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1 The b-cell KATP channel is composed of two types of subunit – the inward rectifier Kþ channel
(Kir6.2) which forms the channel pore, and the sulphonylurea receptor (SUR1), which serves as a
regulatory subunit. The N-terminus of Kir6.2 is involved in transduction of sulphonylurea binding
into channel closure, and deletion of the N-terminus (Kir6.2DN14) results in functional uncoupling of
the two subunits. In this study, we investigate the interaction of the hypoglycaemic agents repaglinide
and glibenclamide with SUR1 and the effect of Kir6.2 on this interaction. We further explore how the
binding properties of repaglinide and glibenclamide are affected by functional uncoupling of SUR1
and Kir6.2 in Kir6.2DN14/SUR1 channels. All binding experiments are performed on membranes in
ATP-free buffer at 371C.

2 Repaglinide was found to bind with low affinity (KD¼ 59716 nM) to SUR1 alone, but with high
affinity (increased B150-fold) when SUR1 was co-expressed with Kir6.2 (KD¼ 0.4270.03 nM).
Glibenclamide, tolbutamide and nateglinide all bound with marginally lower affinity to SUR1 than to
Kir6.2/SUR1.

3 Repaglinide bound with low affinity (KD¼ 51723 nM) to SUR1 co-expressed with Kir6.2DN14.
In contrast, the affinity for glibenclamide, tolbutamide and nateglinide was only mildly changed as
compared to wild-type channels.

4 In whole-cell patch-clamp experiments inhibition of Kir6.2DN14/SUR1 currents by both
repaglinide and nateglinde is abolished.

5 The results suggest that Kir6.2 causes a conformational change in SUR1 required for high-affinity
repaglinide binding, or that the high-affinity repaglinide-binding site includes contributions from both
SUR1 and Kir6.2. Glibenclamide, tolbutamide and nateglinide binding appear to involve only SUR1.
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Introduction

Repaglinide is a fast-acting prandial glucose regulator used
in the treatment of type II diabetes (Ambavane et al., 2002).

Repaglinide and sulphonylureas such as tolbutamide and
glibenclamide share the common property that they are
capable of closing ATP-sensitive potassium (KATP) channels.

The KATP channel plays a key role in glucose-dependent insulin
secretion from pancreatic beta cells (Ashcroft & Rorsman,
1990). KATP channels are open at low glucose concentrations,
as metabolism is low, but close when glucose uptake and

metabolism are stimulated by an increase in the plasma glucose
concentration. This leads to membrane depolarization, activa-
tion of voltage-gated Ca2þ channels, Ca2þ influx and, in turn,

insulin secretion. Inhibition of the KATP channel by repaglinide
and sulphonylureas depolarizes the pancreatic b-cell and
stimulates insulin secretion (Fuhlendorff et al., 1998). The

hallmark of the KATP channel is that it is inhibited by
intracellular ATP and activated by MgADP, thus enabling it

to couple the metabolic state of the cell to the membrane
potential and electrical activity (by sensing changes in

intracellular ATP and ADP).
KATP channels consist of pore-forming Kir6.x subunits that

associate with different kinds of regulatory sulphonylurea

receptor subunits: SUR1, SUR2A or SUR2B (Seino & Miki,
2003). The b-cell KATP channel is composed of Kir6.2 and
SUR1 (Inagaki et al., 1995; Sakura et al., 1995), the cardiac
type of Kir6.2 and SUR2A (Inagaki et al., 1996), and the

vascular smooth muscle type of Kir6.1 and SUR2B (Miki et al.,
2002). SUR acts as a channel regulator, with the different SUR
subtypes conferring differential sensitivity to the inhibitory

effects of sulphonylurea drugs and the stimulatory actions of
KATP channel openers and MgADP (Ashcroft & Gribble, 1998;
Seino & Miki, 2003).

The precise regions of the protein involved in the functional
coupling of SUR1 to Kir6.2 are not known. Co-expression of
SUR1 with an N-terminally truncated Kir6.2 (Kir6.2DN14)
results in channels insensitive to inhibition by tolbutamide and

glibenclamide and with reduced ATP sensitivity secondary to
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an increased open probability (Babenko et al., 1999; Koster
et al., 1999; Reimann et al., 1999). Interestingly, the

Kir6.2DN14/SUR1 channels retain the ability to be stimulated
by MgADP and diazoxide, suggesting that drug modulation of
the channel can be induced by separate mechanisms (Reimann

et al., 1999).
Studies on recombinant KATP channels suggest that drugs

containing a sulphonylurea moiety (e.g. tolbutamide and

glibenclamide) interact with residues in the cytoplasmic loop
linking transmembrane segments 15 and 16 (TM15–16) of
SUR1. Exchange of a single serine residue (S1237) in this loop
abolishes the block by tolbutamide, renders the block by

glibenclamide readily reversible and abolishes high-affinity
[3H]glibenclamide binding to SUR1 (Ashfield et al., 1999).
Photoaffinity labelling studies suggest that [125I]glibenclamide

labels the N-terminal part of SUR1 (Aguilar-Bryan et al.,
1995), and studies employing SUR1 expressed in insect cells
suggest that the third cytoplasmic loop may also be involved in

[3H]glibenclamide binding (Mikhailov et al., 2001).
Recent studies from our laboratory suggested that the

binding site for repaglinide is not identical to that of

sulphonylureas, since repaglinide binding and channel inhibi-
tion by this drug were unaffected by mutation S1237Y in
SUR1, which abolishes KATP channel inhibition by tolbuta-
mide (Hansen et al., 2002). In the present study, we examined

the binding of repaglinide and glibenclamide when SUR1 was
expressed alone or together with Kir6.2. Our results suggest
that the Kir6.2-SUR1 protein interaction is required for high-

affinity repaglinide, but not glibenclamide, binding.

Methods

Molecular biology

Human SUR1 cDNA (GenBank L78207) and human Kir6.2
(GenBank D50582) were cloned into pcDNA3.1(�) (Invitro-
gen). Mouse Kir6.2 (GenBank D50581) in which amino acids
2–14 were deleted (mKir6.2DN14) was transferred to

pcDNA3.1(�) (Invitrogen) for mammalian expression (Re-
imann et al., 1999).

Cell culture and transfection

Human embryo kidney 293 (HEK293) cells were cultured in
flasks at 371C in a humidified atmosphere with 95% air and
5% CO2 in Dulbecco’s modified Eagles medium with 4.5 g l�1

glucose (BioWhittaker) supplemented with 10% fetal calf

serum, penicillin (100Uml�1) and streptomycin (0.1mgml�1).
Transient transfections were performed using FuGenet 6

Transfection Reagent (Roche) according to the manufacturer’s

instruction. Cells were seeded at 50% confluency and the
following day transfected with mKir6.2DN14 plus hSUR1 at a
molar ratio of 1 : 1. A plasmid containing GFP cDNA was

added to the transient transfections for visual identification of
transfected cells for the electrophysiological experiments.
Experiments were performed 1–3 days after transfection. A

cell line (HEK293) stably expressing human SUR1 and human
Kir6.2 was used for the studies on the wild type (wt) hSUR1/
hKir6.2 channels (Dabrowski et al., 2001).
In some transient transfection experiments, the molar ratio

of Kir6.2 to SUR1 was varied. The amount of SUR1 was kept

constant and the amount of Kir6.2 was varied in the following
ratios (Kir6.2 : SUR1): 10 : 1, 1 : 1, 0.5 : 1 and 0.2 : 1.

Membrane preparation

The cells were harvested and centrifuged at 48,000� g for
10min at 41C. The pellet was homogenized in ice-cold buffer

(30mM Tris–HCl, pH 7.4) using an Ultra Turrax for 20 s.
Centrifugation and homogenization were repeated, the final
pellet was resuspended in buffer and sucrose was added to a
final concentration of 250mM. Protein concentration was

measured using the Bio-Rad Protein Assay. Membranes were
stored at �801C.

Binding experiments with [3H]repaglinide
and [3H]glibenclamide

Binding experiments were performed in 96-well OptiPlatest
(Packard). Membranes were thawed on ice and incubated with

[3H]repaglinide or [3H]glibenclamide in a total volume of 250ml
(200ml membranes, 25 ml radioligand and 25 ml buffer/cold
ligand – all diluted in 30mM Hepes, pH 7.4), at 371C for
60min. The final concentration of membranes was 20–

80 mgml�1 of membrane protein. This results in a final buffer
composition of 2.5–10mM sucrose, 0.3–1.2mM Tris and
29–30mM Hepes. Bound [3H]repaglinide or [3H]glibenclamide

was separated from free by rapid filtration on a Filtermate
Harvester (Packard) through UniFiltersGF/Bt filterplates
(Packard). Filterplates were washed five times with 450ml
water (room temperature) and dried. Scintillation cocktail
(30ml) (Microscintt, Packard) was added to each well and
radioactivity was determined by counting the plates in a

Microplate Scintillation and Luminescence Counter (Top-
count-NTXt, Packard). Nonspecific binding was determined
in the presence of 1 mM glibenclamide, and was o5% of the
total binding. In competition experiments, 3 nM [3H]glibencla-

mide was used.

Electrophysiology

Whole-cell currents were recorded at 20–221C using an EPC9

patch-clamp amplifier and PulseþPulseFit v8.07 software.
The extracellular bath solution contained (in mM): 140 NaCl, 5
KCl, 10 Hepes, 1.8 CaCl2 and 20 mannitol (pH 7.4 with

NaOH). Cells were dialysed with intracellular solution
containing (in mM): 120 KCl, 1 MgCl2, 5 EGTA, 2 CaCl2,
20 Hepes (pH 7.3 with KOH), 0.3 K2-ATP and 0.3 K2-ADP.
Cells were clamped at �80mV and currents were evoked by

repetitive 200ms, 10mV depolarizing voltage steps. Signals
were sampled at 20 kHz and filtered at 5 kHz.

Chemicals

Tolbutamide was purchased from Sigma (St Louis, U.S.A.)
and glibenclamide from Research Biochemicals International
(Natick, U.S.A.). Nateglinide was synthesized at Novo

Nordisk A/S and repaglinide at Boehringer Ingelheim (Biber-
ach/Riss, Germany). Concentrated stock solutions were
prepared in DMSO for subsequent dilution in buffer. The
concentration of DMSO in the experiments did not exceed

0.5% and had no effect on the binding or electrophysiological
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experiments. Radiolabelled glibenclamide was purchased from
NEN Life Science Products (Boston, MA, U.S.A.).

Radiolabelled repaglinide was prepared in the Department
of Isotope Chemistry, Novo Nordisk A/S, by catalytical tritiation
of the repaglinide precursor S(þ )-2-ethoxy-4-[2-[[3-methyl-1-[2-

(piperidinyl)-phenyl]4-buten-yl]amino]2-oxoethyl]-benzoic acid
kindly provided by Dr M. Mark, Boehringer Ingelheim. A
specific activity of approximately 12MBqmg�1 (144Cimmol�1)
was estimated from mass spectroscopy of the final product.

Data analysis

Data are presented as mean7s.e.m. Competition-binding data
were analysed in Prismt (GraphPad) using the four-parameter
logistic equation:

y ¼ aþ 100� a

1þ 10ðlog IC50�log½L�ÞnH

where y is specific binding, a is nonspecific binding, IC50 is the
concentration that results in half-maximal inhibition, [L] is the

concentration of drug, and nH is the Hill coefficient.
The experimental IC50 values for the competitive ligands

were converted into Ki values using the Cheng–Prusoff

equation:

Ki ¼
IC50

1þ ½L�=KD

where [L] is the concentration of [3H]glibenclamide and the KD

is the equilibrium dissociation constant for [3H]glibenclamide.

Ki and IC50 values were converted to log values (pKi¼ logKi)
for statistical analysis (two-tailed unpaired Student’s t-test).

Results

SUR1 and Kir6.2/SUR1 binding

To obtain information on the binding properties of repaglinide
and glibenclamide, membranes were prepared from a stable
HEK293 cell line co-expressing Kir6.2 and SUR1 or expres-

sing SUR1 alone. In agreement with previous studies,
saturation-binding experiments demonstrated high-affinity
binding of both [3H]repaglinide and [3H]glibenclamide to

Kir6.2/SUR1 (KD values of 0.4270.03 nM (n¼ 7) and
0.7870.08 nM (n¼ 7), respectively) (Figure 1). The density of
receptor expression (Bmax) was 3072 and 4373 (n¼ 5)
pmolmg�1 of protein for repaglinide (n¼ 6) and glibenclamide,

respectively. When SUR1 was expressed alone, the affinity of
[3H]repaglinide binding was about 150-fold lower than that of
Kir6.2/SUR1 (KD¼ 59716nM (n¼ 6); Bmax¼ 67739pmolmg�1

membrane protein) whereas the affinity of [3H]glibenclamide
binding was only slightly changed (KD¼ 3.2770.3 nM (n¼ 6);
Bmax¼ 45715 pmolmg�1 membrane protein (Figure 1 and

Table 2).
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Figure 1 Saturation analysis of [3H]glibenclamide (a) and [3H]repaglinide (b) binding to SUR1 expressed alone (open circles) or co-
expressed with Kir6.2 (filled circles). Inset: Scatchard analysis of data. Single representative experiments.
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We examined the affinity of tolbutamide and nateglinide for

SUR1 and Kir6.2/SUR1 by determining their ability to
displace [3H]glibenclamide binding. For direct comparison,
displacement studies with cold repaglinide and glibenclamide

were also performed. With the exception of repaglinide, all
drugs showed a monophasic displacement of [3H]glibenclamide
binding with Hill coefficients close to unity (Figure 2). As

shown in Table 1, the Ki values for tolbutamide, nateglinide
and glibenclamide were in the same range for SUR1 and for
Kir6.2/SUR1. Repaglinide showed a monophasic displace-
ment of [3H]glibenclamide binding to SUR1, indicating that it

interacted with a single binding site with a Ki (72 nM) similar to
the KD (59 nM) obtained in saturation-binding experiments
with SUR1 and [3H]repaglinide. In contrast, repaglinide

displacement of [3H]glibenclamide binding to Kir6.2/SUR1

was biphasic, suggesting that it displaces glibenclamide from

both a high- and a low-affinity binding site. The high-affinity
binding site had a Ki (0.06 nM) similar to the KD found for
[3H]repaglinide to Kir6.2/SUR1 (Figure 1). The low-affinity

site had a Ki that was of the same order as that found for
SUR1 alone.

Co-expression with Kir6.2DN14

High-affinity inhibition of Kir6.2/SUR1 currents by tolbuta-

mide and glibenclamide is abolished by N-terminal deletion of
Kir6.2 (Reimann et al., 1999). We therefore examined the
effect of repaglinide and nateglinide on Kir6.2DN14/SUR1
whole-cell currents in HEK293 cells (Figure 3). Concentrations

of repaglinide (10 mM) and nateglinide (300mM) producing
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Figure 2 Inhibition of [3H]glibenclamide binding to SUR1 expressed alone (open circles) or co-expressed with Kir6.2 (filled circles)
by repaglinide (a), glibenclamide (b), tolbutamide (c) and nateglinide (d).

Table 1 Ki values for inhibition of [3H]glibenclamide binding to membranes expressing SUR1, Kir6.2/SUR1 and
Kir6.2DN14/SUR1

SUR1 Ki (nM) Kir6.2/SUR1 Ki (nM) Kir6.2DN14/SUR1 Ki (nM)

Repaglinide 7279 Site 1: 0.0670.03 51710
Site 2: 2879

Glibenclamide 3.871.9NS 0.870.3 2.472.0NS

Tolbutamide 79,00076000* 33,00071000 48,00071000*
Nateglinide 21007100* 730750 1200730*

Data are means7s.e.m. (n¼ 3–5).
pKi values significantly different from Kir6.2/SUR1, *Po0.005 (t-test).
NS¼not significantly different from Kir6.2/SUR1.
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maximal inhibition on wild type Kir6.2/SUR1 channels (mean

inhibition of 9871% (n¼ 5) and 9772 (n¼ 4) for repaglinide
and nateglinide, respectively) had only small effects on the N-
terminally deleted channel. However, the Kir6.2DN14/SUR1
current could be blocked by BaCl2 (Figure 3), a nonspecific
Kþ channel blocker (Rudy, 1988).
We also determined the affinity of [3H]repaglinide and

[3H]glibenclamide binding in HEK293 cells transiently expres-
sing SUR1 and Kir6.2DN14 (KD¼ 51723 nM (n¼ 3) and
1.9170.18 nM (n¼ 3), respectively). The results demonstrate
that the binding affinities of Kir6.2DN14/SUR1 most closely

resemble the affinities obtained for SUR1 expressed alone
(Table 2). The Ki values obtained from displacement of
[3H]glibenclamide bound to Kir6.2N14/SUR1 for nateglinide

and tolbutamide were also similar to their affinities for SUR1
expressed alone (Table 1).

Kir6.2 to SUR1 ratio experiments

It can be seen in Figure 2 that repaglinide displaces
[3H]glibenclamide from Kir6.2/SUR1 membranes in a biphasic
manner. Experiments in which the ratio of Kir6.2 to SUR1
was varied in transient transfections are shown in Figure 4.

These results show that the IC50 value and the Hill coefficient

for repaglinide displacement of [3H]glibenclamide depend on
the ratio of Kir6.2 to SUR1.

Discussion

The results of this study indicate that the formation of the

high-affinity binding site for repaglinide is dependent on the
presence of both the SUR1 and Kir6.2 subunits of the KATP

channel. Furthermore, by using a truncated form of Kir6.2, we
showed that the N-terminus of Kir6.2 is involved in the

formation of the high-affinity repaglinide-binding site. In
contrast, the binding of KATP blockers such as nateglinide and
the sulphonylureas, tolbutamide and glibenclamide, was only

slightly affected by the presence of Kir6.2. Thus, the mode of
action of repaglinide differs from that of these drugs.
Consistent with previous binding and electrophysiological

studies, we find that repaglinide binds to Kir6.2/SUR1
channels with a KD in the low nanomolar range. It is likely
that this high-affinity repaglinide-binding site mediates KATP

channel closure because the functional effects of repaglinide on

KATP currents and on insulin release occur at low nanomolar
concentrations (Gromada et al., 1995; Leclercq-Meyer et al.,
1997). A low-affinity binding site was also detected in

displacement-binding studies (Figure 2). Fuhlendorff et al.
(1998) also report biphasic displacement of [3H]glibenclamide
from bTC3 cells, and Hu et al. (2000) report a low Hill

coefficient (nH¼ 0.58) for repaglinide displacement of [3H]glib-
enclamide bound to RIN-m5F cell membranes. It is possible
that the low-affinity component of repaglinide binding arises

from a fraction of SUR that is not complexed to Kir6.2,
or that a fraction of the Kir6.2/SUR channels exist in an
uncoupled state. In order to clarify this point, we performed
experiments in which the ratio of Kir6.2 to SUR1 was varied.

Although the molar ratio of Kir6.2 to SUR1 plasmids in the
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Figure 3 Whole-cell currents through Kir6.2DN14/SUR1 channels (upper panel) or Kir6.2/SUR1 channels (lower panel, from
Hansen et al., 2002 ) expressed in HEK293 cells. The dotted line is the zero current level. Application of repaglinide, nateglinide and
BaCl2 is indicated by solid horizontal lines.

Table 2 KD values for [3H]repaglinide and [3H]glib-
enclamide binding

SUR1
KD (nM)

Kir6.2/SUR1
KD (nM)

Kir6.2DN14/SUR1
KD (nM)

[3H]repaglinide 59716 0.4270.03 51723
[3H]glibenclamide 3.2770.30 0.7870.08 1.9170.18

Data are means7s.e.m. (n¼ 3–7).
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transfection might not reflect the actual protein ratio of Kir6.2

to SUR1, the results clearly show that the ratio of Kir6.2
to SUR1 influences the competition curve for repaglinide
displacement of [3H]glibenclamide. We have also observed

variations in the repaglinide competition curve for a stable

cell-line expressing Kir6.2/SUR1 depending on the passage
number, which is likely to reflect changes in expression of

Kir6.2 and/or SUR1. It should be noted that the reason why
the low-affinity repaglinide component is not seen in the
saturation experiments is because the concentrations of

radioligand used do not cover the low-affinity site.
In contrast to co-expression of Kir6.2 and SUR1, no high-

affinity repaglinide binding was detected when SUR1 was

expressed alone. Instead, a single binding site with a 100-fold
reduced affinity was observed. One explanation for the
observed low-affinity site could be that cell surface expression
of monomeric SUR1 is downregulated by endoplasmic

reticulum (ER) retention signals present in both Kir6.2 and
SUR1 subunits, as has been reported in studies using Xenopus
oocytes (Zerangue et al., 1999). The lipid environment is

different in the plasma membrane from that in internal
membranes, which could influence high-affinity repaglinide
binding since the lipid composition of the membrane is known

to regulate KATP channels (Ashcroft, 1998; Koster et al., 1999).
Another factor potentially affecting repaglinide binding is
whether SUR1 is present in monomeric or tetrameric form.

However, because repaglinide also binds with low affinity to
SUR1 co-expressed with Kir6.2DN14 (allowing functional
SUR1-containing channels to be expressed in the plasma
membrane), we favour the interpretation that repaglinide

binds with high affinity only when octameric complexes of
Kir6.2 and SUR1 are formed. Our results indicate that
complex formation between Kir6.2 and SUR1 per se is not

sufficient to produce high-affinity repaglinide binding. Instead,
the N-terminus of Kir6.2 appears to be required. This provides
further support for the idea that SUR1 may interact with the

N-terminus of Kir6.2 (Babenko, 2002).
How does co-expression of Kir6.2 with SUR1 induce high-

affinity repaglinide binding? There are at least two possibi-
lities. First, the high-affinity binding site might involve

residues from both SUR1 and from Kir6.2. If this is the case,
then it appears that the N-terminus of Kir6.2 may contribute
to the binding site, as high-affinity repaglinide binding is

abolished when this is truncated. An alternative idea is that
interaction of the N-terminus of Kir6.2 with SUR1 induces a
conformational change in SUR1 that converts a low-affinity

binding site to a high-affinity site.
In saturation studies using [3H]glibenclamide, we found only

a four-fold decrease in KD (increase in affinity) upon co-

expression of SUR1 with Kir6.2. Similar results were obtained
in competition studies with unlabelled tolbutamide and
nateglinide, indicating an almost identical Ki for inhibition of
[3H]glibenclamide binding at SUR1 and Kir6.2/SUR1. Inter-

estingly, glibenclamide binding to SUR2B has been reported to
depend on the Kir6.x subtype co-expressed when measured in
whole-cell assays but not in membranes prepared from the

same cells (Hambrock et al., 2001).
At present, it is not clear if the unique binding properties of

repaglinide reported in this study have any physiological or

therapeutic relevance. However, depending on the extent to
which SUR1 has a function in the absence of Kir6.2 complex
formation, repaglinide crossreactivity is likely to be less. In this
context, it is interesting to note that SUR1 has recently been

reported to regulate nonselective cation channels in astrocytes
(Simard & Chen, 2004).
In conclusion, these data support the idea that repaglinide

has a functional high-affinity binding site, which differs from
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Figure 4 Repaglinide displacement of [3H]glibenclamide from
membranes expressing two different ratios of Kir6.2 to SUR1 (a).
Data are from single representative experiments performed in
triplicate. SUR1 data are taken from Figure 2. Log IC50 values (b)
and Hill coefficients (c) for repaglinide displacement of [3H]glib-
enclamide (n¼ 4–6).
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that of sulphonylureas and nateglinide. We hypothesize that
formation of the high-affinity repaglinide-binding site only

occurs when the Kir6.2 is functionally complexed with SUR1.

We gratefully acknowledge the expert technical assistance of Ms Tinna
Fremming. F.M.A. is the Royal Society GlaxoSmithKline Research
Professor.
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