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Chapter 1

Introduction

1.1. G Protein-Coupled Receptors

Cell functioning in multicellular organisms relies heavily on the
reception of signals that come from outside of the cellular mem-
brane. The main part of this task is carried out by membrane re-
ceptors, among which G protein-coupled receptors (GPCRs) stand as
the largest family (≈800 genes) of transmembrane proteins encoded
in the human genome (3-4% of the human proteome) [1]. Members
of this family include receptors for a wide variety of extracellular
molecules that range from photons or ions to neurotransmitters, hor-
mones, odorants, and others. Indeed, GPCRs are expressed in most
of the body’s tissues and are stimulated by these ligands to trigger
second-messenger cascades which are key for cell signaling and vir-
tually all aspects of human physiology, including vision, taste, odor
sensing and neurotransmission [1]. As such, they are involved in many
human diseases and represent the pharmaceutical target of approxi-
mately 34% of all drugs approved by the US Food and Drug Admin-
istration (FDA) [2].

In 1994, GPCRs were first phylogenetically classified into the
known A-F classification system, of which D and E are not found in
vertebrates [3]. However, Fredriksson and colleagues demonstrated,
one decade later, that most human GPCRs can be categorized into
five main families: Glutamate (class C, 22 receptors), Rhodopsin
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(class A, >700 receptors including ≈400 olfactory receptors), Ad-
hesion (class B2, 33 receptors), Frizzled (class F, 11 receptors), and
Secretin (class B1, 41 receptors) [4]. This classification system is re-
ferred to by the acronym GRAFS. Within these five classes, class A
stands out as the largest and most therapeutically targeted family [5]
and it will be the focus of this thesis. Despite interacting with a huge
diversity of ligands, all GPCRs share a transmembrane domain with
a common structural architecture defined by a bundle of 7 transmem-
brane (TM) α-helical segments connected by three extracellular loops
(ECLs) and three intracellular loops (ICLs) (Figure 1.1).

Figure 1.1: GPCR embedded in a lipid bilayer. GPCRs share an architecture
with seven transmembrane helices (numbers) which alternatively span from the
extracellular side (N-terminal) to the cytoplasm (C-terminal) joined by protein
loops. Helical segments are depicted in blue cylinders whereas unstructured pro-
tein segments are in thin orange cylinders. Grey spheres represent membrane
lipids.
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Advances in crystallography and cryogenic electron microscopy
(cryo-EM) of GPCRs have shed light on the ligand binding and the
molecular mechanisms of signal transduction. The most common fea-
ture of GPCR activation entails a reorganization of the cytoplasmic
side of the receptor thanks to a large outward movement of trans-
membrane helix 6 (TM6) (Figures 1.2 and 1.3D) and smaller rear-
rangements of other helices [6]. This process leads to and exposition
of an intracellular pocket which can effectively engage the signaling
proteins: G proteins, G protein–coupled receptor kinases (GRKs) or
β-arrestins (Figures 1.2 and 1.3D). GPCRs are highly dynamic sys-
tems that exist in a wide range of functionally distinct states and, in
absence of any external stimulus (i.e., an endogenous ligand), they can
transition among multiple conformation states (ie., inactive, interme-
diate, active) which explains part of their basal activity [7] (Figure
1.3). Then, when a ligand binds to a GPCR, it can modify the frac-
tion of time the receptor spends in each of its conformational states,
resulting in modulation of intracellular signaling responses [8].

In class A GPCRs, the endogenous ligands bind in a conserved
pocked within the transmembrane domain of the receptor known as
the orthosteric binding side (Figure 1.4B). Orthosteric ligands can
be categorized into four groups based on their intrinsic efficacy: full
agonists induce maximal signaling responses; partial agonists fail to
induce full receptor activity even at saturating concentrations; neu-
tral antagonists hinder the binding of other ligands without affect-
ing the signal activity; and inverse agonists decrease basal activity
(Figure 1.3) [7]. Additionally, GPCRs can be modulated allosteri-
cally by molecules that bind to allosteric pockets which are distinct
from the orthosteric binding site (Figure 1.4). It is important to note
that not all these non-orthosteric sites are truly allosteric1, but since
the majority appear to be, “allosteric” has become synonymous with
“non-orthosteric” for GPCRs. Depending on their ability to increase,
decrease, or cause no effect on the action of the orthosteric ligand, al-

1Allosterism is defined as “the process by which the binding or/and function
of an endogenous or exogenous ligand at one location (the orthosteric site) is
influenced by the binding of another ligand or protein at a topographically distinc
site (the allosteric site).
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Figure 1.2: GPCR receptor signaling. Agonist binding to the receptor trig-
gers the outward movement of TM6, opening an intracellular cavity that allows
the binding to a diverse set of signaling proteins. Coupling of heterotrimeric G
protein to the receptor (G-protein-dependent signaling, left) triggers an exchange
of GDP to GTP, through a large-scale opening of the α-helical domain from the
Ras domain in the α-subunit, resulting in dissociation of the α and βγ subunits
[9, 10]. The GTP-bound state of the α-subunit activates Adenylyl cyclase (AC)
which converts ATP into cAMP. βγ subunits interact with GIRKs to make them
permeable to K+ ions. On the other side, activation of GPCRs also leads to
phosphorylation by GRKs and coupling to arrestins (G-protein-independent sig-
naling, right) which eventually triggers endosome mediated internalization of the
receptor, leading to its recycling or degradation. Taken from [11].

losteric modulators have been categorized as positive (PAM), negative
(NAM) or silent (SAM), respectively (Figure 1.4A) [12]. In addition
to pure PAMs and NAMs that do not modify receptor activity in the
absence of orthosteric ligands, other allosteric ligands possess intrin-
sic efficacy and either increase or decrease GPCR-mediated signaling
(allosteric agonists and antagonists, respectively). This group also
includes agonist-PAMs (agoPAMs) which show both intrinsic agonist
efficacy and the ability to increase the potency and/or efficacy of or-
thosteric agonists.

Although classical pharmacology only discussed GPCR alloster-
ism in terms of intramolecular interactions between orthosteric and

8



allosteric sites, there is mounting evidence that also intermolecular
receptor-receptor interactions can alter the recognition, pharmacol-
ogy and signaling of GPCRs. A receptor heteromer is considered “a
macromelcular complex composed of at least two (functional) recep-
tor units (protomers) with biochemical properties that are demonstra-
bly different from those of its individual components” [13]. Despite
the initial skepticism and discussion [14, 15], it is now increasingly
accepted that GPCRs form homomers (between same types of pro-
tomers) and heteromers (between different types of protomers) [16].
These oligomers are in some cases the predominant species [17] and
constitute primary functional signaling units [13].

Drug discovery programs targeting GPCRs have led to numerous
successful therapeutic agents, but the design of molecules that bind
GPCRs has been challenging. Indeed, available drugs usually aim for
the orthosteric binding site [18] and target only 108 unique GPCRs
that are <15% of the ≈800 genes [19]. The main reason has been
the complexity of finding molecules with enough efficacy, to modu-
late receptor signaling; and with high selectivity for a specific GPCR
subtype, to prevent off-target side effects. This, combined with the
complexity that class A GPCR oligomerization brought to the table,
has heightened interest in finding novel alternatives to overcome the
main limitations of monovalent drugs.

1.2. Multivalent ligands and GPCRs

Historically, efforts to develop ligands targeting GPCRs have pri-
marily focused on monovalent agonists and antagonists that interact
with the orthosteric binding site to either mimic or block the action
of the endogenous ligand [12, 22]. The main issue with the targeting
of the orthosteric binding site is its high evolutionary conservation
between closely related receptors to maintain protein function, which
makes it difficult for drug discovery programs to develop selective
compounds and avoid off-target side effects [7]. The five receptor
subtypes (M1R-M5R) of the muscarinic acetylcholine receptor family,
for instance, show high sequence similarity in their orthosteric binding
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Figure 1.3: Dynamic properties of GPCRs. (A) Efficacy of each type of lig-
and. Full agonist and partial agonist induce maximal and submaximal responses,
respectively. Neutral agonist does not alter basal activity, while inverse agonist
inhibits it. Adapted from [20]. (B) Biological response of a ß-arrestin biased
ligand, as an example of biased ligands, which preferentially activate one specific
signaling pathway. Adapted from [20]. (C) Scheme of the conformational energy
landscape of GPCR activation accompanied by (D) a representation of the hall-
marks of GPCR activation, TM6 outward movement. In apo receptor the TM6 is
highly dynamic, mainly populating inactive-like conformations. The inactive con-
formation is stabilized by inverse agonists while agonist binding promotes outward
movement of TM6. Fully stabilized active conformation of TM6 is only achieved
in presence of both agonist and G-protein. Adapted from [21].

10



site. This made it challenging to develop subtype selective synthetic
M1R agonists for the treatment of Alzheimer’s disease without causing
gastrointestinal and cardiovascular side effects caused by non-specific
binding in the peripheral M2R and M3R subtypes [22]. Despite a spe-
cific M1R partial agonist with low adverse effects was later published
with promising results [23], numerous projects involving orthosteric
drug discovery show a slow pace or have been discontinued for sim-
ilar reasons [7]. Other associated complexities in the discovery of
orthosteric drugs are that these sites can be too shallow to accom-
modate certain molecules, that the endogenous ligand can be difficult
to replace because of its high affinity; and that mutation-caused drug
resistances occur rather frequently [24]. Indeed, even when desired
selectivity is achieved, some studies using orthosteric ligands have
reported on-target side effects caused by the uniform activation of
multiple signaling cascades of GPCRs or the disturbance of spatial
and temporal patterns in comparison to the endogenous agonists [7].

Allosteric monovalent ligands emerged as a promising alternative
approach for developing highly selective ligands for GPCRs which
promised to offer several key advantages as therapeutic drugs over
orthosteric ligands. Importantly, allosteric ligands bind to sites that
are often less conserved than orthosteric sites, which are under more
evolutionary pressure [25]. This allows the optimization of highly se-
lective compounds for some GPCR subtypes that were inaccessible
for traditional approaches and the decrease in off-target side effects.
Structural determination of GPCRs in different functional states and
in the presence of allosteric modulators have revealed not only the
allosteric ligand-receptor interactions but also the existence of multi-
ple allosteric sites which are distributed across the entire GPCR sur-
face [7] (Figure 1.4B). In fact, Hedderich and colleagues performed a
computation analysis leading to the discovery of novel “orphan” (i.e.,
as-of-yet untargeted) pockets and reaffirmed that almost the entire
surface of the receptor structure is indeed potentially druggable [26].
Another advantage of pure allosteric ligands over orthosteric ligands
is that their effects are saturable, i.e., once the allosteric pocket is
fully occupied with ligand no additional effects are being observed [7],
which decreases the likelihood of on-target side effects due to over-
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dosing. Furthermore, pure allosteric modulators lack intrinsic activity
(as they only exert an effect when the endogenous agonist is present)
so they conserve the natural spatio-temporal patterns of endogenous
ligands, which avoids excessive receptor activation and rapid desensi-
tization –reducing the development of drug tolerance [7, 25]. Finally,
allosteric drugs can be also used as an alternative when classical or-
thosteric drugs face mutation-caused drug resistances or when the
target receptors are poorly druggable by small-molecule orthosteric
ligands (e.g. peptide receptors with wide and deep orthosteric binding
pockets) [7]. Although allosteric ligands are often more selective for
their targets and allosterically modulating the actions of endogenous
ligands provides substantial therapeutics benefits, the increasing ef-
fort on these drugs has faced some obstacles. Indeed, according to the
Allosteric Database (ASD, http://mdl.shsmu.edu.cn/ASD), there are
only four allosteric drugs targeting GPCRs (Cinacalcet, Ticagrelor,
Ivermectin, and ATx-201) approved by the FDA. The primary issue
with these monovalent ligands is that the mechanism in which these
molecules affect signaling is not as direct as the one for orthosteric
drugs, so they are usually less potent [18, 24]. Also, there is no reason
why mutations would not appear in these sites under drug selection
pressure as it occurs with orthosteric drugs [24].

Hence, it appears challenging to simultaneously enhance both po-
tency and selectivity in drug design when targeting only one site.
Novel approaches to overcome this problem that go beyond orthos-
teric and allosteric drugs include the discovery of multivalent ligands
[28–30]. A multivalent ligand is a molecule endowed with two or more
binding sites capable of interacting with multiple targets simultane-
ously (Figure 1.5). Portoghese and colleagues, introduced for first
time in 1982 the concept of a bivalent ligand directed toward opioid
receptors [31]. These molecules were characterized by possessing two
pharmacophores interconnected by a “connecting chain” which in this
thesis will be referred to as “linker” –it has also often been named
“spacer”. In that original idea, both pharmacophores were identical
and targeted the orthosteric binding site. It must be noted that these
compounds were designed prior to unveiling of the 3D structure of any
GPCR and before the concept of a GPCR oligomer as a functional
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Figure 1.4: GPCR allosteric modulation. (A) Functional responses of allosteric
modulators. Adapted from [27]. (B) Allosteric ligands found in solved Class
A GPCR structures. Orthosteric ligand is depicted in orange spheres whereas
allosteric ligands are in blue sticks.
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unit. Indeed, it was originally hypothesized that bivalent ligands
would exhibit increased potency over the monovalent analogue by en-
hancing the local concentration of pharmacophores and by bridging
two neighboring GPCRs by the orthosteric binding sites [32]. Impor-
tantly, the authors observed that the increase in potency and efficacy
was dependent on the length of the linker [31], which could serve as
a molecular ruler to guess the distance between these two sites when
bound by the bivalent ligand. Furthermore, the authors identified in
subsequent studies that, for certain bivalents with rigid linkers, both
termini of the bivalent ligand were not binding to vicinal receptors
but rather the same receptor with high selectivity –reviewed in [32].
From this moment on, we will refer to this type of multivalent ligands
as “bitopic ligands” to differentiate them from the term “bivalent lig-
ands”, which will be reserved for compounds that target two different
receptors. Certainly, the conceptual framework has evolved since the
work conducted by Portoghese and colleagues –we now have much
more information about GPCR 3D structure and oligomerization–,
yet the application of multivalent molecules (i.e. bivalent and bitopic
ligands) to adjust affinities and efficacies remains relevant [32]. In
reverse of the chronological order of their discovery, we will begin by
discussing bitopic ligands, as they target the GPCR receptor as a
monomeric entity; before introducing bivalent ligands, which target
higher order complexes.

1.2.1. Bitopic ligands and GPCRs

The bitopic ligands are multivalent ligands (i.e., single molecules
with two pharmacophores linked by linker) that simultaneously bind
the orthosteric site as well as an allosteric site of the same receptor
(Figure 1.5C) –technically, a bitopic ligand can also target two al-
losteric sites of a receptor, but as no such cases are presented in this
thesis, this will be overlooked. Being a single molecule differs this
strategy from the named orthosteric-allosteric therapy which consists
in co-administrating the two drugs [33]. By simultaneously binding
the core functional region (i.e., the orthosteric binding site) as well as
a less conserved region (i.e., an allosteric binding site), bitopic ligands

14



achieve a balance between potency and selectivity [24]. Portoghese
and colleagues employed the “message–address” concept introduced
by Schwyzer [34] to describe the functioning of these compounds [35,
36] wherein the “message” is the primary pharmacophore, that binds
the orthosteric binding site; whereas the “address” is de secondary
pharmacophore, that confers additional interactions which can im-
prove affinity and selectivity for a GPCR subtype. Also, they are
more prone to avoid drug resistance thanks to the reduced likelihood
of mutations occurring at both sites [24].

As poor structural information was available, the binding modes
of bivalent ligands were not well characterized in the early research.
A considerable part of the bitopic molecules were found by serendip-
ity by finding that a randomly designed bivalent ligand was, in fact,
bitopic [24] –usually because of their limited sizes. These molecules,
as the ones originally designed by Portoghese and collegues, were syn-
thesized symmetrically with identical orthosteric pharmacophores for
both ends –i.e., the “message” and the “address” were indistinguish-
able from each other. In order to comprehend how a molecule with
two orthosteric pharmacophores may function as a bitopic ligand,
it is important to understand the mechanism by which an orthos-
teric ligand enters the receptor orthosteric site. Indeed, one of the
most classical allosteric pockets of GPCRs is the namely extracel-
lular cavity, metastable binding site, or vestibule –the latter being
the term we will use in this thesis. This area is found in the entry
pathway toward the orthosteric site, and it has been involved in the
recognition of the orthosteric ligand [9, 37]. Upon binding of a suit-
able ligand to the vestibule, the receptor undergoes a conformational
change that allows it to move further into the receptor to engage the
orthosteric binding site [38]. Therefore, bivalent ligands made of two
orthosteric pharmacophores could simultaneously bind both sites and
act as a bitopic ligand. However, the current and growing knowl-
edge in GPCR architecture and the discovery of both, new allosteric
binding sites and allosteric drugs, facilitates the rational discovery of
novel bitopic ligands with symmetrical (homobivalent) or asymmet-
rical (heterobivalent) ends. It is now easier for us to hypothesize its
binding modes and, therefore, chose with better precision the suit-
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able pharmacophores, linker sizes and the experiments to prove their
mode of action. While the most notable strengths of bitopic ligands
are the previously discussed enhancements in affinity and selectiv-
ity for a GPCR subtype, these molecules also draw interest due to
other advantages and peculiarities over monovalent ligands and can
be designed with different aims –reviewed in [24].

A win in potency and selectivity. Potency and selectivity are
key attributes in drug evaluation. On one side, the potency reflects
the drug effect at a certain concentration, and it is usually measured
by the concentration of half maximum effect (i.e., IC50 and EC50)
or the equilibrium constant of drug disossciation (K d). On the other
side, the selectivity describes the relative potency of a drug for the in-
terested target in comparison to other targets –especially to receptors
within the same subfamily. Orthosteric drugs are usually highly po-
tent because of their direct inhibition or activation mechanisms, but
they have restricted selectivity due to high conservation of residues
in orthosteric sites [7, 24]. In contrast, allosteric drugs typically ex-
hibit better selectivity thanks to their binding to less conservated
allosteric sites, while their indirect mechanism allows less potency [7,
24]. Notably, bitopic ligands have shown better selectivity than the
orthosteric synthon and a better potency than the allosteric synthon
by combining both molecules in a single compound [24].

Overcoming mutation-caused drug resistance. One of the
causes of drug resistance –which is a major concern in clinical ther-
apy– is residue mutation in the binding sites of target proteins [24, 39].
Such mutations can disrupt key interactions between residues of the
binding site and the drug which could reduce potency. Both orthos-
teric and allosteric single-sited targeting strategies encounter drug
resistance with almost the same probability [24]. However, bitopic
ligands reduce this probability as it is much less likely for mutations
to appear simultaneously at both orthosteric and allosteric sites. In-
deed, as long as one pharmacophore could bind the target protein, the
other one would be positioned in close proximity for binding thanks
to the linker design [24, 40].
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Using bitopic ligands as molecular rulers. The definition of
conformation clusters of proteins is key for the understanding of their
biological functions and the design of targeted drugs [24]. An ensem-
ble of bitopic ligands with different linker lengths, for instance, can be
used to measure the distance between two sites. Indeed, each of the
distances would further be an index of conformational changes. Then,
if we plot the length of the linker with the potency of each bitopic
ligand, each of the local maxima could represent a dominant confor-
mation of the protein [24]. In contrast, other experimental techniques
to evaluate molecular distances, such as fluorescence resonance energy
transfer (FRET) experiments, require the fusion of fluorescent groups
which can bias the conformation ensemble.

Discovery of function biased modulators. In contrast with the
endogenous agonist –which is unbiased by definition– and most of the
orthosteric drugs for GPCRs, a biased ligand favors certain receptor
conformations which traduce into selecting one of the signaling path-
ways –the canonical G protein or the ß-arrestin pathway– over the
other [7]. Indeed, this type of ligands can be used to selectively ac-
tivate the signaling pathway with beneficial therapeutic effects while
attenuating those that produce on-target side effects [7, 24]. As an
extension of allosteric modulators, bitopic ligands could also be used
to bias the signal with the advantage of not requiring the natural
ligand for the activation [24].

Others. The use of these compounds is still undergoing significant
development, so new ways of exploiting their strengths continue to
emerge. Thus far, additional applications have been the design of
partial agonists and highly sensitive fluorescent tracers [24].

1.2.2. Bivalent ligands and oligomers of GPCRs

Recent studies propose GPCR oligomers, in form of homomers
or heteromers, as the “actual targets” of molecules that bind to the
orthosteric binding site [41]. Indeed, they are sometimes the predom-
inant species [17] and constitute primary signaling units [13]. GPCR
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Figure 1.5: (A) Building blocks of a bivalent ligand and binding modes of a (B)
bivalent ligand and a (C) bitopic ligand, respectively. While bivalent ligands can
bind two sites of two different protomers of a dimer (in this case the OBS), the
term “bitopic ligand” is reserved to those bivalent ligands which bind two sites of
the same receptor (usually the OBS and one ABS). OBS, orthosteric binding site;
ABS, allosteric binding site.
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oligomerization can significantly impact the regulation of receptor sig-
naling and pharmacology [42]. Although the large number of GPCRs
(≃ 800, ≃ 300 for non-sensory) might suggest a heightened likeli-
hood of casual and non-functional oligomers, it has been shown that
the intermolecular interactions between GPCRs are, in fact, highly
specific –namely not all GPCRs interact with each other, only few
of them. To date, no specific rules have been established to predict
whether two given GPCRs will form heterodimers. An online tool
(http://www.gpcr-hetnet.com/) provides information on both exper-
imentally determined interactions within the GPCR superfamily and
non-interacting GPCRs that can serve as negative controls [43].

The concept of GPCR oligomerization is highly controversial.
Specifically, there has been an intense debate regarding the existence
and functional relevance of Class A dimers [44]. Bivalent ligands are
valuable tools to interrogate GPCR dimers and demonstrate their ex-
istence even in native tissue. Importantly, they can be used to study
a specific GPCR dimer behavior without any receptor modification
bias [45]. As exposed for bitopic ligands, bivalent ligands used as
experimental tools could serve as molecular rulers to assess distance
between two protomers of an oligomer or highly sensitive fluorescent
tracers for specific dimers. Moreover, although limited by problematic
molecular properties –e.g., high molecular weight and lipophilicity–,
such compounds may also evolve to useful pharmacological agents
[45].

The pharmacologic interest in GPCR oligomers is especially de-
rived from the fact that they are likely to have a restricted tissue
distribution and/or to be up- or downregulated in specific tissues
under pathological conditions [16, 42, 46]. A major focus has been
on the generation of oligomer-selective tools that target oligomers
in native tissues [42]. These include antibodies that selectively rec-
ognize an epitope in the oligomer [47] or/and the development of
high-affinity bivalent ligands (fluorophore-coupled or not) that selec-
tively target the dimer. Bivalent ligands would be the paradigm of
dimer-selective drugs [48] able to modulate receptor function within
a particular GPCR dimer with lesser secondary effects, key to design
a new generation of GPCR drugs.
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In the same manner as with the bitopic ligands, bivalent ligands
with an optimally designed linker are expected to demonstrate greater
potency than the derived from the sum of its two monovalent pharma-
cophores, and high selectivity of drug action towards a certain dimeric
subtype [32, 45]. This synergistic effect is based on the assumption
that in the scenario where the bivalent ligand is univalently bound,
the pathway to bivalent binding is expected to be favored over the
univalent binding of a second ligand [45]. Furthermore, it has been
observed that these compounds can also exhibit biased signaling [45],
which can be used in drug design to reduce on-target side effects.

Finally, there is also evidence suggesting that GPCRs could form
higher order pre-coupled complexes in the membrane involving not
only tetramers of GPCRs –heterodimers in which each of its pro-
tomers form part of an homodimer–, but also signaling proteins such
as G proteins and the adenylyl cyclase (AC) [49]. The existence of
such formations opens the door to the complex design of multiva-
lent ligands with more than two pharmacophores to selectively target
these macro complexes.
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Chapter 2

Objectives

Despite the proven success of GPCRs as drug targets, useful lig-
ands do not exist for most of them, due to the high evolutionary
conservation of the orthosteric binding site between closely related
receptors. This makes difficult, for drug discovery programs, to de-
velop selective compounds and avoid off-target side effects. Novel
approaches to modulate GPCRs, overcoming this problem, involve
the discovery of bitopic ligands that bind the orthosteric site as well
as a less conserved site at the entrance of the binding site, or biva-
lent/multivalent ligands that target physiologically relevant GPCR
(homo/hetero)-oligomers. Thus, the global objective of this thesis is
to understand the molecular basis to selectively target GPCRs, us-
ing complementary computational and experimental (performed by
others, see below) techniques. The objectives are:

2.1 Implementing a computational framework to
guide the design and evaluation of bitopic and
bivalent ligands.

Bitopic and bivalent ligands are single chemical entities composed
of two pharmacophore units, covalently linked by an appropriate
spacer, that bind the orthosteric site as well as a less conserved site
within the same receptor unit or bridge two receptor units. The spacer
length is a key factor in the design of these type of ligands. Thus,
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we want to develop and implement an overall computational method-
ology to model, simulate, and analyze these ligands and predict the
proper spacer length for achieving affinity and selectivity.

2.2 Designing bitopic ligands of the cannabinoid re-
ceptor 2 to increase selectivity.

We want to design and evaluate bitopic ligands for the cannabi-
noid receptor 2 (CB2R) with increased selectivity over the cannabi-
noid receptor 1 (CB1R). These compounds have symmetrical pharma-
cophore units that can simultaneously bind the orthosteric site and
a complementary, membrane-facing, site between TMs 1 and 7 (Case
Study 1 ). It has been shown that this type of ligands, with a precise
linker size, can modulate the dynamics of receptor homodimeriza-
tion. We want to understand the mechanism by which modulation of
CB2R homodimerization, through a specific TM interface, promoted
by the ligand, provides unique pharmacological properties, such as
increased potency in Gi binding and enhanced β-arrestin recruitment
(Case Study 2 ).

2.3 Designing heterobivalent ligands for a GPCR
heterodimer.

The spacer length of heterobivalent ligands is a key factor and
depends on the heterodimer interface, the surface of the extracellu-
lar domains of the heterodimer, and the position and orientation of
the attachment points of the spacer to the pharmacophore moieties.
The designed compounds must be capable of simultaneous binding of
the pharmacophoric units to the orthosteric binding sites of the het-
erodimer. We have used as model heteromers the complexes between
dopamine D1-histamine H3 receptors (D1R-H3R) (Case Study 3 ) and
adenosine A2A-dopamine D2 receptors (A2AR-D2R) (Case Study 4 ).
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2.4 Designing heterotetravalent ligands for a
GPCR heterotetramer.

Of special functional significance are those heteromers constituted
by one homodimer coupled to a Gs protein and another different ho-
modimer coupled to a Gi protein, a GPCR heterotetramer. Thus,
we aim to rationally design and evaluate heterotetravalent ligands for
the A2AR-D2R receptor heterotetramer that is capable of simultane-
ous binding to the orthosteric binding site of the four protomers (Case
Study 5 ).

This research has been performed by combining structural bioin-
formatics, molecular dynamics and data-mining of structure and se-
quence databases with experimental results from site-directed muta-
genesis, functional assays and biophysical techniques. It is important
to note that chemical synthesis, chemical biology, and in vitro evalua-
tion has been performed by others listed in the original publications.
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Chapter 3

Methods

The unveiling of the structural information of GPCRs has played
a major role in drug development by being source of the mechanistic
understanding of their activation mechanism. However, there is still
receptor structures, key structural parts of many receptors –usually
extracellular and/or intracellular domains and N- and/or C-terminus-
, ligand binding modes, and oligomerization interfaces of the systems
of interest which are unknown and must be modelled by computa-
tional techniques. Also, as GPCRs are dynamic proteins with high
flexibility which allows their existence in multiple conformations, a
single structure is usually not enough to decipher the role of certain
factors, such as ligand stability, and the exploration of their molecular
dynamics is required. Below we describe the methods, both compu-
tational and experimental (performed by collaborators), employed in
the thesis to rationally design multivalent ligands and characterize
the ligand-receptor-effector systems of interest.

3.1. Homology modeling

Homology modeling is a technique that predicts the unknown
structure of a target receptor using the known structure of a homol-
ogous template receptor. It is based on the principle that proteins
with similar sequences (>30%) maintain a similar structure [1]. Pro-
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vided with a sequence alignment and the template structure files (one
or more), the MODELLER software [2, 3] calculates a model of the
target protein containing all non-hydrogen atoms. MODELLER im-
plements the comparative protein modeling of the target protein by
satisfaction of spatial restraints derived from the alignment and ex-
pressed as probability density functions for the features restrained
[4]. Among other additional tasks, MODELLER can also de novo
model missing loops [5]. In 2021, AlphaFold2 was introduced as an
artificial-intelligence based alternative trained on pairs of available
sequence-structure data to predict protein structure, demonstrating
outstanding performance [6]. GPCRs exist and are resolved in mul-
tiple conformations, so it is important to highlight that AlphaFold
is biased towards the active state. This is due to an actual bias in
the structures available, as the active or active-like GPCR structures
represent around the 60% (https://gpcrdb.org/structure/statistics).

Each receptor studied in this thesis had at least one resolved struc-
ture. However, MODELLER was mainly used to model the unre-
solved parts of the receptors and intracellular partners and mutate
the mutations of the resolved structure to the native sequence. This
includes, for instance, the modelling of the inactive D1R or the s18s19
loop of the ß-arrestin. The stability of the predicted models was as-
sessed by molecular dynamics (MD) simulations.

3.2. Modeling a GPCR dimer

The modeling of GPCR dimers was needed for those studies in-
volving multivalent ligands targeting a GPCR oligomer. As men-
tioned in the Introduction, oligomerization among GPCRs is highly
specific and the interaction interfaces between the receptors are very
challenging to predict in silico. However, several methods have been
proposed with relative success to computationally predict the inter-
faces for GPCR oligomerization, which include sequence-based meth-
ods, protein-protein docking and MD simulations [7]. On the ex-
perimental side, synthetic peptides with the sequence of a particular
TM helix of a receptor, fused to cell-penetrating peptides [8, 9], are
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used to disrupt biomolecular fluorescence complementation (BiFC)
signals (see section 3.5 Experimental methods) and have been key
to predict contacts between the TM domains of interacting GPCRs.
Other experimental data can also help rationalize the interfaces of
GPCR dimers. For instance, cross-antagonism between two dimer-
izing GPCRs occurs when an agonist or an antagonist of one of the
protomers inhibits the affinity or efficacy of an agonist of the other
molecularly distinct protomer [10]. This has been attributed to the
formation of a high surface complementary between TM helices 5 and
6 of the two protomers, via a four-helix bundle [11] that blocks the
opening of the intracellular cavity for G protein binding at the other
protomer [10]. Thus, a TM5/6 interface can be predicted for GPCR
dimers that show cross-antagonism. Finally, orthosteric and allosteric
GPCR mutants can also be used to predict the binding mode of the
bivalent ligand which, together with the linker length, can sometimes
provide us with enough restraints to model the dimer interface.

After identifying the interface, the available GPCR structural data
can be used to model the dimeric complex. Although only the apelin
receptor dimer has been disclosed in the Class A GPCRs family by
cryo-EM [12], there are also crystallographic structures of GPCRs
that contain possible (homo)dimers. Whether theses interfaces are
feasible or experimental artifacts due to crystal packing is still con-
troversial [13]. Nevertheless, these structures represent real interac-
tions with accurate structural information and can still be used as
templates.

According to the experimental findings, every dimer studied in this
thesis displayed a symmetrical disposition (i.e., involves the same TM
helices for both protomers) and involved either helices TM1 and TM7
(TM1/7 interface); TM5 and TM6 (TM5/6 interface); TM6 alone
(TM6 interface); or TM4 and TM5 (TM4/5). The templates for
the modeling of each one of the interfaces have been extracted from
crystal structures (Figure 3.1), except for the TM6 interface which
was modelled using the protein-protein docking software HADDOCK
2.2 [14] as previously reported [15, 16]. Indeed, for interfaces TM4/5
and TM5/6 the potential for oligomeric interaction is studied in the
original publication [11, 17].

33



Generally, the protocol used in this thesis for modeling dimers
after the interface was known has been as follows: (i) aligning the
receptors of interest with the template, (ii) removing any signifi-
cant clashes or structural hindrances by visual inspection, (iii) en-
ergy minimization, and (iv) performing MD simulations to assess the
stability of the complex. In addition, for the modelling of the adeno-
sine AA2A–dopamine D2 tetramer we first modelled the homodimeric
parts, and then we aligned the internal protomers to a template with
the heterodimeric interface. Figure 3.1 shows the dimers studied in
this thesis and the template structures used for the modeling of each
interface.

3.3. Designing a multivalent ligand

The design of multivalent ligands begins with the selection of the
pharmacophores. This choice is based on (i) the receptor, in the case
of bitopic ligands, or receptors, in the case of bivalent o tetravalent lig-
ands, that will be targeted; (ii) the orthosteric or allosteric site of the
receptor where each of the pharmacophores will bind, and (iii) the de-
sired pharmacological properties. Next, each of the pharmacophores
are docked to their corresponding binding sites of the monomer, dimer
o tetramer model.

The aim of ligand-protein docking is to predict the primary bind-
ing mode (or modes) of a ligand within a protein of known three-
dimensional structure. Usually, available GPCR structures bound to
orthosteric and/or allosteric ligands can serve as references to dock
a similar ligand of interest. Additionally, specialized software capa-
ble of generating docking solutions and employing scoring functions
to evaluate their energetic feasibility can be used for this purpose
[19]. AutoDock [20] and the docking facility in the Molecular Oper-
ating Environment (MOE) (Chemical Computing Group Inc., Mon-
treal, Quebec, Canada) software have been used to generate docking
solutions. The top scoring ones were visually inspected and those
conformations which were compatible with the binding site and the
physiological context were studied with MD simulations.

34



Figure 3.1: Crystal structures used as templates for the modeling of the dimeric
interfaces studied in this thesis. Representations of (A) the TM4/5, (B) the
TM5/6 and (C) the TM1/7 interfaces as observed in the crystal structures of (A)
the β1 adrenergic receptor in a dimeric state (β1AR) (PDB id: 4GPO) [17]; (B)
the µ-opioid receptor (MOR) bound to a morphinan antagonist (PDB id: 4DKL)
[11]; and (C) the 5-HT2C serotonin receptor (5-HT2C) in complex with ritanserin
(PDB id: 6BQH) [18]. The dimeric structures are presented in two orientations:
sideview from the membrane plane (left) and a slice of the transverse plane viewed
from the extracellular site (right). Next to the sliced view are indicated the homo-
and heterodimers build using each of the structures as templates.
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Once the binding poses of the pharmacophores are modelled, an
attachment point from which the linker will be derived is selected for
each of them (Figure 3.2). The attachment point is chosen based on
the orientation towards the extracellular side, chemical accessibility,
and maintenance of the affinity, selectivity, and biological activity
of the pharmacophore structure [21, 22]. Subsequently, the distance
between the attachment points, which will be covered by the linker,
is estimated. To do so, we used the approach developed by Perez-
Benito et al. [23], who created a computational tool with this purpose
for the MOE software. The tool assesses the preferred linker length
by calculating the shortest path between two attachment points and
adjusting linker moieties of different lengths to the van der Waals
surface of the receptor (or receptors).

Finally, the components of the linker also play an important role
in the synthesis and pharmacological properties of the multivalent
ligand. The linker can consist of up to three building blocks (Figure
3.2): (i) the scaffold, which permits at least the attachment of two
different pharmacophore-containing chains –additional attachment of
pharmacophore-containing chains or a reporter molecule, can be used
to study higher order oligomers or for imaging studies, respectively–;
(ii) the spacer, which is usually composed of alkyl or polyethylene
glycol (PEG) units and can be tuned to modify the length of the
linker; and (iii) the linker moieties that connect the pharmacophores
with the spacer, facilitating their incorporation to the bivalent system.

Additionally, once designed and modelled into the respective
GPCR monomer or oligomer complex, all the multivalent ligands were
evaluated using molecular dynamics simulations (Figure 3.2).

3.4. MD simulations

Protein structures are very valuable per se, but they only retain
information about a snapshot, thus lacking most of the dynamic con-
text. Molecular dynamics (MD) simulations have been used with
great success to study structure-function relationships of GPCRs by
capturing the characteristic flexibility and dynamism of these systems
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Figure 3.2: Workflow of the unbiased all-atom MD simulations protocol for a
multivalent ligand. The software used in each step is depicted in blue italics.
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[24]. This deterministic method produces a dynamical trajectory by
iteratively solving the classical equations of motion on a group of
particles (atoms) interacting by a simple harmonic force.

In this model, the potential energy of the system is simplified as
a function of the position of the atoms (coordinates) mathematically
expressed by means of a "force field". There are real experimental
parameters behind each force field which are built on either quan-
tum mechanics calculations or by fitting different sets of experimental
data. These parameters define each type of particle with a set of fea-
tures that determine their movement in the simulation. The definition
of the potential energy in standard force fields is described as a sum of
potentials of the intra- and intermolecular interactions in the system.
Thus, a typical force field function is usually divided in bonded (Vbonds

+ Vangles + Vdihedrals + Vimproper) and non-bonded (Vvan der Waals +
Velectrostatics) terms. Despite several force fields of varying levels of
complexity exist, the MD simulations of this thesis were conducted
within an all-atom level of description (i.e., where each particle repre-
sents one atom) using the amber14sb library [25] for protein and ions,
a GROMACS adaptation of lipid14 [26] for lipids, TIP3P [27] for wa-
ter, and the general Amber force field (GAFF2) [28] with HF/6-31G*-
derived restrained electrostatic potential (RESP) atomic charges for
ligands [29].

MD simulations require a preparation of an initial input with the
3D coordinates of all the atoms in the biomolecular system of in-
terest. Thus, once the protein complex bound to a ligand was fully
modelled (see above), protonation states were assigned with the PDB
2PQR tool [30] using PROPKA to predict the pKa values of ioniz-
able groups in the proteins at pH 6.5 [31], disulfide bonds between
cysteines were built using the tleap module of Ambertools19, and
highly conserved internal water molecules were added using Homol-
Wat [32]. The final systems for MD were built using PACKMOL-
Memgen software [33] which embeds the protein-ligand-internal water
complex into a lipid bilayer box containing a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC) membrane, water molecules
and monoatomic Na+ and Cl- ions (0.15 M) (as represented in Figure
3.2).
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The simulation box is subjected to certain thermodynamic con-
ditions that are defined by the macroscopic ensembles. The most
common ensembles are the NVT or canonical ensemble (constant
number of atoms N, volume V and temperature T) and the NPT or
isothermal-isobaric ensemble (constant number of atoms N, pressure
P and temperature T). To maintain temperature and pressure values,
systems are coupled to thermostats and barostats. Pressure control
is more complex in membrane simulations compared to temperature
control, primarily due to the presence of the water-membrane inter-
face and the fluctuations of the area per lipid [34]. Hence, NPT is the
method of choice when simulating systems with a lipid bilayer. The
pressure coupling in these systems must be different on the X and
Y axis (coupled together) from the Z axis –namely semi-isotropic or
anisotropic coupling. Also, periodic boundary conditions (PBC) are
used to avoid problems with boundary effects caused by the finite size
of the simulation box.

Before the production phase, each molecular system (box) was
subjected to 1000 cycles of energy minimization, followed by 23 ns of
a six step NPT equilibration phase (10 ns + 5 ns + 2 ns + 2 ns + 2 ns
+ 2 ns) to ensure the stability of the thermodynamic properties (i.e.,
temperature, pressure, volume, density, and number of atoms), the
hydration of the receptor cavities and the lipid packing around the
protein. During the equilibration steps the position restraints were
gradually relaxed. In the first step, only the hydrogen atoms were able
to move freely, while in the second step, the restraints on the protein
loops were released. For the subsequent 4 steps, the restraints on the
ligand and the α-carbon atoms of the protein were gradually relaxed
from 1000, 400, 25 to 10 kJ mol-1 nm-2. At the same time, the phos-
phate group of the POPC molecules was also restrained and gradually
released only in the Z axis to mitigate artifacts in the membrane.

After equilibration, unrestrained MD simulations (several repli-
cas between 0.5-1 µs) were produced at a constant temperature of
300 K, using separate v-rescale thermostats for the receptor, ligands,
membrane, and solvent molecules. A time step of 2.0 fs was used
for the integration of equations of motion –as it cannot be longer
than the faster process in the system (heavy atom bond vibration)
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[35]. All bonds and angles were kept frozen using the LINCS algo-
rithms. Lennard-Jones interactions were computed using a cutoff of
10 Å, and the electrostatic interactions were treated using PME with
the same real-space cutoff under periodic boundary conditions. The
GROMACS MD software [36] was used to run all the simulations pre-
sented in this thesis. Figure 3.2 shows a schematic workflow of the
MD protocol.

The analysis of the obtained MD trajectories was performed by
monitoring interatomic distances, angles, dihedrals, and root-mean
square deviation (RMSD) or fluctuation (RMSF). RMSD is measured
between the positions of the selection of interest (e.g., Cαatoms) at
frame n and n-1, thus, a time evolution can be computed. RMSF in-
stead measures the average displacement of each element in the selec-
tion (e.g., each Cαatom) to its average position along the simulation.
Both quantities are usually indicative of stability in the trajectory.
All these variables were studied using the python package MDAnaly-
sis [37, 38]. The analysis of non-covalent interactions was performed
with the python package getcontacts (https://getcontacts.github.io/).

3.5. Experimental methods

All computational studies conducted in this thesis have been car-
ried out in close collaboration with experimental laboratories. This
collaboration not only provided crucial information for the design of
the multivalent ligands, such as the interaction interfaces of GPCR
dimers which dictate the linker length, but also allowed for the syn-
thesis of the compounds and experimental validation of the computa-
tional models through affinity, selectivity, protein-protein interaction,
and functional assays. Below, the key techniques used to validate the
computational analysis will be outlined.

3.5.1. Study of affinity and potency of ligands

Receptor-ligand binding assays emerged as one of the first in vitro
methods used to study receptor function and they remain vital in
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both basic GPCR research and drug discovery [39]. Although these
studies usually cannot differentiate between agonists and antagonists
or inverse agonists [40], they can provide quantitative information
about receptor expression and receptor affinity for almost any ligand.
This makes binding assays essential for basic GPCR research and drug
discovery.

GPCR radioligand binding assays involve incubating a preparation
of the receptor with a radiolabeled ligand to allow them to bind to
each other, followed by quantifying the amount of receptor-bound
label. The simplest binding assays involve the interaction between
the receptor, R, and the radioligand, L*, to give the complex RL*

according to the reaction:

R + L* ⇀↽ RL*

The association rate constant, kon, defines the probability that
the encounter between R and L* will result in the formation of the
RL* complex. Taking this into account, the rate of formation of RL*
is given by kon·[R]·[L*], where [R] and [L*] are the concentrations of
unbounded receptor and radioligand, respectively. Similarly, the rate
of breakdown of the RL* complex is the product between the dissoci-
ation rate constant, koff, and [RL*]. When the reaction is at equilib-
rium the association and dissociation rates are equal (i.e., kon·[R]·[L*]
= koff·[RL*]), which rearranges to kon/ koff = [RL*]/ [R]·[L*]. The
kon/ koff ratio is also known as the equilibrium affinity constant, Ka,
whereas the equilibrium dissociation constant, Kd, is the inverse of
Ka (i.e, koff/ kon or [R]·[L*] /[RL*] at equilibrium). Importantly, the
Kd is also the concentration of free ligand (in moles/liter) when 50%
of the receptor molecules are occupied by ligand. Thus, higher ligand
affinities are directly related with lower Kd values, as they result in
half-maximal occupation of receptor at lower ligand concentrations.

One of the considerations regarding this technique is the binding
of the radioligands to nonreceptor sites, such as cell membranes or
other proteins, which is named nonspecific binding (NSB). The total
binding measured in the experiment is the sum of specific and non-
specific radioligand binding, so it must be corrected to determine the
“specific binding” to the receptor. Usually, the NSB is measured by
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adding and excess of an unlabeled competitive ligand, which inhibits
the binding of the radioligand to the receptor without disrupting the
interactions with nonreceptor components of the assay. Then, the
measured NSB is subtracted from the total binding to calculate the
specific binding.

The affinity and potency of the compounds presented in this the-
sis were evaluated through an indirect binding assay, specifically, a
radioligand competition binding assay. For this slightly different ap-
proach, fixed concentrations of the receptor and the radioligand are
mixed with varying concentrations of the unlabeled ligand of inter-
est, A, which shares the same (e.g., orthosteric) binding site as the
radioligand. This results in competition between the formation of
the unlabeled ligand-receptor complex, RA, and the labeled complex,
RL*, according to the reaction:

RA ⇀↽ A+R + L* ⇀↽ RL*

For this approach, the radioligand binding in the absence of unla-
beled ligand, is the maximum binding in the assay (B0) and increas-
ing concentrations of unlabeled ligand progressively inhibit radioli-
gand binding. Typically, a semilogarithmic plot of bound radioligand
against the log10 concentration of unlabeled ligand results in an in-
verse sigmoid curve with a maximum equal to B0 and a minim equal
to NSB (Figure 3.3). The ligand concentration that inhibits binding
of the radioligand by 50% (IC50) may then be used to estimate the
affinity of the unlabeled ligand. Indeed, when the radioligand concen-
tration is low (<0.1 Kd of the radioligand), the IC50 value is essentially
equal to the equilibrium dissociation constant of the unlabeled ligand
(Ki) [39].

3.5.2. Study of protein-protein interactions

In the 1960s, Osamu Shimomura discovered in a type of jellyfish
the first fluorescent protein (which emits light when stimulated with
light) and the first bioluminescent protein (which emits light when
stimulated with a reagent) [41]. The former is the widely used Green
Fluorescent Protein (GFP), while the latter was an aequorin, which
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Figure 3.3: Indirect receptor-radioligand binding curves in the presence of a
competitive unlabeled ligand. The schematic shows specific binding as a function
of the starting concentration of unlabeled ligand. The solid line curve shows
binding in the presence of a low concentration of radioligand (≤0.1 Kd), where
the IC50 (red arrows) is equal to the Ki if there is no ligand depletion. The dashed
curves show the parallel rightward shift that occurs with increased radioligand
concentration, which increases IC50. NSB, nonspecific binding. Adapted from
[39].

only produces blue light when stimulated by calcium. Interestingly,
GFP only glowed green when it was near to a stimulated aequorin,
which also represented the first characterization of resonance energy
transfer [41]. These discoveries inspired the development of the tech-
niques used in this thesis for the study of protein-protein interactions.

Ghosh and colleagues engineered, in 2000, a method to study het-
eromerization by splitting the GFP into two and fusing each half to
two subunits of an anti-parallel leucine zipper [42]. The approach is
based on the premise that when the two protomers interact, the two
GFP halves will be close enough to hybridize and reconstitute a func-
tional fluorescent protein. Thus, if the heteromerization occurs, the
reconstituted GFP will emit detectable green light upon stimulation.
This technique was termed Biomolecular Fluorescent Complementa-
tion (BiFC) [43]. The same concept can be applied to study GPCR
dimerization dynamics by fusing the split GFP fragments with the
receptors (Figure 3.4A). Specifically, the Yellow Fluorescent Protein
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(YFP) was used instead of the GFP in the experiments of this thesis.
In the studies shown in this thesis, the BiFC technique has also

been used in combination of the namely synthetic transmembrane he-
lix peptides (TMPs). The TMPs contain the sequence corresponding
to a given GPCR TM helix and the sequence of the protein transduc-
tion domain from the human immunodeficiency virus TAT protein [44]
(Figure 3.4B). The latter is a strong positively charged which drives
the insertion of the entire peptide in the membrane, with the TAT se-
quence being located in the intracellular area. In this approach of the
technique, the BiFP fluorescence signal is measured both in the pres-
ence and absence of TMPs. If co-transfecting a specific TMP results
in a decrease of the observed signal, one can assume that the peptide
is competing with the interaction interface between the receptors and,
therefore, that the corresponding TM to the sequence of that TMP
is involved in the dimerization interface (Figure 3.4C). This also en-
sures that the BiFC signal is driven by specific GPCR interactions, as
some studies have reported cases where the fusion of the fluorescent
protein might be forcing the interaction between the fusion partners
[43, 45]. Previous publications have demonstrated the destabilizing
effects in previous publications not included in this thesis [14–16, 18].
In the studies shown in this thesis that involved a GPCR oligomer,
the BiFC approach used in combination of the TMPs has been used
to identify the interfaces, which guided the computational modelling
of the systems.
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Figure 3.4: Bimolecular fluorescence complementation (BiFC) combined with
transmembrane helix peptides (TMPs). (A) Graphical representation of the com-
plementation. (B) TMPs are designed so that the TAT sequence is always facing
the cytosol. Thus, TMPs with the sequences of the TMs 1, 3, 5 and 7 are syn-
thesized with the TAT sequence fused at the C-terminus, and TMs 2, 4 and 6 at
the N-terminus. (C) TMPs can compete with the interaction interface of the two
receptors studied.
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Chapter 4

Designing homobivalent
ligands for the cannabinoid
CB2 receptor

While most GPCRs recognize polar ligands, GPCRs for lipid me-
diators are activated by hormone-like signaling molecules derived
from lipid species, which possess long hydrophobic moieties. This
subfamily is mostly composed of the sphingosine-1-phosphate (S1P),
lysophosphatidic acid (LPA) and cannabinoid (CB1R and CB2R) re-
ceptors [1]. In the crystal structures of these receptors [2] the ex-
tracellular N-terminus and extracellular loop 2 folds over the ligand
binding pocket blocking the access to the orthosteric binding cavity
from the extracellular environment. These structures together with
binding pathway simulations suggest that the entrance of ligands to
the orthosteric site within the 7TM domain occurs from the mem-
brane bilayer [3, 4], through a narrow channel between TMs 1 and
7 that connects the orthosteric binding site to the lipid bilayer [3].
Indeed, the pathway of ligand entry to the cannabinoid CB2 receptor
(CB2R), determined by MD simulations, defines two transient bind-
ing sites [5]: a membrane-facing pocket between TMs 1 and 7 [6] and
a bundle-facing allosteric pocket located near the orthosteric site [7].
Notably, the access to the ligand pocket of the MT1 melatonin re-
ceptor that binds polar ligands (serotonin-derived compounds) is also
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via the lipid bilayer [8]. Thus, the design of bivalent ligands for lipid
GPCRs is more challenging than for other GPCRs that fully expose
the binding site to the extracellular environment, due to the narrow
channel linking the binding site and the lipid bilayer.

In the following two case studies, we have designed bivalent ligands
for the cannabinoid CB2R. We have selected CB2R, instead of CB1R,
due to its lack of adverse psychotropic effects along with its wide ther-
apeutic application in pathologies such as cancer, neuroinflammation
and pain [9]. Bivalent ligands have already been published for CB1R
[10–12] and CB2R [13]. All these ligands were reported before the re-
lease of crystal structures, thus, their binding characteristics remain
unclear [14, 15]. Here, we have used the released structure of CB2R
in its active Gi-bound conformation [16] to identify the binding mode
of the designed ligands.
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4.1. Case study 1. Discovery of
homobivalent bitopic ligands

of the cannabinoid CB2
receptor

Published as co-first author in

Paula Morales1, Gemma Navarro1, Marc Gómez-Autet1, Laura Redondo,
Javier Fernández-Ruiz, Laura Pérez-Benito, Arnau Cordomí, Leonardo Pardo*,
Rafael Franco*, Nadine Jagerovic*. Discovery of Homobivalent Bitopic Lig-
ands of the Cannabinoid CB2 Receptor. Chemistry – A European Journal,
2020, 26(68), 15839–15842.

1These authors contributed equally.

4.1.1. Introduction
Novel approaches to overcome the selectivity problem for the or-

thosteric binding site of GPCRs include the discovery of bitopic lig-
ands that bind the orthosteric site as well as a less conserved site
within the same receptor unit [17–19] (see Chapter 1 Introduction).
This type of complementary cavity is often located at the entrance of
the orthosteric binding site, as identified in ligand binding pathway
simulations, which have been named extracellular vestibule [20] or
entrance [21], or secondary [22] or metastable [23] binding site, or ex-
osite [24]. In this work, we will name this cavity as receptor vestibule
or exosite. Bitopic ligands which bind these two sites have been re-
ported to improve selectivity [24, 25], off-rates and signaling bias [17,
26, 27], maintaining bioavailability and brain penetration properties
in mice [28].
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In this case of study, we have designed, synthesized and function-
ally characterized the first bitopic ligands for the cannabinoid CB2R
to selectively target CB2 vs CB1 receptors. These ligands simulta-
neously bind the orthosteric binding site and the membrane-facing
vestibule. Their binding mode has been studied by molecular dy-
namic simulations and site-directed mutagenesis.

4.1.2. Results and discussion

Molecular design

The design of bitopic ligands requires the selection of a moiety
able to bind the orthosteric site (pharmacophore). In this regard,
we have selected chromenopyrazole derivatives A and B (Figure 4.1),
which have been previously identified as CB2R orthosteric agonists
[29]. Then, it is needed to develop a second pharmacophore unit for
the vestibule or exosite. This is challenging because this additional
cavity has not been properly characterized yet for most GPCRs. We
have taken advantage of the simulated binding process of a lipid in-
hibitor to the S1P1 receptor [3]. The process consists in the diffusion
of the ligand through the bilayer leaflet to contact the vestibule at
the top of TM 7 (the rate-limiting step), subsequently moving from
this lipid-facing vestibule to the orthosteric binding cavity through
the channel between TMs 1 and 7. We propose that lipid GPCRs are
capable to recognize orthosteric ligands at the vestibule of the recep-
tor. Thus, we have also selected the chromenopyrazole moiety as the
second pharmacophore so that the designed bitopic ligands are sym-
metrical (it contains two copies of the same pharmacophore). In addi-
tion, an appropriate length spacer to cover the distance between both
pharmacophores is required. Importantly, this approach has been
recently supported in the model of the bitopic ligand CTL01-05-B-
A05, a symmetrical agomelatine molecule linked by an ethoxyethane
spacer, which binds both the orthosteric binding site and the exosite
of the MT1 melatonin receptor [8].
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Figure 4.1: Structures of chromenopyrazoles A and B [29]. These compounds
are isomers differing in the position of the N-Ethyl at the pyrazole (N1- or N2-
Ethyl).

The orientation of the spacer was properly characterized by per-
forming ab initio geometry optimization of the pharmacophores (Fig-
ure 4.2A-C). The most favorable conformations of the N1-Ethyl and
N2-Ethyl analogs show different dihedral angles which favor two
distinct intramolecular hydrogen bonds (Figure 4.2B-E, in yellow).
These different intramolecular hydrogen bonds of the methoxy moi-
ety, to which the methylene spacer is attached, explains the difference
in the optimal spacer length in the N1- and N2-Ethyl derivatives (Ta-
bles 4.1 and 4.2).

Chromenopyrazole A, in its most stable conformation (Figure 4.2),
was docked into the orthosteric and vestibule sites of CB2R, and its
stability was assessed by molecular dynamic (MD) simulations (Figure
4.3). Results showed that pharmacophore units remain highly stable
at the orthosteric site and moderately stable at the exosite. Visual
inspection of the models shows that the -CH3 group of the methoxy
moieties of both pharmacophores are suitable attachment points to
link the spacer moiety. Linker lengths from six to sixteen methylene
units were chosen for the bivalent molecules.
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Figure 4.2: (A) Ab initio torsional energy profile (HF/6-31G*//HF/6-31G*)
of the C1-O2-C3-C4 dihedral angle (in blue) for chromenopyrazole derivatives A
(N1-Ethyl, black circle) and B (N2-Ethyl, white circle) in which the hexyl chains
were substituted by methyl. (B, C) Ab initio full geometry optimization (MP2/6-
31G*) of analogous compounds using the two energy minima (dihedral angles of
≈0° and ≈90°), obtained in panel A, as starting points. -OCH3 was substituted
by -OCH2CH3. The most favorable conformations of the N1-Ethyl and N2-Ethyl
analogs correspond to dihedral angles of 12.6° (B) and 93.3° (C), respectively.
This favors two distinct intramolecular hydrogen bonds (in yellow) between the
oxygen atom of the -OCH2CH3 group and the -CH group of the N1-attached ethyl
moiety (B), and between the -CH- group of -OCH2CH3 and the N1 atom of the
chromenopyrazole moiety (C). (D, E) Conformations obtained in panels B and
C, were used for ab initio full geometry optimization (HF/6-31G*) of derivatives
22 (N1-Ethyl, n=8, panel D), 25 (N2-Ethyl, n=10, panel E) and 27 (N2-Ethyl,
n=12, not shown) (Figure 4.4 and Table 4.1), and for deriving RESP atomic
charges (HF/6-31G*). The calculations were performed with Gaussian 09.
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Figure 4.3: (A) MD simulation of chromenopyrazole derivative A (docked into
the orthosteric site between TMs 2-3, 5-6 and the lipid-facing vestibule in TMs
1 and 7) bound to CB2R (TM helices are depicted as cylinders and loops as rib-
bons) in complex with Gi (α- and βγ-subunits in dark and light gray surfaces,
respectively) (PDB ID 6PT0 [16]). The structures of derivative A are extracted
from the simulations (10 structures collected every 50 ns), whereas the structure
of CB2R-Gi complex corresponds to the initial structure. (B) The MD simulation
was monitored by the root mean-square deviation (rmsd) of the backbone atoms
of the TM helices of CB2R (gray) and heavy atoms of the pharmacophore moi-
eties located at the orthosteric (dark green) and vestibule (light green) binding
sites. These results showed that pharmacophore units remain highly stable at the
orthosteric site and moderately stable at the vestibule. The proposed attachment
points (yellow sphere) are self-oriented in space and can be used for linking the
spacer group. See Chapter 3 Methods for the details of the MD simulation.
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Chemical synthesis

Bivalent chromenopyrazoles and their monovalent analogues were
synthesized by Paula Morales and Nadine Jagerovic at the Medici-
nal Chemistry Institute, Spanish Research Council (CSIC), Madrid
(Spain), using the Scheme shown in Figure 4.4.

Figure 4.4: Synthesis of 9-alkoxychromenopyrazoles 6-17 and bivalent
chromenopyrazoles 18-29. Reagents and conditions: (i) 3,3-dimethylacrylic acid,
methanesulfonic acid, P2O5, 8 h, 70 °C, 81%; (ii) a) NaH, THF, MW, 25 min, 45
°C; b) ethyl formate, MW, 25 min, 45 °C, 76%; (iii) corresponding hydrazine,
EtOH, 1-4 h, 40 °C, 28-74%; (iv) a) NaH, anhydrous THF, 10 min, b) 1-
bromoalkane, reflux, 2-12 h, 32-75%; (v) a) Cs2CO3, anhydrous THF, 10 min,
b) 1,(n+2)-dibromoalkane, reflux, 8-72 h, 6-59%.

Ligand binding and functional assays

In vitro binding affinities of the alleged bitopic ligands 18-29
(Table 4.1) were obtained from [3H]CP-55,940 competition-binding
(see Chapter 3 Methods) assays using membrane fractions of the hu-
man CB1R and CB2R respectively expressed in HEK-293T cells by
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Paula Morales and Nadine Jagerovic at the Medicinal Chemistry In-
stitute, Spanish Research Council (CSIC), Madrid (Spain). None of
the monovalent chromenopyrazoles exhibits affinity towards any of the
cannabinoid receptors (not shown). Addition of the second pharma-
cophore makes bivalent ligands capable of binding CB2R in a selective
manner. Optimal spacer length for N1- and N2-ethyl derivatives is
from 10 (n=8) to 14 (n=12) methylene units.

Compd R1 N [a] CB1R Ki [µM][b] CB2R Ki [µM][b]

18 N 1-Et 4 > 40 28.1± 1.6
19 N 2-Et 4 > 40 12.4± 2.0
20 N 1-Et 6 > 40 2.2± 0.7
21 N 2-Et 6 nd nd
22 N 1-Et 8 > 40 0.9± 0.2
23 N 2-Et 8 > 40 5.8± 1.5
24 N 1-Et 10 > 40 0.4± 0.14
25 N 2-Et 10 > 40 0.3± 0.1
26 N 1-Et 12 > 40 0.8± 0.1
27 N 2-Et 12 > 40 0.3± 0.1
28 N 1-Et 14 > 40 > 40
29 N 2-Et 14 > 40 2.12± 0.21
A30 N 1-Et - 5.0± 0.7 0.16± 0.03
B30 N 2-Et - 2.9± 0.5 0.09± 0.02

WIN[c] - - 0.04± 0.01 0.003± 0.002

Table 4.1: Binding affinities of bivalent chromenopyrazoles (18-29) for hCB1R
and hCB2R. [a] n refers to Figure 4.4. Total number of methylenes in the spacer
is n+2. [b] Values obtained from competition curves using [3H]CP55,940 as radi-
oligand for hCB1R and hCB2R and are expressed as the mean ± SEM of at least
three experiments. nd: not determined. [c] WIN55,212,2.

Compounds with CB2R affinity constants in the low micromolar
range (22, 24-27) were selected for functional evaluation by measur-
ing their effect on forskolin-induced cAMP levels in HEK-293 cells
expressing hCB2R (Figure 4.5A) by Gemma Navarro and Rafael
Franco at the Department of Biochemistry and Physiology, Faculty
of Pharmacy and Food Sciences, Universitat de Barcelona, Barcelona
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(Spain). Dose-response experiments demonstrated that these com-
pounds can inhibit cAMP accumulation as efficiently as CP55,940
but with a slightly drop of potency (27: pEC50=7.6 vs. CP55,940:
pEC50=8.2) (Table 4.2).

Figure 4.5: Decrease of forskolin-induced cAMP (normalized to 100%), in HEK-
293T cells, upon stimulation of wild type CB2R (A) and Val36 1.35Met (B) and
Ala2827.36Met (C) mutant receptors with the CP55,940 agonist and ligands 22
and 27.

Wild type Val361.35Met Ala2827.36Met
pEC50 Emax

[a] pEC50 Emax
[a] pEC50 Emax

[a]

22 7.1± 0.2 42± 5.4 7.7± 0.1 75± 1.5 7.2± 0.2 77± 2.5
24 7.2± 0.2 45± 6.3 nd nd
25 7.2± 0.2 40± 5.9 nd nd
26 6.5± 0.2 52± 4.1 nd nd
27 7.6± 0.1 44± 3.7 7.1± 0.2 68± 3.5 7.3± 0.2 84± 1.4

CP[b] 8.2± 0.1 48± 1.7 8.1± 0.1 50± 2.3 7.2± 0.1 48± 3.43

Table 4.2: Functional properties of compounds 22, 24-27 and the reference
compound CP55,940 at wild type and mutant CB2R. [a] Emax (%), the maximum
inhibition of forskolin-stimulated cAMP levels (normalized to 100%), values were
calculated using nonlinear regression analysis. Data are expressed as the mean ±
SEM of at least three independent experiments performed in triplicates. [b] CP
is CP55,940. nd: not determined.

Molecular modelling

In order to assess the binding mode of homobivalent chromenopy-
razoles 22, 25 and 27 (10, 12 and 14 methylene units), we docked
their most favorable conformation (Figure 4.2) into CB2R in its ac-
tive state in such a manner that both pharmacophoric units bind
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into the orthosteric and vestibule sites (Figure 4.6A). Unbiased MD
simulations show that these chain lengths can simultaneously bind
both sites (Figure 4.7). The methylene spacer expands toward the
lipid-facing vestibule interacting with the hydrophobic side chains of
Phe912.61, Ala2827.36, Met2867.40, and Val361.35. In the vestibule, the
chromenopyrazole moiety forms aromatic-aromatic interactions with
Phe2837.37. In the simulations Phe2837.37 adopts the trans conforma-
tion that opens the channel between TMs 1 and 7 and permits the
ligand to reach the membrane, in contrast to the gauche+ conforma-
tion observed in the crystal structure of CB2R [16, 30] that closes the
channel. The heptyl chain is accommodated in a hydrophobic cavity
of TMs 1 and 7, facing the membrane, which is formed by Leu391.38,
Cys401.39, Met2867.40, Leu431.39, Ile2907.44, Met2937.47 and Leu461.45.
In the case of the N1-Ethyl derivative the lone pair in the N2 atom
forms a hydrogen bond with Gln321.31. A detailed description of these
interactions is shown in Figure 4.8.

Figure 4.6B shows the mesh surface formed by Val361.35 and
Ala2827.36. Clearly, these TMs side chains, which are located midway
between the orthosteric site and the receptor vestibule, delimit the
channel between TMs 1 and 7. Thus, in order to validate the proposed
binding mode of bitopic ligands, Gemma Navarro and Rafael Franco
at the Department of Biochemistry and Physiology, Faculty of Phar-
macy and Food Sciences, Universitat de Barcelona, Barcelona (Spain)
mutated the side chains of Val361.35 (Figure 4.5B) and Ala2827.36 (Fig-
ure 4.5C) to the much larger Met side chain. As expected, these
mutations do not influence the function of the orthosteric agonist
CP55,490, but clearly impairs signaling of bitopic ligands 22 and 27
(Table 4.2), by occupying the volume of the channel. Notably, these
results contrast with other MD simulations, suggesting the entrance
of the ligands from the extracellular environment [31, 32].
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Figure 4.6: (A) General view of the binding mode of bitopic ligand 22 into the
orthosteric site and the vestibule of the CB2R-Gi complex (depicted as cylinders
for CB2R and grey surfaces for Gi) (PDB ID 6PT0 [16]). (B) Mesh surface of
Val361.35 and Ala2827.36 (spheres in orange) that formed the channel between
TMs 1 and 7. (C, D) Detailed views of the binding mode of 22 (C) and 25 (D)
into the receptor vestibule obtained during the MD simulations (the longer spacer
of 27 permits higher flexibility at the vestibule and some of these interactions are
not observed, Figure 4.8). TMs 1 and 7 are shown in orange and blue, respectively;
Val361.35 and Ala2827.36, which were mutated to Met, are shown in orange; and
the pharmacophore units and spacer of bitopic ligands are shown in green and
yellow, respectively.
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Figure 4.7: Evolution of homobivalent bitopic ligands 22 (A, D), 25 (B, E) and
27 (C, F) as devised from unbiased 1µs MD simulations (see Chapter 3 Meth-
ods for computational details and Figure 4.2 for their ab initio full geometry
optimization). One replica is displayed for better visualization although an addi-
tional replica showed consistent behavior. The structures of 22, 25 and 27 are
extracted from the simulations (10 structures collected every 100 ns), whereas the
structure of CB2R (TM helices are depicted as cylinders and loops as ribbons) in
complex with Gi (α- and βγ-subunits in dark and light gray surfaces, respectively)
corresponds to the initial structure (PDB ID 6PT0 [16]). The stabilities of the
ligand-receptor complexes are analyzed via root mean-square deviations (rmsd) of
the backbone atoms of the TM helices of CB2R (gray), heavy atoms of the phar-
macophore moieties located at the orthosteric (dark green) and vestibule (light
green) binding sites, and the spacer (yellow), in panels D, E and F. As expected,
rmsd values of the pharmacophore group at the vestibule are larger than those of
the orthosteric site due to a more open, less restrictive, binding cavity. Clearly,
rmsd values of the pharmacophore group at the vestibule are larger for compound
27 with 14 methylene units (n=12) as spacer than for compounds 22 with 10
methylene units (n=8) or 25 with 12 methylene units (n=10). The longer spacer
of 27 permits higher flexibility at the vestibule.
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Figure 4.8: Heatmaps depicting the Van der Waals interactions of bitopic lig-
ands 22 (N1-Ethyl, n=8, 10 methylene units), 25 (N2-Ethyl, n=10, 12 methylene
units), and 27 (N2-Ethyl, n=12, 14 methylene units) with amino acids of CB2R
(PDB ID 6PT0 [16]). In order to determine the most important residues of CB2R
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that interact with the ligand, the ligand-receptor interactions were quantified dur-
ing the 6x1µs (two replicas per ligand) of unrestrained MD simulation (see Chapter
3 Methods for computational details and Figure 4.7). The interactions were quan-
tified with GetContacts (https://getcontacts.github.io/interactions.html). Aver-
age frequencies have been calculated as the mean proportion between replicas
of frames in which the interaction occurs, according to GetContacts interaction
criteria. Average frequencies of van der Waals interactions are shown using a
grey gradient while consistent hydrogen bond interactions are pinpointed with
a blue square. The color code for the moieties of the ligand is: the heptyl and
chromenopyrazole moieties of the orthosteric pharmacophore in dark and light
green, respectively, the spacer in yellow, and the heptyl and chromenopyrazole
moieties of the vestibule pharmacophore in red and orange, respectively. The
color code for CB2R is: the amino acids of the orthosteric binding site are labeled
in black, the amino acids that interact with the spacer are labeled in yellow, the
amino acids of the vestibule binding site are labeled in red, and the amino acids
at the extracellular part defining the cavity in gray. A representative model of
bitopic ligand 22 and all the side chains of CB2R (in white sticks) is depicted.
TMs 1 and 7 are shown in light orange and blue, respectively.

4.1.3. Conclusions
In summary, we present herein the discovery of CB2R homobiva-

lent bitopic ligands. These compounds were designed as symmetrical
bivalent compounds using the previously reported chromenopyrazole
scaffold as potential pharmacophore for both units linked by a methy-
lene spacer. Binding and functional cAMP studies revealed their abil-
ity to selectively activate CB2R versus CB1R. The longer Ile1.35 in
CB1R than Val1.35 in CB2R seems responsible for the observed se-
lectivity (Figure 4.9). MD simulations and site-directed mutagenesis
studies show that these bitopic ligands bind into the orthosteric site
and in a vestibule/exosite located at the ligands entry/egress channel
that connects the orthosteric site with the lipid bilayer membrane.
Whether these bitopic ligands at CB2R show beneficial therapeutic
application needs further investigation, such as structure-activity re-
lationship studies to improve potency.

67



Figure 4.9: (A) Multiple sequence alignment, among CB1R and CB2R,
the sphingosine-1-phosphate (S1P1R-S1P5R), lysophosphatidic acid (LPA1R-
LPA6R) and prostaglandin D2 (CRTH2) receptors, of the amino acids forming
the channel between TMs 1 and 7. (B) Location of these amino acids in the
crystal structures of CB1R-Gi (PDB id 6N4B, in green) and CB2R-Gi (PDB id
6PT0, in white) complexes. Addition of the second pharmacophore, which inter-
acts with these amino acids, makes bivalent ligands fully selective toward CB2R
(Table 4.1). The major change between CB1R and CB2R is at position 7.33 (Thr
in CB1R and Lys in CB2R), however, this amino acid does not frequently interact
with all ligands (Figure 4.8). A minor change is at the key position 1.35 (Figures
4.5-4.6, Table 4.2), the β-branched and very rigid Val side chain in CB2R, and
the likewise β-branched, but longer, Ile in CB1R. We propose that this additional
methyl group of Ile in CB1R crashes with the bivalent ligand, which explains the
observed selectivity.
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4.2. Case study 2.
Homodimerization of CB2

cannabinoid receptor triggered
by a bivalent ligand enhances

cellular signaling

Submitted as co-first author in

Gemma Navarro1, Marc Gómez-Autet1, Paula Morales1, Joan Biel Rebassa,
Claudia Llinas del Torrent, Nadine Jagerovic*, Leonardo Pardo*, Rafael Franco*.
Homodimerization of CB2 cannabinoid receptor triggered by a bivalent
ligand enhances cellular signaling. Submitted.

1These authors contributed equally.

4.2.1. Introduction
Understanding the modes of activation of GPCRs from a struc-

tural point of view (see Chapter 1 Introduction) is essential for deci-
phering the significance and relevance of the research presented here.
In class A GPCRs, endogenous ligands bind to a conserved pocket
within the 7TMs of the receptor that optimally accommodates their
electrostatic and steric properties [33]. Agonist binding to this extra-
cellular orthosteric site triggers local structural changes, which vary
among GPCR families, in the immediate proximity of the highly con-
served PIF motif. The agonist-induced arrangement of the PIF side
chains is transmitted into larger-scale helix movements at the intracel-
lular site via the highly conserved NPxxY and DRY motifs and Y5.58
[34, 35], so that an intracellular cavity is opened through the outward
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movement of TMs 5 and 6 [36]. Opening of this cavity permits the C-
terminal α5 helix of G-proteins [37], the finger loop of β-arrestins [38],
or the N-terminal αN helix of GPCR kinases [39] to bind the recep-
tor for downstream signaling pathways. The greater efficacy of some
extracellular ligands to stimulate a particular transducer is known as
ligand bias [40].

The size of a G protein or β-arrestin is larger than the 7TM do-
main of a GPCR and, despite a monomeric GPCR can activate a
G protein [41], it is also feasible a 2:1 (receptor:G protein/arrestin)
stoichiometry [42]. Single-molecule microscopy techniques [43] have
shown that GPCRs are present in a dynamic equilibrium between
monomers, dimers, and tetramers [44–47] (see Chapter 1 Introduc-
tion). The formation of homo- or hetero-oligomers [48–53] may alter
the signaling response compared to receptors expressed individually
on the cell surface [48, 49, 53]. In fact, the formation of oligomers can
influence G protein or β-arrestin binding [47, 54]. However, the mech-
anism by which the second protomer of the homodimer modulates the
G protein or β-arrestin remain(s) unknown.

Here, we have checked whether the set of compounds described in
the previous case study (see section 4.1) can modulate the dynam-
ics of CB2R homodimerization, as it has been suggested for other
bivalent compounds for other GPCRs (e.g. for dopamine D2-D2 re-
ceptor homodimer [55] and for adenosine A2A-dopamine D2 receptor
heteromer [56]). Importantly, we show that the formation of CB2R
homodimerization promoted by the bivalent ligand provides unique
pharmacological properties, such as increased potency in Gi binding
and enhanced β-arrestin recruitment. Thus, the research described
herein highlights the intricacies of GPCR modulation and presents a
novel approach, using homobivalent ligands, to influence the dynam-
ics of GPCR homodimerization and signaling.

70



Figure 4.10: Chemical structures and cartoon representations of compounds
3 (PM369), 1, 2, 4, and 5 previously reported by us [6] (section 4.1), and the
reference CB2R agonist JWH-133, used in this manuscript.
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4.2.2. Results and discussion

A homobivalent ligand of CB2R modulates the
dynamics of receptor homodimerization

From the computational models (see Figure 4.6) of the compounds
(Figure 4.10) described in the previous case study (see section 4.1), we
observed that one of the chromenopyrazole pharmacophores was lo-
cated at the membrane-facing part, thus exposed to a putative second
protomer. Taking into account this observation, the group of Gemma
Navarro and Rafael Franco at the Department of Biochemistry and
Physiology, Faculty of Pharmacy and Food Sciences, Universitat de
Barcelona, Barcelona (Spain) tested the ability of these compounds
to modulate the dynamics of CB2R homodimerization. With this
aim, they used bioluminescence resonance energy transfer (BRET2)
assays in cells expressing CB2R fused with Renilla luciferase (CB2R-
Rluc) as BRET donor and fused to the GFP2 green fluorescent protein
(CB2R-GFP2) as BRET acceptor (see Chapter 3 Methods). Homod-
imers of CB2R were detected in HEK-293T cells, whereas GABAB1R-
Rluc, used as a negative control, could not interact with CB2R-GFP2

(Figure 4.11A). BRET2 values increased in a statistically significant
manner with the treatment of homobivalent ligand PM369 (N1-ethyl
with 14 methylene units; structure shown in Figure 4.10), relative to
untreated cells, but not in the presence of 1 (a pharmacophore unit;
structure shown in Figure 4.10) or 2 (a monovalent compound that
lacks the second pharmacophore; structure shown in Figure 4.10),
used as negative controls (Figures 4.11C,D). Importantly, the shorter
homobivalent N1-ethyl ligand of 10 methylene units (4; structure
shown in Figure 4.10) did not increase BRET values, suggesting the
need for a specific linker size to interact with the second protomer
of CB2R and favor homodimerization. It is also noteworthy that the
homobivalent N2-ethyl ligand with 14 methylene units (5; structure
shown in Figure 4.10) did not increase BRET values (Figure 4.11B).
This suggests that the pyrazole ring of the second pharmacophore
plays a key role in the recognition of the second protomer of the
CB2R homodimer.
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To further test that the increase in CB2R homodimerization is
triggered by the homobivalent ligand PM369, they performed similar
experiments in mutant CB2Rs. They mutated Val1133.32, which is
centrally located in the orthosteric cavity, and Val361.35, delimiting
the channel between TMs 1 and 7, to the much larger Met side chain
(Figure 4.11D). Clearly, in the Val1133.32Met mutant, PM369 does
not increase BRET signal, indicating that the first pharmacophore
must bind the orthosteric site; and the Val361.35Met mutants does
not increase BRET signal either, indicating that the second pharma-
cophore must bind the membrane-facing pocket between TMs 1 and
7 for CB2R homodimerization.

Computational model of homobivalent ligand
PM369 bound to the CB2R-CB2R homodimer in
complex with Gi

An inactive CB2R protomer was added (see Chapter 3 Methods) to
our previously reported model of the active CB2R-Gi complex bound
to the homobivalent N1-ethyl ligand PM369 with 14 methylene units
(see Figure 4.6). We have recently shown that the binding pathway
to the orthosteric site of CB2R consists of the ligand diffusing in the
bilayer leaflet to contact a membrane-facing pocket between TMs 1
and 7 that is transiently occupied before entering to the orthosteric
binding site through a tunnel formed between TMs 1 and 7 [5]. This
membrane-facing binding site of the receptor has probably been evo-
lutionary designed to transiently recognize endogenous cannabinoid
that possess long hydrophobic moieties. It is, thus, reasonable to as-
sume, as a working hypothesis, that the second pharmacophore of the
bivalent ligand is also recognized by this favorable membrane-facing
site between TMs 1 and 7 of the second protomer. Accordingly, in the
constructed model (Figure 4.12A), the first chromenopyrazole phar-
macophore of homobivalent ligand PM369 binds the orthosteric site
of active CB2R bound to Gi, the 14 methylene units of the spacer ex-
pands through the tunnel between TMs 1 and 7 of the active CB2R-
Gi protomer, and the second chromenopyrazole pharmacophore binds
the membrane-facing pocket between TMs 1 and 7 of the inactive
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Figure 4.11: Homodimerization of CB2R in the presence of symmetrical homobi-
valent ligands. BRET assays were performed in HEK-293T cells transfected with
a constant amount of cDNA for CB2R-Rluc (0.3 µg) (A-C) or GABAB-Rluc (0.5
µg) (as negative control) (A) and increasing amounts of cDNA for CB2R-GFP2

(0.05 to 0.6 µg) (A-C). (B, C) Cells were treated with the indicated compounds
3 (PM369), 2, 4, 5, and 1 (100 nM) (see Figure 4.10). (D) Maximal BRET val-
ues obtained in HEK-293T cells transfected with a constant amount of cDNA for
CB2R (WT/Val1133.32Met/ Val361.35Met)-Rluc (0.3 µg) and increasing amounts
of cDNA for CB2R (WT/Val1133.32Met/ Val361.35Met)-GFP2 (0.05 to 0.6 µg) in
the presence of compounds 2 and PM369.
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second CB2R protomer. To evaluate the stability of PM369 in the
CB2R-CB2R homodimer, we performed unbiased MD simulations (see
Chapter 3 Methods). Clearly, root-mean square deviations (rmsds) of
the heavy atoms of the CB2R-Gi-bound first pharmacophore (≈1 Å)
and the CB2R-bound second pharmacophore (<2 Å) remained low
across three replicas of 1 µs unbiased MD simulation (Figure 4.13),
suggesting that both pharmacophores optimally interact with the or-
thosteric and membrane-facing sites. Likewise, the rmsd values of the
extended chain of 14 methylene units are also low (≈1 Å), indicating
that the spacer length is optimal to bridge both sites, as determined
in BRET assays above (Figure 4.11C). Furthermore, the low rmsd val-
ues (<2.5 Å) of the second inactive CB2R protomer, comparable to
the active CB2R protomer (<2.5 Å), suggest that the initial position
modeled through the TM 1/7 interface remains unchanged during the
unbiased MD simulation (Figure 4.13). Inward shifts of TMs 1 and
2 have been described during the process of activation of the closely
related CB1R [57]. Thus, we evaluated the influence of homobivalent
ligand PM369 in the extracellular conformation of TMs 1, 2 and 7 of
both the active CB2R-Gi and inactive CB2R protomers (Figure 4.14).
The MD simulations show that PM369 does not alter the conforma-
tion of TM 2 of either active or inactive CB2R with respect to apo
CB2R. Notably, inward shifts of TMs 1 (distinctive of the activation
process) and 7 are observed in the active protomer, and an outward
shift of TM 1 is observed in the inactive protomer. It has been pre-
viously shown that the outward conformation of TM 1, driven in this
case by an antagonist of A2AR, facilitated the formation of the TM
1/7 interface between protomers in the A2AR-CB2R heteromer [58].

Figure 4.12B shows heatmaps of the predicted interactions of the
second chromenopyrazole pharmacophore of 3 (PM369) with amino
acids of the membrane-facing pocket between TMs 1 and 7 of the
inactive CB2R protomer. A chemical signature of cannabinoid ago-
nists is branched dimethyl moieties that induce receptor activation
through hydrophobic interactions with Phe1173.36 in the g+ confor-
mation and Val2616.51 [31, 59]. The pharmacophore group of homobi-
valent ligand 3 (PM369) contains these branched dimethyl moieties at
the chromenopyrazole ring and the heptyl chain close to the aromatic
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ring (Figure 4.10). Notably, the membrane-facing site between TMs 1
and 7 contains site 1, delineated by Val361.35 and Ala2827.36, to accom-
modate the dimethyl group of the chromenopyrazole ring and site 2,
delineated by Leu391.38 and Met2867.40, to accommodate the dimethyl
group of the heptyl chain (Figure 4.12B). The highly polarizable sul-
fur atom of Met can form stronger hydrophobic interactions with
methyl groups that aromatic or hydrophobic side chains [60]. Fur-
thermore, this membrane-facing site contains the aromatic Phe2837.37

side chain that forms aromatic-aromatic interactions with the aro-
matic chromenopyrazole ring of the ligand, and the polar Gln321.31

and Lys2797.33 that act as hydrogen bond donor in the interaction
with the N2 atom of the N1-ethyl isomer of the pyrazole ring. Impor-
tantly, the N2-ethyl isomer cannot achieve this key interaction, due
to a different orientation of the N1 atom, which explains that homo-
bivalent ligand 5 could not increase BRET values (Figure 4.11B).

Homobivalent ligand PM369 potentiates cellular
signaling

The group of Gemma Navarro and Rafael Franco at the Depart-
ment of Biochemistry and Physiology, Faculty of Pharmacy and Food
Sciences, Universitat de Barcelona, Barcelona (Spain) has first com-
pared the agonist-induced response of the chromenopyrazole phar-
macophore 1 with JWH-133, a potent and selective CB2R agonist,
both binding exclusively at the orthosteric site. Cells stimulated
with forskolin and treated with JWH-133 or compound 1 showed re-
duced cAMP production, as expected for Gi-coupled receptors (Fig-
ure 4.15A). However, the chromenopyrazole 1 is considered a partial
agonist referred to JWH-133 due to a decrease of cAMP of less magni-
tude. Notably, homobivalent ligand PM369 is as efficient as JWH-133
in reducing cAMP production, unlike its corresponding monovalent
ligand 2 that lacks the second pharmacophore and is considered as
a negative control. Moreover, PM369 left-shifts the dose-response
curve by one log unit relative to JWH-133, indicating an increase in
potency.

We aim to understand the mechanisms by which the second phar-
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Figure 4.12: Computational model of the CB2R-CB2R homodimer in com-
plex with Gi. (A) Cross-section through the CB2R-CB2R homodimer, high-
lighting homobivalent ligand PM369 (color sticks) binding the orthosteric site
of active CB2R and the membrane-facing pocket of inactive CB2R. A represen-
tative structure (color sticks) and 100 structures collected every 10 ns (translu-
cent lines) of homobivalent ligand PM369, as devised from unbiased 1 µs MD
simulations in views parallel and perpendicular to the membrane plane. The
structure of CB2R-CB2R (TM helices are depicted as cylinders) in complex with
Gi (white surface) corresponds to the initial structure. One replica is displayed
for better visualization although additional replicas showed consistent behavior
(Figure 4.13). (B) Detailed views and heatmaps (calculated with GetContacts,
https://getcontacts.github.io/interactions.html) depicting the predicted interac-
tions between the aromatic chromenopyrazole ring of PM369 and Phe2837.37 of
inactive CB2R protomer, between the N2 atom of the N1-ethyl isomer of the pyra-
zole ring and Gln321.31 and Lys2797.33, and between branched dimethyl moieties
at the chromenopyrazole ring and the heptyl chain with Val361.35 and Ala2827.36

(site 1), and Leu391.38 and Met2867.40 (site 2), respectively. (C) Computational
molecular models of the CB2R-CB2R homodimer built using the TM 6 interface
(in red) for apo (previously determined by BiFC assays in combination with dis-
ruptive peptides [58]) and the TM 1/7 interface (in green)
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for homobivalent ligand PM369. To facilitate visualization of the dynamic dimer-
ization interface of the CB2R-CB2R homodimer, the TM 6 and TM 1/7 interfaces
are displayed in the same panel, as well as the geometrical morphing between both
conformations.

macophore of PM369 that binds to the membrane-facing pocket be-
tween TMs 1 and 7 of the inactive second protomer enhances agonist-
induced receptor activation. Previous work using bimolecular fluores-
cence complementation (BiFC) experiments, in which HEK-293T cells
were co-transfected with CB2Rs separately fused to complementary
halves of the yellow fluorescent protein (N-terminal, CB2R-nYFP; or
C-terminal, CB2R-cYFP), in combination with disruptive peptides
targeting a specific dimer interface (see Chapter 3 Methods), showed
that fluorescence of CB2R-nYFP/CB2R-cYFP was mainly reduced
by the TM6 peptide of CB2R with minor, but statistically signifi-
cant, contributions of TM1, TM5, and TM7 [58]. This suggested
that, in the absence of the ligand (apo CB2R), the CB2R homod-
imer is dynamically tuneable, and several dimer interfaces co-exist
and interconvert as also described for neurotensin receptor 1 [45]. In
a CB2R-CB2R homodimer formed through the TM 6 interface, one
of the protomers might partially prevent the outward movement of
TM 6 of the partner protomer, challenging the opening of the in-
tracellular cavity for receptor activation and Gi binding. Therefore,
homobivalent ligand PM369 has two effects in the process of receptor
activation. First, binding of the second pharmacophore group to the
membrane-facing pocket between TMs 1 and 7 of the inactive second
protomer interconverts the CB2R-CB2R homodimer from TM 6 to the
TM 1/7 interface, facilitating the opening of the intracellular cavity
for G protein binding at the partner receptor. Second, binding of the
first pharmacophore group to the orthosteric site activates the molec-
ular switches for receptor activation with improved efficacy, like the
full agonist JWH-133. The increase in potency is attributed to the
multiple contacts of the second pharmacophore with the membrane-
facing site between TMs 1 and 7 (Figure 4.12B). Figure 4.12C shows
the proposed structure of the CB2R-CB2R homodimer bound to the
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Figure 4.13: Molecular dynamic simulations of the CB2R-CB2R homodimer in
complex with Gi. Evolution of the first chromenopyrazole pharmacophore (dark
green), binding to the orthosteric site of active CB2R (light gray) bound to Gi (not
shown for clarity), the 14 methylene units of the spacer (orange), and the second
chromenopyrazole pharmacophore (light green), binding to the membrane-facing
pocket of inactive CB2R (dark gray), of homobivalent ligand PM369 as devised
from three replicas of unbiased 1 µs MD simulations. The stabilities of these
moieties of PM369 were analyzed via root mean-square deviations (rmsd) of the
heavy atoms, and the stabilities of active and inactive CB2R were analyzed via
rmsd of the backbone atoms.
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Figure 4.14: Homobivalent ligand PM369 driven rearrangements of TMs 1, 2
and 7. (A) Superimposition of the conformation of TMs 1, 2 and 7 as observed in
MD simulations of apo CB2R (grey), previously performed in [58], and inactive
CB2R (olive) and active CB2R-Gi (light green) as observed in MD simulations
of homobivalent ligand PM369 bound to the CB2R-CB2R homodimer in complex
with Gi. Distribution of the x-values of the center of mass of the amino acids
1.32-1.35 in TM 1, 2.52-2.55 in TM 2, and 7.31-7.34 in TM 7 of CB2R during
three replicas of unbiased 1 µs MD simulation are shown. Arrows show the most
remarkable Inward and Outward movements. The xy plane is as defined by the
Orientations of Proteins in Membranes (OPM) [61]. (B) Significant movements
(black arrows) of TMs 1 and 7 observed in the MD simulations of homobivalent
ligand PM369 bound to the CB2R-CB2R homodimer in complex with Gi, relative
to their orientation in the initial structure (grey).
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Figure 4.15: Functional characterization of the CB2R-CB2R homodimer in
transfected HEK-293T cells. (A) cAMP levels were determined in HEK-293T
cells transfected with CB2R (0.5 µg cDNA). (B) β-arrestin 2 recruitment experi-
ments were performed in HEK-293T cells transfected with β-arrestin 2-Rluc (0.5
µg) and CB2R-YFP (0.5 µg) cDNAs. (A, B) Cells were stimulated with increasing
concentrations (0.1 NM to 3 µM) of the full agonist JWH-133 (100 nM) or with
compounds 1, 2, and PM369. cAMP accumulation was collected upon stimula-
tion with forskolin (Fk, 500 nM).

homobivalent ligand PM369, together with apo CB2R-CB2R homod-
imer, constructed via the TM 6 interface, to facilitate visualization of
the dynamic dimerization interfaces of the homodimer. The intracel-
lular cavity, opened upon receptor activation by the outward move-
ment of TM 6, to accommodate the C-terminal α5 helix of the Gα
subunit [16], also binds the finger loop of arrestin [62]. Accordingly,
homobivalent ligand PM369 should also have a significant effect in
β-arrestin-2 recruitment. Like in cAMP measurements, JWH-133 re-
cruited β-arrestin-2 more efficiently than the chromenopyrazole phar-
macophore 1 (Figure 4.15B). Surprisingly, PM369 not only improved
β-arrestin-2 recruitment relative to chromenopyrazole 1, but also sur-
passed the efficacy of the full agonist JWH-133, unlike the corre-
sponding monovalent ligand 2 (negative control). Therefore, the TM
1/7 interface of the CB2R-CB2R homodimer, triggered by PM369,
facilitates β-arrestin-2 recruitment.
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Computational model of the CB2R-CB2R ho-
modimer in complex with β-arrestin

To understand the mechanism by which homodimerization via the
TM 1/7 interface facilitates β-arrestin-2 recruitment, we constructed
a computational model of the CB2R-CB2R homodimer bound to β-
arrestin-2 (see Chapter 3 Methods). Arrestins are organized in a fold
consisting of N- and C- domains [63], at whose interface is the fin-
ger loop that inserts into the receptor intracellular binding cavity
opened with the outward movement of TMs 5 and 6 (Figure 4.16A).
Biophysical and structural studies have revealed conformational vari-
ability of arrestin while coupled to the receptor [11]. These multi-
ple conformations are shown in Figure 4.16B in which the available
GPCR-bound β-arrestin structures are superimposed to the active
protomer of the CB2R-CB2R homodimer. Two clusters of arrestin
orientations can be visually distinguished: the NTS1R-bound and
the V2R/5-HT2BR/β1R/CB1R(8WU1)/M2R/CB1R(8WRZ)-bound orien-
tations. Furthermore, a lateral view of the structures forming the
later cluster also shows two distinct tilt angles of β-arrestin relative to
the bound receptor (Figures 4.16C,D). However, two different groups
have recently published the structure of β-arrestin bound to the highly
homologous CB1R. Liao et al. showed that the tilt angle of β-arrestin
bound to CB1R (72º) is like the complexes formed with β1R (75º)
or M2R receptor (75º) [62] (Figure 4.16C). In contrast, the structure
reported by Wang et al. [64] adopts a tilt angle of 46º comparable
to the value observed in the complex with V2R (Figure 4.16D). In
these structures the C-domain of β-arrestin is oriented towards the
cell membrane, where the C-edge loop acts as a membrane anchor
[65]; whereas Lys158 localized at the tip of the N-domain of β-arrestin
is facing the inactive protomer of the CB2R-CB2R homodimer (Fig-
ures 4.16E,F). However, in the 8WRZ structure of Wang et al. Lys158
points towards ICL3 of the inactive protomer (Figure 4.16F), whereas
in the 8WU1 structure of Liao et al. Lys158 points towards H8 and
it is Arg162 that points towards ICL3 (Figure 4.16E). Unfortunately,
the interactions of Lys158 with the inactive CB2R protomer cannot
be assigned non-arbitrarily, as they depend on the modeled conforma-
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tion of β-arrestin. However, this analysis supports our proposal that
β-arrestin stablishes new contacts with the inactive CB2R protomer
of the CB2R-CB2R homodimer in the TM 1/7 interface.

4.2.3. Conclusions
Bitopic and bivalent ligands are single chemical entities composed

of two pharmacophore units, covalently linked by an appropriate
spacer, that bind the orthosteric site as well as a less conserved site
within the same receptor unit or bridge two receptor units [23, 66].
Many of the synthesized bivalent ligands for cannabinoid receptors in
particular, and GPCRs in general, contain spacers too short for simul-
taneous binding of both orthosteric sites of the (homo/hetero)dimer
[14, 15]. It has been suggested that these short bivalent ligands might
bind the orthosteric pocket of one protomer and a complementary site,
different from the orthosteric, of the second protomer [15]. Alterna-
tively, these short ligands can bind to both orthosteric sites of the
(homo/hetero)dimer, not simultaneously, but via a ‘flip-flop’ mecha-
nism or cooperatively [17].

Here, we have tested whether previously reported compounds,
formed by equal chromenopyrazole moieties as pharmacophores con-
nected by spacers whose lengths vary from six to sixteen methylene
units [6], can modulate the dynamics of CB2R homodimerization by
simultaneously binding both protomers of the CB2R-CB2R homod-
imer. Notably, only homobivalent ligand PM369 with 14 methylene
units, but none of the other tested compounds, increased BRET
values relative to untreated cells. Computational and experimen-
tal results showed that the first chromenopyrazole pharmacophore
of PM369 binds the orthosteric site of active CB2R bound to Gi,
the 14 methylene units of the spacer expands through the tunnel be-
tween TMs 1 and 7 of the active CB2R-Gi protomer, and the second
chromenopyrazole pharmacophore binds the membrane-facing pocket
between TMs 1 and 7 (complementary site) of the inactive second
CB2R protomer. This binding mode of PM369 triggers the formation
of the CB2R-CB2R homodimer via the TM 1/7 interface. This pro-
vides unique pharmacological properties, such as increased potency
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Figure 4.16: Computational model of the CB2R-CB2R homodimer in com-
plex with β-arrestin 2. (A) Structure of β-arrestin in a fold consisting of C-
and N-domains, in light cyan and teal, respectively, at whose interface is the
finger loop that inserts into the receptor intracellular binding cavity. (B) Avail-
able GPCR-bound β-arrestin structures [NTS1R- (PDB IDs 6UP7, 6PWC)/V2R-
(PDB ID 7R0C)/5-HT2BR- (PDB ID 7SRS)/β1R- (PDB ID 6TKO)/M2R- (PDB
ID 6U1N)/CB1R- (PDB ID 8WU1, 8WRZ) bound) superimposed to the active
protomer (light gray) of the CB2R-CB2R homodimer. (C, D) Lateral view of
GPCR-bound β-arrestin structures showing two distinct tilt angles of β-arrestin
relative to the bound receptor. (E, F) Detailed views of the interaction between
Lys158 located at the tip of the N-domain of β-arrestin and the inactive CB2R
protomer.
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in Gi binding and increased recruitment of β-arrestin. It was previ-
ously shown by others that oligomerization of the platelet-activating
factor receptor either via TM 1 or TM 4/5 interfaces decreased re-
cruitment of β-arrestin [54]. Therefore, these results suggest that only
certain conformation(s) of the homodimer, stabilized in this work by
homobivalent ligand PM369, is(are) able to recruit β-arrestin more
efficiently.

By promoting homodimerization and altering downstream signal-
ing events, PM369 is explored as a tool to better understand GPCR
pharmacology. However, these findings also suggest that PM369 could
offer new therapeutic strategies by controlling the signaling pathways
mediated by CB2R. CB2R plays a crucial role in modulating immune
responses and inflammation [67]. Its upregulation under pathological
conditions and its association with anti-inflammatory effects highlight
the therapeutic potential of targeting CB2R in various disease states
such as autoimmune diseases, neuroinflammation, tissue injury [68,
69]. Altogether, these novel results open new possibilities to control
GPCR signaling.
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Chapter 5

Designing heterobivalent
ligands for the dopamine
D1-histamine H3 heteromer

Both the dopamine D1-receptor (D1R) and the histamine H3-
receptor (H3R) are class A GPCRs [1, 2]. The D1R is one of five
dopamine receptors and part of the subfamily of the D1-like recep-
tors [3, 4]. It’s widely expressed in the central nervous system (CNS)
and is coupled to a Gαs protein and therefore activates the adenylyl
cyclase [2, 5]. The dopamine receptors are involved in a variety of
physiological processes such as voluntary movement, feeding, affect,
reward, sleep, attention, working memory, and learning and therefore
drug targets for diseases such as schizophrenia, Parkinson’s disease
(PD), bipolar disorder, and others [2, 4, 6–9]. The H3R is one of four
histamine receptors coupled to Gαi/o proteins and almost exclusively
expressed in the CNS [10, 11]. Despite being related to different
diseases such as Parkinson’s, Huntington’s and Alzheimers disease
(AD), the only FDA approved drug targeting the H3R on the market
is pitolisant for the treatment of narcolepsy [12–16].

In the recent decades the existence of numerous homo- and
heteromeric GPCR dimers and oligomers have been proven us-
ing a variety of biochemical and biophysical methods including
co-immunoprecipitation, fluorescence-based techniques, proximity-
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ligation assays, and functional complementation studies [17–19]. Sig-
naling, ligand-binding, and trafficking properties of a receptor can
change dramatically due to dimerization, indicating that the receptor
complexes have to be considered as a distinct pharmacological entity
[17, 20].

The D1R and H3R were reported to form heteromers in vitro and
in vivo. Moreover, it forms a macromolecular complex with NMDA-
receptor subunits, which presented neuroprotective effects upon inhi-
bition. Interest in the D1R-H3R heteromer has risen as a potential
drug target for Alzheimer’s disease and Huntington’s disease. We
herein report the synthesis of a set of novel bivalent ligands targeting
this heteromer, containing different pharmacophores and spacers.
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5.1. Case study 3. High affinity
bivalent ligands targeting the

dopamine D1-histamine H3
heteromer reduce

β-amyloid-induced neuronal
cell death

To be submitted as

Niklas Rosier, Denise Mönnich, Marc Gómez-Autet, Lisa Forster, Martin
Nagl, Lukas Grätz, Iu Raich, Jaume Lillo, Irene Reyes-Resina, Gemma Navarro,
Leonardo Pardo, Rafael Franco, Steffen Pockes. High Affinity Bivalent Lig-
ands Targeting the Dopamine D1-Histamine H3 Heteromer Reduce β-
Amyloid-Induced Neuronal Cell Death. In preparation.

5.1.1. Introduction
The existence of a D1R-H3R heteromeric complex was first pub-

lished by the group of Franco [21, 22]. Due to dimerization, the signal-
ing properties of the heteromer change in comparison to the individual
receptor protomers. For instance, both D1R and H3R antagonists can
block the effect of either D1R or H3R agonists (cross-antagonism),
or the effect of a D1R agonist was significantly counteracted by a
H3R agonist. Follow-up work could prove the existence of the D1R-
H3R heteromer in GABAergic neurons of the direct striatal pathway
and the formation of a macromolecular complex with NMDA-receptor
subunits [13]. Inhibition of this complex with H3R antagonists could
reduce NMDA-, β-amyloid peptide (Aβ)- or D1R agonist-induced cell
death making this complex a potential drug target for Alzheimer’s

97



disease [13, 22]. The study of Moreno-Delgado et al. recently showed
the therapeutic potential of the D1R-H3R heteromer for the treatment
of Huntington’s disease [14].

The development of heteromer-specific drugs is more challenging
than the development of compounds binding on orthosteric sites of
monomeric GPCRs. One of the most widespread options to target
heteromers is the design of single chemical entities composed of two
pharmacophores for the biological targets of interest, which can be
accomplished by linking pharmacophores with stable spacers, by fus-
ing pharmacophores, or by merging pharmacophores [23] (see Chapter
1 Introduction). In recent years numerous bivalent ligands targeting
different homo- and heteromeric GPCR dimers have been published,
which are summarized in various reviews [17, 24–27]. In this case
study, we present a series of novel bivalent ligands targeting the D1R-
H3R heteromer with exceptional affinity for both receptors and their
pharmacological characterization in co-expressing systems.

5.1.2. Results and discussion

Molecular design

The design of heterobivalent ligands for the D1R-H3R heteromer
requires the choice of several key building blocks. First, we need to
select lead compounds that bind the orthosteric binding site of D1R
and H3R with high affinity (pharmacophore units). Because we aim
to design bivalent ligands that act as antagonists, we have therefore
selected pharmacophores that are antagonists for D1R (SCH-23390)
and H3R [28] (JNJ-5207852) (Figure 5.1). Second, a derivatization
point in the pharmacophore, or an attachment point, that faces the
extracellular side, is chemically accessible, and maintains the affinity,
selectivity and biological activity of the pharmacophore to introduce a
linker (see Chapter 1 Introduction). Figure 5.1 shows structural mod-
els of SCH-23390 and JNJ-5207852 in the orthosteric binding site of
D1R and H3R, respectively, and the channels towards the extracellu-
lar environment. This channel is wide and therefore less restrictive in
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D1R and narrow and more restrictive in H3R. These models, together
with structure-activity relationships (SAR), showed the 4’-position of
SCH-23390 as a suitable attachment point because it is oriented to-
wards the extracellular side and introduction of amide or sulfonamide
groups at this point, as a linker, seemed to be beneficial for receptor
binding [29, 30] (Figure 5.1). The insertion of a sulfonamide moiety
instead of an amide group at the 4’-position of the 1-phenyl-2,3,4,5-
tetrahydro-1H-benzazepines was reported to increase affinity at the
D1R [30]. Similarly, an amide group can be also attached to the para-
position of the benzylic piperidine moiety of JNJ-5207852 because it
points outside (Figure 5.1) and by the successful development of an
H3R fluorescent ligand with similar modifications of the same phar-
macophore. [31, 32] Finally, small aliphatic groups with terminal
C-C triple bonds were added to connect the pharmacophore-linker
moieties of D1R and H3R with the rest of the bivalent system (Figure
5.1). And third, a spacer with an appropriate length to cover the
distance between both pharmacophore-linker moieties. We selected
polyethylene glycol (PEG) moieties, often used to increase water sol-
ubility, as a spacer or other spacers based on aliphatic carbons. All
spacers were terminally functionalized with azide groups, to permit a
final connection with the pharmacophore-linker moieties of D1R and
H3R, by a copper catalyzed azide alkyne click (CuAAC) reaction.
This permits easy synthesis of a variety of bivalent ligands by using
different pharmacophore-linker moieties of D1R and H3R and spacers.

The spacer length is a key factor and depends on the heterodimer
interface, the surface of the extracellular domains of the heterodimer,
and the position and orientation of the attachment points of the phar-
macophore moiety. It was shown that cross-antagonism, as previously
described for the D1R-H3R heteromer [21, 22], is due to the formation
of a high surface complementarity between TMs 5 and 6 of the two
protomers, via a four-helix bundle [33], which blocks the opening of
the intracellular cavity for G protein binding at the other protomer
[34]. Thus, we assume, as a working hypothesis, the TM5/6 interface
for the D1R-H3R heteromer (see Chapter 3 Methods). Notably, this
interface requires a smaller number of atoms in the spacer than other
interfaces because of the shorter distance between the two orthosteric
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Figure 5.1: Structures and docking models of the SCH-23390 antagonist bound
to D1R and the JNJ-5207852 antagonist bound to H3R. Attachement points in
the docking models and structures, to introduce the depicted linkers, are shown
as purple spheres. D1R: modelled from PDB ID 7JOZ and 4BVN (see Chapter 3
Methods and (Moreno et al. 2022)), H3R: PDB ID 7F61.

sites [35]. We calculated the preferred spacer length by adjusting
different spacer moieties to the van der Waals surface of the het-
eromer, using a computational tool developed for the MOE software
(Chemical Computing Group Inc., Montreal, Quebec, Canada) [35]
(see Chapter 3 Methods), as previously performed for other bivalent
ligands [36, 37]. The calculation was performed for PEG-based spac-
ers of different lengths (-OCH2CH2-)n=10-15. The predicted minimum
length of energetically favorable spacers is between 33 (n=11) and 36
(n=12) atoms, calculated between attachment atoms shown in purple
in Figure 5.1. Because amide groups and the 1,2,3 triazole ring, used
as part of the spacer in the synthesis of the bivalent ligands, are more
rigid that the flexible PEG spacer, used in the calculation, we set our
focus on spacers with a length of 39 to 47 atoms between both at-
tachment points. Moreover, we synthesized other spacers with longer
lengths up to 57 atoms in case the D1R-H3R heteromer exhibits other
TM interface for dimerization with longer distance between orthos-
teric sites.

Figure 5.2 shows molecular dynamics (MD) simulations of de-
signed compounds with spacer lengths of 41 (44) and 47 (45) atoms,
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Figure 5.2: Evolution of bivalent ligands 44 and 45 in the D1R-H3R heteromer,
constructed via the TM5/6 interface, as devised from molecular dynamic (MD)
simulations. (A) Molecular models of bivalent ligands 44 (spacer length of 41
atoms between attachment points in purple spheres, see Scheme 5) and 45 (spacer
length of 47 atoms) bound to the D1R-H3R heteromer. (B) Representative struc-
tures (opaque ball and spheres) and 100 structures collected every 10 ns (translu-
cent lines) of 44 and 45, extracted from one of the simulations, whereas the
structure of the D1R-H3R heterodimer corresponds to the initial model. (C) Dis-
tances (dashed black line between black spheres in the inset panel) between the
protonated amines of SCH-23390 and JNJ-5207852 and the Cγ atom of Asp3.32
of D1R and H3R, respectively. Root-mean-square deviations (rmsds) of the heavy
atoms of 44 and 45 (light blue and orange for the pharmacophore moieties of D1R
and H3R, respectively, and green for the spacer moiety. Three replicas of 1 µs of
each complex were run. See Figure 5.1 for the PDB IDs and Chapter 3 Methods
for the modelling details of the dimer.
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in the computational model of the D1R-H3R heteromer, to evaluate
their stability (see Chapter 3 Methods). The stabilities were ana-
lyzed via root-mean square deviations (rmsds) (Figure 5.2C). Clearly,
rmsd values of the pharmacophore units remains low (<2 Å) during
the simulation time. Accordingly, the salt bridge distances between
the protonated amines of the SCH-23390 and JNJ-5207852 pharma-
cophores and Asp3.32 of D1R and H3R, respectively, remained stable
across three replicas of a 1 µs unbiased MD simulation, suggesting
that the designed spacers facilitate simultaneous binding of the phar-
macophoric units to the orthosteric binding sites of the D1R-H3R
heteromer constructed via the TM5/6 interface. As expected, rmsd
values of the spacer group are larger than those of the pharmacophore
moiety due to its flexibility. However, these values are larger for com-
pound 45, with a spacer length of 47 atoms, than for 44, with a
length of 41 atoms. This suggests that the shorter compound fits
better onto the van der Waals surface of the heteromer, restricting its
movement, while the longer compound is likely more exposed to the
less restrictive extracellular aqueous environment.

Chemical synthesis

The different pharmacophores and the spacers were synthesized
separately and connected in the end by a CuAAC reaction by Niklas
Rosier and Steffen Pockes at the Institute of Pharmacy, University
of Regensburg, Regensburg (Germany). Figure 5.3 shows the struc-
tures of bivalent ligands 40-47, and Figure 5.4 shows the structures
of end-capped (monovalent) ligands 59 and 61 that lack one of the
pharmacophores.
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Figure 5.3: Bivalent ligands 40-47.

Figure 5.4: End-capped ligands 59 and 61 and D1R reference compound 63.
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compd
D1R

linkera
H3R

linkera
linker
length

(atoms)b

pKi (± SEM)

D1R
(RLB)c

H3R (Nano
BRET)d

H3R
(RLB)e

40 amide amide 39 8.10 ± 0.08 10.08 ± 0.05 10.16 ± 0.01
41 amide amide 45 7.77 ± 0.07 9.97 ± 0.15 9.87 ± 0.15
42 amide amide 51 7.69 ± 0.11 9.84 ± 0.03 9.98 ± 0.08
43 amide amide 57 7.39 ± 0.02 9.71 ± 0.08 9.67 ± 0.11
44 sulfona. amide 41 8.88 ± 0.09 10.21 ± 0.10 nd
45 sulfona. amide 47 8.67 ± 0.14 10.00 ± 0.04 10.11 ± 0.15
46 amide amide 43 (al.) 8.41 ± 0.09 10.09 ± 0.04 10.03 ± 0.03
47 amide amide 47 (al.) 6.59 ± 0.03 7.16 ± 0.23 7.74 ± 0.08
59 e-c amide - <5 9.99 ± 0.05 nd
61 sulfona. e-c - 7.91 ± 0.11 6.30 ± 0.07 nd
63 sulfona. D1R ref - 8.99 ± 0.13 5.54 ± 0.06 nd

Table 5.1: aStructure of the linker used to connect the pharmacophore with the
spacer. bNumber of atoms between attachment points of both pharmacophores.
cCompetition binding experiments at HEK-293T cell homogenates stably express-
ing the hD1R [38]; displacement of 0.2 nM, 0.4 nM or 1 nM [3H]N-Methyl-SCH-
23390 (Kd = 0.4 nM). dCompetition binding experiments at HEK-293T cells
stably expressing NLuc-hH3R [39]; displacement of 0.5 nM UR-NR266 [31] (Kd =
0.16 nM). eCompetition binding assays at HEK293T-SP-FLAG-hH3R cells [31];
displacement of [3H]UR-PI294 [40] (Kd = 3 nM). Data shown are mean values
± SEM of N independent experiments, each performed in triplicate. N was 3
for D1R RLB and H3R NanoBRET, and 2 for H3R RLB. Data were analyzed
by nonlinear regression and were best fitted to sigmoidal concentration-response
curves. sulfona.: sulfonamide, nd: no determined, al.: alkyl., e-c: end-capped.
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Pharmacological characterization

The first step of the pharmacological characterization of the novel
bivalent ligands was the determination of their binding affinity to-
wards their primary targets, the D1R and H3R, using competitive
NanoBRET binding assays (H3R) [31] by Gemma Navarro and Rafael
Franco at the Department of Biochemistry and Physiology, Faculty
of Pharmacy and Food Sciences, Universitat de Barcelona, Barcelona
(Spain) and competitive radioligand binding assays (D1R) by D. Mön-
nich at the Institute of Pharmacy, University of Regensburg, Regens-
burg (Germany) (see Chapter 3 Methods). The results of these assays
as well as the composition of the bivalent ligands are presented in
Table 5.1. Compounds 40-43 and 45-47 were tested in both radioli-
gand and NanoBRET binding assays (H3R). Notably, the values of
pKi obtained with both assays show a remarkably good agreement,
confirming that addition of NLuc to the receptor does not interfere
with the binding of ligands.

The first set of bivalent ligands (40-43) possesses a common SCH-
23390 as D1R and JNJ-5207852 as H3R pharmacophores and amide
groups as linkers but contain an increasing number of PEG units
(n=2-5) in the spacer (spacer lengths between attachment points of
39, 45, 51, 57 atoms, respectively) (Figure 5.3). Therefore, this set of
compounds is well suited for the analysis of the influence of the spacer
length on the receptor binding. Notably an increasing spacer length
decreases the affinity of the bivalent ligand towards both receptors
[pKi (D1R) = 8.1, 7.8, 7.7, 7.4; pKi (H3R) = 10.1, 10.0, 9.8, 9.7 for 40-
43, respectively]. Therefore, these results experimentally support the
D1R-H3R heteromer interaction through the TM5/6 interface, which
requires bivalent ligands with shorter spacers than other interfaces
[35, 37], and validate our design strategy.

Compounds 46-47 are like 40-43 but replace the more polar PEG-
based spacers by hydrophobic aliphatic carbons (Figure 5.3). The
binding affinity of 46 [pKi (D1R) = 8.4; pKi (H3R) = 10.1], with a
spacer length of 43 atoms, is in the same range as 40 [pKi (D1R) =
8.1; pKi (H3R) = 10.1], with 39 atoms as a spacer, and 41 [pKi (D1R)
= 7.8; pKi (H3R) = 10.0], with 45 atoms. Surprisingly, 47 [pKi (D1R)
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= 6.6; pKi (H3R) = 7.2], with a spacer length of 47 atoms (it only
has four more methylene units than 46), and comparable in length
to 41 with 45 atoms, loses up to 100-fold affinity at both receptors
compared with 41 or 46. This huge loss of affinity is not fully un-
derstood, however, it is easy to speculate that the shorter spacer can
form stable hydrophobic interactions with the amino acids forming
the extracellular surface of the heteromer, while the longer chain is
forced to be more exposed to the unfavorable aqueous environment
(see above). Nevertheless, no further experiments were conducted
to determine the reasons of this phenomenon, because the other bi-
valent ligands showed more promising binding data. Moreover, the
PEG-based bivalent ligands are better water-soluble, making them
more suitable for in vitro and in vivo assays.

Comparing the binding data at the D1R of 40 [pKi (D1R) = 8.1;
pKi (H3R) = 10.1] and 41 [pKi (D1R) = 7.8; pKi (H3R) = 10.0]
to those of 44 [pKi (D1R) = 8.9; pKi (H3R) = 10.2] and 45 [pKi

(D1R) = 8.7; pKi (H3R) = 10.0], it can be noted that replacement of
a more restrictive planar amide group by a more flexible tetrahedral
sulfonamide group, as a linker to the D1R pharmacophore, led to
an increase in D1R affinity. Despite their size, 44 with 41 atoms,
and 45 with 47 atoms, show exceptional Ki -values in the one-digit
nanomolar range for the D1R and subnanomolar range at the H3R.
Comparing the pKi -values to those of the pharmacophore units SCH-
23390 modified with a sulfonamide group (63) [pKi (D1R) = 9.0]
and JNJ-5207852 (pKi (H3R) = 10.2) [31], there is only a small loss
in affinity towards both receptors, despite the addition of the large
spacers and the second pharmacophore.

Notably, the end-capped ligand with the SCH-23390 pharma-
cophore 61 [pKi (D1R) = 7.91] showed lower affinity towards its
receptor than its bivalent counterpart 44 [pKi (D1R) = 8.88]. The
end-capped ligand with the JNJ-5207852 pharmacophore 59 possesses
pKi values in the same range as the bivalent ligands.
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β-amyloid-induced neuronal cell death

The D1R-H3R heteromer was reported to have a neuroprotective
properties and its inhibition by H3R antagonists leads to a reduction
of excitotoxic cell death [13]. Based on these results, the antagonistic
bivalent ligands should be able to reduce the Aβ-induced cell death in
neurons. To test this hypothesis, cortex cells from mice embryos were
extracted and cultivated. After seven days Aβ (c = 500 nM) and the
respective compounds were added. After an additional seven days the
cells were detached and the percentage of live cells versus total cells
was determined. The results are depicted in Figure 5.5. Comparing
the end-capped ligands 59 and 61 with the bivalent ligand 45, a
more pronounced neuroprotective effect for 45 was observed, due to
a possible higher affinity towards the receptor dimer.

All three compounds were able to reduce the Aβ-induced cell
death, with 45 showing the most pronounced effect at concentrations
of 10 and 100 nM (Figure 5.5A). Focusing on 45, a concentration-
dependent neuroprotective effect was observed with a significant re-
duction in cell death at concentrations of 10 and 100 nM compared to
the addition of Aβalone (Figure 5.5B). The strongest neuroprotective
effect was observed at 100 nM, significantly higher compared to the
lower concentrations of 10 and 100 pM. An increase of the concen-
tration up to 1 µM, led to a lower percentage of live cells. This is
probably caused by an overdose effect, a neurotoxic effect of the com-
pound itself at high concentrations. This was observed for all three
compounds and confirmed by the fact, that the addition of 1 µM of
the compounds alone without Aβ had a neurotoxic effect compared to
the blank control. Comparing the three compounds at the concentra-
tion of 100 nM, a stronger neuroprotective effect of 45 was observed,
although only compared to 59 the difference was statistically signifi-
cant (Figure 5.5C).

Overall, this data supports the hypothesis of a neuroprotective
potential for the D1R-H3R heteromer and indicates a higher bind-
ing affinity and stronger neuroprotective effect of the bivalent ligands
compared to the end-capped controls.
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Figure 5.5: Cell death assay at mouse embryonal cortex cells. (A) Results of
compounds 45, 59 and 61. (B) Isolated results of 45. (C) Comparison of the three
compounds at a concentration of 100 nM. Data represent mean values ± SEM of 2
(59 and 61) or 4 (45) different experiments on two different days, each performed
in triplicate or quadruplicate. One-way ANOVA followed by Bonferroni’s post hoc
test showed significant effects between different concentrations (* p < 0.05; ** p
< 0.01; *** p < 0.001; **** p < 0.0001).
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5.1.3. Conclusions
Bivalent ligands for the D1R-H3R heteromer were designed based

on docking studies and SAR of different lead structures. The attach-
ment points of the pharmacophores for the linker were chosen appro-
priately and they retained a high affinity and selectivity towards the
receptor. The addition of a C-C triple bond to all pharmacophores
and terminal azide groups to all spacers, allowed the connection of
pharmacophores and spacers by the CuAAC reaction. The synthetic
approach of connecting all parts at the end allowed a synthesis of
multiple bivalent and end-capped ligands without the need for an in-
dividual pharmacophore for each target structure. Bivalent ligands
with the same pharmacophores, but different spacer lengths were syn-
thesized because the needed length for a bivalent binding mode was
not known.

All final compounds were tested in competitive binding assays for
their affinity towards the D1R and H3R. Especially, compounds 44
and 45 showed exceptional high affinity at both receptors in the low
nanomolar and sub-nanomolar range, which is remarkable for ligands
of this size.

Finally, 45, based on the previous results, the most promising
compound, was tested in an in vitro neuroprotection assay using pri-
mary cortex cells of mice embryos. A significant reduction in Aβ-
induced cell death was observed, which was higher than the effect of
the end-capped ligands 59 and 61. These results highlight the neuro-
protective properties of the D1R-H3R heteromer and the potential of
bivalent ligands to target this receptor complex with a higher affinity
than monovalent ligands.
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Chapter 6

Designing homo- and
heterobivalent and tetravalent
ligands for the adenosine
A2A-dopamine D2 receptor
heteromer

The concept of polypharmacology denotes the ability of one drug
to interact with multiple (two or more) targets simultaneously for
a greater therapeutic effect [1]. This “one drug-multiple targets”
idea contrasts with the more traditional drug discovery programs of
“one drug-one target”, aimed at minimizing adverse effects. How-
ever, “one drug–one target–one disease” approaches in drug discovery
have become increasingly inefficient because many human diseases
are multifactorial [2, 3], such as neurodegenerative and psychiatric
disorders, infectious and cardiovascular diseases, and cancer, among
others [4]. For instance, schizophrenia has multifactorial etiology and
complex polygenic architecture [5, 6]. The dopamine system is hyper-
responsive in schizophrenia, and all clinically used antipsychotic drugs
block dopamine D2 receptors (D2Rs) [7]. In the brain, D2R is highly
expressed in the striatum and to a somewhat lower extent in the mid-
brain, cortex, hypothalamus, amygdala, and hippocampus [8]. There
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is significant evidence that a main population of striatal D2R forms
heteromers with the adenosine A2A receptor (A2AR) [9, 10]. A2AR-
D2R heteromers have been found in transfected cells [11], in native
tissue [9], and in human post-mortem brains in which the amount
of heteromer differs from healthy and diseased, increasing in Parkin-
son’s disease [12] and decreasing in schizophrenia [13]. Remarkably,
an increase in A2AR-D2R heteromerization has been proposed to be
involved in the extrapyramidal side effects of antipsychotics [12], and
the selective A2AR antagonist istradefylline (marketed as Nouriast™ in
Japan in 2013 and as Nourianz™ in the United States in 2019) is used
as an adjunctive treatment to the dopamine precursor L-DOPA in pa-
tients with Parkinson’s disease experiencing “off” episodes [14]. Thus,
the A2AR-D2R heteromer is an attractive multitarget. Other pub-
lished approaches to target the A2AR-D2R heteromer have consisted
in the development of dual-target bitopic ligands [15] and bivalent
ligands [16].

In the following two case studies, we have used our previous knowl-
edge to design and synthesize homobivalent, hetereobivalent and het-
erotetravalent ligands for the A2AR-D2R heterotetramer.
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6.1. Case study 4. Heterobivalent
ligand for the adenosine

A2A-dopamine D2 receptor
heteromer

Published as co-first author in
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Llopart, Estefanía Moreno, Nil Casajuana-Martin, Sergi Ferré, Leonardo Pardo*,
Vicent Casadó*, Miriam Royo*. Heterobivalent ligand for the adenosine
A2A-dopamine D2 receptor heteromer. Journal of Medicinal Chemistry
2022, 65(1), 616–632.

1These authors contributed equally.

6.1.1. Introduction
Despite the initial skepticism and discussion [17, 18] and the fact

that some monomeric GPCRs can efficiently activate G proteins [19],
it is now increasingly accepted that GPCRs form homomers and het-
eromers [20]. These oligomers are in some cases the predominant
species [21] and constitute primary functional signaling units [22].
However, some of this evidence has been obtained in artificial systems,
but recent in vivo studies also support the functional importance of
GPCR oligomerization [23–26]. As introduced, a GPCR heteromer
which has become an attractive drug target [27, 28] is the complex
formed by the adenosine A2A receptor (A2AR) and the dopamine D2

receptor (D2R).
A major focus has been on the generation of heteromer-selective

tools that recognize oligomers in native tissues [29]. These include
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antibodies that selectively recognize an epitope in the heteromer [30]
or/and the development of high-affinity bivalent ligands (fluorophore-
coupled or not) that selectively target the heteromer. Moreover,
heterobivalent ligands would be the paradigm of heteromer-selective
drugs [31] able to modulate receptor function within a particular het-
eromer with lesser secondary effects, key to design a new generation of
GPCR drugs. Compared to the monomeric, the oligomeric approach
would be more disease-specific because heteromers are likely to have
a restricted tissue distribution and/or to be up- or down-regulated
in specific tissues under pathological conditions [20, 29, 32]. Here,
we have used the previous experience of our group in obtaining a
homobivalent ligand with picomolar binding affinity for the D2R ho-
modimer [33], using a combination of computational, chemical, and
biochemical tools, to design and synthesize heterobivalent ligands for
the A2AR-D2R heteromer.

6.1.2. Results and discussion

Molecular design

The design of the heterobivalent ligand for the A2AR-D2R
heteromer (Figure 6.1) follows similar trends as in the reported
homobivalent ligand for the D2R homomer [33]. (i) The main
scaffold is the nitrilotriacetic acid-based scaffold (NTA) that contains
three symmetric carboxylic acids, permitting the attachment of
two different pharmacophore-containing chains and, if desired, an
additional pharmacophore-containing chain to study higher-order
oligomers or a reporter molecule for imaging studies, via a con-
trolled desymmetrization of each of these functional groups [34].
(ii) The D2R pharmacophore is a derivative of the antagonist
spiperone, namely the N -(p-aminophenethyl)spiperone (NAPS),
which was functionalized through the amine group with an extra
succinic acid linker to facilitate its incorporation to the bivalent
system, as in the previous study [33]. The selected A2AR phar-
macophore is a derivative of the selective antagonist SCH-442,416,

118



2-(4-(3-(5-amino-2-(furan-2-yl)-7H -pyrazolo[4,3-e][1,2,4]triazolo[1,5-
c]pyrimidin-7-yl)propyl)phenoxy)acetic acid, which includes in its
structure a phenoxyacetic acid moiety that allows its integration
into the bivalent system. In both pharmacophores the derivatization
points to introduce the linkers were selected considering their
orientation to the extracellular side and chemical accessibility (see
Chapter 3 Methods). (iii) The spacer length of the bivalent ligand is a
key factor and depends on the dimer interface, the surface of the ex-
tracellular domains of the dimer, and the position and orientation of
the attachment points of the pharmacophore-linker moieties [35]. It
was previously determined the interface of the A2AR-D2R heteromer
by bimolecular fluorescence complementation (BiFC) experiments
in cells expressing A2AR-nYFP and D2R-cYFP in the presence of
synthetic peptides with the sequence of different TM domains of
A2AR and D2R (fused to the cell-penetrating HIV transactivator of
transcription (TAT) peptide) [36] Chapter 3 Methods). Disruption
of fluorescence complementation was only significantly observed in
the presence of peptides with the amino acid sequence of TM4 and
TM5 of both A2A and D2R, suggesting a TM4/5 interface for the
A2AR-D2R heteromer [10]. Notably, this interface requires a larger
number of atoms in the spacer between the attachment points than
other interfaces (i.e. TM5/6 interface), because of a longer distance
between the two different orthosteric sites [33, 35]. To calculate
the optimal size of the spacer, we docked the pharmacophore-linker
derivatives 7 for A2AR and 11 for D2R (Figure 6.2A) to the previously
published computational model of the A2AR-D2R heteromer [10]
built from the TM4/5 dimeric interface observed in the oligomeric
structure of the β1-adrenergic receptor (see Chapter 3 Methods).
We calculated the preferred spacer length by adjusting different
spacer moieties to the van der Waals surface of the heteromer, using
a computational tool developed for the MOE software (Chemical
Computing Group Inc., Montreal, Quebec, Canada) [35] (see Chapter
3 Methods). The selected spacers were oligoethylene glycol (OEG)
moieties, with the aim to increase water solubility of the final bivalent
ligands, of different lengths (-OCH2CH2-)n=1-4. The tool predicts the
favorable conformation of the linker/spacer/scaffold/spacer/linker
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moieties with the molecular surface and calculates the interaction
energy between the bivalent ligand and the rest of the heteromer
system after a stepped energy minimization protocol. The predicted
lengths of energetically favorable spacer/scaffold/spacer groups are
between 35 and 43 atoms, calculated between attachment atoms
shown in purple in Figure 6.1.

Figure 6.1: The heterobivalent ligand contains (i) a scaffold that can be properly
derivatized (in orange), (ii) pharmacophore units (in red) that bind the orthosteric
binding site of A2AR (7) and D2R (11) with high affinity, (iii) a spacer to cover
the distance between both protomers of the heteromer (in blue), and (iv) a linker
(in green) between the pharmacophore units and the spacer, adequate for the
chemistry used for conjugation.

Compounds 25 and 26 with spacer lengths of 35 (n=m=2) and
43 (n=4, m=1) atoms were used for molecular dynamic (MD) sim-
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ulations (see Chapter 3 Methods) to evaluate their stability in the
computational model of the A2AR-D2R heteromer (Figure 6.2B). The
stabilities of the ligand-heteromer complexes were analyzed via root
mean-square deviations (rmsd) (Figure 6.2C). As expected, rmsd val-
ues of the spacer/scaffold/spacer group are larger than those of the
pharmacophore-linker moiety due to its flexibility. The binding of the
pharmacophore units to the two different orthosteric sites was moni-
tored by the salt bridge distance between the protonated amine of the
NAPS pharmacophore and Asp3.32 of D2R and the hydrogen bond dis-
tance between the adenine moiety of the SCH-442,416 pharmacophore
and Asn6.55 of A2AR (Figure 6.2C). These interactions remain stable
throughout three replicas of 1 µs unbiased MD simulation, suggest-
ing that compounds 25 and 26 can fulfill the simultaneous binding
of the pharmacophoric units to the orthosteric binding sites. Thus,
these spacer lengths were used as recommendations for synthesis. As
a negative control, we have also synthesized bivalent compound 24
with a spacer length of 25-atoms (n=m=1) that is not capable of
interacting simultaneously with the two different orthosteric sites due
to the shorter spacer length.
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Figure 6.2: Evolution of bivalent ligands 25 and 26 in the A2AR-D2R het-
eromer, constructed via the TM 4/5 interface, as devised from MD simulations.
(A) Molecular models of bivalent ligands 25 (spacer length of 35, n=m=2, see
Figure 6.1) and 26 (spacer length of 43, n=4, m=1) bound to the A2AR-D2R
heteromer. A MOE-based computational tool [35] was used to model these lig-
ands into the heteromer. (B) Representative structures (opaque sticks) and 100
structures collected every 10 ns (translucent lines) of 25 and 26 (the color code
of the atoms is as in Figure 6.1), extracted from the simulations, whereas the
structure of the A2AR-D2R heterodimer corresponds to the initial model. (C)
The simultaneous binding of the pharmacophore units of 25 and 26 to both or-
thosteric sites was monitored by the salt bridge distance between the protonated
amine of the NAPS pharmacophore and the Cγ atom of Asp3.32 of D2R and
the hydrogen bond distance between the -NH2 group of the adenine moiety of
the SCH-442,416 pharmacophore and the Oδ1 atom of Asn6.55 of A2AR (dashed
gray line between gray spheres in the inset panel). The stability of the ligand-
heteromer complex was analyzed via root mean-square deviations (rmsd) of the
heavy atoms of 25 and 26 (red for the pharmacophore moieties and blue for
linker/spacer/scaffold/spacer/linker moities) and the stability of the A2AR-D2R
heteromer was also analyzed by rmsd of A2AR (green) and D2R (orange). Three
replicas of 1 µs of each complex were run.
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Chemical synthesis

The synthesis of both monovalent (18-23) and bivalent (24-26)
ligands was performed by Daniel Pulido and Miriam Royo at the
Department of Surfactants and Nanobiotechnology, Institute for Ad-
vanced Chemistry of Catalonia (IQAC-CSIC), Barcelona (Spain).

Binding affinity assays

In vitro binding affinities of the suggested A2AR-D2R heterobiva-
lent ligands 24-26, and the corresponding monovalent counterparts
18-20 for A2AR and 21-23 for D2R, were obtained from [3H]ZM 241
385 or [3H]YM-09151-2 radioligand competition-binding assays (see
Chapter 3 Methods), performed by Verònica Casadó-Anguera and
Vicent Casadó at the Department of Biochemistry and Molecular
Biomedicine, Faculty of Biology, Universitat de Barcelona, Barcelona
(Spain), using membranes from sheep brain striatum that naturally
express A2AR and D2R (Table 6.1). Data were analyzed according to
a “receptor dimer model” [37], which assumes GPCR dimers as a main
functional unit and provides the affinity of the competing ligand for
the first protomer in the unoccupied dimer (KDB1) and the affinity for
the second protomer when the first protomer is already occupied by
the competing ligand (KDB2). Except for pharmacophore derivative 7
(Figure 6.3A), all studied ligands showed monophasic noncooperative
curves, as expected for an antagonist ligand, and in these conditions,
KDB1 is enough to characterize the binding of these compounds (Table
6.1, Figure 6.3).

The D2R pharmacophore derivative 11 has high affinity for D2R
(KDB1 = 0.70 nM) and the introduction of the OEG-based platform
(scaffold + OEG spacers), to generate monovalent compounds 21
(25-atoms, KDB1 = 0.77 nM), 22 (35-atoms, KDB1 = 1.5 nM) and
23 (43-atoms, KDB1 = 0.50 nM), does not have a negative impact in
the binding affinities. Heterobivalent ligands 24 (25-atoms, KDB1 =
0.6 nM), 25 (35-atoms, KDB1 = 1.2 nM) and 26 (43-atoms, KDB1 =
0.13 nM), that also contain the A2AR pharmacophore, show binding
affinities for D2R in the low nanomolar to subnanomolar range. Only
compound 26 has a significantly enhanced binding affinity compared
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Compound KDB1 A2AR (nM) KDB2 A2AR (nM) KDB1 D2R (nM) KDB1 A2AR + TM3 A2AR KDB1 A2AR + TM5 A2AR
11 - - 0.70 ± 0.06a - -
21 - - 0.77 ± 0.04a - -
22 - - 1.5 ± 0.6a - -
23 - - 0.50 ± 0.04 - -
7 8 ± 1 430 ± 130 - - -
18 50 ± 10 - - - -
19 160 ± 40 - - - -
20 50 ± 11 - - - -
24 6 ± 1### - 0.6 ± 0.1 - -
25 1.9 ± 0.3### ** - 1.2 ± 0.3 1.3 ± 0.6 1.1 ± 0.3
26 2.1 ± 0.4## ** - 0.13 ± 0.04## ** 1.7 ± 0.3 36 ± 12^^^

Table 6.1: Affinity constants (KDB1, KDB2) of the A2AR and D2R ligands 7, 11,
18-26 with or without TM3-TAT and TM5-TAT A2AR peptides. Values are mean
± SEM (nM) from 3-7 determinations. Statistical significance was calculated by
one-way ANOVA followed by Bonferroni’s post hoc test. ##p<0.01, ###p<0.001
compared with the corresponding monovalent ligand; **p<0.01 compared with
the pharmacophore derivative 7 or 11; ^^^p<0.001 compared with the respective
control without TM-TAT peptides. aResults previously reported [33].

to that of the corresponding monovalent counterpart 23 (43-atoms,
4-fold, p<0.01) and the pharmacophore 11 (5-fold, p<0.01) (Table
6.1).

The results are totally different for A2AR. The incorporation of the
OEG-based platforms to the A2AR pharmacophore derivative 7 (KDB1

= 8 nM) to generate monovalent compounds 18 (25-atoms, KDB1 =
50 nM), 19 (35-atoms, KDB1 = 160 nM) and 20 (43-atoms, KDB1 =
50 nM) decreases the binding affinity for A2AR by 6-, 20- and 6-fold,
respectively (Table 6.1) as compared to 7. These results reveal the
impact of the OEG-based platform of the monovalent ligands on the
negative cooperativity of 7, already reported for the parent antagonist
SCH-442,416 [38]. Remarkably, heterobivalent ligands 24 (25-atoms,
KDB1 = 6 nM), 25 (35-atoms, KDB1 = 1.9 nM) and 26 (43-atoms,
KDB1 = 2.1 nM) show statistically significant increase of binding affin-
ity relative to the monovalent counterparts (8-fold, p<0.001; 84-fold,
p<0.001; and 24-fold, p<0.01; respectively) and relative to the A2AR
pharmacophore 7 in the case of 25 (35-atoms, 4-fold, p<0.01) and 26
(43-atoms, 4-fold, p<0.01) (Table 6.1). A plausible explanation for
these results might be the presence of the spiperone moiety as D2R
pharmacophore that contains a protonated amine that forms a strong
ionic interaction with Asp3.32 of D2R (Figure 6.2). Thus, this moiety
might act as a conductor of the interaction between the heterobiva-
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lent ligand and the heteromer due to its high affinity for the receptor.
We suggest that following the initial binding of the D2R pharma-
cophore within the heterobivalent construct, subsequent binding of
the A2AR pharmacophore to the heteromer is more favorable because
it is present at a much higher local concentration once tethered in
a close radius above the dimer [39] and thanks to decreased loss of
entropy [40].

Figure 6.3: Competition experiments of the A2AR and D2R ligands 7, 11, 18-26.
Competition experiments (see Chapter 3 Methods) of [3H]ZM 241 385 for A2AR
(A,C) or [3H]YM-09151-2 for D2R (B,D) vs increasing concentrations of A2AR and
D2R pharmacophores (7 and 11, respectively), A2AR and D2R monovalent com-
pounds (18-20 and 21-23, respectively) (A,B), and heterobivalent ligands 24-26
(C,D), using membranes from sheep brain striatum that naturally express A2AR
and D2R. Experimental data were fitted to the dimer receptor model. Data are
mean ± SEM from a representative competitive experiment (n=3-7) performed
in triplicate. 100% corresponds to 0.14±0.02 (A,C) or 0.15±0.01 (B,D) pmol/mg
of protein. For statistical significance analysis, see Table 6.1.

Because it was previously shown that TAT-TM4 and TM5-TAT
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peptides disrupt the A2AR-D2R heteromer [10, 41], we tested the
binding affinity of heterobivalent ligands 25 (35-atoms) and 26 (43-
atoms) in the presence of TM5-TAT and TM3-TAT (negative con-
trol) of A2AR in native tissues (Table 6.1 and Figure 6.4). The main
idea behind this approach is that a disrupting peptide would alter
the A2AR-D2R heteromer interface, increasing the distance between
orthosteric sites of the two protomers [10] (see Chapter 3 Methods).
Therefore, disrupting TM5-TAT peptide, but not the negative control
TM3-TAT, should decrease the binding affinity of only those com-
pounds that certainly act in a bivalent mode. We have focused on
the A2AR because the binding affinity differences between bivalent
ligands (25 and 26) and the corresponding monovalent counterparts
(19, 20, 22 and 23) were more remarkable for this receptor (see Ta-
ble 6.1). Neither TM5-TAT nor TM3-TAT influenced the binding of
compound 25 [KDB1 (25) = 1.9 nM vs KDB1 (25+TM5) = 1.1 nM
and KDB1 (25+TM3) = 1.3 nM] (Figure 6.4A). In contrast, the A2AR
binding affinity of compound 26 significantly decreased in the pres-
ence of TM5-TAT peptide [KDB1 (26) = 2.1 nM vs KDB1 (26+TM5)
= 36 nM] and remains practically unaltered in the presence of TM3-
TAT peptide [(KDB1 (26) = 2.1 nM vs KDB1 (26+TM3) = 1.7 nM]
(Figure 6.4B). Furthermore, bivalent ligand 26 in the presence of the
disrupting peptide TM5-TAT of A2AR performed similarly to the cor-
responding monovalent A2AR counterpart 20 [KDB1 (26+TM5) = 36
nM vs KDB1 (20) = 50 nM]. All these data suggest that only com-
pound 26 with a 43-atoms spacer acts as a “true bivalent” ligand of
the A2AR-D2R heteromer, which implies a simultaneous binding of the
two pharmacophore units at the two different orthosteric sites of this
heteromer. Remarkably, this agrees with our binding affinity experi-
ments (see Table 6.1) in which we showed that only compound 26 was
able to increase the binding affinity relative to the A2AR (7, 4-fold)
and D2R (11, 5-fold) pharmacophores. The fact that 25 does not
behave as a bivalent ligand, but increases the binding affinity for the
A2AR relative to the monovalent counterpart (19, 84-fold), suggests
the binding of the second pharmacophore unit at an extracellular site
of the second protomer different than the orthosteric.
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Figure 6.4: Effect of TM3-TAT and TM5-TAT peptide of A2AR in the binding
affinity of heterobivalent ligands 25 and 26 for A2AR. Competition experiments
(see Chapter 3 Methods) of [3H]ZM 241 385 vs increasing concentrations of het-
erobivalent ligands. 25 (A) or 26 (B) in the absence (solid line) or the presence
of TM5-TAT (dash-dotted line) or of TM3-TAT (dashed line) peptides of A2AR,
using membranes from sheep brain striatum. Experimental data were fitted to
the dimer receptor model. Data are mean ± SEM from a representative competi-
tive experiment (n=3-6) performed in triplicate. 100% corresponds to 0.14±0.02
pmol/mg protein. For statistical significance analysis, see Table 6.1.

Bioluminescence resonance energy transfer as-
says

We also tested the ability of these compounds to modulate the
dynamics of oligomerization, as it has been suggested for other biva-
lent compounds [42]. With this aim, we compared the biolumines-
cence resonance energy transfer (BRET) obtained in untreated and
treated HEK-293T cells transiently transfected with A2AR-Rluc and
D2R-YFP (Figure 6.5) (see Chapter 3 Methods). Cotreatment with
monovalent compounds 20+23 does not increase BRET relative to
untreated cells. To our surprise, all bivalent compounds 24 (25-atoms,
p<0.05), 25 (35-atoms, p<0.001), and 26 (43-atoms, p<0.001) in-
crease BRET relative to untreated cells in a statistically significant
manner. Importantly, 26, but not 25 (no statistical differences), in-
creases BRET more than 24 (p<0.01). We also analyzed the BRET
signal obtained in cells treated with a negative control, a picomolar
D2R homobivalent ligand (homo-D2R), previously reported by our
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group [33], which contains two D2R pharmacophores. Clearly, this
compound does not increase the BRET signal relative to untreated
cells despite containing two pharmacophores. Thus, our findings that
compounds 24 and 25 with shorter spacer lengths increase BRET, in
contrast to monovalent compounds or homo-D2R, suggest the interac-
tion of these compounds with the second protomer at the extracellular
site, to stabilize dimer formation. In conclusion, the “true bivalent”
ligand 26 favors heteromer stabilization by altering the monomer-
dimer balance towards dimer formation. This is of interest in the
pharmaceutical context as changes in A2AR-D2R heteromer popula-
tion has been observed in pathological conditions such as Parkinson’s
disease [12] and schizophrenia [13].

Figure 6.5: Influence of bivalent ligands on A2AR-D2R heterodimeriza-
tion. BRET experiments were performed using HEK-293T cells transiently
transfected with A2AR-Rluc and D2R-YFP treated or not with 100 nM of
the corresponding ligands. Data show mean ± SEM in % vs basal of 8-10
different experiments. Statistical significance was calculated by one-way
ANOVA followed by Bonferroni’s multiple comparison post hoc test. *p <
0.05, **p < 0.01, ***p < 0.001.
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6.1.3. Conclusions
We have designed, synthesized, and evaluated a set of poten-

tial heterobivalent ligands applying the strategy previously developed
[33] that allows to (a) estimate potential distances between pharma-
cophores of bivalent ligands by computational tools that consider the
different TM interfaces; (b) build the potential bivalent ligands by a
modular chemical synthesis; and (c) precisely determine the binding
mode of the potential bivalent ligands by radioligand competition-
binding assays in the absence and presence of TAT-fused TM peptides
that disrupt the receptor oligomer. As a result of this strategy, we
have identified compound 26 [KDB1 (A2AR) = 2.1 nM, KDB1 (D2R)
= 0.13 nM], with a spacer length of 43 atoms, as a “true bivalent” lig-
and that simultaneously binds both orthosteric sites of the A2AR-D2R
heteromer.

We define 26 as a “true bivalent” ligand because (i) it enhances
the binding affinity relative to the A2AR (4-fold) and D2R (5-fold)
pharmacophores, (ii) its binding affinity decreases in the presence of
the TM5-TAT peptide (17-fold), (iii) it favors dimer stabilization,
and (iv) it remains stable at the orthosteric binding cavities during
three replicas of 1 µs unbiased MD simulation. We do not define
compounds 24 (25-atoms) and 25 (35-atoms), with shorter spacer
lengths, as “true bivalent” ligands because (i) they do not enhance
the binding affinity relative to the D2R and A2AR pharmacophores,
and (ii) TM5-TAT does not decrease the binding affinity. However,
(iii) 24 and 25 favor dimer stabilization but in a less efficient manner
than 26, and (iv) 25, but not 24 (not shown), remains stable in MD
simulations. These data show the importance of performing different
experimental test to determine whether a bivalent ligand is capable of
simultaneous binding to the orthosteric sites of the dimer. However,
the influence of TAT-fused peptides in ligand binding affinities is, in
our opinion, the most conclusive test.

We suggest that 26 with longer spacer length (43-atoms) simul-
taneously binds at the two orthosteric binding sites, whereas ligands
with short spacers 24 (25-atoms) and 25 (35-atoms) might bind the
orthosteric pocket of one protomer and a complementary extracellu-
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lar site, different than the orthosteric site, of the second protomer,
probably interacting through an alternating movement (see Chapter
4 ). This complementary cavity is often located at the entrance of the
orthosteric binding site, as identified in ligand binding pathway sim-
ulations [43, 44], which has been named extracellular vestibule [44] or
secondary [43, 45] or metastable [46] binding site, or exosite [47]. In
particular, two meta-binding sites have been described for the human
A2A adenosine receptor, located in extracellular loops 2 and 3, which
participate in the ligand recognition process [48, 49]. The importance
of the dimer interface in the size of the spacer can be illustrated by the
comparison between our previously reported homobivalent ligand for
the D2R homomer [33] (homo-D2R) and 26. Homo-D2R requires an
optimal spacer length of 25-atoms for the TM6 interface of the D2R
homomer, whereas 26 requires an optimal spacer length of 43-atoms
for the TM4/5 interface of the A2AR-D2R heteromer.

Drugs targeting a specific receptor heteromer can potentially be
more efficiently in a particular cell type, cellular domain, or disease
[29, 31, 32, 50, 51]. Heterobivalent compound 26 would be useful,
for instance, for the treatment of schizophrenia, but some issues as
compound capacity to cross the blood-brain barrier among others
should be considered.

130



6.2. Case study 5. A
heterotetravalent ligand for a

G protein-coupled receptor
heterotetramer

To be submitted as

Daniel Pulido1, Verònica Casadó-Anguera1, Marc Gómez-Autet1, Natàlia
Llopart, Estefanía Moreno, Laura Pérez-Benito, Nil Casajuana-Martin, Sergi
Ferré, Leonardo Pardo*, Vicent Casadó*, Miriam Royo*. A heterotetravalent
ligand for a G protein-coupled receptor heterotetramer. In preparation.

1These authors contributed equally.

6.2.1. Introduction
Single-molecule microscopy techniques [52] have shown that

GPCRs are present in a dynamic equilibrium between monomers,
dimers, and tetramers [53–56]. Thus, the preferential number and
composition of protomers in the heteromer is a key factor in the
design of multitarget compounds. Of special functional significance
are those heteromers constituted by one homodimer coupled to a Gs

protein and another different homodimer coupled to a Gi protein, a
GPCR heterotetramer [57–59]. Examples of GPCR heterotetramers,
in which one of its constituents is the adenosine A2A receptor (A2AR),
are the A1R-A2AR [60], A2AR-A2BR [61], A2AR-CB1R [62], and A2AR-
D2R [60], among others, in all cases with a cell surface 2:2 receptor
stoichiometry (dimer of dimers).
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Knowledge of the stoichiometry is fundamental, but the knowl-
edge of the molecular interfaces by which the protomers interact
is key to understand the quaternary arrangement of the protomers
in the heterotetramer. The use of synthetic peptides with the se-
quence of the transmembrane (TM) domains of the receptor fused to
the cell-penetrating HIV transactivator of transcription (TAT) pep-
tide (YGRKKRRQRRR) [36, 63], to disrupt bimolecular fluorescence
complementation (BiFC) signals attained by receptors fused to two
complementary halves of YFP (cYFP and nYFP), has been very valu-
able to predict contacts among TM domains of interacting GPCRs
(see Chapter 3 Methods) [10, 56, 60–62, 64]. Using this approach,
we had previously identified the TM interfaces involved in A2AR-D2R
heterodimerization (TM4/5) and A2AR and D2R homodimerization
(TM6) [60]. This structural information about TM interfaces were
used to design a homobivalent ligand for the D2R homodimer [33],
and a heterobivalent ligand for the A2AR-D2R heteromer (see section
6.1) [65]. Here, using this experience and a combination of compu-
tational, chemical, and biochemical tools, we have designed and syn-
thesized heterotetravalent ligands for the A2AR-D2R heterotetramer.

6.2.2. Results

Molecular design of homobivalent ligands for the
A2AR homodimer

As noted in the introduction, the A2AR-D2R heterotetramer is
formed by one homodimer of A2AR and one homodimer of D2R [10].
It has been previously obtained a homobivalent ligand for the D2R
homodimer [33], therefore, with the ultimate objective of obtaining
heterotetravalent ligands for the the A2AR-D2R heterotetramer, we
first need to obtain a homobivalent ligand for the A2AR homodimer.
The design followed similar trends as in our reported heterobivalent
ligand for the A2AR-D2R heteromer (see section 6.1) [65]. (i) The
main scaffold is the nitrilotriacetic acid (NTA) that contains three
symmetric carboxylic acids [34], permitting the attachment of
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two pharmacophore-containing chains, for the A2AR homobivalent
ligand, and an additional chain capable of linking to the other NTA
scaffold of the D2R homobivalent ligand [33], to ultimately form
the tetravalent ligand (see below). (ii) The selected A2AR phar-
macophore is a derivative of the selective antagonist SCH-442,416,
2-(4-(3-(5-amino-2-(furan-2-yl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-
c]pyrimidin-7-yl)propyl)phenoxy)acetic acid, which includes in its
structure a phenoxyacetic acid moiety that allows its integration
into the bivalent system, as in our previous study (see section
6.1) [65]. (iii) The spacer length of the A2AR homobivalent ligand
was calculated for the TM6 interface of the A2AR homodimer, as
previously determined [10], using a computational tool developed for
the Molecular Operating Environment (MOE) software (Chemical
Computing Group Inc., Montreal, Quebec, Canada) (see Chapter
3 Methods) [35]. The selected spacers were oligoethylene glycol
(OEG) moieties, with the aim to increase water solubility of the
final bivalent ligands, of different lengths (-OCH2CH2-)n=1-4. The
predicted lengths of energetically favorable spacer/scaffold/spacer
groups are between 25 (n=2) and 35 (n=3) atoms, calculated between
attachment atoms shown in purple in Figure 6.6. Figure 6.7A shows
molecular dynamic (MD) simulations (see Chapter 3 Methods) of
compound 18 (n=3) in the previously obtained computational model
of the A2AR homodimer [10]. The binding of the pharmacophore
units to the two orthosteric sites of the homodimer was monitored
by the hydrogen bond distance between the adenine moiety of the
SCH-442,416 pharmacophore and Asn6.55 of A2AR (Figure 6.7B).
These interactions remain stable throughout three replicas of 1 µs
unbiased MD simulation, suggesting that compound 18 can fulfill the
simultaneous binding of the pharmacophoric units to the orthosteric
binding sites. Importantly, the pharmacophore units of compound
17 with a spacer length of 25 atoms (n=2) also remain stable in
the orthosteric binding sites during similar MD simulations (not
shown). Thus, spacer lengths of 25 (n=2) and 35 (n=3) atoms
were used as recommendations for synthesis. The synthesis of these
compounds was performed by Daniel Pulido and Miriam Royo at
the Department of Surfactants and Nanobiotechnology, Institute for
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Advanced Chemistry of Catalonia (IQAC-CSIC), Barcelona (Spain).
In vitro binding affinities of the suggested A2AR homodimer ligands
17 (25-atoms, KDB1 = 1.5 nM) and 18 (35-atoms, KDB1 = 1.1 nM)
were obtained from [3H]ZM 241385 radioligand competition-binding
assays (see Chapter 3 Methods), by Verònica Casadó-Anguera and
Vicent Casadó at the Department of Biochemistry and Molecular
Biomedicine, Faculty of Biology, Universitat de Barcelona, Barcelona
(Spain), using membranes from sheep brain striatum that naturally
express A2AR.

Molecular design of heterotetravalent ligands for
the A2AR-D2R heterotetramer

Due to their best experimental binding affinities, we have selected
compound 14 with a spacer length of 25 atoms (n=2) as a homobi-
valent ligand for the D2R homodimer, previously reported [10], and
compound 18 with a spacer length of 35 atoms (n=3) as a homobiva-
lent ligand for the A2AR homodimer, reported in this thesis, to build
heterotetravalent ligands for the A2AR-D2R heterotetramer (Figure
6.6). Figure 6.7A shows MD simulations of these compounds in the
D2R and the A2AR tetramer. These simulations, within the con-
structed A2AR-D2R heterotetramer via the TM6 interface in homo-
and TM4/5 interface in hetero-dimerization [10], were used to cal-
culate the optimal distance between NTA scaffolds of the D2R and
A2AR homobivalent ligands. Figure 6.7A (right) shows the histogram
distribution of the distance between nitrogen atoms of the NTA scaf-
folds. This analysis illustrates optimal distances between ≈50-60 Å.
We calculated the preferred spacer length by adjusting different spacer
moieties to the van der Waals surface of the heterotetramer, using a
computational tool developed for the MOE software (Chemical Com-
puting Group Inc., Montreal, Quebec, Canada) [35] (see Chapter 3
Methods), as done before in this thesis. The predicted lengths of ener-
getically favorable lengths are 31 (m=n=2, o=3), 34 (m=n=2, o=4),
and 41 (m=1, n=6, o=3) atoms, calculated between the nitrogen
atoms of the NTA scaffolds (Figure 6.6). Figure 6.7C shows molecu-
lar dynamic (MD) simulations (see Chapter 3 Methods) of compound
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Figure 6.6: The A2AR homobivalent ligand contains (i) a scaffold that can be
properly derivatized (in orange), (ii) pharmacophore units (in red) that bind the
orthosteric binding site of A2AR (4) with high affinity, (iii) a spacer to cover the
distance between both protomers of the heteromer (in blue), and (iv) a linker
(in green) between the pharmacophore units and the spacer, adequate for the
chemistry used for conjugation. The A2AR-D2R heterotetravalent ligand consists
of an A2AR homobivalent ligand and a D2R homobivalent ligand linked by a
spacer of specific length (lime green).
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26 (m=n=2, o=4) with a spacer length of 34 atoms. The interactions
of the pharmacophoric units within the orthosteric binding sites of the
four receptors remain stable throughout three replicas of 1 µs unbiased
MD simulations (Figure 6.7D). With this, spacer lengths between the
NTA scaffolds of 31 (25), 34 (26) and 41 (27) atoms were suggested
for synthesis (dashed red lines in Figure 6.7A (right)). The synthe-
sis of these compounds was performed by Daniel Pulido and Miriam
Royo at the Department of Surfactants and Nanobiotechnology, Insti-
tute for Advanced Chemistry of Catalonia (IQAC-CSIC), Barcelona
(Spain). In vitro binding affinities of compound 26 [(KDB1 (A2AR) =
0.3 nM; KDB1 (D2R) = 0.1 nM] were obtained from from [3H]ZM 241
385 or [3H]YM-09151-2 radioligand competition-binding assays (see
Chapter 3 Methods) by Verònica Casadó-Anguera and Vicent Casadó
at the Department of Biochemistry and Molecular Biomedicine, Fac-
ulty of Biology, Universitat de Barcelona, Barcelona (Spain).

6.2.3. Conclusions
This work, not yet finished, has permitted to identify a heterote-

travalent ligand for the A2AR-D2R heterotetramer, with exceptional
high affinity in the sub-nanomolar range for both receptors, which is
remarkable for ligands of this size and complexity. However, the pre-
cise binding mode of this compound to the heterotetramer remains to
be determined. The influence of TAT-fused peptides in ligand binding
affinities is an ongoing task to accomplish this objective.
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Figure 6.7: (A) MD simulations of homobivalent compunds 14 and 18 in the
A2A-D2R tetramer (left) and the histogram distribution of the distance between
nitrogen atoms of the NTA scaffolds during the simulation. (B) Binding of the
pharmacophore units of 14 and 18 monitored by the salt bridge distance be-
tween the protonated amine of the NAPS pharmacophore and the Cγatom of
Asp3.32 of D2R and the hydrogen bond distance between the -NH2 group of the
adenine moiety of the SCH-442,416 pharmacophore and the Oδ1 atom of Asn6.55

of A2AR (dashed gray line between gray spheres). The stability of the ligand-
heteromer complex was analyzed via root-mean-square deviations (rmsds). (C,D)
MD simulations and analysis of the heterotetravalent compound 18(see above).
ext: external, int: internal, ph: pharmacophore.
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Chapter 7

General discussion

GPCRs regulate a vast number of cellular processes [1], and their
malfunction, with 435 disease-associated mutations [2], commonly
translates into pathological outcomes [3]. Thus, they form one of
the most important pharmaceutical drug-target class (475 drugs in
the market that represent ≈34% of all drugs approved by the US
Food and Drug Administration) [4]. However, these drugs target only
108 unique GPCRs, which represent <10% of all known GPCRs (or
≈30% of the ≈360 non-olfactory GPCRs), but account for ≈27% of
the global market share of therapeutic drugs, with aggregated sales
for 2011–2015 of ≈US$890 billion [5]. Thus, the GPCR family is
globally underused regarding its potential in drug discovery.

Traditional drug design programs for GPCRs have been domi-
nated by efforts to develop compounds that act as agonists, partial
agonists, antagonists, or inverse agonists by binding to the orthosteric
site of the receptor, a conserved pocket that optimally accommodates
the electrostatic and steric properties of the endogenous ligand. How-
ever, this approach is often unfavorable because orthosteric binding
sites are highly conserved, making it difficult to achieve high selectiv-
ity for specific GPCR subtypes.

The recent analysis of the pocketome of GPCRs has shown multi-
tude non-conserved pockets in addition to the orthosteric pocket [6].
These are located at the membrane-facing part of the receptor, at the
entrance (vestibule, secondary, or metastable site or exosite) of the or-
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thosteric site, as previously suggested by molecular dynamics (MD)
simulations [7, 8], and others. Pharmacophoric moieties that bind
at the orthosteric site exhibit high-affinity for the receptor, whereas
pharmacophores that bind at these non-conserved pockets exhibit re-
ceptor selectivity [9–11]. The bivalent approach [12] bridges these two
pharmacophores covalently by a spacer for selectivity, off-rates, and
signaling bias [13–15].

GPCRs can also engage protein-protein allosteric interactions
among them, by forming complexes constituted by the same (homo)
or different (hetero) receptor protomers [16]. Drugs targeting a spe-
cific heteromer can potentially be more efficient in a particular cell
type, cellular domain, or disease [17]. One proposed approach to tar-
get these GPCR heteromers is based on the use of bivalent ligands
[18], i.e. ligands composed of two covalently linked (through a spacer)
pharmacophores that can simultaneously bind both orthosteric sites
of the (homo/hetero) dimer.

In this thesis, we have presented a computational framework that
guides the design, synthesis, and evaluation of these ligands. As pre-
sented through the different chapters, for the design of these com-
pounds, is paramount to: (i) computationally model the system and
estimate potential distances between pharmacophores; (ii) build the
potential bivalent ligands by a modular chemical synthesis consider-
ing the structural restrains (anchoring points) and chemical proper-
ties; and (iii) precisely determine the binding mode with the com-
bination of computational and experimental methods. This requires
complementary expertise in various aspects of early drug develop-
ment. Thus, in addition to ligand- and structure-based drug design
techniques, performed by me, chemical synthesis, chemical biology,
and in vitro evaluation have been performed by others listed at the
beginning of each case study.

Specific discussions for each of the chapters can be summarized as
follows:

Chapter 4. CB2Rs are capable to recognize orthosteric ligands at
the membrane-facing vestibule, subsequently moving to the orthos-
teric binding site through the channel between TMs 1 and 7. Our de-
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signed CB2R homobivalent bitopic ligands link two equal orthosteric
pharmacophores with a methylene spacer that allows simultaneous
binding of the orthosteric binding site and the vestibule. The binding
of this secondary binding cavity in the same protomer provides them
with the ability to selectively activate CB2R versus CB1R. Also, one
of the homobivalent ligands with a longer methylene spacer binds the
vestibule of a inactive second CB2R protomer instead. This binding
mode triggers the formation of the CB2R-CB2R homodimer via the
TM 1/7 interface, which provides increased potency in Gi binding
and increased recruitment of β-arrestin.

Chapter 5. Despite initial skepticism and discussion regarding
GPCR oligomers, GCPR dimers are in some cases the predominant
species and constitute primary functional signaling units. Our de-
signed D1R-H3R heterobivalent ligands have high affinity at both re-
ceptors and high selectivity inside their respective families, except for
the D5R (since the used D1R pharmacophore is not selective inside
the D1-like receptor family). The reduction in Aβ-induced cell death
observed when testing the most promising compound highlights the
neuroprotective properties of the D1R-H3R heteromer and the poten-
tial of our bivalent ligands to selectively target this complex with a
higher affinity than monovalent ligands.

Chapter 6. GPCRs are present in a dynamic equilibrium between
monomers, dimers and tetramers. Our designed A2AR-D2R hetero-
bivalent ligand and A2AR homobivalent ligands simultaneously bind
the two orthosteric sites of the A2AR-D2R heteromer and A2AR ho-
modimer, respectively. Our designed A2AR-D2R heterotetravalent lig-
ands link the higher affinity A2AR and D2R (previously published by
our group) homobivalent ligands with a spacer that allows simultane-
ously binding of the four orthosteric binding sides of the A2AR-D2R
heterotetramer.
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Chapter 8

Conclusions

The discovery of multivalent ligands which simultaneously bind
multiple binding sites has been shown to be a promising approach
to understand basic biology of GPCRs. The rational design of these
compounds is aided by the increase in structural knowledge derived
from target GPCR structures. On one side, the identification of sub-
type specific secondary binding sites can be exploited with bitopic lig-
ands to increase selectivity for a GPCR subtype. On the other side,
multivalent ligands that bind multiple GPCR protomers are useful
tools to interrogate GPCR oligomerization. Also, the unique way in
which these molecules engage the receptor allows the optimization of
efficacies and/or signaling bias.

The conclusions can be summarized as follows:

1. We have developed a series of homobivalent ligands with se-
lectivity for CB2R over CB1R. One of these bivalent ligands
modulate the dynamics of CB2R homodimerization, which gives
unique pharmacological properties.

2. We have developed a series of heterobivalent ligands for the
D1R-H3R heteromer that contain antagonist moieties as phar-
macophores.

3. We have developed a series of homobivalent ligands for the A2AR
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homodimer that contain an antagonist moiety as a pharma-
cophore.

4. We have developed a series of heterobivalent ligands for the
A2AR-D2R heteromer that contain antagonist moieties as phar-
macophores.

5. We have developed a series of tetravalent ligands for the A2AR-
D2R heterotetramer that contain antagonist moieties as phar-
macophores.

6. We have designed a series of heterobivalent ligands for the
A2AR-D2R heterotetramer that contain an antagonist moiety
as A2AR pharmacophore and an agonist moiety as D2R phar-
macophore (not shown).

7. We have designed a series of heterobivalent ligands for the
A2AR-A2BR heterotetramer that contain agonist moieties as
pharmacophores (not shown).

Finally, this thesis has shown the benefits of integrating computa-
tional studies in experimental research to increase understanding of
observed phenomena and guide future experiments.
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