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A neurodevelopmental disorder mutation
locks G proteins in the transitory pre-
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Many neurotransmitter receptors activate G proteins through exchange of
GDP for GTP. The intermediate nucleotide-free state has eluded character-
ization, due largely to its inherent instability. Here we characterize a G protein
variant associated with a rare neurological disorder in humans. Ga,,**F has a
charge reversal that clashes with the phosphate groups of GDP and GTP. As
anticipated, the purified protein binds poorly to guanine nucleotides yet
retains wild-type affinity for G protein By subunits. In cells with physiological
concentrations of nucleotide, Ga,**f forms a stable complex with receptors
and Gy, impeding effector activation. Further, we demonstrate that the
mutant can be easily purified in complex with dopamine-bound D2 receptors,
and use cryo-electron microscopy to determine the structure, including both
domains of Ga,, without nucleotide or stabilizing nanobodies. These findings
reveal the molecular basis for the first committed step of G protein activation,
establish a mechanistic basis for a neurological disorder, provide a simplified
strategy to determine receptor-G protein structures, and a method to detect
high affinity agonist binding in cells.

Many clinically important drugs, environmental signals, hormones,
and neurotransmitters elicit their effects through G protein-coupled
receptors (GPCRs). Receptors of this class represent one of the largest
gene families, and by far the largest class of drug targets, and includes
members with little or no shared sequence similarity. In contrast, G
proteins are highly conserved in structure and function, and in

mammals consist of just four subfamilies (Gs, Gio, Gqm, and Giz3)
encoded by 16 individual genes.

The ability of such widely divergent receptors to activate a com-
paratively small number of G proteins indicates a shared mechanism of
activation'”. Broadly speaking, agonist binding to receptors leads to
conformational changes in the G protein o« subunit, release of GDP,
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binding to GTP, and dissociation of Ga-GTP from the GBy dimer**.
Either of the dissociated subunits can modulate the activity of down-
stream effector proteins, including adenylyl cyclase and phospholi-
pase CB*>°, among others. In addition, GBy dimers regulate potassium
channels, calcium channels, phosphatidylinositol 3-kinases and
MAPKs’. Agonist-induced signaling is terminated after Ga hydrolyzes
GTP and the subunits reassemble; in most cases, this inactivation step
is accelerated by regulators of G protein signaling (RGS) proteins’.
Thus, receptors serve as signal discriminators and nucleotide
exchange factors, RGS proteins serve as timing devices and G proteins
serve as determinants of output specificity.

Activated GPCRs can stabilize the G protein in the nucleotide-free
(apo) state, thereby facilitating GTP-GDP exchange®™°. The G protein
nucleotide exchange step is likely accomplished by opening the cleft
between the two domains of a given Ga protein in conjunction with
docking of the a5 helix to the receptor', Direct evidence of such
inter-domain movement was first provided through double electron-
electron resonance experiments on rhodopsin-activated Go; and
Gag, as well as through hydrogen-deuterium exchange studies™®,
and X-ray crystallographic studies of the (3,-adrenergic receptor bound
to the G protein heterotrimer”. In every study, GBy remained asso-
ciated with Ga in the apo state. However, upon binding to GTP, the G
protein subunits dissociate and are free to activate downstream
effectors. Thus, the process of G protein activation is comprised of
three discrete binding and unbinding transformations: (i) GPCR-
dependent unbinding of GDP and stabilization of the nucleotide-free
form of Ga, (ij) GTP-binding-dependent conformational changes in
Ga, and (iii) unbinding of Ga-GTP from the Gy subunits (Fig. 1A).

Previous studies have characterized mutations that disrupt each
of the transformations.

Lambert and colleagues described two types of Ga mutants'",
both of which bind stably with agonist-occupied receptor but fail to
release GDP?. One strategy involved inserting four amino acids and
extending the o5 helix, mimicking the translation that normally
occurs during receptor engagement. Under these circumstances
receptor-G protein subtype selectivity was diminished®. Mutations at
the catalytic glutamine (required for GTP hydrolysis**?) impose an
ensemble of activated states that lead to sustained effector
activation®. Mutations at a conserved arginine, part of the Gly-Arg-
Glu (G-R-E) triad, prevent the release of GBy even in the GTP-bound
state (Fig. 1A)*".

Following a recent comprehensive screen of mutations asso-
ciated with a neurological disorder in humans®, we identified a sub-
stitution (Ga,***F) that seemed likely to prevent guanine nucleotide
binding, and thereby impose the first transformation state of the
activation process (Fig. 1A)**?. Of the 55 mutations tested, Go,
most strongly suppressed signaling in cells. This phosphate-inter-
acting and neutralizing Lys (“pinK”) is conserved in all G proteins
(Fig. 1B), as well as in most protein kinases®. By swapping a positively
charged side chain with one that is negatively charged, and at a
position buried within the nucleotide-binding pocket, the Lys-to-Glu
(“pinKE”) substitution is likely to repel the phosphate groups of GDP
and GTP (Fig. 1C, D). At the same time, the presence of the glutamate
may help to secure the protein in the apo state, since the negatively
charged residue may take the place of the negatively charged
phosphates.

Here, we demonstrate that the pinKE mutation is incompatible
with proper nucleotide binding but preserves the ability of the protein
to bind receptors and Gy, as determined through detailed protein
structure and function analysis. Consequently, this mutant inhibits
signaling, in a dominant-negative fashion, as determined through cell-
based activity measures. Our investigations reveal a likely mechanism
of action for a rare neurological disorder and provide a tool for the
isolation and characterization of G proteins in complex with agonist-
occupied receptors.

Results

Dominant negative inhibition of GBy signaling

In a screen of 55 Ga, mutations, each associated with a neurological
disorder in humans®, we identified a subset of 29 mutations that
suppress Gy dissociation in cells. Because these mutants inhibit
signaling in the presence of wild-type Ga, they may be regarded as
dominant negative mutants®**°. Of the 55 variants tested, the best-
performing mutant had a charge substitution at a conserved lysine
that bridges the  and y phosphates of GTP. Replacement of the lysine
with a negatively charged glutamate (Go,**%) is likely to be incom-
patible with GDP or GTP binding, due to charge-charge repulsion.
Therefore, we postulated that Go,***F persists in the nucleotide-free
state and, consequently, remains associated with Gy and receptor.
To test this hypothesis, we used bioluminescence resonance energy
transfer (BRET) to monitor Ga-Rluc8 dissociation from Gfy-GFP2
following GPCR activation (Fig. 2A)*?'. Lys46 is conserved in all
human Ga members (position G.H1.01 using the CGN nomenclature’;
Fig. 1B). To determine if its function is conserved, we introduced
pinKE mutations into 10 human Ga-Rluc8 subtypes and the two major
splice variants of Ga,. As controls we used wild-type Ga-Rluc and a
mutation at a conserved arginine (triadRC, position G.H2.04)?*>%,
which is necessary for GTP-dependent subunit dissociation*. We co-
transfected HEK293T cells with these G protein variants and with
canonical receptors known to couple to each subtype; the p-opioid
receptor (MOR, couples to Gaj;, Gaip, Gatis, Ga,, Goga, and Goep), the
dopamine D, receptor (D2R, couples to Gays and Goyg), the neuro-
tensin 1 receptor (NTIR, couples to Gag, Goyg, Goys and Gays), and the
B,-adrenergic receptor (B,AR, couples to Gas) (Supplementary
Fig. 1)>.. For all ten subtypes tested, the triadRC substitutions led to
diminished subunit dissociation (Fig. 2A and Supplementary Fig. 1A),
consistent with the known defect in GTP-dependent conformational
changes®. The pinKE substitutions likewise diminished responses
(Fig. 2A and Supplementary Fig. 1A, B). Notably, a subset of pinKE
mutants displayed significantly reduced luminescence, basal BRET
ratios, or both, indicating poor expression or association, respectively
(Supplementary Fig. 1C and 1D). While Ga,a appeared to express
more poorly than the other subtypes tested (Supplementary Fig. 1C),
it bound particularly well to Gy under basal conditions (Supple-
mentary Fig. 1D). Together, these data indicate that Lys46 is needed
for proper Gpy dissociation.

The BRET method used above provides a direct and quantitative
readout of distance between donor and acceptor, in this case bound
to Ga and Gy, and therefore is well suited for comparison of the
pinKE substitutions in multiple Ga subtypes. Using this method, we
demonstrated that pinKE impedes the release of GBy %, in the
manner of the triad arginine mutant®. Whereas the triadRC mutant
assembles with GBy even in the GTP-bound state, however, we
postulated that pinKE would be predominantly in the nucleotide-
free state and would thus fail to dissociate from receptors as well as
from Gpy.

While the diminished BRET signal can reflect diminished proxi-
mity, it is also dependent on the dipole angle of the fluorophores
within each Ga subtype. In addition, it is possible that some G proteins
do not fully dissociate following receptor activation. As an additional
test of our hypothesis, we used an alternative BRET method, one that
measures the ability of the mutant to inhibit receptor-mediated acti-
vation and in competition with wild-type G protein. Once again, we
compared the response to dopamine as well as to p-opioid ligands, but
in this case we monitored the ability of free GBy to bind the C-terminal
domain of the G protein-coupled receptor kinase (GRK3ct)***°. As
shown in Fig. 2B, wild type - but not the pinKE mutant - form of Ga,a
(hereafter Ga,,) released GBy in response to agonists, as indicated by
the relative increase in fluorescence over time. We then tested the
ability of pinKE to suppress signaling by wild-type Go,, coexpressed in
the same cell. As shown in Fig. 2C, an extra copy of Ga, dampened the
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Stable Ternary Complex

Metastable Apo State

triadRC
Vol Stable Heterotrimer State

Fig. 1| The phosphate-interacting and neutralizing lysine (pinK) controls one
of three binding and unbinding transformations in Ga. A Agonist binding leads
to stabilization of the nucleotide-free form of the G protein heterotrimer, while
GTP binding leads to conformational changes in Ga and unbinding of Ga-GTP from
the GBy subunits. Mutations disrupt GTP binding (pinKE) and GTP-dependent
subunit dissociation (triadRC). B The conserved phosphate interacting and
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neutralizing lysine (pinK) is present in all human Ga proteins as well as Ga proteins
from the yeast S. cerevisiae (Gpal) and plant A. thaliana (AtGPAL1). C pinK (Lys-46 in
Ga,) forms polar interactions with GTP. D Overlay of multiple Ga structures from
PDB ID: 1GIA (G, green), 1AZT (Gs, cyan), ITND (G, blue), 3C7K (G,, gray), and
1ZCA (Gyp, yellow), showing that pinK bridges the  and y phosphates of GTP.

response while pinKE largely abrogated the response (see also Sup-
plementary Fig. 1E). Thus, and as anticipated by our model, Go,**t
suppressed the release of GBy, and did so both in the absence and
presence of wild-type Ga,.

The results shown above indicate that Go,*“*f forms a non-
productive complex with GBy. Our model was that it also binds stably
to agonist-bound receptors, and by extension with Gfy. To test this
feature of the model we used another protein proximity assay, one that
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Inhibition of effector function
Our cell-based analysis revealed that Go,**** inhibits receptor-

relies on complementation between SmBit-tagged receptor and LgBit-
tagged GP. Assembly of receptor and Gy, and therefore of SmBit with

LgBit, reconstitutes luciferase activity. In this case, binding of receptor
to Go,“*F was higher by at least two-fold, in comparison with wild-type
G, (Fig. 2D). This is in contrast to Go,"2°%¢, which binds to receptors in
the manner of the wild-type G protein**?’*>**_ We conclude that both
mutants sequester GPy, but pinKE alone sequesters receptors.

mediated G protein activation and does so in a genetically dominant
manner. Given that Ga,X** was identified in individuals with a severe
neurological condition®®, and given that Go, is the most abundant G
protein in the brain and central nervous system®**°, we next sought to
establish its function towards a physiologically relevant effector
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Fig. 2 | The pinKE mutation impedes G protein subunit dissociation. A Agonist-
induced dissociation of Ga and GBy subunits (left). HEK293T cells transfected with
the indicated receptor, WT or mutant Ga-RLuc8 donor, GB and Gy-GFP acceptor
proteins (middle). Representative concentration-response measurements using
the p-opioid (MOR; Gy)), neurotensin (NTIR; Gq, Gi3), or B,-adrenergic receptor
(B2AR; G;) receptors, presented as fold decrease in dynamic range measured by
comparing the energy transfer from donor to acceptor and reported as ABRET
(GFP/RIuc8 per well minus Basal BRET, or GFP/Rluc8, at lowest dose of agonist) in
comparison to basal activity, presented as raw BRET values prior to stimulus (right).
Data are means + SEM from 3 independent experiments, 2 measurements each.

B Agonist-induced dissociation of GBy subunits (left). HEK293FT cells transfected
with MOR or D2R, either empty vector (pcDNA3.1) or vector with wild-type or
mutant Ga,, masGRK3ct-Nluc-HA donor and Venus-GBy acceptor proteins.
Representative time-course measurements for D2R after dopamine addition, pre-
sented as ABRET (ratio of emission by Venus at 535 nm and Nluc at 475 nm;
recorded prior to agonist stimulation and subtracted from the experimental BRET

values, middle). Effect of mutations, quantified as maximum amplitude relative to
wild type (right). Data are means + SEM from 4 (vector) or 5 (Ga, or Ga,*“*F)
independent experiments, 3 measurements each. C Dominant-negative inhibition
of subunit release (left). HEK293 cells transfected as in B but with the addition of an
equal amount of wild-type Ga, (middle), done by transfecting equivalent amounts
of mutant and wild-type DNA. Effect of mutations quantified as maximum ampli-
tude (right). BRET data are means + SEM from 4 (vector) or 5 (Goi, or Go,<*°E)
independent experiments, 3 measurements each. D Agonist-induced association of
GPCRs and G proteins (left). HEK293FT cells transfected with MOR or D2R fused to
myc-SmBIT, Ga,, GB fused to LgBiT, and Gy. Representative time-course mea-
surements after dopamine addition leading to reconstitution of functional Nluc,
presented as arbitrary luminesence units (AAU, middle). Effect of mutations,
quantified as maximum amplitude (right). Data are means + SEM from 6 indepen-
dent experiments, 3 measurements each. Statistical analysis performed with
2-tailed unpaired ¢ test; ***p < 0.0001. Source data are provided as a Source

Data file.

system. We turned to the inwardly rectifying potassium (GIRK) chan-
nel, which like Ga,, is abundant in the brain. Upon binding to free Gfy,
GIRK channel opening leads to potassium flux. The resulting current
provides a readout of G protein heterotrimer dissociation (Fig. 3A).

To corroborate previous findings, we introduced to Xenopus lae-
vis oocytes the GIRK1 and GIRK2 channels, followed by Gy and the
Ga, protein variants (Fig. 3A). To establish the functionality of the
GIRK channel, we measured the current in response to potassium,
which provides a measure of basal (unstimulated) channel opening,
and in response to barium, which inhibits channel current. Introduc-
tion of GPy alone activated the channel, and that activity was reduced
by addition of Ga,,?**°¢, presumably due to sequestration of GPy. In
contrast, the signal was unaffected by the Ga,**** mutant and wild-type
proteins (Fig. 3B, C). When we introduced the dopamine D, receptor
and treated the cells with a saturating concentration of agonist
(Fig. 3D), both mutants reduced the effect of potassium, and pinKE
largely abrogated the effect of dopamine (Fig. 3E-G). These results are
consistent with our initial screen”, and support the model that the
triadRC mutant sequesters Gy on its own while pinKE does so only in
complex with the activated receptor.

To verify and expand our analysis, we used a human cell expres-
sion system (HEK293T) and measured activation of GIRK1/2 channels
in cells co-expressed with either Gat,, Gat,“*F or Ga,*°¢. We compared
p-opioid receptor activation with the direct activation of GIRK chan-
nels by alcohol (100 mM 1-propanol, PrOH). Alcohol-dependent acti-
vation bypasses G protein activation of GIRK channels**, thus
enabling a comparison between G protein-activated and directly-
activated channels. The barium-inhibited current was not significantly
different when comparing the wild type and mutant G proteins (Sup-
plementary Fig. 1F), suggesting similar levels of GIRK expression. In
contrast, we observed a significant reduction in the receptor-activated
current, as compared to PrOH-activated current, with Ga,*?°°¢ and an
even stronger reduction with Ga,**¢t (Fig. 3H, I). Indeed, a large pro-
portion (7/10) of recorded cells had PrOH-activated currents but
negligible (<1 pA) responses to DAMGO, suggesting a dominant
negative effect. These data support the conclusion that both Go, %
and Ga,*¢ mutants sequester GBy, but Ga,***f does so only in the
presence of activated receptor. Accordingly, differences in Fig. 3C, F
could be due to stabilization by receptor of the G protein heterotrimer.
Stated differently, triadRC acts as a GBy-specific dominant negative
mutant and pinKE is a receptor-specific dominant negative mutant.

pinKE binds to Gy but not guanine nucleotides

Our cell-based measurements indicate that the pinKE variant can
sequester receptors, possibly because it is locked in the nucleotide-
free state. To test this directly, we purified Go,***, as well as Ga, and
Go,"%C, and used three different measures of GTP binding and
hydrolysis. First, we determined the melting temperature of purified

protein using fast determination of quantitative cysteine reactivity
(fQCR). In this method, buried cysteine residues that become exposed
when the protein unfolds are covalently labeled with a fluorogenic
compound. Previously we used fQCR to show that G proteins are more
stable when bound to GTPYS than GDP***}, and we anticipated that the
thermostability would be further reduced for a nucleotide-free
mutant*. Accordingly, we purified wild type and mutant variants of
Ga, and monitored labeling as a function of temperature. As shown in
Fig. 4A, whereas the wild-type protein was more stable when bound to
GTPYS than GDP, Ga,*?°°° showed no stabilization in the presence of
GTPyS. The Ga,*“¢f variant had a substantially lower Ty, and likewise
showed no differences when comparing GTPyS and GDP. Only at 1000-
fold higher concentrations of GDP did we observe a T, close to that of
the wild-type protein (Fig. 4B).

Second, we tracked the ability of all three proteins to bind and
hydrolyze GTP. To that end, we monitored the increase in fluorescence
that accompanies the binding of BODIPY-GTP to protein, followed by
the loss of fluorescence as BODIPY-GTP is reduced to BODIPY-GDP**°,
By this measure, we showed that the GTP analog bound to wild-type
protein and Ga,**¢, but not to Ga,*t (Fig. 4C). GTP was slowly
hydrolyzed by Ga,*?°°, which is usually indicative of a hyperactive G
protein. However, we have shown previously that substitutions of the
triad-arginine suppress Gy dissociation, even in the GTP-bound
state*. Thus, the slow rate of hydrolysis would not affect the levels of
free Ga and Gy in the cell. Finally, to confirm that lack of binding was
not an artifact of the BODIPY moiety, we measured the association of
radiolabeled GTPy*S to the mutant and wild-type forms of Ga,. Once
again, nucleotide bound well to Ga, and Go,?°C but not to
Go,*** (Fig. 4D).

The lack of cooperativity in our thermostability profiles suggested
that the pinKE mutant in the monomeric state is in a highly dynamic,
and possibly molten, globular form. To determine whether Ga,**¢f was
properly folded, we tested its ability to bind GBy directly, using bio-
layer interferometry (BLI). We combined biotin-Gfy, immobilized onto
Streptavidin-coated biosensor tips, with a solution containing GDP and
purified Go,, Go, X, or Ga,*?%°C. After 10 min the tips were transferred
to an identical solution but lacking Ga. By this measure, the wild type
and mutant proteins exhibited similar association and dissociation
kinetics, indicating that the binding affinities were the same for each
(Fig. 4E). Taken together, our results indicate that both Ga,%¢ and
Gt stabilize the G protein heterotrimer but do so by different
mechanisms. Whereas Ga,**t binds poorly to guanine nucleotides,
Ga,M°¢ binds to nucleotides but fails to release Gpy.

To gain mechanistic insights into the residues that contribute to
nucleotide binding affinity, we performed molecular dynamics simu-
lations (MDS) on the monomeric form of wild-type Ga, and the two
mutants, Go,***f and Ga,*°°¢, with and without GTP bound. Using the
aggregated trajectories from the MDS, we performed principal
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component analysis (PCA) and projected the free energy in the first
two top-weighted principal components (PC1 and PC2). Figure 4F
shows the free energy surface for monomeric Go, and Go,,**f, along
with the structures representing the minima in the free energy sur-
faces. The Ga,,*** mutant had fewer free energy minima, indicating
less flexibility than that of the wild-type Ga,. The structures repre-
senting the minima revealed that the Ras-like domain is more flexible
in the mutant protein than it is in the wild type. To understand the
residues in Ga, that contribute to GTP binding, we calculated the

interaction energy (sum of electrostatic and van der Waals interaction
energies) of GTP with the whole of Ga,, Go,*E, or Ga,R2°°C. As seen in
Fig. 4G, we observed significantly reduced interaction energy between
GTP and the Ga,**Ff mutant, as compared to wild-type Ga, or Goi,*?%°C.
We then examined the contact frequency (percentage of MD snap-
shots that make contact with GTP) of various residues in the
nucleotide-binding site (Supplementary Fig. 2). This analysis revealed
that residues Glu-43, Ser-44, Gly-45, Lys-46, Lys-181, and Thr-182
weaken their contact frequency by more than 30% in the Ga,***
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Fig. 3 | The pinKE mutation impedes GBy-mediated effector activation. A GIRK1/
GIRK2 channel current without (left) and with Gy (middle) or Gapy (right).

B Representative two-electrode voltage clamp (TEVC) recordings in Xenopus laevis
oocytes expressing GIRK1/2, GByy,, and either Ga, (black), Ga,***F (red) or Ga,R2*°¢
(blue) following treatment with high potassium solution (High K*) and barium
(Ba®"), which directly activate and inactivate the channel, respectively. C Maximum
voltage differences. Normalized current, normalized to the GIRK 1/2 + GBy condi-
tion (100%). Data are means + SD from 3 independent experiments with 6 mea-
surements each; ***p < 0.0001; **p = 0.0083. D GIRK1/GIRK2 channel current with
Gafy and receptor. E Representative TEVC recordings in Xenopus laevis oocytes
expressing dopamine D, receptor, GIRK1/2, GByy,, and either Ga,, (black), Goi,**
(red), or Gai,?°°¢ (blue) following treatment with high potassium solution (High K*)
and barium (Ba?"), as well as dopamine, which activates the D, receptor.

F Normalized potassium- and dopamine-induced currents. Data are means + SD

from 3 independent experiments, with 6, 6, and 5 measurements each;

***p < 0.0001. G Normalized currents induced by dopamine divided by currents
induced by high potassium (l/Ibasal). Data from (F) are means + SD; **p = 0.0039.
H Representative current recordings from HEK293T cells expressing MOR and the
indicated Ga, subunit, showing activation with 1-propanol (PrOH), activation with
DAMGO or inhibition with BaCl,. Each solution was delivered for 30 s. I Bar plot
shows the ratio of DAMGO-activated to PrOH-activated current for each Ga, sub-
unit. Data are means + SD from 9 (R209C) or 10 (WT, K46E) independent experi-
ments; **p = 0.0003; *p = 0.0221. Statistical analysis in C and G performed with
one-way ANOVA Tukey’s test. Statistical analysis in F performed by two-way ANOVA
with Tukey’s multiple comparison (left) and Sidak pairwise comparison (right)
tests. Statistical analysis in I performed with one-way ANOVA Dunett’s test. Source
data are provided as a Source Data file.

mutant as compared to wild-type Ga,. The total interaction energy of
the a5 helix with the Ras domain is weaker in Go,**“t than in wild-type
Ga,,; similarly, the structure of the previously described GDP-bound
Go,—** mutant shows that the a5 helix is detached from the Ras
domain'®, These data suggest that the K46E and —-4A mutants operate
by similar mechanisms. In summary, our MDS analysis reveals how the
Lys-46-Glu substitution affects the structure and dynamics of Ga,, and
provides a rationale for the observed reduction in GTP-binding affinity.

pinKE preserves a high-affinity agonist-bound form of the
receptor

Agonist binding to receptor stabilizes the nucleotide-free form of the
G protein and, conversely, the nucleotide-free G protein confers
increased affinity of receptors for agonists (but not for antagonists)*’.
Because pinKE binds poorly to nucleotide, we anticipated that it
would lock the receptor in the activated, agonist-bound conforma-
tion. We initially tested this using a saturation binding assay to
determine affinity for radioactive agonist, comparing Ga, and Go,
in the presence and absence of the GTP analog GppCp. To ensure
proper coupling and a 1:1 stoichiometry, we used a fusion of the p-
opioid receptor and Ga, (MOR-Ga,). As anticipated by our model,
MOR-Ga,*f bound agonist with high affinity, even in the presence of
GppCp; in contrast, MOR-Ga,, displayed decreased affinity for agonist
with addition of GppCp (Fig. S5A-C, black vs red traces). Furthermore,
we purified the full-length dopamine D, receptor gene (without
any mutations, D2R) co-expressed in sf9 insect cells with Go**t,
Gp;, and Gy,, in the presence and absence of apyrase, an enzyme
that degrades ATP/GTP to AMP/GMP, using the full agonist dopamine
to form the complex. Size exclusion and SDS gel analysis revealed
that complex formation is achieved and stable during cell lysis
throughout the multi-day purification process, even in the absence of
apyrase (Supplementary Fig. 3). Taken together, these results indicate
that Ga,**“F imposes the high affinity agonist-binding conformation
of the receptor, and does so even in the presence of guanine
nucleotide.

Our results indicate that a single amino acid substitution confers
stable association of Ga, with agonist-bound receptor and the Gy
subunits. Accordingly, the pinKE mutant could be used for structure
determination of receptors bound to G proteins. To test this, we solved
the structure of the mutant complex using cryo-EM. For these studies
we used the full-length dopamine D, receptor (D2R) coexpressed with
G, GBy, and Gy,, in the presence and absence of the G;/, protein-
stabilizing single chain antibody scFv16'. scFvlé binds to the
N-terminus of the o« subunit and is used in structural studies to prevent
dissociation of the G protein ternary complex*. The full agonist
dopamine was used to form the ligand-bound receptor-G protein
complexes. We determined the structures of the dopamine-bound
D2R-Ga,***f complex, with and without scFv16, with overall resolutions
of3.3Aand 3.2 A, respectively (Fig. 5D, E; Supplementary Figs. 4 and 5;
and Supplementary Table 1).

The two structures (D2R-G,***f +/— scFv16) were readily super-
imposable and with only discreet differences, having a root mean
square difference (RMSD) of 0.69 A for all aligned Co’s. The EM density
was well resolved for the Ras-like domain along with the C-terminal
helix of each G protein complex. However, the EM density for the all-
helical domain (AHD) in the scFv16 structure was much weaker in
intensity and less resolved when compared to the structure in the
absence of scFv16, at the same EM density contour level, and was not
modeled into the structure. It is important to note that the scFv16 in
our complex did not appear to clash with the AHD and did not prevent
complex formation (scFvlé was co-expressed with receptor and G
protein subunits). In the D2R-G,**t (- scFv16) structure, Ga was in the
open conformation with the AHD interacting with the outermost 3
strand of the WD3 repeat of the G[3; subunit. The position of the AHD in
our structure is most similar to that seen in the NTR1 neurotensin
receptor and G;; protein complex (PDB ID: 7L0Q)*, in which the aA
helix of the AHD is almost perpendicular with the Gf3; subunit (-80°
angle relative to the Ga aN helix). In contrast, in the (3,-adrenergic
receptor-Gs protein complex crystal structure (PDB ID: 3SN6)", the
AHD is positioned further from the Ras-like domain, possibly due to
the presence of a stabilizing nanobody at the domain interface or due
to crystal packing or both; the AHD «A helix is parallel with the Gs
N-terminus (-0° angle relative to the Ga aN helix) and has no apparent
interaction with the WD3 repeat of the G[; subunit (Supplemen-
tary Fig. 6).

In the high-resolution crystal structures of the heterotrimeric Gy
protein complex (PDB ID: 1GP2) bound to GDP*° and the Ga;; subunit
bound to GTP (PDB ID: 1GIA), the conserved Lys-46 is engaged in a
charged interaction with the  phosphate group of the bound GDP/
GTP. Additionally, the Ga;; lysine is engaged in charged interactions
with the Ser-44 hydroxyl and the backbone carbonyl of residues Gly-40
and Ala-41 of the loop region between sheet 1 and helix a1, essentially
creating a positively charged pocket in which the GDP phosphate
groups reside (Fig. 1). Conversely, in our D2R-G,, **¢* structure, there is
no bound nucleotide while the Glu-46 is engaged in weak charged
interactions with backbone carbonyl and backbone amide of Gly-40
through Gly-45 loop residues. Superposition with the same region in
the Gay; structure, along with electrostatic analysis, revealed that the
K46E substitution causes a slight rearrangement of the aforemen-
tioned loop (RMSD of 1.094 A and 0.598 A when comparing Gay-GTP
(PDB ID: 1GIA) with D2R-G,***f and D2R-G,**°t + scFv16, respectively)
and is shifted toward the front of the pocket along with a charge
reversal to a negatively charged pocket (Fig. 5D, E). Thus, the pinKE
mutant occludes and electrostatically repels GDP, providing a struc-
tural explanation for the properties of the mutant with respect to
nucleotide affinity and structural stability.

To date, there exist three active state structures of D2R in
complex with a G protein (PDB ID: 6VMS, 7JVR, and 8IRS). However,
these structures are in complex with G;;, not G,, and bound with the
agonists rotigotine or bromocriptine, not dopamine. Superposition
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of the receptors from our D2R-G,**¢® structure (without scFv16) and
from D2R-G;; (PDB ID: 8IRS) reveals an RMSD of 1.50 A of all aligned
carbons (Fig. 6A). Most of the divergence between the two struc-
tures is at the extracellular ends of the transmembrane (TM)
domains and in the extracellular loops. In comparison to
D2R-G;;, TM5 and TM6 in the D2R-G,, “*¢E structure are more ordered,
have more a helical content and are extended by 3 and 5 residues,

WT R209C K46E

respectively. In contrast, the orthosteric binding site residues
superpose well in the two structures. The bound ligands occupy a
similar area and engage overlapping residues, even though rotigo-
tine is larger than dopamine and thus occupies more buried surface
area (bsa) (272 A? versus 131 A2, Fig. 6B and Supplementary Table 2).
Furthermore, a comparison of our dopamine-bound D2R complex
with the dopamine-bound DIR structure (PDB ID: 7F10) revealed
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Fig. 4 | The pinKE mutation preserves high affinity binding to Gy but not
guanine nucleotides. A Thermostability of purified Ga, (black), Ga,**t (red), and
Ga,R%C (blue) equilibrated in GTPyS (solid lines) or GDP (dashed lines). T, values
were quantified by fitting a two-state model of thermal unfolding. B Comparison
Ga, and Go,*E binding (T,,,) to GDP. C Combination of purified Ga,, Go,*“*F, and
Ga,°¢ with BODIPY-GTP to monitor binding (increase in fluorescence) and
hydrolysis (decrease in fluorescence). Normalized fluorescence, defined as per-
centage of maximum signal after subtracting the starting signal, for each experi-
mental run. D Percent Ga, bound to GTPy[>’S] determined using the ratio of the
measured activity per sample (cpm/pmol Ga,) to the average total specific activity
of **S added to each sample (cpm/pmol). E Purified biotinylated GB and Gy
immobilized on streptavidin were combined with the indicated concentration of

purified Go, (left), Go,**F (middle), and Ga,*°°C (right). Binding is reported as a
shift in the interference pattern (nanometers, nm). Rmax, defined as the absolute
signal in nm after subtracting the starting (buffer) control. F Free energy surface of
Ga,-apo system (left) and Ga,***F -apo system (right). Shown are representative
structures from the local minima indicated by arrows on the free energy surface.
G Interaction energy of GTP with proteins in the Ga,-GTP, Gai,?°*C-GTP, and Ga,<*F
-GTP systems. Data in A and D are means + SEM, from 3 independent experiments, 3
measurements each. Data in B are means of 2 independent experiments. Data in
C are representative of 3 or more independent experiments. Data in E are repre-
sentative of 2 independent experiments, 2 measurements each. Data in G are
means + SEM, from 5 independent experiments; **p = 0.0003. Source data are
provided as a Source Data file.
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Fig. 5 | The pinKE mutation stabilizes the high affinity agonist-bound form of
the receptor. A Saturation binding assays using [?’H] DAMGO in the absence (black)
and presence (red curve) of nonhydrolyzable GTP (GppCp) for p-opioid receptor
(MOR), 15 pg/well. B As in A, but for MOR fusion with Ga,, 15 pg/well. C Asin A, but
for MOR fusion with Ga,**£,12 pg/well. D Cryo-EM structure of the dopamine D,
receptor (D2R), Ga,**F and Gy complex. Insets show representative EM density
for dopamine and the K46E region of Ga, (note occluded pocket and charge
reversal). Distance lines are <4 A. Black directional arrow, movement of the all-
helical domain (AHD, enclosed by a red circle) away from Ras-like domain. Inset,
electrostatic potential calculated using the APBS plugin for PyMol. Displayed is the
colored surface with a range of +2 K, T/e.. E Cryo-EM structure of D2R, Ga,¥*t, GBy,
and scFv16 complex. Insets show representative EM density for dopamine and the

&

D2R

1GIA (Gai1-GTP)

GoM®E (Ras Domain)

GoAK4¢E (Ras Domain)

Lys-46 region in Ga; (PDB ID: 1GIA, note positive charge of region). Distance lines
are <4 A. Inset, electrostatic potential calculated using the APBS plugin for PyMol.
Displayed is the colored surface with a range of +2 Ky T/e.. Data in A-C are pre-
sented as means + SEM from independent experiments, 3 measurements each.
Statistical differences of Ky values derived from concentration-response assays
were determined using the Extra sum-of-squares F test function in GraphPad Prism
9.0 comparing +100 uM GppCp: (A) p < 0.0001; F(1,185) =35.5 (B), p <0.0001;
F(1,188) = 62.2; (C) p = 0.5185; F(1,186) = 0.4185. In panels D and E, superposition of
loop region residues G40-547 Ca reveal an RMSD of 1.094 A and 0.598 A when
comparing Ga;;-GTP (PDB ID: 1GIA) with D2R-G,***F and D2R-G,**F + scFv16,
respectively. Source data are provided as a Source Data file.
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Fig. 6 | Structural comparison of D2R-G,**** with D2R-G;; reveals conserved

features. A Superposition of D2R-G, **** bound with dopamine and D2R-G;; bound
with rotigotine (PDB ID: 8IRS) reveals an RMSD of 1.50 A between the two receptors.
Go,““F is shifted downward approximately 0.5 A relative to Ga,. B Top-down view
of the extracellular region and orthosteric binding sites of D2R-G,, “**t and D2R-G;;.
Stick figures are residues that interact with either dopamine or rotigotine. Yellow
distance lines are <4 A. Stick figures of residues and bound ligand correspond to the
receptor complex. Left panel, stick figures are shared residues; right panel, residues
specific for rotigotine. TMs are labeled in red. C Comparison of intracellular region

D2R:Dopamin

D2R:Rotigotine

D2R-Gi

D

™2
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of D2R-G,**F and D2R-G;,. Stick figures are interacting residues from D2R and the
respective G protein C-terminal tails. Stick figures of residues correspond to the

receptor complex. Left panel, stick figures of shared residues; right panel, addi-

tional residues specific for G;;. TMs and intracellular loops (ICLs) are labeled in red.
D Structural comparison of GPCR activation motifs in the D2R inactivate state (PDB
ID: 6CM4) and those of D2R-G,***F and D2R-G;,. Stick figures, key residues in the PIF,
E/DRY, and NPxxY activation motifs. Arrows, direction of movement in going from
the inactive to the active state. Coloring is consistent with the corresponding D2R.

that the binding-site residues are conserved in these receptor sub-
types (Supplementary Table 2).

Comparison of the intracellular interface of D2R-G,*“t and D2R-
Gy revealed an approximate 0.5 A off-center shift of the two G protein
heterotrimer complexes, a difference that reverberates through the
complex (Fig. 6A). For the D2R-G,**** complex, Ga, contributes 12
sidechain residues and 915 A? of bsa to the interface; the C-terminal o-
helix alone contributes 9 out of 12 residues and 773 A? of the total bsa
(Supplementary Table 3). For the D2R-G;; complex, Ga;; contributes
16 sidechain residues and 940 A2 of bsa to the interface; the C-terminal
o-helix contributes 12 out of 16 residues and 808 A? of the total bsa
(Supplementary Table 4). Conversely, the D2R receptor contributes 16
and 19 sidechain residues to the G, and G; protein interfaces,
respectively, 14 of which are shared between the two struc-
tures (Fig. 6C).

Activation motif changes in GPCRs signify a transition from the
inactive to active state, and vice versa. Rearrangement of the pheny-
lalanine in the PIF connector region, rotation of the tyrosine in the
tyrosine toggle switch (NPxxY), and disruption of an ionic-lock in the E/

DRY motif have all been reported to be important for receptor acti-
vation, but can be receptor- and ligand-specific’. The PIF connector
motif is likely to have an important role in connecting the agonist
binding pocket to downstream conformational rearrangements
required for receptor activation”. The NPxxY and E/DRY motifs have
been proposed as stabilizing elements of an active conformation®>,
These motifs are superimposed in the activated D2R-G,**°f and D2R-G;;
structures, and far less so when compared to the inactive D2R receptor
structure (PDB ID: 6CM4)** (Fig. 6D). Thus, structurally speaking, the
single substitution in G,,**** has no apparent negative impact on
ligand binding or activation of D2R. We conclude that the pinKE
mutation locks the receptor in the agonist-bound, transitory pre-
activated state.

Discussion

G proteins are among the most studied of all enzymes. Detailed bio-
chemical and structural analyses have revealed the molecular transi-
tions leading to subunit dissociation and the conversion of GTP to
GDP. In contrast, little is known about the molecular properties of the
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apo form of the protein, which is needed to exchange GDP for GTP. In
cells, it exists only transiently, during activation by agonist-occupied
receptors. In vitro, it is unstable and has proven difficult to isolate and
characterize biochemically*. Here we describe a Ga variant that favors
the nucleotide-free conformation of the protein yet binds with normal
affinity to GBy and remains in a non-productive complex with receptor.
Thus, pinKE sustains the first committed step of G protein activation.

Looking forward, we expect that pinKE will help to accelerate
structure determination of G protein ternary complexes. Prior efforts
have relied on the simultaneous assembly of agonist, receptor, and G
protein heterotrimer, with removal of guanine nucleotides using the
enzyme apyrase. This approach was used to solve the first crystal
structure of a receptor-G protein complex, a breakthrough that pro-
vided details about conformational changes in Ga during nucleotide
release”, and that provided important mechanistic details of a critical,
but ephemeral, step of the G protein activation cycle. Indeed, these
rearrangements are by far the most dramatic of the various con-
formational changes in the G protein, including those leading to sub-
unit dissociation or engagement with effectors and RGS proteins.
Subsequent studies used variants of Ga containing 4-8 mutations
(none of which target the pinK or triadR)***’, shown previously to
destabilize nucleotide binding®®*°. The structure of the all-helical
domain was not well resolved in those efforts. In comparison, we have
determined the structure of the receptor and G protein heterotrimer,
including much of the all-helical domain, using a single well-
characterized substitution in Ga.

The pinKE allele may also prove useful for high-throughput drug
screening programs. Just as agonist binding stabilizes the apo form of
the G protein, the apo form of the G protein confers increased affinity
of receptors for agonists (but not for antagonists). By directly com-
paring binding of ligands in cells that express pinKE with those that
express wild-type G protein, it should be possible to rapidly differ-
entiate agonists from antagonists, since only agonists will bind pre-
ferentially to receptors in cells expressing the mutant allele. Any drug
screening programs may be carried out experimentally as well as
computationally, in conjunction with molecular docking programs and
with virtual chemical libraries®.

In this work, we establish a potential mechanistic basis for human
disease. The Ga,, “**F and Gai, **°°° mutations have been implicated in a
pathogenic condition characterized by seizures, movement disorders,
intellectual disability, and developmental delay*”**°"%*, One individual
with the K46E mutation exhibited focal, tonic, spasm, and tonic spasm
seizures beginning 6 h after birth*®, That individual died in her sleep at
23 months of age. Individuals with the R209C mutation are far less
likely to have seizures but do exhibit involuntary movement, difficulty
speaking, as well as intellectual and developmental delay*>*°. In our
analysis, both mutations lead to sustained assembly of Ga, with Gfy,
and in both cases result in diminished activation of effector channels.
However, our analysis reveals that these two mutants have distinct
molecular properties; whereas the pinKE mutant binds poorly to
nucleotide and, consequently, forms a non-productive complex with
receptors and Gy, the triadRC mutant binds strongly to the Gy
subunits, regardless of bound nucleotide?. Given that both residues
are conserved in all G proteins, the mechanisms detailed here are likely
to be universal for all subtypes and species. More broadly, our
mechanistic analyses of Ga,, variants illustrate how small changes at
the molecular level (e.g. a single amino acid substitution) can lead to
broader consequences at the cellular and organismal level. Such
insights may eventually reveal potential treatments for the associated
neurological disorders in humans. Just as a detailed understanding of
the molecular basis for ligand binding has led to important advances in
receptor pharmacology, a better understanding of nucleotide
exchange mechanisms could reveal strategies to compensate for the
genetic defects that cause disease. Potential treatments might include
ligands that bind to and regulate GPCRs”, G proteins® ", and G

protein-regulated potassium channels’>. However, and most impor-
tantly, the mechanistic differences between the pinKE and triadRC
mutants indicate that different treatment strategies will likely be
needed to treat what has long been considered a single disease entity.

Methods

Mutagenesis and plasmid construction

Primestar Max (Takara Bio; RO45A) mutagenesis was performed using
primer pairs, each containing 5bp 5’ and 20-30 bp 3’ to the relevant
codon, and are provided in Supplementary Table 5.

Complete sequences for parent plasmids generated in this study
are provided in Supplementary Information: PET-SUMO-Ga,, for pur-
ification, pMAX-Gq, for GIRK assays in X. oocyes, pcDNA3.1-Ga, for
GIRK assays in HEK293 cells, MOR-Ga,, fusion for radioligand binding,
and pFastbac-Go,, for cryo-electron microscopy.

Bioluminescence resonance energy transfer

Basal association and receptor-mediated dissociation of Ga and Gfy
were determined by BRET®. HEK293T cells (ATCC; CRL-11268) were
maintained at 37°C in Dulbecco’s Modified Eagle Medium (DMEM)
(Corning; 10-017-CV) supplemented with 10% FBS (GIBCO; A3382001),
100 L.U./mL penicillin, and 100 mg/mL streptomycin. Cells were then
co-transfected with a 1:1:1:1 ratio of plasmids containing the human
receptor, Go. (multiple isoforms, wild-type and mutant constructs)
fused to Renilla luciferase 8 (Rluc8), Gy (multiple isoforms) fused to
GFP2 and Gf (multiple isoforms) using TransIT-2020 (Mirus) trans-
fection reagent following manufacturer guidelines. The next day, cells
were plated into poly-L-lysine coated 96-well white clear bottom plates
(Greiner Bio-One; 655098) at a density of ~60,000 cells/well in DMEM
supplemented with 1% dialyzed FBS, 100 LU./mL penicillin, and
100 mg/mL streptomycin. The following day, cells were washed with
assay buffer (Hank’s Balanced Salt Solution containing 20 mM (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 0.1% bovine
serum albumin, and 0.01% ascorbic acid, pH 7.4,), then incubated with
60 pL assay buffer containing 7.5 M coelentrazine 400a (Nanolight;
340). After 10 min in the dark, 30 pL (3X concentration) of agonist in
drug buffer was added to each well. After another 10 min in the dark
the plates were serially read five times using a PheraSTAR FSX plate
reader with 395 nm (Rluc8-coelenterazine 400a) and 510 nm (GFP2)
filters for 1sec per well. Measurements from the final read were used
for all analyses. The BRET ratio was calculated as the ratio between
acceptor (GFP) and donor (Rluc8) emission values. ABRET values were
determined by subtracting the BRET ratio from cells treated with
vehicle from the entire dataset. ABRET data for each dose-response
curve were fit using the log(inhibitor) vs. response (three parameter)
function in GraphPad Prism (GraphPad Software Inc., San Diego, CA)
with the top fit parameter constrained to 0. Expression of Go was
verified by western blotting.

Basal and receptor-mediated association of GB;y, and masGRK3ct
was determined by BRET**. HEK293FT cells (Thermo Fisher Scientific;
R70007) were grown at 37 °C in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific;11965-092) + 10% fetal bovine serum (Milli-
pore Sigma; 12303 C), minimum Eagle’s medium non-essential amino
acids (Thermo Fisher Scientific;11140-050), 1 mM sodium pyruvate*®,
Approximately 50,000 cells per well were distributed in 96-well flat-
bottom white microplates (Greiner Bio-One; 655073) and transfected
with plasmids encoding the human Flag-tagged dopamine D, receptor
(DRD2)”® or human p-opioid receptor (OPRMI1)”, as well as
masGRK3ct-Nluc (comprised of the C-terminal 141 amino acids of
GRK3, an N-terminal peptide directing myristoylation, the HA epitope
tag and Nano luciferase)®, human Gy, fused to residues 1-155 Venus
(Venus 1-155-Gy»)**, human G, fused to Venus 156-239 (Venus 156-239-
GBY**, and human Ga, or Ga,** (constructs described above) in a
1:1:1:1:2 ratio, carried out using Lipofectamine LTX Reagent with PLUS
(Thermo Fisher Scientific; 15338100). After 16-24 hr the cells were
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washed once with BRET buffer (Dulbecco’s Phosphate-Buffered Saline
(PBS) + 0.5 mM MgCl, and 0.1% glucose) and resuspended in 50 mL
BRET buffer. Fifty pL of the Nluc substrate furimazine (Promega;
N1120) in BRET buffer was added per well, as directed by the manu-
facturer, followed by 50 pL (3X concentration) of 100 uM dopamine
(Millipore Sigma; H8502) or 10 pM DAMGO (Adipogen; AG-CP3-
0005V-MO001). The plates were read using a PHERAstar FSX microplate
reader (BMG Labtech) equipped with two emission photomultiplier
tubes, allowing detection of two emissions simultaneously with a
highest possible resolution of 20 ms per data point. All measurements
were performed at 37°C. The BRET signal was determined by calcu-
lating the ratio of the light emitted by the Venus-Gfy, (535 nm +30
nm) over the light emitted by the masGRK3ct-Nluc-HA (475 nm + 30
nm). The average baseline value (basal BRET ratio, with no Ga trans-
fected) recorded prior to agonist stimulation was subtracted from the
experimental BRET signal values.

Basal association and receptor-mediated dissociation of receptors
and Gp;y, was determined using the NanoBiT assay”. Briefly,
4,000,000 HEK293FT cells in 60 mm dishes transfected with plasmids
encoding either the human dopamine D, receptor (D2R)* or human p-
opioid receptor (MOR)™, each fused to the myc epitope tag and
SmBIT, as well as human G, fused to LgBiT*” and human Gy, (cDNA
Resource Center; GNG0200000). Transfected cells were harvested,
washed in PBS, 5mM EDTA, collected by centrifugation at 500 xg for
5 min resuspended in BRET buffer and distributed in 96-well plates as
explained above. Furimazine (Promega; N1120, 750x diluted Nano-Glo
substrate) in BRET buffer was added to transfected cells in 96-well
plates and after 1 min to stabilize the brightness of luminescence
before addition of dopamine or DAMGO. Luminescence was measured
using a PHERAstar FSX plate reader at 37 °C.

No commonly misidentified cell lines were used in the study.
HEK293 cell lines were from commercial sources and not indepen-
dently authenticated. All cell lines tested negative for mycoplasma
contamination.

GIRK channel activity measurements

Two-electrode voltage clamp (TEVC) methods. Complementary DNA
constructs used for electrophysiology experiments were human GIRK1
(pGEMSH vector), mouse GIRK2 (pXOOM vector), mouse dopamine D,
receptor (pXOOM vector), bovine GB; (pGEMSH vector), bovine Gy,
(pGEMSH vector)”, and human Go.,, Ga,**F or G, ?%¢ (pMAX vector,
described above). Xenopus laevis oocytes were isolated and micro-
injected with in vitro synthesized circular RNAs (0.125 to 2.5 ng per
oocyte)’®. To allow for sufficient protein expression, injected oocytes
were incubated at 18 °C for 2 days. The following day, a GeneClamp
500 amplifier (Axon Instruments) was used to measure whole-cell
oocyte currents. The microelectrodes had resistances of 0.5 to 1 MQ
using a 3M KClI solution in 1.4% agarose. For TEVC measurements,
oocytes were held at 0 mV (Ey), and a ramp protocol with a command
potential from —80 to +80 mV was used to monitor the currents. The
current amplitude was measured at the end of a sweep of 0.4s. All
currents were analyzed when steady state was reached. To establish a
baseline for TEVC recordings, oocytes were perfused with a low K™ (LK)
solution ND96 (2mM KCI, 96 mM NaCl, 1mM MgCl,, 1.8 mM CaCl,,
5 mM HEPES-Na pH 7.4). A high potassium (High K +) solution ND96K
(96 mM KCl, 10 mM HEPES-K pH 7.4, 1 mM MgCl,, and 1.8 mM CacCl,)
was used to measure basal current. The oocyte chamber was perfused
with 3mM BaCl, (Ba*) in ND96K to block the current. The barium-
sensitive current was used exclusively for statistical analysis. Ten pM
dopamine in ND96K was used to determine the effect of Ga,, wild type
and mutants on agonist-induced activity of GIRK channels.

Basal and receptor-mediated activation of GIRK1/GIRK2 channels
was determined by whole-cell patch-clamp recordings**”’, HEK293T
(ATCC; CRL-1573) cells were maintained in Dulbecco’s Modified Eagle
Medium (Life Technologies; 11965-118) supplemented with 100 U/mL

penicillin, 100 mg/mL streptomycin, and 10% (v/v) heat-inactivated
fetal bovine serum (HI-FBS; Thermo Fisher Scientific, 10438026).
Lipofectamine 3000 (Thermo Fisher Scientific; L3000015) was used in
accordance with the manufacturer’s protocol to transiently transfect
cDNAs for rodent GIRKI-GIRK2 tandem dimer (200ng)”’, eYFP
(50 ng)”’, human MOR (400 ng)’®, and one of the following Ga,, sub-
units, human Go,, Goi***E or Ga,"*°¢ (400 ng) (constructs described
above). All genes were cloned into pcDNA3 vector. 48-72h post-
transfection, cells were plated onto Matrigel-coated (0.4% v/v) 12 mm
glass coverslips (Electron Microscopy Sciences; 72290-03) in 24 well
plate (VWR; 10062-896) for whole-cell patch-clamp recordings. Whole-
cell recordings were made with the investigator blinded to the Ga type,
and then unblinded after completing the recordings.

Whole-cell patch-clamp recordings were acquired using an Axo-
patch 200B amplifier and pClamp software (Molecular Devices)**”".
Whole-cell series resistance compensation was applied and used to
measure the cell size (pF). Patch-clamp experiments were conducted in
20 K external solution, containing 10 mM HEPES pH 7.4, 140 mM Nacl,
20mM KCI, 2mM MgCl,, 0.5mM CaCl, (-318 mOsm). Borosilicate
glass electrodes (Warner Instruments) had resistances of 3-4 MQ and
were filled with internal solution containing 10 mM HEPES pH 7.4,
20mM NaCl, 130mM KClI, 546 mM MgCl,, 5mM EGTA, 2.56 mM
K,ATP, and 0.3 mM LiGTP (~300 mOsm). 10 pM DAMGO, 100 mM
PrOH, and 1 mM BaCl, were prepared in the external solution on the
day of the experiment.

Currents were measured (10 kHz sampling and 1kHz filter) from
eYFP-positive cells using a voltage protocol of a holding potential of
-40 mV, followed by a 60 ms step to -100 mV and a voltage ramp to
50 mV over 200 ms. Solutions were applied locally for 30 s with a rapid
perfusion pipet in the following order: 20K, 20K + PrOH, 20K,
20 K+DAMGO, 20K, 20K +BaCl,, and 20K. The maximal inward
current was measured at —-100 mV. Except for DAMGO, the average
current was calculated during the 30 s drug application. For DAMGO,
the maximal inward current was calculated before the onset of MOR
desensitization. To adjust for differences in GIRK channel expression,
MOR activation was compared to G protein-independent alcohol
activation®, and calculated as a ratio of DAMGO-induced to PrOH-
induced currents (Ipamco — Igasal)/(Ipron — Igasal). Barium-sensitive
inhibition of GIRK current density was calculated as (Igasal = Iga2+)/PF.
Cells not expressing a propanol-activated current were excluded from
the analysis. Statistical tests performed using one-way ANOVA fol-
lowed by Dunnett’s post hoc test (GraphPad Prism 9.0).

Expression and purification of Ga,

Bacterial expression was used for the production of recombinant full-
length human Ga,*?. Rosetta (Novagen; 70954) or RIPL (Agilent;
230280) cells were transformed with PET-SUMO-Ga, (human, wild
type and mutant) plasmid (derived from PET-SUMO-Ga;,”’) and grown
at 37°C in 2X Luria Broth to saturation. Once at ODggpo=0.6-0.8,
protein expression was induced by adding 600 puM isopropyl-B-p-1-
thiogalactoside. The culture temperature was lowered to 16 °C and
shaken overnight. The subsequent purification was carried out at 4 °C
for all steps. The saturated cell culture was collected by centrifugation
at 5400xg for 30 min. Cells were lysed by sonication and clarified by
centrifugation at 26,900xg for 45min. Lysates (30 mL each) were
incubated with 5mL (10 mL 50/50 slurry) of HisPur™ Ni-NTA Resin
(Thermo Fisher Scientific; 88221) or ProBond Ni-chelating resin (Invi-
trogen; R80101) and 10 mM imidazole for 1h. The resin was washed
twice with phosphate buffer pH 7.0 (25 mM H,KO,4P, 25 mM HK,O,P,
500 mM (tris(2-carboxyethyl)phosphine) (TCEP), 50 uM GDP, 50 pM
MgCl,) then twice with phosphate buffer + 10 mM imidazole. Protein
was eluted with phosphate buffer + 250 mM imidazole. The SUMO tag
was cleaved by addition of 0.5 mg ULP1 protease and the eluate was
dialyzed overnight in 4 L of phosphate buffer. The next day, cleaved
protein was collected by reverse-nickel chromatography.
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Expression and purification of GBy

Recombinant baculovirus was used for the production of recombinant
rat biotinylated GB,*° and bovine Gy,*, for BLI analysis®'. Briefly, High 5
cells (Invitrogen; B85502) were grown in SF900 Il serum-free medium
(Thermo-Fisher; 10902104) in suspension culture at 27 °C with con-
tinuous shaking. 2 x10° cells/mL were infected with high titer G@3; and
Gy, baculoviruses. After 48 hr the cells were collected by centrifugation
at 2600xg, resuspended in 50 mL of lysis buffer (50 mM HEPES pH 8.0,
3mM MgCl,, 50 mM NaCl, 10 mM 2-mercaptoethanol (2-ME), 1mM
EDTA, 50 uM 1 mL/L of protease inhibitor cocktail (Sigma-Aldrich; P-
2714), and freeze-thawed using liquid nitrogen four times and main-
tained after at 4 °C. Samples were then diluted to 100 mL and cen-
trifuged at 50,000 xg for 30 min. After discarding the supernatant, the
pellet was resuspended in 5 mL membrane wash buffer (50 mM HEPES
pH 8.0, 3 mM MgCl,, 50 mM NaCl, 50 pM 1 mL/L of protease inhibitor
cocktail, 1I0mM 2-ME, 50 pM GDP) and transferred to a dounce
homogenizer. Upon resuspension, the volume was brought to 60 mL
with additional membrane wash buffer. Using a cholate solution (Sigma-
Aldrich; 229101)®, cholate was added to a final concentration of 1% and
allowed to extract for 1 h with stirring. Following cholate extraction, the
membranes were centrifuged at 125,000 xg for 45 min. The resulting
supernatant was diluted to 5 times the initial volume by slowly adding
Buffer A (20 mM HEPES pH 8.0, 1 mM MgCl,, 100 mM NacCl, 10 mM 2-
ME, 50 uM 1mL/L of protease inhibitor cocktail, 50 pM GDP, 0.5%
Lubrol (C12E10) (Sigma-Aldrich; P9769) to the stirring solution.

The diluted solution was loaded onto a Ni-NTA agarose column
(Qiagen; 1018244) equilibrated with Buffer A. The column was then
washed with 100 mL Buffer B (20 mM HEPES pH 8.0, 1mM MgCl,,
300 mM NacCl, 10 mM 2-ME, 50 uM 1 mL/L of protease inhibitor cock-
tail, 10 mM imidazole, 10 uM GDP, 0.5% lubrol). Following this, the
column was warmed tmo room temperature (RT) for 15min and
washed with an additional 8 mL of RT Buffer B. The column was then
washed with 32 mL of Buffer C (20 mM HEPES pH 8.0, 100 mM NaCl,
50 mM MgCl,, 10 mM NaF, 30 pM AICl;, 50 pM 1 mL/L of protease
inhibitor cocktail, 20 mM imidazole, 10 pM GDP, 0.5% Lubrol) at room
temperature. The column was returned to 4 °C, where it was then
washed with 10 mL Buffer D (20 mM HEPES pH 8.0, 50 mM Nacl, 0.5%
Lubrol, 50 pM 1 mL/L of protease inhibitor cocktail, 20 mM imidazole).
Following this, the column was washed with three column volumes of
Buffer D (50 mM imidazole). Finally, 2 mL fractions were eluted from
the Ni-NTA column with Buffer D (250 mM imidazole). The purified
yield was typically 1 mg of GP,y./L of cell culture®.

Thermostability measurements

The fast determination of Quantitative Cysteine Reactivity (fQCR)
assay was used to determine T, values for purified Ga, proteins®.
Briefly, 10 pL of 30 pM protein, 10 pL of 1 mM GDP or GTPyS, 10 pL of
500 mM 4-fluoro-7-sulfamoylbenzofurazan (ABD-F) cysteine-reactive
dye (Abcam; 91366-65-3), and 170 pL phosphate buffer pH 7.0 was
added to 12-strip PCR tubes. Samples were subjected to a 40-degree
temperature gradient in a Biometra TProfessional Thermocycler for
3min and fluorescence values were collected on a PHERAstar plate
reader (BMG Labtech) at 400 nm excitation, 500 nm emission.

Nucleotide loading and hydrolysis
To measure GTP binding and hydrolysis****, BODIPYFL-GTP (Ther-
moFisher Scientific, Invitrogen; G12411) (50nM) equilibrated in
hydrolysis buffer (50 mM HEPES pH 7, 10 mM MgCl,, 25 mM NaCl) was
combined with purified Ga,, protein (3 pM) in a1 mL cuvette for 60 sec.
Fluorescence was measured using a Perkin-Elmer Luminescence
Spectrometer (502 nm excitation, 511 nm emission) and analyzed using
the FLWinLab software package (Perkin-Elmer).

To measure GTPy*S binding®, Ga, was diluted to 1 uM in a 50 mM
HEPES pH 8.0, 1mM EDTA, 0.1% C12 E10 (lubrol), and 1mM dithio-
threitol (DTT) in polypropylene reaction tubes on ice. A blank sample

was prepared similarly without Ga,. An equal volume of binding mix
(50 mM HEPES pH 8.0,1 mM EDTA, 1 mM DTT, 40 mM MgCl,, 200 mM
NaCl, 2 pM GTPy*S, and 300,000 - 800,000 cpm GTPy*S) was added
to each sample, and placed in a 30 °C circulating water bath for 60 min.
After incubation, samples were applied to 0.45 um nitrocellulose filters
under vacuum (Cytiva Protran BA85 Nitrocellulose Blotting Mem-
brane; 10402578). Each sample tube was washed three times with 2 mL
wash buffer (20 mM Tris-Cl pH 8.0, 100 mM NaCl, 25 mM MgCl,),
applying each wash to the filter. The filter was washed three additional
times with 2 mL fresh wash buffer. Filter membranes were air dried and
samples measured for *S activity on a scintillation counter.

Biolayer interferometry

Binding of Ga to Gy was determined by Biolayer Interferometry (BLI)
using Octet Red96 (Fortebio; 18-5019)®. Briefly, purified biotinylated
GPy (3 mg/mL) was incubated for 15 min with streptavidin biosensors
in PBST-NGM (25 mM KPO, pH 7.0, 50 mM Na(l, 0.1% Tween, 50 pM
GDP +5mM MgCl,). Purified Ga, (untagged) was diluted into PBST-
NGM and then mixed with GPy-loaded sensors for 10 min (association)
and then protein-free buffer (dissociation) at 25 °C. Nonspecific bind-
ing was measured using biosensors that were exposed to buffer alone.
Baseline subtraction and GPy loading normalization were done in
Excel. Kinetic Analysis was done using GraphPad Prism.

Computational methods

Starting structural models and molecular dynamics simulations.
The structural model of monomeric GTP-bound Ga,, protein with Mg
ion was built using the monomeric GTP bound mouse Ga, crystal
structure (PDB ID: 3C7K) as template and using the homology mod-
eling method in the Prime module of Maestro software from Schro-
dinger [https://www.schrodinger.com/products/maestro]. The ligand-
free apo-state of the monomeric Go, protein was obtained by
removing GTP from the modeled structure; the Mg?" ion is retained in
all the simulations since it plays an important role in G protein activity.
Point mutations to generate the structures of Ga,,*f and Ga,*?°C were
performed using Maestro Biologics suite. The side chain packing was
done for all the residues with 5A of the mutated residue position
including the mutated residues using Maestro Prime suite. All struc-
tures were subjected to energy minimization using conjugate gradient
method with a convergence cutoff of 0.1kcal/mol/A. Input files for
molecular dynamics (MD) simulations were generated using
CHARMM-GUI®*®, Each monomeric Ga, protein was solvated in explicit
TIP3P water molecules in a cubic box (9.5 nm x 9.5 nm x 9.5 nm) with
0.15M of KCI for maintaining the physiological condition. We used
software GROMACS?® (Version 2021.3) with all-atom CHARMM36 force
field®® to perform MD simulations. MD simulations were performed at
310K coupled to a temperature bath with a relaxation time of 0.1 ps®.
Pressure of the systems was calculated with molecular virial and was
held constant by a weak coupling to a pressure bath with a relaxation
time of 0.5 ps. Equilibrium bond length and geometry of water mole-
cules were constrained using the SHAKE algorithm®. The short-range
electrostatic and van der Waals interactions were estimated every 2 fs
using a charged group pair list with cutoff of 8 A between centers of
geometry of charged groups. Long-range van der Waals interactions
were calculated using a cutoff of 14 A and long-range electrostatic
interactions were treated with the particle mesh Ewald method”.
Temperature was kept constant at 310 K by applying the Nose-Hoover
thermostat®. Desired pressure for all systems were achieved by using
Parrinello-Rahman barostat with a pressure relaxation time of 2 ps”.
Before production runs, all systems were subjected to a 5000-step
steepest descent energy minimization to remove bad contacts®*. After
minimization, the systems were heated up to 310K under constant
temperature-volume ensemble (NVT). The simulations were saved
every 200 ps for analysis. The protein, Mg?* ion, and nucleotide were
subjected to positional constraints under a harmonic force constant of
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1000 kJ/(mol*nm?) during the NVT step while solvent molecules were
free to move. The systems then were further equilibrated using con-
stant pressure ensemble (NPT), in which the force constant applied to
the protein, Mg*" ion, and nucleotide were gradually reduced from 5 kJ/
(mol*nm?) to zero in six steps of 5ns each. An additional 50 ns of
unconstrained simulations were performed, making it a total of 80 ns
NPT equilibration prior to production runs. We performed five pro-
duction runs of 1000 ns each using five different initial velocities for
every system. Therefore, we had 5 pis long MD trajectory for wild type
and K46E monomeric Ga, protein of GTP-bound state or apo state,
and 5 ps long MD trajectory for R209C monomeric G, protein of GTP-
bound state only. The convergence of the MD simulations was ascer-
tained by plotting the RMSD in the coordinates of the Ca atoms as a
function of time showing lowering of fluctuations (Supplemen-
tary Fig. 2C).

Calculation of residue contact map of protein with nucleotide. For
Go " and Ga, Xt systems that contain nucleotide, the last 200 ns
from five independent molecular dynamics simulation runs were
merged into one concatenated trajectory. The concatenated trajectory
was sampled every 2 ns. The sampled trajectory was fed to GetCon-
tacts script available on GitHub [https://github.com/getcontacts/
getcontacts]. For specific parameters, the interaction type flag
“itype” was set to “all”, and the two atom group flags for contacts were
“protein” and “resname GTP”. Contact results were further processed
in Python environment: briefly, contacts with van der Waals force were
excluded, and contact frequency of every contact was calculated.
Contact frequencies between Ga,"" system and G, %t system were
compared, and contacts with more than 30% frequency decreases
from the Ga " system to Ga,**F system were selected and depicted.

Calculation of interaction energy of nucleotide with the protein. For
each system (Go,"", Ga,“*F, and Ga,"*°°¢), we aggregated the last
200 ns of each simulation run to calculate the interaction energy of
GTP with the Ga, protein. Total non-bond interaction energy (van der
Waals + Columbic) between Ga,, protein and GTP (shown in Fig. 4G)
was calculated using gmx energy module of GROMACS. The interac-
tion energy was calculated for every snapshot and averaged for the last
200 ns in all five simulation runs for every system.

Principal Component Analysis, free energy surface generation, and
representative structures. For apo systems of WT and K46E, five full-
length independent molecular dynamics simulation runs were merged
into one concatenated trajectory. Principal component analysis was
performed on each concatenated trajectory using gmx covar module
of GROMACS with covariance matrix of Ca atoms of all residues. The
first two principal components (PC1 and PC2) of every system were
extracted using gmx anaeig module of GROMACS and imported into
Python as a data-frame using Python Pandas package. The kernel
density value of the data-frame was calculated using Python scikit-
learn package. The multiplicative inverse of the kernel density values
was used as the Z-axis values to plot the free energy surface. Both the
3-D and 2-D density maps were plotted using Python Matplotlib
package. Representative structures of local and global minima were
extracted by first clustering the points using K-mean clustering
method and extracting cluster centers using K-medoids method from
Python scikit-learn package.

Radioligand binding assays

Saturation binding assays were performed using membranes from
Expi293™cells (ThermoFisher; A14527) transiently expressing wild-
type and mutant MOR-Gq,, fusion. Binding assays were set up in 96-
well plates in standard binding buffer (50 mM HEPES, pH 7.4, 50 mM
NaCl, 20mM MgCl,, 0.5mM EDTA, 100 uM GppCp). Saturation
binding assays with 0.5-10 nM [*H]-DAMGO (Perkin-Elmer, specific

activity 51.7 Ci/mmol; NET902250UC) in standard binding buffer were
performed to determine equilibrium dissociation constant (Ky) and
Bmax, Whereas 10 pM final concentration of morphine was used to
define nonspecific binding. All reactions were incubated for 1.5h at
room temperature in the dark and terminated by rapid vacuum fil-
tration onto chilled 0.3% PEl-soaked GF/C UniFilter plates (Perkin-
Elmer; 6055690) followed by three quick washes with cold washing
buffer (50 mM Tris HCI, pH 7.4). The UniFilter plates were dried in an
oven before adding 20 ul/well Microscint™-O cocktail (Perkin-Elmer;
6013611). Radioactivity counts were determined using a Wallac Trilux
MicroBeta counter in the form of corrected count per min (ccpm) with
counting efficiency of 40% (Perkin-Elmer). Results were analyzed using
GraphPad Prism 9.0 using “One site -- Total and nonspecific binding”.
Statistical differences (p<0.05) of pKy values derived from
concentration-response assays were determined by using the Extra
sum-of-squares F test (p < 0.05) function in GraphPad Prism 9.0 com-
paring control versus 100 pM GppCp.

Construction and expression of the receptor-G protein complex
The Bac-to-Bac baculovirus expression system (Invitrogen; 10359016)
was used to generate the recombinant baculovirus for protein
expression. Baculoviruses corresponding to N-terminal Maltose Bind-
ing Protein (MBP) - human D, receptor (MBP-D2R), human G,,"*¢t,
Gp,y» were co-expressed by infecting Sf9 cells at a density of 2x10°
cells per mL at MOl ratio of 3:1.5:1.5 +scFv16 at an MOI of 1, respectively.
Cells were harvested by centrifugation at 3500xg for 15 min 48 h post-
infection and stored at —80 °C for future use.

Receptor-G protein complex purification

The cell pellet of the D2R-GoA**t complex was thawed on ice and
incubated with 20 mM HEPES pH 7.5, 100 mM NaCl, 20 mM MgCl,,
20 mM KCl, 5 mM CaCl,, proteinase inhibitor, 40 units apyrase, 50 pM
dopamine, and 100 pM TCEP at room temperature. After 1.5 h, the cell
suspension was homogenized, membrane was collected by cen-
trifugation at 100,000xg for 35min and solubilized using 20 mM
HEPES pH 7.5, 100 mM NacCl, 10% (w/v) glycerol, 0.5% (w/v) lauryl
maltose neopentyl glycol (LMNG, Anatrace; NG310), 0.05% (w/v) cho-
lesteryl hemisuccinate (CHS), 20 mM MgCl,, 20 mM KCI, 5 mM CaCl,,
proteinase inhibitor, 40 units apyrase, 50 uM dopamine, and 100 pM
TCEP for 4 h at 4 °C. The solubilized proteins were isolated by ultra-
centrifugation at 100,000%g for 45 min and then incubated overnight
at 4 °C with TALON IMAC resin (Takara; 635653) and 20 mM imidazole.
The resin was collected the next day and washed with 25 column
volumes 20 mM HEPES pH 7.5, 100 mM NacCl, 20 mM imidazole, 0.01%
(w/v) LMNG, 0.001% (w/v) CHS, 50 uM dopamine, and 100 uM TCEP.
The protein was then eluted using the same buffer supplemented with
250 mM imidazole. Eluted protein was subjected to TEV protease (in-
house) overnight at 4 °C and a ratio of 1:10 (1 mg receptor: 0.1 mg TEV).
The protein was then concentrated and subjected to size-exclusion
chromatography on a Superdex 200 Increase 10/300 column (GE
Healthcare; 289909944) that was pre-equilibrated with 20 mM HEPES
pH 7.5,100 mM Nacl, 20 mM MgCl,, 50 uM dopamine, 0.00075% (w/v)
LMNG, 0.00025 (w/v) glyco-diosgenin (GDN, Anatrace; GDNI101),
0.00075% (w/v) CHS, and 100 puM TCEP. Peak fractions were pooled
and concentrated to 5 mg/mL for making of cryoEM grids. For complex
formation in the presence of ATP/GTP the above protocol was fol-
lowed without apyrase. Complexes were also subjected to purification
after the TALON column using an Anti-flag column (Genscript;
L00432) and eluted with 500 pg/mL Flag peptide (Genscript; RP10586)
prior to TEV cleavage and S200 column.

CryoEM data collection, 3D reconstitution, model building and
refinement

For cryo-EM data collection and processing of the D2R-Goa
complex”, samples (3.2 ul) were applied to glow-discharged Quantifoil

K46E
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R1.2/1.3 Au300 holey carbon grids (Ted Pella; 658-300-AU) individually
and were flash-frozen in a liquid ethane/propane (40/60) mixture
using a Vitrobot Mark IV (FEI) set at 4 °C and 100% humidity with a blot
time range from 3.0 to 4.5 sec. Images were collected using a 200 keV
Talos Artica with a Gatan K3 direct electron detector at a physical pixel
size of 0.88 A. Micrograph recorded movies were automatically col-
lected using SerialEM using a multishot array®®. Data were collected at
an exposure dose rate of -15 electrons/pixel/sec as recorded from
counting mode. Images were recorded for ~1.7-2.7 s in 60 subframes to
give a total exposure dose of ~45 electrons per A% Following manual
inspection and curation of the micrographs, particles were selected
using the Blob particle picker and initial 2D classification yielded
templates for subsequent template picking. After one round of two-
dimensional classification and selection in cryoSPARC, a subset of the
selected particles was used as a training set for Topaz and the particles
were re-picked from the micrographs using Topaz®” and subjected to
two-dimensional classification and three-dimensional classification.
The select classified picked particle coordinates were next merged
yielding a subset of unique particles that survived 2D classification (i.e.
duplicates were removed with a radius of 25 pixels). All subsequent
three-dimensional classification and refinement steps were performed
within cryoSPARC’®. Multiple rounds of multi-terence refinement
resolved the final stack of particles that produced a map with a reso-
lution reported in Supplementary Table 1 (by FSC using the 0.143 A cut-
off criterion)® after Global CTF refinement and post-processing
including soft masking, B-factor sharpening in cryoSPARC to gen-
erate the post-processed sharpened map. Alternative post-sharpening
was performed on the two half-maps using deepEMhancer'®’. For more
details see Supplementary Table 1.

Maps from deepEMhancer were used for map building, refine-
ment, and subsequent structural interpretation. The D2R cryo-EM
structure (PDB ID: 8IRS) was used as the initial model and docked into
the cryo-EM map using Chimera'” followed by initial rigid body and
simulated annealing then iterative manual adjustment in COOT'*? and
Phenix.real_space_refine in Phenix'*. A composite map was generated
by merging two local refines maps, one for the AHD domain and one
for the entire complex, via the Chimera. This composite map displayed
main and side chain densities for most part, which enabled placing of
the all helical domain. The final refined model for the full D2R-Go, K
complex also matches the consensus map. Model statistics were vali-
dated using Molprobity. Structural figures were prepared using Chi-
mera or Pymol [https://pymol.org/2/]. Coordinates of D2R complexes
and EM maps have been deposited in the Protein Data Bank and the
Electron Microscopy Data Bank under the accession codes 8U02
(EMD-41776 and 8TZQ EMD-41766) for the DR2-Go,*f and DR2-
Gaoa**E-scFv16, respectively. Interface analysis was accomplished
using Contact and Areaimol of the CCP4 Suite'® along with the PISA
Server'® [http://www.ebi.ac.uk/pdbe/prot_int/pistart.html].

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Complete sequences for plasmids generated in this study are provided
in Supplementary Information: PET-SUMO-Ga,, for purification, pMAX-
Ga, for GIRK assays in X. oocyes, pcDNA3.1-Ga,, for GIRK assays in
HEK293 cells, MOR-Gq,, fusion for radioligand binding, and pFastbac-
Ga,, for cryo-electron microscopy. Cryo-EM density maps have been
deposited in the Electron Microscopy Data Bank under accession
codes 8U02 and EMD-41776 for the DR2-Ga,**¢t, and 8TZQ and EMD-
41766 for DR2-Gaips¥*E-scFv16. Source data supporting Fig. 2 (BRET),
Fig. 3 (potassium current), Fig. 4A and B (thermostability), Fig. 4C
(BODIPY fluorescence), Fig. 4D (radiolabeled GTP binding), Fig. 4E
(BLI), Fig. 4F (Principal Component analysis), and Fig. 5A-C

(radioligand binding) are provided with this paper. Source data are
provided with this paper.
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