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SUMMARY

The D1- and D2-dopamine receptors (D1R and D2R), which signal through G and G;,
respectively, represent the principal stimulatory and inhibitory dopamine receptors in the central
nervous system. D1R and D2R also represent the main therapeutic targets for Parkinson’s disease,
schizophrenia, and many other neuropsychiatric disorders, and insight into their signaling is
essential for understanding both therapeutic and side effects of dopaminergic drugs. Here, we
report four cryoelectron microscopy (cryo-EM) structures of D1R-G4 and D2R-G; signaling
complexes with selective and non-selective dopamine agonists, including two currently used anti-
Parkinson’s disease drugs, apomorphine and bromocriptine. These structures, together with
mutagenesis studies, reveal the conserved binding mode of dopamine agonists, the unique pocket
topology underlying ligand selectivity, the conformational changes in receptor activation, and
potential structural determinants for G protein-coupling selectivity. These results provide both a
molecular understanding of dopamine signaling and multiple structural templates for drug design
targeting the dopaminergic system.
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Near-atomic resolution structures of activated D1R-Gg and D2R-G; signaling complexes, together
with multiple functional studies, reveal the conserved catechol agonist binding mode in D1R and
the structural basis that underlies D1R and D2R ligand selectivity and G protein-coupling
specificity.

INTRODUCTION

Dopamine is a catecholamine neurotransmitter with important functions for both the central
(CNS) and peripheral (PNS) nervous systems. Dopaminergic functions are mediated by a
family of five G-protein-coupled receptors, which are divided into two groups: the D1-like
and the D2-like receptors (Figure 1A). The D1-like group, including D1R and D5R,
primarily couple to the stimulatory G protein Gg, whereas the D2-like group, including D2R,
D3R, and D4R, primarily couple to the inhibitory G protein Gj,,. Among the five dopamine
receptors, D1R and D2R are the most abundant receptors in the CNS, especially in the basal
ganglia and the prefrontal cortex (Beaulieu and Gainetdinov, 2011; Missale et al., 1998).
Aberrant D1R and D2R signaling has been associated with many neuropsychiatric diseases
including Parkinson’s disease (PD), schizophrenia, various types of cognitive impairment,
attention-deficit hyperactivity disorder (ADHD), drug abuse, and autism (Abi-Dargham et
al., 2002; Beaulieu and Gainetdinov, 2011; Beninger and Miller, 1998; Kostrzewa et al.,
2018; Lemon and Manahan-Vaughan, 2006; McNab et al., 2009; Vijayraghavan et al., 2007).
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Activation of dopaminergic pathways through D1R and D2R has been proposed to mediate
various aspects of the reinforcing and rewarding properties of many abused drugs (Di Chiara
et al., 2004; Volkow and Morales, 2015). Given the centrality of the dopaminergic system,
many ligands targeting D1R and D2R have been developed for treating diverse CNS
disorders by maintaining normal dopaminergic homeostasis and restoring homeostasis in
disease states.

Due to the high homology of dopamine receptors, most dopaminergic drugs are highly
polypharmacologic because they frequently target multiple dopamine receptors and other
aminergic GPCRs (Butini et al., 2016; Roth et al., 2004). Non-selective dopamine agonists,
including PD drugs apomorphine (Di Chiara and Gessa, 1978) and bromocriptine (Parkes et
al., 1976), have been proposed to be more effective than selective drugs for treating complex
CNS diseases (Roth et al., 2004). On the other hand, highly selective dopamine receptor
ligands are important pharmacological tools for functional investigation. The first selective
ligands of D1R were phenyl benzazepine derivatives, including the SKF compounds (e.g.,
SKF81297 and SKF83959) as D1R agonists and the D1R antagonist SCH23390, which have
been used for decades to study D1R pharmacology and physiology (Hall et al., 2019;
Neumeyer et al., 2003).

To date, no D1R structure has been reported. Several crystal structures of antagonist-bound
D2R, D3R, and D4R and a 3.7 A structure of a thermostabilized D2R-G; complex bound to
bromocriptine have been reported (Chien et al., 2010; Fan et al., 2020; Wang et al., 2017,
2018; Yin et al., 2020). The lack of D1R structures has impeded both our understanding of
the molecular basis of D1R signaling and our ability to prosecute structure-guided drug
discovery at D1R. In addition, the thermostabilized D2R-G; complex contains
thermostabilizing mutations and truncation of intracellular loop 3 (ICL3) in D2R, making it
difficult to rationalize the relevance of ligand binding mode, TM conformations, and G
protein coupling characteristics to the wild-type D2R. Here, we report four cryo-electron
microscopy (cryo-EM) structures of the human D1R-G4 and D2R-G; protein complexes:
three structures of the wild-type D1R-G4 complexes, either with the pan dopamine agonist
drug apomorphine at a global resolution of 3.0 A, or with D1R/D5R-selective catechol
agonists SKF81297 and SKF83959 at a global resolution of 3.0 A and 2.9 A, respectively,
and one structure of the human wild-type D2R-G; complex with the D2R/D3R agonist drug
bromocriptine at a global resolution of 2.8 A. These structures reveal the basis for agonist
selectivity, G protein selectivity, and receptor activation at D1R and D2R. The structures
also provide multiple templates for rational design of dopaminergic ligands aimed for
treating CNS diseases.

RESULTS AND DISCUSSION

Overall structures of agonist-bound D1R-G4 and D2R-G; complexes

For cryo-EM studies, we fused the wild-type human D1R (referred as WT D1R hereafter) to
a prolactin signal peptide, followed by FLAG and 8x His tags for expression and
purification (Figure S1). We co-expressed D1R with a dominant negative form of human
Ggs containing two mutations (G226A and A366S) (Liu et al., 2016), rat Gg; and bovine
G2 in Sf9 insect cells, to form the D1R-Gs complexes with SKF81297 and SKF83959. An
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engineered miniG, g construct based on the previously reported miniG, s sequence
(Carpenter et al., 2016) with the same dominant negative mutations was used for obtaining
the apomorphine-activated D1R-Gg complex (Figure S1B). A single-chain antibody, Nb35,
was added to stabilize the nucleotide-free D1R-G4 complexes (Rasmussen et al., 2011b). To
obtain the human D2R-G; complex bound to bromocriptine, we co-expressed the full-length
human D2R long form (Giros et al., 1989; Monsma et al., 1989) fused with an N-terminal
BRIL protein (Chun et al., 2012) (Figure S1H) with a dominant negative form of human
Gaj; containing four mutations (S47N, G203A, E345A, and A326S) (Liang et al., 2018),
the rat Gg, and bovine G, in Sf9 insect cells. The single-chain antibody fragment scFv16
was added to stabilize the nucleotide-free bromocriptine-D2R-G; complex (Koehl et al.,
2018). All complexes were purified to homogeneity for single-particle cryo-EM analysis
(Figure S1).

The structures of SKF81297-, SKF83959-, and apomorphine-bound D1R-G4 complexes
were determined with global resolutions of 3.0 A, 2.9 A, and 3.0 A, respectively (Figures
1B, S2, S3, and S4; Table S1). The relatively high resolution density maps of the three
complexes allowed us to clearly model most portions of D1R from residues S21 to Y348,
the entire molecules of SKF81297, SKF83959, apomorphine, the G4 heterotrimer, and Nb35
(Figures 1B, 1C, S3, and S4). In addition, several putative cholesterol molecules and lipid
acyl chains were modeled surrounding the D1R transmembrane domain (TMD) (Figures
S2A-S2C), the corresponding densities could be either cholesteryl hemisuccinate (CHS) or
cholesterol, but were modeled as cholesterol. In all three structures, the N-terminal region
preceding TM1 and ICL3 of D1R and the a-helical domain (AHD) of G5 were poorly
observed and not modeled due to their flexibilities, which is consistent with most GPCR-G
protein complex structures reported to date.

The structure of the D2R-G; complex bound to bromocriptine in detergent was determined at
a global resolution of 2.8 A with a much improved density map compared to the previously
reported 3.7 A cryo-EM structure of the thermostabilized D2R complexed with G;
heterotrimer in lipid nanodiscs (Figure S4), which provided an unambiguous modeling of
most parts of the D2R, the G; protein, and bromocriptine (Figures S2D and S4). A majority
of the side chains of D2R from Y34 to L441 were well defined except for a part of ICL3
(residues K226 to S364) (Figures 1D, S2D, and S4). In particular, the structures of all three
extracellular loops 1-3 (ECL1-ECL3) of D2R were clearly defined. Unlike the D1R-Gg
structures, there was no clear density of cholesterol and lipid molecules surrounding the
transmembrane domain of D2R as was observed in the D2R-G; structure (Figure S2D).

Although the overall structure of the bromocriptine-bound D2R-G; complex is similar to the
previously reported 3.7 A structure of a thermostabilized D2R-G; complex bound to the
same ligand reconstituted in the nanodiscs (Yin et al., 2020), with root-mean-square
deviation (RMSD) values of 0.9 A for the Ca atoms of the whole complexes and 0.7 A for
the Ca atoms of D2R alone (Figures 1D and 2A), several significant differences are
observed between the two structures. These include a noticeable 2.4 A shift at the
cytoplasmic end of TM6 (Figure 2) and a 6.7° difference in the orientation of a5 helix of
G relative to the receptor (Figure 2). In addition, the wild-type D2R structure displays a
regular helical structure in the N-terminal half of TM1 instead of the 310-like irregular helix
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in the thermostabilized D2R structure (Figure 2). Interestingly, there is an ~1-2 A shift in
the binding mode of bromocriptine in our structure compared to the previous structure,
which is accompanied by different conformations of the surrounding residues including
1184ECL2 and W386°-48 that play important roles in D2R activation (Yin et al., 2020) (Figure
2). These differences between the two structures may be attributed to: (1) the stabilizing
mutations and the truncation at ICL3 of the thermostabilized D2R used in the previous study
(Figure S5), (2) the different resolutions between the two structures, and (3) the different
detergent and lipid environment of the D2R-G; complex used in the current and previous
studies.

Conserved and divergent features of agonists recognition at D1R

In all three D1R-G4 complexes, D1R displays a canonical transmembrane domain (TMD)
with a ligand binding pocket located at the extracellular side of the TMD and a G-protein
binding cavity at the cytoplasmic side (Figure 1B). Apomorphine, SKF81297, and
SKF83959 share common catechol motifs, with SKF83959 having two additional methyl
groups as compared with SKF81297 (Figure 1B). The overall structures of D1R bound to
three agonists are highly similar (Figures 1B and 1C), with RMSD values of 0.2 A for the
Ca atoms of D1R between SKF81297 and apomorphine-bound structures and 0.5 A for the
Ca atoms of D1R between SKF81297 and SKF83959-bound structures.

In the structures, SKF81297 and SKF83959 share nearly the identical binding poses, with a
similar “L”-shape configuration, in which the phenyl group is extended toward extracellular
loop 2 (ECL2) (Figures 3A, 3B, and 3D). The benzazepine rings of SKF81297 and
SKF83959 are located at the bottom of the orthosteric pocket, with the catechol group facing
TM5 (Figure 3D). The benzazepine rings are sandwiched by TM3 on one side and by
TM6/7 on the other, leading the amine group to form a close ionic interaction with the
carboxylate group of D1033-32 (super-script based on Ballesteros-Weinstein numbering rules
of GPCRs (Ballesteros and Weinstein, 1995)) from TM3, which is highly conserved among
aminergic GPCRs (Vass et al., 2019) (Figures 3A and 3B). In both structures, the meta-
hydroxy! from the catechol group forms hydrogen bonds with $198%43, whereas the para-
hydroxyl makes a hydrogen bond with N2926-%5, In the SKF83959-bound D1R structure, the
ligand is pushed closer toward TM5 due to an additional methyl group in the azepine ring,
which is packed against W321743 (Figure 3D). The para-hydroxyl group from SKF83959
makes another hydrogen bond with $198°43, whereas the meta-hydroxyl group forms a
direct hydrogen bond with $202546, which is absent in the SKF81297-bound D1R structure
(Figure 3D). The extensive network of polar interactions by SKF81297 and SKF83959 may
explain their high affinities for D1R. Besides the polar interaction network, the three ring
structures of SKF81297 and SKF83959 also engage in extensive hydrophobic interactions
with nearby residues from TM3, TM6-7, and ECL2 (Figures 3A and 3B).

Compared to SKF81297 and SKF83959, apomorphine occupies nearly an identical binding
pocket (Figures 3C, 3E, and 3F). The four-ring scaffold of apomorphine nearly overlaps with
the three-ring structure of SKF compounds, with the two hydroxyl groups form the catechol
moiety and the amine group are located in essentially the same paositions, thus engaging in a
similar set of interactions with D1R (Figure 3C). A significant distinction between
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apomorphine and the SKF compounds is that the benzyl rings of SKF81297 and SKF83959
(Figures 3E and 3F) protrude further upward to ECL2.

To correlate the structural observations with the ligand binding activity, we individually
mutated most of the ligand pocket residues and assessed their effects on expression levels,
their ability to bind ligands using radioligand competition binding assays, and their ability to
stimulate cyclic AMP (cAMP) production and p-arrestin recruitment assays. We used a
tritiated D1R antagonist, [BH]SCH23390, which shares high chemical similarity with the
SKF compounds. Consistent with other aminergic GPCRs (Vass et al., 2019), mutation of
the conserved D1033-32A, which forms hydrogen bonds with the conserved amine group in
all ligands, resulted in the loss of all binding of [BH]SCH23390 in saturation binding
experiments and loss of CAMP production in the Glosensor assay (Figures 3A-3C; Table
S2). Additionally, mutations of residues in the orthosteric binding pocket (OBP) that directly
interact with SKF81297, SKF83959, and apomorphine, 11043-33A, | 190ECL2A | 51985424,
S199°43A, N29256-55A/H, and W3217-43Y, all displayed decreased binding of
[3H]SCH23390 when compared to WT D1R, suggesting that SCH23390 might adopt a
similar binding pose as to those three agonists (Figures 3A-3C; Table S2). Results from the
[3H]-SCH23390 competing binding analysis and cAMP production assays further support
the binding modes of SKF81297, SKF83959, and apomorphine. Mutations of residues
D1033-32 and $198°42, which are highly conserved in aminergic receptors and play critical
roles in receptor activation(Vass et al., 2019), led to either a loss of or compromised activity
of each agonist (Figure 3G; Tables S3 and S4). In addition, mutations of other residues
around the pocket, including K812-61, 11043-33 5107336 |L190ECL2, 5199543 and N2926-55,
also reduced activities of the three agonists (Figure 3G; Tables S3 and S4). For each agonist,
its para-hydroxyl group interacts weakly with $199%43 but forms strong hydrogen bonds
with $198°42 and its meta-hydroxyl group forms hydrogen bonds with N2926-55, In cAMP
assays, the $199543A mutation displayed a similar pECsg, whereas mutations $198%42A
and N2926-55A displayed significantly greater reduction in pECsg for each compound when
compared to the WT D1R (Figure 3G; Table S4), supporting the binding modes of
SKF81297, SKF83959, and apomorphine in their respective structures.

Several mutations displayed different effects for SKF81297, SKF83959, and apomorphine in
the cAMP production assays, which may be caused by the slightly different binding modes
of these agonists. The mutation S202°46A resulted in greater reduction in pECsgs for
SKF83959 and apomorphine than for SKF81297(Figures 3G and S6; Table S4), consistent
with their differences in forming hydrogen bonds with $202546 (Figures 3D-3F). The
greater reduction in pECsg values for the two SKF compounds than for apomorphine caused
by the mutation L190ECL2A s likely due to the closer distance between the SKF compounds
and ECL2 (Figures 3E-3G and S6; Table S4). The mutation N2926-55H led to an increased
pECs( for apomorphine but significantly decreased pECsps for the SKF compounds (Figures
3G and S6; Table S4), which may be due to a potential steric clash between the histamine
residue and the benzyl ring of the SKF compounds.

Although the D1R belongs to the same dopamine receptor family as D2-like receptors, the
closest phylogenetic neighbors of D1R are the p-adrenergic receptors (BARS) that also
couple to G (Vass et al., 2019). It was suggested previously that the endogenous
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catecholamine BAR agonist epinephrine (EP) can also activate dopamine receptors but with
much less potency (Lanau et al., 1997; Sdnchez-Soto et al., 2016). The structure of the ,AR
in complex with EP has been reported (Ring et al., 2013). Alignment of the structures of
D1R-SKF81297 and B,AR-EP revealed similar receptor interaction patterns for these two
ligands with a main difference in the interaction with residues of TM7. In the structure of
BAR-EP, N3127-3% and Y3167-43 form direct hydrogen bond interactions with EP. Instead,
in the structure of D1R-SKF81297, the corresponding residues V317739 and W3217:43
adopt no direct polar interactions but hydrophobic interaction with SKF81297 (Figure S7A).
We further analyzed the binding affinities of the two catecholamine B,AR agonists EP and
isoproterenol (ISO), to the wild-type D1R, the D1R mutants V317N, W321Y individually,
and the D1R mutant containing both V317N and W321Y. We found that the WT D1R could
be activated by EP and 1SO to similar extents. Both V317N and V317N/W321Y D1R
mutants showed increased binding affinities to 1ISO and EP, whereas the W321Y mutation
had no effect on the binding affinities of these two compounds to D1R, demonstrating that
the D1R residue V317739 is important for the selectivity of D1R for dopamine over other
catecholamines, including EP (Figure S7B; Table S5).

Partial and biased agonism of SKF83959

Although SKF83959 and SKF81297 share highly similar chemical structures, their potency
in inducing Gg signaling differs significantly, which is likely due to the slightly different
binding poses of SKF81297 and SKF83959 (Figures 3D, 3G, and S6) (Lee et al., 2014).
Compared to SKF81297, SKF83959 is closer to TM5 due to the steric effects between the
extra methyl groups in SKF83959 and D1R residues F3137-3% and W321'-43 (Figures 3B and
3D). Previous structural studies on the B,AR suggested that agonists can induce an inward
movement of TM5 in the ligand-binding pocket, which is associated with the conformational
changes at the cytoplasmic region during receptor activation (Rasmussen et al., 2011a). In
addition, the B,AR partial agonist salmeterol has been suggested to have a weaker effect on
stabilizing the inward movement of TM5 compared to the ,AR full agonist epinephrine,
resulting in its lower efficacy (Masureel et al., 2018). Similarly, in the D1R structures, the
closer distance between SKF83959 and TM5 as a result of steric effects between methyl
groups of SKF83959 and D1R residues F3137-35 and W321743 may lead to a weaker ability
of SKF83959 in inducing the inward movement of TM5 and thus a lower efficacy of
SKF83959 compared to SKF81297. Supporting this hypothesis, it has been shown that
removing one methyl group in SKF83959 could increase its efficacy (Lee et al., 2014). In
addition, mutations of F3137-35 and W3217-43 to residues with smaller side chains, which
potentially eliminated their steric restrictions on SKF83959, led to comparable efficacy of
SKF83959 and SKF81297 in our cAMP accumulation assays (Figure S6).

Interestingly, previous studies also showed that although both SKF compounds could
activate the Gs-cAMP signaling pathway, only SKF81297, but not SKF83959, could
stimulate B-arrestin recruitment (Conroy et al., 2015). This is consistent with the result from
our B-arrestin recruitment assays (Table S6). The subtle differences in the binding modes of
the two SKF compounds revealed by our structures and mutagenesis studies may lead to
distinct assembly of conformational states of D1R associated with different signaling
properties. To illustrate the structural determinants of B-arrestin biased activity of
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SKF83959, we individually detected the p-arrestin recruitment activities of D1R mutants
with mutations of residues near the binding pocket induced by dopamine, SKF81297, and
SKF83959 through Tango assay (Table S6). The results showed that F288L could
significantly increase the maximum B-arrestin recruitment for both SKF83939 and
SKF81297, whereas F288A could cause the opposite effect by reducing p-arrestin
recruitment for both ligands. F289A could also lead to increased B-arrestin recruitment for
both ligands but to a much less extent than that induced by F288L. Interestingly, the
mutation V317A could almost abolish SKF81297-induced p-arrestin recruitment but slightly
increase that induced by SKF83959 (Table S6). All of these results suggested important
roles of F2886-51, F2896-52 and V/3177-39 in the D1R agonist-induced B-arrestin recruitment.
In our structure, the V317739, F2886-51 and W3217-43 residues participate in the
hydrophobic packing with the methyl group in the azepine ring of SKF83959 compound
(Figure 3B), suggesting that such methyl group is vital in the biased activity of SKF83959 to
D1R. Moreover, previous studies reported that other SKF compounds with bulky side chains
attached to the amine group of azepine ring also showed biased signaling activities on D1R
similar to SKF83959 (Conroy et al., 2015), further proving the important role of the
additional methyl group in SKF83959 for its biased activity.

Activation mechanisms of D1R and D2R

Currently, no structure of the inactive D1R is available to allow proper structural comparison
with the active D1R. Nevertheless, we observed that the structures of D1R-Gg signaling
complexes are highly similar to the structure of the B2AR-Gg signaling complex (Figures 4A
and 4B). In particular, critical structural elements in B>AR including three TMs, TM5, TM6,
and TM7, the DR3-50Y motif, and the core P5-5013-40F6.44 motif, which undergoes large
conformational changes during the activation of B,AR (Rasmussen et al., 2011b; Steyaert
and Kobilka, 2011), can be well aligned to those in D1R (Figures 4C—4E), suggesting a
highly conserved activation mechanism for D1R and B,AR. It is to be noted that the relative
orientations of Gg to D1R and to B»AR in the Gg-coupled structures are highly similar. This
is in contrast to the highly diverse modes of coupling of G; to different GPCRs (Zhuang et
al., 2020). One significant structural difference between the D1R-Gg and B,AR-Gg
complexes is that the cytoplasmic end of TM5 of D1R is extended by two additional helical
turns compared to that of p,AR, which forms additional interactions with the Ras-like
domain of G (Figures 4A and 4B).

For D2R, structural comparison of the active bromocriptine-bound D2R to the inactive
risperidone-bound D2R (Wang et al., 2018) indicated large conformational changes at both
cytoplasmic and extracellular regions (Figures 5A and 5B). In the inactive D2R structure,
the pyrimidine group of risperidone is deeply inserted into the bottom of the ligand binding
pocket and forms direct hydrophobic interaction with the toggle switch residue W3865-48,
thus restricting the downward swing of W386%-48 and locking the receptor in its inactive
state (Figure 5C). In the active bromocriptine-bound D2R structure, the hydrophobic
interactions between bromocriptine and W386%-48 result in a downward movement of the
toggle switch residue W386%48 (Figure 5C). The swing of W386%-48 is accompanied by
conformational changes of residue F403644 in the PIF motif (Figure 5D), R1323%0 in the
DRY motif (Figure 5E), and an inward movement of TM7 (Figure 5F). These
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conformational changes are further associated with the breakage of the conserved ionic lock
between R132350 and E389%-30 and an outward movement of 9 A at the cytoplasmic end of
TMG6 (Figure 5B). Together, these conformational changes open up the TMD cavity to allow
the a5 helix of G; to insert into the TMD of D2R. This activation mechanism is consistent
with other class A GPCRs, such as rhodopsin (Kang et al., 2018), AR (Garcia-Nafria et
al., 2018), and CB2 (Xing et al., 2020).

Ligand selectivity in dopamine receptors D1R and D2R

Although D1R and D2R share a large number of common agonists (Wang et al., 2017),
structural comparison of D1R and D2R reveals that their ligand pockets have very distinct
topology at the extracellular vestibule (Figures 6A and 6B). The SKF compounds are highly
selective D1R agonists, while apomorphine is generally considered as a non-selective
dopamine receptor agonist (Andersen and Jansen, 1990; Reichmann et al., 2006). Our
structures indicate that the binding poses of SKF81297 and SKF83959 are closer to the
ECL2 than that of apomorphine in D1R (Figure 6C). If SKF81297, SKF83959, and
apomorphine bound to D2R with similar poses as in D1R, both SKF compounds, but not
apomorphine, would clash with ECL2, especially the residue 1184ECL2 of D2R (Figure 6C),
thus accounting in part for its non-selective agonist activity to dopamine receptors. In D1R,
the residue S188ECL2 at the corresponding position of 1184ECL2 in D2R has a smaller side
chain, which is also moved away from the ligand-binding pocket, resulting in extra space to
accommodate the bulky phenyl moieties of SKF81297 and SKF83959 that extend from their
core benzazepine ring scaffolds (Figures 6A-6C).

Structural comparison of D1R and D2R also provides insight into the ~50-fold selectivity of
bromocriptine for D2R over D1R (De Keyser et al., 1995). Superposition of the D1R and
D2R structures reveals that the bromocriptine ergoline ring overlaps with the benzazepine
rings of the SKF compounds in the orthosteric binding pocket (OBP) (Figure 6D). The
tricyclic peptide group of bromocriptine extends upward to the extended binding pocket
(EBP) that is in part formed by ECL2 (Figures 6D). Unlike SKF81297 and SKF83959,
bromocriptine adopts a binding pose away from both ECL2 regions of D1R and D2R, thus
avoiding the steric clash caused by ECL2 (Figures 6A—6D). The ECL2 sequence of D2R is
similar to that of D3R but is greatly divergent from other dopamine receptors (Figure S5B).
Compared to D2R, the EBP in D1R is less accessible than that of D2R due to a non-
conserved residue K812:61 for the tricyclic peptide group of bromocriptine (Figure 6E). In
addition, the extracellular end of TM6 of D1R is shifted 5.5 A toward the ligand binding
pocket, which would clash with the leucine side chain of bromocriptine (Figures 6A and 6F).
These structural features explain the selectivity of bromocriptine for D2/3R over D1R.
Furthermore, a more restricted binding space in D1R may explain its low ligandability and
chemical tractability for drug development (Hall et al., 2019).

Specificity for G protein subtypes between D1R and D2R

D1R and D2R are the prototypical G and G; coupled dopamine receptors and comparisons
of the D1R and D2R structures provide the basis for the G protein coupling specificity.
Three notable differences are observed at the cytoplasmic side between the active D1R and
D2R structures. First, relative to D2R, TM6 of D1R is moved further outward by as much as
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8.4 A as measured at the Ca atoms of D1R F264%-27 and D2R Q3656-27, the last residue of
TM6 (Figure 7A). Second, TM5 of D1R is extended by an additional two and a half helical
turns toward the intracellular side to make direct interaction with the G, 5 Ras domain
(Figures 7A-7C). Third, the ICL2 helix of D1R is one helical turn longer than that of D2R
and makes more extensive interactions with the hydrophobic pocket formed by the aN helix
and a5 C-terminal helix of G4 (Figures 7A and 7D). The interface of D1R-Gs is ~1,520 A2
in all three D1R-G¢ complexes, which is larger than the D2R-G; interface of 1,088 A?
(Figure 7B).

The differences between the D1R and D2R structures lead to the different coupling mode of
G, and G; to their corresponding receptors. To accommodate the 8.4 A outward movement
of TMB, the a5 helix of G4 has a 13° clockwise rotation relative to the a5 helix of G,
which leads to an outward shift of 4.8 A as measured at the Ca. atoms of Y391 of G, and
C351 of G, the last residue from the a5 helix (Figure 7E). Correspondingly, the G,
heterotrimer is rotated by ~20° as measured by the aN helix between the two structures
(Figure 7F). Displacement of G; with G4 in the G protein binding pocket of activated D2R
would lead to a severe steric clash between the TM6 and a5 helix of G4s. In addition, the
relatively narrow G protein binding cavity in the D2R intracellular region is insufficient for
adopting the bulkier side chains of the G, a5 helix. These structural findings imply that the
conformations of TM6 and a5 helix play important roles in G¢/G; selectivity of D1R and
D2R, which is consistent with the previous simulation studies of TM6 among rhodopsin,
HOR, AR, and B2AR (Kang et al., 2018). In addition, interactions between the extended
TM5 and G protein may contribute to additional selectivity for Gg and Gj by D1R and D2R
(Figures 7B and 7C).

In conclusion, D1R and D2R are the two prototypical receptors of dopamine signaling and
serve as important drug targets for diverse CNS diseases. In this paper, we report four
relatively high resolution cryo-EM structures of D1R and D2R signaling complexes bound
to the two D1R-selective compounds SKF83959 and SKF81297 and the widely used anti-
PD drugs apomorphine and bromocriptine. The structures, together with mutagenesis
studies, reveal distinct features of the D1R and D2R ligand binding pockets that determine
the D1R-selectivity for the SKF compounds, pan agonism of apomorphine, and the D2R/
D3R-selectivity for bromocriptine, the potential activation mechanism for both D1R and
D2R, and critical molecular determinants including TM7 residues F3137-35 V317739, and
W3217-43 of D1R and the extra methyl groups of SKF83959 in comparison to SKF81297
that lead to the partial and biased agonism of SKF83959 on D1R. The structures also reveal
the differences in D1R and D2R that serve as the basis for G protein-coupling specificity.
Particularly, the outward movement of TM6 and the extension of TM5 in the cytoplasmic
side of D1R relative to D2R allow D1R to primarily couple with G4 but not G;, and for D2R
to couple G; but not G4. Together, our results provide unprecedented structural insights into
the pharmacology and signaling of D1R and D2R and multiple structural templates for
rational drug design targeting the dopaminergic system. A companion to this article, “Ligand
recognition and allosteric regulationof DRD1-Gs signaling complexes,” (Xiao et al., 2021)
also appears in this issue of Cel/l.

Cell. Author manuscript; available in PMC 2021 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhuang et al. Page 12

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents may be directed and will be
fulfilled by the Lead Contact, H. Eric Xu (eric.xu@simm.ac.cn).

Materials availability—All unique or stable reagents generated in this study are available
from the Lead Contact without restriction. Plasmids and strains are available from the
authors upon request.

Data and software availability—The cryo-EM density maps of D1R-Gg complexes and
D2R-G; complex have been deposited in the Electron Microscopy Data Bank under the
accession numbers EMD-22493 for D1R-SKF81297-G4, EMD-22509 for D1R-SKF83959 -
G, EMD-22510 for D1R-apomorphine-Gg and EMD-22511 for D2R-bromocriptine-G;.
Structure coordinates have been deposited in the Protein Data Bank under the accession
codes PDB 7JV5, PDB 7JVP and PDB 7JVQ for SKF81297-, SKF83959- and
apomorphine-bound D1R-G4 complex, respectively, and PDB 7JVR for bromocriptine-
bound D2R-G; complex. All other data are available from the main text and supplemental
data. The softwares used were available from the Key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Two kinds of eukaryotic cell lines, Spodoptera frugiperda (Sf9, Expression systems) cells
and HEK293T cells (ATCC), were used for recombinant protein expression and functional
studies, respectively. Sf9 cells were grown in ESF 921 medium (Expression systems) at
27°C, 120 rpm. HEK293T cells were grown in humidified 37°C incubator in condition of
5% CO» using medium supplemented with 100 I.U. / mL penicillin and 100 mg / mL
streptomycin (Invitrogen). The medium for human cell lines HEK293T was DMEM (VWR)
containing 10% fetal bovine serum (FBS, VWR).

METHOD DETAILS

Constructs—The full-length gene sequence of wild-type human D1R was synthesized and
subcloned into pFastBac (Thermo Fisher) vector with an N-terminal FLAG tag followed by
a fragment of BoAR N-terminal tail region (BN, hereafter) as fusion protein, along with a C-
terminal 8 x His tag to facilitate the protein expression and purification. The D1R sequence
had no additional mutations or loop deletions. A TEV cleavage site was inserted between
BN and D1R gene sequences. The prolactin precursor sequence was placed into the N
terminus before the FLAG tag as signaling peptide to increase D1R cell membrane
localization and increase D1R expression (Figure S1A). For structure determination of the
D1R-G4-SKF81297 and D1R-G4-SKF83959 complexes, a dominant-negative form of human
Gas (DN_Ggs) was constructed by site-directed mutagenesis to incorporate mutations
G226A and A366S to decrease the affinity of nucleotide binding to the heterotrimer G,g,,
complex (Liu et al., 2016). To obtain a well-performed D1R-Gg-apomorphine complex, a
miniG,s format including mutations G226A and A366S (DN_miniG,s) was constructed by
removing the a-helical domain of G, and introducing mutations according to the
previously reported miniG, 4 sequence (Carpenter et al., 2016; Garcia-Nafria et al., 2018)
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(Figure S1B). All the three G4 protein complex components, DN_G,¢/ DN_mini G, rat
Gpy and bovine G, were cloned into pFastbac vector separately with a His8 tag introduced
into the N terminus of Gg; to aid purification. For structure determination of the D2R-Gj-
bromocriptine complex, the full-length gene sequence of wild-type human D2R was cloned
into pFastBac vector with an N-terminal haemagglutinin (HA) signaling peptide sequence
followed by a FLAG tag, a His8 tag and a BRIL to facilitate expression and purification
(Figure S1H). Four dominant-negative mutations, S47N, G203A, E245A, A326S, were
incorporated into human Gj (DN_G;) to reduce the nucleotide binding (Liang et al.,
2018). Human DN_G;j, rat Ggy, bovine G, and scFv16 antibody fragment (Koehl et al.,
2018) were cloned into pFastBac vector.

Expression, complex formation and purification—D1R, DN_G,s/ DN_miniGg,
His8-tagged Gg; and G, were co-expressed in S9 insect cells (Expression System) while
the D2R, DN_G;, Gp1, G2, and scFv16 were co-expressed in Hi5 insect cells (Invitrogen),
using the Bac-to-Bac baculovirus expression system (Thermo Fisher). Cell cultures were
grown in ESF 921 serum-free medium (Expression Systems) to a density of 4 x 10°
cells/mL. For the expression of the D1R-G¢/miniGg complex, Sf9 cells were infected with
the four types of baculoviruses: D1R, DN_Gs/ DN_miniGs, His8-tagged Gg; and G, at
the ratio of 1:1:1:1. For the expression of the D2R-G; complex, Hi5 cells were infected with
the five types of baculoviruses: D2R, DN_G, Gg1, G2 and scFv16. After infected by 48 h,
the cells were harvested by centrifugation at 1300 x g (Thermo Fisher, H12000) for 20 min
and kept frozen at —80°C for further usage.

For the purification of both the D1R- SKF81297-G4 complex and the D1R-SKF83959-G4
complex, cell pellets from 2L culture were thawed at room temperature and resuspended in
low salt buffer containing 20 mM HEPES pH 7.2, 50 mM NaCl, 5 mM CaCl,, 5 mM
MgCl,, 0.3 mM TECP, protease inhibitor cocktail (Bimake, 1 mL/ 100 mL suspension). The
D1R-Gg complexes were formed on membrane in the presence of 5 uM SKF ligands
(SKF81297 or SKF83959) (Tocris) and treated with apyrase (25 mU mL™1, NEB), followed
by incubation for 1.5 h at room temperature. Cell membranes were collected by ultra-
centrifugation at 100,000 x g for 35 min. The membranes were then resuspended and
solubilized in buffer containing 20 mM HEPES, pH 7.2, 100 mM NacCl, 25 mM imidazole, 5
mM CaCl,, 10% glycerol, 0.3 mM TCEP, 0.5% (w/v) dodecyl-p-D-maltoside (DDM,
Anatrace), 0.1% (w/v) cholesteryl hemisuccinate TRIS salt (CHS, Anatrace), 0.025%(w/v)
digitonin (Biosynth), 2.5 M SKF ligands, supplemented with 25 mU mL~1 apyrase and 10
pg/mL Nb35 for 3 h at 4°C. The supernatant was isolated by centrifugation at 100,000 x g
for 45 min and then incubated overnight at 4°C with pre-equilibrated Nickel-NTA resin.
After batch binding, the nickel resin with immobilized protein complex was manually
loaded onto a gravity flow column. The nickel resin was washed with 10 column volumes of
20 mM HEPES, pH 7.2, 100 mM NaCl, 25 mM imidazole, 0.3 mM TCEP, 0.1% DDM
(w/v), 0.02% CHS (w/v), 0.025% digitonin (w/v), 2.5 pM SKF ligands and eluted with the
same buffer plus 300 mM imidazole. The Ni-NTA eluate was further incubated by batch
binding to 2.5 mL FLAG resin (Smart-Life-sciences) for 2 h at 4°C. Detergent was
exchanged on FLAG resin by two washing steps in 20 mM HEPES, pH 7.2, 100 mM NacCl,
0.3 mM TCEP, 2.5 uM SKF ligands supplemented with different detergents: first 0.02%
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DDM, 0.004% CHS, 0.05% digitonin, and then 0.05% digitonin for 10 column volumes
each. Subsequently, the material bound to FLAG resin was eluted in detergent buffer
containing 20 mM HEPES, pH 7.2, 100 mM NacCl, 0.3 mM TCEP, 5 uM SKF ligands,
0.05% digitonin, 200 pg/uL FLAG peptide.

For the purification of D1R-apomorphine-miniGg, cell pellets from 1 L culture were thawed
at room temperature and resuspended in buffer containing 20 mM HEPES pH 7.2, 75 mM
NaCl, 5 mM CaCl,, 5 mM MgCly, 10% Glycerol, 0.3 mM TECP, protease inhibitor cocktail
(Bimake, 1 mL/ 100 mL suspension). The protein complex was formed on membrane by
adding 50 uM apomorphine (Tocris), 10 pg/mL Nb35 and treated with apyrase (25 mU mL
-1 NEB). After incubation for 1.5 h at room temperature, the membrane in suspension was
solubilized by 0.5% (w/v) DDM, 0.1% (w/v) CHS, 0.025% (w/v) digitonin for 3 hours at
4°C. The isolated supernatant was incubated for 2 hours at 4°C directly with pre-equilibrated
FLAG resin (Smart-Lifesciences). Detergent was exchanged on FLAG resin by three
washing steps in 20 mM HEPES, pH 7.2, 100 mM NacCl, 0.3 mM TCEP, 10 uM
apomorphine supplemented with different detergents: first 0.1% DDM, 0.02% CHS, 0.025%
digitonin, then 0.02% DDM, 0.004% CHS, 0.05% digitonin, and finally 0.05% digitonin for
10 column volumes, each. The protein complex was then eluted in buffer containing 20 mM
HEPES, pH 7.2, 100 mM NaCl, 0.3 mM TCEP, 10 uM apomorphine, 0.05% digitonin, 200
po/uL FLAG peptide.

Released protein was further concentrated to 0.5 mL using centrifugal filters with a 100 kDa
molecular weight cut-off (ThermoFisher) and then loaded onto a Superdex 200 10/300 GL
Increase column (GE Healthcare) pre-equilibrated with buffer containing 20 mM HEPES,
pH 7.2, 100 mM NacCl, 0.05% digitonin, 0.1 mM TCEP, 2.5 pM SKF compounds or 10 pM
apomorphine. The fractions of monomeric complex were pooled and concentrated for
electron microscopy experiments.

For the purification of the D2R-bromocriptine-Gj-scFv16 complex, cell pellets from 2 L
culture were resuspended in a low salt buffer containing 20 mM HEPES, pH 7.4, 100 mM
NaCl, 5 mM MgCl,, 5 mM CaCly, 25 mU/mL Apyrase, protease inhibitor cocktail and 10
UM bromocriptine (TargetMol). The cell pellets were homogenized and incubated at room
temperature for 1 h. The sample was centrifuged at 65,000 x g for 30 min, then the
membranes were resuspended in buffer containing 20 mM HEPES, pH 7.4, 100 mM NacCl,
protease inhibitor cocktail, 10 mM imidazole, 0.5% Lauryl Maltose Neopentyl Glycol
(LMNG, Anatrace), 0.1% CHS and 10 pM bromocriptine. The membranes were solubilized
at 4°C for 2 h, then the supernatant was collected by centrifugation and incubated with
TALON resin (Takara Clontech) at 4°C for 3 h. The resin was washed with 10 column
volumes of Wash Buffer | containing 20 mM HEPES, pH 7.4, 100 mM NacCl, 15 mM
imidazole, 0.1% LMNG, 0.02% CHS, 10 uM bromocriptine and with 10 column volumes of
Wash Buffer 11 containing 20 mM HEPES, pH 7.4, 100 mM NacCl, 20 mM imidazole, 0.01%
LMNG, 0.005% GDN (Anatrace), 0.003% CHS, 10 uM bromocriptine. The complex was
then eluted with 5 column volumes of Elution Buffer containing 20 mM HEPES, pH 7.4,
100 mM NaCl, 250 mM imidazole, 0.01% LMNG, 0.005% GDN, 0.003% CHS and 10 pM
bromocriptine. The complex was concentrated to 0.5 mL using centrifugal filters with a 100
kDa molecular weight cut-off (ThermoFisher) and loaded onto a Superdex 200 10/300 GL
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increase column pre-equilibrated with Size Buffer containing 20 mM HEPES, pH 7.4, 100
mM NaCl, 0.00075% LMNG, 0.00025% GDN, 0.00015% CHS, and 10 uM bromocriptine.
The fractions of monomeric complex were collected and concentrated to 20 mg mL=2 for
electron microscopy experiments.

Cryo-EM grid preparation and data collection—For the cryo-EM grids preparation, 3
uL purified D1R-SKF81297-G4-Nb35 complex at the concentration about 27 mg mL™1,
D1R-SKF83959-G¢-Nb35 complex at the concentration about 23 mg mL™1, D1R-
apomorphine-miniGs-Nb35 complex at the concentration of 35 mg mL™1, and D2R-
bromocriptine-Gj-scFv16 complex at the concentration of 20 mg mL~1 were applied
individually to a glow-discharged holey carbon EM grid (Quantifoil, Au200 R1.2/1.3) in a
Vitrobot chamber (FEI Vitrobot Mark 1V). Protein concentration was determined by
absorbance at 280 nm using a Nanodrop 2000 Spectrophotometer (Thermo Fisher
Scientific). The Vitrobot chamber was set to 100% humidity at 4°C. The sample-coated
grids were blotted before plunge-freezing into liquid ethane and stored in liquid nitrogen for
data collection.

For D1R-SKF81297-G¢-Nb35 complex and D1R-apomorphine-miniGs-Nb35 complex,
automatic data collection was performed on a FEI Titan Krios equipped with a Gatan K2
Summit direct electron detector in the Center of Cryo-Electron Microscopy, Zhejiang
University (Hangzhou, China). The microscope was operated at 300 kV accelerating voltage,
at a nominal magnification of 29,000 x in counting mode, corresponding to a pixel size of
1.014 A. For the dataset of D1R-SKF81297-Gs-Nb35 complex, a total of 2,000 movies were
obtained at a dose rate of about 8 electrons per A2 per second with a defocus ranging from
-0.5 to —3.0 um. The total exposure time was 8 s and intermediate frames were recorded in
0.2 s intervals, resulting in an accumulated dose of 64 electrons per A2 and a total of 40
frames per micrograph. In the dataset of D1R-apomorphine-Gg-Nb35 complex, a total of
2188 movies were obtained at a dose rate of about 8.0 electrons per A2 per second with a
defocus ranging from —0.5 to —3.0 um. The total exposure time was 8 s and intermediate
frames were recorded in 0.2 s intervals, resulting in an accumulated dose of 64 electrons per
AZ and a total of 40 frames per micrograph.

For the D1R-SKF83959-G4-Nb35 complex and the D2R-bromocriptine-Gj-scFv16 complex,
automatic data collection was performed on a FEI Titan Krios at 300 kV in Cryo-Electron
Microscopy Research Center, Shanghai Institute of Materia Medica, Chinese Academy of
Sciences (Shanghai, China). The microscope was operated at a nominal magnification of
81,000 x in counting mode, corresponding to pixel size of micrograph at 1.045 A. A total of
3,057 movies for the dataset of D1R-SKF83959-G¢-Nb35 complex and 5,100 movies for the
dataset of D2R-bromocriptine-Gj-scFv16 complex were collected by a Gatan K3 Summit
direct electron detector with a Gatan energy filter (operated with a slit width of 20 eV) (GIF)
using the SerialEM software (Mastronarde, 2005). The images were recorded at a dose rate
of about 26.7 e/ A?/s with a defocus ranging from —0.5 to —3.0 um. The total exposure time
was 3 s and intermediate frames were recorded in 0.083 s intervals, resulting in a total of 36
frames per micrograph.
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Image processing and map reconstruction—Dose-fractionated image stacks were
subjected to beam-induced motion correction using MotionCor2.1 (Zheng et al., 2017). A
sum of all frames, filtered according to the exposure dose, in each image stack was used for
further processing. Contrast transfer function parameters for each micrograph were
determined by Gctf v1.06 (Zhang, 2016). Particle selection and 2D and 3D classifications
were performed on a binned dataset with a pixel size of 2.028 A using RELION-3.0-beta2(3)
(Zivanov et al., 2018). For the D1R-SKF81297-G4 dataset, auto-picking yielded 1,197,896
particle projections that were subjected to reference-free 2D classification to discard false
positive particles or particles categorized in poorly defined classes, producing 787,504
particle projections for further processing. This subset of particle projections was subjected
to a round of maximum-likelihood-based three-dimensional classification with a pixel size
of 2.028 A. A selected subset containing 645,131 projections was used to obtain the final
map using a pixel size of 1.014 A. After the last round of refinement, the final map had an
indicated global resolution of 3.0 A at a Fourier shell correlation (FSC) of 0.143. For the
D1R-apomorphine-miniGg dataset, automated particle selection produced 1,668,950
particles, which were subjected to reference-free 2D classification to discard particles in
poorly defined classes. The map of PTH1R-G4 complex (EMDB: EMD-0410) low-pass
filtered to 40 A was used as an initial reference model for 2 rounds of 3D classification,
resulting in two well-defined subsets with 363,884 projections. Further 3D classifications
focusing the alignment on the receptor, produced one good subsets accounting for 212,652
particles, which were subsequently subjected to 3D refinement and Bayesian polishing with
a pixel size of 1.014. The final refinement with frames 1-20 generated a map with an
indicated global resolution of 3.0 A at a Fourier shell correlation of 0.143.

For D1R-SKF83959-G4-Nb35 complex, movie stacks were subjected to beam-induced
motion correction using MotionCor2.1 (Zheng et al., 2017). Contrast transfer function
parameters for each micrograph were determined by Ctffind4 (Rohou and Grigorieff, 2015).
Particle selection, 2D and 3D classifications were performed on a binned dataset with a pixel
size of 2.09 A using RELION-3.0-beta2 (Zivanov et al., 2018). About 2000 particles were
manually selected and subjected to 2D classification. Representative averages were picked
as template for auto-picking. The auto-picking process produced 2,034,626 particles, which
were subjected to 2D classifications. An initial model was generated by RELION-3.0 and
served as initial reference map for four rounds of 3D classifications, resulting in two well-
defined subsets with 679,728 particles. Subsequent 3D refinement and postprocess generated
a map with an indicated global resolution of 2.9 A at a Fourier shell correlation of 0.143.

For the D2R-bromocriptine-G;j-scFv16 complex, movie stacks were subjected to beam-
induced motion correction using MotionCor2.1 (Zheng et al., 2017). Contrast transfer
function parameters for each micrograph were determined by Ctffind4 (Rohou and
Grigorieff, 2015). Particle selection, 2D and 3D classifications were performed on a binned
dataset with a pixel size of 2.09 A using RELION-3.0-beta2 (Zivanov et al., 2018). Auto-
pick yielded 7,846,162 particles, which were subjected to 2D classifications. An initial
model was generated by RELION-3.0 and served as initial reference map for three rounds of
3D classifications, resulting in two well-defined subsets with 632,558 particles. A map
generated by 3D refinement was subsequent post-processed in DeepEMhancer (Sanchez-
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Garcia et al., 2020) and the map indicated a global resolution of 2.8 A at a Fourier shell
correlation of 0.143. Local resolution was determined using the Bsoft package with half
maps as input maps (Heymann, 2018).

Structure model building and refinement—The structure of f2AR-Gg complex (PDB:
3SN6) was used as initial model for model rebuilding and refinement against the electron
microscopy maps of D1R-G4 complexes. The structure of haloperidol bound D2R (6LUQ)
and the structure of the G;j part of the rhodopsin-G; complex (6CMQO) were used as initial
models for model building of the D2R-bromocriptine-Gj-scFv16 complex. The initial
models were docked into the electron microscopy density maps using Chimera (Pettersen et
al., 2004) followed by iterative manual adjustment and rebuilding in COOT (Emsley and
Cowtan, 2004). Real space refinement and reciprocal space refinement were performed
using Phenix programs (Adams et al., 2010). The model statistics were validated using
MolProbity (Chen et al., 2010). Structure figures were prepared in Chimera and PyMOL
(https://pymol.org/2/). The final refinement statistics are provided in Table S1. 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.

Radioligand binding assays—Binding assays were performed using membranes from
HEK?293T (ATCC CRL-11268) cells transiently expressing wild-type D1R or D1R mutants.
Binding assays were set up in 96-well plates in standard binding buffer (50 mM HEPES, 50
mM NaCl, 5 mM MgCl,, 0.5 mM EDTA, pH 7.4). Saturation binding assays with 0.5-5 nM
[3H]-SCH23390 (Perkin-Elmer) in standard binding buffer were performed to determine
equilibrium dissociation constant (Kd) and Bmax, whereas 10 pM final concentration of
Butaclamol was used to define nonspecific binding. Reactions were incubated for 2 h at
room temperature in the dark and terminated by rapid vacuum filtration onto chilled 0.3%
PEI-soaked GF/A filters (Perkin-Elmer) followed by three quick washes with cold washing
buffer (50 mM Tris HCI, pH 7.40). Radioactivity counts were determined using a Wallac
Trilux MicroBeta counter (Perkin-Elmer). Results were analyzed using GraphPad Prism 8.4
(Graphpad Software Inc., San Diego, CA) using “One site—Total and nonspecific binding.”
Competition assays were performed similar to saturation binding assays except that various
concentrations of competitor were premixed with [3H]-SCH23390 (Perkin-Elmer) near the
pre-determined equilibrium dissociation constant (Kd) and then incubated for 2 h at room
temperature in the dark with membranes from HEK293T (ATCC CRL-11268) cells
transiently expressing wild-type D1R or D1R mutants. Results were analyzed using
GraphPad Prism 8.4 (Graphpad Software Inc., San Diego, CA) using either “One site-Fit
Ki” or “Two site-Fit Ki” as determined when comparing values in GraphPad Prism 8.4.

Surface expression analysis—Surface expression determination of wild-type D1R and
mutants was performed using HEK293T cells (ATCC CRL-11268) maintained in DMEM
containing 10% (v/v) dialyzed FBS, 1 IU mL~1 Penicillin G, and 100 ug mL™1
Streptomycin. Cells were passed to 6-well plates (Genesee Scientific, Cat 25-106MP) and
transfected using TransIT (Mirus Bio) and 0.4 ug of the given receptor. After at least 24 h,
transfected cells were plated in polylysine-coated 96-well white clear bottom cell culture
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plates (Greiner Bio-One) in plating media (DMEM containing 1% (v/v) dialyzed FBS, 1 IU
mL~1 Penicillin G, and 100 pg mL~1 Streptomycin) at a density of 20,000 cells in 200 pL
per well and incubated overnight. The following day, media was aspirated and cells were
washed twice with 200 pL of 1 x Phosphate Buffered Saline (PBS). Then 100 pL of 1 x PBS
containing 5% (w/v) BSA was added to each well and incubated at RT. After 30 min, 100 uL
of 1:10,000 anti-hemagglutinin HRP conjugate (Sigma-Aldrich Cat A8592) was added to
each well. After an additional 30 min, media was aspirated and cells were washed twice with
200 pL of 1 x Phosphate Buffered Saline (PBS). Chemiluminescence was observed by the
addition of 50 pL of HRP substrate (Thermo Fisher, Cat 37069) and counted using a Wallac
Trilux MicroBeta counter (Perkin-Elmer). Chemiluminescence values were normalized to
wild-type receptor and graphed as a percentage of wild-type using Graphpad Prism 8
(Graphpad Software Inc., San Diego, CA).

D1R Gg-mediated Gs-cAMP accumulation assay—D1R Gg-mediated Gg-cAMP
accumulation assays with HEK293T (ATCC CRL-11268) were performed using cells
transiently expressing human D1R and the cAMP biosensor GloSensor-22F (Promega).
Cells were seeded (20 000 cells/35 pL/well) into white 384 clear-bottom, tissue culture
plates in DMEM containing 1% (v/v) dialyzed fetal bovine serum (FBS). Next day, 3x drug
dilutions were diluted in HBSS, 20 mM N-(2-hydroxyethyl) piperazine-N’-ethanesulfonic
acid (HEPES), 0.3% (w/v) bovine serum albumin (BSA), 0.03% (w/v) ascorbic acid, pH 7.4.
Media was decanted from 384 well plates and 20 pL of drug buffer (HBSS, 20 mM HEPES,
pH 7.4) containing GloSensor reagent was added per well and allowed to equilibrate for at
least 15 min at room temperature. Cells were then treated with 10 pL per well of 3 x drug
using a FLIPR (Molecular Devices). After 15 min, Gg-cCAMP accumulation was read on a
TriLux Microbeta (PerkinElmer) plate counter. Data were analyzed using the sigmoidal
log(agonist) versus dose response function built into GraphPad Prism 8.4.

Tango arrestin recruitment assay—Human DRD1 Tango constructs were designed
and assays were performed as previously described (Kroeze et al., 2015; Liu et al., 2013).
HTLA cells expressing TEV fused-p-Arrestin2 (kindly provided by Dr. Richard Axel,
Columbia Univ.) were transfected with the 8 pg DRD1 Tango construct. After at least 16 h,
cells were plated in DMEM supplemented with 1% (v/v) dialyzed FBS in poly-L-lysine
coated 384-well white clear bottom cell culture plates at a density of 10,000-15,000 cells/
well in a total of 40 pL. The cells were incubated for at least 6 h before receiving drug
stimulation. Drug solutions were prepared in drug buffer (20 mM HEPES, 1 x HBSS, 0.3%
BSA, pH 7.4) at 3 x and added to cells (20 uL per well) for overnight incubation. After at
least 16 h, media and drug solutions were removed and 20 pL per well of diluted 1:20
BrightGlo reagent (Promega) was added. The plate was incubated for 20 min at room
temperature in the dark before being counted using a TriLux Microbeta (PerkinElmer) plate
counter. Results (relative luminescence units) were plotted as a function of drug
concentration and analyzed using GraphPad Prism 8.4.

Figure preparation—The density maps were prepared in UCSF Chimera (https://
www.cgl.ucsf.edu/chimera/) and UCSF ChimeraX (https://www.cgl.ucsf.edu/chimerax/).
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Structural comparison and alignment figures were prepared with PyMOL (https://
pymol.org/2/).

QUANTIFICATION AND STATISTICAL ANALYSIS

For radioligand saturation binding assays, results were analyzed using GraphPad Prism 8.4
(Graphpad Software Inc., San Diego, CA) using “One site—Total and nonspecific binding.”
For the radioligand competition binding assays, data were analyzed using GraphPad Prism
8.4 (Graphpad Software Inc., San Diego, CA) using either “One site-Fit Ki” or “Two site-Fit
Ki” as determined when comparing values in GraphPad Prism 8.4. For surface expression
levels of WT D1R and D1R mutants, chemiluminescence values were normalized to wild-
type receptor and graphed as a percentage of wild-type using Graphpad Prism 8.4 (Graphpad
Software Inc., San Diego, CA). The pECsq values were calculated for individual
experiments using the sigmoidal log(agonist) versus dose response function built into
GraphPad Prism 8.4. Average Emax values for cAMP accumulation assay were determined
from “log(agonist) vs. response-Variable slope (four parameters)” function in Graphpad
Prism 8.4 software (Graphpad Software Inc., San Diego, CA). Average Emax and basal
values for the B-arrestin recruitment Tango assays were determined from the highest and
lowest concentrations of the respective compound. Data in the figures and tables are
presented as mean values * standard error of measurement (SEM) with the number of
biological and technical replicates indicated in the figure and table legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Structures of dopamine receptor D1R-Gg complexes with three agonists

Structure of dopamine receptor D2R-G; complex bound to bromocriptine at
2.8 A resolution

Highly similar structures between the active states of D1R and B,- adrenergic
receptor

Structural determinants for ligand and G protein selectivity between D1R and
D2R

G-protein biased agonism of SKF83959 toward D1R from structural and
functional studies
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Figure 1. Overall structures of D1R and D2R signaling complexes
(A) Dopamine signaling through D1-like and D2-like dopamine receptors.

(B) Structures of the D1R-G4 with SKF83959 and SKF81297 and the D1R-miniGg with
apomorphine. The receptor is colored slate, cyan, and pink, respectively. See Figure S2 and
Table S1.

(C) Alignment of three structures of D1R signaling complexes shown in (B).

(D) Structure of the D2R-G; with bromocriptine. The D2R is colored hot pink. See Figure
S2 and Table S1.

See also Figures S1, S3, and S4.
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D2R/ | GBI Gy with bromocriptine in detergents

| Gai I GBI/ Gy with in nanodiscs

Figure 2. Structure comparison of bromocriptine-D2R-G; complexes
(A) Alignment of the structure of bromocriptine-D2R-G; complex reported by us and the

structure of thermostabilized D2R complexed with G; and bromocriptine in nanodiscs
reported previously (PDB: 6VMS). The receptor and G;j protein are colored hot pink and
pale cyan, respectively, in our structure. The thermostabilized receptor and the ligand
bromocriptine are colored light brown, and the G; protein is colored light blue in the
previously reported structure. Bromocriptine is colored light green in our structure. See
Figure S5 for amino acid sequence alignment between WT D2R and thermostabilized D2R.
(B-E) Structural differences of the two bromocriptine-D2R-G; complexes in TM1 (B), TM6
(C), and ligand binding mode (D) of receptor part and G of G protein part (E).
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Figure 3. Agonists recognition at D1R
(A-C) Interactions between SKF81297 (orange), SKF83959 (yellow), and apomorphine

(purple) with D1R. The receptor is colored slate, cyan, and pink, respectively.

(D—F) Comparisons of binding poses between SKF81297 and SKF83959 (D), SKF81297
and apomorphine (E), and SKF83959 and apomorphine (F) when aligned in D1R receptor
part. Hydrogen bonds are shown as black dash lines.

(G) Gg-cAMP accumulation results of WT D1R and D1R mutants activated by SKF81297,
SKF83959, and apomorphine, respectively. Activities of the three agonists are identified as
PECs. ND, not detected. Average Emax values were determined from “log(agonist) versus
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response-variable slope (four parameters)” function in GraphPad Prism 8.4 software
(GraphPad Software Inc., San Diego, CA) and were divided by 103 for display. All data are
presented as mean values + SEM with a minimum of four technical replicates and n = 3
biological replicates. See Figure S6 for dose response curves and Table S4 for fitted
parameter values.

See also Tables S2 and S3.
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D1R/ Gas/ G/ Gy with SKF81297 B2AR/ Gas/ G/ - with BI-167107

Figure 4. D1R activation
(A) Structural alignment of D1R-Gg bound to SKF81297 and B,AR-Gg bound to BI-167107

(PDB: 3SN6). The alignment was based on the structures of D1R and p,AR, which are
colored slate and teal, respectively.

(B) Structural comparison of the cytoplasmic regions of D1R and BAR.

(C) Alignment of TM5, TM6, and TM7 of D1R and B,AR.

(D and E) Alignment of the D3-49R3-50y3.51 motifs (D) and the P5-5013-40F6-44 moifs (E) of
D1R and B,AR.

See also Figures S2 and S7 and Table S5.
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Figure 5. D2R activation

Page 30

Toggle switch

PIF motif

.| DRY motif

NPxxY motif

(A and B) Structural comparison of the extracellular regions (A) and the cytoplasmic regions
(B) of the active D2R (hot pink) with bromocriptine (light green) and the inactive D2R (light

gray) with risperidone (light yellow) (PDB: 6CM4).

(C-F) Different conformations of residues and motifs in the active D2R and the inactive

D2R that are involved in receptor activation.
See also Figures S2 and S4.
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‘ ) "OBP
SKF81297 Apomorphine D1R- SKF81297 D1R- SKF81297
D2R- Bromocriptine

D1R- SKF81297 D2R- Bromocriptine

Figure 6. Differences of D1R and D2R in ligand-binding
(A) Structural comparison of the extracellular regions of D1R (slate) and D2R (hot pink).

D1R and D2R agonists SKF81297 and bromocriptine are colored orange and light green,
respectively.

(B) Agonist-binding pockets of D1R and D2R viewed from the extracellular side.

(C) Structural alignment of the agonist-binding pockets of D1R and D2R. The surface of
ECL2 of D2R is shown in hot pink.

(D) Binding poses of the D1R agonist SKF81297 and the D2R agonist bromocriptine. The
orthosteric binding pocket (OBP) and the extended binding pocket (EBP) in the D2R for
bromocriptine are circled.

(E) Potential EBP in D1R. The residue K81 is shown in yellow.

(F) Extracellular regions. Extracellular ends of TM1, TM6, and TM2 as well as ECL1 in
D1R adopt different conformations compared to those in D2R. The narrow D1R ligand
binding pocket resulted from the large inward movement of TM6 relative to D2R cause
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steric clash with bromocriptine. The steric clash regions are circled by dash line and marked
with black star. Slate, D1R; hot pink, D2R; light green, bromocriptine.
See also Figures S2, S3, S4, and S5B.
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Figure 7. Differences of D1R and D2R G protein-coupling
(A) Structural comparison of the active D1R and D2R showing differences in TM3-1CL2-

TM4, TM5, and TM6.

(B) Surface maps of D1R-Gg and D2R-G;. The extended binding region between D1R and
TM5 is circled by dash line, such interaction is absent in D2R-G; complex. Slate,
SKF81297-D1R; hot pink, bromocriptine-D2R; green, Gs; pale cyan, Gqi1; yellow orange,
Gg; light magentas, G,,.

(C) Interaction between D1R TMS5 cytoplasmic end and Gg. The long extended TM5
cytoplasmic end of D1R adopts another binding interface with the Ras-like domain of Gs.
Slate, D1R; hot pink, D2R; green, Gg; pale cyan, G;.
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(D) Interaction interface of D1R with ICL2 region of Gs. The corresponding region in
D2R-G; complex was aligned. The conformational changes of ICL2 region in D1R relative
to D2R were marked with black arrows, compared to D2R, the one more helix turn
extending of D1R ICL2 toward G4 hydrophobic pocket leads to stronger hydrophobic
interaction between ICL2 and G protein, which is mainly mediated by F129 in ICL2 of D1R.
Slate, SKF81297-D1R; green, Gg; hot pink, bromocriptine-D2R; pale cyan, G,;. The
hydrogen bonds are shown in black dash line.

(E) Structural comparison of the binding activities in D1R (slate) and D2R (hot pink) for the
a5 helix of G4 (green) and G, (pale cyan), respectively.

(F) Different orientations of Gg (green) relative to D1R and G; (pale cyan) relative to D2R.
This is based on the alignment of the receptors.

See also Figures S2, S3, and S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

GP64-PE antibody Expression systems Cat# 97-201
Anti-hemagglutinin HRP conjugate Sigma-Aldrich Cat#A8592
Chemicals, peptides, and recombinant proteins

SKF81297 hydrobromide Tocris Cat# 1447/10
SKF83959 hydrobromide Tocris Cat# 2074
Apomorphine hydrochloride Tocris Cat# 2073/50
Bromocriptine mesylate TargetMol Cat# T5842
Dopamine Sigma-Aldrich Cat# H8502
[®H]-SCH23390 Perkin Elmer Cat# NET930025UC
Lauryl maltose neopentyl glycol Anatrace Cat# NG310
n-dodecyl-p-D-maltoside (DDM) Anatrace Cat# D310S
Glyco-diosgenin (GDN) Anatrace Cat# GDN101
Cholesteryl Hemisuccinate Anatrace Cat# CH210
Digitonin Biosynth Cat# D-3200
ClonExpress 11 One Step Cloning Kit Vazyme Biotech Co.,Ltd Cat# C112
Protease Inhibitor Cocktail, EDTA-free Bimake Cat# B14003
Apyrase New England Biolabs Cat# M0398L
Nickel Sepharose resin GE healthcare Cat#17526801
Anti-Flag resin Smart-Lifesciences Cat# C20042002

FLAG peptide
ESF921 culture medium

Talon resin

Dulbecco’s Modified Eagle Medium (DMEM)

Fetal bovine serum (FBS)

Penicillin/ Streptomycin
TransIT-2-2-Transfection Reagent

Horse Radish Peroxidase (HRP) Substrate

Synpeptide Co Ltd
Expression systems
Takara

VWR

VWR

Invitrogen

Mirus

ThermoFisher

Custom Synthesis
Cat# 96-001-01
Cat# 635504
Cat# 45000-306
Cat#97068-085
Cat#15140-122
Cat# MIR5400
Cat# 37069

Hanks’ Balanced Salt Solution (HBSS) Invitrogen Cat# 14065-056
Glosensor Assay Reagent Promega Cat# E1290
Bright-Glo Luciferase Reagent Promega Cat# E2610
Critical commercial assays

Bac-to-Bac Baculovirus Expression System Invitrogen Cat# A11098
pcDNA 3.1 Thermo Fisher Cat#\V/79020
Glosensor Plasmid 22F Promega Cat#E2301
Deposited data

D1R- SKF81297- G coordinates This paper PDB: 7JV5
D1R- SKF83959- G coordinates This paper PDB: 7JVP
D1R- apomorphine- G4 coordinates This paper PDB: 7JVQ
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REAGENT or RESOURCE SOURCE IDENTIFIER
D2R-bromocriptine- G; coordinates This paper PDB: 7JVR

D1R- SKF81297- Gg EM map This paper EMDB: EMD-22493
D1R- SKF83959- Gs EM map This paper EMDB: EMD-22509
D1R- apomorphine- G EM map This paper EMDB: EMD-22510
D2R-bromocriptine- G; EM map This paper EMDB: EMD-22511
Experimental models: cell lines

E. colistrain BL21 (DE3) NEB Cat# C2527

Spodoptera frugiperaa Sf9 cells
HEK293T cells

Expression Systems

ATCC

Cat# 94-001F
Cat# CRL-11268

Recombinant DNA

pFastbac-prolactin-FLAG-BN-D1R-H8
pFastbac-HA- FLAG-BRIL-D2R-H8
pFastbac- DN_Gs

pFastbac- DN_miniGgs

pFastbac- DN_G;

pFastbac-H8-Gg;

pFastbac-G,,

pFastbac-GP67-scFv16-Tev-H8

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Software and algorithms

Clonemanager
Prism 8
SerialEM
MotionCor2
Relion 3.0

UCSF Chimera

Sci-Ed Software
GraphPad
Mastronarde, 2005
(Zheng et al., 2017)
Zivanov, et al., 2018

Pettersen et al., 2004
(Pettersen et al., 2021)

http://www.scied.com/pr_cmpro.htm
https://www.graphpad.com/scientific-software/prism/
https://bio3d.colorado.edu/SerialEM/
https://msg.ucsf.edu/em/software/motioncor2.html

https://www3.mrc-lmb.cam.ac.uk/relion/index.php/Download_
%26_install

https://www.cgl.ucsf.edu/chimera/

https://www.cgl.ucsf.edu/chimerax/

Phenix (Adams et al., 2010) https://www.phenix-online.org/

MolProbity Chenetal., 2010 http://molprobity.biochem.duke.edu/

Coot Emsley and Cowtan, 2004  https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/
PyMol 2.3 Schrédinger https://pymol.org/2/

Adobe Illustrator CC Adobe https://www.adobe.com

Other

Quantifoil R1.2/1.3 300-mesh Gold grids Quantifoil https://www.emsdiasum.com/microscopy/products/grids/

Superdex 200 Increase column

GE healthcare

quantifoil.aspx

Cat#28990944
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