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Abstract

Karp channels are composed of pore-forming subunits Kir6.x and auxiliary subunits SURx. These channels play important roles in
modulating the contractility of vascular smooth muscle cells (SMCs) by altering membrane potentials. The molecular basis of Karp
channels in vascular SMCs is unclear and the expression of different Karp channel subunits at protein level in various tissues still
undetermined. In this study, using an anti-Kir6.1 antibody, we detected the expression of Kir6.1 proteins in rat vascular tissues including
mesenteric artery, pulmonary artery, aorta, and tail artery. Kir6.1 proteins were also identified in heart and other non-vascular tissues
including spleen and brain, but they were undetectable in liver and kidney. Immunocytochemical study revealed the expression of Kir6.1
proteins in cultured rat thoracic aortic SMCs. Using the whole-cell patch-clamp technique, it was found that the intracellularly applied
anti-Kir6.1 antibody significantly inhibited K rp channel currents in HEK-293 cells that were stably transfected with Kir6.1 cDNA. A
better understanding of differential expression of Kir6.1 proteins in various vascular and non-vascular tissues may help discern different

molecular basis and functions of Krp channel complexes in these tissues.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Karp channels are composed of four pore-forming sub-
units (Kir6.x) encircled by four sulfonylurea receptor
(SURKX) subunits [1-4]. Molecular and compositional prop-
erties of K,rp channels in vascular SMCs, however, have
been unclear. Biophysical and pharmacological properties
of native K,rp channels in vascular SMCs resemble those
reconstituted from heterologous co-expression of cloned
Kir6.1 and SUR2B subunits [5]. The transcript of Kir6.1
subunit has been identified in vascular SMCs [6]. Whether
this pore-forming Karp subunit gene is translated into
protein in vascular SMCs and whether the expression of
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this Karp subunit protein is ubiquitous across a wide spec-
trum of vascular SMCs remain to be determined. Answers to
these questions would greatly help device-specific thera-
peutic strategies targeting on specific Karp channel subunits
under different pathophysiological conditions. The func-
tional roles of Karp channels in a tissue-specific fashion in
cardiovascular system will also be better understood.
Subunit-specific anti-Kapp channel antibodies are
important tools for examining the molecular composition
and structure—function relationship of native Karp chan-
nels in vascular SMCs. To date, in limited studies anti-
Kir6.1 antibodies were produced using either synthetic
peptides based on short sequences of Kir6.1 gene [7,8]
or Kir6.1-GST fusion protein as antigen [9]. None of these
antibodies has been used to study the expression of Kir6.1
proteins in cardiovascular system. Availability of more
specific antibody for Kir6.1 subunit would greatly facilitate
in depth analysis of expression abundance of K rp channel
proteins and the structure—function relationship of Katp
channels in vascular SMCs. In the present study, we
generated an anti-Kir6.1 antibody using GST-tagged
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Kir6.1C fusion protein. With this antibody we system-
atically examined the expression patterns of Kir6.1 pro-
teins in different vascular and non-vascular tissues. Our
finding showed that Kir6.1 subunit proteins were differ-
entially expressed in vascular tissues and non-vascular
tissues.

2. Materials and methods
2.1. Generation of Kir6.1C fusion protein

rvKir6.1 ¢cDNA (Genbank Accession No.: AB043637)
(rv stands for rat vascular tissue) was isolated from mesen-
teric artery tissues of Sprague—Dawley rats in our previous
study [6]. A 494 bp Kir6.1 cDNA fragment was amplified
with a GeneAmp. PCR system 2400 (Perkin-Elmer) from
the full-length ¢cDNA using a forward primer 5'-CAG-
GATCCTGTACGATATCTCAGCCACT-3' (containing a
BamH 1 site) and a reverse primer 5-TAGCGGCCGC-
AGTGAGTGGCTGTCTAGGGT-3’ (containing a Not 1
site). The fragment was cleaved with corresponding endo-
nucleases and subcloned into a pGEX-5X-1 prokaryotic
expression vector (Pharmacia Biotech) to form pGEX-
Kir6.1C recombinant construct. The construct was further
modified with Sma I and Not I endonucleases and self-
ligated after filling in 5’ overhanging end of Not I with
DNA polymerase I (New England Biolab), resulting in a
new construct that encodes a GST tag and an in-framed
79 aa Kir6.1C fragment (L277-A355) (pGEX-Kir6.1C).
The recombinant construct was verified by DNA sequen-
cing analysis prior to bacterial expression.

The pGEX-Kir6.1C construct was transformed into the
competent Escherichia coli BL21 (DE3) cells (Pharmacia
Biotech) for bacterial expression, which was induced by
0.5 mM IPTG for 3 hr. Cells were then harvested by
centrifugation. The pellets were re-suspended in phos-
phate-buffered saline (PBS) containing 1 mg/mL of lyso-
zyme and 1% Triton X-100 (Sigma). Bacteria were broken
down by sonication at 4°. Inclusion bodies were obtained
after centrifugation at 10,000 g for 10 min [10].

The inclusion body-containing pellets were disrupted
and solubilized in 8 M urea containing 0.1 M sodium
phosphate (pH 7.8) and 0.3 M sodium chloride with over-
night stirring. After centrifugation at 10,000 g for 10 min,
collected supernatant was transferred to a dialysis tubing
(Spectrum Lab, Inc.) to be dialyzed against gradient con-
centrations of 7,6, 5,4, 3, 2, 1, and 0 M urea each for 6 hr.
GSSG (0.1 mM) and GSH (0.9 mM) were added in when
1 M urea solution was used for dialysis to help recover the
original protein structure [11,12].

Dialyzed supernatant was mixed with Sepharose Glu-
tathione 4B and stirred 1 hr at room temperature for protein
purification. The pellets were collected after centrifugation
at 1000 g for 10 min and washed three times with 10
volumes of 1x PBS. Glutathione Elution Buffer was added

and kept at room temperature for 10 min. After centrifuga-
tion at 1000 g for 5 min, supernatant was collected and the
procedure was repeated three times. Purified protein was
stored at —20° for later use.

2.2. Antibody production and purification

Male New Zealand white rabbits of eleven weeks old
were used for antibody generation. Animal use protocol was
approved by The University of Saskatchewan Animal Use
and Care Committee. Briefly, 200 pg of Kir6.1C bacterial
fusion protein was emulsified in complete Freund’s adju-
vant for the primary immunization and injected into the
rabbit subcutaneously. In subsequent immunizations, anti-
gens emulsified in incomplete Freund’s adjuvant were
injected every 3 weeks for three repeats. Blood was with-
drawn on the day immediately prior to firstinjection, 1 week
later, and 10 days after the last injection for later analysis.

Three milliliters of protein A Sepharose CL-4B column
(column @: 0.5 cm, 15 cm) (Pharmacia Biotech) was pre-
pared for antibody purification according to manufacturer’s
instruction. The column was washed using 3x bed volume
of 50 mM Tris—Cl (pH 7.0). Antisera (3 mL) was added into
the column and washed using Tris—Cl containing 1% Triton
X-100 at a speed of 0.5 mL/min until unspecific proteins
were washed out. Purified antibody was eluted with 0.1 M
glycine buffer (pH 2.6). Fractions were collected and stored
at —80° for later use.

2.3. Enzyme-linked immunosorbent assay (ELISA)

Anti-Kir6.1 antibody titer was determined by ELISA
using 96U MaxiSorp Nunc-Immuno plates (Nalge Nunc)
that were coated overnight with a coating solution (0.05 M
sodium carbonate buffer containing 20 pg/mL of purified
antigenic protein, pH 9.6) [13]. The plate was washed three
times with PBST (0.05 M PBS, pH 7.2; 0.05% Tween 20),
blocked with PBST containing 1% BSA for 2 hr at 37°, and
washed three more times with PBST. The properly diluted
primary antibody (100 pL) was added to the plate and
incubated at 37° for 1 hr, and the plate was washed three
times with PBST. Secondary antibody (1:5000 diluted goat
anti-rabbit [gG-HRP conjugate) (Bio-Rad) was added and
incubated at 37° for 45 min followed by three times of
washing with PBST. OPD solution was used to develop
reaction and the absorbance value measured at 492 nm [14].

2.4. Cell culture and transfection with Ku7p subunit
cDNA

HEK-293 cells (passage 15) and COS-1 cells (passage
17) (American Type Culture Collection) were cultured in
35 mm Petri dishes at 37° in a humidified incubator with
95% air and 5% CO, in RPMI-1640 medium and Dulbec-
co’s modified Eagle’s medium (DMEM), respectively. The
media also contained 4 mM L-glutamine, 10% fetal bovine
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serum (FBS), and 1% penicillin/streptomycin. Cultured
cells reached 70-80% confluence prior to transfection
experiments. HEK-293 cells and COS-1 cells were stably
transfected with pcDNA3.1-rvKir6.1 cDNA construct,
following the protocols described before [6].

2.5. Electrophysiological recording of whole-cell K7p
channel currents

The Petri dish with transfected HEK-293 cells was
mounted on the stage of an inverted phase-contrast micro-
scope. Pipettes were pulled from microhematocrit capil-
lary tubes (Fisher) with tip resistance of 2-4 MQ when
filled with the pipette solution, which permitted dialysis of
antibody into cytosol [15,16]. Krp currents were recorded
using an Axopatch-200B patch clamp amplifier. The output
signals were filtered at 1 kHz with an 8-pole filter, and
stored on the hard disk of a computer for off-line analysis.
Data acquisition and analysis were performed using
pClamp software (version 7, Axon instruments). At the
beginning of each experiment, junction potential between
pipette solution and bath solution was adjusted to zero [17].
Leakage subtraction was not performed and the cells with
obvious leakage were not used in this study. The pipette
solution contained (mM): 132 KCl, 1.2 MgCl,, 1 CaCl,, 10
EGTA, and 5 Hepes. Na,ATP (0.3 mM) was included in the
pipette solution immediately before the experiments. The
bath solution contained (mM): 40 KCl, 100 NaCl, 2.6
CaCl,, 1.2 MgCl,, and 5 Hepes. The pipettes were dipped
in an antibody-free intracellular solution and then back
filled with the pipette solution containing anti-Kir6.1 anti-
body at dilution of 1:500. All experiments were performed
at room temperature (20-22°).

2.6. Protein isolation from rat tissues and Western
blotting

Various tissues (300 mg each) from Sprague—Dawley
rats were homogenized using a Polytron homogenizer
with 0.5 mL of Tris-EDTA solution (EDTA 0.5 M;
Tris—Cl 1 M, pH 7.4; and sucrose 0.3 M), antipain hydro-
chloride (1 pg/mL), benzamidine hydrochloride hydrate
(1 mmol/mL), leupeptin hemisulfate (1 pg/mL), pepsta-
tin A (1 pmol/mL), 1,10-phenanthroline monohydrate
(1 mmol/mL), phenylmethylsulfonyl fluoride (0.1 mmol/
mL), and iodoacetamide (1 pmol/mL). Supernatants con-
taining crude cellular proteins were collected by centrifu-
gation at 15,000 g for 15 min and used for Western blotting
studies. Briefly, samples were denatured in a denaturing
buffer (Tris—=HCl 10 mM, 1% 2-mercaptoethenol, 1%
SDS, 10% glycerol, and 0.005% Methylene blue) at 95°
for 5 min before electrophoresis on a 10% SDS—polyacry-
lamide gel. Protein samples separated by electrophoresis
were transferred onto nitrocellulose membrane. The
membrane was blocked with 3% milk powder solution
at room temperature for 2 hr and rinsed three times with

PBS before incubated with anti-Kir6.1 antibody (dilution
1:4000). After the incubation, the membrane was washed
three times with blocking solution for 5 min and incubated
with the secondary antibody (goat anti-rabbit IgG anti-
body) for 45 min at room temperature on a shaker. Finally,
the membrane was washed consecutively with blocking
solution and PBS for three times followed by enhanced
chemiluminescence staining (Perkin-Elmer Life Sci.) to
detect positive bands [18,19].

2.7. Immunocytochemical detection of Kir6.1
proteins in A10 cells

The distribution of Kir6.1 proteins in A10 cells was
investigated. A10 cells were cultured on cover-glass, and
fixed with acetone for 20 min and washed with PBST three
times prior to immunocytochemical analysis. A10 cells
were incubated with anti-Kir6.1 antibody (1:200 in PBST
containing 1% BSA) for 1 hr at room temperature, and then
washed with PBST three times, followed by 40 min incu-
bation at 37° with anti-rabbit IgG-FITC (1:500 in PBST
containing 1% BSA). Glycerol was added to the cover-
glass after washing with PBST. The green fluorescence
emitted from A10 cells were observed with a fluorescent
confocal microscopy (Zeiss Lsm 510meta) using argon
laser excitation 488 nm and emission filter 505-530 nm.

2.8. Chemicals and statistical analysis

T4 DNA Ligase was purchased from Promega, and
hygromycin was from Invitrogen. All other chemicals and
culture media were purchased from Sigma. Data were
expressed as means == SEM and analyzed using Student’s
t-test. Differences were considered significant when
P < 0.05.

3. Results
3.1. Characterization of anti-Kir6.1 antibody

pGEX-Kir6.1C construct containing partial Kir6.1 gene
sequence was expressed in E. coli BL21 (DE3) cells with
IPTG induction. No expression of the fusion protein in E.
coli was detected without IPTG induction (Fig. 1A, lane 1).
High expression level of Kir6.1C-GST fusion protein,
38 kDa in molecular mass including a 29 kDa GST tag,
was detected after IPTG induction (Fig. 1A, lane 2).
Because the fusion protein was in inclusion bodies when
expressed in E. coli cells, necessary steps were taken to
solubilize and re-nature the protein (see Section 2). The
solubilized protein was then purified with Sepharose Glu-
tathione 4B column. The purification procedure greatly
eliminated non-Kir6.1 background (Fig. 1A, lanes 3-4).
Subsequently, this purified Kir6.1C-GST fusion protein
was used for rabbit immunization.



150 X. Sun et al./Biochemical Pharmacology 67 (2004) 147-156

(A) 1 2 3 4
- |
— - -
—
'
® _F
pE 4=
2N
59 3
:1—'
aa 2
Q
> C
g5,
£%
&
13
- 10 100 110 100 10

Antisera dilution (-fold)

(©€)

-
o
o

(PIN)
S

-
L

Antibody Specificity

¢ 100 100 100 10
Antisera dilution (-fold)

Fig. 1. Generation and purification of Kir6.1C antigenic protein and anti-
Kir6.1 antibody. (A) SDS-PAGE (10%) analysis of Kir6.1C expression in
E. coli BL21 (DE3). Lane 1, bacterial cells transformed with construct
containing Kir6.1C ¢cDNA before IPTG induction. Lane 2, bacterial cells
transformed with construct containing Kir6.1C cDNA after IPTG
induction. Lane 3, bacterial cells transformed with construct containing
Kir6.1C with induction before purification. Lane 4, expressed Kir6.1C
fusion protein after purification. (B) Determination of the sensitivity of
anti-Kir6.1 antisera. Kir6.1C fusion protein (20 pg/mL) as antigen was
used to coat the assay plate. Absorbance was measured at 492 nm. (C)
Determination of the specificity of anti-Kir6.1 antisera. OPD absorbance
values were measured and compared when Kir6.1C fusion protein and
BSA were used to coat ELISA assay plates and P and N values were
respectively determined. The dashed line indicates the threshold level of P/
N>2.1.

Anti-Kir6.1 antisera collected from rabbits 2 weeks after
the last booster inoculation were subjected to an ELISA
assay. The sensitivity of anti-Kir6.1 antisera was docu-
mented in Fig. 1B as arbitrary absorbance units determined
from the chemiluscence of OPD. OPD is activated by HRP,
which occurs when specific interaction between anti-
Kir6.1 antibody and Kir6.1 antigen allows the binding
of HRP-conjugated secondary antibody. The titer of
antibody was evaluated based on the value of P/N in
which P stands for antibody sensitivity as determined
in Fig. 1B, and N for OPD absorbance when using BSA
instead as a control. Figure 1C indicated that the titer of

anti-Kir6.1 antibody was as high as 1:1,280,000 with P/N
value >2.1.

Since GST-tagged Kir6.1C fusion protein was used as
antigen to raise antisera, the antisera may also detect GST
proteins, in addition to Kir6.1 proteins, in the examined
samples. Therefore, the antisera were firstly pre-absorbed
with GST protein before being used in the following
Western blot experiments. A single 41 kDa band of
Kir6.1 protein was detected in HEK-293 and COS-1 cell
lines, which were permanently transfected with rvKir6.1
coding cDNA (lanes 2 and 4 in Fig. 2A and B). Interest-
ingly, a band with the same molecular mass was also
detected in non-transfected native HEK-293 and COS-1
cells (lanes 1 and 3 in Fig. 2A and B). Quantitative analysis
revealed that the expression levels of Kir6.1 proteins in the
transfected HEK-293 and COS-1 cells were 5.3- and 1.9-
folds higher than that in non-transfected HEK-293 and
COS-1 cells, respectively, when normalized with B-actin
expression level (P < 0.01) (Fig. 2B). Furthermore, the
antibody specifically recognized a single 38 kDa bacterial
Kir6.1C-GST fusion protein (Fig. 2A, lane 5) and did not
cross-react with a Kir6.2C-GST fusion protein (Fig. 2A,
lane 6). After the antibody was pre-absorbed with Kir6.1
bacterial fusion protein prior to Western blot experiment,
positive bands in HEK-293 and COS-1 cells disappeared
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Fig. 2. Detection of Kir6.1 protein in HEK-293 and COS-1 cells. (A)
Representative Western blots with anti-Kir6.1 antibodies. Lane 1, non-
transfected HEK-293 cells; lane 2, HEK-293 cells transfected with
rvKir6.1 cDNA; lane 3, non-transfected COS-1 cells; lane 4, COS-1 cells
transfected with rvKir6.1 cDNA; lane 5, Kir6.1C—GST fusion protein; lane
6, Kir6.2C-GST fusion protein. (B) Normalized expression levels of
Kir6.1 proteins. Column numbers bear the same meaning as the
corresponding lane numbers in (A). N = 3 for each group. “P < 0.01 for
transfected vs. non-transfected HEK-293 cells. **P < 0.01 for transfected
vs. non-transfected COS-1 cells.
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Fig. 3. Immunological reactions of different preparations to anti-GST
antibody. (A) Representative Western blots with anti-GST antibodies on
cultured cells. Lane 1, non-transfected HEK-293 cells; lane 2, HEK-293
cells transfected with rvKir6.1 cDNA; lane 3, non-transfected COS-1 cells;
lane 4, COS-1 cells transfected with rvKir6.1 cDNA; lane 5, Kir6.1C-GST
fusion protein (38 kDa). (B) Representative Western blots with anti-GST
antibody on different tissues. Lane 1, mesenteric artery; lane 2, tail artery;
lane 3, pulmonary artery; lane 4, aorta; lane 5, heart; lane 6, liver; lane 7,
spleen; lane 8, kidney; lane 9, brain; and lane 10, Kir6.1C-GST fusion
protein (38 kDa).

(data not shown). When anti-GST antibody was used as
primary antibody instead of anti-Kir6.1 antibody, only
Kir6.1-GST fusion protein was detected (Fig. 3A). No
reaction was observed between anti-GST antibody with
any tested cells or tissues (Fig. 3A and B).

3.2. Detection of Kir6.1 proteins in various rat tissues

Cellular proteins (including plasma membrane fraction)
were prepared from various rat tissues. Kir6.1 proteins
were detected as a single 41 kDa band in all four vascular
smooth muscle tissues, i.e. mesenteric artery, tail artery,
pulmonary artery, and aorta using the anti-Kir6.1 antibody
(Fig. 4A, lanes 1-4). Their expression levels were normal-
ized with B-actin level in the same tissue preparations. The
expression level of Kir6.1 proteins in tail artery was the
lowest in these four vascular smooth muscle tissues
(P < 0.05, N =3 for each group) (Fig. 4B, lanes 1-4).
Although there were no statistical differences among
mesenteric artery, pulmonary artery, and aorta tissues
(P > 0.05, N =3 for each group), the expression level
of Kir6.1 in pulmonary artery tissues seems greater. A
positive band was detected in cardiac tissues, but the
molecular weight of this band was lower (35 kDa) than
that in vascular smooth muscle tissues (Fig. 4A, lane 5). We
did not further quantitate this Kir6.1-like protein in heart
using the same B-actin as the house-keeping control as for
other tissues because of the acknowledged difficulty to
detect B-actin in cardiac tissues using Western blot ana-
lysis. A single band of 41 kDa was detected repeatedly in
spleen tissue preparation (Fig. 4A, lane 7). In contrast, no
visible band corresponding to Kir6.1 proteins was
observed in liver and kidney tissues (Fig. 4A, lanes 6
and 8). In brain tissue, a specific 51 kDa band was
detected with the antibody (Fig. 4A, lane 9). There were
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Fig. 4. Expression of Kir6.1 proteins in various rat tissues. (A)
Representative Western blots with anti-Kir6.1 antibody. Lane 1, mesenteric
artery; lane 2, tail artery; lane 3, pulmonary artery; lane 4, aorta; lane 5,
heart; lane 6, liver; lane 7, spleen; lane 8, kidney; and lane 9, brain. (B)
Normalized expression levels of Kir6.1 proteins. Column numbers bear the
same meaning as the corresponding lane numbers in (A). N = 3 for each
group. “P < 0.05 vs. tail artery.

no significant differences in terms of Kir6.1 expression
levels between tail artery and spleen or brain tissues
(P > 0.05, N = 3 for each group). In another set of experi-
ments, 58 pg anti-Kir6.1 antibody was mixed with 1.16 mg
purified GST-tagged Kir6.1C bacterial fusion protein
(ratio, 1:20) and incubated at 37° for 30 min followed
by overnight incubation at 4°. This preabsorbed anti-Kir6.1
antibody was used in Western blotting against tissue pre-
parations. Figure 5 shows that the specific Kir6.1 bands in
vascular tissues, heart, liver, and brain were no longer
detectable after pre-absorption of anti-Kir6.1 antibody.

3.3. Electrophysiological studies using anti-Kir6.1
antibody

Karp currents in HEK-293 cells stably transfected with
Kir6.1 cDNA were recorded. Two minutes after the for-
mation of the whole-cell configuration, the cells were
repetitively hyperpolarized to —150 mV from a holding
potential of —20 mV with 800 ms pulses. In the presence of
anti-Kir6.1 antibody (1:500) in the pipette solution,
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Fig. 5. Pre-absorption abolished the specific Kir6.1 band in Western blot assay. Lane 1, mesenteric artery; lane 2, tail artery; lane 3, pulmonary artery; lane 4,
aorta; lane 5, Heart; lane 6, Kir6.1C—GST fusion protein; lane 7, liver; lane 8, spleen; lane 9, kidney; and lane 10, brain. All specific bands disappeared when

anti-Kir6.1 antibody has been pre-absorbed with purified Kir6.1 antigen.
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Fig. 6. Effects of anti-Kir6.1 antibody (Kir6.1 Ab) on Karp currents in
stably transfected HEK-293 cells. Test potential, —150 mV; holding
potential, —20 mV. (A) The time-dependent effect of Kir6.1 Ab on
whole-cell Karp currents. Current amplitude (/) at —150 mV at each
time point was compared with those obtained at the beginning of
the recording (/). (B) Summary of the effect of Kir6.1 Ab on Karp
currents recorded at —150 mV for 15 min. P < 0.05 vs. the first 1 min of
recording (open column). Number of cells for each experiment is denoted
respectively.

Katp currents were inhibited within 1 min after the estab-
lishment of the whole-cell configuration by 21.3 +4.6%
(from —927.7+259pA to —729.7+429pA). The
inhibition of Karp currents became stable 10-15 min
thereafter. Korp currents were stable for 15 min (Fig. 6)
in the absence of antibody, or in the presence of 1:500
control sera that was taken from the same rabbit before
immunization with Kir6.1 antigenic protein, in the pipette
solution.

3.4. Localization of Kir6.1 proteins in cloned smooth
muscle cells using the anti-Kir6.1 antibody

The localization of Kir6.1 subunit was investigated in
A10 cells (rat thoracic aortic smooth muscle cell line).
Immunofluorescence staining from confocal microscopy
imaging of the cultured cells revealed the presence of
Kir6.1 proteins in A10 cells. Intensified green fluorescence
was observed on plasma membranes and in the cytosol
(Fig. 7A), but not in nuclear region. In order to exclude the
contamination from nonspecific background fluorescence,
anti-Kir6.1 antibody was replaced with sera that were
taken from the same rabbit before immunized with
Kir6.1 antigenic protein. Under this condition, no fluores-
cence was observed in A10 cells (Fig. 7C).

4. Discussion

Electrophysiological and pharmacological features of
different K o1p channel subunits have been characterized in
great details in heterologous expression systems. Co-
expressed rvKir6.1 and rvSUR2B yielded functional Ktp
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Fig. 7. Localization of Kir6.1 protein in A10 (thoracic aortic smooth muscle) cells using the anti-Kir6.1 antibody. Images in (A) and (B) and those in (C) and
(D) were taken from the same field, respectively. The cells stained with anti-Kir6.1 antibody exhibited strong fluorescence (A). In the absence of anti-Kir6.1
antibody no fluorescence was detectable (C). The transmitted light images of the cells were shown in (B) and (D). Scale bars, 20 pm.

channels that were inhibited by glibenclamide, and opened
by pinacidil [6]. Kir6.1/SUR2B channels are relatively
insensitive to intracellular ATP concentration changes
and activated by intracellular nucleotide diphosphates in
the presence of Mg [5]. Kir6.1/SUR2B channels are also
characterized with weak inward rectification, flickering
activity within burst, and intermediate unitary conductance
(around 33 pS under symmetrical K* in the presence of
pinacidil) [5]. Interestingly, Kir6.1/SUR2B channels do
not spontaneously open on patch excision in the absence of
intracellular ATP. These channels in inside-out patches are
induced by uridine diphosphate and guanosine diphosphate
[5]. Molecular compositions of Karp channel complex in
various tissues, however, remain to be determined. The
present study was aimed at examining distribution of
Kir6.1 proteins in different rat vascular and non-vascular
tissues. Generation of specific antibody against Kir6.1
protein was the critical prerequisite for the present study.

In our study, the specificity of anti-Kir6.1 antibody was
verified with the absorption experiment and additionally
with anti-GST antibody detection experiment in which
positive bands were detectable only in bacteria expressing
Kir6.1-GST fusion proteins, not in other cellular and tissue
preparations.

Karp channels in plasma membrane are composed by
Kir6.x and SURXx in different combinations in different
types of cells. Up to now, there were only a limited number
of literatures describing the expression patterns of Karp
channel subunits in vascular smooth muscle cells at mRNA
level. Kaorp channel subunit expressions at protein level
were largely unknown in vascular smooth muscles or other
non-vascular tissue [20]. For instance, Cui et al. demon-
strated the presence of Kir6.1 transcript with RT-PCR in rat
pulmonary artery [20]. Suzuki er al. detected Kir6.1
mRNA in mouse aorta using Northern blot technique
[21]. Cao et al. identified transcripts of Kir6.1 in rat aorta,
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tail artery, pulmonary artery, and mesenteric artery tissues
[6]. Using the anti-Kir6.1 antibody prepared in the present
study, Kir6.1 proteins were identified in four rat vascular
smooth muscle tissues including mesenteric artery, tail
artery, pulmonary artery, and aorta. This is the first descrip-
tion of Kir6.1 protein expressions in various vascular
smooth muscles. These results would help reveal the
molecular composition of native K yrp channels in vascular
SMCs and the contributions of different K rp channel
subunits to the functions of native Krp channels in
different vascular SMCs. Our results will also pave the
way for future studies by targeting the specific subunit of
Karp channels in vascular SMCs.

In contrast to its ubiquitous expression in rat vascular
tissues, Kir6.1 protein was not detectable in rat liver and
kidney tissues. Suzuki et al. reported a pool of Kir6.1
proteins with a variety of molecular sizes in rat liver
tissues. The molecular weights of detected bands were
51 and 49 kDa in total homogenate, 51 kDa in mitochon-
drial fraction, and 47 kDa in plasma membrane vesicles
[22]. A recent paper from the same group [23], on the other
hand, demonstrated the absence of Kir6.1 mRNA in mice
liver using Northern blot technique. These seemingly
conflict results on the expression of Kir6.1 in hepatocytes
need to be reconciled.

A single band of 35 kDa, smaller than that in vascular
tissues (41 kDa), was detected by the anti-Kir6.1 antibody
in rat heart tissue homogenate. It is generally believed that
cardiac K o1p channels are composed of Kir6.2 and SUR2A
subunits [21]. There was no report on the expression of
Kir6.1 proteins in heart except the study by Akao et al., in
which Kir6.1 protein was detected in rat heart tissue with a
molecular weight of 49 kDa [24]. On the other hand, Kir6.1
mRNA in heart from both rat and human had been detected
by many laboratories [25-27]. The detected cardiac Kir6.1
proteins in our study may result from a truncated Kir6.1
protein, a mitochondrial fraction of the protein, or a
distinctive isoform of Kir6.1 gene. These possibilities
warrant further investigations. A single band of 51 kDa
of Kir6.1 was detected in rat brain tissues in our study. This
result is in line with a previous report on the expression of
Kir6.1 protein with molecular weight of about 50 kDa in
rat astrocytes [9]. Studies by other groups have showed the
existence of several potential cAMP-dependent, protein
kinase C-dependent, casein kinase-II-dependent phosphor-
ylation sites, and several N-linked glycosylation sites in
Kir6.1 protein structure. Largely owing to these post-
translational modifications, matured Kir6.1 proteins have
been detected with a wide spectrum in term of molecular
weight in different tissues or even in different subcellular
fractions of cells within the same tissue [9,22]. Therefore,
Kir6.1 protein in brain tissues detected in our study may
have been modified by glycosylation or phosphorylation.
In addition, Kir6.1 protein was not detected in rat kidney
tissues in our study. Sgard et al. observed a faint band of
Kir6.1 mRNA using Northern blot technique and this

mRNA expression was significantly up-regulated after
renal hypoxic injury [27]. It is possible that Kir6.1 transla-
tion is limited in kidney, but it may be up-regulated by
hypoxic or ischemic stresses. Finally, Kir6.1 protein iden-
tified in spleen tissue has not been reported before. The
significance of this finding needs to be elucidated in the
future.

Although a much stronger 41 kDa band was detected in
HEK-293 or COS-1 cells transfected with rvKir6.1 cDNA,
endogenous Kir6.1 proteins were detected in non-trans-
fected HEK-293 or COS-1 cells (Fig. 2). Using RT-PCR
technique, we had also detected transcripts of Kir6.1
subunit in non-transfected HEK-293 and COS-1 cells
(unpublished observation). Suzuki et al. [22] did not detect
Kir6.1 proteins, using anti-Kir6.1 antibody, in COS-1 cells
transfected with pCMV vector alone. The amount of
protein (15 pg) used in their experiments was smaller than
what we used (45 pg), which may underline their negative
results. Thomzig et al. also reported the absence in non-
transfected COS-7 cells of endogenous Kir6.1 proteins
using an anti- Kir6.1 antibody [9]. While we examined
the expression of Kir6.1 proteins in pool of cells, Thomzig
et al. [9] studied the expression in individual cells.
Together with potential difference in the affinities between
antibodies produced in different laboratories, a higher
sensitivity of the experimental approach may explain the
positive identification of Kir6.1 in our study. It is worth to
point out that low endogenous expression level of Kir6.1
proteins in native HEK-293 or COS-1 cells may not suffice
to yield functional Ksrp channel currents in these cells.
Our previous eletrophysiological study on non-transfected
HEK-293 or COS-1 cells did not found detectable Krp
channel currents [28].

The contribution of individual K spp channel subunits to
native K rp channels in vascular smooth muscle cells has
been largely unknown. Lack of K rp subunit-specific anti-
body is one of the reasons for this gap of knowledge. The
present study demonstrated that Kapp channels in HEK-
293 cells transfected with Kir6.1 cDNA were significantly
inhibited by anti-Kir6.1 antibody. The inhibitory effect of
anti-Kir6.1 antibody was specific since the recorded Katp
currents did not change their amplitude over the same time
frame in the absence of the antibody in the pipette solution
or with the inclusion of control serum. Within 10 min of
application, the inhibition of Krp currents by the antibody
became stable. The existence of other endogenous Karp
channel subunits in native HEK-293 cells, other than
Kir6.1, may explain the incomplete inhibition of Karp
currents induced by anti-Kir6.1 antibody. Furthermore, our
antibody is targeted against a 79 aa fragment of Kir6.1
protein at its C terminus. This specific epitope of Kir6.1
may participate in, but not fully responsible for, the for-
mation of K permeation pore. Thus, designing and apply-
ing different antibodies against specific epitopic
antigenities would help unmask the contribution of differ-
ent epitopes of Karp channel subunits to the function of
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Katp channels by probing different regions for pore for-
mation, ATP binding, and specific modulation domains. By
comparing changes in conductance of native K orp currents
after the application of anti-Kir6.1 antibody, it will also
become possible to identify the participation of Kir6.1
proteins in the formation of native K rp channel complex
in different types of cells.

In summary, Kir6.1 proteins were identified in all vas-
cular tissues examined with higher abundance level in
pulmonary artery, aorta, and mesenteric artery than in tail
artery. The expression of this Ksrp channel subunit protein
was also detected in heart, spleen, and brain, but not liver
and kidney. In cultured A10 cells, Kir6.1 proteins were
located in plasma membrane. Different expression patterns
of Kir6.1 proteins in various vascular and non-vascular
tissues indicate the relative importance of Kir6.1 proteins
in participating in the formation of Krp channel complex
and in the regulation of cellular functions in different
tissues.
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