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abstract

 

ATP-sensitive potassium (K

 

ATP

 

) channels are formed by the coassembly of four Kir6.2 subunits and
four sulfonylurea receptor subunits (SUR). The cytoplasmic domains of Kir6.2 mediate channel gating by ATP,
which closes the channel, and membrane phosphoinositides, which stabilize the open channel. Little is known,
however, about the tertiary or quaternary structures of the domains that are responsible for these interactions.
Here, we report that an ion pair between glutamate 229 and arginine 314 in the intracellular COOH terminus of
Kir6.2 is critical for maintaining channel activity. Mutation of either residue to alanine induces inactivation,
whereas charge reversal at positions 229 and 314 (E229R/R314E) abolishes inactivation and restores the wild-type
channel phenotype. The close proximity of these two residues is demonstrated by disulfide bond formation be-
tween cysteine residues introduced at the two positions (E229C/R314C); disulfide bond formation abolishes inac-
tivation and stabilizes the current. Using Kir6.2 tandem dimer constructs, we provide evidence that the ion pair
likely forms by residues from two adjacent Kir6.2 subunits. We propose that the E229/R314 intersubunit ion pairs
may contribute to a structural framework that facilitates the ability of other positively charged residues to interact
with membrane phosphoinositides. Glutamate and arginine residues are found at homologous positions in many
inward rectifier subunits, including the G-protein–activated inwardly rectifying potassium channel (GIRK), whose
cytoplasmic domain structure has recently been solved. In the GIRK structure, the E229- and R314-corresponding
residues are oriented in opposite directions in a single subunit such that in the tetramer model, the E229 equiva-
lent residue from one subunit is in close proximity of the R314 equivalent residue from the adjacent subunit. The
structure lends support to our findings in Kir6.2, and raises the possibility that a homologous ion pair may be in-
volved in the gating of GIRKs.
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I N T R O D U C T I O N

 

Currents through inwardly rectifying potassium (Kir)
channels are important determinants of the resting
membrane potential in many cell types (Nichols and
Lopatin, 1997; Hille, 2001). The Kir family has many
members comprising seven subfamilies, and functional
channels are tetrameric assemblies that may be homo-
or heteromeric. All Kir subunits share the two trans-
membrane domain topology and distinct primary se-
quence homology, yet among the different subtypes,
channel gating is controlled by a variety of stimuli
(Nichols and Lopatin, 1997; Hille, 2001). Among them
are ATP-sensitive potassium (K

 

ATP

 

) channels that are
gated by intracellular ATP and ADP, reflecting the en-
ergetic state of a cell (Bryan and Aguilar-Bryan, 1997;
Ashcroft and Gribble, 1998; Aguilar-Bryan and Bryan,
1999). K

 

ATP

 

 channels underlie numerous important
physiological processes, including regulation of insulin
secretion, control of vascular tone, and electrophysio-

logical changes during ischemia in cardiac and neu-
ronal cells (Aguilar-Bryan and Bryan, 1999).

K

 

ATP

 

 channels are assembled from four Kir6.2 sub-
units and in addition require four sulfonylurea recep-
tor subunits (SUR)* (Inagaki et al., 1995, 1997; Clem-
ent et al., 1997; Shyng and Nichols, 1997). The activity
of K

 

ATP

 

 channels is determined by orchestrated interac-
tions between the channel subunits and intracellular
ATP and ADP. ATP inhibits channel opening by bind-
ing to the pore-forming Kir6.2 subunits, an effect that
does not involve ATP hydrolysis (Tucker et al., 1997,
1998; Drain et al., 1998; Tanabe et al., 1999). On the
other hand, ATP stimulates channel opening by inter-
acting with SUR1, an effect that requires Mg

 

2

 

�

 

 and ATP
hydrolysis at the second nucleotide binding fold, or
NBF2 (Shyng et al., 1997b; Ashcroft and Gribble, 1998;
Gribble et al., 1998b). ADP, accompanied by Mg

 

2

 

�

 

, also
interacts with NBF2 of SUR1 and stabilizes the protein
in a postnucleotide hydrolysis state to stimulate chan-
nel activity (Nichols et al., 1996; Gribble et al., 1997;
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Shyng et al., 1997b; Zingman et al., 2001). In addition
to intracellular nucleotides, membrane phosphoinosi-
tides (PIPs), such as phosphatidylinositol bisphosphate
(PIP

 

2

 

), and phosphatidylinositol trisphosphate (PIP

 

3

 

),
have a profound effect on channel activity (Fan and
Makielski, 1997; Baukrowitz et al., 1998; Shyng and
Nichols, 1998). PIP

 

2

 

 and PIP

 

3

 

 increase the open proba-
bility of the channel and antagonize the inhibitory ef-
fect of ATP. Although many reports support a model in
which ATP and phosphoinositides bind directly to the
cytoplasmic domains of Kir6.2 to promote channel clo-
sure and opening, respectively (Baukrowitz et al., 1998;
Shyng and Nichols, 1998; Tucker et al., 1998; Tanabe et
al., 1999; MacGregor et al., 2002; Wang et al., 2002), lit-
tle is known about the tertiary or quaternary structural
elements in these domains that are involved in ligand
binding and channel gating (Cukras et al., 2002a,b;
MacGregor et al., 2002).

In an earlier study, we systematically mutated each
positively charged amino acid in the cytoplasmic do-
main of Kir6.2 to alanine to identify residues that
are involved in interactions between the K

 

ATP

 

 channel
and the negatively charged phosphate groups in PIPs
(Shyng et al., 2000b). Three of the arginine-to-alanine
mutations (R192A, R301A, and R314A) that exhibited
reduced response to exogenously applied PIP

 

2

 

 also dis-
played rapid spontaneous decay of currents after mem-
brane excision into ATP-free solutions, a behavior
which we have termed “inactivation” (Shyng et al.,
2000b). Channel inactivation appears different from
the “rundown” phenomenon frequently observed with
wild-type (WT) channels in that it is faster and can be
recovered by exposure and then washout of ATP even
in the absence of Mg

 

2

 

�

 

 (Ribalet et al., 2000; Shyng et
al., 2000b).

In this study, the mechanisms underlying K

 

ATP

 

 chan-
nel inactivation were investigated. Although it is possi-
ble that the three arginine residues (192, 301, and 314)
are directly responsible for binding to the negatively
charged phosphate groups in PIP

 

2

 

, an alternative hy-
pothesis is that the arginine residues are involved in
maintaining structural conformations necessary for
channel activity. Specifically, we tested whether the
R192A, R301A, and R314A mutations cause channel in-
activation by disrupting electrostatic interactions within
the channel complex. Through systematic mutation of
each of the negatively charged residues in the cytoplas-
mic regions of Kir6.2 to alanine, we found that muta-
tion E229A also induces fast channel inactivation simi-
lar to that seen in the R192A, R301A, and R314A mu-
tants. Double charge reversal at positions 229 and 314
(E229R/R314E) abolished inactivation and restored
the WT channel phenotype, indicating that these resi-
dues form an ion pair. The close proximity of these two
residues was supported by disulfide bond formation be-

tween cysteine residues introduced at the two positions
(E229C/R314C); disulfide bond formation abolished
inactivation and stabilized the current. Experiments us-
ing a series of Kir6.2 tandem dimer constructs contain-
ing mutations at position 229 and/or 314 in one or
both subunits showed that the E229/R314 ion pair is
likely formed between two adjacent Kir6.2 subunits.

 

M A T E R I A L S  A N D  M E T H O D S

 

Molecular Biology

 

Mouse Kir6.2 cDNA in the pCMV6b vector was used as a tem-
plate for introducing point mutations in Kir6.2. Site-directed mu-
tagenesis was performed by overlap extension at the junctions of
the relevant residues by sequential polymerase chain reaction
(PCR) or by the QuickChange site-directed mutagenesis kit
(Stratagene). All constructs were sequenced to verify the correct
mutations. Mutant clones from multiple PCR reactions were ana-
lyzed to avoid false results caused by undesired mutations intro-
duced by PCR.

The Kir6.2 tandem dimer was constructed as follows. Two
Kir6.2 PCR fragments with unique restriction sites and linkers
were generated. The first fragment has a ClaI site at the 5

 

�

 

 end
and a five glutamine linker with an NheI site replacing the stop
codon at the 3

 

�

 

 end. The second fragment has an NheI site fol-
lowed by a five glutamine linker at the 5

 

�

 

 end and an EcoRI site
at the 3

 

�

 

 end. The two fragments were ligated into the pCMV6b
vector. The resulting construct has a QQQQQASQQQQQ linker
between the two Kir6.2 subunits.

 

Inside-out Patch-clamp Recordings

 

COSm6 cells were tranfected using Fugene 6 (Roche) and plated
onto coverslips. The cDNA for the green fluorescent protein
(GFP) was cotransfected with SUR1 and Kir6.2 to facilitate iden-
tification of positively transfected cells. Patch-clamp recordings
were performed 36–72 h posttransfection at room temperature,
in a chamber which allowed rapid exchange of bathing solution.
Micropipettes were pulled from nonheparinized Kimble glass
(Fisher Scientific) on a horizontal puller (Sutter Instrument
Co.). Electrode resistance was typically 0.5–1 M

 

�

 

 when filled with
K-INT (below). Inside-out patches were voltage-clamped with an
Axopatch 1B amplifier (Axon Instruments, Inc.). The standard
bath (intracellular) and pipette (extracellular) solution (K-INT)
had the following composition: 140 mM KCl, 10 mM K-HEPES, 1
mM K-EGTA, pH 7.3. ATP and AMP-PNP (Sigma-Aldrich) were
added as the potassium salt. In the majority of the experiments, 1
mM EDTA was included in the K-INT solution to chelate residual
Mg

 

2

 

�

 

. PIP

 

2

 

 (Roche) was prepared as described previously (Shyng
and Nichols, 1998). Dithiothreotol (DTT) at 1 mM was used to
reduce disulfide bonds. All currents were measured at a mem-
brane potential of 

 

�

 

50 mV (pipette voltage 

 

�

 

 50 mV) and in-
ward currents were shown as upward deflections. Data were fil-
tered at 2 kHz and analyzed using pCLAMP software. All data are
expressed as means 

 

�

 

 SEM.

 

Immunofluorescent Staining

 

For cell surface staining of FLAG-tagged SUR1, living COSm6
cells transiently expressing FLAG-tagged SUR1 and various
Kir6.2 mutants were incubated with 10 

 

�

 

g/ml anti-FLAG M2
monoclonal antibody (in 0.1 mg BSA/ml OptiMEM) for 1 h at
4

 

	

 

C. They were washed with ice-cold PBS and incubated with Cy-
3–conjugated donkey anti–mouse secondary antibodies (diluted
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in 0.1 mg BSA/ml OptiMEM) for 30 min at 4

 

	

 

C. After extensive
wash in ice cold PBS, cells were fixed with 4% paraformaldehyde
and viewed using a Leica fluorescent microscope.

 

R E S U L T S

 

Mutation of Glutamate 229 in Kir6.2 to Alanine Induces 
K

 

ATP

 

 Channel Inactivation

 

K

 

ATP

 

 currents generated by coexpression of SUR1 and
Kir6.2 mutants R192A, R301A, or R314A have been
shown previously to inactivate after inside-out patch exci-
sion into ATP-free solutions (Shyng et al., 2000b). We hy-
pothesized that the three arginines may form ion pairs
with negatively charged residues in Kir6.2 and that these
ion pairs are important for maintaining channel activi-

ties; if true, neutralization of the negatively charged resi-
dues should induce similar channel inactivation. There
are 30 negatively charged residues in the cytoplasmic re-
gions of Kir6.2, each of which was individually replaced
with an alanine and screened for inactivation. Mutation
of glutamate 229 to alanine (E229A) resulted in robust
current inactivation (Figs. 1 B, and 2, A and B), with
characteristics similar to those seen with the R192A,
R301A, and R314A channels (Shyng et al., 2000b).

 

Quantitation of Channel Inactivation: Comparison with 
Channel Rundown

 

K

 

ATP

 

 currents run down after patch excision into K-INT
solution (140 mM KCl, 10 mM HEPES, 1 mM EGTA,

Figure 1. Identification of
E229A as an inactivation mu-
tant. (A) WT channel activi-
ties recorded in inside-out
membrane patches using
K-INT (left) or K-INT � 1 mM
EDTA (right) bath solution.
Arrows indicate patch exci-
sion. Channel rundown is
dramatically reduced by the
addition of 1 mM EDTA to
the bath solution. (B) Using
K-INT/EDTA solution, inacti-
vation is observed in the
E229A mutant channels. Rep-
resentative currents recorded
from inside-out membrane
patches containing WT, the
E229A, or the R314A mutant
channels are superimposed
for comparison. The arrow
indicates patch excision into
K-INT/EDTA. The kinetics of
inactivation of the E229A
channels are similar to the
R314A channels. The inacti-
vation time course of both
E229A and R314A channels
was fitted by a single ex-
ponential (indicated by the
black curves). (C) Channels
formed by WT-Kir6.2
C25 in
the absence of SUR1 exhib-
ited stable activities after
patch excision into K-INT/
EDTA (left). In contrast,
channels formed by E229A-
Kir6.2
C25 (middle) or
R314A-Kir6.2
C25 (right) in
the absence of SUR1 showed
rapid current decay. Cur-
rents in this and subsequent
figures were recorded at �50
mV membrane potential. In-
ward currents are shown as
upward deflections.
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pH 7.3; Fig. 1 A, left). The rate of rundown varies and
can be rapid in some patches, making it difficult to dis-
tinguish from inactivation. Ribalet et al. (2000) have re-
ported previously that channel rundown involves multi-
ple factors including loss of MgADP stimulation, loss of
membrane PIP

 

2

 

, and protein dephosphorylation. We
reasoned that since many protein phosphatases, as well
as phospholipases and lipid phosphatases that break
down membrane PIPs require Mg

 

2

 

�

 

 or Ca

 

2

 

�

 

 (Cohen,
1989; Matzaris et al., 1994; Palmer et al., 1994; Hilge-
mann and Ball, 1996; Singer et al., 1997), removal of
residual Mg

 

2

 

�

 

 and other metal ions in the bath solution
might prevent rundown. We found that addition of 1
mM EDTA to the K-INT solution (K-INT/EDTA) dra-
matically reduced channel rundown (Fig. 1 A, right).
Using K-INT/EDTA bath solution, the WT current de-
cayed only by 10.72 

 

�

 

 3.66% over a 20-s period after
patch excision (

 

n

 

 

 

� 

 

10; Table I), in contrast to 57.06 

 

�

 

3.37% in K-INT solution without EDTA (

 

n

 

 

 

� 

 

38). The
significant reduction of channel rundown made it pos-
sible to quantitatively compare the current stability
of WT to that of inactivation mutants (Fig. 1 B). In
K-INT/EDTA solution, the current from the E229A
mutant still inactivated rapidly; the current decay was
81.19 

 

�

 

 5.39% at 20 s after patch excision (

 

n

 

 

 

� 

 

7; Fig. 1
B, Table I). The time course of inactivation of E229A
channels was fit by a single exponential, yielding a time
constant (

 

�

 

i

 

) of 6.64 

 

�

 

 1.80 s. Under the same record-
ing condition, the inactivation time constants were
4.79 

 

�

 

 1.34, 0.32 

 

�

 

 0.03, and 3.08 

 

�

 

 0.43 s for R192A,
R301A, and R314A channels, respectively (

 

n

 

 

 

� 

 

7–9
patches in each case as shown in Table I; the slow cur-

rent decay in WT could not be fit by a single exponen-
tial, therefore no value was given).

The fast phase of channel rundown has been largely
attributed to loss of MgADP-dependent functional cou-
pling between SUR1 and Kir6.2 (Ribalet et al., 2000).
We asked whether the current decay seen in the inacti-
vation mutants could be due to uncoupling between
SUR1 and Kir6.2. Kir6.2, when its distal COOH-termi-
nal 25 or 35 amino acids are deleted, can form func-
tional channels in the absence of SUR1 (Tucker et al.,
1997). We constructed Kir6.2

 




 

C25 containing either
the E229A or the R314A mutation and tested whether
the resulting channels also exhibited rapid current de-
cay. Fig. 1 C shows that, in contrast to WT-Kir6.2

 




 

C25
channels whose activities were stable over the course
of the recording, the E229A- and R314A-Kir6.2

 




 

C25
channels inactivated similar to E229A and R314A chan-
nels formed in the presence of SUR1. The extent of
current decay measured at 20 s after patch excision and
the estimated inactivation time constant are 100 

 

�

 

 0%
(

 

n

 

 

 

� 

 

3) and 2.5 s (

 

n

 

 

 

� 

 

2) for E229A-Kir6.2

 




 

C25, and
90.3 

 

�

 

 11.2% (

 

n

 

 

 

� 

 

4) and 5.2 s (

 

n

 

 

 

� 

 

2) for R314A-
Kir6.2

 




 

C25. The fact that inactivation occurs even in
the absence of SUR1 indicates that a structural change
in the Kir6.2 tetramer itself is a major mechanism un-
derlying inactivation.

 

Channel Inactivation Caused by the E229A Mutation Can Be 
Recovered by Exposure to ATP and Subsequent Washout of 
ATP, and Is Reversed by PIP

 

2

 

A defining feature of channel inactivation is that after
exposure to ATP and subsequent washout of ATP, the
inactivated channels become reactivated (Shyng et al.,
2000b); this is also seen in the E229A mutant channels
(Fig. 2 A). The “reactivation” effect by ATP is dose and
time dependent: the higher the concentration and the
longer the exposure time, the more complete the reac-
tivation effect. A nonhydrolysable ATP analogue, AMP-
PNP, mimics the effect of ATP in reactivating the E229A
and R314A mutant channels (Fig. 2 B). Therefore, the
reactivation effect of ATP is not mediated by nucleotide
hydrolysis at the NBF2 of SUR1 (Zingman et al., 2001),
or by phosphorylation of the channel proteins (Beguin
et al., 1999; Light et al., 2000; Lin et al., 2000). Interest-
ingly, in channels formed by E229A-Kir6.2

 




 

C25 alone,
current decay could not be recovered by ATP expo-
sure and its subsequent removal (Fig. 2 C, left). How-
ever, when coexpressed with SUR1, inactivated E229A-
Kir6.2

 




 

C25 channels could be reactivated by ATP and
subsequent washout of ATP (Fig. 2 C, right). Similar ob-
servations were made with the R314A mutation (unpub-
lished data). These results suggest that SUR1 plays a
role in mediating the reactivation effect of ATP.

Aside from exposure to ATP and subsequent removal
of ATP, PIP

 

2

 

 can also reverse channel inactivation

 

T A B L E  I

 

Current Stability of Channels Formed by SUR1 and Kir6.2 Monomers

 

Mutation
Percentage current

decay in 20 s
Inactivation

time constant

 

a

 

 

 

�

 

i

 

Number of
patches (

 

n

 

)

s

WT 10.72 

 

�

 

 3.66 N/A 10

E229A 81.19 

 

�

 

 5.39 6.64 

 

�

 

 1.80 7

R192A 78.24 

 

�

 

 5.92 4.79 

 

�

 

 1.34 9

R301A

 

�

 

99.00 0.32 

 

�

 

 0.03 8

R314A 94.98 

 

�

 

 1.89 3.08 

 

�

 

 0.43 8

E229R 92.94 

 

�

 

 2.22 3.02 

 

�

 

 0.31 3

R192E 84.83 

 

�

 

 1.10 5.19 

 

�

 

 0.67 9

R301E No currents N/A 16

R314E 78.15 

 

�

 

 3.44 1.28 

 

�

 

 0.13 3

E229R/R192E 66.06 

 

�

 

 3.98 7.70 

 

�

 

 0.06 11

E229R/R301E No currents N/A 9

E229R/R314E  6.95 

 

�

 

 3.27 N/A 5

E229C 75.14 

 

�

 

 7.65 4.83 

 

�

 

 0.96 7

R314C No currents N/A 20

E229C/R314C 46.98 

 

�

 

 5.96 N/A 6

 

a

 

Values were given only for those mutants whose time course of inactiva-
tion could be fit well by a single exponential.
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caused by the E229A mutation, similar to that found in
the R192A, R301A, or R314A mutant channels (Shyng
et al., 2000b). After inactivation of E229A channels,
PIP

 

2

 

 gradually increased the current to a stable maxi-
mum that exceeded the amplitude observed at the time
of patch excision; PIP2 also rendered the channel less
sensitive to ATP inhibition (Fig. 3).

The Double Mutation E229R/R314E Rescues Channel 
Inactivation Induced by E229R or R314E

The similar inactivation behavior caused by charge
neutralization of E229 and one of the R192, R301, and
R314 residues prompted us to examine the possibility
that E229 may form a salt bridge with one of the three
arginine residues to maintain channel activities. If true,
disruption of the ion pair should cause inactivation,
whereas exchanging the residues at the two positions
should preserve the electrostatic interaction and retain
WT channel behavior. Currents from patches contain-
ing channels harboring the individual charge reversal
mutations E229R, R192E, or R314E all inactivated like
the charge neutralization mutants at those positions,

with similar kinetics (Fig. 4 A, Table I), while no macro-
scopic currents were detected in patches from cells
transfected with the R301E Kir6.2 mutant. Immuno-
staining and Western blot experiments detected only
very low levels of the R301E Kir6.2 mutant protein (un-
published data), suggesting that the R301E mutation
may have adversely affected the stability of the protein.

Next, the three double mutants, E229R/R192E,
E229R/R301E, and E229R/R314E, were constructed in
which the residues at the two positions in each po-
tential ion pair were exchanged. E229R/R301E failed
to generate measurable currents (Fig. 4 B), whereas
E229R/R192E displayed inactivation similar to the
E229R and the R192E single mutations (66.06 � 3.98%
current decay over 20 s in K-INT/EDTA, with �i �
7.70 � 0.06 s; Table I). In contrast, the E229R/R314E
double mutant exhibited WT-like behavior, lacking the
rapid current decay induced by either the E229R or the
R314E single charge reversal mutations (Fig. 4 B). For
E229R/R314E channels, the extent of current decay
measured at 20 s after patch excision into K-INT/EDTA
is only 6.95 � 3.27% (n � 5), comparable to that of WT

Figure 2. Channel inactiva-
tion can be recovered by ex-
posure to ATP and subse-
quent washout of ATP. (A) In-
activated R314A (left) and
E229A (right) channels were
reactivated by exposure to
ATP (5 mM) and subsequent
washout of ATP. (B) A nonhy-
drolyzable ATP analogue,
AMP-PNP mimicked the reac-
tivation effect of ATP in both
R314A (left) and E229A
(right) channels. (C) The re-
activation effect of ATP was
not observed in channels
formed by E229A-Kir6.2
C25
alone (left), but was retained
in channels formed by
E229A-Kir6.2
C25 in the
presence of SUR1 (right).
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channels (10.72 � 3.66%; see Table I). These results
are consistent with the idea that an ion pair formed be-
tween E229 and R314 stabilizes KATP channel activity.

E229 and R314 of Kir6.2 Form an Ion Pair that Increases 
KATP Channel Activity

Although the data presented above suggest electro-
static interactions between E229 and R314, they do not
demonstrate definitively that the two residues interact
directly with each other. One approach to assess the
proximity of protein domains is to exploit the ability of
cysteine residues to form disulfide bonds. This ap-
proach has been successfully used to study the struc-
ture-function relationships for a number of ion chan-
nels, including shaker potassium channels, cyclic nucle-
otide–gated (CNG) channels, and GABAA receptors
(Gordon and Zagotta, 1995; Papazian et al., 1995; Gor-
don et al., 1997; Larsson and Elinder, 2000; Horenstein
et al., 2001). Accordingly, we further probed the inter-
action between E229 and R314 by substituting them
with two cysteine residues. If the two residues are in
close proximity, it should be possible to form a disul-
fide bond, and this covalent bonding should stabilize
channel opening.

In channels carrying a single cysteine mutation at po-
sition 229 of Kir6.2, rapid inactivation was observed,
similar to that of E229A or E229R mutant channels
(Fig. 5 A, Table I). However, mutation of R314 to cys-
teine resulted in channels that did not give rise to de-
tectable currents, although Western blots confirmed
expression of the mutant protein (unpublished data).
To see whether the R314C mutant Kir6.2 was indeed in-
corporated into the channel complex, we performed
surface immunostaining for the FLAG-epitope in cells
cotransfected with R314C Kir6.2 and FLAG-tagged
SUR1 (Cartier et al., 2001). Surface expression of
FLAG-SUR1 requires that the protein coassemble with

Kir6.2 to form an octameric channel complex, which
shields the RKR tripeptide ER retention/retrieval sig-
nals in the individual subunits (Zerangue et al., 1999).
Fig. 5 B shows that the surface FLAG staining in cells
coexpressing FLAG-SUR1 and R314C Kir6.2 is equiva-
lent to cells coexpressing FLAG-SUR1 and WT Kir6.2,
indicating that the R314C Kir6.2 does form octameric
channel complexes with SUR1 (Zerangue et al., 1999),
but that the open probability of the resulting channels
may be too low to be detected. These results are consis-
tent with those of John et al. (2001) obtained with
R314C-Kir6.2 linked to GFP.

Figure 3. Inactivation of E229A mutant channels is reversed by
PIP2. Application of PIP2 (10 �M) reversed inactivation and stimu-
lated channel activity; it also decreased the ATP sensitivity of the
channel, as was previously reported for WT channels (Baukrowitz
et al., 1998; Shyng and Nichols, 1998).

Figure 4. Open state stability is retained in the E229R/R314E
double reverse mutant channels. (A) Representative currents re-
corded from inside-out membrane patches containing R192E,
R301E, R314E, or E229R mutant channels. R301E channels did
not give rise to measurable currents. All the other three mutant
channels exhibited inactivation. (B) Currents recorded from
membrane patches isolated from cells expressing the double
charge reversal mutant E229R/R192E, E229R/R301E, or E229R/
R314E. No currents were detected for the E229R/R301E chan-
nels. The E229R/R192E mutant channels still showed inactivation.
In contrast, the E229R/R314E double mutant did not inactivate
and behaved like WT channels.



T
he

 J
ou

rn
al

 o
f 

G
en

er
al

 P
hy

si
ol

og
y

231 Lin et al. 

The E229C/R314C double cysteine mutant channels
opened, upon patch isolation into ATP-free K-INT/
EDTA solution. The initial current amplitude after
patch excision was low, and the rate of current decay
was faster than WT channels, but slower than the
E229A and the R314A channels (the percentage of cur-
rent decay in 20 s is 46.98 � 5.96, compared with 10.72 �
3.66, 81.19 � 5.39, and 94.98 � 1.89 for WT, E229A,
and E314A channels, respectively; see Table I). We
found that given enough time, nearly all patches (21
out of a total of 23 patches) exhibited gradual increases
and stabilization of the currents, after repeated expo-
sure to 5 mM ATP (fold increase � 6.02 � 1.01, n � 21;
two examples shown in Fig. 6). The rate at which this
current increase occurred varied. In general, the more
frequent and longer the patch was exposed to ATP, the
faster the current increase was observed upon subse-
quent washout of ATP. Since the cytoplasmic environ-
ment is reducing and does not favor disulfide-bond for-
mation, it is likely that immediately after patch excision
most channels are already in the “inactivated” state, ex-

plaining the low initial current amplitude. After patch
excision and exposure to ATP to close the channels,
subsequent washout of ATP permits the channels to be-
come “reactivated” (see discussion). The patch now is
exposed to an oxidizing environment and spontaneous
disulfide bond formation between 229C and 314C sta-
bilizes the reactivated channels and increases current
amplitudes. Consistent with this interpretation, subse-
quent exposure of these patches to the reducing re-
agent DTT (1 mM) caused rapid inactivation of the
reactivated channels in a reversible manner (Fig. 6,
top trace). Interestingly, the open probability of the
E229C/R314C channel after its current has reached a
maximum is �0.5, comparable to that observed in WT
channels under normal conditions (estimated by noise
analysis; Shyng et al., 1997a). Application of 5 �M PIP2

further stimulated the current by �2-fold (Fig. 6, bot-
tom trace).

It is conceivable that disulfide bond formation is me-
diated by other endogenous cysteine residues in the

Figure 5. Characterization of the E229C and the R314C mutant
channels. (A) A representative current trace recorded from an in-
side-out membrane patch containing the E229C mutant channels.
The channels displayed inactivation similar to that observed in the
E229A and E229R channels upon patch excision into the K-INT/
EDTA solution. Exposure to 1 mM ATP (indicated by black bars
below the recordings) partially reactivated the channels, which
again underwent rapid inactivation. (B) The R314C Kir6.2 mutant
protein is expressed and incorporated into the KATP channel com-
plex. Surface immunofluorescent staining of cells coexpressing
FLAG-tagged SUR1 and either the WT or the R314C mutant
Kir6.2. Immunostaining was performed in living cells at 4	C using
the M2 anti-FLAG monoclonal antibody followed by Cy3-conju-
gated secondary antibody. Surface labeling of the FLAG-SUR1 was
observed in both cells coexpressing the WT or the R314C mutant
Kir6.2, demonstrating that the R314C Kir6.2 is properly incorpo-
rated into the KATP channel complex.

Figure 6. Disulfide bond formation between C229 and C314 in
the E229C/R314C mutant channel stabilizes channel opening.
Currents recorded from two separate membrane patches contain-
ing the E229C/R314C mutant channels. Upon patch excision into
K-INT/EDTA, the channel exhibited low open probability and
mild inactivation. However, the current gradually increased in am-
plitude and stability. Exposure of the patch to 5 mM ATP (indi-
cated by the black bars underneath the current traces) accelerated
the current reactivation process. (Top trace) Application of 1 mM
DTT (in K-INT/EDTA, indicated by the gray bar) after current sta-
bilization induced rapid inactivation of the channel in a reversible
manner, indicating that the current stabilization was due to spon-
taneous disulfide bond formation. (Bottom trace) After the cur-
rent has reached the maximum, application of 5 �M PIP2 (see ma-
terials and methods) further stimulated channel activity by
�2-fold.
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channel, or by single engineered cysteine from two dif-
ferent Kir6.2 subunits. However, neither WT channels
nor the single cysteine mutant channels, E229C and
R314C, exhibited the time-dependent current increase
as that seen in the E229C/R314C double cysteine mu-
tant channels (Fig. 7, n � 4–5 in each case; no record-
ing for R314C is shown since there were no measurable
currents). Further, DTT had little effects on the kinet-
ics of either WT or E229C channels (Fig. 7). Together,
these results strongly support disulfide bond formation
between C229 and C314, and that the disulfide bond
increases the stability of channel activities.

The E229-R314 Ion Pair Is Formed between
Two Kir6.2 Subunits

To determine whether the ionic interaction between
E229 and R314 occurs between two Kir6.2 subunits, or
within a single Kir6.2 subunit, we conducted experi-
ments using Kir6.2 tandem dimers. Tandem dimers were
constructed such that the COOH terminus of subunit
one is joined to the NH2 terminus of subunit two by a
linker of 12 amino acids (see materials and methods).
Work on other potassium and CNG channels has sug-
gested that assembly of such dimers likely follow the
head-to-tail direction, such that the leading subunits of
the two dimers are positioned diagonally to each other
(Isacoff et al., 1990; Gordon and Zagotta, 1995; Pascual
et al., 1995; Liu et al., 1998; He et al., 2000; Shapiro and
Zagotta, 2000). Such head-to-tail cyclic symmetry was
also observed in the crystal structure of G-protein–acti-
vated inwardly rectifying potassium channel (GIRK1)
(Nishida and MacKinnon, 2002). In principle, with tan-
dem dimers, one can constrain the ability of the channel
to form intra- or intersubunit ion pairing, by introducing
mutations at the E229 and R314 positions in designated
subunits. For example, only intersubunit ion pairing is

possible, but no intrasubunit ion pairing is possible, in a
construct that has R314 mutated to E in the first subunit,
and E229 mutated to R in the second subunit (we name
this the EE-RR dimer, where the amino acids at position
229 and 314 shown in single letter codes in the first sub-
unit are joined by a hyphen with the amino acids at posi-
tion 229 and 314 of the second subunit; Fig. 8 B). On the
other hand, only intrasubunit ion pairing is possible, but
no intersubunit ion pairing is possible, in a construct in
which the first subunit carries the E229R/R314E double
charge reversal mutations and the second subunit is WT
(the RE-ER dimer; Fig. 8 D).

When coexpressed with SUR1, the WT-WT Kir6.2 tan-
dem dimer (or the ER-ER dimer) gave rise to channels
with stable currents that were inhibited by ATP (Fig. 8
A). Mutation of E229 to alanine in both subunits (the
AR-AR dimer) induced marked current inactivation, as
expected (Fig. 8 C). The time course and the extent of
current decay seen from AR-AR dimer channels were
not as pronounced as those seen from the E229A mono-
mer channels. A potential explanation for this differ-
ence is that the dimer channels exhibit a slightly higher
open probability (Po � 0.88 � 0.02; n � 6) than chan-
nels formed by Kir6.2 monomers (Po�0.67 � 0.05; n �
8); this higher Po likely exerts an antagonizing effect on
channel inactivation induced by the E229A mutation.
Because of the slower inactivation rate seen in the dimer
mutant channels, we measured the extent of current de-
cay at 40 s after patch excision into K-INT/EDTA, as
shown in Table II. Currents from the WT-WT and the
AR-AR dimer channels decayed by 6.08 � 2.19% and
48.35 � 6.54%, respectively, at 40 s after patch excision.
The EE-RR dimer, in which intrasubunit ion pair forma-
tion is prohibited but intersubunit ion pair formation is
allowed, generated channels that had relatively stable
currents in ATP-free solution, resembling WT and WT-
WT dimer channels (Fig. 8 B). The percentage of cur-
rent decay is 14.94 � 6.73% at 40 s after patch excision
into K-INT/EDTA solution (Table II). By contrast, the
ER-RE dimer, in which only intrasubunit ion pair forma-
tion is allowed, generated currents that decayed much
faster than the WT-WT and the EE-RR dimers (Fig. 8 D).
The percentage of current decay is 38.05 � 6.07% at 40 s
after patch excision (Table II). Collectively, these results
are consistent with the E229/R314 ion pair being formed
between two Kir6.2 subunits.

D I S C U S S I O N

Electrostatic and hydrogen bonding interactions be-
tween two oppositely charged amino acids are important
determinants of ion channels structures and their dis-
ruption can often lead to altered or lost functions (Papa-
zian et al., 1995; Yang et al., 1997; Doyle et al., 1998).
The data presented here demonstrate that electrostatic
interactions between glutamate 229 and arginine 314 in

Figure 7. Disulfide bond formation that promotes channel
opening in the E229C/R314C mutant does not involve endoge-
nous cysteines. Representative recordings of WT and E229C chan-
nels showing the lack of time-dependent current increase in
K-INT/EDTA and the lack of response to DTT.
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Kir6.2 are critical for maintaining KATP channel activity.
First, mutation of either charged residue to a neutral ala-
nine, or to an oppositely charged amino acid, induces
rapid inactivation of KATP currents. Second, exchanging
the amino acids at positions 229 and 314 restores cur-
rent stability comparable to the WT channel. Third, cur-
rents are stabilized by disulfide bond formation between
two engineered cysteine residues at positions 229 and
314 in Kir6.2. Disulfide bond formation between the two
cysteine residues indicates that the distance between the

-carbons of the two cysteines is �5.6 Å; (Careaga and
Falke, 1992; Krovetz et al., 1997).

Relationship between Channel Inactivation and Channel 
Rundown: the Role of SUR1 and Kir6.2

Channel inactivation and the fast-phase of channel run-
down both result in rapid current decay. What is the re-
lationship between these two phenomena? One major

mechanism accounting for the fast-phase rundown in
WT channels is uncoupling between Kir6.2 and SUR1
due to loss of MgADP at NBF2; channels formed by
Kir6.2 alone do not show fast-phase rundown (Ribalet
et al., 2000). Our result that channels formed by
E229A- or R314A-Kir6.2
C25 still inactivate at rates
comparable to channels formed by SUR1 and E229A-
or R314A-Kir6.2, demonstrates that the rapid current
decay induced by the E229A or R314A mutation is due,
to a large extent, to an effect on the Kir6.2 tetramer
structure itself. However, one cannot exclude the possi-
bility that disrupting the ion pair may also affect Kir6.2-
SUR1 interactions, which may in turn contribute to
channel inactivation.

Mechanisms of Inactivation

Channels in which the ion pair between complemen-
tary charges at positions 229 and 314 has been dis-

Figure 8. The E229/R314 ion pair is
formed between two adjacent Kir6.2
subunits. (A) Currents recorded from a
membrane patch containing Kir6.2 WT-
WT (or ER-ER) dimer channels in the
K-INT/EDTA bath solution. The dimer
channel currents were stable and were
inhibited by 5 mM ATP. Below the cur-
rent trace is a cartoon illustrating the
expected tetramer formed by the tan-
dem dimer. The 229 residue in each
subunit is shown in red and the 314 res-
idue shown in blue. For each tandem
dimer, the leading subunit is in gray
and the trailing subunit in white. The
expected ion pairs are connected by
dotted lines. (B) In the EE-RR dimer
channels, the possibility of ion pair for-
mation in a single subunit is excluded.
The channels behaved similarly to the
WT-WT dimer channels; the rate of cur-
rent decay is only slightly faster (see Ta-
ble II). (C) In the AR-AR dimer chan-
nels, neither intra- nor intersubunit ion
pair formation is possible. Currents
from these channels decayed much
faster than the WT-WT dimer channels,
as expected. (D) In the RE-ER dimer
channels, the possibility of ion pair for-
mation between two adjacent subunits
is excluded. Currents from these chan-
nels decayed much faster than the WT-
WT, or the EE-RR dimer channels (see
Table II).
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rupted open upon exposure to ATP-free internal solu-
tion, but the current decays rapidly. This current decay
can be recovered by three manipulations: (a) reestab-
lishment of the physical interaction between residue
229 and 314 through disulfide bonds; (b) application
of PIP2; or (c) reapplication of ATP, and subsequent
washout of ATP. What is the molecular mechanism of
inactivation and recovery from inactivation in KATP

channels, and how do ATP and PIP2 affect these pro-
cesses?

Membrane phospholipids such as PIP2 and PIP3 stim-
ulate KATP channel activity by increasing the open prob-
ability of the channel (Baukrowitz et al., 1998; Shyng
and Nichols, 1998; Baukrowitz and Fakler, 2000). De-
pleting membrane phospholipids or interfering with
the interactions between the channels and membrane
phospholipids leads to loss of channel activity (Bauk-
rowitz et al., 1998; Gribble et al., 1998a; Shyng and
Nichols, 1998; Xie et al., 1999; Shyng et al., 2000a,b;
Liu et al., 2001). Structure-functional studies suggest
that the effect of PIP2 is mediated largely by direct elec-
trostatic interactions between the cytoplasmic domain
of Kir6.2 and phospholipids in the membrane (Bauk-
rowitz et al., 1998; Shyng and Nichols, 1998; En-
kvetchakul et al., 2000). Recent biochemical studies
that demonstrate binding of phospholipids to recombi-
nant proteins containing the COOH terminus of Kir6.2
lend further support to this hypothesis (MacGregor et
al., 2002; Wang et al., 2002). However, a role of SUR in
channel response to PIP2 is also evident (Baukrowitz et
al., 1998; Shyng and Nichols, 1998; John et al., 2001;

T A B L E  I I

Current Stability of Channels Formed by SUR1 and Kir6.2 
Tandem Dimers

Mutation
Percentage current

decay in 40 s
Number of
patches (n)

WT-WT (ER-ER) dimer 6.08 � 2.19 17

AR-AR dimer 48.35 � 6.54 15

EE-RR dimer 14.94 � 6.73 8

ER-RE dimer 38.05 � 6.07 14

Figure 9. Proposed model for
KATP channel inactivation. (A)
Cartoon illustrating proposed
physical relationships between
the channel, ATP, and PIP2 in the
inactivation mutants. Disruption
of the ion pair causes a structural
change in the Kir6.2 tetramer,
and possibly also a change in
Kir6.2/SUR1 interactions, lead-
ing to channel inactivation.
These structural changes can be
overcome by increasing mem-
brane PIP2, or by ATP binding to
the channel in a SUR1-depen-
dent manner. Note that the four
states presented should not be
taken as detailed kinetic gating
states of the channel, and that
the transitions between the states
are indicated only to illustrate
the recovery effects of PIP2 and
ATP on inactivated channels. (B)
Positions of the two ion pair-
forming corresponding residues
in the single (left) and tetramer
(right) GIRK1 channel struc-
tures (Nishida and MacKinnon,
2002). Residue numbering in
Kir6.2 is in black, and in GIRK1,
red. The Kir6.2-E229 corre-
sponding residue is shown as
pink circles, and R314 corre-
sponding residues as yellow cir-
cles.
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Song and Ashcroft, 2001). Channels formed by SUR
and Kir6.2 have a much higher open probability and
respond to PIP2 better than channels formed by Kir6.2
alone, suggesting that physical association between
SUR and Kir6.2 may facilitate channel interaction with
membrane PIP2. One model consistent with our data is
that, in the WT SUR1–Kir6.2 channel complex, E229
and R314 are in close proximity and form an ion pair.
This ion pair provides structural stability to a chan-
nel conformation that facilitates interactions between
membrane PIP2 and channel protein residues that are
directly involved in PIP2 binding (Baukrowitz et al.,
1998; Huang et al., 1998; Shyng and Nichols, 1998;
Shyng et al., 2000b). Mutations which disrupt the
E229/R314 ion pair destabilize channel interaction
with PIP2, effectively lowering the apparent affinity of
the channel for PIP2, which in turn results in channel
inactivation and decreased channel activity (Fig. 9 A).
Application of exogenous PIP2 overcomes the reduced
affinity between inactivated channels and PIP2, and re-
verses channel inactivation. In the E229C/R314C mu-
tant, by covalently linking the two residues through a
disulfide bond, channel interaction with PIP2 is restabi-
lized and channel inactivation reversed. It is worth not-
ing that disulfide bond formation between 229C and
314C in the E229C/R314C mutant does not increase
channel activity beyond that observed for WT channels
under normal conditions (see Fig. 6, bottom trace).
This suggests that although close interactions between
the 229 and 314 residues are necessary to stabilize the
active states of the channel, other factors, including the
concentration of phospholipids in the membrane and
the intrinsic affinity of the channel to phospholipids,
determine the overall activity of the channel (Baukrow-
itz et al., 1998; Huang et al., 1998; Shyng and Nichols,
1998; Xie et al., 1999; Zhang et al., 1999; Shyng et al.,
2000a).

Exposure to ATP and subsequent removal of ATP re-
open inactivated channels, which undergo another
round of inactivation (Fig. 2 A). The ATP recovery ef-
fect is unlikely to involve nucleotide hydrolysis at SUR1,
protein phosphorylation, or replenishment of mem-
brane PIPs since the effect can be mimicked by the
nonhydrolyzable ATP analogue, AMP-PNP (Fig. 2 B).
Though speculative, ATP binding to the inactivated
channel may induce a conformational change that
brings 229 and 314 residues to close proximity resem-
bling that seen in the WT channel, such that channels
can again open upon subsequent removal of ATP (Fig.
9 A). Consistent with this idea, in the E229C/R314C
channels, covalent bonding between 229 and 314 does
not prevent the channel from entering the ATP-bound
closed state or from retransitioning back to the open
state (Fig. 6), implying that in WT channels the salt
bridge is maintained in the ATP-bound closed state.

Further, simultaneous application of DTT (1 mM) and
ATP (5 mM) to the E229C/R314C channels abolishes
the ability of ATP to recover channels from inactivation
(unpublished data), implicating that the two residues
form a disulfide bond in the ATP-bound state. Of note,
the recovery effect of ATP appears to require SUR1; in-
activation of channels formed by E229A- or R314A-
Kir6.2
C25 alone cannot be recovered by exposure to
ATP and subsequent removal of ATP (Fig. 2 C, left). Fu-
ture studies will determine the mechanism by which
SUR1 mediates the reactivation effect of ATP.

Structural Implications

The KATP channel pore is formed by assembly of four
Kir6.2 subunits. The electrostatic interaction between
E229 and R314 could occur within a single Kir6.2 sub-
unit or between two subunits. The results from experi-
ments using Kir6.2 tandem dimers with mutations in-
troduced into specific positions indicate that the E229-
R314 ion pair is formed between two adjacent Kir6.2
subunits rather than within a single subunit. In the EE-
RR dimer channels, in which intrasubunit ion pair for-
mation is prohibited but intersubunit ion pair forma-
tion is allowed, K� currents remain relatively stable in
ATP-free solutions. On the other hand, the RE-ER
dimer, which prohibits intersubunit ion pair formation,
but allows intrasubunit ion pair formation, forms chan-
nels that display current decay similar to inactivation.
The conclusion that the E229/R314 ion pair is formed
between two adjacent Kir6.2 subunits is consistent with
the recently published cytoplasmic domain structure of
GIRK1 (Nishida and MacKinnon, 2002), which shares
significant sequence homology (�40%) with Kir6.2. In
the structure of a single GIRK1 subunit, the E229 and
R314 corresponding residues, E242 and R326, are lo-
cated immediately before the �E strand and at the be-
ginning of the �K strand, respectively (Fig. 8 B, left).
Such opposite orientations make it highly unlikely for
the two residues to form an intrasubunit salt bridge.
Rather, the two residues likely form an intersubunit ion
pair, as one would predict from the GIRK1 tetramer
model, in which E242 from one subunit lies in close
proximity of R326 from the adjacent subunit (Fig. 8 B,
right). In the AMPA-type glutamate receptor, alter-
ations in the strength of subunit–subunit interfaces
have been shown to underlie receptor desensitization
(Sun et al., 2002). We speculate that the E229/R314
ion pair may be important in maintaining the quater-
nary structure of the Kir6.2 tetramer and/or its interac-
tion with SUR1, and that disruption of this ion pair may
cause inactivation of KATP channels by destabilizing sub-
unit-subunit interactions. In this regard, it would be im-
portant to determine in the future whether R192 and
R301 are also involved in subunit–subunit interactions
by forming noncovalent chemical bonds, such as hy-
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drogen bonds, with residues from adjacent Kir6.2 or
SUR1 subunits.

In summary, our study demonstrates the critical role
of an intersubunit ion pair formed by two residues in
the COOH terminus of Kir6.2 in maintaining KATP

channel activity. The study provides important insight
into the structure of the COOH-terminal region of
Kir6.2. The two residues at positions homologous to
E229 and R314 of Kir6.2 are conserved in Kir1, 2, and
3. And like KATP, the activities of these channels are
modulated by membrane PIPs (Huang et al., 1998;
Zhang et al., 1999; Lopes et al., 2002). Future studies
will determine whether an ion pair similar to the one
we reported here plays a role in the gating of other Kir
channels.
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