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Structural insights into G protein activation by D1 
dopamine receptor
Xiao Teng1,2†, Sijia Chen2,3†, Qing Wang2,4, Zhao Chen1,2, Xiaoying Wang2,  
Niu Huang1,2, Sanduo Zheng1,2,3*

G protein–coupled receptors (GPCRs) comprise the largest family of membrane receptors and are the most 
important drug targets. An agonist-bound GPCR engages heterotrimeric G proteins and triggers the ex-
change of guanosine diphosphate (GDP) with guanosine triphosphate (GTP) to promote G protein activa-
tion. A complete understanding of molecular mechanisms of G protein activation has been hindered by a 
lack of structural information of GPCR–G protein complex in nucleotide-bound states. Here, we report 
the cryo-EM structures of the D1 dopamine receptor and mini-Gs complex in the nucleotide-free and 
nucleotide-bound states. These structures reveal major conformational changes in G such as structural 
rearrangements of the carboxyl- and amino-terminal  helices that account for the release of GDP and the 
GTP-dependent dissociation of G from G subunits. As validated by biochemical and cellular signaling 
studies, our structures shed light into the molecular basis of the entire signaling events of GPCR-mediated 
G protein activation.

INTRODUCTION
More than 800 G protein–coupled receptors (GPCRs) in the human 
genome mediate numerous physiological functions by respond-
ing to a wide range of stimuli including light, odors, hormones, 
and neurotransmitters (1, 2). Agonist binding to a GPCR induces 
its conformational changes, which subsequently lead to the engage-
ment of guanosine diphosphate (GDP)–bound G heterotrimer. 
Structural rearrangement of G when bound to GPCR results in the 
exchange of GDP for guanosine triphosphate (GTP) and the disso-
ciation of heterotrimer (3). G proteins are divided into three major 
subfamilies: adenylyl cyclase stimulatory G protein (Gs), adenylyl 
cyclase inhibitory G protein (Gi/o), and Gq/11, on the basis of dis-
tinct downstream signaling pathways (4). Understanding molecular 
mechanisms of G protein activation and selectivity has been the subject 
of intensive research. The first crystal structure of the 2-adrenergic 
receptor (2AR)–Gs complex in the nucleotide-free state revealed 
outward movement of transmembrane (TM5) and TM6  in 2AR 
when coupling to G protein compared with the inactive 2AR, 
which creates a large cytosolic pocket of 2AR (5). The C-terminal 
helix (5) of Gs displaced toward the receptor and inserted into 
the cytosolic pocket of the 2AR. The conformational changes of 
the GPCR–G protein interface allosterically induce structural rear-
rangement of the nucleotide-binding pocket, leading to the separation 
of the -helical domain (AHD) of the G subunit from the Ras-like 
domain (Ras) and the subsequent release of GDP. In complement 
to structural studies, hydrogen/deuterium exchange–mass spec-
trometry (HDX-MS) (6, 7), double electron-electron resonance 
(DEER) spectroscopy (8), and molecular dynamics (MD) studies (9) 
have shown that both the AHD and Ras domain separation and 
the conformational change of the nucleotide-binding pocket caused 

by GPCR–G protein interaction are necessary to promote the 
GDP release.

Since the report of the first crystal structure of the 2AR-Gs com-
plex, an increasing number of structures of the GPCR–G protein 
complex were obtained by single-particle cryo–electron microscopy 
(cryo-EM) (10–12). These are attributable to the use of scaffold 
proteins (5, 13, 14) to stabilize the GPCR–G protein complex and 
modified thermostable G proteins (mini-G) (15), as well as the tech-
nical breakthroughs in cryo-EM (16). However, all of these complex 
structures solved so far are in the nucleotide-free state, which only 
provide a snapshot of a stable intermediate state. The GPCR–G pro-
tein coupling events are obviously highly dynamic and comprise a 
series of intermediate states. A recent crystal structure of 2AR in 
complex with a C-terminal peptide of Gs revealed a different con-
figuration from the 2AR–G protein complex, providing additional 
insights into the molecular basis of G protein selectivity (17). Clear-
ly, it is important to obtain intermediate states of GPCR–G protein 
complex including GDP- and GTP-bound states at atomic level to 
fully understand the molecular mechanisms of G protein selectivity 
and G protein activation. However, instability of the GPCR–G pro-
tein complexes in the nucleotide-bound state makes them intractable 
to structural studies.

Dopamine exerts a variety of physiological functions through 
five distinct G protein–coupled dopamine receptor (DR) subtypes 
(D1R to D5R), including locomotor activity and reward (18–20). 
Dysfunction of the dopaminergic system has been linked to 
Parkinson’s disease and psychiatric diseases. DRs are classified as 
two subfamilies: the D1-like (D1R and D5R) and the D2-like (D2R, 
D3R, and D4R). Although DRs share high sequence similarity in the 
transmembrane region involved in G protein binding, D1-like re-
ceptors couple to Gs, while D2-like receptors couple to Gi/o (Fig. 1A). 
Recently published cryo-EM structures of D1R-Gs and D2R-Gi/o 
with various ligands provided structural insight into ligand recogni-
tion and G protein selectivity (21–25). In this study, to better under-
stand the molecular basis of G protein selectivity and activation, we 
sought to determine the cryo-EM structures of the D1R-Gs complex 
in both nucleotide-free and nucleotide-bound states.
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RESULTS AND DISCUSSION
Structures of the dopamine-bound D1R–mini-Gs complex
To enhance the stability of the D1R-Gs complex and simplify the 
purification process, we created a fusion protein (D1R–mini-Gs) 
where the C terminus of the wild-type human D1R is fused to the N 
terminus of mini-Gs (15), which is an engineered thermostable Gs 
without the AHD domain. We expressed D1R–mini-Gs in Expi293 
cell by transient transfection and purified it by antibody affinity 
chromatography. To assemble the D1R–mini-G protein complex, 
the purified D1R–mini-Gs was mixed with the excess Nb35 (5) 
that has been used to stabilize the GPCR–G protein complex and 
human G12 subunits and further purified to homogeneity by size 
exclusion chromatography (fig. S1A). Structures of the dopamine- 
bound D1R–mini-Gs complex in the nucleotide-free state, GDP-
bound state, and the GTP state were determined at nominal 
resolutions from 3.1 to 4.2 Å (figs. S1 to S5 and table S1). Small 
molecules including dopamine and GDP, except GTP, can be 
unambiguously modeled owing to the excellent quality of the EM 
density map. Because of the high stability of the D1R–mini-Gs 
fusion protein complex and no orientation preference, we were able 
to obtain structures at atomic resolution with around 600 movies. 

Moreover, D1R can form a stable complex with G protein without 
Nb35 (fig. S3, E to H).

The overall arrangement of the D1R–mini-Gs–Nb35 complex 
is largely similar to the previously determined GPCR–Gs protein 
complex (Fig. 1B). The high stability of the D1R-Gs complex may be 
attributed to the more extensive interaction interface between D1R 
and G than that between 1AR and G, including 2.5 helical turns 
of TM5 extension (fig. S2A). When compared to the 1AR-Gs com-
plex, the entire G heterotrimer in the D1R–G protein complex 
is rotated clockwise relative to the receptor (fig. S2, A and B). As a 
result, D312 at the G subunit is in close proximity to K3398.52 at 
helix 8 of D1R, leading to a close contact between G and D1R (fig. 
S2C). The TM5 extension in D1R likely accounts for the distinct 
orientation of the receptor and G protein from the 1AR-Gs com-
plex (25). These findings suggest that the relative orientation of the 
receptor and G protein is very dynamic and may vary during the 
GPCR–G protein coupling cycle.

Plasticity of the ligand-binding site
When comparing our structure with two recently published struc-
tures of dopamine-bound D1R-Gs complex (22, 23), we found that 
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Fig. 1. Structure of the dopamine-bound D1R–G protein complex in the nucleotide-free state. (A) Distinct G protein selectivity of five DRs (D1R to D5R). 
(B) Overall architecture of dopamine-bound D1R–mini-Gs–Nb35 complex. D1R, mini-Gs, G1, G2, and Nb35 are colored in blue, green, cyan, magenta, and yellow, 
respectively. (C and D) Structural superposition of the dopamine-bound D1R-Gs complex structure in this study and dopamine-bound structures of the same 
complex in previous studies in two opposite views. Receptors from three structures are aligned. G1, G2, and Nb35 are omitted for clarity. Conformational changes 
are shown with green arrows. (E) Close-up views of the dopamine-binding pocket. L190 at ECL2 involved in hydrophobic interaction with dopamine is shown as 
stick. cAMP, cyclic adenosine 3′,5′-monophosphate.
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the binding pose of dopamine varied among these structures (Fig. 1, 
C to E). While the binding modes of amine groups of dopamine 
that make salt bridge interaction with D1033.32 (superscript corre-
sponding to the Ballesteros-Weinstein numbering system) are al-
most identical, the catechol ring moves downward. The downward 
movement of the catechol ring in the binding pocket is accompa-
nied by an upward shift of the entire G and the second intracel-
lular loop (ICL2), and the inward movement of TM5 (Fig.  1, C 
and D). In our structure, S1985.42 makes strong hydrogen bonds 
with both hydroxyl groups of catechol, and the para hydroxyl group 
is more distant from and engages weaker hydrogen bond interac-
tions with both S2025.46 and T1083.37 compared with the previously 
reported structure [Protein Data Bank (PDB) ID: 7CKZ] (Fig. 2A) 
(23). The downward movement of the catechol ring makes the para 

hydroxyl group close to the S2025.46 and T1083.37 in TM5 (Fig. 2A), 
allosterically leading to further inward movement of TM5 and the 
upward shift of ICL2 and G protein (Fig. 1, C and D). L190 at ECL2 
moves in the same direction as dopamine, suggesting that it plays 
an important role in dopamine binding (Fig. 1E). The functionally 
equivalent residue of L190 in D2R is I184, which neighbors L190 and 
is located above dopamine when aligning two structures (fig. S2D). 
The different binding pose of the same ligand has also been observed 
between two D2R-Gi complex structures determined in micelle and 
lipid environment, respectively (21, 24). Moreover, the conforma-
tions of the receptor–G protein interface and the agonist-binding 
pocket of D1R–mini-Gs–Nb35 in the GDP-bound state are almost 
identical to that in the nucleotide-free state (Fig. 2, B and C). How-
ever, in the absence of Nb35, the conformations of the receptor–G 
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Fig. 2. Molecular determinants of the G protein selectivity by DRs. (A) Comparison of the binding pose of dopamine between our structure and the previously deter-
mined structure in the nucleotide-free state (PDB ID: 7CKZ). (B) Structural overlay of the D1R–mini-Gs–Nb35 complex without nucleotide bound (cyan), the GDP-bound 
D1R–mini-Gs–Nb35 (red), and the GDP- (green) and GTP-bound D1R–mini-Gs complex (blue) in the absence of Nb35 with D1R aligned. G12 and Nb35 are omitted for 
clarity. (C) Close-up views of the dopamine-binding pocket. (D) cAMP accumulation assay of D1R and D1R mutants activated by dopamine. P values were obtained by 
two-tailed Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). ND, not determined due to no response; ns, not significant; WT, wild type. (E) A2215.65 of 
the receptor engages hydrophobic interactions with L388, L393, and L394 at the 5 of G. (F) Detailed interactions between the TM5 extension and Gs. (G) Sequence 
alignment of the C-terminal part of TM5 from several Gs-coupled receptors and Gi/o-coupled receptors.
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protein interface comprising ICL2 of the receptor and N, 5, and 
the 2-3 loop in the GDP-bound D1R–mini-Gs complex change, 
which results in a distinct binding pose of dopamine (Fig. 2, B and C), 
suggesting that Nb35 binding allosterically influences the confor-
mation of the agonist-binding pocket. Consistent with the dynamic 
nature of GPCR signaling complexes (10), the ligand-binding pose 
in the GTP-bound D1R–mini-Gs complex is different from that 
in the GDP-bound complex, which is also attributed to the distinct 
conformation of the receptor–G protein interface (Fig. 2, B and C). 
Despite distinct binding poses of dopamine among different struc-
tures, a similar set of residues are involved in binding dopamine. 
The mutation of these residues such as D1033.32, S1073.36, T1083.37, 
S1985.42, S2025.46, and L190ECL2 involved in binding dopamine sig-
nificantly reduces potencies of dopamine in Gs coupling (Fig. 2D). 
Together, these structural observations further support the allosteric 
communication between G protein coupling and the agonist-binding 
pocket (26) and suggest that the conformation of the agonist-binding 
pocket varies depending on the conformation of the receptor–G 
protein interface that may change during the nucleotide-exchange 
process or through interaction with different downstream effectors.

The importance of the C-terminal part of TM5 in determining 
G protein specificity
The important role of ICL2, especially the hydrophobic residue at 
position 34.51, in determining Gs coupling selectivity has been well 
studied (23, 27, 28). In this work, we focus on the other regions that 
contribute to G protein selectivity of DRs. Most of the residues in 
TM3 and ICL2 involved in interactions with Gs are conserved in 
D2R (fig. S2, E and F). Notably, different residues are located at the 
C-terminal part of TM5 including the TM5 extension (Fig. 2, E to G). 
For example, A2215.65 projects into a hydrophobic pocket formed 
by L(-7), L(-2), and L(-1) of 5 in Gs (-1 represents the last residue 
of Gs) (Fig. 2E). While most Gs-coupled GPCRs prefer hydrophobic 
residues with smaller side chains including valine and alanine than 
leucine at the equivalent position of A2215.65, Gi-coupled GPCRs 
can accommodate a variety of hydrophobic residues including 
leucine (Fig. 2G). The substitution of A2215.65 to valine in D1R has 
little influence on the potency of dopamine, whereas substitution 
into leucine results in a significantly reduced potency (Fig. 2D). 
From a structural perspective, A2215.65L mutation likely leads to 
steric clashes with the aforementioned hydrophobic pocket of 5 in 
Gs because of their close distance. In addition, three hydrophobic 
residues including I2255.69, I2285.72, and L2315.75 are located at the C 
terminus of TM5 and form extensive hydrophobic interactions with 
the Ras domain of Gs (Fig. 2F). The three equivalent residues are 
hydrophobic residues in most Gs-coupled GPCRs, whereas at least 
one of the three equivalent residues in Gi-coupled GPCRs is a charged 
residue including lysine or arginine (Fig. 2G). Mutations of I2255.69 
into charge residues significantly impair the potency of dopamine, 
and the effect of I2285.72 or L2315.75 mutation is modest (Fig. 2D). 
The charged residues are particularly enriched in the C terminus of 
TM5 in Gi-coupled receptors and have been shown to be critical for 
Gi coupling (29). The important roles of A/V5.65 and I2255.69 in de-
termining Gs selectivity were further verified using NanoBiT-based 
assay, which can directly assess effects of these mutations on 
interactions between D1R and Gs (fig. S2, G and H). Moreover, the 
coupling efficiency between D2R and Gs is markedly enhanced 
when the ICL3  in D2R including the A/V5.655.69motif ( rep-
resents hydrophobic residues) is substituted by that in D1R (fig. S2I). 

Similarly, Gi-coupled 2-adrenergic receptor acquires the ability to 
activate Gs by replacing its ICL3 with that of the 2AR (30). Collec-
tively, these results indicate that the A/V5.655.69motif in TM5 is 
predominant in Gs-coupled receptors and plays an important role 
in determining Gs selectivity.

Structural basis for the GDP release upon  
G protein activation
Structures of GPCR–G protein complexes in the nucleotide-free 
state have shown that receptor binding to Gs allosterically induces 
conformational changes of the 5-6 loop, 1 and P loop of the 
nucleotide-binding site in G, and the separation of the AHD from 
the Ras domain, which are critical for receptor-mediated nucleotide 
release (10, 31). However, it is yet to be determined the conforma-
tional steps of G protein activation and which regions are the major 
determinants for the initial release of GDP (32). To answer these 
questions, we sought to determine the structure of the D1R–mini-G 
protein complex in the presence of GDP. The overall structure of 
the GDP-bound D1R complex in the presence of Nb35 is similar to 
that of the D1R–mini-G protein complex in the nucleotide-free state 
(Fig. 3A and fig. S3, A to D). To rule out the possibility that Nb35 
restricts the conformational change of the complex caused by GDP 
binding, we also determined the structure of the GDP-bound D1R–G 
protein complex without Nb35 (Fig. 3B and fig. S3, E to H). Both 
GDP and Mg2+ are present in the structure of the GDP-bound 
D1R–mini-Gs protein complex with Nb35 (Fig. 3A and fig. S4A) 
and the previously determined structure of the GDP-bound Gs 
heterotrimer (17), while Mg2+ is absent in the structure of the GDP-
bound D1R–mini-Gs protein complex without Nb35 (Fig. 3B). The 
switch II of G undergoes large conformational change in the ab-
sence of Nb35, leading to a roughly 2-Å translational movement of 
the G toward TM5, indicating that Nb35 affects the relative ori-
entation of the receptor and G protein by influencing the conforma-
tion of the switch II (fig. S4, B and C). Since D223 in the switch 
II is involved in coordinating Mg2+ (fig. S4A), the conformational 
change of the switch II in the structure of the GDP-bound D1R 
complex without Nb35 likely disrupts their coordination (fig. S4C), 
accounting for its absence. Previous studies have shown that the 
removal of Mg2+ accelerates the GDP dissociation rate of guanosine 
triphosphatase (GTPase) (33). Therefore, receptor binding to G protein 
induces structural arrangement of the switch II, which disrupts con-
tact of GDP with Mg2+ and is likely to be important for subsequent 
GDP release. Compared to the GDP-bound Gs without receptor 
bound, GDP-bound Gs in D1R-G complex shares common struc-
tural changes with the D1R-G complex in the nucleotide-free state 
in 5 of Gs, which undergoes rotational and translational move-
ment (Fig. 3C). Structural studies of the GPCR–G protein complex 
in the nucleotide-free state suggest that ICL2 binding to the G pro-
tein induces the conformational change of the N-1 hinge region, 
which is propagated to the P loop through 1, and the conforma-
tional change of the P loop results in GDP release (10). However, 
our structure shows that the conformation of P loop and 1 in-
volved in binding of the diphosphate of GDP almost remains in 
place upon receptor binding before GDP release, whereas V367 in 
the 5-6 loop moves away from GDP by about 3 Å because of 
the structural rearrangement of 5 when engaged by the receptor 
(Fig. 3D). Since V367 sandwiches GDP with K293 in G and is 
also involved in interaction between the AHD and the Ras domain 
(Fig. 3E), V367 movement weakens both the interaction between 
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G and GDP and the interaction between the AHD and the Ras 
domain. Previous mutagenesis studies have shown that insertion of 
a flexible linker including five glycine residues but not a rigid - 
helical segment between TCAT/V motif (T/V corresponds to V367 in 
Gs) and 5 blocks the G protein activation by GPCRs (34). This 
flexible linker absorbs the structural change of 5 induced by recep-
tor binding and disrupts the conformational change of V367, which 
eventually prevents GDP release. To further support our structural 
observations, we performed in vitro GTP turnover assay using 
the purified D1R and Gs heterotrimer. As expected, D1R catalyzes 
rapid GDP/GTP exchange on G subunits compared to the Gs 

heterotrimer alone, and the GTP turnover rate of D1R for the V367A 
mutant of Gs is substantially increased (Fig. 3G), underscoring the 
important role of V367 in receptor-induced GDP release. More-
over, another noticeable feature in the structure of the GDP-bound 
complex is the rotational movement of 1 in G (Fig. 3F), which 
possibly plays a key role in the separation of the AHD domain from 
the Ras domain. In the GDP-bound G without receptor bound, 
F376 of 5 engages aromatic interactions with H64 of 1, F212 of 
2, and F219 of 3, and Q59 of 1 makes hydrogen bonds with T369 
of 5 (Fig. 3F). When engaged by F12934.51 in ICL2 of D1R, F376 in 5 
undergoes translational and rotational movement, which disrupts 
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G were omitted for clarity. The Ras domain and AHD in free Gs are colored in gray and wheat, respectively. (D) The receptor induces the conformational change of 5, 
which subsequently leads to the upward movement of V367 at the 5-6 loop. (E) Structural change of V367 influences the interaction between AHD and Ras. (F) The 
conformational change of 5 leads to structural arrangement of 1, which disrupts the interaction between the AHD and the Ras domain. (G) GTP turnover experiments 
of wild-type Gs or mutants induced by D1R receptor. All experiments are repeated in three independent times. Significance is calculated by comparing the wild type and 
mutants at the same time point using two-tailed Student’s t test.
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its aromatic interactions with nearby residues and the hydrogen 
bond between Q59 and T369, leading to the translational move-
ment of F212 and F219 and the rotational movement of H64 and 
Q59 in 1 (Fig. 3F) (35). The movement of Q59 causes a steric clash 
with L198 in AHD, thus destabilizing the AHD-Ras domain inter-
face. The functional importance of F34.51 in ICL2 is shown by a 

mutation to alanine that significantly reduces the GTP turnover 
rate of D1R (Fig. 3G) and almost abrogates GDP release induced by 
2AR (6). Besides, the slower GTP turnover rate of the family B 
glucagon receptor could be attributed to the absence of strong hy-
drophobic interactions between the residue in ICL2 analogous to 
F34.51 in D1R and 2AR, and Gs (36). Furthermore, the steric effect 
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Fig. 4. Structural changes of G upon receptor engagement after the exchange of GDP for GTP. (A) Overall structure of the GTP-bound D1R–mini-Gs complex 
with Nb35 dislodged. (B) Structural overlay of the GDP and GTP-bound D1R–mini-Gs complex without Nb35 bound. Receptors are aligned. The N is tilted 20° toward 
the receptor upon GTP binding. (C and D) Close-up view of conformational changes of the switch II, G, and the N-1 hinge induced by GTP binding. (E) Interface 
of N-G in the GTP-bound D1R–G protein complex. (F) Conformational differences between the GDP- and GTP-bound D1R complex. (G) Disruption of the N-G 
interface abolishes G protein recruitment, as revealed by NanoBiT G protein recruitment assay using D1R-SmBiT and Gs-LgBiT. (H) GTP binding disrupts the hydrogen 
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of Q59 is supported by mutagenesis studies showing that the GTP 
turnover rate of D1R in the Q59L mutant of Gs but not the Q59A 
mutant is markedly increased. This can be explained by the fact that 
although both Q59A and Q59L mutants disrupt the hydrogen bond 
between Q59 in 1 and T369 in 5, alanine fails to mimic the steric 
effect of Q59 because of its smaller side chain. Moreover, T369A 
mutation in Gs has little effect on the GTP turnover rate of D1R 
(Fig. 3G), whereas the equivalent mutation, T329A in Gi, causes 
a notable increase in receptor-independent GDP release (37). 
Together, our results indicate that receptor binding to Gs protein 
induces the rotational movement of Q59 in 1 that causes the sepa-
ration of AHD from Ras and the conformational change of V367 in 
the 5-6 loop that weakens GDP binding, both of which are 
critical for G protein activation. Following GDP release before 
GTP binding, the 1 and 5-6 loop move further toward the 
TM5 of the receptor, while the 5 remains in place (fig. S4D). 
The conformational dynamics of 1 and the 5-6 loop during 
G protein activation are demonstrated by HDX-MS results, 
showing that receptor binding induces an increase in HDX in 
these regions (6).

Structure of GTP-bound D1R–G protein complex
Although the structure of GTP-bound G has provided insight into 
mechanisms of the GTP-dependent dissociation of G from G (38), 
it remains unclear how GTP triggers the dissociation of G proteins 

from receptors. The mini-Gs we used for structure determination 
includes an I372A mutation at 5 that makes the receptor–G pro-
tein complex resistant to GTP-mediated dissociation (39). We spec-
ulate that we may capture a GTP-bound intermediate state before 
the receptor–G protein dissociation. D1R can form a stable complex 
with G protein in the presence of GTP from the two-dimensional 
(2D) classification (fig. S5A). We were able to obtain two different 
structures, one with Nb35 occupied and one with Nb35 dislodged 
after 3D classification (Fig. 4A and fig. S5, B to H). The EM density 
for the triphosphate group of GTP is relatively poor, likely due to 
the low resolution and high flexibility of GTP (fig. S5H). However, 
we can conclude that the switch II in the GTP-bound D1R–mini-Gs 
is closer to the GTP than that in the GDP-bound D1R–mini-Gs 
complex (Fig. 4, B to D). Therefore, the -phosphate of GTP poten-
tially interacts with the switch II of Ras domain and leads to its 
structural arrangement, which subsequently expels the Nb35 (Fig. 4D). 
The conformational change of the switch II arising from GTP bind-
ing causes the movement of G by about 3.8 Å (Fig. 4C). In con-
trast, the N-1 hinge in G moves by only 1 Å because of strong 
hydrophobic interactions between F12934.51 in ICL2 of D1R and 
residues in the N-1 hinge, the 2-3 loop, and 5, which limits 
the movement of the N-1 hinge. As a result, the imbalanced move-
ment of G and the N-1 hinge in G disrupts the interface of N 
and G, such that the N helix of G in the GTP-bound D1R-G 
complex is tilted around 20° toward the receptor compared to that 
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in the D1R-G complex in the nucleotide-free or GDP-bound state 
(Fig. 4B). In contrast, no conformational change of N is observed 
in the structure of the GTP-bound D1R–mini-Gs complex in the 
presence of Nb35 (fig. S5G) and in all other structures of the D1R–
mini-Gs complex with Nb35 bound (Figs. 1B and 3, A and B), 
suggesting that Nb35 restricts the conformational change of N by 
stabilizing the conformation of the switch II. The movement of N 
results in smaller interaction interface between G and G in the 
GTP-bound D1R–G protein complex (Fig. 4E). Moreover, GTP 
binding causes the displacement of H41 in the N-1 hinge and 
F219 in 3 away from 5, enlarging the hydrophobic pocket where 
F129 is inserted and weakening interactions between G and D1R 
(Fig. 4F). The movement of N observed in our structure is con-
sistent with results of fluorescence labeling experiments and HDX-
MS, showing that N underwent large conformational change upon 
interaction with receptors and GTP (6, 28, 40, 41). However, the 
conformational change of N was not captured in previous struc-
tural studies of GPCR–G protein complexes because of the absence 
of nucleotide and the use of Nb35 and scFV16 that stabilize the con-
formation of the switch II loop and the N-G interface, respec-
tively (5, 13). The recruitment of Gs to D1R is completely abolished, 
when N23, I26, E27, and L30  in N are mutated to alanine to 
disrupt the N and G interface (Fig. 4G). Previous studies have 
shown that although N truncations of G reduce the binding 
affinity between G and G, the truncated G could still interact 
with G (42). These data suggest that G contributes to the initial 
G protein coupling to the receptor partially by stabilizing the con-
formation of N. Direct interactions between G and receptors 
that are observed in many structures of GPCR–G protein complexes 
are involved in G protein coupling as well (11). To further support 
our structural findings, we analyzed the effect of mutations that 
favor a GTP-bound conformational state on Gs dissociation 
kinetics using NanoBiT-based G protein dissociation assay. In the 
GDP-bound D1R complex, Y37 in N makes a hydrogen bond with 
D240 in G, while in the GTP-bound D1R complex, the movement 
of N disrupts this hydrogen bond (Fig. 4H). As expected, Y37F 
mutation that disrupts its hydrogen bond with D240 and favors the 
GTP-bound state has little influence on Gs recruitment (fig. S6A) 
but leads to a faster Gs dissociation rate catalyzed by D1R (Fig. 
4, I and J, and fig. S6B). In conclusion, the conformational changes 
of the switch II region and N serve as molecular basis for the 
GTP-dependent dissociation of G from G and of G protein 
from receptors.

In summary, these structures captured several intermediate states 
adopted by mini-Gs coupled to D1R and provided a framework 
for understanding key aspects of GPCR–G protein coupling events, 
including initial G protein engagement by the receptor, receptor- 
mediated GDP release, and GTP-dependent complex dissociation 
(Fig. 5 and movie S1). As validated by mutagenesis studies, the fun-
damental properties found here likely apply to the full-length 
Gs proteins and other GPCRs. The structure of the GDP-bound 
D1R–G protein complex reveals conformational steps of G protein 
activation by GPCR and critical regions for initial release of GDP. AHD 
domain is invisible in most structures of GPCR–G protein com-
plexes in the nucleotide-free state because of its high flexibility after 
the separation of AHD from Ras that occurs at the early stage of 
coupling events, even without receptor binding (9). Therefore, the 
conformational state of the GDP-bound complex captured here 
using mini-G protein that lacks the AHD domain may represent an 

intermediate state of G protein upon receptor binding after AHD 
domain opening before GDP release but not the precoupled state 
where the 5 helix likely adopts a different configuration from our 
structures (17). Moreover, structural findings in the GTP-bound 
D1R complex highlight the important role of N in G protein re-
cruitment and GTP-dependent dissociation of G protein from the 
receptor. Together, our studies further advance our mechanistic 
understanding of G protein activation by GPCRs.

MATERIALS AND METHODS
Cloning and expression of D1R–mini-Gs fusion protein
The human wild-type full-length D1R gene was cloned into a 
pcDNA3.1(+) vector (Thermo Fisher Scientific) with the signal peptide 
substituted by that of hemagglutinin (HA) and expressed with an 
N-terminal Flag tag and a C-terminal mini-Gs399 fusion protein. 
3C protease site was introduced between D1R and mini-Gs pro-
tein. Plasmids expressing fusion protein were transiently transfected 
into Expi293F cells (Thermo Fisher Scientific) using polyethylenimine 
(Polysciences) when cells reached a density of 1.5 million/ml. 
Sodium butyrate (5 mM) and 3 mM valproic acid were added into 
the culture 18 hours after transfection, and cells were shaken for 
another 30 hours before harvesting by centrifugation at 1000g 
for 10 min.

Cells were lysed in hypotonic buffer [25 mM Hepes-NaOH (pH 7.6), 
50 mM NaCl, and 100 M dopamine] using a glass dounce tissue 
grinder. Membrane was pelleted by centrifugation at 60,000g at 
4°C for 1 hour and homogenized in solubilization buffer containing 
25 mM Hepes (pH 7.6), 150 mM NaCl, 0.5% lauryl maltose neopentyl 
glycol (LMNG) (Anatrace), 0.1% cholesteryl hemisuccinate (CHS; 
Anatrace), and 10 M dopamine (Sigma-Aldrich) using dounce. 
The sample was mixed for 2 hours at 4°C. After centrifugation to 
remove the debris, the supernatant supplemented with 2 mM CaCl2 
was loaded onto anti-Flag antibody affinity resin by gravity flow. 
The resin was washed extensively with at least 10 column volumes 
of wash buffer containing 25 mM Hepes (pH 7.6), 150 mM NaCl, 
0.01% LMNG, 0.002% CHS, 2 mM CaCl2, 10 mM MgCl2, 2 mM 
KCl, 2 mM adenosine triphosphate, and 10 M dopamine. The re-
ceptor was eluted in elution buffer [25 mM Hepes, 150 mM NaCl, 
0.01% LMNG, 0.002% CHS, 5 mM EDTA, Flag peptide (0.1 mg/ml), 
and 10 M dopamine]. The protein sample was concentrated by 
ultrafiltration and incubated with peptide N-glycosidase F (New 
England Biolabs) overnight.

Complex assembly
His6-tagged human G1 and G2 with C68S mutation was expressed 
in insect cell using the Bac-to-Bac baculovirus expression system 
(Invitrogen) and purified as previously described (43). Nb35 was 
expressed in Escherichia coli strain BL21 (DE3) and purified as pre-
viously reported (5). For the D1R–mini-Gs–G12–Nb35 complex 
assembly and purification, purified D1R–mini-Gs fusion protein, 
G12, and Nb35 were mixed in a 1:1.2:1.2 molar ratio and added 
with 2 mM MgCl2 and apyrase. Nb35 was not included for the D1R– 
mini-Gs–G12 complex assembly. After incubation at 4°C overnight, 
the protein complex was further purified with Superose 6 10/300 to 
remove the excess G12 and Nb35 in the buffer containing 25 mM 
Hepes (pH 7.6), 150 mM NaCl, 0.01% LMNG, 0.002% CHS, and 
10 M dopamine. The complex peak was pooled and concentrated 
to 4 mg/ml for cryo-EM analysis.
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Cryo-EM sample preparation and data collection
Purified complex (3.0 l) was applied to glow-charged 300-mesh 
holey carbon grid (Quantifoil Au R1.2/1.3). Grids were blotted 
for 3.0 to 4.0 s at a blotting force of 4 and vitrified using a Vitrobot 
MarkIV (Thermo fisher Scientific), with chamber maintained at 8°C 
and 100% humidity. For the nucleotide-bound complex, 1 mM GDP 
or GTP and 2 mM MgCl2 were added to the protein sample before 
grid preparation using the same condition as above. Cryo-EM movies 
were collected on a Titan Krios (Thermo Fisher Scientific) operated 
at 300 kV and equipped with a BioQuantum GIF/K3 direct electron 
detector (Gatan) in a superresolution mode at a nominal magnifica-
tion of ×64,000. Each movie stack was collected as 32 frames with a 
total dose of 50 e−/Å2 for 2.56 s. Cryo-EM data collection parame-
ters for all protein samples are summarized in table S1.

Data processing
For the nucleotide-free D1R–mini-Gs–G12–Nb35 complex, a total 
of 2320 movie stacks were collected and subjected to motion correc-
tion with 2× binned to a pixel size of 1.087 Å using MotionCor2 (44). 
Contrast transfer function (CTF) estimation was performed using 
patch-based CTF estimation in cryoSPARC (45). A total of 3,876,379 
particles were autopicked using the Blob picker in cryoSPARC. These 
particles were split into three groups extracted in a 180-pixel box and 
subjected to 2D classification in cryoSPARC. Particles with good 
2D class average were combined and run through the next round of 
2D classification. Ab initio reconstruction with five classes using 
1,045,088 particles was performed in cryoSPARC and subjected to 
heterogeneous refinement. Particles from classes with clear second-
ary structure were selected and run through another round of Ab 
initio reconstruction with six classes and subsequent heterogeneous 
refinement. Two classes with high-resolution and clear transmem-
brane helices were combined and applied to nonuniform refinement 
in cryoSPARC, resulting in a map with a global resolution of 3.1 Å.

For the GDP-bound D1R–mini-Gs–G12–Nb35 complex, a 
total of 601 movies were collected, and similar procedure was per-
formed as above. In brief, ab initio reconstructions with five classes 
using 317,029 particles yield two good classes with clear secondary 
structure, accounting for 65.3% of total particles. The two classes 
were combined and subjected to nonuniform refinement, yielding a 
map with a global resolution of 3.1 Å.

For the GDP-bound D1R–mini-Gs–G12 complex, 448,009 
particles with good 2D class average from 681 movies were extracted 
in a 180-pixel box in cryoSPARC and exported into RELION format 
using csparc2star.py script from UCSF PyEM package (46). These 
particles were used for 3D classification in RELION (47). One class 
accounting for 46.3% particles showing a well-defined structure was 
selected and imported back to cryoSPARC and run through non-
uniform refinement to yield a map at 3.5-Å resolution.

For the GTP-bound D1R–mini-Gs–G12–Nb35 complex, par-
ticles from 1242 movies were subjected to two rounds of 2D classi-
fication by cryoSPARC and one round of 2D classification by 
RELION, yielding 628,083 good particles. 3D classification was per-
formed in RELION, resulting in one good class accounting for 49.5% 
particles. The next round of 3D classification yielded two classes 
with clear transmembrane helices, one with Nb35 occupied and one 
with Nb35 dislodged. For the complex without Nb35, we performed 
3D refinement with mask excluding micelle. For the complex 
with Nb35, particles were imported to cryoSPARC and run through 
nonuniform refinement to yield a map at 3.6-Å resolution. Resolutions 

are reported on the basis of the gold standard Fourier shell correla-
tion (FSC) at the 0.143 criterion. All cryo-EM maps were postpro-
cessed by DeepEMhancer to improve their interpretability (48).

Model building
A homology model of D1R was generated using SWISS-MODEL 
server (49) with activated structure of 1AR (PDB ID: 7JJO) as a 
template and was docked into the EM density map along with mini-
Gs–Nb35 structure in Chimera (50). The model was manually built 
in COOT (51) and refined with Phenix (52). Initial restraints for 
dopamine, GDP, and GTP were generated using eLBOW in Phenix. 
If the side chain density is too poor to assign a conformation, then 
we temporarily chop the side chain while keeping the sequence 
information. Model was validated using MolProbity (53) and 
EMRinger (54). Model-to-map FSC curves were calculated in Phenix. 
Structure figures are prepared with PyMOL and Chimera. Detailed 
structure statistics are summarized in table S1.

Cyclic adenosine 3′,5′-monophosphate accumulation assay
The human full-length D1R gene was cloned into pcDNA3.1(+) 
vector with an N-terminal flag tag. All point mutations are intro-
duced by the QuikChange method. Human embryonic kidney (HEK) 
293 cells stably expressing the GloSensor biosensor (Promega) were 
plated into a six-well plate in Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; 
Gibco), penicillin, and streptomycin and transfected with wild-type 
or mutated D1R plasmids using polyethylenimine. After transfec-
tion, cells were incubated at 37°C with 5% CO2 for 24 hours. Then, 
cells were collected and seeded in a tissue culture–treated, white, and 
clear-bottom 96-well plate. After incubation for another 24 hours, 
culture medium was removed, and equilibration medium (CO2- 
independent medium, 10% FBS, and 1% d-luciferin) was added to 
each well. Cells were incubated at room temperature for 2 hours 
before treatment with increasing concentration of dopamine. The 
luminescence signal was measured in 10 min after the addition of 
dopamine and plotted as a function of dopamine concentration using 
nonlinear regression with GraphPad Prism 8 (GraphPad Software). 
EC50 (median effective concentration) indicates the concentration 
of ligand, which can produce 50% of the maximum luminescence 
signal. Each measurement was repeated in three independent ex-
periments, each in triplicate. Significance was calculated by two-
tailed Student’s t test.

NanoBiT Gs dissociation assay
NanoBiT-based Gs dissociation assay was performed as previously 
described (55). The large fragment (LgBiT) and small fragment 
(SmBiT) that comprise a catalytically active luciferase were fused to 
the AHD domain of Gs (Gs-LgBiT) and the N terminus of G2 with 
a C68S mutation (SmBiT-G2), respectively. HEK293T cells were 
seeded in a six-well plate using the same DMEM medium as above. 
D1R (200 ng), 100  ng of Gs-LgBiT, 500  ng of G1, 500  ng of 
SmBiT-G2, and 100 ng of RIC8B were transfected into cells using 
polyethylenimine solution when cells reach 80% confluency. After 1 day 
of incubation, cells were washed with Dulbecco’s phosphate-buffered 
saline and suspended in 3 ml of Hanks’ balanced salt solution (HBSS) 
reaction buffer [HBSS supplemented with 0.01% BSA and 5 mM 
Hepes (pH 7.4)]. Coelenterazine was added to cell suspensions at a 
final concentration of 10 M. Cells were seeded into a 96-well plate 
with 1 × 105 cells per well in 95 l of HBSS reaction buffer. After 
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incubation at room temperature for 1 hour, baseline luminescence 
signals were measured using a luminescent microplate reader (Tecan, 
Spark). Five microliters of increasing concentration of dopamine 
(20× of final concentrations) diluted in HBSS reaction buffer was 
added to cells. Luminescence signals were measured in 3 to 5 min 
after ligand addition and normalized over baseline signal. The re-
sulting fold changes are plotted as a function of concentrations of 
dopamine using a three-parameter sigmoidal concentration-response 
model built in Prism 8.0.

To calculate the dissociation speed at a concentration of dopa-
mine producing saturated luminescence, the plate was immediately 
read at an interval of 6.8 s with an accumulation time of 0.5 s per 
read for 2 min following ligand addition. The luminescence signal 
was normalized to the baseline count. The normalized signal was fitted 
using one-phase dissociation model built in Prism 8.0. The dissoci-
ation speed K represented decreased luminescence per second.

NanoBiT G protein recruitment assay
For monitoring recruitment of G12, LgBiT and SmBiT were fused 
with the C terminus of D1R and the N terminus of G1 to yield 
D1R-LgBiT and SmBiT-G1 fusion proteins, respectively. Plasmid 
mixtures containing 200 ng of D1R-LgBiT, 100 ng of Gs, 500 ng of 
SmBiT-G1, 500 ng of G2C68S, and 100 ng of RIC8B were trans-
fected into HEK293T cells.

For directly monitoring recruitment of G, D1R-SmBiT con-
taining D1R fused to SmBiT at its C terminus, Gs-LgBiT, G1, and 
G2C68S were expressed with RIC8B in HEK293T cells using the 
same amount of plasmids as above. For mini-Gs recruitment assay, 
LgBiT–mini-Gs consisting of mini-Gs399 (15) fused to LgBiT at 
its N terminus and D1R-SmBiT were coexpressed in HEK293T cells.

Similar procedures were performed as G protein dissociation assay. 
In brief, luminescence signals were measured in 3 to 5 min follow-
ing the addition of increasing concentration of dopamine and nor-
malized to baseline signal. The resulting fold changes were fitted by 
nonlinear regression using Prism.

GTP turnover assay
Human Gs and its mutants used for the assay were expressed and 
purified from bacteria. Gs (residues 7 to 394) was cloned into 
pET28a vector with an N-terminal His6-SUMO-Flag tag. All point 
mutations in G were introduced using the QuikChange method. 
The plasmids were transformed into E. coli BL21 (DE3). The trans-
formed bacteria were cultured in LB medium supplemented with 
kanamycin (50 g/ml) at 37°C to an OD600 (optical density at 600 nm) 
value of 0.8 and were shaken at 25°C overnight following addition of 
500 M -d-thiogalactopyranoside. After harvesting by centrifugation, 
cells were resuspended in lysis buffer [20 mM Hepes (pH 7.4), 300 mM 
NaCl, 2 mM MgCl2, 10 M GDP, 100 M tris(2-carboxyethyl)
phosphine (TCEP), and 15% glycerol) and lysed by sonication. Cell 
lysate was supplemented with Ubl-specific protease 1 (ULP1) to cleave 
His6-SUMO tag, and flag-tagged Gs was purified by M1 Flag affin-
ity chromatography. Resin was washed with wash buffer containing 
20 mM Hepes (pH 7.4), 100 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 
10 M GDP, and 100 M TCEP, and proteins were eluted with elution 
buffer containing 20 mM Hepes (pH 7.4), 100 mM NaCl, 2 mM 
MgCl2, 10 M GDP, 100 M TCEP, 5 mM EDTA, and Flag peptide 
(0.1 mg/ml). The eluted Gs was incubated with 1.2-fold molar ex-
cess of G12 at 4°C for 1 hour. The assembled complex was further 
purified by size exclusion chromatography on a Superdex 200 10/300 

increase column in buffer containing 20 mM Hepes (pH 7.4), 100 mM 
NaCl, 5 mM MgCl2, 0.03% n-dodecyl- -d-maltopyranoside (DDM), 
10 M GDP, and 100 M TCEP. Peak fractions were pooled and 
concentrated to 1 mg/ml for GTP turnover assay.

The GTP turnover assay was performed as previously described 
(36). DDM-solubilized D1R (1 M) was incubated with 200 M do-
pamine in buffer containing 20 mM Hepes (pH 7.4), 100 mM NaCl, 
and 0.03% DDM for 60 min at room temperature. A final concen-
tration of 10 M GTP was added into D1R before mixing D1R with 
500 nM G protein in buffer containing 20 mM Hepes, 100 mM NaCl, 
20 mM MgCl2, 0.03% DDM, 200 M TCEP, and 1 M GDP. After 
incubation for an indicated time, reconstituted GTPase-Glo reagent 
made according to the manufacturer’s protocol (Promega) was added 
to the reaction and incubated for 30 min at room temperature. 
Luminescence was measured in 5 min following the addition of 
detection reagent at room temperature using Tecan Spark. The data 
were normalized to the initial count of Gs without the addition of 
receptor and then analyzed using Prism 8. Significance was obtained 
by two-tailed Student’s t test with Welch’s correction.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abo4158

View/request a protocol for this paper from Bio-protocol.
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