(2

G-protein B-arrestin G-protein B-arrestin

Showecasing research from Professor Gyorgy M. Keser(i’s f . \
laboratory, Research Centre for Natural Sciences and As featured in:
Gedeon Richter plc. Hungary. This illustration is designed

by Anita Racz. \

Controlling receptor function from the extracellular vestibule Chemcomm
of G-protein coupled receptors

This work shows that the functional activity of bitopic
ligands can be modulated from the extracellular vestibule
of G-protein coupled receptors (GPCRs) located far from
the signalling interfaces. The approach might be useful
developing GPCR ligands with beneficial signalling profile.
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Receptor function is traditionally controlled from the orthosteric
binding site of G-protein coupled receptors. Here, we show that the
functional activity and signalling of human dopamine D2 and D3
receptor ligands can be fine-tuned from the extracellular secondary
binding pocket (SBP) located far from the signalling interface
suggesting optimization of the SBP binding part of bitopic ligands
might be a useful strategy to develop GPCR ligands with designed
functional and signalling profile.

G-protein coupled receptors (GPCRs) are considered important
therapeutic targets due to their pathophysiological significance
and pharmacological relevance.' The large number of GPCR
ligands reported have different efficacy profiles for specific
signalling pathways and their various functional activity pro-
files are associated with diverse therapeutic effects. Aminergic
GPCRs are considered as clinically validated drug targets in
multiple psychiatric indications. Arylpiperazines and arylpiper-
idines mimicking aminergic neurotransmitters were confirmed
as orthosteric ligands by competitive binding experiments.
Most of the atypical antipsychotics contain these privileged
structures located at the same orthosteric binding pocket (OBP)
as seen in the recently published structure of the D2 antagonist
risperidone - receptor complex.> During the last years, partial
agonists attracted particular attention since they are usually
better tolerated than full agonists or antagonists.® Third gen-
eration atypical antipsychotics such as aripiprazole® and
cariprazine® are both partial agonists at dopamine hD2 and
hD3 receptors (Fig. 1) and they share the orthosteric
dichlorophenyl-piperazine substructure. The risperidone-D2
receptor structure confirmed that the drug also occupies an
extracellular binding site. This secondary binding pocket (SBP)
is much less conserved and suggested to contribute
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significantly to the affinity and selectivity of bitopic ligands
occupying both the OBP and the SBP.® Consequently, the
markedly different receptor profile of cariprazine” can be traced
back to its unique aliphatic SBP moiety that differs from that
applied in any other atypical antipsychotics.

Functional activity of GPCR ligands has traditionally been
connected to structural moieties bound in the OBP. Using
specifically designed bitopic ligands we suggest that functional
profiles can be controlled from the secondary site. This oppor-
tunity has been shown on the dopamine hD2 and hD3 recep-
tors that are targets for next generation treatment options for
schizophrenia, mania, bipolar disorders and depression.
Cariprazine® (2), the D3 receptor preferring D2/D3 partial
agonist showed efficacy on both positive and negative
symptoms of schizophrenia® and it has been approved for the
full spectrum of bipolar disorders.’

As a part of the mechanistic studies'® on cariprazine action
we systematically compared the effect of allosteric modifications
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Fig. 1 Designed ligands with different OBP and SBP moieties. OBP1,
OBP2 and OBP3 are the arylpiperazine type orthosteric binding motifs.
The N-acylated cyclohexylamines serve as secondary binding motifs
(N,N-dimethylurea (SBP1) from cariprazine (docked to hD3 receptor on
the insert) and tBu-carbamate (SBP2) as its synthetic precursor).
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on the binding and functional activity of 9 designed, synthesized
and tested ligands (Fig. 1) containing three OBP and two SBP
motifs together with the OBP binding cores.

First, we tested all ligands in binding assays on the hD2 and
hD3 receptors; the pKi values and the selectivity are reported in
Table S1 (ESIt). Extending the ligands towards the extracellular
vestibule enhances the affinity of all ligands both in the hD2 and
hD3 receptors. Even though none of these ligands are considered
highly selective, in accordance with previous studies'""* introducing
allosteric interactions helps to fine-tune subtype-selectivity as well as
affinity, however, the improvement of the selectivity ratio depends
on both OBP and SBP binding moieties.

Biased agonists might offer a potential therapeutic route to
specifically interfere with malfunctioning signalling pathways
while avoid adverse effects caused by the non-selective activa-
tion of downstream signalling. Therefore, developing ligands
with specific signalling profiles are in the forefront of drug
discovery.” To demonstrate the pathway specific control of the
functional outcome from the extracellular vestibule we carried
out functional assays on both the G-protein (G,) mediated and
the B-arrestin mediated pathways of the hD2 and hD3 receptor.

On the G, mediated signalling pathway (Table 1) 1° is a
partial agonist on both of the receptors. The N,N-dimethyl
head-group (SBP1) resulted in a partial agonist (cariprazine, 2)

Table 1 Functional activities (pICsq or pECso and efficacy (Emax) values
with s.d. values in parentheses) measured for the G-protein mediated
pathway of the hD2 and hD3 receptor. Compound numbers are indicated
bold (see Fig. 1)
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on both receptors with efficacy (En.x — maximal achievable
response) values of 77.4% and 27%, while the pECs, increased
to 8.85 and 8.58, respectively. The addition of the O-tBu head
group (SBP2) leads to a full agonist (3)°. The improvement in
potency was more significant on the hD2 receptor reaching the
PECso of 8.64 as compared to the pECs, measured on the
hD3 (8.09). With changing the OBP binding moiety to
2-methoxyphenyl piperazine (OBP2, 4), no significant change
in the functional activity was observed, the 4 OPB core and the
bitopic ligands (5 and 6) were all partial agonist. Comparing this
observation to that found with OBP1 (1) and OBP3 (7) moieties it
suggests that OBP and SBP effects might be cooperative. At hD2
receptors we found that both their potency and efficacy were
much improved. Interestingly, the potency improvement at hD3
receptors was not coupled to significant changes in E,, values.
Similarly to OBP1(1), the N,N-dimethyl head group (8) did not
change the functional outcome of 7°, both ligands showed
antagonist effect on the G-protein mediated pathway at
hD2 and hD3 receptors, however the potency increased from
PICs0 = 4.72 to 6.10 and pICs, = 5.01 to 7.56, respectively with the
increment of the ligand size. The SBP2 group, however, tuned
the function of OBP3 (7) resulting in a weak partial agonist (9)° at
both hD2 and hD3 receptors. At hD2 receptors we found 9 less
potent but more efficacious as compared to hD3 receptors,
however, differences in E,,x values were statistically significant
(Student’s t-test, p = 0.0106) on both receptors.

In contrast with the G-protein mediated signalling we
observed smaller effects on the B-arrestin mediated pathways
(Table 2). All three ligands containing OBP1 displayed partial
agonism on B-arrestin at hD2 and hD3 receptors, although the

hD2R - SBP1 SBP2
1 2 3
PECso<4.3 PECs=8,85 PEC5=8.64
OBP1 - (0.1) (0.22)
Emax=45.6%(3) Emax=77-4% (7)  Emnax=99.4% (2)
partial agonist partial agonist full agonist
4 5 6
PECso=6.4 PEC50=8.62 plCsp=8.42
OBP2 (1.0) (0.07) (0.18)
Emax=14% (1) Emax=82.7% (3)  Emax=78.7% (4)
partial agonist partial agonist partial agonist
7 8 9
0BP3 pICso=4.72 pICso=6.10 PECso<4.3
(0.78) (0.13) Emax=25.4% (4)
antagonist antagonist partial agonist
hD3R - SBP1 SBP2
PECs0=7.50 PECs,=8.58’ pEC5,=8.09
(0.34) - (0.13)
OBPL ¢  =72%(12) Ernan=27% Ena=94% (7)
partial agonist partial agonist full agonist
pECs0=6.12 pEC5,=8.43 pEC50=8.63
OBP2 (0.17) (0.51) (0.13)
Emax=11% (4) Emax=11% (3) Emax=15% (6)
partial agonist partial agonist partial agonist
pICsy=5.01 pICsy=7.56 PECso=7.53
OBP3 (0.34)
(0.17) (0.23) £, =15% (3)
antagonist antagonist max
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partial agonist

Table 2 Functional activities (plCsg or pECsq and efficacy (Enax) Values
with s.d. values in parentheses) measured for the B-arrestin mediated

pathway of the hD2 and hD3 receptor

hD2R - SBP1 SBP2
pECsy=3.85 pECsp=9.69" pECs,=8.40
OBP1 (0.12) - (0.17)
Emax=7% (1) Emax=13.9% Ermax=26% (2)
partial agonist partial agonist partial agonist
pICso=5.03 pICs0=8.08 pICso=7.63
OBP2 (0.12) (0.05) (0.10)
antagonist antagonist antagonist
pICso=5.89 pICso=7.71 pICso=7.23
OBP3 (0.13) (0.10) (0.12)
antagonist antagonist antagonist
hD3R - SBP1 SBP2
PECse<4.1 PECs=8.32" PECso=8.42
0BP1 - ©o 10 (0.21)
30% (5) Enax=32% Enmax=61% (6)
partial agonist partial agonist partial agonist
plCso=4.83 pICso=7.92 pICso=7.52
OBP2 (0.30) (0.10) (0.20)
antagonist antagonist antagonist
pICso=5.44 pICs0=8.04 pICs0=7.86
OBP3 (0.15) (0.32) (0.21)
antagonist antagonist antagonist

This journal is © The Royal Society of Chemistry 2020
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addition of the two SBP moieties significantly increased the
PECs, values. Similar to the G-protein mediated pathway, SBP2
introduced the biggest increase in the E,,x values up to 26% for
hD2 and 61% for hD3, while SBP1 only displayed 13.9% and
32% in the case of 2. Interestingly, this suggests that caripra-
zine, which displays significant bias towards the G-protein
mediated pathway in the hD2 receptor,’* shows a more
balanced behaviour in the hD3.

All the OBP2 containing ligands (4-6) turned from being
partial agonist to antagonist on fB-arrestin compared to that
found on the G-protein mediated pathway. This observation
shows the well-known characteristic effect of OBP binders on
the functional profile. All OBP3 containing ligands (7-9)
remained antagonists, however with increased pICs, values in
the case of SBP1 and SBP2 moieties. In general, efficacy data
measured on both receptors in both modalities followed simi-
lar trends as receptor affinities (see ESIt).

Functional modulation from the orthosteric site was already
demonstrated for aminergic GPCRs.'® Also for the hD2 receptor,
several biased ligands were described and developed in the
last few years,""'”'® however the hD3 receptor was less
targeted in this field">*° and the functional effect of SBP binding
moieties remained unclear for both of the targets. Our data clearly
show that the functional activity on the hD2 and hD3 receptors
can be pathway specifically modulated from the extracellular
vestibule by introducing different SBP motifs to the ligands.

In the case of the B-arrestin signalling pathway the func-
tional profile is controlled from the orthosteric site, which is in
agreement with the traditional viewpoint. In the G protein
mediated pathway, however, we were able to tune the signalling
from the secondary binding pocket, therefore we focused our
structural investigations to the G-protein mediated pathway. To
understand the structural basis of the observed functional
effects we performed a series of molecular dynamics simula-
tions on both receptors and analysed the structural behaviour
of the 6 bitopic ligands in the light of mutational data.
Investigating the corresponding G, coupled signalling
complexes we built homology models for the hD2 and hD3
receptors. All partial or full agonists were modelled in the
activated signalling complex, while the antagonist was mod-
elled in the inactive hD2 and hD3 experimental structures.

In the G-protein activated hD2 models, the overall orienta-
tion of agonists and the antagonist are similar. All ligands are
anchored to the receptor by a strong, direct H-bond with the
conserved Asp114°22, while hydrophobic interactions also add
to the stabilization in the orthosteric pocket. In the extra-
cellular vestibule, direct and water mediated hydrogen bonds
form to different extent with Glu95*°® and Trp100°“* (Fig. S2a,
ESIT). Even though we see some preference in hydrogen bond
formation towards Trp100°“™" instead of Glu95>°® in the case
of the antagonist 8, we could not detect any specific interac-
tions characteristic only to either agonists or the antagonist.

Available mutational data for key residues (Asp114>??Ala,
Phe389%°"Ala, Phe389°°'Ala, Glu95>*Ala) for different ligands like
dopamine, risperidone, MLS1547, SB269652 support that these
interactions are essential for binding and functional activity.>*'>*

This journal is © The Royal Society of Chemistry 2020
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Likewise, mutation of Trp100°“"*Ala increases the association and
dissociation of antagonist ligand risperidone.>*

The hD3 simulations lead to a very similar result (Fig. S2b,
ESIt). One important difference is that in the hD3 structure
Trp96“°"! is positioned away from the secondary binding site
therefore not available for hydrogen bond formation. Instead
we observe interaction with Cys181%¢"? in the case of the
antagonist, however, in less than 40% of the frames, while
the main interaction partner in the secondary pocket remains
Glu90>°* for both the agonists and the antagonist.

Lack of stable, agonist specific interactions in the extracellular
vestibule propose the modulation through a different mechanism.
Since experimental data suggested cooperative effects, we
hypothesized that SBP binders might influence the functional
activity through the positioning of the orthosteric binding motifs.
As shown in our experimental results, changing the SBP only
causes change in function when the OBP makes it possible.
Therefore, we focused on finding differences between agonists
and the antagonist in the OBP. As based only on the cumulated
interaction diagram we were unable to see significantly different
patterns, we further investigated the trajectories with cluster
analysis focusing on the most interesting ligands 9 and 8 reveal-
ing that the OBP atoms of these ligands occupy different 3D
positions (Fig. 2). This is in line with recent D2 structures showing
that the OBP of haloperidol and risperidone, both antagonists,
overlap; however, both extend to a lower subpocket compared to
the agonist bromocriptine®*>?® and the plane of the ring system
rotates around 35 degrees (Fig. S3, ESIT); we observed a similar
rotation in our MD studies (Fig. 2).

The MDs revealed that the halogen atoms of the agonists in
hD3 are positioned closer to Ser192°*> compared to the
antagonist 8, however this difference is not significant and
was less visible in hD2, especially for 9 (Fig. S4, ESIT). This is
likely in connection with 9 showing a very weak partial agonist
behaviour. This Ser>** forms H-bonds with several ligands in
aminergic GPCR X-ray structures'’*”*® and is also expected to
be involved in dopamine binding. In the case of 2, 3 and 9 a
halogen bond formation with Ser’*> might add to the stabili-
zation of the position (Fig. 2) likely in connection with the
alteration of the signalling profile. Although this is not the only
interaction driving the functional response, but it indicates that
8 and 9 prefers different conformations in the OBP.

Fig. 2 OBP position of the most abundant cluster centroids in the (a) hD2
and (b) hD3 receptors for 9 (light red) and 8 (cyan). The protein is
represented by wheat and grey cartoon respectively. Measured distance
between Ser>#? and halogen atom of the ligand is shown as red dashed
line (only shown for 8 due to clarity).

Chem. Commun., 2020, 56,14167-14170 | 14169
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Functional modulation through a differently positioned
orthosteric site instead of specific SBP interactions is also in
line with 5-HT,; X-ray structure of LSD** and ergotamine,
which share the orthosteric binding motif but display different
signalling profile (Fig. S7, ESIt). In line with the concept, both
salmeterol and salbutamol display similar signalling profile in
the B2 receptor, while their shared saligenin etanolamine
pharmacophore completely overlaps in the orthosteric site
based on their X-ray structures (B2 for salmeterol'* and p1 for
salbutamol®!). Recent studies on the hD2 and AT1R receptor
also reveal that the positioning of the orthosteric motif influ-
ences the signalling profile, B-arrestin biased ligands tend to
bind closer to the ECL2 loop compared to balanced/G-protein
biased ligands in the examined cases.'®*

In this work, we have systematically investigated how intro-
ducing interactions in the extracellular SBP site can tune the
functional profile of the ligands in hD2 and hD3 receptors.
First, investigating the G, and B-arrestin pathways we show that
the functional activity of hD2 and hD3 receptors can be path-
way specifically modulated from the extracellular vestibule by
introducing different secondary site binding motifs to the
ligands. Second, we were able to tailor the functional profile
of the ligands presenting antagonists, partial and full agonists
as well. Third, we provide a plausible structural explanation for
the observed effects based on molecular dynamics simulations.
Together with mutational data, these simulations revealed that
the SBP interactions do not directly modulate the G-protein
signalling in these ligands; rather they influence the position-
ing of the orthosteric binding motif. These findings together
might help designing high affinity and selective GPCR ligands
with desired functional profiles.
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