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The N-terminal transmembrane domain (TMDO) and a
cytosolic linker (LO) of sulphonylurea receptor define
the unique intrinsic gating of Karp channels

Kun Fang!, Laszl6 Csanddy?, and Kim W. Chan!
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ATP-sensitive potassium (Kurp) channels comprise four pore-forming Kir6 and four regulatory
sulphonylurea receptor (SUR) subunits. SUR, an ATP-binding cassette protein, associates with
Kir6 through its N-terminal transmembrane domain (TMDO0). TMDO connects to the core
domain of SUR through a cytosolic linker (L0). The intrinsic gating of Kir6.2 is greatly altered
by SUR. It has been hypothesized that these changes are conferred by TMDO0. Exploiting the
fact that the pancreatic (SUR1/Kir6.2) and the cardiac (SUR2A/Kir6.2) Kurp channels show
different gating behaviours, we have tested this hypothesis by comparing the intrinsic gating
of Kir6.2 with the last 26 residues deleted (Kir6.2A26) co-expressed with SUR1, S1-TMDO,
SUR2A and S2-TMDO0 at —40 and —100 mV (S is an abbreviation for SUR; TMD0/Kir6.2 A 26,
but not TMDO/Kir6.2, can exit the endoplastic reticulum and reach the cell membrane).
Single-channel kinetic analyses revealed that the mean burst and interburst durations are shorter
for TMDO/Kir6.2A26 than for the corresponding SUR channels. No differences were found
between the two TMDO channels. We further demonstrated that in isolation even TMDO0-L0
(SUR truncated after L0) cannot confer the wild-type intrinsic gating to Kir6.2A26 and that
swapping LO (SUR truncated after LO)between SUR1 and SUR2A only partially exchanges their
differentintrinsic gating. Therefore, in addition to TMDO0, L0 and the core domain also participate
in determining the intrinsic gating of Kir6.2. However, TMDO0 and L0 are responsible for the
different gating patterns of full-length SUR1 and SUR2A channels. A kinetic model with one

open and four closed states is presented to explain our results in a mechanistic context.
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The hallmark of ATP-sensitive potassium (Karp) channels
is their regulation by intracellular nucleotides: inhibition
by ATP but stimulation by MgADP (Ashcroft, 2005).
Karp channels serve important functions such as insulin
secretion, control of vascular tone and protection
against ischaemia (Yamada et al. 2001; Miki et al
2002; Gumina et al. 2003; Ashcroft, 2005). They are
octameric complexes of four inwardly rectifying potassium
(Kir) channel subunits (Kir6.1 or Kir6.2), and four
regulatory sulphonylurea receptors (SUR1 or SUR2)
(Fig. 1) (Aguilar-Bryan & Bryan, 1999). SURI1 associates
with Kir6.2 (SUR1/Kir6.2) to form the pancreatic Karp
channels whereas SUR2A/Kir6.2 channels are found in the
heart (Inagaki et al. 1996). Mutations in Kyrp channels
have been linked to persistent hyperinsulinaemic hypo-
glycaemia of infancy, permanent neonatal diabetes and
dilated cardiomyopathy (Aguilar-Bryan & Bryan, 1999;
Bienengraeber et al. 2004; Ashcroft, 2005). Most of
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these mutations alter gating and change the metabolic
sensitivity of the channels. Kxrp channel-specific inhibitors
(sulphonylureas, e.g. glibenclamide) and openers (e.g.
diazoxide) are currently used to treat diabetes and hyper-
insulinism. Understanding how Kurp channels are gated
is fundamental to our knowledge of how they function
as metabolic sensors and how they are modulated by the
clinically relevant drugs.

Each channel subunit contains an RKR motif which
causes endoplastic reticulum (ER) retention when either
subunit is expressed alone (Fig. 1) (Zerangue et al. 1999).
Removing this motif by deleting the last 26 amino acids in
Kir6.2 (Kir6.2 A26) resultsin its surface expression (Tucker
et al. 1997; Zerangue et al. 1999). The Kir6.2A26 channels
have low intrinsic open probability (P,), are sensitive to
ATP but not activated by MgADP. The SUR/Kir6.2A26
channels show > 5-fold higher intrinsic P, with strikingly
different single-channel kinetics and the sensitivity to
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MgADP is restored (Tucker et al. 1997; Drain et al. 1998;
Chan et al. 2003).

SUR is an ATP-binding cassette (ABC) protein which
contains the typical ABC protein domain-architecture (the
core domain): two transmembrane domains (TMD1/2)
and two nucleotide-binding domains (NBD1/2) (Fig. 1)
(Croop, 1998; Dean et al. 2001). In addition, SUR contains
an N-terminal transmembrane domain (TMDO0). TMDO0 is
connected to the core domain through a cytosoliclinker LO.
We and others have shown that SUR1 associates with Kir6
predominantly through TMDO (Chan et al. 2003; Babenko
& Bryan, 2003). TMDO can be independently expressed
and associates with Kir6.2. However, the resulting complex
reaches the cell membrane inefficiently unless the RKR
motif in Kir6.2 is deleted. TMDO can alter the gating of
Kir6.2A26 (Chan et al. 2003; Babenko & Bryan, 2003).

In the absence of interacting ligands, Kurp channels
open spontaneously with intrinsic gating characterized by
bursting kinetics and a high P, (> 0.45 at —40 to —80 mV)
(Babenko et al. 1998; Drain et al. 1998; Enkvetchakul et al.
2000; Chan et al. 2003; Proks et al. 2005). SUR2A/Kir6.2
has higher P, and longer mean burst duration compared
to SUR1/Kir6.2. These differences can be explained by
the first ~290 amino acids of SUR, which includes both
TMDO0 and LO (Babenko etal. 1999). We previously showed
that SI-TMDO0/Kir6.2A26 (S is an abbreviation for SUR)
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and SUR1/Kir6.2A26 displayed very similar spontaneous
bursting kinetics and suggested that L0 and the core
domain do not contribute to intrinsic channel gating
(Chan et al. 2003).

Here, we tested the hypothesis that TM DO is sufficient to
confer the wild-type (WT) intrinsic gating to Kir6.2. This
hypothesis predicts that S2-TMD0/Kir6.2 A26 should have
a gating pattern identical to SUR2A/Kir6.2A26 but longer
bursts and higher P, compared to SI-TMDO0/Kir6.2A26.
We have performed detailed single-channel kinetic
analyses on SURI1, S1-TMDO0, SUR2A and S2-TMDO
channels under nucleotide-free conditions at —40 and
—100mV (hereafter we will refer to SUR/Kir6.2A26
and TMDO0/Kir6.2A26 as SUR and TMDO channels,
respectively). Differences in the burst and interburst
durations between TMDO and the corresponding SUR
channels were consistently found. No differences were
found between S1- and S2-TMDO0/Kir6.2A26. We further
demonstrated that in isolation even TMDO0-L0 cannot
confer the WT intrinsic gating and that swapping LO
between SUR1 and SUR2A only partially exchanges the
different burst durations between the two SUR channels.
Finally, the rate constants for a minimal kinetic model with
one open state and four closed states were determined
and used to interpret our results in a mechanistic

context.
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Figure 1. Topology of Kir6 and SUR and the octameric structure of the Karp channel complex

A, Karp channels are octameric complexes of Kir6 and SUR. Kir6 comprises two transmembrane segments (M1
and M2) flanking the selectivity filter formed by the P-loop. Both its N- and C-termini are located intracellularly.
SUR comprises TMDO, LO and the core domain. The C-terminal part of LO (denoted arbitrarily as the part after the
'x) and the core domain is homologous to a typical ABC protein made up of a cytosolic N-terminus, TMD1, NBD1,
TMD2 and NBD2. SUR associates with Kir6 predominantly through TMDO. The ER-retention sequence, the RKR
motif, is represented by the triangles. The schematic diagram at the bottom represents only the transmembrane
domains of Kir6 and SUR. B, schematic representation of various SUR constructs used in this study.
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Methods
Molecular biology and oocyte preparation

DNA coding for hamster SURI1, rat SUR2A, mouse
Kir6.2A26, the TMDO of SURI1 (comprising residues
1-195) and SUR2A (residues 1-193), and S2-TMDO0-L0
(residues 1-290) were subcloned into pGEMHE (Liman
et al. 1992). The compositions of chimeras 1-4 are
SUR1;—39,SUR2A 3911545, SUR2A|—90SUR 19351582,
SUR2A|-193SUR1196—9)SUR2A91—1545 and  SURI ;o5
SUR2A194—29()SUR1293—1532, respectively (Flg IB)
Chimeras were made by PCR and linearized plasmids
were used for in vitro transcription (Ambion). To reduce
the chance of getting homomeric Kir6.2A26 channels,
Kir6.2A26 RNA was mixed with 5- to 10-fold molar
excess of RNA coding for various SUR constructs, and the
mixtures were injected into Xenopus oocytes (stage V/VI)
which were prepared as described before (Chan et al.
2000). Briefly, female Xenopus laevis were anaesthetized
with 0.15% Tricaine (pH?7.5) for ~15min. A small
incision was cut on one side of the abdomen and several
ovarian sacs were removed. The incision was then sutured
and the animal was allowed to recover. Each animal was
used twice (once per side) and killed by an overdose of
anaesthetic. All animal procedures were in accord with the
Institutional Animal Care and Use Committe (IACUC).
Oocytes were digested with 2mgml™' collagenase
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(Worthington) in OR2 solution containing (mM): NaCl
82.5, KCl 2, MgCl, 1 and Hepes 5 (pH 7.5) for ~90 min
at room temperature (25°C).

Electrophysiology, stability plots and kinetic analysis

Axopatch 200B, Digidata 1322A and pCLAMP?9 software
(Axon) were used for patch clamping. Pipette solution
contained (mM): KCI 96, MgCl, 1, CaCl, 1.8 and Hepes
10 (pH 7.35). Bath solution contained (mM): KCl 96,
EGTA 1, EDTA 1 and Hepes 10 (pH 7.35). Inclusion of
EDTA in the bath solution reduces channel rundown (Lin
et al. 2003). Pipettes with resistances of ~3-5 M2 were
pulled from Corning 0010 soft glasses (WPI). Inside-out
patches were excised from de-vitellinized oocytes and
single-channel currents recorded at —100 or —40 mV
were filtered at 5kHz and sampled at 25 kHz. Current
records were re-filtered at 2 kHz and analysed primarily
using custom-made software and partly by Clampfit 9.
Single-channel currents were idealized by half-amplitude
threshold crossing. To construct a stability plot, the
observed mean open time, mean closed time and P,
were calculated for a moving window containing 500
contiguous openings with the window advancing 250
intervals per step (each opening is counted as an
interval). The values of these parameters were plotted
against the interval number corresponding to the centre
of the window (Fig. 2B). The presence of a long closed
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Figure 2. Long gaps are present in the single-channel recordings for SUR and TMDO0/Kir6.2A26 channels
A, representative continuous recordings containing a single active channel measured for SUR1, S1-TMDO, SUR2A
and S2-TMDO co-expressed with Kir6.2A26. Downward deflections represent channel openings here and in all
subsequent figures. Long gaps ranging from 1 to > 10 s are clearly present in these recordings. B, stability plot (see
Methods) of a single-channel recording for SUR1/Kir6.2A26. The presence of a long gap is indicated by a much
longer mean closed time (one peak in the closed time plot is out of scale) and results in a large drop in P, in the

stability plot.
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time (also referred to as long gap) causes a large P, drop
in the stability plot. The dashed line shown in Fig.2B
roughly indicates the average P, if there were no long gaps.
Only stable continuous segments longer than 1 min with
no obvious rundown (i.e. drop in the dashed line) were
included in the kinetic analyses.

The closed- and open-time distributions of each selected
stable recording were fitted to mixtures of exponentials
by unbinned maximum likelihood (ML; Colquhoun et al.
1995). Improvement by inclusion of an extra exponential
component was judged significant if the increase in the
log-likelihood (ALL) was >3 (for our typical event
numbers of 10*-~10°, this ALL cutoff corresponds to a P
value of ~0.05; Csanady, 2006). Model fitting was done
by simultaneous binned ML fitting of the closed- and
the open-time distributions using an algorithm which
accounts for the effect of missed events due to limited
bandwidth (Csanady, 2000). For these fits, an artificial dead
time of 0.14 ms was imposed retrospectively on the events
lists.

Nomenclature and calculation of burst parameters

Single-channel recordings revealed characteristic bursting
kinetics (Figs 2 and 3). Channel openings occur in bursts
that are separated by interburst closures. A large number of
bursts occur in clusters separated by infrequent long gaps.
For most recordings and for all channel types the open-and
closed-time distributions could be fitted by one and four
exponentials (Table S1 of Supplemental Material); T and
a are the time constant and the fractional contribution

2.87 + 0.09 pA
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of the i closed time component, respectively; T, obs is
the observed mean open time. Because the filter dead
time (tq & 0.09 ms) is comparable to the time constant
of the shortest closed-time component (7. is ~0.2 and
0.3 ms at —40 and —100 mV, respectively), and because
the latter component typically contributes > 95% of all
closed events, a large fraction (25-35%) of all channel
closures remains undetected. Therefore, 7, o5 is spuriously
long. The true mean open time (t,), which would be
observed if all closures were detected, is given by t, =
To.obs€ /T (Davies et al. 1992; also see Supplemental
Material). (Distortion of the closed-time distribution by
omission of brief openings is neglected, as typically only
5-8% of all open events remains undetected.) The number
of channel closures within a burst (N), the burst duration
(t1) and the interburst duration (zj,) were calculated as
follows.

dc dc
N = = 1
(acl + dcs + ac4) 1— dci ( )
Tp = (N + 1)":0 + Ntcl (2)
AT + AT
T = =2 TS (3)
ae + dg

Two alternative kinetic schemes with one open (O)
state and several closed (C) states were explored (see
Discussion). Scheme 1 is a model with one complex slow
gate (represented by states C,—C,) and a separate fast gate
(represented by state C;), while Scheme 2 is a tetrameric
model with four independent binary slow gates (with
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Figure 3. Representative segments of single-channel recordings where long gaps are absent

Stable segments at —40 (shown on left) and —100 mV (right) are shown for each channel type. The total length of
each displayed segment is 0.5 s. The single-channel current amplitudes were evaluated from all-points histograms
and are indicated below each recorded segment. The single-channel chord conductance (y) for each channel is

~70 pS at either membrane potential.
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Table 1. Single-channel parameters measured at —40 and —100 mV

SUR1 S1-TMDO SUR2A S2-TMDO S2-TMDO-LO
Po 0.77 £ 0.03 0.71+0.03 0.87 +0.02 0.65+0.03 0.72 +0.03
(0.57 £0.02) (0.52 £ 0.03) (0.61 £0.03) (0.49 +£0.03)
71 (ms) 0.19 4+ 0.004 0.20 + 0.007 0.19+0.010 0.20 4 0.004 0.22 £+ 0.003
(0.33+£0.01) (0.32 £ 0.01) (0.30 £0.01) (0.31+£0.01)
72 (ms) 2.34+0.27 1.52 +0.08 1.80 4+ 0.20 1.86 +0.18 1.80+0.12
(4.98 £ 0.34) (1.93 £ 0.15) (6.66 + 0.67) (2.04 £0.15)
73 (ms) 15.05 + 3.38 9.64 +1.79 12.11 £ 2.75 8.67 +0.73 10.21 £ 0.87
(21.39 £ 1.27) (19.30 £ 0.98) (19.92 £ 1.25) (15.62 £+ 1.02)
Tca (MS) 1753 £ 602 1223 + 196 1601 + 630 1600 + 360 1540 + 372
(2353 + 650) (1960 + 411) (4456 + 1778) (2743 £ 506)
ac1 (%) 97.66 £0.32 93.17 £0.70 99.51 £0.08 93.35+0.47 95.87 £0.19
(96.80 + 0.31) (93.88 £ 0.39) (97.91 £ 0.20) (94.04 £ 0.37)
aq (%) 1.56 +0.18 6.10 £ 0.62 0.35 £+ 0.07 5.38 +£0.43 3.51+0.14
(1.89 £0.19) (4.24 £0.37) (1.19 £ 0.08) (3.91+£0.31)
ac (%) 0.76 £ 0.17 0.71+0.11 0.14+0.04 1.24+0.16 0.59+0.14
(1.31+£0.18) (1.86 £ 0.13) (0.89 £0.16) (2.04 £0.20)
aca (%) 0.026 £0.010 0.023 £ 0.005 0.006 + 0.003 0.035 £ 0.007 0.033 £ 0.006
(0.009 + 0.003) (0.019 £ 0.004) (0.006 + 0.002) (0.019 £ 0.003)
7o (Ms) 1.51 £0.05 1.33+£0.08 1.52 £0.09 1.44 £ 0.06 1.81+£0.03
(0.98 +0.02) (1.05 £+ 0.04) (0.93 £0.02) (0.93 +£0.03)
Tip (Ms) 5.30 +0.58 2.30 +£0.17 3.96 +0.43 3.18+0.33 2.97 £0.31
(11.46 £ 0.77) (7.47 £ 0.51) (11.79 £ 0.55) (6.95 £ 0.70)
N 48.49 +£4.72 15.61 £ 2.03 230.04 £ 27.68 152+ 14 239+ 1.1
(33.64 £ 3.23) (16.23 £ 0.96) (51.18 £ 3.71) (16.73 £ 0.99)
7p (Ms) 84.96 + 8.90 25.13 £ 3.56 388.85 £+ 45.02 26.62 + 2.85 50.59 + 2.46
(45.39 + 4.54) (23.49 £ 1.71) (64.92 £+ 5.53) (21.93 £ 1.47)
n 12 (13) 11 (16) 8 (13) 13 (17) 16

7 and ag, the time constant and the fractional contribution of the

ith

closed time component, respectively; 7y,

burst duration; t;,, interburst dutration; z,, true mean open time; N, number of channel closures within a burst; P,
open probability; n, number of recordings used for the analyses; values are given as mean =+ s.e.m. Values measured
at —40 mV are not in parentheses; values measured at —100 mV are in parentheses.

opening rate 8 and closing rate «), as well as a separate

channels obtained at —40mV. SUR/Kir6.2A26 was

common fast gate (Cy).
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(Scheme 1)
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Results

Presence of long gaps in the TMDO and
SUR/Kir6.2A26 single-channel recordings

Figure 2A shows > 1 min of representative single-channel
recordings for SUR1, SI-TMDO, SUR2A and S2-TMDO

© 2006 The Authors. Journal compilation © 2006 The Physiological Society

inactive under cell-attached configuration (data not
shown) and bursting activity appeared after the
patches were excised into the ATP-free bath solution
(Fig. 2A). On the other hand, on-cell patches containing
TMDO/Kir6.2A26 were already active with low P,
(data not shown) which increased after patch excision.
This difference reflects the higher ATP sensitivity
of SUR/Kir6.2A26 (the half maximal inhibitory ATP
concentration (ICsparp))) for SURI and S1-TMDO
channels are ~10 and 300 uMm, respectively; Chan et al.
2003]). In each recording, channel openings appear in
bursts which group to form clusters. Adjacent clusters are
separated by a long gap during which the channel stays
closed (mean long gaps are ~1-2s; see T4 in Table 1).
Although a long gap causes a sharp drop in P, in the
stability plot (Fig.2B), the P, usually recovers to its pre-
vious level afterwards, indicating that the long gap is not
the result of rundown. Long gaps have also been reported
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for SUR1/Kir6.2 but were not analysed (Enkvetchakul et al.
2000). Here, they are considered as part of the intrinsic
gating.

TMDO can confer most but not all of the intrinsic
bursting kinetics to Kir6.2A26

Figure 3 shows, on an expanded time scale, segments
of single-channel recordings in which no long gaps
occur. At —40 mV, the single-channel chord conductance
(y) of each channel type is ~70pS. The closed- and
open-time distributions from each group were best
fitted with four (r.-7) and one (7, ps) exponentials,
respectively (Fig. 4; also see Methods for calculating 7,
from 7, ops). The time constants t; and t, for each group
are similar (~0.2 and ~1.4 ms, respectively), reflecting
similar intraburst kinetics (Table 1 and Fig.1 of the
Supplemental Material). To compare burst kinetics, N,
7y, and Ty, were calculated according to eqns (1-3). Ty
was ~3-fold smaller for SI-TMDO0 channels compared
to SUR1 channels, and ~15-fold smaller for S2-TMDO0
channels compared to SUR2A channels (Tablel1). ty
was consistently shorter for TMDO0/Kir6.2A26 compared
to the corresponding SUR/Kir6.2A26. The fractional
contribution of the intercluster closure (a.) was smaller
and the P, was larger for SUR2A than for S2-TMDO
channels (Table 1). Despite these differences, the intrinsic
gating patterns of TMDO/Kir6.2 A26 were still very similar
to their corresponding SUR channels and visually different
from the pattern of homomeric Kir6.2A26 channels (P,

K. Fang and others
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for Kir6.2A26 is ~0.1-0.15; Drain et al. 1998; Chan et al.
2003). Concerning the two TMDO channels, we found
no significant differences between their single-channel
kinetics. On the other hand, SUR1/Kir6.2A26 clearly had
shorter 7, compared to SUR2A/Kir6.2A26, without a
significant difference between their P,. Taken together,
these results indicate that the TMDO from SURI and
SUR2A are functionally equivalent and can confer most
but not all the WT intrinsic gating pattern to Kir6.2A26.

Voltage dependence of intraburst and burst
transitions

In order to study the effect of membrane potential on
single-channel kinetics, we also performed single-channel
recordings on all four channel types at —100 mV. The
single-channel parameters are summarized in Table 1 and
Fig. 2 of Supplemental Material. For each group, when the
holding potential was changed from —40 to —100 mV, the
current amplitude changed from ~3 to ~7 pA but the
single-channel y remained the same (~70pS) (Fig. 3).
Although the closed- and open-time distributions were
still best fitted with four and one exponentials, respectively,
T—Tq were all longer but t, was shorter at —100 mV,
which resulted in a substantial decrease in the P, (from
0.7-0.9 to 0.5-0.6). The voltage dependence of the intra-
burst kinetics, reflected by the changes in t; and 7,, is one
of the hallmarks of Karp channels (Alekseev et al. 1997;
Benz et al. 1998; Babenko et al. 1998). It is interesting
to note that we found that the burst kinetics also exhibit
voltage dependence. For each group, ty, was shorter, 7y,

SUR1/Kir6.2A26 S1-TMDO/Kir6.2A26 SUR2A/Kir6.2A26 S2-TMDO/Kir6.2A26
N (-40 mV)
100 70 70 100
t(ms)  a(%) 60 T(ms)  a,(%) 60 T(ms) a (%) Ti(ms)  a,(%)
80 d 0.18 97.85 50 0.22 9353 50 i 0.20 99.07 80 019 9443
Y 2.44  1.65 1.78 5.55 3.05 0.78 1.26 3.62
60 1815  0.48 40 10.57 8-37 40 | 2014  0.13 60 134;-;‘1‘ 1.93
40 | 1841.24  0.02 30 | 1320.88 .05 30 \1548.56  0.02 20 i : 0.03
20
20 10 g 20
0 a 0 hfsme e o 0 ap——
0 2 4 6 8 10 -2 0 2 4 6 8 10 2 0 2 4 6 8 10
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JN .
70 71:0'“3:2_31 ms; 1,=1.40 ms 50 71:0’0bs=2.31 ms; 1,=1.53 ms 50 7To,obs=2'61 ms; 1,=1.66 ms 60 7To,obs:2'18 ms; 1,=1.36 ms
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Figure 4. Dwell-time histograms for SUR1, S1-TMDO, SUR2A and $S2-TMDO channels
Histograms of closed times (A) and open times (B) were fitted with four and one exponentials, respectively. Data
were obtained at —40 mV. The time constants for the exponential components are indicated in each plot.

© 2006 The Authors. Journal compilation © 2006 The Physiological Society



J Physiol 576.2

was longer, and the mean intercluster closed time (74)
was also longer at —100 mV.

The differences between TMDO and the corresponding
SUR channels, or between SUR1 and SUR2A channels,
shown at —40mV, were also observed at —100 mV.
However, at —100 mV the differences in 7|, were noticeably
smaller than at —40 mV. It is important to note that, as
observed at —40 mV, no significant differences between
the two TMDO channels were found at —100 mV.

Both LO and the core domain participate in
determining the intrinsic gating of Kir6.2A26

As the TMDO-L0 domain is sufficient for determining the
different gating patterns in channels containing full-length
SUR1 or SUR2A (Babenko et al. 1999b), we tested whether
the isolated TMDO0-L0O domain can confer WT intrinsic
channel gating. Therefore, we compared the intrinsic
gating of S2-TMDO0-L0/Kir6.2A26 to the S2-TMDO and
the SUR2A channels at —40 mV. Most single-channel
parameters of S2-TMDO0-LO channels, including P,,
a.q—a., and T, were somewhat in between those of
S2-TMDO0 and SUR2A channels (Table 1). In particular,
7, for S2-TMDO-LO channels was significantly longer
(~2-fold) compared to that of S2-TMDO channels but
~8-fold shorter compared to that of the SUR2A channels.
These data indicate that the presence of both L0 and the
core domain are required for WT intrinsic channel gating.

Next, we tested whether transplanting just L0 from
SUR2A to SURI, or vice versa, can result in the acquisition
of the intrinsic gating corresponding to the donor channel.
We first made chimeras similar to those used in a
previous study (Babenko et al. 1999) in which the entire
TMDO0-L0 domains were swapped between SURI1 and
SUR2A (chimeras 1 and 2). We then made chimeras 3 and
4, in which only L0 was swapped between the two SUR
(Fig. 1B). Each chimera was co-expressed with Kir6.2A26
and single-channel recordings were obtained at —40 mV.
All the single-channel parameters are summarized in
Table S2 in the Supplemental Material. As we did not
observe differences in the P, between the two SUR
channels, we focused on comparing 7y, of the chimeras
to those of the SUR1 and SUR2A channels. With the
TMDO-LO from SURI in a SUR2A background, 7, of
chimera 1 (4 Kir6.2A26; 140.37 4= 40.45 ms, n=4) was
not significantly different from that of SUR1/Kir6.2A26
(84.96 & 8.90 ms, n=12). Similarly, with the TMDO0-LO
from SUR2A in a SURI background, 7, of chimera
2 (307.56 £48.47 ms, n=4) was very similar to that
of SUR2A/Kir6.2A26 (388.85 £ 45.02 ms, n=8). These
data confirm that TMDO-LO contains all the structural
elements for determining the difference in 71, between
SUR1/Kir6.2A26 and SUR2A/Kir6.2A26. When only L0
from SURI was transplanted into a SUR2A background
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(chimera3), Ty, (234.55 + 37.34 ms, n = 4) became smaller
than that of SUR2A/Kir6.2A26 but was still larger than
that of SUR1/Kir6.2A26. Chimera 4, the reverse chimera,
also had a 1}, value (251.32 £ 58.43 ms, n="7) between
those of the two SUR channels. These data indicate that
transplanting LO only partially transfers the burst duration
characteristic of the donor channel.

Fits to a gating model provide mechanistic
explanation of the observed gating patterns

Whereas fitting of the dwell-time histograms by sums
of exponentials offers a detailed description which does
not depend on any assumptions about a gating model,
this approach yields limited mechanistic information.
We therefore looked for a suitable model and identified
Scheme 1 (see Methods) as the minimal model required for
describing our data (see Discussion for choice of a gating
model). Thus, we obtained ML fits to Scheme 1 to learn
how the rate constants depend on channel structure and
membrane potential. In Scheme 1, state C; accounts for the
brief intraburst closure, C, and C; for interburst closures,
and C, for the long gap. Accordingly, rates ko; and ko
describe intraburst kinetics, whereas the other rates govern
the slow gating process. Figure 5 summarizes the obtained
rate estimates for all constructs and for both membrane
potentials studied (see also Table S3 in the Supplemental
Material).

Regarding voltage dependence, the following three
observations can be made. (1) Slowing of ko; and
acceleration of kjo upon depolarization (Fig.5A-D)
explain the observed voltage dependence of 7, and 7,
respectively (Table 1). The magnitude of these rates was
identical for all nine channel constructs (Fig.5A-E).
(2) Depolarization strongly reduced ko, for SURI/
Kir6.2A26 (Fig.5A), and even more so for
SUR2A/Kir6.2A26 (Fig.5B). Because N is equal to
koi/ko,, and burst duration is proportional to N, this
voltage dependence of ko, accounts for much of the
observed prolongation of 7}, upon depolarization for the
SUR channels. The virtual absence of voltage dependence
of ko, for the TMDO channels explains the small effect
of voltage on their 7},. (3) ks4 increased by 5- to 8-fold
upon depolarization for both SUR and TMDO channels
(Fig. 5A-D). As ks, determines the frequency of access
to Cy, the closed state accounting for the long gap,
this observation predicts a larger fractional amplitude
aq at depolarized voltages. This prediction is mostly
verified in Table 1, although statistical significance was
not necessarily achieved because of the large variation in
the fitted values of a.4.

The characteristic differences between the bursting
patterns of SUR1/Kir6.2A26 and SUR2A/Kir6.2A26 are
explained by the striking difference of a single rate,
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koa, which was found to be much slower for the latter
channel (Fig.5A and B). This explains the differences
in N and 7, between the two SUR channels (Table 1).
When comparing the two TMDO channels to the SUR
channels, two rates were found largely altered at both
voltages: both ko, and k,o were large in these constructs
(Fig. 5C and D). The large value of ko, accounts for the
smaller N and t}, values, whereas the large k)0 explains
the shorter t., of the TMDO channels relative to WT
(Table 1). Among the chimeric channels, ko, was the only
rate that showed significant variation (Fig. 5E), rendering
chimera 1 similar to SUR1/Kir6.2A26 (Fig. 5A, —40 mV)
and chimera 2 similar to SUR2A/Kir6.2A26 (Fig.5B,
—40mV). For chimeras 3 and 4, their ko, values were
intermediate. The rate constants for S2-TMDO0-L0
channels are almost identical to those of S2-TMDO0
channels, except for ko, which is approximately halved
thereby inreasing t, by ~2-fold.

K. Fang and others
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Discussion
SUR structure determines the pattern of gating

In agreement with previous studies, our data confirm that
7, for SUR2A/Kir6.2 is larger than that of SUR1/Kir6.2.
However, the difference we observed is smaller than the
difference that has been reported previously (also at
—40 mV), mainly because the 7}, for SUR1/Kir6.2A26
reported here is larger (~85 ms versus < 30 ms) (Babenko
et al. 1999b). This discrepancy cannot be explained by
the different Kir6.2 constructs that were used (Kir6.2A26,
in this study, versus Kir6.2), because we obtained similar
7y, values for SUR1/Kir6.2A26 and SURI1/Kir6.2 at
—100mV (Yang et al. 2005). In addition, we found
no significant difference in the P, of the SURI and
SUR2A channels, unlike the reported P, values (~0.6 and
0.9 for SUR1 and SUR2A/Kir6.2, respectively) (Babenko
et al. 1999b). The reasons for these differences may be

A SURT C 18 o 1209 3316, o 602 ~
-40 mv 4T20 37868 2131 5279]
-100 mV 1.1 C 74.58 153.3 982.5 C
4fo6] 73 s50 2[2047] ~ [32a4] !
B sur2a C 2. o 13, o 3726 630.6
-40 mvV 4T85 37743 2[2pm 5452
100 mV C 1.2 C 90.7 C 127.2 1040
492 3 460 2[210° [3572] 1
C s1-TMDO
C 1.1 C 123.6 C 595.3*
-40 mv 4760 37439 T2 439" 5062
100 mV C 1.1 C 75.6 C 443.3
4T07] 3 1583 2 555 3342
D s2-mvpo 15 C 143.4 C 477.9* O C
-40 mv 452 3713 T2 408 5184
100 mV 0.9 C 99.4 C 388.7* ! C
4730 3 4337 2 Tsg5* 'i
1.6 131.0 321.5 537.9
- C C C C
Chimera 1 4737 34152 2 o1 4495 1
1.0 121.8 354.0 555.5
Chimera 2 C c C C
! 4738 21095 2 32 5398 |
N
[ ) 1.4 102.5 274.2 541.4
Q Chimera 3 C4 46 Ca. 78.1 Cz 43 5270 C1 Figure 5. Summary of rate constants for kinetic
- Scheme 1
. 16 134.1 324.3 548.6 Rate constants (in s—') were obtained for each channel
Chimera 4 C4 w C3 5o 02 . 5004 C1 construct by fitting our single-channel data to
) ) : Scheme 1 (see Methods) at both —100 and —40 mV.
Boxes mark rate constants that were found to be
. : . 11.7 . ) .
S2-TMDO-LO C 1.6 C 125.3 5515 3 G voltage dependent; asterisks identify rate constants that
47 g2 3 662 2 218 4669 1

greatly differed for different SUR constructs.
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attributed to the different expression systems (COSm6 cells
versus Xenopus oocytes), different species-specific channel
subunits (human SUR and Kir6.2 used by Babenko et al.
(1999b)) and the different ways to analyse the data.
Nevertheless, our data indicate that 1}, rather than the
P,, is the most reliable parameter to distinguish between
the recombinant pancreatic and cardiac Karp channels.

The two TMDO channels were consistently found to
have shorter 7y, and 7;, values compared to the SUR
channels. One possible reason for this is that the structure
of TMDO is slightly altered when it is detached from
SUR. Even so, this cannot be the sole explanation because
the two TMDO channels have identical intrinsic gating at
both —40 and —100 mV. Therefore, although in terms
of gating pattern TMDO/Kir6.2A26 channels are much
closer to the SUR/Kir6.2A26 channels than to Kir6.2A26
alone, TMDO cannot completely confer the WT intrinsic
gating to Kir6.2A26. We emphasize that the two TMDO0
have identical gating effects on Kir6.2A26 only after they
have been detached from the SUR molecules (see below).
By characterizing the S2-TMDO0-L0 channels, we further
demonstrated that even TMDO0-L0, when expressed in iso-
lation, cannot confer the WT gating to Kir6.2A26. Our
studies on chimera 1-4 channels indicate that whereas
swapping TMDO-LO between SURI and SUR2A can
exchange their different gating patterns (t},), swapping LO
alone only results in partial exchange of t,. One possibility
for this is that the gating effect of L0 on Kir6.2 depends on
whether it is connected to S1- or S2-TMDO. Alternatively,
the gating effect of TMDO may depend on whether it is
connected to S1- or S2-L0. In either case, interaction must
exist between TMDO and L0. Taken together, we conclude
that in addition to TMDO and L0, the presence of the core
domain is also required for WT intrinsic channel gating.
However, the unique gating patterns of SUR1/Kir6.2 versus
SUR2A/Kir6.2 are defined co-operatively by TMDO and
L0, rather than by the identity of the core domain.

Voltage dependence of both intraburst and burst
kinetics

The kinetic parameters obtained at —40 and —100 mV
confirmed the previously demonstrated voltage
dependence of the intraburst kinetics (to and )
(Alekseev et al. 1997; Benz et al. 1998; Babenko et al.
1998). It has not been reported whether the other time
constants also show voltage dependence. Here, we found
that depolarizing the membrane also led to a decrease
in T,—Tqy. As a result, 7y, is longer but 7y, and t 4 are
shorter. It has been demonstrated that Kir channels have
a fast gate close to the selectivity filter controlling the
intraburst kinetics and a slow gate near the end of M2
controlling the burst kinetics (Loussouarn et al. 2000,
2002; Proks et al. 2001). Our data indicate that a decrease
in the electrical field leads to the increase in the stability
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of both gates in the open conformations. As ATP inhibits
Karp channels by acting on the slow gate (Loussouarn
et al. 2002), we tested whether the voltage dependence
of the slow gate affects the ATP sensitivity. We could not
detect any significant difference between the ICsyarp) at
—40 (29.24+1.9 um) and at —100mV (32.5+ 1.5 um)
for SUR2A/Kir6.2A26 (Fig. 2 of Supplemental Material).
Further investigations are needed to elucidate the under-
lying molecular mechanisms for the voltage-dependence
of both the fast and slow gates.

Choice of a gating model and its structural
interpretation

Our choice of a gating scheme (Scheme 1) was based on
the following considerations. As the fast and the slow gates
are physically distinct, it is plausible to assign the intra-
burst flicker to a closed state (C;) separated from the
interburst closed state(s), with the two types of closure
communicating only through the open state. Interburst
closures revealed three distinct components requiring the
presence of at least three such states (C,—C,). The simple
linear arrangement of these three states is somewhat
arbitrary, but can be rationalized considering the 4-fold
structural symmetry of these channels. Thus, each sub-
unit in the tetramer could possess a simple binary slow
gate and the channel opens only if all four slow gates are
in the active conformation. Then, C,, C; and C; could
correspond to channels with one, two and three slow gates
in the inactive state, respectively. An additional state Cs,
with all four slow gates inactive, might be accessed too

SUR1/Kir6.2A26

JN JN
100 60 |
50 | AN
40 1
30 1
20 1
10 |

. 0
6 8 10 3-2-101 2 3 4
In(open time)

2 0 2 4
In(closed time)

Figure 6. Model fits superimposed on the dwell-time
histograms for a SUR1 channel

Open- (shown on the right) and closed-time histograms (left) for a
SUR1 channel, obtained at —40 mV. The solid and dotted lines were
generated by fitting the data to Scheme 1 and Scheme 2, respectively
(see Methods). ALL is the log-likelihood (LL) for fitting to Scheme 1
minus the LL for fitting to Scheme 2. The mean ALL =+ s.e.m. and the
number of experiments (n) are shown in parentheses. The two
schemes produced very similar fits to the open-time histograms and
the two fitted lines are indistinguishable from each other. Similar
results were obtained for other channel types (data not shown).
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infrequently to be observed in our recordings. Such a
model, with four identical and independent subunits has
been proposed (Scheme 2, see Methods) (Enkvetchakul
et al. 2000). We initially fitted our data to Scheme 2 with
rates «, 8, koy and kjo left unconstrained. However,
even the best fits provided visually bad descriptions of
the closed-time distributions (Fig. 6). We then released
the linear constraints between the parameters describing
the slow gate in Scheme 2. ML fits to this new scheme
(Scheme 1, state Cs was neglected) consistently yielded
much larger LL values (relative to Scheme?2, mean
ALL =960 £ 97 units; n=139), indicating Scheme 1 is
a better model for describing the intrinsic gating of Karp
channels. Therefore, even if the overall structural inter-
pretation of states C,—Cs in Scheme 2 is correct, the four
slow gates are unlikely to be independent.

Scheme 1 provided reasonable explanations for the
effects on gating of SUR structure and membrane voltage.
In particular, the different gating patterns of the various
constructs resulted mainly from variations of rate ko,
which governs the stability of the open burst state (Fig. 5).
Itis interesting that although ko, was increased by ~3-fold
for the TMDO constructs at —100 mV, at this voltage
the equilibrium constant K,o was very similar for both
TMDO and both WT channels (0.19, 0.17, 0.13 and 0.15,
for channels formed with SUR1, SUR2A, S1-TMDO0 and
S$2-TMDO, respectively). Thus, in the TMDO channels the
relative stability (free energy) of state O relative to state
C, is unaltered, but the height of the free energy barrier
separating them is decreased by ~1 kT.

Conclusion

SUR is the only ABC protein known to function
as an accessory regulatory subunit of a potassium
channel. However, it is not clear how SUR, with all the
characteristics of an ABC protein, interacts with Kir6. The
unique structural elements found in SUR but not found
in most ABC proteins, which include TMDO and part of
L0, offer a glimpse of how SUR interacts with the Kir6
subunit. We have shown here that both these atypical
ABC domains define the unique intrinsic gating of the
SUR/Kir6.2 channels in a co-operative manner. It remains
to be elucidated whether, and if so how, these unique
structures relay the conformational changes initiated from
the typical ABC domains to the channel gate.

References

Aguilar-Bryan L & Bryan J (1999). Molecular biology of
adenosine triphosphate-sensitive potassium channels.
Endocr Rev 20, 101-135.

Alekseev AE, Kennedy ME, Navarro B & Terzic A (1997). Burst
kinetics of co-expressed Kir6.2/SURI1 clones: comparison of
recombinant with native ATP-sensitive K™ channel behavior.
J Membr Biol 159, 161-168.

J Physiol 576.2

Ashcroft FM (2005). ATP-sensitive potassium channelopathies:
focus on insulin secretion. J Clin Invest 115, 2047-2058.

Babenko AP & Bryan J (2003). Sur domains that associate with
and gate Karp pores define a novel gatekeeper. ] Biol Chem
278, 41577-41580.

Babenko AP, Gonzalez G, Aguilar-Bryan L & Bryan J (1998).
Reconstituted human cardiac Karp channels: functional
identity with the native channels from the sarcolemma of
human ventricular cells. Circ Res 83, 1132—1143.

Babenko AP, Gonzalez G & Bryan ] (1999). Two regions of
sulfonylurea receptor specify the spontaneous bursting and
ATP inhibition of Kap channel isoforms. J Biol Chem 274,
11587-11592.

Benz I, Haverkampf K & Kohlhardt M (1998). Characterization
of the driving force as a modulator of gating in cardiac
ATP-sensitive K channels — evidence for specific elementary
properties. ] Membr Biol 165, 45-52.

Bienengraeber M, Olson TM, Selivanov VA, Kathmann EC,
O’Cochlain F, Gao F et al. (2004). ABCC9 mutations
identified in human dilated cardiomyopathy disrupt catalytic
Karp channel gating. Nat Genet 36, 382—387.

Chan KW, Csanady L, Seto-Young D, Nairn AC & Gadsby DC
(2000). Severed molecules functionally define the
boundaries of the cystic fibrosis transmembrane
conductance regulator’s NH,-terminal nucleotide binding
domain. J Gen Physiol 116, 163—180.

Chan KW, Zhang H & Logothetis DE (2003). N-terminal
transmembrane domain of the SUR controls trafficking and
gating of Kir6 channel subunits. EMBO ] 22, 3833-3843.

Colquhoun D & Sigworth FJ (1995). Fitting and statistical
analysis of single-channel records. In Single Channel
Recording, ed.Sakmann B & Neher E, pp. 483-585. Plenum
Press, New York.

Croop JM (1998). Evolutionary relationships among ABC
transporters. Methods Enzymol 292, 101-116.

Csanady L (2000). Rapid kinetic analysis of multichannel
records by a simultaneous fit to all dwell-time histograms.
Biophys ] 78, 785-799.

Csanady L (2006). Statistical evaluation of ion-channel gating
models based on distributions of log-likelihood ratios.
Biophys ] 90, 3523-3545.

Davies NW, Standen NB & Stanfield PR (1992). The effect of
intracellular pH on ATP-dependent potassium channels of
frog skeletal muscle. J Physiol 445, 549-568.

Dean M, Rzhetsky A & Allikmets R (2001). The human
ATP-binding cassette (ABC) transporter superfamily.
Genome Res 11, 1156—-1166.

Drain P, Li L & Wang J (1998). Karp channel inhibition by ATP
requires distinct functional domains of the cytoplasmic C
terminus of the pore-forming subunit. Proc Natl Acad Sci U S
A 95, 13953-13958.

Enkvetchakul D, Loussouarn G, Makhina E, Shyng SL &
Nichols CG (2000). The kinetic and physical basis of Karp
channel gating: toward a unified molecular understanding.
Biophys ] 78, 2334-2348.

Gumina RJ, Pucar D, Bast P, Hodgson DM, Kurtz CE, Dzeja
PP, Miki T, Seino S & Terzic A (2003). Knockout of Kir6.2
negates ischemic preconditioning-induced protection of
myocardial energetics. Am ] Physiol Heart Circ Physiol 284,
H2106-H2113.

© 2006 The Authors. Journal compilation © 2006 The Physiological Society



J Physiol 576.2

Inagaki N, Gonoi T, Clement JP, Wang CZ, Aguilar-Bryan L,
Bryan ] & Seino S (1996). A family of sulfonylurea receptors
determines the pharmacological properties of ATP-sensitive
K* channels. Neuron 16, 1011-1017.

Liman ER, Tytgat ] & Hess P (1992). Subunit stoichiometry of a
mammalian K* channel determined by construction of
multimeric cDNAs. Neuron 9, 861-871.

Lin YW, Jia T, Weinsoft AM & Shyng SL (2003). Stabilization of
the activity of ATP-sensitive potassium channels by ion pairs
formed between adjacent Kir6.2 subunits. ] Gen Physiol 122,
225-237.

Loussouarn G, Makhina EN, Rose T & Nichols CG (2000).
Structure and dynamics of the pore of inwardly rectifying
Karp channels. J Biol Chem 275, 1137—-1144.

Loussouarn G, Rose T & Nichols CG (2002). Structural basis of
inward rectifying potassium channel gating. Trends
Cardiovasc Med 12, 253-258.

Miki T, Suzuki M, Shibasaki T, Uemura H, Sato T, Yamaguchi
K, Koseki H, Iwanaga T, Nakaya H & Seino S (2002). Mouse
model of Prinzmetal angina by disruption of the inward
rectifier Kir6.1. Nat Med 8, 466—472.

Proks P, Capener CE, Jones P & Ashcroft FM (2001). Mutations
within the P-loop of Kir6.2 modulate the intraburst kinetics
of the ATP-sensitive potassium channel. ] Gen Physiol 118,
341-353.

Proks P, Girard C, Haider S, Gloyn AL, Hattersley AT, Sansom
MS & Ashcroft FM (2005). A gating mutation at the internal
mouth of the Kir6.2 pore is associated with DEND
syndrome. EMBO Report 6, 470-475.

Tucker SJ, Gribble FM, Zhao C, Trapp S & Ashcroft FM (1997).
Truncation of Kir6.2 produces ATP-sensitive K™ channels in
the absence of the sulphonylurea receptor. Nature 387,
179-183.

Yamada K, JiJJ, Yuan H, Miki T, Sato S, Horimoto N, Shimizu
T, Seino S & Inagaki N (2001). Protective role of
ATP-sensitive potassium channels in hypoxia-induced
generalized seizure. Science 292, 1543—1546.

Yang K, Fang K, Fromondi L & Chan KW (2005). Low
temperature completely rescues the function of two
misfolded Karp channel disease-mutants. FEBS Lett 579,
4113-4118.

© 2006 The Authors. Journal compilation © 2006 The Physiological Society

Determinants of intrinsic gating in the SUR subunit of Kxrp channels 389

Zerangue N, Schwappach B, Jan YN & Jan LY (1999). A new ER
trafficking signal regulates the subunit stoichiometry of
plasma membrane Karp channels. Neuron 22, 537-548.

Acknowledgements

We thank Dr K. Yang and K. Davis for helping with molecular
biology and oocyte preparation, Dr S.W. Jones for insightful
discussion, Dr J. Bryan for the hamster SUR1 and Dr S. Seino for
the rat SUR2A and the mouse Kir6.2. This work was supported
by a National Institutes of Health grant awarded to K.W.C. (R01
DK60104).

Supplemental material

The online version of this paper can be accessed at:

DOI: 10.1113/jphysiol.2006.112748
http://jp.physoc.org/cgi/content/full/jphysiol.2006.112748/DC1
and contains supplemental material consisting of text entitled:
How to derive the relationship between 7, and 7 obs?

and the following figures and tables:

Figure S1. Bar charts comparing various selected single-channel
parameters for the SUR and TMDO channels obtained at —40 mV

Figure S2. Bar charts comparing various selected single-channel
parameters for the SUR and TMDO channels obtained at
—100 mV

Figure S3. No detectable voltage dependence of ATP inhibition

Table S1. Number of SUR/Kir6.2A26 recording whose closed
times were best fitted with 3-5 exponentials

Table S2. Single channel parameters for chimera/Kir6.2A26
measured at —40 mv

Table S3. Rate constants for studied channels (+ Kir6.2A26)
This material can also be found as part of the full-text HTML

version available from
http://www.blackwell-synergy.com



