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Abstract

Marine microorganisms have long been recognized as potential sources for drug discovery. Griseofulvin was one of the
first antifungal natural products and has been used as an antifungal agent for decades. In this study, 12 new griseofulvin
derivatives [(x)-1-2, (+)-3, (+)-4, 10—12, and 14—15] and two new griseofulvin natural products (9 and 16) together with
six known analogues [(—)-3, 5—8, and 13] were isolated from the mangrove-derived fungus Nigrospora sp. QQYB1 treated
with 0.3% NaCl or 2% NaBr in rice solid medium. Their 2D structures and absolute configurations were established by
extensive spectroscopic analysis (1D and 2D NMR, HRESIMS), ECD spectra, computational calculation, DP4 + analysis,
and X-ray single-crystal diffraction. Compounds 1—4 represent the first griseofulvin enantiomers with four absolute con-
figurations (25, 6'S; 2R, 6'R; 25, 6'R; 2R, 6'S), and compounds 9—12 represent the first successful production of brominated
griseofulvin derivatives from fungi via the addition of NaBr to the culture medium. In the antifungal assays, compounds
6 and 9 demonstrated significant inhibitory activities against the fungi Colletotrichum truncatum, Microsporum gypseum,
and Trichophyton mentagrophyte with inhibition zones varying between 28 and 41 mm (10 pg/disc). The structure—activity
relationship (SAR) was analyzed, which showed that substituents at C-6, C-7, C-6'" and the positions of the carbonyl and
double bond of griseofulvin derivatives significantly affected the antifungal activity.
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Griseofulvin, a spirocyclic benzofuran-3-one fungal metabo-
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54 Bo Wang by Oxford et al. (Oxford et al. 1939), used clinically for the

treatment of tinea capitis and other superficial mycoses as a
classic antifungal agent (Gentles et al. 1958; Williams et al.
1958). Tinea capitis was a common dermatophyte infection
caused predominantly by Trichophyton or Microsporum spe-
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treatment of tinea capitis before the approval of Terbinafine
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2009; Panda et al. 2005; Wei et al. 2016; Zhang et al. 2017).
More than 400 griseofulvin analogues have been synthesized
for drug screening since 1950 (Rgnnest et al. 2009, 2012),
but fewer than 20 new natural products of griseofulvin were
reported in recent decades. Furthermore, the absolute con-
figuration of most natural griseofulvin analogues was identi-
fied as 2S5, 6'R, except for 6'-hydroxygriseofulvin (28, 6'S)
and leptosphaerin C (25, 2'S, 6'S) (Lin et al. 2010; Shang
et al. 2012).

Marine microorganisms have been considered as poten-
tial sources of structurally novel and biologically active
secondary metabolites for drug discovery (Hai et al. 2021;
Xu et al. 2022). The expressions of marine microorganism
biosynthetic gene clusters, which are often silent under
experimental laboratory culture conditions, impose restric-
tions on the discovery of new cryptic natural products. The
addition of NaBr or other halogens to the culture medium,
an important strategy of the OSMAC approach, may trigger
fungal biosynthetic pathways to restore osmotic imbalances,
which could activate different silent gene clusters for the dis-
covery of new metabolites (Pan et al. 2019; Pinedo-Rivilla
et al. 2022). For example, adding KBr to the rice medium
led to the isolation of the brominated metabolite 2-bromo-
gentisylalcohol from cultures of Penicillium concentricum
(Ali et al. 2017) and adding NaBr to the rice medium led to

R2 R1:CH3R2:H5
R{=CH3;R,=CI 6
Ri=H Rp=H 7
Ri=H R,=CI8

Fig. 1 Structures of griseofulvin derivatives 1-16

the isolation of two new brominated azaphilones, bromo-
philones A and B from Penicillium canescens 4.14.6a (Frank
et al. 2019). It is worth noting that four griseofulvin deriva-
tives were reported from the two strains, but no brominated
griseofulvin analogue was obtained after adding KBr or
NaBr to the rice medium. In our group’s previous research,
one brominated cytochalasin, phomopchalasins E, and two
iodized cytochalasin, phomopchalasins F and H, were iso-
lated from Phomopsis sp. QYM-13 by adding NaBr or KI
to the potato liquid medium, respectively (Chen et al. 2022).

Inspired by this approach, NaCl or NaBr was added
to the rice solid medium of the mangrove-derived fungus
Nigrospora sp. QQYBI1 in an attempt to acquire halogen-
substituted griseofulvin derivatives. Subsequently, LC-MS
analysis of two extracts revealed the production of differ-
ent halogen-substituted griseofulvin derivatives (Supple-
mentary Fig. S56). The follow-up fermentation led to the
isolation of four pairs of griseofulvin enantiomers (1—4)
and 12 griseofulvin derivatives (5—16) (Fig. 1), including
four bromide derivatives (9—12). Compounds 1—4 repre-
sented the first griseofulvin enantiomers with four absolute
configurations (25, 6’S; 2R, 6’R; 25, 6'R; 2R, 6°S), and
compounds 9—12 were the first successful production of
brominated griseofulvin derivatives. Herein, we report the
details of isolation, structure elucidation, antifungal and
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antitumor activities, and the structure—activity relation-
ship (SAR) of these metabolites.

Materials and methods
General experimental procedure

Optical rotations were measured on an MCP 300 (Anton
Paar, Shanghai, China). UV spectra were performed in
MeOH using a Shimadzu UV-2600 spectrophotometer
(Shimadzu, Kyoto, Japan). ECD data were measured on
a J-810 spectropolarimeter (JASCO, Tokyo, Japan). IR
spectra were performed on IR Affinity-1 spectrometer
(Shimadzu, Kyoto, Japan). Melting points were recorded
on a Fisher—Johns hot-stage apparatus. NMR spectra
were tested on a Bruker Avance spectrometer (Bruker,
Beijing, China) (compounds 3 —4: 600 MHz for 'H and
150 MHz for °C, respectively; compounds 1 -2, 10— 12,
and 14 — 15: 400 MHz for 'H and 100 MHz for '*C). HR-
ESI-MS spectra were obtained on a ThermoFisher LTQ-
Orbitrap-LC-MS spectrometer (Palo Alto, CA, USA).
LC-MS analysis was recorded on a Q-TOF manufac-
tured by Waters and a Waters acquity UPLC BEH C18
column (1.7 ym, 2.1 mm X 100 mm) was used for analy-
sis. Silica gel (200-300 mesh, Marine Chemical Fac-
tory, Qingdao, China) and sephadex LH-20 (Amersham
Pharmacia, Piscataway, NJ, USA) were used for column
chromatography (CC). Silica gel plates (Qingdao Huang
Hai Chemical Group Co., G60, F-254) were used for thin-
layer chromatography (TLC). Semi-preparative HPLC
(Ultimate 3000 BioRS, Thermo Scientific, Germany) was
conducted using a Daice Chiralcel AD-H column (5 pm,
4.6 mm X 250 mm, Daicel, Japan), a Chiral INA column
(5 pm, 4.6 mm X 250 mm, Phenomenex, USA), and a Chi-
ral ND column (5 pm, 4.6 mm X 250 mm, Phenomenex,
USA) for chiral separation. Single-crystal data were per-
formed on an Agilent Gemini Ultra diffractometer (Cu Ka
radiation, Agilent, Santa Clara, CA, USA).

Fungal material

The fungus Nigrospora sp. QQYB1 was isolated from
healthy leaves of Kandelia candel, which were collected in
March 2019 from Huizhou East Mangrove National Nature
Reserve in Guangdong Province, China. The strain was
identified as a Nigrospora sp. (GenBank No. 0Q380944)
by a BLAST search, which showed 99% identity to the
sequence of a Nigrospora sp. (GenBank No. MT123052.1).
The strain was deposited in the School of Chemistry, Sun
Yat-sen University.

@ Springer

Fermentation

The fungus Nigrospora sp. QQYB1 was fermented on potato
dextrose agar (PDA) for 5 days. The mycelia of the strain
were cultivated on potato dextrose broth (PDB) for 3 days
to prepare the seed culture. Then, the culture was inocu-
lated into solid cultured medium (sixty 1000 mL Erlenmeyer
flasks, each containing 50 g of rice, and 50 mL of distilled
water with 0.3% NaCl or 2% NaBr) for 30 days at 25 °C.

Extraction and isolation

After the fermentation (adding 0.3% NaCl), the cultures
were extracted three times with MeOH to yield 23.6 g of
residue. Then, the crude extract was eluted using gradient
elution with petroleum ether/EtOAc from 9:1 to 0:10 (v/v)
on silica gel CC to get six fractions (Fr. A-F). Fr. C was
applied to Sephadex LH-20 CC (CH,Cl,/MeOH, v/, 1:1)
to give three fractions (Fr. C,—C;). Fr. C; was subjected
to silica gel CC (petroleum ether/EtOAc, v/v, 8:2) to yield
compound 16 (23.4 mg). Fr. D was applied to Sephadex
LH-20 CC (CH,Cl1,/MeOH, v/v, 1:1) to give three fractions
(Fr. D; —Dy). Fr. D, was subjected to silica gel CC (CH,Cl,/
MeOH, v/v, 200:1) to yield compound 5 (128 mg). Fr. E
was subjected to silica gel CC (petroleum ether/EtOAc, v/v,
6:4) to afford three fractions (Fr. E;—E,). Fraction E; was
applied to Sephadex LH-20 CC (CH,Cl,/MeOH, v/v, 1:1)
to give compound 6 (639 mg). Fr. E, was applied to silica
gel CC (CH,Cl,/MeOH, v/v, 200:1 to 100:1) to give com-
pounds 7 (30.2 mg) and 8 (29.6 mg). Fr. F was subjected
to silica gel CC (petroleum ether/EtOAc, v/v, 5:5) to afford
three fractions (Fr. F|—F,). Fr. F, (23 mg) was separated by
normal phase HPLC on a chiral column (AD-H) (flow rate:
1.0 mL/min; solvent: n-hexane—isopropanol =7:3) to yield
(—)-4 (2.2 mg, 1tz 10.0 min), (+)-3 (1.9 mg, #; 22.5 min)
and additional fraction Fr. F, , (10 mg, f3 19.0 min). Fr. F, ,
was accomplished over a chiral column (INA) (flow rate:
1.0 mL/min; solvent: n-hexane—isopropanol =7:3) to yield
(+)-4 (2.8 mg, t 11.7 min) and (—)-3 (3.4 mg, fz 13.5 min).

After the fermentation (adding 2% NaBr), the cultures
were extracted using the same methods as above. The resi-
due (15.8 g) was subjected to silica gel CC (200—300 mesh
silica) with petroleum ether/EtOAc (9:1 to 1:9) to afford
six fractions (Fr. A—F). Fr. C was subjected to Sephadex
LH-20 CC (CH,Cl,/MeOH, v/v, 1:1) to obtain compound 15
(32.6 mg). Fr. D was subjected to silica gel CC (petroleum
ether/EtOAc, v/v, 7:3), affording compound 12 (8.5 mg)
and additional fraction Fr. D, which was subjected to silica
gel CC (CH,Cl,/MeOH, v/v, 200:1) to yield compound 11
(4.3 mg), compounds 13 (4.2 mg) and 14 (3.4 mg). Fr. E
was subjected to silica gel CC (petroleum ether/EtOAc, v/v,
6:4 to 5:5) to afford three fractions (Fr. E,—E,). Fr. E| was
subjected to Sephadex LH-20 CC (CH,Cl,/MeOH, v/v, 1:1)
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to obtain compound 9 (24.3 mg). Fr. E2 was subjected to
Sephadex LH-20 CC (CH,Cl,/MeOH, v/v, 1:1) to obtain
compound 10 (42.5 mg). Fr. E; was subjected to silica gel
CC (petroleum ether/EtOAc, v/v, 6:4 to 5:5) to obtain com-
pound (£)-2 (15.7 mg). The chiral HPLC separation of (+)-2
was accomplished over a chiral column (INA) (flow rate:
1.0 mL/min; solvent: n-hexane—isopropanol =8:2) to yield
(—)-2 (5.9 mg, 1 12.5 min) and (+)-2 (6.2 mg, fz 16.0 min).
Fr. E, was subjected to silica gel CC (CH,Cl,/MeOH, v/v,
100:1) to obtain compound (+)-1 (18.2 mg). In the same
way, (+)-1 was also purified by HPLC on a chiral column
(ND) (flow rate: 1.0 mL/min; solvent: n-hexane—isopro-
panol =7:3) to obtain (—)-1 (8.3 mg, #z 17.0 min) and (+)-1
(6.1 mg, 1 21.2 min).
(£)-6'-Hydroxy-7-dechlorogriseofulvin (1): White
powder; mp 183.8—184.5 °C; UV (MeOH) A, (log &):
211 (1.34), 288 (1.19) nm; IR v, 3397, 2922, 2851,
1697, 1616, 1587, 1506, 1456, 1348, 1219, 1157, 1114,
1039 cm™'; 'TH NMR (400 MHz, CDCl;) data, Table 1; '*C
NMR (100 MHz, CDCl,) data, Table 2; HRESIMS m/z
335.11221 [M+H] * (caled. for C,;H,40, 355.11253). (+)-
1,[a]% + 350 (¢ 0.1 MeOH); ECD (¢=0.21 mg/mL, MeOH)
Amax (A€) 220 (—19.5), 235 (+12.9), 292 (+ 14.6). (-)-1,
[a]g’_— 340 (¢ 0.1 MeOH); ECD (¢=0.22 mg/mL, MeOH)
Amax (A€) 221 218 (+26.4), 236 (— 17.4), 294 (—19.6).
(#)-6'-Hydroxy-7-dechloroepigriseofulvin (2): White
powder; mp 183.8—184.5 °C; UV (MeOH) 4, (log &):
212 (1.46), 287 (1.19) nm; IR v,,, 3397, 2922, 2851,
1697, 1616, 1587, 1506, 1456, 1348, 1219, 1157, 1114,
1039 cm™'; "H NMR (400 MHz, CDCl5) data, Table 1; 1*C
NMR (100 MHz, CDCl,) data, Table 2; HRESIMS m/z
335.11221 [M+H] * (calcd. for C;H,405, 355.11253).
(+)-2, [a]5+ 306 (c 0.1 MeOH); ECD (¢=0.19 mg/mL,
MeOH) /... (Ae) 219 (—34.9), 236 (+13.7), 296 (+ 12.6).

max

Table 1 'H NMR data of 1—4 in CDCI, (J in Hz)

No 12 2¢ 3 4°
5 6.07,d(1.7) 6.07,d(1.5) 6.16,s 6.15,s
7 6.30,d (1.7) 6.22,d(1.5)
3' 5.56, s 5.59, s 5.57,s 5.59, s
5 3.23,d 2.82,d 3.19,d (16.6) 2.89,d(16.4)
(16.6) (16.4)
2.57,d 2.69,d 2.62,d 2.75,d (16.4)
(16.6) (16.4) (16.6)
4-OCH; 3.90,s 3.94,s 3.99,s 4.00, s
6-OCH; 3.90,s 3.90, s 4.04,s 4.03, s
2'-OCH; 3.62,s 3.63,s 3.63,s 3.65,s
6-CH; 1.19,s 1.27,s 1.20, s 1.31,s

2'H NMR tested with 400 MHz.
°TH NMR tested with 600 MHz.

105
Table2 '>C NMR data of 1—4 in CDCl,
No 1 2° 3 4°
92.3,C 88.1,C 93.0,C 89.4,C
190.8, C 194.6, C 190.8, C 194.2,C
3a 104.1,C 105.3,C 105.0,C 105.9,C
4 159.6, C 159.3,C 158.3,C 158.0,C
5 93.9, CH 93.9, CH 90.1, CH 89.9, CH
170.7, C 171.0,C 165.0,C 165.2,C
7 89.0, CH 89.1, CH 97.8,C 97.9,C
7a 175.9, C 175.9, C 1693, C 169.3, C
2! 168.7, C 169.1,C 168.1,C 168.5, C
3 1040,CH  1049,CH  1042,CH  105.1,CH
4 195.7,C 195.9, C 195.4,C 195.6, C
5 46.1,CH,  472,CH, 46.1,CH, 47.2,CH,
6' 74.8,C 74.5,C 74.7,C 74.7,C
4-0CH,;  56.3,CH;  564,CH;  56.6,CH;  56.6,CH,
6-OCH;  563,CH,  564,CH;  572,CH;  57.2,CH,
2-OCH; 568,CH,  568,CH;  569,CH;  56.9,CH,
6'-CH, 233,CH;  23.7,CH;  233,CH;  239,CH,

213C NMR tested with 100 MHz.
®13C NMR tested with 150 MHz.

(-)-2, [a]¥= 310 (¢ 0.1 MeOH); ECD (¢ =0.20 mg/mL,
MeOH) A, (Ae) 218 (+52.2), 236 (—20.1), 297 (- 18.8).
(+)-6'-Hydroxygriseofulvin (3): White powder; mp
153.4—114.9 °C; UV (MeOH) A, (log £): 210 (1.70), 292
(1.39) nm; IR v, 3373, 2951, 2926, 2851, 1714, 1653,
1614, 1589, 1456, 1350, 1219, 1139, 1101 cm™'; 'H NMR
(600 MHz, CDCl;) data, Table 1; '*C NMR (150 MHz,
CDCl,) data, Table 2; HRESIMS m/z 369.07324 [M + H]
* (caled. for Cj;H 4C10,, 369.07356). (+)-3, [a]2+ 286 (¢
0.03 MeOH); ECD (c=0.18 mg/mL, MeOH) 4. (Ag) 221
(—28.2), 236 (+40.9), 297 (+24.5). (-)-3, [a]5— 270 (c
0.05 MeOH); ECD (c=0.17 mg/mL, MeOH) A (Ag) 221
(+12.2), 234 (= 29.6), 296 (- 19.3).
(+)-6'-Hydroxyepigriseofulvin (4): White powder; mp
153.4—154.9 °C; UV (MeOH) 4, (log €): 213 (1.17), 291
(0.92) nm; IR v, 3373, 2951, 2926, 2851, 1714, 1653,
1614, 1589, 1456, 1350, 1219, 1139, 1101 cm™'; 'H NMR
(600 MHz, CDCl;) data, Table 1; '*C NMR (150 MHz,
CDCl;) data, Table 2; HRESIMS m/z 369.07324 [M + H]
* (caled. for Cj;H 4ClO;, 369.07356). (+)-4, [a]5+ 310 (c
0.1 MeOH); ECD (¢=0.19 mg/mL, MeOH) 4, (A¢e) 220
(—49.9), 238 (+38.2), 299 (+16.9). (-)-4, [a]5— 304 (c
0.1 MeOH); ECD (c=0.20 mg/mL, MeOH) 1., (Ag) 220
(+49.5), 238 (- 38.3), 295 (- 15.4).
6-0-Desmethyl-7-bromogriseofulvin (10): White pow-
der, mp 278.3-279.8 °C; [a] +298.9 (¢ 0.08 MeOH); UV
(MeOH) 4,,,, (log &): 213 (1.50), 238 (1.38), 292 (1.24) nm;
ECD (c¢=0.19 mg/mL, CD;0D) 4., (Ae) 221 (=51.7),
238 (+49.7),295 (+17.1); IR v, 3331, 2964, 2922, 2852,

max

max

max
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1697, 1603, 1408, 1359, 1223, 1130, 1018 cm™!; 'H NMR
(400 MHz, MeOH) data, Table 3; '*C NMR (100 MHz,
CD;0D) data, Table 4; HRESIMS m/z 383.01215 [M +H]
* (caled. for C,¢H,(BrOg, 383.01243).

5-Bromo-6-0-desmethyl-7-dechlorogriseofulvin (11):
White powder, mp 264.8—266.2 °C; [a]¥+ 298,5 (c 0.06
MeOH); UV (MeOH) . (log ¢): 218 (1.35), 240 (1.22),
285 (0.82) nm; ECD (¢=0.19 mg/mL, MeOH) 1.
(Ag) 221 (—29.8), 245 (+33.7), 325 (+14.6); IR v,
3304, 2964, 2926, 2849, 1697, 1605, 1573, 1355, 1226,
1093 cm™'; "H NMR (400 MHz, CD,0D) data, Table 3;
13C NMR (100 MHz, CD;0D) data, Table 4; HRESIMS m/z
383.01221 [M+H] * (calcd. for C,4H,4BrO;, 383.01248).

5,7-Dibromo-6-0O-desmethylgriseofulvin (12): Colorless
oil, [a]12)5+ 269.8 (¢ 0.08 MeOH); UV (MeOH) A,,, (log ¢):
224 (1.32), 242, (1.23), 340 (0.84) nm; ECD (¢=0.18 mg/
mL, CD;0D) 4., (Ag) 218 (—19.3), 249 (+24.9), 329
(+11.4); IR v, 3373, 2941, 2849, 1647, 1595, 1456,
1360, 1231, 1180, 1055 cm™'; '"H NMR (400 MHz,
MeOH) data, Table 3; '3C NMR (100 MHz, CD,0D) data,
Table 4; HRESIMS m/z 460.92255 [M+H] * (calcd. for
C,6H,5Br,04, 460.92299).

3'4'-Dihydroeupenigriseofulvin (14): White powder, mp
217.4-218.5 °C; [a]f)s— 36.9 (¢ 0.08 MeOH); UV (MeOH)
Amax (0g €): 211 (1.66), 282 (1.05) nm; ECD (¢=0.17 mg/
mL, MeOH) 4, (Ae) 214 (+17.6), 248 (—5.24), 286
(+3.04); IR v, 3428, 2959, 2926, 2859, 1659, 1616, 1585,
1456, 1217, 1155, 1120 cm™'; 'H NMR (400 MHz, CDCl,)
data, Table 3; 3C NMR (100 MHz, CDCl;) data, Table 4;
HRESIMS m/z 293.13800 [M +H] * (calcd. for C,4H,,0s,
293.13835).

Table 3 'H NMR data of 10— 12, 14 —15 (400 MHz, J in Hz)

Table 4 '3C NMR data of 10—12, 14—15 (100 MHz)

No 10° 11° 128 14° 15°
91.8,C 91.1,C 91.7,C 957,C 954,C
193.7,C 193.0,C 1922,C 197.0,C 190.8,C
3a 105.2,C 107.2,C 106.4,C 106.3,C 104.2,C
159.9,C 157.7,C 1564,C 1585,C 1592,C
5 946,CH 99.6,C  1020,C 926,CH 93.6,CH
167.5,C 166.5,C 165.5,C 169.8,C 1703,C
7 843,C 947,CH 88.7,C  883,CH 88.7,CH
Ta 1734,C 175.7,C 172.0,C 175.7,C 176.2,C
2’ 1739,C 174.1,C 1739,C 75.1,CH 190.6,C
3 105.2,CH 105.2,CH 105.3,CH 29.3,CH, 126.7,CH
4 199.7,C  199.8,C 199.7,C 23.4,CH, 152.5,CH
5 40.8,CH, 40.8,CH, 40.8,CH, 28.5,CH, 31.4,CH,
6' 375,CH 376,CH 37.6,CH 383,CH 37.3,CH
4-OCH; 56.6,CH; 62.7,CH; 62.6,CH; 55.6,CH; 56.1, CH,
6-OCH, 55.6,CH; 56.2, CH,
2“OCH,; 57.7,CH; 57.6,CH, 57.7,CH,
6-CH, 14.4,CH, 14.5,CH; 14.5,CH; 15.6,CH; 14.7,CH,

“Data were recorded in CD;0D.
"Data were recorded in CDCl,.

4'-Demethoxyl-7-dechloroisogriseofulvin (15): White
powder, mp 191.3—-192.7 °C; [a]gj+ 326 (¢ 0.12 MeOH);
UV (MeOH) A, (log €): 212 (1.53), 287 (1.02) nm; ECD
(¢=0.20 mg/mL, MeOH) 1., (Ae) 235 (+44.3), 224
(—39.6), 314 (+25.3); IR v, 2960, 2922, 2851, 1697,
1683, 1616, 1591, 1506, 1456, 1215, 1157, 1120 cm™;
"H NMR (400 MHz, CDCl,) data, Table 3; '*C NMR

max

No 10° 11° 12 14° 15

5 6.21,s 5.96,d (1.7) 5.99, d (2.0)

7 6.41,s 6.16,d (1.7) 6.28, d (2.0)

2 3.90, dd (11.8, 4.8)

3 5.62,s 5.62,s 5.64,s 2.30, m 6.08, dd (10.1, 2.1)
1.86, m

4 1.83, m 7.14, ddd (10.1, 5.8, 2.2)
139, m

5 2.90, dd (15.4, 13.2) 2.89, dd (16.4, 13.4) 2.90, dd (15.4, 13.2) 2.00, m 3.03, ddt (19.2, 11.0, 2.6)

2.42,dd (154, 3.5) 2.42,dd (16.4, 4.4) 2.43,dd (15.5,3.2) 1.50, m 2.47,dt (19.3,5.7)

6 2.83,m 278, m 2.85, m 1.92, m 275, m

4-OCH, 3.87,s 4.05, s 4.02, s 3.86, s 3.85,s

6-OCH, 3.85,s 3.87,s

2'-OCH, 3.70,s 370, 371,s

6'-CH, 0.91,d (6.4) 0.93, d (6.5) 0.93,d (6.2) 0.81,d (6.4) 1.01,d (6.7)

*Data were recorded in CD;0D.
®Data were recorded in CDCl,.
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(100 MHz, CDCl;) data, Table 4; HRESIMS m/z
289.10687 [M +H] * (calcd. for C,cH,;705, 289.10705).

X-ray crystallographic data

Colorless crystals of compounds (+)-1, 10, 13, 15 were
obtained from n-hexane — EtOAc at room temperature by
slow evaporation and measured on an Agilent Xcalibur
Nova single-crystal diffractometer with Cu Ka radiation.

Crystal data of (+)-1: C;;H,307, Mr=334.31, tetrago-
nal, a=8.76640(10) A, b=8.76640(10) A, c=19.7986(2)
A, a=90°, f=90°,y=90°, V=1521.52(4) A3, T=100K,
space group P4,, Z=4, u(Cu Ka) =0.964 mm™', 11,684
reflections collected, 3039 independent reflections
(R =0.0225, Ry, =0.0170). The final R, values were
0.0241, wR2=0.0622 [I>20 (I)]. The final R, values were
0.0243, wR2 =0.0623 (all data). The goodness of fit on
F? was 1.077. The flack parameter was 0.05(4). CCDC
number: 2240676.

Crystal data of 10: C,(H, sBrOg, Mr =383.20,
orthorhombic, a=11. 22120(10) A b=11.38150(10)
A c=12.33490(10) A, a=90°, p=90°, y=90°,

=1575.34(2) A3, T=100 K, space group P2,2,2,,
Z—4 u(Cu Ka)=3.827 mm™!, 15,338 reflections col-
lected, 3153 independent reflections (R;,,=0.0207,
Rioma=10.0133). The final R, values were 0.0185,
wR2=0.0494 [I>20 (I)]. The final R, values were 0.0186,
wR2 =0.0495 (all data). The goodness of fit on F? was
1.052. The flack parameter was 0.011 (11). CCDC num-
ber: 2240679.

Crystal data of 13: C,(H,305, Mr=290.30, monoclinic,
a=6.02584(5) A, b=10.47414(10) A, c=11.75725(9)
A, a=90°, p=103.3219(8)°, y=90°, V=722.096(11)
A3, T=100 K, space group P2,, Z=2, u(Cu
Ka)=0.823 mm™, 13,155 reflections collected, 2734
independent reflections (R;, =0.0205, Ry, =0.0129).
The final R; values were 0.0264, wR2=0.0693 [I >2¢
(D]. The final R, values were 0.0265, wR2=0.0693 (all
data). The goodness of fit on F> was 1.104. The flack
parameter was — 0.07(4). CCDC number: 2240681.

Crystal data of 15: (C;4H,cO¢),, Mr=(288.29),,
orthorhombic, a =9.59580(10) A, b=11.28320(10) A,
¢=25.9281(2) A, 2=90°, =90°, y=90°, V=2807.27(4)
A’ T=100 K, space group P2,2,2,, Z=4, u(Cu
Ka)=0.846 mm™', 27,716 reflections collected, 5658
independent reflections (R;, = 0.0384, R, ,,, =0.0238).
The final R, values were 0.0244, wR2 =0.0622 [I>20 (])].
The final R, values were 0.0251, wR2 =0.0625 (all data).
The goodness of fit on F> was 1.040. The flack parameter
was —0.01(4). CCDC number: 2240682.

LC-MS analysis

The LC-MS fingerprints of extracts were recorded with
gradient elution using Bruker times TOF. The gradient
was kept for 1 min at 10% MeOH-H,0, then changed from
10% MeOH-H,0 to 40% MeOH-H,0 in 2 min, then 40%
MeOH-H,0 was changed to 100% MeOH in 12 min, was
maintained at 100% MeOH for the next 3 min, and then,
100% MeOH was transformed into 10% MeOH-H,0
within 0.1 min and maintained for 1.9 min. The elution
rate was kept at 0.3 mL/min. The detection wavelength was
190-400 nm. The test samples are as follows: (A) Nigros-
pora sp. QQYBI, cultured with 0.3% NaCl in the medium;
(B) Nigrospora sp. QQYBI, cultured with 2% NaBr in the
medium.

ECD calculations, 'H, '*C NMR calculations,
and DP4 + analysis

'H, 3C NMR calculations and ECD calculations were opti-
mized with the Spartan’14 and Gaussian 09 software pro-
grams (Supplementary Tables S1-S6). The conformers with
a Boltzmann population greater than 1% were selected for
optimization at B3LYP/6-31+ G (d, p) and calculation at
mPW I1PW91-SCRF/6-311+g (2d,p) (‘H and '*C NMR)
and B3LYP/6-31+G (d, p) (ECD) (Frisch et al. 2009;
Zhang et al. 2017). All calculations were carried out by the
high-performance grid computing platform of Sun Yat-Sen
University. The ECD spectra and DP4 + analysis were per-
formed as described previously (Cui et al. 2018; Yang et al.
2021).

Antifungal assay

The disc diffusion assays of compounds 1-16 were meas-
ured against seven fungi, including C. truncatum, P. expan-
sum, A. flavus, A. niger, M. gypseum, T. mentagrophytes,
and C. albicans (Dahiya et al. 2016; Wang et al. 2018; Fang
et al. 2022). Briefly, compounds 1-16 were dissolved in
DMSO to final concentrations of 0.1—1 mg/mL. The spores
of seven indicator fungi were resuspended in normal saline
(0.91% w/v of NaCl) at a concentration of ~1 x 10° colonies
mL~" and spread on Sabouraud’s dextrose agar plates. Then,
the 6 mm paper discs saturated with 10 pL of compounds
were placed on the petri plates. These plates were incubated
for 48 h at 28 °C. After incubation, the presence/absence
of fungal growth was observed, and the average diameter
of the inhibition zone was calculated from triplicate sets.
The results are given in Fig. 6 and Supplementary Table S7.
Methanol and ketoconazole were used as negative and posi-
tive controls, respectively.
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Cytotoxicity assay

The cytotoxicity of all compounds against HeLa (cervical),
HepG?2 (hepatocellular carcinoma), HCT-116 (human colo-
rectal adenocarcinoma), and MCF-7 (breast cancer) human
cancer cell lines were assessed using the MTT assay as pre-
viously described (Chen et al. 2016). Cisplatin was taken as
the positive control.

Results and discussion

The strain Nigrospora sp. QQYB1 was isolated from the
healthy leaves of Kandelia candel, collected from Huizhou
East Mangrove National Nature Reserve in Guangdong
Province, China. A further chemical investigation of Nigros-
pora sp. QQYBI, treated with 0.3% NaCl or 2% NaBr in
rice solid medium, was carried out and led to isolation and
identification of four pairs of griseofulvin enantiomers (1—4)
and 12 griseofulvin derivatives (5—16), including four bro-
mide derivatives (9—12). Compounds [( +)-1-2, (+)-3,
(+)-4,10-12, 14—15] were determined as new griseofulvin
derivatives by extensive spectroscopic analysis (1D and 2D
NMR, HRESIMS), ECD spectra, computational calculation,
DP4 + analysis, and X-ray single-crystal diffraction.
Compound (=+)-1 was obtained as white amorphous
powder. Its molecular formula was assigned as C,;H,30;
on the basis of HRESIMS analysis (Supplementary Fig.

Fig.2 Key COSY and HMBC
correlations of 1—-4, 10—12, and
14-15

S6) at m/z 335.11221 [M+H] * (caled. for C;H,,0,
335.11253), which was determined to possess 9 degrees of
unsaturation. The 'H NMR data (Supplementary Fig. S1;
Table 1) of (+)-1 showed two aromatic protons at y 6.30
(1H, d, J=1.7 Hz, H-7) and 6.07 (1H, d, J=1.7 Hz, H-5),
one olefinic proton at y; 5.56 (1H, s, H-3"), one methylene
proton at 6y 3.23 (1H, d, /=16.6 Hz, H,-5") and 2.57 (1H,
d, J=16.6 Hz, H;-5"), three methoxyls at ;5 3.90 (3H, s,
4-OCHs;), 3.90 (3H, s, 6-OCHj;) and 3.62 (3H, s, 2'-OCH,;),
and one methyl 6y 1.19 (3H, s, 6'-CH,;). Subsequently, the
13C NMR data (Supplementary Fig. S2; Table 2) showed
the presence of 17 carbon signals, including nine non-
protonated carbons (6. 195.7, 190.8, 175.9, 170.7, 168.7,
159.6, 104.1, 92.3, and 74.8), three methine carbons (d.
104.0, 93.9 and 89.0), one methylene carbon (6. 46.1),
three methoxyl carbons (6 56.8, 56.3, and 56.3), and one
methyl carbon (5 23.3). The 'H and '*C NMR spectra of
(£)-1 were similar to those of 7-dechlorogriseofluvin (5)
(Park et al. 2005), except for the absence of the methine
moiety (6y 3.75, 8- 37.2) and the presence of a nonpro-
tonated carbon (6 74.8). Moreover, the chemical shifts
of C-2, C-5" and 6'-CH; in (+)-1 were moved downfield
within a range of 1.6 to 9.1 X 107 with compound 5, and
the HMBC correlations (Fig. 2; Supplementary Fig. S5)
from H-5'to C-2, C-3' and 6'-CH; and 6'-CHj; to C-2, C-5'
and C-6' (Fig. 2), suggesting that the hydroxyl group was
substituted at C-6' and the planar structure of (+)-1 was
determined as 6'-hydroxy-7-dechlorogriseofulvin.
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Subsequent chiral HPLC purification of (+)-1 led to the
separation of the two enantiomers (+)-1 and (—)-1 (Supple-
mentary Fig. S57), which displayed opposite Cotton effects
in their CD spectra and opposite optical rotations. The struc-
ture of (+)-1 was subsequently confirmed by a single-crystal
X-ray diffraction experiment using Cu Ka radiation [flack
parameter 0.05(4)] (Fig. 3). Compared with experimental
and calculated ECD curves (Fig. 4A), the absolute configu-
rations of (+)-1 and (—)-1 were determined as 25, 6'S and
2R, 6'R, respectively.

Compound (+)-2 was isolated as a white amorphous pow-
der, showing the same molecular formula as that of (+)-1
(Supplementary Fig. S12). The 'H and '3C NMR spectra
(Supplementary Figs. S7 and S8; Tables 1 and 2) of (+)-2
were similar to those of (+)-1, except for the methylene
proton at dy 3.23 (1H, d, /=16.6 Hz, H,-5"), 2.57 (1H, d,
J=16.6 Hz, H;-5") in (4+)-1 was changed to y; 2.82 (1H,
d, J=16.4 Hz, H,-5"), and 2.69 (1H, d, J=16.4 Hz, H,-5")
in (+)-2. Comparing the same HMBC correlations (Fig. 2;
Supplementary Fig. S11), compounds (+)-2 and (+)-1 were
identified as epimers and compound (+)-2 was named as
6'-hydroxy-7-dechloroepigriseofulvin. The separation of
(#)-2 on a chiral column was conducted to afford (+)-2 and
(—)-2 (Supplementary Fig. S58). The absolute configura-
tions of (+)-2 and (—)-2 were assigned as 2R, 6'S and 25, 6'R

by comparing the experimental and calculated ECD spectra
(Fig. 4B).

Compound (+)-3 was acquired as a white amor-
phous powder. The molecular formula was determined as
C,7H,,CIO; based on the HRESIMS data (Supplementary
Fig. S17). The 'H and '*C NMR spectra (Supplementary
Figs. S13 and S14; Tables 1 and 2) of (+)-3 were similar
to those of (+)-1 except the hydrogen atom in the C-7 was
replaced by a chlorine atom. The relative configuration
of (£)-3 was determined as 25*, 6'S* based on the simi-
lar chemical shifts at 6, 3.19 (1H, d, J=16.6 Hz, H,-5"),
2.62 (1H, d, J=16.6 Hz, H,-5") in (+)-3 and ;4 3.23 (1H,
d, J=16.6 Hz, H,-5"), and 2.57 (1H, d, J=16.6 Hz, H,-5")
in ()-1. The absolute configurations of (+)-3 and (—)-3
were determined as 25, 6'S and 2R, 6'R by comparing the
experimental ECD spectra (Fig. 4A) between (+)-3 and (+)-
1, respectively. In addition, (—)-6'-hydroxygriseofulvin was
tentatively assigned as 25, 6'S (Shang et al. 2012), but its 'H
and '3C NMR spectra and optical rotation were consistent
with those of (—)-1 and (—)-3. Consequently, (—)-6"-hydrox-
ygriseofulvin was further confirmed as 2R, 6'R.

Similarly, compound (+)-4 showed the same molecular
formula as that of (+)-3 (Supplementary Fig. S22). Com-
pounds (+)-4 and (+)-3 were identified as epimers according
to the similar 'H and '3C NMR spectra of (+)-4 with those of

Fig.3 Single-crystal X-ray structures of (+)-1, 10, 13, 15
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Fig.4 A: Calculated ECD spectra of 1 and experimental ECD spectra of 1, 3; B: calculated ECD spectra of 2 and experimental ECD spectra of
2, 4; C: experimental ECD spectra of 10—12; D: calculated and experimental ECD spectra of 14

(£)-3 (Supplementary Figs. S18 and S19; Tables 1 and 2),
and the relative configuration of (+)-4 was determined 25%*,
6'R* based on the similar chemical shifts at H-5 of (+)-4
with that of (+)-2. The absolute configurations of (+)-4 and
(—)-4 were assigned as 2R, 6'S and 2§, 6'R by the similar
experimental ECD curves (Fig. 4B) of (+)-4 and (+)-2.

Compound 10 was isolated as a white amorphous powder.
The molecular formula was determined to be C;4H,5sBrOg
based on the HRESIMS data (Supplementary Fig. S28), and
the bromine isotope pattern at m/z 383.01215 [M+H] * and
385.00977 [M+2+H] * (aratio of 1:1) showed the presence
of one bromine atom in the molecule. The 'H and '*C NMR
spectra (Supplementary Figs. S23 and S24; Tables 3 and
4) of 10 were similar to those of 6-desmethylgriseofulvin
(Belofsky et al. 1998). The difference between them was the
chlorine atom at C-7 in 8 was replaced by a bromine atom in
10. The absolute configuration of 10 was determined as 25,
6'R by X-ray diffraction analysis [flack parameter 0.011(11)]
(Fig. 3).

Compound 11 gave the same molecular formula as that
of 10 based on the (+)-HRESIMS data (Supplementary Fig.

@ Springer

S34). The 'H and '>C NMR data (Supplementary Figs. S29
and S30; Tables 3 and 4) suggested that 11 was structurally
similar to 10, and the main difference was the bromine atom
was changed from C-7 to C-5, which was confirmed by the
HMBC correlations (Fig. 2; Supplementary Fig. S33) from
H-7 to C-3a, C-5, C-6, and C-7a. The coupling constant
values of 3JH_5,‘ e (13.4 Hz, 4.4 Hz) of compound 11 were
consistent to reported coupling constant values of *Jyy_5: 1.¢
(13.2 Hz, 3.5 Hz) of compound 10, and the relative con-
figuration of 11 was determined as 25*, 6'R* (Zhang et al.
2017). The absolute configuration of 11 was determined as
28, 6'R by the similar experimental ECD curve (Fig. 4C) of
11 to that of 10.

Compound 12 was isolated as a colorless oil. The molecu-
lar formula was determined as C;4H,,Br,0O¢ based on the
HRESIMS data (Supplementary Fig. S40), and the bromine
isotope pattern at m/z 460.92255 [M+H] *, 462.92035
[M+2+H] ", and 464.91833 [M+4+H] * (aratio of 1:2:1)
showed the presence of two bromine atoms in the molecule.
The two-dimensional structure of 12 was similar to 10 by
comparison of their NMR data (Supplementary Figs. S35
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and S36; Tables 3 and 4). The distinction was the hydrogen
atom in the C-5 was replaced by a bromine atom. The rela-
tive and absolute configurations were identical to 10 based
on similar coupling constant values of 3JH_5,’ e and ECD
spectra (Fig. 4C).

Compound 14 was obtained as a white amorphous pow-
der and had a molecular formula of C,4H,,05 based on the
positive HRESIMS data (Supplementary Fig. S46). The
'H and '>C NMR data (Supplementary Figs. S41 and S42;
Tables 3 and 4) suggested that 14 was structurally similar
to 13 (Li et al. 2020). The main difference between them
was the absence of two olefin protons in 13 and the pres-
ence of two methylene protons at éy 2.30 (1H, m, H,-3")
and 1.86 (1H, m, H-3"), 1.83 (1H, m, H,-4"), and 1.39
(1H, m, H,-4') in 14, which was confirmed by the COSY
correlations (Fig. 2; Supplementary Fig. S44) of H-2'/
H, ,-3/H, ,-4'/H, ,-5'/H-6'/CH;-6". Thus, the planar struc-
ture of 14 was determined. To determine the stereostruc-
ture of C-2, C-2', and C-6', computational calculation and
DP4 + probability were used to calculate the four possible
relative configurations of 14, and the relative configura-
tion 25%*, 2'S*, 6'R*-14 matched with the experimental one
(Supplementary Fig. S53 and S54). Comparing the experi-
mental and calculated ECD spectra (Fig. 4D), 14 has the
opposite rotation to 13, and thus, the stereoconfiguration
of 14 was assigned as 2R, 2'R, 6'S.

Compound 15 was purified as a white amorphous pow-
der with a molecular formula of C,(H,;,O5 based on the
HRESIMS data (Supplementary Fig. $52). The 'H and *C
NMR data (Supplementary Figs. S47 and S48; Tables 4
and 5) of 15 showed close resemblances to those of 16
(Levine et al. 1975), with the difference being the pres-
ence of one olefin proton (6 6.28, d, J=2.0 Hz, H-7). The
HMBC correlations (Fig. 2; Supplementary Fig. S51) from
H-7 to C-3a, C-5, C-6, and C-7a indicated that the chlo-
rine atom at C-7 in 16 was replaced by a hydrogen atom
in 15. The relative and absolute configurations of 15 were
clearly deduced under the guidance of single-crystal X-ray
diffraction with Flack parameter —0.01(4) (Fig. 3). Hence,
the absolute configuration of 15 was determined as 25, 6'R.

Seven known analogues were characterized as 7-dechlo-
rogriseofulvin (5) (Park et al. 2005), griseofulvin (6)
(Park et al. 2005), 6-O-desmethyl-7-dechlorogriseofulvin
(7) (Shang et al. 2012), 6-O-desmethylgriseofulvin (8)
(Belofsky et al. 1998), 7-bromogriseofulvin (9) (Schneck
et al. 1968), eupenigriseofulvin (13) (Li et al. 2020), and
4'-demethoxylisogriseofulvin (16) (Levine et al. 1975)
through comparison of the spectroscopic data with the lit-
erature data. Moreover, compounds 9 and 16 were reported
as new natural products, and it was the first time the ste-
reostructure of 13 was determined using the single-crys-
tal X-ray diffraction experiment with a Flack parameter

of —0.07(4) (Fig. 3). In addition, (—)-6'-hydroxygriseof-
ulvin was further confirmed as 2R, 6'R (Shang et al. 2012).

Eight dechlorogriseofulvin analogues [(+)-1-2, 5, 7,
14-15] and four brominated griseofulvin derivatives (9—12)
were obtained from Nigrospora sp. treated with 2% NaBr in
rice solid medium. According to literature research, addition
of NaBr or other halogens in the medium maybe triggers
fungal biosynthetic pathways to restore osmotic imbalance,
which could activate different silent gene clusters for the
discovery of new metabolites (Pan et al. 2019; Pinedo-Riv-
illa et al. 2022). Moreover, the total biosynthetic pathway
of griseofulvin (6) was mapped out (Fig. 5) (Cacho et al.
2013): griseophenone D underwent chlorination by the
flavin-dependent halogenase GsfT to form griseophenone B
and chloride ions were involved in the biological reaction
directly. Similarly, compounds 9—12 were speculated to be
formed from griseofulvin precursors through bromination
with bromine ions.

Compounds 1-16 were tested for their antifungal activi-
ties against seven fungi, including four plant pathogenic
fungi (Colletotrichum truncatum, Penicillium expansum,
Aspergillus flavus, Aspergillus niger), two dermatophytes
(Microsporum gypseum, Trichophyton mentagrophytes), and
one deep infection yeast Candida albicans (Fig. 6; Supple-
mentary Table S7). Compounds 6 and 9 demonstrated sig-
nificant inhibitory activities against one plant pathogenic
fungus (C. truncatum) and two dermatophytes (M. gyp-
seum, T. mentagrophyte), with the inhibition zones varying
between 28 and 41 mm (10 pg/disc), and showed weak or
no antifungal activities against P. expansum, A. flavus, A.
niger, and C. albicans. Other compounds exhibited weak or
no inhibitory activity against these seven fungi with zones

OH

Griseophenone D Griseophenone B

GsfD,E,F

Griseofulvin

Fig.5 Biosynthetic pathway of griseofulvin (6)
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Fig.6 Antifungal activities of compounds 1-16

of inhibition < 14 mm. According to the literature, griseof-
ulvins were reported to exhibit in vitro fungistatic effects
against dermatophytes, such as Microsporum, Epidermo-
phyton, and Trychophyton genera, and the activities were
restricted to yeast, actimomyces and Nocardia (Katrsev et al.
2019), which coincided with the experiments. The antifungal
activity of griseofulvin against the plant pathogenic fungus
C. truncatum has not been reported previously.

Comparing the activities of compounds 6—8 and 13—15
(or 9-12), the methoxyl group at C-6 (R;) improves the
antifungal activity, and the antifungal activity was greatly
reduced when R, was replaced by a hydroxyl group. Com-
paring the activities of compounds 5—6 and 9, the halogen
atom at C-7 (R,) makes a contribution to antifungal activity;
when the chlorine atom at C-7 was substituted by a bro-
mine atom, the antifungal activity varied little. However,
comparing the activities of compounds 1—4 and 6, when
R; was substituted with a hydroxyl, the activity decreased
significantly. Comparing the activities of compounds 6 and
15-16, the position of the carbonyl and double bond also
have an important effect on activity. The SAR information
mentioned above is generalized in Fig. 7.

In addition, all compounds were evaluated for their cyto-
toxicity against the HeLa (cervical), HepG2 (hepatocellular
carcinoma), HCT-116 (human colorectal adenocarcinoma),
and MCF-7 (breast cancer) human cancer cell lines. None
of the compounds displayed cytotoxicity against any of the
four cell lines at 50 pmol/L.
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Fig.7 SARs of griseofulvin derivatives on antifungal activities

Conclusions

In summary, processing of the mangrove-derived fungus
Nigrospora sp. QQYBI1, cultured with 0.3% NaCl or 2%
NaBr in rice solid medium, led to the isolation of 12 new
griseofulvin derivatives [(£)-1-2, (+)-3, (+)-4, 10-12,
14-15], two new natural products (9 and 16), and six
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known analogues [(—)-3, 5—8, and 13]. Their 2D structures
and absolute configurations were established by extensive
spectroscopic analysis (1D and 2D NMR, HRESIMS),
ECD spectra, computational calculation, DP4 4 analysis,
and X-ray single-crystal diffraction experiments. Com-
pounds 1—4 represented the first natural griseofulvin
enantiomers with four absolute configurations (25, 6'S; 2R,
6'R; 2S5, 6'R; 2R, 6'S), and compounds 9— 12 were the first
successfully produced brominated griseofulvin derivatives
from fungi. Compounds 6 and 9 demonstrated significant
inhibitory activity against one plant pathogenic fungus
(C. truncatum) and two dermatophytes (M. gypseum, T.
mentagrophyte) with inhibition zones ranging from 28 to
41 mm (10 pg/disc). The structure — activity relationship
(SAR) indicated that the substituents at C-6, C-7, C-6' and
the positions of the carbonyl and double bond were the
main antifungal active sites of the griseofulvin derivatives.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42995-023-00210-0.
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