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Although the importance of the C terminus of the « subunit of
the heterotrimeric G protein in G protein-coupled receptor
(GPCR)-G protein pairing is well established, the structural
basis of selective interactions remains unknown. Here, we com-
bine live cell FRET-based measurements and molecular dynam-
ics simulations of the interaction between the GPCR and a pep-
tide derived from the C terminus of the Ga subunit (Ga peptide)
to dissect the molecular mechanisms of G protein selectivity.
We observe a direct link between Ga peptide binding and stabi-
lization of the GPCR conformational ensemble. We find that
cognate and non-cognate Ga peptides show deep and shallow
binding, respectively, and in distinct orientations within the
GPCR. Binding of the cognate Ga peptide stabilizes the agonist-
bound GPCR conformational ensemble resulting in favorable
binding energy and lower flexibility of the agonist-GPCR pair.
We identify three hot spot residues (Goa,/Ga,-GIn-384/Leu-
349, GIn-390/Glu-355, and Glu-392/Asn-357) that contribute
to selective interactions between the [32-adrenergic receptor
(B2-AR)-Ga, and V4 receptor (V;,R)-Ga,. The Gay and Ga
peptides adopt different orientations in 2-AR and V4R,
respectively. The 32-AR/Ga; peptide interface is dominated by
electrostatic interactions, whereas the V, ,R/Ge, peptide inter-
actions are predominantly hydrophobic. Interestingly, our
study reveals a role for both favorable and unfavorable interac-
tions in G protein selection. Residue Glu-355 in Ge, prevents
this peptide from interacting strongly with 32-AR. Mutagenesis
to the Ga, counterpart (E355Q) imparts a cognate-like interac-
tion. Overall, our study highlights the synergy in molecular
dynamics and FRET-based approaches to dissect the structural
basis of selective G protein interactions.

In recent years, there has been significant progress in struc-
tural and spectroscopic studies of Class A G protein-coupled
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receptors (GPCR),* which are energizing structure-based drug
discovery efforts (1-8). Although these studies clearly demon-
strate ligand-dependent structural changes in the GPCR, there
remains a paucity of information on how GPCR conformation
translates to selective G protein activation (9). Without struc-
tural information to compare and contrast multiple GPCR/G
protein interfaces, the underlying mechanisms of selection
remain incompletely understood. Currently, there is only one
crystal structure of the complete GPCR/G protein interface
(B2-AR-G, complex) that provides a single essential snapshot of
a highly dynamic interaction (10). Hence, alternative approaches
are essential to dissect the structural elements within both the
GPCR and its effectors that confer signaling specificity within
the cellular environment. In this study, we combine FRET-
based measurements of the GPCR/G protein interface in live
cells, combined with computational modeling to build a ratio-
nal scalable approach to identify structural hot spots that drive
effector selection.

One critical and well characterized component of the
GPCR/G protein interface is the C terminus of the Ga subunit
(11-28). The Ga C terminus alone constitutes 76% of the atoms
making contact in the GPCR/G protein interface in the
B2-AR'Gq crystal structure (10). Previous studies have shown
that the Ga C terminus is essential for G protein activation by
the GPCR (15, 18, 22, 28, 29), and the last three residues of the
Ga C terminus are important for selective G protein activation
(13). We recently developed a FRET-based sensor to probe the
interaction between the GPCR and the G C terminus in live
cells (30). The sensor is based on a technique termed SPASM
(systematic protein affinity strength modulation) that involves
tethering two proteins/protein domains by an ER/K linker
flanked by a FRET pair (mCerulean, FRET donor, and mCitrine,
FRET acceptor) (31). Sensor FRET correlates linearly with the
fraction of the sensors in the bound state (31). The ER/K linker
also controls the effective concentration of the protein interac-
tion. We combine the SPASM sensor-based measurements
with molecular dynamics (MD) simulations in an iterative fash-

3 The abbreviations used are: GPCR, G protein-coupled receptor; V; R, V4
receptor; B2-AR, B2 adrenergic receptor; MD, molecular dynamics; PDB,
Protein Data Bank; ANOVA, analysis of variance; AVP, [Arg®]vasopressin;
r.m.s.d., root mean square deviation; RMSF, root mean square fluctuation;
DR, dopamine receptor D1; CB,, cannabinoid receptor type 1; TM, trans-
membrane; 2-AG, 2-arachidonylglycerol; ICL, intracellular loop.
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FIGURE 1. Ga C terminus minimally sufficient to detect cognate pathway for six Class A GPCRs. a, schematic of GPCR FRET sensor expressed at plasma
membrane in dissociated, low FRET and associated, high FRET state. b-d, G,-coupled GPCRs (33-adrenergic receptor; dopamine receptor D1), G;-coupled
GPCRs (a,-adrenergic receptor; cannabinoid receptor type 1 (CB7)), and G,-coupled GPCR FRET sensors (a,-adrenergic receptor; vasopressin 1A receptor)
tethered to no-peptide (N), s, i, or g peptide and test for change in FRET upon agonist stimulation. e, GPCR selects for G protein via Ga C terminus. Results are
expressed as mean = S.E. of three independent experiments performed in triplicate (n = 3). Asterisks represent significant differences between the indicated
peptide compared with no-peptide using Tukey’s multiple comparison test. Full statistical results are in supplemental Tables 1 and 2. *, p =< 0.05; ***, p < 0.001;

*06x p < 0,0001.

ion to delineate the structural basis of selective interactions
between the GPCR and the Ga C terminus.

Using a combination of FRET sensors and MD simulations,
we first demonstrate that the GPCR/Ga C-terminal interaction
sufficiently captures the selectivity for the dominant signaling
pathway for six different Class A GPCRs in live cells. The inter-
action energy calculated from MD simulation for the agonist-
GPCR pair with the cognate Ga C-terminal peptide is favorable
compared with the non-cognate peptide. Additionally, the
intracellular region of the agonist-GPCR conformation ensem-
ble shows reduced flexibility when bound to the cognate Ga
C-terminal peptide. A combination of MD and sequence anal-
ysis reveals three “hot spot” residues in the Ga C terminus that
contribute significantly to the interaction energy necessary for
cognate Ga selection. Importantly, the distinct residues in Gey
and Ga, are conserved across species, suggesting these residues
constitute a conserved structural mechanism for GPCRs to dif-
ferentiate between G protein subtypes. Point mutations of hot
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spot residues within the Ga C terminus result in increased
interaction of non-cognate GPCR/Ga C-terminal peptides and
affect downstream signaling profiles, validating our structural
observations in the cellular milieu.

Results

We previously reported a FRET sensor that probes the inter-
action between the GPCR and the C terminus of the Ga subunit
and characterized it in live HEK-293T cells (30). The sensor
contains, as a single polypeptide, the following: a full-length
GPCR, mCitrine, a 10-nm ER/K linker, mCerulean, and the
C-terminal peptides of Ga,, Ga, or Ga, all of which are sepa-
rated by (GSG), linkers (Fig. 1a). Our previous report showed
an agonist-dependent selective interaction for the Ga, C termi-
nus with B2-AR (30). Here, we investigate whether other G.-,
G;-, and G, -coupled GPCRs show similar agonist-dependent
selectivity for their cognate Ga C-terminal “peptides.”
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Ga C Terminus Is Minimally Sufficient for Detecting Cognate
Signaling Pathway—Fig. 1b shows that changes in FRET inten-
sity exemplify the selectivity of canonical G,-coupled receptors,
B3-adrenergic receptor (83-AR), and dopamine receptor D1
(D;R) to the s peptide. B3-AR was chosen as an additional
s-coupled receptor as we have previously tested 32-AR (30).
Receptors tethered to the s, i, g, or no-peptide control are acti-
vated using full agonists (100 um isoproterenol and 100 um
dopamine, respectively). For 33-AR, the s peptide shows the
most significant change in FRET (AFRET = 0.0267) compared
with no-peptide control (AFRET = 0.0020, p =< 0.0001). The s
peptide also has a significant FRET change compared with the i
peptide (AFRET = 0.0120, p = 0.001). Analysis of variance
(ANOVA) values are provided in supplemental Table 1 for
comparison of all four receptor-peptide pairings. Tukey’s mul-
tiple comparison test values are in supplemental Table 2 ana-
lyzing pairwise significance for all receptor-peptide pairings.
This selection for the s peptide is also observed for DR, where
the s peptide change in FRET is most significant at AFRET =
0.0192 (p =< 0.0001). Unmarked bars are n.s. compared with no
peptide. For these G,-coupled receptors, the sensor detects a
significant s peptide selection bias in the presence of full ago-
nists. We further tested whether the Ga C terminus is sufficient
for G;- and G -coupled receptors to select for their cognate
pathways using this tethered FRET system. Sensors were
designed for G;-coupled receptors, a,-adrenergic receptor (-
AR), and cannabinoid receptor type 1 (CB;), and the same pep-
tide constructs were tested with receptor-specific full agonists
(100 um epinephrine and 100 uMm 2-AG) (Fig. 1c). Both a,-AR
and CB; show a significant change in FRET for i peptide com-
pared with no-peptide control, s, or q peptide (p = 0.0001). CB,
also has significant changes in FRET for s peptides (p = 0.05)
and q peptides (p = 0.001) compared with no peptide. These
changes may be a result of receptor promiscuity as well as a
result of interactions with the receptor and endogenous G pro-
tein in the cells. The trend also holds for G,-coupled receptors,
o, -adrenergic receptor (a;-AR), and vasopressin 1A receptor
(V;4R) (Fig. 1d). a;-AR significantly selects q peptide com-
pared with no peptide (p = 0.0001) upon stimulation with 100
uM phenylephrine as does V, 4R (p = 0.0001) with 100 um AVP.
V4R also selects q peptide significantly compared with s or i
peptides (p = 0.0001). Although the Ga C terminus has repeat-
edly been shown as an important component for G protein
selection (13, 16), our measurements here show it is minimally
sufficient for selection across many GPCRs (Fig. le).

Computational techniques were used to better understand
the molecular basis of GPCR selectivity for the Ga C-terminal
peptide, observed in the FRET sensor measurements. G- and
G,-coupled receptors were chosen for modeling because their
signaling profiles involve different secondary messengers.
Although this approach can also be applied to G;-coupled
receptors, the dual influence of G, and G; on adenylyl cyclase,
and consequently cAMP levels, complicates interpretation of sec-
ond messenger profiles. Nonetheless, future studies will address
the selection between G, G;, and G, pathways. We modeled an
ensemble of conformations for the isoproterenol-B2-AR's pep-
tide complex and the AVP-V, ,R-q peptide complex as detailed
under “Experimental Procedures.” 32-AR was chosen due to

SASBMB

AUGUST 19, 2016+ VOLUME 291 +-NUMBER 34

Structural Determinants of Selective GPCR Signaling

the availability of the Ga,-bound fully active state crystal struc-
ture (10). This structure provides an accurate starting model for
computational studies. Additionally, previous FRET sensor mea-
surements also show the selective interaction of 82-AR and Ge,
peptide (30). A G,-coupled receptor was used to discern the
differences in s and q peptide binding. For this receptor, we
generated a homology model for the G,-coupled receptor,
VAR, derived from the nanobody-bound active state structure
of the p-opioid receptor (32).

GPCR Binding to Cognate Peptide Is Energetically Favorable
and Reduces the Conformational Flexibility of the GPCR—Fig.
2a shows the transmembrane (panels i and iv) and intracellular
views (panels ii and v) of the ensemble of conformations and
different orientations the Ga C-terminal peptides extracted
from the MD simulations as follows: s peptide in 32-AR (left)
and q peptide in V, 4R (right). The s peptide inserts into f2-AR
in aregion encompassing transmembrane helix 3 (TM3)/ICL2/
TM5 and extends toward TM7/HS8; however, in V| R, the q
peptide inserts between TM3/TM5 and extends toward TM2.
Fig. 2a (panels iii and vi) show the distinct conformations from
the ensemble of B2-AR and V, 4R bound to their cognate pep-
tides. The overall root mean square fluctuation (RMSF) of
B2-AR and V, 4R does not show significant differences between
cognate and non-cognate peptide-bound complexes through-
out the simulations (supplemental Fig. 1). We further assessed
conformational flexibility in the GPCR-peptide complexes by
focusing on fluctuations in the intracellular regions of the
receptor. For this, we measured the distance between the intra-
cellular regions of TM3 and TM6 and plotted the distribution
of this distance from each simulation (Fig. 25). The outward
movement of the intracellular portion of TM6 away from the
intracellular portion of TM3 reflects a critical conformational
change required for GPCR activation and binding to G protein
(33). As depicted, the range of TM3-TMS6 distances is ~3.9 A
for B2-AR with s peptide and 5.7 A for both i and q peptides.
Similarly, we observed a range of 3.7 A for V, ,R with q peptide
but 5.0 and 4.2 A for s and i peptides, respectively. Measures of
central tendency for each distribution are included in supple-
mental Table 3. We assessed the similarity between the distri-
butions of TM3-TMS6 distances for each receptor-peptide pair
using a two-sample Kolmogorov-Smirnov test (supplemental
Table 4), which indicates that all the distributions are signifi-
cantly different. For both receptors, binding to cognate Ga pep-
tides reduces the receptor’s intracellular flexibility and results
in a narrower range of distances sampled between TM3-TMS6,
leading to tighter binding by the GPCR to the cognate Ga pep-
tide. The variance in TM3-TMS6 distance is wider for the non-
cognate Ga peptides leading to weaker binding. This is high-
lighted in Fig. 2a, (panels iii and iv) in which conformations
with the maximum ($) and minimum (*) deviations in the posi-
tions of TM6 have been marked. To test the accuracy of our
dynamic ensembles in capturing cognate binding, we calcu-
lated the non-bonded Coulombic and van der Waals compo-
nents of the GPCR/peptide interaction energies and compared
this to previously published experimental FRET measurements
(30) and those reported here (Fig. 1d). Fig. 2c shows a strong
correlation between the strength of GPCR:peptide binding
energy and AFRET. Favorable non-bonded interactions that
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stabilize the cognate GPCR-peptide also reduce TM3-TM6
flexibility in the Ga peptide-bound conformation (Fig. 2b).
Ga, and Ga,, Peptides Interact with Different Receptor Bind-
ing Surfaces—To further explore which structural components
of the GPCR/G protein interface contribute to peptide selec-
tion, we analyzed the nature of the residues located in the sur-
face of the peptide binding grooves in the GPCR after optimi-
zation of peptide binding using MD. Fig. 34 shows the nature of
different residues within the binding groove of B2-AR and
V, AR when bound to their cognate peptides, s peptide in red
and q peptide in blue. The nature of the residues in the binding
surface of the receptor is represented by the colored surface as
follows: yellow (non-charged polar residues); red (anionic resi-
dues); blue (cationic residues); and white (hydrophobic resi-
dues). Most notably, the characteristics and the location of the
residues in the binding groove of 82-AR and V, ,R with which
the cognate peptide interacts vary significantly. In 82-AR the
outer edge and center of the binding groove are populated with
polar residues. V,,R shows a more hydrophobic binding
groove, particularly near the outer edge of the interface (Fig.
3a), and most of its polar residues clustered in the center of the
interface (Fig. 3a). The cognate peptides orient and bind differ-
ently between the two receptors, despite starting the MD sim-
ulations from the same initial orientations. The center of each
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peptide interacts in a similar groove of the receptor interface,
always between TM5 and TM3/ICL2, but the extreme C termi-
nus of the peptide orients toward different positions in the
receptor interface. The s peptide points toward TM7 and helix
81in 32-AR, whereas the q peptide points toward TM2 in V, ,R.
To identify residues in the C-terminal peptides that contribute
significantly to the binding of the GPCR, we calculated the
interaction energies of the residues in the s peptide to the resi-
dues in the binding groove in B2-AR, and the same for the q
peptide to V, ,R. Fig. 3b shows the increasing favorable inter-
action energies mapped as colored gradation in the s peptide
(white to red) and q peptide (white to blue) with B2-AR and
VR, respectively. Residues in the s and q peptides making
tighter contacts with favorable interaction energies are repre-
sented with deeper shading. About eight amino acids in the N
terminus “head” region (Fig. 3b) of both the s and q peptides are
disordered and show no significant interactions with their
respective receptors. It is evident that the s and q peptides inter-
act with the receptor in different ways. The s peptide has its
strongest interactions both at the C-terminal “tail” and “neck”
of the peptide, denoted in Fig. 3b. The q peptide, in contrast,
makes its strongest contacts at the C-terminal tail. To identify
the residues that are “hot spots” in the interaction of the pep-
tides with their respective GPCRs, we did two types of analyses
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FIGURE 3. Electrostatic, energetic, and structural differences in GPCR/peptide interface identify three hot spots for binding. g, intracellular view of
B2-AR:s peptide complex (left) and V, \R:q peptide complex (right) showing surface representation of the receptor’s binding interface coupled with cognate
peptide. Charged residues are colored as follows: anionic (red), cationic (blue), non-charged polar (yellow), and hydrophobic (white). b, colored gradation
indicating distribution of energetically favored (white to color: unfavorable to favorable) residue positions in s (left) and q (right) peptides based on simulation
with cognate receptors. Peptides are rotated 180° about their principal axis to display GPCR contacting interface. Head, neck, and tail regions of C termini are

denoted between dashed lines. ¢, structure-based sequence alignment of Gey,

and Ge, C termini depicts residues binding to receptor (black) and residues left

out of interface (gray). Residue similarity denoted as follows: identical (*); conservative, maintenance of charges (:); semi-conservative, replacement of charges
(. non-synonymous, changed chemical properties (no symbol). d, hot spot residues conferring specificity of Ga, binding to 82-AR and Ga,, binding to V; 4R.

as follows: (a) sequence alignment of the s and q peptides shown
in Fig. 3¢, with (from left to right) the head, neck, and tail demar-
cated by dashed lines, and () identify the residues that make
tight contacts between the peptide and the receptor for more
than 50% of the simulation time. These residues are shown in
black in the sequence alignment in Fig. 3c. Sequence alignment
revealed a few positions that are divergent between the s and q
peptides. From the s peptide we identified the polar residue,
GIn-384 (glutamine) that is replaced by a hydrophobic Leu-349
(leucine) in the q peptide. The residues GIn-390 and Glu-392 in
the s peptide are replaced by residues with similar properties,
Glu-355 and Asn-357, in the q peptide. However, the interac-
tion energies of these residues with their respective receptors
are different (data not shown). Based on these findings, we first
chose one residue pair from the neck (Gln-384/Leu-349) and
one from the tail (Glu-392/Asn-357) regions to test the effects
of the neck and tail regions on binding and orientation of the
peptide to B2-AR and V, ,R.

Single-point Mutants Sufficient to Alter Selection in V, 4R but
not in B2-AR—The single residues GIn-384/Leu-349 and Glu-
392/Asn-357 were tested for their role in GPCR/peptide bind-
ing using AFRET measurements of single-point mutants in the
s peptide (Q384L and E392N) and q peptide (L349Q and
N357E) within the V, 4R sensor (Fig. 4a). In the q peptide, the
L349Q mutant exhibited a 46.1% decrease in AFRET compared
with the wild type (p = 0.0001). The reverse mutation (Q384L)
done in V,,R's peptide showed a 134.5% increase in AFRET
compared with wild type (p = 0.01). Similarly, the N357E
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mutant in the q peptide resulted in a 38.8% decrease in AFRET
(p = 0.0001), and the reverse mutation in s peptide, E392N,
caused a 78.8% increase in AFRET (p =< 0.05). The downstream
signaling effects of these interactions were examined function-
ally using a cAMP assay with tethered V;,R-Ga, WT and
mutant constructs (Fig. 4). Expression of both Gas-Q384L
and Gas-E392N mutants resulted in ~38 and 53% increases in
cAMP production upon stimulation with 100 nm AVP (p =
0.001 and p = 0.01, respectively). When these single-point
mutants were tested with the B2-AR FRET sensor (Fig. 4c),
Q384L did not show a significant change in AFRET compared
with wild-type s peptide (p > 0.05), although there was an
observable loss in binding for the E392N s peptide mutant
(~30%, p = 0.0001). The results with 82-AR and mutant q
peptides were non-reciprocal to the results obtained with the
V, aR's peptide, and we showed that B2-AR/Ga binding is not
switchable with single-point mutations.

B2-AR Stabilizes Peptide Selection through Both the Tail and
Neck Regions of the Ga C Terminus—To rationalize how these
single-point mutations differentially influenced peptide bind-
ing between V, 4R and 32-AR, we analyzed the simulation tra-
jectories of B2-AR with the Ga peptides. Fig. 5a highlights the
different orientations that wild-type s and q peptides take when
bound to the B2-AR binding pocket. The q peptide does not
bind as deep as the s peptide. Taking a closer look at the hot spot
residues identified in Fig. 3, GIn-390 in the s peptide makes
several contacts with anionic and polar residues in $2-AR (Fig.
5b). However, the homologous residue in the q peptide, Glu-
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FIGURE 5. Glu-355 hot spot residue in q peptide shows steric clash in 2-AR interface, resolved by mutation to glutamine. g, overlain structures of s (red)
and q (blue) peptides in 82-AR interface shows shallow rearranged orientation of q peptide compared with s peptide. b, intermolecular contacts (within 5 A)
made between GIn-390 of s peptide and 32-AR (left) are found outside of suitable binding (>6 A) radius from Glu-355 in q peptide bound to 82-AR (right). c,
AFRET assay with 32-AR testing E355Q q peptide mutant in context of single-point mutation, L349Q/E355Q double mutant, and E355Q/N357E double mutant
compared with WT q peptide. d, double mutation of Glu-355 and Leu-349 in q peptide to glutamine rearranges mutant q peptide (purple) orientation to s
peptide-like (red) orientation within 32-AR interface. e, several intermolecular contacts made between GIn-390 in s peptide and (32-AR are restored in the
L349Q/E355Q g peptide interaction with 82-AR (highlighting E355Q residue). f, TM3 to TM6 distance measured in 82-AR bound to s, g, and g double mutant
peptides. Results for AFRET are expressed as mean = S.E. of three independent experiments performed in triplicate. Asterisks represent significance of mutant
peptides compared with WT peptide using Student unpaired t test. **, p < 0.01; **** p < 0.0001.

355, shows a repulsion from this pocket and appears to alter the
orientation of the q peptide in the 82-AR interface (Fig. 5b). We
predicted that the Glu-355 residue of the q peptide introduces a
strong barrier to the q peptide binding in 32-AR and proposed
to test this residue with the 82-AR FRET sensor. The E355Q
single mutant has a gain in AFRET of 119.4% (p = 0.01); the q
peptide double mutant L349Q/E355Q significantly improves

17934 JOURNAL OF BIOLOGICAL CHEMISTRY

interaction with 32-AR, with a gain of 145.5% (p = 0.0001) (Fig.
5¢). The E355Q/N357E double mutant did not show a signifi-
cant change in AFRET (p > 0.1). We further performed MD
simulations (with the same procedure as the 82-AR receptor
bound to the wild-type s peptide described under “Experimen-
tal Procedures”) on isoproterenol-bound 32-AR with the dou-
ble mutant q peptide L349Q/E355Q. We observed that the dou-
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ble mutant q peptide (shown in purple) is able to bind deeper in
B2-AR and translates to an orientation closer to that of the s
peptide (red) compared with the q peptide (blue) (Fig. 5, a and
d). In the simulated L349Q/E355Q double mutant, the E355Q
residue is able to regain contact with polar residues in the bind-
ing pocket (Fig. 5e), and the receptor also samples a tighter
range of TM3-TM6 distances with the q peptide L349Q/
E355Q mutant compared with WT q peptide (Fig. 5/).

Discussion

Hot Spot Residues in the Ga C Terminus—Delineating the
structural basis of G protein selectivity in GPCR/G protein
pairings is an important goal for structure-based drug discov-
ery, yet remains an outstanding challenge. Although the C ter-
minus of the Ga subunit has long been recognized as an impor-
tant determinant in GPCR/G protein coupling (13, 15), the
structural basis of selective interactions is unexplored. In this
study, we combined molecular dynamics simulations and live
cell FRET measurements to probe the GPCR/Ga C-terminal
peptide interaction in 82-AR and V, 4R. Iterative integration of
these approaches reveals three hot spot residues (Ge,/Ga,-
GIn-384/Leu-349, GIn-390/Glu-355, and Glu-392/Asn-357)
that together determine differential signaling through G,- and
G,-coupled pathways. Swapping these residues, either individ-
ually or in combination, switches the agonist-stimulated
GPCR/peptide interaction in live cells (Figs. 4 and 5). Closer
examination of the GPCR/peptide interface reveals distinct
modes of interaction for the Ga, and Ga, C termini with their
cognate GPCRs. The B2-AR/Ge, interaction shows several
electrostatic interactions between a charged 82-AR cytosolic
pocket and a charged Ga, C terminus (Fig. 3a). In contrast, the
V,aR/Ge interaction is dominated by only two residues in the
Ga, C terminus (Asn-357 and Leu-349) that interact with a
predominantly hydrophobic surface presented by the G,-cou-
pled receptor (Fig. 3a). The presence of multiple charged inter-
actions in the B2-AR/s peptide interaction is also consistent
with the more modest effects of single-point mutations com-
pared with V, ,R/Ga, (Fig. 4).

Our study suggests two distinct regions within the Ga C ter-
minus, a central neck region that makes electrostatic or hydro-
phobic interactions (based on GPCR-peptide pairing) and the
extreme C-terminal tail region that is important for peptide
orientation. The Ga C terminus has multiple favorable polar
interactions with 82-AR within both the neck and tail regions
(Fig. 3b, left), whereas the Ga,, C terminus has favorable elec-
trostatic interactions with V, ,R only in the tail region (Fig. 3b,
right). We propose that the different modes of interaction of the
Gag and Ga,, C termini account for the asymmetry in AFRET
changes upon single-point mutations between [B2-AR and
VAR (Figs. 4 and 5c¢). The q peptide requires hydrophobic-to-
polar residue mutations in the neck and fine-tuning of the polar
and charged residues in the tail to increase its affinity for
B2-AR, whereas the s peptide requires additional hydrophobic
residues in its C-terminal neck to increase its binding with
V;aR. Both s and q peptides have similar types of residues in
positions **°QYE?*?/**>EYN®*, respectively. The QYE/EYN
residues in either peptide make strong contacts with the polar
region in the center of V, 4R (Fig. 3a). Therefore, we conclude
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that minimal improvements in the neck or tail of s peptide
improve its binding to V; 4R, whereas multiple substitutions in
the q peptide are necessary to promote its binding to 82-AR.

Although two of the hot spots identified here reside within
the last five C-terminal residues previously characterized as
important for pathway selection (13), the precise structural
mechanism for this selectivity has not been previously exam-
ined. Our systematic dissection of the structural interface
reveals a role for both favorable and unfavorable interactions in
G protein selection. GIn-390 in the Ga, C terminus makes
favorable electrostatic interactions with 82-AR (Fig. 5b). In
contrast, the homologous residue in the Ga, C terminus (Glu-
355) cannot coordinate equivalent interactions within the
B2-AR cytosolic pocket (Fig. 5b). Hence, Ga,, is unable to inter-
act with B2-AR until the unfavorable glutamic acid (Glu-355) is
substituted for a glutamine (E355Q). Accordingly, a Ga,, pep-
tide with mutations in both regions (L349Q/E335Q) adopts the
same orientation and location as the Ga, C-terminal peptide
and leads to an enhanced B2-AR/Ga, interaction in live cells
(Fig. 5¢).

Stabilizing the Active TM6 Outward Tilt—Our study pro-
vides a direct link between binding of the Ga C terminus and
GPCR conformation. The current view of the GPCR structure
is that the receptor in the absence of any ligand or G protein
populates a broad conformational ensemble (6, 34). Binding of
an agonist shifts the relative population of this conformational
ensemble, whereas the agonist in combination with G protein
stabilizes the fully active conformation (34). We report similar
findings using molecular dynamics simulations albeit with the
binding of only the cognate Ga C terminus (Fig. 2). The con-
nection between Ga C terminus binding and GPCR conforma-
tion is further evident when examining the preferred location
and orientation of the Ga C-terminal peptide in relation to the
GPCR. Consistent with crystal structures of 2-AR'G, and
rhodopsin‘Ge, peptide (10, 35), we find distinct orientations of
different Ga C termini when bound to their cognate GPCR (Fig.
3a). When comparing the cognate and non-cognate interac-
tions, we find that the cognate Ga C terminus inserts deeper
into the GPCR cytosolic pocket, and in a distinct orientation
compared with the non-cognate interaction (Fig. 6). Deep bind-
ing of the Ga C terminus in a specific orientation reduces the
flexibility of the receptor in the intracellular regions of TM3
and TM6 (Fig. 2). In both cognate interactions, f2-AR/G, and
V1AR/G,, the Ga C terminus makes significant contact with
TM3 and TM6 of the receptor. This allows TM3 and TM6 to
function as molecular “chopsticks” to hold the cognate Ga C
terminus in place. In contrast, the non-cognate Ga C terminus
displays shallow binding in a different orientation, leading to
weaker binding and loss of contact with TM3 and TM6 (Figs. 2
and 6). However, point mutagenesis of the non-cognate Ga C
terminus is sufficient to adjust the orientation (Fig. 5¢) and
correspondingly regain significant contact with TM3 and TM6
of the GPCR, stabilizing a conformational ensemble that mim-
ics the dynamics of the cognate interaction (Fig. 5f).

Integrating Computational Modeling with Experiments in
Live Cells—The GPCR/G protein interaction is inherently
dynamic at the interface. The crystal structure of the 32-AR-G,
complex provides an essential snapshot of the interaction but
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FIGURE 6. C terminus of cognate G protein stabilizes GPCR conforma-
tional flexibility, allowing tighter binding to G protein, deeper insertion
of C terminus in receptor interface. Agonist-stimulated GPCRs are able to
interact with different G proteins; however, the cognate G protein binds
deeper into the receptor based on favorable interactions between the Ga C
terminus and the GPCR, whereas the non-cognate interaction is hindered by
unfavorable interactions between Ga C terminus and GPCR.

does not capture the dynamics of the interaction (10). Likewise,
spectroscopy-based approaches to examine the GPCR confor-
mational ensemble do not resolve individual structural interac-
tions (2, 4). Neither of these approaches is easily scalable to
compare and contrast different GPCR/G protein pairings.
Molecular dynamics (MD) can be scaled to examine different
GPCR/G protein pairs, especially given the ability of homology
modeling to create new GPCR/G protein combinations. How-
ever, given the diversity of parameters that can influence simu-
lation trajectories, and the large structural interface, MD is best
paired with a suitable experimental approach that permits iter-
ative dissection and validation of its findings. We have previ-
ously demonstrated the utility of GPCR SPASM sensors in ana-
lyzing the effects of single-point mutations in the GPCR/Ga
C-terminal peptide interaction (30). Here, our study interdigi-
tates MD and SPASM sensor measurements to dissect both
hot spot residues and provide a rationale for the ensemble
GPCR/Ga C-terminal peptide interaction. Our study serves as
proof-of-concept using the disparate B2-AR/Gey and V| R/
Ga, pairs. Future studies will examine the implications of our
findings across a broader range of GPCR/G protein pairings
and extend to structural elements in the GPCR that drive
ligand-dependent effector selection.

Experimental Procedures

Buffers and Reagents—(—)-Isoproterenol (+)-bitartrate salt,
dopamine hydrochloride, epinephrine (+)-bitartrate salt, and
phenylephrine hydrochloride were purchased from Sigma.
2-AG was purchased from Tocris. AVP was purchased from
GenScript. cDNAs for a; ,-AR isoform 2 (Homo sapiens) and
a,-AR (Sus scrofa) were the kind gifts of R. R. Neubig. cDNAs
for human 82-AR, 83-AR, and long splice variant of Ga, were
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purchased from Open Biosystems. Human cDNAs for D;R and
VAR were acquired from DNASU Plasmid Repository. CB,
(Mus musculus) was acquired from Transomic Technologies.
Cell Buffer is HEPES-buffered saline supplemented with 0.2%
dextrose (w/v), 1.5 ug ml~ " aprotinin, and 1.5 ug ml ™" leupep-
tin at pH 7.5. Drug Buffer for isoproterenol and dopamine is
HEPES-buffered saline supplemented with 1 mm ascorbic acid.
Drug Buffer for epinephrine and phenylephrine is HEPES-buff-
ered saline. Drug Buffer for 2-AG is HEPES-buffered saline sup-
plemented with 1% DMSO. Drug Buffer for AVP is double dis-
tilled H,O.

Molecular Cloning—All receptors were cloned into
PCDNAS/ERT vectors and expressed as single polypeptides.
From N to C terminus, polypeptide consists of full-length
GPCR, mCitrine (FRET acceptor), ER/K linker, mCerulean
(FRET donor), and a Ga C-terminal peptide (s peptide, i pep-
tide, or q peptide.) cCAMP assay was performed with sensor
expressing the full-length Ga, subunit. The following amino
acid sequences were used for Ga C-terminal peptides: s pep-
tide, DTENRRVFNDCRDIIQRMHLRQYELL; i peptide, DTK-
NVQFVFDAVTDVIIKNNLKDCGLF; and q peptide, DTENI-
RFVFAAVKDTILQLNLKEYNLYV. Control GPCR sensors (no
peptide) contain a repeating Gly-Ser-Gly residue series after
mCerulean. GPCRs were cloned between Nhel and Kpnl re-
striction sites in the PCDNAS5/FRT vector, with the exception
of a,-AR, which was cloned between HindIII and Kpnl. Peptide
point mutations for q peptide and s peptide were generated via
PCR using oligonucleotide-directed mutagenesis (QuikChange
site-directed mutagenesis kit, Stratagene). All constructs were
confirmed by sequencing.

Cell Culture and Sensor Expression—HEK293T-Flp-in (Invitro-
gen) cells were cultured in DMEM supplemented with 10% FBS
(v/v), 4.5 g/liter p-glucose, 1% Glutamax, 20 mm HEPES, pH 7.5,
at 37 °C in humidified atmosphere at 5% CO,. Cells were
used for passages 3—27 and were plated into tissue culture-
treated six-well dishes at 30% confluence and allowed to
adhere for 16-20 h. Cells were transiently transfected using
X-tremeGENE HP DNA transfection reagent (Roche Applied
Science). Conditions for DNA (1.4—4 pg), reagent (4.2—6 ul),
and length of transfection (18 —36 h) were optimized to achieve
consistent membrane expression levels for all constructs.
Expression levels were monitored on a Nikon tissue culture
microscope with fluorescence detection. Consistent expression
was achieved by quantifying percent of cells with fluorescent
expression (>70%) with primary expression at the plasma
membrane. Experiments were conducted at equivalent sensor
expression, and cells were resuspended by gently pipetting into
their original media. Cells were spun down (300 X g, 3 min) and
washed twice, resuspended in Cell Buffer, and brought to the
same optical density (cyan fluorescent protein/OD of 1.5-3.0)
across experiments.

Steady-state FRET Measurements—Sensor integrity was moni-
tored by measuring mCitrine/mCerulean fluorescence ratios
(1.8-2.1). All AFRET experiments were conducted at 37 °C
(buffers, cuvettes, and fluorometer). Once resuspended to opti-
cal density listed above, cells were aliquoted into 90 ul samples
kept at 37 °C. 10 ul of Drug Buffer was added to five control
samples and 10 ul of the respective agonist in Drug Buffer was
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added to five separate samples serially in 1-min intervals. After
5 min of incubation at 37 °C with drug, cells were collected for
fluorescence reading by exciting the cells at 430 nm (bandpass 8
nm) in a 3-mm optical quartz cuvette (3—3.30-SOG-3, Starna
Cells Inc.) and monitoring emission from 450 to 600 nm (band-
pass 4 nm) on a FluoroMax-4 fluorometer (Horiba Scientific).
Cells were used within 20 min of harvesting.

cAMP Assay—30-32 h post-transfection, HEK293T cells
expressing V; 4R tethered to wild-type or mutant Ge, subunit
were harvested to evaluate cAMP levels using the biolumines-
cent cAMP Glo assay (Promega). Briefly, cells were gently sus-
pended in their original media, counted using a hemocytome-
ter, and spun down (300 X g, 3 min). Appropriate volume of
buffer (PBS supplemented with 800 um ascorbic acid and 0.2%
dextrose (w/v)) was added to reach 2 X 10° cells ml~* density.
Cell suspensions were aliquoted into 96-well round-bottom
opaque plates. Cells were treated with or without AVP (100 nm)
in the presence of 0.25 mm isobutylmethylxanthine for 15 min
at 37 °C. Subsequently, cells were lysed, and the protocol was
followed according to the manufacturer’s recommendation
(Promega). Luminescence was measured using a microplate
luminometer reader (SpectraMax Mb5e, Molecular Devices).
cAMP levels (relative luminescence unit) were evaluated by
subtracting the untreated background from the transfected
conditions. Each experiment had four repeats per condition
and was repeated at least three times (1 > 3).

Live Cell FRET Data and Statistical Analysis—FRET ratio is
calculated by dividing normalized mCitrine emission (525 nm)
by normalized mCerulean emission (475 nm). Spectra are nor-
malized to 1.0 at 475 nm. All FRET readings were analyzed
using MatLab (R2014a, MathWorks, Inc.), and averages were
calculated for plus and minus drug conditions. The cyan fluo-
rescent protein/OD ratios were used to compare various pep-
tide sensors of similar expression conditions. AFRET was cal-
culated by the following: the average FRET ratio of the minus
condition was subtracted from the FRET ratio of each drug
condition sample; these values were then averaged for AFRET.
Results are expressed as mean values = S.E. of the mean of at
least three independent experiments with at least three repeats
per condition per experiment. Statistical analysis was per-
formed with GraphPad Prism (version 6, GraphPad Software,
Inc.). Statistical significance for AFRET for six different recep-
tor-peptide combinations was evaluated by ANOVA and
Tukey’s multiple comparison test. Values from Tukey’s test are
reported in figures with corresponding significance values of
non-significant (n.s.), p > 0.05; *, p =< 0.05; **, p =< 0.01; ***, p <
0.001;****, p =< 0.0001. ANOVA was used to test the significance
for the four-peptide set of each receptor, and Tukey’s multiple
comparison test was used to calculate statistical significance
comparing mean of cognate peptide sample to the control no-
peptide or other non-cognate peptides (Fig. 1, b—d). Student’s
unpaired ¢ test was used to compare mutant peptide to WT
peptide samples (Figs. 4 and 5c¢).

Computational Modeling of the Structural Model of the
GPCR Bound to Agonist and C-terminal Peptides—Isoprotere-
nol-bound B2-AR:‘Ga C-terminal peptide complexes were
modeled starting from the co-crystal structure of the active
state of B2-AR bound to Ge, protein (PDB code 3SN6 (10)).
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Residues missing from the extracellular loop 2 in the crystal
structure (amino acid residues 176 —178) were inserted using
the corresponding conformation from the nanobody-stabilized
crystal structure of 82-AR (PDB code 3P0G (36)). We aligned to
the 3P0G structure to the 3SN6 structure of 32-AR (37) and
transferred the coordinates of the missing residues from the
3P0G structure. The ICL3 region (amino acid residues 240 —
264) was not present in either crystal structure, and it was not
modeled in our B2-AR structure. Next, we modeled the full
agonist isoproterenol binding to B2-AR by transferring the
conformation of isoproterenol from the crystal structure of
B1-AR (PDB code 2Y03 (38)) into the conserved ligand binding
pocket of the B2-AR. This required using structural alignment
of the modeled 82-AR to the B1-AR 2YO03 structure in PyMOL
and extraction of the aligned ligand coordinates to the modeled
B2-AR (Schrodinger LLC 2010, PyMOL Molecular Graphics
System, Version 1.3r1). The next step was to generate a starting
conformation for the binding of the C-terminal peptides of the
Ga subunit into the agonist-bound GPCR structural model.
The starting orientation of the Ga,, Gay;, and Ger, C-terminal
peptides were generated from the G,-bound (2-AR crystal
structure (3SN6). The 27 terminal amino acids of Ga, were
used as the starting structure for the s peptide. The s peptide
was used as a template to mutate the respective sequences in
the case of q and i peptides. We superimposed the s, i, and q
peptides onto the Ga, C terminus and extracted their coordi-
nates after alignment to the receptor’s intracellular interface.
For modeling of mutant peptides, single and double point
mutations were made to the aligned s and q peptides using
Maestro’s fragment builder application (release 2015-3: Mae-
stro, version 10.3 2015, Schrodinger, LLC). The orientations of
the s, i, q, and mutant peptides were further optimized using
MD simulations as described below.

As there is no crystal structure of the vasopressin receptor
V;aR, we used a homology modeling technique to generate a
structural model for the G,-coupled V,,R. The homology
model of the vasopressin receptor V; R was generated with the
MODELLER software suite (37), using the active state structure
of p-opioid receptor (PDB code 5C1M (32)) as the template.
We used the active state structure, because that is relevant to
generate the q peptide-bound state. The w-opioid receptor
scored highest in sequence similarity to V,,R when we per-
formed a BLAST search for sequences of GPCRs in active state
in the Protein Data Bank (39). The ICL3 is absent in the u-opi-
oid receptor template structure and is omitted from the V, ,R
model as well (amino acids 246 -279). We docked the 9-amino
acid-long endogenous agonist AVP with amidated C terminus,
using Glide SP flexible ligand docking suite (Suite 2012: Glide.
2012, Schrodinger, LLC) with the site-directed mutation results
used as guiding constraints while docking (40-45). Mutated
residues that affected ligand binding were used to establish dis-
tance constraints for docking of the ligand. AVP structure was
obtained from the crystal structure of AVP complexed with
trypsin (PDB code 1YF4 (46)). Residues 1-6 of AVP form a
cyclic ring, with three terminal residues remaining in a flexible
loop. To generate multiple peptide conformations for docking,
the cyclic region of the peptide was kept constrained, with only
the loop region allowed to sample using MacroModel Confor-
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mational Search (release 2014-3: MacroModel, 2014,
Schrodinger, LLC). Because of the large structure of the pep-
tide, the van der Waals radii of the atoms both in the AVP ligand
and VR receptor were scaled to 30% of normal values to
accommodate the ligand. Docking was performed using ligand
flexible docking of 20 non-redundant conformations generated
by Macromodel. We optimized the side chain conformations
for the residues within 5 A of AVP-docked poses using Prime
(release 2014-3: Prime. 2014, Schrédinger, LLC). Subse-
quently, we chose the Prime optimized pose that showed the
most favorable interaction energy to begin molecular dynam-
ics. Finally, using the same procedure as 32-AR, we generated
AVP-V, R complexes with the s, i, q, and mutant peptides by
superimposing the AVP-V;,R complex and the C-terminal
peptides onto 32-AR-Ga, C terminus from the 3SN6 structure.
This allowed us to model the initial orientation of the
AVP-V, \R-peptide complex using the coordinates of the
B2-AR and C terminus of G, complex.

Before beginning the all-atom MD simulations, each unique
GPCR-Ga C-terminal peptide complex structure (2-AR with
s, 1, ¢, and single and double point mutant peptides; V, ,R with
s, 1, g, and single mutant peptides) was minimized using conju-
gate gradient minimization method in the Maestro software
suite (2015—3: Maestro, version 10.3, 2015, Schrodinger, LLC)
to remove steric clashes of amino acids in initial conformations
of receptor-peptide complexes.

Details of the Molecular Dynamics Simulations—We used
all-atom MD simulations to optimize the conformations of the
agonisttGPCR*Ga  C-terminal peptide complexes. GPCR:
peptide complexes were embedded into lipid membrane and
equilibrated to 310 K temperature and 1 atm pressure with the
GROMACS 5.1.0 software suite (47), following the protocol
described below. GPCR-peptide complexes were inserted into
an equilibrated box of 128 molecules of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine) phospholipidbilayer (48). GPCR-
agonist-peptide complexes were concatenated to the lipid
membrane structure, and the lipids were expanded and re-fit-
ted around the protein complex using the common INFLAT-
EGRO perl script functions (49). Water (SPC/E model (50)) and
charge-balancing counter-ions (Na* and Cl~) were added to
the simulation system. Simulations were run with an adapted
gromosb53a6 force field to account for lipid parameters. Mem-
brane-embedded GPCR-peptide complexes were minimized in
GROMACS using steepest descent minimization until maxi-
mum force was below 1000 kJ/mol/nm. During equilibration
steps, protein backbone atoms of the GPCR and C-terminal
peptides were restrained to their initial positions with 100
kJ/mol position restraints to allow optimal protein side-chain
packing at protein/water and protein/membrane interfaces.
Simulation systems were equilibrated first with a 500-ps iso-
thermal-isochoric ensemble with Nose-Hoover thermostat
(51) to bring system temperature to 310 K, followed by a 20-ns
simulation under isothermal-isobaric ensemble with Parinello-
Rahman barostat (52) to equilibrate pressure to ~1.05 bar.
Equilibrated systems were then simulated for 5-ns windows
with stepwise reduction of protein backbone position restraints
to 80, 60, 40, 20, 10, and then 5 kJ/mol, followed by 20 ns of
simulation with no position restraints. Production simulations
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for each GPCR-peptide complex were conducted in replicates
of five with no restraints. One replicate continued from veloc-
ities generated during equilibration, and four other replicates
were initiated with random velocities. The five replicates were
simulated for 200 ns each, for a collective 1 us of conforma-
tional sampling for each agonist:GPCR-peptide complex.

Computational Data Analysis—To avoid large fluctuations
in the calculated potential energies, the last 20-ns window from
each of the five replicate simulations per system was used to
generate a 100-ns ensemble of conformations for data analysis.
The r.m.s.d.-based (root mean squared deviation in coordi-
nates) clustering was used to determine the average conforma-
tions sampled within the 100-ns window of simulations. Clus-
ters were populated by counting the number of structures
within an r.m.s.d. cutoff to each structure within the ensemble.
The structure with the greatest number of neighboring struc-
tures and all of its neighbors were removed from the ensemble
of structures as one cluster, and the procedure was repeated on
the remaining structures (53). To obtain clusters of conforma-
tions that allow mixing of structures from different replicates,
we used a distance cutoff of 3 A for the r.m.s.d. clustering.

All the snapshots in the most populated cluster were used to
determine intermolecular contacts and to calculate the binding
energy between V, ,Rands, i, and q peptides. The total terminal
100-ns ensemble was used for analysis of 32-AR intermolecular
contacts and binding energies. In each case, the entire ensemble
mentioned was averaged to measure the close residue contacts
and calculate the binding energy. Residue contacts were
obtained using Tcl scripts developed in-house with visual
molecular dynamics (54). The interaction energies of the s, i,
and q peptides were calculated as the non-bond energies (Cou-
lomb and van der Waals) of the peptides’ interactions with the
receptor.

To measure the conformational flexibility in the intracellular
region where the s, i, and q peptides insert into the receptor, we
measured the distance between the intracellular region of TM3
and TM6. The TM3 to TM6 measurement was calculated as the
distance between Ca atoms of the residues Arg-3.50 (R1313°)
and Glu-6.30 (E268°%°) for B2-AR and Arg-3.50 (R149°*°) and
Lys-6.30 (K286°%°) for V,,R. Statistical significance for the
TM3-TMB6 distance distribution for different receptor-peptide
combinations was evaluated by two-sample Kolmogorov-Smir-
nov test using MatLab (R2013a, Mathworks, Inc.). Test results
indicate the significance of dissimilarity between distribution
pairs, with significance values denoted by ****, p < 0.0001. To
visually compare the overall peptide orientations within the
GPCR interface, the structural ensembles were arranged by
increasing TM3-TM6 distance, and structures from the
median of the distribution were used to compare depth and
orientation of peptide binding.

RMSF Calculations for the Whole Receptor Complex—To
assess the flexibility of the entire GPCR structure when bound
to agonist and the s, i, and q peptides, we calculated the RMSF
for each residue in B2-AR and V, R averaged over the entire
trajectory. We calculated RMSF in Gromacs, using the trajec-
tory of the total 100 ns ensemble of 32-AR and V, 4R with each
s, 1, and q peptide. A least squares fit was performed over the
entire trajectory to identify the average structure of the ensem-
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ble. The fluctuation of each residue throughout the trajectory
was compared with its position in the average structure. The
average RMSF for each residue was calculated by squaring the
difference between the residue’s position in each frame to
the average structure, summing this difference for every frame
in the trajectory, and calculating the square root of this sum.
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