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Materials and Methods 
Rhodopsin and P23H rhodopsin sample preparation 
Materials 
1D4 antibody was obtained from Dr. Robert Molday of the University of British Columbia, 
Vancouver, BC, Canada. 9-cis retinal was purchased from Sigma. Dodecyl maltoside was 
purchased from Anatrace.  
 
Expression 
Single amino acid replacements P23H was prepared by a two-step PCR mutagenesis technique 
using the synthetic bovine opsin gene in the expression vector pMT4(1), followed by sub-cloning 
of the mutant fragment using unique KpnI and NotI restriction sites into the tetracycline 
inducible expression system vector pACMV-tetO(2), as described in detail (see supplement, 
Mitchell et al., 2019). The tetracycline inducible HEK293S stable cell lines expressing P23H 
rhodopsin was established as described (Mitchell et al., 2019) based on previously published 
protocols(2). HEK293S cells stably expressing P23H rhodopsin were grown in complete media 
and when cells were about 80-90% confluent, they were washed twice with phosphate buffered 
saline (PBS) and induced with induction media: complete media with tetracycline (2µg/ml) and 
sodium butyrate (5mM). At 2 and 24 hours after induction, 9-cis retinal (chromophore) was 
added directly to the cells at 10µM concentration so that the final concentration of the 
chromophore is 20µM(3). The chromophore was added in the dark and all subsequent steps were 
also performed in the dark. Cells were harvested 48 hours after induction.  
 
Protein purification 
Proteins were solubilized in DM and purified by ID4 immunoaffinity chromatography in 0.05% 
DM as described(4, 5). Solubilized cells were centrifuged for 30 min at 35,000 rpm and 40C. The 
supernatant was mixed with 1D4 Sepharose beads (approximate binding capacity of 1 µg 
rhodopsin/ µl of resin) for at least 6 h at 40C. The resin was then washed with 50 bed volumes of 
0.05% (w/v) DM in PBS followed by 10 bed volumes of 0.05% (w/v) DM in 2 mM 
Na2HPO4/NaH2PO4 (pH 6.0). WT, P23H and N15S  proteins were eluted with 70µM C-terminal 
nonapeptide (TETSQVAPA) in 0.05% (w/v) DM in 2 mM Na2HPO4/NaH2PO4 (pH 6.0). 
 
TeraHertz (THz) spectroscopy experiment 
The dark-state rhodopsin and P23H rhodopsin experiments were performed under dim-red light 
conditions.  Subsequent photo-isomerization was triggered with visual light excitation. The THz 
spectroscopy experiments were carried out on a Jasco FTIR - 6000 series spectrometer. The 
rhodopsin sample spectra were collected with a liquid helium cooled bolometer in the 15–250 
cm−1 spectral range. The 15-100 cm−1 THz spectra were collected with a 25-micron beam splitter 
while the data in the 100–250 cm−1 spectral region was collected with a 12-micron beam splitter. 
For each transmission measurement a 25 mm diameter region of the sample was illuminated with 
the THz beam to determine the absorbance. In the spectral measurements presented, each scan 
consists of 16 averaged scans and the infrared data was collected with a spectral resolution of 4 
cm−1. 
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Computation 
Molecular dynamics (MD) simulations of GPCRs 
MD Simulation of rhodopsin and P23H rhodopsin 
Each MD simulation consisted of a starting x-ray crystal structure taken from the PDB database.  
PDB structure 1u19 was used for the inactive (dark) state of rhodopsin and 3pxo was used for 
Meta II.  In all simulations, the receptor was embedded in a hydrated lipid bilayer with all atoms 
represented explicitly.  The CHARMM-GUI membrane builder was used for building the 
protein-membrane complex for all MD simulations. Specifically, the receptor and any resolved 
water molecules from the crystal structure were used as starting structures to embed in an 
equilibrated palmitoyloleoyl-phosphatidylcholine (POPC) bilayer.  Subsequently, water 
molecules and NaCl ions were added to hydrate and neutralize the net charge of the system.  In 
the rhodopsin simulations, all titratable groups in the receptor were considered to be charged (6).  
The exceptions were Asp83 and Glu122, which were both neutral in both the dark-state and Meta 
II MD simulations.  For the dark-state rhodopsin MD simulations, the Schiff base was protonated 
whereas Glu113 was deprotonated.  For the Meta-II simulations both the Schiff base and Glu113 
were set to neutral.  
 
MD simulations were performed at 300K using the Gromacs package (www.gromacs.org) 
version 5.0. The all-atom CHARMM36m force field parameters were utilized for the protein and 
for the lipid parameters. The SPC water model was used for hydration and the ground-state 
retinal parameters (7) for both the 11-cis and all-trans retinal chromophore were obtained from 
the Bondar group.  
 
 In cases where the receptor structures contained thermostabilizing mutations, they were mutated 
back to the wildtype sequence.  Regions with missing residues, particularly of the third 
intracellular loop, were added to the protein structure by using the homology modelling program 
MODELLER (https://salilab.org/modeller/). In all MD simulations carried out in this work 
energy minimizations were initially carried out to reduce the number of unfavorable contacts 
between added solvent molecules, lipids and the receptor by using a steepest descent method to a 
convergence tolerance of 0.001 kJ mol-1. The energy minimization was followed by a MD run 
with constraints for 200 ps in which an isotropic force constant of 100 kJ mol-1 nm-1 was used on 
the protein and lipid atoms. During the restrained dynamics simulation, the temperature and 
pressure of the system were kept constant by weak coupling to a modified velocity rescaled 
Berendsen temperature (8) and pressure baths and in all cases the protein, lipid, water, and ions 
were coupled to the temperature and pressure baths separately. The output conformation from the 
MD simulation with constraints was used as the starting conformation for an initial 300 ns 
equilibrium MD simulation.    
 
Ten subsequent simulations were conducted where randomized conformations from the last 10 
ns of the equilibrium simulations were used as starting point conformations for each distinct 
simulation.  These subsequent simulations were carried out for an additional 800 ns and were 
eventually used to assess the picosecond time scale fluctuations in the receptor systems. The 
final simulations were carried out with a 2 fs time step where the bonds between the hydrogen 
and the other heavier atoms were restrained to their equilibrium values with the linear constraints 
(LINCS) algorithm (9). Particle mesh Ewald (PME) method (10) was used to calculate the long-
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range electrostatic interactions in the simulation and was used with a real-space cutoff of 1.0 nm, 
a fourth order B-spline interpolation and a minimum grid spacing of 0.14 nm. 
 
MD simulations of rhodopsin P23H mutant were carried out by creating a residue mutation with 
DUET (http://biosig.unimelb.edu.au/duet/stability), a web server for studying missense 
mutations in proteins. Similarly, back mutations to restore thermostabilizing mutations in the 
crystal structures of WT receptors to their wildtype sequence were also carried out with DUET.    
Minimization and production run MD simulations on the mutated and back mutated receptors 
were carried out in a manner analogous to that described for the WT receptors. 
 
Coarse-grained self-assembly MD simulations of rhodopsin and P23H rhodopsin 
Coarse-Grained Molecular Dynamics (CG MD) simulations to determine the self-assembly 
characteristics of rhodopsin and P23H rhodopsin were performed using the MARTINI Coarse-
Grained force field and its extension to proteins (http://cgmartini.nl/).  The self-assembly 
simulations consisted of 16 lipid bilayer embedded rhodopsin or P23H rhodopsin molecules in a 
protein-to-lipid ratio of 1/100. Both the CG model for rhodopsin and P23H rhodopsin were based 
on the output structures from our initial MD simulations on both receptors described in a 
previous section, although the retinal molecule was not included in the models.  Initially, an 
atomistic model of the individual rhodopsin molecules were placed on a 4x4 grid that positioned 
them equidistant from one another. The rhodopsin system of molecules was subsequently 
embedded into a pre-equilibrated POPC lipid bilayer and the entire system was then translated 
into a Martini protein and lipid topology with a Martini python script. All CG MD simulations 
were carried out with Gromacs 5.0.  The Martini v2 forcefield parameters were used for protein 
interactions and the Martini POPC topology for lipids.  Ten distinct simulations on the system of 
rhodopsin molecules were carried out and were set up by initializing a random seed generator 
that was applied to positional restraints on the central backbone bead of Gly121 of each receptor 
in the original array.  In this way, the relative orientation of the individual receptors were 
randomized while maintaining their initial spatial distribution in the lipid bilayer. The  system of 
rhodopsin molecules were run for 100 microseconds with a 20 fs timestep.  In the simulations, 
Coulomb and van der Waal potentials had a cut-off of 1.2 nm and both the temperature and 
pressure were weakly coupled to a Berendsen thermostat and maintained at 300 K and 1 atm, 
respectively.   
 
Cluster analyses - as implemented in GROMACS - were used to resolve the receptor dimer pairs 
formed from the self-aggregation simulations.  The matrix of positional root-mean-square-
difference (RMSD) of the backbone beads of the receptor dimers with a cut-off of 0.4 nm was 
used as an input for the cluster analysis.   
 
The dimers identified from the CG MD simulations were converted from a coarse-
grained representation back to an all-atom representation for atomistic MD simulations.  Using a 
structural model of a rhodopsin monomer, retinal molecules were placed back in the rhodopsin 
dimer structures and the dimer was embedded in a pre-equilibrated POPC bilayer. MD 
simulations were conducted on the all-atom representation of the rhodopsin dimers in a manner 
analogous to that outlined for rhodopsin monomers in a previous section. 
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Umbrella sampling for calculation of the potentials of mean force (PMFs) 
Umbrella sampling was used to obtain the PMFs and subsequently the energy of dimer 
association interfaces of the identified dimers from the CG simulations.  The umbrella sampling 
was carried out by using simulation windows in which one monomer (of the dimer) was 
restrained and the other (monomer) pulled away in order to generate a series of configurations 
along the reaction coordinate. The reaction coordinate in our calculation was the y – axis and the 
configurations were extracted from the atomistic simulations carried out on the identified dimers.   
 
For each configuration, umbrella sampling windows were distributed at positions that 
corresponded to varying inter-protein separation distances along a line connecting the center of 
mass of the two monomers. The umbrella potential was applied to the center of mass of each of 
the monomer’s Ca- atoms.  The sampling windows were distributed at 0.1 nm interval starting 
from a protein inter-separation distance of 2.8 nm up to 4 nm and a spacing of 0.2 nm was used 
up to 8 nm.   Each of the simulation windows had a harmonic umbrella potential with a force 
constant of 1000 kJ mol-1 nm-1.  A converged calculation of the PMF requires efficient sampling 
of configurations along the reaction coordinate so that there is an overlap between successive 
histograms from adjacent simulation windows (i.e. the histograms are smooth).  The weighed 
histogram analysis method (WHAM) was used to calculate the PMF from the individual 
configurations along the reaction coordinate to determine the association interfaces of the 
rhodopsin homodimers.   
 
MD simulation of Meta-II and Meta-II-P23H in complex with the G-protein Transducin 
(Gs) 
The crystal structure of the G-protein transducin (GS) in complex with the b2 - adrenergic 
receptor (3sn6) along with crystal structure of the active G-protein-coupled receptor opsin in 
complex with a C-terminal peptide derived from the G-alpha subunit of transducin (3dqb) were 
used as starting structures for aligning Gs onto the Meta-II and Meta-II-P23H structures.  The G-
protein complexed receptors were embedded into a membrane environment in an equivalent 
manner as described above for the non-complexed receptors and minimization and equilibration 
simulations were carried out before performing production runs for a total of 1.2 µs.  
 
An equivalent method was used for aligning and carrying out the G-protein simulations in the 
Meta-II and Meta-II-P23H dimers.   
 
Principal component analysis (PCA)  
Principal component analysis or PCA is generally employed to detect correlations in large data 
sets.  In MD simulations, the method can be utilized to reveal the most important motions in 
proteins.  In this study, principal component analyses (PCAs) were carried out by diagonalzing 
the covariance matrix 𝐶"#$〈('()〈'(〉),'-)〈'-〉.〉, where x denotes protein atomic positions in the 3N-
dimensional conformational space and the angular brackets represent the averages over the MD 
trajectory. Translational and rotational motions were removed by a least squares fitting to a 
reference structure. The eigenvectors of C were determined by diagonalization with an 
orthonormal transformation matrix. The resulting eigenvectors from the transformation were 
used to determine the PCA modes with eigenvalues (𝜆) equivalent to the variance in the 
direction of the corresponding eigenvector. The MD trajectory was projected onto the principal 
modes to determine the principal components. The eigenvalues 𝜆" of the principal components 
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denote the mean square fluctuation of the principal component i and are arranged so that 𝜆0 ≥
𝜆2 ≥ ⋯ ≥ 𝜆45. Using this arrangement, the trajectories were filtered along the first principal 
component to analyze the collective dynamics taking place within the protein.  The cosine 
content of the PCA modes presented were found to be less than 0.001. 
 
Full Correlation Analysis (FCA) 
The full correlation analysis (FCA) algorithm (11) based on mutual information (MI) was used to 
detect correlated motions of the proteins from the MD simulations.  The g_fca tool used in 
GROMACS utilizes a previously calculated PCA as a starting point for the optimization.  FCA 
minimizes the coupling between the coordinates and the FCA modes are ranked by 
anharmonicity (rather than fluctuation amplitude).  In this case, the anharmonicity of a FCA 
mode is defined by the difference in the information-entropy of the observed density and that of 
a Gaussian function with the same variance.  The visualization of the essential FCA modes and a 
description of the dynamics within the protein conformational subspace were conducted by 
selecting the FCA modes with the highest pairwise correlation.  The free energy surface plots of 
the selected pair of FCA modes were created with the gmx sham tool in GROMACS and further 
visualized with gnuplot. 
 
Localized structural fluctuations (LSFs) 
Localized structural fluctuations (LSFs) are local relaxations that reflect specific intramolecular 
and intermolecular induced protein fluctuations. LSFs have also been hypothesized to form the 
basis of allosteric signal propagation in proteins (12). The localized structural fluctuations from 
the MD simulations carried out on rhodopsin were calculated with the method of Pandini et 
al.(13) that utilizes a structural alphabet (SA) to define protein local structural fluctuations that 
are described by a set of 25 canonical states composed of four-residue protein fragments. The 
four-residue fragments define the most probable protein local, conformational fluctuations in the 
protein 3-D structure. Structural correlations between local conformational changes of two 
protein fragments were calculated as a positional mutual information (MI) matrix between two 
column positions in the SA alignment.   
 
Calculation of pair-wise forces from MD simulation 
A modified version of Gromacs 4.5.3 was used to write out the pair-wise forces(14), 𝐹𝑖𝑗, 
between each residue pair i and j. Forces include contributions from the electrostatic and 
van der Waals interactions involving the G-protein and rhodopsin (Meta-II) or rhodopsin and the 
retinal that are calculated below a certain cut-off distance. These non-bonded pairwise forces of 
the residue pairs in close proximity comprise a force-propagation network involving short-range 
to medium-range connections that are averaged over the simulation time. The averaged forces 
were saved every 10 ps and convergence was reached when an equilibrium value for the forces 
was attained. The stored forces were written out as force trajectories and the average of those 
forces were used later for further analysis in R (https://www.r-project.org/) as well as 
visualization in VMD (http://www.ks.uiuc.edu/Research/vmd/). Covariance matrices and 
principal component analyses (PCA) were used on the averaged residue forces to identify 
correlated changes in the pair-wise forces between rhodopsin and the G-protein transducin in 
both Meta-II structures.  
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Visualization of protein networks 
LSF networks were created with the iGraph package in R.  Connected components with four or 
less residues were removed to increase readability. 
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Supplementary Figure S1: : C-α representation of the dominant PCA mode (PCA1) from the MD simulation of the dark-state 
(a) WT rhodopsin and (b) P23H rhodopsin where the areas in blue show regions with less mobility and the areas in red show 
regions with more mobility and (c) the corresponding per residue fluctuation amplitude of WT (black, solid line) and P23H (blue, 
dotted line) rhodopsin . 

Section 1: Force analysis of rhodopsin-retinal interactions in dark-state P23H and WT 
rhodopsin 
A closer look at the nature of the receptor-retinal coupling interactions in the dark-state of P23H 
rhodopsin provides further insight into the molecular mechanisms that link the single-point 
mutation in the N-terminus with the overall biochemical instability of the receptor.  For instance 
from analyzing the two dominant conformations that arise from retinal-rhodopsin weak force 
interactions from the MD simulation we find that the disrupted network of H-bonding 
interactions near the PSB also displaces conserved water molecules that mediate the activation 
signals from the retinal-binding pocket to the cytoplasmic interface of rhodopsin.  For instance, 
in Supplementary Figure S2a we determine that the displacement of the structural water 
molecules in the retinal ligand-binding region is coupled with large-amplitude fluctuations of 
EL2 and EL3 that modulate the packing interactions in the receptor hydrophobic core as well as 
the H-bond network of interactions surrounding the retinal.  Specifically, the correlated 
oscillations of side-chains of Glu181 and Ser186 – Tyr191 in EL2 along with Pro285 in EL3 are 
coupled with prominent side-chain fluctuations of Leu119-Glu122 in helix H3. These coupled 
set of fluctuations alter the stabilizing network of H-bonds in the ligand-binding pocket and 
modify the electrostatic properties on both the polyene chain and retinal ring, both of which are 
associated with the overall thermal stability of the receptor.  The displacement of water 
molecules in the ligand-binding pocket is also connected with large amplitude fluctuations of 
residues associated with the shift of the counterion during activation.  In Supplementary Figure 
S2b we observe that the other dominant conformation in the dark-state receptor involves large-
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amplitude oscillations of Glu113 coupled with fluctuations of Gly89 and Gly90 on helix H2 that 
arise from the reduction of H-bonds in the network of interactions stabilizing the Schiff base.  
The correlated fluctuations move Glu113 away from the PSB, which consequently modifies the 
electrostatic interactions in the salt bridge between the retinal and Schiff base.  The motion of the 
counterion for the protonated Schiff base (Glu113) is also directly linked, through the same H-
bonding network of interactions, with the increased conformational flexibility of residues that 
form the conserved NPxxY motif in rhodopsin and other Class-A GPCRs.  Supplementary 
Figure S2b shows that out-of-phase correlated fluctuations link the prominent oscillations of the 
Glu113 Schiff base network with the increased torsional fluctuations of residues Ala295 – 
Asn302 in helix H7.  
 
The analyses of the receptor-chromophore interactions in P23H dark-state rhodopsin indicate 
that the mutation affects an extensive network of interhelical interactions that stabilize the 
ground state of the receptor. The disruption of this network creates electrostatic changes around 
the ligand-binding pocket that lowers the energy gap between the ground and excited of the 
retinal, and hence has an overall effect on the thermal stability of the entire receptor.  
Furthermore, the modifications in these networks of interactions surrounding the retinal ligand-
binding pocket reveal the underlying role of conformational plasticity in the biochemical 

Supplementary Figure S2: The dominant modes of fluctuation derived from a PCA of the force trajectory 
of P23H dark-state rhodopsin is mapped onto a C-a representation of the receptor.  The arrows show the 
direction and amplitude of the extreme residue positions when projecting along the (a) first eigenvector and 
(b) the second eigenvector.  The analogous analysis has been done on the WT dark-state receptor in (c) and 
(d). The C-a representation of the receptor is color coded to reflect the amplitudes of the induced 
fluctuations.  Regions in blue are less mobile and regions in red are more mobile. 
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instability of the mutated receptor. The biochemical effect is two-fold: disruption of the 
stabilizing interactions in the Schiff base H-bonding network would negatively affect the 
probability that the shift in counterion to activate the G-protein would occur during receptor 
activation.  Analogously, the amplified dynamics in the conserved microdomain region would 
create a physical disconnect in the receptor 3-D structure that would hinder the coupling of 
discrete components of conformational fluctuations that are required for modulating the 
excitation signal from the active-site to the intracellular side of the receptor where activation 
occurs.   
The P23H receptor dynamics is in stark contrast to the observed retinal-rhodopsin weak 
interactions in the WT receptor in Supplementary Figures S2c – d.  The force from the retinal in 
the dark-state in the WT receptor is distributed more extensively on the receptor structure.  From 
the MD simulations, we are able to establish a network of interactions that effectively propagate 
internal strain from the ligand-binding site to the rest of the receptor structure via subtle, 
structural fluctuations.   In the calculation of the pair-wise forces in the dark-state, we find that 
the retinal interaction with the receptor promotes two distinct mechanisms of force propagation 
that lead to conformational rearrangements within the receptor interior.  The major pathway in 
Supplementary Figure S2c involves a torsional compression of the retinal-ligand binding pocket 
that is primarily due to the force on residues Glu113 and Gly114 from the oscillation of the 
Schiff base linkage on helix H3 and from the force on Arg177 that mediates stability of the 
retinal in the dark-state of the receptor. The ligand- induced force on Glu113 and Gly114 is 
disseminated through the receptor as a torsional oscillation that promotes fluctuations of Gly89 – 
90 on helix H2 and Gly120 on helix H3. Analogously, the force on Arg177 induces oscillations 
in the b3 loop of extracellular loop 2 (EL2) that creates a counter-torque from that which is 
produced from the retinal force on residues 113 and 114.  Hence, the propagation of internal 
stress reveals a network of highly correlated fluctuations that induces a receptor-wide torque-
induced rotational motion that resembles the dominant FCA mode uncovered from the MD 
simulation of the dark-state receptor in Figure 2d. 
 
A secondary force-induced propagation pathway in the dark-state WT receptor is also uncovered 
in Supplementary Figure S2d. In this case, a transient fluctuation of the retinal intermittently 
modifies the ligand-receptor interaction such that the interaction with the C9- methyl group of 
the retinal has a much stronger interaction with Gly120 and Gly121 in helix H3. The fluctuation-
induced modification in the ligand-receptor interactions also creates a counter torque centered at 
Gly174 in EL2. Together the retinal-induced correlated structural fluctuations are translated as 
an elongation motion that extends from the ligand-binding pocket into the direction of the G-
protein binding, which consequently slightly alters the packing in the receptor hydrophobic core 
and mirrors the secondary FCA mode uncovered in the analysis of the conformational dynamics 
of the dark-state WT receptor in Figure 2d.  
 
Section 2: Conformational substate probability and transition pathways 

A. WT monomer (dark-state)  
The identified principal modes from the FCA were used to compute the Gibbs free energy 
landscape in the conformational space of the individual receptor using gmx sham in 
gromacs.  The conformational states within the minimum of the energy wells labeled as states A, 
B, and C in Supplementary Figure S3 serve as centroids for clustering with greedy optimization 
(15) of modularity based on random starting group labels (16).  In the figure, state A represents 
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the dark-state like dynamics of the receptor, state C the active-state like dynamics, and state B 
illustrates the transition dynamics associated with barrier crossing.  The percentages next to each 

 
Supplementary Figure S3: Conformational landscape from the FCA of WT (monomer) dark-state rhodopsin with 
conformational states labeled as A, B, and C, the MD time spent in each state shown as a percentage next to the state, and the 
transition probability from one state to another labeled with arrows . 

conformational structure represent the time the simulation is in each state, i.e. 58.6% of the time 
the receptor is in state A, etc. The arrows show the transition probability of two consecutive 
simulation steps based on all of MD simulation steps in the trajectory. For instance, 9.1% of the 
MD trajectory time, the system is in state A and in state B in the next step. The chance of 
jumping between state A and C is below 0.1%.  From our analysis it becomes clear that the 
receptor spends most of the time in the dark-like state but samples active-like state dynamics 
even when not in an active-state. 
 

B. WT H1/H2/H8 – H1/H2/H8 homodimer (dark-state) 
Similar to the analyses conducted for the WT monomer, the identified principal modes from the 
FCA were used to compute the free energy landscape of monomer 1 (the active monomer) of the 
WT H1/H2/H8 – H1/H2/H8 inactive-state homodimer.  In Supplementary Figure S4, the 
conformational states labeled as A, B, and C represent the dark-state dynamics of the monomer, 
the active-state-like dynamics of the monomer, and a new state associated with the coupling of 
the monomers making up the dimer, respectively. The transition probability analysis reveals that 
like the WT monomer, monomer 1 of the WT dimer spends most of the simulation time in the 
dark-like state and frequently samples the active-like conformational state.  Interestingly, 
although infrequent, the dimer coupling state (state C) can be sampled from either the dark-like 
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conformational state (state A) or the active-like conformational state (state B) but has a slightly 
higher weighting from the active-like conformational state.   
 

 
Supplementary Figure S4: Conformational landscape from the FCA of monomer 1 of the inactive-state WT H1/H2/H8 – 
H1/H2/H8 homodimer where conformational states are labeled as A, B, and C, the MD time spent in each state shown as a 
percentage next to the state, and the transition probability from one state to another is labeled with arrows. 
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C. P23H H4/H5 – H4/H5 homodimer (dark-state) 
A analogous analysis with the P23H H4/H5 – H4/H5 inactive-state homodimer in Supplementary 
Figure S5 uncovers surprising details about the sampling of conformational states in the energy 
landscape of the dimerized receptor.  Particularly, monomer 1 of the dimer has four distinct 
states labeled as A, B, C, and D in Supplementary Figure S5.  States A and B represent the dark-
like and active-like states, respectively as observed in the WT monomer receptor in Figure 3.  
States C and D are new functional states in the P23H dimer conformational landscape that can be 
described as a transient cavity in the EC region of helices H5 and H6 (state C) and an axial 
elongation torsion (state D). Interestingly, the analysis reveals that although state C is not the 
lowest energy conformational state in the P23H dimer energy landscape, the receptor spends the 
majority of time in this state and most frequently makes transitions from state C to state D.  
Hence, these results reveal that this particular P23H homodimer configuration/interactions plays 
a pivotal role in shifting the functional dynamics of the receptor from rhodopsin-like to 
something distinctively different. 

 

 
Supplementary Figure S5: Conformational landscape from the FCA of monomer 1 of the P23H H4/H5-H4/H5 dark-state 
homodimer.  The conformational states are labeled as A, B, C, and D. The MD time spent in each state is shown as a percentage 
next to the conformational state, and the transition probability is illustrated by an arrow to indicate the direction of transition and 
a percentage to illustrate the probability of transition. 
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Supplementary Figure S6: (a) Carton representation of rhodopsin molecules illustrating the arrangement of the receptors in the 
WT Meta-II H1/H2/H8 – H1/H2/H8 homodimer configuration.  Rho* refers to the active monomer within the dimer.  (b) and (c) 
show the 2-D mapping of the LSF from monomer 2  and monomer 1, respectively.   

Supplementary Figure S7: (a) Carton representation of rhodopsin molecules illustrating the arrangement of the receptors in the 
WT Meta-II H4/H5 – H4/H5 homodimer.  (b) and (c) show the 2-D mapping of the LSF from monomer 1 and monomer 2 in the 
H4/H5 – H4/H5 homodimer, respectively. 
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Supplementary Figure S8: (a) Carton representation of rhodopsin molecules illustrating the arrangement of the receptors in the 
P23H dark-state H4/H5 – H4/H5 dimer configuration. (b) and (c) show the 2-D mapping of the LSF from monomer 2 and 
monomer 1 in the dark-state H4/H5 – H4/H5 homodimer, respectively. 

 

Supplementary Figure S9: C-α representation of the dominant PCA mode (PCA1) of (a) the monomers making up the Meta-II-
P23H H4/H5 – H4/H5 homodimer and (b)  and (c) the corresponding 2-D mapping of the LSF from monomer 1 and monomer 2 , 
respectively in the Meta-II-P23H H4/H5 – H4/H5 homodimer. 
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Supplementary Figure S10: : The 2-D mapping of the LSF of (a) monomer 1 and (b) monomer 2 of the Meta-II-P23H H4/H5 – 
H4/H5 dimer bound with the G-protein transducin.  (c) C-α representation of the dominant PCA mode of the monomers making up the 
Meta-II P23H H4/H5 – H4/H5 G-protein bound dimer. 
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Supplementary Figure S11: A structural comparison of Meta-II rhodopsin bound with the G-protein (gray, transparent) and 
monomer 1 of the Meta-II-P23H H4/H5 – H4/H5 homodimer (red) when bound with the G-protein 

Section 3: General findings about rhodopsin dimer interactions as determined from MD 
simulation 

A. Rhodopsin homodimer inter-receptor binding interactions and rhodopsin signaling-state 
dynamics 

In all of the simulations on rhodopsin dimers conducted, we determined that dimers formed with 
strong inter-receptor interactions feature one active monomer within the dimer while the other 
monomer within the dimer remained in an inactive-state.  In our interpretation of the active- or 
signaling state (Meta-II), the rhodopsin molecule supports an inter-residue network of 
interactions that connect dynamics in the retinal-binding site with dynamics in the intracellular 
G-protein binding region (Supplementary Figure S6 and Figure 4c).  On the other hand, the 
inactive receptor features intra-helical H-bonds and hydrophobic packing interactions (such as 
the H-bonds linking helix H3 and helix H5 involving Glu122 and His211 and the hydrophobic 
packing interactions between helix H3 and helix H6 connecting Gly121, Leu125, Phe261, and 
Trp265) that hinder helical rearrangements that are necessary for the receptor to adopt a stable 
active conformation (Supplementary Figure S6).  We have also uncovered that rhodopsin dimers 
with weaker monomer-monomer inter-residue interactions, such as the lipid-supported H4/H5 – 
H4/H5 dimer examined in the main section of this manuscript, behave more like single (un-
dimerized) receptors (Supplementary Figure S7 and Figures 7a-c ). 
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Supplementary Figure S12: : An illustration of two different models for G-protein binding in the H1/H2/H8 – H1/H2/H8 Meta-
II dimer.  In the figures, Rho* refers to the active monomer within the dimer and Rho the inactive monomer. In (a) The G-protein 
is bound to only one monomer in the dimer which we will refer to as configuration 1 and in (b) the G-protein makes contact 
with both monomers making up the dimer – configuration 2.  

B. G-protein binding orientation in rhodopsin homodimers 
When preparing the MD simulations of rhodopsin dimers forming a complex with the 
heterotrimeric G-protein transducin, it was unclear how the G-protein should/could be oriented 
on the dimer intracellular surface.  For instance, the G-protein complex can make contact with 
both monomers of the dimer as shown in Supplementary Figure S12b or alternatively binds to 
only one of the monomers in the dimer complex as displayed in Supplementary Figure S12a.  
We found a clear orientation preference for the G-protein in the dimers with strong inter-residue 
monomer association (See Supplementary section, Dimer inter-receptor binding interactions and 
rhodopsin signaling-state dynamics) and evidence that the specific binding of the G-protein to 
the rhodopsin dimer has a strong influence on the functional and structural dynamics of the 
complex as a whole.  For instance, in the case where the G-protein makes contact with both 
monomers comprising the dimer, we detect an overall fragmentation of the inter-protein 
dynamics of the receptor in direct contact with the C-terminal region of the Ga - subunit 
(Supplementary Figure S13c).  Interestingly, this type of widespread fragmentation of inter-
protein interactions was also observed in an earlier study in which we conducted MD simulations 
to study the dynamics of Meta-II when complexed with the protein arrestin11.  For the rhodopsin 
monomer in direct contact with the Gb and Gg subunits of the G-protein, we observe a 
destabilization of the intra-residue pathway of interactions forming the signaling pathway from 
the retinal-site to the G-protein binding region (Supplementary Figure S13d).  In summary, in the 
G-protein configuration in which both monomers make contact with the G-protein, we observe 
an overall desensitization of signaling in the active-state (strong-interacting) dimer. 
Alternatively, in the G-protein dimer configuration in which the G-protein binds to only one 
monomer within the dimer we observe a stabilization of the receptor signaling state 
(Supplementary Figure S13b) in the bound monomer.  The unbound monomer in this 
configuration features a network of interactions (Supplementary Figure S13a) that support intra-
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helical H-bonds and hydrophobic packing interactions that resemble the inactive-state receptor.  
Our findings are in line with a previous EM study on dimeric states of rhodopsin bound with the 
G-protein transducin (17) that uncovered that photoactivated dimeric rhodopsin is structurally 
and functionally in an asymmetric state in the Rho*-Gt complex. 
 

C. WT-P23H heterodimerization and dimer (dys)function 
We have also conducted simulations in which we have created heterodimeric complexes 
comprised of WT and P23H rhodopsin monomers in different dimeric configurations. Although, 
we have focused our analyses primarily on the H1/H2/H8 – H1/H2/H8 and H4/H5 – H4/H5 
dimer configurations that were discussed extensively in the main section of this manuscript and 
were also found to be the most prominent homodimer configurations formed in rhodopsin.  In 
both heterodimer configurations, we observed a deleterious effect on the functional dynamics of 
the WT receptor within the complex and little change in the functional dynamics of the P23H 
monomer within the complex.  Explicitly, in the H1/H2/H8 – H1/H2/H8 dimer (Supplementary 
Figure S14), the formation of the Meta-II P23H – WT heterodimer resulted in strong interaction 
between the N-terminus of the P23H monomer and the WT monomer H3 core residues (Ala117 
– Leu125) in the dimer as seen in Supplementary Figures S14a-b.  The helix H3 core residues 
have a stabilizing effect on the Cys110-Cys187 disulfide bond and hence, the overall stability of 
the ECD of the WT receptor.  Coincidentally, the strong interaction in the EC region of the 
heterodimer results in a wider, highly destabilized  ECD and an extended EC retinal-binding 
pocket that severely decreases the interaction between the retinal and the WT receptor, 
particularly in the EC region of helix H6 that normally supports essential interactions with the b– 
ionone ring of the retinal in the WT monomer. Similarly, in the H4/H5 – H4/H5 heterodimer 
(Supplementary Figure S15) we observe a severe distortion of the ECD of the WT receptor when 
complexed with P23H.  In this case, the extreme unfolding/unstructured region of the H4/H5-

Supplementary Figure S13: The 2-D LSF of (a) Rho and (b) Rho* from configuration 1 of G-protein binding in the H1/H2/H8 – 
H1/H2/H8 homodimer from Supplementary Figure S14 and (c) Rho and (d) Rho* from configuration 2. 
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H4/H5 EC region of the P23H monomer (within the dimer) creates strong interactions with the 
EC region of 

 
Supplementary Figure S14: C-α representation of PCA1 of (a) the monomers making up the  Meta-II WT – P23H H1/H2/H8 – 
H1/H2/H8 heterodimer and (b)  and (c) the corresponding 2-D mapping of the LSF from the WT monomer and the P23H 
monomer, respectively that form the heterodimer. 

 
Supplementary Figure S15: The 2-D mapping of the LSF from the (a) WT monomer and (b) the P23H monomer from the dark-
state P23H – WT H4/H5 – H4/H5 heterodimer and (c) and (d) the corresponding PCA1 of the WT and P23H monomer, 
respectively that form the heterodimer. In (e) and (f) an overlay of a C-a cartoon representation of WT rhodopsin (orange) with 
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the WT monomer comprising the heterodimer (transparent gray) demonstrate the extreme structural changes, particularly in the 
ECD, that take place in the WT receptor when bound with the P23H monomer in the heterodimer. 

helices H4 and H5 of the WT monomer.  This, coupled with the weaker interactions at the IC 
side involving the H4 and H5 regions of the both receptors results in the extreme distortion of the 
entire tertiary structure of the WT receptor (Supplementary Figures S15e – f).  Particularly, the 
EL2 region of the WT receptor is strongly shifted toward the P23H monomer while a counter-
distortion is created that shifts helix H1 of the WT receptor closer to helix H8 in the same 
receptor. As a result, a large cavity is dynamically created in the ECD of the WT receptor that 
alternatively shifts EL2 and EL3 in extreme opposite directions and then forcefully compresses 
EL2 through the receptor hydrophobic core.  In summary, analogous to the H1/H2/H8 – 
H1/H2/H8 P23H - WT heterodimer -  the dark-state H4/H5 – H4/H5 heterodimer fully 
destabilizes the ECD of the WT receptor and presumably also eliminates the functional dynamics 
of not only the WT receptor but the entire heterodimer as a whole.   
 
Section 4: Allosteric changes in Meta-II-P23H and G-protein binding and interactions 
In addition to studying the active-state receptor, we have also used MD simulation as a tool to 
guide us in understanding the potential differences in the distinct Meta-II sequences when 
complexed with the G-protein transducin (GT).  Our findings suggest that allosteric changes in 
the structure and long-range interactions in Meta-II-P23H are the source of the principal 
variances that we identify when contrasting the G-protein bound state with that of the WT 
complex (Supplementary Figure S16).  Both direct contact sites and the extended interactions 
that form the rhodopsin/G-protein interface are considerably modified in Meta-II-P23H.  The C-
terminus of the Ga-subunit of the G-protein forms the main contact site with rhodopsin at helix 
H7/IL3.  Using MD simulations to monitor the weak interactions at the rhodopsin/G-protein 
interface, we ascertain that disrupted intra-residue interactions on the cytoplasmic side of TM7 in 
Meta-II-P23H (Supplementary Figure S16b) lead to weaker contact interactions between Meta-
II-P23H IL3 and the Ga- C-terminus (when contrasted with the WT receptor).  The reason for the 
alteration in rhodopsin/G-protein C-terminus interactions is from the increased flexibility of the 
IC side of helix H7 due to the (i) disruption of the NPxxY microdomain and (ii) an overall 
decrease in the number of water molecules in the solvation shell in Meta-II-P23H 
(Supplementary Figure S17). As a consequence, both IL3 and cytoplasmic side of helix H7 are 
tilted away from the transmembrane helical core and helix H7 is shifted slightly closer to the EC 
side of the receptor.  In addition to contributing to a reduced hydrophobic contact area, these 
slight structural changes lead to the loss of conserved H-bonds between the receptor and the G-
protein (18).  For instance, the hydrogen-bond between Gln237 (IL3) and Asp334 (Ga-C-
terminus) is lost in the Meta-II-P23H/G-protein complex (Supplementary Figure S16b).  
Additionally, our analysis indicates that the diminished Meta-II-P23H solvation shell also leads 
to the loss of the conserved solvent-mediated H-bond connection between Thr243 (IL3) and 
Asp331 (Ga-C-terminus).   
 
Besides the C-terminus, other regions that have been reported to be important for receptor/G-
protein engagement are also noticeably altered in the Meta-II-P23H/G-protein complex.  
Comparison with the WT/G-complex structure in Supplementary Figure S16b highlights that the 
conserved contact site formed by the network of  solvent-mediated H-bonds (19) involving 
Lys311 (helix H8) and residues residing on a3/a4 helices of the Ras-like domain (Asp307 and 
Phe226) on the Ga- subunit are also missing in the Meta-II-P23H complex.  We also observe a 
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decrease in the contact area involving rhodopsin IL2 and the helical domain of Ga.  Hydrophobic 
packing within the rhodopsin P23H transmembrane core (mostly involving TM3 - TM5) coupled 
with EL2 deformation, shifts the IL2 further to the EC side of the receptor and also imparts a 
slight outward tilt to the loop.  The structural modification in the IL2 conformation combined 
with the receptor’s diminished solvation shell moves the helical domain of the Ga-subunit out of 
reach for rhodopsin intracellular loop contact.  Particularly, we detect the loss of the solvent-
supported H-bond interaction (20) involving Asp145 (IL2) with Val101 and Pro102 on the Ga-
helical domain. Rhodopsin interaction with residues in the Ras-like domain of Ga have been 
reported to be associated with G-protein specificity (21).  Whereas rhodopsin interaction with the 
helical domain of the Ga-subunit has been implicated in enhancing the efficiency of G-protein 
signaling (22).  The differences that we identify in the Meta-II-P23H/G-protein complex 
suggests that it is likely that the mutant receptor G-protein complex would have a substantially 
reduced efficiency when compared with its WT counterpart.  

Supplementary Figure S16: (a) Cartoon representation of Meta-II rhodopsin bound to the G-protein transducin. (b) Cartoon representation of the 
Meta-II P23H bound G-protein complex displaying rhodopsin-intra-protein H-bonds (blue), G-protein intra-protein H-bonds (red), and Meta-II/G-
protein inter-protein H-bonds (yellow) that are absent in the mutant complex when compared with the WT/G-protein complex.  An * next to the 
residue label refers to residues in the G-protein complex. 
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Supplementary Figure S17: A 2-D mapping of the LSF from (a) Meta-II bound with the G-protein transducin and (b) Meta-II P23H 
bound with transducin. 
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