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1 The pharmacological properties of KATP channels generated by stable co-expression of the
sulphonylurea receptor SUR1 and the inwardly rectifying K+ channel Kir6.2 were characterized in
HEK-293 cells.

2 [3H]-Glyburide (glibenclamide) bound to transfected cells with a Bmax value of 18.5 pmol mg71

protein and with a KD value of 0.7 nM. Speci®c binding was displaced by a series of sulphonylurea
analogues with rank order potencies consistent with those observed in pancreatic RINm5F
insulinoma and in the brain.

3 Functional activity of KATP channels was assessed by whole cell patch clamp, cation e�ux and
membrane potential measurements. Whole cell currents were detected in transfected cells upon
depletion of internal ATP or by exposure to 500 mM diazoxide. The currents showed weak inward
recti®cation and were sensitive to inhibition by glyburide (IC50=0.92 nM).

4 Metabolic inhibition by 2-deoxyglucose and oligomycin treatment triggered 86Rb+ e�ux from
transfected cells that was sensitive to inhibition by glyburide (IC50=3.6 nM).

5 Diazoxide, but not levcromakalim, evoked concentration-dependent decreases in DiBAC4(3)
¯uorescence responses with an EC50 value of 14.1 mM which were attenuated by the addition of
glyburide. Diazoxide-evoked responses were inhibited by various sulphonylurea analogues with rank
order potencies that correlated well with their binding a�nities.

6 In summary, results from ligand binding and functional assays demonstrate that the
pharmacological properties of SUR1 and Kir6.2 channels co-expressed in HEK-293 cells resemble
those typical of native KATP channels described in pancreatic and neuronal tissues.
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Introduction

ATP-sensitive potassium (KATP) channels are a family of weak
inward recti®ers expressed in diverse cell types including
pancreatic b-cells, heart, brain, skeletal and smooth muscle

cells where they couple cellular energy metabolism to
membrane electrical activity (Noma, 1983). A distinguishing
feature of KATP channels is that their activity is inhibited by
intracellular ATP concentrations, but activated by an increase

in MgADP levels (Nichols et al., 1996; Shyng et al., 1997).
Recent evidence indicates that phosphatidylinositol phos-
phates can profoundly antagonize ATP inhibition of KATP

channels (Shyng & Nichols, 1998).
The physiological function of these channels is best

understood in the pancreas where they control insulin

secretion in response to altered glucose levels (Boyd et al.,

1990). Elevation in glucose levels leads to increased glucose
transport and metabolism in the b-cell which increases the
ATP :ADP ratio resulting in inhibition of the KATP channel,

membrane depolarization, activation of voltage-gated calcium
channels, calcium in¯ux and insulin secretion. In the heart,
potassium channel openers (KCOs) protect ischaemic/reper-
fused myocardium and evidence suggests that mitochondrial

KATP channels may mediate these e�ects (Garlid et al., 1997;
Liu et al., 1998). KATP channels also regulate hypoxia-evoked
atrial natriuretic factor secretion in the heart (Xu et al., 1996),

cholecystokinin secretion in the smooth muscle (Mangel et al.,
1994) and neurotransmitter release in the central nervous
system (Amoroso et al., 1990). Recent studies have shown that

KATP channels in hypothalamic neurons are targets for
activation by leptin, the obese gene product (Spanswick et al.,
1997).

During the past 5 years, several KATP channel candidates

have been cloned (reviewed in: Bryan & Aguilar-Bryan, 1997;
Babenko et al., 1998; Isomoto & Kurachi, 1997; Ashcroft &
Gribble, 1998). Reconstitution studies have revealed that the

native KATP channel is a complex composed of two
components: an inward recti®er K+ channel (Kir) belonging
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to either Kir6.1 or Kir6.2 and a sulphonylurea receptor (SUR).
The Kir subunit is responsible for ion permeation whereas the
SUR subunit confers sensitivity to KCOs such as diazoxide

and sulphonylureas and may facilitate tra�cking of the
channel complex (John et al., 1998). Three SURs, SUR1,
SUR2A and SUR2B, have been cloned and studied by co-
expression with either Kir6.1 or Kir6.2 subunit. The b-cell
KATP channel is composed of Kir6.2 and SUR1, assembled
possibly in a 1 : 1 (SUR-Kir6x)4 octameric stoichiometry
(Clement et al., 1997). Both subunits are required for

functional expression of the channel, although removal of a
26-amino acid stretch from the C-terminus of Kir6.2 enables
functional expression of the channel in the absence of SUR1

(Tucker et al., 1997). Recent studies have shown that SUR1-
Kir6.2 is a major subunit combination of KATP channels not
only in the pancreas, but also in neurons including dorsal vagal

neurons and leptin-sensitive myenteric neurons (Karschin et
al., 1988; Liu & Kirchgessner, 1998). In contrast, the widely
accepted molecular composition of the cardiac channel is
thought to be SUR2A-Kir6.2, whereas SUR2B in conjunction

with Kir6.2 or Kir6.1 is thought to constitute diverse smooth
muscle type KATP channels (Isomoto & Kurachi, 1997;
Aguilar-Bryan & Bryan, 1999). It is now becoming evident

that the C-terminal region of the SUR does not a�ect
sulphonylurea interactions and that the binding sites for both
KCOs and sulphonylureas may be associated within the

second set (12 ± 17 segments) of transmembrane domains
(DoÈ rschner et al., 1999; Uhde et al., 1999). Analysis of
radiolabelled glyburide (glibenclamide) binding to the SUR

subtypes reveal that occupation of one of the four SUR sites
per channel complex is su�cient for the closure of KATP

channels (DoÈ rschner et al., 1999).
With the emerging diversity of KATP channel subunits, it is

quite possible that each tissue has certain isoforms to play
various functions from transmitter release to ischaemic
protection. Initial studies of the SUR1-Kir6.2 containing KATP

channels have primarily been performed in Xenopus oocytes or
in mammalian cells transiently expressing the channel subunits
(Inagaki et al., 1995; Shyng et al., 1997). Recently, these KATP

channels have been expressed in Spodoptera frugiperda (Sf9)
cells using a bacculovirus vector (Mikhailov et al., 1998).
However, a detailed evaluation of the biophysical, radioligand
binding and pharmacologic properties of these channels and

critical comparison with those of native tissues or cell types
have not been undertaken. Accordingly, in this study we have
examined radioligand binding and functional pharmacology of

KATP channels derived by stable co-expression of SUR1 and
Kir6.2 subunits in human embryonic kidney 293 cells. Portions
of this work were previously presented as an abstract

(Gopalakrishnan et al., 1999a).

Methods

Stable transfection and cell culture

The amino acid sequence of human SUR1 (obtained from
Incyte Pharmaceuticals Inc., Palo Alto, CA, U.S.A.) within the
coding region was identical to that deposited in GenBank

(Accession No: L78207) and the DNA sequence encoding
human Kir6.2 subunit was identical to those previously
published by Inagaki et al. (1995). For expression studies,

SUR1 and Kir6.2 subunit DNA was subcloned into the
mammalian expression vector pcDNA3.1 (Invitrogen) contain-
ing the zeocin and G418 resistance markers respectively.
Restriction mapping and dideoxysequencing of double

stranded DNA veri®ed ®nal constructs. Human embryonic
kidney 293 cells (American Type Tissue Collection, Rockville,
MD, U.S.A.) were transfected by lipofectamine (GIBCO/BRL,

Grand Island, NY, U.S.A.) as previously described (Gopa-
lakrishnan & Molinari, 1998). Brie¯y, SUR1 and Kir6.2
cDNA samples (1.5 mg) was mixed with 20 mg lipofectamine
and used to transfect the 26106 cells. Forty-eight hours post

transfection, cells were split 1 : 10 and geneticin (0.5 mg ml71)
and zeocin (0.1 mg ml71) were added to the media to select for
antibiotic-resistant clones. Clones were picked at random with

the aid of cloning rings and further propagated for analysis.
Cells were maintained in media containing 250 mg ml71

neomycin and 100 mg ml71 zeocin and supplemented with

10% (w v71) foetal bovine serum, 100 units ml71 penicillin,
100 mg ml71 streptomycin and 0.25 mg ml71 amphotericin B
in a humidi®ed cell incubator containing 5% CO2 at 378C. The
RINm5F pancreatic insulinoma (American Type Culture
Collection, Rockville, MD, U.S.A.) was cultured in RPMI
1640 medium containing 10% heat-inactivated foetal bovine
serum and cells were maintained at 5% CO2.

RT±PCR analysis

RT±PCR was employed to assess the presence of SUR1 and
Kir6.2 mRNA in transfected cells. Total RNA from HEK 293
cells transfected with SUR1 and Kir6.2 was isolated using

Trizol reagent according to the manufacturer instructions as
previously described (Miller et al., 1999; Gopalakrishnan et al.,
1999b). Subunit speci®c primers were designed to SUR1

(accession number L78207) and Kir6.2 (accession number
D50582). The oligonucleotide primers used are: SUR1 forward
5'-GCGTGCAAAAGCTAAGCGAG-3' (1817 ± 1836 bp) 5'-
GACGCTTGCGGTT CACAAC-3' (1951 ± 1933 bp; expected

product size, 134 bp) and Kir6.2 forward 5'-
ATGCTGTCCCGCAAGGGCATC-3' (1 ± 21 bp); reverse 5'-
GCTGATGATCATG CTCTTGC-3' (636 ± 617 bp; expected

product size, 636 bp). Reverse-transcription PCR (RT±PCR)
was performed using 2 ± 4 ml of cDNA in 50 ml reaction
containing 0.4 mM each primer, 200 mM each dNTP, and 2.5

units of Taq polymerase (Perkin Elmer, Norwalk, CT, U.S.A.).
The cycling conditions were 958C for 24 s, 558C for 22 s, 728C
for 78 s for 40 cycles. Appropriate templates were included as
positive controls while the reactions lacking reverse tran-

scriptase during ®rst strand synthesis served as a negative
control. An aliquot (30 ml) of the RT±PCR product was
analysed on a 10% Tris-Borate-EDTA (TBE) polyacrylamide

gel and its identity con®rmed by DNA sequence analysis.

Membrane preparation and ligand binding

Con¯uent transfected HEK-293 cells or RINm5F cells were
rinsed with ice-cold assay bu�er (50 mM Tris HCl, pH 7.2 at

228C), mechanically disaggregated and homogenized using a
Polytron homogenizer for 10 s. The homogenate was
centrifuged at 45,0006g for 20 min at 48C and the pellet
resuspended in ice-cold assay bu�er. [3H]-Glyburide binding to

membranes was carried out in 50 mM Tris HCl bu�er in the
absence of nucleotides as described previously (Gopalakrish-
nan et al., 1991). Incubations were carried out in a ®nal 500 ml
volume with [3H]-glyburide (0.3 nM) and cell membrane
protein (25 mg) for 60 min at room temperature in the presence
or absence of unlabelled drugs. For saturation binding, 0.01 ±

8.0 nM radioligand was employed. Speci®c binding was de®ned
by the addition of 1 mM unlabelled glyburide to a duplicate set
of tubes. Incubations were terminated by rapid vacuum
®ltration over GF/B glass ®bre ®lters, and ®lters washed three
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times with 1.5 ml of ice-cold bu�er. Bound radioactivity was
quantitated by liquid scintillation spectroscopy at an e�ciency
of 45% (LS 5000 TD, Beckman Instruments, Somerset, NJ,

U.S.A.).

Electrophysiology

Whole cell patch clamp was employed to measure the currents
in transfected cells. The microelectrodes, pulled from
borosilicate glass (0.8 ± 1.1 mm internal diameter), had tip

diameter of 2 ± 3 mm and resistance ranging 2 ± 5 MO. The
intracellular pipette solution contained (mM): KCl 107, MgCl2
1.2, CaCl2 1, EGTA 10, HEPES 5 (pH 7.2 adjusted with KOH;

total K+ *140 mM). The bath solution contained (mM): KCl
40, NaCl 100, CaCl2 2.6, MgCl2 1.2 and HEPES 5 (pH 7.4
adjusted with NaOH). Di�erent K+ concentrations were

obtained by equimolar substitution with NaCl. After a tight-
seal was formed, the cell membrane was ruptured and the
capacitance transient was integrated on-line to estimate cell
capacitance as a measure of cell size. Uncompensated series

resistance was typically 3 ± 10 MO. Whole cell currents were
ampli®ed using Axopatch-200B ampli®er (Axon Instruments,
Foster City, CA, U.S.A.) and low pass ®ltered at 2 kHz

(73dB, 4 pole Bessel ®lter) before digitization by Digidata
1200B at a sampling rate of 10 kHz. Inhibition of glyburide
was tested after whole-cell currents had reached steady-state

levels with pipette solution containing no ATP.

86Rubidium e�ux

Cation ¯ux assays were carried out using cells grown attached
to poly-D-lysine coated 24-well culture dishes (Nunc, Naper-
ville, IL, U.S.A.). Cells were plated at a density of 16105 cells

well71. When con¯uent, cells were loaded with media
containing 86Rb+ (0.2 mCi well71; NEN-Dupont, Wilming-
ton, DE, U.S.A.) and incubated at 378C for 4 ± 5 h. Prior to

the assay, the loading medium was removed, cells were rinsed
three times with 200 ml of assay medium (composition, mM):
HEPES 20, NaCl 120, KCl 7, CaCl2 2 and MgCl2 1, pH

adjusted to 7.4 with NaOH, and then incubated with 200 ml of
medium containing 2-deoxyglucose (10 mM) and oligomycin
(0.2 mg ml71) in the presence or absence of glyburide for
30 min. Radioactivity in the assay medium was detected by

gamma counting (Gamma 5500, Beckman Instruments, Full-
erton, CA, U.S.A.). Data is expressed as per cent e�ux relative
to the total amount of radioactivity incorporated.

Membrane potential studies

Functional activity of KATP channels expressed in transfected
cells were measured by evaluating changes in membrane
potential using the bis-oxonol dye DiBAC(4)3 (Molecular

Probes) in a 96-well cell-based kinetic assay system, Fluor-
escent Imaging Plate Reader (FLIPR) as previously described
(Gopalakrishnan et al., 1999b). Con¯uent cells cultured in
black clear-bottomed 96-well plates were rinsed twice with

200 ml assay bu�er (composition, mM): HEPES 20, NaCl 120,
KCl 2, CaCl2 2, MgCl2 1, glucose 5, pH 7.4 at 258C, containing
5 mM DiBAC4(3) and incubated with 180 ml of bu�er in a cell

incubator for 30 min to ensure dye distribution across the
membrane. Assays were carried out at 378C and were initiated
by the addition of 20 ml of 106 concentration of the test

compound. Changes in DiBAC4(3) ¯uorescence was measured
at excitation and emission wavelengths of 488 and 520 nm,
respectively (Schroeder & Neagle, 1996) for 25 min. Com-
pounds were added in the presence or absence of metabolic

inhibitors (10 mM 2-deoxy-D-glucose and 0.1 mg ml71 oligo-
mycin) and responses corrected for any background changes in
¯uorescence by subtracting the corresponding controls. In

some experiments, at the end of the initial 25-min period,
glyburide was added to examine reversal of KCO e�ects.

Data analysis and statistics

The IC50 values for the binding displacement was calculated
from concentration-response curves using the 4-parameter

logistic equation. The Ki values for ligands were estimated
from the IC50 values using the Cheng-Pruso� equation
Ki=IC50/(1+([glyburide]/KD)) where the KD value is equili-

brium binding dissociation constant determined from satura-
tion analysis. In patch clamp studies, the e�ect of glyburide
was evaluated by comparing current before and after treatment

in the same cell. The fraction of current remaining (I) was
plotted as a fraction of the control current (Io) that was
obtained in the absence of glyburide. Concentration-response
data were ®tted the logistic equation Y=1/[1+(X/a)b where X

and Y represent concentration and response respectively and a
and b represents the concentration for half-maximal e�ect and
the slope respectively. When comparing group means, a P

value 50.05 was considered statistically signi®cant.

Compounds

[3H]-Glyburide (speci®c activity, 50 Ci mmol71) and 86Rb+

(speci®c activity, 1.7 mCi mg71) was purchased from NEN Life

Sciences (Boston, MA, U.S.A.). Glyburide, glipizide, tolbuta-
mide, tolazamide, chlorpropamide, phloxine B, acetohexa-
mide, rose bengal, diazoxide, 2-deoxy glucose and oligomycin
were obtained from Research Biochemicals International

(Natick, MA, U.S.A.) or from Sigma Chemical Co. (St. Louis,
MO, U.S.A.). Stock solutions (10 or 100 mM) of drugs were
made in DMSO and diluted to desired concentrations

immediately prior to use.

Results

mRNA analysis

RT±PCR analysis of total RNA isolated transfected HEK-
293 cells (clone #5) revealed the expected fragment sizes for

Figure 1 Representative RT±PCR analysis of total cellular RNA
isolated from HEK-293 cells transfected with SUR1 and Kir6.2
subunits. RT±PCR products were analysed on a 1% tris-borate-
EDTA agarose gel and visualized by ethidium bromide. Lanes 1 and
4, SUR1 and Kir6.2 PCR products ampli®ed from hSUR1 and
Kir6.2 templates, respectively; lanes 2 and 5, SUR1 and Kir6.2 PCR
products ampli®ed from SUR1/Kir6.2 transfected HEK 293 cells,
respectively; lanes 3 and 6 no reverse transcriptase controls for SUR1
and Kir6.2 from transfected HEK 293 cells, respectively; and lane 7,
1 kb DNA ladder. The expected fragment sizes corresponding to
Kir6.2 (636 bp) and SUR1 (134 bp) are indicated by arrows.
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Kir6.2 (636 bp) and SUR1 (134 bp) (Figure 1). Under these
conditions, similar size products were undetectable in cells
transfected with plasmids lacking the inserts. Further, negative

controls lacking reverse transcriptase in the cDNA synthesis
step did not reveal detectable bands (data not shown).

Pharmacology of [3H]-glyburide binding

[3H]-Glyburide bound to transfected HEK-293 cells in a
saturable manner with a Bmax value of 18.46+1.25 pmol mg71

protein and with a KD value of 0.71+0.08 nM (n=3; Figure 2).
Under similar binding conditions, binding to RINm5F cells
and rat brain membranes showed Bmax values approximately

30 fold and 180 fold respectively lower than those observed in
transfected cells [RINm5F, 596+68 fmol mg71; n=7; rat
brain, 101+7.3 fmol mg71; n=3]. Importantly, binding

properties in this cell line have been maintained in culture for
repeated passages and cells could be retrieved from frozen
storage without loss in activity.

The pharmacology of [3H]-glyburide binding was assessed

in detail by displacement analysis of a series of sulphonylurea

and ¯uorescein analogues (Figure 3). The Ki values for binding
inhibition are summarized in Table 1. The relative a�nities of
the various sulphonylurea ligands at the recombinant SUR1-

Kir6.2 were, glyburide (0.61 nM)4glipizide4tolazamide4tol-
butamide*acetohexamide*chlorpropamide (30 mM). Speci®c
binding was also displaced by ¯uorescein analogues previously
described to interact with KATP channels in insulinoma cells (de

Weille et al., 1992; Holemans et al., 1995). Phloxine B and rose
bengal inhibited [3H]-glyburide binding with Ki values of
449+86 nM and 127+14 nM (n=3), respectively. The a�nity

values for binding displacement for the various compounds
examined including glyburide, glipizide, chlorpropamide,
tolazamide showed a good correlation with those observed

with pancreatic RINm5F cells (r=0.97) and rat brain (r=0.93)
membranes assayed under similar conditions [Figure 3B, C]. In
contrast, KCOs including diazoxide and levcromakalim were

quite ine�ective in displacing [3H]-glyburide binding (up to
100 mM; data not shown) in the absence of MgATP consistent
with their lack of interaction with high a�nity sulphonylurea
binding sites, although these KCOs have been shown to

e�ectively displace [3H]-P1075 binding to SUR2 containing
channels when binding assays were carried out in the presence
of ATP (Schwanstecher et al., 1998; Hambrock et al., 1999).

Although nucleotides have been previously shown to modulate
high a�nity [3H]-glyburide binding (Gopalakrishnan et al.,
1991; Schwanstecher et al., 1998), it should be noted that the

present studies were carried out in the absence of nucleotides

Figure 2 Radioligand binding properties of HEK-293 cells expres-
sing SUR1 and Kir6.2 subunits. Saturation analysis of speci®c [3H]-
glyburide binding data to transfected cell membranes. Inset:
Scatchard representation of speci®c binding data. Shown is a
representative plot. The mean Bmax and KD values are summarized
in Results.

Figure 3 Pharmacological pro®le of [3H]-glyburide binding in transfected HEK-293 cells (A) Displacement of speci®c [3H]-
glyburide binding by sulphonylurea analogues. Assays were performed using 0.3 nM of [3H]-glyburide with varying concentrations
of various sulphonylurea analogues as described in Methods. (B) Correlation of the Ki values in transfected HEK 293 cells with
those observed in RINm5F (r2=0.97; slope=1.05+0.07) and (C) with rat brain (r2=0.93; slope=1.03+0.11) membranes. The Ki

values were calculated from the IC50 values using the Cheng-Pruso� equation as described in Methods.

Table 1 Displacement of [3H]-glyburide binding in HEK-
293 cells expressing hSUR1-hKir6.2 by sulphonylurea
analogues: comparison with rat brain and RINm5F cells

[3H]-glyburide K1 (nM)

Compound
SUR1-Kir6.2
HEK-293 cells Rat brain RINm5F cells

Glyburide
Glipizide
Tolazamide
Tolbutamide
Chlorpropamide
Acetohexamide

0.61+0.19
10.17+2.13
5861+1936
15773+4303
30548+8270
22940+3306

0.31+0.06
9.35+1.3
4394+843
15607+166
89397+9855
14207+3163

0.25+0.06
9.27+2.10
2602+980
18355+6225
69640+11574
15023+2358

Values represent mean+s.e.mean of 3 ± 6 separate determi-
nations each performed in duplicate.
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to permit direct comparisons with similar studies in rat brain

and RINm5F cells that were carried out in the absence of
nucleotides.

Electrophysiology

Upon depletion of internal ATP with patch pipette containing

no ATP, increases in inward currents were observed at a
holding potential of780 mV in transfected cells when the cells
were bathed with extracellular solution containing 40 mM K+.

Similar increases in inward currents were obtained following
application of 500 mM diazoxide (data not shown). Under
similar conditions, responses were not observed in untrans-
fected cells or in cells co-transfected with corresponding

plasmids lacking SUR1 and Kir6.2 inserts (control). Step-
pulses from 7100 to +100 mV for 400 ms revealed time-
independent increases in current at every test potential and a

weak inward recti®cation in the voltage-current relationship.
In contrast, in control cells, only endogenous basal currents
were observed (Figure 4A). Under the present recording

conditions where currents were measured by whole-cell patch
clamp method, channel run down was negligible. The current
density in transfected HEK-293 cells obtained by normalizing

maximal current to cell capacitance is 258.2+54 pA/pF
(n=20) is about 1.6 fold greater than that measured in
RINm5F cells (161.1+66, n=3) under similar conditions.

To verify whether the current responses in transfected cells

were mediated by K+ ions, the reversal potentials were
measured at di�erent external K+ concentrations. Elevations
in external [K+] shifted the reversal potential value to

potentials that are more positive. As shown in Figure 4B, the

relationship between Erev and log10[K
+]o was nearly linear. A

PNa/PK ratio of 0.01+0.005 (n=7) was obtained by ®tting the
data to the modi®ed Goldman equation indicating that the
channel is highly K+-selective. (Hodgkin & Horowicz, 1959).

The amplitude of whole cell currents was reduced with
increasing concentrations of glyburide (Figure 5). However, at
concentrations of glyburide greater than 10 nM, the current

responses were not further attenuated. The reductions in
current amplitude were similar at all ranges of test potentials
(7100 to +100 mV) indicating that the inhibitory e�ect of

glyburide is voltage-independent. The IC50 value for inhibition
of whole cell current responses by glyburide was
0.92+0.01 nM (Hill coe�cient, 1.0+0.2; n=6).

Cation-e�ux

Metabolic poisoning by treatment with 2-deoxyglucose

(10 mM) and oligomycin (0.25 mg ml71) triggered a signi®cant
e�ux of 86Rb+ e�ux in transfected cells (Figure 6A). This was
not observed in cells cotransfected with the corresponding

plasmids lacking SUR1 and Kir6.2 inserts (Figure 6A, insert),
con®rming that the observed responses are speci®c to
expression of the transgenes. No signi®cant di�erences in

basal e�ux (*30%) were noted between SUR1-Kir6.2
transfected and control HEK-293 cells. Speci®c e�ux
stimulated by metabolic blockade was inhibited by glyburide
with an IC50 value of 3.58+0.92 nM (n=5; Figure 6B)

suggesting that the e�ux is mediated through KATP channels.
The basal e�ux was una�ected by glyburide. This value is
similar to that obtained for inhibition of 2-deoxyglucose-

oligomycin evoked e�ux in the RINm5F cells (1.77+0.58 nM;

Figure 4 Electrophysiological properties of KATP channels expressed in HEK-293 cells. (A) Cells were held at 720 mV and whole
cell currents recorded from cells at test potentials ranging from 7100 to +100 mV with extracellular solution containing 40 mM

K+ from transfected and control cells. The weak inward recti®cation of the I-V curve is also depicted. (B) Change in reversal
potential as a function of extracellular K+. Whole cell currents were measured at varying extracellular K+ (2 ± 100 mM) and the
reversal potential is plotted as a function of K+ concentration. The data was ®tted to a modi®ed Goldman equation Erev=59 log
(Ko+aNao)/Ki where a is the apparent selectivity ratio, PNa/PK (0.01+0.005; n=7) and Ko and Nao are the extracellular
concentrations of K+ and Na+ ions respectively and Ki represents the intracellular concentration of K+ ions.
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n=10) which is comparable to the values reported previously
by Schmid-Antomarchi et al. (1987).

FLIPR-based membrane potential studies

The functional expression of KATP channels in transfected
HEK-293 cells was also evaluated by assessing membrane

potential changes in response to KCOs. Assessment of
membrane potential changes using potentiometric dyes
such as DiBAC4(3) in the FLIPR enables studies on KATP

channels in a rapid and high-throughput manner (Schroe-
der & Neagle, 1996). Addition of diazoxide evoked
concentration-dependent decreases in membrane potential

as assessed by DiBAC4(3) ¯uorescence in transfected cells.
In initial experiments, it was found that ¯uorescence
responses of diazoxide was more pronounced when applied
in presence of 2-deoxyglucose and oligomycin. Accordingly,

experiments were carried out under conditions of metabolic
inhibition and KCO-evoked e�ects were derived by
subtracting responses from corresponding controls that

were treated with metabolic inhibitors alone. Similar e�ects

have been noted previously by two electrode voltage clamp
studies where diazoxide in presence of azide potentiates
SUR1-Kir6.2 currents by some 130% (Narwal et al.,

1997). The EC50 value of diazoxide in transfected cells was
determined to be 14.06+1.66 mM (n=5). Similar experi-
ments carried out using the RINm5F cells showed a
similar enhancement of diazoxide evoked responses in the

presence of metabolic inhibitors. The EC50 value for
diazoxide in RINm5F cells was determined to be
10.94+3.78 mM (n=3) which is close to those observed

in transfected cells. In contrast, levcromakalim that have
been shown to e�ectively activate smooth muscle type
KATP channels (Quayle et al., 1997; Gopalakrishnan et al.,

1999b) evoked only a modest maximal 20% change in
DiBAC4(3) ¯uorescence (Figure 7B).

Diazoxide-evoked responses were readily attenuated by the
addition of glyburide (Figure 7A). Diazoxide-evoked re-

sponses were inhibited in a concentration-dependent manner
by various sulphonylurea analogues including glyburide,
glipizide, tolazamide and tolbutamide (Figure 7C). The rank

order potency of sulphonylureas for inhibition of diazoxide-

Figure 5 Inhibition of SUR1-Kir6.2 channels in transfected cells by glyburide. (A) The reduction in amplitude of whole cell
currents with increasing concentrations of glyburide at each test potential. (B) Concentration-response curve for the inhibition of
current amplitude by glyburide (at 7100 mV). The fraction of current remaining (I) was plotted as a fraction of the control current
(Io) that was obtained in the absence of glyburide. The IC50 value of glyburide is 0.92+0.01 nM (Hill coe�cient=1.0+0.2; n=6).

Figure 6 Cation e�ux in HEK-293 cells transfected with SUR1 and Kir6.2 subunits. (A) Shown is the net 86Rb+ e�ux under
control conditions, following addition of 10 mM 2-deoxyglucose and 0.25 mg ml71 oligomycin in the absence or presence of
glyburide in transfected cells. Inset: Responses of cells co-transfected with corresponding plasmids lacking inserts. (B) Inhibition of
cation e�ux responses in transfected cells by glyburide. Data shown are means+s.e.mean of 3 ± 5 determinations each carried out in
duplicate.

Pharmacology of human SUR-1-Kir6.2 in HEK-293 cells1328 M. Gopalakrishnan et al

British Journal of Pharmacology, vol 129 (7)



evoked responses (Figure 7D) showed a good correlation
(r2=0.96) with their corresponding [3H]-glyburide binding
a�nities in the transfected cells.

Discussion

In this study, we have stably expressed and characterized the
pharmacology of KATP channels formed by the association of
SUR1 and Kir6.2 in HEK293 cells. The pharmacological

properties of recombinant KATP channels expressed in HEK-
293 cells studied by a variety of methods including voltage-
sensitive ¯uorescent probes, whole cell patch clamp, cation

e�ux and ligand binding collectively demonstrate that
channels derived from co-expression of the SUR1 with Kir6.2
resemble the pharmacology of KATP channels functionally

expressed in pancreatic/neuronal tissues.
Whole cell patch clamp studies show that the KATP channels

reconstituted in HEK-293 cells by stable co-expression of

SUR1 and Kir6.2 subunits are functional with properties
similar to those previously described in pancreatic b-cells in
terms of its higher sensitivity to glyburide and activation by
depletion of internal ATP. In the absence of ATP in the pipette

solution, a progressive increase in whole cell currents were
observed in transfected cells which were sensitive to inhibition
by nanomolar concentrations of glyburide. The weak inward

recti®cation properties observed are similar to those previously

reported for KATP channels in RINm5F cells (Ciani & Ribalet,
1988). In most inside-out patches, the KATP channel activity
decreases rapidly (rundown) following patch isolation and that

phosphorylation is required to maintain channel availability
(Ashcroft & Rorsman, 1991). In this study, currents were
measured in the whole-cell patch clamp mode wherein the

cytosolic factors are much preserved and channel rundown was
negligible.

While patch clamp analysis would certainly be a superior
approach for biophysical characterization, both membrane

potential and cation e�ux measurements permit development
of functional assays amenable to substantially higher
throughput. The results obtained from analysis of transfected

cells using both membrane potential and cation e�ux assays
are in support of results observed from current measurements.
Diazoxide was found to decrease ¯uorescence responses in the

FLIPR in a concentration-dependent manner with potencies
similar to those observed in native KATP channels expressed in
RINm5F cells (Miller et al., 1999). The potency of diazoxide is

also in the range reported in transient expression studies in
COS cells (60 mM; Inagaki et al., 1995) and in oocytes
expressing SUR1-Kir6.2 combinations, where diazoxide
evoked an almost 2 fold increase in KATP currents (Gribble

et al., 1997).
In cation e�ux studies, addition of oligomycin and 2-

deoxyglucose to deplete cells of [ATP]i by blocking oxidative

phosphorylation and glycolysis resulted in a signi®cant

Figure 7 Pharmacology of membrane potential responses in SUR1-Kir6.2 transfected HEK-293 cells assessed by the bisoxanol dye,
DiBAC4(3). (A) Representative experiment showing typical changes in DiBAC4(3) ¯uorescence upon addition (indicated by down
arrows) of diazoxide (100 mM) and its attenuation (indicated by up arrows) by the addition of glyburide (5 mM). Experiments were
carried out in the presence of 10 mM 2-deoxyglucose and 0.1 mg ml71 oligomycin as described in Methods. Diazoxide-evoked
¯uorescence changes were derived by subtracting responses from control cells treated with metabolic inhibitors alone. (B)
Concentration response curves for ¯uorescence changes evoked by diazoxide and levcromakalim in transfected cells. Data is
normalized to the response evoked by 100 mM diazoxide. (C) Concentration response for the inhibition of 100 mM diazoxide-evoked
responses by glyburide (IC50=1.6+0.4 nM), glipizide (5.6+1.0 nM), chlorpropamide (20.3+8.0 mM), tolazamide (4.2+1.0 mM) and
tolbutamide (12.5+5.3 mM). Depicted are mean+s.e.mean of 3 ± 6 separate determinations. (D) Correlation of IC50 values for
inhibition of diazoxide-evoked functional responses and the Ki values for displacement of [3H]-glyburide binding in transfected cells
(r2=0.96; slope=1.21+0.12).
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increase in 86Rb+ e�ux due to opening of KATP channels. The
sensitivity of metabolic depletion-evoked cation e�ux to
glyburide agrees well with those observed in RINm5F cells

or in transient expression studies of SUR1 and Kir6.2 (1.8 nM;
Inagaki et al., 1995). This is some 20 ± 200 fold higher than
those observed in cardiovascular tissues or with KATP channels
derived by co-expression of Kir6.2 with SUR2A or SUR2B

isoforms (Inagaki et al., 1996; Okuyama et al., 1998;
Dorschner et al., 1999). It is to be noted that glyburide was
without e�ect on the basal e�ux or on endogenous current

responses which may be contributed by other Kir channels
present in HEK-293 cells (Ammala et al., 1996).

Radioligand binding analysis revealed that [3H]-glyburide

binding in transfected cells is of high a�nity, typical of those
described in membranes isolated from pancreatic b-cells, b-cell
lines, several neuro-endocrine cells and in various brain regions

(reviewed in Ashcroft & Ashcroft, 1992; Gopalakrishnan et al.,
1993). The ligand a�nities of sulphonylurea analogues in
transfected cells compare well with those observed in RINm5F
cells and in rat brain membranes and are approximately 300 ±

500 fold higher than those required for interaction with the
SUR2 isoforms (Meyer et al., 1999). Detailed analysis of the
structural requirements for sulphonylurea analogues with

SUR subtypes have shown that the selectivity of sulphonylurea
analogues such as glyburide for SUR1 may be attributed to
lipophilic substitution on the urea moiety (Meyer et al., 1999).

The observed close correlation of the displacement of [3H]-
glyburide binding by several sulphonylurea analogues in the
SUR1-Kir6.2 transfected cells with those in RINm5F cells and

in rat brain suggest that these binding sites are closely related
in these tissues and that SUR1 may be an integral component
not only of pancreatic, but also of neuronal KATP channels.
The presence of high densities of [3H]-glyburide binding sites in

substantia nigra, neocortex, hippocampus and cerebellar
molecular layer together with the high degree of overlap in
the expression of SUR1 and Kir6.2 in these regions support the

notion that these subunits could form a major class of KATP

channel in the brain with diverse physiologic roles (Karschin et
al., 1997). Direct evidence for the presence of SUR1-

containing KATP channels in nervous tissues including rat
dorsal vagal neurons (Karschin et al., 1998) and glucorespon-
sive myenteric neurons of the gut have been presented (Liu &
Kischgessner, 1998).

The density of receptors expressed in transfected cells is
some 30 ± 150 fold higher than those found in pancreatic
insulinoma RINm5F and in the rodent brain. For example, the

Bmax value of [3H]-glyburide was about 30 fold higher in
transfected cells compared to RINm5F cells. However, an
estimation of the current densities by patch clamp show that

the transfected cells show only about a 1.6 fold higher current
density compared to those expressed in RINm5F cells. This

suggests that many SUR subunits that may not be coupled to
form functional channels, or that not all SURs may be
expressed on the cell surface to form functional KATP channels.

Although sulphonylureas exert their primary action on b-cell
electrical activity through closure of plasma membrane KATP

channels, there is evidence for plasma membrane-independent
pathways in glucose/sulphonylurea-induced insulin secretion,

as for example, those involving intracellular sulphonylurea
receptors (Eliasson et al., 1996).

During recent years, it has increasingly become evident that

the diversity of KATP channels results from the assembly of
various SUR and Kir6.n subunits (Bryan & Aguilar-Bryan,
1997; Isomoto et al., 1996). SUR1 and SUR2-based KATP

channels are distinguished by their di�erential sensitivities to
sulphonylurea analogues, whereas SUR2A-Kir6.n channels
are distinguished from the SUR2B-containing channels by

their di�erential sensitivities to KCOs such as nicorandil and
diazoxide (Isomoto & Kurachi, 1997). Transient expression
studies have shown that SUR1 and Kir6.2 subunits co-
associate to form a heterooctamer that shows a higher

sensitivity to ATP and glyburide compared to cardiac and
smooth muscle type KATP channels (Inagaki et al., 1995; 1996).
In the present investigation, depletion of [ATP]i by metabolic

inhibition or by dialysis evoked signi®cant KATP channel
activity as measured by either whole cell patch clamp, cation
¯ux or membrane potential studies. In the battery of functional

assays investigated in the present study, KATP channels were
inhibited by glyburide with an IC50 value ranging 1 ± 3 nM. The
apparent partial (*85%) reversal by glyburide noted in

¯uorescence change measurements in the FLIPR might be
attributed to the limited duration of the data collection period
subsequent to the addition of glyburide as the partitioning of
the dye is a relatively slower process.

SUR1-Kir6.2 containing KATP channels serve as an essential
regulator of stimulus-secretion coupling in pancreatic b-cells
(Bryan & Aguilar-Bryan, 1997). Studies in mice lacking Kir6.2

(Kir6.2 7/7) have shown that neither glucose or tolbutamide
stimulated [Ca2+]i or insulin secretion suggesting that the rapid
rise of Ca2+ in response to glucose or sulphonylureas in

pancreatic b cells depends on closure of endogenous KATP

channels containing the Kir6.2 subunit (Miki et al, 1999). Our
present studies utilizing stably transfected HEK-293 cells
subunits further demonstrate that ligand binding and

functional pharmacology of the KATP channels derived from
Kir6.2 and SUR1 resemble those typical of native channels
described in pancreatic b-cells and neuronal tissues.

The authors thank Incyte Pharmaceuticals Inc. (Palo Alto, CA,
U.S.A.) for providing the hSUR1 clone.
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