Bioorganic Chemistry 107 (2021) 104530

ELSEVIER

Contents lists available at ScienceDirect
Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

BIO-ORGANIC
CHEMISTRY

Check for

Bioactive sesquiterpene derivatives from mangrove endophytic fungus e
Phomopsis sp. SYSU-QYP-23: Structures and nitric oxide inhibitory activities

Yan Chen®", Hongju Liu®, Ge Zou", Wencong Yang“, Lishan Zhang , Zhangyuan Yan 4

Yuhua Long ®", Zhigang She ®"

@ School of Chemistry, Sun Yat-Sen University, Guangzhou 510275, PR China

b National R & D Center for Edible Fungus Processing Technology, Henan University, Kaifeng 475004, China

€ School of Pharmacy, Guangdong Medical University, Dongguan 523808, PR China
4 School of Chemistry, South China Normal University, Guangzhou 510006, PR China

ARTICLE INFO ABSTRACT

Keywords:

Phomopsis sp.

Mangrove endophytic fungus
Sesquiterpene derivatives
Anti-inflammatory activity
Molecular docking

Eight new sesquiterpene derivatives (2, 4-6 and 10-13), along with five known analogues were isolated from the
mangrove endophytic fungus Phomopsis sp. SYSU-QYP-23. Their structures of new compounds were established
by spectroscopic methods, and the absolute configurations were confirmed by single-crystal X-ray diffraction
analysis and comparison of the experimental ECD spectra. The absolute configuration of the side chain in 1 was
first defined by modified Mosher’s method. Compounds 1-7 showed potent inhibitory activities against nitric

oxide (NO) production in lipopolysaccharides (LPS) induced RAW 264.7 cells with ICs, values ranging from 8.6
to 14.5 pM. The molecular docking results implied that the bioactive sesquiterpenes may directly bind with
targeting residues in the active cavity of iNOS protein.

1. Introduction

Sesquiterpenes, the largest members in the terpenoid family, were
produced from diverse genera of higher plants, insects, terrestrial fungi,
and various marine organisms [1,2], and possessed a wide range of
pharmacological activities including cytotoxic, anti-inflammatory,
antimalarial, antibacterial, antifungal, anti-hyperlipidemic, and anti-
viral [3-7]. The fungal genus Phomopsis was commonly isolated from
terrestrial or marine-derived environments and produced various bio-
logically active secondary metabolites [8,9], for example, sesquiterpene
phomoarcherin B with antimalarial activity [10], polyketone lithocarols
A-E with cytotoxic activities [11] and alkaloid farinomaleins A-B with
anti-inflammatory activities [12]. A previous chemical investigation of
Phomopsis sp. SYSU-QYP-23 cultured in solid medium resulted in six new
alkaloids [12], which showed strong inhibitory activities against nitric
oxide (NO) production in lipopolysaccharides (LPS) induced RAW 264.7
cells. In a continuing searching for more natural anti-inflammatory
products, the strain were further fermented in liquid medium, leading
to the isolation of eight new ones (2, 4-6 and 10-13) and five known
analogues (1, 3 and 7-9). The nitric oxide (NO) inhibitory activity of all
isolates were tested. Herein, we report the isolation, structure
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elucidation, and biological functions of these isolated compounds, as
well as the molecular docking study of bioactive compounds.

2. Experimental
2.1. General experimental procedures

Melting points were measured on a Fisher-Johns hot-stage apparatus.
Optical rotations, IR spectra, 1D and 2D NMR experiments, and HRE-
SIMS spectra were performed using the same instruments as previously
published paper [12]. ECD data were recorded on a Chirascan CD
spectrometer (Applied Photophysics).

2.2. Fungal material, fermentation, extraction and isolation

The strain Phomopsis sp. SYSU-QYP-23 was described as previously
reported [12]. It was cultured on PDA medium for five days. Then, the
seed culture was prepared by the mycelium of the fungus inoculating
into 200 mL PDB medium for three days. Thereafter, the seed culture
was transferred into liquid medium (potato 7 kg, dextrose 20 g/L, and
artifical sea salts 20 g/L, 100 x 1000 flasks) at 28 °C for 30 days.
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Table 1
1H NMR (500 MHz) spectroscopic data for compounds 2 and 4-6 in CDCl;3 (5 in
ppm, J in Hz).

no. 2 4 5 6
1 2.49, dt (4.5, 2.49, dt (3.4, 2.49, m 2.32, m
15.0) 14.6)
2.35, m 2.35, m 2.36, m 2.16, m
2 217, m 2.17,q (12.3) 2.18, q (11.5) 2.03, dt (3.4,
8.3)
1.48, m 1.49, brd (13.9) 1.48, brd (10.2) 1.40, dd (4.4,
14.3)
3 4.89, dt (4.4, 4.91, dt (4.4, 4.91, dt (4.4, 4.85, m
11.6) 11.1) 11.1)
4 1.65, m 1.63, m 1.63, qd (6.7, 1.54, m
11.0)
6 2.04, dd (4.5, 2.03, dd (4.5, 2.03, dd (4.5, 1.60, m
13.1) 13.0) 13.0)
1.89,t(13.1) 1.90, m 1.87, m
7 3.13,dd (4.5, 3.11, dd (4.5, 3.11, dd (4.5, 2.24, m
14.4) 14.4) 14.4)
8 4.09, brs
9 5.78, brs 5.79, brs 5.79, brs 5.64, d (5.6)
12 5.01, brs 5.0, brs 5.0, brs 5.02, brs
4.83, brs 4.82, brs 4.82, brs 4.82, brs
13 1.74, s 1.74, s 1.74, s 1.83,s
14 0.96, d (6.6) 0.96, d (6.7) 0.96, d (6.7) 0.92,d (6.7)
15 1.20, s 1.23,s 1.23, s 1.0, s
2/ 2.67, quint (7.0) 2.58, quint (7.2) 2.58, quint (7.2) 2.58, quint (7.1)
3 4.44, m 4.25, dt (5.0, 4.24, dt (5.3, 4.23, brt (7.1)
7.2) 7.2)
4 5.62, dd (6.1, 5.76, dd (5.0, 5.81, dd (5.3, 5.59, dd (6.8,
15.2) 15.2) 15.2) 15.2)
5 6.28, dd (10.3, 5.76, dd (10.3, 5.81, dd (10.3, 6.26, dd (10.3,
15.2) 15.2) 15.2) 15.2)
6 6.12, dd (10.3, 4.25, dd (10.3, 4.20, m 6.12, dd (10.3,
15.0) 11.3) 15.1)
7 5.73, td (7.4, 4.14, td (6.3, 4.14, td (2.8, 5.71, td (7.4,
15.0) 11.3) 6.1) 15.1)
8 2.30, m 2.40, m 1.96, m 2.25, m
2.24, m 1.61, m 1.71, m
9 3.86, qd (6.1, 4.22, m 4.30, m 3.85, qd (6.2,
11.8) 12.0)
100 1.23,d(6.1) 1.33,d (6.2) 1.30, d (6.0) 1.20, d (6.2)
11 1.22,d (7.2) 1.20,d (7.2) 1.20,d (7.2) 1.18,d (7.2)

Thereafter, the broth was extracted with EtOAc three times, and the
mycelia was extracted with MeOH twice. Both of the organic phases
were combined and evaporated under reduced pressure to yield the
extracts of 30.5 g. Then, the residue was fractionated by silica gel col-
umn chromatography with a gradient of petroleum ether/EtOAc from
10:0 to 0:10 to give ten fractions (Fr.1- Fr.10). Fr.2 (2.3 g) was subjected
to silica gel CC (CH2Cly/MeOH v/v, 98:2) to yield compound 8 (3.6 mg).
Fr.3 was subjected to silica gel CC (CH2Cly/MeOH v/v, 97:3) to yield
compound 9 (3.3 mg) and an additional Fr.3.1 which was purified by
semipreparative reversed-phase HPLC (MeOH-H,0, 75:25) to yield
compounds 4 (2.6 mg) and 5 (3.0 mg). Fr.4 was subjected to silica gel CC
(CH,Clp/MeOH v/v, 88:12) to yield compound 7 (3.3 mg). Fr.5 (5 g) was
purified by Sephadex LH-20 CC (CH,Cly/MeOH v/v, 1:1) to afford two
fractions (Fr.5.1 and 5.2). Fr.5.1 was subjected to silica gel CC (CH2Cly/
MeOH v/v, 91:9) to give compounds 1 (35.5 mg) and 6 (2.3 mg). Fr.5.2
was subjected to silica gel CC (CH3Cl,/MeOH v/v, 89:11) to yield
compound 2 (3.7 mg) and an additional fraction Fr.5.2.1 which was
purified by Sephadex LH-20 CC (CH2Cl,/MeOH v/v, 1:1) to give com-
pound 10 (6.8 mg). Fr.6 (45.3 g) was purified by Sephadex LH-20 CC
(CH5Cly/MeOH v/v, 1:1) to obtain three fractions (Fr.6.1- Fr.6.3). Fr.6.1
was subjected to silica gel CC (CH3Cl,/MeOH v/v, 83:17) to yield
compound 3 (5.0 mg). Fr.6.2 was subjected to silica gel CC (CH2Cly/
MeOH v/v, 82:18) to yield compound 11 (3.5 mg). Fr.7 was applied to
silica gel CC (CH2Cl,/MeOH v/v, 82:18) to give compound 13 (4.0 mg)
and an additional fraction Fr.7.1 which was purified by semipreparative
reversed-phase HPLC (MeOH-H50, 70:30) to obtain compound 12 (3.5
mg).
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Eremofortin G (2): colorless oil; [0:],2)5 +18 (¢ 0.20, MeOH); UV
(MeOH) Amax (log €): 235(3.50) nmy; IR (KBI) vmax: 3453, 2947, 1735,
1626, 1433, 1342, 1228 cm™; 'H and 'C NMR data, see Tables 1 and 2;
HRESIMS m/z 431.27928 [M + H] " (calcd for CygHsg0s, 431.27920).

Eremofortin H (4): colorless oil; [a]zDS +23 (c 0.22, MeOH); UV
(MeOH) Amax (log €): 234(3.47) nm; IR (KBr) vmayx: 3426, 2952, 1726,
1656, 1450, 1368, 1260, 1172 cm’l; 'H and *c NMR data, see Tables 1
and 2; HRESIMS m/z 447.27375 [M + H]" (caled for CogH39Og,
447.27412).

Eremofortin I (5): colorless oil; [a]f)s +18 (¢ 0.20, MeOH); UV
(MeOH) Amax (log €): 235(3.50) nm; IR (KBr) vmayx: 3436, 2942, 1718,
1635, 1443, 1352, 1236 cm™; 'H and '>C NMR data, see Tables 1 and 2;
HRESIMS m/z 447.27364 [M + H]" (caled for CogHzoOs, 447.27412).

Eremofortin J (6): colorless oil; [oc]ZD5 +16 (¢ 0.25, MeOH); UV
(MeOH) Amax (log €): 235(3.56) nm; IR (KBr) vmax: 3432, 2967, 1716,
1662, 1462, 1375, 1258, 1176 cm ™ '; 'H and '3C NMR data, see Tables 1
and 2; HRESIMS m/z 455.27709 [M + Nal]' (caled for CogHsoNaOs,
455.27680).

Altiloxin C (10): White hydrate crystals; [a]zDs —27 (c 0.31, MeOH);
UV (MeOH) Apmax (log €): 220 (3.42) nm; IR (KBr) vmay: 3468, 3414, 2931,
1728, 1700, 1382, 1276, 1246 cm ™ '; 'H and '3C NMR data, see Tables 2
and 3; HRESIMS m/z 303.13731 [M—H]™ (caled for C;i5H34ClOy4,
303.13686).

Altiloxin D (11): White solid; [a]3> —65 (c 0.85, MeOH); UV (MeOH)
Amax (log €): 220 (3.86) nm; IR (KBr) vmax: 3445, 2962, 1735, 1675,
1363, 1256, 1218 cm™}; 'H and '3C NMR data, see Tables 2 and 3;
HRESIMS m/z 267.16018 [M—H]~ (caled for C1sHz304, 267.16018).

Altiloxin E (12): White hydrate crystals; [a]2D5 —43 (¢ 0.52, MeOH);
UV (MeOH) Anax (log €): 220 (3.55) nm; IR (KBr) vmax: 3460, 3385, 2912,
1733, 1365, 1247 cm™}; 'H and 3C NMR data, see Tables 2 and 3;
HRESIMS m/z 275.1618 [M + Na]™ (calced for C;5H,4NaOs, 275.1611).

Phomomane (13): White crystals; [a]ZDS —47 (c 0.48, MeOH); UV
(MeOH) Amax (log €): 220 (3.65) nm; IR (KBr) vmax: 3458, 2956, 1726,
1665, 1321, 1227 cm™}; 'H and '3C NMR data, see Tables 2 and 3;
HRESIMS m/z 253.18128 [M—H] ™ (calcd for C15H2503, 253.18092).

2.3. X-ray crystallographic analysis of compounds 10, 12 and 13

Single crystals of 10, 12 and 13 were obtained from MeOH solution.
The data obtained on an Agilent Xcalibur Nova singlecrystal diffrac-
tometer using Cu ko radiation (1 = 1.5418 A). The structures were
solved by direct methods using SHELXS-97 software and refined with
SHELXS-97 using by full-matrix least-squares, with anisotropic
displacement parameters for all the non-hydrogen atoms. The crystal-
lographic data can be obtained free of charge from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: 44-(0)1223-336033; e-mail: deposit@ccdc.cam.ac.uk).

Crystal data of 10: C15H25Cl04-H20, My = 322.1, monoclinic, a =
7.6804(2) A, b = 9.4260(3) A, ¢ = 10.9238(2) A, a = 90.00°, f = 96.90°,
7 = 90.00°, V = 788.09(4) A3, space group P21, Z = 2, T = 293(2) K,
Dealed = 1.360 g/cm®, = 2.316 mm™}, and F(000) = 348.0. Crystal
dimension: 0.25 x 0.15 x 0.10 mm®. Independent reflections: 3077
(Rint = 0.0395). The final R; values were 0.0634, wRy = 0.1566 (I> = 26
(D). The goodness of fit on F? was 1.080. Flack parameter = —0.03(2).
CCDC number: 1977144.

Crystal data of 12: C;5H2403, M; = 252.1, monoclinic, a = 6.3767(2)
A,b=7.2885(2) A, c = 16.8669(6) A, a = 80.903°, 8 = 79.880(10)°, y =
66.813°, V = 705.95(4) ;\3, space group P1, Z =1, T = 150 K, Dcaled =
1.187 g/cm3, u=0.645 mm’l, and F(000) = 276.0. Crystal dimension:
0.30 x 0.15 x 0.02 mm?. Independent reflections: 24,488 (Rint =
0.0560). The final Ry values were 0.0945, wR5 = 0.3005 (I> = 206 (I)).
The goddess of fit on F2 was 1.129. Flack parameter = —0.04(16). CCDC
number: 1977147.

Crystal data of 13: C;5H2g04, M; = 254.1, monoclinic, a = 6.1447(3)
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Table 2
13C NMR (125 MHz) spectroscopic data for compounds 2, 4-6 and 10-13 (5 in ppm).
no. 2° 4 5° 6° 10° 11° 12° 13"
1 30.6, CHy 30.5, CHy 30.5, CHy 30.3, CHy 34.3, CHy 42.9, CHy 40.4, CHy 216.0, C
2 31.6, CH, 31.5, CHy 31.5, CH, 32.4, CHy 30.6, CH, 42.6, CHy 27.8, CH, 34.8, CHy
3 74.0, CH 73.8, CH 73.8, CH 74.9, CH 70.3, CH 19.4, CH, 78.4, CH 37.1, CH,
4 47.2, CH 47.0, CH 47.2, CH 47.5, CH 46.0, C 37.1,C 43.3,C 72.1,C
5 40.1, C 40.0, C 40.0, C 39.6, C 78.5, C 149.8, C 148.8, C 55.3, CH
6 41.7, CH, 41.6, CHy 41.6, CH, 35.3, CHy 27.0, CH, 118.0, CH 119.7, CH 70.2, CH
7 50.3, CH 50.3, CH 50.3, CH 42.0, CH 38.3, CHy 44.7, CHy 44.5, CHy 51.1, CH
8 195.3,C 198.5, C 198.7, C 63.6, CH 72.6, C 71.0, C 70.8, C 18.0, CHy
9 124.8, CH 124.7, CH 124.7, CH 121.5, CH 59.2, CH 65.3, CH 65.2, CH 34.6, CH,
10 166.0, C 166.4, C 166.3, C 147.1,C 42.6, C 40.7, C 40.3, C 46.9, C
11 143.3,C 143.2,C 143.3,C 146.3, C 176.7, C 176.4, C 176.2, C 25.5, CH
12 114.6, CH, 114.4, CH, 114.5, CH, 112.1, CH, 24.8, CH3 25.0, CH3 24.7, CH3 21.1, CH3
13 20.2, CH3 20.0, CH3 20.0, CH3 22.9, CH3 24.6, CH3 21.5, CH3 28.3, CH3 15.9, CH3
14 10.5, CHs 10.5, CHs 10.4, CH, 10.9, CH 19.4, CH, 33.6, CH, 23.2, CH, 18.8, CH,
15 17.2, CHs 17.2, CH; 17.2, CHs 18.1, CH; 19.0, CHs 29.8, CHs 21.5, CHs 25.9, CHs
1 175.2,C 175.0, C 175.0, C 175.4,C
2 45.2, CH 45.6, CH 45.6, CH 45.8, CH
3 72.7, CH 74.0, CH 73.8, CH 74.4, CH
4 130.7, CH 132.2, CH 131.8, CH 131.6, CH
5’ 131.8, CH 131.4, CH 131.7, CH 132.2, CH
6 132.5, CH 84.8, CH 86.5, CH 132.6, CH
7' 131.0, CH 77.0, CH 77.4, CH 131.2, CH
8 42.5, CH, 41.7, CHy 42.1, CH, 42.6, CHy
9 67.3, CH 74.0, CH 74.5, CH 67.5, CH
10’ 22.9, CHs 22.3, CHs 21.0, CHs 23.0, CHs
11 11.6, CH3 14.2, CH3 14.1, CH3 14.3, CH3

& Measured in CDCls.
b Measured in CD50D.

A, b =8.5787(4) A, ¢ = 14.1099(6) A, a = 90.00°, § = 93.47°, y =
90.00°, V=742.42(6) 12\3, space group P21, Z =2, T=293(2) K, D¢aled =
1.218 g/em®, y = 0.696 mm ™, and F(000) = 300.0. Crystal dimension:
0.22 x 0.15 x 0.08 mm°. Independent reflections: 2828 (R = 0.0346).
The final R; values were 0.0579, wRy = 0.1581 (I>=20 (I)). The goddess
of fit on F? was 1.044. Flack parameter = — 0.14(18). CCDC number:
1977150.

Table 3
'H NMR (500 MHz) spectroscopic data for compounds 10-13 (8 in ppm, J in
Hz).

no. 10° 11° 12° 13"
1 1.95, m 1.76, m 1.65, dt (3.3,
13.3)
1.09, m 1.34, m 1.30, dt (3.6,
13.6)
2 2.04, m 1.50, m 1.73, m 2.58, ddd (5.6,
10.5, 15.8)
1.91, m 1.26, m 1.55, ddd (3.7, 2.41, ddd (4.6, 6.7,
7.7,13.1) 15.8)
3 4.43,dd (4.7, 1.87,m 3.05, dd (4.5, 1.94, m
12.3) 11.7)
1.49, m
6 1.94, m 5.44,dd (3.2, 5.44,dd (3.3,4.8) 3.88,t(10.2)
4.8)
1.66, dt (3.2,
6.9)
7 2.01, m 2.22, m 2.10, m 1.30, m
1.54, dt (3.1,
12.0)
8 1.58, m
1.20, m
9 3.33,s 2.60, s 2.4,s 1.85, m
1.30, m
11 2.11, m
12 1.46,s 1.47,s 1.36, s 0.95, d (6.9)
13 1.09,s 1.37,s 1.05, s 0.87, d (6.9)
14 1.05,s 1.09, s 0.96, s 1.05, s
15  1.33,s 1.14,s 1.25, s 1.50, s

@ Measured in CD30D.
b Measured in CDCls.

2.4. Hydrolysis and methyl esterification reaction

A solution of 1 (15.0 mg) in THF (1.5 mL) was stirred with NaOH
solution (1.0 M, 1.0 mL) at room temperature for 10 h. Then, the mixture
was extracted with EtOAc, and the organic solution was evaporated
under reduced pressure to yield the compound 8 (4.3 mg) and 9 (3.8
mg). While, the aqueous layer was acidified by HCl solution (1.0 M), and
extracted with EtOAc. The organic solution was concentrated to give
compound 14 (10.2 mg, Figs. S57-59). Trimethylsilyldiazomethane
(1.0 mL) was added to a solution of 14 (9.6 mg) in MeOH (1.5 mL), and
stirred at room temperature for 3 h. the mixture was extracted with
EtOAc, and purified by Sephadex LH-20 CC (CH3Cl,/MeOH v/v, 1:1) to
obtain 15 (7.6 mg, Fig. S60).

2.5. Preparation of the (S)- and (R) -MTPA esters 15a and 15b

Compound 15 (3.0 mg) was treated with (R)-MTPACI (15 pL) and
pyridine (1.0 mL) at room temperature for 24 h. Then, the mixture was
extracted with EtOAc, and the organic phase was concentrated. Finally,
purification of the reaction mixture by preparative TLC yielded the (S)-
MTPA ester 15a (1.8 mg, Fig. S61). In a similar way, (R)-MTPA ester 15b
(1.8 mg, Fig. S61) was obtained.

(S)-MTPA ester 15a: 14 NMR (CDCl3, 400 MHz) 6y: 2.79 (H-2), 5.62
(H-3), 5.33 (H-4), 6.24 (H-5), 5.97 (H-6), 5.54 (H-7), 2.38 (H-8), 5.21
(H-9), 1.35 (H-10), 1.12 (H-11).

(R)-MTPA ester 15b: 'H NMR (CDCl3, 400 MHz) 8y: 2.77 (H-2), 5.65
(H-3), 5.47 (H-4), 6.38 (H-5), 6.08 (H-6), 5.71 (H-7), 2.45 (H-8), 5.21
(H-9), 1.30 (H-10), 1.08 (H-11).

2.6. Anti-inflammatory assay

The method for the assay of anti-inflammatory activity was accord-
ing to the previously published paper [13]. N°-monomethyl-,-arginine
(,-NMMA) was used as positive control.

2.7. Molecular docking studies

The molecular docking study was accomplished in Sybyl-X 2.0, and
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12 R=COH

Fig. 1. Chemical structure of compounds 1-13.

NaOH

THF, 25°C, 10h H

O -
NF -
—>HOWA/\ +

TMSCHN2 | MeOH

25°C, 3h

Scheme 1. Preparation of 15 from 1.

crystal structure of iNOS (PDB: 3HR4) was obtained from the RCSB
Protein Data Bank. The docking compounds 1-9 were first optimized
with Gaussian 05 program at DFT calculations at B3LYP/6-21G (d) level.
All polar hydrogen atoms were added and solvation parameters were
assigned. Before the docking process, the ligand substructures were
extracted and water molecules were removed. The surflex-dock total
score was expressed in —Log(Kg) to represent binding affinities. The
higher docking total score, the stronger interaction of proteins and
bioactive compounds.

3. Result and discussion

Compounds 1-7 are eremophilane derivatives (Fig. 1), containing an
eremophilane-type sesquiterpene moiety and a 3, 9-dihydroxy-2-meth-
yldeca-4, 6-dienoic acid side chain. For the new eremophilane sesqui-
terpene derivatives 2 and 4-6, their absolute configurations were
determined based on that of the major component 1 (AA03390,
Figs. S62-63 and Table S1) [14]. To establish the absolute configuration
of 1, it was hydrolyzed to give 14, petasol (8) (Fig. S68-69) [15] and
isopetasan (9) (Fig. S70-71) [16] (Scheme 1).

The configuration of the sesquiterpene moiety of 1 was assigned as
3R, 4R, 5R, 7S by the similar experimental ECD curves with (Fig. 5) and
specific rotation of the hydrolyzed 8 obtained from 1 with those of 8
([01]1235 + 62, ¢ 0.36, MeOH). For the side chain 14, the double bonds were
determined as 4'E and 6'E by the large coupling constants of Jy.4/ /5.5 =
15.1 Hz and Juy.¢yu77 = 15.0 Hz. The absolute configurations of the
secondary alcohol at C-3' and C-9’ were established by Mosher’s method

[13]. Compound 14 reaction with trimethylsilyldiazomethane in MeOH
for three hours at the room temperature to yield 15. Subsequently, the
(S)-and (R)-MTPA esters of 15a and 15b were prepared using (R)-and
(S)-MTPA chloride, respectively. The chemical shifts differences in 'H
NMR spectra (Fig. 2) were summarized and the absolute configuration at
C-2' and C-9' were assigned as 2'S, 9R. Moreover, the large coupling
constant 3JH_2r, p-3 = 7.1 Hz indicated the anti-configuration [17] be-
tween CHs3-2' and OH-3'. Thus, the absolute configuration of 1 was first
determined as 3R, 4R, 5R, 7S, 2'S, 3'S, 9R.

Compound 2 was isolated as a colorless oil. Its molecular formula of
Co6H3g05 from HRESIMS was the same as compound 1. The H NMR
data (Table 1) showed five methyl signals at 6y 1.74 (s), 1.20 (s), 1.22 (d,
J=7.2Hz),1.23(d, J = 6.1 Hz) and 0.96 (d, J = 6.6 Hz). Seven olefinic
protons at 6y 5.78 (brs), 5.01 (brs), 4.83 (brs), 5.62 (dd, J = 6.1, 15.2
Hz), 6.28 (dd, J = 10.3, 15.2 Hz), 6.12 (dd, J = 10.3, 15.0 Hz) and 5.73
(dt, J = 7.4, 15.0 Hz). The 13C NMR data (Table 2) and HSQC spectra
exhibited 26 carbon signals, containing five methyls, five methylenes

O OR OR

: -0.14 -0.11 -0.07 +0.05

+0.04
15a R = (S)-MTPA ester
15b R = (R)-MTPA ester

Fig. 2. A5 = 65 — &g values in ppm for the MTPA esters of 15.
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Fig. 5. Experimental ECD spectra of compounds 1-9 in methanol.

(one olefinic carbon), eleven methines (five olefinic carbons), five
nonprotonated carbons (two carbonyl carbons and one olefinic carbon).
The above data indicated that 2 was an eremophiane-type sesquiterpe-
noid. The 'H-'H COSY and HMBC correlations (Fig. 3) confirmed that
compound 2 has the same planar structure as 1. The same NOESY cor-
relations (Fig. 4) of 1 and 2 revealed the relative configurations of the
sesquiterpenoid moiety were similar. While, the difference of NMR shift

at C-11"in 1 (6¢ 14.1) and 2 (8¢ 11.6), implied the erythro-configuration
between C2'-CHs and C3’-OH in 2 according to the Atsushi’s report [18].
Furthermore, with the identical experimental ECD curves (Fig. 5), the
absolute configurations of 2 were tentatively assigned as 3R, 4R, 5R, 7S,
2'R, 3'S, 9'R based on the shared biogenesis, and compound 2 was an
epimer of compound 1 at C-2'.

The molecular formula of 4 and 5 were deduced via HRSEIMS as
Co6H3g0g, indicating 8 degrees of unsaturation. Their NMR data were
similar to those of 1, the major differences were that the olefinic carbons
C-6’ (6¢c 132.4) and C-7' (5¢ 131.3) in 1 were oxidized into the oxy-
methine C-6’ (6¢ 84.8) and C-7’ (6¢ 77.0) in 4, as well as the oxymethine
C-6' (5¢ 86.5) and C-7’ (5¢ 77.4) in 5. The above features were supported
by the 'H-'H COSY cross-peak (Fig. 3) of Hs-11'/H-2'/H-3'/H-4' /H-5'/
H-6'/H-7'/H,-8' /H-9'/H3-10'. The HMBC correlation from H-6' to C-9’
indicated the presence of a tetrahydrofuran moiety in compounds 4 and
5. The similar NOESY correlations (Fig. 4) and experimental ECD curves
(Fig. 5) suggested that the absolute configuration in the eremophilane
moiety were identical to those of 1. The NOESY correlation of H-6'/Hs-
10’ in the tetrahydrofuran ring was only observed in compound 4,
confirming that 4 was an epimer of 5 at C-6'. The coupling constant >Jy.
¢/u7 = 11.3 Hz in 4 and 3JH,5r/H_7r = 2.8 Hz in 5, indicated that the
relative configurations were determined as 6'R, 7'S, 9Rin 4 and 6'S, 7'S,
9R in 5 [19,20]. Considering the biogenetic origin and the chemical
shift at C-11’ (6¢c 14.1) in 4 and 5, the stereochemistry at C-2’, C-3’ and C-
9’ was assigned to be 2'S, 3'S and 9'R, respectively. Thus, the absolute
configurations of 4 and 5 were tentatively assigned as 3R, 4R, 5R, 7S,
2'S, 3'S, 6/R, 7'S, 9R and 3R, 4R, 5R, 7S, 2'S, 3'S, 6'S, 7'S, 9'R,
respectively.

Compound 6 was isolated as a colorless oil and its molecular formula
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was deduced as CygH4905 based on HRESIMS data (m/z 455.27709 [M
+Nal™). The 'H and '3C NMR data (Tables 1 and 2) of compounds 1 and
6 displayed similar protons and carbon resonances, and revealed com-
pound 6 to be an analogue of compound 1. The main difference was the
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o
s ..
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g
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Fig. 9. Experimental ECD spectra of compounds 10-12 in methanol.

signals for the hydroxymethine group at C-8 (6y 4.09, brs and 6¢ 63.6) in
6 replacing the ketone carbonyl carbon resonance (6 198.6) in 1, which
was confirmed by the HMBC correlations from H-9 to C-8 and C-7, as
well as the 'H-'H COSY cross-peaks of H-7/H-8/H-9. Finally, the
structure of 6 was established. The relative configuration of the ses-
quiterpenoid moiety was assigned by NOESY data (Fig. 4) analysis. The
cross peaks of H-3/H3-14, H-3/H3-15, H-7/H3-15, H-8/H3-13, confirmed
that H-3, H3-14, H3-15 and H-7 were a-oriented, and H-8 was S-oriented.
The limited quality of 6 making the Mosher’s method was failed. Finally,
the identical the experimental ECD curves of 1 and 6 (Fig. 5), indicated
the 3R, 4R, 5R, 7S, 8R configuration of the sesquiterpene moiety. With
the consideration of biogenetic origin, the configurations were tenta-
tively assigned as 3R, 4R, 5R, 7S, 8R, 2'S, 3'S, 9'R.

Compound 10 was isolated as colorless crystals. Its molecular

Table 4
Inhibitory activities of 1-13 against LPS-induced NO production.
Compound ICs0 (uM) Compound ICs0 (M)
1 14.5 8 22.5
2 13.5 9 18.0
3 12.0 10 45.0
4 8.6 11 50.0
5 9.2 12 42.5
6 13.5 13 50.0
7 10.5 ~NMMA 15.0
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formula was determined as Cy5H2504Cl based on the HRESIMS spec-
trum. The "H NMR (Table 3) data showed four methyl signals at 5y 1.46
(s), 1.33 (5), 1.09 (s) and 1.05 (s). The 13C NMR (Table 2) and HSQC data
exhibited 15 carbon signals, including four methyls, four methylenes,
two methines, and five nonprotonated carbons (including one carbonyl).
These NMR characteristics suggested that 10 was similar to diaporol I
[21]. The downfield shift of C-5 (5¢ 78.5) revealed a hydroxyl group was
linked to the C-5. Meanwhile, the HMBC correlation (Fig. 6) from H3-13
to C-3, as well as the 'H-'H COSY cross-peaks of Hy-1/Hy-2/H-3, implied
the chlorine atom was located at C-3. Therefore, the structure of 10 was
established. The NOESY correlations (Fig. 7) of H-9/Ha-1/H-3/H3-13,
Hs-12/H3-15/H3-14, which suggested that H-3 and H-9 were a-oriented,
and that H3-12 and H3-15 were S-oriented. Finally, the single-crystal X-

GLN-665
. GLY-596

LYS-549

CYS-635" 1§

LYS-549
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ray crystallographic data of 10 [Flack parameter = 0.03 (3)] (Fig. 8)
confirmed the structure and determined the absolute configuration as
3S, 5S, 8R, 9R, 10R.

Compound 11 was isolated as colorless crystals with the molecular
formula C15H2403. A comparison of the 1D NMR data of 11 with those of
10 revealed the similar structure of two compounds. The structure of 11
was established by extensive analysis of *H-'H COSY and HMBC corre-
lations (Fig. 6). While, the planar structure was identified the same as a
synthetic intermediate [22] using SciFinder (CAS Registry Number:
501649-02-1). Then, the single-crystal X-ray crystallography results
[Flack parameter = —0.04 (16)] (Fig. 8) confirmed the structure
including the 8R, 9R, 10R absolute configuration.

Compound 12 was obtained as a white solid with the molecular

GLY-594

ASN-595

1 )

Fig. 10. Molecular docking simulations obtained at the lowest energy conformation, highlighting potential hydrogen contacts of compounds 1 (A), 2 (B), 3 (C), 4
(D), 5 (E), 6 (F), 7 (G), 8 (H), 9 (), respectively. Only interacting residues are labeled, and hydrogen bonding interactions are shown by red dashes. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. (continued).

formula of C;5H,40,4 by HRESIMS spectrum. The 'H and '3C NMR data
(Table 2 and 3) were similar to those of 11, revealing that 12 shared the
same skeleton with 11. The HMBC correlations from H3-14 to C-3 and
the 'H-'H COSY cross-peaks of Hy-1/Hy-2/H-3 (Fig. 6), suggested that
compound 12 was the 3-hydroxy derivative of 11. The NOESY correla-
tions (Fig. 7) of H-9/Ha-1/H-3/Hs-13, H3-12/H3-15/H3-14, confirmed
that H-3 and H-9 were a-oriented. Furthermore, the absolute configu-
ration of 11 was established as 3S, 8R, 9R, 10R by the identical exper-
imental ECD curves to 10 and 11 (Fig. 9).

Compound 13 was obtained as colorless crystals and yield molecular
formula C;5H2603. The 'H NMR spectra showed four methyl signals at
1 1.50 (s), 1.05 (s), 0.95 (d, J = 6.9 Hz) and 0.87 (d, J = 6.9 Hz) and one
oxygenated methine proton 5y 3.88 (t, J = 10.2 Hz). The 3C NMR data
(Table 2) exhibited 15 carbon signals, including four methyls, four
methylenes, four methines and three nonprotonated carbons (including
one carbonyl). These data indicated that 13 was a bicyclic sesquiterpene
[23]. The planar structure of 13 was confirmed by the 2D NMR data. The
spin systems of Hp-2/H»-3, and H-5/H-6/H-7(/H3-8/H2-9)/H-11(/Hs-
12)/Hs-13, together with the HMBC correlations (Fig. 6) from Hy-2 to C-
1, from Hj-3 to C-4, from H3-14 to C-1, C-9 and C-10 and from H3-15 to
C-4 and C-5, established the compound 13 was a eudesmane-type
sesquiterpene derivative. The NOESY correlations (Fig. 7) of H3-12/H-
6(/H3-15)/Hs-14, indicated the H-6, H3-12, H3-14, H3-15 protons were
a-oriented. The large coupling constant of 3JH_5/H,6 = 10.2 Hz revealed
the p-oriented of H-5. Subsequently, the single-crystal X-ray diffraction
analysis determined the absolute configuration of 13 (Fig. 8) as 4S, 5R,
6R, 7R, 10S.

Compounds 3 and 7 were identified as eremofortin F (Fig. S64-65)
[14] and lithocarin A (Fig. S66-67) [24], respectively, by comparison of
the spectroscopic data (Table S1) with the literature. Until now, their

absolute configurations of the side chain at C-3 were not determined.
The similar experiment ECD curves (Fig. 5) indicated that the configu-
ration in the eremophilane moiety of 3 and 7 were the same as those of
1. With the consideration of biogenetic origin, and the comparison of
NMR shiftat C-11" (1: 6¢ 14.1; 3: 6¢c 14.2; 7: 6c 14.2), the stereochemistry
of side chain in 1, 3 and 7 were identical. Taken together, the absolute
configurations of 3 and 7 were tentatively assigned as 3R, 4R, 5R, 7S,
2'S, 3'S, R and 3R, 4R, 5R, 2'S, 3'S, 9'R, respectively.

The other known compounds were identified as petasol (8) [15] and
isopetasan (9) [15], by comparison the spectroscopic data with the
literature.

On considering the significant inhibitory activities against nitric
oxide (NO) production in lipopolysaccharides (LPS) induced RAW 264.7
cells of the crude extract, the NO inhibitory activity of the obtained
sesquiterpene derivatives (1-13) were evaluated (Table 4). Compounds
4 and 5 showed potent inhibitory activities with ICsq values of 8.6 and
9.2 uM, respectively. Compounds 1-3 and 6-9 exhibited moderate
inhibitory activities with ICsq values ranging from 10.5 to 22.5 pM. The
positive control was used NG-monomethyl-L-arginine (.-NMMA) with
ICs value of 15.0 pM. All compounds showed no cytotoxic effect at the
tested concentration.

The inducible NOS (iNOS), which was the one types of NOS, was
critical to the NO production in the inflammation occurs [25]. To
investigate the underlying mechanism of bioactive compounds and ni-
tric oxide synthase, a molecular docking study was performed. Molec-
ular Docking is a theoretical simulation method that simulate the
interaction of ligand-protein, and predict the binding patterns and af-
finity [26-27]. Compounds 1-9, which have the most potent inhibitory
effects (ICso < 22.5 pM), were selected for the molecular docking. As
shown in Fig. 10, the most active NO inhibitor 4 showed three hydrogen
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Table 5

Logarithms of free binding energies (FBE, kcal/mol) of NO inhibitors to the
avtive cavities of iNOS (PDB code: 3HR4) and targeting rsidues of the binding
site located on the mobile flap.

Compound  —Log Targeting residues

(FBE)
1 -29 GLN-665, GLU-661, LYS-549, ARG-633, GLY-596
2 —-8.2 GLN-665, THR-592, GLY-549, LYS-549, ASN-595
3 -10.9 CSY-635, ARG-633, TYR-631, GLY-594, LYS-549, THR-
547 ASN-595
4 -8.3 LYS-549, GLN-665, SER-591
5 -8.0 THR-592, TYR-631
6 —6.9 GLU-661, GLN-665, LYS-549
7 -7.5 GLN-665, LYS-549, THR-547
8 —6.6 GLN-665, LYS-549, ASP-597
9 -7.3 GLN-665, LYS-549, TYR-631

bonds with the residues of LYS-549, GLN-665 and SER-591. Similarly,
two hydrogen bonds were formed in compound 5, including the hy-
droxyl group at C-3' with THR-592 and the carbonyl group with TYR-
631. The binding energy of compounds 4 and 5 with the active cavity
of iNOS were —8.3 and —8.0 kcal/mol, respectively. Then, the binding
residues and the logarithm of free binding energy were collated in
Table 5. The docking results provided an inside interaction of 1-9 with
iNOS and revealed the possible mechanism of NO inhibition of bioactive
compounds binding with the residues of the active cavities.

4. Conclusion

In summary, eight new sesquiterpene derivatives (2, 4-6 and 10-13)
and five known analogues (1, 3 and 7-9) were isolated from the
mangrove endophytic fungus Phomopsis sp. SYSU-QYP-23. For the ab-
solute configuration of eremophilane sesquiterpenes, the side chain of 1
was the first defined by modified Mosher’s method. Compounds 4 and 5
showed the potent NO inhibitory activity with the ICso values of 8.6 and
9.2 uM, respectively. Compounds 1-3 and 6-7 exhibited moderate
inhibitory activity compared to the positive control (,-NMMA: 15.0 pM).
Moreover, a better activity of compounds 1-7 than 8-9, showed that the
said chain at C-3 make a contribution to the NO inhibitory activity.
Finally, the binding interaction of bioactive compounds 1-9 with iNOS
protein were researched by molecular docking studies. The
eremophilane-type sesquiterpenes were reported to have anti-
inflammatory activity [28-31]. This study suggested that the
eremophilane-type sesquiterpenes could further researched as the anti-
inflammatory therapeutic lead compounds.
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Appendix A. Supplementary material

The 1D and 2D NMR, HRESIMS spectra of compounds 2, 4-6, 10-13,
the 'H and '3C NMR spectra of the known compounds 1, 3 and 7-9, the
1D NMR data of known compounds 1, 3, 7 and the X-ray data for 10, 11
and 13 (CIF) are available free of charge via the internet.
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