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Inward rectifier potassium (Kir) channel activity is controlled by plasma membrane lipids. Phosphatidylinosi-
tol-4,5-bisphosphate (PIP,) binding to a primary site is required for opening of classic inward rectifier Kir2.1 and
Kir2.2 channels, but interaction of bulk anionic phospholipid (PL™) with a distinct second site is required for high
PIP, sensitivity. Here we show that introduction of a lipid-partitioning tryptophan at the second site (K62W) gen-
erates high PIP; sensitivity, even in the absence of PL™. Furthermore, high-resolution x-ray crystal structures of
Kir2.2[K62W], with or without added PIP, (2.8- and 2.0-A resolution, respectively), reveal tight tethering of the
C-terminal domain (CTD) to the transmembrane domain (TMD) in each condition. Our results suggest a refined
model for phospholipid gating in which PL™ binding at the second site pulls the CTD toward the membrane,
inducing the formation of the high-affinity primary PIP, site and explaining the positive allostery be-

tween PL™ binding and PIP; sensitivity.

INTRODUCTION

Inwardly rectifying potassium (Kir) channels play a crit-
ical role in stabilizing membrane potentials and hence
controlling numerous physiological phenomena in
excitable and inexcitable cells (Nichols and Lopatin,
1997; Hibino et al., 2010). Phosphatidylinositol-4,5-bi-
sphosphate (PIPy;) in the inner membrane leaflet
is required for the activation of all Kir channel sub-
types (Hilgemann and Ball, 1996; Rohdcs et al., 2003;
D’Avanzo et al., 2010b), and Kir channel crystal struc-
tures have unambiguously identified the PIP, binding
site (primary site; Fig. 1 A) at the interface between the
transmembrane domain (TMD) and the C-terminal do-
main (CTD; Hansen et al., 2011). Although the CTD
is quite closely apposed to the TMD in the PIP»-bound
Kir2.2 (PDB no. 3SPI) structure, the domain is dis-
placed from the membrane by ~6 A in the Apo-Kir2.2
(PDB no. 3JYC) structure, suggesting that pulling the
CTD toward the membrane provides the mechanistic
link between PIP, binding and Kir channel activation
(Enkvetchakul and Nichols, 2003; Tao et al., 2009;
D’Avanzo et al., 2010a; Hansen et al., 2011).

In addition to PIP,, bulk anionic phospholipids
(PL7) are required for Kir2 channel gating, alloster-
ically increasing PIP, sensitivity by 10-100-fold and
thereby making Kir2 channels active at physiological
levels of PIP; (Cheng et al., 2011). In silico docking
studies identify an additional PL™ binding site (sec-
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ond site), generated primarily by a lysine residue in
the N-terminal end of the slide helix (K64 in human
Kir2.1, K62 in chicken Kir2.2; Fig. 1, A and B; Lee
et al., 2013). Given the relatively high level of PL~
(>15% of all lipids) that is typically present in plasma
membrane inner leaflets (van Meer et al., 2008; In-
g6lfsson et al., 2014) and the nonspecific character
of PL™ activation of Kir2 channels (Cheng et al.,
2011), the second site interaction is likely to be con-
sistently present in cell membranes. The mutation
K64C in human Kir2.1 results in significant loss of
PL™ sensitivity, and reduced channel activity (Lee et
al., 2013). However, modification of the cysteine with
a long hydrophobic moiety generates high PIP, sen-
sitivity, even in the absence of PL™, suggesting that
tethering of this site to the membrane inner leaflet
induces the formation of the high-affinity primary
PIP, site and channel activation. Here, we performed
further functional and structural characterization of
the second site. We first show that mutation of the key
residue to a membrane-associating tryptophan can
fulfill the second site requirement to generate high
PIP, sensitivity. We then use crystallographic analysis
of this mutant channel to show how the second site
interaction with the membrane changes the channel
structure and leads to formation of the high-affinity
PIP, binding site.

©2016 Lee etal. This article is distributed under the terms of an Attribution-Noncommercial—
Share Alike-No Mirror Sites license for the first six months after the publication date (see
http://www.rupress.org/terms). After six months it is available under a Creative Commons
License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http
://creativecommons.org/licenses/by-nc-sa/3.0/).
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MATERIALS AND METHODS

Cloning, expression, and purification

The chicken Kir2.2 DNA plasmid was a generous gift
from R. MacKinnon (The Rockefeller University, New
York, NY). To use commercially available anti-flag resin
(Sigma-Aldrich) for protein purification, the C-termi-
nal 1D4-tagged sequence in cKir2.2 (Tao et al., 2009)
was replaced with a Flag sequence. A single point muta-
tion (K62W) was introduced using QuikChange site-di-
rected mutagenesis kits (Agilent Technologies) and
verified by sequencing. K62W mutant channels were
expressed in Pichia pastoris cells and purified with
100 mM n-decyl-f-p-maltoside (DM; Anatrace), as de-
scribed previously (Tao et al., 2009). In brief, frozen P.
pastoris cells were broken using a model MM301 mixer
mill (Retsch, Inc.; 5 x 3.0 min at 30 cps) and solubilized
in lysis buffer (100 mM DM, 50 mM Tris, pH 7.5, 150 mM
KCl, 1 mM EDTA, and 2 mM DTT) at room tempera-
ture for 1 h with stirring. Cell lysate was centrifuged at
30,000 g for 30 min at 10°C. About 750 pl of resin per
10 g of cells was added to the supernatant. Binding was
performed at 4°C for >1.5 h with gentle rotation. The
resin was washed with 20 column volumes of wash buf-
fer (4 mM DM, 50 mM Tris, pH 7.5, 150 mM KCl, 1 mM
EDTA, and 2 mM DTT), and protein was eluted by wash
buffer with 200 pg/ml Flag peptide, over the course of
2-3 h. PreScission Protease (PPX) was added at a 1:20
ratio, and cleavage was performed for 12 h at 4°C with
gentle rotation. The protein was concentrated and fur-
ther purified on a Superdex 200 column (GE Health-
care) equilibrated in SEC buffer (20 mM Tris, pH 7.5,
150 mM KCl, 1 mM EDTA, 4 mM DM, and 20 mM DTT).
Peak fractions were combined and concentrated to
5 mg/ml for crystallization experiments.

Rb* uptake assay

Channel activity was assessed by *Rb* uptake into
proteoliposomes. 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) lipids
were dissolved (10 mg/ml) in buffer A (450 mM KClI,
10 mM HEPES, 4 mM NMG, and 0.5 mM EGTA, pH 7.4)
with 35 mM CHAPS. Porcine brain PIPy was solubilized
(2 mg/ml) in 8 mg/ml POPE solution. 1 mg of lipid
mixture in 100 pl was incubated at room temperature
for 2 h, and 3 pg of protein was added and incubated
for another 20 min. The lipid-protein mixture was
passed through partly dehydrated G-50 beads preequil-
ibrated with buffer A to form proteoliposomes. Proteo-
liposomes were passed through partly dehydrated G-50
beads preequilibrated by buffer B (400 mM Sorbitol,
10 mM HEPES, 4 mM NMDG, and 0.5 mM EGTA, pH
7.4) to remove external KCl. 200 pl of buffer B con-
taining **Rb* (PerkinElmer) at ~4.5 nCi was added at
time 0. After 10 min, 80-pl samples were harvested and
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passed through cation exchange beads to capture **Rb*
in the external solution. The uptake was normalized
to the maximum uptake in valinomycin after subtrac-
tion of leak uptake into protein-free liposomes. Porcine
brain PI(4,5)Py, POPE, POPG, and lipids for crystalliza-
tion were purchased from Avanti Polar Lipids, Inc.

Crystallization and structure determination

PIP, was solubilized in 5 mM SEC buffer and added to
the concentrated protein sample to 250 pM concentra-
tion 30 min before crystallization. Dioleoylglycerol py-
rophosphate (DGPP/pyrophosphatidic acid [PPA]) and
1,2-didecanoyl-sn-glycero-3-phosphate (10:0 phospha-
tidic acid [PA]/PA) were solubilized at 60 mM in SEC
buffer. PPA was added to protein samples at 3 mM and
PA at 5 mM for crystallization experiments. Crystals were
grown by hanging drop vapor diffusion by mixing 0.2 pl
of protein and 0.2 pl of reservoir solutions, automated
using CRYSTAL GRYPHON (Art Robbins Instruments).
Apo-K62W crystals and crystals in the presence of PA or
PPA grew in 100 mM tri-sodium citrate pH 5.8-7.0,
100 mM NaCl, and 20-26% PEG400. PIP,-bound K62W
crystals grew in 50 mM HEPES, pH 6.3-6.8, 500 mM KCl,
and 18-25% PEG400. All crystals grew at 20°C in 2-3 d
and were cryoprotected by 30% (vol/vol) PEG400 and
frozen in liquid nitrogen. X-ray diffraction data (2.0 A
for Apo, 2.8 A for PIP,, 2.3 A for PPA, and 2.0 A for PA
crystals) were collected at the Advanced Photon Source
beamlines 24-ID-C and 24-ID-E at wavelength 0.9792 A
under liquid nitrogen stream. Phases were obtained for
Apo-K62W crystals using the program MolRep (Vagin
and Teplyakov, 2000) in the CCP4 suite (Winn et al.,
2011) through molecular replacement with PIPs;-bound
cKir2.2 crystal structure (3SPI) as a search model. Iter-
ative model building was performed in COOT (Emsley
and Cowtan, 2004), and rounds of refinement were per-
formed with REFMAC (Murshudov et al., 1997). The
final model was obtained with R/Rg.. of 0.199/0.227
and with 97.1% of residues in the most favored regions
and none in the disallowed region in the Ramachandran
plot. Phases for other crystals (PIP»-bound K62W, +PA,
or +PPA) were determined with Apo-K62W structure as
asearch model, and COOT and REFMAC programs were
used for iterative model building and refinement. The
side chain orientation for residues such as Gln, His, and
Asn was guided by the suggestions of MolProbity web-
server (Chen et al., 2010). The final models were ob-
tained with R/Rg.. 0£0.197/0.258 for PIPy, 0.194/0.221
for PA, and 0.205/0.235 for PPA crystals. There were no
Ramachandran outliers for these three models, and
95.37% residues of PIPs, 96.53% of PA, and 97.27% of
PPA models were in the most favored regions of the
Ramachandran plot. Atomic coordinates and structure
factors for the reported crystal structures have been de-
posited into the Protein Data Bank under accession nos.
5KUK (Apo-K62W) and 5KUM (PIPs-bound K62W).
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Molecular dynamics (MD) simulations

MD simulations were performed using Gromacs software
version 4.5.4 (Hess et al., 2008). 3 x 100-ns MD simula-
tions were performed for both PIP,-bound K62W and
WT (3SPI; Hansen et al., 2011) crystal structures. PIP,
was parameterized using the Hartree-Fock geometry
optimization with the 6-31G* basis set (Frisch et al.,
2009). Both structures were embedded in a lipid bilayer
consisting of 592 1-Palmitoyl-2-oleoylphosphatidylcho-
line (POPC) lipids using the g_membed tool (Wolf et
al., 2010) and solvated using the SPC/E water model
(Berendsen etal., 1987). K" and Cl™ ions were randomly
placed within the solvent to neutralize the system to
obtain an ion concentration of 150 mM. The amber99sb
force field (Hornak etal., 2006) was used for the protein.
Berger lipid parameters were used for the POPC mem-
brane (Berger et al., 1997; Cordomi et al., 2012). The
corrected monovalention Lennard-Jones parameters for
the amber force field were used as ion parameters (Joung
and Cheatham, 2008). Cutoffs for electrostatic interac-
tions were set to 1.0 nm. The particle-mesh Ewald
method was used to treat long-range electrostatic inter-
actions atevery step (Darden etal., 1993). Lennard-Jones
interactions were calculated with a cut off of 1.0 nm. To
constrain bonds, we used the LINCS algorithm (Hess et
al., 1997). To keep the simulation temperature constant,
we used the Nosé-Hoover thermostat (Nosé, 1984;
Hoover, 1985), coupling (t = 0.2 ps) the protein, lipids
(PIP; and POPC), and solvent (water and ions) sepa-
rately to a 310-K temperature bath. Pressure was kept
constant using the Parrinello-Rahman barostat algo-
rithm (Parrinello and Rahman, 1981) at 1 bar, using a
coupling constant of 1 ps. Before each simulation, the
protein atoms were restrained by a force constant of
1,000 kJ/mol/nm? to their initial position, and 1,000
conjugate gradient energy-minimization steps were per-
formed, followed by 5 ns of equilibrium simulation.
Lipids, ions, and water were allowed to move freely. The
root mean square deviation of simulated protein struc-
tures all converged to roughly 8.0 A in the WT and
3.2 Ain the K62W mutant structure at around 20 ns (Fig.
S2), indicating that the simulated systems were stable
and at equilibrium.

Hydrogen bond analysis

Hydrogen bond analyses were performed using the
Gromacs tool g_hbond. It defines a hydrogen bond
with a distance cutoff of 3.5 A and an angle cutoff of 30
degrees between donor-acceptor-hydrogen. Fig. 4 C
shows means of the data over all four subunits over all
three runs of PIPs-bound K62W versus 3SPI.

Online supplemental material
Fig. S1 shows comparison of backbone structures of WT
and K62W cKir2.2 in the absence or presence of PIP,.
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Fig. S2 shows the time course of MD simulations of PIPy-
bound WT (3SPI) and K62W mutant protein crystal
structures. Fig. S3 shows electron density maps at the
primary site, generated for crystals obtained with added
PA or PPA lipids. Fig. S4 shows conformational changes
perpendicular to membrane surface induced by Gy,
binding in GIRK2. Videos 1 and 2 illustrate positive fo-fc
electron density at the primary site for Apo-K62W and
PIPy»-bound K62W, respectively. Table S1 provides
crystallographic data and refinement statistics. Online
supplemental material is available at http://www.jgp.
org/cgi/content/full/jgp.201611616/DCI.

RESULTS

Trp substitution at the second site induces the
synergistic PL™ effect

Mutation of the key second site residue 64 in hKir2.1
from lysine to cysteine results in loss of PL™ sensitiv-
ity, but modification of the cysteine with decyl-MTS
tethers the site directly to the membrane inner leaflet,
resulting in high-affinity PIP, interaction with the pri-
mary site and high sensitivity of the channel to PIP,
(Lee etal., 2013). Aromatic tryptophan residues can
also act to tether proteins at the membrane-water
interface (Killian and von Heijne, 2000), so as a fur-
ther test of the proposed functional role of the sec-
ond site, we introduced a Trp mutation (K62W) at
this site into cKir2.2 (Fig. 1 B) and then examined
PL™ sensitivity (Fig. 1, C and D). Like WT hKir2.1
and cKir2.2 channels, K62W mutant channels were
inactive in the absence of PIP,. However, unlike WT
channels, K62W channels exhibited high PIP, sensi-
tivity in even the complete absence of PL™: in zero
POPG, K62W channel activity and apparent K, for
PIP, were equivalent to those for the WT channel
at saturating 10% POPG (Fig. 1 C). In the presence
of a physiological level of PIP; (0.1%), WT channels
were inactive in the absence of POPG and markedly
activated by POPG (~10-fold), but K62W channels
were highly active in the absence of POPG and only
marginally more activated (<2-fold) by addition of
POPG (Fig. 1 D). These results show that the K62W
mutation essentially endows the same synergistic effect
on PIP, sensitivity and channel activation as PL™, even
in the absence of PL™ in the membrane.

Structures of cKir2.2 K62W with or without PIP, are
almost identical

Given that the mutation K62W, like chemical tethering
of the K64C mutation in hKir2.1 (Lee et al., 2013), gen-
erates a similar PIP, sensitizing effect to PL™ binding, we
crystallized cKir2.2[K62W] (Tao et al., 2009; Hansen et
al.,, 2011) in the presence and absence of PIP, to di-
rectly observe structural consequences. 2.0-A and 2.8-A
resolution x-ray diffraction data were obtained for Apo-
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Increased PIP, sensitivity but decreased PL™ sensitivity in K62W channels. (A) Ribbon diagram of Kir2.2 monomer

structure (3SPI). Key functional parts of the protein are labeled, with residues comprising the primary and second sites shown in blue
and red sticks, respectively. (B) Sequence alignments of selected regions of Kir subfamily members. Residues important for second-

ary PL™ interaction are shown in red. Q52 of Kir6.2 shown in green

causes gain-of-function if mutated to Arg. (C) ®Rb* uptake versus

PIP, concentration for reconstituted chicken Kir2.2 WT and K62W mutant channels, in the presence of 0 or 10% POPG lipids (mean
+ SE, n = 3). The line is the best fit of the one-site binding model in each case. (D) The same experiment was performed at constant
0.1% PIP,, with increasing POPG concentrations as indicated (mean = SE, n = 3).

and PIPy-bound K62W crystals, respectively (Table S1).
Phases were obtained by molecular replacement using
3SPI as a search model (Hansen et al., 2011), and struc-
tural models were built and refined to an Rg.. of 0.227
for Apo- and 0.258 for PIP;-bound K62W. In the WT
cKir2.2 structure obtained in the absence of PIP, at the
primary site (3]YC), the CTD is displaced ~6 A from the
TMD (Fig. S1; Tao et al., 2009; Hansen et al., 2011). In
marked contrast, the two final structural models for
cKir2.2[K62W] are indistinguishable from each other,
the CTD being tightly tethered to the TMD in both the
presence and absence of PIP, at the primary site
(Fig. 2, A and B).

Knock-in Trp directly interacts with a detergent

head group

Given the conformational and functional consequences
of the K62W mutation, the electron density around res-
idue 62 was examined closely (Fig. 3). Additional posi-
tive density that is evident very near the tryptophan side
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chain in both Apo- and PIPs;-bound K62W crystals
(Fig. 3 A) is well fit by a maltoside head group (Fig. 3 B).
This is consistent with the introduced tryptophan di-
rectly interacting with decyl-maltoside during purifica-
tion, as the detergent molecule replaces the native
membrane lipid.

Tighter membrane tethering in K62W maintains the
high-affinity primary site structure

Comparison of the Apo-WT and Apo-K62W structures
indicates a global translation of the cytoplasmic do-
main along the z axis (i.e., perpendicular to the mem-
brane) by ~6 A toward the membrane in the latter
(Fig. SI1). Even comparing with the PIP»-bound WT
(3SPI) structure, there is ~1-A movement toward the
membrane in the K62W structure (Fig. 4 A). The
whole CTD is displaced toward the membrane, but
this upward movement is greatest in the region of the
second site. Induction of the high-affinity primary
PIPo-binding site in the K62W structure, even in the

Secondary anionic lipid site in Kir2 channels | Lee et al.
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Figure 2. Apo- and PIP,-bound K62W crystal structures. (A) K62W mutant channel structures determined without (Apo-,
orange; PDB no. 5KUK) or with PIP, (PIP,-bound, red; PDB no. 5KUM) are shown in ribbon diagram (PIP, shown as space-filling
balls). (B) Ribbon diagrams, colored to indicate the conformational displacement perpendicular to the membrane plane (along
the z axis) between the two structures. The distance changes along the z axis at every Ca were computed after alignment of the
two crystal structures at selectivity filter backbone atoms (residue 143-148). (C) 177 and M181 residues in the bundle crossing
region are shown as space-filling spheres, for Apo (left) and PIP, bound (right).

absence of PIP, (Fig. 4 B), provides a compelling struc-
tural mechanism for the positive allosteric effect of
PL"™ binding on PIP, sensitivity, i.e., that pulling of the
cytoplasmic domain toward the membrane at the PL™
site induces or facilitates formation of the high-affinity
PIP, site. In addition, the tighter apposition of the
CTD to the membrane plane in the K62W structure
brings several positively charged residues even closer
to the primary site than in the PIP»-bound (3SPI) WT
structure. MD simulations of PIPs-bound WT (3SPI)
and PIPy-bound K62W crystal structures show that PIP,
is bound through more extensive hydrogen bonding
to these residues in the K62W mutant channel
(Fig. 4 C). In particular, at least one hydrogen bond
was persistently present between PIP, and K188 and
K189 only in PIPs-bound K62W MD simulations. Previ-
ous studies have indicated that mutation of these resi-
dues to glutamine causes complete loss of function for

JGP Vol. 148, No. 3

Kir2.1 channels (Lopes et al., 2002; D’Avanzo et al.,
2013). These results indicate that the second site inter-
action with the membrane strengthens interaction of
PIP; at the primary site.

The “bundle crossing” gate is still closed in

K62W structures

At the narrowest region of the pore, the distance be-
tween the closest side chain carbon atoms (between Ca
atoms in parentheses) of Ile 177 is 5.9 (11.43) A for the
Apo-and 6.0 (11.45) A for PIPs-bound K62W channels,
similar to 6.3 (11.07) A in the PIPs-bound WT channel
(Fig. 2 C; Hansen et al., 2011). Thus, even when both
PIP, and PL™ interactions are satisfied, channels are still
formally closed at the inner helix bundle crossing, as is
also seen in Kir3.2 (GIRK2) channel structures in the
presence of all relevant agonists (Whorton and MacKin-
non, 2011, 2013).
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Figure 3. K62W structure at the sec-
ond PL site. (A and B) The Apo-Ké62W
structural model was generated by mo-
lecular replacement with 3SPI residue
62 as Trp (A), and final electron density
and a model with a decylmaltoside de-
tergent head group are shown (B). In
each case, 2fo-fc electron density at
2.0-A resolution, contoured at 1o, is
shown in gray. Positive fo-fc electron
density at 2.0-A resolution, contoured
at 3o, is shown in green. Pink indicates
carbon atoms of the residue mutated;
orange indicates carbon atoms of the
wild-type residues; cyan indicates car-
bon atoms of the ligand (DM); blue

An unidentified molecule is present at the primary site
in Apo-K62W crystals

In the absence of PIP,; in crystallization conditions,
strong positive electron density is still detected at the
primary site in Apo-K62W crystals. This raises the pos-
sibility that PIP, or other phospholipid is copurified
from the P. pastoris membrane. However, comparison
of electron density maps (Fig. 5 A and Videos 1 and 2)
for Apo-K62W and PIP»-bound K62W crystals before
introduction of PIP, in the refinement reveals obvious
differences between the contour shapes of the unmod-
eled electron densities in these crystals, suggesting that
the extra density in Apo-K62W crystal does not arise
from copurified PIP,. As a further test of whether the
copurified molecule is PIP, or other phosphoinositides,
electron density maps were recalculated with these lip-
ids modeled at the primary site. Introduction of PIP,
fully accounts for the positive electron density in PIPy-
bound K62W crystals (Fig. 5 B, boxed), but substantial
mismatches result when PI(4,5)P; or the monophos-
phoinositides PI(4)P or PI(5)P are modeled into the
Apo-K62W structure (Fig. 5 B), in particular near the
C4 and C6 positions, indicating that the presumably co-
purified molecule from P. pastoris is neither PIP; nor
monophosphoinositide.

At this juncture, we cannot differentiate whether
this molecule is an opportunistic occupant of or cat-
alyst to formation of the primary site. It is likely to be
strongly negatively charged, like PIP,, to sit stably in
the groove surrounded by basic residues. Our previous
docking simulations on WT channels indicated that all
negatively charged lipids favor binding to the primary
site over the second site, with PA showing the most sta-
ble binding of singly negatively charged PL’s (Lee et
al., 2013). In addition to PIPy, another strongly neg-
atively charged PPA was resolved at the primary site
in WT cKir2.2 channels (Hansen et al., 2011). Hence,
we further examined whether such a lipid might be,
or might displace, the copurifying P. pastoris molecule
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indicates nitrogen atoms; red indi-
cates oxygen atoms.

by crystallizing K62W proteins in the presence of high
concentrations of PA (5 mM) or PPA (3 mM). Electron
density contours at the primary site in these crystals
were essentially identical to those in Apo-K62W crys-
tals (Fig. S3, A and B) and inconsistent with the pres-
ence of PPA (3SPC; Fig. S3 D). Thus, this unidentified
molecule bound more stably than PA or PPA but less
stably than PIP,.

DISCUSSION

A refined model for lipid gating of Kir2 channels
Combined with previous analyses (Tao et al., 2009; Han-
sen et al., 2011; Whorton and MacKinnon, 2011, 2013),
our findings suggest a refined model for the role of the
two lipid-binding sites in controlling Kir2 channel gat-
ing. In the absence of any negatively charged lipids, the
CTD of Kir2 channels is disengaged from the TMD, with
the C-linker and slide helix region unstructured (Tao et
al., 2009); both the primary and second sites are amor-
phous (Fig. 6 A). Binding of PIP, to the primary site
(Fig. 6 B, top) or of bulk PL™ to the second site (Fig. 6 B,
bottom) pulls the CTD toward the membrane, thereby
inducing the other binding site. Subsequent binding of
PL™ at the second site (Fig. 6 C, top) or of PIP, at the
primary site (Fig. 6 C, bottom) then establishes the state
from which the channel can readily open (Fig. 6 D), pre-
sumably by splaying of the inner helices and widening
of the bundle crossing, as hinted at in other crystal struc-
tures (Jiang etal., 2002; McCusker et al., 2012; Linder et
al., 2013; Whorton and MacKinnon, 2013). Because the
second site interaction requirement is likely to be con-
stitutively met in most cellular membranes, the gating
transition is likely to occur primarily through the bottom
pathway in the model (i.e., Fig. 6, A=Bii—C—D).

Tryptophan mimicry of the second site PL™ interaction

Preferential positioning of aromatic residues, particu-
larly tryptophan (Trp) and tyrosine (Tyr), at the mem-
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3SPC
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A

K62W - 3SPI

Figure 4. Tighter tethering of the
CTD to the membrane in K62W chan-
nels. (A) Ribbon diagrams, colored to
indicate the conformational displace-
ment perpendicular to the membrane
plane (along the z axis) between the
Apo-K62W and PIP,-bound WT (3SPI)
structures. Positive distances indicate
that the corresponding residues in the
first structure are closer to the mem-
brane plane. (B) Ribbon diagram show-
ing overlaid structures of Apo-K62W
(orange) and PIP,-bound WT (blue). The
residues directly interacting with PIP,
are shown in sticks and labeled in blue,
and residue 62 for bulk anionic lipid
binding is shown in sticks and labeled
in red. (C) Three independent MD simu-
lations were performed for 100 ns, with
PIP,-bound WT (3SPI) and Ké62W mu-
tant structures. After 5-ns equilibration,

hydrogen bond formation between PIP,
and neighboring basic residues (Arg78,
Arg80, Lys 183, Arg186, Lys188, and
Arg189) was assessed, based on the
distance (3.5 A) between donor and ac-
ceptor atoms and D-A-H angle (<30°).
The results are means + SD, three inde-

pendent simulations of 100 ns in each
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brane interface is apparent in many membrane protein
crystal structures (Wallin et al., 1997). Trp is energeti-
cally favored for residing at the zwitterionic membrane
interface by ~3 kcal/mol compared with the positively
charged Lys residue (Wimley and White, 1996). A so-
phisticated study involving organic molecules that are
similar to the Trp side chain structure and solid state
nuclear magnetic resonance methods indicates that
stable Trp interaction at the membrane interface re-
sults mainly from aromaticity: © electrons interact with
the electrostatically complex interface environment
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case and of four tetramers in each case.
(D) Snapshots showing details of the
PIP,-binding site in the PIP,-bound WT
(3SPI; left) and K62W (right) structures
after 100 ns. Hydrogen bonds between
PIP, and the neighboring residues (yel-
low sticks) are shown as black dashes.

.
K189

while the rigid flat shape of the aromatic ring disfavors
deeper penetration into the hydrophobic core of the
membrane (Yau et al., 1998). As a consequence, Trp
inserted in the middle of a hydrophobic peptide can
make the otherwise integral membrane peptide re-
main at the interface (Braun and von Heijne, 1999).
Such strong Trp propensity to reside at the membrane
interface provides a compelling explanation for how
the K62W mutation effectively tethers the PL™ site at
the membrane surface, whereas the WT K62 residue is
displaced from the membrane in the absence of elec-
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3SPI
3SPI
3SPI

A Apo-K62W B PI4)P,  PI(5)P,

PIP,-bound
K62W

Figure 5. Positive density at the primary site in Apo-K62W. (A) Electron density at the primary site with no ligands modeled for
Apo-K62W (top) or PIP,-bound Ké62W (bottom). Only fo-fc electron density calculated at 2.8-A resolution and contoured at 2.5¢
(green) is shown for clarity. The dashed boxes indicate the space corresponding to electron densities shown in B. Blue indicates
nitrogen atoms. (B) Electron density recalculated after refinement in the presence of putative ligands, PI(4,5)P,, PI(4)P4, or PI(5)P,
(shown as sticks). The solid box indicates the correct assignment. 2fo-fc electron density at 2.8-A resolution for Apo-K62W and PIP,-
bound K62W, respectively, contoured at 1, is shown in gray. fo-fc electron density at 2.8-A resolution contoured at 36 and 36 is
shown in green and red, respectively. Orange indicates phosphate atoms.

trostatic interaction with PL~. Thus, there is a lack of tant with the membrane lipid, replaced by interaction
interaction of the native Lys residue in the WT Kir2.2 ~ with the detergent head group in the crystal
protein but strong interaction of Trp in the K62W mu- structures (Fig. 3).
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Figure 6. Lipid-dependent gating of Kir2 channels. (A) In the absence of any PL"s, the two binding sites are unstructured and
the CTD is displaced away from the membrane. (B) Binding of PIP, at the primary site or of PL™ binding at the second site initiates
upward movement of the CTD toward the membrane and induces the formation of the other site (white circles). (C) Subsequent
binding to the other site places the channel in a preactivated state (D), from which opening is favored.

K
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Convergent allosteric mechanisms for PIP,-mediated

Kir channel family gating

Although comparable studies have not yet been per-
formed on purified proteins from other members of the
Kir channel family, the key positively charged residues in
the secondary PL™ interaction site (K64 and K219 in
human Kir2.1; K62 and K220 in chicken Kir2.2) are not
highly conserved among Kir subfamilies (Fig. 1 B). This
suggests that regulation by PL™ specifically may not be a
universal regulator for all Kir subfamilies, but the struc-
tural mechanism of cytoplasmic domain tethering for
induction of PIP, activation might be. Consistent with
this idea, it is notable that those Kir subfamily members
that exhibit low conservation at the PL™ site tend to have
other regulatory ligands that interact with the same re-
gion. Kir6 and Kir3 subfamilies use auxiliary regulatory
protein subunits, sulfonylurea receptor and Gg,, respec-
tively. Kir5.1, in which neither of these residues is con-
served, only generates active channels as an obligatory
heterotetramer with Kir4 subunits, in which both PL™-in-
teracting residues are conserved (Hibino et al., 2010). It
is worth noting that the second site structurally overlaps
with binding sites for other allosteric ligands, including
Na® (Ho and Murrell-Lagnado, 1999; Whorton and
MacKinnon, 2011) and alcohol (Aryal et al., 2009), as
well as Gg, (Yokogawa etal., 2011; Whorton and MacKin-
non, 2013) and G/, (Mase et al., 2012), that have been
identified in Kir3 channel structures. Moreover, struc-
tural changes along the membrane normal induced by
Gy, binding in Kir3 channels appear qualitatively similar
to those induced by K62W in Kir2 channels (Fig. S4),
consistent with a common structural basis for these dis-
parate structural effectors.

Interestingly, residue Q52 in Kir6.2 aligns with K62 of
Kir2.1. A naturally occurring positive charge substitu-
tion (Q52R) at this position, causally linked to human
neonatal diabetes, results in a dramatic increase in open
state stability and reduction of ATP inhibition (Proks et
al., 2004; Koster et al., 2005). A recent study indicates
that this residue may physically interact with the sulfony-
lurea receptor subunit to affect ATP sensitivity of the
channels (Pratt et al., 2012), providing further consis-
tency with the idea that the secondary site is a common
allosteric regulatory site in Kir channels. The present
study provides a physical model for the positive allosteric
regulation of PIP, sensitivity in Kir2 channels by PL~
binding, but the convergent location of secondary al-
losteric sites in other Kir channels is consistent with a
common physical basis, i.e., apposition of the slide helix
to the membrane, for regulation of PIP, sensitivity
throughout the Kir channel family.
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