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ABSTRACT: Dimerization of G protein-coupled receptors (GPCRs) is GPCR Chemical repertoire of  [NRRTCRCITEECN

. . . . . monomers membrane lipids GPCR dimerization
considered to take part in regulating the highly dynamic nature of receptor
function. Intensive research unraveled a large variety of different dimer
configurations with potentially distinct activity profiles. Studies are complicated
by the critical role of the membrane environment for receptor dimerization, and
experimental deficiencies in modulating the same. Here we chose a molecular
dynamics strategy to characterize the potential of the large chemical lipid
repertoire to steer dimerization fingerprints of the neurotensin 1 receptor.
Unfavorable hydrophobic mismatch results in excessive dimerization whereas
particular lipid features, e.g., anionic headgroups, induce specific dimer
interfaces via direct protein—lipid interactions. Polyunsaturated fatty acids
attenuate compact dimer formation by facilitated adhesion to the protein transmembrane surface, and receptor lipidation-induced
conformational changes confer modulated protein—lipid and protein—protein interactions. Our results highlight the striking role of
the membrane environment on GPCR dimerization with potential functional consequences.
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B INTRODUCTION process to modulate receptor conformation, localization,
activity, and lipid recruitment.'>™"”

For more than 20 years, evidence accumulated that certain
GPCRs can form homo- and heterodimers or even higher-order
oligomers with potential allosteric functional consequences, e.g,,
ligand binding cooperativity, modulated intracellular signaling
profiles, or altered receptor trafficking."*™** In case of class A
GPCRs, dimerization and oligomerization were reported to
occur as constitutive, transient, and highly dynamic interactions

G protein-coupled receptors (GPCRs) form the largest family of
transmembrane receptors and are crucial for a wide variety of
physiological processes. Their main task is the recognition of
extracellular signals, such as small molecules, peptides, or
photons, and the induction of intracellular responses via
coupling to their eponymous G proteins or interactions with
. 1 . . . . .
arrestins.” Due to their role in many essential signaling pathways

and the accessibility of their extracellular ligand binding pocket, between transmembrane segments.”*~’ Structural information
GPCRs are the most frequently drug-targeted protein class.”’ regarding GPCR dimer or oligomer complexes, obtained from,
GPCRs share the general architecture of seven transmembrane e.g, protein crystallography, Forster or bioluminescence
helices (TM1 to TM?7) and typically show the intracellular helix resonance energy transfer (FRET or BRET, respectively),
8 (H8) perpendicular to the transmembrane helix bundle. As is mutagenesis, cross-linking, and computational studies, revealed
true of many other membrane proteins, GPCRs interact with a variety of different protein—protein interfaces.”*™>> Thus,
their lipid environment. The large chemical reservoir of distinct GPCRs appear able to form multiple dimer interfaces that may
membrane components offers different mechanisms to regulate exhibit distinct allosteric modulations of receptor activity and
protein activity. E.g., membrane nanodomains enriched in either function. As the dimerization and oligomerization of class A
saturated or unsaturated lipids and corresponding differences in GPCRs occur mainly between their TM helices, the membrane
bilayer thickness contribute to protein sorting to distinct areas,

or specific binding of lipids to protein domains was observed to Received: January 3, 2020 E g;‘lm%a
regulate protein function.”” In the case of GPCRs, membrane Revised:  March 20, 2020

properties and specific lipid types were shown to guide Published: March 22, 2020
localization and allosterically modulate receptor signaling.®™">
Furthermore, the post-translational addition of the fatty acid
palmitate (palmitoylation) to GPCRs was reported as a dynamic
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Table 1. Summary of Simulation Ensembles”

NTS1 dimerization simulation ensemble

POPC
DEPC
brain polar lipids (BPL)

BPL with DHA-containing lipids (BPL-DHA)

mixture of BPL and BPL-DHA (BPL-DHA-mix)

palmitoylated NTS1 (NTS1p) in BPL

NTS1p without palmitate in BPL

membrane

100% POPC (C16:0; C18:1)
100% DEPC (C22:1; C22:1)
15% POPC (C16:0; C18:1)
40% POPE (C16:0; C18:1)
20% POPS (C16:0; C18:1)
25% cholesterol

15% POPC (C16:0; C18:1)
40% SDPE (C18:0; C22:6)
20% SDPS (C18:0; C22:6)
25% cholesterol

15% POPC (C16:0; C18:1)
20% POPE (C16:0; C18:1)
20% SDPE (C18:0; C22:6)
10% POPS (C16:0; C18:1)
10% SDPS (C18:0; C22:6)
25% cholesterol

15% POPC (C16:0; C18:1)
40% POPE (C16:0; C18:1)
20% POPS (C16:0; C18:1)
25% cholesterol

15% POPC (C16:0; C18:1)
40% POPE (C16:0; C18:1)
20% POPS (C16:0; C18:1)

25% cholesterol

number of simulations  simulation time (us)  final number of dimers

498 3 264
500 3 483
497 8 311
503 8 37
501 8 35
491 8 174
493 8 198

“Generated NTS1 dimerization simulation ensembles and used lipid bilayer compositions as well as chemical properties of used fatty acids
(number of carbon (C) atoms:number of double bonds) are listed. The number of successfully completed simulations, the length of each
simulation, and final numbers of dimers meeting the dimer-acceptance interaction energy criterium (see Supporting Information for details) are

shown for all ensembles.

environment was reported to modulate the receptor associa-
tion;” e.g., stabilizing effects of lipids at specific dimer interfaces
were suggested for a number of receptors.’® In particular,
computational approaches were employed for in-depth
investigations regarding membrane-mediated receptor associa-
tion.””*” Using all-atom (AA) and coarse-grained (CG)
molecular dynamics (MD) simulations, specific lipid-binding
sites have been identified,**™* multiple dimer or oligomeric
structures could be explored,** ™" and the binding affinity
between interacting receptors was estimated.***” We previously
demonstrated how cholesterol steers chemokine receptor
homo- and heterodimerization, possibly inducing the formation
of potentially active dimers.*>""

The class A GPCR neurotensin receptor 1 (NTS1) and its
endogenous peptide ligand neurotensin (NT) are mainly found
in cells of the central nervous system and of the gastrointestinal
tract, regulating dopamine pathways, hypothermia, muscle
relaxation, analgesia, gut motility, and anterior pituitary
hormone secretion.””” Pathological processes involving
NTS1 and NT are several brain diseases like schizophrenia or
Huntington’s and Parkinson’s diseases, obesity, and various
malignancies.”*** Different biophysical methods revealed NTS1
receptor dimers in vitro and recently in vivo.”°"®" Using FRET
techniques, NTS1 dimerization was reported as sensitive to the
lipid environment®” and increasing receptor densities resulted in
enhanced NTS1 association.”®” A recent combination of
single-molecule FRET (smFRET) and double electron—
electron resonance (DEER) spectroscopy of receptors recon-
stituted in “native-like” brain polar lipid (BPL) liposomes
revealed dynamic association patterns of NTS1 with multiple
dimer configurations such as symmetric TMS,6/TMS,6,
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TM3,4/TM3,4 and TMI1,2,H8/TM1,2,H8 interfaces.”’ In
addition to dimerization, ligand-binding and G protein-coupling
activity of NTS1 were shown to be regulated by the lipid
environment.®*~°° E.g., anionic lipids showed increased
affinities at the receptor surface compared to neutral lipid
types and were suggested to increase NTS1-catalyzed nucleotide
exchange at G proteins.”>*® In addition, palmitoylation of
NTSI at cysteine residues on H8 was reported to modulate
receptor signaling by guiding the receptor localization within
membrane microdomains.

Here, we investigate dimerization patterns of NTS1 receptors
in various lipid environments differing in membrane thickness,
degree of lipid saturation, or headgroup chemistry and their
modulation by receptor palmitoylation. Our strategy of
employing ensembles of molecular dynamics simulations for
spontaneous receptor self-association permits access to the
molecular fingerprints of receptor dimerization and their
characteristic modulation by gross membrane properties and
by specific protein—lipid interactions. The results presented
here for the NTS1 receptor are consistent with available
experimental data and highlight the particular importance of
membrane nanodomain environments for the structure and
function of receptor complexes.

B METHODS

Detailed information on the applied methods and simulation
analysis are provided in the Supporting Information. Briefly, we
simulated dimerization of NTS1 in multiple membrane models
to characterize distinct effects of the lipid environment on the
association of GPCRs. The used receptor model was prepared
based on the crystal structure of rat NTS1 solved by Krumm et

https://dx.doi.org/10.1021/acs.jpcb.0c00062
J. Phys. Chem. B 2020, 124, 2823—2834
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Figure 1. (A) Number of simulations that showed NTS1 dimers according to the dimerization criteria and estimated self-diffusion coefficients (and
standard deviations) of monomeric NTSI in different simulation ensembles (see Supporting Information for details). (B) Orientational analyses for
dimer interface determination. The binding position angles f# and y are related to the involved TM helices of monomer A or B at the dimer interface,
respectively. (C) Sampled dimer configurations in different simulation ensembles. 2D kernel density estimations for (f,y)-coordinates were obtained
for all dimer structures during the last 50 ns of the simulations. Densities are represented as height-fields with density peaks colored in yellow, followed
by moderate densities in red and nonsampled regions in white. (D) Most frequently observed dimer structures of NTS1.

al.®” and stored in the Protein Data Bank®® (PDB ID: 4XES). H8
of our NTS1 model was extended by three residues according to
the NTSI crystal structure with PDB ID: 4BUO.* Since the
third intracellular loop (ICL3) was not resolved in any available
structure, ICL3 was simplified by connecting the open ends on
TMS and TMG; i.e., residues V268, P297, G298, R299, and
V300 served as an artificial intracellular loop. While we cannot
exclude a potential role of ICL3 in NTS1 dimerization, there is
only slight evidence indicating an involvement of ICL3 at GPCR

. . 0
dimer interfaces.”
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A brain polar lipid (BPL) model was based on the
commercially available Brain Polar Lipid Extract from Avanti
(Catalog No. 141101) assuming a 25% cholesterol content.’®
Seven simulation ensembles, each containing 2500 independ-
ent, microsecond-long simulations of two initially separated
NTS1 receptors in defined bilayers were generated following the
DAFT approach” in conjunction with the Martini v2.2 coarse-
grained force-field.”” In individual dimerization simulations, two
NTS1 proteins were embedded in roughly 400—500 lipids and
each system was simulated for 3—8 us. Simulation lengths are
presented in Table 1. A total MD simulation length of 22.8 ms

https://dx.doi.org/10.1021/acs.jpcb.0c00062
J. Phys. Chem. B 2020, 124, 2823—2834
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Figure 2. (A) Sample starting structures of two NTS1 proteins in POPC or DEPC. The bilayer thickness was calculated for either protein-free (pure)
lipid bilayers or 1 nm around NTS1 receptor monomers. (B) Estimated residual hydrophobic mismatch (and standard errors) of NTS1 in POPC and

DEPC bilayers (Mondal et al;** see Supporting Information).

was investigated for NTS1 association patterns. Coarse-grained
simulations were performed and analyzed using the GROMACS
simulation package version 4.6.”* The analysis of obtained dimer
interfaces followed the protocol previously established by
Pluhackova et al.’® and Gahbauer et al”>' The residual
hydrophobic mismatch was estimated based on the method
presented in Mondal et al.** Specific protein—lipid interactions
and palmitoylation-induced conformational changes were
additionally analyzed with atomistic simulations applying the
backward approach” and using the CHARMM36m force
field.”> Receptor monomers were embedded in bilayers
containing ca. 600 lipids and MD simulations were performed
for 500 ns in case of NTS1 embedded in BPL with 2% SDPE and
2% SDPS lipids, and 1000 ns in case of NTS1 and palmitoylated
NTS1 in BPL bilayers with 40% SDPE and 20% SDPS.
GROMACS versions 5.1 and 2018 were employed to run and
analyze atomistic simulations.”®

B RESULTS AND DISCUSSION

Striving to identify environmental characteristics that potentially
modulate GPCR dimerization, we investigated NTS1 receptor
association in various lipid environments (see Table 1): in
simple 1-palmitoyl-2-oleoyl-sn-glycero-3-phoshocholine
(POPC) and 1,2-dierucoyl-sn-glycero-3-phosphocholine
(DEPC) bilayers, as well as in different lipid environments
reflecting the main properties and composition of brain polar
lipid (BPL) extracts. BPL membranes were fre%uently used in
biophysical studies with reconstituted NTS1.>*°”°>% Qur BPL
model contains lipids with PC, phosphoethanolamine (PE), and
anionic phosphoserine (PS) headgroups as well as cholesterol.
Since membranes of brain cells were reported to contain
increased amounts of stearic and polyunsaturated docosahex-
aeonic acids (DHA) for PE and PS lipids,”””® the influence of 1-
stearoyl-2-docosahexaeonly-sn-glycero-3-phosphoethanolamine
(SDPE) and -phosphoserine (SDPS) lipids was investigated in
additional simulation setups. The dimerization of NTSI was
addressed in ensembles containing each ~500 independent
simulations on the microsecond time scale of two randomly
rotated, initially separated receptors at a given starting minimum
distance (~3.6 nm).”"”’
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Membrane-Mediated NTS1 Dimerization. Figure 1
summarizes dimerization patterns of NTS1 in the described
lipid environments. The final number of dimers (reaching the
dimer-acceptance interaction energy criteria, see Supporting
Information) and the diffusion coefficient of NTS1 proteins
differed drastically between simulation ensembles (see Figure
1A). Although the diffusion of NTS1 in DEPC (~ 3.4 X 107®
cm?/s) was reduced compared to that for POPC (~ 4.7 X 107°
cm?/ s), NTS1 dimerization was enhanced by almost a factor of 2
within the DEPC environment on a time scale of 3 ps. This
difference in dimerization kinetics thus hints to a substantially
different dimerization path. The analysis of dimer interfaces,
using relative binding position angles (f3, y) between receptors in
dimer complexes (see Figure 1B and Pluhackova et al.>® for
more details), revealed accordingly distinct and composition-
dependent association fingerprints for NTS1. Figure 1C shows
kernel density estimations for obtained dimer angles, ration-
alizing the dimer configurational space at the end of each
simulation ensemble; representative dimer structures are
illustrated in Figure 1D (for a comparison of initial and final
NTS1 dimer configurations see Figure S1). In pure POPC
membranes, only two distinct dimer interfaces were obtained for
NTS1: asymmetric TM1/TMS and symmetric TMS,6/TMS,6
configurations. In contrast, NTS1 in DEPC bilayers formed a
variety of dimers, including additional interfaces involving TM3
and TM4 or symmetric interfaces with TM1. This decreased
binding interface specificity within a membrane with a large
hydrophobic core thickness caused the increased dimerization
rate despite a decreased diffusion.

In a different manner, for a BPL environment, the
dimerization rate was lowered with respect to NTSI
dimerization in POPC, similar to the reduction in the receptor
diffusion coefficient (& 2.2 X 107 cm?/s). In addition to the
TMS,6/TMS,6 interface, NTS1 formed largely symmetric
interfaces involving TM1,2 or TM3,4. These interfaces are in
remarkable agreement with configurations suggested based on
DEER experiments conducted in BPL bilayers.”” Compact
dimer formation was severely hampered in BPL bilayers with
high amounts of DHA. The few obtained dimers exclusively
showed loosely packed TMS5/TMS interactions in the presence

https://dx.doi.org/10.1021/acs.jpcb.0c00062
J. Phys. Chem. B 2020, 124, 2823—2834
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Figure 3. (A) Cholesterol-binding to NTS1 in BPL membranes. The spatial density distribution of cholesterol molecules around NTS1 are shown in
cyan, the density distribution of the cholesterol headgroup (ROH) is shown in dark red. The thickness of the cartoon representation of NTS1
corresponds to the cholesterol occupancies of TM residues. The lower panel shows cholesterol occupancies (and standard errors), corresponding to
the fraction of simulation time with at least one cholesterol bound to the receptor surface. Highly occupied residues (occupied for more than 75% of
simulation time) are highlighted. (B) Cholesterol molecules bound to TMS and TM6 helices intercalate at the dimer interface in the loose TMS/TMS
configuration. (C) Relative occupancies (and standard errors) of different lipid species at the extracellular and intracellular termini of TM helices and
H8. (D) Anionic POPS lipids stabilize the TM3,4/TM3,4 dimer interface by mainly interacting with positively charged, intracellular residues on TM4.

of polyunsaturated lipids (see Figure S2). Interestingly, in mixed
bilayers of BPL with reduced concentrations of DHA (BPL-
DHA-mix), the small amount of obtained dimers explored a
larger configurational space as compared to dimers in BPL-
DHA.

These results for NTS1 receptors substantiate the extra-
ordinary impact of membrane compositions on receptor
dimerization kinetics and configurations, suggesting mecha-
nisms extending beyond diffusion-limited processes.

Hydrophobic Mismatch Affects Dimer Fingerprints. As
shown in Figure 2A, the increased chain length of eruic acid

2827

compared to oleic or palmitic acid resulted in DEPC bilayers of
~5.13 nm thickness, i.e., roughly 1 nm thicker as compared to
POPC bilayers (~4.18 nm). While the thickness of POPC
bilayers was hardly influenced by the NTSI1 receptor, DEPC
bilayers were compressed to a thickness of ~4.66 nm in the
vicinity of NTS1, indicating a significant hydrophobic mismatch
between NTS1 and DEPC.

Residual hydrophobic mismatch (RHM) energies for all
seven TM helices of NTS1, depicted in Figure 2B, were
estimated by penalizing exposed surface areas of hydrophobic
residues outside the hydrophobic membrane core and surface

https://dx.doi.org/10.1021/acs.jpcb.0c00062
J. Phys. Chem. B 2020, 124, 2823—2834
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Figure 4. (A) Distribution of transmembrane helix-bundle center of mass (COM) distances during the last SO ns of simulation time in different
ensembles. (B) Interactions of NTS1 with SDPE/PS or POPC/PE/PS lipids. (Left) Sample simulation snapshot of two NTS1 proteins in a BPL-
DHA-mix bilayer. (Right) Average propensities of SDPE/PS or POPC/PE/PS lipids 1 nm around NTS1 receptor monomers in 100 BPL-DHA-mix
ensemble simulations during the first microsecond of simulation time. (C) Accumulation of SDPE/PS 1 nm around a NTS1 monomer in a BPL bilayer
with 2% SDPE and 2% SDPS. (Above) Initial and final snapshots of a 5 us CG MD simulation. (Below) Enrichment factors, i.e., the ratio of the
concentration of lipids 1 nm around NTS1 compared to the bulk concentration, plotted against simulation time. (D) Conversion of the final snapshot
shown in part C to atomistic resolution and subsequent simulation, confirming the preferred binding of SDPE/PS to NTS1. (Left) Distributions of
average minimal distances of DHA or stearic acid of bound SDPE/PS lipids and an example of a distance trajectory of a bound SDPS lipid. As in part C,
enrichment factors of SDPS/PE and POPC/PE/PS lipids 1 nm around NTS1. (Right) Sample snapshot from the atomistic simulation of NTS1 with

bound SDPE/PS lipids.

areas of hydrophilic residues within the bilayer core (following
the approach presented in Mondal et al;** compare with the
Supporting Information). Interestingly, TM1 and TMS of NTS1
show the highest RHM in POPC bilayers and contribute to all
dimer interfaces obtained in the POPC simulation ensemble,
indicating a correlation between the hydrophobic mismatch of a
transmembrane segment and its involvement at complex
interfaces. The total hydrophobic mismatch of NTSI in
POPC (~ 75.7 kcal/mol) is smaller as compared to that for
DEPC bilayers (~ 79.6 kcal/mol); i.e., the observed increased
number of dimers in the DEPC simulation ensemble (see Figure
1A) is likely related to the larger hydrophobic mismatch (see
Figure S3 for RHM analysis of other studied membrane
compositions). Furthermore, TM2—TM4 and TMS6, which
contribute substantially to dimer interfaces in DEPC bilayers,
show ~15% increase in RHM. TM7 revealed a reduced RHM in
DEPC, however, does typically not contribute to observed dimer
interfaces as its surface is structurally masked by TM1 and TM6
and transitions into H8 on the intracellular side.
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In brief, longer, mainly saturated fatty acids in DEPC resulted
in an elevated hydrophobic mismatch between NTS1 and the
membrane environment, resulting in increased dimerization
rates and a higher variety of dimer interfaces. Previous
experiments indicated pronounced FRET efficiencies between
labeled NTS1 reconstituted in POPC in the presence of POPE
or cholesterol, i.e,, components increasing the bilayer thickness
compared to pure POPC bilayers.®> Our simulation ensemble in
DEPC revealed a significantly larger number of possible dimer
configurations, allowing to hypothesize that NTS1 in POPC
possibly formed less FRET-efficient dimers, while dimers
formed in thicker DEPC bilayers, e.g., symmetric interfaces
around TM1 or complexes involving TM3,4, may represent
FRET-capable configurations.

Specific Lipid Types Stabilize Distinct Dimer Inter-
faces with Potential Functional Consequences. The BPL
model membrane resulted in a bilayer thickness of ~4.36 nm,
with a slightly reduced thickness 1 A around the embedded
NTS1 receptor (& 4.24 nm); i.e., the presence of cholesterol and
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PE lipids increased the bilayer thickness as compared to POPC.
As presented in Figure 1C, the dimerization fingerprint of NTS1
in BPL differs significantly from corresponding patterns of
NTS1 in POPC or DEPC environments. Specific protein—lipid
interactions modulating receptor dimerization are illustrated in
Figure 3.

Cholesterol-binding to NTS1 was analyzed by monitoring the
cholesterol occupancy at individual TM residues (see Figure
3A). In particular, residues on the intracellular halves on TMS
and TM6 showed elevated cholesterol occupancies. Bound
cholesterol molecules could be identified between interacting
NTS1 receptors in the loosely packed TMS/TMS configuration
that were only sampled in cholesterol-containing bilayers (see
Figure 3B). Cholesterol intercalation stabilizes this noncompact
symmetric interface by preventing the extracellular halves on
TMS,6 to form tight contacts. Similar to results of previous ESR
experiments,”® pronounced occupancies of negatively charged
PS lipids in close vicinity of NTS1 were observed in the
simulations (Figure 3C). Particularly the intracellular segment
of TM4 preferably bound PS lipid headgroups. Interestingly, the
experimentally suggested symmetric TM3,4 dimer interface,
only sampled in simulations with BPL membrane models, shows
intracellularly intercalating PS lipids between NTS1 in the dimer
receptor complex (see Figure 3D). Several anionic lipids could
be identified fully pervading the intracellular interface between
both receptors, thereby interacting with the enriched positively
charged residues on TM4.

Combining previous experimental studies on receptor
dimerization and activity of reconstituted receptors at high
protein concentration, i.e., with predominately dimeric NTS1
(~ 90%),”**’ with the dimer interfaces observed in silico, allows
for intriguing hypotheses. Compared to NTS1 reconstituted in
BPL liposomes, receptors in pure POPC or POPC/cholesterol
mixtures revealed reduced dimer FRET efficiencies and a
diminished neurotensin-binding activity, indicating the presence
of inactive dimer configurations.”” Our simulation ensembles
suggest dimer structures predominately involving TMS5,6 in pure
POPC or stabilized by cholesterol. Le., for this dimer conformer,
the consensus outward activation-motion of (mainly) TM6
upon ligand-binding®*~** appears hampered without a change
in dimer configuration. Indeed, NT-binding to NTS1 in BPL
liposomes was reported to decrease dimer FRET efliciencies
between receptors labeled at TM6, indicating changes at the
TMS,6 dimer interfaces.” Since agonist-binding affinities are
significantly increased in fully activated, G protein-coupled
states,”” trapping TMS,6 at the dimer interface may allosterically
modulate agonist-binding capabilites of GPCRs by interfering
with the transition from inactive to active states.

In turn, the anionic lipid-induced symmetric TM3,4 dimer
interface that emerged in simulations using BPL model bilayers
(see Figure 3D), presents freely accessible TMS,6 helices. The
ligand-induced activation motion and subsequent G protein-
coupling appears more likely to occur for receptors in this
conﬁguration.59 In fact, anionic PG lipids were shown to
increase nucleotide exchange at G, proteins coupled to NTS1.%

Interestingly, it was suggested that coupling to G, proteins
requires a lar%er displacement of TM6 as observed in GPCR-G;
complexes.”*™ Since NTS1 couples promiscuously to all G
protein subtypes,®® dimerization potentially contributes to
downstream signaling bias. Indeed, the recently solved cryo-
EM structure of NTS1 coupled to G; allows superposition with
NTS1-dimers displaying symmetric TMS,6 interfaces, while
structural alignments using the f2 adrenergic receptor-G;
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complex results in significant sterical clashes for corresponding
interfaces (see Figure S4 for alignments of G protein-bound
GPCRs and NTS1 dimer structures). In turn, the TM3,4 dimer
interface would allow for G, and G; binding.

Polyunsaturated Lipids Accumulate at the Protein
Surface and Reduce Compact Dimer Formation. As
depicted in Figure 1A, compact NTS1 dimer formation was
substantially reduced in DHA-containing bilayers. The center of
mass distance distributions between the receptors by the end of
all simulations of the respective ensembles, presented in Figure
4A, shows that NTS1 could not form compact dimers in the
presence of polyunsaturated lipids, even though the diffusion
coeflicients remained rather unaffected as compared to BPL
bilayers in absence of DHA.

Figure 4B illustrates NTS1-lipid interactions in simulations of
BPL mixed with 30% DHA-containing SDPE/PS (BPL-DHA-
mix simulation ensemble). As can be seen in a final simulation
snapshot, SDPE/PS lipids accumulated around the receptors
and formed lipid nanodomains, excluding more saturated
POPC/PE/PS lipids. Monitoring the concentration of lipids
in a distance of 1 nm around NTS1 in course of the first
microsecond of simulations in mixed BPL-DHA bilayers,
revealed a rapid increase of DHA-containing lipids in receptor
vicinity resulting in stable lipid shells consisting of roughly 20%
POPC/PE/PS and 80% SDPE/PS. Similar findings were
reported from simulation studies on adenosine and dopamine
receptors,45 and DHA was reported to sug7port GPCR
partitioning to ordered membrane domains.”" Therefore,
polyunsaturated fatty acid chains may contribute in sorting
GPCRs into distinct membrane nanodomains, thus driving
colocalization of GPCRs. To further investigate binding of DHA
to NTS1, a protein monomer was embedded in a BPL bilayer
containing 2% SDPE and 2% SDPS (see Figure 4C). Simulation
snapshots and calculated enrichment factors of lipids in vicinity
of NTS1 highlight the accumulation of DHA around the
receptor, indicating up to 8-fold higher DHA concentration
around NTS1 compared to the bulk composition. Converting
the final snapshot of the 5 us CG simulation to atomistic
resolution enabled the detailed investigation of bound SDPE
and SDPS lipids (presented in Figure 4D). As illustrated in the
protein—lipid structure, flexible DHA is able to penetrate into
the rugged protein surface, while fully saturated stearic acids are
less tightly bound. Analysis of the distances between fatty acid
chains and the protein surface from atomistic simulation
revealed a tighter and longer-lasting adhering of DHA as
compared to saturated stearic acids.

The preferred binding of DHA to GPCRs was reported before
for rhodopsin and simulation studies suggested lower entropic
costs for polyunsaturated fatty acids adapting to transmembrane
proteins as compared to saturated lipids.**~"° In combination
with the observed depleted formation of compact dimers in
DHA-containing simulation ensembles, accumulation of poly-
unsaturated lipids around NTS1 appears to shield trans-
membrane segments from engaging in direct protein—protein
contacts. Furthermore, the entropically costly adaptation of
saturated lipid tails to rugged protein surfaces was suggested as a
driving force behind transmembrane protein aggregation (as
discussed in, e.g., Sabra et al’! or Helmsgz).

Interestingly, Guixa-Gonzalez et al. reported enhanced
oligomerization kinetics from coarse-grained simulations and
BRET experiments for adenosine and dopamine receptors in
DHA-enriched membranes.** However, the BRET experiments
added DHA and -3 fatty acid triglycerides, while SDPC was
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Figure S. (A) Atomistic simulations of palmitate-free and -anchored NTS1 in BPL-DHA. The tilt angles a between the principal protein axis and the
HS8 axis were calculated over one microsecond trajectories (first 100 ns neglected for equilibration). The average conformation of the palmitoylated
NTSI receptor (NTS1p) was chosen according to the mean tilt angle during the last 200 ns of the simulation. Phe376, partially inserted into the pocket
between TM1 and TM7 in the crystal structure, is no longer anchored in the palmitoylated protein conformation. (B) Dimerization of palmitoylated
NTS1 was investigated with simulation ensembles in BPL bilayers. Simulations were computed with either palmitoylated or unpalmitoylated proteins
in NTS1p conformation, in order to investigate the impact of the conformational change and the presence of palmitate. (C) Protein helix thickness and
color scaled by the cholesterol occupancy of individual residues. (D) NTS1p dimers (helices shown in cartoon representation and colored according to
Figure 1B) compared with NTS1 dimers (shown with cylindrical helices and colored in gray with highlighted helices at the dimer interface). As
observed in the 2-adrenergic receptor crystal structure,”” NTS1p was observed to form dimers with cholesterol bound to the palmityl-anchors
between receptor monomers (®, position within the configurational space).

used in simulations. In contrast, we added DHA for PE and PS
lipids, as suggested in experiments on brain cell membranes.”””®
Thus, DHA may show different effects on GPCR oligomeriza-
tion kinetics and patterns, depending both on the type of lipid
headgroup and the particular GPCR studied.
Palmitolyation-Induced Modulations of NTS1 Con-
formation, Dimerization, and Interactions with Choles-
terol. Post-translational lipidation of GPCRs presents another
important sort of protein—lipid interaction reported to
modulate receptor activity and dimerization. In order to
investigate palmitoylation of NTSI, microsecond atomistic
simulations were carried out for palmitate-free and lipidated
receptors carrying a palmitoyl anchor at Cys386 in DHA-
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containing BPL bilayers. In Figure SA, the tilt angle o between
the first principal axes of H8 and the transmembrane helix
bundle indicates a significant conformational change of the
palmitoylated HS8. Thereby, the palmitoylated H8 adopted a
conformation more parallel to the membrane surface and
embedded within the membrane interface, while the non-
lipidated H8 stayed in a more tilted conformation as observed in
the crystal structure (& 52°). The average conformation of the
lipidated H8 during the last 200 ns of simulation was selected as
a representative structure for the palmitoylated receptor (we will
refer to the palmitoylation-induced receptor conformation as
NTS1p). Subsequently, NTS1p was converted to the coarse-
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grained representation to investigate dimerization of palmitoy-
lated receptors in BPL bilayers.

Dimerization simulation ensembles were conducted for
NTS1p carrying the palmitoyl anchor and for receptors in the
NTS1p conformation with removed palmitate in order to
identify differences caused by the conformational change of H8
only and by presence of the attached fatty acid. Compared to
unpalmitoylated NTS1 in BPL, both NTS1p models (i.e., with
and without palmitate) showed similar diffusion coefficients,
however, a moderately reduced number of dimers after 8 us of
simulation time. The dimer configurational spaces of receptors
in NTS1p conformational states revealed decreased numbers of
compact interfaces involving TM1 as compared to unpalmitoy-
lated NTS1 (compare Figure 1C), while symmetric TM3,4 and
TMS,6 interfaces appeared unaffected by palmitoylation. As
illustrated in Figure 5D, the NTS1 TM1,2/TM1—4 dimer
interface was reduced and shifted toward TM1-3/TM1
interactions in case of NTS1p. While TM1 and H8 in the
crystal-like conformation interacted with TM4 of the dimeriza-
tion partner in case of TM1,2/TM1—4 complexes, H8 in the
corresponding TM1—-3/TM1 NTSlp receptor dimer faces
TMLI of the adjacent receptor. Furthermore, the palmitoylation-
induced conformation of NTS1p-HS8 hindered the formation of
TM1/TMS dimers as observed for nonlipidated NTS1, since
H8 would clash with residues on the second intracellular loop
(ILC2). Pronounced cholesterol binding was observed for the
palmitate offering an additional binding spot on H8 (see Figure
SC). Interestingly, a small number of dimer interactions
involving the palmitoyl anchors and bound cholesterol
molecules were observed for NTS1p, resembling crystal-packing
contggts between f3,-adrenergic receptors (illustrated in Figure
sD).

Since the dimerization patterns of the receptors in NTS1p
conformation with and without palmitate were rather similar,
mainly the palmitoylation-induced conformational changes of
NTS1 resulted in adapted dimerization patterns, revealing
modified TM1 and HS8 interactions. The palmitate anchor
showed elevated interactions with cholesterol, and dimers with
palmitoyl-recruited cholesterol molecules between interacting
monomers could be sampled in the simulation ensemble. In case
of the p-opioid receptor, inhibition of palmitoylation at the
intracellular side of TM3 or removal of cholesterol were shown
to reduce receptor dimerization and interactions with Ga,
indicating a complex interplay between the lipid-guided
dimerization and activity of GPCRs.">”* Our multiscale
simulations suggest dynamic palmitoylation-induced adjust-
ments of receptor conformation, dimerization patterns, and
protein—lipid interactions, supporting the hypothesis that
lipidation-induced alterations of GPCR function may also
occur through modulations of membrane-mediated receptor
dimerization.

B CONCLUSIONS

In an attempt to characterize the vast influence of the membrane
environment on GPCR dimerization and function, we
investigated extensive coarse-grained simulation ensembles on
the association of NTS1 receptors in various lipid bilayers. Due
to the observed overestimation of protein aggregation in the
Martini force field” a pitfall of our applied simulation strategy
could be the sampling of artificial dimer configurations.
However, as described in previous studies,” 7177 the
combination of coarse-grained models and ensembles of
simulations offering ample statistics allows to distinguish
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between significant and unspecific protein—protein interactions.
In the present study, main NTS1 dimer interfaces obtained from
coarse-grained simulations are in stror_lg agreement with
experimentally observed dimer complexes.””

We demonstrate several, distinct protein—lipid interaction
profiles altering protein—protein interaction fingerprints. There-
by, general membrane properties, the presence of specific
membrane components, and protein—lipidation were identified
to steer GPCR dimerization. Lipid tail length and saturation
were revealed to exert strong influence on dimerization patterns.
Increased fatty acid chain lengths of mainly saturated lipids
elevated the hydrophobic mismatch with NTS1 resulting in
rapid, rather unspecific receptor association profiles. In turn,
higher degrees of unsaturation in fatty acids caused a drastically
reduced formation of compact receptor dimers due to facilitated
lipid adhesion at the receptor surface. The latter observation
supports the hypothesis of a lipid-entropy-driven transmem-
brane protein association conceptually similar to the hydro-
phobic effect guiding solute aggregation in water.””> Binding
spots for specific lipid types on the protein surface were further
revealed to guide receptor dimerization. Accumulation of
cholesterol molecules at TMS5,6 NTS1 segments resulted in
the formation of a cholesterol wedge at the symmetric TMS,6/
TMS,6 interface leading to loosely packed dimer interfaces.
Furthermore, binding of anionic lipids mainly to the positively
charged intracellular part on TM4 allowed the formation of
symmetric TM3,4 dimers where anionic lipids completely
pervade the intracellular interaction interface between receptors
demonstrating the role of lipids as active parts within
transmembrane protein complexes. Thereby, different dimer
interfaces may exert distinct receptor activity profiles, allowing
the membrane environment to regulate the cellular response to
extracellular signals. Due to the high number of possible dimer
interfaces, complexes including more than two monomers could
be imagined, however, FRET studies on NTS1 indicated
predominantly dimers instead of higher-order oligomers.”*>”

The dimerization of class A GPCRs remains a subject of
intense research striving to fully characterize the highly allosteric
nature of receptor signaling. Our study provides strong evidence
that particular care should be taken considering the membrane
environment in experiments addressing GPCR dimerization.
Conflicting reports regarding GPCR dimerization may partly
result from different experimental membrane environments. In
case of NTS1, we could confirm experimentally suggested dimer
interfaces especially for bilayer compositions mimicking the
experimental setup, illuminating the potential of MD
simulations to provide molecular insight into mechanisms
behind lipid-guided receptor interactions and highlighting the
striking role of the lipid environment in GPCR dimerization.
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