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ABSTRACT: G protein-coupled receptors (GPCRs) are lipid-
dependent membrane receptors that serve as important cell signaling
hubs. Phosphoinositide (PIP) lipids represent an important class of
anionic lipids that play vital roles in neuronal function and signaling.
PIP lipids have been reported to modulate GPCR function, although
the specificity and molecular details of the interactions are still not
clear. An important GPCR in this context is the serotonin1A receptor,
a neurotransmitter GPCR, which has been reported to interact with
phosphatidylinositol 4-phosphate (PIP1) lipids. In this work, we
computationally analyzed the specificity of the serotonin1A receptor−
PIP lipid interactions using coarse-grain molecular dynamics
simulations. Our results predict that four anionic lipid sites are
present at the receptor surface, although the relative populations are
dependent on the lipid type. PIP1 lipids exhibit the highest interaction at a charged cleft formed by transmembrane helices VI and
VII. We observed electrostatic interactions at a cluster of charged residues (Arg341, Lys342, Lys345) and hydrophobic and aromatic
interactions at residue Ile349 and Tyr402. In contrast, phosphatidylinositol 4,5-bisphosphate (PIP2) and phosphatidylinositol 3,4,5-
trisphosphate (PIP3) lipids interact more with transmembrane helix IV. We observed that anionic phospholipids such as
phosphatidylserine (PS) interact at these sites, although their occupancy at these sites is much reduced. By elucidating the molecular
determinants of these interactions in silico, this study generates novel, testable hypotheses regarding the functional role of specific
lipid−receptor contacts. Our work constitutes an important step in analyzing molecular signatures of phosphoinositide lipid−GPCR
interactions in the overall context of diverse roles of phosphoinositides in neuronal function and signaling.
KEYWORDS: GPCR, serotonin1A receptor, MARTINI coarse-grain simulations, PIP lipids, anionic lipids, cholesterol

■ INTRODUCTION
G protein-coupled receptors (GPCRs) are a diverse family of
transmembrane receptors that play a critical role in cell
signaling and transducing extracellular signals into cellular
responses.1−3 These receptors are involved in various
physiological processes, including vision, smell, taste, neuro-
transmission, hormone secretion, and immune response. Due
to the critical role of GPCRs in cell signaling and their
involvement in a wide range of physiological processes, they
serve as major targets for novel drug development.4,5

Currently, ∼40% of drugs target GPCRs, making them one
of the most important classes of drug targets. All GPCRs have
a characteristic structural fold with seven transmembrane
helices (I−VII), connected by alternate loops at extracellular
(ECL1−3) and intracellular (ICL1−3) sides, together with the
N-terminal and C-terminal loops.3,6,7 In the canonical pathway,
the G-protein couples to the active state to facilitate
downstream signaling. A series of experimentally resolved
structures have shown that G-protein coupling occurs at the

intracellular side of transmembrane helices III, V, VI, and VII
at the membrane interface.8

Several GPCRs have been shown to be modulated by the
membrane environment, and specific receptor−lipid inter-
actions have been identified in some cases. In particular,
cholesterol has emerged as the primary lipid that plays a pivotal
role in modulating the function of several GPCRs.9−22 A large
number of GPCRs have been shown to bind cholesterol in
high-resolution experimental structures,23−26 as well as
dynamically interact with cholesterol in simulations.16,27−31

More recently, a larger repertoire of anionic phospholipids,
such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine
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(POPS) and phosphoinositides (PIPs), has been shown to
modulate GPCR function.32 Anionic phospholipids play an
important role in lipid−protein interactions and represent
∼15% of the total phospholipids in eukaryotic cell membranes
and are predominantly localized in the inner leaflet of the
plasma membrane.33 The most abundant anionic lipid is
phosphatidylserine (PS) lipids, accounting for ∼10% of the
total cellular lipid,34 whereas the PIP lipids make up ∼1−2% of
the overall phospholipid composition within the plasma
membrane.35 Despite their low abundance, anionic lipids
have been implicated in GPCR-G-protein coupling.36−38 For
example, charged lipids were shown to regulate G-protein
coupling to the receptor based on the local charge
distribution.39 Similarly, phosphatidylglycerol lipids were
reported to favor agonist binding and subsequently, facilitate
receptor activation.40 Specific binding sites for different
charged lipids have been identified in experimentally resolved
structures and simulations.37,41 PIP2 lipids have been
implicated in several GPCR-G-protein complexes, such as in
the β1-adrenergic receptor, to stabilize and increase the
specificity of G-protein coupling.36 In contrast, PIP1 lipids
have been resolved in an active-state structure of the
serotonin1A receptor42 and not reported in other GPCRs.
Interestingly, PIP lipids were shown to have interactions with
several GPCRs in a large-scale simulation study, although the
specificity of the different PIP lipids was not discerned.28

The serotonin1A receptor is an important neurotransmitter
receptor in the GPCR superfamily and is predominantly
localized in neuronal cells. It modulates a multitude of
neurological, behavioral, and cognitive functions22,43−47 and
is a prominent drug target for treating neuropsychiatric
disorders.48,49 It is one of the first receptors whose function
was shown to be modulated by the lipid environment around
it.9,10 In particular, cholesterol was shown to play an important
role in the function of the serotonin1A receptor, modulating
ligand binding, G-protein coupling, signaling, stability,
oligomerization, dynamics, and endocytosis.9−11,14−16,50−54

Various cholesterol binding sites and modes were characterized
for the serotonin1A receptor in the inactive state using
computational and bioinformatics approaches.55−57 Anionic
phospholipids have been shown to have competitive
interactions between themselves that can further modulate
the receptor−lipid interactions.58 Notably, a recent series of
serotonin1A-Gi structures

42 revealed a phospholipid, likely to
be PIP1, bound at the interface between the receptor and the
Gαi protein.59 The PIP1 molecule exhibits hydrophobic
interactions with transmembrane helices VI and VII and
helix 8 of the serotonin1A receptor, whereas its headgroup
inserts into a cavity formed by transmembrane helices III, VI,
and VII of the receptor as well as the α5 helix of Gαi. The
phosphate group of PIP1 forms key interactions with Arg134
of the receptor and Cys351 of Gαi, and the myo-inositol group

Figure 1. Schematic representation of the GPCR-G protein co-complex considered in the study. The active state of the serotonin1A receptor
(shown in light gray) is shown embedded in a complex lipid bilayer bound to the ligand serotonin (red) and Gαi protein (dark gray). The lipids are
shown in a surface representation and colored by type: POPC lipids are colored pink, POPE in purple, cholesterol in green, and the anionic lipids
in yellow (PIP1 in this case). A zoom-in to the bound ligand and the Gαi protein is shown in the right panel. The panels on the left represent the
membrane lipid composition in the extracellular leaflet and intracellular leaflets as a pie chart. The color coding is similar to the snapshot, such that
pink corresponds to the percentage of the POPC lipids, purple to POPE lipids, green to cholesterol, and yellow to the anionic lipid composition.
Only a single anionic lipid type was considered at a time.
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interacts with other receptor and Gαi residues. These
interactions suggest that PIP1 stabilizes the serotonin1A-Gi
complex, a hypothesis supported by enhanced GTP hydrolysis
in the presence of PIP1.42 PI and PIP2 also promote GTPase
activity but less effectively than PIP1. Other phospholipids,

such as PE and PC, have relatively small effects, highlighting
the specific role of PIP1 in enhancing the function of the
serotonin1A receptor. Mutations in key PIP1-binding residues
reduce G-protein activation, underscoring its role as a positive
allosteric modulator of the serotonin1A receptor. In addition to

Figure 2. Lipid interactions at the receptor transmembrane domains. Total occupancy at transmembrane helices I-VII is shown for lipids (a) PIP1,
(b) PIP2, (c) PIP3, and (d) POPS. (e) A heatmap of the maximum occupancy at transmembrane helices for each system. Each row represents a
specific anionic lipid (PIP1, PIP2, PIP3, and POPS) and the column represents transmembrane helices I−VII. See Methods section for more
details.
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PIP1, cholesterol molecules also stabilize this binding, with one
acyl chain of PIP1 positioned between two cholesterol
molecules,42 indicating a structural basis for the modulation
of serotonin1A receptor signaling by both cholesterol and
phospholipids.
In this work, we have computationally analyzed the

interactions of anionic lipids with the serotonin1A receptor
coupled to its cognate partner, the α subunit of the Gi protein.
We have considered three types of PIP lipids (PIP1, PIP2, and
PIP3 lipids) as well as POPS lipids to understand the origin of
the specificity of these interactions. Toward this goal, we have
carried out coarse-grain simulations of the receptor embedded
in multicomponent membranes to sample the lipid−receptor
interactions at a microsecond-long timescale. We identified
several anionic lipid binding sites that differ in their binding
modes and identified common features of anionic lipid
binding. This allowed us to highlight the important PIP1
lipid interactions at the G-protein interface. The current
computational study provides molecular insights into the lipid-
type-specific interactions at the serotonin1A receptor and
highlights the role of these functionally important lipids in
the functioning of this important neurotransmitter receptor,
suggesting a roadmap for future experimental validation.

■ RESULTS
To characterize the interactions and specific binding sites of
anionic lipids at the serotonin1A receptor, we performed
coarse-grain molecular dynamics simulations of the membrane-
embedded active receptor complex. Simulations were
performed of the co-complex of the receptor, ligand, and the
α-subunit of the Gi protein in membranes of POPC/POPE/
cholesterol with varying anionic lipids such as PIP1, PIP2,
PIP3, and POPS. A schematic representation of the system
setup is shown in Figure 1. During the simulations, we
observed that the receptor co-complex remains stable within
the membrane and diffuses in the membrane plane. We
analyzed the interactions of the co-complex with lipids from
the simulation trajectories, specifically focusing on the

common and differential features of receptor−lipid interactions
with different anionic lipids.
Increased PIP Lipid Interactions at the Receptor
Transmembrane Domain

To analyze the interactions between the anionic lipids and the
serotonin1A receptor, we calculated the occupancy of the lipids
at each transmembrane helix, as shown in Figure 2. Two
measures were considered: i.e., the total occupancy time that
represents the fraction of simulation time that a site remains in
contact with any lipid molecule and the maximum occupancy
time that represents the fraction of simulation time during
which the site is continuously in contact with a specific lipid
molecule. The bar plots in Figure 2(a−d) represent the total
occupancy for each anionic lipid at each transmembrane helix.
Overall, we observed that the lipids interact with all
transmembrane helices, although they exhibited helix-wise
and lipid-wise variations. The interactions of the PIP lipids
with the receptor were much higher relative to the POPS
lipids. At the highest sites, the PIP lipids were in contact with
the receptor for ∼80% (occupancy time >0.8) of the
simulation time, of the order of 40 μs. In contrast, the
occupancy of PS lipids was <0.4, corresponding to 20 μs.
Interestingly, all anionic lipids exhibited similar helix-wise
trends, indicating similarities in the binding modes, despite
different occupancy times. Higher total occupancy was
observed at transmembrane helices I, IV, V, VI, and VII for
all anionic lipids. The highest total occupancy for PIP1 and
PIP3 lipids was at transmembrane helix VI, whereas the highest
occupancy for PIP2 lipids was at transmembrane helix I. In
addition, PIP1 lipids exhibited higher occupancy at trans-
membrane helix V relative to transmembrane helix IV, whereas
PIP2 and PIP3 lipids have a higher occupancy at trans-
membrane helix IV compared to transmembrane helix V.
The maximum occupancy was calculated to investigate the

timescales over which the anionic lipid interactions were
observed (Figure 2e). In comparison to the total occupancy
values, the values of the maximum occupancy were lower
(<0.1), indicating that multiple binding/unbinding events were

Figure 3. Anionic lipid interactions with the serotonin1A receptor. (a) A 3D contour density representation of lipid density around the receptor and
(b) average density plots in the membrane plane (bottom view). The values are averaged over simulation time and replicate sets of the individual
lipid types. See Methods section for more details.
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sampled over the simulations. Comparatively higher maximum
occupancy was observed at transmembrane helices IV, V, and
VI for the PIP lipids, whereas the maximum occupancy of
POPS at all transmembrane helices was low. Importantly, we
observed that PIP1 lipids have the highest maximum
occupancy at transmembrane helix VI and primarily interact
with it as well as with transmembrane helices IV and V. In
contrast, the maximum occupancy of PIP2 lipids is the highest
at transmembrane helices IV and relatively low at trans-
membrane helices V and VI. PIP3 lipids were observed to
interact equally with transmembrane helices IV and VI, and
relatively low interaction was observed at transmembrane helix
V. The reduced values of maximum occupancy at trans-
membrane helix I, despite a relatively high total occupancy,
suggest that the lipids at that site are highly dynamic. Overall,
we observed that the PIP lipids have higher interactions with
the receptor than POPS lipids, and among them, PIP1 lipids
have maximum occupancy at transmembrane helix VI.
Spatial Density Mapping Reveals Promiscuity of PIP Lipid
Binding Sites

To map the anionic lipid interactions observed at the
transmembrane helices to putative binding sites, we calculated
the spatial density of the anionic lipids in the lower leaflet
(Figure 3). The density map was generated by averaging the
lipid population over the simulation time and all replicate sets,
and represents the average distribution of lipids in the
membrane. The values are shown as contour densities in
Figure 3a and averaged in the membrane plane in Figure 3b.
The high-density spots around the receptor in both plots
correspond to the main lipid interaction sites. All anionic
lipids, PIPs as well as POPS, were observed to interact with the
receptor at four distinct sites that we have termed S1−S4.
Notably, the overall distribution of PIP lipids around
transmembrane helices indicated that the interaction sites
were similar for all PIP lipids and POPS (Figure 3a). However,
upon averaging the high-density interaction sites, we observed
a much higher population density for PIP lipids and
significantly reduced population density for POPS (Figure
3b). The four sites discerned for PIP1 lipids correspond to S1
(transmembrane helices I and VII), S2 (transmembrane helices
VI and VII), S3 (transmembrane helix V), and S4 (trans-
membrane helix VI). The same four sites could be identified
for PIP2 lipids, although with a higher density at S4
(transmembrane helix IV) and much reduced density at S3
(transmembrane helix V). The densities at three of the sites
(S1, S2, and S3) were reduced for the PIP3 lipids, in particular
for the S2 site. We found that POPS lipids interacted at the
same sites but with a very low density at all sites (S1−S4). In
fact, these sites could not be discerned when we averaged over
the leaflets, but could be identified in the contour densities.
Taken together, these results indicate that the anionic lipids
could interact at similar interaction sites but with differential
specificities.
Residue Specificity of PIP Lipids: Role of Charged Residues

To characterize the lipid interaction sites at a molecular level,
we analyzed the residue-level contacts of the lipids with the
receptor at each of the sites mapped above. The residue-wise
occupancies for each PIP lipid type were calculated using a
dual cutoff, and the residues with the maximum values are
shown in Figure 4. The interactions with the headgroup were
found to be predominantly electrostatic in nature, and a large
number of charged lysine and arginine residues were identified.

Several of the interactions appeared to be common between
the three PIP lipids, although the values were lipid-dependent.
At the S1 binding site, the PIP lipids interact mainly at
transmembrane helix VI with a cluster of charged residues, i.e.,
Arg341, Lys342, and Lys345. A few hydrophobic and aromatic
interactions were observed at residues Ala338 and Ile349. At
site S2, the PIP lipids showed interactions with Phe411,
Lys412, Ile415, and Lys416. The site was rather dynamic, and
interactions were observed with transmembrane helix I
(Cys56) as well as with helix 8 and the C-terminal tail.
Similarly, interactions were observed at sites S3 and S4 with
residues Lys147, Arg151, Arg152, Ala155, Arg220, and Arg223.
Further, we mapped the residue scores to the residues, and

the representative binding poses at the different sites are shown
in Figure S2. As expected, the residues with the highest
interactions map well to the different sites, although due to the
high dynamics of the lipids, several adjacent locations were
observed as well. We compared the site S1 with the
experimentally resolved structures of the serotonin1A active-
state receptor (PDB ID: 7E2Y, 7E2X, 7E2Z42). A comparison

Figure 4. Residue-wise total lipid contact frequency (%) for the high
occupancy sites, considering a cutoff of 40%. The values for the PIP1,
PIP2, and PIP3 lipids are shown in orange, yellow, and green,
respectively. See Methods section for more details.
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of the site identified in the current study and the
experimentally resolved structure is shown in Figure S3. We
observed that binding site S1 closely resembles the mode of
the PIP1 lipid in the experimental structure with the same
residues. However, the deep burial of the lipid headgroup
moiety was not observed in the timescales of the simulations.
Notably, reproducing the experimentally resolved lipid binding
site in the coarse-grain simulations helps validate the
simulations, strengthening the accuracy of the results.
Site-Wise Residence Time of PIP Lipids Highlights
Specificity of PIP1 and PIP2 Lipids
We calculated the residence times of the PIP lipids at the four
sites (shown in Figure 5). The residence time distinguishes the

exchange rate of the bound lipids with others in close
proximity and is computed from the survival time correlation
function (see Methods section for further details). The sites
were defined based on the residues identified in Figure 4. The
residence time of the anionic lipids ranged from 1.5 to 2.5 μs.
Not surprisingly, the residence time of PIP1 lipids was the
highest at sites S1 and S2, and PIP2 lipids exhibited the highest
residence time at sites S3 and S4. The residence time of PIP1
lipids at site S1 was ∼2.2 μs, which decreased to ∼1.8 μs at site
S2. The residence times at site S3 were 1.8 μs for PIP1 lipids,
which increased to 1.9 μs for PIP2 lipids. In contrast, the
residence time of PIP2 lipids at site S4 was significantly longer
than that of the other lipids (∼2.5 μs). Although the residence
time of the PIP lipids at the sites matches the overall trend
observed in the spatial location at these sites (Figure 3), the
differences arise due to the thermodynamic origin of the spatial
location and the lipid dynamics considered in the residence
time. Overall, a PIP1 lipid interaction site was observed at
transmembrane helices VI and VII (site S1), whereas PIP2
lipids exhibited increased interactions at transmembrane helix
IV (site S4), although each of these sites could interact with
other anionic lipids with lower specificity.

■ DISCUSSION
The serotonin1A receptor is an important therapeutic target for
various psychological disorders.43,45,46,48,49 Interactions with
lipids, such as cholesterol and anionic lipids, have been shown
to modulate the receptor function.9−11,42 In particular, PIP1

lipids were identified from functional assays and structural
studies, although the role of the other anionic lipids remains
unclear.42 The interactions of PIP2 and PIP3 lipids have added
significance in the serotonin1A receptor due to their role in
serotonergic signaling. In this work, we explored the
interactions of the serotonin1A receptor with different anionic
lipids using coarse-grain simulations in multicomponent
membrane systems. We characterized distinct binding sites of
PIP lipids surrounding the activated state of the serotonin1A
receptor and observed that PIP lipids exhibit a differential
preference at these sites. Our results emphasize the specific
interactions of PIP lipids with the receptor and identify
common and distinct interaction sites on the receptor surface.
These computational predictions identify key residues
governing lipid specificity, offering concrete targets for future
site-directed mutagenesis studies.
The importance of PIP lipid interactions in the serotonin1A

receptor has a special significance in light of spatiotemporally
distinct roles of phosphoinositides in serotonergic neuronal
signaling.60,61 Dysfunctional PIP signaling has been implicated
in several neurological diseases such as autism, Alzheimer’s,
Parkinson’s, and cerebral ischemia.62−64 PIP lipids have been
shown to be membrane “organizers”65 at a molecular level and
have direct roles in membrane dynamics.66 Interestingly,
GPCRs have also been implicated in the regulation of both
synthesis and metabolism of PIP lipids.67 Further, interactions
with PIP lipids have been suggested to contribute to the
compartmentalized GPCR signaling,68 although the molecular
features are still emerging. The diverse functions of PIP lipids
in neurons make it increasingly crucial to determine the
molecular mechanisms of their interactions. Phosphoinositides,
particularly PIP1 and PIP2 lipids, play vital roles in neuronal
function and signaling. They are crucial for synaptic vesicle
trafficking, neurotransmitter release, and the modulation of ion
channels, thereby influencing neuronal excitability and synaptic
transmission.60,61 Furthermore, these lipids contribute to the
structural integrity of neuronal membranes and are involved in
signaling pathways that affect neurodevelopment and plasti-
city.62,63 Additionally, PIP2 modulates the activity of ion
channels, including calcium and potassium channels, which are
essential for maintaining neuronal excitability and synaptic
transmission. Dysregulation of phosphoinositide metabolism
has been linked to neurodegenerative diseases like Alzheimer’s
and psychiatric disorders such as schizophrenia, highlighting
their importance in brain health.64 Collectively, these studies
underscore the multifaceted roles of phosphoinositides in the
nervous system, suggesting that they are not only essential for
normal neuronal activities but also critical in the pathology of
neurological diseases.
An interesting aspect of our work is that we observed that

anionic lipids interact with the receptor at similar interaction
sites with overlapping residues. Specifically, we identified PIP
and POPS lipid interactions at the serotonin1A receptor active
complex at the following sites: (S1) transmembrane helix VI,
(S2) transmembrane helix I/VII, (S3) transmembrane helix V,
and (S4) transmembrane helix IV. Our results show that PIP
lipid interactions are much more favorable than POPS
interactions, and the population of POPS lipids is reduced
considerably at these sites. These results suggest that there is
an inherent competition between these lipids for the anionic
lipid sites, although the specificity of each of the sites would
imply a range of differential lipid interactions at the receptor
surface. Although PIP1 lipids were previously shown to

Figure 5. Site-wise residence times for the high occupancy sites. The
values for the PIP1, PIP2, and PIP3 lipids are shown in orange,
yellow, and green, respectively. See Methods section for more details.
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regulate the activation of the receptor,42 PI and PIP2 lipids
were also reported to enhance the serotonin-mediated
hydrolysis of GTP, but to a lesser extent.42 The question,
therefore, arises whether these lipids can also bind at PIP1 site
S1, and indeed, the simulations validate that these lipids bind
to site S1, although with lower affinity. Similarly, phosphati-
dylserine was reported to have modest effects on GTPase
activity,42 and our results are able to rationalize these effects by
validating that PS lipids bind with remarkably lesser
interactions to site S1, but are indeed able to bind. The
differential interactions of the PIP lipids with the serotonin1A
receptor in its active state identified in this study could be an
additional regulatory principle in serotonin receptor signaling.
Notably, for PIP1 lipids, we found a preferential interaction

at site S1, which is in line with the recently reported high-
resolution cryo-EM structure of the serotonin1A receptor.

42 A
comparison of the S1 site identified in the current study and
the experimentally resolved structure is shown in Figure S3.
Mutagenesis studies targeting residues at this site, such as
R134A, K345A, and K405A, showed significant reductions in
G-protein activation and the modulatory effects of PIP lipids.42

Our simulation studies were able to highlight a charged residue
cluster at site S1 (residues R341, K345, I349, Y402, K403, and
K405), which exhibits strong interactions with the PI4P lipid.
However, the interaction with R134 was observed to be more
transient, likely due to limitations of the coarse-grain
MARTINI lipid model that prevented capture of the lipid
headgroup penetration observed in the cryo-EM structures.
Recently, it has been shown that PIP1 lipid binding could be
important for G-protein coupling specificity and PIP1 lipid
binding could be important for the binding of Gi, but not the
Go subunit.69 However, the lipid specificity, including PS, PI,
and PIP2 lipids, was not explored. Since we observe anionic
lipid binding with reduced interactions at site S1, we
hypothesize that such a G-protein coupling specificity could
occur with these lipids, as well.
Similarly, for PIP2 lipids, we observed a preference for the

S2 site, along with interactions with residues in transmembrane
helix VII. The functional significance of the S2 site, along with
the S3 and S4 sites, has not yet been explored through
mutational studies similar to that of the S1 site. However,
mutations of residues T343 and V344 to negatively charged
Asp residues (V344E and T343A/V344E) appear to alter G-
protein coupling in a ligand-dependent manner.70 Although
anionic lipids do not appear to bind to these residues, they do
bind to the adjacent residues at this site, K342 and K345. One
may hypothesize that the presence of anionic residues could
reduce the binding of anionic lipids and modulate G-protein
binding, but the effects of the mutations could be much more
complex and need to be carefully considered. The anionic lipid
interaction sites have also been observed in related receptors in
the active state, such as the β1-adrenergic receptor, neurotensin
receptor 1, and the adenosine2A receptor.

36,71 In addition, PIP2
lipids have been shown to interact at site S2, specifically at
helix 8 and the C-terminal tail in class B GPCRs.41 At the
molecular level, the interactions were observed mainly at
charged or polar residues such as Lys, Arg, and Gln. These
charged residues have been previously reported to be
important for PIP lipid interactions in several GPCRs.28

Another interesting aspect of this work is the role of anionic
lipids in GPCR activation. Interestingly, both PIP1 and PIP2
lipids have been shown to stabilize the active conformation of
the receptor in class A GPCRs,36,42 whereas PIP2 lipids were

reported to stabilize the inactive state in class B GPCRs.41 A
comparison to the inactive apo receptor58 shows that the PS
lipids show remarkably increased binding, but not to the active
receptor complex considered in the current study. Taken
together, this study highlights the functional interplay of the
anionic lipids during the activation cycle of GPCRs. Differ-
ential binding of lipids to receptor conformational states and
the allosteric modulation of binding sites by lipids could be
one of the emerging mechanisms of receptor activation, and
even represent a coevolution process.72 For instance,
cholesterol has been shown to exhibit differential binding to
the inactive and active receptor states73 as well as modulate the
binding site74,75 of GPCRs. Similarly, sphingolipids and
cholesterol interactions at the extracellular membrane leaflet
have been shown to induce allosteric modulations of loop
regions at the intracellular leaflet.76 In fact, it has been
suggested that these lipid effects could be a part of the
epigenetic dimension of protein structure and should be
considered by structure prediction methods.77

The submolecular, subnanometer, submicrosecond resolu-
tion of GPCR−lipid interactions is currently well sampled by
computational approaches to provide new insights. Computa-
tional studies have played a vital role in elucidating GPCR
activation pathways, providing atomistic insights into structural
transitions and dynamic mechanisms that underlie signal
transduction processes.8,78−81 Advanced molecular dynamics
simulations have successfully captured spontaneous binding
events of G proteins to GPCRs, offering dynamic and temporal
views of intermediate receptor states that are often inaccessible
to experimental methods.82 Furthermore, the molecular
consequences of single-nucleotide polymorphisms (SNPs)
across populations have also been elucidated using simu-
lation-based approaches, enabling detailed characterization of
how genetic variants affect GPCR function and pharmacoge-
netics.83,84 Importantly, computational approaches have
substantially contributed to the analysis of GPCR interactions
with cholesterol and other lipids, helping to uncover the
complexities of allosteric networks.29,85 These studies have
revealed how the membrane environment and specific lipid
species modulate receptor structure and dynamics.16,73,75

Taken together, molecular dynamics simulations remain
important approaches to complement experimental under-
standing of lipid interactions of GPCRs.
In conclusion, using coarse-grain simulations, we highlighted

a PIP lipid specificity in the serotonin1A receptor. We show
that there are four distinct anionic lipid sites at the receptor
that can interact with different anionic lipids with varying
specificities. The differential interactions at these sites lead to a
high residence site for PIP1 lipids at transmembrane helix VI
and PIP2 lipids at transmembrane helix VII. Overall, our work
provides insight into the GPCR−lipid interplay by highlighting
anionic lipid interactions. These findings will have potential
significance in target-specific drug development and identifying
sites for allosteric drugs. Taken together, our results contribute
to a better understanding of the underlying mechanisms of
receptor−lipid interactions with potential therapeutic implica-
tions.

■ METHODS

System Setup and Simulation Parameters
Coarse-grain molecular dynamics simulations of the active serotonin1A
receptor co-complex embedded in multicomponent membranes were
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performed. The active state of the receptor that was considered was
taken from the experimentally resolved structure (PDB ID: 7E2Y42)
bound to its cognate ligand, serotonin, and the α subunit of the Gi
protein. Four different membrane compositions were considered, with
varying anionic lipids. The setup and simulation details are given
below.
Structure Modeling. A full-length homology model of the active-

state serotonin1A receptor and α subunit of Gi protein was modeled
with the template PDB ID 7E2Y and 6CMO, respectively, using
Modeller10.2.86 The full-length model included the loop regions and
N-terminal of the receptor missing in the experimentally resolved
structure. The serotonin1A receptor bound with the Gi protein
complex was prepared by aligning the structures to PDB ID: 7E2Y.42

Subsequently, ICL3 of the receptor was remodeled on the prepared
complex, and the structure with the lowest (discrete optimized
protein energy) “DOPE” score was considered for further studies.
Coarse-Grain System Setup and Parameters. The atomistic

structural model of the complex was mapped to its coarse-grain
representation using the martinize2 script for the Martini3 force
field.87 The Martini Gõ model was implemented88 with the standard
dissociation energy of the Lennard-Jones potential implemented in
the model (value 12). The residue pairs from transmembrane helices
VI and VII that form contacts, such as 349−399, 350−399, 350−400,
353−395, 353−399, and 357−395, were kept at a lower dissociation
energy (value = 10) to allow increased flexibility to the trans-
membrane helices.
The serotonin molecule was parametrized in the Martini3

framework using the tryptophan residue as a reference molecule.
The initial all-atom to coarse-grain index file was obtained with the
CGbuilder tool [J.Barnoud, https://jbarnoud.github.io/cgbuilder/].
The parameters were validated by calculating the octanol−water
partition coefficient (Log Poctanol−water = 0.456) and comparing it to
the experimentally observed value.89 The partition coefficient was
calculated from microsecond timescale unbiased simulations and
relative populations sampled in the water and octanol phases. The
serotonin molecule was placed at the ligand binding site by aligning
the structure with PDB ID 7E2Y.
The ligand-bound receptor complex was embedded in a complex

asymmetric lipid bilayer. A schematic representation of the system
setup is shown in Figure 1. The membrane bilayer considered was
composed of 30% POPC, 28% POPE, 40% cholesterol, and 2% of the
different anionic lipids. The anionic lipids considered were
phosphoinositide (PIP) lipids such as PIP1, PIP2, PIP3, and POPS
lipids. These lipids were placed only in the intracellular leaflets of the
membrane. The four different membranes considered for which
simulations were independently performed were: POPC/POPE/
cholesterol/POPS, POPC/POPE/cholesterol/PIP1, POPC/POPE/
cholesterol/PIP2, and POPC/POPE/cholesterol/PIP3. Although the
POPS composition in membranes is relatively higher than that in the
PIP lipids, the values were kept the same for direct comparisons. The
Martini3 parameters for PIP1 (PI(4)P), PIP2 (PI(4,5)P2), and PIP3
(PI(3,4,5)P3) lipids were taken from ref 90. The cholesterol
parameters were a β-version of the model based on the parameters
considered previously.91 The initial placement of lipids around the
receptor-G-protein complex was built using the insane utility tool.92

Further, each system was solvated with water.
Simulation Details. Molecular dynamics simulations were

performed using the Martini3 force field with the GROMACS
simulation package (version 2019.6).93 The system temperature was
maintained at 300 K by coupling to a V-rescale thermostat with a 1.0
ps coupling constant.94 Pressure of 1 bar was maintained using the
semi-isotropic pressure coupling scheme with the Parrinello−Rahman
barostat95 with coupling constant 1.0 ps and compressibility 3 × 10−4

bar−1. The nonbonded interactions were treated with a reaction field
from 0.0 to 1.1 nm for the coulomb interactions and 0.0 to 1.1 nm for
the Lennard-Jones interactions. A time step of 20 fs was used. Each
system containing lipids PIP1, PIP2, PIP3, and POPS was simulated
independently with five replicates, each of 50 μs sampling, totaling
250 μs for each PIP1, PIP2, PIP3, and POPS system. Overall, 1 ms of

coarse-grain simulations were performed, corresponding to 4 ms of
sampling in atomistic simulations.96

Analysis
All simulations were analyzed using the in-built Gromacs tools, in-
house scripts, and the PyLipID python-based module.97 Simulation
snapshots and structures were rendered using VMD. A lipid molecule
was considered to be bound to a transmembrane helix or amino acid
residue (site) if it was within 0.5 nm of that site. The maximum
occupancy was defined as the longest time that a given lipid molecule
was bound at a particular site. Total occupancy was defined as all of
the time instances of lipid molecules bound at a particular site. The
values were normalized by the simulation time. The residue-wise lipid
contact frequency was calculated with the PyLipID python-based
module using the dual cutoff for the contact as 0.5 and 0.8 nm.
To calculate the residence time, we first identified the residues

comprising a site by selecting the residues with a contact frequency of
above 40%. A distance cutoff of 0.55 nm was applied between the
center of mass (COM) of the site residues and the PIP lipids to define
the contact. With this cutoff, we calculated the survival probability of
the PIP lipids at these sites. Finally, we fitted the residence time data
using a double exponential model to estimate the residence time at
these sites. The following residues were considered:
S1:341, 342, 345, 349, 402, 403, 405
S2:52, 56, 408, 411, 412, 414, 415, 416, 417, 418, 419
S3:219, 220, 223, 224, 227, 228, 241, 251, 261, 338
S4:147, 149, 151, 152, 155, 159
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■ ABBREVIATIONS
GPCR G protein-coupled receptor
Gi Inhibitory G-protein
PC phosphatidylcholine
PE phosphatidylethanolamine
PI phosphatidylinositol
PIP phosphoinositide
PIP1 phosphatidylinositol 4-phosphate
PIP2 phosphatidylinositol 4,5-bisphosphate
PIP3 phosphatidylinositol 3,4,5-trisphosphate
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3- phosphatidylcholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanol-

amine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine
PS phosphatidylserine
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Niesćierowicz, K. Interactions of Cholesterol Molecules with GPCRs
in Different States: A Comparative Analysis of GPCRs’ Structures.
Biochim. Biophys. Acta, Biomembr. 2023, 1865, No. 184100.
(27) Sengupta, D.; Chattopadhyay, A. Identification of Cholesterol
Binding Sites in the Serotonin1A Receptor. J. Phys. Chem. B 2012, 116,
12991−12996.
(28) Sejdiu, B. I.; Tieleman, D. P. Lipid-Protein Interactions Are a
Unique Property and Defining Feature of G Protein-Coupled
Receptors. Biophys. J. 2020, 118, 1887−1900.
(29) Sengupta, D.; Prasanna, X.; Mohole, M.; Chattopadhyay, A.
Exploring GPCR-Lipid Interactions by Molecular Dynamics Simu-
lations: Excitements, Challenges and the Way Ahead. J. Phys. Chem. B
2018, 122, 5727−5737.
(30) Sengupta, D.; Chattopadhyay, A. Molecular Dynamics
Simulations of GPCR-Cholesterol Interaction: An Emerging Para-
digm. Biochim. Biophys. Acta, Biomembr. 2015, 1848, 1775−1782.
(31) Prasanna, X.; Mohole, M.; Chattopadhyay, A.; Sengupta, D.
Role of Cholesterol Mediated Effects in GPCR Heterodimers. Chem.
Phys. Lipids 2020, 227, No. 104852.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.5c00455
ACS Chem. Neurosci. 2026, 17, 1104−1114

1112

https://doi.org/10.1146/annurev-biochem-060614-033910
https://doi.org/10.1146/annurev-biochem-060614-033910
https://doi.org/10.1155/2014/143023
https://doi.org/10.1155/2014/143023
https://doi.org/10.1021/acs.chemrev.6b00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1124/mol.117.111062
https://doi.org/10.1124/mol.117.111062
https://doi.org/10.1016/j.tibs.2018.11.011
https://doi.org/10.1016/j.tibs.2018.11.011
https://doi.org/10.1038/nature11896
https://doi.org/10.1038/nature11896
https://doi.org/10.1007/s00232-019-00092-3
https://doi.org/10.1007/s00232-019-00092-3
https://doi.org/10.1021/acs.chemrev.6b00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamem.2004.03.010
https://doi.org/10.1016/j.bbamem.2004.03.010
https://doi.org/10.1016/j.bbamem.2004.03.010
https://doi.org/10.1016/j.bbamem.2005.06.005
https://doi.org/10.1016/j.bbamem.2005.06.005
https://doi.org/10.1007/s00232-020-00138-x
https://doi.org/10.1007/s00232-020-00138-x
https://doi.org/10.1016/j.bbamem.2010.09.006
https://doi.org/10.1016/j.bbamem.2010.09.006
https://doi.org/10.1016/j.bbamem.2016.06.005
https://doi.org/10.1016/j.bbamem.2016.06.005
https://doi.org/10.1016/j.bbamem.2007.01.002
https://doi.org/10.1016/j.bbamem.2007.01.002
https://doi.org/10.1016/j.bbamem.2007.01.002
https://doi.org/10.1021/bi100276b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi100276b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi100276b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abh2922
https://doi.org/10.1126/sciadv.abh2922
https://doi.org/10.1016/j.plipres.2006.02.002
https://doi.org/10.1016/j.plipres.2006.02.002
https://doi.org/10.1007/978-90-481-8622-8_16
https://doi.org/10.1007/978-90-481-8622-8_16
https://doi.org/10.1016/j.sbi.2011.09.007
https://doi.org/10.1016/j.sbi.2011.09.007
https://doi.org/10.2174/0929867311302010006
https://doi.org/10.2174/0929867311302010006
https://doi.org/10.1016/j.chemphyslip.2016.04.006
https://doi.org/10.1016/j.chemphyslip.2016.04.006
https://doi.org/10.1007/s12551-020-00772-8
https://doi.org/10.1007/s12551-020-00772-8
https://doi.org/10.1002/wsbm.1481
https://doi.org/10.1002/wsbm.1481
https://doi.org/10.1016/j.chemphyslip.2021.105120
https://doi.org/10.1016/j.chemphyslip.2021.105120
https://doi.org/10.1016/j.chemphyslip.2021.105120
https://doi.org/10.1007/s00232-021-00197-8
https://doi.org/10.1007/s00232-021-00197-8
https://doi.org/10.1016/j.bbamem.2022.184100
https://doi.org/10.1016/j.bbamem.2022.184100
https://doi.org/10.1021/jp309888u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp309888u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2020.03.008
https://doi.org/10.1016/j.bpj.2020.03.008
https://doi.org/10.1016/j.bpj.2020.03.008
https://doi.org/10.1021/acs.jpcb.8b01657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b01657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamem.2015.03.018
https://doi.org/10.1016/j.bbamem.2015.03.018
https://doi.org/10.1016/j.bbamem.2015.03.018
https://doi.org/10.1016/j.chemphyslip.2019.104852
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.5c00455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(32) Bolla, J. R.; Agasid, M. T.; Mehmood, S.; Robinson, C. V.
Membrane Protein-Lipid Interactions Probed Using Mass Spectrom-
etry. Annu. Rev. Biochem. 2019, 88, 85−111.
(33) Van Meer, G.; Voelker, D. R.; Feigenson, G. W. Membrane
Lipids: Where They Are and How They Behave. Nat. Rev. Mol. Cell
Biol. 2008, 9, 112−124.
(34) Kay, J. G.; Fairn, G. D. Distribution, Dynamics and Functional
Roles of Phosphatidylserine within the Cell. Cell Commun. Signaling
2019, 17, No. 126.
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