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ABSTRACT: G protein-coupled receptor (GPCR) function can be modulated by different classes of ligands
including full and inverse agonists. At present, little is known about the conformational changes that
agonist ligands induce in their target GPCRs. In this study, we employed an in situ disulfide cross-linking
strategy to monitor ligand-induced structural changes in a series of cysteine (Cys)-substituted mutant M3
muscarinic acetylcholine receptors. One of our goals was to study whether the cytoplasmic end of
transmembrane domain V (TM V), a region known to be critically involved in receptor/G protein coupling,
undergoes a major conformational change, similar to the adjacent region of TM VI. Another goal was to
determine and compare the disulfide cross-linking patterns observed after treatment of the different mutant
receptors with full versus inverse muscarinic agonists. Specifically, we generated 20 double Cys mutant
M3 receptors harboring one Cys substitution within the cytoplasmic end of TM V (L249—1253) and a
second one within the cytoplasmic end of TM VI (A489—L1492). These receptors were transiently expressed
in COS-7 cells and subsequently characterized in pharmacological and disulfide cross-linking studies.
Our cross-linking data, in conjunction with a three-dimensional model of the M3 muscarinic receptor,
indicate that M3 receptor activation does not trigger major structural disturbances within the cytoplasmic
segment of TM V, in contrast to the pronounced structural changes predicted to occur at the cytoplasmic
end of TM VI. We also demonstrated that full and inverse muscarinic agonists had distinct effects on the
efficiency of disulfide bond formation in specific double Cys mutant M3 receptors. The present study
provides novel information about the dynamic changes that accompany M3 receptor activation and how
the receptor conformations induced (or stabilized) by full versus inverse muscarinic agonists differ from
each other at the molecular level. Because all class I GPCRs are predicted to share a similar transmembrane

topology, the conclusions drawn from the present study should be of broad general relevance.

Accumulating evidence suggests that G protein-coupled
receptors (GPCRs)' play important roles in regulating the
function of most physiological processes. In agreement with
this notion, the GPCR superfamily represents the largest
group of cell-surface receptors found in nature (/-5). An
extraordinarily large number of clinically useful drugs exert
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their therapeutic actions via stimulating or inhibiting specific
classes of GPCRs (4).

The structural hallmark of all GPCRs is a transmembrane
core formed by a bundle of seven transmembrane helices
(TM I—VII; Figure 1; I-4). The seven TM helices are
connected by alternating intra- and extracellular loops (Figure
1). During the past 2 decades, great progress has been made
in identifying specific GPCR residues involved in ligand
binding and G protein coupling (/—, 6). In contrast, with
the exception of bovine rhodopsin (see below), much less is
known about how the binding of agonists or inverse agonists
leads to changes in the receptor structure that regulates the
efficiency of receptor/G protein interactions.

The light receptor, bovine rhodopsin, is probably the most
thoroughly studied GPCR, primarily because of its abundant
expression in the retina and the ease by which it can be
purified with relatively high yields from cultured cells (7).
As a result, the conformational changes involved in light-
induced activation of rhodopsin have been mapped in
considerable detail (7—11). In brief, these structural changes
are predicted to involve a reorientation of the cytoplasmic
end of TM VI and changes in the relative disposition of TM
VI and III, along with smaller movements involving several
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FIGURE 1: Structure of double Cys mutant M3 muscarinic receptors analyzed in the present study. All Cys substitutions were introduced into
a modified version of the rat M3 muscarinic receptor, referred to as M3'(3C)-Xa (ref 37). In the M3'(3C)-Xa construct, the central portion
of the i3 loop (A274—K469) was replaced with two factor Xa cleavage sites. Most remaining endogenous Cys residues were replaced with
either serine or alanine (open squares). The M3'(3C)-Xa construct still contained three native Cys residues, C140, C220, and C532, which
proved to be essential for efficient receptor function (37). We generated 20 double Cys mutant receptors, all of which contained a single
Cys substitution within the cytoplasmic end of TM V (L249—1253) and another one within the cytoplasmic end of TM VI (A489—1492).
For Western-blotting studies, we used a rabbit polyclonal antibody (anti-M3) directly against the last 18 amino acids of the receptor protein
(38). Numbers refer to amino acid positions in the rat M3 muscarinic receptor sequence (50).

other TM helices (for a recent review, see ref 7). Moreover,
high-resolution structural information has been obtained for
the inactive state of bovine rhodopsin via X-ray crystallo-
graphy (12, 13).

In contrast to the rather detailed studies carried out with
the light receptor, rhodopsin, relatively little is known about
the structural changes involved in the activation of GPCRs
that bind diffusible ligands, such as neurotransmitters and
hormones. In agreement with findings obtained with bovine
rhodopsin, studies with other class I (rhodopsin-like) GPCRs,
including the f,-adrenergic receptor (14-18) and the M;
muscarinic receptor (19, 20), suggest that receptor activation
involves an agonist-dependent rotation or reorientation of
the cytoplasmic end of TM VI. Biochemical studies dem-
onstrated that this conformational change plays a key role
in receptor-mediated G protein activation (8, 9).

Structure—function studies with different GPCRs, including
various muscarinic receptor subtypes (2/-23), have shown
that the cytoplasmic ends of TM V and VI play important
roles in determining the efficiency and selectivity of recep-
tor/G protein interactions (6). Whereas considerable attention
has been focused on the activity-dependent conformational
rearrangement of the cytoplasmic segment of TM VI, little
is known about the potential structural changes that agonist
ligands may induce in the cytoplasmic end of TM V.

To address this question, we used the rat M3 muscarinic
acetylcholine receptor, a prototypic class I GPCR (23, 24),
as a model system. Specifically, we employed an in situ
disulfide scanning strategy that is based on the formation of
disulfide bridges between Cys residues that lie adjacent to
each other in the three-dimensional (3D) structure of the
receptor (19, 20, 25-28). This strategy does not require any
receptor purification and reconstitution steps and offers the

great advantage that ligand-dependent conformational changes
can be studied in receptors present in their native membrane
environment.

To examine whether the cytoplasmic end of TM V of the
Mj; muscarinic receptor undergoes ligand-dependent confor-
mational changes, we generated and analyzed a series of
double Cys mutant M3 receptors. Specifically, we substituted
pairs of Cys residues into a mutant M3 receptor (referred to
as the “M3'(3C)-Xa” receptor throughout the paper) that was
devoid of most native Cys residues and contained two
adjacent factor Xa protease sites within the third intracellular
loop (i3 loop; Figure 1). We generated 20 double Cys mutant
Mj; receptors containing one Cys substitution within the
cytoplasmic end of TM V (L249—1253) and a second one
within the cytoplasmic end of TM VI (A489—L492; Figure
1 and Table 1). Because the cytoplasmic portion of TM V
is located in close proximity of the corresponding region of
TM VI (12, 13), we speculated that the TM VI Cys residues
might serve as useful reporters to detect potential ligand-
induced structural changes within the cytoplasmic end of
™ V.

Studies with different adrenergic receptor subtypes have
shown that adrenergic agonists endowed with different
efficacies, including inverse agonists, induce or stabilize
different receptor conformations (29-35). Consistent with
these findings, we recently demonstrated that full muscarinic
agonists and inverse muscarinic agonists had opposite
structural effects on the relative orientation of helix 8 and
TM I (28). On the basis of these findings, both full and
inverse muscarinic agonists were used as ligands in the
present study.

Using a disulfide scanning approach, we demonstrated that
muscarinic agonists and inverse muscarinic agonists had
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Table 1: Ligand Binding and Functional Properties of Double Cys Mutant M3 Muscarinic Receptors Analyzed in the Present Study”

[*H]-NMS binding

carbachol binding

carbachol-induced IP production

receptor Kp (pM) Bmax (pmol/mg of protein) Ki (uM) ECso (nM) Enax (fold above basal) basal IP (%)

M3'(3C)-Xa 172 £ 10 74402 157+ 1.6 24 +1 10.8 £0.1 100
1L.249C/A489C 179 £ 12 48+ 1.1 19.1 £ 0.1 89 £8 20.5 £ 0.6 48 £ 11
1L.249C/Q490C 139+ 18 23+£04 55+£038 35+ 13 29+0.1 232 4+20
L249C/T491C 131+2 24+0.5 49+0.8 77 £19 19.0+£0.7 30+ 4
L249C/1L492C 163 £ 11 22+04 24+0.1 24+ 1 5.6+0.9 150 £ 12
Y250C/A489C 185 £ 13 8.7+0.5 2.8+0.1 188 £ 65 369+ 1.3 25+5
Y250C/Q490C 169 + 1 6.1 £0.2 22407 1.8+04 3.0+£0.1 283 +7
Y250C/T491C 187 +£5 6.0£0.7 26+03 121 +2 14.8 £ 0.7 49 + 12
Y250C/L492C 165 + 19 34+0.1 1.0£0.1 733 + 17 305+ 0.6 46 + 11
W251C/A489C 143 + 14 38+0.3 64+1.0 82+ 11 135+£05 55+12
W251C/Q490C 102+ 1 1.8+£0.1 34404 38+0.2 6.0+ 09 257+ 8
W251C/T491C 143+ 13 22403 23+0.1 40+ 4 15.1+24 48 £3
W251C/L492C 147 £ 11 1.5+0.1 254+0.7 19+1 121 +1.3 249 £8
R252C/A489C 171 £ 34 50+14 16.9 £ 0.1 112 +£2 199+24 82+ 13
R252C/Q490C 171 +£ 19 27+£0.2 8.0+04 22+05 2.1+£0.1 735 +£ 40
R252C/T491C 178 £ 4 50+£0.6 59.3£0.8 1680 £ 75 16.5+ 1.9 108 £ 8
R252C/L492C 226 £9 1.9+0.1 55+0.3 28+5 7.0+0.9 162 £23
1253C/A489C 264 £7 89+ 14 282+34 70 £24 219+22 50 £21
1253C/Q490C 164 £ 14 6.0+ 1.0 11.5+£03 20+0.5 3.0+£0.7 282 + 21
1253C/T491C 225+ 17 6.4+09 69+0.2 223+ 4 20.1 £ 1.5 3441
1253C/L492C 107 £7 1.9+0.1 0.7+0.2 144 + 35 72+13 42+ 1

“COS-7 cells were transiently transfected with the indicated M3'(3C)-Xa-derived double Cys mutant M3 receptor constructs. Radioligand binding and
PI assays were performed and analyzed as described in the Experimental Procedures. Carbachol binding data were corrected for the Cheng—Prusoff
shift. Basal inositol monophosphate (IP) levels were 10 880 &+ 783 dpm (=100%) for the M3'(3C)-Xa construct. Data are given as means =+ standard
error (SE) from at least three independent experiments, each performed in duplicate.

different effects on the efficiency of disulfide bond formation
in specific double Cys mutant M3 receptors. The cross-linking
data, in conjunction with a 3D model of the M3 muscarinic
receptor, suggest that the cytoplasmic end of TM V does
not undergo a major structural change, in contrast to the
corresponding TM VI region. Moreover, together with a
recent report (28), the present study provides novel informa-
tion about how the receptor conformations induced (or
stabilized) by full versus inverse muscarinic agonists differ
from each other at the structural level.

EXPERIMENTAL PROCEDURES

Materials. Acetylcholine bromide, carbamylcholine chlo-
ride (carbachol), atropine sulfate, N-methylscopolamine
(NMS) bromide, cupric sulfate (CuSQOy), 1,10-phenanthroline,
N-ethylmaleimide, digitonin, and mammalian protease in-
hibitor cocktail were obtained from Sigma. [*H]-NMS (82.0
Ci/mmol) was from Perkin-Elmer Life Sciences, and
myo[*H]inositol (20 Ci/mmol) was from American Radio-
labeled Chemicals. Factor Xa protease was purchased from
Roche Molecular Biochemicals. Precast Novex tris-glycine
polyacrylamide gels and BenchMark ladder prestained mo-
lecular mass standards were obtained from Invitrogen.
Hybond ECL nitrocellulose membranes and antirabbit IgG
antibody conjugated to horseradish peroxidase were from
Amersham Biosciences. The f-actin antibody (human) was
from Cell Signaling, and Laemmli loading buffer was from
Bio-Rad. The SuperSignal West Pico chemiluminescent
substrate and CL-X Posure film were purchased from Pierce.
All other reagents used were of the highest grade com-
mercially available. CuSO4 was mixed with 1,10-phenan-
throline at a molar ratio of 1:3 (36). Throughout the text,
the concentrations indicated for the Cu"—(1,10-phenanthro-
line); complex refer to molar copper concentrations.

Site-Directed Mutagenesis. Cys substitution mutagenesis
was carried out using a pCD-based expression plasmid

coding for a modified version of the rat M3 muscarinic
receptor referred to as M3'(3C)-Xa (ref 37; Figure 1). This
receptor construct contains a N-terminal hemagglutinin
epitope tag and lacks all five potential N-terminal N-
glycosylation sites. In addition, most endogenous Cys
residues were substituted with either alanine or serine
residues, except for C140, C220, and C532 (ref 37; Figure
1). Importantly, the central portion of the i3 loop (A274—
K469) was replaced by two factor Xa cleavage sites. For
Cys substitution mutagenesis studies, we used the QuikChange
site-directed mutagenesis kit (Stratagene), according to the
instructions of the manufacturer. In the present study, we
generated 20 M3'(3C)-Xa-based double Cys mutant Mj
receptors harboring one Cys substitution within the cyto-
plasmic end of TM V (L249—1253) and a second one within
the cytoplasmic end of TM VI (A489—L1492; Figure 1 and
Table 1). The identity of all mutant receptors was confirmed
by DNA sequencing.

Cell Culture and Transient Expression of Cys-Substituted
Mutant M3 Muscarinic Receptors. COS-7 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/
mL penicillin, and 100 ug/mL streptomycin at 37 °C in a
humidified 5% CO, incubator. About 24 h prior to trans-
fections, ~1 x 10° cells were seeded into 100 mm dishes.
Cells were transfected with 4 ug/dish of plasmid DNA coding
for the M3'(3C)-Xa receptor or M3'(3C)-Xa-derived Cys-
substituted mutant receptors. Transfections were carried out
using the Lipofectamine Plus kit (Invitrogen), according to
the instructions of the manufacturer. Transfected cells were
incubated with 1 uM atropine for the last 24 h of culture, to
increase receptor expression levels (79, 20, 25-28).

Preparation of Membranes from Receptor-Expressing
Cells. COS-7 cells were harvested ~48 h after transfections.
Initially, cells were washed twice (10 min each wash) with
10 mL of ice-cold phosphate-buffered saline (pH 7.4). This
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washing step proved necessary for the complete removal of
atropine, which was present in the culture medium during
the last 24 h of culture. Subsequently, 2 mL of ice-cold buffer
A (25 mM sodium phosphate and 5 mM MgCl, at pH 7.4)
was added to each 100 mm dish, followed by a 15 min
incubation at 4 °C. Cells were then scraped off the plates
and homogenized using a Polytron tissue homogenizer
(setting 5; 20 s). Cell homogenates were centrifuged for 15
min at 20000g at 4 °C. Membrane pellets were rehomog-
enized in 1 mL of ice-cold buffer A, frozen on dry ice, and
stored at —70 °C until use. Protein concentrations were
measured using the Micro BCA protein assay reagent kit
(Pierce) with bovine serum albumin as a standard.

Radioligand-Binding Studies. Radioligand-binding assays
were carried out using receptor-containing membrane prepa-
rations as described previously (26). In [*’H]NMS saturation
binding studies, six concentrations of the radioligand ranging
from 20 to 3000 pM were used. In carbachol competition
binding assays, a fixed concentration of [*H]NMS (500 pM)
was used in the presence of 10 different concentrations of
carbachol (concentration range from 5 nM to 10 mM).
Binding reactions containing ~20 ug of membrane protein
per tube were carried out at 22 °C for 2 h in a final volume
of 1 mL of buffer A (see above). Reactions were terminated
by rapid filtration over GF/C Brandel filters, followed by
three washes (~4 mL per wash) with ice-cold distilled water.
Nonspecific binding was determined in the presence of 1
uM atropine. Bound and free [*H]-NMS were separated by
rapid vacuum filtration, and radioactivity was quantified by
liquid scintillation spectrometry. Binding data were analyzed
using the nonlinear curve-fitting program Prism 4.0 (Graph-
Pad).

Receptor-Mediated Stimulation of Phosphatidylinositol
(PI) Hydrolysis. PI assays were carried out essentially as
described previously (26). In brief, ~24 h after transfection
in 100 mm dishes, COS-7 cells were trypsinized and seeded
into six-well plates (0.75 x 10° cells/well) and myo-
[*HJinositol (3 #Ci/mL) and atropine (1 uM) were added to
the culture medium. On the next day (~24 later), cells were
washed twice at room temperature (10 min each wash) with
2 mL of Hank’s balanced salt solution to ensure the complete
removal of atropine. Subsequently, cells were preincubated
in 1 mL of the same salt solution containing 20 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
(pH 7.4) and 10 mM LiCl for 20 min at room temperature.
Cells were then incubated with increasing concentrations of
carbachol (final concentration from 1 nM to 1 mM) in the
presence of 10 mM LiCl for 1 h at 37 °C. Reactions were
terminated by replacing the assay buffer with 0.8 mL of 20
mM ice-cold formic acid, and the inositol monophosphate
(IP) fraction was then isolated and quantitated as described
previously (26). Carbachol ECsj and E\,, values were derived
from concentration—response curves using the nonlinear
curve-fitting program Prism 4.0 (GraphPad).

Oxidation, Solubilization, and Factor Xa Digestion of
Double Cys Mutant M; Muscarinic Receptors. Disulfide
cross-linking studies were carried out essentially as described
previously (26). In brief, receptor-containing membranes
prepared from one 100 mm dish of transfected COS-7 cells
(~1 mg of protein) were suspended in 1 mL of buffer A
containing 25 uM Cu"—phenanthroline, either in the presence
or absence of different muscarinic ligands. Oxidation reac-
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tions were carried out for 10 min at room temperature (22
°C), followed by the addition of ethylenediaminetetraacetic
acid (EDTA) and N-ethylmaleimide (10 mM each) and a 10
min incubation on ice. Membrane proteins were then
solubilized by incubating samples with 1.2% digitonin for
2 h at 4 °C, as described in detail by Han et al. (26).
Receptor-containing membrane lysates (~15 ug of protein)
were then treated in 30 uL of factor Xa digestion buffer with
factor Xa protease (final concentration of 0.1 ug/ulL) at room
temperature for 16 h. Reactions were terminated by the
addition of 1 uL. of mammalian protease inhibitor mixture
(1:25 dilution; 26). Samples were then used either directly
for sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) or stored at —70 °C until needed.

Western-Blotting Studies. SDS—PAGE, Western-blotting,
and enhanced chemiluminescence (ECL) detection of recep-
tor proteins were performed as described in detail previously
(28). In brief, receptor-containing membrane lysates that had
been treated with factor Xa were incubated with Laemmli
loading buffer for 30 min at 37 °C, under either nonreducing
or reducing conditions [in the absence or presence of 50 mM
dithiothreitol (DTT), respectively]. Samples were then loaded
onto 10-20% Tris-glycine polyacrylamide gels and run at
125 V in the presence of 0.1% SDS. Western-blotting studies
were carried out as described (28), using a rabbit polyclonal
anti-M; receptor antibody directed against the C-terminal 18
amino acids of the rat M3 receptor sequence (38). M3 receptor
proteins were visualized by the use of ECL reagents and
autoradiography. The intensities of immunoreactive bands
were quantitated by scanning densitometry using the program
NIH ImageJ (NIH).

RESULTS

Generation of Double Cys Mutant M; Muscarinic Recep-
tors. To gain insight into the conformational changes
associated with muscarinic receptor activation, we subjected
a series of double Cys mutant M3 muscarinic receptors to
an in situ disulfide cross-linking approach (19, 20, 25-28).
All Cys substitutions were introduced into a modified version
of the M3 muscarinic receptor lacking most native Cys
residues and containing a pair of factor Xa cleavage sites
within the i3 loop (referred to as “M3'(3C)-Xa” receptor
throughout the paper; Figure 1). We demonstrated previously
that the M3'(3C)-Xa background receptor retains the ability
to bind muscarinic ligands with high affinity and to pro-
ductively couple to G proteins (37). Specifically, we gener-
ated 20 double Cys mutant M3 receptors harboring one Cys
substitution within the cytoplasmic end of TM V (L249—1253)
and a second one within the cytoplasmic end of TM VI
(A489—L492; Figure 1 and Table 1). These receptors were
transiently expressed in COS-7 cells and subsequently
characterized in pharmacological and biochemical studies.

Ligand-Binding Properties of Double Cys Mutant M;
Muscarinic Receptors. To increase the expression levels of
the double Cys mutant M3 muscarinic receptors and thereby
facilitate their detection via Western blotting, transfected
COS-7 cells were incubated with atropine (1 uM) for the
last 24 h of culture (19, 20, 25-28). The ligand-binding
properties of all mutant receptors were characterized in
radioligand-binding studies, using [*H]-NMS, a classical
muscarinic antagonist, as a radioligand. [*H]-NMS saturation
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binding studies with receptor-containing membrane prepara-
tions demonstrated that all double Cys mutant M3 receptors
were expressed at levels (Bmax) > 1.8 pmol/mg of membrane
protein (Table 1). All receptors were able to bind [*H]-NMS
with high affinity (range of [*H]-NMS K, values of 102-264
pM; Table 1). Moreover, [*H]-NMS/carbachol inhibition
binding experiments showed that all double Cys mutant
receptors bound carbachol, a muscarinic agonist, with
affinities that were similar to or even higher than that
observed with the M3'(3C)-Xa construct (range of carbachol
K; values of ~1-59 uM; Table 1). Specifically, we noted
that all constructs containing the Y250C and L492C point
mutations consistently showed considerably higher carbachol
affinities (3—22-fold) than the M3'(3C)-Xa construct, from
which all Cys mutant Mj; receptors were derived. This
observation is consistent with the concept that the molecular
properties of the orthosteric binding site for muscarinic
agonists can be affected allosterically by structural modifica-
tion of the intracellular receptor surface (23, 39).

Functional Activity of Double Cys Mutant M3 Muscarinic
Receptors. To determine the ability of the different mutant
receptors to couple to heterotrimeric G proteins, we studied
carbachol-dependent changes in IP accumulation. Carbachol
stimulation led to a significant increase in IP accumulation
in all mutant receptors studied (Table 1), indicating that all
investigated double Cys mutant receptors retained functional
activity. Notably, all mutant receptors containing the Q490C
point mutation showed significant elevations in basal IP
levels (~2-7-fold as compared to the M3'(3C)-Xa construct;
Table 1). Moreover, these constructs also displayed signifi-
cant increases in carbachol potencies (~6—13-fold as com-
pared to the M3'(3C)-Xa construct; Table 1). These obser-
vations are consistent with previous findings that the Q490L
point mutation renders the M3 muscarinic receptor consti-
tutively active (40). In contrast, most of the remaining double
Cys receptors showed reduced basal signaling, as compared
to the M3'(3C)-Xa receptor (Table 1). It is likely that the
various point mutations, which were introduced into receptor
regions known to be critically involved in receptor/G protein
interactions (6), reduced basal receptor activity by decreasing
the probability that the mutant receptors spontaneously
adopted the active receptor conformation. In addition,
reduced receptor expression levels (Bmax) may also contribute
to the observed reduction in basal signaling, at least in the
case of some of the mutant receptors (Table 1). The low
basal activity of most investigated mutant receptors also
offers a likely explanation for the observation that many
double Cys receptors showed Ey,x values (expressed as fold
stimulation in IP accumulation above basal IP levels) that
were significantly greater than the control value (£, of the
M3'(3C)-Xa construct; Table 1). These receptors include
L249C/A489C, L249C/T491C, Y250C/A489C, Y250C/
L492C, R252C/A489C, R252C/T491C, 1253C/A489C, and
1253C/T491C. Most double Cys mutant receptors, except for
those containing the Q490L point mutation and the 1.249C/
L492C, W251C/L492C, and R252C/L492C constructs, also
showed significant reductions in carbachol potencies (~2-70-
fold as compared to the M3'(3C)-Xa construct; Table 1).
These decreases in carbachol potencies are most likely due
to mutation-induced impairments in the efficiency of recep-
tor/G protein coupling and/or reduced receptor densities
(Bmax)-
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FIGURE 2: Detection of double Cys mutant M5 receptors via Western
blotting. Membranes were prepared from COS-7 cells transfected
with the following mutant M5 receptor constructs (or vector DNA).
Upper panel: V (vector), 1 (L249C/A489C), 2 (Y250C/A489C), 3
(W251C/A489C), 4 (R252C/A489C), 5 (1253C/A489C), 6 (L249C/
Q490C), 7 (Y250C/Q490C), 8 (W251C/Q490C), 9 (R252C/
Q490C), and 10 (I1253C/Q490C). Lower panel: Xa (M3'(3C)-Xa),
11 (L249C/T491C), 12 (Y250C/T491C), 13 (W251C/T4910C), 14
(R252C/T491C), 15 (I253C/T491C), 16 (L249C/LA492C), 17 (Y250C/
L4920C), 18 (W251C/L492C), 19 (R252C/L492C), and 20 (1253C/
L492C). Membranes prepared from transfected COS-7 cells were
processed for Western-blotting studies (nonreducing conditions) as
described in the caption of Figure 4 (for more details, see the
Experimental Procedures), except that the factor Xa incubation step
was omitted. Equal amounts of protein (5 ug) were loaded in each
lane. The ~38 kDa full-length receptor bands detected by the anti-
M3 antibody are shown. For control purposes, all blots were also
reprobed with an anti-f3-actin antibody.

Disulfide Cross-Linking Studies. Consistent with the results
of the [*H]-NMS saturation binding studies, Western-blotting
studies using a polyclonal antibody directed against the
C-terminal portion of the rat M3 muscarinic receptor (referred
to as “anti-Mj3 antibody”) showed that all newly generated
double Cys mutant receptors could be easily detected in
membrane lysates prepared from transfected COS-7 cells
(Figure 2).

To explore the potential proximity of the Cys pairs present
in the 20 double Cys mutant receptors, we examined their
ability to form intramolecular disulfide bonds. The general
strategy used to detect the formation of intramolecular
disulfide bonds in these mutant receptors is summarized in
Figure 3. For disulfide cross-linking studies, we used
receptor-containing membranes prepared from transfected
COS-7 cells. To promote the formation of disulfide bonds,
membrane samples were incubated with a low concentration
of the mild oxidizing agent, Cu"™—phenanthroline (Cu—Phen,
25 uM; 10 min of incubation at room temperature), either
in the absence or presence of muscarinic ligands. Subse-
quently, receptors were solubilized, digested to completion
with factor Xa, and subjected to SDS—PAGE and Western
blotting (nonreducing conditions). Under these conditions,
the appearance of a full-length receptor band (~38 kDa) is
indicative of successful disulfide cross-linking (19, 25).
Previous studies indicated that this ~38 kDa immunoreactive
species corresponds to properly folded cell-surface receptors
(19, 25).

In an initial set of studies, we examined whether incubation
of samples with the muscarinic agonist, carbachol (I mM),
led to activity-dependent changes in disulfide cross-linking
patterns. The results of these studies are summarized in
Figure 4. Most of the analyzed double Cys mutant receptors
failed to yield a detectable cross-linking signal, either in the
absence or presence of carbachol. Strikingly, carbachol
treatment promoted the formation of disulfide bonds in six
of the studied mutant receptors (Y250C/T491C, Y250C/
L492C, 1253C/A489C, 1253C/Q490C, 1253C/T491C, and
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Formation of CC cross-link

FIGURE 3: Scheme outlining the strategy used to detect the formation
of intramolecular disulfide bonds in double Cys mutant Mj
muscarinic receptors. Pairs of Cys residues were introduced into
the M3'(3C)-Xa background receptor (see Figure 1), one Cys
N-terminal and the other one C-terminal of the factor Xa cleavage
site. When two Cys residues lie adjacent to each other in the 3D
structure of the receptor, they have the potential to form a disulfide
bridge (A and C). Upon cleavage with factor Xa, the disulfide bridge
will keep the two cleavage products covalently linked (A and C).
As aresult, a full-length receptor band (~38 kDa in size) will appear
on Western blots run under nonreducing conditions (left lane in
E). In contrast, when the two introduced Cys residues are not close
to each other in the 3D structure of the receptor, they are unable to
form a disulfide bridge (B and D). As a consequence, factor Xa
digestion will yield two separate cleavage products and a full-length
receptor band will not appear on Western blots run under nonre-
ducing conditions (right lane in E).

1253C/L492C; Figure 4), indicative of carbachol-induced
changes in receptor conformation. One of the mutant
receptors, Y250C/A489C, yielded a prominent cross-linking
signal, which remained unchanged in intensity after carbachol
treatment (Figure 4). Full-length receptor bands (~38 kDa)
were not observed when Western-blotting studies were
carried out under reducing conditions (data not shown),
indicating that they were not caused by incomplete digestion
by factor Xa.

Figure 5 provides example Western blots for one of the
mutant receptors (1253C/L492C) showing entire blots. Samples
were oxidized in the presence of 1 mM carbachol (see above)
and then either digested with factor Xa or not treated with
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FIGURE 4: Carbachol promotes the formation of disulfide bonds in
several double Cys mutant M3 muscarinic receptors. Membranes
were prepared from COS-7 cells expressing the indicated double
Cys mutant M3 muscarinic receptors. Receptors were oxidized with
Cu—Phen (25 uM) in the absence or presence of the muscarinic
agonist, carbachol (CCh, 1 mM), digested with factor Xa, and
subjected to Western-blotting analysis (nonreducing conditions),
using the anti-M3 antibody (for details, see the Experimental
Procedures). The bands shown correspond to the ~38 kDa full-
length receptor species, which is indicative of successful disulfide
cross-linking (79, 25). Note that CCh promoted disulfide cross-
link formation in six of the investigated double Cys mutant receptors
(Y250C/T491C, Y250C/L492C, 1253C/A489C, 1253C/Q490C,
1253C/T491C, and 1253C/L492C). Another mutant receptor, Y250C/
A489C, gave a cross-linking signal that was similar in intensity in
the absence or presence of CCh. All Western blots shown are
representative of three independent experiments. In each individual
experiment, identical amounts of protein were loaded in each lane
(~5 ug/lane).
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FIGURE 5: Example Western blots for one of the analyzed mutant
receptors (1253C/L492C) showing entire blots. Samples were
oxidized in the presence of 1 mM carbachol as indicated in the
caption of Figure 4. Whereas one set of samples was treated with
factor Xa, a duplicate set of samples was not treated with the
protease. Samples were then run under nonreducing or reducing
conditions in the absence or presence of DTT (50 mM), respectively.
The anti-M3 antibody was used to detect M3 receptor-specific bands.
Note that DTT treatment of factor Xa-digested samples leads to
the disappearance of the ~38 kDa receptor species and the
appearance of a ~16 kDa immunoreactive species (corresponding
to the receptor region C-terminal of the Xa cleavage site), indicative
of disulfide bond formation (79, 25).

the protease. Receptor-containing samples were then run
under nonreducing or reducing conditions in the absence or
presence of DTT (50 mM), respectively.

To determine percent cross-linking efficiencies (the per-
centage of total receptor population that underwent disulfide
cross-linking), rather than simply changes in disulfide cross-
linking relative to the unoccupied receptor, the carbachol-
sensitive double Cys mutant receptors were first oxidized in
the presence of carbachol (1 mM) as described above.
Solubilized receptors were then divided into two equal
aliquots and either digested with factor Xa or left untreated.
Receptor-containing samples were then subjected to Western-
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FIGURE 6: Carbachol increases disulfide cross-link formation in six
of the analyzed double Cys mutant M3 muscarinic receptors in a
concentration-dependent fashion. Membranes were prepared from
COS-7 cells expressing the indicated double Cys mutant receptors.
Receptors were oxidized with Cu—Phen (25 uM) in the presence
of increasing concentrations of carbachol (CCh), digested with
factor Xa, and subjected to Western-blotting analysis (nonreducing
conditions), using the anti-M3 antibody (for details, see the
Experimental Procedures). The ~38 kDa full-length receptor bands,
which are indicative of successful disulfide cross-linking (19, 25),
are shown. The data shown are representative of three independent
experiments. In each individual experiment, identical amounts of
protein were loaded in each lane (~5 ug/lane).

blotting analysis under nonreducing conditions, and the
intensities of the immunoreactive 38 kDa bands were
quantitated by scanning densitometry. To determine percent
cross-linking efficiencies, the intensities of the 38 kDa bands
observed following factor Xa digestion (corresponding to
cross-linked receptors) were divided by the intensities of the
38 kDa bands in control samples that had not been treated
with factor Xa (corresponding to total receptors). Using this
approach, the following cross-linking efficiencies were
observed [means + standard error of the mean (SEM) of
three to five independent experiments]: Y250C/T491C (20
=+ 3%), Y250C/LA492C (37 £ 1%), 1253C/A489C (36 £ 2%),
1253C/Q490C (8 £ 1%), 1253C/T491C (21 £ 5%), and
1253C/L492C (42 + 8%).

Intensity of Disulfide Cross-Linking Signals Increases with
Increasing Carbachol Concentrations. To further examine
the agonist dependence of the disulfide cross-linking signals
displayed by the Y250C/T491C, Y250C/L492C, 1253C/
A489C, 1253C/Q490C, 1253C/T491C, and 1253C/L492C
receptors (see Figure 4), we carried out additional cross-
linking experiments in which these six receptors were
oxidized in the presence of increasing carbachol concentra-
tions (0.01-10 mM). In all six double Cys mutant receptors,
carbachol induced concentration-dependent increases in the
intensity of the 38 kDa cross-linking signal (nonreducing
conditions; Figure 6). A summary of carbachol ECsy and
Eax values is given in Table 2.

Disulfide Bonds Form Intramolecularly. As has been
shown for a large number of GPCRs (41, 42), M3 muscarinic
receptors are known to form dimers or oligomers (43, 44).
To rule out the possibility that the carbachol-induced
formation of disulfide bonds observed with the Y250C/
T491C, Y250C/LA92C, 1253C/A489C, 1253C/Q490C, 1253C/
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T491C, and 1253C/LL492C receptors was due to the formation
of intermolecular disulfide bridges (involving Cys residues
located on different receptor molecules), we carried out an
additional set of studies. We first generated six M3'(3C)-
Xa-based mutant receptors containing the Y250C, 1253C,
A489C, Q490C, T491C, and L492C single Cys substitutions.
All six mutant receptors could be easily detected in Western-
blotting studies using membranes prepared from transfected
COS cells that had not been treated with factor Xa (Figure
7A). After treatment of oxidized samples (25 uM Cu—Phen)
with factor Xa, full-length receptor bands could no longer
be observed, either in the absence or presence of carbachol,
consistent with the concept that disulfide bonds are unable
to form in the single Cys mutant receptors (Figure 7A).

We then cotransfected COS-7 cells with the following
pairs of single Cys mutant receptor constructs: Y250C +
T491C, Y250C + L492C, 1253C + A489C, 1253C +
Q490C, 1253C + T491C, and 1253C + L492C. After
oxidation of membrane homogenates with Cu—Phen (25 uM)
and factor Xa treatment, no disulfide cross-linking signals
(38 kDa bands) were detectable in these coexpression studies
(Figure 7B), as observed with the single Cys mutant
receptors. These data, together with the results shown in
Figures 4 and 6, strongly support the concept that the Cys
residues contained in the Y250C/T491C, Y250C/L492C,
1253C/A489C, 1253C/Q490C, 1253C/T491C, and I1253C/
L492C double Cys mutant receptors formed intramolecular
rather than intermolecular disulfide bridges.

Effect of Inverse Muscarinic Agonists on Disulfide Bond
Formation in Double Cys Mutant M; Receptors. To examine
the effects of different muscarinic ligands on M3 muscarinic
receptor structure, we carried out additional cross-linking
studies with the Y250C/T491C, Y250C/L492C, 1253C/
A489C, 1253C/Q490C, 1253C/T491C, and 1253C/L492C
receptors. In a fashion similar to carbachol (I mM), the
physiological muscarinic agonist, acetylcholine (1 mM),
promoted the formation of disulfide cross-links in all six
double Cys mutant receptors (Figure 8). A completely
different pattern was observed when samples were oxidized
in the presence of atropine or NMS. Traditionally, atropine
and NMS have been considered conventional muscarinic
antagonists. Recently, however, these agents have been
reclassified as inverse muscarinic agonists, because of their
ability to suppress signaling by constitutively active mutant
muscarinic receptors (45, 46). While muscarinic agonists
facilitated the formation of disulfide bonds in the 1253C/
A489C, 1253C/T491C, and 1253C/L492C double Cys mutant
receptors, treatment with the inverse agonists atropine and
NMS (1 uM each) impaired basal disulfide cross-linking
exhibited by these three receptors (Figure 8). Interestingly,
treatment with atropine or NMS of membrane samples
containing the Y250C/T491C or Y250C/L492C receptors led
to enhanced disulfide cross-linking, similar to the effects
exerted by muscarinic agonists (Figure 8) [percent increase
in cross-linking above basal (=100%). Y250C/T491C recep-
tor: carbachol, 131 &£ 8; acetylcholine, 175 &£ 8; atropine,
157 £ 10; and NMS, 149 £ 15. Y250C/L492C receptor:
carbachol, 134 % 10; acetylcholine, 134 + 11; atropine, 125
+ 6; and NMS, 150 + 8].

Those double Cys mutant receptors that did not display
any agonist-dependent changes in disulfide cross-linking also
failed to exhibit significant changes in disulfide cross-linking
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Table 2: Quantification of the Effects of Carbachol (Agonist) and NMS (Inverse Agonist) on Disulfide Bond Formation in Double Cys Mutant M3

Muscarinic Receptors”

carbachol NMS

receptor Emax” (% of control) (=100%) ECs0° (uM) Enax (% of control) (=100%) ECs¢/ICs0? (pM)
Y250C/T491C 149 £ 16 780 + 280 153+ 1 170 £ 50
Y250C/L492C 147 £ 13 84 £24 152 + 18 270 £ 100
1253C/A489C 159 £+ 30 654 + 94 41+ 14 40+£9
1253C/Q490C 336 + 89 806 + 47 ND* ND
1253C/T491C 142 £ 1 171 £ 54 60 + 13 20+ 4
1253C/L492C 783 £ 366 93 +42 20+ 6 540 £ 40

“ Membranes were prepared from COS-7 cells expressing the indicated double Cys mutant M3 receptors and processed for disulfide cross-linking and
Western-blotting studies (nonreducing conditions), as described under the Experimental Procedures. Disulfide cross-linking studies were carried out in
either the absence of ligands (control) or presence of increasing concentrations of the full muscarinic agonist, carbachol, or the inverse muscarinic
agonist, NMS. The intensities of immunoreactive bands corresponding to cross-linked receptors were determined by scanning densitometry (NIH
ImageJ). In each individual experiment, the extent of disulfide cross-linking observed in the absence of ligands was set equal to 100%. Data are given as
means &+ SEM of three independent experiments. ” Maximum degree of disulfide cross-linking compared to cross-linking in the absence of ligands
(control; 100%). © Carbachol concentration at which the inhibition of disulfide cross-linking corresponds to half of the Epax. 4NMS concentration at
which the stimulation (ECsg) or inhibition (ICsg) of disulfide cross-linking corresponds to half of the Ena.x. “ ND = lack of disulfide cross-linking at the

highest NMS concentration used (10 nM).
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FIGURE 7: Carbachol-induced disulfide cross-linking observed with
six of the analyzed double Cys mutant M3 muscarinic receptors
does not involve intermolecular disulfide bonds. In A, COS-7 cells
were transfected with the following M3'(3C)-Xa-based single Cys
receptor constructs: Y250C, 1253C, A489C, Q490C, T491C, and
L492C. In B, COS-7 cells were cotransfected with the following
pairs of single Cys mutant receptors: Y250C + T491C, Y250C +
L492C, 1253C + A489C, 1253C + Q490C, 1253C + T491C, and
1253C + L492C. Receptor-containing membrane preparations were
first oxidized with Cu—Phen (25 uM), either in the absence or
presence of the muscarinic agonist, carbachol (CCh, 1 mM).
Samples were then treated with factor Xa (top rows in A and B)
and subjected to Western-blotting analysis (nonreducing conditions),
using the anti-M3 antibody. In parallel, a second set of samples
was processed in the same fashion, except that the factor Xa
digestion step was omitted (lower rows in A and B), to ensure that
all receptors were detectable via Western blotting. All bands shown
correspond to the ~38 kDa full-length receptor species. The absence
of 38 kDa bands in factor Xa-treated samples in B indicates that
disulfide bonds do not form intermolecularly. Representative blots
are shown. Two additional experiments gave similar results. In each
individual experiment, identical amounts of protein were loaded
in each lane (~5 ug/lane).

patterns in the presence of the inverse muscarinic agonist,
atropine (10 nM; data not shown).

Inverse Muscarinic Agonist, NMS, Modulates the Intensity
of Disulfide Cross-Linking Signals in a Concentration-
Dependent Fashion. We carried out additional cross-linking
experiments in which the Y250C/T491C, Y250C/L492C,
1253C/A489C, 1253C/Q490C, 1253C/T491C, and 1253C/
LA492C receptors were oxidized in the presence of increasing
concentrations (0.01-10 nM) of the inverse muscarinic
agonist, NMS. In all cases, NMS treatment led to concentra-
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FIGURE 8: Effects of full versus inverse muscarinic agonists on
disulfide cross-link formation in six of the analyzed double Cys
mutant M3 muscarinic receptors. Membranes were prepared from
COS-7 cells expressing the indicated mutant receptors and processed
for disulfide cross-linking studies as described under the Experi-
mental Procedures. Samples were oxidized with Cu—Phen (25 uM)
in the absence of ligands (control), the presence of CCh (full agonist;
1 mM), acetylcholine (ACh, full agonist; 1 mM), atropine (inverse
agonist; 1 uM), or NMS (inverse agonist; 1 #M). Receptors were
then digested with factor Xa and subjected to Western-blotting
analysis (nonreducing conditions), using the anti-M3 antibody (for
details, see the Experimental Procedures). Whereas the two full
agonists (CCh and ACh) facilitated the formation of disulfide bonds
in all six analyzed double Cys mutant receptors, incubation with
the two inverse muscarinic agonists (atropine and NMS) led to
reduced disulfide cross-linking in three of the receptors (1253C/
A489C, 1253C/T491C, and 1253C/L492C). Interestingly, the two
inverse agonists, similar to the two full agonists, facilitated disulfide
bond formation in the Y250C/T491C and Y250C/L492C receptors.
The immunoreactive bands shown correspond to the ~38 kDa full-
length receptor species, which are observed following successful
disulfide cross-linking (79, 25). Representative blots are shown.
Two additional experiments gave similar results. In each individual
experiment, identical amounts of protein were loaded in each lane
(~5 ug/lane).

tion-dependent changes in the intensity of the 38 kDa cross-
linking signal (nonreducing conditions; Figure 9). A sum-
mary of NMS ECsy/ICsy and En. values is given in
Table 2.

Effect of Atropine and NMS on Basal Signaling by Double
Cys Mutant M; Receptors in PI Assays. To study the effects
of atropine and NMS on basal signaling by the Y250C/
T491C, Y250C/LA92C, 1253C/A489C, 1253C/Q490C, 1253C/
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FIGURE 9: NMS modulates disulfide cross-link formation in six of
the analyzed double Cys mutant M3 muscarinic receptors in a
concentration-dependent fashion. Membranes were prepared from
COS-7 cells expressing the indicated double Cys mutant receptors.
Receptors were oxidized with Cu—Phen (25 uM) in the presence
of increasing concentrations of the inverse muscarinic agonist, NMS,
digested with factor Xa, and subjected to Western-blotting analysis
(nonreducing conditions), using the anti-M3 antibody (for details,
see the Experimental Procedures). The ~38 kDa full-length receptor
bands, which are indicative of successful disulfide cross-linking (79, 25),
are shown. The data shown are representative of three independent
experiments. In each individual experiment, identical amounts of
protein were loaded in each lane (~5 ug/lane).
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FIGURE 10: Effect of atropine and NMS on basal signaling by
selected double Cys mutant M3 muscarinic receptors. COS-7 cells
expressing the indicated receptor constructs were incubated in 12-
well plates at 37 °C for 1 h in the absence or presence of atropine
or NMS (10 uM each). IP accumulation was measured as described
under the Experimental Procedures. Data are presented as means
=+ SE and are representative of three independent experiments. ()
p < 0.01, as compared to IP levels measured in the absence of
ligands (Student’s ¢ test).

T491C, and 1253C/L.492C double Cys mutant receptors, we
carried out a series of functional studies (PI assays). Both
ligands significantly suppressed basal IP accumulation in
cells transfected with the M3'(3C)-Xa receptor from which
all double Cys mutant receptors were derived (Figure 10).
Similarly, both atropine and NMS greatly reduced the
increase in basal signaling displayed by the constitutively
active 1253C/Q490C mutant receptor (Figure 10). These
findings are consistent with the notion that atropine and NMS
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act as inverse muscarinic agonists. In five of the six analyzed
double Cys mutant receptors (Y250C/T491C, Y250C/L492C,
1253C/A489C, 1253C/T491C, and 1253C/L492C), atropine
and NMS did not lead to significant reductions in basal IP
accumulation (Figure 10). However, in most cases, atropine-
or NMS-treated samples showed a trend toward lower basal
IP levels. One possible explanation for this observation is
that the Y250C/T491C, Y250C/L492C, 1253C/A489C, 1253C/
T491C, and 1253C/L492C receptors showed significantly
reduced basal signaling (as compared to the M3'(3C)-Xa
construct from which they were derived; Table 1 and Figure
10), making it difficult to reveal the inverse agonist activity
of atropine and NMS at these receptors.

DISCUSSION

A vast number of studies has shown that multiple receptor
domains are involved in productive receptor/G protein
coupling (/, 2, 4, 6). For example, several lines of evidence
suggest that the cytoplasmic ends of TM V and VI of class
I GPCRs contain key residues critical for G protein recogni-
tion and activation (/, 2, 4, 6). On the other hand, amino
acids located within the top portions of TM V and VI are
known to be important for ligand binding to many class I
GPCRs, including GPCRs for biogenic amines, such as the
adrenergic and muscarinic receptors (I, 2, 4, 6). A likely
scenario therefore is that agonist-mediated receptor activation
involves a conformational rearrangement of the cytoplasmic
ends of TM V and VI, which is required for productive
receptor/G protein interactions.

Consistent with this concept, biochemical and biophysical
studies carried out with the photoreceptor, rhodopsin, suggest
a reorientation of the cytoplasmic end of TM VI and changes
in the relative disposition of TM VI and III (7, 8). Similar
results have been obtained with class I GPCRs that are
activated by small diffusible ligands, including the /-
adrenergicreceptor (/4—18) and the Mz muscarinic receptor (19, 20).

In contrast, it remains unclear at present whether agonist-
mediated activation of class I GPCRs also leads to major
conformational changes of the cytoplasmic end of TM V.
To address this question, we used the M3 muscarinic receptor,
a prototypic class I biogenic amine GPCR, as a model
system. Specifically, we employed an in situ disulfide cross-
linking strategy (19, 20, 25-28) that is carried out with Cys-
substituted mutant Mj; receptors present in their native
membrane environment. In the present study, we analyzed
a series of double Cys mutant M3 muscarinic receptors, all
of which contained a Cys residue at the bottom of TM V
((L249—1253) and a second Cys residue within the cyto-
plasmic end of TM VI (A489—L492; Figure 1 and Table
1). Structural evidence indicates that the cytoplasmic ends
of TM V and VI are located adjacent to each other in the
3D structure of class I GPCRs (12, 13). We therefore
reasoned that the introduced TM VI Cys residues might
function as potential reporter residues to detect ligand-
induced conformational changes involving the cytoplasmic
segment of TM V.

In a previous disulfide cross-linking study (7/9), we
determined the ability of a Cys residue introduced at the TM
V/i3 loop boundary (Y254C; Figure 1) to form activity-
dependent disulfide bonds with Cys residues introduced into
the cytoplasmic segment of TM VI (K484—S493). We found
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that agonist treatment promoted the formation of disulfide
cross-links in 4 of the 10 analyzed mutant receptors (Y254C/
A489, Y254C/Q490C, Y254C/T491C, and Y254C/L4920C).
Because A489, Q490, T491, and L492 are predicted to be
located within an o-helical domain (TM VI), this cross-
linking pattern suggested that Mj receptor activation is
associated with a pronounced conformational change (e.g.,
a rotational movement) of the cytoplasmic end of TM VI
(19). The cross-linking study by Ward et al. (/9) also
indicated that agonist binding to the M3 receptor increases
the proximity between the cytoplasmic ends of TM V and
VI. A similar movement has been proposed for the [»-
adrenergic receptor based on fluorescence spectroscopic
studies (30). In these studies (19, 30), only a single TM V
residue was used as a reporter to detect activity-dependent
changes in the structure of TM VI. Thus, these studies were
not designed to reveal potential conformational changes
involving the cytoplasmic portion of TM V. In the present
study, we therefore generated a series of double Cys mutant
M3 receptors, in which five consecutive TM V residues
(L249—1253) were subjected to Cys substitution mutagenesis.

Radioligand-binding studies showed that all double Cys
mutant receptors were able to bind the muscarinic antagonist/
inverse agonist (see below), [PH]NMS, and the muscarinic
agonist, carbachol, with high affinities. In addition, PI assays
demonstrated that all mutant receptors retained the ability
to activate G proteins, suggesting that all mutant receptor
proteins were folded properly. However, in the PI assays,
many double Cys mutant receptors showed significant
reductions in carbachol potency and basal activity, as
compared to the M3'(3C)-Xa construct (Table 1). This
finding was not unexpected because the targeted muscarinic
receptor regions are known to play important roles in
determining the efficiency of receptor/G protein interactions
(21-23).

Disulfide cross-linking studies demonstrated that carbachol
and acetylcholine, two full muscarinic agonists, promoted
the formation of disulfide bonds in 6 of the 20 analyzed
double Cys mutant M3 receptors (Y250C/T491C, Y250C/
L492C, 1253C/A489C, 1253C/Q490C, 1253C/T491C, and
1253C/L492C). This observation suggests that M3 receptor
activation leads to conformational changes that increase the
proximity between the cytoplasmic ends of TM V and VI,
consistent with the outcome of a previous cross-linking study
(19). Control experiments demonstrated that the various
disulfide bonds formed intramolecularly rather than between
different receptor molecules.

We recently established a 3D model of the rat M;
muscarinic receptor using homology modeling based on the
high-resolution X-ray structure of the inactive state of bovine
rhodopsin (26). The M3 receptor model (Figure 11) shows
that Y250 and 1253 (both located in TM V) are located in
close proximity to A489 and L.492 (both located in TM VI)
in the inactive state of the receptor (estimated distances
between the Ca atoms of Y250/1253 and A489/L492 of
~9-11 A). In contrast to A489 and L492, the two remaining
TM VI residues targeted in the present study, Q490 and
T491, do not project to TM V in the inactive state of the
receptor (Figure 11) (Q490 and T491 are predicted to face
the lipid bilayer and TM VII, respectively). The observation
that muscarinic agonists do not only promote the formation
of disulfide bonds in the Y250C/L492C, 1253C/A489C,
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FIGURE 11: Predicted location of M3 muscarinic receptor residues
targeted in the present study. A 3D model of the inactive state of
the rat M3 muscarinic receptor was built via homology modeling
using the high-resolution X-ray structure of bovine rhodopsin as a
template (/2, 26). (A) Cytoplasmic view of a selected region of
the intracellular surface of the M; receptor. (B) Side view of the
Mj receptor, showing the cytoplasmic portions of TM V and VI.
The side chains of the TM V and VI residues that were subjected
to Cys substitution mutagenesis are highlighted. Among the five
TM V residues that were replaced by Cys residues, only Y250 and
1253 are predicted to face TM VI. Amino acid position numbers
according to the Ballesteros/Weinstein GPCR nomenclature (57)
are 1.249%%7, Y250°8, W2515%, R252560 [253361  A489634
Q490035, T491636, and 1492637,

1253C/T491C, and 1253C/L492C constructs but also in the
Y250C/T491C and 1253C/Q490C receptors therefore indi-
cates that M3 receptor activation involves a major structural
rearrangement of the cytoplasmic end of TM VI (19). As
discussed in detail previously (/9), these findings are
consistent with an activity-dependent rotational movement
of the cytoplasmic end of TM VI and/or a partial unraveling
of this helical domain.

It should be noted in this context that the carbachol-
mediated changes in disulfide cross-linking patterns observed
with six of the investigated double Cys mutant receptors can
occur at different time points during receptor activation
(through a process referred to as “disulfide trapping”; ref
(7)). Clearly, the observed agonist-dependent increases in
disulfide bond formation do not reflect a single receptor
conformation corresponding to the activated state of the
receptor.
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Interestingly, muscarinic agonists failed to induce the
formation of disulfide bonds in all double Cys mutant M3
receptors containing the L.249C, W251C, or R252C TM V
substitutions. In contrast to Y250 and 1253 (see above), L.249,
W251, and R252 do not face TM VI but project to the bottom
of TM III (L.249) or the lipid bilayer (W251 and R252) in
the inactive state of the receptor (Figure 11). These observa-
tions strongly suggest that the cytoplasmic end of TM V
does not undergo a major activity-dependent conformational
change, such as a rotational movement or a partial unraveling
of the helical structure, as proposed for the corresponding
region of TM VI (see the discussion above).

Whereas agonist-induced structural changes have been
studied in some detail in class I GPCRs, little is known about
the molecular nature of the receptor conformations induced
or stabilized by inverse agonists. Inverse agonists are defined
as drugs that can reduce basal receptor activity or suppress
signaling by constitutively active mutant GPCRs (47—49).
Fluorescence-based studies with different adrenergic receptor
subtypes suggest that inverse adrenergic agonists induce
structural changes in their target receptors that differ in
character and kinetics from those caused by agonist
ligands (29, 31).

In the present study, we therefore also investigated whether
treatment of the double Cys mutant Mj; receptors with
atropine or NMS, two inverse muscarinic agonists (45, 46),
had any effects on disulfide bond formation. These agents,
traditionally considered prototypic muscarinic antagonists,
have been reclassified as inverse muscarinic agonists based
on their ability to reduce basal muscarinic receptor activity
and inhibit signaling by constitutively active mutant mus-
carinic receptors (45, 46).

We found that atropine and NMS inhibited basal disulfide
cross-linking displayed by the 1253C/A489C, 1253C/T491C,
and 1253C/L.492C double Cys mutant receptors. As discussed
above, muscarinic agonists facilitated disulfide bond forma-
tion in these three receptors. This observation strongly
suggests that inverse muscarinic agonists, in contrast to
muscarinic agonists, stabilize a receptor conformation char-
acterized by reduced mobility of the cytoplasmic end of TM
VI, associated with an increase in the distance between 1253
(TM V) and this portion of TM VL

In a recent disulfide cross-linking study (28), we demon-
strated that inverse muscarinic agonists, in contrast to full
muscarinic agonists, trigger a conformational change in the
M; muscarinic receptor that reduces the distance between
the N-terminal segment of the cytoplasmic tail (helix 8) and
the cytoplasmic end of TM I. When these studies are taken
together, they provide a structural basis for the opposing
biological effects of muscarinic agonists and inverse agonists,
highlighting the usefulness of disulfide cross-linking ap-
proaches to study changes in GPCR structure caused by
different classes of agonist ligands.

Surprisingly, inverse agonists (atropine and NMS), similar
to full muscarinic agonists (carbachol and acetylcholine), led
to enhanced disulfide cross-linking in the Y250C/T491C and
Y250C/L492C receptors. Whereas Y250 (TM V) directly
faces L492 on TM VI, T491 lies on the opposite side of
TM VI (Figure 11), projecting toward TM VII in the inactive
state of the receptor. These observations suggest that inverse
agonists, such as full agonists, may be able to cause local
structural perturbations in the TM VI segment containing
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T491 and L492. These data also support the concept that
full and inverse muscarinic agonists induce distinct structural
changes in M3 receptor structure that are not simply opposite
each other.

Functional assays (measurements of basal IP levels)
showed that both atropine and NMS suppressed basal IP
accumulation in COS-7 cells expressing the M3'(3C)-Xa
background receptor and the constitutively active 1253C/
Q490C mutant receptor, indicating that both ligands act as
inverse agonists at these receptors. On the other hand,
atropine and NMS had no significant effect on basal IP levels
in the Y250C/T491C, Y250C/L492C, 1253C/A489C, 1253C/
T491C, and 1253C/L.492C receptors. In most cases, however,
we noticed at trend toward reduced basal signaling in samples
incubated with atropine or NMS. In the absence of ligands,
basal signaling was significantly reduced in the Y250C/
T491C, Y250C/L492C, 1253C/A489C, 1253C/T491C, and
1253C/L492C receptors (as compared to the M3'(3C)-Xa
construct), most likely because of mutational modification
of receptor domains known to be critically involved in
receptor/G protein coupling (2/-23). The reduced basal
activity of these mutant receptors probably explains why
atropine and NMS failed to show significant inverse activity
at these receptors.

A comparison of the data given in Tables 1 and 2 revealed
significant differences between carbachol ECsy values mea-
sured in the disulfide cross-linking studies and carbachol
affinities determined in radioligand-binding studies. The
disulfide cross-linking reactions were carried out for only
10 min, whereas the carbachol-binding studies involved a
2 h incubation. One possibility therefore is that the disulfide
cross-linking reactions, in contrast to the radioligand-binding
studies, were carried out under nonequilibrium conditions,
offering a possible explanation for the observed differences
between carbachol ECsy values and carbachol-binding
affinities.

In summary, using a disulfide cross-linking strategy, we
demonstrated that muscarinic agonists and inverse muscarinic
agonists had different effects on the efficiency of disulfide
bond formation in specific double Cys mutant M3 receptors.
Our data suggest that M3 receptor activation does not trigger
a major structural change within the cytoplasmic segment
of TM V, in contrast to the adjacent region of TM VI.
Together with a recent report (28), the present study also
provides novel information about how the receptor confor-
mations induced (or stabilized) by full versus inverse
muscarinic agonists differ from each other at the structural
level. Class I GPCRs are known to share a considerable
degree of structural homology, which is particularly high
among receptors activated by biogenic amine ligands. The
conclusions drawn from the present study should therefore
be applicable to many other members of the class I GPCR
family.
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