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: Nonribosomal peptide synthetases (NRPSs) are multimodular

enzymes that produce a diverse group of natural products.
The efficacy as medicines is due to the biological
activities of secondary metabolites (SMs). Monacolin K, an
antihypercholestrolemia agent, is a secondary metabolite
synthesized by PKSs from Monascus. Recent reports showed
that the enhanced contents of flavonoids in the Monascus-
fermented rice bran (MRB) may contribute to the antioxidant
activity in MRB. Monascus is species of mold and belongs to
the phylum Ascomycota. The genomes of two species of
Monascus, Monascus ruber and Monascus purpureus, which are
commonly used for Monascus-fermented rice (MFR), have been
sequenced. The number of known secondary metabolites (SM)
produced by M. ruber and M. purpureus is much less than the
SM genes that have been identified. Our preliminary results
in heterologous overexpression system revealed that
Monascus polyketide synthase (PKS) genes can be expressed
in A. nidulans and produced analyzable products. To further
confirm if this is the case in NRPS, we further use A.
nidulans as a heterologous overexpress host to express the
NRPS genes of M. ruber. Among them, we found that the
overexpression of PID 500739 results in the production of
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compound 1 (m/z 314 MH) and 2 (m/z 466 MH) using liquid
chromatography/mass spectroscopy (LC/MS) analysis. Our data
suggested that the identification of the important
secondary metabolites from M. ruber will provide a basis
for the clues of NRPs biosynthetic pathways. This grant
will help to unlock the metabolites from the M. ruber and
provide useful development resources for healthcare and
medical centers.

nonribosomal peptide synthetase, secondary metabolite,
Monascus, heterologous expression
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Due to their medicinal properties, fungi have been used in Traditional Chinese Medicine (TCM) broadly
such as Monascus, Ganoderma, and Cordyceps (2,10,11). Most of these fungi are rare in the wild and grow
only in certain regions on specific substrates. The therapeutic effects of TCM are mainly due to their
production of bioactive secondary metabolites (SMs) and many important SMs have been isolated and
characterized from TCM fungi (8,9,10). Because of the medicinal significance of TCM fungi, genome
sequencing efforts have been initiated in the past few years (2,13). More recently, large sequencing centers
such as the Joint Genome Institute (JGI) of the Department of Energy have embarked on large scale
sequencing efforts such as the 1000 Fungal Genomes Project (6), which includes TCM fungi. The genomic
sequencing data has also shown that these gene clusters generally more than the number of compounds known
to be produced (1,5,7). Thus, many SM biosynthetic clusters are cryptic and they are not expressed at
significant levels under normal culture conditions.

Monascus species are known to possess a variety of medicinally beneficial activities. M. ruber (NRRL
1597, ATCC13692) have been sequenced and annotated by JGI. The genomes of M. ruber were analyzed
using homology and domain analysis and identified core natural product biosynthesis genes such as
polyketide synthase (PKS), nonribosomal peptide synthetase (NRPS), and hybrid PKS/NRPS genes. To
facilitate the characterization of cryptic secondary metabolomes, in this proposed grant period, we conducted
heterologous expression approach to expression cryptic SM genes of M. ruber in the model fungus

Aspergillus nidulans.
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There are many good reasons to identify the products of cryptic SM clusters of TCM fungi. First, these
cryptic clusters may produce compounds that are important for the medicinal activity of TCM fungi. Second,
some normally silent SM gene clusters may produce toxic compounds when expressed. Identifying toxins that
the organism has the capacity to produce will help us understand potential hazards and thus avoid them. Third,
TCM cryptic SM pathways may produce compounds which are useful for other than medical purposes. Lastly,
the final compounds produced by the fungi are likely optimized by evolution to benefit the fungus. Our
long-term goal is to elucidate the secondary metabolomes of TCM fungi as fully as possible and we believe
our work with Monascus will not only produce interesting and useful data but will also help refine tools
required to leverage the emerging data on the genomes of TCM fungi to understand the mechanisms of action

of TCM fungal products and to produce medically useful compounds.
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The impact of the JGI’s efforts is tremendous because all of the genome information is publicly available
and the reference strains are freely available to the research community. M. ruber and M. purpureus are two of
the three species commonly used to produce Monascus-fermented rice [(MFR) aka Hung-Chu, Hong Zu,
Ang-kak, Ankak rice, red mold rice, Beni-Koji and red yeast rice (an incorrect term since Monascus is not a
yeast)]. Monascus species are known to possess a variety of medicinally beneficial activities. The most

prominent is efficacy in cholesterol management. In large part this is due to the production of monacolins,
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which were the first statin anti-cholesterol agents to be discovered. As we know, monacolin K was first
isolated from M. ruber (4). Monacolin K inhibits HMG-CoA reductase, the rate limiting factor in cholesterol
biosynthesis. Interestingly, however, if one compares the effects of MFR with an equivalent amount of
purified monacolin K, MFR is more potent in reducing cholesterol, LDL cholesterol and triglycerides. This

indicates that components of MFR other than monacolin K have positive effects on hypercholesterolemia.

To generate transforming fragments by fusion PCR

We first design primers to amplify the NRPS genes in M. ruber (NRRL 1597, ATCC13692) by polymerase
chain reaction (PCR) method. The y4 gene 5° flanking region-linked with the pyrG marker and the alcA
promoter, and the y4 gene 3’ flanking region were amplified from the genomic DNA of A. nidulans strain.
Each NRPS gene was fused to the y4 gene 5’ region flanking-linked the pyrG marker with the alc4 promoter
and the y4 gene 3’ flanking region. These constructs were generated by fusion PCR to replace the native

promoters of the NRPS genes with a regulatable al/c4 promoter (3, 12).

A. nidulans protoplasting and transformation
The protoplast production and transformation were carried out as described (12). The transformants with
the correct insertion were further verified with diagnostic PCR with y4 P1 primer and (gene) AR primer. In

each case, at least three transformants carrying the correct promoter replacement were used for further study.

Fermentation

For fermentation, 3.0x107 spores of A. nidulans were grown in 125-ml flasks containing 30 ml liquid LMM
medium (15 g/l lactose, 6 g/l NaNOs, 0.52 g/l KCl, 0.52 g/l MgS04-7H20, 1.52 g/l KH2POy4, and 1 ml/l trace
elements) supplemented with uracil (1 mg/ml), uridine (10 mM), riboflavin (2.5 mg/l), or pyridoxine (0.5 mg/1)
when necessary at 37 °C with shaking at 200 rpm. For alcA promoter induction, cyclopentanone at a final
concentration of 10 mM was added to the medium after 18 h of incubation. Culture medium was collected 48
h after cyclopentanone induction by filtration and extracted with the same volume of ethyl acetate and
evaporated in vacuo, redissolved in 0.5 ml of 1:4 dimethyl sulfoxide/MeOH, and 10 ul was injected for high
performance liquid chromatography—diode-array detection—mass spectrometry (HPLC-DAD-MS) analysis.
Conditions for MS included a capillary voltage 5.0 kV, a sheath gas flow rate at 60 arbitrary units, an
auxiliary gas flow rate at 10 arbitrary units, and the ion transfer capillary temperature at 350 °C. HPLC-MS
was carried out in positive mode using a ThermoFinnigan LCQ Advantage ion trap mass spectrometer with an
RP C18 column at a flow rate of 125 pl/min.
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Our preliminary data indicated that expression the NR-PKS genes of M. ruber results in compound
production in our heterologous system. It’s important to confirm if this is the case in NRPS. First, we analyzed
the domain structures of NRPSs in M. ruber by wusing Conserved Domain Database
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The domain structure of each NRPS were shown in
Table 1. Among them, we first focused on the proteins with special architectures including PID 383194, PID
398062, PID 391237, PID 500739, PID 441704 and PID 499644.

Protein ID Domain struc
383194 |C-A-T-C
404613 |T-C-A-T-C-A-T-C
398062 |A-T-C-A-TLC
439496 |A-T-C-A-T-C-A-T-C-A-T-C-T
471310 |A-T-C-A-C-A-T-C-A-C-A-T-C
300739 |C-A-T-R
499644 |A-T-C-A-TC

Table 1. The domain of NRPSs in M. ruber.

Here, we conducted a heterologous expression system that builds on the fusion PCR techniques to express
these NRPSs in A. nidulans. The transforming fragments was generated and each NRPS gene was placed under
control of a regulatable promoter. First, we amplified target genes from genomic DNA of M. ruber by PCR,
place them under control of alcA promoter, alcA(p) and insert them into the y4 locus of 4. nidulans (Figure 1).
The yA gene is responsible for synthesis of green conidial pigment. When the y4 gene was disrupted, the strain

produces yellow spores that facilitate the identification of desired clones.



(A)

Primer Sequence (5' to 3")
wd-Pl TTCTTCCAGCTTCTGCTGCGT
»ed-P2 COACAACCAAGGGAAGTCAA
wd-P3 CGCATTCTAGAGAGAGTGTG
wAd-P4 ATTGCGTCCCATCAAATGGSG
aAd-P5 CAAACTCCTTGACACCGT

wAd-Po GAGTCTGCAGCAAAGGCATTGA

(B) |
A upsiream
= sequence
»A|5?
AfpyrG | aleA(p)
yAIS AfpyrG | alcA(p) | Fusion PCR product

Figure 1. Genetic manipulation of the y4 gene in A. nidulans.

Refactoring these genes into 4. nidulans would require that these genes be fused to selectable markers,
promoters and targeting sequences. By fusion PCR, the target gene fragment is fused to a cassette that consists
of 5” flanking region from the yA locus of 4. nidulans as well as a selectable marker (4fpyrG) and regulatable
promoter alcA(p) and 3’ flanking region from the y4 locus (Figure 2). Homologous recombination is extremely
accurate and efficient in A. nidulans nkuAA strains. The transforming fragments integrate by homologous
recombination at the y4 locus. The result is a full length target gene coding region under control of alcA(p)
integrated at the y4 locus. The transformant colonies having yellow spores so correct integrates are easily
identified when the y4 gene is deleted. The resulting strains will be verified by diagnostic PCR.



yAI5 | AfperG | aled(p) |3
"
yAIS' | AfpyrG | aleA(p) target gene yARJ Fusion PCR product
- 'F“ulﬁ:nm;“] A £ S "= Chromosomal target
l Transformation
= yAS | AfpyrG | aleA(p) target gene yAR3* . Recombined chromosome

Figure 2. Genetic manipulation streatage for heterologous expression the M. ruber genes in A. nidulans.

First, target genes from genomic DNA of M. ruber were amplified by PCR using specific primers (Table
2). After PCR amplification, the reaction mix were underwent gel electrophoresis and band elution to clean up

the target fragments to avoid the unwanted DNA contaminations (Figure 3).

Primer

Sequence (5' to 3")

Mr398062-AF

CCAATCCTATCACCTCGCCTCAAAATGTCCAATCAAAGCACGGC

398062-R

CCCATTTGATGGGACGCAATGGATGAGACAGGACTGACC

Mr500739-AF

CCAATCCTATCACCTCGCCTCAAAATGGGGGTCGAATCAGTICTC

Mr500739-R

CCCATTTGATGGGACGCAATGCTTACTTCTAGCCTCAG

Mr383194-AF

CCAATCCTATCACCTCGCCTCAAAATGAGIGTCATTTCGGGTCC

Mr383194-R

CCCATTTGATGGGACGCAATCAGCTACTACTTCGIGITG

Mr441704-AF

CCAATCCTATCACCTCGCCTCAAAATGTTAGGGTTGAAGGCGAT

Mr441704-R

CCCATTTGATGGGACGCAATCITTTGTCGAGCGCAATAG

Mr391237-AF

CCAATCCTATCACCTCGCCTCAAAATGTCGCTACGGGACCACTT

Mr391237-R

CCCATTTGATGGGACGCAATCGACACTTCAGGATCTGTC

Mr499644-AF

CCAATCCTATCACCTCGCCTCAAAATGGGCTCTATACACATCGA

Mr499644-R

CCCATTTGATGGGACGCAATGATACGTATTTCCTGCATC

Table 2. Primer design for PCR amplification of NRPS genes of M. ruber.
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Figure 3. Gel electrophoresis analysis of the y45°-AfpyrG-alcA(p) fragment, NRPS genes and y4 3’ fragment
that used for fusion PCR.



Next, the target gene fragments as mentions above (including PID 398062, PID3 83194, PID 391237, PID
500739, PID 441704 and PID 499644) were fused to a y4 5’-AfpyrG-alcA(p) fragment (consists of 1 kb of 5’
flanking DNA from the yA4 locus of A. nidulans, a selectable marker (4fpyrG) and regulatable alcA promoter)
and 1 kb of 3’ flanking DNA from the y4 locus using fusion PCR methods. The results were underwent agarose
gel electrophoresis to verify the transforming DNA size and DNA amount as well (Figure 4).

M 398062 500739 383194 441704 391237 499644

Figure 4. Generation of transforming fragments by fusing the target gene with the y4 5’-AfpyrG-alcA(p)
fragment and yA4 3’ fragment using fusion PCR methods

After transformation, the yA4-disrupted mutants were easy to be distinguished due to the foreign insert has
disrupted the function of y4 gene and thus produce yellow spore pigments (Figure SA). We also further confirm
the yA-disrupted mutants genetically with diagnostic PCR by using y4 P1 and (gene) AR primers and the
desired size of each mutants were indicated as Mr398062: 7068 bp, Mr500739: 6328 bp, Mr383194: 6714 bp
(Figure 5B). Next, the metabolite profiles of genetic manipulation strains were monitored using LC/MS
analysis. These data showed that the overexpression of PID 500739 results in the production of compounds 1

and 2 in comparison with the 4. nidulans host (Figure 5C).
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Figure 5. Heterologous overexpression of the M. ruber NPRS genes in the A. nidulans host. (A)yA-disrupted
mutants produce yellow spore pigments. (B)Confirmation of transformation strains by using diagnostic PCR.

(C)The metabolite profiles of genetic manipulation strains using LC/MS analysis.



We further elucidate the structures of the compound 1 and 2. Compound 1 that with the molecular weight of
(m/z 314 M—H) and compound 2 that with the molecular weight of (m/z 466 M—H) were detected separately in
our liquid chromatography/mass spectroscopy (LC/MS) analysis (Figure 6).
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Figure 6. UV-vis and ESIMS spectra (negative mode) of the compound 1 and 2 in Mr500739.
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