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Protein-lipid interactions are a key element of the function of
many integral membrane proteins. These potential interactions
should be considered alongside the complexity and diversity of
membrane lipid composition. Inward rectifier potassium channel
(Kir) Kir2.2 has multiple interactions with plasma membrane lipids:
Phosphatidylinositol (4, 5)-bisphosphate (PIP,) activates the channel;
a secondary anionic lipid site has been identified, which augments
the activation by PIP,; and cholesterol inhibits the channel. Molec-
ular dynamics simulations are used to characterize in molecular
detail the protein-lipid interactions of Kir2.2 in a model of the
complex plasma membrane. Kir2.2 has been simulated with mul-
tiple, functionally important lipid species. From our simulations we
show that PIP, interacts most tightly at the crystallographic inter-
action sites, outcompeting other lipid species at this site. Phospha-
tidylserine (PS) interacts at the previously identified secondary
anionic lipid interaction site, in a PIP, concentration-dependent
manner. There is interplay between these anionic lipids: PS inter-
actions are diminished when PIP; is not present in the membrane,
underlining the need to consider multiple lipid species when
investigating protein-lipid interactions.
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Interactions of phospholipids and cholesterol (Chol) with ion
channels, receptors, and other membrane proteins play a key
role in the structure and function of these proteins (1). Struc-
tural, biophysical, and computational techniques have identified
specific lipids undergoing tight interactions, which in many cases
have been shown to have functional relevance (2-5). In partic-
ular, advances in cryoelectron microscopy including the use of
nanodiscs are revealing an increasing number of functionally
relevant binding sites for lipids (see e.g., ref. 6). There is also an
increasing understanding of the complexity of lipid membranes,
the diversity of such complexity, and the impact this lipid com-
plexity has on membrane function, particularly on protein-lipid
interactions (7-9).

Molecular dynamics (MD) simulations provide a powerful tool
to investigate protein-lipid interactions. In particular, the coarse-
grained MARTINI force field (10-13) has been widely applied,
since it offers ready access to timescales on the order of tens of
microseconds, which are particularly relevant for the study of
protein-lipid interactions. The coarse-grained MD simulation
approach has been used study protein-lipid interactions with a
wide range of membrane proteins (14, 15). The agreement of
computationally identified protein-lipid interactions sites with
experimental data has demonstrated that, despite the loss of
accuracy in coarse-grained models, the approach can successfully
identify specific protein-lipid interactions sites. In particular,
there has been good agreement with data from X-ray crystal
structures [for, e.g., inward rectifier potassium (Kir) channels
(16, 17), the ANT transporter protein (18, 19), and components
of the mitochondrial redox chain (20, 21)], from cryoelectron
microscopy structures (22), and from mass spectrometry (3, 23).

Analysis of protein-lipid interactions in MD simulations has
been performed in several ways: by identifying protein residues
that have high frequency of lipid contacts (e.g., ref. 24), by
identification of interaction fingerprints (4), and by clustering
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residues that simultaneously interact frequently with lipid head-
group particles, binding sites can be identified (19-21). Recently, a
methodology has been developed to use graph-theoretic commu-
nity analysis (25) of simultaneously interacting residues, rather
than the more straightforward cluster analysis referenced above.
This community analysis approach was applied to examine Chol
interactions with the Kir2.2 channel (26), which have previously
proved difficult to definitively identify (27, 28).

Kir channels are regulated by several lipid species, including
phosphatidylinositol 4,5-bisphosphate (PIP,), which activates
mammalian Kir channels (29-31) [but inhibits the homologous
bacterial KirBac channels (32)]. The crystal structure of Kir2.2
with PIP, bound (33) suggests that activation occurs by the PIP,
headgroup interacting with both the transmembrane domain and
the cytoplasmic domain, bringing them closer together and fa-
voring a channel open conformation. There is also evidence for a
secondary anionic lipid site (34). Electrophysiology studies show
that there is enhanced activity of Kir2.1 and Kir2.2 when anionic
lipids are present. Initial mutagenesis work implicated Kir2.1
residues K219 (equivalent of K220 in Kir2.2 channels) (34).
Further work showed that the effect of secondary anionic lipid is
ablated when residue K62 is mutated and restored when either
K62 is mutated to tryptophan or when K62C is tethered to
membrane, even without presence of anionic lipids (35, 36). It
was hypothesized that the anionic lipid phosphatidylserine (PS)
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interacts with the so-called slide helix to bring this part of the
structure adjacent to the membrane, and that this interaction can
occur independently of the PIP, interaction at the primary site
(SI Appendix, Fig. S1). Together, the two types of lipid in-
teraction enhance the open probability of the channel. The other
major regulatory lipid is Chol, which inhibits Kir2.2 via direct
interactions (37-39). A number of combined computational and
experimental papers have identified Chol interaction sites (27,
28, 40-43), with the most recent study (26) having been discussed
above. Interplay between the various lipid species that are pre-
sent in the plasma membrane (PM) in regulation of Kir channels
remains to be fully explored. It appears the Chol interaction sites
do not overlap with those of PIP, (44). However, few simulations
have been performed with multiple key lipid species simulta-
neously present in the membrane environment (45).

Here we perform a set of large time- and length-scale simu-
lations of Kir2.2 (20 to 50 ps for each simulation; total simulation
time of >400 ps, with length scales of 30 to 130 nm, containing 9
or 144 proteins) in complex, asymmetric lipid bilayers containing
PIP,, PS, and Chol, alongside other principal lipids of the
mammalian PM, namely glycolipids, ceramides, phosphatidyl-
ethanolamine (PE), and phosphatidylcholine (PC). We identify
multiple lipid interaction sites for each lipid type and extract
kinetic information for each site. This analysis reveals the dy-
namic interplay of the two anionic lipids (PIP, and PS) at their
two binding sites (the primary and secondary anionic lipid sites).

Here, Kir2.2 channel-lipid interactions were determined from
simulations in a bilayer containing multiple, functional lipid
species. By applying analytical techniques to identify lipid in-
teraction sites, introduced recently by Barbera et al. (26) to look
at Chol interaction sites of Kir2.2, we can identify multiple lipid
interaction sites a priori. Further, by calculating the residence
times of each interaction site, we identify their kinetic profiles,
while free energy perturbation calculations (see, e.g., ref. 46)
quantify the preference for PIP, vs. PS binding at each site. These
analyses allow us to build up a picture of diverse lipid interactions
on the surface of Kir2.2 channels, corresponding to the multi-
modal regulation of this channel by different lipid species.

Results

Coarse-grained MD simulations of 20 to 40 ps were run with 144
copies of the Kir2.2 channel embedded in membranes with var-
ied lipid compositions (SI Appendix, Table S1), including from a
model of the PM (with an inner leaflet containing PC:PE:Chol:
PS:PIP, and an outer leaflet containing PC:PE:Chol:Sph:GM3), a
PM with PIP, removed, and a bilayer containing solely PC. In order
to obtain a more complete understanding of the effect of varying
lipid composition and of the possible interplay between lipids, ad-
ditional (50 ps) simulations were run with nine copies of the Kir2.2
channel embedded in membranes with and without PIP,, with and
without PS, with and without Chol, and with and without GM3 (S
Appendix, Table S1).

In order to understand which lipids cluster preferentially
around Kir2.2, at which residues, and the kinetics of the in-
teraction we performed calculations of the distribution of lipids
around Kir2.2 channels, and of residue-lipid interaction fre-
quencies. We subsequently identified lipid interaction sites on
the Kir2.2 channel using network analysis and determined the
residence times and number of simultaneous contacts between
protein and lipid headgroups at each interaction site. To further
characterize the anionic lipid preferences at the sites corresponding
to experimentally determined primary and secondary interaction
sites, we performed free energy perturbation (FEP) calculations.

Anionic Lipids Are the Principal Interacting Species in the Inner
Leaflet. Clustering of PIP, and PS can be observed in simula-
tions of Kir2.2 in the PM, with PS appearing to replace PIP, if
PIP, is not included in the membrane (Fig. 1). In order to quantify
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Fig. 1. Simulations and lipid distributions. A shows data from the Large

System, PM simulation (see S/ Appendix, Table S1 for details), B shows data
from the Large System, No PIP, simulation. In each case the left shows a
snapshot at 20 ps of the inner (cytoplasmic) leaflet face of the membrane,
showing all lipids but with Kir2.2 channels removed, and the right shows the
radial distribution of lipid species about Kir2.2 channels. From A it is evident
that in the PM simulation PIP, (yellow) clusters around the protein, both
close to the TM region and in the area covered by the cytoplasmic domain. In
contrast, for the No PIP, simulation in B, PS (blue) can be seen to be clus-
tering around the TM region of Kir2.2 channels.

the lipid clustering around Kir2.2 channels, radial distributions
of each lipid species around all Kir2.2 channels were calculated
(Fig. 14). In the inner leaflet, PIP, and PS are the principal lipid
species in the first annular shell around Kir2.2, with PIP, being
the dominant species overall (Fig. 14 and SI Appendix, Fig. S2).
In simulations where PIP, is not included (Fig. 1B and SI Ap-
pendix, Fig. S2), PS is the principal lipid species of the inner
leaflet that is enriched around Kir2.2 channels. These trends are
apparent whether or not Chol is present (SI Appendix, Fig. S2).
In the outer (i.e., extracellular) leaflet, GM3 is the principal lipid
species interacting with Kir2.2, with a degree of first annular
shell enrichment comparable to that of PIP, and PS in the inner
leaflet. This is of possible biological relevance given suggestions
of the role of sphingolipids (which include gangliosides such as
GM3) in the formation of outer leaflet nanodomains with pos-
sible roles in brain development and/or function (47). However,
there is no appreciable enrichment of Chol (which might be
expected to be colocalized with sphingolipids in nanodomains)
around Kir2.2 channels, relative to bulk concentration, regard-
less of whether or not PIP, or PS is present (SI Appendix, Fig.
S2). PC, PE, and sphingomyelin are excluded from the first an-
nular shell around Kir2.2.

Interaction Hotspots Mapped for All Lipid Species. In order to un-
derstand how specific lipid molecules interact with Kir2.2 chan-
nels, the frequency of lipid headgroup interactions at each residue
of Kir2.2 was calculated and mapped onto the protein surface,
thus revealing lipid headgroup interaction “hotspots” (Fig. 2 and
SI Appendix, Figs. S3 and S4). PIP, and PS headgroups interact
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Fig. 2. Lipid headgroup interactions in the PM simulation. The frequency of lipid
headgroup interactions at each protein residue for all lipids present in the Large
System, PM simulations (containing 144 Kir2.2 channels; see S/ Appendlix, Table S1
for details). Interactions of lipid headgroups are mapped onto the protein surface
with the frequency of interaction at each residue colored on a sliding scale
(transparent = no interaction; white = lowest interaction frequency; colored =
high interaction frequency). Similar analysis for No PIP, and PC simulations is
shown in SI Appendix, Fig. S3. Residues that interact with a frequency >2.5% of
the total lipid headgroup interactions (for a given lipid type) are show with side-
chain beads as spheres. The definition of lipid headgroups is detailed in Methods.

with both the transmembrane domain, at the classical PIP, in-
teraction site, and with the cytoplasmic domain. Chol headgroup
interactions occurred at residues closer to the membrane center
and were more dispersed (the percentage of total Chol contacts
for any individual residue was <4% of that for all residues, which
is lower than that of PIP,, PS, or GM3 contacts; SI Appendix, Fig.
S5). Chol headgroup interactions occurred in particular with res-
idues P63, 167, R80, L83, L84, S87, 1100, L103, 1107, C155, P156,
L157, F160, V164, and V168 (SI Appendix, Fig. S5), in agreement
with those previously identified (26). In the outer leaflet, sphin-
gomyelin and PC headgroups interact with similar residues on the
protein surface. GM3 shows nonspecific interactions around
Kir2.2 channels, but the extended glycan headgroup interacts
further away from the bilayer center than do PC and sphingo-
myelin headgroups, close to the extracellular mouth of the chan-
nel. The GM3 headgroup interacts in particular with H108, E112,
T119, F120, K121, and E154, with each of these residues ac-
counting for over 6% of total GM3 headgroup contacts with the
channel. To the best of our knowledge there are no glycosylation
sites on Kir2.2 channels (see, e.g., https://www.rcsb.org/pdb/explore/
remediatedSequence.do?structureld=3SPI). The interaction of the
anionic ganglioside with cationic side chains close to the extra-
cellular mouth, in particular at residues H108 and K121, might
be anticipated to modulate the conductance of the channel.

Simulations of Kir2.2 embedded in a membrane containing
only PC show that PC headgroups can also interact at some
residues of the PIP, interaction site when no anionic lipids are
present (also see SI Appendix, Fig. S6). Similar behavior has been
seen for the TRP channel PC2 (22).

Anionic Lipids Interact, but Not Only at the Expected Primary and

Secondary Sites. We examined in more detail the headgroup in-
teraction sites of PIP, and PS (Fig. 3). The PIP, headgroup
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interacts with residues R78, R186, K188, and K189 of the pri-
mary interaction site. Further, PIP, molecules clustered around
Kir2.2 also can interact at the putative secondary interaction site
residue K220. However, interaction is not as strong at K62,
which is the secondary anionic lipid interaction site residue that
appears to be more important from previous mutagenesis ex-
periments (35, 36). PIP, headgroups can interact with protein
residues on the cytoplasmic domain that are far from the
membrane domain, which may be due to membrane undulations
in the large membrane simulations (see, e.g., SI Appendix, Fig.
S7). The PS headgroup interacts at K62 and K220, in agreement
with experimental data (34-36), with a preference for interaction
at K62, especially when PIP, is present. However, PS can also
interact with residues of the primary PIP, interaction site (resi-
dues R78, R80, K183, R186, and K189).

Distinct Interaction Site Analysis for PIP, and PS Reveals Many Sites
with Diverse Kinetic Profiles. Lipid headgroup interaction hotspots
(shown in Figs. 2 and 3) do not show which residues interact
simultaneously to form a lipid headgroup interaction site (i.e., a
distinct group of residues that interact simultaneously with a
specific lipid headgroup), although it is clear that the surface of
the Kir2.2 molecule could present multiple interaction sites. In
order to identify which clusters of interacting residues form sep-
arate sites, a graph-theoretic approach is useful: the residues form
the nodes of the graph and the graph edges that link residues are
weighted according to how frequently they cointeract with a single
lipid molecule. Using an analysis based on “community” forma-
tion (295), residues can be grouped into clusters that form separate
binding sites. This approach has been used recently to identify
Chol interaction sites on Kir2.2 channels (26).

In order to understand the kinetics of lipid interactions at the
surface of Kir2.2 channels, the interaction time of each lipid
headgroup at the surface is required. The residence time is a
measure that has been used previously (15, 19-21, 48). We cal-
culated residence times for the distinct interaction sites identi-
fied using the analysis described above.

Using this approach, multiple, distinct interaction sites were
identified for PIP, and PS headgroups at the Kir2.2 channel
surface (Fig. 4 and SI Appendix, Table S2), and by calculating the
residence time at each interaction site we showed that PIP, and
PS interact at multiple sites with diverse kinetic profiles.

To further characterize PIP, and PS headgroup interactions at
the each site, we analyzed the number of protein residues that a
single lipid headgroup interacts with simultaneously when at a
given interaction site (Fig. 54 and SI Appendix, Fig. S8) and
performed FEP calculations (46) for PIP, compared to PS inter-
actions at the primary and secondary interaction sites (Fig. 5B).

PIP, has Most Long-Lived Interaction at the Primary Interaction Site.
By far the most long-lived interaction site for the PIP, headgroup
coincided with the experimentally determined primary PIP, in-
teraction site. PIP, headgroups also interacted with Kir2.2
channels at several other interaction sites, all of which were also
present in simulations from which where GM3 was removed
(comparing left and middle columns in Fig. 44). GM3 should not
affect PIP, headgroup interactions, since GM3 is in the outer
leaflet of the membrane, providing evidence that the identified
interaction sites are reproducible.

Analysis of the number of contacts made simultaneously by
any single PIP, headgroup when interacting at the primary in-
teraction site (Fig. 5 A, Top Left) shows that there are a pop-
ulation of PIP, molecules that frequently interact with only one
residue (most often Q51, which has the highest interaction fre-
quency; Fig. 3) and a population that form simultaneous inter-
actions with many more residues (9 to 15 residues), which
constitute a more stable interaction. This result is also observed
in simulations where GM3 is present (SI Appendix, Fig. S8). A
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snapshot of PIP; interacting at this site, with the PIP, headgroup
in contact with 12 residues of Kir2.2, is shown in Fig. 5C.

All other PIP, headgroup interaction sites had much lower
residence times than that of the primary PIP; interaction site and
made many fewer simultaneous contacts (maximum 10) than at
the primary site (maximum 16; SI Appendix, Fig. S8, Top). Even
so, there was some heterogeneity between the remaining in-
teraction sites. PIP, headgroups interacted at a site containing
residues Q64, R65, 167, and A68 of the slide helix and residues
K48, N49, G50, A191-H198 and Q311-A312, S314, and Y316 of
the cytoplasmic domain. This interaction site had the second-
highest residence time (12.7 + 0.6 ps in the PM simulations).
At this site a population of PIP, headgroups interacted with five
to seven residues simultaneously (SI Appendix, Fig. S8). This site
was split in two and had residence times of 15.8 + 1.1 pus and 3.9 +
0.2 ps when GM3 was not included. A third distinct site was iden-
tified further down on the cytoplasmic domain (containing residues
41 to 44, 47, 53 to 54, 315, and 335 to 336), with a residence time in
order of 1 to 2 ps. PIP, headgroup interactions at the secondary
anionic lipid interaction site were on the submicrosecond (i.e.,
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hundreds of nanoseconds) timescale, indicating a less-tight PIP,
headgroup interaction at this secondary site than at the primary
interaction site. Together with the lower interaction frequency of
PIP; at this site (Fig. 3), this indicates that PIP, interacts relatively
little at the secondary anionic lipid interaction site. Analysis of the
number of simultaneous contacts that the PIP, headgroup could
make at this site showed that most frequently PIP, headgroups
interacted at this site via only one residue, while a small proportion
contacted three to nine residues (Fig. 54). A typical snapshot of the
latter type of interaction is shown in SI Appendix, Fig. S9A.

PS Can Interact at Primary and Secondary Interaction Sites. PS head-
group interaction sites in the PM simulations (and in PM without
GM3 present) were different from those of PIP, headgroups,
further highlighting that PIP, and PS headgroups occupy distinct
sites on the surface of Kir2.2 (Fig. 4B). The interaction of the PS
headgroup at the primary site was more restricted in the number
of interaction residues (SI Appendix, Table S2) and made fewer
simultaneous protein contacts (Fig. 54), likely because PS has a
smaller headgroup. The site shifted toward residues A69, M70,

Duncan et al.
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Fig. 4. PIP, and PS headgroup interaction sites and corresponding residence times. Lipid headgroup interaction sites were identified by network analysis of residues
that simultaneously interact with the headgroup of an individual lipid molecule (see Methods for details). (A) PIP, headgroup interaction sites for the simulations of
nine Kir2.2 channels embedded in (left to right): a PM (simulation PM_s; see S| Appendix, Table S1 for details), a PM with glycolipids removed (simulation No G_s), and
a PM without PS (simulation No PS_s). (B) PS headgroup interaction sites for the simulations PM_s (Left) and No G _s (Right). (C) PS headgroup interaction sites in the
No PIP,_s and No PIP, G_s (i.e., with PIP, and GM3 removed) simulations. The lipid headgroup interaction sites are colored according to the residence time, from
longest residence time to shortest: magenta, green, blue, red, orange, yellow, and tan. Interaction sites are labeled with the residence time in the corresponding
colors. Interaction sites with residence times <0.1 ps are not labeled (except for the red and blue interaction sites in C, whose equivalents in B had been >0.1 ps).
Residence times are quoted to the nearest 0.1 ps (apart from the two exceptions just noted). Residues that make up each interaction site are detailed in S/ Appendix,

Table S2, which also details the error of fitting for residence times. The lipid composition of each simulation is detailed in S/ Appendix, Table S1.

T71, and T72, which sit in the kink of the slide helix, with back-
bone atoms facing the primary site (but not interacting with the
PIP, headgroup in either the crystallographic or simulation PIP,
binding sites). Intriguingly, in some cases PS was able to interact at
the primary site along with PIP,, and it appears that PS can be
“trapped” behind a PIP, molecule (see snapshot in SI Appendix,
Fig. S9B). Accordingly, the residence time of this interaction de-
creases from >10 ps to 4 ps (to the nearest microsecond) when
PIP, is absent from the membrane (Fig. 5C). The interaction time
of PIP, is not affected; however, this interaction may explain the
much-increased residence time of PS at the primary interaction
site when PIP; is present.

PS headgroup interactions at the N terminal of the first TM
(transmembrane) helix (R78 and R80) formed a separate in-
teraction site, whereas for PIP, these residues are part of the
primary interaction site. The PS headgroup interaction site
containing residues R78 and R80 had a residence time of 0.25 +
0.02 ps.

Duncan et al.

A third interaction site encompassed residues K62 and K220,
which had previously been determined as the secondary anionic
lipid site in experiment. This interaction site also has an in-
termediate residence time of 0.28 + 0.02 ps. At this site, coinciding
with the experimentally determined secondary interaction site,
there was a population of PS molecules that interacted at the site
via only one residue, and a second population that interacted with
two to seven residues (a snapshot of a PS interaction typical of the
latter population is shown in Fig. 5C).

Like PIP,, PS headgroups also formed further interactions on the
other side of the slide helix (containing residues of the slide helix 64,
65, 67, and 68 and cytoplasmic residues 48, 49, and 191). PS
headgroups made very transient interactions with Kir2.2 channels
further “out” on the cytoplasmic domain—these may have occurred
when there were membrane undulations (SI Appendix, Fig. S7).

In the same way as PIP,, the PS headgroup also had longer in-
teraction times at the primary interaction site than at the secondary
interaction site, suggesting that PS headgroups can interact at the
primary site but that PIP, outcompetes PS. PS headgroup
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Fig. 5. Characterization of PIP, and PS binding at primary and secondary interaction sites. (A) The number of contacts made simultaneously by a single lipid
molecule when interacting at the primary (Left) or secondary (Right) interaction sites. The number of protein residue contacts at each interaction site made by
PIP; in the PM (PM_s) simulations is shown in the top row, PS interactions in the PM (PM_s) simulations is shown in the middle row, and PS interactions in the
No PIP,_s simulations on the bottom row. Sites are colored according to the color scheme in Fig. 4. The number of contacts made by PIP, and PS for all
interaction sites identified in Fig. 4 is shown in full in S/ Appendix, Fig. S8. (B) FEP calculations of the AAG of PIP, vs. PS interacting at the primary site (Top), the
secondary site when PIP, is not bound at the primary site (Middle), and the secondary site when PIP; is bound at the primary interaction site (Bottom). (C)
Snapshots demonstrate typical binding of PIP, (orange ball and stick) in the primary interaction site and PS (blue ball and sticks) at the secondary interaction
site during the course of the simulation. The 12 residues interacting with the PIP, headgroup in this snapshot are shown with their side chains in magenta, and
3 residues interacting with the PS headgroup are shown with their side chains in green. Only the backbone of D76 is interacting with PIP,; otherwise, all lipid
headgroup interactions are with residue side chains. The protein backbone is shown in white and phosphate beads of other lipids in the simulation are shown
as gray spheres. (D) Analysis of the distance between R78 and K62 (shown as a red dotted line on the structure). The structure shows a snapshot of two PS
molecules (blue ball and stick) interacting at the surface of Kir2.2 channel. The protein backbone is shown in white and residues of the primary and secondary
sites are shown with their side chains in magenta and green, respectively. Phosphate headgroups of other lipids in the bilayer are shown as pale gray spheres.
The violin plots show the distance between K62 and R78 for the PM_s (yellow), No G_s (green), No PIP,_s (blue), and No PIP,G_s (cyan) simulations. PM_s and
No G_s both contain PIP,, while No PIP,_s and No PIP,G_s do not; for full details of the lipid composition see Methods.
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interaction sites were similar when GM3 was removed; the most
marked difference was the residence time at the primary interaction
site, indicating that the high residence time in the PM simulation
may have been caused by only a few long interactions.

PIP, Outcompetes the Secondary Anionic Lipid (PS) at the Primary
Interaction Site. By comparing the behavior of lipids in simula-
tions containing diverse membrane compositions (Figs. 3 and 4
and SI Appendix, Fig. S5) one can explore the interplay of dif-
ferent lipids at the surface of Kir2.2 channels. Thus, by com-
paring PIP, headgroup interaction sites in simulations with and
without PS (Fig. 44 and SI Appendix, Table S2) it is evident that
PS does not alter the residues involved in the primary interaction
site or the residence time. The position and corresponding res-
idence time of the PIP, headgroup interaction at the secondary
interaction site were also not affected by the presence of PS (Fig.
4A4). This underlines that the experimentally observed effect (34—
36) that the secondary anionic lipid (PS) has on increased
channel activity is only via the secondary anionic lipid site.

In order to explore further the relative interaction free ener-
gies of PIP, and PS at the primary and secondary interaction
sites, free energy perturbation calculations were performed (Fig.
5B) in which we calculated the AAG for replacement of bound
PIP, by bound PS. The data reveal that PIP, binds much more
strongly to the primary site than PS (AAG of 43.2 + 1.2 kJ/mol),
meaning that PIP, would outcompete PS at the primary site. This
can be rationalized by the number of contacts that the PIP,
headgroup is able to form at the site in comparison to those of
the PS headgroup (Fig. 54). The PIP, headgroup can form in-
teractions via all three anionic phosphate moieties with the large
number of positively charged residues in the interaction site
(R78, R80, K183, R186, K188, and K189).

PIP, interaction at this site is functionally important because
PIP; is understood to open the channel by favoring the confor-
mation of Kir2.2 in which the cytoplasmic and transmembrane
domains are brought together (33). PIP, can achieve this by
binding to multiple residues in both the cytoplasmic and trans-
membrane region; the headgroup of PS cannot interact so ex-
tensively and therefore would be unlikely to bring about similar
conformational change.

In order to examine the effect of lipid interactions on protein
conformation, root-mean-squared fluctuation calculations were
performed. Although MARTINI does not allow for changes in
protein secondary structure, root-mean-squared fluctuations of
the protein indicate that when PIP, is present, linker regions on
both N- and C-terminal ends of the transmembrane domain (i.e.,
the slide helix and around residues 188 to 189) are more stable
than when PIP; is not present (S/ Appendix, Fig. S10). This suggests
that PIP; stabilizes the linkers between the cytoplasmic domain and
the transmembrane domain, both at the N- and C-terminal ends of
the transmembrane domain, which is in agreement with the effect
of PIP, on channel structure as seen in crystal structures.

PS Interaction at the Secondary Site Is More Favorable when PIP,
Interacts at the Primary Site. While PIP, headgroup interactions
seem to be impacted relatively little by PS, it appears there is
some interplay in terms of effect of PIP, on PS headgroup in-
teractions (Fig. 4 B and C and SI Appendix, Table S2). Surpris-
ingly, it appears that the PS headgroup interaction at the
secondary anionic lipid site was affected by the presence of PIP;.
When PIP, was absent from the membrane, the PS headgroup
interaction at K62 involved fewer residues and residence times
were an order of magnitude lower: When PIP, was present in the
membrane, the site included residues E55 to R65, Y66, 1.218 to
K220, and Y342-S343, but when PIP, was absent the site did not
include residues Y66 and R219 to K220, which instead became
part of the interaction site at residues R78 and R80 (S7 Appendix,
Table S2). The residence time for the site at R78 and R80 is not
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diminished when PIP; is not present, but the secondary anionic
lipid site (i.e., the site including residue K62) has a residence
time of 0.28 + 0.02 ps when PIP, was present, diminishing to
0.02 ps when PIP, was absent.

FEP calculations also show that when PIP; is not interacting at
the primary site, the secondary site has a AAG of 29.4 kJ/mol,
that is, a strong preference for PIP, (albeit much less so than at
the primary site); when PIP, is present in the primary site the
AAG is 17.2 kJ/mol, i.e., far less strong preference for PIP, over
PS. That is, PIP, interaction at the primary site renders the in-
teraction of PS at the secondary site more favorable.

The effect of PIP, at the primary site on interactions at the
secondary site may be due to the increased propensity for the
positively charged side chain of R78 to be orientated toward K62
when PIP, is not interacting at the primary site (Fig. 5D). In
simulations where PIP; is present (PM_s and No G_s), the dis-
tance between R78 and K62 has a bimodal distribution (the
conformation corresponding to the larger distance is seen in
snapshot in Fig. 5C; the shorter distance is as seen in snapshot,
Fig. 5D). When PIP; is not present (simulations No PIP,_s and No
PIP, G_s), the distance distribution shifts, such that R78 and K62
side chains are more likely to be close together (as in the snapshot,
Fig. 5D). The PS headgroup at the secondary site (at K62) is more
likely therefore to move between the site at K62 and the site at
R78, perhaps explaining why the residence time of the secondary
interaction site is so much lower when PIP; is not present.

The interaction between PS and K62 appears to be function-
ally important—mutagenesis and electrophysiological studies
have shown that K62 tethering to the membrane recovers the
effect of anionic lipid interactions, indicating that it is the teth-
ering role which is important. The current study shows that be-
fore PIP, has started to interact at the primary site this tethering
via K62 is less likely, because PS is more likely to bind at the site
containing R78 and R80.

As discussed above, the free energy of binding of PS compared
to that of PIP; is positive, indicating that PIP, is the preferable
lipid even at this secondary site, regardless of whether PIP, also
occupies the primary site. However, it is evident from FEP cal-
culations and the residence times that a PIP, interaction is more
likely to occur at the primary site than at the secondary site, be-
cause the PIP, headgroup cannot form as many contacts at the
secondary site as it can at the primary site, and in particular there
are fewer positively charged residues in the interaction site (SI
Appendix, Fig. S94). The more favorable free energy of binding
for PIP, even at the secondary site suggests that the interaction of
PS at this site is dependent on its concentration relative to PIP,.

PS interacts at the secondary site, and aside from the primary
interaction site this is the site where PS appears to form the most
contacts with the protein (SI Appendix, Fig. S8).

There Is Little Interplay between Anionic Lipids and Cholesterol. PIP,
and PS headgroup interactions are not affected by Chol (SI
Appendix, Fig. S5) and neither do Chol interactions appear to be
affected by the presence or absence of PIP, or PS (SI Appendix,
Fig. S5). There is a slight decrease in the Chol residence times in
simulations where PIP, are not present (SI Appendix, Table S3).
However, all Chol residence times are low, in the order 0.8 to 1 ps
(for comparison, PIP, interactions at the primary site are greater
than 50 ps) and the relatively small variation in Chol residence
times may not bear great functional significance. There is no no-
ticeable interplay between GM3 and Chol (SI Appendix, Fig. S5).

Discussion

The coarse-grained simulations of Kir2.2 channels in membranes
containing multiple lipid species allowed us to observe the
complex interplay of PIP,, PS, and other lipids as they interacted
at the surface of the channel. Multiple lipid species are known to
interact and affect the activity of Kir2.2, but previous simulation
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studies have focused on a single lipid type [e.g., just PIP, (16, 17)
or just Chol (26)], and to the best of our knowledge there have
been no simulation studies investigating lipid interactions con-
taining the secondary anionic lipid, either as a single lipid species
or in a complex mixture. Using the graph-theoretic approach
adopted by ref. 26, we were able to identify distinct binding sites
of PIP, and PS headgroups on the surface of Kir2.2. We char-
acterized the distinct interaction sites by calculating lipid head-
group residence times and the number of contacts made in each
site, thereby assessing how stable the lipid headgroup interaction
was at each site. FEP calculations were performed to quantify
the relative free energies of binding of PIP, and PS at the pri-
mary and secondary interaction sites.

These simulations and their analysis allowed us to show that
the tightest interaction site for PIP; is, as expected, at the pri-
mary interaction site. PS can interact at the primary site and will
replace PIP, when PIP; is absent, but PS cannot form the same
number of contacts with as many positively charged residues as
PIP, and FEP calculations show that PIP, has a much more
favorable free energy of binding, and thus the PS headgroup is
outcompeted by the PIP, headgroup at the primary site. Func-
tionally the interaction with PS is less favorable, since the PS
headgroup cannot link the cytoplasmic and transmembrane do-
mains as PIP, is able to do.

The simulations also identify the experimentally characterized
secondary anionic lipid site at residue K62. FEP calculations
showed that, even at this site, PIP, binds more favorably. How-
ever, we have shown that any nearby PIP, molecule is far more
likely to bind to the primary site, leaving the secondary site free
for PS binding, as long as the local concentration of PIP; is low
enough. This agrees well with experimental data (34), which
show that the secondary anionic lipid effect on channel opening
occurs only at lower PIP;, concentrations (less than 10% PIP,); in
our PM simulations PIP, comprised 5% of the total lipid
composition.

By combining equilibrium simulations of Kir2.2 in a variety of
lipid mixtures with FEP calculations, we show that there is in-
terplay between PIP, and PS at the secondary interaction site:
when PIP, interacts at the primary site, PS interactions at the
secondary site become more favorable. Residence times of PS at
this site show that PS interacts more tightly when PIP; is present,
and FEP calculations further showed that the presence of PIP; in
the primary site decreased preference for PIP, over PS at the
secondary site. Interplay between PIP, and PS has been in-
dicated previously by docking studies (35) and suggests that in-
teraction of PS at the secondary site principally occurs
subsequent to PIP, binding at the primary site. Here we show
that the tighter interaction of PS at this secondary site may be
due to the rearrangement of positively charged residue R78 at
the primary site, once PIP; is interacting.

PIP, interactions were not affected by the absence of PS,
confirming that the enhancement of channel activity by a sec-
ondary anionic lipid is not via interplay with PIP, at the classical
interaction site, but only by direct interactions at the secondary
interaction site.

Further Considerations. The primary PIP, interaction site identi-
fied in the simulations here is slightly extended compared to the
crystal structures (33, 36). The graph-theoretic method used here
to identify interaction sites grouped residues that frequently
cointeracted with one PIP, molecule, but PIP, headgroups
interacting at this site were not interacting with all residues in the
site simultaneously (Fig. 54). The enlarged site may represent
slight movement of PIP, headgroup in the interaction site, or
may be due to different PIP, molecules adopting a range of in-
teraction positions with different copies of Kir2.2 present in the
simulation, as a result of the complex lipid mixture (cf. the var-
iation in the number of simultaneous contacts formed by the
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PIP, headgroup in the primary site, Fig. 54). This also may be
due to more than one PIP, interacting close to the primary in-
teraction site, thereby extending the site; we note that in simu-
lations containing only a single copy of Kir2.2 and a low number
PIP, molecules, PIP, occupied the crystal structure interaction
sites (17). In the current study, we have based the concentration
of PIP, on PM lipidomic studies (49); it could be an interesting
direction of further study to perform simulations involving lower
concentrations of PIP, in a mixed lipid bilayer, to account for
possible heterogeneity within the PM of PIP, concentration.

In agreement with previous results (35, 36), K62 is identified
as the key secondary interaction site residue in this study. K220
has also been implicated as a residue involved in the secondary
anionic lipid interaction, albeit with less effect on channel acti-
vation [K220C mutations showed greater maximal activity than
K62C mutations, and tethering of K62C to the membrane via
decyl modification to the cysteine displayed greater restoration
of activity than channels containing K220C decyl modifications
(35)]- In our simulations, K220 forms part of the primary in-
teraction site with PIP,. It is possible that K220 transiently in-
teracts with PS, leading to weak stabilization, thus leading to
some bulk anionic lipid-dependent effect on channel activation
when mutated to cysteine.

We note that lipids used in experiments to identify K62 as the
key residue in the secondary interaction site are PG and/or PA
and not necessarily PS, but here we use PS, since it is the second-
most-abundant anionic lipid present in the mammalian PM. In
early studies identifying the anionic lipid dependence of channel
activation, PS was used and did not show any difference from PA
and PG (34).

To further assess the interaction of PS and the impact of PIP,
it would in principle be useful to be able to perform simulations
of the pre-PIP,-bound state of the channel. However, K62 is at
the start of a disordered region of the PPA-bound structure
(Protein Data Bank [PDB] ID code 3SPC), and accurate mod-
eling of disordered regions remains a challenge; therefore, it
would be difficult to draw firm conclusions from simulations
based on such a structure + model.

As identified previously (44), Chol interacts at distinct sites
compared to PIP, and PS headgroups, and we did not observe a
shift in interaction site of either PIP, or PS on removal of Chol
from the membrane. There was a very slight decrease in Chol
interaction times in simulations where PIP, was not present vs.
where PIP, was present; however, this decrease was small. This
indicates that inhibition of Kir2.2 by Chol operates independently
from channel opening by PIP, and other anionic lipids.

Possible Limitations. The use of the graph-theoretic and residence-
time analysis allows for multiple lipids to be observed and avoids
predefining an interaction site to explore. However, residence
times longer than the simulation time cannot be inferred, and this
limits the conclusions that can be drawn regarding the effect of
different lipid types on the most long-lived PIP; interactions (which
all occur at the crystallographic interaction site). Enhanced sam-
pling methods and/or Markov state models could be used but with
more than two lipid types they could be challenging to implement.

Simulations using the MARTINI coarse-grained approach
have provided valuable insights into the behavior of lipids
around Kir channels (16) and around other channel and receptor
proteins (14). However, the MARTINI model fixes the second-
ary structure of the protein, which limits the opportunity to
probe the effects of lipid interactions of conformational changes
underlying channel gating would proceed, and thus on how lipid
complexity might influence channel activity. Root-mean-squared
fluctuations of the protein in simulations with and without PIP,
are in agreement with the proposed effect of PIP, on channel
opening; however, further work is required to understand how the
interplay of PIP, and PS interactions might affect channel gating,
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especially as progress has been made recently in understanding the
effect of phospholipids on gating of Kir2.2 channels via a combined
structural and computational approach (50).

It is also worth noting that within MARTINI electrostatic in-
teractions are represented using a shifted function with a cutoff
at 1.2 nm and with screening included implicitly, rather than
employing the particle mesh Ewald approximation. This may
mean that long-range electrostatic interactions are under-
estimated. Since the lipids of principal interest in this study are
anionic, interacting with the protein via electrostatic interactions,
this could present a further limitation. However, the interactions
do take place over relatively short distances (less than 1.2 nm).
The behavior of PIP, headgroups could be altered if, for in-
stance, a polarizable coarse-grained water model (51) were to be
used (and this would be an interesting direction for further
study). Nevertheless, we also note that MARTINI model for
anionic lipids has been shown to be in good agreement with
experimental data in a number of examples (3, 16, 17, 52).

Chol interactions do not appear to be impacted by the pres-
ence of PIP,, as previously indicated by Rosenhouse-Dantsker
et al. (44), who have shown that PIP, interactions sites (and
indeed the secondary anionic lipid interaction site) do not
overlap with the Chol interaction sites. It is possible that ordered
lipid nanodomains (enriched in Chol and sphingolipids) (53)
may modulate channel function and interactions (54, 55).
However, in our current simulations we did not include saturated
phospholipids that would have been needed to colocalize with
Chol to form such nanodomains. This could be an interesting
direction for future studies.

Conclusions

The lipid compositional complexity of cell membranes can have
a profound influence on the biological functions of ion channels.
The current study has employed large coarse-grained MD sim-
ulations to probe the effect of lipid complexity on Kir2.2, a
membrane protein with multiple, well-characterized lipid inter-
actions. We analyzed lipid interactions of Kir2.2 in a membrane
containing PIP, along with a secondary anionic lipid (PS), Chol,
and other lipid species including gangliosides at physiological
concentrations. PIP,, the lipid required to activate the channel,
interacts at crystallographically identified primary interaction
sites, and the secondary anionic lipid, PS, interacts at a pre-
viously identified secondary anionic lipid interaction site. PS can
also interact at the primary interaction site but is outcompeted by
PIP,. At the secondary interaction site, PIP, still has a more
favorable interaction free energy than PS, but is more likely to
interact at other sites; thus, interaction of PS at the secondary
site is dependent on the concentration of PIP,. Further, we re-
veal an interplay in lipid interaction: Once PIP; is interacting at
the primary site, interactions of PS at the secondary interaction
site become more energetically favorable, rebalancing the like-
lihood of PS vs. PIP; interaction at the secondary site. This study
demonstrates the nuanced competition between distinct protein—
lipid interaction sites and highlights the need to study lipid in-
teractions in membranes with physiological lipid compositions.

Methods

System Setup and Simulations Performed. The simulations performed are
summarized in SI Appendix, Table S1. The Kir2.2 channel crystal structure
(PDB ID code 3SPI; ref. 33) was converted to a coarse-grained representation
using the martinize.py script (version 2.4; http://md.chem.rug.nl/index.php/
tools2/proteins-and-bilayers) with the MARTINI2.2 force field (12, 13) and
the EINeDyn elastic network model (56). A single coarse-grained model of
Kir2.2 was embedded into a PC bilayer by allowing lipids to self-assemble
around the protein in a short simulation (57). The PC membrane was sub-
sequently converted into a membrane of the desired lipid composition using
an in-house exchange lipid methodology (58). The Kir2.2 channel in a mixed
lipid membrane was then equilibrated for 100 ns prior to being tessellated,
using the GROMACS tool genconf, to form 12 x 12 and 3 x 3 grids. The
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resulting systems contained either 144 or 9 Kir2.2 channels, ~55,000 (12 x 12
systems) or ~3,500 (3 x 3 systems) lipids, and were solvated using the stan-
dard MARTINI water model and neutralized to a 0.15 M NaCl concentration
(see SI Appendix, Table S1 for details).

Lipid bilayers were modeled with a mixture of the most abundant lipids
present in mammalian cell PM (49, 59, 60), with lipids distributed asym-
metrically between the inner and outer leaflets, as previously described (58,
61). In the PM model, which is the most complex presented here, the outer
leaflet contained PC/PE/sphingolipid (Sph)/ganglioside (GM3)/Chol lipids in a
ratio of 40:10:15:10:25, while the inner leaflet contained PC/PE/PS/PIP,/Chol
in a ratio of 10:40:15:10:25. PC, PE, and PS were modeled with 1-palmitoyl-2-
oleoyl lipid tails. To generate the No PIP, simulation, PIP, was removed from
the PM model by substitution with PE, as these two species clustered in areas
of higher membrane curvature in previous PM simulations (58). In simula-
tions where lipid complexity was further reduced, the proportions of the PM
simulation were maintained for all remaining lipid species (S/ Appendix,
Table S1). Sph and GM3 were modeled with a monounsaturated ceramide
tail. Lipids were modeled using the MARTINI 2.1 parameters, except for PIP,,
modeled as described previously (16), and GM3 (58); the MARTINI beads
used for PIP, and PS are shown in S/ Appendix, Fig. S1B.

Simulation Parameters. All equilibrium simulations were performed using
GROMACS 4.6 (http://www.gromacs.org/) and the standard MARTINI pro-
tocol. Periodic boundary conditions were applied, and a time step of 20 fs
was used in all simulations. The temperature was maintained at 323 K using
a Berendsen thermostat (62) and the pressure at 1 bar using a Berendsen
barostat. For both the temperature and pressure, a coupling constant of 4 ps
was used. In all simulations, the reaction field coulomb type was used with a
switching function from 0.0 to 1.2 nm, and the van der Waals interactions
were cutoff at 1.2 nm with a switching function applied from 0.9 nm. The
LINCS algorithm (63) was used to constrain covalent bonds to their equilibrium
values.

FEP Calculations. FEP calculations were performed as described in ref. 46. In
brief, a pose of Kir2.2 with PIP, bound at both sites 1 and 2 was extracted
from the equilibrium data, and the protein and PIP, molecules were built
into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine bilayer using the
insane protocol (64). The membrane was allowed to relax around the Kir2.2—
PIP, complex using 100 ns of NPT simulation with positional restraints on the
protein backbone, and a further 350 ns without. The output of this was used
to generate the starting states for the different FEP calculations, by re-
moving a bound PIP,, as necessary.

To carry out the FEP calculations, the PO1, PO2, RP1, and RP2 beads were
switched into dummy particles with no charge or Lennard-Jones interactions.
The RP3 bead was switched from a neutral particle with MARTINI type SP1,
into a neutral particle of type P5, as per the MARTINI POPS parameters.
Coloumbic interactions were turned off over 10 windows of 250 ns (n = 3),
followed by Lennard-Jones interactions over a further 10 windows of 250 ns
(n = 3), employing a soft-core potential. To maintain a neutral system charge,
four Na* ions were also decoupled per PIP, molecule. All simulations were run
using GROMACS 2019. Free energies were computed using Multistate Bennett
Acceptance Ratio, as calculated using alchemical-analysis (65).

Simulation Analysis. Radial distribution functions of lipid headgroups around
the channels were calculated using the GROMACS tool g_rdf. Root-mean-
squared fluctuations of Kir channels were also calculated by a GROMACS
tool, g_rmsf. Values were then averaged over time, the nine proteins in the
simulation, and over each monomer.

Protein-lipid interactions were identified using in-house scripts, making
use of the NumPy (66), MDAnalysis (67, 68), NetworkX (69), and community
(https://github.com/taynaud/python-louvain) Python libraries.

Lipid headgroups were considered to be interacting with given protein
residues when within 0.65 nm of one another. In these calculations, lipid
headgroups were chosen as phosphate plus choline, ethanolamine, or serine
moieties for phospholipids PC, PE, and PS, respectively; for PIP, the head-
group was considered as the inositol moiety and all attached phosphate
groups; for GM3, the headgroup included all sugar moieties; the Chol
headgroup was considered to be the core steroid moiety and associated
hydroxyl group, but not the short hydrocarbon tail.

Interaction sites were derived from simulations using a graph-theoretic
method that uses a community analysis, as implemented by ref. 26. A
graph was constructed with protein residues as nodes. Nodes are joined if a
given pair of residues interact simultaneously (i.e., in the same time frame)
with an individual lipid molecule. The frequency with which any given pair
of residues interacts simultaneously with an individual lipid molecule
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determines the weight of the edge in the graph. A community algorithm was
then used to detect communities within the graph (i.e., sets of highly con-
nected protein residues). The community algorithm used was the best parti-
tion function of the community library https:/github.com/taynaud/python-
louvain, which uses the Louvain method (70) and takes graph edge weights
into account. Each community formed was considered an interaction site.

Calculation of residence times has been used in previous simulation studies
to look at protein—water (71, 72) and protein-lipid (15, 19-21, 48) interac-
tions. The residence time, 9, of a lipid type (e.g., PIP, or PS) is defined as the
average time a single lipid headgroup spends continuously interacting with
a Kir2.2. Residence times were calculated from the normalized survival time-
correlation function, o(t):

=

o(t)=

T
Z v,v+t),
v=0

where T is the total simulation time and N is the total number of a lipid type
with nonzero interaction time. The function p; (v, v + t) has value 1 if lipid j
continuously interacts with Kir2.2 from time v to time v + t (inclusive), and
0 otherwise. The value of v ran from 0 ns to T ns in steps of 1 ns, and the
values of 4(t) were determined for every value of t from 0 to T ns, at 1-ns
intervals. o(t) was normalized by dividing by ¢(0), so that the survival time-
correlation function has value 1 at t = 0. The normalized time-correlation
function was modeled as a sum of exponential functions:

1
N T- 3

-
Il

o(t) ~Aexp((—t/01) + Bexp(-t/6,)).

The values of 6, and 0, were determined by fitting the values of 4(t) to a sum
of exponentials. The double exponential assumes that there are two pop-
ulations of protein-lipid interactions, one of short-lived interactions, where
the lipid fails to bind more tightly to the protein, and the other, more long-
lived interactions, where the lipid interacts tightly at the specified in-
teraction site. The residence time of the long interaction is reported, since
we are more interested in the tight protein-lipid interactions. The errors

1. A. L. Duncan, W. Song, M. S. P. Sansom, Lipid-dependent regulation of ion channels
and G protein-coupled receptors: Insights from structures and simulations. Annu. Rev.
Pharmacol. Toxicol. 60, 31-50 (2020).

2. J. W. Patrick et al., Allostery revealed within lipid binding events to membrane pro-
teins. Proc. Natl. Acad. Sci. U.S.A. 115, 2976-2981 (2018).

3. H.Y. Yen et al., PtdIns(4,5)P, stabilizes active states of GPCRs and enhances selectivity
of G-protein coupling. Nature 559, 423-427 (2018).

4. V. Corradi et al., Lipid-protein interactions are unique fingerprints for membrane
proteins. ACS Cent. Sci. 4, 709-717 (2018).

5. C. Martens et al., Direct protein-lipid interactions shape the conformational landscape

of secondary transporters Nature Comms. 9, 4151 (2018).

. Y. Gao, E. Cao, D. Julius, Y. Cheng, TRPV1 structures in nanodiscs reveal mechanisms of

ligand and lipid action. Nature 534, 347-351 (2016).

7. T. Harayama, H. Riezman, Understanding the diversity of membrane lipid composi-
tion. Nat. Rev. Mol. Cell Biol. 19, 281-296 (2018).

8. G. Enkavi, M. Javanainen, W. Kulig, T. Rég, I. Vattulainen, Multiscale simulations of
biological membranes: The challenge to understand biological phenomena in a living
substance. Chem. Rev. 119, 5607-5774 (2019).

9. S. J. Marrink et al., Computational modeling of realistic cell membranes. Chem. Rev.
119, 6184-6226 (2019).

10. S. J. Marrink, A. H. de Vries, A. E. Mark, Coarse grained model for semiquantitative
lipid simulations. J. Phys. Chem. B 108, 750-760 (2004).

11. S. J. Marrink, H. J. Risselada, S. Yefimov, D. P. Tieleman, A. H. de Vries, The MARTINI
force field: Coarse grained model for biomolecular simulations. J. Phys. Chem. B 111,
7812-7824 (2007).

12. L. Monticelli et al., The MARTINI coarse grained force field: Extension to proteins. J.
Chem. Theory Comput. 4, 819-834 (2008).

13. D. H. de Jong et al., Improved parameters for the Martini coarse-grained protein force
field. J. Chem. Theory Comput. 9, 687-697 (2013).

14. G. Hedger, M. S. P. Sansom, Lipid interaction sites on channels, transporters and re-
ceptors: Recent insights from molecular dynamics simulations. Biochim. Biophys. Acta
1858, 2390-2400 (2016).

15. A. L. Duncan, A. J. Robinson, J. E. Walker, Cardiolipin binds selectively but transiently
to conserved lysine residues in the rotor of metazoan ATP synthases. Proc. Natl. Acad.
Sci. U.S.A. 113, 8687-8692 (2016).

16. P. J. Stansfeld, R. Hopkinson, F. M. Ashcroft, M. S. P. Sansom, PIP(;)-binding site in Kir
channels: Definition by multiscale biomolecular simulations. Biochemistry 48, 10926—
10933 (2009).

17. M. R. Schmidt, P. J. Stansfeld, S. J. Tucker, M. S. P. Sansom, Simulation-based pre-
diction of phosphatidylinositol 4,5-bisphosphate binding to an ion channel. Bio-
chemistry 52, 279-281 (2013).

18. G. Hedger et al., Lipid-loving ANTs: Molecular simulations of cardiolipin interactions
and the organization of the adenine nucleotide translocase in model mitochondrial
membranes. Biochemistry 55, 6238-6249 (2016).

o

7812 | www.pnas.org/cgi/doi/10.1073/pnas.1918387117

reported on residence times are the SD error of fitting to the parameter
estimate.

In calculating residence times for PIP, and PS interactions, lipid molecules
were considered to be interacting at a given interaction site if one or more
lipid headgroup particles were within 0.65 nm of at least one residue within
the interaction site. In calculating Chol residence times, the distance cutoff
was set conservatively at 1 nm (rather than 0.65 nm), since it has been shown
that Chol can be mobile even when interacting at specific interaction sites
(22, 73, 74). Chol residence times given in SI Appendix, Table S3 are for Chol
interactions over the entire surface of the channel, rather than at any spe-
cific interaction site.

Analysis of number of protein residue contacts simultaneously interacting
with a lipid headgroup was performed using the same distance cutoff, that is,
less than 0.65 nm between any bead of the residue and any lipid headgroup
bead to determine that a given protein residue was in contact with the lipid
headgroup. A lipid headgroup was considered to be interacting at an in-
teraction site if it was in contact with at least one protein residue that was
part of the interaction site. Interaction sites used were as determined by the
graph-theoretic method.

Graphs were plotted using gnuplot 4.6 (http://www.gnuplot.info/) and
Matplotlib (75) and molecular visualization used VMD (76).

Data Availability. Files (gro) containing the final frames of all trajectories,
input tpr files for each simulation, and the mdp file used for all simulations
can be found at https://zenodo.org/record/3634884#.XjiLOOunzOR (DOI:
10.5281/zen0do.3634884). Unless otherwise stated, all code used for analysis
of simulations can be found at https:/github.com/annaduncan/Kir_scripts.

ACKNOWLEDGMENTS. This work was funded by grants from the Biotech-
nology and Biological Sciences Research Council (BBSRC), Engineering and
Physical Sciences Research Council, and Wellcome. A.L.D. is supported by the
BBSRC grant BB/R0O0126X/1 and Pembroke College, Oxford (BTP Fellowship).
Simulations were performed on ARCHER and PRACE (Partnership for Ad-
vanced Computing in Europe) supercomputers (CURIE and MareNostrum).
We thank Prafulla Aryal and Wanling Song for insightful discussion.

19. A. L. Duncan, J. J. Ruprecht, E. R. S. Kunji, A. J. Robinson, Cardiolipin dynamics and
binding to conserved residues in the mitochondrial ADP/ATP carrier. Biochim. Biophys.
Acta Biomembr. 1860, 1035-1045 (2018).

20. C. Arnarez, S. J. Marrink, X. Periole, Identification of cardiolipin binding sites on cy-
tochrome c oxidase at the entrance of proton channels. Sci. Rep. 3, 1263 (2013).

21. C. Arnarez, J. P. Mazat, J. Elezgaray, S. J. Marrink, X. Periole, Evidence for cardiolipin
binding sites on the membrane-exposed surface of the cytochrome bc1. J. Am. Chem.
Soc. 135, 3112-3120 (2013).

22. Q. Wang et al., Lipid interactions of a ciliary membrane TRP channel: Simulation and
structural studies of polycystin-2. Structure 28, 169-184.e5 (2020).

23. K. Gupta et al., The role of interfacial lipids in stabilizing membrane protein oligo-
mers. Nature 541, 421-424 (2017).

24. R. A. Corey et al., Specific cardiolipin-SecY interactions are required for proton-motive
force stimulation of protein secretion. Proc. Natl. Acad. Sci. U.S.A. 115, 7967-7972
(2018).

25. S. Fortunato, Community detection in graphs. Phys. Rep. 486, 75-174 (2010).

26. N. Barbera, M. A. A. Ayee, B. S. Akpa, |I. Levitan, Molecular dynamics simulations of
Kir2.2 interactions with an ensemble of cholesterol molecules. Biophys. J. 115, 1264—
1280 (2018).

27. A. Rosenhouse-Dantsker, S. Noskov, S. Durdagi, D. E. Logothetis, I. Levitan, Identifi-
cation of novel cholesterol-binding regions in Kir2 channels. J. Biol. Chem. 288,
31154-31164 (2013).

28. O. Farst, C. G. Nichols, G. Lamoureux, N. D'Avanzo, |dentification of a cholesterol-
binding pocket in inward rectifier K(*) (Kir) channels. Biophys. J. 107, 2786-2796
(2014).

29. N. D’Avanzo, W. W. L. Cheng, D. A. Doyle, C. G. Nichols, Direct and specific activation
of human inward rectifier K* channels by membrane phosphatidylinositol 4,5-
bisphosphate. J. Biol. Chem. 285, 37129-37132 (2010).

30. S. B. Hansen, Lipid agonism: The PIP2 paradigm of ligand-gated ion channels. Biochim.
Biophys. Acta 1851, 620-628 (2015).

31. E. Lacin et al., Dynamic role of the tether helix in PIP,-dependent gating of a G
protein-gated potassium channel. J. Gen. Physiol. 149, 799-811 (2017).

32. O. Furst, B. Mondou, N. D'Avanzo, Phosphoinositide regulation of inward rectifier
potassium (Kir) channels. Front. Physiol. 4, 404 (2014).

33. S. B. Hansen, X. Tao, R. MacKinnon, Structural basis of PIP, activation of the classical
inward rectifier K* channel Kir2.2. Nature 477, 495-498 (2011).

34. W. W. L. Cheng, N. D'Avanzo, D. A. Doyle, C. G. Nichols, Dual-mode phospholipid
regulation of human inward rectifying potassium channels. Biophys. J. 100, 620-628
(2011).

35. S.-J. Lee et al., Secondary anionic phospholipid binding site and gating mechanism in
Kir2.1 inward rectifier channels. Nature Comms. 4, 2786 (2013).

36. S. J. Lee et al., Structural basis of control of inward rectifier Kir2 channel gating by
bulk anionic phospholipids. J. Gen. Physiol. 148, 227-237 (2016).

Duncan et al.


https://github.com/taynaud/python-louvain
https://github.com/taynaud/python-louvain
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918387117/-/DCSupplemental
http://www.gnuplot.info/
https://zenodo.org/record/3634884#.XjiLOOunzOR
https://github.com/annaduncan/Kir_scripts
https://www.pnas.org/cgi/doi/10.1073/pnas.1918387117

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

. N. D’Avanzo, K. Hyrc, D. Enkvetchakul, D. F. Covey, C. G. Nichols, Enantioselective
protein-sterol interactions mediate regulation of both prokaryotic and eukaryotic
inward rectifier K* channels by cholesterol. PLoS One 6, €19393 (2011).

D. K. Singh, A. Rosenhouse-Dantsker, C. G. Nichols, D. Enkvetchakul, I. Levitan, Direct
regulation of prokaryotic Kir channel by cholesterol. J. Biol. Chem. 284, 30727-30736
(2009).

D. K. Singh, T. P. Shentu, D. Enkvetchakul, I. Levitan, Cholesterol regulates prokaryotic
Kir channel by direct binding to channel protein. Biochim. Biophys. Acta 1808, 2527-
2533 (2011).

A. Rosenhouse-Dantsker, D. E. Logothetis, I. Levitan, Cholesterol sensitivity of KIR2.1
is controlled by a belt of residues around the cytosolic pore. Biophys. J. 100, 381-389
(2011).

A. Rosenhouse-Dantsker et al., Distant cytosolic residues mediate a two-way molec-
ular switch that controls the modulation of inwardly rectifying potassium (Kir)
channels by cholesterol and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P(;)). J. Biol.
Chem. 287, 40266-40278 (2012).

A. Rosenhouse-Dantsker, S. Noskov, D. E. Logothetis, I. Levitan, Cholesterol sensitivity
of KIR2.1 depends on functional inter-links between the N and C termini. Channels
(Austin) 7, 303-312 (2013).

I. Levitan, D. K. Singh, A. Rosenhouse-Dantsker, Cholesterol binding to ion channels.
Front. Physiol. 5, 65 (2014).

A. Rosenhouse-Dantsker, Y. Epshtein, I. Levitan, Interplay between lipid modulators
of Kir2 channels: Cholesterol and PIP,. Comput. Struct. Biotechnol. J. 11, 131-137
(2014).

A. L. Duncan et al., Protein crowding and lipid complexity influence the nanoscale
dynamic organization of ion channels in cell membranes. Sci. Rep. 7, 16647 (2017).
R. A. Corey, O. N. Vickery, M. S. P. Sansom, P. J. Stansfeld, Insights into membrane
protein-lipid interactions from free energy calculations. J. Chem. Theory Comput. 15,
5727-5736 (2019).

A.S. B. Olsen, N. J. Feergeman, Sphingolipids: Membrane microdomains in brain de-
velopment, function and neurological diseases. Open Biol. 7, 170069 (2017).

S. Dadsena et al., Ceramides bind VDAC2 to trigger mitochondrial apoptosis. Nature
Comms. 10, 1832 (2019).

G.van Meer, A. . P. M. de Kroon, Lipid map of the mammalian cell. J. Cell Sci. 124, 5-8
(2011).

E.-M. Zangerl-Pless| et al., Atomistic basis of opening and conduction in mammalian
inward rectifier potassium (Kir2.2) channels. J. Gen. Physiol. 152, €201912422 (2019).
J. Michalowsky, L. V. Schéfer, C. Holm, J. Smiatek, A refined polarizable water model
for the coarse-grained MARTINI force field with long-range electrostatic interactions.
J. Chem. Phys. 146, 054501 (2017).

G. van den Bogaart et al., Membrane protein sequestering by ionic protein-lipid in-
teractions. Nature 479, 552-555 (2011).

E. Sezgin, S. J. Davis, C. Eggeling, Membrane nanoclusters-tails of the unexpected. Cel/
161, 433-434 (2015).

V. G. Romanenko et al., Cholesterol sensitivity and lipid raft targeting of Kir2.1
channels. Biophys. J. 87, 3850-3861 (2004).

0. Kimchi, S. L. Veatch, B. B. Machta, lon channels can be allosterically regulated by
membrane domains near a de-mixing critical point. J. Gen. Physiol. 150, 1769-1777
(2018).

Duncan et al.

vl

6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

. X. Periole, M. Cavalli, S. J. Marrink, M. A. Ceruso, Combining an elastic network with a
coarse-grained molecular force field: Structure, dynamics, and intermolecular recog-
nition. J. Chem. Theory Comput. 5, 2531-2543 (2009).

P. J. Stansfeld, M. S. P. Sansom, From coarse grained to atomistic: A serial multiscale
approach to membrane protein simulations. J. Chem. Theory Comput. 7, 1157-1166
(2011).

H. Koldse, D. Shorthouse, J. Hélie, M. S. P. Sansom, Lipid clustering correlates with
membrane curvature as revealed by molecular simulations of complex lipid bilayers.
PLoS Comput. Biol. 10, €1003911 (2014).

G. van Meer, D. R. Voelker, G. W. Feigenson, Membrane lipids: Where they are and
how they behave. Nat. Rev. Mol. Cell Biol. 9, 112-124 (2008).

U. Coskun, K. Simons, Cell membranes: The lipid perspective. Structure 19, 1543-1548
(2011).

H. Koldsg, M. S. P. Sansom, Organization and dynamics of receptor proteins in a
plasma membrane. J. Am. Chem. Soc. 137, 14694-14704 (2015).

H. J. C. Berendsen et al., Molecular dynamics with coupling to an external bath. J.
Chem. Phys. 81, 3684-3690 (1984).

B. Hess, H. Bekker, H. J. C. Berendsen, J. G. E. M. Fraaije, LINCS: A linear constraint
solver for molecular simulations. J. Comput. Chem. 18, 1463-1472 (1997).

T. A. Wassenaar, H. I. Ingolfsson, R. A. Bockmann, D. P. Tieleman, S. J. Marrink,
Computational lipidomics with insane: A versatile tool for generating custom mem-
branes for molecular simulations. J. Chem. Theory Comput. 11, 2144-2155 (2015).

P. V. Klimovich, M. R. Shirts, D. L. Mobley, Guidelines for the analysis of free energy
calculations. J. Comput. Aided Mol. Des. 29, 397-411 (2015).

S. van der Walt, S. C. Colbert, G. Varoquaux, The NumPy array: A structure for effi-
cient numerical computation. Comput. Sci. Eng. 13, 22-30 (2011).

N. Michaud-Agrawal, E. J. Denning, T. B. Woolf, O. Beckstein, MDAnalysis: A toolkit
for the analysis of molecular dynamics simulations. J. Comput. Chem. 32, 2319-2327
(2011).

R. J. Gowers et al., “MDAnalysis: A python package for the rapid analysis of molecular
dynamics simulations” in Proceedings of the 15th Python in Science Conference (SciPy
2016), S. Benthall, S. Rostrup, Eds. (2016), pp. 102-109.

A. Hagberg, D. Schult, P. Swart, “Exploring network structure, dynamics, and function
using NetworkX" in Proceedings of the 7th Python in Science conference (SciPy 2008),
G. Varoquaux, T. Vaught, J. Millman, Eds. (2008), pp. 11-15.

V. D. Blondel, J. L. Guillaume, R. Lambiotte, E. Lefebvre, Fast unfolding of commu-
nities in large networks. J. Stat. Mech. Theory and Experiment., 2008, 10008 (2008).
A. E. Garcia, L. Stiller, Computation of the mean residence time of water in the hy-
dration shells of biomolecules. J. Comput. Chem. 14, 1396-1406 (1993).

C. Rocchi, A. R. Bizzarri, S. Cannistraro, Water dynamical anomalies evidenced by
molecular-dynamics simulations at the solvent-protein interface. Phys. Rev. E 57,
3315-3325 (1998).

E. Rouviere, C. Arnarez, L. Yang, E. Lyman, Identification of two new cholesterol in-
teraction sites on the A2A adenosine receptor. Biophys. J. 113, 2415-2424 (2017).

G. Hedger et al., Cholesterol interaction sites on the transmembrane domain of the
hedgehog signal transducer and Class F G protein-coupled receptor Smoothened.
Structure 27, 549-559.e2 (2019).

J. D. Hunter, Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9, 90-95
(2007).

W. Humphrey, A. Dalke, K. Schulten, VMD: Visual molecular dynamics. J. Mol. Graph.
14, 33-38, 27-28 (1996).

PNAS | April 7,2020 | vol. 117 | no. 14 | 7813

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY



