
FUNCTION, 2023, 4(3): zqad016

https://doi.org/10.1093/function/zqad016
Advance Access Publication Date: 10 April 2023
Original Research

RESEARCH ARTICLE

Oxidation Driven Reversal of PIP2-dependent Gating in
GIRK2 Channels
Sun-Joo Lee 1,*, Shoji Maeda2, Jian Gao1, Colin G. Nichols 1

1Department of Cell Biology and Physiology and the Center for Investigation of Membrane Excitability
Diseases, Washington University School of Medicine, St. Louis, Missouri, USA and 2Department of
Pharmacology, Medical School, University of Michigan, Ann Arbor, Michigan, USA
∗Address correspondence to S-J.L. (e-mail: sunjoo.lee@wustl.edu)

Abstract

Physiological activity of G protein gated inward rectifier K+ (GIRK, Kir3) channel, dynamically regulated by three key ligands,
phosphoinositol-4,5-bisphosphate (PIP2), Gβγ , and Na+, underlies cellular electrical response to multiple hormones and
neurotransmitters in myocytes and neurons. In a reducing environment, matching that inside cells, purified GIRK2 (Kir3.2)
channels demonstrate low basal activity, and expected sensitivity to the above ligands. However, under oxidizing
conditions, anomalous behavior emerges, including rapid loss of PIP2 and Na+-dependent activation and a high basal
activity in the absence of any agonists, that is now paradoxically inhibited by PIP2. Mutagenesis identifies two cysteine
residues (C65 and C190) as being responsible for the loss of PIP2 and Na+-dependent activity and the elevated basal activity,
respectively. The results explain anomalous findings from earlier studies and illustrate the potential pathophysiologic
consequences of oxidation on GIRK channel function, as well as providing insight to reversed ligand-dependence of Kir and
KirBac channels.
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Introduction

G protein gated inward rectifier K+ (GIRK, Kir3.x) channels are
members of the inward rectifier K channel family, formed by
hetero- or homomeric tetramers of Kir3.1–3.4 subunits. They
exhibit relatively strong inward rectification, allowing K+ con-
ductance at negative membrane potentials while K+ efflux
through the channels is blocked by intracellular Mg2+ and
polyamines1 when cells are depolarized. GIRK channels are
physiologically activated by the direct binding of Gβγ het-
erodimers released from heterotrimeric G-protein complexes
when interacting G-protein coupled receptors [GPCRs, including
GABAB,2 D2 dopamine (DA),3 and cardiac M2 muscarinic recep-
tors4] are activated by their respective agonists. PI(4,5)P2 (PIP2),
a universal activator of all Kir channels, is required to facilitate
Gβγ activation.5,6 Ethanol7 and Na+8 augment PIP2 sensitivity
of the channels in a Gβγ -independent manner9 or with positive
allostery.8,10

GIRK2 (Kir3.2) prominently expresses in neurons that secrete
DA, an essential regulator of voluntary movement. Neurodegen-
erative death of dopaminergic neurons underlies Parkinson’s
diseases (PD), a degenerative disorder leading to loss of motor
control.11 Dopaminergic neurons are subjected to oxidative
stresses that are exacerbated with aging, and reducing oxida-
tive stress via expression of scavenging proteins attenuates neu-
rodegeneration, pointing to oxidative stress as a major underly-
ing cause of PD.12 Interestingly, prolonged application of L-DOPA,
the most effective DA pro-drug for treating PD,13 leads to loss of
the beneficial effect, and emergence of adverse effects. Among
these is a decrease of GIRK2 activity due to oxidation of the chan-
nels by the quinone derivative of L-DOPA.14 Previous biochemi-
cal assays indicate that GIRK2 activity is sensitive to redox con-
ditions. Consistent with this, reduction of an N-terminal cys-
teine (C65 of GIRK2) increases recombinant channel activity.15,16

In contrast, oxidation by superoxide anions has been shown
to increase GIRK1 channel activity in Xenopus laevis oocyte in
a Gβγ -independent manner.17 These contradictory results, all
obtained in cellular membranes, leave it unclear exactly how
oxidation/reduction affects GIRK channel activation.

In this study, we have established an in vitro assay system
to tightly control both the redox state of purified GIRK2 pro-
teins and the levels of different modulators. This allows us to
show that oxidized GIRK2 acquires strikingly anomalous activ-
ities: (1) GIRK2 proteins lose PIP2 activation; (2) the channels
become highly active in the absence of any agonists, following
extended exposure to oxidizing conditions; and (3) this elevated
basal activity is now inhibited by PIP2. By mutagenesis, we fur-
ther show that the altered activities result from redox reactions
at distinct cytoplasmic cysteine residues. The results not only
provide insights to the molecular mechanisms of GIRK chan-
nel gating, and Kir channel gating more generally, but also have
translational relevance for understanding disease mechanisms.

Methods

GIRK2 Expression and Purification

Experiments were carried out on a mouse GIRK2 construct
(kindly provided by Dr. R. MacKinnon, The Rockefeller Univer-
sity, New York, NY, USA) that is truncated at both N- and C-
termini and composed of residues 52 to 380. The same trun-
cated GIRK2 construct, used for structure determinations,18–20

has been confirmed to generate very similar channel activities

to the full length proteins in voltage-clamped oocytes18 as well
as in recombinant protein assays.10,20 The original construct was
subcloned so that the protein is tagged C-terminally by GFP and
a Flag peptide and a decahistidine (HIS10). In this report, this
protein is referred to as wild type GIRK2. All point mutations
were introduced to this construct via PCR with the high-fidelity
DNA polymerase (Agilent, Santa Clara, CA) and confirmed by
sequencing.

Wild type and mutant GIRK2 proteins were expressed in
Pichia pastoris. Frozen yeast cells (10 GM) were broken by milling,
and proteins were extracted in the lysis buffer (50 mM Tris pH
7.5, 150 mM KCl, 40 mM n-Decyl-β-D-Maltoside (DM), 2 mM β-
mercaptoethanol (2-ME), DNaseI, 0.1 mg/mL AEBSF, 0.1 μg/mL
Pepstatin A, 1 μg/mL Leupeptin, 1 μg/mL Apotrotinin, 1 mM
PMSF). The solubilization was performed at room temperature
(RT), and the rest of the purification steps were carried out at 4◦C.
The supernatant from a 30 000 × g centrifugation for 30 min was
incubated with 250μL cobalt resin for 2 to 3 h, then washed with
10 cv of 20 mM Imidazole buffer (50 mM Tris pH 7.5, 150 mM KCl,
4 mM DM, and 2 mM 2-ME) and with 5 cv of 40 mM Imidazole
buffer (50 mM Tris pH 7.5, 150 mM KCl, 4 mM DM, 2 mM 2-ME).
The elution was made by cutting off the GFP-Flag-His tag by in-
house HRV-3C protease on column overnight. The eluate was
concentrated and further purified by size exclusion chromatog-
raphy (SEC) through Superose 6 or Superdex 200 column equi-
librated with 20 mM Hepes pH 7.5, 150 mM KCl, 4 mM DM with
2 mM tris (2-chloroethyl) phosphate (TCEP), and the fractions of
the tetramer peak were combined and concentrated to approx-
imately 1 to 3 mg/mL concentrations. To prepare samples in the
absence of reducing reagents, this concentrated protein was
run through a second SEC equilibrated with the same buffer
but in the absence of 2 mM TCEP. The fractions of the tetramer
peak were combined, rapidly concentrated, and assayed with-
out delay (Figure 1A). To prepare K+-free GIRK2 proteins for the
experiments shown in Supplementary Fig. S2, the concentrated
sample from the first SEC column was run through a second
SEC column equilibrated with the SEC buffer, with 150 mM NaCl
replacing 150 mM KCl. The same purification procedures were
used for mutant GIRK, Kir2.2 wild type as well as A179C mutant
proteins (Supplementary Fig. S5).

Gβ1γ 2 (G βγ ) Expression and Purification

The Gβγ heterodimer was expressed in Hi5 cells using a bac-
ulovirus expression system containing the genes for Gβ1 and
Gγ 2 subunits.21 A hexa-histidine tag followed by an HRV-3C pro-
tease recognition sequence was attached to the amino-terminus
of the Gβ1 subunit. Hi5 cells were infected at a density of 3.0
to 3.5 × 106 cells/ml and incubated at 27◦C for 48 h. After cen-
trifugation, cells were resuspended in a lysis buffer (10 mM
Tris, pH 7.5, 5 mM 2-ME, 1 mM benzamidine, and 2.5μg/mL Leu-
peptin). The membrane fraction was collected by centrifuga-
tion and solubilized by Dounce homogenizer with solubiliza-
tion buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 1.0% sodium
cholate, 0.05% dodecylmaltoside (DDM), 5 mM 2-ME, 1 mM ben-
zamidine, and 2.5μg/mL Leupeptin). The solubilized membrane
was stirred at 4◦C for 40 min, and then centrifuged to remove
the insoluble fraction. The supernatant was collected and mixed
with Ni-NTA resin and stirred for 2 h at 4◦C. The resin was
first washed in batch mode with a wash buffer (20 mM HEPES
pH 7.5, 500 mM NaCl, 0.5% sodium cholate, 0.05% dodecylmal-
toside, 5 mM 2-ME) to remove crude particles. Following the
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Figure 1. Strategy to test redox effect on GIRK2 activity in vitro. (A) Protein purification and in vitro flux assay scheme to tightly control the oxidation state of the
purified proteins with details in “Method” section. Proteins purified without 2 mM TCEP in the oxidizing condition were subjected to experiments to test different
redox conditions while protein purified with 2 mM TCEP in the reducing condition was kept in a strictly reducing condition with additional 2 mM TCEP during 3-hour
RT incubation. Inset diagram describing the steps for proteoliposome formation. (B) ACMA flux assay strategies to test K+ specific activity in the absence or presence

of Na+ by replacing external salt from NMDG Cl to NaCl or to test Na+ specific activity by replacing internal salt from KCl to NaCl while keeping the external salt with
NMDG Cl. Lipids forming the proteoliposomes shown in yellow, reconstituted proteins in gray blobs, proton ionophore CCCP in yellow blob. Curved arrows indicate
ion or proton movements down the electrochemical gradients, and black straight arrows show the movement of ACMA across the liposome membrane with the red X
mark indicating the inability of ACMA to cross the membrane when protonated and positively charged. Darker green color of ACMA H+ inside the liposome indicates

the quenching of the fluorophores upon protonation.

batch mode wash, the resin was further washed in an open
glass column with progressively reduced sodium cholate. The
protein was eluted with Ni-NTA elution buffer (20 mM HEPES
pH 7.5, 100 mM NaCl, 0.05% DDM, 0.1 mM TCEP, 250 mM imida-
zole). To cleave off the amino terminal hexa-histidine tag, HRV-
3C protease was added and the sample was dialyzed overnight
against 20 mM HEPES pH 7.5, 100 mM NaCl, 0.05% dodecylmalto-
side, 0.1 mM TCEP. Next day, the cleaved histidine tag, uncleaved
fractions, and HRV-3C protease were removed by passing the
sample through Ni-NTA resin. The flow-through fraction was
concentrated and further purified by size-exclusion chromatog-
raphy in a SEC buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 0.05%
DDM, 0.1 mM TCEP). After concentrating the peak fraction, corre-
sponding to Gβγ heterodimer, 10% glycerol was added and pro-
tein aliquots were flash frozen in liquid nitrogen and kept at
−80◦C until use. The elution profile from the SEC column and
1D SDS gel image show highly pure dimers of Gβ and Gγ (Sup-
plementary Fig. S1D).

Flux Assay

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-
glycerol) (POPG) stocks were prepared at 10 mg/mL concen-
tration in 20 mM HEPES, pH 7.5, 150 mM KCl, 20 mM CHAPS,
0.5 mM EGTA. They were mixed with lipids at 20% (w/w)
POPG and 80% POPE with or without 1% (w/w) porcine brain
l-α-phosphatidylinositol-4,5-bisphosphate (PIP2) in 100μL
volume, and the mix was incubated at room temperature (RT)
for 2 h. For experiments shown in Figure 4, 3% (w/w) brain
PI(4,5)P2 or 1 or 3% brain PI(4)P was added. For experiments
shown in Supplementary Fig. S3 and S4, POPG and bPIP2 levels
were varied as shown in the figures. Then 3 μg of protein
(except in experiments testing protein levels on the basal
activities, Figure 2D to F and Supplementary Fig. S2 and S4) was
added to each 100μL lipid-detergent mix, giving ∼1:300 = P: L
mass ratio as depicted in the inset of Figure 1A either with or
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Figure 2. Canonical GIRK2 activity in reducing conditions. ACMA flux assay of reduced GIRK2 in the presence of different combinations of agonists: no agonist (cyan),
PIP2 (blue), PIP2 + Na+ (green), PIP2 + Gβγ (pink), and PIP2 + Na++Gβγ (purple). The details are in the “Method” section. (A) Representative traces of normalized
fluorescence intensity for empty liposomes without proteins (dashed lines) or proteoliposomes (solid lines with marks) in the presence of different combinations

of agonists. CCCP was added at 0 min, and potassium ionophore valinomycin (Val) was added at 15 min. The channel activity was inferred (C) from the differential
ACMA signal decay (�F) between the empty liposomes and the proteoliposomes (B) at 10 min after the addition of proton ionophore (CCCP). Data are presented as the
mean ± SEM n = 5, and One way ANOVA followed by Tukey’s multiple comparison was used for the statistical test. No agonist vs. PIP2 + Na, P = .0052; no agonist vs.
PIP2 + Na++Gβγ , P = .0164; PIP2 vs. PIP2 + Na, P = .0109; PIP2 vs. PIP2 + Na++Gβγ , P = .0081; PIP2 + Gβγ vs. PIP2 + Na++Gβγ , P = .0057. Representative differential ACMA

signal decay (�F) with increasing amount of the proteins in the absence of any agonists with internal KCl (D) or with internal NaCl (E). (F) Comparison of the basal
activities measured in D and E with the internal salt K+ or Na+. Data are presented as the mean ± SEM n = 3. Two-way ANOVA with Sidak’s multiple comparisons test
was used for the statistical test. K+ In vs. Na+ In, P < .001; 3 μg vs. 6 μg for K+ In, P = .0003; 3 μg vs. 6 μg for Na+ In, P = .0449. The following color scheme is consistently
applied throughout the paper. ACMA assays done with external NMDG are shown in blue colors, and those with external NaCl in green colors. Proteoliposomes

containing no PIP2 are shown in a lighter color with open symbols, and the counterparts containing PIP2 (or PI(4)P in Figure 4) with filled symbols. Comparisons with
no statistical significance are not indicated.

without added 2 mM TCEP and incubated for 30 min or 3 h at
RT.

At the end of the RT incubation, the protein-lipid-detergent
mix was loaded on the dehydrated Sephadex G50 column that
was pre-equilibrated with the internal buffer (20 mM HEPES pH
7.5, 150 mM KCl, 0.5 mM EGTA). For experiments to test Na+

selectivity, 150 mM KCl of the internal buffer was replaced with
150 mM NaCl (Figure 1B), and the lipids were dissolved in the
buffer containing 150 mM NaCl instead of KCl. Gβγ was added
to preformed empty liposomes or proteoliposomes at 3,600 nM
to make a final Gβγ concentration of 180 nM in the 200 μL reac-
tion volume during ACMA assays.19

A volume of 10μL of proteoliposome was added to each
well of a 96-well plate, and then 190μL of the flux buffer con-
taining 2μm 9-Amino-6-Chloro-2-Methoxyacridine (ACMA) in
20 mM HEPES pH 7.5, 150 mM NMDG, 0.5 mM EGTA buffer was
added to get the initial base fluorescence intensity by Cytation
5 (BioTek, CA, USA) with excitation at 420 ± 20 nm and emis-
sion at 490 ± 20 nm. The flux buffer containing 150 mM NMDG
was used to test GIRK2 channel activities in the absence of any

agonists as well as PIP2 activation in the absence of coregula-
tory Na+ (Figure 1B). Flux buffer containing 150 mM NaCl instead
was used to test the effect of Na+ on PIP2 activation (Figure
1B). After 3 to 5 min, the proton ionophore Carbonyl Cyanide
3-ChloroPhenylhydrazone (CCCP) with 1 μm working concentra-
tion was added to trigger proton influx down the electrical gradi-
ent generated as a result of K+ efflux through active channel pro-
teins and the ACMA quenching in an activity-dependent man-
ner. Valinomycin (if the internal salt was KCl) with 22.5 nM work-
ing concentration or monensin (if the internal salt was NaCl)
with 20 nM working concentration was added 12 to 15 min after
CCCP addition to trigger the maximum fluorescence decay for
normalization.

The minimum fluorescence intensity after either valino-
mycin or monensin treatment was subtracted from all reads,
and the CCCP-dependent fluorescence change expressed as
a fraction of the initial fluorescence, as shown in Figure 2A.
The level of channel-specific activity was then expressed as
the differential fluorescence intensity (�F = FØ—FP) between
empty liposomes (FØ) with no proteins and proteoliposomes (FP)
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(Figure 2B). For quantitative comparison, �F values at 10 min
after CCCP were compared between different proteins and
conditions (Figure 2C). All the data points were of independent
samples, and none was of repeated measures of same samples.

Statistical Analysis

Statistical significance was analyzed using two-way ANOVA fol-
lowed by a Šidák test for multiple comparisons using PRISM, if
not otherwise stated. Statistical significance of P < .05, P < .01,
P < .001, and P < .0001 is indicated by single, double, triple,
and quadruple asterisks, respectively. Error bars show standard
errors unless otherwise stated.

Results

Canonical GIRK2 Activity in Reducing Conditions

In intact cells, reducing conditions will normally prevail, but in
our in vitro assays, purified proteins are vulnerable to oxida-
tion, particularly during room temperature (RT) incubation with
lipids during proteoliposome formation. Therefore, to main-
tain a reduced condition, reducing reagents were initially added
throughout the whole purification steps as well as during the RT
incubation for 3 h (see “Methods” section, Figure 1A). We then
assessed activity of reduced GIRK2 channel proteins reconsti-
tuted into 1:4 POPG: POPE liposomes using the ACMA flux assay
(see “Methods” section). As typically seen in cell membranes,
PIP2 led to increased channel activity in a Na+ and G-protein βγ

(Gβγ ) dependent manner4,22 (Figure 2A to C).
Of note is that reduced GIRK2 showed a small basal flux

even in the absence of any activatory agents (Figure 2). This flux
increased as the protein concentration was increased in the pro-
teoliposomes (Figure 2D and F), and became very small when the
internal salt was switched from KCl to NaCl (Figure 2E and F),
indicating that it was due to K+ specific GIRK2 channel activity,
and not to non-specific leak. Small activities observed in Figure
2E with NaCl as the internal salt were attributable to residual K+

ion contamination from the protein sample (Supplementary Fig.
S2). Additionally, it was found that the basal activity was depen-
dent on bulk anionic lipids (Supplementary Fig. S3). Bulk anionic
lipids are essential components to maintain intact liposomes, as
necessary for the ACMA assay, and practically cannot be lowered
to less then 10% (w/w) for reliable results. As bulk anionic lipids
were increased, basal activities increased (Supplementary Fig.
S3A and B), which concomitantly decreased the channel sensi-
tivity to Na+ (Supplementary Fig. S3C and D).

Anomalous GIRK2 Activity in Oxidizing Conditions

To test the effects of oxidation, proteins were purified in the
absence of reducing reagents (see “Methods” section, Figure
1A). Overlapping tetramer peaks and very similar 1D SDS–PAGE
bands between samples purified under reducing or oxidizing
conditions indicate that GIRK2 purifies as intact tetrameric pro-
teins in both conditions (Supplementary Fig. S1A). With the pre-
sumption that oxidation will mainly occur during incubation of
the protein in lipid mix at RT, two factors, incubation time and
addition of reducing agents, were varied during this step. Ini-
tially, in one batch 2 mM TCEP was added at the beginning of the
incubation to prevent oxidation. GIRK2 channel activity (Figure
3A Left) then behaved essentially the same as the protein under

strictly reduced conditions (Figure 2A), at both 30-min and 3-
hour incubation, indicating that there was no irreversible oxi-
dation during the initial purification in the absence of reducing
reagents.

In an initial approach to examine oxidation, protein-lipid
mixtures were incubated at RT for 30 min or 3 h, without TCEP.
Dramatically anomalous GIRK2 channel behaviors were then
observed (Figure 3A Right). First, while basal activity of reduced
proteins was stable for 3 h, basal activity of oxidized proteins
was elevated after only 30-min incubation, and dramatically so
after 3 h. The highly elevated basal fluxes were K+ specific chan-
nel fluxes since they were also proportionally increased as the
protein levels increased and much smaller if the internal cation
was switched to Na+ (Supplementary Fig. S4). Second, PIP2 and
Na+-dependent activation was essentially lost within 30 min RT
incubation. Third, after longer incubation (3 h), rather than acti-
vating channels, PIP2 now substantially inhibited basal activity
(Figure 3B). Fourth, Gβγ was without effect on oxidized proteins
(Figure 3C).

Given that this mild oxidative condition resulted in suffi-
ciently slow oxidation of the channels to reveal two distinct
oxidation reactions that were kinetically separable, we contin-
ued with this as a formalized approach. The differential time-
dependence of the appearance of these anomalous behaviors
suggests the possibility that at least two distinct oxidation
events are taking place: one responsible for loss of PIP2 and Na+-
dependent activity, and another for elevation of basal activity.
While the former was complete within 30 min, basal activity
continued to increase over much longer times, suggesting that
the former oxidation event more readily occurred than the lat-
ter, as we consider further below.

Nonspecific Inhibition of the Elevated Basal Activity By
Phosphoinositides

Phosphoinositide activation of GIRK2 channels is not strictly
limited to PIP2 and can be supported by other PIPs including
PI(5)P, PI(3,5)P2, PI(3,4)P2, and PI(3,4,5)P3 but not PI(4)P23. In order
to test whether inhibition of the elevated basal activity in oxi-
dized conditions correlated with the ability of different PIPs to
activate GIRK2 under reduced conditions, a set of 3-hour RT
incubation experiment was repeated in liposomes containing
either PIP2 or PI(4)P at 1% or 3%. In accordance with a previ-
ous report,23 1% of PI(4)P failed to activate fully reduced GIRK2
channels (Figure 4A). In contrast, both 1% of PIP2 and (with
slightly lower potency, which was not statistically significant)
PI(4)P inhibited the elevated basal activity seen in the highly oxi-
dized state (Figure 4A). Similar results were obtained with 3%
PIP2 or PI(4)P (Figure 4B), further confirming that even though
PI(4)P cannot activate reduced GIRK2, both PI(4)P and PIP2 inhibit
the activity of the oxidized GIRK2.

Two Cysteine Residues Responsible for
Oxidation-dependent Anomalous Activities

Although most amino acids can be oxidized under prolonged
and harsh oxidative conditions,24 cysteine residues are par-
ticularly susceptible.25 GIRK2 has four intracellular cysteine
residues; the N-terminal Cys (C65), near the PIP2 binding site
(Figure 5B orange box), is highly conserved within the Kir sub-
family (Figure 5A), and a second (C190) at the bottom of the TM2
helix (Figure 5B cyan box) is conserved among Kir3 and Kir6 sub-
family members (Figure 5A). We examined the consequences of
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Figure 3. Anomalous GIRK2 behavior in oxidizing conditions. (A) Differential ACMA signal decay (�F) by GIRK2 purified without reducing reagents and incubated in
reducing (+TCEP; left two columns) or oxidizing (-TCEP; right two columns) conditions for 30 min (Top) or 3 h (Bottom) at RT. Assays performed with external NMDG

or Na+ as indicated. (B) Activities either in reducing (black) or oxidizing (red) conditions are overlaid for 30-min (Left) or 3-hour (Right) incubated samples. Data are
presented as the mean ± SEM n = 5 in each case. Two-way ANOVA with Sidak’s multiple comparisons test was used for the statistical test. Asterisks at the top of the
figure indicate statistical significance between conditions as indicated. The total of 30 min + 2TCEP: no agonist vs. PIP2 + Na+, P = .0004; Na+ vs. PIP2 + Na+, P < .0001.
3 h + 2TCEP: no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001. The total of 3 h + 0TCEP: no agonist vs. PIP2, P < .001, no agonist vs. PIP2 + Na+, P < .0001;

Na+ vs. PIP2 + Na+, P < .0001. The vertically aligned asterisks indicate statistical significance for the given condition between reducing and oxidizing conditions. The
total of 30 min: no agonist, P < .0005; Na+, P = .0015. The total of 3 h: no agonist, P < .0001; Na+, P < .0001; PIP2 + Na+, P = .0054. (C) Activities measured in the presence
or absence of Gβγ after 3-hour RT incubation in reducing or oxidizing conditions. The activities determined with external Na+ are shaded in green. Data are presented
as the mean ± SEM n = 3 in each case. Two-way ANOVA with Sidak’s multiple comparisons test was used for the statistical test. Asterisks at the top of the figure

indicate statistical significance between conditions as indicated. Left without Gβγ : no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001. Left with Gβγ : no
agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001. Right without Gβγ : no agonist vs. PIP2, P < .0001, no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+,
P < .0001. Right with Gβγ : no agonist vs. PIP2, P < .0001, no agonist vs. PIP2 + Na+, P = .0001; Na+ vs. PIP2 + Na+, P = .0005.

individually mutating these two residues, as well as a double
mutation of the two remaining cysteine residues (C221, C321),
to oxidation-resistant amino acids (i.e., C65V, C221T/C321V, and
C190S), each of which were previously shown to maintain chan-
nel activity in cellular membranes.16 Mutant channels were
expressed and purified as above via two sequential size exclu-
sion chromatography steps. All mutant proteins purified as
tetramers with comparable purity to WT (Supplementary Fig.
S1B and C).

The set of experiments with 3-hour RT incubation was
repeated in reducing and oxidizing conditions (Figure 5C). The

behavior of the C221T/C321V double mutant was almost
identical to WT, with similar oxidation-dependent and
PIP2 and Na+-dependent action, although PIP2 inhibition
of the oxidized protein was slightly less marked (Figure
5C). This result indicates that these two cysteines do not
play critical roles in the oxidation-dependent anomalous
activities. On the other hand, the C65V mutation com-
pletely abolished PIP2 and Na+-dependent activation of
the fully reduced protein (Figure 5C). This result indicates
that C65 is normally required for PIP2 and Na+-dependent
GIRK2 activation and that oxidation of C65 is responsible
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Figure 4. Nonspecific inhibition of the anomalous activity by PIPs. Activities in the presence of 1% (A) or 3% (B) PI(4)P, substituting equal amounts of PIP2 after 3-hour
RT incubation are overlaid on the Control with PIP2, in reducing (2 mM TCEP) or oxidizing conditions, as indicated. The details are in the “Method” section. The same
plotting scheme used in Figure 3C was applied. Data are presented as the mean ± SEM n = 3 experiments in each condition. Two-way ANOVA with Sidak’s multiple

comparisons test was used for the statistical test. Asterisks at the top of the figure indicate statistical significance between conditions as indicated. 1PIP2 with 2 TCEP:
no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001. 1PIP2 with 0 TCEP: no agonist vs. PIP2, P < .0001, no agonist vs. PIP2 + Na+, P < .0001; Na+ vs.
PIP2 + Na+, P = .0007. 1PI(4)P with 0 TCEP: no agonist vs. PIP2, P = .0009, no agonist vs. PIP2 + Na+, P = .0001; Na+ vs. PIP2 + Na+, P = .0050. 3PIP2 with 2 TCEP: no
agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001. 3PIP2 with 0 TCEP: no agonist vs. PIP2, P < .0001, no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+,

P < .0001. 3PI(4)P with 0 TCEP: no agonist vs. PIP2, P < .0001, no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001. The vertically aligned asterisks indicate
statistical significance for the given condition between PIP2 and PI(4)P. 1PIPs with 2 TCEP: PIP2 + Na+, P < .0001. 3PIPs with 2 TCEP: PIP2 + Na+, P < .0001. 3PIPs with 0
TCEP: PIP2, P = .0116.

for oxidation-dependent loss of PIP2 and Na+-dependent
activation.

Oxidation-dependent elevation of basal activity was still
observed in the C65V mutant, indicating that another residue
is responsible. In contrast, the reduced C190S mutant showed
drastically elevated basal activity and there was no further ele-
vation in basal activity in oxidizing conditions (Figure 5C). This
implicates C190 oxidation in the elevated basal activity of oxi-
dized WT channels. Treatment of proteoliposomes that had
been kept in oxidizing conditions with DTT, a membrane perme-
able reducing reagent, failed to reverse the anomalous activities
(Supplementary Fig. S5), indicating that the two cysteines were
irreversibly oxidized in our experimental conditions.

Oxidation Influence on Kir2 Channels

In order to test whether oxidation-dependent anomalous reg-
ulation is common to other Kir channels, chicken Kir2.2 pro-
teins were purified and functionally assessed in reducing and
oxidizing conditions. Overlapping tetramer peaks and very sim-
ilar 1D SDS–PAGE bands between the samples from the first
(2 mM TCEP) and the second (0 mM TCEP) size exclusion step
indicate that both purify as intact tetrameric proteins (Supple-
mentary Fig. S6A). As extensively studied previously by us26,27

and the MacKinnon group,28 reduced Kir2.2 behaves as expected
(Supplementary Fig. S7A), with a very low basal activity in the
absence of PIP2 that is greatly increased by PIP2. The same set
of experiments shown in Figure 3A and B was then repeated
(Figure 6A and B). PIP2-dependent activation was lost after only
30 min of RT incubation without added TCEP (Figure 6A Right).
A slight, sustained elevation of basal and K+ specific (Supple-
mentary Fig. S7B) channel activity (Figure 6A) was also seen in
the 0 mM TCEP condition after only 30-min incubation, although
even after 3-hour RT incubation, there was neither a drastic

elevation of basal activity nor PIP2-inhibition of basal activ-
ity.

We tested whether oxidation of a cysteine residue introduced
at residue A179, equivalent to C190 of GIRK2, might also induce
elevated basal activity in Kir2.2 channels. The A179C mutant
protein, purified in the same manner via the two consecutive
SECs, the first with and the second without TCEP, was tetrameric
(Supplementary Fig. S6B), and was activated by PIP2 if kept with
added TCEP (Figure 6C). Without added TCEP, A179C also lost PIP2

activation, but did not acquire any elevated basal activity (Figure
6C). Thus, simple introduction of cysteine at the same location
did not transfer the anomalous activity observed in GIRK2 chan-
nels.

Discussion

Canonical Kir3 Channel Activity Requires Reducing
Conditions

Inwardly rectifying K channels, activated by ligand interaction
with muscarinic or DA receptors were first identified in car-
diac atrial myocytes4,29 and central neurons,30 close to 40 years
ago. Detailed studies in the 1980s demonstrated that this activa-
tion is dependent on G-protein coupled receptor (GPCR)-released
Gβγ subunits, which directly interact with the Kir3 (GIRK) sub-
units that generate these channels, at the cytoplasmic face of
the membrane.4 Additional studies indicated that all Kir chan-
nels, including Kir3 subfamily members, normally require PIP2

for activation,5,6,31 and that Kir3 subfamily members addition-
ally require a specific interaction with cytoplasmic Na+ ions to
facilitate this PIP2 activation.8

This canonical GIRK channel gating can explain minimal
basal activity and substantial activity after binding of coago-
nists Na+ and Gβγ 22 that is seen in intact cells. Under fully
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Figure 5. Cysteine knockout mutants mimicking anomalous activities. (A) Multiple Kir channel sequence alignment of the regions encompassing the first two cysteine
residues of GIRK2. The conserved C65 and C190 equivalent residues are shown in orange and blue, respectively. The residues interacting with PIP2 are shown in green.

(B) Ribbon diagram of two opposing subunits of GIRK2 with zoomed in images showing the first two cysteine residues; C65 in the orange box and C190 in the cyan
box. The side chains and PIP2 are shown in sticks, Na+ ion is in green sphere. (C) Cys knockout mutant protein activities in the presence of different combinations of
agonists, in reducing and oxidizing conditions. The same plotting scheme used in Figure 3B was applied. The graph for the wild type is the copy of Figure 3B 3-hour

condition. Data are presented as the mean ± SEM n = 3 for all mutants. Two-way ANOVA with Sidak’s multiple comparisons test was used for the statistical test.
Asterisks at the top of the figure indicate statistical significance between conditions as indicated. C221TC321V with 2 TCEP: no agonist vs. PIP2 + Na+, P = .0356; Na+

vs. PIP2 + Na+, P = .0214. C65V with 0 TCEP: no agonist vs. PIP2 + Na+, P = 0.0031. C190S with 2 TCEP: no agonist vs. PIP2 + Na+, P = .072. C190S with 0 TCEP: no agonist
vs. PIP2 + Na+, P = .0016; Na+ vs. PIP2 + Na+, P = .0142. The vertically aligned asterisks indicate statistical significance for the given condition reducing and oxidizing

conditions. C221TC321V: no agonist, P = .0375; Na+, P = .0354. C65V: no agonist, P < .0001, PIP2, P = .0071, Na+, P = .0003.

reduced conditions, these essential features are replicated with
reconstituted GIRK protein in liposomes (Figure 2A). Basal activ-
ity observed in the absence of any agonists, in our experiments
and those reported by others,19,20,23 is generally higher than is
typically seen in unstimulated cellular conditions. One possi-
ble technical explanation is that the ACMA flux assay tends to

overestimate channel activities, since K+ ion efflux continues
even after the Nernst potential is established, due to dissipa-
tion of the negative electric potential by proton influx through
the proton ionophore, CCCP.33Another potential explanation is
that the local environment of GIRK2 proteins in cell membranes
may differ from that in recombinant liposomes; in synthetic
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Figure 6. Oxidation dependent changes in cKir2.2 activity. (A) Differential ACMA signal decay (�F) due to activity of cKir2.2 purified without reducing reagents and
incubated in reducing (+TCEP; Left two columns) or oxidizing (−TCEP; Right two columns) conditions for 30 min (Top) or 3 h (Bottom) at RT. (B) The activities in either
reducing (black) or oxidizing (red) conditions are overlaid for 30-min (Left) or 3-hour (Right) incubated samples. Data are presented as the mean ± SEM n = 3 for all

mutants. Two-way ANOVA with Sidak’s multiple comparisons test was used for the statistical test. Asterisks at the top of the figure indicate statistical significance
between conditions as indicated. The total of 30 min with 2 TCEP: no agonist vs. PIP2, P = .0005; no agonist vs. PIP2 + Na+, P = .0003; Na+ vs. PIP2 + Na+, P = .0002. The
total of 3 h with 2 TCEP: no agonist vs. PIP2, P < .0001; no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001. The total of 3 h with 0 TCEP: no agonist vs.
PIP2 + Na+, P = .0081. The vertically aligned asterisks indicate statistical significance for the given condition reducing and oxidizing conditions. The total of 30 min: no

agonist, P = .0082; PIP2, P = .0251; Na+, P = .0005. The total of 3 h: PIP2, P < .0001; PIP2 + Na+, P < .0001. (C) The activities of cKir2.2 A179C protein purified without reducing
reagents after 3-hour incubation in reducing (black) or oxidizing (red) conditions. The same plotting scheme used in Figure 3B was applied. Data are presented as the
mean ± SEM n = 4 for all mutants. Two-way ANOVA with Sidak’s multiple comparisons test was used for the statistical test. Asterisks at the top of the figure indicate

statistical significance between conditions as indicated. Two TCEP: no agonist vs. PIP2, P < .0001; no agonist vs. PIP2 + Na+, P < .0001; Na+ vs. PIP2 + Na+, P < .0001.
0 TCEP: no agonist vs. PIP2, P = .0083. The vertically aligned asterisks indicate statistical significance for the given condition reducing and oxidizing conditions. PIP2,
P < .0001; PIP2 + Na+, P < .0001.

membranes, GIRK2 proteins are sparsely distributed, and in the
absence of cytoskeletal or other associated proteins. In addi-
tion, the liposomes contain significant [20 (w/w) %] anionic lipids
(POPG), necessary to create tight liposomes. These bulk anionic
lipids themselves elevated basal activity (Supplementary Fig.
S3), and it is possible that local anionic lipid levels near GIRK
channels in native membranes GIRK2 proteins are much lower
than the measured average content of ∼10% to 15%. Finally,

considering the inhibitory effect of some PIPs (Figure 4),23 the
absence of these lipids in our proteoliposomes may also con-
tribute to the emergence of basal activities. Interestingly open-
ing of Kir6.2 channels in synthetic membranes without PIP2 was
recently reported.34 Considering that among the Kir subfamilies,
the highest sequence similarity is between Kir3 (GIRK) and Kir6
subfamilies, this basal activity in the absence of PIP2 may arise
from common amino acid compositions that are unique to these
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two subfamilies. This may explain why the Kir2.2 A179C mutant
did not acquire elevated basal activity after 3-hour RT incubation
in the absence of TCEP (Figure 6C).

Reversed Gating Upon Oxidation: Molecular Basis

The present study provides a straightforward explanation for
the canonical behavior of GIRK channels in intact cells as reflect-
ing the behavior of fully reduced proteins within the normal
intracellular milieu, but with emergence of noncanonical behav-
iors, reflecting the consequences of protein purification, in oxi-
dizing conditions. Striking changes in gating of GIRK2 chan-
nels in the oxidative condition are the dramatic increase in
ligand-independent, but K+-selective, channel activity, along-
side a complete loss of PIP2, and Na+-dependent activation
(Figure 3). That these two consequences result from distinct oxi-
dation events are suggested by their temporal separation: PIP2

and Na+-dependent activation is lost within 30 min but increase
of basal activity continues for a few hours under our experimen-
tal conditions. While we cannot formally exclude any poten-
tial roles of lipid oxidation, the mutational effects of two spe-
cific cysteines argues that oxidation of these cysteines are the
key determinants. The C65V mutation completely abolished PIP2

activation, even under fully reduced conditions. This implicates
C65 oxidation as being responsible for the rapid loss of PIP2 and
Na+-dependent activation and is consistent with previous stud-
ies that reported loss of cellular GIRK2 activity when this cys-
teine residue is mutated to various other amino acids or other-
wise modified.13,16,35–37 The molecular mechanism for the loss of
PIP2 and Na+-dependent activation is yet to be determined; the
mutation may abolish PIP2 binding or prevent conformational
change required for PIP2 binding, or for transduction from bind-
ing to channel opening. However, given the robust PIP2 inhibi-
tion effect on oxidized proteins, the latter seems most likely,
and our gating model is in line with this mechanism. Inter-
estingly, in the recent cryo EM structure of GIRK2 determined
in complex with PIP2 but in the absence of Na+ (6XIT),38 the
C65 side chain is facing up toward the transmembrane domain
while the side chain faces the interior of the cytoplasmic domain
(CTD) in three other crystal structures determined in the pres-
ence of Na+ (Figure 7A). This unique side chain orientation
in the 6XIT structure is accompanied by an unstructured βA
strand that no longer forms a β sheet with βL and βM strands
from the neighboring subunit. It is possible that the oxidized
C65 sidechain may adopt the vertically oriented conformation
seen in 6XIT, and that attenuated inter-subunit coupling ablates
the conformational changes in the CTD upon binding of ago-
nists.

Alignment of the relevant primary sequences of GIRK chan-
nels and other eukaryotic and prokaryotic Kir channels (Figure
5A) shows that residue C65 is highly conserved, and hence likely
to be critical for channel function, throughout the eukaryotic
Kir channel family. Consistent with this, oxidized Kir2.2 also
lost PIP2 activation in our in vitro assay (Figure 6). Sulfhydryl
modification of the C65 equivalent residue reportedly decreased
Kir2.338 and Kir6.239 channel activity, but increased Kir6.1
channel activity,40 although in the latter cases it is unclear
whether confounding effects on intrinsic open probability, or on
inhibitory ATP sensitivity could be involved.

The C190S mutation increased the basal activity of oxidized
or reduced GIRK2 to maximal levels (Figure 5C), supporting C190
oxidation as being responsible for elevated basal activity of the
oxidized protein, with the slow kinetics of this oxidization effect
potentially being explained by limited solvent accessibility of

this residue. Cysteine at the equivalent residue is conserved
only between Kir3 (GIRK) and Kir6 sub-families (Figure 5A). Con-
sistent with cysteine oxidation specifically being required for
this activation, mutation of C190 to multiple other amino acids
(Thr, Ile, Val, Ala, Gln, and Met) has been shown to render GIRK
channels constitutively active and less responsive to G pro-
tein activation.41 In Kir6.x channels, mutations of the equiv-
alent residue (C166 in Kir6.2, C176 in Kir6.1) also leads to a
markedly elevated intrinsic open probability and consequently
reduced ATP inhibitory sensitivity,42,43 causing the monogenic
diseases neonatal diabetes44 and Cantu syndrome.45 Modifica-
tion by a palmitoyl moiety or sulfhydryl groups also markedly
affects channel function.36,46,47 However, a simple introduction
of the equivalent cysteine to the Kir2.2 channel (A179C muta-
tion) failed to transfer oxidation-induced elevated basal activity
(Figure 6C), indicating that whole protein architecture is impor-
tant for this anomalous activation, rather than simply local
chemistry changes.

An intriguing observation in our study is that the elevated
basal activity is inhibited by PIP2 (Figure 3). GIRK2 channel acti-
vation is not strictly PIP2 specific, and other PIPs are also acti-
vatory but less effective than PIP2.24 While PI(4)P failed to acti-
vate GIRK2 (Figure 4), in accordance with a previous report,23 it
inhibited the basal activity of oxidized GIRK2 as effectively as
PIP2, suggesting both PI(4)P and PIP2 stabilize the same confor-
mation that leads to reduction in basal activity. This raises the
possibility that PI(4)P may also bind to reduced GIRK proteins
just as PIP2 does but fail to trigger the additional conformational
change(s) that are normally induced by PIP2 in conjunction with
Na+ and Gβγ to open the channel. How PI(4)P incapable of acti-
vating GIRK2 but capable of inhibiting the elevated basal activity
is discussed below.

Close examination of C190 residue and its surroundings in
the available structures reveals that the C190 thiol group gets
closer to the backbone amide of V87 as the proteins bind more
activatory ligands (Figure 7B). The C190S mutation, or oxidation
of C190 to sulfinic or sulfonic acid, may then facilitate interac-
tion with the slide helix and hence increase open state stability.

How Does Oxidation Happen?

The most likely source of the oxidative stress is molecular
oxygen dissolved into the samples from the air. Spontaneous
autoxidation of thiols by molecular oxygen of cysteine side
chains can occur in the absence of enzymes or radical initia-
tors such as peroxides, but reaction rates are generally low
at neutral pH and low temperatures.48,49 However, transition
metals can generate both hydrogen peroxide and superoxide
when encountered molecular oxygen,50 accelerating the autox-
idation of cysteine.49,51 Thus, it seems likely that transition
metals included in our buffers as contaminants might have
generated initial reactive oxygen species (ROS). Also, as dis-
cussed previously by Zeidner and colleagues,15 C65 is highly
reactive and becomes ionized to S− with the negatively charged
state stabilized by the neighboring lysine (K64).52,53 Subsequent
chain reactions can occur to reversibly oxidize the thiol group
of cysteine sidechains to sulfenyl acid, but this unstable moi-
ety is then rapidly converted to irreversible and stable sulfinic
and sulfonyl acid.54 While, the exact species of the oxidized
cysteines are yet to be determined, the oxidized cysteines in
our experiments were insensitive to DTT treatment (Supple-
mentary Fig. S5), suggesting they were in stable irreversible
forms.
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Figure 7. Local GIRK2 structures near C65 and C190. Three crystal and a cryo EM structures of GIRK2 wildtype are shown in ribbon diagrams and colored in blue for
3SYO in complex with Na+, green for 3SYA in complex with PIP2 + Na+, and yellow for 6XIT in complex with PIP2, and orange for 4KFM in complex with PIP2 + Na+ +
Gβγ . (A) The region near C65 residue is zoomed in, Na+ ions are shown in spheres, and the secondary structures of neighboring parts are shown for comparison. (B)
The region near C190 residue is zoomed in, and C190 and the residues close to C190 side chain are shown in sticks. The distance between the thiol group of C190 side
chain and the nitrogen atom of V87 amine group is measured.

Gating Model of Reduced and Oxidized GIRK Channels

Both the helix-bundle crossing (HBC) at the bottom of the trans-
membrane domain (TMD) and the G-loop at the apex of the
C-terminal cytoplasmic domain (CTD) have been implicated as
locations of gating in GIRK and other Kir channels.18,19,38,55

A recent single particle Cryo-EM study showed that the bind-
ing of PIP2, even in the absence of Na+ or Gβγ , widened the
HBC but constricted the G-loop in GIRK2 via a clockwise rota-
tional/twisting motion in the CTDs of the PIP2-bound (PDB:6XIT)
structure, as the CTD became tightly engaged with the TMD.38

Notably, the recent Cryo-EM structure of the highly active Kir6.2
C166S/G334D mutant was determined in a clearly open state

in the absence of PIP2.35 Given that the C166S mutation of
Kir6.2 is equivalent to C190S of GIRK2, it seems likely that
GIRK2 C190S may adopt a similar open state structure in the
absence of PIP2. With this as an assumption, alignment of the
PIP2-bound GIRK2 EM structure (6XIT) and PIP2-unbound Kir6.2
C166S/G334D EM structure (7S5T) at the TM helices, suggests
a rotational/twisting motion of GIRK2 in a clockwise direction
that constricts the G-loop gate (Figure 8A Left), relative to the
PIP2-unbound Kir6.2 C166S/G334D. Molecular dynamics simu-
lations of GIRK2 channels in the presence of PIP2 also indicate
that PIP2 binding leads to widening of the HBC gate but narrow-
ing of the G-loop gate.56,57 These observations together suggest
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Figure 8. Proposed GIRK2 gating model. (A) CTD conformational changes induced in the presence of different ligands. (Left) Overlayed ribbon diagrams (viewed
through the membrane looking into the cytoplasm) of two opposing CTDs of GIRK2 cryo EM structure in complex with PIP2 (PIP2-bound: 6XIT) in green and of Kir6.2
C166S/G334D cryo EM structure in the absence of PIP2 (PIP2-unbound:7S5T). (Right) Overlayed ribbon diagrams of the same two opposing CTDs of GIRK2 in complex

with PIP2 (PIP2-bound: 6XIT) in green or in complex with PIP2, Na+, and Gβγ (Holo:4KFM) in orange. The arrows indicate rotational/twisting motions of the CTD induce
by binding of either PIP2 alone (Left) or PIP2 plus Na+ and Gβγ (Right); clockwise motion narrows but counterclockwise motion widens the G-loop gate. (B) GIRK2 gating
models. Top: canonical GIRK2 gating in the reduced state. In the Apo state, the HBC gate is closed while the G-loop gate is open. PIP2 opens the HBC gate but the
induced clockwise rotational/twisting motions of the CTD close the G-loop gate. The additional binding of positive cofactors, Na+ and/or Gβγ , makes the channel

conductive by triggering counterclockwise rotational/twisting motions in the CTD, and opening of the G-loop gate. (Bottom) Proposed gating alterations resulting from
oxidation. Oxidation of C190 opens the HBC gate in the absence of any ligands, resulting in open channels. PIP2 binding still closes the G-loop gate, inhibiting the basal
activity. Oxidation of C65 prevents the action of the two cofactors, Na+ and/or Gβγ , resulting in loss of PIP2 and Na+-dependent activation, potentially by preventing

the necessary counterclockwise rotation/twisting motion in the CTD.

a structural reason why PIP2 by itself is incapable of activating
GIRK channels.9,58 In simulations, the G-loop was only widened
after Na+ and/or Gβγ were included in the simulations.56 The
G-loop gate was also slightly wider in the GIRK2 holo-crystal
structure complexed with PIP2, Na+, and Gβγ (PDG:4KFM),19

accompanied by a counterclockwise rotational/twisting motion
of the CTD, compared to the PIP2-only bound GIRK2 EM struc-
ture38 as reported previously19 (Figure 8A Right). Although
quite subtle, these structural changes could be much more
pronounced in solution and at higher temperature, as was
the case for the HBC gate, which opened widely during MD
simulations.57

These studies lead us to propose the following gating model
for GIRK channels that provides an explanatory framework for
how oxidation modifies normal gating, resulting in the observed
anomalous activities (Figure 8B). In the absence of agonists,
in the normal reduced state, the HBC gate is closed, and the
G-loop gate is open. PIP2 binding has two opposite effects on
these gates; PIP2 opens the HBC gate but closes the G-loop gate.
Hence, the channel remains functionally closed in this condi-
tion. When Na+ and/or Gβγ are bound, additional conforma-
tional changes, potentially the result of counterclockwise rota-
tion/twisting motions in the CTDs, cause opening of the G-loop
gate and make the channel conductive (Figure 8B Top).
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Oxidation can alter this normal gating in two stages (Figure
8B Bottom). Oxidation of C65 is proposed to prevent the CTD
conformational change and G-loop opening that results from
binding of Na+ and/or Gβγ , and hence leads to complete loss
of PIP2 and Na+-dependent activation. Conversely, we propose
that C190 oxidation opens the HBC gate in the absence of PIP2.
With both HBC and G-loop gates open, the channels are then
highly active under basal conditions. PIP2 binding to the chan-
nel with oxidized C190 (mimicked by mutation C190S, Figure 5)
will still close the G-loop gate and hence reduces channel activ-
ity, whether or not C65 is also oxidized.

Unlike PIP2, PI(4)P is not proposed to induce the confor-
mational changes in the CTD that open the G-loop gate.
Hence, PI(4)P cannot activate GIRK2 channels but rather can
only inhibit basal activities by constricting the G-loop gate
(Figure 4).

Finally, although it is understood that the activity of all
eukaryotic Kir channels is normally activated by interaction
with PIP2, a long-standing and unexplained finding is that
reconstituted prokaryotic KirBac1.1 channels are spontaneously
active, and strongly inhibited by PIP2,59 paralleling the behav-
ior of oxidized GIRK2 channels. Thus, gating of KirBac1.1 could
be explained if this cysteine-less channel also has open HBC
and G-loop gates in the absence of PIP2, with the G-loop gate
also being closed by the binding of PIP2. Consistent with this
suggestion, PIP2 binding to KirBac1.1 does constrict the G-
loop region.60 Further structural studies are needed, but this
attractively simple hypothesis may well explain this long-held
mystery of reversed gating in prokaryotic and eukaryotic Kir
channels.

Reversed Gating Upon Oxidation: Reconciling Previous
Contradicting Observations

There have been contradicting reports regarding GIRK channel
modulation by oxidative stresses and none have drawn a link
between oxidation in vitro and the aberrant behaviors observed
in recombinant channels. One study showed that GIRK channel
activity was elevated, in a Gβγ -independent manner, by expo-
sure to the cell-permeable reducing agent dithiothreitol (DTT).15

Inhibition of GIRK channel activity due to reversible oxidation
was also reported in a separate study.16 On the other hand,
Jeglitsch et al.17 reported the discordant observation that exoge-
nous free radical treatment triggered transient GIRK activation,
also in a Gβγ -independent manner. Our work now provides
a molecular mechanistic explanation for these contradicting
observations. Even in normal physiological conditions, a sub-
set of reactive C65 residues are likely to become oxidized and
form mixed disulfides with small anti-oxidant molecules such
as s-glutathione, and become inactive due to loss of PIP2 sensi-
tivity, such that reversal by DTT treatment could result in aug-
mented activity. In the latter case,17 xanthine oxidase can gen-
erate superoxide anions (O2

•−) and hydrogen peroxide (H2O2)
in the extracellular side.61 These ROS can cross the cell mem-
brane both via membrane proteins such as aquaporin and chlo-
ride channels,62 or via simple diffusion through the membrane
at fairly low rates (4.4x e−4 cm/s for H2O2 and 2.1x e−6 cm/s
for O2

•−).63,64 It is conceivable that slow diffusion of these ROS
across the plasma membrane may then oxidize C190, buried in
the hydrophobic interior of the membrane, which could increase
channel activity to levels observed for the C190S mutant in cell
membranes.65

Reversed Gating Upon Oxidation: Pathophysiological
Implications

Our results show that oxidation is a functionally relevant modu-
latory factor that can have a strong effect on GIRK channel activ-
ity. Under oxidatively stressed conditions, this could cause rapid
decrease of cellular GIRK activity via C65 oxidation while, poten-
tially, extended oxidative stresses could additionally oxidize
residue C190 and constitutively activate GIRK channels. Con-
ceivably, oxidation-driven closure of GIRK channels, by depo-
larizing cells, could be a powerful promoter of apoptotic cell
death66 in general. By attenuating GIRK channel function, mod-
ification of residue C65 by the metabolized prodrug (L-DOPA), a
treatment for PD, can cause loss of dopaminergic neurons and
eventually exacerbation of PD after long-term use of the drug.13

Conversely, pathologies that may be linked to hyperactive GIRK
channels under oxidative stress conditions have also been iden-
tified. Hyperactivity of Kir3 (GIRK) channels has been implicated
in dilation of renal afferent arterioles of rats with type 1 diabetes
mellitus (T1D).67 The dilation was diminished if rats were pre-
treated with Tempol, a membrane-permeable antioxidant, con-
sistent with oxidation as the cause of the elevated GIRK activ-
ity.68 In addition, Kir3-dependent muscarinic-activated currents
(IKACh) are functionally upregulated during chronic atrial fib-
rillation (cAF).69 While uncontrolled phosphorylation has been
identified as partly responsible for constitutive, PIP2- and Na+-
independent, channel activity in cAF,70 chronic ROS elevation is
also one of the key understood drivers of cardiac remodeling in
the development of cAF,71,72 and it is also possible that direct
oxidation of GIRK channels at the C190 residue is at fault.
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