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Abstract

G protein-coupled receptors (GPCRs) control cellular signaling and responses. Many of
these GPCRs are modulated by cholesterol and polyunsaturated fatty acids (PUFAs) which
have been shown to co-exist with saturated lipids in ordered membrane domains. However,
the lipid compositions of such domains extracted from the brain cortex tissue of individuals
suffering from GPCR-associated neurological disorders show drastically lowered levels of
PUFAs. Here, using free energy techniques and multiscale simulations of numerous mem-
brane proteins, we show that the presence of the PUFA DHA helps helical multi-pass pro-
teins such as GPCRs patrtition into ordered membrane domains. The mechanism is based
on hybrid lipids, whose PUFA chains coat the rough protein surface, while the saturated
chains face the raft environment, thus minimizing perturbations therein. Our findings sug-
gest that the reduction of GPCR partitioning to their native ordered environments due to
PUFA depletion might affect the function of these receptors in numerous neurodegenerative
diseases, where the membrane PUFA levels in the brain are decreased. We hope that this
work inspires experimental studies on the connection between membrane PUFA levels and
GPCR signaling.

Author summary

Our current picture of cellular membranes depicts them as laterally heterogeneous
sheets of lipids crowded with membrane proteins. These proteins often require a specific
lipid environment to efficiently perform their functions. Certain neuroreceptor proteins
are regulated by membrane cholesterol that is considered to be enriched in ordered
membrane domains. In the brain, these very same domains also contain a fair amount of
polyunsaturated fatty acids (PUFAs) that have also been discovered to interact favorably
with many receptor proteins. However, certain neurological diseases—associated with
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the inadequate functioning of the neuroreceptors—seem to result in the decrease of
brain PUFA levels. We hypothesized that this decrease in PUFA levels somehow inhibits
receptor partitioning to cholesterol-rich domains, which could further compromise
their function. We verified our hypothesis by an extensive set of computer simulations.
They demonstrated that the PUFA-receptor interaction indeed leads to favorable parti-
tioning of the receptors in the cholesterol-rich ordered domains. Moreover, the underly-
ing mechanism based on the shielding of the rough protein surface by the PUFAs seems
to be exclusive for multi-helical protein structures, of which neuroreceptors are a prime
example.

Introduction

Cellular membranes host functional membrane domains (“lipid rafts”) rich in proteins and
cholesterol (CHOL) [1]. Many G protein-coupled receptors (GPCRs) and cognate G proteins
are found in these domains [2], and numerous reports have suggested that CHOL is involved
in GPCR function [3-7]. Moreover, impaired CHOL homoeostasis and raft disruption have
been linked to different neurodegenerative diseases [2, 8], where GPCRs play a pivotal role.
However, the mechanism driving the partitioning of GPCRs to their native functional CHOL-
rich environments is still not well understood.

Polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA, 22:6(n-3)) are
likewise key membrane components of brain cells [9]. PUFAs esterify to phospholipids
together with a saturated chain to form a hybrid lipid. Intriguingly, despite their disordered
nature, hybrid lipids are found in raft extracts [10-12], and they also partition surprisingly
well to cholesterol-rich ordered membrane regions [13]. However, raft PUFA levels are
reduced in various neuropsychiatric and mental disorders [14] including Alzheimer’s [10] and
Parkinson’s diseases [11]. This lack of PUFAs could thus affect GPCR function. In fact, experi-
ments have shown that DHA-containing lipids enhance the function of the prototypical GPCR
rhodopsin [15-17], which simulation studies have explained to take place as a result of the
high conformational flexibility of DHA chains. This provides hybrid lipids with high affinity
for the rough surface of GPCRs, [18-21] further promoting protein-protein interactions [22].

We recently reported the high affinity of DHA for the adenosine A, 4 receptor (A;aR) [23],
a GPCR with an important role in the central nervous systems, where different antagonists of
A, 4R have shown promising neuroprotective effects [24, 25]. Membrane CHOL is also known
to closely interact with A, R [7, 26-28], modulating its function [29] and ligand binding prop-
erties [7]. The partitioning of A,R into ordered membrane domains [30] is therefore quite
expected, though the mechanism rendering it possible has been suggested to be complex [31].
Moreover, given the numerous factors affecting protein partitioning [32] and the limited abil-
ity of model systems to capture in vivo behavior [33], it is not surprising that the role of PUFAs
in A, 4R partitioning remains to be investigated. Given the central role of GPCRs in cell signal-
ing, unlocking how DHA interacts with GPCRs is the key to understanding why GPCR func-
tion is impaired in severe brain diseases associated with a lowered membrane DHA level.

Here, we studied the role of PUFAs in the partitioning of GPCRs into CHOL-rich (raft-
like) liquid-ordered (L,) and CHOL-depleted liquid-disordered (L4) phases. Combining all-
atom and coarse-grained molecular dynamics (MD) simulations with free energy calculations,
we demonstrate for AR that in the absence of DHA, corresponding to brain tissue of dis-
eased individuals, partitioning to the Ly phase is energetically favored. However, in mem-
branes including DHA-containing hybrid lipids, corresponding to brain tissue of healthy
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Fig 1. A snapshot of a simulated membrane, the used lipid moieties, and the thermodynamic cycle for estimation of the free energy of transfer of a
membrane protein between the Lq and L, phases. A) L, membrane with 8 mol% SDPE after 10 us of equilibration. In panel A), A, 4R is shown in green, DSPC in
blue, CHOL in red, and SDPE in yellow. CG structures of B) DSPC, C) DOPC, D) SDPE, and E) CHOL. In panels B)-E), phosphate is shown in brown, choline/
ethanolamine in blue, and the CHOL ring in green. The saturated chain segments and glycerol are shown in cyan, while the unsaturated chains are shown in
purple. F) The thermodynamic cycle. The horizontal arrows represent the transformations used in this work, whereas the vertical arrows represent the alternative
transformations employed commonly for smaller molecules (see Section A.1 in S1 File for details). Lipids having a low main transition temperature T, (here
DOPC, present in the Ly phase) and lipids having a high T, (here DSPC, present in the L, phase) are shown in cyan and green, respectively. Cholesterol is shown
in yellow and the protein in orange.

https://doi.org/10.1371/journal.pcbi.1007033.g001

individuals, DHA drives A, 4R to partition to the L, phase, as a favorable structural arrange-
ment of DHA around A,,R minimizes the structural perturbations therein. Furthermore,
based on our studies on a number of distinct membrane proteins, we demonstrate that the
observed effect of DHA could be limited to rough helical multi-pass membrane proteins,
which include GPCRs.

Results
DHA promotes A,,R partitioning into the ordered phase

We calculated the free energy of transfer of A, 4R between L, and L, phases in the coarse-
grained (CG) scheme using the non-polarizable Martini 2.2 model [34-36]. First, we embed-
ded the protein in an L, phase membrane containing distearoylphosphatidylcholine (DSPC,
Fig 1B), 20 mol% CHOL (Fig 1E), and different concentrations of stearoyldocosahexaenoyl-
phosphatidylethanolamine (SDPE, Fig 1D) with a polyunsaturated DHA chain, see Fig 1 A.

In line with lipidomics experiments, DHA was paired with the PE head group. [37] Next, we
mutated L,-forming DSPC to L4-forming dioleoylphosphatidylcholine (DOPC, Fig 1C) in a
set of simulations and extracted the free energy change AG'eroi ""rot using the free energy per-
turbation approach. Here, a coupling parameter A has a value of 0 for DSPC and 1 for DOPC.
Then, we obtained AG™ "¢ by repeating this calculation in the absence of the protein. As dis-
cussed in Section B.7 in the S1 File, it is possible that the experimentally observed microscopic
phase separation in this DOPC/DSPC/CHOL mixture [38] is associated by a fairly large line
tension and hence only takes place in membranes larger than those currently within the reach
of MD simulations. This limits us from studying protein partitioning in DOPC/DSPC/CHOL
mixtures with coexisting domains. Nevertheless, the lipid chain order parameters, shown in
Fig 2A as a function of A, demonstrate a smooth transition between distinct L, and L4 phases
in both sets of the simulations. We therefore believe that our approach is able to capture the
physical properties of the coexisting phases in isolation. Further analyses shown in Section B.1
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Fig 2. Average 2" rank acyl chain order parameters (S,). A) Average order parameter of the mutated lipid (DSPC—DOPC) in (top) the system containing

A, 4R, and (bottom) the protein-free system. The cholesterol content was 20 mol% in all systems. The L,—L4 transformation takes place as the coupling parameter
A changes from zero to one. In Section B.1 in the S1 File, we demonstrate that these end points indeed correspond to the L, and L4 phases. Error bars showing
standard error are smaller than the marker size. B) Effects of SDPE and A, 4R on average 2" rank acyl chain order parameters (S,). Data are shown for both
coarse-grained and all-atom (fine-grained) simulations. For the latter, the order parameter is estimated from the average deuterium order parameter as

S, = —2S,> and the error bars show the standard error.

n

https://doi.org/10.1371/journal.pcbi.1007033.g002

in the S1 File also support this view. Following the thermodynamic cycle depicted in Fig 1F,
we carried on to extract the free energies of transfer as (AG"rot "0 — AGl~1¢). Additionally,
we also used a more realistic composition—based on the tie lines measured for the DOPC/
DPPC/CHOL mixture—where the DSPC/DOPC ratio was 2.3 in the L, phase, and then
reversed to 1/2.3 in the Ly phase. For further details on our computational approach, the sys-
tem compositions, and the simulation parameters, see Methods and the S1 File.

The free energy of transfer of A,4R as a function of SDPE concentration is shown as a solid
line in Fig 3A. Strikingly, the free energy of transfer changes sign at the SDPE concentration of
~8 mol%. This highlights that for dilute concentrations of SDPE, A, 4R partitions to the L4
phase. However, at higher SDPE concentrations the picture changes completely and the pro-
tein favors partitioning to the L, phase.

Concluding, the data provide compelling evidence that the presence of SDPE, and therefore
DHA, makes A,5R compatible with the L, phase.

A, AR surface is saturated with DHA

Fig 4A shows the 2D radial distribution functions (RDFs) of all lipid chain types around A,;,R
in the L, phase with 4 mol% of SDPE. The data are extracted from well-equilibrated mem-
branes in the CG scheme. Fig 4A demonstrates that AR is fully coated by SDPE with polyun-
saturated DHA forming the first solvation shell, followed by the saturated acyl chain of SDPE
and CHOL in the second shell. The formation of these shells is illustrated in the movie at
DOI:10.6084/m9.figshare.5903881. With increasing SDPE concentration, the right tail of the
RDF peaks of all lipids extends further away from the protein (see Fig. E in the S1 File), indi-
cating that the A,,R surface becomes saturated with DHA.

Interestingly, Fig 4A shows that CHOL penetrates the shell formed by the saturated chains
of SDPE, and occupies annular binding sites, in line with experimental and computational
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Fig 3. The effect of SDPE on the free energies of transfer of proteins between the L, and Ly phases. A) Values for A;4R are shown in black solid line. A negative
sign of the free energy of transfer indicates A,4R to favor the Ly phase. Inset shows the free energy changes AG'orot ot and AG~1¢ of the alchemical
transformations (DSPC—DOPC) with and without A,4R, respectively. B) Free energies of all studied proteins in the absence and presence (16 mol%) of SDPE.
The more realistic membrane compositions are denoted with “real.”.

https://doi.org/10.1371/journal.pchi.1007033.9003

studies on CHOL-A,4R interaction [26-28]. Indeed, cholesterol finds the suggested binding
sites in the absence (Fig 4B) but also in the presence of (Fig 4C) an SDPE shell.

These lipid shells around A, 4R are dynamic. Lipids exchange in the time scale of ~100 ns,
as evidenced by the decay time constants found through double exponential fits to the con-
tact data, shown in Table B in the S1 File (see also Section B.2 in the S1 File). For the L,
phase, the rates of SDPE and CHOL exchange increase as SDPE concentration increases. In
the Lq phase, the SDPE corona dissolves (see Fig. G in the S1 File). This lack of a tightly-
bound SDPE shell leads to higher SDPE and CHOL exchange rates. Similarly, CHOL
exchange rates are also higher in the absence of SPDE. These findings demonstrate that the
formation of an SDPE shell also affects the dynamics of CHOL association by stabilizing the

neighborhood of A,,R.
A — SDPE-DHA
10 Sy —— SDPE-Satur.
—— SDPC chains

—— Cholesterol
=== Protein

1 2 3 4 5
Distance from protein COM (nm)

Fig 4. 2D radial distribution functions of different lipid chains around the center of mass of A,,R and cholesterol density maps. A) The radial distribution
functions are shown as a function of distance from the A,,R COM for the L, phase membrane (DSPC/CHOL) with 4 mol% SDPE. Data are extracted from the last
5 us of the 10 us simulation using the gmx rdf tool. Error bars show standard error. Data for other SDPE concentrations are shown in Fig. E in the S1 File. B & C)
Cholesterol density around A, 4R in systems B) without SDPE and C) with 16 mol% SDPE is shown as a blue isosurface. The residues involved in binding
cholesterol, suggested by earlier studies, are shown in orange [27] and yellow [28]. The vicinity of these residues to the observed cholesterol density (blue) suggests
that cholesterol reaches the protein surface and often finds the proper binding sites in our simulations. Note that the isosurfaces are not in scale.

https://doi.org/10.1371/journal.pcbi.1007033.9004
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Concluding, the strong affinity of DHA to interact with A,,R leads to coating of the protein
by SDPE lipids. DHA is in contact with the protein, whereas the saturated chains favor interac-
tions with CHOL.

DHA corona renders A,,R more compatible with the L, phase

Partitioning of a membrane protein to either the L, or the L4 phase is driven by the mutual
structural compatibility between the protein and the lipids forming the membrane phase.
Possible parameters describing this compatibility include hydrophobic mismatch, the confor-
mational entropy of the protein, and perturbation of lipid chain order. We evaluated the con-
tribution of all these factors in the CG scheme.

Membrane thickness is shown in Fig. K in the S1 File as a function of distance from pro-
tein surface. The presence of SDPE has a clear effect on the thickness. Based on the mattress
model [39] and using the hydrophobic mismatch parameter from Ref. [32] and the hydro-
phobic thickness of A, R from the OPM database [40], we estimate that hydrophobic mis-
match contributes to the free energy of transfer by approximately 1.8 kJ/mol, favoring the L4
phase. However, the presence of 8 mol% of SDPE has an insignificant effect on this value,
indicating that negating hydrophobic mismatch is not the mechanism through which SDPE
shifts partitioning of A,4R towards the L, phase. Notably, this conclusion is insensitive to
the value of the hydrophobic mismatch parameter, which might be different between experi-
ment and our simulation model.

Next, we evaluated whether the SDPE corona promotes protein flexibility, hence resulting
in a favorable entropic contribution for partitioning to the L, phase in the presence of SDPE.
We plot the residue-wise root mean squared fluctuations (RMSF) of the protein structure in
both the L, and Ly phases in Fig. L in the S1 File. Curiously, in the absence of SDPE, the aver-
age RMSF value is slightly higher in the L, phase. However, at 8 mol% of SDPE the average
RMSF becomes larger in the L4 phase than in the L, phase (see inset in Fig. L in the S1 File).
This suggests that the entropic contribution due to the presence of SDPE actually promotes
A, AR partitioning to the L4 phase and hence acts against the observed effect of SDPE on the
free energy of transfer. Moreover, we note that the omitted lipid entropies also likely play a
role on partitioning.

How about protein-induced changes in lipid acyl chain order? The outer layer of the SDPE
corona around A, 4R is formed by the saturated stearic acid chains of SDPE (see Fig 4A). This
layer is likely more compatible with the L, phase than the rough surface of A,sR. This idea is
indeed backed up by results from CG systems, which show that the effects of SDPE on mem-
brane properties are reduced in the presence of A,4R and vice versa (see Fig 2A).

We note here that the CG approach is not well-suited to fully characterize acyl chain order.
Therefore, we also studied the effects of SDPE and A, 4R on membrane order in all-atom
detail. To this end, we fine-grained selected coarse-grained L, phase systems and carried out
all-atom simulations using the CHARMM36 force field [41, 42] as described in Methods. The
averaged stearic acid chain order parameters from both all-atom and coarse-grained simula-
tions of the L, phase membranes are shown in Fig 2B.

It is evident that both A,,R and SDPE lower the average order of the membrane. However,
at an SDPE concentration of 8 mol%, the presence of A,4R actually increases membrane
order, and this observation holds for both all-atom and coarse-grained schemes. The explana-
tion to this behavior is that when both SDPE and A, 4R are present, the DHA-A,5R interac-
tions shield the order-lowering effects of both SDPE and A, R. Importantly, the values from
coarse-grained and atomistic simulations are in the same ballpark. The spatial variation of
membrane order due to the presence of A,4R is studied in detail in Section B.3 in S1 File.
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To conclude, in the L, phase, the association of the flexible DHA chains and the rough sur-
face of AR weakens their perturbations on membrane (acyl chain) order.

DHA does not solvate other protein types efficiently

Previous simulations and experiments have demonstrated the favorable interactions of DHA
and GPCRs, including A, R and dopamine D, receptor (D,R) [18, 20-23, 43]. Here, we sys-
tematically studied four distinct membrane protein types—one S-barrel and three a-helical
structures with 1, 2, or 7 transmembrane passes, including A, R as a representative GPCR.
The proteins are 1) the transmembrane domain of the human receptor tyrosine kinase (ErbB1,
PDB id: 2MOB), a single helix; 2) a dimer formed by two Glycophorin A peptides [44] (GpA
dimer, PDB id: 1AFO); 3) A,4R (PDB id: 3EML) [45], a heptahelical bundle employed in the
CG free energy calculation; and 4) the voltage-dependent anion channel (VDAC, PDB id:
3EMN) [46], a B-barrel. These proteins are depicted in the middle column of Fig 5. Notably,
the lengths of the hydrophobic spans of the helical proteins were all equal to 3.2 nm [40], so
this factor cannot lead to differences in lipid-protein interactions. However, the B-barrel is
substantially thinner at 2.3 nm.

We simulated these proteins in membranes comprised of lipids, whose chains’ unsaturation
level was varied (chains with 0, 1, 2, or 6 double bonds per chain). We evaluated how the lipids
solvated the proteins in these membranes using unbiased all-atom simulations together with
the CHARMMS36 force field [41, 42]. We paired all lipid chains with a PC head group in order
to study only the effect of lipid chains. The final structures of the simulated systems are shown
in the rightmost column of Fig 5. The details are given in Methods and in Section A.4 in the S1
File. The RDFs of the fatty acid chains around the proteins were determined after full lipid
mixing had taken place.

It is evident from these RDFs (see leftmost column of Fig 5) that the non-GPCR proteins
(here ErbB1, GpA dimer, and VDAC) do not show any clear preference for DHA. Mean-
while, A,4R, as a representative example of GPCRs, interacts mostly with the DHA chain of
SDPE, and the saturated chain of SDPE again forms an outer layer of the lipid corona that is
in contact with the protein. This observation, in agreement with the results of CG simula-
tions (Fig 4A and our earlier study [23]), suggests that DHA adapts to the rough surface of
A, AR. Protein roughness (i.e. the degree of irregularity of a protein surface) [47] is known to
correlate with its propensity to interact with small molecules [48]. Therefore, it has been
used to predict binding sites at the protein surface [49]. Importantly, surface roughness is a
general feature of GPCRs [50] and explains the preferential interaction of the flexible and
kinked DHA chain with AR [19]. The fact that a smoother -barrel (VDAC) surface is
not solvated by DHA is in favor of this view. Since this phenomenon is also not observed
for proteins with a smaller number of helices (ErbB1 and GpA dimer), its origin likely lies
in the preference of DHA for the creviced tertiary structure instead of the helical secondary
structure.

To further quantify the DHA adaptation onto the A,4R surface, we calculated the mean
number of the residues in the helical TM region of A,4R that were in the vicinity (<0.3 nm)
of a lipid chain in the fine-grained simulations. We found a systematic increase: +10% for
the membrane with 4 mol% of SDPE and +15% for the membrane with 8 mol% of SDPE
as compared to the SDPE-free case. This effect was not dependent on the chosen cutoff,
as values of +7% and +17% were calculated for a cutoff of 0.4 nm. While this calculation
clearly shows that DHA chains adapt better to the A,,R surface, a further and more system-
atic study on the effects of the surface topology and the amino acid content therein on
DHA-protein interactions is required in the future to verify our findings. The favorable
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Fig 5. Radial distribution functions of different lipid chains around the centers of mass of four representative proteins. Leftmost column: RDF
plots. The distance was measured in the membrane plane, and the last 500 ns of the simulations were used in the analysis. The gmx rdf tool was
used. Error bars show standard error. The dashed line shows the approximate position of the protein surface. Two rightmost columns: Protein
structures used in the solvation simulations, as well as snapshots of them residing in the membranes. For membranes, only fatty acid chains are
rendered with the protein. The coloring is as follows: blue for saturated chains (both DPPC chains and the stearic acid chain of SDPC), red for
monounsaturated chains (both DOPC chains), yellow for diunsaturated chains (both DLiPC chains), green for polyunsaturated chains
(docosahexaenoic acid chain of SDPC), and orange for cholesterol.

https://doi.org/10.1371/journal.pchi.1007033.g005

interaction between flexible DHA chains and GPCR surfaces is highlighted in Fig 6, which
shows representative configurations sampled in the fine-grained all-atom simulations,
where a DHA chain has adapted its conformation to the rough protein surface and entered
a crevice on the A, 4R surface (see Fig 6A), or penetrated into the helical bundle of A,,R
(see Fig 6B).

Concluding, hybrid lipids with a DHA (or likely other PUFA) chain and a saturated chain
seem to be favored by GPCRs, and this is likely due to the rough surface of the transmembrane
region in these multi-helical proteins.
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Fig 6. Observed conformations of SDPE due to the flexibility of DHA in the fine-grained simulations. A) An
example configuration, where the DHA chain adapts to the A,,R surface. B) An example configuration, where the
DHA chain penetrates into the core of A;4R. The DHA chain is shown in orange, the rest of the lipid (including the
stearic acid chain) in yellow, and A,,R in green.

https://doi.org/10.1371/journal.pcbi.1007033.9006

SDPE-induced partitioning to L, as a general feature of helical multi-pass
proteins

Based on the observation that the DHA-protein interaction is characteristic for proteins
with multi-pass helical bundles, we extended our free energy of transfer calculation in the
CG scheme to two additional proteins of this kind. We also note that the effects for other
membrane protein types might be similar in the Martini scheme as many proteins seem to
interact favorably with PUFAs [51], likely due to unbalanced entropic and enthalpic contri-
butions to this interaction. However, based on our all-atom simulations, we abstain from
studying the free energies of transfer for protein types without multiple TM helices. D,R is
linked to many neurological and psychiatric disorders [52] associated with lowered PUFA
levels [10, 11, 14]. The DHA-D,R interaction was recently demonstrated by us [23]. We also
considered the brain-associated glucose transporter GLUT1, whose function is also depen-
dent on PUFAs [53, 54]. While GLUT1 is not a GPCR, it also has a multi-pass structure con-
sisting of 12 helices.

We estimated the free energies of transfer for all three proteins—D,R, GLUT1, and
A, AR—in the absence and in the presence (16 mol%) of SDPE and hence DHA. We also note
that while the phase-separation of the commonly used lipid mixtures in the Martini model is
complete and the phase boundaries are sharp [55], experiments report less distinct composi-
tions between the L, and L4 phases [56]. We therefore considered both the situation mimick-
ing complete separation (such as above), as well as a more realistic situation in which the L,
phase had a realistic DSPC/DOPC ratio of 2.3, which is reversed during the mutation into an
L4 phase (see Methods and Section A.2 in S1 File).

The free energies of transfer for all three proteins are shown in Fig 3B. The effect of SDPE is
clearly demonstrated for all proteins. Moreover, while the absolute values are smaller in the
membranes with more realistic compositions, the change of sign, i.e. the change in the favored
phase changes consistently upon the addition of SDPE. This behavior is in line with the two
phases now being less distinct, as demonstrated by the order parameters shown in Fig. D in
the S1 File. Moreover, the strong association of D,R and GLUT1 with DHA (see Fig. F in the
S1 File) is again responsible for the effect—similar to what was observed for A, 4R (see Fig 4A).
It is also worth pointing out that while we paired DHA with a PE head group (to form SDPE),
the calculations performed with SDPC instead of SDPE show an almost equal effect on protein
partitioning (see Section B.8 in S1 File).
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Concluding, the SDPE-induced partitioning to the L, phase is reproduced across three
multi-helical brain-associated proteins—two of which are GPCR neuroreceptors—whose
function is compromised by changes in membrane DHA levels. This effect is also consistently
observed with less distinct and more realistic phase compositions.

Discussion

Using multi-scale simulations and free energy calculations, we showed that a small amount of
SDPE, a DHA-containing hybrid lipid, enhances A, 4R partitioning to the L, phase. Without
DHA, the protein favors partitioning to the L4 phase instead. The change in this behavior
stems from the rough surface of A, 4R that favors interacting with DHA and, presumably, also
with other PUFAs over saturated chains. This interaction leads to a well-organized SDPE
corona where the DHA chains face the receptor, while the saturated chain of SDPE in the
outer layer of the corona interacts with CHOL and saturated phospholipid chains in the L,
phase. Through this mechanism, the perturbations of the flexible DHA chains and the rough
receptor surface on the L, phase are largely eliminated. The striking finding made in this work
is that the lipid corona could play a decisive role in the partitioning of membrane proteins. We
showed that this holds true for A,,R used in this work as a prototypical GPCR. The additional
results strongly suggest that the same conclusion holds for helical multi-pass proteins such as
GPCRs with rough surfaces, yet not for other protein topologies with smoother surfaces.

We acknowledge that while coarse-grained models are designed to capture the correct
trends, the absolute free energy values should be taken with caution. Still, our values are in line
with [32] if not smaller than (compare the data for WALP23 in Methods with Ref. [55]) the
values obtained with the Martini model exploiting different free energy techniques. We discuss
other possible methodological limitations in detail in Section B.7 in the S1 File.

Our results suggest that small concentrations of lipids not included in model membranes
might have drastic effects on the partitioning behavior of membrane proteins studied in vivo,
and can explain why raft-associated proteins partition to the L4 phase in phase-separated giant
unilamellar vesicles [33]. Further, the present simulation results are in line with experiments
suggesting that other structural features such as post-translational modifications, protein sur-
face roughness, and hydrophobic mismatch modulate the affinity of membrane proteins for
lipid rafts [32]. Given that the solvation of a GPCR by a DHA-containing hybrid lipid is based
on a layer where DHA stands next to the protein surface and saturated chains occupy the out-
ermost shell of the protein, this arrangement can increase the raft affinity of the GPCR protein
in three ways: it provides the protein with non-covalently bound saturated lipid anchors, it
complements the surface roughness of the protein, and with an appropriate choice of the satu-
rated chain in the hybrid lipids, hydrophobic mismatch can be reduced.

The concentration of DHA in raft membrane domains in the brain of healthy subjects is
~7 mol-% [11]. Assuming a protein area coverage similar to that in red blood cells [57] and an
average protein and lipid area of 10 nm” and 0.7 nm?, respectively, the protein-to-lipid ratio
would be approximately 1 to 50 per leaflet. With an SDPE content of ~14 mol-%, and consid-
ering that the membrane has two leaflets, the estimated protein-to-SDPE ratio is 1 to 13. Strik-
ingly, the saturation of the A,,R surface in our simulations takes place around this protein-to-
SDPE ratio (see Figs. G and H in the S1 File). Hence, this consideration suggests that in the
brain tissue of healthy subjects the DHA concentration is sufficiently large to favor the parti-
tioning of A, AR to ordered regions with structural similarity to the L, phase. However, one
has to keep in mind that our simplified model membranes do not capture either the heteroge-
neity or leaflet asymmetry of membranes in the brain, which can fine-tune the partitioning
behavior of proteins. Moreover, the membranes considered in this study are planar, yet
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GPCRs with high intrinsic curvature are also sorted by curvature [58], and the DHA corona
might have an effect therein. Studies of asymmetry or curvature are beyond this work, yet
might need to be taken into account when experimental validation for our findings is sought.
Then what happens if the DHA level is decreased? It is known that the level of DHA in
the brain of people suffering from neurodegenerative diseases is substantially reduced [10, 11,
59]. It is tempting to speculate that the reduced DHA content would alter the partitioning
of A, or D, receptors, displacing them from CHOL-rich domains to disordered regions,
compromising GPCR signaling. It has been shown that cholesterol binds to GPCRs such as
beta-2-adrenergic receptor in an allosteric manner [6], affecting its conformational distribu-
tion, thus the concern of compromised GPCR signalling due to a lowered DHA level is justi-
fied. In brief, the effect observed in the present study on partitioning has implications on
health. While DHA is promising in the treatment of neurodegenerative diseases [60], the
mechanism behind this protective effect, despite rendering membranes more fluid, remains
elusive. In our earlier study [23], we showed that the formation of A;,R homo- and hetero-
oligomers with the dopamine D, receptor is decreased when the DHA levels are reduced. In
the current work, we postulate that DHA-containing lipids have a dual role in preventing
neurodegenerative diseases by lipid-protein interactions: 1) they can influence raft partition-
ing, therefore indirectly 2) modulating key aspects of the GPCR biology, such as protein oligo-
merization. The proper function of these oligomeric and mutually regulatory receptor units in
a suitable lipid environment is essential for the properly functioning healthy brain. Our find-
ings could explain some of the beneficial effects of DHA-based therapies previously shown for
certain brain disorders [61].

Methods

All simulations are listed in Table A in the S1 File. The approach for extracting free energies of
transfer is described in Section A.1 in the S1 File, and details of simulation models and meth-
ods are given in Sections A.2-A.4 of the S1 File.

Coarse-grained simulations of protein partitioning

We embedded A, 4R (PDB id: 3EML [45]) to an L, membrane consisting of DSPC and 20 mol
% CHOL. Next, varying amounts of DSPC was replaced by the hybrid lipid SDPE with a satu-
rated (C18:0) and a polynsaturated (DHA) chain. The protein and the lipids were modeled in
the coarse-grained (CG) scheme using the non-polarizable Martini 2.2 model [34-36] together
with the elastic network for A,4R [62].

Next, DSPC was transformed into DOPC, resulting in the change of membrane phase from
L, to Ly. This process was performed as an alchemical transformation using the dual topology
paradigm with 27 windows. We verified the change in phase thoroughly (see Section A.1 in
the S1 File), and validated our approach using the 27-residue WALP peptide that favored the
L4 phase (free energy of transfer of 17.2+1.0 kJ/mol), in line with eperiments and simulations
[55]. The associated free energy changes were estimated by the Bennett acceptance ratio (BAR)
method [63] implemented in the gmx bar tool of GROMACS, and the free energy of transfer
was obtained as AG"r Mroc — AG !4 where the two terms correspond to this phase change
in the presence and absence of the protein.

To study the generality of the effect of SDPE on the partitioning of helical multi-pass mem-
brane proteins, we considered two additional brain-associated cases, with relation to DHA—
dopamine D, receptor (D,R) and glucose transporter GLUT1 (PDB id: 4PYP [64]), whose
free energies of transfer were calculated in the absence of SDPE and in the presence of 16
mol%SDPE. The systems were set up identically to the ones containing A, 4R, and the same
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equilibration and simulation protocols were followed. In the simulations, performed using
GROMACS v5.0.x [65], the recently suggested “New-RF” simulation parameters [66] were
employed. See Section A.2 in the S1 File for further details.

Finally, the free energies of transfer were also calculated for A, R, D,R, and GLUT1 in the
absence of and in the presence of 16 mol% SDPE in membranes whose compositions mim-
icked those of coexisting phases in model membranes (see Table A in the S1 File).

All-atom simulations of the effects of DHA

To study how DHA affects the adaptation of the protein into the membrane, we fine-grained
the well-equilibrated CG systems containing 0, 4, and 8 mol% SDPE into all-atom resolution
using the backward tool [67]. Additionally, we simulated membranes with identical lipid
ratios yet in the absence of the protein as a control. All all-atom simulations, performed
using GROMACS v5.0.x [65], employed the CHARMM36 force field [41, 42]. The last 150 ns
of 200 ns simulations was used in the analyses. The default input parameters provided by
CHARMM-GUI were used [68]. See Section A.3 in the S1 File for further details.

All-atom simulations of the solvation of proteins by DHA

We studied whether certain protein types are more prone to be solvated by DHA in all-atom
detail. To this end, we simulated four structurally different transmembrane proteins: 1) the
transmembrane domain of the human receptor tyrosine kinase (ErbB1, PDB id: 2MO0B), a sin-
gle helix; 2) a dimer formed by two Glycophorin A peptides [44] (GpA dimer, PDB id: 1AFO);
3) A,AR (PDB id: 3EML) [45], a heptahelical bundle employed in the CG free energy calcula-
tion; and 4) the voltage-dependent anion channel (VDAC, PDB id: 3EMN) [46], a S-barrel.
These proteins were embedded in a lipid bilayer consisting of equimolar concentrations of
CHOL, dipalmitoyl-phosphatidylcholine (DPPC, two saturated chains; di-16:0), DOPC (two
monounsaturated chains; di-18:1), dilinoleoyl-phosphatidylcholine (DLiPC, two diunsatu-
rated chains; di-18:2), and stearoyl-docosahexaenoyl-phosphatidylcholine (SDPC, one satu-
rated 18:0 chain and one polyunsaturated 22:6 (DHA) chain). The input structures for
GROMACS were generated using the CHARMM-GUI Membrane Builder [68], and the sys-
tems were simulated for 4 ps using the input parameters provided by CHARMM-GUI [68].
The last 500 ns were used in the analyses. See Section A.4 in the S1 File for further details.

Supporting information

S1 File. A more detailed description of the methods and additional results. Thorough
description of the method for estimating the free energies of transfer. Description of the setup
of all simulated systems, the used simulation parameters, and the performed analyses. Addi-
tional results considering the L,— L4 transition, the PUFA-protein interactions, cholesterol
binding onto the A,4R surface, as well as on the mechanism through which PUFAs alter the
partitioning tendency of proteins.

(PDF)
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