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SUMMARY

Several Class-A G protein-coupled receptor (GPCR) proteins act as constitutive phospholipid 

scramblases catalyzing the transbilayer translocation of >10,000 phospholipids per second when 

reconstituted into synthetic vesicles. To address the molecular mechanism by which these proteins 

facilitate rapid lipid scrambling, we carried out large-scale ensemble atomistic molecular 

dynamics simulations of the opsin GPCR. We report that in the process of scrambling, lipid 

headgroups traverse a dynamically revealed hydrophilic pathway in the region between 

transmembrane helices 6 and 7 of the protein while their hydrophobic tails remain in the bilayer 

environment. We present quantitative kinetic models of the translocation process based on Markov 

State Model analysis. As key residues on the lipid translocation pathway are conserved within the 

Class-A GPCR family, our results illuminate unique aspects of GPCR structure and dynamics 

while providing a rigorous basis for the design of variants of these proteins with defined 

scramblase activity.
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Morra et al. analyze molecular dynamics simulations of the G protein-coupled receptor (GPCR) 

opsin to provide insight into the molecular mechanism of lipid scrambling by a GPCR. The study 

uncovers unique aspects of the structure and dynamics of this important superfamily of receptors.

INTRODUCTION

The visual pigment rhodopsin is both a G protein-coupled receptor (GPCR) and a 

constitutively active phospholipid scramblase capable of translocating lipids rapidly and 

bidirectionally across a membrane bilayer (Ernst and Menon, 2015; Goren et al., 2014; 

Menon et al., 2011). Opsin (the retinal-free form of the protein) also has scramblase activity. 

The presence of opsin in a phosphatidylcholine bilayer accelerates the rate of lipid 

scrambling by more than 9 orders of magnitude, from ~10−5 s−1 (spontaneous rate) to 

greater than 104 s−1 (see, for example, Ref. (Pomorski and Menon, 2016)). Other members 

of the GPCR family of heptahelical membrane proteins, including the β1- and β2-adrenergic 

receptor and the adenosine A2A receptor have also been shown to scramble phospholipids 

when reconstituted into synthetic vesicles (Goren et al., 2014; Menon et al., 2011). The 

scramblase activity of rhodopsin has been suggested to be important for the homeostasis of 

photoreceptor disc membranes because it would correct the transbilayer phospholipid 

imbalance caused by the unidirectional lipid pumping activity of disc-localized ATP-driven 

transporters, including the ‘Stargardt’s disease transporter’ ABCA4 (Ernst and Menon, 

2015; Quazi et al., 2012; Quazi and Molday, 2014). The process of lipid scrambling is 

vitally important not only in disc membranes but also in various physiological contexts 

ranging from blood clotting, clearance of apoptotic cells and diurnal phagocytosis of 

photoreceptor outer segments, to the growth of cell membranes, construction of the bacterial 

cell wall (peptidoglycan) and protein glycosylation in the endoplasmic reticulum (Bevers 

and Williamson, 2016; Pomorski and Menon, 2006; Pomorski and Menon, 2016; Sanyal and 

Menon, 2009). In most cases, the responsible scramblases have not been identified.

The mechanism by which opsin facilitates lipid scrambling is not known but two 

conceptually distinct models have been proposed (Ernst and Menon, 2015; Goren et al., 

2014). One model suggests that the protein-lipid interface provides a hydrophilic pathway to 

connect the two sides of the membrane. Lipids are envisioned to traverse the bilayer by 

populating the pathway with their head-groups while keeping their hydrophobic tails in the 

bilayer environment. This is reminiscent of a credit card (the magnetic strip of the card 

corresponds to the lipid headgroup, while the body of the card represents lipid acyl chains) 

swiping through a credit card reader (protein)(Pomorski and Menon, 2006). In contrast, the 
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second model posits that the structural features needed for scrambling lie at the protein-

protein interface of rhodopsin dimers (Goren et al., 2014).

We recently demonstrated that protein dimerization is not required for lipid scrambling 

(Ploier et al., 2016): three rhodopsin mutants, associated with the blinding disease autosomal 

dominant retinitis pigmentosa, were found to have wild type-like scramblase activity while 

reconstituting as monomers into vesicles in which their scramblase activity is measured. 

This result eliminates the requirement for a protein-protein interface to support scramblase 

activity and strongly suggests that rhodopsin-mediated lipid scrambling occurs via a 

pathway generated at the protein-lipid interface.

To identify this proposed pathway, we carried out large-scale ensemble atomistic molecular 

dynamics (MD) simulations (totaling >50 μs simulation time) of opsin embedded in an 

explicit phospholipid membrane. Analysis of the MD trajectories revealed a pathway for 

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

protein. Using a Markov State Model constructed from the MD trajectories we show that this 

pathway is enabled by a dynamically growing opening between the intracellular (IC) ends of 

TMs 6 and 7 that is enhanced by disruption of the interaction between residues E2496.32 and 

K3117.58, and conformational switching of residue Y3067.53 (throughout the text 

superscripts refer to the Ballesteros-Weinstein generic numbering of residues in GPCR 

proteins(Ballesteros and Weinstein, 1995)). The simulations show that these dynamic 

changes cause an increase in the solvation of the IC region lined by TMs 6 and 7, thus 

creating a local hydrophilic environment into which a lipid headgroup partitions and 

proceeds to translocate towards the bilayer center, where it is coordinated by several residues 

from TM6, including C2646.47 and Y2686.51. The time-dependent analysis of replica 

simulations in the ensemble shows that the constriction between the middle parts of TMs 6 

and 7 widens further under these circumstances, thereby generating a suitable translocation 

pathway in which the lipid transitions towards the extracellular (EC) leaflet.

The computational analyses presented here identify a specific lipid translocation pathway 

through the opsin GPCR generated by structural and dynamic features of the protein. The 

dynamic characteristics brought to light by the Markov State Model constructed from the 

MD trajectories constitute key determinants of the mechanism of lipid translocation. The 

results support the ‘card-reader’ model (Pomorski and Menon, 2006; Pomorski and Menon, 

2016) as a paradigm for the mechanism of lipid scrambling.

RESULTS

The rate of opsin-mediated lipid scrambling, measured after reconstitution of the protein into 

phospholipid vesicles, is estimated to be >104 lipid transfers per second per protein (Goren 

et al., 2014). Although significantly faster than the kinetics of unassisted lipid flipping 

(~10−5 s−1) (Kornberg and McConnell, 1971), opsin-mediated lipid translocation events are 

still relatively rare, occurring once every ~100 μs on average. To sample such rare events in 

MD simulations we adopted an iterative protocol in which unbiased MD simulations were 

run in four stages, each informed by the output from the previous stage and carried out in 

multiple replicates (Table 1, Figure S1) resulting in a sampling of mechanistic steps. Taken 
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together, these data describe the evolution of a continuous hydrophilic opsin-mediated lipid 

pathway across the membrane. By monitoring the time-evolution of lipid head-group 

positions at various stages of the simulations we identified four locations, termed “Sites”, 

along the pathway which were found to have the highest population of lipid head-groups 

(see time-traces in Figure 1A and the 4 peaks in the histograms in Figure 1B). Below we 

detail structural and dynamic changes in opsin that mechanistically enable lipid transfer 

between these sites.

Initiation of lipid translocation at the intracellular ends of TMs 6 and 7

The Stage 1 simulations consisted of four independent microsecond-scale MD runs (Table 1, 

Figure S1). While the overall structure of the protein in these trajectories remained relatively 

unchanged (as assessed by low, ~2Å, root-mean square deviation (RMSD) of the backbone 

atoms of all the TM helices), a transient opening between the IC ends of TMs 6 and 7 was 

observed in one of the trajectories. To explore the conformational space, we pursued a 

biased MD simulation protocol: in the second replicate from the Stage 1 simulations 

(denoted by the black rectangle in Figure 2A) the IC segment of TM7 was repositioned so 

that the side chain of residue Y3067.53 turned away from TM6 and towards TM2 (for 

detailed quantification see Figure 2C), corresponding to the conformational state observed. 

This conformational switch, together with destabilization of the E2496.32 – K3117.58 

interaction (Figure 2B) created an opening between the IC ends of TM6 and TM7 into which 

a lipid molecule (Lipid 1) partitioned around the 0.6 μs time point in the trajectory (Figure 

2E–F). Concomitantly, the level of hydration of the IC region between TMs 6 and 7 

increased (Figure 2D). We designated this location of Lipid 1 as “Site 1” and found that in 

this site the penetrating lipid was coordinated mainly by charged residues from TM6 

(E2496.32, E2526.35) and TM7/Helix 8 (K3117.58, R3167.61), but also by residue R1353.50 

from TM3 (Figure 3A and 3E, Site 1).

The observed lipid penetration was short lived in the simulation trajectory, as the Y3067.53 

side chain rotated back to its initial orientation towards TM6 at the ~0.8 μs time point in the 

trajectory (Figure 2C). This expelled the Lipid 1 back into the surrounding bilayer and 

resulted in decreased hydration in the region (Figure 2D). From these observations we 

reasoned that the sustained presence of a lipid in Site 1 could lead to further opening of a 

hydrophilic pathway between TMs 6 and 7 for lipid translocation, and proceeded to test this 

hypothesis by initiating a new set of 20 independent MD simulations (Stage 2) from the 

conformation of the system in which Lipid 1 occupied Site 1 (Figure 2F, see also Figure S1).

Increased hydration of the IC region lined by TMs 6 and 7 creates a polar groove that 
enables opsin-assisted lipid translocation towards the middle of the bilayer

In three out of 20 MD trajectories in Stage 2 (labeled a–c in Fig. 1A) we observed 

movement of Lipid 1 from Site 1 towards the EC side. Movement occurred along a path 

populated by water molecules (Figure 4D) and in each case, the lipid reached the middle of 

the bilayer (z ~0 Å) where its headgroup was coordinated by several polar residues, notably 

C2646.47 and Y2686.51 from TM6, and S2987.45 from TM7 (Fig. 3B and 3F, Site 2, see also 

Fig. 4E). We named this location “Site 2”. The overall orientation of the lipid during 

translocation from Site 1 to Site 2 was such that its headgroup remained associated with the 
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water pathway (Figure 4D) whereas its acyl chains remained in the hydrophobic core of the 

membrane. This movement is reminiscent of a credit card swiping through a credit card 

reader as depicted in Figure 4A.

Interestingly, we found that when Lipid 1 occupied Site 2, two other lipid molecules (Lipid 2 

and Lipid 3) partitioned into the IC groove between TMs 6 and 7 (blue and green traces in 

Figure 1A, during trajectory “c”, see also Figure 4B). Thus, the headgroups of three lipid 

molecules simultaneously populated the hydrophilic pathway lined by the IC ends of TM6 

and TM7 (Figure 4D). However, in this set of trajectories we did not observe further 

progress of any of these lipids towards the EC leaflet. We reasoned that this could be 

because the region between the middle parts of TMs 6 and 7 that defines the Site 2 is 

relatively narrow (see below) and that more sampling would be required to observe a 

relatively rare event of further translocation of the lipids. We therefore initiated a new set of 

20 independent MD simulations (Stage 3) using as a starting configuration a frame from 

trajectory “c” (Stage 2 in Figure 1A, see also Figure S1) in which the hydrophilic pathway 

connecting Sites 1 and 2 was simultaneously occupied by the three lipid headgroups (Figure 

4B).

Widening of the constriction between TMs 6 and 7 lined by residues C2646.47 and S2987.45 

provides a continuous pathway for lipid translocation

As shown in Figure 1A, Lipid 1 progressed from Site 2 towards the EC side (z position > 0 

Å) in multiple trajectories of the Stage 3 simulations. This was accompanied by the opening 

of a continuous pathway connecting the IC and EC leaflets of the bilayer (Figure 4E). In the 

process, the lipid was seen to transition through two additional sites (see lipid count 

distribution peaks in Figure 1B): Site 3 in which the lipid head-group was mostly 

coordinated by residues Y2686.51, K2967.43, and E1213.37 (see Figures 3B, 3G, and 4F), and 

Site 4 (located ~3Å from Site 3 towards the EC side - see Figure 1A–B) where it engaged 

with Y2686.51, A2927.39, and K2967.43.

We initiated Stage 4 simulations from the trajectory frame in Stage 3 in which Lipid 1 was 

positioned at Site 4 (simulation marked “d” in Fig. 1A). However, on the timescale of the 

simulation (~5 μs) we did not observe any further movement of Lipid 1 that would have 

resulted in its merging with the EC leaflet, and instead found that residue Y3067.53 switched 

back to its original position facing TM6 (Fig. 2A, Stage 4). Notably, the position nearest to 

the EC side that had been reached by Lipid 1 during Stage 4 simulations was already such 

that its headgroup was close to the average location of the phosphate atoms of the EC leaflet 

(Fig. 1A). This suggests that during Stage 4 the lipid had arrived to a position from which it 

could enter the EC leaflet, completing the transition from one side of the bilayer to the other.

Overall, the simulations revealed an opsin-mediated lipid translocation pathway that is 

confined to the region between TMs 6 and 7, and identified several intermediate sites along 

the pathway at which the lipid headgroups are stabilized by different sets of polar residues 

(Figure 3B). Interestingly, we found that occupancy of some of these sites by one lipid was 

coupled to the presence of another lipid at a different site along the translocation pathway. 

Indeed, as shown in the distribution plots in Figure 5, the presence of Lipid 1 at Site 2 

increases the occupancy of the IC-portion of the pathway (connecting Sites 1 and 2) by 
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another lipid (see the distributions for the Lipids 2 and 3 in Figure 5B). Furthermore, as 

Lipid 1 moves to Site 3 and eventually to Site 4, Lipid 2 progressively transitions to Site 2 

(see the peak closest to z = 0Å position of the green curve in Figures 5C–D). The data also 

suggest that the pathway can be simultaneously occupied by three lipids when the most 

advanced lipid (Lipid 1) is either in Site 2 or in Site 3. Indeed, when Lipid 1 moves to Site 4, 

Lipid 3 no longer penetrates (see changes in the peak height located near z = −10 Å for 

Lipid 3 in Figure 5B–D) and the pathway contains at most two lipids (Lipid 1 and 2). This 

reflects the finding that Sites 2, 3 and 4 share lipid-coordinating residues (Y2686.51 and 

K2967.43, see Figure 3).

A kinetic model for opsin-mediated lipid translocation from Markov State Model analysis of 
MD trajectories

We performed Markov State Model (MSM) analysis as described in Methods to obtain a 

kinetic model of the structural and dynamic changes in opsin that enable lipid transfer 

between sites during the translocation process. The first step in constructing the MSM, i.e. 

reduction of the dimensionality of the configurational space of the system described by all 

the frames of the combined trajectory (Stages 1 through 4), was carried out with the tICA 

(“time-structure based independent component analysis”) approach (Molgedey and Schuster, 

1994; Naritomi and Fuchigami, 2011; Perez-Hernandez et al., 2013; Schwantes and Pande, 

2013). The resulting tICA landscapes for the combined trajectory and for the subset of 

trajectories corresponding to the four separate MD simulation stages, are shown in Figure 6 

as 2D projections along the first and second tICA vectors tIC1 and tIC2. Because we found 

that sustained lipid presence in the region between TMs 6 and 7 is observed only from Stage 

2 onwards, we conclude from a comparison of the panels in Figure 6 that the tICA space 

built on the combined MD trajectory can be roughly divided into two parts: the left section 

(smaller tIC 1 values) that contains states of the protein that precede lipid penetration, and 

the right section of the landscape (larger tIC 1 values) that contains opsin conformations 

with one or more lipids populating the translocation pathway. Indeed, projections of the z-

coordinate of the phosphate atom of the three penetrating lipids and of the E2496.32 – 

K3117.58 distance along the tIC 1 vector (Figure S2) confirm that larger tIC 1 values 

correspond to protein conformations with an open IC vestibule and with lipid headgroups 

inserted between TMs 6 and 7 (see also Figure 1A and Figure 2B).

Our detailed analysis of the tICA eigenvector contributions to the total fluctuations of the 

system (see Methods) identified only the first three tICA eigenvectors as important reaction 

coordinates capturing the dynamics of the lipid translocation process. Therefore, to build the 

MSM we clustered the 3D tICA space in Figure 6A into 100 microstates (see Methods) as 

shown in the top panels of Figure 7, and then constructed several transition probability 

matrices (TPMs – see Methods) for different lag times. The resulting implied time-scales 
analysis for the first 10 relaxation modes per each TPM (Figure S3) revealed that a lag-time 

of 40 ns yielded Markovian behavior (see also Methods). Therefore, we used the TPM 

corresponding to 40 ns lag-time for the MSM analysis.

Figure 7 shows the first two (slowest) relaxation modes of MSM which the implied time-

scales analysis identified to have characteristic time-scales of 24.5 μs and 8.8 μs, 
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respectively (Figure S4). The population exchanges between states with positive 

eigenvectors (blue circles) and states with negative eigenvectors (red circles) evident in 

Figure 7 indicate that (i)-the first MSM relaxation mode describes the dynamics of the 

protein that enables initial lipid insertion to start translocation (proceeding from left to 

right), and (ii)-the second MSM relaxation mode captures conformational dynamics of the 

protein accompanying lipid translocation through the various sites along the pathway. This is 

indicated by the transitions from blue to red states being confined to the right side of the 

tICA landscape (large tIC1 values) where all opsin states have lipid(s) in the translocation 

pathway.

To examine in detail the time-ordered sequence of structural rearrangements of opsin that 

are associated with lipid translocation, we performed transition path theory (TPT) analysis 

(Razavi et al., 2017). For this, the 100 microstates of the 3D tICA space were grouped into 

12 macrostates (Figure S4) based on their kinetic similarity as determined by the PCCA+ 

algorithm (Deuflhard and Weber, 2005). TPT analysis then identified the most probable 

pathways and quantified the flux associated with each pathway. Based on lipid population 

histograms in each of the macrostates presented in Figure S5, we identified five macrostates 

of the protein that precede lipid penetration (the macrostates are numbered according to the 

PCCA+ algorithm): macrostate 8 (which contains the starting conformation of the system), 

and macrostates 5, 3, 2, and 7. In all of the remaining seven of the 12 macrostates lipid 

penetration had occurred and the protein conformations were associated with one or more 

lipids populating the translocation pathway. This distinction between two classes of 

microstates confirms the division of the tICA space into the two (left and right) regions (see 

above).

Importantly, the TPT analysis showed that the combined flux in 4 pathways accounts for 

~98% of the total flux of phospholipids, with the top pathway contributing 86% (Figure 8). 

While such a dominant contribution from a single pathway is expected due to the iteratively 

guided nature of the MD protocol implemented here, the TPT analysis provides important 

mechanistic insights into the lipid translocation process itself. Thus, the following set of 

conformational changes are found to occur along the top pathway indicated by the thick 

arrows connecting macrostates 8-to-2-to-10-to-12-to-11: the initially closed intracellular 

vestibule region lined by TMs 6 and 7 (macrostate 8) opens due to: (i)-destabilization of the 

E2496.32/K3117.58 interaction (Figure S6A) and (ii)- structural rearrangement of the IC 

segment of TM7 which moves the side chain of residue Y3067.53 from TM6 to TM2 (see 

Figure S6C–D, macrostate 2). These conformational changes, which according to the time-

scales derived from the MSM analysis (Figures S2 and 7) constitute the rate-limiting step of 

lipid transfer, enable Lipid 1 to penetrate Site 1 and travel to Site 2 (macrostate 10 in Figure 

8, see also Figure S5). In the process, the distance between TMs 6 and 7 widens both at the 

IC end (at the level of Site 1, see Figure 8 and Figure S6A) and in the middle of the bilayer 

(at the level of Site 2, Figure S6B). As the translocation pathway becomes populated by 

multiple lipids (macrostate 12, see Figures 8 and S5), the separation between TMs 6 and 7 

grows (Figure S6A–B). However, as Lipid 1 reaches Site 4 (in macrostate 11, see Figure 8), 

the other lipids (Lipid 2 and 3) can be expelled from the translocation pathway (Figure S5) 

as Y3067.53 turns back towards TM6 (Figure S6C–D) thus interfering with diffusion of these 

lipids to the EC leaflet.
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Interestingly, some macrostates such as 1 and 6, contain conformations of the system with a 

relatively open translocation pathway (see Figure S6) and with lipids populating various 

sites along the pathway (Figure S5). Yet, according to the TPT analysis these macrostates do 

not feature in the top flux pathways. Detailed evaluation of structures in these macrostates 

showed that the lipids occupy the translocation pathway with their tails, rather than their 

charged headgroup (Figure S7). Such modes of protein-lipid interaction decrease (rather 

than increase) the overall hydration in the region, thus impeding the sliding movement of the 

lipid headgroups. Thus, these macrostates represent kinetically trapped states.

DISCUSSION

There are currently only two families of transmembrane proteins whose members have been 

identified and validated as phospholipid scramblases (Pomorski and Menon, 2016): Class-A 

(rhodopsin-like) GPCRs (Menon et al., 2011) and the TMEM16 family of Ca2+-dependent 

ion channels and/or scramblases (Malvezzi et al., 2013). The latter proteins are homodimers, 

with each monomer possessing a membrane-facing hydrophilic groove (Brunner et al., 

2014). A recent molecular dynamics study of a TMEM16 scramblase suggested that the 

hydrophilic groove could provide a path for lipid headgroup translocation (Bethel and 

Grabe, 2016). Because GPCRs do not possess an obvious hydrophilic groove, we 

hypothesized that a pathway for lipid translocation in these proteins must be generated by 

means of collective dynamics in the protein.

Our MD simulation results reveal a lipid pathway in opsin that is localized to the region 

between TMs 6 and 7 and enabled by movements of these helices relative to each other as 

well as by the repositioning of specific amino acid side chains to create the appropriate 

environment for the penetrating lipids. The pathway is prepared on the IC side by (i)-a 

stochastic change in conformation in Y3067.53 that repositions the Tyr sidechain away from 

TM6 and into the TM bundle towards TM2, and (ii)-the disengagement of the E2496.32/

K3117.58 pair of residues. These conformational changes result in ~10Å separation between 

the IC ends of TM6 and TM7, increasing hydration and enabling lipid headgroup 

penetration. The complete pathway is then opened when the narrowest region between TM6 

and TM7 in the middle of the hydrocarbon core of the lipid bilayer (on the level of C2646.47) 

widens by ~5Å. When both the IC and middle sections of TM6 and TM7 have separated 

from each other, the entire region between these two helices is transformed into a 

continuous, water-containing hydrophilic pathway along which lipids move in a manner 

consistent with the credit card reader mechanism suggested previously (Pomorski and 

Menon, 2006).

The key lipid translocation event sampled in our simulation consists of the headgroup of the 

penetrating lipid moving from the IC side to reach the average position of lipid headgroups 

in the EC leaflet on a timescale of ~33 μs. While the MSM timescales predicted here from 

biased MD simulations are likely underestimated, this value is consistent with the 

experimentally estimated rate of lipid scrambling being >104 s−1, i.e. a single lipid transfer 

occurs per 100 μs time interval or smaller (Goren et al., 2014; Ploier et al., 2016). 

Importantly, our MSM analysis suggests that the rate limiting step for the lipid translocation 

process is related to conformational changes in opsin that enable opening of the hydrophilic 
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pathway between TMs 6 and 7. This molecular level description of opsin/GPCR-mediated 

lipid translocation accounts for opsin’s unexpected lipid scramblase activity.

In light of our finding that internal hydration of opsin plays a key role in the scrambling 

mechanism, it is important to note that retinal-bound opsin (rhodopsin), as well as a 

rhodopsin mutant that favors the metarhodopsin II-like activated protein state (Rho*) also 

have scramblase activity when reconstituted in phospholipid vesicles (Goren et al., 2014; 

Menon et al., 2011). Interestingly, compared with opsin and Rho*, much more rhodopsin 

was needed for reconstitution in order to populate all vesicles with scramblase activity 

(Goren et al., 2014). This observation can be rationalized by the mechanistic predictions 

from our computational studies related to the role of the water pathway in the scrambling 

process: thus, while opsin and metarhodopsin II forms of the protein are generally 

characterized by a high degree of hydration (Grossfield et al., 2008; Leioatts et al., 2015), 

the dark state of rhodopsin is less solvated due to bound retinal.

The specifics of our proposed mechanism of lipid translocation enabled by opsin are 

consistently supported by experimentally determined characteristics of GPCR structure and 

function as follows:

1. As detailed above, the kinetics of lipid translocation obtained in the detailed 

model that emerged from the MSM analysis of our ensemble MD simulations is 

consistent with that measured in experiments.

2. Experiments showing that both dimeric and monomeric forms of opsin can 

scramble phospholipids at the same rate (Ploier et al., 2016), imply that 

transmembrane helices participating in opsin oligomerization are not directly 

involved in the scrambling process. While several dimerization interfaces for 

GPCR proteins (and for rhodopsin specifically) have been suggested from both 

experimental and computational studies (see, for example, Refs. [(Khelashvili et 

al., 2010), (Johnston et al., 2012)] and citations therein), the major protein-

protein interaction interfaces were shown to involve TM1/H8 segments as well as 

TMs 4 and 5. As the TM6-TM7 region is likely to remain exposed to lipid even 

if the proteins were to oligomerize, the pathway we identified is likely to remain 

exposed to lipid regardless of the oligomerization state of the protein.

3. The conformational dynamics of opsin that enabled opening of the lipid pathway 

in our simulations are confined to the region between TMs 6 and 7, distinct from 

the large-scale conformational changes generally associated with the signaling 

activity of GPCRs (i.e. swaying of intracellular ends of TMs 5 and 6 away from 

the TM bundle, see for example Ref. (Gregorio et al., 2017) and citations 

therein). This is in agreement with experimental results showing that scrambling 

is a constitutive activity of both ligand-free (more active-like) and ligand-bound 

(inactive) forms of the opsin protein.

4. The lipid translocation pathway in opsin revealed by our MD simulations is very 

similar to the entry pathway of a lipid-like ligand (2-AG) into the cannabinoid 

CB1 GPCR. Indeed, computational studies involving MD simulations (Hurst et 

al., 2010) discovered that the sn-2-arachidonoylglycerol (2-AG) fatty acid ligand 
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of the cannabinoid CB2 GPCR partitioned into the protein via an opening 

between TMs 6 and 7. As 2-AG progressed towards its binding pocket, its polar 

head group was found to be strongly engaged with residues in CB2R at positions 

6.47 and 6.51 that we found were important in opsin for coordinating a lipid 

along the translocation pathway. Similarly, some of the molecular components 

that we identify as being important for lipid translocation are similar to those 

implicated in lipid-protein interactions in other Class-A GPCRs. Thus, recent 

MD simulations (Neale et al., 2015) reported insertion of a lipid between the IC 

ends of TMs 6 and 7 of an apo β2-adrenergic GPCR. The head group of the 

penetrated lipid was seen to interact with the R3.50 component of the functional 

ionic lock motif (formed by R3.50 and E6.30 residues, in Ballesteros-Weinstein 

generic numbering).

In light of the reported scrambling activity of several other members of the GPCR family, 

such as β1- and β2-adrenergic receptors and adenosine A2A receptor (Goren et al., 2014; 

Menon et al., 2011), these findings suggest that our MD simulation results describing the 

lipid translocation mechanism we uncovered for opsin could reflect a mechanism common 

to other GPCR proteins. In this context, we note that some key residues on the lipid 

translocation pathway, i.e. Y3067.53 and C2646.47, are conserved not only between opsin, 

β1- and β2-adrenergic receptors, and A2A GPCR (all of which have scramblase activity), 

but in general within the entire Class-A GPCR family (7.53 position is Tyr in 91% of human 

Class-A GPCR sequences, whereas 6.47 is Cys in 75% of sequences). Interestingly, the ionic 

interaction in opsin that is formed by the E2496.32 and K3117.58 pair of residues is poorly 

conserved as the 6.32 and 7.58 positions are simultaneously occupied by oppositely charged 

residues only in ~11% of all the human Class-A GPCR sequences. This may suggest that in 

the majority of Class-A GPCRs the IC ends of TM6 and TM7 could be intrinsically more 

flexible compared to that in opsin and thus more readily support opening of the lipid 

translocation pathway.

Because our computational studies identify several key regions in the opsin GPCR that are 

mechanistically involved in lipid translocation process, the specific structural information 

that we obtained can guide the rational design of opsin mutants with defined scrambling 

activity. By testing the functionality of such mutants in our established scramblase activity 

assays (Goren et al., 2014; Menon et al., 2011; Ploier et al., 2016; Ploier and Menon, 2016) 

it will be possible to examine explicitly the role of the TM6/7 interface in scrambling.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCES SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, George Khelashvili (gek2009@med.cornell.edu).

METHOD DETAILS

Molecular Constructs—All computations were based on the X-ray structure of retinal-

free opsin (PDBID 4J4Q). This structure also contains opsin-bound synthetic GαCT peptide 

which was not considered here. Using CHARMM-GUI web interface (Lee et al., 2016), the 
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opsin model was embedded into a lipid membrane consisting of a 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-(1′-rac-glycerol)) lipids, mimicking the composition of the 

reconstituted vesicles that have been used for scrambling activity assays (Goren et al., 2014). 

The protein to lipid ratio was 1:330. After adding a solvation box containing 100 mM NaCl 

the total system size was ~130,000 atoms.

Molecular dynamics (MD) simulations—All-atom MD simulations were initiated with 

a previously established multi-step equilibration protocol (Shi et al., 2008). During this 

stage, the backbone of the protein was first harmonically constrained and subsequently 

gradually released in three steps of 5 ns each, changing the restrain force constants from 1, 

to 0.5, and 0.1 kcal/(mol Å2), respectively. This step was followed by ~250 ns of unbiased 

MD simulations carried out using the NAMD 2.10 (Phillips et al., 2005a) package.

The simulations implemented all option for rigidbonds, 2fs integration time-step, PME for 

electrostatics interactions (Essmann et al., 1995), and were carried out in NPT ensemble 

under semi-isotropic pressure coupling conditions, at a temperature of 298 K. The Nose-

Hoover Langevin piston algorithm (Phillips et al., 2005a) was used to control the target P = 

1 atm pressure with the LangevinPistonPeriod set to 100 fs and LangevinPistonDecay set to 

50 fs. The van der Waals interactions were calculated applying a cutoff distance of 12 Å and 

switching the potential from 10 Å. In addition, vdwforceswitching option was set to on.

After this equilibration phase, MD simulations were continued in four stages (see Table 1, 

Figure S1) using ACEMD software (Harvey et al., 2009). In Stage 1, four statistically 

independent unbiased MD simulations were carried out resulting in a cumulative MD 

simulation time of ~6.1μs (1.8 μs, 1.4 μs, 1.4 μs, and 1.5 pis). A representative conformation 

of the system from this set of simulations (see Results, Figure S1) was selected to initiate 

Stage 2 simulations which were carried out in 20 statistically independent replicates, each 

~725ns long, resulting in a cumulative time of 14.5μs of trajectory for this stage. Stage 3 

simulations were initiated from a representative trajectory frame from Stage 2 (see Results, 

Figure S1) and were carried out in 20 ~1.3μs-long statistically independent replicates, 

resulting in cumulative MD trajectory of ~26μs for this stage. Lastly, Stage 4 runs were 

initiated from an intermediate trajectory frame from Stage 3 (see Results, Figure S1) and 

were carried out in 20 ~240ns-long independent replicates. The total simulation time for all 

the three stages was ~51μs. Statistical independence of the simulations was ensured by 

resetting velocities of all the atoms in the system (at T=298K using random number seed) at 

the beginning of each stage.

The simulations with ACEMD implemented the PME method for electrostatic calculations, 

and were carried out according to the protocol developed at Acellera and implemented by us 

previously (Harvey et al., 2009; Khelashvili et al., 2015) with 4 fs integration time-step and 

the standard mass repartitioning procedure for hydrogen atoms. The computations were 

conducted under the NVT ensemble (at T=298K), using the Langevin Thermostat with 

Langevin Damping Factor set to 0.1.
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For all the simulations the latest CHARMM36 force field parameters for proteins, lipids, and 

ions (Lee et al., 2016; Phillips et al., 2005b) were used.

Quantifying hydration of the intracellular (IC) vestibule in opsin—To quantify 

hydration of the IC region of opsin lined by TMs 6 and 7, we defined a local cavity by 

counting the number of water molecules in that region. Specifically, a water molecule was 

considered to reside in the IC volume between TMs 6 and 7, if its oxygen atom was found 

within 10Å of any residue in the IC segments of TM6 and TM7 (segments 255–264 and 

298–311, respectively). To exclude from this counting any water molecules residing in other 

(more distal) parts of the IC vestibule of opsin, the additional condition was introduced to 

consider only those water molecules whose oxygen atom was also within 10Å of any residue 

in the IC segments of TM2 and TM3 (segments 71–80 and 130–140, respectively).

Markov State Model (MSM) of opsin-mediated lipid translocation process—
Application of Markov State Models for automated and unbiased evaluation of large-scale 

molecular dynamics simulations has been very successful in understanding protein folding 

mechanisms and most recently in unraveling functional mechanism of GPCRs and other 

membrane proteins (Beauchamp et al., 2012; Kohlhoff et al., 2014; Razavi et al., 2017; 

Shukla et al., 2014; Voelz et al., 2010). Here, we utilized MSMs to obtain quantitative 

kinetic model of opsin-mediated lipid translocation. Briefly, in MSM analysis global 

conformational changes of a system emerging from the MD simulations are represented as a 

Markov chain, under conditions that the transitions between different conformations are 

sampled at long enough time intervals so that each transition is Markovian (Noe and Fischer, 

2008; Pande et al., 2010; Prinz et al., 2011) (i.e. transition of the system from one 

conformation to another does not depend on previous transitions of the system). With 

Markovian constraint, the MSMs can yield information about long-timescale events from a 

combination of information from short time-scale events (Chodera et al., 2006).

Dimensionality reduction using the “time-structure based independent component 
analysis” (tICA): To construct a MSM from a set of MD trajectories, the conformational 

space from all trajectories is first reduced by a transformation to a space defined by only a 

few reaction coordinates of interest. Such dimensionality reduction is necessary both for 

removing redundant (fast) kinetic modes stored in the atomic coordinates of the system, and 

to facilitate clustering of conformations based on kinetic similarity before MSM 

construction (see below). To perform the transformation, we implemented the “time-

structure based independent component analysis” (tICA) approach that was shown to 

identify the slowest reaction coordinates of a system (Molgedey and Schuster, 1994; 

Naritomi and Fuchigami, 2011; Perez-Hernandez et al., 2013; Razavi et al., 2017; 

Schwantes and Pande, 2013). Briefly, tICA is based T on constructing a time-lagged 

covariance matrix (TLCM): CTL(τ)=<X(t)XT(t+τ)> and the covariance matrix 

C=<X(t)XT(t), where X(t) is the data vector at time t, τ is the lag-time of the TLCM, and the 

symbol <…> denotes the time average. The slowest reaction coordinates are then identified 

by solving the generalized eigenvalue problem: CTLV = CVA, where Λ and V are the 

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

depend on the choice of data vector X.

Following a common practice in the field (Razavi et al., 2014; Schwantes and Pande, 2013; 

Zhou and Voelz, 2016), we chose an unbiased strategy and defined tICA parameters (i.e. 

components of X(t) data vectors) as pair-wise distances between every third residue in the 

transmembrane bundle of opsin. These non-redundant pair-wise distances (2016 pairs in 

total) between the chosen residues (64 residues in total) are calculated using the closest-

heavy algorithm implemented in the MDTraj software package (McGibbon et al., 2015). 

Each tICA eigenvector had 2016 components (all the pairs serving as parameters), with the 

relative magnitude of the contribution from each of these components reflecting the 

importance of the corresponding parameter in forming a particular tICA reaction coordinate. 

The analysis of contributions of each tICA eigenvector to the total conformational 

fluctuations revealed that the first 11 tICAs contained ~70% of the total fluctuations of the 

system (Figure S8). Further evaluation of the 2D landscapes constructed from the pairs of 

tICA eigenvectors (Figure S9) suggested that only the first 3 eigenvectors capture dynamics 

of the lipid traversing the opsin hydrophilic grove, and the higher order tICA eigenvectors do 

not provide any additional coverage of the configuration space. Therefore, the first three 

tICA reaction coordinates were used to represent the trajectory frames in a dimensionality 

reduced space, and for the construction of the MSM (see below).

Markov State Model Construction: To construct MSMs, we used MSMBuilder software 

(Beauchamp et al., 2011)’ (Harrigan et al., 2017) and a procedure described in Ref. (Razavi 

et al., 2017). Briefly, the tICA space content of trajectory frames was discretized into 100 

microstates using automated clustering k-means algorithm, and a transition count matrix 

(TCM) was built by counting the number of transitions among all microstates. To satisfy 

detailed balance and local equilibrium, the TCM was then symmetrized using its transpose 

matrix, as described in Ref. (Beauchamp et al., 2011) and the probabilities of transitions 

among all microstates were calculated by normalizing the TCM, to obtain the transition 

probability matrix (TPM). To ensure Markovian behavior, multiple TPMs were constructed 

for different time intervals between transitions (i.e. MSM lag times), and the relaxation 

timescales of the system were extracted from:

where τ′ is the lag-time used for building the TPM, λi denotes the ith eigenvalue of the 

TPM, and τi represents relaxation timescale (also called implied timescale) corresponding to 

the ith relaxation mode of the system. For a particular set of parameters, the Markovian 

property of the TPM can be established by verifying the independence of τi from τ′ (see the 

Results).

Transition Path Theory (TPT) analysis: In order to identify the most probable pathways 

for the opsin-mediated lipid translocation and quantify timescales for the kinetics of the 

process, we applied TPT analysis as described in Ref. (Razavi et al., 2017). In brief, the 
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microstate-level representation of the tICA space was transformed into a coarser description 

by grouping microstates together based on their kinetic similarity, and clustered into 

macrostates using the Robust Perron Cluster Analysis (PCCA+) (Deuflhard and Weber, 

2005) algorithm. A flux matrix (Berezhkovskii et al., 2009) was then constructed for 

macrostates and the most probable pathways were identified by finding those with the 

highest flux between the starting macrostate (the macrostate that contains all the initial MD 

frames for Stage 1) and a final macrostate (the macrostate that contains all the final frames 

of the MD simulations from stage 4). This was done with the Dijkstra graph theory 

algorithm (Dijkstra, 1959) implemented in the MSMbuilder software (Beauchamp et al., 

2011; Harrigan et al., 2017). The algorithm first finds the top path, and the subsequent paths 

are then obtained by removing the already identified top path from the flux matrix and 

repeating the procedure. This iterative approach was used here to determine the first 4 paths, 

which contribute to ~98% of the total flux (see the Result section).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Extensive all-atom molecular dynamics simulations of the opsin GPCR

• A hydrophilic pathway is revealed between transmembrane helices 6 and 7 of 

opsin

• Lipids traverse the pathway according to the credit card reader mechanism

• Kinetics of the lipid translocation process is quantified using Markov State 

Models
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Figure 1. Multiple lipids populate a translocation pathway in opsin
(A) Time-evolution of the z-coordinate of the phosphate atom of three lipid molecules (Lipid 

1, Lipid 2 and Lipid 3 represented by red, green, and blue traces, respectively) shown for all 

the MD simulations performed. The four stages of the simulations (see Figure SI) are 

denoted by shaded rectangles, and the simulations within each stage are demarcated by the 

vertical dashed lines. For each lipid, trajectory frames in which the lipid was outside the 

translocation pathway were omitted from the analysis. The average positions of the 

phosphate atoms of the lipids in the two leaflets of the membrane are depicted by horizontal 

dashed lines. Lipid translocation from the IC leaflet towards the EC leaflet can be traced by 

the increase in the z coordinate from ~−20Å to >15Å. (B) Data in panel A plotted as a 

histogram highlighting the z position of the phosphate atom of Lipid 1 at Sites 1–4.
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Figure 2. Opening of the lipid pathway is triggered by conformational rearrangements on the 
intracellular side of the protein
(A) Distance as a function of time between residues Y306 and L76 (Y306–TM2, blue) and 

Y306 and A260 (Y306-TM6, red) shown for all the MD simulations performed. (B) 
Distance as a function of time between E2496.32-K3117.58 pair of residues throughout all the 

MD simulations. In panels A and B, the four stages of the simulations are denoted by shaded 

rectangles, and the simulations within each stage are demarcated by the vertical dashed 

lines. (C) Zoomed view of the distance plots from panel A (marked by a black rectangle) 

reflecting the dynamics in the second replicate from Stage 1. (D) Changes in the hydration 

of the IC vestibule between TMs 6 and 7 in the second replicate from Stage 1 (see Methods 

for details). (E–F) Snapshots of the system at 0 μs and 0.6 μs time-points in the second 

replicate from Stage 1 illustrating structural changes enabling initial lipid penetration. The 

E2496.32-K3117.58 residue pair is shown in space-fill representation, Y3067.53 is yellow, the 

penetrating lipid is drawn in licorice, and water molecules in the IC vestibule between TMs 

6 and 7 are depicted as transparent pink spheres. The L76 and A260 residues are shown in 

transparent blue space-fill. Relevant protein segments are labeled.
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Figure 3. Characterization of the protein sites along the lipid translocation pathway
(A–D) Frequency of contacts between Lipid 1 and the opsin residues when the lipid resides 

in Site 1, Site 2, Site 3, and Site 4, respectively. A residue was considered in contact with the 

lipid if minimum distance between any atom on the residue and the lipid head group 

phosphate was ≤ 6Å. (E–H) Opsin structure showing the residues (in space fill) in the 

different sites that coordinate the lipid the most strongly (with frequency > 0.05 from panels 

A–D). The 7 TM helices are numbered. The residues in space fill in panels E–H are as 

follows: (E) R1353.50, R2526.35, E2496.32, K3117.58, and R3147.61; (F) G1213.36, A1243.39, 

L1253.40, C2646.47, Y2686.51, A2957.42, K2967.43, S2987.45, and A2997.46; (G) G1213.36, 

E1223.37, Y2686.51, A2927.39, A2957.42, and K2967.43; (H) Y2686.51, P2917.38, A2927.39, 

and K2967.43.
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Figure 4. Lipids traverse the hydrophilic pathway according to the “credit-card” mechanism
(A) Opsin-mediated transbilayer lipid movement envisaged as a credit card (lipid) swiping 

through a card reader (opsin). The cartoon was created by Adam Steinberg and taken from 

Ref. (Pomorski and Menon, 2006). (B) View of the final state after trajectory “c” from the 

Stage 2 simulations (see Figure 3A) with three lipids (Lipids 1, 2, and 3 from Figure 3) 

simultaneously inserted between TM6 and TM7 (orange and red helices, respectively). In 

this state Lipid 1 (the lipid furthest in the translocation pathway towards the EC side) is in 

Site 2. (C) A representative trajectory frame from the Stage 3 simulations showing Lipids 1, 

2, and 3 on the translocation pathway with Lipid 1 occupying Site 3. (D) Polar groove 
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formed between transmembrane helices (TMs) 6 and 7 of opsin. The figure shows a 

snapshot from the Stage 2 simulations (see Table 1, Figure SI) with water molecules (blue 

spheres denote water oxygen molecules) populating the region between TMs 6 and 7 

(orange and red cartoons, respectively) delineating a path that connects the intracellular (IC) 

and extracellular (EC) compartments. (E) Location of the phosphate atom on the Lipid 1 

head group in all the trajectories from the Stage 3 simulations highlighting a continuous 

lipid translocation pathway lined by TMs 6 and 7. (F–G) Detailed view of Lipid 1 in Site 2 

(E) and Site 3 (F) showing some key residues in the protein that coordinate the lipid head 

group. Color code in panels C–F is the same as in panel B.
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Figure 5. Multiple lipid head-groups simultaneously occupy the pathway
(A–D) Histograms of the z position of Lipid 2 (green) and Lipid 3 (blue) phosphate atoms in 

the trajectory frames in which Lipid 1 occupied Site 1 (A), Site 2 (B), Site 3 (C), or Site 4 

(D). Average z position of Lipid 1 phosphate atom at the four sites are shown as vertical 

dashed lines. (E–F) Corresponding images of the protein with point clouds representing 

locations of Lipid 2 and Lipid 3 headgroup phosphate atom (green and blue points, 

respectively) in the trajectory frames in which the phosphate atom of Lipid 1 (red points) is 

localized to Site 1 (E), Site 2 (F), Site 3 (G), or Site 4 (H).

Morra et al. Page 24

Structure. Author manuscript; available in PMC 2019 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. tlCA analysis identifies protein conformations with/without inserted lipids
(A) Population weighted 2D tlCA landscape of opsin obtained by projecting all MD 

snapshots on first two tlCA eigenvectors. The landscape can be broadly divided into two 

regions (marked by shaded rounded rectangles). The region of small tlC1 represents protein 

structures preceding the lipid penetration, whereas the region of large tlC1 contain 

conformations of opsin with one or more lipids on the translocation pathway. (B) The tlCA 

landscape is divided into four stages (Stage 1, Stage 2, Stage 3, and Stage 4) to represent 

evolution of the system during the simulations.
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Figure 7. MSM analysis of lipid translocation process
Representation of the first two MSM relaxation modes on the eigenvectors tlC1 and tlC2. 

Red and blue circles in the lower panels show the location of microstates. The population 

exchanges between blue (positive eigenvectors) microstates and red (negative eigenvectors) 

microstates. 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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Figure 8. Pathways for lipid translocation
Top four pathways for lipid translocation identified from the TPT analysis are shown on the 

tlCA1 vs tlCA2 landscape divided into 12 macrostates (color coded) using the PCCA+ (see 

Methods, and Figure S4). The macrostates are numbered according to the PCCA+ algorithm. 

The thickness of the arrows indicates the relative magnitude of the flux of the pathway. The 

total flux values for the top pathways are given in the table. The snapshots of the system 

show representative structures from the macrostates involved in the top pathway. On these 

snapshots the relevant region of the protein is shown using the same representation as in 

Figure 4B–G, E2496.32, K3117.58, and Y3067.53 residues are drawn in space fill 

representation, and the phosphate groups of the three lipids (Lipid 1, 2, and 3) are shown on 

the translocation pathway using the same color code as in Figures 1 and 5 (Lipid1 – red, 

Lipid2 – green, Lipid3 – blue).
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Table 1
Summary of performed atomistic MD simulations

Using an iterative approach (see Methods), the simulations were carried out in four stages (see Figure S1). At 

the beginning of each stage, velocities of all the atoms in the system were reset using random number seed to 

ensure statistical independence among replicates. The total simulation times provided exclude equilibration 

phase.

Stage Number of replicates Total simulation time (μs)

1 4 6.1

2 20 14.5

3 20 26.0

4 20 4.8
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