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Large scale investigation of GPCR molecular
dynamics data uncovers allosteric sites and
lateral gateways

A list of authors and their affiliations appears at the end of the paper

G protein-coupled receptors (GPCRs) constitute a functionally diverse protein
family and are targets for a broad spectrumof pharmaceuticals. Technological
progress in X-ray crystallography and cryogenic electron microscopy has
enabled extensive, high-resolution structural characterisation of GPCRs in
different conformational states. However, as highly dynamic events underlie
GPCR signalling, a complete understanding of GPCR functionality requires
insights into their conformational dynamics. Here, we present a large dataset
of molecular dynamics simulations covering 60% of currently available GPCR
structures. Our analysis reveals extensive local “breathing” motions of the
receptor on a nano- to microsecond timescale and provides access to
numerous previously unexplored receptor conformational states. Further-
more, we reveal that receptor flexibility impacts the shape of allosteric drug
binding sites, which frequently adopt partially or completely closed states in
the absence of a molecular modulator. We demonstrate that exploring mem-
brane lipid dynamics and their interaction with GPCRs is an efficient approach
to expose such hidden allosteric sites and even lateral ligand entrance gate-
ways. The obtained insights and generated dataset on conformations, allos-
teric sites and lateral entrance gates in GPCRs allows us to better understand
the functionality of these receptors and opens new therapeutic avenues for
drug-targeting strategies.

G Protein-Coupled Receptors (GPCRs) constitute a diverse family of
transmembrane receptors that respond to various stimuli1, including
physical signals such as light or pressure2, or chemical signals such as
hormones, odorants and neurotransmitters. Their key role in cellular
signalling has positioned them as crucial targets for pharmaceutical
compounds: ~34% of all FDA-approved drugs target GPCRs3. Acquiring
new structural insights into this therapeutically relevant receptor class
can accelerate the discovery of improved and novel drug candidates
for a range of diseases (e.g., neurological disorders, diabetes, chronic
pain, or inflammation).

Over the past decade, technological advancements in protein
engineering, X-ray crystallography and cryogenic electron micro-
scopy (CryoEM) have prompted a steady increase in the number of

available protein structures (https://www.rcsb.org/stats/growth/
growth-protein), including GPCRs (https://gpcrdb.org/structure/
statistics). However, static high-resolution structures offer limited
insights into the inherent flexibility of GPCRs, a crucial aspect to
fully understand their functionality4. In this context, in silico tech-
niques such as molecular dynamics (MD) offer powerful means to
exploring GPCR function and regulation at spatial and temporal
resolutions not currently achievable with experimental methods5.
This exploration encompasses aspects such as conformational
flexibility6–9, ligand binding and unbinding10,11 and allosteric com-
munication networks12,13. To encourage a community-wide and
systematic study of the structural dynamics of GPCRs, the GPCRmd
online web server has been recently developed, featuring tools for
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data streaming, visualisation, analysis and sharing14 (https://www.
gpcrmd.org/).

To gain deeper understanding of the structural dynamics within
the 3D-GPCRome, we have generated an extensive dataset that cap-
tures the time-resolved dynamics of 190 GPCR structures, amassing a
cumulative simulation time of over half a millisecond. This research
endeavour was made possible through the collective efforts of an
international team of GPCR experts. To illustrate the power of our
large scale, data-driven analysis, we focus on three relevant aspects:
the flexibility of GPCRs, their intricate interplay with membrane lipids
and the detection of functionally relevant hotspots for receptor
modulation (e.g., allosteric sites and lateral entrance gateways).

In this work, we show thatMD simulations can effectively capture
the inherent flexibility of GPCRs over relatively short timescales,
uncovering significant ‘breathing’ motions at the intracellular side of
the receptor across different GPCR types. This provides access to a
vast number of receptor conformations previously unseen in experi-
mental structures. Moreover, our analysis indicates that penetrations
of membrane lipids into the receptor core, hereafter referred to as
‘lipid insertions’, are not only frequent in GPCRs but also topo-
graphically conserved across receptor subtypes. Importantly, we
demonstrate that these insertions act as a valuable marker for
membrane-exposed allosteric pockets as well as lateral entrance gates
for specificGPCR ligand types. The insights into the plasticity ofGPCRs
and their interaction with membrane lipids, combined with the dis-
closure of allosteric sites and entrance gateways, advance our under-
standing of receptor function andprovide valuable information for the
development of original therapeutic strategies.

Results
A comprehensive dataset with a large diversity in receptor and
ligand types
An international team of GPCR experts selected 190 experimentally
solved structures from the GPCRdb database15–17 andmanually curated
them for simulation following the GPCRmd standard protocol14 (see
Supplementary Data 1). This effort yielded in 181 ligand-GPCR complex
systems, their corresponding 181 apo (ligand-free) systems, as well as 9
additional systems in their apo form only, as no ligand was bound in
their original experimental structure. Each system was simulated for
3 × 500 ns, resulting in 1.5μs of data per system and a total cumulative
time of 556.5μs. This dataset, which marks the second edition of
GPCRmd, provides a significant data enrichment through dynamic
insights into 33 receptor subtypes, with adenosine, adrenoceptors,
opioid, muscarinic, orexin and opsins among the most prevalent
(Fig. 1a). This second edition also introduces receptor subtypes
unexplored in the first GPCRmd edition14 such as the prostanoid, leu-
kotriene and melatonin receptors (Fig. 1a). The vast majority of the
simulated structures are class A GPCRs (~90% in GPCRmd), which is by
far the largest and most therapeutically targeted GPCR class (Fig. 1b,
top). Furthermore, the second edition of GPCRmd has significantly
diversified the types of simulated ligands, including not only antago-
nists, (partial) agonists, inverse agonists and negative allosteric mod-
ulators (NAMs) but also allosteric (ant)agonists and positive allosteric
modulators, as classified by GPCRdb16 (Fig. 1b, middle). This enriched
dynamic dataset offers insights into the modulatory effects of phar-
macologically diverse GPCR ligands (Fig. 1b, bottom) and is freely
available via www.gpcrmd.org.

GPCRs areflexiblemoleculeswith local breathingmotions at the
nano- to microsecond timescale
Inherent structural flexibility is key for GPCRs to sample a wide
range of conformations, including spontaneous activation (i.e.,
constitutive activity). A structural hallmark of GPCR activation is the
movement of transmembrane helix (TM) 6, which opens up an
intracellular cavity for transducer coupling18. We monitored this

TM6 motion as an indicator of receptor flexibility by measuring its
distance to TM2 at the intracellular side of the receptor (Fig. 2a and
Supplementary Table 1). To discern intracellular opening states, we
set a distance threshold based on experimentally solved active (i.e.,
‘open’) and inactive (i.e., ‘closed’) receptor states. We observe sig-
nificant and pronounced differences in class A and B1 receptors,
while class C and F receptors show no significant or only relatively
minor differences, respectively. As a result, classes C and F were
excluded from further analyses. Of note, the described conforma-
tional states (e.g., intermediate) may not always correspond to low-
energy conformations, as our classification relies on structural
metrics that do not reflect thermodynamic stability.

For the analysis of receptor flexibility, we focus on a homogenous
dataset of inactive class A and B1 GPCR structures bound to an
antagonist (90 systems), inverse agonist (9 systems), or NAM (8 sys-
tems) for 17 receptor types (Supplementary Data 2). Intriguingly, the
analysis reveals unexpected breathingmotions of the receptor core on
a relatively short timescale (3 × 500ns per system, Fig. 2b). Despite
starting from an initially closed receptor core, apo receptors explore
intermediate states (9.07%) and even open receptor cores at times
(0.5%) (Fig. 2b, top-left). A notable example of this phenomenon is
observed in the adenosine 2 A receptor (A2AR, PDB id: 5UIG, Fig. 2c),
where the apo form (GPCRmd id: 799 [https://www.gpcrmd.org/view/
799/], trajectory 15764) exhibits significant cytosolic TM6 outward
movement, indicating that all three conformational states (open,
intermediate and closed) are visited during a single 500ns simulation
run. A similar patternof breathingmotion is seen in the apo formof the
chemokine CCR2 receptor (CCR2, PDB id: 6GPX, Fig. 2d). It is tempting
to speculate that these instances of high receptor flexibility may be
linked to basal activity, as both CCR219 and A2AR

20 are reported to
display high basal activity, which in the case of the A2AR is reduced by
the presence of antagonists20.

Importantly, when analysing breathing motions of GPCRs in
complex with antagonists, inverse agonists, or NAMs, the conforma-
tional sampling is significantly reduced (P = 3.71 × 10−5, two-sided
Mann-Whitney U test), with only 3.8% of the simulation time in inter-
mediate states and less than 0.1% in open states (Fig. 2b, bottom-left).
This suggests that perturbation of the conformational dynamics
through inactive state stabilisation upon ligand binding is a general
molecular mechanism of these ligand types across different receptor
subtypes.We also investigatedwhether breathingmotions differ when
GPCRs are bound to agonists or allosteric agonists (26 PDBs) com-
pared to antagonists, inverse agonists, or NAMs (106 PDBs) (Supple-
mentary Fig. 1). Although this analysis provides only a preliminary
perspective due to the underrepresentation of agonist or allosteric
agonist complexes, the data suggest that these complexes more fre-
quently sample intermediate states compared to antagonist, inverse
agonist, or NAM complexes. This observation aligns with the notion
that agonists or allosteric agonists shift the receptor state from a
closed, inactive-like conformation toward more intermediate states
within 3 × 500 ns simulations. We further speculate that simulations
over longer timescales could potentially reveal increased sampling of
open (active-like) states for agonists or allosteric agonists.

Monitoring the evolution of breathingmotions, we systematically
recorded the transitions from closed to intermediate and closed to
open states. This allowed us to approximate their respective transition
times between different conformations (see ‘method’ section and
Supplementary Table 1). For the apo receptors, we find that state
transitions are in the rangeof0.5μs (closed to intermediate) and 7.8μs
(closed to open), respectively (Fig. 2b, right). In contrast, the presence
of antagonists, inverse agonists, or NAMs significantly slows down
both kinetics to 1.2μs (closed to intermediate) and 52.7μs (closed to
open), respectively. Of note, these values reflect the average over the
studied set of receptors, i.e., transition kinetics can be faster or slower
for individual GPCRs.
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Fig. 1 | Dataset diversity for GPCR class, receptor type and ligand type. Newly
introduced features in the second GPCRmd edition are displayed in bold.
a Receptor type of the structures simulated in the second GPCRmd edition (this
publication) versus the first GPCRmd round14. b GPCR class and ligand type of the

first GPCRmd edition (top), the second GPCRmd edition (middle) and the total
dataset on GPCRmd (bottom). The reported ‘unknown’ ligand type refers to cases
where a crystallisation adjuvant molecule is found inside the orthosteric pocket74.
Source data are provided in the Source Data file.
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Importantly, the simulated state transitions for our extensive
dataset give access to a large number of experimentally unexplored
receptor conformations (i.e., diverse inactive-like, intermediate or
active-like) along the transition pathways (available at www.gpcrmd.org,
and Supplementary Data 2). To make these unexplored conformation
available to the researchers, the GPCRmd platform provides a tool to
monitor receptor breathing over time and select specific conformations

classified as inactive-like, intermediate or active-like as exemplified for
the A2AR (PDB id: 5UIG, GPCRmd id: 773 [https://www.gpcrmd.org/view/
773], Fig. 2e). Taken together, our results show a high level of con-
formational flexibility and state transition kinetics within the receptor
core for class A and B receptors, particularly in their apo forms. They
also confirm the anticipated reduction in GPCR flexibility and transition
kinetics in the presence of antagonists, inverse agonists or NAMs.
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Lipid insertion into the receptor core is a persistent phenom-
enon in GPCRs
MD simulations offer a detailed view of the dynamic interactions
between a GPCR and its membrane environment at high resolution.
Here, we investigate the phenomena of shallow and deep lipid inser-
tions (Fig. 3a) across 371 simulation systems (181 complex and their
corresponding 181 apo systems, and 9 apo-only systems) by embed-
ding the receptor into a homogenous POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) membrane bilayer. POPC is a prototypical
lipid that is commonly found in biologicalmembranes. Intriguingly, we
find that significant lipid insertions occur in all 190 GPCR systems
(Supplementary Fig. 2). Adetailed analysis (Fig. 3a, right) further shows
that most lipid insertions (79%) are ultra-short (<20 ns) and likely
represent random interactions. However, we also detect short
(20–100 ns), medium (100–300ns) and long-lasting insertions
(>300ns) with frequencies of 14%, 5% and 2% of occurrence, respec-
tively. Interestingly, the prevalence of shallow insertions (i.e., lipids
inserted into cavities at the receptor surface) versus deep insertions
(i.e., lipids intercalating between transmembrane helices) correlates
with the duration of the insertion. At short durations (20–100 ns),
shallow insertions are more common than deep ones, while at longer
durations (>300ns), deep insertions predominate. It is tempting to
speculate that the instances of deep and highly stable insertions
(>300ns) may have specific functional significance for GPCRs.

To obtain a more detailed understanding of the observed lipid
insertions, we studied their location and insertion magnitude. The
location is indicatedby the transmembranehelices involved andwhere
they map to on the receptor (i.e., intra (IC)- or extracellular (EC)
receptor side). Our data reveals the existence of specific sites that are
more prone to lipid insertions (Fig. 3b). The three most frequent
insertion sites are TM1-TM7EC (35.8%) on the extracellular side and
TM3-TM4IC (33.0%) and TM3-TM5IC (15.2%) on the intracellular side.
Interestingly, these three sites coincide with an orphan pocket site at
TM1-TM7EC and a known pocket site at TM3-TM4IC and TM3-TM5IC
described in a recent in silico study for class A GPCRs21.

Furthermore, we observe specific insertion patterns for shallowor
deep lipid insertions (Fig. 3b). Generally, deep insertions tend to be
frequent at the EC side of TM1-TM2-TM7 (i.e., TM1-TM7EC, TM1-TM2EC,
TM2-TM7EC). This pattern may result from the highly flexible
N-terminus linked to TM1, which introduces plasticity into this region,
facilitating lipid traversal through the surrounding pockets. In con-
trast, shallow insertions are predominantly found on the IC side of
TM3-TM4-TM5 (i.e., TM3-TM4IC, TM4-TM5IC, TM3-TM5IC). Intriguingly,
this pocket has been previously identified as a binding site for other
membrane lipids such as cholesterol in A2AR

22, A1R
22, kappa-opioid23

and β1-adrenergic receptors24 (β1-adrenoceptor). Furthermore, allos-
teric modulators have been reported to bind to this site21, for instance
in the GPR40 (PDB ids: 5TZY and 5KW2), the C5a receptor (PDB ids:

6C1Q, 6C1R) and the β2-adrenoceptor (β2-AR) (PDB id: 6OBA), under-
scoring its pharmacological significance25,26.

Computer simulations recover lipid insertions observed in
experimental structure
Static snapshots of lipid insertions in GPCRs are occasionally captured
in experimentally solved structures. Among the 190 simulated struc-
tures, 42 feature a total of 49 insertions in their experimentally
determined structures (Fig. 3c, top) including a large variety of mem-
brane lipids or fatty acids (Supplementary Table 2). We investigated
whether all-atomistic MD simulations could replicate these experi-
mentally observed events. Remarkably, we discover that the vast
majority of static insertions (46out of49) are reproduced as shallowor
deep insertions in our simulations (Fig. 3c, bottom, Supplementary
Data 5). On the extracellular side, the simulations accurately repro-
duced insertions for TM1-TM7EC (e.g., A2AR, β2-AR and dopamine 4
receptor (D4R)) and TM4-TM5EC (e.g., LPA6R, PAFPR). On the intra-
cellular side, we find highly explored insertions between TM3-TM4IC
(e.g., A2AR, CB1R, P2YR and prostanoid receptors). Notably, the pre-
dominance of TM1-TM7EC and TM3-TM4IC as the most frequently
recovered sites (Fig. 3c, bottom) aligns with our observations for the
entire dataset (Fig. 3b).

A notable example is the A2AR with insertions at TM1-TM7EC,
which are found inmore than 30% of experimentally solved structures
(12 out of 31) (Fig. 3c, top). Remarkably, our simulated A2AR systems
reproduce this insertion in 68.17% of the simulation time (Fig. 3c,
bottom). A structural view illustrates how the simulated lipid (orange
stick) penetrates the receptor occupying the site of the co-solved lipid
(cyan stick) (Fig. 3d). This lipid insertion is located near the orthosteric
ligand binding pocket, separated only from it by residues L2677x31 and
Y2717x35. The cavity adjacent to these residues has been described as a
potential cryptic allosteric site, since many antagonists (e.g.,
ZM241385) but not the natural agonist, adenosine, occupy this site27.
Another frequently recovered site, found inmore than 30% of cases, is
located between TM3 and TM4 on the intracellular side (Supplemen-
tary Fig. 3 and Supplementary Note 1). Thus, the high rate of recovery
of experimentally observed lipid insertions underscores MD simula-
tions as a powerful tool for detecting these important events with
resolution on the nanosecond timescale.

Lipid insertion sites are hotspots for allosteric modulation
of GPCRs
The analysis presented in Fig. 3 demonstrates significant penetration
of membrane lipids into the receptor. Based on this observation, we
hypothesise that sites of lipid insertion are functionally relevant hot-
spots for the allosteric modulation of GPCRs. To assess whether such
lipid insertions can predict allosteric sites, we screened apo GPCRs in
our simulated dataset, which initially had an allosteric modulator co-

Fig. 2 | Flexibility analysis of the GPCR core. a Structural depiction of the TM6
outward movement and the residues used to measure the TM2-TM6 distance (i.e.,
class A, B1, C: 2 × 46 and 6 × 37, class F: 2 × 44 and 6 × 31) (left). Distribution plot of
the TM2-TM6distance for class A, B1, C and F for active states (i.e., GPCR structures
bound to a G protein) and inactive states according to GPCRdb classification.
Boxplots display the average (µ), standard deviation (σ) and sample size (n) for each
group. The centre line in boxplots represents themedian while the box boundaries
extend from the first (25%) and third (75%) quartile, representing the interquartile
range (IQR). Boxplot whiskers extend to 1.5 × IQR and outliers are represented as
circles. Statistical significance was assessed by a two-sided Mann-Whitney U test
(class A P = 3.2 × 10−92, class B1 P = 1.1 × 10−8, class C P =0.83, class F P = 4.3 × 10−3).
b Conformational flexibility in simulated systems of GPCR class A and B1. We
monitored closed, intermediate and open states based on the TM2-TM6 distance
during 3 × 500ns. Bar plots show the results for 107 simulated apoGPCRs (top) and

the corresponding systems in complex with antagonists, inverse agonists or NAMs,
respectively (bottom). Values available in Supplementary Data 2. c, d Structural
depiction of two case studies from our dataset, represented in their open (purple),
intermediate (green) and closed (grey) conformations visited during one of its apo
simulations replicates. The data for the adenosine A2A receptor (PDB id: 5UIG) are
available with GPCRmd id: 773 [https://www.gpcrmd.org/view/773], trajectory id:
15597. The simulation data for the CC2 chemokine receptor (PDB id: 6GPX) are
accessible via the GPCRmd id: 799 [https://www.gpcrmd.org/view/799], trajectory
15764. The measured TM2-TM6 distances are marked in red. e Estimation of the
average breathing kinetics across the 107 GPCR system pairs selected in b. The
transition timescales from the closed to intermediate state (left) and from the
closed to the open state (right) for apo and complex systems are shown including
the 95% confidence interval (ci), respectively. Source data are provided in the
Source Data file.
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solved at the receptor surface (14 systems, Supplementary Fig. 4,
Supplementary Table 3).

Our analysis confirms that lipid dynamics in the apo GPCRs can
indeed recapitulate a number of those experimentally determined
allosteric sites (Fig. 4a). Among these, we observe a higher reprodu-
cibility of hydrophobic pockets compared to polar sites, which is
expected given the hydrophobic nature of lipid tails. For instance, we

find that the hydrophobic TM3-TM4-TM5IC site is consistently identi-
fied in our simulations for both the free fatty acid receptor 1 (FFA1R)
and the C5a1 receptor (C5a1R) (Supplementary Table 3).

We observe that such lipid insertions can occur very rapidly,
within 8 ns after positioning the lipid in front of the pocket, as seen for
the FFA1R (PDB id: 5KW2, GPCRmd id: 765 [https://www.gpcrmd.org/
view/765/] trajectory id: 15540) (Fig. 4a). Remarkably, once inside the
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pocket, the aliphatic tail of POPC aligns well with the initially co-solved
allosteric ligand. We detected several other insertions in the FFA1R
such as the TM3-TM4EC which was not co-solved with a ligand in the
5KW2 structure. Interestingly, this site was experimentally captured
with an allosteric ligand in a different FFA1R structure (PDB id: 5TZY,
GPCRmd id: 929 [https://www.gpcrmd.org/view/929])28,29 highlighting
the potential of lipid binding regions on the receptor explored via MD
simulations on a nanosecond timescale to be predictive of allosteric
sites. Unsurprisingly, hydrophobic lipid tails do not detect highly polar
sites suchas theTM6-TM7pocket,which contains numerouspositively
charged residues at the intracellular site for the GLP1R (PDB ids: 5VEX,
5VEW, 6KJV, 6KK7 6KK1) and the GCGR (PDB id: 5EE7) (Supplementary
Table 3). In addition, we find a very shallow pocket in TM1-TM2-TM4IC
where insertions were not observed, despite its hydrophobic nature
(PDB id: 6KQI; GPCRmd id: 1002 [https://www.gpcrmd.org/view/
1002]), GPCRmd id: 1136 [https://www.gpcrmd.org/view/1136]).

Lipids dynamics reveal lateral gateways into the receptor core
To investigate whether lipids can reveal lateral entrance gateways into
GPCRs, we screened for deep lipid insertions that penetrate the
receptor core (Supplementary Data 6 to 7). A notable example is
rhodopsin, with important lipid insertions between TM1-TM7EC (3 out
of 10 systems) and TM5-TM6EC (8 out of 10 systems) with and without
ligands. Interestingly, we observe that the presenceof retinal alters the
extent of lipid insertion for both gateways: the TM1-TM7EC (apo sys-
tem: 14.60%, complex system: 7.45%) as well as the TM5-TM6EC gate
(apo system: 24.33%, complex system: 10.50%). The overall reduced
lipid occupancy in the complex system indicates that the ligand retinal
competes with inserted lipids in the receptor core. This competition is
illustrated in the rhodopsin apo form (PDB id: 5DYS, GPCRmd id: 872
trajectory id: 16264 [https://www.gpcrmd.org/view/872]) (Fig. 4b)
where a lipid tail extends deep into the receptor core through theTM5-
TM6EC gate, eventually occupying part of the all-trans-retinal binding
pocket (Fig. 4b, inset). At times, the lipid insertion is obstructed by
three phenylalanine residues (F2085x43, F2736x56 and F2766x59), which
appear to act as gatekeepers. We also detect lipid insertions for the
second gate between TM1-TM7EC with residues Y431x38 and F2937x39 as
effective gatekeepers (Fig. 4b). Our results align with previous findings
byHildebrand et al.30, who reported both lipid insertion sites as part of
a larger channel in rhodopsin facilitating retinal entrance and exit.

Interestingly, the majority of observed lipid insertions into the
transmembrane domain of GPCRs are mediated by the hydrophobic
tail of membrane lipids. However, we also observe one event in which
the polar lipid head opens a lateral channel into the receptor interior,
as seen in the cysteinyl leukotriene receptor 1 (PDB id: 6RZ4, GPCRmd
id: 738 [https://www.gpcrmd.org/view/738]). Thereby, the positively
charged choline group of POPC penetrates the receptor between TM5
and TM6, attracted by two negatively charged residues: the allosteric
ion binding site D2x50 and D7x49 (Supplementary Fig. 5). Notably, such a
mechanism has been previously reported for the olfactory receptor

OR51E2, which features a dual negatively charged site (D2x50, E3x39) to
coordinate divalent ions31. In this case, the POPC molecule infiltrates
between TM6 and TM7, with its choline group interacting with D2x50

and E7x49. Overall, these results suggest that core penetration by posi-
tively charged lipid heads is facilitated by a dual unbalanced negative
charge within the receptor.

Importantly, our simulation data reveal gateways for lipid inser-
tion in numerous other receptors (Supplementary Data 6 to 7). Among
them, some have been previously reported to serve as lateral entrance
gates for ligands, such as for the cannabinoid receptor32 (PDB ids: 5XR8
and 5XRA; GPCRmd ids: 852 [https://www.gpcrmd.org/view/852] and
896 [https://www.gpcrmd.org/view/896], Supplementary Fig. 6 and
Supplementary Note 2) and even the β2-AR (PDB ids: 6OBA, 6PS0 and
5X7D; GPCRmd ids: 1003 [https://www.gpcrmd.org/view/1003], 684
[https://www.gpcrmd.org/view/684] and 769 [https://www.gpcrmd.
org/view/769], Supplementary Fig. 7 and Supplementary Note 3),
where lipophilic ligands can enter the pocket through themembrane33.
The widespread occurrence of these observations across several
receptor subtypes supports the notion that deep lipid insertions inMD
simulations are a reliable predictor of ligand gateways in GPCRs.

Allosteric sites and lateral channels are often hidden but can be
disclosed by lipid dynamics
The identification of allosteric sites and lateral channels is of high
relevance for drug discovery programmes. However, the success of
virtual screening campaigns into those sites requires that they are
captured in an open state. To explore in more depth the stability and
dynamics of studied sites, we first monitored the root mean square
deviation (RMSD) of pocket residues across the simulations under
ligand-bound (complex) and ligand-free (apo) conditions (Fig. 5a). As
expected, the RMSD values are significantly lower in ligand-stabilised
allosteric sites (complex) (Fig. 5b) whereas ligand-free sites exhibit a
notable increase in RMSD due to their higher flexibility. Most impor-
tantly, these increased pocket dynamics lead to a pronounced altera-
tion in the site architecture across all investigated cases (Fig. 5b vs
Fig. 5c). This manifests in the complete closure of small pockets (i.e.,
5NDZ, 5TZR and 5TZY site 1), or partial closure of larger-sized pockets
(i.e., 5TZY site 2, 5KW2, 6C1Q and 6C1R) (Fig. 5c). From this data, we
conclude that allosteric sites are often hidden in the absence of a
molecular modulator. In fact, this can be evidenced in experimental
structures such as the FFA1R where an allosteric pocket at TM3-TM4EC
is stabilised in an open state when bound to its ligand (PDB id: 5TZY)
(Supplementary Fig. 8a) but in a closed state when the ligand is absent
(PDB id: 5KW2) (Supplementary Fig. 8b). In this case, the rotation of
one phenylalanine (F4.61) is responsible for the closure of this allos-
teric pocket (Supplementary Fig. 8c).

Importantly, following the evolution of pocket dynamics from a
closed state (Fig. 5c), we observe that lipids can facilitate pocket
opening at the nanosecond timescale. This can be evidenced for the
protease-activated receptor 2 (PDB id: 5NDZ) (Supplementary

Fig. 3 | Identification and quantification of lipid insertions in GPCR MDs.
a Visual scheme of the algorithm used to find shallow and deep lipid insertions in
GPCR simulations (left) and total count of individual lipid insertions across the
dataset classifiedbyduration anddepth (right). Lipidmolecules found inside any of
the inner core receptor selections displayed (left) at least once during a simulation
constitute individual lipid insertions. Lipids spending more than 20% of their total
insertion time inside the smaller inner core selection (salmon) constitute ‘deep’
insertions, otherwise being considered ‘shallow’ insertions. Insertions are classified,
according to their duration, as ultra-short (<20 ns), short (20–100ns), medium
(100–300 ns), and long (>300ns). More information on lipid insertion detection
and classification can be found in the ‘methods’ section. b Dataset-wide average
lipid insertion frequency by receptor site, classified by surrounding TMhelices and
GPCR side (either Extracellular (EC) or Intracellular (IC)). Frequency values are

displayed in two bar plots (centre) and in four visual schemes (right) where each
grey circle represents a TM helix and each coloured oval an insertion frequency
value. Frequencies for individual simulated systems are available in Supplementary
Data 3 and 4. c Barplots representing insertions of lipid-like molecules (Supple-
mentary Table 2) in static PDB structures (top) and the average recovery rate of
these insertions in the corresponding simulations, classified by receptor and
insertion sites (bottom). Results available in Supplementary Data 5. d Recovery of
an experimental lipid insertion in an A2AR simulated system (PDB id: 6AQF,
GPCRmd id: 754 [https://www.gpcrmd.org/view/754]), where a POPC lipid (licorice,
orange) appears inserted in TM1-TM7 EC, the same spot as a previous static
insertion produced by an oleic acid co-solved molecule (licorice, cyan). This
insertion site is separated from the ligand binding site by residues L2677x31 and
Y2717x35 (licorice, purple). Source data are provided in the Source Data file.
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Movie 1), the GPR40 (PDB ids: 5TZR, 5TZY), the FFA1R (PDB id: 5KW2)
and the complement component 5a receptor 1 (PDB ids: 6C1Q, 6C1R) in
our dataset. Not surprisingly, lateral channels into the GPCR are also
highly dynamic and undergo closing and opening events at the
nanoseconds timescale. Similar to allosteric sites, lipids can facilitate
the opening of such channels. This is exemplified in rhodopsin, where
the TM5-TM6 gateway is blocked by three phenylalanine residues

(F2085x44, F2086x56 and F2086x59) (Fig. 4b). Membrane lipid motions
push these residues aside, enabling lipid penetration into the receptor
core and even occupying part of the orthosteric ligand site (Supple-
mentary Movies 2 and 3).

Overall, our findings indicate that lipid dynamics and their inter-
action with the receptor surface are able to promote opening of
allosteric sites and lateral gateways into GPCRs. Moreover, it suggests
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that our compilation of lipid insertion data for individual receptors
across our large scale GPCR dataset (available at www.gpcrmd.org) is a
valuable resource for identifying unexplored sites and channels. For a
better exploitation of this compiled data, GPCRmdprovides a tool that
maps lipid insertions on the 3D structure for individual structures
(Fig. 5e, rhodopsin example available in GPCRmd id: 872 [https://www.
gpcrmd.org/view/872]).

Discussion
The exponential growth in computational capabilities and the devel-
opment of dedicated software34–36 have made it possible to simulate
increasingly large biological systems over longer timescales. In this
study, we took advantage of these developments to create the largest
MD simulation dataset for the GPCR protein family, ensuring con-
sistency in terms of the force-field and protocols used. All simulated
systems are hosted and publicly available on the GPCRmd public ser-
ver (www.gpcrmd.org), where they can be visualised, analysed and
downloaded for research purposes. Leveraging this extensive dataset,
we provide insights into GPCR dynamics related to receptor plasticity
and lipid regulation.

Our simulations reveal pervasive rapid breathing motions
observed across a number of receptors (Fig. 2b–d), which facilitate
spontaneous opening and closing of the intracellular receptor core
even in apo receptors. Despite having an open intracellular core,
receptors typically do not reach the fully active states based on the
A100 index (Supplementary Fig. 9)—an index that integrates various
metrics of receptor activation37. Achieving these states likely requires a
longer timescale and/or agonist binding or G protein coupling.

Previous NMR studies have inferred preactivation- and activation-
related TM movements (e.g., TM5 or TM6) at the sub-millisecond to
sub-microsecond timescale38,39. However, the exact timescales and
more importantly the modes and amplitudes of these rapid con-
formational dynamics remain highly challenging to determine by
current experimental methods. Our simulations show that transitions
from closed to intermediate states in the apo receptor occur within
nanoseconds, whereas transitions from closed to open states could
take up to a few microseconds (Fig. 2b). These observations suggest a
significant energy barrier between the intermediate and the open
states. As expected, the binding of antagonists, inverse agonists and
NAMs significantly slows down the transition times (i.e., ~2-fold for the
transition to the intermediate and 7-fold to the active-like state)
between these states. Importantly, the recorded time-resolved state
transitions for this large collection of GPCRs at the full atomistic level
illuminates a wealth of receptor conformations so far experimentally
unexplored. Notably, representative inactive-like, intermediate and
active-like GPCR conformations can be directly downloaded from the
GPCRmd repository (Fig. 2e) to guide virtual screening and rational
drug design efforts.

Moreover, the described intrinsic flexibility can account for
GPCRs’ ability to pre-couple with heterotrimeric G proteins in the
absence of an agonist40 as well as to promote basal receptor activity,
a common feature in the majority of GPCRs41,42. Yet, a direct corre-
lation of breathingmotions at the intracellular receptor side alone to

basal receptor activity is challenging. Other highly flexible regions
such as intrinsically disordered intracellular loops (ICL), which are
typically not solved in experimental structure and therefore absent in
our simulations, might have a significant contribution. For instance,
the ICL3 has been reported to play an important role for the reg-
ulation of GPCR signalling including G protein specificity43. It can be
expected that this flexible region at the bottom of the receptor will
control the coupling of G proteins also in the absence of an agonist.
Importantly, we also find that receptor flexibility is consistently
reduced when the receptor is bound to antagonists, inverse agonists,
or NAMs (Fig. 2b), thus stabilising the closed (inactive-like) state. The
result aligns with the concept that these ligands prevent the receptor
from exploring open (active-like) states44. Furthermore, our data
provide preliminary evidence that the binding of agonists or allos-
teric agonists destabilises the closed (inactive-like) state, promoting
a shift toward intermediate states (Supplementary Fig. 1). However,
future studies with a more balanced dataset will be necessary to
confirm this observation.

Beyond receptor flexibility, the extensive dataset unveils intri-
guing aspects of membrane lipids and their consistent ability to insert
into the receptor core across all simulated systems. While 75% of lipid
insertions occur within a short timeframe (<20 ns) and through rather
random contacts, 25% contribute to extensive interactions
(20–500ns) through both shallow and deep penetrations (Fig. 3a).
However, to further verify that these insertions are not artefacts of the
simulation protocol, we assessed the extent to which experimentally
determined lipid insertions are reproduced. The excellent agreement
supports the notion that frequent lipid insertions observed in simu-
lation are a biological feature in GPCRs (Fig. 3c, bottom). Interestingly,
a receptorome-wide analysis of our simulationdata further reveals that
there are insertion sites that are common across diverse GPCR types.
The most frequent sites are TM1-TM7EC on the extracellular side and
TM3-TM4-TM5IC on the intracellular side (Fig. 3b).

Another important question is whether the observed pattern of
lipid insertions changes under certain conditions, such as ligand
binding. In this respect, our data indicate that the lipid insertion profile
in apo receptors closely resembles that of those in complex with
ligands, both in terms of insertion sites and the number and duration
of lipid insertions (Supplementary Fig. 10a, b). However, differences
may arise in specific cases where deep lipid insertions overlapwith the
ligand binding site. Such lipid insertions are likely to be reduced in the
presence of a ligand, as observed in the rhodopsin receptor (see
‘Results’ section). It is tempting to speculate that the receptor state
also impacts the lipid insertion pattern. Unfortunately, we cannot
investigate this in our dataset, as we lack data for the same receptor
simulated in both inactive and active states. Nevertheless, to address
this question, we focused on a specific receptor, the A2AR, by including
an active-state simulation for direct comparisonwith the inactive-state
simulation (Supplementary Fig. 11). In this active state, we observe
several new lipid insertion sites on the intracellular side. This likely
results from less tightly packed transmembrane helices which are
connected to the core opening upon G protein binding. Our findings
indicate that lipid insertion patterns indeed differ between active and

Fig. 4 | Detection of allosteric binding sites and entrance channels through
lipid insertions. a Identification of lipid insertions in systems experimentally
solved with an allosteric ligand. Allosteric sites are classified according to their
location in the receptor and the surrounding residues’ polarity. The results are
displayed in a barplot (top left) with blue columns representing systems where a
lipid insertion is found and red columns for those where no insertion is detected in
any simulated replicate. Structural depiction of the free fatty-acid receptor-1 as an
example system (top right) (PDB id: 5KW2, GPCRmd id: 765 [https://www.gpcrmd.
org/view/765], trajectory id: 15540). A lipid penetration at TM3-TM4-TM5IC is
observed where it occupies a known allosteric pocket (bottom). The initially co-
solved allosteric modulator (blue colour) is shown as reference (PDB id: 5KW2).

b Detection of ligand entrance/exit gateways sites through lipid insertions. Gate-
ways identified by a dynamic lipid insertion into a rhodopsin (PDB id: 5DYS,
GPCRmd id: 872 [https://www.gpcrmd.org/view/872], trajectory id: 16264). One
insertion occurs at site TM5-TM6EC in the apo form system. In the absence of a
ligand, the inserted lipid proceeds in this replicate to partially occupy the cavity at
the beginning of the simulation. Another remarkable insertion occurs between
TM1-TM7EC. Gatekeeper residues of the first (F208

5x44, F2736x56 and F2766x59) and the
second sites (Y431x38 and F2937x39) are represented in purple licorice. Density maps
in red mark the sites that inserted lipids occupied during the simulations. See
Supplementary Movies 2 and 3 for further details. Source data are provided in the
Source Data file.
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Fig. 5 | Flexibility of druggable allosteric sites. a RMSD boxplots reflect the
flexibility of druggable allosteric sites in the presence (complex) and absence (apo)
of the ligand computed for a 4 Å region around the ligand (PDB three letter code of
the complexed ligand is indicated). For this, the experimentally solved structure is
taken as a reference structure. The RMSDs for each box are derived from
7500 simulation frames (n = 7500, i.e., 3 × 2500 frames with one frame corre-
sponding to 0.2 ns). The centre line in boxplots represents the median while the
box boundaries extend from the first (25%) and third (75%) quartile, representing
the interquartile range (IQR). Boxplot whiskers extend to 1.5 × IQR and outliers are
represented as circles. Statistical significance was assessed by a two-sided Mann-
Whitney U test (P =0.0 for all cases). b Surface representation of the experimen-
tally solved allosteric site (white) in complex with the corresponding ligand (cyan).
c Time evolution of the allosteric sites in the absence of the ligand (apo form)
results in their complete (i.e., 5NDZ, 5TZR, 5TZY site 1) or partial closure (i.e., 5TZY
site 2, 5KW2, 6C1Q, 6C1R) as indicated by red arrows. The original ligands have
been superimposed to the simulated apo system’s surface to indicate the location
of the initial pocket. The corresponding simulated time of pocket closure is

provided in the insets. d Lipid penetration facilitates pockets site opening evolving
from (c) at the indicated simulation time. E.g., the 5NDZ site closes at 117 ns and
reopens at 216 ns. Simulation snapshots of (c) and (d) are taken from 5NDZ
(GPCRmd ID: 1018 [https://www.gpcrmd.org/view/1018], trajectory ID: 17253),
5TZR (GPCRmd ID: 793 [https://www.gpcrmd.org/view/793], trajectory ID: 15725),
5TZY site 1 (GPCRmd ID: 928 [https://www.gpcrmd.org/view/928], trajectory ID:
16644), 5TZY site 2 (GPCRmd ID: 928 [https://www.gpcrmd.org/view/928], trajec-
tory ID: 16645), 5KW2 (GPCRmd ID: 765 [https://www.gpcrmd.org/view/765], tra-
jectory ID: 15539), 6C1Q (GPCRmd ID: 1084 [https://www.gpcrmd.org/view/1084],
trajectory ID: 18343), 6C1R (GPCRmd ID: 1085 [https://www.gpcrmd.org/view/
1085], trajectory ID: 18351). The original ligands have been superimposed to the
simulated apo system’s surface to indicate the location of the initial pocket.
e Searchable large scale collection of lipid insertions (left) and their visualisationon
GPCRmd by mapping lipid distribution maps (orange volumetric map) on the 3D
GPCR structure (right). Persistent lipid insertions are promising hotspots for
allosteric sites and entrance channels. Source data are provided in the Source
Data file.
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inactive receptor states, highlighting an important area for further
investigation in future studies.

Of note, several of our detected lipid insertion sites (TM1-TM7EC
and TM3-TM4-TM5IC) have been frequently associated with allosteric
sites21,45, which prompted us to explore the possibility of using lipid
insertions to predict functionally relevant sites. Our subsequent study
demonstrates that simulated membrane lipids efficiently identify
hydrophobic pockets on the receptor surface previously resolved in
experimental structures (Fig. 4a). Most importantly, we find that
investigated allosteric sites exhibit remarkable flexibility, often tend-
ing to fully or partially close in the absence of an allosteric modulator
(Fig. 5b–d). This suggests that experimentally observed allosteric
pockets are mostly ligand-induced. Our finding has three significant
implications for identifying allosteric drug target sites within GPCRs:
First, our data suggests that, in the absence of a modulator, allosteric
pockets sample a large conformational space including numerous
open but also closed states which can obscure their druggability. This
is reflected by the fact that, when allosteric modulators are not pre-
sent, these pockets disappear from experimentally determined struc-
tures. Second, our data points to the existence of multiple unexplored
pocket sites within the 3D GPCRome which have not yet been identi-
fied in available experimental structures. Third, according to our data,
binding sites undergo closing and opening dynamics at the nanose-
cond timescale. Therefore, there is no efficient experimental method
which is capable of thoroughly screening the hidden allosteric pockets
with sufficient temporal and spatial resolution. Our study reveals a
viable solution to overcome this challenge for GPCRs and any other
type of membrane protein: leveraging simulations and lipid-protein
interaction as a high-throughput strategy to reveal concealed pockets.
Of note, we have compiled an extensive dataset on lipid dynamics and
insertion (Supplementary Data 3 and 4) which holds important value
for researchers searching for unexplored cavities to allosterically tar-
get GPCRs. This data can be interactively streamed for individual
receptors on the GPCRmd web platform (Fig. 5e). For instance, the
TM3-TM4-TM5IC site, which is a highly conserved lipid insertion site in
our simulated GPCR dataset, has not yet been exploited for the apelin
receptor (PDB id: 5VBL). Similarly, the TM1-TM7 site has never before
hosted a synthetic ligand in an experimentally determined
structure21,25.

In addition to allosteric sites revealed bymembrane lipids, we also
observe sodium ions allosterically binding in the transmembrane
bundle of class A GPCRs—a well-recognised phenomenon46. Our data
unveil a diverse range of sodium binding profiles, including rapid,
delayed, or absent binding at D2x50 (Supplementary Fig. 12). Consistent
with previous findings14, the structural characteristics of the extra-
cellular entrance and the intramolecular channel guiding sodium to
the allosteric site D2x50 appear to modulate the degree of ion binding
(Supplementary Fig. 13).

Another important discovery from our study is the identification
of entrance gateways from the lateralmembrane side into the receptor
core, which can serve as potential drug (un)binding pathways. They
have been described for a few GPCRs (e.g., rhodopsins, cannabinoid,
sphingosine-1-phosphate (S1P), Melatonin and GPR183)30,32,47–49 but
remain largely unexplored for themajority of receptors. Like allosteric
pockets, these entrance gateways are highly dynamic and are often
closed in experimentally solved structures. Our data demonstrates
that membrane lipids are also able to identify such gateways and
promote their opening during MD simulations (Supplementary
Movies 2 and 3). Importantly, they can even occupy part of the
orthosteric site (Fig. 4b). This finding further suggests that membrane
lipids can naturally interact and at times compete with orthosteric
ligands in GPCRs which aligns with previous observations for the
A2AR

50. Altogether, our results highlight the significant role of lipid
dynamics in receptor function. We anticipate that modifications of
membrane lipid properties51,52, such as tail length, saturation and polar

head will further modulate these effects. This could contribute to
diversification of GPCR function across different cell types and tissues
with varying membrane compositions53. In addition to the reported
lateral membrane gateways (e.g., in rhodopsin, CB1 receptor and β2-
AR), we also uncover previously unknown channels (Supplementary
Data 6 to 7). Insights into such potential drug binding and ligand entry
pathways are critical for drug development as they determine the
chemical space a GPCR recognises. This has been recently demon-
strated for the GPR183 - a receptor that signals in response to hydro-
phobic and polar ligands entering through a lateral membrane
gateway or the solvent-exposed extracellular opening, respectively47.

In our study, we employ amembranemodel composed entirely of
POPC. This choice is motivated by the prevalence of diacyl-
phosphatidylcholine lipids in animal cell membranes, where they
constitute 40–60% of total cellular phospholipids54 and by its status as
awell-characterised lipid in computational research.We recognise that
this simplified membrane composition does not fully capture the
complexity of biological membranes, notably lacking cholesterol and
other lipids that significantly influence GPCR dynamics50,55–58. None-
theless, our results show that a pure POPCmembrane setup effectively
replicates essential lipid interactions, including lipid insertions and
lateral ligand gateways, across a broad range of GPCR types (Fig. 3c).
Future research will expand on these findings by systematically
incorporating cholesterol and additional lipids to assess the effects of
complex membrane environments on GPCR dynamics.

In summary, our resource opens possibilities for incorporating a
dynamic view of GPCR plasticity into drug development targeting a
large array of diseases (e.g., pain, addiction, inflammation, cancer, etc.,
Table 1). It provides innovative structural insights into unexplored
receptor conformations, allosteric sites and entrance gateways that
can be exploited by a large interdisciplinary community including
medicinal chemists, pharmacogenomics experts, evolutionary biolo-
gists, computational chemists, biomedical data scientists, drug design
experts or teachers and students from the natural and biomedical
sciences. As a final remark, our study focuses on a selection of highly
relevant GPCR features, providing valuable insights into GPCR func-
tion. However, the dataset we present extends far beyond these find-
ings, offering significant potential for uncovering yet-to-be-explored
features. These could include the discovery of cryptic (sub)pockets
within the receptor interior or a systematic GPCR-wide analysis of
intramolecular allosteric communication to advance our under-
standing of GPCR (sub)type-, or class-specific functions among others.
For this purpose, all simulations are made freely available on the
GPCRmd server for visualisation, analysis and download (www.
gpcrmd.org) with the final aim to accelerate GPCR research and drug
development.

Methods
Structure selection and curation
The structures simulated in the second edition of GPCRmd were
obtained from the GPCRdb’s refined structure database (November
2020 update)59, in which all stabilising mutations have been reverted
to wild-type counterparts. We selected all structures that were not co-
solved with coupling partners (e.g., G proteins, β-arrestins, nano-
bodies, among others) and that had not been previously simulated in
GPCRmd. During the curation process, structures were automatically
protonated using the ‘systemPrepare()‘ function of the HTMD mole-
cular environment (version 1.22.4)60, which in turn is based onPROPKA
pKa predictions61. Internal water molecules were added using the
online web server HOMOLWAT62. The strongly conserved sodium ion
near residue 2x50 was also added using HOMOLWAT in structures
deemed inactive (bound to ligands identified as ‘antagonist’ or ‘inverse
agonist’byGPCRdb) and in apo formstructures,where the sodiumwas
allowed to bind spontaneously. After these automated steps, the
structures were manually curated by experts from the GPCRmd
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community, who ensured the high quality of the prepared structures
to be submitted to the MD simulation process. This includes the
remodelling and reconstruction of any missing loops whenever pos-
sible, and the revision of the following features:

• Sections and loops modelled by GPCRdb automated refinement
algorithm.

• Waters placed by HOMOLWAT.
• Presence or absence of sodium near site 2x50.
• Protonation/tautomeric states of residues.
• Disulphide bridges.
• Chemical structure of non-protein ligand molecules.

Simulation protocol
The entire simulation protocol was performed automatically using a
Python pipeline specifically developed for this purpose, based on
HTMD (Fig. 6). The proper orientation of receptors within the lipid

bilayer was obtained from the OPM database63, with receptors
embedded in a POPC membrane and solvated with TIP3P waters. The
resulting systems were built using the ‘charmm.build()’ function of
HTMD. The system charge was neutralised and ionised using Na+ and
Cl− ions at a concentrationof0.15M. Systemparameterswereobtained
from CHARMM General Force Field (CGenFF) version c36/July202064.
Ligand parameters were assigned using the ParamChem online
server65,66. Built systems were then subjected to a simulation protocol
summarised in Table 2. Briefly, systems were equilibrated using
ACEMD3 (version 3.2.3), and then three production runs were per-
formed for each equilibrated system (see further details in Table 2).
Running three independent replicates provides the advantage of
sampling different regions of conformational space and enhances
results reproducibility (i.e., no enhanced sampling is required)14,67. In
addition, this approach is sufficient to allow the system to compre-
hensively explore the conformational space around the experimental

Table 1 | The GPCRmd dataset provides innovation with an added practical value for researchers

Innovation Description GPCRmd
featuresa

Added practical value for researchers

Time-resolved dynamics of
GPCRs implicated in the treat-
ment of a large array of diseases

List of treatment indications and implicated recep-
tors: (1) pain and addiction (opioid, cannabinoid
receptors) (2) inflammation or cancer (chemokine,
tachykinin, leukotriene, apelin, protease-activated,
frizzled and neurotensin receptors) (3) obesity and
metabolic disorders (GLP1R, complement peptide,
neuropeptide Y, free fatty acid, glucagon receptors)
(4) Neurological disorders and neurodegenerative
diseases (dopamine, serotonin, adenosine, mus-
carinic, metabotropic glutamate receptors) (5)
insomnia (orexin, melatonin receptors) (6) vision
(opsin receptor) (7) cardiovascular disease (angio-
tensin, adrenergic, endothelin, platelet-activating
factor, apelin, neurotensin, P2Y receptors) (8)
osteoporosis and bone development disorders
(parathyroid hormone receptor) (9) immune dis-
orders (lysophospholipid, P2Y receptors)

GPCRmd
viewer and
toolkit

Medicinal chemists:
Study of receptor dynamics, (in)activation, lipid
interactions and ligand-receptor interactions for
diverse ligand types
Pharmacogenomics experts: Assessment of the
dynamic environment of residues bearing naturally
occurring genetic variants to explain their contribu-
tion to disease aetiology and differential drug
response

Access to a large conformational
landscape of GPCRs

Time-resolved opening and closing movements of
GPCRs provide access to unexplored GPCR con-
formations: inactive-like, intermediate and active-
like (Fig. 2e)

GPCRmd
Breathing Tool

Evolutionary biologists:
Evolutionary insights into how protein sequence
associates with structural dynamics / constitutive
activity across closely related receptor types
Computational chemists:
Inactive-like, intermediate and active-like GPCR con-
formations can be exploited for enriching virtual
screening studies
Structural biologists:
Complement to static X-ray/CryoEM data allowing to
incorporate a protein dynamics context
Biomedical data scientists:
A massive dataset for machine learning techniques,
e.g.,
linking receptor dynamics data with signalling out-
comes, providing a variety of starting structures to
train conformation-aware protein modelling algo-
rithms, etc.

Access to unexplored allosteric
sites and entrance gateways

Allosteric sites and entrance gateways are highly
flexible and often hidden. Lipid dynamics and their
insertion into deep cavities can help disclose such
functionally relevant sites (Figs. 4 and 5)

GPCRmd Lipid
Insertion Tool

Drug Design Experts: Unexplored protein sites
inspiring original targeting strategies to modulate
GPCRs - a highly relevant drug target class
Computational structural biologists: A protocol that
can be applied to any other therapeutically relevant
membrane protein (e.g., ion channels, transporters/
carriers, tyrosine kinases)

Sharing cutting-edge research
with trainees and educators

Exploring protein dynamics visually reveals fasci-
nating processes related to protein physiology,
such as receptor (in)activation, the emergence of
allosteric sites or lateral channels into receptors

GPCRmd
viewer and
toolkit

Natural/biomedical sciences teachers and stu-
dents: A tool for science education

Transparency and reproducibility Input structures, simulation protocols and all gen-
erated data are available on GPCRmd (www.
gpcrmd.org) GPCRmd simulation submission
system

GPCRmd
platform

GPCR research community: A key resource to
accelerate basic and applied GPCR research and to
ensure MD simulation data and metadata in scientific
publications is citable, reproducible and publicly
accessible

aDescribed tools are available on www.gpcrmd.org.
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starting structure which minimises the dependence on the initial
configuration. The final simulated systems were wrapped and aligned
around the receptor using theMDAnalysismodule68 (version 2.1.0). To
ensure data consistency, we created a Python-based pipeline for
building, equilibrating, simulating and processing all systems in a fully
automated manner, available at https://github.com/GPCRmd/
simulation_pipeline. All systems have been uploaded into GPCRmd
to ensure their availability to the scientific community. A MD checklist
for data reproducibility is provided in Supplementary Table 4.

Conformational sampling
To determine the conformational state of a receptor in a given frame,
wemeasured the distancebetween twoalpha carbons in TM2andTM6
respectively. The specific residues vary by GPCR class and are listed in
Table 3, following the GPCRdb generic numbering scheme. To classify
conformations asopen, intermediate, or closed,we established a set of
distance thresholds. Initially, we tried to determine the distance
characteristic of fully ‘closed’ or ‘open’ receptor states. Distances
indicative of ‘closed’ conformations were obtained from GPCRdb
structures labelled as ‘inactive’ by their algorithm (https://docs.
gpcrdb.org/structures.html). The distances expected for ‘open’ con-
formations were obtained from available structures co-solved with a G
protein in GPCRdb. Distance value distributions comparing systems
labelled as ‘closed’ and ‘open’ are displayed in Fig. 2a (right). Statistical

significance between the ‘closed’ and ‘open’ distance sets was assessed
using a two-sided Mann-Whitney U test. We then calculated the aver-
age distances in both ‘open’ and ‘closed‘ datasets (Table 3) and the
range between them was divided into quartiles. Any frame where the
TM2-TM6 distance falls in the first quartile or below is considered
‘closed’. Frames falling in the 2nd and 3rd quartiles, above the ‘inter-
mediate threshold’ and below the ‘open threshold’, are classified as
‘intermediate’ (Table 3). Frames in the 4th quartile or above the range
are considered ‘open’. Using these ranges, we could assign a con-
formational state to every frameof every simulated replicate in the 2nd
simulation round. Classes C and F were excluded from the analysis, as
thedifferencebetweenmeanswasdeemed too small to bemeaningful.

The applied descriptor is meant to quantify the receptor opening
at the intracellular side of the receptor, which is an important feature
of receptor activation. However, complete activation can involve
subtle structural alterations depending on the receptor class and (sub)
type.Manyof the algorithms to detect suchchanges are not scalable to
MD simulation data analysis. Therefore, here we refer to the states
identified byour descriptor as ‘open/close’ or ‘active-like/inactive-like’,
which can be correlated to receptor activation but not completely.

Estimation of state transition rates between closed, inter-
mediate, and open GPCR states
Breathing kinetics were estimated for the apo and corresponding
complex form of class A and B1 GPCRs bound to an antagonist (90
systems), inverse agonist (9 systems), or NAM (8 systems) (see list of
receptors in Supplementary Data 2). In a first step, the time series of
the TM2-TM6 distances along the trajectories were smoothed with a
cubic spline filter with a parameter s = 300 to reduce noise. The
smoothed distance was discretized with the class-specific cut-offs for
closed, intermediate and open states to obtain time-dependent
(instantaneous) state assignments (see methods).

Due to the relatively small amount of transitions observed (rare
events on simulated timescales), wemodelled the breathing kinetics as
two-state irreversible processes. For this, we assume that (1) systems
start in the closed state; (2) within the observed time (3 × 500ns) they
may or may not transition to the intermediate or open state; (3) if the
transition occurs, the observation time stops. Irreversible two-state
models, which can be considered a special case of discrete-time Mar-
kov models, can be estimated quantitatively and reliably even in the
presence of few and unobserved events69 through the class of survival
analysis statistical methods.

We built models for (1) the closed-to-intermediate and (2) the
closed-to-open transitions. For each trajectory, we computed the first
time of occurrence of the target state (intermediate or open, respec-
tively), while trajectories for which the target state is never reached
count towards the sampling time as ‘censored’ observations. We used
the Kaplan-Meier estimator70 to evaluate the time-dependent fraction
of trajectories still in the closed state. The Kaplan-Meier formula cal-
culates the still-in-closed-state ‘survival’ probability at time t by mul-
tiplying the probabilities of survival at each time point when a
transition occurs, calculating these individual probabilities as (number
of trajectories surviving - number of events) divided by (number of
trajectories at risk) at each time point. Time-to-intermediate and time-
to-openwere compared between the apo and complex systemsby log-
rank tests and Cox proportional hazards models, testing the null

Fig. 6 | Schematic representation of the simulation protocol used for the 2nd simulation round. The parts included in the ‘Simulation Pipeline’ were performed
automatically with a Python-based pipeline specifically designed for this purpose (https://github.com/GPCRmd/simulation_pipeline).

Table 2 | Parameters used for theequilibration andproduction
runs of the 2nd simulation round

Equilibration Production

Simulation time 40ns 500ns

Timestep 2 fs 4 fs

Trajectory perioda 0.05 ns (25000 integra-
tion steps)

0.2 ns (50000 inte-
gration steps)

Minimisation steps 5000 0

Conditions Constant pressure (NPT) Constant
volume (NVT)

Barostat Monte Carlo -

Pressure 1 atm -

Thermostat Langevin

Temperature 310 K

Thermostat
damping

1 ps−1 0.1 ps−1

Restraints
applied to

Protein, co-solved ligand mole-
cules, HOMOLWAT, and co-
solved waters

-

Restraint strength 0–20ns: 1 kcal/mol/A2

20–30 ns: 1 kcal/mol/A2 linearly
tapered to 0
30–40ns: 0 kcal/mol/A2

-

Restraints type Flat-bottom harmonic along the
three axes

-

Restraint width 2Å -

Force field CHARMM36, July 2020 version

Replicates 1 3
aTrajectory period: Interval at which frames are saved into the output trajectory.
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hypothesis of no difference between the apo and complex systems.
Finally, we estimated transition incidence rates dividing the number of
events by the time sampled in the closed state, with 95% confidence
intervals provided by Ulm’s exact formula71 (Supplementary Table 1).

Lipid insertions
To study lipid insertions, GPCRs are embedded in a homogenous
membrane composed of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine). Thanks to the use of a homogeneous membrane
bilayer, we can exclude lipid interaction artefactswhichmayarise from
a poorly converged multi-component membrane bilayer.

A visual representation of the method used to detect membrane
lipid insertions in GPCR simulations is presented in Fig. 3a, of the
results. To identify insertions in our simulations, we first established
two sets with five mass centres per system: one from atoms in trans-
membrane helices TM2 to TM7 and another from helices TM1, TM2
and TM7 (the so-called receptor subcore). From these centres ofmass,
we created several cylindrical selections encompassing most of the
receptor’s ‘inner core’. Any phospholipid found inside these selections
in any frame is counted as ‘inserted’. The widths of these selections
vary: for shallow insertions major cylinders are 18Å wide, while minor
cylinders are 8 Å. To detect deep insertions, we applied a higher level
of stringency, with major cylinders being 14 Å wide and minor ones
being 6Å. Only lipids that stay longer than 20% of their ‘inserted’
frameswithin this narrower selection are classified as ‘deep’ insertions,
otherwise, they are considered ‘shallow’. To quantify the insertions
detected by this algorithm in the dataset, we count each lipidmolecule
that was inserted at some point of the trajectory as a single individual
insertion. We assume that lipids mostly insert into a single pocket site
during a simulation, as relevant insertions tend to be quite stable and
simulations are typically too short for a lipid to experience two dif-
ferent relevant insertion sites. Lipid insertions are further classified,
according to the simulation time spent inserted in the receptor, as
ultra-short, short, medium, or long (Table 4).

To identify the receptor sites where lipid insertions occur, we
analysed the protein residues within 3 Å of the inserted lipid. Subse-
quently, we classified these protein residues according to their TM and
their proximity to either the intra- or the extracellular region of the
GPCR. The two most frequent helices and the receptor side with the
greatest number of residueswere selected as the ‘insertion site’ for this
lipid in this frame (e.g., TM1-TM2IC).

Recovery of lipid insertions in static experimental structures was
performed using essentially the same method presented above. We
first visually inspected all structures in the dataset to identify all
adjuvant molecules that could be compared to a phospholipid, or at
least to a fatty acid. For instance, OLA, PLMand LPP, among others (see
Supplementary Table 2), were the molecules we sought to identify
within the cylinder selections to detect ‘lipid insertions’ in the struc-
tures. In assessing recovery, we looked for average, receptor-wise
insertion frequencies at the site where the static insertionwas found. If
insertion frequency values in MDwere above 4% (>20 ns on average in
each system of the subtype), we considered it as recovered.

All occupancy maps shown in the figures were created with the
‘VolMap’ VMD plugin72, version 1.1 (see examples in Fig. 4b and Sup-
plementary Figs. 3, 6, 7, and 11).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All simulation files, parameters and protocols are available at GPCRmd
https://www.gpcrmd.org/dynadb/publications/1535/. Individual sub-
mission codes and links to the simulation data onGPCRmdare listed in
Supplementary Data 1. Data for receptor breathing motions are found
in Supplementary Data 2. Data for lipid insertions frequencies (% of
frames) per receptor site is provided in Supplementary Data 3 (shallow
insertions) and Supplementary Data 4 (deep insertions). Data for
insertions of lipid-like molecules found in experimental static struc-
tures are listed in Supplementary Data 5. Summary of all reported
cases of lateral gateways identified through lipid insertions in our
simulated systems are found in Supplementary Data 6. Additional
information on individual insertions of particular systems is compiled
in Supplementary Data 7. Source data are provided with this paper.

Code availability
The code forMD system building and simulation is available at https://
github.com/GPCRmd/simulation_pipeline73.
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