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ABSTRACT Rhodopsin, a prototypical G protein-coupled receptor, is a membrane protein that can sense dim light. This highly
effective photoreceptor is known to be sensitive to the composition of its lipidic environment, but the molecular mechanisms
underlying this fine-tuned modulation of the receptor’s function and structural stability are not fully understood. There are two
competing hypotheses to explain how this occurs: 1) lipid modulation occurs via solvent-like interactions, where lipid composition
controls membrane properties like hydrophobic thickness, which in turn modulate the protein’s conformational equilibrium; or 2)
protein-lipid interactions are ligand-like, with specific hot spots and long-lived binding events. By analyzing an ensemble of all-
atom molecular dynamics simulations of five different states of rhodopsin, we show that a local ordering effect takes place in the
membrane upon receptor activation. Likewise, docosahexaenoic acid acyl tails and phosphatidylethanolamine headgroups
behave like weak ligands, preferentially binding to the receptor in inactive-like conformations and inducing subtle but significant
structural changes.
INTRODUCTION
Lipids serve both structural and functional roles in biolog-
ical membranes. They act as diffusion barriers that allow
the generation of electrochemical potentials, contribute to
the selectivity of external cues in signaling and provide a
diverse milieu for membrane proteins (1,2). Many integral
membrane proteins are sensitive to the composition of their
lipid bilayers (3–8). Thus, factors that modulate the relative
abundance of membrane lipids, such as dietary intake and
age, can also influence the activity and organization of
proteins (2,9). Alterations in the lipid composition of mem-
branes have been linked to the onset of various pathologies,
including cardiovascular diseases, obesity, cancer, and neu-
ral and retinal degeneration (10,11). Therefore, understand-
ing the molecular basis underlying lipid modulation of
membrane proteins is key for developing new and more
effective therapies, targeting both membrane proteins and
membrane lipids (10,12).

Lipid effects on membrane protein activity can be
grouped into ligand-like and solvent-like effects (1,12).
Ligand-like effects are those where lipids make specific
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molecular interactions with the protein, including hydrogen
bonding and charge-charge interactions (6,13,14). We
define solvent-like effects as non-ligand-like effects that
arise from intrinsic membrane properties, such as bilayer
thickness (15–17), acyl chain order and packing (18),
fluidity, curvature elastic stress (19,20), and lateral pressure
(8). Due to their different natures, these effects can often be
distinguished by certain characteristics of the lipids from
which they originate, namely, their exchange and diffusion
rates, lifetimes at the protein surface, lateral and rotational
mobility, and the degree to which they require structural
specificity when interacting with the protein (1,9,21).
Ultimately, the relative importance of ligand-like and
solvent-like lipid effects on the structure and function of a
membrane protein depends on the environment and the
nature of the protein itself (9,22).

G protein-coupled receptors (GPCRs) are ubiquitous
seven-transmembrane (7TM) proteins whose primary func-
tion is to transduce information across lipid bilayers. They
constitute the most numerous and diverse superfamily of
proteins, with more than 825 distinct members identified
in humans (23). Although GPCRs have a highly conserved
topology, each receptor can specifically sense different
external stimuli on one side of the membrane and start
particular signaling responses on the other by binding a
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cytosolic partner, usually a G protein (24,25). These
responses mediate signaling pathways that play central roles
in many physiological processes, including inflammation,
vision, blood pressure, and pain (26–29). Not surprisingly,
one-third to one-half of all small-molecule drugs on the
market target GPCRs (30).

Lipids have been shown to influence the function and
activity of GPCRs at different levels. For instance, ligand-
binding affinity was found to be modulated by cholesterol
in the serotonin1A receptor (5-HT1AR) and the chemokine
receptor CXCR4; similarly, lipid headgroup composition
can modulate the ligand affinity of the b2-adrenergic recep-
tor (b2AR) (31–33). For the smoothened (Smo) receptor,
cholesterol alone can act as an activating ligand and initiate
signaling (34). In the cytosol, G protein recruitment
and post-activation G protein subunit sorting have been
observed to be sensitive to the non-lamellar-phase
propensity and charge of phospholipid headgroups
(35,36). Receptor dimerization and oligomerization are
also thought to be tuned by direct lipid binding or by
lipid-composition-dependent bilayer properties. The
presence of docosahexaenoic acid (DHA), for example,
modifies the rate of association of the dopamine D2 recep-
tor and the adenosine 2A receptor (A2AR), whereas palmi-
toylation and cholesterol also play a role in the formation of
m-opioid receptor oligomers (33,37,38).

Experimental and computational evidence have shown
that GPCRs can sample ensembles of distinct conforma-
tions, which result in a broad range of signaling efficacies
and functional differences (39–45). The equilibrium among
these ensembles of conformations has also been proposed to
be affected by the lipid composition of membranes through
different mechanisms. In particular, putative cholesterol
binding sites have been identified in several GPCRs,
including the b2AR and the A2AR. These non-annular
cholesterol molecules are hypothesized to have allosteric
and structure-stabilizing roles (46–48). Likewise, specific
receptor-lipid interactions with anionic phospholipid
headgroups have been proposed to stabilize the active
conformation of the b2AR (49). Solvent-like effects have
also been shown to alter the activity of these proteins, as
is the case with 5-HT1AR, where cholesterol-induced
membrane ordering favors receptor activation (18). Given
the large variety of membranes that contain GPCRs, it is
not unreasonable that the vast functional diversity and
specificity of these receptors may result in part from
membrane-composition-dependent lipid effects.

Rhodopsin is a prototypical GPCR that mediates scotopic
vision. This highly efficient photoreceptor is located in the
disk membranes of the outer segment of rod cells in the
retina. In its ground state (dark state), rhodopsin has
negligible activity, because its covalently bound ligand,
retinal, is an exceptional inverse agonist when it is in the
11-cis form (50). Light absorption induces the cis-to-trans
isomerization of the ligand (to an agonist) and starts a relax-
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ation process that drives the receptor through a series of
spectroscopically distinguishable intermediates (19). This
relaxation culminates when rhodopsin reaches an equilib-
rium between the inactive metarhodopsin I (Meta I) and
active metarhodopsin II (Meta II) states. Meta II is the
G protein-activating state of the receptor wherein the outer
rotation of helix 6 creates a cleft at the cytoplasmic end of
the protein that allows the G protein transducin to bind
(51,52). The Meta I-Meta II equilibrium takes place on
the millisecond timescale and has been shown to be influ-
enced by temperature, pH, and lipidic environment (4,53).
The activation process ends when retinal is hydrolyzed
from the binding pocket producing ligand-free opsin and
the receptor is regenerated by binding 11-cis retinal to
restart the photocycle (54).

Rhodopsin is a good example of protein-lipid co-evolution
for optimal function. The receptor constitutes �90% of all
proteins in rod outer segment (ROS) disk membranes, and
the lipid composition of ROS disk membranes is highly
specialized, containing a large fraction of polyunsaturated
fatty acids, particularly DHA (55,56). Studies where
rhodopsin was reconstituted in model membranes show
that increasing concentrations of DHA enhance rhodopsin’s
activity (57–59) and that this effect is amplified by phospha-
tidylethanolamine (PE) headgroups (60). In turn, the pres-
ence of cholesterol drives the Meta I-Meta II equilibrium
toward the inactive state (61). Both solvent-like and ligand-
like lipid effects have been proposed to explain these
phenomena (9,62–66).

Rhodopsin is sensitive to bilayer thickness, membrane
order, lipid packing, and curvature elastic stress (67).
Accordingly, DHA, which is known to lower the packing
density and order of lipid membranes, was proposed to facil-
itate the conformational transitions that lead to the Meta II
state, whereas cholesterol was suggested to counteract these
effects by ordering the membrane and increasing its thick-
ness (57,68). In addition, DHA and PE are non-lamellar-
phase-forming lipid components and introduce negative-
curvature elastic stress in membranes. Using flash
photolysis experiments with different bilayer compositions,
Botelho et al. (20) proposed that this so-called membrane
frustration might be relieved by the transition to Meta II.
Although sophisticated in its conception, this and other
models arguing in favor of solvent-like lipid effects do not
take into account the heterogeneity of the hydrophobic
surface of the protein and the distinct characteristics of the
lipids that are close or far from the receptor (69). For
instance, PE has hydrogen-bonding capacity, whereas the
multiple double bonds of DHA can form p-p stacking inter-
actions with aromatic side chains and the remaining single
bonds have low isomerization energy barriers that make
them extremely flexible and could potentially facilitate pro-
tein-lipid interactions (60,70,71). Indeed, saturation-transfer
NMR experiments have shown that lipids directly associate
with rhodopsin and behave as weak ligands (65,69).
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However, the exact molecular details of these putative
protein-lipid interactions are still largely unknown.

Here, we investigate the role of lipid membranes in
modulating rhodopsin’s structure and dynamics at atomic
resolution. We present an ensemble of multi-microsecond
all-atom simulations of rhodopsin along its photocycle
embedded in 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphatidylethanolanime (SDPE) membranes. Our anal-
ysis of the resulting trajectories suggests that membrane
modulation of rhodopsin activity is due to both solvent-
like and ligand-like properties of lipids and that these effects
are state dependent.
METHODS

System construction

Crystal structures have been solved for bovine rhodopsin in the dark state

(72), Meta II (52), and opsin (73) (PDB: 1U19, 3PXO, and 3CAP, respec-

tively). We used these structures as the starting points of four of our

systems, including dark-state rhodopsin with retinal removed (hereafter

referred to as dark opsin). Opsin exists in an equilibrium between

inactive-like and active-like receptor conformations. It was crystallized in

low-pH conditions and has a Ca root mean-square deviation of 0.51 and

2.8 Å with respect to the Meta II and dark-state structures, respectively

(52,72,73). However, at pH �6.1, its Fourier transform infrared spectrum

closely resembles that of the dark state, and the apo protein can activate

transducin only very poorly (50). Therefore, we consider dark opsin a

model for the hypothesized inactive-like opsin structure.

The starting structure of the Meta I state was obtained from previous

simulation work in which the protein was initialized and equilibrated in

the dark state and retinal isomerization was accomplished by applying an

external potential on the C10-C11¼C12-C13 torsion (74). This model of

Meta I formation emulates the complex counterion hypothesis formulated

by L€udeke et al. (75) and was validated by direct comparison of the 2H

NMR spectra of retinal’s methyl groups calculated from simulation and

measured experimentally (74).

We built six independent replicates of each of the five protein structures, for

a total of 30 trajectories and �163 ms of simulation time. In each system, the

receptor was embedded in a lipid bilayer composed of 123 SDPE molecules.

These phospholipids contain a PE headgroup, an 18-carbon saturated stearoyl

(STEA) chain and an u3 22-carbon DHA chain with six double bonds. ROS

membranes are highly enriched in DHA (�35–60% of all phospholipid

acyl tails), whereas PE constitutes�40% of all headgroups. Hence, we chose

SDPE as a simplified approximation of rhodopsin’s lipid environment.

Experimental work with pure SDPE bilayers is challenging, since these lipids

are notonly susceptible tooxidation, but also tend to forman inverse hexagonal

(HII) phase at physiological temperatures (293–323 K), as repeatedly shown

byNMRspectroscopy and x-ray diffraction (76,77). In practice, SDPE is often

titrated in with other lipids like 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati-

dylcholine, whose spontaneous monolayer curvatures are not as extreme (70).

However, this phase transition does not occur on the timescale of our simula-

tions. Our choice of membrane takes into consideration that the presence of a

second lipid species necessarily introduces lateral membrane-reorganization

degrees of freedom, which have timescales of hundreds of nanoseconds to

microseconds (78–80). It also reflects that any lipid modulation effects are

to be more cleanly discernible if the Meta I-Meta II equilibrium is shifted in

a single direction, as is the case for DHA and PE, which favor the active state

of the receptor (57). These membranes were constructed according to a

procedure analogous to that described by Grossfield et al. (45,79,81), fully

hydrated with�8000 waters, and embedded in 74 Å� 74 Å� 90 Å periodic

boxes with 100 mMNaCl (in addition to neutralizing salt). Total system sizes

were�46,000 atoms. Because the coordinates of the non-protein components
of the system are randomized during construction, this approach ensures that

every replicate is as independent as possible, with the only caveat being that

the same initial protein structuremust be used. This protocol has been recently

implemented as an automated membrane-building tool in LOOS, a Python/

Cþþ open-source library for molecular dynamics (MD) analysis (82).
Simulation details

We ran these simulations using the NAMD simulation package (version 2.8)

(83) with the CHARMM22 force field with CMAP corrections for protein

parameters (84,85) and the CHARMM36 force field for lipid parameters

(86). 11-cis and all-trans retinal parameters were kindly provided by

Dr. Scott Feller (87). The systems were energy minimized and initially

equilibrated for �10 ns in the NPAT ensemble. We have found that using

a constant lateral surface area as part of energy minimization helps to

stabilize the volume of the simulation box, allowing the water in the bulk

region to equilibrate. Production was carried out in the NPgT ensemble,

with g ¼ 30 dyn/cm (see Supporting Material, Section S1, for further

details). The pressure (1 bar) was regulated using a Langevin piston with

an oscillation period of 200 ns and a damping timescale of 100 ns, whereas

the temperature (310.15 K) was controlled using a Langevin thermostat with

a damping coefficient of 2 ps�1. We used the Velocity Verlet integrator with

a 2 fs timestep and the SHAKE algorithm to constrain hydrogen-containing

bonds (88). For the treatment of long-range electrostatics, we employed the

smooth particle-mesh Ewald (PME) summation method (89) with a cutoff

of 10 Å and a grid of 75� 75� 96 points (�1 Å/grid point). All simulations

were run on the BlueGene/Q supercomputer of the Center for Integrated

Research Computing (CIRC) at the University of Rochester.
Simulation analysis

Analysis was performed with the trajectories sampled at 1 ns resolution

(except as indicated), with the first 500 ns excluded to allow the protein and

membrane to relax. Unless explicitly noted, we used either existing analysis

tools included in the current LOOS distribution (version 2.3.1) (82) or in-

house code generated using LOOS. The source code for LOOS is available

for download at GitHub (http://github.com/GrossfieldLab/loos). Trajectory

visualization, image rendering and data plotting were carried out using

VMD (version 1.9.2) (90), PyMOL (version 1.8.0.0) (91), and gnuplot

(version 5.0, www.gnuplot.info). We refer the reader to the Supporting Mate-

rial for an extensive description of the analysis mentioned in the main text.
RESULTS

We examined the possibility that lipids could affect rhodop-
sin’s function by differently modulating the receptor along
its photocycle via solvent-like or ligand-like effects. We
carried out extensive simulations of rhodopsin in SDPE
membranes with starting structures corresponding to the
dark state, Meta I, Meta II, opsin, and dark opsin (an apo
dark-like state; see Methods for details). The aggregate
data set (�163 ms) included six independently constructed
replicates of each protein state that we used to assess the
statistical significance of our observations.
Changes in membrane structure during
rhodopsin activation

Reconstitution experiments of rhodopsin in different
membrane compositions have shown that the presence of
Biophysical Journal 114, 355–367, January 23, 2018 357
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PE headgroups and DHA acyl chains favors rhodopsin acti-
vation (3,57). This effect has been proposed to be the result
of curvature elastic stress in the membrane coupled with
changes in the shape of the receptor during activation
(19,20,92). To examine any changes in the shape of the pro-
tein in the context of our simulations, we computed the
cross-sectional area of the receptor for the dark, Meta I,
and Meta II states, which are part of rhodopsin’s activation
process. Briefly, we sliced the systems into thin sections
along the membrane normal that were partitioned using a
Voronoi decomposition in the plane of the membrane. The
cross-sectional area of each thin slice was taken as the
smallest convex hull delimiting the atoms of the protein
(see Supporting Material, Section S2, for further details).
Figs. 1 and S2 show the average cross-sectional areas of
rhodopsin along the bilayer normal computed from the
dark-state, Meta I, and Meta II systems. Our simulations
reveal small changes in the transmembrane region of the
protein, wherein the receptor undergoes a decrease in
cross-sectional area (�15< z< 15; Fig. 1, inset) and appears
to be slightly (but significantly) more elongated in the Meta
II state. Treating the individual trajectories as single
measurements, we were able to calculate accurate error
bars and also determine whether the noted changes are
statistically significant (see Figs. 1 and S2, b–d).

To understand the effects of these local changes in cross-
sectional area, we studied the organization and structure
of the lipids surrounding the receptor. Experimentally, 2H
quadripolar splittings measured via NMR provide a way
to quantify the average orientations sampled by C-D bonds
with respect to the membrane normal along perdeuterated
FIGURE 1 Cross-sectional area of rhodopsin during activation. Average

cross-sectional area profiles of rhodopsin states are calculated from six

trajectories per protein state. Error bars indicate the mean5 SE, computed

by treating each simulation as a single data point. Significantly different

cross-sectional areas among protein states (p < 0.05) were determined

with a t-test for each pairwise comparison and are annotated at the top by

stars (dark state versus Meta I), open diamonds (dark state versus Meta

II), and dots (Meta I versus Meta II). The inset corresponds to the cross-

sectional areas of the �15 < z < 15 region, with the y axis scaled up. To

see this figure in color, go online.
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fatty acid tails (93). This observable is customarily referred
to as C-D bond order parameters and is used to gauge
membrane disorder and assess the average structure of
lipid bilayers. We investigated activation-induced changes
in local membrane disorder by computing a whole-chain
analog of C-D bond order parameters (hereafter molecular
order parameters), where the angle between the second or
third principal axes of phospholipid acyl chains and the
membrane normal is averaged instead (see Supporting
Material, Section S3, for details).

We calculated the molecular order parameters of DHA
and STEA acyl chains as a function of distance from the
receptor to track down changes in the structure of the bilayer
during rhodopsin activation. At 11–15 �A from the centroid
of the protein, we observe that where STEA order is reduced
compared to the distal region of the membrane (>25 �A) in
the dark and Meta I states, it is slightly increased in the
case of Meta II (Fig. 2 a). These differences in STEAmolec-
ular order parameters between the inactive (dark and Meta I
states) and active (Meta II state) distributions are statisti-
cally significant in this region of the membrane (Fig. S3).
A lower molecular order parameter is indicative of either
increased chain disorder or systematic tilting of the chain.
Therefore, our analysis of the dark-state, Meta I, and Meta
II trajectories suggests that there is a local ordering effect
in the lipids surrounding the receptor upon activation,
wherein STEA acyl chains become more ordered around
the protein. This observation is further supported by the
b

FIGURE 2 Activation-induced changes in the structure of the membrane.

(a) Average distributions of molecular order parameters of STEA acyl

chains as a function of distance from the protein centroid are shown. (b)

Average distributions of STEA end-to-end distances as a function of

distance from the protein centroid computed from atoms C1 and C18 of

the acyl chain are shown. These averages were computed from the distribu-

tions of six trajectories per protein state. Error bars indicate the mean5 SE,

calculated by treating each trajectory as a single data point. To see this

figure in color, go online.
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distribution of end-to-end distances of STEA acyl chains as
a function of distance from the protein, which shows that
these fatty acids are in more stretched conformations near
the receptor in the Meta II state compared to the dark or
Meta I states (Fig. 2 b). Taken together, these results suggest
that when the transmembrane region of the protein gets
elongated upon activation, the lipid tails in the vicinity of
the protein (�11–15 �A from the protein centroid) can
compensate for the resulting hydrophobic mismatch by
adopting more stretched conformations. This end-to-end
elongation of the acyl chains in Meta II brings about a local
ordering of the membrane that is not present in the dark state
or Meta I (Fig. 2). The decrease in the receptor’s cross-
sectional area in Meta II, which occurs mainly in the hydro-
carbon region (Fig. S2), could also facilitate these changes
in the structure of the membrane.
FIGURE 3 Residence times of DHA acyl chains inside rhodopsin. Top:

Scheme illustrating the approach we employed to quantify DHA-binding

events in our simulations is shown. Briefly, we took thin slices of the system

along the membrane normal and used a Voronoi analysis to find the smallest

convex hull containing all transmembrane helices in a slice. We counted a

DHA tail as being inside the protein if one or more of its heavy atoms was

inside any of these convex hulls. Bottom: Distributions of the residence

times of DHA-binding events by protein state computed from the full

trajectories (including the first 500 ns of the simulation). Binding events

>1500 ns are grouped together. To see this figure in color, go online.
State dependence of lipid-binding lifetimes

Differences in the structure and distribution of phospho-
lipids surrounding the receptor during activation may also
modulate direct interactions between rhodopsin and annular
or non-annular lipids. In previous work, we had identified
regions on the protein surface that are likely to be enriched
in tight-packing lipid events (79). Here, with the benefit of
far longer simulations in different functional states, we iden-
tified lipids that form long-lived interactions where the
chains intercalate themselves between the helices. To deter-
mine whether these interactions are state dependent, we
monitored the lifetimes of lipid-binding events in rhodopsin
simulations starting from different functional states. For the
purpose of our analysis, we reasoned that instances of fatty
acid tails penetrating the helical bundle, as opposed to acyl
chains just contacting the surface of the protein, would be
more stable and more clearly discernible. For this reason,
lipid-binding events were defined by the presence of one
or more lipid heavy atoms inside the protein core at a given
time point. To discriminate the interior from the exterior of
the protein, we again took thin slices of the receptor along
the membrane normal and applied a Voronoi analysis, using
only the geometric centroids of the receptor’s transmem-
brane helices to define convex hulls (see Figs. 3, S4, and
S5, and refer to Supporting Material, Section S5, for further
details).

Fig. S4 shows the distributions of residence times of
DHA and STEA binding events computed from the full
trajectories. The total number of DHA penetration events
was larger than the total number of STEA penetration
events for every protein state. This result is consistent
with previous work suggesting that DHA is enriched at
the surface of the receptor and can penetrate deeper than
STEA into rhodopsin’s core (63,79,94). Since long-lived
binding events are more likely to have ligand-like effects
and induce changes in the protein, we examined the possi-
bility that the observed preference for DHA translated to
longer residence times for this fatty acid inside the recep-
tor. There were at least 1.7 times more long-lived DHA
binding events (those lasting >500 ns) than STEA binding
events in each protein state, suggesting that DHA-
rhodopsin interactions are more stable. The vast majority
of the long-lived DHA penetration events occurred when
the protein was in inactive-like states—dark, Meta I, or
dark opsin—as well as in one opsin trajectory that sponta-
neously deactivated �550 ns into the simulation (Fig. 3).
To assess the statistical significance of these observations,
we performed a t-test to compare the number of total,
short-lived (<20 ns), and long-lived DHA penetration
events per microsecond of simulation time among protein
states. Interestingly, although the number of total and
short-lived events per microsecond was not significantly
different between active-like and inactive-like protein
states (p > 0.05), the number of long-lived events in the
Biophysical Journal 114, 355–367, January 23, 2018 359
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dark-state, Meta I, and dark-opsin trajectories were signif-
icantly different (p < 0.05) from the ones found in the
Meta II simulations. We repeated these calculations
excluding the first 500 ns and the first microsecond from
the simulations (see Fig. S5). Although the number of lipid
penetrations varied in each case, the differences between
the inactive and active states in terms of their observed
long-lived binding events are robust. Overall, these results
suggest that DHA interacts with rhodopsin in a state- and
conformation-dependent manner.
FIGURE 4 Protein residues with significantly different DHA occu-

pancies in the dark state and Meta II. Amino acids that spent significantly

different simulation times (on average) in contact with DHA in either the

dark state or the Meta II trajectories are shown in sphere representation.

Significance was judged as p < 0.05, using six trajectories per protein state

as single measurements for the calculation. To see this figure in color, go

online.
Ligand-like effects of DHA on protein structure
and ligand behavior

The premise that DHA-rhodopsin interactions might be
state dependent prompted us to investigate the possible
origins of this preference. It has been previously proposed
that the intrinsic geometry of a given protein state might
be better suited to accommodate particular lipid species,
such as DHA (70). Another possibility is that specific
regions or specific residues on the protein surface differen-
tially associate with lipids in active-like and inactive-like
conformations of the receptor, depending on their accessi-
bility and availability for binding (63,67).

To test the latter hypothesis, we investigated whether
there were also significant differences among states
regarding protein residues involved in DHA-binding
events. Specifically, we computed the likelihood for a
given residue to make contact with DHA (see Supporting
Material, Section S6, for further details). For our six rep-
licates per protein state, we calculated the fraction of
simulation time that each protein residue was in contact
with any given DHA acyl chain and normalized this quan-
tity by the length of the trajectory. Using these results, we
carried out a t-test to find which residues were occupied by
DHA at significantly differently rates in the five protein
states, comparing two states at a time. A table with these
comparisons is shown in Fig. S6. For the dark state and
Meta II (which can be thought of as the end points of
the rhodopsin activity spectrum), these residues are map-
ped in sphere representation onto the dark-state crystal
structure (PDB: 1U19 (72)) in Fig. 4. Residues with higher
occupancies (i.e., normalized fraction of simulation time
in contact with DHA) in the dark state are colored
purple, whereas residues with higher occupancies in
Meta II are colored red. For clarity, residues with small
overall occupancies are not shown, even if the differ-
ences between protein states are statistically significant.
Unsurprisingly, most of the residues are located in the
interface of helices 5 and 6 and the interdiscal end of
helix 7, where the largest conformational changes occur
during activation.

Residue F212, or 5.47 in Ballesteros-Weinstein notation
(95), is found in the middle section of helix 5 and spends
significantly more time in contact with DHAwhen the pro-
360 Biophysical Journal 114, 355–367, January 23, 2018
tein is in the dark state (65% of the simulation time) than
when it is in Meta II (21% of the simulation time). Fig. 5
a shows a direct interaction between a DHA acyl chain
and this residue in one of our dark-state trajectories, as
defined by the minimum interatomic distance between the
two. In the simulation, F2125:47 undergoes a rotameric
switch when the DHA tail of the phospholipid binds
between helices 5 and 6 (Fig. 5, a and b, �950 ns).
This is not an isolated event; indeed, the rate of F2125:47

isomerization was at least 1.5 times higher in the dark-state
trajectories than in Meta II.

Evidence from previous simulation work and NMR
experiments shows that polyunsaturated acyl chains have a
strong preference for aromatic amino acid residues due to
interactions between the double bonds in the hydrocarbon
tails and aromatic side chains, and that these interactions
seem to be largely non-specific (63,67,71). Notably, rhodop-
sin’s ligand-binding site is lined by several aromatic resi-
dues that directly interact with the hydrophobic ligand
(96). For instance, F2125:47 is positioned within �5–7 �A
of retinal’s b-ionone ring (97). Therefore, we hypothesized
that the isomerizations of some of these aromatic residues
induced by DHA binding could propagate to the ligand,



a

b

c

d

e

FIGURE 5 Direct DHA-rhodopsin interactions

can alter the orientations of aromatic side chains

and retinal methyl groups. (a) Time series of the

minimum heavy-atom-to-heavy-atom distance

between a DHA acyl chain and protein residue

F2125.47 in one of the dark-state trajectories. (b)

Time series of the c1 torsion angle of F2125.47

computed from the same dark-state trajectory as

in (a). (c–e) Retinal methyl orientations as a

function of simulation time computed from the

same trajectory as in (a) and (b): (c) C5-methyl

(C5-C18), (d) C9-methyl (C9-C19), and (e)

C13-methyl (C13-C20). Right column: Time stills

showing rhodopsin viewed from the intradiscal

side of the membrane in cartoon representation

(only TM segments are shown for clarity).

K2967.43 and retinal are shown in stick representa-

tion. An SDPE phospholipid is drawn in sphere

representation. To see this figure in color, go

online.

FIGURE 6 Retinal methyl orientations in dark-state rhodopsin. Average

distributions of the orientations sampled by retinal methyl groups:

C5-methyl (C5-C18), C9-methyl (C9-C19), and C13-methyl (C13-C20)

are shown. cos q ¼ 1 means that the vector is parallel to the membrane

normal (i.e., pointing toward the interdiscal/intracellular side); and cos

q ¼ �1 indicates that it is anti-parallel to the membrane normal (i.e., point-

ing toward the intradiscal/extracellular side). Error bars indicate the mean

5 SE of six trajectories. To see this figure in color, go online.
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altering its orientation. To test this, we monitored the orien-
tations of the three methyl groups of retinal, as described by
Leioatts et al. (45). Briefly, we tracked the vector orienta-
tions between retinal atom pairs C5-C18, C9-C19, and
C13-C20 with respect to the membrane normal as a function
of simulation time (see Supporting Material, Section S7, for
further details). Fig. 5, c–e, shows time series of retinal
methyl-group orientations computed from the same dark-
state trajectory as in Fig. 5, a and b. There, retinal
orientation is concomitantly altered with the torsion angle
of F2125.47.

Although Fig. 5 focuses on a single event in one
trajectory, we observed other instances of coupling between
changes in the orientation of retinal’s methyl groups, the tor-
sion angles of aromatic amino acids and the formation/
breakage of interactions between these residues and DHA
acyl chains. This was especially the case for F2125.47,
W2656.46, and Y2686.51, which account for �30% of the
ligand’s binding pocket in the ground state (24). When we
histogrammed the observed retinal methyl orientations in
the dark state and averaged the resulting distributions of
our six trajectories, we found that the three methyl groups
sampled a wide range of orientations (Fig. 6), suggesting
that long-lived interactions between DHA and aromatic
residues are at least partially responsible for alterations in
the orientation of the ligand.
PE headgroups alter the conformation of
intracellular loop 3

Intracellular loop 3 (ICL3) of rhodopsin connects helices 5
and 6 at the cytoplasmic side of the receptor and has been
implicated in protein-protein interactions with transducin,
Biophysical Journal 114, 355–367, January 23, 2018 361
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rhodopsin kinase, and arrestin (98–102). This region
possesses intrinsic structural plasticity, as evidenced by its
high B-factors and lack of electron density in some dark-
state crystal structures; in other GPCRs, it must be truncated
or artificially stabilized by a fusion protein for crystalization
to occur (103,104). Our simulations suggest that this protein
region is also altered by direct protein-lipid interactions.
From crystal structures of the active state, ICL3 is known
to become partially structured upon activation (52,73). How-
ever, we observed that the loop can acquire some degree of
partial structuring even when the receptor is in inactive-like
protein states (dark state, Meta I, and dark opsin).

Fig. 7 a shows the secondary structure assignments of
residues Q2255.60–V2506.33 computed from one of the
dark-state trajectories (see Supporting Material, Section
S9, for details). A salt bridge between E2325.67 and
K2486.31 breaks concomitantly with ICL3 gaining helical
structure (Fig. 7 b). Surprisingly, we found that this interac-
tion is bridged and then disrupted by PE headgroups (Fig. 7,
bottom row). The amino group of PE forms a hydrogen bond
with the side chain of E2325.67, displacing K2486.31,
whereas K2486.31 hydrogen-bonds with PE’s phosphate
group (Fig. 7 c); similar behavior was observed in five of
the six dark-state trajectories. Although Fig. 7 shows a
single trajectory, we consistently saw ICL3 undergoing a
conformational change and PE bridging the interaction
between E2325.67 and K2486.31 in the dark-state (Fig. S7),
Meta I, and dark-opsin simulations. The resulting helix
varied in length and starting position. Its average length
was 5.2 5 0.5 residues over the three inactive-like protein
states, with residues 233–235 forming the central part of
the resulting secondary structure. These observations
suggest that PE headgroups favor the open state of the salt
bridge and stabilize the partial structuring of ICL3 in
inactive-like protein states, and they further support the
362 Biophysical Journal 114, 355–367, January 23, 2018
view that rhodopsin structure can be modulated by direct
protein-lipid interactions in a conformation-dependent
manner.
DISCUSSION

MD simulations have been used in the past to examine pro-
tein-lipid interactions in rhodopsin systems (63,64,79).
However, most of this work predated the crystal structure
of Meta II (52) and, due to the computational power avail-
able at the time, was limited to the nanosecond timescale.
The work presented here extends previous analysis to
include multiple protein states and longer simulation times.
Generally, GPCR state transitions have remained elusive
for unbiased simulations with standard force fields, given
their intrinsic timescales (105). We take advantage of the
existing number of rhodopsin structures in multiple states
and prior simulations to study the effects of lipids along
its photocycle.

Our analysis of the dark, Meta I, and Meta II states
suggests that activation-related conformational changes in
the receptor are coupled with changes in the structure of
the bilayer. We note that there is an elongation of the trans-
membrane region of the protein in the Meta II state (Fig. 1)
that seemingly increases the hydrophobic surface of the pro-
tein, particularly on the intradiscal side of the membrane.
We also note that STEA acyl chains are more ordered
around the protein (�11–15 �A from the centroid of the
receptor) in the Meta II state than in the dark or Meta I states
(Fig. 2 a). Our results suggest that this local ordering effect
is likely to be associated with the stretching of these fatty
acid tails that occurs in that area of the membrane in the
active state (Fig. 2 b), perhaps in an effort to compensate
for the changes in the conformation of the protein. These
observations support the view that rhodopsin activation
FIGURE 7 ICL3 samples multiple conforma-

tions in inactive-like rhodopsin. (a) Time course

of secondary structure assignments of protein

residues Q2255.60–V2506.33 in one of the dark-state

trajectories is shown. ICL3 partially turns into a

helix �1700 ns into the simulation. (b) Time

course of the minimum distance between

E2325.67 and K2486.31 computed from the same

dark-state trajectory as in (a). (c) Fraction of

contacts between E2325.67 and K2486.31 or PE

headgroups computed from the same trajectory

are shown. The fraction of contacts between PE

and E2325.67 increases concomitantly with the

breakage of the E2325.67–K2486.31 salt bridge

and ICL3 structuring. Bottom row: Conformation

of ICL3 at different time points of the same

trajectory, seen from the cytoplasmic side of the

receptor. E2325.67 and K2486.31 are shown in stick

representation. SDPE phospholipids located within

3.2 Å of E2325.67 are shown in sphere representa-

tion. To see this figure in color, go online.
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induces hydrophobic mismatch at the membrane-water
interface (16,106), and they agree with the model proposed
by Botelho et al. (20), which suggests that this activation-
induced mismatch promotes stretching in the membrane,
which in turn could reduce the curvature stress of the
bilayer. Moreover, in the case of the dark state and Meta I
systems, where the membrane is not as ordered around the
protein, it is likely that DHA acyl chains may move more
freely, conceivably facilitating direct interactions with the
protein, as suggested by Fig. 3.

Because of their extreme flexibility, DHA acyl chains
increase the fluidity of lipid membranes (68). Thus,
bilayers containing high concentrations of DHA tend to
be more loosely packed and less ordered. This effect,
which is particularly enhanced at the annular region of
certain proteins, such as the 50-nucleotidase and the
Mg2þ-ATPase, is thought to be responsible for increasing
membrane protein activity by allowing proteins greater
mobility (5). In the case of rhodopsin, evidence from
ultraviolet-visible spectroscopy indicates that the presence
of these polyunsaturated lipids shifts the Meta I-Meta II
equilibrium toward Meta II (4). Several lines of
investigation, including solid-state NMR, FRET, and MD
simulations, have shown that there is a strong preference
for DHA, as compared to other lipid species, to
accumulate at the lipid-protein interface of rhodopsin
(63,64,69,79,107,108). Based on this work, it was previ-
ously suggested that the ability of DHA to more deeply
penetrate the receptor’s core may also have functionally
relevant implications in rhodopsin activation (63,94). Our
results suggest that DHA may behave as a weak ligand
with multiple low-affinity binding sites (Figs. 3 and 4).
This view is consistent with saturation-transfer NMR
experiments, where the effect of titrating DHA in
rhodopsin-containing reconstituted membranes was fit to
a ligand-binding model with �16 binding sites (69).

Our simulations also suggest that DHA interacts with
rhodopsin in a state-dependent manner and that it associates
differently with inactive-like and active-like protein states
(Fig. 3), which is a necessary feature of allosteric modula-
tion of function. Specifically, we found that DHA has a
larger number of long-lived binding events in inactive-like
protein states (dark, Meta I, and dark opsin). Botelho et al.
(20) suggested that non-lamellar-phase-forming lipids,
such as DHA, stabilize the Meta II state by introducing cur-
vature elastic stress in the membrane (a solvent-like lipid
effect). Our data support a complementary destabilizing
role for DHA, where these polyunsaturated fatty acids
preferentially bind inactive-like protein states and poten-
tially disrupt stabilizing interactions within the receptor
(a ligand-like lipid effect) (66). Indeed, the presence of these
polyunsaturated acyl chains has been shown to decrease the
stability of the receptor (61,107), although separating the
role of lipid-protein effects from those due to the lower
Tm of polyunsaturated lipid membranes is problematic.
Spontaneous cis-to-trans isomerization of rhodopsin-
bound retinal is on the order of 10�8 s�1, owing to a photo-
activation energy of �48 kcal/mol (109,110). For isolated
retinal, however, this energy barrier is significantly lower
(�14.9 kcal/mol) (111). This discrepancy suggests that
rhodopsin dramatically reduces the rate of retinal isomeriza-
tion caused by thermal noise, which is important for
achieving a high signal/noise ratio in dim-light conditions.
Within the binding pocket, retinal’s Schiff base and its coun-
terion (E1133.28) form a stabilizing salt-bridge interaction,
but the ligand is also tightly packed and its mobility is
hindered by steric constraints (96). Unexpectedly, we
observed that 11-cis retinal sampled a broad distribution
of orientations in the dark-state simulations (Fig. 6).
Our analysis of these trajectories and the long-lived DHA-
binding events that we observed in them (e.g., Fig. 5)
suggests that direct protein-lipid interactions are at least
partially responsible for these broad distributions of orienta-
tions and supports the possibility of a destabilizing role for
DHA in inactive-like protein conformations.

Other direct protein-lipid interactions can also modulate
rhodopsin’s conformational ensemble (12,112). Protein res-
idues at the ends of transmembrane helices can often satisfy
their own hydrogen-bond requirements with lipid head-
groups (12). Our simulations suggest that the hydrogen-
bonding ability of PE headgroups can favor the formation
of secondary structure in rhodopsin’s ICL3. These findings
illustrate the structural plasticity of this region and help
reconcile the different ICL3 conformations observed in
existing dark-state crystal structures (72,113,114). Our
dark-state trajectories were initialized from the tetragonal
P41 crystal structure solved by Okada et al. (72) (PDB:
1U19), in which ICL3 is entirely unstructured. During the
simulations, ICL3 sampled an ensemble of conformations
that included an additional helical turn at the end of helix
5 (Figs. 7 and S7), as observed in the trigonal P31 crystal
structure solved by Li et al. (113) (PDB: 1GZM). PDB:
1GZM has been suggested to adopt a more native-like
conformation than PDB: 1U19 in this region (115,116).
Interestingly, ICL3 stays unstructured in simulations of
the dark state embedded in 1,2-dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC) bilayers (117). DMPC phos-
pholipids contain two short, saturated myristoyl acyl
chains and a phosphatidylcholine headgroup, which cannot
hydrogen bond. In these membranes and in the absence of a
Ga-derived peptide, the loop swiftly becomes disordered
(<200 ns) in multiple trajectories even when started from
the active state, where helix 5 is elongated (117). This result
is consistent with experimental evidence showing that
rhodopsin is largely inactive in DMPC membranes
(19,57,118). Conversely, ICL3 remains very close to its
initial conformation when active-like (Meta II and opsin)
in our simulations with SDPE membranes, suggesting that
the lipid environment of the receptor contributes to modu-
lating the conformations accessible to this protein region.
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CONCLUSIONS

Is the lipid control of rhodopsin’s function a ligand-like
effect or a solvent-like effect? Our analysis suggests that
the answer is Yes. These are often presented as mutually
exclusive hypotheses, but this work demonstrates that
both phenomena are present in rhodopsin systems. In our
simulations, activation-induced changes in the structure
of the receptor were coupled to changes in the structure
of the membrane. Specifically, we observed an increase
in the local order and effective length of STEA acyl chains
in the vicinity of the protein. On the other hand, our data
also suggest that direct protein-lipid interactions may
play important roles in modulating rhodopsin structure
and that these contributions are state dependent. For
instance, we found that DHA acyl chains can bind to
the receptor preferentially to inactive-like protein
conformations, acting as a weak ligand; likewise, direct
interactions between rhodopsin and PE headgroups seemed
to stabilize the partial structuring of ICL3 in inactive-like
protein states.

Given the current difficulties in capturing GPCR state tran-
sitions using all-atom unbiased MD, simulating five different
functional states along rhodopsin’s photocycle allowed us to
study different mechanisms by which the receptor interacts
with its surrounding membrane in each protein state. Multi-
ple replicates corresponding to each of these states were
required to assess the significance of our observations. Our
work emphasizes the value of the high level of detail
provided by all-atom simulations in hypothesis testing and
in the formulation of experimentally verifiable queries.
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S1 Neat SDPE membranes

We started the preliminary and production runs for these simulations with the original
CHARMM36 force field for lipids(1), a couple of years after its release. Our initial testing
suggested that applying a surface tension was still necessary to obtain the area per lipid
extrapolated from experiments for SDPE membranes(2).

This discrepancy between experimentally measured observables and those computed from
MD simulations for bilayers with polyunsaturated lipids was also noticed by other groups
and the force field was improved later on for polyunsaturated phospholipids(3, 4). However,
at that point, we had already invested significant computational effort with the previous
force field and chose to continue with it for the sake of consistency.

Fig. S1a shows the behavior of pure SDPE systems under different surface tensions: 5
dyn/cm (green), 7.5 dyn/cm (cyan), 10 dyn/cm (purple), 15 dyn/cm (black), 20 dyn/cm
(orange), 25 dyn/cm (blue), 28 dyn/cm (gray), 30 dyn/cm (light brown), 35 dyn/cm (pink)
and 40 dyn/cm (red). These trajectories were run under the same simulation conditions as
the rhodopsin-containing systems.
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Figure S1: Area per lipid of neat SDPE membranes. a) Area per lipid of pure SDPE
bilayers simulated with different surface tensions: 5 dyn/cm (green), 7.5 dyn/cm (cyan), 10
dyn/cm (purple), 15 dyn/cm (black), 20 dyn/cm (orange), 25 dyn/cm (blue), 28 dyn/cm
(gray), 30 dyn/cm (light brown), 35 dyn/cm (pink) and 40 dyn/cm (red). b) Extended
simulations of the system in a) with a surface tension of 30 dyn/cm (light brown).

Our simulations suggest that a surface tension of 30 dyn/cm produces an area per lipid
for SDPE that is within error of that reported by other groups(2, 4). Fig. S1b shows two
microsecond-scale trajectories under a 30 dyn/cm surface tension. Their average area per
lipid and standard deviation are (63.84 ± 2.42) Å2 (Extended 1; green) and (63.58 ± 2.24)
Å2 (Extended 2; blue). We calculated the standard error of these averages using the block
averaging algorithm described by Flyvbjerg and Petersen(4–6). The resulting estimates are
0.33 Å2 and 0.42 Å2, respectively.
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S2 Cross-sectional area

We computed the average cross-sectional area profile of rhodopsin from the dark state, Meta
I and Meta II trajectories at 100 ps time resolution. We verified that excluding all hydrogen
atoms from the calculation did not significantly change the answer by comparing calculations
with and without hydrogens for the first 250 ns. Thus, we carried out the calculation only
with heavy atoms to reduce the computation time. For every frame of a trajectory, the
simulation cell was sliced into 80 bins along the membrane normal (z-axis) so that each
bin had a z-width of ∼1 Å. Then, the heavy atoms in each slice were partitioned using a
Voronoi decomposition(7, 8). To avoid artifacts from the edges of the periodic box at this
point, we used a padding of 15 Å (2-3 layers of dummy atoms) around the atoms of interest.
The reported area of the receptor in each z-slice for a given trajectory frame was obtained
by computing the smallest convex hull delimiting the heavy atoms of the transmembrane
segment of the protein. Finally, the cross-sectional areas for each z-bin were averaged over
time along each trajectory. The cross-sectional areas presented in Fig. 1 in the main text and
Fig. S2 are the average of six independent simulations per protein state. Error bars indicate
the mean ± SE, computed by treating each simulation as a single data point. These types
of calculations have been automated as an analysis tool, area profile, that is part of the
Voronoi package of LOOS.
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Figure S2: Average cross-sectional area profiles of rhodopsin states. For each frame
in a trajectory we took ∼1 Å slices along the membrane normal. Then, for each slice, we
performed a Voronoi analysis to find the smallest convex envelope enclosing every trans-
membrane heavy atom of the protein in that plane (i.e. its cross-sectional area). We then
averaged these areas over the length of the trajectory. The resulting profiles were addi-
tionally averaged over six replicates of each protein state as shown in a) where the inset
corresponds to the cross-sectional areas of the −15 < z < 15 region, with the y-axis scaled
up. To find statistically significant differences among protein states, we performed a t-test
for each pairwise comparison: b) dark state versus Meta I; c) dark state versus Meta II;
and d) Meta I versus Meta II. Significantly different cross-sectional areas along the bilayer
normal with p-values < 0.05 are indicated by black dots at the top of each plot.
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S3 Molecular order parameters

We employed LOOS tool dibmops to examine the average structure and the disorder of the
membrane lipids in our dark state, Meta I and Meta II systems. dibmops was written as a
whole-chain analog to C-D bond order parameters of perdeuterated lipid tails (SCD), which
are customarily measured from 2H quadripolar splittings in solid-state NMR and report on
the average orientations of C-D bonds with respect to the membrane normal (θCD),

SCD = −1

2

〈
3 cos2 θCD − 1

〉
(1)

The algorithm computes the principal axes of an acyl chain and uses the orientations of the
second and third principal axes with respect to the membrane normal, in analogy to θCD.
The first principal axis captures the tilt of the chain, while the other two define a plane that
is orthogonal to it. We refer to the quantity computed from the orientations of the second
and third principal axes of an acyl chain with respect to the membrane normal using Eq. 1 as
molecular order parameters(9). For these calculations, the protein is centered at the origin.
For every time point in a trajectory, the molecular order parameters of DHA and STEA
acyl chains were binned as a function of distance from the protein centroid. Fig. 2a in the
main text shows the average distance-based distributions of molecular order parameters of
six simulations per protein state, with error bars corresponding to the mean ± SE, treating
each trajectory as a single measurement.

We used a pairwise t-test to find statistically significant differences among the average
STEA molecular order parameters distributions of the dark, Meta I and Meta II states (see
Fig. S3). We observe statistically significant differences at short and long distances from the
protein centroid. At 11-15 Å from the centroid of the protein, the inactive distributions (dark
and Meta I) are not significantly different. Conversely, the active distribution (Meta II) is
significantly different from the inactive ones in this area of the membrane. The differences
observed among the three distributions at 25-35 Å from the protein centroid, although small,
are also significantly different, indicating that even at these long-ranges the protein can still
alter the structure of the membrane. These effects, however, are expected to decay at larger
distances from the receptor.
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Figure S3: Average STEA molecular order parameters distributions in different
rhodopsin states. We computed the average STEA molecular order parameters as a func-
tion of distance from the protein centroid in each trajectory as detailed in the main text (see
Fig. 2a). To obtain average distributions for the dark, Meta I and Meta II states, we averaged
six trajectories per protein state. Error bars indicate the mean ± SE. To find statistically
significant differences among these protein states, we performed a t-test for each pairwise
comparison, treating each trajectory of a given protein state as a single measurement: a)
dark state versus Meta I; b) dark state versus Meta II; and c) Meta I versus Meta II. Sig-
nificantly different STEA molecular order parameters with p-values < 0.05 are indicated by
black dots at the top of each plot.
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S4 Acyl chain end-to-end distance

For every time point in a trajectory, the end-to-end distance of each STEA acyl chain (C1-
C18 distance) was histogrammed as a function of distance from the protein centroid using the
LOOS framework. Fig. 2b in the main text shows the distance-based distribution of STEA
end-to-end distances averaged over six simulations per protein state. Error bars indicated
the mean ± SE, computed by treating each simulation as a single data point.

S5 Lipid-binding lifetimes

To detect instances of lipid tails penetrating the protein core along a trajectory, we first
centered the membrane at the origin. Then, at every time point, we sliced the system along
the membrane normal (z-axis) from its center into 10 bins of approximately 3.4 Å thickness.
Using only the backbone atoms of the protein, we computed the centroid of each protein
helix within a given slice and found the smallest convex hull delimiting all the centroids (see
Fig. 3 in the main text). Because the surface of the protein is not uniform as a function of
membrane depth, this algorithm allows us to recalculate it for each slice so that helix kinks
and tilts are properly captured. We chose ∼3.4 Å as the bin z-width in order to guarantee
that multiple atoms from every protein helix were present in every slice (a minimum of 3
helix centroids is needed to compute a convex hull), while still picking up changes in the
protein surface. Finally, the position of each atom in a lipid tail was monitored to determine
whether it was inside or outside the protein core. If, at a given time point, one or more lipid
atoms were found inside a convex hull corresponding to any of the slices, the lipid tail was
considered to be inside. To find the distribution of lipid residence times inside the protein, we
histogrammed the number of time points in which each lipid tail was found inside the protein
along a trajectory. Instances of lipid tails staying inside for more than 1500 ns were added
together. The results obtained from the analysis of lipid-binding events were not sensitive
to the precise definition of short-lived and long-lived events. Figs. S4 and S5 show the
aggregate distributions of DHA and STEA residence times computed from six independent
simulations per protein state. This algorithm has been implemented as a trajectory analysis
tool, inside helices, and is now part of the PyLOOS package of LOOS. The present
implementation can detect any user-specified probe (e.g. lipid headgroups) moving to the
inside of a helical protein.



Lipids Alter Rhodopsin Function via Ligand-like and Solvent-Like Interactions 7

Dark state

Residence Time (ns)

Meta II

Dark opsin

Opsin

Meta I

L
ip

id
-b

in
d

in
g 

E
ve

nt
s

0
2
4
6

0 300 600 900 1200 1500+

512

Residence Time (ns)
0
2
4
6

0 300 600 900 1200 1500+

512

Dark state

Meta II

Dark opsin

Opsin

Meta I

DHA STEA

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

0
2
4
6

512

Figure S4: Residence times of phospholipid acyl tails inside rhodopsin. Distributions
of the residence times of DHA (left column) and STEA (right column) binding events by
protein state. These distributions were computed from the full trajectories (including the
first 500 ns of the simulation). Binding events longer than 1500 ns are grouped together.
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Figure S5: Residence times of DHA acyl chains inside rhodopsin. Distributions of the
residence times of DHA-binding events by protein state computed using the full trajectories
(left column), excluding the first 500 ns (middle column) and excluding the first microsecond
(right column). Binding events longer than 1500 ns are grouped together.
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S6 Lipid occupancies

We used the LOOS framework to monitor protein-lipid contacts in our systems. A contact
was defined as one or more lipid heavy atoms being within 6 Å of the centroid of a protein
side chain. For a given trajectory, we computed the fraction of time that each protein
residue spent in contact with one or more lipid molecules; we refer to this quantity as
lipid occupancy. Then, we compared the lipid occupancies for individual residues across the
different protein states, and used a t-test to identify those residues whose occupancy changes
are unlikely to be random. To do this, we employed our six simulations per protein state
as single measurements and calculated a p-value for each protein residue, comparing two
protein states at a time. Figs. 4 and S6 show protein residues with p-values < 0.05.



Lipids Alter Rhodopsin Function via Ligand-like and Solvent-Like Interactions 10

Meta I
vs.

Meta II

Dark state

Opsin Dark opsin
vs.

Meta II Opsin Dark opsin

Meta I
vs.

Meta II

Opsin Dark opsin

Opsin

Dark opsin
vs.

# significantly different residues

45 35 28 14 87 57 49 27 49 30

H1

H2

H3

H4

H5

H6

H7

H1

H2

H3

H4

H5

H6

H7

Figure S6: Protein residues differentially occupied by DHA in rhodopsin protein
states. To calculate the lipid occupancy of a protein residue, we defined a protein-lipid
contact in the following way. First, we computed the centroid of each protein side chain;
then, we calculated the distance between these centroids to every heavy atom in a DHA acyl
tail to find the minimum distance between the protein residue and a lipid molecule. A protein
residue was considered to be in contact with a DHA chain if the minimum distance between
them was < 6 Å. For each of the six replicates per protein state, we found the fraction of
simulation time that each protein residue was in contact with a DHA molecule and divided
this quantity over the length of the trajectory. Using these results, we then performed a
t-test to find which residues were significantly differently occupied between different protein
states, comparing them two at a time. Every column in the occupancy matrix represents one
of these comparisons; each row corresponds to a protein residue. The transmembrane helices
of the protein (H1-H7) are indicated on the sides of the occupancy matrix to guide the eye.
For every comparison, each protein residue is presented with the color of the protein state
in which the highest occupancy was observed. For example, the first column compares the
DHA occupancies of the dark and Meta I trajectories. Every protein residue colored purple
has a higher occupancy in the dark state trajectories than in Meta I. Equivalently, every
protein residue colored blue has a higher occupancy in the Meta I trajectories than in the
dark state. At the bottom, we indicate the number of residues with significantly different
occupancies found in each comparison. H: helix.
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S7 Retinal methyl orientations

In analogy to 2H solid-state NMR experiments measuring the orientation of individually
deuterated methyl groups in retinal(10, 11), we tracked the orientations of the C5-, C9- and
C13-methyls using the LOOS framework. At every time point in a trajectory, we computed
the dot product between the membrane normal and vectors defined by the coordinates of
atom pairs C5-C18, C19-C9 and C20-C13, as depicted in Fig. 6 in the main text. The
resulting time series (e.g. Fig. 5c-e) were also histogrammed into 40 bins, with the area
under the curve normalized to 1. Fig. 6 shows the orientation distributions of the three
methyl groups averaged over six independent dark state simulations. Error bars indicate the
mean ± SE, treating each simulation as a single data point.

S8 F2125.47 χ1 rotamer and DHA distance

We computed the χ1 rotamer of F2125.47 side chain as a function of time using LOOS tool
rotamer, as shown in Fig. 5b in the main text. In addition, we employed interdist (also
included in LOOS) to monitor the minimum distance between F2125.47 and DHA acyl chains
(e.g. Fig. 5a).

S9 Secondary structure assignments

We used mkdssp(12, 13) to compute the secondary structure assignments of residues Q2255.60-
V2506.33. This application employs Kabsch and Sander’s algorithm, DSSP, to compute
protein secondary structure assignments based on tertiary structure(12, 13). Because mkdssp
takes a single PDB as input, we wrote a Python wrapper around it using LOOS that iterates
over each frame of a given trajectory and produces a time series with the secondary structure
assignments of interest. This script is available upon request. For clarity, we simplified the
eight types of secondary structures defined by DSSP into two broader categories: 1) Helix
(α-helices, 310-helices and π-helices) and 2) Other (residues in isolated β-bridges, extended
strands, hydrogen-bonded turns and bends). We have used this classification to monitor
changes in the secondary structure of the receptor as show in Fig. 7a in the main text and
Fig. S7.
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Figure S7: Time evolution of ICL3 in dark state rhodopsin trajectories. Snapshots
of ICL3 from the six dark state trajectories at 100 ns, 1000 ns, 3000 ns and 4600 ns. The loop
becomes partially structured in all trajectories at different time points. The time evolution
of the secondary structure assignments of protein residues Q2255.60-V2506.33 is shown for
each simulation on the right. H5: helix 5; ICL3: intracellular loop 3; H6: helix 6.
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S10 E2325.67-K2486.31 distance

The interatomic distance between the δ-carboxyl oxygens of E2325.67 and the ε-amino ni-
trogen of K2486.31 was calculated using LOOS tool interdist. At every time point in a
trajectory, the tool computes the minimum distance between the specified sets of atoms.
Fig. 7b in the main text shows the interatomic distance between E2325.67 and K2486.31 as a
function of time in one of the dark state trajectories.

S11 E2325.67 fraction of contacts

The fraction of contacts of E2325.67 was computed using LOOS tool fcontacts. For this
calculation, all atoms within hydrogen-bonding distance (3.2 Å) of the δ-carboxyl oxygens
of E2325.67 were considered as contacts and normalized to 1 at a every trajectory time point.
Then, the fraction of these contacts corresponding to interatomic interactions with the ε-
amino nitrogen of K2486.31 or any PE nitrogens within the cutoff distance was monitored
over time as shown in Fig. 7c in the main text.
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