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Abstract. To evaluate the roles of the C-termini of
K" channels in subcellular targeting and protein-
protein interactions, we created fusion constructs of
the cell-surface antigen CD8 and the C-termini
of Kv4.3, Kvl.4 and KvLQTI1. Using a Cre-lox
recombination system, we made 3 adenoviruses con-
taining a fusion of the N-terminal-and transmem-
brane segments of CD8 with the C-termini of each of
the 3 K" channels. Expression in polarized Opossum
Kidney (OK) epithelial cells led to localization of
CD8-Kv4.3 and CD8-Kv1.4 into the apical and ba-
solateral membranes, while CD8-KvLQT1 remained
in the endoplasmic reticulum (ER), even when co-
expressed with MinK. When expressed in rat cardiac
myocytes in culture, all the 3 constructs were diffusely
targeted to the surface membrane. The ER retention
of CD8-KvLQTI in OK cells but not in cardiomyo-
cytes thus reveals functional differences in trafficking
between these two cell types. To probe functional
roles of C-termini, we studied K" currents in cardiac
myocytes expressing CDS8-Kv4.3. Patch-clamp re-
cordings of transient outward current revealed a hy-
perpolarizing shift of steady-state inactivation,
implying that CD8-Kv4.3 may be disrupting the in-
teraction of Kv4.x channels with one or more as-yet-
undefined regulatory subunits. Thus, expression of
tagged ion-channel fragments represents a novel,
generalizable approach that may help to elucidate
assembly, localization and function of these impor-
tant signaling proteins.

Key words: K" current — Cell targeting — Epi-

thelial cells — Cardiac myocytes — C-terminus —
Gene transfer

Correspondence to: E. Marban; email: marban@jhmi.edu

Introduction

Potassium channels constitute the largest and most
diverse group of ion channels (Rudy, 1988; Hille,
1992). They are composed of variable combinations
of subunits and their subunits associate with numer-
ous regulatory proteins. Because of this diversity, K*
channels play a major role in determining the specific
phenotypes of excitability in neurons, cardiac myo-
cytes and other electrically-active cells. Part of this
complexity is conferred by distinct roles of various
structural domains of K* channel alpha-subunits in
cell targeting and subunit assembly. The N-terminal
regions of various K" channels are known to take
part in homo- and heteromultimerization (Strang
et al., 2001), but the role of the C-termini is less clear.
Nevertheless, it has been shown that some ion
channel C-termini are responsible for the targeting of
the proteins to their subcellular localization by in-
teracting with auxiliary proteins (Zito et al., 1997; Li,
Takimoto & Levitan, 2000).

To evaluate the roles of C-termini of voltage-
dependent K (Kv) channels in protein-protein in-
teractions, including those that determine subcellular
addressing of channels, we created fusion constructs
of the cell surface antigen CD8 and the C-termini of
Kv4.3, Kvl.4, and KvLQTI, three cardiac K*
channels that play an important role in cardiac re-
polarization. The idea is to link a robust extracellular
epitope and a transmembrane domain to a defined
intracellular domain; epifluorescence microscopy can
then track the fate of the intracellular C-termini, ei-
ther in living intact cells for surface expression or in
permeabilized cells. Our first goal was to assess sub-
cellular localization of the various constructs in a
polarized cell type, for which we chose Opossum
Kidney (OK) cells. OK cells form polarized mono-
layers with epithelial properties in culture and are a
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classical model system to study the targeting of het-
erologous membrane proteins of both epithelial and
neuronal origin (Reshkin et al., 1990). Indeed, they
reproduce neuronal subcellular localization, with the
apical membrane being like the axonal one and the
basolateral membrane being like the dendritic one
(Dotti & Simons, 1990). We chose to study Kv1.4 and
Kv4.3 channels in epithelial cells because Kv1.4 and
Kv4.2 (which is very close to Kv4.3 but is neuronal)
are known to have specific localizations in neurons:
Kvl.4 is addressed to axons and Kv4.2 to dendrites
(Sheng et al., 1992). Next, to assay the functional
consequences on ionic currents, we expressed the
CDS8-Kv4.3 fusion construct in rat heart cells. Such
cells have robust transient outward current (/,) en-
coded by members of the Kv4 family (Apkon &
Nerbonne, 1991; Faivre et al., 1999), so that any
functional effects of C-terminal overexpression
should be evident. The Kv4 family was of particular
interest, as it encodes an [, that is dynamically reg-
ulated during development (Wickenden et al., 1997)
and in pathologic states of hypertrophy and heart
failure (Wickenden et al., 1998).

Our results indicate that K* channel C-termini
can influence subcellular localization in a manner
that varies with cell type. More interestingly, we find
that [, gating properties are altered by C-terminal
overexpression. Thus, this gene transfer approach
constitutes a new, generalizable tool to probe the
trafficking and function of defined protein regions.

Materials and Methods

PLAsMID CONSTRUCTION AND ADENOVIRUS
PREPARATION

The adenovirus shuttle vectors pAdEcd, pAdVgRXR, pAdE-
cdKv4.3 and pAdCGI-MinK (Hoppe, Marban & Johns, 2000;
2001) have been described elsewhere. Briefly, the pAdEcd plasmid
contains an ecdysone-inducible promoter and the pAdVgRXR
plasmid provides the ecdysone and the retinoid X receptors that
bind to the ecdysone promoter and induce transcription. The
pAdCGI-MinK provides both the genes encoding the green fluo-
rescent protein (GFP) and MinK, the GFP gene being cloned be-
hind an internal ribosome entry site (IRES) (Pelletier & Sonenberg,
1988; Jang et al., 1989).

The N-terminal and transmembrane domains of the human
CDS8 coding sequence (amino acids 1 to 222) were cloned into the
multiple cloning site of pAdEcd to generate pAdEcd-CDS8trunc.
The C-terminal regions of the rat Kv4.3 cDNA (amino acids 439 to
636), or the human Kv1.4 cDNA (amino acids 601 to 655), or the
human KvLQT1 (amino acids 367 to 676 of isoform 1) cDNA were
cloned into pAdEcd-CD8trunc to generate pAdEcd-CD8-Kv4.3,
pAdEcd-CD8-Kv1.4 and pAdEcd-CD8-KvLQT]1.

Adenovirus vectors were generated by Cre-/ox recombination
of purified W5 viral DNA and shuttle vector DNAs in CRES cells
expressing the CRE recombinase (Hardy et al., 1997; Johns et al.,
1999). The recombinant products were plaque-purified, expanded
and purified on CsCl gradients yielding concentrations of the order
of 10" pfu/ml.
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CELL CULTURE AND TRANSDUCTION

Epithelial Cells

OK cells were cultured in Dulbecco’s modified Eagle medium: nu-
trient mixture F-12 (Ham) 1:1 (DMEM/F-12; Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum in the presence of
penicillin and streptomycin and maintained at 37°Cin 5% CO, in 75-
cm? tissue culture flasks. For passage, the monolayers were rinsed
twice with Hank’s balanced salt solution (HBSS) without Ca?" and
Mg>™ (Invitrogen), and incubated with 0.25% trypsine-1 mmM EDTA
(Invitrogen) for 3 minutes. Cells were further dissociated mechani-
cally and diluted 1 to 50 in new 75-cm” flasks. The medium was
changed 3 times a week and cells passaged once a week.

For transduction, OK cells were trypsinized 4 days prior to
transduction and plated at 50% confluence into 12-well Transwell®
cell culture plates (Costar, Acton, MA). Cells were transduced two
days after they reached confluence by adding 15 pl of each aden-
ovirus in 0.5 ml of 10 pm-ponasterone A (an ecdysone analog;
Invitrogen) in DMEM/F-12 per cluster. After 12 hours of incu-
bation at 37°C, the medium was changed for 0.5 ml of fresh 10 um-
ponasterone A in DMEM/F-12. It was changed again after 24
hours in culture.

Cardiac Myocytes

Left ventricular myocytes from adult rats were isolated by
Langendorff perfusion of the heart with collagenase type II
(Worthington Biochemical, Lakewood, NJ) according to a proto-
col previously described (Neyroud et al., 2002). Freshly isolated
myocytes were transduced in primary culture by adding 3 ul of each
adenovirus to 1/10 of the cells in medium 199 (Invitrogen). After
one hour of incubation at 37°C, myocytes were rinsed with medium
199 and cultured on 2% laminin (BD Biosciences, San Jose, CA)
-coated cover-glasses in 10 pum-ponasterone A medium 199 sup-
plemented with 2% fetal bovine serum in the presence of penicillin
and streptomycin and maintained at 37°C in 5% CO, for 24 hours
in 12-well plates.

IMMUNOCHEMISTRY

Epithelial Cells

Fortyeight hours after transduction, OK cells plated in Transwell®
clusters were stained with the Alexa Fluor® 488-conjugated wheat
germ agglutinin (Molecular Probes, Eugene, OR), a lectin specific
for the apical membrane, for 30 min on ice and fixed by 3%
paraformaldehyde for 20 min on ice. Fixed cells were then per-
meabilized with 0.1% saponin-PBS for 10 min and blocked with 5%
fetal bovine serum-1% bovine serum albumin-PBS for 30 min at
room temperature, stained one hour with primary antibodies (1/50
dilution), rinsed with 0.1% saponin and stained one hour with
secondary antibodies (1/100 dilution) and 5 pm DAPI in the dark.

The CD8-Kv channel fusion proteins were viewed with a mouse
anti-human CDS8 antibody (Sigma, St. Louis, MO) and with an
Alexa Fluor® 568-conjugated anti-mouse antibody (Molecular
Probes). The nucleus was imaged with the DAPI (Molecular
Probes). The Grp78 protein, specifically expressed in the ER, was
viewed with a rabbit anti-rat Grp78 antibody (StressGen Biotech-
nologies, Canada) and with an Alexa Fluor® 568-conjugated anti-
rabbit antibody (Molecular Probes). Kv4.3 was imaged with a
rabbit anti-rat Kv4.3 antibody (Alomone Labs, Israel) and with an
Alexa Fluor® 568-conjugated anti-rabbit antibody (Molecular
Probes).
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Cardiac Myocytes

Twentyfour hours after transduction, cardiac myocytes were rinsed
with PBS and stained alive with an R-Phycoerythrin-conjugated
mouse anti-human CDS antibody (1/50 dilution, Sigma, USA) for
20 min and rinsed again with PBS. Myocytes were then ready for
patch-clamp experiments. For imaging, myocytes were fixed and
stained like OK cells, but using a 10% goat serum-0.075% saponin-
PBS solution for permeabilization, or a 5% fetal bovine serum-1%
bovine serum albumin-PBS solution to block them without per-
meabilization. Staining was done with the same antibodies (and
same concentrations) as for epithelial cells.

CoNFocAL MICROSCOPY

Images were taken on a laser confocal microscope (Zeiss LSM 410;
Carl Zeiss, USA) with a 40x water immersion objective lens. GFP
and Alexa Fluor® 488 were imaged with an Argon laser at 488 nm
(excitation wavelength), Alexa Fluor® 568 with a green Helium-
Neon laser at 543 nm and DAPI with an UV laser at 364 nm.

ELECTROPHYSIOLOGICAL RECORDINGS

The whole-cell configuration of the patch-clamp technique (Hamill
et al., 1981) was applied on rat ventricular myocytes 24 hours after
transduction. The patch pipette contained (in mmol/1): 130
K-Glutamate, 9 KCI, 10 NaCl, 0.5 MgCl,, 5 HEPES, 2 EGTA and
5 MgATP. The pH was adjusted to 7.2 with KOH. The bath so-
lution contained (in mmol/1): 140 NaCl, 5 KCI, 0.1 CaCl,, 1
MgCl,, 10 HEPES and 10 glucose. The pH was adjusted to 7.4 with
NaOH.

Experiments were performed at room temperature (22-23°C).
Tonic currents were recorded with an Axopatch 200B patch-clamp
amplifier (Axon Instruments, Foster City, CA) using low-resistance
electrodes. Series resistance was compensated and currents were low-
pass filtered at a cut-off frequency of 2 kHz. Currents, stimulus
protocols and data collection were controlled by a microcomputer
using Q software. Rat ventricular cell capacitance was assessed by
applying a 10-mV hyperpolarizing pulse from a holding potential of
—80mV. The currents measured in myocytes were divided by the cell
capacitance to express ionic current amplitudes as densities (pA/pF).

STATISTICAL ANALYSIS

Data are expressed as mean + SEM. A 2-tailed Student’s z-test was
used to assess statistical significance when appropriate. Differences
were considered to be significant at P <0.05.

Results
TraNsDuUCTION OF OK CELLS

To investigate whether different Kv channels have
distinct targeting determinants, it is necessary to an-
alyze the subcellular localization of individual Kv
channel subunits in a model system. We chose for this
study OK cells, a cell line forming polarized, epithe-
lial-like monolayers in culture. We first evaluated the
ability of adenoviruses to transduce OK cells. Using
an adenovirus concentration of ~10'" plaque-form-
ing units (pfu)/ml, we incubated cells with 0.5 pl to 30
ul adenovirus and we determined that 15 pl was the
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optimum amount of adenovirus to transduce OK
cells. Moreover, cells had to be confluent for two days
before transduction in order for the cell monolayer to
be thick enough (~ 5 pm) to enable imaging on ver-
tical cross sections with confocal microscopy.

MEMBRANE SORTING OF CD8 AnD CD8-Kvl1.4
ProT1EINS IN OK CELLS

OK cells were transduced with adenoviruses carrying
the proteins CD8 or CD8-Kvl.4 and processed for
immunofluorescence, utilizing the CD8 antibody.
When observed in a plane parallel to the monolayer
(Fig. 14, top and bottom), the immunofluorescent
signals from cells expressing the CD8 protein show a
pattern characteristic of apical and basolateral
membrane protein localization in epithelial cells. The
punctate staining pattern on the apical surface of the
monolayer images the membrane microvilli and is
characteristic of apical labeling (top). The staining
pattern surrounding each cell is typical of the lateral
membrane (bottom). The same localization was ob-
served for cells transduced with the AdEcdCDS8-
Kvl1.4 adenovirus (Fig. 1B). Vertical cross-sectional
projections of the images were constructed from
stepwise scans perpendicular to the surface of the
monolayer. The results of this analysis verify the
apical and basolateral expression of both the CDS
and the CD8-Kv1.4 proteins in OK cells (Fig. 14 and
1B, lower panels).

MEMBRANE SORTING OF CD8-Kv4.3 aAND Kv4.3
ProT1EINS IN OK CELLS

OK cells were transduced with an adenovirus carry-
ing the fusion protein CD8-Kv4.3 and processed for
immunofluorescence with the CD8 antibody. En face
images show an apical and basolateral expression of
the CD8-Kv4.3 protein (Fig. 24). In order to com-
pare the localization of this fusion protein, containing
only the C-terminus of Kv4.3, with that of the full
Kv4.3 protein, we transduced OK cells with AdE-
cdKv4.3 and processed them for immunofluores-
cence, utilizing the Kv4.3 antibody. Such cells show
also the apical and basolateral patterns of expression,
confirming that the C-terminal region of the protein
suffices for fidelity of membrane targeting (Fig. 2B).
Vertical cross-sectional projections of the monolayers
verify the apical and basolateral expression of both
the CD8-Kv4.3 and the full Kv4.3 proteins in OK
cells (Fig. 24 and 2B, lower panels).

ER RETENTION OF THE CD8-KVvLQT1 Fusion
ProTEIN IN OK CELLS

OK cells were transduced with an adenovirus carry-
ing the fusion protein CD8-KvLQT1 and processed
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Vertical cross sections

B

Vertical cross sections

Fig. 1. CD8 and CD8-Kvl.4 localization in OK cells. Confocal
images of OK cells transduced with AdEcd-CD8 (4) or AdEcd-
CD8-Kvl.4 (B) after immunostaining with CDS8 antibody (red).
The DAPI (blue) stains the nucleus and the lectin (green) stains the
apical membrane. (Top and bottom) En face images. (Vertical cross

for immunofluorescence utilizing the CDS8 antibody.
En face images show a pattern of expression com-
pletely different for CD8-KvLQT]1 than for the pre-
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Bottom

Bottom

sections) Vertical cross-sectional projections of the monolayers: red
fluorescence (left), green fluorescence (middle) and overlay (right).
The vertical cross-sectional projections of the monolayers verify the
apical and basolateral expressions of the CD8 and the CD8-Kv1.4
proteins. Scale bar: 15 pm.

viously-studied fusion proteins (Fig. 34). The red
fluorescence was restricted to an area surrounding the
nucleus and is absent from either section of plasma



N. Neyroud et al.: Gene Transfer of Tagged K" Channel Fragments

A

1Top

Vertical cross sections

137

Bottom

Vertical cross sections

Bottom

Fig. 2. CD8-Kv4.3 and Kv4.3 localization in OK cells. Confocal
images of OK cells transduced with AdEcd-CD8-Kv4.3 (4) or
AdEcd-Kv4.3 (B) after immunostaining with CD8 (4) or Kv4.3 (B)
antibody (red). The DAPI (blue) stains the nucleus and the lectin
(green) stains the apical membrane. (7Top and bottom) En face im-

membrane. This is shown by the absence of the
punctate pattern of the apical surface and by the
absence of staining of the lateral membrane visual-

ages. (Vertical cross sections) Vertical cross sectional projections of
the monolayers: red fluorescence (left), green fluorescence (middle)
and overlay (right). The vertical cross sectional projections of the
monolayers verify the apical and basolateral expressions of the
CD8-Kv4.3 and Kv4.3 proteins. Scale bar: 15 pm.

ized by the black line separating two transduced cells.
We used the Grp78 protein as a control specific for
the ER and showed that CD8-KvLQT]1 had the same
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Fig. 3. CD8-KVLQT]1 localization in OK cells. Confocal images of
OK cells transduced with AdEcd-CD8-KvLQT1 (4) or AdEcd-
CD8-KVLQTI1 and AdCGI-MinK (C) after immunostaining with
CD8 antibody (red). The DAPI (blue) stains the nucleus and the
lectin (green) stains the apical membrane in 4 and B. In C, the green
fluorescence (GFP) indicates cells transduced with AdCGI-MinK.
Left hand side panels: en face images and right hand side panels:

vertical cross sectional projections of the monolayers; red fluores-
cence (top), green fluorescence (middle) and overlay (bottom). The
vertical cross sectional projections of the monolayers verify the ER
retention of the CD8-KvLQT]1 protein (4), even in presence of the
MinK protein (C). Note that the Grp78 antibody (red), which stains
the ER in control cells (B), is localized exactly where the CD8-
KvLQT]1 fusion protein is in transduced cells (4). Scale bar: 15 um.
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localization as Grp78 when overexpressed in OK cells
(Fig. 3B). This reveals intracellular retention of the C-
terminus of KvLQT1 when it is expressed alone
(without the rest of the channel protein or accessory
subunits) in epithelial cells. Vertical cross-sectional
projections of the monolayers verify the ER retention
of the CD8-KVvLQT]1 fusion protein, as it follows the
pattern of expression of the endogenous Grp78 ER-
specific protein in OK cells (Fig. 34 and 3B, right
panels). There is no overlapping of the green apical
staining and the red CD8-KvLQT1 protein, meaning
that the fusion protein is not addressed to the apical
membrane. The CD8-KvLQT1 protein is also absent
from the basolateral membrane since there is no red
staining of this membrane.

Since K" -channel associating proteins, such as f-
subunits, are known to facilitate the transfer of
channel proteins from the ER to the plasma mem-
brane, we overexpressed MinK (the principal
KvLQT1 channel-associated protein) using the Ad-
CGI-MinK adenovirus in cells transduced with CD8-
KvLQT1. The presence of MinK was evidenced by
the green fluorescence (GFP) and the presence of the
CDS8-KvLQT]1 fusion protein by the red fluorescence
(Fig. 3C). In cells showing both fluorescences, the
localization of the CD8-KvLQTI1 protein was un-
changed compared to cells transduced with only
AdEcd-CD8-KvLQTI. It was still retained in the ER.
Vertical cross sectional projections of the monolayers
verify the ER retention of CD8-KvLQT1 when ex-
pressed in the presence of MinK (Fig. 3C, right
panels). Thus, MinK coexpression does not suffice to
restore surface membrane targeting of the CDS-
KvLQTI construct.

TrANSDUCTION OF HEART CELLS

The experiments conducted on polarized epithelial
cells identified different targeting processes for dif-
ferent Kv channels. The CD8-Kv channel adenovi-
ruses appeared to be well-designed to study
subcellular processing of K channels. We thus de-
cided to reproduce this kind of experiment in heart
cells. Figure 4 shows isolated adult rat ventricular
myocytes transduced in culture with AdEcd-CDS8-
Kv4.3 and stained with an anti-CD8 antibody before
(Fig. 44) or after cell permeabilization (Fig. 4B).
Such myocytes showed a high expression of CDS-
Kv4.3 at the plasma membrane, even when the cells
were permeabilized. Vertical cross-sections of the
transduced myocytes verify the surface-membrane
expression of CD8-Kv4.3 (Fig. 4, lower panels). We
obtained the same results in myocytes transduced
with AdEcd-CD8-Kv1.4 or AdEcd-CD8-KvLQT1
(data not shown). We then used this strong expression
of the CD8-Kv4.3 fusion protein to the plasma
membrane of myocytes to look for possible func-
tional interactions between the Kv4.3 C-terminus and
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endogenous surrounding proteins in heart cells. For
this purpose, we recorded ionic currents in cardio-
myocytes transduced with the AdEcd-CD8-Kv4.3
adenovirus, looking for a modification of the en-
dogenous [I,,. We observed no t-tubules in these
transduced cardiac myocytes kept for 24 hours in
culture, in accordance with a previous report that
t-tubules atrophy after 5 hours in primary culture
(Lipp et al., 1996). Thus, no K" current was recorded
from the t-tubule system in these cells.

FuncTtioNaL CONSEQUENCES oF CD8-Kv4.3
OVEREXPRESSION IN VENTRICULAR MYOCYTES

Rat cardiac myocytes were transduced in culture with
CD8-Kv4.3 or CDS (as a control). Figure 5 shows
records of the whole-cell 7, at different voltages in a
cell expressing CDS (Fig. 54) and in a cell expressing
CD8-Kv4.3 (Fig. 5B). Neither the peak current den-
sity (Fig. 5C) nor the half time of decay (Fig. 5D,
17.1 £ 2.1 msec in CD8 «cells, n = 13 and
18.2 = 1.8 msec in CD8-Kv4.3 cells, n = 10) was
statistically different between CD8 myocytes and
CD&8-Kv4.3 myocytes, even though the peak current
density tended to be smaller in CD8-Kv4.3 cells
(743 £ 0.8 pA/pF, n = 10) than in CDS8 cells
(10.14 = 1.96 pA/pF, n = 13). CD8-Kv4.3 overex-
pression did not affect the current-voltage relation-
ship (Fig. 6A4) or recovery from inactivation (Fig. 6C,
Tt — 21,5+ 5.3 msec and 739 = 257 + 68 msec in

rec rec

CDS8 myocytes, n = 6 and 7' =37.7+ 7.4 msec

rec

and 39% = 390 & 106 msec in CD8-Kv4.3 myocytes,
n = 6). However, the steady-state inactivation curve
was significantly shifted in the hyperpolarizing di-
rection (Fig. 6B, Vip, = =377 +3 mV and
k, =69 £1 in CD8 myocytes, n =6 and
Vip=—-479 + 24 mV and k, = 94 + 0.8 in
CD8-Kv4.3 myocytes, n = 5; p = 0.03). Thus, the
overexpression of Kv4.3 C-terminus in adult cardiac
myocytes in culture specifically affects the voltage
dependence of inactivation.

Discussion

The major results of this study are the following: (i)
the use of polarized epithelial cells demonstrated
different targeting processes of Kv-channels’ C-ter-
mini, and (ii) the overexpression of Kv4.3 C-terminus
in rat ventricular myocytes induced a shift of the
steady-state inactivation curve towards negative po-
tentials. We will discuss each of these results in turn.

One important finding of this study is that the C-
terminus of KvLQT1 is not addressed to the plasma
membrane of polarized cells, in contrast to Kv1.4 and
Kv4.3 C-termini that are strongly expressed in this
membrane. Membrane expression and localization of
ionic channels are regulated by a variety of proteins
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Fig. 4. CD8-Kv4.3 channel expression in cardiac myocytes. Con-
focal images of a non-permeabilized cardiac myocyte transduced
with AdEcd-CDS8-Kv4.3 (4) and a permeabilized one (B) after
immunostaining with CDS8 antibody (red fluorescence). Upper
panels are en face images and lower panels are vertical cross sec-
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tions of the myocytes. Note the strong expression of the CD8-
Kv4.3 fusion protein on the plasma membrane of these cells, even
when they were permeabilized to allow the antibody to reach in-
tracellular proteins. Note also the absence of t-tubules in these
myocytes cultured for 24 hours. Scale bar: 15 pm.
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Fig. 5. Biophysical properties of CD8-Kv4.3 expressed in cardiac
myocytes. Representative /, currents in myocytes transduced with
AdEcd-CD8 (A4) or AdEcd-CD8-Kv4.3 (B). Currents were elicited
by 500-msec voltage-clamp steps from —80 to 60 mV in 10-mV
increments. (C) Peak current density in cells transduced with
AdEcd-CD8 (black bar, n = 13) or AdEcd-CD8-Kv4.3 (gray bar,
n = 10). Density of current was calculated by the subtraction of
the steady-state current to the peak current divided by the cell

including the MAGUK proteins (for Membrane As-
sociating GUanylate Kinase). These anchoring pro-
teins show different capabilities to cluster and localize
ionic channels to the plasma membrane. For in-
stance, the MAGUK protein ZO-1 associates with
connexins while PSD-95 and SAP-97 associate with
Kir or Kv channels (Fujita & Kurachi, 2000).
Moreover, the protein SAP-97 is selectively localized
in the epithelial lateral membrane due to the presence
of a distinct amino-acid sequence absent from other
MAGUK proteins and allowing its association with
specific cytoskeletal elements (Wu et al., 1998). Re-
cently, it has been reported that epithelial cell polarity
is also regulated by another MAGUK protein, the
Stardust protein (Bachmann et al., 2001). Thus, it is
likely that the C-terminus of KvLQT1 cannot asso-
ciate with such anchoring proteins present in OK
cells, while the C-termini of Kv1.4 and Kv4.3 chan-
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N
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CD8

CD8-Kv4.3

capacitance, when myocytes were depolarized at 60 mV. The dif-
ference between cells transduced with AdEcd-CD8 and cells
transduced with AdEcd-CD8-Kv4.3 was not statistically signifi-
cant. Half time of decay (D) was the time where half of the peak
current was decayed, when myocytes were depolarized at 60 mV. It
was measured in 13 cells transduced with AdEcd-CD8 (black bar)
and 10 cells transduced with AdEcd-CD8-Kv4.3 (gray bar). The
difference was not statistically significant.

nels can. This could result in the ER retention of
CD8-KvLQTI1 and the strong addressing of CDS-
Kvl.4 and CDS8-Kv4.3 to the plasma membrane.
Likewise, the absence of a release of CD8-KvLQT]1
from the ER by MinK eliminates a major role played
by this ancillary protein in surface expression of the
KvLQT]1 channel in OK cells. Another reason for the
CD8-KvLQT1 ER retention in OK cells could be that
the fusion protein is not properly folded and is re-
tained in the ER by quality control. Such a misfold-
ing, due to the artificial fusion of CD8 with the
KvLQT1 C-terminus, would expose the presence of a
cell-type-specific ER-retention sequence in the
KvLQTI1 C-terminus. To our knowledge, there is no
known ER-retention sequence in the C-terminus of
KvLQTI (e.g., the typical human KDEL retention
signal (Pelham, 1990)), but it is possible that an as-
yet-undefined C-terminal retention sequence is pres-
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Fig. 6. Biophysical properties of CD8-Kv4.3 expressed in cardiac
myocytes. (4) Normalized current-voltage (I/V) relationships elic-
ited by 500-msec voltage-clamp steps from —80 to 60 mV in 10-mV
increments (mean £ sSiEm) for cells transduced with AdEcd-CDS8
(squares, n = 6) and cells transduced with AdEcd-CDS8-Kv4.3
(circles, n = 5). (B) Voltage dependence of steady-state inactiva-
tion measured by a 2-pulse protocol with 1-sec conditioning pulses
from —120 to 40 mV followed by a test pulse to 60 mV. The data

ent and is responsible for ER retention in epithelial
cells in case of misfolding of the KvLQT1 protein. On
the other hand, our results do not exclude that a
small fraction of the CD8-KvLQT1 construct reaches
the OK cell membrane and that CD8-KvLQT1 ER
retention images are the result of a control of the
surface expression of KvLQT]1 in epithelial cells. This
would be concordant with the smaller K current
generally recorded with KvLQT1 than with Kv4.3
and Kv1.4 in mammalian cells. Moreover, the dif-
ference in K" currents would be the result of the
difference in these channel C-termini.

Since Kv1.4 and Kv4.2 channels are addressed to
axons and dendrites, respectively, in neurons and
since OK cells reproduce neuronal subcellular local-

T T
300 400 500

Time (ms)

were fit to a Boltzmann distribution. In cells transduced with
AdEcd-CD8-Kv4.3 (n = 5), the steady-state inactivation curve
was shifted by 10 mV in the hyperpolarizing direction compared
with cells transduced with AdEcd-CDS8 (n = 6; p = 0.03). (O)
Recovery from inactivation elicited by a 500-msec prepulse to 60
mV with varying rest intervals at —80 mV followed by a 500-msec
test pulse to 60 mV. It was measured in 6 cells transduced with
AdEcd-CD8 and 6 cells transduced with AdEcd-CDS8-Kv4.3.

ization (Dotti & Simons, 1990; Sheng et al., 1992),
Kvl.4 was expected to be targeted to the apical
membrane and Kv4.3 (which is very close to Kv4.2)
to the basolateral membrane of epithelial cells.
However, this study shows that CDS8-Kvl.4 and
CD8-Kv4.3 were both addressed to the apical and
basolateral parts of the plasma membrane in OK
cells. In order to confirm these results obtained with
the C-terminus of Kv4.3, we expressed the full Kv4.3
protein in OK cells and demonstrated that it was also
expressed in both the apical and the basolateral
membranes. One reason may be that Kv4.3 (the
cardiac channel) is subjected to different addressing
processes than Kv4.2 (the neuronal channel). Alter-
natively, OK cells may not fully and accurately re-
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produce neuronal subcellular localization. This might
also explain why the CDS8-Kvl.4 fusion protein
reached both the apical and the basolateral mem-
branes instead of the apical membrane, as might have
been expected from the neuronal analogy. The ER
retention of CD8-KvLQT1 in OK cells but not in
cardiac myocytes reveals functional differences in
trafficking between these two cell types. Altogether,
these results demonstrate the important cell specific-
ity of mechanisms that regulate subcellular localiza-
tion of ionic channels.

In overexpressing Kv4.3 C-terminus in cardiac
myocytes, we hypothesized that this C-terminus
would interact with endogenous Kv-channel-associ-
ating proteins, capturing them from endogenous
Kv4.3 channels and thus altering [, in these cells.
From this point of view, the stabilization of inacti-
vation and the tendency to a lower current density
observed in myocytes transduced with CD8-Kv4.3
could be explained by such an interaction. Yang et al.
(2001) recently reported that Kvf subunits increased
expression of Kv4.3 channels by interacting with their
C-termini in neurons. Expression of Kvp subunits
does not affect Kv4.3 channel gating but increases
current density and protein expression. Moreover,
this association between Kv4.3 and Kvf subunits
requires the C-terminus of the channel protein. It is
thus very likely that the effect of CD8-Kv4.3 we ob-
served in cardiac myocytes is due (at least in part) to
an interaction between Kvf subunit and the Kv4.3
C-terminus, this interaction impairing the endoge-
nous association of Kvf subunits with Kv4.3 chan-
nels. It is also conceivable that the hyperpolarizing
shift of inactivation reflects an alteration of the
channel tetramer composition in Kv4.3 subunits
caused by the overexpression of Kv4.3 C-terminus.
Such an effect on biophysical properties of hetero-
multimeric assembly has already been demonstrated
with Kvl.x channels (Po et al., 1993). Although the
exact mechanisms by which Kv4.3 C-terminus over-
expression alters the transient outward current re-
main to be determined, our results indicate that it is
possible to modulate endogenous K' currents in
cardiac myocytes by adenoviral transfer of channel
fragments that can modify channel function and ex-
pression. Such an approach may be useful to correct
a defective channel, like mutated K channels found
in the long-QT syndrome (Ficker et al., 2000; Ya-
mashita et al., 2001), by gene transfer.

In summary, we describe a gene transfer ap-
proach that is well-suited to investigate trafficking
and function of defined segments of membrane pro-
teins. The present method also offers a specific
strategy for isolating accessory proteins: anti-CDS§
affinity chromatography or immunoprecipitation
could be used to purify physiological complexes, in-
cluding components that may be associated with the
expressed protein fragments. We have yet to exploit
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this feature of the approach, but its potential has not
escaped our notice.
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