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Abstract

G-protein-coupled receptors comprise the largest family of mammalian transmembrane receptors. 

They mediate numerous cellular pathways by coupling with downstream signalling transducers, 

including the hetrotrimeric G proteins Gs (stimulatory) and Gi (inhibitory) and several arrestin 

proteins. The structural mechanisms that define how G-protein-coupled receptors selectively 

couple to a specific type of G protein or arrestin remain unknown. Here, using cryo-electron 

microscopy, we show that the major interactions between activated rhodopsin and Gi are mediated 

by the C-terminal helix of the Gi α-subunit, which is wedged into the cytoplasmic cavity of the 
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transmembrane helix bundle and directly contacts the amino terminus of helix 8 of rhodopsin. 

Structural comparisons of inactive, Gi-bound and arrestin-bound forms of rhodopsin with inactive 

and Gs-bound forms of the β2-adrenergic receptor provide a foundation to understand the unique 

structural signatures that are associated with the recognition of Gs, Gi and arrestin by activated G-

protein-coupled receptors.

The selective coupling of cell-surface receptors with specific intracellular effector proteins is 

a fundamental step in transmembrane signalling. G-protein-coupled receptors (GPCRs) 

constitute the largest protein family of transmembrane receptors with more than 800 

members in humans1. These receptors signal primarily through intracellular G proteins and 

arrestin proteins. Compared to the vast diversity of the GPCR family members and their 

physiological functions, the number of intracellular signalling transducers are much limited, 

with only four major types of G protein2 (Fig. 1a) and two major types of arrestin3. These 

distinct signalling transducers regulate the generation of a variety of secondary messengers 

and activate various downstream kinases, which lead to diverse cellular signalling pathways 

and physiological consequences. Thus, the selective coupling of a specific transducer protein 

by a GPCR is crucial for cellular signalling and responses to extracellular stimuli.

Our understanding of GPCR signalling has been greatly enhanced by the remarkable 

progress in GPCR structural biology, including the determination of over 170 structures 

from 40 unique GPCR members in active or inactive states and in complex with Gs or 

arrestin4. In the inactive states, the cytoplasmic end of the seven-transmembrane-helix 

domain (TMD) is closed5–7, thus preventing GPCRs from effective coupling with cellular 

signalling transducers. Agonist binding induces conformational changes in the TMD, 

including an outward movement at the cytoplasmic end of transmembrane helix 6 

(TM6)8–13, which opens a cavity in the TMD bundle for interaction with one or more 

specific transducer proteins. This mechanism is particularly highlighted by the notable 

outward movement (14–18 Å) at the cytoplasmic side of TM6 in the Gs-bound β2-adrenergic 

receptor (β2AR) structure14 and the recent cryo-electron microscopy (cryo-EM) structures of 

Gs-bound class B GPCRs15,16. Combination of the structural observations with sequence 

analyses has revealed a barcode system in G proteins for GPCR–G-protein binding 

selectivity17. However, less is known about the mechanisms determining selectivity on the 

receptor, in particular the subset of Gi-coupled receptors, despite the fact that they constitute 

the largest fraction of GPCR proteins17.

Rhodopsin is a prototypical GPCR that plays a crucial role in light perception and has served 

as a model system for studying GPCR signalling18–20. In the pre-illuminated state, 

rhodopsin adopts an inactive conformation stabilized by the inverse agonist, 11-cis-retinal. 

Light induces isomerization of the retinal ligand to the all-trans-retinal (ATR) configuration, 

which activates the receptor. The activated rhodopsin is coupled to the G protein transducin 

(Gt) (Fig. 1a), which is a Gi homologue21,22, to initiate the light-sensing signalling 

pathways. To understand the structural basis for the selective coupling of Gi by a GPCR, we 

determined the structure of the rhodopsin–Gi complex at a near atomic resolution using 

cryo-EM.
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Cryo-EM of the rhodopsin–Gi complex

To prepare a stable rhodopsin–Gi complex for structural studies, we took advantage of a 

constitutively active form of rhodopsin (termed 4 M, containing mutations N2NtermC, 

E1133.28Q, M2576.40Y, N282ECL3C; superscripts denote Ballesteros–Weinstein numbering), 

that was previously used to determine the structure of the rhodopsin–arrestin complex23,24. 

In cell-based assays, the constitutively active rhodopsin activates the Gi coupling pathway 

more strongly than the wild-type receptor (Fig. 1b). Importantly, wild-type and 

constitutively active rhodopsin do not activate the Gs pathway regardless of the presence of 

ATR (Extended Data Fig. 1c). Because previous studies indicated that the active rhodopsin–

Gi complex is more stable than the active rhodopsin–Gt complex25, we focused on obtaining 

a stable complex of activated rhodopsin bound to a dominant-negative mutant form of Gi 

(Extended Data Fig. 1a, b), which was used to promote the nucleotide-free form of Gi
26. To 

further stabilize the rhodopsin–Gi complex, we screened a panel of antibodies against the 

dominant-negative Gi from a phage display Fab library by negative-stain electron 

microscopy to identify one Fab fragment, termed Fab_G50, which stabilized the rhodopsin–

Gi complex. The conformational state of rhodopsin in complex with Gi and Fab was 

surveyed by high-resolution distance mapping with site-directed spin labelling and double 

electron–electron resonance (DEER) spectroscopy in detergent micelles (Fig. 1c and 

Extended Data Fig. 1d–f). Almost identical distances were measured when rhodopsin was 

bound to Gi in the presence or absence of Fab_G50, suggesting that the Fab fragment does 

not affect the conformation of rhodopsin. In addition, the distance distributions of TM6 and 

TM7 relative to TM2 are nearly identical between Gi-bound and Gt-bound rhodopsin27,28 

(Extended Data Fig. 1e).

The cryo-EM structure of the rhodopsin–Gi–Fab complex was determined at a nominal 

global resolution of 4.5 Å (Fig. 1d and Extended Data Fig. 2a–f), which reveals a well-

defined density map for the rhodopsin seven-transmembrane bundle, the Gαi Ras-like 

domain, and the Gβ and Gγ subunits (Fig. 2a, b and Extended Data Fig. 3a–g). The position 

of the α-helical domain (AHD) of Gαi is well defined owing to the direct stabilization of 

this domain by the Fab fragment, which simultaneously interacts with the Gαi AHD and the 

Gβ subunit (Fig. 1d). The binding site of the Fab fragment is far away from the rhodopsin–

Gi interface, consistent with the fact that Fab binding did not affect the conformation of 

rhodopsin.

The rhodopsin–Gi interface

The structure of the rhodopsin–Gi complex (Fig. 2a, b and Extended Data Table 1) reveals 

that interactions between rhodopsin and Gi are exclusively mediated through the Gαi 

subunit, and that there is no contact between rhodopsin and the Gβγ subunits. The most 

important interface between rhodopsin and Gαi is formed by the last 11 residues of the C-

terminal α5-helix of Gαi (Fig. 2c, d), consistent with its known crucial role in receptor 

binding29–35. In the complex, the C-terminal 11 residues (residues 344–354) of Gαi adopt a 

straight amphipathic helix (α5-helix) to residue C351, followed by a three-residue loop 

(residue 352-GLF-354) (Fig. 3a, b).
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The negatively charged dipole of the C terminus of the α5-helix forms an electrostatic 

interaction with the positively charged dipole of the N terminus of helix 8 of rhodopsin, with 

the carbonyl group of G352 forming the capping interaction with the N-terminal amine 

groups of helix 8 of rhodopsin (Fig. 3c). The cytoplasmic side of the rhodopsin 

transmembrane bundle is highly positively charged and this is known to be a common 

feature of GPCR structures23. Sequence alignment of all Gαi and Gαt subtypes reveals a 

conserved sequence pattern (Fig. 3d), including D350 and G352, which is at the terminus of 

the α5-helix and allows the uncapped carbonyl group of α5-helix to form charge 

interactions with helix 8 of rhodopsin (Fig. 3b). The G352C-mutated Gαi did not crosslink 

with rhodopsin with cysteine mutations around the transmembrane bundle (Extended Data 

Fig. 4a, b), consistent with the finding that the G352C mutation in Gi disrupts its binding 

capability to rhodopsin.

Beside the charge interactions, the two large hydrophobic side chains L353 and L348 are 

directed towards the hydrophobic pocket of rhodopsin formed by TM3, TM5, TM6 and TM7 

(Fig. 3a, b). Replacement of these two residues by alanine, together with G352A, has 

marked effects on Gi binding to rhodopsin36. Residues I344, K345 and C351 of Gαi are also 

within packing distance with TM3, TM5 and TM6 (Fig. 3a, b), and alanine mutations in 

these residues also show reduced Gi binding to rhodopsin36. Thus, our structural studies 

provide a structural explanation to rationalize the extensive mutagenesis studies on the effect 

of the last 11 residues of the C terminus of Gαi
36.

The second and less extensive interface between rhodopsin and Gi is mediated through the 

N-terminal helix (αN-helix) of Gαi, where its residues (E28 and R32) are in proximity to 

interact with the intracellular loop (ICL2) between TM3 and TM4 (Extended Data Fig. 5c). 

In contrast to a short α-helix formed by the ICL2 loop in the arrestin-bound rhodopsin 

structure23, ICL2 in the Gi-bound complex adopts an extended loop. The presence of the 

interface between ICL2 and αN-helix was confirmed by site-specific disulfide crosslinking 

from cysteine mutations in residue E28 in Gαi to residues N145ICL2 and F146ICL2 in ICL2 

of rhodopsin (Extended Data Fig. 4c, d), in agreement with previous crosslinking results 

between Gαt and light-activated rhodopsin by a chemically activated crosslinking reagent37. 

Furthermore, R32A in Gαi is a rare mutation that increases the binding of Gαi to 

rhodopsin36. On the basis of the structure, the large side chain of R32 in Gαi is in the 

position that could interfere with the close interactions between the αN-helix in Gαi and the 

ICL2 of rhodopsin and the removal of the large side chain in R32A mutations could thus 

enhance rhodopsin–Gi interactions.

Crystal structures of rhodopsin have been determined in several different states, including 

the inactive/inverse agonist-bound state5 and the active arrestin-bound or GαCT-bound 

state10,12 (GαCT is a high-affinity peptide from the C terminus of Gαt). Comparisons of 

these structures reveal intriguing conformational differences in rhodopsin between each state 

(Fig. 4a). Compared to the inactive state, the Gi-bound rhodopsin structure has an extended 

TM5 and outward movements in TM6, TM1 and TM4 at the cytoplasmic side (Fig. 4a, 

Supplementary Video 1), which results in an elastic pocket for binding the G protein. The 

overall structure of rhodopsin bound to Gi is similar to that bound to the GαCT, consistent 

with the equivalence of rhodopsin coupling with Gi and Gt (Fig. 4b). The conformation of 
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the C-terminal 11 residues overlaps well with the structure of GαCT. However, the position 

of the GαCT is shifted a half-helical turn (approximately 2.2 Å) deeper into the rhodopsin 

helical bundle owing to the lack of constrain on the GαCT peptide (Fig. 4b).

Structural comparison of rhodopsin in the Gi-bound and arrestin-bound states also reveals 

notable differences in the receptor conformation, including TM1, TM4, TM6 and helix 8 

(Fig. 4a, Supplementary Video 2), as well as ICL2, which adopts a short α-helix in arrestin-

bound rhodopsin but exists as an extended loop in the Gi-bound state (Fig. 4a). These 

conformational differences may represent the unique structural signatures of rhodopsin to 

distinguish between G protein and arrestin. In addition, other factors such as 

phosphorylation at the rhodopsin C-terminal tail may further enhance the specific 

interactions of arrestin with the activated receptor24.

Structural basis of Gi and Gs selectivity

Rhodopsin and β2AR are the two best studied GPCRs that are coupled to Gi and Gs, 

respectively. Structural comparisons between these two receptors reveal the basis for 

selective coupling of Gi and Gs by a GPCR. In the inactive state, both receptors adopt a very 

similar closed conformation, in which the cytoplasmic ends of TM6, TM1, TM2, TM4 and 

the turn between TM7 and helix 8 are in nearly identical positions to each other (Fig. 5a, b). 

In the active state, the cytoplasmic ends of TM2 and TM4 of both receptors remain in 

identical position, but the cytoplasmic ends of TM6, TM1 and the turn between TM7 and 

helix 8 differ considerably between the two receptors (Fig. 5c, d, Supplementary Video 3). 

In particular, the cytoplasmic end of TM6 in rhodopsin is shifted inward by approximately 8 

Å relative to that of TM6 seen in the Gs-bound β2AR complex or in the Gs-bound class B 

GPCR structures (Extended Data Fig. 5a–d). Correspondingly, the α5-helix of Gαi is rotated 

20° away from TM6 towards helix 8 and forms a capping interaction with the N-terminal 

dipole of helix 8 (Fig. 3a, b). Compared to the straight α5-helix in Gαi, the α5-helix in Gαs 

is slightly kinked (Fig. 5d), which allows the C terminus of this helix to orient away from 

helix 8 towards TM6 of rhodopsin. Accompanying the 20° rotation of the α5-helix between 

Gαi and Gαs is a rigid body rotation of the Gi heterotrimer, which displays rearrangements 

up to 16 Å in the areas of the Gαi N-terminal end and Gγ subunits (Fig. 5e, f). The observed 

differences between binding of Gi and Gs to their receptors are in good agreement with a 

model of the rhodopsin–Gi complex that resulted from experimental DEER distance 

mapping28. On the basis of these structural observations, we reason that the conformational 

difference in the TM6 between rhodopsin and β2AR is one of the major determinants for the 

coupling specificity of Gi and Gs in the two receptors. This movement of TM6 upon 

activation is a general theme in seven-helix transmembrane receptors, and was originally 

observed in cryo-EM studies of light-induced conformational changes in the proton pump 

bacteriorhodopsin38,39.

An additional cause of the coupling specificity of Gi and Gs between rhodopsin and β2AR 

may reside in the regions of the TM5–α4-helix interface (Extended Data Fig. 5e, f). 

Superposition of Gs and Gi in the two receptor complexes reveals a steric collision between 

the extended TM5 of β2AR and α4-helix of Gαi, consistent with the involvement of this 

region in receptor coupling specificity40,41.
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Structural comparison of our nucleotide-free Gi complex with the GDP-bound inactive Gi 

complex also reveals an interesting mechanism of rhodopsin-mediated Gi activation 

(Extended Data Fig. 6a). Upon binding to rhodopsin, the α5-helix was rotated by 90° and 

extended by two additional helical turns into the rhodopsin cytoplasmic pocket (Extended 

Data Fig. 6b), which resulted in conformational changes in the loop between β6 and α5-

helix, a key structural element of the GDP-binding pocket. This conformational change leads 

to a movement of α1-helix into the GDP-binding pocket, thus expelling the GDP from its 

pocket (Extended Data Fig. 6c, d). The release of GDP from Gαi induces separation of the 

Gαi Ras domain from its AHD, the conformation of which was captured by the Fab 

fragment as observed in our structure. The mechanism of rhodopsin-mediated Gi activation 

is similar to that of β2AR-mediated Gs activation14,42,43, suggesting a common mechanism 

of GPCR-mediated G protein activation.

To gain further insight into differential conformational dynamics of TM6 between active 

rhodopsin and β2AR, we performed all-atom mollified adaptive biasing potential (mABP) 

simulations of the receptors with the fABMACS software package to accelerate sampling44 

(Extended Data Table 2). By calculating the free energy landscape of TM6 movement 

relative to the receptor transmembrane bundle (Extended Data Fig. 7a, b), these biased 

simulations revealed that the dynamic range of TM6 of rhodopsin is considerably less than 

that of β2AR (Fig. 6a–c). Furthermore, the TM6 of rhodopsin was unable to swing outwards 

to sample conformations comparable to that of β2AR, resulting in steric clashes between 

rhodopsin TM6 and Gs, consistent with the inability of rhodopsin to couple with Gs (Fig. 6c 

and Extended Data Fig. 1b). To extend this mechanism to other class A GPCRs, we 

performed similar simulations for the μ-opioid receptor 1 (μOR1)45, a Gi-coupled receptor, 

and the adenosine A2A receptor (A2AR)20, a Gs-coupled receptor. These simulations also 

revealed that TM6 of μOR1 remained in a more closed conformation, whereas TM6 of 

A2AR favoured an outward conformation (Fig. 6a–c and Extended Data Fig. 7c, d). We note 

however that both Gs coupler simulations were performed in the absence of a complete 

ICL3, whereas both Gi couplers had their ICL3 intact. Additional simulations with ICL3-

truncated Gi couplers revealed no notable differences compared to the full-length receptor 

(Fig. 6b), indicating that their ICL3 was not sufficient to restrict the outward movement of 

TM6. Together, these results suggest that conformational differences in TM6 may represent 

the basis for stratification of GPCRs into distinct conformational groups with respect to the 

coupling specificity for Gi or Gs by GPCRs46 (Fig. 6d).

TM6 sequence motif for Gi selectivity

To investigate the basis for the different TM6 dynamics between Gi and Gs coupling GPCRs, 

we performed sequence analysis on TM6, which reveals that Gi- and Gs-coupled receptors 

exhibit distinct, inversely related enrichment patterns for polar and hydrophobic residues at 

the membrane interface (Extended Data Fig. 8a–c). For Gi-coupled receptors, an enrichment 

of polar, often positively charged, residues at TM6.31/34/35 could act to stabilize the 

receptor within the charged lipid head groups thus preventing outward movement of TM6 

(Extended Data Fig. 8c). By contrast, an enrichment of hydrophobic residues found in Gs 

coupling receptors would promote an outward swing of TM6 favouring interactions with the 

hydrophobic lipid tails. In addition, we found another potential selectivity filter at TM6.36 
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where Gi and Gs couplers exhibit differential enrichment of polar/hydrophobic residues. 

Comparison of our Gi-bound rhodopsin to Gs-bound β2AR and miniGs-bound A2AR shows 

that M2536.36 of rhodopsin forms a hydrophobic interaction with L353 of Gαi, whereas 

T2746.36 of β2AR and S2346.36 of A2AR do not appear to interact with the Gs or miniGs 

(Extended Data Fig. 8d–f). Instead these polar residues in Gs-coupled receptors are enriched 

near an extra kink specifically in the TM6 helix of Gs-coupled receptors. We questioned 

whether they may have a role to destabilize TM6 and promote its outward kink. Indeed, 

throughout simulations, both S234 and T274 form extensive hydrogen bonding with the 

kinked TM6 backbone of β2AR and A2AR (Extended Data Fig. 8g). We speculate that the 

polar/non-polar residue distribution in TM6 may contribute to differential conformational 

dynamics of TM6 between Gi- and Gs-coupled receptors.

In summary, our results show that the conformational change, especially the outward 

movement of TM6, is less pronounced for Gi-bound rhodopsin than the corresponding 

movement in the Gs-bound β2AR structure. This conformational difference seems to be the 

key determinant for the different docking of the C-terminal α5-helix between Gαi and Gαs 

into the receptor transmembrane bundle. Energy landscape analysis of a different set of Gi- 

and Gs-coupled receptors also revealed that they have similar profiles to those of rhodopsin 

and β2AR, respectively, with respect to the position of TM6. Sequence analysis reveals that 

the differential swing of TM6 between Gi- and Gs-coupled receptors could be attributed to 

different polar/nonpolar residue distribution in the TM6. Together, these data suggest that 

the basis for Gi- and Gs-coupling selectivity observed in rhodopsin and β2AR is a general 

theme for GPCRs to distinguish between Gi and Gs receptors. Gi-coupled receptors 

represent the largest subgroup of receptors in the GPCR superfamily. On the basis of the 

common features of the positively charged transmembrane bundle of GPCRs and the 

conserved sequences of the α5-helix in Gαi, we expect that the structure of the rhodopsin–

Gi complex will serve as a model for understanding signalling of other Gi-coupled receptors.

Online content

Any Methods, including any statements of data availability and Nature Research reporting 

summaries, along with any additional references and Source Data files, are available in the 

online version of the paper at https://doi.org/10.1038/s41586-018-0215-y.

METHODS

No statistical methods were used to predetermine sample size. The experiments were not 

randomized, and investigators were not blinded to allocation during experiments and 

outcome assessment.

Constructs and expression of human rhodopsin.

Human rhodopsin with four mutations, N2NtermC, E1133.28Q, M2576.40Y and N282ECL3C, 

was cloned into pFastBac vector. To facilitate expression and purification, an N-terminal 8× 

His-sfGFP-BRIL epitope and a TEV protease site were inserted after sfGFP. These 

constructs were expressed in Sf9 insect cells using the Bac-to-Bac Baculovirus system 

(Invitrogen). The cells were infected with baculovirus at 27 °C for 48 h before collection.
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Constructs, expression and purification of Gi heterotrimer.

The heterotrimeirc Gi complex was expressed in Sf9 insect cells (Invitrogen). Human Gαi 

was cloned in pFastbac vector with 6× His-MBP at the N terminus, and the virus was 

prepared using Bac-to-Bac system (Invitrogen). Rat Gβ1 and N-terminal 6× His-MBP 

tagged bovine Gγ2 were cloned into a pFastBac vector. The virus was prepared using the 

Bac-to-Bac system. The cells were infected with both Gαi and Gβγ virus at 27 °C for 48 h 

before collection, and the ratio was determined by small-scale titration experiment. The Gi 

heterotrimer was purified as previously described26.

DEER spectroscopy.

Generation of rhodopsin mutants, expression in HEK293S GnTI− cells, and spin-labelling 

with 1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl) Methanethiosulfonate (MTSSL, 

Toronto Research Chemicals) was as previously described47. For DEER measurements, 

spin-labelled rhodopsin mutants bound to a 1D4-antibody (MA1–722, ThermoFisher)-

conjugated column were thoroughly washed and complexed with Gi heterotrimer or with the 

Gi-Fab_G50 complex in 20 mM HEPES, pH 7.2, 100 mM NaCl, 0.02% n-dodecyl-β-D-

maltopyranoside (DDM), 0.004% cholesteryl hemisuccinate (CHS) and 5 μM ATR under 

yellow (>500 nm) light illumination on ice. The entire rhodopsin–Gi or rhodopsin–Gi–

Fab_G50 complex was then further washed and eluted from the 1D4 column with 20 mM 

HEPES, pH 7.2, 100 mM NaCl, 0.1% digitonin, 150 μM 1D4 peptide and 5 μM ATR. The 

eluate was concentrated, and 20% (v/v) deuterated glycerol was added. The complexes were 

added to quartz capillaries (1.5 mm inner diameter and 1.8 mm outer diameter) and flash-

frozen using a dry ice/ethanol bath. The capillaries 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. For the four-pulse DEER experiment used here, a 

32-ns π-pump pulse was applied to the low field peak of the nitroxide field-swept spectrum, 

and the observer π/2 (16 ns) and π (32 ns) pulses were positioned 50 MHz (17.8 G) upfield, 

which corresponds to the nitroxide centre line. Distance distributions were obtained from the 

raw dipolar evolution data using the LabVIEW (National Instruments) ‘LongDistances’ 

program, developed by C. Altenbach, which can be downloaded from http://

www.biochemistry.ucla.edu/Faculty/Hubbell/.

Phage display selections.

Avi-tagged heterotrimeric Gi was used for biopanning during selection. The Gi construct has 

an Avitag on the N-terminal end of the gamma subunit (Gγ). The Avitag was biotinylated in 

vivo in Sf9 cells by co-expression of the biotin ligase BirA in presence of supplemented D-

biotin. Pull-down experiments on Streptavidin magnetic beads showed quantitative 

biotinylation of the trimeric complex used in selection. Phage display selection was 

performed according to published protocols48. In brief, in the first round, 200 nM of target 

was immobilized on 250 μl magnetic beads. Then, 100 μl of a phage library49 containing 

1012–1013 virions were added to the Streptavidin beads and incubated for 30 min. The 

resuspended beads containing bound virions were washed extensively and then used to 

infect freshly grown log phase Escherichia coli XL1-Blue cells. Phages were amplified 

overnight in 2xYT media (Fisher Scientific) with 50 μg ml−1 ampicillin and 109 p.f.u. ml−1 
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of M13-KO7 helper phage. To increase the stringency of selection, three additional rounds 

of sorting were performed with decreasing the target concentration in each round (second 

round: 50 nM, third round: 10 nM and fourth round: 10 and 5 nM) using the amplified pool 

of virions of the preceding round as the input. Sorting from the second to fourth rounds was 

done on a Kingfisher instrument. From the second to fourth rounds, the targets were 

premixed with the amplified phage pool and then Streptavidin beads were added to the 

mixture. From the second round onwards, the bound phages were eluted using 0.1 M 

glycine, pH 2.7. This technique often risks the elution of non-specific and Streptavidin 

binders, which tend to overpopulate the amplified phage pool thereby reducing the chance to 

obtain the desired specific clones. To eliminate them, the precipitated virions from the 

second round onwards were negatively selected against 100 μl of Streptavidin beads. The 

pre-cleared phage pool was then used as an input for the selection.

Single-point phage ELISA.

All ELISA experiments were performed in 96-well plates coated with 50 μl of 2 μg ml−1 

neutravidin in Na2CO3 buffer, pH 9.6 and subsequently blocked by 0.5% BSA in PBS. A 

single-point phage ELISA was used to rapidly screen the binding of the obtained Fab 

fragments in phage format. Colonies of E. coli XL1-Blue harbouring phagemids were 

inoculated directly into 500 μl of 2xYT broth supplemented with 100 μg ml−1 ampicillin and 

M13-KO7 helper phage. The cultures were grown at 37 °C for 16–20 h at 280 r.p.m. in a 96-

deep-well block plate. Culture supernatants containing Fab phage were diluted tenfold in 

PBST buffer. After 15 min of incubation, the mixtures were transferred to ELISA plates that 

were incubated with 50 nM biotinylated trimeric Gi1 in experimental wells and with buffer 

in control wells for 15 min. The ELISA plates were incubated with the phage for another 15 

min and then washed with PBST. The washed ELISA plates were incubated with 

horseradish perixoidase (HRP)-conjugated anti-M13 mouse monoclonal antibody (ab50370, 

Abcam,1:5,000 dilution in PBST) for 30 min. The plates were again washed, developed with 

TMB substrate and then quenched with 1.0 M HCl, and the absorbance at 450 nm was 

determined. The background binding of the phage was monitored by the absorbance from 

the control wells.

Sequencing, cloning, overexpression and purification of Fab fragments.

From phage ELISA, clones (selected based on a high ratio of ELISA signal of target binding 

to background) were sequenced at the DNA Sequencing Facility at the University of 

Chicago. Unique clones were sub-cloned in pRH2.2, an IPTG inducible vector for 

expression of Fabs in E. coli. E. coli BL21 (Gold) cells were transformed with sequence-

verified clones of Fab fragments in pRH2.2. Fab fragments were grown in 2xYT media with 

100 μg ml−1 ampicillin at 37 °C for 2–2.5 h, during which A600 nm reached 0.6–0.8, induced 

with 1 mM IPTG and grown for a further 4.5 h at 37 °C. Harvested cells were kept frozen at 

−80 °C until use. Frozen pellets were re-suspended in PBS supplemented with 1 mM PMSF, 

and 1 μg ml−1 DNase I. The suspension was lysed by ultrasonication. The cell lysate was 

incubated at 65 °C for 30 min to eliminate of any undesired proteolysed fragments of the 

Fab produced during overexpression. Heat-treated lysate was then cleared by centrifugation, 

filtered through 0.22 μm filter and loaded onto a HiTrap MabSelect SuRe 5-mL column pre-

equilibrated with lysis buffer (20 mM phosphate buffer, pH 7.5, 500 mM NaCl). The column 

Kang et al. Page 9

Nature. Author manuscript; available in PMC 2021 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was washed with 10 column volumes of lysis buffer followed by elution of Fab fragments 

with elution buffer (0.1 M acetic acid). Fractions containing protein were directly loaded 

onto a Resource S 1-mL column pre-equilibrated with buffer A (50 mM sodium acetate, pH 

5.0) followed by washing with 10 column volumes wash with buffer A. Fab fragments were 

eluted with a linear gradient 0–50% of buffer B (50 mM sodium acetate, pH 5.0, 2.0 M 

NaCl). Affinity and ion-exchange chromatography were performed using an automated 

program on ÄKTA explorer system. Purified Fab fragments were dialysed overnight against 

20 mM HEPES, pH 7.4, 150 mM NaCl. The quality of purified Fab fragments was analysed 

by SDS–PAGE.

Rhodopsin–Gi–Fab complex formation and purification.

Sf9 cell pellets infected with virus containing rhodopsin were lysed in 20 mM HEPES, pH 

7.2, 10 mM NaCl, and 10 mM MgCl2. The supernatant was centrifuged at 160,000g for 30 

min to collect the membranes. The membranes were washed by homogenization in 20 mM 

HEPES, pH 7.2, 1 M NaCl and 10 mM MgCl2, and then was collected by centrifugation at 

160,000g for 30 min.

The rhodopsin–Gi complex was formed in membranes as described previously15. The 

washed membranes were re-suspended in 20 mM HEPES, pH 7.2, 100 mM NaCl, 10% 

glycerol, and 5 μM ATR. For 1 l of rhodopsin cell pellets, 6 mg of Gi 10 mg Fab_G50 and 1 

U of apyrase were added. The sample was incubated overnight at 4 °C. The membranes 

were then solubilized in 20 mM HEPES, pH 7.2, 100 mM NaCl, 10% glycerol, 0.5% DDM 

(Anatrace), 0.1% cholesteryl hemisuccinate (CHS), and 5 μM ATR for 2 h at 4 °C. The 

supernatant was isolated by centrifugation at 160,000g for 1 h, and then was incubated with 

TALON IMAC resin (Clontech) for 3 h at 4 °C. After binding, the resin was washed with 10 

column volumes of 20 mM HEPES, pH 7.2, 100 mM NaCl, 0.02% DDM, 0.004 CHS, 50 

mM imidazole and 5 μM ATR. The buffer was exchanged to 20 mM HEPES, pH 7.2, 100 

mM NaCl, 0.1% digitonin and 5 μM ATR. The protein was then treated overnight with His-

tagged TEV protease (made in-house) on column. The complex sample was eluted with 20 

mM HEPES, pH 7.2, 100 mM NaCl, 0.1% digitonin, 50 mM imidazole and 5 μM ATR. The 

rhodopsin–Gi–Fab complex sample was concentrated and loaded onto Superdex S200 

10/300 GL column with running buffer 20 mM HEPES, pH 7.2, 100 mM NaCl, 0.1% 

digitonin and 5 μM ATR; the fractions for the monomeric complex were collected and 

concentrated individually for electron microscopy experiments.

Negative-stain analysis of rhodopsin–Gi–Fab complex.

Protein samples were applied to a freshly glow-discharged carbon coated copper grid and 

allowed to adhere for 10 s before being reduced to a thin film by blotting. Immediately after 

blotting, 3 μl of a 1% solution of uranyl formate was applied to the grid and blotted off 

directly. This was repeated three times. Data were acquired using a Tecnai Spirit 

transmission electron microscope operating at 120 kV. Images were processed using Relion 

2.150.

Kang et al. Page 10

Nature. Author manuscript; available in PMC 2021 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cryo-EM data acquisition.

A droplet (2.75 μl) of purified rhodopsin–Gi–Fab complex at a concentration of about 9 mg 

ml−1 was applied to a glow-discharged holey carbon grid (Quantifoil R1.2/1.3, Au 300 

mesh), and subsequently vitrified using a Vitrobot Mark IV (FEI Company). Cryo-EM data 

were collected on a Titan Krios microscope using a K2 camera positioned post a GIF 

quantum energy filter, with a slit width of 20 eV. Micrographs were recorded in super-

resolution mode at a magnified physical pixel size of 1.074 Å, with defocus values ranging 

from −1.3 to −3.0 μm. The total exposure time was set to 6 s with intermediate frames 

recorded every 0.2 s, resulting in an accumulated dose of about 60 electrons per Å2 and a 

total of 30 frames per movie stack.

Image processing and structural refinement.

In the initial phase of processing, unbinned image stacks from 19,368 K2 movies were 

corrected for drift and for beam-induced motion by alignment using cross-correlation as 

implemented in Unblur51. Dose-corrected integrated frames were used for subsequent image 

processing. Particles were automatically picked using RELION 2.150 using 6 projection 

image references, generated by applying 2D classification on 1,000 manually picked 

particles. CTFFIND4 was used for CTF estimation52. Next, a set of 1.65 million particles 

were extracted from the 14,464 integrated frames displaying Thon rings extending beyond 

4.5 Å. The extracted particle images were normalized, and subjected to 50 rounds of both 

iterative 2D classification (regularization parameter T = 2) and 3D classification (T = 4). 

Uninterpretable, sparsely populated, or poorly defined classes were discarded at both stages 

leaving behind approximately 227 k particles for further 3D processing (Extended Data Fig. 

3). A coarse initial model was generated using the 3D initial model generation module in 

RELION and the model was refined until convergence was achieved. Density maps were 

corrected with a B-factor of −217 and ‘gold-standard’ Fourier shell correlation (FSC) 

resolution plots were calculated with a soft shape mask applied to independent, unfiltered 

half-maps resulting from the processing.

The crystal structure of human rhodopsin (PDB code 4ZWJ) and G protein complex (PDB 

code 1GG2) were used as initial models for model rebuilding and refinement against the 

electron microscopy map. All models were docked into the electron microscopy density map 

using Chimera53, followed by iterative manual adjustment in COOT54, fragment-based 

refinement with Rosetta55, and real space refinement using Phenix programs56. The model 

statistics was validated using MolProbity57. Structural figures were prepared in Chimera and 

PyMOL (https://pymol.org/2/). The final refinement statistics are provided in Supplementary 

Table 3. The extent of any model overfitting during refinement was measured by refining the 

final model against one of the half-maps and by comparing the resulting map versus model 

FSC curves with the two half-maps and the full model.

In-cell disulfide bond cross-linking.

The open-reading frames of mini-Gi with an N-terminal Flag tag and full-length rhodopsin 

with a C-terminal haemagglutinin (HA) tag were cloned into pcDNA6. Cysteine mutations 

(E28C for miniGi and N145C or F146C for rhodopsin) were systematically introduced in 

these two DNA vectors. AD293 cells were split 1 day before transfection at 50,000 cells per 
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well in a 24-well plate. Cells were grown for 1 day, then transfected with 100 ng rhodopsin 

constructs (pcDNA6-rho-3HA) plus 100 ng Gi plasmid (pcDNA6–3xFlag-miniGi), 100 ng 

pcDNA6-Gβ, and 100 ng pcDNA6-Gγ by Lipofectamine 2000 (DNA:Lipofectamine 2000 

ratio of 1:2) in each well. Cells were grown for 2 days after transfection, and were then 

treated at room temperature with H2O2, which was freshly diluted in the cell culture medium 

to a final concentration of 1 mM. After 5 min of treatment with H2O2, the medium was 

aspirated and 100 μl of CelLytic M (Sigma C2978) were added to each well and the plate 

was shaken for 10 min at room temperature. Cell lysates were transferred to a 1.5 ml tubes, 

spun at 18,000g at 4 °C for 5 min. The supernatants (10 μl) were mixed with an equal 

volume of 2× SDS loading buffer (without reducing agents) for 5 min at room temperature, 

and loaded onto a protein gel for western blot analysis. HRP-conjugated anti-Flag (A8592, 

Sigma) and anti-HA (H3663, Sigma) antibodies were used to probe for free and cross-linked 

miniGi and rhodopsin proteins.

Gαi-mediated ERK activation assay and cAMP accumulation assay.

AD293 cells were plated at a density of 5 × 104 per well in 24-well plates 1 day before 

transfection. Cells were then transiently transfected using Lipofectamine 2000 reagent (Life 

Technologies) with 50 ng cDNA encoding GPCR, 200 ng luciferase reporter construct 

containing an ERK response element (SRE) or cAMP response element (CRE), and 10 ng 

TK-Renilla at a Lipofectamine 2000 reagent:DNA ratio of 2:1. ERK activation or cAMP 

accumulation was detected using the Dual-luciferase reporter assay system from Promega 

according to the manufacturer’s instructions using an EnVision plate reader (Perkin Elmer). 

Renilla luciferase was used for normalization. All experiments were performed in triplicate, 

with each well transfected independently.

Molecular dynamics simulation setup and equilibration.

Molecular dynamics simulations of two Gi couplers, rhodopsin (PDB code 3PQR) and 

mOR1 (PDB code 5C1M), and two Gs couplers, β2AR (PDB code 4LDE) and A2AR (PDB 

code 5G53), were initiated from structures in the active (S4) conformation as described 

previously58. All receptors selected met the following inclusion criteria: a fully active, 

agonist-bound receptor in complex with a peptide, nanobody, or engineered G protein, and 

free of any ICL3 fusion that may influence the conformational state of the receptor.

Each receptor was prepared for simulations as follows. Crystallization partners and 

heteroatoms, with exception of agonists bound within the orthosteric binding site and 

palmitoylated cysteine residues on helix 8, were removed. Thermostabilizing and non-native 

mutations were reverted back to their wild-type residue and missing residues not within 

ICL3 were modelled and subjected to 5,000 rounds of ‘very_slow’ loop refinement assed by 

DOPE scoring using Modeller 9.1759. Palmitoyl groups on helix 8 were then added and 

protonation states for active receptors were assigned based on previous publications45,60,61. 

The resulting complexes were capped with neutral acetyl and methylamine groups and 

embedded into a pre-equilbirated palmitoyl-oleoyl-phosphatidylcholine (POPC) lipid 

bilayer, solvated in a box of TIP3P waters allowing for 14 Å of padding on all sides with 

150 mM NaCl, and neutrailized by removing appropriate ions or counter ions using the 

Desmond system builder within Maestro (Schrödinger Release 2018–1: Maestro, 
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Schrödinger, LLC, New York, 2018). Full details for each system can be found in 

Supplementary Table 1.

All-atom atmospheric simulations were performed using GROMACS5.0.6 with the 

CHARMM36m force field and periodic boundary conditions62. Ligand parameters were 

generated by SwissParam63. Before production simulations, 50,000 steps of energy 

minimization were performed, followed by equilibration in the canonical (NVT) and 

isothermal–isobaric (NPT) ensembles for 10 and 50 ns, respectively, with positional 

restraints (1,000 kJ mol−1 nm−2) placed on backbone atoms. Temperature was maintained at 

310 K using the v-rescale method with a coupling time of 0.1 ps and pressure was 

maintained at 1 bar using the Berendsen barostat with a coupling time (tp) of 1.0 ps and 

compressibility of 4.5 × 10−5 bar−1 with a 2 fs timestep64.

Mollified adaptive biasing potential simulations.

To calculate the free energy landscape of TM6 movement relative to the transmembrane 

bundle of the receptor, we used mABP with overfill protection using fABMACS65,66. A 

centre-of-geometry (COG) distance collective variable was introduced into fABMACS and 

two collective variables were defined: COG distance between select TM6 (6.27–6.42) and 

TM1/2 (1.50–1.59 and 2.39–2.48) Cα atoms, and COG distance between select TM6 and 

TM3/4 (3.45–3.55 and 4.39–4.47) Cα atoms (Extended Data Fig. 7). The collective variable 

space was discretized into a 480 × 480 grid with ranges of 0 to 50 Å for a bin width of 0.10 

Å. Biasing parameters were b = 0.8, c = 0.01/δt, α = 10, and a maximum fill level of 30 kJ 

mol−1. Simulation parameters for mABP simulations were the same as those used during 

NPT equilibration except the Parrinello–Rahman barostat with a 5.0 ps coupling time was 

used. To prevent unwanted transitions away from the active conformation of the receptors, 

the NPXXY tyrosine was held in an active conformation and TM7 was restrained using 

Urey–Bradley harmonic potentials between residues 7.42–7.53, in which angles and 

distances were derived from the equilibrated structure and residues i, j, k of the potential 

were i, i + 2, i + 4. Simulations without TM7 restraints saw quick transitions towards 

receptor inactivation, consistent with prior long time scale simulations67 (data not shown). 

For simulations in which ICL3 was truncated or not resolved, backbone distance restraints 

were placed on the last four residues to prevent helical unwinding. Independent mABP 

production simulations for each receptor were run in duplicate for approximately 12 μs in 

total. Throughout the simulations, the instantaneous boost was recorded for each recorded 

frame allowing for the generation of weighted histograms. Simulation analysis was 

performed using MDTraj 1.7.2 and VMD 1.9.21,7. Plots were generated using the R 

statistical package.

Reporting summary.

Further information on experimental design is available in the Nature Research Reporting 

Summary linked to this paper.

Data availability.

All data and source code are available upon request.
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Extended Data

Extended Data Fig. 1 |. Purification, characterization and cryo-EM images of the Rho–Gi–Fab 
complex.
a, Representative elution profile of the purified Rho–Gi–Fab_G50 complex on Superdex 200 

10/300 gel filtration. b, SDS–PAGE analysis of the complex after gel filtration. c, The 

inability of rhodopsin to stimulate the Gs-mediated signalling as assayed by the cAMP-

driven luciferase reporter assays. The glucagon-like peptide 1 receptor (GLP-1R) shows 

stronger Gs-meditated signalling with the agonist GLP-1 (n = 3 independent experiments). 

Data are mean ± s.d. d, An overall view of rhodopsin showing the three intramolecular 

distances between two nitroxide N–O bonds based on the models of the R1 nitroxide pairs 

Y74R1-Q225R1, Y74R1-R252R1 and Y74R1-M308R1, respectively (Y742.41, Q2255.60, 

R2526.35, M3087.55; superscripts denote Ballesteros–Weinstein numbering). R1 side-chain 

modelling details have been described previously27. e, Similar DEER distance distributions 
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of TM6 and TM7 to TM2 of rhodopsin bound to Gi and Gt. f, Time domain data of DEER 

measurements.

Extended Data Fig. 2 |. Cryo-EM images and single-particle analysis of the Rho–Gi–Fab 
complex.
a, Representative cryo-EM micrograph of Rho–Gi–Fab complex. Examples of particle 

projections are circled. b, Reference-free two-dimensional class averages of the complex in 

digitonin micelles. c, Half-map Fourier shell correlation (FSC) plots as produced by 

RELION with the mask used shown as an inset. d, FSC curve of model versus the full map, 

as well as FSC curves obtained for a model refined against a half-map and compared to the 

two half-maps as well as the full model. The r.m.s.d. between the model refined against half-

map and compared to the full map, and the one refined against the full map is 0.984 Å, and 

their corresponding FSCs against the final map show a resolution difference at the 0.5-cutoff 
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of approximately 0.1 Å. e, Particle classification and refinement. f, Local resolution map of 

the rhodopsin–Gi complex.

Extended Data Fig. 3 |. Electron microscopy density map of rhodopsin–Gi complex.
a–c, Three views of the electron microscopy density map of the rhodopsin–Gαi interface. d, 

Electron microscopy density map of all rhodopsin transmembrane helices and helix 8. e–g, 

An overall view of the rhodoposin–Gαi interface (e), and electron microscopy density map 

for the TM6 of rhodopsin (f) and the α5-helix of Gαi (g).
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Extended Data Fig. 4 |. The rhodopsin–Gi interface and disulfide crosslinking of rhodopsin with 
Gαi.
a, The rhodopsin–Gi interface surrounding the G352 residue of Gαi α5-helix. Not all side 

chains shown are visible in the map but shown here for illustrating their Cα positions to 

facilitate understanding of data in panel b. b, Lack of disulfide crosslinking of G352C of Gi 

with surrounding residues from rhodopsin (compare with d; n = 3 independent experiments). 

c, Interactions at the interface between ICL2 of rhodopsin and αN helix of Gαi. The side 

chains are not visible in the map but shown here for illustrating their Cα positions. d, 

Demonstration that E28C of Gαi can be disulfide cross-linked to rhodopsin residues 

N145CICL2 and F146C ICL2 (n = 3 independent experiments).
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Extended Data Fig. 5 |. Structural comparison of Gi-bound rhodopsin, Gs-bound GLP-1R, and 
Gs-bound CTR, and the role of α4-helix of Gα in receptor selectivity.
a, b, Side and cytoplasmic views of Gi-bound rhodopsin (orange) overlaid with Gs-bound 

GLP-1R (PDB code 5VAI, light blue, black arrows indicate differences in helix positions). c, 

d, Side and cytoplasmic views of Gi-bound rhodopsin (orange) overlaid with Gs-bound CTR 

(PDB code 5UZ7, grey). e, f, Side-by-side comparison of the rhodopsin–Gi complex (e) with 

the β2AR–Gs complex (f). g. An overlay of the rhodopsin–Gi complex with the β2AR–Gs 

complex reveals possible collision of TM5 of β2AR with α4-helix of Gαi.
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Extended Data Fig. 6 |. The mechanism of rhodopsin-mediated Gi activation.
a, b, Superposition of the rhodopsin–Gi complex with the inactive GDP-bound Gi (PDB 

code 1GG2) reveals separation of the AHD from the Ras domain of Gαi (a) and 

conformational changes in the α5-helix (b). c, d, Side-by-side comparison of the GDP-

binding site of the Gαi Ras domain in the inactive GDP-bound Gαi (c) and nucleotide-free 

state Gαi with GDP added for comparison (d).
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Extended Data Fig. 7 |. Collective variables for mABP simulations and free-energy landscapes of 
mABP simulations.
a, To bias movement between TM6 relative to that of the receptor bundle, two centre-of-

geometry (COG) distance collective variables (CVs) were implemented into fABMACS66. 

CV1 and CV2 are COG distances between selected atoms of TM6 to TM1/2 and TM6 to 

TM3/4 respectively. Collective variable atoms for the rhodopsin simulation are highlighted. 

b, COG collective variable formula and the CV1 and CV2 distances. c, Potential energy 

surface reveals that CV1 and CV2 distances are larger in the Gs-coupled receptors (A2AR 

and β2AR) than those in the Gi-coupled receptors (mOR1 and rhodopsin).
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Extended Data Fig. 8 |. Enrichment profiles for Gi and Gs coupling receptors.
a–c, Relative probability of hydrophobic and polar residues for Gi (n = 76) and Gs (n = 25) 

coupling receptors. Residues with relative enrichments over 20% were mapped onto the 

structures of Gs-bound β2AR (b) and Gi-bound rhodopsin (c). GPCR principal coupling was 

previously defined68. d–f, Interaction network of TM6.36 of β2AR, A2AR and rhodopsin 

with the G protein α5-helix. g, Hydrogen bonding between TM3.36 and the backbone of 

TM6.
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Extended Data Table 1 |

Cryo-EM data collection, refinement and validation statistics

#1 Rho-Gi
(EMDB-7517)
(PDB 6CMO)

Data collection and processing

Magnification 45956

Voltage (kV) 300

Electron exposure (e-/Å2) 60

Defocus range (μm) −1.5 to −2.5

Pixel size (Å) 1.074

Symmetry imposed C1

Initial particle images (no.) 1656874

Final particle images (no.) 227386

Map resolution (Å) 4.5

 FSC threshold 0.5

Map resolution range (Å) 3.6–5

Refinement

Initial model used (PDB code)

Model resolution (Å) 4.5

 FSC threshold 0.143

Model resolution range (Å) 80–4.5

Map sharpening B factor (Å2) −217

Model composition

 Non-hydrogen atoms 11835

 Protein residues 1518

 Ligands 2

B factors (Å2)

 Protein 129.9

 Ligand 297.5

R.m.s. deviations

 Bond lengths (Å) 0.004

 Bond angles (°) 1.001

Validation

 MolProbity score 1.23

 Clashscore 4.5

 Poor rotamers (%) 0.2

Ramachandran plot

 Favored (%) 98.67

 Allowed (%) 1.33

 Disallowed (%) 0
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Extended Data Table 2 |

GPCR simulation systems used in the current study

Receptor 
(Coupling) rhodopsin (Gi/t) μ-opioid receptor 1 

(Gi)
β2 adrenergic 
receptor (Gs)

adenosine A2A 
receptor (Gs)

PDB (resolution) 3PQR (2.85 Å) 5C1M (2.10 Å) 4LDE (2.79 Å) 5G53 (3.40 Å)

Crystallization 
Partner Gt peptide nanobody nanobody mini Gs

Ligand ATR (agonist) BU72 (agonist) BI167107 (Agonist) NEC (agonist)

System Size

77.2 Å × 77.2 Å × 
97.0 Å; 10,610 

waters; 128 POPC; 
54,353 atoms total

79.1 Å × 79.1 Å × 
93.3 Å; 10,347 

waters; 135 POPC; 
54,171 atoms total

81.1 Å × 81.1 Å × 
89.2 Å; 10,198 

waters; 143 POPC; 
54,557 atoms total

90.2 Å × 90.2 Å × 89.7 
Å; 12,720 waters; 191 
POPC; 68,568 atoms 

total

Protonated 
Residues

D832.50, E1133.28, 
E1223.37, E1343.49 D1162.50 D792.50, E1223.41, 

D1303.49 D522.50,D1013.49

Palmitoylation C322, C323 C341

Simulations
Sim 1: 0.89 μs
Sim 2: 0.90 μs
Sim 3t: 1.00 μs

Sim 1: 0.98 μs
Sim 2: 0.98 μs
Sim 3t: 1.00 μs
Sim 4t: 1.00 μs
Sim 5t: 1.00 μs

Sim 1: 1.00 μs
Sim 2: 1.00 μs

Sim 1: 1.00 μs
Sim 2: 1.00 μs

Simulations marked with a superscript ‘t’ indicate truncation of a crystallographically resolved ICL3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Assembly of the rhodopsin–Gi protein complex.
a, Schematic illustration of G-protein-mediated GPCR signalling by the four types of G 

protein. Light-activated rhodopsin is specifically coupled to the Gi/o/t subtype. b, Gi 

signalling activated by the 4M mutant and wild-type (WT) rhodopsin as measured by a 

serum response element (SRE)-driven luciferase reporter assay (n = 3). Data are mean ± s.d. 

c, Experimental DEER distance distributions of rhodopsin in the presence (red line) or 

absence (black line) of Fab. Y74R1-Q225R1, Y74R1-R252R1 and Y74R1-M308R1 denote 

R1 nitroxide pairs. d, Iso-surface rendering of the cryo-EM density map for the rhodopsin–

Gi–Fab complex.
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Fig. 2 |. The cryo-EM structure of the rhodopsin–Gi complex.
a, b, Orthogonal views of the cryo-EM density map of the rhodopsin–Gi complex, coloured 

by subunits. c, d, Ribbon diagram representation of the structure of the rhodopsin–Gi 

complex.
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Fig. 3 |. The rhodopsin–Gi interface.
a, b, Two views of the binding interface between the α5-helix of the Gαi Ras-like domain 

and the TMD cavity of rhodopsin. c, Rendering of electrostatic surfaces involved in 

interaction of rhodopsin and Gαi, with blue for positively charged regions and red for 

negatively charged regions. d, Sequence alignment of the last 11 residues of the α5-helix 

from different G proteins, with key residues in receptor binding highlighted by colour 

shading.
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Fig. 4 |. Structural comparison of Gi-bound rhodopsin with inactive rhodopsin, arrestin-bound 
rhodopsin, and GαCT-bound rhodopsin.
a, Side and cytoplasmic views of the Gi-bound transmembrane bundle (orange) in 

superposition to the inactive rhodopsin (PDB code 1U19, cyan) and arrestin-bound 

rhodopsin (PDB code 4ZWJ, green). b, Superposition of Gi-bound rhodopsin (orange) with 

GαCT-bound rhodopsin (yellow). Differences in transmembrane domains at the cytoplasmic 

faces are highlighted.
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Fig. 5 |. Structural comparison of Gi-bound rhodopsin with Gs-bound β2AR.
a, b, Side view of the inactive rhodopsin structure (PDB code 1U19, cyan) superposed with 

inactive β2AR (PDB code 2RH1, pink). c, d, Side and cytoplasmic views of Gi-bound 

rhodopsin compared to Gs-bound β2AR (PDB code 3SN6, blue). Notable structural changes 

are seen for the intracellular domains of TM6 with a difference of approximately 8 Å at the 

cytoplasmic end of the helix. The α5 helix of Gαi (green) is rotated 20° away from TM6 

compared to that of Gαs (purple). As indicated, there are differences in the locations of the 

α-helical domains (AHD) of these two G proteins. e, f, Illustration of the 20° rotation of Gαi 

(e) and the 16 Å shift in βγ as compared to the structure of Gs (f).
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Fig. 6 |. TM6 dynamics of Gi- and Gs-coupled receptors.
a, Gi-coupled receptors exhibit a markedly constrained range of motion compared to Gs-

coupled receptors. Comparison of overlapped free energy landscapes truncated at 10 kJ mol
−1 for Gi- and Gs-coupling GPCRs plotted with their collective variables used for mABP 

simulations. CV1 and CV2, collective variables 1 and 2, respectively. b, Weighted TM4.40 

to TM6.27 Cα distance distributions for full-length (simulations 1 and 2) and ICL3-

truncated receptor simulations (simulations 3–5). An asterisk on full-length indicates that 

ICL3 was absent in both Gs couplers. Reference distances for Gi- and Gs-bound states 

(shown as black vertical dashed lines) are taken from the structure reported here and the 

β2AR–Gs protein complex (PDB code 3SN6). For Gi-coupled receptors with and without a 

complete ICL3, the outward movement of TM6 is approximately 6 Å less than that of Gs 

couplers. c, Representative snapshots of the most probable TM6 position taken from the first 

simulation replicate, overlapped with the β2AR–Gs crystal structure. Steric clashed can be 

seen between the TM6 of both Gi couplers and Gs. d, Schematic depicting alternative TM6 
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conformational states as the structural determinants for selective coupling of Gi and Gs. 

TM6 distance ranges were calculated using the structure of inactive rhodopsin (PDB code 

1F88) as a fixed reference point.
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