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Abstract HERG (human ether-a-go-go-related gene)
encodes the Kvl1.1 protein a-subunit that underlies the
rapidly activating delayed rectifier K current (Ig,) in the
heart. Alterations in the functional properties or membrane
incorporation of HERG channels, either by genetic muta-
tions or by administration of drugs, play major roles in the
development of life-threatening torsades de pointes cardiac
arrhythmias. Visualization of ion channel localization is
facilitated by enhanced green fluorescent protein (EGFP)
tagging, but this process can alter their properties. The aim
of the present study was to characterize the electrophysio-
logical properties and the cellular localization of HERG
channels in which EGFP was tagged either to the C termi-
nus (HERG/EGFP) or to the N terminus (EGFP/HERG).
These fusion constructs were transiently expressed in
human embryonic kidney (HEK) 293 cells, and the whole-
cell patch-clamp configuration and a confocal laser scan-
ning microscope with primary anti-HERG antibodies and
fluorescently labeled secondary antibodies were used. For
EGFP/HERG channels the deactivation kinetics were faster
and the peak tail current density was reduced when com-
pared to both wild-type HERG channels and HERG/EGFP
channels. Laser scanning microscopic studies showed that
both fusion proteins were localized in the cytoplasm and on
discrete microdomains in the plasma membrane. The extent
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of labeling with anti-HERG antibodies of HEK 293 cells
expressing EGFP/HERG channels was less when compared
to HERG/EGFP channels. In conclusion, both electro-
physiological and immunocytochemical studies showed
that EGFP/HERG channels themselves have a protein
trafficking defect. HERG/EGFP channels have similar
properties as untagged HERG channels and, thus, might be
especially useful for fluorescence microscopy studies.
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Introduction

The congenital long QT syndrome (LQTS) is characterized
by delayed cardiac repolarization and a prolonged QT
interval in the electrocardiogram. This leads to an increased
susceptibility of the heart to the development of life-
threatening ventricular arrhythmias (torsades de pointes)
(review in Ziinkler 2006). HERG (human ether-a-go-go-
related gene) encodes the Kvl11.1 protein o-subunit that
underlies the rapidly activating delayed rectifier K current
(Ix,) in the heart, and mutations in HERG result in the
proarrhythmic type 2 LQTS (LQT?2) (Curran et al. 1995).
The HERG channel is composed of four identical «-sub-
units, and each subunit consists of six transmembrane
domains as well as NH,— and COOH-terminal cytoplasmic
tails (Warmke and Ganetzky 1994; Sanguinetti et al. 1995;
Trudeau et al. 1995). Forty-five percent of LQTS sufferers
harbor HERG mutations, and HERG mutations are most
prevalent within the intracellular domains, in the N-termi-
nal region (notably in the PAS domain, which is
characteristic for the eag family of K channels) and in the
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putative cyclic nucleotide binding domain, but mutation
“hot spots” are also observed in the pore region (Splawski
et al. 2000). About 200 LQT?2-associated HERG mutations
have been described. Several mechanisms have been iden-
tified, including disruption of Kvl1.1 channel synthesis,
defective protein trafficking and altered gating or perme-
ation. Most mutations in HERG produce abnormalities in
the intracellular transport to the cell surface membrane
(protein trafficking) of Kvl11.1 channels (Anderson et al.
2006). Protein trafficking defects are often studied using
enhanced green fluorescent protein (EGFP) tagged either to
the C terminus (HERG/EGFP) or to the N terminus (EGFP/
HERG) of HERG channels (for studies employing EGFP/
HERG channels, see Teng et al. 2004; Sasano et al. 2004;
Paulussen et al. 2002 2005; Furutani et al. 1999; for studies
employing HERG/EGFP channels, see Petrecca et al. 1999;
Rossenbacker et al. 2005). Several drugs prolong the QT
interval, not via direct HERG channel block but indirectly
via disruption of HERG channel protein processing and
maturation leading to a reduction of its surface plasma
membrane expression (arsenic trioxide [Ficker et al. 2004],
pentamidine [Kuryshev et al. 2005; Cordes et al. 2005],
celastrol [Sun et al. 2006], cardiac glycosides [Wang et al.
2007]). Whereas GFP tagging does not seem to alter the
function of some receptors, it is known that GFP alters the
function, membrane localization or rate of membrane
incorporation of other receptors; e.g., recently Limon et al.
(2007) studied the properties of glutamate receptor 3 tagged
with GFP at the amino or carboxyl terminus and found that,
depending on the site of GFP insertion, the tagging can
produce substantial changes in the properties of the recep-
tor. Therefore, the aim of the present study was to
characterize the electrophysiological and pharmacological
properties and the cellular localization of HERG channels
tagged with EGFP either to the C-terminal domain (HERG/
EGFP) or to the N-terminal domain (EGFP/HERG) which
had been transiently expressed in human embryonic kidney
(HEK) 293 cells. The whole-cell configuration of the patch-
clamp technique was used to study K* currents through the
fusion proteins, and immunocytochemical experiments
were performed, employing a confocal laser scanning
microscope, primary anti-HERG antibodies and fluorescein
isothiocyanate (FITC)- or tetramethylrhodamine-isothio-
cyanate (TRITC)—conjugated secondary antibodies.

Materials and Methods
Plasmid Construction
A HERG (KCNH2, Kv11.1, GenBank accession U04270)

expression plasmid (pcDNA3-HERG, designated HERG in
the following) was generously provided by Dr. G. Robertson
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(University of Wisconsin, Madison, WI). The HERG/EGFP
expression plasmid containing the coding sequence of
EGFP tagged to the C terminus of the HERG channel was
generated by fusion of EGFP to the 3’-end of the HERG
coding sequence without a linker using a polymerase
chain reaction—based overlap extension method (Ho et al.
1989). The EGFP/HERG construct was generated by ligating
the HERG coding sequence with a Ser-Gly-Leu-Arg-Ser-
Thr-linker to vector pEGFP-C1. Please note that in all
three vectors used (pcDNA3, pBK-CMV and pEGFP-C1)
the expression of inserted genes is driven by the immedi-
ate early cytomegalovirus (CMV) promoter. The pEGFP-C1
vector is identical to pBK-CMV except for the EGFP
coding sequence present downstream from the CMV
promoter.

Culture and Transfection of HEK 293 Cells

Human embryonic kidney (HEK) 293 cells were plated at a
density of 11 x 10°/dish (35 mm diameter) and cultured
(at 10% CO,) in Dulbeccés modified Eagle medium
(DMEM) with 1 g/l glucose supplemented with 10% fetal
calf serum, penicillin (100 U/ml), streptomycin (100 pg/
ml) and 2 mM glutamine. HEK 293 cells were transiently
transfected with either HERG, HERG/EGFP or EGFP/
HERG. The plasmid concentrations were as follows (ug
per 35 mm dish containing 1.8 ml of medium): 1.88 ng
HERG, 2.27 ug HERG/EGFP, 2.27 pg EGFP/HERG.
Transfections were carried out using 7 pl lipofectamine
and 200 pl Opti-MEM (Invitrogen, Karlsruhe, Germany).
Electrophysiological and fluorescence microscopy studies
were performed 48-72 h after transfection.

Electrophysiological Recording

HERG, HERG/EGFP and EGFP/HERG currents were
recorded using the whole-cell patch-clamp configuration
(Hamill et al. 1981) and an EPC-7 patch-clamp amplifier
(Heka Elektronik, Lambrecht, Germany). Patch pipettes
were pulled from borosilicate glass capillaries (Hilgenberg,
Malsfeld, Germany) and had resistances between 3 and
5 MQ when filled with pipette solution B. Current signals
were filtered at 2 kHz with the help of a Bessel filter (902;
Frequency Devices, Haverhill, MA). Stimulation protocols
and data acquisition were carried out using a microcom-
puter equipped with D-A and A-D converters (Digidata
1200 Interface; Axon Instruments, Foster City, CA) and
pCLAMP 6.0.2 software (Axon Instruments). The current
sample frequency was 50 Hz. At least 50% series resis-
tance compensation was achieved in all experiments.
Outward currents flowing from the pipette to the bath
solution are indicated by upward deflections. Experiments
were performed at room temperature (20-22°C).
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The voltage-clamp protocol to study HERG currents was
as follows: The holding potential was —80 mV, and a
voltage step to +10 mV was applied for 2 s to evoke HERG
currents, followed by a repolarization step to —40 mV for
2 s to induce HERG tail currents (stimulation frequency of
0.1 Hz). HERG tail currents were leak-corrected. The
activation time course at a test potential of +10 mV was
described by fitting the rising phase of the activating out-
ward current by a single exponential function. Deactivating
tail currents were fitted with two exponential functions and
extrapolated to the beginning of the repolarization step in
order to calculate the peak tail current amplitude.

The voltage dependence of HERG channel activation
was determined from peak tail currents measured at
—40 mV following 2-s depolarizations to membrane volt-
ages ranging from —40 to +40 mV in 10-mV steps. Peak
tail current amplitudes were normalized to the maximum
peak tail current amplitudes. The voltage dependence of
channel availability was determined by fitting the values of
the normalized tail currents to a Boltzmann equation of the
following form:

I/Inax = {1 +exp [(Vl/z—Vm)/k]}71 (1)

where I is the peak tail current amplitude following the test
potential V., I.« is the maximal peak tail current, Vi,
is the potential at which channels are half-maximally
activated and k is the slope factor describing channel
activation.

The concentration—response relationships for the inhi-
bition of peak tail current amplitudes by domperidone were
calculated according to the logistic form of the Hill
equation:

-1
I =1- (1 + 10"<PX*PK>) 2)

where I. is the tail current amplitude during the control
periods before application of domperidone and / is the tail
current amplitude in the presence of domperidone, 7 is the
slope parameter (Hill coefficient), x is the concentration of
domperidone and K (= ICsp) is the midpoint of the curve
with px = —logx and pK = —logICsy.

Immunocytochemistry

The EGFP-induced fluorescence was used to localize the
HERG/EGFP and EGFP/HERG fusion proteins expressed
in HEK 293 cells. An anti-HERG antibody was used for the
localization of HERG/EGFP and EGFP/HERG channels in
the plasma membrane of HEK 293 cells. Transiently
transfected HEK 293 cells were grown on sterile polyly-
sine-coated glass coverslips for 24 h. Cells were then
washed twice with phosphate-buffered saline (PBS),
blocked with 4% bovine serum albumin in PBS for 20 min

at 37°C and incubated with primary antibodies at a 1:25
dilution generated against an extracellular epitope located
at the linker between the first and second transmembrane
domains of the HERG channel for 60 min (37°C). Cells
were subsequently rinsed three times in PBS, incubated for
60 min with fluorescently labeled secondary antibodies
(TRITC- or FITC-conjugated goat anti-rabbit IgG) at a
dilution of 1:200, followed by three washes with PBS.
Cells were then fixed with 4% formaldehyde/PBS for
20 min at room temperature. After two final washes with
PBS, cells were embedded using mounting medium (Dako
Cytomation, Carpinteria, CA).

Imaging was performed with a Zeiss (Thornwood, NY)
LSM-510 confocal laser scanning microscope equipped
with the META™ system (Zeiss). Cells were illuminated
through a water immersion objective lens (C-Apochromat
40x/1.2). Both EGFP fusion proteins (absorption peak at
488 nm) and FITC-labeled antibodies (absorption peak at
495 nm) were excited with an Ar laser at 488 nm, and
TRITC-labeled antibodies (absorption peak at 552 nm)
were excited with a HeNe laser at 543 nm. The fluores-
cence intensities of the EGFP fusion proteins (emission
peak at 510 nm) and of TRITC-labeled antibodies (emis-
sion peak at 570 nm) were distinguished by measuring
EGFP-induced fluorescence intensity at 505-550 nm and
TRITC-induced fluorescence intensity at 550-700 nm,
respectively, using two photomultiplier tubes. The fluo-
rescence intensities of EGFP and FITC-labeled antibodies
were distinguished using the META™ system. Multi-
spectral images were obtained at 500-570 nm as a set of
two-dimensional images as a function of wavelength.
EGFP and FITC have fluorescence spectra that closely
overlap with each other (emission peaks 510 and 525 nm,
respectively). Best results of color separation were
obtained when cells stained with each of the dyes were
used to measure a reference spectrum. Spectral overlap
between fluorescent dyes could be separated into spectra of
each dye by a computational process called “linear
unmixing.”

For a three-dimensional presentation of cells, optical
sections with a diameter of 2 um were scanned at intervals
of 1 um across the Z axis, and the number of z-scans
ranged between 11 and 21. In order to quantify the surface
expression of the fusion proteins located at the plasma
membrane, two-dimensional images of cells were scanned
with optical sections with a diameter of 2 um across the Z
axis through the middle of the cells. The fluorescence
intensity values of the secondary antibodies labeled with
either FITC or TRITC located at the plasma membrane
from cells expressing the fusion constructs were corrected
for both background fluorescence and autofluorescence of
the cells and related to the cell surface area according to the
following equation:
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F/C:FROI'R'FZ/Z'H'FZFROI'I’/Z (3)

where F' is the fluorescence intensity of the labeled sec-
ondary antibodies located at the plasma membrane, c is the
circumference of a cell (assuming that HEK 293 cells have
a spherical form), Froy is the mean fluorescence intensity
of a cell (region of interest, ROI) and r is the radius of a
cell. The mean values of the surface fluorescence intensity
per circumference of 8—43 cells per transfection were cal-
culated. Intensity values were obtained by calculating the
brightness values measured on an arbitrary gray scale from
0 (blackest) to 255 (whitest). In all experiments, confocal
microscope settings were maintained constant. The time
required for scanning a two-dimensional image was 7.9 s
(55 s for a two-dimensional multispectral image obtained
at seven wavelength sections between 500 and 570 nm
using the META™ system). Laser-scanning confocal
microscopy experiments were performed at room temper-
ature (20-22°C).

Solutions and Chemicals

The bath (solution A) contained (in mM) 140 NaCl, 5.6
KCl, 1.2 MgCl,, 2.6 CaCl, and 10 HEPES, titrated to pH
7.40 with NaOH. The pipette (solution B) contained (in
mM) 140 KCl, 5 MgCl,, 10 EGTA, 2 CaCl,, 5 ATP and 5
HEPES, titrated to pH 7.15 with KOH (free [Ca®*] =
50 nM, free [Mg®"] = 0.7 mM). Rabbit anti-HERG anti-
body was obtained from Alomone Labs (Jerusalem, Israel).
TRITC- or FITC-conjugated goat anti-rabbit IgG second-
ary antibodies were obtained from Sigma (St. Louis, MO).
Domperidone was purchased from Sigma, and a stock
solution of 10 mM domperidone was prepared in dimethyl
sulfoxide and applied to solution A to give the final
concentrations.

Statistics

The results are expressed as means + sem. Equations were
fitted using the program Sigma Plot Windows (Jandel
Scientific, Tiibingen, Germany). Significance was calcu-
lated by the two-tailed, nonpaired t-test and P < 0.05 was
considered significant.

Results

Electrophysiological Properties of HERG/EGFP
and EGFP/HERG Channels

At first, the membrane currents in HEK 293 cells transiently

expressing HERG channels, HERG/EGFP channels and
EGFP/HERG channels were studied (Fig. 1). Depolarizing
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voltage-clamp steps to membrane potentials ranging from
—40 to +40 mV in 10-mV increments from a holding
potential of —80 mV elicited time-dependent outward cur-
rents in HEK 293 cells expressing HERG, HERG/EGFP
and EGFP/HERG channels; after repolarization of the
membrane potential to —40 mV, tail currents were
observed. Figure 1b shows the current—voltage relation-
ships measured at the end of the initial depolarizing steps in
HEK 293 cells transiently transfected with HERG, HERG/
EGFP or EGFP/HERG. HERG and EGFP/HERG currents
were activated at membrane potentials positive to about
—30 mV, and HERG/EGFP currents were activated at
membrane potentials positive to about —40 mV. At mem-
brane potentials positive to about 0-10 mV the current-
voltage relationships for all three channels showed a
marked inward rectification with a negative slope conduc-
tance. The current densities at the end of the 2-s
depolarizing voltage steps to +20 mV were 31.3 + 3.5 pA/
pF for HERG channels (n = 38), 42.2 + 8.2 pA/pF for
HERG/EGFP channels (n = 18) and 13.4 &+ 1.3 pA/pF for
EGFP/HERG channels (n = 28). In contrast, in nontrans-
fected HEK 293 cells currents of only small amplitude were
observed following the depolarizing voltage pulses
(5.0 £ 1.1 pA/pF at a depolarizing test pulse to +20 mV,
n = 7). Following repolarization to a membrane potential
of —40 mV, the tail current densities were 102.1 & 9.3 pA/
pF for HERG channels, 118.8 + 20.6 pA/pF for HERG/
EGFP channels and 29.7 £ 3.6 pA/pF for EGFP/HERG
channels. Both current densities at the end of the depolar-
izing voltage step to +20 mV and tail current densities
following repolarization to a membrane potential of —
40 mV were significantly smaller for EGFP/HERG chan-
nels compared to HERG and HERG/EGFP channels
(P < 0.05). Figure 1c shows the voltage dependence of
steady-state HERG current activation. The values for Vi,
(the potential at which HERG channels were half-maxi-
mally activated) and k (the slope factor describing HERG
channel activation), respectively, were 0.3 = 0.4 mV and
8.3 £ 0.3 mV for HERG channels, —14.3 & 0.4 mV and
7.6 £ 0.3 mV for HERG/EGFP channels and —6.1 +
0.6 mV and 9.9 + 0.5 mV for EGFP/HERG channels. The
values for Vi, of the fusion proteins were significantly more
negative compared to HERG channels (P < 0.05).

The time constants for activation at a depolarizing pulse
to +10 mV were significantly (P < 0.05) reduced for both
HERG channel/EGFP fusion proteins (269 =+ 26 ms for
HERG/EGFP channels [n = 47], 338 £ 29 ms for EGFP/
HERG channels [n = 46]) compared to HERG channels
(1,023 & 33 ms, n = 173). Deactivating tail currents
recorded on repolarization to —40 mV from a test potential
of +10 mV were fitted by a double exponential function,
and the values for the fast deactivation time constants (Tg,g)
were 144 + 4 ms for HERG currents, 129 4= 7 ms for



S. Claassen et al.: HERG Channel/EGFP Fusion Proteins

A
+40 mV
-40 mV
| -80 mv
HERG HERG / EGFP
[T ——
-> -
non-transfected cell EGFP / HERG

Fig. 1 (A) Whole-cell outward currents in HEK 293 cells transiently
expressing HERG channels (middle left traces), HERG/EGFP chan-
nels (middle right traces) and EGFP/HERG channels (lower right
traces) and in a nontransfected HEK 293 cell (lower left traces). The
voltage-clamp protocol (upper left trace) used to study currents was
as follows: The holding potential was —80 mV, and voltage steps to
membrane potentials between —40 and +40 mV in increments of
10 mV were applied for 2s to evoke currents, followed by a
repolarization step to —40 mV for 2 s to induce tail currents. Arrows
indicate zero current levels. (B) Relationships between current density
and membrane potential of nontransfected HEK 293 cells (/) and
HEK 293 cells transiently transfected with HERG channels (@),

HERG/EGFP currents and 83 £+ 5 ms for EGFP/HERG
currents. The values for the slow deactivation time con-
stants (Tgow) Were 1,397 4+ 24 ms for HERG currents,
825 4 36 ms for HERG/EGFP currents and 421 & 31 ms
for EGFP/HERG currents. The fraction of the fast com-
ponent was calculated as ag,/(afst + as10w), Where values
for ap, and ag refer to the amplitudes of the fast and
slow components of deactivation. The respective values
were 0.1 £ 0.01 for HERG tail currents, 0.3 & 0.02 for
HERG/EGFP tail currents and 0.77 £ 0.02 for EGFP/
HERG tail currents. Therefore, for HERG/EGFP tail cur-
rents the slow deactivation time constant was significantly
(P < 0.05) smaller and the fraction of the fast component
was significantly larger (P < 0.05) compared to HERG
channels. For EGFP/HERG channels the deactivating tail
currents were markedly reduced compared to both HERG
channels and HERG/EGFP channels since both the fast and
slow deactivation time constants of the tail currents were
markedly smaller and the fraction of the fast component
was markedly larger compared to both HERG and HERG/
EGFP channels.

35
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—y—EGFP/HERG

I =2 non-transfected HEK 293 cel|
c 100 e
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L 40
$ 20
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% 06 @ HERG
£ B HERG / EGFP
=W A EGFP/ HERG

0.2

0.0

-40 -20 0 20 40
membrane potential (mV)

HERG/EGFP channels () and EGFP/HERG channels (V). The
current amplitudes measured at the end of the depolarization steps
were normalized to the cell capacitance (ordinate) and plotted against
the membrane potentials (abscissa). Symbols represent means and
vertical lines the sem. (C) Voltage dependence of steady-state HERG
current activation. Peak tail currents (/) for HERG channels (@),
HERG/EGFP channels () and EGFP/HERG channels (A) at each
voltage were normalized to the maximal currents (/,,x, ordinate) and
plotted against the membrane potentials (abscissa). The data were
fitted with the Boltzmann function (equation 1) to determine the
midpoint of activation (Vi,) and the slope factor (k). Symbols
represent means and the vertical lines the sem

Block of HERG/EGFP and EGFP/HERG Currents
by Domperidone

In order to study the pharmacological properties of HERG/
EGFP and EGFP/HERG channels, the effects of domperi-
done were tested. Domperidone is a well-known inhibitor
of HERG currents (Drolet et al. 2000) and has previously
been shown to inhibit HERG currents half-maximally at a
concentration of 57 nM (95% confidence interval [CI]
44.4-73.2), and the Hill coefficient was 0.99 (95% CI
0.73-1.25) (Claassen and Ziinkler 2005). Under the same
experimental conditions, domperidone blocked HERG/
EGFP currents half-maximally at a concentration of
62.2 nM (95% CI 54.3-71.7), and the Hill coefficient was
0.99 (95% CI 0.94-1.34). EGFP/HERG currents were
blocked by domperidone half-maximally at a concentration
of 46.6 nM (95% CI 34.3-63.2), and the Hill coefficient
was 0.99 (95% CI 0.67-1.33). There were no significant
differences for the ICsy values and the Hill coefficients
between HERG, HERG/EGFP and EGFP/HERG channels
(P > 0.05, Fig. 2).
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Fig. 2 Effects of domperidone on HERG currents, HERG/EGFP
currents and EGFP/HERG currents. (A) Current responses at
increasing concentrations of domperidone (lower traces) to the
voltage protocol (upper trace). The voltage-clamp protocol used to
study HERG, HERG/EGFP and EGFP/HERG currents was as
follows: The holding potential was —80 mV, and a voltage step
to +10 mV was applied for 2 s to evoke currents, followed by a
repolarization step to —40 mV for 2 s to induce tail currents. Arrows
indicate zero current levels. (B) Concentration—response relationships
for the inhibition of HERG (@), HERG/EGFP (M) and EGFP/HERG
(A) tail currents by domperidone. Deactivating tail currents were

Plasma Membrane Expression of HERG/EGFP and
EGFP/HERG Channels Transiently Expressed in HEK
293 Cells

The cellular distribution and the plasma membrane locali-
zation of HERG/EGFP and EGFP/HERG channels tran-
siently expressed in HEK 293 cells were studied. Figure 3
shows three-dimensional images of the fluorescence of
HERG/EGFP and EGFP/HERG channels transiently
expressed in HEK 293 cells using laser scanning confocal
microscopy. The transfection efficiency of both fusion
proteins was about 30%. For both fusion proteins an
inhomogenous pattern of fluorescence throughout the cyto-
sol and the plasma membrane was observed in all cells
studied (six cells from three transfections were evaluated for
each fusion protein), whereas the nuclei did not show EGFP-
induced fluorescence. To study the localization of HERG/
EGFP and EGFP/HERG channels at the plasma membrane,
immunocytochemistry with primary anti-HERG antibodies
and with fluorescently labeled secondary antibodies was
performed. Both fusion proteins were located at the plasma
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concentration (nM)

30 nM Domperidone
100 nM Domperidone
1000 nM Domperidone

leak-corrected, fitted with two exponential functions and extrapolated
to the beginning of the repolarization step in order to calculate the
peak tail current amplitude. The ordinate represents current ampli-
tudes in the presence of different concentrations of domperidone (I) in
percent of the current amplitudes in the absence of the drug (control,
Ic). The abscissa indicates the concentrations of domperidone
(logarithmic scale). Symbols represent means and the vertical lines
the seM. Numbers of observations were between 4 and 10 at each
concentration tested. The lines are fits to Eq. 2. The concentration—
response relationship for the inhibition of HERG currents by
domperidone is taken from Claassen and Ziinkler (2005)

membrane, and an inhomogenous pattern of labeling of both
fusion proteins in the plasma membrane was observed
(Figs. 3-5). A similar inhomogenous pattern of labeling of
wild-type HERG channels stably expressed in HEK 293 cells
was observed after immunolabeling with FITC-conjugated
primary anti-HERG antibodies (not shown), indicating that
both fusion proteins and wild-type HERG channels are
located in discrete microdomains in the plasma membrane of
HEK 293 cells. The three-dimensional presentations indi-
cated that the extent of labeling with anti-HERG antibodies
of HEK 293 cells expressing EGFP/HERG channels was
lower compared to cells expressing HERG/EGFP channels.
This was further studied by scanning two-dimensional ima-
ges of cells through the middle of the cells and quantifying
the fluorescence intensity values of the secondary labeled
antibodies normalized by the circumference of the cells
(Fig. 4 with secondary antibodies labeled with TRITC and
Fig. 5 with secondary antibodies labeled with FITC). Colo-
calization of the fusion protein—induced fluorescence and the
anti-HERG antibody-induced fluorescence showed that
HEK 293 cells expressing HERG/EGFP channels were more
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A
HERG / EGFP

Fig. 3 Three-dimensional images of the subcellular localization of
HERG/EGFP channels (A) and EGFP/HERG channels (B) expressed
in HEK 293 cells. Confocal images of cells expressing HERG/EGFP
channels (A) and EGFP/HERG channels (B) (green fluorescence),
which were immunolabeled with an anti-HERG channel antibody
followed by a TRITC-conjugated secondary antibody (red fluores-
cence). Bars on the right and top of each image represent scans across
the Z axis through the cells in the x (top) and y (right) directions. Both
fusion proteins were located in the cytosol and in the plasma

Fig. 4 Confocal images of A
HEK 293 cells expressing
HERG/EGFP channels (A) and
EGFP/HERG channels (B)
(green fluorescence, left) which
were immunolabeled with an
anti-HERG channel antibody
followed by a TRITC-
conjugated secondary antibody
(red fluorescence, middle). The
white color after merging of the
EGFP- and TRITC-induced
fluorescence (right) reveals that
both fusion proteins are
localized in the plasma
membrane. Note that the areas B
of colocalization in the plasma
membrane are inhomogenous
and the extent of labeling with
anti-HERG antibodies of HEK
293 cells expressing EGFP/
HERG channels is lower
compared to HEK 293 cells
expressing HERG/EGFP
channels

HERG / EGFP

EGFP / HERG

intensively stained by antibodies than HEK 293 cells
expressing EGFP/HERG channels. Quantification of fluo-
rescence signals of TRITC-conjugated secondary antibodies

—
10 pm

B
EGFP / HERG

10 pm

membrane. Nonstained regions within the cells are the nuclei. The
orange color after merging of the EGFP- and TRITC-induced
fluorescence reveals that both fusion proteins are localized in the
plasma membrane. Note the inhomogenous pattern of labeling of both
fusion proteins with the primary anti-HERG antibodies and fluores-
cently labeled secondary antibodies in the plasma membrane and the
lower extent of labeling with anti-HERG antibodies of HEK 293 cells
expressing EGFP/HERG channels compared to HEK 293 cells
expressing HERG/EGFP channels

resulted in fluorescence intensity values related to the cell
circumference (F/c) of 9.7 £+ 1.6 for HERG/EGFP channel
expressing-cells (n = 3 transfections) and 4.0 & 0.8 for
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A HERG/EGFP

B EGFP/HERG

Fig. 5 Confocal images of HEK 293 cells expressing HERG/EGFP
channels (A) and EGFP/HERG channels (B) (green fluorescence, left)
which were immunolabeled with an anti-HERG channel antibody
followed by a FITC-conjugated secondary antibody (green fluores-
cence, middle) generated with the META™ system of the laser
scanning microscope. The white color after merging of the EGFP- and

EGFP/HERG channel-expressing cells (n = 5), and the
difference of these values was statistically significant
(P < 0.05). Similar results were obtained by quantification
of fluorescence signals of FITC-conjugated secondary anti-
bodies obtained with the help of the META™ system with
values of 8.5 & 1.8 for HERG/EGFP channel-expressing
cells (n =4) and 3.4 £ 0.7 for EGFP/HERG channel-
expressing cells (n = 4), and the difference of these values
was again statistically significant (P < 0.05). These differ-
ences suggest a reduced plasma membrane expression of
EGFP/HERG channels compared to HERG/EGFP channels.

Discussion

The present study compares the electrophysiological and
pharmacological properties and the cellular localization of
HERG channels tagged with EGFP either to the C or N
terminus expressed in HEK 293 cells. Trafficking defects
in LQT2 are commonly studied using EGFP tagged to
mutated HERG channels.

About 200 LQT2-associated HERG mutations have
been described. Mutations in the N-terminal domain are
associated with altered deactivation. Deletion of the first
354-370 amino acids of the HERG channel results in a
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FITC-induced fluorescence (right) reveals that both fusion proteins
are localized in the plasma membrane. Note that the areas of
colocalization in the plasma membrane are inhomogenous and the
extent of labeling with anti-HERG antibodies of HEK 293 cells
expressing EGFP/HERG channels is lower compared to HEK 293
cells expressing HERG/EGFP channels

channel with substantially faster deactivation, and point
mutations in the N-terminal domain and smaller deletions
also lead to accelerated deactivation. The N terminus of the
HERG channel shows similarity to the Per-Arnt-Sim (PAS)
domains, and the N-terminal PAS domain may interact
with the S4-S5 linker, thereby controlling channel deacti-
vation (review in Vandenberg et al. 2004). The observation
that the deactivation kinetics of EGFP/HERG channels was
fast may indicate that EGFP fused to the N-terminal
domain of the HERG channel prevents the interaction of
the N-terminal PAS domain with the S4-S5 linker.

The biophysical properties of HERG/EGFP channels as
determined in the present study were similar to those of
HERG channels. This is consistent with previous finding
that HERG channels with a GFP molecule tagged to the
carboxyl terminus had electrophysiological characteristics
similar to the channel encoded by native HERG, which
indicated that GFP tagged to the carboxyl terminus affects
neither HERG/GFP targeting to the cell surface nor its
function (Petrecca et al. 1999).

For EGFP/HERG channels, the peak tail current density
was reduced compared to both wild-type HERG channels
and HERG/EGFP channels. HEK 293 cells expressing
EGFP/HERG channels were less intensively marked by
anti-HERG antibodies than HEK 293 cells expressing
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HERG/EGFP channels. These observations suggest reduced
plasma membrane expression of EGFP/HERG channels
compared to HERG/EGFP channels. Similarly, mutations
in the PAS domain of the N-terminal domain of the HERG
channel result in defective trafficking of the protein to the
cell membrane (Paulussen et al. 2002). Mutations in the
C-terminal domain are associated with a range of defects
including effects on subunit assembly (review in Vanden-
berg et al. 2004), and mutations located in the C-terminal
domain of the HERG channel associated with LQT2 failed
to form functional channels due to ineffective trafficking to
the plasma membrane (Teng et al. 2004; Sasano et al. 2004;
Paulussen et al. 2005). The C-terminal region of the HERG
channel contains an endoplasmic reticulum (ER) retention
signal, and a key function of the C-terminal 104 amino acids
is to mask the arg-gly-arg ER retention signal in properly
folded channels. This ER retention signal becomes exposed
when the C terminus is truncated (Kupershmidt et al. 2002).
This function of the C-terminal region of the HERG channel
does not seem to be altered by fusing EGFP to the C ter-
minus of the HERG channel since the expression of HERG/
EGFP channels was not reduced. Studies performed with
glutamate receptor 3/GFP fusion proteins showed divergent
results since the fusion of GFP to the amino terminus did not
alter the properties, whereas tagging GFP to the carboxyl
terminus led to receptors that produced larger currents in
response to agonist application that were correlated with
increases in both fluorescence and amount of protein in the
plasma membrane (Limon et al. 2007).

Most drugs block HERG channels primarily in the open
and/or inactivated state, and the binding site of most HERG
channel blockers is located in the central cavity of the
channel between the selectivity filter and the activation
gate (review in Sanguinetti and Mitcheson 2005). It is
suggested that the binding site for domperidone is also
located in the central cavity of the channel since block of
HERG currents by domperidone was stronger at more
positive membrane potentials, which indicates that dom-
peridone has a predominant affinity for the open and/or
inactivated states of the HERG channel (Claassen and
Ziinkler 2005). Therefore, it seems not surprising that
fusion of EGFP either to the N or C terminus of the HERG
channel does not influence the domperidone sensitivity of
the fusion proteins since both the N- and C-terminal
cytoplasmic domains are located some distance from the
central cavity of the HERG channel. This is in line with the
previous finding that the HERG/GFP-induced delayed
rectifier current was completely blocked by 1 pM E—4031,
a selective inhibitor of Ik, (Petrecca et al. 1999).

For both fusion proteins an inhomogenous pattern of
fluorescence throughout the cytosol was observed. Fusion
proteins consisting of HERG and either EGFP or GFP
fused to its N terminus have been observed intracellularly

in the ER, the perinuclear space and the plasma membrane,
whereas the nucleus was not stained (Furutani et al. 1999;
Jenke et al. 2003). Similarly, a fusion protein consisting of
HERG and GFP fused to its C terminus has been observed
in both the ER and the plasma membrane (Rossenbacker
et al. 2005).

Immunocytochemistry studies performed with primary
anti-HERG antibodies and with fluorescently labeled sec-
ondary antibodies showed an inhomogenous pattern of
labeling of both fusion proteins in the plasma membrane,
demonstrating that both EGFP/HERG channels and HERG/
EHGFP channels are located in discrete microdomains of
the plasma membrane of HEK 293 cells expressing the
fusion proteins. The plasma membrane is not a simple fluid
bilayer; in fact, there are microdomains within the plasma
membrane known as “lipid rafts.” Lipid rafts are com-
prised of tightly packed glycosphingolipids, sphingomyelin
and cholesterol. Lipid rafts localize membrane proteins like
ion channels to specific cell-surface regions. Additionally,
protein—protein interactions between ion channels and
scaffolding proteins (such as PSD-95) and the cytoskeleton
represent important mechanisms for localizing ion chan-
nels with the modulatory pathways that regulate them
(review in O’Connell, Martens and Tamkun 2004). Cardiac
channel subunits known to localize in lipid rafts include
Kv1.4, Kvl.5, Kv2.1, Kv4, Kir2, Kir3, Kstp, Nav and Cav.
However, there is still limited knowledge about the lipid
raft localization of HERG channels (review in Maguy,
Hebert and Nattel 2006). HEK 293 cells are a meaningful
model system which helps to explore the mechanisms
underlying trafficking and cell surface localization as
demonstrated previously for Kv2.1 (O’Connell and Tam-
kun 2005). The observation of the present study that both
fusion proteins are located in discrete microdomains of the
plasma membrane of HEK 293 cells was confirmed in
preliminary experiments for HERG channels stably
expressed in HEK 293 cells and immunolabeled with
FITC-conjugated primary anti-HERG antibodies (not
shown). These observations might point toward a lipid raft
localization of HERG channels in HEK 293 cells.

In conclusion, K* currents with tail currents character-
istic for HERG channels were observed for both EGFP/
HERG channels and HERG/EGFP channels expressed in
HEK 293 cells. The sensitivity to domperidone was similar
between wild-type HERG, EGFP/HERG and HERG/EGFP
channels. Both fusion proteins were localized in the cyto-
plasm and on discrete microdomains in the plasma
membrane. For EGFP/HERG channels, the deactivation
kinetics was faster and the peak tail current density reduced
compared to both wild-type HERG channels and HERG/
EGFP channels. The extent of labeling with anti-HERG
antibodies of HEK 293 cells expressing EGFP/HERG
channels was less compared to HEK 293 cells expressing
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HERG/EGFP channels, which suggests that EGFP/HERG
channels themselves might have a protein trafficking
defect. However, the properties of HERG/EGFP channels
seem to be similar to those of wild-type HERG channels.
These observations support the conclusion (Limon et al.
2007) that extensive functional characterization of the
tagged receptor is recommended for proper interpretation
of results obtained with tagged receptors. The observation
that EGFP tagged to the C terminus of the HERG channel
does not markedly alter the properties of HERG channels
indicates that this construct might be especially useful for
the study of receptor—ligand interactions, e.g., by using
two-color fluorescence cross-correlation spectroscopy.
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