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Summary

Rhodopsin is currently the only available atomic-resolution template for understanding biological 

functions of the G protein-coupled receptor (GPCR) family. The structural basis for the 

phenomenal dark state stability of 11-cis-retinal bound to rhodopsin and its ultrafast photoreaction 

are active topics of research. In particular, the β-ionone ring of the retinylidene inverse agonist is 

crucial for the activation mechanism. We analyzed a total of 23 independent, 100-ns all-atom 

molecular dynamics simulations for rhodopsin embedded in a lipid bilayer in the microcanonical 

(N,V,E) ensemble. Analysis of intramolecular fluctuations predicts hydrogen-out-of-plane 

(HOOP) wagging modes of retinal consistent with those found in Raman vibrational spectroscopy. 

We show that sampling and ergodicity of the ensemble of simulations are crucial for determining 

the distribution of conformers of retinal bound to rhodopsin. The polyene chain is rigidly locked 

into a single, twisted conformation, consistent with the function of retinal as an inverse agonist in 

the dark state. Most surprisingly, the β-ionone ring is mobile within its binding pocket; 

interactions are nonspecific and the cavity is sufficiently large to enable structural heterogeneity. 

We find that retinal occupies two distinct conformations in the dark state, contrary to most 

previous assumptions. The β-ionone ring can rotate relative to the polyene chain, thereby 

populating both positively and negatively twisted 6-s-cis enantiomers. This result, while 

unexpected, strongly agrees with experimental solid-state 2H NMR spectra. Correlation analysis 

identifies the residues most critical to controlling mobility of retinal; we find that Trp265 moves 

away from the ionone ring prior to any conformational transition. Our findings reinforce how 
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molecular dynamics simulations can challenge conventional assumptions for interpreting 

experimental data, especially where existing models neglect conformational fluctuations.

Graphical Abstract

Cover. Structure of retinal ligand of G protein-coupled receptor rhodopsin in the inverse agonist 

form as obtained from molecular simulations.
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Introduction

G-protein coupled receptors (GPCRs) constitute the largest superfamily of proteins in the 

human genome, and they initiate many signal transduction pathways1–3. This class of 

proteins is of enormous pharmaceutical interest4,5, because over 50% of recently launched 

drugs are targeted to GPCRs with annual worldwide sales exceeding $30 billion6. As with 

many membrane proteins it is typically quite difficult to express and characterize GPCRs. 

The exception is rhodopsin, the primary dim light receptor, which is the only GPCR whose 

atomic-level structure has been published7–10. A great deal of effort has been put into 

developing our understanding of rhodopsin function11–20, both for its own sake and as a 

template to explain activation of other GPCRs3. In this article we address the general 

problem of protein-ligand interactions in GPCRs in relation to their agonist and inverse 

agonist or antagonist roles. Specifically, we investigated the basis for the phenomenal dark 

state stability and activation of 11-cis retinal bound to rhodopsin at the single molecule level 

using an ensemble of molecular dynamics (MD) simulations. Our findings yield a deeper 

understanding of the structural basis for dark state retinal bound to rhodopsin, with potential 

insights into GPCR activation in general3.

The light-absorbing moiety 11-cis retinal of rhodopsin is bound by a protonated Schiff base 

linkage to the side chain of Lys296. In its 11-cis conformation, retinal functions as a strong 

inverse agonist21, virtually locking the protein in the inactive state. Remarkably, upon 

absorbing a photon it instantly isomerizes (within 200 fs17,22) to the all-trans state, and 
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subsequently becomes an agonist13,14. The protein relaxes through a series of 

spectroscopically defined intermediates23 until it reaches the MI state, which exists in 

equilibrium with the active MII state13,14,16,18. The central role of retinal in directing this 

relaxation and promoting MII formation has been extensively investigated by a number of 

approaches. Studies of rhodopsin regenerated with chemically modified retinals as well as 

rhodopsin mutants show that specific interactions between retinal and the binding pocket of 

the receptor are implicated both in rhodopsin pigment formation and receptor 

activation13,16,24. Most of the altered ligands are less effective agonists in the all-trans state, 

shifting the MI–MII equilibrium back toward MI25–27. The C9 methyl group distal to the 

retinylidene Schiff base of Lys296 is known to play an essential role25,27,28. Moreover, the β-

ionone ring of retinal is crucially important for rhodopsin activation26,29,30. While the 

flexibility of dark state retinal has not been addressed specifically in the literature, some 

studies have postulated that the β-ionone ring is the more dynamic region of the retinal 

molecule31. For example, 2H NMR results have been published suggesting both a 6-s-trans32 

and 6-s-cis33 conformation. Recent experiments, including a 2.2 Å crystal structure of 

rhodopsin9 and solid state 13C NMR measurements31, suggest the β-ionone ring is in a 

negatively twisted 6-s-cis conformation. Nonetheless, there is some ambiguity in 

interpreting these results since in the crystal structure retinal has severe steric clashes, while 

the 13C NMR experiments cannot differentiate between negatively and positively twisted 

enantiomers.

In addition to experimental studies, computational approaches, including molecular 

mechanics and quantum mechanical calculations, have been applied to understand the 

behavior of rhodopsin34–37. Although several calculations have focused on the structure of 

the retinal38, none considered the possibility of multiple retinal conformers. In part, this is 

because such transitions occur very rarely on the time scale of typical molecular dynamics 

calculations. Here we show that by utilizing an ensemble of MD simulations, we are able to 

relate the temporal dynamics of retinal in dark state rhodopsin to solid-state 2H NMR and 

resonance Raman data17,33. By conducting multiple MD simulations, with independent 

starting membrane configurations, we more effectively sample the conformational space of 

the retinylidene ligand of rhodopsin. The results of individual simulations differ 

significantly, indicating they are not long enough to be compared directly to experimental 

results on an individual basis. Yet when taken as an ensemble, the simulations produce 

theoretical 2H NMR spectra in excellent agreement with the experiment33. The data clearly 

show that retinal undergoes fluctuations on timescales comparable to the simulation 

trajectories. A model including multiple retinal conformations in the dark state is most 

consistent with experimental measurements. The picture that emerges suggests specific 

interactions with the polyene chain and the protonated Schiff base; but more surprisingly, 

nonspecific interactions with the ionone ring allow the binding pocket to accommodate 

conformational heterogeneity that may optimize receptor activation.

Results

A total of 23 independently equilibrated MD simulations of 100-ns duration were carried out 

for a single rhodopsin molecule embedded in a fully hydrated bilayer of native-like 

phospholipids comprising SPDE/SDPC/cholesterol (50:49:24). Simulations were conducted 

Lau et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the microcanonical (N,V,E) ensemble using the atomic-level structure of rhodopsin (PDB 

code 1U19)9 shown in Figure 1(a). The 11-cis retinal chromophore of rhodopsin is bound 

through a protonated Schiff base linkage to Lys296, cf. Figure 1(b). Gas phase quantum 

chemical39 and molecular mechanics calculations indicate three stable rotamers for the C6–

C7 torsion angle which defines the orientation of the β-ionone ring relative to the polyene 

backbone. These include a skewed 6-s-trans conformation (χ ≈ 160°), a negatively twisted 

6-s-cis conformer (χ ≈ −60°), and a positively twisted 6-s-cis conformer (χ ≈ 55°). The 

most recent crystal structure of rhodopsin9 reports a C6–C7 torsion angle of −34°, quite far 

from any minima in the potential energy surface. However, interpreting this structure is 

problematic at best because of steric clashes between the C8- and C5-methyl (C18) 

hydrogens. The discrepancy could in part be due to the fact that crystallography averages 

away thermal motion to produce only a single structure. By contrast, MD simulations 

directly reveal conformational heterogeneity that would be hidden experimentally. We were 

able to interpret experimental results, including hydrogen-out-of-plane (HOOP) wagging 

modes from Raman vibrational spectroscopy17 and solid state 2H NMR spectra33, cf. 
Figures 1(c)–(d), in terms of multiple conformers of the retinal ligand bound to rhodopsin. 

Comparison was made to detailed experimental data in all cases17,33,40,41.

Hydrogen-out-of-plane wagging modes are identified in simulations

Unlike NMR and X-ray methods, Raman spectroscopy probes the fluctuations arising from 

molecular vibrations. These fluctuations are extremely sensitive to conformational changes 

in retinal, and can serve as an indicator of the different photointermediates42. In dark-state 

rhodopsin, a peak at 969 cm−1 is assigned to concerted HOOP wagging motions of the C11 

and C12 hydrogens17. Upon photoactivation, the frequency of this mode shifts significantly. 

When we characterized the retinal fluctuations in our simulations using principal component 

analysis, we observed an analogous vibrational mode with a frequency of 910 cm−1 that is 

depicted in Figure 1(c) (see Methods for details). Given the difficulties in reproducing 

vibrational spectra using classical molecular mechanics force fields, a 10% discrepancy 

between simulation and experiment is impressive. We performed this calculation separately 

for retinals in both the negatively and positively twisted conformations, and found that they 

produced similar modes at the same frequency, suggesting that this vibrational mode is 

independent of the conformation of β-ionone ring. As a result, the Raman experiments do 

not differentiate between the two conformations.

Multiple β -ionone ring conformations are consistent with 2H NMR data

In solid state NMR spectroscopy, molecular interactions are measured through angular and 

distance restraints, giving both structrure and dynamics. Salgado et al.33 reported 2H NMR 

spectra of aligned recombinant membranes containing rhodopsin regenerated with retinal 

deuterated at the C5, C9, or C13 methyl positions. By varying the membrane tilt angle with 

respect to the magnetic field, they obtained detailed information about the orientation θB for 

the individual retinylidene C–C2H3 bonds. Data were analyzed by assuming a single 

orientation for each methyl group. In the present work, we adopted a different strategy and 

used the simulation results to predict the 2H NMR spectra. We did this by using the 

probability distribution from the MD simulations to compile a weighted-average spectrum in 

terms of theoretical spectra for each bond orientation43. The results are shown in Figure 
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1(d). The C5–C2H3 bond axis distribution is particularly important, because changes in the 

C6–C7 torsion angle report on the β-ionone ring conformation. As shown in Figure 1(d), the 

spectrum computed from the simulation matches the experiment extremely well. 

Interestingly, the probability distribution contains significant contributions from distinct 

conformations whose 2H NMR spectra differ greatly from experiment (see below). The 

simulated spectra are most similar to experiment when computed from the probability 

distribution derived directly from the combined MD simulations. For completeness, we 

performed the same analysis for the C9 and C13 methyl groups, as also shown in Figure 

1(d), where the simulations predict a single dominant conformer consistent with the crystal 

structure. The fact that the spectra agree well in all cases lends support to the idea that the β-

ionone ring has more than one conformation in the dark-state rhodopsin binding pocket.

Flexibility of retinal ligand is illuminated by large-scale simulations

Turning next to the issue of the β-ionone ring conformation, Figure 2(a) shows the 

distribution of the C6–C7 torsion angles compiled from all 23 simulations. Two 6-s-cis 
conformers are populated, with the negatively twisted (χ ≈ −60°) conformer predominating, 

but with a significant probability for the positively twisted (χ ≈ +70°) conformation. Gas 

phase computations indicate equal probability for the two 6-s-cis conformers, suggesting 

that the asymmetry in the distribution for the β-ionone ring of retinal when bound to 

rhodopsin is most likely due to interactions with the surrounding protein side chains. 

Previous experiments using chemically modified ligands have demonstrated that the binding 

cavity differentiates between retinal enantiomers16,40. Our MD simulations imply that the 

cavity has a moderate selectivity for the negatively twisted enantiomer, yielding positive 

ellipticity in circular dichroism (CD) spectra consistent with experimental data40.

The conformation of the β-ionone ring has also been investigated through measurements of 

the C8-to-C18 distance using solid-state rotational resonance 13C NMR spectroscopy31. In 

Figure 2(b) the probability distribution for the C8-to-C18 carbon distance is plotted as a 

function of the C6–C7 torsion angle obtained in the simulations. Figure 2(b) clearly 

demonstrates that the distance is correlated with the β-ionone ring orientation; it also shows 

that the distance is governed solely by the magnitude of the 6-s-cis skew and not the sign, 

due to the mirror image symmetry of the two enantiomers. As a direct result, the rotational 

resonance experiment cannot distinguish between the positively and negatively twisted 

conformers. Moreover, the C8-to-C18 distance varies over a large range, from approximately 

3.0 Å to 4.5 Å, with the smaller distances corresponding to a conformation in the 6-s-cis 
region, and the larger distances representing the 6-s-trans region. For a particular value of 

the C6–C7 torsion, there are substantial variations in the observed C8-to-C18 internuclear 

distances, arising from fluctuations in bond angles and bond lengths. This is important when 

using the distance from NMR as a restraint for the conformation of retinal, because the 

distance for a single conformer will in general differ from that computed by averaging over 

the conformational fluctuations. Figure 2(c) shows representative C6–C7 torsion angle 

distributions from individual simulations, which are further discussed below.

We now shift our focus to the conformation of the polyene moiety of the retinylidene 

chromophore within the binding cavity of the photoreceptor, showing in Figure 3 the 
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probability distributions for the torsion angles along the entire conjugated chain. In contrast 

to the C6–C7 dihedral angle, the torsions in the polyene chain all have narrow unimodal 

distributions, indicating that it exists in a single well-defined state. All the torsion angles (C7 

to C15) are in the trans conformation, except the C11=C12 bond which is in the cis 
conformation. Any concerted deviation from planarity is an indication of strain induced by 

the protein environment, and may strongly alter the photochemistry of the polyene chain. 

For retinal bound to rhodopsin, the two torsions adjacent to the cis-double bond are 

significantly perturbed from their planar state; the C10–C11 torsion angle is 164±12° and 

the C12–C13 torsion angle is 161±9°, in accord with 2H NMR data for rhodopsin in the dark 

state33. The torsional deformation alleviates the steric clashes between the C13-methyl 

group and the H10 hydrogen38. Results of the MD simulations are generally consistent with 

three planes of unsaturation for retinal within the binding cavity of rhodopsin16,33,41, a 

model previously used to interpret 2H NMR results33.

Sampling and ergodicity are established through multiple trajectories

Although the polyene chain of the retinylidene chromophore occupies a single well-defined 

conformation, the ensemble of MD simulations reveals that the β-ionone ring populates two 

distinct enantiomers, cf. Figure 2(a). Previous MD and QM/MM simulations did not report 

multiple retinal conformations9,34,35,44, most likely due to limitations in time scale. Based 

on the number of transitions in our simulations, the lifetimes of the two conformers are ≈50 

ns, comparable to the longest of the other trajectories. Because transitions are rare events, 

the probability distributions for independent trajectories differ significantly, indicating that 

the 100-ns timescale is not long enough to allow statistical convergence. This point is best 

seen in Figure 2(c), which shows probability distributions from three of the 23 trajectories. 

These differences highlight the risks involved in interpreting a single trajectory, no matter 

how long, when the system may contain long-lived states. For any given trajectory, the C6–

C7 torsion angle undergoes only a small number of transitions. Indeed, in several 

simulations the torsion remains in its initial conformation throughout the trajectory, with no 

transitions at all. In others, there is a single transition leading to a positively twisted 

conformation, and still others show a number of transitions back and forth.

As noted above, trajectories where the retinal primarily samples the positive-twisted 

conformation produce 2H NMR spectra that bear little resemblance to the experimental 

ones; interpreted by themselves, they would lead us to conclude that the simulations and 

experiments were fundamentally inconsistent. On the other hand, combining the positive 6-

s-cis conformers with the negatively twisted state, using the ensemble of simulations to 

provide the weighting, improves the fit to experimental data33 versus the negatively twisted 

state alone. It is only by interpreting the ensemble average of the simulations in accord with 

the ergodic hypothesis that we are able to conclude that there are multiple important 

conformations within the actual distribution. To illustrate this aspect further, Figure 4 

shows 2H NMR spectra calculated by restricting the angular range of the probability 

distribution from all 23 simulations. Part (a) considers only values of the C6–C7 torsion 

angle < −70°; whereas part (b) only includes angles > −70°, with the entire distribution 

indicated in part (c). As can be seen, considering only a part of the distribution leads to very 
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poor agreement of the synthetic spectra with the experimental 2H NMR data; yet when the 

entire distribution is included the agreement is more gratifying (cf. Figure 1).

Contact residues of β -ionone ring depend on its conformation

To assess the change in protein environment due to isomerization about the C6–C7 bond, we 

mapped the interactions of the three retinal methyl carbons (C5, C9, and C13) with the 

neighboring protein residues. Specifically, we identified the amino acid residues found 

within a 4 Å sphere about each methyl carbon in each of the 23 simulations. For each 

simulation, we constructed a vector containing the probability that a selected region of 

retinal formed a contact with each residue, and combined them to form a contact probability 

matrix C. The average contact probability for each residue was computed over all 23 

simulations and subtracted from each column of the C matrix, producing a fluctuation 

matrix. The covariance matrix V = CTC was then constructed, where CT is the transposed 

contact matrix. Covariance matrices for each of the methyl groups are represented in Figure 

5(a)–(c), and allow one to compare the trajectories and identify patterns in ligand-protein 

interaction. Figure 5(a) shows V for the C5-methyl, the most mobile of the three due to its 

location on the β-ionone ring. This map can be divided into three different blocks, giving 

three characteristic distributions of the C6–C7 torsion: (i) simulations 1–11, which mostly 

populate the negatively twisted 6-s-cis, (ii) simulations 12–15, where both positively and 

negatively twisted states are populated, and (iii) simulations 16–23, where the positively 

twisted state predominates. The simulations in each group are strongly correlated with each 

other, and anti-correlated with those in the other groups, indicating that the torsional state 

directly modulates the residues which interact with the ligand. In contrast, the covariance 

matrix for the C9-methyl and C13-methyl groups in Figures 5(b) and 4(c) are featureless, 

meaning that fluctuations of these bonds do not alter interactions of retinal with its 

environment.

To further enumerate the important residues in contact with the C5-methyl group, we present 

its contact matrix in Figure 5(d). Note that Thr118, Gly121, and Glu122 appear frequently in 

simulations in the first category, while residues Phe208, Tyr268, and Ala269 are often in close 

proximity to the C5-methyl for simulations in the third category. Residues in contact with 

the C9- and C13-methyls are shown in Figures 5(e) and 4(f). Streaks of the same color are 

observed across all 23 simulations, indicating that the presence or absence of a particular 

residue is consistent from one simulation to another. Most striking is the close proximity of 

Ile189 to the C9 methyl group across all simulations. The closest residues to the C13 methyl 

are Ala117, Trp265, Tyr268, Ala292, and Ala295. It follows that the polyene chain segments 

occupy well-defined binding sites, which may account for the phenomenal dark state 

stability of retinal acting as an inverse agonist. By contrast, the binding site of the β-ionone 

ring is not as well defined, presumably due to relatively nonselective interactions consistent 

with a pocket of moderate to low specificity16.

Trp265 inhibits 6-s-trans retinal formation within the binding pocket

The residue Trp265 is highly conserved across the GPCR family A, and is thought to be 

involved in ligand binding. Interactions between the Trp265 sidechain and the β-ionone ring 

in rhodopsin are implicated in the inverse agonist role of retinal20,24. Consistent with this 
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interpretation, Figure 6(a) indicates that Trp265 is usually packed against retinal, specifically 

the ionone ring. With this in mind, we attempted to relate motions of Trp265 to 

conformational transitions of the retinal C6–C7 torsion angle. Examination of the 

probability distribution for the C6–C7 torsion, Figure 2(a), shows that the primary path 

between the two twisted 6-s-cis states is via the 6-s-trans state. Hence the trans state can be 

used as an indicator of retinal conformational transitions. By examining the time correlation 

function between the presence of the trans state and the distance between the β-ionone ring 

and Trp265, Figure 6(b), we can interpret the functional significance of these interactions. 

Specifically, we computed C(t) = 〈[d(t+τ)– 〈d〉] [ϑ (t)– 〈ϑ〉]〉 where d(t) is the instantaneous 

distance, and ϑ(t) is an indicator function that is unity when the C6–C7 torsion is greater 

than 120° or less than −120°, and zero otherwise. Here 〈d〉 and 〈ϑ〉 denote averaging over 

all times in all simulations.

We computed this correlation function independently for each of the 19 trajectories in which 

we found the trans state. Figure 6(b) shows the average of these correlation functions (the 

error bars are the standard error, computed as , where σ is the standard deviation and 

N is the number of simulations). The correlation function has a statistically significant 

positive peak at τ = −1 ns (the resolution of the time series used to construct the 

correlations), indicating that on average the formation of the trans state is preceded by an 

increase in the distance between Trp265 and the β-ionone ring. It appears that conformational 

transitions between the two twisted 6-s-cis conformers are inhibited by the presence of 

Trp265 in its normal configuration. To further test this idea, we ran a short simulation in 

which we mutated Trp265 to glycine in silico. In this trajectory, we saw a significant 

population of 6-s-trans retinal, in contrast to the < 1% population in the primary simulations. 

This may have functional implications, as previous work24 suggests that rhodopsin 

activation moves the β-ionone group away from Trp265 toward Ala169.

Discussion

The present work shows that all-atom MD simulations provide an important framework for 

relating the temporal fluctuations of retinal to its biological activity. Upon photon absorption 

by rhodopsin, the retinal cofactor isomerizes to the trans form of the polyene, which drives 

non-equilibrium relaxation of the protein from the dark state toward the inactive MI state. In 

MI, trans-retinal acts as an agonist, shifting the MI-MII equilibrium toward the active MII 

state, which binds the G protein transducin and initiates visual perception13,14,16. Besides 

the polyene chain of retinal, the β-ionone ring in particular is crucial to the reaction 

mechanism20,26,29,30,45–47. The β-ionone ring is connected with protein movements that 

yield receptor activation14,20,48–50, following release of the spring-loaded conformational 

switch of the polyene. The torsion about the C6–C7 bond defines the orientation of the β-

ionone ring relative to the polyene chain. Free retinal has been shown with both 

experimental51 and computational39 methods to exist as multiple isomers represented by 6-

s-cis and 6-s-trans states, which is consistent with CD data40,41,52. By contrast, the retinal 

conformation becomes more restricted upon binding to rhodopsin, where it functions as an 

inverse agonist. It is interesting that in both bacteriorhodopsin51,53 and sensory rhodopsin,54 

Lau et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



retinal is 6-s-trans; while in dark-adapted rhodopsin it is widely thought to adopt the 6-s-cis 
conformation33,40,55.

Activation mechanism of the GPCR prototype rhodopsin

An understanding of why nature has selected distinct conformations of retinal for different 

receptors may provide additional insights into the activation mechanism of rhodopsin33,56. 

As a step in this direction, we have used MD simulations to explore protein-ligand 

interactions and flexibility of retinal within the binding pocket of dark state rhodopsin. Our 

simulations are complementary to bioorganic16,40,41 and biophysical17,32,33 approaches, and 

aid the interpretation of experimental data. Binding of retinal to opsin leads to significant 

rotary strength in CD spectroscopy due to twisting of the chromophore57. A sign reversal is 

evident in bathorhodopsin, followed by a diminution in the subsequent intermediates52. 

Investigations of rhodopsin with chemically modified ligands further indicate how specific 

interactions of retinal within its binding cavity are connected with its dark state stability, as 

well as activation of the receptor. Removal of the C9-methyl group appears to increase 

ligand flexibility in the binding pocket. The absence of HOOP modes in FTIR spectra for MI 

indicates the C10-to-C13 region has relaxed to a more planar conformation, which only 

occurs in MII for natural retinal25. A back shifting of the MI–MII equilibrium is evident 

leading to reduced G protein activation 25. Opening the retinal ionone ring in acyclic 

analogs similarly reduces the stability of MII relative to MI26,29,45, although in this case the 

MI state appears to differ structurally from that formed with unmodified retinal26. Such 

acyclic modifications also eliminate the MI HOOP modes, thus implicating the ring 

structure in transmitting force from the all-trans retinal ligand to the protein.

The current simulations show that the polyene chain of retinal is rigidly locked into a single, 

twisted conformation when bound to rhodopsin, consistent with its role as an inverse agonist 

in the dark state. However, interactions of the β-ionone ring within its binding pocket are 

nonspecific, and the cavity is large enough to allow conformational heterogeneity. It follows 

that activation of rhodopsin can be considered in terms of three (sub)sites for binding of the 

ligand to the receptor16,25,33,38. These correspond to (i) the protonated Schiff base and its 

associated counterion14,58–60, (ii) the mid-portion of the polyene chain25,28, and lastly (iii) 
the β-ionone ring within its hydrophobic binding pocket31,33. The three sites are specifically 

probed by 2H NMR of the C13, C9, and C5 methyl groups, respectively32,33. In the dark 

state, the retinal polyene chain is under considerable strain, as indicated by the HOOP 

modes measured by stimulated Raman17 or FTIR26 spectroscopy, and by 2H NMR of the C9 

and C13 methyl groups33. The HOOP modes shift their frequencies in the MI state of native 

rhodopsin, but disappear in MII. Likewise, solid-state 2H NMR demonstrates a reduction of 

the twist of retinal in MI61. This finding suggests that the polyene strain is used to drive the 

large-scale protein rearrangements that occur in the MII state14. It is logical to consider the 

ring as necessary to anchor retinal to the protein, guaranteeing that retinal relaxation induces 

protein reorganization and gives active photoreceptor. Our work predicts that, contrary to 

previous assumptions, retinal populates more than one stable conformation under 

physiological conditions. The strongest evidence for the existence of multiple conformers is 

the excellent agreement between the experimental 2H NMR spectra and those computed 

directly from the distribution of bond orientations observed in the MD simulations. There 

Lau et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are additional indications of such conformational heterogeneity from rotational 

resonance 13C NMR31 and FTIR62 spectroscopy.

Conformational flexibility of retinal in the inverse agonist state

Multiple retinal conformations31 could be important for understanding conflicting reports in 

the literature that address isomerization of the β -ionone ring32–34,38,40,55,63. Up until now, 

most investigators have assumed that the β-ionone ring of retinal adopts a single conformer. 

Biophysical studies using 2H NMR32,33, 13C NMR64, and CD40 spectroscopy have been 

interpreted in terms of only one isomer of the β-ionone ring. By contrast, MD simulations 

suggest that retinal may populate different conformers while bound to rhodopsin. Our results 

imply that the net positive ellipticity of the dark state of rhodopsin40,41,52 originates from an 

enantiomeric excess of the negative isomer. The presence of symmetric conformers with 

both negative and positive C6–C7 torsional angles is not detectable by 13C NMR 

studies31,64. As a result, previous interpretations of structural data indicating a single 

negatively twisted 6-s-cis conformation -- while natural in light of the X-ray crystal structure 

-- may be incomplete. Although the C9- and C13-methyls undergo only small librations, and 

consistently interact with the same parts of the protein, the flexibility of the C6–C7 torsion 

enables the C5-methyl to interact with a more diverse set of residues. Interestingly, these 

internal motions do not significantly alter the overall shape of the binding pocket. Figure 7 

shows the two primary retinal conformations found in this work superposed in the context of 

the protein cavity. Only minor local displacements of individual amino acid residues are 

necessary to accommodate the retinal conformational transitions. More importantly, specific 

interactions selecting only one of the enantiomers are apparently absent, despite the highly 

tuned function of rhodopsin.

Our findings highlight the importance of performing multiple MD simulations to effectively 

explore conformational space with fewer assumptions and assess convergence. In particular, 

the correlation between the motions of Trp265 and the retinal could not be assessed from a 

single trajectory; it was only by examining an ensemble with a significant number of 

independent transitions that the pattern became apparent. The danger of analyzing a single 

trajectory is that the system may be undersampled due to the limited duration, the large 

number of accessible states, and the relatively long lifetimes of individual conformations. 

The situation is exactly analogous to an issue that arises when analyzing single molecule 

experiments. Any single measurement may appear inconsistent with a bulk measurement, 

because an individual molecule may be found in states far from the mean of the 

population65,66. Consequently, the experiments must be repeated many times in order to 

obtain dependable statistical information, which directly parallels the computational 

approach taken here. We further note there are important long-timescale fluctuations of 

retinal so that the simulations may not necessarily be ergodic. (The ergodic hypothesis states 

that the time average for any one member of an ensemble is equivalent to the ensemble 

average at any one instant.) These statistical fluctuations are manifested as significant 

variations in the distribution of retinal conformers. Sampling from a number of 

independently equilibrated systems allows us to more closely estimate the actual molecular 

properties, while accurately assessing the degree of statistical convergence. However, we 

cannot discount the possibility that even the ensemble of simulations taken together do not 
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represent a fully converged probability distribution for the conformation of retinal. In each 

simulation, the retinal was initially placed in the negatively twisted form, as suggest by the 

crystal structure. While this is clearly the most tenable choice, the resulting simulations may 

as a result overestimate the population of the negatively twisted form. Unfortunately, 

proving ergodicity from a finite set of data is extremely difficult, especially when the 

lifetime of some states is comparable to the length of the trajectories.

To conclude we propose the following mechanistic hypothesis: in the dark state, retinal acts 

as an inverse agonist by forming specific interactions through the polyene chain and 

protonated Schiff base. However, the ionone ring interactions are nonspecific, and the 

binding pocket is large enough to allow interconversion of positively- and negatively-twisted 

6-s-cis conformers. This stands in contrast to previous analyses of crystallographic and 

NMR data, which implicitly assume a single representative conformation for retinal, 

yielding (perhaps for this reason) a structure with significant internal steric clashes. Our 

suggestion that retinal instead populates different twisted 6-s-cis enantiomers enables us to 

resolve this difficulty. The resulting probability distribution correctly reproduces 

experimental 2H NMR spectra, as well as resonance Raman data. In its 11-cis form, retinal 

is a strong inverse agonist and locks the dark state into an inactive conformation that 

accounts for its phenomenal stability. Since modification of the ionone ring generally 

diminishes activity, it may seem counterintuitive that interactions between the ionone ring 

and the receptor are nonspecific. Yet the exceptional agreement of the experimental spectra 

calculated from the simulation-derived conformational distributions supports multiple retinal 

conformers as our best model of dark state rhodopsin. Finally, the present results 

demonstrate that computer simulations can offer deep insights into the interpretation of 

experimental data, thus facilitating mechanistic models that correspondingly motivate future 

experiments.

Methods

Molecular Dynamics Simulations

System construction in the microcanonical (N,V,E,) ensemble is described in Grossfield et 
al. and its supplementary materials67. Briefly, each of the systems contained one rhodopsin 

molecule, 50 SDPE molecules, 49 SDPC molecules, 24 cholesterols, 14 sodium ions, 16 

chloride ions, and 7400 waters (43 222 atoms total). Individual systems were embedded in a 

56.5 × 79.2 × 95.5434 Å periodic box, with the membrane normal aligned along the z-axis. 

The CHARMM version 27 force field was used to represent the protein68 with parameters 

appropriate for retinal69, while the recently refined CHARMM saturated chain70, 

polyunsaturated chain71, and cholesterol72 parameters were used to describe the lipids. 

Construction and equilibration were performed using CHARMM2768,73, while production 

calculations were performed using Blue Matter74, a molecular dynamics package specially 

written to take advantage of the Blue Gene/L hardware74. The simulations described here 

were generally run on 512, 1024, or 2048 Blue Gene nodes, generating 4, 6, or 9 ns/day, 

respectively. However, due to improvements in the code, we are now able to generate 

roughly 40 ns/day using 4 Blue Gene racks (4096 nodes). It is worth noting that this 

performance significantly exceeds that of the most rigorous implicit membrane models75,76, 
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albeit with a dramatically larger computational investment. Each of the simulations was 

constructed independently; we used the 1U19 PDB file for the protein initial coordinates, 

and regenerated new lipid conformations from a library of structures. As a result, the 

distribution of lipid species and cholesterol around the protein was fully randomized at the 

beginning of each trajectory. The initial locations of sodium and chloride ions in the aqueous 

region were also determined randomly at the beginning of each simulation. Independently 

regenerating the membrane starting structure is crucial to effective sampling, given the 

microsecond timescale for lateral reorganization of the lipid bilayer. For further details see 

Ref.67

The vibrational modes of the retinal were computed using the quasi-harmonic analysis 

facility within CHARMM. We computed the time-averaged structure from the trajectory, 

and then obtained the atomic fluctuations in rectangular Cartesian coordinates from the 

difference between the instantaneous structures and the average. The cross-correlation 

matrix of the fluctuations was computed and diagonalized to obtain the normal modes of the 

system. The normal mode associated with the HOOP motion was found by taking the scalar 

product of each normal mode vector with a test vector constructed by displacing H11 and 

H12 out of the plane of the cis-double bond. In each case, this procedure identified a single 

normal mode, whose overlap with the displacement vector was an order of magnitude 

greater than any other normal mode. Details of the computation of normal modes by quasi-

harmonic analysis in CHARMM are described elsewhere77.

Calculation of 2H NMR spectral lineshapes

Theoretical 2H NMR lineshapes for specifically deuterated retinal bound to rhodopsin in 

aligned membrane bilayers were calculated as described33,43. Spectra were simulated for 

bond angles on a 1° grid; the final spectrum was then computed as the average of the 

individual spectra, weighted by their probability as computed from the combined molecular 

dynamics simulations. The mosaic spread of the membrane stack was treated as a free 

parameter. Further details are provided in Ref.33.
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Abbreviations used

CD circular dichroism

FTIR Fourier transform infrared

GPCR G protein-coupled receptor

HOOP hydrogen-out-of-plane

MD molecular dynamics
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MI metarhodopsin I

MII metarhodopsin II

PDB Protein Data Bank

QM/MM quantum mechanics/molecular mechanics

SPDC 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine

SDPE 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine
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Figure 1. 
Structure of dark-state rhodopsin and retinal in its binding cavity is illuminated by X-ray 

crystallography, resonance Raman, and solid-state 2H NMR spectroscopy. (a) Structural 

model of rhodopsin (PDB code 1U19)9 showing retinal (green) within its binding pocket. (b) 

Extended view of the retinal binding pocket showing the C6–C7 bond (yellow) and the key 

C5-, C9-, and C13-methyl groups. (c) HOOP modes for H11 and H1217 are identified at 910 

cm−1 and are independent of both negative (cyan) and positive (green) 6-s-cis conformers. 

(d) Comparison of experimental solid-state 2H NMR spectra33 to theoretical spectra for C5-, 

C9-, and C13-methyl groups with membrane tilt angles of 0, 45, and 90° and bond 

orientation distributions from MD simulations.
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Figure 2. 
Multiple conformations of β-ionone ring of the retinylidene inverse agonist are shown by 

molecular simulations. (a) Distribution of C6–C7 torsion angle in all 23 simulations of 100-

ns duration. The two most prevalent conformations are shown, representing negatively- and 

positively-twisted 6-s-cis conformations of the β-ionone ring. (b) Plot of C8-to-C18 

internuclear distance as a function of C6–C7 torsion angle showing the symmetry with 

respect to 0°. (c) Three representative C6–C7 torsion angle distributions from the 23 

individual 100-ns trajectories comprising the distribution in part (a).
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Figure 3. 
Polyene chain of retinylidene ligand is locked in a twisted conformation in the inverse 

agonist form. (a)–(h) Torsion angle distributions along the conjugated polyene chain from 

C7 to C15. Twisting of the polyene chain from planarity (torsion angle χ = 180°) is mainly 

confined to the C10–C11 and C12–C13 torsions to either side of the C11=C12 double bond.
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Figure 4. 
Retinal ligand of rhodopsin has conformations of β-ionone ring whose 2H NMR spectra 

differ from experiment. (a) Predicted 2H NMR spectra considering only distribution of C6–

C7 torsion angles < −70° (cyan) and (b) torsion angles > −70° (purple). Synthetic spectra in 

each case are superimposed on experimental 2H NMR data33 for membrane tilt angles of 0, 

45, and 90°. (c) Probability distribution for all 23 simulations (cf. Fig. 2) showing range of 

C6–C7 torsional angles used to calculate the synthetic spectra.
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Figure 5. 
Covariance analysis of individual 100-ns simulations shows variability of protein 

environment of retinylidene C5-, C9-, and C13-methyl groups. Elements of the covariance 

matrix are depicted by colors and range from −1 (completely anti-correlated; blue) to 1 

(completely correlated; red). Panels (a)–(c) correspond to C5-, C9- and C13-methyl 

positions, respectively. Note that the matrix in panel (a) has three different blocks: (i) 
simulations 1– 11, (ii) simulations 12– 15, and (iii) simulations 16–23. Each of the blocks 

has a distinct C5-methyl environment. By contrast, in (b) and (c) the color map for the C9-, 

and C13-methyls has a consistent green color, indicating all 23 simulations yield similar 

methyl group environments. Panels (d)–(f) show contact matrices for the C5-, C9-, and C13-

methyl groups, respectively. Columns list the simulation number and rows correspond to 

residues within a 4 Å-radius sphere centered on the methyl carbon. The color scale ranges 

from blue (low fraction value; indicating residue is infrequent within 4 Å-radius sphere) to 

red (high fraction showing sampling of different environments. For the C9- and C13-methyls 

in (b) and (c), bands of similar colors across all 23 simulations evince similar environments.
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Figure 6. 
Conformation of the β-ionone ring is correlated with its distance to Trp265 side chain. (a) 

Distance between center of the β-ionone ring and the indole 6-carbon ring of Trp265 side 

chain used in the cross-correlation calculation is shown by the white line. (b) Average cross-

correlation profile of the 19 simulations containing the 6-s-trans state shows a non-zero 

correlation value above the noise level at τ = −1 ns. Thus a correlation between the C6–C7 

torsion angle and the distance between the β-ionone ring and Trp265 is revealed.
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Figure 7. 
Dynamical structure of the retinal inverse agonist in its binding pocket is obtained for dark-

state rhodopsin. Both positive (red) and negative (blue) 6-s-cis conformers are placed into 

the binding pocket of rhodopsin. The three planes used to describe the structure of retinal are 

designated by A, B, and C (cf. text).
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