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Abstract

Electron paramagnetic resonance (EPR) spectroscopy, together with spin labeling techniques, has played
a major role in the characterization of rhodopsin, the photoreceptor protein and G protein-coupled
receptor (GPCR) in rod cells. Two decades ago, these biophysical tools were the first to identify
transmembrane helical movements in rhodopsin upon photo-activation, a critical step in the study of
GPCR signaling. EPR methods were employed to identify functional loop dynamics within rhodopsin, to
measure light-induced millisecond timescale changes in rhodopsin conformation, to characterize the
effects of partial agonists on the apoprotein opsin, and to study lipid interactions with rhodopsin. With
the emergence of advanced pulsed EPR techniques, the stage was set to determine the amplitude of
structural changes in rhodopsin and the dynamics in the rhodopsin signaling complexes. Work in this
area has yielded invaluable information about mechanistic properties of GPCRs. Using EPR techniques,
receptors are studied in native-like membrane environments and the effects of lipids on conformational
equilibria can be explored. This perspective addresses the impact of EPR methods on rhodopsin and
GPCR structural biology, highlighting historical discoveries made with spin labeling techniques, and

outlining exciting new directions in the field.
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Introduction

Rhodopsin, the photoreceptor protein in rod cells, is a seven transmembrane helix receptor found
abundantly in specialized disc membranes in rod cell outer segments. Rhodopsin belongs to the
G protein-coupled receptor (GPCR) family and is the eponym of the largest class, the rhodopsin-like
GPCRs. Attached via a Schiff base linkage to the apoprotein, opsin, is an 11-cis retinal at Lysine 296
(Figure 1). The retinal serves as a covalently attached inverse agonist for rhodopsin, restricting receptor
signaling in the absence of light. Upon light absorption by the holoprotein, the chromophore undergoes
with high quantum yield (~0.67) ultrafast (~200 fs) cis-to-trans isomerization that triggers structural and
dynamical changes in rhodopsin (reviewed in ref."?). Allosteric pathways in the receptor link its
chromophore pocket to the cytoplasmic binding surface allowing the retinal configuration to regulate
receptor dynamics. Reciprocal chromophore—protein interactions increase the quantum yield from 0.23
for retinal in solution® to enable the highly efficient and selective photochemistry of rhodopsin. Once
rhodopsin is light-activated, it interacts with intracellular signaling partners such as its cognate
heterotrimeric G protein transducin, arrestin, and rhodopsin kinase (GRK1). Here we review past and
current electron paramagnetic resonance (EPR) spectroscopy studies performed on rhodopsin to
characterize conformational dynamics and structural changes in the protein upon photo-activation and
signaling. EPR techniques promise to uncover critical aspects of rhodopsin signaling that are important

for function and continue to reveal allosteric properties of this prototypical GPCR.

In the late 80’s and 90’s, Wayne L. Hubbell and colleagues developed EPR methods that biophysically
probe conformational changes, solvent accessibility, and backbone dynamics in proteins. These methods
dubbed “site-directed spin labeling” (SDSL) combined the molecular biology technique of site-directed
mutagenesis with the biophysical tools of EPR spectroscopy.”® The SDSL methodology uses site-specific
cysteine mutations on a gene construct depleted of reactive cysteine residues to uniquely introduce
labeling sites for nitroxide attachment in proteins (Figure 2). Modern spin labeling applications also use
orthogonal labeling schemes for proteins that contain functionally important cysteine side chains.®’
Soon after SDSL was introduced, it was applied heavily to study the activation events within
recombinantly produced bacteriorhodopsin (bR) and bovine rhodopsin proteins (reviewed in

references®®). SDSL has also been used with other retinal proteins such as sensory rhodopsin, "

13,14

proteorhodopsin,*? and channelrhodopsin. A summary of the rhodopsin studies is described below

with discussions about the different directions of membrane protein EPR in the field.
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Figure 1. Structure of inactive (R) and active rhodopsin (R*) looking down upon the cytoplasmic surface
of the protein. (a) The inactive structure of the receptor (PDB entry: 1GZM). The 11-cis retinal is
represented by purple spheres, and each helix (labeled HI to HVII for transmembrane helices and H8 for
the subsequent cytoplasmic helix) has a distinct color. (b) The active state structure of the receptor (PDB
entry: 3PX0). The all-trans-retinal is represented by purple spheres, and each helix is colored as in (a).
(c) Photo-isomerization of the 11-cis retinal occurs within femtoseconds after light absorption forming
an all-trans isomer with a protonated Schiff base (PSB). Subsequent protein conformational changes
include internal Schiff base proton transfer, changes in hydrogen bonding networks involving the Schiff
base counterion Glul13 on helix lll, and transmembrane helix movements. These events regulate the
structural dynamics of rhodopsin. For review see references™’.
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Figure 2. Site-directed spin labeling and interpretation of EPR spectra. (a) Site-directed mutagenesis is
used to introduce cysteines for reaction with the functional group of methanethiosulfonate nitroxide
spin labels. A paramagnetic nitroxide side chain R1 is generated. (b) Simulated nitroxide spectral
lineshapes using the rotational correlation times indicated.” The far right spectrum is a composite with
two components. The rotational correlation time of each component is shown. The components are
labeled immobile (im) and mobile (m), respectively. Scaled mobility parameters (M) can be extracted
from experimental spectra by measuring the central linewidth, §, of R1 at the site of interest. §; is the
corresponding width for the most immobilized R1, and &, is the width for the most mobile R1 in the
protein of interest. In addition to the scaled mobility method, EPR spectra can also be fitted to
determine nitroxide rotational correlation times (1) and order parameters (S) using the Microscopic
Order / Macroscopic Disorder (MOMD) model.”

Conformational changes and loop dynamics in rhodopsin

SDSL can probe local environmental changes around nitroxide spin labels and yields information about

backbone dynamics of tethered protein segments,'®"’

as well as site-specific changes in solvent
accessibility.** Rhodopsin characterization by SDSL was pioneered by the groups of Wayne L. Hubbell
and H. Gobind Khorana in the 90’s. In a scientific tour de force, nitroxides were placed on a multitude of
sites on rhodopsin’s cytoplasmic surface that enabled identification of site-specific transmembrane

helical movements within the receptor upon light activation.” Specifically, movements in
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1920 These initial studies

transmembrane helix VI were identified as being crucial for rhodopsin activation.
laid a general framework for current studies on GPCR and other membrane proteins by EPR. Differences
between receptor cytoplasmic loop dynamics were also quantitated in these studies by measuring spin
label mobility (assessed by a scaled mobility parameter, Figure 2b) throughout the cytoplasmic surface.’
This work revealed that two receptor cytoplasmic elements are extremely flexible on the protein
surface: (i) the C-terminus of the receptor, and (ii) the third cytoplasmic loop (CL-3), which connects

helices V and VI in rhodopsin (Figure 3).
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Figure 3. Dynamics of the cytoplasmic surface loops of rhodopsin. (a) Rhodopsin’s cytoplasmic loops are
color-coded to match the measured scaled mobility parameters shown in (b). Scaled mobility (Ms)
parameters of residues in rhodopsin's cytoplasmic surface were taken from ref.’®. The values of §; = 8.4
Gauss and &, = 2.1 Gauss were used to calculate Ms.'® The cytoplasmic loop CL-3, together with the
receptor C-terminus, shows the greatest dynamics, consistent with molecular dynamics simulations that
identified CL-3 as intrinsically unstructured.”*
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The dynamics of the receptor C-terminus regulates its recognition by binding partners such as arrestin
and rhodopsin kinase, while CL-3 is known to be vital for G protein, arrestin, and kinase binding
interactions. Importantly, the dynamics observed via biophysical SDSL techniques were confirmed after
crystal structures of rhodopsin’s dark state became available, (i.e. crystal structures showed

heterogeneity in CL-3 and have missing electron density in the C-terminus of several structures).”*** |

n
the GPCR family, CL-3 shows the most diversity in its length relative to other cytoplasmic surface loops.”
It is likely that the variability in the loop structure as well as in the positions of transmembrane helices V
and VI will lead to signal adaptation in various GPCRs. Coordinated motions between the conserved
receptor NPxxY(X)ssF motif (at the helix VII/VIII interface),?® the C-terminus of rhodopsin, and CL-3 are

critical for intracellular signaling (reviewed in references™?).
Time-resolved EPR and the kinetics of rhodopsin conformational change

Time-resolved EPR, in association with other techniques, is used to determine temporal sequences of
rhodopsin activation. In continuous wave (CW) EPR, millisecond and longer timescale dynamics can be
readily measured using perturbation techniques such as flash-photolysis (FP) EPR. Protein FP-EPR data

27-30

were first shown for bR and the method was later applied to rhodopsin signaling with good time

resolution (i.e. low millisecond time regime).***

Time-resolved EPR experiments on bR helped establish the correlation between photocycle
intermediates and conformational changes. Absorption measurements at 410 nm (M intermediate) and
570 nm (bR) were compared to EPR spectral changes. This allowed one to determine the nature of the
movement of helices F and G as well as cytoplasmic loops of bR and their relation with photocycle

reactions.””*°

Knierim et al. studied the time-resolved movement of helix VI in rhodopsin after illumination.*! Three
approaches were combined: UV-visible spectral measurements (Metarhodopsin Il (Mll) formation at 380
nm), proton uptake measurements using a pH sensing dye called bromocresol purple (BCP, A=595 nm),
and CW EPR. 227R1 (label R1 at position 227; at the cytoplasmic end of helix V) was used as a reporter
of helix VI outward movement because the nitroxide becomes more immobilized following rigid body
motion of helix VI. The information obtained from these techniques was used to determine the
temporal sequence of late rhodopsin activation events: (i) Internal Schiff base proton transfer, (ii) helix
VI motion, and (iii) proton uptake from solution.** At low temperatures, the formation of MIl becomes

rate limiting, and all three processes run parallel with the formation of Mll (Figure 4). It was shown that
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helix VI motion does not coincide with Schiff base deprotonation at high temperatures (Figure 4b).
Proton uptake, however, occurs on a similar time course as helix VI motion, but is a consequence of
helix VI outward movement as helix VI motion also takes place at high pH where proton uptake does not
occur.*! It was concluded that MIl consists of three isospectral substates, termed Mlla, Mllb and MlIbH",
which are in thermodynamic equilibrium and arise from Metarhodopsin | (M) according to the following

scheme:

Mllb === MIIbH"

M| === Mlla

These equilibria of metarhodopsin states are also observed in disc membranes.®® Furthermore, EPR
spectroscopy gave the first indication that motion of helix VI is necessary for binding of a peptide
corresponding to the C-terminus of the transducin Ga subunit.®’ This is consistent with the binding of
the Ga C-terminus observed in crystal structures of active opsin or MIl in complex with C-terminal

34-36

transducin peptides, or B,-adrenergic receptor in complex with the G protein, Go.*’

Furthermore, a time-resolved EPR study with native disc membranes reported the binding of C-terminal
transducin peptides to rhodopsin.*> TOAC and/or proxyl spin labels were covalently attached to
transducin C-terminal peptides to study the kinetics of peptide binding and dissociation, and
conformational changes in the peptide. EPR spectral changes upon laser photolysis were monitored at
the center field trough of the TOAC peptide and followed the formation of the bound species. The time
constant for binding to native rhodopsin was ~6 ms at 295 K. The rate of formation of the active state of
rhodopsin, which is slower in membranes than in dodecyl maltoside (DDM) micelles, appeared to limit

the rate of peptide binding.
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Figure 4. Arrhenius plots of the rate constants
for MIl formation, proton uptake, and helix VI
motion. Data were taken from reference **. (a)
Wild-type rhodopsin in DDM. Rates of MII
formation (blue dots) and proton uptake (red
dots). (b) Data for rhodopsin 227R1 in DDM,
including rate data from EPR measurements
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Double Electron—Electron Resonance (DEER) spectroscopy characterization of rhodopsin signaling

Pulsed dipolar spectroscopy techniques (i.e. DEER, Double Quantum Coherence, etc.) are advanced
biophysical tools used to measure distance distributions between pairs of stable radicals. The four pulse
DEER method was developed by Spiess and colleagues in 2000, and was first used in the GPCR
community in 2006 by coupling it to SDSL methodology.*® C-terminal helix movements in a G protein a-
subunit were shown to be a trigger for GDP release upon rhodopsin binding (Figure 5).>° Two nitroxide
labels were placed in the Ga subunit of the G protein heterotrimer and used to sense the protein
motion. One site was located in the conformationally dynamic C-terminus (a5 helix) and the other was a
reference site in a neighboring B-sheet. Upon receptor binding, the inter-spin distance (i.e., NOe—NOQse)
between the labels changed and reflected a5 helix movement away from the reference site. This was

direct evidence showing that C-terminal perturbations are linked to GDP release in the G protein.*
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A crystal structure of active opsin in complex with a C-terminal transducin peptide identified a binding
site of the a5 helix on the active receptor and supported, together with docking studies, the conclusion

obtained from the EPR data.***°

The perturbation of the a5 helix might be a general feature of G protein
signaling as this was later also observed in the crystal structure of the B,-adrenergic receptor in complex
with the G protein, Ga,, where the a5 helix was rotated and displaced relative to the body of the Ras-

like domain toward the receptor (Figure 5c).*’
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Figure 5. Inter-spin distance changes in Ga;subunits upon interaction of G protein and light-activated
rhodopsin, R*.* (a) The distance between nitroxide labels at positions 187 and 333 of Ga; increases in
the presence of R* and a broader distribution of distances centered at 24 A is observed in the R*-bound
state. (b) Molecular modeling of the R1 side chain at positions 187 and 333 of Ga; suggests an inter-
nitroxide distance of approximately 19 A. (c) Structural overlay of the Ga, Ras-like domain in receptor-
bound (purple, residues 40 to 394) and unbound (cyan, residues 41 to 379) conformational states (PDB
entries 3SN6 and 1AZT). Binding of the B,-adrenergic receptor forces separation between the a5 helix
and a reference site in the B2 sheet of Ga, (green sticks).’’” By modeling nitroxide labels into the
corresponding positions as in Ga;,*® an analogous 5 A displacement of the a5 helix in Ga, upon GPCR
binding is observed.

DEER, together with SDSL, has become an informative way of probing functional conformational
changes in GPCR signaling systems. An example is an extensive study showing how the cytoplasmic

surface of rhodopsin is changed upon light activation.** In this study, Altenbach and coworkers pairwise
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spin-labeled all seven transmembrane helices, as well as helix VIl on the cytoplasmic surface of
rhodopsin, and measured distances between the spin label pairs. Upon light activation, the receptor in
DDM micelles showed a 5 A outward movement of helix VI as well as other small helical movements.

These results suggest that SDSL-DEER can be applied to any GPCR that can be expressed recombinantly.

(@ g
(inactive)

(active) 63......

AS

Figure 6. Projection contours of the spin locations calculated from the measured distance distributions
for representative nitroxide sites.** (a) Probable locations of the nitroxide spins in R shown in a gradient
from blue to purple and overlaid on a ribbon model of R from the dark state rhodopsin crystal structure
(PDB entry 1GZM). (b) Corresponding locations in light-activated rhodopsin, R*, shown in a gradient
from red to yellow, and, for reference, the ribbon model and typical contours (dotted traces) for R
overlaid. The figure was modified from reference **.
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Partial agonism of GPCRs

In addition to native ligands, synthetic ligands can activate or inhibit GPCRs as pharmaceuticals. The
ligands are classified as full or partial agonists, full or partial inverse agonists, or antagonists,
respectively, depending on whether the receptor activity in the presence of the ligand, and thus the
cellular response, is increased, decreased or unaffected relative to the basal activity of the ligand-free
GPCR. In recent years, some ligands dubbed “biased agonists” have been found to modulate G protein-
independent cellular signaling pathways that originate from arrestin (reviewed in ref.*)). The small
molecule ligands modulate GPCR function by altering the conformational equilibrium of the receptor.
While crystallographic studies have provided a number of ligand bound GPCR structures and new

4 molecular details of GPCR function are not yet completely

insights (reviewed in references
understood. Helix movements appear to be similar in GPCRs, but the extent of helix motion and
conformational equilibria may vary between receptors. Crystallographic snapshots of low-energy
receptor conformations may not be ideal for comparing GPCR conformations due to frequent use of
thermostabilization and/or fusion partners for GPCR crystallization. So far, rhodopsin is the only GPCR
whose fully active and inactive structures have been crystallized using entirely native sequences,?*>**>*
thus avoiding protein engineering that can influence and mask structural changes. However,
crystallization conditions can have an effect on receptor conformation. For example, octyl glucoside
detergent can stabilize the active opsin conformation and promote crystallization of a specific receptor
conformation.*® Therefore, understanding the function of rhodopsin, and of GPCRs in general, needs

additional biophysical tools like fluorescence, infrared, EPR and NMR spectroscopy to address protein

dynamics.”

As described above, light-activated rhodopsin exists in an equilibrium of states and different retinal
ligands can potentially affect this equilibrium and populate somewhat different conformations. This is an
area where EPR spectroscopy can provide insight. For rhodopsin, a number of modified chromophore
ligands have been reported to have effects on formation of the light-induced intermediate states, as

%834 Although these studies

observed by UV-visible and Fourier transform infrared (FTIR) spectroscopy.
were originally aimed at observing local environmental changes between ligands and the protein
moiety, the effect on active state formation is likely the same as observed for partial agonists on other

GPCRs.

To further investigate the spectroscopic findings described above, the conformational differences

between rhodopsin bound to the full agonist (all-trans-retinal) and a partial agonist (all-trans 9-

11



Photochemical & Photobiological Sciences

>33 were studied using SDSL and EPR spectroscopy.>® 9-demethyl retinal (9-dm-retinal)

demethyl-retinal)
is lacking the methyl group at carbon atom C9 (Figure 1). In contrast to crystallography, SDSL-EPR cannot
provide structural information on the entire protein, but can detect local structural changes with high
sensitivity. Moreover, a great advantage is that the measurements can be performed in solution and in
membranes. Thus, unnatural contacts between proteins can be avoided, such as those observed in a
crystal lattice. In DDM solution, a spin label at position 227 (cytoplasmic end of helix V) of rhodopsin
clearly sensed the reduced population of displaced helix VI by all-trans 9-dm-retinal relative to all-trans-
retinal (Figure 7a). A shift of the MI/MIl equilibrium was also observed by FTIR for light-activated
pigments reconstituted initially with 9-cis 9-dm-retinal.>® Furthermore, the activating mutation E134Q,
which anticipates proton uptake in Mllb, increased the population of all-trans 9-dm-retinal containing
metarhodopsins with displaced helix VI (Figure 7b). These results are consistent with previous findings

regarding the reduction and restoration of G protein activity observed for different 9-dm-pigments

(Figure 7c).”

Similarly to rhodopsin studies with 9-dm-retinal analogs, partial agonism of GPCRs could be explained by
the fractional population changes of two helix VI positions and different interconversion rates. These
changes could also be detected using DEER spectroscopy on receptors with pairs of spin label sensors.
By using a set of doubly spin-labeled rhodopsin pigments or GPCRs, EPR/DEER spectroscopy can provide
a precise mapping of local structural changes to identify changes in the equilibrium of GPCR states. This
approach will be very valuable to investigate the mode of action of biased agonists to understand

selection between G protein-dependent and G protein-independent signaling pathways.

12
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Figure 7. Partial agonism observed in DDM-solubilized rhodopsin pigments reconstituted with 9-dm-
retinal. Figures were adapted from references *>°°. (a) EPR spectra of the V227R1 rhodopsin mutant
reconstituted with retinal or 9-dm-retinal, yielding 9-dm-pigments. Spectra were recorded at 25 °C and
pH 7.5 in the dark and after illumination with orange light for 15 s. For clarity, the low field regions are
expanded in the lower panel and components corresponding to immobile (im) and mobile (m) nitroxides
are indicated by arrows. All spectra are normalized to the height of the central resonance line in order to
compare the line shapes. (b) EPR spectra of the E134Q/V227R1 mutant reconstituted with 9-dm-retinal.
(c) Transducin activation by wild type, 9-dm-wild type, E134Q, and 9-dm-E134Q pigments. The reaction
was initiated by addition of GTPyS. The scale bars indicate a 10% fluorescence increase and 100 s,

respectively.
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Membranes, rhodopsin and EPR

Rhodopsin resides in specialized disc membranes found in rod outer segments. These membranes are
comprised of ~45 mol% phosphatidylcholine (PC), ~41 mol% phosphatidylethanolamine (PE), ~13 mol%
phosphatidylserine (PS) and ~2 mol% phosphatidylinositol (PI).”” Compared with plasma membranes,
disc membranes are very rich in PE, and docosahexaenoic acid (DHA) acyl chains are frequently found in
disc membrane lipids (35% vs. 5% (w/w) of the total fatty acids in disc and plasma membranes,
respectively).”® Lipids containing polyunsaturated DHA chains contribute to high membrane fluidity. The
cholesterol content of discs ranges from 5-30 mol% along the rod outer segment (apical to basal
membranes) and affects stability and activity of rhodopsin (reviewed in ref.>®). It appears that the disc
membrane lipid composition is optimized for visual signaling as the function of rhodopsin depends on

the lipid matrix (reviewed in ref.?).

A critical factor for rhodopsin function is the MI/MII equilibrium, which is very sensitive to the lipid
composition. Curvature elastic stress, membrane fluidity and direct interaction with annular lipids
(surrounding rhodopsin) are reported to be responsible for shifting the MI/MII equilibrium (Figure 8).*
Cholesterol was shown to strongly inhibit rhodopsin by favoring the formation of the non-signaling

intermediate M|.8%%3

Two different modes of action can explain this effect: (i) cholesterol reduces the
phospholipid acyl chain packing free volume in the bilayer and increases lipid ordering®*®* (Figure 8b),
and (ii) cholesterol interacts specifically with rhodopsin as shown by FRET studies® and as suggested by
MD simulations®® (Figure 8c). Sequence alignment studies have detected putative cholesterol
recognition amino acid consensus sequences in helices I, [l and VII of rhodopsin.®’ A specific binding site

for cholesterol was found in a crystal structure of the p,-adrenergic receptor.®® Cholesterol is also known

to modulate function and interactions of other GPCRs.*’

Besides cholesterol, several membrane components have been reported to shift the MI/MIl equilibrium.
The shift towards Ml or MIl is thereby dependent on the type of lipid headgroup as well as length and
number of double bonds of the fatty acid chain. The origins of these effects reside in curvature forces in
lipid—protein interactions and hydrophobic mismatch, which corresponds to a mismatch between the
lipid bilayer thickness and the hydrophobic surface of the receptor that arises from light-induced

60,70
)

conformational changes in rhodopsin (Figure 8a, for details see references . In addition, specific

lipid—rhodopsin interactions were found by FTIR spectroscopy.”*

14
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(a) Curvature elastic stress (b) Membrane fluidity (c) Direct interaction
and hydrophobic mismatch
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Figure 8: Ways lipids affect metarhodopsin conformations. (a) Lipids under curvature elastic stress and

hydrophobic mismatch influence the MI/MII equilibrium. (b) Cholesterol (in dark blue) alters membrane
fluidity and lateral lipid packing density. (c) Lipids (e.g., phospholipid depicted in red or cholesterol
depicted in blue) can directly interact with rhodopsin and shift the MI/MII equilibrium.

Use of nanodiscs for EPR studies. For best characterization of rhodopsin by EPR, studies are ideally done
in reconstituted membrane-mimicking environments with carefully controlled lipid composition. In the
past, most studies were performed in DDM solution, but reconstitution of rhodopsin in nanodiscs’ is
becoming more popular as the receptor can be studied under more native conditions. Nanodiscs are
lipid discs encircled by two amphipathic membrane scaffold proteins (MSP) derived from the human

378 Due to their

apolipoprotein Al. Nanodiscs have been frequently used for rhodopsin studies.
symmetry, nanodiscs have the advantage of not displaying preferred orientation for transmembrane
protein insertion. Overall, nanodiscs can be considered as good membrane mimics, although EPR studies
with paramagnetic PC lipids showed that the surrounding MSP affects lipid fluidity.”” The ability to
control the lipid composition to improve rhodopsin coupling to binding partners (transducin, arrestin,
GRK1) allows the use of DEER spectroscopy to map distances within these complexes. This can give rise
to models of GPCR complexes where data are very challenging to obtain using protein crystallography.

DEER spectroscopy (as described above) can be used to support crystal structures of a complex, rule out

crystal artifacts, as well as determine conformational substates and heterogeneity within the complexes.

Information obtained from EPR studies on rhodopsin in membrane-like environments. Much current
work on rhodopsin in lipid environments has been focused on investigating UV-visible spectral shifts (i.e.
Schiff base protonation state changes) and FTIR difference spectra and has not probed sequence-specific

conformational changes in the receptor distant from the retinal pocket. To date, only a few EPR studies

15
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on rhodopsin structure and dynamics have been conducted in a synthetic membrane environment. The
dynamics of the cytoplasmic surface of rhodopsin upon light activation in micelles and liposomes has
been previously investigated.®’ Residues 140, 227, 250 and 316 were selected and mutated individually
to cysteine residues for SDSL.2% In order to assess the mobility of the nitroxide label at these positions,
CW EPR spectroscopy was performed in DDM, digitonin micelles, and liposomes (POPC:POPE:POPS,
5:4:1 molar ratio), at different pH values and temperatures. The following differences in nitroxide side
chain motion were observed when comparing liposomes and DDM: (i) 140R1 (helix Ill) was more
immobilized in liposomes relative to DDM micelles, but both environments showed no light-induced
conformational changes at 20 °C; (ii) light-induced conformational changes were retained in lipids in the
case of 227R1 (helix V), but the amplitude of the change was reduced, (iii) 250R1 (helix VI), which is not
in contact with the lipid bilayer, showed a similar spectrum as in DDM, although the mobile component
was less populated in liposomes, (iv) when a spin label was introduced at position 316, both mobile and

immobile components were present, but in different proportions.

For the residues that are situated in close contact with the membrane, the difference between
detergent and membrane can be explained by steric constraints caused by lipids (i.e., in the case of
140R1) or the existence of metarhodopsin states that are not observed in DDM (namely, Ml). In the case
of 316R1, which is located in helix VIII, the discrepancy in the CW spectra observed between the lipid

environment and detergent could be explained by a change in local environment in the label vicinity.

Experiments on the pH dependence of the receptor were done using site 250R1 to study rhodopsin
equilibria after light activation. Using different pH values, it was reported that both Mlla and Mllb
coexist in DDM and liposomes. Figure 9 shows EPR data collected in DDM micelles compared to
liposomes at pH 6.0 and 20°C. Differences in the amount of the immobilized species are observed

between the environments.

When CW EPR spectra were measured on rhodopsin solubilized in digitonin micelles, the conformational
changes were hindered to the point that an increase in Asg (i.e. Schiff base deprotonation) was not
correlated with the helix VI movement anymore.®’ This shows that the solubilizing environment in which
a membrane protein is characterized should be carefully selected and that UV-visible measurements of

rhodopsin do not always directly reflect structural changes on rhodopsin’s cytoplasmic surface.
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Figure 9. Experimental EPR spectra of rhodopsin 250R1 in DDM and POPC:POPE:POPS bilayers at pH 6.0
and 20 °C.% Position 250 is at the cytoplasmic end of helix VI (HV1) and spin label R1 can sense the closed
(inactive; R and MI) and open (active; Mll) receptor conformations (bottom). Immobile (im) components
in the spectra are indicated by the arrow. In liposomes, more of the immobilized species is seen in the R
and R* spectra relative to DDM due to lateral membrane pressure favoring the closed conformation.

Finally, spin-labeled lipids combined with CW EPR can identify lipids that are restricted in their motions
by contacts with a membrane protein (annular lipids). In a CW EPR spectrum, bulk lipids appear as a
mobile component in CW EPR spectra while annular lipids are represented by a strongly immobilized

component. In the late 70’s, early 80’s, such studies were done in rod outer segment membranes.®*®
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This technique was applied to various membrane proteins to calculate the association constant for

paramagnetic lipids (reviewed in ref.®).

Conclusions and Outlook

Advanced EPR methodologies are critical for the characterization of rhodopsin signaling and for
understanding the role of protein dynamics in photo-transduction. The use of these techniques in the
coming years will unveil vital information about rhodopsin and other GPCRs. Monitoring structural
dynamics of rhodopsin at its cytoplasmic surface will yield insight into binding partner selectivity (e.g. G
proteins, kinases and arrestins). It is unlikely that rhodopsin’s active state will be structurally identical
with each different binding partner. In addition, understanding the allosteric pathways between the
ligand binding pocket and the cytoplasmic surface is crucial for a comprehensive understanding of
photo-signaling. Mutations that disrupt allosteric networks can lead to altered receptor phenotypes and
GPCR disease states. Finally, exploring ligand channels within rhodopsin and other GPCRs will be

possible with small molecule compounds and strategically placed EPR sensor labels.
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