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Deletion of ccl4, a component of the COMPASS complex of Aspergillus nidulans, results in the production of
monodictyphenone and emodin derivatives. Through a set of targeted deletions in a ccl4 deletion strain, we
have identified the genes required for monodictyphenone and emodin analog biosynthesis. Identification of an
intermediate, endocrocin, from an mdpHA strain suggests that mdpH might encode a decarboxylase. Further-
more, by replacing the promoter of mdpA (a putative afl/ homolog) and mdpE (a putative afiR homolog) with
the inducible alc4 promoter, we have confirmed that MdpA functions as a coactivator. We propose a biosyn-
thetic pathway for monodictyphenone and emodin derivatives based on bioinformatic analysis and character-
ization of biosynthetic intermediates.

Fungi have evolved to produce many natural products that netic regulation, such as histone deacetylation and DNA
kill or inhibit the growth of other organisms in the ecosystems methylation (24). Accumulating evidence of the linkage be-
in which they live. For this reason, it is not surprising that tween epigenetic regulation and secondary metabolite produc-

fungal secondary metabolites are rich sources of useful medi- tion led us to examine the function of the COMPASS (complex
cines such as penicillin, cyclosporine, and lovastatin (16). Ge- associated with Setl) complex, which methylates lysine 4 on
nome sequencing of members of the genus Aspergillus, As- histone H3 (20, 25). Loss of function of a critical member of
pergillus nidulans, for example (14), has revealed that there are the COMPASS complex, ccl4 (an ortholog of Saccharomyces
many more gene clusters than known secondary metabolites. cerevisiae bre2 [20]), activated the expression of at least two
This might be due to the fact that most genes responsible for secondary metabolite clusters (3). One of the clusters, named
secondary metabolite biosynthesis are silent under normal lab- the mdp cluster, produced monodictyphenone (Fig. 1, com-
oratory growth conditions or that the production levels are pound 1), emodin (compound 2), and emodin derivatives
below the detection limit of current instruments for structure (compounds 3 to 6) (see also Fig. S1 in the supplemental
elucidation, especially nuclear magnetic resonance (NMR) (2, material). Here, we report the elucidation of the monodicty-
7, 8). Thus, a major obstacle in identifying these metabolites is phenone biosynthetic pathway by creating a series of targeted
finding conditions to turn on the expression of secondary me- deletions in a ccl4 null background to determine the genes
tabolite gene clusters (23). required for monodictyphenone biosynthesis and characteriz-
Genome sequencing also showed that many secondary me- ing intermediate compounds produced in the deletion strains.
tabolite clusters are located near the telomeres of chromo-
somes, where transcription is noted to be controlled by epige- MATERIALS AND METHODS

Fungal strains and molecular genetic manipulations. Deletions of 13 genes,

designated AN10039.4 to AN10023.4 (Fig. 2) according to the Central Aspergillus
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C. C. Wang: Department of Pharmacology and Pharmaceutical stcJA) and LO2333 [nkuAA stcJA alcA(p)-mdpE] (3). An 86-bp fragment imme-
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FIG. 1. Structures of monodictyphenone (1), emodin (2), and emo-
din analogs (3 to 8).

Strains were accepted as being correct only if they gave the expected diagnostic
PCR patterns with three different primer sets. Diagnostic PCR with multiple
primer sets allows one to determine reliably if correct gene targeting has oc-
curred. It does not allow one to detect additional heterologous integrations, but
such integrations are rare (<2%) in nkuA deletion strains (22). At least two
correct transformants for each gene deletion or promoter replacement were used
for high-performance liquid chromatography-photodiode array detection mass
spectrometry (HPLC-DAD-MS) analysis (see below), and it is extremely unlikely
that random integrations of transforming DNA would both occur and cause the
same alterations of the metabolite profiles.

Fermentation and HPLC-DAD-MS analysis. The A. nidulans deletion strains
were cultivated at 37°C on YAG medium (solid complete medium; 5 g of yeast
extract/liter, 15 g of agar/liter, and 20 g of p-glucose/liter supplemented with a 1
ml/liter trace element solution [29]) at 1.0 X 107 spores per 10-cm plate. After 5
days, the agar was chopped into small pieces, and the material was extracted with
50 ml of MeOH, followed by 50 ml of 1:1 CH,Cl,-MeOH, each with a 1-h
sonication. The extract was evaporated in vacuo to yield a residue, which was
suspended in H,O (25 ml), and this was then partitioned with ethyl acetate
(EtOAc; two times with 25 ml each time). The combined EtOAc layer was
evaporated in vacuo and redissolved in 1.5 ml of 20% dimethyl sulfoxide
(DMSO)-MeOH, and 10 pl was injected for HPLC-DAD-MS analysis.

For alcA(p)-inducing conditions, 5.0 X 107 spores were grown in 50 ml of
liquid LMM medium (3) supplemented with pyridoxine (0.5 mg/liter), uracil (1
g/liter), and uridine (10 mM) at 37°C with shaking at 200 rpm. Cyclopentanone
at a final concentration of 30 mM was added to the medium 18 h after inocu-
lation. Culture medium was collected by filtration at 48 h or 72 h after cyclo-
pentanone induction and extracted twice with 50 ml of EtOAc. The combined
EtOAc layers were evaporated in vacuo and analyzed by HPLC-DAD-MS as
described above.

HPLC-MS analysis was carried out using a ThermoFinnigan LCQ Advantage ion
trap mass spectrometer with an RP C3 column (Alltech Prevail C,g; particle
size, 3 wm; column, 2.1 by 100 mm) at a flow rate of 125 pl/min. The solvent
gradient system and the conditions for MS analysis were as described previously
3).

Isolation and identification of secondary metabolites. For structure elucida-
tion, 30 15-cm plates inoculated with A. nidulans strain LO2766 (nkuAA stcJA
cclAA mdpHA) were grown for 5 days at 37°C and extracted with MeOH and 1:1
CH,Cl,-MeOH as described above. The extract was evaporated in vacuo to yield
a residue, which was suspended in H,O (1 liter), and partitioned with ethyl
acetate (1 liter; two times). In order to extract most of the acidic secondary
metabolites, the water layer was further acidified to pH 2, followed by partition-
ing with ethyl acetate again (1 liter; two times). The total crude extract in the
ethyl acetate layer (~1.4 g) was applied to an Si gel column (Merck; 230 to 400
mesh ASTM; 40 by 115 mm) and eluted with CHCl;-MeOH mixtures of increas-
ing polarity (fraction A, 1:0; fraction B, 49:1; fraction C, 19:1; fraction D, 9:1;
fraction E, 9:1; fraction F, 7:3; all volumes are 500 ml). Fraction F (273.9 mg),
which contained endocrocin (compound 9), was further purified by reverse phase
HPLC (Phenomenex Luna 5-pm C,g [2]; 250 by 10 mm) with a flow rate of 5.0
ml/min and measured by a UV detector at 280 nm. The gradient system was
MeCN (solvent B) in 5% MeCN-H,O (solvent A), both containing 0.05% tri-
fluoroacetic acid (TFA). The gradient system was as follows: 20 to 30% solvent
B from 0 to 15 min, 30 to 70% solvent B from 15 to 20 min, 70 to 100% solvent
B from 20 to 21 min, 100% solvent B from 21 to 23 min, and 100 to 20% solvent B
from 23 to 25 min, with reequilibration with 20% B from 25 to 28 min. Endo-
crocin (compound 9; 12.4 mg) was eluted at 19.6 min. Some impurities were
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FIG. 2. Organization of the monodictyphenone (mdp) gene cluster
in A. nidulans. Each arrow indicates the direction of transcription and
relative sizes of the open reading frames (ORFs) deduced from anal-
ysis of the nucleotide sequences. ORFs in black are genes involved in
monodictyphenone synthesis, and ORFs in gray are not required for
monodictyphenone synthesis.

further removed by using the same HPLC conditions with the following gradient
system: 20 to 30% B from 0 to 5 min, 30 to 40% B from 5 to 16 min, 40 to 100%
B from 16 to 20 min, 100% B from 20 to 22 min, and 100 to 20% B from 22 to
23 min, with reequilibration with 20% B from 23 to 26 min. Endocrocin (com-
pound 9; 8.2 mg) was eluted at 15.1 min.

Compound identification. Melting points were determined with a Yanagimoto
micromelting point apparatus and are uncorrected. Infrared (IR) spectra were
recorded on a Perkin-Elmer 983G spectrophotometer. 'H and '*C nuclear mag-
netic resonance (NMR) spectra were collected on a Varian Mercury Plus 400
spectrometer.

Endocrocin (compound 9). Orange needles; melting point (mp), >300; IR
(ZnSe, cm™'): 3400 to 2800, 1718, 1676, 1620, 1256, 1206, 754. For UV and
electrospray ionization (ESI)-MS spectra, see Fig. S3 in the supplemental ma-
terial. For 'H and '*C NMR data, see Table S2 in the supplemental material.

RESULTS

Metabolite analysis of mdp cluster deletion strains. We have
previously reported that deletion of ccl4 in A. nidulans results
in derepressing the monodictyphenone (1mdp) gene cluster (3).
This allowed us to determine that mdpG encodes a nonre-
duced polyketide synthase (NR-PKS) required for the synthe-
sis of monodictyphenone (Fig. 1, compound 1), emodin (com-
pound 2), and emodin derivatives (compounds 3 to 6). In
addition to compounds 1 to 6, we report two new minor peaks,
compounds 7 and 8 (Fig. 3; see also Fig. S1 in the supplemental
material). Compounds 7 and 8 have similar UV-visible (Vis)
spectra to 2-hydroxyemodin (5) and 2-aminoemodin (6), re-
spectively (see Fig. S3 in the supplemental material). This
suggests that compounds 7 and 8 contain the same chro-
mophore as compounds 5 and 6, respectively. In addition, the
molecular masses of compounds 7 and 8§ are 16 Da greater than
the masses of compounds 5 and 6, respectively, suggesting that
the methyl group on the anthraquinone ring is oxidized to
hydroxymethylene so that the chromophores are maintained.

The monodictyphenone biosynthetic pathway has not been
determined, and the cc/AA mutant provides us with the oppor-
tunity to study the biosynthetic pathway for compounds 1 to 8.
Since genes involved in biosynthesis of a particular metabolite
are usually clustered in fungi, we deleted genes surrounding
mdpG (Fig. 2; see also reference 3 for the putative function
and closest homologs of genes AN10039.4 to AN0153.4) in an
nkuAA stcJA cclAA background (Table 1, LO2051). nkuAA
inhibits nonhomologous integration of transforming DNA
fragments (22), and stcJA prevents the synthesis of sterigmato-
cystin, an abundant and toxic secondary metabolite (4). In
nkuAA strains, approximately 90% of transformants carry a
single homologous insertion (22).
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TABLE 1. A. nidulans strains used in this study

Fungal strain or

cclA and/or mdp mutation(s)

Genotype”

transformant(s)*
LO2026 None pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB
LO2051 cclAA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA
LO2731, LO2732, LO2733  cclAA, AN10039.4A pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA AN10039.4::AfpyrG
LO2736, LO2737, LO2739  cclAA, mdpAA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpA::AfpyrG
LO2741, LO2743, LO2745  cclAA, mdpBA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpB::AfpyrG
LO2746, LO2747 cclAA, mdpCA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpC::AfpyrG
LO2751, LO2752 cclAA, mdpDA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpD::AfpyrG
LO2756, LO2759 cclAA, mdpEA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpE::AfpyrG
LO2761, LO2762, LO2763  cclAA, mdpFA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpF::AfpyrG
LO2149 cclAA, mdpGA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpG::AfpyrG
LO2766, LO2767, cclAA, mdpHA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpH::AfpyrG
LO2772, LO2773, LO2774  cclAA, mdpIA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpl::AfpyrG
LO2776, LO2777, LO2778  cclAA, mdpJA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpl::AfpyrG
LO2782, LO2784 cclAA, mdpKA pyrG89 pyroA4 nkuA::argB riboB2 stcl::AfriboB cclA::AfpyroA mdpK::AfpyrG
LO2786, LO2788, LO2789  cclAA, mdpLA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB cclA::AfpyroA mdpL::AfpyrG
LO2333 alcA(p)-mdpE pyrG89 pyroA4 nkuA::argB riboB2 stcJ::AfriboB mdpE::AfpyrG-alcA(p)-mdpE
LO3530, LO3531, LO3532  alcA(p)-mdpA pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB mdpA::AfpyroA-alcA(p)-mdpA

LO3570, LO3572

alcA(p)-mdpE, alcA(p)-mdpA  pyrG89 pyroA4 nkuA::argB riboB2 stc]::AfriboB mdpE::AfpyrG-alcA(p)-mdpE

mdpA::AfpyroA-alcA(p)-mdpA

“ Multiple transformants were used in analyses of secondary metabolite production. All strains carry nkuAA and stcJA and were produced in this study except for

L02026, LO2051, LO2149, and LO2333 (3).

b AfriboB, AfpyrG, AfpyroA are A. fumigatus riboB, pyrG, and pyroA genes, respectively (22), used for replacement of A. nidulans genes.

Our first goal was to define the borders of this cluster. A
previous analysis of putative gene function suggested that
AN10039.4 and AN0153.4 were likely not to be involved in
monodictyphenone biosynthesis (Fig. 2) (3). We attempted to
delete AN0153.4 in several transformation experiments. We
recovered multiple transformants in each experiment, but di-
agnostic PCR revealed that none carried a deletion of
ANO0153.4. Since our gene targeting system is extremely effi-
cient (22) and since all other transformations efficiently pro-
duced the desired deletions, this suggests that AN0153.4 is
essential. AN0153.4 encodes a putative 852-amino-acid (aa)
protein which contains a Myb-like DNA binding domain that
has high amino acid identity to telomeric repeat binding factor
1 (Tbfl) (as revealed by a BLAST search of the NCBI data-
base). A tbfl homologue (Pneumocystis carinii tbfl [Pctbf1])
having high amino acid identity with AN0153.4 (E value,
1e—59) has been identified as an essential gene in Prneumocys-
tis carinii (10). We conclude that AN0153.4 is almost certainly
an essential gene that is not involved in monodictyphenone
synthesis. AN0154.4, the next gene along the chromosome, is
predicted to be a transcription factor IID and SAGA complex
subunit and is unlikely to be a component of the monodicty-
phenone pathway. AN10023.4 (mdpL), on the other hand, was
required for monodictyphenone (compound 1) synthesis (Fig.
3; see also Fig. S4 in the supplemental material) (Note that
monodictyphenone is not particularly UV active and is re-
vealed more clearly by electrostatic ion chromatography [EIC]
at m/z 287 [Fig. S4] than UV at 276 nm, the maximum absorp-
tion of compound 1 [Fig. 3]). We conclude that one border of
the mdp cluster is likely between mdpL and ANO0154.4.

AN10039.4A strains produced monodictyphenone, emodin,
and emodin derivatives (compounds 1 to 8) (Fig. 3; also Fig. S4
in the supplemental material). This result demonstrates that
AN10039.4 is not required for the biosynthesis of these com-
pounds. AN10021.4 (mdpA) is important for monodictyphe-
none biosynthesis (Fig. 3 and Fig. S4; see also discussion be-

low), and these data, coupled with previous gene expression
data (3), suggest that the other border of the mdp cluster is
between mdpA and AN10039.4.

Our next step was to delete the genes mdpA to mdpL to
assess removal of these genes on production of compounds 1 to
8. Deletion of each of three genes (mdpF, mdpA, and mdpE)
gave a chemotype similar to that of the previously character-
ized mdpG mutants, i.e., little or no production of compounds
1 to 8. Deletion of mdpF, encoding a probable B-lactamase,
eliminated production of any detectable amounts of com-
pounds 1 to 8 (Fig. 3). This suggests that both MdpF and
MdpG are involved in early steps of the emodin biosynthesis
(see Fig. 5). The other two deletions that dramatically reduced
production of compounds 1 to 8 were in mdpA and mdpE,
genes with significant sequence identity to known fungal tran-
scription factors. mdpE is similar to the aflatoxin zinc binuclear
activator afIR, and mdpA is similar to the aflatoxin coactivator
afl] and several putative O-methyltransferases. The fact that
deletion of either of these genes dramatically reduced produc-
tion of compounds 1 to 8, coupled with their similarity to
transcription factors involved in regulation of secondary me-
tabolism, suggests strongly that both of these genes are in-
volved in regulation of the mdp cluster. The fact that mdpAA
and mdpEA did not completely eliminate production of several
emodin derivatives, coupled with their similarity to aflR and
afl], argues against an alternative, but less likely, possibility
that these genes have an early catalytic function in the emodin/
monodictyphenone biosynthetic pathway.

Strains with deletions of mdpB, mdpC, mdpJ, mdpK, and
mdpL produced compounds 2 to 8 but not monodictyphenone
(compound 1) (Fig. 3; also Fig. S4 in the supplemental mate-
rial). Thus, these genes are not required for synthesis of emo-
din and derivatives (compounds 2 to 8), but they appear to be
required for monodictyphenone (compound 1) biosynthesis.
Compounds 1 to 8 were produced in strains carrying deletions
of mdpD (a flavin-containing monooxygenase) and mdpl (an
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FIG. 3. Metabolite profiles of mdp cluster gene deletions with UV
at 276 nm. All strains carry nkuAA, stcJA, and cclAA. The y axis of each
profile was at the same order of magnitude.

acyl-coenzyme A [CoA] synthase). These genes, thus, are not
required for the biosynthesis of monodictyphenone, emodin,
or emodin derivatives (compounds 1 to 8). These results match
our genetic analyses that showed coregulation of all mdp genes
with the exception of mdpD and mdpl in the cclA deletion
strain (3). Together, the results of our deletion analyses allow
us to propose a biosynthetic pathway for compounds 1 to 8 (see
Fig. 5).

Identification of a major UV active intermediate from the
mdpH deletion strain. Identification of key intermediates from
the deletion strains should provide crucial clues for elucidating
the biosynthesis pathway and predicting the function of the
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mdpA] strains after 30 mM cyclopentanone induction for 48 or 72 h.
All strains carry nkuAA and stcJA. The y axis of each profile was at the
same order of magnitude.

unknown proteins transcribed by the cluster. The mdpH dele-
tion strain produced a major UV active metabolite (Fig. 3).
This metabolite was purified from large-scale culture followed
by extensive column chromatography. The structure was de-
termined as endocrocin (compound 9) by NMR experiments as
well as by comparison of the spectrum data with the literature
(see Materials and Methods). Heteronuclear multiple-bond
correlation (HMBC) also confirmed the assigned structure
(see Fig. S6 in the supplemental material). Endocrocin (com-
pound 9) is quite stable during the purification process at room
temperature. Accumulation of compound 9 in the mdpH de-
letion strain but not in other deletion strains suggests that
mdpH might encode a decarboxylase. mdpH has weak similar-
ities to genes in both the sterigmatocystin pathway (StcM) (19)
and the aflatoxin pathway (HypC and HypB) (9). The mdpH
deletion strains still produced small, but detectable, amounts
of emodin derivatives, suggesting that some spontaneous de-
carboxylation occurs or that other endogenous decarboxylases
might also catalyze the same biotransformation with less effi-
ciency (see Fig. 5).

Induced expression of mdpE (a putative afiR homolog) but
not mdpA (a putative aflJ homolog) can activate the mdp clus-
ter. AflR is a transcription factor that has been shown to be
able to activate the transcription of sterigmatocystin biosyn-
thetic genes and, thus, sterigmatocystin production (31). Our
previous data also showed that inducing expression of mdpE (a
putative afIR homolog) turns on monodictyphenone biosynthe-
sis after 48 h of induction (3). It should be noted that a new
metabolite (compound 10) that eluted after emodin (com-
pound 2) started to accumulate after 72 h of mdpE induction
(Fig. 4). It has a similar UV-Vis spectrum to 2-hydroxyemodin
(compound 5) but with a molecular mass 14 Da greater than
that of compound 5, suggesting that compound 10 is methyl
2-hydroxyemodin (see Fig. S3 in the supplemental material).

To see if expression of mdpA (a putative afl] homolog) alone
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can activate the mdp cluster, we replaced the promoter of
mdpA with the alcA inducible promoter. While induction of
mdpE alone led to production mainly of compounds 2 and 5,
induction of mdpA with cyclopentanone for 48 or 72 h did not
produce any detectable amounts of compounds 1 to 10 (Fig. 4).
This suggests that mdpA alone, unlike mdpE, is unable to
activate monodictyphenone biosynthesis. AflR has been shown
to interact with Afl], a coactivator in the aflatoxin biosynthesis
(6). These results, together with the fact that deletion of mdpA
greatly reduced the production of emodin analogs, suggest that
mdpA is normally important for turning on the mdp pathway
and probably functions as a coactivator. Cyclopentanone in-
duction of the alcA promoter results in high levels of expres-
sion (30), and it appears that high-level induction of mdpE
partially overrides the requirement for MdpA as a coactivator.

An additional role for MdpA could be that of an O-meth-
yltransferase. When both promoters of mdpE and mdpA were
replaced with the alcA inducible promoter, the dual promoter
strain produced a much larger amount of compound 10 than
overexpression of mdpE alone after induction. A BLAST
search revealed that MdpA shares substantial sequence iden-
tity with not only AflJ but also several putative O-methyltrans-
ferases, such as a putative O-methyltransferase from Penicil-

lium marneffei (accession number XP_002149634; E value,
1e—93) and from Talaromyces stipitatus (XP-002482894; E
value, le—72). Cyclopentanone induction of the alcA pro-
moter results in high levels of expression (30). It is possible
that MdpA has O-methyltransferase activity, and although nor-
mal expression of mdpA does not lead to significant accumu-
lation of compound 10, the high levels of expression driven by
the alcA promoter may result in enough production of MdpA
to catalyze methylation of compound 5. If this is the case, it is
not clear why compound 10 is produced, albeit in smaller
amounts and at later times, in a strain overexpressing MdpE
alone. Perhaps MdpE overexpression induces expression of
MdpA or binds to and stabilizes MdpA.

DISCUSSION

Based on our data, we propose the following pathway for
monodictyphenone biosynthesis. The monodictyphenone PKS,
MdpG, catalyzes the formation of the octaketide. This enzyme
contains the starter unit ACP transacylase (11), ketosynthase,
acyltransferase, product template (12), and acyl carrier protein
(ACP) domains, as is typical for an NR-PKS, but lacks a thio-
esterase (TE) domain (Fig. 5). BLAST analysis indicates that
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TABLE 2. Gene identities in the monodictyphenone cluster

Predicted no.

G of amino Putative homolog(s) % Identity/%
ene . . A S
acids (accession no.) similarity
encoded
mdpB 214 Scdl (BAC79365) 54/70
mdpC 265 AflM/Ver-1 (P50161) 66/80
mdp] 210 GST (P30102) 31/47
mdpK 265 AflX/OrdB (AAS90016) 45/64
mdpL 446 AflY/HypA (AAS90020) 32/51

“ Closest protein with published function(s) found in a BLAST search of the
NCBI nonredundant database.

MdpF is a B-lactamase-like protein. We previously proposed
that a B-lactamase-like protein might catalyze polyketide re-
lease from NR-PKS lacking a TE domain (27). This hypothesis
has recently been demonstrated to be valid by Awakawa et al.
(1). When atrochrysone carboxylic acid synthase (ACAS; a
TE-less NR-PKS) and atrochrysone carboxyl ACP thioesterase
(ACTE; a B-lactamase-like protein) were coincubated in the
presence of malonyl-CoA, Awakawa et al. were able to detect
emodin (Fig. 5, compound 2), endocrocin (compound 9), atro-
chrysone carboxylic acid (compound 11), endocrocin anthrone
(compound 12), atrochrysone (compound 13), and emodin an-
throne (compound 14) in vitro while no polyketide was de-
tected with ACAS alone. This suggests that spontaneous de-
hydration or decarboxylation of compound 11 produces
compound 12 or 13, respectively, due to the instability of com-
pound 11. Further spontaneous dehydration of compound 13
yields compound 14, which auto-oxidizes to emodin (com-
pound 2). This explains why decarboxylation occurs spontane-
ously from compounds 11 to 13 but not from compounds 9 to
2 since the B-keto group in compound 11 stabilizes the car-
banion by enolate formation (Fig. 5). MdpH, thus, might func-
tion as a decarboxylase or dehydration retarder that facilitates
the emodin (compound 2) biosynthesis pathway since mdpH
deletion strains accumulate endocrocin (compound 9), an
auto-oxidized product from emodin anthrone (compound 12).
It is not surprising that mdpH deletion strains still produce
small but detectable amounts of emodin derivatives, such as
compounds 4 and 5 (Fig. 3), since compound 11 spontaneously
convert to compound 2 that could be further processed by
downstream enzymes. Interestingly, the only monooxygenase
near the monodictyphenone PKS MdpG, MdpD, does not
catalyze any oxidation step in the entire biosynthesis. Incuba-
tion of the cclA deletion strain with antioxidant (glutathione)
or cell-permeable spin trap (N-fert-butyl-a-phenylnotrone)
from 0.01 to 10 mM did not lead to emodin (compound 2)
accumulation (see Fig. S5 in the supplemental material). This
suggests that these oxidation processes are not simply medi-
ated by the free radical. Mueller et al. (21) showed that the
formation of w-hydroxyemodin (compound 3) and 2-hydroxy-
emodin (compound 5) from emodin (compound 2) is cyto-
chrome P450 dependent. More than 100 cytochrome P450
enzymes have been annotated in the A. nidulans genome (17),
and this will provide the opportunity to identify the cyto-
chromes that oxidize emodin (compound 2).

Our analyses indicated that at least five genes in the mdp
cluster are involved in the biotransformation from emodin
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(compound 2) to monodictyphenone (compound 1). A similar
biotransformation from versicolorin A to demethylsterigmato-
cystin has been studied by Henry and Townsend (15), who
proposed an oxidation-reduction-oxidation mechanism medi-
ated at least by one monooxygenase (AfIN/VerA) and one
ketoreductase (AflM/Ver-1) (see Fig. S7 in the supplemental
material). Ehrlich et al. (13) and Cary et al. (5) further discov-
ered that aflY/hypA and afliX/ordB might encode a Baeyer-
Villiger oxidase and an oxidoreductase, respectively, which are
also involved in the pathway. An NCBI nonredundant protein
database BLAST search of the five genes involved in mono-
dictyphenone biosynthesis (Table 2) revealed that MdpC has
strong amino acid identity with versicolorin reductases, hydro-
steroid dehydrogenases, and ketoreductases, including StcU
(in the sterigmatocystin cluster) in A. nidulans and AfiM/Ver-1
in the aflatoxin cluster of Aspergillus flavus. Based on sequence
identity and position in the genome, J. Clutterbuck has spec-
ulated that mdpC or mdpB might be the chartreuse conid-
ial color gene (http://www.cadre-genomes.org.uk/Aspergillus
_nidulans/geneview?gene=AN0146.4). We did not find that
deletions of either gene caused chartreuse conidia, but we did
find that spores were slightly altered in color, displaying a
slightly blue tint after several days of incubation. MdpK has
strong similarity to NAD-dependent epimerases/dehydratases
and oxygenases including AfIX/OrdB of 4. flavus and StcQ of
A. nidulans. MdpL is closely related to AflY/HypA of A. flavus,
which is involved in aflatoxin production, and to the A.
nidulans homolog StcR. MdpB has strong sequence similarity
with Bipolaris oryzate Scdl, a scytalone dehydratase involved
in melanin biosynthesis (18) and, thus, might facilitate
dehydration after ketone reduction by MdpC (Fig. 6). BLAST
analysis with MdpJ shows that it is similar to two classes of
proteins, including translation elongation factors (EFs) and
glutathione S-transferases (GSTs). Although there is closer
similarity to EFs, the proposed size of MdpJ is identical to that
of GSTs but only one-half the size of EFs. However, it is still
not clear of how MdpJ is involved in the pathway although we
note deletion of its homolog, stcT in the sterigmatocystin
cluster, reduces sterigmatocystin production (19). A putative
homolog (DS31) is also found in the dothistromin cluster of
the forest pathogen Dothistroma septosporum, but its function
is unknown in this fungus (32). Interestingly, the fact that there
is no verA homolog among these five genes suggests that
another gene, not present in the mdp cluster, might catalyze
the epoxidation (Fig. 6). However, how the carbonyl group is
reduced to a hydroxyl group followed by dehydration in the last
two steps of monodictyphenone formation is unclear. The facts
that there is no ver4 homolog in the mdp cluster and that there
is a low yield of monodictyphenone (compound 1) might
suggest that compound 1 is not the final metabolite but a shunt
product. It is thus possible that another gene cluster at a
different location might work together with the mdp cluster to
synthesize another secondary metabolite. It should be noted
that in the Baeyer-Villiger oxidation, the migrating group is an
electron-rich group (see Fig. S7 in the supplemental material)
(15). Why the A ring but not the C ring migrates to the oxygen
is still unknown (Fig. 6).

In conclusion, we have deduced the monodictyphenone and
emodin analog biosynthesis pathway by creating targeted de-
letions in a loss-of-function A. nidulans cclA mutant and ana-
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FIG. 6. Proposed biosynthetic pathway of monodictyphenone (1) from emodin (2).

lyzing the metabolite profiles of the deletion strains. This
should enable us to create and isolate emodin, a compound of
pharmaceutical interest (26), including novel derivatives, using
molecular genetic and chemical approaches or a combination
of both. Finally, our data confirm the value of targeting epige-
netic regulation to induce cryptic gene clusters for secondary
metabolite biosynthesis, allowing us to discover new treasures
from microorganisms.
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