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Abstract

Muscarinic receptor-based designer receptors have as powerful novel tools to study G-
proteincoupled receptor (GPCR) signaling and physiology. These new designer GPCRs, which are
most frequently referred to as DREADDSs (designer receptors exclusively activated by designer
drug), are unable to bind acetylcholine, the endogenous muscarinic receptor agonist, but can be
activated by clozapine-A-oxide (CNO), an otherwise pharmacologically inert compound, with
high potency and efficacy. The various DREADDs differ primarily in their G protein coupling
preference. More recently, an arrestin-biased DREADD has also been developed. The expression
of DREADD:s in distinct tissues or cell types has enabled researchers to study the outcome of
selective stimulation of distinct GPCR (or arrestin) signaling pathways in a temporally and
spatially controlled fashion /in vivo. In this review, we provide an up-to-date snapshot of where
this field currently stands and which important novel insights have been gained using this new
technology.

Development of a novel class of designer GPCRs

Members of the superfamily of GPCRs modulate the activity of virtually every cell in the
body. As a result, GPCRs are the target of a very large number of drugs in current clinical
use [1]. Typically, a specific GPCR (excluding the large family of odorant GPCRs expressed
by the nasal epithelium) is expressed in multiple tissues and cell types [2]. Consequently, the
physiological effects observed after systemic administration of a particular GPCR ligand
represent the integrated outcome of the actions of the ligand on multiple organs or tissues.
Thus, to better understand the physiological and, potentially, pathophysiological roles of
specific GPCR signaling pathways, an experimental system that allows the activation (in
vivo) of a particular GPCR in a cell type- or tissue-specific fashion would be highly
desirable.

In this regard, the development of designer GPCRs referred to as RASSLs (receptors
activated solely by synthetic ligand) has provided important novel tools to study the in vivo
relevance of distinct GPCR signaling pathways [3,4]. In most cases, these first-generation
RASSLSs represent engineered GPCRs that can be efficiently activated by a preexisting
synthetic drug but are much less sensitive to activation by its endogenous ligand. Phenotypic
analysis of transgenic mice expressing particular RASSLs in a cell type-specific fashion led
to important novel insights into the physiological and pathophysiological roles of various
GPCR signaling cascades [3,4]. However, first-generation RASSLs are usually endowed
with a significant degree of constitutive activity, and the most commonly used RASSL
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ligands retain considerable activity at endogenous GPCRs [4], complicating the
interpretation of mouse phenotyping studies.

To overcome the pitfalls associated with the use of first-generation RASSLS, Bryan Roth
and colleagues recently developed a series of mutationally modified muscarinic receptors
that can be activated by clozapine-/N-oxide (CNO) with high potency and efficacy (Figure
1A) [5]. CNO is a pharmacologically inert metabolite of clozapine, an antipsychotic drug
(Figure 2A). Importantly, these new designer receptors cannot be activated by acetylcholine,
the endogenous muscarinic receptor agonist (Figure 1A) [5,6]. To distinguish this new class
of designer receptors from the first-generation RASSLS, most researchers in the field now
refer to these CNO-sensitive mutant muscarinic receptors as DREADDs (designer receptors
exclusively activated by designer drug) [5]. With only one exception [6], expression of
different types of DREADDSs /n vivo in mice or rats did not result in constitutive signaling in
the absence of CNO.

In a series of elegant studies, Armbruster et al. demonstrated that simultaneous introduction
of the Y3-33C and A546G point mutations into the M;—Ms muscarinic receptors resulted in
DREADD:s that show the same G proteincoupling preference as their parent receptors (M,
M3, and Ms forGg/11:M, and My forG;jo; shown for the human My and M3 muscarinic
receptors in Figure 1A) [5]. More recently, Guettier et al. described a Gg-coupled DREADD
that represents an M3 muscarinic/p1-adrenergic hybrid receptor in which the second and
third intracellular loops of the M3 muscarinic receptor (M3R) have been replaced with the
corresponding B1-adrenoceptor sequences (Figure 1B) [6]. Interestingly, an M3R DREADD
in which only the third intracellular loop contains B1-adrenoceptor sequence (Figure 1B)
shows promiscuous G protein-coupling properties; it is able to efficiently activate both Gg
and Gg/11 in a CNO-dependent fashion (Guettier and Wess, unpublished observation). The
generation of an arrestin-biased DREADD as a novel tool to study the /n vivorole of G
protein-independent signaling pathways is discussed below.

The development and initial experimental applications of DREADD technology have been
covered in several excellent reviews [4,7-9]. Thus, the primary focus of the present review
is on more recent findings in this very promising new area of research.

DREADD nomenclature

Different authors have used different acronyms to refer to the various DREADDSs developed
during the past few years (Table 1). As discussed above [4,5], the consistent use of a
common DREADD nomenclature would avoid potential confusion about the molecular
nature of a designer receptor used in a particular study. Similar to earlier proposals [4,5], we
suggest the use of the DREADD terminology shown in Table 1. For example, in the term
hM3Dq, M3 denotes the receptor subtype into which the DREADD mutations were
introduced (the prefix h refers to the species, in this case human), D stands for DREADD,
and q for the G protein coupling preference of this particular designer receptor (Gg/11). It
should be noted, however, that some of the DREADDSs represent hybrid receptors containing
receptor sequences from different species (e.g., rM3Ds). In this case, the species designation
refers to the receptor from which most of the sequence is derived. Moreover, the
development of novel classes of DREADDs that preferentially signal via arrestin dependent
(G protein-independent) pathways or stimulate G proteins without recruiting arrestins
requires further refinements of the nomenclature scheme. Although the proposed
nomenclature contains information about the G protein coupling preference of a particular
DREADD, it has been demonstrated that the hM3Dq [10] and rM3Dq [11] constructs are
also able to recruit proteins of the arrestin family (arrestin-2 and -3), similar to the wild type
(WT) receptors from which they are derived. The same probably also holds true for other
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functional classes of DREADDs. Moreover, the different DREADDS, like their parental WT
GPCRs, may also interact with various other GPCR-associated proteins. Thus, although the
proposed nomenclature is far from perfect, its general adoption would simplify the
identification of a specific DREADD used in a particular study.

basis of CNO-DREADD interactions

The M3R binds clozapine with relatively high affinity (20-30 nM) [12,13]. Compared to
clozapine, CNO binds to the M3R with ~1000-fold lower affinity [6]. Structurally, CNO
differs from clozapine only by the presence of the A~oxide group (Figure 2A). It is most
likely that the negatively charged oxygen of the A-oxide moiety interferes, via electrostatic
repulsion, with the proper formation of the salt bridge between the positively charged
nitrogen of the ligand and the negatively charged D3-32 side chain (note that this interaction
is conserved among all biogenic amine GPCRSs; corresponding to D1473-32 in Figure 2B).

All muscarinic receptor-based DREADDSs contain the Y3-33C and A%46G point mutations
(corresponding toY148C and A238G in the rat M3R; Figures 1 and 2B). Site-directed
mutagenesis studies have shown that introduction of the Y3-33C point mutation into the M3R
or the structurally closely related M1R leads to a pronounced decrease in carbachol or
acetylcholine binding affinity and a loss or dramatic reduction of agonist (acetylcholine or
carbachol) efficacy [14,15]. Similarly, introduction of the A>46G point mutation into the
M1R results in marked decreases in acetylcholine binding affinity, potency, and efficacy
[16]. These findings explain why muscarinic receptor-based DREADDs containing both the
Y3:33C and A546G point mutations show minimal acetylcholine binding affinity and
efficacy.

The X-ray structure of the rat M3R indicates that both Y3-33 and A5-46 contact the co-
crystallized ligand, tiotropium, a muscarinic antagonist/inverse agonist (Figure 2B) [17].
Y333 js part of an aromatic cage that surrounds the positively charged ammonium group of
the ligand. The side chain of A>46 makes contact with one of the two aromatic rings of
tiotropium (Figure 2B). CNO can be docked into the M3R binding pocket in a pose very
similar to that of tiotropium, without any obvious structural clashes (Figure 2B; Dahlia R.
Weiss and Brian K. Shoichet, personal communication). It therefore remains unclear why
CNO shows a much higher affinity for the M3R DREADD than for the WT M3R and why
CNO is an agonist at the M3R DREADD but not at the WT M3R. One possibility is that that
the Y3-33C point mutation causes minor conformational rearrangements of the so-called
aromatic lid [17] that lead to changes in the kinetics of CNO binding, resulting in an
increase in CNO binding affinity. Moreover, it is possible that the A>46G point mutation
increases the conformational flexibility of TM5, thus facilitating a CNO-dependent inward
movement of TM5. In the B,-adrenoceptor, an agonist-dependent inward bulge of TM5
centered around S°46 is a crucial structural feature of the active state of this receptor [18].

Pharmacokinetic properties of CNO

After a single intraperitoneal (i.p.) injection of CNO (1 mg/kg) into mice, CNO plasma
levels peaked at 15 min and were very low after 2 h [6]. In these acute CNO injection
experiments, back-transformation of CNO to clozapine was not detectable, consistent with
the outcome of similar experiments performed in rats [19]. However, acutely administered
CNO can be metabolically converted to clozapine in other species such as human and
guinea-pig [19]. The metabolites that may form after chronic administration of CNO to
DREADD-expressing mice (or other species) have not been studied systematically.
However, even if back-transformation to clozapine occurs after chronic CNO
administration, it should be noted that clozapine is a more potent (by ~10-fold) DREADD
agonist than CNO itself [5]. Moreover, confounding biological effects of potential CNO
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metabolites can be easily identified by including both saline- and CNO-treated WT animals
in a particular DREADD study.

Despite the short plasma half-life of CNO in mice [6], the biological effects that have been
described after acute treatment of DREADD-expressing experimental animals are usually
much longer (6-10 h) [6,20]. One possibility is that CNO tends to accumulate in tissues,
although other scenarios are also feasible.

Many studies have shown that systemic administration of CNO (i.p. or subcutaneous) causes
pronounced central effects in DREADD-expressing experimental animals (Table 2),
indicating that sufficient amounts of CNO penetrate the blood-brain barrier. Moreover, oral
CNO administration via drinking water to mice expressing rM3Dq in pancreatic p-cells led
to robust metabolic phenotypes [21], indicating that significant amounts of CNO are
absorbed from the gastrointestinal tract.

Strategies used for expressing DREADDs in a cell type-or tissue-specific

fashion

DREADD technology has provided neuroscientists with powerful novel tools to map
neuronal circuits underlying a large number of central nervous system (CNS) functions,
including, for example, memory formation, regulation of food intake, and wakefulness
(Table 2). Importantly, CNO is able to silence or reduce the activity of neurons that express
hM4Di but leads to excitation of neurons that express hM3Dq (Figure 1A) [9]. Roth and
colleagues have shown that hM4Di-mediated neuronal silencing involves the GBy-mediated
activation of G protein-coupled inwardly-rectifying potassium (GIRK) channels [5],
whereas hM3Dg-mediated neuronal excitation depends on the activation of phospholipase C
[20]. Thus, most neuroscientists using DREADD approaches are less concerned about
activating specific GPCR signaling pathways but use DREADD technology primarily to turn
on and off specific sets of neurons in a temporally and spatially controlled fashion.

In many of the studies listed in Table 2, DREADD technology was used in combination with
optogenetic approaches (for a detailed discussion of the specific features of optogenetic
techniques compared to DREADD-based approaches, see [9]). The cell type- or tissue-
specific expression of DREADDS in vivo has been achieved using different experimental
strategies (Table 2). Such approaches include the generation of transgenic mice in which
DREADD expression can be turned on in a temporally and spatially controlled fashion by
the use of Tet-off technology and tissue-specific promoters [20,22]. The Dymecki group has
developed a knock-in mouse model in which the expression of hM4Di is dependent on
Cremediated removal of a floxed stop sequence preceding the hM4Di coding sequence
[23,24]. More recently, stereotactic injection of recombinant viruses [herpes simplex virus
(HSV) or adeno-associated virus (AAV)] has been widely used to achieve DREADD
expression in distinct neuronal subpopulations or parts of the brain. Viral delivery
techniques offer the advantage that they do not require the time-consuming development of
novel transgenic mouse lines. For example, DREADD-encoding HSVs containing a cell-
type-specific promoter have been injected into distinct brain regions of the rat [25,26]. More
recently, recombinant AAVs have been used that contain the coding sequence of a particular
DREADD in an inverted fashion, surrounded by two pairs of heterotypic, antiparallel loxP
sites [27-34]. After stereotactic injection of these viruses into a particular brain region of a
specific Cre mouse driver line, Cre recombinase (whose expression is restricted to specific
neurons) restores proper orientation of the DREADD coding sequence, resulting in
expression of the designer receptor. This strategy is usually referred to as a FLEX switch
[29] or double-floxed inverted open reading frame (DI1O) technology [35].
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CNO is a DREADD agonist that shows no obvious functional bias

One important question for the use of DREADD technology is whether a synthetic ligand
(CNO) acting on engineered GPCRs can cause signaling outcomes that are similar to
activation of the native GPCRs from which the various DREADDs are derived. To address
this issue, Alvarez-Curto ef al. compared the signaling properties of the hM3Dq construct
(agonist CNO) with those of the WT hM3R (agonist acetylcholine) expressed in cultured
cells [10]. The authors demonstrated that CNO treatment of hM3Dg-expressing cells caused
functional outcomes very similar to those of acetylcholine acting on cells expressing the WT
hM3R. Such effects included early conformational changes following receptor activation,
receptor-dependent ERK1/2 phosphorylation and arrestin recruitment, receptor
internalization, and the pattern of receptor phosphorylation. Thus, these data indicate that
CNO does not act as a biased ligand at the hM3Dq receptor. It remains to be explored
whether other DREADDSs show similar properties to their corresponding native GPCRs.
However, even if a particular DREADD shows functional selectivity for a certain signaling
pathway, such a construct could become a very valuable tool for exploring the physiological
roles of this specific signaling cascade.

Development of an arrestin-biased DREADD as a novel experimental tool

As is the case for most endogenous GPCRs, CNO-activated DREADDs not only couple to
heterotrimeric G proteins but can also recruit proteins of the arrestin family (arrestin-2 and
-3) to the activated receptors. For example, two recent studies have shown that CNO
activation of hM3Dg- or rM3Dg-expressing cells promotes the recruitment of arrestin-2 and
-3 [10,11]. It is now well established that arrestins can act as scaffolding proteins to promote
signaling through G-protein-independent signaling pathways [36,37]. To generate a novel
tool useful for studying the physiological relevance of such arrestin-dependent signaling
pathways, Nakajima and Wess recently described the development of an arrestin-biased
DREADD (rM3Darr according to the nomenclature suggested in Table 1) [11]. This novel
rM3Dg-based DREADD contains the additional R3-°0L point mutation (R165L in the rat
M3R sequence) (Figure 3). CNO treatment of cultured cells expressing the rM3Darr
construct did not result in any changes in intracellular calcium, inositol phosphate, or cAMP
levels, suggesting that this DREADD is unable to activate heterotrimeric G proteins such as
Gg11, Gs, and Gjjo. However, rM3Darr was able to recruit arrestins and promote ERK1/2
phosphorylation in a CNO- and arrestin-dependent fashion. Interestingly, CNO treatment of
MING6 mouse insulinoma cells expressing the rM3Darr construct resulted in robust
stimulation of insulin release. This response could be greatly reduced by pretreating cells
with arrestin-2 or -3 siRNA [11]. These data support the concept that arrestin-dependent
signaling plays a role in the regulation of insulin release [38]. Expression of rM3Darr in
specific tissues or cell types from mice (or other experimental animals) should provide novel
information about the physiological and pathophysiological roles of arrestin signaling
pathways.

Identification of novel signal pathways using DREADD technology

DREADD-based techniques have also proven useful in identifying novel signaling pathways
that are of great physiological importance. For example, extensive analysis of transgenic
mice expressing the rIM3Dg DREADD in pancreatic p-cells has revealed novel pathways
crucial for the regulation of p-cell function [6,21]. Strikingly, chronic CNO treatment of
these mutant mice resulted in pronounced improvements in B-cell function, including the
upregulation of many genes critical for B-cell function, maintenance, and replication [21].
Moreover, chronic activation of p-cell rM3Dq signaling in this mouse strain effectively
prevented streptozotocin-induced diabetes and greatly ameliorated the detrimental metabolic
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effects associated with consumption of a high-fat diet [21]. Additional /n vivoand in vitro
studies strongly suggest the existence of a novel signaling pathway through which activation
of B-cell G triggers enhanced expression and function of insulin receptor substrate 2 (IRS2)
and that IRS2-dependent downstream signaling plays a key role in mediating the improved
B-cell function observed after chronic activation of rM3Dq [21]. These findings strongly
suggest that therapeutic strategies to enhance signaling through B-cell G4 should prove
useful for the treatment of diabetes.

DREADD studies with cultured cells

Although DREADD technology has been used most often for /n vivo studies, experiments
with cultured cells expressing specific DREADDs have also provided many important new
mechanistic insights. For example, the latter approach has led to novel findings about the
action of allosteric GPCR ligands [39,40], the molecular mechanisms involved in GPCR
oligomerization [41], GPCR-dependent transendothelial migration of breast cancer cells [42]
and mitogenic signaling [43], the modulation of Wnt—p-catenin signaling [44], and
transcriptional regulation of immediate early genes [45].

Caveats for the use of DREADD technology

As summarized in Table 2, the cell type- or tissue-selective expression of DREADDs
usually relies on the use of specific promoters. However, aberrant DREADD expression
may sometimes occur, for example when a mouse Cre driver line has not been characterized
in sufficient detail or when traditional transgenic approaches are used. To allow for a
straightforward interpretation of experimental data, it is therefore essential to confirm that
DREADD expression is restricted only to those tissues or cells that are under investigation.
Another issue involves actual DREADD expression levels that are achieved in target cells. If
at all possible, attempts should be made to quantify DREADD expression levels and
compare these with the levels of endogenous GPCRs endowed with similar signaling
properties. The expression of DREADDs at nonphysiologically high levels may lead to
striking phenotypes but the outcome of such studies may not be relevant for targeting
endogenous GPCRs for therapeutic purposes. The latter two issues are less critical for
studies using DREADD technology for turning on or off distinct sets of neurons.

Concluding remarks

DREADD technology, despite its rather recent development, is now widely used in the
neuroscience field to map neuronal circuits controlling many fundamental functions of the
brain. In addition, studies with mutant mice expressing DREADDs in various peripheral
tissues or cell types offer unprecedented new possibilities to explore the /n vivo effects of
activating specific peripheral GPCR signaling pathways. It is likely that the novel
information that will emerge from these studies will lead to new strategies aimed at
improving the therapy of many important pathophysiological conditions.

As discussed above, our group has recently designed and characterized an arrestin-biased
DREADD. However, a G-protein-biased DREADD that is no longer able to interact with
arrestins remains to be developed. Moreover, it should be possible to engineer DREADDs
that display other specialized features, for example, DREADDs that differ in their
subcellular localization or that show altered internalization, desensitization, or
phosphorylation patterns. The use of such new designer receptors would prove useful in
understanding the physiological roles of these and other processes in an /77 vivo setting.
DREADD:s that are selective for proteins of the Gg11, Gijo, Or G families are currently used
by many laboratories. However, a DREADD that can selectively activate G15/13, another
major family of heterotrimeric G proteins, remains to be developed. Another area of future
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research involves the design of nonmuscarinic receptor-based DREADDs that can be
activated by ligands different from CNO. The coexpression of such second-generation
DREADDs and CNO-sensitive DREADDs would give researchers more sophisticated
control over regulating the activity of specific cell types in vivo.

Although CNO represents an excellent DREADD ligand endowed with high potency,
efficacy, and selectivity, systematic structural modification of this molecule may yield
DREADD agonists endowed with altered (improved) pharmacological or pharmacokinetic
properties. Clearly, the development of CNO derivatives endowed with a functional bias for
either G-protein- or arrestin-dependent signaling pathways would represent another
breakthrough in the DREADD field. A CNO analog that does not cross the blood—brain
barrier may prove beneficial in studies in which activation of DREADDs expressed in the
brain is not desirable. By contrast, a CNO-derived drug with enhanced lipophilicity that can
enter the CNS more rapidly than CNO itself should make it possible to detect DREADD-
mediated CNS responses /n vivo more easily. Finally, a metabolically stable derivative of
CNO would be useful in applying DREADD technology to other species, including humans
(e.g., for potential gene therapy trials), in which CNO undergoes significant metabolic
conversion.
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Figure 1.

Schematic representation of designer receptors exclusively activated by designer drug
(DREADDs) endowed with different G protein coupling properties. All depicted DREADDs
contain the Y3-33C and A>46G point mutations in TM3 and TM5, respectively (indicated by
the red x marks). The resulting designer receptors are unable to bind acetylcholine (ACh),
the endogenous muscarinic receptor agonist, but can be activated by clozapine- V-oxide
(CNO) with high potency and efficacy. (A) Structure and G protein coupling properties of
the hM3Dq and hM4Di DREADDs [5]. CNO stimulation of hM3Dg- or hM4Di-expressing
neurons leads to neuronal excitation or inhibition, respectively (see text for details). (B)
Structure and G protein coupling properties of the rM3Dq and rM3Ds/q DREADDs ([6];
Guettier and Wess, unpublished data). In these two DREADDs, distinct intracellular loops
of the rat M3 muscarinic receptor were replaced with the corresponding sequences derived
from the turkey p1-adrenoceptor. Note that CNO binds to the extracellular surface of the
receptors while the intracellular side of the receptors interacts with heterotrimeric G
proteins.
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Figure 2.

Docking of clozapine- A-oxide (CNO) into the ligand binding pocket of the rat M3
muscarinic receptor (M3R). (A) Chemical structures of clozapine, CNO, and tiotropium.
Note that CNO differs from clozapine only in the presence of the A-oxide moiety. The
structure of tiotropium, a muscarinic antagonist/inverse agonist, is shown for comparison
because of the availability of a high-resolution X-ray structure of the tiotropium-rat M3R
complex [17]. (B) Extracellular view of the tiotropium binding pocket [17]. Key amino acids
that are of particular importance for tiotropium binding are highlighted. Both Y333 and
A546 (red arrows) are predicted to contact the tiotropium ligand (see the text for details; note
that all muscarinic receptor-based DREADDSs contain the Y3-33C and A546G point
mutations). The amino acids that replace Y333 and A>46 in the DREADD constructs are
indicated (C and G at the beginning of the red arrows). CNO can be docked into the M3R
binding pocket in a pose very similar to that of tiotropium, without any obvious structural
clashes (the two compounds are similar in size and overall shape; CNO, light blue;
tiotropium, orange; Dahlia R. Weiss and Brian K. Shoichet, personal communication).
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Figure 3.

Structure of a designer receptor exclusively activated by designer drug (DREADD;
rM3Darr) that cannot activate heterotrimeric G proteins but is able to initiate arrestin-
mediated signaling. Like all other muscarinic receptor-based DREADDs, the rM3Darr
designer receptor contains the Y3-33C and A%46G point mutations in TM3 and TM5,
respectively (indicated by the red x marks) and is unable to bind acetylcholine (Ach) [11]. In
addition, the rM3Darr construct contains the R165L3-50 point mutation at the bottom of TM3
within the highly conserved DRY motif. A previous study has shown that introduction of
this point mutation into the wild type rat M3R virtually abolishes productive receptor-G
protein coupling [48]. As a result, clozapine-A-oxide (CNO) treatment of rM3Darr-
expressing cells does not lead to activation of heterotrimeric G proteins. However, in the
presence of CNO, the rM3Darr designer receptor retains the ability to recruit arrestin-2 and
-3 and to mediate arrestin-dependent downstream signaling [11]. CNO binds to the
extracellular surface of rM3Darr, whereas the intracellular side of rM3Darr is predicted to
interact with arrestins.
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Designer receptor@ Previous names (examples) Coupling preference | Comments Refs

hM3Dq hM3-RASSL, Gq-DREADD, Sy-Rq | Gy - [5]

rM3Dq Rq Gy Rat-human M3R hybrid construct [6]

hM4Di Gi-RASSL, M4-DREADD Gip - [5]

rM3Ds Rs, Gs-DREADD Gy/olf Rat M3R-turkey B;-receptor hybrid | [6]

construct

rM3Ds/q Gyjoif, G - Unpublished £
rM3Darr Rq(R165L) Arrestin-2, -3 Rat/human M3R hybrid construct [11]

aAII constructs contain the Y3-33C and A5-46G point mutations.

bln the rM3Ds/q construct, the third intracellular loop (i3) of the rat M3R (residues 253-489) was replaced with the corresponding turkey B1-
receptor sequence (residues 230-289) (Guettier and Wess, unpublished data).
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