution of current density among cells positive

FIG. 2. Tetrameric complexes of HERG proteins as shown by
chemical cross-linking. GST-NABHERG (A) and NABHERG (B) pro-
teins were separated by polyacrylamide gel electrophoresis with sodium
dodecyl sulfate after incubation with glutaraldehyde at the following
concentrations: 1, 0.005%; 2, 0.01%; 3, 0.02%; 4, 0.04%; 5, 0.08%; 6,
0.1%; 7, 0.2%; 8, 0.4%; 9, 0.8%. Calculated molecular masses are
marked on the right (in kDa). GST-NABHERG (A) and NABHERG (B)
proteins were visualized by Coomassie stain and silver stain,
respectively.

FIG. 3. Decrease of functional HERG expression by either N-
Herg or D1261. Potassium current traces were recorded from COS
cells that were transfected with four combinations of plasmids: HERG
(5 mg) 1 control plasmid (15 mg) (panel A, n 5 33), HERG (5 mg) 1
N-Herg (15 mg) (panel B, n 5 29), HERG (5 mg) 1 D1261 (15 mg) (panel
C, n 5 29), and HERG (5 mg) 1 DKvb2-(39–316) (15 mg) (panel D, n 5
28). One representative trace per group is shown. The test protocols are
indicated at the bottom (panel E). Bars, 1000 pA and 200 ms. The
current density for each recorded cell was calculated on the basis of the
capacitance and the peak current (pA/pF) at 2117 mV from the holding
potential of 113 mV. Panels F–I are plots of current density (horizontal
axis) versus percentage of cells (vertical axis). The expression of N-Herg
(lane 1), D1261 (lane 2), and DKvb2-(39–316) (lane 3) was determined
by immunoblot (panel J) using a monoclonal antibody 12CA5 (14). The
expression of D1261 was low and not detectable.
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for HERG current is relatively consistent between different
experiments. The decrease of current density is not a result of
alteration of cell surface area, since there is no significant
difference in capacitance among the three groups. Therefore,
both N-Herg and D1261 containing NABHERG do inhibit the
expression of HERG (p , 0.05 for D1261 and p , 0.001 for
N-Herg), presumably by competing for the functional subunit
assembly ofHERG channels. The decrease of current density of
HERG channels could also result from nonselective inhibition
by the NH2-terminal domain of HERG. To test this, we ex-
pressed HERG with DKvb2-(39–316), a truncated Kvb2 sub-
unit of Shaker-like potassium channel. Although the protein
level of DKvb2-(39–316) is comparable to that of N-Herg and
higher than that of D1261, DKvb2-(39–316) did not inhibit the
expression of HERG (Fig. 3, J and I). To determine whether
N-Herg and D1261 could nonspecifically inhibit surface expres-
sion of a membrane protein, we expressed membrane-bound
CD4 (a T-cell surface antigen) with N-Herg. Using fluorescence-
activated cell sorting, we found comparable CD4 surface ex-
pression in the presence or absence of N-Herg (data not shown).
Taken together, these results support the idea that NABHERG
plays a role in the subunit assembly of HERG channels. The
decrease of current density by D1261 seen in the transfected
cells may help explain the longer QT intervals seen in patients
with the HERG mutations.
The Shaker-like K1 channels and the HERG channels are

clearly distinct classes of K1 channels in terms of both amino
acid sequence and electrophysiological properties. Although
the region or regions that mediate subunit assembly of either
eag or eag-related channels are not known, it has been shown
that the N-terminal domains of Shaker-like channels play crit-
ical roles in specifying the formation of heteromultimers (12).
Systematic analysis of subunit interaction of the four major
subfamilies (Kv1 to Kv4) of Shaker-like K1 channels has re-
vealed the conserved motifs (NABKv1 to NABKv4) for the sub-
family-specific interaction (17). Despite no detectable homology
between NABHERG and that of Shaker-like K1 channels, the
ability of NABHERG to form tetramers suggests remarkable
similarity of assembly-domain arrangement between Shaker-
like K1 and HERG channels. Given that NABHERG has consid-
erable homology to comparable regions in eag and eag-like
potassium (elk) channels (1), it would be interesting to see
whether these regions play a role in the subunit interaction of
the corresponding channels.
The decrease in K1 current density caused by either N-Herg

or D1261 supports the notion that NABHERG participates in
subunit assembly. One interesting question is why we did not
observe a more dramatic decrease in current density. Several
mechanisms may contribute to this apparent low-potency inhi-
bition. From previous studies of Shaker-like K1 channels and
acetylcholine receptor, it is known that, in transfected cells,
truncated subunits without transmembrane segments have
much lower potency in suppressing functional channel expres-
sion than those with such segments (22). Since truncated frag-
ments without membrane-spanning segments are more likely
to be cytoplasmically soluble and non-membrane-bound, this
difference was generally attributed to the potential difference
in their targeting. In addition, both immunocytochemistry and
immunoblot analyses have shown that D1261 expressed con-
siderably less than N-Herg (Fig. 3J); yet D1261 and N-Herg in
our assays have similar inhibition potency.

How could a mutated HERG subunit alter the channel ac-
tivity in cardiac tissue to cause disease? A systematic approach
to address this question would be to identify and examine all
potential perturbations, including both loss and gain of a func-
tion, caused by the mutation. Perhaps a combination of
changes alters certain aspects of cardiac function, which in
concert contribute to cardiac sudden death. The effects of the
D1261 mutant on HERG channel expression have previously
been examined in a Xenopus oocyte system, and no suppression
of channel expression was detected (9). It would be interesting
to try to determine what accounts for the difference in expres-
sion between the mRNA-injected oocytes and the DNA-trans-
fected mammalian tissue culture cells. Further, previous evi-
dence has suggested that additional factors help define the IKr,
since theHERG channel expressed in oocytes does not have the
same pharmacological properties as IKr does. One interesting
example is the N-methyl-D-aspartate receptor R1 (NR1), which
by itself is capable of forming a functional glutamate receptor
channel, with kinetic and pharmacological properties similar to
those of native channels (23). However, more detailed molecu-
lar and biochemical analysis has revealed that the native N-
methyl-D-aspartate receptors are in fact mostly heteromultim-
ers of NR1, NR1 splice variants, and various NR2 subunits (24,
25). Thus, future biochemical analysis of the native HERG
channel is essential to our understanding of the HERG func-
tion in the human heart.
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