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Development of effective bivalent ligands has become the focus of intensive research toward modulation
of G protein-coupled receptor (GPCR) oligomers, particularly in the field of GPCR pharmacology.
Experimental studies have shown that they increased binding affinity and signaling potency compared
to their monovalent counterparts, yet underlying molecular mechanism remains elusive. To address this,
we performed accelerated molecular dynamics simulations on bivalent-ligand bound Adenosine 2A
receptor (AzaR) dimer in the context of a modeled tetramer, which consists of AyaR and dopamine 2
receptor (D,R) homodimers and their cognate G proteins. Our results demonstrate that bivalent ligand
impacted interactions between pharmacophore groups and ligand binding residues, thus modulating
allosteric communication network and water channel formed within the receptor. Moreover, it also
strengthens contacts between receptor and G protein, by modulating the volume of ligand binding pocket
and intracellular domain of the receptor. Importantly, we showed that impact evoked by the bivalent
ligand on AR dimer was also transmitted to apo D,R, which is part of the neighboring D,R dimer. To
the best of our knowledge, this is the first study that provides a mechanistic insight into the impact of
a bivalent ligand on dynamics of a GPCR oligomer. Consequently, this will pave the way for development
of effective ligands for modulation of GPCR oligomers and hence treatment of crucial diseases such as

Parkinson’s disease and cancer.
© 2022 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction GPCR homodimer and G protein, constitutes the main functional

unit of GPCR signalosomes [1-4]. Indeed, a recent experimental

G protein-coupled receptors (GPCRs) mediate most of our phys-
iological responses to stimulants by coherent action of various
modulators such as orthosteric/allosteric ligands, membrane and
receptor partners, collective interaction of which leads to forma-
tion of GPCR oligomers. In these supramolecular structures, contin-
uous information flow among the protomers transforms GPCR
homo/heteromers into allosteric hubs, thus altering functional
behavior of individual receptors. Over the last decades, it has been
thought that the supramolecular structure, which is composed of a
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study has shown that a GPCR heterotetramer is comprised of
homodimers of AysR and D,R along with their cognate G proteins
[5].

GPCRs are involved in pathologies of many crucial diseases such
as Parkinson's disease (PD), Alzheimer’s disease (AD), diabetes, and
cancer, thus making them hot targets in drug discovery studies [6-
9]. On the other hand, allosteric interactions present in GPCR oligo-
mers make targeting this class of proteins challenging in the field
of GPCR pharmacology [10]. As a notable example, PD can be con-
sidered, which is caused by the loss of neurons that produce dopa-
mine in substantia nigra [11]. As an effective therapy,
dopaminergic agonists have been considered to increase dopamine
level but remained insufficient [12-14]. It was after the discovery
of antagonistic impact of Ay4R on D,R, where A,4R decreases affin-
ity and intrinsic efficacy of dopamine at D,R protomer [15], AzaR
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antagonists have been used as combination therapy along with D,R
agonists in treatment of PD [16]. Recently, it has been shown that
A>AR-D5R assemble into a tetrameric structure which is composed
of a pair of this dimer. Moreover, it has been also demonstrated
that simultaneous occupation of both A;4R protomers by an ago-
nist and an antagonist in the tetramer does not induce an allosteric
modulation of D,R agonist binding and intrinsic efficacy [5]. There-
fore, this suggests that effective modulation of GPCR oligomers
requires simultaneous targeting of individual receptors. Also, this
shows that simultaneous occupation of one of the dimers in the
tetramer impacts the function of the other dimer as well. Hence,
bivalent ligands have emerged as useful tools to simultaneously
target receptor dimers within the oligomer [17,18]. A bivalent
ligand is composed of two pharmachopores, which are covalently
linked by a spacer group and can be categorized into two groups:
homo- and heterobivalent ligands which consist of same and dif-
ferent pharmacophore groups, respectively. There has been a cou-
ple of experimental studies where the optimum length of the
spacer and stability of the bivalent ligand were determined using
computational tools, and their biological activities were also tested
by in vitro studies [19,20]. However, none of them provide a mech-
anistic insight into the impact of these special class of ligands on
structure and dynamics of receptors which is crucial for develop-
ment of effective ligands with precise targeting capabilities.

In this study, we investigated impact of a designed bivalent
ligand on dynamics of AyaR dimer in the context of a tetramer,
which has been shown to form the signaling unit pertaining to
A,AR-D,R oligomer [5] using accelerated molecular dynamics sim-
ulations. To do so, we performed simulations on the tetramer
model in the presence and absence of the linker (including only
pharmacophore groups, but not the spacer and biphenyltriazole
moiety) [21-23]. We investigated how i) conformational prefer-
ences of key residues that are involved in receptor activation, ii)
allosteric interaction network, iii) membrane interactions of the
receptors, iv) water channel formation, and v) coupling with effec-
tor G protein are modulated by the bivalent ligand. This study pro-
vides a mechanistic insight into the impact of a bivalent ligand on
dynamics of the GPCR oligomer, thus assigning additional roles to
linkers as modulators of GPCR oligomers.

2. Materials and methods
2.1. Tetramer modeling

The crystal structure of the tetramer is not available but inter-
action interfaces in homo- and heterodimers were revealed in a
recent experimental study [22]. According to that, i) homodimer
and heterodimer interfaces were built up of TM6 and TM4/TM5,
respectively, and ii) agonist-bound protomers complex with effec-
tors were located at the periphery of the tetramer to accommodate
G proteins. Before modeling the dimers, first receptor monomers
were modeled. In particular, CGS-21680-bound A;sR mini Goy
complex, we have used crystal structures of NECA-bound AsR
mini Gos complex (with RAS-like domain)(PDB ID:55G53) [24] as
a template since NECA shares similar chemical groups with CGS-
21680. In fact, the crystal structure of CGS-21680-bound A,a
(PDB ID:44UHR) [16] is available but it cannot accommodate G
protein because of the narrower opening of the intracellular site
of the receptor. Therefore, we aligned the two structures and
observed that residues that interact with the ligand were aligned
well. Consequently, CGS-21680 was transferred from 4UHR to
5G53. For modeling istradefylline-bound A;sR, we used crystal
structure of A;sR bound with ZM241385 (PDB ID:44EIY) [25] since
it shares similar chemical structure with the target ligand. The Na*
ion which is present in allosteric site of antogonist bound A;aR was
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kept in our construct from the original crystal structure of 4EIY. We
performed induced fit docking, which is implemented in Schrodin-
ger’s Glide docking software [26,27] to find best possible pose for
istradefylline within the binding pocket using the hydrogen bond
as a restraint with ASN253%>> (superscripts denote Ballesteros-
Weinstein numbering) [28] residue of the receptor.

As to the DR dimer, we used crystal structure of D,R bound
with risperodine (PDB ID:66CM4) [29] for modeling apo D,R by
removing T4 lysozyme which is fused to ICL3 of the receptor. The
crystal structure of p-opioid receptor complex with mini Go;
(PDB ID:6DDF) [30] was used for modeling quinpirole-bound
D,R-Go; complex since the crystal structure of D,R-G; complex
was not available at the time of simulations were done. The
sequence similarity between p-opioid and D,R was 35%. After it's
release, we also compared backbone root mean square deviation
(RMSD) between 6DDF and 6VMS (D,R complex with G;) and found
to be 1A. To find the best possible pose of the ligand we performed
induced fit docking by using the hydrogen bond as a restraint with
ASP114>3? residue of the receptor. Herein, it is important to
emphasize that D,R has a long ICL3 which is not resolved in crystal
structures. We modeled the missing regions as a loop by using the
first 60 amino acids of ICL3 to prevent any restraint that may be
introduced upon smaller length of loops.

For modeling dimers, we downloaded all the available crystal
structures of GPCRs from G protein-coupled receptors database
(GPCRdb) (245 structures were present as of April, 2018) to use
as templates for generating corresponding homo- and heterodimer
interfaces in the tetramer. First, the crystal mates were generated
in Maestro, and then, receptor monomers were aligned to corre-
sponding monomers of the templates. In particular, we could get
38 templates with TM4/TM5 and 2 templates with TM6/TM6
dimerization interfaces, the list of which can be found in the Sup-
plementary Table. In fact, various different orientations of the
monomers in the dimer can satisfy those interfaces but we made
use of the experimental data [22] to further pick up the biologically
relevant interfaces. Accordingly, the crystal structures with PDB
IDs:5WIU [30] and 509H [31] were used to model TM6/TM6 and
TM4/TMS5 interfaces, respectively. Slight steric clashes in the mod-
els were alleviated by using Prime module of Maestro program.

2.2. System preparation

Protein structure preparation was performed using "Protein
Preparation Wizard” implemented in Maestro molecular modeling
package [32]. Non-protein entities like BRIL, which is included in
the crystal structure of ZM241385-bound A,sR (PDB ID:44EIY),
was removed and the missing region was filled by original residues
of the receptor using “Cross-Link Protein” module implemented
under Bioluminate [33] panel of Schrondinger software. Also, miss-
ing regions present either in receptors or in mini G proteins were
filled similarly. Missing hydrogen atoms were added using PROPKA
[34] to maintain protonation state of residues at pH:7.0. H-atoms
were optimized and constrained energy minimization was carried
out on the final tetramer model was obtained. The tetramer was
aligned in the membrane using Orientations of Proteins in Mem-
brane (OPM) server [35,36] and then prepared using Membrane
Bilayer builder program [37]| implemented in CHARMM-GUI server
[38]. The membrane was prepared to include 30% cholesterol and
70% sphingomyelin molecules to mimic lipid rafts, thus resulting
with a total number of ca 500000 atoms. TIP3P [39] and
CHARMM36m force fields [40] were used to model water mole-
cules and protein in the system. Ligand parametrization was done
using CGenFF, implemented in CHARMM-GUI server [41]. The out-
put files were examined to check if penalty values associated with
ligands exceeded the threshold level but they didn’t exceed.
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2.3. Bivalent ligand construction

The bivalent ligand was modeled to consist of two pharma-
cophore groups, namely, istradefylline and CGS-21680 along with
the linker, in accordance with the experimental data [5]. The linker,
which was shown to bind to a heterodimer [21], was composed of
an affinity-generating biphenyltriazole-moiety along with a spacer
group. After modeling the tetramer, it was examined to determine
possible regions on the pharmacophore groups to which the linker
was attached. Consequently, methoxy groups of istradefylline and
carboxyl group of CGS-21680 were found to be accessible from the
extracellular domain of the receptors and the linker was added to
these regions using “build” panel of Schrodinger software. The final
chemical composition of the linker was determined by considering
possible synthesis opportunities of the bivalent ligand. In addition,
to determine the optimum length of the linker we performed MD
simulations on the structures having different linker lengths for
250 ns. Analysis of these trajectories showed that linker lengths
that were shorter than 48A were unstable and left the ligand bind-
ing pocket during the simulation (See SI Movie). Importantly, as
the length was further increased, the RMSD of the linker tended
to decrease until the length of 52A. After that value, we did not
observe any further decrease in the RMSD, hence used that linker
in our further simulations [21] (See Fig. 1).

A )
s Quinpirole

4

mini-Gi
Liphophilic
CGS-21680 Linker appendage Istradefylline

Fig. 1. A;AR/D,R tetramer with bivalent ligand A. Schematic representation of the
system used in this study. The membrane is shown in blue. AR protomers and
mini-Gos are shown in orange, purple and brown, respectively and new cartoon
representation whereas bivalent ligand is shown in green and licorice representa-
tion. Water molecules are omitted for the sake of simplicity. D,R protomers and
mini-Go; are shown in pink, cyan, and red, respectively. B. Representation of the
chemical structure of the linker. The pharmacophore groups and the linker are
shown in detail together with AR dimer.
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2.4. Molecular dynamics simulation

In this study, we performed both classical (cMD) and acceler-
ated molecular dynamics (aMD) simulations using Nanoscale
Molecular dynamics NAMD [42] package. For aMD, "dual-boost”
was chosen to enhance sampling of the conformational space and
performed by getting average potential energy values from cMD
simulations. Specifically, the systems studied were heated from
0 K to 310 K within 1 ns and pre-equilibrated using NVT ensemble
at 310 K for 50 ns. This was followed by 500 ns cMD simulations
which were performed using NPT ensemble at 1 atm and 310 K
to get average potential energies, from which the acceleration
parameters were calculated. The last snapshots of these simula-
tions were used as starting conformations in aMD simulations
and aMD simulations were performed for 1us. Nose-Hoover [43]
and Parrinello-Rahman [44] coupling algorithms were used to
maintain constant temperature and pressure, respectively
throughout simulations. The integration step of 2fs was used in
all simulations performed. In the dual-boost aMD, a dihedral
potential and a potential boost were added to all the atoms in
the systems. The dihedral and potential boost acceleration param-
eters were calculated using following equations:

Edined =Vdined-avg + 4 * Viined-avg, (1)
Odied =4 * Vdined—avg /D (2)
Emtal :Vtotal—az/g +0.2 x Natomh (3)
Ototal =0.2 * Naoms, (4)

where Nyoms is the total number of atoms, and Vgieg_aye and
Viotai-avg are the average dihedral and potential energies obtained
from cMD simulations. 4 is an adjustable acceleration parameter.
We used 0.3 for 4 which was shown to perform effectively for GPCR
systems [45]. The systems were simulated twice, each of which was
simulated starting with a different initial velocity distribution. The
reweighted PMF profiles were obtained using cumulant expansion
to the 2nd order; however, reweighting caused a large energetic
noise because of large system size of the system as shown in SI
Fig. 1. Considering that the overall shape of free energy profiles is
maintained in aMD simulations, unweighted data should provide
an estimate of the free energy differences [46,47]. Therefore,
unweighted free energy profiles are presented in this study (See
SI Fig. 1 and 2 for detailed discussion [48,49]).

2.5. Cross-correlation analysis

To calculate the extent of correlation among residues, dynamic
cross-correlation maps were obtained. According to that, normal-
ized co-variance values of residues were computed by considering
Co atoms [50] and using the following equation:

_ < Ari(t).Arj(t)>¢
V<A P> 0/< A5 0P

where r;(t) and r;(t) represents the coordinates of the i" and j"
atoms as a function of time t, <> indicates the time ensemble aver-
age, Ari(t) =ri(t) — (< ri(t) >),and Ar(t) =r;(t) — (< 1j(t) >),. The
correlation range of residues lies within —1.0 to 1.0, where positive
correlated displacement falls between (0 — 1.0) whereas anti-
correlation displacement falls between (—1.0 — 0).

DCC(i, j)

()

2.6. Network construction

Network analysis was carried out using PSN-Ensemble Software
[51] by considering side chain atoms of the residues in A;4R recep-
tor. As an input, two residues were provided as the source and the
sink Glu169%°° and 11e2927-7, which were distant from each other
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Fig. 2. Root Mean Square Deviation (RMSD) timeline plots. A. Antagonist bound A,4R. B. Agonist bound Az4R.

on the protein and between which allosteric communication signal
was generated. Herein, cross correlation matrices were used as
inputs to calculate and weigh the shortest communication path-
ways used by the receptor in the presence and absence of the biva-
lent ligand.

2.7. Binding volume calculation

Ligand binding and G protein binding volumes were calculated
using KvFinder plugin of pymol, which is based on geometrical
grid-based method combined with space segmentation capabilities
[52]. The space defined between molecular surfaces of the two
probes is known as the cavity. The probe-in was set to 0.8A and
probe-out was set to 8.0A with volume of cavity as 200AFor ligand
binding pocket Ile16'42, Ala59%°7, Thr68%%5, His75%23, Val86334,
Phe183%4* Trp246548, Phe258%%° and His27874* were selected
and Ser35'®!, GIn38'%* Pro109%>7, 11e200>¢!, Ala204°%,
GIn226°27 and Arg2937-58 residues were selected for calculating
the volume of G-protein binding pocket.

3. Results

3.1. Optimum linker length is required for stable binding of bivalent
ligand to Ay4R dimer

As explained in the Methods section tetramer was modeled to
consist of dimers of A;4R and D,R along with their corresponding
effectors, mini-Gos and mini-Go;, respectively, to be in line with
experimental data [5]. In a follow-up study of Navarro et.al [22],
homodimer interfaces were shown to consist of TM6 whereas het-
erodimer interface was shown to consist of TM4/TM5. According to
the same study, it was also suggested that protomers which were
bound to G protein should be located on the periphery of the qua-
ternary structure to prevent clashes between two G proteins
whereas apo D,R and antagonist-bound A;sR were found in the
middle. To identify possible attachment points of pharmacophores
with the linker, crystal structures of CGS-21680 (PDB ID4UHR) [16]
and ZM241385-bound A,4R (PDB ID4EIY) [25] were used. Exami-
nation of these structures revealed that methoxy groups of istrade-
fylline and carboxyl group of CGS-21680 were accessible from the
extracellular domain of the receptors. Therefore, these two points
were linked to each other using an affinity generating
biphenyltriazole-moiety and spacer as shown in Fig. 1. Since
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biphenyltriazole-moiety acts as an affinity-generating group it is
anticipated that inclusion of this group in the linker might shorten
the time required to observe any possible impact of the linker on
the dynamics of the system [60,61]. To determine the optimum lin-
ker length we performed classical molecular dynamics (cMD) sim-
ulations with bivalent ligands having different number of spacer
units. In fact, we measured the minimum distance (beeline)
between the two attachment points of the linker as 45 A. However,
our results showed that bivalent ligand which was shorter than
48Acould not stably bind to the dimer (See Supplementary Movie)
which was in correspondence with a study of Hubner et.al [21].
The reason why the linkers with distance shorter than 48Acould
not stably bind was that they clashed with extracellular loops of
the protomers, which were protruded from the receptors. It is also
important to emphasize that the linker stabilizes pharmacophores
compared to their monovalent counterparts as revealed by smaller
RMSD values measured in the presence of the linker (See Fig. 2).

3.2. Extra- and intracellular domains are stabilized and global
dynamics is restricted by the linker in Ay4R dimer

The bivalent ligand was built to composed of an AR antagonist
(istradefylline) and an agonist (CGS-21680), where affinity-
generating biphenyltriazole moiety was connected to istrade-
fylline. Comparative analyses of the trajectories showed that the
linker made contacts with extracellular loop (ECL) 1 and 3, thus
decreasing fluctuation at these regions in antagonist-bound AsR
as shown in Fig. 3. Specifically, side chains of Thr68*°° and
Asp261563/Ser263%5>, which are located on ECL1 and ECL3, respec-
tively made hydrogen bonds with nitrogen atoms located on the
linker. Moreover, the linker also decreased conformational fluctua-
tion at intracellular loop (ICL) 2, TM1, TM6 and TM7, last two of
which were included at homodimer interface. On the other hand
the linker did not impact fluctuations in agonist-bound AjaR/
mini-Gos complex. Here, it is important to emphasize that the
impact of the linker on agonist-bound A;sR/mini-Gas was reflected
in the number of contacts made between the ligand and certain
residues of ligand binding pocket of receptor. It was increased by
~50% in agonist-bound A;sR/mini-Gos while remained the same
in antagonist-bound receptor. Specifically, contacts between
Trp24658 and 11e2747-3°, which have been implicated in agonist
binding, and CGS-21680 increased in the presence of the linker.
Having observed that the linker modulated fluctuation pattern of
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Fig. 3. Root mean square fluctuation (RMSF) and 2D principal component analysis (PCA) profiles pertaining to A. antagonist-bound A,4R and B. agonist-bound A,5R/
mini-Gos. The regions that showed difference between without and with linker systems are indicated with green rectangles. The RMSF and 2D-(PCA) plots pertaining to 2nd

replicate are given in SI Fig. 4.

residues (See Fig. 3B) we also set out to investigate its impact on
the global dynamics of A;aR protomers. Results showed that global
motion of the receptors was confined in the presence of the ligand
as they sampled narrower region on the conformational space,
which was revealed by the first and the second eigenvectors of
the systems (See Fig. 3).

3.3. The linker modulates volume of ligand binding pocket and
intracellular domain in A,4R dimer

We set out to investigate possible impact of the linker on struc-
ture of ligand binding pocket as the number of contacts made
between CGS-21680 and receptor increased in the presence of
the linker. Interestingly, we observed that volume of the ligand
binding pocket was decreased by ~ 15% in CGS-21680- bound
A>aR while this change was not significant for istradefylline-
bound A;sR protomer (See Fig. 4A). Moreover, we also measured
the volume of the G protein binding site of A,sR protomers to
investigate if the change observed in the ligand binding pocket
was transmitted to the intracellular domain of the receptors.
Indeed, the volume of intracellular domain was increased by
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~ 10% in CGS-21680-bound A,,R/mini-Go, (See Fig. 4B). With that,
agonist-bound A;4R could achieve such volume range, which was
shown to be sampled by active receptors, [53] in the presence of
the linker. On the other hand, the volume of the intracellular
domain in the absence of the linker was closer to the value which
was sampled by the receptor found in an intermediate state
between the inactive and active receptor [53]. This change was also
reflected in the ionic lock distances as well such that longer dis-
tance was observed in agonist-bound A;4R in the presence of the
linker, thus having wider intracellular domain. Here, it is important
to emphasize that the volume of G protein binding site in
istradefylline-bound A,5R decreased despite the absence of a sig-
nificant change in the volume of ligand binding pocket (See
Fig. 4A and 4B). Since istradefylline-bound A;sR was placed
between CGS-21680- bound A;sR/mini-Gos and apo D,R in the tet-
ramer (See Methods for detailed information), expansion of the
intracellular domain of neighboring A;sR might confine the space
available for antagonist-bound AR protomer. Here in, we need
to elaborate that expansion of intracellular domain of agonist-
bound A;aR also impacted interactions between the receptor and
mini-Gos: Coulomb energy decreased (became more favorable)



S. Mansoor, Giilru Kayik, S. Durdagi et al.

A

1800~ 2400

Asn233

Computational and Structural Biotechnology Journal 20 (2022) 925-936

=1

o Without linker
= Linker

-1000-{

-800

-600-

kcal/mol

-400+

-200

Protein/Protein interaction energy

Lennard Jones Coulomb's Energy

Fig. 4. Changes in volumes of A. ligand binding pocket and B. G protein binding domain between without and linker systems C. Schematic representation of conformational
changes adapted by A,4R receptors in the presence of the linker. The position of transmembrane (TM) 6 and 7 in the absence and presence of the bivalent ligands is shown in
green and orange, respectively. Mini-Go, that is bound to agonist-bound AR is shown in new cartoon representation. Right hand side 1le2747-° interaction with ligand
emerge upon adding the linker. D. Protein-protein interaction energies measured between G protein and the receptors are also given.

by 10% in the presence of the linker, whereas the change in Len-
nard Jones energy was not significant between without and linker
systems.

3.4. Conformational preferences of microswitches and residue
correlations are modulated by the linker in A;4R dimer

Reciprocal changes observed in the volumes of both ligand
binding pocket and G protein binding site of CGS-21680-bound
A,aR in the presence of the linker suggested alterations in correla-
tion of interactions at certain TM domains. To corroborate such
impact, we calculated dynamics cross correlation matrices for the
systems studied (See Fig. 5) and showed that strength of correlated
motion between TM1 and TM3, TM1 and TM7, TM5 and TM6 as
well as TM6 and TM7 was increased in the presence of the linker.
However, the strength of anti-correlated motion was increased at
TM3/TMB®6, all of which were occurred upon receptor activation.
That is to say, increment in strength of anti-correlated and corre-
lated motion in TM3/TM6 and TM5/TM6 pairs, respectively, trig-
gered wider opening of the intracellular domain of the receptor,
which was also reflected in the volume of G protein binding site
at CGS-21680-bound A,4R. This observation was also in line with
a recent study where shrinking of the volume of orthosteric ligand
binding site and expansion of the intracellular domain of the
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receptor were shown to be associated with similar changes occur-
ring in TM3, TM6 and TM7 [54].

Moreover, these rearrangements also led to stabilization of side
chains of certain residues at istradefylline-bound A,4R in the pres-
ence of the linker. Importantly, Trp246°%® adopted y, angle values
which provided close packing of the residue against the sodium ion
as seen in the crystal structure of inactive AR (PDB ID:4EIY). Also,
hydroxyl group of Tyr2887->3, which is involved in G protein bind-
ing, is positioned farther from the G protein binding site (See Fig. 6)
than in without linker system and crystal structure of inactive A;4R
(PDB ID:4UHR) [55].

Besides residue correlations, the bivalent ligand also impacted
allosteric interaction network in agonist-bound protomer in AysR
dimer. Specifically, TM5 emerged as one of the most significant
domain that participated in the interaction network in the pres-
ence of the linker. Recalling coupling between orthosteric ligand
binding pocket and intracellular domain in agonist-bound AjaR,
it can be said that the result was in correspondence with a study
where allosteric coupling between extra- and intracellular domain
of the receptor was shown to be mediated through TM5 [56].
Moreover, Asn253%° residue, which is one of the key residues of
the ligand binding pocket that anchors the exocyclic amine of the
ligand’s central core, participated to allosteric interaction network
in the presence of the linker and interestingly, TM3 didn’t con-
tribute in the presence of the linker (See Fig. 7). We also investi-
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is shown in pink. The residues are shown on the 3D structure of antagonist bound A,aR. Timeline plots of Trp246%® and Tyr2887->* of both replicates are given in the SI Fig. 6.

gated interactions between A;aR dimer and membrane and
showed that Trp129*°°, which was shown to be part of the choles-
terol consensus motif, of agonist-bound A;4R made close contacts

with a cholesterol molecule in the presence of the linker in one
of the replicates [57] (See SI Fig. 9). Therein, the cholesterol moved
by almost 5A throughout the trajectory from its original position
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and eventually contacted to the receptor, whereas no such interac-
tion was observed for the antagonist-bound A;sR neither in the
presence nor the absence of the linker. Lastly, we also compared
pattern of water channels formed within the receptors between
without and linker systems using the VolMap plugin of VMD. In
accordance with a study which showed a correlation between
receptor activation and continuous water channel formation [53],
we observed a continuous water channel in agonist-bound AR
whereas it was disrupted in antagonist-bound A;sR (See Fig. 8).
Interestingly, continuous water channel could be also maintained
in the presence of the linker in agonist-bound receptor; however,
water density was decreased in the region between the extracellu-
lar domain and orthosteric ligand binding pocket as observed in
antagonist-bound A,sR. Analysis of the trajectories showed that
the linker precluded water flow from extracellular side to the
inside of the receptor. Consequently, water molecules could be
clustered only around Na* ion in antagonist-bound receptor.

~ =
- #' Vs 59 > 8 v

Antagonist-bound A xR without Antagonist-bound A,4R linker

Fig. 8. Internal Water Channel formation. A. Agonist-bound A,sR, and B.
Antagonist-bound A,4R in the absence of the linker, C. Agonist-bound A;AR, and
D. Antagonist-bound A;4R in the presence of the linker. Water occupancy maps are
computed using the VolMap tool of VMD.
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3.5. The linker impacts the dynamics of apo DR in the neighboring DR
dimer

The tetramer is composed of pairs of A;4R and D,R, where the
homodimer interfaces are formed by TM6 and the heterodimer
interface is formed by TM4 and TM5. In accordance with experi-
mental data, one of the D,R protomers was modeled as apo and
the other protomer was modeled to bound with D,R agonist, quin-
pirole and mini-Go; (See Methods for more details). The results
showed that ICL2, albeit to a lesser extent, and ICL3 were stabilized
in apo DR in the presence of the linker while only a small part of
the ICL3 could be stabilized in agonist-bound D,R/mini-Go;(See
Fig. 9). Moreover, similar to A,aR dimer, the linker also confined
global dynamics of the protomers as revealed by principal compo-
nent analysis as shown in Fig. 9. Interestingly, the linker also mod-
ulated residue correlations at apo DR despite not being directly
bound to the receptor. Specifically, an increase was observed in
the strength of correlated motion in residues located on TM3 and
TM4, two of which construct the heterodimer interface with
antagonist-bound A,5R. Moreover, an increase was also observed
in the correlated motion of TM3 and TM6 as well as TM3 and
TM4 in the presence of the linker in apo D,R indicating that they
tend to get closer to each other as shown in (Fig. 10B).

Herein, it is also important to emphasize that the intracellular
domain of apo D,R was modulated by the linker as the receptor
could sample a wider range of ionic lock distances which are calcu-
lated between Arg1323°° (Cy) and Glu36853° (Co) atoms [58] in
the absence of the linker whereas it could only sample shorter dis-
tances in the presence of the linker.

4. Discussion

Bivalent ligands have long been thought to act solely as connec-
tors of the two pharmacophore groups. On the other hand, exper-
imental studies have shown that binding affinity and signaling
potency are increased by bivalent ligands compared to their mono-
valent counterparts. Consequently, this suggests that these ligands
are capable of modulating dynamics of GPCR oligomers; however,
underlying mechanism has remained elusive. In this study, to the
best of our knowledge, for the first time, we provided a molecular
level understanding to dynamics and functional changes induced
by the bivalent ligand. In particular, we demonstrated that the lin-
ker made interactions with residues located at the extracellular
domains of AyaR protomers. Notably, this has led to stabilization
of antagonist-bound AR while that impact was not remarkable
for agonist-bound A,sR/mini-Gos as revealed by root-mean-
square fluctuation patterns. Interestingly; however, this caused
an increase in the number of contacts made between ligand bind-
ing residues and CGS-21680 in the mini-Gos bound A,4R receptor
but not in the antagonist-bound AzsR. In accordance with this,
important ligand binding residues, namely M177°-38 ASN2536->°
[59], also emerged on the allosteric pathway that links the ligand
binding pocket to the intracellular domain of CGS-21680-bound
AyaR in the presence of the linker. Therefore, these results suggest
that the coupling between the ligand binding pocket and the intra-
cellular domain of the receptor increased by the bivalent ligand. In
accordance with that, volume of the ligand binding pocket was
shrunk while the intracellular domain was expanded in agonist
CGS-21680-bound A;4R/mini-Go. In spite of having no remarkable
change at the ligand binding site, the volume of the intracellular
domain was decreased in istradefylline-bound AjaR. Importantly,
modulation of the volume of the G protein binding site impacts
contacts formed between intracellular domain and the effector as
revealed by an increase in the respective energy term. Moreover,
the decrease seen in the intracellular domain of antagonist-
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bound AsR might help prevent effector binding to the receptor.
Herein, it is also important to emphasize that conformational pref-
erences of some of the microswitches were modulated by the lin-
ker. Specifically, conserved Trp246°%4® adopted side chain dihedral
angles which provided residue 14 to be tightly packed against the
sodium ion in antagonist-bound A,sR. Also, another conserved
residue, Tyr2887->3, was oriented far from G protein binding site
therein. On the other hand, no such alterations were observed in
conformational preferences of these key residues in agonist-
bound AR mini Gos. We also showed that above mentioned con-
formational changes led to alterations in residue correlation pat-
terns and allosteric interaction network in the A,aR dimer.
Specifically, we observed that conformational rearrangements
which occurred during receptor activation were strengthened in
the agonist-bound A;sR-mini Gos by the presence of linker. More-
over, TM5 was emerged as the dominant participant of the allos-
teric interaction network in agonist-bound A;sR-mini Gos in the
presence of the linker. A similar trend was observed in A;aR upon
complex formation with mini-Gs suggesting that impact of mini-
Gs was accentuated by the presence of linker in CGS-21680-
bound A,sR. Besides A,4R, the bivalent ligand also impacted apo
D,R in the neighboring D,R dimer Notably, apo D,R could sample
wider range of ionic lock distances in the absence of the linker,
whereas the distance was confined to the value which was sam-
pled by the inactive receptor in the presence of the linker. In a
study of Han et.al [23], it was shown that inverse agonist binding
to one of the protomers in D,R dimer enhanced D,R signaling from
agonist-bound D,R. In addition, it has been also shown in a recent
study that simultaneous binding of AaR agonist/antagonist to
A;AR dimer in A;aR/D,R heterotetramer alleviated well-known
antagonistic impact of AR on D,R signaling. Since apo D,R resem-
bles inactive receptor in the D,R dimer in the presence of the linker
it is likely that the bivalent ligand decreases antagonistic impact of
AR on D;R signaling. From that perspective, the bivalent can be
considered as a potential therapeutic molecule that can be used
for treatment of Parkinson'‘s disease, in which the efficacy of D,R
agonists is alleviated by antagonistic impact of AR [23]. The find-
ings of this study can provide a methodology that can be followed
to investigate impact of any bivalent ligand on a GPCR oligomer,
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thus paving a way for improving design strategies of such ligands
and effective modulation of GPCR oligomers.
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