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A conserved tryptophan at the membrane-water interface
acts as a gatekeeper for Kir6.2/SUR1 channels and causes
neonatal diabetes when mutated
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Non-technical summary Neonatal diabetes is a rare genetic form of diabetes that develops
within the first 6 months of life. It is often caused by genetic defects (mutations) in a specialised
membrane protein known as the Kyrp channel. This protein acts as a tiny pore in the membrane
of the insulin-secreting cells in the pancreas and its opening and closing is regulated by blood
glucose levels. Low blood glucose holds the pore open and prevents insulin secretion whereas
high blood sugar leads to channel closure and insulin secretion. We identified a novel mutation
(Kir6.2-W68R) that prevents channel closure and insulin secretion, and so results in neonatal
diabetes. Detailed molecular studies showed that channel opening and closing is disrupted,
suggesting Kir6.2-W68 may act as a channel ‘gatekeeper’. Our results also indicated that the
mutant channel could be shut by sulphonylurea drugs, which enabled the patient to transfer from
insulin injections to tablet therapy.

Abstract We identified a novel heterozygous mutation, W68R, in the Kir6.2 subunit of the
ATP-sensitive potassium (Kurp) channel, in a patient with transient neonatal diabetes. This
tryptophan is absolutely conserved in mammalian Kir channels. The functional effects of
mutations at residue 68 of Kir6.2 were studied by heterologous expression in Xenopus oocytes,
and by homology modelling. We found the Kir6.2-W68R mutation causes a small reduction in
ATP inhibition in the heterozygous state and an increase in the whole-cell Karp current. This
can explain the clinical phenotype of the patient. The effect of the mutation was not charge or
size dependent, the order of potency for ATP inhibition being W<M~L<R~E~K~A<C~F<Y.
Replacement with tyrosine (Y) rendered the Kurp channel almost completely insensitive to ATP
block, dramatically increased the channel open probability, and affected the interaction of Kir6.2
with SURI. In different Kir crystal structures the residue corresponding to W68 adopts two
distinct positions. In one state, the tryptophan lies in a position that would impede movement
of transmembrane domain 2 (TM2) and opening of the gate. In the other state, it is flipped
out, enabling movement of TM2. We therefore hypothesise that W68 may act as a molecular
‘gatekeeper’ for Kir channels.
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Introduction

Gain-of-function mutations in the Kir6.2 or SURI sub-
units of the ATP-sensitive potassium (Karp) channel are
a common cause of neonatal diabetes, a rare inherited
disorder characterised by the development of diabetes
within the first 6 months of life (Gloyn et al. 2004; Proks
et al. 2004; Hattersley & Ashcroft, 2005; Babenko et al.
2006; Ashcroft, 2007). The diabetes may be permanent or
follow a remitting-relapsing time course (Flanagan et al.
2007). A very few patients (<3%) experience neurological
problems, such as motor and mental developmental delay,
muscle hypotonia, and epilepsy, in addition to neonatal
diabetes (DEND syndrome) (Hattersley & Ashcroft, 2005;
McTaggart et al. 2010). Rather more (~20%) manifest
an intermediate condition consisting of developmental
delay, muscle hypotonia and neonatal diabetes (iDEND
syndrome).

It is now clear that this spectrum of symptoms arises
because the Kurp channel couples cell metabolism to
electrical activity in both endocrine and neuronal cells
(Miki & Seino, 2005; Nichols, 2006; McTaggart et al.
2010). Metabolically induced changes in channel activity
are produced by changes in the intracellular concentration
of adenine nucleotides, with ATP inhibiting and MgADP
(and MgATP) stimulating channel activity (Nichols et al.
1996; Tucker et al. 1997; Gribble et al. 1997b; Shyng et al.
1997). In the pancreatic beta-cell, the Kyrp channel plays
a critical role in insulin secretion (Ashcroft et al. 1984).
When blood glucose levels are low, the Kyrp channel is
open holding the beta-cell hyperpolarised and preventing
insulin exocytosis. However, when blood glucose levels
rise, glucose uptake and metabolism by the beta-cells
increase, elevating the intracellular concentration of
ATP and reducing that of MgADP. This leads to Karp
channel closure, membrane depolarization, activation of
voltage-sensitive calcium channels, calcium entry and
calcium-mediated insulin secretion. Kupp channels also
influence the electrical excitability of many different types
of neurons and recent evidence argues that not only the
developmental problems, but also the muscle hypotonia
are a consequence of expression of mutant channels in
neuronal tissue (Clark et al. 2010). Sulphonylurea drugs,
which close the open Kurp channels (Gribble & Reimann,
2003), stimulate insulin secretion in patients with neonatal
diabetes and have now replaced insulin as the therapy of
choice for this condition (Pearson et al. 2006; Ashcroft,
2010). The drugs also ameliorate (to differing extents) the
hypotonia, developmental problems and epilepsy in some
patients (Slingerland et al. 2006; Mlynarski et al. 2007;
Koster et al. 2008; Slingerland et al. 2008).

The Kyrp channel is an octameric complex of four Kir6.2
subunits and four SUR1 subunits (Clement et al. 1997;
Mikhailov et al. 2005). Kir6.2 is a member of the inwardly
rectifying family of potassium channels, with two trans-
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membrane domains (TMs), linked by a pore loop, and
cytosolic N- and C-termini. It forms a tetrameric pore,
each subunit of which possesses a site to which ATP
binds in an Mg-independent manner to close the channel.
SURI1 is an ATP-binding cassette protein that endows
the channel with sensitivity to Mg-nucleotides, K-channel
openers and sulphonylureas (Aguilar-Bryan et al. 1995).
Binding and/or hydrolysis of MgATP and MgADP at the
nucleotide-binding domains of SURI1 stimulate channel
activity (Shyng et al. 1997; Gribble et al. 1998; de Wet
et al. 2007).

Gain-of-function mutations in Kir6.2 that cause
neonatal diabetes all act by reducing the ability of MgATP
to block the channel (Ashcroft, 2007; McTaggart et al.
2010). They may do so directly, by reducing ATP binding,
or indirectly, by affecting the transitions between the open
and closed states (gating) of the channel leading to an
increase in the channel open probability in both the pre-
sence and absence of ATP. Such ‘gating’ mutations are
often in the regions of the channel thought to move
during gating, such as in the helix-bundle crossing region
at the cytosolic end of TM2, within the slide helix (an
amphipathic helix that lies in the plane of the membrane
and is believed to move during gating), or in the cytosolic
gating loops of the channel (see Fig. 1).

In this paper we identify and characterise a novel Kir6.2
mutation causing a remitting-relapsing form of neonatal
diabetes. This mutation changes a tryptophan residue at
the cytosolic end of TM1, which is absolutely conserved
across the Kir family, to an arginine (W68R). The mutation
causes a reduction in the ATP sensitivity of the channel,
explaining the diabetes of the patient. We show that
mutation of W68 to other amino acids also affects the
channel ATP sensitivity, suggesting that the tryptophan has
an essential role in channel function, perhaps by acting as a
molecular gatekeeper controlling the opening and closing
of the channel.

Methods
Mutation detection

All subjects (or their parents) provided informed consent
for genetic testing. The procedures were approved by the
local ethics committee and the studies conformed to the
standards set by the Declaration of Helsinki. Genomic
DNA was extracted from peripheral leukocytes using
standard procedures. The single-coding exon of KCNJI11
was amplified by the polymerase chain reaction (PCR;
primer sequences are available on request). Unidirectional
sequencing was performed using universal M13 primers
and a Big Dye Terminator Cycler Sequencing Kit v3.1
(Applied Biosystems, Warrington, UK) according to
manufacturer’s instructions. Reactions were analysed on

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.13

an ABI 3730 Capillary sequencer (Applied Biosystems,
Warrington, UK) and sequences compared to the reference
sequence NMO000525 using Mutation Surveyor v2.61
(SoftGenetics, PA, USA).

Molecular biology and oocyte preparation

Human Kir6.2 (Genbank NM000525; E23 and 1337) and
rat SUR1 (Genbank 140624) were used. Site-directed
mutagenesis, synthesis of capped mRNA and preparation
of Xenopus laevis oocytes were performed as previously
reported (Gribble et al. 1997a; Proks et al. 2006). The
oocytes were co-injected with ~4ng of SUR1 mRNA
and ~0.8ng wild-type or mutant Kir6.2 mRNA. To
simulate the heterozygous state, SUR1 was co-expressed
with a 1:1 mixture of wild-type and mutant Kir6.2. In
some experiments oocytes were injected with wild-type
or mutant Kir6.2 possessing a C-terminal 36 amino acid
truncation (Kir6.2AC) (Tucker et al. 1997). For each batch
of oocytes, all mutations were injected to enable direct
comparison of their effects. Oocytes were incubated in
Barth’s solution and studied 1—4 days after injection.

Electrophysiology

Whole-cell currents were recorded using a two-electrode
voltage clamp in response to voltage steps of 220 mV from
a holding potential of —10 mV, in a solution containing
(mMm): 90 KCl, 1 MgCl,, 1.8 CaCl, and 5 Hepes (pH 7.4
with KOH). Metabolic inhibition was induced by 3 mm
sodium azide and 0.5 mMm tolbutamide was used to block
Karp channels, as indicated.

Patch-clamp recordings were performed in inside-out
patches using an EPC7 amplifier (List Electronik) at
a constant holding potential of —60 mV. The pipette
solution contained (mm): 140 KCl, 1.2 MgCl,, 2.6 CaCl,
and 10 Hepes (pH 7.4 with KOH). The Mg-free intra-
cellular solution contained (mm): 107 KCl, 1K,SO,,
10 EGTA, 10Hepes (pH 7.2 with KOH) and K,ATP,
as indicated. The Mg-containing intracellular solution
contained (mM): 107 KCl, 11 EGTA, 2 MgCl,, 1 CaCl,,
10 Hepes (pH 7.2 with KOH) and MgATP rather than
K,ATP. For experiments with neomycin the intracellular
solution contained (mm): 100 KCl, 10 Hepes and 2 EGTA
(pH 7.4 with KOH). To control for possible rundown
or activation by MgATP, Ic was taken as the mean of
the current in control solution before and after ATP
application. Concentration—response curves were fitted
with a modified Hill equation:

I/Ic = a+ (1 —a)/(1+ ([X]/ICs)"), (1

where [X] is the concentration of the test substance, ICs,
is the concentration at which inhibition is half maximal,
h is the slope factor (Hill coefficient) and a represents the
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fraction of unblocked current at saturating [ATP] (a=0
except where specified).

Single-channel currents were recorded at —60mV,
filtered at 5kHz, sampled at 20-50 kHz, and analysed
using a combination of Clampfit (Axon Instruments) and
Origin (OriginLab Corporation). The open probability
in the absence of ATP (P,(0)) was determined from
single-channel patches as the fraction of time spent in the
open state for recordings of 30 s duration. First, channel
activity (NP,(0)) was measured as the mean current (1)
divided by the single-channel amplitude. Then P,(0) was
calculated from NP,(0)/N, where N is number of channels
in the patch estimated from the maximum number of
superimposed events. Data are given as mean £ SEM.
Significance was evaluated using Student’s # test.

Homology modelling

Homology models of the Kir6.2 transmembrane domain
were created using Modeller 9v8 (Sali & Blundell, 1993).
Closed state models were created with W68 either in
the ‘flipped-in’ state, based on KirChim (2QKS), or in
the flipped-out conformation, based on Kir2.2 (3JYC).
An open state model of Kir6.2 was created using KvAP
(10RQ) to model TM2, with the remainder of the
channel based on Kir2.2. Side-chain conformations for
the W68 mutant channels were predicted using the
Hunter algorithm (Cohen et al. 2009). All structures were
visualized using Pymol (Schrédinger LLC).

Results
Patient characteristics and genetics

The proband was born at 37 weeks gestation with a birth
weight of 1.8 kg. She was diagnosed with diabetes at 8 years
of age and treated with insulin. Her mother had transient
neonatal diabetes diagnosed at 16 weeks and was treated
with insulin for 10 weeks. Her diabetes relapsed at 7 years
of age and insulin therapy was resumed. There were no
obvious neurological complications.

Sequence analysis identified a heterozygous KCNJI11
mutation, W68R (c.202T>C, p.Trp68Arg), in both the
proband and her mother. Testing of the maternal
grandparents showed that the W68R mutation had
arisen de novo in the proband’s mother. Following
identification of the KCNJ11 mutation, both mother and
daughter successfully transferred from insulin to oral
sulphonylureas.

Effects on whole-cell Karp currents

The tryptophan at the position corresponding to W68
in Kir6.2 is absolutely conserved within the family of
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inward rectifying potassium channels (Fig. 1), suggesting
it has a critical role. We analysed the effects of the
Kir6.2-W68R mutation on the metabolic regulation of
the Karp channel by measuring whole-cell currents.
When wild-type (WT) Karp channels are expressed in
Xenopus oocytes they are normally closed, due to the
high intracellular ATP concentration ([ATP];), but they
can be opened by lowering ATP using a metabolic
inhibitor (3 mM sodium azide; Fig.2) (Gribble et al.
1997a). Mutations that reduce the channel ATP sensitivity
normally increase the whole-cell current in the absence
of metabolic inhibition, reflecting the fact that they are
less blocked by resting concentrations of [ATP]; (Ashcroft,
2007). Resting currents in oocytes expressing homomeric
Kir6.2-W68R/SUR1 channels (homW68R channels) were
significantly larger than wild-type (WT) currents. They
were also increased by metabolic inhibition, suggesting
that homW68R channels are not fully open at resting
[ATP];.

To simulate the heterozygous state of the patients,
we co-injected a 1:1 mixture of mutant and wild-type
Kir6.2, together with SUR1. The resulting population of
channels will contain a variable number of mutant sub-
units (between 0 and 4) in the Kir6.2 tetramer. We refer
to this mixed channel population as heterozygous (het)
channels. Resting hetW68R currents were significantly

A

Kirl.1l DIWTTVLD YEMTIFITA
Kir2.1 DIFTTCVDIR LVIFCLA
Kir3.1l DLFTTLVDLE FIFILT
Kir4.1l DLWTTFID] RYKLLLFSAT
Kir5.1 DIFTTLVD IFSLS
Kir6.1 DIFTTLVD TLVIFTMS
Kir6.2 DVFTTLVD PHTLLIFTMS
Kir7.1 DAWGILMD WMMLVESAS
KirBacl.l DLYYWALKVS FASLAAL
KirBacl.3 DLYYWALKVS FASLAAL
KirBac3.1l DHYHDLLTVS ITLITGL
KesA LLGRHGSAL AATVLL
MthK EIIRKHLPRVLKVPATRILLL
Shaker QILGRTLKASMRELGLLIFFL

Figure 1. W68 is highly conserved
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larger than wild-type but not as large as homW68R
currents. They were also activated by azide to a larger
extent.

The sulphonylurea tolbutamide (500 um) blocked
azide-activated homW68R currents by 90 £+ 2% (n=10)
and hetW68R channels by 90+ 1% (n=7), compared
with 97 £ 1% (n = 10) for wild-type channels.

Effects on Karp channel ATP sensitivity

The increase in resting whole-cell Kyrp currents found
for mutant channels suggests that the W68R mutation
may reduce the channel ATP sensitivity. We tested this
idea directly by measuring the sensitivity of wild-type
and mutant channels to inhibition by ATP in inside-out
patches. We first did so in the absence of Mg** (Fig. 3A),
because this allows the effects of the mutation on ATP
inhibition at Kir6.2 to be isolated from the stimulatory
effects mediated via SUR1 (as ATP does not interact with
SURI in the absence of Mg*"; Gribble et al. 1998). Both
hetW68R and homW®68R currents showed significantly
impaired ATP sensitivity: half-maximal block (ICso) was
produced by 74 um ATP for homW68R channels and
28 uM ATP for hetW68R channels, compared with 10 uM
ATP for wild-type channels (Fig. 3A, Table 1).

A, sequence alignment for Kir channels showing the conservation of tryptophan at the residue equivalent to W68
in Kir6.2. The tryptophan residue is not conserved in the majority of other K* channel species. B, model of Kir6.2
showing the location of W68 (red). The slide helix is coloured blue. The transmembrane gate is formed by the
C-terminal end of TM2 and is shown in green. The putative bound conformations for ATP (cyan) (Antcliff et al.
2005) and PIP, (yellow) (Stansfeld et al. 2009) are shown as sticks.
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We next examined the ATP sensitivity of wild-type
and mutant channels in the presence of 2 mm Mg**, to
more closely approximate the physiological condition.
ATP inhibition was further reduced in the presence of
Mg**, the ICsy being 142 um for homW68R, 40 um for
hetW68R and 14 um for wild-type channels. (Fig. 3B,
Table 1). At 3 mm MgATP, a concentration within the
physiological range, the unblocked current was estimated
at 3.1% for hetW68R channels, compared with 0.6% for
wild-type channels.

Effect of additional mutations at W68
on ATP sensitivity

The W68R mutation replaces the hydrophobic tryptophan
with a positively charged arginine. To examine the role of
the introduced charge on the channel ATP sensitivity, we
tested the effect of substituting a negative charge. Inter-

A — 3 mM Azide
= (0.5 mM Tolbutamide

WT hetWsaR
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estingly, introduction of a glutamate residue produced
an identical effect to that of arginine: the ICs, for
MgATP block of the homW68E channels was 153 uM,
compared with 142 uM for homW68R (Fig. 4A, Table 1).
Substitution of a smaller positively charged lysine at W68
had a similar effect (ICsy =256 uM). These data suggest
that reduced ATP sensitivity of W68R is not due to specific
electrostatic interactions.

Tryptophan has a large hydrophobic surface area with
a nitrogen that introduces polarity. Its amphipathic
nature is well suited for life at the membrane—water
interface, where it is enriched. The other polar amino
acid to have an aromatic hydrophobic ring is tyrosine,
which is also enriched at the membrane—water inter-
face. Remarkably, the presence of a tyrosine at position
68 caused the most dramatic reduction in channel ATP
sensitivity, with 10 mm MgATP blocking the homW68Y
channel by less than 25%. This suggests that it is the

B e
3_
g 2-
1 -
=
WT
(n=5)

L

homWEER
-
hetWE8R homWEBR
(n=8) (n=10)

Figure 2. Effect of the W68R mutation on whole-cell Karp currents

A, representative whole-cell currents evoked by repeated voltage steps from —10 to —30 mV for wild-type (WT),
hetKir6.2-W68R/SUR1 (hetW68R) and Kir6.2-W68R/SUR1T (homW68R) channels. The bars indicate the duration of
application of 3 mm azide (black) and 0.5 mm tolbutamide (grey). The dotted line indicates the zero current level. B,
mean steady-state whole-cell currents evoked by a voltage step from —10 to —30 mV before (control, black bars),
and after application of 3 mm azide (white bars), and in the presence of 3 mm azide plus 0.5 mm tolbutamide (grey
bars) for wild-type (WT, n = 5), and heterozygous (n = 8) and homomeric (n = 10) Kir6.2-W68R/SUR1 channels,

as indicated. **P < 0.01.
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Table 1. ATP inhibition of wild-type and mutant channels

1Cs0, Mg-free IC50, MgATP % unblocked current,

ATP (um) n (um) 3 mm MgATP n
WT 10.1 +£ 0.6 9 15.7 +£0.9 0.6 + 0.1 26
hetW68R 27.6 £2.3 9 40.4 £ 6.5 3.1+ 0.6 12
homW68R 73.7 £ 8.0 7 142 + 12 7.9+0.8 13
homW&68E 153 £+ 18 58+ 1.1 7
homW68K 256 + 29 10.0 + 1.2 10
homW68A 228 + 39 8.7+15 6
homW68C 837 + 338 29+4 6
homWe68L 107 £ 17 5.8+ 0.5 7
homW68M 77 £ 13 59+1.0 5
homWG68F 1027 £+ 490 30+6 1
homWe8Y >10 mm 4 >10 mm 87 + 1 8
Kir6.2AC 175 + 25 5.4+ 0.6 5
Kir6.2 AC-W68Y 1.8 £ 0.4 mm 34+6 5

Data are the mean of the fits of the Hill equation (eqgn 1) to the individual dose-response

curves. 1Csq, half-maximal inhibitory concentration of ATP. n, number of patches.

hetWE8R
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Figure 3. Effect of the W68R mutation on ATP sensitivity in the absence and presence of Mg?t+

A, representative currents recorded at —60 mV from inside-out patches expressing wild-type (Kir6.2/SUR1),
hetW68R or homW68R channels. Patches were exposed to 100 um ATP as indicated by the lower bar. The dotted
line indicates the zero current level. The x-axis scale bar is 10's, and the y-axis scale bar is 500 pA (Kir6.2/SUR1),
500 pA (hetW68R) and 100 pA (homW68R). B and C, mean relationship between [ATP] and Karp current (/),
expressed relative to the current in the absence of nucleotide (/c) for Kir6.2/SUR1 (open circles), heterozygous
(filled circles) and homomeric (filled triangles) Kir6.2-W68R/SUR1 channels. Experiments were carried out in the
absence (B) or presence (C) of 2 mm Mg?t. The smooth curves are the best fit of eqn (1) to the data. Mg-free:
WT ICs0 = 10 uM, h = 1.15 (n = 9); hetW68R IC50 = 27 M, h = 0.87 (n = 9); homW68R ICso = 50 um, h = 1.0
(n=7).2 mMMg?t: WT ICso = 15 um, h = 1.01 (n = 26); hetW68R ICsg = 37 um, h = 0.85, a = 0.005 (n = 12);
homW68R ICso = 146 umM, h = 0.88, a = 0.014 (n = 13).
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specific molecular properties of the tryptophan, not just
its amphipathic nature, which is required for proper Karp
channel function. The smallest shift in ATP sensitivity was
produced by methionine (ICso =77 um) and the order
of potency was W<M~L<R~E~K~A<C~F<Y (Fig. 4B
and C; Table 1). Thus, hydrophobic residues at residue 68
can cause either greater or lesser effects on ATP sensitivity
than charged residues, depending on the specific mutation.
Introduction of a larger hydrophobic side-chain, such as
methionine or leucine, produces a lesser shift in ATP
sensitivity than the smaller alanine or cysteine. However,
the size of the residue does not appear to be the sole
determinant of its effect on ATP sensitivity.

I T T 1 I L
0.1 1 10 100 1000 10000
MgATP (uM)

0.1 1 10 100
MgATP (uM)

1000 10000
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Mutations at W68 affect channel gating

Many neonatal diabetes mutations reduce the ATP
sensitivity of the Kusrp channel by impairing ATP
binding and/or transduction, whereas others influence
ATP sensitivity indirectly by increasing the intrinsic
(ligand-independent) open probability (P,(0)) of the
channel (Ashcroft, 2007). We therefore examined the effect
of W68 mutations on P,(0) by recording single-channel
activity in the absence of nucleotides. This was 0.86 = 0.01
(n=11)for W68Y and 0.4 = 0.04 (n = 8) for WT channels
(Fig. 4D). Similarly, the P,(0) was increased to 0.77 £ 0.06
(n=6) when W68 was mutated to alanine (W68A)
and 0.83 £0.01 (n=5) when mutated to phenylalanine

00 -I T 1 T T 1
0.1 1 10 100 1000 10000
MgATP (uM)
WT
| TN R T 3
WEBY
1l o AL L b } .
WEBF
1 el Al A il |
WEBA
| S A L
WsaYdeltaC
4 cC
1l o oL LAY

Figure 4. Effect of other mutations at position W68 on MgATP sensitivity

A, mean relationship between [MgATP] and Karp channel current (/), expressed relative to the current in the absence
of nucleotide (/) for WT (open circles, n = 26), homW68R (filled circles, n = 12), homW&68E (filled triangles,
n=7) and homW68K (filled squares, n = 10) channels. The smooth curves are the best fit of egn (1) to the
data: WT (ICsp = 15 uM, h = 1.01), homW68R (ICsg = 146 uM, h = 0.88, a = 0.014), homW68E (ICsg = 142 uMm,
h =0.95, a=0.004), homW68K (IC5¢g = 229 um, h =0.93, a = 0.016). B, mean relationship between [MgATP]
and Karp channel current (/), expressed relative to the current in the absence of nucleotide (/) for WT (open
circles, n = 26), homW68A (filled circles, n = 6), homW68C (filled triangles, n = 6), homW&é8L (filled squares,
n=7) and homW68M mutants (filled diamonds, n = 5). The smooth curves are the best fit of egn (1) to the
data: WT (ICs0 = 15 M, h = 1.01), homW868A (IC50 = 206 M, h = 1.05, a = 0.024), homW68C (IC5p = 454 puM,
h=0.87, a=0.121), homW68L (IC5p = 104 um, h=1.16, a = 0.031), homW68M (IC5p = 80 um, h = 1.22,
a=0.053). C, mean relationship between [MgATP] and Karp channel current (/), expressed relative to the current
in the absence of nucleotide (/) for WT (open circles, n = 26), homW&68F (filled circles, n = 11), and homW68Y
(filled triangles, n = 8) channels. The smooth curves are the best fit of eqn (1) to the data: WT (ICso = 15 um,
h=1.01), homW68F (IC5p = 388 um, h =0.93, a = 0.153): that through the homW68Y data is drawn by eye.
D, single-channel currents recorded at —60 mV from an inside-out patch expressing WT and homW68 mutant
channels (as indicated). Closed (c) and open (o) current levels are indicated by triangles. Scale bars are 2 s (x-axis)

and 5 pA (y-axis).
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(W68F) (Fig.4D). Thus, mutations at W68 appear to
decrease the channel ATP sensitivity indirectly, by altering
P,(0). The P,(0) of W68R could not be measured
accurately due to the rapid rundown (see Supplementary
Fig. S1).

We next explored if the shift in ATP sensitivity was
intrinsic to Kir6.2, or secondary to impaired modulation
by SURI, by examining the effects of the W68Y mutation
on a truncated form of Kir6.2 (Kir6.2AC) that expresses
in the absence of SUR1 (Tucker et al. 1997). The W68Y
mutation caused a dramatic increase in P,(0) from 0.01
for Kir6.2AC (Drain et al. 1998) to 0.78 = 0.02 (n=19)
for Kir6.2ACW68Y, and a marked reduction in the ATP
sensitivity of the Kir6.2AC channel (Fig.5, Table1).
This indicates that the effect of the W68Y mutation on
the channel open probability is intrinsic to Kir6.2 and
independent of SURI. It is likely that the reduced ATP
sensitivity is secondary to the increased P,(0).

As previously reported, Kir6.2AC is about 10-fold
less ATP sensitive when expressed in the absence of
SUR1 (Fig.5; Tablel) (Tucker et al. 1997). Thus,
despite increasing the channel open probability (Drain
et al. 1998), SURI enhances the ATP sensitivity of the
channel. The mechanism of this effect is not known.
In marked contrast, Kir6.2AC-W68Y was considerably
more ATP sensitive than Kir6.2-W68Y/SURI, suggesting
that, in contrast to wild-type Kir6.2, SUR1 is unable to
enhance the ATP sensitivity of Kir6.2-W68Y. Furthermore,
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Figure 5. Kir6.2AC-W68Y currents have reduced ATP
sensitivity

Mean relationship between [ATP] and Karp current (/), expressed
relative to the current in the absence of nucleotide (/c) for
Kir6.2/SUR1 (open triangles, Mg-free, n = 9), Kir6.2/SUR1 (open
squares, with Mg2*t, n = 26), Kir6.2-W68Y/SUR1 (filled triangles,
Mg-free, n = 4), Kir6.2-W68Y/SUR1 (filled squares, with Mg?+,

n = 8), Kir6.2AC (open circles, with Mg?t, n = 5) and

Kir6.2 AC-W68Y/SUR1 channels (filled circles, with Mg?*, n = 5).
The smooth curves are the best fit of eqn (1) to the data: Kir6.2/SUR1
(Mg-free; ICsp = 10 um, h = 1.15), Kir6.2/SUR1 (with Mg?+,

ICs0 = 15 um, h = 1.01), Kir6.2-W68Y/SUR1 (Mg-free, drawn by
eye), Kir6.2-W68Y/SUR1 (with Mg?t, drawn by eye), Kir6.2AC (with
Mg2t, ICso = 144 um, h = 1.08) and Kir6.2 AC-W68Y/SUR1
channels (with Mg?*, ICso = 1.5 mm, h = 1.14).
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there was no difference in ATP sensitivity between
Kir6.2-W68Y/SURI in the presence and absence of Mg**.
To our knowledge, the W68Y mutation is the first to be
identified that affects the ability of SURI to enhance the
ATP sensitivity of Kir6.2. This result and suggests that
mutation of W68 alters the interactions of Kir6.2 with
SURI.

Mutations at W68 affect PIP, sensitivity

The tryptophan at residue 68 lies in close proximity to the
putative PIP, binding site of the channel, which is thought
to include residue K67 (Haider et al. 2007), and the rapid
rundown of W68R channels is typical for mutations that
affect PIP, binding to the Kyrp channel (Shyng et al. 2000).
PIP, is known to enhance the P,(0) of Kyrp channels and
reduce their sensitivity to ATP inhibition, both of which
are also seen for mutation at W68. We therefore explored
the possibility that introduction of a charged residue at
W68 might affect the PIP, affinity of the channel, by
assessing the effect of neomycin on channel behaviour.
Neomycin is a polyanion that reduces the functional effects
of PIP, (Schulze et al. 2003). It is presumed to do so by
screening the negative charges on the PIP, headgroups
and decreasing the effective availability of membrane
PIP,. Thus, it may be expected that if PIP, binds to the
Karp channel with high affinity, a higher concentration
of neomycin will be required to reduce the Kurp current,
whereas if PIP, binding is weak, a lower concentration of
neomycin will be sufficient to inhibit the channel to the
same extent (Schulze et al. 2003).

Neomycin inhibited WT channels with an ICsy of
129+ 15um (n=28) (Fig.6). Introduction of either
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Figure 6. Effect of the W68R mutation on neomycin sensitivity
Mean relationship between [Neomycin] and Karp channel current (/),
expressed relative to the current in the absence of neomycin (/¢) for
Kir6.2/SUR1 (open circles, n = 8; ICso = 216 uM, h = 0.79,

a = 0.18), homW68E (filled squares, n = 4; IC5o = 9 um, h = 0.91),
homW&68EF (filled diamonds, n = 5; ICsg = 257 um, h = 0.7,

a = 0.14), homW68R (filled triangles, n = 4; ICsg = 13 um, h = 0.8)
and homWe8Y (filled inverted triangles, n = 4; drawn by eye)
channels.
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a positive or a negative charge increased neomycin
block (IC5o=11.3+£2.1 um (n=4) for homW68R and
82£09uM (n=4) for homW68E), suggesting these
substitutions decrease PIP, affinity, while phenylalanine
had no effect (ICso =148 + 32 uM (n=1>5)). A decreased
PIP, affinity is expected to increase the channel ATP
sensitivity, and therefore cannot explain the reduced ATP
block of W68R and W68E channels. Likewise, the lack
of an effect of phenylalanine substitution argues against
a role for PIP, in the reduced ATP sensitivity of W68F
channels. However, the marked decrease in neomycin
block observed for W68Y channels (<25% block at 10 mm,
Fig. 6) is consistent with an enhanced PIP, affinity, which
could contribute to both the increase in P,(0) and the
reduced ATP block.

Discussion
Functional implications

The results presented above provide an explanation for
the patients’ diabetes and suggest that a tryptophan
at residue 68 of Kir6.2 is critical for correct channel
function. The small increase in the amplitude of hetW68R
currents recorded in inside-out patches exposed to physio-
logical levels of MgATP explains the increase in the
resting whole-cell Karp currents. A similar increase in
the beta-cell Kyrp current would be expected to prevent
or reduce membrane depolarization, Ca’" influx and
insulin secretion evoked by glucose. This could explain
the diabetic phenotype of the patients.

The amplitude of hetW68R currents recorded in the
presence of MgATP is consistent with the absence of neuro-
logical symptoms in the patients. Previous studies have
shown that mutations that cause transient or permanent
neonatal diabetes but no neurological phenotype cause
less increase in the Karp current at 3 mm MgATP than
those associated with neurological symptoms (for review
see Ashcroft, 2007; McTaggart et al. 2010). For mutations
that cause DEND syndrome, between 26 and 40% of the
heterozygous current is not blocked by 3 mMm MgATP,
compared to 12-20% for mutations causing iDEND,
4-10% (in general) for mutations causing neonatal
diabetes alone and <1% for wild-type channels. About
3% of the maximal hetW68R current was found in 3 mm
MgATP, which is at the lower end of the range that causes
isolated neonatal diabetes.

The magnitude of the Ksrp current in 3 mm MgATP
found for hetW68R currents is one of the smallest in
reported to date to be associated with a Kir6.2 mutation
causing neonatal diabetes (McTaggart ef al. 2010). This
is consistent with the remitting-—relapsing diabetes in
the proband’s mother and the later age of onset of
diabetes in the proband (8years). Very small changes
in resting whole-cell current and Kurp currents at high
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ATP concentrations in excised patches have also been
reported for other Kir6.2 mutations that cause transient
diabetes (Girard et al. 2006). Because of the very high
input resistance of the beta-cell when most Kxrp channels
are closed even a small increase in current may be expected
to have a large effect on the beta-cell membrane potential,
and thereby on insulin release (Tarasov et al. 2006).

Molecular mechanism — W68 might act as
a molecular gatekeeper

The increased whole-cell Kyrp current produced by the
W68R mutation results from a reduced ability of ATP to
close the Kypp channel; this is mediated via Kir6.2 as it is
present in the absence of Mg?™. This is probably accounted
for by changes in the intrinsic gating of the channel rather
than by a direct reduction of ATP binding to Kir6.2, as the
mutation lies far from the ATP-binding site (Antcliff ef al.
2005). Although the open probability of the W68R mutant
could not be measured directly, due to rapid rundown of
the channel in excised patches, other mutations at this
position (e.g. W68Y, W68A, W68F) resulted in channels
that have a markedly increased open probability. This
suggests that W68 may have an important role in channel
gating.

In all Kir crystal structures (Kuo et al. 2003; Nishida
et al. 2007) the residue equivalent to W68 lies at the
N-terminal end of TMI, close to where the protein chain
undergoes a 90 degree turn to form the slide helix. In
the majority of Kir channel crystal structures, including
all the KirBac structures and the KirChim (Protein Data
Bank (PDB) i.d.: 2QKS) structure, the residue equivalent
to W68 appears to impose a constriction on the TM2
helix bundle (Fig.7A), in a similar manner to the lock
imposed on the activation gate by the S4-S5 linker in
Kv channels (Long et al. 2005). Importantly, the cyto-
solic domains and about one third of the transmembrane
domains in the KirChim are composed of Kir3.1 (the rest
of the protein is KirBacl.1) (Nishida et al. 2007). Thus,
the crystal structures suggest that the residue equivalent
to W68 can adopt a ‘flipped-in’ position in both Kir
and KirBac channels, which holds the channel closed.
By contrast, in the Kir2.2 crystal structure (3JYC) the
side-chain of the tryptophan is rotated away from TM2,
and adopts a ‘flipped-out’ position (Fig. 7B). This is likely
to release the constraint on the TM2 helices, allowing them
to move and open the gate at the helix-bundle crossing
(Fig. 7B, see also Supplementary videos) (Tao et al. 2009).
Comparison of the two Kir crystal structures (Kir3.1 and
Kir2.2) therefore suggests that W68 (or its equivalent) may
act as a gatekeeper for Kir channels, by moving between
‘flipped-in” and ‘flipped-out’ conformations.

There is considerable sequence identity between Kir
channels, and the crystal structures of Kir2.2 and the Kir3.1
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A KirChim B Kir2.2

Figure 7. Location of W68 in Kir channels

A and B, crystal structures of KirChim (PDB id: 2QKS) (A) and Kir2.2 (3JYC) (B) viewed from the intracellular side. In
the majority of Kir channel X-ray structures, the residue equivalent to W68 in Kir6.2 (red) is tightly packed against
the C-terminal end of TM2 (green) as seen in the crystal structure of KirChim (A). The side-chain of the residue
equivalent to W68 also forms close contacts with residues in the slide helix (blue). In the Kir2.2 crystal structure
(B) the tryptophan side-chain is in a different (‘flipped-out’) conformation, pointing away from the channel pore.
An outward curvature of TM2 is apparent, focused on the second highly conserved glycine of TM2, although the
helix-bundle crossing remains in the closed state. C, molecular model of Kir6.2 in the open state. The TM2 helices
are based on KvAP; the remainder of the structure is based on Kir2.2. The ‘flipped-out’ state of W68 has allowed
TM2 to undergo the opening transition. PIP; (yellow) is shown docked into its binding site (Stansfeld et al. 2009),
interacting with both W68 and with K67 (purple). D, structural models of Kir6.2 (Stansfeld et al. 2009) with the
side-chain conformations of residue 68 for the mutant channels as predicted by the Hunter algorithm (Cohen
et al. 2009). The locations of residues 1167 (purple) and T171 (yellow) in TM2 are shown.
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domain in KirChim are highly homologous, indicating
that a homology model of Kir6.2 based on the either of
these structures is likely to be a good approximation to
the actual structure. In a homology model of the closed
‘flipped-in’ state, the side-chain of W68 is directed towards
the C-terminal end of TM2, and interacts hydrophobically
with residues 1167, K170 and T171. Mutations of residues
K170 (K170T)andI167 (I167L) in Kir6.2 result in neonatal
diabetes by reducing inhibition by ATP: at least in the case
of 1167L this is secondary to an increase in the channel
open probability (Shimomura et al. 2007; Tarasov et al.
2007). Many different mutations at T171 also cause a
large increase in P,(0) (Drain et al. 2004). This suggests
that the interaction of W68 with T171 (and/or 1167 and
K170) favours the closed state and when this interaction
is disrupted the Kir6.2 channel opens.

We also modelled Kir6.2 in the open state, using the
KvAP structure (PDB i.d.: IORQ) as a template for TM2
and Kir2.2 as a template for the remainder of the protein
(Fig. 7C). We also included PIP,, modelled in its binding
site (after Stansfeld et al. 2009). In the open state model,
W68 swings away from the inner TM2 helix to interact
with the glycerol tail of PIP,. Thus, the presence of
PIP, may increase the probability that W68 will adopt
the ‘flipped-out’ conformation, thereby eliminating the
constriction placed on the helix-bundle crossing and
promoting the open state. We therefore argue that the
relative strength of the interactions of W68 with PIP,
versus that with 1167 and T171 will determine whether
the channel is biased towards the open or the closed state,
respectively.

This idea also suggests an explanation for why small
residues (e.g. alanine, cysteine) produce large shifts in
ATP sensitivity: they are too short to interact with 1167
(K170/T171) so that the channel is biased towards the open
state (Fig. 7D). While the charged residues (arginine, lysine
or glutamate) are of suitable size to impede the motions
of TM2, the addition of a charge at this region is likely to
have a destabilizing effect, reducing the interactions of the
residue at 68 with TM2 and destabilizing the closed state.
This will indirectly reduce the channel ATP sensitivity.

Remarkably, the greatest increase in P,(0) and the
largest reduction in ATP sensitivity was produced
when W68 was replaced with tyrosine, the most
conservative substitution. To explain why the tyrosine,
and phenylanine, cause large shifts in ATP sensitivity, we
postulate that they are not appropriately accommodated
in the ‘binding’ pocket in which W68 lies when the
channel is in the closed (flipped-in) state, as suggested by
side-chain predictions by the Hunter algorithm (Fig. 7D).
Therefore, the channel favours the open state. We further
postulate that tyrosine may interact more strongly with
PIP, than tryptophan (or phenylanine), as there is an
apparent increase in PIP, affinity for the W68Y channel.
Tyrosine is known to interact strongly with the glycerol
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region of lipids, and indeed serves as a marker for the
headgroup position of the lipid bilayer. Whilst this is
also true for tryptophan residues, we suggest that W68 is
equally balanced between the ‘flipped-in’ and ‘flipped-out’
state, whereas W68Y and W68F prefer the ‘flipped-out’
state, for steric reasons.

Methionine, which shifts the ATP sensitivity the least,
adopts a conformation most similar to that of tryptophan
(Fig. 7D). Clearly, it is the volume and precise orientation
of the tryptophan at position 68 that is critical for proper
channel function, as demonstrated by the fact that this
residue is conserved across all Kir channels. We therefore
speculate that W68 acts as a molecular gatekeeper, a
suggestion supported by the experimental observation
that mutation of this residue enhances the channel open
probability.

Clinical implications

Sulphonylureas are an effective therapy for most patients
with neonatal diabetes caused by Kxrp channel mutations,
and many have now successfully transferred from insulin
to sulphonylureas (Pearson et al. 2006). The magnitude of
tolbutamide block of mutant Kyrp channels in functional
studies correlates well with the success of the sulfonylurea
therapy (McTaggart et al. 2010). We observed that
tolbutamide caused 90% block of hetW68R channels. This
value lies well within the range in which patients respond
to sulphonylurea therapy and explains why our patients
could be successfully treated with glibenclamide.
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