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Gene clusters for biosynthesis of the fungal polyketides hypothemycin and radicicol from Hypomyces sub-
iculosus and Pochonia chlamydosporia, respectively, were sequenced. Both clusters encode a reducing polyketide
synthase (PKS) and a nonreducing PKS like those in the zearalenone cluster of Gibberella zeae, plus enzymes
with putative post-PKS functions. Introduction of an O-methyltransferase (OMT) knockout construct into H.
subiculosus resulted in a strain with increased production of 4-O-desmethylhypothemycin, but because trans-
formation of H. subiculosus was very difficult, we opted to characterize hypothemycin biosynthesis using
heterologous gene expression. In vitro, the OMT could methylate various substrates lacking a 4-O-methyl
group, and the flavin-dependent monooxygenase (FMO) could epoxidate substrates with a 1’,2’ double bond.
The glutathione S-transferase catalyzed cis-trans isomerization of the 7',8' double bond of hypothemycin.
Expression of both hypothemycin PKS genes (but neither gene alone) in yeast resulted in production of
trans-7',8'-dehydrozearalenol (DHZ). Adding expression of OMT, expression of FMO, and expression of
cytochrome P450 to the strain resulted in methylation, 1’,2’-epoxidation, and hydroxylation of DHZ, respec-
tively. The radicicol gene cluster encodes halogenase and cytochrome P450 homologues that are presumed to
catalyze chlorination and epoxidation, respectively. Schemes for biosynthesis of hypothemycin and radicicol
are proposed. The PKSs encoded by the two clusters described above and those encoded by the zearalenone
cluster all synthesize different products, yet they have significant sequence identity. These PKSs may provide

a useful system for probing the mechanisms of fungal PKS programming.

Hypothemycin and structurally related compounds are res-
orcylic acid lactones (RALSs) that are produced by Hypomyces
subiculosus and other fungi (1, 7, 14, 25, 26, 28, 43). The
structures of some naturally occurring RALSs are shown in Fig.
1. Hypothemycin irreversibly inhibits a subset of protein ki-
nases with a conserved cysteine in the ATP binding site (e.g.,
Cys166 in human ERK?2) (34, 43). Its pattern of activity makes
it an attractive candidate for study as an anticancer agent.
Radicicol (monorden), another RAL, is produced by Pochonia
chlamydosporia and other fungi (11, 41), and it has a distinct
activity: it inhibits the Hsp90 molecular chaperone, another
important target for cancer chemotherapy (35, 36).

Fungal polyketides are synthesized by iterative multifunc-
tional polyketide synthases (PKSs), which are classified by us-
ing phylogenetic and functional criteria as nonreducing PKSs
(NR-PKSs), partially reducing PKSs (PR-PKSs), and reducing
PKSs (R-PKSs) (6, 19). An NR-PKS and a PR-PKS produce
aromatic products by cyclizing a polyketone intermediate. The
6-methylsalicylic acid synthase (3) is a PR-PKS, while the NR-
PKSs include synthases for the precursor of aflatoxin (5) and
for a spore pigment of Aspergillus nidulans (22). The R-PKSs
have B-ketoreductase (KR), dehydratase, and (usually) enoyl
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reductase (ER) domains that are used after many of the iter-
ations, leading to reduced products. Fungal PKSs can also have
a variety of other catalytic domains, and cryptically encoded in
their structure is a “program” for using (or skipping) specific
catalytic activities after each condensation cycle (6, 16). Exam-
ples of R-PKSs include the two PKSs for lovastatin biosynthe-
sis in Aspergillus terreus (12, 17) and one of the two PKSs for
T-toxin biosynthesis in Cochliobolus heterostrophus (42). The
mechanisms of fungal PKS programming are unknown and
present a fascinating challenge to workers interested in engi-
neering the production of novel polyketides.

Biosynthesis of zearalenone in Gibberella and Fusarium spe-
cies is the best-studied RAL pathway. Early work showed that
the carbon atoms are derived from acetate and that zearalenol
is a precursor of zearalenone (4, 9, 10, 33). More recently, the
zearalenone biosynthetic gene cluster was cloned and shown to
encode an NR-PKS and an R-PKS, both of which are required
for production of zearalenol, plus an alcohol oxidase (AOX)
that converts zearalenol to zearalenone (8, 18, 21). There is
strong evidence that the R-PKS transfers its reduced product
to the NR-PKS, which then completes the synthesis (6). The
structure of hypothemycin is similar to that of zearalenone, the
synthesis differing by several apparent post-PKS reactions, in-
cluding methylation of the C-4 hydroxyl, epoxidation of the
1",2" double bond, and hydroxylation at both C-4’ and C-5'.
The origin of the cis-7',8" double bond of hypothemycin is less
clear. The structure of radicicol differs in several ways from
that of zearalenone, and studies of radicicol biosynthesis have
not been reported.

Here we sequenced gene clusters from H. subiculosus and P.
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FIG. 1. RALs. The unusual numbering scheme for these com-
pounds is indicated for hypothemycin.

chlamydosporia that encode biosynthesis of hypothemycin and
radicicol, respectively. Most of the post-PKS pathway for hy-
pothemycin biosynthesis was elucidated using heterologous
gene expression. We showed that both the R-PKS and the
NR-PKS are required for synthesis of a product with a trans-
7',8" double bond that is isomerized to the cis configuration in
hypothemycin. Hypothetical pathways for biosynthesis of hy-
pothemycin and radicicol are discussed in light of the data
obtained.

MATERIALS AND METHODS

Strains and culture conditions. H. subiculosus DSM 11931 and DSM 11932
were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkul-
turen GmbH and were maintained on Difco potato dextrose agar (PDA). Media,
growth conditions, and extraction procedures for analyzing hypothemycin con-
geners produced by these strains have been described previously (7, 40). P.
chlamydosporia ATCC 16683 (previously Verticillium chlamydosporium var.
catenulatum) was obtained from the American Type Culture Collection and was
grown as previously described (38).

Escherichia coli strain DH5a was used for routine DNA manipulations, in-
cluding propagation of cosmids, BL21(DE3) was used for expression of cDNAs,
and EPI300 was used for propagation of fosmids in pCCIFOS (Epicentre Bio-
technologies).

Compounds. Hypothemycin, 4-O-desmethylhypothemycin, 7',8'-dihydrohy-
pothemycin, aigialomycin A, aigialomycin C, 4-O-desmethylaigialomycin A,
1',2"-epoxyaigialomycin D, and 4-O-methyl-1',2"-epoxyzearalenone were puri-
fied to >98% purity from culture broth of H. subiculosus strains as described
previously (40). 1',2'-Desepoxyhypothemycin was purified to >98% purity from
a strain of Curvularia (39). Zearalenone, zearalenol, spinach ferredoxin, spinach
ferredoxin reductase, and other reagents were purchased from Sigma-Aldrich,
unless noted otherwise.

Genome library construction and screening. Genomic DNA was isolated from
fungal mycelia using a sodium dodecyl sulfate (SDS)-toluene extraction proce-
dure (23, 37) with an additional equilibrium density centrifugation in CsCl with
ethidium bromide in some cases. DNA was partially digested with Sau3Al, and
fragments that were approximately 40 kb long were ligated into pAN26 (31)
digested with BamHI and Xbal or into pCC1FOS (Epicentre) digested with
BamHI. The ligation mixtures were packaged into N phage using the GigaPak
Gold packaging mixture (Stratagene) and transfected into E. coli DH5« or
EPI300.

R-PKS ketoacyl synthase (KS) sequences were amplified from H. subiculosus
DNA using the degenerate PCR primer pair described by Proctor et al. for
isolation of the fumonisin PKS (30) and the primer pair described by Nicholson
et al. from alignment of the T-toxin and lovastatin PKS sequences (27). KS
sequences were amplified from P. chlamydosporia DNA using all four combina-
tions of the KA degenerate primers described by Amnuaykanjanasin et al. for
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cloning PKSs from Xylaria sp. (2). The PCR conditions were optimized using a
Failsafe PCR premix selection kit (Epicentre), and 700- to 800-bp products were
gel isolated, cloned into pCR-Blunt (Invitrogen), and sequenced. Each unique
KS sequence was used to probe cosmid (or fosmid) libraries by colony blot
hybridization.

DNA sequencing and analysis. Shotgun sequencing libraries were prepared
from cosmids (or fosmids) either by mechanical shearing or by partial Sau3Al
digestion, followed by ligation of 2- to 4-kb fragments into pCR-blunt (Invitro-
gen) cut with Stul or BamHI. DNA sequencing was performed with an ABI 3730
using BigDye chemistry (Applied Biosystems). Sequence assembly was done
using Sequencher (GeneCodes), sequence analysis was done using MacVector
(Accelerys), and BLAST analyses were done using the National Center for
Biotechnology Information website.

Transformation of H. subiculosus. The transformation procedure used was
adapted from that developed for Fusarium verticilloides (30). Conidia were har-
vested from PDA plates after about 10 days of growth at 26°C and inoculated
(2 X 10° conidia /ml) into YEPD broth (20 g of Bacto yeast extract per liter, 1 g
of Bacto peptone per liter, 20 g of glucose per liter). After 8 h of incubation at
26°C, when the germ tubes were three to seven times longer than the conidia, the
preparations were harvested and resuspended in 0.7 M NaCl (using one-fifth the
culture volume) containing 10 mg/ml of lysing enzymes (L1412; Sigma-Aldrich).
After 4 h of incubation at 30°C, undigested mycelium was removed by filtering
with cotton wool, and the protoplasts were collected by centrifugation at 3,000
rpm for 10 min. The protoplasts were washed twice with 50 ml of 0.7 M NaCl and
once with 10 ml of STC (1.4 M sorbitol, 10 mM Tris-HCI [pH 7.5], and 50 mM
CaCl,, prepared fresh from stock solutions) and then diluted with STC to obtain
2 % 10® protoplasts/ml. An equal volume of a solution consisting of 8 parts of
STC, 2 parts of 30% polyethylene glycol (PEG) (2.5 g of PEG 8000 [P5413;
Sigma-Aldrich], 0.5 ml of 1 M CaCl,, 0.1 ml of 1 M Tris-HCI [pH 7.5], 7.5 ml of
H,0), and 0.1 part of dimethyl sulfoxide was added. Aliquots (100 pl) of this
protoplast suspension were stored at —80°C.

To transform protoplasts, the following were added in order to a 15-ml sterile
conical tube with gentle mixing: 95 pl of STC, 5 pl of linearized plasmid DNA
(about 5 to 10 p.g), 100 pl of a protoplast solution, and 50 wl of 30% PEG. After
20 to 30 min of incubation at room temperature, 2 ml of 30% PEG was added
with gentle mixing. After another 5 min of incubation at room temperature, 4 ml
of STC was added, and protoplasts were plated by mixing 600-pl aliquots with 6.7
ml of molten regeneration medium (20 ml of PDA with 1.0 M sorbitol) and
pouring the mixtures onto PDA. The transformation plates were incubated
overnight at 26°C and overlaid with 2.5 ml of 1% agar containing phleomycin
(final concentration, 25 pwg/ml). The plates were incubated at 26°C, and colonies
appearing after 5 to 10 days were streaked on PDA with 20 mg/ml of phleomycin
(Cayla).

The plasmid used to disrupt the O-methyltransferase (OMT) gene was derived
from one of the shotgun sequencing library clones by cutting it at a unique Scal
site near the center of the OMT gene and inserting a phleomycin resistance gene
cassette consisting of an end-filled BglII-Mlul fragment from pBC-phleo (Fungal
Genetic Stock Center). The resulting plasmid (pKOS519-46B) was cut with Spel
and Xbal to release the insert from the pCRblunt vector and was transformed
into DSM 11932 by the procedure described above. DNA isolated from phleo-
mycin-resistant clones was checked by PCR using primers (CCTCGTCCTGTC
ACAACTAC and GGGTTCCGATTTAGTGCTTTAC) that amplified a 2.8-kb
fragment from the phleomycin resistance cassette of pBC-phleo.

c¢DNA cloning. RNA was isolated from H. subiculosus grown for 5 days in
SCYS80 (80 g/liter sucrose, 10 g/liter soluble starch, 1 g/liter yeast extract, 1
glliter corn gluten hydrolysate) using a Totally RNA kit (Ambion) with two LiCl
precipitations. A First Choice 5" RNA ligase-mediated random amplification of
c¢DNA ends kit (Ambion) was used for reverse transcription (RT)-PCR with the
gene-specific primers listed in Table 1. The 5’ and 3’ random amplification of
cDNA ends primers were also used for direct sequencing of the untranslated
regions. Gel-purified RT-PCR products treated with T4 polymerase and T4
polynucleotide kinase were cloned into the dephosphorylated EcoRV site of
Litmus28 (New England Biolabs), and both orientations were obtained for most
of the products. Full-length cDNA for each PKS was assembled from the se-
quence-verified cloned products shown in Table 1. The 2-kb Nhel-EcoRI NR-
PKS D fragment was isolated from pKOS518-82-B4A and ligated to the same
sites of pKOS518-82-A6 carrying NR-PKS C to obtain pKOS518-92D. The
1.4-kb PstI-Acc651 NR-PKS B fragment was isolated from pKOS518-82-F4 and
ligated to the PstI-BsiWI sites of pKOS518-82-E5B (NR-PKS A) to obtain
pKOS518-104B. The 3.8-kb Asel-BsrGI fragment of pKOS518-104B was ligated
to the 5-kb Asel-BsrGI fragment of pKOS518-92D to obtain pKOS518-117A
carrying the assembled NR-PKS ¢cDNA. The 2-kb HindIII-Spel R-PKS D frag-
ment from pKOS518-82-B2A was ligated between the HindIII-Xbal sites of
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TABLE 1. Primers used for RT-PCR cloning of hypothemycin cDNAs

Product (size of product

Primer Sequence [kb])
P450-F(Ndel) CCATATGGCAGTGTTACCCCAAG P450 (1.5)
P450-B TAGATGGCAGTCGAGACTACC
GST-F(Ndel) GCATATGGTTATCAAGCTGTACGGCTC GST (0.7)

GST-B

NR-PKS-F(Ndel)

NR-PKS-B1704

NR-PKS-F1239
NR-PKS-B2848

NR-PKS-F2691
NR-PKS-B4441

NR-PKS-F4239
NR-PKS-B6238

OMT-F(Ndel)
OMT-B

FMO-F(Ncol)
FMO-B1897

R-PKS-F(Ndel)
R-PKS-B1777

R-PKS-F1782
R-PKS-B4840

R-PKS-F3743
R-PKS-B5448

R-PKS-F5154
R-PKS-B7523

AAACTTCATGTACAATCTTTCAGCTTC

CTCATATGGTGACTGTACCACAGAC
CCAGGAGTGAGGATACCCG

CGACATCAATGAGTTCTACTGTACC
AGCGTGACAACAGCGAGCTG

CGGGACAGGGCTCTCACTAC
CGCTCTCACCCCAGTAAGG

ATACTTCGTCAAGGCTCGTATG
CAAATCGTCTCCCAAAAAGATACTC

CCATATGAGTGCATCCAATGGCGAG
GGTACTCCCGTCATCGTTGGG

CCATGGCGAGAGCAATACTGCCAGAC
CGAGGGCTTCAAGGATAGG

CCATATGCCTTCTACCAGCAATCC
CTTGGAAAGCTCAACGATAGG

GCTGTGAATGGGACCCTATC
TGCTCAAGCTCCAACAGAGAAATG

TTCCGAGCTTGATATGGATTC
CACGGGAGTTGAAGATGTGC

CGTGTTTGCACCATGAACGTC
CCCTCCGTAAACGCCTTAAACAG

NR-PKS A (1.7)

NR-PKS B (1.6)

NR-PKS C (1.8)

NR-PKS D (2.0)

OMT (1.2)

FMO (1.9)

R-PKS A (1.9)

R-PKS B (2.8)

R-PKS C (1.7)

R-PKS D (2.1)

pKOS518-82-C5 to obtain pKOS518-92E. The 2.2-kb EcoRI-Bsu36I R-PKS B
fragment from pKOS518-96B was ligated between the same sites of pKOS518-
92E to obtain pKOS518-104A. The 5.4-kb Mlul-BssHII insert of pKOS518-104A
was cloned back into the BssHII site of Litmus28 to obtain pKOS518-114C. The
5.3-kb SanDI-BamHI fragment of pKOS518-114C, the 1.9-kb Ndel-SanDI R-
PKS A fragment of pKOS518-82-G4B, and pET16B (Novagen) cut with Ndel
and BamHI were ligated to obtain pKOS518-115A carrying the assembled R-
PKS cDNA in pET16B.

Expression of cDNA in E. coli and characterization of enzymes in vitro. cDNA
for the flavin monooxygenase (FMO) was cloned as an NcoI-HindIII fragment in
pET30B to obtain pKOS518-92A. ¢cDNAs for the cytochrome P450 and OMT
were cloned as NdeI-BamHI fragments in pET16B to obtain pKOS518-92B and
pKOS518-92C, respectively. The glutathione S-transferase (GST) cDNA was
cloned as an NdeI-BamHI fragment in pET30B to obtain pKOS518-118B. Ex-
pression in E. coli BL21(DE3) was induced with 0.5 mM isopropyl-B-p-thioga-
lactopyranoside (IPTG), and cultures were incubated overnight at 16°C. The
cells were harvested, washed, and lysed by passage through a French pressure cell
in a buffer containing 50 mM Tris-HCI (pH 7.8), 500 mM NaCl, 5% glycerol, and
a cocktail of freshly added protease inhibitors (Roche). Centrifugation at 50,000
X g resulted in a crude lysate. His-tagged proteins were purified using an AKTA
Explorer (GE Healthcare) programmed to bind and elute from a HiTrap 5-ml
chelating HP column, desalt on a HiPrep 26/10 column, and then bind to and
elute from a MonoQ 5/50 GL column with a salt gradient. Fractions (0.5 ml)
from the MonoQ column having significant absorbance at 280 nm were analyzed
by SDS-polyacrylamide gel electrophoresis (Novex NuPAGE; Invitrogen) with
Coomassie blue staining. Fractions having the highest purity of the correct
protein band were pooled, and the protein concentration was determined using
a Bradford dye-binding assay (Pierce Thermo). After 20% glycerol was added,
the purified enzymes were stored as aliquots at —80°C. The GST was purified by
loading a GSTrap FF 1-ml column (GE Healthcare) with a syringe, washing it

with 25 mM HEPES (pH 7.4), 20% glycerol, and eluting with the same buffer
containing 10 mM reduced glutathione.

Enzymes were assayed using 200-pl reaction mixtures containing 25 mM
HEPES (pH 7.4), 10 mM MgSO,, 0.1% bovine serum albumin, a RAL substrate
at a concentration of 50 pM, and the appropriate cosubstrate (400 pM S-
adenosylmethionine for OMT; 400 M NADPH for FMO; 400 uM NADPH, 10
wM spinach ferredoxin, and 0.03 U spinach ferredoxin reductase for the hy-
pothemycin P450). The reactions were initiated by adding 30 wg/ml enzyme, the
mixtures were incubated at 30°C, and the reactions were stopped by extraction
with an equal volume of ethyl acetate. After the ethyl acetate was evaporated, the
reaction products were dissolved in 100 pl of 80% acetonitrile and analyzed with
an Agilent 1100 high-performance liquid chromatography (HPLC) system with a
diode array detector. The method was isocratic (Inertsil ODS-3 column; 5 pm;
2.1 by 150 mm; 70% acetonitrile-0.1% acetic acid at a rate of 1 ml/min for 15
min). Compounds were identified on the basis of their retention times (com-
pared with purified standards when available) and UV spectra (which distin-
guishes compounds with a 1’,2" double bond or an epoxide). Reactions were also
analyzed by liquid chromatography-mass spectrometry (LC-MS) (see below).

Expression of cDNAs in Saccharomyces cerevisiae. Hypothemycin cDNAs were
expressed from the adh2 promoter in 2p plasmid-based yeast-E. coli shuttle
vectors (24) in an S. cerevisiae strain developed for fungal PKS expression (15).
The R-PKS cDNA was cloned into pKOS187-98A (LEU2 marker) as an Ndel-
Sbfl fragment to obtain pKOS518-118A. The NR-PKS was cloned into
pKOS247-14-3 (TRP1 marker) cut with Ndel and EcoRI in a three-piece ligation
with the 0.75-kb Ndel-AlwNI and 5.4-kb AIWNI-EcoRI fragments from
pKOS518-117A to obtain pKOS518-120A. The P450 and FMO cDNAs were
cloned into pKOS187-98A as Ndel-Avrll fragments to obtain pKOS518-116 and
pKOS518-137A, respectively. The OMT cDNA was cloned as a 1.6-kb Ndel-
EcoRI fragment from pKOS518-92C into pKOS247-14-3 to obtain pKOS518-
136A. Each ¢cDNA expression cassette flanked by the ADH2 promoter and
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FIG. 2. Organization of the hypothemycin and radicicol gene clusters. The vertical lines beneath genes indicate the positions of introns.

terminator was moved into pKOS187-4e (URA3 marker) (24) using the BssHII
sites to obtain pKOS518-137B (P450), pKOS518-138A (FMO), and pKOS518-
138D (OMT).

Plasmids were introduced into yeast by the LiCI-PEG procedure with plating
on the appropriate complete minimal dropout agar plates (Teknova). Colonies
were transferred to the appropriate liquid complete minimal dropout medium
and grown at 30°C to generate inoculum for YPD medium containing 2%
glucose and 20 g/liter of Amberlite XAD-1180 resin (Alfa Aesar). After 24 h of
incubation at 30°C, the resin was collected and washed with water, and the
products were eluted with methanol. The methanol was evaporated, and the
residue was dissolved in 80% acetonitrile for HPLC analysis by the method
described above for the in vitro enzyme reactions.

Additional analytical methods. LC-MS analyses were performed with an Agi-
lent 1100 system with an Inertsil ODS-3 column (5 pm; 2.1 by 150 mm), a diode
array detector, and a Perseptive Biosystems Mariner mass spectrometer
equipped with a turbo-ion spray source in negative-ion mode. The HPLC con-
ditions included a linear 35 to 100% acetonitrile gradient (0.1% acetic acid) at a
rate of 0.25 ml/min. 7',8'-Dehydrozearalenol (DHZ) was purified by chromatog-
raphy on a column (2.5 by 30 cm) of BakerBond C,g sorbent (40 wm). For
column equilibration and sample loading 50% methanol-0.1% acetic acid was
used. After the solution was changed to 80% methanol-0.1% acetic acid, 20-ml
fractions were collected, and the desired fractions were identified by the isocratic
HPLC method used for enzyme assays. Acetic acid was removed by C,g chro-
matography with 50% methanol, elution with 100% methanol, and rotary evap-
oration. High-resolution mass spectrometry was performed with an Applied
Biosystems Mariner time of flight mass spectrometer configured with a turbo-ion
spray source in negative-ion mode. Proton nuclear magnetic resonance (NMR)
(400 MHz) and '*C NMR (100 MHz) were recorded in dg-acetone at 300 K with
a Bruker DRX 400 spectrometer.

Nucleotide sequence accession numbers. The DNA sequence data have been
deposited in the GenBank database under accession numbers EU520417 (H.
subiculosus DSM 11931 hpm cluster), EU520418 (H. subiculosus DSM 11932
hpm cluster), and EU520419 (P. chlamydosporia ATCC 16683 rdc cluster).

RESULTS

Cloning and analysis of the gene clusters. The degenerate
PCR primer pair previously used to clone the fumonisin PKS
gene (30) amplified four distinct KS sequences from cDNA of
H. subiculosus DSM 11932, and the relative clone frequencies
were 10, 6, 74, and 10% for KS1, KS2, KS3, and KS4, respec-
tively. Another pair of degenerate primers identical to the
primers described previously (27) amplified KS1 and KS3 from
cDNA (clone frequencies, 11 and 89%) and KS2 and KS3 from
genomic DNA (clone frequencies, 55 and 45%), but not the
KS4 sequence. Cosmids (or fosmids) for each of the four KS
sequences were isolated by colony blot hybridization, and one
of each type was fully sequenced. Features of the cosmids
carrying the KS1, KS2, and KS3 sequences suggested that they
were unlikely to represent the hypothemycin gene cluster.
Briefly, the R-PKS with the KS1 sequence contained nonribo-
somal peptide synthetase and reductive chain release domains,
the cosmid encoding the KS2 sequence encoded no oxi-

doreductase or OMT, and the R-PKS with the KS3 sequence
contained a C-methyltransferase domain.

The KS4 cosmid encoded an R-PKS sharing 66% sequence
identity with the R-PKS from the zearalenone cluster, an
FMO, and a major facilitator superfamily transporter, encour-
aging isolation and sequencing of overlapping cosmids. This
revealed genes for an NR-PKS and an AOX, both of which
shared significant sequence identity with corresponding genes
in the zearalenone cluster. There were also genes for an OMT,
a cytochrome P450, and a GST. Gel-isolated and cloned RT-
PCR products were sequenced, which identified transcription
start sites and polyadenylation sites and verified the intron
boundaries predicted from typical fungal 5', 3’, and lariat splic-
ing motifs (20). The gene cluster in H. subiculosus strain DSM
11931 was sequenced using PCR products amplified with prim-
ers designed by using the DSM 11932 sequence. The two clus-
ters differed only by single nucleotide substitutions (most of
which were silent) at a frequency of about 0.1%. The organi-
zation of the hypothemycin gene cluster is shown in Fig. 2, and
the most significant P-BLAST hit for each gene product is
shown in Table 2. Each gene product had many statistically
significant P-BLAST hits to proteins with the putative or
proven functions shown in Table 2.

The set of degenerate primers used to amplify the KS-acyl
transferase region of R-PKSs (2) also amplified sequences
from P. chlamydosporia genomic DNA, one of which was very
similar to the R-PKS sequences in the zearalenone and hy-
pothemycin clusters. Probing a P. chlamydosporia genomic
DNA library with this PCR product resulted in two strongly
hybridizing fosmids, which were found to overlap. Sequencing
of these fosmids revealed a gene cluster that appeared likely to
encode radicicol biosynthesis. The organization of this gene
cluster is shown in Fig. 2, and the most significant P-BLAST
hits for the gene products are shown in Table 2.

Targeted gene disruption of the OMT gene in H. subiculosus.
Transformation of H. subiculosus was quite difficult. The best
procedure tried (see Materials and Methods) gave, on average,
one colony per transformation for strain DSM 11932, while for
strain DSM 11931 it gave no colonies. Six colonies were ob-
tained using the linearized OMT gene disruption cassette, and
PCR analysis showed that the phleomycin resistance cassette
had integrated into the genomic DNA of four of them. LC-MS
analysis showed that in these four colonies the production of
hypothemycin was reduced and the production of 4-O-des-
methylhypothemycin was increased compared to the wild-type
strain. The transformant that produced the most 4-O-desmeth-
ylhypothemycin was reisolated from spores, and the reisolated
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TABLE 2. Sequence similarities and predicted functions of genes in the clusters

Gene Best P-BLAST hit Si % . Catalytic function
imilarity

hpml Trichothecene C-15 hydroxylase of Fusarium and 61 P450 hydroxylase
Gibberella species

hpm?2 EAU37834 (Aspergillus terreus) 81 GST

hpm3 XM_382571 (G. zeae PKS13) 76 Nonreducing PKS

hpm4 None Unknown

hpmS XP_001550242 (Botryotinia fuckeliana) 61 O-methyltransferase

hpm6 EAS29817 (Coccidioides immitis) 66 MES transporter

hpm7 EDOO00156 (Sclerotinia sclerotiorum) 66 FMO epoxidase

hpm8 XM_382572 (G. zeae PKS4) 80 Reducing PKS

hpm9 XP_381981 (G. zeae) 78 AOX

rdcl XM_382571 (G. zeae PKS13) 69 Nonreducing PKS

rdc2 XP_001225297 (Chaetomium globosum) 62 Halogenase

rdc3 XP_960542 (Neurospora crassa) 66 MEFS transporter

rdc4 Benzoate 4-monooxygenase (Neosartorya fischeri) 57 P450 epoxidase

rdc5 XM_382572 (G. zeae PKS4) 73 Reducing PKS

strain produced ~65 mg/liter of 4-O-desmethylhypothemycin,
~45 mg/liter of 7',8'-dihydrohypothemycin, and <1 mg/liter of
hypothemycin when it was grown as described by Dombrowski
et al. (7). By comparison, the wild-type strain grown under the
same conditions produced 800 mg/liter of hypothemycin, 180
mg/liter of 7',8’-dihydrohypothemycin, and 10 mg/liter of 4-O-
desmethylhypothemycin (40). The significant shift to 4-O-des-
methylhypothemycin production by this transformant was good
evidence that we had cloned the gene cluster encoding hy-
pothemycin biosynthesis. However, the difficulty with transfor-
mation led us to opt for heterologous gene expression to
elucidate the biosynthetic pathway.

Activities of hypothemycin enzymes in vitro. cDNAs ex-
pressed in E. coli gave inducible protein bands of the predicted
size when SDS-polyacrylamide gel electrophoresis was per-
formed, and soluble protein was obtained at 16°C. Enzymes
were purified as described in Materials and Methods. Purified
FMO was yellow, which was indicative of a tightly bound flavin
cofactor.

In the presence of S-adenosylmethionine, the OMT cata-
lyzed essentially complete conversion of available substrates
lacking a 4-O-methyl group (4-O-desmethylhypothemycin, ep-
oxyaigialomycin D, or zearalenone) to the corresponding
methylated products (Table 3). All RAL compounds already
having a 4-O-methyl group were unchanged when they were
incubated with the OMT. In the presence of NADPH, the
FMO efficiently converted zearalenone or desepoxyhypothe-
mycin to the corresponding 1',2'-epoxy product (Table 3).

Thus, the OMT and FMO have broad substrate tolerance. We
were unable to observe an in vitro reaction with the purified
hypothemycin P450 in the presence of NADPH, spinach ferre-
doxin, spinach ferredoxin reductase, and either zearalenone or
4-O-methyl-1’,2'-epoxyzearalenone.

Adding purified GST to 100 puM hypothemycin or 100 M
aigialomycin A (the 7',8" trans isomer of hypothemycin) re-
sulted in rapid equilibration to a mixture of 85% aigialomycin
A and 15% hypothemycin, and this ratio remained the same
for 4 h. Thus, the GST catalyzes cis-trans isomerization of the
7',8" double bond. Since the GST was purified by binding to
glutathione affinity resin and elution with 10 mM glutathione,
a low concentration of glutathione was also present in this in
vitro reaction mixture.

Expression of hypothemycin cDNAs in yeast. The hypothe-
mycin PKS ¢cDNAs on expression vectors with different auxo-
trophic markers (LEU2 and TRP1) were introduced into yeast.
Eight clones able to grow without leucine and tryptophan were
analyzed as described in Materials and Methods. Seven of
these clones produced about 20 mg/liter of a compound (Fig.
3) with the mass and UV spectrum of zearalenone but a re-
tention time close to that of B-zearalenol, suggesting that the
compound was zearalenol with a second double bond. Upon
purification to >98% purity, high-resolution mass spectrome-
try indicated that the mass was 317.13988 (M-H m/z), consis-
tent with the molecular formula C,3H,,05. NMR analysis (Ta-
ble 4) indicated that the compound was DHZ. HMBC and
TOCSY experiments verified that a trans double bond was in

TABLE 3. Conversion of RAL substrates by OMT or FMO in vitro”

Substrate peak Retention time(s) of

Enzyme Substrate retention time postreaction peak(s) % Conversion
(min) (min) (area)

OMT 4-O-Desmethylhypothemycin 3.50 5.26 (1,212) 100
Zearalenone 8.14 11.4 (310) 100
1',2"-Epoxyaigialomycin D 3.44 3.44 (31),5.49 (1,354) 98

FMO Desepoxyhypothemycin 5.95 5.26 (446), 5.95 (74) 86
Zearalenone 8.14 7.02 (65), 8.14 (30) 68

“ Peaks having the characteristic RAL UV absorbance profile are shown along with their retention times and peak areas at 267 nm. Reactions were performed as
described in Materials and Methods, and the reaction mixtures were incubated for 60 min.
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FIG. 3. Production of compounds by yeast strains expressing combinations of hypothemycin genes. The numbers above peaks indicate the
masses of the metabolites as determined by LC-MS. The peak at 334 amu (DHZ + 16 amu) eluted very close to the unknown yeast metabolite
but had the signature UV spectrum of a RAL compound. Each chromatogram represents at least five nearly identical traces from independent

clones after transformation with the constructs indicated.

the 7',8" position. Yeast strains expressing either of the two
PKSs alone gave chromatograms like those obtained for un-
transformed yeast, indicating that both PKSs are required for
production of DHZ.

A yeast strain expressing both hypothemycin PKSs was
transformed with a third 2 plasmid carrying a ura marker and
expressing cDNA for either the OMT, FMO, or P450. The
resulting strains were analyzed by LC-MS, and in each case a

TABLE 4. NMR assignments for DHZ

Position 5 13C 3 'H
C-1 104.9
C-2 162.9
C3 102.4 6.27 (1H, d, J = 2.4 Hz)
C-4 165.3
C-5 107.8 6.49 (1H, d, J = 2.4 Hz)
C-6 144.2
C-7 172.0
C-1' 131.4 7.12 (1H, d, J = 15.6 Hz)
Cc-2 133.4 597 (1H, ddd, J = 5.2, 6.4, 15.6 Hz)
C-3’ 314 2.30 (H,, m)
2.18 (H,, m)
Cc-4' 21.8 1.85 (H,, m)
1.55 (Hy, m)
C-5’ 344 1.70 (H,, m)
1.55 (Hy, m)
C-6' 71.6 4.31 (1H, m)
C-7 138.5 5.65-5.75 (2H, m)
C-8 124.8 5.65-5.75 (2H, m)
Cc-9 38.1 2.59 (H,, ddd, J = 3.8, 5.0, 15.0 Hz)
2.40 (H,, dt, J = 15.0, 6.3 Hz)
C-10’ 73.0 5.37 (1H, m)
C-11' 19.4 1.39 (3H, d, J = 6.4 Hz)

significant fraction of the DHZ was converted into a new
compound with a retention time and mass consistent with
methylation, epoxidation, and hydroxylation, respectively (Fig.
3). Three UV absorbance maxima at 219, 265, and 304 nm for
the epoxy-DHZ peak (compared with maxima at 238, 272, and
311 nm for DHZ) indicated that there was epoxidation at the
1,2’ position. The position of the hydroxyl group in the hy-
droxy-DHZ was not determined but was probably C-5" because
no congener that is hydroxylated at C-4’ and not at C-5" has
been reported, while several congeners are hydroxylated at
C-5' but not at C-4'.

DISCUSSION

The data presented here strongly support the scheme for
hypothemycin biosynthesis shown in Fig. 4 up to aigialomycin
C. Both PKSs are required for DHZ biosynthesis, as was shown
previously for zearalenol biosynthesis in Gibberella zeae (8, 18)
The R-PKS apparently synthesizes the C-2' to C-11" portion of
DHZ in five iterations and then transfers it to the NR-PKS,
which after three iterations synthesizes the aromatic ring and
releases DHZ with formation of the 14-member macrolactone
ring. The 7',8" double bond of hypothemycin is generated by
the R-PKS. Although the stereochemistry of the C-6" hydroxyl
of DHZ was not determined, it is very likely that established
for B-zearalenol from G. zeae (8, 18) and queenslandon from
Chrysosporium queenslandicum (13). The stereochemistry of
the C-2" and C-6" hydroxyls is expected to be determined by
the KR domain in the R-PKS. The wide substrate tolerance
of the OMT and FMO in vitro implies that the reactions from
DHZ to aigialomycin C can occur in any order. The yeast
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FIG. 4. Proposed scheme for hypothemycin biosynthesis. The re-
ducing PKS passes its product to the nonreducing PKS, which finishes
synthesis of DHZ. The post-PKS reactions that convert DHZ into
aigialomycin C can probably occur in any order. See the text for details.

strain expressing both PKSs plus the P450 gave peaks with
masses of 334 and 332 atomic mass units (amu) (Fig. 3); the
first peak was consistent with hydroxylation of DHZ, and the
second peak was consistent with additional loss of two hydro-
gen atoms. The retention time of the 332-amu peak suggests
that one of the hydroxyl groups was oxidized to a ketone. The
yeast strain has a native activity able to interconvert zearalenol
and zearalenone (unpublished data), which probably accounts
for the 332-amu compound.

The steps from aigialomycin C to hypothemycin were less
well established by this work and require further study. The
AOX encoded in the hypothemycin gene cluster (Hpm9) has
59% sequence identity with the AOX encoded in the
zearalenone cluster and presumably catalyzes oxidation of the
C-6" hydroxyl to a ketone (18). The timing of this oxidation is
important, since the resulting enone functional group is a Mi-
chael acceptor that can react spontaneously with glutathione,
an abundant metabolite in fungal cells (29). Hypothemycin or
aigialomycin A incubated with 10 mM glutathione gave the
thiol adduct with 50% conversion in about 8 min (unpublished
data). As shown here, the GST catalyzes cis-trans isomerization
of the 7',8" double bond with equilibrium favoring the trans
isomer. How then is the equilibrium pulled toward the higher-
energy cis isomer, such that hypothemycin is the major prod-
uct? One possible answer is that the ipmo6-encoded transporter
preferentially pumps hypothemycin out of the cell relative to
the trans isomer aigialomycin A. The cis-to-trans isomerization
may be coupled with C-4" hydroxylation, since all known hy-
pothemycin analogues containing the enone functional group
also have hydroxyl groups at both C-4" and C-5'.

Some congeners with a fully saturated 7',8" bond are pro-
duced by H. subiculosus (40) and Aigialus parvus (14). These
congeners could arise if the R-PKS sometimes catalyzes an

RAL BIOSYNTHETIC GENES 5127

R-PKS =—> NR-PKS —>

| | HO
S HO S
[¢] [¢]

/

/ HO x4 Halogenase
* (e} P450

/7 /

HO %<
/
HO!

Radicicol

FIG. 5. Possible scheme for radicicol biosynthesis. See the text for
details, including the isomerization of the double bond indicated by an
asterisk.

enoyl reduction at the second iteration. However, only DHZ
(and no zearalenol) was observed in culture broth of yeast
expressing both hypothemycin PKS genes, suggesting that sat-
uration of this double bond is due to an enzyme expressed in H.
subiculosus but not in yeast.

Figure 5 shows a possible scheme for radicicol biosynthesis
based only on the sequence of the putative radicicol gene
cluster from P. chlamydosporia. The cluster encodes only two
apparent post-PKS enzymes, a cytochrome P450 and a non-
heme halogenase that could introduce the epoxide and the
chlorine, respectively. If this cluster includes all the genes re-
quired for radicicol biosynthesis, the remaining structural fea-
tures of radicicol are presumably generated by the PKS. The
C-2' ketone could arise if the R-PKS and NR-PKS each carry
out four iterations, in contrast to the five iteration-three iter-
ation split for the hypothemycin PKSs. The origin of the cis
5',6" double bond (indicated by an asterisk in Fig. 5) is not
known. The minimal-energy conformation of the all-trans iso-
mer was found to be 21.4 kcal mol™" less stable than the
cis-5',6" isomer, as estimated by quantum-chemical AM1 cal-
culations in water solvent. This suggests that a 5',6" double
bond in the PKS product is unlikely to have the frans config-
uration. The ER domain in the radicicol R-PKS has much
greater sequence identity with the other two R-PKS ER do-
mains than would be expected if it had no catalytic role. Thus,
the radicicol R-PKS ER domain may catalyze either double
bond isomerization or reduction in the third iteration. Radici-
col with a saturated 5’,6' bond is observed in P. chlamydosporia
culture broth.

The R-PKS encoded in the hypothemycin and zearalenone
gene clusters differs subtly in programming by either using the
ER domain in the second iteration to reduce the 7,8’ double
bond or not using it. Radicicol biosynthesis seems to require
significantly different PKS programming. Following the first
condensation, the hydroxyl generated by the KR domain of the
radicicol R-PKS (which is subsequently incorporated into the
lactone) has stereochemistry opposite that of the correspond-
ing hydroxyls of zearalenone and hypothemycin. A comparison
of KR domain sequences from the RAL R-PKSs with KR
domains from modular PKSs suggests that the RAL KR do-
mains may be able to reduce from either side of the ketone to
generate either hydroxyl stereochemistry (32). Another poten-
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FIG. 6. Comparison of the PKSs of the hypothemycin, radicicol, and zearalenone clusters. The numbers between the PKSs are the percentages
of identity plus similarity for the regions. Abbreviations for domains: KS, ketoacyl synthase; AT, acyl transferase; DH, dehydratase; ER, enoyl
reductase; KR, ketoreductase; PP, phosphopantetheine region; KRe, extra ketoreductase (which also has an extra dehydratase sequence and has
been called the “core”); SAT, starter unit acyl transferase; PT, product template; TE, thioesterase.

tial programming difference between the radicicol PKS and the
other two characterized RAL PKSs is the apparent transfer
from the R-PKS to the NR-PKS one cycle earlier. There is also
the possible programming involved in generating the cis double
bond, as discussed above. Given these programming differ-
ences, the level of end-to-end sequence identity between these
RAL PKSs (Fig. 6) is remarkable.

These fascinating biosynthetic pathways are clearly worthy
of further study, as there appear to be several unprecedented
enzymological features. The similarity between the PKSs in the
clusters combined with the successful functional expression of
the hypothemycin PKS genes in yeast indicates that this may be
a tractable system for identifying structural features that con-
trol mechanisms of fungal PKS programming, which have been
elusive thus far.
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