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ATP-sensitive potassium (Karp) channels couple cell me-
tabolism to electrical activity by regulating K" flux across
the plasma membrane. Channel closure is mediated by
ATP, which binds to the pore-forming subunit (Kir6.2).
Here we use homology modelling and ligand docking to
construct a model of the Kir6.2 tetramer and identify the
ATP-binding site. The model is consistent with a large
amount of functional data and was further tested by
mutagenesis. Ligand binding occurs at the interface be-
tween two subunits. The phosphate tail of ATP interacts
with R201 and K185 in the C-terminus of one subunit, and
with R50 in the N-terminus of another; the N6 atom of the
adenine ring interacts with E179 and R301 in the same
subunit. Mutation of residues lining the binding pocket
reduced ATP-dependent channel inhibition. The model
also suggests that interactions between the C-terminus of
one subunit and the ‘slide helix’ of the adjacent subunit
may be involved in ATP-dependent gating. Consistent with
a role in gating, mutations in the slide helix bias the
intrinsic channel conformation towards the open state.
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Introduction

ATP-sensitive potassium (Karp) channels play key roles in
many tissues by linking cell metabolism to electrical activity.
They are involved in glucose sensing in pancreatic islets, gut
L cells and the brain; in the regulation of vascular smooth
muscle tone; in the response to ischaemic stress in heart and
brain; and in seizure protection (Seino and Miki, 2003).
Karp channels are octameric complexes of two different
proteins (Clement et al, 1997). Four inwardly rectifying K*
channel subunits form a tetrameric pore: in almost all tissues
except vascular smooth muscle, Kir6.2 serves this role. Each
Kir subunit is associated with a regulatory sulphonylurea
receptor (SUR) subunit, which belongs to the ATP-binding
cassette family of transporter proteins. Metabolic regulation
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of Karp channel activity is mediated by changes in the
intracellular concentrations of adenine nucleotides, which
interact with both Kir6.2 and SUR subunits. Binding of ATP
or ADP to Kir6.2 produces channel inhibition (Tucker et al,
1998; Tanabe et al, 2000), whereas interaction of Mg nucleo-
tides with the nucleotide-binding domains (NBDs) of SUR
stimulates channel activity (Nichols et al, 1996; Gribble et al,
1997). Loss-of-function mutations in both Kir6.2 and SUR1
genes cause congenital hyperinsulinism (Dunne et al, 2004).
Conversely, mutations in Kir6.2 that lead to reduced ATP
sensitivity of the channel cause permanent neonatal diabetes,
which in some cases is associated with muscle weakness,
developmental delay and epilepsy (Gloyn et al, 2004).

To understand how ATP inhibits the K,pp channel and how
mutations in Kir6.2 impair this process, it is necessary to
identify the location and structure of the ATP-binding site.
The structure of this inhibitory site is unknown, but is likely to
differ from that of classical ATP-binding sites, because it has
several unusual properties. For example, Mg? " is not required
for the inhibitory action of the nucleotide (Ashcroft and Kakei,
1989); the site is extremely selective for the adenine base
(Tucker et al, 1998), and addition of bulky groups to the end of
the phosphate chain does not abolish the inhibitory effect of
ATP (Ammadli et al, 1991; Tanabe et al, 2000). Many experi-
ments suggest that the ATP-binding site involves residues from
both the N- and C-terminal domains (N and C domains) of
Kir6.2 (Drain et al, 1998; Proks et al, 1999; Tucker et al, 1998;
Reimann et al, 1999; Cukras et al, 2002; John et al, 2003;
Ribalet et al, 2003; Tsuboi et al, 2004). In addition, although
the primary site at which ATP mediates channel inhibition lies
on Kir6.2, coexpression with SUR enhances the potency of ATP
block about 10-fold (Tucker et al, 1997).

Attempts to crystallize Kir6.2, or its C domains, have
proved unsuccessful. However, the crystal structures of a
putative bacterial Kir channel, KirBacl.1 (Kuo et al, 2003),
and of the N and C domains of Kir3.1 (Nishida and
MacKinnon, 2002), have recently been solved. We have
therefore used these structures to construct a molecular
model of the Kir6.2 tetramer, and ligand docking to identify
residues interacting with ATP. The model is consistent with a
large amount of functional data and was further tested by
additional site-directed mutagenesis. Our results indicate the
location and structure of the four ATP-binding sites, and
suggest a possible model for how binding of ATP is trans-
duced to transmembrane elements of the channel and thus to
closure of the pore.

Results

Construction of a molecular model of Kir6.2

A homology model of Kir6.2 (GenBank D50581) was con-
structed based on the X-ray crystal structures of KirBacl.1
(Kuo et al, 2003) and the intracellular (IC) domains of Kir3.1
(Nishida and MacKinnon, 2002). KirBacl.1 was used as a
template for the proximal N domain and the transmembrane
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Figure 1 (A) Alignment of Kir3.1, Kir6.2 and KirBacl.1 sequences.
Regions boxed in red and black show residues in Kir3.1 and
KirBacl.1, respectively, used to construct the model. (B, C) Model
of the Kir6.2 tetramer viewed from the side (B) or above (C). (B)
Residues are shown in ribbon format, with different colours repre-
senting individual subunits. (C) TMs are shown in backbone format
and IC domains in ribbon format. Different colours indicate indivi-
dual subunits, with dark and light shades representing the N and C
domains, respectively.

(TM) domains of Kir6.2, whereas the distal N domain and
the C domain were modelled on the IC domains of Kir3.1
(Figure 1A). This was because, over the region modelled, the
C domains of Kir3.1 and Kir6.2 exhibit a greater sequence
identity (48%) than those of Kir6.2 and KirBacl.1 (27%).
Further, the crystal structure of the IC domain of Kir3.1 was
determined at a resolution higher (2.0 A) than that of
KirBacl.1 (3.6 A). Each of the three segments of the model
(TMs, N and C domains) were constructed separately, and
then joined together. The spatial orientation of the IC domain,
with respect to the TMs, was determined from the location of
conserved residues in the IC domain of KirBacl.1.

The structure of the N domain of Kir3.1 was resolved
between residues 43 and 57 (Nishida and MacKinnon,
2002), which correspond to residues 32-46 of Kir6.2
(Figure 1A). The position of these residues with respect to
the C domain of Kir6.2 is fixed by the crystal structure of
the IC domain of Kir3.1. Residue 51 in Kir6.2 is also fixed,
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by the position of residue 63 in the Kir3.1 crystal structure
(Figure 1A). The residues corresponding to positions 47-50 of
Kir6.2 were not resolved in the crystal structure of Kir3.1:
therefore, they were modelled as a loop and energy mini-
mized. The minimization procedure did not significantly alter
the position of the backbone of residue 50 in Kir6.2. The Ca
r.m.s.d. between the N domain of Kir3.1 (template) and the N
domain of Kir6.2 was 0.4 A. The C domain of Kir6.2 was built
as described previously (Trapp et al, 2003). The Ca r.m.s.d.
between the Kir3.1 C-domain (template) and the Kir6.2
C-domain (model) was 1.3 A and that between the TMs of
KirBac (template) and Kir6.2 (model) was 1.7 A. These values
lie within the range expected for proteins sharing 25%
sequence identity (0.7-2.3 A) (Russel et al, 1997).

The position of the ATP-binding site was predicted using
ligand docking. ATP was randomly positioned on the C-
domain model and 25 dockings were carried out (Trapp
et al, 2003). No information about the potential binding site
obtained from mutagenesis studies was specified in the dock-
ing procedure. In 19/25 runs (76%), the B-phosphate of ATP
interacted with K185 (which is suggestive of an energy
minimum on the potential energy landscape). The rest of
the molecule lay in an identical position in five runs, and
close to one or more of a consensus set of residues in all
cases. In similar studies, ADP found the same set of residues
as ATP 16/25 times (64%), but GTP, azido-ATP, ADP-ribose
and ATP-ribose never localized to the same position.

The ligand-docking program used did not allow for re-
orientation of side chains in response to the presence of ATP.
It is clear that this would occur, however, because of the strong
negative charge of the phosphate tail. Thus, the side chains of
R201 and K185 were manually oriented to point towards the
ATP molecule and then minimized. However, the backbone
was not altered. The positions of the side chains of other
residues, including R50, were not adjusted. Automated dock-
ing on the modified model revealed that the B-phosphate of
ATP found K185 in all 25/25 runs. The Kir6.2-ATP complexes
were then evaluated based on interaction energies between
ATP and the protein, in order to determine the conformation of
the docked ATP and the residues that contribute to its binding
site. ATP was then superimposed in the same spatial orienta-
tion in the other subunits within the tetrameric model.

It is likely that the crystal structures of both KirBacl.1
and Kir3.1 represent the closed state of the channel. First,
KirBacl.1 is clearly closed, as bulky side-chain residues
occlude access of hydrated K™ to the intracellular mouth
of the pore (Kuo et al, 2003). Second, Kir3.1 is activated by
binding GPy proteins, and the IC domains were crystallized in
the absence of ligand. Thus, we assume that these structures
form a reasonable template for the closed state of Kir6.2, in
which ATP is bound.

The Krp channel comprises both Kir6.2 and SUR subunits,
and it is possible that SUR imposes conformational changes
on Kir6.2. Thus, our model corresponds most closely to
Kir6.2AC, a truncated form of Kir6.2 that expresses in the
absence of SUR1 (Tucker et al, 1997). Thus, in our discus-
sions, we distinguish functional data obtained for Kir6.2AC
from that measured for Kir6.2/SUR1 channels.

Overall structure of Kir6.2
Figure 1B and C give the overall structure of the tetrameric

model of Kir6.2. It can be divided into two main regions, with

©2005 European Molecular Biology Organization



the ‘slide helix’ (residues 54-66) lying at their interface. The
TM region is 44 A long (measured as the Co-Co distance
between residues P109 and F60) and the cytosolic (IC)
domain is 63 A long (D65-A358). When viewed from
above, the TM tetramer forms a square with dimensions of
46 A x 46 A between the furthest points on adjacent subunits
(E104-P102). It sits on a pedestal-like IC domain, which
measures 55A x 55 A between D323 and D323 of adjacent
subunits. The cytosolic pore that permeates the IC domain
ranges from 13 to 50 A in diameter.

The TM domains. Kir6.2 has two membrane-spanning
a-helices (TM1 and TM2) per subunit. TM1 and TM2 are
connected via loop segments and a short a-helix (the pore
helix) that loops partway into the membrane. The selectivity
filter, which lies within the loop linking the pore helix to

F35-¥326

Figure 2 Interactions between adjacent subunits. The C domain of
one subunit is shown in grey and its N domain in yellow. The C
domain of the adjacent subunit is shown in green. Residues are
shown in cpk colours.
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TM2, exhibits the characteristic signature sequence of K™
channels, except that GYG is replaced by GFG. The r.m.s.d.
between the TMs of the present model and that of an earlier
model of the TMs alone based on KcsA (Capener et al, 2003)
was 2.2 A. Most of the variation resides in the extracellular
loops that connect TM1 with the pore helix (residues 92-116).
If these are omitted, the r.m.s.d. between the two models is
excellent: ~0.8-1.1A.

The IC domain. The IC domain shows extensive interactions
between subunits: thus, the C domain of one subunit inter-
acts both with the N domain of the adjacent subunit on one
side, and with the C domain of the adjacent subunit on the
other side (Figure 1C). The region of the N domain involved
is consistent with protein-protein interaction studies, which
implicate residues 30-46 as binding to the C domain (Tucker
and Ashcroft, 1999).

The model predicts several interactions within the IC
domain of Kir6.2, which may help to stabilize the tetrameric
structure. These include a n-stacking interaction between F35
in the N domain of one subunit and Y326 in the C domain
of the adjacent subunit (Figure 2). Two intersubunit ion pairs,
R32-E321 and R34-E308, also connect these domains
(Figure 2). Several electrostatic interactions are found be-
tween the C domains of adjacent subunits (Figure 2). These
include three ion pairs: E229 with R314, R301 with E292 and
R192 with E227.

Interactions between the IC and TM domains. There are three
main sites of interaction between the IC and TM domains.
The N domain is linked directly to the slide helix (Figures 1B
and 3). The C domain connects directly to TM2, but also
appears to be linked to the slide helix of the adjacent subunit
by two loops that span residues 204-209 (loop 1) and 289-
299 (loop 2) (Figure 3A and B). A web of interactions link

Slide helix
AOA am

Figure 3 (A, B) Relationship between the N domain of one subunit (yellow) and the C domain of another (green), showing the relation of
loops 1 and 2 to the slide helix. (C) Interactions between loops 1 and 2 and the C domain of one subunit and the slide helix of the adjacent
subunit. (D) Web of predicted interactions between the C linker, loops 1 and 2 of the C domain of one subunit (yellow) and the slide helix of the
adjacent subunit (blue). Coloured lines connect interacting residues, or indicate interactions with ATP.
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loops 1 and 2 both to the slide helix and to the ATP-binding
pocket (Figure 3C and D).

As homology models of the TMs of Kirs have been con-
structed and evaluated previously (Loussouarn et al, 2001;
Capener et al, 2003), in this paper we focus on the IC domain,
and the ATP-binding site in particular. We also consider the
slide helix which links the TM and IC domains, as its position
suggests that it may be involved in gating of the pore, both in
the absence and presence of ATP.

The ATP-binding site

There are four ATP-binding pockets, one per subunit, as
predicted by functional studies (Markworth et al, 2000).
Each is located in the upper part of the IC domain, about
17 A below the plane of the membrane. The position of this
pocket on the outer face of the protein (Figure 4A and B) may
facilitate access of cytosolic ATP to its binding site.

The main binding pocket lies at the interface between the
N and C domains of the same subunit. In addition, the N
domain of the adjacent subunit loops across the C-terminal
part of the binding pocket, such that the side chain of R50 lies
to one side of the entrance to the pocket, while K185 from the
other subunit lies at the opposite side (Figure 5A and B).
Docking of ATP was conducted in the absence of the
N-terminal residues, but it is clear that the location of R50
in the complete, tetrameric, homology model would restrict
access of ATP to its binding site. Thus, either the position of
R50 is incorrect, or the N-domain must move to enable ATP to
enter the binding pocket.

The overall size of the ATP-binding pocket is sufficient
to accommodate the ATP molecule (volume ~ 1070 A%). The
Co-Co distance from A300, which forms the innermost
residue of the hydrophobic pocket, to G334, which forms
the outer boundary, is about 17 A. The width of the pocket,
measured from K39 to T180, is ~10A and its height, mea-
sured between residues E179 and F183, is ~8 A.

In all, 17 residues lie within 4.5 A of ATP in the model:
K38, K39, G40 in the N domain, E179, T180, L181, 1182, F183,
$184, K185, R201, A300, R301, T302, F333 and G334 in the C
domain, and R50 from the N domain of the adjacent subunit.
The adenine ring and the ribose sugar of the nucleotide are
positioned on one side of a B-sheet and the phosphate tail on
the other, which effectively separates the charged and un-
charged groups of ATP.

The adenine ring of ATP lies within a mainly hydrophobic
pocket, lined by the side chains of E179, T180, L181, 1182,
and the backbone atoms of K38, K39, G40 and R301. The side
chain of E179 and the carbonyl oxygen atom of the backbone
of R301 make hydrogen bonds with the N6 atom in the
adenine ring (Figure 5A). The adenine ring is accommodated
tightly within the ATP-binding pocket (Figure 5B), and addi-
tion of an azido group at the 8 position would cause a steric
clash with the ribose moiety of ATP and with the side chain of
T180 (Figure 5C). This explains why 8-azido-ATP fails to
dock into the ATP-binding site of the model or to inhibit the
channel (Tanabe et al, 1999).

No interactions are predicted with the ribose moiety of
ATP, but S184 lies under the ribose and K38 alongside it.

The phosphate tail of ATP makes putative electrostatic
interactions with three positively charged residues: R201
with the a-phosphate, K185 with the B-phosphate and R50
(from the adjacent subunit) with the y-phosphate (Figure 5A).
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Figure 4 (A) Side view of the ATP-binding site. For clarity, the TMs
of only two subunits and the IC domains of two separate subunits
are illustrated. ATP (yellow) is docked into its binding sites. (B)
Kir6.2 tetramer, viewed from above, with the TMs removed (resi-
dues 64-177). ATP (yellow) is docked into its binding sites. The N
domain is shown in ribbon format and the C domain in backbone
format. Different colours represent individual subunits.

Although the residue equivalent to R50 is absent in the crystal
structure of the IC domains of Kir3.1, on which this model is
based, the adjacent residue (equivalent to ES1) is not. Thus, the
position of ES51 is fixed, which also restrains the predicted
position of R50 and brings it close enough to interact with the
v-phosphate of ATP, as predicted by ATP-binding (Tanabe et al,
1999) and thiol modification (Trapp et al, 2003) studies. The -
phosphate is not buried in the protein, as in many ATP-binding
sites, but points out into the extracellular solution (Figure 4).

Predictive power of the model
The model accounts for a large amount of published data
and enables previously puzzling findings to be explained
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Figure 5 (A) Interactions between ATP and residues lining the ATP-binding pocket. The subunit origin (A or D) of the residue is indicated.
Predicted hydrogen bonds are indicated by dashed lines and hydrophobic interactions by sunbursts. Residues are shown in cpk colours. (B)
Space-filling model of the ATP-binding pocket. Different subunits are indicated in blue and pink. The electron shells of R50 and K185, and of
ATP, are shown in transparency. (C) Close-up of the binding pocket with 8-azido-ATP placed in the same position as ATP. The dashed lines
indicate where the azido group makes a steric clash with T180 and the ATP molecule itself.

(see Discussion). This provides significant validation of the
model, as none of this information was used in its construc-
tion. In addition, we made new mutations to test the pre-
dictive power of the model.

ATP-binding site. Of the 17 residues that lie within 4.5 A of
ATP in the model, most have already been mutated in
Kir6.2AC or Kir6.2/SUR1. The effects of these mutations are
discussed below. However, residues A300 and F333 have not
been mutated in either construct, nor have L181, F183, R201,
A300, R301, T302 and F333 been mutated in Kir6.2AC. To test
the model, we examined the effects of mutating (in Kir6.AC)
residue R201, which is predicted to make an electrostatic
interaction with the a-phosphate of ATP, residues A300 and
F333, which lie close to the B-phosphate of ATP, and residue
E179. In addition to measuring concentration-inhibition
curves for ATP, we also examined the channel open prob-
ability (Po) in the absence of ATP (which we define as the
intrinsic Po) by single-channel recording. This is because
mutations that increase intrinsic Po indirectly reduce Karp
channel ATP sensitivity (Shyng et al, 1997; Trapp et al, 1998;
Cukras et al, 2002). Thus, we only considered mutations that
alter ATP sensitivity without affecting intrinsic Po as influen-
cing ATP binding and/or transduction.

The side chain of E179 is predicted to make a hydrogen
bond with the N6 atom in the adenine ring of ATP (Figure 5A).
To test this, we mutated E179 to a range of residues, some
of which are capable of forming H bonds (Q, N), and some of
which are not (M, L). Consistent with this idea, mutation of

©2005 European Molecular Biology Organization

E179 to glutamine has no effect, whereas mutation to methio-
nine reduced the ICso two-fold (Figure 6, Table I). However,
mutation to leucine caused a small but insignificant shift in
ICso, which does not support an important role for H bond-
ing. None of these mutations altered the intrinsic Po (Table I).
Mutation of E179 to asparagine caused an ~ 7-fold reduction
in the ICs, for ATP inhibition, but also increased the intrinsic
Po (Figure 6, Table I). This change in Po could account for the
reduced ATP sensitivity (Shyng et al, 1997; Trapp et al, 1998;
Cukras et al, 2002) and this mutation therefore cannot be
used to address the role of H bonding. The relatively small
effect of mutating E179 may explained by the fact that the N6
atom is also stabilized by H bonding to the backbone of R301
(Figure 5A), and further suggests that R301 may be more
important in co-ordinating the adenine moiety. That E179
and ATP are slightly out of plane, and so likely to form only a
weak H bond, whereas R301 and ATP lie in the same plane, is
harmonious with this idea.

The a-phosphate of ATP is predicted to form an electro-
static interaction with the side chain of R201 (Figure 5A).
Consistent with this prediction, mutation of R201 to cysteine
results in permanent neonatal diabetes in humans (Gloyn
et al, 2004), and causes a marked reduction in the ATP
sensitivity of Kir6.2AC (Figure 7): the ICsy could not be
measured accurately because even as much as 10mM ATP
only inhibited the channel by 43+5% (n=06), compared
with 96+1% (n=75) for the wild-type channel. The ICsq
was estimated to be 14mM, 70-fold larger than the wild-
type channel (Table I).
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We next tested the effect of mutating F333, which is
predicted to lie within 3A of the a-phosphate of ATP
(Figure 8A). In this experiment, we used full-length Kir6.2.
As full-length Kir6.2 does not express by itself, it was coex-
pressed with SUR1: to avoid the stimulatory effects of Mg
nucleotides on SUR1, we used a mutant SUR1 (SUR1-KA/
KM) that is not modulated by adenine nucleotides (Gribble
et al, 1997). This ensures that only ATP binding to Kir6.2
influences channel activity. The F333L mutation markedly

A Kir6.2AC Kir6.2AC-E179M
1mM ATP 1mM ATP
Il I i
.’ ,!|' H I| .'.| LII' [l ’!".'I
LPII ”| : I: i W ..I - '|:.
1 nA !I]!"! 1nA | il I
il |
50s
B

GIG,

00 T T T —
10° 10 107 107

ATP (M)

Figure 6 (A) Karp currents elicited by voltage ramps from —110 to
+100mV to an inside-out patch excised from a Xenopus oocyte
expressing Kir6.2AC or Kir6.2AC-E179M. The dotted line indicates
the zero current level. (B) Mean relationship between [ATP] and
Karp conductance (G), expressed relative to the conductance in the
absence of nucleotide (Gc) for Kir6.2AC with E179 mutated to N (1,
n=5),M (m, n=5),L (@ n=>5) and Q (@, n=7). The curves are
the best fit to equation (1), using values for ICsy and h given in
Table I. The dashed line indicates the wild-type data.

increased the ICsq for channel inhibition—from 17 to 514 uM
(Figure 8B). We also tested the effect of mutating Y330, which
lies at some distance from ATP in the model, to leucine. This
had no effect (Figure 8B). The model predicts that A300 lies
within 4.5A of the adenine ring of ATP (Figure 8A).
Unfortunately, mutation of A300 to either D or L failed to
yield functional currents.

The model predicts that addition of an azido group at the 2
position on the adenine ring will impair ATP binding, due to a
steric clash with the backbone of K38 and K39. Consistent
with this prediction, 2-azido-ATP blocked Kir6.2AC currents
by 6+4% at 100uM and by 47+2% at 1mM (n=06).
Assuming a Hill coefficient of 1, the ICsy, of was 1.2mM,
~10-fold greater than for ATP.

A Kir6.2AC Kir6.2AC-R201C
1 mM ATP 1mM ATP
1 nA 0.4 nA
50s
B 1.04
0.8
o 061
9
O 944
0.2

1078 10°° 104 107° 0

ATP (M)

Figure 7 (A) Kir6.2AC and Kir6.2AC-R201H currents evoked by
voltage ramps from —110 to +100mV. (B) Mean relationship
between [ATP] and Karp conductance (G), expressed relative to
the conductance in the absence of nucleotide (G.) for Kir6.2AC-
R201C (n=5). The curve is the best fit to equation (1) using the
values given in Table I. The dotted line indicates the wild-type data.

Table I Mean parameters for ATP inhibition and open probability of wild-type and mutant channels

Mutation 1Cso(n1) h P,
Kir6.2AC (wt) 194+10puM (n=5) 0.96+0.04 0.08+0.02 (n=06)
Kir6.2AC-V59G 1.740.1mM*** (n=5) 1.140.1 0.7840.03*** (n=06)
Kir6.2AC-E179Q 240+36puM (n=7) 0.88+0.5 0.10+0.01 (n=7)?
Kir6.2AC-E179L 299+47 M (n=5) 0.89+ 0.06 0.1440.01 (n=5)
Kir6.2AC-E179M 515451 uM** (n="5) 1.08+0.17 0.09+0.02 (n=5)
Kir6.2AC-E179N 1.440.23mM*** (n=6) 1.340.1 0.58+0.03*** (n=8)
Kir6.2AC-R201C 14 +1mMP*** (n=06) 0.8140.05° 0.1240.02 (n=06)

ICso = ATP concentration at which inhibition is half-maximal. h, Hill coefficient. Values indicate the means of the individual fits to equation (1),
for n patches. *From Tucker et al (1998). PEstimated by fitting line through data points that extend to 10mM. Statistical significance was

determined using Student’s t-test. **P<0.01; ***P<0.001.
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Figure 8 (A) Model of the ATP-binding pocket of Kir6.2 illustrating
the proximity of F333 and Y330 to the phosphate tail of ATP. (B)
Mean relationship between [ATP] and Karp conductance (G), ex-
pressed relative to the conductance in the absence of nucleotide
(G) for Kir6.2-Y330L/SUR1-KA/KM (@, n=>5), and Kir6.2-F333L/
SUR1-KAKM (M, n=6) channels. The smooth curves are the best
fit to equation (1). For Kir6.2-Y330L, IC5,=16.94+1.9uM,
h=1.3+0.1. For Kir6.2-F333L, IC5o=514+93uM, h=1.2+0.1.
The dashed line indicates the control data (ICso=17 uM, h=0.99;
Gribble et al, 1997).

The ribose moiety of ATP does not make a direct interac-
tion with the channel (Figure 5A). However, it lies within 4 A
of K185, which may explain why substitution of ribose with
2/-deoxyribose or ribose 2’,3’-dialdehyde reduces the ATP
sensitivity of native skeletal muscle Karp channels (Spruce
et al, 1987). At a concentration of 1 mM, 2’-deoxyribose ATP
inhibited Kir6.2AC by 61+2% (n=11) as compared with
82+3% for ATP (n=16).

Slide helix mutations. The position of the slide helix suggests
that it may be involved in channel gating (Kuo et al, 2003).
With the exception of R54 at the N-terminal end (Cukras et al,
2002; Schulze et al, 2003), no mutations in the Kir6.2 slide
helix have yet been studied: thus, we tested this idea by
mutagenesis of Kir6.2AC. We chose to mutate V59 to glycine
(V59G), because this mutation produces neonatal diabetes
with developmental delay, muscle weakness and epilepsy
(Gloyn et al, 2004). Figure 9 shows that the V59G mutation
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caused a marked increase in the intrinsic Po, which was
accompanied by a 10-fold reduction in ATP-sensitivity
(Table I).

Discussion

Subunit interactions in the IC domains

Evidence for a physical interaction between the N and C
domains of Kir6.2 has been obtained from protein-protein
interaction studies (Tucker and Ashcroft, 1999; Jones et al,
2001), which showed that residues 30-46 in the N domain
interact with residues in three separate regions of the C
domain of Kir6.2. The same N-terminal region contributes
to the interaction of the N and C domains of our model (R32,
R34 and F35). Furthermore, the m-stacking interaction pre-
dicted between F35 in the N domain of one subunit and Y326
in the C domain of the adjacent subunit is also observed in
Kir3.1 (Nishida and MacKinnon, 2002). Indeed, hydrophobic
residues at both these positions are conserved across Kir6.x,
2.x and 3.x channels. Naturally occurring mutations at resi-
dues F35 (to V or A) and E322 (to K, which would be
expected to disrupt the adjacent E321-R32 ion pair) cause
permanent neonatal diabetes mellitus (PNDM) in humans
(Sagen et al, 2004; Vaxillaire et al, 2004). This supports the
idea that interactions between the N and C domains of
adjacent subunits are important for Karp channel function.

A number of electrostatic interactions occur between ad-
jacent C domains. Mutagenesis studies suggest that residues
E229 and R314 form an ion pair, since a single charge
neutralization at either position induces channel ‘inacti-
vation’ after patch excision, which can be rescued by a
double charge reversal (E229R/R314E) (Lin et al, 2003).
Furthermore, if E229 and R314 are both mutated to cysteine,
they can be reversibly crosslinked in the presence of an
oxidizing agent, indicating that the residues must lie <4 A
apart. Tandem dimer constructs showed that this ion pair is
likely to be an intersubunit interaction.

Two residues previously suggested as candidates for ion
pair formation (R192, R301), on the basis of the fact that their
mutation to alanine enhances channel inactivation (Lin et al,
2003), are also predicted to form ion pairs in our model:
residue 192 with E227, and R301 with E292, in adjacent
subunits. Both ion pairs lie in close proximity and are highly
conserved. A glutamate is found at the position equivalent to
E227, an arginine at the equivalent position to R301 and a
negatively charged residue at the E292 position, in all Kir
channels. R192 is also highly conserved. This conservation of
sequence identity suggests an important role. Further, the
cluster of acidic and basic residues in this region suggests that
different combinations of electrostatic interactions may occur
during channel gating.

Slide helix

Our results provide evidence that the slide helix plays a role
in gating, since the V59G stabilizes the open state. In con-
trast, mutation of R54 reduces the intrinsic Po of Kir6.2/SUR
channels; however, this may be secondary to changes in PIP,
or acyl CoA modulation (Cukras et al, 2002; Schulze et al,
2003). Its amphipathic nature suggests that the slide helix
slides along the membrane interface during channel opening,
without substantial rotational movement.
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Figure 9 (A) Slide helix of Kir6.2, showing the location of V59. The slide helix of one subunit is shown in yellow and the TM domain of the
adjacent subunit in green. (B) Kir6.2AC and Kir6.2AC-V59G currents evoked by voltage ramps from —110 to + 100 mV in inside-out patches.
(C) Mean relationship between [ATP] and Karp conductance (G), expressed relative to the conductance in the absence of nucleotide (G.) for
Kir6.2AC-V59G (n = 6). The curve is the best fit to equation (1) using the values given in Table I. The dashed line indicates the wild-type data.
(D) Single Kir6.2AC and Kir6.2AC-V59G channel currents recorded at -60 mV. The arrow indicates the zero current level.

ATP-binding pocket
The ATP-binding site suggested by the model involves con-
tributions from the N and C domains of adjacent subunits.
This is supported by a substantial amount of data. First,
mutations in both these regions impair channel inhibition by
ATP (Drain et al, 1998; Proks et al, 1999; Tucker et al, 1998;
Reimann et al, 1999; Cukras et al, 2002; John et al, 2003;
Ribalet et al, 2003). Further, when mutations in the N and C
domains that affect ATP sensitivity are combined, the ATP
sensitivity is further reduced, as expected if the N and C
domains cooperate to influence channel closure by ATP
(Proks et al, 1999). Second, protein-protein interaction stu-
dies demonstrate a physical interaction between the N and C
domains of Kir6.2 (see above). Importantly, the model pre-
dicts that each N domain contributes to two ATP-binding
sites: that of the same and the adjacent subunit (Figure 4).
This is harmonious with FRET experiments which show that
the physical relationship of the N and C domains of adjacent
subunits is influenced by ATP binding (Tsuboi et al, 2004).

SUR enhances the ATP sensitivity of Kir6.2 about 10-fold
(Tucker et al, 1997). The exposed position of the ATP-binding
site in Kir6.2 suggests that one way this might be achieved
would be if SUR embraced the outer part of the binding site,
perhaps by contributing additional residues that stabilize ATP
binding, or by allosterically altering the structure of the
binding site.

Our studies demonstrate that mutation of R201 causes a
marked reduction in the ATP sensitivity of Kir6.2AC. Similar
results have been found for Kir6.2/SUR1 channels (Shyng
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et al, 2000; John et al, 2003; Ribalet et al, 2003). These
studies reveal that mutation of R201 to a negatively charged,
or uncharged, residue weakens ATP inhibition, and in the
case of Kir6.2-R201E/SUR1 the current could not be comple-
tely blocked even at millimolar ATP levels. Furthermore,
inhibition by ATP, ADP and AMP are all affected, consistent
with the idea that R201 interacts with the a-phosphate of ATP.
Mutation of R201 to histidine also reduces the ATP sensitivity
of the Kir6.2/SUR1 channel, and causes PNDM (Gloyn et al,
2004). It is interesting that the shift in ATP sensitivity
produced by the R201C mutation is greater in the absence
of SURLI: the ICs, increased ~120-fold for Kir6.2AC (Table I)
and 15-fold for Kir6.2/SUR1 (John et al, 2003). This suggests
that SUR1 may modify the binding pocket at the level of R201,
consistent with previous work (Dabrowski et al, 2004).
There is considerable experimental evidence to support the
interaction of the B-phosphate of ATP with K185 predicted by
the model (Figure 5A). First, mutation of K185 to a negative
charge strongly impairs ATP inhibition, whereas mutation to
arginine has only a small effect, in both Kir6.2AC and Kir6.2/
SUR1 (Tucker et al, 1997, 1998; Reimann et al, 1999; John
et al, 2003). Similar results are found when K185C is mod-
ified by charged thiol regents (Trapp et al, 2003). This
supports an electrostatic interaction between K185 and ATP.
Furthermore, these modifications impair ATP and ADP in-
hibition, but not that by AMP, consistent with an interaction
with the B-phosphate of ATP (John et al, 2003; Trapp et al,
2003). In addition, binding of 8-y-*2P-azido ATP to Kir6.2
is impaired by the K186Q mutation (Tanabe et al, 1999).
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Mutation of residues S184 and H186, which flank K185,
reduces the ATP sensitivity of Kir6.2AC (Tucker et al, 1998);
mutation of S184 also impairs the ATP sensitivity of Kir6.2/
SURI1, and introduction of charged thiol reagents at either
position in Kir6.2/SUR1 shifts the channel ATP sensitivity as
expected if the residue lies close to the phosphate tail of ATP
(Trapp et al, 2003).

The y-phosphate is not buried in the protein, as in many
ATP-binding sites, but points out into the external solution
(Figure 4). This may explain why Mg® " is not required for
ATP binding to Kir6.2 (Tanabe et al, 1999, 2000), and why
large groups can be added to the phosphate tail without
substantially reducing ATP block. For example, AP4A and
ATP block both Kir6.2AC (Dabrowski et al, 2004) and native
Karp channels (Jovanovic et al, 1997) with similar affinity,
as does the photo-activatable ATP analogue DMNPE-ATP
(Ammaild et al, 1991). Likewise, azido-anilino ATP blocks
Kir6.2AC channels with an ICsy comparable to that for ATP
(Tanabe et al, 2000). All these data are consistent with the
open-ended structure of the ATP-binding site predicted by the
model. It is worth noting that this is in contrast to most ATP-
binding sites, which are closed.

Our model predicts that R50 lies close to the y-phosphate
of ATP. This is in good agreement with the fact that the ATP
sensitivity of Kir6.2/SUR1 channels is reduced by substitu-
tion of a cysteine at R50, and that this effect is reversed by
modification with a positively charged thiol reagent but is
further decreased by modification with a negatively charged
thiol agent (Trapp et al, 2003). This suggests that ATP is able
to sense the charge at residue 50 electrostatically, and must
therefore lie in close proximity. As ADP block was unaffected
by thiol modification of R50, it appears that the y-phosphate
of ATP is involved. However, mutation of R50 in Kir6.2AC or
Kir6.2/SUR1 (Proks et al, 1999; John et al, 2003) is not
consistent with the interaction of R50 and ATP being entirely
electrostatic: for example, the ICso for ATP block of Kir6.2AC
is greater for R50G, than for RSOE (although there is no
change in intrinsic Po). Thus, mutations at R50 may simply
perturb the protein structure, and thereby access of ATP to its
binding site.

G334, which is located far from K185 in the primary
sequence, lies close to both the B-phosphate of ATP (3.3 A)
and to K185 in the three-dimensional model structure
(Figure 8). This rationalizes the previously puzzling finding
that mutation of G334 to aspartate markedly decreases ATP
sensitivity (Drain et al, 1998). As our model shows, this
mutation would be expected to impede nucleotide binding
both sterically and electrostatically. Residues F333 and Y330
also lie close to the phosphate tail of the ATP molecule. That
PNDM is caused by mutations at either of these residues
(F333I, Y330C) is indicative of their importance for channel
function (Sagen et al, 2004; Vaxillaire et al, 2004).

The model prediction that the N6 atom in the adenine ring
of ATP hydrogen bonds with residues lining the binding
pocket is harmonious with the known efficacy of trinucleo-
tide phosphates at inhibiting Karp currents: GTP, ITP, UTP
and purine triphosphate (PTP) are all ineffective (Tucker et al,
1998; Dabrowski et al, 2004). A common feature of these
other nucleotide triphosphates is that, unlike ATP, they lack
an NH, group at the 6’ position of the adenine ring and are
therefore unable to form a hydrogen bond. In support of this
idea, methyl ATP, which has an NCH; group and is therefore
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capable of hydrogen bonding, is able to block the channel
(Dabrowski et al, 2004).

Residues T180, L181 and 1182 provide a hydrophobic
lining to the binding pocket. Extensive mutagenesis has
been carried out on 1182 in Kir6.2AC (Li et al, 2000).
Substitution with a variety of amino acids markedly reduces
channel inhibition by ATP, the ICsy’s increasing from
~200uM (I) to ~5mM (E, M, Y, P) and >10mM (K, R, S,
W), without altering intrinsic gating. 1182 is accessible to
cysteine-modifying agents, but modification with a negatively
charged thiol reagent was without effect on the ATP sensitiv-
ity of I182C, indicating that this residue does not lie close to
the phosphate tail of the nucleotide (Trapp et al, 2003). This
is consistent with the predicted location of 1182 adjacent to
the adenine ring. The threonine at position 180 is interesting
as mutations at this position affect the intrinsic Po of the
channel (Light et al, 2000), as observed for the asparagine
mutation at E179 (Table I). Kir6.2/SUR1 containing either
L181C or F183C mutations did not express functional chan-
nels (Trapp et al, 2003).

The model predicts that the binding pocket is lined by
backbone atoms of K38, K39 and G40 in the N domain
(Figure SA and B). Consistent with this structure, mutation
of K39 to alanine in Kir6.2/SUR1 reduced ATP sensitivity
indirectly, by altering the open state stability rather than
impairing ATP binding (Cukras et al, 2002).

How does ATP binding lead to closure of the pore?

ATP binding occurs at the interface between two subunits,
as is common in ligand-gated channels (Brejc et al, 2001).
Moreover, subunit interactions indicate that each monomer is
connected to not one, but two other subunits (Figure 4). This
suggests that ATP binding to one subunit will influence the
relative conformations of the two adjacent subunits, and may
help to explain why binding of a single ATP molecule is
sufficient to close the pore. As the binding lies at the interface
between subunits, it also seems possible that the overall
conformation of each monomer will not undergo a dramatic
change upon ATP binding: rather, nucleotide binding may
primarily influence the relationship between the monomers.

Conclusions
In conclusion, by constructing a molecular model of the
Kir6.2 tetramer, we have identified the putative location of
the ATP-binding site. Residues that form the ATP-binding site
are not well conserved across Kir channel subfamilies, in
contrast to those implicated in intra-subunit interactions.
This suggests that, while the ATP-binding site is unique, Kir
channels may share a common structural basis for subunit
assembly and that the mechanism by which ligand binding is
linked to opening and closing of the pore may also be similar.
The model is in good agreement with a large body of
mutagenesis data, offers an explanation for the relatively low
affinity of Kir6.2 for other nucleotide triphosphates, and
suggests that SUR1 might enhance ATP sensitivity by embra-
cing the outer part of Kir6.2. Our results leads us to suggest
that gating of Kir6.2 by ATP probably involves changes in
inter-subunit interactions and, further, to speculate that flex-
ible loops in the C-domain (204-209 and 289-299) may help
translate conformational changes induced by ATP binding
into movement of the slide helix and thereby closing of the
channel. The model also makes specific suggestions for
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subunit-subunit interactions and ligand-protein interactions
that provide a solid basis for further mutagenesis and simula-
tion studies.

Materials and methods

Molecular modelling

All sequence alignments were carried out using ClustalX. Compara-
tive modelling was used to construct the molecular models using
MODELLER v6.2 (Sali and Blundell, 1993; Fiser et al, 2000). Several
models were constructed, with the final one being selected on the
basis of low energy function and Co r.m.s.d. values after super-
imposition on the template. The models were constructed in three
segments.

The percent identity between the IC domains of Kir3.1 and Kir6.2
is 48%, and that between the KirBacl.1 and Kir6.2 is 32% for the
TMs and slide helices, and 27% for the IC domains. The slide helix
and TMs of Kir6.2 (residues 55-172) were modelled as a tetramer,
using the crystal structure of KirBacl.1 as a template (Kuo et al,
2003). Residues that connect the TMs with the C domain (residues
173-176) were modelled as loops. The consensus secondary
structure predictions for these loops were obtained from the
programs PHD (www.cubic.bioc.columbia.edu) and JPRED
(www.compbio.dundee.ac.uk). The C domain of Kir6.2 (residues
177-358) was modelled as a tetramer, based on the 2.0 A crystal
structure of the C domain of Kir3.1 (Trapp et al, 2003). The
orientation of the C domain with respect to the TMs was obtained
by superimposing the conserved stretches of residues in Kir6.2
on KirBacl.l. Once the orientation of the segments had been
established, they were joined using the modelled loops. The loops
were then subjected to energy minimization, while keeping the
position of the atoms of the core model frozen.

The N domain of Kir6.2 (residues 32-46) was modelled based on
the N-terminal (residues 43-57) structure of Kir3.1 (Nishida and
MacKinnon, 2002). The remaining residues that contribute to the
N domain of Kir3.1 are not resolved in the crystal structure, except
for E63. This residue is conserved in both Kir3.1 and Kir6.2 (E51).
The remainder of the N-domain residues in Kir6.2 (47-54) were
modelled using KirBacl.1 as a template. As this region is a loop in
KirBacl.1, we also confirmed that residues 47-50 and 52-54 are
loops, based on the predictions of the programs above. The position
of E63 in the crystal structure of Kir3.1 was taken as a reference to
obtain the spatial position and orientation for the N-terminal loops.
The equivalent residue in Kir6.2 (E51) was fixed and the loops on
either side were subjected to restrained energy minimization
procedures using GROMACS v3.1.4 (www.gromacs.org). The N
domain was modelled as a monomer, and docked onto the
tetrameric model of the C domain, using the fixed points described
above.

The Co-Co r.m.s.d. between the templates and the model was
04A for the N domain, 1.7 A for the slide helix and the TMs, and
1.3 A for the C domain.

Kir6.2 is a homotetramer with four potential ATP-binding sites
(one per subunit) that do not interact (Markworth et al, 2000): for
simplicity, only a monomer was used to dock ATP to the C domain
(Trapp et al, 2003). Docking was carried out using AUTODOCK 3.0.5
(Goodsell et al, 1996), which allows for ligand flexibility. Monte
Carlo simulated annealing was used to perform the dockings. The
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energies between the protein and the ligand. The final conformation
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chemical intuition. Once residues contributing to the binding site
were identified, ATP was superimposed in the same spatial
orientation in the remaining subunits. The quality and the
stereochemical properties of the model were assessed using
PROCHECK v3.4.4. (Morris et al, 1992).

Functional studies

Mouse Kir6.2 (Genbank D50581) and rat SUR1 (Genbank L40624)
were used in this study. Site-directed mutagenesis of Kir6.2 and
preparation of mRNAs was as described (Trapp et al, 1998).
Xenopus laevis oocytes were injected with 0.1 ng full-length wild-
type or mutant Kir6.2 and ~2ng of SUR1 mRNAs (giving a 1:20
ratio), and studied 1-4 days later (Trapp et al, 1998).

Macroscopic currents were recorded from giant inside-out
patches at a holding potential of 0 mV and 20-24°C. Currents were
evoked by 3 s voltage ramps from —110 to + 100 mV, recorded with
an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster
City, CA, USA), filtered at 0.15kHz, digitized at 0.5kHz using a
Digidata 1200 Interface and analysed using pClamp software (Axon
Instruments). The pipette solution contained (mM): 140 KCl, 1.2
MgCl,, 2.6 CaCl, and 10 HEPES (pH 7.4 with KOH). The internal
solution contained (mM): 107 KCl, 1 MgCl,, 1 CaCl,, 10 EGTA (free
Mg? " ~600nM), 10 HEPES (pH 7.2 with KOH) and nucleotides as
indicated. Rapid exchange of internal solutions was achieved using
a sewer-pipe system. Single-channel currents were recorded from
small inside-out membrane patches at —60 mV, filtered at 5 kHz and
sampled at 20 kHz. Open probability was determined from records
of ~1min duration as I/iN, where I is the macroscopic current,
i is the single-channel current amplitude and N is the number of
channels (maximum number of open levels).

The macroscopic slope conductance was obtained by fitting a
straight line to the I-V relation between —20 and —100 mV (Trapp
et al, 1998). To control for possible rundown, the control
conductance (G.) was taken as the mean of that in control solution
before and after ATP application. ATP concentration-response
curves were fitted by the Hill equation:

G/Ge = 1/(1 + ([ATP]/ICs0)") €))

where [ATP] is the ATP concentration, ICs, is the concentration at
which inhibition is half-maximal and h is the Hill coefficient. All
data are given as mean +s.e.m. Statistical significance was tested by
Student’s t-test or ANOVA, as appropriate.
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