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Abstract

Little is known about the nature of the conformational changes that convert G protein-coupled
receptors (GPCRs), which bind diffusible ligands, from their resting into their active states. To
gain structural insight into this process, various laboratories have used disulfide cross-linking
strategies involving cysteine-substituted mutant GPCRs. Several recent disulfide cross-linking
studies using the M3 muscarinic acetylcholine receptor as a model system have led to novel
insights into the conformational changes associated with the activation of this prototypical class |
GPCR. These structural changes are predicted to involve multiple receptor regions, primarily
distinct segments of transmembrane helices 111, VI, and VII, as well as helix 8. Given the high
degree of structural homology found among most GPCRs, it is likely that these findings will be of
considerable general relevance. A better understanding of the molecular mechanisms underlying
GPCR activation may lead to novel strategies aimed at modulating GPCR function for therapeutic
purposes.

Introduction

The superfamily of G protein-coupled receptors (GPCRs) represents the largest group of cell
surface receptors found in nature [1]. The transmembrane (TM) core of these receptors,
consisting of a bundle of seven TM helices (TM I-VI1I) shows a very high degree of
structural conservation, at least among class | GPCRs [2-6]. Class | GPCRs represent by far
the largest GPCR subfamily containing ~670 full-length human receptor proteins [1].
Members of this receptor family, including, for example, different dopamine, serotonin,
adrenergic, muscarinic, prostanoid, cannabinoid, opioid, and somatostatin receptor subtypes,
are the target of an extraordinarily large number of clinically important drugs [1]. Such
drugs are widely used in the treatment of psychiatric and cardiovascular disorders and many
other pathophysiological conditions [1].
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The conformational changes involved in the activation process of class | GPCRs are
currently being studied by many laboratories. The most common biochemical and
biophysical approaches that have been used to monitor such structural changes are listed in
Box 1 (for a recent review, see ref. 7). The structural insights gained from these studies may
lead to the design of novel classes of drugs that can modulate specific GPCR signaling
pathways.

Biochemical and biophysical analysis of bovine rhodopsin, a class | GPCR that is unique in
that its endogenous ligand (11-cis-retinal) is covalently bound to the receptor protein, has
elucidated the light-induced changes in receptor conformation in considerable detail [8-13].
The vast majority of these studies were carried out with mutant versions of rhodopsin in the
solution state.

A recent study [14] reported the crystal structure of a photoactivated intermediate of bovine
rhodopsin at relatively low resolution (4.15 A). The authors concluded that the resting and
the activated states of bovine rhodopsin showed only minor structural differences [14]. In
contrast, a great amount of biophysical and biochemical evidence suggests that rhodopsin
activation is associated with more significant structural changes [8-13]. Possible
explanations for the surprising observation that Salom et a/. did not detect any large-scale
structural changes may be crystal packing constraints [14] or the existence of multiple
substates of metarhodopsin 1l endowed with different degrees of activity [15].

In contrast to the photoreceptor rhodopsin, much less is known about the agonist-induced
conformational changes that occur in GPCRs activated by diffusible ligands. Using
fluorescence-based biophysical studies carried out with purified, mutationally modified
versions of the p,-adrenergic receptor, Kobilka and his colleagues have detected several
activity-dependent changes at the intracellular receptor surface [16, 17].

More recently, we employed a disulfide cross-linking strategy that allows the identification
of activity-dependent conformational changes using receptors present in their native
membrane environment (/n sit) [18—24]. For these studies, we used the rat M3 muscarinic
acetylcholine (ACh) receptor (M3 mAChR), a prototypic class I biogenic amine GPCR that
preferentially activates Gq-type G proteins, as a model system. Similar approaches have
recently been developed to study agonist-induced conformational changes in the
thyrotropin-releasing hormone receptor type | [25] and parathyroid hormone receptors [26].
The aim of this review is to provide an overview about the outcome of several recent
disulfide cross-linking studies carried out with the M3 mAChR and to provide a model of
the structural changes associated with M3 mAChR activation. In addition, the conclusions
drawn from these studies, including potential caveats associated with disulfide cross-linking
approaches, will be discussed in the context of the activation mechanism proposed for
bovine rhodopsin, the prototypic class | GPCR.

General strategy used to monitor disulfide cross-link formation in mutant
M; mAChRs

To render the M3 mAChR suitable for disulfide cross-linking studies, the receptor protein
was modified as shown in Figure 1. Importantly, the modified M3 receptor lacked most
native cysteine (Cys) residues, except for C140, C220, and C532, which proved to be
essential for proper receptor expression and function [27]. In addition, the central portion of
the third intracellular loop (i3 loop) of the receptor was replaced with two adjacent factor Xa
cleavage sites. This mutationally modified M3 mAChR (referred to as M3’(3C)-Xa receptor
in the following) shows ligand binding affinities and G protein coupling properties similar to
those of the wild-type M3 mAChR [27].

Trends Pharmacol Sci. Author manuscript; available in PMC 2012 October 18.
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To obtain information about the conformational changes involved in M3 mAChR activation,
we reintroduced pairs of Cys residues into the M3’(3C)-Xa background receptor, one Cys
N-terminal and the other one C-terminal of the factor Xa cleavage site (Figure 2). When two
Cys residues face each other in the three-dimensional (3D) structure of the receptor, they
have the potential to form a disulfide bridge (Figure 2), either spontaneously, or in the
presence of oxidizing agents such as Cu(l1)-(1,10-phenanthroline)s (referred to as 'Cu-Phen'
in the following) or molecular iodine. Upon cleavage with factor Xa, the disulfide bridge
will keep the two cleavage products covalently linked. As a result, a full-length receptor
band, ~38 kDa in size, will appear on Western blots run under non-reducing conditions
(Figure 2).

In most cases, the distance between the a—carbon atoms of Cys residues engaged in a
disulfide bridge ranges from 4.4 to 6.8 A [28, 29]. The general assumption therefore is that
two Cys residues have the potential to form a disulfide bond (under the appropriate
experimental conditions) when the distance between their two a—carbon atoms is less than

~7A.

Activity-dependent conformational changes in the M3 mAChR as deduced
from disulfide cross-linking studies

During the past few years, we have used the approach summarized in Figure 2 to analyze
more than 100 different double Cys mutant M3 mAChRs [18-24], using membrane
preparations from transiently transfected COS-7 cells. The positions that were targeted by
Cys substitution mutagenesis are highlighted in Figure 1. To ensure that the double Cys
mutant receptors were properly folded, all receptors were characterized in radioligand
binding and second messenger studies for their ability to bind muscarinic ligands and to
mediate agonist-dependent G protein activation, respectively [18-24].

Agonist-induced conformational changes occurring in the immediate vicinity of the ligand
binding pocket

Agonist binding to GPCRs involves residues located on the extracellular surface of the
receptor proteins [30-32]. Several of the key residues involved in ACh binding to the M3
MAChR (as well as all other mAChR subtypes; [33, 34]) are highlighted in Figure 1 (bold
red letters). ACh binding to the M3 mAChR is predicted to trigger conformational changes
within the TM receptor core, which are then propagated to the cytoplasmic surface of the
receptor which is involved in G protein recognition and activation. The general view is that
agonist binding leads to the disruption of existing interhelical (intramolecular) interactions,
thereby promoting a set of interactions that leads to a new, energetically favorable
conformational state of the receptor [17, 34].

Interestingly, a recent study [21] demonstrated that muscarinic agonists promoted disulfide
cross-linking between a Cys residue introduced into TM 111 at position S151 (position 3.36
[S151C3-36] according to the Ballesteros-Weinstein nomenclature of GPCRSs; see Ref. [35])
and a TM VII Cys residue (C532742) of the M3 mAChR (Figure 1). A 3D model of the
inactive form of the M3 receptor indicates that S151C3-36 and C5327-42 face each other in
the interior of the TM receptor bundle (Figure 3a). The observed cross-linking pattern is
therefore consistent with a model in which agonist binding to the M3 receptor increases the
proximity of the exofacial segments of TM |1l and VI, thus allowing the formation of a
disulfide bridge between S$151C3-36 and C5327-42,

Figure 1 indicates that S1513-36 and C5327-42 are located just below the ACh ligand binding
domain. The positively charged ammonium head group of ACh is known to form a salt
bridge with the negatively charged side chain of D1473-32 [33, 34]. This ion pair is predicted
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to be surrounded by a cage of aromatic amino acids located in TM 11, VI, and VII,
including Y1483-33, Y5066-51, Y5297-39 and Y533743 (Figure 1), which are thought to
promote high affinity ACh binding to the receptor via cation-rt interactions [33, 34].

Replacement of the three N-methyl groups of ACh with ethyl groups resulted in a
muscarinic antagonist which, like the classical muscarinic antagonist atropine, was unable to
promote disulfide bond formation between S151C3-36 and C5327-42 [21]. These data support
the view that muscarinic antagonists are unable to mimic the proposed ACh-induced
'tightening' of the aromatic cage around the ACh quaternary ammonium group, most likely
due to steric hindrance caused by the increased size of their ammonium head groups [21,
34].

The concept that agonist binding to GPCRs increases the proximity of the extracellular ends
of different TM domains is consistent with studies in which metal ion (Cu?* or Zn2*)
binding sites (i.e. His or Cys residues) were introduced into the exofacial segments of TM
I11, VI and/or VII of the B,-adrenergic and the tachykinin NK receptors (for a recent
review, see Ref. [36]). For example, a recent study [37] demonstrated that metal ions, either
alone or in combination with aromatic chelators, can activate a modified version of the p,-
adrenergic receptor in which positions Asp1133-32, Phe289%-51 and Asn3127-39 were
substituted with His or Cys residues. Distance measurements derived from molecular
modeling studies suggested that metal ion-mediated receptor activation involves a
movement of the extracellular segments of TM VIl and VI inward towards TM |11 [37], in
agreement with the disulfide cross-linking data reported in Ref. [21].

It is tempting to speculate that the proposed inward movement of the extracellular ends of
TM VI and VII is a common structural feature of members of the GPCR superfamily. At
present, little is known about the series of conformational events that must occur within the
TM receptor core in order to propagate these structural changes to the intracellular receptor
surface where G protein coupling is known to occur. As has been discussed in detail
elsewhere (for a recent review, see Ref. [36]), one possibility is that a rotation and
straightening of conserved proline bends found in TM V-VII, particularly the one in TM VI,
plays a key role in mediating these conformational changes.

Agonist-induced conformational changes at the cytoplasmic surface of the receptor

protein

Changes in TM VI—To study the ability of muscarinic ligands to trigger conformational
changes on the cytoplasmic side of the M3 receptor protein, we carried out disulfide cross-
linking studies using a large number of mutant receptors containing pairs of Cys residues on
the intracellular receptor surface [18, 21-24]. Consistent with the outcome of biochemical
and biophysical studies carried out with bovine rhodopsin [8, 12, 13] and the B,-adrenergic
receptor [16, 32], these cross-linking studies showed that the C-terminal segment of TM VI
undergoes a major conformational change during receptor activation [18, 22, 24]. For
example, a recent study [22] demonstrated that the muscarinic agonist, carbachol, promoted
disulfide cross-linking in two mutant receptors that contained one Cys residue at the bottom
of TM 111 (1169C3-2%) and a second Cys residue at positions K484C%-29 or A488C8-33 within
the cytoplasmic segment of TM VI (Figure 3b).

A 3D model of the rat M3 mAChR, which was established via homology modeling using the
dark state of bovine rhodopsin as a template [2, 20], predicts that K4846-29 and A488%-33 do
not project towards 11693-54 in the inactive state of the receptor (Figure 3b). The observed
cross-linking pattern therefore supports a model in which M3 receptor activation is
associated with a clockwise rotation of the cytoplasmic end of TM VI (cytoplasmic view),
which would allow the formation of disulfide cross-links between 1169C3-54 and K484C5-29
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or A488C6-33, This conclusion is in agreement with the results of a site-directed spin
labeling (SDSL) study carried out with Cys-substituted mutant versions of bovine rhodopsin
[8]. The outcome of that study [8] suggested that light-induced rhodopsin activation triggers
an 'outward' movement of the cytoplasmic portion of TM VI, accompanied by a clockwise
rotation of ~30°, as viewed from the cytoplasm. A similar change in receptor conformation
has also been proposed based on biochemical and biophysical studies carried out with
mutant versions of the Bo-adrenergic receptor [10, 16, 17, 32]. Biochemical studies with
several GPCRs have also demonstrated that cross-linking of the cytoplasmic ends of TM 111
and VI, either via disulfide bonds [8] or via binding of metal ions [10] inhibits receptor/G
protein coupling, indicating that the activity-dependent reorientation of the cytoplasmic end
of TM VI plays a central role in G protein recognition and activation.

A related study [18] examined the ability of a Cys residue introduced at the TM V/i3 loop
boundary (Y254C5-62) to form activity-dependent disulfide bonds with Cys residues
introduced into the cytoplasmic portion of TM VI (K484629-54936-38) This analysis
demonstrated that agonist treatment promoted the formation of disulfide cross-links in four
of the ten analyzed mutant receptors (Y254C°-62/A489C6-34 'Y 254C5-62/Q490C6-3%,
Y254C5-62/T491C6-36, and Y254C5-62/1.492C6-37), Since the A4896-34-1.4926-37 sequence is
predicted to form an a-helical turn, this cross-linking pattern suggested that M3 receptor
activation involves a more dramatic conformational change of the cytoplasmic end of TM
VI, as compared to the corresponding domain of bovine rhodopsin (see next paragraph). The
cross-linking data reported in ref. [18] also indicated that agonist binding to the M3 receptor
increases the proximity between the cytoplasmic ends of TM V and VI (Figure 4), consistent
with the results of fluorescence spectroscopic studies carried out with the Bo-adrenergic
receptor [38].

To obtain additional structural information regarding activity-dependent changes in the
relative orientation of TM V and VI, a recent disulfide cross-linking study [24] examined a
series of double Cys mutant M3 receptors harboring one Cys substitution within the
cytoplasmic end of TM V (L249°-57-1253%61) and a second one within the cytoplasmic end
of TM VI (A4896-34-1.4926-37)_ This analysis showed that muscarinic agonists promoted the
formation of disulfide bonds in six of the twenty analyzed double Cys mutant M3 receptors
(Y250C>-58/T491C8-36 'Y250C5-58/1.492C8-37, 1253C5-61/A489C8-34, 1253C5-61/Q490C8-35,
1253C5-61/T491C8-36, and 1253C5-61/1.492C8-37), confirming the view that M3 receptor
activation increases the proximity between the cytoplasmic ends of TM V and VI. Whereas
A4895-34 and 1.4926-37 are oriented towards Y250%-58 and 1253%61 in the inactive state of the
receptor, Q4906-35 and T4916-36 project away from TM V facing the lipid bilayer and TM
VII, respectively (Figure 3c). Thus, the ability of muscarinic agonists to promote the
formation of disulfide bonds in constructs containing the Q490C8-35 or T491C8-3¢ mutations
further corroborates the concept that M3 receptor activation involves a major structural
change at the cytoplasmic end of TM VI [18]). Possible explanations for the observed cross-
linking patterns include a pronounced rotational movement and/or a partial unfolding of this
helical domain.

Interestingly, in the same study [24], muscarinic agonists failed to induce the formation of
disulfide bonds in all double Cys mutant M3 receptors containing the L249C5-57,
W251C559, or R252C5-60 substitutions in TM V. In contrast to Y2505-58 and 1253561 (see
above), L249°57 W2515-59 and R2525-60 do not face TM VI but project toward the bottom
of TM 111 (L249557) or the lipid bilayer (W2515-59 and R2525-60) in the inactive state of the
receptor (Figure 3c). It is therefore likely that the cytoplasmic end of TM V does not
undergo major activity-dependent conformational changes in the M3 mAChR.

Trends Pharmacol Sci. Author manuscript; available in PMC 2012 October 18.
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Changes in TM VII—Much evidence suggests that residues contained within the C-
terminal portion of TM VII (including the highly conserved NPXXY motif) play a key role
in class | GPCR activation [12, 13, 39-42]. To test the hypothesis that this receptor region
undergoes conformational changes during M3 receptor activation, a recent cross-linking
study [20] analyzed a series of double Cys mutant M3 receptors containing one Cys
substitution within the C-terminal portion of TM V11 (V5417-51.55467-56) and another Cys
substitution within the cytoplasmic end of TM | (V881-53-F921.57) These two receptor
regions are predicted to lie adjacent to each other in the 3D structure of class | GPCRs [2-6].
In the inactive state of the M3 receptor (in the absence of ligands), only the VV88C1-53-
Y543C7-53 receptor showed a robust disulfide cross-linking signal, consistent with the
observation that V881-53 and Y5437-33 directly face each other at the TM I/TM VIl interface
(Figure 3d). Interestingly, agonist (carbachol) treatment further enhanced the intensity of the
disulfide cross-linking signal displayed by this mutant receptor, suggesting that \/881-53 and
Y5437-53 move closer to each other following Ms receptor activation. Agonist binding also
led to the formation of disulfide bonds in two additional double Cys mutant receptors,
A91C1-56/.545C7-55 and A91C1-56/S546C7-56 [20]. In the inactive state of the M5 receptor,
1545755 and S5467-56 project away from A911-%6, facing the lipid bilayer and TM VI,
respectively (Figure 3d). The observed cross-linking pattern therefore suggests that M3
receptor activation involves a major conformational change at the cytoplasmic end of TM
V1. One possibility is that this region undergoes a significant rotational movement (and/or
perhaps a partial unfolding) which would bring residues L5457-55 and S5467-56 within cross-
linking distance of position A911-56, Moreover, the cross-linking data suggest that Mg
receptor activation increases the proximity of the cytoplasmic portions of TM | and VII
(Figure 4). Consistent with these findings, biochemical and biophysical studies with bovine
rhodopsin indicate that the C-terminal segment of TM VII undergoes a significant light-
induced conformational change [39-41].

TM VII, but not TM I, contains several key amino acids (e.g. Y5297-3% and Y533743 in the
M3 mAChR) that are critically involved in the binding of muscarinic agonists [33, 34].
Moreover, TM VII contains a highly conserved proline residue (part of the NPXXY motif;
corresponding to N539749-Y5437-53 in the rat M receptor; Figure 1). As discussed
elsewhere [21, 36], it is possible that agonist binding triggers a reorientation of the
conserved TM VII proline bend, which in turn leads to a conformational rearrangement of
the C-terminal segment of TM V1. For these reasons, it is likely that the cytoplasmic end of
TM VII moves towards the corresponding region of TM I (Figure 4).

Changes in Helix 8—Helix 8 represents a cytoplasmic a-helical extension of TM VII to
which it is connected via a short linker sequence (Figure 1). Considerable evidence suggests
that helix 8 plays an important role in productive receptor/G protein coupling [42-46]. A
recent study [23] therefore tested the hypothesis that M3 receptor activation involves a
reorientation of helix 8. Given the observation that several helix 8 residues are located close
to the cytoplasmic end of TM | in bovine rhodopsin [2, 12], this disulfide cross-linking study
[23] examined a series of double Cys mutant M3 receptors, all of which contained one Cys
substitution within the cytoplasmic end of TM | (A911-56-N951-60) and a second one within
the N-terminal segment of helix 8 (K5487-%8-R5517-61) assuming that the TM | Cys residues
might serve as useful reporters to detect potential ligand-induced movements of helix 8. This
analysis showed that muscarinic agonists inhibited constitutive disulfide cross-linking
displayed by the A91C1-56/T549C7-59 and F92C1-57/F550C7-60 double Cys mutant receptors
[23]. Figure 3e indicates that residues 911-56 and 921-57 lie adjacent to residues 5497-59 and
5507-60 in the inactive state of the M3 receptor, strongly suggesting that M3 receptor
activation is accompanied by a separation of the N-terminal segment of helix 8 from the
cytoplasmic end of TM I (Figure 4). One likely scenario is that the reorientation of helix 8 is
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triggered by the agonist-induced conformational rearrangement of the cytoplasmic end of
TM VII (see discussion above).

Interestingly, the same study [23] also reported that atropine and Nmethylscopolamine, two
classical muscarinic antagonists that have recently been reclassified as inverse agonists [47,
48], enhanced disulfide bond formation in the A91C1-96/T549C-59 and F92C1-57/F550C7-60
mutant receptors. This finding suggests that inverse muscarinic agonists, in contrast to
muscarinic agonists, decrease the distance between the cytoplasmic end of TM | and the N-
terminal portion of helix 8. A related study examining the formation of disulfide cross-links
between Cys residues introduced at the cytoplasmic ends of TM V and VI 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 [24]. These studies [23, 24]
therefore provide a structural basis for the opposing biological effects of muscarinic agonists
and inverse agonists, highlighting the usefulness of disulfide cross-linking approaches to
study changes in GPCR structure caused by different classes of agonists (also see Refs. [7,
16, 17, 49, 50]).

Summary of conformational changes—Overall, agonist binding to the M3 mAChR is
predicted to cause the following structural changes at the intracellular receptor surface
(Figure 4; for a summary of disulfide crosslinking data, also see Table 1). 1) The
cytoplasmic end of TM VI is thought to undergo a rotational movement (and perhaps a
partial unfolding) and to move closer to the corresponding segment of TM V [18, 22, 24]. 2)
The cytoplasmic portion of TM V11 is predicted to move closer to the corresponding region
of TM I, also accompanied by a rotational movement and/or a partial unfolding [20]. 3) The
N-terminal portion of helix 8 is likely to move away from the cytoplasmic end of TM I [23].
As discussed in more detail below (‘Caveats inherent in the use of disulfide cross-linking
strategies'), the possibility exists that at least some of the observed changes in agonist-
dependent disulfide cross-linking patterns are also affected by the overall increase in
dynamic flexibility of the active receptor confirmation.

It remains unclear at present whether these predicted conformational changes occur in a
concerted fashion or whether a primary structural change (e.g. the reorientation of TM V1)
triggers secondary changes in the structure and orientation of other TM helices. In any case,
the disulfide cross-linking data are consistent with the concept that agonist activation of the
M3 mAChHR opens a cleft on the intracellular receptor surface that increases the accessibility
of various residues located at the cytoplasmic ends of different TM helices including TM I,
VI, and VI (Figure 4). These activity-dependent changes are thought to promote receptor
binding to heterotrimeric G proteins, ultimately triggering productive receptor/G protein
coupling.

Comparison of activity-dependent changes predicted for the M3 mAChR
versus bovine rhodopsin

As mentioned in the introduction, biochemical and biophysical studies with bovine
rhodopsin, including the use of sophisticated SDSL techniques, have led to a rather detailed
view of the activity-dependent structural changes occurring at the cytoplasmic surface of
this photoreceptor protein [8-13]. Several of the dynamic changes observed in these studies,
including conformational changes at the cytoplasmic ends of TM VI, VII, and helix 8
(summarized in Ref. [12]), are consistent with the outcome of the M3 mAChR disulfide
cross-linking studies reviewed above. However, while the cytoplasmic end of TM VII is
thought to move away from the TM helical bundle during rhodopsin activation [12], studies
with the M3 mAChR suggest that this region moves closer to the intracellular end of TM |
following agonist stimulation. Moreover, rhodopsin activation is predicted to be
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accompanied by small but significant outward movements of the cytoplasmic ends of TM I-
111 [12], movements that were not observed or not systematically studied in the M3 mAChR.
It is unclear at present to which extent these observations reflect true differences between
the pattern of structural changes that accompany the activation of these two receptor
proteins. However, it is likely that at least some of these phenomena are caused by
differences in experimental techniques and conditions used. Whereas the vast majority of the
rhodopsin studies were carried out with mutant versions of rhodopsin in the solution state,
all disulfide cross-linking studies were carried out with Cys-substituted mutant M3 receptors
present in cellular membranes. Rhodopsin has been shown to have increased flexibility in
the solution state as compared to native membranes [12, 51], providing a possible
explanation for at least some of the differences observed between the two receptor systems.
Moreover, while biophysical approaches, including SDSL and fluorescence-based
techniques, usually provide information only about average receptor conformations,
disulfide cross-linking can occur by trapping rather transient receptor conformations (for
example, conformations that are intermediate between the ground state and the fully active
state of the receptor) in which the two Cys residues are temporarily close to each other in the
3D structure of the receptor. The two different techniques therefore yield results that are
complementary in nature.

Interestingly, a high-resolution crystal structure of ligand-free native opsin from bovine
retinal rod cells has been published very recently [52]. When compared to rhodopsin, opsin
displays several striking structural changes, resembling in many aspects the structure of the
active state of rhodopsin predicted by biophysical and biochemical studies [12]. Many, but
not all, of the activity-dependent conformational changes proposed for the M3 mAChR on
the basis of disulfide cross-linking studies were also observed in the opsin structure. For
example, when compared rhodopsin, the cytoplasmic end of TM VI displays an outward,
rotational movement in opsin, the cytoplasmic ends of TM V and VI move closer towards
each other, and the C-terminal portion of TM VII undergoes a rotational movement
(clockwise as viewed from the cytoplasm; ref. [52])

Caveats inherent in the use of disulfide cross-linking strategies

One caveat associated with the use of disulfide cross-linking approaches is that negative
results are difficult to interpret. Previous studies have shown that the efficiency of disulfide
bond formation is determined not only by the distance between the two Cys residues under
investigation but also by their relative orientation and the environment surrounding the Cys
residues which can strongly affect the pK, values of the SH groups [28, 53]. It is therefore
possible that two Cys residues, despite being close to each other in the 3D structure of the
receptor (distance between a-carbons <7 A), do not readily form a disulfide bond, even
under strong oxidizing conditions.

It is also possible that two Cys residues whose a—carbon atoms are predicted to be relatively
far apart in the 3D structure of the receptor (e.g. >7 A) can be linked by a disulfide bridge
[9, 10]. Such cross-links can form when the Cys residues are contained in receptor regions
endowed with a high degree of conformational flexibility. For example, disulfide cross-
linking studies carried out with Cys-substituted versions of a bacterial chemoreceptor of
known structure demonstrated that some disulfide bonds can readily form when the two Ca
carbons are up to ~12 A apart [54]. In fact, structural and biophysical evidence suggests that
several cytoplasmic GPCR domains, including the C-terminal tail beyond helix 8 and the
central portion of the i3 loop, are characterized by a high degree of structural flexibility [2—
5, 16, 17, 55].
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In view of the caveats raised above, it is difficult (or impossible) to draw meaningful
conclusions from disulfide cross-linking data obtained with only a small number of double
Cys mutant receptors. It is therefore recommended to perform systematic scans in which
consecutive residues in two receptor regions of interest are replaced, one by one, with Cys.
Disulfide cross-linking data obtained with such a larger collection of double Cys mutant
receptors are more likely to yield useful structural information.

Cu-Phen is a commonly used oxidizing agent to induce the formation of disulfide bonds in
receptor-containing membrane preparations. The mechanism by which Cu-Phen agent
promotes disulfide cross-linking is not well understood but may involve the transitory
reduction of Cu2* to Cu* [56]. One caveat associated with the use of Cu-Phen is that this
agent may induce the formation of disulfide cross-links of proteins in non-native
conformations when used at high concentrations [9; J. Wess, unpublished observations). To
reduce the likelihood of such events, we recommend to use Cu-Phen at relatively low
concentrations (2.5 to 100 pM), if possible.

Previous work suggests that Cu-Phen-catalyzed disulfide bond formation does not require
the generation of hydrogen peroxide as an oxidizing intermediate [56], suggesting that the
Cu-Phen complex must be present in the direct vicinity of the SH groups to be cross-linked.
This concept is supported by the results of a previous disulfide cross-linking study
suggesting that muscarinic ligands compete with the relatively bulky Cu-Phen moiety for
access to the hydrophilic binding crevice [19]. In such cases, the use of oxidizing agents that
are smaller in size, such as molecular iodine, may yield more meaningful cross-linking data
[19]. Mercury 11 salts (HgCI2) which can bridge vicinal pairs of Cys residues have also been
used successfully to achieve cross-linking between Cys residues buried in the TM receptor
core [57, 58].

Concluding remarks and future directions

Conclusions

In conclusion, disulfide cross-linking studies with the M3 mAChR have shed new light on
the conformational changes associated with M3 mAChR activation. These structural changes
are predicted to involve multiple receptor regions, primarily distinct segments of TM Ill, VI,
and VII, as well as helix 8. Overall, the activity-dependent conformational changes
postulated for the M3 mAChR are similar (but not identical) to those observed with the
photoreceptor rhodopsin, highlighting the usefulness of disulfide cross-linking strategies to
examine dynamic changes in GPCR structure. Future cross-linking studies are likely to
provide even more detailed insights into the molecular mechanisms involved in GPCR
activation. Since GPCRs represent ideal drug targets, the novel structural information
obtained from these studies might facilitate the development of novel classes of therapeutic
agents.

Future directions

All disulfide cross-linking studies carried out with the M3 mAChR have so far relied on the
use of a receptor construct that contained a protease cleavage site within the i3 loop (Figure
1). As a result, this construct can be used only to detect the formation of disulfide bonds in
double Cys mutant receptors where one Cys residue is located N-terminal and the other one
C-terminal of the protease cleavage site. To be able to study relative conformational changes
within the two receptor regions containing TM I-V and TM VI/VII, it will therefore be
necessary to introduce protease cleavage sites into other intra- or extra-cellular loops of the
receptor.
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Studies with several GPCRs suggest that structurally diverse classes of agonists stabilize
different receptor conformations which may differ in their ability to interact with G proteins
and other receptor-associated proteins such as arrestins [7, 16, 17]. How these various
conformations differ at the molecular level remains unclear at present. The disulfide cross-
linking strategy described in this review may therefore prove useful to define the structural
differences between these various active receptor states.

Little is known about the sequence of conformational events that link the activity-dependent
structural changes in the immediate vicinity of the agonist binding site to the conformational
rearrangement of the cytoplasmic receptor surface. It should therefore be highly informative
to systematically apply the disulfide cross-linking approach described in this review to the
entire TM receptor core.

Various lines of evidence indicate that GPCRs [59], including the M3 mAChR [60, 61], are
arranged in dimeric or oligomeric arrays. Moreover, recent data suggest that GPCR
activation may lead to changes in receptor quaternary structure. For example, disulfide
cross-linking studies with the D, dopamine [62] and the 5HT . serotonin receptors [63] have
shown that receptor activation is associated with dynamic changes at the dimer interface.
These studies indicate that a full understanding of the molecular mechanisms that underlie
GPCR activation also requires more detailed information about changes in GPCR quaternary
structure.
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Glossary

Ballester os- In the Ballesteros-Weinstein nomenclature of GPCRs [35], the most

Weinstein highly conserved residue in each TM helix is assigned the number

nomenclatur e of 50 (N1.50, D2.50, R3.50, W4.50, P5.50, P6.50, and P7.50 in TM I-

GPCRs V11, respectively).

Antagonist A compound that binds to a receptor and blocks agonist-promoted
effects without eliciting a cellular response on its own

I nver se agonist A compound that binds to a receptor and inhibits its constitutive
activity

Site-directed spin SDSL represents a powerful biophysical approach to explore protein

labeling (SDSL) structure and dynamics. In most cases, nitroxide spin label probes

are introduced at specific positions in the protein. Analysis of the
electron paramagnetic resonance (EPR) spectrum of the spin label
provides information about the local environment in the protein.
Analysis of a sufficiently large set of labeled proteins can provide
rather detailed structural information. Importantly, changes in
protein structure during function can be followed in real time.
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Figure 1.

Agonist-modulated disulfide cross-linking in double Cys mutant M3 mAChRs. All Cys
substitutions were introduced into the M3’(3C)-Xa receptor background, a modified version
of the rat M3 mAChR [18]. In this construct, most endogenous Cys residues were replaced
with either serine or alanine (boxed residues). The M3'(3C)-Xa construct contains only three
remaining native Cys residues, C140, C220, and C5327-42 (note that C140 and 220 are
engaged in a disulfide bond). In addition, the central portion of the i3 loop (A274-K469) was
replaced with two adjacent factor Xa cleavage sites. The five potential N-glycosylation sites
present in the N-terminal portion of the receptor protein (N6, N15, N41, N48, and N52)
were replaced with GlIn residues (not shown). A rabbit polyclonal antibody (referred to as
anti-C-M3) was raised against the indicated C-terminal receptor sequence [18]. Muscarinic
agonists promoted the formation of disulfide cross-links between Cys residues present at
positions 1513-36 and 532742 (red rings; [21]), 881-53 and 5437-53 (brown rings; [20]), 911-56
and 5457-55/5467-56 (orange rings; [20]), 1693->4 and 4846-29/4886-33 (purple rings; [22]),
250C5-58 and 491C%-36/4926-37 (light blue rings; [24]), 253%61 and 4896-34-4926-37 (green
rings; [24]), and 254562 and 4896-34-4926-37 (green rings; [18]). In contrast, muscarinic
agonists inhibited the formation of disulfide cross-links between Cys residues present at
positions 911-56/921.57 and 5497-59/5507-60 (dark blue rings) [23]. The residues highlighted
by red letters are known to play key roles in the binding of ACh and other conventional
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muscarinic agonists [33, 34]. Numbers refer to amino acid positions in the rat M3 mAChR

sequence [33]. I-VII, TM helices I-VII; i1-i3, the three intracellular loops of the M3
MAChR; H8, helix 8.
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- Subject receptor-containing membranes to oxidizing condition
(in the absence or the presence of muscarinic ligand)

- Solubilize oxidized receptors and digest with factor Xa

(c) \ L

_ Epitope for
= anti-C-M3-
> antibody

(e)

Full-length receptor
band (~38 kDa) — —

C-terminal receptor

fragment (~16 kDa) — [EES_—

Formation of CC cross-link = —

- Detect M3 receptor protein via Western blotting using
the anti-C-M3 antibody (non-reducing conditions!)

Figure 2.

General strategy used to detect the formation of disulfide bonds between vicinal Cys
residues in mutant M3 mAChRs. 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. (a, ¢) 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, either
spontaneously or in the presence of oxidizing agents. Following cleavage with factor Xa, the
two resulting receptor fragments will remain covalently linked by the disulfide bridge.
Consequently, a full-length receptor band (~38 kDa in size) can be detected on Western
blots run under non-reducing conditions (e, left lane). (b, d) When the two introduced Cys
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residues are not close to each other in the 3D structure of the receptor, they are unable to
form a disulfide bridge. In this case, factor Xa digestion will yield two separate cleavage
products and a full-length receptor band will not appear on Western blots run under non-
reducing conditions (e, right lane).
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Figure 3.

Views of the M3 mAChR depicting regions/amino acids that undergo activity-dependent
conformational changes. A 3D model of the inactive state of the rat M3 mAChR was built
via homology modeling using the high-resolution X-ray structure of bovine rhodopsin as a
template [2, 20]. (a) Extracellular view of the M3 mAChR parallel to the path of the
exofacial segment of TM I11. As discussed in the text, muscarinic agonists promote the
formation of a disulfide bond between C532742 and a Cys residue introduced at position
151336 [21]. (b) Predicted location of 1169354 K4846-29 and A4886-33 in the 3D structure
of the inactive state of the M3 mAChR (cytoplasmic view). K4846-29 and A4886-33 which
are located at the cytoplasmic end of TM VI, are projecting away from 11693-54 present at
the bottom of TM III. Disulfide cross-linking data support the view that muscarinic agonists
trigger a conformational change that includes a clockwise rotational movement of the
cytoplasmic segment of TM VI [22]. (c) Predicted location of L249°57-1253561 (TM V) and
A4896-34.1.4926-37 (TM V1) in the inactive state of the M3 mAChR (cytoplasmic view).
Among the five highlighted TM V residues, only Y250°-58 and 125361 are predicted to face
TM V1. Disulfide scanning mutagenesis studies strongly suggest that the cytoplasmic end of
TM VI, but not the corresponding region of TM V, undergoes a major activity-dependent
conformational change (see text for more details; [24]). (d) Cytoplasmic view of the inactive
state of the M3 mAChR showing the locations of residues VV881-53-F921-57 (TM 1) and
V541751.C5467-56 (TM VII). Cys substitution of the residues highlighted in yellow resulted
in double Cys mutant receptors that showed agonist-dependent disulfide cross-linking
(881-53/5437-53  911.56/5457-55 and 911-56/5467-56) [20]. Whereas VV881-23 and Y5437-53
directly face each other in the inactive state of the M3 muscarinic receptor, L545'-2° and
C5467-56 point towards the lipid face and TM VI, respectively, away from A911-56,
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indicating that the cytoplasmic end of TM VII undergoes a major activity-dependent
structural change during receptor activation (see text for more details; [20]). (€) Cytoplasmic
view of a selected region of the intracellular surface of the M3 mAChR. Disulfide cross-
linking data suggest that muscarinic agonists increase the distance between Cys residues
introduced at a) positions 9116 and 5497-59 and b) positions 921-57 and 550769 (these four
residues are highlighted in yellow) [23]. In contrast, inverse muscarinic agonists are
predicted to reduce the distance between these residues [23]. The individual figure panels
were taken from Refs [21]-[24]. Numbers refer to amino acid positions in the rat M3
mMAChR sequence [33].
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Helix 8

Figure 4.
Summary of activity-dependent structural changes predicted to occur at the cytoplasmic

surface of the M3 mAChR. A 3D model of the inactive state of the rat M3 mAChR was built
via homology modeling using the high-resolution X-ray structure of the p,-adrenergic
receptor [4, 5] as a template (S. Costanzi and J. D. Karpiak; unpublished results). The
intracellular surface of the M3 mAChR is viewed from the cytoplasm. As discussed in detail
in the text, disulfide cross-linking data suggest that agonist binding to the M3 mAChR
causes the following structural changes: 1) The cytoplasmic end of TM V1 is predicted to
undergo a rotational movement (and perhaps a partial unfolding) and to move closer to the
corresponding segment of TM V [18, 22, 24]. 2) The C-terminal portion of TM VII is
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thought to move closer to the corresponding region of TM |, accompanied by a rotational
movement (and perhaps a partial unfolding) of this TM VII segment [20]. 3) The N-terminal
portion of helix 8 is predicted to move away from the cytoplasmic end of TM | [23]. The
agonist-induced structural changes are thought to expose previously inaccessible receptor
residues or surfaces (e.g. on the cytoplasmic ends of TM 111, VI, and VII), ultimately
resulting in productive receptor/G protein coupling.
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