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Abstract

As a part of our ongoing research program on compounds from higher plants with lactate
dehydrogenase (LDH) and monoacylglycerol lipase (MAGL) inhibitory activities, three new neo-
clerodane diterpene  12-deacetylsplendidin C (1), pseudorosmaricin (2), and 2-
dehydroxysalvileucanthsin A (3) along with six known compounds were isolated from Salvia
pseudorosmarinus aerial part extracts. Their structures were determined by spectroscopic and
spectrometric techniques including 1D- and 2D NMR, and MS analyses. The isolated diterpenes
were assayed for their inhibitory activity on LDHS and MAGL, two enzymes covering key roles in
the peculiar energetic metabolism of malignant tumours. All the assayed diterpenes showed
negligible activity on LDHS5, whereas the known jewenol A (4) displayed a moderate inhibition
activity on MAGL, showing an ICs value of 46.8 uM and it proved to be a reversible MAGL
inhibitor. Docking and molecular dynamic simulation studies where thus performed to evaluate the

binding mode of 4 within MAGL.
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1. Introduction

It is widely known that most aggressive tumours are characterized by a dysregulated energetic
metabolism which affects both glucose and lipid metabolism. Tumour cells are characterized by an
addiction to glucose and a marked preferential use of the glycolytic pathway to produce energy
even in the presence of abundant oxygen, despite the lower efficiency of glycolysis in the
production of ATP from glucose compared to the oxidative phosphorylation. This metabolic shift
(Warburg effect) results in an increased rate of glycolysis to compensate the moderate energetic
production: the high glucose uptake and the augmented lactate production furnish an adequate
energetic refueling to rapidly growing tumour cells [1]. An aberrant lipid metabolism is frequently
observed in cancer cells, and many evidences highlight the important role played by lipid
metabolism in the development of cancer. The de novo fatty acid synthesis is significantly increased
in cancer to the detriment of the use of exogenous dietary fatty acids, since the huge amount of
internalized glucose is also utilized to synthesize fatty acids by providing building blocks, such as
acetyl-CoA. Many of the produced fatty acids are immediately used or they are stored in the cells
and they are used on demand, thanks to the enzymatic activity of lipases. Lipids are necessary for
the synthesis of membranes of growing tumour cells and for the production of oncogenic signaling
molecules [2].

In this context, many proteins are upregulated in tumours, such as enzymes, receptors and
effectors of the involved deregulated metabolic pathways. For example, the last enzyme of the
glycolytic cascade, the isoform 5 of lactate dehydrogenase (LDHS5) plays a pivotal role in the
maintenance and progression of tumours. LDHS5 is a homotetrameric enzyme composed of four A
subunits and it is localized in the cytoplasm. LDHS5 catalyzes the conversion of pyruvate, the end
product of glycolysis, to lactate, with the concomitant oxidation of the cofactor NADH to NAD™. In
this way, lactate is excreted out of the cells, and the acidic extracellular environment facilitates the

spread of metastasis, and the regenerated NAD" allows the glycolytic pathway to continue to



produce energy for tumour cells [3]. In the lipid metabolism, the serine hydrolase monacylglycerol
lipase (MAGL) is the enzyme responsible for the hydrolysis of monoacyglycerols to free fatty acids
and glycerol in peripheral tissues and it is also the enzyme designated to the catabolism of the
endocannabinoid 2-arachidonylglcyerol in the central nervous system. The increased release of
stored fatty acids in tumours generated by the intensified MAGL activity is necessary to support
cancer growth and the synthesis of lipid messengers, triggering cell migration and aggressiveness
[4].

The metabolic reprogramming occurring in most tumours is a therapeutic opportunity: both LDHS5
and MAGL represent two attractive anti-cancer targets, since it was demonstrated that their
inhibition led to antiproliferative effects in vitro and/or in vivo [5,6]. Moreover, the inhibition of
LDHS5 or MAGL can be considered a harmless therapeutic strategy since healthy cells are
unaffected, because they do not completely rely on the dysregulated energetic metabolic pathways
for their survival. In the last decades, many synthetic and natural compounds showing inhibitory
activities on LDHS5 [7,8] or MAGL [9,10] were discovered, and there is a great interest for the
discovery of new inhibitors of these two enzymes, highlighting that cancer metabolism is an
attractive area of investigation. In addition, the interest in the identification of novel MAGL
inhibitors is also due to their potential use in the treatment of other pathologies such as chronic and
neuropathic pain [11].

The genus Salvia (Lamiaceae) consist of over 900 species widely distributed in different regions
around the world such as the Mediterranean area, Central Asia, Africa, and America. Some
members of this genus have economic importance for their use as flavoring agents in perfumery and
cosmetics but are also interesting for their biologically active constituents, particularly diterpenes
and phenolics, many of which showed antitumor properties [12]. Moreover, diterpenoids and
phenolic derivatives isolated from different Salvia species showed antioxidant, anticoagulant,
antihypertensive, anti-fibrotic, anti-ischemia-reperfusion injury, and antiviral activities [13].

Although the interest in the genus has increased, only a relatively small number of the known



species have been chemically and biologically explored. In the course of our ongoing research
program on compounds from higher plants with LDHS and MAGL inhibitory activity, Salvia
pseudorosmarinus Epling was selected as the subject of this investigation. The plant is a perennial
shrub up to 150 cm high with purple flowers growing in Peruvian Ande at 3500-4000 m above sea
level, where the leaves are used in folk traditional medicine against stomach ache and diarrhea [14].
To the best of our knowledge, this species has been never investigated. In this paper, we describe
the isolation and structural characterization of three new neo-clerodanes (1-3) (Fig. 1), together with
six known compounds from S. pseudorosmarinus aerial parts, and LDHS and MAGL inhibitory

activity of the isolated diterpenes.

2. Experimental

2.1. General experimental procedures

Optical rotations were measured on an Atago AP-300 digital polarimeter equipped with a sodium
lamp (589 nm) and a 1 dm microcell. NMR experiments were performed on a Bruker DRX-600
spectrometer (Bruker BioSpin GmBH, Rheinstetten, Germany) equipped with a Bruker 5 mm TCI
CryoProbe at 300 K. All 2D NMR spectra were acquired in methanol-d, (99.95%, Sigma-Aldrich),
and standard pulse sequences and phase cycling were used for DQF-COSY, HSQC, and HMBC
spectra. ESI-MS were obtained using a Finnigan LC-Q Advantage Termoquest spectrometer,
equipped with Xcalibur software. HRESIMS were acquired in the positive ion mode on a LTQ
Orbitrap XL mass spectrometer (Thermo Fisher Scientific). TLC were performed on precoated
Kieselgel 60 F.ss plates (Merck); compounds were detected by spraying with Ce(SO4),/H>SO,
solution. Column chromatographies (CC) were performed over Sephadex LH-20 (40-70 pm,
Amersham Pharmacia Biotech AB, Uppsala, Sweden) and Isolera® Biotage® purification system

(flash Silica gel 60 SNAP 340 g cartridge, flow rate 100 mL/min); reversed-phase (RP) HPLC



separations were conducted on a Shimadzu LC-20AT series pumping system equipped with a
Shimadzu RID10A refractive index detector and a Shimadzu injector, using a C;sp-Bondapak
column (30 cm x 7.8 mm, 10 um, Waters-Milford) and a mobile phase consisting of MeOH-H,O

mixtures at a flow rate of 2 mL/min.

2.2. Plant material

Aerial parts of S. pseudorosmarinus were collected near Cotaparaco, Ancash Province, Peru, in
November 2016. The plant was identified by Hamilton Beltram of the Universidad Nacional Mayor

de San Marcos, Lima, Peru where a voucher specimen (142-USM-2016) was deposited.

2.3. Extraction and isolation

The dried aerial parts of S. pseudorosmarinus (1 Kg) were exhaustively extracted with solvents of
increasing polarity: n-hexane, CHCl;, CHCl;-MeOH (9:1), and MeOH to give 12.8, 41.3, 12.2, and
65.9 g of the respective residues. Part of the CHCIL; residue (5.0 g) was subjected to Isolera Biotage
column chromatography (340 g silica SNAP cartridge, flow rate 100 mL/min), eluting with CHCl;
followed by increasing concentrations of MeOH in CHCI; (between 1% and 100%). Fractions of 27
mL were collected, analysed by TLC and grouped into six major fractions (A-F). Fraction C
contained oleanolic acid. Fractions B (872 mg) and D (500 mg) were subjected to RP-HPLC with
MeOH-H,0 (4.5:5.5) to give compound 2 (2.0 mg, & = 9 min) from fraction B; compound 3 (1.3
mg, tr = 17 min), from fraction D. Fraction F (646 mg) was purified by RP-HPLC with MeOH-H,O
(1:1) to give compounds 1 (3.1 mg, fr = 12 min) and 4 (10 mg, tx = 15 min). Part of the CHCl;-
MeOH residue (10.0 g) was submitted to Sephadex LH-20 column chromatography (5 x 75 cm,
flow rate 1.5 mL/min) using MeOH as eluent and collecting five major fractions (A-E) grouped by

TLC. Fraction C (137 mg) was chromatographed over RP-HPLC with MeOH-H,O (3.5:6.5) to give



protocatechualdehyde (1.5 mg, fr = 8 min) and caffeic acid methyl ester (1.6 mg, &x = 12 min).
Fraction E (140 mg) was subjected to RP-HPLC with MeOH-H,O (1:1) to yield eriodictyol (1.7 mg,
tr =10 min) and pedalitin (2.5 mg, tr= 16 min). All the compounds met the criteria of > 94% purity,

as inferred by HPLC and NMR analyses.

2.3.1. 12-deacetylsplendidin C (1)

Pale yellow amorphous powder; [O]: -16.3 (¢ 0.1, MeOH); 'H (CD;OD, 600 MHz) and “C NMR
(CD;OD, 150 MHz) data, see Table 1; ESI-MS m/z 529 [M + Na]", 369 [M + Na - 160]"; HR-

ESIMS m/z 529.2045 [M + Na]" (caled for C5H34010Na 529.2050).

2.3.2. Pseudorosmaricin (2)

Pale yellow amorphous powder; [0]3 +44.6 (¢ 0.1, MeOH); 'H (CD;OD, 600 MHz) and "C
NMR (CDsOD, 150 MHz) data, see Table 1; ESI-MS m/z 423 [M - HJ, 259 [M — H - 164]; HR-

ESIMS m/z 425.2164 [M + H]" (calcd for C;;H3305 425.2175).

2.3.3. 2-Dehydroxysalvileucanthsin A (3)

Pale yellow amorphous powder; [El:'-ﬂ6.2 (c 0.1, MeOH); 'H (CDsOD, 600 MHz) and *C NMR
(CD;OD, 150 MHz) data, see Table 1; HR-ESIMS m/z 357.1339 [M + H]" (calcd for CyH» 06

357.1338).
2.4. Enzymatic assays
Compounds 1-4 were tested on purified human LDHS5 (Lee Biosolution Inc.) and MAGL (Cayman

Chemical), as previously reported [15,16]. Compound (4-(4-chlorobenzoyl)piperidin-1-yl)(4-

methoxyphenyl)-methanone, named CL6a, is the reference MAGL inhibitor previously synthesized



in our laboratory (purity percentage 99% by HPLC analysis). DMSO stock solutions of the
compounds (the concentration of DMSO did not exceed 4% during the measurements) were diluted
to obtain seven different concentrations (from 400 to 0.064 uM, in duplicate for each
concentration), that were dispensed in 96-well plates to generate the concentration-response curves.
Maximum and minimum controls were present in each plate. Both the assays were run at room
temperature, at a final volume of 200 pL in each well. The obtained ICsy values are the mean of
three independent experiments. In LDH assays, the reaction was performed in the “forward”
direction (from pyruvate to lactate), in 100 mM phosphate buffer (pH = 7.4) in the presence of 200
uM pyruvate and 40 pM NADH, and the amount of consumed NADH was measured (340 nm) after
15 min incubation. In MAGL assays, the substrate 4-nitrophenylacetate (4-NPA, 100 uM) was
converted to 4-nitrophenol, in 10 mM Tris buffer (pH = 7.2) containing 1 mM EDTA and 0.1
mg/mL BSA, and the amount of produced 4-nitrophenol was monitored (405 nm) after 30 min
incubation. The final measurement for both assays were performed by using a Victor X3 microplate
reader (PerkinElmer) and ICs, values were derived from experimental data using the sigmoidal

dose-response fitting of GraphPad Prism software.

2.5. Molecular modeling

2.5.1. Molecular docking studies

Compounds 1-4 were built using Maestro [17] and subjected to minimization with Macromodel
[18], employing the generalized Born/surface area model to simulate a water environment. The
conjugate gradient algorithm, the MMFFs force field and a distance-dependent dielectric constant
of 1.0 were used for the minimization, performed until a convergence value of 0.05 kcal/(A+mol)
was reached. The compounds were docked into the X-ray structure of human MAGL in complex

with inhibitor ZYH (PDB code 3PE6) [19] using AUTODOCKA4.2 [20]. AUTODOCK TOOLS [21]



were used to define the torsion angles in the ligands, to add the solvent model and to assign partial
atomic charges (Kollman for the protein and Gasteiger for the ligand). A grid box of 82, 40, and 30
points in the X, y, and z directions, respectively, centered on the co-crystallized ZYH inhibitor was
used to define the docking site for AUTODOCK calculations. The energetic maps required for
docking were generated with a grid spacing of 0.375 A and a distance-dependent function of the
dielectric constant. Compounds 1-4 were docked using 200 Lamarckian genetic algorithm runs of
the AUTODOCK search. During each docking run, 10°000°000 steps of energy evaluation were
performed and a maximum of 10°000°000 generations were simulated starting from an initial
population of 500 individuals. The final docking solutions were clustered together using an rms cut-
off of 2.0 A and leaving all other settings as their defaults. The clusters of solutions with a
population higher than 5%, i.e. including more than 5% of all the generated docking poses, were

taken into account.

2.5.2. Molecular dynamic simulations

Molecular Dynamic simulations were carried out using AMBER 14 [22]. The four MAGL-4 and
the three MAGL-1 complexes were solvated with a 15 A water cap within a parallelepiped box;
sodium ions were then added as counterions for neutralizing the system. General amber force field
(GAFF) parameters were assigned to the ligands, while partial charges were calculated using the
AM1-BCC method. Initially, the complexes were subjected to energy minimization through 5’000
steps of steepest descent followed by conjugate gradient, until a convergence of 0.05 kcal/(mol-A?)
was reached. The minimized systems were used as starting point for an MD simulations protocol
composed of three steps. In the first one, 0.5 ns of constant-volume simulation were performed,
raising the temperature of the system from 0 to 300 K. In the second step, the system was
equilibrated through a 3 ns constant-pressure simulation where the temperature was kept constant at

300 K by using the Langevin thermostat. In both the minimization and the first two MD steps, a



harmonic potential of 10 kcal/(mol-A?) was applied to the protein a carbons. In the third and last
MD step, 26.5 ns of constant-pressure simulation were performed without any position restraint,
thus leaving the whole system free. A total of 30 ns of simulation was thus performed for each
complex. All MD steps were run using particle mesh Ewald electrostatics and periodic boundary
conditions [23], a cutoff of 10 A for the non-bonded interactions and SHAKE algorithm to keep

rigid all bonds involving hydrogen.

2.5.3. Binding energy evaluation

Relative binding free energy evaluations were performed using AMBER 14. The trajectories
extracted from the last 20 ns of each simulation were used for the calculation, for a total of 200
snapshots (at time intervals of 100 ps). Van der Waals, electrostatic and internal interactions were
calculated with the SANDER module of AMBER 14, whereas the Generalized Born and the
Poisson—Boltzman methods were employed to estimate polar energies through the MM-PBSA
module of AMBER 14. Gas and water phases were represented using dielectric constants of 1 and
80, respectively, while nonpolar energies were calculated with MOLSURF program. The entropic
term was considered as approximately constant in the comparison of the ligand—protein energetic

interactions.

3. Results and discussion

The molecular formula of compound 1 (CxH34010) was established by “C NMR and HR-MS
(obsd m/z 529.2045 for [M + Na]", caled m/z 529.2050). The ESI MS spectrum of 1 showed a
sodiated ion peak at m/z 529 [M + Na]" and a fragment at m/z 369 [M + Na - 160]", due to the loss

of a keto hexose moiety. Analysis of 'H and C NMR data (Table 1) suggested the presence of a
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diterpenoid aglycone and a sugar moiety. The '"H NMR data revealed two methyl groups, of which
one singlet (& 0.82) and one doublet (& 1.23), a furan ring (6 6.52, 7.51, 7.52), a trisubstituted
double bond, two hydroxymethines at 6 4.28 and 4.73, one hydroxymethylene at & 3.95 and 5.52,

together with the characteristic resonances of a keto sugar, evidenced by signals at oy 4.14 and 4.25
[24]. The “C NMR spectrum of 1 was in complete agreement with the previously reported data of
other clerodane diterpenes isolated from the genus Salvia containing the same open C-ring [25,26].
The elucidation of the whole skeleton in 1 was achieved on the basis of 1D TOCSY, COSY, HSQC,
and HMBC correlations, which also allowed the assignment of all the resonances in the *C NMR
spectrum. The two hydroxymethines were placed at C-7 and C-12, from the HMBC correlations
between H-6—C-7, Me-17—C-7 and H-12—C-9, H-12—C-11, H-12—C-14. The structure of the
sugar moiety was suggested as D-ribohexo-3-ulopyranoside (3-keto-glucopyranoside) from the
chemical shifts of H-1' to H»-6' in the '"H NMR spectrum and their HSQC correlations with the
respective carbons [27,28]. Elucidation of the relative stereochemistry of 1 was mostly based on the
close similarities of its NMR data and coupling constant to those of the similar compound
splendidin C, isolated from Salvia splendens Sellow ex Schult. [29] and from which 1 differed only
for the absence of the acetyl group at C-12. Thus, 1 was assigned as 12-deacetylsplendidin C.

In the ESI-MS spectrum of 2 a molecular ion at m/z 423 [M - H] and a prominent fragment due to
the loss of 164 uma (m/z 259) were observed. Thus, the molecular formula of 2 was C,H3,0s,
which required a rearranged diterpenoid skeleton (HR-MS m/z 425.2164 [M + H]", calcd for
425.2175). The 22 carbon signals in the *C NMR spectrum (Table 1) were established as one
carboxyl moiety, two sp® carbons, six methylenes (one oxygenated), five methines (four
oxygenated), two methyls, two methoxy groups, and four quaternary carbons. In the 'H NMR
spectrum (Table 1) two methyl singlets at & 0.87 and 1.22 were observed, together with a
hydroxymethylene at 6 4.03 and 4.46 and a hydroxymethine at & 4.31, correlating in the HSQC
spectrum with the signals at 71.3 and 77.1 ppm, respectively. Four spin systems were recognized

from 1D TOCSY and COSY spectra: H-10—H-2, H-6—H-7, H-11—H-12, H-14—H-15, while the
11



hydroxymethine signal was established to be involved in an ether bridge between the C-8 and C-12
carbons, on the basis of HMBC experiment, as found in dehydrokerlin, a clerodane diterpene
isolated from Salvia rhyacophila (Fernald) Epling [30]. The most striking features of the '"H NMR
spectrum of 2, as compared to dehydrokerlin, were the absence of furanoid protons and the presence
of two additional methoxyl signals (& 3.38, 3.46) and three oxymethine protons (5 3.86, 4.80, 4.90).
Key correlations in the HMBC experiment were observed between H-12—C-13, H-14—C-12, H-14
—C-15, H-16—C-14, H-16—C-15 and the two methoxyl groups and C-15 and C-16 respectively,
leading to construct a quite rare 2,5-dimethoxy-3,4-dihydroxy-tetrahydrofuran system as E ring. To
the best of our knowledge, this side chain has been only found in some clerodane diterpenes
isolated from Salvia divinorum Epling & Jativa [31] and Dichrocephala benthamii C.B. Clarke [32]
and in some limonoids from Meliaceae family [33,34]. Other remaining 'H and “C NMR signals
were assigned with the aid of 2D NMR spectra. The relative configuration of 2 was established by
NOESY correlations and analysis of coupling constant. NOE cross peaks between Me-17—Me-20,
H,-19—Me-20, H-10—H-12 established the relative position of the methyl groups and of H-10 as
in dehydrokerlin [30], while correlations between H-12—H-14, H-14—H-15, H-16—OMe at C-15,
could suggest that these H-atoms were on the same face of the tetrahydrofuran ring. Thus, the
structure of 2 was proposed as depicted in Fig. 1, and named pseudorosmaricin.

Compound 3 (CyH20s) showed a protonated ion peak at m/z 357.1339 [M + H]" (calcd for
357.1338) in the positive HR-MS. The 'H NMR spectrum (Table 1) revealed the presence of a
typical B-monosubstitued furan ring (6 6.55, 7.58, 7.62), one methyl (& 0.90), one double bond (6
6.84), two hydroxymethines (& 5.13, 5.70), two methines (& 1.68, 2.77), one hydroxymethylene (8
4.13), and two methylenes (& 1.43, 1.91, 2.28, 2.48). The “C NMR data (Table 1) were in
agreement with a neo-clerodane skeleton for compound 3 as the one reported for blepharolide A,
isolated from Salvia blepharophylla Brandegee ex Epling [35] and salvileucanthsin A isolated from
Salvia leucantha Cav. [36]. Again with the help of 1D TOCSY, COSY, HSQC, and HMBC

experiments the total structure of 3 was deduced; particularly according to HMBC spectrum the
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hydroxymethylene protons at 6 4.13 (H»-19) showed a long range correlation with C-6 and C-18,
the double bond proton at & 6.84 (H-3) with C-5, the methine at 6 2.77 (H-11) with C-7, C-9, C-10,
C-12, and C-17, the hydroxymethine at 6 5.70 (H-12) with C-8, C-13, and C-16, the
hydroxymethine at & 5.13 (H-7) with C-9, C-11, and C-17, the methylene protons at 5 2.28 and 2.48
(H>-2) with C-3, C-5, and C-10. The relative stereochemistry of 3 was assigned by coupling
constant analysis and comparison with those of similar compound salvileucanthsin A [36], from
which 3 differed only for the absence of the hydroxy group at C-2. Thus, new compound 3 was
characterized as 2-dehydroxysalvileucanthsin A.

On the basis of NMR and MS data and in comparison with the literature, the chemical structures
of six known compounds were identified as jewenol A (4) [37], eriodictyol [38], pedalitin [39],
protocatechualdehyde [40], oleanolic acid [41], and caffeic acid methyl ester [42].

The isolated diterpenes 1-4 were tested on purified human LDHS5 and MAGL enzymes to
determine if they showed a certain inhibition potency, in the presence of two reference compounds,
the LDHS inhibitor galloflavin [43] or the MAGL inhibitor CL6a [9]. All the tested compounds
were inactive on LDHS, showing ICs, values greater than 200 uM (Table 2). In the MAGL
enzymatic assay, none compound showed any inhibition activity, with the exception of 4 that
displayed a notable ICso value in the low micromolar range (46.8 pM, Table 2). This promising
result led us to further investigate the binding mechanism of this MAGL inhibitor. First of all, we
verified if jewenol A could interact with cysteine residues of the protein: compound 4 was tested in
the presence of the thiol derivative 1,4-dithio-DL-threitol (DTT). As shown in Fig. 2A, the activity
of compound 4 remained almost unaltered in the presence of 100 uM DTT, since the initial ICs
value of 46.8 uM was only minimally increased to 50.1 uM, thus demonstrating that the inhibition
potency of jewenol A was not affected by the presence of a cysteine-mimicking compound,
therefore excluding any possible interaction with cysteines of MAGL. Moreover, the effect of
preincubation time on the inhibitory activity of compound 4 was determined in order to establish

whether the inhibition mechanism was reversible or irreversible. We evaluated the inhibitory
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potency of 4 at different preincubation times of the compound with the enzyme: compound 4 was
preincubated for 0, 30 or 60 min with the enzyme before the addition of the substrate to start the
enzymatic reaction. If the inhibitor irreversibly inhibits the enzyme, an increased inhibitory activity
should result at longer incubation times, differently if the compound behaves as a reversible
inhibitor, the inhibition potency should be constant, being independent of the incubation time. Fig.
2B showed the ICs, values of 4 at different incubation times and it is evident that the inhibitory
potency did not show a significant increase at longer incubation times, confirming that jewenol A
was a reversible MAGL inhibitor.

In order to evaluate how 4 can interact with MAGL, docking and molecular dynamics (MD)
simulation studies followed by ligand-protein binding energy evaluations were carried out. Jewenol
A was docked into the X-ray structure of human MAGL in complex with inhibitor ZYH (PDB code
3PE6) [19] using a thorough AUTODOCK [20] procedure that produced good results in both
virtual screening and pose prediction studies [44,45]. The docking protocol generated 200 different
docking solutions, which were then clustered based on their reciprocal root-mean square (RMSD)
deviation using a cut-off of 2.0 A. Four different clusters of binding poses where then obtained and,
for each of them, the docking solution associated with the best estimated binding energy was
selected as a representative binding mode. The reliability of all binding modes was thus evaluated
by subjecting the four MAGL-4 complexes to MD simulation studies. A simulation protocol
consisting of a total of 30 ns of MD simulation, which was already successfully used for pose
prediction analyses of natural compounds [45], was applied on the four complexes. The results were
then analyzed in terms of RMSD of protein a carbons and ligand disposition during the simulation
with respect to their coordinates in the starting complex. In all simulations, the protein demonstrated
a remarkable stability, since after only 5-10 ns the a carbons RMSDs reached an equilibrium,
showing a roughly constant value around 1.2 A (Fig. 3), thus confirming the reliability of the MD
protocol employed. The analysis of the ligand trajectory during the simulation highlighted a

particular stability for pose 2, since it showed an average RMSD of 1.3 A, whereas in the other
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three poses the RMSD of the ligand ranged from 2.4 to 2.7 A. In order to further confirm the
reliability of the MD protocol, the same protocol was also applied on the reference MAGL-ZYH X-
ray complex. As expected, the analysis of the RMSD of the protein o carbons showed results
similar to those obtained for the MAGL-4 complexes and the reference ligand ZYH perfectly
maintained the experimental binding mode, as the average RMSD of its disposition during the
simulation corresponded to 0.9 A (Figure S16, Supporting Information).

The four MAGL-4 complexes were then subjected to binding energy evaluation [46, 47], which
were performed applying the Molecular Mechanic-Generalized Born surface area (MM-GBSA) and
the Molecular Mechanic-Poisson Boltzmann surface area (MM-PBSA) methods [48] on the MD
trajectories relative to the last 20 ns of simulation. The analysis confirmed pose 2 as the most
reliable binding mode, being associated to the best ligand-protein binding affinity according to both
evaluation methods (AGBSA = -55.0 kcal/mol; APBSA = -29.6 kcal/mol) and exceeding of about 5-
8 kcal/mol, at least, the interaction energies estimated for the other poses using the MM-PBSA and
MM-GBSA methods, respectively (Table S1, Supporting Information). Fig. 4 showed the
minimized average structure of MAGL in complex with jewenol A in the predicted binding mode 2
obtained from the last 20 ns of MD simulation. The ligand is located in the acyl-chain binding
region, the big hydrophobic portion of the enzyme catalytic site that welcomes the fatty acid chain
of its natural substrate 2-AG. This region, where also other noncovalent ligands are supposed to
bind [49], is the same occupied by the cyclohexylbenzoxazole moiety of the reference inhibitor
ZYH in the corresponding X-ray structure (Figure S17, Supporting Information) [19]. In particular,
the bicyclic core of compound 4 is placed in the lipophilic pocket constituted by A151, A156, F159,
L205, G210, L213 and L214, thus forming hydrophobic interactions with all these residues, while
the lateral chain of the molecule takes contact with L148, 1179 and L.241. The two hydroxymethyl
substituents connected to the ligand core do not seem to establish important interactions with the
protein. On the contrary, the terminal hydroxyl group on the ligand lateral chain is placed in a

particular subpocket of the binding site called oxyanion hole, which is essential to stabilize the
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transition state of the catalytic reaction [19]. Through this OH group, the ligand forms H-bonds with
the backbone nitrogen of A51 and with the side chain of S122, which is a key residue for the
catalytic activity of the enzyme, and also forms an intramolecular H-bond with the other hydroxyl
group of the chain. Interestingly, the terminal OH group of compound 4 partially mimics the
carbonyl moiety of the reference inhibitor ZYH, which is placed in the same subpocket and forms
an analogous H-bond with A51 as well as an additional H-bond with M123 (Figure S17).

With the aim of further validating the reliability of the computational approach used to predict the
binding mode of compound 4, the three diterpenes 1-3 that proved to be inactive against human
MAGL were studied as a control. The compounds were thus docked into the X-ray structure of
human MAGL, obtaining three different clusters of poses for compound 1, two clusters for
compound 2 and a single cluster for 3. The results produced for compounds 2 and 3 suggested that
the molecules can not properly bind to MAGL. In fact, in all the generated binding modes, these
compounds were predominantly placed outside the binding site of the protein, without reaching the
oxyanion hole. Therefore, they could not form any of the H-bonds with A51, M123 and the
catalytic S122 showed by the reference inhibitor ZYH or predicted for compound 4. For this reason,
the docking results obtained for compounds 2 and 3 were already sufficient to discard the two
diterpenes as potential MAGL inhibitors. Compound 1 was predicted to interact with the oxyanion
hole in one out of the three binding poses generated by docking. For this reason, the three binding
modes calculated for compound 1 were further studied through MD simulations and binding energy
evaluations. However, contrarily to the results obtained for compound 4, the protocol did not
highlight any of the three binding poses as more reliable than the other ones. In fact, none of the
three binding modes showed a particular stability with respect to the others in terms of RMSD of
the ligand disposition during the MD and none of them was associated to a ligand-protein binding
affinity higher than those calculated for the other poses according to both the evaluation methods
used (Figure S18, Supporting Information). Moreover, the calculated binding affinity values

resulted to be at least 11-15 kcal/mol lower than those associated to the binding mode predicted for
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the active compound 4. These results suggest that compound 1 is not an inhibitor of human MAGL.
Overall, the results obtained by applying the docking, MD and binding energy evaluation protocol
on compounds 1-3 are in agreement with the inactivity of the compounds towards MAGL, and thus
further validate the reliability of the computational procedures herein applied and the binding mode

predicted for the active compound 4.

4. Conclusion

In summary, three new neo-clerodane diterpenes and six known compounds were isolated from

Salvia pseudorosmarinus aerial parts. The known diterpene jewenol A (4) exhibited a moderate

inhibition activity on MAGL, as a reversible inhibitor. Previously, another natural diterpene,

tanshinone IIA, obtained from Salvia divinorum Epling & Jativa, was found to inhibit MAGL [50].

Docking and molecular dynamic simulation studies suggested that 4 could bind to the acyl-chain

binding region of the enzyme. To our knowledge, this is the first report of naturally occurring neo-

clerodane as MAGL inhibitor and could suggest its skeleton as a starting chemical scaffold for

future investigation on plant small molecules as potential MAGL inhibitors.
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Fig. 1. Chemical structures of compounds isolated from Salvia pseudorosmarinus.
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Fig. 2. Compound 4-MAGL inhibition analysis. A) Effect of DTT (0 or 100 uM) on MAGL
inhibition. B) Preincubation assay: inhibition values of 4 at different preincubation times with

MAGL (0, 30, and 60 min).
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Fig. 3. MD analysis of the four MAGL-compound 4 complexes. In the first plot the RMSD of the
protein a-carbons during the simulation from their crystallographic coordinates are shown; the

second plot reports the RMSD of the ligand disposition with respect to its initial docking pose.
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Fig. 4. Minimized average structure of 4 within the catalytic site of human MAGL in binding mode
2, derived from the last 20 ns of MD simulation. Hydrogen bonds are represented as black dashed

lines.
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Table 1

"H (CD;0D, 600 MHz) and *C-NMR (CD;OD, 150 MHz) data of compounds 1-3°.

1 2
pOSitiOIl 8H 8(: 8H 8(: 8}1 8C

la 1.60 m 20.0 1.78 m 21.0 1.91 m 23.0
1b 1.17m 1.27 ddd (16.8, 13.6, 4.5) 1.43 ddd (16.7, 12.8, 5.0)

2a 230 m 27.6 248 m 27.2 248 m 26.7
2b 2.01° 2.28 m 228 m

3 6.73brd (8.0) 136.5 6.77 br d (7.0) 137.5 6.84 dd (8.0, 2.4) 137.6
4 140.0 138.7 135.8
5 45.7 45.7 46.0
6a 2.42dd (14.0,2.0) 359 1.91ddd(16.5,12.8,5.0) 30.7 2.52dd (13.5, 8.3) 40.6
6b 1.30 dd (15.0, 4.0) 1.49 ddd (16.5, 12.0, 3.8) 1.05 dd (13.5, 9.0)

7a 428 brdd (6.2,3.7) 78.7 1.93m 314 5.13t(9.0) 63.0
7b 1.70 br d (12.8)

8 2.46dd (7.0,4.3) 41.5 85.0 33.0
9 40.0 47.0 41.0
10 2.04° 40.6 2.03° 45.6 1.68 dd (13.5,3.2) 49.6
lla 2.00° 45.6 2.10 br t (12.0) 37.5 2.77d (5.0) 38.7
11b 1.75 dd (15.0, 4.7) 2.02°

12 4.73dd (8.0,3.6) 63.2 4.31dd (11.0, 6.0) 77.1 5.70 br d (5.0) 74.7
13 131.5 80.5 123.5
14 6.52brs 109.0 3.86 d (4.0) 77.8 6.55s 109.6
15 7.51brs 144.0 4.90 d (4.0) 112.0 7.58 br's 145.0
16 7.52s 139.5 4.80° 109.8 7.62's 140.5
17 1.23 d (6.0) 12.5 1.22's 25.8 177.0
18 172.0 171.0 171.0
19a 5.52.d (8.0) 73.4 4.46 d (8.0) 71.3 4.13s 70.4
19b 3.95d (8.0) 4.03 d (8.0)

20 0.82s 18.0 0.87 s 16.2 0.90 s 13.0

OMe at C-15 346 55.2
OMe at C-16 3.38s 54.7

I 4.46 d (8.3) 101.9

2' 4.14d (8.3) 77.5

3' 207.9

4' 4.25d(9.0) 73.5

5' 3.33° 77.5

6'a 3.98 dd (12.0, 3.0) 62.2

6'b 3.83 dd (12.0, 4.5)

* J values are in parentheses and reported in Hz; chemical shifts are given in ppm;

assignments were confirmed by DQF-COSY, 1D-TOCSY, HSQC, and HMBC experiments.

®overlapped signal.
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Table 2

LDHS and MAGL inhibition potencies for compounds 1-4, galloflavin, and CL6a.

Compound ICso (uM)
LDH5 MAGL
1 > 200 > 200
2 > 200 > 200
3 > 200 > 200
4 > 200 46.8+5.0

galloflavin® 103.1 + 5.4 -
CL6a" 11.7+22

Data were reported as means + SD of three independent measurements.
“positive control for LDHS.

® positive control for MAGL.
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