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The vascular ATP-sensitive K� (KATP) channel is targeted by
a variety of vasoactive substances, playing an important role in
vascular tone regulation. Our recent studies indicate that the
vascular KATP channel is inhibited in oxidative stress via S-glu-
tathionylation.Herewe showevidence for themolecular basis of
the S-glutathionylation and its structural impact on channel
gating. By comparing the oxidant responses of the Kir6.1/
SUR2B channel with the Kir6.2/SUR2B channel, we found that
the Kir6.1 subunit was responsible for oxidant sensitivity. Oxi-
dant screening of Kir6.1-Kir6.2 chimeras demonstrated that the
N terminus and transmembrane domains of Kir6.1 were crucial.
Systematic mutational analysis revealed three cysteine residues
in these domains: Cys43, Cys120, and Cys176. Among them,
Cys176 was prominent, contributing to>80%of the oxidant sen-
sitivity. The Kir6.1-C176A/SUR2B mutant channel, however,
remained sensitive to both channel opener and inhibitor,
which indicated that Cys176 is not a general gating site in
Kir6.1, in contrast to its counterpart (Cys166) in Kir6.2. A
protein pull-down assay with biotinylated glutathione ethyl
ester showed that mutation of Cys176 impaired oxidant-in-
duced incorporation of glutathione (GSH) into the Kir6.1
subunit. In contrast to Cys176, Cys43 had only a modest con-
tribution to S-glutathionylation, and Cys120 was modulated
by extracellular oxidants but not intracellular GSSG. Simula-
tion modeling of Kir6.1 S-glutathionylation suggested that
after incorporation to residue 176, the GSH moiety occupied
a space between the slide helix and two transmembrane heli-
ces. This prevented the inner transmembrane helix from
undergoing conformational changes necessary for channel
gating, retaining the channel in its closed state.

ATP-sensitiveK� (KATP)7 channels are expressed in a variety
of tissues, including smooth muscles, pancreatic �-cells, myo-
cardium, and neurons, where they play an important role in
cellular function (1, 2). Activity of theKATP channels is tuned by
physiological or pathophysiological stimuli, including hypoxia,
hyperglycemia, ischemia, and oxidative stress, allowing a regu-
lation of cellular excitability according to the metabolic state
(3). The vascular smooth muscle (VSM) isoform of KATP chan-
nels regulates vascular tones (4, 5). Activation of the channel by
vasodilators produces hyperpolarization of VSM cells, reduces
activity of the voltage-dependent Ca2� channels, and relaxes
VSMs. Inhibition of the channel leads to constriction of VSMs.
Disruption of the vascular KATP channel inmice results in vaso-
spasm in coronary arteries and sudden cardiac death (6, 7).
Other studies have further shown that disruption of the vas-

cular KATP channel has drastic effects on the systemic response
to septic stress. With a forward genetic approach by genome-
wide randomchemicalmutagenesis, Croker et al. (8) screened a
large population of mice and found four strains that are highly
susceptible tomultiple septic pathogens, including lipopolysac-
charides (LPSs). The LPS hypersensitivity phenotype of these
mice is due to a null allele ofKcnj8, encoding the Kir6.1 subunit
of the vascular KATP channel (8). Similar septic susceptibility
has been observed inKcnj8-knock-outmice that also show cor-
onary hypoperfusion and myocardial ischemia during LPS
exposure (9). These studies thus indicate that the vascular KATP
channel not only contributes to the vascular tone regulation at
physiological conditions but also affects critically systemic
stress responses.
Our recent studies have shown that the vascular KATP chan-

nel is strongly inhibited in oxidative stress by S-glutathionyla-
tion (10). S-Glutathionylation is a post-translational modifica-
tion mechanism occurring in a variety of physiological or
pathophysiological conditions (11). This protein modulation
mechanism is remarkable especially in vasculatures because
oxidative stress is a major contributing factor to several cardio-
vascular diseases, in which S-glutathionylation plays an impor-
tant role (12). Although S-glutathionylation is often associated
with the adverse effects of oxidative stress, such a proteinmod-
ulation is reversible under certain circumstances and can act as
a functional modulation mechanism like protein phosphoryla-
tion (11). Thus, demonstration of how S-glutathionylation
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affects protein function should have broad significance. As for
the vascular KATP channel S-glutathionylation, the molecular
basis remains unclear. Therefore, we performed studies to elu-
cidate the molecular basis of and to provide structural insight
into the KATP channel S-glutathionylation.

MATERIALS AND METHODS

Chemicals and Reagents—Chemicals or reagents used in this
study were purchased from Sigma-Aldrich unless stated other-
wise. High concentration stocks were prepared in double-dis-
tilled water or DMSO. The final concentration of DMSO in the
experimental solution was less than 0.1%, which did not cause
any detectable effect on the channel activity.
Expression of KATP Channel—The human embryonic kidney

(HEK) cell line was used for expression of the wild type (WT),
chimerical, andmutant channels. HEK cells weremaintained in
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium
supplied with 10% fetal bovine serum (FBS) and penicillin/
streptomycin at 37 °C with 5% CO2. Rat Kir6.1 (GenBankTM
number D42145), mouse Kir6.2 (GenBankTM number D50581)
and SUR2B (GenBankTM number D86038, mRNA isoform
NM_011511) cloned in pcDNA3.1 (a eukaryotic expression
vector) were used for transfection. The HEK cells cultured in
35-mm Petri dishes at �90% confluence were transfected with
1 �g of Kir6.1 (or Kir6.2, either WT, chimerical, or mutants), 3
�g of SUR2B, and 0.4 �g of green fluorescent protein (GFP)
cDNA (pEGFP-N2, Clontech, Palo Alto, CA) using Lipo-
fectamine 2000 (Invitrogen). The cells were disassociated with
trypsin (0.25%) after 6–24 h of transfection and split to cover-
slides for further growth. Patch experiments were performed on
the cells grown on the coverslips during the following 12–48 h.
Electrophysiology—Patch clamp experiments were per-

formed according to our previous reports (13–18). Whole-cell
currents were recorded in voltage clamp with a holding poten-
tial of 0 mV and a hyperpolarizing step to �80 mV. Symmetric
concentrations of K� (145 mM in total) were applied to both
bath and pipette solution. The bath solution contained 10 mM

KCl, 135 mM potassium gluconate, 5 mM EGTA, 5 mM glucose,
and 10mMHEPES (pH7.4), whereas the pipette solution had 10
mM KCl, 133 mM potassium gluconate, 5 mM EGTA, 5 mM

glucose, 1mMK2ATP, 0.5mMNaADP, 1mMMgCl2, and 10mM

HEPES (pH 7.4). All recordings were made with an Axopatch
200B amplifier (Axon Instruments Inc., Foster City, CA). The
data were low pass-filtered (2 kHz; Bessel 4-pole filter; �3 dB)
and digitized (10 kHz, 16-bit resolution) with Clampex 9 (Axon
Instruments Inc.). Macroscopic currents were recorded from
giant inside-out patches, and single-channel currents were
recorded from regular inside-out patches with a constant single
voltage of �80 or �60 mV. In the inside-out patch configura-
tions, 1 mM K2ATP and 0.5 mM NaADP were included in the
bath solution to maintain the channel activity. A higher sam-
pling rate (20 kHz) was used for the currents recorded from the
inside-out patches. Data were analyzed using Clampfit 9 (Axon
Instruments Inc.).
Mutagenesis and Construction of Chimeras—Construction

of chimeras was described previously (16). Briefly, Kir6.x chan-
nels were divided into three regions (N terminus, core domain
containing two transmembrane domains and the pore loop,

and C terminus). For Kir6.1, the N terminus, core domain, and
C terminus consisted of residues 1–71, 72–186, and 187–424,
respectively. For Kir6.2, the corresponding domainswere 1–70,
71–176, and 177–390, respectively. Kir6.1-Kir6.2 chimeras
were created by overlap extension using a PCR with Pfu DNA
polymerase (Stratagene, La Jolla, CA). WT Kir6.1 was named
111, and WT Kir6.2 was named 222. If the N terminus was
replaced with the corresponding regions from Kir6.2, we called
it 211. Similarly, if the C terminus of Kir6.1 was constructed to
Kir6.2, we designated the chimerical channel 221. All possible
combinations (six in total) were created and named with this
nomenclature system.
Site-directed mutagenesis kits (Stratagene) were used to

introduce mutations. In these experiments, two oligonucleo-
tide primers (30–35 bp) were synthesized, each of which con-
tained the same mutation and annealed to the same sequence
on opposite strands of the cDNA. Pfu DNA polymerase was
used to extend and incorporate the mutagenic primers, leading
to two nicked circular strands. DpnI was used to digest the
parental cDNA. The circular, nicked double-strained DNAwas
transformed to XL1-Blue competent cells for amplification.
The correct constructs andmutations were confirmed by DNA
sequencing.
Streptavidin Pull-down Assay and Western Blot—HEK cells

expressing WT or mutant Kir6.1/SUR2B channels were used
for these experiments. Cells were allowed to grow to�80–90%
confluence (about 106 cells) in the 35-mm dish. Before experi-
ments, cells were incubated with fresh medium for 2 h. Biotin-
ylated glutathione ethyl ester (BioGEE; 250 �M) (Invitrogen)
then was added to themedium for a 1-h incubation followed by
a 15-min H2O2 (750 �M) challenge. Excess free BioGEE was
removed by three washes (10 min each) with PBS (containing
0.3% Triton X-100). Radioimmune precipitation assay buffer
(100 �l) (Sigma) was used for cell lysis. Protein concentration
was measured using a BCA protein assay system (Thermo Sci-
entific, Waltham, MA) and ranged from 2 to 8 mg/ml in our
preparation. All of the WT and mutant protein samples were
diluted to 1 mg/ml so that at this time point all of the protein
concentrations were comparable. For the Western blot before
pull-down, 15-�l samples of both WT and mutant channels
were used for immunoblotting. Samples were run on a 10%
SDS-polyacrylamide non-reducing gel and then transferred to a
nitrocellulose membrane (Bio-Rad). Rabbit primary antibodies
against Kir6.1 (1:500) (Sigma, P0874), monoclonal antibodies
against �-actin (1:5000) (Sigma, A5441), and secondary anti-
bodies conjugated with alkaline phosphatase (1:10,000) (Jack-
son ImmunoResearch) were used. SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific) was used for
signal visualization. Experiments were repeated at least four
times.
Streptavidin-Dynabeads (Invitrogen, M-280) were used to

pull down the biotin-GSH-conjugated proteins. Briefly, before
the immobilization, the Dynabeads were washed three times
(10 min each) with washing buffer to remove preservatives.
Protein samples (100 �l, in a concentration of 1 mg/ml) from
HEK cells expressing either WT Kir6.1 channels or C176A
mutant channelswere thenmixedwith 100�l ofDynabeads (10
mg/ml), respectively. The mixture was then incubated at room
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temperature with gentle rotation for 30 min. The Dynabead-
protein complex was separated as pellet from other unlabeled
proteins by a magnet. The pellet containing labeled proteins
was resuspended, followed by three washes, whereas the super-
natant was discarded. At last, the pellets were mixed with 20 �l
of loading buffer containing 0.1% SDS for boiling to release the
glutathionylated proteins into solvent. The solvent containing
the pull-down samples (15�l) was loaded to the gel forWestern
blot as described above. In this procedure, the same amount of
protein (100 �l, 1 mg/ml) was treated with the same amount of
streptavidin beads (100 �l, 10 mg/ml) for bothWT andmutant
channels.
The photodensity of the WT and mutant channel bands

before and after pull-down was quantified by ImageJ (National
Institutes ofHealth). The photodensity of theWTchannel after
pull-down was divided by the photodensity of the WT channel
before pull-down (designated asRWT). Similarly, the photoden-
sity of the C176A mutant channel after pull-down was divided
by the photodensity of the C176A mutant channel before pull-
down (RMT). RMT was then divided by RWT to obtain the rela-
tive (percentage) density.
Structural Modeling—The native Kir6.1 structure in its

closed state was generated using the I-TASSER protein struc-
ture prediction server (19–21) with bacterial KirBac1.1 (Pro-
teinData Bank entry 1p7b), KirBac3.1 (ProteinData Bank entry
1xl4), and prokaryotic Kir3.1 channel chimera (Protein Data
Bank entry 2qks) as the templates (22, 23) and further refined
with eukaryotic cKir2.2 (Protein Data Bank entry 3jyc) (24).
The Kir6.1 open state structure was generated using the Kir-
Bac1.1 open statemodel provided byDr. Venien-Bryan (25, 26).
The native Kir6.1 structural model was further modified by
incorporating theGSHmolecule onto the thiol group of Cys176.
Several candidate locations and orientations of GSH in the
Kir6.1 structural model were considered based on the interac-
tion of charged groups of GSH with that of Kir6.1 proteins and
refined using energy minimization (27). The one with the low-
est binding energy between GSH and the Kir6.1 protein was
chosen for further analysis and presentation. The sequence
alignment was created by ClustalW2. Structural images were
generated with the PyMOL molecular graphics system
(DeLano Scientific, LLC, San Carlos, CA). Distances between
molecules were measured with PyMOL.
Data Analysis—Data are presented as means � S.E. Differ-

ences were evaluated with Student’s t tests or analysis of vari-
ance, and the statistical significance was accepted when p was
�0.05.

RESULTS

Subunit Identification—Functional KATP channels consist of
four pore-forming Kir6.x subunits (Kir6.1 or Kir6.2) and four
regulatory sulfonylurea receptors (SUR1, SUR2A, or SUR2B)
(2, 4). The Kir6.1/SUR2B channel is considered to be the major
vascular isoform of the KATP channels, although Kir6.2 is also
found in VSM cells (28, 29). Our recent studies demonstrate
that the Kir6.1/SUR2B isoform of vascular KATP channel is tar-
geted by reactive oxygen species through S-glutathionylation
(10). To further identify the specific subunit(s) or isoform(s)
targeted by oxidants, we expressed Kir6.1/SUR2B and Kir6.2/

SUR2B channels in HEK cells separately. Both Kir6.1/SUR2B
and Kir6.2/SUR2B currents were activated by the specific KATP
channel activator pinacidil (10 �M) and inhibited by the chan-
nel inhibitor glibenclamide (10 �M) (Fig. 1, A and B, Glib). The
currents of interest were normalized to the window of pinacidil
and glibenclamide effects.
Application of H2O2 caused a marked inhibition of the

Kir6.1/SUR2B currents in a concentration-dependent manner
(Fig. 1, A and G). In contrast, the Kir6.2/SUR2B currents were
barely inhibited by H2O2 up to 10 mM (4.5 � 3.3% inhibition,
n � 4) (Fig. 1, B and G). The differential responses to oxidants
between Kir6.1/SUR2B and Kir6.2/SUR2B channels were fur-
ther investigated using pyridine disulfides (PDSs), pharmaco-
logical tools that react with protein cysteine residues similarly
as S-glutathionylation (10). 2,2�-Dithiodipyridine (2-DTP) (50
�M), a membrane-permeable PDS, inhibited whole-cell Kir6.1/
SUR2B currents by 95.8 � 1.1% (n � 5) (Fig. 1, C and H),
whereas the same concentration of 2-DTP inhibited the Kir6.2/
SUR2B channel by only 12.9 � 0.5% (n � 4) (Fig. 2B). This
suggests that the critical residue(s) or domain(s) for thiol oxi-
dation are located in the Kir6.1 subunit.
Intracellular Versus Extracellular Location—To determine

the intracellular versus extracellular location of the S-glutathio-
nylation sites, the effects of membrane-permeable and -imper-
meable PDSs were compared. Under the same recording
conditions as for 2-DTP, a high concentration of 5,5�-dithiobis-
2-nitrobenzoic acid (DTNB) (200 �M), a membrane-imperme-
able PDS, marginally inhibited the channel activity by 28.7 �
5.2% (n � 5) (Fig. 1, D andH). These different effects of DTNB
and 2-DTP were not due to different potencies of these PDSs
because 2-DTP and DTNB inhibited Kir6.1/SUR2B channel
activity to almost the same extentwhen theywere applied to the
internal membranes of inside-out patches (Fig. 1, E, F, and I).
The different effects of 2-DTP andDTNB in whole-cell record-
ing versus inside-out patches therefore indicate that the modu-
lation of thiol groups takes placemainly on the intracellular side
of the plasma membranes.
Determination of Critical Protein Domains—To determine

the critical domains for channel inhibition, we took the advan-
tage of the different sensitivity of the Kir6.1 and Kir6.2 to thiol
oxidation and performed experiments using six Kir6.1/Kir6.2
chimerical constructs created in our laboratory (16). In these
chimeras, the N terminus, transmembrane core region, and C
terminus were swapped between Kir6.1 and Kir6.2. All con-
structs expressed functional channels with SUR2B. The
responses of these chimerical channels to 2-DTP were then
examined. In comparison with 222 (or Kir6.2; 12.9� 0.5% inhi-
bition; n� 4) (Fig. 2,A and B), chimeras 122 (the N terminus of
Kir6.2 was substituted with that of Kir6.1; other chimeras are
named similarly) and 212 gained substantial sensitivity to
2-DTPwith theN terminus or core domain fromKir6.1 (68.5�
6.2 and 57.6 � 5.9% inhibition, respectively; n � 4; p � 0.05)
(Fig. 2, A, C, and D). However, chimera 221 did not show any
significant difference in its response to 2-DTP compared with
222 (Fig. 2, A and E; p � 0.05). Moreover, in comparison with
111 (or Kir6.1; 95.8 � 1.1% inhibition; n � 5), the inhibitory
effect of 2-DTP on both 211 and 121 was significantly reduced
(87.4 � 5.3 and 65.4 � 8.2% inhibition, respectively; n � 4; p �
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0.05) (Fig. 2A).When both theN terminus and the core domain
existed, the 112 had 2-DTP sensitivity (91.9 � 8.0% inhibition;
n� 4) as great as the 111 (Fig. 2A). This chimerical analysis thus
suggests that both the N terminus and the core domain are
crucial for the channel inhibition by 2-DTP.
Cys176 in the Kir6.1 Subunit—Systematic mutagenesis was

carried out on all cysteine residues of the Kir6.1 (Fig. 3, A and
B). All of the mutants exhibited functional channel activity
when expressed with SUR2B inHEK cells. By 2-DTP screening,
we found that one cysteine residue in the core domain (Cys176)
and another in the N terminus (Cys43) were important, and
mutations of these residues disrupted the channel sensitivity to
2-DTP (50�M) inwhole-cell recordings (Fig. 3,B–D).Mutation
of any other cysteine residues did not result in a significant
change in 2-DTP sensitivity using analysis of variance (Fig. 3B).
Of these two cysteine residues, the Cys176 was more prominent
in the oxidant-mediated channel inhibition because the Kir6.1-
C176A/SUR2B channel lost most of its 2-DTP sensitivity
(26.0 � 6.5% inhibition, p � 0.001) (Fig. 3, B and C). Consis-
tently, this mutant also lost its sensitivity to H2O2 (3.5 � 4.7%
inhibition; p � 0.001).

The Kir6.1-C176Amutant was further tested with GSSG, an
S-glutathionylation inducer that modulates Kir6.1/SUR2B
channel in inside-out patches (10, 30, 31). The WT Kir6.1/
SUR2B channel was inhibited by GSSG drastically (84.3� 8.7%

inhibition; n � 5) (Fig. 4E), whereas the Kir6.1-C176A/SUR2B
channel was rather resistant to the GSSG treatments (17.8 �
6.9% inhibition, n � 4, p � 0.001; Fig. 4, A and E). A treatment
with 100 �M H2O2 in the presence of 100 �M GSH, another
S-glutathionylation induction method (10), inhibited the
Kir6.1-C176A mutant only marginally (14.7 � 6.4% inhibition
(n� 4); p� 0.001 comparedwithKir6.1WT) (Fig. 4,B and F) in
inside-out patches. All of the results were consistent with the
idea that Cys176 was a critical site for S-glutathionylation.
Cys43 andCys120 inOxidant Sensitivity—TheCys43mutation

(C43A) reduced the channel sensitivity to 50�M2-DTP (69.0�
3.8% inhibition; n� 5) (Fig. 3, B andD), although the effect was
significantly smaller than that of Cys176 (p� 0.001).We further
tested the effect of GSSG on the C43Amutation and found that
the response of the Kir6.1-C43A mutant to GSSG was compa-
rable with its response to 2-DTP, showing rather modest inhi-
bition of the channel activity (60.9 � 3.2% inhibition; n � 4)
(Fig. 4, C and E). When the Kir6.1-C176A/C43A double muta-
tion channel was tested, we found that the GSSG effect was
completely eliminated (�3.9� 3.5% inhibition; n� 4) (Fig. 4,D
and E).

In addition toCys176 andCys43, Cys120 appeared to be impor-
tant for the channel sensitivity to extracellular oxidants. The
Kir6.1-C120S/SUR2B mutant channel lost substantial 2-DTP
sensitivity (77.6 � 5.1% inhibition; n � 4) (Fig. 3E), although

FIGURE 1. Redox-mediated vascular KATP channel inhibition. A, whole-cell voltage clamp was performed on a cell expressing the Kir6.1/SUR2B channel. The
reversal potential of K� current was close to 0 mV by using equilibrated bath and pipette solutions containing 145 mM K�. Command pulses of �80 mV were
given every 3 s. Application of pinacidil (Pin; 10 �M) markedly augmented the whole-cell currents, which were subsequently inhibited by increased doses of
H2O2 (1 and 3 mM). Glibenclamide (Glib) (10 �M), a specific KATP channel inhibitor, further diminished the channel activity to the basal level. B, in the whole-cell
recording, pinacidil-induced Kir6.2/SUR2B currents responded poorly to high concentrations of H2O2 (3 mM and 10 mM). C, in whole-cell configuration, the
pinacidil-activated currents were potently inhibited by membrane-permeable 2-DTP (50 �M). D, in whole-cell configuration, membrane-impermeable DTNB
(50 and 200 �M) had modest inhibitory effects on the Kir6.1/SUR2B channel activity. E, inside-out patch recording was obtained from an HEK cell expressing the
Kir6.1/SUR2B channel with a holding potential of �60 mV. 2-DTP (3–30 �M) inhibited the pinacidil-induced Kir6.1/SUR2B channel progressively. F, increased
doses of DTNB inhibited the Kir6.1/SUR2B channel in a similar manner. G, the effects of H2O2 (3 mM) on the Kir6.1/SUR2B and Kir6.2/SUR2B channels were
compared. H, the dose-effect relationship of extracellular application of 2-DTP or DTNB with the activity of Kir6.1/SUR2B channel in the whole-cell configura-
tion. I, the dose-effect relationship of 2-DTP or DTNB application with the activity of Kir6.1/SUR2B channel in inside-out patch configuration. ***, p � 0.001. Error
bars, S.E.
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statistical significance was not found using analysis of variance.
When the data were tested with Student’s t test, however, its
response to 2-DTP was significantly smaller than that of the
Kir6.1/SUR2BWT channel (p� 0.01). Therefore, further stud-
ies were conducted on this site. In inside-out patches, the
Kir6.1-Cys120 mutant did not show any reduction in its sensi-
tivity to GSSG in comparison with Kir6.1/SUR2BWT channel
(87.0 � 5.8% inhibition (n � 4) versus 84.3 � 8.7% inhibition
(n � 5), respectively; p � 0.05) (Fig. 4E). When this mutant was

examined in whole-cell recordings using membrane-imperme-
ableDTNB (200�M) applied extracellularly, the effect ofDTNB
was eliminated almost completely (2.7� 6.0% inhibition;n� 6)
(Fig. 3F) in comparison with the Kir6.1/SUR2B WT channel
(28.7 � 5.2% inhibition by DTNB; n � 5) (Fig. 1D). These data
thus suggest that Cys120 may serve for extracellular redox sens-
ing but does not seem to be an S-glutathionylation site.
Biochemical Evidence for Cys176 Modification—Because

Cys176 was the dominating residue mediating the S-glutathi-

FIGURE 2. The responses of chimerical channels to 2-DTP. A, segments from Kir6.1 are shown in white, and segments from Kir6.2 are shown in black. The
effect of 2-DTP (50 �M) on all of the chimerical channels is shown along with a schematic diagram. Compared with 111, both 211 and 121 showed decreased
sensitivities to 2-DTP. Compared with 222, both 122 and 212 had stronger responses to 2-DTP treatments. Statistical analysis revealed that both the N terminus
and the core domain were important for channel inhibition by 2-DTP. B–E, representative recordings demonstrated the responses of different constructs to
treatment with 2-DTP. Pin, pinacidil; Glib, glibenclamide. Error bars, S.E.

FIGURE 3. Identification of the critical sites of cysteine modification. A, schematic diagram of the approximate locations of the cysteine residues across the
hKir6.1 subunit. B, summary of the effects of 2-DTP (50 �M) on the WT and mutant channels. Mutation of Cys43 and Cys176 showed impaired sensitivities to the
2-DTP (50 �M) treatment using analysis of variance. C, the Kir6.1-C176A/SUR2B mutant channel was activated by pinacidil (Pin). The current was resistant to
the inhibitory effect of 2-DTP. Glibenclamide (Glib) still inhibited the channel activity. D, Kir6.1-C43A/SUR2B mutant channel showed impaired responses to
2-DTP-mediated channel inhibition. E, in another cell expressing the Kir6.1-C120S/SUR2B mutant channel, 2-DTP had a substantially inhibitory effect on the
channel activity. F, Kir6.1-C120S/SUR2B currents were not sensitive to DTNB (200 �M), a membrane-impermeable PDS (***, p � 0.001). Error bars, S.E.
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onylation, we performed additional experiments to validate the
essential role of Cys176 in S-glutathionylation biochemically.
HEK cells transfected with WT channels or Kir6.1-C176A/
SUR2B mutant were first tested for the expression of Kir6.1
protein. After cell lysis, anti-Kir6.1 antibodies detected strong
Kir6.1-reactive bands in whole-cell extracts in both constructs.
According to our previous study, a strong reactive band of �32
kDa is Kir6.1-specific (10). The specificity of the antibodies is
also confirmed by internal experiments performed by Sigma-
Aldrich. With �-actin as loading control, we found that the
density of the Kir6.1-C176A-reactive band was comparable
with that of the Kir6.1WT band (106� 8.5%; n� 5), indicating
that theC176Amutation did not change the protein expression
pattern of the Kir6.1 subunit (Fig. 5A). These constructs thus
were subjected to a streptavidin pull-down assay. TheHEKcells
transfected with Kir6.1/SUR2B or Kir6.1-C176A/SUR2B were
incubated with BioGEE (250 �M) for 1 h, followed by 15 min of
H2O2 (750 �M) challenge as described previously (10, 32). If
BioGEE was incorporated into the channel proteins, streptavi-
din-beads then should pull down the channel-BioGEE com-
plex, which would be further detected by Kir6.1 antibodies in
Western blot. On the other hand, if the mutation impaired the
protein S-glutathionylation, then themutation should decrease
the binding of Kir6.1 protein to BioGEE, resulting in a weaker
band or even no band in Western blot. Indeed, we observed
different band densities between these two constructs. After
streptavidin pull-down, the density of the Kir6.1-C176A-reac-
tive bandwasmuchweaker (38.6� 3.8%;n� 5) (Fig. 5,A andB)
compared with the band of the Kir6.1 WT channel after nor-
malizing to protein inputs (Fig. 5, A and B). The data further

demonstrate that the C176Amutation impaired the Kir6.1 pro-
tein S-glutathionylation.

As a control, the washout of the streptavidin bead-protein
mixture was also used for Western blot. No clear bands were

FIGURE 4. The effect of S-glutathionylation on the WT and mutant channels. A, in the Kir6.1-C176A/SUR2B mutant channel, 5 mM GSSG only had a slight
inhibitory effect on the pinacidil-induced currents in giant inside-out patches. B, Kir6.1-C176A/SUR2B mutant channel was almost insensitive to the combined
treatment of GSH and H2O2, another S-glutathionylation induction method. C, Kir6.1-C43A/SUR2B mutant channel was inhibited by GSSG (5 mM). D, Kir6.1-
C43A/C176A/SUR2B channel was resistant to the inhibitory effect of GSSG. E, summary of the effects of GSSG on Cys176, Cys43, Cys120, and Cys43/Cys176 double
mutants in giant inside-out patches (n � 4 – 6). F, summary of the effects of GSH/H2O2 on Kir6.1/SUR2B WT and Kir6.1-C176A/SUR2B mutant channels. *, p �
0.05; ***, p � 0.001. Glib, glibenclamide. Pin, pinacidil; Error bars, S.E.

FIGURE 5. Cys176 impaired the streptavidin pull-down. A, whole-cell
extracts were obtained from HEK cells expressing Kir6.1/SUR2B and Kir6.1-
C176A/SUR2B channels using radioimmune precipitation assay buffer. The
�-actin protein was detected using anti-�-actin antibodies as the loading
control (bottom). The Kir6.1 proteins and Kir6.1-C176A mutant proteins were
detected in the whole-cell extracts using anti-Kir6.1 antibodies. With the load-
ing of the same amount of protein extracts, the anti-Kir6.1 antibodies
detected bands of Kir6.1/SUR2B WT channel and Kir6.1-C176A/SUR2B mutant
channel in a similar density (middle). The same amount of protein extracts
(100 �g) from HEK293 cells expressing WT or mutant channels was subjected
to the pull-down assay by the same amount of streptavidin beads (1 mg).
Western blot using antibodies against Kir6.1 protein showed that the density
of the Kir6.1-C176A-reactive band was much weaker compared with that of
the Kir6.1 WT channel (top). B, the band densities of Kir6.1-C176A mutant
channel after pull-down was normalized to that of Kir6.1 WT channel with the
adjustment of inputs. Data were averaged from five individual repeats. ***,
p � 0.001; IB, immunoblot; error bars, S.E.

Gating of KATP Channel by S-Glutathionylation

MARCH 18, 2011 • VOLUME 286 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 9303



detected in the washout from samples of either WT or mutant
channels. This indicates that the Kir6.1 protein concentrations
in the washout were below the threshold of detection byWest-
ern blot.
Simulation Modeling—Several Kir channel protein crystal

structures, including the eukaryotic Kir2.2 channel structure,
have been resolved recently. Although N and C termini show
notable variation among different Kir channels, the core

domains are rather conservative. To gain a structural insight
into how the S-glutathionylation of Cys176 affects the channel
activity, we modeled the Kir6.1 structure with a GSH moiety
bound at residue 176 in its closed state (Fig. 6,A andC–G). Our
model showed that after incorporation, the GSH moiety occu-
pied the space between the M0, M1, and M2 helices (Fig. 6,
C–G). The 360° view of the GSH-bound local structure is also
presented (supplemental Fig. 1). Because the channel opening

FIGURE 6. Structural modeling of Kir6.1 S-glutathionylation at Cys176. A, structural modeling of the two opposing monomers of the Kir6.1 pore-forming
domain in the closed state (the N and C termini are omitted for clarity; the whole structural model is shown in supplemental Fig. 1). B, structural model of the
Kir6.1 pore-forming domain in its open state. C–E, close-up views of the GSH incorporated into Cys176 of the M2 inner helix. The location of GSH was determined
by energy minimization. D and E, 90° turns of the view from C. F and G, intracellular view of the pore-lining helices of Kir6.1 (perpendicular to the axis of the M1
outer helix, blue) in the closed state model. Cys176 and Leu73 are shown in sticks (G, with a GSH moiety; F, without a GSH moiety). H, the same intracellular view
of Kir6.1 in the open state model. Compared with F, the M2 inner helix (red) was bent leftward and twisted slightly, making Cys176 face directly toward the M1
outer helix (blue), where there was the residue Leu73. The distance between the sulfur atom of Cys176 and the closest carbon atom of Leu73 was 2.8 Å in the open
state compared with 9.2 Å in the closed state. Apparently, with the incorporation of a GSH moiety, this open conformation of the channel could not be
achieved. Structural elements are colored: blue, M1 outer helix; red, M2 inner helix; purple, M0 slide helix; black, selectivity filter. GSH is shown in standard amino
acid colors. The selectivity filter and connecting loops were removed in C–H for clarity. I–K, proposed models for S-glutathionylation-mediated channel gating.
I, schematic view of KATP channel in its closed state. The “activation gate” Phe178 blocks the pore and prevents the ion from passing through. J, the adminis-
tration of KATP channel opener causes a conformational change of KATP channel; the inner helix bends at Gly175 and moves the gate (Phe178) away from the ion
conduction pathway to facilitate the passage of potassium ions. K, S-glutathionylation at residue Cys176 results in the incorporation of GSH that occupies the
space between the inner and outer helices. The addition of GSH prevents the channel from entering its open state.
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requires amovement of theM2 inner helix (23, 25), the addition
of GSH at residue Cys176 prevented the M2 inner helix from
undergoing such a necessary movement for channel opening.
To further validate this idea, we also modeled the Kir6.1 struc-
ture in its open state (Fig. 6, B andH) and compared it with the
Kir6.1 model in its closed state. In the Kir6.1 open state model,
the M2 inner helix was bent and twisted, making the Cys176
residue face the M1 outer helix directly (Fig. 6H). After energy
minimization, the distance between Cys176 and the closest res-
idue (Leu73) on the M1 outer helix was 2.8 Å (Fig. 6H). When
there was a GSHmoiety on Cys176, the channel open state with
such a short distance between Cys176 and Leu73 could not be
achieved. Consequently, the channel was retained in its closed
state.

DISCUSSION

S-Glutathionylation is a post-translational modulation
mechanism that is involved in a variety of physiological or
pathophysiological events (33). We have recently shown that
the VSMKATP channel, a vascular tone regulator, is modulated
by S-glutathionylation.Our data in the present study reveal that
the Kir6.1/SUR2B channel modulation by S-glutathionylation
is likely to take place primarily at the Cys176 residue of the
Kir6.1 subunit. Because of its critical location, the incorpora-
tion of the GSH moiety into Cys176 prevents the pore-forming
inner helices from undergoing necessary conformational
change for opening and retains the channel in its closed state.
Excessive reactive oxygen species produced during oxidative

stress can result in structural modification of proteins affecting
protein function (12). Although some studies have shown that
the KATP channels are targeted by redox regulation, data are
rather inconsistent regarding the effect of oxidants or thiol oxi-
dation on KATP channels from different tissues. Reactive oxy-
gen species lower the KATP channel activity in cerebral arteri-
oles (34, 35) and coronary arteries (36) but facilitate its opening
in cardiacmyocytes (37) andpancreatic�-cells (38).Our results
suggest that the differential responses of KATP channels to reac-
tive oxygen species in these tissues are likely to be due to differ-
ent isoforms of KATP channels expressed.

KATP channels consist of Kir6.1-containing channels and
Kir6.2-containing channels. Although the Kir6.2 is the closest
family member of Kir6.1, the intrinsic properties of these two
groups of channels are quite different (39). For example, they
have different biophysical properties and are modulated differ-
ently by PKA and PKC (40–42); the sensitivities of these chan-
nels to ATP and ADP are distinct (43); and without ATP, the
Kir6.2 channel often opens automatically, whereas the Kir6.1
channel generally has low basal activity (16, 43, 44). Therefore,
the studies of the Kir6.2 channel often take the advantage of its
automatic opening, whereas the studies of the Kir6.1 channel
require the KATP channel openers to activate the channel. In
this current study, we found another major difference between
these channels. The Kir6.1/SUR2B channel is inhibited by oxi-
dants and reactive disulfides strongly, whereas the Kir6.2/
SUR2B channel is barely inhibited by these reagents. These dif-
ferent responses may be attributable to the difference between
Kir6.1 and Kir6.2 subunits. However, we cannot rule out the
possibility of the involvement of the SUR subunit. The close

coupling between Kir6.x and SURx is well recognized. The SUR
is known to interactwith theN terminus but not theC terminus
of Kir6.x to affect channel gating (45, 46). Such an interaction
may rely on certain N-terminal residues and produce different
conformational supports for distinct Kir6.x subunits. However,
our data do suggest that the cysteine residues in the SUR2B
subunit are not functionally S-glutathionylated, which is sup-
ported by our systematic mutagenesis for all the intracellular
cysteine residues in the SUR2B subunit (supplemental Fig. 2).
Previous studies of the oxidant sensitivity of KATP channels

weremainly focused onKir6.2-containing channels (2). Studies
of Kir6.2-containing channels in native tissues suggest that the
application of H2O2 facilitates the opening of these channels,
preferentially through changing theATP/ADP sensitivity of the
Kir6.2-containing channels (38, 47). On the other hand,
Kir6.2	C26 (truncated Kir6.2 that can express by itself)
or Kir6.2 with SUR1 is inhibited by p-chloromercuriphenylsulfo-
nate, a sulfhydryl-modifying reagent. Further investigations
have shown that Cys42 (the corresponding site of Cys43 in
Kir6.1) is the major site involved in the channel inhibition (44).
Consistently, we have also found Cys43 in Kir6.1, the counter-
part of Cys42 in Kir6.2, to be modulated by exogenous thiol
oxidants.More importantly, this residue in Kir6.1 appears to be
a S-glutathionylation site, although it does not seem to play a
leading role compared with Cys176.

Biochemical experiments, including Western blot and pull-
down assays, require the use of Kir6.1 antibodies. Kir6.1 anti-
bodies have been generated from different laboratories and are
also commercially available. Interestingly, although specific,
antibodies from different sources detect bands of distinct sizes
in different tissue samples. For example, a single band of 35, 44,
or 49 kDa has been detected in rat heart tissue from three inde-
pendent studies (48–50), respectively. In rat brain samples, a
single band of 51 kDa has been detected (48), whereas another
study has detected the Kir6.1 band between 37 and 50 kDa in
adult mouse hippocampus (51). In the present study, we used
the Kir6.1 antibodies purchased from Sigma-Aldrich. The size
of the Kir6.1-reactive band detected in our study is close to the
band detected fromheart tissue by Sun et al. (48). It is suggested
that the post-translational modification, the natural truncation
of Kir6.1 protein during the preparation, and the methods of
sample treatment (e.g. lysis reagents, reducing or non-reducing
preparation, etc.) may affect the size of Kir6.1 protein from
different tissues.
KATP channels have been modeled previously using crys-

tallized bacterial channels as templates (52–55). In this
study, the closed state of the Kir6.1 is modeled using the
most recently crystallized eukaryotic Kir2.2 together with
bacterial Kir channels as templates (see supplemental Fig. 3
for sequence alignments). The open state model is generated
based on the open state KirBac1.1 structural model provided
by Dr. Venien-Bryan (25, 26). With the information from
these structures, a model of the S-glutathionylation-medi-
ated Kir6.1/SUR2B channel gating is proposed (Fig. 6, I–K,
and supplemental Movie 1). A conservative phenylalanine
residue (Phe146 of KirBac1.1; Phe178 of Kir6.1) located in the
narrowest region of the ion conduction pathway is likely to
serve as “blocking residue/activation gate” that prevents K�
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from passing through when the channel is closed (23, 56).
When the channel is open, the slide helix moves laterally and
exerts strain on the bottom of the inner helix, resulting in the
bending of the inner helix at a weak point (e.g. a glycine
residue (Gly175 of Kir6.1)). This bending moves the side
chain of the blocking residue (Phe178 of Kir6.1) away from
the center of the ion conduction pathway and allows K� to
pass through (25). In the channel open state, Cys176 of the
M2 helix makes a close contact with the M1 helix. The clos-
est distance between Cys176 and Leu73 in the M1 helix is
measured to be 2.8 Å. Such a short distance/small space
cannot accommodate a GSH moiety (or even a smaller thiol
modulation regent, 2-DTP). Therefore, when the channel is
S-glutathionylated, the open conformation of the channel
cannot be achieved.
In the Kir6.2 channel, Cys166 (corresponding to Cys176 in

Kir6.1) is suggested to be involved in the intrinsic channel gat-
ing (57). The channel with the C166S mutation lost most of its
sensitivity to both KATP channel opener and inhibitor with a
drastic augmentation of the channel open probability (57).
However, Cys176 in theKir6.1/SUR2B channel does not seem to
be a general gating site. We have found that Kir6.1/SUR2B
channels with the C176A mutation are still sensitive to both
KATP channel opener and inhibitor, indicating that the general
channel gating machinery of Kir6.1/SUR2B channel is still
intact with the Cys176 mutation.

In contrast to the conserved core domain, the N terminus of
the Kir channel shows considerable variations (supplemental
Fig. 3). The crystal structure of the N terminus of Kir channels
cannot be modeled with a decent resolution. Therefore, we did
not attempt to study how the S-glutathionylation of Cys43

affects the protein conformation.
Unlike Cys176 and Cys43, Cys120 does not seem to be

involved in S-glutathionylation. In the Kir2.1 channel, the
mutation of Cys122, the counterpart of Cys120 in Kir6.1,
results in an absence of ionic currents although the channels
are still expressed (58, 59). In our studies, we were able to
record the currents from the C120S mutant, although the
currents were rather small compared with most of the other
mutants. Based on the Kir protein structure, Cys120 is
located on the extracellular interface of the cellular mem-
branes, accessible to extracellular environments. The acces-
sibility of this residue to extracellular oxidants as well as
membrane-impermeable PDS, but not intracellular GSSG,
suggests that Cys120 could be a site for extracellular redox
modulation rather than intracellular S-glutathionylation.
In conclusion, our studies indicate that S-glutathionylation

inhibits the Kir6.1/SUR2B channel by targeting mainly Cys176

of the Kir6.1 subunit. S-Glutathionylation at Cys176 is likely to
structurally prevent the pore-forming inner helix from under-
going necessary conformational change for channel gating,
thus retaining the channel in its closed state. The demonstra-
tion of the molecular mechanism underlying S-glutathionyla-
tion of the vascular KATP channel with structural insight into
the channel gating should have a profound impact on the
understanding of the post-translational modifications of ion
channels.
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