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Characterization of two cytochrome P450
monooxygenase genes of the pyripyropene biosynthetic
gene cluster from Penicillium coprobium

Jie Hu1,2, Hiroto Okawa2, Kentaro Yamamoto3, Kazuhiko Oyama3, Masaaki Mitomi3 and Hiroyuki Anzai2

Pyripyropenes are potent inhibitors of acyl-CoA:cholesterol acyltransferase, which were initially discovered to be produced by

Aspergillus fumigatus. Recently, Penicillium coprobium PF1169 has also found to produce pyripyropene A (PyA), which exhibits

insecticidal properties. Pyripyropenes are natural hybrid products of both terpenoid and polyketide origin. In our research, based

on data generated using the Genome Sequencer FLX for P. coprobium PF1169, we predicted the biosynthetic gene cluster of

PyA by blast analysis comparing with polyketide synthase and prenyltransferase of other species. By screening the genomic

fosmid library, nine open reading frames (ppb1 to ppb9) related to the biosynthesis of PyA were deduced. Among them, two

cytochrome P450 monooxygenase genes (ppb3 and ppb4) were separately introduced into the model fungus A. oryzae.

Bioconversion of certain predicted intermediates in the transformants has elucidated the manner of hydroxylation in the

biosynthetic pathway by the expressed products of these two genes (P450-1 and P450-2). That is, P450-1 exhibits

monooxygenase activity and plays the hydroxylation role at C-11 of pyripyropene E. While P450-2 plays an active role

in the hydroxylation of C-7 and C-13 of pyripyropene O.
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INTRODUCTION

Pyripyropene A (PyA) has been found to be produced by Penicillium
coprobium PF11691 and exhibits insecticidal properties.2 The isomers
of pyripyropenes A to L, initially isolated from the fermentation
broth of Aspergillus fumigatus FO-1289 in 1993 (see ref. 3), have
been regarded as potent inhibitors of acyl-CoA:cholesterol acyltrans-
ferase, the enzyme responsible for intracellular esterification of
cholesterol. It has been reported that PyA displays insecticidal activity
against Helicoverpa zea larvae.2 The isomers of pyripyropenes A, B and
D from a marine-derived fungus Aspergillus sp. GF5 were recently
found to exhibit selective anti-growth properties against human
umbilical vein endothelial cells.4

Previous biochemical experiments partially delineated the PyA
biosynthetic pathway.5 Recently, the early steps of its biosynthesis in
A. fumigatus FO-1289 were precisely elucidated by applying a trans-
genic approach with heterologous fungus. Nevertheless, hydroxylation
and acetylation mechanisms for the late steps had remained unknown.
We focused on cytochrome P450s, which are candidate catalysts

at this hydroxylation step. Cytochrome P450 enzymes constitute
a superfamily that typically catalyze the oxidation of numerous
endogenous and exogenous compounds in bacteria, fungi, plants,
insects and vertebrates.6–8 The cytochrome acts as a terminal oxidase

accepting electrons from NADPH, through NADPH cytochrome P450
reductase, or from NADH through cytochrome b5. The exogenous
compounds metabolized in this way include numerous pesticides and
insecticides.9

In this paper, we describe the cloning and structural analysis of
a 24 kb genomic DNA region of P. coprobium, which includes
nine candidate genes for PyA biosynthesis. Among these nine genes,
two cytochrome P450 monooxygenases were introduced into
the model fungus A. oryzae and analyzed hydroxylation activity by
feeding predicted intermediates of PyA to the culture of each tested
transformant.

MATERIALS AND METHODS

Strains and growth conditions
P. coprobium PF1169 (Meiji Seika Kaisha, Ltd.) and A. oryzae sC (adenosine

triphosphate sulfurylase) mutant strain HL-1105 (Hakutsuru Sake Brewing,

Kobe, Japan) were used in this study. P. coprobium was grown on culture plates

containing CMMY medium (corn meal 0.85%, Bacto Agar 0.75%, malt extract

1% and yeast extract 0.2%) for 5 days at 28 1C. The P. coprobium was then

inoculated into NB liquid media (nutrient broth 0.8%, yeast extract 0.2% and

KNO3 0.05%) in a 500ml Erlenmeyer flask, and cultured at 28 1C for 3 days on

a rotary shaker (120 r.p.m.). The mycelia were harvested and prepared for DNA

extraction.
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For bioconversion analysis, A. oryzae HL-1105 for transformation was

grown in Czapek-Dox medium (NaNO2 0.3%, KCL 0.2%, KH2PO4 0.1%,

MgSO4�7H2O 0.05%, trace elements solution 1ml l�1, glucose 2% and

methionine 40mgml�1). As a negative control, wild-type A. oryzae HL-1034

was grown in Czapek-Dox medium without methionine. The fungal spores

were cultured in YDP (yeast extract 0.5%, dextrin 2% and polypepton 1%)

with 1% maltose.

Isolation of genomic DNA from P. coprobium
Genomic DNA was isolated using the QIAGEN Genomic DNA Kit (QIAGEN

K. K, Tokyo, Japan). Mycelia, which were 3–4-days old were harvested from

liquid cultures, and then transferred to a pre-cooled mortar for freezing in

liquid nitrogen. The frozen mycelia were ground to a powder and resuspended

in Buffer G2. All procedures were performed according to the manufacturer’s

instructions. The isolated DNA was checked for integrity on 0.8% agarose gel

and the concentrations were determined spectrophotometrically.

Construction of fosmid genomic library
To generate a genomic library, chromosomal DNA of P. coprobium was

randomly sheared by passing it through a 200ml small bore pipette tip. The

sheared genomic DNA was examined on 0.5% agarose gel using the Fosmid

Control DNA (40 kb) as a control and migrated with the control DNA. The

sheared DNA was cloned into pCC1FOS according to the manufacturer’s

directions for the CopyControl Fosmid Library Production Kit (Epicentre

Biotechnologies, Madison, WI, USA). To construct the complete library

covering the entire P. coprobium genome, the 3�104 cfuml�1 of package

particles was infected into TransforMax EPI300-T1 E. coli cells (Epicentre

Biotechnologies) and separately transferred into a 96-well deep plate to

generate B100 clones per well.

Screening of the genomic library for a pyripyropene A biosynthetic
gene cluster positive clone
To identify fosmid clones carrying the pyripyropene A biosynthetic gene cluster,

the fosmid DNA mixtures with about 100 independent clones per well were

extracted and PCR was performed to screen the positive well. The infected cells

of positive mixture well were plated on LB medium (yeast extract 0.5%, NaCl

1%, tryptone 1% and agar 2%) supplemented with 12.5mgml�1 chloramphe-

nicol and incubated at 37 1C for 17–18 h. The generated clones were transferred

to Amersham Hybond-N+ nylon membrane (GE Healthcare, Little Chalfont,

Buckinghamshire, UK) and hybridized to a labeled gene probe upstream of the

UbiA-like prenyltransferase (PT) gene. This probe was labeled by using

the AlkPhos Direct kit (GE Healthcare). Positive signals on the membrane

were assigned to the respective clone on the agar plates. The positive clones were

confirmed by colonial PCR with the primer pair designed for the probe. The

positive clones were amplified and the DNA was isolated by standard techniques.

Sequencing of positive clone of fosmid library
Positive clones were sequenced with primers on the basis of data from the

Roche Genome Sequencer FLX454 system (Roche, Branford, CT, USA). All

sequence reactions were carried out using the ABIPRISM BigDye Terminator

Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and ABI 3130

Genetic Analyzer (Applied Biosystems). The overlapping sequences were

aligned to obtain the full-length sequence of the fosmid clones. Further

sequence analysis was performed using the ATGC network software package

(version 4; Genetyx Corporation, Tokyo, Japan).

Construction of expression plasmids
For the expression of P450-1 and P450-2 in A. oryzae, the expression vector

pUSA10 with amylase promoter was used. The expression plasmids were

constructed as follows. For expression of P450-1, the coding sequence of

ppb3 gene was amplified with PCR using the primer pairs listed in Table 1

and the PCR product was inserted into pCR-Blunt vector (Invitrogen,

Carlsbad, CA, USA). The resultant plasmid was digested with KpnI and SwaI,

and inserted into KpnI- and SmaI-treated pUSA to give pUSA-P450-1. For

expression of P450-2, the coding sequence of ppb4 gene was amplified with

PCR using the primer pairs listed in Table 1 and the PCR product was directly

inserted into pUSA, and named pUSA-P450-2. The resulting expression

plasmids were introduced into A. oryzae HL-1105 sC mutant, and the

transformants were selected using Czapek-Dox medium.

Transformation of A. oryzae
A. oryzae protoplasts were obtained and transformed according to the standard

method.11 Protoplasts from stain HL-1105 were transformed separately with

the plasmids carrying the two respective P450 genes. Each independent

transformant was grown, harvested and analyzed. The DNA for each trans-

formants was extracted in accordance with the modified protocol.12 Transfor-

mants carrying the respective P450 genes were verified by PCR analysis using

the MightyAmp DNA polymerase (Takara Bio, Ootsu, Shiga, Japan) using the

primers listed in Table 1.

Metabolite analysis
To determine each open reading frames (ORFs) function, wild-type A. oryzae

HL-1034 and positive transformants of A. oryzae HL-1105 with plasmids

containing P450 genes were grown at 30 1C on Czapek-Dox medium for

7 days. Fungal spores for each sample were transferred into a 50ml flask of

10ml YDP containing 1% maltose and intermediates, and then cultured at 25 1C

while being agitated. After 24–96h, the bioconversion products of the inter-

mediates were processed using culture extracts from mycelia and broth of each

spot (hereafter refers to as ‘extract’). A volume of 1ml of acetone was added to

1ml of extract and thoroughly mixed. Acetone was removed by centrifugal

concentrator and 1ml of ethyl acetate was added and mixed again. The extract

(500ml of ethyl acetate layer) was then concentrated to dryness. Individual

samples were dissolved in 1ml of methanol and analyzed with LC-MS on a

Micromass ZQ (Waters, Milford, MA, USA), 2996 Photodiode array (Waters),

2695 Separation module (Waters) and a Xterra C18 column (f 4.6mm�50mm,

5mm; Waters). For LC-NMR, the filtrate was dissolved in CD3CN+D2O and the
1H spectrum was measured at 500MHz with a Bruker Avance 500 (Bruker

Biospin, Rheinstetten, Germany). Samples for LC-NMR were subjected to

Agilent1100 separation module (Agilent Technologies, Palo Alto, CA, USA)

equipped with Atlantis T3 column (4.6�150mm, 5mm; Waters).

RESULTS

BLAST analysis of data obtained through Roche 454 FLX
sequencing
Total reads from 2.5 run were obtained through 454 FLX sequencing.
The 13 629 contigs were obtained, and the total length of the base pairs
was about 30Mbp. On the basis of the data from this large scale

Table 1 List of primer pairs used in this experiment

Primer Sequence 5 ¢–3¢ Used for

27F

27R

CCCAGCCCAAGACTTGAGTA

CCATCCATGTTGTGAGGACA

Screening library

P450-1 with Kpn F

P450-1 with Swa R

GCGCGGTACCATTGAGACAACATGGAT

ATTTAAATAGTTAGACAATAGTATCA

Full-length genomic

DNA of P450-1

22F

P450-1 in R2

GCGTTAGTCAAACGGCTCTC

TGTCGCAACTTATGGAATCG

Confirmation of

transformant

P450-1

P450-2 F

P450-2 R

TTGTCTTAGCATTTTCATTA

TCGTAATTTTCCCTAGATCA

Full-length genomic

DNA of P450-2

F5 for P450-2

R5 for P450-2

TACTTGGACGGACTCACCAGACTGGCA

TGAGGTAGCACTG

AGTAAAGCGCGAAAATGCTCCGGTTG

TGACTGGATGCAAC

Confirmation of

transformant

P450-2
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sequence of P. coprobium, the tblastn search (protein-DNA) (Basic
Local Alignment Search Tool, NCBI BLAST) was carried out compar-
ing with five proteins known to be involved in polyketide and
terpenoid biosynthesis.13,14 These five proteins were three polyketide
synthases (RAM2-like protein of P. marneffei (GenBank accession
no. Q0MR08)), the polyketide synthetase (PKS) PksP of A. fumigatus
A1163 (GenBank accession no. Q4WZA8), 6-MSAS (6-methylsalicylic
acid synthase)15 of P. patulum (GenBank accession no. P22367)
and two PTs (UbiA PT family protein (GenBank accession
no. XP_746965)) and the UbiA-like PT (GenBank accession no.
XP_751272) of A. fumigatus Af293. Of these contigs, the scaffold
00057 (size 188 kb) shows a high degree of homology to the proteins
of PKSs and PT. The results of blastn research (NCBI BLAST) showed
that PksP and 6-MSAS share the highest homology, with the 5¢ region
beginning at 117 kb of scaffold 00057. The UbiA PT family protein
and UbiA-like PT showed the highest homology with the distal 3¢ end
of this scaffold, starting at 124 kb.

Isolation of fosmid clones covering PyA biosynthetic gene cluster
To isolate genomic DNA regions carrying genes of the PyA biosyn-
thetic pathway, the fosmid genomic library for P. coprobium was
constructed. The fosmid DNA mixtures of each well were isolated
and PCR was performed to screen the positive wells. We designed the
screening primer pair (27F/27R, in Table 1) near the UbiA-like PT
gene.16 The positive mixture wells were then distributed to a LB solid
medium containing chloramphenicol. The clones were screened by
colony hybridization with the labeled probe. The fosmid DNA of the 6
positive clones were sequenced starting from the 5¢ region and distal 3¢
end using the sequencing primer of the fosmid vector. The data were
compared with the total genomic DNA of P. coprobium through Roche
Genome Sequencer FLX 454 system. Among these six clones, a clone
G7-9 containing about 39 kb fragment was used for further analysis.

Map of the putative gene cluster of PyA biosynthesis
in P. coprobium
The complete 39kb sequence of inserted DNA of the G7-9 clone
screened above was determined. The entire sequence (GenBank acces-
sion no. FW308713) was analyzed using the NCBI BLAST, enabling a
search for ORFs.17,18 It has been reported that the putative biosynthetic
gene cluster of PyA is composed of nine ORFs based on A. fumigatus
F37 genomic database.19–21 In P. coprobium, among the 24 kb region of
the inserted 39 kb (from 3301 to 27 200bp in 39 kb region), nine ORFs
were also identified. All of these ORFs (Figure 1) showed high
homology to polyketide biosynthetic enzymes and other enzymes
involved in terpenoid synthesis. These include CoA ligase (ppb1), PKS
(ppb2), P450-1 (cytochrome P450 monooxygenase 1) (ppb3), P450-2
(ppb4), integral membrane protein (ppb5), FAD-dependent monoox-
ygenase (ppb6), PT (ppb7), acetyltransferase-1 (AT-1) (ppb8) and AT-2
(ppb9) in that order. In our research, we found the orientation of ppb8 is
to the left, rather than to the right as previously reported.21

In this paper, we focused on two genes encoding the P450s. On the
basis of the deduced amino acid, the molecular weight of P450-1 (509
amino acids) was calculated to be B57.3 kD and that of P450-2 (505
amino acids) was B56.6 kD. Analyzed by multiple alignment with
amino acid sequences, P450-1 showed 95% homology to cytochrome
P450 monooxygenase of A. fumigatus Af293, whereas P450-2 showed
74% homology to A. fumigatus Af293 along the full length (Figure 2a).
The similarity between these two P450s enzymes was 77% (Figure 2b).

Introduction of ppb3 (P450-1) and ppb4 (P450-2) into model
fungus A. oryzae
To clarify the functions of ppb3 (P450-1) and ppb4 (P450-2) in PyA
biosynthesis from P. coprobium, these two genes were introduced into
the model fungus A. oryzae. The PCR products of the ppb3 and ppb4
from fosmid G7-9 were inserted between the a-amylase promoter and
terminator in the fungal expression vector pUSA. The resulting
plasmids were named pUSA-P450-1 and pUSA-P450-2 (Figure 3).
Two P450 genes were transformed into A. oryzae separately by random
recombination, after which the existence of each gene was confirmed
by genomic PCR of the transformants (Figure 4). We also found that
transformation efficiency was an average of 10 clones with 10mg DNA
through the A. oryzae protoplast transformation system.

Functional analysis of P450-1 and P450-2 in model fungus A. oryzae
After feeding intermediates with each transformant, the bioconversion
of the intermediate was detected. LC-MS and LC-NMR analysis of the
extracts of transformant P450-1, which was fed with pyripyropene E
(PyE) and incubated for 48h, indicated the appearance of a com-
pound earlier than that of PyE (Figure 5a). After 96 h of incubation,
the first peak of compound increased, whereas the second peak of PyE
declined (Figure 5b). In the ESI-MS spectrum, the [M+H]+ peak was
observed at m/z 468. The molecular formula was determined to be
C27H33NO6. Its molecular weight is 16 greater than PyE. In the 1H
NMR spectrum, four methyl signals appeared in PyE (see Supple-
mentary SI 1), whereas in the extracts from the transformants P450-1
three methyl signal and two proton signals (3.134 and 3.157 p.p.m. for
H-11) were observed (see Supplementary SI 2). As is widely known,
the structural differences between PyE and PyA lie at C-7, C-11 and C-
13. In BLAST research, P450-1 and P450-2 showed high homology
with cytochrome P450 monooxygenses. We deduced P450-1 would
activated at C-7, C-11, or C-13. One methyl group differing between
PyE and PyA appears at C-11. On these basis, we deduced that
one oxy-methine is located at C-11 and is a deacetylated form of
pyripyropene O (PyO). This was named 11-deacetyl-PyO (11-DeAc-PyO)
(compound 9 shown in Figure 6). The 11-DeAc-PyO was not found in
the extracts of the control transformant with the vector alone all the
time. For the transformants P450-2, the PyO was fed to the culture.
With the 48-h cultured extracts, the LC graph showed the emergence
of a compound earlier than that of PyO (Figure 5d). The results of LC
after 72 and 96h incubation also showed that the peak of the new

3301 27200

ppb1 ppb9

39kb

CoA ligase AT-2

ppb8ppb7ppb6ppb5ppb4ppb3ppb2

AT-1PTFMOIMPP450-2P450-1PKS

Figure 1 Gene cluster involved in pyripyropene A biosynthesis in P. coprobium PF1169. PKS, polyketide synthase; P450, cytochrome P450 monooxygenase;

IMP, integral membrane protein; FMO, FAD-dependent monooxygenase; PT, UbiA-like prenyltransferase; AT, acetyltransferase. Arrows indicate the direction

from the start to the stop codon. The number shows the location in the fosmid clone G7-9 in this study (GenBank accession no. FW308713).
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compound was at its highest point, whereas the peak for PyO declined
(data not shown). With the 36-h cultured extracts, a small peak
emerged earlier than the peak for PyO (Figure 5c). In the ESI-MS
spectrum, the [M+H]+ peak was observed at m/z 542. The molecular
formula was determined to be C29H35NO9. The molecular weight is
32 greater than that of PyO. The 1H NMR spectrum showed a proton
signal at 3.65p.p.m. (H-7). One additional proton signal was observed
at 4.858 p.p.m. (H-13) (Supplementary SI 3 and SI 4). The structural
difference between PyO and PyA lies at C-7 and C-13. Based on this,
we deduced that the compound is the deacetylated form of PyA,
which we called deacetyl-PyA (DeAc-PyA) (compound 10 shown in
Figure 6). However, no DeAc-PyA was found in the control. Neither
11-DeAc-PyO nor DeAc-PyA was detected in the extract of the
transformant P450-2 supplied with PyE (data not shown).

DISCUSSION

Pyripyropenes are meroterpenoids, which are hybrid compounds
of both terpenoid and polyketide. PyA has four hydroxyl groups
(acetylated at C-1, C-7 and C-11, free C-13-hydroxy).22,23 Tomoda
et al. have deduced the biosynthetic pathway of PyA from nicotinic
acid and mevalonic acid to (3S,6aR,12bS)-3-hydroxy-4,4,6a,12b-
tetramethyl-9-(pyridin-3-yl)-1,2,3,4,4a,5,6,6a,12,12a-decahydrobenzo
[f]pyranol[4,3b]chromen-11(12bH)-one, DeAc-PyE (Figure 6).24–26

In this report, nine ORFs (ppb1 to ppb9) for PyA biosynthesis in
P. coprobium were deduced. Recently, Itoh et al.21 showed the bio-
pathway of PyA in A. fumigatus. However, they elucidated the pathway
only for the early steps involving the conversion from nicotinic acid to
deacetyl-PyE. The later steps of acetylation and hydroxylation to
the final product PyA was unclear. We confirmed the accumulation

[GENETYX: Evolutionary tree]
Method: UPGMA

Aspergillus fumigatus Af293 cytochrome P450 monooxygenase

Penicillium coprobium P450-1

Aspergillus oryzae cytochrome P450 monooxygenase

Penicillium coprobium P450-2

Figure 2 (a) TreePlot showing the homology of P450-1 and P450-2 in P. coprobium compared with cytochrome P450 monooxygenases from

A. fumigatus Af293 (GenBank accession no. XP_001481476) and A. oryzae (GenBank accession no. BAJ04445) (UPGMA). (b) Amino acid sequence
alignment of P450-1 and P450-2 in P. coprobium.
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1907 bp

Pamy Tamyppb3

pUSA-P450-1

Pamy Tamy

1830 bp

pUSA-P450-2

pUSA
7213 bp

TamyB

HindIII

sC

Am
p

EcoRI 9
Kpnl 21
Smal 25

EcoRV

PamyB

ppb4

Figure 3 Map of the expression vector and plasmid constructs of pUSA-P450-1 and pUSA-P450-2. PamyB, amylase promoter; TamyB, amylase terminator;

sC, ATP-sulfurylase.

1000 1000

bp

500500

19181716151413121110100bpbp987654321100bp

Figure 4 PCR analysis of each transformant to confirm the insert fragment. Prime pairs used are listed in Table 1. (a) With templates of the transformants

P450-1, the amplified fragment size is B830bp. (b) With templates of the transformants P450-2, the amplified fragment size is B600 bp. Lane 1–7, the

transformants that harbor ppb3 gene; Lane 12–19, the transformants that harbor ppb4 gene; Lane 8 and 10, wide type of A. oryzae; Lane 9 and 11, control
transformant that harbors an empty vector.
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of PyE and PyO in P. coprobium and deduced that PyE and PyO would
be intermediates in the biosynthesis of PyA. Among the nine biosyn-
thetic genes, ppb3 and ppb4 showed high homology to cytochrome
P450 monooxygenases. Cytochrome P450 monooxygenases are widely
known for their roles in hydroxylation. Consequently, in this study, we
focused on these two genes, which are predicted to encode the P450s
and presumed to be involved in the hydroxylation of the intermediates
in the PyA biosynthetic pathway.
We tried feeding PyE, PyO (Figure 6) and other analogs (data not

shown) with transformants harboring the ppb3 or ppb4 gene and
detected their bioconversion products. In the extracts of transfor-
mants, new compounds, which we would expect to be hydroxylated
were found in the transformant P450-1 with PyE and in the trans-
formant P450-2 with PyO. On the basis of LC analysis, we detected the
bioactivity of the transformant P450-1 after 48 h of incubation and the
transformant P450-2 after 36 h of incubation. The converted ratio
increased over time. On the basis of the structure of the PyA, PyE and
PyO, and the data from LC-MS and LC-NMR on the extracts of the
transformant P450-1 (ppb3) in a feeding test with PyE, we concluded
that C-11 of PyE was first hydroxylated by P450-1 monooxygenase
and converted to 11-DeAc-PyO. In a feeding test of the transfor-
mant P450-2 (ppb4) with PyO, the DeAc-PyA was detected by the
same methods. Based on this data and a comparison of the structures
of PyO and PyA, we conclude that the ppb4 gene in the transformants
P450-2 have active roles in the hydroxylation of C-13 and C-7 of PyO,
and conversion to DeAc-PyA. The results also demonstrate that
the ppb3 and ppb4 have different roles in this biosynthesis (Figure 6).
We were able to elucidate two hydroxylation steps and identified genes
involved in the biosynthetic pathway of PyA. However, of all steps in
the PyA biosynthesis, only the acetylation steps remain to be con-
firmed. We were able to deduce the presence of two acetyltransferase
genes on the gene cluster. Further functional analysis is currently
underway.
PyA is responsible for insecticidal properties, causing a 62%

reduction in weight gain among Helicoverpa zea larvae at dietary

levels of 50 p.p.m. (see ref. 2). It shows promise as an insecticide with
lower toxicity than conventional insecticides. The isolation and clon-
ing of these enzymes will greatly enhance our understanding of PyA
biosynthesis and lead to industrial applications.
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