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Chemical epigenetic manipulation of Penicillium citreonigrum led to profound changes in the secondary metabolite
profile of its guttate. While guttate from control cultures exhibited a relatively simple assemblage of secondary metabolites,
the guttate collected from cultures treated with 50 µM 5-azacytidine (a DNA methyltransferase inhibitor) was highly
enriched in compounds representing at least three distinct biosynthetic families. The metabolites obtained from the
fungus included six azaphilones (sclerotiorin (1), sclerotioramine (6), ochrephilone (2), dechloroisochromophilone III
(3), dechloroisochromophilone IV (4), and 6-((3E,5E)-5,7-dimethyl-2-methylenenona-3,5-dienyl)-2,4-dihydroxy-3-
methylbenzaldehyde (5)), pencolide (7), and two new meroterpenes (atlantinones A and B (9 and 10, respectively)).
While pencolide was detected in the exudates of both control and 5-azacytidine-treated cultures, all of the other natural
products were found exclusively in the guttates of the epigenetically modified fungus. All of the metabolites from the
P. citreonigrum guttate were tested for antimicrobial activity in a disk diffusion assay. Both sclerotiorin and sclerotioramine
caused modest inhibition of Staphylococcus epidermidis growth; however, only sclerotioramine was active against a
panel of Candida strains.

Our research group has been actively pursuing the development
of chemical epigenetic methods for procuring secondary metabolites
from fungi.1 We have demonstrated that this is an effective
technique for promoting the transcription of silent biosynthetic
pathways involved in the formation of polyketide, nonribosomal
peptide, and hybrid polyketide-nonribosomal-peptide natural prod-
ucts.2 Moreover, we have shown that a chemical epigenetics
approach is well suited for the generation of structurally unique
secondary metabolites with promising drug discovery applications.3,4

In order to maximize the opportunity for detecting novel secondary
metabolites, we have begun using chemical epigenetic induction
as a routine part of our screening program involving the exploration
of fungi obtained from minimally explored environments/ecological
niches (e.g., insects and littoral zones4).

Our investigation of fungi from ecologically diverse environ-
ments has recently expanded to include soil from the Brazilian
Atlantic Forest. The Atlantic Forest is regarded as one of the most
species-rich habitats in the world, but unfortunately, it is also an
exceedingly endangered habitat with <8% of its original 1.3 × 106

km2 still intact.5,6 The secondary metabolite profile (observed by
HPLC) for one of the solid-state fungal cultures exhibited an
exceptionally dramatic response to chemical epigenetic manipula-
tion: in the presence of 5-azacytidine (a DNA methyltransferase
inhibitor1), the fungus produced rust-red-colored droplets of exudate
on its mycelial surface, whereas untreated (control) cultures
produced colorless exudates.

Fungal exudates, which are more formally known as guttates,
are observed with considerable frequency in solid-state fungal
cultures. Despite the widespread occurrence of this phenomenon,
a surprisingly small number of accounts have been published
exploring the composition of fungal guttates. The few studies that

do exist suggest that these droplets are a rich source of primary
and secondary metabolites, inorganic substances, and proteins/
enzymes.7-11 For example, strains of Penicillium nordicum and
Penicillium Verrucosum grown for 14 days on Petri plates containing
Czapek yeast agar were reported to have accumulated substantial
amounts of guttate, which was enriched in ochratoxins A and B
(on average, approximately 1-8 µg/mL).11 Similarly, cultures of
Metarhizium anisopliae that were reared on several different media
accumulated destruxins A, B, and E in their exudates at levels
averaging 2-6 µg/mL.7 The ecological significance of guttation
remains uncertain, although several possible functions have been
proposed. These roles include facilitating active hyphal expansion
under conditions of unfavorable water potential,12 providing a
mechanism for transporting enzymes that are involved in host
invasion and/or liberation of essential nutrients from substrates,10,13,14

and creation of unique microhabitats capable of supporting sym-
biotic bacterial communities.15-17

In light of the striking guttate coloration induced in the Atlantic
Forest fungal isolate, we initiated this project to discern what
changes occurred to the chemical diversity of the fungal guttate
upon treatment of the organism with 5-azacytidine. In this report,
we demonstrate that chemical epigenetic manipulation led to a
substantial restructuring of secondary metabolite pools in the guttate
produced by an Atlantic-Forest-derived fungal isolate.

Results and Discussion

The sequence of a 321-base-pair portion of the large ribosomal
subunit 28S rRNA gene from the Atlantic-Forest-soil-derived isolate
was identical to the sequence reported in the NCBI database for
Penicillium citreonigrum Dierckx (syn. Eupenicillium hirayamae
D. B. Scott & Stolk). Growth of the fungus on a vermiculite-based
solid-state medium containing 0, 10, 50, 100, or 200 µM 5-aza-
cytidine showed that cultures exposed to g50 µM of the epigenetic
modifier developed dark red guttates, which stood in vivid contrast
to the colorless guttates produced by control cultures (Figure 1, A
and B). Gradient HPLC was used to compare the guttates from
20-day-old control cultures versus fungal colonies treated with 50
µM 5-azacytidine. Whereas the control guttates were relatively
devoid of small molecules, the HPLC profiles of guttates from
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5-azacytidine-treated cultures were highly enriched in secondary
metabolites (Figure 1, C and D).

Scale-up solid-state cultures of P. citreonigrum treated with 50
µM 5-azacytidine were prepared, and after 20 days the resulting
guttate-covered mycelia were washed with EtOAc. The EtOAc was
removed under vacuum, and the remaining solid residue was
resuspended in MeOH prior to defatting with hexane. The MeOH-
soluble material was subjected to repeated C18 gradient HPLC,
which yielded six pigmented compounds that ranged in color from
yellow-orange to dark red. A combination of 1H and 13C NMR,
specific rotation, and HRESIMS data facilitated the rapid derepli-
cation of five azaphilones.18 These compounds were determined
to be sclerotiorin (1),19,20 ochrephilone (2),21 dechloroisochro-
mophilone III (3),22 dechloroisochromophilone IV (8-acetyldechlor-
oisochromophilone III) (4),22 and 6-((3E,5E)-5,7-dimethyl-2-
methylenenona-3,5-dienyl)-2,4-dihydroxy-3-methylbenzaldehyde
(5).22

A sixth, highly colored substance (red solid) was obtained that
exhibited 1H and 13C NMR data that were remarkably similar to
the chemical shifts observed for 1-5. Interpretation of the HRES-
IMS and NMR data for 6 revealed that our metabolite matched the
structure reported for sclerotioramine (6), which had been previously
obtained as a semisynthetic derivative of 1.23 Unfortunately, we
were unable to find any NMR data published for this substance, so
we performed a thorough analysis of 6 using 2-3JH-C HMBC NMR
spectroscopy to facilitate the assignment of its proton and carbon
resonances. An important step in our investigation was confirming
the location of the amine nitrogen in ring B. This was achieved by
comparing the upfield changes in the chemical shifts for the C-1
and C-3 resonances (δC 138.4 and 146.1, respectively) in 6 to the
corresponding C-1 and C-3 chemical shifts surrounding the oxygen
atom in compound 1 (δC 152.6 and 158.1, respectively).

Although 6 had not been previously described as a natural
product, other nitrogen-containing azaphilones have been reported

from fungal sources.24,25 These vinylogous γ-pyridone metabolites
are thought to arise from the substitution of a primary amine/
ammonia for the azaphilone’s pyranyl oxygen atom in a process
that is initiated by the nucleophilic attack of the nitrogen at the
C-1 position.24 Therefore, we can reasonably surmise that 6 is
formed as a consequence of 1 reacting with endogenous ammonia
from P. citreonigrum during the culture process.26

Compound 7 was obtained as a colorless solid that exhibited a
m/z of 218.0432 [M + Na]+ by HRESIMS. This established a
molecular formula of C9H9NO4 for 7, which required six units of
unsaturation. Analysis of the NMR data for the metabolite (1H,
13C, 1JH-C HSQC, and 2-3JH-C HMBC) led us to determine that
the structure of 7 was the same as the structure that had been
previously proposed for pencolide.27 Although this metabolite had
been encountered on at least two prior occasions from Penicillium
species,27-29 no detailed investigation concerning both its 1H and
13C NMR resonances had been reported. Moreover, debate that had
arisen concerning the C-2, C-3 double-bond configuration of 7 had
not yet been fully resolved.30-32 Therefore, we investigated the
double-bond configuration of 7 by treating it with thionyl chloride
in MeOH, which yielded the methyl ester derivative 8. Using one-
dimensional nuclear Overhauser effect difference correlation (1D
difference NOE) spectroscopy, we observe reciprocal NOEs
between the olefinic H-3 proton (δH 7.30) and the protons of the
C-1 methyl ester (δH 3.73). In contrast, irradiation of the C-4 methyl
protons (δH 1.77) provided enhancement only of the H-3 resonance.
These findings strongly support a Z configuration for the C-2, C-3
double bond in 7.

HRESIMS analysis of compound 9 provided a pseudomolecular
ion with a m/z of 465.2256 [M + Na]+, which was consistent with
a molecular formula of C26H34O6. This required 10 degrees of
unsaturation in the metabolite. A survey of the 13C NMR data for
9 collected in CDCl3 (Table 1) confirmed the presence of 26 unique
carbon atoms including two ketone (δC 209.6 and 211.3), two ester

Figure 1. Guttates of solid-state P. citreonigrum cultures grown under control conditions (A) or in the presence of 50 µM 5-azacytidine
(B). HPLC chromatograms (C18 column using a gradient of 30-100% CH3CN in H2O and recorded at 210 nm) illustrating the differences
between the metabolite profiles of the control (C) and 5-azacytidine-treated (D) P. citreonigrum guttates. Metabolites identified in scale-up
isolation studies were used as authentic references to verify the identities of compounds 1-7, 9, and 10 in the guttates.
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(δC 168.3 and 174.8), and two vinylic carbon (δC 127.4 and 132.0)
resonances. This accounted for five of the 10 double-bond
equivalents in 9, which meant that the remaining units of unsat-
uration were derived from five rings. Examination of the 1H NMR
data (Table 1) revealed six methyl singlets (δH 1.02, 1.07, 1.32
(×2), 1.69, and 3.54; each integrated for 3H), a methyl doublet
(δH 1.19, J ) 6.8 Hz, 3H), a vinylic hydrogen singlet (δH 5.67,
1H), a doublet (δH 4.07, J ) 3.6 Hz, 1H), a quartet (δH 3.20, J )
6.8 Hz, 1H), and a series of overlapping multiplets spanning the
region δH 1.0-2.4. The congestion caused by multiple resonances
overlapping in the upfield region of the 1H NMR spectrum prompted
us to explore other solvents for performing NMR experiments with
9. Turning to CD3OD, we were surprised by two significant

qualitative changes in the 1H NMR spectrum (Table 1): the methyl
doublet previously at δH 1.19 now appeared as a singlet (δH 1.57,
3H) and the quartet at δH 3.20 was missing. Upon reexamination
of the 1JH-C HSQC data for 9 collected in CDCl3, we observed
that the missing hydrogen had been bonded to a carbon resonating
at δC 51.4. The 13C NMR data for 9 collected in CD3OD (Table 1)
exhibited other substantial changes that included both the loss of a
ketone resonance (δC 211.3) and the carbon at δC 51.4. In place of
the missing carbon spins, we observed two new vinylic carbon
resonances appearing at δC 113.7 and 192.1. The substantial
downfield shift of the vinylic carbon at δC 192.1 suggested that it
was attached to an oxygen atom. The 2-3JH-C HMBC data for 9 in
CD3OD revealed that the protons of the methyl singlet at δH 1.57
not only coupled with both of the vinylic carbons but also exhibited
a correlation to a ketone resonance at δC 201.8 (Figure 2A, fragment
A). This led us to deduce that compound 9 possessed a tautomer-
izable substructure that existed in its keto-enol form in CD3OD
(9a) and rearranged into a �-diketone in CDCl3 (9b) (Figure 3).
We confirmed this by removing 9 from the CD3OD and resuspend-
ing the compound in CDCl3. This provided 1H and 13C NMR and
HRESIMS data for the metabolite that were identical to those we
had previously observed for 9b.

Having established the tautomeric portion of the new metabolite
(Figure 2A, fragment A), we focused our attention on determining
the remaining structural elements of 9a/9b. We noted that the 1H
and 13C NMR resonances associated with the rest of the metabolite
in 9a and 9b appeared very similar to one another (Table 1).
Therefore, we concentrated on using the 2D NMR data set collected
for 9a as the basis for resolving the rest of this compound’s
structure. Examination of the 2-3JH-C HMBC data for 9a enabled
us to construct four additional substructures for the metabolite
(Figure 2A, fragments B-E).

The development of fragment B (Figure 2A) was largely
facilitated by the fortuitous proximity of three methyl groups and
one olefinic proton, which provided a nearly exhaustive set of
overlapping 2-3JH-C HMBC correlations among the substructure’s
nine carbon atoms. The first methyl singlet (δH 1.36) exhibited a
series of three couplings with carbon resonances at δC 43.0, 47.6,
and 69.8. The second methyl singlet (δH 1.22) was also correlated
to the carbon at δC 69.8, as well as carbons at δC 57.5 and 134.7.
The third methyl singlet (δH 1.82) shared two of the same
correlations (δC 57.5 and 134.7), as well as an additional coupling
to a carbon at δC 126.3. Finally, the olefinic singlet proton (δH 5.44)
was coupled to a methyl carbon (δC 20.3) and carbons at δC 43.0
and 57.5. The combination of these overlapping 2-3JH-C couplings
enabled us to deduce that fragment B constituted a highly substituted
cyclohexene system (Figure 2A, fragment B).

Initially, the array of 2-3JH-C couplings in CD3OD for fragment
C appeared perplexing and structurally uninformative; however,
by expanding our assessment of this portion of 9 to include
additional HMBC couplings detected in CDCl3, we were able to
derive three sets of 1H f 13C correlations that were useful for
revealing the composition of this substructure. The first set consisted
of correlations from a doublet proton at δH 4.07 (J ) 3.6 Hz, 1H)
to carbons at δC 22.6, 32.6, 51.3, and 174.8. Upon considering the
chemical shifts of these carbons and their respective numbers of
attached protons (determined by 1JH-C HSQC), we were able to
deduce that they represented two aliphatic methyl groups, a
methylene, and a quaternary carbon, respectively. We also noted a
strong 1H-1H COSY correlation from the proton at δH 4.07 to
geminal protons attached to the carbon at δC 21.8 [based on 1JH-C

HSQC; δH 1.89 (m, 1H) and 2.07 (m, 1H)]. These protons in turn
coupled with a second set of geminal protons (δH 1.39, m, 1H, and
δH 2.05, m, 1H) that were attached to a carbon at δC 32.6 (based
on 1JH-C HSQC). Additional 2-3JH-C couplings were found that
originated from a methyl singlet at δH 1.02 and extended out to
carbons at δC 28.1, 37.4, 51.3, and 84.4, as well as from a proton
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at δH 1.44 to carbon resonances at δC 21.8, 28.1, 37.4, and 174.8.
The abundance of carbons shared among at least two of the three
sets of 2-3JH-C couplings enabled us to construct a cyclohexane
substructure with an ester and geminal methyl groups at the 1- and
3-positions, respectively (Figure 2A, fragment C). Further consid-
eration of the downfield shift observed for the carbon at δC 84.4
and the 3JH-C coupling exhibited by its attached proton to the ester
carbonyl resonance (δC 174.8) led us to deduce the presence of a
second fused ring in fragment C. Thus, fragment C was proposed
to consist of a 6,6-dimethyl-2-oxabicyclo[2.2.2]octan-3-one system
(Figure 2A).

With the establishment of fragments A-C, only a handful of
atoms remained to be assigned (C4H7O2). Three of the remaining
protons belonged to a methyl singlet (δH 3.58, 3H) that was judged
by its chemical shift and 3JH-C HMBC coupling to be associated
with an ester carbonyl (δC 172.7). Given that no other correlations

were observed from the other fragments to any of the atoms in
fragment D (Figure 2A), we waited to assign its position in the
metabolite until other evidence was secured. Fragment E (Figure
2A) was determined to be composed of two methylenes on the basis
of 1H-1H COSY data showing the coupling of their attached
protons (geminal protons at δH 1.60 and 1.37 coupled to a second
set of geminal protons at δH 2.10 and 2.08).

With all of the atoms accounted for in 9, the final task was to
determine the linkages among fragments A-E. Reexamination of
the 2-3JH-C HMBC data showed that the methyl protons at δH 1.22
in fragment B exhibited a 3JH-C coupling with the ketone resonance
(δC 201.8) in fragment A. With no other 2-3JH-C couplings apparent,
we considered the fact that one of the quaternary carbons in
fragment B (δC 69.8) was still lacking two of its four required
bonding groups. We deduced that the enol carbon (δC 192.1) in
fragment A was joined to this quaternary carbon in fragment B,

Figure 2. Selected correlations obtained from a 2-3JH-C HMBC experiment that were used to generate fragments A-F, which were critical
for deducing the structure of 9a (A). Key 1H-1H ROESY correlations that were used to help assign the relative configuration of 9a (B).

Table 1. 1H (500 MHz) and 13C (125 MHz) NMR Data for 9a (CD3OD), 9b (CDCl3), and 10 (CDCl3)

atlantinone A (9a) atlantinone A (9b) atlantinone B (10)

position δC, mult. δH (J in Hz) HMBCa δC, mult. δH (J in Hz) HMBCa δC, mult., δH (J in Hz) HMBCa

1 33.5, CH2 1.48, m 3, 5, 10 32.6, CH2 1.39, m 18 32.6, CH2 1.43, m 3, 10
2.04, dd (3.0, 13.5) 6 2.05, m 2.09, m

2 22.9, CH2 2.17, dt (3.0, 13.5) 5, 18 21.8, CH2 2.07, m 5 21.8, CH2 2.13, m 1
1.88, m 3 1.89, m 3 1.95, m 3

3 86.1, CH 4.12, d (3.7) 2, 5, 18 84.4, CH 4.07, d (3.6) 1, 5, 18, 19 84.4, CH 4.11, d (4.0) 1, 2, 5, 18
4 38.4, C 37.4, C 37.4, C
5 52.9, CH 1.50, t (3.7) 6, 18, 20 51.3, CH 1.44, m 2, 4, 6, 20 51.2, CH 1.49, m 1, 4, 18
6 23.2, CH2 1.60, m 5 21.9, CH2 1.56, m 8, 10 21.8, CH2 1.50, d (13.0)

1.37, m 5 1.42, m 5, 10 1.60, m
7 32.9, CH2 2.10, dt (3.1, 13.5) 5, 9 30.1, CH2 2.39, m 8 30.0, CH2 2.58, td (4.5, 13.0) 5, 8, 9

2.08, dd (3.0, 13.5) 5, 9 2.28, dt (13.7, 3.5) 5 2.25, m 14
8 43.0, C 39.7, C 38.8, C
9 47.6, CH 1.90, m 18, 21 47.2, CH 1.82, m 11, 12 46.6, CH 1.96, t (3.0) 8, 11, 18
10 46.7, C 45.0, C 45.0, C
11 126.3, CH 5.44, s 8, 10, 13, 22 127.4, CH 5.67, s 9, 10, 13, 22 129.4, CH 5.82, s 8, 9, 13, 22
12 134.7, C 132.0, C 131.0, C
13 57.5, C 61.1, C 61.3, C
14 69.8, C 73.3, C 71.7, C
15 192.1, C 211.3, C 211.5, C
16 113.7, C 51.4, CH 3.20, q (6.8) 15, 17, 24 72.5, C
17 201.8, C 209.6, C 207.5, C
18 178.1, C 174.8, C 174.9, C
19 22.8, CH3 1.03, s 4, 20 22.6, CH3 1.02, s 3, 4, 5, 20 22.6, CH3 1.06, s 3, 4, 5, 20
20 28.3, CH3 1.14, s 4, 19 28.1, CH3 1.07, s 3, 4, 5, 19 28.0, CH3 1.12, s 3, 4, 5, 19
21 17.6, CH3 1.36, s 7, 8, 9, 14 16.5, CH3 1.32, s 7, 8, 10 16.9, CH3 1.35, s 7, 8, 9, 14
22 20.3, CH3 1.82, s 11, 12, 13 19.2, CH3 1.69, s 11, 12, 13, 14 19.1, CH3 1.76, s 11, 13
23 16.7, CH3 1.22, s 12, 13, 14, 17 16.5, CH3 1.32, s 12, 13, 14, 17 17.7, CH3 1.41, s 12, 13, 14, 17
24 6.7, CH3 1.57, s 15, 16, 17 9.6, CH3 1.19, d (6.8) 15, 16, 17 19.9, CH3 1.38, s 15, 16, 17
25 172.7, C 168.3, C 167.6, C
26 52.0, CH3 3.58, s 25 52.0, CH3 3.54, s 25 52.1, CH3 3.61, s 25
OH 2.22, brs 15, 16, 17, 24
a HMBC correlations, optimized for 8 Hz, are from the proton(s) stated to the indicated carbon(s).
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which resulted in a five-membered 3-hydroxy-2-methylcyclopent-
2-enone system. A series of three additional 2-3JH-C HMBC
couplings were detected that allowed us to link fragments B, C,
and E (fragment B δH 1.36 f fragment E δC 32.9, fragment B δH

5.44 f fragment C δC 46.7, and fragment C δH 1.50 f fragment
E δC 23.2), and this enabled us to establish the final ring system
required for 9. With only two unbonded carbon atoms left, we
concluded that the ester comprising fragment D must be attached
to the remaining quaternary carbon (δC 69.8) in fragment B.

With the planar structure of 9a established, the assignment of
the relative configuration for each of the compound’s asymmetric
centers was addressed by a 2D 1H-1H ROESY experiment. We
observed a set of reciprocal correlations among several of the
cyclohexene’s substituents including H-22T H-11 and H-23, H-23
T H-26 and H-21, and H-26 T H-21 (Figure 2B). These data
supported a cis fusion between the five-membered 3-hydroxy-2-
methylcyclopent-2-enone and the cyclohexene ring systems. In
addition, we detected reciprocal 1H-1H ROESY correlations among
three of the four axial protons of the cycloalkane (H-7axialT H-9axial

T H-5axial) (Figure 2B). This enabled us to establish the relative
configuration of 9a as 3R*,5R*,8S*,9R*,10S*,13R*,14R*. During
the process of characterizing the structure of 9a, we were able to
secure a crystal of the metabolite from MeOH that was suitable
for X-ray crystallography. An ORTEP drawing of 9a derived from
the X-ray diffraction analysis is illustrated in Figure 4. In addition
to verifying the proposed relative atom configuration for 9a, we
were also able to confirm the compound’s absolute configuration
as 3R,5R,8S,9R,10S,13R,14R. Considering the unique Atlantic
Forest habitat from which the P. citreonigrum strain was obtained,
we have given 9 the name atlantinone A.

At this point in the investigation, we returned our attention to
the occurrence and population distribution of the three potential
tautomers of 9 (Figure 3). Whereas the keto-enol tautomer 9a
(Figure 3) was readily apparent in MeOH (C-17 ketone and C-15
enol carbon), we were not able to detect any traces of the
complementary keto-enol tautomer (C-15 ketone and C-17 enol
carbon) in solution. We suspect this may be due to the stabilizing
influence of intramolecular hydrogen bonding between the C-15
enol hydroxy group and the C-25 carbonyl oxygen atom. However,

it is interesting to note that neither the andrastins33 nor citreohy-
bridonol,34 which share similar cis-fused cyclohexene and 3-hy-
droxy-2-methylcyclopent-2-enone substructures with 9, is reported
to exhibit a preference in MeOH or chloroform for a single
tautomeric species. Instead both sets of compounds undergo rapid
transitions between their keto-enol and �-diketone forms in
solution. We also noted that the corresponding �-diketone 9b was
the only form of the metabolite observed in chloroform. Examina-
tion of 1H-1H ROESY data for 9b in CDCl3 showed that both
16R and 16S configurations were present in solution (correlations
between H-24 T H-9 and H-24 T H-26 were observed).

A related metabolite (10) was detected in one of the HPLC
fractions that eluted just after 9. HRESIMS showed that 10 varied
from the latter by the addition of an oxygen atom (m/z 481.2203
[M + Na]+ consistent with a molecular formula of C26H34O7). The
1H and 13C NMR data for 10 collected in CDCl3 (Table 1) showed
remarkable similarity to 9b with one exception: C-16 was shifted
substantially downfield (δC 72.5 in 10 versus δC 51.4 in 9b) and
its attached proton was missing (based on 1JH-C HSQC). This
suggested that 10 was the C-16 hydroxy analogue of 9b, and it
was given the name atlantinone B. The remaining structural
similarity between 10 and 9b was quickly confirmed via analysis
of the new metabolite’s 2-3JH-C HMBC data (Table 1). Inspection
of the 2D 1H-1H ROESY spectrum for 10 revealed a correlation
between the H-24 methyl protons and the H-26 methyl ester, which
suggested an R configuration for C-16. In light of the these data
and considering that compounds 9 and 10 have a shared biogenic
origin, we propose that the absolute configuration of 10 is
3R,5R,8S,9R,10S,13R,14R,16R.

A substantial portion of the atlantinones’ structures are similar
to other fungal-derived meroterpenoids such as citreohybriddiones
A and B.34 This group of compounds is proposed to arise from the
C-alkylation of 3,5-dimethylorsellinate with farnesyl diphosphate,
which is subjected to cyclization and further functionalization,
yielding a diverse assemblage of products.35 Geris and Simpson35

recently hypothesized that the biosynthetic machinery responsible
for generating a wide range of homologous meroterpenoids from
Aspergillus and Penicillium (e.g., andrastins, austins, berkeleyones,
penisimplicin, and territonin) is likely achieved by means of
structural elaboration upon a shared scaffold. We propose that the
atlantinones, which incorporate a unique 6,6-dimethyl-2-oxabi-
cyclo[2.2.2]octan-3-one bridged-bicyclic-ring system, constitute a
new branch of unusual structural diversification within this me-
tabolite family.

Figure 3. Possible tautomers proposed for compound 9. The
enol-keto structure 9a (upper left) was the only tautomer observed
in MeOH, while the �-diketone compound 9b (lower center) was
exclusively seen in chloroform. The alternative enol-keto form of
9 (upper right) was not detected by NMR under these experimental
conditions.

Figure 4. ORTEP structure generated from the X-ray diffraction
data for a single crystal of 9a that was obtained from MeOH.
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The preponderance of secondary metabolites in the guttate of
epigenetically modified P. citreonigrum (Figure 1, C and D)
suggests that fungal exudates warrant further exploration as a
resource for natural product exploration. Considering the proposed
role that guttates might play as nutrient sources for symbiotic
microbial species, we rationalized that fungal hosts could incor-
porate bioactive compounds into exudates to influence the composi-
tion of the developing microbial community’s structure. Accord-
ingly, we tested 1-7, 9, and 10 against a panel of bacteria and
fungi to ascertain if these compounds exhibited antimicrobial
activities. Out of the nine compounds, only 1 and 6 exhibited modest
zones of inhibition in a disk diffusion assay at a concentration of
30 µg/6 mm paper disk. Both 1 and 6 inhibited Staphylococcus
epidermidis (both produced 8 mm zones of inhibition), whereas
only 6 inhibited Candida albicans, Candida parapsilosis, Candida
tropicalis, and Candida krusei (8, 7, 8, and 8 mm zones of
inhibition, respectively). In contrast, gentamicin (15 µg/6 mm paper
disk) exhibited more substantial zones of inhibition that averaged
8-16 mm against a range of bacteria, while ketoconazole (15 µg/6
mm paper disk) produced zones of inhibition that averaged 15-26
mm against a panel of yeast. The modest antimicrobial activities
of the azaphilones were not surprising given the similar results that
have been reported for other members of this secondary metabolite
family.36-38 However, we did find that our data stood in disagree-
ment with results that had been recently reported for 7. Whereas
Lucas and colleagues observed modest activity for 7 against
Streptococcus pyogenese, Staphylococcus aureus, Salmonella ty-
phimurium, Escherichia coli, and Candida albicans (13-16 mm
zones of inhibition using 100 µg/disk),29 we observed no activity
for this metabolite against 10 Gram-negative and Gram-positive
bacteria and five fungi at concentrations ranging up to 135 µg/
disk. Further studies of the secondary metabolites found in fungal
guttates are required to critically assess their drug discovery
potential and to understand their biological functions.

Experimental Section

General Methods. The melting points were obtained on a Mel-
Temp capillary melting point apparatus. Optical rotations were measured
on a Rudolph Research Autopol III automatic polarimeter. The UV
and IR data were collected on Hewlett-Packard 8452A diode array and
Biorad FTIR FTS 135 spectrometers, respectively. NMR data were
obtained on Varian VNMR spectrometers (400 and 500 MHz for 1H,
100 and 125 MHz for 13C) with broad band and triple resonance probes
at 20 ( 0.5 °C. Electrospray-ionization mass spectrometry data were
obtained on a LCT Premier (Waters Corp.) time-of-flight instrument.
HPLC separations were performed on a Shimadzu system using a SCL-
10A VP system controller and Gemini 5 µm C18 column, (110 Å, 250
× 21.2 mm) with flow rates of 1 to 10 mL/min. X-ray diffraction data
were collected on a Bruker-AXS with an APEX CCD area detector
with a Cu X-ray source. All solvents were of ACS grade or better.

Organism Collection, Identification, and Culture Methods. A soil
sample (∼100 g taken from about 20 cm below the soil surface) was
collected in a small patch of remnant forest near the coast of Joao
Pessoa, State of Paraı́ba, Brazil, in January 2006. Samples (1 g) were
placed in autoclaved H2O (10 mL) and diluted 10- and 100-fold.
Aliquots (300 µL) of the diluted soil suspensions were lawned onto
the surfaces of 10 cm diameter Petri plates containing potato-dextrose
agar with chloramphenicol (100 mg/L) and cycloheximide (100 mg/
L). Plates were maintained at 20 °C for four weeks, and emerging
colonies were picked from the plates and transferred to fresh Petri plates
containing potato-dextrose agar with chloramphenicol (100 mg/L). This
process was repeated for each isolate until a uniform fungal colony
was established. Fungi were transferred to new Petri plates containing
potato-dextrose agar, and after 2-3 weeks of incubation at 20 °C, pieces
of the agar containing mycelia (∼0.5 cm2) were cut and placed in
cryogenic storage tubes with sterile glycerol-H2O (15:85). The tubes
were then stored at -80 °C until the fungus was needed for scale-up
studies. The fungus was identified by comparative sequence analysis
of a 321-base-pair portion of its large ribosomal subunit 28S rRNA
gene to data publically available through the NCBI database using a
previously published method.4 A BLAST comparison of our data to

the NCBI collection revealed that our fungus was identical to the
sequence of a Penicillium citreonigrum (syn. Eupenicillium hirayamae
AF033418; NCBI taxonomic ID: 91632). Frozen samples of this
specimen are maintained in the University of Oklahoma Natural
Products Discovery Group Collection (sample B004).

For the preparative-scale grow-up, fungal mycelia and spores were
inoculated into 50 mL of potato-dextrose media and grown for one
week with shaking (125 rpm). The cellular material was placed in a
sterile Falcon tube and mixed by vortexing for several minutes to create
a uniform fungal cell/spore suspension. Aliquots (500 µL) of the fungal
suspension were used to inoculate 110 Erlenmeyer flasks (1 L)
containing autoclaved media (0.1 g rice, 0.1 g oatmeal, 0.1 g cornmeal,
0.32 g nutrient broth, ∼0.5 g vermiculite, and 50 mL deionized H2O).
Epigenetically modified cultures were treated with 50 µM 5-azacytidine,
while the control cultures were treated with vehicle only (filter-sterilized
H2O). Culture vessels were maintained on the benchtop at 25 °C for
20 days.

Extraction and Isolation. The guttate-covered mycelia mats were
washed by adding 100 mL of EtOAc to each flask and gently swirling
the contents. The liquid was decanted from the flasks, pooled, and
placed in a separatory funnel. The organic layer was recovered, and
the solvent was removed under vacuum. The resulting organic extract
was resolubilized in MeOH and partitioned three times against an equal
volume of hexane. Solvent from the defatted MeOH extract was
removed under vacuum, which yielded a rust-colored extract (0.8 g).
The extract was subjected to gradient C18 HPLC (mobile phase 20%
to 100% MeOH in H2O), which yielded three fractions containing
secondary metabolites: fraction A (40 mg of 7), fraction B (160 mg
mixture containing 9 and 10), and fraction C (182 mg mixture
containing azaphilones 1-6). Fraction B was subjected to repeated
semipreparative C18 HPLC (mobile phase 75% to 100% MeOH in H2O),
which provided 9 (7 mg) and 10 (3 mg). The azaphilones in fraction
C were purified in two additional steps. The first step consisted of
passing the mixture over silica gel in a step gradient fashion with hexane
and increasing amounts (10% increments) of acetone. The second step
involved applying a portion of the fractions containing the azaphilones
to semipreparative C18 HPLC (mobile phase 80% to 100% MeOH in
H2O) to give purified 1 (2 mg), 2 (1 mg), 3 (1 mg), 4 (1 mg), 5 (1 mg),
and 6 (27 mg).

Sclerotioramine (6): red solid; 1H NMR (400 MHz, CDCl3) δH 7.80
(1H, s, H-1), 6.79 (1H, s, H-4), 6.10 (1H, d, J ) 16.0 Hz, H-9), 6.95
(1H, d, J ) 16.0 Hz, H-10), 5.68 (1H, d, J ) 9.8 Hz, H-12), 2.47 (1H,
m, H-13), 1.44 (1H, m, H-14), 1.34 (1H, m, H-14), 0.88 (3H, t, J )
7.4 Hz, H-15), 1.04 (3H, d, J ) 6.7 Hz, H-16), 1.85 (3H, s, H-17),
1.58 (3H, s, H-18), 2.23 (3H, s, H-20); 13C NMR (100 MHz, CDCl3)
δC 138.4 (CH, C-1), 146.1 (C, C-3), 110.5 (CH, C-4), 146.6 (C, C-4a),
102.1 (C, C-5), 183.1 (C, C-6), 85.6 (C, C-7), 193.4 (C, C-8), 114.2
(C, C-8a), 116.3 (CH, C-9), 143.0 (CH, C-10), 132.1 (C, C-11), 149.1
(CH, C-12), 35.3 (CH, C-13), 30.2 (CH2, 14), 12.2 (CH3, C-15), 20.3
(CH3, C-16), 12.6 (CH3, C-17), 23.7 (CH3, C-18), 171.4 (C, C-19),
20.8 (CH3, C-20); HRESIMS m/z [M + Na]+ 412.1290 (calcd for
C21H24ClNO4Na, 412.1292).

Pencolide (7): white solid; 1H NMR (500 MHz, CDCl3) δH 7.40
(1H, q, J ) 7.0 Hz, H-3), 1.81 (3H, d, J ) 7.0 Hz, H-4), 6.46 (1H, q,
J ) 2.0 Hz, H-4′), 2.13 (3H, d, J ) 2.0 Hz, H-6′); 13C NMR (125
MHz, CDCl3) δC 167.3 (C, C-1), 123.0 (C, C-2), 145.3 (CH, C-3),
14.7 (CH3, C-4), 170.2 (C, C-2′), 146.7 (C, C-3′), 128.3 (CH, C-4′),
169.1 (C, C-5′), 11.7 (CH3, C-6′); HRESIMS m/z [M + Na]+ 218.0432
(calcd for C9H9NO4Na, 218.0429).

Atlantinone A (9): colorless, crystalline solid (MeOH); mp 174-176
°C; [R]21

D -102 (c 0.023, MeOH); UV(CHCl3) λmax (log ε) 246 nm
(3.83), 298 nm (3.26); FTIR (MeOH) νmax 2946, 2833, 1660,1650, 1029
cm-1; 1H and 13C NMR data, see Table 1; HRESIMS m/z 465.2256
[M + Na]+ (calcd for C26H34O6Na, 465.2253).

Atlantinone B (10): colorless, crystalline solid; [R] (sample degraded
before specific rotation data were obtained); 1H and 13C NMR data,
see Table 1; HRESIMS m/z 481.2203 [M + Na]+ (calcd for
C26H34O7Na, 481.2202).

Preparation of Pencolide Methyl Ester (8). Thionyl chloride (12
mg, 0.10 mmol) was slowly added to a solution of dry MeOH (1 mL)
and pencolide (7, 11 mg, 0.051 mmol) under a N2 atmosphere at 0 °C.
The mixture was allowed to slowly warm to room temperature with
stirring. After 12 h, the excess MeOH was removed under high vacuum
and the crude material was subjected to partitioning with EtOAc and
H2O. The organic layer was collected, dried by passing over magnesium
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sulfate, and filtered, and the solvent was removed under vacuum. The
sample was then subjected to HPLC (C18, 5% to 15% MeOH in H2O),
providing pencolide methyl ester (8) in 59% yield (6 mg, 0.030 mmol):
1H NMR (400 MHz, CDCl3) δH 7.30 (1H, q, J ) 7.2 Hz, H-3), 1.77
(3H, d, J ) 7.2 Hz, H-4), 6.44 (1H, q, J ) 2.0 Hz, H-4′), 2.13 (3H, d,
J ) 2.0 Hz, H-6′), 3.73 (3H, s, COOCH3); 13C NMR (100 MHz, CDCl3)
δC 163.3 (C-1), 123.3 (C-2), 143.5 (C-3), 14.5 (C-4), 170.3 (C-2′), 146.7
(C-3′), 128.3 (C-4′), 170.3 (C-5′), 11.5 (C-6′), 52.8 (COOCH3).

X-ray Crystallographic Analysis of Atlantinone A (9). C26H34O6 ·
CH4O, fw ) 474.57, orthorhombic, P212121, a ) 12.0199(6) Å, b )
13.7713(6) Å, c ) 14.8276(8) Å, volume ) 2454.4(2) Å3, Z ) 4, Fcalc

) 1.284 Mg/m3, Cu KR radiation, λ ) 1.54178 Å. Intensity data were
collected on a Bruker instrument with an APEX detector and a graphite-
monochromated sealed tube source at a temperature of 100 K. A total
of 26 979 data points were collected using ω and φ oscillation frames
to give 4555 unique data points out to 67° θ with a Rint ) 0.0476 and
100% coverage. All data were included in the refinement of F2 values.
Hydrogens bonded to carbons were included with assumed geometries
and refined with a riding model. Hydrogens bonded to oxygens were
located on a difference map, and their positions were refined indepen-
dently. Final wR2 ) 0.0802, R1 ) 0.327, S ) 1.001.

Analysis of Guttate Metabolites. Cultures treated with 50 µM
5-azacytidine and vehicle controls were prepared in triplicate using the
method described for the scale-up metabolite isolation studies (Vide
supra). The cultures were incubated for 20 days, and the guttates were
sampled by pinching them off at their bases from the mycelia surface
using a pair of fine-tip forceps. We initially experimented with
employing a syringe to aspirate the guttate, but were not able to use
this approach in light of the fact that both the control and treatment
group guttates were quite resinous in consistency. Instead, a total of
25 equal-sized guttate droplets were freed from the mycelia in control
and treated cultures and were placed in separate Eppendorf tubes.
Control and treated guttates were washed three times with 500 µL of
MeOH, and the organic extracts were centrifuged to remove solids.
The MeOH-soluble materials were passed over a C18 SPE cartridge
and subjected to C18 HPLC (mobile phase 30% to 100% acetonitrile in
H2O) with parallel ESIMS analysis. Standards consisting of purified
1-7, 9, and 10 were used to authenticate components in the treated
and control samples.

Antimicrobial Assay. Compounds were tested for antimicrobial
activity using a disk-diffusion assay. Seed cultures of eight bacteria
(Staphylococcus aureus ATCC 700787, Staphylococcus epidermidis
ATCC 12228, Burkholderia cepacia ATCC 25608, Klebsiella pneu-
moniae ATCC 33495, Actinobacter baumannii ATCC 19606, Pseudomo-
nas aeruginosa ATCC 10145, Escherichia coli ATCC 11775, and
Enterobacter cloacae ATCC 13047) and five fungi (Candida albicans
ATCC 12983, Candida parapsilosis ATCC 12969, Candida glabrata
NRRL Y-65, Candida tropicalis ATCC 12968, and Candida krusei
ATCC 27803) were prepared by incubating the organisms for 10 h at
30 °C (fungi) or 37 °C (bacteria). Aliquots of the overnight cultures
(80 µL) were lawned onto the surfaces of nutrient agar (bacteria) or
yeast extract agar with 2% (w/v) glucose (fungi). Sterile filter disks (6
mm diameter) infused with 3 µL of test solution (10 µg/µL DMSO),
positive control (5 µg/µL DMSO gentamicin for bacteria or 5 µg/µL
DMSO ketoconazole for fungi), or vehicle only (DMSO) were added
to the plates. The plates were left upright for 30 min at room temperature
before being placed in an incubator at 30 °C (fungi) or 37 °C (bacteria).
After 10 h, the diameters of the zones of growth inhibition around each
disk were recorded.
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