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Conformational equilibria of G-protein—-coupled receptors (GPCRs)
are intimately involved in intracellular signaling. Here conforma-
tional substates of the GPCR rhodopsin are investigated in micelles
of dodecyl maltoside (DDM) and in phospholipid nanodiscs by
monitoring the spatial positions of transmembrane helices 6 and
7 at the cytoplasmic surface using site-directed spin labeling and
double electron—-electron resonance spectroscopy. The photoacti-
vated receptor in DDM is dominated by one conformation with
weak pH dependence. In nanodiscs, however, an ensemble of
pH-dependent conformational substates is observed, even at pH
6.0 where the MIlbH* form defined by proton uptake and optical
spectroscopic methods is reported to be the sole species present in
native disk membranes. In nanodiscs, the ensemble of substates in
the photoactivated receptor spontaneously decays to that charac-
teristic of the inactive state with a lifetime of ~16 min at 20 °C.
Importantly, transducin binding to the activated receptor selects a
subset of the ensemble in which multiple substates are apparently
retained. The results indicate that in a native-like lipid environ-
ment rhodopsin activation is not analogous to a simple binary
switch between two defined conformations, but the activated re-
ceptor is in equilibrium between multiple conformers that in prin-
ciple could recognize different binding partners.

rhodopsin | GPCR | conformational heterogeneity | nanodiscs |
double electron-electron resonance

G -protein—coupled receptors (GPCRs) are central compo-
nents of protein—protein interaction networks and can serve
as hubs that link the extracellular environment of cells to in-
tracellular signaling events (1). As such, they interact with sev-
eral intracellular proteins (i.e., arrestins, G proteins, kinases). To
obtain such diversity in molecular interaction, GPCRs are
thought to be in equilibrium between multiple conformations at
the cytoplasmic surface (2-4), enabling conformation-dependent
interactions with different partners.

The rod photoreceptor rhodopsin has served as a model for
members in the class A family of GPCRs. In native membranes
(5-7) and reconstituted liposomes (8, 9), photoactivated rhodop-
sin within milliseconds reaches a pH-dependent quasi-equilibrium
between states designated MI and MII, which are distinguished by
their optical absorbance maxima and signature absorbances in the
infrared (10-12). The optically identified MII state has been found
to consist of isochromic substates, namely Mlla, MIIb, and
MIIbH" (13-15) (Fig. 14). MIIbH", populated at pH 6.0, is
thought to be the functionally active substate that recognizes the
cognate G-protein transducin (8, 15, 16).

Early data relating global protein structural changes to acti-
vation in a GPCR were provided by continuous wave (CW) site-
directed spin labeling (SDSL)-Electron Paramagnetic Reso-
nance (EPR) studies in rhodopsin, where it was shown that a
generally outward motion of TM6 and a smaller inward motion
of TM7 at the cytoplasmic surface were hallmarks of activation
in dodecyl maltoside (DDM) micelles (17, 18). High-resolution
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distance mapping with SDSL and double electron—electron res-
onance (DEER) in DDM micelles revealed the directions and
magnitudes of the motions (19), and the structural changes were
subsequently confirmed by crystal structures of the inactive and
active states (20, 21). At the cytoplasmic surface, crystal struc-
tures (21), solid-state NMR (22), SDSL (17), and infrared
spectroscopy (23) found additional movements involving TMS5.
In the SDSL-EPR studies, TM5 motion was detected at site
231 in the aqueous extension of TMS5, but not at site 225 in the
bilayer domain (17); this is a site used in the present studies.
Collectively, the data from SDSL-EPR in DDM and crystal
structures give the impression that rhodopsin is unique among
GPCRs, acting essentially as a binary switch, moving from a
unique inactive conformation to one representing the activated
state. This would be in contrast to other GPCRs, which appar-
ently have a complex conformational landscape even in de-
tergent solutions (2, 24). One goal of this study is to directly
examine the conformational repertoire of rhodopsin in native-
like lipid bilayers using SDSL-EPR spectroscopy.

Previous CW SDSL-EPR studies with single spin labels
indicated that the signature TM6 movement was retained in
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Fig. 1.

Photo intermediates of rhodopsin and sites where nitroxide side chains (R1) were introduced. (4) Intermediates of rhodopsin defined by UV-vis and

Fourier transform infrared spectroscopy (8, 16). As indicated, the Ml state is known to be degenerate with three isochromic states. (B) Alpha carbon spheres
on inactive rhodopsin (PDB ID 1GZM) identify sites were nitroxide side chains were introduced.

liposomes, and EPR spectral lineshape analysis suggested the
presence of alternative conformations of the receptor in both the
inactive and activated state in lipid bilayers, with shifts in pop-
ulations upon activation (25). Although these studies indicated a
greater complexity in the rhodopsin energy landscape than that
inferred from crystal structures of the receptor, EPR spectral
lineshapes give only a qualitative picture of conformational
changes. For example, the lineshapes can be degenerate with
respect to the number of states present, and, most importantly,
contain no information on the magnitude of structural changes
that correspond to the detected conformations.

In the present study, high-resolution SDSL-DEER distance
mapping using pairs of spin labels is used to monitor the posi-
tions of TMS5, TM6, and TM7 of rhodopsin in DDM and in
phospholipid nanodiscs in which the receptor has properties
similar to those in native membranes (26, 27). Distance mapping
with DEER overcomes the limitations in CW lineshape analysis
and provides a length scale to the energy landscape. Spin label
sites to monitor the helix positions are located on the outer
surface of the helices to avoid structural perturbations and are
the same sites used in the earlier DEER distance mapping of
rhodopsin in DDM solutions (19). The behavior of activated
rhodopsin in a lipid bilayer environment is of primary interest
here, but a comparison with DDM provides a perspective on the
influence of the lipid environment. The DEER data obtained
here for rhodopsin in DDM are in excellent agreement with
the study of Altenbach et al. (19), but recent advances in
instrumentation (28) (Q band vs. X band) and data analysis
(29) permit increased resolution of details in the distance
distributions.

Van Eps et al.

In DDM the photoactivated receptor appears to be in a
dominant single conformation with positions of TM5, TM6, and
TM7 in good agreement with crystal structures of the activated
state. However, in nanodiscs multiple discrete components are
resolved, and the relative populations are strongly pH-dependent,
indicating that the conformations are in equilibrium. In DDM, the
distance distributions are only weakly dependent on pH. Re-
markably, in nanodiscs but not DDM, the manifold of confor-
mations in the activated state spontaneously relaxes on a minute
timescale to the conformation characteristic of the inactive re-
ceptor. In the inactive receptor in both DDM and nanodiscs,
dominant populations of TM6 and TM7 are at positions con-
sistent with crystal structures of the inactive state, but also visit
positions of low probability similar to those in the activated
receptor structure.

The cytoplasmic ends of helices TM6 and TM7 are apparently
involved in the recognition of the G protein, arrestin, and kinase
(30-32), and the conformational heterogeneity in these regions
of the activated receptor in nanodiscs may be involved in selec-
tive recognition of these or other binding partners. Indeed, the
binding of a G protein is shown to select a particular receptor
structure that itself has multiple conformations, suggesting flex-
ibility in the complex.

Results

In the background of the rhodopsin C140S/C316S mutant, in
which surface-exposed reactive cysteine residues were replaced
by nonreactive serine residues, the R1 nitroxide side chain was
introduced pairwise using SDSL methods (33) to monitor the
intramolecular distances between a reference site at residue 74 in
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TM2 to sites 225, 252, and 308 in TM5, TM6, and TM7, respectively
(Fig. 1B), using DEER spectroscopy. Site 74C in TM2 was used as a
reference site due to its discrete spatial localization observed in
previous SDSL studies (19) and the static nature of TM2 inferred
from crystallographic studies (20, 21). In one case, a single R1
residue was introduced at site 250 in TM6 to monitor the kinetics of
motion of TM6 using CW SDSL-EPR methods (Fig. 1B).

Spin-labeled rhodopsin mutant pairs containing R1 were
incorporated into MSP1E3D1 nanodiscs that contain 70% 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 30% 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) for spectroscopic
studies using published procedures (34). CW-EPR spectra of the
double mutants show only subtle lineshape changes upon light
activation (Fig. S1), indicating that the environment of the label is
largely unchanged upon activation. Titrations (pH) of spin-labeled
and WT-activated rhodopsin in nanodiscs show a similar ratio of
the optically defined metarhodopsin photo-intermediates MI and
MII that are observed for native membranes (5) (Fig. S2).

In this article, the term “inactive” will refer to rhodopsin with
11-cis retinal inverse agonist bound (the “dark” state), and “ac-
tivated rhodopsin” will refer to any form containing the agonist
all-trans-retinal. As shown in Fig. 1, the activated form is de-
generate, consisting of MI, MIIa, MIIb, and MIIbH" the pop-
ulations of which depend on pH in a membrane environment. As
mentioned above, MIIbH" is thought to be the functionally ac-
tive form with respect to transducin activation.

The Inactive State and MIIbH* Are Not Single Conformations. Fig. 24
shows the DEER distance distributions that monitor the positions
of TMS5, TM6, and TM7 at pH 6.0 in DDM and nanodiscs for the
inactive state (gray) and immediately after photoactivation (30 s)

(red). The primary DEER data and fits to obtain the distance
distributions are given in Figs. S3 and S4. Fig. 2B shows the cor-
responding UV-visible absorption spectra that document the
nearly quantitative conversion of the inactive state (500 nm ab-
sorbance) to the MII species (380 nm). In DDM and in native disk
membranes at pH 6.0, the functionally active MIIbH" species is
essentially quantitatively populated (8, 35, 36).

In the inactive state the distributions for TM5, TM6, and
TM?7 in both DDM and nanodiscs have the most probable dis-
tances in good agreement with predictions based on modeling
R1 in a crystal structure of the inactive receptor (PDB ID
1GZM; 30, 29, and 29 A, respectively) (Fig. S5). However, the
distributions are not monomodal, but have satellite components
of lower population that appear as shoulders on the main peak
(dashed lines, Fig. 24). This is particularly evident in the dis-
tribution for TM6. The significance of these satellite peaks will
be discussed below. Overall, the distance distributions are rela-
tively similar in DDM and nanodiscs in the inactive receptor, but
the satellite populations are suppressed in nanodiscs relative
to DDM.

In the photoactivated receptor, dramatic differences between
the conformations in DDM and nanodiscs become apparent.
The smallest difference is for TMS, where after photoactivation
in DDM the distance distribution shifts to a longer distance by
~1Atoa position corresponding to the shoulder in the distri-
bution of the inactive state. This small change reproduces that
previously reported and emphasizes the reproducibility and high
resolution of the DEER distance mapping. In nanodiscs, the
change due to activation is absent. Thus, in nanodiscs, both
TM2 and TMS at the level of sites 74 and 225, respectively, do
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Fig. 2. Comparison of DEER distance distributions and UV-visible spectra for the rhodopsin mutants in DDM versus nanodiscs. (A) Normalized DEER distance
distributions for pairs of R1 residues that monitor the positions of TM5, TM6, and TM7 for the inactive and active states in DDM and nanodiscs. The distances
of prominent features in the distributions are identified. (B) UV-visible spectra of the 74R1-252R1 double mutant in DDM and nanodiscs; other pairs gave
similar results. All data were acquired at pH 6.0. The large absorbance at 280 nm in nanodiscs arises from absorbance of the scaffold protein surrounding the

nanodisc.

E3270 | www.pnas.org/cgi/doi/10.1073/pnas.1620405114

Van Eps et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620405114/-/DCSupplemental/pnas.201620405SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620405114/-/DCSupplemental/pnas.201620405SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620405114/-/DCSupplemental/pnas.201620405SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620405114/-/DCSupplemental/pnas.201620405SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620405114/-/DCSupplemental/pnas.201620405SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1620405114

L T

/

1\

=y

not move upon activation. The very small change in DDM could
be due either to a small movement of 74R1 or 225R1 or both.

For TM6 in DDM, activation results in a shift in the pop-
ulation by 5 A to a longer distance, as previously observed,
resulting in a dominant (>90%) relatlvely broad population
centered at 34 A. This position is in good agreement with
modeling of R1 in a crystal structure of activated rhodopsin (21)
(PDB ID 3PXO; Fig. S5). Interestingly, this position corresponds
to one of the minor components in the inactive state distribution.
The situation in nanodiscs is strikingly different. At pH 6.0,
where MIIbH" is reported to be the dominant population in a
membrane environment (8, 35, 36), the distance distribution for
TMG6 has three resolved components of comparable populations
at posmons corresponding to the populations in the inactive
state in both DDM and nanodiscs. The populations at 29 A and
34 A apparently correspond to the inactive and active state
crystal structures. The shorter distance at 26 A can be accounted
for by a clockwise rotation of TM6 as viewed from the cyto-
plasmic surface (Discussion).

For TM7, the distribution for the inactive receptor in_both
DDM and nanodiscs is very similar, with a main peak at 29 A and
a poorly resolved shoulder at ~ 26 A Upon activation in DDM,
the most probable population shifts by ~ 2-3 A inward, in good
agreement with earlier work (19) and with comparisons of
R1 modeled in crystal structures of the inactive and active re-
ceptors (Fig. S5). This new position appears to correspond to the
shoulder in the inactive state. The situation is similar in nano-
discs, except that a resolved population exists at the position of
the inactive receptor.

The Conformational Substates of Activated Rhodopsin in Nanodiscs
Are in a pH-Dependent Equilibrium. It is clear from the above re-
sults that the optically defined MI and MII intermediates cannot
be correlated with a particular protein conformation. Never-
theless, the populations of the DEER detected conformations in
nanodiscs in the activated receptor shift with pH, as do the rel-
ative populations of the MI and MII states detected optically.
Fig. 34 shows the pH dependence of distance distributions in
DDM and nanodiscs that monitor the positions of helices TMS5,
TM6, and TM7 relative to site 74 in TM2 in the activated re-
ceptor; for reference, there are essentially no changes with pH in
the inactive receptor, and the distributions are as in Fig. 2. Fig.
3B shows the pH dependence in the UV-Vis absorbance spectra
for double-labeled mutant 74R1/252R1; the data for the other
pairs are identical. The pH 6.0 DEER data for TM6 is repro-
duced from Fig. 2 for comparison.

As the pH is changed in the range from 6.0 to 8.0, there are
only small changes in the distance distributions in DDM. How-
ever, in nanodiscs there are clear shifts in the relative pop-
ulations of resolved components in the distributions for TM6 and
TM?7, indicating that these populations are in equilibrium; there
are no changes in the distribution monitoring TMS5. The general
shifts in population are toward the active conformational state as
the pH becomes more acidic, as expected (11). At pH 8.0 where
the MI population is ~60% (Fig. S2), the distributions of
TM6 and TM7 approach those of the inactive state, generally
consistent with an electron crystallography structure of MI that
shows no changes in the position of the helices relative to the
inactive state (37).

The Activated Conformational Manifold of Rhodopsin in Nanodiscs
Spontaneously Decays to the Inactive State. In native membranes
near neutral pH and room temperature, the ability of activated
rhodopsin to induce nucleotide exchange in transducin sponta-
neously decays on the timescale of minutes (38), corresponding
to the decay of the MI/MII photoproduct equilibrium directly or
via an intermediate designated MIII to opsin and all-trans retinal
(39). To explore the correlation of the functional decay with

Van Eps et al.
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Fig. 3. pH dependence of DEER distance distributions and UV-visible spec-
tra for activated rhodopsin in DDM or nanodiscs. (A) DEER distance distri-
butions for pairs that monitor the position of TM5, TM6, and TM7. (B) UV-
visible spectra of the 74R1-252R1 double mutant; other spin-labeled pairs
and wild-type rhodopsin (Fig. S2) gave similar results.

global structural changes in the receptor, the distance distribu-
tions at pH 6.8 were determined immediately following activa-
tion (~30 s) and after 3 h postactivation. Remarkably, a
spontaneous and complete reversal of TM6 displacement was
observed for the activated receptor in nanodiscs (Fig. 44).
Spontaneous reversibility was also investigated for the TM6 at
pH 6.0, where the largest changes occur with activation. For
nanodiscs, reversibility is complete within 30 min following light
activation (Fig. 4B), a time in which both opsin and MIII coexist
(40) (Fig. S6), indicating that MIII has a configuration similar to
the dark state and opsin with respect to TM6. In DDM solutions,
spontaneous reversal of TM6 does not occur, but the distance
distribution simply broadens over time, suggesting increased
flexibility of the protein (Fig. 4B).

To measure the time constant for the spontaneous decay,
time-resolved CW-EPR measurements were made that moni-
tored lineshape changes for the single mutant 250R1. Site 250 is
on the inner surface of TM6 (Fig. 1B), and nitroxide labels at this
position are immobilized by tertiary contacts with the protein in
the inactive state where TM6 is in the inward-most location
(black trace, Fig. 4C). Upon outward motion of TM6 that ac-
companies activation, constraints on the motion of R1 are re-
moved, and the spectral intensity changes in regions that reflect
increased mobility (17, 25) (arrow, red trace, Fig. 4C). Upon
structural relaxation, the spectral change quantitatively reverses.
The kinetics of the structural relaxation was monitored by in-
tensity changes in the EPR signal at a single field position
(arrow in Fig. 4C). The rise time of the signal was fit with a
single exponential function with a lifetime of 16 + 3 min. This
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Fig. 4. Decay of the rhodopsin active state in nanodiscs. (A) Distance dis-
tributions monitoring the positions of TM5, TM6, and TM7 at pH 6.8 in the
inactive state (gray), 30 s after photoactivation (red) and 3 h postactivation
(green). (B) Distance distributions monitoring the position of TM6 at
pH 6.0 for rhodopsin in nanodiscs (Upper) and DDM (Lower). Distributions
shown are for the inactive state (gray), 30 s after photoactivation (red) and
30 min postactivation, where structural relaxation is apparently complete in
the nanodisc. (C) Kinetics of the structural reversal of TM6 monitored by the
CW-EPR spectra of 250R1 (see Results). The EPR signal intensity was mea-
sured as a function of time after activation at the field position indicated
(arrow). The low field line of the EPR spectrum is shown for clarity. Single
exponential fits to the data yielded a lifetime of 16 + 3 min at 20 °C.

rate correlates well with MIII and opsin formation observed in
native membranes (40).

G-Protein Binding to the Activated Receptor in Nanodiscs Selects a
Subset of the Conformational Space. Activated rhodopsin binds its
cognate G protein, transducin, to form a stable complex in
membranes in the absence of GTP (41). For rhodopsin in
nanodiscs, complex formation is complete with a twofold excess
of transducin in the absence of GTP (42). When transducin is
added in 2.5-fold excess to activated rhodopsin in nanodiscs at
pH 6.8, a dramatic shift in the populations of conformers toward
the fully outward and inward positions of TM6 and TM7, re-
spectively, occurs (Fig. 5, Upper). The resulting distributions
closely resemble those of fully active thodopsin in DDM (Fig. 5,
Lower). For TMB6, there is no resolved population corresponding
to the inactive structure (29 A), consistent with complete for-
mation of the complex, but remarkably a small population of the
short distance (26 A) persists. For TM7, both the active (26 A)
and inactive (29 A) states are present, although the active state is
the majority. No structural change is observed when transducin is
added to the inactive receptor.

Discussion

Rhodopsin in Nanodiscs: The Activated State. Hallmarks of rho-
dopsin activation as defined by SDSL-EPR studies are an out-
ward rigid body motion of TM6 and an inward displacement of
the cytoplasmic termination of TM7 with only small motions of
TMS5 monitored at site 225 (17, 19). Although crystal structures
of active and inactive rhodopsin indicate substantial motions of
TMS, these changes occur in the cytoplasmic extensions of the
helix in the aqueous phase, but not at site 225, consistent with the
SDSL-EPR data (Fig. S5). The above features appear to be

E3272 | www.pnas.org/cgi/doi/10.1073/pnas.1620405114

characteristic of the rhodopsin family of GPCRs based on the
available crystal structures (43). Not seen in the crystal structure
of active rhodopsin is that, in a native-like phospholipid envi-
ronment at low pH where MIIbH™ is strongly enriched, the fully
activated receptor is apparently in equilibrium between multiple
conformations of comparable populations defined by the posi-
tions of TM6 and TM?7 at the cytoplasmic surface.

For TM6 in the activated receptor, two of the three states
observed correspond to helix positions in the inactive and active
crystal structures (Fig. S5 and Fig. 6). The third conformation,
identified by the short distance at 26 A, can be accounted for by a
clockwise rotation of TM6 by about 40° when it is in the outward
position. Such a rotation was suggested earlier to explain CW-
EPR distance mapping in activated rhodopsin (44), and a smaller
rotation in this sense is in fact present in the crystal structure of
activated rhodopsin (21). It could be argued that the short distance
arises from the appearance of a new R1 rotamer of 252R1 caused
by a local structure change. However, the invariance of the CW
lineshape upon activation (17) (Fig. S1) argues against this in-
terpretation because the motion of the nitroxide and hence the
lineshape is exquisitely sensitive to the local environment, which
would be changed in a new rotamer state. One reasonable in-
terpretation of the data is that the three states of TM6 are (i) in the
inactive position (TM6°); (ii) tilted outward by 5-6 A (TM6*); and
(i) tilted outward and rotated clockwise (TM6**). For TM7, two
states are clearly resolved, each corresponding to positions of
TM?7 resolved in the inactive and active crystal structures; these are
designated TM7° and TM7*.

Inactive, Nanodiscs
Photoactivated, Nanodiscs

Photoactivated + Transducin,
Nanodiscs

B\

B i { Photoactivated + Transducin,
I Nanodiscs

Photoactivated, DDM

20 30 40 50 20 30 40 50
Distance (A) Distance (A)

Fig. 5. Conformational selection by transducin at pH 6.8. (A) DEER distance
distributions for R1 pairs monitoring the positions of TM6 and TM7 in the
inactive state (gray), photoactivated (red line), and in the presence of 2.5x
excess of transducin (green line). (B) Comparing distance distributions of the
transducin-bound state in nanodiscs from the A graph (solid green line) with
the active state in DDM (solid blue line in the B graph). Primary DEER data
are provided in Fig. S7.
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252R1

Fig. 6. Four possible substates of rhodopsin suggested by the DEER dis-
tance distributions and modeling. (A) The inactive state (TM6°, TM7°).
(B) TM6 tilted outward and TM7 inward (TM6*, TM7%*). (C) A state with
TM6 tilted outward (TM6*, TM7°). (D) A state with TM6 tilted outward and
rotated and TM7 moved inward (TM6**, TM7*). The models in A and B were
obtained by modeling the R1 side chain in the crystal structures of the in-
active (1GZM) and activated (3PXO) crystal structures, respectively. Models
for the noncrystallographically observed states of C and D were obtained by
tilting TM6 in A and rotating TM6 in B, respectively. In each model, the
dashed line is the interspin distance between nitroxides of R1, which was
modeled using known rotamers of R1 (Fig. S5). Data analysis suggests that
the G protein selects TM6* and TM7* as dominant populations.

From the data presented here, it cannot be determined
whether or not the distinct TM6 and TM7 states occur in-
dependently or are correlated. However, modeling based on
crystal structures suggests that an inward motion of TM7 cannot
occur without the outward displacement of TM6 to avoid steric
clashes in the packed interior of the protein. Moreover, the ro-
tation of TM6* to form TM6** may require the inward position of
TM7 (TM7*); otherwise, residue 252R1 in TM6 would have steric
clashes with residues in TM7 and become immobilized, which is
not observed. In the context of this model, there would be mini-
mally four conformational states of the receptor, namely {TM6°,
TM7°}, {TM6*, TM7°}, {TM6*, TM7*}, and {TM6**, TM7*}.
Fig. 6 shows schematic representations of these speculative con-
formations. The considerations above argue for an appearance of
the conformations in a time-ordered fashion (16). The {TM6**,
TM7*} conformation has not been observed previously by optical
spectroscopy, and it remains to be determined how it relates to the
equilibrium of MII substates.

Which of the conformations represents the fully activated re-
ceptor with respect to G-protein recognition? An answer is pro-
vided by the distance distributions with transducin bound (Fig. 5).
The G protein apparently selects predominantly the state desig-
nated {TM6*, TM7*}. However, within the context of the models
presented in Fig. 6, there must also be smaller populations of
{TM6**, TM7*} and {TM6*, TM7°} present to account for the
other distances observed, suggesting the surprising result that the
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helices remain in exchange between more than one state even in
the G-protein-bound state. The formation of the complex is ap-
parently complete in the nanodisc, based on the reduction of the
major population at the distance corresponding to the inactive
state. In addition, earlier studies of transducin binding to activated
rhodopsin in nanodiscs showed that complex formation is com-
plete under the conditions used here (42). Thus, it is tentatively
concluded that the presence of multiple populations in the com-
plex is not due to incomplete complex formation but rather to
flexibility of the structure within the complex itself.

Rhodopsin in Nanodiscs: The Inactive State. Interestingly, even with
the 11-cis retinal inverse agonist bound in the inactive receptor,
three populations of TM6 and two of TM7 are detected at the
same distances found in the active state, although those corre-
sponding to TM6*, TM6**, and TM7* are strongly suppressed
and are revealed only as shoulders in the distance distribution.
The apo protein opsin is formed upon retinal dissociation, and
the active structure relaxes spontaneously to one essentially
identical to the inactive state with respect to the distances
mapped. Nevertheless, neither the inactive receptor nor opsin
activate transducin, indicating that additional requirements must
be met for recognition of the G protein. Such a requirement
could be for a coordinated fluctuation of the helices with a
lifetime sufficiently long to form a collision complex or, alter-
natively, the release of additional constraints on the structure
due to retinal isomerization. The pH independence of the pop-
ulations in the inactive state favors the latter interpretation.
Earlier studies reported by Kim et al. found that certain muta-
tions could displace the cytoplasmic regions of the helices with-
out activation of the G protein (45). Collectively, these results
suggest a weak coupling of the ligand-binding site with the cyto-
plasmic surface of the receptor. A model consistent with the data
is that the cytoplasmic terminations of the helices in the inactive
state are flexible and can visit alternative conformations similar to
those in the activated state, but additional changes due to agonist
binding are required for a productive complex. At least one of
the additional changes must be in the region of Glul34, the
protonation site leading to the formation of MIIbH™. This fol-
lows from the pH independence of the conformations in the
inactive state.

In the B, adrenergic receptor and the adenosine A, receptor,
multiple conformations were found in both the unliganded
protein and with an inverse agonist bound, also suggesting a
weak coupling of the cytoplasmic surface with the ligand-binding
site (2, 24).

Rhodopsin in DDM. Remarkably, distances corresponding to the
three states of TM6 and two of TM7 are also observed in the
inactive receptor in DDM. This situation cannot be accounted
for by some fraction of inadvertently activated receptor because
in DDM the activated state does not reveal the three populations
(Fig. 2). Moreover, the spectral ratio A280/A500 ~ 1.6 for the
purified receptor in DDM solution is characteristic of pure in-
active rhodopsin (46).

In the activated state with the all-frans retinal agonist bound,
there is a dominant state with a most probable distance corre-
sponding to the fully activated state observed in the corre-
sponding crystal structure, but the distribution is relatively broad.
On the timescale where the structure spontaneously decays to
the inactive state in nanodiscs, little change in the most probable
position of TM6 occurs, but the distribution becomes increas-
ingly broad, indicating an increased conformational heteroge-
neity, possibly due to local unfolding.

The unique behavior of activated rhodopsin in DDM relative
to bilayers may be related to binding of detergent monomers to
protein surface sites or cavities to stabilize a particular confor-
mation, but apparently not to the retinal binding site (47). An

PNAS | Published online April 3, 2017 | E3273

wv
=2
=
a
%)
<
=
[

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620405114/-/DCSupplemental/pnas.201620405SI.pdf?targetid=nameddest=SF5

L T

/

1\

=y

alternative (but not mutually exclusive) thermodynamic model
posits that the conformations of the protein may be determined
by an interfacial tension between the protein and detergent or
lipid environment (48). If a detergent or lipid interacts more
strongly with itself than with the protein, the interfacial tension is
positive, leading to a compressive force on the protein. On the
other hand, a more favorable interaction with the protein than
with itself leads to a negative tension and an expansion of the
protein interfacial area. In the context of this simple model, the
shift in TM6 toward the inward position in bilayers relative to
DDM would be interpreted as a positive interfacial tension in the
bilayer, whereas the strong bias to the outward position in DDM
would arise from a negative tension. The compressive/expansive
forces can be large (48).

Summary. The key results presented here are the following: (i) in
DDM micelles, the activated receptor is essentially a single con-
formation, as previously reported, corresponding to a fully acti-
vated MIIbH™ state; (if) in nanodiscs, activated rhodopsin exists in
a pH-dependent conformational equilibrium between substates of
comparable amounts. Two of the conformations correspond to the
inactive and active crystal structures of the receptor, and the third
may involve an additional rotation of TMG6; (iii) in both DDM and
nanodiscs, the inactive receptor visits active-like conformations
with low probability, but additional structural or dynamic re-
quirements must be met for formation of a productive complex;
(v) upon formation of a complex with the G protein in nanodiscs,
the position of the conformational equilibrium is strongly shifted
to a new state that appears to retain multiple conformations,
suggesting flexibility in the complex.

The multiple states of activated rhodopsin in nanodiscs may be
involved in the recognition of multiple binding partners, and this
will be the subject of a future study.

Materials and Methods

Protein Expression and Spin Labeling of Rhodopsin Mutants. An expression
construct containing the base mutant (C140S/C316S) was used to create four
different DNA plasmid constructs (250C, 74C/252C, 74C/225C, and 74C/308C)
via the QuikChange site-directed mutagenesis method (Agilent Technolo-
gies). Expression and purification of the retinal regenerated rhodopsin and
derivatization with spin labels (1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-
methyl methanethiosulfonate) was done as described (25). The spin-
labeled mutants were eluted from a 1D4 antibody resin in either 90 mM
n-octyl-B-p-glucopyranoside (OG) (for incorporation into nanodiscs) or DDM
detergent using a peptide with sequence identity to the last nine amino
acids of rhodopsin’s C terminus (American Peptide).

Expression and Purification of Nanodisc Scaffold Proteins. A pET-28a vector
containing the MSP1E3D1 gene construct (49) was transformed into
Escherichia coli BL21Gold(DE3) cells for growth and expression. The DNA
plasmid was obtained from addgene (https:/www.addgene.org/), which had
been deposited in their repository by Stephen G. Sligar, University of Illinois
at Urbana—Champaign. E. coli cell cultures were induced with 1 mM isopropyl p-b-
1-thiogalactopyranoside overnight at room temperature. The cells were harvested
by centrifugation at 8,000 x g for 10 min and stored at —20 °C until purification.

The E. coli cell pellets were resuspended in lysis buffer (20 mM sodium
phosphate, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, pH 7.4)
and sonicated, and the cell lysate was cleared by centrifugation at 43,146 x g
for 30 min in a SS-34 Sorval rotor. The cleared lysate was loaded onto a
nickel NTA column, and the column was washed sequentially with the fol-
lowing buffers: (i) 40 mM Tris, 0.3 M NaCl, 1% Triton, pH 8.0; (ii) 40 mM Tris,
0.3 M NaCl, 50 mM cholate, 20 mM imidazole, pH 8.0; and (iii) 40 mM Tris,
0.3 M NacCl, 50 mM imidazole, pH 8.0. Finally, the MSP1E3D1 scaffold pro-
tein was eluted from the resin with 40 mM Tris, 0.3 M NacCl, 0.5 M imidazole,
pH 8.0, and dialyzed overnight against buffer A (20 mM Tris, 0.1 M NadCl,
0.5 mM EDTA, pH 7.4) at 4 °C.

Purification of Wild-Type Rhodopsin and Transducin from Bovine Retinas. Rod
cell disk membranes were purified from bovine retinas as previously de-
scribed (50). The native membrane samples were solubilized in the presence
of 90 mM OG at 4 °C for 4 h. The lysate was cleared by centrifugation at
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43,146 x g for 30 min in a SS-34 Sorval rotor. The cleared lysate was loaded
onto a 1D4 antibody resin for purification and eluted in a buffer containing
90 mM OG using the rhodopsin C-terminal peptide. Transducin was purified
from native disk membranes using established protocols (51).

Construction of Rhodopsin Nanodiscs. Nanodiscs containing mutant or wild-
type rhodopsin were made as previously described (34). The phospholipid
composition of the discs was 70% POPC and 30% POPS. For some receptor
characterizations, rhodopsin-containing nanodiscs were purified away from
the empty discs. This was done by passing the nanodiscs over a rhodopsin
1D4 antibody resin. The resulting nanodisc preparation lacked empty nano-
discs or spurious liposomes. Purity of the receptor containing nanodisc samples
was judged by the ratio of absorbance between 280 nm and 500 nm.

UV-Visible Spectroscopy. UV-visible spectroscopy of rhodopsin in nanodiscs
was performed using a Cary 50 spectrophotometer with Peltier assembly. Ml,
MIl, and dark rhodopsin basis spectra were acquired as described (25). For fits
to the rhodopsin nanodisc samples, the wavelength region of 350-650 nm
was used to avoid absorption from the nanodisc scaffold protein. Linear
regression fits were generated in Excel to estimate the fraction of MIl within
the nanodisc samples, and scatter plots of the fraction of Mil versus pH were
fit using Henderson Hasselbach equations in Matlab (Fig. S2).

Rhodopsin active-state decay was followed in nanodiscs at pH 6.0 (Fig. S6)
by collecting UV-visible spectra every 2 min following photobleaching.
Single-wavelength data at 475 nm are plotted as a function of time and fit
to a single exponential rise.

Fluorescence Spectroscopy. Decay of photoactivated rhodopsin in nanodiscs
was measured by monitoring tryptophan fluorescence changes at pH 6.0 as
previously described (52). A Cary Eclipse fluorescence spectrometer with
Peltier assembly was used with excitation and emission wavelengths of
290 nm and 330 nm, respectively (Fig. S6). Fluorescence data were fit to a
single exponential function in Matlab.

DEER and CW-EPR. For DEER measurements, spin-labeled rhodopsin samples
(generally 30-100 pM) in buffer containing 20% (vol/vol) glycerol were flash-
frozen within quartz capillaries (1.5 mm i.d. and 1.8 mm o.d.). After freezing,
they were loaded into an EN 5107D2 resonator, and Q-band measurements
were performed at 80,000 on a Bruker Elexsys 580 spectrometer with a Super
Q-FTu Bridge. For the four-pulse DEER experiment used here, a 32-ns r-pump
pulse was applied to the low field peak of the nitroxide field-swept spec-
trum, and the observer n/2 (16 ns) and = (32 ns) pulses were positioned
50 MHz (17.8 G) upfield, which corresponds to the nitroxide center line. Dis-
tance distributions were obtained from the raw dipolar evolution data using
the LabVIEW (National Instruments) program “LongDistances” [developed
by Christian Altenbach, University of California, Los Angeles (UCLA)] that can
be downloaded from biochemistry.ucla.edu/biochem/Faculty/Hubbell/. Docu-
mentation in the program describes the methods and practical details for
background determination and distance distributions. A few of the DEER
experiments were performed using a Q-band Bruker Elexsys 580 instrument
located at the University of Toronto. Reproducibility of the raw data was
excellent from sample to sample and independent of instruments (UCLA and
University of Toronto). The raw, background uncorrected data are provided in
Figs. S8 and S9. It has been shown that a variation in the second echo period
of the four-pulse DEER experiment can lead to shifts in the distance of a given
population for the same sample. In the present experiments, the variation of
the second echo period was no more than 1.4 ps, which would not signifi-
cantly influence the reported distributions (53).

CW-EPR measurements were performed on either a Bruker Elexsys
580 spectrometer (UCLA) or a Varian E-109 spectrometer (UCLA). Spectra
were acquired over a 100-G range at room temperature at X-band microwave
frequencies. Field-modulation amplitudes were 2 G. The data were typically
averages of 20-40 scans.

Experiments in the presence of transducin were performed using a 2.5-fold
molar excess of the G protein relative to rhodopsin. The G protein was washed
using Amicon concentrators to remove excess GDP before addition to the
rhodopsin nanodiscs.
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