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A Critical Gating Switch at a Modulatory Site in Neuronal
Kir3 Channels
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Inwardly rectifying potassium channels enforce tight control of resting membrane potential in excitable cells. The Kir3.2 channel, a
member of the Kir3 subfamily of G-protein-activated potassium channels (GIRKs), plays several roles in the nervous system, including
key responsibility in the GABAB pathway of inhibition, in pain perception pathways via opioid receptors, and is also involved in alcohol-
ism. PKC phosphorylation acts on the channel to reduce activity, yet the mechanism is incompletely understood. Using the heterologous
Xenopus oocyte system combined with molecular dynamics simulations, we show that PKC modulation of channel activity is dependent
on Ser-196 in Kir3.2 such that, when this site is phosphorylated, the channel is less sensitive to PKC inhibition. This reduced inhibition is
dependent on an interaction between phospho-Ser (SEP)-196 and Arg-201, reducing Arg-201 interaction with the sodium-binding site
Asp-228. Neutralization of either SEP-196 or Arg-201 leads to a channel with reduced activity and increased sensitivity to PKC inhibition.
This study clarifies the role of Ser-196 as an allosteric modulator of PKC inhibition and suggests that the SEP-196/Arg-201 interaction is
critical for maintaining maximal channel activity.
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Introduction
Inwardly rectifying potassium (Kir) channels are critically im-
portant for regulating resting membrane potential in excitable
cells, a role underscored by the severe pathophysiology associated

with Kir channel dysfunction (Pattnaik et al., 2012). Although all
Kir channels require the activating lipid phosphatidylinositol bis-
phosphate (PIP2) for proper function, many of these channels
have diverse modulatory factors that couple to PIP2-dependent
gating. Channels in the Kir3 subfamily of G-protein-activated
potassium channels (GIRKs) in particular have several coactivat-
ing intracellular factors, including the �� subunits of G-proteins,
ethanol, and sodium (Hibino et al., 2010). Moreover, phosphor-
ylation by PKA and PKC are thought to modulate channel activ-
ity, providing additional ways of fine-tuning channel gating.

A particular subtype of the Kir3 family, Kir3.2, is primarily
expressed in neurons, where it is thought to be responsible for
GABAB-mediated decreases in cellular excitability. Kir3.2 knock-
out animals have a reduction in opioid-induced hyperpolariza-
tion in locus coeruleus neurons, suggesting a role in pain
perception (Torrecilla et al., 2002). Homotetramers of Kir3.2
may exist in the substantia nigra pars compacta, where there does
not appear to be expression of its usual heteromeric partner,
Kir3.1 (Inanobe et al., 1999). Kir3.2 is readily activated by G��
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Significance Statement

The inwardly rectifying potassium 3.2 (Kir3.2) channel is found principally in neurons that regulate diverse brain functions,
including pain perception, alcoholism, and substance addiction. Activation or inhibition of this channel leads to changes in
neuronal firing and chemical message transmission. The Kir3.2 channel is subject to regulation by intracellular signals including
sodium, G-proteins, ethanol, the phospholipid phosphatidylinositol bis-phosphate, and phosphorylation by protein kinases.
Here, we take advantage of the recently published structure of Kir3.2 to provide an in-depth molecular view of how phosphoryla-
tion of a specific residue previously thought to be the target of PKC promotes channel gating and acts as an allosteric modulator of
PKC-mediated inhibition.
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via Gi-coupled GPCRs (Logothetis et al., 1987; Hibino et al.,
2010), whereas alternate pathways of control, such as channel
inhibition via Gq-coupled GPCRs, are less well understood (Ko-
brinsky et al., 2000; Leaney et al., 2001; Brown et al., 2005; Hibino
et al., 2010).

The activation of Gq-coupled receptors triggers PIP2 hydro-
lysis and generation of IP3/Ca 2�, as well as DAG signals, both of
which synergistically activate multiple PKC isoforms. The net
downstream effect of PKC activation on Kir3 channels is current
inhibition, allowing for increased cellular excitability (Stevens et
al., 1999; Mao et al., 2004; Keselman et al., 2007). Gq-coupled
receptor activation also simultaneously depletes the local concen-
tration of PIP2 by hydrolysis to IP3, which decreases Kir3 channel
activity because PIP2 is a required component for activation of
Kir3 channels (Huang et al., 1998; Zhang et al., 1999). The com-
bination of PKC activation and PIP2 depletion acts in concert to
further inhibit Kir3 channel activity. Accumulating evidence sug-
gests that PKC-mediated phosphorylation inhibits channel activ-
ity by reducing its apparent affinity for PIP2, in effect changing
the level of PIP2 available for the channel to sense (Zhang et al.,
2004; Keselman et al., 2007; Sohn et al., 2007a).

A presumed phosphorylation site, identified by functional
site-directed mutagenesis on the Kir3.1 and Kir3.4 isoforms, lo-
calizes on the Kir3.2 channel to Ser-196 (Mao et al., 2004). This
residue is located near the bottom of the helix-bundle-crossing
gate adjacent to several critical PIP2-binding residues. Phosphor-
ylation of this residue would likely affect channel-gating dynam-
ics by perturbing local electrostatic interactions involved in
channel–PIP2 interactions. Ser-196 also lies in close proximity to
the KKR motif, a highly conserved region in Kir channels con-
tributing directly to PIP2 binding. This was previously suggested
by neutralization mutagenesis techniques (Lopes et al., 2002) and
has recently been confirmed by x-ray crystallography (Hansen et
al., 2011; Whorton and MacKinnon, 2011). The Arg residue at
the distal end of the KKR motif has recently been assigned a
critical gating role in the Kir3.2 channel, whereby the neutraliza-
tion mutant R201A was suggested to create a constitutively active
channel, mimicking G�� subunit binding (Whorton and MacK-
innon, 2011; Whorton and MacKinnon, 2013).

Given the juxtaposition of Ser-196 to several critical gating
elements of the Kir3.2 channel, together with the information
afforded by the recently available crystal structure of Kir3.2
bound to PIP2, we sought to examine in greater depth how phos-
phorylation at Ser-196 could lead to changes in PIP2-mediated
gating. To accomplish this, we combined computational molec-
ular dynamics simulations with mutagenesis techniques using
results from the simulations to guide our experiments. We found
that neutralization of Ser-196 allosterically increased PKC inhi-
bition, but in a PIP2-independent manner. When phosphory-
lated, this serine residue forms a critical interaction with Arg-201,
disrupting an Arg-201/Asp-228 salt bridge.

Materials and Methods
Molecular biology. For expression in Xenopus oocytes, the following vec-
tors were used: pGEMHE (for Kir3.4), pXoom (for Kir3.2), and
pSD64TF (for Ci-VSP). Point mutations were introduced using standard
Pfu-based mutagenesis technique according to the QuikChange protocol
(Stratagene) and mutations were verified by sequencing (Genewiz). Plas-
mids were linearized before in vitro transcription using a commercially
available mRNA transcription kit (Ambion).

Oocyte preparation and injection. Oocytes from female X. laevis were
surgically removed and subjected to collagenase treatment according to
standard protocols. Once defolliculated, oocytes were transferred to OR2
containing the following (in mM): 2 KCl, 82.5 NaCl, 2 MgCl2, and 10

HEPES-Na, pH 7.5, supplemented with Ca 2� and penicillin/streptomy-
cin antibiotics. Stage V or VI oocytes were injected with 50 nl of cRNA
resuspended in DEPC water. For wortmannin treatments, oocytes were
incubated in wortmannin-containing OR2 (without antibiotics) at a
50 �M final concentration for 2 h before experiments. For Bis treatment,
30 nl of 150 �M Bis (diluted in ND96K) was injected into oocytes 2 h
before experiments. Oocytes were also incubated in 5 �M Bis (in OR2
media).

Two-electrode voltage clamp. Borosilicate glass electrodes were pulled
using a Flaming–Brown micropipette puller (Sutter Instruments) and
filled with a 3 M KCl solution containing 1.5% agarose. Resistances were
kept between 0.3 and 1.0 M�. Currents were recorded 1–3 d after injec-
tion using a GeneClamp 500 amplifier (Axon). A voltage-ramp protocol
was used to monitor inward current, from �80 mV to �80 mV at a
holding of 0 mV. Specialized Ci-VSP protocols were used to monitor
the impact of PIP2 depletion on channel current. To obtain the percent-
age of PMA inhibition, the PMA-inhibited current at �80 mV (Imax �
Ipost-PMA) was divided by the maximal current at �80 mV (Imax) before
PMA application. In channels with very small currents (�1 �A, as in
Kir3.2WT or Kir3.2_I234L_196Q), the raw current was first barium sub-
tracted to exclude endogenous inward currents from the analysis, which
were typically 200 –300 nA at �80 mV. Barium subtraction was then
applied to all members of the test group. The ND96K (HK) solution used
to monitor inward current contained the following (in mM): 96 KCl, 10
HEPES-K, 1 MgCl2, and 1.8 CaCl2, pH 7.4. ND96 (LK) contained the
following (in mM): 96 NaCl, 2 KCl, 5 HEPES-Na, 1 MgCl2, and 1.8 CaCl2,
pH 7.4. PMA was dissolved in DMSO to make a 10 mM stock and diluted
into ND96K for a 300 nM final concentration. For barium block, a solu-
tion of 5 mM BaCl2 in ND96K was perfused.

Protein purification. Mouse Kir3.2C(1– 425aa)-GFP-His10 cDNA was
constructed in the Pichia expression vector pPICz (Invitrogen). The X-33
strain was transformed with the PmeI-linearized plasmid by electropo-
ration. Protein expression was induced with 0.5% methanol-containing
BMMY medium at 25°C for 24 h. Kir3.2C protein was purified according
to Whorton and MacKinnon (2011). Briefly, membrane proteins were
prepared by ultracentrifugation (for 30 min at 100,000 � g) after cell
disruption using EmulsiFlex-C3 homogenizer (Avestin). Kir3.2C-GFP-
His10 proteins were solubilized with 4% DDM (Anatrace). Supernatant
of centrifugation (for 20 min at 40,000 � g) was subjected to Ni-NTA
chromatography (Qiagen). After TEV-cleavage of C terminus GFP-
His10 tag, Kir3.2C homotetramer was purified using Superdex-200 col-
umn (GE Healthcare) by size-exclusion chromatography.

Alkaline phosphatase digestion. 1 �g of purified Kir3.2 protein or 1 �g
of �-casein (Sigma-Aldrich) was combined with 10 units of calf intestinal
phosphatase (New England Biolabs) in 1� NEB Buffer 3 and incubated
1 h at 37°C. The reaction was terminated with 4� SDS sample buffer and
samples were boiled and loaded onto an SDS-PAGE gel. The gel was
stained with Pro-Q Diamond Phosphoprotein Gel Stain (Invitrogen)
according to the manufacturer’s instructions. Briefly, the gel was fixed
overnight with 50% methanol, 10% acetic acid solution, washed 4 � 15
min with MilliQ water, and stained for 2 h with ProQ PhosphoStain. The
staining step and all steps thereafter were performed in the dark. The gel
was destained 4 � 30 min with a solution containing 50 mM Na-acetate,
pH 4.0, and 20% acetonitrile. The gel was washed 2 � 10 min with MilliQ
water before visualization on a Typhoon fluorescent image scanner set to
excitation at 532 nm and emission at 560 nm.

Molecular dynamics. For simulations, systems were set up similar to a
previously described method (Meng et al., 2012). Briefly, a channel te-
tramer was generated from the crystal coordinates of PDB code 3SYA,
corresponding to Kir3.2 with DiC8-PIP2 and sodium. The acyl chains of
native PIP2 (20:4, arachidonyl-stearyl) were manually built with Discov-
ery Studio onto the crystal PIP2 head group. The tetramer was inserted
into a POPC membrane via the INFLATE script. The system was solvated
(SPC model) and ionized (0.15 KCl) in GROMACS and then sodium
ions and potassium ions were manually added to the sodium site and the
selectivity filter, respectively, by superimposition using the 3SYA struc-
ture. The 53a6 GROMOS force-field was altered to include parameters
for PIP2 and phosphoserine (SEP). After minimization using a steepest
descent algorithm, two equilibration runs were executed with progres-
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sively weaker position restraint (1000 then 10) on heavy atoms, followed
by a 100 ns production run with no restraints. Simulation analysis was
run using the GROMACS, Simulaid, and VMD programs.

Statistics. All error bars represent the SEM. Statistical significance was
assessed using Student’s t test assuming unequal variance between sam-
ples in Origin 8.5 (OriginLab). Statistical significance was set at p � 0.05,
which is denoted by an asterisk in figures. For Ci-VSP-mediated current
inhibition, a single-component exponential function was fit to the de-
scending phase of the data and the tau was extracted. For normalized
current data, barium-subtracted currents for each group were divided by
the mean of the control group. All experiments were repeated in at least
two separate batches of oocytes.

Results
Homomeric Kir channel expression often leads to low cur-
rents when expressed in heterologous systems. To overcome
this, pore mutants that increase channel activity are usually
used (Vivaudou et al., 1997). In the case of Kir3.2, the E152D
mutant was identified in a yeast expression assay, boosting
current levels by increasing channel activity (NPo) (Yi et al.,
2001). We hypothesized that the increase in NPo may be due
to an allosteric enhancement in channel–PIP2 interactions and
used the voltage-gated lipid phosphatase Ci-VSP to test this
hypothesis. As shown in Figure 1, the Kir3.2_E152D (hereafter
referred to as Kir3.2�) mutant had significantly slower inhibi-
tion (8.1 s �Inhibition for Kir3.2� [n � 6] vs 3.3 s for Kir3.2 [n �
5], p � 0.00005) and faster recovery than the wild-type Kir3.2
channel. These results are consistent with Kir3.2� having in-
creased channel–PIP2 interactions (slower inhibition and
faster recovery kinetics) compared with the wild-type Kir3.2.

We next compared the extent of PMA inhibition between two
different homomeric pore-mutant channels, Kir3.4� (S143T)

(Vivaudou et al., 1997) and Kir3.2�. We perfused 300 nM PMA, a
membrane-permeable PKC activator, and quantified the extent
of inhibition for Kir3 homomeric channels. To determine the
extent of inhibition, the PMA-sensitive current (Imax � Ipost-PMA;
double arrows in Fig. 2) was divided by the current before PMA
application (Imax; single arrow in Fig. 2) and expressed as a per-
centage. Interestingly, Kir3.2� showed significantly less PMA in-
hibition when compared with Kir3.4� (Fig. 2A,C,E; Kir3.2�

23.6 � 2.3% [n � 4] vs Kir3.4� 72.4 � 3.5% [n � 6], p � 0.001).
Bisindolylmaleimide (Bis), an inhibitor of PKC, abrogated the
PMA inhibitory effects on both Kir3 channels (Fig. 2B,D,E).

To determine whether PMA inhibition was influenced by
membrane PIP2 content, we used the drug wortmannin, which
can inhibit PI4K at micromolar concentrations (Zhang et al.,
2003). When oocytes expressing Kir3.2� were preincubated with
50 �M wortmannin for 2 h to reduce membrane PIP2 content, the
extent of PMA inhibition was significantly increased (Kir3.2�

control 23.6 � 2.3% [n � 4] vs wortmannin-treated 66.1 � 1.4%
[n � 5], p � 0.000006) (also discussed below in Fig. 4C). These
results suggest that the inhibition of Kir3.2� by PMA is influenced
by membrane PIP2 content.

Having found that Kir3.4� and Kir3.2� homomeric channels
are subject to differing levels of PMA inhibition, we sought to
determine whether a previously identified PKC phosphorylation
site may be involved in this behavior. We first used Kir3.4� ho-
momeric channels mutated at Ser-191 using mutations to either
abrogate (alanine) or to mimic (aspartate) phosphorylation, re-
spectively. Consistent with previously published results in the
Kir3.4 channel (Mao et al., 2004), Kir3.4�_S191A had signifi-
cantly reduced PMA inhibition compared with Kir3.4�

Figure 1. Kir3.2�(Kir3.2_E152D) has slower Ci-VSP-mediated inhibition and faster recovery versus wild-type Kir3.2. A, Left, Voltage protocols (in mV) used for inhibition (top) and recovery
(bottom). Right, Sample inhibition traces for Kir3.2� (top) and recovery (bottom). B, Kir3.2� displays slower current inhibition compared with wild-type Kir3.2. C, Tau of inhibition for Kir3.2� is
significantly slower than wild-type. *p � 0.05 compared with control. D, Kir3.2� has faster recovery than wild-type Kir3.2 at �80 mV.
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(Kir3.4�_S191A 56.7 � 2.1% [n � 5] vs Kir3.4� control 88.3 �
0.7% [n � 3], *p � 0.05; Fig. 3A). The phosphomimetic
Kir3.4�_S191D exhibited 10.3 � 5.6% [n � 3] inhibition, result-
ing in a significant reduction compared with Kir3.4�_S191A, as
previously reported by Mao et al. (2004) (Fig. 3A).

Interestingly, the pattern of PMA inhibition was reversed in
Kir3.2� homomeric channels mutated at the corresponding site,
Ser-196. In the Kir3.2� channel, PMA inhibition of the phospho-
mimetic S196E mutant was not significantly different from
Kir3.2� control (Kir3.2� 25.6 � 1.9% [n � 12] vs Kir3.2�_S196E
22.3 � 2.6% [n � 11]; Fig. 3C). Surprisingly, the Kir3.2�_S196Q

neutralization mutant had significantly higher PMA inhibition
(44.9 � 3.1% [n � 12], p � 0.05) than either the Kir3.2� control
or S196E. These results indicate that Kir3.2� has increased PMA
inhibition after neutralization of Ser-196, compared with Kir3.4�,
which has the opposite effect, reduced PMA inhibition.

We then compared current levels of the phosphorylation site
mutants, hypothesizing that the total current reflects the degree
of channel activity imparted by the mutant. We normalized each
mutant to its control channel and recorded the peak current in
ND96K solution. Using this method, Kir3.4�_S191A (98 �
16.7% [n � 5]) had similar current levels to Kir3.4� control

Figure 2. Kir3.2� has lower PMA inhibition relative to Kir3.4� and both PMA effects are blocked by PKC inhibition. A, Time course of PMA inhibition in control Kir3.2_E152D (Kir3.2�). Single arrows
indicate Imax, and double arrows indicate Ipost-PMA. B, Time course of PMA inhibition in Kir3.2� after Bis pretreatment. C, Time course of PMA inhibition in control Kir3.4_S143T (Kir3.4�). D, Time
course of PMA inhibition in Kir3.4� after Bis pretreatment. E, Summary of PMA inhibition with and without Bis pretreatment.

Figure 3. PMA inhibition and normalized currents for Kir3.2� and Kir3.4� phosphorylation site mutants. A, PMA inhibition for Kir3.4� Ser-191 mutants. **p � 0.05 between indicated groups;
*p � 0.05 compared with control. B, Normalized currents of Kir3.4� Ser-191 mutants. C, PMA inhibition for Kir3.2� Ser-196 mutants. D, Normalized currents of Kir3.2� Ser-196 mutants. E, Purified
Kir3.2 from P. pastoris treated with alkaline phosphatase reveals constitutive phosphorylation of the channel protein.

14400 • J. Neurosci., October 21, 2015 • 35(42):14397–14405 Adney et al. • Neuronal Kir3 Channel Gating Modulation



[n � 5], whereas Kir3.4�_S191D had significantly diminished
currents (11.5 � 0.3% [n � 5]) (Fig. 3B). In the Kir3.2� channel,
the S196Q mutant was 20 � 1.8% [n � 11] of control [n � 9],
whereas the Kir3.2�_S196E mutant was closer to Kir3.2�, at
69.0 � 3% [n � 13] (Fig. 3D). These results indicate that the
effect of residue substitution at this position in different Kir3
channels is heterogeneous. Kir3.4� follows a pattern consistent
with the phosphomimetic residue playing a role in PMA inhibi-
tion, namely that the S191D mutant has significantly reduced
currents, whereas S191A does not change current level. For
Kir3.2�, the neutralization mutant S196Q significantly reduces
currents, whereas the phosphomimetic S196E has currents that
are closer to control, suggesting that the Kir3.2 channel is consti-
tutively phosphorylated at Ser-196.

We proceeded to purify the full-length Kir3.2 protein from Pichia
pastoris and test whether it was constitutively phosphorylated by
treating with alkaline phosphatase (AP). Using ProQ Diamond
Phosphostain, the Kir3.2 phosphoprotein staining was significantly
reduced following AP treatment compared with the control condi-
tions, suggesting that purified Kir3.2 is indeed subject to constitutive
phosphorylation. Casein, a constitutively phosphorylated protein,
was used as a control in this assay (Fig. 3E).

The effects seen with Kir3.2�_S196 mutants were not due to
potential changes that these mutations could have had to chan-
nel–PIP2 interactions because the Ci-VSP-induced current inhi-
bition and recovery were identical for Kir3.2� and its S196
mutants (Fig. 4A,B). In addition, wortmannin pretreatment of
Kir3.2�_S196E increased the PMA sensitivity from 19.4 � 5.2%
[n � 3, control] to 53 � 2.9% [n � 4, wortmannin-treated; p �
0.0018], similar to the wortmannin effect on Kir3.2� alone. The
S196Q mutant did not follow this pattern because wortmannin
pretreatment did not significantly increase PMA inhibition

(53.8 � 4.1% [n � 4, control] vs 65.1 �
4.5% [n � 4, wortmannin-treated]; p �
0.12; Fig. 4C). We also tested the Ser-196
mutations in the background of the I234L
mutant, which lead to increased channel
currents presumably due to increased
channel–PIP2 interactions. These cur-
rents were sufficiently large enough to
allow analysis in the wild-type Kir3.2
background. As shown in Figure 4D, the
mutants displayed the same pattern of in-
hibition in the I234L background, where
S196Q had increased inhibition (61.9 �
3.8%, Kir3.2_I234L_S196Q [n � 4] vs
24.7 � 7.4%, Kir3.2_I234L [n � 3]; p �
0.0031) compared with control, whereas
S196E did not differ from the control
(33.9 � 5.7%, Kir3.2_I234L_S196E [n �
5]; p � 0.09). Together, these results dem-
onstrate that Ser-196 mutations influence
PKC inhibition in a PIP2-independent
manner.

We hypothesized that substitution of
the Ser-196 residue may lead to differen-
tial effects on gating by perturbing local
electrostatic interactions in the channel it-
self or with the gating molecule PIP2. To
test this hypothesis, we began by using
molecular dynamics simulations with the
recently solved crystal structure of Kir3.2
in complex with PIP2 (PDB code 3SYA)

and performed mutations at Ser-196 in silico in the background
of the E152D mutant (Kir3.2�), similar to our experimental ap-
proach. The Ser-196 residue is located approximately one helical
turn from the key gating residue Phe-192, which forms the helix
bundle crossing gate. We examined the intersubunit distance of
this gate by calculating the minimal distance of residue–residue
interactions at Phe-192. Interestingly, the S196E mutant adopts a
semi-open conformation at the helix bundle crossing whereby
the intersubunit A–B distance increases, but the intersubunit
C–D distance does not (Fig. 5B). In the S196Q mutant, both F192
distances remain stable and the gates maintain a closed confor-
mation (Fig. 5A).

To better understand the molecular interactions that facilitate
the channel adopting this semi-open conformation, we analyzed
protein salt– bridge interactions of the S196Q and S196E mutants
throughout their respective simulations. In the S196Q mutant, a
strong salt– bridge interaction persists between Asp-228 and Arg-
201 of each subunit. Conversely, in the S196E mutant, the nega-
tively charged Glu-196 recruits Arg-201 away from Asp-228. The
carbon-to-carbon distance averaged over the four channel sub-
units is depicted in Figure 6. Consistent with the salt– bridge
results for S196E, the average distance for Arg-201/Asp-228 in-
creases (from 	4 Å to 	8.1 Å), whereas simultaneously the dis-
tance for Arg-201/Glu-196 decreases (from 	10 Å to 	 6.5 Å),
allowing interaction (Fig. 6B). In the S196Q mutant, the average
distances for Arg-201/Asp-228 and Arg-201/Gln-196 did not
change appreciably over the 100 ns simulation (Fig. 6A).

Inspection of the trajectories and an 80 ns snapshot of the two
simulations (Fig. 6C,D) indicates that, in the S196E mutant, Arg-201
moves away from Asp-228 and swings upward to form interactions
with Glu-196. In the S196Q mutant, Arg-201 firmly interacts with
Asp-228 for the duration of the simulation. The phosphorylated

Figure 4. Kir3.2� mutants show similar sensitivity to PIP2 as the Kir3.2� control and PMA sensitivity of S196Q is independent of
PIP2 manipulation. A, Normalized Ci-VSP inhibition of Kir3.2� and Ser-196 mutants. B, Normalized recovery of Kir3.2� and Ser-196
mutants. Protocols for inhibition and recovery were identical to experiments shown in Figure 1. C, PMA inhibition for Kir3.2�

Ser-196 mutants in control and with wortmannin pretreatment. *p � 0.05 compared with control condition. D, PMA inhibition of
Kir3.2_I234L Ser-196 mutants. *p � 0.05 compared with Kir3.2_I234L control. N.S., Not significant.
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channel (Fig. 7B) and the nonphosphory-
lated control (Fig. 7A) likewise behaved
similarly in the simulation to their mutant
counterparts, S196E and S196Q, respec-
tively. Only the phosphorylated serine
(SEP196) formed salt–bridge interactions
with Arg-201, recruiting the critical residue
away from Asp-228, much like the pattern
seen with the S196E mutant.

We proceeded to test the outcome
of these simulations that suggested a
switch mechanism whereby phosphory-
lation at Ser-196 could recruit Arg-201
away from Asp-228. The mutant R201A
that was used as a constitutively active
channel was shown to adopt a semi-
open state when cocrystallized with PIP2

(Whorton and MacKinnon, 2011). This
mutation would also be expected to dis-
rupt the Arg-201/Asp-228 salt– bridge
interaction, unmasking the negatively
charged Asp-228 thought to be inhibi-
tory to channel activity, presumably
by engaging the critical R230 residue
(Zhang et al., 1999; Rosenhouse-
Dantsker et al., 2008). Consistent with
this idea, the Kir3.2�_D228N potentiated
Kir3.2� currents approximately two-fold
[n � 7 for each] (Fig. 8A). Moreover, we
found that, in the Kir3.2� background, the
R201A mutant produced very small cur-
rents compared with the control channel,
which were nearly indistinguishable
from background (Fig. 8B). Addition of
the neutralization mutation D228N
(Kir3.2�_D228N_R201A, [n � 7]) poten-
tiated the current 
20-fold, but the cur-
rents were still significantly reduced
compared with either D228N alone or
Kir3.2� (Fig. 8B). These results suggest
that mutation of R201 is detrimental
to channel activity and that the negat-
ively charged Asp-228 also greatly
reduces channel activity. Futhermore, in
Kir3.2�_R201A recordings from inside-
out macropatches, we were unable to
stimulate the current with sodium, as has
been shown with wild-type Kir3.2 and in
Kir3.2� in our hands (data not shown). It
is unclear whether this was because the
Kir3.2�_R201A channel was not sensitive
to sodium, or that there were not enough
functional channels in the patch to see activity. This result further
underscores the adverse effect of the R201A mutation on channel
activity.

We attempted to determine whether the salt– bridge interac-
tion between Glu-196 and Arg-201 of the S196E mutant channel
could be reversed, adding further evidence to the importance of
this interaction inferred from the simulation and mutation data.
We constructed the mutant channels Kir3.2�_R201E and
Kir3.2�_S196R, which did not have detectable current. However,
the double mutant Kir3.2�_S196R_R201E also did not yield de-
tectable current. These negative results neither bolster nor refute

the hypothesized salt– bridge interaction between Arg-201 and
Glu-196 (and by extension Arg-201/PhosphoSer-196) in the
S196E mutant.

The Kir3.2�_S196E mutant had a profile similar to Kir3.2� of
increased current level and decreased PMA inhibition, whereas
the Kir3.2�_R201A and Kir3.2�_D228N_R201A mutants had re-
duced currents, similar to Kir3.2�_S196Q. Given that the S196Q
mutant had increased PMA inhibition as well as diminished
whole-cell currents, we tested the PMA inhibition of the
Kir3.2�_D228N_R201A mutant, finding that it was significantly
increased compared with Kir3.2�_D228N alone (47.5 � 3.6% for

Figure 5. Intersubunit helix bundle crossing distance at F192 increases in S196E, but not S196Q. A, Time course for S196Q for
A–B and C–D intersubunit minimal distances. B, Time course for S196E showing an increase in the A–B distance. C, An 80 ns
snapshot showing the F192 A–B distance in S196Q. Chain A is colored in red and chain B is colored in blue. D, An 80 ns snapshot
showing the F192 A–B distance in S196E.

Figure 6. Comparison of simulation results for S196Q and S196E in Kir3.2� background. A, Simulation time course for average
distance per subunit for Arg-201(CZ)/Gln-196(CD) and Arg-201(CZ)/Asp-228(CG). B, Time course for Arg-201(CZ)/Glu-196(CD) and
Arg-201(CZ)/Asp-228(CG). C, An 80 ns snapshot of MD simulation depicting Gln-196, Arg-201, and Asp-228. D, An 80 ns snapshot
depicting Glu-196, Arg-201, and Asp-228.
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Kir3.2�_D228N_R201A [n � 4] vs 19 � 3.9% for Kir3.2�_D228N
[n � 4]; p � 0.0027; Fig. 8C). These results indicate that the
putative interaction of Arg-201 with phosphorylated Ser-196 is
important for both controlling channel activity and limiting
PKC-mediated inhibition.

Discussion
The present study combined experimental evidence with simula-
tions to investigate how channel activity is controlled at a putative
PKC phosphorylation site, Ser-196, first identified in homologous
Kir3 channel subunits. Surprisingly, we demonstrated that Ser-196
exerts allosteric control over PKC inhibition of Kir3.2, rather than
being itself a direct target of PKC phosphorylation. We identified a
triad residue interaction in the Kir3.2 channel, where the key players
are Ser-196, Arg-201, and Asp-228. Phosphorylation of Ser-196
presents a toggle switch that recruits Arg-201 away from Asp-228
(Fig. 9). This in turn results in increased channel activation and
lower sensitivity to PMA inhibition. Disruption of the SEP-
196/Arg-201 interaction, either by S196Q or R201A, results in
a channel with greatly reduced currents, as well as higher sen-
sitivity to PMA inhibition. Interestingly, the destabilization of
the interaction between Arg-201 and phosphoSer-196 appears
to affect PKC inhibition independently of PIP2– channel inter-
actions. In PIP2 reduced states (i.e., wortmannin pretreat-
ment), the Kir3.2� channel had increased inhibition regardless
of the mutation at Ser-196. Even increasing channel–PIP2 in-
teractions, as in the I234L mutant, failed to affect the residue
dependence at Ser-196 on PKC inhibition. Multiple studies to
date have demonstrated that the extent of PKC inhibition de-
pends on PIP2, including in the native rat hippocampal chan-
nels activated by baclofen (Sohn et al., 2007a, 2007b). These
data indicate that the residue triad identified in Kir3.2 oper-
ates independently of PIP2, at least in terms of PKC inhibition.

When Ser-196 is phosphorylated, the helix bundle-crossing
gate is stabilized and the channel is rendered less sensitive to PKC
inhibition. Phosphorylated Ser-196 competes with Asp-228 for

the critical Arg-201. In the absence
of phosphorylation, Asp-228 interacts
strongly with Arg-201, stabilizing the
closed state. Interestingly, the R201A mu-
tant has been used to obtain the crystal
structure of Kir3.2 with an open G-loop
gate. In the presence of PIP2, this mutant
is thought to have a partially open helix
bundle-crossing gate as well. Presumably
due to packing of crystal contacts, only
two PIP2 molecules are bound per te-
tramer, such that one monomer has an
open helix bundle crossing and its partner
maintains a PIP2-deficient structure.
Therefore, the R201A mutant has been
described as a constitutive, fully active
channel (Whorton and MacKinnon,
2011). However, the current levels of
Kir3.2�_R201A are drastically reduced
compared with the Kir3.2� control. Neu-
tralization of Asp-228 with the D228N
mutant rescues Kir3.2�_R201A currents
more than 20-fold, much greater than
the effect of D228N alone on Kir3.2�

(approximately 2-fold). The Kir3.2�_
D228N_R201A double mutant has in-
creased sensitivity to PMA inhibition
compared with the Kir3.2�_D228N con-

trol, again suggesting that the R201A mutant reduces allosteri-
cally channel–PIP2 interactions (Zhang et al., 1999).

To demonstrate the existence of a salt– bridge interaction,
sometimes the two interacting residues can be switched, as pre-
viously demonstrated in Kir3.4� interacting with G�� (Mahajan
et al., 2013). The mutants constructed for the salt– bridge residue
exchange experiment (Kir3.2�_S196R, Kir3.2�_R201E, and
Kir3.2�_S196R_R201E) did not yield measurable current, which
neither lent support nor refuted the salt– bridge hypothesis be-
tween phosphoSer-196 and Arg-201. The mutant Kir3.2_R201E
was previously constructed in Whorton and MacKinnon (2011)
and did not conduct current in the wild-type channel back-
ground either.

The potentiation effect of the D228N mutation on
Kir3.2�_R201A indicates that Asp-228 likely inhibits the channel in
the absence of the Arg-201 side-chain. Asp-228 is a critical residue
for sodium potentiation, whereby sodium binding shields the
negatively charged aspartate from positive PIP2-interacting
residues (Ho and Murrell-Lagnado, 1999; Zhang et al., 1999;
Rosenhouse-Dantsker et al., 2008; Inanobe et al., 2010; Whor-
ton and MacKinnon, 2011). We were unable to demonstrate
stimulation of the Kir3.2�_R201A mutant channel with so-
dium, likely because the channel had very low activity to begin
with; the Kir3.2� channel displayed the characteristic sodium
sensitivity similar to the wild-type channel, which is abrogated
by the D228N mutation (as in Inanobe et al., 2010). A likely
candidate for interaction with Asp-228 is Arg-230, located two
residues away on the CD loop. Simulations in a homology
model of Kir3.4 indicate that sodium coordination prevents
interaction between Asp-223 and Arg-225 in Kir3.4, the ho-
mologous residues to Asp-228 and Arg-230 (Rosenhouse-
Dantsker et al., 2008). In the cocrystal of Kir3.2 and PIP2,
Arg-230 does not form interactions with PIP2, but it is possible
that Arg-230 interacts with Asp-228 in some intermediate
PIP2-binding state. Evidence from MD simulations in the

Figure 7. Comparison of simulation results for Kir3.2� and Kir3.2�_SEP196. A, Simulation time course for average distance per
subunit for Ser-196(CB)/Arg-201(CZ) and Arg-201(CZ)/Asp-228(CG). B, Time course for SEP-196(P)/Arg-201(CZ) and Arg-201(CZ)/
Asp-228(CG). C, 80 ns snapshot depicting Arg-201, Ser-196, and Asp-228. D, An 80 ns snapshot depicting Arg-201, SEP196, and
Asp-228.
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Kir3.1-chimera structure points to this possibility, where the
equivalent residue (Arg-230 equivalent) makes PIP2 contacts
in the dilated (G-loop open) conformation only (Meng et al.,
2012).

The mutagenesis data regarding current levels and PMA inhi-
bition suggest that Ser-196 is normally phosphorylated in Kir3.2
expressed in Xenopus oocytes. In support of this idea of constitu-
tive phosphorylation, we found that purified Kir3.2 protein was
subject to phosphorylation, as evidenced by the alkaline phos-
phatase treatment assay. This assay looked at the global phos-
phorylation of the protein and was not specific for Ser-196;
however, other residues are likely involved in the constitutive
pattern of phosphorylation. In the absence of phosphorylation at
Ser-196, it seems unlikely that Ser-196 (an uncharged, polar res-
idue) would function equivalently to Glu-196 (a negatively
charged residue). Because the principal difference between Gln
and Glu is the introduction of negative charge, we discern that
Ser-196 is likely in a phosphorylated state.

It remains to be determined whether Kir3.1 and/or Kir3.4
also might be constitutively phosphorylated at this posi-

tion, confounding the mutagenesis results on PKC inhibition
in Mao et al. (2004). A contrasting pattern of PKC inhibition is
seen with the mutagenesis of Kir3.4� compared with Kir3.2�:
the neutralization mutant Kir3.4�_S191A decreases PKC inhi-
bition, whereas the similar mutant in Kir3.2�_S196Q increases
PKC inhibition. We do not claim that the critical serine resi-
due in Kir3.4� behaves in the same manner as in Kir3.2�, but
given the similarity of the two channels, an allosteric role for
Ser-191 in PKC inhibition cannot be ruled out. We hope that
this study will stimulate structural correlates of PKC inhibi-
tion in Kir3.1 and Kir3.4 as these structures become available.

In summary, we have highlighted that the residue Ser-196 in
Kir3.2 is involved in conferring PKC-mediated inhibition to the
channel. This residue was previously identified in Kir3.1 and
Kir3.4 as a target of PKC phosphorylation, but biochemical con-
firmation has so far been lacking. Contrary to its proposed action
in Kir3.1/3.4, our data demonstrate that the charge of this residue
mediates allosteric control of whether Kir3.2 channels are subject
to PKC-mediated inhibition. When this residue is neutralized,
the inhibition of Kir3.2 is increased, likely by disrupting the in-
teraction of phosphoSer-196 with Arg-201. Similarly, when Arg-
201 is neutralized, PKC-mediated inhibition is also increased.
The decreased currents of either the S196Q or the R201A mutants
suggest that these channels are less functional. In light of these
data, the suggestion that R201A represents a constitutively active
channel seems unlikely.

Figure 8. Neutralization of R201 results in low currents with increased sensitivity to PMA in
the Kir3.2�_D228N background. A, Kir3.2�_D228N has higher currents than Kir3.2� control. B,
Kir3.2�_R201A_D228N has reduced currents compared with Kir3.2�_D228N. **,
Kir3.2�_R201A_D228N has significantly higher currents than Kir3.2�_R201A at p � 0.05. C,
PMA inhibition is increased in Kir3.2�_D228N_R201A compared with Kir3.2�_D228N control.
*p � 0.05 compared with control.

Figure 9. Schematic of PKC inhibition depending on phosphorylation state of Ser-196 and
salt– bridge formation with Arg-201. Top, In PKC-sensitive channels, Q196 or dephosphory-
lated S196 cannot interact with R201 and are stabilized by D228. Bottom, In PKC-insensitive
channels, R201 interacts with E196 or phosphorylated S196, stabilizing the open state of the
helix-bundle-crossing gate.
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