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three new mycophenolic acid
derivatives from the marine-derived fungus
Rhizopus oryzae†

Amine Dilara Pilevneli, ‡a Sherif S. Ebada, ‡*bc Banu Kaşkateped

and Belma Konuklugil *e

Chemical investigation of secondary metabolites in crude methanol extract of a solid rice medium of

a marine-derived fungus, Rhizopus oryzae, has enriched the metabolic profile of this genus by affording

three mycophenolic acid derivatives recognized as new fungal metabolites trivially named as penicacids

H–J (1–3), along with two known naphtho-g-pyrone dimers, asperpyrone A (4) and

dianhydroaurasperone C (5). Structure elucidation of isolated compounds was unambiguously

determined based on extensive 1D and 2D NMR spectroscopic analyses together with comparing

coupling constant and optical rotation values with those reported for related congeners in literature. All

isolated compounds were assessed for their antibacterial activity against four different bacterial

microorganisms and they revealed moderate to weak activities with minimum inhibitory concentration

(MIC) values ranging from 62.5 to 250 mg mL�1.
Introduction

Marine-derived fungi represent a ubiquitous group of micro-
organisms that continue to be a prolic source of new natural
products featuring novel chemical scaffolds with intriguing
pharmacological activities including antimicrobial, antiviral,
antiproliferative, and anti-inammatory activities.1–3 In the
course of our ongoing research for the discovery of bioactive
secondary metabolites, we have explored and reported several
new and/or novel bioactive entities from marine-derived fungi
of different regions such as the Mediterranean Sea,4–6 the Red
Sea7–9 and a hypersaline lake sediment.10 During the past few
decades, it was found that the drastic emergence of resistant
microbes was related to the immense irresponsible use of
antibiotics yielding difficult-to-treat or untreatable infections
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including life-threatening nosocomial ones caused by
methicillin-resistant Staphylococcus aureus and Pseudomonas
aeruginosa.11 Therefore, it is conceivable to say that the enrich-
ment of antimicrobial pipeline with new entities is of an ever-
lasting importance to keep as much reservoir of potential
antimicrobial agents as possible to be implemented whenever
needed. Moreover, it is known that mycophenolic acid (MPA) is
a phenyl-terpenoid fungal secondary metabolite, rst reported in
1893 as a fungal product, contaminating corn crops and causing
pellagra upon its consumption.12 It wasmainly reported as a fungal
metabolite in different species of the genus Penicillium.13 Since its
rst report, MPA and its derivatives have been hot research topics
due to their vast array of bioactivities ranging from antibacterial,
antifungal, antiviral, antitumor to immunosuppressive aspects.14–17

Mycophenolate mofetil (MMF), a 2-morpholinoethyl ester prodrug
of MPA, is a potent inhibitor of inosine-50-monophosphate dehy-
drogenase (IMPDH) that is a crucial rate-limiting enzyme in the
purine metabolic pathway. IMPDH inuences numerous cellular
processes such as replication, transcription and signaling.18

Hence, it is regarded as an interesting drug target for antiviral,
immunosuppression and cancer chemotherapy.19

In this current and ongoing study aimed at identifying
bioactive fungal metabolites from marine-associated fungi, we
investigated a marine-associated fungus, namely Rhizopus ory-
zae. The fungal strain was derived from a specimen of the
Turkish marine sponge Dendrectilla tremitersis collected from
the Kömür Limani coastline in 2014. Chromatographic workup
of methanol extract obtained from mycelial cells of solid rice
culture medium of the fungus was performed implementing
various separation techniques. The obtained results (Fig. 1) led
© 2021 The Author(s). Published by the Royal Society of Chemistry
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to the isolation and identication of three new MPA derivatives
(1–3), together with two known naphtho-g-pyrone dimers,
asperpyrone A (4)20–22 and dianhydroaurasperone C (5).23–26

In this study and for the rst time, we report the isolation
and structural elucidation of three MPA derivatives marked as
new natural products, penicacids H–J (1–3) (Fig. 1), together
with the results of antimicrobial activity assessment of all iso-
lated compounds against two Gram-positive (Staphylococcus
aureus ATCC 29213 and methicillin-resistant S. aureus ATCC
43300) and two Gram-negative (Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853) bacteria.
Materials and methods
General experimental procedures

Several materials and instruments were used in this study to
serve the aim and are divided into materials and instruments
for purication such as: silica gel and Sephadex LH-20 for
column chromatography (E. Merck, Darmstadt, Germany);
precoated TLC plates (aluminium sheets, silica gel & RP-18
F254, Merck, Darmstadt, Germany) for thin layer chromatog-
raphy (TLC) and the detection process was carried out by UV
light at 254 and 365 nm wavelengths as a non-destructive
technique or aer spraying with anisaldehyde reagent and
heating. Final purication of fractions was achieved using
preparative HPLC (Agilent, U.S.A) on Zorbax Eclipse XDB-C18
preparative column (9.4 mm � 250 mm, L � ID; 5 mm particle
size) at a ow rate of 2 mL min�1 and UV screening detection at
210 nm to 330 nm. A standard gradient elution was applied with
the use of acetonitrile in water: 0 min, 10% acetonitrile; 5 min,
10% acetonitrile; 15 min, 40% acetonitrile, 30 min, 70%
Fig. 1 Chemical structures of 1–5.

© 2021 The Author(s). Published by the Royal Society of Chemistry
acetonitrile at a ow rate of 2 mL min�1. As for the analysis, the
following materials and instruments were used: a Perkin-Elmer-
241 MC polarimeter to determine the optical activity; an Agilent
600 MHz spectrometer (U.S.A) for obtaining 1D (1H and 13C NMR)
and 2D NMR spectra (chemical shis in ppm). A methanol-d4
NMR solvent (Sigma Aldrich, Germany) was used to dissolve the
isolated compounds; an Agilent Triple Quadrupole 6410 QQQ LC/
MS mass spectrometer for ESI† negative and positive scan modes
with a nebulizer pressure of 60 psi and gas ow rate of 12 L min�1

while gas temperature was adjusted at 350 �C and ionization was
achieved through direct infusion method using CH3OH\H2O (1 : 1
v/v) (ow rate of 0.2 mL min�1).

Sponge and fungal strain materials

A fungal strain Rhizopus oryzae was isolated from a marine sponge
Dendrectilla tremitersis, which was collected at Kömür Limani coast-
line, Turkey in 2014. This fungal strain was deposited at Department
of Pharmacognosy, Ankara University (B. K.). The fungus was iden-
tied as Rhizopus oryzae (GenBank accession number MT273952)
according to the DNA amplication sequencing using fungal ITS
(Internal Transcribed Spacer) region as reported before.27

Fermentation, extraction and isolation

Cultivation of the fungal strain was conducted in ten different
2.0 L Erlenmeyer asks, each containing a 100 mL solid rice
medium prepared by autoclaving rice (100 g) and distilled water
(100 mL) enriched with 3.5% articial sea salt. Fermentation
was obtained with a waiting period of 30 days at room
temperature in static conditions. Each ask was then termi-
nated using ethyl acetate (EtOAc) (3 � 350 mL) to stop the
growth of cells. Then, the asks were shaken for 12 h and
RSC Adv., 2021, 11, 34938–34944 | 34939

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07196c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

4:
29

:2
4 

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
ltered. Lastly, the EtOAC ltrates were pooled and evaporated
under a reduced pressure to yield a crude solid extract (2.6 g).

The crude extract was then fractionated between n-hexane
and 90% aqueous MeOH by liquid–liquid partitioning where both
fractions were separated, evaporated under reduced pressure and
weighed. The aqueous 90% MeOH phase (1.1 g) was then sub-
jected to vacuum liquid chromatography (VLC) using silica gel 60
as a stationary phase and the mobile phase used was n-hex-
ane : EtOAc (1 : 4), followed by 2 : 3 and 1 : 1, and for each fraction
300mLmobile phase was used. A gradient elution development of
DCM : MeOH (100 : 0, 90 : 10, 80 : 20, 70 : 30, 60 : 40, 50 : 50 and
0 : 100) afforded ten fractions (RO-1–RO-10), respectively.

All obtained fractions were assessed based on their TLC and
analytical HPLC chromatograms. Fractions RO-2, RO-4 and RO-
5 were chosen for further preparative TLC and HPLC purica-
tion procedures. Fraction RO-2 (237 mg), eluted with n-hex-
ane : EtOAc (2 : 3), was applied to column chromatography
using a stationary phase Sephadex LH-20 column (100 � 2.5
cm) and 100% methanol as a mobile phase to afford 4 (3.4 mg)
and 5 (1.8 mg). Fractions RO-4 (153 mg) and RO-5 (92 mg) from
silica gel column chromatography were separately rechroma-
tographed by column chromatography using Sephadex LH-20 as
a stationary phase and 100% methanol as a mobile phase,
Table 1 1H and 13C NMR data of 1–3

Pos.

1 2

dH
a (multi, J in Hz) dC

b,e, type dH
a (multi, J in

1 172.1, C
3 5.27, br s (2H) 70.2, CH2 5.27, br s (2H
3a 148.8, C
4 122.7, C
5 164.6, C
6 130.9, C
7 153.8, C
7a 113.2, C
Me-4 2.21, s (3H) 11.6, CH3 2.22, s (3H)
MeO-5 3.79, s (3H) 61.6, CH3 3.80, s (3H)
10 3.45, m 25.0, CH2 3.45, m

3.65, dd (14.3, 6.5) 3.69, dd (14.0
20 5.28, t (6.5) 124.9, CH 5.26, t (7.3)
30 134.9, C
40 2.28, t (7.4, 2H) 36.0, CH2 2.00, t (7.4, 2H
50 2.34, t (7.4, 2H) 35.5, CH2 2.08, m (2H)
60 178.2, C 5.09, t (7.4)
70 1.82, d (1.2, 3H) 16.5, CH3

60-OMe
80 2.18, m (2H)
90 2.16, m (2H)
100

110 1.57, d (1.3, 3
120 1.80, d (1.3, 3
100 5.33, d (7.7) 106.5, CH 5.29, d (7.7)
200 3.50, m 75.8, CH 3.53, m
300 3.23, ddd (9.7, 5.5, 2.3) 78.5, CH 3.22, ddd (9.8
400 3.37, dd (9.8, 8.8) 71.4, CH 3.37, t (9.0)
500 3.46, t (9.0) 78.4, CH 3.45, t (9.0)
600 3.65, m 62.6, CH2 3.64, m

3.76, m 3.78, m

a Measured inmethanol-d4 at 600 MHz. b Measured inmethanol-d4 at 150M
at 100 MHz. e Assigned based on gHMQC and gHMBC spectra.

34940 | RSC Adv., 2021, 11, 34938–34944
followed by preparative HPLC for nal purication to yield 2
(2.1 mg) and 3 (1.2 mg) from RO-4 and 1 (1.7 mg) from RO-5.

Penicacid H (1). Amorphous white solid; [a]20D + 31.6 (c 0.11,
MeOH); UV (lmax) 220, 250 and 295 nm; 1H and 13C NMR, see
Table 1; HRESIMS m/z 505.25462 [M + Na]+ (calcd for
C23H30O11Na, 505.25442) and at m/z 481.28388 [M � H]� (calcd
for C23H29O11, 481.28404).

Penicacid I (2). Amorphous yellowish white solid; [a]20D + 29.3
(c 0.14, MeOH); UV (lmax) 222, 253 and 298 nm; 1H and 13C
NMR, see Table 1; HRESIMS m/z 573.31798 [M + Na]+ (calcd for
C28H38O11Na, 573.31648) and at m/z 549.35525 [M � H]� (calcd
for C28H37O11, 549.35386).

Penicacid J (3). White amorphous solid; [a]20D + 30.2 (c 0.09,
MeOH); UV (lmax) 223, 251 and 297 nm; 1H and 13C NMR, see
Table 1; HRESIMS m/z 505.25462 [M + Na]+ (calcd for
C24H32O11Na, 505.25442) and at m/z 496.28388 [M � H]� (calcd
for C24H31O11, 496.28404).
Antibacterial assay

Antibacterial activities of pure compounds were assessed via
broth microdilution method using a 96-well plate according to
CLSI documents M27-A3.28 Two Gram-positive bacteria, namely
3

Hz) dC
b,e, type dH

c (multi, J in Hz) dC
d,e, type

172.2, C 172.1, C
) 70.2, CH2 5.27, br s (2H) 70.2, CH2

148.8, C 148.8, C
122.8, C 122.7, C
164.6, C 164.6, C
130.9, C 130.9, C
153.9, C 153.8, C
113.2, C 113.2, C
11.6, CH3 2.21, s (3H) 11.6, CH3

61.5, CH3 3.79, s (3H) 61.6, CH3

25.0, CH2 3.45, m 25.0, CH2

, 7.3) 3.65, dd (14.2, 7.2)
124.3, CH 5.28, t (7.2) 124.9, CH
136.6, C 134.9, C

) 40.6, CH2 2.28, t (7.5, 2H) 36.0, CH2

35.9, CH2 2.41, t (7.5, 2H) 35.5, CH2

125.5, CH 176.9, C
134.8, C 1.82, d (1.2, 3H) 16.5, CH3

3.57, s (3H) 52.0, CH3

34.0, CH2

35.6, CH2

179.0, C
H) 16.1, CH3

H) 16.5, CH3

106.7, CH 5.33, d (7.7) 106.5, CH
75.9, CH 3.50, m 75.8, CH

, 5.4, 2.2) 78.5, CH 3.23, ddd (9.7, 5.5, 2.3) 78.4, CH
71.4, CH 3.37, dd (9.8, 8.8) 71.4, CH
78.4, CH 3.46, t (9.0) 78.4, CH
62.7, CH2 3.65, m 62.6, CH2

3.76, m

Hz. c Measured inmethanol-d4 at 400MHz. d Measured inmethanol-d4

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07196c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

4:
29

:2
4 

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
Staphylococcus aureus (ATCC 29213) and methicilin-resistant
Staphylococcus aureus (ATCC 43300), were used in an antibac-
terial assay in addition to two Gram-negative bacteria, namely
Eschericia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC
27853), using ciprooxacin as a positive control.
Results and discussion

Compound 1 was isolated as a white amorphous solid. When
isolated, its HPLC chromatogram revealed maximum absorp-
tion peaks (lmax) at 220, 250 and 295 nm. HRESIMS displayed
two pseudomolecular ion peaks at m/z 505.25462 [M + Na]+

(calcd for C23H30O11Na, 505.25442) and at m/z 481.28388 [M �
H]� (calcd for C23H29O11, 481.28404). Hence, the molecular
formula was deduced to be C23H30O11 indicating the existence
of nine degrees of unsaturation. The 13C NMR spectrum of 1
(Table 1) exhibited the existence of 23 different carbon reso-
nances distinguished via 2D NMR spectra namely HMBC and
HMQC into nine quaternary carbons including two carbonyl
carbons (dC 178.2 and dC 172.1), six methines (dC 124.9, dC 106.5,
dC 78.5, dC 78.4, dC 75.8 and dC 71.4), ve methylenes (dC 70.2, dC
62.6, dC 36.0, dC 35.5 and dC 25.0) and three methyls classied
into onemethoxy carbon at dC 61.6, one aromatic methyl carbon
at dC 11.6 and one olenic methyl carbon at dC 16.5 ppm. The 1H
NMR data (Table 1) and 1H–1H COSY spectrum (Fig. 2) of 1
revealed the presence of three spin systems as follows: one
between an olenic proton at dH 5.28 (t, J ¼ 6.5, 1H) and one
methylene group at dH 3.45/dH 3.65, while the second spin
system occurred between twomethylene groups at dH 2.28 (t, J¼
7.4, 2H) and dH 2.34 (t, J ¼ 7.4, 2H). The third spin system is
rather characteristic ranging from an anomeric proton at dH

5.33 (d, J ¼ 7.7, 1H) to four successive methine protons at dH
3.50, dH 3.23, dH 3.37 and dH 3.46 and then ending with
hydroxymethylene protons at dH 3.65/dH 3.76 ppm. The last spin
system was linked through the HMQC spectrum to carbon
resonances at dC 106.5, dC 75.8, dC 78.5, dC 71.4, dC 78.4 and dC

62.6 ppm, respectively, which conrmed the existence of a glu-
copyranosyl moiety.29 By searching the reported literature and
comparing with NMR data obtained from 1, it was suggested
that it is a related derivative to a class of fungal mycophenolic
acid derivatives known as penicacids.13,30–32 The conguration of
the C-20/C-30 double bond was determined to be E-conguration
based on the carbon resonance of the olenic methyl group
Fig. 2 Key 1H–1H COSY and HMBC correlations of compounds (1–3).

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Me-70) that resonated at dC ¼ 16.5 ppm conrming the E-
conguration rather than dC ¼ �23.0 ppm (expected for a Z-
conguration)33,34 and by comparison with reported litera-
ture.13,30,31 The HMBC spectrum of 1 (Fig. 2) showed clear
correlations that enabled localizing a methoxy group (dH 3.79/dC
61.6) at an oxygenated aromatic carbon (dC 164.6, C-5) and to
position a glucopyranosyl moiety at dC 153.8 (C-7) based on its
correlation to anomeric proton at dH 5.33 (d, J ¼ 7.7, 1H). In
addition, it revealed more key correlations conrming the
existence and length of the side chain ending with a free
carboxylic acid group at dC 178.2 (C-60) that showed clear
correlations with twomethylene groups at dH 2.28 (t, J¼ 7.4, 2H)
and dH 2.34 (t, J ¼ 7.4, 2H). The coupling constant of anomeric
proton (H-100) recorded in methanol-d4 (J ¼ 7.7 Hz) suggested
the b-linkage of the molecule.35–37 The optical rotation of 1 was
found to be [a]20D + 31.6 and by comparing 13C NMR data of the
sugar moiety with reported literature,29 it was conrmed to be b-
D-glucopyranose. To the best of our knowledge, compound 1
was only reported as a hepatic metabolite in plasma of trans-
plant recipients on MMF treatment38 and as a biotransforma-
tion product from MPA and glucose using Streptomyces
aureofaciens.39 Based on the aforementioned data, compound 1
is for the rst time reported as a natural fungal metabolite and
unambiguously identied as 7-O-(b-D-glucopyranosyl)-
mycophenolic acid that was trivially named as penicacid H.

Compound 2 was puried as an amorphous yellowish white
solid. The HPLC chromatogram of 2 exhibited maximum
absorption peaks (lmax) at 222, 253 and 298 nm. HRESIMS
revealed two pseudomolecular ion peaks at m/z 573.31798 [M +
Na]+ (calcd for C28H38O11Na, 573.31648) and at m/z 549.35525
[M � H]� (calcd for C28H37O11, 549.35386). Hence, the molec-
ular formula was determined to be C28H38O11 indicating the
existence of ten degrees of unsaturation. Molecular weight
difference between 1 and 2 is 66 amu that has been interpreted
in their molecular formulas by an additional C5H8 moiety
including one double bond. The 1H NMR data (Table 1) and
1H–1H COSY spectrum of 2 (Fig. 2) similarly revealed four spin
systems resembling those of penicacid H (1), which also sug-
gested it to be a related derivative of penicacids.13,30–32 Apart
from those four spin systems, the 1H–1H COSY spectrum of 2
(Fig. 2) exhibited an additional isoprenyl unit (5C) that extends
the free side chain of penicacids. The congurations of double
bonds at C-20/C-30 and C-60/C-70 were both determined to be E-
RSC Adv., 2021, 11, 34938–34944 | 34941
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Table 2 MIC values (mg mL�1) of compounds 1–5 against tested microorganismsa

Compound
Staphylococcus
aureus ATCC 29213

Methicillin-resistant
S. aureus ATCC 43300

Pseudomonas
aeruginosa ATCC 27853

Escherichia
coli ATCC 25922

Penicacid H (1) 125 250 125 125
Penicacid I (2) 62.5 250 125 125
Penicacid J (3) 62.5 250 62.5 125
Asperpyrone A (4) 62.5 125 125 125
Dianhydroaurasperone C (5) 62.5 125 125 250
Ciprooxacin 0.25 n.t. 0.50 0.009

a n.t.: not tested.
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conguration based on the carbon resonances recorded for
olenic methyl groups at C-30 and C-70 that appeared at dC 16.5
and dC 16.1 ppm, respectively, rather than dC ¼ �23.0 ppm
(expected for a Z-conguration)33,34 along with comparison with
reported literature.13,30,31 The HMBC spectrum of 2 (Fig. 2)
showed key correlations that positioned the methoxy group (dH
3.80/dC 61.5) to an oxygenated aromatic carbon at dC 164.6 (C-5)
and also localized a glucopyranosyl moiety at dC 153.9 (C-7) via
its correlation to an anomeric proton at dH 5.29 (d, J ¼ 7.7, 1H)
along with a key correlation conrming existence and length of
the side chain ending with a free carboxylic acid group at dC
179.0 (C-100) showing a clear correlation with two methylene
groups at dH 2.18 (m, 2H) and dH 2.16 (m, 2H) ascribed for C-80

and C-90, respectively. As in penicacid H (1), the coupling
constant of the anomeric proton (H-100) recorded inmethanol-d4
(J ¼ 7.7 Hz) suggested the b-linkage of the molecule.35–37 The
optical rotation of 2 was found to be [a]20D + 29.3 and by
comparing 13C NMR data of the sugar moiety with reported
literature,29 it was conrmed to be b-D-glucopyranose. There-
fore, compound 2was chemically conrmed to be a derivative of
7-O-(b-D-glucopyranosyl)-mycophenolic acid (penicacid H, 1),
which was insignicantly named as penicacid I.

Compound 3 was puried as a white amorphous solid. HPLC
chromatogram of 3 exhibited maximum absorptions (lmax) at
223, 251 and 297 nm. HRESIMS revealed two pseudomolecular
ion peaks at m/z 505.25462 [M + Na]+ (calcd for C24H32O11Na,
505.25442) and atm/z 496.28388 [M � H]� (calcd for C24H31O11,
496.28404). Hence, the molecular formula was established to be
C24H32O11 pointing out the existence of nine degrees of unsa-
turation. The 1H and 13C NMR spectral data of 3 compared to 1
(Table 1) revealed a close similarity except a molecular weight
difference of 14 amu in favour of 3. This difference has been
explained through the presence of an additional methoxy group
in 3 showing a proton resonance at dH 3.57 in the 1H NMR
spectrum that was directly correlated with a carbon resonance
at dC 52.0 ppm via HMQC. The position of this additional
methoxy group was determined through the HMBC spectrum
(Fig. 2) that revealed a long-range correlation with the terminal
carboxyl group at dC 176.9 (C-60) ppm, which was also correlated
with twomethylene groups at dH 2.28 (t, 7.5, 2H) and assigned to
C-40 and C-50 at dH 2.41 (t, 7.5, 2H), respectively. These ndings
unambiguously conrmed that the additional methoxy group is
a methyl ester group at the terminal carboxylic acid group in 1.
For compounds 1 and 2, the coupling constant of the anomeric
34942 | RSC Adv., 2021, 11, 34938–34944
proton in 3, optical rotation value ([a]20D + 30.2) and comparing
13C NMR data of sugar moiety with reported literature,29

conrmed the sugar moiety to be b-D-glucopyranose.13,30,31 By
searching literature databases, it was found that compound 3
was only patented as a synthetic derivative of mycophenolic
acid,40 while in this study, it is reported for the rst time as
a natural product. Therefore, compound 3 was identied as
methyl 7-O-(b-D-glucopyranosyl)-mycophenolate and was given
a trivial name penicacid J.

It is noteworthy to mention that, herein, compound 3 was
carefully traced in the original HPLC chromatogram of the total
methanol extract from mycelial cells in the solid rice medium of R.
oryzae and conrmed via obtaining its UV spectrum and LCMS to
assure that it is a genuine natural product. In addition, penicacid H
with a free carboxylic acid was kept in methanol for more than
a month and checked by LCMS to assess whether the methyl ester
derivative (3) is a result of an esterication reaction during the
sample extraction andworkupusingmethanol. The obtained results
revealed no existence of themethyl ester derivative (3) in the sample
containing penicacid H (1) dissolved and stored in methanol.

All isolated compounds were tested for their antimicrobial
activity against two Gram-positive (S. aureus ATCC 29213 and
methicillin-resistant S. aureus ATCC 43300) and two Gram-negative
bacteria (E. coli ATCC 25922 and P. aeruginosa ATCC 27853). The
obtained results (Table 2) disclosed that all isolated compounds
possess moderate to weak antimicrobial activities against the tested
organisms with MIC values ranging from 62.5 to 250 mg mL�1.
Conclusion

Three new mycophenolic acid derivatives namely, penicacids
H–J (1–3) along with two known naphtho-g-pyrone dimers
asperpyrone A (4) and dianhydroaurasperone C (5), were puri-
ed from the crude methanol extract derived from a solid rice
medium of marine-associated fungus Rhizpous oryzae. Chem-
ical structures of isolated compounds were carefully deter-
mined via in-depth spectroscopic analyses including HRESIMS,
1D and 2D NMR spectroscopy besides coupling constants and
comparing optical rotation values with known related deriva-
tives from literature. In the antibacterial activity assay, all iso-
lated compounds exhibited moderate to weak activities (MIC
values between 62.5 and 250 mg mL�1) against the tested
microorganisms.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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