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Abstract

With the increased prevalence of drug-resistant human pathogens, new drugs are
urgently needed. Over the last decade the rate of drug discovery has declined requiring new
approaches for drug discovery. Advances in omics technology have sped up the search for
previously undiscovered genes responsible for the biosynthesis of novel natural products. In this
work, heterologous expression was used to produce new metabolites from the cryptic natural
product biosynthetic gene clusters and also to investigate the menisporopsin A biosynthesis
from Menisporopsis theobromae BCC 4162. The cryptic tenellin-like and unknown highly
reducing polyketide synthase (HR-PKS) gene clusters were constructed into the multiple
expression vectors and introduced into the heterologous host, Aspergillus oryzae NSAR1, for
metabolite production. Unfortunately, no new metabolites could be observed from the
transformants containing tenellin-like gene cluster. This may be a result of the existence of
introns in the genes that cannot be removed by the host. Therefore, the introns found in the
genes of this cluster were removed by PCR technique prior to cloning into the expression
vector. Currently, the transformants containing tenellin-like gene cluster are being analyzed for
metabolite production. For the HR-PKS, two new major metabolites could be produced by the
transformants, however, the amounts of these metabolites are very low. The medium used for
culturing the transformants will be scaled up to afford enough metabolites for structure
determination and biological activity tests.

The biosynthesis of menisporopsin A was also investigated. Transcriptome analysis of M.
theobromae during production phase of menisporopsin A identified two PKS genes involved in
its biosynthesis i.e. reducing PKS gene (men1) and non-reducing PKS gene (men2). Our results
show that only these two PKSs are sufficient to catalyze the formation of ascotrichalactone A, a
structural derivative of menisporopsin A. An additional ketoreductase (KR) is possibly required to
complete the menisporopsin A biosynthesis. Results from this project provide us a platform for
production of novel metabolites from the cryptic biosynthetic gene clusters and also an
approach for biosynthetic studies of fungal natural products. This could help to improve their
biological activities by structural modification based on biosynthetic machinery.

Keywords: menisporopsin A, macrocyclic polylactone, polyketide synthase



Executive summary

Natural products have served as the source of drugs for human possibly since early man.
They can be found in a variety of natural sources such as animals, plants and micro-organisms.
The latter are a major source of antibiotics and other biologically relevant compounds such as
anticancer, antimalarial and immunosuppressive agents. During 1981-2010, 34% of small
molecule approved drugs are based on the natural products and their derivatives obtained by
semi-synthesis [1]. In 2014, World Health Organisation (WHO) reported that the prevalence of
antimicrobial resistant pathogenic microorganisms is growing while the rate of novel antibiotics is

plummeting [2]. The need for novel drugs is undoubtedly unavoidable.

In this work, we used heterologous expression approach as a tool for discovery of new
metabolites from two cryptic biosynthetic gene clusters found in the seed fungus Menisporopsis
theobromae BCC 4162 i.e. tenellin-like biosynthetic gene cluster and a gene cluster containing
highly reducing type | polyketide synthase (HR-PKS) gene. Furthermore, heterologous expression
of two PKS gene candidates based on the transcriptome result for menisporopsin A biosynthesis
was also conducted. Menisporopsin A is a macrocyclic polylactone produced by M. theobromae
BCC 4162 and exhibits a broad spectrum of biological activities including antimalarial activity.
Identification of the PKSs involved in the biosynthesis of menisporopsin A will pave the way to
study the mechanism on how the fungus programmes the multiple esterfication and
cyclolactonization. This could lead to structural modification of the macrocyclic polylactone

and may help to enhance their biological activities.

For reconstruction of biosynthetic gene clusters, homologous recombination in yeast and
Gateway® cloning system were used to construct the expression vectors containing the target
biosynthetic gene clusters. This was followed by the introduction of these expression vectors
into heterologous host, Aspergillus oryzae NSAR1, for metabolite production. The transformants

obtained were further extracted with ethyl acetate and the extracts were analyzed by HPLC-MS
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for novel metabolite production. The new metabolites were further isolated using HPLC
equipped with C-18 semipreparative column (10.0 mm x 250 mm). Structures of isolated

compounds were determined by NMR and HRMS.

For the tenellin-like gene cluster, it consists of 5 genes i.e. menS which is a megasynthase
gene encoding for a hybrid polyketide synthase - non-ribosomal peptide synthetase (PKS-NRPS),
menC encoding for trans-acting enoyl reductase (ER), menA and menB encoding for cytochrome
P450 oxidase and menD encoding for flavin oxidoreductase. Firstly, each gene was amplified
directly from genomic DNA and cloned into expression vector. However, no novel metabolites
could be obtained and this could be a result of the introns (non-encoding nucleotide region)
remaining in the auxiliary gene. The intron removal in A. oryzae may not be sufficient. As each
gene in the tenellin-like gene cluster contains some introns except menC and to overcome this
problem, the introns were removed from each gene by PCR using primer with overlapping
region without intron sequences. The expression vector containing genes without introns was
successfully constructed and then introduced into A. oryzae NSAR1 for metabolite production.
The screening for new metabolites produced by transfromants containing this gene cluster

without introns is currently being investigated.

The HR-PKS gene was also successfully constructed and introduced into A. oryzae NSARL.
The ethyl acetate extract from transformants were analyzed by HPLC and our results show that
some new metabolites could be observed comparing to transformants without HR-PKS gene.
However the amounts of these new metabolites are very low (less than 1 mg from 1 L of
culture). To obtain enough metabolites for structure determination and biological test, the

cultures used for metabolite production have to be scaled up.

For the heterologous expression of the PKS gene candidates for menisporopsin A
biosynthesis, two PKS genes were chosen based on transcriptomic result during the production

phase of menisporopsin A. They are highly reducing and non-reducing PKS genes which are
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named menl and menZ2, respectively. The extracts from the transformants containing these two
genes were analyzed by HPLC and there are 3 major metabolites produced by the
transformants. These new metabolites were isolated and identified as (-)-orthosporin, (-)-6-
hydroxymellein and ascotrichalactone A by NMR, HRMS and their optical activities. Both (-)-
orthosporin and (-)-6-hydroxymellein are expected to be shunt products during the biosynthesis
of menisporopsin A. Surprisingly, menisporopsin A was not found but its structural derivative,
ascotrichalactone A, could be observed. The remaining of carbonyl group on ascotrichalactone
A indicates that an additional ketoreductase (KR) is required to complete the biosynthesis of
menisporopsin A. Currently, the candidate KRs for the biosynthesis of menisporopsin A are being

investigated.

In summary, tenellin-like gene cluster and HR-PKS were successfully constructed and
introduced into A. oryzae NSAR1 for metabolite production. However, the intron problem found
in tenellin-like gene cluster may inhibit the production of new metabolites. With the new
expression vector containing genes without introns, this may resolve the problem of metabolite
production by this gene cluster. For the gene cluster containing HR-PKS, the production medium
used for culturing the transformants will be scaled up to increase the yield of metabolites. In
addition, our results also show that only two PKS genes, menl and menZ2, identified by
transcriptomic data require for the biosynthesis of macrocyclic polylactone, ascotrichalactone A.
The presence of carbonyl group in ascotrichalactone A indicates the need of additional trans-
acting KR to complete the biosynthesis of menisporopsin A. These results will provide us a
platform for mechanistic studies on the formation of macrocyclic polylactone and could be

used to modify the structure of this class of metabolites for better biological activities.



Introduction

In order to increase the number of novel drugs, many approaches have been developed
in order to achieve this aim including high-throughput screening (HTS). Nevertheless the
successful rate of the discovery of new drugs by this technique has declined in the past decade.
This may be results of several factors including the limitation of chemical libraries [3]. Therefore
efforts toward the discovery of novel metabolites isolated from natural sources have re-
emerged. This can be achieved by several approaches including searching for new species of
bioactive compound producing micro-organisms. After the micro-organisms were isolated and
cultured, extraction and purification using chromatographic methods are generally applied to
obtain the metabolites. This will be followed by screening the compounds for biological
activities. However only some metabolites can be detected and isolated from culture medium
while a large number of metabolites from cryptic or silent biosynthetic pathways remain
unexplored. This may be due to the growth medium and conditions not being optimal for
metabolite production. With the advent of rapid genome sequencing technique, it has now
become much easier to identify natural product biosynthetic genes from micro-organisms. The
genomic data obtained can be utilised as a tool to predict metabolites based on biosynthetic
gene cluster. This will be followed by optimizing the growth conditions to obtain the
compounds or by expressing the gene cluster in heterologous host which is proven to be
efficient in both bacterial and fungal systems. The latter technique can also be used to study
the biosynthetic pathway of complex metabolites, including structural modifications, to obtain

unnatural bioactive compounds.

Several biological active metabolites were discovered by traditional screening as
mentioned above including a macrocyclic polylactone, menisporopsin A, and a linear polyester,
menisporopsin B, from the seed fungus Menisporopsis theobromae BCC 4162 (Figure 1) [4, 5].

The latter indicates the lack of the final esterification to form menisporopsin A. Both



compounds show a broad spectrum of biological activities such as cytotoxicity against cancer
cell lines, antimalarial and antimycobacterial activities. The biosynthesis of menisporopsin A was

also proved to be derived from 20 units of acetate [6].

HO. OH HO OH

Menisporopsin A Menisporopsin B

Figure 1 Structures of menisporopsins A and B

To date, M. theobromae BCC 4162 has been shown to produce mainly menisporopsins A
and B. Typically, micro-organisms are a host of biologically active compounds which makes us
believe that a large number of cryptic biosynthetic pathways and therefore bioactive
compounds are still undiscovered in this organism. Therefore genome sequencing is very crucial
to reveal novel secondary metabolites produced by M. theobromae BCC 4162. From our
genomic data of M. theobromae BCC 4162, there are 102 gene clusters possibly involved in the
biosynthesis of secondary metabolites. These gene clusters were identified using antibiotics &
Secondary Metabolites Analysis Shell (antiSMASH) programme [7] to search a genome sequence
for secondary metabolite biosynthetic gene clusters. The majority of genes encode type |
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polyketide synthases (PKSs). Some of the gene clusters show the similarity to several natural
product biosynthetic pathways such as tenellin [8], TAN-1612 [9], asperfuranone [10] and
dehydrocurvularin [11] (Figure 2). Heterologous expression of these gene clusters will allow us

to identify novel secondary matabolites produced by M. theobromae BCC 4162

HO.
HO.
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Tenellin

Asperturanone

Alternapyrone

0 O OH O OH OH
HO OH H
0
OH
Terrequinone A Stipitatic acid TAMN-1612

Figure 2 Structures of metabolites with similar biosynthetic gene clusters found in M.

theobromae BCC 4162

In this work, two cryptic biosynthetic gene clusters were constructed for the production
of new metabolites. The first gene cluster is similar to that of tenellin biosynthesis. Tenellin is a
fungal metabolite containing 2-pyridone moiety. This compound was first isolated from
Beauveria bassiana exhibiting cytotoxicity to mammalian erythrocytes and also acts as an iron

chelator [12]. Several metabolites containing 2-pyridone also show antimalarial activity such as
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torrubiellone A [13], cordypyridones A and B [14]. Therefore the metabolites produced by this
cryptic biosynthetic gene found in M. theobromae BCC 4162 may be invaluable 2-pyridone
compound. The biosynthesis of tenellin is the most studied among 2-pyridone natural products
[8]. Its biosynthetic gene cluster consists of four genes, namely tenS encoding for highly
reducing type | PKS fused with nonribosomal peptide synthase (PKS-NRPS), tenC encoding for
trans-acting enoyl reductase (ER), tenA and tenB both encoding for cytochrome P450
monooxygenases. An enoyl reductase (ER) domain in tenS is inactive, so the missing function is
supplied by a trans-acting enoyl reductase encoded by tenC. The genes tenA and tenB are

involved in the last two oxidation steps in tenellin biosynthesis (Figure 3).

4 x malonyl-coA
2 x SAM

EI PKS- D trans-enoyl reductase

N O .
) Pretenellin A
|:| cytochrome P450 oxidase
EI cytochrome P450 oxidase
HO. HO
H O H O
| x N - | X N
N™ ™0 o} .
CI)H Tenellin H Pretenellin B

Figure 3 Biosynthetic pathway of tenellin from B. bassiana
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Based on tenellin biosynthesis, the PKS-NRPS catalyses the formation of pentaketide
intermediate followed by condensation with an aromatic amino acid [8]. One of the gene
cluster found in M. theobromae BCC 4162 shows 80% similarity in gene contents to that of
tenellin and each gene is named according to similarity to each gene involved in tenellin
biosynthesis (Figure 4). However, an additional auxiliary gene, menD, was found in M.
theobromae BCC 4162 and this gene possibly encodes for flavin oxidoreductase. Reconstruction
of this gene cluster may result in the production of novel bioactive compounds which have

similar structure to tenellin.

A)
menA menB menD menS menC
tenA tenB tenC tenS
B)

@@ & @ @ i@

Figure 4 A) A biosynthetic gene cluster found in M. theobromae BCC 4162 (top) compared with
that of tenellin (below). B) The domain organization of menS consists of ketosynthase (KS),
acyltransferase (AT), dehydratase (DH), C-methyltransferase (cMT), B-keto reductase (KR) linked
to a nonribosomal peptide synthetase module comprising condensation (C), adenylation (A),

thiolation (T, also called peptidyl carrier protein) and terminal reductase (TD) domains..

The second gene cluster as shown in Figure 5 contains highly reducing PKS (HR-PKS) gene
with no related natural product biosynthetic gene cluster. In order to investigate its function,

this gene was also constructed and introduced into A. oryzae for metabolite production. This
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HR-PKS may involve in the production of novel bioactive compound that cannot be produced

from M. theobromae BCC 4162 under general medium and growth condition.

¢ s D @ B & @ | aaia

HR- PKS gene Regulatory gene

Figure 5 A biosynthetic gene cluster contains highly reducing polyketide synthase gene
(coloured in brown) found in M. theobromae BCC 4162. The regulatory gene is highlighted in

green.

In addition, the genomic data obtained from M. theobromae BCC 4126 was firstly used as
a tool to reveal the biosynthetic pathway of menisporopsin A. This compound is uniquely
constructed from five polyketide subunits via ester bonds. This class of metabolite is also found
in several fungi such as Periconia byssoides [15], Penicillium verruculosum [16] and Hypoxylon
oceanicum [17]. Understanding how these pathways are programmed to assemble each
subunit together will give us a better insight on its biosynthetic pathway and may provide us
information to modify their structures. From our previous work, we were able to amplify
reducing and non-reducing PKS genes during the production phase of menisporopsin A. This led
us to identify two potential PKS gene candidates which are R-PKS and NR-PKS genes.
Unfortunately, only full length of NR-PKS gene could be obtained from genome sequencing and
no metabolites could be detected from the transformants containing the NR-PKS gene.
However, transcriptomic data was used in this work and successfully identified two PKS genes

that are truly responsible for the biosynthesis of menisporopsin A.
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Research objectives

1.1 To discover the novel metabolites from the cryptic biosynthetic gene clusters of M.
theobromae BCC 4162 using heterologous expression.
1.2 To identify the PKS genes responsible for the menisporopsin A biosynthesis using

heterologous expression.

Research methodology

1. Transcriptome sequencing

M. theobromae BCC 4162 was first grown in potato dextrose broth (PDB) for 7 days and
then seed culture was transferred to menisporopsin A production medium, FMSM, consisting of
1% w/v fructose, 2.5 % w/v meat extract, 0.0025% w/v KH,PO, and 0.0025% w/v MgSQ4.7H,O
[18]. Mycelia for RNA extraction were collected both before and after growing in FMSM for 4
days in order to compare the expression level of PKS genes during production of menisporopsin
A. Total RNA was extracted using RNeasy plant mini kit (QIAGEN) and treated with DNase |, then
MRNA was enriched using oligo dT and fragmented before conversion to cDNA; adapters were
subsequently connected to the fragments. After quality control by Agilent 2100 Bioanalyzer and
ABI StepOnePlus Real-Time PCR System, the transcriptome library was sequenced on the
Illumina HiSeq 4000 platform by BGI Tech Solutions (Hong Kong). Paired-end read data were
filtered to remove low quality and adapter-polluted sequences and de novo assembly of the
clean data was performed using Trinity [19]. The assembled transcripts were then annotated
with 7 functional databases (NR, NT, GO, COG, KEGG, Swissprot and Interpro). The transcripts
were compared using Blast v2.2.23 against NT, NR, COG, KEGG and SwissProt databases and
were annotated using Blast2GO v2.5.0 and InterProScan5 v5.11-51.0 by comparing them against
GO and InterPro databases, respectively. Only the transcripts encoded for polyketide synthases

were chosen for analysis.

14



2. Reconstruction of biosynthetic gene clusters in multigene expression vector

Due to the large size of hybrid PKS-NRPS and other type | polyketide synthase genes, the
genes encoding these enzymes were amplified into 2-3 fragments by polymerase chain reaction
(PCR). Each fragment was joined by homologous recombination in yeast to reporter genes
contained within the E. coli-yeast shuttle vectors such as pEYA2dsRED and pEYA2eGFP

containing reporter genes encoding DsRED and eGFP fluorescent proteins respectively (Figure 6).

PEYA2eGFP

Dm |

Figure 6 Plasmid maps of E. Coli-yeast shuttle vectors used for assembly of megasynthase

genes such as hybrid PKS-NRPS and PKS genes.

For The primers used in this work are shown in Table S1, and all PCRs were performed
using KAPA HiFi HotStart DNA polymerase (KAPABIOSYSTEMS, USA); the programme used for
amplification of each gene was: initial denaturation at 95°C for 5 min followed by 35 cycles of
98°C for 20 sec, 65-68 °C for 15 sec and 72°C for 1.5 min, with a final extension at 72°C for 5

min. Saccharomyces cerevisiae YPH 499 was transformed with vectors linearized upstream of
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their reporter genes plus overlapping PCR products using the TRAFO method [20]

recombinant plasmids were

shuttled to E. coli DH5QL.

and

gene primer Sequence 5-3'
menl Fragment 1

Men1-1-fwd TAATGCCAACTTTGTACAAAAAAGCAGGCTATGGGCAGCGTCTACGATAG

Men1-1-rev AGCTCCGCGACGAGGGATGG

Fragment 2

Men1-2-fwd TCAATCGCGCCCATCTTACG

Men1-2-rev ATATCAACACGCGGGACGTG

Fragment 3

Men1-3-fwd TCCAAGCCCAGAAGAAGTCG

Men1-3-rev CTTGATGACGTCCTCGGAGGAGGCCATCTGCTTGGTGGTGGCGGCGGETAG
menZ2 Fragment 1

men2-1-fwd TAATGCCAACTTTGTACAAAAAAGCAGGCTATGGCGGGCCCCGTTGCAAC

men2-1-rev AGGCGCCGAGCACCTGCTCG

Fragment 2

men2-2-fwd ATGCAGGAACGGTGCGAGTC

men2-2-rev TGAACAGCTCCTCGCCCTTGCTCACCATGTTGTCCATGGCGTCCTTAAGG
HR-PKS Fragment 1

PEYA2-C89F TAATGCCAACTTTGTACAAAAAAGCAGGCTATGGGCAGCGTCTACGATAG

C89-mid-R2 AGCTCCGCGACGAGGGATGG

Fragment 2

C89-mid-F2 TCAATCGCGCCCATCTTACG

C89-mid-R3 ATATCAACACGCGGGACGTG

Fragment 3

C89-mid-F3 TCCAAGCCCAGAAGAAGTCG

C89-dsRED-R CTTGATGACGTCCTCGGAGGAGGCCATCTGCTTGGTGGTGGCGGCGGTAG
menS Fragment 1

menS-1-fwd TTTGTACAAAAAAGCAGGCTCCGCGGCCGCATGACGCAGAATCAGGAGAC

mensS-1-rev CGGTAGATCTCCACGTTCGC

Fragment 2
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menS-2-fwd GTGCTGAGCGAAGTTCTGCT

mensS-2-rev CCACTACAATTGCCAGCGGTT

Fragment 3

menS-3-fwd CGCCGACTATCTGCTTGCAC

mensS-3-rev CCTTGACCGCGTCCACGAT

Fragment 4

menS-4-fwd GCAGATCTCGAGCCAGCAGATCACCATTG

menS-4-rev CCGGTGAACAGCTCCTCGCCCTTGCTCACCATTGGCTCTGCACCGAGATAAG
menA Padh-orf0-F2 TTCTTTCAACACAAGATCCCAAAGTCAAAATGTTTCTCATACACAATTTC

orf0-Tadh-R TCATTCTATGCGTTATGAACATGTTCCCTCTACTTGTACAGCGCTACC
menB Peno-B-F GTCGACTGACCAATTCCGCAGCTCGTCAAAATGGTGCCGCGGGTAGGCG

Peno-B-R GGTTGGCTGGTAGACGTCATATAATCATACCTAGAGCTTGCG
menC Pgpd-C-F AACAGCTACCCCGCTTGAGCAGACATCACCATGGCAGTCTTTGCC

Tgpd-C-R ACGACAATGTCCATATCATCAATCATGACCCTACGCAGCACATAGCACCTCG
menD Padh-MenD-F TCTTTCAACACAAGATCCCAAAGTCAAAATGGAACTTAACATCGCGAAGC

MenD-Tadh-R TTCATTCTATGCGTTATGAACATGTTCCCTTCATGTTAGCATTGGGTACC

Table 1 Primers used for constructing men! and menZ2. Underlined nucleotides are regions of

overlapping sequence used for homologous recombination.

The Gateway® LR recombination reaction (Invitrogen, USA) was performed to
insert PKS gene fusions into the amyB expression cassette of vectors such as pTYGSarg,
pTYGSade and pTYGSmet which have different selection marker. For the tenellin-like
gene cluster, auxilary genes were cloned into expression vector using homologous
recombination in yeast prior to introduction of the PKS-NRPS gene into the
expressionvector by Gateway® cloning. The expression vector used in this method has
been developed by Dr. Lazarus at School of Biological Science, University of Bristol. This
expression vector can accommodate up to 4 genes (Figure 7) under inducible promoter,
PamyB and three constitutive promoters i.e. Padh, PgpdA and Peno [21]. Using different
selection markers, a large number of genes can be simultaneously expressed from more

than one expression vector.
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Figure 7 Multigene expression vector containing 4 expression cassettes with 4 promoters i.e.
PamyB, Padh (P1), PgpdA (P2) and Peno (P3). The megasynthase gene can be cloned into the
vector using Gateway® LR reaction and auxillary genes can be cloned into each expression

cassette by homologous recombination technique.
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3. Transformation of Aspergillus oryzae and analysis of transformants

The expression vector containing biosynthetic genes were introduced into A. oryzae
NSAR1 as an expression host by protoplast-mediated transformation [22]. The selected
transformants were subcultured serially on appropriately supplemented Czapek-Dox plates until
genetically pure. Expression of megasynthase gene fused with reporter gene was induced by
culturing in CMP medium containing 3.5% Czapek-Dox, 2% maltose and 1% peptone for
metabolite production and monitored for expression by fluorescence or confocal microscopy.
Seven-day-old CMP cultures were homogenized using a hand blender and the pH adjusted to 3.
Ethyl acetate was added to the blended culture and stirred for 10 min. The cell debris was
removed by vacuum filtration through Whatman No.l1 filter paper. The filtrate was shaken
vigorously in a separating funnel and the ethyl acetate layer was collected. Extraction was
repeated twice, and combined extracts were dried with anhydrous Na,SO,4. The ethyl acetate
was then removed under reduced pressure rotary evaporation and the solid residue dissolved
in HPLC grade methanol. HPLC analysis of metabolites was performed on an Agilent
Technologies 1200 system using a C-18 Kaseisorb LC ODS 2000 column (4.6 mm x 150 mm);
elution was with a CH;CN:H,O gradient and peaks were detected with UV at 254, 280, 315 and
450 nm for metabolites produced by transformants. For big scale production, the transformants
were cultured in 1 L of medium and extracts were fractionated on a semi-preparative C-18
Kaseisorb LC ODS 2000 column (10.0 mm x 250 mm) and the structures of isolated metabolites

were determined by NMR and HRMS.

Results and discussion

1. Reconstruction of the cryptic biosynthetic gene clusters found in M. theobromae BCC 4162

Both tenellin-like gene cluster and HR-PKS were successfully amplified from genomic

DNA by PCR and constructed into the expression vectors as shown in Figure 8.

19



A) att1

HR-PKSeGFP|

pTYade-HR-PKS
19,745 bp
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16,307 bp

Figure 8 Plasmid maps of expression vectors containing A) HR-PKS and B) tenellin-like gene

cluster consisting of menS, menA, menB, menC and menD.

For tenellin-like gene cluster, expression vectors containing PKS-NRPS with auxiliary
genes for each step during the biosynthesis were also constructed. Both PKS-NRPS gene from
tenellin-like gene cluster and HR-PKS gene with unknown function are fused with reporter gene
encoding for eGFP fluorescent protein. All expression vectors were introduced into A. oryzae
NSAR1 for metabolite production. The transfromants containing the tenellin-like gene cluster

were screened for new metabolite production however no new metabolite could be observed
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(Figure 9) from the extract of transformants although green fluorescent of eGFP fused with PKS-
NRPS could be detected under fluorescence microscope. This may indicate that some of the
auxiliary genes could not be expressed due to the existence of introns (non-encoding

nucleotide region) in the genes.
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Figure 9 Comparison of HPLC chromatograms of the ethyl acetate crude extracts from A. oryzae
transformants containing genes from tenellin-like gene cluster. Peaks were detected with UV at

315 nm.

For the transformants containing unknown HR-PKS gene, high expression level of this
gene could be observed from the emission of eGFP proteins that are fused with HR-PKS. Also

new metabolites could be observed comparing with negative control (transformants without
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HR-PKS) (Figure 10). Unfortunately, the amounts of metabolites produced by these
transformants were very low (less than 1 mg from 1 L of culture) and could not be elucidated
for their chemical structures. Currently transformants are being cultured in higher volume of

medium to obtain enough metabolites for structure determination and biological tests.

A) B)
DIC 488 nm
control
Transformant
containing e e Nl _
pTYGS-ade RIimin) : -
as control 2 ’
HR-PKS
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containing |
pTYarg- | |
RPKSC93eGFP :
RT(min) = -

1 1 1 »

Figure 10 A) Differential interference contrast (DIC) and fluorescence imaging of A. oryzae
transformants containing HR-PKS gene (bottom) and control (top) using wavelength at 488 nm
to excite eGFP fused with HR-PKS. B) HPLC chromatograms of the ethyl acetate crude extract
from A. oryzae transformants containing HR-PKS gene. Major metabolites are labelled as Peaks 1
and 2 were produced from the transformants containing HR-PKS gene. UV absorption of these

compounds was recorded at 450 nm.
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2. Intron removal of genes in tenellin-like biosynthetic gene cluster

Due to the lack of new metabolites produced by the transfromants containing tenellin-
like biosynthetic gene cluster, this may be a result of the existence of introns in the genes. To
overcome this problem, introns in each gene were removed by PCR using primers containing
overlapping sequences without intron regions. These primers were designed based on
prediction by comparing with nucleotide sequences of similar gene found in tenellin
biosynthesis. The expression vectors containing genes without introns (Figure 11) were
constructed using homologous recombination in yeast and Gateway® cloning as described

previously.

URA3
2u origin

Teno

menB*|

Tgpd
ImencC|

pTYGSargmenD
16,370 bp

pTYademenA*B*CS*
31,958 bp

Figure 11 Maps of expression vectors containing genes without introns from tenellin-like gene

cluster.
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These expression vectors were introduced into A. oryzae NSAR1 and the transformants

containing these genes are currently being investigated for metabolite production.

3. Reconstruction of biosynthetic gene cluster involved in menisporopsin A biosynthesis

From previous work, two PKS genes were identified during the production phase of
menisporopsin A which are reducing (R-PKS) and non-reducing (NR-PKS) polyketide synthase
genes. The full length of NR-PKS gene was obtained by genome sequencing. However the
nucleotide sequence of R-PKS still remains uncompleted. Nevertheless, the NR-PKS was cloned
into expression vector and introduced into A. oryzae NSAR1 for metabolite production but no
new metabolites could be observed. Subsequently, transcriptome sequencing was performed
during menisporopsin A production phase and two highly-expressed candidate PKS transcripts,
highly reducing and non-reducing PKSs, were identified and designated as men1 (highly reducing
PKS gene) (contig: CL2915) and men2 (non-reducing PKS gene) (contig: unigene363) as shown in
Table 2.

FPKM value during FPKM value before
Contigs production phase production phase
Unigene363 All 51.63 21.38
CL2915.Contigd All 44.55 27.25
CL2915.Contig7 All 42.15 28.3
Unigene6408_All 18.48 14.2
CL4699.Contig3 All 18.32 8.06
CL4817.Contigl All 14.63 4.4
Unigene80 All 5.1 2.27
Unigene5941 All 5.1 0.59
CL4817.Contig2 All 4.13 2.61

Table 2 Expression level of some PKS genes before and during the production phase of

menisporopsin A.
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Both men1 and menZ2 were cloned into the expression vectors, pTYGSmet and pTYGSarg,
respectively. The resulting expression vectors are named pTYmetMenldsRED and

pTYargMen2eGFP (Figure 12).

attB1

pTYmetMen1dsRED

pTYargMen2eGFP

2 u origin

Teno

dsRED
attB2

Figure 12 Plasmid maps of expression vectors containing menl and men2.

Each functional domain of Menl and Men2 were identified by SMART [23] and the core
domain of Men1 was predicted by sequence alignment with other reducing PKSs from resorcylic

acid lactone biosynthesis (Figure 13).

Menl=— KS =MAT- DH' ~CORE- ER - KR =ACP-

Figure 13 Domain boundaries of Men1 and Men2
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The predicted domains of Men2 are in agreement with other NR-PKSs, however Menl
containing a complete set of reductive domains i.e. ketoreductase (KR), dehydratase (DH) and
enoyl reductase (ER). Therefore Menl is classified as a highly reducing (HR) PKS. Based on
structure of menisporopsin A, it indicates that only reduction of f-carbonyl intermediates can

occur during the biosynthesis and therefore both DH and ER domains of Men1 are inactive.

From the sequence analysis, the active site of DH domains is typically the His/Asp
catalytic dyad whilst ER domains contain GGVG motif for NADPH binding. In Men1, the catalytic
residues of DH are equivalent to His/Glu instead of His/Asp (Figure 14). The acidic residue Glu of
the DH catalytic dyad is usually found in type Il FAS, FabZ. For ER domain, the NADPH binding
motif is replaced with AVWVS (Figure 15). It is quite clear that ER of Men1 lacks NADPH binding site

therefore it is inactive.

Although, the catalytic dyad is found in DH domain but the motif and residue possible
involved in interaction with ACP are not observed as can be seen in DH from modular type |
PKS. The LPFXW motif (Figure 14) and Arg residue locating near the active site are possibly
involved in the interaction with ACP [24]. In non-functional DH of modular PKS, this motif and
Arg are not conserved. This may indicate that the dehydration cannot occur due to the lack of
interaction with ACP domain. For Menz2, it consists of typical domains found in most NR-PKSs i.e
starter-unit acyl carrier protein transacylase (SAT) for starter unit selection, ketosynthase (KS) for
decarboxylative condensation, acyltransferse (AT) for loading extender units, acyl carrier protein
(ACP) for shuffling intermediates during the biosynthesis, product template (PT) for
aromatization and thioesterase for catalyzing hydrolysis or cyclization of final products.
However, ACP found in Men2 is a tandem doublet, this is not uncommon as can be seen in

other fungal NR-PKSs [25-27].

Both pTYmetMen1dsRED and pTYargMen2eGFP were introduced into A. oryzae NSAR1 as
heterologous host and the transformants were analyzed by HPLC. The results show that three

major metabolites were produced by the transfromants as shown in Figure 16.
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Figure 14 Sequence alignment of several conserved residues found in DH domains of partially
reducing (PR), highly reducing (HR) and modular PKSs. Residues marked with star are the
catalytic dyad of DH domains.
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Figure 15 Sequence alignment of/around the conserved NADPH-binding site (GGVG) of

functional and inactive ER domains. This motif in Men1 is replaced with AVVS.
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Figure 16 HPLC chromatograms of A. oryzae transformants containing menl and menZ2 (top),

menZ2 (middle) and men1 (bottom). Peaks were detected with UV at 254 nm.
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The metabolites were then isolated using HPLC equipped with semi-preparative C-18
column to vyield three compounds which were identified by NMR, HRMS and their optical
activities as the isocoumarin (-)-orthosporin (1), the dihydroisocoumarin, (-)-6-hydroxymellein (2)
and ascotrichalactone A (3) as shown in Figure 16.

To confirm the expression of both men! and men2, fluorescence imaging of transformants
containing both genes were also performed (Figure 17) and the results show that both green
and red fluorescence could be observed as a result of fusion protein between Menl and Men2

with dsRED and eGFP proteins.
. .
. .

Figure 17 A) Differential interference contrast (DIC) and fluorescence imaging of A. oryzae

transformants using wavelengths at B) 488, C) 561 and D) 488 and 561 nm to excite eGFP, DsRed
and both eGFP and DsRed, respectively. Top panels (scale bars = 50 um): double transformant
with pTYGSmet and pTYGSarg; Bottom panels (scale bars = 60 um): double transformant with

pTYmetMen1dsRED and pTYargMen2eGFP.
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Both (-)-orthosporin (1) and (-)-6-hydroxymellein (2) are shunt products formed by
cyclization of the aromatic subunits of menisporopsin A and were previously found in the
fungus Ascotricha sp. Zj-M-5 [28]. This fungus also produces a variety of linear and macrocyclic
polyesters including ascotrichalactone A (3). This compound differs from menisporopsin A only

in the presence of a keto group at C-37 (Figure 18).
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Figure 18 Structures of menisporopsin A comparing to ascotrichalactone A

This indicates that the keto group at C-37 of ascotrichalactone A cannot be recognized by
the internal KR domain in Men2. This suggests that a trans-acting KR is required to reduce the
keto group at C-37 of ascotrichalactone A to complete the menisporopsin A biosynthesis. There
is a large number of trans-acting KRs required for natural product biosynthesis such as in the
biosyntheses of SIA7248 from Streptomyces sp. A7248 [29], jawsamycin from Streptoverticillium
fervens HP-891 [30], antimycin from Streptomyces albus J1074 [31] and neoantimycin from
Streptomyces conglobatus [32]. Interestingly, all of them are found in bacteria and are

biosynthesized by modular type | PKSs or NRPSs.
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In this work, our results show that only reducing and non-reducing PKSs are required for
the biosynthesis of a macrocyclic polylactone. This is not in agreement with our previous
suggestion that an additional NRPS-like enzyme could involve in the formation of multiple
esterification and cyclolactonization. These activities could be catalysed by the TE domain of
Men2, which is similar to E. coli EntF involved in the formation of the cyclotrimerizing lactone,
enterobactin (Figure 19). This type of reaction is also found in macrodiolide biosynthesis, as in
the case of elaiophylin from Streptomyces violaceusniger DSM 4137 [33] and conglobatin from

Streptomyces conglobatus (Figure 20) [34] but not in fungi.
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Figure 19 Proposed mechanism for the cyclolactonization of enterobactin from E. coli catalysed

by NRPS, EntF.
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Figure 20 Proposed mechanism for the macrodiolide formation of conglobatin catalysed by

CongD from S. conglobatus with its biosynthetic gene cluster showing on the top panel.

From our results, we are tempting to propose a scheme for the biosynthesis of
menisporopsins A and B based on macrodiolide formation in congoblatin biosynthesis as shown

in Figure 21.

Summary

In this work, several natural product biosynthetic gene clusters were constructed such as
tenellin-like gene cluster with and without introns and HR-PKS with unknown function. Currently
metabolites produced by these gene clusters are being investigated. For the biosynthesis of
menisporopsin A, our results show that only two polyketide synthases require for the
production of ascotrichalactone A, structural derivative of menisporopsin A. The trans-acting
ketoreductase is proposed to be an additional enzyme for the menisporopsin A biosynthesis.
Our results provide a platform for future study on the mechanism of multiple esterification and
cyclolactonization of menisporopsin A. This will give us more insights into the biosynthesis of

macrocyclic polylactone including structural modification to enhance their biological activities.
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OQutputs

1. A part of results from the heterologous expression of genes involved in menisporopsin A
biosynthesis has been published in Organic and Biomolecular Chemistry as described below.
This work was also presented as oral presentation in PERCH-CIC Congress X: 2018 International

Congress for Innovation in Chemistry at Jomtien Palm Beach Resort Pattaya during 4-7 July 2018.

Bunnak, W., Wonnapinij, P., Sriboonlert, A, Lazarus, CM. Wattana-Amorn, P. (2019)
Heterologous biosynthesis of a fungal macrocyclic polylactone requires only two iterative

polyketide synthases. Org. Biomol. Chem. 17, 374-379.

2. A part of results from tenellin-like gene cluster was presented as a poster at the International
Conference of Agriculture and Natural Resources during 26-28 April 2018 at Hotel Winsor Suites

and Convention, Bangkok, Thailand.
3. Laboratory workshop on fungal natural product molecular genetics

The laboratory workshop on fungal natural product molecular genetics given by Dr.
Lazarus was held at Faculty of Science, Kasetsart University on 9-13 Jan 2017. There are 14
participants attending this workshop from different departments and research institutes such as
Department of Genetics and Department of Biochemistry, Faculty of Science, Kasetsart
University and Chulabhorn Research Institute. Students from my research group were also
participated in this workshop. During the workshop, Dr. Lazarus gave the background on the
system he created for biosynthetic gene cluster reconstruction. This allowed the participants to
understand the principle of approaches used in the workshop. As we are currently using the
same methods to reconstruct our biosynthetic gene clusters so this workshop gave me and my
students an opportunity to discuss with Dr. Lazarus about the problems we experienced in our
work. Suggestions and advice from Dr. Lazarus during the workshop are invaluable and allow us
to solve technical problems we previously had in our work.
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As the workshop we organised is the first practical workshop in Thailand using molecular
biology tools to reconstruct a fungal biosynthetic gene cluster in a fungal heterologous host.
This led to several discussions between Thai researchers and Dr. Lazarus. We also invited a
research team (Professor Chris Willis, Dr. Paul Race and Dr. Andy Bailey) from University of Bristol
who visited Thailand during our workshop to give research talks on natural products. This gave a
chance for Thai natural product researchers not only from Kasetsart University but also from
other research institutes (Chulabhorn Research Institute and National Center for Genetic
Engineering and Biotechnology) to discuss natural product research with a team from University
of Bristol. This could possibly lead to the establishment of new links between researchers in

Thailand and UK.

Figure 22 Activities during laboratory workshop on fungal natural product molecular genetics on

9-13 Jan 2017 at Faculty of Science, Kasetsart University.
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Figure 23 Research talks on natural products during the workshop given by Dr. Colin Lazarus,

Professor Chris Willis, Dr. Paul Race and Dr. Andy Bailey from University of Bristol.
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4. Symposium on Microbial Natural Products: Discovery of Novel Bioactive Compounds and

Biosynthetic Pathways

This symposium was held at the Faculty of Science, Kasetsart University on 27
November 2018. Total participants attending this symposium were 31 people from different
universities and research institutes. This was a joint symposium with JSPS-NRCT programme
between Kitasato University and Kasetsart University. Four invited speakers who are the experts
in the bacterial natural product area are from Kitasato Univeristy and Kasetsart University. Dr.

Colin Lazarus, co-researcher for this project, and | also gave presentations relating to this work.

Figure 24 Activities during symposium on 28 Nov 2018 at Faculty of Science, Kasetsart

University.
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5. Research visit

Two PhD students from my research group supported by this funding visited Dr. Colin
Lazarus’s lab at the School of Biological Sciences, University of Bristol. These research visits
were very useful for students as they learnt several techniques for fungal transformation such
as CRISPR-cas9, biolistic and agrobacterium-mediated fungal transformation techniques. | also
visited Dr. Lazarus’s lab for one month to discuss about current research and also reconstructed

an expression vector to use for activation of metabolite production.

6. A MSc student from my research group who worked in this project has recently graduated.
Her thesis title is “Reconstruction of a predicted gene cluster from Menisporopsis theobromae

BCC 4162 involved in the biosynthesis of 2-pyridone derivatives”.
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Heterologous biosynthesis of a fungal macrocyclic
polylactone requires only two iterative polyketide
synthasesf

Waraporn Bunnak,® Passorn Wonnapinij,b Ajaraporn Sriboonlert,” Colin M. Lazarus®
and Pakorn Wattana-Amorn ([ *2

Menisporopsin A is a bioactive macrocyclic polylactone produced by the fungus Menisporopsis theobro-
mae BCC 4162. A scheme for the biosynthesis of this compound has been proposed, in which reducing
(R) and non-reducing (NR) polyketide synthases (PKSs) would catalyze the formation of each menisporop-
sin A subunit, while an additional non-ribosomal peptide synthetase (NRPS)-like enzyme would be
required to perform multiple esterification and cyclolactonization reactions. Transcriptome analysis of
M. theobromae identified an R-PKS gene, menl, and an NR-PKS gene, men2, which both exhibited
highest expression levels during the menisporopsin A production phase. These were cloned into separate
vectors for heterologous expression in Aspergillus oryzae NSARL. Unexpectedly, coexpression of the two
PKSs alone was sufficient to catalyze the formation of the macrocyclic polylactone, ascotrichalactone A, a
structural derivative of menisporopsin A. The unanticipated esterification and cyclolactonization activities
could reside in the unusual thioesterase domain of the NR-PKS, which is similar to that of the NRPS cata-
lyzing elongation and cyclization of trilactone in enterobactin biosynthesis and that of modular PKSs cata-

rsc.li/obc

Introduction

Different types of polyketide synthases (PKSs) produce the core
structures of an important and diverse class of secondary
metabolites. The macrocyclic polylactone menisporopsin A is a
polyketide natural product isolated from Menisporopsis theobro-
mae BCC 4162," while the linear polyester menisporopsin B is
expected to be an intermediate in menisporopsin A biosyn-
thesis.” Both compounds exhibit a broad spectrum of biologi-
cal properties such as cytotoxic and antimalarial activities."?
Our previous work showed that menisporopsin A is assembled
from 20 units of acetate and that its biosynthesis is likely to be
catalyzed by reducing (R) and non-reducing (NR) PKSs.® The
mechanism for multiple esterifications remained unknown.
Macrocyclic polylactones are also found in several other fungi,
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lyzing macrodiolide formation in elaiophylin and conglobatin biosyntheses.

some being composed of subunits similar to those of menis-
poropsin A.*”” Each subunit can be assembled into a variety of
patterns (Fig. 1). Identification of the enzymes involved in the
biosynthesis of the distinctive structure of menisporopsin A
should lead to a better understanding of how fungi pro-
gramme multiple esterifications and cyclolactonization in the
final step of macrocyclic polylactone biosynthesis.

Results and discussion

Transcriptomic analysis of M. theobromae in the menisporop-
sin A production phase identified two highly-expressed candi-
date PKS transcripts, designated meni (CL2915) and men2
(unigene363) (ESI Files S2f for more detailed information).
The transcriptomic data have been deposited in the NCBI
Sequence Read Archive (SRA) database with accession number
PRJNA494652. The functional domain boundaries of each of
the encoded enzymes were identified by SMART (Fig. S1 and
271),® with the exception of the core domain of men1 which was
identified by sequence alignment with PKSs involved in
resorcylic acid lactone biosynthesis. The predicted domains of
Men2 are consistent with an expected NR-PKS nature, whereas
Men1 contains a complete set of reductive domains i.e. keto-

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Example of macrocyclic polylactones found in fungi. Some contain the same subunits but differ in the number and assembly pattern of each
subunit.

reductase (KR), dehydratase (DH) and enoyl reductase (ER), the type II FAS, FabZ.® However the conserved LPFXW motif
and so could be classified as a highly reducing (HR) PKS. and Arg residue located near the active site are not observed.
However, the structure of menisporopsin A indicates that LPFXW and Arg are believed to interact with the ACP domain
reduction of f-carbonyl intermediates goes no further than and are not conserved in non-functional DH domains of
production of hydroxyl groups, indicating that the DH and ER  modular PKSs (Fig. 2).'° Although this motif is also not
domains of Men1 are inactive. The active site of DH domains highly conserved in functional DH domains of other R-PKSs,
typically contains a His/Asp catalytic dyad whilst ER domains some similarities can be found among them (Fig. S31). The ER
contain a GGVG motif for NADPH binding. In the Men1 DH domain of Men1 is clearly inactive, since the NADPH binding
domain, replacement of His/Asp with His/Glu (Fig. S31) may motif is replaced with AVVS (Fig. 3). Thus, Menl has the
not alone abolish activity since this latter dyad is present in domain structure of an HR-PKS but should function as a (par-
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Fig. 2 Sequence alignment of the predicted ACP interaction site (LPFXW and R) of functional and inactive DH domains of modular PKSs compared
to that of Menl. Rif10 (AEK39124) and Rif5 (AAC01711) from Amycolatopsis mediterranei S699; Ery4 (CAM00064) from Saccharopolyspora erythraea
NRRL 2338; Ave7 (BAA84478) from Streptomyces avermitilis; Nys17 (AAF71767) from Streptomyces noursei ATCC 11455; Amphl7 (AJE44526) and
Amph18 (AJE39059) from Streptomyces nodosus. GenPept accession numbers are given in brackets.
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Fig. 3 Sequence alignment of/around the NADPH-binding motif
(GGVG) found in functional (mFAS and SpnB) and inactive (Men1, TenS,
DmbS and LovB) ER domains. TenS (A0JJU1) and DmbS (ADN43685):
hybrid PKS-NRPSs from Beauveria bassiana; LovB (Q9Y8A5): PKS from
Aspergillus terreus; mFAS (NP_001093400): mammalian FAS from Sus
scrofa; SpnB (AAG23265): PKS extender module 2 from Saccharo-
polyspora spinosa. GenPept accession numbers are given in brackets.

tially-reducing) R-PKS. Menz2, in contrast, has the typical comp-
lement of domains found in most NR-PKSs. This includes the
presence of the ACP as a tandem doublet, which has been
observed in some other fungal NR-PKSs."'™*?

To determine whether Menl and Men2 are involved in
menisporopsin A biosynthesis, the transcript coding regions
were assembled by homologous recombination in yeast,
moved to expression vectors by Gateway transfer and used to
transform Aspergillus oryzae NSAR1 (Fig. S4t1)."* This has
proved to be a successful platform in several natural product
biosynthetic studies including tenellin.'®> Expression of the two
PKSs in transformants was confirmed by fluorescence
microscopy, since Menl was fused to DsRED and Men2 to
eGFP (Fig. 4). Organic extracts of transformants expressing
men1, men2 or both genes were analyzed by HPLC (Fig. 5).
Metabolites (compounds 1-3) produced by transformants were
isolated by HPLC and identified by NMR spectroscopy, HR-MS

..
..
Fig. 4 (A) Differential interference contrast (DIC) and fluorescence
imaging of A. oryzae transformants using wavelengths at (B) 488, (C) 561
and (D) 488 and 561 nm to excite eGFP, DsRed and both eGFP and
DsRed, respectively. Top panels (scale bars = 50 pym): double transfor-

mant with pTYGSmet and pTYGSarg; bottom panels (scale bars = 60 um):
double transformant with pTYmetMen1dsRED and pTYargMen2eGFP.
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Fig. 5 HPLC chromatograms of A. oryzae transformants expressing
Menl (bottom), Men2 (middle) and Menl plus Men2 (top). The domain
organizations of the encoded PKSs are shown above the
chromatograms.

and their optical activities. Compounds 1 and 2 were identified
as the isocoumarin (—)-orthosporin and the dihydroisocou-
marin (—)-6-hydroxymellein, respectively (Fig. 6).

Both compounds are cyclized products of aromatic sub-
units of menisporopsin A and were previously found in the
fungus Ascotricha sp. Zj-M-5.” This fungus also produces a
variety of linear and macrocyclic polyesters including ascotri-
chalactone A, which has the same structure as compound 3.
This compound differs from menisporopsin A only in the pres-
ence of a keto group at C-37 (Fig. 1). This indicates that the KR
domain of Men1 cannot recognize the keto group at C-37, and
suggests that a trans-acting KR must be required to complete
menisporopsin biosynthesis.

Discrete KRs required for natural product biosynthesis are
found in some bacteria, as in the biosyntheses of SIA7248 from
Streptomyces sp. A7248,'° jawsamycin from Streptoverticillium
fervens HP-891,"” antimycin from Streptomyces albus J1074'® and
neoantimycin from Streptomyces conglobatus."® These compounds
are biosynthesized by modular type I PKSs or NRPSs that either
lack a KR domain or have an inactive one. Our results show that
only two PKSs are required for the biosynthesis of a macrocyclic
polylactone, in contrast to our previous suggestion that an
additional NRPS-like enzyme activity would be needed to catalyze
cyclolactonization.® The cyclolactonization activity could reside in
the TE domain of the NR-PKS, which is similar to E. coli EntF
involved in the formation of the cyclotrimerizing lactone, entero-

(-)-orthosporin (1)

(-)-6-hydroxymellein (2)

Fig. 6 Structures of (—)-orthosporin and (—)-6-hydroxymellein.
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bactin.?® This type of reaction is also found in macrodiolide bio-
synthesis, as in the case of elaiophylin from Streptomyces viola-
ceusniger DSM 4137>" and conglobatin from Streptomyces conglo-
batus,”* but not in fungi. Our observations do not exclude the un-
likely possibility of endogenous cyclolactonization activity in the
A. oryzae expression host, but we would rather propose a scheme
for the biosynthesis of menisporopsin A based on macrodiolide
formation in congoblatin biosynthesis (Fig. 7).

First, a reduced diketide intermediate, 3-hydroxybutyryl-
S-ACP is produced by Men1 and transferred to Men2; this is
followed by a second reduced diketide which is further
elongated using 3 units of malonyl-coA to form a reduced pen-
taketide. The cyclization of this intermediate by the PT
domain forms the second subunit, 2,4-dihydroxy-6-(2-hydroxy-
n-propyl)benzoyl-S-ACP. The TE domain then esterifies the sec-
ondary hydroxyl group on the side chain of the second subunit
with the acyl-TE of the first subunit to form the first ester
intermediate. This process occurs iteratively to form a linear
tetraester intermediate. The final subunit is formed by a
similar process, except that an extra malonyl-CoA is required
in an additional elongation step to form a reduced hexaketide
intermediate, and the carbonyl group next to the secondary
hydroxyl group is reduced by a trans-acting ketoreductase.
Again, the PT domain catalyzes cyclization to form the largest
subunit, 2,4-dihydroxy-6-(2,4-dihydroxy-n-pentyl) benzoyl-S-
ACP. Then the linear pentaester intermediate is formed. In
this step, if the intermediate transfer rate is slow, intra-
molecular cyclization involving the secondary hydroxyl group
of the pentaester intermediate may occur to form menisporop-
sin B. Such a reaction has been observed in radicicol biosyn-
thesis, when inactivation of the TE resulted in isocoumarin
production.”® Alternatively, transfer of the pentaester inter-
mediate to the TE domain would allow cyclolactonization to be
catalyzed by the TE to form menisporopsin A.

Conclusions

We identified an HR- and an NR-PKS that are necessary and
sufficient for the biosynthesis of a fungal macrocyclic poly-
lactone. This information provides a platform to study the
mechanism by which an NR-PKS performs multiple esterifica-
tion and cyclolactonization reactions, and may lead to directed
structural modification of this class of metabolites to enhance
their biological activities.

Experimental
Materials and methods

Transcriptome sequencing. M. theobromae BCC 4162 was
first grown in 25 ml potato dextrose broth (PDB) for 7 days and
then 1.25 ml of culture was transferred to 25 mL of menispor-
opsin A production medium** (FMSM, containing 1% w/v fruc-
tose, 2.5% w/v meat extract, 0.0025% w/v KH,PO, and 0.0025%
w/v MgS0,-7H,0). Mycelia for RNA extraction were collected
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both before the culture was transferred and after growing in
FMSM for 4 days in order to compare the expression level of
PKS genes involved in menisporopsin A biosynthesis. Total
RNA was extracted using RNeasy plant mini kit (QIAGEN) and
treated with DNase I, then mRNA was enriched using oligo dT
and fragmented before conversion to cDNA; adapters were sub-
sequently connected to the fragments. After quality control by
Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR
System, the transcriptome library was sequenced on the
Ilumina HiSeq 4000 platform by BGI Tech Solutions (Hong
Kong). Paired-end read data were filtered to remove low quality
and adapter-polluted sequences and de novo assembly of the
clean data was performed using Trinity.>® The assembled tran-
scripts were then annotated with 7 functional databases (NR,
NT, GO, COG, KEGG, Swissprot and Interpro). Blast v2.2.23
(http:/blast.ncbi.nlm.nih.gov/Blast.cgi) was used to compare
the transcripts against NT, NR, COG, KEGG and SwissProt
databases using default parameters. Blast2GO v2.5.0 (https:/
www.blast2go.com) and InterProScan5 v5.11-51.0 (https:/www.
ebi.ac.uk/interpro/interproscan.html) were used for annotating
the transcripts by comparing them against GO and InterPro
databases, respectively. Only the transcripts annotated as poly-
ketide synthases were chosen for analysis (ESI File S27 for tran-
scriptomic result analysis).

Plasmid construction. The 7.8 kb HR-PKS gene, men1, and
the 6.6 kb NR-PKS gene, men2, were amplified as 3 and 2 over-
lapping fragments, respectively, from M. theobromae BCC
4162 genomic DNA. Fragments were joined by homologous
recombination in yeast to reporter genes contained within the
E. coli-yeast shuttle vectors PpEYA2dsRED (men1) and
PEYA2eGFP (men2). The primers used in this work are shown
in Table S1,t and all PCRs were performed using KAPA HiFi
HotStart DNA polymerase (KAPABIOSYSTEMS, USA); the pro-
gramme used for amplification of meni and men2 fragments
was: initial denaturation at 95 °C for 5 min followed by 35
cycles of 98 °C for 20 s, 65 °C for 15 s and 72 °C for 1.5 min,
with a final extension at 72 °C for 5 min. Saccharomyces cerevi-
siae YPH 499 was transformed with vectors linearized upstream
of their reporter genes plus overlapping PCR products using the
TRAFO method,*® and recombinant plasmids were shuttled to
E. coli DH5a. The Gateway® LR recombination reaction
(Invitrogen, USA) was performed to insert the menidsRED and
men2eGFP gene fusions into the amyB expression cassette of
vectors pTYGSmet and pTYGSarg, respectively.

Aspergillus oryzae NSAR1 transformation. The resulting
expression plasmids, pTYmetMenldsRED and pTYarg
Men2eGFP (Fig. S4t), were introduced into A. oryzae NSAR1
by protoplast-mediated transformation.'> Transformants
were selected and subcultured serially on appropriately sup-
plemented Czapek-Dox plates until genetically pure.
Expression of men1dsRED and men2eGFP from the amyB
promoter was induced by culturing in CMP medium (3.5%
Czapek-Dox, 2% maltose and 1% peptone) and monitored
by confocal microscopy.

Transformant analysis. Seven-day-old CMP cultures were
homogenized using a hand blender and the pH adjusted to 3.

This journal is © The Royal Society of Chemistry 2019
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Ethyl acetate (0.5 vol) was added to the blended culture and
stirred for 10 min, after which debris was removed by vacuum
filtration through Whatman No.1 filter paper. The filtrate was
shaken vigorously in a separating funnel and the ethyl acetate
layer was collected. Extraction was repeated twice, and com-
bined extracts were dried with anhydrous Na,SO,. The
organic solvent was then removed by rotary evaporation and
the solid residue dissolved in HPLC grade methanol. HPLC
analysis of metabolites was performed on an Agilent
Technologies 1200 system using a C-18 Kaseisorb LC ODS
2000 column (4.6 mm x 150 mm); elution was with a
CH;CN: H,0 gradient from 5-95% over 12 min and peaks
were detected with UV at 254 nm. For purification, extracts
were fractionated on a semi-preparative C-18 Kaseisorb LC
ODS 2000 column (10.0 mm x 250 mm) to yield 3 isolated
compounds (1-3), the structures of which were determined
by NMR and HRMS.

Sequence alignments. Multiple sequence alignments were per-
formed on BioEdit software®” and rendered using ESPript 3.0.>8

Structure determination of isolated metabolites. All NMR
spectra were recorded and analyzed on an AVANCE III HD 400
spectrometer using acetone-ds as solvent. 1D (*H and "*C) and 2D
NMR (COSY, HSQC and HMBC) data were used for structure
determination of each compound. Their configurations were then
assigned based on previously reported optical rotation value. The
'H and "*C chemical shifts are listed in the ESI File S1.}
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Table S1: Primers used for constructing menl and men2. Underlined nucleotides are regions of overlap

with E. coli-yeast shuttle vectors (pEY A2eGFP and pEY A2dsRED)

gene primer Sequence 5-3'
menl | Fragment I
Menl-1-fwd | TAATGCCAACTTTGTACAAAAAAGCAGGCTATGGGCAGCGTCTACGATAG
Menl-1-rev | AGCTCCGCGACGAGGGATGG
Fragment 2
Menl-2-fwd | TCAATCGCGCCCATCTTACG
Menl-2-rev | ATATCAACACGCGGGACGTG
Fragment 3
Menl-3-fwd | TCCAAGCCCAGAAGAAGTCG
Menl-3-rev | CTTGATGACGTCCTCGGAGGAGGCCATCTGCTTGGTGGTGGCGGCGGTAG
men2 | Fragment I
men2-1-fwd | TAATGCCAACTTTGTACAAAAAAGCAGGCTATGGCGGGCCCCGTTGCAAC
men2-1-rev. | AGGCGCCGAGCACCTGCTCG
Fragment 2
men2-2-fwd | ATGCAGGAACGGTGCGAGTC
men2-2-rev | TGAACAGCTCCTCGCCCTTGCTCACCATGTTGTCCATGGCGTCCTTAAGG

S1




Results

MGSVYDSQSIAIVGLSCRLPGDADNAERFWNLMSEGRSAISSVPADRWNSK GFRDPTGKKRQNTSLTDRAHFVKGDISEFDANFFTISKAEADSM
DPQQRIMLEVAYEAFENAGLSMDSLAKSQTGCWVSSFSQDWKEMHFSDPDAAPKYAMSGMQPELLSNRVSYFFDLQGPSMTIETACSGSLVGLH
VACQSLRAGDCETALVGGANLFLNQNMFLALSNQSFLAPDGLCKAFDASANGYGRGEGFAAVILKPIEK AIRDGDHIRAVIRGTGTNQDGRTKGL
TMPNGHAQESLIRSTY AAAGLDLKDTAYFEAHGTGTQAGDFEELGAISRTVADARQKAGLEDLWVGSAK TNIGHLEAVAGLVGVLKAVLVLEN
R R RO RS EIRRS NS G RCESNARRINNE A DQ Y L.SGRGIIRANGKSHHHHHQHQQQQLNGGNGGSNG
VNGTSEVNGTSGVNGTTTAITNGSTHVNGTAATAATAAAQQIIILNSYDQEGLGRQREALLRY AEKQQQQQQQQGGQGGADPEKLLGDLAFTLN
QKRSRLPWRTFFTASTLPELSRALEAASTFPAIRSGAATPRIAY [ GOGRONAONGNIDB S RO GOSN IS O RGIA
ESNIHISWYSQTLCTVIQVALVQLLESWNVRPRSVVGHSSGEMGAAFAIGALSREDAWTIAY WRGKLSSELTTIAPTQKGAMMAVGASHAQAQA
WVDGLTRGRCVVACVNSPSSVTVSGDESGLDELAAMLKEQGVFARKLKVSTAYHSHHMKAVAEAYLDALKGVRTRTVPAEGGAPQMFTSVSE
SLVDPAELGPAHWVANLISPVLFSNTVRELARPKGPDDEASGSAVDLMVEIGPHAALRGPVTQILQSHGLPALDYYSVLSRGANSY D TALAVVGE
LVCRGVPVDLGAVNRAHLTAEQQLQADRRPSLVAELPPY AWNHAKTY WSESRISRELKYRPAPQLGLIGAPMPNFAPNEHQWRGFLRLADAAWI
RDHKIQSSVIFPAGGFLAMAVEAAAQLAAAAQQEQPDRVVKGYKLRSVDISSAVRVADDSSVECIIQLRLSPGGAAAAEAAETWWDFSISTSPNA
GEALKRNCSGSVAVEFGALAIVDAAQASYASAASACTISQEVDVFYRQLDSVGLGY GPTFQAIKSILHDSRGQGCGVLEITETDSASPKDPDARPH
VVHPTTLESLFQMAYAAFGGRDGRVKRALMVTQIDELLVDATIPFAPGSRLLTSASAARQGFREIKADAFMLEAASESPKMAVKGLVCVEMPSAS
GMGGGGGGGLDADQASYSAMLSKFVWKPALELLSAPEQAKLLEDATRLPEDEAQRLASEATAELHAVKAVLESAQSKKIANLKLRNAAKWISQ
QLQASGIPGKPAENGAREGGSSSGFTAEVEKVLSGLAEADVLLGSKGSADHLVAQLPGMKMSLEKMYKLVNYMAHANPNLTVLEIVPGGAGVD
FSLPLSAKDIPSTIQYTYASPSADNVQQMQERLGGGSGDSALALALAPRFRVLEIEQDLADQGLDPGSFDIVIGCNLLSNAVNVEKTLSQAKSLLTE
GGKMALVELNKPSPAALPVLGILCDWWKRRDDGLRRPFTTDMVNESLAGQGFAIELATPDFTDPALQQSSLVLASCQPASAGKESAAQEVVSILYV
RKDSSEAVNALASQLSQACNGAKTVTWEAGVDFKGQHLISLLEFDTPLLDRLTEEDFGLVKQLITQAASLQWVTAIPEPHASTVMGLARVARFEV
PSLRFQTVTLDPSSVLALDRAATLIIQAQKKSTSQDKEFKEVDSVLHVPRVDIDAPLNEQVTRLLLEEDVEPMPLGSGDAARKLCIRNPGMLNTLCF
EIDSLPSTVLAEDEVEMQVKASGLSPKDVAICLGQVSDTALGFEASGIVTRVGAGVAQFQAGDKICMMARGAHRTVLRSKSALCQRIPEGMSFEQ
AAAVPLAHGAVYHALVNIARARSGQKILVAVSDAVVSEAAVQLAKHLGLEAFVTTESQDRTPLIGTKEDY GISDDHIFYSRDPTY VKEITRLTNGA
GVDCVLSSVSGEALKHATSCLAPFGTFVDLGAKDVRSSAILDKHPEAMFAAINLERISELRPDMAGRIMDGTFALLREGAIKPVKLLAAYPASDLE
TANQADHARSRQDKIVIA Y SADQVVPVLHNPRESLRLPGDKTYLIAGG HEGIGRNIANBINECG AR AR SRS GVISEAGORIVDNETORGAR]
AVYRCNIGDAQSLEQTLARCSAEMPPVKGVIHSAVVFRDAVIHNMTY AQWHELMESKLGGSWNLHALTTSYDLDFFLCIGSFMAIIGGLSQSNYA
Ao AN ROSNIGEPARRIDEGINRG - GA VEEQGA VGHTLEWREPFGVDEDA VFALIKKALLGQMDKDGPGVPPQMINTVPTGGMVRES
GVGQPYYFEDPRFAIMAAIGTRNADGADGQASVALKEQEAGAESPEE A AR S A AN A AR ARINIOVGAEEIDAGK P AN GV DS BV ATE Y VLW
ARKEVAREVFDVMASVPISAFASDIARK GEWGTTAATTKQ

Fig. S1: Amino acid sequence of Menl. Domains were identified using SMART and highlighted as

follows: KS (red), AT (dark green), DH (cyan), ER (bright green), KR (magenta) and ACP (dark grey).
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MAGPVATSDRQQRLIFFGDQTVDALPCIKILTAQAHRLPALRRFLRDAADVIQVLLSSLEFDDHDHYRRFETICELAETYSKQDGTHETIACALWTT
AQFGDLVMRAELNPSILTGGQQSADPTYVVGICGGLLPAAATATARDINELLDIGRKLVAVAFRLGVAQWRRAMDIEGKPGRWAVTIVNVPAKQ
IRTILDAFNEDMEIPKHRQFYISFLAKGWVTVSGPPSLFPELWAYSSTLNAASKMQLPLGTPAHAAHLPPVNVSEIVGTGDVLDLTVRENFFTVSTS

TCQPFQCQDLGSLLQESLRDITGKTLNIAGVNDYVISALDRNTPVRVSSFGPASQIASFKKTLEEAGYQVELDLGDPSLGNPEYPIDADSRDG-

KLVKSVLRNTGVEPEEIGFVEMHGTGTQAGDGVEMETVTTVFGSRPKDNPLY VGAVKANIGHGEAAAGVASVIKAIEVLRHRTIPTQAGFPC PR 1)
PKFNHLDGMNIRIPESVVPFQPAPAPFSSDGKRKVLVNNFDASGGNNCVLLEEAPARDRETTADPRGVYTVAVSARTTNSLKNNISRLLGYLQSHP
DASVADVAYTTTARRMHEDLKKAYTVQTASELVSLLQADLKKDLTAVQYRSPHSVVF NGOG GO RSO Smsa

WQGFPEFLHLIADDQADVKAADPVQLQLAVVVLEMALANLWKSWGVEPGLVVGYSLGEYPALY VAGVLSVHDVIFLVGNRARLMQERCESGS
YAMLATQSSPQDLEQVLGAYPSCAVACKGAPRSTVVSGPTEDITQLHSELKEKNINGTLLNVPY GFHCAQVDPILDDFRDMADGIQFNKPRIPVAS
SLEGTVVTEEGVFSSAYLVRQTREPVNFIGAVKAAESSGRADNTTVWIEIGPKRVLSSLVKSTLSADQGRLLHTIDDKDSNWKTIAAAMTAGY'| |:(i
MSIKWPKFHKLFSKHLTLLELPTY AFDLKDY WIPPAVPVTAAAPVAAPAADPSLPVIPVVPGFPTASLQQVRSEQINGDEAKVTFETVISHPALLAVI
RGHRVGGVDLFPASGFMDMAFSAAKYIHHRTKSGQPVPEISMKHLAITHPLTPSSGQSRQIVIVTASKRSGSSVVDVSFRSRDGSAEQDHGDCKLH
FDKRGSWDAEWAQTAHFINAAKKNVIANGTSPAGTGHRLPKSVVYKLFSSLVEYSGAFRAMEEVY VTDDFQKEAVASVVLPGGSSEFYVNPYW

SDALIHVCGFLLNSSPNLPSQDCFLFNGLEEMRLLSDDLQPGIPYTSY VYLTEPGSSPDSQAPRPKHARGDVY VFQGEKIVGVAKGVVFQRLTRRV

LATVLGGKLPGAAAPVREIAAPAPIRAVAPAPAPVAPRPVEMYRVPGVVGDEK ADARIGRIPARAGANPARITDAT T FABIGEDS DEWIBEYREIRT
S DB P ASFRFEY PRYUNGERRAISEES L. DY QGPASGSVSVSSSATTTHGMTTPSSTSSAQSSQSSQTPDGPGIY ANANVIDINVESOTCEDRADIEPTIR
OBV GED STV GV REQT GUDIPASEFHONP TV ARVRRABGSDSDGDSKPKSAPAPPAPEPVVEVAAPAPAVQAPPAILDGDLASYHCDFF
LMQGSSDSTKTPLFFLPDGTGYPAVLLKLPPIFEGDNALFTCKSPLLNVAEGREVRCTIEGLAAAY AAAIQRARPHGPYLLAGYSLGGAYAFEVAKI
AN O G D NS GRRD RN PPV I GAN BRI CWMOGIONDDIID FNIPPAPPKIKFHALSVFKSLISY YPTPMTPSQRPRNT

YALWAGIGMQDLLGTKNAGFLPAYGIIDWQMGDRHENNGPAGWEEYIGGPVKCATMPCDHLSLLMSHHWIPKSAEVIKGLLKDAMDN

Fig. S2: Amino acid sequence of Men2. Domains were identified using SMART and are highlighted as

follows: SAT (yellow), KS (red), AT (dark green), PT (cyan), ACP (dark grey) and TE (magenta).



1010 1020 1040 1080
Menl ...Le[CTGaPMpNF . APNEHQWR[GF[L|R L AD AR W IR DEIK[T]Q S Gl F[L] AJAAQLAAAAQQEQPDRVVKG YK
Hpm8 . .... LIGAPV[PMM.AESEY T|WRN|F|I[RLADEP W LR GEIT|V|G T AlG IV A.QQLVDTG..... KTVRGFRMR[D V|
Rde5  ..... LIGAER[PSL.DEHERV|WRIGF|INLDDE[P wLRDEIT[V|C S A[AV|T A.QQMAEAG..... KTIRSLT|LR[DI
ResS1 HPTRS|LLCGAS[LPSL.DENERIWRI|GF|I[]NLNDE[R WLIRDEITVIG T AlG MV A.QQLAEPN.....QTPHSFRMR|DV|
Zea2  ..... ITGAPVIPKM. NESQRVWRGF|IRLDDEP WIRGEIT[VICT AlG MV A.QQMVDPG..... KVARAFR|L
LasS1  ..... LLGAP|LP TM. AENEHQWR|S|F|IRLADER WLRGEIT[V|G S Alc I|1 ARQALVDPG..... KTARAIR[L
CurSl  ..... IIGAQVIPMM.DESQHVWRNF[LRLSDEPWIRGEKVIGS AlG LT A.QQLVEPS..... KTARSLR[L
Dhe3  ..... LIGAQV[PMM, DESQHV|WRNFILRLADEP wL{R GEIX|I|G S AlG LIV A.RQLVEPG..... KTARSLRJF
LovB ...HLLLGKL|SEYS.TPLSFQWLNF[VRPRDIEWLDGEIALIQG Alc Y|z ALMIAGTHAK..... QVKLLE[T
LovF ...HD[LIGLQEPLN. LPLARS|WHNV|LRVSDL|P WLRDEIV[V|C S Al Fv ISTLCSSDHE....SDDISYI[L
6-MSAS .. .HT[LLGQR[I[PVP.GTDTYVY|T|T|R[LDND TK|P F P|G SEP[L/HG Alc T[T T GGOML,
ATX ... HT|LLGIQRV[PVA.GETTMV[F|T|TjQMD D QTKP F P|G SEIP[LIH G A[A LIV 1 GATT[L
ChlB1 ...HALLGPRV[PVA.GRPLELWR[I|LILDDETRP Y B|GSKIT|IN G AV L|T AR..AADG......... ARBV[L
CurF .. .HP|LLGER|INLAGIEDQHR[F|QS|Y|I[cAESPCYLINEEOVIF G TG Y|L GKSLFTSQ.........EQVVV
CurH . ..HRLLGNEK[LELA.STGQTI|Y|HQD|I[NLNNH[P W I|GDEIR[V]Y D (s ¥|T N7 VPAANVED T
CurJd .. .HP[LINIQK[F|QSP .LSKEIF[FES|Y[F[STENL[PF LIADEI[V|Y E AlS H|T ASLTEAAT . ¢ vs55:555 ECQIE[p T
Curk .. .HP[LLGEK|LNLARIENQHH[F|QS|Y|LTAESPA Y LIS QFQ[VIF N TG Y|L GEKNLLTTGw wvausaas EQVVV[S[pV
RifDH10 .. .HP|LLGRAVVIQLP.QSDGLV[F|TSR[LISLRSHP WLADEIAVRD T|G LV GDEAGCP.............VLDEL
EryDH4 . .HP[LLLAAVDVP . GHGGAV[ETIGRILISTDE QP wLAEEIVIVIc G sV LV GEDVOLE s 28368885849 VLIEEL
HXXXGX
1090 1100 111 1120 1140 1150 1160
Menl SA[VRVADIDSSVEC I I QIR LS Re.......... AAETWWDFSISTSPNAGEALK[R] VIEFGALAIVDAA[Q
Hpm8 AAMALPEDLATEVIIH|I|RPH[L SITAPGGWWEWIVSSCVGTD.QLRDNARGLVAID|Y INAEDKALVASQJV
Rdc5 AMMTLILEGTPTEVITHVRPH T|T .PATWWEFTVSSCTGVISNVRNNCRGLFSIN[Y IMEMELERFEGDR|
ResS1 AAMSLIPEDTATEVIVHMRPH S|T.PATWWEFSLSSCSGPSAKLRNNCRGLLAVV|Y MLKEEEASVSAR|V
Zea2 AAMALPEDQATEVIIQMKP Q) S|T.PATWWEFTVSSCAGTD.QLRDNCRGLITID[Y IMAHEDSQVVSGR|T
LasS1 AAMALPEDQPTEVIVHMRPH S|T.PASWMEWTVSSCVGTDAQLRDNARGLVAID[Y MAGEDALADAAR|V
Cursl AAMAL|S[EDVP TEVIMHLRPH S|T.PAAWWEFTISSCAGID.NLRDNCRGLITID|Y IMASEDASLEASR|T
Dhe3 AAMALSEDVATEVILHMRPH S|T.PSSWWELTISSCVGTS.QLRDNCRGLITID|Y IMAKENANFENE M|T
LovB KAVIFDDED...SLVE[LNLT AG......... EAGSMTISFKIDSCLSKEGNLS|L LITIEDVNPRTITS[]
LovF QALTILPADG. .EEGID[LRLT s.............GSQDWQRFLVHSITADKND|W VRAEMDQP2SSL|S
6-MSAS VP[VATINRA. ....... PRIsSVQ &, \_ KVVSRLIPSEPSQLDDDASW DR.KVAGSEDR|T
ATX vevaIlsiel........ PRDIQ (o] KICSRLTQKAGSGADE.GSW EAGGSKNAPAQ[L
ChlB1 LEILITTEG: & v 5 5 nas RRELQVIVRDDN|[S|L -« v v v v v v na s RLASRSLEDG....... ABPAGSGEALQD|L
CurF QS[LVIPEIT. .. .EIKTVQTVNV|SFAENN. . . v v v nnn.- SYKFEIFSPSEGENQQTPQW IIYTEPTRNSQAK|T
CurH QPILFLAE|SN. . . TTRE|[T|QLMLIHTADNV|G - + « v v v v v e e e w et KQFVEVEFSRDGAKQEEW .MSVSENPPPPPRT[L
curJd QAILAIP[EQ....GVRTINQVV F....SFQVISFDDSLESQINQVSNNGSHISDW L|SVANAEQSLIP|.
Curk RGLVIPET. .. .DIKTNVQTVI|STLENN|. « o v v v v v v e un. SYKLEIFSTSEGDNQQANQW IFLDSTTNTKAK|T
RifDH10 AP[LVV[PRR....GGVRNV|QVALIGCGPADD|G .+ v v v v v v u. SRTVDVFSLREDAD. .. .SW LIVPENRPRGTAA[F
EryDH4 RP[LVIJAG. .... AGAL|LRMSVGAPDE[SIG. . o v v v v v .. RRTIDVHAAEDVADLADAQW LAQG. ..VAAGPR
*
1170 118Q 1190 1200 1210 1220 123Q 1
Menl BAS 5555 ACTISQEVDVFYJROQLDSVGLGYGP I[F|QA[[JKSILEDSRGQ.GCGV[E[]TETDSASPKDPDARPHV[VEHP T I[LE|S
Hpm8 TS v asss ECPEHYAHDKF[Y|QHMTKASWS|YGE LIF|QG[VENVRPGYGK. . IRVIIDIGETFSKGQLERPF L|TIN[AAT|LD[A
Rdc5 TKK..... ECVEVISKQAF[Y[DTLARSALA[YGPHF|QGVDNCRPGNGQ . WV|IV|SDLGETFNKDKLTRPFL|T B[GG T|LD|S
ResS1 TIR: isss EYPETCSSDAF[Y[DRMSRCALP|YG|SA[F|RGVENCEPGYGK. . VIKVILDIGETFTQGKLERPFF|IEAGTILD|S
Zea2 ITE . vose ECPATYAKDRF[Y[KHMMKAAWR|Y GE T[F|OG[VENCHPGDGK. . WVIK[LIIDIGETF SKGQLDRPF LI BE|GA T|L D|A|
LasS1 VRD: is 55 ECAEVYGKERF[Y[EQFAKAAWN|YGE LIF|QGV[ELCRPGP GK . WIK[LIVDVGETYSRGQLDRPF L|T N|JAA S|L D|A|
Cursl VRE..... ESSYTYSKEDF[Y|[SQFEKIAWN[YGEA[F|RGVEXKVYLGDGQ . WVKILIVDIGETASKGQLDRPF L|T B[AGA|LD|S
Dhc3 VHN.....GCPDICSKEDF|Y[GQFEKITWS|YGEA[F|QGVENVEPGDGE VIRILIVDIGETF SKDQSDRPFL|IE[AGT|LD|S
LovB LPPPEEEHPHMNRVNINAF[Y[HELGLMGYN|Y S|KD[F|[RR|L{HNMQRADLR A|SIGITLDFIPLMDEGNGCP LL|L H|P A S|L. DV
LovF DPR..... PWSRKTAPQELWDSLHRVGIRHGPF[FRN[I|TCIESDGRG. FIA[IADTASAMP . HAYESQHI(VE[P TT|LD|S
6-MSAS KSR..... LVT.KLADNFS|I[DYLDKVGVSAMGCF[PWANVTEEYRNDKE . AIRVIDVNPAISGDAPLPWD S S|SWAR V|LD|A
ATX KAR..... LANNKLADNFS[I[DYLDKVGVSAMGFPWAV/TEEHYGTLQE . ARV[DVAPDVPATSPLPWDAA|SWAP I|LD|A
ChlB1 LRP..... ADPGDVQR...|.|. HLTSVGVP|[TMGFEWT|IEELARSEGM. .LARRWVSVE. ... ... RPQRAQE|TWAP LLD[A
CurF QA:::sds ECSQAIEIEEH[Y[REYRSKGID|YG|SS[FIQGIIKQLWKGQGK. GIEMAFPEEL...TAQLADYQ[LEPAL|LDA
CurH ALCwcsws EQLRPLDTDTLINEIYASISLV[YGPMLIQAV[RQAWIGEET . LE[I[EVPKAL...AFQLAGEP|I B[P VL|I DA
CurJd IQA..... RCSQKIDSAEI|Y|QHLWDRQIH[LGQS[FIRW[IEQVWLGEGE . CIOMKVPKTILN....TTKYQ[LHP TLVD|S
Curk QR s ass ECSQVIDIQQHI|QQFKSRGID|YGNS[FIQG[IKQLWKGQGK . GIK[IALPEEI...AGQATDYQLEPAL|LDIA
RifDH10 PP......PEAKPVDLTGA[Y[DVLADVGYG[YGP I[F|RAVRAVWRRGSGNTTETFRE[IALPEDA. . .RAEAGRFG[IEPALLD/A
EryDH4 PP...... EDAVRIPLDDHY[DGLAEQGYE[YGP S[FIQAILRAAWRKDDS . . . . VYR[E[V|S TAAD EEG . YA[FHP VL[L DA
GYXYGPXF DX
1250 i 1270 1280 1290 1300 1310
Menl YAAFGG....RDGRVKRAIL Mo ELMDATIPFAPGSRIJLTSASA. ... .. ARQGFRE MLEAASES..PKMA
Hpm8 LGSTYN...NGAFEFDKPF I[CE[LE/I|SVNIPGDGDYL ..ERYGFNE FDKDLKN..VFLS
Rdc5 VGSTKDSNGPGSFGFEKPL I[GE[LE|I|SLDFPGEVGYS . .KKHGFSE FDRNVSK..LLLS
ResS1 LGTTRSKDGNGDFGLPKTL I[GE[LE[I|AASLPARPGYV . .RQHSFSE FDEDLSR..VLLS
Zea2 LGSTYK...NGTFEFDKEF IICEME|I|SFNVPSEAGYMMPGLCRS . . . . . . HRSGFNE FDKDLSR..VILS
LasS1 LGATYKG..NGVFEYDKPH IlGE[LE|/SADIPGDAS YV ....ERYGFNE FDKDVSK..VFLS
Cursl LGSTYR...NGRFDMDKPV IlcgME[I|[SLDIPGDAGYV . .KRHGFKE FDSAVSK..VNLS
Dhe3 LGSTYK...NGRFETSKPV IICEME|I[SLDIPGDVGYVMPGLCES . . .. .. KRHGFKE FDTGLSK..VILS
LovB IGAYSS...PGDRRLRCLY VD R|I|T|L/VPSLCLATAES .TINTYDKGDY FDAEQTT...LFQ
LovF YTTLPF....AGSRIKSAM V|G CMK|T|SSRLADLEARD . .MHSQSPSA FDEADPVGGPVME
6-MSAS STIFP....TPALR..MPA V[E VIF|T|S|QDPPKISWL YV, ..PTSHVSV LAKFTAM. .RFSE
ATX STLFFD...QPRLR..MPA VQ VIY|T|T|QPPLKVGYLYV . .LAVHVSYV LARFESM..RFSE
Ch1B1 PTAIPG...PPALR..MVA IVTEG|.APPAGPATIQV ..NTVDVRI VAWVRGL..RYDG
CurF SY.AIP...HTET..DKIY VEK[FKILYRQTISQVWAIRAEIRQTN . . .. .. LTANIFL LVELEGL. .RVKYV
CurH PDLFDFS..... SDSGVFW, VK EMT|L/SEPTPSRFYAY[VEEPSRVNEQLQTRSYDIQL FGRINGF..TVKR
curJd IALVLD....QSGNKNETF IDX[F|TIF[YNSSDNDLLWC[Y|TCGSKDKQSGEKFKADIQL [VAQVIGF . .EGRK
Curk GH.AIG...NTETD.DKAY IPK[LKIQYRQTITQVWAIVEIPENT . . . . . . LKGSIKL LAEIEGL..RVTA
RifDHI10 MVSAAA...DTESYGDEVR LIRILIEAAGASVLRVR[VAKPERD . . .. .. SLS.LEA VVTLDSL..VGRP
EryDH4 SLGALG...EPGGG....K VITIL/[EASCGATSVRVVATPAGAD. . .. .. AMA . LRV VATVDSL..VVRS
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Fig. S3. Multiple sequence alignment of DH domains from several reducing PKSs Similar conserved
residues are colored in red. The catalytic dyads are marked by stars and the underlined residues are
common motifs found in DH domains. Highly reducing PKSs: Hpm8 from Hypomyces subiculosus
(B3FWT3), Rdc5 from Pochonia chlamydosporia (B3FWUO0), ResS1 from Sarocladium zeae
(AHV78252), Zea2 from Gibberella zeae PH-1 (AOA098D8AO), LasS1 from Lasiodiplodia theobromae
(AHV78245), CurS1 from Aspergillus terreus (L7X8J4), Dhc3 from Alternaria cinerariae
(AOAONTDA4P6), LovB from Aspergillus terreus (Q9Y8AS), LovF from Aspergillus terreus (Q9Y7DS);
partially reducing PKSs: 6-MSAS from Penicillium griseofulvum (P22367), ATX from Aspergillus
terreus NIH2624 (Q0CJ59), ChlB1 from Streptomyces antibioticus (AAZ77673); modular PKSs: CurF
(AAT70101), CurH (AAT70103), Cur] (AAT70105), CurK (AAT70106) from Lyngbya majuscula
RifDH10 from Amycolatopsis mediterranei (AEK39124), EryDH4 from Saccharopolyspora erythraea

NRRL 2338 (CAMO00064). GenPept accession numbers are given in brackets.
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Fig. S4: Plasmid maps of pTYmetMenldsRED and pTYargMen2eGFP generated using SnapGene

software (from GSL Biotech; available at snapgene.com)

S6



The 'H and '3C chemical shifts of compounds (1) — (3) are listed below.

(-)-orthosporin (1)

'H NMR (400 MHz, CD;COCDs): & 11.16 (s, 1H), 6.43 (s, 1H), 6.41 (d, J= 2.2 Hz, 1H), 6.37 (d, J =
2.2 Hz, 1H), 4.16 (m, 1H), 2.59 (m, 2H), 1.23 (d, J = 6.2 Hz, 3H).

13C NMR (100 MHz, CD;COCD3): § 167.2, 166.5, 164.6, 156.6, 141.0, 106.5, 103.4, 102.3, 100.0,
65.6, 4.0, 23.7.

ESITOFMS m/z caled for C1,H;,0sNa [M+Na]* = 259.0577, found = 259.0595

Both 'H and 13C NMR data and optical activity are in agreement with those reported in the literatures.!?

HO
(-)-6-hydroxymellein (2)

'H NMR (400 MHz, CD;COCD5): & 11.28 (s, 1H), 6.29 (br, 1H), 6.26 (d, J= 1.9 Hz, 1H), 4.69 (m, 1H),
2.81-2.97 (m, 2H), 1.45 (d, J = 6.3 Hz, 3H).
13C NMR (100 MHz, CD;COCD3): § 170.8, 165.5, 165.4, 143.3, 107.6, 102.0, 101.7, 76.4, 35.1, 20.9.

ESITOFMS m/z calcd for C;oH;0O4Na [M+Na]" =217.0471, found = 217.0471

Both 'H and 13C NMR Data and optical activity are in agreement with those reported in the literature.’
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Compound (3) was identified as ascotrichalactone A and NMR data in acetone-dg are shown in the
Table S2 and Figure S1 and S2. This was also confirmed when NMR data of compound (3) were
collected in DMSO-d; and data are in accordance with those reported in the literature.?

ESITOFMS m/z calcd for C4oH44017Na [M+Na]" = 819.2476, found = 819.2472
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Table S2: NMR data for compound (3), ascotrichalactone A, in acetone-dj:

du (ppm)

2.4-dihydroxy-6-(2-hydroxy-n-propyl)benzoic acid

6.28 (d, J=2.4 Hz, 1H), 6.24 (d, J=2.7 Hz, 1H)
6.36 (d, J=2.4 Hz, 1H), 6.33 (d, J= 2.4 Hz, 1H)

3.58 (dd, J = 6.9, 3.3 Hz, 1H-8a), 2.93 (dd, J = 6.8, 12.3 Hz, 1H-8b)
3.55 (dd, J = 7.6, 4.7 Hz, 1H-22a), 2.96 (dd, J = 13.6, 7.2 Hz, 1H-22b)
5.15-5.24 (m, 2H)

1.21 (d,J= 6.2 Hz, 3H), 1.22 (d, J = 6.2 Hz, 3H)

2.94 (dd, J=15.8, 7.0 Hz, 1H-12a), 2.82 (dd, J = 15.8, 6.3 Hz, 1H-12b)
2.76 (br d, J= 6.3 Hz, 2H)

5.56 (m, 1H), 5.45 (m, 1H)

1.43 (d, J = 6.3 Hz, 3H), 1.34 (d, J = 6.4 Hz, 3H)

2.4-dihydroxy-6-(4-hydroxy-2-oxo0-n-pentyl)benzoic acid

Position dc (ppm)
1,15 171.4,171.3
2,16 106.3, 106.2
3,17 166.0, 165.9
4,18 102.8, 102.7
5,19 163.2, 163.3
6,20 113.1,112.4
7,21 143.3, 143.6
8,22 42.0,41.7
9,23 72.8,72.7
10, 24 19.9, 20.1
3- hydroxybutyric acid
11,25 170.4,170.4
12, 26 41.4,41.0
13,27 70.1,70.1
14,28 20.2,19.8
29 171.1

30 105.9

31 166.4

32 102.9

33 163.5

34 113.9

35 140.5

36 51.5

37 204.7

38 48.1

39 69.9

40 20.7

OH

6.29 (d, J = 2.4 Hz, 1H)

6.24 (d, J=2.8 Hz, 1H)

4.25(d,J=17.8 Hz, 1H-36a), 3.94 (d, J = 17.8, 1H-36b)

3.29 (dd, J=17.3, 5.2 Hz, 1H-38a), 3.03 (dd, J = 17.3, 7.8 Hz, 1H-38b)
5.58-5.65 (m, 1H)

1.47 (d, J = 6.2 Hz, 3H)

11.49 (br), 11.41 (br), 11.29 (br), 9.29 (br)
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Fig. S5: 'TH-NMR spectrum of compound (1), (-)-orthosporin, in acetone-ds
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Fig. S6: 'TH-NMR spectrum of compound (2), (-)-6-hydroxymellein, in acetone-dg
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Fig. S7: 'TH-NMR spectrum with water suppression of compound (2), (-)-6-hydroxymellein, in acetone-ds
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Fig. S8: 'H-NMR spectrum of compound (3), ascotrichalactone A, in acetone-dj
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Fig. S9: 'TH-NMR spectrum with water suppression of compound (3), ascotrichalactone A, in acetone-dg
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