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Abstract

In the past decades an increasing number of studies revealed that G protein-coupled receptors (GPCRs)
are capable of forming dimers or even higher-ordered oligomers, which may modulate receptor function
and act as potential drug targets. In this review, we briefly summarized the design strategy of bivalent
GPCR ligands and mainly focused on how to use them to study and/or detect GPCP dimerization in
vitro and in vivo. Bivalent ligands show specific properties relative to their corresponding monomeric
ligands because they are able to bind to GPCR homodimers or heterodimers simultaneously. For
example, bivalent ligands with optimal length of spacers often exhibited higher binding affinities for
dimers compared to that of monomers. Furthermore, bivalent ligands displayed specific signal
transduction compared to monovalent ligands. Finally, we give our perspective on targeting GPCR

dimers from traditional bivalent ligands to more drug-like small molecules.
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1. Introduction

G protein-coupled receptors (GPCRs) consist of the largest seven transmembrane receptor family. About
one third clinically used drugs on the market act directly or indirectly on GPCRs.[1] Furthermore, almost

half of the small molecules being studied preclinically or clinically are targeting GPCRs.

In classical pharmacology allosteric mechanisms were only discussed in terms of intramolecular
interactions within a receptor between orthosteric and allosteric sites. Nowadays, there is mounting
evidence that also intermolecular receptor-receptor interactions may result in altered receptor
recognition, pharmacology and signaling. Bivalent ligands[2-3-4] have been proven useful molecular
probes for confirming and targeting dimeric receptors, such as the k opioid receptor (kKOR)-00OR
heteromers, p opioid receptor (LOR)-00OR heteromers, [,-adrenoceptor (B,AR)-M, muscarinic
acetylcholine receptor (M,R) heteromers and so on.[Error! Bookmark not defined. Exror! Bookmark not defined. Error!
Bookmark not defined.] Bjvyalent ligands are valuable tools to demonstrate the existence of receptor dimers
even in native tissue and can be used to study a specific GPCR dimer behavior without any receptor

modification.[5-6:7! Such compounds may also evolve to useful pharmacological agents.[Error! Bookmark not

defmed.]

Bivalent ligands with a spacer of optimal length are anticipated to exhibit a potency that is greater than
that derived from the sum of its two monovalent pharmacophores and may allow the targeting of certain
dimeric subtypes, thereby increasing the selectivity of drug action.[Error! Beokmark not defined..8.91 Sych
synergy is based on the assumption that a bivalent ligand will first undergo univalent binding, followed
by binding of the second pharmacophore to a recognition site on a neighboring receptor (Figure 1).
When the bivalent ligand is in the univalently bound state, the pathway to bivalent binding should be
favored over univalent binding of a second ligand because of the small containment volume of the
tethered, unbound pharmacophore that is in the region of the unoccupied neighboring receptor site. The
situation may be different in case the neighboring receptors are negatively allosterically coupled. In that

case the binding enhancement may be mitigated.
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Figure 1. Bivalent ligand concept for bridging a receptor dimer.

The unoccupied dimer (A) undergoes univalent binding that leads to state B. The unoccupied site in B
can be “bridged” to give D, which is entropically favored over binding of a second ligand to give the
dimer with both sites occupied (C).

2. Concept and design of bivalent GPCR ligands

A typical bivalent GPCR ligand consists of three different components including two pharmacophores,
two linking groups and a spacer of optimal length and nature (Figure 2). Specifically, the two
pharmacophores are based on GPCR ligands, which could be the same (homo-bivalent ligands) or
different (hetero-bivalent ligands). The selected GPCR ligands should be functionalized with a group,
e.g. amine, carboxylic acid, alkyne or azide, to allow swift conjugation to the spacer. In addition, the

spacer should also be equipped with appropriate ligation handles to couple with GPCR ligands.

GPCR - -
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Figure 2. General Structure of Bivalent GPCR Ligands

Several recent reviews have revealed how to design the bivalent ligands.[10:11! In brief, pharmacophore
identification, linker attachment site, length and composition of linker are significant for construction
of bivalent ligands. The selection of the position and nature of the attachment points for linking the two
pharmacophore units to the spacer depends on two criteria: the feasibility of the chemical modification
and the compatibility of these modifications with receptor binding and intrinsic activity of the

pharmacophore.

Preferred reactive groups for connecting two pharmacophoric units and spacers are hydroxyl, amine,
and carboxylic groups,[12:131 but also alkynes or azides may be employed to generate 1,4-substituted
1,2,3-triazole linking groups via a copper-catalyzed azide—alkyne cycloaddition (CuAAC)

reaction.[14:15-16! The use of azides and terminal alkynes requires additional reaction steps, as these



functional groups are usually not present in most pharmacophores. These functional moieties may be
connected to the spacer via ether, amide and triazole moieties. In some studies, ester, amine or thioether

functions are also described.

Normally, pharmacophores possess more than one functional group and the spacer has to be attached
ideally without significantly disrupting the binding affinity or functionality of the parent compounds.
Therefore, the most suitable spacer attachment position is preferentially chosen based on structure-

activity relationship (SAR) data.

There are general no rules governing the optimal spacer distances to construct bivalent ligands for
various dimeric GPCRs. However, several criteria on spacer length should be carefully considered to
determine the optimal length of the connecting entity in a bivalent ligand: the binding mode of the
chosen pharmacophore, the respective relative position of the two linker attachment points and the
interface between the two protomers.[Error! Bookmark not defined. Frror Bookmarknot defined., ] 71 Qverall,
in the absence of structural information of the targeted dimer, the optimal length of the spacer in a

bivalent ligand may vary and needs to be determined empirically for each new pair of target receptors.

In addition to spacer length, both lipophilicity and rigidity of the spacer are important factors when
designing a bivalent ligand. Incorporation of piperazine into the spacer group can improve the
hydrophilicity of the bivalent ligand, but is slightly less flexible than a polyalkyl chain and PEG spacer,
but slightly more than polyamide chains. Here we will not go further for design of bivalent ligands. We

will mainly focus on the recent applications of bivalent ligands.
3. Bivalent ligands possessing some specific properties
3.1 Bivalent ligands enhance selectivity and binding affinity

Andersen et al. has designed and synthesized a series of bivalent serotonin ligands (Figure 3) to reveal
insight into substrate recognition in the neurotransmitter serotonin (SERT).[18] An optimized bivalent
serotonin transporter ligand consisting of a poly(ethylene glycol) spacer binds SERT with >3,700-fold
increased binding affinity compared to that of serotonin, indicating that the human serotonin transporter

has two distinct substrate binding sites.
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Figure 3. Structure of bivalent serotonin ligand

She et al. synthesized a series of homo- and hetero-bivalent ligands targeting muscarinic acetylcholine
receptor (M;R—M;R).[19] The heterodimeric ligand UR-SK75 (2, Figure 4) containing a MR antagonist
(dibenzodiazepinone derivative) and a M;R/M4R agonist (xanomeline) revealed a selective and higher
binding affinity at MR (20-480 folds increase) compared to the other four subtypes. Interestingly,
bivalent ligand 2 showed a higher receptor subtype selectivity than compound 1 at MR.
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Figure 4. Structure of bivalent muscarinic acetylcholine receptor ligand

To increase the affinity and selectivity of histamine H, receptor (H,R), Pockes et al.[20] prepared
bivalent H,R alkylguanidine ligand 5 (Figure 5) that exhibits significantly higher #H,R affinity (Ki:
0.047 uM) in binding studies compared to #H;R, #H;R, and #H,R (Table 1). This #H,R selectivity was

much more pronounced than for the monomeric compound 4. Furthermore, bivalent ligand 5 showed a



higher functional activity (ECsy: 0.0042 uM) at guinea pig H,R (atrium) compared to 3 (ECsy: 6.92 uM)
and 4 (ECsy: 0.27 uM), indicating the potent H,R agonism.

increase H,R affinity
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Figure 5. Structure of bivalent histamine H, receptor ligand

Table 1. Binding affinities at the human H, ,; 4R and agonistic activities at the gpH,R (atrium)

Compd K;(uM)for  K;(uM)for K;(uM)for  K;(uM) for ECs, (uM) at gpH,R

hH R hH,R hH;R hH4R (atrium)
3 >100 4.07 0.038 0.0074 6.92
4 >33 0.47 2.04 5.62 0.27
5 >3.3 0.047 5.62 10 0.0042

Pulido et al. designed bivalent dopamine D, receptor ligand 8 based on N-(p-aminophenethyl)spiperone
6, with a high affinity (K;= 21 pM) for the D,R homodimer.[21] Bivalent ligand 8 showed a 37-fold
lower K; value compared to its monomeric ligand 7, suggesting simultaneously binding at both
orthosteric binding sites of the D,R homodimer. This simultaneous interaction with both orthosteric sites
of the D,R homodimer is further confirmed by binding experiments of compound 8 in the presence of
TAT-TM6, a TM6 mimetic peptide, which shows an increase in Ky value similar to that of the

monovalent ligand. Moreover, they confirmed that transmembrane 6 (TM6) forms the interface of the

D,R homodimer.
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Figure 6. Structure of bivalent dopamine D, receptor ligand
3.2 Bivalent ligands display positive cooperativity-high Hill slope

Cross-talk between GPCRs forming a dimer can evoke positive cooperativity, which also can be induced
by bivalent ligand owing to the thermodynamic advantage of sequential ligand binding. This effect was
observed in the study of bivalent ligands of dopamine D, receptor (D,R) based on 1,4-disubstituted
aromatic piperazine (1,4-DAP). Competitive binding curves of monomeric antagonists such as the
phenylpiperazine 9[22] (Figure 7) usually show Hill slopes close to 1 (ng = 0.9~1.2), indicating that
monovalent ligand binds to one receptor protomer. Binding assays of the bivalent D,R antagonist
10a[Error! Bookmark mot defined.] digplayed remarkably increased Hill slopes of 2.0, suggesting a bivalent
binding mode with a simultaneous occupancy of two neighboring binding sites. On the other hand,
bivalent ligand 10b with a 22-atom PEG spacer had a lower Hill slope close to 1.0, while it showed
higher binding affinity compared to its monomeric ligand, which possibly indicated this bivalent ligand

could bridge the binding sites of the D,R homodimers.



10a: X = (CHz)g, ny= 2.0;
10b: X = CHZ(CH20C2)2CH2, ny = 1.0

Figure 7. Structures of bivalent ligand 9 and monovalent ligand 10a-b.

Interestingly, bivalent agonists also exhibited steeper binding curves as compared to their corresponding
monovalent ligands. In contrast to antagonists, displacement experiments between monomeric agonists
and radiolabeled antagonists reveal shallow curves with Hill slopes of 0.5~0.7. While binding studies
of bivalent D,R agonists revealed significantly increased Hill slopes of 1.3~1.4, indicating that bivalent
ligands possibily bridge the dimer. [Error! Bookmark not defined.l[33.94] Therefore, careful analysis of Hill

coefficients constitutes a valuable approach to determine a bivalent binding mode.

A following study on bivalent D,R agonists (aminoindane derivative, Figure 8) by the same group of
Gmeiner revealed that bivalent ligand 10¢ containing the same spacer as 10a displayed a steeper binding
curve (ng=1.3) relative to the corresponding monovalent ligand (ng=0.5), indicating a bivalent binding
mode. Nevertheless, the high Hill slope of this bivalent ligand did not affect the functional activity since
both the bivalent ligand 10¢ and the monomeric ligand showed potent D,R agonism in inhibiting cAMP

formation and inducing D,R-mediated internalization.[Error! Bookmark not defined.]
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Figure 8. Structure of bivalent D,R ligands. [Frror! Bookmark not defined. |

Meanwhile, the heterobivalent ligands 10d and 10e containing a D,R agonist (aminoindane
pharmacophore) and a D,R antagonist (phenylpiperazine pharmacophore) were also assessed the ability
to inhibit cAMP accumulation and induce D,R internalization.[Frror! Bookmark not defined.] The results of
cAMP assay revealed that compound 10d showed weak partial D,R agonist activity (Emax =13%),
whereas 10e exhibited D,R antagonism. In addition, neither of the bivalent ligands could activate D,R-
mediated internalization. Therefore, these two heterobivalent ligands did not show the D,R biased

agonisms (CAMP versus internalization).
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Figure 9. Effect of bivalent D,R ligands. A cartoon illustrating the effect of bivalent ligands binding to
the D,R dimer on D,R-mediated cAMP formation and internalization. Red square and blue circle
represent D,R agonist and antagonist pharmacophores, respectively.[Frror! Beokmark not defined.] The white

arrow is thicker if the signaling is more activated or thinner if it is less activated.

Four cartoons further clarified the interaction of bivalent ligands with signal transduction of D,R
homodimer (Figure 9). Monovalent D,R agonists binding to the D,R homodimer could inhibit cAMP
accumulation and activate the D,R-mediated internalization (Figure 9A). Similarly, bivalent D,R
agonists binding could also stimulate the above mentioned signaling (Figure 9B). While bivalent D,R
antagonists binding blocked both cAMP formation and internalization (Figure 9C). Interestingly,
heterobivalent ligands comprising a D,R agonist and a D,R antagonist binding to the homodimer could
lead to a very low efficacy of cAMP (Emax <15%), indicating partial D,R agonism, and inhibit D,R

internalization (Figure 9D).

3.3 Bivalent ligands reveal biphasic binding curve
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Figure 10. Bivalent ligands (11-13) for D,R and NTS;R.

A recent study on bivalent D,R agonist/antagonist and neurotensin NTS; receptor (NTS;R) agonist
ligands (Figure 10) afforded biphasic competition-binding curves when measuring [*H]spiperone
displacement.[25] Such biphasic-binding curves (two K; values) were specifically observed with spacer
lengths of 44 (m=2), 66 (m=3) or 88 (m=4) atoms at HEK 293T cell membranes coexpressing
D,R/NTS;R. The K; y;,n values correspond to a bivalent receptor-bridging binding mode to D,R/NTS;R

heterodimers, while the K |, values reveal a monovalent-binding mode to D,R.

Similar binding assays were performed in the presence of an excess of NTS|R agonist NT(8-13) (1 uM),
which could prevent a biphasic binding mode of the bivalent compounds by hampering binding of their
NT(8-13) pharmacophore to the NTS;R. Indeed, co-incubation prevented high-affinity binding,

resulting in typical sigmoidal monophasic curves.[Error! Bookmark not defined.]

To confirm the bivalent receptor-bridging binding mode, reciprocal competition experiments were
performed with the NTS;R radioligand [*H]neurotensin. [Error! Bookmark not defined.] Employing 13, a
biphasic-binding curve was observed with a Kj yign, value of 0.11 pM and a K i,y at 1.7 nM, which was
shifted to a monophasic sigmoidal binding curve in the presence of 1 pM haloperidol (K; 0.79 nM).
Incubation with this monovalent D,R antagonist thus efficiently prevented the bivalent-binding mode.
Affinities for this competition-enforced monovalent-binding mode were found to be in good agreement
with results obtained with membranes from CHO-cells stably expressing NTS;R only (X; 0.86 nM). To
further complement the results obtained with overexpressing heterologous cell lines with results from
native brain tissue, competition binding assays with [*H]spiperone and the bivalent ligand 13 were

performed with membranes from porcine striatum. Interestingly, compound 13 displayed a biphasic



binding curve with a 140-fold preference for the high-affinity binding site over the low-affinity receptor
population (K hign 2.8 nM, Kj 1o,y 310 nM, high-affinity fraction 38%). In line with the results from
heterologous cell lines, addition of 1 uM NT(8-13) reverted this biphasic binding curve to a sigmoidal
binding isotherm with a K; value of 28 nM. The superior binding of bivalent over monovalent ligands
to D,R/NTS;R heterodimers was thus not only evident in heterologous cell lines but also in native tissue,
though less pronounced, which might be explained by lower receptor expression levels leading to a

lower propensity to form D,R/NTS;R heterodimers.

Recently, we have successfully designed and synthesized a series of novel heterobivalent ligands (Figure
11) for dopamine D,-like receptors (D,-likeR) and the p-opioid receptor to study the protein-protein
interactions.[26] Interestingly, we observed a potent bivalent D,-likeR/nOR ligand 14 in ligand binding
assay, which showed the above mentioned biphasic binding curve in the D4R/uOR coexpressing cells,
suggesting bridging both binding sites of two protomers. Nevertheless, this compound exhibited a one-
site binding curve in the cells coexpressing D,R/pOR, probably indicating that this compound failed to
bridge the D,R/uOR heterodimer. Hence, compound 14 could be used as a pharmacological tool to
further study D4,R/pOR dimerization.
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Figure 11. Representative competition curves for bivalent ligand 14 (12d). D,-likeR binding of the
bivalent ligand 14 was measured by displacement of [*H]spiperone from membranes of HEK293T cells

coexpressing D,R/uOR (or D,R/uOR) or monoexpressing D4R (or D,R) only. (a) D4R binding of 14 in



the presence (filled squares) or absence (open squares) of pOR. (b) D,R binding of 14 in the presence

(filled circles) or absence (open circles) of pOR.

Busnelli et al. reported bivalent ligands 15a-b comprising two identical oxytocin-mimetics (Figure 12)
that induced a three-order magnitude boost in G-protein signaling of oxytocin receptors (OTRs) in vitro

and a 100- and 40-fold gain in potency in vivo in the social behavior of mice and zebrafish.[27]

Through receptor mutagenesis and interference experiments with synthetic peptides mimicking
transmembrane helices (TMH), they show that such superpotent behavior follows from the binding of

the bivalent ligands to dimeric receptors based on a TMH1-TMH2 interface.[Error* Bookmark not defined.]

Furthermore, in this arrangement, only the analogues with a well-defined spacer length (~25 A)
precisely fit inside a channel-like passage between the two protomers of the dimer. The newly
discovered oxytocin bivalent ligands represent a powerful tool for targeting dimeric OTR in
neurodevelopmental and psychiatric disorders and, in general, provide a framework to untangle specific

arrangements of GPCR dimers.
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Figure 12. Structure of bivalent oxytocin receptor ligands



3.4 Bivalent ligands show biased agonism

Lensing et al. initiated a study on design and synthesis of homobivalent ligands targeting melanocortin
receptor homodimers (Figure 13).[28] The results showed that bivalent melanocortin ligands increased
binding affinity and potency of cAMP signaling pathway relative to their monovalent compounds in
HEK293 cells stably expressing the mMCIR, mMC3R, mMC4R, and mMC5R. In addition, bivalent
ligands with various types of spacers displayed preferences for specific melanocortin receptor subtypes,
indicating structural differences between the different dimer subtypes. Interestingly, one of the potent
bivalent ligand (Ac-His-DPhe-Arg-Trp-(PEDG20)-His-DPhe-Arg-Trp-NH,) dramatically decreased in

vivo food intake in mice after intracerebroventricular administration.

Very recently, Lensing et al. elegantly showed that bivalent ligands may induce biased signaling. They
constructed a so-called biased unmatched bivalent ligand (BUmBL) targeting melanocortin receptor
homodimers.[29] UmBLs also consist of an agonist (His-DPhe-Arg-Trp) and an antagonist (His-
DNal(2’)-Arg-Trp) pharmacophore connected via various spacers. A selected BUmBL of the human
melanocortin-4 receptor (hMC4R) exhibited biased agonism in HEK293 cells. It potently activated
cAMP production (ECs, = 1.9-5.9 nM), but minimally stimulated B-arrestin recruitment ( < 55%
maximum signal at 10 uM). From a medicinal chemistry perspective, this example demonstrates that

targeting receptor dimers may become an attractive approach to induce biased signaling.
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Figure 13. MCR agonist and antagonist pharmacophores and selected linkers were used to construct
the bivalent MCR ligands. Red amine and green carboxylic acid represent the attachment points with

the linkers.

A cartoon below (Figure 14) illustrated the interaction of ligands with asymmetrically signaling
melanocortin homodimers.[Errort Bookmark not defined.] Nonomeric agonists (blue circle) could bind both
receptors and activate cAMP signal transduction pathway as well as the -arrestin recruitment (Figure
14A). Homobivalent agonists (blue circle coupled with black spacer) induce similar signaling (Figure
14B). BUmBLs comprising an agonist (blue circle) and an antagonist (red circle) are prone to lead to
biased signaling by agonizing the cAMP signaling pathway and antagonizing B-arrestin recruitment

upon bound to the asymmetrically signaling homodimer (Figure 14C).
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Figure 14. A cartoon illustrating the interaction of ligands with asymmetrically signaling melanocortin

homodimers. [Error! Bookmark not deﬁned.]
3.5 Bivalent binding can block internalization

Daniels et al.[30] first synthesized a series of bivalent pOR agonist/60R antagonist ligands (Figure 15)
containing different spacer lengths (16-21 atoms), which were evaluated by intracerebroventricular
(i.c.v.) administration in the tail-flick test in mice. Compound 19b with a 20-atom spacer was able to
produce potent antinociception without tolerance, physical dependence, or place preference due to
bridging of the pOR-60R heterodimer, while 19a and the corresponding monovalent opioid agonist 16,

did show the above-mentioned side effects.
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Figure 15. Structures of bivalent ligands (19a and 19b), monovalent ligands (16 and 18), and
naltrindole (17).

In a follow-up study by Yekkirala et al.,[31] an immunocytochemical correlation was employed to
support the in vivo biological results of 19b. They showed that bivalent ligand 19b, which was free of
tolerance due to possible bridging of pOR and 3OR protomers, inhibited endocytosis of the heteromeric
receptors in HEK-293 cells (Figure 16¢), while 19a and monomeric pOR agonist 16 produced robust
internalization (Figure 16a and 16b). Furthermore, due to competition at SOR protomer by 17, 19b
promotes endocytosis similar to that of 16 and 19a (Figure 16d). These data strongly indicate that
immobilization of proximal pOR and dOR protomers is due to bridging by 19b. Overall, 19b and its
shorter spacer homologue 19a possess comparable activity in HEK-293 cells, but generate dramatically
different internalization of fOR-0OR heterodimer. Hence, the internalization assay represents a valuable

approach for evaluation of agonist—antagonist bivalent ligands bridging GPCR heterodimers.
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Figure 16. Effect of 17 on trafficking of p-6 heterodimer by 19b. A cartoon illustrating the effect of

delta antagonist on the disruption of bridging protomers in the -8 heterodimer.[Error! Bookmark not defined. ]

Lacking pnOR/30OR heterodimer-selective antagonists is the major limitation in the study of pOR/SOR
dimerization. Hence, Olson et al. synthesized a series of varying length (15—41 atoms) bivalent peptides
with selective but moderate/low-affinity pharmacophores for the pOR (21) and dOR (20).[32] The
pharmacological results showed a spacer length dependent pOR/SOR dimer affinity/potency profile in
vitro 33S-GTPyS coupling (Figure 17A), with the 24-atom spacer length (D24M) generating the highest
affinity/potency (<1 nM, Table 2) at the tOR/60R dimer and selectivity (289-fold relative to the pOR
or S0OR monomer). In addition, D24M displayed >200-fold higher potency than the monomeric
compounds at the pOR/3OR heterodimer.

Subsequently, D24M was further evaluated in the tail flick test in mice via icv injection, which exhibited
a dose-dependently antagonized antinociception formed by the ptOR/SOR agonists CYM51010 and
Deltorphin-II, without antagonizing the monomer agonists DAMGO and DSLET (Figure 17B).[Errer!



Bookmark not defined.] Tpterestingly, D24M was also observed to sharply reduce withdrawal behavior in

models of acute and chronic morphine dependence.

These data strongly suggest that D24M is a first-in-class selective and high affinity/potency pOR/6OR

heterodimer antagonist both in vitro and in vivo.
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Figure 17. Structures of bivalent pOR/3OR antagonists

Table 2. Binding affinities and functional activities for tOR/60OR

Compd pK; for tOR/60R pICso GTPyS
antagonism vs
(K; nM) CYMS51010 (ICsy nM)
D15M 8.60 (2.5) 8.47 (3.4)
DI8M 8.70 (2.0) 8.68 (2.1)

D21M 8.89 (1.3) 8.79 (1.6)




D24M 9.20 (0.63) 9.07 (0.85)
D30M 8.09 (8.1) 7.70 (20)

D41M 7.79 (16) 7.32 (48)

Le Naour et al.[33] designed and synthesized bivalent ligands that contain both pOR agonist and CB1
antagonist pharmacophores as tools to study the functional interaction between pOR and CB1 receptors
in vivo. This study was based on above mentioned study that demonstrated a lack of internalization of
coexpressing LOR and 3OR receptors in HEK-293 cells upon treatment with a bivalent pOR agonist/
OOR antagonist ligand 19b.

The obtained immunofluorescence evidence in HEK293 cells coexpressing ptOR and CB1 receptors
supported the bridging of protomers in the fOR-CB1 heterodimer by the bivalent ligand 23 (Figure 18)
with a 19-atom spacer, as no significant receptor internalization was observed.[Error! Bookmark not defined.]
Nevertheless, bivalent ligands with shorter spacer length (< 18 atoms) did not share this property.
Compound 23 exhibited the highest potency in antinociceptive testing in mice. As neither a combination
of monovalent ligands 16 + 22 nor the bivalent ligand 23 produced tolerance in mice, pOR-CB1

apparently is not a significant target for reducing tolerance.

Cl

Figure 18. Heterobivalent pOR agonist/CB1R antagonist ligands. Compound 23 with a spacer length

of 20 atoms and showing the highest anti-nociceptive potency in a mouse tail-flick assay.[Frror! Bookmark

not defmed.]



3.6 Bivalent ligands boost potency of antinociception in vivo without tolerance

Akgiin et al.[34] designed and synthesized a series of bivalent ligands that contain a pOR agonist and a
mGluR5 antagonist pharmacophore (MPEP) linked through spacers of varying length (10-24 atoms) to
study the W OR/mGIuRS receptor interaction in vivo. Bivalent ligands were evaluated for antinociception
using the tail-flick and von Frey assays in mice pretreated with lipopolysaccharide (LPS) or in mice with
bone cancer. In LPS-pretreated mice, 24 with a 21-atom spacer (Figure 19) exhibited the highest potency
(intrathecal EDsy ~9 fmol per mouse), whereas its EDsy value was more than three orders of magnitude

higher in untreated mice.

Bivalent ligands with shorter or longer spacers than 24 showed at least a 25-fold higher EDs, in LPS-
treated mice. [Error! Bookmark not defined.] Ty addition, a combination treatment of the monomeric pOR agonist
and mGluRS5 antagonist did not exhibited an increased potency of antinociception. The exceptional
potency of 24 may be owning to the optimal bridging of protomers in a putative pOR-mGIuR5
heterodimer. Bivalent ligand 24 holds a >10° therapeutic ratio, which indicates that it may be a promising
candidate for treatment of chronic, intractable pain via spinal administration. Furthermore, bivalent
ligand 24 was proved to be effective in treating neuropathic pain according to a recent study on spared

nerve injury.[35]

7

Figure 19. Bivalent yOR and mGIluR5 ligand.[Frror* Bookmark not defined.]

Cross-talk between opioid and chemokine (CCR) receptors is initiated by chemokine release which, to
some extent, leads to reduced potency of morphine in the treatment of chronic pain. Based on the
probability that a fOR-CCRS heteromer is involved in such cross-talk, Akgiin et al.[36] synthesized a
series of bivalent ligands that consist of a pOR agonist and a CCR5 antagonist (TAK220)

pharmacophores linked through homologous spacers (14—24 atoms).

When tested on the lipopolysaccharide (LPS) inflamed mice, the bivalent ligand 25 with a 22-atom
spacer (Figure 20) displayed excellent antinociceptive activity (i.t. ED50 = 0.0146 pmol/mouse) that
was 2000-fold higher than morphine. Furthermore, 25 was approximately 3500-fold more potent than a
combination treatment of the corresponding pOR agonist and CCRS antagonist. These results clearly
suggest that 25 bridges the protomers of a pOR-CCRS5 heterodimer, which was supported by docking
studies, and that the pOR-CCRS heterodimer could act as a novel target for the treatment of chronic

pain.
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Figure 20. Bivalent ligand 25 bridging pOR and CCRS5 receptors. [Error! Bookmark not defined. |

Based on the above studies on opioid receptor, a main difference between the bivalent ligands and
clinically used opioid ligands is their remarkable potency in both reducing hyperalgesia and
strengthening antinociception without tolerance in inflamed mice. To further identify the targets of
bivalent ligands 24 and 25, Akgiin et al. has undertaken a study upon i.t. administration recently.[37]
The results showed that the high potency of 24 and 25 in LPS inflamed mice is partially owing to their
contributions to directly blocking the activated spinal glia. Specifically, compound 24 displayed the
potently enhanced antinociception due principally to selective inhibition of activated astrocytes, while

25 antinociception was owing mainly to blockage of induced spinal microglia.[Error! Bookmark not defined.]

Recently, Zhang’s group[38] reported bivalent ligands containing pOR agonist and chemokine receptor
CXCR4 antagonist pharmacophores targeting the ftOR-CXCR4 heterodimers that produced the largest
decrease in the mean number of IP acid-stimulated stretches in ICR mice to test their antinociceptive
effectiveness. However, the p value for this effect (p = 0.11) did not meet the criterion for statistical

significance, further evaluation of these compounds may be warranted.

3.7 Bivalent ligands exhibited higher binding affinity and potency in the cells stably coexpressing

both receptors.

Recently, we have synthesized a series of potential bivalent ligands comprising a D,R agonist and an
mGIuRS negative allosteric modulator (NAM) to study the interaction of D,R and mGIuR5.[39]
Interestingly, bivalent ligand 26 (Figure 21), with a 20-atom alkylamine spacer, exhibited a 4-fold
affinity increase for the D,R in cells coexpressing the D,R and the mGIuRS, compared to cells only
expressing D,R, suggesting that 26 may bridge the binding sites of the D,R and mGIuRS5 receptors.
Moreover, 26 shows a 5-fold higher affinity for the mGIuRS than its MTEP azido precursor in D,R-
mGIluRS5 cells, also pointing towards its capacity to simultaneously occupy both binding sites of the
heteromer. From a functional point of view, 26 displays a 7-fold higher potency compared to the
monomeric mGluRS5 precursor in MAPK phosphorylation in HEK293 cells stably expressing D,R and
mGluRS receptors. Furthermore, 26 inhibits forskolin stimulated cAMP formation with a 4-fold higher
potency compared to its D,R monovalent alkyne in the coexpressing cells, indicating that the bivalent
binding requires a lower receptor occupation to exert signaling. In addition, a docking study reveals that

26 is indeed able to simultaneously bind both receptors by passing between the heterodimeric interface,



comprised of TM5 and TM6 of both receptors, and establishing six protein-ligand H-bonds (Figure

21 ) [Error! Bookmark not deﬁned.]

Overall, we demonstrated that the length and nature of the spacer between the two receptor
pharmacophores strongly affect binding affinity and functional potency both from a D,R and from an
mGIluRS5 viewpoint. Most importantly, this study allowed us to identify bivalent ligand 26, which

emerges as a promising molecular probe to further investigate D,R and mGluRS5 heterodimerization.
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Figure 21. Bivalent ligand 26 targeting D,R and mGIluRS5.

In 2020, Poulie et al. designed and synthesized the first series of bivalent ligands 27a-g targeting the 5-
HT,,/mGlu, heteromer, which comprise the 5-HT,, antagonist MDL-100,907 and the mGlu, positive
allosteric modulator (PAM) JNJ-42491293 (Figure 22).[40] Noticeable functional crosstalk was
detected between the two receptors in cells coexpressing 5-HT,a/mGlu, and 5-HT,,/mGlu,/GqoS.
Whereas the monomeric compounds retained the 5-HT,, antagonist and mGlu, PAM functional
activities, bivalent ligands inhibited 5-HT-induced Ca?" responses in 5-HT,,/mGlu, cells and both 5-
HT- and Glu-induced Ca?' responses in 5-HT,;,/mGlu,/Gqo5 cells. Nevertheless, no conclusive
correlation between the functional potency and spacer length of the bivalent ligands was observed. In
summary, although functional crosstalk between 5-HT,, and mGlu, was confirmed, it remains unclear

how bivalent ligands interact with the 5-HT,,/mGlu, heteromer.
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Figure 22. Bivalent ligand 27a-g for 5-HT,, and mGlu, receptors.

In 2021, we discovered a true bivalent D,R agonist 29¢ that showed a 16-fold higher binding affinity
than the parent monovalent IndBipAlk 28 (Figure 23).[41] Furthermore, compound 29c¢ displayed a 4-
fold higher binding affinity than the shorter bivalent compounds 29a-b (PEG4 and PEGS), suggesting
that the spacer length affects bivalent binding. Compound 29¢ (ny = 1.2) showed a 2-fold steeper binding
curve than its monomeric ligand IndBipAlk 28 (ng = 0.6), suggesting a bivalent binding mode. Bivalent
ligand 29¢ showed a 5-fold higher potency (ECs¢=65 nM vs 321 nM for 28), indicating that it needs a
lower concentration to exert signaling for bivalent binding. Molecular docking study reveals that
bivalent ligands 29a-c are able to simultaneously bind the D,R homodimer in a more relaxed

conformation through the interface of TM5-TM6 when increasing the length of linkers (Figure 23).
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Figure 23. Bivalent ligands 29a-c for D,R homodimers and docking pose of 29¢ (purple) in the D,R
homodimer. Small blue spheres represent predicted extracellular membrane surface. H-bonds are

displayed as solid red lines.

Recently, Zhang’s group designed a series of bivalent ligands targeting pfOR-CCRS heteromers[42] and
LOR-CXCR4 heteromers[43], which exhibited higher binding affinity and potency in the cells
coexpressing both receptors. In addition, both fOR-CCRS5 and pnOR-CXCR4 heterodimers showed the
therapeutic potential to inhibit opioid exacerbated HIV-1 infectivity.

4. Conclusion

Bivalent ligands are defined as compounds that contain two pharmacophores linked by an appropriate
spacer. The design of such molecules requires the selection of potent and subtype-selective lead
pharmacophores, appropriate attachment points to connect the spacer, and the length and composition
of the spacer group. This overview mainly focused on bivalent ligands recently described in the literature

as specific pharmacological tools to investigate GPCR dimerization.

The advantages of the bivalent approach are numerous, including enhanced binding affinity, functional
potency and receptor subtype specificity. However, the use of bivalent ligands as potential
pharmacotherapeutics is limited by problematic molecular properties, such as high molecular weight
and lipophilicity. In addition, the linker must be attached to the pharmacophore in a position that

tolerates structural modification.

All the examples mentioned above strongly suggest that the length and nature of the linker are crucial
factors for the optimal ligand-receptor interactions, which depend on the properties of the selected
pharmacophores and binding sites of GPCRs. Furthermore, design of biased blockage of GPCR-
mediated internalization or [ arrestin recruitment is a promising approach for the bivalent ligands
containing an agonist and an antagonist (or NAM) to study the GPCR dimerization. More importantly,
bivalent pOR ligands revealed fantastic potency of antinociception without tolerance compared to the

monomeric ligands in vivo.



Overall, these compounds possess great potential as pharmacological tools to investigate the GPCR

dimerization both in vitro and in vivo.
5. Future perspectives
5.1 Disadvantages of bivalent ligands

The potential of bivalent ligands as possible therapeutics, as opposed to mere pharmacological tools,
remains a topic of discussion.[44] Some obvious hurdles exist in the development of bivalent ligands as
drugs, including potential absorption, distribution, metabolism, and excretion (ADME) issues, their
unlikeliness to cross the blood—-brain barrier, and other issues. These issues are related to some general
unfavorable physicochemical properties, particularly their high molecular weight, which does not fit
Lipinski’s rule of 5 and hence limits the future use of bivalent ligands as potential drugs. On the other
hand, Portoghese et al. reveals that heteromer induction is a possibility with bivalent ligands, which
offers a general approach to unique pharmacology that complements traditional SAR.[45] Although
these barriers seem insurmountable, bivalent ligands may potentially become useful therapeutics by
alternative/advanced administration routes, or by converting them into integrated dual acting ligands.
However, dual acting ligands not only cannot bridge the two binding sites of the GPCRs dimers
simultaneously, but also do not allow to distinguish between a given GPCR heteromer and monomers
or heteromers with other receptors. More success, however, is expected from “drug-like” compounds
that selectively bind and modulate altered binding pockets, which may originate from receptor

homodimerization or heteromerization.
5.2 From bivalent ligands to integrated dual acting ligands

A relatively new offshoot from the “classical” bivalent ligands are the so-called integrated dual acting
ligands. These molecules are potentially able to interact at two binding sites of a heterodimer, possibly
resulting in improved subtype selectivity, higher binding affinity, boosted or modified functional

activity, and reduced dependence on multiple drug administration regimens.[46]
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Figure 24. (left) Schematic representation of a heterobivalent ligand and integrated dual acting ligand consisting

of a receptor X and a receptor Y ligand. (right) Schematic examples of a heterobivalent ligand binding to a



heterodimer and an integrated dual acting ligand acting at the two orthosteric sites of two different types of receptor

monomers.

Jorg et al. pioneered this concept by converting classical heterobivalent ligand 30 consisting the D,R
agonist ropinirole and the A;,R antagonist ZM 241385 into a so-called integrated and more drug-like
dual acting ligand 31 (Figure 25), which maintained the potency of the original pharmacophores at both
receptors (AsaR and D,R). [47] Furthermore, preliminary tests suggest that the integrated dual acting
ligand is capable of crossing the blood—brain barrier contrary to the original heterobivalent ligands.
Although dual acting ligand is more drug-like, it cannot bridge the two binding sites of GPCR dimer

simultaneously because of its relatively short spacers.
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Figure 25. An example of the conversion of a “classical” heterobivalent ligand incorporating the pharmacophores
ropinirole and ZM 241385 into an integrated dual acting ligands without the tyramine moiety originally present in

ZM 241385.

It is noteworthy that the paradigm of “multiple ligand” approach is not new and many of the drugs
originating from screening in animal models, were later found to modulate different targets.[48] Notable
examples are the clinically used neuroleptics, which obviously do not obey to the “one-target, one-

disease” approach that dominated the pharmaceutical industry for a long time.
5.3 Towards drug-like bitopic ligands that allosterically modulate GPCR homodimer

Recently, SB269652 was defined as the first small molecule negative allosteric modulator (NAM) of
the D,R, which was obtained by virtual screening.[49:50] Structure optimization of SB269652 lead to
the bitopic ligands 32[51] and 33[52] (Figure 26). Interestingly, when the linker of SB269652 was
replaced by trans-cyclopropylmethyl group to give compound 32, which showed 200-fold D;R
selectivity over D;R/D,R. In addition, replacing the indole-2-carboxamide with 1H-pyrrolo[3,2-
b]pyridine-3-carboxamide afforded compound 33, which enhanced 5000-fold potency compared to
SB269652.



Kg =776 nM
SB269652

N=
Z
N7 N\ y/
NH

Figure 26. Structures of bitopic ligands 32 and 33 derived from SB269652.

It was proved that compound SB269652 acts through a new mechanism, engaging one protomer of a
D,R homodimer in a dual orthosteric/allosteric (or bitopic) mode, to negatively modulate dopamine
binding and function at the other protomer (Figure 27).[53] Hence, SB269652 acts as a so-called bitopic
ligand of D,R. Bitopic ligands contain three components: allosteric and orthosteric heads connected by
an optimal length of spacer, which occupy the allosteric and orthosteric binding sites (ABS and OBS)
of the target receptor simultaneously. Generally, when the orthosteric binding site of D,R is occupied
by an antagonist head from the bitopic ligand, it will not allosterically modulate the endogenous ligand
binding and function. Hence, this indicates a novel mechanism whereby a bitopic ligand binds in an
extended pose on one protomer of a GPCR dimer to allosterically modulate the binding of an agonist to

the orthosteric site of a second protomer.

AR

Figure 27. Bitopic ligand SB269652 acts as a negative allosteric modulator (red arrow) across a D,R

homodimer.

5.4 Towards drug-like compounds that selectively activate heterodimeric receptors



Figure 28. Molecular structure of N-naphthoyl-p-naltrexamine (NNTA, 34).

While the integrated dual acting ligands and bitopic ligands described above still share structural
similarities with the monovalent ligands that target both protomers, one step further would be the
identification of “monovalent-like” ligands that selectively target heterodimeric receptors. Yekkirala et
al.[54] discovered that N-naphthoyl-B-naltrexamine (NNTA, 34)[55] (Figure 28) selectively activates
heteromeric p/x-opioid receptors in HEK-293 cells. In a competition binding assay using
[*H]diprenorphine, NNTA was found to bind with very high affinity to cells that express p- (K; = 0.077
pM) or k- (K; = 0.084 pM) opioid receptors. Interestingly, NNTA was found to be a potent antagonist
in cells singly expressing p-opioid receptor, but an exceptionally potent agonist in cells coexpressing
p/x-opioid receptors. In the mouse tail-flick assay, NNTA exhibited potent antinociceptive activity.

Furthermore, it did not produce significant physical dependence in mice.

Likewise, Orru et al.[56] demonstrated in rats that the adenosine A,, receptor (A,,R) antagonist SCH-
442416 (Figure 29) has preferential pre-synaptic activity, based on its potency for inhibiting striatal
glutamate release. The antagonist KW-6002 (Figure 29) showed preferential post-synaptic activity,
according to its potency for inducing locomotor activation. These behavioral effects may be explained
by the higher relative affinity of SCH-442416 for pre-synaptic adenosine A; receptors (A;R)-AaR
heteromers and the better affinity of KW-6002 for post-synaptic dopamine D, receptor (D,R)-A,4R

heteromers.
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Figure 29. Structures of SCH-442416 and KW-6002.

Taken together, these studies afforded important proof-of-concept that it is possible to identify small
molecules that selectively activate heteromeric receptors. In the first particular case it might lead to the

development of new potent analgesics with fewer deleterious side effects.

5.5 Towards drug-like compounds that show biased signaling pathway for heteromers



Devi et al. reported a compound CYM51010 (Figure 30) through high-throughput screening of a small-
molecule library, which is a B-arrestin2 biased drug-like ligand targeting pfOR-30R heteromers.[57]
This compound exhibits activity in pOR-30OR coexpressing cells but not pfOR or dOR cells alone.
Remarkably, systemic administration of CYMS51010 induced antinociceptive activity similar to

morphine, whereas chronic administration of CYM51010 led to much lower antinociceptive tolerance

1aeUeads %Q

CYM51010 MP135

than morphine.

Figure 30. Structures of CYM51010 and MP13S5.

A following study by the same group identified a drug-like compound MP135 (Figure 30) that exhibits
high G-protein biased activity at fOR-00OR heteromers compared to the homomeric SOR or pOR.[58]
Pharmacological result of MP135 supports that this molecule could be developed as an antinociceptive
agent similar to morphine. However, in vivo study reveals that MP135 maintains untoward side effects

such as respiratory depression and reward behavior.

Taken together, bivalent ligands are prone to act as molecular probes to study GPCR dimerization both
in vitro and in vivo. Drug-like small molecules discussed above not only selectively target homodimers
or heteromers, but also exhibit therapeutic potentials with higher potency and less side effects compared
to those compounds only bind monomers. More importantly, drug-like bitopic ligands can be used as
tools to study GPCR dimerization through allosteric mechanism. Hence, an increasing number of drug-

like small molecules will appear in the study of GPCR dimerization.
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