Tissue Specificity of Sulfonylureas
Studies on Cloned Cardiac and 3-Cell K, Channels
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Sulfonylureas stimulate insulin secretion from pancre-
atic B-cells by closing ATP-sensitive K" (K,;p). The B-cell
and cardiac muscle K, channels have recently been
cloned and shown to possess a common pore-forming
subunit (Kir6.2) but different sulfonylurea receptor
subunits (SUR1 and SUR2A, respectively). We exam-
ined the mechanism underlying the tissue specificity of
the sulfonylureas tolbutamide and glibenclamide, and
the benzamido-derivative meglitinide, using cloned B-cell
(Kir6.2/SUR1) and cardiac (Kir6.2/SUR2A) K, channels
expressed in Xenopus oocytes. Tolbutamide inhibited
Kir6.2/SUR1 (K; ~5 pmol/l), but not Kir6.2/SUR2A, cur-
rents with high affinity. Meglitinide produced high-affinity
inhibition of both Kir6.2/SUR1 and Kir6.2/SUR2A currents
(K;s ~0.3 pmol/l and ~0.5 pmol/l, respectively). Gliben-
clamide also blocked Kir6.2/SUR1 and Kir6.2/SUR2A cur-
rents with high affinity (K;s ~4 nmol/l and ~27 nmol/l,
respectively); however, only for cardiac-type K, channels
was this block reversible. Physiological concentrations of
MgADP (100 pmol/l) enhanced glibenclamide inhibition
of Kir6.2/SURL1 currents but reduced that of Kir6.2/SUR2A
currents. The results suggest that SUR1 may possess sep-
arate high-affinity binding sites for sulfonylurea and
benzamido groups. SUR2A, however, either does not
possess a binding site for the sulfonylurea group or is
unable to translate the binding at this site into channel
inhibition. Although MgADP reduces the inhibitory
effect of glibenclamide on cardiac-type K, channels,
drugs that bind to the common benzamido site have the
potential to cause side effects on the heart. Diabetes
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ulfonylureas stimulate insulin secretion from pan-
creatic p-cells and are widely used in the treat-
ment of type 2 diabetes (1). Their principal target
is the ATP-sensitive K* (K,qp) channel, which plays
a major role in controlling the B-cell membrane potential.
Inhibition of K, channels by glucose or sulfonylureas
causes depolarization of the B-cell membrane; in turn, this
triggers the opening of voltage-gated Ca?* channels, eliciting
Ca?* influx and a rise in intracellular Ca?*, which stimulates
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the exocytosis of insulin-containing secretory granules (2).
Karp channels are also found at high density in a variety of
other cell types, including cardiac, smooth, and skeletal
muscle, and some brain neurones (3). Although their roles
in extrapancreatic tissues are less well characterized, it is
likely that they open in response to metabolic stress, such as
occurs during cardiac and cerebral ischemia (4). K i chan-
nels are also important in the control of vascular smooth
muscle tone, and therefore of blood pressure (5). The ques-
tion of whether sulfonylureas cause adverse cardiovascular
side effects under clinical conditions has been hotly
debated, and conflicting results have been reported from
different studies (6,7). A detailed comparison of the mech-
anism of action of sulfonylureas on B-cell and cardiac K,
channels would therefore be valuable. The recent cloning of
both the B-cell and the cardiac K, channel makes it possi-
ble to investigate the molecular basis for the differences in
their tissue specificity. Furthermore, by studying both types
of channel in the same heterologous expression system, it is
possible to identify those differences which pertain directly
to the sulfonylurea receptor (SUR) subunit and to exclude
any that are conferred by the different tissues in which they
are normally expressed.

Karp Channels are formed from two types of subunit (8,9):
a pore-forming subunit, Kir6.2, and a sulfonylurea receptor,
SUR, which coassemble with a 4:4 stoichiometry (10-12).
Kir6.2 is strongly expressed in B-cells and cardiac muscle and
is likely to form the pore of the K, channels in both these
tissues (8,9). The sulfonylurea receptor is a member of the
ATP-binding cassette (ABC) transporter family, and appears
to act as a regulatory subunit. Two genes, encoding the
sulfonylurea receptors SUR1 and SUR2, have been cloned, of
which the former, SURZ, serves as the regulatory subunit of
B-cell K, channels (13), and a splice variant of the latter,
SUR2A, acts as the cardiac sulfonylurea receptor (14,15).

Metabolic regulation of K, channel activity in response to
glucose is believed to be mediated by the opposing effects of
ATP (a K, channel blocker) and MgADP (a channel activa-
tor) (2-4). K,p channels are also the target for a number of
pharmacological agents, including inhibitors such as the sul-
fonylureas and a structurally unrelated group of K-channel
openers (1,16). Studies of cloned K channel subunits have
significantly advanced our understanding of how nucleotides
and drugs bring about changes in channel activity. Thus,
Kir6.2 appears intrinsically sensitive to ATP inhibition (17),
whereas the sulfonylurea receptor endows the channel with
sensitivity to sulfonylureas, K-channel openers, and the stim-
ulatory effects of MgADP (14,17-19).

Native B-cell and cardiac K, channels exhibit different
sensitivities to sulfonylureas and K-channel openers. These
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differences can also be demonstrated for the cloned channels;
thus, coexpression of Kir6.2 with SUR1 generates K, chan-
nels that are blocked by tolbutamide and activated by diazox-
ide, whereas coexpression of Kir6.2 with SUR2A results in
Kre Channels that are blocked by glibenclamide, activated by
pinacidil, and insensitive to diazoxide (14). These properties
resemble those of B-cell and cardiac K channels, respectively,
and confirm that the pharmacological profile of the native
channel is conferred by the sulfonylurea receptor subunit.
Native B-cell and cardiac K, channels also differ in the effect
of MgADP on sulfonylurea inhibition: the tolbutamide block of
the B-cell K, channel is apparently enhanced in the pres-
ence of a low concentration of intracellular MgADP, while that
of cardiac K, channels is reduced (20-22).

In this study, we have characterized the effects of first and
second generation sulfonylureas (represented by tolbutamide
and glibenclamide) and the related compound meglitinide, on
cloned B-cell (Kir6.2/SURL) and cardiac (Kir6.2/SUR2A) K ;e
channels heterologously expressed in Xenopus oocytes. We
show that both tolbutamide and glibenclamide are more
effective inhibitors of B-cell than cardiac K, channels, but
that the mechanism underlying this specificity is different.
Tolbutamide produces high-affinity inhibition of B-cell but
not cardiac-type K, channels. Glibenclamide, on the other
hand, inhibits both B-cell and cardiac K 5 channels with high
affinity, but the effect on the cardiac channel is largely abol-
ished by the presence of physiological concentrations of intra-
cellular MgADP.

RESEARCH DESIGN AND METHODS

Molecular biology. Mouse Kir6.2 (Genbank D50581 [8,9]), rat SUR1 (Genbank
L40624 [13]) and rat SUR2A (Genbank D83598 [14]) were used in this study. A 36-
amino acid COOH-terminal deletion of mouse Kir6.2 (Kir6.2AC36) was made by intro-
duction of a stop codon at the appropriate residue using site-directed mutagenesis
(17). In vitro synthesis of mMRNA was carried out as previously described (23).
Electrophysiology
Oocyte collection. Female Xenopus laevis were anesthetized with MS222 (2 g/l
added to the water). One ovary was removed via a minilaparotomy, the incision
sutured, and the animal allowed to recover. When the wound had healed, the sec-
ond ovary was removed in a similar operation, and the animal was killed by
decapitation under anesthesia. Immature stage V-VI Xenopus oocytes were incu-
bated for ~75 min with 1.5 mg/ml collagenase (Boehringer, type A) and manually
defolliculated. For coexpression experiments, ~0.04 ng Kir6.2 was coinjected
with ~2 ng of SUR1 or ~2 ng of SUR2A (giving a 1:50 ratio). In some experiments,
oocytes were injected with ~2 ng of mMRNA encoding Kir6.2AC36. The final injec-
tion volume was ~50 nl/oocyte. Isolated oocytes were maintained in tissue cul-
ture and studied 1-4 days after injection (23).

Macroscopic currents were recorded from giant excised inside-out patches at
a holding potential of 0 mV and at 20-24°C (23). Patch electrodes were pulled from
thick-walled borosilicate glass (GC150; Clark Electromedical Instruments, Pang-
bourne, U.K.) and had resistances of 200-400 MQ when filled with a pipette solu-
tion. Currents were evoked by repetitive 3-s voltage ramps from -110 to +100 mV
and recorded using an EPC7 patch-clamp amplifier (List Electronik, Darmstadt, Ger-
many). They were filtered at 0.2 kHz, digitized at 0.5 kHz using a Digidata 1200 Inter-
face, and analyzed using pClamp software (Axon Instruments, Foster City, CA).

The pipette solution contained the following (in millimoles per liter): 140 KCI,
1.2 MgCl,, 2.6 CaCl,, and 10 HEPES (pH 7.4 with KOH). The internal (bath) solu-
tion contained the following (in millimoles per liter): 110 KCI, 1.4 MgCl,, 30 KOH,
10 EGTA, 10 HEPES (pH 7.2 with KOH), and nucleotides, as indicated. Tolbutamide
was made up as a 0.1 mol/l stock solutionin 0.1 mol/I KOH (or 0.14 mol/l KOH for
SUR2A experiments) and diluted as required. Glibenclamide was prepared as a
100 or 1,000 stock solution in DMSO. Meglitinide was prepared as a 1,000 stock
solution in DMSO or (to make the 1 mmol/l solution) as a 100 mmol/I stock solu-
tion in 0.14 mol/l KOH. Diazoxide was prepared as a 500X stock solution in 0.1
mol/l KOH and pinacidil as a 1,000 stock solution in ethanol. Rapid exchange
of solutions was achieved by positioning the patch in the mouth of one of a
series of adjacent inflow pipes placed in the bath.
Data analysis. The slope conductance was measured by fitting a straight line to
the current-voltage relation between —20 and —~100 mV: the average of 5 consec-
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utive ramps was calculated in each solution. To control for rundown, the control
conductance was usually taken as the mean of that obtained in control solution
before and after application of the test compound. The effect of glibenclamide on
Kir6.2/SUR1 currents was not obviously reversible, so each patch was exposed
to only one concentration, and only one patch was tested per oocyte. The con-
ductance in the presence of glibenclamide was expressed relative to that in con-
trol solution before drug application for both Kir6.2/SUR1 and Kir6.2/SUR2A cur-
rents. Most currents were not leak-corrected because the leak current (that
remaining in the presence of 1 mmol/l ATP) was <1% of the total current. How-
ever, as Kir6.2AC36 expressed smaller currents, we corrected the dose-response
curves for leak by subtraction of the mean conductance measured in patches
excised from water-injected oocytes.

The conductance (G) is plotted as a fraction of that obtained in the control solu-
tion (G,). Sulfonylurea dose-response curves were fit to the following:

< = XXy ®

c
where X is a term describing the high-affinity site and y a term describing the low-
affinity site.
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where [X] is the tolbutamide, meglitinide, or glibenclamide concentration (as
applicable); K;; and K;,are the concentrations at which inhibition is half maximal
at the high- and low-affinity sites, respectively; hl and h2 are the Hill coeffi-
cients (slope factors) for the high- and low-affinity sites, respectively; and L is the
fractional conductance remaining when all of the high-affinity inhibitory sites are
occupied. When only a single binding site is present (as observed for example, for
Kir6.2AC36 currents), Eq. 1 reduces to

= = X (4)

ATP dose-response curves were also fit to Eq. 4.

In most cases, data are given as means + 1 SEM, and the symbols in the figures
indicate the mean and the vertical bars 1 SEM (where this is larger than the sym-
bol). Statistical significance was tested using unpaired Student's t test.

RESULTS

We first compared the basic properties of Kir6.2/SUR1 and
Kir6.2/SUR2A currents, when expressed in Xenopus oocytes.
The mean current amplitudes at —100 mV after patch excision
were —-3.0 + 0.3 nA (n = 50) for Kir6.2/SUR1 currents and —6.2
+ 0.7 nA (n = 47) for Kir6.2/SUR2A currents. This difference
may reflect a greater expression of Kir6.2/SUR2A channels
and/or a higher channel open probability. The latter has pre-
viously been reported for single-channel recordings (14).

In contrast to earlier reports using a mammalian cell expres-
sion system (14), we did not observe a significant difference in
ATP sensitivity between Kir6.2/SUR1 and Kir6.2/SUR2A cur-
rents (Fig. 1A). The mean K; for ATP inhibition was 21 + 2
pumol/l (n =7) for Kir6.2/SURL currents, compared with 29 + 4
pmol/l (n = 12) for Kir6.2/SUR2A currents (hot significant by
t test). The Hill coefficients (h) were 1.0 + 0.1 and 1.4 + 0.1 for
Kir6.2/SUR1 and Kir6.2/SUR2A currents, respectively. The val-
ues of K; and h we observe are similar to those found for
native B-cell and cardiac K, channels (2—4,24).

Figure 1B compares the effects of various stimulators of
Karr channel activity, which mediate their effects by inter-
action with the sulfonylurea receptor. MgADP (100 pumol/l)
activated both B-cell and cardiac types of K, channel to a
similar extent (~140%). By contrast, the efficacies of K-chan-
nel openers were markedly different. Diazoxide (340 umol/l)
induced marked activation of Kir6.2/SUR1 but was without
effect on Kir6.2/SUR2A currents, while the reverse was true
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FIG. 1. Sensitivity of Kir6.2/SUR1 and Kir6.2/SUR2A currents to ATP
and K-channel openers. A: Mean ATP dose-response relationships for
Kir6.2/SUR1 currents (n =7) and Kir6.2/SUR2A currents (n = 6). The
slope conductance (G) is expressed relative to that (G.) obtained in
control solution. The lines are the best fit of the data to the Hill equa-
tion (Eg. 4) using the mean values for K;and h given in the text.
B: Mean amplitude of Kir6.2/SUR1 or Kir6.2/SUR2A currents recorded
in response to the agents indicated, expressed as a percentage of the
current amplitude in the absence of test compound. The dashed line
indicates the level of activity in the absence of the test compound.
Diazoxide and pinacidil were tested in the presence of 100 pumol/l
MgATP: the current recorded in the presence of both activator and ATP
is expressed relative to that recorded in the ATP-containing solution.
The number of patches is given above each bar.

for 100 umol/l pinacidil (Fig. 1B). Both drugs were tested in
the presence of 100 umol/l intracellular ATP because their
effect on native K i, channels is known to be dependent on
the presence of hydrolysable nucleotide (25,26). These
results resemble those previously reported for cloned K,
channels (14,18). They also confirm that Kir6.2/SUR2A chan-
nels expressed in Xenopus oocytes display properties simi-
lar to those of native cardiac K, channels (4,27).

Effects of sulfonylureas in the absence of MgADP. We
next compared the effects of tolbutamide, glibenclamide,
and meglitinide on cardiac- and B-cell-type K, channels.
The structure of these drugs is given in Fig. 2A. As Fig. 2 also
shows, the effects of tolbutamide and glibenclamide on
Kir6.2/SUR1 and Kir6.2/SUR2A currents were quite different.
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FIG. 2. Effects of sulfonylureas on Kir6.2/SUR1 and Kir6.2/SUR2A
currents. A: Chemical structure of tolbutamide, glibenclamide, and
meglitinide. B: Oocytes were coinjected with mRNAs encoding Kir6.2
and either SUR1 (top) or SUR2A (bottom) and macroscopic currents
recorded from inside-out patches in response to a series of voltage
ramps from —-110 to +100 mV. Tolbutamide (100 pmol/l), glibenclamide
(100 nmol/l), or meglitinide (10 umol/l) were added to the internal
solution as indicated.

Tolbutamide (100 pmol/l) inhibited Kir6.2/SUR1 currents by
58 + 2% (n = 16) but had little effect on Kir6.2/SUR2A currents
(5 £ 2% inhibition, n = 13). By contrast, 100 nmol/l gliben-
clamide blocked both types of channel to a similar extent,
inhibiting Kir6.2/SUR1 currents by 71 + 1% (n = 4) and
Kir6.2/SUR2A currents by 68 + 4% (n = 6). Meglitinide (10
pmol/l) also blocked B-cell- and cardiac-type K, channels
with a similar potency; by 76 + 1% (n =6) and 69 + 1% (n =
5), respectively. Inhibition of K, currents by tolbutamide (in
the case of Kir6.2/SUR1) and by meglitinide was rapid in
onset and easily reversible. This was also the case for the
block of cardiac-type K, channels by glibenclamide. In
contrast, glibenclamide inhibition of Kir6.2/SUR1 currents
was essentially irreversible and, at low drug concentrations,
the onset of the block was very slow.

The relationship between tolbutamide concentration and
the amplitude of Kir6.2/SURL, or Kir6.2/SUR2A, currents is
shown in Fig. 3A. As previously described, the dose-response
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FIG. 3. Dose-response curves for sulfonylurea inhibition of Kir6.2/SUR1 currents and Kir6.2/SUR2A currents. A: Relationship between tolbu-
tamide concentration and the macroscopic K, conductance, expressed as a fraction of its amplitude in the absence of the drug. Kir6.2/SUR1
currents (n = 11) were fit with Eq. 1: K;; =5 pumol/l, h1 = 1.0, K;, = 2 mmol/l, h2 = 1.3, L = 0.46. Kir6.2/SUR2A currents (n = 6) were fit with Eq.
4: K; =1.7 mmol/l, h=1.2, L = 0. B: Relationship between glibenclamide concentration and the macroscopic K, conductance, expressed as a
fraction of its amplitude in the absence of the drug. Kir6.2/SUR1 currents (n = 6) were fit with Eq. 1: K;; =4.2 nmol/l, h1 =1, L = 0.23. Kir6.2/SUR2A
currents (n = 6) were fit with Eq. 4: K;; = 27 nmol/l, hl = 1.0, K;, = 110 pmol/l, h2 = 1, L = 0.25. C: Relationship between meglitinide concen-
tration and the macroscopic K, conductance, expressed as a fraction of its amplitude in the absence of the drug. The lines are the best fit
of the data to Eq. 1 of the text. Kir6.2/SURL currents (n = 6): K;; = 0.26 umol/l, h1 = 1.1, K;, = 380 nmol/l, h2 = 1, L = 0.26. Kir6.2/SUR2A cur-
rents (n = 6): K;; =0.48 umol/l, hl = 1.2, K;, =380 nmol/l, h2 =1, L =0.3.

curve for tolbutamide block of Kir6.2/SUR1 currents was
best fit by assuming there are two drug binding sites on the
K. channel (28,29). The high-affinity binding site had a
mean K; of 5.4 + 3.4 uymol/l (n = 11) and the low-affinity site
had a mean K; of 2.0 + 0.3 mmol/l (n = 11). The Hill coefficients
were 1.0 £ 0.1 and 1.3 = 0.1, respectively. In contrast,
Kir6.2/SUR2A currents did not show high-affinity inhibition by
tolbutamide (Fig. 3A). Instead, the block was best described
by a single low-affinity site with amean K; of 1.7 £ 0.2 mmol/l
and a Hill coefficient of 1.2 + 0.1 (n = 6). We have shown else-
where that the low-affinity site of Kir6.2/SUR1 does not lie on
SURL1 but is associated either with Kir6.2 or, possibly, with a
regulatory protein endogenous to the Xenopus oocyte (28).
This result therefore suggests that SUR2A either does not
possess a high-affinity binding site for tolbutamide or that
binding of the drug does not result in channel inhibition.
Unlike tolbutamide, glibenclamide inhibited both B-cell-
and cardiac-type K, currents with high affinity: the K; was
4.2 nmol/l (n =4) for Kir6.2-SUR1 channels and 27 = 2 nmol/Il
(n = 6) for Kir6.2-SUR2A currents (Fig. 3B). A second low-
affinity site was also apparent from the glibenclamide dose-
response curve for Kir6.2-SUR2A currents. The K; for this site
was not measured, but appeared to be ~100 umol/l (Fig. 3B).
Both B-cell-and cardiac-type K, channels were blocked by
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meglitinide, with dose-response curves suggesting the pres-
ence of both high- and low-affinity sites (Fig. 3C). The mean
K; for the high-affinity site was 0.26 + 0.06 pmol/l (n = 6) for
Kir6.2/SUR1 currents and 0.53 + 0.11 pmol/l (n = 5) for
Kir6.2/SUR2A currents.

We next examined the effects of sulfonylureas on a trun-
cated form of Kir6.2 (Kir6.2AC36), which lacks the COOH-ter-
minal 36 amino acids and does not require a sulfonylurea
receptor for functional expression (17). Kir6.2AC36 currents
were also inhibited by sulfonylureas, but only at very high con-
centrations (Fig. 4) (28). The dose-response curves were
described by a single binding site with a K; of 42 = 5 pmol/l
(n = 5) for glibenclamide and of 1.7 = 0.1 mmol/l (n = 8) for
tolbutamide and Hill coefficients of 0.9 = 0.1 and 1.2 = 0.1,
respectively. These values are similar to those found for the
low-affinity sites of Kir6.2/SUR1 and Kir6.2/SUR2A currents.
Meglitinide also inhibited Kir6.2AC36 currents with low affin-
ity (37 £3% inhibition by 1 mmol/l meglitinide [n = 5]), but a
full dose-response curve could not be obtained because the
drug was insoluble at higher concentrations. The data argue
that, like tolbutamide (28), glibenclamide and meglitinide
bind to a low-affinity site on Kir6.2. This binding is unlikely
to be of clinical significance, however, as the concentrations
involved are suprapharmacological.
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Effects of sulfonylureas in the presence of intracellu-
lar MgADP. We have shown previously that tolbutamide
inhibition of Kir6.2/SUR1 currents is enhanced in the pres-
ence of intracellular MgADP (28). Figure 5A shows that this
was also the case for glibenclamide. In contrast, cardiac-type
K.p Channels showed a very different behavior; gliben-
clamide appeared to block Kir6.2/SUR2A currents less effec-
tively in the presence of MgADP (Fig. 5B). Figure 5C shows
that although 100 nmol/l glibenclamide blocked both
Kir6.2/SUR1 and Kir6.2/SUR2A currents to a similar degree
(=70% inhibition) in the absence of nucleotide, the same
concentration applied in the presence of 100 umol/l MgADP
inhibited Kir6.2/SURL currents by ~90%, but Kir6.2/SUR2A
currents by only ~10%. It therefore appears that MgADP
enhances the block of Kir6.2/SUR1 currents by gliben-
clamide, but reduces its effect on Kir6.2/SUR2A currents.
Similar results have been reported for native 3-cell and car-
diac K channels (20-22).

DISCUSSION

Our results suggest that under physiological conditions, both
tolbutamide and glibenclamide will be more effective on -
cells than on cardiac muscle, but that different mechanisms
underlie this tissue specificity.

Inhibition by sulfonylureas. The finding that Kir6.2/SUR1
channels are inhibited by tolbutamide with high affinity (K;
~5 umol/l), whereas Kir6.2/SUR2A channels are only blocked
with low affinity (K; ~2 mmol/l), provides additional support
for the idea that tolbutamide inhibition is mediated through
its interaction with the sulfonylurea receptor. The low tolbu-
tamide sensitivity of Kir6.2/SUR2A currents is consistent
with that reported for native cardiac K, channels (K; ~1
mmol/l [22]) and similar to that found when Kir6.2AC36 was
expressed in the absence of a sulfonylurea receptor (K; ~2
mmol/l [28]). There may be several explanations why tolbu-
tamide does not inhibit SUR2A currents with high affinity.
First, SUR2A may not possess a high-affinity tolbutamide
binding site, or this site may have a markedly lower affinity.
Second, tolbutamide may bind to SUR2A with high-affinity,
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FIG. 5. Effect of MgADP on glibenclamide block of Kir6.2/SUR1 and
Kir6.2/SUR2A currents. Oocytes were coinjected with mRNAs encod-
ing Kir6.2 and either SUR1 (A) or SUR2A (B). Macroscopic currents
recorded from inside-out patches in response to a series of voltage
ramps from -110 to +100 mV. Glibenclamide (100 nmol/l) or MgADP
(100 pmol/l) were added to the internal solution as indicated. C: Mean
amplitude of Kir6.2/SUR1 or Kir6.2/SUR2A currents, recorded in the
presence of glibenclamide (1 nmol/l or 100 nmol/l, as indicated) in the
absence (left) or presence (right) of 100 umol/l MgADP, expressed as
a percentage of current in control solution (no additions). Hatched
bars represent the current recorded in the presence of 100 umol/l
MgADP relative to control. The dashed line indicates the control level
(100%). The number of oocytes is given below the bars.

but this binding may not result in channel closure. The latter
possibility is supported by the observation that tolbutamide
displaces [*H]glibenclamide binding to cardiac membranes
with a K; of 1-5 pmol/I (30,31).

In contrast to tolbutamide, meglitinide mediates reversible
high-affinity inhibition of both Kir6.2/SUR1 and Kir6.2/SUR2A
currents, with a similar affinity and time course. Our data
confirm the previous finding that meglitinide blocks native B-
cell Kp currents (32) (and thereby stimulates insulin secre-
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tion [33]) and demonstrate that this compound also inhibits
cardiac K,rp channels. Meglitinide is not a sulfonylurea but is
a benzamido derivative, equivalent to the nonsulfonylurea
moiety of glibenclamide (Fig. 2). Thus our results suggest that
the sulfonylurea receptor may have a separate benzamido
binding site that is common to SUR1 and SUR2A.

Glibenclamide blocked both B-cell-and cardiac-type K p
currents, but the mechanism of this block appears to be dif-
ferent, since inhibition could not be reversed for
Kir6.2/SUR1 currents but was readily reversible in the case
of Kir6.2/SUR2A currents. Since glibenclamide comprises
both tolbutamide and meglitinide moieties, our data could
be explained if the drug binds to SUR1 at two sites (i.e., a
tolbutamide and a benzamido site), but only at a single (ben-
zamido) site on SUR2A. If this were the case, the drug would
only dissociate from SUR1 when both halves of the molecule
unbound from the receptor simultaneously. This could
account for the irreversible inhibition of Kir6.2/SUR1 currents
by glibenclamide, since simultaneous unbinding is likely to
occur with a low probability. It might also contribute to the
long washout time observed when glibenclamide therapy is
discontinued in patients. By contrast, unbinding from
SUR2A would occur more rapidly, since the drug need only
dissociate from a single site. Although this is an attractive
explanation of our results, it remains speculative since we
cannot distinguish whether the loss of high-affinity inhibition
of Kir6.2/SUR2A currents by tolbutamide is due to a loss of
the high-affinity binding site for this drug, or to a failure to
transduce binding into channel inhibition.

Although a previous study was unable to demonstrate
high-affinity binding of '#*I-labeled iodoglibenclamide to
SURZ2A (14), our results are consistent with earlier electro-
physiological and binding studies showing interaction of
glibenclamide with native cardiac membranes (K; 0.3-3
nmol/l) (30). One possible explanation for the different find-
ings in these studies is that, because the glibenclamide block
of Kir6.2/SUR2A currents is rapidly reversible, washing of the
membranes (which occurs in binding studies) might dislodge
the drug from SUR2A under some conditions.

We reported previously that Kir6.2/SUR1 currents exhibit
both high- and low-affinity block by tolbutamide (28). We
show here that low-affinity inhibition is also observed for
meglitinide and glibenclamide. In both cases, this inhibition
was independent of the type of sulfonylurea receptor and was
also observed for Kir6.2AC36 currents (expressed in the
absence of SUR). This indicates that the low-affinity block is
not mediated through SUR and suggests it may be a property
of Kir6.2 itself (or possibly an additional subunit endoge-
nously expressed in Xenopus oocytes). Although therapeutic
concentrations of sulfonylureas are unlikely to reach levels
that would interact with this low-affinity site, it is important
to recognize its existence because it influences the interpre-
tation of sulfonylurea dose-response curves.

Interaction between sulfonylureas and MgADP. It has
been known for several years that nucleotides such as
MgADP enhance the inhibitory effect of tolbutamide and
meglitinide on the B-cell K channel (20,21). Recently, we
proposed that this is because tolbutamide abolishes the
stimulatory action of MgADP, unmasking an inhibitory
effect of the nucleotide (28). The present results demon-
strate that MgADP is also able to enhance the inhibitory
effects of glibenclamide on Kir6.2/SUR1 currents. In con-
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trast, MgADP did not enhance the inhibitory effect of
glibenclamide on Kir6.2/SUR2A currents, which is consistent
with earlier reports from native cardiac K, channels
(22,34). As the stimulatory effect of MgGADP is mediated by
the nucleotide-binding domains (NBDs) of SUR1 (17-19),
these data suggest that the sulfonylurea binding site(s) and
the NBDs of SUR1 may interact with each other. A difference
in either, or both, of these sites might underlie the different
effect of MgADP on the glibenclamide block of B-cell and
cardiac type K, channels.

In intact cells, glibenclamide appears to inhibit
Kir6.2/SUR2A channels less effectively than Kir6.2/SUR1
channels, when measured by Rb* efflux (14). Our data sug-
gest that this may be because intracellular MgADP
enhances glibenclamide inhibition of Kir6.2/SUR1 channels
but alleviates inhibition of Kir6.2/SUR2A channels. They
also argue that a similar effect would be observed for native
Karp Currents in vivo.

ATP sensitivity. Although previous authors have suggested
that Kir6.2/SUR2A currents are less sensitive to ATP inhi-
bition than Kir6.2/SURL1 currents (14), we do not find this to
be the case. The sensitivity we report is, however, similar to
that measured for K, channels from rat ventricular
myocytes (~25 umol/l) (24). The difference between our
results and those of previous studies may be related either
to the precise experimental protocol or to the different
expression system (Xenopus oocytes as compared with
mammalian cells).

Clinical relevance. Since K, channels are found in a wide
variety of extrapancreatic tissues (cardiac, skeletal, and
smooth muscle, and some brain neurones), drugs that cross-
react with different members of the K, channel family
have the potential to cause undesired side effects. Although
no major side effects have been demonstrated in sulfonyl-
urea-treated patients, less dramatic effects may be difficult
to detect if they are subtle, unexpected, or only evident
under certain conditions (such as ischemia) (6,7). Clearly, the
ideal sulfonylurea for treatment of type 2 diabetes would be
one which interacts only with the p-cell K, channel.

Our results indicate that separate mechanisms may under-
lie the apparent lack of effect of tolbutamide and gliben-
clamide on cardiac muscle when used at therapeutic con-
centrations in humans. Tolbutamide is without effect either
because the SUR2A subunit of the cardiac K, channel
lacks a high-affinity site for the drug that mediates channel
inhibition or because SUR2A fails to translate tolbutamide
binding into closure of the pore. By contrast, glibenclamide
does inhibit cardiac-type K, channels with high-affinity,
but may be ineffective in vivo because this inhibition is
markedly reduced in the presence of physiological concen-
trations of MgADP. We cannot exclude the possibility that
other cytosolic substances might likewise influence the
response of cardiac K, channels to glibenclamide. Thus
glibenclamide and related drugs might interact with cardiac
Karp channels under some conditions encountered in vivo.
Based on this data, a drug which interacts only with SURL,
but which has higher affinity than that of tolbutamide,
would appear to be the best sulfonylurea for treatment of
type 2 diabetes. Further studies are required, however, to
ascertain the interaction of first and second generation sul-
fonylureas with the cloned K, channel from vascular
smooth muscle.

1417



SULFONYLUREAS AND CLONED K, CHANNELS

ACKNOWLEDGMENTS

S.S. is supported by scientific research grants from the Min-
istry of Education, Science, and Culture of Japan. F.G. was
supported by an MRC Clinical Training Fellowship.

We thank Dr. G. Bell (University of Chicago) for the gift of
rat SUR1. The Oxford group also thank the Wellcome Trust,
the Medical Research Council (MRC), and the British Diabetic
Association for support.

REFERENCES

1. Ashcroft FM, Ashcroft SJH: The sulfonylurea receptor. Biochim Biophys
Acta 1175:45-59, 1992
2. Ashcroft FM, Rorsman P: Electrophysiology of the pancreatic 3-cell. Prog Bio -
phys Molec Biol 54:87-143, 1989

3. Ashcroft FM, Ashcroft SJH: Properties and functions of ATP-sensitive K-

channels. Cell Signal 2:197-214, 1990

Nichols CG, Lederer WJ: Adenosine triphosphate-sensitive potassium chan-

nels in the cardiovascular system. Am J Physiol 261:H1675-H1686, 1991

Quayle JM, Nelson MT, Standen NB: ATP-sensitive and inwardly-rectifying

potassium channels in smooth muscle. Physiol Rev 77:1165-1232, 1997

Smits P, Thien T: Cardiovascular effects of sulfonylurea derivatives: implica-

tions for the treatment of NIDDM? Diabetologia 38:116-122, 1995

Leibowitz G, Cerasi E: Sulfonylurea treatment of NIDDM patients with car-

diovascular disease: a mixed blessing? Diabetologia 39:503-515, 1996

Inagaki N, Gonoi T, Clement IV JP, Namba N, Inazawa J, Gonzalez G, Aguilar-

Bryan L, Seino S, Bryan J: Reconstitution of I, an inward rectifier subunit

plus the sulfonylurea receptor. Science 270:1166-1169, 1995

Sakura H, Ammala C, Smith PA, Gribble FM, Ashcroft FM: Cloning and func-

tional expression of the cDNA encoding a novel ATP-sensitive potassium

channel expressed in pancreatic B-cells, brain, heart and skeletal muscle. FEBS

Lett 377:338-344, 1995

. Clement IV JP, Kunjilwar K, Gonzalez G, Schwanstecher M, Panten U, Aguilar-

Bryan L, Bryan J: Association and stoichiometry of K, channel subunits.
Neuron 18:827-838, 1997

11. Inagaki N, Gonoi T, Seino S: Subunit stoichiometry of the pancreatic 3-cell ATP-
sensitive K* channel. FEBS Lett 409:232-236, 1997

12. Shyng S-L, Nichols CG: Octameric stochiometry of the K -, channel complex.
J Gen Physiol 110:655-664, 1997

13. Aguilar-Bryan L, Nichols CG, Wechsler SW, Clement JP, Boyd AE, Gonzélez G,
Herrera-Sosa H, Nguy K, Bryan J, Nelson DA: Cloning of the B-cell high-affin-
ity sulfonylurea receptor: a regulator of insulin secretion. Science
268:423-425, 1995

14. Inagaki N, Gonoi T, Clement JP, Wang CZ, Aguilar-Bryan L, Bryan J, Seino S:

A family of sulfonylurea receptors determines the properties of ATP-sensitive

K* channels. Neuron 16:1011-1017, 1996

Chutkow WA, Simon MC, Le Beau MM, Burant CF: Cloning, tissue expression,

and chromosomal localization of SUR2, the putative drug-binding subunit of car-

diac, skeletal muscle, and vascular K, channels. Diabetes 45:1439-1445, 1996

16. Edwards G, Weston AH: The pharmacology of ATP-sensitive potassium chan-
nels. Ann Rev Pharmacol Toxicol 33:597-637, 1993

17. Tucker SJ, Gribble FM, Zhao C, Trapp S, Ashcroft FM: Truncation of Kir6.2 pro-

&

o1

o

~

*®

©

1

o

1

o1

1418

duces ATP-sensitive K-channels in the absence of the sulfonylurea receptor.
Nature 387:179-181, 1997

18. Gribble FM, Tucker, SJ, Ashcroft FM: The essential role of the Walker A
motifs of SUR1 in K-ATP channel activation by MgADP and diazoxide. EMBO
J 16:1145-1152, 1997

19. Nichols CG, Shyng S-L, Nestorowicz A, Glaser B, Clement JP, Gonzalez, G.,
Aguilar-Bryan L, Permutt, MA, Bryan J: Adenosine diphosphate as an intra-
cellular regulator of insulin secretion. Science 272:1785-1787, 1996

20. Zunkler BJ, Lins S, Ohno-Shosaku T, Trube G, Panten U: Cytosolic ADP
enhances the sensitivity of toloutamide of ATP-dependent K* channels from
pancreatic B-cells. FEBS Lett 239:241-244, 1988

21. Schwanstecher C, Dickel C, Panten U: Cytosolic nuclectides enhance the tolbu-
tamide sensitivity of the ATP-dependent K-channel in mouse pancreatic 3-cells
by their combined actions at inhibitory and stimulatory sites. Mol Pharma -
col 41:480-486, 1992

22. Venkatesh N, Lamp ST, Weiss JN: Sulfonylureas, ATP-sensitive K* channels and
cellular K* loss during hypoxia, ischemia and metabolic inhibition in mam-
malian ventricle. Circ Res 69:623-637, 1991

23. Gribble FM, Ashfield R, Ammaéla C, Ashcroft FM: Properties of cloned ATP-
sensitive K-currents expressed in Xenopus oocytes. J Physiol 498.1:87-98, 1997

24. Lederer WJ, Nichols CG: Nucleotide modulation of the activity of rat heart ATP-
sensitive K* channels in isolated membrane patches. J Physiol 419:193-213,
1989

25. Dunne MJ: Effects of pinacidil, RP49356 and nicorandil on ATP-sensitive
potassium channels in insulin-secreting cells. Br J Pharmacol 99:487-492, 1990

26. Kozlowski RZ, Hales CN, Ashford MLJ: Dual effects of diazoxide on ATP-K*
currents recorded from an insulin-secreting cell line. Br J Pharmacol
97:1039-1050, 1989

27. Faivre JF, Findlay I: Effects of tolbutamide, glibenclamide and diazoxide
upon action potentials recorded from rat ventricular muscle. Biochim Bio -
phys Acta 984:1-5, 1989

28. Gribble FM, Tucker SJ, Ashcroft FM: The interaction of nucleotides with the
tolbutamide block of K-ATP currents: a reinterpretation. J Physiol
504.1:35-45, 1997

29. Koster JC, Sha Q, Shyng SL, Nichols CG: The N-terminus of Kir6.2 function-
ally couples to SUR1 in the K,rp channel (Abstract). J Physiol. In press

30. Fosset M, De Weille J, Green RD, Schmid-Antomarchi H, Lazdunski M: Antidi-
abetic sulfonylureas control action potential properties in heart cells via
high-affinity receptors that are linked to ATP-dependent K* channels. J Biol
Chem 263:7933-7936, 1988

31. Gopalokrishnan M, Johnson DE, Janis RA, Triggle DJ: Characterization of bind-
ing of the ATP-sensitive potassium channel ligand, [°*H glyburide], to neuronal
and muscle preparations. J Pharm Exp Therapeutics 257:1162-1171, 1991

32. Zunckler BJ, Lenzen S, Ménner K, Panten U, Trube G. Concentration-depen-
dent effects of tolbutamide, meglitinide, glipizide, glibenclamide and diazox-
ide on ATP-regulated K* currents in pancreatic B-cells. Arch Pharmacol
337:225-230, 1988

33. Garrino MG, Schmeer W, Nenquin M, Meissner HP, Henquin JC: Mechanism
of the stimulation of insulin release in vitro by HB699, a benzoic acid deriva-
tive similar to the non-sulfonylurea moiety of glibenclamide. Diabetologia
28:697-703, 1985

34. Virdg L, Furukawa T, Hiraoka M: Modulation of the effect of glibenclamide on
Krp channels by ATP and ADP. Mol Cell Biochem 119:209-215, 1993

DIABETES, VOL. 47, SEPTEMBER 1998



