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Expanding the Strategies in Natural Product Studies of Marine-Derived Fungi:
A Chemical Investigation of Penicillium Obtained from Deep Water Sediment
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Three previously unknown pentaketides, (+)-formylanserinone B (3), (—)-epoxyserinone A (4), and (+)-
epoxyserinone B (5), along with two known fungal pigments, anserinones A (1) and B (2), were isolated
and identified from a deep water (—4380 ft), marine-derived saltwater fungal culture. Two other minor
constituents, hydroxymethylanserinone B (6) and deoxyanserinone B (7), were also isolated, but not
completely purified. The structures of 3—7, each expanding the dense functionalization of the anserinones,
were determined by dereplication and spectroscopic analysis. Bioactivity was explored in two separate
cell-based assays. Leukemia selectivity was greatest with 2 and 3, while 1—3 exhibited modest activity

against the MDA-MB-435 cell line.

In the early 1990s we began exploring marine-derived
filamentous fungi grown in saltwater culture as a source
for a new generation of secondary metabolites. Two early
proof-of-principle results emerged quickly showing that
research on sponge-derived fungi was rewarding. These
premier discoveries included Kitagawa's isolation of tri-
choharzin,! from the culture of a Mycale sponge-derived
salt obligate strain Trichoderma harzianum, and our report
of the chloriolins A—C,2 produced during the saltwater
culture of an unidentified fungus from Jaspis splendens.
Further research along these lines continued in our labora-
tory and also began in many others, resulting in a host of
significant additional discoveries. These include unique
structures we described of sponge-derived fungal metabo-
lites, such as the chlorocarolides A and B3 obtained from
saltwater cultures of Aspergillus, asperizine* isolated from
another Aspergillus strain, and epoxysorbicillinol® derived
from Trichoderma longibrachiatum. Parallel discoveries of
sponge-derived fungi by others included the gymnastatins
from Gymnasella dankaliensis,® the petrosifungins from a
Penicillium,” the aspergillones from Aspergillus,® and the
pandangolides from an unidentified fungus.®

The basis for the research described below was twofold.
First, we wanted to extend the strategy of using the disk
diffusion assay as a mechanism to prioritize fungal cultures
for further investigation. The value of such an approach
was recently illustrated in our study of cytotoxic tricho-
verroids and their macrolide analogues produced by salt-
water culture of Myrothecium verrucaria.’® Second, we
wanted to begin study on the saltwater culture of fungi
obtained from extreme environments, such as deep water.1!
Biological aspects of fungi from marine environments as
deep as —13 500 ft have been described.’?2 In fact, it is
noteworthy that convincing evidence was published more
than two decades ago showing fungi can be obtained from
deep water.r314 Unknown when our research began was
the extent to which deep water material could be a source
of chemically prolific fungal cultures. Interestingly, deep

* To whom correspondence should be addressed. Tel: (831) 459-2603.
Fax: (831) 459-2935. E-mail: phil@chemistry.ucsc.edu.

T University of California.

* Josephine Ford Cancer Center.

§ Southwest Foundation for Biomedical Research.

10.1021/np030388m CCC: $27.50

water sponges are now recognized as a source of novel
metabolites that may be of microbial origin.'> There is
growing evidence that deep water bacteria can be a source
of unique natural products. These include the account of
cytotoxic macrolactins A—F1¢ from an unidentified deep
water bacteria and more recently by the description of the
salinosporamides from a novel genus Salinospora.l” We
now describe the first isolation of compounds from a deep
water, marine-derived saltwater fungal culture.’® Com-
pounds isolated and identified include the known anserino-
ne A (1) and (+)-anserinone B (2),° along with new
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Table 1. H (500 MHz) and 13C (125.7 MHz) NMR Data (CDCls) for 3—7

3 4 5 62 7
On (mult., On (mult., Oon (mult., On (mult., On (mult.,

no. oc Jin Hz) oc Jin Hz) oc Jin Hz) oc Jin Hz) oc Jin Hz)

1 187.3 192.0 192.0 187.1 155.2

2 143.8 60.9 61.2 143.4 115.0

3 138.3 71.3 71.1 136.2 139.2

4 181.9 94.9 95.6 182.5 1084 6.37(d, 2.5)

5 158.4 168.3 168.4 158.4 158.3

6 107.6  5.91(s) 99.0 5.38(s) 99.8 5.34(s) 106.5 100.1 6.31(d, 2.5)

7 12.9  2.11(s) 12.7  1.50(s) 131 1.53(s) 11.0  2.03(s) 112 2.15(s)

8 32.8 2.87(dd, 13.5, 31.3  2.66 (dd, 13.5, 315 2.44(dd, 12.5, 33.0 3.07(m) 43.7 2.80(dd, 13.5,
5.0) 8.0) 9.5) 5.0)

8 2.78 (dd, 13.5, 1.86 (dd, 13.5, 2.29 (dd, 13.0, 2.50 (m) 2.70 (dd, 13.5,
8.5) 5.5) 6.5) 9.0)

9 69.9 5.18 (m) 745  4.75(m) 729 4.41(m) 755  4.76 (m) 68.3 4.01(m)

10 20.6 1.33(d, 6.5) 237 1.35(d, 6.5) 21.8 1.54(d, 6.0) 20.5 1.47(d, 6.5) 23.0 1.28(d,5.5)

11 56.2  3.81(s) 56.7 3.80(s) 56.8 3.80 (s) 55.0 3.74(s) 55.4  3.76 (s)

12 1600 7.95(s) 51.0 3.87 (s)

a 13C signals derived from 'H—13C gHMBC in CD3OD.

analogues (+)-formylanserinone B (3), (—)-epoxyserinone
A (4), (+)-epoxyserinone B (5), hydroxymethylanserinone
B (6), and deoxyanserinone B (7).

Results and Discussion

This research began by using the soft agar-based bio-
assay system alongside LCMS analysis?® of small-scale,
saltwater fungal cultures (150 mL) from three separate
libraries of deep sea collections. The next step was to rank
the results by assessing the cytotoxicity data for selectivity
and to use established dereplication methods to evaluate
the LCMS data.?! We were able to identify a dozen or more
fungal cultures as producing compounds with unique
molecular formulas and interesting cytotoxicity profiles.
Both phenotypic and 28S DNA sequence analyses were
used to obtain taxonomic identification. The material
chosen for this investigation consisted of a deep water
sediment sample collected at —4380 feet (—1335 m) that
provided a filamentous fungus (UCSC coll. no. 004181),
which appeared to be a mixed culture of two Penicillium
corylophilum strains. The mixed sample was used for the
bulk culture. The liquid broth was separated from the
mycelia, thoroughly extracted with EtOAc, and partitioned
using our standard Kupchan-type solvent partition scheme.
Resulting mixtures were profiled by LCMS and screened
in a disk diffusion soft agar colony formation assay.?? Data
from LCMS suggested the bioactive mixtures consisted
primarily of a series of related, low molecular weight
compounds.

Examination of the semipure extract by analytical LCMS
revealed that it was a complex mixture of 10 compounds,
not all of which were isolated. We focused on those that
were most easily purified, and the most abundant compo-
nent was determined to be (+)-anserinone B (2), a yellow
oil previously described as a pigment from the terrestrial
coprophilious fungus Podospora anserina.'® Comparison of
our 13C and [a]p data to the literature assured 2 to be (+)-
anserinone B. Long-range (4 Hz delay) gHMBC was used
to reaffirm the placement of the OCHj; at C-5 as opposed
to C-6, on the basis of the relative intensity of the contour
peaks from the OCH3 to C-5 (100%), C-6 (43%), C-4 (21%),
and C-1 (11%).2% With this component identified, attention
was next shifted to constituents whose masses shifted from
the MW of 2 by —2, +16, and +28 amu. The detection of
anserinone A (1), the known oxidized analogue of (+)-
anserinone B (2), was therefore straightforward, and
eventual isolation and spectral comparison (UV, H NMR,
HRESITOFMS) confirmed its structure.

The first novel analogue to be isolated, (+)-formyl-
anserinone B (3), the formate ester of (+)-anserinone B (2),
was deciphered beginning with a molecular formula of
C12H1405 (m/z 261.0750 [M + Na]*, calcd 261.0734) as
deduced by HRESITOFMS. Comparison of the 13C NMR
data of 3 with that of 2 showed nearly identical carbon
shifts for both of the conjugated ketones, the four olefinic
carbons, the single methylene and single OCHjs, and finally
the two methyl groups. Additionally, a carbon shift found
at oc 160.0, together with the corresponding oy 7.95 singlet,
suggested a formyl substituent on the anserinone frame-
work (see Table 1). Upon closer comparison of 13C and 'H
NMR data for 3, as compared to 2, the small downfield shift
difference at C-9 and the small upfield shift difference at
Me-10, together with the large downfield shift at H-9, made
the formyl ester apparent. Correlation of the formic proton
at oy 7.95 with the methine carbon at 6c 69.9 by 1H—13C
gHMBC confirmed this placement. As formic acid was used
in the final HPLC purification of 3, its origins were suspect.
Analysis of 'H NMR data from parent fractions, however,
clearly revealed shifts corresponding to the formylester
signals of 3, indicating it is not an artifact. The similarities
in [a]p data between 3 and 2 suggested matching S
stereochemistry at the lone stereocenter.

The densely functionalized anserinone analogues, (—)-
epoxyserinone A (4) and its epimer (+)-epoxyserinone B
(5), were next isolated, each as a white powder. The
molecular formula C1;H1405 was established for both 4 and
5 via HRESITOFMS (m/z 249.0736 [M + Na]* and 249.0756
[M + Na]*, calcd 249.0733, respectively). Chromatographic
separation, optical rotation, identical 13C NMR data, and
nearly identical '"H NMR data for 4 and 5 (see Table 1)
indicated that these were diastereomers. Characterization
of 4 preceded that of 5 and began with the supposition that
the only spin system, an A,BXs, suggested that the C-8 to
C-10 array was similar between 4 and 2. In the case of 4,
however, the aliphatic oxygenated methine multiplet was
shifted downfield by 0.9 ppm, and the shift difference of
diastereotopic methylene protons was more pronounced.
Also similar to 2 were shifts in 4 corresponding to a single
oxygenated olefinic carbon, an olefinic methine, a single
OCHg, and two methyls. Differing from 2, however, com-
pound 4 contained only one carbonyl signal at 6c 192.0 and
a singlet at oc 94.9, suggestive of a hemiacetal functional-
ity. The two remaining shifts were oxygenated aliphatic
carbon singlets. Substructure A was proposed, where two
of the five oxygenated connection points must be the same
oxygen atom in order to satisfy the molecular formula and
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unsaturation number. Among the different permutations,
an epoxide functionality at C-2 and C-3 and the five-
membered ring connecting the oxygen at C-9 to C-4
explained the shift differences between 4 and 2. The planar
structure of 5 was established by comparison of its similar
spectroscopic properties to those of 4. Final confirmation
of structure was provided through HMBC experiments of
5 (see Figure 1). Most notable is the correlation from H-9
to C-4, verifying the oxolane moiety. Interestingly, the
upfield 6c 192.0 shift is corraborated in other conjugated
o-keto epoxy moieties, such as that in epoxysorbicillinol.52
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Figure 1. Selected H—13C gHMBC NMR correlations for (+)-
epoxyserinone B (5).

Figure 2. Selected 'H—'H NOE NMR correlations for (—)-epoxy-
serinone A (4).

With the constitutional structures of 4 and 5 defined,
we began to decipher their relative stereochemistry. This
first involved collecting data from 'H—'H NOE experiments
in p-dioxane-dsg, followed by molecular mechanics calcula-
tions in which the En, structures possessed a flattened
six-membered ring. In the case of compound 4, irradiation
of H-8 (H-8' is defined as the more upfield proton) revealed
NOEs to H-9 and the hydroxyl proton, while irradiation of
H-8' shows correlations to Me-7 and Me-10 (see Figure 2).

Gautschi et al.

Conversly, irradiation of H-9 gave an NOE to H-8 and the
hydroxy group. Thus, H-8, H-9, and the hydroxy group are
defined as a, while H-8', Me-7, and Me-10 are 3. Together
with the constraint that the epoxy functionality cannot be
trans, these data reveal compound 4 as the 2R*, 3S*, 4S*,
9S* structure of the four possible relative stereoisomers
(see Figure 3). The likely biogenetic relationship of 4 to
compound 2 suggests that the absolute stereochemistry of
the C-9 position is the same as that determined for
compound 2, namely, the S configuration.t®

A similar approach was taken to establish the relative
stereochemistry of the diastereomer 5 from the three
remaining possible relative stereoisomers (ii, iii, and iv
in Figure 3). Again, *H—'H NOE experiments were pur-
sued. Selective irradiation of H-8 showed an NOE to Me-
7, while H-8' showed an NOE to Me-10; however, enhance-
ments to or from the hydroxyl proton were not observed
for 5. Coupling constants for protons attached to C-8 and
C-9 in the En, structures were calculated for comparison
to experimental values, but did not provide new insight
(see Figure 3). As with compound 4, probable biogenetic
relationships of 5 and 2 argue for S stereochemistry at the
C-9 position. Further investigation was not pursued, and
the relative stereochemistry at the C-4 and C-9 positions
could not be decided.

Careful examination of NMR data for the remaining
HPLC fractions revealed two impure constituents, hy-
droxymethylanserinone B (6) and deoxyanserinone B (7).
Compound 6 was present in a 1 mg fraction as a 1:1
mixture with 1, while 7 was a 6:1 mixture with 2. Both 1H
and 13C signals for 6 and 7 could be identified, and data
are presented in Table 1. The *H NMR of 6 displayed the
A,BX3 system characteristic of the anserinones. Of the
three remaining *H NMR shifts, two were characteristic
of the anserinone framework, namely, a methoxy group (dy
3.74, 3H) and a vinylic methyl (6 2.03, 3H). The downfield
singlet of 2 (0 5.90) was absent in the 'TH NMR of 6, which
argued for placement of a hydroxymethyl at C-6. Spectro-
scopic data from long-range (J = 4 Hz) 'H-13C gHMBC
confirmed the structure (see Figure 4).

The final compound identified was deoxyanserinone B
(7). The A;BX3 spin system suggested, as above, the
presence of another anserinone analogue. Continuing the
theme of the anserinone framework, 7 exhibited 'H and
13C NMR shifts corresponding to a second downfield methyl
singlet (6c 11.2, oy 2.15) and a methoxy group (d¢c 55.4, 0
3.76). Conspicuously absent, however, were any 3C NMR
shifts corresponding to carbonyl groups. Furthermore, two
coupled aromatic doublets (04 6.37 and 6.31, J = 2.5 Hz)
appeared instead of the familiar singlet for H-6 in 1-5.
Corresponding to the additional downfield proton signal

R*S*S*S* R*S*R*S*
9*.8* angle Jecalc 9*8* angle  Jecalc
ool 34°  7.0Hz oo 290°  62Hz
of  88° 09Hz op 153° 109 Hz

S*R*'R*S* S*R*S*S*
9*8* angle  Jcalc 9* 8* angle Jcalc
oo 40° 43 Hz 0o 6° 9.6 Hz
of  163° 11.6Hz of  117°  40Hz

Figure 3. Calculated dihedral angles and coupling values for the En,, structures of the four possible cis-epoxy relative stereoisomers of the

epoxyserinone structure.
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serinones 4 and 5, however, are reminiscent not only of
our previously disclosed epoxysorbicillinol> but also of the
recently described epoxyquinol (8).2° The antiangiogenic
properties of 8 suggest evaluation of 4 and 5 in such assays
is warranted. Finally, we conclude that the unique ecologi-
cal niche of the deep sea should continue to be explored by
marine natural product investigators.

Experimental Section

General Experimental Procedures. Optical rotation
measurements were averaged from five separate [a] values.
The NMR spectra were recorded at 500 and 125.7 MHz for 'H
and *3C, respectively. High-resolution mass spectra were
obtained using an ESITOF instrument. The LCMS was
performed using an analytical HPLC outfitted with photodiode
array (PDA), evaporative light scattering (ELS), and mass
spectrometry (ESITOFMS) detectors. Analytical and semi-
preparatory HPLC were performed with C-18 columns of 5 um.
Molecular modeling used MMX force fields within PC Model
v.7.0.

Collection and Taxonomic ldentification. The fungi
(strain nos. a004181 and b004181) were isolated from a —4380
ft sediment grab at the seventh marine station (GPS coordi-
nates: 18°15.2' S, 178°38.5' E) along a transect between Rewa
river mouth, Fiji, and Matuka until the 2000 m isobath was
reached. Collection occurred on the fourth joint expedition of
the National Fisheries University of Japan and the University
of the South Pacific, May 12, 1999. The sediment grab was
immediately sampled using a sterile syringe, plated in tripli-
cate on seawater KMV media with antibiotics, and incubated
at 24 °C. Following transport back to UCSC, strains were
subcultured as previously described.®® Taxonomic analysis of
fruiting body formation at University of Texas Health Science
Center at San Antonio originally identified this fungus as
Penicillium citrinum; however, upon closer inspection by
Maren Klich of the United States Department of Agriculture,
the taxonomic analysis was amended. When plated, the isolate
was observed to have two sectors. One was identified as P.
corylophilum, while the other possessed characteristics be-
tween P. corylophilum and P. citrinum and was thus named
P. cf. corylophilum. Additionally, the fungal culture was
submitted for taxonomic identification to Accugenix, a division
of Acculabs, INS.2! Comparative DNA analysis performed
against the MicroSeq database using the sequence derived
from the D2 expansion segment of the large subunit rRNA
gene could identify the fungus only as a Penicillium sp. due
to a genetic distance (GD) greater than 1% with the nearest
species (P. citrinum, 1.25% GD; P. solitum, 2.49% GD). This
fungus is maintained in a cryopreserved state at UCSC.

Disk Diffusion Soft Agar Colony Formation Assay. An
in vitro cell-based assay using murine cells L1210 (leukemia),
C38 (colon), and CFU-GM (normal), and human cells H116
(colon), H125 (lung), and leukemia (CEM), assessed cyto-
toxicity of original extracts, solvent partition fractions, and
pure compounds. Samples are dissolved in 250 L of DMSO,
and a 15 uL aliquot is applied to a cellulose disk in an agar
plate containing cells. After a period of incubation, a zone of
cell colony inhibition, where 200 zone units (zu) = 6 mm, is
quantified (Z). Activity for a given sample is defined by an
antiproliferation zone 300 zu or greater. Selectivity is mea-
sured by the zone unit differentials between two cell lines.
Solid tumor selectivity for human cells can be defined as
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Zw116 (or H125) — Zcru-om = 250, Or Zp1i6 (or Hizs) — Zcem = 250.
Likewise, for murine cells, solid tumor selectivities are Zczs —
Zcru-om = 250, Or Zcsg — Ziazio = 250. Leukemia selectivities
for human cells are Zcem — Zcru-om = 250, or Zcem — ZH116 (or
H1zs) > 250. Leukemia selectivities for murine cells are Z 1210
— Zcru-om = 250, or Z 1210 — Zess = 250. Cytotoxic compounds
are those exhibiting activity but with no significant differential
between tumor and normal cells.

Sulforhodamine B (SRB) Assay. Inhibition of MDA-MB-
435 cell proliferation and cytotoxicity were measured using
the SRB assay. Cells were plated in 96-well plates and allowed
to attach and grow for 24 h. The compounds or vehicle
(ethanol) was added and incubated with the cells for 48 h.
Following drug exposure, the cells were fixed with 10%
trichloroacetic acid, then the cell layer was stained with 0.4%
SRB. The absorbance of the SRB solution was measured at
560 nm. Dose—response curves were generated, and the 1Cso
values, the concentration of compound required to inhibit cell
proliferation by 50%, were calculated from the linear portion
of log-dose—response curves.

Culture Conditions. The mixed fungal strains were grown
in 1.5% malt extract broth in 20 L of filtered Monterey Bay
seawater adjusted to pH 7.3 with shaking at 150 rpm for 28
days at room temperature, approximately 25 °C.

Extraction and Isolation. The culture was vacuum fil-
tered and the broth was extracted three times with equal
volumes of ethyl acetate to yield a crude extract (E, 1.2 g) that
was partitioned between 10% aqueous MeOH and hexanes.
The methanol layer was collected and the polarity adjusted
to 50% aqueous MeOH before further partitioning against CH,-
Cl,. All partitions were profiled using LCMS. The CH,Cl,-
soluble extract (EFD, 689 mg) was dried and chromatographed
on a Sephadex-LH20 gravity column with 100% MeOH as the
eluent. Again, all fractions were profiled using LCMS. The
second fraction (S2, 78.6 mg) was further purified via C-18
column HPLC using a linear gradient of 43:57 MeOH—H,0
with 0.1% formic acid to 100% MeOH over 1 h to yield
compounds 1 (2.0 mg), 2 (7.2 mg), 4 (1.6 mg), 5 (1.3 mg), and
a 1:1 mixture of 1:6 (1.2 mg). The third Sephadex fraction (S3,
223.7 mg) was also purified via reversed-phase HPLC using a
45:55 MeOH—H,0 with 0.1% formic acid to 100% MeOH linear
gradient over 1 h to yield compounds 1 (8.0 mg), 2 (26.0 mg),
3 (10.2 mg), 4 (2.6 mg), 5 (2.5 mg), and a 6:1 mixture of 2:7
(1.6 mg).

(+)-Formylanserinone B (3): amber crystals; [a] %p
+11.6° (c 0.2 MeOH); UV (CH2Cly) Amax (log €) 360 nm (2.67),
270 nm (3.93); *H and 3C NMR, see Table 1; HRESITOFMS
m/z 261.0750 [M + Na]* (calcd for C1,H140sNa, 261.0734).

(—)-Epoxyserinone A (4): white powder; [a]?p —115° (c
0.1 MeOH); UV (CHCly) Amax (log €) 250 nm (3.90); *H and 13C
NMR, see Table 1; HRESITOFMS m/z 249.0775 [M + Na]*
(calcd for C11H140sNa, 249.0733).

(+)-Epoxyserinone B (5): white powder; [a] ?p +245 (c
0.2 MeOH); UV (CHCly) Amax (log €) 250 nm (3.33); *H and 3C
NMR, see Table 1; HRESITOFMS m/z 249.0775 [M + Na]*
(calcd for C11H140sNa, 249.0733).

Hydroxymethylanserinone B (6): yellowish oil (impure,
1:1 mixture with 1); *H and 3C NMR, see Table 1; ESITOFMS
m/z 241.1100 [M + H]* (calcd for C12H170s, 241.1071).

Deoxyanserinone B (7): yellowish powder (impure, 1:6
mixture with 2); 'H and °C NMR, see Table 1; ESITOFMS
m/z 391.2044 [2M — H]~ (calcd for Cz,H3106, 391.2126).
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