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SUMMARY
Class A (rhodopsin-like) G protein-coupled receptors (GPCRs) are constitutive phospholipid scramblases as
evinced after their reconstitution into liposomes. Yet phospholipid scrambling is not detectable in the resting
plasma membrane of mammalian cells that is replete with GPCRs. We considered whether cholesterol, a
prominent component of the plasma membrane, limits the ability of GPCRs to scramble lipids. Our previous
Markov State Model (MSM) analysis of molecular dynamics simulations of membrane-embedded opsin indi-
cated that phospholipid headgroups traverse a dynamically revealed hydrophilic groove between transmem-
brane helices (TM) 6 and 7 while their tails remain in the bilayer. Here, we present comparative MSM analyses
of 150-ms simulations of opsin in cholesterol-free and cholesterol-rich membranes. Our analyses reveal that
cholesterol inhibits phospholipid scrambling by occupying the TM6/7 interface and stabilizing the closed
groove conformation while itself undergoing flip-flop. This mechanism may explain the inability of GPCRs
to scramble lipids at the plasma membrane.
INTRODUCTION

Class AG protein-coupled receptors (GPCRs), such as the visual

pigment rhodopsin, the b1-and b2-adrenergic receptors, and the

adenosine A2A receptor, have been shown to moonlight as

constitutive phospholipid scramblases (Ernst and Menon,

2015; Goren et al., 2014; Khelashvili and Menon, 2021; Menon

et al., 2011). On reconstitution into large unilamellar vesicles,

these proteins scramble phospholipids at a rate >104 s�1,

several orders of magnitude faster than the rate of spontaneous

lipid flip-flop (�10�5 s�1) (Pomorski and Menon, 2006). The

scramblase activity of rhodopsin has been suggested to be

important for the homeostasis of photoreceptor discmembranes

by providing a mechanism to repair the trans-bilayer phospho-

lipid imbalance caused by the unidirectional lipid pumping activ-

ity of disc-localized ATP-driven transporters, including the

ABCA4 transporter whose functional deficiency is associated

with Stargardt disease (Ernst and Menon, 2015; Molday et al.,

2021; Quazi et al., 2012; Quazi and Molday, 2014). More gener-

ally, it has been proposed that GPCRs may contribute to phos-

pholipid scramblase activity in the secretory pathway (Ernst

and Menon, 2015; Goren et al., 2014), especially in the endo-

plasmic reticulum where phospholipids are synthesized on the
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cytoplasmic face (Chauhan et al., 2016) and must be scrambled

to populate the luminal leaflet for membrane growth.

The mechanism by which opsin and other GPCRs facilitate

lipid scrambling has not been experimentally elucidated, but

our computational studies of opsin in a lipid membrane (Morra

et al., 2018) suggest a molecular mechanism of rapid lipid trans-

location that is consistent with the ‘‘credit card’’ model (Pomor-

ski and Menon, 2006) (Figure 1A). Thus, Markov State Model

(MSM) analysis of large-scale atomistic molecular dynamics

(MD) simulations of opsin in 9:1 POPC (1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine)/POPG (1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-(10-rac-glycerol)) lipid membrane (Morra

et al., 2018) revealed a pathway for lipid translocation along

the interface between transmembrane helices (TMs) 6 and 7 of

the protein (Figure 1B). This pathway was enabled by local

conformational changes at two regions along the TM6/7 inter-

face (see Stage 1 snapshot in Figure 1B): at the intracellular

ends of TM6 and TM7 (S1 site), interactions between residues

E2496.32 on TM6 and K3117.53 on TM7 were broken, leading to

a widening and hydration of this part of the interface (throughout

the text, superscripts refer to the Ballesteros-Weinstein generic

numbering of residues in GPCR proteins [Ballesteros and Wein-

stein, 1995]). This was followed by disruption of interactions
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Figure 1. Lipids traverse the hydrophilic pathway in opsin according to the credit card mechanism

(A) Credit card model of trans-bilayer lipid movement through opsin (modified from Pomorski and Menon, 2006).

(B) Snapshots illustrating the gradual opening of the lipid pathway in the adaptive ensemble molecular dynamics simulations reported in Morra et al. (Morra et al.,

2018). Through stages 1–4 of the simulations, the hydrophilic translocation pathway is dynamically revealed between TMs 6 and 7. In the snapshots, TMs 5, 6, and

7 are colored in blue, red, and orange, respectively. The penetrating lipids are shown in stick representation. Residue pairs E2496.32-K3117.58 and C2646.47-

S2987.45 demarcating the locations of two key sites along the translocation pathway, S1 and S2, are illustrated in the Stage 1 snapshot.
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between C2646.47 (TM6) and S2987.45 (TM7) in the middle part of

the interface (S2 site). Together these dynamic events reposi-

tioned TMs 6 and 7 away from each other and transformed the

region into a continuous aqueous conduit that was exploited

by lipid headgroups to translocate between the two leaflets while

the hydrophobic tails of the scrambled lipids remained in the

bilayer environment (reviewed in Ref. Khelashvili and Me-

non, 2021).

Whereas these computational studies provided important

mechanistic insights into GPCR-mediated lipid scrambling, we

were curious to learn whether and how the scrambling process

might be affected by themembrane lipid environment. The signif-

icanceof this issue is evidentwhen considering the plasmamem-

brane of mammalian cells, which is replete with class A GPCRs

(HEK293T cells express at least 75 different GPCRs amounting

to approximately 105 receptors per cell [Khelashvili and Menon,

2021]), yet it remains strongly asymmetric, with no evidence of

constitutive lipid scrambling activity (Kobayashi and Menon,

2018). The specialized plasmamembrane of photoreceptor outer

segments (Albert et al., 2016; Albert and Boesze-Battaglia, 2005)

also lacks constitutive scramblase activity (Ruggiero et al., 2012)

even though it contains rhodopsin (Molday and Molday, 1987).

This raises the possibility that GPCR scramblases may be

silenced by the unique physical characteristics of the plasma

membrane, for example high cholesterol content and prevalence

of lipids with saturated acyl chains (Holthuis and Menon, 2014).

Cholesterol is a strong driver of membrane physical properties

(Regen, 2022) and is also known to bind GPCRs (Pucadyil and

Chattopadhyay, 2006; Taghon et al., 2021). As such, it may affect

conformational dynamics of GPCRs needed to reveal the

TM6-TM7 lipid pathway and therefore influence scrambling

mechanisms. Of note, rhodopsin molecules located in the

cholesterol-rich plasma membrane of photoreceptor outer seg-

ments are unable to execute the light-induced conformational

changes necessary for signaling but become competent to do

so when cholesterol is eliminated (Boesze-Battaglia and Albert,

1990), implicating cholesterol in receptor function.

Here, using a combination of MSMs and ensemble MD simu-

lations of opsin, we probed the effects of cholesterol on the

scrambling mechanism. We extended the timescales of the
earlier MD simulations of opsin in 9:1 POPC/POPG membranes

by collecting a much larger trajectory set (cumulative sampling

time of 150 ms) to allow rigorous sampling of rare dynamic events

during the scrambling process and generate a new set of

comparably long ensemble MD trajectories of opsin in choles-

terol-enriched membranes (60:30:10 POPC/cholesterol/POPG).

Comparative analysis of the two trajectory sets revealed specific

modes of cholesterol arrangement at the S2 site, in the central

part of the TM6/7 interface (Figure 1), which stabilized the closed

conformation of the translocation pathway and thus inhibited

lipid scrambling. Remarkably, we found that the closed pathway

was permissive to cholesterol flip-flop as the sterol was seen to

transit between the leaflets through the S2 site, with its small po-

lar hydroxyl group engaging with the membrane exposed

T2977.44/S2987.45 pair of residues on TM7. Together, our results

suggest that cholesterol molecules compete with phospholipids

for the S2 site as they diffuse between the leaflets. We propose

that this competition mechanism may inhibit opsin-mediated

lipid scrambling.
RESULTS

Generation of comparative sets of unbiased MD
simulations of opsin in cholesterol-free and cholesterol-
rich membranes
We previously reported on conformational dynamics in opsin

that resulted in opening of a hydrophilic pathway between TMs

6 and 7 that was traversed by lipids, enabling scrambling by

the credit card reader mechanism (Figure 1) (Morra et al.,

2018). These insights were inferred from ensemble atomistic

MD simulations of opsin in phospholipid membranes (9:1

POPC/POPG mol/mol) that were carried out according to a

multi-stage adaptive protocol, whereby each stage was

informed by the output from the previous stage. While revealing

detailed mechanistic insights about GPCR-mediated lipid

scrambling, these computational experiments, due to their

adaptive nature, did not adequately sample rare dynamic events

during the scrambling process. Therefore, this simulation set

could not be used for quantitative comparison of scrambling
Structure 30, 1208–1217, August 4, 2022 1209
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Figure 2. Generation of unbiasedMD simulations for opsin in POPC/

POPG (–Chol) and POPC/POPG/cholesterol (+30 mole % Chol)

membrane

(A) Dimensionally reduced representation of the MD simulations from Morra

et al. (2018) obtained by projecting the trajectory frames along the first two

slowest components of tICA transformation.

(B) Discretization of the 2D space from (A) into 50 microstates.

(C) The tICA landscape of 150-ms ensemble MD simulations of –Chol system

initiated from the microstate centroid structures in (B).

(D) The tICA space from (A) showing location of the four conformations (illus-

trated in Figure 1) used to initiate simulations of opsin in +Chol membrane.

(E) The tICA landscape of 64-ms ensembleMD simulations in +Cholmembrane.

(F) Discretization of the 2D space from (E) into 50 microstates.

(G) The tICA landscape of 150-ms ensemble MD simulations of +Chol system

initiated from the microstate centroid structures in (F).
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mechanisms under different conditions, such as in the presence

or absence of cholesterol.

To address this deficiency, we carried out a new and much

larger set of unbiased MD simulations of opsin GPCR in choles-

terol-free and cholesterol-rich membranes. The simulations in

cholesterol-free membranes captured four full lipid scrambling

events (i.e., the translocation pathway was fully traversed by

lipids) and five incomplete scrambling events (the translocation
1210 Structure 30, 1208–1217, August 4, 2022
pathway was partially traversed by lipids). The simulations in

cholesterol-rich membranes captured a single event of full lipid

scrambling, a single event of partial lipid scrambling, and five

events of full cholesterol scrambling (see below).

Starting configurations for these runs were based on the

conformational sampling achieved in the older trajectory set

(described in Morra et al., 2018 and referred to throughout as

the biased MD set). More specifically, Figure 2A shows a dimen-

sionally reduced representation of the MD simulations from

Morra et al. (2018) obtained by projecting the trajectory frames

along the first two slowest components of tICA (time-lagged

independent component analysis) transformation (tIC1 and

tIC2 vectors, see STAR Methods). To generate starting confor-

mations for a new set of unbiased simulations for opsin in choles-

terol-depleted membranes, the 2D tICA space was clustered

into 50 microstates (Figure 2B), and the centroid structures

from each microstate were subjected to 3-ms-long unbiased

MD simulations, resulting in 150-ms trajectory sampling. The

tICA landscape corresponding to this simulation set is depicted

in Figure 2C.

To produce a similarly extensive unbiased sampling of opsin

dynamics in a cholesterol-rich membrane, we chose four confor-

mations of the protein from the biased MD set (Figure 2D),

differing in the extent of the opening of the lipid scrambling

pathway (Figure 1), and we embedded these structures in the

cholesterol-containing lipid bilayer. The resulting four systems

were simulated in 20 independent replicates, each 800 ns

(cumulative 64 ms MD). The trajectories were then projected

onto the same tICA space (Figure 2E), and the resulting

landscape was discretized into 50 microstates (Figure 2F). The

conformations representing centroids of each microstate

were then used to initiate 3-ms-long ensemble MD simulations.

The projection of these trajectories onto the tICA space is

presented in Figure 2G. Thus, for both, cholesterol-free and

cholesterol-rich systems, we accumulated 150 ms of unbiased

trajectory sampling.

Conformational dynamics that enable opening of the
lipid translocation pathway are suppressed in the
presence of cholesterol
Comparison of the tICA landscapes for the two sets of simula-

tions (Figures 2C and 2G) reveals that the conformational

sampling of the protein is much more limited in cholesterol-con-

taining membranes, as a large part of the tICA space (defined by

tIC1>5 and tIC2<�3) is not explored in the presence of choles-

terol. To identify structural and kinetic characteristics of this un-

sampled region, we first discretized the tICA space in Figure 2C

into 50microstates and built anMSM to describe conformational

transitions between these states (see STAR Methods). Then, the

microstates were further grouped into 10macrostates according

to their kinetic similarity using PCCA+ analysis, and structural

features of each macrostate were investigated. In particular,

we monitored several variables shown in Figure 1 that were pre-

viously identified in Morra et al. (2018) to represent structural

hallmarks of the lipid pathway opening. Thus, we calculated

the minimal distance between residues E2496.32 on TM6 and

K3117.58 on TM7 (dS1) describing widening of the intracellular

(IC) entrance to the lipid pathway (S1 site), and the minimal dis-

tance between residues C2646.47 from TM6 and S2987.45 from
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Figure 3. Structural analysis of macrostates on the tICA space built from 150-ms-long ensemble MD simulations of –Chol system

(A) Location of the 10 macrsotates on the 2D tICA space. The dashed lines mark the region (tIC1 > 5 and tIC2 < �2) unsampled in the simulations of the +Chol

system.

(B and C) Histograms of dS1 (C) and dS2 (D) distances in each macrostate.

(D) Snapshots of the protein from selected macrostates (1, 4, 7, 8, and 9) showing different configurations of the S1 and S2 sites. Conformational sampling of

residues E2496.32, K3117.58, C2646.47, and S2987.45 in each of these macrostates is shown by superposition of sidechain atoms of these residues in the trajectory

frames from each macrostate. TMs 5, 6, and 7 are colored in blue, orange, and red.

(E) Snapshots of the protein and the lipid phosphorus (P) atoms (silver spheres) from selected macrostates (1, 4, 7, 8, and 9) illustrating various degrees of lipid

penetration into the pathway. Shown are superpositions of P atoms in the trajectories from each macrostate.
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TM7 (dS2) describing opening of the middle region of the translo-

cation pathway (S2 site). In addition, we monitored the extent of

lipid penetration into the translocation pathway.

Figure 3A depicts locations of the 10 macrostates on the tICA

space with Figures 3B and 3C showing distributions of dS1 and

dS2 distances, respectively, in the trajectory frames from each

macrostate. The results reveal that macrostates 4, 5, 7, and 9

largely contain protein conformations with both S1 and S2 sites

in the open configuration (large dS1 and dS2; see also visual rep-

resentations in Figure 3D), consistent with an open lipid translo-

cation pathway. Indeed, we find lipid headgroups populating the

pathway in the trajectory frames from these macrostates (Fig-

ure 3E), with macrostates 7 and 9 specifically representing con-

formations in which the pathway is fully traversed by the lipid

headgroups. Macrostate 4 combines conformations in which
the translocation pathway is penetrated by the lipid tails, rather

than their headgroups (data not shown). As described in our pre-

vious papers (Khelashvili et al., 2019; Morra et al., 2018), such

modes of protein-lipid interaction decrease the overall hydration

in the region, thus creating scrambling-incompetent conditions.

In the remaining macrostates (0, 1, 2, 3, 6, and 8), no lipid head

group penetration is observed (Figure 3E), and the S2 site re-

mains relatively closed. However, the configuration of the S1

site varies between these macrostates. Thus, the dS1 distance

parameter has a pronounced peak at �2Å in microstate 1 (i.e.,

closed S1 site) but samples a progressively wider range along

macrostates 3, 6, and 8. The opening of the S1 site continues

in macrostates 0 and 2.

Consistent with the findings of Morra et al. (2018), our MSM

analysis shows that the slowest kinetic processes in the system
Structure 30, 1208–1217, August 4, 2022 1211
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Figure 4. MSM analysis of lipid translocation

process

(A and C) Contributions of the first two MSM eigen-

vectors (relaxation modes) to each microstate on the

tICA space. The population exchanges between mi-

crostates with positive and negative eigenvectors.

(B and D) Representation of the first two MSM relax-

ation modes from (A) and (C) on the 2D tICA space.

Red and blue circles show the location of the micro-

states with positive and negative contributions,

respectively, to the relaxation modes. Microstates

with larger circles contribute more to the relaxation

mode (i.e., correspond to higher absolute value of the

MSM eigenvector component).
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correspond to transitions between states with closed S2 and S1

sites and those where the corresponding sites are open

(Figures 4A and 4B, 1st MSM relaxation mode, �37-ms time-

scales, and Figures 4C and 4D, 2nd MSM relaxation mode,

�24-ms timescales). Importantly, the structural analysis in Fig-

ure 3 reveals that the tICA space region that is unsampled in

the cholesterol-rich membranes predominantly contains the

ensemble of structures with a fully open lipid translocation

pathway (in Figure 3A, see the region demarcated by the dashed

lines). To gain a mechanistic understanding into how cholesterol

may inhibit the opening of the lipid pathway, we studied the dy-

namics of cholesterol molecules around the protein.

We first investigated the relationship between the dS1 and

dS2 distances and the level of lipid head group occupancy of

the translocation pathway in the individual trajectories in

cholesterol-free and cholesterol-rich membranes. Figure 5A

shows dS1 versus dS2 in the 50 individual structures that were

used as the starting points for the unbiased MD simulations,

and Figure 5B shows the average values of these variables dur-

ing each of the 3-ms-long MD simulations. As can be seen, a

strong linear correlation between dS1 and dS2 is developed in

the cholesterol-free systems (Pearson correlation coefficient R

value = 0.8), whereas no such relationship was observed in

the simulations containing cholesterol. Consistent with the

overall trends inferred from the tICA/MSM analysis, we find

that the simulations in which dS1 and dS2 sampled longer dis-

tances were also characterized with a larger extent of lipid

head group penetration into the pathway. This is demonstrated

in the dS1 versus dS2 plots in Figures 5C and 5D in which the

datapoints from each simulation are colored according to the

fraction of trajectory frames with at least one lipid head group

found in the pathway (see also STAR Methods). As can be

seen, the simulations in which dS1 > 15Å and dS2 > 8Å also

show the strongest lipid penetration. These two distances

remain relatively short in the cholesterol-rich membranes, and

accordingly there is only a low level of lipid partitioning into

the pathway in the corresponding simulations.
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Cholesterol molecules engage with
S2 site residues, thus inhibiting the
opening of this region of the
translocation pathway
We hypothesized that the reason why

lipids were not seen near the S2 site in

the simulations of cholesterol-rich mem-
branes was because of a specific arrangement of cholesterol

molecules at the TM6/7 interface that could block lipid access

to the S2 site. To test this hypothesis, we investigated if

cholesterol molecules populate the pathway and what is

the mode of their interactions with the residues at S1 and

S2 sites.

To this end, we aligned the trajectories so that the bilayer

midplane z coordinate was at the origin (z = 0), and then we

counted the number of cholesterol hydroxyl oxygen (O) atoms

and phospholipid phosphorus (P) atoms within 3 Å of the protein

and within a rectangle defined by x ˛ ½ � 5�A; 5�A�, y > 0, and

z ˛ ½�12�A;12�A� (see Figure S2). Given the bilayer thickness of

�40 Å, this z range was chosen to capture events of the O

and P atom penetration deep into the hydrophobic core of the

bilayer in the protein vicinity, i.e., near the S2 site. As shown in

Figures 6A and 6B, whereas the P atom density is relatively

high in multiple trajectories in the cholesterol-depleted mem-

branes, it is practically zero in the cholesterol-enriched mem-

branes (compare cyan-colored symbols in Figures 6A and 6B).

Instead, in these latter systems, we observe a large extent of

cholesterol O atom penetration (lipid head group density is

detected in only one trajectory).

Monitoring the time-evolution of cholesterol O atoms in the

individual trajectories (Figure 6C) revealed several instances

in which cholesterol molecules from either the IC or the EC

leaflet partitioned into the middle of the bilayer in the vicinity

of the S2 site. Indeed, such dynamics were observed in 19/

50 trajectories (Figure S3), with residence times of the O

atom near the S2 site ranging from a few nanoseconds to hun-

dreds of nanoseconds (Figure 6D). In most cases, after excur-

sion to the bilayer midplane area, cholesterol returned to the

original leaflet. However, in five cases, cholesterol molecules

underwent a complete flip between the leaflets (see the trajec-

tories labeled with star symbol in Figure S3). Remarkably, in all

five cases (irrespective of the scrambling direction), we found

that during the flipping process, cholesterol transited through

the S2 site with its polar hydroxyl group engaging primarily
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Figure 5. Cholesterol inhibits opening of the

TM6/TM7 phospholipid translocation

pathway

(A) dS1 versus dS2 in the 50 conformations used to

initiate ensemble MD simulations of opsin in POPC/

POPG (–Chol) andPOPC/POPG/Cholesterol (+Chol)

membranes.

(B)AveragevaluesofdS1versusaverage valuesofdS2
in the 50 individual 3-ms simulations of opsin inPOPC/

POPG (–Chol) and POPC/POPG/Cholesterol (+Chol)

membranes.

(C and D) The data from (B) are replotted separately

for +Chol (C) and –Chol (D) systems by coloring

each datapoint according to fraction of frames with

at least one lipid headgroup inserted in the transloca-

tion pathway.
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with S2987.45 (see Figure 6D). However, the cholesterol translo-

cation pathway did not go through the open hydrophilic conduit

between TM6 and TM7 helices as observed for lipid scram-

bling. Rather, cholesterol appeared to associate strictly with

the TM7 residues at the S2 site level while remaining largely

in the bilayer (see state 2 in Figure 6D). Cholesterol flipping

along the surface of a transmembrane protein has been re-

ported previously from MD simulations (e.g., see Thangapan-

dian et al. (2020) for cholesterol translocation associated with

P-glycoprotein).

To obtain a more detailed characterization of specific modes

of association between cholesterol and S2 site residues, we car-

ried out a clustering analysis of the trajectory frames in which

cholesterol was found at the S2 site. To this end, we first

collected from each of the 19 trajectories described in Figures 6

and S3 all the snapshots displaying cholesterol in the vicinity of

the S2 site. After aligning the resulting meta-trajectory, opsin-

cholesterol complexes were clustered according to the position

of the cholesterol hydroxyl group. The first five clusters covered

70% of the dataset and highlighted the cholesterol OH group

coordinated by the oxygens of either T2977.44 or S2987.45 (as

an example, Figure 7 shows structural representations of clus-

ters 1–4). The body of the cholesterol molecule remained in the

bilayer either adopting a transverse position, parallel to the

bilayer plane (as in clusters 2 and 4), or assuming more tilted ori-

entations (as in clusters 1 and 3). Thus, cholesterol partitioning at

the S2 site is enabled by interactions with the polar residues on

TM7; in contrast, S2 site residues on TM6 do not engage choles-

terol. This mode of association keeps the sterol molecule largely

away from the lipid translocation pathway as it flips between the

leaflets, and in this process the S2 site remains relatively closed.

Taken together with the results presented in Figures 6A and 6B,
Str
our data suggest that cholesterol mole-

cules compete with phospholipids for the

S2 site as they diffuse between the leaflets,

thus inhibiting phospholipid scrambling.

DISCUSSION

The plasmamembrane of mammalian cells

has a large complement of different class A

GPCRs yet exhibits no constitutive scram-
blase activity (Khelashvili and Menon, 2021; Kobayashi and Me-

non, 2018), a feature that enables signaling lipids such as phos-

phatidylserine to be ensconced in the inner leaflet until their

surface exposure is triggered by physiological prompts that acti-

vate regulated scramblases such as TMEM16F (Nagata et al.,

2020). We hypothesized that the unique physical properties of

the plasma membrane, notably its high cholesterol content,

may impact GPCR-mediated lipid scrambling in this membrane.

As noted above (see introduction), the scramblase activity of

GPCRs is more likely to be relevant in the early secretory

pathway where membranes are cholesterol poor (Holthuis and

Menon, 2014; Menon, 2018).

The influence of cholesterol on canonical GPCR activity is

well established (Kiriakidi et al., 2019; Pucadyil and Chattopad-

hyay, 2006; Albert et al., 2016; Boesze-Battaglia and Albert,

1990; Guixa-Gonzalez et al., 2017; Huang et al., 2022; McGraw

et al., 2019). While numerous studies have been devoted to un-

derstanding how cholesterol affects GPCR conformational dy-

namics as they pertain to cell signaling (e.g., see Kiriakidi

et al., 2019; Guixa-Gonzalez et al., 2017; McGraw et al.,

2019; Gimpl, 2016; Duncan et al., 2020; Sarkar et al., 2020

and citations therein), the effect of cholesterol on the scram-

bling dynamics of GPCRs has thus far not been explored.

Therefore, it has remained unclear whether cholesterol can

inhibit GPCR-mediated lipid scrambling, and if so, what mech-

anism might be at play.

There are potentially two, non-mutually exclusivemechanisms

by which cholesterol may affect GPCR scrambling: (1) protein

conformational dynamics necessary for scrambling activity are

suppressed in a cholesterol-rich membrane because of the

known general ordering effect of cholesterol on lipid bilayer

properties (Regen, 2022), and (2) cholesterol competes with
ucture 30, 1208–1217, August 4, 2022 1213
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Figure 6. Cholesterol is scrambled via the TM6/TM7 pathway

(A) Fraction of trajectory frames with at least one lipid P atom within 3 Å of protein and within z ˛ ½ �12�A; 12�A� in the set of opsin simulations in POPG/POPG

membranes. z = 0 represents the bilayer midplane.

(B) Fraction of trajectory frames with at least one lipid P atom (cyan) or cholesterol O atom (yellow) within 3 Å of protein and within z ˛ ½ � 12�A; 12�A� in the set of

opsin simulations in POPC/POPG/cholesterol membranes. z = 0 represents the bilayer midplane.

(C) Left panel shows time-evolution of the z position of the O atom of cholesterol molecules in the simulations of opsin in POPC/POPG/cholesterol membranes.

Shown are traces for only those O atoms for which z position was 0 at least once in the trajectory, i.e., cholesterol molecule visited the bilayer midplane. States 1,

2, and 3 denote z positions where cholesterol is on the intracellular leaflet, in themiddle of themembrane, and on the extracellular leaflet, respectively. Right panel

shows the summarizing count histogram of z positions of cholesterol O atoms.

(D) Residence times for events of finding cholesterol O atom within z ˛ ½ � 5�A; 5�A� interval.
(E) Representative snapshots of opsin in POPC/POPG/cholesterol membrane corresponding to the z positional states 1, 2, and 3 marked in (C). In these

snapshots, cholesterol molecule flips from the intracellular (state 1) to the extracellular (state 3) leaflet via intermediate conformation (state 2) where it interacts

with its oxygen with S2987.45 residues.
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Figure 7. Modes of cholesterol arrangement

at the S2 site of the translocation pathway

Clustering analysis of the O-H group of cholesterol

molecules transiently binding to the S2 site in

POPC/POPG/cholesterol membranes.

(A–D) show clusters 1, 2, 3, and 4, respectively.

Zoom-in details are provided for each cluster

showing the ensemble of conformations for the

cholesterol molecules and a representative protein

structure highlighting the positioning of residues

S2987.45 and T2977.44 on TM7.

ll
Theory
lipids for the translocation pathway and blocks them from

entering the pathway.

The large-scale computational studies presented here build

on our previous mechanistic investigation of opsin-mediated

lipid scrambling (Morra et al., 2018) and present a compara-
St
tive analysis of scrambling mechanisms

in cholesterol-free versus cholesterol-

rich membranes. The results reveal that

in a cholesterol-rich membrane, the

TM6/7 lipid translocation pathway is

highly populated by cholesterol mole-

cules while lipids are excluded from the

pathway. Interestingly, in the absence of

translocating phospholipids, the central

region of the TM6/7 interface, the S2

site (see Figure 1), is predominantly found

in a closed conformation. Cholesterol

molecules, due to their small hydrophilic

head group size, can still traverse the

pathway via the S2 site and flip without

the need for this part of the pathway to
open. Thus, cholesterol molecules outcompete phospholipids

for the pathway (Figure 8).

Whereas the competition aspect of the cholesterol effect

would be expected to be statistical in nature, i.e., related to

the cholesterol/phospholipid ratio, the mechanism is likely to
Figure 8. Schematic representation of the

blocking mechanism of opsin-mediated lipid

scrambling by cholesterol

TM6 and TM7 helices of opsin are shown in orange

and red, respectively. Phospholipids and choles-

terol are drawn as cartoons, with the O-H group of

the cholesterol molecule highlighted as red circle

(see text for more details).
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be more complex. For example, it is unclear whether there is a

minimal cholesterol concentration or threshold at which the

observed blockage of the pathway can occur. Indeed, the

inhibitory effect of cholesterol on lipid scrambling could be

gradual, i.e., the blockage may occur already at relatively low

cholesterol concentrations, and therefore, with increasing

cholesterol content, a progressively larger number of opsin

molecules would exhibit the blocked lipid translocation

pathway. Alternatively, the inhibitory effect could take effect

at some specific cholesterol concentration, so that the pathway

remains accessible to lipids up to some threshold cholesterol

concentration but becomes blocked once this threshold is ex-

ceeded. These two scenarios could, in principle, be distin-

guished by studying opsin-mediated lipid scrambling with

in vitro reconstitution assays (Menon et al., 2011) using vesicles

of various cholesterol compositions. These experimental tests

will be critical in the future to validate our computational

predictions.
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METHOD DETAILS

Molecular constructs for atomistic molecular dynamics (MD) simulations
All the computations described here were based on our previously published ensemble MD simulations of opsin in 9:1 (mole/mole)

mixture of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

(10-rac-glycerol)) lipids (mimicking the composition of the reconstituted vesicles that have been used for scrambling activity assays

(Goren et al., 2014)), described in Morra et al. (Morra et al., 2018). In these simulations, the protein to lipid ratio was 1:330 and the

opsin X-ray structure from PDB: 4J4Q (Park et al., 2013) was used (the synthetic GaCT peptide as well as all non-protein components

also present in the X-ray structure were not included). The opsin model in this PDB structure comprises residues 1–326. All the pro-

tonation states were determined at pH 7 using PropKa software (Olsson et al., 2011) which predicted all the titratable residues in their

natural state.

As described in Results, to initiate a new set of simulations of opsin in the same membrane, 50 structures from the previous tra-

jectory set were selected and each was subjected to 3 msMD simulations (i.e., total sampling time of 150 ms). To create a systemwith

opsin in cholesterol-enriched membranes, we extracted the coordinates of the protein from 4 frames in the same previous trajectory

set (see Results), and using CHARMM-GUI (Jo et al., 2009), embedded these 4 opsin protein conformations in a newmembrane con-

taining 60:30:10mixture of POPC, cholesterol, and POPG (i.e., a cholesterol-enrichedmembranemixture) using a protein to lipid ratio

of 1:322. These opsin-membrane complexes were solvated with a box containing 150 mM K+Cl� to achieve the final system size of

�110,000 atoms.

MD simulation protocols
Using NAMD version 2.10 (Phillips et al., 2005), the four cholesterol-containing systems were first subjected to the multi-stage

equilibration protocol prescribed by CHARMM-GUI. After this phase, for each of the four constructs ensemble MD simulations
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were initiated in 20 replicates, each ran for 800 ns (i.e., total sampling time of 64 ms). These simulations were carried out with OpenMM

7.4 software (Eastman et al., 2017) and implemented PME for electrostatic interactions (Essmann et al., 1995). The runs were per-

formed at 310K temperature, under NPT ensemble using semi-isotropic pressure coupling, and with 4fs integration time-step

(with mass repartitioning). Monte Carlo barostat and Langevin thermostat were used tomaintain constant pressure and temperature,

respectively, in the simulations. Additional parameters for these runs included: ‘‘friction’’ set to 1.0/picosecond, ‘‘EwaldErrorToler-

ance’’ 0.0005, ‘‘rigidwater’’ True, and ‘‘ConstraintTolerance’’ 0.000001. The van der Waals interactions were calculated applying a

cutoff distance of 12 Å and switching the potential from 10 Å.

The resulting set of simulations were analyzed using a dimensionality reduction approach (see below and Results) to select 50

structures for subsequent 3 ms MD simulations on each of them (i.e., total sampling time for these new runs was 150 ms). This set

of simulations, as well as the one performed on 50 replicates in cholesterol-depleted membrane, also used OpenMM 7.4 software

and implemented the same set of run parameters described above. For all simulations we used the latest CHARMM36m force-field

for proteins and lipids (Huang et al., 2017), as well as recently revised CHARMM36 force-field for ions (Venable et al., 2013).

Dimensionality reduction with tICA approach
To facilitate analysis of conformational dynamics in the simulations, we performed dimensionality reduction using tICA (time-lagged

independent component analysis) approach (Perez-Hernandez et al., 2013) as previously described (Khelashvili et al., 2019; Lee

et al., 2018; Morra et al., 2018; Razavi et al., 2017, 2018). Briefly, in tICA, MD simulation trajectories are used to construct two covari-

ancematrices, time-lagged covariancematrix (TLCM):CTL(t)=<X(t)XT(t+t)> and the usual covariancematrixC=<X(t)XT(t)>, where X(t)

is the data vector at time t, t is the lag-time of the TLCM, and the symbol <.> denotes the time average. To identify the slowest

reaction coordinates of the system, the following generalized eigenvalue problem is solved: CTLV = C VL, where L and V are the

eigenvalue and eigenvector matrices, respectively. The eigenvectors corresponding to the largest eigenvalues define the slowest

reaction coordinates. These reaction coordinates depend on the choice of data vector X, i.e., the choice of collective variables

(CV). As CVs, we used 203 pairwise minimum distances between the heavy atoms of residues on TM3-TM5, TM3-TM6, TM3-

TM7, TM5-TM6, TM5-TM7, and TM6-TM7 helices, as well as between the residues on 311–318 stretch in H8 helical segment and

TM3, TM5, and TM6 (see Figure S1A). Note that this set of CVs is different from the one used in the analysis of biasedMD simulations

in Morra et al. (Morra et al., 2018) where much larger set of 2016 parameters were used (pairwise distances between every third res-

idues in all 7 TMs). We found that the smaller number of CVs selected here for analyzing the new unbiased ensemble simulations

yielded satisfactory Markovian behavior when building kinetic models (see below) and therefore was used throughout. The analysis

of contributions of each tIC eigenvector to the total conformational fluctuations revealed that the first 2 tICs contained �60% of the

total fluctuations of the system (Figure S1B) and were sufficient to capture the protein dynamics related to lipid scrambling (see

Results). Therefore, they were used to represent the trajectory frames in a dimensionality reduced space, and for the construction

of kinetic models as described in the next section.

Markov State Model (MSM) construction
We constructed MSMs from 150 ms long simulation trajectories of opsin in the cholesterol-depleted membrane to quantify kinetics of

protein conformational transitions related to lipid scrambling events. To this end, we used MSMBuilder software (Beauchamp et al.,

2011; Harrigan et al., 2017) and a procedure described in Ref (Razavi et al., 2017). Briefly, the 2D tICA space was discretized into 50

microstates using automated clustering k-means algorithm, and a transition probability matrix (TPM) was built (Beauchamp et al.,

2011). To ensure Markovian behavior, multiple TPMs were constructed for different time intervals between transitions (MSM lag

times), and the relaxation timescales of the system were calculated as:

ti =
t0

ln li

where t’ is the lag-time used for building the TPM, li denotes the ith eigenvalue of the TPM, and ti represents relaxation timescale

(implied timescale) corresponding to the ith relaxation mode of the system. The Markovian property of the TPM was established

by verifying the independence of ti from t’. As shown in Figure S1C, the analysis identified 1.2 ms as the lag-time at which the implied

timescales plots appear to converge. Thus, the final MSM was built using t’ = 1.2 ms.

To facilitate structural analysis of different regions on the 2D tICA space, using the TPMmatrix, the microstate-level representation

of the tICA space was transformed into a coarser description by lumping microstates together based on their kinetic similarity, and

clustered into macrostates using the Robust Perron Cluster Analysis (PCCA+) (Deuflhard and Weber, 2005) algorithm.

Clustering analysis of cholesterol positions around S2 site
The presence of cholesterol in the vicinity of site S2 was investigated by counting how often in each trajectory an oxygen (O) atom

from cholesterol was found in the volume delimited by the average positions of Ca atoms of C264 and S298 (Figure S2), with a toler-

ance of 3 Å, after trajectory alignment to the starting conformation. Every snapshot containing theO atom in the detection volumewas

collected into ameta-trajectory which contained frame-by-frame coordinates of only opsin and the cholesterol molecule found in the

defined region. The GROMOS clustering approach (Daura et al., 1999) implemented in GROMACS (Van der Spoel et al., 2005), with a

cutoff of 2 Å, was then applied to the meta-trajectory to generate clusters of the orientation of the cholesterol O-H segment.
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