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Abstract

The interaction of G protein-coupled receptors (GPCRs) with heterotrimeric G proteins represents
one of the most fundamental biological processes. However, the molecular architecture of the
GPCR/G protein complex remains poorly defined. In the present study, we applied a
comprehensive GPCR/Ga chemical cross-linking strategy to map a receptor/Ga interface, both
prior to and after agonist-induced receptor activation. By employing the M3 muscarinic
acetylcholine receptor (M3R)/Gag system as a model system, we examined the ability of ~250
combinations of Cys-substituted M3R and Go proteins to undergo cross-link formation. We
identified many specific M3R/Gaq contact sites, both in the inactive and the active receptor
conformation, allowing us to draw conclusions regarding the basic architecture of the M3R/Gay
interface and the nature of the conformational changes following receptor activation. Since
heterotrimeric G proteins as well as most GPCRs share a high degree of structural homology, our
findings should be of broad general relevance.

INTRODUCTION

G protein-coupled receptors (GPCRs) are involved in regulating nearly all known
physiological functions and represent excellent drug targets—3. All GPCRs are predicted to
contain a transmembrane (TM) core formed by a bundle of seven TM helices (TM1-7)
which are connected by three extracellular and three intracellular loops (Fig. 1a).
Physiologically, GPCRs are activated by extracellular ligands which enable the receptors to
interact with and activate distinct sets of heterotrimeric G proteins (Gafy). Specifically,
ligand-activated GPCRs catalyze the exchange of GDP for GTP on the Ga subunit. GTP
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binding to Ga is predicted to trigger the dissociation of the heterotrimeric G protein into Ga-
GTP and free By which are then able to modulate the activity of a multitude of downstream
effector enzymes and ion channels®.

High-resolution X-ray structures have been obtained for several class | GPCRs (‘rhodopsin-
like’ GPCRs)®> 11 and various G protein heterotrimers (afy) and isolated Ga subunits in
different functional states (for recent reviews, see refs. 12—-14). Combined with biochemical
and biophysical datal2-14, these structures reveal a surface on Ga that is predicted to face
the intracellular side of GPCRs (see below for more details). However, a high-resolution
crystal structure of a GPCR/G protein complex is not available at present.

Many studies have shown that multiple GPCR regions participate in receptor/G protein
interactions!®. These receptor regions include the TM3/i2 loop junction, the i2 loop, the
cytoplasmic ends of TM5 and TMG, and helix 8 (H8; Fig 1a). Similarly, various
experimental approaches have implicated multiple Ga regions in productive receptor/G
protein coupling??-14, The three key regions of Ga that have been implicated by most
studies include the N-terminal helix (aN; this helix is only observed in the presence of
bound Py), the a4/p6 loop, and the C-terminal portionl1-14.16-21

Biochemical and biophysical approaches have identified a small number of receptor/Ga
interaction sites using specific receptor/Ga combinations!11%-21 However, the molecular
architecture of the receptor/Ga interface still remains poorly defined, primarily due to the
lack of studies examining receptor/Ga contact sites in a systematic and comprehensive
fashion. However, such knowledge is essential for understanding the structural basis
underlying one of the most fundamental biological processes.

To address this question, we used the rat M3 muscarinic acetylcholine receptor (M3R), a
prototypic Gg-coupled receptor?2, as a model system. We carried out systematic cross-
linking experiments using Cys-substituted M3R and Ga constructs, both in the absence and
presence of an activating ligand. To facilitate the interpretation of cross-linking data, we
employed a modified version of the rat M3R lacking most native Cys residues (M3'(3C)-Xa;
Fig. 1a)23. The M3'(3C)-Xa construct lacked the central portion of the third intracellular
loop (i3 loop; A274-K469), resulting in the removal of three Cys residues contained within
this region23. However, since this construct still retained the functionally critical N- and C-
terminal portions of the i3 loop (Fig. 1a)22, it can couple to Gg-type G protein with similar
efficacy as the wild-type M3R23. Moreover, seven of the ten remaining endogenous M3R
Cys residues were substituted with serine or alanine (Fig. 1a)23. A modified version of
human Gog (‘Gag-C-less’) in which we had replaced three of the five endogenous Cys
residues with alanine served as a template for Cys substitution mutagenesis (Fig. 1b). In
total, we examined cross-link formation between 18 mutant M3Rs and 14 mutant Goy
subunits (all constructs contained single Cys substitutions), in all possible combinations.
These studies yielded many specific M3R/Gaq contact sites, both in the absence and
presence of activating ligands, providing novel insights into the molecular architecture of the
M3R/Gy interface and the potential mechanisms governing receptor-mediated G protein
activation.

Generation of Cys-substituted mutant M3Rs

We introduced Cys substitutions into regions/sites of the M3’(3C)-Xa receptor known to be
critical for M3R/Gg coupling (Fig. 1a)?2. Recent studies carried out with several class |
GPCRs strongly suggest that the cytoplasmic side of H8 is also critically involved in
receptor/G protein interactions1>24-27 For this reason, we also targeted the corresponding
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M3R residues (K548, T549, T552, T556, and L559) by Cys substitution mutagenesis (Fig.
1a).

Pharmacological properties of Cys-substituted mutant M3Rs

We first examined whether the various Cys-substituted mutant M3Rs retained the ability to
bind muscarinic ligands with high affinity. Radioligand binding studies with membranes
prepared from receptor-expressing COS-7 cells showed that all mutant M3Rs receptors were
able to bind the muscarinic antagonist, [3H]N-methylscopolamine ([3H]NMS), with high
affinity (range of [BH]NMS Kp values: 163-877 pM; Supplementary Table 1). All mutant
M3Rs were expressed at high density (range of [SHINMS By,ax values: 5.4-16.4 pmol/mg),
except for the D164C and Y166C receptors which were expressed at relatively low levels
(Bmax~ 1 pmol/mg; Supplementary Table 1). Moreover, [BH]NMS/carbachol inhibition
binding studies demonstrated that the different mutant M3Rs were able to bind the
muscarinic agonist, carbachol, with affinities that were similar to or even higher than that
observed with the M3'(3C)-Xa receptor from which all mutant receptors were derived (range
of carbachol K;j values: 2.5-44.5 uM; Supplementary Table 1).

To examine whether the Cys-substituted mutant M3Rs retained the ability to couple to Gg-
type G proteins, we studied their ability to mediate carbachol-induced increases in inositol
phosphate (IP) production. Carbachol stimulation of receptor-expressing COS-7 cells led to
pronounced increases in IP accumulation in all mutant receptors studied (Supplementary
Table 1). However, several of the mutant receptors, including D164C, R165C, L173C, and
Y254C, showed pronounced decreases in carbachol potency (increase in ECsgq) and/or
efficacy (decrease in Eay), @5 compared to the M3’ (3C)-Xa construct (Supplementary
Table 1). This observation is consistent with the key roles of these residues in modulating
the efficiency of receptor/G protein interactions?2.

Generation of Cys-substituted mutant Gag proteins

Human Gay contains five endogenous Cys residues which are located at positions 9, 10,
144, 219, and 330 (highlighted in yellow in Fig. 1b). We generated a mutant version of Gayg
by replacing C144, C219, and C330 with alanine. In the following, we refer to this construct
as ‘Gag-C-less’. This construct still contained two native Cys residues, C9 and C10, which
proved to be essential for Gag function (assessed in a second messenger assay; see below).
In fact, it has been demonstrated that these two Cys residues are subject to palmitoylation
which is required for proper G localization and function?8.29,

By using the Gag-C-less construct as a template, we introduced single Cys substitutions into
Gag domains that have been implicated in receptor/G protein interactions!2-18, We first
replaced the C-terminal five amino acids of Gag-C-less individually with Cys (E355C,
Y356C, N357C, L358C, and V359C; Fig. 1b). Guided by a model of the G heterotrimer
(see Methods for details), we also introduced single Cys residues into surface-exposed sites
of the N-terminal domain (R19C, R20C, R27C, R30C, and R31C) and the a4/B6 loop
(P318C, S320C, D321C, and K322C; Fig. 1b).

All mutant Gag subunits retain functional activity

To study whether the various mutant Go, constructs retained functional activity, we co-
transfected HEK 293 cells with the different mutant Gog constructs and a plasmid coding for
the porcine aya-adrenergic receptor (aoa-AR). Importantly, in this system, the aya-AR
agonist, UK14304, triggers IP accumulation only in the presence of co-transfected Goy
(Supplementary Table 2)30. We found that all 14 Cys mutant Guoyg constructs displayed
robust functional activity in this assay system (Supplementary Table 2), indicating that the
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various Cys substitutions did not disrupt receptor/Gq and Gag/effector (phospholipase Cf)
coupling.

General strategy used to identify M3R/Gag contact sites

To detect specific M3R/Gag contact sites, we co-expressed the 18 Cys mutant M3Rs with
the 14 Cys mutant Gag constructs, in all possible combinations (252 total). Subsequently, we
exposed membranes prepared from co-transfected COS-7 cells to the oxidizing agent Cu(ll)-
(1,10-phenanthroline)s (CuPhen; 100 uM) to promote the formation of disulfide bonds
between vicinal Cys residues. We monitored the successful formation of disulfide bonds by
visualizing cross-linked receptor/G protein complexes via Western blotting carried out under
non-reducing conditions. Since the Gog- and M3'(3C)-Xa-based constructs both have a
molecular mass of ~40 kDa, the cross-linked receptor/Gag complexes are predicted to have a
size of ~80 kDa. All cross-linking reactions were carried out in the absence or presence of
the muscarinic agonist, carbachol.

Cross-linking analysis of C-terminal mutant Gag subunits

The five Gog constructs containing C-terminal Cys substitutions (E355C, Y356C, N357C,
L358C, and V359C) gave qualitatively similar cross-liking patterns (see next paragraph).
The cross-linked receptor/Gog complexes (~80 kDa in size) are indicated by arrows in Fig.
2a which shows cross-linking data obtained with a representative Gog construct (Goig-
L357C; for additional cross-linking data see Supplementary Figs. 1, 2). As expected, these
bands could be detected by both anti-Gag and anti-M3R antibodies (shown for the
representative Gog-L357C/M3R-T556C combination in Fig. 2b). We did not observe any
~80 kDa bands when cells had been transfected with different mutant G protein or M3R
constructs alone (Fig. 2b; also see Supplementary Fig. 3). These findings convincingly
demonstrate that the ~80 kDa bands correspond to cross-linked receptor/Gog complexes.
Both the anti-Gag and anti-M3R antibodies detected several additional immunoreactive
bands which are likely to present non-crosslinked Gog and M3R species as well as adducts
with other proteins, consistent with the outcome of co-immunoprecipitation studies (see
below).

All five Gag subunits containing C-terminal Cys substitutions (E355C, Y356C, N357C,
L358C, and V359C) could be cross-linked to multiple mutant M3Rs. These mutant M3Rs
contained Cys substitutions in the i2 loop (L173C and R176C) and within the N-terminal
portion of H8 (T549C, T552C, and T556C) (Fig. 2a; Supplementary Figs. 1, 3, and 4). All
five mutant Gag subunits cross-linked most efficiently with the T556C mutant M3R (Fig.
2a; Supplementary Fig. 1). All Cu-Phen-induced cross-links were confirmed by using the
short, bi-functional, and irreversible chemical cross-linker, bis-maleimidoethane (BMOE;
0.5 mM), which can cross-link vicinal Cys residues (shown for a representative receptor/G
protein combination, Gag-L358C/M3R-T556C, in Supplementary Fig. 3b).

Interestingly, essentially all cross-links observed in the absence of the muscarinic agonist,
carbachol, were also detectable in the presence of this ligand (Fig. 2a; Supplementary Fig.
1). One possible explanation for this finding is that the M3R is pre-coupled to G prior to
receptor activation, and that M3R activation by carbachol does not lead to the dissociation of
the receptor/Gq complex due to the lack of GTP (or other guanine nucleotides) in the
incubation buffer. Consistent with this concept, pretreatment of membrane preparations with
GTPyS (100 uM), a hydrolytically stable GTP analog predicted to promote the dissociation
of G protein heterotrimers and receptor/G protein complexes by displacing GDP from the
Ga subunit, reduced the intensities of the observed receptor/Gayg cross-linking signals by
~40-70% (n=4; shown for the Gag-L357C/M3RT556C combination in Fig. 2b; also see
Supplementary Fig. 3c).
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To exclude the possibility that the cross-linking signals observed in the absence of carbachol
were caused by agonist-independent receptor signaling (constitutive M3R activity), we
carried out cross-linking studies in the presence of atropine (10 pM), an inverse muscarinic
agonist31:32, We found that atropine treatment had no significant effect on the intensities of
the observed disulfide cross-linking signals (shown for the Gag-L357C/M3R-T556C
combination in Fig. 2b; also see Supplementary Fig. 3c), suggesting that the cross-linking
pattern obtained in the absence of carbachol reflects the structure of the inactive M3R/Gg
complex.

Although most cross-links involving the C-terminus of Gag occurred with similar efficiency
in the absence or presence of carbachol, we noted that carbachol treatment greatly enhanced
the efficiency of disulfide cross-linking in several cases. We found that carbachol strongly
promoted cross-linking between the A488C mutant M3R and the last three amino acids of
Gag (N357C, L358C, and V359C; Fig. 2c). Agonist treatment also led to slightly stronger
cross-linking signals between the T549C and T552C mutant M3Rs and several Gog subunits
containing C-terminal Cys substitutions (Supplementary Fig. 4).

Co-immunoprecipitation and mass spectrometry studies

To further confirm that the ~80 kDa immunoreactive species observed in the cross-linking
experiments do in fact represent Gag/M3R complexes, we carried out a series of co-
immunoprecipitation experiments. Specifically, we studied the representative N357C-Gag/
T556C-M3R pair and two other receptor/G protein combinations described in more detail
below (R31C-Gay/L173C-M3R, and D321C-Gag/K548C-M3R. Initially, we incubated
membrane proteins prepared from COS-7 cells that had been co-transfected with the three
different receptor/G protein pairs with either 100 uM Cu-Phen (N357CG a4/T556C-M3R
and R31C-Ga,y/L173C-M3R) or 0.5 mM BMOE (D321C-Go,/K548C-M3R) to induce
cross-link formation. Following membrane lysis, we immunoprecipitated M3R-containing
proteins with a polyclonal anti-M3 antibody, followed by Western blotting studies using an
anti-Gag monoclonal antibody. In a reciprocal fashion, we immunoprecipitated Gog-
containing proteins with the anti-Go, antibody, followed by Western blotting studies using
the anti-M3R antibody. In all co-immunoprecipitation experiments, the ~80 kDa band was
the only immunoreactive species that was consistently detectable by both the anti-M3 and
anti-Gag antibodies (shown for the representative N357C-Gag/T556C-M3R combination in
Fig. 3; for additional co-immunoprecipitation data, see Supplementary Fig. 5). We did not
observe this band using samples derived from cells that had been transfected with the
individual receptor or G protein constructs alone (Fig. 3; Supplementary Fig. 5). These
findings strongly support the notion that the ~80 kDa immunoreactive bands observed in the
cross-linking experiments correspond to cross-linked receptor/Gog complexes.

We also confirmed the structural identity of a putative Gog/M3R complex (N357C-Gag/
T556C-M3R) via LC/MS/MS analysis (see Supplementary Results and Supplementary Fig.
6 for details).

A cross-link between aN of Gag and the i2 loop of the M3R

To identify potential contact sites between the aN helix of Gag (in the G heterotrimer) and
the intracellular surface of the M3R, we examined Cu-Phen-dependent cross-link formation
between the R19C, R20C, R27C, R30C, and R31C mutant Gog subunits (Fig. 1b) and the 18
Cys-substituted mutant M3Rs (Fig. 1a). Four of the five G protein constructs (R19C, R20C,
R27C, and R30C) failed to display any significant cross-linking with any of the analyzed
mutant M3Rs, independent of the absence or presence of carbachol (Supplementary Fig. 7).
However, we observed a clear cross-linking signal between the R31C-Gag subunit and the
L173C receptor (Fig. 4). As expected, the band corresponding to the cross-linked R31C-
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Guog/L173C-M3R complex could be detected by both anti-Gag and anti-M3R antibodies
(Fig. 4b; Supplementary Fig. 8). Moreover, this Gag/M3R adduct was not observed when
cells had been transfected with the R31C-Gag or L173C-M3R constructs alone (Fig. 4b;
Supplementary Fig. 8), providing further evidence for the specificity of the observed
interaction (for detection of the R31C-Gog/L173C-M3R complex in co-immunoprecipitation
studies, see Supplementary Fig. 5a, b). The intensity of the R31C-Gag/L173C-M3R cross-
linking signal remained essentially unaffected by the addition of the agonist, carbachol (1
mM; Fig. 4a; Supplementary Fig. 8), or the inverse agonist, atropine (10 uM; Fig. 4b), but
was significantly reduced by pretreatment of membranes with GTPyS (100 uM; Fig. 4b).

An agonist-induced a4/B6 loop (Gag)/H8 (M3R) cross-link

To elucidate potential points of interactions between the a4/B6 loop of Gag and the
cytoplasmic side of the M3R, we studied cross-link formation between the P318C, S320C,
D321C, and K322C mutant Gag subunits (Fig. 1b) and the 18 Cys-substituted mutant M3Rs
(Fig. 1a). Since it proved difficult to detect K322C-Goq via Western blotting, we excluded
this construct from further studies. By using Cu-Phen as an oxidizing agent, we were unable
to detect any significant, reproducible cross-links between the P318C, S320C, and D321C
Gayg constructs and any of the 18 mutant M3Rs (Supplementary Fig. 9), independent of the
absence or presence of carbachol (1 mM). We therefore carried out additional cross-linking
studies with the bifunctional, irreversible chemical cross-linking reagent, BMOE.
Independent of the absence or presence of carbachol, BMOE (0.5 mM) treatment failed to
induce any significant, reproducible cross-links between most mutant Gag (P318C, S320C,
or D321C)/M3R combinations (Fig. 5a; Supplementary Fig. 10). However, in the absence of
carbachol, incubation with BMOE (0.5 mM) led to faint cross-linking signals between the
D321C-Gagq subunit and three mutant M3Rs containing Cys substitutions within the N-
terminal segment of H8 (K548C, T549C, and T552C; Fig. 5a, b). Strikingly, in all three
cases, carbachol treatment greatly enhanced the intensities of the cross-linked adducts (Fig.
5a, b), consistent with the outcome of co-immunoprecipitation studies (shown for the
representative D321C-Gag/K548C-M3R complex in Supplementary Fig. 5c, d). These
agonist-induced increases in cross-linking efficiency could be abolished or greatly reduced
by pretreatment of membranes with GTPyS (100 uM) or atropine (10 uM) (shown for the
representative D321C-Gag/K548C-M3R combination in Fig. 5b).

Cell surface expression of cross-linked M3R/Gaq pairs

To confirm that the cross-linked Cys-substituted M3R/Goyy pairs were present on the cell
surface, we incubated intact COS-7 cells expressing different M3R/Gag combinations with
the membrane-impermeable biotinylation reagent, sulfo-NHS-S-S-biotin (see
Supplementary Methods for details). After treatment of cell membranes with BMOE (0.5
mM) and membrane lysis, we isolated biotinylated cell surface proteins by using agarose-
conjugated streptavidin. We then analyzed biotinylated proteins via Western blotting. These
studies confirmed the presence of biotinylated M3R/Gag complexes, indicating that M3R/
Guyg cross-linking occurred at the cell surface (shown for the representative N357C-Gag/
T556C-M3R and D321C-Gag/K548C-M3R combinations in Supplementary Fig. 11).

Effect of receptor densities on Gag/M3R cross-linking

In the present study, many of the modified M3Rs were expressed at rather high levels (>10
pmol/mg). To examine whether the observed cross-linking patterns could also be observed
at lower (more physiological) receptor levels, we drastically reduced the expression levels
17 of three key mutant M3Rs (T556C, L173C, and D321C) to ~1 pmol/mg (by reducing the
amount of transfected receptor DNA; see Methods for details). Following co-expression
with N357C-Gayg (T556C-M3R), R31C-Gag (L173C-M3R), or D321C-Gag(K548C-M3R),
respectively, the resulting cross-linking patterns were qualitatively similar to those obtained
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when the mutant receptors were expressed at considerably higher levels (Supplementary Fig.
12). The N357C-Gag/T556C-M3R and R31C-Gay/L173C-M3R combinations showed basal
disulfide cross-linking that was not affected by the presence of carbachol, whereas the
D321C-Go,g/K548C-M3R pair displayed pronounced agonist-inducible disulfide cross-
linking (Supplementary Fig. 12).

To compare the expression levels of Gog endogenously expressed in COS-7 cells with those
of the transiently expressed modified Gog subunits, we determined the intensities of
immunoreactive Gog bands via scanning densitometry. This analysis showed that
endogenous Gag and the mutationally modified Gog subunits were expressed at
approximately similar levels (arbitrary units: endogenous Gag, 100; mutant Go,g subunits;
140 + 18; n=18). Taken together, these findings indicate that it is highly likely that the
observed disulfide cross-linking patterns are physiologically relevant.

Discussion

In the present study, we observed several M3R/Gay cross-links even in the absence of
activating ligands. These cross-links were not affected by treatment of samples with the
inverse muscarinic agonist, atropine31:32, suggesting that they were not caused by agonist-
independent M3R signaling but most likely reflect the existence of preformed M3R/Gayq
complexes33-37. One of these agonist-independent cross-links occurred between a residue
located on the surface-exposed side of the aN helix of Gag (R31C) and a residue located in
the i2 loop of the M3R (L173C). Interestingly, most class | GPCRs contain a leucine residue
or another relatively bulky lipophilic amino acid at the position corresponding to L173 in the
M3R38:39_ Site-directed mutagenesis studies with different GPCRs have shown that the
presence of this residue is critical for productive receptor/G proteins interactions (see, for
example, refs. 38, 39; also see Supplementary Table 1). Our cross-linking data therefore
support the novel concept that direct contacts between the i2 loop of the receptor and the aN
helix of Ga play a central role in productive receptor/G protein coupling.

Most M3R/Goyq contact sites identified in the inactive state of the M3R were also observed
following activation of the M3R by carbachol. The most likely explanation for this finding is
that the M3R is precoupled to G prior to receptor activation, and that carbachol-mediated
M3R activation does not result in the dissociation of the receptor/G, complex due to the lack
of GTP (or other guanine nucleotides) in the incubation buffer. The M3R/Gay cross-linking
signals that we detected in the presence of carbachol therefore most likely reflect the
structural organization of the M3R/Gq complex in which the guanine nucleotide binding
pocket of the G heterotrimer is ‘empty’. It is well known that 19 heterotrimeric G proteins
with an empty nucleotide binding pocket interact with GPCRs with very high affinity0.

We also detected several cross-links that showed very strong agonist dependence. Most
strikingly, we identified a carbachol-induced cross-link between a residue located in the a4/
B6 loop of Gog (D321C) and the N-terminal segment of H8 of the M3R (K548C, T549C,
and T552C). This finding suggests that receptor activation leads to a structural change at the
receptor/Gq interface that increases the proximity between the N-terminal portion of H8 of
the M3R and the a4/B6 loop of Gag. The agonist carbachol also promoted significant cross-
linking between a residue located at the cytoplasmic end of TM6 of the M3R (A488C) and
the last three residues of Gog (N357C, L358C, and V359C). Since M3R residue A488
(residue 6.33 according to the Ballesteros-Weinstein GPCR numbering system)*! is
predicted to be buried in the TM core in the inactive conformation of the receptor®8, this
observation supports previous findings that GPCR activation involves an opening of the
intracellular receptor surface, allowing the C-terminus of Ga to make productive interactions
with previously buried TM5 and TM6 residues of the receptorl14243 Agonist treatment
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also led to more intense cross-linking signals between the N-terminal portion of H8 of the
M3R (T549C and T552C) and the C-terminus of Gay, indicating that these regions move
closer to each other following M3R activation. However, we cannot completely exclude the
possibility that the promiscuous cross-linking pattern observed with the mutant Gag subunits
containing C-terminal Cys substitutions is caused by the existence of multiple
conformational states of the receptor/G protein complex.

It is likely that these agonist-promoted conformational changes at the M3R/Ga interface
play a key role in receptor-catalyzed GDP release from Gg. The C-terminus of Ga is linked
to the B6/05 loop of Ga via the a5 helix (note that the B6/a5 loop contains residues that are
critical for guanine nucleotide binding). Interestingly, a recent biophysical study suggests
that a rotational/translation movement of the a5 helix is critical for receptor (rhodopsin)-
mediated GDP release from the G protein®*. Analogously, the agonist-induced contact
between H8 of the M3R and the a4/36 loop of Gag observed in the present study may alter
the orientation of the B6/a5 loop by conformational changes that are propagated from the a4/
36 loop to the adjacent 6 strand (also see refs. 21 and 45).

The observed M3R/Gay cross-linking patterns provided many structural constraints that
allowed us to generate a model of the M3R/Gagfy complex in its inactive state (Fig. 6) (see
Supplementary Methods and Supplementary Table 3 for details). A key feature of this model
is that the aN helix of Gay is located adjacent to the i2 loop of the M3R. The highly flexible
C-terminal portion of Gog points diagonally towards the intracellular opening of the M3R,
where it can make contacts with residues located on the i2 loop and H8. Moreover, the N-
terminus of Gag and the C-terminus of Gy, both of which carry lipid modifications, are in
proximity of the plasma membrane. The agonist-promoted cross-links between the extreme
C-terminus of Gag and position A488 of the M3R (bottom of TM6) and between the a4/B6
loop of Gog and H8 support a model in which agonist-induced conformational changes on
the intracellular receptor surface allow Ga (including the a4/p6 loop) to move closer
towards and interact more extensively with the receptor (indicated by arrows in Fig. 6).

In the present study, we focused on identifying receptor contact sites for three key regions of
Guagq known to be critically involved in receptor/G protein interactions. However, it should
be noted that several other Ga regions as well as sites on the G protein By complex have also
been implicated in receptor/G protein couplingl2-14,

The M3R/Gay cross-linking patterns observed in the present study can be explained by the
interaction of one M3R monomer with one Gag subunit. However, our data do not rule out
the existence of M3R dimers or oligomers#6:47,

In summary, the present study represents the first analysis examining receptor/Go
interaction sites in a systematic and comprehensive fashion. Importantly, all experimental
data were obtained with functional receptor and Ga proteins present in a native membrane
environment (in situ). Since heterotrimeric G proteins as well as most GPCRs share a high
degree of structural homology, our findings should be of broad general relevance.

Carbamylcholine chloride (carbachol), atropine sulfate, cupric sulfate (CuSQ,), UK14304,
1,10-phenanthroline, and N-ethylmaleimide were purchased from Sigma. BMOE and sulfo-
NHS-S-S-biotin were from Thermo Scientific. [BHJNMS (70.0 Ci/mmol) and myo-
[3H]inositol (20 Ci/mmol) were obtained from PerkinElmer Life Sciences. CuSO4 was
mixed with 1,10-phenanthroline at a molar ratio of 1:3 (ref. 32). The concentrations
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indicated in the text for the Cu(l1)-(1,10-phenanthroline); complex (Cu-Phen) refer to molar
copper concentrations.

Construction of Cys-substituted mutant M3R and Gag constructs

All receptor Cys substitutions were introduced into a pCD-based expression plasmid coding
for a modified version of the rat M3R referred to as M3'(3C)-Xa (Fig. 1a)23. This receptor
construct lacks most endogenous Cys residues, except for C140, C220, and C532 which
proved to be essential for M3R function, all five N-glycosylation sites contained within the
extracellular N-terminal domain, as well as the central portion of the i3 loop (A274-K469;
this region was replaced with two adjacent factor Xa cleavage sites)23. Cys residues were
substituted into the M3’ (3C)-Xa construct by using the QuikChange™ site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s instructions. Using a similar
strategy, we generated a mutant version of human Goyg (in the pcDNAS.1 vector), termed
Gag-C-less, in which three of the five native Cys residues were replaced with alanine (C144,
C219, and C330; Fig. 1b). All Cys substitutions were introduced into the Gag-C-less
construct. The identity of all mutant M3R and Goq constructs was confirmed by sequencing
the entire coding sequences.

Transient expression of Cys-substituted mutant M3R and Gag constructs in cultured cells

For radioligand binding and functional studies, all receptor constructs were transiently
expressed in COS-7 cells, as described previously32. To increase receptor expression levels,
transfected cells were incubated with 1 uM atropine for the last 24 h of culture. For disulfide
cross-linking experiments, COS-7 cells were co-transfected with receptor and Gog plasmid
DNAs (2.5 g each per 100 mm dish), using conditions similar to those described
previously32. To lower the expression levels for selected mutant M3Rs, COS-7 cells were
co-transfected with 0.05 ug of receptor DNA, 2.45 ug vector DNA, and 2.5 ug Gog DNA
(per 100 mm dish). To examine whether the various mutant Go, constructs retained
functional activity, we transiently co-expressed the different mutant Go, constructs with a
pCMV4-based plasmid coding for the porcine aya-adrenergic receptor (opa-AR)30.
Specifically, 3 x 10° HEK 293 cells were seeded into 25 cm? flasks 24 h prior to
transfections. Cells were co-transfected with 1 ug of the aya-AR construct and 3 ug of
mutant Gog DNA. About 24 h later, transfected cells were split into 12-well plates for Pl
hydrolysis assays.

Preparation of membranes from transfected COS-7 cells

COS-7 cells were harvested ~48 h after transfections, and membranes were prepared for
radioligand binding and disulfide cross-linking studies as described32,

Radioligand binding studies

The various mutant M3Rs were characterized in [BH]NMS saturation and in [BH]JNMS/
carbachol competition binding assays. Binding studies were carried out using membranes
prepared from transfected COS-7 cells, as described in detail previously32.

Measurement of receptor-mediated Pl hydrolysis

To examine whether the various mutant M3Rs retained the ability to activate G proteins, we
determined carbachol-mediated increases in intracellular inositol monophosphate (1P) levels.
P1 assays were carried out essentially as described32. To verify that the different mutant Gayg
subunits retained functional activity, we also performed PI assays with HEK 293 cells co-
transfected with the porcine apA-AR and the different Gog mutant constructs. Transfected
HEK-293 cells grown in 12-well plates were incubated with 3 xCi/ml myo-[3H]inositol for
the last 24 h of culture. We then determined the ability of the aya-AR agonist, UK14304, to
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stimulate increases in intracellular IP levels32, PI data were analyzed using the nonlinear
curve-fitting program Prism 4.0 (GraphPad).

Disulfide cross-linking and solubilization of Cys-substituted Gag and M3R proteins

Disulfide cross-linking studies were carried out as described in detail previously32. In brief,
receptor/Gog-containing membranes prepared from co-transfected COS-7 cells were
incubated either with the oxidizing agent, Cu-Phen (100 xM), or with the irreversible
chemical cross-linker, BMOE (0.5 mM), in the absence or presence of 1 mM carbachol.
Reactions were carried out for 10 min at 22 °C and then terminated by the addition of either
EDTA and N-ethylmaleimide (10 mM each; Cu-Phen-induced cross-linking) or 10 mM DTT
(BMOE-mediated cross-linking), followed by a 10-min incubation on ice. Subsequently,
membrane proteins were solubilized by incubating samples with 1.2% digitonin (Roche
Applied Science)32. Samples were then stored at —70 °C or used directly for SDS-PAGE.

Western blot analysis

SDS-PAGE and Western blotting studies were carried out as described previously32. In
brief, samples containing 20 xg of solubilized membrane protein were incubated with
Laemmli loading buffer for 30 min at 37 °C, either under nonreducing (Cu-Phen-induced
cross-linking) or under reducing conditions (BMOE-mediated cross-linking), in the absence
or presence of 10% B-mercaptoethanol, respectively. Blots were first probed with an anti-
Gag monoclonal antibody directed against residues 22-31 of human Gaog (BD Biosciences),
followed by incubation with secondary goat anti-mouse HRP conjugate (Calbiochem). This
antibody failed to detect the R27C and R30C mutant Go,g subunits with high efficiency (note
that R27 and R30 are contained within the antibody recognition sequence). However, we
were able to detect these two mutant G protein constructs using a rabbit polyclonal anti-Gaoyg
antibody directed against the C-terminal domain (residues 350-359) of mammalian Gog/11
(Calbiochem). All Gag blots were routinely stripped by using OneMinute Western Blot
Stripping Buffer (GM Biosciences) and reprobed with a rabbit anti-M3R polyclonal
antibody directed against the C-terminal 18 amino acids of the rat M3R32. Immunoreactive
proteins were visualized by using SuperSignal West Pico Chemiluminescent Substrate
(Pierce) and autoradiography32,

Construction of homology models and docking of Gq to the M3R

The procedures used for constructing a molecular model of the M3R/G, complex are
described in detail under Supplementary Methods. The model that was most compatible with
the observed cross-linking data is shown in Fig. 6 (see text for details). The coordinates on
which this model is based are provided as a pdb file (M3R_Gq.pdb) under Supplementary
Information.

Data analysis

Data were presented as mean + s. e. m. for the indicated number of experiments. Sigmoidal
concentration-response data were analyzed using the nonlinear curve-fitting program Prism
4.0 (GraphPad). Statistical significance was determined using the Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Introduction of Cys substitutions into the M3R and Gay. (a) Secondary structure of a
modified version of the rat M3R (M3'(3C)-Xa). All Cys substitutions were introduced into
the M3’ (3C)-Xa construct?3 that lacked most endogenous Cys residues and the central
portion of the i3 loop (A274-K469; see Methods for details). Endogenous Cys residues were
substituted with serine or alanine (open squares), except for C140, C220 and C532 which
proved to be essential for proper receptor function?3. Amino acids that were replaced with
Cys residues are highlighted by black circles. The numbering of M3R residues is based on
the sequence of the full-length rat M3R. (b) Model of human Go (green) in complex with a
By dimer (B, cyan; y, purple). The five endogenous Cys residues present in Goy are
highlighted in yellow. We introduced Cys substitutions into a modified version of Gag (Gag-
C-less) in which C144, C219, and C330 had been replaced with alanine (C9 and C10 were
found to be critical for Gag function and were therefore left intact). Amino acids in Gog that
were subjected to Cys substitution mutagenesis are highlighted in red. The model of the G
trimer was generated as described under Methods.
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Figure 2.

Cross-linking of Gag subunits containing C-terminal Cys substitutions with Cyssubstituted
mutant M3Rs. (a) Cross-link formation between the N357C Gayg construct and selected
mutant M3Rs. (b) Effect of atropine and GTPyS treatment on cross-link formation between
N357C-Gog and the T556C mutant M3R. (c) Agonist-promoted cross-link formation
between Gag subunits containing C-terminal Cys substitutions and the A488C mutant M3R.
To induce cross-link formation, membrane proteins prepared from transfected COS-7 cells
were incubated with 100 uM Cu-Phen, either in the absence (—) or presence (+) of 1 mM
carbachol (CCh) (a, c). The cross-linking data shown in panel (b) were obtained in the
absence of carbachol. Note that GTPyS (100 uM) treatment greatly reduced the intensities of
the observed cross-linking signals, while atropine (10 uM), an inverse muscarinic agonist,
had no effect on the efficiency of cross-link formation (b). Western blotting studies were
carried out under non-reducing conditions. The antibodies used are indicated underneath the
blots. The blots shown are representative of two to four independent experiments. The bands
corresponding to cross-linked receptor/Gag complexes are indicated by arrows.
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Figure 3.

Co-immunoprecipitation experiments confirming the identity of a representative Gog/M3R
complex. (a, b) Co-immunoprecipitation of the N357C-Gag/T556C-M3R complex. Co-
immunoprecipitation studies were carried out with lysates prepared from COS-7 cells co-
expressing the N357C-Go,g/T556C-M3R combination. For control purposes, COS-7 cells
were also transfected with N357C Gog or T556C M3R alone. To induce cross-link
formation, membrane proteins were incubated with 100 uM Cu-Phen. Following membrane
lysis, M3R-containing proteins were immunoprecipitated with a polyclonal anti-M3
antibody, followed by Western blotting studies using an anti-Gog monoclonal antibody (a).
In a reciprocal fashion, Gag-containing proteins were immunoprecipitated with the anti-Gaoyg
antibody, followed by immunoblotting studies using the anti-M3R antibody (b). Co-
immunoprecipitation experiments were carried out as described under Supplementary
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Methods. The panels to the left show Western blots of samples prior to
immunoprecipitation. In all co-immunoprecipitation experiments, the ~80 kDa band was the
only immunoreactive species that was consistently detectable by both the anti-M3 and anti-
Guog antibodies. The blots shown are representative of two independent experiments. The
bands corresponding to cross-linked receptor/Gag complexes are indicated by arrows.
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Figure 4.

Cross-link formation between a Cys residue introduced into the aN helix of Gag (R31C) and
a Cys residue substituted into the i2 loop of the M3R (L173C). (a) Cross-link formation
between R31C Gag and the L173C mutant M3R. (b) Effect of atropine and GTPyS
treatment on the formation of the Gog-R31C/M3R-L173C complex. While GTPyS (100 uM)
treatment greatly reduced the intensity of the observed cross-linking signal, atropine (10
uM), an inverse muscarinic agonist, had no effect on the efficiency of Go-R31C/M3R-
L173C complex formation. Membranes prepared from transfected COS-7 cells were
incubated with 100 M Cu-Phen in the absence (—) or presence (+) of 1 mM carbachol
(CCh). The cross-linking data shown in panel (b) were obtained in the absence of carbachol.
Western blotting studies were carried out under non-reducing conditions. The antibodies
used are indicated underneath the blots. The blots shown are representative of three
independent experiments. The bands corresponding to cross-linked receptor/Gag complexes
are indicated by arrows.
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Figure 5.

Agonist-induced cross-link formation between a Cys residue introduced into the a4/36 loop
of Gag (D321C) and Cys residues substituted into the N-terminal segment of H8 of the
M3R. (a) Agonist-dependent cross-link formation between the D321C Gog subunit and the
K548C, T549C, and T552C mutant M3Rs. (b) Effect of atropine and GTPyS treatment on
the formation of the Gog-D321C/M3R-K548C complex. Note that treatment with either
GTPyS (100 pM) or atropine (10 uM) prevented the increase in carbachol-induced cross-
link formation. Membranes prepared from transfected COS-7 cells were incubated with 0.5
mM BMOE in the absence (—) or presence (+) of 1 mM carbachol (CCh). Western blots
were probed with a monoclonal anti-Gag antibody (a) or with both anti-Gag and anti-M3R
antibodies (b). The blots shown are representative of three independent experiments. The
bands corresponding to cross-linked receptor/Gog complexes are indicated by arrows.
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Figure 6.

Molecular model of the M3R/G4 complex. (a) Side view of the complex between the
inactive state of the M3R and the G heterotrimer. The M3R is shown in red, Gag in yellow,
GB in grey, and Gy in pink. (b) Enlargement of the M3R/Gay interface. M3R residues are
shown in blue, Gayg residues in orange. The structure shown represents the complex between
the resting state of the M3R in contact with the G heterotrimer (for details, see
Supplementary Methods). The interaction between R31C in the aN helix of Gag and L173C
in the i2 loop of the M3R provided a key contact site for the docking process. The C-
terminus of Gag points toward the intracellular core of the receptor, between the i2 loop and
H8. The finding that the C-terminal residues of Go, can interact with multiple M3R residues
in the i2 loop (L173 and R176) and the N-terminal portion of H8 (T549, T552 and T556)
suggests that the extreme C-terminus of Gayg is conformationally highly flexible. Agonist-
induced M3R activation promoted the formation of cross-links between the extreme C-
terminus of Gag and the cytoplasmic end of TM6 (A488C) (grey arrow) and the N-terminal
segment of H8 (T549C and T552C) of the M3R. Moreover, in the activated state of the
receptor, a residue in the a4/B6 loop of Gag (D321C) could be cross-linked to the N-terminal
portion of H8 (K548C, T549C, and T552C) (grey arrow). The potential functional
implications of theses structural changes are discussed in the text.
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