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Pyridine nucleotide regulation of the K, channel
Kir6.2/SUR1 expressed in Xenopus oocytes

Michael Dabrowski, Stefan Trapp and Frances M. Ashcroft
University Laboratory of Physiology, Parks Road, Oxford OX1 3PT, UK

The pancreatic §-cell type of ATP-sensitive potassium (K,p) channel (Kir6.2/SUR1) is inhibited by
intracellular ATP and ADP, which bind to the Kir6.2 subunit, and is activated by Mg-nucleotide
interaction with the regulatory sulphonylurea receptor subunits (SUR1). The nicotinamide
adenine dinucleotides NAD and NADP consist of an ADP molecule with a ribose group and a
nicotinamide moiety attached to the terminal phosphate. Both these molecules block native K,rp
channels in pancreatic f-cells at concentrations above 500 uM, and activate them at lower
concentrations. We therefore investigated whether NAD and NADP interact with both Kir6.2 and
SURI subunits of the K,rp channel by comparing the potency of these agents on recombinant
Kir6.2AC and Kir6.2/SUR1 channels expressed in Xenopus oocytes. Our results show that, at
physiological concentrations, NAD and NADP interact with the nucleotide inhibitory site of Kir6.2
to inhibit Kir6.2/SURI currents. They may therefore contribute to the resting level of channel
inhibition in the intact cell. Importantly, our data also reveal that this interaction is dependent on
the presence of SUR1, which may act by increasing the width of the nucleotide-binding pocket of
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Kir6.2.
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ATP sensitive potassium (K,rp) channels play a major role
in regulating the membrane potential of pancreatic
p-cells, and thereby insulin release (Ashcroft & Rorsman,
1989). In the absence of nutrients K,rp channels are open,
maintaining the resting potential at around —70 mV.
Channel closure in response to increased glucose
metabolism closes K rp channels (Ashcroft et al. 1984),
producing a membrane depolarization that activates
voltage-gated Ca** channels, Ca** influx and insulin
release. It is generally accepted that changes in adenine
nucleotides constitute the main physiological mechanism
by which f-cell metabolism regulates K,rp channel
activity. Many other K,rp channel modulators have also
been identified, which contribute to the background level
of activity in the cell. Among these are lipids, such as PIP,
(Fan & Makielski, 1997; Shyng & Nichols, 1998;
Baukrowitz et al. 1998), and the nicotine adenine
dinucleotides NAD(P) and NAD(P)H (Harding et al.
1997; Dunne et al. 1988). It has also been postulated that
changes in the level of these compounds may be involved
in the physiological regulation of channel activity. In this
respect, the nicotine adenine dinucleotides are of
particular interest since their concentrations change with
glucose metabolism (Patterson et al. 2000; Rocheleau et al.
2002).

Karp channels comprise four pore-forming Kir6.2 subunits
and four regulatory sulphonylurea receptor (SURI1)
subunits. Adenine nucleotides inhibit the K,p channel via
a specific interaction with Kir6.2 (Tucker et al. 1997;
Tanabe et al. 1999). In addition, Mg-nucleotides such as
MgATP, MgADP, MgGTP and MgGDP, stimulate channel
activity by binding to the nucleotide binding domains
(NBDs) of the SUR (Gribble et al. 1997b, 1998; Shyng et al.
1997; Trapp et al. 1997). In the presence of Mg** and
nucleotides, therefore, the balance between these stimulatory
and inhibitory effects will determine channel activity. Ata
concentration of 100 M, MgATP blocks the K,rp channel
whereas MgADP activates it, because inhibition dominates
in the former case and activation in the latter.

Earlier studies have shown that in the presence of 1 mm
Mg**, NAD(P) and NAD(P)H block native K,rp channels
in pancreatic #-cells at concentrations above 500 uM, but
stimulate channel activity at lower concentrations
(Harding et al. 1997; Dunne et al. 1988). Structurally, NAD
consists of an ADP molecule with a ribose group and a
nicotinamide moiety attached to the terminal phosphate
(Fig. 1). We therefore investigated whether, like the parent
ADP molecule, NAD(P) and NAD(P)H interact with both
Kir6.2 and SUR subunits of the K,p channel.
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METHODS

Molecular biology

Mouse Kir6.2 (Genbank D50581; Inagaki et al. 1995; Sakura et al.
1995) and rat SURI (Genbank L40624; Aguilar-Bryan et al. 1995)
cDNAs were cloned into the pBF vector. A truncated form of
Kir6.2 (Kir6.2AC), which lacks the C-terminal 36 amino acids and
forms functional channels in the absence of SUR, was prepared as
described previously (Tucker et al. 1997). Mutagenesis of the
individual amino acids was performed using the altered sites II
System (Promega, Madison, WI, USA). Capped mRNA was
prepared using the mMESSAGE mMACHINE large scale in vitro
transcription kit (Ambion, Austin, TX, USA) or the mRNA
capping kit (Stratagene, La Jolla, CA, USA), as previously
described (Gribble etal. 1997a).

Oocyte collection

Female Xenopus laevis were anaesthetised with MS222 (2 gl
added to the water). One ovary was removed via a mini-
laparotomy, the incision was sutured and the animal was allowed
to recover. Once the wound had completely healed, the second
ovary was removed in a similar operation and the animal was then
killed by decapitation whilst under anaesthesia. Immature stage
V-VI oocytes were incubated for 60 min with 1.0 mg ml™
collagenase (Sigma, type V) and manually defolliculated. Oocytes
were either injected with ~1 ng Kir6.2AC36 mRNA or coinjected
with ~0.1 ng Kir6.2 mRNA and ~2 ng of mRNA encoding wild-
type or mutated SUR. The final injection volume was
50 nl oocyte™". Isolated oocytes were maintained in Barth’s
solution and studied 1-7 days after injection (Gribble et al.
1997a). All procedures used conformed with the University of
Oxford ethical committee guidelines and the UK Animals
(Scientific Procedures) Act 1986.

Electrophysiology

Patch pipettes were pulled from thick-walled borosilicate glass
and had resistances of 250-500 kQ when filled with pipette
solution. Macroscopic currents were recorded from giant excised
inside-out patches at a holding potential of 0 mV and at 20-24°C
(Gribble et al. 1997a). Currents were evoked by repetitive 3 s
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voltage ramps from —110 to +100 mV and recorded using an
EPC7 patch-clamp amplifier (List Electronik, Darmstadt,
Germany). They were filtered at 0.2 kHz, digitised at 0.4 kHz
using a Digidata 1200 Interface and analysed using pCLAMP
software (Axon Instruments Inc., Foster City, CA, USA).

The pipette (external) solution contained (mm): 140 KCl, 1.2
MgCl,, 2.6 CaCl,, 10 Hepes (pH 7.4 with KOH). The intracellular
(bath) solution contained (mm): 110 KCI, 2 MgCl,, 1 CaCl,, 10
EGTA, 10 Hepes (pH 7.2 with KOH; final [K*] ~140 mMm). The
Mg**-free solution contained (mm): 110 KCI, 2.6 CaCl,, 10 EDTA,
10 Hepes (pH 7.2 with KOH; final [K*] ~140 mM). Solutions
containing nucleotides were made up fresh each day and the pH
subsequently readjusted if required. 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.
Conductance was measured from an average of five consecutive
ramps in each solution. Responses to nucleotides were expressed
relative to the conductance measured in control solution without
added drugs or nucleotides. Concentration—response curves were
constructed by expressing the conductance in the presence of drug
(G) as a fraction of that in control solution (G.). The data were
fitted to a modified form of the Hill equation:

G/G. = 1/(1 + [nucleotide]/ICsy)"), oy

where [nucleotide] is the concentration of nucleotide, ICs is the
nucleotide concentration at which inhibition is half-maximal and
n is the Hill coefficient. All data are presented as means + 1 S.E.M..
Statistical significance was tested using Student’s  test.

RESULTS

To distinguish the relative contributions of Kir6.2 and
SURT1 to the regulation of K,p channel activity by nicotine
adenine dinucleotides, we compared the effect of these
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Figure 1. Chemical structures of ATP, ADP, NAD and NADP



J Physiol 550.2 NAD regulation of Kir6.2 359

nucleotides on channels consisting of Kir6.2 alone, or of  reticulum retention signal from the C-terminus of Kir6.2
Kir6.2 in combination with SURI. Although neither Kyrp by truncation of the protein (Kir6.2AC) enables the
channel subunit traffics to the surface membrane in the  surface expression of this subunit in the absence of SUR
absence of its partner, removal of an endoplasmic  (Tuckeretal 1997; Zerangue et al. 1999). We first explored
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Figure 2. Effects of NAD and NADP on Kir6.2AC and Kir6.2/SUR1 currents

A, macroscopic currents recorded from inside-out patches in response to a series of voltage ramps from —110
to +100 mV from oocytes expressing either Kir6.2AC alone (above) or Kir6.2 plus SURI (below). NAD
(1 mMm) or NADP (1 mm) was added as indicated by the horizontal bars. The dashed line indicates the zero
current potential. The solution did not contain Mg**. B, mean macroscopic slope conductance (G) in the
presence of either 1 mM NAD or 1 mM NADP expressed as a fraction of the mean of that measured in
nucleotide-free solution before and after nucleotide application (G.), for Kir6.2AC or Kir6.2/SURI as
indicated. Mg**-free solution. C, concentration—response relationships for ADP (dotted line, m; n = 6), NAD
(dashed line, A; n = 5) and NADP (continuous line, @; n = 6) for Kir6.2/SURI1 K,p currents in the absence
of Mg**. The macroscopic conductance in the presence of nucleotide (G) is expressed as a fraction of the
mean of that measured in nucleotide-free solution before and after nucleotide application (G,). The lines are
the best fit to eqn (1); (Methods): ADP: ICsy = 64 = 1 uM, n, = 1.95 = 0.06; NAD: ICs, = 392 + 13 M,
n, = 1.07 £ 0.03;and NADP: 418 * 24 uM, n, = 1.57 £ 0.12.
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Figure 3. Effects of NAD and NADP on wild-type and mutant K, channels

Mean macroscopic slope conductance (G) in the presence of either 1 mm NAD (left) or 1 mm NADP (right)
expressed as a fraction of the mean of that measured in nucleotide-free solution before and after nucleotide
application (G,), for Kir6.2AC, and for Kir6.2 co-expressed with wild-type or mutant SUR1, as indicated.
The dashed and dotted lines indicate the extent of inhibition of Kir6.2AC and Kir6.2/SUR1, respectively.
Open bars, Mg**-free solution; filled bars: Mg**-containing solution.

the inhibitory effect of NAD and NADP. For these  anICs,0f392 + 13 um and a Hill coefficient of 1.1 (n = 5).
experiments we used Mg’ *-free solutions, in order to  Similar results were found for NADP (ICs, 418 + 24 uM,
preclude nucleotide interaction with the NBDs of SURI. Hill coefficient 1.6; n = 6). In contrast, ADP was a much
more potent inhibitor, the ICs, being 64 £ 1 uM (n = 6).
Neither NAD nor NADP produced measurable inhibition
of Kir6.2AC currents, even at concentrations as high as
1 mm (see Fig. 2A and B). The ICs, for inhibition of
Kir6.2AC by ADP is 260 uM, around 4-fold less than that
for Kir6.2/SUR1 (Tucker et al. 1998). Assuming a Hill
coefficient of 1, a 4-fold decrease in sensitivity to NAD
would result in an ICs, of 1.6 mM, which we should be able
to measure easily.

Figure 2 shows that (in Mg**-free solution) neither 1 mm
NAD nor 1 mM NADP produce measurable block of
Kir6.2AC channels, but that both nucleotides substantially
inhibit Kir6.2/SUR1 channels: by 75 £5.5% (n =13)
and 68 +4.1% (n=11) for 1 mmM NAD and NADP,
respectively. The concentration—response relationships
for Kir6.2/SURI channels are shown in Fig. 2C. For NAD,
the block is well fitted by the Hill equation (eqn (1)) with
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Figure 4. Effects of ADP, NAD and NADP on Kir6.2/SUR1 and Kir6.2K185Q/SUR1 currents

Concentration—response relationships for ADP (A), NAD (B) and NADP (C) for Kir6.2/SUR1 (M, n = 5-15)
or Kir6.2K185Q/SUR1 (@, n = 5-15) K,rp currents, in the absence of Mg**. The macroscopic conductance in
the presence of nucleotide (G) is expressed as a fraction of the mean of that measured in nucleotide-free
solution before and after nucleotide application (G.). The lines are the best fit to eqn (1); (Methods):
A, ADP; Kir6.2/SUR1: ICsy = 64 £ 1 uM, n, = 1.95 + 0.06; and Kir6.2K185Q/SUR1: ICs, = 677 £ 73 uM,
ny, = 1.34 + 0.17. B, NAD; Kir6.2/SUR1: 1Cs, =392 + 13 uM, n, = 1.07 £ 0.03; and Kir6.2K185Q/SURI:
ICso = 1.44 £ 0.15 mMm, n,, = 1.25 £ 0.15. C, NADP; Kir6.2/SUR1: IC5o = 418 £ 24 uMm, n,; = 1.57 £ 0.12; and
Kir6.2K185Q/SURI: IC5, = 3.27 £ 0.18 mMm, n,, = 1.72 + 0.15.
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There are two possible explanations for the dramatic
difference in the sensitivity of Kir6.2/SURI and Kir6.2AC
to nicotinamide adenine dinucleotides. Firstly, NAD may
inhibit the K, channel by interaction with SURI.
Secondly, the presence of SUR1 may facilitate the
interaction of NAD with the nucleotide inhibitory site of
Kir6.2. Although the stimulation of channel activity
mediated by interaction of nucleotides such as ADP with
SUR is known to require Mg**, 8-azido-ATP-binding to
NBD1 is not Mg** dependent (Ueda et al. 1999). It has also
been proposed that nucleotides may inhibit the Kupp
channel via SUR in certain phases of the catalytic cycle of
the ABC transporter (Zingman et al. 2001).

To determine whether NAD blocks K,p channels by
interaction with Kir6.2 or with SUR1, we tested the effect
of mutating the Walker A (W,) lysine in NBD1 (K1A) or
NBD2 (K2M) of SUR1. These mutations have been shown
to abolish MgADP activation of Kir6.2/SUR1 (Gribble et
al. 1997b; Shyng et al. 1997). They also abolish Mg**-
independent binding of 8-azido-ATP to NBD1, and Mg**-
dependent ADP binding to NBD2, respectively (Ueda et al.
1999). As Fig. 3 shows, the K1A and K2M mutations did
not alter NAD or NADP inhibition, whether tested
individually or together. Mutation of S2R, which abolishes
the link between nucleotide binding and channel
activation (Matsuo et al. 2002), was also without effect
(Fig. 3). These results suggest that neither NAD, nor
NADP, mediate channel inhibition via interaction with
the NBDs of SURI.

To determine if NAD- and NADP-induced inhibition of
Kir6.2/SUR1 is mediated by interaction with Kir6.2, or
with a site on SUR1 distinct from the NBDs, we co-
expressed SURI with an ATP-insensitive mutant of
Kir6.2, Kir6.2K185Q (Tucker et al. 1997, 1998). The
concentration-response relations for inhibition of
Kir6.2/SUR1 and Kir6.2K185Q/SUR1 channels by ADP,
NAD and NADP are compared in Fig. 4. It is apparent that
the ICs, of all three nucleotides is increased by the K185Q
mutation. This indicates that inhibition of Kir6.2/SUR1
currents by NAD and NADDP, like that of ADP, is mediated
via the nucleotide-binding site on Kir6.2.

It is clear that both NAD and NADP are markedly less
effective at blocking Kir6.2AC and Kir6.2/SUR1 channels
than either ADP or ATP. This could indicate that NAD and
NADP show a markedly reduced binding affinity, or that
they bind with similar affinity but fail to transduce binding
into channel closure. To distinguish between these
possibilities, we tested whether the inhibitory potency of
ATP was affected by the presence of NAD or NADP. As
shown in Fig. 5,0.1 mm ATP blocked Kir6.2AC currents to
a similar extent in both the absence and presence of 1 mm
NAD (or 1 mm NADP). This suggests that NAD and
NADP bind less tightly than ATP to Kir6.2.
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Finally, we tested the effect of nicotine adenine
dinucleotides in the presence of Mg to ascertain if they
interact with the NBDs of SUR to stimulate channel
activity. Although previous studies have reported that in
the presence of Mg’" low concentrations of NAD and
NADP can activate native §-cell Kyrp channels (Dunne et
al. 1988), we did not observe activation of either
Kir6.2/SUR1 or Kir6.2AC channels by either 0.1 mm
(n=4) or l mM (n=13) NAD, or by 0.1 mm (n=4) or
1 mM (n = 11) NADP, in the presence of 2 mm Mg**.

DISCUSSION

Our results demonstrate that nicotine adenine dinucleotides
inhibit Kir6.2/SUR1 channels by interaction with Kir6.2.
They also show that neither NAD nor NADP interact with
the NBDs of SURI to produce channel activation (or
inhibition). It is noteworthy that SUR1 markedly
enhances the potency of the inhibitory site on Kir6.2 for
both NAD and NADP. This suggests that SURI may
modify the nucleotide-binding pocket of Kir6.2 so that it
can accept larger groups attached to the phosphate tail.
Structurally, NAD consists of an ADP molecule with a
ribose group and a nicotinamide moiety attached to the
terminal phosphate (Fig. 1). It is possible that these
additions make the NAD molecule too bulky to fit in the
nucleotide-binding pocket of Kir6.2AC, but that the
presence of SUR modifies the binding pocket so that it is
able to accommodate the nucleotide. SUR also increases
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Figure 5. Effect of ATP in the presence of NAD and NADP
on Kir6.2AC currents

Mean macroscopic slope conductance (G) in the presence of

0.1 mM ATP alone (open bar) or 0.1 mm ATP plus either 1 mm
NAD (greybar) or 1 mm NADP (filled bar). Conductance is
expressed as a fraction of the mean of that measured in nucleotide-
free solution before and after nucleotide application (G,). The
dashed line indicates the slope conductance in nucleotide-free
solution and the number of patches is given above the bars.
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the sensitivity of Kir6.2 to nucleotides such as ATP and
ADP, by about 10-fold (Tucker et al. 1998). However, the
ability of SUR to enhance NAD(P) sensitivity appears to be
much greater as we were unable to measure inhibition of
Kir6.2AC by these nucleotides and a 10-fold difference
would have been easily detectable.

Comparison with native channels

Although the concentration—response curve for native
Kir6.2/SUR1 channels has not been measured, earlier
studies have shown that 500 um NAD, NADP or NADPH
decrease the activity of native Kyrp f-cell channels by
38-44% (Dunne et al. 1988). These values are in
agreement with our data. Although lower concentrations
of MgNAD (50-100 xM) have been reported to increase
the activity of native Kyrp channels, this was not observed
in our studies. One explanation for this difference is that
Karp channel activity can be modulated by an NAD(P)-
binding protein that is retained in patches excised from
pancreatic f-cells but which is not present in oocytes

Physiological significance

Both NAD and NADP are found in the cytoplasm of
pancreatic f-cells. In the resting cell, the cytosolic
concentrations are 200-350 um for NAD and 30-100 gm
for NADP (NADH and NADPH are similar). Our data
indicate that these concentrations will produce a small
contribution to the inhibition of K,rp channels in the
intact cell. Glucose metabolism induces changes in the
NAD/NADH ratio but is not thought to change the total
concentration of nicotine adenine dinucleotides. Thus
although the glucose-induced increase in NADH precedes
Kurp channel closure (Pralong et al. 1990; Duchen et al.
1993; Rocheleau et al. 2002) it is not likely to serve as a
metabolic regulator of the Kyrp channel. The fact that the
complex I inhibitor rotenone, which raises cytosolic
NADH levels, activates rather than inhibits K,rp channels,
is also consistent with this view (Roper & Ashcroft, 1995).
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