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ABSTRACT

The discovery of selective agonists of cannabinoid receptor 2 (CB:) is strongly pursued to
successfully tuning endocannabinoid signaling for therapeutic purposes. However, the design of
selective CB2 agonists is still challenging because of the high homology with the cannabinoid
receptor 1 (CB1) and for the yet unclear molecular basis of the agonist/antagonist switch. Here, the
1,3-benzoxazine scaffold is presented as a versatile chemotype for the design of CB> agonists from
which 25 derivatives were synthesized. Among these, compound 7b5 (CB2 ECso = 110 nM, CB;
ECso > 10 uM) demonstrated to impair proliferation of triple negative breast cancer BT549 cells
and to attenuate the release of pro-inflammatory cytokines in a CBa-dependent manner.
Furthermore, 7bS abrogated the activation of extracellular signal-regulated kinase (ERK) 1/2, a key
pro-inflammatory and oncogenic enzyme. Finally, molecular dynamics studies suggested a new

rationale for the in vitro measured selectivity and for the observed agonist behavior.
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INTRODUCTION

Cannabinoid receptors 1 and 2 (CB; and CB») are G protein-coupled receptors discovered more

1= as molecular targets of A’-tetrahydrocannabinol (A°-THC), the main

than 30 years ago
psychoactive component of Cannabis sativa *. Since its discovery, CB, has been recognized as an
important pharmacological target for several pathological conditions affecting either the central
nervous system (CNS) >, where it is highly present, or peripheral districts, where it is equally

78 Nevertheless, research aimed at identifying selective CB; agonists/antagonists for

active
therapeutic purposes has suffered a sudden halt due to the severe psychomimetic side effects °. At
the same time, intensive investigations on CB> have witnessed a strong acceleration, especially
thanks to the development of more sophisticated methods demonstrating that this receptor is not
exclusively expressed in immune cells and organs, as originally assumed '°, but is also present in
heart !!, gastrointestinal tract !, endothelium '3, kidney '* , adipose tissue !° , skin '® and bones!” .
Importantly, it is now acknowledged that CB: is also expressed in the brain, where it regulates not
only the activity of microglia '* but also that of astrocytes and neurons !°-22, The rational design of
selective CB> agonists as therapeutic tools for multiple pathological conditions opens new
opportunities, especially for the lack of psychotropic effects associated with receptor activation. For
example, CB: targeting is a promising strategy for the management of inflammatory degenerative
musculoskeletal diseases, such as osteoarthritis 2, and of pathologies characterized by impairment
of bone remodeling, including coeliac disease-related bone loss * as well as breast cancer-induced
bone resorption ?°. Consistent with a significant gain of expression in human cancer biopsies, CB

also correlates with tumor aggressiveness and poor prognosis 2628

and its pharmacological
modulation may result in anti-tumor effects, including inhibition of proliferation, induction of cell
death, and decrease in angiogenesis and metastasis 262831, Additionally, CB, counteracts the self-

sustaining cycle of neuroinflammation and/or neurodegeneration usually associated with

neurodegenerative pathologies. Accordingly, CB; activation has been proved to dampen microglial-
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mediated inflammation, while CB:> genetic ablation leads to exacerbation of pro-inflammatory

microglial behaviors %3

. Likewise, pharmacological CB: stimulation displayed protective effects
against a plethora of neurodegenerative diseases, such as Alzheimer’s disease (by reducing
amyloid-B overload, promoting neurogenesis, and ameliorating cognitive impairment) 3373,
Parkinson’s disease (by reducing astrocyte and microglia activation, macrophage infiltration and

) 37,38

neuron death , multiple sclerosis (by reducing axonal loss, microglia activation, and motor

) 41 and amyotrophic lateral sclerosis (by slowing motoneuron degeneration and gliosis)

paralysis
42744 Finally, CB; targeting has even a therapeutic potential for the treatment of neuropathic pain.
For instance, its activation has been recently found to efficaciously attenuate nociceptive
transmission from primary afferent nerves to the spinal cord #°, thereby making CB: an attractive
therapeutic target for the management of pain of various types and origins. Its broad
pharmacological spectrum has thus prompted the design of several CB: selective agonists. For
instance, the structure of the endogenous ligand tetrahydrocannabinol was used as starting point for
the design of HU-308, JWH-133%7 and JBT-101%%, Agonists with indole-based scaffold such as
JWH-015% and AM-1241%* were also conceived. Furthermore, a novel chemotype based on 1-(4-
(pyridin-2-yl)benzyl)imidazolidine-2,4-dione core®® was successful for the discovery of selective
CB: agonists such as LEI-101°! and the recently published LEI-102 2. Nonetheless, a small number
of selective CB2 agonists such as S-777496% and JBT-101* reached the phase II human trials*,

but none of them has been yet approved for therapeutic purposes. The chemical structures of the

above-mentioned compounds are reported in Figure 1.
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Figure 1. Chemical structures of CB: selective agonists.

In the present study, we developed a drug design platform by integrating modeling studies,
synthesis and biochemical characterization, to identify novel selective CB> agonists. Starting from
previous research work developed by C4T (Colosseum Combinatorial Chemistry Centre for
Technology) within a medicinal chemistry program focused on novel CB modulators, our attention
was mostly engaged by the benzoxazine core, an interesting privileged scaffold provided with a
wide spectrum of desirable biological responses including anti-inflammatory, anti-bacterial, anti-
fungal, anti-tuberculosis, anti-oxidant and anti-cancer activities **. Structurally, the benzoxazine is a
double-ring system containing a benzene fused with a six-member heterocycle incorporating one
oxygen and one nitrogen atom, whose positions can result in three different constitutional isomers,
namely 1,3-, 3,1-, and 1-4-benzoxazines. Here, we focused our efforts on the 1,3-benzoxazine

nucleus, a versatile structure with multiple modification sites suitable for the synthesis of a
6
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medium-size focused library.>>¢ In particular, in light of its synthetic accessibility and its presence
in several biologically active compounds,’’” we started our campaign from the 2,3-dihydro-4H-
benzo[e][1,3]oxazin-4-one scaffold. Thus, we designed and synthesized a panel of 25 compounds 8
that were tested in competitive binding and functional assays toward human CB; and CB,.
Satisfactorily, many of these compounds displayed not only potent CB> agonist properties, with
ECso in the mid-nanomolar to low-micromolar range (110 nM - 3 uM), but also selectivity against
CBi. The most potent compound 7b5 was in vitro assessed for its anti-proliferative and anti-
inflammatory activities. Finally, molecular dynamics (MD) studies allowed rationalizing, at an
atomic level, the selective agonism of 7b5 towards CB», paving the way to the rational design of

novel potent and specific modulators of this receptor.

RESULTS AND DISCUSSION
Design
CO ¥ C
@) O H CH, NC\/\/\F‘J

X W Rs |
©\/“1 RG@\J; \Zl(l\/)_g 0O 2y /N\ﬂ/\fj

Figure 2. Schematic representation of the designed 2,3-dihydro-4H-benzo[e][1,3]oxazin-4-one
derivatives. Color code: green for the X linker, cyan for the R; and R, substituents, brown and

violet for the R3 and R4 groups, respectively.
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To the best of our knowledge, compounds featuring the 2,3-dihydro-4H-benzo[e][1,3]oxazin-4-one
scaffold (Figure 2) have never been explicitly related to cannabinoid effects. This was even proven
by a screening of the ChEMBL (release 31, update on 12/07/2022) *°, which returned 360
compounds with molecular weight and logP ranging from 203.24 to 640.58 and from -0.02 to 5.97
(as shown in Figure S1 and Figure S2 of Supporting Information), respectively. Altogether, these
compounds were experimentally related to 115 biological targets, irrespective of the species, not
including the cannabinoid receptors (as reported in File Sl.csv enclosed as Supporting
Information). Here, with the aim of obtaining potential CB> agonists we decorated the 2,3-dihydro-
4H-benzo[e][1,3]oxazin-4-one scaffold with a variety of substituents at positions 2, 3 and 7 (Figure

46,47.4951.52  we introduced

2). More specifically, inspired by previous knowledge in the field**
functional moieties able to modulate the geometrical and lipophilic properties of the resulting
compounds.>*® Obviously, the design strategy was also driven by practical considerations such as
feasibility, patentability, commercial availability and economic efforts. In this perspective: i) spiro-
cyclic motifs (cyclohexyl or tetrahydropyranyl) or methyl groups were introduced at the 2 position;
i1) the nitrogen at the 3 position was functionalized either with a methyl or with variously decorated
benzyl groups; iii) and finally the position 7 was substituted either with oxymethylene or with

oxysulfonyl bridges joined to alkyl, aromatic, or heteroaromatic substituents. Accordingly, a small

library of 25 derivatives was synthesized and biologically evaluated.
Chemistry

The synthesis of our novel 2,3-dihydro-4H-benzo[e][1,3]oxazin-4-one derivatives was
accomplished as depicted in Schemes 1-2. The target compounds were obtained from three main
scaffolds (4a-c) synthesized from the 2,4-dihydroxybenzoic acid (1) in three steps by a common

1

strategy,’! as shown in Scheme 1. The carboxylic acid was converted into the corresponding

primary amide (3) after esterification in methanol under acid catalysis and treatment of the ester (2)

8
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with aqueous ammonia solution under microwave irradiation. Although the aqueous solution led to
the formation of a mixture of target amide and carboxylic acid, the desired intermediate was
conveniently isolated in good yields by a simple work up and the acid recovered separately.
Cyclization was performed under acid catalysis using the suitable ketone as solvent for each
reaction. For cyclohexanone and acetone, the corresponding methylketals were added to promote

the reaction.

a R1=R; methyl
—_— b R4=R; cyclohexyl
HO ¢ R4=R; tetrahydropyranyl

1 4a-b-c

Scheme 1. Synthesis of the three different di-substituted 1,3-benzoxazin-4-one scaffolds.

Reagents and conditions:

i) a. MeoHary, 0°C, SOCl; b. Reflux, 4h;
ii) NHs aq. 33%, MW (250W), 1-2h;
iii) R1/R2 ketone or acetal as solvent, NMP, 60°C;
The different di-substituted scaffolds (4a, Ri=R,= methyl; 4b, Ri1=R>= cyclohexyl; 4¢, Ri=R,= 4-

tetrahydropyranyl) were then converted into the final compounds by applying two main synthetic

approaches, based on the different order of introduction of R3 and R4 substituents (Scheme 2).



1a 5a1-7 2a
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2b
a: Ry=R, methyl N/R3 ;2::;2
b: R;=R, cyclohexyl /\/R1
HO O

c: R1=Ry 4-tetrahydropyranyl R
X: SO, or CH, 2
160 6b-c
161

162  Scheme 2. Overall synthetic strategy for the synthesis of the 25 2,3-dihydro-4H-

163 benzo[e][1,3]oxazin-4-one derivatives.

164  Reagents and conditions:

165  1a) DMF, K2COs 3 eq, R4-XCl 2 eq, on rt;
166 2a)NaH 2.2 eq, DMF; R3Br 1.5 eq10hs rt;
167 1b) i) MOMCI 2eq, K2CO:s 3 eq, DMF, 10h, rt; ii) NaH 2.2 eq, DMF; BzBr 1.5 eq10hs rt iii) 6N HCI/MeOH, rt, on;

168  2b) DMF, K2COs 3 eq, R4-SO:Cl 2eq, on rt.

169

170  The approach a) was applied for those derivatives of scaffolds 4a and 4b that displayed a high
171  variability on both R3 and R4 substituents. In this strategy, ethers and sulfonic esters (5a-b) were
172 obtained by adding the different alkyl bromides or sulfonyl chlorides, respectively, to scaffolds 4a-
173 b, in DMF with potassium carbonate. Structural description of the synthesized intermediates is
174 detailed in Table S1 of the Supporting Information. Most compounds were used as crudes in the
175  subsequent reaction, except for two of the synthesized intermediates that were purified and enclosed
176  in the set of final compounds for in vitro screening (5a2, Sb1 in Table 1). The N-alkylation of the
177  obtained ethers and sulfonic esters was performed using sodium hydride and the different
178  commercially available alkyl halides, providing derivatives 7al-8 and 7b1-5 detailed in Table S3

179  section A of the Supporting Information.
10
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A set of compounds sharing the R3 benzylamine substituent and the sulfonyl moiety at the position

X (Figure 2) were synthesized according to the approach b), either for scaffold 4b or 4bc. In this

case, the 7-hydroxy group was protected with methoxymethyl ether (MOM) for the selective N-

alkylation, introducing the R3 benzyl group, then deprotection of MOM afforded intermediates 6b-¢

that were reacted with target sulfonyl chlorides to provide the desired R4 substitution (derivatives

7b5-12 and 7¢1-3 in Table S3 section B of the Supporting Information).

Compound 7b5 was synthesized according to both strategies to compare yields and overall

feasibility, also in the view of future scale up. A detailed structural description of the 25 derivatives

is shown in Table S3 of the Supporting Information.

Table 1. CB: and CB; pECso experimental values of 2,3-dihydro-4H-benzo[e][1,3]oxazin-4-one

derivatives obtained from [**S]GTPyS binding assay

O
: <R
I:‘4/)( O o R12

pECso  pECso

D R R; R; Ry X
CB?* CB*

5a2 CH; CH; H 1-naphthyl SO -
5b1 cyclohexyl H 2’-NO2-CsH4 SOz 5.67+0.32 < 5%
7al CHs CHs 4’-F-C¢Has-CHa 4’-OCF3-CsHa CH> -
Ta2 CHs CHs CHs 1-naphthyl SO, 5.53+0.25 5.14+0.28
7a3 CH; CH; 4’-F-Ce¢Hs -CH2 4’-CH;-C6Ha SO, 6.71+0.29 <5%*
7a4 CHs CH; CsHs-CH> (CHs); C(O) CH> -
7as CHs CHs CH; 4’-(C6H4-0O)-CeHa SO -
7a6 CHs CHs N(CH;)C(O)CH: 4’-Br-CsHa SO -
7a7 CH; CH; 4’-(CH3)2CH-CsHs-CH> 3’-OCH3-CsHa CHz -
7a8 CHs CHs 4’-F-C¢Has-CHa 3’-OCH3-C6Ha CH> -
7b1 cyclohexyl 4’-(CH;)2CH-CgHs-CHa 3’-OCH3-CeHa SOz -
7b2 cyclohexyl CN-(CHz)a 3’-OCH3-CeHa SO2 6.11+0.19 < 5%
7b3 cyclohexyl 4’-CN-CsHs-CH2 3-(1-CHs-1H-pyrazolyl) SOz 6.43+0.12 < 5%

11
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199

200

201

202

203

204

205

206

7b4 cyclohexyl 4’-CN-C¢H4-CH> 4’-OCF3-CsHs CH: - -

7b5 cyclohexyl C¢Hs-CHz 2-thienyl SOz 6.97 +£0.20 <5
7b6 cyclohexyl CsHs-CHz 4’-(4-Cl-CgHa)-CsH4 SOz - -
7b7 cyclohexyl CeHs-CHz 3’-CN-CeH4 SO2 6.45+£0.18 <5
7b8 cyclohexyl CeHs-CHz 4’-OCH3-C6Ha SO» 5.83+0.16 <5
7b9 cyclohexyl C¢Hs-CHz 4’-CN-CHa SOz 6.54+0.12 <5
7b10 cyclohexyl C¢Hs-CHz 4-(1-CH;-1H-imidazolyl) SOz 6.00+0.15 <5
7b11 cyclohexyl CeHs-CHz CeHs-CHa SO» 6.12+£0.10 <5
7b12 cyclohexyl CeHs-CHz 3’-OCH3-CsHa SO2 6.38 £0.09 <5
[\ 4-tetrahydro-pyranyl C¢Hs-CHz 3’-NO2-CeHa SOz 6.69+0.17 <5
Tc2 4-tetrahydro-pyranyl C¢Hs-CHz 6-(1,4-benzodioxan) SO2 - -
7c3 4-tetrahydro-pyranyl C¢Hs-CHz 4’-NO2-CsH4 SOz - -
1 uM JWH-015 (reference CB2 agonist) 233 +14° -
1 uM ACEA (reference CB1 agonist) 241+ 18°

2Mean + SEM of 3 independent experiments performed in quintuplicate; ® percentage of stimulation; *indicates inverse agonist at

CB..

Biological Studies

We first evaluated the binding affinity of all the newly synthetized compounds towards CB», based
on a high-throughput screening radioligand binding assay standardized in our laboratories.®? To this
aim, commercially available membranes overexpressing human CB; were used for assessing the
ability of each compound (at 0.1 pM) to compete with [*H]CP55,940 for binding to CB,. In this
assay, all the compounds displayed a residual activity below the cutoff (< 80%). After that, all the
molecules were tested in the [*S]GTPyS binding assay at 10 and 100 uM concentrations, to
establish their activity profile as agonist, antagonist or inverse agonist. This approach allowed
identifying 13 agonists. By the same assay, these agonists were analysed, at increasing (0 - 100 pM)
concentrations, for their efficacy at CB2; the molecules displayed ECso values ranging from 110 nM
to 3 uM (i.e., 5.53 <pECso< 6.97) as shown in Table 1. Binding selectivity for CB, over CB; was
assessed only for molecules showing a clear agonistic behaviour. Among these agonists, 7b5 turned
out to be the most potent compound, showing a ECso value of 110 nM (i.e., pECso = 6.97) for CB»

(Figure S3 of Supporting Information) and a remarkable selectivity compared to CB; (ECso > 10

12
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uM). Therefore, we prioritized this compound to evaluate its biological activity. Since it has been
previously described that pharmacological activation of CB: triggers antitumor responses in
preclinical models of breast cancer,®® we analysed the effect of 7b5 on breast tumour cells in terms
of proliferation and clonogenic potential. As demonstrated by MTT assay, 7b5 significantly
impaired the proliferating capacity of triple-negative breast cancer BT549 cells (Figure 3a). The
inhibitory effect was already evident after 24 h incubation with 1 and 10 uM of 7b5, and after 72 h
at all tested concentrations, and was dose-dependent (Figure 3a). Of interest, the same effect was
produced in two additional breast cancer cell lines, the triple negative MDA-MB-231 and HER2-
positive HCC1954 breast cancer cells, while the viability of normal epithelial MCF-10A breast cells
remained unaltered (Figure S4 of the Supporting Information), thus suggesting that 7b5 selectively
targets cancer cells without affecting normal cells. Based on these results, we chose to use 10 uM
7b5 for the subsequent experiments. 7b5 also strongly and significantly inhibited the capacity of
breast cancer cells to survive and undergo unlimited division. Indeed, as assessed by colony
forming unit (CFU) assay, BT549 cells grown in the presence of 7b5 displayed a decreased number

of colonies (75.4% reduction) with respect to vehicle-treated cells (Figure 3b).

Superimposable data were obtained when we evaluated BT549 cell response to the CB: reference
agonist JWH-015. Indeed, as assessed by CFU experiments, this selective CB> agonist, used at 0.1
uM produced an almost identical decrease in cell proliferation (Figure S5 of the Supporting
Information) and colony formation capacity observed with 7bS (Figure 3b). The selected
concentration of JWH-015 was chosen on the basis of its Ki values for CB> and CB; (13.8 and 383
nM, respectively)®* and our MTT results (Figure S5 of the Supporting Information). Collectively,
these data indirectly suggested that both 7bS and JWH-015 may act through the same receptor. To
get a more direct and solid proof of our hypothesis and, simultaneously, to rule out the involvement
of CB; and other related receptors, especially those previously associated with breast cancer, such

as GPRI8 and GPR55%77 | we finally performed MTT assays in BT549 cells transiently

13
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transfected with a commercially available siRNA targeting CNR2 (the CB> encoding gene) or with a
scramble oligo (Figure S6 of the Supporting Information and Figure 3c). CNR2 silencing
completely prevented the inhibitory action of both 7bS and JWH-015 (Figure 3c), thus confirming
the involvement of CB: in the anti-cancer effects of the newly synthesized compound. As additional
readout to evaluate the potential of our selected 1,3-benzoxazine derivative, we tested its anti-
inflammatory potential, by measuring release of interleukin-6 (IL-6) and tumor necrosis factor
(TNF)-a from BT549 cells. Indeed, it is well established that chronic inflammation within the tumor
microenvironment correlates with increased invasiveness and poor prognosis of several
malignancies, including breast cancer. ® Moreover, such a pro-inflammatory milieu is further
potentiated by cancer cells able to release a huge amount of pro-inflammatory mediators, such as
IL-6 and TNF-a.®>7! As shown in Figure 3d, 48-hour incubation with 10 pM 7b5 drastically
attenuated IL-6 and TNF-a secretion: in fact, the medium derived from 7bS5 treated cells contained
approximately less than 50% and 70% of TNF-a and IL-6, respectively, with respect to medium
from vehicle-treated cells. The anti-inflammatory activity depended on CB», as 7b5 effect was
significantly reversed by CNR2 siRNA (Figure 3d). Inflammation and cancer share common
molecular routes, among which extracellular signal-regulated kinase (ERK) 1/2 cascade represents
one of the most important oncogenic drivers of human cancer.”? As this signalling is also counted
among alternative CB, coupled effector pathways,>”® we tested whether 7b5 dependent activation
of CB2 might control ERK 1/2 activity. As shown in Figure 3e, 7b5 downregulated ERK 1/2
phosphorylation in a biphasic time-dependent fashion: amounts of phosphorylated ERK slowed
down to about 30% of vehicle-treated cells within five minutes, and then returned to nearly basal
levels in the next five minutes to drastically decrease thereafter. Such an effect was completely
abrogated by CB: knockdown, that significantly (even though slightly) upregulated ERK 1/2

phosphorylation.

14
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Further studies are necessary to fully elucidate the exact molecular mechanism underlying 7b5/CB;-
mediated anti-oncogenic and anti-inflammatory effects; CB», indeed, may exert anti-tumor activity
through multiple mechanisms of actions, also depending on the biased CB, agonism. 2267478
Nonetheless, whatever the detailed mechanism and functional selectivity of this candidate agonist,
our preliminary results point out that 7b5 might represent an alluring lead compound for the design

of novel CB: agonists to be exploited as valuable drugs against cancer and, more generally,

inflammation-related diseases.
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Figure 3. Anti-proliferative and anti-inflammatory effects of 7bS on BT549 breast cancer
cells. a) MTT assay performed on BT549 cells treated with either vehicle (0) or 7bS at indicated
concentrations, for 24, 48 and 72 hours. Values are reported as percentage of relative vehicle,
arbitrarily set to 100%. Data represent the mean + SEM of three experiments, each repeated at least
in quintuplicate. *p < 0.05, ** p <0.01 and *** p <0.001 vs vehicle. b) Colony forming unit (CFU)
assay performed with BT549 cells grown for at least 14 days, in the presence of either vehicle or 10
uM 7b5 or 0.1 uM JWH-015. Photographs are representative of three independent experiments,

each repeated at least in triplicate. Histogram shows the colony number reported as percentage of
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vehicle-treated cells, arbitrarily set to 100% (absolute colony number = 123.67 + 5.32). Data are
shown as mean = SEM. *** p < 0.001 vs vehicle. ¢c) MTT assay performed on BT549 cells
transiently transfected with either scramble oligo (Scr) or CNR2 siRNA and treated with either
vehicle or 10 uM 7b5 or 0.1 uM JWHO-15, for 24 hours. d) Measurement of TNF-a and IL-6 levels
in medium from BT549 cells left untransfected or transfected with either scramble oligo (Scr) or
CNR?2 siRNA and treated with either vehicle (-) or 10 uM 7b5 for 48 hours incubation. Cytokines
content was evaluated by the means of ELISA assay. Results are expressed as percentage of
vehicle-treated cells set to 100% (absolute value for TNF-a and IL-6 levels: 6.5 + 0.2 pg/mL culture
medium and 6413.3 £ 235.6 pg/mL culture medium, respectively). Values are the means + SEM of
three independent experiments, each performed in triplicate. ** p <0.01 vs relative vehicle-treated
cells. e) Dose-response curve of ERK 1/2 phosphorylation in BT549 cells left untransfected or
transfected with either scramble oligo (Scr) or CNR2 siRNA and incubated at 37°C, in the absence
(-) or in the presence of 10 uM 7b5, for the indicated periods of time. Phosphorylated ERK 1-2 (p-
ERK 1-2) and ERK 1-2 were detected by Western blot analysis. Blots are representative of three
independent experiments. Histograms (lower panel) show the densitometric analysis of p-ERK 1-2
expression levels normalized to the levels of ERK 1/2 and reported as percentage of relative control

arbitrarily set to 100 %. * p <0.05 and ** p <0.001 vs relative vehicle-treated cells.

Structure Activity Relationships

The activity data reported in Table 1 disclose preliminary but intriguing structure activity
relationships, which can be very helpful to elucidate the molecular bases of the CB: potency,
efficacy and selectivity of our newly synthesized derivatives. First of all, the presence of the
sulfonyl group at the X position seems crucial to afford effective CB, agonists: in fact, its
replacement with a methylene linker affords inactive compounds (7al, 7a4, 7a7, 7a8, and 7b4).

This is presumably due to the peculiar spatial properties of the sulfonyl group (i.e. tetrahedral
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geometry), which may allow the ligand to assume a conformation competent for binding to the
receptor. The introduction of either two methyl groups or a spirocyclic system (spiro-cyclohexyl or
4-tetrahydro-pyranyl ring) at positions R; and R» is well tolerated; in particular, the presence of a
spiro-cyclohexyl ring (compounds 7b1-12) seems to be particularly favorable, likely due to an
overall increase in lipophilicity. Similarly, the functionalization of the nitrogen at the position 3 on
the 1,3-benzoxazine ring with a benzyl group (7b5-12) is desirable to obtain derivatives with good
CB: potency and selectivity. The size of the substituents at the R4 position is very relevant for
tuning the activity: generally, aromatic five-member rings are preferred to enhance binding and
selectivity (7b5, 7b10); however, para-substituted phenyl ring with a small group, such as methyl
(7a3), or even better with a small and electron withdrawing group, such as cyano (7b9), can be
important for tuning CB: selectivity. On the other hand, the activity and, to a lesser extent,
selectivity of meta-substituted phenyl ring depends on the size of the substituents, with the
following activity trend: CN (7b7) > NO: (7¢1) > OCHj3 (7b12). Finally, the insertion of bulkier

(7a2) or even worse, longer substituents (7b6) is detrimental for both affinity and selectivity.

Computational Studies

To elucidate the binding mode of our newly developed CB: agonists, we performed extensive

molecular modeling studies on 7b5, the most promising ligand of the series.
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Figure 4. a) Top scored docking pose of 7b5 at the CB: binding pocket. The receptor is shown as
grey cartoons, whereas the binding site residues are highlighted as sticks. The ligand is depicted as
green sticks. Blue and red dotted lines indicate n-n contacts and hydrogen bonds, respectively. b)
Superimposition of the top scored docking pose of 7bS with the cognate crystal CB> agonist

structure (cyan sticks).

First, molecular docking simulations of this compound were carried out with Glide in the Extra
Precision (XP) mode (please see Experimental section for details)” in the recently solved crystal
structure of the agonist-bound form of CB, (PDB ID: 6KPC).® In the top scored docking pose
(Figure 4a), 7bS binds in a bent conformation at the CB; orthosteric site, where it can form a dense
network of aromatic interactions. In detail: 1) the 1,3-benzoxazine core is sandwiched between
F87237 and F183%-34; ii) the thienyl moiety is trapped between the side-chains of F183%% and
W19454; and iii) the benzyl group can establish a m-m interaction with F942¢4  Additional
hydrophobic contacts are then established by the cyclohexyl and 1,3-benzoxazine moieties with the
side-chains of 1110°*% and V113*3, and of V2615°!, respectively, which can further stabilize the
binding mode. Besides these lipophilic interactions, the carbonyl group of 7bS can form a H-bond
with S2857%°, which has been reported as important for the binding of CB, agonists.’>#% On the

other hand, in line with its agonist profile, 7b5 is unable to engage the toggle switch residue
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W258%48 which is in fact generally involved in direct interactions with CB, antagonists. Indeed,
these are usually endowed with bulky aromatic groups able to form T-shape interactions with the
indole ring of the tryptophan residue®!. Notably, as shown in Figure 4b, the top scored docking pose
of 7b5 is well superimposed with the cognate crystal CB> agonist structure, which confirms the
robustness of our docking results. Interestingly, a comparable binding mode and interaction scheme
involving hydrophobic residues such as F87237, F94264 1110°2°, V11332, and W194°* were also
depicted for well-known CB: selective agonists like HU-308 in a recently released CB: cryo-EM
structure. >

Nevertheless, to further evaluate the reliability and the energetics of the docking pose by including
full receptor flexibility and solvent effects, we carried out 3 us MD simulations on the 7b5-CB>
complex in explicit water and membrane by using GROMACS (please see Experimental section for
details).’? During the first steps of the simulation the ligand slightly rearranges to assume a
conformation (Figure 5a) that is then maintained throughout the trajectory. This can be appreciated
by looking at the ligand heavy atoms RMSD plot that is shown in Figure 5b. To get more insights
into such small changes, we evaluated the stability over time of the 7b5 and receptor contacts
depicted from docking analysis (as shown in Figure S7 of the Supporting Information). First, we
monitored the distances between the centroids of the aromatic rings involved in the aforementioned
n-T contacts, observing that the interaction with F94264 by the benzyl ring of 7b5 is tightened over
time (Figure 5c). Then, we evaluated the distance between the ligand carbonyl group and the
S285739 side-chain, noticing that the H-bond between these two moieties is weakened throughout
the simulation. This would suggest that, in future rounds of chemical optimization, structural
modification could be introduced at this position of 7b5 to further improve the ligand binding

potency.
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Figure 5. a) MD posing of 7b5 at the CB; orthosteric site. The receptor is shown as grey cartoons,
whereas binding site residues are highlighted as sticks. The ligand is depicted as green sticks. m-n
interactions are shown as dashed blue lines. b) RMSD plot of ligand heavy atoms throughout the
trajectory. Prior to calculations, trajectory frames were aligned on the C of all the helices. c) Plot

42.64

of the distance between the centroids of the F9 phenyl group and 7b5 benzyl ring along the MD

simulations.

In order to analyze, at molecular level, the agonist behavior of 7b5, we then monitored throughout
the trajectory some of the receptor structural features that have been reported elsewhere as
hallmarks of its activated state.® First, as shown in Figure 6, we evaluated the %2 torsional angle of
the toggle switch W258648 showing that this residue remains in the ‘agonist state’ (see Figure 6b)
for the whole simulation. This is probably due, as reported above, to the absence of direct
hydrophobic contacts with 7bS5, at variance with what has been described elsewhere for receptor-

8

antagonist complexes %. Moreover, we observed that the “ionic lock” between R1313*° and
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D240%3° which normally holds the receptor in the inactive state, is not formed at any time during

the simulation (Figure S8 of the Supporting Information).

200
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Figure 6. a) Zoomed in view of the agonist and antagonist states of toggle switch W258%48, which
are, respectively, colored in white and yellow. The former corresponds to the average conformation
assumed by the residue along the MD simulation, while the latter is taken from the antagonist-
bound X-ray CB; structure (PDB ID: 5ZTY) [17]. b) Plot (as blue dots) of the W258%4% 42 torsional
angle throughout the simulation. Reference values for agonist (green line) and antagonist (red line)

states were taken from 8!:83

, and are shown as green and red lines, respectively.

Interestingly, the interaction model of 7b5 with CB2 is in agreement with the observations derived
from SAR studies. Firstly, our simulations showed that the sulfonyl group is effective in inducing
the proper ligand binding geometry, although it is unable to experience specific interactions with
CB: residues. Secondly, MD studies indicated that the 2-thienyl moiety of 7b5 engaged a narrow
aromatic pocket whose room could potentially accommodate only similarly sized aromatic rings
such as mono-substituted phenyl (e.g. 7a3, 7b12 and 7cl), pyrazolyl or imidazolyl rings (e.g. 7b3
and 7b10); accordingly, the introduction of bulkier moieties such as a biphenyl (7b6) and 1,4-

benzodioxan (7¢2) is detrimental for receptor binding and/or activation. Likewise the thienyl
22



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

moiety, the ligand benzyl group is predicted to bind to a restricted hydrophobic cleft establishing

contacts with residues such as F94%64

, which are important for receptor binding and activation.
Indeed, compounds either devoid of this substituent (e.g. 5a2 and 7a6) or endowed with more
extensive moieties (7b1) generally show a drop in the binding affinity. For the sake of comparison,
7a3 and 7b9 were docked on the relaxed post-MD structure of the CB: receptor. As shown in
Figure S9 of the Supporting Information, 7a3 and 7b9 disclosed the same posing experienced by
the most active 7bS by establishing very similar hydrophobic interactions within the CB; binding
site through F872°7, F94%64 F183%-3% and W194°4 residues.

Finally, we tried to exploit our MD calculations to speculate about the molecular basis of the
selectivity of 7bS against the CB;. Since a correct overlay of the static CB crystal structure with the
ligand-bound CB: conformation taken from our MD simulation was not possible, we built a
‘dynamic homology model’ of CB; using the latter as a template, and then superimposed the two
structures. Given the high sequence identity of the two receptors at the orthosteric site, this
approach allowed us to identify possible single point substitutions supposedly responsible for bad
contacts or steric clashes with 7b5 in CB1, and would, in turn, support the lack of activity of this
ligand towards this isoform. Notably, only three mutations differentiate the binding site of the two
cannabinoid receptors; in fact, [11032°, L182%-3 and V261! in CB; are, respectively, replaced by
L19332%, 1267%-33 and L359%! in CB; (Figure 7a). Given the isomeric nature of leucine and
isoleucine residues, the 1110/L193 and L182/1267 mutations are unlikely to affect the binding of
7b5 to CBi. Conversely, as shown in Figure 7b and Figure 7c, the CB; L359%! residue, which is
bulkier than the corresponding V261%3! in CB,, could clash with the oxysulfonyl bridge of 7b5, and
might thus prevent a good tethering. These observations are in agreement with recent mutagenesis
data showing that the binding potency of other CB: selective agonists, such as HU308, is unaffected

and significantly reduced in the presence of the 11103*°L and the V261¢>!L substitutions. >
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Figure 7. a) Mutated residues within the orthosteric sites of CB; (red sticks) and CB> (grey sticks)
are shown in panel. Receptors are shown as grey cartoons. 7b5 at the (b) CB> (MD structure) and
(c) CB1 (homology model) binding pockets. Receptors are shown as grey cartoons. 7bS, CB>

V26163! and CB; L359%°! are rendered as green, gray, and red spheres, respectively

CONCLUSION

In this investigation, we designed and synthesized a small focused library of 2,3-dihydro-4H-
benzo[e][1,3]oxazin-4-one derivatives as potential CB> agonists. Notably, many of these
compounds displayed ECso values in the mid-nanomolar to low-micromolar range for human CB;
and good selectivity over the CB; receptor. In particular, compound 7b5 showed an ECso of 110 nM
(i.e., pECso = 6.97) for CB; that was much higher for CB; (ECso > 10 pM). In biological assays, this

molecule demonstrated to impair in a CBz-dependent manner the proliferation and clonogenic
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potential as well as the cytokine release activity of triple negative breast cancer BT594 cells.
Furthermore, 7bS was able to reduce the activation of extracellular signal-regulated kinase (ERK)
1/2, a key pro-inflammatory and oncogenic enzyme, highlighting the anticancer versatility of 7bS.
Thus, although already employed as privileged structure in medicinal chemistry, the 1,3-
benzoxazine scaffold has been here repurposed for the first time to design selective agonists of CB»
as potential therapeutic tools against pathologies where this receptor is dysregulated, including
neurological and fibrotic diseases, pain, osteoarthritis and cancer.®* On the other hand, the high
versatility and of the 7b5 nucleus will prompt the exploration of an off-patent chemical space in the
search of even more potent and selective novel modulators of cannabinoid receptors. In this
perspective, precious hints were provided by our MD studies, both for improving the CB» versus
CB; selectivity based on the key role played by the V261/L359%°! substitution and tuning the

agonist action based on the interplay with the toggle switch residue W258648,

EXPERIMENTAL SECTION

General Information

Reagents and solvents were purchased from commercial sources and used without further
purification. Flash chromatography was performed on E. Merck silica gel. RP purifications were
performed by using a Gilson HPLC-UV system (321/H2M pumps, UV/Vis 152, Fraction collector
2020).

'"H NMR spectra were recorded in the specified deuterated solvents on a Bruker Avance 300
spectrometer operating at 300 MHz. Chemical shifts are reported in ppm (d) from the
tetramethylsilane (TMS) resonance in the indicated solvent (TMS: d=0.0 ppm). Compound purities
and mass spectra were determined by using an LC-UV-MS platform (Gilson/ThermoFinnigan and
Agilent 1260 Series - Thermo Finnigan Mass Analayzer Thermo Surveyor MSQ and Agilent 6100

Series Single Quad LC/MS spectrometer) by means of the positive electrospray ionization
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technique (ES+) with a mobile phase of acetonitrile/water containing 0.05% trifluoroacetic acid
(TFA). In few cases negative electrospray ionization technique (ES-) with a mobile phase of
acetonitrile/water containing 0.05% ammonium formate was applied.

Based on the HPLC analysis, the purities of final compounds were all > 95%. 'H and '*C NMR
spectra of final compounds for screening were recorded on a Bruker Avance 400 MHz spectrometer
equipped with Cryo Platform PRODIGY probe. For a better evaluation of the structural assignment,
2D spectra analyses ("H-*C HSQC and HMBC) were performed for some of the final compounds.
General Procedures for Preparation of Intermediates

Methyl 2,4-dihydroxybenzoate (2)

2,4-dihydroxybenzoic acid 1 (20.0 g, 130 mmol) was dissolved in methanol (100 mL) in a 250 mL
flask, held over a flame and placed under a nitrogen atmosphere. The mixture was subjected to
agitation and cooled to 0 °C with an ice bath. Thionyl chloride (10.0 mL, 137 mmol) was added
drop by drop. After 30 minutes, the mixture was placed under reflux (65 °C) and left under agitation
for 4 hours. The mixture was dried at reduced pressure, recovered with ethyl acetate (100 mL) and
washed with aqueous NaHCO; (3 times with 10 mL), water (3 times with 10 mL) and aqueous
NaCl (3 times with 100 mL). The organic phase was dried with Na;SO4 and evaporated under
reduced pressure, obtaining methyl 2,4-dihydroxybenzoate 2 (19.3 g, yield 88%).

LC-UV purity: 98.01% (A= 220 nm), > 99% (A= 254 nm)

'"H-NMR (DMSO-d6) &: 10.73 (s, 1 H), 10.49 (s, 1 H), 7,64 (dd, J=3.2, J=8.6, 1 H), 6.39 (d, J=8.6,
1 H), 6.32 (d, J=3.2, 1 H), 3.85 (s, 3H). ES- [M-H] m/z 153.

2,4-dihydroxybenzamide (3)

Methyl 2,4-dihydroxybenzoate (2) (19.3 g, 115 mmol) was placed in a microwave reactor test-tube
together with a 33% aqueous ammonia solution (20 mL). The mixture was irradiated with
microwaves (250 W) at 120 °C for 30 minutes, then acidified with aqueous 1 N HCI and extracted

with ethyl acetate (3 times with 100 mL). The collected organic phases were washed with aqueous
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NacCl (twice with 100 mL), dried with Na,SO4 and evaporated under reduced pressure, obtaining
2,4-dihydroxybenzamide 3 (10.6 g, yield 60%).

LC-UV purity: 90.44% (A= 220 nm), 89% (A= 254 nm)

'"H-NMR (DMSO-d6) &: 13.29 (s, 1 H), 10.08 (s, 1 H), 8.11 (s, 1 H), 7,66 (d, J=8.6, 1 H), 7.59 (s, 1
H), 6.29-6.18 (m, 2 H).

ES+ [M+H]"; m/z 154.6.

7-hydroxy-2,2-dimethyl-3H-1,3-benzoxazin-4-one (4a)

2,4-dihydroxybenzamide (3) (5.0 g, 32.7 mmol) was dissolved in 40 mL of acetone together with
2,2-dimethoxypropane (40.0 mL, 325 mmol) and para-toluenesulfonic acid (catalytic), in a 250 mL
flask held over a flame and placed under a nitrogen atmosphere. The mixture was left under
agitation at room temperature for 10 hours, after which it was filtered in a Buchner funnel. The
solid obtained was washed liberally with water and dried in a stove at 40 °C under reduced
pressure, obtaining product (2) as a white solid (3.80 g, yield: 61%).

LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm)

'"H-NMR (DMSO d6) §; 8.29 (s, 1 H), 7.56 (d, J= 8.6, 1 H), 6.46 (dd, J=2.2, J=8.6, 1 H), 6.26 (d,
J=2.2, 1 H), 1 .49 (s, 6H).

ES+ [M+H]"; m/z 194.6.

7-hydroxyspiro[3H-1,3-benzoxazine-2, I'-cyclohexane]-4-one (4b)

Compound 4b was prepared according to the general procedure and isolated as a white solid in a
65% yield.

LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm)

'"H-NMR (DMSO-d6) &: 10.23 (s, 1 H), 8.28 (s, 1 H), 7.54 (d, J=8.4 Hz, 1 H), 6.46 (dd, J=8.4 Hz,
J=2.2Hz 1 H), 6.29 (d, J=2.2 Hz 1 H), 1.96 (m, 2H), 1.55 (m, 7H), 1.22 (m, 1 H).

ES+ [M+H]"; m/z 233.9.

7-hydroxyspiro[3H-1,3-benzoxazine-2,4'-tetrahydropyran]-4-one (4c)
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Compound 4¢ was prepared according to the general procedure and isolated as a white solid in a
57% yield.

LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm)

'"H-NMR (DMSO-d6) &: 10.32 (s, 1 H), 8.44 (s, 1 H), 7.58 (d, J=8.4 Hz, 1 H), 6.50 (d, J=8.4 Hz, 1
H), 6.36 (s, 1 H), 3.75-3.58 (m, 4H), 1 .54 (br s, 7H), 1 .97-1.76 (m, 4 H). ES+ [M+H]"; m/z 236.4.
General Procedures for the Preparation of compounds 5a-b (scheme 2 - step 1a)

Synthesis of sulfonylated derivatives (5a-b)

(2,2-dimethyl-4-oxo-3H-1,3-benzoxazin-7-yl) naphthalene-1-sulfonate (5a2)

1.50 g of product (4a) (7.76 mmol) was dissolved in anhydrous DMF (30 mL) in a 100 mL flask
held over a flame and placed under a nitrogen atmosphere. Potassium carbonate (1.18 g, 8.54
mmol) and 1-naphtylsulfonyl chloride (1.99 g, 8.54 mmol) were then added, and the mixture was
left under agitation for 10 hours. The mixture was then concentrated under reduced pressure,
recovered with DCM (100 mL) and washed with aqueous NaHCOs3 (3 times with 100 mL), water (3
times with 100 mL) and aqueous NaCl (3 times with 100 mL). The organic phase was dried with
NazSO4 and evaporated under reduced pressure, obtaining the intermediate (5a2) as a white solid
(2.41 g, yield 81%).

LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm)

'"H NMR (400 MHz, DMSO-d6): & 8.73 (s, 1H), 8.62 (d, J=8.7 Hz, 1H), 8.44 (d, J=8.3 Hz, 1H),
8.24-8.17 (m, 2H), 7.94-7.89 (m, 1H), 7.82-7.78 (m, 1H), 7.71-7.66 (m, 2H), 6.62 (dd, J=8.58 Hz,
J=2.2 Hz, 1H), 6.46 (d, J=2.2 Hz, 1H), 1.44 (s, 6H).

13C NMR (100 MHz, DMSO-d6): & 160.39, 156.64, 153.24, 137.20, 134.21, 132.10, 130.02,
129.75, 129.48, 128.21, 125.14, 124.37, 116.75, 115.51, 110.56, 88.92, 79.52, 27.53.

ES+ [M+H]"; m/z 384.2.

(2,2-dimethyl-4-oxo-3H-1,3-benzoxazin-7-yl) 4-methylbenzenesulfonate (5a3)
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Product (5a3) was obtained from product (4a) by following a similar procedure to that described for
product (5a2), using 4-methylbenzenesulfonyl chloride instead of 1-naphtylsulfonyl chloride.
LC-UV purity: 95% (A= 220 nm), 96% (A= 254 nm).

ES+ [M+H]*; m/z 348.2.

(2,2-dimethyl-4-oxo-3H-1,3-benzoxazin-7-yl) 4-phenoxybenzenesulfonate (5a5)

Product (5a5) was obtained from product (4a) by following a similar procedure to that described for
product (5a2), using 4-phenoxybenzenesulfonyl chloride instead of 1-naphtylsulfonyl chloride in a
72% yield.

LC-UV purity: 95% (A= 220 nm), 98% (A= 254 nm).

ES+ [M+H]*; m/z 426.93

(2,2-dimethyl-4-oxo-3H-1,3-benzoxazin-7-yl) 4-bromobenzenesulfonate (5a6)

Product (5a6) was obtained from product (4a) by following a similar procedure to that described for
product (5a2), using 4-bromobenzenesulfonyl chloride instead of 1-naphtylsulfonyl chloride in a
65% yield.

LC-UV purity: 96,83% (A= 220 nm), 96% (A= 254 nm).

ES+ [M+H]"; m/z 414.83.

(4-oxospiro[3H-1,3-benzoxazine-2,1'-cyclohexane]-7-yl) 2-nitrobenzenesulfonate (5b1)

100 mg of product (4b) (0.429 mmol) was dissolved in anhydrous DMF (2 mL) in a 5 mL Schlenk
tube, held over a flame and placed under a nitrogen atmosphere. Potassium carbonate (118 mg,
0.643 mmol) was added, and the mixture was left under agitation for 15 minutes. (2-nitro)-benzene-
sulphonyl chloride (0.643 mmol) was then added, and the mixture was left under agitation for 10
hours. Aqueous Na>xCOs3 (3 mL) was added, and the mixture was extracted with ethyl acetate (3
times with 5 mL). The organic phases were collected and washed with water (3 times with 10 mL)
and aqueous NaCl (3 times with 10 mL). The organic phase was dried with Na>SO4 and evaporated
under reduced pressure. The residue was triturated with a mixture of CH3;CN/DMF in a 1:1 ratio,

obtaining product (5b1) as a white solid (yield 34%).
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LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 5 8.81 (s, 1H), 8.21 (dd, J=8.02 Hz, J=1.08 Hz, 1H), 8.11-8.02 (m,
2H), 7.92-7.88 (m, 1H), 7.79 (d, J=8.48 Hz, 1H), 6.90 (dd, J=8.48 Hz, J=2.32 Hz, 1H), 6.79 (d,
J=2.32 Hz, 1H), 1.94 (d, J=12.89 Hz, 2H), 1.61-1.42 (m, 7H), 1.30-1.15 (m, 1H).

3C NMR (100 MHz, DMSO-d6): & 21.71, 24.47, 35.75, 89.21, 111.05, 115.98, 118.40, 125.84,
129.45, 132.17, 133.42, 137.69, 137.99, 148.72, 152.83, 156.60, 160.21.

ES+ [M+H]"; m/z 419.2.

(4-oxospiro[3H-1,3-benzoxazine-2,1'"-cyclohexane]-7-yl) 3-methoxybenzenesulfonate (5b2)

Product (5b2) was obtained from product (4b) by following a similar procedure to that described
for product (5b1), using 3-methoxybenzenesulfonyl chloride instead of (2-nitro)-benzene-sulphonyl
chloride (yield 45%).

LC-UV purity: 97% (A= 220 nm), 95% (A= 254 nm).

ES+ [M+H]"; m/z 404.2.

(4-oxospiro[3H-1,3-benzoxazine-2,1'"-cyclohexane]-7-yl) 1-methylpyrazole-3-sulfonate (5b3)
Product (5b3) was obtained from product (4b) by following a similar procedure to that described
for product (5b1), using 3-methoxybenzenesulfonyl chloride instead of (2-nitro)-benzene-sulphonyl
chloride (yield 57%).

LC-UV purity: > 99% (A= 220 nm), 92% (A= 254 nm).

ES+ [M+H]"; m/z 379.2.

3,4-dihydro-4-oxo-2H-benzo[e][1,3]oxazin-7-yl thiophene-2-sulfonate (5b5)

Product (5b5) was obtained from product (4b) by following a similar procedure to that described
for product (Sbl), using thiophene-2-sulfonyl chloride instead of (2-nitro)-benzene-sulphonyl
chloride (yield 58%).

LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm).

ES+ [M+H]*; m/z 380.98

Synthesis of alkylether derivatives (5a-b)
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2,2-dimethyl-7-[[4-(trifluoromethoxy)phenyl]methoxy]-3H-1,3-benzoxazin-4-one (5al)

Compound (4a) (100 mg, 0.518 mmol) was dissolved in anhydrous DMF (2 mL) in a 5 mL Schlenk
tube held over a flame and placed under a nitrogen atmosphere. Potassium carbonate (118 mg, 0.64
mmol) was added, and the mixture was left under agitation for 15 minutes. 4-trifluoromethylbenzyl
bromide (145 mg, 0.57 mmol) was then added, and the mixture was left under agitation for 10
hours. Aqueous NH4Cl (3 mL) was added, and the mixture was extracted with ethyl acetate (3 times
with 5 mL). The collected organic phases were washed with water (3 times with 10 mL) and
aqueous NaCl (3 times with 10 mL). The organic phase was dried with NaxSO4 and evaporated
under reduced pressure. Thus, product (5al) was obtained as a white solid (177 mg, yield 93%).
LC-UV purity: 97% (A= 220 nm), 97% (A= 254 nm).

ES+ [M+H]+; m/z 368.9.

7-(3,3-dimethyl-2-oxo-butoxy)-2,2-dimethyl-3H-1,3-benzoxazin-4-one (5a4)

Product (5a4) was obtained from product (4a) by following a similar procedure to that described for
product (5al), using 1-chloro-3,3-dimethylbutan-2-one instead of 4-trifluoromethylbenzyl bromide
in a 89% yield.

LC-UV purity: 97% (A= 220 nm), 97% (A= 254 nm).

ES+ [M+H]*; m/z 292.85.

7-[(3-methoxyphenyl)methoxy]-2,2-dimethyl-3H- 1, 3-benzoxazin-4-one (5a7)

Product (5a7) was obtained from product (4a) by following a similar procedure to that described for
product (5al), using pivaloyl chloride instead of 4-trifluoromethylbenzyl bromide in a 79% yield.
LC-UV purity: >99% (A= 220 nm), >99% (A= 254 nm).

ES+ [M+H]*; m/z 314.84.

7-[[4-(trifluoromethoxy)phenyl]methoxy]spiro[3H-1,3-benzoxazine-2, 1"-cyclohexane]-4-one (5b4)
Product (5b4) was obtained from product (4b) by following a similar procedure to that described
for product (5al), using 4-(trifluoromethoxy)benzyl bromide instead of 4-trifluoromethylbenzyl

bromide in a 88% yield.
31



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

LC-UV purity: 95% (A= 220 nm), 95% (A= 254 nm).

ES+ [M+H]*; m/z 409.08.

General Procedures for the Preparation of Compounds 6b-c¢ (scheme2 — step1b)
3-benzyl-7-hydroxy-spiro[1,3-benzoxazine-2, 1'-cyclohexane]-4-one (6b)

3.00 g of compound (4b) (12.9 mmol) were dissolved in anhydrous DMF (10 mL) in a 50 mL flask
held over a flame and placed under a nitrogen atmosphere. Potassium carbonate (5.33 g, 38.6
mmol) was then added, and after cooling the mixture to 0 °C with an ice bath,
chloromethoxymethane (MOMCI - 1.95 mL, 25.7 mmol) was added drop by drop. The mixture was
left under agitation for 10 hours at room temperature, after which it was poured into a saturated
aqueous solution of sodium carbonate (20 mL) and ice. The mixture was extracted with ethyl
acetate (3 times with 30 mL). The organic phases were collected and washed with water (3 times
with 20 mL) and aqueous NaCl (3 times with 20 mL), dried with Na;SO4 and evaporated under
reduced pressure, thus obtaining the MOM protected intermediate as a pink solid

The crude was dissolved in anhydrous DMF (100 mL) in a 250 mL flask held over a flame and
placed under a nitrogen atmosphere. The mixture, placed under agitation, was cooled to 0 °C with
an ice bath, and then sodium hydride (521 mg, 21.7 mmol) and benzyl bromide (1.9 mL, 16.3
mmol) were added. The mixture was left under agitation at room temperature for 10 hours, then
acidified with NH4Cl aq. s.s. and extracted with ethyl acetate (3 times with 20 mL). The organic
phases were collected and washed with aqueous NaCl (3 times with 20 mL), dried with Na>xSO4 and
evaporated under reduced pressure. The residue was purified with a silica column, using as an
eluent an ether mixture of petroleum/ethyl acetate at a ratio of 9:1, obtaining the MOM protected
benzyl derivative as a white solid.

Finally the intermediate dissolved in methanol (50 mL) and aqueous 6M HCI (4 mL). The mixture
was left under agitation at room temperature for 10 hours. The mixture was then concentrated under

reduced pressure, recovered with ethyl acetate (100 mL) and washed with aqueous NaCl (3 times
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with 100 mL). The organic phase was dried with Na;SO4 and evaporated under reduced pressure,
obtaining product (6b) as a white solid (3.0 g, yield 69.9%).

LC-UV purity: > 95% (A= 220 nm), > 95% (A= 254 nm).

'"H-NMR (DMSO-d6) &: 10.39 (br s, 1H), 7.65 (d, J=8.4 Hz, 1 H), 7.34-7.20 (m, 5H), 6.55 (dd,
J=8.4 Hz, J=2.2 Hz, 1 H), 6.37 (d, J=2.2 Hz, 1 H), 4.76 (s, 2H), 1.94-1.90 (m, 2H); 1.69-1.5 (m,
7H), 1.17-1.10(m 1H).

ES+ [M+H]"; m/z 323.9.

3-benzyl-7-hydroxy-spiro[1,3-benzoxazine-2,4'-tetrahydropyran]-4-one (6¢)

Product (6¢) was obtained from product (4¢) by following a similar procedure to that described for
product (6b) in a 72% yield.

LC-UV purity: > 95% (A= 220 nm), > 95% (A= 254 nm).

'"H-NMR (DMSO-d6) &: 10.42 (s, 1H), 7.68 (d, J=8.5 Hz, 1 H), 7.36-7.24 (m, 5H), 6.57 (dd, J=8.5
Hz, J=2.2 Hz, 1 H), 6.46 (d, J=2.2 Hz, 1 H), 4.76 (s, 2H), 3.73-3.68 (m, 2H), 3.60-3.54 (m, 2H),
1.99-1.83 (m, 4H).

ES+ [M+H]"; m/z 325.9.

General Procedures for the Preparation of Target Compounds 7al1-8, 7b1-5 (Scheme 2 - Step

2a)

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'-cyclohexane]-7-yl) thiophene-2-sulfonate (7b5)

Compound (5b5) (46 mg, 0.121 mmol) was dissolved in anhydrous DMF (2 mL) in a SmL Schlenk
tube held over flame and placed under nitrogen atmosphere. The mixture was cooled to 0 °C with
an ice bath and sodium hydride (3.2 mg, 0.133 mmol) and benzyl bromide (17.3 mL, 0,145 mmol).
were then added (3 mL). The mixture was left under agitation for 10 hours. Aqueous HCI IN was
added, and the mixture was extracted with ethyl acetate (3 times with 5 mL). The collected organic
phases were washed with aqueous NaCl (3 times with 5 mL). The organic phase was dried with

Na>SO4 and evaporated under reduced pressure. The obtained residue was purified by means of
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semi-preparative HPLC (eluent CH3CN 10 to 80% in H»0), obtaining product (7b5) as a waxy solid
(45.0 mg, yield 79%).

LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): § 8.24 (dd, J=5.01 Hz, J=1.18 Hz, 1H), 7.90-7.84 (m, 2H), 7.35-
7.22 (m, 6H), 6.91 (dd, J=8.61 Hz, J=2.18 Hz, 1H), 6.79 (d, J=2.18 Hz, 1H), 4.80 (s, 2H), 1.89-1.36
(m, 9H), 1.17-1.05 (m, 1H).

3C NMR (100 MHz, DMSO-d6): & 160.75, 155.15, 153.27, 139.33, 138.21, 137.44, 132.71,
129.86, 129.10, 128.92, 127.38, 127.34, 117.84, 116.61, 111.34, 93.59, 43.98, 33.43, 24.09, 22.06.
ES+ [M+H]"; m/z 470.2.

3-[(4-fluorophenyl)methyl]-2, 2-dimethyl-7-[[4-(trifluoromethoxy)phenyl]methoxy]-1,3-benzoxazin-
4-one (7al)

Product (7al) was obtained from product (5al) by following a similar procedure to that described
for product (7b5), using 4-fluorobenzenyl bromide instead of benzyl bromide (15.6 mg, yield 73%).
LC-UV purity: 98% (A= 220 nm), 98% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 3 7.76 (d, J=8.68 Hz, 1H), 7.61-7.59 (m, 2H), 7.42-7.40 (m, 2H),
7.36-7.32 (m, 2H), 7.18-7.13 (m, 2H), 6.79 (dd, J=8.64 Hz, J=2.30 Hz, 1H), 6.64 (d, J=2.30 Hz,
1H), 5.20 (s, 1H), 4.74 (s, 2H), 1.51 (s, 6H).

3C NMR (100 MHz, DMSO-d6): & 163.71, 161.49, 156.64, 148.48, 136.39, 135.87, 130.26,
129.61, 129.51, 129.43, 121.60, 115.78, 115.57, 110.74, 110.40, 102.38, 92.68, 69.20, 43.65, 25.99.
ES+ [M+H]"; m/z 477.2.

(2,2,3-trimethyl-4-oxo-1,3-benzoxazin-7-yl) naphthalene-1-sulfonate (7a2)

Product (7a2) was obtained from product (5a2) by following a similar procedure to that described
for product (7b5), using methyl iodide instead of benzyl bromide, as yellow oil (12.1 mg, yield
83%).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).
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'H NMR (400 MHz, DMSO-d6): & 8.62 (d, J=8.60 Hz, 1H), 8.44 (d, J=8.33 Hz, 1H), 8.23-8.17 (m,
2H), 7.93-7.89 (m, 1H), 7.82-7.78 (m, 1H), 7.70-7.67 (m, 2H), 6.65 (dd, J=8.57 Hz, J=2.32 Hz),
6.48 (d, J=2.20 Hz, 1H), 2.93 (s, 1H), 1.51 (s, 6H).

3C NMR (100 MHz, DMSO-d6): & 159.76, 155.50, 153.11, 137.20, 134.20, 132.10, 130.02,
130.01, 129.77, 129.72, 128.21, 127.97, 125.14, 124.36, 116.63, 115.80, 110.47, 92.79, 27.60,
25.03.

ES+ [M+H]"; m/z 399.0.

[3-[(4-fluorophenyl)methyl]-2, 2-dimethyl-4-oxo- 1,3-benzoxazin-7-yl] 4-methylbenzenesulfonate
(7a3)

Product (7a3) was obtained from product (5a3) by following a similar procedure to that described
for product (7b5), using 4-fluorobenzenyl bromide instead of benzyl bromide, as colourless oil
(25.5 mg, yield 88%).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm)

'"H NMR (400 MHz, DMSO-d6):  7.85-7.77 (m, 3H), 7.50 (d, J=7.99 Hz, 2H), 7.35-7.31 (m, 2H),
7.18-7.13 (m, 2H), 6.83 (dd, J=8.53 Hz, J=2.20 Hz, 1H), 6.69 (d, J=2.20 Hz, 1H), 4.74 (s, 2H), 2.43
(s, 3H), 1.49 (s, 6H).

3C NMR (100 MHz, DMSO-d6): & 194.61, 161.42, 146.66, 144.00, 131.47, 130.80, 129.58,
129.50, 128.81, 120.48, 115.85, 115.64, 111.17, 99.99, 93.37, 88.78, 43.91, 25.93, 21.65.

ES+ [M+H]"; m/z 457.1.
3-benzyl-7-(3,3-dimethyl-2-oxo-butoxy)-2,2-dimethyl-1,3-benzoxazin-4-one (7a4)

Product (7a4) was obtained from product (5a4) by following a similar procedure to that described
for product (7b5), as waxy solid (23.2 mg, yield 67%).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm)

'H NMR (400 MHz, DMSO-d6): 4 7.73 (d, J=8.65 Hz, 1H), 7.35-7.23 (m, 5H), 6.67 (dd, J=8.65

Hz, J=2.40 Hz, 1H), 6.51 (d, ]=2.40 Hz, 1H), 5.21 (s, 2H), 4.76 (s, 2H), 1.51 (s, 6H), 1.17 (s, 9H).
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3C NMR (100 MHz, DMSO-d6): & 209.71, 163.55, 161.45, 156.53, 139.70, 129.42, 128.91,
127.36, 110.70, 110.17, 102.16, 92.62, 88.78, 69.22, 44.32, 42.46, 26.19, 26.00.

ES+ [M+H]"; m/z 383.1.

(2,2,3-trimethyl-4-oxo-1,3-benzoxazin-7-yl) 4-phenoxybenzenesulfonate (7a5)

Product (7a5) was obtained from product (5a5) by following a similar procedure to that described
for product (7b5), using methyl iodide instead of benzyl bromide, as colourless oil (25.0 mg, yield
70%).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6):  7.88-7.84 (m, 2H), 7.78 (d, J=8.55 Hz, 1H), 7.52-7.48 (m, 2H),
7.33-7.29 (m, 1H), 7.19-7.14 (m, 4H), 6.81 (dd, J=8.52 Hz, J=2.2 Hz), 6.66 (d, J=2.20 Hz, 1H),
2.97 (s, 1H), 1.57 (s, 1H).

3C NMR (100 MHz, DMSO-d6): & 163.15, 159.92, 155.57, 154.64, 153.22, 131.65, 131.02,
129.70, 127.60, 125.97, 120.91, 118.19, 116.63, 116.33, 111.14, 92.79, 27.64, 25.11.

ES+ [M+H]"; m/z 441.1.

(2,2,3-trimethyl-4-oxo-1,3-benzoxazin-7-yl) 4-phenoxybenzenesulfonate (7a6)

Product (7a6) was obtained from product (5a6) by following a similar procedure to that described
for product (7b5), using N-(chloromethyl)-N-methyl-acetamide instead of benzyl bromide, as
colourless oil (18.0 mg, yield 65%).

LC-UV purity: 95% (A= 220 nm), 95% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): & 7.91-7.89 (m, 2H), 7.86-7.75 (m, 3H), 6.81 (dd, J=2.28 Hz,
J=8.44 Hz, 1H), 6.72 (d, J=2.28 Hz, 1H), 4.36 (s, 2H), 3.03 (s, 3H), 2.84 (s, 3H), 1.57 (s, 6H).

3C NMR (100 MHz, DMSO-d6): 167.74, 162.40, 159.63, 155.87, 153.09, 133.52, 130.75, 130.07,
129.77,117.04, 116.34, 111.28, 93.09, 43.63, 36.35, 35.76, 25.79.

ES+ [M+H]"; m/z 498.1.
3-[(4-isopropylphenyl)methyl]-7-[(3-methoxyphenyl)methoxy]-2,2-dimethyl- 1,3-benzoxazin-4-one

(7a7)
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Product (7a7) was obtained from product (5a7) by following a similar procedure to that described
for product (7bS), using 1-(bromomethyl)-4-isopropylbenzene instead of benzyl bromide, as
colourless oil (12.0 mg, yield 38%).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 8 7.75 (d, 8.67 Hz, 1H), 7.32 (t, J=8.04 Hz, 1H), 7.22-7.11 (m,
4H), 7.03-7.01 (m, 2H), 6.93-6.90 (m, 1H), 6.77 (dd, J=2.34 Hz, J=8.66 Hz, 1H), 6.61 (d, J=2.34
Hz, 1H), 5.14 (s, 2H), 4.70 (s, 2H), 3.76 (s, 3H), 2.85 (sept, J=6.90 Hz, 1H), 1.15 (s, 6H), 1.18 (d,
J=6.90 Hz, 6H).

3C NMR (100 MHz, DMSO-d6): § 23.92, 25.99, 43.64, 55.54, 56.02, 70.01, 92.66, 102.36, 110.45,
110.61, 113.80, 113.92, 115.56, 115.78, 120.35, 129.42, 129.50, 129.55, 130.11, 138.41, 156.61,
159.82, 161.51, 163.87.

ES+ [M+H]"; m/z 447.2.

3-[(4-fluorophenyl)methyl]-7-[ (3-methoxyphenyl)methoxy]-2,2-dimethyl-1,3-benzoxazin-4-one
(7a8)

Product (7a8) was obtained from product (5a7) by following a similar procedure to that described
for product (7b5), using 4-fluorobenzenyl bromide instead of benzyl bromide, as colourless oil
(26.3 mg, yield 77%).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 3 7.75 (d, J=8.67 Hz, 1H), 7.36-7.30 (m, 3H), 7.18-7.13 (m, 2H),
7.03-7.01 (m, 2H), 6.93-6.90 (m, 1H), 6.78 (dd, J=8.64 Hz, J=2.33 Hz, 1H), 6.61 (d, J=2.30 Hz,
1H), 5.14 (s, 2H), 4.73 (s, 2H), 3.76 (s, 3H), 1.51 (s, 6H).

3C NMR (100 MHz, DMSO-d6): & 163.87, 161.51, 159.82, 156.61, 138.41, 130.11, 129.55,
129.50, 129.42, 120.35, 115.78, 115.56, 113.92, 113.80, 110.61, 110.45, 102.36, 92.66, 70.01,
55.54, 43.64, 25.99.

ES+ [M+H]"; m/z 423.1.
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[3-[(4-isopropylphenyl)methyl]-4-oxo-spiro[1,3-benzoxazine-2,1'-cyclohexane]-7-yl] 3-
methoxybenzenesulfonate (7b1)

Product (7b1) was obtained from product (5b2) by following a similar procedure to that described
for product (7b5), using 1-(bromomethyl)-4-isopropylbenzene instead of benzyl bromide, as waxy
solid (28.0 mg, yield 77%).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): $ 7.85 (d, J=8.46 Hz, 1H), 7.58 (t, J=8.08 Hz, 1H), 7.45-7.38 (m,
2H), 7.34-7.33 (m, 1H), 7.18 (s, 4H), 6.91 (dd, J=2.22 Hz, J=8.52 Hz, 1H), 6.79 (d, J=2.22 Hz, 1H),
4.74 (s, 2H), 3.83 (s, 2H), 2.84 (sept, J=6.68 Hz, 1H), 1.87-1.69 (m, 4H), 1.54-1.40 (m, 5H), 1.23-
1.14 (m, 7H).

3C NMR (100 MHz, DMSO-d6): & 160.70, 160.13, 155.09, 153.26, 147.39, 136.66, 135.31,
131.55, 129.80, 127.26, 126.78, 121.92, 120.94, 117.66, 116.60, 113.11, 111.34, 93.54, 56.33,
43.75, 33.48, 33.40, 24.34, 24.09, 22.04.

ES+ [M+H]"; m/z 537.3.

[3-(4-cyanobutyl)-4-oxo-spiro[1,3-benzoxazine-2, 1 -cyclohexane]-7-yl] 3-methoxybenzenesulfonate
(7b2)

Product (7b2) was obtained from product (5b2) by following a similar procedure to that described
for product (7b5), using 5-bromopentanenitrile instead of benzyl bromide, as waxy solid (19.6 mg,
yield 63%).

LC-UV purity: 96% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6):  7.77 (d, J=8.55 Hz, 1H), 7.58 (t, J=8.15 Hz, 1H), 7.43-7.37 (m,
2H), 7.32-7.31 (m, 1H), 6.86 (dd, J=2.20 Hz, J=8.50 Hz, 1H), 6.75 (d, J=2.20 Hz, 1H), 3.82 (s, 3H),
3.49 (t, J=7.60 Hz, 2H), 2.54 (t, J=6.65 Hz, 2H), 2.00-1.97 (m, 2H), 1.83-1.75 (m, 2H), 1.67-1.42

(m, 9H), 1.30-1.19 (m, 1H).
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3C NMR (100 MHz, DMSO-d6): § 16.21, 21.92, 22.5, 24.12, 29.03, 33.33, 40.32, 56.43, 93.52,
111.07, 112.91, 116.17, 120.57, 121.27, 121.85, 129.37, 131.35, 131.42, 135.54, 153.52, 153.81,
155.04, 150.21.

ES+ [M+H]"; m/z 486.2.

[3-[(4-cyanophenyl)methyl]-4-oxo-spiro[ 1,3-benzoxazine-2,1'-cyclohexane]-7-yl] 1-
methylpyrazole-3-sulfonate (7b3)

Product (7b3) was obtained from product (5b3) by following a similar procedure to that described
for product (7b5), using 4-(bromomethyl)benzonitrile instead of benzyl bromide, as waxy solid
(27.1 mg, yield 81%).

LC-UV purity: 98% (A= 220 nm), 99% (A= 254 nm).

'H NMR (400 MHz, DMSO-d6): 8 8.05 (d, J=2.30 Hz, 1H), 7.87-7.79 (m, 3H), 7.46 (d, J=8.29,
2H), 6.93-6.88 (m, 3H), 4.89 (s, 2H), 3.99 (s, 3H), 1.88-1.44 (m, 9H), 1.24-1.11 (m, 1H).

3C NMR (100 MHz, DMSO-d6): & 21.94, 23.99, 33.07, 40.25, 43.80, 93.50, 109.31, 111.06,
116.42, 119.10, 121.86, 123.82, 128.11, 129.80, 132.93, 134.50, 144.12, 145.71, 154.73, 158.47,
161.11.

ES+ [M+H]"; m/z 494.2.
4-[[4-ox0-7-[[4-(trifluoromethoxy)phenyl]methoxy]spiro[1,3-benzoxazine-2,1'-cyclohexane]-3-
vl]methyl]benzonitrile(7b4)

Product (7b4) was obtained from product (5b4) by following a similar procedure to that described
for product (7b5), using 4-(bromomethyl)benzonitrile instead of benzyl bromide, as waxy solid
(41.2 mg, yield 72%).

LC-UV purity: 98% (A= 220 nm), 99% (A= 254 nm)

'"H NMR (400 MHz, DMSO-d6): 4 7.81-7.75 (m, 3H), 7.58-7.46 (m, 5H), 7.36-7.34 (m, 1H), 6.81
(dd, J=8.54 Hz, J=2.42 Hz, 1H), 6.75 (d, J=2.33 Hz, 1H), 5.26 (s, 2H), 4.87 (s, 2H), 1.92-1.89 (m,

2H), 1.75-1.54 (m, 7H), 1.22-1.15 (m, 1H).
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13C NMR (100 MHz, DMSO-d6): & 163.62, 161.67, 156.04, 148.93, 145.84, 139.73, 132.86,
131.02, 129.49, 128.15, 127.18, 120.93, 120.51, 119.30, 111.39, 110.62, 110.05, 102.71, 93.01,
69.13, 43.63, 33.34, 24.17, 22.12.

ES+ [M+H]"; m/z 523.2.

General Procedures for the Preparation of Target Compounds 7b5-12 and 7¢1-3 (scheme 2 —
step 2b)

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'-cyclohexane]-7-yl) 4-methoxybenzenesulfonate (7b8)
Product (6b) (70 mg, 0.22 mmol) was dissolved in anhydrous DMF (2 mL) in a 5 mL Schlenk tube
held over a flame and placed under a nitrogen atmosphere. Potassium carbonate (61 mg, 0.44
mmol) was added and the mixture was left under agitation for 15 minutes. p-methoxybenzene-
sulfonyl chloride (91 mg, 0.44 mmol) was then added and the mixture was left under agitation for
10 hours. A saturated solution of aqueous NaxCOs3 (3 mL) was added and the mixture was extracted
with ethyl acetate (3 times with 5 mL). The organic phases were collected and washed with water (3
times with 10 mL) and aqueous NaCl (3 times with 10 mL). The organic phase was dried with
NaxSO4 and evaporated under reduced pressure. The obtained residue was purified by means of
semi-preparative HPLC (eluent CH3CN 10 to 80% in H»0), obtaining product (7b8) as a yellow
solid (10.7 mg, yield 44% ).

LC-UV purity: > 99% (A= 220 nm), 93% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): & 7.85-7.79 (m, 3H), 7.34-7.24 (m, 5H), 7.18-7.15 (m, 2H), 6.87
(dd,, J=2.20 Hz, J=8.51 Hz, 1H), 6.73 (d, J=2.20 Hz, 1H), 4.79 (s, 2H), 3.86 (s, 3H), 1.86-1.83 (m,
2H), 1.73-1.65 (m, 2H), 1.57-1.36 (m, 5H), 1.16-1.10 (m, 1H).

13C NMR (100 MHz, DMSO-d6): & 22.08, 24.04, 33.42, 43.81, 56.12, 92.70, 111.52, 115.55,
116.68, 116.81, 117.49, 125.80, 127.47, 128.84, 129.80, 130.92, 131.17, 139.20, 154.63, 160.60,
165.10.

ES+ [M+Na]*; m/z 516.0.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'-cyclohexane]-7-yl) thiophene-2-sulfonate (7b5)
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Product (7b5) was obtained from product (6b) by following a similar procedure to that described
for product (7b8), using 2-thiophenesulfonyl chloride instead of p-methoxybenzene-sulfonyl
chloride (13.4 mg, yield 61%).

LC-UV purity: > 99% (A= 220 nm), > 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): § 8.24 (dd, J=5.01 Hz, J=1.18 Hz, 1H), 7.90-7.84 (m, 2H), 7.35-
7.22 (m, 6H), 6.91 (dd, J=8.61 Hz, J=2.18 Hz, 1H), 6.79 (d, J=2.18 Hz, 1H), 4.80 (s, 2H), 1.89-1.36
(m, 9H), 1.17-1.05 (m, 1H).

3C NMR (100 MHz, DMSO-d6): & 160.75, 155.15, 153.27, 139.33, 138.21, 137.44, 132.71,
129.86, 129.10, 128.92, 127.38, 127.34, 117.84, 116.61, 111.34, 93.59, 43.98, 33.43, 24.09, 22.06.
ES+ [M+H]"; m/z 470.2.

3-benzyl-4-oxo-spiro[1,3-benzoxazine-2,1'-cyclohexane]-7-yl) 4-(4-chlorophenyl)benzenesulfonate
(7b6)

Product (7b6) was obtained from product (6b) by following a similar procedure to that described
for product (7b8), using 4-(4-chlorophenyl)benzenesulfonyl chloride instead of p-methoxybenzene-
sulfonyl chloride, as white solid (12.7 mg, yield 58%).

LC-UV purity: 98% (A= 220 nm), 99% (A= 254 nm)

'"H NMR (400 MHz, DMSO-d6): 3 8.00-7.95 (m, 4H), 7.87 (d, J=8.55 Hz, 1H), 7.81-7.79 (m, 2H),
7.60-7.58 (m, 2H), 7.33-7.21 (m, 5H), 6.95 (dd, J=2.22 Hz, J=8.55 Hz, 1H), 6.76 (d, J=2.22 Hz,
1H), 4.78 (s, 2H), 1.84-1.81 (m, 2H), 1.70-1.63 (m, 2H), 1.41-1.30 (m, 5H), 1.10-1.02 (m, 1H).

3C NMR (100 MHz, DMSO-d6): 162.40, 160.75, 155.10, 153.22, 145.59, 139.33, 137.03, 134.55,
133.08, 129.90, 129.67, 129.60, 129.52, 128.90, 128.35, 127.36, 127.31, 117.67, 116.75, 111.49,
93.52,43.93, 33.38, 24.02, 22.03.

ES+ [M+H]*; m/z 575.3.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'"-cyclohexane]-7-yl) 3-cyanobenzenesulfonate (7b7)
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Product (7b7) was obtained from product (6b) by following a similar procedure to that described
for product (7b8), using (3-cyano)-benzene-sulphonyl chloride instead of p-methoxybenzene-
sulfonyl chloride, as yellow waxy solid (11.3 mg, yield 55%).

LC-UV purity: 99% (A= 220 nm), 92% (A= 254 nm)

'"H NMR (400 MHz, DMSO-d6): & 8.46 (s, 1H), 8.33-8.31 (m, 1H), 8.21-8.19 (m, 1H), 7.90-7.86
(m, 2H), 7.34-7.24 (m, 5H), 6.96 (dd, J=2.35 Hz, J=8.59 Hz, 1H), 6.89 (d, J=2.35 Hz, 1H), 4.80 (s,
2H), 1.87-1.84 (m, 2H), 1.73-1.67 (m, 2H), 1.58-1.36 (m, 5H), 1.17-1.07 (m, 1H).

13C NMR (100 MHz, DMSO-d6): 22.11, 24.17, 33.40, 44.08, 94.21, 107.01, 111.77, 116.58,
118.51, 121.82, 127.51, 127.72, 127.83, 127.92, 128.43, 128.80, 129.17, 130.01, 131.76, 136.62,
152.23, 156.34, 164.71.

ES+ [M+Na]*; m/z 511.2.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'"-cyclohexane]-7-yl) 4-cyanobenzenesulfonate (7b9)
Product (7b9) was obtained from product (6b) by following a similar procedure to that described
for product (7b8), using (4-cyano)-benzene-sulphonyl chloride instead of p-methoxybenzene-
sulfonyl chloride, as white solid (12.4 mg, yield 57%).

LC-UV purity: 99% (A= 220 nm), 92% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 5 8.18-8.16 (m, 2H), 8.09-8.07 (m, 2H), 7.87 (d, J=8.53 Hz, 1H),
7.34-7.24 (m, 5H), 6.93 (dd,, J=2.22 Hz, J=8.51 Hz, 1H), 6.83 (d, J=2.22 Hz, 1H), 4.79 (s, 2H),
1.87-1.83 (m, 2H), 1.74-1.66 (m, 2H), 1.57-1.35 (m, 5H), 1.16-1.07 (m, 1H).

3C NMR (100 MHz, DMSO-d6): & 21.94, 24.17, 33.26, 43.99, 94.21, 111.02, 111.59, 116.29,
117.52, 118.12, 127.31, 127.72, 128.79, 129.59, 130.03, 134.23, 138.12, 139.49, 152.96, 155.10,
160.71.

ES+ [M+H]"; m/z 489.1.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'"-cyclohexane]-7-yl) 1-methylimidazole-4-sulfonate

(7b10)
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Product (7b10) was obtained from product (6b) by following a similar procedure to that described
for product (7b8), using 1-methylimidazole-4-sulfonyl chloride instead of p-methoxybenzene-
sulfonyl chloride, as white solid (13.0 mg, yield 57%)..

LC-UV purity: 99% (A= 220 nm), 98% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 3 8.10-8.09 (m, 1H), 8.00-7.99 (m, 1H), 7.85 (d, J=8.51 Hz, 1H),
7.34-7.22 (m, 5H), 6.89 (dd, J=2.22 Hz, J=8.51 Hz, 1H), 6.72 (d, J=2.22 Hz, 1H), 4.80 (s, 2H), 3.70
(s, 3H), 1.90-1.87 (m, 2H), 1.76-1.68 (m, 2H), 1.60-1.42 (m, 5H), 1.18-1.07 (m, 1H).

3C NMR (100 MHz, DMSO-d6): 160.85, 155.03, 153.75, 141.61, 139.41, 133.10, 129.68, 129.39,
128.91, 127.35, 127.29, 117.30, 116.60, 111.20, 93.49, 43.93, 34.29, 33.44, 24.10, 22.05.

ES+ [M+H]+; m/z 468.2.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'"-cyclohexane]-7-yl) phenylmethanesulfonate (7b11)
Product (7b11) was obtained from product (6b) by following a similar procedure to that described
for product (7b8), using benzylsulfonyl chloride instead of p-methoxybenzene-sulfonyl chloride, as
white solid (11.7 mg, yield 53%)..

LC-UV purity: 94%(A= 220 nm), 98% (A= 254 nm)

'"H NMR (400 MHz, DMSO-d6): & 7.85 (d, J=8.59 Hz, 1H), 7.78-7.76 (m, 2H), 7.48 (d, J=8.12 Hz,
2H), 7.34-7.22 (m, 6H), 6.88 (dd, J=8.48 Hz, J=2.28 Hz, 1H), 6.72 (d, J=2.28 Hz, 1H), 4.79 (s, 2H),
2.42 (s, 2H), 1.85 (d, J=12.88 Hz, 2H), 1.70 (td, J=12.88 Hz, J=4.03 Hz, 2H), 1.58-1.34 (m, 5H),
1.18-1.07 (m, 1H).

3C NMR (100 MHz, DMSO-d6): & 217.62, 194.61, 162.41, 146.65, 144.00, 139.40, 130.78,
128.92, 128.85, 127.38, 127.33, 121.00, 111.53, 102.58, 99.99, 88.78, 47.38, 33.41, 28.96, 22.03,
21.65.

ES+ [M+H]"; m/z 478.2.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,1'-cyclohexane]-7-yl) 3-methoxybenzenesulfonate (7b12)
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Product (7b12) was obtained from product (6b) by following a similar procedure to that described
for product (7b8), using (3-methoxy)-benzene-sulfonyl chloride instead of p-methoxybenzene-
sulfonyl chloride, as waxy solid (14.8 mg, yield 60%)..

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm)

'"H NMR (400 MHz, DMSO-d6):  7.86 (d, J=8.55 Hz, 1H), 7.59 (t, J= 8.09 Hz, 1H), 7.45-7.38 (m,
2H), 7.34-7.23 (m, 5H), 6.91 (dd,, J=2.22 Hz, J=8.46 Hz, 1H), 6.79 (d, J=2.22 Hz, 1H), 4.79 (s,
2H), 3.83 (s, 2H), 1.87-1.83 (m, 2H), 1.74-1.65 (m, 2H), 1.57-1.34 (m, 5H), 1.19-1.07 (m, 1H).

3C NMR (100 MHz, DMSO-d6): § 22.13, 24.04, 33.11, 44.01, 56.07, 94.20, 111.38, 113.14,
116.60, 117.60, 120.75, 121.76, 127.24, 128.81, 129.88, 130.08, 131.45, 135.61, 139.26, 153.19,
155.45, 160.20, 160.90.

ES+ [M+H]"; m/z 495.2.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,4'-tetrahydropyran]-7-yl) 3-nitrobenzenesulfonate (7cl)
Product (7¢1) was obtained from product (6¢) by following a similar procedure to that described for
product (7b8), using (3-nitro)-benzene-sulfonyl chloride instead of p-methoxybenzene-sulfonyl
chloride, as yellow oil (15.6 mg, yield 55%)..

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): & 8.68-8.65 (m, 1H), 8.51 (t, J=1.93 Hz, 1H), 8.29-8.26 (m, 1H),
7.98-7.89 (m, 2H), 7.36-7.24 (m, 5H), 7.01-6.98 (m, 2H), 4.82 (s, 2H), 3.68 (dd, J=11.42 Hz,
J=4.64 Hz, 2H), 3.48 (t, J=11.42 Hz, 2H), 2.02-1.94 (m, 2H), 1.79 (d, J=13.40 Hz, 2H).

3C NMR (100 MHz, DMSO-d6): & 34.07, 44.21, 63.33, 91.82, 112.08, 117.05, 121.84, 123.47,
123.56, 127.39, 128.92, 129.07, 130.03, 130.61, 132.44, 134.68, 135.40, 148.82, 152.74, 155.10,
160.56.

ES+ [M+Na]*; m/z 533.1.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,4'-tetrahydropyran]-7-yl) ~ 2,3-dihydro-1,4-benzodioxine-

6-sulfonate (7c2)
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Product (7¢2) was obtained from product (6¢) by following a similar procedure to that described for
product (7b8), using 1,4-benzodioxan-6-sulfonyl chloride instead of p-methoxybenzene-sulfonyl
chloride, as white solid (17.0 mg, yield 61%)..

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 4 7.90-7.87 (m, 1H), 7.36-7.27 (m, 7H), 7.10 (d, J=8.54 Hz, 1H),
6.93-6.90 (m, 2H), 4.82 (s, 2H), 4.38-4.31 (m, 4H), 3.70 (dd, J=11.37 Hz, 4.65 Hz, 2H), 3.52 (t,
J=11.37 Hz, 2H), 2.02-1.94 (m, 2H), 1.80 (d, J=13.28 Hz, 2H).

3C NMR (100 MHz, DMSO-d6): 5 34.01, 44.17, 63.31, 64.49, 65.22,91.11, 107.92, 11.71, 116.99,
117.48, 118.54, 122.57, 127.35, 129.02, 129.95, 130.25, 138.99, 143.92, 144.26, 149.94, 153.49,
154.75, 160.91.

ES+ [M+Na]*; m/z 546.2.

(3-benzyl-4-oxo-spiro[ 1,3-benzoxazine-2,4'-tetrahydropyran]-7-yl) 4-nitrobenzenesulfonate (7¢3)
Product (7¢3) was obtained from product (6¢) by following a similar procedure to that described for
product (7b8), using (4-nitro)-benzene-sulfonyl chloride instead of p-methoxybenzene-sulfonyl
chloride, as beige solid (11.6 mg, yield 49%).).

LC-UV purity: 99% (A= 220 nm), 99% (A= 254 nm).

'"H NMR (400 MHz, DMSO-d6): 3 8.48-8.44 (m, 2H), 8.20-8.16 (m, 2H), 7.90 (d, J=8.50 Hz, 1H),
7.36-7.24 (m, 5H), 6.99 (d, J=2.28 Hz, 1H), 6.94 (dd, J=8.50 Hz, J=2.28 Hz, 1H), 4.82 (s, 2H), 3.68
(dd, J=11.40 Hz, J=4.72 Hz, 2H), 3.50 (t, J=11.40 Hz, 2H), 2.02-1.94 (m, 2H), 1.81 (d, J=13.25 Hz,
2H).

3C NMR (100 MHz, DMSO-d6): 8 160.56, 155.11, 153.00, 151.66, 139.34, 138.99, 131.90,
130.69, 130.27, 129.02, 127.53, 127.42, 125.55, 117.77, 116.98, 111.85, 91.20, 63.27, 43.96, 34.13.

ES+ [M+H]"; m/z 511.1.

[*H]CP 55,940 Displacement Assay. The binding affinity of synthesized compounds towards CB>

was determined by [*H]CP 55,940 displacement assays, performed through a standardized high-
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throughput CB. binding procedure, as previously described 2. Membrane fractions (2.5 pg) of
Chinese hamster ovary (CHO) cells stably overexpressing human CB; (Millipore Sigma,
Burlington, MA USA cod. HTS020M) were incubated in 50 mM Tris-HCI, 5 mM MgCl;, 1 mM
CaCly, 2 mg/mL BSA, pH 7.4 (final volume: 200 pL) for 30 minutes at 37 °C, in the presence of 0.8
nM [P*H]JCP 55,940 (164.9 Ci/mmol; PerkinElmer Life Sciences, Boston, MA, USA), with or
without test compounds. Non-specific binding was determined in the presence of 1 pM unlabelled
CP 55,940 (Cayman Chemical Company, Ann Arbor, MI, USA). Both 0.1 uM SR144528 (Cayman
Chemical) and 0.1 uM JWH-015 (Cayman Chemicals) were used as positive controls, and 0.1 uM
SR141617A (Cayman Chemicals) was used as negative control. The assay was stopped by three
washes with ice-cold washing buffer (50 mM Tris-HCI, 500 mM NaCl,, 1 mg/mL BSA, pH 7.4),
followed by rapid filtration through glass fiber filters (Whatman GF/B) presoaked for 30 minutes
with 0.25% polyethylenimine (PEI), and radioactivity was read by scintillation B-Counter (Perkin
Elmer Life Science). Displacement of tritiated CP55,940 was initially assessed by using test
molecules at the final concentration of 0.1 pM and those showing percentage displacement of at
least 20% were further tested for their functional activity as follows. Each condition in the assays

was repeated in quintuplicate, in at least three independent experiments.

[*>SIGTPyS Assay. Functional activity and selectivity (towards CB, over CB)) of the ligands were
evaluated by [*>S]GTPyS assay through rapid filtration assay, as described %° and with slight
modifications 2. Briefly, 5 pg ChemiSCREEN™ CB, Membrane Preparation (Millipore Sigma
cod. HTS020M2) were permeabilized by addition of an equal mass of saponin and pre-incubated
for 20 minutes at room temperature with compounds in a non-binding 96-well plate, containing
assay buffer (20 mM HEPES, 100 mM NaCl, 10 mM MgCl, pH 7.4 plus 10 uM GDP); then,
samples were incubated with 0.3 nM [*>S]GTPyS (1250 Ci/mmol, Perkin Elmer) for 30 minutes at
37 °C. Assay was stopped by adding ice-cold 100 mM sodium phosphate buffer (pH 7.4) and

followed by rapid filtration through glass fiber filters (Whatman GF/B) presoaked for 30 minutes
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with 0.25% PEI; residual radioactivity was read by scintillation B-Counter. In order to distinguish
agonist from antagonist and inverse agonist ligands, in a first set of experiments, CB; ligands were
tested at 10 uM and 100 pM, in the presence or in the absence of 30 nM CP 55,940; compounds
showing agonistic activity towards CB> were further tested at increasing concentrations (0-100 pM)
by employing ChemiSCREEN™ CB, Membrane Preparation, as above described, or
ChemiSCREEN™ (CB; Membrane Preparation (10 pg/well Millipore Sigma, cod. HTS019M).
Basal levels of [*>S]GTP binding were measured in untreated membrane samples and non-specific
binding was determined in the absence of receptor ligands and in the presence of 0.1 uM “cold”
GTP. 1 uM JHW-015 and 1 uM ACEA (Cayman Chemicals) were used as reference agonists for
CB: and CB4y, respectively. Each condition in the assays was repeated in quintuplicate, in at least
three independent experiments. pECso values were determined for each compound by non-linear
curve fitting, using GraphPad Prism software (version 9.4.1. for Windows).

Cell Culture. Human triple-negative BT549 (ATCC HTB-122), MDA-MB-231 (ATCC HTB-26)
and HER2-positive HCC1954 (ATCC CRL-2339) breast cancer cells were maintained in RPMI-
1640 culture medium, supplemented with 0.023 U/mL insulin, 0.1 mg/mL sodium pyruvate, 100
pg/mL kanamycin and 10% foetal bovine serum. Human epithelial breast MCF10A cells (ATCC
CRL-10317), a widely recognized in vitro model of normal breast cells®®, were grown in
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium (1:1, v/v) supplemented with 0.5
pug/mL hydrocortisone, 10 pg/mL insulin, 20 ng/mL EGF, 0.1 pg/mL cholera toxin, 100 U/mL
penicillin, 100 U/mL streptomycin and 5% horse serum. Cell lines were grown in a humidified 5%
CO; atmosphere at 37 °C and regularly tested for the absence of mycoplasma, by using either
MycoStrip™ - Mycoplasma Detection Kit (InvivoGen, Toulouse, France) or LookOut®

Mycoplasma qPCR Detection Kit (Sigma Aldrich, Sant Luis, Mo).

MTT Assay. Breast cancer and not-tumorigenic epithelial breast cells were seeded onto 96-well

plates at a density of 1.5 x 10* cells/well and incubated on. The day after, sub-confluent cells were
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treated with test compound at 37 °C at the indicated concentrations and for the indicated time
periods. Cell viability was evaluated via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay. Briefly, after treatments, culture medium was removed, MTT reagent (Sigma
Aldrich) was added to each well (final concentration: 1 mg/mL) and cells were incubated at 37°C
for 3 hours in the dark; formazan crystals were then dissolved in DMSO and color development was
monitored at 590 nm in a multiwell scanning spectrophotometer (BS1000 Spectra count, Packard
BioScience Co., Meridien, CT).

Transfection. For CNR2 gene silencing, BT549 cells were transfected with 50 nM CNR2 siRNA
(Hs CNR2 1 FlexiTube siRNA SI100029064; Qiagen, Germantown, MD, USA) or scramble
negative control (cod. 1027281, Qiagen), by using Lipofectamine RNAIMAX (Invitrogen,
Heidelberg, Germany), according to manufacturer’s instructions. After 24 hours, cells were treated
with 10 uM 7bS5 for further 24 hours, before evaluating proliferation as above reported.

Western Blotting. Protein samples (20-40 pg/lane) from whole lysates were subjected to SDS-
PAGE under reducing conditions, electroblotted onto PVDF membranes, incubated with specific
antibodies and detected with enhanced chemiluminescence kit (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). The specific primary antibodies used were anti-CB> (1:500, cod. 101550, Cayman
Chemicals), anti-ERK 1/2 (1:1000, cod. 4695, Cell Signaling Technology, Danvers, MA), anti-p-
ERK 1/2 (1:100 cod. sc-7383, Santa Cruz Biotechnology) and anti-B-tubulin (1:500, sc-166729,
Santa Cruz Biotechnology).

Colony Forming Unit (CFU) Assay. BT549 cells were seeded in 6-well plates at a density of 1 x
10 cells/well and grown at 37 °C for at least 14 days, in the presence of either vehicle or 10 uM
7b5. Afterwards, colonies were fixed and stained with 6% glutaraldehyde and 0.5% crystal violet
solution, for 30 minutes. After washes with distilled water, number of colonies was counted using
an inverted phase contrast microscope (Zeiss; 10 X objective) as reported ¥7.

Pro-inflammatory cytokine quantification. BT549 cells were seeded onto 96-well plates at a

density of 1.5 x 10* cells/well and after 24 hours, sub-confluent cells were treated with vehicle or 10
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uM 7bS, at 37 °C for 48 hours. Culture supernatants (50 pl) were collected and TNF-a and IL-6
amounts were measured, respectively, through the TNF alpha Human ELISA Kit and IL-6 Human
ELISA Kit (Thermo Fisher Scientific Inc. Rockford, IL), according to the manufacturer
instructions. The absorbance values at 450 nm of unknown samples were always within the linearity
range of calibration curves drawn with increasing concentration of recombinant cytokine (0-1000
pg/mL).

Statistical Analysis. Data are expressed as the mean + SEM of at least three experiments.
Statistical evaluation was performed using one-way analysis of variance (ANOVA), followed by
Bonferroni t test. Differences were considered statistically significant at p < 0.05.

Selection and Refinement of CB; Structure. For docking and MD studies, we selected the crystal
structure of CB> in complex with the agonist AM 12033 (PDB code: 6KPC) #, given the similarity
between the latter and our newly synthesized 7bS ligand. Since this structure missed ICL3 (i.e., the
third intercellular loop), the cryo-EM structure of agonist-bound CB; in complex with a G; protein
(PDB code: 6PT0) 3! was used as template for its reconstruction, considering that the latter structure
was the only one with the solved ICL3 loop. Residues V2203¢° to S22257! of helix 5 and residues
R238%28 to V25364 of helix 6 were also involved in the modeling stage since the conformation of
these regions resulted dissimilar between the two CB: crystal structures. The entire procedure was
carried out by using the Refine Loops module available in Prime with default settings ®. Finally,
the protein preparation wizard tool 3°° implemented in the Schrodinger suite was employed to
carry out energy minimization on the chimeric protein structure, to remove nonstructural water
molecules and assign protonation and tautomeric states of Asp, Arg, Glu, His and Lys residues at
physiological pH. The Ballesteros-Weinstein numbering scheme °! was adopted to identify the CB;
residues. For the sake of completeness, being C162%-° the most conserved ECL2 (the second
extracellular loop) residue among Class A GPCRs, we referred to F183E¢12 ag F18345-34,

Molecular Docking. The tridimensional structure of 7b5 was built with the 2D-sketcher tool of the

Schrodinger suite. Then, it was treated with the ligprep tool *? to evaluate all the possible tautomers
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and protonation states at physiological pH. A grid box centered on the center of mass of the
AM12033 co-crystallized ligand, with a volume of 10 A x 10 A x 10 A and 25 A x 25 A x 25 A for
inner and outer boxes, respectively, was computed by using the Receptor Grid Generation panel.
For the simulations, the Extra Precision (XP) docking mode " was employed. This protocol was
validated by redocking AM12033 co-crystallized ligand whose best pose returned a Root Mean
Square Deviation (RMSD), based on heavy atoms only, as small as 0.844 A.

Molecular Dynamics. As first step, the receptor N- and C- terminal residues were capped with
acetyl and N-methyl groups, respectively, by employing the Protein Preparation Wizard tool
implemented in the Schrodinger package. The system formed by the CB»-7b5 complex was inserted
in a 95 A x 95 A (along x and y axes) pre-equilibrated box formed by a I-palmitoyl-2-
oleoylphosphatidylcholine (POPC)—cholesterol (7:3 molar ratio) bilayer and solvated with a 18 A
(along z) water layer using the TIP3P model. The membrane-builder tool of CHARMM-GUI.org

(http://www.charmm-gui.org) was employed for these purposes.”*** The protein and lipids were

parameterized by using the ff/4SB and lipidl7 Amber force field, respectively. Atomic partial
charges of the ligand were computed by using a two-steps restrained electrostatic potential (RESP)
fitting procedure. The Gaussianl6 software *> was initially used to optimize the ligand geometry
and to compute the electrostatic potential (ESP) using the 6-31G* basis set at the Hartree-Fock level
of theory. The ESP was then fitted into atomic partial charges thanks to the two-stages restrained
electrostatic potential (RESP) °¢ fitting procedure implemented in Antechamber °’ The topology
files were prepared with the tleap module of AmberTools20 and then converted into GROMACS
format by means of ParmEd. All MD simulations were performed by employing the GROMACS
2020.6 software #2. The cutoff employed for the computation of the short-rage interactions was of
12 A, whereas the Particle Mesh Ewald °® method (with a 1.0 A grid spacing in periodic boundary
conditions) was used for the treatment of long-range ones. A 2 fs integration time step was allowed
by constraining bonds with the non-iterative LINCS algorithm *°. The system was equilibrated

according to the following protocol. In order to remove all the steric clashes, three runs of energy
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minimization were performed following three different phases: first, only hydrogen atoms were
minimized, and all heavy atoms were kept fixed; in the second step, the lipid bilayer was also
relaxed; and in the last step all the atoms were minimized. Then, the complex was equilibrated and
heated up to 300 K, alternating NPT and NVT cycles (for a total of 30 ns) with the Berendsen
coupling bath and barostat, while applying gradually decreasing harmonic constraints on the heavy
atoms of the membrane, protein, and ligand. Eventually, 3 ps production run was performed with
the leap-frog integrator in the NPT ensemble; the pressure of 1 atm and the temperature of 300 K
were kept constant with the stochastic velocity rescaling ! and Parrinello-Rahman !°! algorithms,

respectively.

The ligand behavior within the CB; binding site was monitored by computing RMSD values on the
heavy atoms and the contacts established with surrounding amino acids throughout the trajectory.
The overall stability of CB2 was inspected by calculating the RMSD values of Cq of all the helices
(Figure S10 of the Supporting Information). For sake of completeness, for the RMSD calculation,

all frames were aligned to the latter atoms.

CBi1 Homology Modeling. A “dynamic” homology model of the CB; was constructed by using as
template the relaxed average structure of CB> taken from MD simulation, since it was not possible
to correctly superimpose the CB; crystal structure with the latter. Such a procedure was
implemented with the aim of highlighting even small variations concerning the side chain
conformations within the orthosteric sites of the two isoforms. The fasta sequence of human CB;
was retrieved from the Universal Protein resource (UniProt) 92 with entry P21554. The model was
built by using Prime 8. As a first step, CB; and CB: sequences were aligned using the Jalview

software 103

showing a value of identity equal to 32% . The target and template structures were then
aligned by employing the ClustalW method implemented in Prime and the CB; secondary structure
was predicted with the SSPro interface. Finally, ECL2 residues from E164%4* to V169%4° of the

CB; constructed model were refined by using the Refined Loop package, since this loop differed in
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length from that of CBa. For completeness, the ligand present in the template structure was included

during the homology modeling.
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