
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 2

/1
8/

20
26

 7
:5

2:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Heptaketides fro
aDepartment of Natural Medicinal Chem

Pharmacy, Qingdao University, Qingdao 266

louhongxiang@sdu.edu.cn; Tel: +86-531-88
bDepartment of Natural Product Chemistry

Ministry of Education, School of Pharma

Jinan 250012, People's Republic of China

† Electronic supplementary informatio
compounds 1–11. Experimental and calc
and 11. CCDC 1874967–1874970. For ES
other electronic format see DOI: 10.1039/

Cite this: RSC Adv., 2019, 9, 12913

Received 14th March 2019
Accepted 12th April 2019

DOI: 10.1039/c9ra01956a

rsc.li/rsc-advances

This journal is © The Royal Society of C
m the endophytic fungus
Pleosporales sp. F46 and their antifungal and
cytotoxic activities†
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Six new heptaketides, pleosporalins A–F (1–5, and 7), and a new heptaketide derivative, pleosporalin G (9),

together with four biosynthetically related known compounds (6, 8, 10, and 11), were isolated from an

endophytic fungus, Pleosporales sp. F46, found in the medicinal plant Mahonia fortunei. The structures

and stereochemistry of these compounds were established by extensive spectroscopic analyses

including LC-HRMS, NMR spectroscopy, optical rotations, ECD calculations, and single-crystal X-ray

diffraction. The antifungal activities of isolated compounds 1–11 were investigated against Candida

albicans, and their cytotoxic activities were evaluated against A549, SMMC-721, and MDA-MB-231

cancer cell lines. Compound 1 was active against C. albicans with an MIC80 of 128 mg mL�1, and

compound 7 showed moderate cytotoxicity against MDA-MB-231 with an IC50 of 22.4 � 1.1 mM. By

comparing compounds 1 and 7 with structurally related metabolites, it was revealed that alterations to

their C-1 or C-2 substitutions could significantly influence their antifungal or cytotoxic efficacies.
Introduction

Endophytes, which mainly include fungi and bacteria, colonize
the living tissues of healthy plants and are associated with
specic ecological niches.1–3 They have been recognized as
a valuable source of skeletally diverse and biologically active
secondary metabolites and are attracting considerable attention
from chemists and biologists.4–6 As part of our ongoing search
for fungal endophytes capable of producing biologically active
compounds,7 we recently isolated an endophytic fungus, Pleo-
sporales sp. F46, from the medicinal plant Mahonia fortunei
collected from Qingdao, People's Republic of China.7 The
OSMAC (One Strain Many Compounds) approach with the aid
of LC-ESI-HRMS was employed to explore the chemical diversity
of this endophyte.8 When cultured in rice medium, Pleosporales
sp. F46 biosynthesized secondary metabolites with UV and MS
features similar to those of antifungal heptaketides we reported
previously (Experimental section).9
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Herein we report the isolation and characterization of six
new heptaketides, pleosporalins A–F (1–5, and 7), a new
biosynthetically related polyketide derivative, pleosporalin G
(9), as well as four structurally related known compounds,
(+)-pleorubrin B (6),10 biatriosporin A (8),9 (�)-balticol A (10),11

and (�)-balticol B (11)11 from endophytic Pleosporales sp. F46.
Following our previous work on the antifungal activities of
heptaketides,9 we reused the wild-type strain Candida albicans
to evaluate the antifungal activities of the isolated compounds.
Considering the increasing focus on the cytotoxic efficacies of
this kind of polyketide,12 the cytotoxic activities of the isolated
polyketides were also evaluated against the cancer cell lines
A549, SMMC-721, and MDA-MB-231.
Results and discussion

Compound 1 (Fig. 1) was isolated as yellow crystals with the
molecular formula C15H12O5 (ten double-bond equivalents) as
established by ESI-HRMS. The 1H NMR spectrum of 1 (Fig. S1†)
showed the presence of two singlet methyl signals, three singlet
aromatic protons, and three protons associated with hydroxyl or
aldehyde groups. The 1D NMR data in combination with the 2D
NMR spectra (Table 1, and Fig. S1–S3†) identied two methyl
groups (one oxygenated), twelve aromatic/olenic carbons
(three methine carbons and ve oxygenated carbons), and one
carbonyl carbon. These data accounted for all 1H and 13C NMR
resonances of 1 and indicated an aromatic skeleton. The planar
structure of compound 1 was further elucidated by detailed
analysis of its HMBC spectrum (Fig. S4,† and 2). A naphthalene
RSC Adv., 2019, 9, 12913–12920 | 12913
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Fig. 1 Chemical structures of compounds 1–11.

Table 1 1H and 13C NMR data for compound 1

Position dC, mult.a dH mult.b (J in Hz)

1 160.7, Cq

2 129.1, Cq

3 122.4, Cq

4 143.6, Cq

5 93.0, CH 6.92, s
6 164.2,c Cq

7 101.0, CH 6.47, s
8 164.5,c Cq

9 105.5,d Cq

10 105.7,d Cq

11 100.4, CH 6.59, s
12 156.7, Cq

13 14.4, CH3 2.53, s
14 190.5, CH 9.91, s
6-OMe 55.8, CH3 3.95, s

a Recorded in CDCl3 at 100 MHz; 13C multiplicities were determined by
HSQC experiment. b Recorded in CDCl3 at 400 MHz. c Maybe
interchanged. d Maybe interchanged.

Fig. 2 Key 1H–1H COSY and HMBC correlations of compounds 1, 2, 7,
and 9.

12914 | RSC Adv., 2019, 9, 12913–12920
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ring substructure containing ameta-substituted phenyl ring was
tentatively deduced from the presence of two singlet aromatic
protons H-5 (dH 6.92) and H-7 (dH 6.47), together with their
HMBC correlations from H-5 to C-4, C-7 and C-9, and from H-7
to C-1, C-5, and C-9 (Fig. 2). The HMBC correlations of H3-13/C-
11 and C-12, and H-11/C-3 and C-4 constructed the C-4–C-3–C-
11–C-12–C-13 fragment (Fig. 2). An aldehyde unit (C-14, dC

190.5) and a methoxy group (dC 55.8) were located at C-2 (dC
129.1) and C-6 (dC 164.2), respectively, and these assignments
were consistent with their chemical shis and the HMBC
correlations from 6-OMe to C-6 and from H-14 to C-3 (Fig. 2).
The shis of the oxygenated aromatic carbons (C-1 at dC 160.7
and C-8 at dC 164.5) indicated that the two hydroxyl groups were
attached to C-1 and C-8. The remaining one degree of unsatu-
ration and the chemical shis of C-4 (dC 143.6) and C-12 (dC
156.7) suggested that C-4 and C-12 were both attached to the
same oxygen atom, forming a furan ring fused to the naph-
thalene ring. Finally, single-crystal diffraction analysis with Cu
Ka radiation conrmed the structure of 1 (Fig. 4). Compound 1
was named pleosporalin A, and its carbon skeleton is similar to
that of biatriosporins D–F, which we reported previously.9

Compound 2 (Fig. 1), isolated as white crystals, has the
molecular formula C14H16O5 as determined by ESI-HRMS. Its
1D NMR spectra and HSQC data (Table 2 and Fig. S9–S11†)
showed the presence of one secondary methyl group, two
methylenes (one oxygenated), four methines (two oxygenated),
one carbonyl group, and six aromatic/olenic carbons including
two methine carbons. Analysis of the 1H–1H COSY NMR spec-
trum (Fig. S13,† and 2) identied correlations between C-3 and
C-5, between C-1 and C-10a, between C-3 and C-11, and between
C-4a and C-10a (Fig. 2). The strong HMBC correlations of H-6/C-
8 and C-9a, and H-8/C-6 and C-9a also suggested a meta-
substituted phenyl ring, as found in compound 1 (Fig. 2). Two
hydroxyl groups were attached to C-7 (dC 166.8) and C-9 (dC
166.6) of the phenyl ring, based on analysis of their chemical
shis. The key HMBC correlations of H-6/C-5 and H-8/C-10
established the connection of C-5a to C-5, and of C-9a to C-10
(Fig. 2). A linkage between C-10 (dC 201.8) and C-10a (dC 48.3)
was proposed based on their chemical shis. The remaining
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Key NOESY correlations of compounds 2, 7, 9, and 11.
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one degree of unsaturation and the chemical shis of C-1 (dC
67.7) and C-3 (dC 74.5) indicated that C-1 and C-3 were both
attached to the same oxygen atom, forming a tetrahydrofuran
ring, which was also consistent with the molecular formula.
Accordingly, the planar structure of 2 was determined as
depicted. The relative conguration of 2 was determined from
its NOESY spectrum (Fig. S14,† and 3). The key NOESY corre-
lations of H-5/H-10a, H-5/H-4b, H-4a/H-3, and H-4a/H-1a sug-
gested that H-4b, H-5 and H-10a had the same orientation,
whereas H-1a, H-3, and H-4a possessed the opposite orientation
(Fig. 3). The relative conguration of 2 was further conrmed by
single crystal X-ray diffraction analysis with Cu Ka radiation
(Fig. 4). However, the Flack parameter [0.1(6)] was large and
can't assign the absolute conguration. Compound 2 was
named pleosporalin B and has structural features similar to
those of biatriosporin G.9 Compound 2 and biatriosporin G9

have the similar positive optical rotation value, tentatively
suggesting the same absolute conguration.

The spectroscopic data (IR, UV, 1H NMR and 13C NMR;
Fig. S17–S48†) of pleosporalins C–E (3–5, Fig. 1) and (+)-pleor-
ubrin B (6, Fig. 1) established that they contained the basic
carbon skeleton and ring system seen in compound 2. Of these,
compound 3 was a white powder and was assigned the molec-
ular formula C14H16O6, corresponding to one oxygen atommore
than the formula of compound 2. The 1H and 13C NMR data of 3
Fig. 4 ORTEP drawing of compounds 1, 2, 7, and 11.

12916 | RSC Adv., 2019, 9, 12913–12920
(Table 2, and Fig. S17 and S18†) were similar to those of 2,
except for the signicantly downeld shi of C-3 from 74.5 in 2
to 96.0 in 3. Further analysis of the HMBC correlations of H2-1/
C-3, H3-11/C-3, and H3-11/C-4 in conjunction with the 1H–1H
COSY data conrmed a tetrahydropyran ring with a hydroxyl
group, making C-3 a hemiacetal carbon in 3 (Fig. S20 and S21†).
The overall structural assignment was supported by the 2D
NMR data and was in accordance with the molecular formula.
Compound 4 possessed a molecular formula of C15H18O6 as
assigned from its quasimolecular ion at m/z 295.1180 [M + H]+.
Careful comparison of its 1H and 13C NMR data (Table 2) with
those of compound 3 indicated that compound 4 has one more
oxygenated methyl group than is present in 3. This additional
methoxy group in 4 instead of the hydroxyl group in 3, was
located at C-7 based on the HMBC correlation from OCH3-7 to
C-7 (Fig. S28†). For metabolite 5, its ESI-HRMS data showed that
it had the same molecular formula, C15H18O6, as that of 4.
Further comparison of the 1D and 2D NMR spectroscopic data
of 5 (Table 2, and Fig. S33–S37†) with those of 4 conrmed that
they shared the same planar structure. However, a major
difference in 5 was the small coupling constant between H-4a
and H-10a (Fig. S33,† and Table 2), indicating these protons
were in the cis-conguration. Furthermore, the presence of
correlations of H-4a/H-1a and H-5/H2-4 and the absence of
a correlation of H-5/H-10a in the NOESY spectrum of 5
conrmed that H-4a and H-10a were in the same orientation
(Fig. S38†). Compound 6 was assigned the molecular formula
C15H18O5, corresponding to one CH2 groupmore than is seen in
2. On the basis of its 1D and 2D NMR data (Table 2 and Fig. S41–
S46†), the structure of 6 was similar to that of 2, and the
hydroxyl group at C-7 in 2 was replaced by a methoxy group in 6.
Further analysis of its NMR data established that compound 6
possessed the planar and relative structure of pleorubrin B with
an unclear absolute conguration.10 From a biogenetic stand-
point, compounds 3–6, which have positive optical rotations,
should have the same absolute conguration as 2 ([a]20D +39.3,
MeOH). This is the rst report of the absolute conguration of
6.

Compounds 7 and 8 (Fig. 1) should share the same carbon
skeleton based on their 1D NMR data (Table 3 and Fig. S49, S50,
S57, and S58†), and compound 8, isolated as a white powder,
was identied as a known compound, biatriosporin A, based on
a comparison of its NMR data with those reported in the liter-
ature.9 Compound 7 was obtained as white crystals fromMeOH,
and themolecular formula C15H20O6 was assigned to 7 based on
its ESI-HRMS data. Analysis of the 1H NMR, 13C NMR, and
HSQC spectra of 7 (Fig. S49–S51†) indicated that it also has
a 2,3-substituted-6-methoxy-4,8-dihydroxy-3,4-dihydronaph-
thalen-1(2H)-one carbon skeleton and is therefore related to 8.
The side chain located at C-3 was determined from the 1H–1H
COSY data (Fig. 2) and was the same as that of 8. The 1H–1H
COSY correlation of H2-14/H-2 and the downeld shi of C-14
(dC 59.0) in the 13C NMR spectrum of 7 suggested that
a hydroxyl group was attached to C-14, which was also consis-
tent with its molecular formula. The key NOESY correlation of
H-2/H-4 indicated that H-2 and H-4 are on the same side and are
b oriented (Fig. 3). Finally, a single crystal X-ray diffraction
This journal is © The Royal Society of Chemistry 2019
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Table 3 1H and 13C NMR data for compounds 7, and 9–11

Position

7 9 10 11

dC, mult.a
dH mult.b

(J in Hz) dC, mult.a
dH mult.b

(J in Hz) dC, mult.c
dH mult.d

(J in Hz) dC, mult.e
dH mult.d

(J in Hz)

1 203.1, Cq 203.3, Cq 202.8, Cq 203.5
2 52.8, CH 2.53, m 39.5, CH2 b, 2.47, dd

(3.6, 17.6)
42.3, CH2 b, 2.48 dd

(16.8, 7.2)
39.8, CH2 b, 2.61, dd

(11.2, 17.6)
a, 2.73, dd
(10.4, 17.6)

a, 2.80, dd
(16.8, 2.8)

a, 2.77, dd
(4.4, 17.6)

3 39.3, CH 2.24, m 36.6, CH 2.29, m 39.6, CH 2.56, m 46.0, CH 2.20, m
4 69.9, CH 4.55, d (7.2) 67.8, CH 4.64, t (4.8) 72.1, CH 4.48, d (8.8) 69.7, CH 4.66, d (9.6)
5 105.5, CH 6.65, d (2.4) 106.9, Cq 6.52, d (2.4) 106.3, Cq 6.71, brs 106.2, CH 6.74, d (2.4)
6 166.0, Cq 165.8, Cq 168.2, Cq 168.2
7 99.3, CH 6.38, d (2.4) 99.7, Cq 6.39, d (2.4) 100.6, Cq 6.35, brs 100.5, CH 6.34, d (2.4)
8 164.4, Cq 164.4, Cq 166.6, Cq 166.4
9 109.7, Cq 109.3, Cq 110.8, Cq 110.8
10 149.6, Cq 148.8, Cq 150.7, Cq 151.1
11 40.0, CH2 1.49, m 39.4, CH2 1.58, ddd

(4.4, 7.6, 13.6)
46.4, CH2 2.55, m 63.2, CH2 3.76, m

1.61, m
1.23, dt (13.6, 6.8) 2.97, m

12 65.1, CH 3.83, mf 63.8, CH 3.77, m 210.2, Cq

13 24.2, CH3 1.08, d (6.4) 24.3, CH3 1.06, d (6.0) 30.4, CH3 2.18, s
14 59.0, CH2 3.68, m, 4.17, m
6-OMe 55.7, CH3 3.83, s 55.8, CH3 3.82, s 56.2, CH3 3.85, s 56.1, CH3 3.86, s
4-OH 5.81, d (6.4) 5.43, d (4.8)
8-OH 13.00, s 12.82, s
12-OH 4.79, d (4.4) 4.46, d (4.8)

a Recorded in DMSO-d6 at 100 MHz. b Recorded in DMSO-d6 at 400 MHz. c Recorded in CD3OD at 150 MHz. d Recorded in CD3OD at 400 MHz.
e Recorded in CD3OD at 100 MHz. f Signals overlapped.
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experiment with Cu Ka radiation [Flack parameter: 0.12(14)]
conrmed the relative and absolute structures of 7, and
compound 7 was named pleosporalin F (Fig. 4).

The molecular formula, C14H18O5, of compound 9 (Fig. 1)
was determined by ESI-HRMS. Analysis of its 1D and 2D NMR
data (Table 3, and Fig. S65–S70†) suggested its structural
features were similar to those of compounds 7 and 8. The main
difference observed in compound 9 was the connectivity around
C-2 (CH2, dH 2.47, 2.73; dC 39.5). A detailed analysis of the 1H–1H
COSY spectrum indicated the connection of C-2 to C-4 (Fig. 2).
The HMBC correlations from H2-2 to C-1 and C-9 established
the C-2–C-1–C-9 fragment (Fig. 2). The above data of 9 showed
that a methylene group was present at C-2 instead of the methyl
(or hydroxymethyl)-substituted methine in compounds 7 or 8.
The large coupling constant between Ha-2 and H-3 (J ¼ 10.4)
and the small coupling constants between H-2b and H-3 (J ¼
3.6) and between H-3 and H-4 (J ¼ 4.8), established the relative
conguration of 9 as shown (Fig. 3). Compound 10 (Fig. 1) had
the molecular formula, C14H16O5, as determined by ESI-HRMS.
Its 1D NMR spectral data (Table 3, and Fig. S73 and S74†)
conrmed that it has the same planar and relative conguration
as that of balticol A with an unclear absolute conguration.11

Compound 11 (Fig. 1) had the molecular formula, C12H14O5,
based on ESI-HRMS. Analysis of its 1D and 2D NMR data (Table
3, and Fig. S77–S79†) indicated that the planar structure of 11
was identical to those of balticol B and iso-balticol B.11,12
This journal is © The Royal Society of Chemistry 2019
Specically, the relative conguration of 11 should be the same
as that of balticol B based on the NOESY correlations of H-4/H-
2b and H-4/H2-11 (Fig. 3) in conjunction with the large coupling
constants between H-3 and H-4 and between H-3 and H-2b
(Table 3). However, the absolute conguration of 11 is
unknown.11 Using single-crystal X-ray diffraction analysis with
Cu Ka radiation [Flack parameter: 0.18(15)] (Fig. 4), its absolute
conguration was unambiguously determined for the rst time
as depicted.

From a biogenetic perspective with a focus on the chiral
center at C-5 in compounds 2–6 or C-4 in compounds 7–11, the
identical absolute congurations of compounds 2–11 were
suggested, which was supported by single-crystal X-ray
diffraction studies (Fig. 4). To further conrm their absolute
congurations, ECD calculations were performed at the
mPW1PW91/6-311G(d)//B3PW91/TZVP level of theory. The
calculated ECD spectra of selected compounds 2, 10, and 11,
are in good agreement with the experimental curves (Fig. 5,S82
and S83†).

Based on our previous results showing that several hepta-
ketides displayed potent inhibitory activities against C. albi-
cans,9 the antifungal activities of the isolated metabolites (1–11)
were investigated in the present study to further test this
hypothesis. Only compound 1, which has a core structure
similar to that of our previously reported compound bia-
triosporin D with high antifungal activity, exhibited weak
RSC Adv., 2019, 9, 12913–12920 | 12917
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Fig. 5 Experimental (black, solid) and calculated (red, dash) ECD
curves of compound 2.
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antifungal activity against C. albicans with an MIC80 of 128 mg
mL�1. The above results indicated that for this type of polyke-
tide, the substituents at C-1 and C-2 play an important role in
increasing the antifungal activity against the selected fungus.
Considering the increasing attention on the cytotoxic efficacies
of these kinds of secondary metabolites and their derivatives,12

the cytotoxicities of all the isolated compounds were also eval-
uated against the cancer cell lines A549, SMMC-721, and MDA-
MB-231. Only compound 7 showed moderate cytotoxicity
against MDA-MB-231 cells with an IC50 of 22.4 � 1.1 mM. By
comparing compound 7 with 8–11, it was revealed that the
substituent at C-2 could increase the cytotoxicity of compound
7. These results indicated the potential of compounds 1 and 7 as
bioactive compounds for the further development of new
derivatives with increased activity.
Experimental section
General experimental procedures

Optical rotations were measured with a PerkinElmer 241MC
polarimeter. IR data were recorded on a Nicolet iN 10 micro
FTIR spectrometer. NMR spectra were measured on Bruker
Advance 400 MHz or Bruker Advance 600 MHz spectrometers.
ESI-HRMS experiments were performed on an LTQ-Orbitrap
spectrometer (Thermo Fisher, USA) equipped with an analyt-
ical HPLC system. The semipreparative HPLC system (Tianjin
Bonna-Agela Technologies Co., Ltd., China) was equipped with
two HP-Q-P050 high-pressure pumps with an HP-Q-UV100S
variable UV detector, an ATS-051-H10 automatic sampler,
a FL-C100B fraction collector, and an Innoval column (10 � 250
mm, 10 mm). Silica gel (200–300 mesh; Qingdao Haiyang
Chemical Co., Ltd., China), Sephadex LH-20 (25–100 mm;
Pharmacia, Uppsala, Sweden), and octadecyl carbon chain
(C18)-bonded silica (40–60 mm, 100 Å) were employed for
column chromatography (CC). Thin-layer chromatography
(TLC) separations were conducted with precoated silica gel
GF254 glass plates (Qingdao Haiyang Chemical Co., Ltd., China).
12918 | RSC Adv., 2019, 9, 12913–12920
Fungal material

The endophytic fungus Pleosporales sp. F46 was isolated from
the pedicel of M. fortunei collected from Qingdao, People's
Republic of China, following a previously established method.13

Briey, the plant tissues were washed and cut into small frag-
ments, and the surfaces were sterilized by sequential immer-
sion in 70% ethanol for 1 min, sodium hypochlorite (4%
available chlorine) for 3 min, 70% ethanol for 30 s, and sterile
water for 1 min. These surface-sterilized tissue fragments were
then placed on water agar medium in Petri dishes and checked
every day to evaluate the growth of the fungi. Fungal hyphal tips
that were growing from the plant tissue fragments were sub-
cultured onto potato dextrose agar (PDA) for further biological
and chemical investigations. The endophytic fungus F46 was
identied by internal transcribed spacer (ITS) sequencing, and
its ITS sequence has been deposited at GenBank (accession
number MH256138). For large-scale fermentation, the strain
was cultured on PDA at 28 � 2 �C for one week. Agar plugs were
cut into small pieces and 40 pieces were used to inoculate 20
asks (1 L) each containing 80 g of rice, 120 mL of water, and
0.3% peptone. The cultures were maintained in an incubator at
28 � 2 �C for two months.
Extraction and isolation

The fungal cultures were extracted with ethyl acetate (EtOAc) by
sonication at room temperature. The organic solvent was
evaporated under vacuum to give the crude extract (12.8 g). The
extract was further fractionated by CC on silica gel, eluting with
a gradient of petroleum ether (60–90 �C)–EtOAc from 100 : 0 to
0 : 100 (v/v). Eight fractions (A–H) were obtained on the basis of
TLC analysis. Fraction C (726.6 mg) was subjected to a Sephadex
LH-20 column eluting with MeOH and afforded pleosporalin A
(1, 135.5 mg). Fraction F (1907.7 mg) was separated on
a Sephadex LH-20 column (MeOH) and yielded six subfractions
(F1–F6). Subfraction F3 (551.0 mg) was subjected to C18-bonded
silica CC eluting with a gradient of methanol (5–100%, 50 min)
in water to give nine subfractions (F31–F39). Subfraction F34
(17.4 mg) was further puried by HPLC (MeOH–H2O, 40 : 60, 2.0
mL min�1) to obtain pleosporalin E (5, 8.2 mg, tR ¼ 33.0 min).
Further separation of subfraction F35 (54.6 mg) by HPLC
(ZORBAX SB-C18 column, 4.6 � 250 mm, 5 mm; acetonitrile–
H2O, 30 : 70, 1.0 mL min�1) yielded pleosporalin G (9, 11.4 mg,
tR ¼ 8.2 min) and (�)-balticol A (10, 1.8 mg, tR ¼ 12.2 min).
Following the same procedure as that used for subfraction F35,
subfraction F36 (191.2 mg) gave (+)-pleorubrin B (6, 24.3 mg, tR
¼ 15.0 min). Subfraction F37 (72.3 mg) was also puried by
HPLC (MeOH–H2O, 70 : 30, 2.0 mL min�1) and afforded bia-
triosporin A (8, 8.1 mg, tR¼ 12.8 min). Separation of subfraction
F4 (223.2 mg) by C18-bonded silica CC provided seven sub-
fractions (F41–F47). Subfraction F42 (55.7 mg) was then sepa-
rated by HPLC (MeOH–H2O, 45 : 55, 2.0 mL min�1) to yield
(�)-balticol B (11, 7.7 mg, tR ¼ 19.1 min). Fraction G (935.0 mg)
was subjected to a Sephadex LH-20 column (MeOH) to give
three subfractions (G1–G3). Subfraction G1 was separated by
ltration and crystallized from MeOH to afford pleosporalin F
(7, 7.3 mg). Subfraction G3 (221.6 mg) was subjected to C18-
This journal is © The Royal Society of Chemistry 2019
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bonded silica CC followed by HPLC (MeOH–H2O, 55 : 45, 2.0
mL min�1) to afford pleosporalin B (2, 24.8 mg, tR ¼ 16.2 min),
pleosporalin C (3, 35.6 mg, tR ¼ 10.8 min), and pleosporalin D
(4, 1.0 mg, tR ¼ 18.2 min).

Pleosporalin A (1). Yellow crystals; UV lmax 217, 233, 285,
319 nm; IR (liquid) nmax 3420, 2947, 2917, 2846, 1643, 1367,
1153 cm�1; NMR (CDCl3, 400 MHz) and 13C NMR (CDCl3, 100
MHz), see Table 1; (+)-ESI-HRMS m/z: 273.0758 [M + H]+ (calcd
for C15H13O5, 273.0758, D +0.18 ppm).

Pleosporalin B (2).White crystals; [a]20D +39.3 (c 0.10, MeOH);
UV lmax 218, 232, 284, 320 nm; IR (liquid) nmax 3298, 3155, 2974,
2908, 1629, 1614, 1390, 1319 cm�1; 1H NMR (CD3OD, 400 MHz)
and 13C NMR (CD3OD, 100 MHz), see Table 2; (+)-ESI-HRMS m/
z: 265.1073 [M + H]+ (calcd for C14H17O5, 265.1071, D +0.83
ppm).

Pleosporalin C (3).White powder; [a]20D +35.0 (c 0.05, MeOH);
UV lmax 217, 234, 285, 317 nm; IR (liquid) nmax 3423, 2994, 2965,
2941, 1611, 1394, 1304 cm�1; 1H NMR (CD3OD, 600 MHz) and
13C NMR (CD3OD, 150 MHz), see Table 2; (�)-ESI-HRMS m/z:
279.0872 [M � H]� (calcd for C14H15O6, 279.0863, D +3.3506
ppm).

Pleosporalin D (4).White powder; [a]20D +65.5 (c 0.10, MeOH);
UV lmax 218, 284, 325 nm; IR (liquid) nmax 3530, 3485, 3420,
2977, 2947, 2908, 2846, 1647, 1602, 1578, 1382 cm�1; 1H NMR
(CD3OD, 400 MHz) and 13C NMR (CD3OD, 150 MHz), see Table
2; (+)-ESI-HRMS m/z: 295.1180 [M + H]+ (calcd for C15H19O6,
295.1176, D +1.27 ppm).

Pleosporalin E (5). Colorless oil; [a]20D +53.3 (c 0.10, MeOH);
UV lmax 218, 234, 284, 324 nm; IR (liquid) nmax 3372, 2980, 2932,
2887, 2852, 1617, 1444, 1388 cm�1; 1H NMR (CD3OD, 400 MHz)
and 13C NMR (CD3OD, 100 MHz), see Table 2; (+)-ESI-HRMS m/
z: 295.1175 [M + H]+ (calcd for C15H19O6, 295.1176, D �0.29
ppm).

(+)-Pleorubrin B (6). Colorless oil; [a]20D +8.9 (c 0.10, DMSO);
UV lmax 217, 233, 285, 319 nm; IR (liquid) nmax 3304, 2950, 2908,
2878, 2852, 1614, 1441, 1379 cm�1; 1H NMR (DMSO-d6, 400
MHz) and 13C NMR (DMSO-d6, 100 MHz), see Table 2; (+)-ESI-
HRMS m/z: 279.1228 [M + H]+ (calcd for C15H19O5, 279.1227,
D +0.28 ppm).

Pleosporalin F (7). White crystals; [a]20D +4.0 (c 0.10, MeOH);
UV lmax 217, 235, 285, 325 nm; IR (liquid) nmax 3405, 2950, 2926,
2899, 1611, 1462, 1346 cm�1; 1H NMR (DMSO-d6, 400 MHz) and
13C NMR (DMSO-d6, 100 MHz), see Table 3; (+)-ESI-HRMS m/z:
297.1334 [M + H]+ (calcd for C15H21O6, 297.1333, D +0.45 ppm).

Biatriosporin A (8).White powder; [a]20D +49.0 (c 0.05, MeOH);
UV lmax 217, 283, 316 nm; IR (liquid) nmax 3515, 3387, 3325,
2965, 1614, 1385, 1293 cm�1; 1H NMR (CD3OD, 400 MHz) and
13C NMR (CD3OD, 100 MHz), see ESI; † (+)-ESI-HRMS m/z:
281.1382 [M + H]+ (calcd for C15H21O5, 281.1384, D �0.36 ppm).

Pleosporalin G (9). Colorless oil; [a]20D +45.5 (c 0.10, MeOH);
UV lmax 216, 283, 318 nm; IR (liquid) nmax 3378, 2971, 2923,
2849, 1620, 1432, 1361, 1299 cm�1; 1H NMR (CD3OD, 400 MHz)
and 13C NMR (CD3OD, 100 MHz), see Table 3; (+)-ESI-HRMS m/
z: 267.1225 [M + H]+ (calcd for C14H19O5, 267.1227, D �0.83
ppm).

(�)-Balticol A (10). Colorless oil; [a]20D �29.3 (c 0.10, MeOH);
UV lmax 218, 284, 320 nm; IR (liquid) nmax 3310, 3099, 2908,
This journal is © The Royal Society of Chemistry 2019
1709, 1611, 1572, 1385, 1355 cm�1; 1H NMR (CD3OD, 400 MHz)
and 13C NMR (CD3OD, 150 MHz), see Table 3; (+)-ESI-HRMS m/
z: 265.1072 [M + H]+ (calcd for C14H17O5, 265.1071, D +0.53
ppm).

(�)-Balticol B (11).White crystals; [a]20D �27.3 (c 0.10, MeOH);
UV lmax 215, 233, 283, 321 nm; IR (liquid) nmax 3390, 3256, 2929,
2896, 2869, 1626, 1563, 1444, 1301 cm�1; 1H NMR (CD3OD, 400
MHz) and 13C NMR (CD3OD, 100 MHz), see Table 3; (+)-ESI-
HRMS m/z: 239.0913 [M + H]+ (calcd for C12H15O5, 239.0914,
D �0.42 ppm).

X-ray crystallographic analysis of compounds 1, 2, 7, and 11

Single crystals for X-ray analysis were obtained by recrystalli-
zation from MeOH. The single crystal X-ray diffraction experi-
ments were carried out on a Bruker D8 Venture diffractometer
with a graphite monochromator at 296 K with Cu Ka radiation
(l ¼ 1.54178 Å). The crystal structure was solved with the
SHELXS structure solution package using direct methods and
rened with the SHELXL renement program by least-squares
minimization. Molecular graphics were obtained using Ortep-
3 (Version 2014.1).14 Crystallographic data of compounds 1, 2,
7, and 11 were deposited in the Cambridge Crystallographic
Data Center (CCDC) with deposition numbers 1874970,
1874969, 1874967, and 1874968, respectively.

Computational details

ECD calculations for compounds 2, 10, and 11 were performed
as described previously.7 The possible conformers were
searched using Frog2 online version.15 Further geometrical
optimization and vibrational evaluation with Gaussian using
DFT calculations with the B3PW91 functional and the TZVP
basis set were carried out. TDDFT at the mPW1PW91/6-311G(d)
level of theory was employed to calculate the singlet electronic
excitation energies and rotational strengths with the solvation
PCM model with methanol. The ECD curve for each conformer
was simulated according to eqn (8d) with a half-band of 0.3 eV.16

The individual conformer values were summed to obtain the
nal ECD spectrum with respect to their Boltzmann
distributions.

Antifungal assay and cytotoxicity assay

The in vitro antifungal activities and cytotoxicities of
compounds 1–11 were evaluated based on our previously
described methods (Table S1†).9,17 Fluconazole was employed as
the positive control in the antifungal susceptibility testing
against C. albicans SC5314, and it showed an MIC80 of 2.0 mg
mL�1. Adriamycin was used as the positive control in the cyto-
toxicity assay against MDA-MB-231 cells, and it exhibited an
IC50 of 0.45 � 0.1 mM. Each test was carried out in triplicate.

Conclusions

In summary, we isolated and characterized six new heptake-
tides, pleosporalins A–F (1–5, and 7), and a new heptaketide
derivative, pleosporalin G (9), together with four biosyntheti-
cally related known compounds (6, 8, 10, and 11), from an
RSC Adv., 2019, 9, 12913–12920 | 12919
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endophytic fungus, Pleosporales sp. F46, found in the medicinal
plant Mahonia fortunei. Their structures were established by
extensive spectroscopic analyses. The absolute congurations
of known compounds 6, 10 and 11 were determined for the rst
time. Compound 1 was active against C. albicans with an MIC80

of 128 mg mL�1, and compound 7 exhibited moderate cytotox-
icity against MDA-MB-231 with an IC50 of 22.4 � 1.1 mM. By
comparing compounds 1 and 7 with structurally related
metabolites, it was revealed that alterations to their C-1 or C-2
substitutions could signicantly inuence their antifungal or
cytotoxic efficacies.
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