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ABSTRACT: The molecular basis for selectivity of M1 and M2 muscarinic receptor coupling to heterotrimeric
G proteins has been studied using receptors expressed in Sf9 cell membranes and reconstituted with purified
chimeric GR subunits containing different regions of Gi1R and GqR. The abilities of G protein heterotrimers
containing chimericR subunits to stabilize the high-affinity state of the receptors for agonist and to undergo
receptor stimulated guanine nucleotide exchange was compared with G protein heterotrimers containing
either native Gi1R or GqR. The data confirm the importance of the proper context of the C-terminus of
GR by demonstrating that the C-terminus of Gi1R, when placed in the context of GqR, prevents coupling
to muscarinic M1 receptors, while the C-terminus of GqR, when placed in the context of Gi1R, prevents
coupling to muscarinic M2 receptors. However, C-terminal amino acids of GqR placed in the context of
Gi1R were not sufficient to allow M1 receptor coupling, nor were C-terminal amino acids of Gi1R placed
in the context of GqR sufficient for M2 receptor coupling. The unique six amino acid N-terminal extension
of GqR when added to the N-terminus of Gi1R neither prevented M2 receptor coupling nor permitted M1
receptor coupling. A Gi1R-based chimera containing both N- and C-terminal regions of GqR gained the
ability to productively couple M1 receptors suggesting that the proper context of both N- and C-termini
is required for muscarinic receptor coupling.

Heptahelical receptors transfer a variety of extracellular
signals to intracellular effectors by coupling to heterotrimeric
guanine nucleotide-binding proteins (G proteins) (1). The
mechanisms responsible for selectivity in G protein-mediated
signaling pathways remain poorly understood (2). Direct
contacts with receptors have been demonstrated for bothR
andâγ subunits (3-9). Although recent evidence suggests
both thatâ and γ interact selectively with receptors (10-
13), theR subunits appear to play a more prominent role in
establishing the selectivity of G protein-receptor coupling.
Using different receptor systems and various methodologies,
the C-terminus andR5 helix (14-17), N-terminus andRN
helix (18-21), R4 helix andR4/â6 loop (20), R2 helix and
R2/â4 loop (22), and R3/â5 loop (23) domains of GR
subunits have been shown to be involved in receptor
coupling.

Muscarinic receptors are typical class I heptahelical
receptors. When expressed in Sf9 cells, they demonstrate
structural integrity and display the expected ligand binding
properties (24, 25). The family of human muscarinic recep-
tors includes five molecularly distinct members. M1, M3,
and M5 are Gq/11-coupled receptors that stimulate phos-
pholipid breakdown through activation of phospholipase Câ
(PLCâ),1 while M2 and M4 are Gi/o-coupled receptors that
mediate the inhibition of adenylyl cyclase and activation of

K+ channels (26, 27). Muscarinic receptors also regulate
additional signaling processes, including stimulation of MAP
kinase pathways and regulation of other ion channels (27,
28).

The C-terminus of GR subunits is the most studied
determinant of receptor coupling selectivity to date. Numer-
ous studies, including transfection experiments (15), synthetic
peptide competition experiments (14), ADP-ribosylation of
GR by Pertussis toxin (PTX) (29), and direct reconstitution
studies (17), indicate that the extreme C-terminus of GR
interacts with receptors. With respect to selectivity, Conklin,
Bourne, and Wess demonstrated that substitution of the last
three to five C-terminal residues of GqR with the corre-
sponding sequences of GiR, GoR, or GzR allowed PLCâ
stimulation by A1 adenosine, D2 dopamine,R2 adrenergic,
and M2 muscarinic receptors, which are normally coupled
to Gi/o family members (15, 30). Furthermore, site-directed
mutagenesis revealed receptor contact sites for the C-terminus
of GiR and GqR on M2 and M3 muscarinic receptors
respectively (30-32). The N-terminus of GR has also been
shown to be a determinant of G protein-receptor coupling
selectivity (18-21). Importantly, Kostenis et al. suggested
a role for the unique N-terminal extension of GqR in
constraining receptor coupling selectivity by showing that
deletion of the six N-terminal amino acids of GqR (MTLESI)
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led to promiscuous coupling of this Gq mutant with several
Gi/o- and Gs-coupled receptors (18).

Our study directly examines the interactions of M1 and
M2 Muscarinic receptors with Gq and Gi1 proteins in an
Sf9 cell membrane-based reconstitution system in which the
coupling behavior of receptors of interest can be studied by
reconstitution with exogenously supplied, purified G protein
subunits (33). This system allows the analysis of both the
ability of G proteins to stabilize the high-affinity state of
receptor for agonist and the ability of the receptors to catalyze
guanine nucleotide exchange on GR. Our results show that
the C-terminus of GR, although critical, is not sufficient for
M1 or M2 receptor coupling. Furthermore, the six amino
acid N-terminal extension of GqR neither allows M1 receptor
coupling nor constrains M2 receptor coupling. In summary,
the data suggest that the appropriate context of both N- and
C-termini is required for selective receptor coupling.

MATERIALS AND METHODS

Materials.[3H]-oxotremorine-M (85.8 Ci/mmol) and [35S]-
GTPγS (1250 Ci/mmol) were from New England Nuclear
Life Science Products, Inc. (Boston, MA). Molecular biology
enzymes were from New England Biolabs (Beverly, MA).
Wild-type baculoVirus DNA and lipofectin were from
Invitrogen (Carlsbad, CA). Anti-GRi1/2 C-terminal antibodies
were from Calbiochem-Novabiochem Corporation (San
Diego, CA). Anti-GRi1 internal antibodies and anti-GRq/11
C-terminal antibodies were from Santa Cruz Biotechnology.
Pertussis Toxin was from Calbiochem-Novabiochem Cor-
poration (San Diego, CA). The ProtoBlot Western blot
reagents were from Promega (Madison, WI). The BCA
protein assay reagents were from Pierce (Rockford, IL). All
other chemicals were from Sigma-Aldrich Corporation (St.
Louis, MO) or Calbiochem-Novabiochem Corporation (San
Diego, CA).

Construction of GR Chimeric Genes.H6pQE-60-Gi1Q3C
and H6pQE-60-Gi1Q35C plasmids were the kind gift of Dr.
Heidi Hamm (Vanderbilt University, Nashville, TN) and are
based on H6pQE-60-Gi1, originally described by Lee et al.
(34). The pcDNA1-Gqi5C plasmid was the kind gift of Dr.
Bruce Conklin (Gladstone Institute of Cardiovascular Dis-
ease, University of California, San Francisco). To construct
pVLSG-Gi1Q6N, the nucleotides coding for the six N-
terminal amino acids of mouse GRq (MTLESI) were inserted
into the BamH1/Nco1 sites of pVLSG-Gi1 (35) using
synthetic oligonucleotides to create a duplex linker. H6pQE-
60-Gi1Q3C was used to construct both Gi1Q6N3C and
Gi1Q6N35C. H6pQE-60-Gi1Q3C was digested with EcoR1
and Nco1 and recircularized using synthetic oligonucleotides
to create a duplex linker encoding the six N-terminal amino
acids of mouse GRq (MTLESI), resulting in the removal of
the His6 tag and creation of the intermediate pQE-60-
Gi1Q6N3C. A duplex linker was used to subclone the NcoI/
HindIII fragment of pQE-60-Gi1Q6N3C into NcoI/EcoRI
sites of pVLKD. The pVLKD vector was constructed from
the commercially available baculovirus expression vector
pVL1393 by removing the BamH1 site and adding an Nco1
site with a duplex linker between the BamH1 and XbaI sites
of the pVL1393 poly-linker. The BamH1/HindIII fragment
of H6pQE-60-Gi1Q35C was subcloned into the BamH1/
EcoRI sites of pVLKD-Gi1Q6N3C using a duplex linker.

This resulted in the replacement of the BamH1/HindIII
fragment of pVLKD-Gi1Q6N3C with the corresponding
fragment from H6pQE-60-Gi1Q35C, creating pVLKD-
Gi1Q6N35C. To create pVL1393-Gqi5C, the BamHI/NsiI
fragment coding for Gqi5C was cut from pcDNA1 and
subcloned into the BamHI/PstI sites of pVL1393. All
constructs were verified by sequencing and restriction
analysis. PVLSG-Gi1Q6N, pVLKD-Gi1Q6N35C, and
pVL1393-Gqi5C transfer vectors were used to create re-
combinant baculoviruses as described (36).

Expression and Purification of G ProteinR and âγ
Subunits.The chimeric Gi1Q35CR subunit was constructed,
purified after expression inEscherichia coli, and kindly
provided by Dr. Heidi Hamm of Vanderbilt University.
While bacterially expressed subunits lack the N-terminal
acylation of native and baculovirus expressed subunits and
contain a HIS6 tag at the extreme N-terminus, their EC50

values for receptor interactions are indistinguishable from
those of native or baculovirus expressed subunits (20). Gq
was purified as detergent extracted GRqâ1γ2HIS heterotrimer
from Sf9 cells infected with baculoviruses expressing GqR,
â1 andγ2HIS, as described by Kozasa and Gilman (37), using
sequential chromatography on DEAE anion exchange, Ni-
NTA Superflow resin and QHR15 anion exchange columns.
Freeâ1γ2HIS subunits were eluted at 100-125 mM NaCl,
and GRqâ1γ2HIS heterotrimers were eluted at 200-220 mM
NaCl from the QHR15 column. Gqi5 was purified in the
same manner as Gq. The HA-epitope tag present between
residues 125 and 130 of GRqi5C has been shown not to affect
functionality (15). GRq and GRqi5C were purified from
heterotrimers by elution from Ni-NTA Superflow resin with
10 mM NaF and 50µM AlCl 3, followed by final purification
on a QHR15 column. Gi1R was expressed in Sf9 insect cells
and purified as described (38). Gi1Q6N and Gi1Q6N35C
were expressed and purified from Sf9 cells using identical
procedures as for Gi1R. All G protein R subunits except
Gi1Q35C and Gqi5 contained only native protein sequences.
Protein concentrations were determined with the BCA protein
assay using BSA as a standard.

Intrinsic Tryptophan Fluorescence Assay.The ability of
the GR subunits to bind GDP and adopt the active conforma-
tion in the presence of AlF-4 was verified by monitoring
intrinsic tryptophan fluorescence (39) with a QM-2000-4
spectrofluorimeter (PTI fluorescence system hardware and
Felix software) at room temperature in a buffer containing
50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 2 mM MgCl2, and
1µM GDP. The AlF4--dependent conformational changes of
activated GR subunits were monitored by intrinsic tryptophan
fluorescence changes with excitation at 280 nm and emission
at 340 nm. The relative increase in fluorescence of 400 nM
GR subunits was determined from absorbance readings
before and after addition of 10 mM NaF and 20µM AlCl 3

in a total volume of 100µL. The increase in fluorescence
was calculated as∆F% ) (F - Fo)/Fo × 100%. The relative
change in intrinsic fluorescence for individual GR subunits
was consistent with the literature (39) and as follows: Gi1
48.3( 3.2 (n ) 11), q6N 45( 12.2 (n ) 8), q35C 56.7(
5.2 (n ) 3), q6N35C 54.5( 15.6 (n ) 4), qi5C 47.7( 8.4
(n ) 3), Gq 50( 22.9 (n ) 4).

Preparation of Sf9 Cell Membranes Containing Recom-
binant Receptors.Baculoviruses expressing M1 and M2
muscarinic receptors were the kind gift of Dr. Elliott Ross
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(University of Texas Southwestern Medical Center, Dallas,
Texas). Sf9 cell membranes containing recombinant mus-
carinic receptors were produced as described (38). In short,
Sf9 cells were infected at a density of 3.0× 106 cells/mL
with a recombinant baculovirus expressing M1 or M2
muscarinic receptors at a 2-fold multiplicity of infection.
Infected cells were harvested 60-72 h post-infection for M1
receptors and 48-56 h post-infection for M2 receptors. To
prepare membranes, cell pellets were thawed in 15× their
wet weight of ice-cold SGHB1 buffer (10 mM Tris/HCl, 25
mM NaCl, 10 mM MgCl2, 1 mM EGTA, pH 8.0) with
protease inhibitors (2 mg/mL aprotinin, 20 mg/mL benza-
midine, 2 mg/mL leupeptin, 2 mg/mL pepstatin and 0.1 mM
PMSF) and burst by nitrogen cavitation (20 min at 600 PSI).
Cavitated cells were centrifuged at 4°C for 10 min at 500
× g. The supernatant was centrifuged at 4°C for 30 min at
28 000× g. The pellets were resuspended in 35 mL of HE
buffer (5 mM Hepes, 1 mM EDTA, pH 7.5) with protease
inhibitors. The membranes were washed twice, resuspended
in HE buffer at 1-3 mg protein/ml, snap frozen in liquid
nitrogen, and stored at-70 °C. M1 receptor coupling
required removal of endogenous proteins with 6M urea
essentially as described by Northup (40). For urea stripping,
membranes were thawed, resuspended at about 0.15 mg/mL
in binding buffer (50 mM Tris/HCl, pH 7.5, 5 mM MgCl2,
0.5 mM EDTA) with 120µM oxotremorine-M and 6µM
GTPγS, and incubated for 30 min at 25°C. Pellets obtained
by centrifugation at 288 000× g for 30 min at 4°C were
resuspended at approximately 0.6 mg/mL in stripping buffer
(HE + 6M Urea) and extracted on ice for 30 min. The urea
extract was centrifuged at 142 000× g for 30 min at 4°C
and the pellets were washed twice in HE buffer. Urea
stripped membranes were resuspended in HE buffer at a
concentration of about 2 mg/mL and snap frozen in liquid
nitrogen. Receptor number in membrane preparations was
determined using the muscarinic receptor antagonist [3H]-
N-methyl Scopolamine (NMS) at concentrations from 0.03
to 8 nM of free [3H]-NMS under the same conditions as used
in the affinity shift assay (see below). Membrane protein
concentrations were determined with the BCA protein assay
using BSA as a standard.

Reconstitution of Receptors with Exogenous G Proteins.
Frozen membranes were thawed, pelleted in a refrigerated
microcentrifuge at 10 000× g for 10 min, and resuspended
at 5-10 mg/mL in reconstitution buffer (25 mM Hepes, pH
7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 500 nM
GDP, 0.08% CHAPS). G proteinR and âγ subunits were
mixed at a ratio of 1:1.3 and diluted in reconstitution buffer
to keep the reconstitution volume the same for each sample.
Typically, 0.8 pmol of receptor was reconstituted with 80
pmol of G protein heterotrimers (based on GR). The mixture
was incubated at 25°C for 20 min and held on ice briefly
until the start of the binding assay.

Affinity Shift Assay. Just prior to the binding assay the
reconstitution mixture was diluted 10-12-fold with binding
buffer (50 mM Tris/HCl, pH 7.5, 5 mM MgCl2, 0.5 mM
EDTA). Agonist binding was determined in the presence of
5 nM [3H]-oxotremorine-M. Nonspecific binding was de-
termined in the presence of 10µM atropine sulfate. Binding
to equilibrium was for 1 h at 25 °C in a temperature
controlled shaker and was terminated by filtration over
Whatman GF/C filters using a Brandel Cell Harvester. The

filters were rinsed three times with 4 mL of ice-cold wash
buffer (50 mM Tris/HCl, pH 7.5, 5 mM MgCl2, 0.5 mM
EDTA, 0.01% NaAzide), placed in 4.5 mL CytoScint (ICN
Pharmaceuticals, Costa Mesa, CA) and counted to constant
error in a scintillation counter. The final concentrations of
receptors and G protein heterotrimers in the binding assay
were 1.5-1.7 and 150-500 nM, respectively, in a final
volume of 150 µL. Specific binding in the absence of
exogenous G-proteins averaged 50 DPM for M1 receptors
and 326 DPM for M2 receptors. Because muscarinic recep-
tors exhibit ratios as high as 30 000-fold for the high- and
low-affinity states for agonists such as oxotremorine M (oxo-
M) and acetylcholine (41, 42), specific binding for M1
receptors reconstituted with Gq averaged 1614 DPM, while
that for M2 receptors reconstituted with Gi1 averaged 7682
DPM. The actual concentrations of agonist varied slightly
among experiments which resulted in different magnitudes
of absolute binding. To compare the results among experi-
ments, it was necessary to express the data as affinity shift
activities. Affinity shift is defined as the fold-enhancement
above buffer controls of high-affinity agonist binding in
membranes expressing recombinant receptors reconstituted
with saturating concentrations of G protein heterotrimers.
Subunits that cannot stabilize the high-affinity state of
receptors for agonist (as well as buffer controls) have-affinity
shift activities of 1, while active subunits have affinity shift
activities significantly greater than 1. The concentrations of
G proteins required to saturate the affinity shift activities of
all receptor G-protein combinations used in this study were
determined in control experiments (Figure 3).

GR Saturation Binding Experiments.To determine the
concentration of GR needed to saturate the affinity shift,
increasing amounts of G protein heterotrimers were added
to the receptors in the reconstitution, and agonist binding
was detected in the binding assay as described above.
Typically, 7 different G protein concentrations in triplicates
in the range 10-500 nM were used. EC50 values were
generated from nonlinear regression analysis of data fit to a
one-site interaction model between receptor and G protein.
These data are presented in Figure 3.

ADP-Ribosylation of GR by Pertussis Toxin. Pertussis
Toxin (1.1µg/µL) was activated by the addition of an equal
volume of activation buffer (5 mM Hepes, pH 7.5, 100 mM
NaCl, 5 mM MgCl2, 1 mM EDTA, 0.08% CHAPS, 40 mM
DTT, 2µM GDP) and incubation for 40 min at 32°C. G
protein heterotrimers (3µg R plus 3.6 µg âγ) were
ribosylated for 1 h at 32°C in a total volume of 20µL
containing 10µL of activated PTX and 400µM NAD +.
Ribosylation reactions were reconstituted with membranes
under the same conditions described above. At the end of
the reconstitution incubation, the mixture was diluted 9-fold
with binding assay buffer and used in the affinity shift assay.

Receptor-Catalyzed [35S]-GTPγS Binding Assay.A GTPγS
binding assay was used to analyze receptor-catalyzed GDP/
GTP exchange on G proteinR subunits in response to
agonist. Typically 1.3 pmol of receptors was reconstituted
with 80 pmol of G protein heterotrimers (1.3-fold excess of
R overâγ) for 20 min at 30°C in reconstitution buffer (25
mM Hepes, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM
EDTA, 40 µM GDP, 0.08% CHAPS). After reconstitution
the mixture was diluted 10-fold with GTPγS Binding buffer
(50 mM Tris, pH 8.0, 100 mM NaCl, 25 mM MgCl2, 1 mM
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DTT, 0.1 mg/mL BSA). Reactions were initiated by the
addition of 25µL of membrane mixture to 25µL of GTPγS
with or without oxotremorine-M. Final assay conditions were
50 nM GR, 0.8 nM receptor, 2µM GDP, and 100 nM
GTPγS as a mixture of 1 nM [35S]-GTPγS (∼125,000 cpm/
well) and cold GTPγS, with or without 2µM oxotremo-
rine-M in a final volume of 50µL. Use of MultiScreen 96
well plates (Millipore) allowed collection of samples at 30
s intervals for 4-6 min for M2 receptors or 3 min intervals
for 18 min for M1 receptors. Filters were rinsed three times
with 100µL of ice-cold wash buffer (50 mM Tris-HCl, pH
8.0, 100 mM NaCl, 25 mM MgCl2). Radioactivity retained
on the filters was counted to constant error in a liquid
scintillation counter. Greater than 1500 cpm was observed
at the shortest time points, and ligand depletion was less than
15% at the longest time-points. Data were analyzed by linear
regression, and agonist-driven GTPγS binding was reported
as the ratio of the slopes in the presence and absence of
agonist provided the slopes were significantly different (p
< 0.05). If the slopes did not differ significantly, a value of
1.0 was used for the slope ratio. GTPγS binding in the
absence of agonist (moles of GTPγS per mole of receptor)
are reported in the legend to Figure 5.

Analysis of the Data.Data analysis was done using the
GraphPad Prism software package (GraphPad Software, San
Diego, CA). For affinity shift assays, triplicate determinations
were used within each experiment, and experiments were
repeated 2-5 times as indicated. Rates of GTPγS binding
were determined from linear regression of eight individual
determinations at 30 s or 3 min intervals within each
experiment, and experiments were repeated 3-5 times as
indicated. Data represent the mean( SEM from multiple
experiments unless otherwise indicated.

RESULTS AND DISCUSSION

Molecular mechanisms of selectivity in G protein-receptor
coupling are still not completely understood (2). Intact
organisms employ various mechanisms including regulation
of receptor and G protein expression levels, compartmen-
talization of signaling complexes, and the activity of acces-
sory proteins, to regulate the selectivity of signaling along
G protein-mediated pathways. However, at the level of the
G protein-receptor interface, the primary recognition is
governed by the amino acid sequences of both G protein
and receptor. G proteinR subunits are considered the major
determinant of coupling selectivit,y and several domains of
GR have been shown to be important for receptor coupling.
In this study we investigated the roles of the N- and C-termini
of GqR and Gi1R in directing the selectivity of M1 and M2
muscarinic receptor coupling in a reconstituted system. To
do so we tested a series of chimeric GR subunits composed
from different portions of GqR and Gi1R for their ability to
stabilize the high-affinity agonist binding state of receptors
and for their ability to undergo agonist stimulated guanine
nucleotide exchange.

Figure 1A shows the secondary structure of the chimeric
GR subunits used in this study. The q6N chimera has been
constructed by addition of the unique six amino acid
N-terminal extension of GqR (MTLESI) to the N-terminus
of Gi1R. Q35C has been constructed by the replacement of
35 C-terminal amino acids of Gi1R with the corresponding

amino acids of GqR. There are 14 amino acids that are
different between Gi1R and GqR in this region. Q6N35C
has been constructed by addition of the six N-terminal amino
acids of GqR (MTLESI) to the q35C construct. The qi5C
chimera (15) has five C-terminal amino acids of GqR
(EYNLV) replaced with the corresponding amino acids of
Gi1R (DCGLF). All constructs used for protein expression
were verified by DNA sequencing. All proteins except q35C
were purified after expression in Sf9 cells. Q35C was purified
after expression in bacteria and is the only GR subunit in
this study with a HIS6 tag at the extreme N-terminus.
Previous work, with bacterially expressed subunits containing
a HIS6 tag at the extreme N-terminus, demonstrated that their
EC50 values for receptor interactions are indistinguishable
from those of native or baculovirus expressed subunits (20).
Furthermore, all of theR subunits used in this study bound
GDP and adopted the active conformation in the presence
of AlF-

4 as shown by an enhancement of intrinsic tryptophan
fluorescence (see Materials and Methods) comparable to that
reported for other G protein preparations (39). To verify that
the purified proteins had the expected domain switching
between GR subunits, chimeric proteins were separated on
12% SDS-polyacrylamide gel and immunoblotted with
antibodies selective for unique sequences within the GR
subunits. Immunoblotts of purified chimeric GR subunits are
shown in Figure 1B. As expected, Gi1, q6N, q6N35C, and
q35C, but not qi5C or Gq, were recognized by an antibody
against internal GRi1 sequence. Although the antibody
directed against GRi1/2 C-terminal sequence recognized Gi1
and q6N, it did not recognize q6N35C and q35C verifying
that the C-terminal domains of q6N35C and q35C are
different from the C-terminal domain of Gi1. In addition,
the antibody directed against GRi1/2 C-terminal sequence
recognized the qi5C chimera demonstrating that C-terminal
amino acids of Gi1R are present in qi5C. Q6N35C and q35C
were also recognized by the antibody against GRq/11
C-terminal sequences, as was GqR, further supporting the
domain switching. The antibody against GqR internal
sequence recognized Gq only. This antibody did not recog-
nize qi5C because an internal HA tag in the qi5C construct
(amino acid positions 125-130) disrupts the recognition
epitope of the antibody against GqR internal sequence (amino
acids 115-133). The presence of the qi5C chimera was
proven by immunoblotting with anti-HA tag antibodies
(Figure 1B). Therefore, immunoblotting with different
antibodies verified the domain switching between wild type
R subunits in theR subunit chimeras used in this study.
Figure 1C shows Coomassie Blue stained GR subunits
resolved on a 12% SDS-polyacrylamide gel. All of theR
subunits used in this study were estimated to be at least 80%
pure. The presence of doublets and triplets on the gel is likely
to be due to the presence ofR subunits in different states of
lipid modification or guanine nucleotide binding. This
interpretation is supported by the fact that these bands are
recognized by the antibodies specific to the protein of interest
(Figure 1B).

To study the role of N- and C-termini of GqR and Gi1R
in M1 and M2 muscarinic receptor coupling, G protein
heterotrimers containing chimericR subunits were reconsti-
tuted with Sf9 cell membranes containing expressed M1 or
M2 muscarinic receptors, and their ability to form a high-
affinity ternary complex with the expressed receptors was
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determined by affinity shift assay. Figure 2 shows the affinity
shift activities of wild type and chimericR subunits with
M1 and M2 muscarinic receptors which were determined
with saturating concentrations of G proteins. The affinity shift
assay has been completely described for several receptors
expressed in Sf9 cells (33, 43) and is based on earlier work
with native receptors (44, 45). In short, the affinity shift assay
detects the formation of the high-affinity state of the receptor
as an enhanced level of agonist binding upon ternary complex
formation. Control experiments, shown in Figure 3, in which
G proteins were titrated at fixed agonist concentration (5 nM
[3H]-oxo-M), were used to determine the concentration of
G protein required to saturate affinity shift activity. The EC50

values for reconstitution of high-affinity agonist binding for
individual GR subunits shown in the inset tables of Figure
3 are not significantly different, which is in agreement with
earlier work suggesting that differences in G protein-
receptor coupling manifest themselves as differences in

agonist affinities rather than differences in EC50 values (20).
The GR subunits for which inset data are lacking displayed
either weak saturable activity (as shown in experiments
where doubling G protein concentrations did not increase
affinity shift activity) or no activity even at high concentra-
tions (300-500 nM) of G proteins (data not shown). By
saturating affinity shift activities, we eliminated the pos-
sibility that the differences in the affinity shifts shown in
Figure 2 were caused by differences in specific activities of
the GR subunit preparations.

As expected, in the affinity shift assay M1 receptors
coupled with Gq and M2 receptors coupled with Gi1 (Figure
2). We used both loss of function and gain of function
approaches to investigate the role of the C-terminus of GqR
in M1 muscarinic receptor coupling. As shown in Figure 2,
the qi5C chimera has very little ability to couple M1
receptors compared with native GqR, verifying the important
role of the GqR C-terminus. Because Conklin, Bourne, and

FIGURE 1: A. Secondary structure of chimeric GR subunits. Numbers on the right of the wild-type forms of GRi1 and GRq indicate their
total amino acid residues. Numbers within the designations for the chimeras indicate the number of amino acids switched between GRi1
and GRq. The diagram on the bottom depicts the secondary structural domains common to GR subunits. B. Immunoblot analysis of purified
chimeric R subunits. Proteins were purified as described in Materials and Methods, electrophoresed on SDS-polyacrylamide gels and
immunoblotted with the antibodies indicated at the right of each panel. Each lane contained 75 ng of the indicated purifiedR subunit. C.
Coomassie stain of purified GR subunits. 500 ng of purifiedR subunits were resolved on a 12% SDS-polyacrylamide gel and visualized
with coomassie blue stain. The order of proteins on coomassie gel is the same as that indicated above the immunoblot. Lane 1 is Gi1, lane
2 is q6N, lane 3 is q35C, lane 4 is q6N35C, lane 5 is qi5C, and lane 6 is Gq.
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Wess have demonstrated in transfection studies that the five
C-terminal amino acids of Gi1R, when placed in the GqR
context, were sufficient to couple M2 muscarinic receptors
(15, 30), we used a gain of function approach as a criteria
to test if the C-terminus of GqR placed in the Gi1R context
was sufficient to couple M1 muscarinic receptors. Interest-
ingly, even 35 C-terminal amino acids of GqR in the Gi1R
context were not sufficient to couple M1 receptors (Figure
2). We have also tested chimeras with three, five, and 11
C-terminal amino acids of GqR in place of those from Gi1R
and found they were not sufficient for M1 receptor coupling
(data not shown). We conclude, therefore, that the C-terminus
of GqR, although required, is not sufficient for proper Gq-
M1 receptor coupling and that other domains of GqR must
be present. Intriguingly, Natochin et al. reported that eleven
C-terminal residues of GtR in the GsR context were sufficient
for rhodopsin coupling in a reconstituted system (17). Such
differences seem to indicate that molecular determinants of
G protein-receptor coupling selectivity differ among indi-
vidual receptors and their cognate G proteins.

To investigate the role of the unique six amino acid
N-terminal extension of GqR (MTLESI) in M1 receptor
coupling, we added these amino acids of GqR to the
N-terminus of Gi1R. However, this chimera (q6N) also did
not gain the ability to couple M1 receptors (Figure 2,
compared with Gi1 and Gq). To investigate the possibility
that both N- and C-termini of GqR are required for proper
M1 receptor coupling, we created the double chimera,
q6N35C, which has the six N-terminal amino acids and 35
C-terminal amino acids of GqR in the Gi1R context.
Interestingly, q6N35C had a significantly enhanced ability
(p < 0.01-0.001, Tukey’s multiple comparison test) to shift
the agonist affinity of M1 muscarinic receptors, indicating
that the appropriate context of N- and C-termini is required
for proper receptor coupling (Figure 2). However, the activity
of q6N35C chimera in the affinity shift assay was signifi-
cantly lower (p < 0.05, Tukey’s multiple comparison test)
than the activity of Gq (Figure 2). At least two explanations
can be suggested for this difference in activity. First, other
domains of GqR or, possibly, a longer N-terminal portion
of GqR, are needed for full M1 receptor coupling. Second,
since Cys9 and Cys10 of GqR have been shown to be
important but not critical for receptor coupling (21), the lack
of Cys10 in the q6N35C chimera may explain the lower
activity. Kostenis and others have suggested that the unique
six amino acid N-terminal extension of GqR prevents Gi/o-
coupled receptors (including M2 muscarinic) and Gs-coupled
receptors from coupling to Gq (18). We tested if these six
N-terminal amino acids of GqR could restrict M2 receptor
coupling in the affinity shift assay. As shown in Figure 2,
the six N-terminal amino acids of GqR added to the
N-terminus of Gi1R did not prevent M2 receptor coupling
in a reconstitution system.

The important role of the C-terminus of Gi1R in receptor
coupling was verified by the loss of function of the q35C
chimera in the affinity shift assay with M2 receptors (Figure
2). In similar experiments, q5C and q11C chimeras also failed
to couple with M2 receptors (data not shown). The q6N35C
chimera also had no coupling activity with the M2 receptor
(Figure 2). As discussed below, the low-level affinity shift
activity of both Gq and qi5C in coupling the M2 receptor is
due to a small amount of contaminating Sf9 cell Gi/o-like

FIGURE 2: Affinity shift activity of GR subunits with M1 and M2
muscarinic receptors. Affinity shift activities represent the fold
enhancement above buffer controls of high-affinity [3H]-oxo-M
binding in membranes expressing the indicated muscarinic receptor
(1-2 nM) reconstituted with a saturating excess (100-200 nM)
of G protein heterotrimers containing the indicated GR subunits.
Data are the mean( SEM from 3-5 experiments where the
concentration of oxo-M was∼5 nM. The dotted line represents an
affinity shift activity of 1, the level of activity observed in the
absence of exogenous G proteins or in the presence of inactive G
protein heterotrimers.

FIGURE 3: Concentration dependence of GR subunits in agonist binding to M1 and M2 muscarinic receptors. Sf9 cell membranes expressing
either M1 (left panel) or M2 (right panel) muscarinic receptors were reconstituted with increasing concentrations of G protein heterotrimers
containing the indicated GR subunit. Receptor concentrations were 0.95 nM for M1 and 0.82 nM for M2 in a final volume of 150µL.
High-affinity agonist binding was determined in the presence of 5 nM [3H]-OXO-M. Data were fit to a single-site interaction between
receptor and G protein and are the mean( SD of triplicate determinations from a representative experiment. The inset tables show the EC50
values (mean( SEM) from the indicated number of experiments for individual GR subunits. For each receptor, the individual EC50 values
did not differ significantly from one another (One-way ANOVA or t-test).
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protein in these preparations (see Figure 4). Therefore, the
data indicate that the M2 receptor has an absolute require-
ment for the proper context of the C-terminus of the coupling
G protein. Interestingly, gain of function experiments
indicated that the five C-terminal amino acids of Gi1R placed
in the context of GqR were not sufficient for optimal M2
receptor coupling as measured by the affinity shift assay
(qi5C chimera, Figure 2). Because qi5C only minimally
couples M2 receptors, it is tempting to speculate that
cooperation between appropriate N- and C-termini are also
critical for full Gi1-M2 muscarinic receptor coupling. Previ-
ous reconstitution studies demonstrated a role for a poorly
defined region within the first 210 amino acids of Gi1R that
is important for 5-HT1B receptor coupling (20). However,
since only the six amino acid N-terminal extension that is
unique to GqR subunits was tested in this study, such
speculation may be premature, and the structural determinants
of coupling may differ significantly between M1 and M2
receptors. The failure of qi5C to couple appreciably in our
reconstitution assays is in contrast with the results of Liu,
Conklin, and others, who demonstrated in transfection assays
that the qi5C construct conferred coupling to several Gi/o-
coupled receptors, including the M2 receptor (30). While
the precise reasons for such different observations in trans-
fection versus reconstitution assays are unknown, several
factors are likely to contribute. In transfection assays, proteins
of interest are overexpressed in a limited percentage of cells,
and coupling is inferred from effector activities which are
substantially amplified at several points in the signal trans-
duction cascade. On the other hand, all cellular components
are present and the integration and assembly of membrane
structures occurs in a cellular context. Reconstitution experi-
ments directly examine the G protein-receptor interface and
allow controlled stoichiometries of components; however,
they require the G protein to associate with the receptor after
the receptor has been integrated into cellular membranes and
may not allow the participation of all components responsible

for receptor-G protein coupling. Thus, reconstitution experi-
ments are likely to more precisely identify the G protein
domains directly involved in the receptor-G protein inter-
face, while transfection experiments are likely to identify
the domains that permit coupling in a cellular context without
revealing the precise mechanism or required stoichiometries.
Ultimately both contribute to our understanding of coupling
although neither may completely reflect the actual situation
in living tissues.

In addition to the expected Gq-M1 and Gi1-M2 receptor
coupling, we observed a low level of Gi1-M1 and Gq-M2
receptor coupling in the affinity shift assay (Figure 2). The
basis for this coupling was explored with the use of pertussis
toxin (PTX). PTX is known to uncouple Gi/o proteins from
their cognate receptors by ADP-ribosylating a C-terminal
cysteine in Gi/oR subunits (29). We ADP-ribosylated G
protein heterotrimers using PTX and reconstituted them with
M1 or M2 muscarinic receptors. The results shown in Figure
4 indicate that PTX treatment completely uncoupled Gi1
from M2 receptors as expected. Surprisingly, PTX treatment
also completely uncoupled Gq from M2 receptors, but not
Gq from M1 receptors. As GqR is not a substrate for ADP-
ribosylation by PTX, we attribute the Gq-M2 receptor
coupling to the presence of small amounts of endogenous
Sf9 Gi/o family proteins in our Gq preparation, which was
undetectable by immunoblotting (Figure 1A). A similar
contamination of Gq purified after expression in Sf9 cells
by endogenous Gi/o proteins was reported by Kozasa (37).
This contaminating activity is not present in the q35C and
q6N35C preparations (see Figure 2), as they are purified from
the soluble fraction of expressing cells which contains few,
if any, endogenous G proteins, while Gq and qi5C are
purified from a detergent extract of the particulate fraction
from expressing cells which would be expected to contain
endogenous G proteins (see Materials and Methods). In
addition, PTX treatment prevented Gi1-M1 receptor cou-
pling (Figure 4). Therefore, our data indicate that M1
muscarinic receptors weakly couple with Gi1, while M2
muscarinic receptors probably do not couple with Gq. Our
data agree well with the data of Burford et al., who
demonstrated that M1 receptors, especially when expressed
at high levels, can couple to both pertussis toxin sensitive
and insensitive G proteins, while M2 receptors couple only
with pertussis toxin sensitive G proteins (46). DeLapp et al.
also demonstrated that M1 receptors were able to couple to
inhibitory G proteins while M2 receptors coupled to Gq/11
only weakly (47).

To compare the ability of GR subunits to be activated by
receptors, muscarinic receptor-catalyzed GDP/GTP exchange
was measured as agonist-stimulated GTPγS binding. Figure
5 shows the fold differences in slopes between agonist-driven
and basal nucleotide exchange on various GR subunits. The
inset graph shows moles of GTPγS bound in membranes
expressing M2 muscarinic receptors with or without recon-
stitution with Gi1 in the presence or absence of agonist. All
chimeras were analyzed in the same fashion and the rates of
GTPγS binding were determined from the slopes of the lines.
Data for M2 receptor-catalyzed GTPγS binding demonstrated
that q6N exchanged guanine nucleotides at a rate comparable
to Gi1, while the rest of the GR subunits were inactive
(Figure 5). With the M1 receptor, both Gq and q6N35C
exchanged guanine nucleotides upon agonist stimulation,

FIGURE 4: Affinity shift activity of GR subunits following ADP-
ribosylation by Pertussis Toxin. Affinity shift activities represent
the fold enhancement above buffer controls of high-affinity [3H]-
oxo-M binding in membranes expressing the indicated muscarinic
receptor (1-2 nM) reconstituted with a saturating excess (100-
200 nM) of G protein heterotrimers containing the indicated GR
subunits in a final volume of 150µL with or without ADP-
ribosylation by Pertussis Toxin. Data are the mean( SD of
triplicate determinations from a representative experiment repeated
twice with similar results. GR subunits without pertussis toxin
treatment contained all of the reagents (except Pertussis Toxin) and
underwent the same treatment as those treated with toxin. The dotted
line represents an affinity shift activity of 1, the level of activity
observed in the absence of exogenous G proteins or in the presence
of inactive G protein heterotrimers.
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while the rest of the GR subunits were inactive (Figure 5).
These data agree well with the affinity shift data (Figure 2)
and support our main conclusion that both the N- and
C-termini of GqR are required for effective M1 receptor
coupling.

Although the affinity shift data indicate that the M1
receptor couples weakly with Gi1 (Figure 2) and that this
coupling is abolished by PTX treatment (Figure 4), we did
not see agonist stimulated M1 receptor-mediated exchange
on Gi1. Thus, while the high-affinity agonist binding state
of G protein-coupled receptors is thought to be a ternary
complex containing nucleotide free G protein and GDP
release is accepted as the rate-limiting step in nucleotide
exchange (1), our data indicate that it is possible to stabilize
the high-affinity state of the receptor without stimulating
guanine nucleotide exchange. Such discrepancies have been
noted in a previous study (38) and are likely to be related to
the fact that the affinity shift assay measures an equilibrium
condition among agonist, receptor, and G protein in the
absence of guanine nucleotides after 1 hour or more of
incubation, while the agonist driven GTPγS binding assay
measures the kinetics of GTPγS binding in the first few
minutes after mixing these components.

The N-terminus of GR subunits, together with amino acids
from switch I and switch II, are binding sites for Gâγ
subunits in the G protein heterotrimer (48). Mutations at the
N-terminus of GR may affect its interactions withâγ, which
acts as a guanine nucleotide dissociation inhibitor for GR.
Kostenis et al. have suggested that the six N-terminal amino

acids of GqR (MTLESI) form a tightly folded protein
subdomain that prevents Gi/o- and Gs-coupled receptors from
accessing GqR, thereby regulating coupling selectivity (49).
Our results demonstrate that the addition of the six N-
terminal amino acids of GqR to the N-terminus of Gi1R does
not restrict M2 receptor coupling. Therefore, we can say that
the q6N chimera interacted withâγ properly. Our data
suggest that N- and C-termini of GqR cooperate to couple
M1 receptors. While the crystal structure of Gq is not
available, and the crystal structure of the Gi1 heterotrimer
(with GDP bound) lacks four amino acids from the N-
terminus and six amino acids are from the C-terminus (48),
it appears that the GR C-terminus in the heterotrimer is
accessible and not buried within a compact microdomain.
The N-terminus andRN helix are turned away from the body
of GR to interact with âγ. The structure of the Gi1
heterotrimer indicates that Val34 and Arg32 are the N-
terminal amino acids of Gi1R that come close to Leu348,
the most C-terminal GR residue in the structure. However,
because the structural orientation of the extreme N- and
C-termini in Gq is not known and also because the crystal
structure of a nucleotide-free G protein heterotrimer is not
available, the structural basis for cooperativity between the
extreme N- and C-termini of GqR is not yet understood. One
possibility is that the N- and C-termini of GR might interact
to form a single receptor binding site. Alternatively, there
might be two separate sites on the receptor for the N- and
C-termini which have to be recognized for the receptor to
activate G proteins. Muradov and Artemyev suggested that
coupling between N- and C-terminal domains of GtR is
responsible for low basal GDP/GTP exchange in GtR (50).
Since GqR is also known to have low basal GDP/GTP
exchange, this concept may in principle apply to GqR.

Taken together, our data indicate that the context of the
C-terminus of GR, although critical, is not sufficient for M1
or M2 muscarinic receptor coupling. In addition, the unique
six amino acid N-terminal extension of GqR is neither
sufficient to allow M1 muscarinic receptor coupling, nor
sufficient to prevent M2 muscarinic receptor coupling.
Rather, the appropriate context of both N- and C-termini of
GR is required for functional coupling to M1, and possibly,
M2, muscarinic receptors. Q6N35C represents an easily
purified, relatively stable, and soluble GR subunit with the
ability to functionally couple with M1 muscarinic receptors.
As a reagent, it therefore offers significant advantages to
native GqR, which is difficult to purify, requires detergents
for solubility, and is easily inactivated by denaturation.
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