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Abstract. HERG Ccg,gjac, @ C-terminal splice variant
of the human ether-a-go-go-related gene (HERG A),
was identified and found to be 100% homologous to
HERGyso. Real-time polymerase chain reaction
data indicated that in the human heart HERG
Ccardiac MRNA was expressed eight times more than
HERG A, whereas in human ventricular tissue it was
expressed six times more than HERG A. A HERG
Ccardiac-green fluorescence protein (GFP) construct
was heterologously expressed in Xenopus oocytes.
Confocal micrographs revealed that HERG Ccygiac
was mainly expressed in the plasma membrane.
HERG Ccargiac channel expressed in oocytes pro-
duced slower inactivating outward currents and faster
deactivating tail currents than those of HERG A
channel. Equal amounts of HERG A and HERG
Ccardiac  ¢RNA coinjected into oocytes formed
intermediate HERG A + HERG Cc,giac hetero-
multimers, which was reconfirmed by immunopre-
cipitation experiments with a HERG A N-terminal
antibody. These heteromultimers had different inac-
tivation, deactivation and activation kinetics from
those of HERG A and HERG Cc,4jac channels.
HERG A + HERG Cc,gjac heteromultimers sig-
nificantly reduced the model action potential mean
amplitude and increased the fast and slow inactiva-
tion t values of the action potential repolarization
phase, suggesting involvement of HERG A and
HERG Ccypgiac heteromultimers in modulation of the
refractory interval.
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Introduction

The human ether-a-go-go-related gene HERG
(HERG A) encodes a K channel that is essential for
normal repolarization of the cardiac action potential.
HERG A was originally cloned from a human
hippocampal ¢cDNA library by homology to the
Drosophila K* channel gene eag (Warmke & Gan-
etzky, 1994). HERG A, as well as its isoforms, en-
codes a component of rapidly activating delayed
rectifier K current, cardiac Ik, (Sanguinetti et al.,
1995; Trudeau et al., 1995; Jones et al., 2004), and is
critical for the maintenance of normal rhythmicity in
the human heart (Curran et al., 1995). HERG A has
electrophysiological properties similar, but not iden-
tical, to Ik, (Sanguinetti et al., 1995). The time con-
stants of activation and deactivation of HERG A are
four to 10 times slower than native Ik, when ex-
pressed in guinea pig and mouse cardiac myocytes
(Sanguinetti & Jurkiewicz, 1990). These observed
differences in Ik, kinetics suggested the existence of
HERG isoforms in the human heart (Pond & Ner-
bonne, 2001).

Two N-terminal isoforms of mouse ERG
(MERG 1a and 1b) have been identified and cloned
(London et al., 1997). Subsequently, human cardiac
isoforms of HERG A were identified (London et al.,
1998). The putative isoform HERG B lacks the first
376 amino acids of HERG A and has an alternate
36-amino acid N-terminal end (32/36 identical to
those in MERG 1b). Moreover, London et al. (1998)
identified a C-terminal isoform of HERG A, HERG
C, from a human infant brain expressed sequence tag
(EST) library. Northern blot analysis using isoform—
specific probes showed that HERG A was expressed
at high levels in heart and moderate levels in smooth
muscle and brain, HERG B was expressed at low
levels in heart and in smooth muscle, HERG C was
expressed at high levels in heart and at low levels in
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smooth muscle and brain, and HERG BC (isoform
with both alternate 5" and 3’ ends) was expressed at
moderate levels in smooth muscle and at low levels in
brain (London et al., 1998). Subsequently, HERG
smooth muscle isoform (HERG BC) was cloned
(Shoeb, Malykhina & Akbarali, 2003). A human
cardiac isoform of HERG A (HERG C) was con-
structed and named HERGyso (Kupershmidt et al.,
1998). Expression of HERGygo channels in Ltk™
cells resulted in nonfunctional channels; however,
when coexpressed with HERG A, they were shown to
coassemble. Kupershmidt et al. (1998) suggested this
isoform might possess a cell-trafficking problem in
Ltk cells. They related this trafficking problem to the
lack of a 104-amino acid sequence after the cyclic
nucleotide binding domain. In contrast, HERGyso
was demonstrated to be expressed in human jejunum
together with HERG and suggested to play a fun-
damental role in the control of motility patterns in
human jejunum through an ability to modulate the
electrical behavior of smooth muscle cells (Farrelly
et al., 2003). Additionally, HERG C-terminal dele-
tion constructs lacking 104 amino acids formed
functional channels when expressed in Xenopus
oocytes (Aydar & Palmer, 2001). These data later
were explained in relation to an endoplasmic reticu-
lum retention sequence in the HERG C terminus
(Kupershmidt et al., 2002).

In the present study, we aimed (1) to determine
the functional expression of a HERG C-terminal
isoform, HERG Cc,rgjae, In Xenopus laevis oocytes,
which we constructed from a clone obtained from a
human infant brain EST library and which is
shown to be abundant in human heart; (2) to dis-
tinguish the localization of this isoform in Xenopus
oocytes; (3) to discover whether this variant is
molecularly and functionally associated with
HERG A; and (4) to determine the importance of
this association in relation to regulation of the
action potential (AP).

Materials and Methods

PrasmMIiD CONSTRUCTION

HERG A was constructed by restriction digest of pGH19-HERG
A with Bg/lIl and EcoRI and separation of the DNA fragments by
DNA gel electrophoresis and purification of the pGHI9-HERG
fragment using Qiagen (Valencia, CA) spin columns. Subse-
quently, HERG Ccgurgiac ¢CDNA plasmid obtained from Image
consortium (EST name yg88f08.s1) was also digested with Bg/ll
and EcoRI, and the DNA fragment encoding the C-terminal
portion of this HERG Ccypgiac isoform was ligated into the
pGHI19-HERG fragment by mixing equimolar amounts in a
ligation mixture (Promega, Madison, WI) containing DNA at
room temperature overnight. The ligation was transformed into
XL1-Blue cells, spread onto LB-Ampicillin plates and incubated
at 37°C overnight. The resulting colonies were screened by poly-
merase chain reaction (PCR) using HERG Cc,giac-specific
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primers (see below), and positive colonies were amplified to create
plasmid minipreparations (Qiagen) and subsequently sequenced
using pGH19 vector and HERG A-specific primers (see below). A
pGH19-HERG Ccygiac-GFP construct was prepared by PCR
amplification of HERG Ccygiac from the above construct using
the following primers: 5- gggggatccatgeeggtecggaggggccacg-3
and 5’-ggggaattcctttaaggaagcaaaaagtg-3’ (the latter removed the
stop codon from the sequence and added an EcoRI site to the 3
end of the HERG Ccyrgiac sequence). This PCR fragment was
ligated into a pGH19 vector which contained a GFP gene inserted
into the Hindlll/EcoRI sites of this vector such that the GFP was
fused in frame with the C terminus of HERG Cc, gjac. The DNA
sequence of this construct was confirmed by DNA sequencing.

REeAL-TIME PCR

HERG mRNA was quantified by real-time PCR. Human total
heart and ventricle tissue cDNA was purchased from Biochain
(Hayward, CA). Real-time PCR was performed on a DNA Engine
Opticon 2 machine (GRI, UK) with Opticon Monitor software.
PCR with SYBR® Green PCR Master Mix (Finnzymes, Espoo,
Finland) was performed under the following conditions: 95°C for
30 s, 60°C for 15 s and 72°C for 30 s for 40 cycles. The cycles were
preceded by heating for 5 min at 95°C, and following cycle com-
pletion, the reactions were incubated for 5 min at 72°C. The
primers were as follows: HERG A (sense) 5’-tgcaggcagtcccaggtee-
3’, HERG-A (antisense) 5-agaagtggtcggagaactca-3’ and HERG
Ccardiac (antisense) 5’-tgcaggcagtcccaggtec-3’. Melting curves and
agarose gel electrophoresis were performed to verify the specificity
of the product. As variations in cDNA quality within the different
samples could occur, B-actin was included as an internal control:
(sense) 5’-agcctegectttgecga-3’, (antisense) 5'-ctggtgectggggcg-3”. By
subtracting the B-actin threshold (C,) value from the HERG C;
value of each sample, the cDNA quality of each sample is taken
into account. The relative quantification of the mRNA levels in
each individual sample was calculated according to the model of
Pfaffl (2001). For each primer set, a standard curve was made and
the slope factor calculated. The corresponding real-time PCR effi-
ciency (E) of one cycle in the exponential phase was calculated
according to the equation £ = 10(—1/slope). The relative HERG
isoform ratio (R) was calculated according to the equation R = E
C; (control - sample), normalized against the highest individual C;
value obtained for five repeats. A mean was calculated from five
normalized repeats, and the standard error of the mean was calcu-
lated using one-way analysis of variance (ANOVA), with signifi-
cance expressed as detailed below.

ANTIBODIES

An antibody specific to the N-terminus of HERG A (HERG-N)
was kindly provided by Jeanne Nerbonne (Washington University,
St. Louis, MO) and Amber Pond (Purdue University, W. Lafay-
ette, IN) (Pond & Nerbonne, 2001). An antibody specific to the C
terminus of HERG (HERG-C) was obtained from Alomone Labs
(APC-062; Jerusalem, Isracl). The HERG-N antibody binds to
both HERG A and HERG Cc,qj.c proteins, whereas the HERG-C
antibody specifically binds to HERG A only.

ComMMUNOPRECIPITATION OF HERG A ano HERG

CC/\RDI/\C

Protein extracts were prepared from 20 HERG A/HERG Ccargiac
mRNA coinjected oocytes by extraction in 1 ml of radioimmuno-
precipitation assay (RIPA) buffer (0.5% [v/v] Nonidet P-40, 150
mm NaCl, 1 mm ethylenediaminetetraacetic acid [EDTA], 50 mm
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Tris-HCI [pH 7.5]) with proteinase inhibitors (Roche, Indianapolis,
IN) with 200 pl (v/v) of glass beads (0.4 pm). The oocytes were
disrupted by 10 cycles of vortexing (30 s vortex/30 s on ice) at 4°C.
The detergent extract was clarified by centrifugation at 600 x g for
10 min at 4°C. To 100 pg of detergent-extracted protein in 500 pl
of RIPA buffer, 0.5 pg of HERG-C antibody (Alomone Labs) was
added. This mixture was rotated overnight at 4°C. Subsequently,
200 pl of protein A sepharose beads (50/50 suspension) in RIPA
buffer was added and the mixture rotated overnight at 4°C. Im-
mune complexes were washed three times with RIPA buffer using
spin columns (Pierce, Rockford, IL) at 600 x g for 1 min. Finally,
immune complexes were eluted from the beads in the spin column
using 50 pl of sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer for 5 min, followed by a final
spin as above. The eluates were stored at —80°C. The eluates and
total detergent extract were separated on SDS-PAGE gels and
Western-blotted to nitrocellulose membrane. Equal transfer of
proteins to the membrane was confirmed by Ponceau red staining.
The membranes were probed with an antibody specific to the
N terminus of the HERG A protein (HERG-N, | pg/ml working
concentration) and secondary detection with anti-rabbit immuno-
globulin G horseradish peroxidase and subsequent detection with
an enhanced chemiluminescence kit (Amersham, Arlington
Heights, IL). In all immunoprecipitation (IP) experiments, cell
lysates were precipitated with a HERG A C-terminus-specific
antibody and immunoblotted with a HERG N-terminal antibody
unless otherwise mentioned.

CoNFocAL MicroscoPy OF XENOPUS QOCYTES
INJECTED WITH HERG Cearpiac

Confocal microscopy was performed on a Bio-Rad (Richmond, CA)
MRC 1024 confocal laser scanning microscope using a x 20 objec-
tive. GFP fluorescence was selected with the prescribed optical
methods of this microscope. All images were recorded at the same
settings of laser power and photomultiplier sensitivity (30% laser, no
low signal). Images were processed with Adobe Photoshop (Adobe
Systems, Mountain View, CA), with identical values for contrast
and brightness. Analysis was performed with Leica (Deerfield, IL)
confocal software. Fluorescence was quantified using a line profile
analysis on 10 oocytes and appeared to be similar in 95% of cells.

PREPARATION OF OOCYTES AND CRNA SYNTHESIS AND
INJECTION

X. laevis was anesthetized by immersion in 0.2% 3-aminobenzoic
acid ethyl ester (Sigma-Aldrich, Poole, UK). Animals were then
killed by cervical dislocation, and oocytes were removed from the
ovaries. The follicular membranes were removed following colla-
genase treatment (collagenase B; Boehringer-Mannheim, Mann-
heim, Germany) and, in some cases, by an osmotic shock
procedure (Pajor, Hirayama & Wright, 1992). cRNA was synthe-
sized from linearized template using the mMESSAGE mMachine
kit (Ambion, Austin, TX). cRNA was diluted in Rnase-free water
at different ratios to give upon expression an optimal 2-10 pA of
outward current. Since the ratio of protein levels of the HERG A
and HERG Ccypgiac isoform are not known due to the absence of a
specific antibody to the HERG Cc,giac isoform, we decided to
coexpress the HERG A and HERG Ccg,qgiac 1soform at a 1:1 ratio.
All recordings were made after 3 days of incubation. Oocytes were
cultured at 18°C in storage solution (96 mm NaCl, 2 mm KCI, 1 mm
MgCl,, 1.8 mm CaCl,, 5 mm 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid [HEPES], supplemented with 10 pg/ml genta-
micin and 1 mg/ml BSA [pH 7.4)).
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CURRENT RECORDING AND DATA ANALYSIS

Currents were recorded using a two-electrode voltage clamp (OC-
725C; Warner Equipment, Hamden, CT) and pClamp 9.0 software
(Axon Instruments, Foster City, CA). pClamp and Origin 6.1
(Microcal Software, Northampton, MA)were used for data anal-
ysis and plotting. The electrode resistance was 0.5-1 MQ in 2 m
KCI. The holding potential was —80 mV, and all recordings were
done at room temperature, roughly 25°C. Data were routinely
discarded if the leak exceeded 10% of the maximum conductance of
the expressed currents, but for all the data in this study, the leak
currents seen with steps from —80 to —100 m} were <0.2 pA,
< 1% of the maximum current of the expressed channel; therefore,
no leak subtraction was utilized.

I-V relationships were determined by recording outward
current in response to a standard voltage protocol with pulses from
—80 to +70 mJ for 1 s in steps of 10 m} from a holding potential
of =80 mV. Each voltage command was followed by a repolari-
zation to —100 mV, eliciting large inward tail currents. /- plots
were determined by plotting the current level at the end of the 1-s
pulse vs. command voltage. The amplitudes of relative current at
each corresponding command voltage were normalized to the
maximal recorded current.

The G-V relationship was determined in response to voltages
from —100 to +70 m¥ in 10-mV steps from a holding potential of
—80 mV. Tail currents were fitted to a double-exponential function
(y=Ale—t/1+ A2e —t/2) and extrapolated to the end of the
command voltage. These values were plotted against voltage and
fitted with a single-power Boltzmann function of the form
y=1—(1/(14+¢(V—V1/2)/k)). The midpoint is V'1/2 and k is a
slope factor.

Deactivation curves were determined by activating channels
from rest (=80 m¥) with a 1-s pulse to +20 m} and measuring the
closure of the channels during a range of pulses from 0 to —120 mV”
for 3 s.

Inactivation was measured using a three-pulse voltage
protocol. First, channels were fully activated (and inactivated) by
a pulse to +60 m) for 5 s. During a subsequent pulse to —80
mV, channels recovered from inactivation. Then, prior to deac-
tivation, a range of depolarizing potentials from +60 to —20 mV’
was given and channels reentered the inactivated state. The
resulting decay traces represent the kinetics of channel inactiva-
tion.

Time constants (tr) for the transients were measured by
curve fitting with Clampfit (Molecular Devices, Sunnyvale, CA).
Data were digitized at 2 or 4 kHz without filtering. Deactivation
7 values were derived from a Chebyshev fit to the deactivating
current of the equation y = Ag+4,e"'+ 4,7/, Fitting began
within 5 ms of the peak of the tail current, with the first cursor
of the fitting window advanced to the first point in time that did
not force a fit to the recovery phase; the second cursor was at
the end of the 1.5-s pulse. The deactivation traces were best fit
with two exponentials. The inactivation time constant was sim-
ilarly derived from a fit of the equation y=A,—t/7 to the inac-
tivating current. In this case, the fitting window began as soon as
the clamp settled, approximately 2 ms, and continued to the end
of the 300-ms pulse.

A model AP pulse paradigm was used. APs were evoked by
passing brief current pulses (1 ms, 1.2 times threshold) at a fre-
quency of 1 Hz through the recording electrode with an active
bridge circuit at —80 m}. Mean amplitudes of each evoked AP
current were calculated from the peak current between dotted lines.
Repolarization t values were derived from the double exponential
fitted (f[t] =3.,_, n=2Aie /" +mt+C) repolarization currents
between two dotted lines.
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STATISTICAL ANALYSIS

All data were calculated as mean + standard error of the mean
(seM; N = number of oocytes tested, » = number of times
experiments were repeated). Statistical comparisons of multiple
means in plots of variables vs. voltage were performed using one-
way ANOVA. Differences were considered statistically significant
at P < 0.05; F values were also included in order to provide
additional information on the degree of statistical significance.
(The P value is the probability of obtaining a greater value for F by
chance alone. Because the P value is smaller than the significance
level o, we conclude that at least one of the means is significantly
different from the others).z

Results
HERG Cecarpiac SPLICING SITE

HERG Ccydiac, Which was originally isolated from a
human infant brain EST library, lacked the last 359
amino acids of HERG A and had a unique 89-amino
acid C-terminal end (Fig. 1a); it appears to result
from an alternate polyadenylation site between exons
9 and 10 (London et al., 1998). A BLAST homology
search indicated 100% homology to HERGyso
(Kupershmidt et al., 1998).

ExPrESSION OF HERG Cearpiac IN HUMAN HEART AND
VENTRICLES

Real-time PCR experiments in total human heart and
ventricular tissue revealed that the HERG Ccyugiac/
HERG A mRNA mean comparative expression ratio
was 6.4 in total heart tissue and 4 in human ventric-
ular tissue. The HERG C,uqiac PCR product was
cloned into pGEM-T (Promega), and the plasmids
from 10 positive colonies were sequenced to confirm
the identity of the PCR products (data not shown).
This indicated that the HERG Cc,giac 1S0form was
more abundant than the HERG A isoform (Fig. 1b,
n = 5; means of comparative expression values were
statistically significant; F = 21.7, P = 0.04).

ExpPrESSION AND LocALIZATION OF HERG Cearpiac IN
X. LAEVIS OOCYTES

In order to determine the expression and localization
of HERG Ccy giac In X. laevis oocytes, we constructed
a HERG Cc,rdjac-GFP chimera. Imaging studies with
confocal microscopy demonstrated that the HERG
Ccardiac-GFP construct showed an identical expres-
sion pattern to Kv1.4-GFP, which was predominantly
in the oocyte plasma membrane. In contrast, the
HERG Ccargiac-GFP expression pattern was not sim-
ilar to that of GFP alone (Fig. 2a; n = 6, N = 40).
Fluorescence intensity plots of line profile analyses of
representative images are shown in Figure 2.
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FuncTioNAL EXPRESSION STUDIES

We performed a number of molecular and electro-
physiogical studies in order to confirm the functional
expression of HERG Cc,giac In X. laevis oocytes.

Kinetics of HERG Ccargiac and HERG Ccardiac
+ HERG A Heteromultimeric Channels

I-V and steady-state activation (G-V) relationships. Rep-
resentative traces recorded from oocytes injected
with Rnase-free water or heterologously express-
ing HERG A, HERG CCardiac and HERG CCardiac
+ HERG A heteromultimeric channels are shown in
Figure 3a. HERG Ccugiac channel-expressing oocytes
demonstrated smaller noninactivating outward currents
and shorter tail currents compared to those of HERG A
channels in response to a depolarizing pulse paradigm
(Fig. 3a; N = 50, n =5). Oocytes expressing equal
amounts of HERG Ccyrqiac + HERG A heteromultimeric
channels had intermediate levels of outward currents and
tail currents compared to those of HERG A and HERG
Ccardiac alone, indicating the possible coassembly of HERG
A channel subunits with HERG Ccg.giac channel subunits
(Fig. 3a; N = 65, n = 7).

I-V (current-voltage) plots for homomeric HERG
Ccardiac channel currents showed significant reduc-
tions in mean amplitudes compared to homomeric
HERG A channel currents (Fig. 3b; N = 20, n = 5,
F = 3.6, P = 0.05). Inward rectification seemed to
be diminished (Fig. 3c). Moreover, HERG Ccg,rdjac +
HERG A heteromultimeric channels showed signifi-
cant reductions in mean amplitudes compared to
homomeric HERG A channel currents (Fig. 3b;
N =20,n=25, F =43, P=0.047). In addition,
inward rectification of HERG Ccugiac T HERG A
heteromultimeric channels was reduced (Fig. 3c).

G-V (conductance-voltage) plots for homomeric
HERG Ccggiac channel currents were shifted toward
a depolarizing direction, and slope values were
also altered (V1/2 = -2.5 £ 44 m) slope =
31.8 £ 5.9; N = 20, n = 5; Fig. 4). For heteromul-
timeric HERG Ccyrgiac + HERG A channels, G-V
plots were also significantly shifted toward a more
hyperpolarized direction but with a different slope
value compared to homomeric HERG A channels
(V12 = =31.5 £ 1 mV, slope = 7.8 £ 0.6, F =
3.6, P = 0.002 for homomeric HERG A channels
and V1/2 = -33.6 £ 2 mV, slope = 12.2 £+ 1,
F = 3.3, P = 0.047 for homomeric HERG Cc, giac
channes; N = 20, n = 5; Fig. 4). These data indi-
cated the formation of heteromeric channels between
HERG A and HERG Cc,qiac channels with activa-
tion kinetics resembling neither those of HERG A
homomers nor those of HERG Ccy,giac homomers.

Deactivation kinetics of HERG Ccyrgiae and HERG Ccurdiae
+ HERG A heteromultimeric channels. Representa-
tive deactivation traces recorded from oocytes
heterologously expressing HERG A, HERG Cc,gjac
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and HERG Ccygiac ¥ HERG A heteromultimeric chan-
nels are shown in Figure 5a. Overall, homomeric HERG
Ccuardiac channels expressed in oocytes demonstrated sta-
tistically faster deactivation than those of homomeric
HERG A channels at =120 m}V (Fig. 5a). Fast (Fig. 5b,

= 20 for each homomeric construct at all tested volt-
ages, —80 to —120 mV, F =99, P = 0.01) and slow
deactivation values of homomeric HERG Ccydiac channels
were significantly faster than those of homomeric HERG A
channels at all tested voltages (Fig. 5c, N = 20 for each
homomeric construct, ¥ = 5.7, P = 0.04, n = 6). Addi-
tionally, HERG A homomeric and HERG Ccargiac +
HERG A heteromultimeric channels expressed in oocytes
had significant changes in deactivation compared to ho-
momeric HERG Cc,pgiac channels only (N = 20 for each
construct, n = 6, F = 5.0, P = 0.02 for fast deactivation;
F =175, P = 0.02, HERG A homomers vs. HERG C,,,.
diac homomers; F = 5.7, P = 0.044, HERG Ccardiac homomers Vs.
HERG Ccargiac © HERG A heteromers for slow deacti-
vation; Fig. 5b, c). However, the slow deactivation t values
of these heteromers were not significantly different from
HERG A. For example, fast deactivation 7 values at —120
m) were 30.0 £ 8.5 for HERG A, 17.6 £ 7.8 for HERG
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Fig. 5. Deactivation kinetics of HERG Ccyidiace HERG A and HERG Cc,giac + HERG A channels. (¢) Representative normalized
deactivation traces recorded from oocytes heterologously expressing HERG A, HERG Ccyrgiae, and HERG Ccurgiane + HERG A het-
eromultimeric channels are illustrated. Pulse protocol is indicated below traces. Homomeric HERG Cc,qgiac channels expressed in oocytes
demonstrated statistically faster deactivation than those of homomeric and heteromeric channels. (b) Plot of fast deactivation t values vs.
voltage for HERG A ans HERG Cc,gjac homomeric channels and HERG Cc,,giac T HERG A heteromultimeric channels. (¢) Plot of slow
deactivation t vs. voltage for HERG A and HERG Ccyrgjac homomeric channels and HERG Ccyrgiae + HERG A heteromultimeric
channels. Slow t values were statistically (one-way ANOVA) shorter in HERG Ccypdiac homomeric channels when compared with HERG
Ccardiac T HERG A heteromultimeric and HERG A homomeric channels. However, slow 7 values of these heteromultimers were not
statistically significant from those of the HERG A homomeric channel.

Ccardiac and 9.4 = 25.4 for HERG Ccargiac + HERG A
heteromultimeric channels, whereas slow deactivation 7
values were 191.9 + 40.1, 86.5 + 28.3 and 200.9 £+ 50.9,
respectively.

Inactivation  kinetics of HERG Ccugive and HERG
Ccudiae T HERG A heteromultimeric channels. Repre-
sentative inactivation traces recorded from oocytes
heterologously expressing HERG A, HERG Cc,rgjac
and HERG Ccugiac = HERG A heteromultimeric chan-
nels are shown in Figure 6a. Overall, homomeric HERG
Ccardiac and heteromeric HERG Ccygiac ¥ HERG A
channels expressed in oocytes demonstrated statistically
slower inactivation t values than those of homomeric
HERG A channels at all tested voltages (F = 2.9,
P = 0.05; Fig. 6b). Inactivation 7 values of HERG Ccy,giac
+ HERG A heteromultimeric channels expressed in

oocytes were approximately twofold slower than those of
homomeric HERG A channels and HERG Cc,4;sc at all
tested voltages (e.g., at +60 mV HERG A homomer
inactivation 7 was 3.0 = 0.4 ms and heteromer inactivation
T was 6.0 £ 0.8 ms; N = 15 for each construct, n = 5;
Fig. 6b, ¢). These channel kinetics data led us to pursue IP
experiments in order to reconfirm formation of hetero-
multimers between HERG A and HERG Ccg4iac channel
isoforms.

Molecular Association between HERG A and HERG
Ccardiac Channel Proteins

IP experiments with a HERG C-terminal antibody
demonstrated that HERG A and HERG Ccurgiac
channel proteins were associated (Fig. 7, n = 5). In
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Fig. 6. Inactivation kinetics of HERG Ccyrgiac homomeric and HERG Ccypginc + HERG A heteromultimeric channels. (a) Inactivation
pulse protocol and corresponding current traces recorded from oocytes heterologously expressing HERG A and HERG Cc,4jac homomeric
and HERG Ccyrgiac + HERG A heteromultimeric channels are shown. Pulse protocol is indicated below traces. (b) Inactivation plots for
HERG A or HERG Ccyrgiac homomeric channels and HERG A + HERG Ccyrgiac heteromultimeric channels. (¢) Inactivation plot for
HERG Ccargiac homomeric and HERG A + HERG A Ccyrgiac heteromultimeric channels.

oocytes coexpressing both HERG A and HERG
Ccardiac, tWo protein bands were observed in whole-cell
lysates of approximately 140 and 100 kDa. The pre-
dicted sizes of HERG A and HERG Ccy,gjac are 127
and 98 kDa, respectively. The same bands were also
observed in the IP reaction, suggesting molecular
association between these two isoforms. Two bands, of
140 and 100 kDa, were observed in IP reactions only
when HERG A and HERG Cc,gjac Were coinjected
and an antibody specific to the HERG A channel was
used in the IP reaction. Furthermore, Western blot
data confirmed the existence of HERG Ccy giac protein
in X. laevis oocyte membranes expressing only HERG
Ccardiac CRNA (Fig. 7, lane 3).

Modulation of Model AP by HERG A + HERG
Ccardiae Channel Heteromers

There is now substantial evidence that HERG A
and its isoforms modulate the cardiac AP in heart
(London et al.,, 1997; Mitcheson & Sanguinetti,
1999; Jones et al., 2004). In this study, we aimed to
identify the contribution of HERG Ccugiac to

cardiac AP; therefore, we applied an AP paradigm
to HERG A + HERG Ccggiac heteromeric chan-
nels and HERG A homomeric channels.

Application of a model AP pulse paradigm to
heterologously expressed HERG A homomeric and
HERG A + HERG Ccgpgiac heteromeric channels in
oocytes resulted in a typical AP current whose
kinetics differed from those of HERG A homomeric
currents when compared to HERG A + HERG
Ccardiac heteromeric channels (Fig. 8a, b; N = 50 for
each construct, n = 7). An AP analysis diagram is
shown in Figure 8c.

Effects of HERG A + HERG Ccyrgiac channel heteromers
on mean repolarization amplitude. In HERG A
+ HERG Ccgupgiac channel heteromers expressed in
oocytes, mean amplitudes of recorded model AP were
significantly two and half times decreased compared to
HERG A homomeric channels (mean amplitudes of
AP determined by calculating the maximum current
recorded between two dotted lines indicated in Fig. 8c,
d). The mean amplitudes of the model AP were
938.3 + 180.5 for heteromeric and 2,345.0 + 599.4
for homomeric channels (N = 50, n = 7, F = 5.0,
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Fig. 7. Molecular interactions between HERG Cc,,4i.c and HERG
A channels in X. laevis oocyte membranes. Western blot with
HERG N-terminal antibody illustrating the molecular association
between HERG A and HERG Ccyyqjac channel proteins. In all IP
experiments, cell lysates were precipitated with HERG C-terminal
antibody and immunoblotted with HERG N-terminal antibody
unless otherwise mentioned. Lane 1, whole-cell lysate from oocytes
coinjected with HERG A and HERG Cc,pgiac mMRNAs (1:1 ratio);
lane 2, IP performed from whole-cell lysates of oocytes expressing
functional HERG Ccargiac /HERG A heteromultimeric channels
(confirmed with electrophysiological experiments); lane 3, whole-
cell lysate from oocytes expressing only functional HERG Ccypgiac
channels; lane 4, IP performed in oocytes expressing only func-
tional HERG Cc,giac channels; lane 5, IP performed on oocytes
coinjected with HERG A and HERG Cc,giac mMRNAs (1:1 ratio)
with no IP antibody used. Predicted size in kilodaltons is indicated.

P = 0.050), indicating a possible contribution of the
HERG Ccgrgiac channel splice variant to the mean
amplitude of model AP.

Effects of HERG A + HERG Ccugiae channel heteromers
on repolarization t. For HERG A + HERG

Ccardiac channel heteromers, the recorded fast and
slow repolarization t values of model AP were sig-
nificantly increased compared to those of HERG A
homomeric channels (Fig. 8¢, f; N = 14, n = 4,
F =286, P =002 for fast repolarization t;
F =173, P =0.03 for slow repolarization 7). The
fast repolarization t values were 3.8 £ 0.06 for
HERG A homomeric channels and 4.23 + 0.1 for
heteromers, whereas the slow repolarization t values
were 10.13 £ 0.43 for HERG A homomers and
13.24 £ 1.0 for heteromers. The increase was
13.15% for fast repolarization and 30.70 % for slow
repolarization.

Discussion

In the present work, we explored the expression and
channel kinetics of HERG Cc,qiac channel isoforms
in the X. laevis oocyte expression system.

Our findings indicated that in human total heart
tissue mRNA levels of the HERG Cc,pgiae isoform
were 6.4 times more than those of the HERG A
isoform. These data were consistent with previous
Northern blot studies from human muscle and brain
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(London et al., 1998) and human heart (Kupershmidt
et al., 1998) tissues. At present, we are developing an
antibody to the HERG Ccy,giac 1s0form in order to
determine if this RNA transcription level results in a
similar level of protein expression in the human heart.
However, heterologous expression of this isoform in
Xenopus oocytes indicated that it was able to form
functional channel protein. This was confirmed by
Western blotting of whole-cell lysates prepared from
X. laevis oocytes injected with the HERG Ccgpgiac
isoform and by electrophysiology. Our findings
together with the previous studies on this isoform
suggest that the HERG Ccg,rgiae iSoform may be
expressed throughout all human tissues (London
et al.,1998); it is especially abundant in human heart
and jejunum (London et al., 1998; Farelly et al., 2003)
and is likely to contribute to the physiological func-
tion of HERG channels in these tissues. However,
our study does not directly show that the HERG
Ccardiac 1soform is trafficked to the plasma membrane
in human heart. However, we aim to resolve this issue
in the future by use of a HERG Cc,rgiac-specific
antibody, which we are currently developing.

Conflicting results have been reported for the
expression of HERGygo channels in mammalian
cells. Kupershmidt et al. (1998) did not observe
functional homomeric channels in Ltk™ cells, whereas
Farrelly et al. (2003) demonstrated functional
expression of HERGyso channels together with
HERG A in human jejunum. Our functional
expression data strongly resemble the data obtained
by Farrelly et al. (2003) since both systems detected
functional current. The other fact is that most of the
HERG-related channels were initially expressed in
Xenopus oocytes. All these studies demonstrate that
the Xenopus oocyte is a reliable and reputable system
for HERG-expression studies (Warmke & Ganetzky,
1994; Sanguinetti et al., 1995; Trudeau et al., 1995).
Our study demonstrated that HERGyso (HERG
Ccardiac) 18 able to form functional homomeric
channels in Xenopus oocytes; therefore, further
studies may prefer this expression system.

Our results demonstrated that HERG Ccyrdiac
was able to form functional homomeric channels in
the membrane of oocytes with different activation,
deactivation and inactivation kinetics, which were
similar to the deactivation and activation kinetics
of HERG A C-deleted constructs (HERGCA27S,
HERGCA236; Aydar & Palmer, 2001). However, the
inactivation kinetics in this study of C-deleted con-
structs expressed in oocytes was not altered (Aydar &
Palmer, 2001).

HERG Ccyrgiac homomeric channels had slower
inactivation than HERG A homomers. This could
be due to the addition of a novel unique HERG
Ccardiac splicing sequence (containing 13 charged
amino acids). The mean amplitude of functional
homomeric HERG Cc,giac channel currents was
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drastically reduced compared to HERG A homo-
mers. Inward rectification also seemed to be
diminished.

The present study proved that HERG Ccargiac
was able to coassemble with the HERG A isoform in
order to form HERG A + HERG Ccypgiac hetero-
multimers in X. laevis oocytes. This was reconfirmed
both with functional expression and with IP studies.
HERG A + HERG C_  heteromultimers had
statistically different steady-state activation (Ku-
pershmidt et al., 1998), deactivation and inactivation
kinetics than those of HERG A and HERG Ccg gjac

homomeric channels.

These data are consistent with those of
Kupershmidt et al. (1998) on HERGyso expressed in
Ltk™ cells and on HERG A C-terminal deletions
expressed in oocytes (Aydar & Palmer, 2001). Our
data indicated that these heteromers possessed dif-
ferent channel kinetics, resembling neither those of
HERG Ccurgiac homomeric channels nor those of
HERG A channels. IP experiments with a HERG
N-terminal antibody reconfirmed molecular associa-
tion between these two isoforms. This was previously
suggested by Sanguinetti & Jurkiewicz (1990),
Kupershmidt et al. (1998), Pond & Nerbonne (2001)
and Farrelly et al. (2003).
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Our findings on the shift of steady-state activa-
tion curves to more negative potentials in the het-
eromultimeric channels and the decrease of mean
amplitude in HERG A + HERG Ccygiac hetero-
multimers suggest that there could be a considerable
amount of similarity between HERG C_  ~ and
MinK, which was also demonstrated to be associated
with KVLQT1 and HERG proteins and found to
modulate cardiac AP (Barhanin et al., 1996;
McDonald et al.,, 1997). MinK, just like HERG
Ccardiac, can modulate the expression levels of HERG
A channels by shifting the steady-state activation to
more negative and the steady-state inactivation to
more positive voltages when they are coexpressed in
Xenopus oocytes (McDonald et al., 1997).

HERG channels are best known for their con-
tribution to cardiac AP via recovering from inacti-
vation and remain open long enough to significantly
contribute to further repolarization (Sanguinetti
et al., 1995; Mitcheson & Sanguinetti, 1999). Ik, is
characterized by rapid activation at —30 m} and
strong inward rectification at positive potentials,
which is due to rapid voltage-dependent C-type
inactivation (Sanguinetti & Jurkiewicz, 1990; Yellen,
2002; Tseng, 2001). Inward rectification is due to the
faster development of channel inactivation than
channel activation at positive potentials, which limits
the amount of time that channels spend in the open
state (Tseng, 2001). Ik, plays an important role in
governing the refractory period of the cardiac AP via
increasing the rate of recovery from inactivation
through the open state on the repolarization and, at
negative voltages, resulting in a large outward current
that promotes phase 3 of repolarization.

HERG has electrophysiological properties simi-
lar, but not identical, to Ik, (Sanguinetti et al., 1995).
The time constants of activation and deactivation of
HERG are four to 10 times slower than those of
native Ix, as expressed in guinea pig and mouse
cardiac myocytes (Sanguinetti & Jurkiewicz, 1990).
However, human cardiac myocytes have different
cardiac physiology than pig and mouse cardiac
myocytes (Nerbonne, 2000). Thus, it is difficult to
interpret or compare our data with these studies.

The present study demonstrates that coexpres-
sion of the HERG Ccyrgiac 1soform to HERG A
channels resulted in a mean reduction of the repo-
larization current amplitude and increase in the
repolarization 7, which suggests a contribution and
ability of the HERG Ccygjac 1soform to modulate
cardiac AP. Therefore, considering the expression
levels in heart, coimmunoprecipitation, localization
and kinetics of HERG A + HERG Ccyrqgiac hetero-
multimeric channels, we can speculate that these
heteromers are likely to contribute considerably to
the physiology of cardiac and other HERG channels.

Alterations of HERG C cgqiac levels may affect
the properties of Ik, and modulate the Q-T interval in
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response to physiological and pathological condi-
tions. In addition, it could provide insight into the
exact function of HERG channels in human heart
and elsewhere. The expression and functional char-
acterization of this cardiac isoform are likely to be
valuable for diagnosis and therapy of inherited car-
diac arrhythmia of long Q-T syndrome 2 (Curran
et al., 1995; Nerbonne, 2000).

We thank Drs. J. M. Nerbonne and A. Pond for kindly providing
the HERG N-terminal antibody.
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