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Methods

Molecular Dynamics

The substitutions from the crystal structures were reverted to the wild-type version dur-
ing the initial protein preparation. The reverted point mutations included: Gly78Leu,
Thr127Ala, Thr153Leu, Arg242Glu, Gly304Glu for PDB ID: 5ZTY and Gly78Leu, Thr127Ala,
Thr153Leu, Gly210Ala, Arg242Glu, Gly304Glu for PDB ID: 6KPC.

The MD simulations were conducted in GROMACS 2018.8.! Firstly, we performed steepest-
descent energy minimization with 10,000 steps. Then, we conducted six phases of equili-
bration with different parameters and variable constraints. Steps 1 and 2 included NVT
ensemble with Berendsen thermostat, ¢ = 1 ns, and At = 0.001 ps. Temperature was set to
310.15 K. Step 3 consisted of NPT ensemble with Berendsen thermostat, Berendsen pressure
coupling, ¢t = 5 ns, and At = 0.001 ps. Steps 4-6 consisted of NPT ensembles with Berendsen
thermostat, Berendsen pressure coupling, ¢t = 5 ns, and At = 0.002 ps. MD production was
conducted using Nose-Hoover thermostat, Parrinello-Rahman pressure coupling, ¢t = 1 us,
and At = 0.002 ps.

Obtained trajectories were clustered using gmx cluster with gromos algorithm.? Cluster-
ing was based on heavy atoms of amino acids within 5 A of ligands in PDB IDs: 5ZTY,
6KPC and 6PT0. The specific amino acid numbers: 25, 86, 87, 90, 91, 94, 95, 106, 109-111,
113, 114, 117, 164, 165, 168, 180-184, 186, 190, 191, 194, 195, 198, 258, 261, 262, 265, 281,
282, 285, 288.

Additionally, we conduced replica simulations for all five original MD production runs.
We utilized the same starting points for both original runs and replicas (independent runs
beginning with the state derived from a single equilibration process). We analyzed the
replica runs similarly to the original simulations. We calculated root-mean-square deviation
(RMSD) of CB2 C, atoms as well as RMSD of heavy atoms of the ligands in the case of

three CB2-ligand simulations. Moreover, for both original runs and replicas, we calculated
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RMSD of the heavy atoms of selected binding site residues (amino acids specified above).
All RMSD calculations were performed after superposition on CB2 C, atoms. We compared
average RMSD values for the original and replica simulations in Table S4 and showed the
similarities of the trajectories using RMSD vs time plots (Figures S3-S5).

The original and replica production runs exhibited only expected, slight differences across
the trajectories. Importantly, the small differences were visible mainly in C, RMSD (due to
peripheral, flexible regions of CB2, e.g. intracellular loop 3), whereas the trajectories exhib-
ited very high similarities in binding site residue RMSD or ligand RMSD. This proves the
significance of the original MD simulations and their suitability for the clustering performed

to obtain a larger number of CB2 binding site conformations for the docking validation.
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Table S1: CB2 ligands with K; <100 nM toward human CB2 used for pharmacophores’
validation.

Name/ID Structural formula K; (nM) Reference

AM-10257 0.08 3

AM-12033 0.37 :
AM-1241 7.1 5
AM-630 31.2 6
AM-841 1.51 7

BAY 59-3074 )j 45.5 s

Cannabinol O i 96.3 9
CP-55,940 0.79 10
GW-405,833 Q Q 3.92 1
HU-210 0.22 5
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HU-308

JWH-015

JWH-133

JWH-151

MDMB-Fubinaca

Nabilone

SR-144,528

WIN 55,212-2

A-8-THC

A-9-THC

22.7

35

3.4

30

0.1228

17.6

2.6

5.36

25

32.2

12

13

14

15

16

17

18

19
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Table S2: Selected best pharmacophores.

. Feature Max. no. of True .
PDB IDs Superposition combination omitted descriptors EFig  EFsy positives Hits
6KPC — - 5 15.3 5 13 326
6KPC - - 6 15.3 5 18 715
6PTO — - 2 30.6 6 10 346
6PTO — — 3 30.6 6 19 810
6KPC, 6PTO features shared 0 15.3 4 19 598
6KPC, 6PTO ref. points merged 9 25.5 9 15 339
6KPC, 6KPF features shared 0 25.5 10 15 386
6KPC, 6KPF ref. points shared 0 25.5 9 14 329
5ZTY, 6KPC, 6PTO ref. points merged 14 25.5 7 15 313
52TY, 6KPC, 6PT0 ref. points merged 15 25.5 7 16 501
6KPC, 6KPF, 6PTO ref. points merged 10 20.4 10 13 130
6KPC, 6KPF, 6PTO ref. points merged 11 20.4 10 17 604
5ZTY, 6KPC, 6KPF, 6PT0 ref. points merged 14 25.5 8 11 328
5ZTY, 6KPC, 6KPF, 6PTO0 ref. points merged 15 25.5 8 13 513
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Table S3: CB2 ligands with K; <100 nM toward human CB2 used for pharmacophores’
confirmatory validation.

Name/ID Structural formula K; (nM) Reference
/
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Figure S1: Receiver operating characteristic curve from the validation of the pharmacophore
used for screening. (A) Validation performed using standard active test set (Table S1). (B)
Confirmatory validation with modified active set (Table S3).
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Figure S2: RMSD plots of protein C, atoms (A) and ligands’ heavy atoms (B) from MD
simulations. RMSD computed after superposition on C, atoms.
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Table S4: Comparison of average RMSD (A) + SD for the original MD runs and replicas.
RMSD computed after superposition on protein C, atoms.

PDB ID Protein (C, atoms)  Binding site (heavy atoms) Ligand (heavy atoms)
Original run Replica Original run Replica Original run Replica
5ZTY 3.56 +£ 0.58 291 £0.32 1.38 £0.12 1.75 £ 0.16 1.43 £ 037 1.50 £ 0.35
6KPC 3.54 £0.66 4.50 +0.66 1.36 £ 0.17 1.53 £ 0.24 091 +£0.22 1.00 + 0.23
6PTO 267 £0.46 2.82+ 067 147+0.18 1.46 £ 0.17 1.07 £ 0.20 1.07 £ 0.26
Apo-5ZTY 280+ 0.39 3.76 £0.39 2.61 £ 0.47 2.77 £ 0.29 - -
Apo-6PTO 3.01 £0.78 3.13£0.86 1.89 +0.20 2.26 + 0.46 - -
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Figure S3: RMSD plots of protein C, atoms from the original MD simulations and from
replicas. RMSD computed after superposition on C, atoms.
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Figure S4: RMSD plots of heavy atoms of the selected binding site residues from the original
MD simulations and from replicas. RMSD computed after superposition on C, atoms.
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Figure S5: RMSD plots of ligand heavy
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atoms from the original MD simulations and from

replicas. RMSD computed after superposition on C, atoms.

Table S5: RMSD (A) of ligands’ heavy atoms from cross-docking.

Protein
. PDB 1D 52TY 6KPC 6KPF 6PTO

Ligand

PDB ID
5ZTY 1.49 8.52 8.29 3.17
6KPC 1.04 0.69 1.42 8.66
6KPF 1.57 1.03 0.97 8.48
6PTO 2.89 3.19 7.56 2.00
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Table S6: CB2 ligands with different K; values used as test compounds in docking and
MM-GBSA validation.

Name/ID Structural formula K; (nM) Reference
2-AG 1400 29
Ajulemic acid 170.5 13
AM-10257 0.08 3
AM-12033 0.37 4
AM-1241 7.1 5
AM-2233 9.2 7
AM-251 110 30

AM-281 @ 4870 "

AM-4056 (HU-243) 2.14 7

AM-630 (S - 31.2 6
[/\N/\/N 4

AM-7528 N LT oA 317 8



AM-841

Anandamide

BAY 59-3074

Cannabichromanone B

Cannabidiol

Cannabidivarin

Cannabigerol

Cannabinol

Cannabiripsol

CP-55,940

GW-405,833

HU-210

S-14

1.51

180

45.5

4371

4582

3970

2919

96.3

2143

0.79

3.92

0.22

31

32

32

32

32

32

10

11



Ibipinabant (SLV319)

JWH-015

JWH-133

JWH-213

JWH-241

L-759,633

MDMB-Fubinaca

Methanandamide

Nabilone

NNEI

Rimonabant

SR-144,528

C/N,N /
a cl

Hoo NN
N J
al
L0

S-15

7943

35

3.4

0.42

49

6.4

0.1228

220

17.6

45.29

313

0.6

33

12

13

34

34

15

35

16

15

36



Surinabant

WIN 55,212-2

A-8-THC

A-9-
tetrahydrocannabinolic

acid

A-9-THC

442

5.36

25

1650

32.2

37

17

18

32

19
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Table S7: CB2 ligands with different K; values used as
MM-GBSA confirmatory validation.

test compounds in docking and

Name/ID Structural formula

K; (nM) Reference
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MDMB-Fubinaca

Methanandamide

NNEI

Rimonabant
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Table S8: Thresholds used for specific stages of the virtual screening procedure.

Stage Threshold
Pharmacophore screening Pharmacophore-Fit function value > 60
Preliminary docking (5ZTY) Docking score < —9
Docking (5ZTY, 6KPC, 6PT0) Docking score < —10
MM-GBSA (5ZTY, 6KPC, 6PT0) AGyng < —80 kecal/mol (5ZTY, 6KPC) or < —90 kcal/mol (6PTO)
Physichemical filtration Lipinski’s and Vebers’s rules, logP > 3
QSAR Predicted K; < 1000 nM

Table S9: Statistical parameters of the prepared QSAR models.

Model code Score R? Q2 SD RMSE
kpls molprint2D 40 0.5264 0.6432 0.5696 0.7046 0.7733
kpls dendritic 8 0.5127 0.8228 0.6322 0.4965 0.7135
kpls molprint2D 15 0.5102 0.5485 0.5244 0.7919 0.8129
kpls molprint2D 22 0.5084 0.7526 0.5990 0.5879 0.7448
kpls linear 31 0.5076 0.8186 0.6275 0.5021 0.7186
kpls dendritic_ 40 0.5047 0.7880 0.6131 0.5426 0.7332
kpls dendritic 31 0.5031 0.7885 0.6113 0.5421 0.7341
kpls_radial 40 0.5025 0.6851 0.5696 0.6617 0.7733
kpls linear 8 0.5012 0.8465 0.6347 0.4622 0.7111
kpls dendritic 37 0.5005 0.6705 0.5619 0.6763 0.7796
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Figure S6: Selected scatter plots from docking and MM-GBSA validation. (A) Docking
score—pK; correlation from test docking to PDB ID: 5ZTY. (B, C) Correlation of pK; and
best docking score (B) or MM-GBSA binding energy (C) after docking to PDB IDs: 5ZTY
and 6KPC and 6PT0 MD-derived model. (D-F) Scatter plots from confirmatory validation
of the aforementioned combinations of methods and CB2 models, conducted using modified
test set (Table S6).
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Figure S8: Histograms of computed logP and PSA of CB2 ligands with K; < 100 nM
deposited in ChEMBL.
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Figure S9: Structural formulas of the compounds selected for the in vitro assay.
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Table S10: Calculated physicochemical properties of the compounds selected for the in vitro
assay.

ID MW (g/mol) LogP HBD HBA PSA (A%?) No. rot. bonds

AS-1 AT7.55 4.2 1 8 106.9 )
AS-2 461.90 4.3 1 8 109.7 6
AS-3 430.46 3.8 0 8 70.6 )
AS-4 418.49 5.8 0 4 99.1 3
AS-5 465.55 4.6 0 8 58.4 4
AS-6 431.47 4.7 0 6 100.0 )
AS-7 441.53 4.1 0 8 67.4 9
AS-8 433.53 3.8 1 7 83.9 6
AS-9 453.88 5.2 0 5 94.2 )
AS-10 419.91 5.2 1 6 66.2 7
AS-11 433.50 4.0 2 8 103.8 )
AS-12 384.48 5.3 1 3 25.95 4
AS-13 457.46 4.5 1 8 120.9 )
AS-14 437.89 3.5 1 8 98.9 7
AS-15 438.53 5.0 0 7 63.6 )
AS-16 461.52 4.4 1 8 86.6 4

Table S11: Results of the K; determination with [*H|CP-55,940 displacement assay.

ID ZINC ID pK; £ SEM K; (1M, 95% CI)
AS-1 ZINC000009043923 no activity no activity

AS-2 ZINC000010433568 no activity no activity

AS-3 ZINC000012442653 no activity no activity

AS-4 ZINC000013691866 no activity no activity

AS-5 ZINC000013893769 6.68 + 0.10 0.21 (0.13-0.35)
AS-6 ZINC000020066886 no activity no activity

AS-7 ZINC000020414208 7.18 4+ 0.07 0.065 (0.047-0.090)
AS-8*  ZINCO000021727012 5.2 £+ 0.09 6.37 (4.1-9.9)

AS-9 ZINC000022535815 5.68 + 0.36 2.1 (0.3-12.2)
AS-10  ZINC000025665877 4.74 + 0.10 17.9 (10.9-29.4)
AS-11  ZINC000032952152 no activity no activity

AS-12  ZINCO000036615775 no activity no activity

AS-13  ZINC000059352726 no activity no activity

AS-14  ZINC000090610158 no activity no activity

AS-15%  ZINCO000306134726 no activity no activity

AS-16* ZINC000825148912 no activity no activity

WIN 55,212-2 (reference)

8.05 = 0.06

0.0088 (0.0065-0.012)

¢ Racemic mixture; ® trifluoroacetic acid salt.
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Figure S10: (A) Radioligand displacement curves for AS-8 and AS-9, along with a reference
compound WIN 55,212-2. (B) Inhibition of CP-55,940-stimulated [**S]|GTP~S at the CB2
receptor by the compounds at 10 uM. Results were expressed as mean percent of basal
[**S]GTP~S binding in the presence of 100 nM CP-55,940 as stimulating ligand. AM-630
served as a reference CB2 antagonist. Basal binding was set to 100% and is represented by
the dotted line. Data was collected from three separate experiments and analyzed with the
two-tailed t test. Statistical significance was depicted as follows: ** p < 0.01; *** p < 0.001.

Table S12: Different QSAR models’ prediction of pK; of the screening compounds tested in
vitro and known potent CB2 ligands well-placed in virtual screening.

ID /Name All models Top 5 models (Q?) kpls linear 8 kpls molprint2D 40
AS-1 6.4 6.7 6.8 5.0
AS-2 6.1 6.5 6.2 5.7
AS-3 6.5 6.8 6.9 5.9
AS-4 6.5 6.4 6.4 6.5
AS-5 7.3 7.1 7.1 7.6
AS-6 6.5 6.5 6.5 6.7
AS-7 6.7 6.9 6.9 6.8
AS-8 6.3 6.6 6.7 5.8
AS-9 6.2 6.4 6.3 6.5
AS-10 6.2 6.3 6.2 6.1
AS-11 6.4 6.6 6.5 6.8
AS-12 6.6 6.7 6.6 6.3
AS-13 6.4 6.4 6.2 6.6
AS-14 6.1 6.5 6.5 4.7
AS-15 6.7 6.7 6.7 6.5
AS-16 74 7.1 7.1 8.0

WIN 55.212-2 8.4 8.3 8.3 9.2
MN-25 8.0 8.1 8.0 7.8
MN-25 2-methyl derivative® 7.3 7.3 7.3 6.8

@ ZINC000013519818.
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Figure S11: Docking results for AS-7-1. (A) AS-7-1 structural formula. (B-D) Putative
binding modes of AS-7-1 (magenta) compared to AS-7 (green) docked to CB2 models based
on PDB IDs: 5ZTY (B), 6KPC (C), and 6PT0 MD-derived structure (D).

Table S13: Docking, MM-GBSA and QSAR results for AS-7-1.

5ZTY 6KPC 6PTO Pred. Pred.
Docking AGbind DOCkiIlg AGbind DOCkiIlg AGbind pKi pKi SD
score  (kcal/mol)  score (kcal/mol) score (kcal/mol)
-9.9 —74.4 —7.5 —52.1 —10.2 —-92.6 6.7 0.4

Table S14: Average computed physicochemical properties of CB2 ligands with K; < 100 nM
deposited in ChEMBL.

Property Value

MW (g/mol) 421.10
logP 5.3
HBD 0.6
HBA 5.2
PSA (A?) 61.5

No. of rotatable bonds 6.6
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Figure S12: Putative binding modes of AS-8 and AS-9. (A-C) AS-8 (green) docked to CB2
models based on PDB IDs: 5ZTY (A), 6KPC (B), and 6PT0 MD-derived structure (C).
(D-F) AS-9 (green) docked to CB2 models based on PDB IDs: 5ZTY (D), 6KPC (E), and
6PT0 MD-derived structure (F). Teal dashed line—n—7 interaction, green dashed line—m—
cation interaction.
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Abbreviations Used

[¥3S|GTP~S, [*°S| guanosine 5'-[y-thio|triphosphate; CB2, cannabinoid receptor type 2; CI,

confidence interval; EF, enrichment factor; HBA, (number of) hydrogen bond acceptor(s);

HBD, (number of) hydrogen bond donor(s); ICsg, half maximal inhibitory concentration; Kj,

inhibition constant; MD, molecular dynamics; MM—-GBSA, molecular mechanics—generalized

Born surface area; MW, molecular weight; PDB, Protein Data Bank; PSA, polar surface

area; QSAR, quantitative structure—activity relationship; RMSD, root-mean-square devia-

tion;

RMSE, root-mean-square error; SD, standard deviation; SEM, standard error of mea-

surement; SP, standard precision.
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