|BC ARTICLE

L))

Check for
Updates

Cryo-EM structure of the native rhodopsin dimer in nanodiscs
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Imaging of rod photoreceptor outer-segment disc mem-
branes by atomic force microscopy and cryo-electron tomogra-
phy has revealed that the visual pigment rhodopsin, a prototyp-
ical class A G protein— coupled receptor (GPCR), can organize as
rows of dimers. GPCR dimerization and oligomerization offer
possibilities for allosteric regulation of GPCR activity, but the
detailed structures and mechanism remain elusive. In this inves-
tigation, we made use of the high rhodopsin density in the native
disc membranes and of a bifunctional cross-linker that pre-
serves the native rhodopsin arrangement by covalently tether-
ing rhodopsins via Lys residue side chains. We purified cross-
linked rhodopsin dimers and reconstituted them into nanodiscs
for cryo-EM analysis. We present cryo-EM structures of the
cross-linked rhodopsin dimer as well as a rhodopsin dimer
reconstituted into nanodiscs from purified monomers. We
demonstrate the presence of a preferential 2-fold symmetrical
dimerization interface mediated by transmembrane helix 1 and
the cytoplasmic helix 8 of rhodopsin. We confirmed this dimer
interface by double electron- electron resonance measurements
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of spin-labeled rhodopsin. We propose that this interface and
the arrangement of two protomers is a prerequisite for the for-
mation of the observed rows of dimers. We anticipate that the
approach outlined here could be extended to other GPCRs or
membrane receptors to better understand specific receptor
dimerization mechanisms.

G protein- coupled receptors (GPCRs)® are the largest and
most conserved family of membrane receptors in higher
eukaryotes; they respond to and transduce sensory, chemotac-
tic, hormonal, and neuronal signals that encompass most of the
physiological processes in development and disease (1-3). Rho-
dopsin-like (or class A) GPCRs consist of a hydrophobic core of
seven transmembrane a-helices (TM1-TM7) that interact to
form a helix bundle (4, 5), an extracellular N-terminal region
bearing N-linked glycosylation sites, and a C-terminal region
that starts after TM7. TM7 is typically followed by a short cyto-
plasmic helix 8 (H8) that is often tethered by palmitoylated Cys
residues and runs parallel to the membrane. Class A GPCRs are
further divided into groups associated with a particular ligand
specificity, such as the amines, peptides, cannabinoids, odor-
ants, and retinals, with the prototypical light-sensing rhodopsin
being the best-characterized (1, 6).

A body of growing biophysical, pharmacological, and genetic
evidence indicates that many additional class A GPCRs other
than rhodopsin (7, 8) can form concentration-dependent
dimers and oligomers, which could be mediated by transient
hydrophobic interactions between TM a-helical domains and
other integrations of the extracellular domains (e.g. neuroten-
sin 1 (9, 10), D,/D,-dopamine (11-13), ;- and ,-adrenergic
(AR) (14-16), and C5a (17) receptors). From studies with a
multitude of class A GPCRs, it seems true that the symmetrical
intradimeric interface involves TM1 and H8 or TM4 -6 (11, 12,

© The abbreviations used are: GPCR, G protein-coupled receptor; DEER, dou-
ble electron-electron resonance; DDM, n-dodecyl-B-pD-maltoside; DSP,
dithiobis(succinimidyl)propionate; OG, n-octyl-B-p-glucoside; ROS, rod
outersegment; TM, transmembrane a-helix; Bistris propane, 1,3-bis[tris(hy-
droxymethyl)methylamino]propane; H8, helix 8; AR, adrenergic receptor;
POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; TEM, transmis-
sion EM; VPP, Volta phase plate; 2D and 3D, two- and three-dimensional,
respectively; FSC, Fourier shell correlation; PDB, Protein Data Bank.
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Cryo-EM structure of the native rhodopsin dimer

15, 17-19). Adding to the complexity in GPCR dimerization is
its effect with respect to downstream signaling (20, 21).
Although monomeric GPCRs can efficiently couple to the het-
erotrimeric G protein and arrestin in vitro (22—24), conforma-
tional changes at the intradimeric GPCR interface can transmit
additional information to enhance or weaken the particular
downstream signaling activity in vivo (10, 25-27). Further, some
GPCR dimers have been shown to signal through intermolecu-
lar cooperation (e.g. luteinizing hormone receptor) such that
binding-deficient and signaling-deficient forms of a receptor
can re-establish normal signaling through functional comple-
mentation ixn vivo (28).

The recent cryo-EM structure of the metabotropic glutamate
receptor subtype 5 confirmed that class C GPCRs are obligate
dimers that are commonly linked by disulfide bonds or coiled-
coil interactions between the two protomers in the case of
GABAj, receptors (29, 30). Higher-order complexes are essen-
tial for cellular trafficking and signaling of these receptors (31).
However, it has yet to be concluded whether there is a common
dimeric interface that is employed by most GPCR dimers or if
there are very distinct dimerization/oligomerization strategies
specific to a particular native environment (32). Higher-order
organization of some class A GPCRs in native tissues is critical
to their signaling properties, regulation, and allosteric pharma-
cology as, for example, observed for the muscarinic M2 recep-
tor (33).

Although it had been demonstrated that a single rhodopsin is
sufficient for activation of its G protein transducin (G,), the
high density of rhodopsin (24,000 —30,000 molecules/um?) (34,
35) in the rod disc membranes suggests that dimers—measured
to be present already at low concentrations when reconstituted
in liposomes (36) or when expressed as opsin apoprotein in
mammalian cells (37, 38)—form another active structural unit.
Previous atomic force microscopy, cryo-EM, and lateral diffu-
sion studies showed that the native organization of rhodopsin
in isolated mouse rod outer segment (ROS) disc membranes
can even form paracrystalline areas, depending on poorly
defined factors (7, 8, 39, 40). These results were corroborated,
as rhodopsin could be extracted as dimers or as entire rows of
dimers with mild detergents (41). With peptide-interfering
assays, we determined that TM1, TM2, TM4, and TM5 are all
significant for rhodopsin dimerization or oligomerization (42).
Structural evidence of rhodopsin dimerization emanating from
crystallography studies of photoactivated rhodopsin were sug-
gestive of an interaction interface involving TM1, TM2, and H8
(43-47). In this report, we present a cryo-EM structure and
complementary biophysical characterization of the rhodopsin
dimer with the primary intradimeric interface formed by TM1
and H8 of each rhodopsin as well as a secondary interdimeric
contact that is formed when dimers oligomerize.

Results
Characterization of rhodopsin dimers in nanodiscs

We generated nanodiscs contain rhodopsin dimer with the
MSP1E3D1 protein. This belt protein, which is known to pro-
duce a disc diameter of ~130 A (48), should be able to properly
accommodate a dimeric rhodopsin structure (~100 A in the
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widest dimension). Following rhodopsin solubilization from
disc membranes in 3% n-octylglucoside (OG) and fractionation
by gel filtration, we reconstituted the dimer into nanodiscs
as described previously (at a 1:1:80 ratio of rhodopsin/
MSP1E3D1/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) lipids) (48, 49). To identify the native rhodopsin
dimerization interface, we also incubated disc membranes with
a homobifunctional cross-linker with a length of 12 A prior to
solubilization that can conjugate proteins through the e-amino
group of Lys residues (dithiobis(succinimidyl)propionate
(DSP) cross-linker; Fig. S1, a and b). Following solubilization
and gel filtration purification, cross-linked rhodopsin dimers
were similarly incorporated into nanodiscs at a 1:1:80 ratio of
rhodopsin/MSP1E3D1/POPC lipids.

After overnight incubation with BioBeads resin for detergent
removal, we observed a relatively pure dimer nanodisc popula-
tion that was well-separated from monomer-containing nano-
discs by gel filtration (Fig. 1 (a and b) and Fig. S1 (c and d)). The
ratio of different forms could be deduced from the chromatog-
raphy profile (Fig. S1c). Negatively stained transmission EM
(TEM) micrographs of rhodopsin dimers with or without cross-
linking showed that rhodopsin dimer nanodiscs were homoge-
neous in size (Fig. 1c). To determine the orientation of the
rhodopsin dimers following reconstitution, we incubated rho-
dopsin dimer nanodiscs with the 1D4-Fab generated by papain
cleavage of the monoclonal rhodopsin 1D4 antibody, at a
1:10-15 ratio of rhodopsin dimer nanodisc/Fab overnight and
quantified them (Fig. 1d). The rhodopsin dimers in nanodiscs
are mostly parallel, with the in vitro reconstituted rhodopsin
dimers at a 90:10 ratio of parallel/anti-parallel and in disc mem-
brane cross-linked rhodopsin dimers at a 98:2 ratio of parallel/
anti-parallel. From our study, as well as others, it appears that
rhodopsin has a propensity to form parallel dimers when recon-
stituted into a lipid environment in vitro (18). Therefore, we
could obtain parallel rhodopsin dimers in nanodiscs either by
reconstitution in vitro or by cross-linking in disc membranes
for structure determination by cryo-EM.

Rhodopsin dimers in nanodiscs are functional

We conducted light activation and retinoid analyses to show
that the cross-linked rhodopsin dimer retains photochemical
activity after extraction from disc membranes and insertion
into nanodiscs (Fig. 2). We first showed that following cross-
linking in disc membranes and gel filtration, both rhodopsin
dimer and monomer fractions could transition to Meta-II (A,
of 380 nm) after light activation in various detergents that
include OG and n-dodecyl-B-p-maltoside (DDM) (Fig. 2, a—f).
However, due to the presence of the DSP cross-linker on mul-
tiple Lys residues of the cytoplasmic loops, G protein— binding
activity of the cross-linked rhodopsin monomer or dimer was
abolished. This was tested with a high-affinity peptide derived
from the C terminus of the G,a-subunit that was previously
co-crystallized with the active receptor (43) (Fig. S2). Next,
when rhodopsin dimers with or without cross-linking were
incorporated into nanodiscs, the binding of the G,a-subunit
peptide was abolished (cross-linked dimer) or reduced (no
cross-link), as the Meta-II transition upon light activation was
hindered by the physical constraint of the nanodiscs, and there-
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Figure 1. Formation of rhodopsin dimers in nanodiscs and characterization by 1D4 Fab. a, Coomassie-stained gels show that by cross-linking, primarily dimers
were obtained after solubilization, before (left) or after (right) gelfiltration (Fig. S1c¢). The arrowheads point to the positions of rhodopsin dimerand monomer on the gel.
b, gel filtration of rhodopsin dimer-containing nanodiscs (red) and monomer-containing nanodiscs (blue) showing distinct peaks. ¢, negatively stained micrographs
show that nanodiscs with in vitro reconstituted or in disc membranes cross-linked (with DSP) rhodopsin dimer are uniform in size. d, 1D4 Fab quantification of dimer
orientation shows that both in disc membranes cross-linked dimers and the in vitro reconstituted dimers form parallel dimers.

fore more of the Meta-I state was observed in both cases (Fig.
S2). Reduced binding of G, to rhodopsin dimers in nanodiscs
has been observed previously (48). We then performed retinoid
analyses with HPLC that separates 11-cis-retinal and all-trans-
retinal to show that rhodopsin monomers and dimers with or
without cross-linking in the nanodiscs undergo retinal isomer-
ization under light stimulation (Fig. 2, g—). Compared with the
dark state, upon light activation, the 11-cis peak is replaced by
the all-trans peak in all cases.

Cryo-EM of rhodopsin dimer cross-linked in disc membranes

Images of rhodopsin dimer (~70 kDa) in nanodiscs were
recorded at 300 kV with a Titan Krios equipped with a Bioquan-
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tum energy filter, a K2 direct electron detector, and a Volta
phase plate (VPP) that improves image contrast (Fig. S3) (50—
52). For the cross-linked dimer sample, picked particles were
subjected to 2D classification in Relion 2, resulting in many
class averages with recognizable secondary structure elements
(Fig. 3, @ and b), and 762,000 particles were selected for 3D
classifications (53). Classification into three classes was per-
formed with imposed C2 symmetry, resulting in the most pop-
ulated class (class 1) containing 434,000 particles (57% of all
aligned particles in 2D classification) (Fig. 3c and Fig. S4a). The
refinement (C2 symmetry) for class 1 dimer reached a resolu-
tion of ~4.7 A, as determined by the gold-standard Fourier
shell correlation (FSC) = 0.143 criterion between the indepen-
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Figure 2. Functional activity of rhodopsin dimer by Meta-Il transition and retinoid analyses. Shown are UV-visible spectra of DSP-cross-linked
rhodopsin monomer (a and b) and dimer (d and e) fractionated by gel filtration and diluted with 1.0% OG (a and d) or 0.005% DDM (b and e). Dark- and
light-activated rhodopsin spectra are indicated as solid lines and dashed lines, respectively. Difference spectra (after activation — before activation) for
monomer (c) and dimer (f) are shown to expand the light-dependent formation of active Meta-Il (380 nm) from dark rhodopsin (500 nm). g—j, retinoid
analysis shows normal 11-cis-retinal to all-trans-retinal transition upon light activation; some 13-cis-retinal is observed as a by-product in all cases. The
retinals in monomer in DDM (g) or in nanodiscs (h) and dimer in nanodiscs without cross-link (i) or with cross-link (j) were converted to corresponding
retinal oximes and analyzed by HPLC monitoring the UV absorbance at 325 nm. Compared with the dark state (black line), light activation (red line) shows

a shift from 11-cis-retinal to all-trans-retinal.

dently refined two half-sets (53) (Fig. S4, b and c). The angular
distribution indicated complete coverage of all particle orien-
tations (Fig. S4d). Rigid-body fitting allowed the docking of two
rhodopsin crystal structures (PDB entry 1U19) (54) into the
refined cryo-EM density of class 1, yielding a good visual fit (Fig.
3d); the intradimeric interface is clearly observed to be medi-
ated by TM1 and H8. Local resolution estimation showed that
the TMs were resolved to a higher resolution and are more rigid
than the intraluminal domains (Fig. 3e). Further 3D classifica-
tion (C2 symmetry) on class 1 into eight classes did not identify

14218 J Biol Chem. (2019) 294(39) 14215-14230

additional intradimeric interfaces other than TM1 and H8 (Fig.
3f). Our finding is supported by studies including cysteine
cross-link/MS in disc membranes (55) and in vivo retinal pep-
tide competition assays (56), both of which suggested TM1 and
H8 at the dimer interface. Our intradimeric interface is esti-
mated to include a surface area of >300 A? created mainly by
hydrophobic residues (55), suggesting that it could be weak and
reversible in the native ROS disc membrane.

3D classification also was performed on the 762,000 cross-
linked particles without imposing any symmetry; two major
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http://www.jbc.org/cgi/content/full/RA119.010089/DC1
http://www.jbc.org/cgi/content/full/RA119.010089/DC1

Class5 1% Class6 11%

Cryo-EM structure of the native rhodopsin dimer

C
Class1: ~105x 80 x 77 A

Class8 7%

Class7 12%

Figure 3. Cryo-EM analysis of the rhodopsin dimer cross-linked in native disc membranes and then reconstituted into nanodiscs. g, representative
cryo-EM micrograph imaged at 300 kV with the VPP in combination with a K2 detector at a pixel size of 0.8 A and a total dose of 50 e /A2, b, Relion 2D
classification; classes are aligned to the protein density and are ranked by population. ¢, 762,000 particles were selected for 3D classifications; the two main
refined classes have different dimensions. d, upon the removal of nanodisc EM density, docking of rhodopsin (PDB entry 1U19) into the rhodopsin EM density
shows that the intradimeric interface is mediated by TM1 and H8 of each rhodopsin. e, local resolution estimation. f, class 1 particles were further classified by
a second round of 3D classification (C2 symmetry) for eight classes; all analyses showed TM1 and H8 at the intradimeric interface, and no additional dimer
configuration was identified. Segmented views with the docking of rhodopsin (PDB entry 1U19) are shown.

classes (class 1 and class 2) were identified to contain 318,000
particles (42% of all aligned particles) and 373,000 particles
(49% of all aligned particles), respectively (Fig. S5a). These two
classes have visibly different dimensions, suggesting distinct
dimer arrangements and, therefore, different nanodisc sizes
(Fig. 3c and Fig. S5a). Class 1 particles led to a refined (C1
symmetry) cryo-EM density map that resembles Fig. 3d, allow-
ing the same docking of two rhodopsin molecules (PDB entry
1U19) interfaced by TM1 and H8 (Fig. S5b) with the angular
distribution covering all particle orientations (Fig. S5¢). Further
asymmetric 3D classifications of class 1 into three classes did
not identify additional intradimeric interfaces (Fig. S5d). In all
3D refinement runs (C1 or C2 symmetry), local refinement

SASBMB

searches including a mask around the dimer were performed
after the initial global 3D refinement without masking.

The class 2 dimer from the asymmetric 3D classification was
further classified and refined to 4.5-6 A (Cl1 symmetry);
213,000 particles eventually revealed an interface formed by
TM1 and TM2 of one rhodopsin and the cytoplasmic portion
between TM5 and TM6 of the adjacent rhodopsin (Figs. 3c, 4,
and 5). We suggest that this hints at the interdimeric contact
that occurs when the paracrystalline track of rhodopsin dimer
rows forms, previously observed by atomic force microscopy
and by cryo-electron tomography (7, 8). This contact interface
is likely flexible, and due to constraints by the small nanodiscs,
the observed arrangement of the two protomers is distorted by

J. Biol. Chem. (2019) 294(39) 14215-14230 14219
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Figure 4. An interdimeric contact is observed in the cross-linked rhodopsin dimer cryo-EM data set. a—c, from 3D classification (C1 symmetry) class 2, a
refined density map (C1 symmetry) with 213,000 particles was obtained. Cross-sectional views of the rhodopsin dimer with the docking of rhodopsin (PDB entry
1U19) are shown. d, angular distribution of the refined structure shows no strong bias in particle orientation for the reconstruction. e, Relion post-processing

with the FSC = 0.143 criterion. f, local resolution estimation.

afew degrees, which prevents modeling into rows. We modeled
the positions of Lys residues that can mediate cross-linking for-
mation in both class 1 and class 2 EM densities to show that,
given the flexibility of the cytoplasmic loops, multiple Lys resi-
dues are available within the allowed DSP cross-linker distance
of 12 A to stabilize the dimeric interfaces (Fig. 5).

Further corroborating the existence of the intra- and interdi-
meric rhodopsin interfaces in the retina, rhodopsin tetramers of
160 kDa (Fig. 1a and Fig. S1 (c and d)) were purified similarly
upon cross-linking in disc membranes, followed by solu-
bilization with 2% OG or 0.1% digitonin for gel filtration fraction-
ation. Because of their larger sizes, tetramers cannot be incorpo-
rated into MSP1E3D1 nanodiscs for structural determination by

14220 J Biol Chem. (2019) 294(39) 14215-14230

cryo-EM. Nevertheless, from negatively stained EM and cryo-EM
images of the detergent-solubilized samples, the majority of the 2D
classes form a square-shaped configuration rather than linear,
L-shaped, or T-shaped configurations (Fig. 6, a—c). This indicates
that via the intradimer interface at TM1 and HS8, the basic
unit forms and that multiple units can arrange in parallel,
given some flexibility of the observed interdimeric contact,
to eventually form rows of dimers. A model of the oligomeric
organization of rhodopsin is presented in Fig. 6d.

Cryo-EM of rhodopsin dimer reconstituted in vitro

Based on the cryo-EM structure of the cross-linked
dimers, we anticipated that there also exists a substantial

SASBMB
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Figure 5. Modeling of Lys e-amino groups as cross-link sites in the intradimericinterface and the interdimeric contact. A total of nine exposed Lys
residues on the cytoplasmic side of rhodopsin are available for chemical cross-linking by DSP. Black arrows point to Lys residues that can be linked to DSP
and thus block G, interaction. Shown are side (a) and cytoplasmic (b) views of the intradimeric interface with rhodopsin crystal structure (PDB entry 1U19)
docked into the EM densities. Lys-311 and Lys-325 on both rhodopsin molecules allow two cross-links to form. The cross-sectional area taken up by
intradimer is 84 X 47 A = 3948 A2 Shown are side (c) and cytoplasmic (d) views of the interdimeric contact; Lys-245/248/231 on one rhodopsin can
cross-link with Lys-66/67 on the adjacent rhodopsin based on the 12-A length of the DSP linker. The cross-sectional area of the interdimer is 87 X 64 A
= 5568 A2. The MSP1E3D1 nanodisc is relatively small for the observed large cross-sectional area and could result in some distortion of the rhodopsin

arrangement.

propensity for the rhodopsin’s TM1 and H8 to induce
dimerization in vitro and therefore imaged the in vitro
reconstituted rhodopsin dimer in nanodiscs without cross-
linking at a 1:1:80 ratio of rhodopsin/MSP1E3D1/POPC
lipid (48, 49) (Fig. 7). Approximately 2100 images were taken
at 1.35 A/pixel size with a total dose of 50 e /A? (Fig. 7a).
From the 2D classification of autopicked particles, 96,000
particles (~15%) aligned to the protein density rather than to
the nanodiscs (Fig. 7b), indicating that these particles retain
the unperturbed dimeric interface under surface tension
introduced during freezing. 3D refinement with C1 or C2
symmetry generated a map with the same geometry as the
cross-linked intradimeric structure in Fig. 3d (Fig. 7 (c and d)
and Fig. S6a) at resolutions in the 6 -7 A range (Fig. 7e and
Fig. S6 (b—d)) and angular distributions covering all orien-
tations (Fig. S6, e and f). Only one 3D map was obtained from
the cryo-EM data set with the intradimeric interface formed
by TM1 and H8 (Fig. 7 (c and d) and Fig. S6a).

SASBMB

Double electron-electron resonance (DEER) of rhodopsin
dimer reconstituted in vitro

DEER measurements were also performed on the rhodopsin
dimer cross-linked in disc membranes as well as the in vitro
reconstituted dimer samples with rhodopsin extracted from
disc membranes (Fig. 8 (a—c) and Fig. S7 (a—d)). Native rho-
dopsin contains Cys-140 and Cys-316 to which nitroxide spin
labels can be attached. An intramolecular spin—spin distance of
~35 A was observed (Fig. 8, a—c). Our DEER distances revealed
marked similarity between the dimer cross-linked in disc mem-
branes and the in vitro reconstituted dimers, both showing
additional signals at ~23 and ~45 A relative to controls (Fig. 8,
a and b). This supports the concept that the preferential rho-
dopsin dimerization interface formed by TM1 and H8 can be
reconstituted in vitro (Fig. 8c). Furthermore, we reconstituted a
mutant rhodopsin, which carries a single reactive Cys-308, as
dimers into nanodiscs. DEER revealed a main peak at ~23 A,
again predicting the existence of the intradimeric interface
formed by TM1/H8 (Fig. 84 and Fig. S7 (e and f)). A schematic of
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a OG (Cryo)

b OG (negative stain)

50 hm

d model
intra-dimer

inter-contact

Cytoplasmic view Transmembrane
view

Figure 6. Cross-linked rhodopsin tetramer structure and model of rhodopsin oligomers. g, rhodopsin cross-linked in disc membranes was solubilized in
2% OG, and tetramers were isolated by gel filtration, vitrified, and imaged by cryo-EM with a Tecnai F20. Particles (~65,000) were autopicked and analyzed for
2D classification by Relion 2. Most of the tetramer classes have a square shape rather than linear, T, or L shape. A representative micrograph is shown to the left.
Cross-linked tetramers solubilized in 2% OG (b) or in 0.1% digitonin (c) were negatively stained and imaged with a Tecnai F20, and 35,000 particles from each
condition were autopicked and analyzed by Relion 2. Most of the tetramer classes have a square shape. A representative micrograph is shown to the left. Some
2D classes for hexamer are also seen with 0.1% digitonin solubilization. Circle, represents mask diameter at 180 A. d, model of rhodopsin oligomer. A pair of
rhodopsin molecules with the same color forms the intradimeric interface, whereas two adjacent rhodopsin molecules with different colors form the interdi-
meric contact. The organization of the tetramer and oligomer (cytoplasmic and transmembrane views) is displayed.
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Figure 7. Cryo-EM analysis of the in vitro reconstituted rhodopsin dimer in nanodiscs. g, representative cryo-EM micrograph imaged at 300 kV using the
VPP in combination with a K2 detector at a pixel size of 1.35 A and a total dose of 50 e /A2, b, Relion 2D classification; classes are ranked by population; classes
with the transmembrane view are boxed in red. ¢, 3D refinement (C2 symmetry) of 96,000 particles aligned to protein densities shows that the intradimeric
interface is mediated by TM1 and H8; two rhodopsin molecules (PDB entry 1U19) are docked, with cross-sectional views shown from the side (left) and bottom
(right). d, docking of rhodopsin (PDB entry 1U19) into the EM density after nanodisc removal in Chimera; cross-sectional view shown to the right. e, local

resolution estimate (C2 symmetry).

dimer configuration with the observed distance between the
spin-labeled Cys-308 as evidenced from DEER is shown in
Fig. 8e.

Comparison of the intradimeric structure with known class A
GPCR crystal and cryo-EM structures

We superimposed our intradimeric structure with three
other class A GPCR crystal structures that include the mono-
meric rhodopsin (PDB entry 1U19), activated rhodopsin (PDB
entry 3PXO), and inactive 8;-AR (PDB entry 4GPO) dimers
(Fig. 9). B;-AR was chosen for comparison as an example of an
inactive class A GPCR dimer obtained from crystallization (57).
As expected, the topology of the cryo-EM rhodopsin dimer
(red) most resembles inactive rhodopsin (yellow) and then the
inactive 3,-AR dimer (green) and least the active rhodopsin
dimer (blue) (Fig. 9). Side and cytoplasmic views of TM5 and
TM6 are enlarged for clarity (Fig. 9, b and c), and the activated
rhodopsin (blue) showed a rotational tilt of TM6, which is the
critical conformational change that is clearly different from the
cryo-EM dimer (red) in the dark state.

When superimposing active rhodopsin from the recent
cryo-EM structure of the rhodopsin-heterotrimeric G protein
(G,) complex (58) onto the current dimer map, the intradimeric
interface neither interferes nor enhances the interaction
between one rhodopsin and one G; (Fig. 10,  and b). Consid-
ering that G, forms a relatively flexible complex, as analyzed by
molecular dynamics simulations (59), the rhodopsin dimer may
be able to accommodate the binding of two G; proteins simul-
taneously without creating a clash between the G; proteins.
Additionally, when overlaying the crystal structure of the
rhodopsin—arrestin complex (60) with the present EM struc-
ture, the rhodopsin dimer also may be able to accommodate
two arrestin molecules (Fig. 10, ¢ and d). Furthermore, with
overlaying one rhodopsin bound to G; and one rhodopsin
bound to arrestin with the present EM structure, it appears that
both G; and arrestin could also be accommodated simultane-
ously (Fig. 10, e and f).

SASBMB

Discussion

GPCRs mediate an incredible array of physiological pro-
cesses in the human body. An increased mechanistic under-
standing of their activity has led to the recognition of GPCRs as
major pharmacological targets. Recent findings also indicate
that GPCR homo- or heterodimerization is important for drug
screening and design (21, 32). We expect that the approach
outlined in this study can be extended to other GPCRs or mem-
brane receptors to allow for a better understanding of their
specific dimerization mechanisms.

Studies by fluorescence or bioluminescence resonance
energy transfer, peptide competition, mutagenesis, and cross-
linking methods have suggested various dimerization interfaces
for numerous GPCR dimers (14, 18). Different interfaces for
dimerization of class A GPCRs have been predicted (e.g. 3,-AR,
TM1/TM2/H8 (61); opsin, TM1/TM2/H8 (43-46); CXCR4,
TM4-6 (62); opioid, TM1 and TM4 -6 (63, 64); C5a chemot-
actic receptor 1, TM4/TM5 (65); and smoothened, TM4/TM5
(66)) by crystallographic methods but do not demonstrate the
state of dimerization in the native membrane. To our knowl-
edge, the structural study presented here is the first to resolve
the dimerization/tetramerization interfaces of a class A GPCR
extracted from its native membrane. The intradimeric interface
formed by TM1 and H8 could have several implications in the
biogenesis and function of rhodopsin in vivo; we, however,
favor the idea that this arrangement occurs primarily due to the
high-density packing of rhodopsin in the rod photoreceptors.

Genetic studies have shown that doubling the amount of rho-
dopsin molecules in the retina will double the size of ROS (67),
whereas reducing the expression of rhodopsin by half roughly
reduces the volume of ROS by half, and yet paracrystalline
arrays can form in both cases (35). Collectively, these studies
indicate that in vivo rhodopsin density and their contacts are
relatively stable. The nanodisc system employed in our study
nicely mimics the native ROS disc membranes not only as a
lipid environment, but also with an imposed physical con-
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Figure 8. DEER distance distributions of spin-labeled rhodopsin dimer. g, rhodopsin monomer (black) with Cys-140 and Cys-316 spin-labeled in 3% OG
showed a single peak centered at ~35 A. In disc membranes, cross-linked rhodopsin dimer (red) in 3% OG showed additional peaks at ~23 and ~45 A. b,
rhodopsin monomer reconstituted into nanodiscs (black) with Cys-140 and Cys-316 spin-labeled showed a peak centered ~35 A. In vitro reconstituted
rhodopsin dimer in nanodiscs (red) showed additional peaks at ~23 and ~45 A. ¢, schematics of the rhodopsin dimer configuration predicted by the DEER
measurement, with the distances between Cys-140 and Cys-316 color-labeled. The nitroxide label is modeled into the Cys-140 and Cys-316 sites of rhodopsin.
d, rhodopsin mutant spin-labeled at site 308 and in vitro reconstituted as dimer in nanodisc showed additional intradimeric DEER distance at ~23 A (blue
arrow); the width of the peak suggests flexibility of the intradimeric interface. e, schematic of the dimer configuration predicted by the DEER measurement, with
the distance from Cys-308 labeled. The nitroxide label is modeled into the Cys-308 site of the rhodopsin mutant.

straint. The fact that we detected similar dimerization inter-
faces for rhodopsin cross-linked in disc membranes or recon-
stituted in vitro is good evidence that TM1 and H8 provide the
structural basis for rhodopsin dimerization. Further, our inter-
dimeric structure points at a likely more flexible contact
between TM1 and TM2 of one rhodopsin and TM5 and TM6 of
a second rhodopsin, which is also observed when rhodopsin is
modeled into rows of dimers (Figs. 5 and 6).

Rhodopsin dimerization can also play a role in receptor mat-
uration, trafficking to disc membranes, and recycling. It is well-
known that a class C GPCR, such as the GABA; receptor, exists
as a heterodimer and that dimerization is needed to mask the
ER retention signal for the maturation of the receptors to the
cell membrane (68 —70). Our intradimeric interface with TM1
and H8 is in agreement with the findings of a peptide competi-
tion study that showed this dimeric form to be important for
the proper insertion of rhodopsin into the disc membrane (56);
the injection of peptide targeting TM1 and H8 in murine retina
in the study disrupted both rhodopsin dimerization and ROS
maturation. Collectively, findings indicate that the intradimeric
interface of TM1 and H8 of rhodopsin is likely necessary for its
targeting and maturation to ROS disc membranes.
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Experimental procedures
Expression and purification of membrane scaffold proteins

A pET-28a vector containing the MSP1E3D1 gene construct
(Addgene, Watertown, MA) was transformed into Escherichia
coli BL21Gold (DE3) cells for growth and expression. The cell
cultures were induced with 1 mm isopropyl 1-thio-B-p-galacto-
pyranoside (BioShop, Burlington, Canada) overnight at 28 °C
and were harvested and resuspended in lysis buffer (20 mm
NazPO,, 1% Triton X-100, 1 mm PMSF, pH 7.4). After sonica-
tion, the lysate was cleared by centrifugation at 43,399 X g for
30 min in a JA-25.50 rotor (Beckman Coulter, Brea, CA) and
was loaded onto an Ni*"-nitrilotriacetic acid—agarose resin
(Qiagen, Hilden, Germany). The column was then washed
sequentially with the following buffers: 1) 40 mm Tris, 300 mm
NaCl, 1% Triton X-100, pH 8.0; 2) 40 mM Tris, 300 mm NaCl, 50
mM cholate, 20 mm imidazole, pH 8.0; and 3) 40 mm Tris, 300
mM NaCl, 50 mm imidazole, pH 8.0. Last, MSP1E3D1 scaffold
was eluted with 40 mm Tris, 300 mMm NaCl, 300 mmM imidazole,
pH 8.0, and buffer-exchanged using a PD-10 column (GE
Healthcare) into a buffer with 40 mm Tris, 150 mMm NaCl, 0.5
mM EDTA, 30 mMm sodium cholate, pH 7.4.

SASBMB
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Figure 9. Comparison of rhodopsin cryo-EM structure with known GPCR class A crystal structures. Overlay of EM rhodopsin dimer structure (red) with
crystal structures of dark state rhodopsin monomer (yellow, PDB entry 1U19), active opsin dimer (blue, PDB entry 3PX0), and inactive 3,-AR dimer (green, PDB
entry 4GPO). g, top, side view; bottom, cytoplasmic view. b and ¢, enlarged side view and cytoplasmic view of TM5/TM6 regions that change upon rhodopsin
activation. Left, EM rhodopsin dimer superimposed with inactive rhodopsin (PDB entry 1U19) and activated opsin (PDB entry 3PXO). Right, EM rhodopsin dimer

superimposed with 3,-AR (PDB entry 4GPO).

Purification and cross-linking of rhodopsin dimer from bovine
retinas

All procedures related to rhodopsin were carried out under
dim red light (>650 nm) to keep rhodopsin in the dark state.
Rhodopsin-containing disc membranes were purified from
dark-adapted retinas as described previously (41). For chemical
cross-linking with DSP (Thermo Fisher Scientific), disc mem-
branes (1 mg/ml) were incubated with DSP at a 125-fold molar
excess to rhodopsin in buffer (100 mm Na,HPO,, pH 8, 150 mm
NaCl) for 30 min at 4 °C (41), followed by quenching with 100
mM Tris-Cl, pH 8, for 15 min. The cross-linked sample was
washed twice with buffer (100 mm Na,HPO,, pH 8, 150 mm
NaCl) and pelleted by ultracentrifugation (104,300 X g) for 5
min at 4°C in an Optima TLX ultracentrifuge (Beckman
Coulter).

OG and DDM were purchased from Glycon Biochemicals
(Luckenwalde, Germany). Disc membranes with or without
cross-linking were solubilized in 3% OG at 4 °C overnight, and
the lysate was cleared by ultracentrifugation (104,300 X g) for
25 min at4 °Cinan Optima TLX (Beckman Coulter) centrifuge.
The sample was then concentrated with a 30-kDa cut-off Ami-
con Ultra centrifugal filter device (Sigma-Aldrich) and fraction-
ated into dimer or monomer with 1-2% OG in buffer (100 mm
Na,HPO,, pH 8, 150 mMm NaCl) by two rounds of gel filtration,
using a Superdex 200 Increase 10/300 GL column (GE Health-
care) running at 0.5 ml/min at 25°C with Akta Pure (GE
Healthcare). Absorbance was continuously monitored at 280
and 500 nm.

SASBMB

Construction of rhodopsin nanodiscs

POPC lipid stock was obtained from Avanti Polar Lipids. The
lipid was evaporated to remove its chloroform solvent and was
then dissolved in 100 mm sodium cholate (Sigma-Aldrich) for a
final 50 mm stock. For the preparation of dimer- or monomer-
containing nanodiscs, purified rhodopsin (50 -100 um) after gel
filtration was mixed with MSP1E3D1 (50 -100 um) and POPC/
cholate at a 1:1:80 ratio of rhodopsin/MSP1E3D1/POPC
(dimer) or at a 0.1:1:80 ratio of rhodopsin/MSP1E3D1/POPC
(monomer) in 1% OG and 14 mm sodium cholate, as described
previously (48, 49). After 15 min of incubation at 4 °C, BioBeads
SM-2 resin (Bio-Rad) was added, which was prewashed with
methanol followed by water. The dimer-containing nanodiscs
were incubated at 25 °C for 45 min and then at 4 °C overnight to
remove residual OG; 4 °C incubation was omitted for the prep-
aration of monomer-containing nanodiscs. The next day,
BioBeads were removed, and the sample was purified by gel
filtration with a Superdex 200 Increase 10/300 GL column run-
ning at 0.5 ml/min at 25 °C in buffer (20 mm Tris-Cl, pH 8, 150
mm NaCl). Absorbance was continuously monitored at 280 and
500 nm.

Characterization of rhodopsin dimer in nanodiscs using a
rhodopsin 1D4 antibody

For the determination of the orientation of rhodopsin in the
reconstituted and cross-linked dimers in nanodiscs, rhodopsin-
containing nanodiscs were incubated with 1D4 Fab fragment
generated by papain digestion of the rhodopsin 1D4 mAb, at a
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Figure 10. Overlay of rhodopsin-G; and rhodopsin-arrestin complex structures with rhodopsin docked into intradimeric EM densities (Fig. 3d).
Shown are a side view (a) and cytoplasmic view (b) of activated rhodopsin (blue); and two Ga3y complex: one in yellow and one in orange. Two G; complexes are
separated by a dotted line. Shown are a side view (c) and cytoplasmic view (d) of activated rhodopsin (blue); and two arrestin: one in magenta and one in cyan,
separated by a dotted line. Shown are a side view (e) and cytoplasmic view (f) of activated rhodopsin (blue), a G complex in orange, and the arrestin in cyan. A

dotted line separates arrestin from the G; complex.

1:10-15 nanodisc/Fab ratio at 4 °C overnight. For papain diges-
tion, 10 mg of rhodopsin 1D4 antibody (6.68 mg/ml; University
of British Columbia) was incubated with 2 mg of papain (Sigma-
Aldrich) in 10 ml of buffer (10 mm Na,HPO,, 137 mm NaCl, 2.7
mM KCl, 1.8 mm KH,PO,, 20 mm EDTA, pH 7.4) and 20 mm
cystine for 2 h at 37 °C. Completion of the digestion was mon-
itored by nonreducing PAGE. The digest was then concen-
trated and buffer-exchanged in a PD-10 column with 20 mm
Tris-Cl, pH 8. To purify 1D4 Fab, the digest was passed through
5 ml of DEAE-Sepharose fast flow resin (GE Healthcare), as
both the Fc fragment and papain bind to DEAE. Fab was col-
lected in the flowthrough. The rhodopsin-containing nanodisc-
1D4-Fab complex was then examined and quantified using neg-
atively stained EM.

UV-visible spectroscopy

UV-visible spectroscopy of rhodopsin with or without nano-
discs was performed using a Cary 60 spectrophotometer with a
single-cell Peltier assembly (Agilent Technologies, Santa Clara,
CA). An optical cuvette with one compartment (width, 2 mm;
light path, 1 cm) was used for recording the spectra of the sam-
ples. The sample temperature was kept at 15 °C, and the dark
spectra were recorded after incubation for 10 min. Subse-
quently, light-activated spectra were recorded after photo-
bleaching in the cuvette by >500-nm yellow light from a Fiber-
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Lite MI-150 illuminator (Dolan-Jenner, Boxborough, MA) that
had been passed through a glass infrared cutoff filter. The dif-
ference spectra were calculated by subtracting dark spectra
from light-activated spectra. Rhodopsin was quantified by the
change in absorbance at 500 nm (40,600 m ™' cm™ ") upon com-
plete bleaching in the presence of hydroxylamine.

Retinoids analysis

Samples of reconstituted rhodopsin in nanodiscs (50 ug)
with or without 1-min white light photobleaching on ice were
dissolved in 800 wl of buffer (10 mm Na,PO,, pH 8.0, 50% meth-
anol (v/v), 100 mM hydroxylamine). The resulting mixture was
extracted with 400 ul of hexanes, and 100 ul of the extract were
injected into a normal-phase HPLC column (Agilent Sil, 5 um,
4.6 X 250 mm; Agilent Technologies) with 10% ethyl acetate in
hexanes as eluent at a flow rate of 1.4 ml/min. Retinoids were
detected by monitoring absorbance at 325 nm. 11-cis-Retinal
oxime is known to have an elution time of ~7 min, and all-
trans-retinal oxime has an elution time of ~8 min.

Sample preparation for negatively stained EM and cryo-EM
screenings

Copper grids (Electron Microscopy Sciences, Hatfield, PA)
for negative stain were coated with a continuous carbon film
support. The nanodisc sample (3 ul) of 0.01-0.03 mg/ml con-
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centration was incubated on a carbon-coated copper grid after
low discharging at 15 mA for 30 s. The sample was then stained
in 2% (w/v) uranyl acetate (Electron Microscopy Sciences) by
dipping the grid onto four droplets of stain for 10-20 s each,
followed by blotting with a filter paper.

For the screening, images were manually acquired using a
FEI Tecnai F20 transmission electron microscope operating at
200 kV acceleration voltage equipped with a Tietz TVIPS
4000 X 4000 CMOS camera, using a defocus range of —1to —3
pm at X60,000 magnification (1.6 A/pixel) (Cleveland Center
for Membrane and Structure Biology, Case Western Reserve
University, Cleveland, OH). Data analysis was performed by
Relion 2 (53).

For cryo-EM, Quantifoil® R 1.2/1.3 holey carbon grids (Elec-
tron Microscopy Sciences) were glow-discharged at 15-30 mA
for 30 s prior to sample application. Concentrated sample (1
mg/ml; 3.5 ul) was applied on the grid in the Vitrobot chamber
(Vitrobot Mark IV, Thermo Fisher Scientific). The Vitrobot
chamber was set to 100% humidity at 4 °C. The sample was
blotted for 2.5 s and then plunged into liquid ethane cooled by
liquid nitrogen. All sample preparation procedures were done
in dim red light (>650 nm) to keep rhodopsin in the dark state.

Cryo-EM analysis of cross-linked and reconstituted rhodopsin
dimers in nanodiscs

For the cross-linked dimer nanodisc sample, 5500 cryo-EM
micrographs were acquired using a Titan Krios (Thermo Fisher
Scientific) operated at 300 kV acceleration voltage, equipped
with the VPP, a Gatan Bioquantum energy filter, and a K2 Sum-
mit direct electron detector (Heidelberg, Germany). Data were
collected automatically using the SerialEM (71) software pack-
age in counting mode at a target defocus of 300 —1000 nm, with
a pixel size of 0.8 A and a total electron dose of 50 e /A? frac-
tioned into 50 movie frames. Stacks of image frames were
aligned using Motioncorr2 (72). Contrast transfer function
parameters were estimated using Gctf (73), and micrographs
where the theoretical CTF fit did not agree with the signal
beyond 5 A were discarded (Fig. S3). Automated particle pick-
ing was performed in Gautomatch (https://www.mrc-Imb.
cam.ac.uk/kzhang/Gautomatch/)” and resulted in a total of
~1.7 million particles. The picked particles were binned three
times and subjected to 2D classification in Relion 2 (53), and
762,000 particles were selected for 3D classification distributed
in three classes with or without imposing C2 symmetry. A sec-
ond round of 3D classification for eight classes (C2 symmetry)
or three classes (C1 symmetry) was done on unbinned class 1
particles to examine for additional dimer configurations. After
global refinement (with or without imposing C2 symmetry) on
the unbinned particles, local refinement searches with addi-
tional masks around the dimer were performed. Postprocessing
was done in Relion 2 with a soft mask around the nanodisc to
estimate the resolution using the gold-standard FSC = 0.143
criterion. Details of the cryo-TEM data collection have been
provided in Table S1.

7 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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For the reconstituted dimer nanodisc sample, 2100 cryo-EM
micrographs were acquired using a 300-kV Titan Krios
equipped with the VPP, a Gatan Bioquantum, and a K2 detector
(Martinsried, Germany). Data were collected using a pixel size
of 1.35 A. Data analysis was done similarly as above with
imposed C1 or C2 symmetry. Details of the cryo-TEM data
collection have been provided in Table S2.

Model building and refinement

For modeling of the rhodopsin crystal structure into the
cryo-EM electron densities, the Chimera software package was
used for the initial rigid body docking. Nanodisc cryo-EM den-
sity far away from the rhodopsin density was removed in UCSF
Chimera by segmentation (74).

The cryo-EM map of rhodopsin dimer was put into an arti-
ficial crystal lattice to calculate its structure factors using the
phenix.map_to_structure_factors script in the Phenix program
(75). The 3D density map was sharpened by applying a negative
B-factor of 201.8 A (54) as determined with the phenix.
auto_sharpenscript(75)andbymanualintervention. Twomono-
mers of bovine rhodopsin (54) were placed in the sharpened 3D
density map using rigid body fitting in Chimera (74). The model
fitting was then improved manually by adjusting the main-
chain fitting in Coot 0.8.8 (76). The N-terminal B-hairpin and
helix H8 were used as references during the backbone tracing
and for the calculation of the dimer interface. The initial model
was then refined by rigid body refinement of individual chains
in the PHENIX program (75), where the amplitudes and phases
of the structural factors were used as pseudo-experimental dif-
fraction data for the model refinement. Multiple rounds of Phe-
nix real-space refinement (75) and REFMAC version 5.8 (77)
refinement against the overall map at a resolution of 4.7 A were
used to improve the dimer model. Each round of refinement
was followed by manual model building and adjustments with
Coot 0.8.8 (76). The stereochemical quality of the final rhodop-
sin dimer model was assessed with the Molprobity (78) and
wwPDB validation servers (79). Details of the cryo-TEM data
collection and structural refinement statistics have been pro-
vided in Table S1. Protein coordinates and cryo-EM density
maps were deposited in the PDB and EMDB with accession
codes 60F] and EMD-20047, respectively.

Purification of Cys-308 rhodopsin mutant from HEK293 cells

Expression, purification, and spin labeling of bovine rhodop-
sin mutants were performed as described previously with
minor modifications (80). For the present study, single rhodop-
sin cysteine mutant M308C in a C140S/C316S base mutant was
produced in stable HEK293S GnTI ™ cell cultures. The mutant
was eluted from a 1D4 antibody resin in a buffer containing 10
mM Bistris propane, 0.03% DDM at 4 °C using a peptide with
sequence identity to the last 18 amino acids of rhodopsin’s C
terminus. The rhodopsin mutant showed WT UV-visible
absorption characteristics consistent with previous reports
(59).

DEER measurement and analysis

Spin-labeling was carried out during solubilization of rho-
dopsin from disc membranes or after nanodisc formation for
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the mutant Cys-308 rhodopsin, with nitroxide label (1-oxyl-
2,2,5,5-tetramethyl-A3-pyrroline-3-methyl)methanethiosul-
fonate (Toronto Research Chemicals, Toronto, Canada) at a
2-fold molar excess of the receptor for 3—12 h at 4 °C.

For DEER measurements, spin-labeled rhodopsin in 3% OG
or in nanodiscs (generally 50 —100 um) was flash-frozen within
quartz capillaries (1.5-mm inner diameter and 1.8-mm outer
diameter) (VitroCom, Boonton, NJ). After freezing, the capil-
laries were loaded into an EN 5107D2 resonator, and Q-band
measurements were performed at 80 K on a Bruker Elexsys 580
spectrometer with a Super Q-FTu Bridge (Bruker, Billerica,
MA). For the four-pulse DEER experiment used, a 32-ns
mr-pump pulse was applied to the low-field peak of the nitroxide
field-swept spectrum, and the observer /2 (16 ns) and 7 (32
ns) pulses were positioned 17.8 gauss upfield, which corre-
sponds to the nitroxide center line. Distance distributions were
obtained from the raw dipolar evolution data using the Lab-
VIEW (National Instruments, Austin, TX) program “Long-
Distances.” Nitroxide labels were modeled at sites Cys-140 and
Cys-316 or at Cys-308 in the dimer model using the Discovery
Studio (BioVIA) software package.
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