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ABSTRACT Transient Receptor Potential subfamily V4 (TRPV4) is a nonselective cation channel that plays important roles in
thermo-sensing, osmoregulation, nociception, and bone homeostasis. The activities of TRV4 channels are known to be regu-
lated by phosphatidylinositol 4,5-bisphosphate (PIP2), even though its molecular basis remains poorly understood at present.
Existing studies reveal great uncertainty or even controversy on the binding sites as well as functional effects of PIP2 on
TRPV4. Analysis of available cryo-EM structures suggests that the previously proposed sites on the N-terminal domain and
the ankyrin repeat domain are too distal from the membrane interface and thus unlikely to be the primary sites for PIP2 regu-
lation. Instead, we have identified two possible PIP2 binding sites near the cytosolic membrane interface using structural anal-
ysis and molecular docking. Atomistic simulations and free energy analysis reveal that these two sites belong to a single broad
binding groove, where PIP2 binding is dynamic and can sample multiple configurations of interactions with positively charged
side chains within the groove. These local free energy minima are separated by small free energy barriers and offer ~4 kcal/
mol stability with respect to the membrane bulk. Furthermore, dynamic network analysis suggests that PIP2 binding in the pre-
dicted groove can modulate the dynamic coupling between various domains of TRPV4, potentially priming the channel for re-
sponding to various stimuli. Together, these results provide important new insights on the possible molecular basis of PIP2
binding and regulation of TRPV4 activities.

SIGNIFICANCE PIP2 is a major regulatory lipid for many ion channels including the TRPV4 protein. There exists
significant controversy in the binding site and effects of PIP2. In this work, structural analysis, docking, and atomistic
simulations were combined to identify a single positively charged groove at the intracellular interface of TRPV4 that may be
directly responsible for PIP2 binding. Atomistic simulations and free analysis suggest that binding of PIP2 is highly
dynamic. Even though PIP2 binding does not induce a significant structural response, it can significantly enhance the
dynamic coupling of various domains of TRPV4, potentially priming the protein to respond to various stimuli. These results
provide important new insights on the possible molecular basis of PIP2 regulation of TRPV4.

INTRODUCTION within the surrounding membrane environment significantly
influence ion channel function, playing crucial roles in protein
oligomerization, assembly, and the modulation of the confor-
mational energy landscape (6-8). Regulatory lipids such
as phosphoinositides (PIPs), eicosanoids, and cholesterols
have been shown to be involved in regulation of all major fam-
ilies of ion channels (9—11). Among them, phosphatidylinosi-
tol 4,5-bisphosphate (PIP2) is widely regarded as the most
important one (9,12). It is a negatively charged lipid and is
distributed preferentially in the cytoplasmic leaflet of the
plasma membrane. Essentially all ion channels are affected
by PIP2, including many potassium channels, voltage-gated
sodium channels, calcium channels, and the transient receptor

Ion channels are pore-forming integrated membrane proteins
that are of great physiological importance (1). They respond
to a myriad of cellular factors including membrane electric
potential and binding of ligands and ions to control ion perme-
ation across membranes and downstream signaling pathways
(2-4). A thorough understanding of the molecular mecha-
nisms underlying ion channel regulation is paramount for de-
ciphering their roles in both normal and disease states and
ultimately translating this knowledge into effective therapeu-
tic interventions for channelopathies (5). Importantly, lipids
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all TRP channels are regulated by PIP2 (14,18). However,
the functional effects of PIP2 regulation can vary drastically
across TRP subfamilies and among different subfamily
members (14), suggesting divergence in the underlying reg-
ulatory mechanisms. For example, within the TRPV sub-
family, one of the most characterized TRP subfamilies,
PIP2 has been shown to induce the activation of TRPV2
(19), TRPVS5 (20,21), and TRPV6 (22-24), whereas it
shows inhibitory effects for TRPV3 (25). Intriguingly, for
TRPV4, an important TRPV member for sensing tempera-
ture, osmolarity, and mechanical force, PIP2 has been found
to act as a coactivator for thermo-activation in single chan-
nel recording (26), whereas it was found to suppress TRPV4
channel activity in the whole-cell patch-clamp experiments
(27) and in capillary endothelial cells (28). It is not clear
how one may reconcile these contradictory observations,
even though important differences do exist among the
experimental approaches (e.g., whole-cell patch-clamp vs.
excised inside-out patch-clamp and different cell types).
Furthermore, two different PIP2 binding sites have been
proposed for TRPV4, on the disordered N-terminal tail
(K121RWRK55) and the ankyrin repeat domains (ARDs),
respectively (26,27) (also see Fig. S1). Mutagenesis experi-
ments did support a role of these putative sites in PIP2 regu-
lation of TRPV4 (26,27). Yet, there exists substantial
ambiguity in whether the observed functional effects are
directly or indirectly related to PIP2 binding and regulation.

Existing structures of ion channels in complex with PIP2
have consistently identified intracellular membrane-facing
grooves lined with positively charged residues as the bind-
ing sites (29-32). As illustrated in Fig. S2, the very first
two cryo-EM structures of PIP2-bound potassium channels,
Kir2.2 and Kir3.2, share a similar binding mode where PIP2
makes contacts with a cluster of positively charged residues
located near the channel-inner membrane leaflet interface
(29,30). Cryo-EM structures of PIP2-bound TRP members
TRPMS8 and TRPVS5 also reveal a very similar mode of
PIP2 binding (31,32). Furthermore, structural inspections
(33,34) and in silico studies of TRPV1 (35-37) all consis-
tently identified PIP2 binding to a positively charged groove
near the intracellular membrane interface. With recent
determination of high-resolution structures of TRPV4
(38-40), we now have a solid structural foundation for care-
ful assessment of the previous proposed PIP2 binding sites
and identification of other possible sites that may be more
consistent with the established mode of PIP2 binding. Our
analysis demonstrates that neither of the two previously pro-
posed binding sites is close enough to the intracellular mem-
brane interface to be a viable site for direct PIP2 binding and
regulation. Instead, structural analysis followed by molecu-
lar docking identified two possible binding sites at the pro-
tein-inner leaflet membrane interfacial groove. We then
performed free energy analysis to evaluate the binding affin-
ity as well as relative importance of these two potential PIP2
binding sites, followed by molecular dynamics (MD) simu-
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lations to examine how PIP2 binding may affect the struc-
ture and dynamics of the TRPV4 protein. Together, our
computational analysis provides important new insights
into the molecular basis of PIP2 regulation of TRPV4
channels.

MATERIALS AND METHODS

Electrostatic potential surface calculation

The cryo-EM structures of hTRPV4 (38), in the apo (PDB: 8FC9), agonist-
bound (PDB: 8FC9), and antagonist-bound states (PDB: 8FC7), were first
processed using the PDB reader from the CHARMM-GUI web server
(41) where all missing sidechains were constructed. The APBS tool in
the PyMol software was then used to calculate the surface electrostatic po-
tentials (42). All calculation parameters were set to be the default values
with the potential range to be —5 to +5 K,T/e., with O being the neutral
electric potential.

N-terminal tail modeling and pulling simulation

To evaluate the ability of the K;,;RWRK|,5 segment in the N-terminus as
the PIP2 binding site (26), we first built the N-terminus tail (residues 120—
145) that is absent in the hTRPV4 cryo-EM structure (PDB: 8FC7) using
CHARMM (43). After short minimization and equilibration steps, a dis-
tance restraint from the MMFP module of CHARMM was applied to pull
the z-position of the center of mass (COM) of the K;»,;RWRK,s segment
to that of W737, which is the membrane-anchoring residue on the TRP he-
lix and which marks the location of the intracellular membrane interface, as
illustrated in Fig. S1. After the pulling phase, we removed the pulling
MMEFP potential and replaced it with a new distance restraint to restrain
the z-distance of the middle residue W123 Ca atoms and the COM of
W737 at 0 A. The system was then run for 400 ps with a dielectric constant
of 80. The MMFP distance restraint energy during the “holding” stage
was extracted as an estimation of the energy cost of extending the
Ki2:RWRK5 segment to reach the inner leaflet surface (Fig. S2).

Molecular docking

AutoDock4.2.6 and AutoDockTools were used for the molecular docking of
PIP2 to potential binding sites on hTRPV4 (44-46). The cryo-EM structure
of the antagonist-bound closed state of hTRPV4-RhoA (PDB: 8FC7) was
used, because this structure has a better resolution of 3.30 A and contains
more resolved loops between transmembrane helices than the apo state
structure (38). The original PDB file was preprocessed to remove other
components (ions, lipids, and others) and only keep the protein components
for the docking. Due to the C4 symmetry of the channel, only one protomer-
membrane groove interface was set up as the search grid box. The atomic
partial charges for the protein and ligand were processed using the Kollman
charges and Gastegier charges, respectively (44). The genetic algorithm
was used for pose searching during the docking (47,48). We chose to use
the PIP2 (1-palmitoyl2-oleoyl-sn-glycero-phosphoinositide 4,5-bisphos-
phate), which has been previously parameterized to model the PIP2 ligand
(49). The flexibility of the PIP2 ligand was set to only allow the following
bonds rotatable: bonds connecting the hydroxyl groups and phosphate
groups to the inositol ring, the glycerol backbone, and the C-C bonds in
the last six carbons of the two tails. In total, 1000 docking trials were per-
formed, and all poses were clustered using the K-means nearest neighbor
algorithm (50) based on the COM locations of the PIP2 headgroups. Poses
with the lowest binding free energies reported by the Autodock scoring
function (51) from the four largest clusters were extracted as representative
binding configurations. Based on their locations on the lipid leaflet, chem-
ical environment, and also intuitions from previous reported cryo-EM
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FIGURE 1

PIP2 regulation of TRPV4

Potential PIP2-binding sites of h"TRPV4. (A) Electrostatic potential surfaces of the apo, closed, and open structures of the hTRPV4 ion channel.

The electrostatic potential is plot in the range of —5 to 5 K, T/e. with 0 being the neutral. (B) COM of the PIP2 headgroup from 1000 independent docking
trials (dot clouds) and the four cluster centers from the K-means clustering (blue, red, green, and orange spheres). Inset shows a zoom-in view of the cluster
centers. Blue dashed lines mark the location of membrane interfaces. Key domains, such as ankyrin repeats domain (ARD), voltage-sensing-domain-like
domain (VSLD), and pore domain (PD), and key helices (S5, S6, and the TRP helix) are labeled. (C) Representative PIP2 binding poses from the green
(site-1) and blue clusters (site-2). Two front protomers are shown using salmon and orange cartoons, whereas protomers in the back are shown as transparent
cartoons. Positively charged residues within these sites are shown as blue sticks. The PIP2 molecules are shown in sticks with C, O, and P atoms colored with

cyan, red, and yellow, respectively.

structures of ion channel-PIP2 complexes, only two sites were further inves-
tigated (see Fig. 1 and discussions in results).

Atomistic MD simulations

Given the selected docked poses with PIP2 bound to site-1 and site-2
(Fig. 1), initial structures with four PIP2s bound to all four pockets were
created using the C4 symmetry operation. In addition, the unbound
TRPV4 structure (the apo state) was derived from the closed-state hTRPV4
structure (PDB: 8FC7) after removing the bound ligands. These three initial

structures were solvated with 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC) lipid bilayer and TIP3P water molecules using the CHARMM-
GUI web server (41,52,53). Counter ions were added to neutralize the total
charge, and 150 mM KCI was then added. The final simulation systems
contain about 282,000 atoms with a dimension of 140 x 140 x 140 A3,
The CHARMM36m protein and CHARMM36 lipid force fields were
used to describe the systems (including PIP2) (54,55). All atomistic MD
simulations were performed using the GPU-accelerated GROMACS 2019
(56,57). A cutoff of 12 A was used for nonbonded force calculation with
a smooth switching function starting at 10 A. The Particle Mesh Ewald al-
gorithm was used to calculate the electrostatic interactions (58). The
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SHAKE algorithm was used to constrain all hydrogen-involved chemical
bonds (59) such that an integration step of 2 femtoseconds could be used.

To equilibrate the systems, 5000 steps of energy minimization were first
performed, followed by a series of equilibration cycles where the heavy
atoms of the protein and lipids (including both POPC and PIP2) were
harmonically restrained with the force constant gradually reducing from
10 t0 0.1 keal/mol/A2, The systems were maintained at 298 K using the Be-
rendsen thermostat (60), and all equilibration steps were performed under
the NVT condition (constant particle number, constant volume, and con-
stant temperature). For the production runs, all systems were performed un-
der the NPT condition (constant particle number, constant pressure, and
constant temperature) with the Nose-Hoover thermostat (61,62) and
Parrinello-Rahman barostat (63). The temperature was set to 298 K; the
pressure was 1 bar, imposed independently along z-axis and the x-y plane.
The long missing loops between the S5 transmembrane (TM) helix and the
pore-lining S6 helix (residues 639-661) were not modeled. Instead, we
applied harmonical positional restraints on C, atoms of residues 638 and
662 with a force constant of 1 kcal/mol/A2. For production, we performed
three parallel 600-ns simulations of all three systems (numbered as sim#1,
sim#2, and sim#3). Snapshots were saved every 50 ps.

For simulating the two additional local minima configurations of PIP2
binding captured during free energy calculations between site-1 and
site-2, the initial configurations corresponding to these two minima (dis-
tances to site-2 are ~3 and 5 A) were extracted from the umbrella sampling
trajectories (see below) and then used to initiate two replicas of unrestrained
simulations of 300 ns in length using the same simulation setup as detailed
above.

Umbrella sampling for relative free energy of PIP2
binding

Umbrella sampling (64) was used to calculate the potential of mean force
(PMF) profiles of moving the bound PIP2 molecule from one binding site
to the other (i.e., from site-1 to site-2 and from site-2 to site-1). The initial
configurations of the two binding sites were obtained directly from the
equilibrated configurations after the equilibration steps described above.
In either moving direction, the COM of the PIP2 headgroup, which includes
the inositol ring and phosphate groups, was restrained using harmonic dis-
tance restraint potentials with a force constant of 2 or 4 keal/mol/A2, using
the COM of the PIP2 headgroup in the target (final) binding site as the refer-
ence. A series of umbrella windows were simulated sequentially with dis-
tances being decreased by 2 A per window. Each window was sampled
for 50 ns, and the other simulation parameters or conditions were the
same for all windows as the production simulations described above. The
initial 5 ns of sampling of each window was removed, and only the remain-
ing 45 ns of sampling was included in the weighted histogram analysis
method (WHAM) (65) to derived the PMFs. Uncertainty of the calculated
PMF profiles was evaluated using the differences between the first and sec-
ond halves of the 45-ns sampling of all windows. Note that the distance re-
straints used in umbrella sampling simulations do not constrain the PIP2
molecule to move along any preset path, allowing better exploration of
physically relevant states. By calculating the PMF from both directions, im-
pacts of variability in the pulling paths on the convergence can be rigor-
ously assessed.

Similar umbrella sampling protocol was used to calculate the PMF pro-
file of PIP2 binding to site-1 with respect to the membrane bulk. For this, a
steered MD simulation was first performed to generate the initial configu-
rations with the COM of the PIP2 headgroup increasing from O (bound to
site-1) to 30 A (membrane bulk), along a directional vector defined by
the COMs of TM helices and PIP2 headgroup bound in site-1. Umbrella
sampling simulations were then performed for windows at separation dis-
tances increased by 2 A per window. The sampling time was 50 ns each,
and the distance restraint potential force constant was 2 kcal/mol. Addi-
tional windows at distances of 2.5 A, 8 &, 13.5 A, and 22 A were added
with a higher force constant (4 kcal/mol) to ensure sufficient overlapping
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with their neighboring windows. The first 10 ns of the sampling data was
removed to account for equilibration, whereas the rest was used to obtain
the final PMF profile using WHAM. Uncertainty and convergence were
evaluated using the block average method as mentioned above.

Structural and dynamic coupling analysis

All trajectories were aligned using the TM region (helix S1-S6) of hTRPV4
with respect to the equilibrated structure before further analysis. Root
mean-squared deviations (RMSDs), root mean-squared fluctuations
(RMSFs), and the COMs of the PIP2 headgroup were calculated using
MDAnalysis (66). The contacting residues in trajectories were calculated
by the GetContacts tool (https://getcontacts.github.io/). We used CHAP
for pore radius calculation using only the 100- to 600-ns part of trajectories
(67). Dynamic network analysis was performed using VMD (68) to deter-
mine dynamic coupling communities. The dynamic network analysis only
included the 100- to 600-ns part of production trajectories. Trajectories
from three parallel simulations were analyzed independently. To build the
network, each amino acid was represented as a single node at the C, posi-
tion, and a contact (edge) was defined between two nodes if the minimal
heavy-atom distance between residues was within a cutoff distance
45 A) during at least 75% of the trajectory. The resulting contact matrix
was weighted based on the covariance of dynamic fluctuation (Cj;) calcu-
lated from the same MD trajectory as wy; = —log(|Cj). Contacts bridged
by bound PIP2 were added to the network if two residues were both in con-
tact with PIP2 for 50% of the simulation time. Communities calculated
from the VMD dynamic network analysis of three parallel runs of each sys-
tem were then grouped together based on their shared structural elements
(Table S1).

RESULTS

Assessment and identification of possible PIP2
binding sites of hTRPV4

Two PIP2 binding sites have been previously proposed, the
first one involving the N-terminal positively charged patch
(K121RWRK,5) (26) and the second one located at ankyrin
repeat 4-5 fingers from ARD (27) (Fig. S1). Note that both
sites were proposed before high-resolution structures
became available first in 2018 (40). Given the latest Cryo-
EM hTRPV4 structures (38,39), we first evaluate whether
these two binding sites are physically close to potentially
interact with PIP2 molecules residing in the inner membrane
leaflet. The N-terminal loop is unresolved in the cryo-EM
density map, presumably due to its disordered nature. As
such, we first generated an extended conformation for the
missing tail spanning residues 120 to 145 (Fig. S1 A) and
then performed steered MD simulations to gently pull the
positively charged patch toward the estimated position of
the inner leaflet (see materials and methods). As shown by
Fig. S1 C, the result suggests that, even though the
K121RWRK,5 patch could in principle reach the intracel-
lular membrane interface, it requires the entirely disordered
segment to be essentially fully extended and is thus highly
unfavorable. For example, the restraint violation free energy
is near 10 kcal/mol in order to hold the K;,;RWRK,5 patch
near the interface (Fig. S1 C). As such, the observed
functional consequences of mutating or deleting patch
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K12 RWRK,5 is likely due to unknown indirect effects
(26). Interestingly, Goretzki et al. have proposed a model
where N-terminal patch binding to the membrane-bound
PIP2 molecules could exert a pulling force that could pro-
mote the activation of TRPV4 channel based on coarse-
grained simulations (69). Given the large force required
for driving the extension of the N-terminal tail, such a direct
mechanism involving patch K;,;RWRK;,5 remains to be
further validated. The second binding site, the ARD4-5
finger loops, is simply too distant (~40 A) from the mem-
brane interface to be capable of making any contacts with
PIP2 in the inner leaflet surface (Fig. S1 D). Interestingly,
the recently reported cryo-EM structures reveal that the
RhoA GTPase binds to the same ARD surface (38,39),
which should further prevent the ARD domain from
engaging the inner leaflet and participate in PIP2 binding
and regulation (Fig. S1 D).

Existing PIP2-bound ion channel structures consistently
show that PIP2 binds to positively charged grooves near
the interface of the inner leaflet (Fig. S2) (29-32). We
wonder if similar grooves exist in the hTRPV4 structure.
Intriguingly, there are four Arg and eight Lys residues clus-
tered near the intracellular membrane interface (Fig. S3).
Analysis of the electrostatic potential surfaces reveal a sin-
gle positively charged groove on the surface of hTRPV4
near the intracellular membrane interface in the apo,
agonist, and agonist-bound structures (Fig. 1 A). Such a
groove resembles others observed previously (Fig. S2),
strongly supporting the likelihood of binding negatively
charged PIP2. Therefore, we performed molecular docking
trials to predict possible PIP2 binding poses on this pro-
tein-inner leaflet interface (see materials and methods). Of
the 1000 docking trials, there are roughly four major binding
poses based on clustering of the locations of the COM of the
PIP2 headgroup (Fig. 1 B). Upon further inspection of the
cluster 1, it places the PIP2 headgroup into the unfavorable
hydrophobic interior of membrane, probably because the
Autodock scoring function does not consider constraints
from the membrane during docking simulations. Cluster 4
is the least populated cluster, with only 53 out of all docking
trails, and a closer check of all binding poses in this cluster
suggests the number of coordinating lysine residues is
generally fewer (usually from K536, K608, and K727)
and more scattered for PIP2 binding. We chose to rule out
those two clusters. The representative docked poses of
PIP2 from clusters 2 and 3, denoted as site-1 and site-2,
respectively, from here on, are shown in Fig. 1 C. Site-1 is
in the “central interprotomer” surface, and site-2 is in the
“preS1-TRP helix” surface. In both sites, the PIP2 head-
group is coordinated with four positively charged residues
(K608, K612, R616, and K730 for site-1; R460, K597,
K730, and K734 for site-2). Note that the binding mode
and locations of site-1 and site-2 are similar to the PIP2
binding sites found in the TRPVS5 and TRPMS ion channel,
respectively (31,32) (also see Fig. S2).

PIP2 regulation of TRPV4

PIP2 interacts dynamically with TRPV4 in both
site-1 and site-2

To further refine the interaction and evaluate the stability of
PIP2 binding, we performed three independent 600-ns unre-
strained atomistic MD simulations in explicit solvent for the
docked structures with PIP2 bound in site-1 and site-2 (See
materials and methods). Note that each simulation contains
four independent copies of the PIP2 binding site, and the to-
tal effective sampling time is 7.2 ps per site with three inde-
pendent simulations. We first characterized the stability of
PIP2 binding by examining the lateral movements of bound
PIP2 molecules, as reflected in the COM of the headgroup.
As shown in Fig. 2 A, all bound PIP2s stayed near the initial
locations derived from docking simulations and did not
diffusion too far away. The average x-y distance of
~1.0 A in site-1 and ~3.6 A in site-2 indicates that binding
to both sites provides significant stability. Examination of
the distributions of the distance between the PIP2 headgroup
and key contacting charged residues (Fig. S4 A and Video
S1) as well as the RMSD of the PIP2 headgroup from the
initial docked poses (Fig. S4 B and Video S2) reveals that
the bound PIP2 molecules stayed stable for the whole simu-
lation time after initial 30-ns relaxations from the docking
poses. Compared with the lateral diffusion of the POPC
molecules locating in similar positions as site-1 and site-2
from the apo system simulation (Fig. S5), PIP2 bound in
both site-1 and site-2 shows three times narrower averaged
diffusion area. The simulations also show that binding at
the central interprotomer interface (site-1) is slightly more
restrictive with narrower lateral diffusion areas compared
with binding at the pre-S1/TRP interface (site-2), suggesting
that binding to site-1 may be slightly more stable. This will
be further examined using free energy analysis in the
following section.

We further examined the PIP2-protein contacts in site-1
and site-2 from the unrestrained simulations to gain insights
of key interactions for PIP2 binding. Fig. 2 B summarizes
the frequencies of protein residues contacting the head-
group, glycerol backbone, and tails of PIP2. In general,
more contacting residues with larger contacting frequencies
to all parts of PIP2 were observed in site-1 than in site-2.
The PIP2 headgroup forms stable interactions with
four positively charged residues, of which three (K612,
R616, and K730) are also present in the docking result
(Fig. 1 B). Interestingly, K597, located between site-1 and
site-2 and originally only contacting PIP2 in site-2 docking
poses, readily repositioned its sidechain to form stable
interactions with the headgroup in PIP2 bound in site-1
with ~100% contacting frequency (Fig. 2 B). In compari-
son, PIP2 bound in site-2 has only two “anchoring” interac-
tions, with residues R460 and K597. Intriguingly, PIP2
can make far more extensive contacts through its glycerol
backbone with adjacent hydrophobic residues in site-1
than in site-2 (Fig. 2 B), which is likely a major contributing
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FIGURE 2 Dynamics and interactions of PIP2 in the two predicted binding sites of hTRPV4. (A) Lateral distributions of the COMs of the headgroups of
PIP2 bound in site-1 (the central interprotomer surface) and site-2 (the pre-S1/TRP helix interface). Only the VSLDs (orange) and the pore domain (green) of
hTRPV4 are shown in cartoon from the top. The blue square box marks the x-y range in the COM lateral distribution plots. Contours are drawn at 0.01, 0.04,
0.08, 0.12, and 0.2. (B) Residue contact frequencies calculated from combining all three equilibrium simulations of PIP2 bound in site-1 (top row) or site-2
(bottom row). PIP2 is divided into three parts: headgroup, glycerol backbone, and tail, shown by the left panel with C, O, and P colored with cyan, red, and
yellow, respectively. In the bar plots, only residues with PIP2 contact frequencies larger than 0.2 are shown. The bars are colored red (>0.6), dark blue (<0.6
and >0.3), and light blue (<0.3 and >0.2). Error bars are standard errors derived from contact statistics of individual pockets (in total 4 x 3 = 12 pockets from

three independent simulations).

factor of smaller lateral dynamics. In both sites, the
nonpolar tails can make extensive but relatively unstable in-
teractions with numerous hydrophobic residues above the
charged sites. Overall, contacts revealed through atomistic
simulations follow a similar pattern for PIP2 binding found
in the previous PIP2-bound ion channel structures (Fig. S2)
(29-32).

Both site-1 and site-2 have similar free energy
stability for PIP2 binding

To quantify relative importance (or stability) PIP2 binding
to site-1 and site-2, we calculated the PMF of PIP2 diffusion
between these two sites. For this, a sequential umbrella sam-
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pling procedure with distance restraints imposed to gradu-
ally pull the COM of the PIP2 headgroup from site-1 to
site-2 or from site-2 to site-1 in sampling windows was em-
ployed (Fig. 3 A; also see materials and methods). The
sequential umbrella sampling procedure was necessary to
allow adequate relaxation of the PIP2 tails as well as the sur-
rounding lipid packing in response to PIP2 headgroup trans-
location. As shown in Fig. S4, the histograms show good
overlaps throughout the sampling range. The resulting
PMF profiles, summarized in Fig. 3 B, seem well converged
and identify the two local minima that correspond to the two
binding sites with a distance separation of 7~9 A. The free
energy difference between the two sites is insignificant,
regardless of whether site-1 or site-2 was used as the starting
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FIGURE 3 Free energy of PIP2 binding to site-1 and site-2. (A) Schematic illustration of two sets of umbrella sampling simulations with PIP2 sequentially
pulled from one site to the other in both directions (green arrow: site-1 to site-2; blue arrow: site-2 to site-1). Only the pre-S1 helices and TM regions are
shown in the cartoon for clarity. The initial COM positions of site-1 and site-2 are drawn as the green and blue spheres, respectively. (B) Free energy profiles
of PIP2 translocation from site-1 to site-2 (top panel) and from site-2 to site-1 (bottom panel). (C) A top view of the cartoon representation of the transmem-
brane region of hTRPV4 (residue index: 450-750), illustrating the steered MD simulation for generating initial configurations of umbrella sampling (see
materials and methods). Surrounding POPC lipids are marked with yellow spheres (for the phosphate groups) and the bound PIP2 in site-1 is shown
with sticks. The initial headgroup COM locations for all umbrella sampling windows are shown as red spheres. (D) Free energy profile of PIP2 binding
to site-1 with respect to the membrane bulk. Error bars are standard deviations calculated from the first and second halves of umbrella samplings.

or final state. The PMF profiles also reveal that there are
only modest free energy barriers of 1-2 kcal/mol for PIP2
to diffuse between these two sites in both directions and
further identify additional local minima with similar stabil-
ities to site-1 and site-2 from docking simulations. We
further calculated the PMF of PIP2 binding to site-1 with
respect to the membrane bulk (Fig. 3 D). Note that the
PMF does not reach a stable plateau even up to 30 A from
the binding site, which apparently reflects the granulous na-
ture and slow diffusion dynamics of lipids and insufficient
sampling of lipid diffusion within 50 ns of umbrella sam-
pling. It has been shown that lipid diffusion is further slowed
down near the membrane protein surface, often with ~ps
residence time (70-72). Therefore, we anticipate that it
would require us ~ps sampling time per umbrella window
to eventually achieve a smooth PMF that flattens in the
bulk. Despite the limited convergence of the PMF, the result
suggests that binding to site-1 is approximately 3—4 kcal/
mol stable with respect to the membrane bulk. Such a stabil-
ity is generally consistent with the concentration of PIP2
(~50 pM) used in experiments (26).

There are several minima and barriers between site-1 and
site-2 corresponding to breaking and formation of salt
bridges (Videos S3 and S4). Representative snapshots corre-
sponding to the two middle local minima (d ~ 3 Aand5A)
of pulling from site-2 to site-1 (blue curve in Fig. 3) show
that phosphate groups of PIP2 in both locations form salt
bridges with R460 and K597 (Fig. S7 and Videos S3 and
S4). W463 providing polar contact in the first minimum
d~3 A) was lost in the second minimum (d ~ 5 A), but
a new salt bridge was formed with K612 (Fig. S7 and
Videos S3 and S4). As such, breaking old salt bridges can
quickly be compensated for by new salt bridges, resulting
in the modest free energy barriers and several local minima.
Indeed, when initiated from local minima observed in the
PMFs, spontaneous transitions were observed in two of
the four 300-ns trajectories (Fig. S8). The implication of
these observations is that the site-1 and site-2 together
may be classified as a broad PIP2 binding groove, where
PIP2 binds dynamically and can sample several states
with comparable stabilities. Multiple different PIP2 binding
sites have also been reported in the Kir2.1 channel, where
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dynamic PIP2 binding is suggested to regulate the channel
activity cooperatively (73). The breath of the site-1/site-2
groove also raises the possibility of more than one PIP2
binding simultaneously on hTRPV4 to cooperatively regu-
late hTRPV4 functions. Interestingly, in a recent cryo-EM
structure of ATP-sensitive potassium (Karp) channel, two
PIP2 molecules in the complex are found to bind to the
channel protein adjacently, where one PIP2 is the canonical
activation site, and another is proposed to play a regulatory
role (74).

PIP2 binding modulates dynamic coupling of
hTRPV4

To further understand the consequence of PIP2 binding on
TRPV4 structure and dynamics, we analyze structural and
dynamic properties among the apo, PIP2-bound state 1
(PIP2 binding in site-1), and PIP2-bound state 2 (PIP2 bind-
ing in site-2) states during the three independent 600-ns
equilibrium simulations (see materials and methods). As
shown in Fig. S9 A, all three systems exhibit stable
RMSD (~2 ;\) for the TM region throughout the simulation
timescale in all replicas. There appears to be minimal struc-
tural changes in response to PIP2 binding (Fig. S9 C).
Consistent with a lack of significant structural changes,
the pore radius profiles are very similar in all three states
(Fig. S10). Comparison of the residue RMSF profiles shows
that the cytosolic ARD domains have slightly bigger fluctu-
ations than the TM domain (Fig. S9 B), but there is little dif-
ference between apo and the two PIP2-bound states. Even
though the limited simulation timescale of 600 ns may not
be enough to sample PIP2-induced conformational changes,
the absence of direct response is probably not surprising
given the apparent dynamic nature of PIP2/hTRPV4 interac-
tions. Furthermore, a lack of direct PIP2-induced structural
response is also apparently consistent with the experimental
observations that PIP2 binding alone does not activate the
TRPV4 channel (26).

The proposed PIP2 binding groove locates at the interface
of two neighboring protomers and connects the TM domain
to the TRP helix, a critical interfacial bridging element
among voltage-sensing-domain-like domain (VSLD), pore
domain (PD), and the coupling domain and has been pro-
posed to play important roles in TRP channel gating and
activation (75). It is thus possible that PIIP2 binding, albeit
dynamic, could modulate dynamic coupling of the TRPV4
protein. For this, we constructed dynamic networks using
the covariance matrices derived from MD trajectories and
determined dynamic communities where the motions of res-
idues are more strongly coupled to one another than the rest
of the channel (see materials and methods). As illustrated in
Fig. 4 A, dynamic communities are frequently localized to
separate structural domains, such as individual VSLDs
and ARDs, but they can also involve structural elements
from different domains at the protomer or TM/ARD inter-
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faces. Notably, the pore communities usually involve struc-
tural elements from all four protomers (e.g., light purple
community in Fig. 4 A). Based on the general patterns
among all simulation trajectories, dynamic communities
of TRPV4 largely involve different combinations of a set
of common structural elements (Fig. 4 B; Tables S1-S3).
Each protomer could be roughly divided into ARD commu-
nities, TM communities (VSLD domain plus the S5-6 por-
e-forming helices), and coupling domain communities
(consisting of the region between ARD and the S1 helix,
plus the C-terminal domain after the TRP helix; colored in
orange in Fig. 4 B).

We then focused on analyzing on TRP helix-involved
communities from all trajectories of the apo, PIP2-bound
to site-1 and site-2 states. In total, nine out of 12 (4 x 3)
TRP helices from the three independent trajectories partici-
pate in dynamic communities as a whole helix, integrated
with either the VSLD (plus the S4-5 linker) or the coupling
domain in the apo state (the left panel in Fig. 4 C; Table S1).
This indicates the TRP helix, even though lying on the inter-
face between VSLD and the coupling domain, is insufficient
to couple the dynamics of those two domains. The VSLD
and the coupling domain are largely uncoupled in the apo
system. In contrast, when PIP2 is bound to either site-1 or
site-2, dynamic network analysis frequently “split” the
TRP helix into two halves (11 out of 12 in the PIP2-bound
to site-1 simulations and 10 out of 12 in the PIP2-bound to
site-2 state), as illustrated in Fig. 4 B. In these cases, the first
half TRP helix usually belongs in the same dynamic com-
munity with the VSLD domain and the S4-5 linker together,
whereas the second half TRP helix belongs to a separate
community with the coupling domain (and sometimes plus
the lower half of the S1 helix; see Tables S2 and S3). Since
the TRP segment remains a single helix structurally, the
implication is that the TM and cytosolic domains of
TRPV4 are more tightly coupled through the TRP helix
when PIP2 is bound to either site-1 or site-2. The enhanced
coupling could prime the channel to better transduce effects
of various stimuli such as heat or agonist binding to the PD
for activation of the channel.

We further examine the TM region to dissect the effects of
PIP2 binding to the pore and VSLD dynamic coupling. In
the apo state, there are four cases (out of 12) where the
VSLD domains do not couple with the neighboring pore-
forming helices S5-6 at all (Table S1), whereas only two
such cases were found when PIP2 is bound to site-1
(Table S2). Strikingly, all VSLD domains in PIP2-bound
to site-2 simulations are coupled with their neighboring
pore-forming S5-6 helices, through the S4-5 linker
(Table S3), as illustrated in the VSLD-PD communities in
the right panel of Fig. 4 D. On the other hand, we found
only localized “pore communities” in the apo state
(Table S1 and the left panel of Fig. 4 D), which are formed
by the S4-5 linker and the neighboring S5-6 helices (some-
time plus the TRP helix) and segregated from other
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FIGURE 4 Dynamic coupling of hTRPV4 in apo and PIP2-bound states. (A) Representative dynamic communities derived from analysis of sim#1 of the
apo state. (B) Structural elements frequently observed to form dynamic communities of the apo and PIP2-bound states (Tables S1-S3). (C) Representative
TRP helix involving communities in three states. The ARD, coupling domain, VSLD from one monomer, and neighboring S5, pore helix (PH), and S6
(labeled as nS5, nPH, and nS6) are shown using the same coloring scheme as in Fig. 4 A. Two communities containing the VSLD-PD and the coupling
domain are shown in blue and red meshes, respectively. PIP2 molecules are shown as sticks with transparent surfaces. (D) Representative localized pore
communities from the apo and PIP2 bound to site-1 states (green meshes) and two VSLD-PD communities from the PIP2-bound to site-2 state (blue and

red meshes).

domains, such as the VSLD and coupling domains. These
observations indicate that PIP2 binding promotes stronger
couplings between the PD and the surrounding VSLD do-
mains, potentially priming the channel activation in
response to external stimuli.

DISCUSSION

Membrane lipids shape the environment of ion channels and
contribute to their assembly, stability, and regulation in pro-
found ways. PIP2, in particular, has been shown to be a ma-

jor signaling lipid frequently involved in ion channel
regulation (9,13,14). For TRPV4 channels, existing studies
have suggested contradictory regulatory effects of PIP2
(26-28) and further identified multiple possible PIP2 bind-
ing sites in the cytosolic ARD domain and N-terminal tail
(26,27). Analysis based on recent cryo-EM structures
demonstrate that these sites are spatially distal from the
membrane and unlikely to be directly responsible for PIP2
binding and regulation. Instead, we show that a single posi-
tively charged groove exists on the TRPV4 surface near the
intracellular membrane interface, similar to previously
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reported PIP2 binding sites in bound structures of several
ion channels (13,30-32). Docking followed by atomistic
simulations further resolved two possible PIP2 binding, at
the “central interprotomer” (site-1) and “preS1-TRP helix”
(site-2) surfaces (Fig. 1). PIP2 binding in these sites is dy-
namic, where the negatively charged headgroup can ex-
change interactions with multiple positively charged side
chains. Free energy calculations revealed binding at site-1
and site-2 offers similar stability and identified additional
intermediate states with similar PIP2 binding affinities. As
such, the intracellular interface groove of TRPV4 should
be considered a single, broad PIP2 binding site, which could
potentially support binding of multiple PIP2 molecules. It
was further determined that the broad binding site provides
~4 kcal/mol stability relative to the membrane bulk.
Notably, the site-1 binding mode is similar to the previously
reported PIP2 binding in TRPVS (31), where basal concen-
tration PIP2 supports the constitutive opening of the chan-
nel. The site-2 binding is reminiscent of the PIP2 binding
in TRPMS, which can also be activated by PIP2 (32).
Further experiments such as mutagenesis and structural
studies will be required to validate and resolve the molecu-
lar basis of PIP2 regulation of TRPV4 channels.

To examine if the PIP2 coordinating residues are
conserved, we performed structure-based multisequence
alignment using current available high-resolution structures
of TRP channels that contain the TRP helix (see supporting
material; Table S4). PIP2-coordinating positively charged
residues identified in the groove of TRPV4 show different
levels of conservation: K608 and K734 are the most
conserved residues across all members except TRPAIL;
R464, K612, and R616 are mostly conserved within the
TRPV subfamily members; other sites such as R460,
K597, and K730 are not conserved. Therefore, site-1 is
conserved within the TRPV subfamily members, but site-2
is not. Nevertheless, the PIP2-binding motifs formed by
sequence-separated but structurally close residues usually
do not need to be conserved, which has been shown before
in a study of PIP2 regulation of the TRPMS& channel (32).
Considering PIP2 regulation effects on different TRP chan-
nels can vary substantially, TRP channels likely have
evolved to adopt different coordinating residues and
different PIP2 regulation mechanisms across families as
well as between members of the same subfamily.

Atomistic simulations in the current work did not reveal
any significant conformational changes in response to
PIP2 binding, which is consistent with the experimental
observation that PIP2 binding alone does not activate the
channel (26). However, dynamic network analysis revealed
significant impacts of PIP2 binding in the dynamic coupling
of the TRPV4 channel. PIP2 binding to either site-1 or site-2
enhances the dynamic coupling between the TM and cyto-
solic domains of TRPV4, potentially priming the channel
to respond to various stimuli. Furthermore, binding to the
“preS1-TRP helix” site (site-2) dramatically enhances the
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coupling between the VSLD and pore helices, which could
also facilitate the pore activation. It is possible that under
physiological conditions, PIP2 could bind to either site-1
or site-2 (or even both) depending on the cellular context
such as the presence of another agonist or antagonist. The
apparent complexity and plasticity of PIP2 binding may
also explain why there have been controversial observations
about whether PIP2 is inhibiting or activating in the
hTRPV4 channel (27,28,37). Further experiments are
required to further resolve these observations. Improved
understanding of the molecular basis of PIP2 regulation
in TRV4 channel function will pave the way for future
studies of TRPV4 regulation. For example, single-channel
recording has demonstrated that PIP2 binding and tempera-
ture together can activate hTRPV4 (26). Therefore, one
could perform long-timescale atomistic simulations of
TRPV4 at different temperatures in the PIP2-bound state
to directly probe the mechanism and process of thermal acti-
vation. Another future direction would be to include more
complex lipid environment in our simulation, such as PI
(3,4)P2, PI(3,4,5)P2, and cholesterols, to more faithfully
represent the real biologically relevant microenvironment
of TRPV4 and resolve dynamics from competitive binding
(27). Together with mutagenesis and functional studies,
these efforts could reveal the precise regulatory and activa-
tion mechanisms of the hTRPV4 channel.
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