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Chapter 1. Introduction

1-1. Fungal secondary metabolites

Fungi grown in different environments produce various secondary metabolites (SM) during their
life time. Most of these fungal SMs exhibit bioactivities. The most well-known example is penicillin
isolated from Penicillium species as the antibiotic!. Besides penicillin, there are many other
important compounds isolated from fungi with beneficial bioactivities toward humans (Figure 1-1).
Lovastatin isolated from Aspergillus terreus was used as inhibitor of cholesterol biosynthesis?.
Aphidicolin was isolated from the fungus Cephalosporum aphidicola as a tetracyclic diterpene
antibiotic, it is a specific inhibitor of nuclear DNA replication in eukaryotes®. Pleuromutilin, also a
diterpenoid antibiotics, was isolated from Pleurotus mutilus. It interacted with the ribosomal
peptidyl transferase center to inhibit protein synthesis in bacteria®.

On the other hand, some fungal metabolites can also be detrimental to human life. Mycotoxins are
defined as secondary metabolites produced by fungi that are capable of causing disease and death
in humans and other animals®. A famous example is aflatoxins, which is produced in several fungal
strains such as Aspergillus flavus and Aspergillus parasiticus. It was implicated in the death of more
than 100 thousand turkeys that was fed on fungus contaminated foodstuffs®.

Studies on biosynthesis of these fungal secondary metabolites may not only help to produce the

useful compounds but also to have a deeper knowledge of harmful toxics to avoid their adverse

effects.
OH
HH/OH
H
R
Y I '*
0 N / Ho‘\ d
[¢] - S
CO,H \
OH
penicillin G lovastatin aphiQicoIin
antibiotic cholesterol biosynthesis inhibitor antiviral agent

pleuromutillin Aflatoxin B1
bacterial protein synthesis inhibitor cancer-causing toxin

Figure 1-1 Fungal secondary metabolites



1-2. Gene cluster for fungal secondary metabolites.

Although natural products have great structure variety, they actually are biosynthesized in a few
general pathways. The key enzymes in each common pathway for skeleton construction include
non-ribosomal peptide synthetases (NRPS), polyketide synthase (PKS), terpene synthases (TS) and
so on. To further modify the core structure and regulate the production, there are also tailoring
enzymes in the later stage of biosynthetic pathway, such as oxidases, prenyltransferases,
transcription regulators and transporters. A biosynthetic gene cluster (BGC) can be defined as a
physically clustered group of two or more genes in a particular genome that together encode a
biosynthetic pathway for the production of a specialized metabolite (including its chemical
variants)’. Many gene clusters have been characterized such as the case of fumigaclavines in
Aspergillus fumigatus® (Figure 1-2). On the other hand, large numbers of isolated natural compounds
have no information of their BGCs, and many functionally unknown BGCs speculated by

bioinformatics are waiting to be characterized®!°.

Aspergillus fumigatus
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Figure 1-2. Example of biosynthetic gene cluster of fumigaclavines in Aspergillus fumigatus

fumigaclavine C

Traditionally, the biosynthetic gene clusters were identified through sequencing of cosmid plasmids.
After elucidating the location of the core enzymes such as NRPS and PKS. The problem was that it

was difficult to sequence and find the complete composition of a BGC longer than 20 Kbps. With

4



the development of whole genome sequencing technology, over 800 fungal genome sequences are
publicly available''. It becomes easy to access genomic data and get the full pictures of BGCs.
Furthermore, using BLAST (Basic Local Alignment Search Tool) to search the homologues of
studied enzymes, researchers may find many more unknown enzymes possibly catalyzing novel
reactions. Together with other programs such as pfam'?, 2ndFind"3, antiSMASH'4, the process of
enzyme motif analysis, functional prediction and BCG identification from the huge body of genome

sequence information has been greatly facilitated.

1-3. Approaches to characterize the functions of the biosynthetic enzymes.

There are several approaches to characterize the functions of biosynthetic enzymes!> !9, three
examples are listed here: 1) gene disruption. 2) manipulating pathway-specific transcription factors
3) heterologous expression. Specifically:

(1) Gene disruption is one of the common way to investigate the function of gene(s) of interests.
The traditional method is through homologous recombination, in which more than 1 kb homologous
sequence flanking the target gene is required in the case of filamentous fungi'®. Recently, some new
techniques such as RNA interference (RNAi)!'7 and Clustered Regularly Interspaced Palindromic
Repeats (CRISPR)'® are greatly expanding the application of gene disruption. However, the methods
mentioned above should go through trial and error in each fungus host, and may suffer setbacks if
the production yield is too low to observe any changes.

2) For some silent biosynthetic gene clusters, manipulating transcription factors allows activation
of a specific BGC'. The production of secondary metabolites in the fungal host is always directly
associated with the expression level of corresponding BGCs. The coordinated transcriptions of
biosynthetic genes are sometimes controlled by transcription factors. These can be BGC-specific
regulators or global regulators that control a wide range of genes beyond the BGC to respond to
environmental cues, such as carbon and nitrogen source, temperatures and PH'®. Overexpression or
deletion of BGC-specific regulators may stimulate the expression of whole BGC and produce a
corresponding natural products'>. The pioneering work was reported by Sebastian Bergmann et al
who successful induced a silent metabolic pathway in Aspergillus nidulans and led to the discovery

of novel PKS-NRPS hybrid metabolites aspyridones A and B by overexpressing the BGC



transcription factor?’.

3) Heterologous expression is to express some or all of the genes on the BGC in a heterologous host
such as E. coli, yeast and so on'3. Once a host strain for heterologous expression is established,
target compounds are expected to be biosynthesized in the transformants harboring biosynthetic
genes under mandatory expression. Heterologous expression system has gained great attentions in
the fungal biosynthetic studies due to its big successes over the recent years. Details will be

discussed in 1-4.

1-4. Heterologous expression of biosynthetic genes in filamentous fungi.

Heterologous expression requires a suitable heterologous host which can be cultured in standard
culture conditions and gives a limited natural metabolic profile'>. E. coli and yeast, for example,
have been long been established as heterologous expression hosts for BGCs from bacteria and
eukaryotes?!?2, Besides them, new hosts have been developed, including the filamentous fungi for
more appropriate expression for fungal genes. In 1996, Fujii group introduced a function-unknown
polyketide synthase (PKS) gene named atX from Aspergillus terreus into Aspergillus nidulans’
genome. The transformant produced significant amount of 6-methylsalicylic acid, demonstrating
that the atX gene encodes a 6-methylsalicylic acid synthase (MSAS)?3. This is the first example the
filamentous fungal biosynthetic gene was transferred into a different species and the corresponding
product was produced. In 1999, following the same strategy, Hutchinson group introduced lovastatin
synthase gene lovB and enoyl reductase gene lovC into 4. nidulans. The transformant produced
dihydromonacolin L and the iterative PKS/tranER system in the biosynthesis of lovastatin was
characterized in vivo®.

Following these pioneering works, more and more successful examples of heterologous expression
in A. nidulans and A. oryzae have been reported®>2°. One thing to be noted is that, in these examples,
the biosynthetic genes from original fungal host genomes were inserted into A. nidulans and A.
oryzae without considering exon or intron issues. On the contrary, for E. coli and yeast, the
introduced genes from filamentous fungi should contain no introns. Usually we obtain such intron-
less fungal genes by cloning from ¢cDNA of original host*?. Thus, compared to E. coli and yeast,
heterologous expression of biosynthetic genes in filamentous fungi such as A. nidulans and A.

oryzae is preferred for the genome mining of fungal secondary metabolites.



1-5. Aspergillus oryzae heterologous expression system

Dr. Eiji Ichishima of Tohoku University called the A. oryzae (koji fungus) a "national fungus" in the
journal of the Brewing Society of Japan, because of its importance for production of sake, miso, soy
sauce, and a range of other traditional Japanese foods. His proposal was approved at the society's
annual meeting in 200627, The most representative enzyme produced by A. oryzae is amylase, the
yield of which can be as high as gram level in 1 L culturing scale. This high amylase production
ability was attributed to the strong promoter PamyB in the upstream of amylase gene. Maltose and
starch were found to activate PamyB and glucose to inhibit it>®. This strong promoter was thus used
in various plasmids to activate the downstream target genes after the plasmids was introduced into

A. oryzae.

To introduce the PamyB and target gene into 4. oryzae, plasmids with various markers and their
applicable A. oryzae strains were developed (Figure 1-3). The pTAex3 plasmid was the early

example for A. oryzae transformation®’. Carrying the arginine biosynthetic gene argB as the marker,
the plasmid was introduced into 4. oryzae argB deletion mutant ( 4 argB) for screening the plasmid

integrated strains.

AM/CS ‘
amylase promoter (PamyB)
pTAex3 mmm amylase terminator (TamyB)
rgB
|:|'> marker
MCS
MCS | MCS | MCS |

pUARA2 pAdeA2
ArgB adeA
MCS II MCS Il CS i

Figure 1-3. Expression vectors for heterologous expression in A. oryzae.



Another plasmid pPTRI carrying the pyrithiamine resistant marker (p#r4) was later developed,
making the spontaneous expression of multiple biosynthetic genes possible. Ebizuka group
reconstituted the biosynthetic pathway of a fungal meroterpenoid pyripyropene A in 4. oryzae
involving 5 genes®’. Cox group also used the same strategy to firstly reconstitute the fungal
biosynthetic multigene cluster (containing 4 genes) in 4. oryzae and achieved the total biosynthesis

of tenellin®'. To enable multiple plasmids introduction, 4. oryzae NSARI strain with 4 nutrition
deficiency (dargB, sC, adeA’, niaD) was developed by Kitamoto group. Together with ptrd, 5

plasmids with different marker genes can be introduced to NSARI1 strain®2. To make it further, our
collaborator Gomi group modified the plasmids to contain 2 multiple cutting sites (e.g. pPUARAZ2,
pUSA2, pAdeA2), enabling us to introduce multiple genes into NSARI strain. On the other hand,
our group has used two pUARA2 plasmids to introduce 4 genes into 4. oryzae in a single

transformation (Scheme 1-1)33.

A. oryzae NSAR1 genomic DNA

A. oryzae NSAR1 genomic DNA

NN LD

gene 1 gene 3 gene 1 gene 3
. A b ehe 4
T;insformatlgztg 2 gene 4 Transformation 2 ’
;)h genes WIt of 4 genes with
e same vector \ different vectors \ /
the same marker different markers

Transformant genomic DNA

™~

QOO QOO

gene 1 gene 2

OO \ AP ADI LI

gene 3 gene 4

Scheme 1-1. Introduction of multiple genes into A. oryzae

Flexible uses of these plasmids greatly increased the capacity of A. oryzae to express heterologous
genes, and more and more successful examples of their application has proven that 4. oryzae has

been a powerful and reliable system for the biosynthetic study of natural products. These include
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the reconstitution of biosynthesis of fungal natural products: aphidicolin (Scheme 1-2 A), betaenone

B (Scheme 1-2 B), didymellamide B (Scheme 1-2 C) and penitrem A (Scheme 1-2 D)**.

®) )\/\OPP

GGDP
IbP synthease OPP  cyclase monooxygenase
[ - - - -
PbP450-1
PbGGS PbACS J
H - S
</K/>\OPP PbP450-2 HO
3
FDP aphidicolin
1 Acetyl-CoA
(B) 7 Malonyl-CoA ~ Bet1/3 Bet2/4
5 S-adenosyl! _—
methionine
oHl H ~ OH
o
betaenone B
(C) AsolSC
PKS-NRPS
malonyl-CoA AsolA
+C1-unit from L-Met
+L-Tyr
OPO,2%
(D) HO,
“ 6 genes
OH .
N\ +FPP
N
H
6 genes 5 genes
B —— —_—

penitrem A

Scheme 1-2. Reconstitution of biosynthesis of fungal natural products; (A) aphidicolin (B) betaenone B (C)
didymellamide B (D) penitrem A
Among them, 17 genes on the BGC of penitrem A has been introduced into A. oryzae. This is up to
now the largest record of gene numbers heterologously expressed in A. oryzae. Considering most

fungal BGCs contains less than 17 genes, A. oryzae heterologous expression system has shown its
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great potential to study the biosynthetic pathway of almost all fungal secondary metabolites.

Holding such a powerful heterologous expression host, my work started with genome mining of
bifunctional terpene synthases using A. oryzae as a screening system of functional terpene synthases.
On my second and third topic, 4. oryzae was firstly used to heterologously produce fungal RiPPs,

a relatively new family of natural products with more and more attentions focusing on them?.
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Chapter 2. Genome mining for sesterterpenes using A. oryzae heterologous
expression system

2-1. Bifunctional terpene synthases

Terpenes are biosynthetically derived from isoprene units (C5). According to the number of the
isoprene units, the final products can be classified into monoterpene (C10), sesquiterpene (C15),
diterpene (C20), sesterterpene (C25), triterpene (C30), tetraterpene (C40) and so on. Scheme 2-1
gave an outline of biosynthetic pathway to afford artemisinin’” and taxol®, two famous clinic drugs

to treat malaria and cancers respectively.

/)\A
OPP 2. IPP X S
OPP

_ =

1. DMAPP
prenyltransferases 3. GPP
2 2
— S N N N
— X X N~"0opp oPP
prenyltransferases 4. FPP prenyltransferases 5. GGPP
- OPP- - OPP-
cyclization cyclization

. diterpene
sesquiterpene
taxa-4(5), 11(12)-
amorpha-4,11-diene diene

tailoring enzymes

tailoring enzymes

artemisinin taxol

Scheme 2-1. Overall biosynthetic scheme of terpenoids. C5 isoprene unit is shown in bold.

Dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) are the common
precursors of basically all the terpene biosynthesis. They are biosynthesized through two pathways:
mevalonate pathway (MVA) pathway and 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway

(Scheme 2-2).
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(A)

Acetoacetyl- HMG-CoA
0 CoA thiolase i i synthase HO,’CHSO
HsC” “SCoA CoAS (H3 CHj H,C~ >C” “SCoA
2 1 2
acetyl-CoA 0 COOH
y o] HSCoA | HSCoA
H3C® "SCoA
H3C SCoA H,0
4
. CHj IPP CHg
5 1 isomerase ~
g HZC)?,\S?OPP HaC ﬁ/\OPP
2

isopentenyl PP

dimethylallyl PP

(IPP) (DMAPP)
(B)
]
H3CJ\COOH
pyruvic acid DXP synthase OH (l-:12 IspC H3C OH CH:2
- op — “oP
oH i CO, CH; OH OH OH
0]
H,C
OP H \
IPP
D-glyceraldehyde 3-P CH3 isomerase
)\/C2 CHs Ha
“OPP o
OPP

dimethylallyl PP
(DMAPP)

isopentenyl PP
(IPP)

Scheme 2-2. Biosynthesis of IPP and DMAPP through A) Mevalonate pathway. The acetate unit is shown in bold line.

B) MEP pathway
Most bacteria utilize the MEP pathway of isoprenoid biosynthesis whereas all eukaryotes, archaea,
and some bacterial utilize the mevalonate pathway®°. In MVA pathway (Scheme 2-2 A), IPP and
DMAPP are assembled by acetyl-CoA, with their methyl groups incorporated into C3, C4 and C5
of the products. On the other hand, MEP pathway uses the staring material of pyruvic acid and D-
glyceraldehyde 3-P, with their methyl groups assembled into C1 and C4 of IPP/DMAPP. Based on
this difference, the feeding experiments using '3C labeled staring material (1-'*C acetate, for
example) is a reliable method to determine whether the MVA or MEP pathway supplies isoprene

units*0.

The chain length of naturally occurring linear isoprenoids ranges from C10 (GPP) to C- 100000
(natural rubber). This diversity is attributed to the prenyltransferase (PT) which mediates the
sequential condensation of IPP and allylic diphosphates. According to the chain length and the
stereochemistry of the chain elongation products, the prenyltransferases can be classified as shown

in Figure 2-1. The trans- or (E)-prenyltransferases condenses IPP with (E)-configuration, and cis-
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or (Z)-prenyltransferases condenses with (Z)-configuration.

Short-chain (E)-PT

)\/\ x x
A OPP—> W

PT: prenyltransferase

MedlumW /L/\/L/\/W

Long -chain (E)-P
X A A A oPP
5-7
OPP Short-chai
Medium-chain (Z)-PT
OPP
7-8

Figure 2-1. Prenyl chain elongation reactions catalyzed by prenyltransferases

As the precursor of diterpenes, GGPP is synthesized by the prenyltransferase denoted GGPP

synthase. The mechanism involves the dephosphorylation of FPP, nucleophilic attack from IPP,

and stereospecific deprotonation (Scheme 2-3). GGPP synthases across bacterial, eukaryotes and

human conserve the DDxxD motif in their primary amino acid sequences*'. GFPP further

condenses an IPP unit to give geranylfarnesyl diphosphate (GFPP) in an analogous manner.

FPP

|

3 3 ‘~®/

oPP

VR
H,C OPP
HrR Hs

electrophilic addition
giving tertiary cation

W%@

stereospecific
loss of proton

OPP GGPP
E1: GGPP synthase
E2: GFPP synthase
s
\ X~"opp  GFPP

Scheme 2-3 Reaction mechanism of GGPP and GFPP synthases. Acetate unit is shown in bold line.

Diterpene cyclases catalyzed the stereospecific cyclization of linear GGPP to afford an amazing
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diversity of cyclized diterpenes. MacMillan and Beale*? described the classification of diterpene
cyclases: Class I cyclization is initiated by the ionization of the diphosphate of GGPP, and Class II
cyclization is initiated by the protonation of 14, 15-double bond of GGPP.

Both classes required the aspartate/glutamate rich motif in their active sites. Class I cyclases retain
the DDxxD motif which coordinate with Mg?* to stabilize the GGPP derived carbocation. Among
them, casbene synthase catalyzes the dephosphorylation-initiated cyclization to afford casbene
(Figure 2-2 A). Class 1l cyclase retains DxDD motif and utilized one of the aspartate as the acid
for protonation of GGPP double bond. As an example of this class, ent-copalyl diphosphate
synthases containing DxDD motif catalyzed the protonation of GGPP to afford ent-CPP (Figure 2-
2 B). Notably, pbACS catalyzing the formation of aphidicolin-16-ol possesses both DxDD and
DDxxD motifs and promoted a two-step converstion: 1) class II cyclization to afford syn-CPP and

2) class I cyclization to give aphidicolin-164-ol(Figure 2-2 C).

DDxxD

(A)
Casbene synthase
(Class | cyclase)

— —_—
casbene
DxDD
ent-copalyl diphosphate synthases v
|
(B) (Class Il cyclase)
l OPP : \
|;—\\\ g z @
—_— “H OPP ——
H* \/\'/ T
S\H
ent-CPP
(C) DxDD DExXxE
PbACS v V

(Class I/ll cyclase)

syn-CPP
aphidicolan-16 g-ol

Figure 2-2. Representative diterpene cyclases and their reaction mechanism: A) Class | cyclase: ent-copalyl

diphosphate synthase. B) Class Il cyclase casbene synthase; C) Class I/ll cyclase; PbACS. The triangles indicate the

D(E) rich motifs.
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Of various diterpene cyclases, an unusual diterpene cyclase named PaFS was firstly reported as a
bifunctional diterpene synthase*. It contains both the prenyltransferase (PT) domain at C terminal
and cyclase domain at N terminal (Figure 2-3). The PT domain of PaFS contains the DDxxD
domain as observed in other prenyltransferases, and the cyclase domain possesses a DDxxD

domain indicating it to be a class I cyclase.

DDxxD DDxxD
\/ \/
Y

Diterpene cyclase Prenyltransferase
domain domain

Figure 2-3. Primary structure of PaFS. Pink region: cyclases domain; Blue region: PT domain. The triangles indicate

the D(E) rich motifs.

PaFS catalyzed the formation of fusicoccadiene which possesses a unique 5-8-5 tricyclic system
(Scheme 2-4). It was hypothesized that the homologues of PaFS can also produce structurally
unique diterpenes. Based on this prediction, Oikawa group used A. oryzae as an
expression/screening system for genome mining of PaFS-like bifunctional terpene synthases and
identified the first sesterterpene synthase named AcOS*. AcOS firstly synthesized the linear C25
unit GFPP through which a unique 5-8-5 tricyclic ring compound ophiobolin was produced
(Scheme 2-4). This successful example showed genome mining of terpene synthases can be a

promising strategy to discover novel terpene synthases and di/sesterterpenes.

PaFS
H “~ PaFS
oPP —
or AcOS
AcOS
FPP GGPP or GFPP - =
1,5-H-shift

oH ophiobolin

Scheme 2-4. Cyclization mechanisms of bifunctional terpene synthase PaFS and AcOS
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2-2. Heterologous expression of various bifunctional terpene synthases using A. oryzae

host.

2-2-1. Selection of bifunctional terpene synthases using phylogenetic analysis.
The N terminal cyclase domain of AcOS was used as a query sequence and 15 bifunctional terpene
synthases were identified from five deposited fungal genomes (Aspergillus nidulans, Aspergilus
[flavus, Aspergillus oryzae, Neosartorya fisheri, Aspergillus clavatus). Four of them PaFS*}, AbFS*,
PaPs* and AcOS* have been previously characterized as bifunctional di/sesterterpene synthases. A
phylogenetic analysis of 15 candidates (Figure 2-4) suggested that they could be classified into 5
clades (A~E). One thing to be noted is that the above-mentioned four known synthases fall into the
clade B, while the other clades have never been explored. Furthermore, as far as is known, no
terpenoids have been isolated from Neosartorya fisheri and Aspergillus oryzae suggesting the
terpene synthases in these two species may be not expressed under normal culture conditions. These
encouraged us to choose 4 genes from N. fisheri and A. oryzae for the first round of screening:
NFIA 41470 (NfTS1), NFIA 55500 (NfTS2), and NFIA 62390 (NfTS3) from N. fischeri;

AOR_1 1216074 (40TSI) from A. oryzae.

—— NfSS (NFIA_55500)*
| L— ANID_02611 L clade A
TS (P. betae)
AFL2G_05865
’7 PaFS

— ADFS - Clade B
AcOS
L PaPS
,— AOR_1_1216074*
r L AFL2G_7832 L
o Clade C

NFIA_41470*
ANID_11984
NFIA_62390* | Clade D
TS (P. simplicissimum) } Clade E
[ ACLA_71620

Figure 2-4. Phylogenetic analysis of terpene cyclase domain of bifunctional terpene synthases. * shows terpene

synthases which have mutation in DDxxD motif.
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2-2-2 Plasmid construction

To introduce the one biosynthetic gene into 4. oryzae and obtain the corresponding metabolites,

usually a month is needed (Scheme 2-5).

plasmid

construction to growth

4~5 days

waiting for colonies}

culturing in

: metabolite analysis
inducing medium

and screening

2~3 days

A single set of transformation

Scheme 2-5. Process and time of transformation and screening in A. oryzae

To make the screening process more rapid, an efficient transformation method to introduce multiple

candidate genes was required. The author constructed plasmids pUARA2-NfTSI/NfTS3 and

PUARA2-NfTS2/A0oTS1 using infusion method (Scheme 2-6), and introduced them in a single

transformation tandemly (Scheme 2-7)%".

NfTS1 NfTS1
infusion_ infusion
_—
NfTS3
pUARA2 pUARA2-NfTS1 pUARA2-NfTS1/NfTS3
AoTS1 AoTS1
infusion infusion s
—_—
NfTS2
pUARA2 pUARA2-A0TS1 pUARA2-A0TS1/NfTS2

Scheme 2-6. Construction of plasmids containing 4 candidate genes

17



A. oryzae NSAR1

| AO-NfTSIN/TS3 |

double
pUARA2-NfTS1/NfTS3 transformant
pUARA2-4O0TS1/NfTS2 |AO--AOTS1/NfTSZ |

quadruple

AO--NfTS1/NfTS3/AOTS1/NfTS2 transformant

Scheme 2-7. Tandem transformation of 4 candidate genes

In tandem transformation method, two plasmids are randomly integrated into the genome of A.

oryzae, giving double and quadruple transformants.

2-2-3. Transformants harvest and metabolites analysis
After transformation of 4. oryzae with two plasmids containing four terpene synthase genes, thirteen
colonies were obtained and cultured in rice medium for a week. The EtOAc extracts of these
transformants were analyzed by GC-MS (Figure 2-5). GC-MS showed the new peak with m/z 358,
suggesting that it is a sesterterpene alcohol. To narrow down and specify the terpene synthase that
produced this new metabolite, A. oryzae transformants containing one or two candidate genes were
also constructed using the available plasmids (Scheme 2-6), and the results were shown in the Table
2-1. GC-MS analysis of these transformants allowed the author to identify the one carrying NfT'S2

that produced the new metabolite.
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Figure 2-5. GC-MS profiles of metabolites produced by different transformants. (A) Chromatograph of GC-MS. Red

arrow points to new peak (B) MS spectrum of new peak.

Table 2-1: Production screening of each transformant

Transformant Plasmid Total colonies Colonies producing
obtained 1
AO- pUARA2- 13 9
NfTS1/NfTS3/NfTS2/A0TS1 NfTS1/NfTS3
pUARA2-
AOTSI1/NfTS?2
AO-NfTS1/NfTS3 pUARA2- 5 0
NfTS1/NfTS3
AO- AOTSI1/NfTS?2 pUARA2- 5 3
AOTS1/NfTS2
AO-NfTS1 pUARA2-NfTS!
AO-40TS1 pUARA2- 4A0TS!

The result confirmed that terpene synthase NfTS2 produced the new metabolite.

Among the colonies that produced the new metabolite, the highest producing colony was chosen for
large scale rice fermentation. Large scale incubation (1 Kg rice) yielded 50 mg of 1.

The HR-MS analysis of 1 ([M]* m/z 358.3243) indicated the molecular formula to be C25H,0. 'H
NMR and '3C NMR data (Figure 2-6) showed the presence of one double bond (143.1, 133.0 ppm)
and one oxygenated quaternary carbon (78.5 ppm) can be observed. Based on these data and five
degree of unsaturation, the author speculated that 1 to be a tetracyclic sesterterpene alcohol.
However, only 21 identifiable signals were observed on the '*C NMR, indicating that several carbon
signals (later determined to be C1, C3, C4, C20) were severally broadening. Similar examples was

reported in NMR analysis of ciguatoxin in which the carbons signals on the nine-membered ether
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ring were also missing®®. Thus the author speculated that the highly strained middle-sized
unsaturated ring structure might be the cause of carbon signal broadening. This hypothesis was
supported by the observation that 1 was slowly epoxidized to 3 when dissolved in hexane and
exposed to air for a week. Epoxidation of 1 with m-chloroperoxybenzoic acid quickly gave 3 in less
than 1 min at 0°C (Scheme 2-8).

In the 3C NMR spectrum of 3 all 25 carbons were observed. Extensive 2D NMR analysis allowed

the author to determine the planer structure of 1 and 3.
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Figure 2-6. (A) '"H NMR and (B) "*C NMR of 1.

sesterfisherol (1) 3

Scheme 2-8. Epoxidation reaction of 1 and the product 3
NOESY analysis of 4 provided data for all the relative configuration of 1 and 3 except the C7
stereochemistry (Figure 2-7 A). On beta face of 3, correlation peaks can be observed between H20-
H1p,H22-H134, H23-H2, H23-H19, H23— H13p. Later, 4 (a derivative of 1 obtained from section
2-2-4) gave a significant correlation between H21 and H6, making C7 relative configuration
clarified (Figure 2-7 B).

B~

H Me[) H

Me Me | H _H [ me Me H
6/ 17 21
Me
H O 1

H OH H
M

Figure 2-7. NOE correlation of A) 3 and B) 4

The absolute configuration of 3 was determined by Prof. Monde and co-workers using the density
functional theory (DFT) calculation combined with density functional theory (VCD) measurement
49 From the DFT calculation, five confomers with lowest energy were chosen from all the possible
models, and their Boltzmann-averaged VCD spectra were in good agreement with the experimental
spectrum of compound 3 (Figure 2-8). The five conformers indicated that the absolute configuration
of 3 was 2R, 3S, 6S, 7R, 10S, 1IR, 12R, 14S, 15R and I8R. In this way, the structure of 1 was
determined using epoxide 3 derived from 1.

This novel compound 1 was named as sesterfisherol. Its structure was similar to nitidasin isolated

from plant Gentianella nitida® except the oxidation state and the C7 stereochemistry. NFIA 55500
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(NfTS2) encoded enzyme that produced sesterfisherol in vivo was later confirmed by in vitro

experiments, and was named as N. fischeri sesterfisherol synthase (NfSS).
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Figure 2-8. Vibrational circular dichroism and infrared spectra of 3 measured in CDCl; (c = 0.2 M, | = 100 mm) and

calculated by B3LYP/TZVP with the polarized continuum model (PCM) for CHClIs.

2-2-4. Identification of a biosynthetic gene cluster for sesterfisheric acid
When examining the genes close to NfSS on the N. fischeri genome, a cytochrome p450 family gene
deposited as NFIA_ 55490 was found on the upstream of NfSS. Except for it, there are no other
modification enzyme genes adjacent to the NfSS gene (Figure 2-9 A). It was hypothesized that this
p450 enzyme would modify sesterfisherol to an oxidized compound. However, initial
transformation of NFIA 55490 into AO-NfSS did not give any new product. The author rechecked
the amino acid sequence of NFIA 55490 and found that this deposited sequence does not have
transmembrane region predicted by TMHMM server’!. Considering fungal p450s usually retain
transmembrane region for localization to the endoplasmic reticulum membrane, the author

speculated that N terminal sequence of NFIA 55490 was wrongly annotated in database. Indeed,
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154 bp upstream from the NFIA 55490 old start codon, a new start codon was found (Figure 2-9
B). The new NFIA 55490 named NfP450 contains a N terminal hydrophobic transmembrane region
(Figure 2-9 C) and was transformed into AO-NfSS. Analysis of metabolite from the AO-
NfSS/NfP450 enabled the author to find a new product 2 (Figure 2-10). From the HR-MS data ([M
— H] m/z 387.2919) of 2, its molecular formula was deduced to be C25Hs0O3. In the '*C NMR
spectrum of 2, several C signals were missing due to signal broadening. As in the case of 1,
epoxidation of 2 allowed us to determine the structure: '3C NMR showed a signal at 182.18 ppm,
indicating the presence of carboxylic acid group. 'H NMR showed disappearing of the signal
belonging to H23 in 1. These results revealed that 23-methyl group in 1 was oxidized to carboxylic

acid group in 2, which was thus named sesterfisheric acid (Figure 2-11).

Ankyrin
(A) p450 NiSS repeat protein
glycosyl hypothetical
hydrolase protein
(B) Nf-P450 DlMDAQHLMTMSGI SLEQVAIMGCSLGTGLLV#MI IYNYFFHPLARVPGPCTGAIFPFWSMS
NFIA_55490[] --------————mmmmm o MIIYNYFFHPLARVPGPCTGAIFPFWSMS
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Figure 2-9. (A) NfSS and genes close to it on the N. fischeri genome. (B) N terminal amino acid sequences of NfP450
and original NFIA_55490. Amino acid sequences enclosed by red box shows additional membrane-binding region.

(C) Membrane-binding region of NfP450. The prediction was examined by TMHMM Server ver.2.
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(http://www.cbs.dtu.dk/services/ TMHMM/).
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Figure 2-10. HPLC profile of metabolite analysis of AO-NfSS/NfP450.

Sesterfisheric acid showed activity against production of cholesteryl ester (data not shown), the
accumulation of which is associated with atherosclerosis®. The bioactivity of sesterfisherol remains
unknown. Bioactive fungal metabolites afforded by oxidative modifications of di/sesterterpenes are
commonly observed (Scheme 2-10, 2-11), for example, a diterpenoid named conidiogenone from

Penicillium cyclopium is a potent inducer of conidiogenesis™.

Figure 2-11. Sesterfisherol 1 and its derivatives.
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2-3. Sesterfisherol synthase cyclization mechanism study

2-3-1. In vivo labeling experiments

The C1-C19 carbon framework of 1 is essentially the same as that in GFPP, including the positions
of the branching methyl groups. This implies that cyclization of GFPP into 1 involves no backbone
rearrangements but does a series of hydride shifts. As exemplified in the biosynthetic study of
structurally complex steroids, labeling with [1-1*C,2H3] acetate provided important evidence on the
hydride shifts>*. Therefore, in vivo isotopic labeling experiments with [1-'3C,2H3] acetate were then
conducted. The author fed [1-'3C,”H3] acetate to the sesterfisherol producing medium of AO-NfSS
and isolated the *C and ?H labeled sesterfisherol. To avoid NMR signal missing, epoxidation was
again conducted to obtain labeled 3. The '*C labeling pattern was the same with that of GFPP
biosynthesized through mevalonate pathway (Scheme 2-9 A, also described in section 2-1),
providing clear evidence that no carbon rearrangement occurred during cyclization. Hydride shifts
pattern could be analyzed by the '3C NMR spectrum of labeled product: when deuterium is
substituted for hydrogen at position £ to the *C labeled carbons, the upfield shifts of 1*C signals
could be observed. *C NMR spectrum (Figure 2-12, Table 2-2) shows that the C3 (number of
upfield-shifted signals 3), C7 (3), C11 (3), C13 (1), C15 (3), C17 (1), and C19 (3) gave upshifted
signals, while no upshifted signals were observed in C1, 5, 9, indicating the neighboring deuterium
on C2, C6 and C10 was lost probably through hydride shift. An early stage 1, 5 hydride shift at C12
was also proposed, as observed in cyclization mechanism of ophiobolin F** (Scheme 2-9 B).

(A)

OPP

—_—
1,5-H shift C6-C10
(C12to C19) cyclization

1) 1,2-H shift 1) 1,2-H shift
(C6 to C7) (C2to C3)
2) 1,2-H shift 2) 1,2-H shift
(C10to C6) (C12to C2)
3) C2-C12
cyclization

Scheme 2-9. (A) Summary of Feeding Experiments with [1-°C,?Hs] Acetate. Bold lines indicate acetate units. Black
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circles and white squares show carbon-13 and deuterium atoms, respectively. Asterisks mark carbons from which

deuterium labels were lost. (B) Proposed Cyclization Mechanism Catalyzed by NfSS
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Figure 2-12. "*C NMR of *C and ?H labeled 3

Table 2-2. 13C-NMR data of 3 prepared from labeled-1.

Carbon atom & Enrichment Isotope shift (ppm)
1 42.83 * 0
2 42.41
3 32.4 0.093, 0.176,0.255
4 35.22
5 24.96 * 0
6 42.35
7 36.17 * 0.081, 0.160, 0.240
8 26.79
9 32.45 * 0
10 79.22
11 67.8 * 0.052, 0.090, 0.134
12 75.61
13 36.69 * 0.099
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14 4351

15 41.61 * 0.076, 0.158, 0.241
16 41.17

17 28.43 * 0.134

18 47.09

19 31.6 * 0.087, 0.165, 0.250
20 23.33

21 15.07

22 16.51

23 18.71

24 22.66

25 24.16

2-3-2. In vitro labelling experiments
To study the hydride shift on C12, we tried to conduct the in vitro reaction using recombinant NfSS
expressed in E. coli. Initial trial of expressing His tagged NfSS was failed. However, fusion protein

with maltose binding protein was obtained as soluble one as shown in figure 2-13.

(kDa)
150

100 S qmm NfSS

75

Figure 2-13. SDS-PAGE analysis of recombinant NfSS

Generally, bifunctional terpene synthases such as PaFS* and AcOS* utilize various allyl
diphosphates (DMAPP, GPP, FPP and GGPP) as starter unit. Similarly, co-incubation of NfSS,
GGPP and IPP gave a single peak corresponding to 1, proving that NfSS synthesizes 1 through
intermediate GFPP. Thus, NfSS catalyzed reaction with [8, 8-?’H,] GGPP and IPP to afford the
labeled 1. Its epoxidized product (labeled 3) was subjected to 'H NMR and TOCSY analysis (Figure
2-14). In the "H NMR spectrum, doublet signals of 24, 25 methyl hydrogens of unlabeled 3 became
two singlets in labeled 3, indicating one deuterium was located at C19 after expected 1, 5 hydride
shift from C12. TOCSY spectrum also supported this conclusion. The correlation peaks between
H25 and H24 disappeared in labeled 3. In the same way, the presence of the second deuterium was

determined at C2 since the TOCSY correlation between H1-a and H3 disappeared in labeled 3,
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indicating deuterium was shifted from C2 to C12.
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Figure 2-14. TOCSY spectra of (A, left) unlabeled and (B, right) deuterium-labeled 3.
Combining results mentioned above, the cyclization mechanism is proposed as shown in Scheme
2-9. Reaction was initiated by the elimination of diphosphate group. Two successive cyclizations
between C1-C15 and C14-C18 gave a bicyclic cation 5. Next a 1, 5 hydride shift from C12 to C19
followed by another cyclization between C6-C10 formed the tricyclic cation 7a. The resultant 7a
underwent two 1, 2 hydride shifts (C6 to C7, C10 to C6) and the forth cyclization between C2 and
C12 to form tetracyclic cation 8. A subsequent fourth and fifth hydride shifts (C2 to C3, C12 to C2)
gave the cation 9, which was quenched by water to afford the final product 1. Altogether, NfSS

catalyzed five hydride shifts, including the shifts of two hydrides from the same carbon at C12.
2-4 Unified biogenesis of sesterterpenes

Previous studies on cyclization mechanism of fusicoccin A** and ophiobolin A* revealed that their
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cyclization formed a common bicyclic cation intermediate (Scheme 2-10 B): dolabelladien-15-yl
(C20) or its C25 counterpart. This intermediate was formed by C1 cation-olefin Ill-olefin IV
cyclization of GGPP or GFPP. The author classified this kind of initial cyclization as type B
cyclization. Diterpenoids such as methyl phomopsenonate*, fusicocccin A; sesterterpenoids such
as mangicol A>® and ophiobolin A are all formed by type B cyclization and are classified into group
B di/sesterterpenoids. Alternatively, in this study, cyclization by Cl-olefin IV-olefin V to afford
fusaproliferan-19-yl cation can be proposed (Scheme 2-10 A). The author named this pattern of
cyclization as type A cyclization. Similar cyclization might be involved in the biosynthesis of
fusaproliferin®®  (bicyclic), variculanol®’ (tricyclic), sesterfisherol (tetracyclic), astellatol’®

(tetracyclic) and retigeranic acid>® (pentacyclic) and several others, (alborosin®, nitidasin®, nitiol®',

YW3548%2, and YW3699%°).

Type B [5-11 ring system]

@

R = H; GGPP (C20) R=H:

GFPP fusaproliferan-19-yl dolabelladien- )
cation R= M GFPP (C25) 5.yl cation (C20) R =isopentenyl

Diterpenes (C20) Sesterterpenes

Sesterterpenes o (C25)
(C25) HHY
HO
CO,Me "
" OH methyl phomopsenonate

OAc

OH
variculanol (11)
HO,C N—

WO

H

H

astellatol (12) retigeranic acid (13) HO ophiobolin A

fusicoccin A

Scheme 2-10. Classification of Di/Sesterterpenes Based on Initial Cyclization: (A) Type A cyclization and Group A
sesterterpenoids (B) Type B cyclization and Group B di/sesterterpenoids
Based on the mechanism, a unified biosynthesis of group A sesterterpenes was proposed (Scheme
2-11). Starting from GFPP, type A cyclization followed by 1, 5 hydride shift from C12 to C19 gives

common cation intermediate 6. If quenched by water, the fusaproliferin like bicyclic sesterterpenoid
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is formed. In another route, 6 was further cyclized between C6 and C10 to form 7b (the enantiomer
of 7a), which is the precursor of variculanol and tetracyclic astellatol. The cation 7¢, similar to 7a/b,
would be a precursor to tetracyclic aleurodiscal and pantacyclic regigeranic acid. NfSS catalyzed
reactions gave two key intermediates 6 and 7a (Scheme 2-9) and formed the tetracyclic structure,

thus serves as a model enzyme for studying the biosynthesis of group A sesterterpenes.

astellatol (12)

HO,C

e rsced]

retigeranic acid (13)

‘ Hom%“

aleurodiscal (14)

Scheme 2-11. Proposed Cyclization of Group | Sesterterpenes: (A) Cyclization Mechanism of 10—12 via Bicyclic
Cation 6 and (B) Cyclization Mechanism of 13 and 14 via 7c.
One interesting thing to notice is that the type of cyclization catalyzed by the di/sesterterpene
synthases seems reflect the clade of those enzymes in the phylogenetic tree analysis. NfSS belongs
to the clade A, and it catalyzed type A cyclization. On the other hand, PaFS, AbFs, PaPS and AcOS
belong to the clade B, and they catalyzed type B cyclization. At this stage, it is reasonable to make
a hypothesis that the phylogenetic classification of di/sesterterpene synthases could reflect the initial

cyclization modes (C1-IV-V vs C1-III-IV). The connection between amino acid sequence and the
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cyclization pattern might be explained by the amino acid residues in the cyclase active site that may
guide the linear GFPP into different conformations. Recently the author’s group conducted clade A
specific genome mining using four sesterterpene synthases (manuscript in preparation). The results
strongly supported this hypothesis. The biosynthetic proposal based on the author’s study would
play an important role in the future di\sesterterpene genome mining work guided by phylogenetic

analysis.

Conclusion

In the study described in chapter 2, the author employed genome mining of novel sesterterpenes.
Achievements:

1) Based on the classification (clade A-E) by the phylogenetic analysis of putative bifunctional
terpene synthases on the public database, the author chose four of them in different clades. Through
heterologous expression of these genes in 4. oryzae, the author found that one of them, named NfSS,
generated a novel metabolite sesterfisherol, and the subsequent expression of modification gene
NfP450 yielded sesterfisheric acid.

2) To elucidate cyclization mechanism of tetracyclic sesterterpene core scaffold of sesterfisherol,
the author performed a series of in vivo and in vitro transformations with labeled precursors, leading
to a proposed mechanism of three step-cyclization via bicyclic, tricyclic and tetracyclic carbocation
intermediates accompanied with five hydride shifts.

3) Based on cyclization mechanisms of NfSS (clade A) and PaFS/AcOS (clade B), the author
classified known fungal di/sesterterterpenoids into two groups: A, metabolites including
fusaproliferin, variculanol, astellatol and retigeranic acid; B, metabolites including methyl
phomopsenonate, fusicoccin A, mangicol A, ophiobolin A. This classification (clade A and B) was
closed related to the individual cyclization modes: A (C1-olefin IV-olefin V); B (C1-olefin IlI-olefin
v).

Although these results are promising, many unsolved questions and challenges are remained.

1. Among four candidate terpene synthases, only NfSS was obtained as a functional enzyme to
produce sesterfisherol. The plausible reasons explaining why other three failed could be proposed
as following. First, the premature-mRNAs of the other terpene synthases genes might not be

correctly processed into mature mRNAs. Second, mutations of important residues that make terpene
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synthases inactive might happen during the molecular evolution of these enzymes.

2. As proposed by this thesis, the phylogenetic analysis reflects the cyclization pattern of
di/sesterterpene synthases. However, how the amino acid sequences of the enzymes control the
cyclization mode remained a mystery. It’s likely some key amino acid residues orient GGPP or
GFPP into specific confirmations and determine the cyclization type. Further characterization of
terpene synthases located at different clades are needed to get more information on the substrate
binding in the active site. At the same time, mutation experiments and enzyme crystallization studies

will provide deeper insight into this interesting issue.

Experimental

General: All reagents commercially supplied were used as received. Optical rotations were recorded
on JASCO P-2200 digital polarimeter. Column chromatography was carried out on 60N silica gel
(Kanto Chemicals), and PTLC was performed on PLC 60 F254 silica gel. '"H- and '*C-NMR spectra
were recorded on Bruker AMX-500 spectrometer or JEOL-ECA600. NMR spectra were recorded
in CDCl3 (99.8 atom % enriched, Kanto). Mass spectra were obtained with a JEOL JMS-T100GCV
(EI mode) or a JEOL JMS-T100LP (ESI mode). 'H NMR chemical shifts were reported in & value
based on internal CDCl; (7.26 ppm) as a reference. '*C chemical shifts were reported in § value
based on chloroform (77.1 ppm) as a reference. Data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling
constant (Hz), and integration. GC-MS analyses were conducted with MS-2010 (Shimadzu), using
a DB-1MS capillary column (0.32 mm x 30 m, 0.25 pm film thickness; J&W Scientific). The sample
was injected into the column at 100°C in the splitless mode. After a 3-min isothermal hold at 100°C,
the column temperature was increased at 14°C min™! to 268°C, with a 4-min isothermal hold at
268°C. The flow rate of helium carrier gas was 0.66 mL min™'. Oligonucleotides for polymerase
chain reaction (PCR) were purchased from Hokkaido System Science Co., Ltd. Cell disruption was
dealt with an ultrasonic disrupter UR-200P (TOMY SEIKO, Tokyo, Japan). Analysis of the samples
during protein purification was performed using SDS-polyacrylamide gel electrophoresis, and the
proteins were visualized by using coomassie brilliant blue staining. Protein concentration was

determined by the bradford method with bovine serum albumin as a standard.

32



Strain and Culture Conditions

E. coli HSTO08 and E. coli DH5a were used for cloning, following standard recombinant DNA
techniques. E. coli BL21-Gold(DE3) was used for protein expression. A fungal host strain used in
this study was A. oryzae NSAR1, a quadruple auxotrophic mutant (niaD-, sC-, AargB, adeA") for

fungal expression.

Genomic DNA preparation

Genomic DNA of Neosartorya fischeri IMC1740 was extracted according to the following method;
the mycelia of fungus was collected by filtration, washed with water, and dried using paper towel.
The dried mycelia were frozen in liquid nitrogen and crushed by SK-mill (Tokken). To the frozen
powder was added extraction buffer (400 mM of Tris-HCI (pH 8.0), 500 mM of NaCl, 20 mM of
ethylenediaminetetraacetic acid (EDTA) and 1% of sodium dodecyl sulfate) and the suspension was
kept at room temperature for 5 min. To the suspension was added phenol:chloroform solution and
the mixture was vortexed for 2 sec. After incubation at 65°C for 60 min, the reaction mixture was
centrifuged at 12000 rpm for 5 min. The supernatant was then treated with RNase at 37°C for 90
min. To the reaction mixture was then added phenol:chloroform solution. After being vortexed for
2 sec, the mixture was centrifuged at 12000 rpm for 5 min. The supernatant was transferred to a new
centrifuge tube and re-extracted twice with phenol:chloroform solution followed by chloroform. To
the final supernatant was added cold-isopropanol and CH3COONa solution and genomic DNA was
recovered by centrifugation at 12000 rpm for 10 min. The pellet was then washed with 70% ethanol
solution and dried for 15 min. Finally, the isolated DNA was resuspended in TE buffer (10 mM of

Tris-HCI (pH 8.0) and 1mM of EDTA) and stored at -20°C for further use.

Preparation of Expression Plasmids

The NFIA 041470, Nf-P450, NfSS, NFIA 062390, and AOR 1 1216074 were amplified from
genomic DNA with a primer set as shown in Table 2-3. Polymerase chain reactions (PCRs) were
performed with the KOD-Plus-Neo (TOYOBO). Each PCR product was inserted into the
appropriate restriction site (site 1 and/or site 2) of pUARA2 or pUSA2 using the In-Fusion

Advantage PCR cloning kit (Clontech Laboratories) to construct expression plasmids.
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Table 2-3. Oligonucleotides used for construction of A. oryzae expression plasmids.

Insert Restri Sequence 5°-3’ Size
ction Vector
site
NFIA_41470 Kpnl | F: CGGAATTCGAGCTCGATGGAGCGACAGCAAGATC 2.6 kb
R: ACTACAGATCCCCGGTCAGACCTTCAATCTTTGCA pUARA2
NfSS Nhel F: ATCGATTTGAGCTAGATGGAGGTCTGGGAGCAT 2.5kb
R: TAGTGCGGCCGCTAGTTAATTCTCCTTCACACTCAG pUARA2
NFIA_62390 Nhel F: ATCGATTTGAGCTAGATGGAAGGACAGAGGCGC 2.4 kb
R: TAGTGCGGCCGCTAGTCAATTCATCGACCTCCAAG pUARA2
AOR_1_ Kpnl | F: CGGAATTCGAGCTCGATGGAACAGACAATCTCGAA 2.6 kb
1216074 R: ACTACAGATCCCCGGTTAAACTCGCAGTCGTGTC pUARA2
NFIA_55490 Nhel F: ATCGATTTGAGCTAGATGATCATCTATAACTACTTTTT 1.8 kb
R: TAGTGCGGCCGCTAGCTAAGTCAGGCGCTCTTG pUSA2
NfP450 Nhel F: ATCGATTTGAGCTAGATGGACGCACAGCACCTC 2.0 kb
R: TAGTGCGGCCGCTAGCTAAGTCAGGCGCTCTTG pUSA2

Transformation of Aspergillus oryzae.

A spore suspension of 4. oryzae NSAR1 or transformant (1.0 x 10% cells) were inoculated into DPY
(dextrin-polypeptone-yeast extract: 2% dextrin, 1% polypeptone, 0.5% yeast extract, 100 mL)
medium supplemented with appropriate nutrients. After 3 days’ incubation at 30°C, mycelia was
collected by filtration and washed with water. Protoplasting was performed using Yatalase (Takara;
5.0 mg mL") in Solution 1 (0.8 mM of NaCl, 10 mM of NaH,POs, pH 6.0) at 30°C for 2 h.
Protoplasts were centrifuged at 2,000 rpm (Beckman JLA10.500) for 5 min and washed with 0.8 M
of NaCl solution. Then, protoplasts were adjusted to 2.0 x 10% cells/mL by adding Solution 2 (0.8
M of NaCl, 10 mM of CaCl,, 10 mM of Tris-HCI, pH 8.0) and Solution 3 (40% (w/v) of PEG4000,
50 mM of CaCl,, 50 mM of Tris-HCI, pH 8.0) in 4/1 volume ratio. To the protoplast solution (200
pL) was added appropriate plasmid (13 pg). The aliquot was incubated on ice for 20 min and then
Solution 3 (1 mL) added to the aliquot. After 20 min incubation at room temperature, Solution 2 (10
mL) added to the mixtures and the mixture was centrifuged at 2,000 rpm (Beckman JLA10.500) for
5 min. The transformation mixture was poured onto the Czapek-Dox (3.5%) agar plate

supplemented with 0.8 M of NaCl and appropriate nutrients and then overlaid with the soft-top agar
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(1.2 M of sorbitol, 3.5% of Czapek-Dox, 0.6% of agar). The plates were incubated at 30°C for 3-7
days.

To construct transformants harboring terpene synthase genes, three plasmids, pUARA2-
NfTSI/NfTS3, pUARA2-NfTS2/A0TS1, and pUARA2-40TS1, were used for the transformation. The
transformant with NfSS was further transformed with pUSA2-NfP450to construct AO-

NISS/N{P450.

Extraction of Metabolites

Mycelia of 4. oryzae transformants were inoculated into a solid medium containing polished rice
(100 g) and adenine (10 mg) in 500 mL Erlenmeyer flasks. Each culture was incubated at 30 °C for
2 weeks. After extraction with ethyl acetate, the extract was then concentrated in vacuo and the
residues were extracted with ethyl acetate (100 mL X 2). The combined organic layers were washed

with brine, dried over Na>SQOs, and concentrated in vacuo to afford crude extracts.

Analysis of the Metabolites

After partial purification of the crude extracts, the metabolites were analyzed by GC-MS with a
DB-1 MS capillary column (0.32 mm % 30 m, 0.25 mm film thickness; J&W Scientific) or LC-MS
with a ZORBAX XDB-C18 column (50 mm x 2.1 mm) at the following conditions.

GC conditions to analyze sesterfisherol (1): Each sample was injected into the column at 100 °C in
the splitless mode. After a 3min isothermal hold at 100 °C, the column temperature was increased
at 14°C min! to 268 °C, with a 4min isothermal hold at 268°C. The flow rate of helium carrier gas
was 0.66 mL min".

LC conditions to analyze sesterfisheric acid (2): 95% acetonitrile for 15 min at a flow rate of 0.2

mlL/min with 210 nm detection.

Sesterfisherol (1)
Isolation yield: 52.5 mg from 1 kg of rice medium. [a]p** —48.3 (¢ 1.5, CHCl3). HR-EIMS analysis
(positive): m/z calcd for CosHaO [M]* 358.3230, found 358.3243. '"H NMR and '3C NMR data are

summarized in Table 2-4.
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Table 2-4. NMR spectral data of sesterfisherol (1) and 9,10-epoxysesterfisherol (3)

sesterfisherol (1)

9,10-epoxysesterfisherol (3)

3¢ Su (multiplicity, J in Hz) d¢c Sn (multiplicity, J in Hz)
1 = * 42.83 1.68 (m)
* 0.99 (m)
2 4497 1.40(m) 42.41 1.49 (m)
3 * * 324 1.5 (m)
4 * * 35.22 1.30 (m)
* 1.28 (m)
5 2642 141 (m) 24.96 1.41 (m)
1.00 (m) 1.1 (m)
4393  3.66 (bs) 42.35 2.48 (m)
3859 212 (m) 36.17 2.37 (m)
29.25 1.68 (m) 26.79 1.85 (m)
1.27 (m) 1.25 (m)
9 3209 233(m) 32.45 2.05 (m)
2.16 (m) 1.45 (m)
10 14315 - 79.22 -
11 133 - 67.8 -
12 78.53 - 75.61 -
13 3937 213 (m) 36.69 1.98 (m)
1.57 (m) 1.62 (m)
14 441 1.89 (m) 43,51 1.94 (m)
15 41.64 - 41.61 -
16 4129  1.44(m) 41.17 1.44 (m)
1.13 (m) 1.14 (m)
17 2856 1.83(m) 28.43 1.82 (m)
1.54 (m) 1.53 (m)
18 4734  1.65(m) 47.09 1.67 (m)
19 3166 1.58(m) 31.6 1.57 (m)
20 * 0.87 (Me, d, 7.2) 23.33 0.87 (Me, d, 6.6)
21 15.28 0.94 (Me, d, 6.6) 15.07 0.95 (Me, d, 7.2)
22 17.99  1.70 (Me, s) 16.51 1.38 (Me, s)
23 1875  0.80 (Me,5s) 18.71 0.79 (Me, s)
24 2275 0.83(Me,d, 6.0) 22.66 0.83 (Me, d, 6.0)
25 2417  0.90 (Me, d, 6.0) 24.16 0.9 (Me, d, 6.6)

Sesterfisheric Acid (2)

Isolation yield: 20.0 mg from 1 kg of rice medium. [a]p?’ —11.1 (c 0.3, CsHg). HR-ESIMS analysis
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(negative): m/z caled for C25sH3903 [M—H]™ 387.2905, found 387.2919. 'H NMR and *C NMR data

are summarized in Table 2-5.

Epoxidation of Sesterterpene

To a solution of 1 (5.0 mg, 14.0 mmol) in CH2Cl, (1.0 mL) was added mCPBA (4.9 mg, 28.4 mmol
for 1 or 4.0 mg, 23.2 mmol for 2) at 0 °C, and the mixture was stirred for 10 min. After addition of
a satd Na,SOs3 solution, the reaction mixture was extracted with EtOAc. The combined organic
extracts were washed with satd NaHCO3, dried over anhydrous Na,SQOj4, and concentrated in vacuo.
The 10,11-epoxysesterfisherol (3) (4.8 mg from 1) was directly used for NMR analysis. The same
procedure was applied for the epoxidation of2 (2.4 mg, 6.2 mmol) to afford 10,11-
epoxysesterfisheric acid (4) (2.6 mg from 2).

10,11-Epoxysesterfisherol (3)

[a]p?* 1.3 (c 0.4, CHCl3). HR-ESIMS analysis (positive): m/z calcd for CasHaz0, [M + HJ*
375.3258, found 375.3302. 'H NMR and 3C NMR data are summarized in Table 2-4.
10,11-Epoxysesterfisheric Acid (4)

[a]p* 0.2 (c 0.4, CHCIs). HR-ESIMS analysis (negative): m/z caled for CosH30Os [M — H]™

403.2854, found 403.2902. '"H NMR and '*C NMR data are summarized in Table 2-5.

Table 2-5. NMR spectral data of sesterfisheric acid (2) and epoxidized sesterfisheric acid (4)

Sesterfisheric acid (2) 9,10-epoxysesterfisheric acid (4)

d¢c S (multiplicity, J in Hz) d¢c dn (multiplicity, J in Hz)
1 * * 38.27 2.27 (m)
1.16 (m)
46.33 1.41 (m) 43.52 1.51 (m)
* * 324 1.51 (m)
35.01 1.28 (m)
1.28 (m)

5 26.20 1.4 (m) 24.94 1.4 (m)

1.03 (m) 1.09 (m)
44.12 3.59 (bs) 42.27 2.45 (m)
38.75 2.12 (m) 36.17 2.37 (m)
29.23 1.68 (m) 26.73 1.85 (m)
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1.29 (m) 1.24 (m)

9 32.18 2.32 (m) 32.4 2.01 (m)
2.16 (M) 1.42 (m)
10 14320 - 79.26 -
11 133.0 - 67.81 -
12 78.33 - 75.34 -
13 39.74 2.92 (t, 13.5) 36.85 2.78 (t, 13.5)
1.56m 1.62 (M)
14 44.60 2.21 44.49 2.17 (m)
15 53.77 - 53.3 -
16 37.92 2.19 (m) 37.83 2.2 (m)
1.27 (m) 1.24 (m)
17 29.98 1.92 (m) 29.57 1.9 (m)
1.44 (m) 1.44 (m)
18 47.08 1.7 (m) 46.82 1.7 (m)
19 30.99 1.77m 30.81 1.68 (M)
20 * 0.88 (Me, d, 7.5) 23.27 0.89 (Me, bd)
21 15.32 0.95 (Me, d, 6.0) 15.06 0.95 (Me, d, 6.5)
22 17.96 1.67 (Me, s) 16.4 1.35 (Me, s)
23 182.18 - 182.77 -
24 22.66 0.78 (Me, d, 6.5) 22.47 0.78 (Me, d, 6.0)
25 23.81 0.93 (Me, d, 5.5) 23.79 0.92 (Me, d, 5.5)

Spectral Measurements

This experiment was conducted by our collaborator Doc. Attila Mandi. IR and VCD spectra were
measured on a BioTools Chiralir-2X at a resolution of ca. 8 cm 'under ambient temperature for 32
and 13504 scans, respectively. The sample was dissolved in CDCl; at a concentration of 0.2 M, and
the solution was placed in a 100 mm CaF; cell. All spectral data were corrected by a solvent

spectrum obtained under identical experimental conditions.

Computational details.

This experiment was conducted by our collaborator Doc. Attila Mandi. Conformational search was
carried out by means of the Conflex software at MMFF94S level.1 Geometry reoptimizations, VCD
and OR calculations were performed with the Gaussian 09 package.2 X-ray geometry was optimized
at B3LYP/TZVP level in vacuo and OR calculations were performed with various functionals

(B3LYP, BH&HLYP, PBEO) and TZVP basis set in vacuo. For the solution conformers geometry
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reoptimizations and VCD calculations were carried out at B3LYP/TZVP level with PCM solvent
model for CHCl; while for OR calculations B3LYP, BH&HLYP and PBEO functionals and TZVP
basis set with PCM solvent model for CHCl3 was applied. VCD spectra were generated as the sum
of Gaussians with 10 cm™" half-height width. Computed VCD - S3 - and IR data were scaled by a
factor of 0.975. Boltzmann distributions were estimated from the B3LYP/TZVP energies of the low-

energy conformers. The MOLEKEL3 software package was used for visualization of the results.

Feeding Experiments with Isotopically Labeled Acetate

Mycelia of the A. oryzae transformant were inoculated into MPY medium (maltose—polypeptone—
yeast extract; 3% maltose, 1% polypeptone, 0.5% yeast extract; final volume 100 mL) containing 8
mg of [1-3C,2H3] acetate in 500 mL Erlenmeyer flasks (two flasks) for 4 days at 200 rpm. After
extraction with acetone, the extract was then concentrated in vacuo and the residues were extracted
with ethyl acetate (100 mL x 2). The combined organic layers were washed with water, concentrated
in vacuo, and partitioned between n-hexane and CHCIs. The n-hexane layer was purified by silica
gel chromatography (cyclohexane/CHCIz = 10/1) to give labeled 1 (3.2 mg). Epoxidation

of 1 gave 3 (3.0 mg).

NfSS Cloning and Expression in E. coli

To generate the overexpression construct for NfSS, NfSS was amplified using the codon-optimized
synthetic DNA of the 4. oryzae transformant using the following primer sets: NfSS-F (5'-
GATGACGATGACAAGATGGAAGTTTGGGAACATAG-3"; bold characters indicate the
complementary sequence for the In-Fusion reaction), NfSS-R (5'-
AGGATCCGAATTCCGTTAGTTTTCTTTAACGCTCAG-3'; bold characters indicate the
complementary sequence for the In-Fusion reaction). The PCR products were directly inserted into
the Kpnl-digested pMALc4E to generate pMALC4E-NfSS. pMalc4E-NfSS was separately
introduced into E. coli BL21-Gold(DE3) for overexpression. The transformant was grown at 37 °C
at an ODggo of ~0.6 in a 500 mL flask. After the culture was cooled at 4 °C, isopropyl B-d-
thiogalactopyranoside (0.1 mM) was added to it. After incubation at 20 °C for 18 h, the cells were
harvested by centrifugation at 4000 rpm. The harvested cells were resuspended in disruption buffer

(50 mM Tris—HCI (pH 7.5), 200 mM NacCl) and disrupted by sonication. After centrifugation, the
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supernatant was applied to an amylose column to purify the expressed protein.

NfSS Assay

Typical conditions are as follows: A reaction mixture (50 pL of Tris—HCI buffer (pH 7.5)) containing
GGPP (220 uM), IPP (660 uM), MgCl> (5 mM), DTT (2 mM), and NfSS (10 uM) was incubated at
30 °C for 3 h. The reaction was quenched by the addition of EtOAc (50 pL), and the resultant
mixture was vortexed and centrifuged at 12000 rpm. The upper EtOAc layer was collected and

analyzed by GC—MS with the same GC conditions used to analyze 1.
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Chapter 3. Fungal RiPP ustiloxin B biosynthesis study

3-1. Background of RiPPs biosynthesis.

Ribosomally synthesized and post-translationally modified peptides (RiPPs) have been widely
discovered in bacteria®, archaea® and eukaryota®, and their extensive post-translational
modifications involving double bond formation, oxidation, cyclization render these family of
peptides of significant structure diversity and wide range of bioactivities®”-6%:6%70, Several examples
are shown in Figure 3-1. Bacterial RiPPs family such as lanthipeptides, cyanobactins and
thiopeptides are characteristics of their heterocyclic moieties and exo-olefins from seryl, cysteinyl
or threonyl residues. a-amanitin isolated from mushroom is featured with the hydroxylated amino
acid sidechains. Macrocyclizations are frequently observed in RiPPs to increase their stability to

peptidases or to decrease their conformational flexibility?S.
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Figure 3-1. RiPPs structures

The biosynthesis of RiPPs usually follows the common scheme’' (scheme 3-1). The precursor
peptide organized with three regions (leader peptide, core peptide, follower peptide) is firstly
synthesized by ribosome. The leader peptide region usually locates at the N terminal, serving as a

recognition site of modifying enzymes or transporters’?. It is digested at certain stage and not present
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in the final product”. The core peptide region is the part to become the mature product after the
post-translational modifications. Sometimes follower peptide exists in the C terminal region,
involved in the cyclization or excision’*%*, The precursor peptide undergoes modifications such as
oxidation, phosphorylation, cyclization catalyzed by relevant biosynthetic genes, some of which are

novel enzymes through unprecedented mechanisms’>7677

Leader peptide Core peptide Follower peptide

Post-translational modifications ¢
HS

H
0000000 | QAOOO
Oy X 20,,0"N0
Internal cyclization ¢ s
N

0000000 | QQAOOO

X

Head-to-tail o Leader/follwer peptide

macrocyclization / \hydrolysis
OW\X s
q N

@ ” g PO QG-o;
! | *

X=S,NorO

Scheme 3-1. General scheme for bacterial RiPPs biosynthesis
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Although in the last two decades, the biosynthesis of many bacterial RiPPs have been elucidated in
detail, the fungal RiPPs biosynthetic gene clusters have rarely been reported. Amanitin is the first
fungal example whose precursor peptide gene was discovered from mushroom genome®. Recently,
Umemura et al reported the biosynthetic gene cluster for ustiloxin B in Aspergillus flavus using
MIDDAS-M, an algorithm that predicts secondary metabolite biosynthetic (SMB) gene clusters
based on the concurrent expression of contiguous genes in the genome rather than relying on the
presence of core genes for secondary metabolism production, such as PKS or NRPS’S. This is the
first example of RiPPs BGC from filamentous fungi. Ustiloxin B was originally isolated from
Ustilaginoidea virens and possesses potent antimitotic activity’®. On this cluster, a precursor peptide
protein UstA encodes a protein with repeated YAIG motif that exactly matches the core scaffold of
ustiloxin B (Figure 3-2). Since this breakthrough, the BGCs from three other compounds,
phomopsin®, asperipin-2a'® and epichloécyclin'® from filamentous fungi have also been identified
belonging to RiPPs (Figure 3-3). Although ribosomal origins of precursor peptide were proven in
several cases, post-translational modifications in fungal RiPPs has not been studied in detail.

Therefore, the author performed studies on the elucidating the biosynthetic pathway of ustiloxin B.

Ustiloxin B biosynthetic gene cluster

ustF1 C A Ya Yb D F2 Q M
u -\ P1 P2 H T R
/ oH N COH
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GVEDYATGIDKR
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(253 aa) HOE A Ao N
NH OH | NW "
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N-desmethylustiloxin F
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HGGH

Figure 3-2. Biosynthetic gene cluster of ustilxin B and proposed general biosynthetic pathway
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Figure 3-3. Representative fungal RiPPs whose precursor peptides have been identified.
3-2. Prediction of ustiloxin B biosynthetic pathway.
Umemura et a/ identified the biosynthetic gene clusters and performed gene deletion experiments
to characterize the function of each gene on the cluster. 4. flavus deletion muatants A ustM, AustC,

AustF1, AustF2, and AustD were constructed, and their metabolites were analyzed by LC-MS
(Figure 3-4). Five ustiloxin derivatives 2~6 were accumulated in the mutants, which showed

characteristic UV spectrum (Figure 3-5).

(A) AustM (C) AustF1
2 |4
/\
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(©) dustC (D) AustF2
s f\*’
‘| \
l\  mass T | m/z600 [M-H]
(E) AustD ﬁlﬁ 10 20 30 40 5.0 (min)
|
|
|
| | m/z557 [M-HI
10 2o a0 4050 (min)

Figure 3-4. LC-MS profiles of the ustiloxin derivatives: (A) 2 produced by AustM, (B) 3 produced by AustC, (C) 4
produced by AustF1, (D) 5 produced by AustF2, (E) 6 produced by AustD.
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Figure 3-5. UV spectra of ustiloxin derivatives

From the HR-MS data, the molecular formulae of these derivatives were deduced to be 2:
C20H2sN4Os, 3: C2iH30N4Os, 4: C2aH3sNsO1S, 5: CoaHasNsOuS, and 6: CsHzuN4O10S. Compounds 3
and 6 were determined to be ustiloxin F and ustiloxin C by comparing with reported data8!7°,
Compound 2 gave similar "H NMR spectrum similar to that of 3, except for lack of N-CHj signal
observed in 3, indicating 2 was N-desmethylustiloxin F. For compounds 4 and 5, data provided by
Umemura and co-workders contained small amount of impurities. To elucidate their structures, the
author purified 4 and 5 from the extracts of large scale fermentation of the mutants. 4 showed a 119
mass unit shift from that of 3, corresponding to addition of a cysteine residue. One of the aromatic
protons in 3 was lost in 4, revealing that the cysteine is added to 4’s tyrosine aromatic ring. 5 has
similar UV and 'H NMR spectrum with those of 4. Signals of the cysteine S-CH: of 4 and 5 (4: du
3.43,3.61 (CHa); 5: Ju 3.15, 3.71 (CH»)) as well as that of the aromatic protons (4: du 7.14, 7.27;
5: 0u 7.63, 7.42) indicating that 5 is the sulfoxide derivative of 4. Compounds 2, 4, 5 were further
analyzed by '3C NMR, H-H COSY, HSQC, HMBC, and their structures were elucidated. Taken
together with the predicted gene functions by the sequence analysis (Table 3-1), a biosynthetic

pathway was proposed as shown in Scheme 3-2:
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Table 3-1. Gene functions related in deletion experiments.

Gene ID in Gene name Predicted function Accumulated
NCBI compound
AFLA 094950 ustF1 Flavin-containing 4
monooxygenase
AFLA 094960 ustC Cytochrome P450 3
AFLA 094980 ustA Precursor peptide -
protein
AFLA 094990 ustYa Uncharacterized -
protein
AFLA 095020 ustYb Uncharacterized -
protein
AFLA 095040 ustD Cysteine desulfurase
AFLA 095050 ustF’2 Flavin-containing 5
monooxygenase
AFLA 095060 ustQ Tyrosinase -
AFLA 095070 ustT MFS multidrug 2
transporter
AFLA 095100 ustM SAM-dependent 2
methyltransferases
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1
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Oxidase
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HOZC\)HO“‘

NH, _NH
Me

S-deoxyustiloxin H (4) ustiloxin C (6)
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enzyme UstD

HO,C
NH, OH

ustiloxin B (1)

Scheme 3-2. Proposed biosynthetic pathway of ustiloxin B based on gene deletion experiments
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3-3. Heterologous expression of ustiloxin B biosynthetic genes in A. oryzae.

The macrocyclic ether ring is commonly observed in fungal RiPPs ustiloxin, phomopsin derivatives
and asperipin-2a. Although oxidative cyclization(s) is required to form this ether ring, no
characterization of such reactions has been reported. Therefore, the author focused on the formation
of 2 which was the first intermediate to be isolated. In the gene deletion experiments, it was
discovered that deletion of any of these four genes ustAQYaYb resulted in the abolishment of any
ustiloxin derivatives. It suggested that besides the precursor peptide, the three genes ustQYaYb are
necessary for the oxidative cyclization.

Bioinformatics analysis suggested that tyrosinase UstQ may be responsible for hydroxylation of
tyrosine aromatic ring®. UstYa and UstYb are homologues showing 30% sequence identity to each
other and conserve a domain of unknown function (DUF) 3328. To characterize these three enzymes,
A. oryzae heterologous expression of them was examined.

3-3-1 Plasmid preparation and transformation of ustYaYbQ.

As shown in Scheme 3-3, plasmids pUARA?2 and pAdeA2 containing ustYa or ustYb or both were
constructed by infusion method. Plasmid pUSA2-ust4Q was constructed using a rapid construction

method called Gibson assembly®3.

ustYa ustYa

M infusion
"
ustYb

pUARA2-ustYa
pUARA2 pUARA2-ustYaYb
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- >

pUARA2-ustYb
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_—

ustQ ustQ
pUSA2 pUSA2-ustAQ
ustYb
-—) —-—
infusion . PamyB TamyB
—_—
. AgB__Sc ade
pAdeA2 pAdeA2-ustYb

Scheme 3-3. Plasmid construction for ustAQYaYb
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Transformation of these plasmids into 4. oryzae NSAR1 was conducted according to Scheme 3-4.
Four kinds of transformants: AO-ustAQYa, AO-ustAQYb, AO-ustAQYaYb and AO-ustAQYa+Yb

were obtained.

ustYb
-—). —) N
pUARA2-ustYb ’ o i
pUSA2-ustAQ ustA ustQ
/ B = >
\ ustYa
A. oryzae NSAR1 - > -
pUARA2-ustYa ustA ustQ
pUSA2-ustAQ N N
PUARA2-ustYaYb - .
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S > —) P ustYa
ustA ustQ - " T
= — - ustA ustQ
A= —) »
777777777777777777 ustYb
i PamyB TamyB |

Scheme 3-4. A. oryzae transformation of ustAQYaYb

3-3-2. Analysis of metabolites from ustiloxin gene transformants.
After the transformations, following transformant strains were obtained as shown in Table 3-2.

Table 3-2 Transformation result of ustAQYaYb introduction

Transformant Total colonies Colonies producing
obtained 2
AO-ustAQYaYb 7 4
AO-ustAQYa 10 0
AO-ustAQYb 10 0
AO-ustAQYa+Yb 6 5

Each transformant was cultured in 20 g rice medium and the metabolite was extracted with 70%
acetone water solution. After removing the acetone, the water layer was analyzed by UPLC-MS

(Figure 3-6). Compared to WT, the AO-ust4QYaYb transformant produced a new peak. This new
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metabolite was isolated and all data including various NMR spectra were identical to those of 2.
This was the first example of the heterologous production of fungal RiPP in 4. oryzae. While AO-
ustAQYa or AO-ustAQYb did not produce 2, transformant derived from introduction of ustYb into
AO-ustAQYa produced 2. These results gave solid evidence that precursor peptide UstA and three
enzymes UstQYaYDb are indispensable to produce the first cyclized intermediate 2. Although the
UstYaYDb show 30% sequence identity to each other, their function is not redundant. As a starting
material, UstA was proposed to be digested by Kex2 protease at KR sites to give 16 trideca-
/tetradecapeptides. To be further hydrolyzed to tetrapeptide, the N and C terminal peptides should
be cleaved by peptidases from 4. oryzae. However, there is no information on the peptidases and

their timing of cleavage.

X+NSVED-YAIG-IDKRy~ Y
UstA

UstQ
Kex2 Ustya
peptidases UstYb
N
NH,
N-desmethylustiloxin F (2)
EIC m/z 453
LA )
WT ] AO-ustAQYaYb
G 1 ®
] AO-ustAQYa 1 AO-ustAQYa+Yb
1 © 0 05 10 15 (min)
AO-ustAQYb
0 0.5 1.0 1.5 (min)

Figure 3-6. LC-MS profiles of extracts from transformants: (A) WT strain, (B) AO-ustAQYa, (C) AO-ustAQYb, (D) AO-
ustAQYaYb (co-transformation), and (E) AO-ustAQYaYb (stepwise incorporation).

The author further constructed plasmid pAdeA2-ustM to be transformed into AO-ustAQYaYb

(Figure 3-7). As expected, the AO-ustAQYaYbM produced a new peak corresponding to ustiloxin F

(3). However, the production of 3 was not efficient with significant amount of precursor 2 remained.

Since AustT accumulated 2 , UstT, a putative transporter, was postulated to improve the production
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of 3%, Indeed, after introduction of ustT, AO-ustAQYaYbMT obviously gave improved yield of 3 by
three times. Given the fact that ustiloxin F retains activity against tubulin polymerization®!, its
production might inhibit the cell proliferation. UstT belongs to MFS multidrug transporter which is
closely related to extrusion of toxic substances from fungal cells®. Based on the results mentioned
above, it was postulated that UstT transports cytotoxic ustiloxin F to the outside of the cell, thus
allows the heterologous host to produce more 3.

X=NSVED-YAIG-IDKRy— Y
16
UstA

UstQ
Kex2 UstYa
peptidase UstYb
N-desmethylustiloxin F (2) ustiloxin F (3)
(A) AO-ustAQYaYb (B) AO-ustAQYaYbM
11e8 1.1e

3

m/z 467 [M+H]" m/z 467 [M+H]*
0 0

L1ef 2 1.1¢S 2
]\ m/z 453 [M‘*‘H]+ j\ m/z 453 [M*‘H]Jr
0 e Time 0 e Time
0.0 0.5 1.0 1.5 (min) 0.0 0.5 1.0 1.5 (min)

(C) AO-ustAQYaYbMT

1.1¢5 3
AJL m/z 467 [M+H]"
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m/z 453 [M+H]"

P .
T Time

Figure 3-7. LC-MS profiles of extracts from transformants: (A) AO-ustAQYaYb.

(B) AO-ustAQYaYbM, (C) AO-ustAQYaYbMT.

3-3-3. Proposed mechanism for oxidative cyclization
From linear YAIG to cyclized 2, three oxidation reactions are involved: (1) a hydroxylation at either

the aromatic ring of Tyr or S-position of Ile. (2) a hydroxylation at the benzylic position and (3) an
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oxidative cyclization. We proposed a reaction mechanism as shown in Scheme 3-5

AN
3 COO-Y N Coo-Y N COO-Y
- HNJ OH H X HN- OH H—" 1N
WA OH on 7#
o UstQ HN 0 UstYa or Yb HN 0
o - o o o
tyrosinase B o
N N N7
X-NH H H
X—NH X-NH
YAIG

X=NH

N-desmethylustiloxin F (2)

Scheme 3-5. Proposed cyclization mechanism of UstYaYb

Sequence analysis revealed that UstQ is a putative tyrosinase which usually catalyzes hydroxylation
of a phenol, as in the case of oxidizing tyrosine into L-DOPA®. Similarly, UstQ introduced a
hydroxy group on the tyrosine aromatic ring. UstYa (or Yb) abstracts a £ hydrogen from tyrosine
residue, leaving a radical species quenched by a possible “rebound oxygen™®® to afford the benzylic
hydroxy group. Similar oxidation at £ carbon of isoleucine followed by cyclization with phenol
hydroxyl group afforded N-desmethylustiloxin F. UstYaYb homologues conserved 5 histidines and
5 cysteines in their sequences (described at section 4-4) which may be involved in binding to metal
cofactors. Usually enzymes catalyzing C-H functionalization requires metal cofactors, such as
radical S-adenosylmethionine enzymes®’, mononuclear non-heme iron enzymes®®. Thus UstY
homologues are postulated here as metal binding oxidases that catalyzes the amino acid f C-H
functionalization.

The heterologous production of 2 in 4. oryzae is an encouraging starting point from which large
numbers of RiPPs hidden in the fugal genomes might be discovered through genome mining using

A. oryzae expression system.
3-4. In vitro enzymatic assays of tyrosine residue side chain modifications.

Besides the oxidative cyclization, the tyrosine side chain modifications on ustiloxin B also might

involve unique chemical transformations: from cysteine residue of 4 to the 4-hydroxy-5-sulfinyl-L-
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norvaline residue of 1, three enzymes UstF1F2D were predicted to be involved according to the
gene deletion experiments. UstF1F2 with a 50% sequence identity between each other belong to
flavoprotein monooxygenases family requiring a flavin as cofactor®®. UstD belongs to
Aminotransferase class-V family requiring pyridoxal phosphate (PLP) cofactor®®. Based on these
information, we decided to conduct in vitro assays to reconstitute the final stage of the ustiloxin B

biosynthetic pathway.

3-4-1. Functional analysis of UstF2.
UstF1F2 were overexpressed in E. coli. Purified MBP-UstF1F2 showed yellow color and clear UV

absorption at 450 nm (Figure 3-8), indicating that flavin was still attached to these purified proteins®’.

(A) (kDa) (kDa)
150
100
— UstF1 100' -~ UstF2
—
-
(B)
UstF1 UstF2
030 0.30
<
0.10 | 0.10
\//\ T ’—k
-0.101 - - . 0.10 . . . . s
300 350 450 550 (nm) 300 350 450 550 (nm)

Figure 3-8. (A) SDS-PAGE analysis of UstF1F2. (B) UV spectrum of UstF1F2
MBP-UstF1 was purified and characterized in vitro in the author’s lab®'. The result showed that

UstF1 catalyzed the oxidation to the sulfoxide 5 (Scheme 3-6), agreeing with the gene deletion

experiment. ™ COLH ™~
OH L 2 . CO,H
Z HN ™M o2 VA
(0] UstF1
T
«««« NADPH
S-deoxyustiloxin H (4) ustiloxin H (5)

Scheme 3-6. S oxidation catalyzed by UstF1
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To characterize UstF2, the in vitro enzymatic assay was conducted using ustiloxin H as the substrate
and NADPH as the cofactor.

The assay result showed that the substrate ustiloxin H (5) was completely consumed within 2 min,
and a new peak appeared (Figure 3-9). Milligram scale enzymatic reaction allowed us to isolate this

product 7.

O\\S,Ar
HOZC\) UstF2
d —_—
sNH
HO NADPH

hydroxyl amine

ustiloxin H (5)

oxime (7)
(A)30s
7
5
10
(B)45 s
7
5
10
(C)60's .
5
10
(D) 120's
7
0.0 1.0 2.0 (min)

Figure 3-9. Time course analysis of the UstF2 reaction mixture

The molecular formula of this product was determined to be C23H34N5010S by HR-MS analysis. For
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the '"H NMR (Figure 3-10), the signals of the cysteine a-H of 5 disappeared. Instead, signals of
isomeric oxime methine protons (hollow arrow) appeared (major isomer: dy 7.43, minor isomer: ou
6.96). Also the ortho aromatic proton (filled arrow) appeared as a pair of £/Z mixture. Thus the

product of UstF2 reaction was determined to be the £/Z mixture of oxime 7.

[
e el

T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 13 Lo 0.

[—

Figure 3-10. NMR spectrum of E/Z mixture of ustiloxin oxime (7). The proton signals with hollow arrows indicate

oxime methine protons, and those with filled arrows indicate aromatic ortho protons.

Next the UstF2 catalytic mechanism was focused on. Time course UstF2 reaction was monitored in
short internals (Figure 3-9) and the new peak 10 was observed with m/z 618 [M+H]", 16 mass unit
larger than that of 5 (m/z 602 [M+H]"). It disappeared in 2 min with starting material, strongly

suggesting that 10 was the N-monohydroxylamine intermediate of UstF2 reaction.

Taken the results in consideration, the reaction mechanism of oxime formation was proposed

(Scheme 3-7). UstF2 firstly catalyzed N-hydroxylation forming intermediate 10, and further
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oxidation formed N-dihydroxy intermediate which quickly underwent decarboxylative dehydration
to form oxime 7. Similar oxime formation catalyzed by FAD enzyme CrmH was reported in
biosynthesis of caerulomycin A°2. The uniqueness of UstF2 compared to CrmH was these two
points: 1) UstF2 catalyzed dehydration was accompanied by decarboxylation. 2) UstF2 does not
need flavin reductase to reduce FAD cofactor, that is, UstF2 is a bifunctional enzyme that catalyzed
both amino group oxidation and FAD reduction (Scheme 3-8). Interesting, although UstF1 and
UstF2 possesses 50% sequence identity, they are oxidizing different heteroatoms S and N on the

cysteine residue.

B:—
Ho
I -CO,
HO,C _Ar UstF2, HO,C Ar _Ar -H,0 SAr
N Naoe NS G e 3
NH —  HN. N
2 0 oH HO™ [OH Ho'
5 0, 10 N 7
CrmH, OH
N _ NADPH O —
\ 7/ flavin reductase N\ / N\ / }\l /
NH =N.,
OH

Scheme 3-7. Proposed mechanism of (A) decarboxylative dehydration catalyzed by UsfF2 and (B) oxime formation

catalyzed oxime formation
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UstF2 Ili reduced flavin UstF2
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Scheme 3-8. UstF2 is a bifunctional enzyme that catalyzes oxygenation reaction and FAD reduction
In the process of HPLC purification of 7 using solvent system containing 0.1% TFA, it was found
that the oxime was slowly converted to another compound 9 in the acid solutions (Figure 3-11A).
The TFA treatment of 7 in larger scale enabled the author to isolate 9. "H NMR analysis showed that

the signals of oxime methine on 7 disappeared, instead, a geminal diol proton signal could be
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observed at 5.48 ppm (Figure 3-11B), revealing that 9 was geminal diol, the hydrated form of
aldehyde. The dominant formation of geminal diol over aldehyde may be explained by the hydrogen

bond between hydroxy proton and sulfoxide oxygen.

geminal diol (9) aldehyde (8)
(A)  LC-MS profiles SIR: m/z572, 575 (B)
7 geminal diol proten
/ TFA hydrolysis

9 05h

\ ﬁ

AR BEAes sy s Laa s sas Ry U\L " | H NMR of 9
9 N TFA hydrolysis ‘
8h

LW suae®  THNMR of 7

80 75 7.0 6.5 6.0 55 5.0 ppm

Figure 3-11. Conversion of oxime 7 to geninal diol 9 in TFA solutions. A) LC-MS profile B) Selected region of '"H NMR

of9and 7

In the '"H NMR analysis of 7 and 9, we noticed that the « proton signal on the C2’ was slowly
diminished and totally disappeared when these compounds were left in the D>O overnight. (Figure
3-12 A, black arrows pointed to proposed signal of C2’). We reasoned that the a protons of imine
and aldehyde has enough acidity for D/H exchange. This was further supported by MS analysis of

7 immediately recovered from D>O (Figure 3-12 B) which showed 2 mass unit increase.
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Figure 3-12. (A) selected region of '"H NMR of 7. up: taken in 24 h. down; taken in 1 h. (B) MS spectra of up: non-
labeled 7 and down: deuterium-labeled 7 after D,O treatment. (C) proposed mechanism of H/D exchange on «
protons of oxime
As has been shown above, UstF2 in vitro reaction afforded oxime 7 which could be further
hydrolyzed into geminal diol 9. Although both of them were not observed in gene deletion
experiments, they shed the light on the exact pathway of final stage of ustiloxin B biosynthesis.
Firstly, ustiloxin C accumulated in UstD deletion strain was probably a shunt product reduced from
9 by unknown reductases in A. flavus. Indeed, after we isolated geminal diol 9 and reduced with
NaBHy, ustiloxin C was produced (Figure 3-13), giving more evidence ustiloxin C was a shunt

product in this pathway.
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Figure 3-13. LC-MS profiles of NaBH, reduction of 9 and the production of ustiloxin C
Secondly, 9 was speculated to be the substrate of UstD. As the hydrate form of aldehyde 8, it is

predicted to be condensed with a C3 unit to give ustiloxin B.

3-4-2. Functional analysis of UstD.

UstD is a PLP dependent enzyme catalyzing the final step of ustiloxin B biosynthesis. For the
reasons mentioned in 3-4-1, hydrate form 9 was used as substrate for UstD in vitro reaction.
Another point we could not ignore was where the elongated C3 carbon units comes from.
Considering reported examples in condensing amino acids with other compounds through C-C bond
formation®® %3, it was speculated the C3 unit comes from amino acids.

UstD in vitro assays were conducted with UstD, PLP, geminal diol, and amino acids (Figure 3-14).
LC-MS analysis showed that a new peak corresponding to ustiloxin B was detected in the presence
of aspartate, but not in the case of alanine. Exogenous PLP is not necessary, indicating that PLP has

a relatively tight binding with purified UstD.
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Figure 3-14. LC-MS profiles of enzymatic reaction of UstD
In the conversion from aspartate to C3 nucleophile, a decarboxylation reaction was expected. PLP

dependent decarboxylase has long been reported with established mechanism®#( Scheme 3-9).
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Scheme 3-9. Mechanism of PLP enzyme catalyzed decarboxylation reaction
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In order to prove UstD can also catalyze decarboxylation of aspartate, we conducted in vitro assay
with UstD and aspartate in the absence of geminal diol. Dansyl derivatives of the reaction products

were analyzed by LC-MS (Figure 3-15).

Asp-Dns
(0}
UstD SO,ClI
HO . .
Y OH
O NH; PLP EtNH, Decarboxylated
product
Ala-Dns

LC-MS profile SIR: m/z 323, 367

Asp-Dns
standard Asp-Dns
Asp-Dns ‘ Decarboxylated  dansylation of UstD
T % * product reaction products
. Ala-Dns
standard Ala-Dns
1.5 2.0 min

Figure 3-15. LC-MS profiles of UstD catalyzed decarboxylation reaction

Results showed that Ala-Dns was detected in reaction mixture, indicating that decarboxylation
occurred. As shown in Schemes 3-9, decarboxylation reaction of UstD gives an enamine
intermediate. In the absence of ustiloxin aldehyde, enamine would readily be hydrolyzed to afford
alanine. On the other hand, when ustiloxin aldehyde was present in the active site of UstD, enamine
would readily serve as a nucleophile to attack the aldehyde (Scheme 3-10). This highly unique
decarboxylative condensation reaction catalyzed by UstD was unprecedented. In this way, we

successfully biosynthesized ustiloxin B in vitro.
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Scheme 3-10. Proposed mechanism of UstD catalyzed decarboxylative condensation reaction
Conclusion

Through gene deletion experiments, A. oryzae heterologous expression and in vitro enzymatic
assays, the author unveiled the whole biosynthetic pathway of ustiloxin B, whose biosynthetic gene
cluster was the first example of a RiPP from filamentous fungi. Specifically:

1. Based on the gene deletion experiments, 4 genes ustAQYaYb were shown to be involved in
oxidative cyclization to form N-desmethylustiloxin F (2). Heterologous expression of them in A.
oryzae successfully produced 2 and proved that UstQYaYb are essential to synthesize the first
cyclized intermediate. UstY homologues containing DUF 3328 were firstly characterized in vivo to
be a family of novel oxidative cyclases.

2. UstF2 and UstD were characterized in vitro as unique enzymes catalyzing the modifications on
the tyrosine residue sidechain. FAD dependent UstF2 catalyzed two rounds of hydroxylation on
amino group followed by decarboxylative dehydration to form oxime. While UstD catalyzed a
decarboxylative C-C bond formation to produce ustiloxin B in vitro.

Although the author elucidated the functions of most enzymes on the ustiloxin BGC, there are still
many unsolved questions:

1. How are the peptides on the terminals of YAIG cleaved? Although in vivo formation of cyclized

YAIG needs only UstA and three enzymes UstQYaYDb, obviously Kex2 and endogenous peptidases
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were required to digest UstA and release the YAIG or its cyclized form from NSVEDYAIGIDKR
repeating motif. However, to elucidate the timing of cleavages are currently difficult because no
linear or cyclized intermediates were isolated containing residues longer than YAIG. Interestingly,
in phomopsin’s case, the core skeleton was YVIPID derived from GEAVEDY VIPIDKR repeating
motif. It is likely that the double bonds on the last Pro, Ile and Asp prevents the peptidase from
hydrolyzing those residues.

2. How is it to reconstitute the UstY enzyme in vitro? In vivo UstY homologues showed novel
activity of oxidative cyclization, probably involving a radical reaction mechanism. However, initial
trial to obtain soluble UstY enzyme in E. coli turned out to be challenging. In addition, no cofactor
information is available from sequence analysis, making the in vitro reconstitution difficult. More
effort is needed to search for suitable method to isolate the functional enzymes and narrow down

the candidates of cofactors.

Bioinformatics have revealed that many potential RiPPs BGCs containing both precursor peptides
and UstY homologues exist in fungal genomes!. This study proves 4. oryzae is a powerful tool for
expression of genes responsible for biosynthesis of fungal RiPPs, and more and more novel RiPPs

with their BGCs would be discovered by genome mining.

Experimental

General. All reagents commercially supplied were used as received. Optical rotations were recorded
on JASCO P-2200 digital polarimeter. '"H- and '*C-NMR spectra were recorded on Bruker AMX-
500 spectrometer or Bruker DRX-500. NMR spectra were recorded in D,0O (99.9 atom % enriched,
CIL). 'H chemical shifts were reported in & value relative to water: SH 4.79 ppm). Data are reported
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
br = broad), coupling constant (Hz), and integration. Mass spectra were obtained with a Xevo G2-
S QTof (Waters) or JEOL JMS-T100LP. Column chromatography was carried out on C18 silica gel.
(Wako 30~50 pum). Oligonucleotides for polymerase chain reaction (PCR) were purchased from
Hokkaido System Science Co., Ltd. Cell disruption was dealt with an ultrasonic disrupter UR-200P

(TOMY SEIKO, Tokyo, Japan). Analysis of the samples during protein purification was performed
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using SDS-polyacrylamide gel electrophoresis, and the proteins were visualized by using coomassie
brilliant blue staining. Protein concentration was determined by the bradford method with bovine

serum albumin as a standard.

Strain and culture conditions. Escherichia coli HST08 and E. coli DH5a were used for cloning,
following standard recombinant DNA techniques. E. coli BL21-Gold(DE3) was used for protein
expression. Aspergillus flavus deletion mutants1 were used for isolation of ustiloxins. Aspergillus
oryzae NSARI1, a quadruple auxotrophic mutant (niaD-, sC, AargB, adeA’), was used for the fungal

expression.

Isolation of ustiloxin derivatives from A4. flavus mutants

Mycelia of 4. flavus deletion mutants were inoculated into a solid medium containing cracked maize
(30 g) and uracil (30 mg) in 500 mL Erlenmeyer flasks for 1 week. The fungal mycelia were then
extracted with 70% aqueous acetone (200 mL) for overnight at room temperature. After vaporizing
the acetone, the water layer was washed with ethyl acetate and butanol and then subjected to C18
column chromatography eluted with stepwise gradient of CH3CN (0%, 5%, and 50%) with 0.1%
TFA. The fraction containing ustiloxins was separated by HPLC (Shimazu Class VP system)
equipped with Wakopak Navi C18-5 column (10 x 250 mm, A linear gradient from 5 to 20% of
CH3CN with 0.1% TFA in water with 0.1% TFA over 10 min, and 20% CH3CN with 0.1% TFA for
10 min; flow rate of 3 mL/min). Further HPLC purification (Shimazu Class VP system) equipped
with Wakopak Navi C18-5 column (10 x 250 mm): 5 to 10% CH3CN for 5 min and 10% CH3CN
for 10 min, flow rate 3 mL/min) gave compounds as followed:

N-desmethylustiloxin F (2) [a]p* -78.8 (¢ 0.65, H,O), HR-ESIMS analysis (negative); calcd. for
C2o0H27N405 [M-H] : 451.1834, found: 451.1829. The NMR data are shown on Table 3-3.
ustiloxin F (3) HR-ESIMS analysis (positive); calcd. for C21H3i1N4Og [M+H]": 467.2136, found:
467.2180.

S-deoxyustiloxin H (4) HR-ESIMS analysis (negative); calcd for Co4H34Ns5010S [M-H]: 584.2032,
found: 584.2030. The NMR data are shown on Table 3-3.

ustiloxin H (5) [a]p? -39.9 (¢ 0.34, H,0), HR-ESIMS analysis (positive); calcd. for C24H35N501;S

[M+H]": 602.2127, found: 602.2122. The NMR data are shown on Table 3-3.
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ustiloxin C (6) HR-ESIMS analysis (positive); calcd. for C23H35N4010S [M+H]": 559.2068, found:

559.2108.
Table 3-3. NMR spectral data of 2, 4, 5
N-desmethylustiloxin F (2) deoxyustiloxin H (4) ustiloxin H (5)
5 Su (multiplicity, J in . Sn (multiplicity, J in . Sn (multiplicity, Jin
Hz) Hz) Hz)

2 88.3 - 86.3 - 89.7 -
3 61.7 4.66 (s) 59.2 4.71 (s) 62.3  4.73(s)
5 175.1 - 1721 - 1745 -
6 52.3 4.33(q, 7.0) 49.6 4.43(q, 7.0) 521  4.48(q,7.0)
8 169.9 - 166.2 - 168.3 -
9 62.5 3.90 (d, 9.5) 64.6 4.65 (d, 7.0) 68.7  4.20(d, 10.3)
10 74.9 4.81 (d, 9.5) 73.8 4.98 (brs) 75.80 4.99 (d, 10.3)
11 133.3 - 129.1 - 130.6 -
12 1255 7.26 (dd, 8.5, 2.0) 129.3 - 139.1 -
13 121.1 7.06 (d, 8.5) 119.2 7.14 (s) 116.0 7.63s
14 153.3 - 151.2 - 1546 -
15 144.7 - 141.4 - 1485 -
16 126.5 7.41 brs 126.0 7.27 (brs) 126.4 7.43 brs
17 1735 - 170.3 - 1724 -
19a 44.0 4.08 (d, 17.8) 43.3 3.88 (d, 17.0) 46.2  3.84(d, 17.3)
19b - 4.00 (d, 17.8) - 3.83(d, 17.0) - 3.78 (d, 17.3)
20 175.7 - 175.6 - 1789 -
21 24.7 1.66 s 214 1.65s 242 173s
22 a 32.6 2.04 (dg 14.0, 7.5) 30.9 2.05 (dq 14.0, 5.5) 33.6  2.13(dq, 13.5,7.3)
22b - 1.72 (dq, 14.0, 7.0) - 1.73 (dg, 14.0, 5.5) - 1.70 (dg, 13.5, 7.3)
23 10.5 0.91 (t, 7.5) 7.7 0.98 (t, 7.5) 103  0.96(t, 7.3)
24 18.1 1.18 (d, 7.5) 15.1 1.23(d, 7.5) 178  1.18(d, 7.0)
N-CH; - - 321 2.78s 342 276s
2’a - - 35.2 3.61 (dd, 15.0, 6.5) 59.8  3.71(dd, 13.7, 7.5)
2’b - - - 3.43 (dd, 15.0, 6.0) - 3.16 (dd, 13.7, 7.0)
3 - - 53.6 3.95 (t, 6.0) 53.8  4.27(t, 7.3)
4 - - 172.7 - 1742 -

Genomic DNA preparation

Genomic DNA was extracted from A. flavus CA14 according to the same method of chapter 1

experimental section.

Preparation of expression plasmids. The ustA, ustQ, ustYa, ustYb, ustM, and ustT were amplified
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from genomic DNA of A. flavus with primer set as shown on Table 3-4. PCR reactions were
performed with the KOD-Plus-Neo (TOYOBO). Each PCR product was inserted into appropriate
restriction site (site 1 and/or site 2) of pUARA2, pUSA2, or pAdeA2 using In-Fusion Advantage
PCR cloning kit (Clontech Laboratories) to construct expression plasmids.

Table 3-4. Oligonucleotides used for construction of A. oryzae expression plasmids

Restriction Size
Insert . Sequence 5°-3’
site vector
” Kol F: AATTCGAGCTCGGTACATGAAGCTTATTCTTACTCTACTCG 770 bp
ust. n
P R: TTAATGCCCTCCATGGCGCTTGTC pUSA2
0 Nhel F: ATGGCCGTGGAATATTTCCAGGAAAAACTA 1350 bp
ust e
R: ACGACTACCCGGGTCACTAATACGTATAACATA pUSA2
Y Nhel F: ATCGATTTGAGCTAGATGGCAGAGCGCTCATCT 946 bp
ustYa e
R: TAGTGCGGCCGCTAGTTAATGAATCCCATACGTCG pUARA2
Vb Konl F: CGGAATTCGAGCTCGATGTCGGATCTCTACGCAC 974 bp
ust n
P R: ACTACAGATCCCCGGCTAATTATGCTTAGCATCCAC pUARA2
" Nhel F: ATCGATTTGAGCTAGATGGAAACAATCCTATCCAG 891 bp
ust. e
R: TAGTGCGGCCGCTAGTCAAGCGCCCAGCTCCAG pAdeA2
r Kol F: CGGAATTCGAGCTCGATGTCGGGCACCTCTCCA 1791 bp
ust n
P R: ACTACAGATCCCCGGTCAATACGACCTTGCTGCA pUARA2

Transformation of Aspergillus oryzae.

Transformation of A. oryzae NSARI or transformant (1.0 x 108 cells) were performed by the
protoplast-polyethylene glycol method the same with chapter 1 experimental section. To construct
transformants harboring ustiloxin B synthase genes, pUSA2-ustA/Q, pUARA2-ustYa/YD,
pUARA2-ustYa, pUARA2-ustYb, pAdeA2-ustYb, pAdeA2-ustYb/M, pUARA2-ustT were used for
the transformation. The following transformants were obtained: AO-ust4QYaYb (co-transformation),
AO-ustAQYa, AO-ustAQYb, AO-ustAQYaYb (stepwise incorporation), AO-ustAQYaYbM, AO-

ustAQYaYbMT.

Extraction of metabolites.
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Mycelia of A. oryzae transformants were inoculated into a solid medium containing polished rice
(20 g) and adenine (10 mg). Each culture was incubated at 30°C for 7 days followed by extraction
with 70% acetone/H>O overnight. After centrifuge, 300 puL aqueous acetone supernatant was
evaporated out of acetone and washed with an equal volume of ethyl acetate to give the analytical

sample.

Analysis of the metabolites.

An 5 pL aliquot of each water extract was analyzed by UPLC (Waters ACQUITY UPLC H-Class
system) equipped with a ACQUITY UPLC BEH C18 column (50 mm x2.1 mm, 1.7 pm particle
size) at the following conditions: Flow rate; 0. 7 mL/min, Solvent system: A linear gradient from 5

to 50% of HCOOH with 0.1% TFA in water with 0.1% HCOOH over 2 min.

Isolation of N-desmethylustiloxin F (2) from A. oryzae transformant AO-ust41QYaYb.

Mycelia of AO-ustAQYaYb was inoculated into a solid medium containing polished rice and adenine
(10 mg) in 500 mL Erlenmeyer flasks for a week. The fungal mycelia were than extracted with 70%
aqueous acetone (200 mL) for overnight at room temperature. After vaporizing the acetone, the
water layer was washed with AcOEt and butanol and then subjected to C18 column chromatography.
The fraction containing 2 was separated by HPLC (Shimazu Class VP system) equipped with
Wakopak Navi C18-5 column (10 x 250 mm, a linear gradient from 5 to 20% of CH3CN with 0.1%
TFA in water with 0.1% TFA over 10 min, and 20% CH3CN with 0.1% TFA for 10 min; flow rate
of 3 mL/min). Further HPLC purification (Shimazu Class VP system) equipped with Wakopak Navi
C18-5 column (10 x 250 mm): 5 to 10% CH3CN for 5 min and 10% CH3CN for 10 min, flow rate

3 mL/min) gave 2 (Yield: 3.5 mg/500 g rice).

mRNA preparation and cDNA synthesis of 4. flavus strain CA14

mRNA preparation and cDNA synthesis of A. flavus strain CA14 was cultured in V8 juice media
(100 mL in 500 mL Erlenmeyer flask) for 2 days at 30°C (200 rpm). Total RNA was extracted from
each dried mycelia using TRIzol® Reagent (Invitrogen) according to the manufacturer’s
instructions. The total RNA treated with DNase I (Life Technologies) was used for reverse

transcription. Complementary DNA (cDNA) was synthesized with PrimeScriptTM 1I Ist strand
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cDNA synthesis kit (Takara) using the oligo dT primer according to the manufacturer’s instructions.

Overexpression of UstF1, UstF2, and UstD in E. coli. The ustF1 (Conducted by Mr. Igarashi),

ustF2 and ustD genes were PCR amplified from the cDNA of 4. flavus CA14 using primers (Table

3-5). The PCR products were directly inserted into the BamHI or Kpnl-digested pMALCc4E to

generate pMALc4E-ustF1, pMALc4E-ustF2, pMalc4E-ustD. These plasmids were separately

introduced into E. coli BL21-Gold (DE3) for overexpression. The transformants was grown at 37°C

at an OD600 of ~0.6 in a 500 mL flask. After the culture was cooled at 4°C, isopropyl p-D-

thiogalactopyranoside (0.1 mM) was added to it. After incubation at 16°C for 18 h, the cells were

harvested by centrifugation at 4000 rpm. The harvested cells were resuspended in disruption buffer

(20 mM Tris—HCI (pH 7.4), 200 mM NaCl, EDTA 1 mM, DTT 1 mM) and disrupted by sonication.

After centrifugation, the supernatant was applied to an amylose column to purify the expressed

protein. The concentration of purified proteins was determined by Bradford method.

Table 3-5. Oligonucleotides used for construction of E. coli expression plasmids

Insert | Restricti | Sequence 5°-3’ Size
on site vector

ustFl | BamHI F: 1515 bp
ACCGGAATTCGGATCCATGACTGTTTCTCAGGTT | pMalc4E
CG
R:
GCTTGACGGTGTAGAATTAATCCTAGGAGATCTC
AGCT

ustF2 | Kpnl F: 1428 bp
GATGACGATGACAAGATGGCCAATCCTCAAACCA | pMalc4E
R:
AGGATCCGAATTCCGCTACTTGTTAACTTGAGCC
C

ustD Kpnl F: 1320 bp
GATGACGATGACAAGATGAAATCGGTAGCAACCT | pMalc4E
C
R: AGGATCCGAATTCCGCTAGGTATCCCGCGTGAC

UstF1 and UstF2 Assays. Typical conditions are as follows; a reaction mixture (40 pL of Tris-HCl

buffer (pH 8.0)) containing 4 uM of the substrate, 2 mM NADPH, 5% glycerol, 0.6 uM of UstF1
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or UstF2) was incubated at 30°C. The reaction was quenched by the addition of methanol (40 pL)
and the resultant mixture was vortexed and centrifuged at 12,000 x g. The supernatant was directly
analyzed UPLC (Waters ACQUITYTM UPLC H-Class system) equipped with a ACQUITYTM
UPLC BEH C18 column (50 mm x2.1 mm, 1.7 um particle size) at the following conditions: Flow
rate; 0. 7 mL/min, Solvent system: A linear gradient from 5 to 50% of CH3CN with 0.1% HCOOH
in water with 0.1% HCOOH over 2 min. An ACQUITY QDa MS was used for detection.

Large scale reaction with UstF2

Large scale reaction of 5 (2.0 mg) with UstF2 yielded 7 (1.4 mg, 72.6%) as an isomeric mixture
(E/Z =2/1). [a]p 27 21.6 (c 0.45, H,O). HR-ESIMS analysis (positive); calcd. for C23H34N5010S

[M+H]" 572.2021, found: 572.1983. NMR data is shown in Table 3-6.

UstD Assays.

Typical conditions are as follows; a reaction mixture (50 uL of Tris-HCI buffer (pH 7.4)) containing
100 uM of the substrate, 0.4 uM UstD, 400 uM aspartic acid was incubated at 30°C. The reaction
was quenched by the addition of methanol (50 pL) and the resultant mixture was vortexed and
centrifuged at 12,000 x g. The supernatant was directly analyzed UPLC (Waters ACQUITYTM
UPLC H-Class system) equipped with a ACQUITYTM UPLC BEH C18 column (50 mmx2.1 mm,
1.7 um particle size) at the following conditions: Flow rate; 0. 7 mL/min, Solvent system: a linear
gradient from 5 to 50% of CH3CN with 0.1% HCOOH in water with 0.1% HCOOH over 2 min. An

ACQUITY QDa MS was used for detection.

Transformation of oxime into geminal diol in acidic condition.

To a solution of of 7 (0.9 mg, 1.5 umol) in water (10 mL) was added TFA (20 pL, 0.26 mmol) and
the mixture was sitrred at room temperature for overnight. The reaction mixture was directly
subjected to 40C18 open column (Wakosil, 30~50 um, MeCN/H>0O 5/95). The fraction containing
9 was concentrated in vacuo and further purified by HPLC (Shimazu Class VP system) equipped
with Wakopak Navi C18-5 column (10 x 250 mm, A linear gradient from 5 to 20% of CH3CN with
0.1% TFA in water with 0.1% TFA over 10 min, and 20% CH3CN with 0.1% TFA for 10 min; flow
rate of 3 mL/min; detection at 290 nm) to afford 9 (0.365 mg, 40%). [a]p ?¢ -7.2 (¢ 0.16, H,O). HR-

ESIMS analysis (positive); caled. for C»3H3sN4O11S [M+H]*: 575.2018, found: 575.2004. NMR
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data is shown in Table 3-6.

7 (E/Z mixture) 9
5 on (multiplicity, Jin o5, (mutiplicity, 3 in Hz)
Hz)

2 89.1 - 89.5 -
3 62.2 4.73 (s) 62.0 4.70 (s)
5 174.5 - 1746 -
6 51.9 4.42 (q, 7.0) 52.1 4.44 (q, 7.0)
8 169.8 - 168.2 -
9 69.6 4.04 (d, 11.0) 68.6 4.19 (d, 10.0)
10 76.3 4.92 (d, 11.0) 75.8 4.96 (d, 10.0)
11 130.9 - 1304 -
12 136.8 (Major) - 1389 -

137.6 (Minor) - - -
13 117.2 (Major)  7.42,s 1165 7.60,s

116.6 (Minor)  7.53,s - -
14 154.3 - 1547 -
15 148.4 - 1481 -
16 126.6 7.35, brs 126.9  7.42,brs
17 172.5 - 173.0 -
19a 46.2 3.82 (d, 17.0) 45.6 3.95 (brs)
19b - 3.76 (d, 17.0) - -
20 178.9 - 176.6 -
21 24.1 1.74,s 24.4 1.73,s
22a 33.7 2.11 (dq, 14.3,7.5) 334 2.10 (dgq, 14.0, 6.5)
22b - 1.70 (dq, 14.3,7.5) - 1.69 (dq, 14.0, 6.5)
23 10.3 0.99 (t, 7.0) 10.4 0.96 (t, 7.0)
24 17.7 1.18 (d, 7.0) 179  1.19(d, 7.0)
N-CHs 34.7 2.66 (s) 34.3 2.75 (s)
2’a 65.2 3.65 (dd, 12.0, 4.3) * *
2’b - 3.56 (dd, 12.0, 6.3) - *
3 146.0 (Major)  7.43(s) 88.9 5.48 (s)

144.2 (Minor)  6.96 (s) - -

Table 3-6. NMR data of 7 and 9
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Reduction of 9 to give ustiloxin C (6)

To a solution of 9 (0.3 mg) in water (500 pL) was added NaBH4 (2 mg, 248 umol). After being
stirred for 90 min at r.t., the reaction mixture was quenched by the addition 50 pL. TFA. The mixture
was concentrated in vacuo and purified by HPLC (Shimazu Class VP system) equipped with
Wakopak Navi C18-5 column (10 x 250 mm). HPLC purification conditions: A linear gradient from
5 to 20% of CH3CN with 0.1% TFA in water with 0.1% TFA over 10 min, and 20% CH3CN with
0.1% TFA for 10 min; flow rate of 3 mL/min; detection at 290 nm. Purified product (0.19 mg, 65%)

was identified as ustiloxin C from the reported 'H NMR data® .
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Chapter 4. Fungal RiPP asperipin-2a biosynthesis study

4-1. Asperipin-2a and its biosynthetic gene cluster.

Ustiloxin B biosynthetic gene cluster is the first example of an RiPP from filamentous fungi’®, and its
biosynthetic pathway has been elucidated as described in chapter 3. On its cluster, the most
characteristic genes are ustA encoding the precursor peptide with repeated YAIG motif (Figure 4-1),
and ustYaYb encoding novel oxidative cyclases.

Based on the features of precursor peptide protein (signal peptide, repeated motif, kex2-site), Nagano
et al identified nearly 2000 precursor peptide candidates from fungal genomes. UstYa homologues
search were also conducted by the same group. From 20 Aspergilli genomes, 244 UstYa/Yb
homologues (242 UstYa and 191 UstYb homologues) were detected. To identify the gene clusters
including both UstYa homologue and RiPPs precursor candidate genes, the region within 10 kbp of
the UstYa homologue genes were analyzed. Results showed that nearly 100 sets of putative RiPPs

gene clusters were found.

UstA: PhomA
MKLILTLLVSGLCALAAPAAKR MRFTPAIVIAAFCSLAVA
DGVEDYATGIDKR APAAKATARSP
NSVEDYATGIDKR l SEAVEDYVIPIDKKR
NSVEDYATGIDKR GEAVEDYVIPIDKKR
NSVEDYAIGIDKR signal peptide GEAVEDYVIPFDKR
NSVEDYAIGIDKR GEAVEDYVIPIDKKR
NTVED YATGIDKR GEAVEDYVIPFDKR
NSVEDYAIGIDKR GEAVEDYVIPIDKKR
NTVED YAIGIDKR Kex2 GEAVEDYVIPFDKR
NSVEDYAIGIDKR——%»cmavagec“e GEAVEDYVIPIDK
NSVEDYAIGIDKR

GGSVEDYAIGIDKR

NSVEDYAIGIDKR

NSVEDYAIGIDKR

GSVED YATGIDKKR

GTVEDYAIGIDKR aromatic rich

GGSVEDYAIGIDKR region
HGGH

Figure 4-1. Precursor peptide protein sequences of UstA and PhomA
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Among them, they found a simply gene cluster that consisted of four genes denoted here as apr4
(RiPPs precursor candidate gene), aprY (encoding UstYa homologue), aprT (encoding MFS
transporter) and aprR (encoding isoflavone reductasea) shown in Table 4-1.

Table 4-1. Homologous genes and proposed gene functions in the asperipin-2a BGC
R T Ya A

<)

Homologue gene

) Gene name ) )
GeneIDinNCBI | = ) ID in 4. orzyae Proposed function
in this thesis )
(sequence identity)

Isoflavone
AOR 1 508054
AFLA 041370 aprR reductase
(99%)
related gene

AOR_1 510054

AFLA 041380 aprT MES transporter
(99%)
AOR 1 512054
AFLA 041390 aprY UstY homologue
(99%)
AOR _1 514054 Precursor peptide
AFLA 041400 aprA4
(92%) protein

After confirming these genes co-expressed each other in the production of asperipin-2a, they employed
gene deletions of aprd and aprY and found that the resultant mutants abolished the production of
asperipin-2a. Then they determined the unique bicyclic structure of this compound and established
that it has one of the core peptide sequence FYYTGY (Figure 4-2). These data suggested that AprY
may catalyze two oxidative cyclizations of core peptide to afford a macrocyclic peptide. Compared
with ustiloxin B biosynthesis that requires four genes for construction of macrocyclic core scaffold,
asperipin-2a biosynthesis is rather simple, indicating that oxidative cyclization system with a single
enzyme AprY may readily reconstitute in vitro using synthetic peptides.

Based on these observations, the author decided to reconstitute the biosynthetic pathway of asperipin-

2a.
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(A) ®)
AprA
MHLSRYIAVLLSASSEVSALPLQOND y
VISDDGKPIDAIMATAMEHKVVNP
ENLDATPATPENPEDLDKR 0
FYYTGYKRNAETPEDLDKR .

amino [e)
H
N
H

)

Y o
WOH
FYYTGYKRNAETPEDLDKR substuted F

o
H
FYYTGYKRNAETPEDLDKR HO N N N/\[rNH G
FYYTGYKRNAETPEDLDKR 0 o H o
FYYTGYKRNAETPDDLDKR OH
FYYTGYKRNAETPEDLDKR Y OH T
FYYTGYKRNAETPEDLDKR

FYYTGYKRTAETPEDLDK asperipin-2a

Figure 4-2. (A) primary amino acid sequence of AprA. (B) Planar structure of asperipin-2a
4-2. Heterologous expression of asperipin-2a biosynthetic gene cluster.

4-2-1 Construction of plasmids and transformation of A. oryzae NSAR1

As mentioned in 4-1, four genes were proposed to constitute the BGC for asperipin-2a production,
thus the author started heterologous expression of these genes. AprA, Y, T have their corresponding
counterparts in ustiloxin B BGC, so their functions were easily predicted. However, aprR is unique in
asperipin-2a BGC, and its function remains unknown. We transformed the wild-type NSARI1 strain
with plasmids as Table 4-2 shows. While aprY and aprA gene deletion experiments in 4. flavus
conducted by Nagano et al '° proved they were involved in asperipin-2a production, the AO-apr4Y
transformant was constructed to examine whether these two enzymes-minimal set was enough to
afford asperipin-2a or not. AO-apr4YaT transformant was constructed here to elucidate AprR’s
function. Also, the transporter’s function could be checked in AO-aprAYaR transformant.

Table 4-2. A. oryzae transformants and corresponding plasmids

A. oryzae transformant Transformation plasmids
pUARA2-aprdAY
AO-aprAYRT
pAdeA2-aprRT
UARA2-aprdY
AO-aprAYR P apr
pAdeA2-aprR
UARA2-aprdY
AO-aprAYT P apr
pAdeA2-aprT
AO-aprAY pUARA2-aprAY
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4-2-2. LC-MS analysis of the metabolites produced by the transformants.

After obtaining the transformants the author cultured them in rice medium and potato/starch medium
to screen the production of metabolites. As potato/starch medium gave a cleaner background, their
UPLC/MS results were shown in Figure 4-2. AO-aprAYaRT produced a new peak corresponding to
asperipin-2a, indicating that these four genes are sufficient for heterologous production of asperipin-
2a. Asperipin-2a was also isolated from the AO-apr4AYaRT rice medium. The yield is 1.7 mg/Kg rice,
5 times the amount of that isolated from A. flavus cultured in maize'?. The pure compound was
subjected to extensive NMR analysis.

On the other hand, asperipin-2a production was not observed in AO-aprAY (data not shown) and
dramatically decreased in transformants lacking either AprR or AprT, and no intermediates were
observed. As shown in Table 4-1, A. oryzae wild type genome has the same gene cluster with almost
identical enzyme sequences. The low expression of AprR’s counterpart AOR 1 508054 in AO-

aprAYaT transformant would result in trivial production of asperipin-2a.

LC-MS profiles

EIC: m/z 810
Wild type AO-aprAYT
g
TR0 200 250 240 180 200 220 240
AO-aprAYR AO-aprAYRT ﬂ
o |
T80 200 250 | 240 U180 200 220 - 240

Figure 4-2. The LC/MS profile of apr gene transformants
Although the function of AprR could not be determined currently, yet some information could still be
obtained from sequence analysis of AprR. It contains NAD(P)H-binding motif and conserves

homology to isoflavone reductase (IFR) which converts 2’-hydroxyformononetin stereospecifically to
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(3R)-vestitone (Scheme 4-1A)%. Thus AprR was speculated to have reductive activity to reduce ketone

double bond. Accordingly the proposed the biosynthetic pathway of asperipin-2a was shown in scheme

4-1B
(A)
(B)
0 o o
AprY 0 o o
r
X—(FYYTGY-KR) =Y Kex2 P H H
8 N N NH
Ao peptidase HoN N Hﬁf
.
P o) o on ©
OH

O 2 (0]
0O o}
AprY OH O oH
or unkown oxidase o) o)
H H - fo) 0
HN N N N N/WNH N s NH
H20 OH

(o}
0 0
OH
AprR
H O H 0}

Scheme 4-1. A) Double bond reduction catalyzed by AprR homologue IFR. (B) Proposed biosynthetic pathway of
asperipin-2a
Precursor peptide AprA was digested by Kex2 and unknown peptidase to give FYYTGY. UstYa
homologue AprY catalyzed two rounds of oxidative cyclizations to afford bicyclic intermediate
through ether bonds. Amino group of the phenylalanine residue was oxidized by either AprY or
unknown oxidase to imine which would readily be hydrolyzed to ketone. Finally, AprR would reduce

the ketone into hydroxy group at the a position.



4-3. Absolute configuration of asperipin-2a.

The absolute configuration of asperipin-2a, which has eight chiral centers, had not been determined
yet. Since asperipin-2a is derived from peptide, the advanced Marfey’s method”” was applied to
determine its stereochemistry. However, the existence of two ether rings interfered to obtain at least
3-phenyllactic acid, the second and the third tyrosine residues. For this reason, hydrogenolysis of
asperipin-2a was initially conducted. Thus, the following Scheme 4-2 was designed to determine the

absolute configuration of asperipin-2a.

[e] HO. HO (0]
NA /ToH oH
hyd lysi
1= N ydrogenolysis H (o] H (o) L
HO HO N N/Y
° ° ! H o H oo
OH
OH  asperipin-2a oH
OH
COOH OH
*
6N HCI + + \)\NHz + (go
_— .
110 °C HO OH « NH, OH NH
o COOH
3-phenyllactic acid Tyr Thr Gly

I J

NO, H (0]
NH,
chiral cotlymn O,N
separation E D/L-FDLA

advanced Marfey's
method

Scheme 4-2. Experiment design for asperipin-2a absolute configuration determination
Since hydrogenolysis using H, and Pearlman’s catalyst®® did not proceed, the hydrogen donor was

changed from H> to HCOONHy catalyzed by 10% Pd/C*® as shown in scheme 4-3.

o o
0 o]
OH HO HO
0 OH
H HCO,NH,
N
H

H o
N NH o]
HO N _— H Ho9
o} o H o HO N N N N/WNH
OH 10% Pd-C, MeOH S H 3 H S
OH
OH
ibi OH
asperipin-2a
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Scheme 4-3. Hydrogenolysis of asperipin-2a

Purified linear product was subjected to hydrolysis in 6 N HCI for 13 hours. After evaporating out of
HCI, the product mixture was analyzed by UPLC-MS equipped with chiral column (CHIRALPAK®
ZWIX(+)). The LC-MS profile (Figure 4-3) was compared with that of authentic (R)- and (S)-3-
phenyllactic acid, and the 3-phenyllactic acid residue of asperipin-2a was determined to be R

configuration.

EIC m/z 165

(R)-3-phenyllactic acid

(8)-3- phenyllactic acid

reaction mixture after hydrolysis

Figure 4-3 LC-MS analysis of hydrolyzed products with chiral column for separation of (R)- and (S)-enantiomer of 3-
phenyllactic acid.
Following the last step of scheme 4-2, the chiral derivatization of hydrolyzed products using L-FDLA
was conducted. Derivatized products were analyzed by UPLC UV or MS as shown in Figure 4-4.
By comparing with the synthetic standards, the tyrosine and threonine residues are determined to be L
configuration. Based on the peak area in the UPLC-UV analysis, the mole ration of derivatized L-

tyrosine and glycine was estimated to be 3 in the reaction mixture, further proving that the asperipin-
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2a was completely linearized after hydrogenolysis and all the three tyrosine residues are of the same

configuration.

(A) B)
EIC m/z 414 EIC m/z 476

\ L-FDLA-L-Thr | L-FDLA-L-Tyr
H D-FDLA-L-Thr /\

L-FDLA derived

e Time FEACHION MiXtUre e Time reaction mixture
. : . 40 -

©

UV 340 nm
D-FDLA-Gly

(0.3 nmol injection)

L-FDLA-L-Tyr

(1 nmol injection)

L-FDLA derived

reaction mixture

T T T T T T Time
225 230 235 2.40 245 2.50

Figure 4-4. LC-MS and HPLC profiles of FDLA-derivatives of hydrolyzed asperipin-2a. A) Extracted ion chromatograms
for FDLA-Thr. B) Extracted ion chromatograms for FDLA-Tyr. C) UPLC-UV chromatograms for FDLA-Gly and FDLA-Tyr

at 340 nm

After determination of the absolute configurations of 3-phenyllactic acid and amino acid residues, the
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author moved to determine the stereochemistry of ether moieties at C2 and C16. NOESY correlations
observed in Figure 4-5A allowed to fix the confirmation of 14-membered para-cyclophane system A,
thus making the relative stereochemistry at C15 and C16 determined. Although determinative NOE
correlation was not observed at H2, the J value between H1 and H2 was nearly 0O, indicating their

dihedral angel was nearly 90° with the H2 facing upward (Figure 4-5).

(A)

®)

Figure 4-5. (A) NOE correlation and (B) absolute configuration of asperipin-2a.

Taken together, the author determined the absolute configuration of asperipin-2a as shown in Figure
4-5B. Notably, the C-O bond formation in the sequential cyclization occurs from the same orientation,
suggesting that cyclase catalyzes stereospecific C-O bonding formation with the same mechanism. In
addition, the orientation of C1 hydroxy group which might be controlled by AprR, was the opposite

of that of amino group in the natural L-phenylalanine.

79



As mentioned in section 3-3, UstYaYb were proposed to abstract hydrogen at g position of amino
acids and to form the ether ring through radical mechanism. In the case of asperipin-2a, AprY
abstracted hydrogen at g position of phenylalanine and the second tyrosine, the resultant radicals were
attacked by phenols from the same orientation in the active site of AprY (Scheme 4-4). Notably, a

single enzyme AprY catalyzed two rounds of oxidative cyclizations.

AprY
FYYTGY _—

S goo-y N coo-Y
YAIG OH H HN oH o

oH F OH
HN [¢] UstYa or Yb HN 0 UstYb or Ya

o e — o - .

o
B ., o
N AN
" H N X-NH
X-NH YNH

N-desmethylustiloxin F

Scheme 4-4. Proposed mechanism of AprY and UstYaYb cyclization mechanism

4-4. Discussion

In this thesis, the author demonstrated the reconstitution of two RiPPs core cyclic peptides essential
for the biosynthesis of ustiloxin B and asperipin-2a. While ustiloxin B had complex macrocyclic core
assembly system (1 protein and 3 enzymes) and modification reactions (5 enzymes), asperipin-2a had
very simple system (1 protein and 1 enzyme) and a simple modification (1 reductase). Recent

bioinformatics analysis revealed a significant number of RiPPs gene cluster in the various fungal
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genomes. In general, these clusters consisted of mainly precursor peptide and UstY homologue with
a few modification enzymes. This indicated that asperipin-2a type RiPPs are major group in this family
and elucidation of catalytic mechanism of AprY is very important to understand RiPPs biosynthesis.

Observation that a single DUF3328 protein AprY catalyzes two-step oxidative cyclization in the
biosynthesis of asperipin-2a suggested that AprY is suitable for in vitro study of macrocyclization
using various synthetic peptide.

The sequence alignment of AprY, UstYaYb and phomYb (which was the UstY homologue found in
the BGC of phomopsin®) was shown in Figure 4-6. The presence of HxxHC motif that is reminiscent

of non-heme iron oxidases suggests involvement of metal cofactors in the catalysis®.

AprY MEPF SKFFKSF-——————- RRYHRFHPLDSS-SASD-DELAGKYEEHLLMDERLKRET-
UstYb MSD-LYAHRESDEYLLKPEHFAEKK-
UstYa —MFSYFFRSRE IKMAERSSNGYKEVPV———- RHSEESTIAEEEKDTLLEDRSYSRRDR
phomYb MDGYSSKKPRSASPSRSSLTEVEEEERDTLLKTVSLEEEDK
*, N
Apry VIFKSRIWILLTITNLITLGITVSMIVTSHCQLYAGKN-—ADLRPISWWSPIL
UstYb ~  ———— NRPKRWDCLRP I TYTSLAFVGFIEILFFGIFFAQVTRKTPERLLGELNGLV
UstYa K————- RSCSKAVWFLIALLLLSNIGLLGGLIH-———- YFRKTH--HKEKDVPWLP-—P

phomYb SGENGPRKLRRSRFLYATGILMLSNIAFTAAFLT———— VFVQKRALEPARLPPWAP——P

AprY DAIEIPTYETTLNGTFFA-—KPEVSIAREEPGPENDADWEQYETIRTHIVSREDILRLG
UstYb GDFP————- ARRVIFRSDPLAASDHKTEESRNATMNNWL SYMPRGNGF TAVNQTERYT
UstYa KTTP——— TRKLF-VF———- QTLYGEPLNPEAEKAWDELMPIGRGFVNINNDTALP
phomYb ERYE————— SRVF—-KY-———- MDVYGGEPGPKSEEAWTNL IPKGKGWIKVHNETAIP

* .
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AprY KDPDTVMRFDNDYWGFGDDAYMVQLDVMHQTHCLNMLRKAAFHDYPGYVPTGA-—H-——-

UstYb LPPP]-K—————- QLGADTY——STAVFHQLHCLYAIMSVYDDLAAAKSAADLNAHHSRD
UstYa DQPGLD@—————— SLPQQRA—MISVFHQLHCIYMTREGYYAAREG————————————
phomYb DMPGLD@—————— SLPEQSA—LVSVFHQLHCLYMTRAGYFAARSG————————————
* Do N
HxxHC motif
Apry TDANNTHASRWTHLGHCVDILLGNIQGCNANTEV I TLAWVEGRTQPW—PDFSVN
UstYb DTHSNEHPHEQVHVHSHDHVDHCFQYLRQSLLGCGDTA-—LEGQDPRTDNPGTDGTGAV
UstYa ~ -————— NLDQVNAAHLMHCWDYLRQAIMCHADTT———LEWIPAPPNDKGSTGWGVE
phomYb ~  —————— NLDEVNVVHVSHCWDYLRQAIMCHSDTT-——LEWLHAPPDNFGSTGWGYE
k1 ockk Dok ok Dok Dk *
HxxHC motif
AprY RKCRDFEATYKWQLENSVDAGKFDRMP IPHDAYVWPAPWENRESEL GEKL GKHQKQEGVL
UstYb HICKDFEGILAWADSRRLVDAKHN
UstYa HTCGDFDATARWAEDNRLKTTYGIH
phomYb HQCRDYEAIFAFATEHRAGERQVIHG
R N
AprY GQAGHQHTKRHE
UstYh @ —————
UstYa  —————
phom¥b ~  —————

Figure 4-6. Amino acids sequence alignments of UstY homologues

Although containing macrocyclic ether rings that are also found in ustiloxin B and phomopsin,
asperipin-2a possesses the following unique features: 1) It is derived from FY;Y>TGY3 containing 4
aromatic rings. 2) it contains unique bicyclic ether rings cyclized between Phe benzylic C with Tyr2
phenol O; and Tyr2 benzylic C with Tyr3 phenol O. To undergo these transformations, two oxidative
cyclizations are required. 3) there is no hydroxylation at benzylic carbon observed in ustiloxin B and
phomopsin. Instead, the phenylalanine amino group was replaced by hydroxy group. These points
indicate that asperipin-2a belongs to a novel kind of fungal RiPPs.

We compared biosynthetic gene clusters of ustiloxin B, phomopsin and asperipin-2a together with

their structures (Figure 4-7).
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Figure 4-7 Structures of fungal RiPPs and their BGCs. A) ustiloxin B. B) phomopsin. C) asperipin-2a.
The oxidative modifications involved in formation of ustiloxin B (not including tyrosine residue
sidechain modifications), phomopsin and asperipin-2a are shown in Table 4-3 as well as the UstY

homologues on each BGC. Of particular interest is that the number of oxidative modifications on each
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compound reflects the number of UstY homologues on corresponding BGC. Thus we proposed that
UstY homologues are multifunctional enzymes catalyzing oxidative cyclization, hydroxylation,
double bond formation and chlorination. Different numbers of UstY homologues may bring the
oxidative state diversity in fungal RiPP products.

Table 4-3. Oxidative modifications and UstY homologues on their BGCs

compounds putative oxidative modifications?® UstY homologues on BGC

»  ether ring formation
ustiloxin B UstYa, UstYb

»  benzylic hydroxylation
»  ether ring formation
»  benzylic hydroxylation

phomopsin Phom A~E
»  chlorination
»  double bond formationx3

asperipin-2a »  ether ring formation AprY

2Not including ustilxoin B tyrosine residue sidechain modifications which had been characterized in chapter 3.
Another intriguing issue that needs to be discussed is that, why multiple core peptide motifs appear in
the precursor pepetides of fungal RiPPs, while usually only one core peptide motif is retained in
bacterial RiPP precursor peptides. It is known that the average cellular transcription rate is about two
mRNA molecules per hour and translation rate constant of about 140 proteins per mRNA per hour®.
A plausible hypothesis can be proposed that multiple repeated sequence can response more rapidly for
production of core peptides for production of RiPPs, further suggesting that the RiPPs play some

significant roles in fungal life cycles.
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Conclusions

In this chapter, biosynthetic study of asperipin-2a was carried out.

1. Asperipin-2a was heterologously produced in AO-aprAYRT with 5 times the yield compared with
original producing strain A. flavus. Thus the complete biosynthetic gene cluster of asperipin-2a was
confirmed, and function of UstY homologue as an oxidative cyclase has been again proved.

2. With the help of improved yield of asperipin-2a in A. oryzae transformant, its absolute configuration
was determined by applying advanced Marfey’s method and conformational analysis. Based on these
results, cyclization mechanism of AprY was proposed that a single enzyme AprY catalyzed two-step

oxidative cyclization in a stereoselective manner.

Asperipin-2a was discovered through bioinformatics studies based on the sequence characteristics of
precursor peptide and oxidative cyclases. A. oryzae heterologous expression helped determine its BGC
and absolute configuration. Therefore, asperipin-2a represents a successful example of genome mining
of fungal RiPPs and inspires further discovery of novel RiPPs. However, many questions remain
unsolved concerning AprY and AprR functions. In vitro characterizations are required to look further

into the oxidation mechanism of AprY.
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Experimental

General.

All reagents commercially supplied were used as received. Optical rotations were recorded on
JASCO P-2200 digital polarimeter. 'H- and '3C-NMR spectra were recorded on Bruker AMX-500
spectrometer or Bruker DRX-500. NMR spectra were recorded in dimethyl Sulfoxide-ds (99.9%D
with 0.03%TMS, kanto chemical). 'H chemical shifts were reported in & value relative to DMSO: &y
2.50 ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =triplet,
q = quartet, m = multiplet, br = broad), coupling constant (Hz), and integration. Column
chromatography was carried out on C18 open column (Wakosil, 30~50 um). Oligonucleotides for

polymerase chain reaction (PCR) were purchased from Hokkaido System Science Co., Ltd.

Strain and Culture Conditions.
Escherichia coli HSTOS8 and E. coli DH5a were used for cloning, following standard recombinant
DNA techniques. Aspergillus oryzae NSAR1, a quadruple auxotrophic mutant (niaD-, sC°, AargB,

adeA), was used for the fungal expression.

Preparation of expression plasmids.

The aprAd, aprR, aprT were amplified from genomic DNA, aprY from c-DNA of 4. flavus
(obtained from chapter 2) with primer set as shown in Table 4-4. PCR reactions were performed with
the KOD-Plus-Neo (TOYOBO). Each PCR product was inserted into appropriate restriction site (site
1 and/or site 2) of pUARA2 or pAdeA2 using In-Fusion Advantage PCR cloning kit (Clontech

Laboratories) to construct expression plasmids.
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Table 4-4. Oligonucleotides used for construction of A. oryzae expression plasmids.

Restriction Size
Insert ) Sequence 5°-3’
site vector
F: ATCGATTTGAGCTAGATGCATCTCTCGCGCTAC 663 bp
aprA Nhel
R: TAGTGCGGCCGCTAGTTACTTGTCAAGATCCTCGG pUARA2
F: ATGGCCGTGGAATATTTCCAGGAAAAACTA 1005 bp
aprY Kpnl
R: ACGACTACCCGGGTCACTAATACGTATAACATA pUARA2
F:
ATCGATTTGAGCTAGATGACTATCAAAGTGATTGTTG 946 bp
aprR Nhel
R: pAdeA2
TAGTGCGGCCGCTAGTCAACCTTTCAGAATACTAGC
F: CGGAATTCGAGCTCGATGTCGGATCTCTACGCAC b
1559 bp
aprT Kpnl R:
pAdeA2
ACTACAGATCCCCGGCTAATTATGCTTAGCATCCAC

Transformation of Aspergillus oryzae.
Transformation of 4. oryzae NSARI or transformant (1.0 x 108 cells) were performed by the

protoplast-polyethylene glycol method as in chapter 1 experimental.

Extraction of metabolites.

Rice medium: Mycelia of A. oryzae transformants were inoculated into a solid medium containing
polished rice (20 g). Each culture was incubated at 30°C for 7 days followed by extraction with 80%
acetone/H>O overnight. After centrifuge, 300 uL aqueous acetone supernatant was evaporated out of

acetone and washed with an equal volume of ethyl acetate to give the analytical sample.
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Potato/starch medium: Mycelia of A. oryzae transformants were inoculated into potato/starch
medium (potato infusion 200 g, soluble starch 20 g for 1 L medium) 20 mL. Each culture was incubated
at 30°C, 200 rpm for 3 days followed by adding 80 mL acetone and keeping still overnight. After
centrifuge, 500 uL aqueous acetone supernatant was evaporated out of acetone to give the analytical
sample.

Analysis of the metabolites.

An 5 uL aliquot of each water extract was analyzed by UPLC (Waters ACQUITY™ UPLC H-Class
system) equipped with a ACQUITY™ UPLC BEH C18 column (50 mm x2.1 mm, 1.7 um particle
size) at the following conditions: Flow rate; 0. 7 mL/min, Solvent system: A linear gradient from 5 to
50% of CH3CN with 0.1% HCOOH in water with 0.1% TFA over 2 min, 50 to 95% of CH3CN with

0.1% HCOOH in water with 0.1% HCOOH for 1 min. An ACQUITY QDa MS was used for detection.

Isolation of asperipin-2a from A. oryzae transformant AO-aprAYRT

Mycelia of AO-aprAYRT was inoculated into a solid medium containing polished rice in 500 mL
Erlenmeyer flasks for 1 week. The fungal mycelia were than extracted with 80% aqueous acetone (200
mL) for overnight at room temperature. After vaporizing the acetone, the water layer was washed with
AcOEt and then extracted by butanol. Butanol layer was subjected to C18 column chromatography.
The fraction containing asperipin-2a was separated by HPLC (Shimazu Class VP system) equipped
with Wakopak Navi C18-5 column (10 x 250 mm, A linear gradient from 25 to 75% of MeOH with
0.1% TFA in water with 0.1% TFA over 25 min, and 75% MeOH with 0.1% TFA for 10 min; flow

rate of 3 mL/min) to give asperipin-2a (Yield: 1.7 mg/ kg rice).

Asperipin-2a hydrogenolysis

0.35 mg asperipin-2a (0.43 pmol) was stirred with 1.7 mg 10% Pd/C in 1 mL methanol. A total of 0.5
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g ammonium formate was added in 10 portions. The resulting reaction mixture was stirred at 70°C and
the reaction was monitored by UPLC-MS. After completion of reaction, the catalyst was removed by
filtration through a celite pad. After C18 open column and HPLC purification, the two-ring opened

linear target product and one-ring opened intermediates were obtained at 80:20.

Chiral separation of (S) and (R)-3-phenyllactic acid

(S) and (R)-3-phenyllactic acid were separated by UPLC-MS UPLC (Waters ACQUITY™ UPLC H-
Class system) equipped with a CHIRALPAK® ZWIX(+) (250 mm x4 mm, 3 um particle size) at the
following conditions: 0. 8 mL/min, Solvent system: 10 mM HCOOH+10 mM HCO,;NH4 in

MeOH/H»0 98:2 (v/v). An ACQUITY QDa MS was used for detection.

Derivatization of amino acids by L/D FDLA

The derivatization reactions were listed as Table 4-5. Common derivatization method follows like this:

0.3~0.9 mM amino acids water solution was mixed with 2 mM NaHCOs L/D-FDLA acetone solution

was added to final 3.7 mM. 170 uL reaction solution was kept in 37°C for 1 h and quenched by 20 puL

IN HCl to prepare for the final sample of UPLC analysis. (Waters ACQUITY ™ UPLC H-Class system)
equipped with a ACQUITY™ UPLC BEH C18 column (50 mm x2.1 mm, 1.7 um particle size) at the

following conditions: Flow rate; 0. 7 mL/min, Solvent system: A linear gradient from 5 to 50% of
CH;CN with 0.1% HCOOH in water with 0.1% HCOOH over 2 min, 50% of CH3CN with 0.1%

HCOOH in water with 0.1% HCOOH for 1 min. An ACQUITY QDa MS or PDA e A detector was

used for detection.
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Table 4-5. List of chiral derivatizations

Amino acid chiral reagent product
) L-FDLA L-FDLA-L-Tyr
L-tyrosoine
D-FDLA D-FDLA-L-Tyr
L-FDLA L-FDLA-L-Thr
L-threonine
D-FDLA D-FDLA-L-Thr
glycine D-FDLA D-FDLA-Gly
sample L-FDLA

AprY Cloning and Expression in E. coli

To generate the overexpression construct for AprY, aprY was amplified from the cDNA of the A.
flavus (chapter II experimental) using primer sets as Table 4-6 shows. The PCR products were directly
infused into each vector and separately introduced into E. coli BL21-Gold(DE3) for overexpression.
The transformant was grown at 37°C at an ODsoo of ~0.6 in a 500 mL flask. After the culture was
cooled at 4°C, isopropyl B-d-thiogalactopyranoside (0.1 mM) was added to it. After incubation at 16°C
for 18 h, the cells were harvested by centrifugation at 4000 rpm. The harvested cells were resuspended
in disruption buffer (50 mM Tris—HCI (pH 7.5), 200 mM NaCl, 10 mM 2-Mercaptoethanol) and
disrupted by sonication. After centrifugation, the supernatant was applied to an Ni-NTA-agarose resin
(Qiagen) to purify the expressed protein.

For co-expression of N or C-His-AprYrg-334 with tg chaperon, the chaperone competent cell
pTf16/BL21 (TAKARA) was used according to manufacture manual.

Table 4-6. Oligonucleotides used for construction of E. coli expression plasmids

Restriction Size
Insert ] Sequence 5°-3°

site vector

aprY
F: TCGAAGGTAGGCATATGTCGCACTGCCAACTCA 1005 bp

for N-His- Ndel

R: GTACCGAGCTCCATATTAACTTCCAGGAACAGCTG pColdl

AprY
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aprY

F: CTCCGTCGACAAGCTTATGGAGCCCTTCTCTAAATT 1005 bp
for C-His- HindlIll
R: GTGCGGCCGCAAGCTTTTCGTGCCTTTTCGTATGTT pET22b-
AprY
aprY (short)
F: TCGAAGGTAGGCATATGCACTGTCAGCTTTACGCGGG 774 bp
for N-His- Ndel
R: GGGTACCGAGCTCCATACTATTCGTGCCTTTTCGTAT pColdl
AprY7s-334
aprY (short)
Ndel F: AAGGAGATATACATATGCACTGTCAGCTTTACGCGGG R: 774 bp
for C-His-
BamHI GCTCGAATTCGGATCTTCGTGCCTTTTCGTATGTT pET22b-
AprYrs-334
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Chapter 5. Summary

In previous chapters, biosynthetic studies of three different fungal metabolites were performed. The
chapter 2 described genome mining of bifunctional terpene synthases in fungal strains. The chapter 3
and chapter 4 focused on the biosynthesis of two fungal RiPPs ustiloxin B and asperipin-2a
respectively.

In chapter 2, phylogenetics analysis of bifunctional terpene synthases from fungal genomes were
performed and four candidates from different clades were chosen. The candidate genes were
introduced into 4. oryzae among which NfSS transformant produced a novel sesterterpene named
sesterfisherol. The cyclization mechanism of NfSS was elucidated from in vivo and in vitro labeling
experiments and exhibited its uniqueness through a series of hydride shifts. On the basis of this
mechanism, a unified biogenesis for group A sesterterpenes from bicyclic (5-15), tricyclic (5-12-5)
and tetracyclic (5-6-8-5) cation intermediates was proposed. Especially, the first cyclization mode of
each synthase may be reflected by phylogenetic clades it belongs to. Although not yet proved, this
promising hypothesis suggested that phylogenetic analysis will be the roadmap to guide future genome

mining of novel di/sesterterpenes.

In the chapter 3, I focused on the biosynthetic pathway of ustiloxin B, whose BGC was the firstly
identified RiPPs BGC from filamentous fungi. At first, based on the structural elucidation of the
metabolites accumulated in a series of gene deletion mutants of A. flavus. I proposed the biosynthetic
pathway of ustiloxin B. Heterologous expression of ustAQYaYb revealed that these four genes were
involved in the biosynthesis of the first cyclic intermediates, N-desmethylustiloxin F. Especially,
UstYa and UstYDb, both of which contained Duf3328, were proposed as novel oxidative enzymes
responsible for the formation of ether linked macrocycle. I also characterized the enzymes involved in

the late stage using recombinant enzymes. The FAD-dependent UstF2 catalyzed two rounds of
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hydroxylation on amino group followed by decarboxylative dehydration. The PLP-dependent UstD
catalyzed unprecedented C-C bond formation through a decarboxylative condensation. Based on the
above results, the biosynthetic pathway of ustiloxin B was characterized in detail.

In the chapter 4, asperipin-2a, which was recently discovered by bioinformatics study, was chosen as
the subject for biosynthetic study on fungal RiPPs. Based on the prediction of its BGC proposed by
gene expression analysis, four genes aprAYRT were cloned and introduced into A. oryzae. Resultant
AO-aprAYRT produced asperipin-2a. confirming that these four genes were actually involved in the
biosynthesis. Notably, AprY likely catalyzed two oxidative cyclizations to form the two ether bonds
of asperipin-2a. This result also indicated that ustY homologues, which contained Duf3328 and were
often found in fungal RiPPs gene clusters, would be universal enzymes that were responsible for
oxidative cyclization. In addition I also determined the absolute configuration of asperipin-2a, taking
advantage of the high production achieved by the A. oryzae heterologous expression. Also the
expression of transmembrane region truncated AprY in E. coli was achieved, which may give purified

enzyme for detailed analysis of its catalytic mechanism.

In this chapter, I also want to arrange these three stories into two topics to develop some discussions

and prospects.

1. Aspergillus oryzae vs E. coli.

In a long history of efforts to heterologously express genes from various organisms, many classical
systems have been established. E. coli is widely used for the expression of proteins from bacteria,
fungi, plants or even animals. However, higher organism hosts such as Saccharomyces cerevisiae are
also indispensable tools in biosynthesis researches because eukaryotic protein expression sometimes

requires proper cellular localization and/or co-factors specific to higher organisms for proper protein
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folding.

In my studies, Aspergillus oryzae was established as a versatile host for the reconstitution of the
pathway of two different biosynthetic origins, terpenes and RiPPs. It has been developed to be an
excellent system to express multiple fungal genes in a reasonable time interval and even becomes a
successful platform for screening di/sesterterpene synthases in my studies. The most outstanding
merits are the following two: 1) there is no need to delete the introns from insert genes derived from
filamentous fungi. 2) the overexpressed proteins are more likely to be functional than in other hosts.
For the first merit, it is very important for genome mining: to get the intron-less gene sequences which
are required for E. coli or yeast expression are usually complex, time-consuming, or impossible for
some genes not expressed in standard culturing conditions. Because 4. oryzae shares the same mRNA
splicing mechanism with most filamentous fungi and constitutive/inducible promoters for the
expression of exogenous genes are available, introduction of genomic sequence of target genes would
readily result in the production of functional proteins. This host strain can also be used for the
preparation of matured mRNAs for heterologous expression in other hosts, such as E. coli or S.
cerevisiae. For the second merit, it is also essential to characterize fungal enzymes that retain unknown
motifs, cofactors or proteins that E. coli is reluctant to express. The most convincing example is the
characterization of UstY homologues in chapter 3 and 4. After the introduction of ustYa, Yb and AprY
into 4. oryzae, they were expressed as functional proteins and helped to characterize this novel family
of oxidative cyclases. However, their overexpression in E. coli were proved to be difficult due to their
hydrophobic transmembrane region.

On the other hand, E. coli also plays an essential role in my studies. 1) NfSS was expressed and purified
as a functional enzyme in E. coli. In vitro labelling experiments presented a clear evidence for a 1, 5-
and 1, 2-shift of two hydrides both from C12 on the sesterfisherol cation intermediate. Such detailed

mechanistic elucidation was often limited to in vitro enzymatic characterizations. 2) In the late stage
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of ustiloxin B biosynthesis, UstF2 and UstD were expressed and purified from E. coli. In vitro
enzymatic assay not only showed their unique reaction mechanisms but also identified the exact
structures and products in each reaction. Particularly, ustiloxin C, which was proposed as an
intermediate by initial gene deletion experiment, was proved to be a shunt product by in vitro
experiments.

A. oryzae or E. coli, in vivo or in vitro, they are not contradicting to each other. Instead, they are
collaborating and supplementing to each other. We should make clever strategies to let all the hosts or

techniques working together to solve the ever-challenging problems of biosynthetic studies.

2. Terpenes vs RiPPs

In my studies, the two subjects are terpenes and RiPPs. Interestingly, they are quite different to each
other, and offered me a good chance to compare the study methods of these two.

Terpenes are the most well-known family of natural products, and we have accumulated a great amount
of knowledge for their biosynthesis. Their biosynthetic machinery is relatively simple: the terpene
skeleton was formed by the prenyltransferases and cyclized by terpene synthases and modified by
other tailoring enzymes through oxidation, acylation or hybrid with other indole or PKS products®*
101 However, the interests around the terpene synthases have never diminished in this long time. On
the contrary, how the terpene synthases contribute to the structural diversity of terpenes and how they
precisely controlled the cyclization pattern always amaze us. In NfSS case, its C terminal functioned
as prenyltransferase domain and its N terminal cyclase domain catalyzed the formation of tetracyclic
(5-6-8-5) skeleton through a complex program of hydride shifts. The secret of this precise control lies
behind the amino acids sequence of NfSS, as suggested by the phylogenetic analysis. To solve this
mystery, our group and collaborators are looking deep into this enzyme and uses various techniques

such as amino acid mutation, protein crystallography, chemical calculations. We hope that one day the
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cyclization pattern of terpene synthases could be predicted or even be engineered.

On the other hand, the fungal RiPPs are at the beginning of been characterized, with limited examples
and limited information. As in the case of ustiloxin B, the discovery of its BGC was the result of a
universal BGC prediction program called MIDDAS-M’8. After we got the first example of fungal
RiPPs BGC, the most important task was to elucidate the biosynthetic machinery and establish the
roadmap for further mining of novel RiPPs. After the effort of us and our collaborators, we found out
the precursor peptide protein UstA and oxidative cyclases UstY homologues can serve as such
“probes”. Extensive bioinformatics studies by our collaborators and experimental confirmation
conducted by me enabled the discovery of asperipin-2a, a novel kind of fungal RiPPs. This is a
promising success and will inspire many other efforts to discover fungal RiPPs based on solid
bioinformatic clues.

Although my two subjects, terpenes and fungal RiPPs, are quite different species of natural products,
they actually tell the same story: the new discoveries in biosynthetic studies are hidden in the vast raw
data of DNA and protein sequences. Our work is to look deep into the mechanism of existing reactions
or pathways and establish the roadmap which can guide us to the hidden treasure of natural products

and enzymes that nature bequeaths us.
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