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Sulfonylureas suppress the stimulatory action of Mg-nucleotides on
Kir6.2/SUR1 but not Kir6.2/SUR2A Katp channels: A mechanistic study
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Sulfonylureas, which stimulate insulin secretion from pancreatic B-cells, are widely used to treat both type 2 diabe-
tes and neonatal diabetes. These drugs mediate their effects by binding to the sulfonylurea receptor subunit (SUR)
of the ATP-sensitive K" (Kyp) channel and inducing channel closure. The mechanism of channel inhibition is
unusually complex. First, sulfonylureas act as partial antagonists of channel activity, and second, their effect is
modulated by MgADP. We analyzed the molecular basis of the interactions between the sulfonylurea gliclazide and
Mg-nucleotides on B-cell and cardiac types of Kyrp channel (Kir6.2/SURI1 and Kir6.2/SUR2A, respectively) heter-
ologously expressed in Xenopus laevis oocytes. The SUR2A-Y1206S mutation was used to confer gliclazide sensitivity
on SUR2A. We found that both MgATP and MgADP increased gliclazide inhibition of Kir6.2/SURI channels and
reduced inhibition of Kir6.2/SUR2A-Y1206S. The latter effect can be attributed to stabilization of the cardiac
channel open state by Mg-nucleotides. Using a Kir6.2 mutation that renders the K,rp channel insensitive to nucleo-
tide inhibition (Kir6.2-G334D), we showed that gliclazide abolishes the stimulatory effects of MgADP and MgATP
on B-cell Kyrp channels. Detailed analysis suggests that the drug both reduces nucleotide binding to SUR1 and
impairs the efficacy with which nucleotide binding is translated into pore opening. Mutation of one (or both) of
the Walker A lysines in the catalytic site of the nucleotide-binding domains of SUR1 may have a similar effect to
gliclazide on MgADP binding and transduction, but it does not appear to impair MgATP binding. Our results have

implications for the therapeutic use of sulfonylureas.

INTRODUCTION

Sulfonylureas are potent stimulators of insulin secretion
that have been used for many years to treat type 2 diabe-
tes and, more recently, neonatal diabetes (Gribble and
Reimann, 2003; Pearson et al., 2006). They act by binding
to ATP=sensitive K" (Kyrp) channels in pancreatic B-cells
and causing them to close. This results in a membrane
depolarization that opens voltage-gated calcium channels,
thereby increasing intracellular calcium and triggering
insulin release (Ashcroft and Rorsman, 2013).

Karp channels are composed of four pore-forming
Kir6.2 subunits and four regulatory, sulfonylurea recep-
tor (SUR) subunits (Shyng and Nichols, 1997). There are
three main types of sulfonylurea receptor: SURI, which
forms the Kurp channel in endocrine cells and brain,
SURZ2A, which is found in heart and skeletal muscle, and
SUR2B, which comprises the smooth muscle Kyrp chan-
nel (Aguilar-Bryan et al., 1995; Inagaki et al., 1996). Sulfo-
nylureas bind to their eponymous receptor with high
affinity and induce pore closure. High-affinity inhibition
is not complete, however, but reaches a maximum of
~50-80%, producing a pedestal in the concentration-
response curve (Gribble et al., 1997a). Single-channel re-
cordings reveal the pedestal arises because Kyp channels
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with bound sulfonylurea are still able to open, albeit with
lower open probability (BarrettJolley and Davies, 1997).
Thus, sulfonylureas act as partial antagonists of the Kyrp
channel. At higher concentrations, sulfonylureas also
produce a low-affinity inhibition that is independent
of SUR and probably involves a binding site on Kir6.2
(Gribble et al., 1997a).

The binding site for sulfonylureas has not been fully
mapped, but there is evidence it involves residues in the
intracellular loop between transmembrane domains
(TMs) 5 and 6 (Vila-Carriles et al., 2007) and a residue
in the intracellular loop between TMs 15 and 16 (S1237
in SURI1; Ashfield et al., 1999). Mutation of S1237 in
SURI to tyrosine abolishes the ability of tolbutamide
and nateglinide to block Kir6.2/SUR1 channels (Ashfield
et al., 1999; Hansen et al., 2002). In SUR2A the equiva-
lent residue is a tyrosine, which accounts for the inability
of these drugs to block Kir6.2/SUR2 channels. Residues
in the N terminus of Kir6.2 are also involved in binding
of both the sulfonylurea glibenclamide and the glinide
repaglinide (Hansen et al., 2005; Vila-Carriles et al.,
2007; Kithner etal., 2012). Thus, the sulfonylurea-binding
site involves multiple regions of the protein (Winkler
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et al., 2007). How drug binding is transduced into clo-
sure of the Kir6.2 pore is unknown.

Karp channel activity is also regulated by cell metabo-
lism, via changes in intracellular adenine nucleotides
(Fig. 1, A and B). Binding of ATP (or ADP) to Kir6.2
results in channel closure (Tucker et al., 1997). Con-
versely, interaction of MgATP or MgADP with the two
nucleotide-binding sites (NBSs [NBS1 and NBS2]) of
SUR stimulates channel activity (Nichols et al., 1996;
Gribble et al., 1997b, 1998a). It is believed this is medi-
ated by occupancy of NBS2 by MgADP and that MgATP
must be first hydrolyzed to MgADP (Zingman et al.,
2001). Glucose metabolism leads to an increase in (Mg)
ATP and a concomitant fall in MgADP, thereby inhibit-
ing Kyrp channel activity and stimulating insulin secre-
tion (Ashcroft et al., 1984).

The stimulatory effect of Mg-nucleotides on Kyrp chan-
nel activity involves at least three processes: an increase
in the number of functional channels () in the plasma
membrane, stabilization of the open state of active chan-
nels (which increases the single-channel open proba-
bility, Pp), and a reduction in the inhibitory effect of
nucleotides at Kir6.2 (which produces an increase in
the IC; for nucleotide inhibition; Bokvist et al., 1991;
Hopkins et al., 1992; Nichols et al., 1996; Shyng et al.,
1997; Ribalet et al., 2000; Abraham et al., 2002; Proks
et al., 2010). All of these effects decline slowly after
patch excision, a phenomenon which has been termed
DAMN (decline in activation by Mg-nucleotides; Proks
etal., 2010).

Sulfonylureas and nucleotides interact with one an-
other in a complex way to regulate Kyp channel activity.
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For example, MgATP and MgADP reduce glibenclamide
binding to both SURI and SUR2A (Hambrock et al.,
2002; Loffler-Walz et al., 2002). Conversely, in the pres-
ence of 100 pM intracellular MgADP, sulfonylurea
inhibition of B-cell Kyrp (Kir6.2/SURI1) channels is
enhanced (Zunkler et al., 1988; Gribble et al., 1997a,
1998b; Dabrowski et al.,, 2001; Proks et al.,, 2002),
whereas that of cardiac Kyrp (Kir6.2/SUR2A) channels
isreduced (Venkatesh etal., 1991; Gribble et al., 1998b).
Chimera experiments suggest that these different re-
sponses of Kir6.2/SUR1 and Kir6.2/SUR2A channels
involve TMs 8-11 of SUR (Reimann et al., 2003). It is
therefore tempting to speculate that these domains may
be involved in transducing nucleotide binding to SURI
into channel activation; however, this has not been ex-
plicitly demonstrated.

The reduction in the maximal extent of high-affinity
sulfonylurea inhibition of Kir6.2/SUR2A channels in
the presence of MgADP is likely to be a consequence of
the stabilization of the open state of the channel by the
Mg-nucleotide (Fig. 1 D), as single-channel studies have
demonstrated both MgADP (Lietal., 2002) and MgUDP
(Alekseev et al., 1998) stabilize the open state. Similarly,
maximal sulfonylurea inhibition is reduced when the
channel open state is stabilized by PIP, (Koster et al.,
1999; Krauter et al., 2001) or by mutations in Kyp chan-
nel subunits (Trapp et al., 1998; Koster et al., 1999).
Because MgADP promotes channel opening, it also in-
creases the ICs, for sulfonylurea inhibition of cardiac
Karp channels (Venkatesh et al., 1991).

Similar effects would be expected for Kir6.2/SUR1 chan-
nels. However, in contrast to Kir6.2/SUR2A channels,

Figure 1. Nucleotide and sulfonylurea inter-
actions with SUR. (A-D) Schematic showing
interactions of nucleotides (A and B) and
of nucleotides plus sulfonylureas (C and D)
with SURI (A and C) and SUR2A (B and D).
Minus signs indicate inhibitory effects; plus
signs indicate interactions that stimulate chan-
nel activity.

MgADP
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an increase in the maximal extent of high-affinity sulfo-
nylurea inhibition is actually observed in the presence
of MgADP (Gribble et al., 1997a). It has been proposed
that this occurs because sulfonylureas abolish the stimu-
latory effects of MgADP on Kir6.2/SURI channels and
thus reveal the full extent of nucleotide inhibition at
Kir6.2 (which is normally partially masked by the stimu-
latory effects of nucleotides). This produces an appar-
ent enhancement of sulfonylurea inhibition (Fig. 1 C).
However, this idea has not been tested directly, and
whether sulfonylureas also influence MgATP activation
is unknown. Furthermore, in almost all cases, only a
single drug and nucleotide concentration were exam-
ined and the concentration dependence of these effects
is unknown. Nevertheless, a mechanistic understanding
of drug-nucleotide interactions is important because
the different response of SUR isoforms likely contrib-
utes to the fact that (at the cellular level) these drugs
are more potent on B-cell Kyrp channels than cardiac
Kurp channels (Lawrence et al., 2001).

In this paper, we provide a detailed quantitative analy-
sis of the interactions between sulfonylureas and nu-
cleotides on Kir6.2/SURI1 and Kir6.2/SUR2A channels.
In most experiments, we used the sulfonylurea gliclazide
because this drug has the advantage that its effects on
Kir6.2/SURI are readily reversible, which enables multi-
ple applications of the drug to the same patch (Gribble and
Ashcroft, 1999) and correction for the effects of rundown
and DAMN (Proks et al., 2010). Furthermore, in inside-
out patches, the gliclazide concentration-inhibition re-
lationship exhibits a clearly defined separation between
inhibition at the high-affinity (IC5, ~ 50 nM) site on SUR
and the low-affinity (IC5, ~ 3 mM) site on Kir6.2 (Gribble
and Ashcroft, 1999). Because therapeutic concentrations
of gliclazide in the plasma of patients with type 2 diabe-
tes are typically around 10 pM (Abdelmoneim et al.,
2012), only the effects of gliclazide at the high-affinity
site are clinically relevant, and we therefore restricted
our analysis to gliclazide concentrations of 100 pM or

1mM 3mM TmM
[ ] [ [ ]
]

less. Our results shed new light on the mechanistic
basis of the complex interaction between sulfonylureas
and Mg-nucleotides on the activity of cardiac and B-cell
Karp channels.

MATERIALS AND METHODS

Molecular biology

All experiments were performed on recombinant Kypp channels
heterologously expressed in Xenopus laevis oocytes. We used
human Kir6.2 (GenBank accession no. NM_000525 with E23 and
1877), rat SUR1 (GenBank accession no. 1.40624), and rat SUR2A
(GenBank accession no. D83598); we used rodent rather than
human SUR because in our hands it expressed larger currents.
Site-directed mutagenesis of SUR1, SUR2A, or Kir6.2, prepara-
tion of mRNA, and isolation of Xenopus oocytes was performed as
described previously (Proks et al., 2005). Oocytes were injected
with 0.8 ng wild-type or mutant Kir6.2 mRNA and ~4 ng SUR
mRNA, and currents were recorded 1-3 d after injection.

Electrophysiology

Macroscopic currents were recorded as previously described (Proks
etal., 2005) from giant inside-out patches at —60 mV and 20-22°C,
filtered at 5 kHz, and digitized at 20 kHz. The pipette solution
contained (mM) 140 KCI, 1.2 MgCly, 2.6 CaCly, and 10 HEPES
(pH 7.4 with KOH). The intracellular (bath) solution contained
(mM) 107 KCl, 1 CaCly, 2 MgCl,, 10 EGTA, 10 HEPES (pH 7.2
with KOH), and MgATP or MgADP as indicated. The Mg-free in-
tracellular solution contained (mM) 107 KCI, 1 KosSO,, 10 EGTA,
10 HEPES (pH 7.2 with KOH), and KoATP or K, ADP as indicated.
A 100 mM stock solution of gliclazide and glibenclamide in
DMSO was prepared daily and diluted as required.

Kyrp channels in excised patches, whether from pancreatic
B-cells, mammalian cell lines, or Xenopus oocytes, undergo both fast
and slow rundown. Fast rundown is virtually complete within the
first minute, and the mean open probability (Py) stabilizes at a
similar value in all cases; it is independent of Mg** or mutation of
the Walker A (WA) lysines in the NBSs of SURI (Table SI). Nucle-
otide sensitivity of Karp channels was assessed when fast rundown
was complete. Slow rundown was compensated by averaging the
current values in control solution before and after nucleotide/
drug application. Because inhibition of Kir6.2/SURI channels by
glibenclamide was poorly reversible on the time scale of our ex-
periments, we estimated the effect of the drug on Kir6.2/SURI

Figure 2. Method of quantifying interactions
between Mg-nucleotides and gliclazide. Rep-
resentative record showing activation of
Kir6.2-G334D/SURI by MgADP (1 or 3 mM)
in the presence and absence of 30 pM glicla-
zide (as indicated). Iyax; and Iyaxe are the
steady-state Kyp currents in the presence of a
maximal stimulatory concentration of 1 mM
MgADP before and after gliclazide applica-
tion, respectively; I, and Iy, are the currents
in the control (drug and nucleotide free) so-
lution measured immediately before nucleo-
tide application (Iy;) or after (I,y) gliclazide
application; I is the current in the presence
of gliclazide alone; and Iy is the steady-state
current in the presence of both drug and
the test nucleotide concentration. The dotted
line indicates the zero current level.

MgADP
gliclazide
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Figure 3. Sulfonylurea inhibition of Kir6.2/SURI-and Kir6.2/SUR2A-containing channels. (A and B) Representative Kypp currents (top) and
concentration-response relationships (bottom) for glibenclamide inhibition of Kir6.2/SURI1 (A; n=6) and Kir6.2/SUR2A (B; n=6) channels.
The lines are the best fit of Eq. 1 to the mean data: (A) IC5y=2.8 nM, 2=0.93, a=0.32; (B) IC;, =13 nM, & =0.94, a=0.32. (Cand D) Kyrp cur-
rents (top) and concentration-response relationships (bottom) for gliclazide block of Kir6.2/SURI1 (C; n=6) and Kir6.2/SUR2A-YS (D; n=>5)
channels. The lines are the best fit of Eq. 1 to the mean data: (C) IC5o=72nM, h=1.2, a=0.42; (D) IC5,=1.3 pM, ~=1.1, a=0.65. Mean + SEM.
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currents as follows. A single exponential was fit to the time course
of the current decline before drug application. The control current
amplitude (/) was then estimated by extrapolating the exponential
to the time at which the current in the presence of glibenclamide
reached a steady-state (/). Currents were then plotted as 1/ 1.

Channel activation was expressed as (Ine — 1)/ (luax — h),
where Iy is the steady-state current in the presence of both drug
and test nucleotide concentration, ; is the current in the presence
of gliclazide before nucleotide application, Iy,x is the steady-state
Karp current in the absence of drug and presence of a maximal
stimulatory concentration of nucleotide (10 mM for MgATP and
1 mM for MgADP), and I, is the current in the absence of both
drug and nucleotide (Fig. 2). When measuring channel activa-
tion, both rundown and the decline in the stimulatory effect of
Mg-nucleotides after patch excision were compensated as de-
scribed previously (Proks et al., 2010). At MgADP concentrations
of 10 mM or greater, a slowly developing inhibition made mea-
surements unreliable: we therefore restricted our analysis to
MgADP concentrations of 3 mM or below. The time course of Mg-
nucleotide deactivation (i.e., the decrease in K,rp current after
nucleotide removal) was well fit with a single exponential both in
the presence and absence of sulfonylurea. A similar finding in the
absence of the drug was described previously (Proks et al., 2010).

The relationship between ADP concentration and Kspp current
inhibition in Fig. 4 and between sulfonylurea concentration and
Kyrp current inhibition in Figs. 3, 5, and 6, was fit with

Iy L-a
I—C:a+4[x] ) (1)

14| o4

1y

where Iyis the steady-state Kyrp current in the presence of the test
nucleotide or drug concentration [ X], /. is the current in nucleo-
tide (or drug)-free solution obtained by averaging the current
before and after application, ICs is the nucleotide (drug) con-
centration at which the inhibition is half maximal, 4 is the Hill
coefficient, and ais the fraction of Kyrp current remaining at gli-
clazide concentrations that saturate the high-affinity binding site
(for ADP, a = 0). The factor L equals 1 except for data in Fig. 6
(closed symbols), where it reflects the extent of channel activa-
tion by Mg-nucleotides in drug-free solution.

The relationship between channel activation and nucleotide
concentration in Fig. 7 was fit with

Ing —1g _ “*[X]h
Lux =1y ECy" +[X]', 2

where ECj is the nucleotide concentration at which activation is
half maximal, [ X] is the test nucleotide concentration in the pres-
ence of gliclazide, k is the slope factor (Hill coefficient), and a is
the ratio of the maximal stimulatory effect of the nucleotide in
the presence and absence of gliclazide. In the absence of glicla-
zide, a=1.

In Fig. 8, the relationship was fit with

h
a*[X] . 3)

Iy -1, =—18
A EC,," +[X]

where /yand [, are steady-state current values in the presence and
absence of the nucleotide, respectively, expressed as a fraction of
the maximum current value reached after excision, « is the maxi-
mal stimulatory effect of the drug expressed as a fraction of the
maximum current value reached after excision, and the other pa-
rameters are defined as in Eq. 2.

The relationship between MgADP concentration and wild-type
Karp currents (see Fig. 4, B, D, and F) was fit with

, (4)

G
1Cy, EC;,

where Iyis the steady-state Kyrp current in the presence of the test
ADP concentration [X], I is the current in nucleotide-free solu-
tion obtained by averaging the current before and after nucleo-
tide application, IG5y and ECs, are nucleotide concentrations at

~ ‘;‘
—_

TABLE 1

Mean = SEM for parameters used to fit ADP concentration-response relationships for the indicated K,rp channels in the presence or absence of sulfonylureas
Channel Parameter Mg No sulfonylurea +Sulfonylurea
30 pM gliclazide
Kir6.2/SURI 1G5 (pM) — 62+ 3 (n=06) 59+ 7 (n=16)
Kir6.2/SURI IG5y (pM) + 258 £ 57 (n=12) 64+ 3" (n=16)
Kir6.2/SURI ECso (pM) + 1842 (n=12) na.
Kir6.2/SUR1 a + 3.2+0.7 (n=12) n.a.
Kir.2/SUR2AYS ICs50 (pM) - 95+5 (n=6) 88+ 11 (n="6)
Kir.2/SUR2AYS ICs50 (pM) + 310 = 56 (n = 6) 286 = 39 (1= 6)
Kir.2/SUR2A-YS ECso (nM) + 16+5 (n=6) 19+3 (n=6)
Kir.2/SUR2A-YS a + 1.2+0.3 (n=6) 1.1£0.1 (n=6)
1 pM glibenclamide
Kir6.2/SUR2A 1G5 (pM) — 96 £19 (n=06) 80+ 8 (n=106)
Kir6.2/SUR2A IG5y (pM) + 280+ 70 (n=7) 315+49 (n=7)
Kir6.2/SUR2A ECso (pM) + 22+8 (n="7) 1742 (n="7)
Kir6.2/SUR2A a + 1103 (n=7) 11202 (n="7)

Parameters were obtained from the data shown in Fig. 4, but all values are the mean of the fits to the individual dose-response curves. @ is the maximal
increase in Kypp current caused by MgADP activation (Eq. 4; note the maximal amplitude of activation is given by 1 + @). n.a., not applicable.

"P < 0.01 against control (Student’s ¢ test).
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Figure 4. Effect of sulfonylureas on (Mg)ADP modulation of SURI- and SUR2A-containing channels. (A and B) Concentration-re-
sponse relationships for ADP modulation of Kir6.2/SURI channels in the absence (A) or presence (B) of 2 mM Mg* and the absence
(open symbols) or presence (closed symbols) of 30 pM gliclazide. (A) The lines are the best fit of Eq. 1 to the mean data: 1C;, = 64 pM,
h=0.81 (open squares; n = 6); IG5y = 57 pM, h = 0.95 (closed squares; n = 6). (B) The lines are the best fit to the mean data of Eq. 4
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which the inhibition and activation are half maximal, respectively,
hy and &y are the Hill coefficients for inhibition and activation,
respectively, and ais the maximal increase in Karp current caused
by nucleotide activation.

The catalytic cycle of SUR2A-NBS2 was adapted from
Bienengraeber et al. (2004):

k, k, ky k,
E+ATP & E*-ATP & E**-ADP-P,» E***-ADP+P; » E+ADP+ P,

k., k, ky
(Scheme 1)

where E is NBS2 and asterisks indicate distinct conformations that
occur during Mg*-dependent ATP hydrolysis. Transitions are bi-
directional, with the exception of the P; liberation step (ks), which
is irreversible (Bienengraeber et al., 2004).

Scheme 1 gives the following expressions for the fractional oc-
cupancy of NBS2 by MgADP in the presence of ADP (Eq. 5) and
ATP (Eq. 6; after Bienengraeber et al. [2004]):

EADP — k74 [ADP] (5)

E;  ky+k [ADP]

EADP — klekS [ATP]
Ep o (hoky + hoyky + kb Yoy + ((ky + kg + ky ) ik, + kkoky )[ATP] 6)

where [ADP] and [ATP] are the bulk ADP and ATP concentra-
tions, respectively, F,ppis the number of NBS2s occupied by ADP
and Eis the total number of NBS2s.

For noise analysis, the macroscopic mean current (/) and vari-
ance (o) were determined from data segments of 1-s duration.
Control data were recorded immediately before gliclazide appli-
cation, and test data were recorded once a steady-state condition
was reached. Po and N were calculated as described previously
(Proks et al., 2010).

Statistics
All values are given as mean + SEM. Statistical significance was
determined using Student’s ¢ test.

Online supplemental material

Fig. S1 shows concentration-inhibition relationships for ATP inhi-
bition of Kir6.2/SUR2A-YS channels in the absence and presence
of Mg*. Fig. S2 shows concentration-inhibition relationships for
ATP and ADP inhibition of Kir6.2-G334D/SURI in the absence of
Mg”. Fig. S3 compares concentration-response relationships for
gliclazide inhibition of SURI and SUR2A-YS channels with either

Kir6.2 or Kir6.2-G334D as the pore-forming subunit. Fig. S4 simu-
lates the concentration-inhibition relationships for sulfonylurea
inhibition of SUR2A-containing channels using a Monod-Wyman—
Changeux (MWC) model. Fig. S5 simulates the reduction in the
maximal extent of MgATP activation of Kir6.2-G334D/SURI
channels induced by gliclazide (assumed to be a transduction de-
fect) using an MWC model. The supplemental text entitled “Simu-
lations of the effect of Py on the EC;) for Mg-nucleotide activation”
and Fig. S6 assess in detail the possible effects of gliclazide on Mg-
nucleotide activation of Kir6.2-G334D/SURI1 channels that result
from changes in channel gating. Table S1 gives mean values of P
in nucleotide-free solutions for various SURI-containing chan-
nels. Online supplemental material is available at http://www.jgp
.org/cgi/content/full/jgp.201411222/DCI.

RESULTS

The Y1206S mutation confers gliclazide sensitivity on SUR2A
Fig. 3 (A and B) compares high-affinity glibenclamide
inhibition of recombinant B-cell (Kir6.2/SUR1) and
cardiac (Kir6.2/SUR2A) types of Kirp channel in inside-
out patches excised from Xenopus oocytes. As previously
reported (Gribble et al., 1998b), glibenclamide inhib-
ited both types of channel with similar affinity, but inhi-
bition of Kir6.2/SUR1 was not reversible on the time
scale of our experiments, whereas glibenclamide inhibi-
tion of Kir6.2/SUR2A was partially reversible.

In contrast to glibenclamide, gliclazide produced re-
versible, high-affinity inhibition of Kir6.2/SURI but not
Kir6.2/SUR2A channels (Gribble and Ashcroft, 1999).
We therefore sought to confer sensitivity to gliclazide
on Kir6.2/SUR2A. A previous study has shown that mu-
tation of serine 1237 in SURI to tyrosine abolishes high-
affinity tolbutamide inhibition and reduces glibenclamide
binding (Ashfield et al., 1999). The reverse mutation in
SUR2A (Y1206S) increases *[H]glibenclamide binding to
levels similar to those found for SURI (Hambrock et al.,
2002; Winkler et al., 2007). We therefore hypothesized
that the Y1206S mutation might also confer sensitivity to
tolbutamide and gliclazide on SUR2A. Fig. 3 (C and D)
shows that this is indeed the case: like Kir6.2/SURI,
Kir6.2/SUR2A-YS channels were reversibly inhibited by
gliclazide. The Y1206S (YS) mutation did not alter the
intrinsic (i.e., unliganded) open probability, which was
0.71 £ 0.04 (n=>5) for Kir6.2/SUR2A-YS and 0.71 + 0.04
(n = 6) for Kir6.2/SUR2A. It also did not alter the 1Cs,

with ICs) = 224 pM, &y = 1.3 and EC5p = 11 pM, Ay = 1.3 and a = 2.7 (open circles; n=12) or of Eq. 1 with IC5, = 64 pM, A= 0.91 (closed
circles; n=6). (C and D) Concentration-response relationships for ADP modulation of Kir6.2/SUR2A-YS channels in the absence (C)
and presence of 2 mM Mg®" (D) and in the presence (closed symbols; n = 6) or absence (open symbols; n = 6) of 30 pM gliclazide.
(C) The lines are the best fit of Eq. 1 to the mean data: IC5y = 94 pM, £ = 1.1 (open squares; n=6); IC;, = 76 pM, h=1.2 (closed squares;
n=06). (D) The solid line is the best fit to the mean data of Eq. 4 with IC;, = 240 pM, h; = 1.2 and EC5y = 19 pM, /& = 1.5 and a = 1.3. The
dotted line is the concentration-inhibition curve for Kir6.2/SUR2A-YS channels in the absence of Mg** and gliclazide (C, open squares).
(E and F) Concentration-response relationships for ADP modulation of Kir6.2/SUR2A channels in the absence (E) and presence of
2 mM Mgz* (F) and in the absence (open symbols) or presence (closed symbols) of 1 pM glibenclamide. (E) The lines are the best fit of
Eq. 1 to the mean data: IC5y = 90 pM, % = 0.86 (open squares; n = 6); IC5 = 70 pM, & = 0.95 (closed squares; n = 6). (F) Both open and
closed circles are the mean of seven experiments. The solid line is the best fit to the mean data of Eq. 4 with IG5 = 270 pM, & = 1.4 and
ECs) = 18 pM, hy = 1.3 and a = 1.0. The dotted line is the concentration-inhibition curve for Kir6.2/SUR2A channels in the absence of

Mg* and glibenclamide (E, open squares). Mean + SEM.
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Figure 5. Effect of MgADP and MgATP on sulfonylurea inhibition of SURI- and SUR2A-containing channels. (A-F) Currents in the
presence of sulfonylurea (I) expressed as a fraction of that in drug-free solution (I.). (A and B) Concentration-response relationships
for gliclazide inhibition of Kir6.2/SURI (A) and Kir6.2/SUR2A-YS (B) channels in the presence and absence (same data as in Fig. 3)
of 100 pM MgADP. The lines are the best fit of Eq. 1 to the mean data: IC5) = 72 nM, h=1.2, a = 0.42 (A, open circles; n = 6); IG5, =
187nM, h=1.1, a=0.07 (A, closed circles; n=6);IC5=1.3 pM, h=1.1, a=0.65 (B, open circles; n=15); IC5y= 1.6 pM, 2 =1.2, a=0.85
(B, closed circles; n=5). (Cand D) Concentration-response relationships for glibenclamide inhibition of Kir6.2/SUR1 (C) and Kir6.2/
SURZ2A (D) channels in the presence and absence (data from Fig. 3) of 100 pM MgADP. The lines are the best fit of Eq. 1 to the mean
data: IG5, = 2.8 nM, 2= 0.93, a = 0.32 (C, open circles; n = 6); IC5p = 3.7 nM, h=1.2, a=0.04 (C, closed circles; n = 6); IC5, = 13 nM,
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for ATP inhibition (Fig. S1) or ADP inhibition, the ECs,
for MgADP activation of Kir6.2/SUR2A (Table 1), or (as
shown later) the interaction between sulfonylurea and
MgADP activation. Consequently, it appears to be a use-
ful tool for assessing interactions between sulfonylureas
and nucleotides on Kir6.2/SUR2A.

Fig. 3 (C and D) also illustrates high-affinity gliclazide
inhibition of Kir6.2/SURI1 and Kir6.2/SUR2A-YS chan-
nels. There was an ~~15-fold difference in the drug con-
centration causing half-maximal inhibition, which was
77 + 11 nM (n = 6) for Kir6.2/SUR1 and 1.2 + 0.3 pM
(n=>5) for Kir6.2/SUR2A-YS. Similarly, the maximal ex-
tent of inhibition was greater (~60%) for Kir6.2/SURI1
than Kir6.2/SUR2A-YS (35%). One possible explana-
ton for these differences is that Kir6.2/SUR2A-YS binds
gliclazide less tightly and transduces inhibition some-
what less efficiently than Kir6.2/SURI. In addition, it
is possible that the higher intrinsic (i.e., unliganded)
open probability (Py) of Kir6.2/SUR2A-YS channels,
which was 0.71 + 0.4 (n=5) compared with 0.43 + 0.3
(n = 6) for Kir6.2/SUR, may contribute. However, this
seems less likely as there was no substantial difference
in the IG5y or maximal extent of glibenclamide inhibi-
tion for channels containing SUR1 and SUR2A.

The IG5 for gliclazide inhibition of Kir6.2/SUR2A-YS
channels is ~800-fold less than that reported for recom-
binant Kir6.2/SUR2A channels (800 pM; Gribble and
Ashcroft, 1999). This is consistent with the idea that gli-
clazide inhibition of Kir6.2/SUR2A-YS is mediated via
binding to SUR2A and that of Kir6.2/SUR2A by binding
to Kir6.2. Interestingly, Lawrence et al. (2001) reported
an IG5 of 19 pM for gliclazide inhibition of pinacidil-
activated Kyrp channels in rat ventricular myocytes. This
is much higher than expected for SUR2A and suggests
that Kyrp channels in these cells may be composed of a
mixture of SURI and SUR2A subunits, as recently sug-
gested for cardiac Kayrp channels (see review by Zhang
etal. [2010]).

Sulfonylurea modulation of nucleotide response

We next compared the effect of gliclazide on nucleo-
tide modulation of Kir6.2/SURI1 and Kir6.2 /SUR2A-YS.
We used 30 pM gliclazide, a concentration at which high-
affinity inhibition is near maximal (indicating most
high-affinity binding sites on SUR are occupied) for both
types of channel.

In Mg-free solution, where nucleotide activation is
absent, gliclazide was without obvious effect on ADP
inhibition of either Kir6.2/SUR1 or Kir6.2-SUR2A-YS
(Fig. 4, A and C). In the presence of Mg*, the ADP

concentration-response relation followed a bell-shaped
curve (Fig. 4, B and D, open symbols). This is the result
of the simultaneous presence of activation (at SUR)
and inhibition (at Kir6.2; Hopkins et al., 1992). There-
fore, we fit the data with a function that is the product
of activation and inhibition (Materials and methods,
Eq. 4). For both types of channel, the calculated ICs,
for ADP inhibition was greater in the presence of Mg**
than in its absence, increasing from 62 to 258 pM for
Kir6.2/SURI and from 95 to 310 pM for Kir6.2/SUR2A-
YS (Table 1). This suggests that ADP inhibition is re-
duced in the presence of Mg™, as previously suggested
(Nichols et al., 1996; Shyng et al., 1997; Ribalet et al.,
2000; Abraham et al., 2002; Proks et al., 2010). The cal-
culated EC;, for MgADP activation of Kir6.2/SUR2A-
YS (16 pM) was similar to that for Kir6.2/SUR1 (13 pM;
Table 1); however, the maximal extent of MgADP acti-
vation was less (Fig. 4).

30 pM gliclazide produced strikingly different effects on
MgADP activation of Kir6.2/SURI and Kir6.2/SUR2A-YS,
completely eliminating the stimulatory effect of MgADP
on Kir6.2/SURI but having no effect on Kir6.2/SUR2A-YS
(Fig. 4, B and D, closed symbols). Gliclazide also abol-
ished the decrease in ADP inhibition of Kir6.2-SUR1
produced by Mg®*: in the presence of the drug, the 1Cs
for MgADP inhibition was 64 pM, similar to that found
in Mg~ and drug-free solution (62 pM; Table 1). In con-
trast, gliclazide did notalter the calculated IG5, for MgADP
inhibition of Kir6.2/SUR2A-YS.

We also examined the effect of glibenclamide on
MgADP modulation of wild-type Kir6.2/SUR2A to test
whether the SUR2A-YS mutation might have altered
the interaction between nucleotides and sulfonylureas.
We used 1 pM glibenclamide, a concentration at which
high-affinity inhibition is near maximal (Ashfield et al.,
1999). Glibenclamide was without obvious effect on
either ADP inhibition or MgADP activation of Kir6.2/
SUR2A (Fig. 4, E and F; and Table 1), as observed for
gliclazide and Kir6.2/SUR2A-YS. Collectively, therefore,
the data indicate that, in contrast to Kir6.2/SURI1, sulfo-
nylureas do not influence MgADP activation of Kir6.2/
SURZ2A or Kir6.2/SUR2A-YS.

Nucleotide modulation of sulfonylurea inhibition

Fig. 5 (A-D) compares the effect of nucleotides on glicla-
zide and glibenclamide inhibition of B-cell and cardiac
Karp channels: current is plotted as a fraction of that in
the absence of the drug. IG5, values obtained from these
experiments are given in Tables 2 and 3. At gliclazide
concentrations <200 nM, there was little difference in

h=0.94, a=0.32 (D, open circles; n=5); IC;, = 30 nM, ~=0.75, a= 0.68 (D, closed circles; n=5). (E and F) Concentration-response
relationships for gliclazide inhibition of Kir6.2-G334D/SURI1 (E) and Kir6.2-G334D/SUR2A-YS (F) channels in the presence and
absence of 1 mM MgATP. The lines are the best fit of Eq. 1 to the mean data: IC5y = 70 nM, A= 1.0, a = 0.39 (E, open squares; n = 6);
1G5 = 210 nM, h = 1.0, a = 0.21 (E, closed squares; n = 6); IG5y = 1.3 pM, h = 1.2, a = 0.64 (F, open squares; n = 5); IG5y = 2.5 pM,

h=1.0,a=0.91 (F, closed squares; n=5). Mean + SEM.
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TABLE 2
1Cs values for gliclazide concentration-inhibition relationships of the indicated Kyrp channels

Channel Nucleotide No nucleotide +Nucleotide

Kir6.2/SUR1 100 pM MgADP 77+ 11 nM (n=6) 245 + 29 nM* (n = 6)
Kir.2/SUR2A-YS 100 pM MgADP 12+0.2pM (n=>5) 2.3+£0.6 pM (n=>5)
Kir6.2-G334D/SURI1 1 mM MgATP 72 £ 12 nM (n = 6) 240 + 42 nM* (n = 6)
Kir.2-G334D/SUR2A-YS 1 mM MgATP 1.6 £ 0.5 pM (n=15) 29+ 1.1 pM (n=>5)

All values are the mean of the fits to the individual dose-response curves.
“P < 0.01 against 0 mM nucleotide (by Student’s ¢ test).

inhibition of Kir6.2/SURI channels in the presence or
absence of 100 pM MgADP (Fig. 5 A). However, the
maximal extent of high-affinity gliclazide inhibition was
substantially enhanced by MgADP. This is because the
drug completely abolishes the activatory effect of MgADP
(Fig. 4 B) and thereby reveals the inhibitory effect of the
nucleotide (Fig. 1; Gribble etal., 1997a). This was not the
case for Kir6.2/SUR2A-YS. As Fig. 5 B shows, the fraction
of gliclazide-resistant current increased, rather than
decreased, when MgADP was present. Similarly, gliben-
clamide inhibition of Kir6.2/SUR1 was increased, and
that of Kir6.2/SUR2A was reduced, by MgADP (Fig. 5,
Cand D). These data are similar to those previously de-
scribed for sulfonylurea inhibition for native and heter-
ologously expressed wild-type Karp channels in the
presence of MgADP (Venkatesh et al., 1991; Gribble
etal., 1997a, 1998b; Proks et al., 2013).

We next investigated whether MgATP has a similar ef-
fect on gliclazide inhibition to MgADP. For this purpose,
it was essential to remove ATP inhibition at Kir6.2. We
therefore exploited the fact that the Kir6.2-G334D muta-
tion largely abolishes ATP and ADP inhibition (at Kir6.2)
without affecting the single-channel kinetics in the ab-
sence of nucleotide (Fig. S2; Drain et al., 1998; Masia
et al., 2007; Proks et al., 2010). The Kir6.2-G334D muta-
tion had no effect on gliclazide inhibition of SURI- or
SUR2A-YS—containing channels in the absence of nucle-
otide (Fig. S3). Fig. 5 (E and F) shows that MgATP in-
creased the maximal extent of high-affinity gliclazide
inhibition of Kir6.2-G334D/SURI1 but reduced that of
Kir6.2-G334D /SUR2A-YS. As found for MgADP, MgATP
also affected the IG; of gliclazide inhibition: the 1G5 in-
creased from 72 to 240 nM for Kir6.2-G334D/SURI1 and
from 1.6 to 2.9 pM for Kir6.2-G334D/SUR2A-YS chan-
nels (Table 2). Thus, the interaction between MgATP
and gliclazide qualitatively resembles that found for

TABLE 3
1Csy values for glibenclamide concentration-inhibition relationships of
the indicated Kyrp channels

Channel Control +100 pM MgADP
Kir6.2/SUR1 42+1.1nM (n=16) 3.8+ 0.7nM (n=6)
Kir.2/SUR2A 15.8 £ 3.0 nM (n=6) 29.2+ 7.1 nM (n=>5)

All values are the mean of the fits to the individual dose-response curves.
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MgADP and gliclazide, for channels containing SURI
and SUR2A-YS.

An increase in the ICs, for gliclazide block of Kir6.2-
G334D/SURI channels by Mg-nucleotides has been
previously reported (Proks et al., 2013) and was attrib-
uted to antagonism between sulfonylurea binding to
SURI and MgADP binding to NBS2. A similar effect was
observed for gliclazide block of Kir6.2/SURI channels
in the presence of MgADP (Fig. 5 A; Proks et al., 2002).

We also plotted current in the presence of sulfonyl-
urea as a fraction of that in the absence of both drug
and nucleotide. Fig. 6 shows that although 100 pM
MgADP stimulated both types of channel (Gribble etal.,
1997a), the current amplitude in the presence of both
MgADP and a maximally effective gliclazide concen-
tration was approximately eightfold larger for Kir6.2/
SUR2A-YS than for Kir6.2/SUR1 (compare A and B,
closed circles). Similarly, in the case of glibenclamide
and MgADP, inhibition was approximately eightfold
larger for Kir6.2/SUR2A than for Kir6.2/SURI1 (Fig. 6,
compare C and D, closed circles). This is expected to
have dramatically different effects on the membrane
potential of B-cells and cardiac cells.

When current in the presence of gliclazide was plot-
ted as a fraction of that in the absence of both drug and
nucleotide (Fig. 6 E), it became obvious that gliclazide
abolished MgATP-induced activation of Kir6.2-G334D/
SURI channels in a concentration-dependent manner
but that the maximal extent of inhibition was unchanged
(because these channels are not inhibited by MgATP;
Proks et al., 2013). However, the current amplitude in
the presence of both MgATP and a maximally effective
gliclazide concentration was still approximately fourfold
greater for Kir6.2-G334D/SUR2A-YS than Kir6.2-G334D/
SURI (Fig. 6, compare E and F, closed squares).

Gliclazide suppresses Mg-nucleotide activation

Our data indicate that sulfonylureas impair Mg-nucleo-
tide activation of B-cell but not cardiac Kitp channels.
In the rest of this paper, we therefore focused on the
molecular mechanism by which gliclazide suppresses
activation of the Kir6.2/SURI channel by Mg-nucleotides.
We used the Kir6.2-G334D mutation (which abolishes
nucleotide inhibition at Kir6.2) to isolate the effects of
Mg-nucleotides on SURI.
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Figure 6. Effect of MgADP and MgATP on gliclazide inhibition of Kir6.2/SURI and Kir6.2/SUR2A-YS. (A-F) Data are the same as
in Fig. 5 (A-F), but currents in the presence of gliclazide (I) are expressed as a fraction of that in drug- and nucleotide-free solu-
tion (I.). (A and B) Concentration-response relationships for gliclazide inhibition of Kir6.2/SUR1 (A) and Kir6.2/SUR2A-YS (B)
channels in the presence and absence of 100 pM MgADP. The lines are the best fit of Eq. 1 to the mean data: IC;y = 72 nM, 2= 1.1,
a=0.42 (A, open circles; n = 6); IC5 = 187 nM, 2= 1.1, a = 0.18, L = 2.5 (A, closed circles; n = 6); IC; = 1.3 pM, h = 1.1, a = 0.65
(B, open circles; n=15); IC50=1.6 pM, 2=1.2, a=1.61, L=1.7 (B, closed circles; n=5). (C and D) Concentration-response relationships
for glibenclamide inhibition of Kir6.2/SURI1 (C) and Kir6.2/SUR2A (D) channels in the presence and absence of 100 pM MgADP.
The lines are the best fit of Eq. 1 to the mean data: IC5 = 2.8 nM, 2= 0.93, a=0.32 (C, open circles; n=6); IC5y=3.7nM, h=1.2, a=0.12,
L =238 (C, closed circles; n = 6); ICsy = 13 nM, h = 0.94, a = 0.32 (D, open circles; n = 5); IC;y = 30 nM, A= 0.75, a=1.02, L=1.5
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Figure 7. Gliclazide reduces MgATP and MgADP activation of Kir6.2-G334D/SURI. (A and C) Representative records showing acti-
vation of Kir6.2-G334D/SURI currents by 1 mM MgADP (A) or 10 mM MgATP (C) in the presence and absence of 30 pM gliclazide
(asindicated). The dotted lines indicate the zero current level. (B and D) Concentration-activation relationships for MgADP (B) or MgATP
(D) for Kir6.2-G334D/SURI channels in the absence (open circles; n = 6) or presence (closed circles; n = 6) of 30 pM gliclazide.
(B) The lines are the best fit of Eq. 2 to the mean data. Open circles: EC5y =9 pM, k= 1.3; awas fixed at 1. Closed circles: EC5, = 560 pM,
h=1.5, a=0.3. (D) The lines are the best fit to the mean data of Eq. 2 with aset to 1 (open circles: EC5) = 124 pM, h=1.3) or Eq. 2 with

aset to 0.3 (closed circles: EC5p = 8.1 mM, A= 1.3). Mean + SEM.

Gliclazide dramatically reduced MgADP activation
of Kir6.2-G334D/SUR1 channels (Fig. 7, A and B; and
Table 1). The concentration at which activation was
half maximal (ECs)) increased from 9 pM in the ab-
sence of the drug to 560 pM in its presence, and maxi-
mal activation was reduced to 30% of that in the absence
of gliclazide. The smaller extent of activation suggests
that gliclazide impairs the mechanism by which MgADP
binding is communicated to the channel gate on Kir6.2.
The mean time constant for MgADP deactivation (at
3 mM MgADP) decreased from 1.1 + 0.1 s in the absence
of gliclazide to 0.4 + 0.1 s in its presence (n=8; P <0.01;
not depicted).

Noise analysis of Kir6.2-G334D/SURI currents indi-
cated that the drug reduced the ability of 1 mM MgADP
(which produces near-maximal activation) to increase
both the number of functional channels and the mean
Po of active channels. In the presence of gliclazide and
MgADP, the increase in the number of functional chan-
nels was only 42% of that in the presence of MgADP
alone. The Py was 0.81 = 0.02 in the absence and 0.59 +
0.04 in the presence of 30 pM gliclazide when mea-
sured in the same patch (n=6; 1 mM MgADP was pres-
ent throughout).

Gliclazide also dramatically reduced MgATP activation
(Fig. 7, C and D). At MgATP concentrations >30 mM, a

(D, closed circles; n = 5). (E and F) Concentration-response relationships for gliclazide inhibition of Kir6.2-G334D/SUR1 (E) and
Kir6.2-G334D/SUR2A-YS (F) channels in the presence and absence of 1 mM MgATP. The lines are the best fit of Eq. 1 to the mean
data: ICsy = 70 nM, % = 1.0, a = 0.39 (E, open squares; n = 6); IC5y = 210 nM, & = 1.0, a = 0.42, L = 2.0 (E, closed squares; n = 6);
IG5 = 1.3 pM, h=1.2, a= 0.64 (F, open squares; n=15); 1C;50=2.5 M, h=1.0, a=1.44, L= 1.8 (F, closed squares; n=5). Mean + SEM.
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residual inhibition prevented accurate estimation of
the maximal stimulatory effect of MgATP in the pres-
ence of gliclazide. To fit the data we therefore assumed
that in the presence of gliclazide MgGATP produces the
same maximal activation as MgADP (30%; Fig. 7 B).
This does not seem unreasonable, as maximal activa-
tion is the same for MgADP and MgATP in the absence
of gliclazide (Proks et al., 2010). When maximal activa-
tion was fixed at 30%, the ECs, was 8 mM in the presence
of gliclazide compared with 124 pM in its absence. The
relative increase in EC5, induced by gliclazide (~80-fold)
was similar to that observed for MgADP (~70-fold). The
time constant for 3 mM MgATP deactivation on washout
of nucleotide was lower than that for MgADP and unaf-
fected by gliclazide, being 1.9 + 0.3 s in its absence and
1.7 £ 0.3 s (n = 8) in its presence (not depicted). This
suggests the rate of MgATP deactivation is dominated by
processes other than MgADP unbinding/deactivation.

It is noteworthy that at MgATP concentrations found
in B-cells (1-10 mM) gliclazide did not completely abol-
ish activation of Kir6.2-G334D/SURI currents. Thus, in
the native environment, a small degree of nucleotide
activation (<25% of maximal) may persist in the pres-
ence of the sulfonylurea.

The effects of mutations in the NBSs on nucleotide activation
It is well established that mutation of the WA lysine in
either NBS1 or NBS2 of SURI markedly reduces the
ability of MgADP to stimulate wild-type channels or to
reverse the inhibition produced by MgATP (Gribble
etal., 1997b). We therefore explored whether the effect of
these mutations resembled that produced by gliclazide.
We mutated the WA lysine to alanine in NBSI (KI1A) or
NBS2 (K2A) or both NBSI and NBS2 simultaneously
(KAKA). To quantify the effect of these mutations on
nucleotide activation in the absence of inhibition at
Kir6.2, we coexpressed SURI-KAKA, SURI-KIA, and
SURI-K2A with Kir6.2-G334D. We refer to these chan-
nels as KAKA, K1A, and K2A channels.

The KAKA mutation abolished channel activation by
MgADP (Fig. 8 A). Both the KIA and K2A mutations
also markedly impaired channel activation. Although it
was not possible to measure the concentration-activa-
tion curve fully, because of inhibition at MgADP con-
centrations >1 mM, it is clear that the EC; is strikingly
increased. It is also noteworthy that the effect of the
KIA and K2A mutations was very similar to that of glicla-
zide (Fig. 8 A, dotted line).

The KAKA mutation also largely abolished channel
activation by MgATP (Fig. 8 B). In striking contrast to
their effects on MgADP activation, however, the KI1A
and K2A mutations had only a minor effect on the ECs,
for MgATP activation (Fig. 8 B), although they reduced
maximal activation by 55% and 68%, respectively. Thus,
gliclazide produces a far greater reduction in MgATP
activation than either the K1A or K2A mutations.

DISCUSSION

Our results provide a quantitative description of the
complex interaction between the sulfonylureas gliclazide
and glibenclamide and the Mg-nucleotides MgADP and
MgATP on the activity of recombinant B-cell (Kir6.2/
SUR1) and cardiac (Kir6.2/SUR2A) Kyrp channels.

We show that MgATP as well as MgADP produces an
apparent increase in both gliclazide and glibenclamide
inhibition of Kir6.2/SUR1 channels but reduces inhibi-
tdon of Kir6.2/SUR2A and Kir6.2/SUR2A-YS channels.
Our data provide strong evidence in support of the idea
that sulfonylureas suppress Mg-nucleotide activation
of Kir6.2/SURI channels and so lead to an “apparent”
increase in drug inhibition when MgATP or MgADP is
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Figure 8. Effects of mutations in the WA motif of SURI on Mg-
nucleotide activation. (A and B) Concentration-activation rela-
tionships for MgGADP (A) or MgATP (B) for channels composed
of Kir6.2-G334D and SURI (open circles; n = 6), SURI-KAKA
(closed circles; n=5), SUR1-KIA (closed squares; n="5), or SURI-
K2A (open squares; n=5) channels. The solid lines are the best fit
of Eq. 3 to the mean data (A, open circles: a = 0.84, EC5, = 9 pM,
h=1.3; B, open circles: a = 0.88, ECs5y = 124 pM, h = 1.3; closed
squares: a = 0.52, EC;, = 150 pM, % = 1.3; open squares: a = 0.40,
EGC;sy = 200 pM, h = 1.1; closed circles: a = 0.05, EC5) = 150 pM,
h=1.3) except for data for channels containing mutant SURI sub-
units in A, where the lines are drawn by hand. The dotted lines
indicate the relationship obtained for Kir6.2-G334D/SURI in the
presence of 30 pM gliclazide (shown in Fig. 7). Mean + SEM.
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present. They also provide insight into nucleotide han-
dling by the NBSs of SURI and how this is affected by
mutation of the WA lysines.

Nucleotide regulation of sulfonylurea inhibition

MgADP decreased the effect of gliclazide and gliben-
clamide on SUR2A-containing channels at all drug con-
centrations. This can be explained by the effect of the
nucleotide on the single-channel kinetics. As discussed
above, it is well established that mutations, or agents,
that stabilize the open state of the channel reduce the
maximal extent of high-affinity sulfonylurea inhibition
(Trapp et al., 1998; Koster et al., 1999; Krauter et al.,
2001). Because MgADP at concentrations <100 pM in-
creases the single-channel open probability (Pg), it is
predicted to impair sulfonylurea inhibition. We simu-
lated the effect of Py using a MWC model (Proks et al.,
2013). We found that the reduction in gliclazide inhibi-
tion of Kir6.2/SUR2A-YS produced by MgADP predicted
an increase in Pg that was very close to that observed
experimentally (Fig. S4; calculated P = 0.79 and mea-
sured Pg = 0.79). Similar results were found for the ef-
fect of MgADP on glibenclamide inhibition of Kir6.2/
SUR2A and for gliclazide inhibition of Kir6.2-G334D/
SUR2A-YS. We point out that the Kir6.2-G334D muta-
tion renders the channel insensitive to ATP inhibition,
so that MgATP increases Kir6.2-G334D /SUR2A-YS chan-
nel activity; in native channels, of course, ATP binding
to Kir6.2 would produce a profound inhibition.

The effect of Mg-nucleotides on gliclazide inhibition
of Kir6.2-G334D/SURI1 was concentration dependent.
At drug concentrations from ~10 to 400 nM, MgATP
reduced gliclazide inhibition. It is possible that this
results from the enhanced P, produced by the nucleo-
tide, as explained above, and/or from displacement
of gliclazide binding by MgADP (Hambrock et al.,
2002). At higher drug concentrations, however, MgATP
strongly enhanced gliclazide inhibition of Kir6.2G334D/
SURI. We attribute this to the fact that gliclazide largely
abolished MgATP activation of channel activity, thereby
revealing the full extent of the inhibitory effect of ATP
at Kir6.2.

In the case of MgADP, no significant reduction in gli-
clazide or glibenclamide inhibition of Kir6.2/SURI1 was
observed at low drug concentrations. At high concen-
trations, MgADP enhanced current inhibition, which is
attributable to the fact that both sulfonylureas abol-
ished MgADP activation of Kir6.2/SURI.

Why sulfonylureas prevent MgADP activation of
Kir6.2/SURI1 but not Kir6.2/SUR2A-YS channels remains
unclear. One possibility is that this reflects differences
in the sulfonylurea-binding site and/or how this site
couples to the NBS2 of SUR. Another is that it reflects
differences in how nucleotide binding at NBS2 of SUR
couples to Kir6.2.

482 Sulfonylureas, nucleotides, and Karp channels

Effects of gliclazide on Mg-nucleotide interactions with SUR1
Several mechanisms for the ability of gliclazide to im-
pair MgADP activation of Kir6.2/SURI1 channels can be
postulated: (a) the drug might displace MgADP from
one or both NBSs of SURI, (b) it might impair the
transduction of MgADP binding into channel activa-
tion, or (c) its effect might be mediated indirectly, via a
change in the equilibrium between gating states. Our
data favor the idea that both nucleotide binding and
transduction are impaired, but changes in gating equi-
librium play little, if any, role.

The dramatic decrease in the maximal extent of
MgADP activation produced by gliclazide is consistent
with the idea that transduction of MgADP binding into
channel activation is impaired by the drug. This is be-
cause all NBSs will be occupied by MgADP at concentra-
tions that induce maximal nucleotide activation (note
this will occur at much higher MgADP concentrations
in the presence of the drug). We consider it less likely
that a transduction defect can also account for the ~60-
fold increase in the ECj, for MgADP activation pro-
duced by gliclazide. This is because current evidence
supports a concerted model of Kyrp channel gating and
simple versions of such a model predict that a transduc-
tion defect would cause only minor changes in EC;, (see
Fig. S5 for details). However, the possibility that im-
paired transduction contributes to the shift in ECs, can-
not be completely excluded as Kyrp channel gating may
be much more complex than in our model and the
transduction mechanism that couples ligand binding to
channel gating may be different for different ligands.

We also consider the changes in gating produced by
sulfonylurea inhibition are unlikely to produce substan-
tial shifts in the EC;, for Mg-nucleotide activation. This
is primarily because the EC;, (in the absence of glicla-
zide) showed no obvious dependence on the Py, mea-
sured before nucleotide application (Fig. S6 A): the
Py ranged from 0.2 to 0.6, similar to the range of Pg
(0.1-0.4) observed in the presence of 30 pM gliclazide
(see supplemental text for further discussion).

The marked reduction in the ECs, for MgADP activa-
tion produced by gliclazide is most simply explained by
assuming that the drug decreases MgADP binding to
SURI. There is evidence that MgATP and MgADP impair
glibenclamide binding to SURI (Schwanstecher et al.,
1991, 1992; Ashcroft and Ashcroft, 1992; Russ et al., 2001;
Hambrock et al., 2002; Ortiz et al., 2012), and from the
principle of microscopic reversibility, it is therefore ex-
pected that sulfonylureas will impair Mg-nucleotide bind-
ing. Indeed, glibenclamide enhances dissociation of
prebound 8-azido-ATP from the NBSI of SURI when
Mg-nucleotides are present (Ueda et al., 1999). It was
previously proposed that this is because the presence of
MgADP at NBS2 of SURLI stabilizes high-affinity 8-azido-
ATP binding to NBS1 and that this effect is suppressed
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by glibenclamide. Our data suggest that sulfonylureas
might reduce this stabilizing effect by impairing MgADP
binding to NBS2. Studies of equilibrium binding of
MgADP and MgATP to the octameric Kyrp channel com-
plex are now required to test this idea directly.

In contrast to gliclazide, the KA mutations had no obvi-
ous effect on Pg in the absence of nucleotides (Table S1).
These mutations also had little effect on the ECs, for
MgATP. However, they dramatically affected the ECs
for MgADP, which strongly suggests they may influence
MgADP binding. Thus, it is unlikely that the KA mu-
tations affect the EC;, for Mg-nucleotide activation via
changes in gating. In summary, our data favor the idea
that the dramatic changes in EC;, we observe for both
gliclazide and the KA mutations are primarily caused by
reduced Mg-nucleotide binding and/or transduction.

Effects of WA mutations on Mg-nucleotide activation
Upon nucleotide binding, the nucleotide-binding do-
mains (NBDs) of ABC proteins dimerize in a head-to-tail
arrangement to form two NBSs at the dimer interface
(Schneider and Hunke, 1998). Structural studies reveal
that in the “closed” dimer the conserved WA lysine forms
extensive hydrogen bonds with the terminal phos-
phate of ATP. Nucleotide hydrolysis breaks this dimer
interaction, resulting in an “open” NBD. In other ATPases,
the WA lysine is crucial not only for ATP hydrolysis, but
also for nucleotide binding (reviewed by Hanson and
Whiteheart [2005]).

We found that mutation of the WA lysine in either
NBS1 or NBS2 of SURI produced a marked increase in
the EC;, for MgADP activation. This might result from a
reduction in MgADP binding, and/or a change in the
mechanism by which binding is translated into channel
activation. We favor the former idea, as previous studies
have shown that mutation of lysine in NBS2 to methio-
nine decreased MgADP binding to NBS2 of SURI (Ueda
et al., 1997). It is not possible to say whether transduc-
tion is also affected because the maximal extent of Mg-
nucleotide activation could not be determined.

In contrast to what was found for MgADP, the ECs,
for MgATP activation was unaltered by mutation of the
WA lysine in either NBSI or NBS2 of SURI. This sug-
gests the mutations may not affect MgATP binding.
A previous study has demonstrated that MgATP hydroly-
sis is reduced by the KA mutations (de Wet et al., 2007),
which may underlie the reduction in the maximal ex-
tent of activation we observed. The dramatic decrease
in the maximal extent of MgATP activation produced
by the KAKA mutation suggests that mutation of both
NBSs simultaneously may further impair the rate of
MgATP hydrolysis and/or the transduction of MgATP
binding into channel activation. Why the same muta-
tion has such different effects on MgATP and MgADP
handling is still unresolved and will probably require a
high-resolution x-ray structure to determine.
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Figure 9. Simulations of the fractional occupancy of NBS2 by
MgADP. (A and B) Simulations of the fractional occupancy of
NBS2 by MgADP in the presence of either MgGADP (A; Eq. 5) or
MgATP (B; Eq. 6). The model and the values of the rate constants
were taken from Bienengraeber et al. (2004). Calculated control
curves for MgADP and MgATP predicted EC;, values for MgADP
occupancy of NBS2 that were very similar to those measured ex-
perimentally for channel activation. (A) To simulate the effect
of gliclazide or the KIA and K2A mutations (KA mutations) on
MgADP activation, we assumed a threefold increase in the off rate
for MgADP binding in the presence of gliclazide (as measured
experimentally) or when KI1A or K2A was mutated. A 30-fold de-
crease in the on rate of MgADP binding in the presence of glicla-
zide (or the K1A or K2A mutation) predicted the measured ECs,
for MgADP activation in the presence of gliclazide. (B) We used
the same values for the rate constants for MgADP binding as in
A and assumed the binding affinity of MgATP was reduced by
gliclazide to the same extent as MgADP binding. This resulted in
a predicted EG; for the fractional occupancy of NBS2 by MgADP
in the presence of gliclazide of 8 mM, which was the same as that
measured experimentally for MGATP activation. To model the ef-
fect of the K1A and K2A mutations, we assumed the mutations
had no effect on MgATP binding (as observed experimentally)
and that they reduced the rate of ATP hydrolysis 100-fold. This
reduced the maximal fractional occupancy of NBS2 by MgADP,
but had no effect on the EC;, (as observed experimentally).
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Modeling the NBS catalytic cycle

A deeper understanding of the effects of gliclazide and
the WA mutations on nucleotide activation requires de-
tailed analysis of the NBS catalytic cycle. As a first ap-
proximation, we computed the MgADP occupancy of
NBS2 of SURI (Fig. 9, A and B), using rate constants
obtained for the catalytic cycle of SUR2A-NBD2 by
Bienengraeber et al. (2004) and Scheme 1 described in
Materials and methods.

We found a striking agreement between the predicted
half-maximal occupancy of NBS2 by MgADP (8.6 pM)
and the measured ECs, for MgADP activation of Kir6.2-
G334D/SURI channels (9 pM). Likewise, half-maximal
activation of Kir6.2-G334D/SURI by MgATP (124 pM)
was similar to the calculated half-maximal occupancy of
NBS2 by MgADP (110 pM) in MgATP solution. The lat-
ter is also close to the K, for MgATP hydrolysis by rat
SURI (100 + 30 pM; de Wet et al., 2007) and not sub-
stantially different from that for ATP binding to NBD2
of hamster SUR1 (60 + 36 pM; Matsuo et al., 2000). This
provides support for the idea that the EC;, for nucleo-
tide activation of Kir6.2-G334D/SURI1 channels is pri-
marily determined by the properties of the catalytic cycle
at NBD2 and little affected by gating.

A shift in the half‘maximal occupancy of NBS2 by
MgADP, equivalent to that seen for channel activation
in the presence of gliclazide, can be simulated by assum-
ing that the sulfonylurea impairs MgADP and MgATP
binding with equal efficacy (compare Fig. 7 with Fig. 9).
To account for the reduction in maximal activation by
MgADP it is necessary to postulate that the translation
of receptor occupancy into pore opening is also im-
paired by gliclazide (by ~70%).

We were able to reproduce the effects of the K1A and
K2A mutations in our simulations if we assumed that
they (a) impair MgADP binding at NBS2 to the same
extent as gliclazide and (b) the mutations reduce MgATP
hydrolysis but not MgATP binding (Fig. 9). The latter
assumption is supported by ATP hydrolysis measure-
ments on purified SUR1 (de Wet et al., 2007). To simu-
late the extent of maximal channel activation by MgATP,
it was necessary to assume that the KA mutations (like
gliclazide) have a much greater effect on the on rate of
MgADP than that of MgADP dissociation. These simula-
tions provide further support for the idea that the KA
mutations impair MgADP, but not MgATP, binding
to SURI.

Therapy

The nucleotide regulation of sulfonylurea inhibition
has important therapeutic implications. Therapeutic con-
centrations of gliclazide in the plasma of patients with
type 2 diabetes are around 10 pM (Abdelmoneim et al.,
2012), and they will be even higher in patients with
neonatal diabetes. Free concentrations of the drug are
expected to be substantially lower, as >95% of drug is
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bound to plasma proteins (Balant, 1981). Nevertheless,
even at a concentration of 500 nM (5% free drug), nu-
cleotides influence gliclazide inhibition of Kir6.2/SURI1
and Kir6.2/SUR2A-YS.

Cardiac Kyrp channels are thought to be largely closed
under normoxic, normoglycemic conditions but open
in response to ischemia and the transient hypoxia that
occurs during cardiac contraction (as the coronary sup-
ply is reduced by compression of the coronary artery).
Although gliclazide does not inhibit wild-type cardiac
Karp channels, other sulfonylureas (e.g., glibenclamide)
that do so are also modulated by Mg-nucleotides. Intra-
cellular ATP normally lies in the millimolar range in
cardiac myocytes, and during ischemia MgADP can rise
to over 100 pM ( Jennings and Reimer, 1991). This may
explain why cardiac side effects of sulfonylureas are few:
under resting conditions, the channels are shut and
when they open during ischemia, intracellular MgADP
renders the sulfonylurea substantially less effective.

In pancreatic B-cells, the combined concentrations
of intracellular MgATP and MgADP will always be
>100 pM, and thus sufficient to enhance gliclazide in-
hibition. It has been proposed that MgADP regulation
of sulfonylurea inhibition may result in drug action
varying with the metabolism of the cell, as MgADP lev-
els rise when metabolism is low (Ghosh et al., 1991;
Detimary et al., 1998; Ronner et al., 2001). However,
our results suggest that even if this does occur, it is un-
likely to be of functional importance because MgATP is
also effective at enhancing gliclazide inhibition.
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