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Abstract

The cannabinoid receptor 2 (CB2R) is of considerable therapeutic and scientific
interest. Hence, the discovery of novel molecules that target and modulate this recep-
tor, ideally selectively over its closest relative, the cannabinoid receptor 1, is of great
importance. In this study, we aimed to discover novel ligands targeting the CBsR
using large library in silico docking screens. However, since the CBoR binding site is
difficult to target with in silico methods due to its hydrophobic nature, we used a va-
riety of screening approaches, including the placement of water molecules in predicted
water sites of the receptor binding site, and screening against multiple docking setups
and receptor conformations. We systematically evaluated these different approaches
to support future screens to the CB2R and other receptors. In the present work, each
setup contributed different ligands of varying intrinsic activities, leading to an overall
improved hit rate compared to that of a single screen. Of the novel ligands of the CBsR
discovered and experimentally confirmed in this study, one series features high-affinity
ligands with a previously undescribed scaffold.
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Introduction

With experimental structure determination of G protein-coupled receptors (GPCRs) be-
coming routine in recent years, structure-based approaches for ligand identification have
also increased in frequency. Depending on the type of ligand and the desired ligand features,
different strategies have been employed by us and others. This has included (1) docking
to individual receptors to tailor selectivity (1}, 12); (2) docking to distinct receptor confor-
mations to tailor efficacy (3) and; (3) docking to single wild-type and mutant receptors,
with and without explicit water molecules, to predict poses (i.e. the combination of molecule
conformation and spatial orientation in the binding pocket) of known ligands. (4}, |5)

In this work, we targeted the human cannabinoid receptor 2 (CByR) with large-scale
docking calculations. This GPCR is highly expressed in immune tissues such as the spleen
and lymph nodes, and on white blood cells. (6-8]) Additionally, the CB,R is found in pe-
ripheral tissues, including the liver (9, |10)), kidney (11} 12])), gastrointestinal tract (13)), and
on certain bone cells including osteoblasts and osteoclasts. (14)) The CByR is also highly
expressed in activated microglia and brain macrophages, which defend against injury or in-
fection. (15) It is furthermore implicated in cardiovascular, gastrointestinal, liver, kidney,
lung, and neurodegenerative diseases, having a function in tissue injury, repair, and inflam-
mation. (16)) Ongoing research indicates that the CByR plays a crucial role in regulating
neuronal function in the central nervous system, with expression increasing with inflamma-
tion in diseases like cancer and neurodegenerative disorders. (17 |18)

Activation of the CB;R, mainly via G/, protein coupling, is often protective. This has
led to the development of CByR drug discovery programs, with an emphasis on developing
agonists exhibiting selectivity for the CBsR over the CB;R. (19)) However, in certain disease
states, CBoR immunosuppressive effects may exacerbate tissue damage and potentially pro-
mote cancer progression, meaning that CByR inverse agonists and antagonists might offer
therapeutic benefits in these scenarios. (20-23)

Despite the wealth of pre-clinical data suggesting a role for the CBsR in various dis-
ease states, there is still a lack of successfully trialled molecules on the market. Currently,
only dronabinol (synthetic THC) and nabilone (a synthetic substance similar to THC) are
approved by the FDA, and are used to treat chemotherapy-induced nausea and emesis.

We thus aimed to enrich the landscape of existing CBoR ligands, which involved setting up
our ligand screens in order to maximise the number of identifiable ligands. Since the CByR
ligand binding pocket is fairly hydrophobic, we experimented with the addition of water
molecules to it. In addition, we used different active and inactive receptor conformations,

with the objective of analysing the efficacies of the emerging ligands. Predicted hits were
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confirmed in membrane- and cell-based ligand-binding and signalling assays to assess their
affinity and pharmacological activity. We identified ligands with high hit rates and high
affinity for the CB3R, and interestingly these resulted from docking calculations to several
docking setups. A high-affinity ligand series based on a scaffold unprecedented for CBsR
ligands, featured a ligand that remarkably had an affinity on par with the reference ligand
SR-144,528. In order to provide possible guidelines for future screens, we then evaluated
whether each set of novel CB3R ligands could have been found from any of the other docking

calculations.
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Results and Discussion

This study aimed to identify novel ligands for the CBsR through docking screens of large
molecular libraries and by employing diverse docking setups. In particular, the use of water
molecules placed in the orthosteric binding site was explored as a means to improve the results
of docking calculations and screens. To support the docking results, compounds selected from
the in silico screens were characterised in cell-based assays to determine their affinity and
functional effect on the CByR, as well as its closest relative, the CB;R. Finally, the results
from both docking calculations and pharmacological characterisation were combined for an
additional analysis of the used docking approach and the usefulness of diversified docking

setups in such studies.

Receptor preparation and water site prediction

Since the binding pocket of the CByR is mostly hydrophobic, it is considerably more difficult
to obtain meaningful molecule poses from docking calculations to this receptor compared to
similar, but more hydrophilic binding sites, as recently discussed by Stasiulewicz et al. (24))
This problem emerged in our case when docking a set of 33 known ligands to three exper-
imental structures of the CByR (PDB IDs 5ZTY, 6PT0 and 6KPF). Overall, high energy
values of the scoring function, unfavourable orientations of the molecules in the binding
site, as well as stranded hydrogen bond donors, were observed in these docking calculations.
Thus, the usefulness of these docking setups for prospective docking screens was doubtful.
In particular, we noted an unsatisfied hydrogen bond acceptor upon redocking of CBsR
ligand AM10257. In principle, the acceptor pointed in the direction of a potential donor from
S285738 (superscripts indicate numbering according to GPCRdb nomenclature, (25))) but
at too large a distance (4.5 A; Supplementary Figure , which suggested a water molecule.
Therefore, we tried including water molecules in the ligand binding site of the CBsR during
docking calculations. Firstly, docking calculations were performed in which the single water
molecule resolved in the binding site of the structure with PDB ID 5ZTY was maintained.
However, we found this water molecule to be out of reach of the molecules in the ligand
test set. The binding site was then explored further for polar interaction sites by applying
SEED and docking small molecular fragments into the binding pocket of structure 5ZTY.
Specifically, the location of the polar fragments methanol and ethanol close to S285738
indicated a potentially relevant water site that would allow bridging interactions between
5285738 and the ligand AM10257 in the structure 5Z2TY (Supplementary Figure[S1). Indeed,
a similar water-mediated interaction and a water network, including S™® and H?*%°  have

previously also been suggested for the CBR (26 |27)), supporting our assumption.
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This potential water binding site — as well as others within the binding pocket — was
then explored further using two water site prediction softwares, namely MOE’s Solvent
Analysis tool and OpenEye’s SZMAP. To narrow down the choice of potential water sites
to be considered further for docking calculations, four different criteria were applied: (1)
water sites had to be located within the binding site and in reach of potential ligands;
(2) favourable energy scores for the predicted water sites were preferred; (3) water sites
predicted by more than one of the prediction tools were considered more likely and; (4)
overlapping predictions of water sites between the different structures used were considered
as a stronger signal. Notably, both prediction softwares predicted water sites in the same
location as the crystallised water in structure 5ZTY (Supplementary Figure . In addition,

both prediction softwares also predicted water sites close to S285738

and overlapping with
the placement of methanol and ethanol by SEED. At this position, a water molecule could
potentially mediate interactions to a ligand.

In addition to using different CBsR structures and varying the placement of water
molecules, an additional computational strategy was to use an alternative template ligand
taken from a CB;R structure. This chemical structure is more similar to the phytocannabi-
noid THC than the ligand present in the CByR structure, and was used for a docking setup
where the protein was still based on structure 5ZTY.

Evaluation of the diverse docking setups was conducted using docking calculations of
the set of known ligands and visually inspecting the resulting molecule poses, including their
overall orientation and potential polar interactions (Supplementary Table [S1| contains a com-
plete list of setups and Supplementary Figure [S2|shows all predicted water sites and template
ligands used). This analysis revealed an overall increase of the number of hydrogen bonds in
the water-containing compared to the water-free docking setups (Supplementary Table .
This increase in the number of hydrogen bonds was partly due to polar interactions between
ligands and water molecules, partly due to altered docking poses because of the presence of
the water molecules. Furthermore, the overall pose quality increased for water-containing
compared to the corresponding water-free docking setups. Moreover, similarity between the
scaffold of the template ligand (used as a basis for the “matching spheres” in the dock-
ing calculations) and the scaffold of a docked molecule positively impacted pose quality.
Finally, for each of the experimental structures, the docking setups yielding the largest num-
bers of favourable molecule poses were used for the subsequent docking screens: S28573%),
5ZTY amsa1 (truncated AM841 as alternative template ligand and water molecule close to
S285738) 6PTO (no water), 6PTOns0 (Water molecule close to S28573%) and 6KPFya0 (two

water molecules close to S285™3% and L182EL2 respectively).
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Docking screen

The ZINC15 drug-like subset (> 10 million molecules) was docked to the five docking setups
described in the previous section using DOCK3.7 (Figure . Furthermore, the ranking lists
resulting from these docking calculations were re-ranked to favour molecules that ranked
well in docking calculations to all active conformations of the receptor (6PT0 and 6KPF).
This was done as a means to enrich agonists over antagonists, which has worked previously
in our hands. (3) The top 500-ranked molecule poses of each of the ranking and re-ranking
lists were then evaluated visually. Additionally, an ECFP4 Tanimoto similarity filter (with
a cutoff of 0.45), removing molecules similar to previously described ligands of the CBsR
as extracted from the ChEMBL database, was applied to the top 2000 molecules of each
ranking list. This on average removed 78 % of the molecules from each of the lists. The top
500 molecule poses of each resulting filtered list were then also inspected visually. Moreover,
we wondered how much each of the lists of top 500 molecules differed, i.e. what the added
value of each docking setup and each re-ranking to the overall performance of the campaign
was. As shown in Supplementary Table [S3| the overlap for most of the individual ranking
lists (namely Ranking lists 1-5 in Figure [1)) is single-digit and only 15 and 17 molecules for
Ranking lists 4 vs. 5 and 2 vs. 3, respectively. The same is true for the “no water” vs. “water”
setups: the overlap for corresponding pairs is 17 molecules or less and only marginally higher
compared to other pairings (Supplementary Table .

Finally, 29 molecules were selected and purchased to be pharmacologically characterised.
We note that occurrence of a compound in multiple lists was not a criterion of the likelihood

with which a compound was selected for testing.

Pharmacological characterisation

The affinity of all 29 selected molecules was determined at the CBoR using TR-FRET bind-
ing assays (Table , Supplementary Table [S4] and Supplementary Figure . To assess the
selectivity of each ligand, although not part of the prediction, analogous assays were con-
ducted at the CB;R (Supplementary Figure . Compounds MS009, MS021 and MS022
showed the highest affinity towards the CBsR with pK; values of 6.54 4+0.08, 7.63 4+ 0.20 and
7.70 £0.10, respectively (Figure [2JA). Notably, compound MS018 was selective towards the
CB;R over the CByR in binding assays (approximately 20-fold selectivity).
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10,844,842 molecules & DOCK3.7

Selective
Re-rank 8

Optional: Tanimoto similarity filter
. ' ' ' ' ' ] I |
Top 500 molecules of each list reviewed

Figure 1: Docking scheme as employed in the present study. The PDB IDs of the CByR
structures as well as the docking setups are indicated at the top. Numbers in the small
squares indicate how many molecules were picked based on the ranking list in the corre-
sponding colour and the docking setup indicated by the arrow colour. Larger boxes at the
bottom indicate number of molecules selected for each CByR structure.

Table . Structures and affinities of all tested compounds with a pK; > 5 at the CB3yR.
pKj-values are listed as mean + SEM for the CByR. n specifies the number of indepen-

dent biological replicates. All percentage inhibition values can be found in Supplemen-
tary Table [S5]

CB3R CB;R
1D Structure pK; n pK; n

O
Y

s._N
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MS022 © 770 £0.10 14 ND 3
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Continuation of Table m
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Continuation of Table m

CBsR CB;R
ID Structure pK; n pK; n
Reference ligands
SR-144,528 8.43 + 0.09 6 NT
Rimonabant NT 8.93 £ 0.2 3

NT: Not Tested. NB: Not Binding. ND: Not Determined due to insufficient number of data points
and assay interference. 2PPApparent pK;; this denomination is used when the concentration-
response curve does not reach a plateau at the highest concentration and the inflection point has

been determined under the assumption that such a plateau will eventually be reached.

The three highest-affinity compounds were characterised further using three functional
assays: (1) mini-Gg recruitment and (2) B-arrestin recruitment assays, which both measure
recruitment of transducer proteins to the receptor; and (3) the G;-CASE biosensor assay,
which is used to determine G protein activation (Supplementary Figure [S3|shows schemes of
the assays). While two of the compounds (MS021 and MS022) acted as partial agonists in
all three functional assays, one compound (MS009) acted as an antagonist/inverse agonist
(Supplementary Table [S6|and Figure —D). Consistent with receptor conformation, the two
partial agonists resulted from docking calculations to an active CBsR conformation, while

the antagonist was selected from the docking calculation to an inactive CByR conformation.

Secondary screen

The three molecules displaying the highest affinities towards the CBsR (MS009, MS021,
MS022) were selected for a subsequent analogue search. Two additional molecules, MS005
and MS025, were selected to establish a baseline for the improvement of the top ligands,
and results are described in the Supplementary Information. For each of these molecules, a
library of similar molecules was derived and docked to the docking setup the parent molecule
had been extracted from. The only exception were the docking calculations of the libraries
based on MS021, for which the parent molecule (i.e. MS021 itself) was used as the template
ligand to increase sampling around poses where the core scaffold was placed in a manner
similar to the parent compound. The resulting molecule poses from each of the docking
calculations were then inspected visually, and six to seven molecules were selected for each
parent compound to be purchased and pharmacologically characterised.

For all derivative compounds the affinity towards the CBs;R and the CB;R was then
determined (Table ; Figure ; Supplementary Figures . Several compounds from
the three series (based on MS009, MS021, MS022) had an affinity towards the CByR that

9
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Figure 2: Assay results for the three compounds with the highest affinity from the primary
docking screen (MS009, MS021 and MS022). A: Competition binding assay to measure
compound affinity at the CByR for the three compounds and reference SR-144,528. B:
G protein activation determined using the G;-CASE sensor for the three compounds, SR-
144,528 (inverse agonist) and HU-308 (full agonist). An increase in signal above zero indicates
agonism, a decrease below zero inverse agonism. C, D: Recruitment of (C) mini-Gg; and (D) f3-
arrestin to the receptor upon stimulation with agonists MS021 or MS022 or reference agonist
HU-308. B-D: Values are normalised to the response of reference agonist HU-210. Binding
data are exemplary measures from 3 or more experiments. Functional data is mean + SEM
of 3 or more measurements. Assay principles are depicted in Supplementary Figure .

All compounds from the series based
on MS021 and MS022, as well as three compounds from the series based on MS009, were

was in the same range as the parent compounds.

characterised further using mini-G; and [-arrestin recruitment as well as the G;-CASE sensor

(Supplementary Tables [ST} [S§).
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Table . Structures and affinities of all compounds from the secondary screen
based on MS009, MS021 and MS022. pK; values are listed as mean + SEM for
the CByR, or as percentage inhibition + SEM (mean £ SD for the CB;R) at the
given concentration. n specifies the number of independent biological replicates.

All percentage of inhibition values can be found in Supplementary Table |S§}

CBsR CB;R
ID Structure pK; n pK;
Parent: MS009
O\
F
(e}
Z 10
H
N
MS201 N 15.34+24%@3pM 3 ND
F
K©/O
Os_N N@
GO
N
MS202 N 6.16 + 0.042pP 3 5.42 app
PO
(0]
g N
N
MS203 N 5.96 + 0.042PP 3 ND
F
O,
O N:@/U\Nj@\[:
Z N
N
MS204 N 5.77 + 0.182ppP 3 ND
F
OgNﬁHQF
N
MS205 N 354+43%@3uM 3 23.7+£1.0%Q@3pM
F
K©/O
I
N
MS206 N 41.5+6.0% Q1M 3 ND
Parent: MS021
11
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Continuation of Table |§|

CBsR CB;R
ID Structure pK; n pK;

MS401 0 7.16 £ 0.10 4 18.3+6.7%@10pM
MS402 0 8.14 £ 0.22 5 ND

MS403 0 6.04 £ 0.09 5 NB

MS404 0o 6.62 £ 0.11 4 NB

MS405 © 7.28 £ 0.13 5 18.7+55%@3uM

MS406 0 7.75 £ 0.11 4 204+£85%@3uM

o
MS407 %O

Parent: MS022

5.00 £ 0.08 #PP 5 7.7+4.7%@30pnM
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Continuation of Table |§|

CBsR CB;R
ID Structure pK; n pK; n

N

IS O
OCIHQ\N? cl
MS501 o ©/ 6.27 £+ 0.092rP 4 175+15.7%@3pM 3

MS502 8.30 £ 0.22 5 ND 2

MS503 © 712 £0.14 4 16.1+10.5%@10uM

w

7.55 £ 0.10 4 5.59 £ 0.05%PP 3

MS505 ND ND

© F

S N
WN\@E
MS506 o 6.06 £+ 0.142pP 4 14.14+6.1% @3 pM 3

NB: Not Binding. ND: Not Determined due to insufficient number of data points and assay

interference. *PP Apparent pK;; this denomination is used when the concentration-response curve
does not reach a plateau at the highest concentration and the inflection point has been determined

under the assumption that such a plateau will eventually be reached.

The compound series based on MS021 contained 7 compounds, of which 2 compounds
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had a higher or similar affinity and 5 compounds had a lower affinity compared to the parent
compound (MS021 pK;= 7.63 +0.20; Table [2). Compounds MS402 (pK;= 8.14 £0.22) and
MS406 (pK;= 7.75+0.11) displayed the highest measured CBsR affinities of the MS021
series (Figure ) Moreover, the entire series of compounds acted as partial agonists in the
functional assays (Supplementary Table . Within this compound series, MS404 was the
most and MS407 the least efficacious compound, respectively, while MS402 was the most and
MS403 the least potent compound, respectively (Figure —D; Supplementary Figure .

The compound series based on MS022 contained 6 compounds, of which 1 compound
could not be pharmacologically characterised due to assay interference. Of the remaining 5
compounds, 2 showed a higher or similar affinity, and 3 a lower affinity towards the CBsR
compared to the parent molecule (MS022 pK;= 7.70+0.10; Table [2). The 2 compounds
with the highest affinity within the MS022 series were MS502 (pK;= 8.30 £ 0.22) and MS504
(pKi= 7.55+0.10) (Figure [3]A). Remarkably, the affinity of MS502 is in a similar range to
that of the reference compound SR-144,528 (pK;= 8.43+£0.09). All compounds acted as
either weak partial agonists or antagonists at the CB,R in the functional assays (Table .
Among the compounds of this series, MS501 and MS503 had the highest efficacy, while MS504
was the most potent compound (Figure —D and Supplementary Figure , especially in
the Gjprotein activation assay using the G;-CASE sensor.

The compound series based on the antagonist/inverse agonist MS009 resulted in 1 com-
pound with a similar affinity compared to the parent (MS009 pK;= 6.54 £ 0.08; 47.0 % @ 1 nM))
and 5 compounds with lower affinities (Table ; Supplementary Figure. The 3 compounds
with the highest affinity, i.e. MS202, MS203 and MS206 were tested for inverse agonism
of Gjprotein-mediated signalling based on the parent compound properties. Indeed, all 3
compounds acted as antagonists/inverse agonists with varying potency and efficacy values
(Supplementary Table [S8 Figure [4).

Molecule poses

All of the three highest-affinity compounds MS009, MS021 and MS022, as well as their
daughter compounds, were predicted to have their aromatic moieties placed in the receptor
sub-pocket delimited by TM3, TM5 and TM6 (Figure . As known from experimental
CB2R structures, this sub-pocket is occupied by several (e.g. WIN55,212-2 or AM10257),
but not all known CByR ligands (e.g. not by classical and bicyclic cannabinoids). Located at
the edge of this sub-pocket is W258%4® which is the “toggle switch” residue involved in the
activation of CB receptors and other class A GPCRs. (19, |28, 29)) Blocking the rotational

freedom of this residue is associated with antagonism and inverse agonism. Consistent with
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Figure 3: Assay results for select compounds from the secondary docking screen. A: Com-
petition binding assay to measure compound affinity at the CBsR. B: G; protein activation
determined using the G;-CASE sensor. All shown compounds acted as partial agonists in
reference to the full agonist HU-210, except for MS502 which acted as an antagonist. C, D:
Recruitment of mini-G; (C) and B-arrestin (D) to the receptor upon ligand stimulation and
in reference to the response of the full agonist HU-210. While MS420, MS404 and MS406
acted as partial agonists, MS503 and MS504 induced only barely measurable recruitment of
mini-Gg and [-arrestin and are not shown here. Binding data are exemplary measures from
3 or more experiments. Functional data is mean + SEM of 3 or more measurements. Assay
principles are depicted in Supplementary Figure .

this hypothesis, the core ring system of antagonist/inverse agonist MS009, as well as its
daughter compounds MS201-MS206, stretched towards W258%48  similar to AM10257 in
PDB ID 5ZTY (Supplementary Figure[S9)). In contrast, partial agonists MS021 and MS022

did not extend quite as far towards W2586x48

in their predicted binding poses.

During the initial optimisation of the docking setups, it was observed that introducing
water molecules into the binding site generally improved molecule poses for the set of refer-
ence ligands, by enabling more polar interactions and better placement of aromatic moieties
to form aromatic interactions. This can also be evaluated for the compounds selected from
the primary screen. When comparing the poses of the ten binding molecules (ligands with
affinities to the CByR with pK;>5) between the original docking and the corresponding

water-free /water-containing docking, the poses improved for the majority of molecules when
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Figure 4: Measurement of inverse agonism using the G;-CASE sensor assay in antagonist
mode for MS009 and its derivatives MS202, MS203 and MS206. All compounds acted as
inverse agonists with varying potency and efficacy in comparison to the reference inverse
agonist SR-144,528. Data shown is mean + SEM of 3 or more measurements.

introducing a water molecule. Improved poses could, for example, be seen for the high-
affinity compounds MS021 and MS022, while the pose of MS009 was very similar in both
docking setups.

Generally, the introduction of a water molecule never led to a worsening of the pose,
although this observation might be skewed since the majority of molecules were picked from
docking calculations to water-containing setups. A more direct comparison can be made for
the molecules selected from the docking calculations to 6PT0 and 6PT0x20 as the respective
water-free and water-containing setups. In this case, it could be observed that the poses of
each molecule selected from one of these setups was either similar in both setups or better
in the water-containing setup, irrespective of the setup the molecule was originally picked
from.

A direct interaction with the water molecule could be observed for 48 % of the molecules
selected in the primary screen. In general, ligands seemed to be more likely to interact with
the water molecule than the non-binding or low-affinity molecules, with 70 % of binding
molecules, but only 37 % of non-binding or low-affinity molecules interacting with a water
molecule (for all molecules picked from 6PT0, the pose in 6PTOp20 was considered for this
analysis). These results point towards a positive effect on docking results and ligand hit rates
of carefully placed water molecules in the binding site. However, both the small sample size
and the variety of docking setups the molecules were chosen from should also be acknowledged
when interpreting these results.

Additional discussions of molecule poses can be found in the Supplementary Information.
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Novelty of hit compounds

To evaluate the novelty of all tested compounds and discovered ligands, the ECFP4 Tanimoto
similarity (T.) between each compound and previously reported ligands of the CBsR and
the CB1R as retrieved from ChEMBL, was calculated (Supplementary Tables and [ST1]).
Tanimoto similarities of all compounds from the primary screen to known ligands of the
CBsR ranged from 0.26 to 0.58, plus a single compound with a particularly high similarity
of 0.83 (Supplementary Figure . Of the ten compounds with a pK;>5, five had a
T.<0.40 and seven a T.<0.45 to known ligands of the CBsR, two had a T, of 0.49 and one
a T. of 0.83. Of the three compounds with the highest affinities towards the CByR, two
(MS009 and MS022) had a T. of 0.42 to ligands of the CByR. However, the third compound
(MS021) resembled a previously published compound series, which was reflected in a T.
of 0.83 and is largely based on a shared core scaffold. (30) Consequently, the compound
series based on this hit molecule (MS401-MS407) also exhibited high T. values of 0.52 to
0.96 to previously published ligands of the CByR. As this similarity was only noted after
selection and characterisation of all compounds, it does therefore not impact the conclusions
drawn here. However, the compounds from the other two high-affinity series based on MS009
and MS022 can be considered as mostly novel with T, values of 0.4 to 0.5 and of 0.35 to
0.42, respectively. In particular, the latter series holds promise for further development
with several compounds with high affinity for the CByR and low structural resemblance to
previously published ligands of either the CByR or the CB;R. The compound from this series
with the highest affinity to the CBsR, MS502, has a T, value of 0.42 to known CBsR and
CB;R ligands. For most of the tested molecules, the T, values to ligands of the CBsR and
the CB;R are in a comparable range, reflecting the overlapping molecular space of CByR

and CB;R ligands.

Hit rate

Based on the affinity of the characterised compounds, different hit rates can be defined. From
the primary screen, 3 compounds out of 29 (10 % of the 29 molecules) showed an affinity
towards the CBoR with pK;>6, 5 compounds (17 %) had a pK;>5.4 and 10 compounds
(34 %) had a pK;>5b. In addition, the hit rate can be evaluated based on the ranking lists
the compounds were selected from (Supplementary Tabl. From the ranking lists of the
original docking calculations, a total of 18 molecules were picked, of which 5 ligands (28 %)
were obtained. The remaining 11 molecules were picked from the re-ranked lists, yielding
5 ligands (45 %). Notably, hit rates comparing the different docking setups or comparing

water-containing with water-free setups were not calculated due to the small sample size for
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the individual setups. A description of the hit rates from the secondary screen can be found

in the Supplementary Information.

Docking data analysis

The molecules from the primary screen were picked from a variety of docking setups and
re-rankings. Hence, one can analyse from which ranking lists compounds were selected, how
much overlap exists between the molecule sets selected from each of the ranking lists and
whether there are specific trends for ligands with a pK;>5 versus non-binding or low affinity
molecules (Figure [f] and Supplementary Data).

We evaluated the degree of overlap between (1) water-free and corresponding water-
containing docking setups as well as (2) re-ranking and corresponding original ranking (Fig-
ure @A) In the first case, no overlap between water-containing and corresponding water-free
setups exists up to the top 1000 ranked molecules of the ranking lists, and with only 6
overlapping molecules out of 29 (21 %) in the top 5000. In the second case, the overlap
of molecules that could have been picked from both original ranking and corresponding re-
ranking (including only the re-rankings that were used in the docking screen) is, as expected,
low with 0 (top 500; 0 %), 6 (top 1000; 21 %) and 13 (top 5000; 45 %) molecules overlapping
out of the 29 molecules, respectively.

This can be compared with whether any of the picked molecules could have been found
from any other docking setup or ranking list (including re-rankings and water-free re-
dockings) based on a compound’s rank. When inspecting the top 500 molecules of all ranking
lists, only 5 molecules out of 29 (17 %) could have been found in another ranking. As ex-
pected, this number increases when considering increasing portions of the ranking lists, to
14 (top 1000; 48 %) and 20 molecules (top 5000; 69 %), respectively.

While this evaluation gives insights into the general overlap between the different ranking
lists, it can also be evaluated whether differences in overlap for the found ligands with a
pK;>5 (“ligands”), in comparison to the non-binding/low affinity molecules in the various
different ranking lists, exist (Figure [6B).

When comparing the overlap between the top 1000 ranked molecules of re-ranking list
and corresponding original ranking lists, a slightly higher value can be observed for the
ligands in comparison to the non-binding/low affinity molecules. While the overlap is 21 %
(6/29) for all picked molecules, it is 30 % (3/10) for the ligands and 16 % (3/19) for the found
non-binding/low affinity molecules. A similar trend can be observed when evaluating how
many of the molecules could have been found in the top 1000 of any of the other ranking
lists. While this overlap was 48 % (14/29) when including all of the picked molecules, this
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value is higher with 70 % (7/10) for the ligands and lower for the non-binding/low affinity
molecules with only 37 % (7/19).
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Figure 5: Predicted binding poses of the three highest-affinity hits from the primary screen.
A: Docking pose of MS009 (pink) in docking setup 5ZTY amsa1- B: Docking pose of MS021
(gold) in docking setup 6PTOpso. C: Docking pose of MS022 (olive) in docking setup
6PTO0x20. On the left, a side view of the CByR with the respective ligand in the orthosteric
binding site is shown. The red arrow indicates the view point for the right panel. For all
three ligands, the placed water molecule is involved in a polar interaction with the ligand,
as indicated by an orange line. TM numbers (roman numerals) and names of important
residues in the binding site are labelled. Pale yellow ovals indicate the receptor sub-pocket
spanned by TM3, TM5 and TM6. Note that TM6 and TMT7 are partially hidden in the right
panel to allow a better view on the ligand.
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Figure 6: Venn diagrams indicating the overlap between different ranking lists. A: Compar-
ison whether any of the molecules selected in the primary screen would have been found in
another ranking list for the top 500, 5000 or 1000 ranked molecules. B: Same as in A, but
considering only ligands with a pK;>5 (top) or non-binding/low affinity molecules (bottom)
for the top 1000 ranked molecules. The compared ranking lists are water-containing and cor-
responding water-free setup (left); re-ranking and corresponding original rankings (middle;
considering only re-rankings used during the docking screen); original ranking and any other
ranking list (right; inlcuding water-free re-dockings). Numbers above the circle indicate how
many molecules were selected from a respective ranking list. Numbers in the intersection
of the circles indicate the number of individual molecules that was found in both compared
sets of ranking lists. The sequence of the lines in panel A is intentional, to allow a more
direct comparison with panel B.
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Recommendations for future GPCR docking screens

In this study, we used different docking setups, based on a variety of CByR structures, to
retrieve diverse — and a potentially higher number of — ligands targeting this receptor.

When comparing the ranks of the selected molecules between the different docking setups,
it turned out that the overlap between the lists of top-ranked molecules is smaller than might
initially have been expected. This confirms that small variations in the binding pocket of a
protein, such as the insertion of a water molecule or the use of a slightly different conformation
(e.g. an inactive versus an active receptor conformation), can influence docking results quite
drastically.

Overall, ligands were more likely to appear in the top ranks of two or more ranking
lists compared to non-binding or low-affinity molecules. Putting this observation to use,
one could compare ranking lists after docking the same molecular library to two different
docking setups of the same receptor to enrich ligands. This can also be achieved with a
‘dual’ re-ranking to combine two ranking lists in order to enrich molecules ranking highly in
both lists. We observed that one is more likely to find a ligand than a non-binding molecule
in the top ranks of both re-ranking and corresponding single ranking lists and, moreover,
re-ranking improved chances to find ligands from a docking screen.

The prediction of potential water binding sites has been used as a strategy to make
the hydrophobic binding site of the CBsR more “dockable”, i.e. more suitable for successful
docking screens. We note that the predicted and selected water sites within the CBsR binding
site overlap with previous suggestions for the CB{R. (26},|27)) Water molecules, when present,
had a positive impact on docking poses in general, but more so for ligands than non-binders.
Hence, we suggest that the introduction of water molecules to a hydrophobic binding site
can be a helpful strategy to improve docking calculations both in terms of pose quality and
enrichment, which has also been described previously (e.g. ref. (51))).

Application of these concepts for the CB3R led to a hit rate of 34% (including all ligands
with a pK;>5), which is in the upper range for docking screens to GPCRs. (32 Furthermore,
three of the discovered ligands have high affinities to the CBsR with pK;>6. Especially the
ligand series based on MS022 holds promise, revealing several ligands with low similarity
to previously described ligands of the CB3R and high affinities in the same range as of
SR-144,528.

Moreover, it is notable that antagonist/inverse agonist MS009 was picked from the dock-
ing calculation to a CByR structure in an inactive conformation, and partial agonists MS021
and MS022 were picked from docking calculations of the receptor in active conformations.
This aligns with previous studies where ligands with certain efficacy values were derived

from GPCR structures in corresponding conformations in docking screens. (3, |33, |34)) We
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note that such a one-to-one relationship of receptor conformation and ligand efficacy is not
always the case, however. (35]) Still, when available, considering receptor conformations
corresponding to different activation states can enhance the variety of ligands in terms of
efficacy.

All in all, these results and comparisons exemplify that (1) the usage of several different
docking setups — for example using different receptor structures, introducing water molecules
into the binding site or using different template ligands for docking calculations — can aid
in finding a wider variety of ligands; (2) comparing the ranking lists resulting from these
different docking setups and favouring molecules that are ranked well in more than one of
them improves enrichment of ligands in the top ranks; and (3) using predicted water sites to
introduce water molecules into the binding site can improve docking results, especially when

dealing with hydrophobic binding sites.
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Methods

In stlico methods

Structure preparation. Three structures of the CBsR with PDB IDs 5ZTY, (36) 6PT0 (37)
and 6KPF (38]) were prepared for docking. Missing protein side chains were modelled using
the Dunbrack rotamer library in UCSF Chimera. (39, |40)) For the water-free docking setups,
the structures were protonated and positions of hydrogen atoms and all modelled side chains
were energy-minimised using the CHARMm22 force field (41]) prior to further preparation
for DOCK as described below.

To explore the binding site of structure 5ZTY (defined by all residues within 8 A distance
of the ligand) a library of small fragments was docked using SEED (Solvation Energy for
Exhaustive Docking; v.3.3.4). (42) The docking poses of methanol and ethanol were then
visually inspected to identify polar hot spots in the binding site. For each of the selected
structures (PDB IDs 5ZTY, 6PT0 and 6KPF), water binding sites were predicted using
MOE’s Solvent Analysis tool (which is based on the three-dimensional reference interaction
site model (3D-RISM) (43); Molecular Operating Environment (MOE), 2019.01, Chemical
Computing Group ULC, Montreal, Canada, 2020.) as well as OpenEye SZMAP(SZMAP
1.6.7.3. OpenEye, Cadence Molecular Sciences, Santa Fe, NM. http://www.eyesopen.com.
(2013)). Water sites were selected based on the following: (1) favourable predicted energies;
(2) their location within the binding site and in proximity to potential binding ligands and;
(3) common predictions from both prediction tools. Furthermore, the selected water sites in
structure 5ZTY were used as a reference to guide the selection of water sites in the other two
structures. The structures were then prepared with water molecules in the selected water
sites. The protein, as well as the ligands and water molecules, were protonated at pH 6-8.
All hydrogen atoms, modelled side chains and water molecules together with the ligands and
nearby residues in the binding site were minimised using the CHARMm22 force field.

All minimised structures were then prepared for DOCKS3.7 by generating grids and
spheres. In DOCK, the spheres are used to translate and rotate molecules in the binding
pocket and were in some cases moved manually to optimise docking results. Furthermore, in
the case of structure 5ZTY, a truncated version of ligand AM841 from the CB;R structure
with PDB ID 5XR8 (|44)) was used as an alternative template ligand for sphere generation,
by placing it in the CB5R binding site by aligning structures 5ZTY and 5XRS8 and copying
the respective ligand.

Selection of docking setups. To select among the diverse docking setups including
water molecules in the different predicted sites, a set of 33 known CBsR ligands (including

the ligands from the experimental structures), were docked to each of the prepared structures
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using DOCK3.7. (4/5)) Poses were evaluated visually based on polar and apolar interactions
and overall ligand orientation. Finally, docking setups yielding the highest amount of accept-
able poses were selected for docking screens. Five setups thus remained for further docking
calculations: 5ZTYpeo (Water molecule close to S285738) 5ZTY ansa1 (alternative template
ligand truncated-AM841 and a water molecule close to residue S28573%) 6PT0 (no water),
6PT0m20 (water molecule close to S285™3%) and 6KPFyao (two water molecules close to
S285™38 and L182FCM2  respectively).

Docking screens and molecule selection. The docking screens were conducted as
described previously, and more details can be found in the Supplementary Information. Infor-

mation on compound rank comparison can also be found in the Supplementary Information.

Materials

Reagents used in cell culture and molecular biology are listed in Supplementary Table
and all reference compounds in Supplementary Table [ST4]
All tested compounds selected from the docking screens were purchased from Enamine

or MolPort with >90% purity. A list of identifiers, vendors and smiles can be found in

Supplementary Tables and [S16]

Experimental methods

Cell culture and cell line production. A complete description of cell culture methods,
cell membrane preparations and compound testing protocols is described in the Supplemen-
tary Information. Cell lines were established according to a protocol elsewhere. (40).

Determination of affinity constants (K;). The affinity of CByR-specific ligands was
determined using competition binding assays conducted in white 384-well Optiplate plates,
using Hanks Balanced Salt Solution (HBSS) assay buffer (5mM HEPES, 0.5 % BSA, 0.02%
pluronic F-127 pH 7.4, and 100 pM GppNHp).

1 ng HEK293TR-expressing human CB;R or CB3R cell membrane preparations were
added to each well in the assay plate, containing increasing concentrations of test compounds
up to 30pnM, in the presence of a fixed concentration of D77 fluorescent ligand (900 nM
CB;R and 900nM CB3R), a concentration approximately 2x its K4 in 50 pL. of assay buffer
containing 2 % DMSO in a 384-well plate incubated at 37 °C with orbital mixing. The extent
of fluorescent ligand binding to the receptor was assessed at 60 min by HTRF detection.
Non-specific binding was determined as the amount of HTRF signal detected in the presence
of either SR-144,528, 10 uM or rimonabant, 10 M and was subtracted from total binding,

to calculate specific binding, meaning that t=0 was always equal to zero. Steady-state
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competition binding was obtained after incubating the plate for 60 min prior to reading the
plate.

Mini-G protein and 3-arrestin recruitment assays in CB;R-expressing cells.
CB3yR coupling to G proteins was assessed using a fluorescent G protein surrogate, venus-
mini-Gg; (vinGyg;) protein. (47) The venus-mGg; subunit is a chimeric protein consisting of
C-terminal Gy; residues grafted onto venus-mGg, which was originally engineered from the
native G, protein. The venus-mGy; is useful for studying receptor activation of the CB3R,
as unlike its wild type Gy counterpart, the resulting active-receptor complex formed is
stable and resistant to nucleotide exchange. Thus, active-state signalling is maintained if
the agonist is present.

HEK293TR-CB;R-nLuc stable cell lines expressing fluorescently-labelled miniG or [3-
arrestin protein were maintained according to the cell culture protocols outlined in the
Supplementary Information. Following a 48hr incubation after plating the cells and induc-
ing CBsR expression, the cell culture media was aspirated, and the cells were washed in
100 pL/well assay buffer (HBSS, 0.5% BSA, 5 mM HEPES). 90 uL/well assay buffer con-
taining 10 pM furimazine, was applied to each well. The plate was then sealed and incubated
for 15 min at 37 °C to allow furimazine to enter the cells. Test compounds were prepared via
serial dilutions in DMSO and then in assay buffer. Finally, 10 nL. of compounds were then
added to the plate following the initial baseline reading, and the plate was read for 30 min.

G;-CASE assay. Gi-CASE assays were performed similarly to those described in Scott-
Dennis et al. (48]) Compound profiling in the membrane-based CB;R and CBsR G;-CASE
system used a HBSS assay buffer (0.02 % pluronic F127, 0.5% BSA, 5mM HEPES), using
the reference compounds HU-210, SR-144,528 and the test compounds serially diluted in
DMSO in a Greiner 96-well plate, and transfered to the 384-well Optiplate™ (PerkinElmer).
Finally, the CB3R membrane preparations expressing the Gi-CASE biosensor were diluted
in assay buffer containing 50 ptM furimazine, before adding to the assay plate at 5pg/well
and reading for 1hr.

Signal Detection and Data Analysis. All pharmacological assays were performed
on a PHERAstar FSX (BMG Labtech, Offenburg, Germany). For TR-FRET assays, the
terbium donor was excited with four laser flashes at a wavelength of 337nm. TR-FRET
signals were then collected at 520nm (acceptor) and 620 nm (donor surrogate), when using
the green NBD-containing fluorescent ligand D77. (46]) TR-FRET ratios were obtained by
dividing the acceptor signal by the donor signal and multiplying this value by 10000. Data
from the TR-FRET assays was fitted using GraphPad Prism 9.2 to the one-site competition
binding model (Equation 2) to calculate 1Csq values, which were converted to K; values by

applying the Cheng-Prusoff correction (see Supplementary Information).
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The miniG or B-arrestin recruitment assays were carried out at 37 °C, and included three
BRET cycles to obtain a baseline reading before adding the test compounds to the plate.
Gi-CASE membrane assays were carried out at 28 °C using a BRET1 plus module (535-
30LP/475-30BP). The vehicle control was assay buffer containing 10 % DMSO (1% final),
and all responses were normalised to the maximal response produced by either HU-210 or
HU-308 depending on the CB receptor. Assay data were processed in Microsoft Excel and
analysed in GraphPad PRISM 9.2 (GraphPad Software, San Diego, USA).

A complete description of data analysis and handling methods is provided in the Supple-

mentary Information.
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