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Inward rectifier potassium (Kir) channels are integral membrane proteins charged with
a key role in establishing the resting membrane potential of excitable cells through
selective control of the permeation of KT ions across cell membranes. In conjunction
with secondary anionic phospholipids, members of this family are directly regulated
by phosphoinositides (PIPs) in the absence of other proteins or downstream signaling
pathways. Different Kir isoforms display distinct specificities for the activating PIPs but
all eukaryotic Kir channels are activated by Pl(4,5)P,. On the other hand, the bacterial
KirBac1.1 channel is inhibited by PIPs. Recent crystal structures of eukaryotic Kir channels
in apo and lipid bound forms reveal one specific binding site per subunit, formed at the
interface of N- and C-terminal domains, just beyond the transmembrane segments and
clearly involving some of the key residues previously identified as controlling PI(4,5)P»
sensitivity. Computational, biochemical, and biophysical approaches have attempted to
address the energetic determinants of PIP binding and selectivity among Kir channel
isoforms, as well as the conformational changes that trigger channel gating. Here we
review our current understanding of the molecular determinants of PIP regulation of
Kir channel activity, including in context with other lipid modulators, and provide further
discussion on the key questions that remain to be answered.
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Inward rectifier potassium (Kir) channels are a family integral
membrane proteins that selectively control the permeation of
K™ ions across cell membranes. The 15 members of this sub-
family are charged with key roles in establishing the resting
membrane potential of excitable cells, regulation of pacing in
cardiomyocytes and neurons, regulation of pancreatic insulin
secretion, and renal KT transport (Rougier et al., 1968; Beeler
and Reuter, 1970; Gahwiler and Brown, 1985; Frindt and Palmer,
1989; Takahashi, 1990; Wang et al., 1990; Inagaki et al., 1995).
All members of this family share a basic topology with four
sub-units combining to form a canonical pore-forming trans-
membrane domain that is selective for KT ions, a small aliphatic
helix on the N-terminus termed the “slide-helix” thought to inter-
act rest at the bilayer interface, and a large cytoplasmic domain
that extends the ion conduction pathway and provides dock-
ing sites for regulatory ions, proteins, and ligands (Ho et al,
1993; Kubo et al., 1993; Kuo et al., 2003; Nishida et al., 2007;
Tao et al., 2009; Hansen et al., 2011; Whorton and MacKinnon,
2011, 2013; Bavro et al., 2012). It is suspected that interactions
between the cytoplasmic domain and slide-helix may be neces-
sary for the mechanical transduction of ligand binding to channel
gating (Decher et al.,, 2007). In 1996, Karp (Kir6.x) channels
were the first channels to be identified as phosphatidylinositol
4,5-bisphosphate [P1(4,5)P; or PIP,] dependent (Hilgemann and
Ball, 1996).

PHOSPHOINOSITIDES (PIPs)

Phosphoinsotides (PIPs) are acidic phospholipids that contain a
myo-inositol headgroup, which can be phosphorylated at the 3, 4
or 5 positions of the inositol ring in every combination. This gives
rise to seven phosphoinositides [including the parent unphos-
phorylated phosphatidylinositol (PI)] which are present in low
abundance in eukaryotic cellular membranes (typically 1-10%
of total membranes depending on the cell type and pathophys-
iological status) (Wheeldon et al., 1965; Singh and Swartwout,
1972; Galloway et al., 1987; Post et al., 1995; Hamplova et al,,
2004). PIPs are essential and found primarily in the cytoplasmic
leaflet of eukaryotic membranes (Nikawa and Yamashita, 1982,
1997; Nikawa et al., 1987), however, in bacterial membranes PI
and phosphorylated derivatives are rarely found. In fact, within
prokaryotes PI appears to be confined to some actinomycetes,
myxobacteria, B. japonicum and Treponema (Sohlenkamp et al.,
2003).

Arguably the best characterized lipid modulator of ion chan-
nel activity, including Kir channels, is PI1(4,5)P, (or PIP;) (Suh
and Hille, 2008). This phosphoinositide contains three phos-
phate groups, and is expected to carry a net charge near —4
at neutral pH, though this can vary between —3, —4 and —5
depending on the lipid environment, and specific interactions
with the protein (McLaughlin et al., 2002). While cleavage of
PIP, by phospholipase C (PLC) into the second messangers
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inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) can
affect some ion channels function through downstream signaling
pathways, or recruiting soluble proteins to the plasma mem-
branes, our discussion will be limited to the direct effects of PIP,
and other PIPs on Kir channel function.

The molecular basis for PIP-protein interactions can arise
through a variety of mechanisms, primarily consisting of a
combination of specific co-ordinated interactions and non-
specific electrostatic interactions. On one extreme, myristoylated
anlanine-rich C kinase substrate (MARCKS) is a 331-residue
natively unfolded protein with a cluster of 13 basic residues
termed the “basic effector domain” that confers a strong local
positive electrostatic potential to the protein (Tapp et al., 2005).
When not phosphorylated, MARCKS can bind the acidic head-
groups of PIP, through non-specific electrostatic interactions,
sequestering them laterally across the membrane (Wang et al,,
2002a). Specificity for interacting with PIP; likely results from
the multiple negative charges in the lipid headgroup and because
PIP; is generally the most abundant multi-phosphorylated lipid
in the plasma membrane. On the other end of the spectrum,
pleckstrin homology domains (PH domains) are found in numer-
ous cytoplasmic proteins. Typically containing just over 100
residues, all PH domains known have a common structure con-
sisting of two perpendicular anti-parallel beta sheets followed by a
C-terminal amphipathic helix. This fold forms a pocket that con-
tains several basic amino acids that are positioned and oriented
in a manner that specifically enable the co-ordination of a PIP.
Typically, several basic residues will co-ordinate the phosphates
around the inositol ring, while other hydrogen bond interac-
tions may also occur between protein and lipid via uncharged
residues (Lemmon, 2003). By placing the basic residues in differ-
ent positions within the binding pocket, different PIP specificities
can arise through differing co-ordination patterns of the head-
group phosphates. Over the years, many experiments have been
performed to determine where in this spectrum lay the of pos-
sible molecular mechanisms involved in PIP regulation of Kir
channels.

PIP REGULATION OF KIR CHANNELS

Karp channels (composed of Kir6.2 and SUR2A subunits) were
the first channels whose activity was determined to be modulated
by PIP, (Hilgemann and Ball, 1996). Since then, electrophysio-
logical experiments determined that all Kir channels are regulated
by PIPs, albeit with each channel isoform differing in sensitiv-
ity to the specific ligand isoforms (Rohacs et al., 1999, 2003).
For example, while Kir2.1 channels are selectively activated by
P1(4,5)P,, with only ~10% of maximal activity by PI(3,4,5)P3
and little or no activation by the remaining PIPs (Rohacs et al.,
1999, 2003; D’Avanzo et al., 2010a), Kir3.1/3.4 channels are max-
imally activated by PI1(4,5)P;, and can be activated to ~80% of
maximal activity by PI(3,4,5)P3 and ~20-30% maximal activ-
ity by PI(3,4)P, (Rohacs et al., 1999, 2003). On the other hand,
Kir6.2 channels are equally activated by PI1(4,5)P,, PI(3,4)P,,
PI(3,4,5)P3, and long chain CoA (Fan and Makielski, 1997; Shyng
and Nichols, 1998; Rohacs et al., 2003). Neither of these chan-
nels are activated or inhibited by PI alone (Fan and Makielski,
1997; Baukrowitz et al., 1998; Rohacs et al., 1999, 2003; D’Avanzo
et al., 2010a; Cheng et al., 2011). Until recently, these sensitivities

were examined by electrophysiological experiments using cellu-
lar systems, which unfortunately could not definitively exclude
the possibility of channel regulation via indirect methods such
as through protein kinase A (PKA) or protein kinase C (PKC)
pathways, or other proteins. However, the absolute dependence of
the activities of full-length human Kir2.1 and Kir2.2 channels on
PI(4,5)P;, independent of other proteins or signaling pathways,
was verified using purified protein reconstituted into lipid bilayer
systems of defined composition (D’Avanzo et al., 2010a; Cheng
et al., 2011). This was later confirmed in Kir3.1-KirBac chimeric
channels (Leal-Pinto et al., 2010) and mouse Kir3.2 channels
(Whorton and MacKinnon, 2013). Interestingly, the bacterial Kir
channel, KirBacl.1, is inhibited rather than activated by PIPs
(Enkvetchakul et al., 2005; Cheng et al., 2009; D’Avanzo et al.,
2010a; Cheng et al., 2011), with increasing inhibition as the num-
ber of phosphates on the ligand increases (Enkvetchakul et al.,
2005). Together, these data suggest a more PH domain like model
of PIP regulation in Kir channels, whereby charge alone is impor-
tant but not sufficient. Rather, somewhat specific interactions are
needed for binding and activation/inhibition of the channels.

PIP regulation of all Kir channels also appears to involve
more than just the headgroup, since IP3 alone does not alter
channel activity (Shyng and Nichols, 1998; Rohacs et al., 1999;
Enkvetchakul et al., 2005). Thus, tethering of the headgroup to
the membrane does appear to be important, however, the sensi-
tivity to the lipid tail depends on the isoform. While Kir2.1 chan-
nel activity does not differ between PI1(4,5)P; acyl tails containing
arachidonic-stearic (AA-St or 20:4-18:0), dipalmitoyl (diC16:0),
or dioleic (di18:1) acids (Rohacs et al., 1999; D’Avanzo et al.,
2013), Kir3.1/3.4 channels are 4 times more active in the presence
of AA-St PIP; compared to diC16:0 PIP, (Rohacs et al., 1999).

The apparent affinity of Kir channels for PIP, can be mod-
ified by other intracellular effectors. Phosphorylation of Kirl.1
channels by PKA decreases the sensitivity to inhibition by PIP,
antibodies, indicating an apparent increase in affinity for PIP,
(Liou et al., 1999). GBy subunits of G-proteins and intracellular
Na™ alter PIP, sensitivity in Kir3.x channels (Huang et al., 1998;
Zhang et al., 1999; Jin et al., 2008; Inanobe et al., 2010), while
intracellular ATP decreases the apparent affinity of Kir6 channels
for PIP; by reducing the channel’s open probability (Baukrowitz
et al., 1998; Shyng and Nichols, 1998; Enkvetchakul et al., 2000;
Shyng et al., 2000; Wang et al., 2002b).

PIP, was shown to increase the open probability of Karp
channels comprised of Kir6.2 + SURI subunits, reducing the
probability of ATP binding (Baukrowitz et al., 1998; Shyng and
Nichols, 1998). Similar increases on the open probability have
also been shown for other members of the Kir channel family
(Fan and Makielski, 1997; Huang et al., 1998; Shyng and Nichols,
1998; Rohacs et al., 1999; Leung et al., 2000; Cheng et al., 2009;
D’Avanzo et al., 2010a). For most Kir channels, 1 or 2 open times
and 1 or 2 closed times can readily be observed in single channel
recordings depending on the specific isoform and recording con-
ditions. With few exceptions (Fan and Makielski, 1997; Rohacs
et al.,, 1999; Lopes et al., 2002), PIP, has generally been found
to affect one or more of the closed times with no change in the
open time(s) (Enkvetchakul et al., 2000; Jin et al., 2008; Xie et al.,
2008; D’Avanzo et al., 2010a) suggesting a critical role for this
lipid ligand in priming the channels for opening upon binding
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to a closed conformation. Several atomic resolution structures
solved by x-ray crystallography (Nishida et al., 2007; Tao et al.,
2009; Hansen et al., 2011; Whorton and MacKinnon, 2011, 2013)
provide further support for this gating model.

PIP REGULATION OF KIR CHANNELS IN CONTEXT OF OTHER
MEMBRANE LIPIDS

The sensitivity of Kir2.1 and Kir2.2 channels to activation by
PIP;, was recently found to depend on the concentration of other
anionic phospholipids in the membrane (Cheng et al., 2011).
Using purified full-length channels reconstituted into liposomes
of defined composition, human Kir2.1 and Kir2.2 channels were
found to be nearly 100-fold more sensitive to PIP; in the pres-
ence of 25% anionic phospholipids PG, PA, PS, PI, and DGS-NTA
than in their absence. This effect was dependent on the concentra-
tion of the anionic phospholipids present in the membrane, and
since these lipids could not activate Kir2.1 and Kir2.2 channels in
the absence of PIP,, this secondary anionic phospholipid depen-
dence appears to be synergistic with the PIP, requirement rather
than result from these anionic lipids acting as PIP, surrogates.
In contrast to the singular effect of physiological concentrations
of PIP, on the open probability of Kir2.1 channels (i.e., no
change in unitary conductance) (ID’Avanzo et al., 2010a), increas-
ing POPG from 15 to 25% on a 1% PIP, background not only
increases open probability but also increases unitary conductance
(Cheng et al., 2011). Computational experiments suggest a puta-
tive binding site for these anionic phospholipids at the end of
the slide helix (D’Avanzo et al., 2013; Schmidt et al., 2013) and
away from the binding pocket in which PIP, was observed in
the Kir2.2 and Kir3.2 channel crystal structures (Hansen et al.,
2011; Whorton and MacKinnon, 2011; Schmidt et al., 2013).
This secondary requirement for anionic phospholipids may act to
further stabilize interactions between the slide helix and cytoplas-
mic domain necessary for channel gating (Decher et al., 2007),
and additionally shield positively charged residues that may exert
a significant effect on ion energetics inside the pore through
long-range electrostatics (Robertson et al., 2008).

PIPs appear to regulate Kir channels by acting on both modes
of lipid regulation (D’Avanzo et al., 2010a; Cheng et al., 2011).
In liposomes composed of supra-physiological levels of PIP,,
Kir2.1 is partially activated, and the effect of POPG is dimin-
ished. This is consistent with PIP, at high levels being able to
meet both lipid requirements and thus having dual regulatory
roles in Kir2.1 channels. Other PIPs can have competing effects
on Kir2.1 activity depending on the lipid background. On a 89%
POPE and 1% PIP; background, all other PIPs at 10% can activate
Kir2.1 channels, but with variable efficacy. In this condition, PI is
the most effective, followed by monophosphorylated PIPs, with
the least effective being multi-phosphorylated PIPs. By contrast,
when the secondary anionic phospholipid requirement is already
satisfied (with for example the presence of 25% POPG in the
membranes), all other PIPs but not PI inhibit Kir2.1 activity, with
multi-phosphorylated PIPs being most effective. As with oleoyl
CoA, PIPs are most likely inhibiting Kir2.1 activity by antagoniz-
ing the primary PIP, requirement. A recent study has identified
the secondary anionic phospholipid site to be established by
two lysine residues (K64 and K219) adjacent to the PIP bind-
ing site. When bound, these lipids likely tether the cytoplasmic

domain to the membrane, enabling the action of PIP, (Lee et al.,
2013).

Cholesterol is the major sterol component of all mammalian
plasma membranes, playing critical roles in cell function and
growth. Cholesterol has been shown to inhibit several Kir chan-
nels possibly through locking the channels in a prolonged closed
state (Romanenko et al., 2004; D’Avanzo et al.,, 2011). It is
conceivable that cholesterol may inhibit Kir channels by inter-
fering with Kir—PIP, interactions. However, cholesterol effects
on Kir2.1 current density were not correlated to neomycin-
induced current rundown and cholesterol sensitivities of Kir2.1
and Kir2.3 channels were unaffected by decreased PIP2 availabil-
ity by PH-PLC31 sequestration (Epshtein et al., 2009). Cholesterol
inhibition was also not affected by altering the concentration
of the secondary anionic phospholipid (D’Avanzo et al., 2011).
These observations suggest cholesterol regulation of Kir channels
is PIP,-independent.

STRUCTURAL DETERMINANTS OF PIP SENSITIVITY AND
SELECTIVITY

The search for the molecular basis of PIP regulation of Kir chan-
nel activity has been a tribute to the wide range of experimental
techniques available to study ion channels. Such experimental
approaches include everything from electrophysiology, biochem-
ical assays using truncated and full-length proteins, to compu-
tational docking and molecular dynamic simulations, and x-ray
crystallography. To understand why Kir channels are activated by
PI(4, 5)P; it is necessary to identify the location and structure
of the PIP binding site(s). Several studies have used mutagen-
esis combined with electrophysiology or biochemical assays on
GST-fusion proteins of isolated Kir channel domains to identify
molecular determinants of PI(4, 5)P, regulation (Zhang et al,,
1999; Cukras et al., 2002; Zeng et al., 2002; Rohacs et al., 2003;
Pegan et al., 2005, 2006; Haider et al., 2007a; Nishida et al., 2007).
Such studies have suggested that numerous positively charged
residues in the N- and C-termini determine sensitivity of Kir
channels to PI(4, 5)P; activation (Huang et al., 1998; Rohacs et al.,
1999; Zhang et al., 1999; Soom et al., 2001; Lopes et al., 2002; Zeng
et al., 2002; Donaldson et al., 2003; Pegan et al., 2006; Xie et al.,
2008). Using Kir2.1 channel numbering, these residues include
H53, R67, R82, K182, K185, K187, K188, R189, R218, K219,
K228, and R312. In most Kir channels, mutation of the equivalent
residues in these positions to glutamine or alanine disrupt activa-
tion by PI(4, 5)P,. Electrostatic surface profiles of all Kir channels
crystallized to date show a predictable band of positive charge
just below the slide-helix and TM2 that can be attributed to most
of these residues (Figure. 1A). Furthermore, atomic structures of
Kir2.2 (Hansen et al., 2011) and Kir3.2 channels bound to PI(4,
5)P, (Hansen et al., 2011; Whorton and MacKinnon, 2011, 2013)
reveal one specific site, formed at the interface of N- and C-
terminal domains, just beyond the transmembrane segments and
clearly involving some but not all of these residues (Figure 1B).
Thus it is clear that some of these residues affect PI(4, 5)P, sensi-
tivity primarily through affecting the gating of the channel rather
than binding. However, these atomic structures cannot provide
insight into the energetic contributions of the various residues to
ligand binding. An attempt to address this was recently performed
using direct binding approaches with full-length Kir2.1 channels
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FIGURE 1 | (A) Electrostatic potential map of chicken Kir2.2 channels
(PDB:3SPI). Large regions of negative potentials are present at the
extracellular and intracellular surfaces, which are important for ion and
inhibitor binding. A band of positively charged residues lie just below the
lipid bilayer which (i) form critical interactions necessary to establish a three
dimensional pocket for PIP lipids, and (ii) in the case of some of these
residues, help to co-ordinate the ligands in the pocket. Pl(4,5)P, molecules
are shown in space-filling and stick representations in this binding pocket.
(B) PI(4,5)P; (and likely all other PIPs) is coordinated by residues at the
interface of 2 subunits. Postively charged residues thought to contribute to
PIP, sensitivity are highlighted using Kir2.1 channel numbering. Despite
their proximity and in some cases their involvement in co-ordinating the
lipid, not all residues contribute to the energy of PIP, binding. Residues in
green contribute to the energetics of binding, while residues in red appear
to primarily affect gating transitions [adapted from Hansen et al. (2011)].

(D’Avanzo et al., 2013). Despite the equivalent residues in Kir2.2
channels helping to co-ordinate the PI(4, 5)P; ligand in the crys-
tal structure, R82Q and K182Q, K187Q, K188Q mutations did
not markedly affect the binding of PI(4, 5)P, in Kir2.1 chan-
nels. H53Q, R67Q, and K228Q and R312Q mutations, which are
all located outside of this binding pocket, but previously impli-
cated in defining PIP, sensitivity (Huang et al.,, 1998; Rohacs
et al., 1999; Zhang et al., 1999; Soom et al., 2001; Lopes et al.,
2002; Zeng et al., 2002; Donaldson et al., 2003; Pegan et al., 2006;
Xie et al., 2008), also did not affect PI(4, 5)P, binding. Thus,
the role of these residues in regulating channel activity appears
to be primarily in transducing the ligand binding event into the
gating mechanism rather than affecting the energy of ligand bind-
ing. Instead, PI(4, 5)P, binding in Kir2.1 channels appears to be
controlled by K185, R189, R218 and K219 residues, with R218Q
abolishing binding in the range of the assay altogether. R189 is
a particularly notable residue, since the R189Q mutation com-
pletely abolishes channel activity of the purified protein, but only
slightly reduced channel binding to PI(4, 5)P, with no effect on
binding of other PIPs. This residue may thus serve as a lynch-pin,
coupling PI(4, 5)P, binding to a transduction mechanism that
leads to channel activation. Docking simulations to Kir2.1 mod-
els containing R80Q, R82Q, K182Q, K185Q, K187Q, or K188Q
mutations qualitatively confirmed the above experimental find-
ings, since none of these single mutations in the binding pocket
abolished PI(4, 5)P; binding, however, the K185Q mutation did
exhibit the greatest reduction in PIP binding.

Another intriguing question persists: why are some Kir channels
(such as Kir2.1) are selectively activated by PI(4, 5)P,, while
some members (such as Kir3.1/3.4) are less stringent in their PIP
sensitivity, and others still (such as Kir6.2) are indiscriminately
activated by all PIPs? Unfortunately, no crystal structures of a Kir

channel bound to a PIP other than PI(4, 5)P, is available to date.
However, some details can be inferred from other experimental
data.

Both biochemical and computational approaches indicate that
PI(4, 5)P; specific activation arises not from a uniquely low
free binding energy for this ligand. Instead, each PIP ligand
can bind with in the same overall location with varying ener-
gies, but in non-identical conformations (D’Avanzo et al., 2013).
Biochemical assays suggests that the key interactions which gov-
ern binding of each particular PIP are different. For example,
K185, K187, K188, R189, R218, R219, and R312 all markedly
affect the binding Kir2.1 channels to various PIPs. However,
binding of each PIP isoform appears to be regulated by a differ-
ent subset of these residues. For example, PI(3, 4, 5)P3 binding
to Kir2.1 channels was disrupted by K185Q, K187Q, K188Q,
K219Q, and R312Q mutations, while PI(5)P and PI(3, 4)P, bind-
ing was only disrupted by the R218Q mutation. Ligand docking
approaches to identify and compare putative binding sites in
homology models of human Kir2.1 channels based on the PI(4,
5)P,-bound structure of chicken Kir2.2 channels (PDB: 3SPI),
reveal that all PIPs bind within the same general pocket, but
with different conformational orientations and rotational free-
dom. Thus, while they bind in the same pocket, other PIPs do
not appear capable of interacting with the same subset of residues
as PI(4, 5)P, and thus may not be able to trigger the neces-
sary conformational changes needed to activate Kir2.1 channels.
Mono-phosphorylated PIPs appear to interact with lower affinity,
but greater conformational freedom, which may lead to entrop-
ically driven competitive inhibition. PI(3, 4, 5)P3 which binds
the site with similar energy as PI(4, 5)P,, does sample this con-
formation occasionally, which may explain why it can activate
Kir2.1 channels with about 10% efficacy (Rohacs et al., 1999,
2003; D’Avanzo et al., 2010a). Thus, two mechanisms can con-
ceivably contribute to the different PIP sensitivities in the various
Kir channel isoforms: (i) small changes in the channels’ sequences
may permit the PIP ligands to more frequently sample PI(4,
5)P,-like poses, enabling the appropriate interactions with all
the residues that would trigger downstream activation of the
channel; or (ii) changes in the channels’ sequences enable PIP lig-
ands in different orientations to trigger conformational changes
that lead to channel activation. Distinguishing between these two
mechanisms will require future experimentation. In this direc-
tion, attempts to convert the highly PI(4, 5)P; selective channel
Kir2.1 to a non-selective Kir6.2 channel phenotype (Rohacs et al.,
2003) has thus far met with limited success, through has pro-
vided some useful insights. Mutations of the Kir2.1 C-terminal
residues to their Kir6.2 equivalent (namely M180F and K185Q)
rendered the channels more responsive to activation by PI(3, 4,
5)P; but not PI(3, 4)P,, while N216D, L2221, L232V Y242F, and
T268I did not affect PIP sensitivity. Interestingly, mutations of N-
terminal residues had a greater effect, with D51K, F58H, C76L,
and I79L rendering Kir2.1 channels more responsive to activa-
tion by PI(3, 4, 5)P3 but again not PI(3, 4)P,. Notably, these
residues are distant from the PIP, binding site seen in the crys-
tal structures. However, it was only when these mutations were
combined (D51K-C76L-K185Q; D51K-1179L-K185Q, or D51K-
C76L-179L-K185Q) did Kir2.1 channels become equally sensitive
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to PI(3, 4, 5)P3 as PI(4, 5)P,, and somewhat (but still less than
20%) responsive to PI(3, 4)P;.

STRUCTURAL REARRANGEMENTS UNDERLYING
PIP-DEPENDANT GATING IN KIR CHANNELS

In the absence of PIP,, the cytoplasmic domain of Kir2.2 channels
was found to be displaced greater than 10 A from the slide-helix
(PDB: 3JYC) (Tao et al., 2009) (Figure 2) which presumably cor-
relates to the location of the lipid bilayer. The short linker between
the TM2 and cytoplasmic domain appeared disordered and elon-
gated. In this conformation, the residues that are key to PIP,
binding are too far apart from one another to co-ordinate the
lipid ligand. A follow-up structure of Kir2.2 channels bound to 4
PIP, molecules (PDB: 3SPI) indicated that flexible linker becomes
structured into a short a-helix and the cytoplasmic domain moves
6 A upward toward the transmembrane domain, enabling inter-
actions of this domain with the slide helices (Hansen et al., 2011).
It had been previously suggested that PIP, may interact with the
cytoplasmic domain while it is displaced from the membrane by
nearly fully extending out of the bilayer (Haider et al., 2007b;
Stansfeld et al., 2009). The implication of this was that the energy
of activation was provided by PIP, recoiling to the membrane
(Fan and Makielski, 1997; Haider et al., 2007b). However, recent
crystal structures of Kir3.2 indicate these channels are capa-
ble of adopting a compacted conformation (with the a-helical
linker and cytoplasmic domain engaged with the slide helices)
even when not complexed with PIP, (Whorton and MacKinnon,
2013) (Figure 2). Furthermore, docking simulations to models
of Kir2.1 channels generated using the extended 3JYC structure
as a template indicated binding energies on average increased
by 3.3 kcal/mol over simulations done using models generated

from the compacted 3SPI structure (D’Avanzo et al., 2013). Thus,
it is likely that PIP, primarily binds once the channels sample
this compacted conformation. Once PIP, binds into this pocket,
the appropriate co-ordination between the ligand and side-chains
can then trigger the conformational changes that trigger channel
activation.

Upon PIP; binding to WT Kir3.2 channels, a small displace-
ment of the protein backbone, where the slide-helix becomes the
TM1 or outer helix, could be observed. This was accompanied by
a slight rotation of the TM2 or inner helix. In the case of Kir3.2,
which also requires the presence of the GBy subunit for activation,
these changes were not sufficient to fully open the channel gate(s)
(Whorton and MacKinnon, 2011). However, in the presence of
the GPy subunit and PIP,, the cytoplasmic domain was observed
to be rotated 4° counter-clockwise about the channel axis rela-
tive to the transmembrane domains (Whorton and MacKinnon,
2013). This rotation is associated with an unwrapping and splay-
ing of the four TM2 helices to a minimum diameter of 6-7 A
which appears to disorder the four Phel92 residues that forms
the narrowest constriction in the closed channel. The addition of
an R201A mutation induced a further 4° counter-clockwise rota-
tion in the cytoplasmic domain, and widens the pore diameter at
the bottom of the TM2 to 9 A. The rotation of the entire cytoplas-
mic domain is also associated to tilting movements of the major
BI sheets and rotational movements of the minor BII sheets that
make up its structure (Figure 3A).

PIP,-dependent closure of bacterial KirBacl.1 channels deter-
mined by FRET (Wang et al., 2012) appears qualitatively similar
to what can be inferred from the series of eukaryotic crystal
structures described above (Figure 3A). In the presence of PIP,
residues on the top of the major BI sheet move toward the central

PIP2-unbound Closed 1
(PDB: 3JYC)

PIP2-unbound Closed 2
(PDB: 3SYO)

FIGURE 2 | A proposed model for the predominant pathway of
PIP;-dependent channel activation. Kir channels may undergo a
conformational change whereby the cytoplasmic domain moves from an
extended 3JYC-type closed conformation toward the plasma membrane and
interacts through a hydrogen bond network with the slide helix. This leads to
a compact PI(4,5)P, unbound structure (similar to what was observed for the
Kir3.2 apo structure PDB: 3SYO). Kir2.1 mutations in R189, R218, and K219
appears to disrupt this equilibrium thereby leading to reduced binding of PIP

PIP2-bound Closed
(PDB: 3SPI)

PIP2-bound Open
(PDB: 3SYQ)

ligands. However, once the transition occurs, this state enables Pl(4,5)P, to
bind by generating a three-dimensional pocket that can co-ordinate the ligand
(PDB: 3SPI). Ligand binding within the pocket appears to be disrupted only by
a K185Q mutation in Kir2.1 channels. PI(4,5)P, binding in a particular
conformation may then trigger rotation of the S6, and conformational
changes in the cytoplasmic domain that lead to channel opening (PDB:
3SYQ). Most mutants that affect PI(4,5)P, sensitivity seem to alter activity
through this final transition step.
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FIGURE 3 | (A) Comparison of GIRK2 in the closed PIP2 bound
conformation (PDB: 3SYA, blue) and in the maximally open (R201A) + PIP;
bound conformation (PDB: 3SYQ, red). (B) Comparison of the KirBac1.1
channel cytoplasmic domain (subunits A and C) in the closed (PDB: 1P7B,
gray) and predicted “open” (red) conformations. Opening requires outward
twisting and tilting of the major Bl sheet (i), and outward motion of the
minor Bll sheet (ii) [adapted from Wang et al. (2012)]. Qualitatively, the
movements involved in GIRK2 channel opening appear similar to those
predicted for the prokaryotic KirBac1.1 channel.

pore axis, while residues at the bottom move away. Meanwhile,
all residues tested within the minor BII sheet were found to move
toward the central axis in the presence of PIP, (Wang et al., 2012).
A “cartoon” model of an open KirBacl.1 channel (Figure 3B)
developed from the closed structure (PDB: 1P7B) and minimiza-
tion of the constraints obtained by FRET measurements was
generated by tilting of the major BI sheet with the upper end mov-
ing away from the pore axis, while the bottom end moved toward
it. This induced widening of the upper vestibule. The minor BII
sheet is predicted to twist counter-clockwise which resulted in
a movement away from the central axis and widening of the
cytoplasmic pore.

A recent structure of the KirBac3.1 channel (Bavro et al., 2012)
provides further insight into how Kir channels may open. In the
open conformation, the TM2 is splayed approximately 20° and
rotated along the helical axis approximately 25° compared to the
closed conformation (PDB: 2WLJ). This opens the pore diame-
ter at the narrowest constriction (Tyr132) from less than 2 A to
more than 8 A. The cytoplasmic domain is twisted about the pore
axis which displaces the C-linker approximately 5 A relative to
the channels closed conformation, leading to the development of
a stabilizing H-bond network between the C-linker, and cytoplas-
mic domains, specifically the CD-loop and G-loop. This network
appears to strengthen the interaction between the cytoplasmic
domain and TM domains via the slide helix.

The PIP dependence of KirBac3.1 channels has yet to be
determined. Regardless, considering the sequence and structural
homology between KirBacl.1 and KirBac3.1 channels (Kuo et al.,
2003; Bavro et al., 2012), it is likely similar structural rear-
rangements occur in these two channels during channel gating.
Furthermore, it appears that qualitatively similar movements
within the cytoplasmic domain are associated with channel open-
ing in both prokaryotic and eukaryotic Kir channels (Figure 3).
Thus, it is still unclear why PIPs can activate eukaryotic Kirs
while inhibiting bacterial Kirs. Further experimental approaches
are needed to resolve the molecular basis for this intriguing
contrary regulatory role of PIPs in prokaryotic and eukaryotic

Kir channels, however, we will take this opportunity to speculate
on a potential mechanism. It has been suggested that this para-
doxical behavior might be the result of missing key residues in
the KirBac N-terminal and C-terminal linkers that link the trans-
membrane and cytoplasmic domains together (D’Avanzo et al.,
2010b). Alignments of KirBac and eukaryotic Kir sequences reveal
that each of these linkers is longer by 3 residues in the eukary-
otic Kirs. Additionally, the C-linker contains two charged residues
(K187 and K188 in Kir2.1 channels) which co-ordinate PIP, in
the binding pocket and when mutated cause a loss of PIP; acti-
vation (Shyng et al., 2000; Lopes et al., 2002; D’Avanzo et al,,
2013) though not a loss in PIP; binding. These 3 residue inser-
tions seem to displace the cytoplasmic domain away from the slide
helix, an interaction which has been suggested to play a key role
in channel gating in both prokaryotic and eukaryotic Kir chan-
nels. Mutations which disrupt this interaction can destabilize the
open state and favor channel closure, although the ability of these
proteins to bind PIP, remains intact (Decher et al., 2007). Thus,
the shorter linkers in KirBacs may energetically favor interactions
between the slide helix and the cytoplasmic domain, leading to
opening of the channel in the absence of PIP,. Binding of PIP; to
KirBacs may act to destabilize this interaction, through disruption
of the hydrogen bond network seen in the C-linker region of the
open KirBac3.1 structure (Bavro et al., 2012), thereby separating
the cytoplasmic domain from the slide helix, leading to chan-
nel closure. Other PIPs may be able to equivalently disrupt these
interactions with increased success as the degree of phosphoryla-
tion (and thus charge) increases in the headgroup. On the other
hand, the longer linker of eukaryotic Kirs would minimize the
interaction between the slide helix and the cytoplasmic domain,
and thereby keep the channel closed in membranes that lack PIP;.
Once the eukaryotic channels sample the compact conformation,
the presence of PIP, appears to begin nudging the TM2 domain
toward opening, and further stabilize the cytoplasmic domain and
slide helix interactions necessary for channel opening. The inter-
actions needed for this is dependent on the specific nature of the
channel and ligand isoforms.

ACKNOWLEDGMENTS

This work was supported by bridge-funding provided by the
Canadian Institute of Health Research (Award No.OCN-126568)
and by a Grant-in-Aid from the Heart & Stroke Foundation of
Canada (Award No. G-13-0001882). Oliver Fiirst is supported by
a bourses de prestige from GEPROM and FRQS funded research
group. Benoit Mondou is supported by funding through the
CDMC and NSERC funded training program.

REFERENCES

Baukrowitz, T., Schulte, U., Oliver, D., Herlitze, S., Krauter, T., Tucker, S. J., et al.
(1998). PIP2 and PIP as determinants for ATP inhibition of KATP channels.
Science 282, 1141-1144. doi: 10.1126/science.282.5391.1141

Bavro, V. N., De Zorzi, R., Schmidt, M. R., Muniz, J. R., Zubcevic, L., Sansom, M.
S., et al. (2012). Structure of a KirBac potassium channel with an open bundle
crossing indicates a mechanism of channel gating. Nat. Struct. Mol. Biol. 19,
158-163. doi: 10.1038/nsmb.2208

Beeler, G. W. Jr., and Reuter, H. (1970). Voltage clamp experiments on ventricular
myocarial fibres. J. Physiol. 207, 165-190.

Cheng, W. W., D’Avanzo, N., Doyle, D. A., and Nichols, C. G. (2011).
Dual-Mode phospholipid regulation of human inward rectifying

Frontiers in Physiology | Membrane Physiology and Membrane Biophysics

January 2014 | Volume 4 | Article 404 | 6


http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive

Flrst et al.

PIP regulation of Kir channels

potassium channels. Biophys. J. 100, 620-628. doi:
12.3724

Cheng, W. W., Enkvetchakul, D., and Nichols, C. G. (2009). KirBacl.l: it’s
an inward rectifying potassium channel. J. Gen. Physiol. 133, 295-305. doi:
10.1085/jgp.200810125

Cukras, C. A., Jeliazkova, 1., and Nichols, C. G. (2002). The role of NH2-terminal
positive charges in the activity of inward rectifier KATP channels. J. Gen. Physiol.
120, 437-446. doi: 10.1085/jgp.20028621

D’Avanzo, N., Cheng, W. W,, Doyle, D. A, and Nichols, C. G. (2010a).
Direct modulation of human inward rectifier K™ channels by membrane
phosphatidylinositol 4,5-bisphosphate. J. Biol. Chem. 285, 37129-37132. doi:
10.1074/jbc.C110.186692

D’Avanzo, N., Cheng, W. W., Wang, S., Enkvetchakul, D., and Nichols, C. G.
(2010b). Lipids driving protein structure? Evolutionary adaptations in Kir
channels. Channels (Austin) 4, 139—-141. doi: 10.4161/chan.4.3.12129

D’Avanzo, N., Hyrc, K., Enkvetchakul, D., Covey, D. E, and Nichols, C. G. (2011).
Enantioselective protein-sterol interactions mediate regulation of both prokary-
otic and eukaryotic inward rectifier K* channels by cholesterol. PLoS ONE
6:¢19393. doi: 10.1371/journal.pone.0019393

D’Avanzo, N., Lee, S. J., Cheng, W. W., and Nichols, C. G. (2013). Energetics and
location of phosphoinositide binding in human Kir2.1 channels. J. Biol. Chem.
288, 16726-16737. doi: 10.1074/jbc.M113.452540

Decher, N., Renigunta, V., Zuzarte, M., Soom, M., Heinemann, S. H., Timothy,
K. W,, et al. (2007). Impaired interaction between the slide helix and the C-
terminus of Kir2.1: a novel mechanism of Andersen syndrome. Cardiovasc. Res.
75, 748-757. doi: 10.1016/j.cardiores.2007.05.010

Donaldson, M. R,, Jensen, J. L., Tristani-Firouzi, M., Tawil, R., Bendahhou, S.,
Suarez, W. A., et al. (2003). PIP2 binding residues of Kir2.1 are common tar-
gets of mutations causing Andersen syndrome. Neurology 60, 1811-1816. doi:
10.1212/01.WNL.0000072261.14060.47

Enkvetchakul, D., Jeliazkova, 1., and Nichols, C. G. (2005). Direct modulation of
Kir channel gating by membrane phosphatidylinositol 4,5-bisphosphate. J. Biol.
Chem. 280, 35785-35788. doi: 10.1074/jbc.C500355200

Enkvetchakul, D., Loussouarn, G., Makhina, E., Shyng, S. L., and Nichols, C. G.
(2000). The kinetic and physical basis of K(ATP) channel gating: toward a uni-
fied molecular understanding. Biophys. J. 78, 2334-2348. doi: 10.1016/S0006-
3495(00)76779-8

Epshtein, Y., Chopra, A. P, Rosenhouse-Dantsker, A., Kowalsky, G. B., Logothetis,
D. E., and Levitan, 1. (2009). Identification of a C-terminus domain critical
for the sensitivity of Kir2.1 to cholesterol. Proc. Natl. Acad. Sci. U.S.A. 106,
8055-8060. doi: 10.1073/pnas.0809847106

Fan, Z., and Makielski, J. C. (1997). Anionic phospholipids activate ATP-sensitive
potassium channels. J. Biol. Chem. 272, 5388-9535. doi: 10.1074/jbc.272.9.5388

Frindt, G., and Palmer, L. G. (1989). Low-conductance K channels in apical
membrane of rat cortical collecting tubule. Am. J. Physiol. 256, F143-F151.

Gahwiler, B. H., and Brown, D. A. (1985). GABAB-receptor-activated K current in
voltage-clamped CA3 pyramidal cells in hippocampal cultures. Proc. Natl. Acad.
Sci. U.S.A. 82, 1558-1562. doi: 10.1073/pnas.82.5.1558

Galloway, J. H., Cartwright, I. J., and Bennett, M. J. (1987). Abnormal myocardial
lipid composition in an infant with type II glutaric aciduria. J. Lipid Res. 28,
279-284.

Haider, S., Khalid, S., Tucker, S. J., Ashcroft, F. M., and Sansom, M. S. (2007a).
Molecular dynamics simulations of inwardly rectifying (Kir) potassium chan-
nels: a comparative study. Biochemistry 46, 3643—-3652. doi: 10.1021/bi062210f

Haider, S., Tarasov, A. L, Craig, T. J., Sansom, M. S., and Ashcroft, E. M. (2007b).
Identification of the PIP2-binding site on Kir6.2 by molecular modelling and
functional analysis. EMBO J. 26, 3749-3759. doi: 10.1038/sj.embo;j.7601809

Hamplova, B., Pelouch, V., Novakova, O., Skovranek, J., Hucin, B., and Novak, E.
(2004). Phospholipid composition of myocardium in children with normox-
emic and hypoxemic congenital heart diseases. Physiol. Res. 53, 557-560.

Hansen, S. B., Tao, X., and MacKinnon, R. (2011). Structural basis of PIP2 acti-
vation of the classical inward rectifier K+ channel Kir2.2. Nature 477, 495-498.
doi: 10.1038/nature10370

Hilgemann, D. W,, and Ball, R. (1996). Regulation of cardiac Na+,Ca2+ exchange
and KATP potassium channels by PIP2. Science 273, 956-959. doi: 10.1126/sci-
ence.273.5277.956

Ho, K., Nichols, C. G., Lederer, W. J., Lytton, J., Vassilev, P. M., Kanazirska, M. V.,
et al. (1993). Cloning and expression of an inwardly rectifying ATP-regulated
potassium channel. Nature 362, 31-38. doi: 10.1038/362031a0

10.1016/j.bp;.2010.

Huang, C. L., Feng, S., and Hilgemann, D. W. (1998). Direct activation of inward
rectifier potassium channels by PIP2 and its stabilization by Gbetagamma.
Nature 391, 803-806. doi: 10.1038/35882

Inagaki, N., Tsuura, Y., Namba, N., Masuda, K., Gonoi, T., Horie, M., et al.
(1995). Cloning and functional characterization of a novel ATP-sensitive potas-
sium channel ubiquitously expressed in rat tissues, including pancreatic islets,
pituitary, skeletal muscle, and heart. J. Biol. Chem. 270, 5691-5694. doi:
10.1074/jbc.270.11.5691

Inanobe, A., Nakagawa, A., Matsuura, T., and Kurachi, Y. (2010). A structural deter-
minant for the control of PIP2 sensitivity in G protein-gated inward rectifier K+
channels. J. Biol. Chem. 285, 38517-38523. doi: 10.1074/jbc.M110.161703

Jin, T, Sui, J. L., Rosenhouse-Dantsker, A., Chan, K. W., Jan, L. Y., and Logothetis,
D. E. (2008). Stoichiometry of Kir channels with phosphatidylinositol bisphos-
phate. Channels (Austin) 2, 19-33. doi: 10.4161/chan.2.1.5942

Kubo, Y., Baldwin, T. J., Jan, Y. N,, and Jan, L. Y. (1993). Primary structure and
functional expression of a mouse inward rectifier potassium channel. Nature
362, 127-133. doi: 10.1038/362127a0

Kuo, A., Gulbis, J. M., Antcliff, J. F, Rahman, T., Lowe, E. D., Zimmer, J., et al.
(2003). Crystal structure of the potassium channel KirBacl.1 in the closed state.
Science 300, 1922—6. doi: 10.1126/science.1085028

Leal-Pinto, E., Gomez-Llorente, Y., Sundaram, S., Tang, Q. Y., Ivanova-Nikolova,
T., Mahajan, R,, et al. (2010). Gating of a G protein-sensitive mammalian Kir3.1
prokaryotic Kir channel chimera in planar lipid bilayers. J. Biol. Chem. 285,
39790-39800. doi: 10.1074/jbc.M110.151373

Lee, S. J., Wang, S., Borschel, W., Heyman, S., Gyore, J., and Nichols, C. G. (2013).
Secondary anionic phospholipid binding site and gating mechanism in Kir2.1
inward rectifier channels. Nat. Commun. 4, 2786. doi: 10.1038/ncomms3786

Lemmon, M. A. (2003). Phosphoinositide recognition domains. Traffic 4, 201-213.
doi: 10.1034/j.1600-0854.2004.00071.x

Leung, Y. M., Zeng, W. Z,, Liou, H. H,, Solaro, C. R., and Huang, C. L.
(2000). Phosphatidylinositol 4,5-bisphosphate and intracellular pH regulate the
ROMKI1 potassium channel via separate but interrelated mechanisms. J. Biol.
Chem. 275, 10182-10189. doi: 10.1074/jbc.275.14.10182

Liou, H. H., Zhou, S. S., and Huang, C. L. (1999). Regulation of ROMKI chan-
nel by protein kinase A via a phosphatidylinositol 4,5-bisphosphate-dependent
mechanism. Proc. Natl. Acad. Sci. U.S.A. 96, 5820-5825. doi: 10.1073/pnas.96.
10.5820

Lopes, C. M., Zhang, H., Rohacs, T., Jin, T., Yang, J., and Logothetis, D. E.
(2002). Alterations in conserved Kir channel-PIP2 interactions underlie chan-
nelopathies. Neuron 34, 933-944. doi: 10.1016/50896-6273(02)00725-0

McLaughlin, S., Wang, J., Gambhir, A., and Murray, D. (2002). PIP(2) and proteins:
interactions, organization, and information flow. Annu. Rev. Biophys. Biomol.
Struct. 31, 151-175. doi: 10.1146/annurev.biophys.31.082901.134259

Nikawa, J., Kodaki, T., and Yamashita, S. (1987). Primary structure and disruption
of the phosphatidylinositol synthase gene of Saccharomyces cerevisiae. J. Biol.
Chem. 262, 4876—4881.

Nikawa, J., and Yamashita, S. (1982). Yeast mutant defective in synthesis of phos-
phatidylinositol. Isolation and characterization of a CDPdiacylglycerol-inositol
3-phosphatidyltransferase Km mutant. Eur. J. Biochem. 125, 445-451. doi:
10.1111/j.1432-1033.1982.tb06703.x

Nikawa, J., and Yamashita, S. (1997). Phosphatidylinositol synthase from yeast.
Biochim. Biophys. Acta 1348, 173-178. doi: 10.1016/S0005-2760(97)00103-3

Nishida, M., Cadene, M., Chait, B. T., and MacKinnon, R. (2007). Crystal struc-
ture of a Kir3.1-prokaryotic Kir channel chimera. EMBO J. 26, 4005-4015. doi:
10.1038/sj.emboj.7601828

Pegan, S., Arrabit, C., Slesinger, P. A., and Choe, S. (2006). Andersen’s syndrome
mutation effects on the structure and assembly of the cytoplasmic domains of
Kir2.1. Biochemistry 45, 8599-8606. doi: 10.1021/bi060653d

Pegan, S., Arrabit, C., Zhou, W., Kwiatkowski, W., Collins, A., Slesinger, P. A,,
et al. (2005). Cytoplasmic domain structures of Kir2.1 and Kir3.1 show sites
for modulating gating and rectification. Nat. Neurosci. 8, 279-287. doi: 10.1038/
nnl411

Post, J. A., Verkleij, A. J., and Langer, G. A. (1995). Organization and func-
tion of sarcolemmal phospholipids in control and ischemic/reperfused car-
diomyocytes. J. Mol. Cell. Cardiol. 27, 749-760. doi: 10.1016/0022-2828(95)
90080-2

Robertson, J. L., Palmer, L. G., and Roux, B. (2008). Long-pore electrostatics
in inward-rectifier potassium channels. J. Gen. Physiol. 132, 613-632. doi:
10.1085/jgp.200810068

www.frontiersin.org

January 2014 | Volume 4 | Article 404 | 7


http://www.frontiersin.org
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive

Flrst et al.

PIP regulation of Kir channels

Rohacs, T., Chen, J., Prestwich, G. D., and Logothetis, D. E. (1999). Distinct speci-
ficities of inwardly rectifying K& channels for phosphoinositides. J. Biol. Chem.
274, 36065-36072. doi: 10.1074/jbc.274.51.36065

Rohacs, T., Lopes, C. M., Jin, T., Ramdya, P. P, Molnar, Z., and Logothetis,
D. E. (2003). Specificity of activation by phosphoinositides determines lipid
regulation of Kir channels. Proc. Natl. Acad. Sci. U.S.A. 100, 745-750. doi:
10.1073/pnas.0236364100

Romanenko, V. G., Fang, Y., Byfield, E, Travis, A. J., Vandenberg, C. A., Rothblat,
G. H,, et al. (2004). Cholesterol sensitivity and lipid raft targeting of Kir2.1
channels. Biophys. J. 87, 3850-3861. doi: 10.1529/biophysj.104.043273

Rougier, O., Vassort, G., and Stampfli, R. (1968). Voltage clamp experiments on
frog atrial heart muscle fibres with the sucrose gap technique. Pflugers Arch. 301,
91-108. doi: 10.1007/BF00362729

Schmidt, M. R,, Stansfeld, P. J., Tucker, S. J., and Sansom, M. S. (2013). Simulation-
based prediction of phosphatidylinositol 4,5-bisphosphate binding to an ion
channel. Biochemistry 52, 279-281. doi: 10.1021/bi301350s

Shyng, S. L., Cukras, C. A., Harwood, J., and Nichols, C. G. (2000). Structural
determinants of PIP(2) regulation of inward rectifier K(ATP) channels. J. Gen.
Physiol. 116, 599-608. doi: 10.1085/jgp.116.5.599

Shyng, S. L., and Nichols, C. G. (1998). Membrane phospholipid control
of nucleotide sensitivity of KATP channels. Science 282, 1138-1141. doi:
10.1126/science.282.5391.1138

Singh, E. J., and Swartwout, J. R. (1972). The phospholipid composition of human
placenta, endometrium and amniotic fluid: a comparative study. Lipids 7,
26-29. doi: 10.1007/BF02531265

Sohlenkamp, C., Lopez-Lara, I. M., and Geiger, O. (2003). Biosynthesis of phos-
phatidylcholine in bacteria. Prog. Lipid Res. 42, 115-162. doi: 10.1016/S0163-
7827(02)00050-4

Soom, M., Schonherr, R., Kubo, Y., Kirsch, C., Klinger, R., and Heinemann, S.
H. (2001). Multiple PIP2 binding sites in Kir2.1 inwardly rectifying potassium
channels. FEBS Lett. 490, 49-53. doi: 10.1016/S0014-5793(01)02136-6

Stansfeld, P. J., Hopkinson, R., Ashcroft, E. M., and Sansom, M. S. (2009). PIP(2)-
binding site in Kir channels: definition by multiscale biomolecular simulations.
Biochemistry 48, 10926-10933. doi: 10.1021/bi9013193

Suh, B. C, and Hille, B. (2008). PIP2 is a necessary cofactor for ion
channel function: how and why? Annu. Rev. Biophys. 37, 175-195. doi:
10.1146/annurev.biophys.37.032807.125859

Takahashi, T. (1990). Inward rectification in neonatal rat spinal motoneurones.
J. Physiol. 423, 47-62.

Tao, X., Avalos, J. L., Chen, J., and MacKinnon, R. (2009). Crystal structure of the
eukaryotic strong inward-rectifier K™ channel Kir2.2 at 3.1 A resolution. Science
326, 1668—1674. doi: 10.1126/science.1180310

Tapp, H., Al-Naggar, I. M., Yarmola, E. G., Harrison, A., Shaw, G., Edison, A. S.,
etal. (2005). MARCKS is a natively unfolded protein with an inaccessible actin-
binding site: evidence for long-range intramolecular interactions. J. Biol. Chem.
280, 9946-9956. doi: 10.1074/jbc.M414614200

Wang, J., Gambhir, A., Hangyas-Mihalyne, G., Murray, D., Golebiewska, U., and
McLaughlin, S. (2002a). Lateral sequestration of phosphatidylinositol 4,5-
bisphosphate by the basic effector domain of myristoylated alanine-rich C

kinase substrate is due to nonspecific electrostatic interactions. J. Biol. Chem.
277, 34401-34412. doi: 10.1074/jbc.M203954200

Wang, C., Wang, K., Wang, W., Cui, Y., and Fan, Z. (2002b). Compromised
ATP binding as a mechanism of phosphoinositide modulation of ATP-
sensitive K+ channels. FEBS Lett. 532, 177-182. doi: 10.1016/S0014-5793(02)
03671-2

Wang, S., Lee, S. J., Heyman, S., Enkvetchakul, D., and Nichols, C. G. (2012).
Structural rearrangements underlying ligand-gating in Kir channels. Nat.
Commun. 3, 617. doi: 10.1038/ncomms1625

Wang, W. H., Schwab, A., and Giebisch, G. (1990). Regulation of small-
conductance KT channel in apical membrane of rat cortical collecting tubule.
Am. ]. Physiol. 259, F4A94-F502.

Wheeldon, L. W., Schumert, Z., and Turner, D. A. (1965). Lipid composition of
heart muscle homogenate. J. Lipid Res. 6, 481-489.

Whorton, M. R., and MacKinnon, R. (2011). Crystal structure of the mammalian
GIRK2 K* channel and gating regulation by G proteins, PIP2, and sodium. Cell
147, 199-208. doi: 10.1016/j.cell.2011.07.046

Whorton, M. R., and MacKinnon, R. (2013). X-ray structure of the mam-
malian GIRK2-betagamma G-protein complex. Nature 498, 190-197. doi:
10.1038/nature12241

Xie, L. H., John, S. A., Ribalet, B., and Weiss, J. N. (2008). Phosphatidylinositol-
4,5-bisphosphate (PIP2) regulation of strong inward rectifier Kir2.1 channels:
multilevel positive cooperativity. J. Physiol. 586, 1833—1848. doi: 10.1113/jphys-
101.2007.147868

Zeng, W. Z., Liou, H. H., Krishna, U. M., Falck, J. R., and Huang, C. L.
(2002). Structural determinants and specificities for ROMK1-phosphoinositide
interaction. Am. J. Physiol. Renal Physiol. 282, F826-F834. doi: 10.1152/ajpre-
nal.00300.2001

Zhang, H., He, C., Yan, X., Mirshahi, T., and Logothetis, D. E. (1999). Activation
of inwardly rectifying K channels by distinct PtdIns(4,5)P2 interactions. Nat.
Cell. Biol. 1, 183-188.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 02 October 2013; accepted: 23 December 2013; published online: 08 January
2014.

Citation: Fiirst O, Mondou B and D’Avanzo N (2014) Phosphoinositide regulation of
inward rectifier potassium (Kir) channels. Front. Physiol. 4:404. doi: 10.3389/fphys.
2013.00404

This article was submitted to Membrane Physiology and Membrane Biophysics, a
section of the journal Frontiers in Physiology.

Copyright © 2014 Fiirst, Mondou and D’Avanzo. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | Membrane Physiology and Membrane Biophysics

January 2014 | Volume 4 | Article 404 | 8


http://dx.doi.org/10.3389/fphys.2013.00404
http://dx.doi.org/10.3389/fphys.2013.00404
http://dx.doi.org/10.3389/fphys.2013.00404
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive

	Phosphoinositide regulation of inward rectifier potassium (Kir) channels
	Phosphoinositides (PIPs)
	PIP Regulation of Kir Channels
	PIP Regulation of Kir Channels in Context of Other Membrane Lipids
	Structural Determinants of PIP Sensitivity and Selectivity
	Structural Rearrangements Underlying PIP-Dependant Gating in Kir Channels
	Acknowledgments
	References


