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SUMMARY

Summary

Natural products (NPs) derived from secondary metabolism of living organisms play a pivotal
role in drug discovery, especially for the treatment of cancer and infectious diseases. Their
versatile skeletons are synthesized by different biosynthetic enzymes including polyketide
synthases (PKSs), nonribosomal peptide synthetases (NRPSs), terpene cyclases, and hybrid
enzymes. Further modifications by tailoring enzymes such as oxidoreductases, cytochrome
P450 enzymes, and prenyltransferases (PTs) increase the structural diversity and improve their
biological and pharmacological activities. With the advances in genome sequencing and
analytical technologies, many strategies have been applied for exploring the promising
categories for drug discovery. Due to low or no expression of the majority of biosynthetic gene
clusters (BGCs) in the native genomes, it is of great significance to activate such promiscuous
BGCs for new drug leads. In recent years, genome mining of novel BGCs has achieved

significant progress in NP discovery.

In addition to secondary metabolite (SM) exploration in microorganisms, the substrate-based
enzymatic reactions have also been proven to be a useful tool for enriching the chemical
database. The members of dimethylallyl tryptophan synthase (DMATS) superfamily as
important biocatalysts were widely used for structural modification of diverse small molecules.
Vast of new prenylated structures have been obtained through chemoenzymatic synthesis. In
this thesis, we identified an a-pyrone derivative by genome mining of a NRPS-PKS gene in
Penicillium crustosum and obtained a series of prenylated cyclodipeptide (CDP) analogs

through chemoenzymatic synthesis of different DMATSs.

In the first project, a novel NRPS-PKS hybrid gene pcri0109 from Penicillium crustosum
PRB-2 was chosen for detailed investigation by Dr. Jie Fan. She cloned the gene into the
expression vector for heterologous expression in Aspergillus nidulans. Analysis of the SMs
and structure elucidation proved its responsibility for 4-hydroxy-6-(4-hydroxyphenyl)-2H-
pyran-2-one production. Further isotopic feeding experiments revealed its biosynthetic
pathway. Para-hydroxybenzoic acid (PHBA) as the precursor and two acetate molecules are
assembled for final product formation. To increase the product yield, we fed PHBA in the
cultures and the product yield reached a maximum of 51 mg/kg rice culture, which is five-fold
higher than that obtained without feeding. This provides another method to increase product

formation by supplementing of special substrates.
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In the second project, we mainly focused on the production of diprenylated cyclo-L-Trp-L-Pro
(cWP). At first, we intended to follow the nature’s biosynthetic machinery by utilizing C2-PT
EchPT1 as the first biocatalyst. However, the C2-prenylated cWP could not be accepted by
C4-, C5-, C6-, and C7-PTs for further prenylation. Dr. Lindsay Coby found that the C2-PT
EchPT1 can also catalyze prenylations of monoprenylated cyclodipeptides. Then we changed
the strategy and firstly obtained the C4-, C5-, C6-, C7-monoprenylated cWP in high product
yields. After that, the monoprenylated derivatives were incubated with EchPT1 for the reverse
C2-prenylation. Large scale enzyme assays and NMR analysis proved the products to be
C2,C4-,C2,C5-, N1,C6-, and C2,C7-diprenylated cWP. This is the first report that EChPT1 can

also catalyze the prenylation at the N1 position of the indole ring.

In the third project, a similar method was used for the production of prenylated tryptophan-
containing dimeric CDPs. We chose different dimeric CDPs and PTs for the enzyme activity
test. cyclo-L-Trp-L-Trp (cWW) dimers tetratryptomycins A — C were well accepted by EchPT1
in the presence of DMAPP. Tetratryptomycins A and C are better substrates of EchPT1 for
prenylation compared with tetratryptomycin B. Compound isolation and NMR analysis
determined the products as C2- (and C2’-) prenylated tetratryptomycins, which is consistent
with EchPT1-catalyzed reactions. Further kinetic parameter determination revealed that the

values are in the range of EchPT1-catalyzed reactions toward most CDPs.
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Zusammenfassung

Naturstoffe (NP), die aus dem Sekundirstoffwechsel lebender Organismen stammen, spielen
eine zentrale Rolle bei der Entdeckung von Arzneimitteln, insbesondere solche zur Behandlung
von Krebs und Infektionskrankheiten. Ihr vielseitiges Gerilist wird von verschiedenen
Biosyntheseenzymen rekonstruiert, darunter Polyketidsynthasen (PKSs), nichtribosomale
Peptidsynthetasen (NRPSs), Terpencyclasen und Hybridenzyme. Weitere Modifikationen
durch Enzyme wie Oxidoreduktasen, Cytochrom-P450-Enzyme und Prenyltransferasen (PTs)
erhohen die strukturelle Vielfalt und verbessern ihre biologischen und pharmakologischen
Aktivitdaten. Mit den Fortschritten bei der Genomsequenzierung und den Analysetechnologien
wurden viele Strategien angewandt, um die vielversprechenden Kategorien fiir die
Arzneimittelentdeckung zu erforschen. Da die meisten biosynthetischen Gencluster (BGCs) in
den Genomen nur schwach oder gar nicht exprimiert sind, ist es von grofler Bedeutung, solche
promiskuitiven BGCs fiir die Suche nach neuen Wirkstoffkandidaten zu aktivieren. In den
letzten Jahren hat das Genom-Mining neuartiger BGCs erhebliche Fortschritte bei der
Entdeckung von NPs ermdoglicht. Neben der Erforschung von Sekundidrmetaboliten (SMs) in
Mikroorganismen haben sich auch die substratbasierten enzymatischen Reaktionen als
niitzliches Instrument zur Erweiterung der chemischen Datenbank erwiesen. Die Mitglieder
der Dimethylallyl-Tryptophan-Synthase (DMATS)-Superfamilie wurden als wichtige
Biokatalysatoren in grolem Umfang zur strukturellen Verdnderung verschiedener
niedermolekularer Molekiile eingesetzt. Zahlreiche neue prenylierte Strukturen wurden durch
chemoenzymatische Synthese gewonnen. In dieser Arbeit haben wir ein a-Pyron-Derivat durch
Genom-Mining eines NRPS-PKS-Gens in Penicillium crustosum identifiziert und eine Reihe
von prenylierten Cyclodipeptid (CDP)-Analoga durch chemoenzymatische Synthese
verschiedener DMATSs erhalten.

Im ersten Projekt wurde ein neuartiges NRPS-PKS-Hybridgen pcri0109 aus Penicillium
crustosum PRB-2 von Dr. Jie Fan fiir eine eingehende Untersuchung ausgewihlt. Sie klonierte
das Gen in den Expressionsvektor fiir die heterologe Expression in Aspergillus nidulans. Die
Analyse der SMs und die Strukturaufkldrung bewiesen, dass das Gen fiir die Produktion von
4-Hydroxy-6-(4-hydroxyphenyl)-2H-pyran-2-on verantwortlich ist. Weitere
Isotopenfiitterungsexperimente enthiillten den Biosyntheseweg. para-Hydroxybenzoesiure
(PHBA) als Vorstufe und zwei Acetatmolekiile werden zur Bildung des Endprodukts

zusammengesetzt. Um die Produktausbeute zu erhéhen, fiitterten wir die Kulturen mit PHBA,
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und die Produktausbeute erreichte ein Maximum von 51 mg/kg Reiskultur, was fiinfmal héher
ist als die ohne Fiitterung. Dies ist eine weitere Mdglichkeit, die Produktbildung durch die

Zugabe spezieller Substrate zu erhéhen.

Im zweiten Projekt konzentrierten wir uns hauptséchlich auf die Produktion von diprenyliertem
cyclo-L-Trp-L-Pro (cWP). Zunéchst wollten wir der natiirlichen Biosynthesemaschinerie
folgen, indem wir die C2-PT EchPT1 als ersten Biokatalysator einsetzten. Das C2-prenylierte
cWP konnte jedoch nicht von C4-, C5-, C6-, und C7-PTs zur weiteren Prenylierung akzeptiert
werden. Dr. Lindsay Coby fand heraus, dass der C2-PT EchPT1 auch die Prenylierungen von
monoprenylierten Cyclodipeptiden katalysieren kann. Dann haben wir unsere Strategie
gedndert und zunichst das C4-, C5-, C6-, C7-monoprenylierte c WP in hoher Produktausbeute
erhalten. AnschlieBend wurden die monoprenylierten Derivate mit EchPT1 fiir die reverse C2-
Prenylierung inkubiert. Enzymtests im gro8en Mal3stab und NMR-Analysen zeigten, dass es
sich bei den Produkten um C2,C4-, C2,C5-, N1,C6-, und C2,C7-diprenylierte cWP handelt.
Dies ist der erste Bericht, dass EchPT1auch die Prenylierung an der N1-Position des Indolrings

katalysieren kann.

Im dritten Projekt wurde eine dhnliche Methode fiir die Bildung von prenylierten Tryptophan-
haltigen dimeren CDPs verwendet. Wir wéhlten verschiedene dimere CDPs und PTs fiir den
Enzymaktivitétstest. Interessanterweise konnten nur die cyclo-L-Trp-L-Trp (cWW)-Dimere
Tetratryptomycine A — C von EchPT1 in Gegenwart von DMAPP gut akzeptiert werden.
Tetratryptomycine A und C sind, verglichen mit Tetratryptomycin B, bessere Substrate fiir die
Prenylierung durch EchPT1. Die Isolierung der Verbindungen und die NMR-Analyse ergaben,
dass es sich bei den Produkten um C2- (und C2"-) prenylierte Tetratryptomycine handelt, was
mit EchPT1-katalysierten Reaktionen libereinstimmt. Die weitere Bestimmung der kinetischen
Parameter ergab, dass die Werte im Bereich der EchPT1-katalysierten Reaktionen fiir die

meisten CDPs liegen.



INTRODUCTION

1 Introduction

1.1 Diversity of natural products for drug discovery

Natural products (NPs) are highly valuable small molecules derived from widely distributed
living organisms.'” They are also known as secondary metabolites (SMs) which are not
essential for survival, development and reproduction, but play key roles in defense and cell to
cell communication.** Unlike primary metabolites which are required for growth and are
mostly the same across the spectrum of living organisms, SMs vary widely from species to
species and encompass a diverse array of complex chemical structures.® They exhibit broad
range of functions during cell development, such as stress prevention, predation defense,

competitiveness, communications, pathogenicity and exposure of other organisms.””

With the advances in compound isolation and characterization, millions of NPs have been
discovered mainly from microorganisms, plants, and animals.!'® Approximately 70 % of them
were isolated from plants according to the Dictionary of Natural Products, which are higher
than that originated from other organisms.*!! This can be dated back to the medicinal herbs,
which are the first well-studied natural substance sources. For example, morphine was already
isolated in 1817. Discovery of the first antibiotic penicillin G from Penicillium by Alexander
Fleming in 1928 led to an era of NP discovery from microbial sources.'>!> Numerous novel
structures with biological activities have been identified from the typical members over the last
decades, such as actinobacteria and filamentous fungi.!*!¢ In the history, Natural drugs have
been used as agents since thousands of years and still as the most important source of new

potential therapeutic drugs.!”

Normally, NPs are products of secondary metabolism and use a small number of primary
metabolism precursors such as acetyl-CoA, malonyl-CoA, pyruvate and amino acids.'®
Differing from the primary metabolites (carbohydrates, proteins, nucleosides, and fats), SMs
encompass a diverse array of complex chemical structures (Figure 1).!*?° According to the
structural diversity, NPs can be mainly classified into four categories, i.e., polyketides (PKs),
peptides including nonribosomal peptides (NRPs), terpenoids, and alkaloids (Figure 2).
Besides, there are also hybrid molecules like terpenoid-polyketides, polyketide-nonribosomal

peptides (PK-NRPs), and nonribosomal peptide-polyketides (NRP-PKs).



INTRODUCTION
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Figure 1. A simple scheme of the connection between primary and secondary metabolism. PPP,

pentose phosphate pathway; TCA, tricarboxylic acid.

PKs are a large group of NPs with wide spectrum of biological and pharmacological
activities.?!?> They are produced by bacteria, fungi, plants, and certain marine organisms.????
These compounds often exhibit highly structural diversity, such as macrolides, aromatics and
polyenes.?* Representative PKs from bacteria are macrolide erythromycin obtained from

26

Saccharopolyspora erythraea,” tetracycline isolated from Streptomyces aureofaciens,?® and

27

rifamycin B from Streptomyces mediterranei-’ as well as geldanamycin produced by

Streptomyces hygroscopicus.?® They are all antibiotics used clinically. In the meantime, PKs
originated from fungi also show strong toxic and some are of pharmacological relevance.?*-!
Aflatoxin B1 is a carcinogenic mycotoxin produced by Aspergillus flavus.>* Lovastatin isolated
from Aspergillus terreus is used as a blood cholesterol lowing agent.>*** Naringenin, which

was isolated from plants, has significant antioxidant properties (Figure 2).%

NRPs belong to another important group of NPs, which are also found in various bacteria and
fungi.*** Cyclosporin A, featured with one D-configured alanine and two nonproteinogenic
residues, is an immunosuppressant from Tolypocladium inflatum.** Daptomycin is a cyclic
lipopeptide antibiotic produced by Streptomyces roseosporus and used in the treatment of
systemic and life-threatening infections caused by Gram-positive bacteria.*'*> Penicillin G
from Penicillium sp. was the first natural antibiotic, which has been applied to the treatment of
bacterial infections.*>** Head-to-tail-cyclized peptides enniatin B from Fusarium fungi is a
mycotoxin with antibacterial, antihelmintic, antifungal, herbicidal, and insecticidal activities.**

Brevianamide F, a tryptophan-containing cyclodipeptide (CDP) with a 2,5-diketopiperazine
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(DKP), is produced by Aspergillus fumigatus and has been proved against cardiovascular
dysfunction and cognitive disorders.*#® Furthermore, the fungal metabolite apicidin is
considered as a potential histone deacetylase inhibitor showing antiproliferative activity against

various cancer cell lines (Figure 2).’

HO.

(o]
artemisinic acid

erythromycin A

OH O OHOHO
O“‘ N

tetracycline

oo
po

naringenin lovastatin galanal B

Y

N

20
s

solifenacin

? :

enniatin B brevianamide F apicidin

fumigaclavine A R=CH3COO
fumigaclavine B R=OH

cyclopiazonic acid

Figure 2. Representative structures of natural products. (A) polyketides, (B) nonribosomal

peptides, (C) terpenoids, and (D) alkaloids.

The third major group of NPs is terpenoids including monoterpenes (C10), sesquiterpenes
(C15), diterpenes (C20), and triterpenes (C30).***° They are all originated from the C5 units,
i.e., dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP).>® Artemisinic
acid isolated from Artemisia annua L is a key precursor of sesquiterpene lactone artemisinin,

which is a typical example of antimalarial drug.’’ Rubescensin A originally found in

7
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Rabdosia® and galanal B from flower buds of the myoga plant (Zingiber mioga Roscoe)> are
diterpenoids that exhibit antitumor and antimicrobial activities, respectively.>*>* Tereticornate
A is a triterpene ester compound extracted from the leaves and branches of Eucalyptus gracilis,
which possesses antiviral, antibacterial, and anti-inflammatory activities.’® Oleanolic acid is
also a ubiquitous pentacyclic triterpene from plants, which is often used as medicinal herbs and

as an integral part of the human diet (Figure 2).%’

Besides, alkaloids belong to the largest class of nitrogen-containing NPs (Figure 2).°%% They
can be relative easily purified from crude extracts by acid-base solvent extractions.?*¢!:%? This
category of NPs has a wide range of pharmacological activities including antimalarial,
antitumor, antiarrhythmic, antibacterial, and antihyperglycemic activities.®**> Many of them
have been use in traditional or modern medicines.®%6-8 The outstanding represent is analgesic
agent morphine, which was isolated from the opium poppy of Papaver somniferum.'*"
Solifenacin isolated from mouse plasma is a muscarinic antagonist used to treat symptoms of
an overactive bladder.”° Papaverine is another example found in crude opium, but its major
functions are smooth muscle relaxation and coronary and cerebral vasodilation. Now it has
been clinically used as an antispasmodic and vasodilator.”! Atropine belonging to tropane
alkaloid is isolated from Atropa belladonna and used as a muscarinic acetylcholine receptor
antagonist.”? In addition, fumigaclavine from Aspergillus fumigatus’ and cyclopiazonic acid
from Penicillium cyclopium™ are typical mycotoxins of indole alkaloids from fungal source.

The various core structures together with multiple modifications extensively increase the

structural diversity of NPs, which have huge potential for drug discovery.
1.2 Biosynthesis of natural products

Due to importance of NPs mentioned above, many genetic tools have been developed for better
understanding of their biosynthesis in organisms. In the year 1976, the first complete genome
sequence from the bacteriophage MS2 was elucidated and published.”’® Analysis of the
genomic sequence of several microorganisms in the following years revealed that genes are not
randomly distributed but organized in close proximity to form biosynthetic gene clusters

(BGCs).”?

The BGCs of NPs usually contain essential genes for backbone enzymes and additional genes
for modification of the formed metabolic scaffold. Besides, transporters, specific regulators,
and other functional genes are also aligned in the BGCs (Figure 3).”®”° Diverse backbone

genes, such as polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPSs), and
8



INTRODUCTION

terpene cyclases (TCs), are responsible for the core structures of PKs, NRPs, and terpenoids,
respectively.?’ Different kinds of tailoring enzymes including cytochrome P450
monooxygenases (P450s),% prenyltransferases (PTs),®! nonheme Fe'//2-oxoglutarate (Fe''/2-
OG)-dependent oxygenases,®” and methyltransferases (MTs),*® contribute to the diverse

modification of precursors by oxidation, reduction, rearrangement, and transfer reactions.

<= < 4 =

. Backbone gene Tailoring gene . Regulator . Transporter related Other functions

Figure 3. Schematic presentation of typical BGCs.

1.2.1 Biosynthesis of cyclodipeptides

Cyclodipeptides (CDPs) are the smallest cyclic peptides and usually characterized by a 2,5-
DKP scaffold. They constitute a large group of SMs from fungi, bacteria, plants, and
mammals.?* The CDP core is generated by the condensation of two a-amino acids.®® They are
named by the three letter code for each of the two amino acids, plus a prefix to designate the
absolute configuration, e.g., cyclo-L-Xaa-L-Yaa.®® Normally, they exhibit noteworthy
biological activities, such as antibacterial, antimicrobial, antitumor, and immunosuppressive
effects.®!¥” The outstanding examples are cyclo-L-Pro-L-Pro and cyclo-D-Pro-D-Pro. They are
useful experimental models for studying Parkinson's disease.®® Cyclo-L-Leu-L-Pro is another
CDP displays herbicidal and antibiotic activity.®® Cyclo-L-Leu-Gly is active in memory
processes and stimulate muscle to block the narcotic-induced dopamine receptor sensitivity.*°
Three CDPs, cyclo-L-Pro-L-Val, cyclo-L-Pro-L-Phe, and cyclo-L-Pro-L-Tyr, are involved in the
quorum-sensing-mediated promotion of plant growth by Pseudomonas aeruginosa.’:
Brevianamide F (cyclo-L-Trp-L-Pro) mentioned before is a mycotoxin with antibacterial
activity.”? Cyclo-L-His-L-Pro is an antihyperglycemic agent and also exerts anti-inflammatory

effects.”® Cyclo-L-His-L-Phe and cyclo-L-His-L-Tyr act as efficient antiarrhythmic agents.”

Recently, significant progress has been achieved in the discovery of CDPs. Many tailoring
enzymes were reported to contribute to their biosynthetic pathways, which enlarge the
spectrum of the CDP family.”® Prominent representatives are shown in Figure 4. Plinabulin

(NPI-2358) with isomerization, hydroxylation, hydration, and oxygenation of cyclo-L-His-L-

1_96

Phe shows an inhibitory effect on the cancer cel Gliotoxin belongs to the

epipolythiodioxopiperazine (ETP) class of cytotoxin with immunosuppressive activity.””?

Bicyclomycin modified by six oxidases has been used to treat diarrhea in humans and domestic
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animals.”” The bridged scaffold of nocardioazine A is a noncytotoxic inhibitor of the membrane
protein P-glycoprotein.'®!"! What is more, guanitrypmycin D1 has the unique structure
containing the guanine nucleobase.!’? Very recently, tryptophan-containing dimeric CDPs
coupled with prenyl moieties also found in different species. Interestingly, all these complex
structures are cyclo-L-Trp-L-Pro (cWP) or cyclo-L-Trp-L-Ala (cWA) dimers with different
linkages and prenyl moieties at C2 position of the indole rings.!%-!°> Brevianamide S as an
example shows selective antibacterial activity against Bacille Calmette-Guérin (BCQ),
suggesting a valuable new lead in the search for next-generation antitubercular drugs.*>'®
Another cWP dimer asperginulin A showed obvious toxicity in inhibiting settlement of the

larvae of Balanus reticulatus with an adhesive rate of 48.4 % (Figure 4).!%

oH ° ©

plinabulin (NPI-2358) gliotoxin bicyclomycin nocardioazine A

o)
OH -
NH Q
N\ HN ~ X N
HN
N kS HN = o
=N
o)
HNWO =
Z N
N NH

0]

NH2
guanitrypmycin D1 brevianamide S asperginulin A

Figure 4. Examples of modified CDPs with biological activities and novel skeletons.

In nature, the CDP scaffold can be synthesized by at least two different types of biosynthetic
enzymes, the nonribosomal peptide synthetases (NRPSs) from fungi and the CDP synthases
(CDPSs) from bacteria (Figure 5).16.107

The core NRPS module contains at least three domains, adenylation (A), thiolation or peptidyl
carrier protein (T or PCP), and condensation (C) domain.!® As shown in Figure 5, the NRPS
FtmPS/FtmA from Aspergillus fumigatus is responsible for the formation of the DKP backbone
brevianamide F (¢WP).* Firstly, L-tryptophan and L-proline are recognized and activated by
Al and A2 domains to generate a high-energy aminoacyl-AMP intermediates at the expense
of ATP molecules, separately. After that, the activated intermediates are respectively
transferred onto the thiol group of T1 and T2 domains. Then the activated L-tryptophan and L-
proline are condensed by C1 domain to form the peptide bond. The final product is released by

cyclization catalyzed by the terminal C2 domain to form the DKP structure.*®!%

10
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In contrast to the large NRPSs with 2300 — 2500 amino acid residues, CDPSs are smaller
enzymes with typical of 200 — 300 amino acid residues which are mostly distributed in
Actinobacteria, Proteobacteria, and Firmicutes.''® Hundreds of CDPSs have been
experimentally characterized so far, with an incorporation of total 20 proteinogenic amino
acids.!!! They are new family enzymes which hijack the aminoacyl-tRNAs (aa-tRNAs) from
the primary metabolism as substrates to biosynthesis the DKP scaffolds. The catalytic
mechanism of CDPSs can be described using a ping-pong model.!'? As an example, the
precursor of nocardioazines cyclo-L-Trp-L-Trp (cWW) is biosynthesized by NozA/NcdA from
Nocardiopsis sp. CMB-M0232.!% The CDPS enzyme uses two molecules of tryptophanyl-
tRNA as the first and the second substrate. Firstly, the first tryptophanyl-tRNA is attached to
the residue of NozA/NcdA, generating a tryptophanyl-enzyme intermediate. After that, the
second tryptophanyl-tRNA binds to the intermediate, and its aminoacyl moiety is transferred
to the tryptophanyl-enzyme, resulting in the formation of a dipeptidyl-enzyme intermediate.
Finally, the dipeptidyl moiety undergoes intramolecular cyclization and generates the

tryptophan-containing CDP cWW. 1%

A) CDP biosynthesis from NRPS pathway
thPS/thA

A1 c1 . A2 @ c2

cWP
L-tryptophan L-proline (cyclo-L-Trp-L-Pro)

B) CDP biosynthesis from CDPS pathway

H N H
¢ / o / NozA/Ncd W
N N
H H

cWw
trptophanyl-{tRNA trptophanyl-tRNA (cyclo-L-Trp-L-Trp)

Figure 5. Examples of CDP biosynthesis in the (A) NRPS and (B) CDPS pathways.

1.2.2 PTs in the biosynthesis of prenylated tryptophan-containing cyclodipeptides

PTs are a large family of modification enzymes widely distributed in the secondary metabolism
of bacteria, fungi, and plants.!!3!'> They catalyze the prenyl transfer reactions of diverse
acceptors, such as indole,''® quinone,!!” xanthone,''® flavone,'!” and naphthalene.'?’ So far,
PTs can catalyze both regular and reverse prenylation at C, N or O atoms of the CDP scaffold
(Figure 6).'21:122 A broad range of prenylated CDPs with important biological activities have

been identified.!?>!?* The posttranslational modification by PTs shows that they are part of

11
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physiological processes and the prenylated structures often exhibit increased functionality.!'?*

Therefore, they are always applied for target production of drugs.

iA o 0 i §f<3 regular |
o O Ly €O

Figure 6. (A) Examples of PT acceptors. (B) The regular and reverse pattern of prenylations.

The prenyl donors of PTs are normally derived from either the mevalonate (MVA) or
methylerythritol phosphate (MEP) pathway and consist of n X C5 units, e.g., dimethylallyl
diphosphate (DMAPP: n=1), geranyl diphosphate (GPP: n=2), farnesyl diphosphate (FPP: n=3),
or geranylgeranyl diphosphate (GGPP: n=4).!* According to the aromatic substrates,
dependency on divalent cations, organism sources, and cell localizations, aromatic PTs can be
mainly classified into three categories, i.e., membrane-bound PTs of the UbiA family,'?
soluble PTs as CloQ/NphB group,'?” and dimethylallyl tryptophan synthase (DMATS)
superfamily (Figure 7).'2

Membrane-bound PTs are involved in the biosynthesis of ubiquinones, menaquinones, and
membrane lipids. They are membrane-bound proteins and divalent ion-dependent.'?® UbiA
from Escherichia coli with a conserved (N/D) DXXD motif is responsible for an essential
biosynthesis step of ubiquinones (known as coenzyme Q).'*° The homologue UBIADI
involved in the vitamin K biosynthesis was discovered in human cells.!*' The CloQ/NphB
group PTs are mostly independent of divalent ions. They demonstrate higher substrate
flexibility and mainly catalyze prenylations of naphthalenes, quinones as well as phenolic
compounds.'?* These soluble proteins always share structural feature of a five repeating oppa-
fold, also known as PT barrel. The first identified enzyme CloQ from Streptomyces
roseochromogenes catalyzes the prenylation of 4-hydroxyphenylpyruvic acid (Figure 7).!3?
Another example is NphB from Streptomyces sp. which is involved in the biosynthesis of

naphterpin and derivatives.'3!34

The DMATS superfamily are the best studied group of PTs predominantly found in fungi of
Aspergillus, Penicillium, and Claviceps, less in bacteria.''® They mainly attach prenyl moieties
onto the indole ring of tryptophan and tryptophan-containing CDPs.'?® Up to date, at least more

than 60 representatives of this family have been identified and characterized.'*> Most of these

12
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enzymes show high flexibility toward aromatic substrates with high regioselectivity.'** These
soluble enzymes also have the similar characteristic structure of the PT barrel and the reactions
are independent of divalent metal ions as the group of CloQ/NphB. However, the presence of
ions like Mg?" and Ca’" can positively increase the reaction activities.!*!*7 The reaction
mechanism of DMATSs follows the Friedel-Crafts alkylation, i.e., the dimethylallylic cation
is nucleophilically attacked by the substrate like the indole nucleus, then the prenylated product
is released after rearomatization. Most members of DMATS family are mainly use DMAPP
for their prenylations. However, there are also few examples using FPP and GPP as prenyl

donors 138,139
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+
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Figure 7. Schematic presentation of prenyl donors and the member of aromatic PTs.

Normally, the prenyl moieties can be attached to position N1, C2, C3, C4, C5, C6, or C7 of the
indole ring of tryptophan or tryptophan-containing CDPs in a regular or reverse manner by
DMATSs (Figure 8). The first identified DMATS is DmaW (4-DMATS) from Claviceps
fusiformis and catalyzes the prenylation of tryptophan.'*’ Since then, several other DMATS
enzymes catalyzing prenylations of L-tryptophan have been identified, such as 5-DMATS,'*!
6-DMATSsa,'*? IptA,'* and 7-DMATS.'* FtmPT1 is the first identified CDP PT from
Aspergillus fumigatus, which catalyzes C2-prenylation of brevianamide F in the biosynthesis
of fumitremorgins.'* Later, more CDP PTs have been found from fungi and bacteria, such as
NI1-PTs FtmPT2"7 and CTrpPT!*®; C2-PTs NotF,!” BrePT,” and CdpC2PT1'¥’. SasB,!*®
AnaPT,'” and CdpC3PT"" are responsible for C3-prenylation, FgaPT2'! for C4-prenylation,

13
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EchPT2 for C4-, C5-, and C7-prenylation, and NotC for C7-prenylation (Figure

Furthermore, the DMATS PTs can transfer prenyl moieties onto unnatural structures.

8).152

136,153

Elucidation of the crystal structure of FgaPT2 provided a basis for structure-based protein

engineering. '+
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Figure 8. Known examples of prenylation reactions catalyzed by the DMATS superfamily.

(Modified from literature'*!)

Until now, numbers of multiprenylated tryptophan-containing CDPs from fungal have

been

identified.!>?!%* Interestingly, all these multiprenylated indole DKPs with C2-prenyl moieties

share similar reaction steps. The CDP core is firstly catalyzed by a C2-PT and other PTs later

attach the prenyl moieties onto other positions of indole ring (Figure 9). Taking notoamide S

as an example, the NRPS gene FtmA/FtmPS is responsible for the biosynthesis of
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brevianamide F (cyclo-L-Trp-L-Pro), which is served as substrate of PTs and firstly prenylated
by C2-PT NotF and then prenylated at position C7 by C7-PT NotC, leading to the pivotal
intermediate notoamide S.'> In the biosynthesis of fumitremorgin A, brevianamide F also as
the substrate is catalyzed by FtmPT1 and FtmPT2 for production of C2,NI-prenylated
fumitremorgin B. Modification by the O-PT FtmPT3 leads to the triprenylated derivative
fumitremorgin A.'* In the studies of tri- and tetraprenylated echnulins, EchPT1 can well accept
cyclo-L-Trp-L-Ala and EchPT2 afterwards attaches, in a consecutive prenylation cascade, up

to two prenyl moieties. '’
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Figure 9. Examples of biosynthetic pathways for multiprenylated CDP derivatives with C2-

prenylation as the first decoration step.

1.2.3 Biosynthesis of NRP-PKs

PKs and NRPs are two large group of NPs in fungal kingdom.*!>® Hybrid NPs of the
polyketide-nonribosomal peptide (PK-NRP) group have been clearly elucidated in recent
years.!%-12 This superfamily of NPs are responsible for the formation of diverse biologically
active amide-containing SMs, such as the neurotoxin cyclopiazonic acid,'®® the mycotoxin
fusarin C,'®* the cytotoxin aspyridones A'®> and cytochalasin K'® as a potent actin
polymerization inhibitor (Figure 10). In comparison, the nonribosomal peptide-polyketide
(NRP-PK) hybrids have rarely been reported from fungi.'®” The mycotoxin tenuazonic acid
from Alternaria tenuis is the first reported fungal NRP-PK product.'® Later, swainsonine from

171

Metarhizium robertsii,'®'" hispidin from Neonothopanus nambi,'’" pyrophen from
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Aspergillus niger,'”* and aspcandine from Aspergillus candidus'™ were also identified. The
indolizidine alkaloid swainsonine is a potent immunomodulator and also exhibits
antimetastatic and antiproliferative activities.!” Hispidin and pyrophen are a-pyrone
derivatives, which have been reported to possess a wide range of biological and

pharmacological activities (Figure 10).!7+175

polyketide-nonribosomal peptides ‘: nonribosomal peptide-polyketides

cyclopiazonic acid fusarin C 1 f tenuazonic acid swainsonine hispidin

aspyridone A cytochalasin K pymphen aspcandine

1Ho OH O

‘ A

N~ TO
H

Figure 10. Examples of hybrid NPs of PK-NRPs and NRP-PKs from fungi.

Normally, the PK-NRPs are catalyzed by PKS-NRPSs characterized with PKS domains at N-
terminus and NRPS domains at C-terminus. In comparison, the NRPS-PKS hybrid enzymes
with NRPS at N- and PKS at the C-terminus are responsible for production of NRP-PKs. ¢’
Differing from PKS-NRPSs, all these enzymes catalyze C-C bond formation by addition of

acetyl units from malonyl-CoA to the precursors.!”

According to the literatures, the T/PCP domain of upstream NRPS module and the KS domain
of downstream PKS module play an important role in the C-C bond formation of NRP-PKs.!”’
After receiving the aminoacyl chain from the T domain, the KS domain of PKS catalyze the
decarboxylative condensation between the aminoacyl chain and the malonyl-type extender unit.

As a result, the C-C bond is formed as an aminoacyl-acyl hybrid chain.'6®

As shown in Figure 11, hispidin and pyrophen are biosynthesized by HispS'’”® and
AnATPKS,!"? respectively. Both of the enzymes share the same domain structure of A-T-KS-
MAT-ACP (A: adenylation, T: thiolation, KS: ketosynthase, MAT: malonyl acyl transferase,
ACP: acyl carrier protein). In HispS, the minimal PKS module performs two rounds of chain
elongation using malonyl-CoA, leading to a triketide intermediate. The intermediate then
spontaneously off-loads through lactonization, leading to the a-pyrone hispidin. Interestingly,
HispS uses caffeic acid instead of an amino acid as its substrate for activation to form the

nitrogen-free product.'”® In contrast, the A domain of AnATPKS recognize L-phenylalanine as
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substrate for loading.!”? The other examples are SwnK'”® and AcdB,!”® which are responsible
for the formation of swainsonine and aspcandine, respectively. Comparing with HispS and
AnATPKS, the two enzymes share additional KR (ketoreductase) and R (reductase) domains
before and after the ACP domain. Pipecolic acid!” originated from L-lysine and 3-hydroxy-L-
kynurenine'”® from L-tryptophan were incorporated as a building block for biosynthesis of

swainsonine and aspcandine, respectively (Figure 11).
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Figure 11. Biosynthesis of representative NRP-PK hybrids from fungi.

In recent years, a series of methods have been applied to mining novel hybrid NPs,!62.17%.180
Due to few reported NRP-PKs from fungi, it is of great significance to focus on this less

explored group for new structures identification.
1.3 Ascomycota as important source for natural product discovery

Ascomycota is the most diverse and best studied phylum in fungi kingdom, which comprises
more than 110,000 species.?® They are known as sac fungi which produce microscopic spores
inside special, elongated cells or sacs with the filaments partitioned by cellular cross-walls.'®!

Normally, they can produce sexual spores like ascospores formed in sac-like structures, but
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there are also members producing small asexual spores called conidia.'®! Many ascomycetes
are pathogens of plants, animals, and humans. Plant-pathogenic ascomycetes cause plant
diseases such as apple scab, rice blast, black knot, and the powdery mildews.'®? Candida
albicans and Aspergillus niger can cause skin infections.'®®> Even through the ascomycetes are
harmful for human life, they are notable for producing huge numbers of antibiotics for treating
bacterial infections.'®* Penicillium species are widely used for fermenting bread, alcoholic
beverages and cheese. Several species of ascomycetes, such as Saccharomyces cerevisiae and

Aspergillus species, are biological model organisms used in genetics and biology studies.'®

So far, great progress has been achieved for the isolation and chemical characterization of SMs
from ascomycetes, especially in members of Aspergillus and Penicillium. Due to the diversity
of SMs and their broad range of biological activities, these fungi have gradually become the

main objects for discovery of novel drugs.

1.3.1 Penicillium crustosum and its secondary metabolites

Penicillium crustosum is a common foodborne fungus belonging to the genus Penicillium.
They often cause spoilage in a wide variety of foods, including meat, cheese, and fruits.!®¢ They
are psychrophilic microorganisms which have blue-green or blue-gray conidia and can grow at
low temperatures or in low water activity environments.'®” Almost all P. crustosum strains
produce mycotoxins penitrems A — G.!®¥ Penitrem G has been shown to have insecticidal
activity.'® Isolation and genetic manipulation suggested P. crustosum can produce versatile
NPs, including PKs such as xylariolide D,!° orsellinoxylpropanoic acid,'”! and YWA1,'¥

NPRs like viridicatol,'®? cyclopenin,'®® and roquefortine C!** as well as hybrid SMs, e.g.,

terrestric acid,'”* penilactones A and D (Figure 12).'%°
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Figure 12. Known secondary metabolites from Penicillium crustosum.
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The strain Penicillium crustosum PRB-2 used in this thesis was isolated from a deep-sea
sediment collected in Prydz Bay at a depth of -526 m.!¥” The genome was sequenced in 2019
and assembled with a total of 32.4 Mbp length scaffolds.!®” In this thesis, this PhD candidate
focused on the novel NRP-PK in P. crustosum PRB-2 and elucidated its biosynthetic pathway.

1.3.2 Aspergillus nidulans and its application in genetics and biology studies

Aspergillus nidulans, a saprophytic filamentous fungus with green asexual spores, is
widespread in nature.'”® It is phylogenetically related to other ascomycetes of economic
(Aspergillus niger and Aspergillus oryzae) or clinical importance (Aspergillus fumigatus).'”’-1%®
Due to its haploid genome, simple nutritional requirements, rapid growth and reproduction
rates, A. nidulans 1s a well-established model organism for studying genetic regulation,
developmental biology, signal transduction and secondary metabolism.'”® This fungus is
usually harmless to humans and has been used as a versatile cell factory for industrial
production of enzymes such as cellulase, B-glucosidase, laccase, and xylanase®” as well as NPs,
e.g., echinocandin B**' and anidulafungin.?®?> In addition, the studies in A. nidulans have
developed a platform for heterologous expression of fungal BGCs and represents an alternative

for exploration and efficient production of fungal NPs (Table 1).

Recently, an engineered strain A. nidulans 1O8030 has been used as an excellent host for
heterologous expression of unknown fungal BGCs.?%* The strain has a low SM background, in
which the eight clusters responsible for the biosynthesis of major SMs are deleted:
sterigmatocystin, emericellamide, asperfuranone, monodictyphenone, terrequinone, F9775A
and B, asperthecin, and austinol.?? In this thesis, the PhD candidate successfully heterologous

expressed the target NRPS-PKS gene into A. nidulans LO8030 and proved its function.

Table 1. Examples of biosynthesis of fungal natural products in A. nidulans

Natural product  Source of BGC Titer Refs
Geodin A. terreus 40-70 mg/plate 204
Asperfuranone A. terreus 6.87 mg/L 205
Carotenoid F. fujikuroi 125 mg/kg dry mycelial =~ 2%
Neosartoricin B Trichophyton tonsurans 10 mg/L 207
Penicillin V P. chrysogenum 0.7 mg/L 208
Olivetolic acid Metarhizium anisopliae 80 mg/L 209
Psilocybin Psilocybe cubensis 110 mg/L 210
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1.4 Strategies to diversify natural products for drug discovery

NPs with biologically active pharmacophores have been widely used as drugs for decades.
More than one third of FDA approved molecules are originated from NPs or their analogs,*’-!!
especially for antitumor, immunosuppressant, and cholesterol-lowering drugs.*’ These
products include unaltered natural compounds, chemically modified derivatives, and synthetic
natural mimics, which are meaningful for optimization of the pharmaceutical properties.>!!

Therefore, it is of great significance to obtain more diversified structures for drug discovery.

Traditionally, NPs were obtained through bioactivity-guided screening and exploration of
organisms from understudied environments.?!'> However, the frequently repeated isolation of
known compounds make the discovery process much lower. Nowadays, many strategies have
been used for discovery of new NPs. One efficient method is growth condition optimization,
such as media, UV, temperature, pH values, and chemical mutagenesis.?'**'* Co-cultivation is
also proved as a useful tool to increase the chemical diversity.?'> Besides, addition of chemical

elicitors and epigenetic perturbations also led to cryptic NPs production.?!®2!7

In recent years, development in genomics has revealed that microorganisms have great
potential to produce more biologically active SMs.?!® Genome sequence analyzing proved that
many BGCs are unknown in the microbials.!”® However, their products cannot be detected
under conventional laboratory conditions. Thus, genome mining approaches including genetic
manipulation in the native host and heterologous expression?!® have been developed to activate
these silent BGCs to obtain the cryptic natural products. In addition, combinatorial synthetic
biology and chemoenzymatic approaches offers promising opportunities to access NP analogs,
e.g., pathway modification and mutasynthesis, enzymatic and  microbial
biotransformation.??>?*! Taken together of the strategies, vast of novel NPs with biological

activities and new skeletons are expected to be discovered in the future.

1.4.1 Genome mining approaches for novel natural product discovery

Genome mining refers to utilize the genomic information for the discovery of NPs and their
biosynthetic pathways.??> Since the rapid improvement of next generation sequencing
technologies, numbers of genome sequences of bacteria and fungi are accessible in the public
databases.??® Thus, a series of computational tools were developed to automatically identify
the sets of genes in the genome sequences of many microorganisms. The specialized online
tools include prediction databases antiSMASH (https://antismash.secondarymetabolites.org),

PRISM (http://magarveylab.ca/prism/), CLUSEAN (https://bitbucket.org/tilmweber/clusean),
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and the annotated database MIBiG (https://mibig.secondarymetabolites.org/). For genome

mining of targeted BGCs, these computational tools are powerful to analyze each cryptic genes
and provide important insights into the structural features of their potential product.??* The
strategies for engineering microbial NP biosynthesis can be mainly divided into two parts, i.e.,
(i) genetic manipulation in native host and (ii) heterologous expression in well-studied host

(Figure 13).

Genetic manipulation in the native host is also known as in situ activation. This approach
includes promotor engineering, transcriptional regulation engineering, as well as ribosome and
RNA polymerase engineering.”?® In recent years, the CRISPR-Cas9 technology has been
developed as a novel approach to efficiently manipulate genes.??® Replacement of the native
promotors with strong or inducible promotors has also been applied as efficient method for
activation the silent BGCs.??” Transcriptional regulator engineering is also an efficient method,
which refers manipulation of global and pathway-specific transcriptional regulators, such as

overexpression of the pathway-specific activators and inactivation of the repressors.??
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Figure 13. Genome mining for natural product discovery in microorganisms.
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Heterologous expression strategy is suitable for the strains, which are difficult to do genetic
manipulation. Normally, the heterologous hosts are model strains with well-studied genetic
backgrounds and improved growth and expression phenotypes.??’ Streptomyces coelicolor,
Streptomyces lividans, and Streptomyces albus from bacteria and Aspergillus nidulans,
Aspergillus oryzae, and Aspergillus niger from fungi are the most widely used heterologous
hosts.?*° The target cryptic genes or BGCs, such as NRPS-PKS, !> unusual TC,?*! novel CDPS
modification genes,>*? are assembled and expressed in the heterologous host by direct cloning
into a suitable vector with appropriate promotor. After that, the BGC expressing strains were
analyzed via untargeted metabolomics. The new metabolites can be elucidated by LC-MS and
NMR analysis. In addition, BGC refactoring to reconstruction of the biosynthetic pathways

provides additional method for discovery of the new NPs analogs.?*°

1.4.2 Synthetic biology and chemoenzymatic approaches for enhancing natural product
titers and producing new unnatural products

Over the past decade, creating pathways is becoming a hot research area to find new NPs.
Synthetic biology is based on the biosynthesis and metabolism of NPs at the molecular level,
which demonstrates great potential for enhancing the NP titers and producing new unnatural
products (Figure 14).2*32** Combinational biosynthesis has been proven to be a promising
strategy to obtain target SMs through genetic modification and reorganization of the
biosynthetic pathways.?*> In recent years, metabolic engineering, especially engineering the
novo biosynthetic pathways have been developed as a powerful biotechnological toolbox to
simultaneously improve the access to natural building blocks and their unnatural analogs as
well.2*¢ Another prominent strategy is relied on precursor-directed pathway engineering. 2%’
Native precursor combining with the downstream pathways provides libraries of desired target
compounds. On the other hand, engineering non-native substrates also reveals significant
potential for both regio- and chemo-selective diversification of NPs, spurring advancements

towards novel drug development.?*’

Recently, protein engineering has emerged as a powerful tool in the development of metabolic
engineering, which is normally used to improve enzymatic activities, strengthen enzyme
stabilities, and expand product spectra.?*® PTs as the majority tailoring enzymes often improve
the interaction of the substance with proteins, leading to the increased biological activities of
the prenylated products.”®® The diversity of prenylated compounds has gained increasing
attention in pharmaceutical study. Therefore, it is of attractive interest to use chemoenzymatic
approach for in vitro diversification of prenylated derivatives (Figure 14).
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Figure 14. Synthetic biology and chemoenzymatic approaches for discovery of NPs and their

unnatural designed analogs.

1.4.3 Chemoenzymatic synthesis of prenylated aromatic compounds by using PTs

Comparing with chemical synthesis, chemoenzymatic synthesis shows broad substrate spectra
and mild reaction conditions.?*® Researches show that chemoenzymatic synthesis by PTs has
achieved much progress towards pharmacological screening and a series of prenylated products

have been successfully synthesized by these enzymes.?*°

The considerable inherent promiscuity of PTs has inspired engineering efforts. Previous studies
on the PT engineering showed that site-directed mutagenesis of PTs on some amino acid
residues in the prenyl donor binding pocket changed the catalytic activity and improved the
acceptance of other substrates.!?®?*! One study published in 2015 showed that FgaPT2 K174F
altered the substrate preference from L-Trp to L-Tyr.?*? Changing the residue Glyl15 and
Tyr205 of FtmPT1 led to the altered prenylation position and increased permissiveness towards
nonnative acceptors.’*® Outstanding example is the CDP PTs engineering. Mutation of the
gatekeeping residues in six PTs to glycine led to the improved acceptance of GPP for cyclo-L-

Trp-L-Trp (cWW) prenylation with different prenylation positions or patterns (Figure 15A).%4

Due to the relatively open natural active sites of the ABBA-fold, the usage of PT enzymes as
biocatalysts demonstrate promiscuity towards both their aromatic substrates and the

pyrophosphate alkyl donors.**! For aromatic acceptors, FgaPT2 natively accepts L-tryptophan,
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but can also tolerates tryptophan derivatives, such as indole DKPs and tyrosine.'>! AtaPT also
demonstrated unprecedented promiscuity towards aromatic acceptors, such as bioflavonoids,
chalcones, and cannabinoids.?*¢ In a previous study, one-step reactions were performed by
using eight PTs and the unnatural substrate cyclo-L-homotryptophan-D-valine, which produced
seven prenylated products with prenyl moieties attached to all nucleophilic reactive positions
of the indole ring (Figure 15B).?*’ In addition to their remarkable high flexibility toward
aromatic substrates, recent studies revealed that several members of this family accept not only
DMAPP, GPP, and FPP, but also the unnatural DMAPP analogs like monomethylallyl (MAPP),
2-pentenyl (2-pen-PP), and benzyl diphosphate (benzyl-PP) (Figure 15C). Indole PTs
including FgaPT2 and 5-DMATS as well as CDP PTs as BrePT, FtmPT1, AnaPT, CdpNPT,
and CdpC3PT have been demonstrated to well accept the unnatural prenyl donors.!*>?*® No
doubt the potential application of these enzymes for NP analogs could, in some instances,

provide a more efficient and environmentally friendly approach for synthetic modifications.
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Figure 15. Chemoenzymatic synthesis of prenylated derivatives by using PTs. (A) Decoration
of c(WW with geranyl moieties, (B) One-step reactions of unnatural substrate cyclo-L-

homotryptophan-D-valine, (C) Prenylation with unnatural prenyl donors.

24



AIMS OF THIS THESIS

2 Aims of this thesis

The overall aim of this thesis was creation of new NPs and derivatives by genome mining and
chemoenzymatic synthesis.

The following issues have been addressed in this thesis:

Discovery of 4-hydroxy-6-(4-hvdroxyphenvl)-a-pvrone in Penicillium crustosum by

heterologous expression NRPS-PKS gene and precursor feeding

NPs are crucial for drug discovery and development. However, bioinformatic analysis of
genome sequences has revealed that many BGCs remain silent or are only expressed at low
levels in their native producer under standard laboratory conditions. Scientists have developed
various strategies to activate these silent genes, such as co-cultivation, media composition
optimization, cultivation condition optimization, and manipulation of global regulators and
transcription factors. One promising technique for discovering new NPs is heterologous
expression of the cryptic or silent genes. In recent years, the hybrid genes comprising both PKS
and NRPS domains have been identified, primarily in the form of PKS-NRPS hybrids.
However, NRPS-PKS hybrid enzymes with the NRPS domain at the N-terminus and the PKS
domain at the C-terminus have been rarely reported in fungi. This study focuses on the
heterologous expression of the silent NRPS-PKS gene pcri0109 from Penicillium crustosum
PRB-2. The project was successfully finished with the help of Dr. Jie Fan and Dr. Ge Liao. Dr.
Jie Fan constructed the deletion and heterologous expression strains. Dr. Ge Liao helped with

the structure isolation and elucidation. The following experiments were carried out:

» Bioinformatic analysis of the NRPS-PKS gene pcr10109 from the sequenced genomes

» Deletion of the gene pcri0109 in P. crustosum PRB-2 wildtype strain

» Generating the heterologous expression strain 4. nidulans JF021 by introduction of the
expression construct into A. nidulans LO8030

» Cultivation of A. nidulans JF021 and LC-MS analysis the difference with the control
strain harboring empty vector

» Isolation and structural elucidation of the new peak as 4-hydroxy-6-(4-hydroxyphenyl)-
a-pyrone from A. nidulans JF021

» Feeding experiments increased the product yield and proved that the unusual NRPS-
PKS use PHBA as start unit and two unit of malonyl-CoA to synthesis 4-hydroxy-6-(4-
hydroxyphenyl)-a-pyrone
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Formation of diprenvlated cyclodipeptides by changing the prenylation steps with

different DM ATSs

Multiprenylated indole DKP alkaloids are metabolites decorated by various indole PTs with
prominent agricultural and medicinal applications. Among them, the category of C2-prenylated
ones normally is formed by first regiospecific C2-prenylation at the indole nucleus with
DMAPP and later at other positions. Interestingly, in this study, EchPT1 has the reverse
reaction order which catalyzed the last prenylation step at C2 position. We firstly obtained C4-,
C5-, C6-, and C7-monoprenylated brevianamide F by using four DMATSs. These four
products were further accepted by C2-prenyltransferase EchPT1 to form four new diprenylated
cWP, including the unexpected N1,C6-diprenylated derivative. Our study provides an excellent
example for production of designed products and increasing structural diversity of metabolites
by changing the normal reaction sequences. Dr. Lindsay Coby observed the prenylation

reactions for diprenylated derivatives production. The following experiments were carried out:

» Overproduction and purification of the recombinant PTs Hiss-EchPT1, Hiss-
FgaPT2 R244L, Hiss-FgaPT2 Y398F, 6-DMATSs.-Hiss, and 7-DMATS-Hiss

» Enzyme reactions of FgaPT2 R244L, FgaPT2 Y398F, 6-DMATSs,, and 7-DMATS
with C2-prenylated cyclo-L-Trp-L-Pro deoxybrevianamide E in the presence of
DMAPP

» Enzyme assays for production of C4-, C5-, C6-, and C7-prenylated cyclo-L-Trp-L-Pro
by FgaPT2 R244L, FgaPT2 Y398F, 6-DMATSs,, and 7-DMATS

» Purification and structure elucidation to confirm the prenylation positions of the
monoprenylated products

» Prenylation of the C4-, C5-, C6-, and C7-prenylated cyclo-L-Trp-L-Pro by C2-PT
EchPT1 and structural elucidation of the diprenylated products

» Determination of the kinetic parameters of EChPT1 toward monoprenylated derivatives

and DMAPP

Prenvlation of dimeric cyclo-L-Trp-L-Trp by utilizing the promiscuous cyclo-L-Trp-L-Ala

prenvyltransferase EchPT1

The DMATS superfamily as important biocatalysts usually catalyze metal ion-independent
Friedel-Crafts prenylations. They were widely used for structural modification of diverse small
molecules. In recent years, several prenylated dimeric CDPs have been identified with wide
range of bioactivities. In this study, we intended to get prenylated dimeric CDPs by

chemoenzymatic synthesis with a promiscuous known PT EchPTI1. One mono- and three
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diprenylated cyclo-L-Trp-L-Trp (cWW) dimers were obtained in high conversion yields. Our
study provides an excellent example for increasing structural diversity by prenylation of
complex substrates with known biosynthetic enzymes. The following experiments were carried

out:

» Overproduction and purification of the recombinant DMATSs

» Enzyme reactions of EchPT1, FgaPT2 R244L, FgaPT2 Y398F, 6-DMATSsa, and 7-
DMATS with ¢cWP dimer apergilazine A and cWA-cWP dimer naseseazine A in the
presence of DMAPP

» Enzyme reactions of substrates tetratryptomycin A — C by the five PTs

» Determine the relationship of mono- and diprenylated products in the reaction mixtures
of tetratryptomycin A — C with EchPT1

» Isolation and structural elucidation of the mono- and diprenylated cWW dimers in the
reaction with EchPT1

» Determination of the kinetic parameters of EchPT1 toward tetratryptomycins and

DMAPP
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3 Results and discussion

3.1 Discovery of 4-hydroxy-6-(4-hydroxyphenyl)-a-pyrone in Penicillium
crustosum by heterologous expression of an NRPS-PKS gene and precursor

feeding experiments

As mentioned in the introduction, fungal PKSs and NRPSs are two large enzyme groups
involved in the biosynthesis of polyketide and nonribosomal peptide, respectively.*>158.24
Hybrid enzymes of the PKS-NRPS group have been clearly elucidated in recent years.!'>-
162,250,251 This superfamily enzymes are characterized with PKS domains at N-terminus and
NRPS domains at C-terminus. In comparison, the NRPS-PKS hybrid enzymes with NRPS at
N- and PKS at the C-terminus have rarely been reported from fungi.'®” The mycotoxin
tenuazonic acid from Alternaria tenuis is the first reported fungal NRP-PK.!'®®
Swainsonine, %17 hispidin,'!”! and pyrophen'!’? were identified later and are biosynthesized by
SwnK, HispS, and AnATPKS, respectively. The hybrid enzymes HispS and AnATPKS share
the same domain structure A-T-KS-MAT-ACP, with the exception for SwnK with additional
KR and R domains. Interestingly, the products of HispS and AnATPKS are o-pyrone
derivatives, which were reported to possess a wide range of biological and pharmacological
activities.!”*17> Therefore, it is of great value to focus on this less explored enzyme group for

new structure identification.

We located a NRPS-PKS gene pcr10109 in Penicilium crustosum PRB-2 with the same domain
structure A-T-KS-MAT-ACP as HispS and AnATPKS. However, it only shares identities of
33% with HispS (BBH43485.1) and 29% with AnATPKS (EHA27898.1). Such low homology

raised our curiosity about its function for product formation.

To prove gene function, Dr. Jie Fan firstly deleted the gene pcri0109 in Penicilium crustosum
PRB-2 using split marker strategy. However, LC-MS analysis showed no difference of the SMs
in the crude extracts of deletion mutant and wildtype strain. This suggests that the target gene
was not expressed under the laboratory conditions. To further verify its function, she changed
the method for heterologous expression (Figure 16). The 5813 bps fragment was cloned into
the expression vector pYH-wA-pyrG under the control of the strong gpdA promotor.>>* After
PEG-mediated protoplast transformation in Aspergillus nidulans 108030, she obtained the

heterologous expressing mutant Aspergillus nidulans JF021.
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Figure 16. Workflow for heterologous expression the NRPS-PKS gene pcri0109 from

Penicilium crustosum PRB-2.

As shown in Figure 17a, one additional peak 1 with [M + H]" ion at m/z = 205.0494 was
detected in the crude extract of the transformant JFO21 in rice media for 5 days, which was
absent in the control strain JFO10 with empty vector pYH-wA-pyrG. After large scale
fermentation, the cultures were extracted by ethyl acetate for three times. Compound 1 was
obtained by silica gel column and HPLC purification with the help of Dr. Ge Liao. Further MS
and NMR analyses confirmed product 1 to be 4-hydroxy-6-(4-hydroxyphenyl)-2H-pyran-2-
one (Figure 18).2% The NRPS-PKS encoded by pcrl0109 was therefore termed as
hydroxyphenyl pyrone synthase (HppS).

Obviously, the product of pcr10109 is also an a-pyrone derivative which has similar structure
as hispidin and pyrophen. Comparing with the biosynthesis of hispidin and pyrophen, we
proposed that the product 1 should also has the similar biosynthetic pathway, i.e., the A domain
of HppS recognizes para-hydroxybenzoic acid (PHBA) as a starter unit, which is then
elongated by decarboxylative condensation with malonyl-CoA in two rounds under the
catalysis of the KS domain. Finally, the pyrone product is off-loaded through lactonization
(Figure 18). To prove this hypothesis, we performed feeding experiments with '*C-labelled
PHBA and sodium acetate in the heterologous expressing mutant 4. nidulans JF021. The
isotopic peak of the [M + H]" ion after [1-1*C] PHBA feeding was shifted from m/z 205.050 to
206.053 with an incorporation rate of 72%. What’s more, the increased intensities of the
isotopic peak of the [M + H + 1]" and [M + H + 2]" can be obviously observed after feeding
with [1-13C] and [2-13C] acetate (Figure 17b). These results confirmed the involvement of one

PHBA and two units of acetate molecules in the biosynthesis of compound 1 (Figure 18).
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Figure 17. (a) LC-MS analysis of the SM profiles in different A. nidulans strains without and
with PHBA feeding in rice media for 5 days. Absorptions at 340 nm are illustrated. (b) Isotopic
patterns of [M + H]" ions of 1 from A. nidulans JF021 without and with '3C-labelled precursors.
(c) Dependence of product yields on cultivation times in pcrl0109-expression strain without

and with 0.5 mM fed PHBA.

To increase the product yield, we cultivated pcri0109-expressing strain A. nidulans JF021 in
rice medium containing 0.5 mM PHBA for different days (Figure 17¢). The results showed
that addition of PHBA led to increasing product yield of 1, which reached a maximum of 51
mg/kg rice media after 4 days incubation, approximately a five-fold of that without feeding.
Cultivation of 4. nidulans JF021 in the presence of 0.5 mM of cinnamic acid, para-coumaric
acid or caffeic acid did not lead to accumulation of additional pyrone derivatives,

demonstrating the relative high substrate specificity of HppS.

In summary, we successfully expressed the NRPS-PKS gene pcri0109 from P. crustosum in
A. nidulans and elucidated the biosynthesis of the accumulated product 4-hydroxy-6-(4-
hydroxyphenyl)-a-pyrone. This study provides one additional example for the less explored
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fungal NRPS-PKS hybrid enzymes. Precursor supply improved the product yield to five-fold
of that without feeding. This strategy could be helpful for increasing product formation by

supplementing of special substrates.
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Figure 18. Proposed biosynthesis of the a-pyrone derivative 1.

For details on this work, please see the publication (section 4.1)

Wen Li, Jie Fan, Ge Liao, Wen-Bing Yin and Shu-Ming Li (2021) Precursor supply increases
the accumulation of 4-hydroxy-6-(4-hydroxyphenyl)-a-pyrone after NRPS-PKS gene
expression. Journal of Natural Products, 84, 2380-2384, DOI: 10.1021/acs.jnatprod.1c00120
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3.2 Formation of diprenylated cyclodipeptides by changing the prenylation

order with different prenyltransferases

Prenylated indole alkaloids are hybrid NPs widespread in bacteria, fungi, plants, and marine

254-236 which are important SMs with prominent agricultural and medicinal

organisms,
applications.?*”>*? Prenylated Indole DKPs represent a promising category of them with wide
range of biological and pharmacological activities, such as antitumor, antibacterial,
immunomodulatory, antioxidant, and insecticidal activities.!*”-14%260.261 Bjosynthetically, such
products are usually assembled by either a NRPS in fungi or a CDPS in bacteria using
tryptophan and a second amino acid as substrates. The CDP core is then decorated by different
PTs for the hybrid product formation. The PTs from the DMATS superfamily are well-studied
members of this enzyme group, which are important biocatalysts and usually catalyze metal
ion-independent Friedel-Crafts prenylations.'>”?4%:262 In nature, CDPs can be prenylated from
N1 to C7 of the indole ring by different DMATSs. Therefore, they are usually used for structural
modification of natural or unnatural products.?®® Until now, a series of multiprenylated indole
DKPs from fungal have been identified and the PTs responsible for their biosynthesis were
clearly elucidated. Interestingly, all these multiprenylated indole DKPs with C2-prenyl
moieties share similar reaction steps. The CDP core is firstly prenylated by a C2-PT and later

decorated with prenyl moieties at other positions of the indole ring, !32157:264-266

In this study, we intent to chemoenzymatic synthesize unnatural C2,C4-, C2,C5-, C2,C6-, and
C2,C7-diprenylated cyclo-L-Trp-L-Pro (¢WP) by utilizing different PTs. The five PTs EchPT]1,
FgaPT2 R244L, FgaPT2 Y398F, 6-DMATSs,, and 7-DMATS were reported to catalyze the
prenylations at position C2, C4, C5, C6, C7 of the indole ring of CDPs,
respectively,42144,157.267.268 Therefore, we selected these five enzymes for production of desired

diprenylation cyclo-L-Trp-L-Pro (2).

At First, we purified these five proteins by Ni-NTA affinity chromatography. SDS-PAGE
analysis revealed that all the five recombinant proteins were purified to near homogeneity
(Figure 19). To get the C2,C4-, C2,C5-, C2,C6-, and C2,C7-diprenylated cyclo-L-Trp-L-Pro,
we first followed the logic of the nature’s biosynthetic strategy mentioned above. The reverse
C2-PT EchPT1 was selected as the first biocatalyst. After enzyme assays and product
purification, we successfully obtained the C2-prenylated derivative deoxybrevianamide E (3)
with a high conversion yield of 70.7 £ 0.5%. To obtain the desired diprenylated derivatives,
compound 2 was used as substrate for the second prenylation by FgaPT2 R244L,
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FgaPT2 Y398F, 6-DMATSs., and 7-DMATS, respectively. Unfortunately, LC-MS analysis
revealed that no products were detected in the incubation mixtures of FgaPT2 R244L and
FgaPT2 Y398F. Formation of diprenylated products in the enzyme assays with 6-DMATSs,
and 7-DMATS was only detected in the extracted ion chromatograms (EICs). Obviously,

product 2 was poor substrate for the tested enzymes.

a b c d e M (kDa)
97
66
o

30

Figure 19. SDS-PAGE analysis of the purified PTs. The proteins were separated on a 12 %
polyacrylamide gel. Lanes from left to right: a: EChPT1, b: FgaPT2 R244L, c: FgaPT2 Y398F,
d: 6-DMATSSa, e: 7-DMATS, M: protein marker.

The enzyme assays performed by Dr. Lindsay Coby suggested that the C2-PT EchPT1 can
catalyze the prenylations of monoprenylated cyclodipeptides. Based on the results, we did
experiments to obtain the diprenylated derivatives in a reverse reaction order, i.e., first use C4-,
C5-, C6-, and C7-PTs for prenylation of the indole ring and then the monoprenylated
derivatives were incubated with the C2-PT EchPT1 as the second prenylation step. To confirm
this, substrate 2 was incubated with FgaPT2 R244L, FgaPT2 Y398F, 6-DMATS;s., and 7-
DMATS in the presence of DMAPP at 37 °C for 16 h. LC-MS analysis revealed that the
products with [M + H]" at m/z 352.202 + 0.005 can be detected in all the four reactions,
indicating attachment of a dimethylallyl moiety to their structures (Figure 20). In the reaction
mixtures with FgaPT2 R244L, 6-DMATS;,, and 7-DMATS, the conversion yields were
determined to be 49.7 £ 0.2, 29.9 £ 0.6, and 11.6 + 1.4%, respectively. There are two product
peaks in the reaction mixture of FgaPT2 Y398F with conversion yields of 38.6 + 0.8% and
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28.1 £ 0.4%. They should be the C4- and C5-prenylated products described in the
literature, 4%144,157.267.268 T elycidate the structures of the products, we enlarged the scale of
enzyme assays and purified the products by HPLC. The products 6 and 7 were obtained in the
reaction with 7-DMATS as a mixtures in a ratio of 0.6:1.0, which was consistent with 7-
DMATS reaction for cyclo-L-Trp-D-Val.?*” In the '"H NMR spectra of 4 — 7, the regular
dimethylallyl residue signals can be observed at dy 3.4 — 3.7 (d or dd, 2H-1"), 5.3 — 5.4 (tsept,
H-2"), and 1.7 — 1.8 (one or two br s, 3H-4" and 3H-5"). The four aromatic proton signals as
well as 13C, 'H-'H COSY, HSQC, and HMBC NMR analyses confirmed the products 4, 5, 6,
and 7 are C4-, C5-, C6-, and C7-prenylated cyclo-L-Trp-L-Pro, respectively (Figure 20).
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“ 2 + FgaPT2_Y398F %}L
0 —— HNN
C) 5x1051

2 5(281+04%

25105 o 6-DMATS s,
6 M (S. ambofaciens) HNT(O
N HNTHJ
DMAPP PPi
. X 2+ 6-DMATSS&L 6 (29.9 + 0.6%)

6x105- o
d) 2

3x105
7-DMATS 6

(A. fumigatus

6+7 W 11.6 £ 1.4% 0
k \ 2 + 7-DMATS DMAPP Pi ‘ N
Nt N HNW/O
5 10 15 7 H

time (min)

)
A

Figure 20. LC-MS analysis of cyclo-L-Trp-L-Pro (2) prenylation by (a) FgaPT2 R244L, (b)
FgaPT2 Y398F, (c) 6-DMATSs,, and (d) 7-DMATS. UV absorptions at 280 nm are illustrated.

All the assays were performed in duplicates. The conversion yields are given as mean values.
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Figure 21. LC-MS analysis of the acceptance of monoprenylated derivatives (4, 5, 6, and 7)
by EchPT1. Products 10 and 11 were isolated from the incubation mixture of 6 with 7. UV
absorptions at 280 nm are illustrated. All the assays were performed in duplicates. The

conversion yields are given as mean values.

After that, the four monoprenylated products were used as substrates for further reverse C2-
prenylation by EchPT1. LC-MS results showed that all these four substrates were well accepted
by EchPT1 with the highest conversion of 85.7 + 3.5% for substrate 4 (Figure 21). Only one
product peak was detected in all the four reactions. As we expected, all these four products
have the [M + H]" ions of diprenylated cyclo-L-Trp-L-Pro at m/z 420.265 + 0.005. The isolated
products 8 — 11 from the enzyme assays with 4 — 7 were then subjected to MS and NMR
analyses. In the 'H NMR spectra of 8, 9, and 11, the signal for H-2 disappeared. Instead,
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additional signals for a reverse dimethylallyl moiety were detected at di 6.12 — 6.14 (dd, 17,
10 Hz, H-2"), 5.17 — 5.20 (dd, 17, 0.6 Hz, H-3"), 5.16 — 5.23 (dd, 10, 0.6 Hz, H-3"), and 1.5 —
1.7 (two singlets, 3H-4"and 3H-5"). In the '*C NMR spectra, the signals of C-2 as well as those
of C-17, C-2", C-3", and C-4"/C-5" of the reverse prenyl residue were observed at dc 141.1 —
141.8,39.1 -39.2,145.8 —145.9,112.8 — 112.9, and 27.9 — 28.5 ppm, respectively. These data
proved 8,9, and 11 to be C2,C4-, C2,C5-, and C2,C7-diprenylated cWP. In the '"H NMR spectra
of compound 10, the signal of NH-1 was disappeared and the signal for H-2 can be still detected
at on 7.11 ppm. Further interpretation of the *C NMR data suggests that the signals of C-2 and
C-1" of product 10 at . 123.9 and 59.1, which differ from the other three compounds. Taken
together of the NMR data, the structure of 10 was proven to be NI,C6-diprenylated derivative
(Figure 21). The kinetic parameters of EChPT1 were then determined for the three aromatic
substrates 4 — 6 and DMAPP. All the reactions followed the Michaelis — Menten kinetics and

the catalytic efficiencies are in good consistence with the observed conversion yields.

In conclusion, we chemoenzymatic synthesized four unnatural C2,C4-, C2,C5-, N1,C6-, and
C2,C7-diprenylated cyclo-L-Trp-L-Pro with significant yields. This is the first report that

EchPT1 can also catalyze the unusual N/-prenylation at the indole ring other than C2 position.

For details on this work, please see the publication (section 4.2)

Wen Li, Lindsay Coby, Jing Zhou and Shu-Ming Li (2023) Diprenylated cyclodipeptide
production by changing the prenylation sequence of the nature’s synthetic machinery. Applied

Microbiology and Biotechnology, 107, 261-271, DOI: 10.1007/s00253-022-12303-4.
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3.3 Prenylation of dimeric cyclo-L-Trp-L-Trp by utilizing the promiscuous

cyclo-L-Trp-L-Ala prenyltransferase EchPT1

The members of DMATS superfamily are important biocatalysts and used for structural
modification of diverse small molecules.’*! Normally, they mainly efficiently prenylate
tryptophan and tryptophan containing CDP derivatives, thus produced variety of biologically
active prenylated products.?*!*%3 In addition to the aforementioned prenylated CDPs, several
prenylated tryptophan containing dimeric CDPs have been isolated from different species in
recent years with significant biological activities (Figure 22).!3-1%° Interestingly, all these
structures are C2-prenylated cWP or cWA dimers with different connections and symmetries.
Attachment of the prenyl moieties onto the indole nucleus increases the spectrum of
bioactivities compared with unprenylated dimeric CDPs. Due to rare examples of prenylating
enzymes toward CDP dimers, we intended to get prenylated dimeric CDPs by the soluble
DMATS in this study.

N N
/
~ \ > \ T
HN
NH ) NH HN {
P o o} O
N — N
brevianamide S asperginulin A (-)-uncarilin A (+)-uncarilin A

Figure 22. Examples of known prenylated tryptophan-containing dimeric CDPs.

We chose the five PTs EchPT1, FgaPT2 R244L, FgaPT2 Y398F, 6-DMATSs., and 7-
DMATS as tested enzymes.'4?!44157267.268 Tjrgtly  they were incubated with ¢cWP dimer
apergilazine A (12) and cWA-cWP dimer naseseazine A (13)*® in the presence of DMAPP at
37 °C for 16h. LC-MS analysis showed that the monoprenylated 12 and 13 was only observed
in the EICs of the reaction mixtures with C2-PT EchPT1, C5-PT FgaPT2 Y398F, and C7-PT
7-DMATS. This suggests that cWP-containing dimers were poorly accepted by the tested PTs.

After that, the cWW dimers tetratryptomycins A — C (14 — 16) with the symmetrical C3-C3’
and the unsymmetrical C3-N1" linkage®’® were incubated with the five DMATSs for 16h. LC-
MS showed that they were better accepted than substrates 12 and 13. The C3-C3" linked 14
and 16 were converted to 14a2 and 16a2 by EchPT1 with the conversion yields at 33.6 £ 0.3
and 14.2 £+ 0.2%, respectively. The main product 15al accompanied by a second product 15a2
were detected in the reaction mixtures of the C3-N1" linked 15 by EchPT1 with conversion

yields at 12.0 £ 0.2 and 3.7 £+ 0.3%, respectively (Figure 23). In comparison, the other four
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enzymes showed lower conversion than EchPT1. FgaPT2 R244L showed only 8.8 + 0.1%

conversion yields toward 15 and 6.5 £+ 2.0% toward 16 for monoprenylated products.
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Figure 23. LC-MS analysis of the acceptance of tetratryptomycins A — C (14 — 16) by EchPT1

for 1 and 16 h. UV absorptions at 280 nm are illustrated in black. The chromatograms depicted

in blue and red refer to EICs of [M + H]" of the monoprenylated at m/z 811.372 + 0.005 and

those of the diprenylated products at m/z 879.434 + 0.005, respectively. All the assays were

performed in duplicates. The conversion yields are given as mean values.
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In order to detect the monoprenylated tetratryptomycins in the reactions with EchPT1, 14 — 16
were incubated in the presence of DMAPP for 1 h (Figure 23). As expected, both
monoprenylated (14al, 15al, and 16al) and diprenylated products (14a2, 15a2, and 16a2) can
be detected with [M + H]" ions at m/z 811.372 £ 0.005 and 879.434 + 0.005, respectively. The
diprenylated product 15a2 with a conversion yield of 0.6 + 0.1% was the lowest in the reaction
mixtures, which proved that 15a1 was poor substrate of EChPT1 for prenylation compared with
14al and 16al (Figure 23). To further figure out the relationship of mono- and diprenylated
products in the reaction mixtures of the three cWW dimers with EchPT1, time dependence of
their formation was determined. The results correspond well to the results after incubation for

16 h and proved again 14al and 16al are better substrates of EChPT1 than 15al.

EchPT1
—

DMAPP PPi

tetratryptomycin A (14)

HN)\\\
a N.Q/@O
N H EchPT1
° NH N ]
N | .
N DMAPP PPi
H o

H EchPT1
| - ~

DMAPP PPi

tetratryptomycin C (16)

Figure 24. Prenylation of tetratryptomycins A — C by cyclo-L-Trp-L-Ala PT EchPT1 in the
presence of DMAPP.

For structure elucidation, the enzyme assays were scaled up to 25 ml. After extraction and
HPLC purification, we obtained the four prenylated products 14a2, 15al, 15a2, and 16a2 in
high purity. In the '*C NMR spectra, the signals for H-19 (14a2, 15al, 15a2, and 16a2) and H-
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19" (14a2, 15a2, and 16a2) disappeared. Instead, one (15al) or two (14a2, 15a2, and 16a2)
reverse prenyl moieties can be observed at 6 6.15 — 6.23 (dd, H-28/H-28"), 5.00 — 5.11 (d or
dd, 2H-29/2H-29"), and 1.46 — 1.52 (s, 3H-30 and 3H-31/3H-30" and 3H-31") comparing with
those of 14 — 16.27% In the '*C NMR spectra, the signals of C-19/C-19" at the indole ring were
observed at dc 141.4 — 141.5ppm. Clear long-range correlations between H-28 (H-30/H-31)
and C-19 (14a2, 15al, 15a2, and 16a2) as well as H-28" (H-30/H-31") and C-19" (14a2, 15a2,
and 16a2) were observed in the HMBC spectra, proving the attachment of one or two reverse
prenyl moieties at C-19 and C-19°". Taken together of the NMR data, the structure of 15al was
proven to be C/9-prenylated tetratryptomycin B and 14a2, 15a2, and 16a2 are C/9,C19’-
diprenylated tetratryptomycins A, B, and C, respectively (Figure 24), which is consistent with
the EchPT1-catalyzed C2-prenylation for its natural substrate cyclo-L-Trp-L-Ala.

Finally, kinetic parameters including Ky and kc.s of EChPT1 were calculated toward DMAPP
and the three dimeric CDPs. The results indicated that the Ky values toward DMAPP for the
formation of the four products are slightly lower than that of cyclo-L-Trp-L-Ala. The kca/ Ky

values were also determined in the range of EchPT1 reactions toward most CDPs.!?

The results presented in this project expanded the spectrum of prenylated dimeric CDPs.
Furthermore, due to the remarkable biological activities of prenylated cyclodipeptides, these
prenylated dimetric products could be of significant importance for drug discovery and

development process.

For details on this work, please see the publication (section 4.3)

Wen Li, Xiulan Xie, Jing Liu, Huili Yu and Shu-Ming Li (2023) Prenylation of dimeric cyclo-
L-Trp-L-Trp by the promiscuous cyclo-L-Trp-L-Ala prenyltransferase EchPTI1. Applied
Microbiology and Biotechnology, (submitted).

40



PUBLICATIONS

4 Publications

4.1 Discovery of 4-hydroxy-6-(4-hydroxyphenyl)-a-pyrone in Penicillium
crustosum by heterologous expression of an NRPS-PKS gene and precursor

feeding experiments
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ABSTRACT: Expression of a nonribosomal peptide synthetase-nonreducing polyketide synthase

hybrid gene pcr10109 from Penicillium crustosum PRB-2 in Aspergillus nidulans led to the
accumulation of 4-hydroxy-6-(4-hydroxyphenyl)-a-pyrone (1). Adding para-hydroxybenzoic acid

into the medium in which the overexpressing mutant is growing increased the product yield up to =
S-fold. This strategy could be helpful for heterologous gene expression experiments requiring

special substrates for product formation.

Fungal polyketide synthases (PKSs) and nonribosomal
peptide synthetases (NRPSs) are multidomain enzymes
involved in the biosynthesis of two large natural product
groups.' > Hybrid enzymes with PKS domains at the N-
terminus and NRPS domains at the C-terminus (PKS—NRPS
hybrid) also frequently exist in microorganisms, including
fungi, and are responsible for the formation of diverse
biologically active amide-containing secondary metabolites.*”
In comparison, NRPS—PKS hybrid enzymes with NRPS at the
N- and PKS at the C-terminus have rarely been reported from
fungi. Representative examples are SwnK from Metarhizium
robertsii,”® HispS from Neonothopanus nambi,” and AnATPKS
from Aspergillus m'ger,IO which assemble swainsonine, hispidin,
and pyrophen, respectively (Figure 1). All three enzymes,
SwnK, HispS, and AnATPKS, share a domain structure A-T-
KS-MAT-ACP (A: adenylation, T: thiolation, KS: ketosyn-
thase, MAT: malonyl acyl transferase, ACP: acyl carrier
protein). In the case of SwnK, an additional KR (ketor-
eductase) and R (reductase) domain are placed before and
after the ACP domain, respectively. Differing from PKS—
NRPS hybrid enzymes, all these enzymes catalyze C—C bond
formation by addition of acetyl units from malonyl-CoA to the
starter units. The products of HispS and AnATPKS are a-
pyrone derivatives. a-Pyrone natural products are usually
formed by pure polyketide synthases.'' Pyrone derivatives
were reported to possess a wide range of biological and
pharmacological activities.'”"* 4-Hydroxyphenyl pyrone was
reported as a useful lead structure for the development of new
anticancer agents.'* More interestingly, HispS uses caffeic acid
instead of an amino acid as its substrate for activation and
catalyzes the formation of a nitrogen-free product. Obviously,

© 2021 American Chemical Society and
American Society of Pharmacognosy

7 ACS Publications
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A T K8 MAT ACP,

A. nidulans per10109

A. nidulans per10109
with PHBA feeding

the enzymes from this less explored group have great potential
for new structures.

We identified a putative gene, pcr10109, from the genome
sequence of Penicillium crustosum PRB-2,"> coding for an
NRPS—PKS hybrid enzyme with the same domain structure A-
T-KS-MAT-ACP as in the cases of HispS and AnATPKS.
pcr10109, comprising 5270 bps, differs from PCG10_010218
of another P. crustosum strain, G10, only in four positions.
T44S, T1179, A1269, and A1997 in Pcr10109 are replaced by
A, C, G, and G, respectively. However, these mutations caused
only one difference in the deduced 1710 amino acid length
polypeptide. The cysteine residue at position 149 of the gene
product from PRB-2 is changed to threonine in KAF7528682
(GenBank) of strain G10. KAF7528682 shares sequence
similarities/identities of 50%/33% and 46%/29% with HispS
(BBH43485.1) and AnATPKS (EHA27898.1), respectively.
This low homology raised our curiosity about its function and
our decision to delete pcr10109 from the genome of P.
crustosum PRB-2.

For this purpose, the genomic sequence of pcr10109 was
replaced by a hygromycin B resistance cassette using a split-
marker strategy [Figure S1, in the Supporting Information
(SI)], as reported previously.">'® PRB-2 and the obtained
deletion mutant strain JE019 (Table S1, SI) were cultivated in
various media for different times, as established for production
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Figure 1. Examples of NRP—PK hybrids from fungi.

of other metabolites from this fungus.'”'® LC-MS analysis of
the ethyl acetate extracts revealed, however, no obvious
difference in secondary metabolite profiles (Figure S2, in rice
medium as an example), indicating no or very low expression
of pcr10109 in the wild-type strain under the cultivation
conditions used.

To explore the function of pcr10109, we changed our
strategy to heterologous expression. The whole genomic
sequence of the target gene and its downstream sequence of
543 bps were amplified by PCR using primers listed in Table
S2 (SI) and cloned as a 5813 bps fragment into the expression
vector pYH-wA-pyrG under the control of the strong gpdA
promoter through homologous recombination in Saccharomy-
ces cerevisiae to create the expression construct pJF84 (Table
S3, SI)."” The obtained construct pJF84 was introduced into
Aspergillus nidulans LO8030 via PEG-mediated protoplast
transformation.'” The potential transformants were selected by
uridine/uracil autotrophy and verified by PCR amplification
(Figure S3). The resulted transformant A. nidulans JF021 was
cultivated in rice medium for secondary metabolite production.
A. nidulans JF010 containing the empty vector pYH-wA-pyrG
was used as a negative control.

The 5-day-old cultures were extracted with ethyl acetate and
analyzed on LC-MS. As shown in Figure 2a, one additional
peak, 1, was detected in the extract of the transformant JF021,
which was absent in the control strain. Detailed inspection of
this peak revealed a [M + H]" ion at m/z = 205.0494 and a
distinct UV absorption at 340 nm (Figure S4). For structure
elucidation, 1 was isolated from a large-scale fermentation and
subjected to NMR analysis. Two coupling systems at Jy 7.68
(d, 8.8, 2H) and 6.87 (d, 8.8, 2H) as well as 5.28 (d, 1.9, 1H)
and 6.53 (d, 1.9, 1H) were observed in the '"H NMR spectrum
of compound 1 (Table S4, Figure SS). The UV and MS data
are consistent with those of 4-hydroxy-6-(4-hydroxyphenyl)-
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Figure 2. (a) LC-MS analysis of the secondary metabolite profiles in
different A. nidulans strains without and with PHBA feeding in rice
media for S days. Absorptions at 340 nm are illustrated. (b)
Dependence of product yields on cultivation times in pcr10109-
expression strain without and with 0.5 mM PHBA.

2H-pyran-2-one.'® However, our "H NMR data differ slightly
from material obtained by chemical synthesis."® Additional
NMR spectra including *C, COSY, HSQC, and HMBC
(Figures S6—S9) confirmed 1 to be 4-hydroxy-6-(4-hydrox-
yphenyl)-2H-pyran-2-one. The NRPS—PKS encoded by
per10109 was therefore termed as hydroxyphenyl pyrone
synthase (Hpp$).

According to the structural similarities with hispidin and
pyrophen,”™® 1 is very likely biosynthesized in a similar way.
We propose that the A domain of HppS recognizes para-
hydroxybenzoic acid (PHBA) as a starter unit, which is
elongated by decarboxylative condensation with malonyl-CoA
in two rounds under the catalysis of the KS domain. The
pyrone product is then off-loaded through lactonization
(Figure 3). Differing from the substrate preference of Hisp$S
for caffeic acid and AnATPKS for L-phenylalanine, HppS uses
an aromatic acid with a shorter side chain as substrate.

To prove this hypothesis, we performed feeding experiments
with *C labeling PHBA and sodium acetate in A. nidulans
JF021 (Figure 4). In comparison to that of 1 in A. nidulans
JF021 without feeding, the dominant isotopic peak of the [M +
H]* ion after [1-°C] PHBA feeding was shifted from m/z
205.050 to 206.053, proving the involvement of one molecule
of [1-3C] PHBA with a incorporation rate of 72%.
Correspondingly, incorporation of up to two "*C atoms was
observed after feeding with [1-'*C] and [2-'*C] acetate, with
clearly increased intensities of the [M + H + 2]* peaks in both
cases (Figure 4). These results confirmed the involvement of
one PHBA and two acetate molecules in the biosynthesis of 1
(Figure 3).

https://doi.org/10.1021/acs.jnatprod.1c00120
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Figure 3. Proposed biosynthesis of the pyrone derivative 1.
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Figure 4. Isotopic patterns of [M + H]" ions of 1 from A. nidulans
JF021 without and with "*C-labeled precursor feeding.

In comparison to yields of some PKS genes,'” productivity

was low, with 10 mg of 1 being produced per kg of rice
medium after 1 week of cultivation (Figure 2b). This could
indicate a substrate limitation, since no PHBA-forming enzyme
has been reported for A. nidulans. PHBA is a common
degradation product of para-coumaric acid in plants and plant
biomass,”" but relatively rare in fungi. We speculate that PHBA
for the formation of 1 is supplied from the rice medium. No
candidate genes for PHBA formation could be found in the
genome of P. crustosum. To increase the product yield, we
cultivated pcr10109-expressing strain JF021 in rice medium
containing 0.5 mM PHBA for different times (Figure 2b).
Addition of PHBA led to an increase of 1 accumulation, which
reached a maximum of 51 mg per kg rice after 4 days of
incubation, approximately S5-fold of that obtained, without
teeding, after 8 days. Cultivation of A. nidulans JF021 in the
presence of 0.5 mM cinnamic acid, para-coumaric acid, or
caffeic acid did not lead to accumulation of additional pyrone
derivatives (data not shown), demonstrating the relative high
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substrate specificity of HppS, in comparison to the relaxed one
of AnATPKS."

Our results provide one additional example for the less
explored fungal NRPS—PKS hybrid enzymes. The strategy
used in this study could also be helpful for the discovery of
products encoded by cryptic genes.

B EXPERIMENTAL SECTION

General Experimental Procedures. NMR spectra were
recorded on a JEOL ECA-500 MHz spectrometer (JEOL, Tokyo,
Japan), and all spectra were processed with MestReNova 6.1.0
(Metrelab). Chemical shifts are referred to those of the solvent
signals. High-resolution mass spectrometric analysis was performed
on an Agilent 1260 HPLC system equipped with a microTOF-Q_III
spectrometer (Bruker, Bremen, Germany) using a Multospher 120
RP18-5 u column (250 X 2 mm, S pm) (CS-Chromatographie
Service GmbH). Electrospray positive ionization mode was selected
for determination of the exact masses. The capillary voltage was set to
4.5 kV and a collision energy of 8.0 eV. Sodium formate was used in
each run for mass calibration. The masses were scanned in the range
of m/z 100—1500. Data were evaluated with the Compass
DataAnalysis 4.2 software (Bruker Daltonik, Bremen, Germany).
Semipreparative HPLC was performed on the same HPLC equipment
with an Agilent Eclipse XDB-C g column (9.4 X 250 mm, S ym).
Silica gel 60 (230—400 meshes, Carl Roth, Karlsruhe, Germany) was
used for column chromatography and precoated TLC silica gel 60
F,s, plates (Merck, Darmstadt, Germany) for detection of the desired
substance in the fractions.

Fungal Strains and Culture Media. Penicillium crustosum PRB-2
was cultivated on PDA medium at 25 °C for sporulation. Aspergillus
nidulans LO8030 was grown at 37 °C on GMM medium (1.0%
glucose, 50 mL/L salt solution, 1 mL/L trace element solution, 1.6%
agar) with 50 mg/L riboflavin, 20 mg/L pyridoxine, 1.2 g/L uridine,
and 1.0 g/L uracil as supplements for sporulation and transformation.
Saccharomyces cerevisiae BJ5464-NpgA was grown in YPD media
(1.0% yeast extract, 1.0% peptone, 2.0% glucose, 1.6% agar) at 30 °C
for constructing the plasmid of heterologous expression. Escherichia
coli DHSa was grown in LB medium for standard DNA propagation.
Carbenicillin (50 pg/mL) was supplemented for cultivation of
recombinant E. coli strains.

Gene Cloning and Transformation. Primers and plasmids used
for PCR are given in Tables S2 and S3. Primers were synthesized by
Seqlab GmbH (Gottingen, Germany). PCR amplification was carried
out using Phusion High-Fidelity DNA polymerase.

To identify if pcr10109 is expressed in the wild-type strain, we
deleted the whole gene pcr10109 using a split-marker approach.”
Around 1.5 kb upstream and downstream fragments were amplified
from P. crustosum genomic DNA using the designed primers listed in
Table S2. The two fragments were then inserted into linear vector
pSHY and p3YG using an E. coli recombination system.*®

To construct the plasmid for heterologous expression, pcr10109
including its terminator region of 543 bps, was amplified from
genomic DNA of P. crustosum using primers An-pcr10109-F and An-
pcr10109-R (Table S2) and inserted into pYH-wA-pyrG with flanking
sequences of the wA gene of A. nidulans through homologous
recombination in S. cerevisiae BJ5464-NpgA.'” Transformations of P.
crustosum and A. nidulans were followed by PEG-mediated protoplast
transformation as reported previously.">"'*>°

Extraction and Isolation of Secondary Metabolites. To
monitor the metabolite profile, P. crustosum PRB-2 and JF019 as well
as A. nidulans JE021 and JF010 were cultivated on 10 g of long-grain
rice in 15 mL of H,O, with or without 0.06 mg of riboflavin and 125
mg of yeast extract as supplements, at 25 °C for 5 days. The rice
cultures were extracted with ethyl acetate and analyzed by LC-MS
described below.

To isolate 1 for structure elucidation, A. nidulans JF021 was
cultivated in 4 kg of rice supplemented with 25 mg of riboflavin and
50 g of yeast extract at 25 °C for 5 days. After extraction of the culture
with ethyl acetate, the organic extracts were concentrated under

https://doi.org/10.1021/acs.jnatprod.1c00120
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reduced pressure to afford an extract (SO g), which was subjected to
silica gel column chromatography using stepwise gradient elution with
mixtures of petroleum ether—ethyl acetate (5:1, 3:1, to 1:1, v/v).
Fractions 22—26 eluted with petroleum ether—ethyl acetate (1:1) was
further purified on semipreparative HPLC (acetonitrile—H,0, 50:50
with 0.1% trifluoroacetic acid) to yield 4-hydroxy-6-(4-hydroxyphen-
yl)-2H-pyran-2-one (1) (3 mg). For *C NMR, COSY, HMQC, and
HMBC spectra, 7 mg of 1 was isolated again from cultures of A.
nidulans JF021 in 2 kg of rice media after feeding with 22 mg of
PHBA via a similar procedure.

4-Hydroxy-6-(4-hydroxyphenyl)-2H-pyran-2-one (1): yellow pow-
der; 'H (500 MHz) and *C (125 MHz) NMR in DMSO-d, see
Table S4; HRESIMS m/z 205.0494 [M + H]" (calcd for C;;H,0,,
205.0495).

Feeding Experiments. For precursor feeding experiments, A.
nidulans JF021 was cultivated in 25 mL flasks each containing 4 g of
rice in 6 mL of H,O with 0.03 mg riboflavin, S0 mg yeast extract, and
0.5 mM PHBA for 1, 2, 4, 8, and 10 days. The ethyl acetate extracts
were analyzed on HPLC. Product yields were calculated from three
independent replicates.

For labeling experiments, appropriate amounts of A. nidulans JF021
spores were transferred from plates into 25 mL flasks containing S mL
of PDB medium and cultivated at 230 rpm and 25 °C. Two
milligrams of sodium [1-'*C] acetate, sodium [2-'*C] acetate, and
[1-13C] PHBA were fed 30 h after inoculation. After cultivation for
another 48 h, the cultures were extracted with ethyl acetate and
analyzed on LC-MS.

LC-MS and HPLC Analysis of Secondary Metabolites. For
LC-MS analysis, water (A) and acetonitrile (B), both with 0.1% (v/v)
formic acid, were used as solvents at a flow rate of 0.25 mL/min. The
substances were eluted with a linear gradient from 5% to 100% B in
40 min, then washed with 100% (v/v) solvent B for S min and
equilibrated with 5% (v/v) solvent B for 10 min. HPLC was
performed using water (A) and acetonitrile (B) at a flow rate of 0.5
mL/min with the same elution conditions.
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Table S1. Fungal strains used in this study

Strains Genotype Source/Ref.
Penicillium crustosum
PRB-2 Wildtype Fan et al
JF019 Apcrl0109::hph in P. crustosum PRB-2 This study
Aspergillus nidulans
LO8030 pyroA4, riboB2, AfpyrG89, nkuA::argB, deletion of Chiang et al?
secondary metabolite clusters: (AN7804-AN7825)A,
(AN2545-AN2549)A, (AN1039-AN1029)A, (AN10023-
AN10021)A, (AN8512-AN8520)A, (AN8379-AN8384)A,
(AN9246-AN9259)A, (AN7906-AN7915)A, (AN6000-
ANG6002)A.
JF010 gpdA::AfpyrG in A. nidulans LO8030 This study
JF021 gpdA::pcrl0109::AfpyrG in A. nidulans LO8030 This study
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Table S2. Primers used in this study

Primers

Sequence of oligonucleotides (5°-3")

Description

p5SHYpcr10109-F

GAAGAATTGTTAATTAAGAGCTCAGA
TCTCTCTGGAGTCGTTGATGCG

p5HYpcr10109-R

CCCTCACTAAAGGGCGGCCGCACTA
GCAAAAACATACAACAGTGAGGAT

For PCR amplification of a 1312 bp upstream
fragment of pcr10109 from P. crustosum
PRB-2 to construct plasmid pJF11

p3YGpcrl0109-F

GACTCACTATAGGGCCCGGGCGTCG
ACGATTAGCGCAGGATGTTTTGG

p3YGpcr10109-R

GCTAGCCGCGGTACCAAGCTTACTC
GAGGCACGGAAAATGATGAACTGG

For PCR amplification of 1260 bp
downstream fragment of pcr10109 from P.
crustosum PRB-2 to construct plasmid pJF12

Dele-1-F CTCTTGATTTGAGAATACAAC For PCR amplification of 1854 bp upstream
of hph to verify deletion mutant P. crustosum

5F-scr-R GCTGAAGTCGATTTGAGTCCAC JFO19

3F-scr-F GCATTAATGCATTGgACCTcGC For PCR amplification of 1661 bp
downstream of hph to verify deletion mutant

Dele-2-R CGGTGATATAAAATCCCCACCG P. crustosum JF019

KOc pcr10109-F

GCATCCCAGGCAGAACTAACC

KOc pcr10109-R

GTATCCAAGCATGAAGCTTGGG

For PCR amplification of 918 bp partial
fragment of pcr10109 to verify strains JF019
and JF021

An-pcrl10109-F

cccatccaagaacctttaatcgctagcATGGCTG
AGATCTACTCAGTGG

An-pcr10109-R

atttcgtcagacacagaataactctcCTGGTCTA
ACCAATCTTGGAAGG

For PCR amplification of 5270 bp of
pcrl0109 and 543 bp of its terminator from P.
crustosum PRB-2 to construct plasmid pJF84
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Table S3. Plasmids used and constructed in this study

Plasmids

Description

Source/Ref

pSHY

p3YG

pJF11

pJF12

pYH-wA-pyrG

pJF84

Two-third of the hph resistance gene at the 5 -end, originated from
the pUChph and inserted into pESC-URA.

For gene replacement using hph as selection marker

Two-third of the hph resistance gene at the 3"-end, originated from
the pUChph and inserted into pESC-URA.

For gene replacement using hph as selection marker

Derived from p5HY by inserting 1312 bp upstream sequence of
pcrl10109 obtained with the primers p5HYpcr10109-F and
p5HYpcr10109-R

Derived from p3YG by inserting 1260 bp downstream sequence of
pcr10109 obtained with the primers p3YGpcr10109-F and
p3YGpcrl0109-R

URA3, wA flanking, AfpyrG, Amp

Derived from pYH-wA-pyrG by inserting 5270 bp pcr10109 and 543
bp of its terminator obtained with the primers An-pcr10109-F and
An-pcr10109-R

Fan et al*

Fan et al*

This study

This study

Yin et al®

This study
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Table S4. The chemical structure of 1 and its *H NMR data in DMSO-ds (500 MHz, & in ppm, J in

Hz).
OH
J)
— COSY
~—X HMBC
Position O, (multi. J) dc HMBC

1 - 121.9
2 7.68,d, 8.8 127.3 C-4,C-6, C-7
3 6.87,d, 8.8 115.8 C-1,C-4,C-5
4 - 160.0
5 6.87,d, 8.8 115.8 C-1,C-3, C-4
6 7.68,d, 8.8 127.3 C-2,C-4,C-7
7 - 160.7
8 6.53,d, 1.9 96.0 C-1,C-7,C-10,C-11
9 - 163.2
10 5.28,d, 1.9 88.3 C-8,C-9,C-11
1 - 170.9
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Figure S1. (a) Plasmids for pcr10109 deletion. (b) Schematic presentation of sequence regions for
PCR verification of Penicillium crustosum JF019. (c) PCR results for verification of JFO19. M: DNA
marker; P1: expected size of 918 bp with primers KOc pcr10109-F/ KOc pcrl0109-R; P2: expected

size of 1854 bp with primers Dele-1-F/ 5F-scr-R; P3: expected size of 1661 bp with primers 3F-scr-
F/ Dele-2-R.
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P.crustosum PRB-2

JF019

t/min

Figure S2. HPLC analysis of the secondary metabolites from Penicillium crustosum wild type and
JF019 in rice media for 5 days. Absorption at UV 340 nm are illustrated.

a) b) + JF021 -

10000 bp

3000 bp

1000 bp 918bp

500 bp

| .

£
L S
Wlliiized
T

S .
S

Figure S3. (a) Construct for pcr10109 expression. (b) Verification of the expression mutant JF021
by PCR amplification with primers KOc pcr10109-F/ KOc pcr10109-R. M: DNA marker; +:

Construct pJF84 as template; -: genomic DNA of A. nidulans LO8030 as template. The expected
PCR product was calculated for 918 bp.
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Figure S4. The UV-Vis spectrum and HR-ESI-MS data of 1
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Figure S5. *H NMR spectrum of 1 in DMSO-ds (500 MHZz).
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Figure S6. C{*H} NMR spectrum of 1 in DMSO-ds (125 MHz).
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Figure S8. HSQC spectrum of 1 in DMSO-ds.
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Abstract

Ascomycetous fungi are often found in agricultural products and foods as contaminants. They produce hazardous mycotoxins
for human and animals. On the other hand, the fungal metabolites including mycotoxins are important drug candidates and the
enzymes involved in the biosynthesis of these compounds are valuable biocatalysts for production of designed compounds.
One of the enzyme groups are members of the dimethylallyl tryptophan synthase superfamily, which mainly catalyze prenyla-
tions of tryptophan and tryptophan-containing cyclodipeptides (CDPs). Decoration of CDPs in the biosynthesis of multiple
prenylated metabolites in nature is usually initiated by regiospecific C2-prenylation at the indole ring, followed by second
and third ones as well as by other modifications. However, the strict substrate specificity can prohibit the further prenylation
of unnatural C2-prenylated compounds. To overcome this, we firstly obtained C4-, C5-, C6-, and C7-prenylated cyclo-L-
Trp-L-Pro. These products were then used as substrates for the promiscuous C2-prenyltransferase EchPT1, which normally
uses the unprenylated CDPs as substrates. Four unnatural diprenylated cyclo-L-Trp-L-Pro including the unique unexpected
N1,C6-diprenylated derivative with significant yields were obtained in this way. Our study provides an excellent example
for increasing structural diversity by reprogramming the reaction orders of natural biosynthetic pathways. Furthermore, this
is the first report that EChPT1 can also catalyze NI-prenylation at the indole ring.

Key points

e Prenyltransferases as biocatalysts for unnatural substrates.

o Chemoenzymatic synthesis of designed molecules.

e A cyclodipeptide prenyltransferase as prenylating enzyme of already prenylated products.

Keywords Cyclodipeptides - Multiple prenylation - Indole prenyltransferases - EchPT1 - Chemoenzymatic synthesis

Introduction

Microorganisms, especially ascomycetous fungi, are often
found in contaminated agricultural products like food crops
including corns, grain, fruits, and vegetables as well as
poorly conserved foods. They produce diverse mycotoxins
which are hazardous to human and animal health (Dey et al.
2022; Nan et al. 2022; Pallares et al. 2022). On the other
hand, the microbial natural products including mycotox-
ins are important drug candidates (Newman 2021) and the

P< Shu-Ming Li
shuming.li @staff.uni-marburg.de

Institut Fiir Pharmazeutische Biologie Und Biotechnologie,
Fachbereich Pharmazie, Philipps-Universitit Marburg,
Robert-Koch Strafie 4, 35037 Marburg, Germany

enzymes involved in the biosynthesis of these compounds
are valuable biocatalysts for structural modification and
construction of new biosynthetic pathways (Yi et al. 2021).
Among them, tailoring enzymes for modification of the
backbone skeletons play key roles in increasing structural
diversity and biological activities (Harken and Li 2021;
Yang et al. 2022). Prenyltransferases belong to one of the
important modification enzyme groups and catalyze transfer
of nxC; moieties onto different accepters (Winkelblech et al.
2015). Members of the dimethylallyl tryptophan synthase
(DMATS) superfamily are most investigated prenyltrans-
ferases in the last years. They mainly catalyze prenylations
of tryptophan and tryptophan-containing cyclodipeptides
(CDPs) by using dimethylallyl diphosphate (DMAPP) as
prenyl donor and are involved in the biosynthesis of a large
number of prenylated indole alkaloids including mycotoxins
(Winkelblech et al. 2015).
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Prenylated indole alkaloids are widespread in bacteria,
fungi, plants, and marine organisms (Klas et al. 2018; Li
2010; Yazaki et al. 2009) and exhibit clearly distinct bio-
logical activities from their nonprenylated precursors (Botta
et al. 2005; Wollinsky et al. 2012). Prenylated tryptophan-
containing cyclodipeptides and derivatives thereof represent
an important category within the prenylated indole alka-
loids. As examplified in Fig. 1, the cytotoxic notoamides
from Penicillium and Aspergillus species are derivatives of
C2,C7-diprenylated and C6-hydroxylated brevianamide F
(cyclo-L-Trp-L-Pro) (Klas et al. 2018). Fumitremorgins as
di- and triprenylated brevianamide F products were identi-
fied as tremorgenic metabolites in Aspergillus fumigatus,
Neosartorya fischeri, and other fungi (Li 2010; Mundt et al.
2012). Di- and triprenylated cyclo-L-Trp-L-Ala and conge-
ners also occur frequently in the fungal genera of Aspergillus
and Eurotium with echinulin as the important representative
(Chen et al. 2015; Du et al. 2017; Kamauchi et al. 2016; Li
2010; Nies and Li 2021; Wohlgemuth et al. 2017).

Biosynthetically, the skeletons of such CDPs in fungi
are usually assembled by nonribosomal peptide synthases

a)
o o
WN NotF/BrePT , N
HN HNT(Q HN- HNT(‘Q
o

NotC
‘ o
brevianamide F
(cyclo-L-Trp-L-Pro) deoxybrevianamide E
b)
0 0
QE/\HLN FtmPT1 N
HN HNY} B Y QY FtmPT2 FtmPT3
o « O
brevianamide F
(cyclo-L-Trp-L-Pro) tryprostain B fumitremorgin B
7
0]
NH EchPT2
HN
c) HN- TH\

o o
QE/\)LNH EchPT1 | NH EchPT2
HN HNTH\ HN-) HNTH\

(0] ‘ (0]

cyclo-L-Trp-L-Ala preechinulin

using tryptophan and a second amino acid as substrates. The
CDP core is then decorated by different tailoring enzymes
including prenyltransferases from the DMATS superfamily
(Li2010; Wohlgemuth et al. 2017; Xu et al. 2014). In nature,
CDPs are mostly monoprenylated at positions C-2 and C-3,
and occasionally at positions C-4 to C-7. In contrast, pre-
nylation of the free amino acid tryptophan takes place more
frequently at C-4 to C-7 of the benzene ring than other posi-
tions (Winkelblech et al. 2015). As shown in Fig. 1, the
biosynthesis of multiple prenylated CDPs is usually initiated
by the regiospecific C2-prenylation at the indole ring, fol-
lowed directly by the second prenyltransferase as in the case
of echinulins or after decoration with other enzymes, e.g.,
in the biosynthesis of notoamides and fumitremorgins (Klas
et al. 2018; Li 2011; Wohlgemuth et al. 2017). Remarka-
bly, the members of the DMATS superfamily show high
substrate flexibility toward their aromatic substrates and
accept not only structurally similar, but also distinct com-
pounds as prenyl acceptors. For example, the brevianamide
F C2-prenyltransferases FtmPT1 and BrePT as well as the
cyclo-L-Trp-L-Ala C2-prenyltransferase EchPT1 (Fig. 1)

tardioxopiperazine A

(0}
\ NH

HN i HNT(‘\

| (0]

tardioxopiperazine B

EchPT2

echinulin

Fig. 1 Examples of biosynthetic pathways for multiprenylated CDP derivatives with C2-prenylation as the first decoration step
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accept well other CDPs for C2-prenylation (Grundmann and
Li 2005; Wohlgemuth et al. 2017; Wollinsky et al. 2012;
Yin et al. 2013). EchPT2 from the echinulin biosynthetic
pathway (Fig. 1) converts C2-prenylated cyclo-Trp-Ala and
cyclo-Trp-Pro isomers to tri- and tetraprenylated derivatives
(Wohlgemuth et al. 2018). Diprenylated products, e.g., tardi-
oxopiperazines A and B, were only detected as minor prod-
ucts. Furthermore, the tryptophan C6-prenyltransferase from
Streptomyces ambofaciens and 7-DMATS from Aspergillus
fumigatus can also prenylate CDPs at positions C-6 and C-7,
respectively (Kremer et al. 2007; Liu et al. 2020; Winkel-
blech and Li 2014). In addition, protein engineering of the
tryptophan C4-prenyltransferase from Aspergillus fumigatus
led to the mutant FgaPT2_R244L with increased accept-
ance for CDPs (Fan and Li 2016). As a proof of concept, we
decided in this study to produce unnatural C2,C4-, C2,C5-,
C2,C6-, and C2,C7-diprenylated cyclo-L-Trp-L-Pro by com-
bination of different prenyltransferases.

Materials and methods
Chemicals

DMAPP was chemically prepared according to the method
published previously (Woodside et al. 1988). cyclo-L-Trp-
L-Pro was synthesized as described in literature (Caballero
et al. 1998).

Bacterial strains, plasmids, and culture conditions

Escherichia coli strains M15 [pREP4] (Qiagen, Hilden, Ger-
many) and BL21 (DE3) pLysS (Invitrogen, Karlsruhe, Ger-
many) harboring the plasmids pVW90, pALF49, pPM37,
pJW12, and pLW40 were used for overproduction of the
recombinant proteins EchPT1, FgaPT2_R244L, FgaPT2_
Y398F, 6-DMATSg,, and 7-DMATS, respectively (Fan and
Li 2016; Kremer et al. 2007; Mai et al. 2016; Winkelblech
and Li 2014; Wohlgemuth et al. 2017). Terrific broth (TB)
medium supplemented with 50 pg/mL carbenicillin or 25 pg/
mL kanamycin was used for cultivation of recombinant E.
coli strains.

Protein overproduction and purification as well
as enzyme assays

Culture conditions and purification of Hisg-EchPT1,
Hisg-FgaPT2_R244L, Hisg-FgaPT2_Y398F, 6-DMATSg, -
Hisg, and 7-DMATS-Hisg were carried out by Ni-NTA
affinity chromatography (Qiagen, Hilden) as described pre-
viously (Fan and Li 2016; Kremer et al. 2007; Mai et al.
2016; Winkelblech and Li 2014; Wohlgemuth et al. 2017).

SDS-PAGE analysis revealed that all the five recombinant
proteins were purified to near homogeneity (Fig. 2).

To determine the enzyme activity, standard assays (50
pL) contained Tris—HCI (50 mM, pH 7.5), aromatic sub-
strate (1 mM), DMAPP (1 mM), glycerol (0.5-5%, v/v),
DMSO (2.5%, v/v), and the purified protein (4 pg). CaCl,
at a final concentration of 5 mM was added to the reaction
mixtures to enhance the reaction velocity (Li 2009; Sasaki
et al. 2008). After incubation at 37 °C for 16 h, the reaction
mixtures were terminated by addition of 50 uL methanol.
The precipitated proteins were removed by centrifugation at
13,000 X g for 20 min and analyzed on liquid chromatogra-
phy coupled with mass spectrometer (LCMS) as described
below.

The linearity of the EchPT1 reactions toward mono-
prenylated derivatives was determined up to 240 min with
4 ug protein. The assays for determination of the kinetic
parameters of EchPT1 toward monoprenylated CDPs 3,
4, and 5 contained 1 mM DMAPP, 4 ug EchPT1 and the
aromatic substrate at final concentrations of 0.01, 0.02,
0.05,0.1,0.2,0.5, 1.0, and 2.0 mM. The reaction mixtures
containing 3, 4, and 5 were incubated at 37 °C for 30, 35,
and 30 min, respectively. For kinetic parameters toward
DMAPP of EchPT1 in the presence of the monoprenylated
compound 3, the reaction mixture contained 4 ug EchPT1,
3 (1 mM), CaCl, (5 mM), and DMAPP at final concentra-
tions from 0.01 to 2.0 mM, which was incubated at 37 °C
for 30 min. All the assays were performed as triplicates
and subsequently terminated with methanol, and analyzed
on high performance liquid chromatography (HPLC) as
described below. The conversion yields were calculated

a b [ d e M (kDa)
97
. 66
| S

30

Fig.2 SDS-PAGE analysis of the purified prenyltransferases. The
proteins were separated on a 12% polyacrylamide gel and stained
with Coomassie brilliant blue R-250. Lanes from left to right: a,
EchPT1; b, FgaPT2_R244L; c, FgaPT2_Y398F; d, 6-DMATSg,; e,
7-DMATS; M, protein marker
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by using the isolated products as standards or by ratio of
the peak areas of product and substrate in HPLC chroma-
tograms. The data were fitted to the Michaelis—Menten
equation in Prism 4.0 (GraphPad Software).

Preparation and isolation of the enzyme products
for structure elucidation

Enzyme assays for product isolation were scaled up to
a volume of 12 mL, containing Tris—HCI] (50 mM, pH
7.5), DMAPP (1.5 mM), the respective aromatic substrate
(1 mM), and 1-5 mg purified recombinant proteins. The
reaction mixtures were incubated at 37 °C for 16 h and
extracted three times with two volumes of ethyl acetate
each. The resulting organic phases were combined and
concentrated on a rotating vacuum evaporator at 35 °C to
dryness and dissolved in 1 ml methanol for isolation.

LCMS and HPLC conditions for analysis and isolation
of the enzyme products

LCMS analysis was performed as described previously (Zhou
and Li 2021). The substances were eluted at a flow rate of
0.25 mL/min with a linear gradient from 5 to 100% ACN in
10 min. Semi-preparative HPLC was performed with an Agi-
lent Eclipse XDB-C18 (250X 9.4 mm, 5 um) column. Water
(A) and acetonitrile (B) were used as solvents at flow rate of
2 mL/min. Compounds 2, 3, 4, 5, and 6 were isolated with
55% B, 10 with 60% B and 7, 8, and 9 with 65% B.

Nuclear magnetic resonance analysis

NMR spectra were recorded on a JEOL ECA-500 MHz
spectrometer (JEOL, Tokyo, Japan) and processed with
MestReNova 6.1.0 (Metrelab). Chemical shifts were
referred to those of the solvent signals. The NMR data are
provided in Tables S1-S4 and spectra in Figs. S1-S25.

Results

Attempts to produce diprenylated derivatives
by prenylation of already C2-prenylated
cyclo-L-Trp-L-Pro

To get C2,C4-, C2,C5-, C2,C6-, and C2,C7-diprenylated
cyclo-L-Trp-L-Pro, we first followed the logic of the nature’s
biosynthetic strategy by using the reverse C2-prenyltrans-
ferase EchPT1 from A. ruber (Wohlgemuth et al. 2017) as
the first biocatalyst for prenylation of cyclo-L-Trp-L-Pro (1).

@ Springer
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The obtained C2-prenylated derivative deoxybrevianamide
E (2) should be then used as substrate for prenylation at C4-,
C5-, C6-, and C7 of the benzene ring with other prenyl-
transferases. The results of the enzyme assay are shown in
Fig. 3. LCMS analysis revealed that 1 was well converted to
2 having a [M+H]* ion at m/z 352.2023 by EchPT1 with a
conversion yield of 70.7 +0.5% (Fig. 3a). Isolation on HPLC
and comparison of its "H NMR data (Fig. S1) with those
published previously (Schkeryantz et al. 1999) confirmed 2
to be the expected deoxybrevianamide E.

To obtain the desired diprenylated derivatives, 2 was used as
substrate for the second prenylation. As mentioned in the intro-
duction, FgaPT2_R244L, 6-DMATSg,, and 7-DMATS cata-
lyze C4-, C6-, and C7-prenylation of CDPs, respectively (Fan
and Li 2016; Kremer et al. 2007; Winkelblech and Li 2014).
In a previous study, we have demonstrated that the mutant
FgaPT2_Y398F catalyzed the C4- and C5-penylations at the
indole ring of the tripeptide derivative ardeemin FQ (Mai et al.
2016). These four enzymes were chosen for prenylation of 2
at the positions of C-4, C-5, C-6, and C-7 of the benzene ring,
respectively. Unfortunately, LCMS analysis revealed that no
products were detected in the incubation mixtures of FgaPT2_
R244L and FgaPT2_Y398F. Formation of diprenylated prod-
ucts with [M +H]" ions at m/z 420.265 +0.005 was observed in
the assays with 6-DMATSg, and 7-DMATS, but only detected
in the extracted ion chromatograms (EICs) (Fig. 3b—e). Obvi-
ously, prenylation at C-2 of 1 prohibited its acceptance by the
tested enzymes. Such low yields make almost impossible to
get enough products for structural elucidation. Therefore, we
changed our strategy and tested the possibility with first prenyla-
tion at the benzene ring by FgaPT2_R2441., FgaPT2_Y398F,
6-DMATSg,, and 7-DMATS, followed by the C2-prenylation
of the monoprenylated products with EchPT1.

Prenylation of cyclo-L-Trp-L-Pro at the benzene ring
by indole prenyltransferases

To obtain diprenylated derivatives in a different way
from nature, substrate 1 was incubated with FgaPT2_
R244L, FgaPT2_Y398F, 6-DMATSg,, and 7-DMATS
in the presence of DMAPP at 37 °C for 16 h. LCMS
analysis of the reaction mixtures revealed the conver-
sion of 1 to monoprenylated products with [M + H]*
ions at m/z 352.202 +0.005 in all the four assays. One
product peak each was detected in the reaction mix-
tures of FgaPT2_R244L, 6-DMATSg,, and 7-DMATS
with conversion yields of 49.6 +0.2, 29.9 + 0.6, and
11.6 + 1.4%, respectively (Fig. 4). Two peaks with a
total conversion yield of 66.7 +0.8% were observed in
the assay with FgaPT2_Y398F. Isolation and structural
elucidation proved the product of FgaPT2_R244L to
be C4-prenylated derivative 3 (see below for structural
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Fig.3 a LCMS analysis of the acceptance of cyclo-L-Trp-L-Pro (1)
by EchPT1. b—e LCMS analysis of the acceptance of deoxybreviana-
mide E (2) by FgaPT2_R244L, FgaPT2_Y398F, 6-DMATSg,, and

elucidation). Both C4- (3) and C5-prenylated derivative
4 were isolated and identified from the reaction mix-
ture of FgaPT2_Y398F. The sole product of 6-DMATSg,
was the expected C6-prenylated cyclo-L-Trp-L-Pro (5).
NMR analysis of the product peak of the enzyme assay

7-DMATS. UV absorptions at 280 nm are illustrated. All the assays
were performed in duplicates. The conversion yield with EchPT1 is
given as the mean value

with 7-DMATS proved the presence of both 5 and the
C7-prenylated product 6 in a ratio of 0.6:1.0. Prenylation
by 7-DMATS at positions C-6 and C-7 of the benzene
ring was already described for cyclo-L-Homotrp-p-Val
(Fan and Li 2013). Due to their similar physiochemical
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properties, 5 and 6 could not be separated from each
other. Nevertheless, their structures can be unequivo-
cally elucidated by NMR analysis, because of the avail-
ability of the spectrum for 5 in high purity obtained from
the enzyme assay with 6-DMATSq,.

Confirmation of the prenylation positions
of the monoprenylated products

For structural elucidation, the enzyme products were
isolated on a preparative scale and their structures were
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elucidated by MS and NMR analyses. ESI-MS proved
that the products of 1 with FgaPT2_R244L, FgaPT2_
Y398F, 6-DMATSg,, and 7-DMATS had [M + H]* ions
at m/z 352.202 +0.005, 68 Dalton larger than that of 1,
indicating attachment of a dimethylallyl moiety to their
structures. This hypothesis was confirmed by appear-
ance of signals for a regular dimethylallyl residue each
at 8y 3.4-3.7 (d or dd, 2H-1"), 5.3-5.4 (tsept, H-2"), and
1.7-1.8 (one or two br s, 3H-4" and 3H-5") (Figs. S2-S4
and S9). The 'H NMR spectra of the isolated compounds
showed in the aromatic region signals for four instead of
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five protons in that of 1. The signal for H-2 was detected
in all of the spectra of the isolated products 3—6, indi-
cating the prenylation at the benzene ring. Three vicinal
aromatic protons were found in the spectra of 3 and 6,
suggesting for the C4- and C7-prenylation. Coupling pat-
tern of the three aromatic protons in 4 and §, i.e., one
at meta- and two at ortho-position, is consistent with
C5- and C6-prenylations. The structure of compound $§
was unequivocally determined as C6-prenylated cyclo-L-
Trp-L-Pro by interpretation of its 'H, 3¢C, '"H-'H COSsY,
HSQC, and HMBC NMR data (Figs. S4-S8). Clear long-
range correlations between H-5 and C-9 as well as H-7
and C-9 were observed in the HMBC spectrum, proving
the attachment of the prenyl moiety at C-6 of the indole
ring (Fig. 4). Comparison of the NMR data of 3 and 6
with those published previously proved their structures
to be C4- and C7-prenylated derivatives, respectively
(Fig. 4) (Liu et al. 2020; Steffan and Li 2009).

Prenylation of the C4-, C5-, C6-, and C7-prenylated
cyclo-L-Trp-L-Pro by EchPT1 and structural
elucidation of the diprenylated products

The isolated monoprenylated samples from the enzyme
assays of 1 with FgaPT2_R244L, FgaPT2_Y398F,
6-DMATSg,, and 7-DMATS, i.e., 3, 4, and 5 in high purity
and 6 in a mixture with 5, were used for incubation with the
cyclo-L-Trp-L-Ala reverse C2-prenyltransferase EchPT1 in
the presence of DMAPP. LCMS analysis showed all these
substrates were accepted by EchPT1 with the highest con-
version of 85.7 +3.5% for 3 (Fig. 5). Only one product peak
each was detected, even in the assay with the mixture of
5 and 6 (Fig. 5d). Isolation and structural elucidation con-
firmed the presence of one product each in the incubation
mixtures of 3-5. As expected, the single product peak of
the incubation mixture of 5 and 6 comprised two products,
which can be separated from each other under optimized
conditions.

The isolated products 7-10 from the enzyme assays
with 3—-6 were then subjected to MS and NMR analy-
ses. ESI-MS proved that all these new products were
diprenylated cyclo-L-Trp-L-Pro with [M + H]* ions at m/z
420.265 +0.005. In the '"H NMR spectra of 7, 8, and 10,
the signal for H-2 disappeared. Instead, additional sig-
nals for a reverse dimethylallyl moiety were detected at
Oy 6.12-6.14 (dd, 17, 10 Hz, H-27), 5.17-5.20 (dd, 17,
0.6 Hz, H-3"), 5.16-5.23 (dd, 10, 0.6 Hz, H-3"), and
1.5-1.7 (two singlets, 3H-4"and 3H-5") (Figs. S10, S15,
and S24). These data suggested 7, 8, and 10 to be C2,C4-,
C2,C5-, and C2,C7-diprenylated cyclo-L-Trp-L-Pro by
attachment of a reverse dimethylallyl moiety to position
C-2 of 3, 4, and 6, respectively. This is expected for the

EchPT1 reactions and also confirmed by intensive inter-
pretation of their 3¢, 'H-'H CcosY, HSQC, and HMBC
spectra. In the 13C NMR spectra of 7, 8, and 10, the sig-
nals of C-2 at the indole ring as well as those of C-17,
C-27, C-37, and C-47/C-5" of the reverse prenyl residue
were observed at &, 141.1-141.8, 39.1-39.2, 145.8-145.9,
112.8-112.9, and 27.9-28.5 ppm, respectively (Figs. S11,
S16, and S25). Inspection of the 'H and '3C NMR spectra
of compound 9 revealed the presence of the signals for H-2
at 8y 7.11 ppm and for C-2 at &, 123.9 ppm, suggesting
that the additional prenyl residue is attached to another
position than C-2. Remarkably, the signal of C-1"in 9 at §,
59.1 ppm was downfield shifted for approximate 20 ppm,
in comparison to those of 7, 8, and 10. This indicates its
attachment to a hetero such as nitrogen than carbon atom
(Fig. S20). Correspondingly, the signal of NH-1 was dis-
appeared in the 'H NMR of 9. Together with HSQC and
HMBC data (Table S4), compound 9 was proven to be
N1,C6-diprenylated derivative (Fig. 5).

Determination of the kinetic parameters of EchPT1
toward monopernylated cyclo-L-Trp-L-Pro

To better understand the behavior of EchPT1, kinetic
parameters including Michaelis—Menten constant K,,
and turnover number k_,, were determined for the three
aromatic substrates 3—5 and DMAPP in the presence of
the best accepted 3. Kinetic parameters for 6 could not
be obtained due to the impurity with 5. All the reactions
followed the Michaelis—Menten kinetics (Fig. 6). Simi-
lar affinities with K, values between 0.05 and 0.08 mM
were determined for 3-5, comparable to that of cyclo-L-
Trp-L-Ala, the natural substrate of EchPT1 at 0.09 mM
(Wohlgemuth et al. 2017). The highest k,,, at 0.21 s™! was
calculated for 3, followed by those of 4 and 5 at 0.03 and
0.007 s~!, respectively. These values are much lower than
that of cyclo-L-Trp-L-Ala at 6.63 s~! (Wohlgemuth et al.
2017). The catalytic efficiencies were calculated for 3, 4,
and 5 to be 3500, 375, and 140 s™' mM~!, respectively,
being in good consistence with the observed conversion
yields depicted in Fig. 5. The K,; value for DMAPP was
determined in the presence of the best C4-prenylated
cyclo-L-Trp-L-Pro 3 at 0.10 mM, slightly lower than in
the presence of cyclo-L-Trp-L-Ala at 0.18 mM (Wohlge-
muth et al. 2017) (Table 1).

Discussion
In nature, cyclodipeptides are assembled by nonribosomal
peptide synthases, mostly in fungi, or by cyclodipeptide syn-

thases, mainly in bacteria (Canu et al. 2020; Mishra et al.
2017). They are then modified by different tailoring enzymes
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Fig.5 LCMS analysis of acceptance of monoprenylated derivatives
3, 4, 5, and 6) by EchPT1. Products 9 and 10 with a total conversion
yield of 23.6+1.4% were isolated from the incubation mixture of 6

such as prenyltransferases, methyltransferases, cytochrome
P450 enzymes and 2-oxoglutarate-dependent monooxy-
genases (Harken and Li 2021; Winkelblech et al. 2015).
Cyclodipeptide prenylation is usually initiated at position
C-2 by reverse or regular prenyltransferases (Fig. 1) (Win-
kelblech et al. 2015). Further prenylations take place there-
after at the benzene ring, as demonstrated in the biosynthesis
of the triprenylated cyclo-L-Trp-L-Ala derivative echinulin
(Wohlgemuth et al. 2017).

In this study, we first followed the nature’s biosynthetic
strategy for production of diprenylated cyclo-L-Trp-L-Pro,
ie., at C2,C4-, C2,C5-, C2,C6-, and C2,C7-diprenylated
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with 5. Absorptions at 280 nm are illustrated. All the assays were per-
formed in duplicates. The conversion yields are given as mean values

derivatives. We first prepared deoxybrevianamide E by pre-
nylation of cyclo-L-Trp-L-Pro at position C-2 with EchPTI.
Unfortunately, the four prenyltransferases FgaPT2_R244L,
FgaPT2_Y398F, 6-DMATSg,, and 7-DMATS used in
this study showed strict substrate specificity and did not
accept deoxybrevianamide E as substrate for further pre-
nylation (Fig. 3). We therefore changed our strategy by
first prenylation of cyclo-L-Trp-L-Pro at the benzene ring
with the four enzymes FgaPT2_R244L., FgaPT2_Y398F,
6-DMATSg,, and 7-DMATS. As expected, three differ-
ent monoprenylated derivatives, i.e., cyclo-L-Trp-L-Pro
with dimethylally moieties at the positions C-4, C-5, and
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Fig.6 Determination of kinetic parameters of EchPT1 toward 3-5 and DMAPP with 3

C-7, were then successfully converted by EchPT1 to the
designed diprenylated products (Fig. 5). However, to our
surprise, EchPT1 catalyzed the unique NI-reverse pre-
nylation of C6-prenylated cyclo-L-Trp-L-Pro and produced
N1,C6-diprenylated product. This is the first example for an
N1-prenylation catalyzed by EchPT1. This study expands
therefore significantly our knowledge on prenyltransferases
of the DMATS superfamily. It is obvious that their catalytic
potential is far away from exhausted, even a large number
of biochemical works have been carried out and published
in the last decade (Fan et al. 2015; Mori 2020). Further-
more, our results provide a new strategy for production of

Table 1 Kinetic parameters of EchPT1 toward 3-5 and DMAPP

Substrates K, (mM) Kou (57H kool Ky I MY
3 0.06+0.01  0.21+0.02 3500

4 0.08+0.02  0.03+0.004 375

5 0.05+0.007 0.007+0.0004 140

DMAPP with3  0.10+0.01  0.25+0.02 2500

Three independent experiments were carried out and standard devia-

tions are given as + values

designed products and increasing structural diversity by
changing the normal reaction sequences.
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Supplementary Tables

Table S1 NMR data of compounds 2—4 in CDCl;

Pos. O (ppm) multi. J (Hz)
1 8.07brs
2 -
4 7.49 d (8.0)
5 7.11 ddd (8.0,7.1, 1.4)
6 7.18 ddd (8.0, 7.1, 1.4)
7 7.33 dd (8.0, 1.4)
10a 3.75dd (15.5,4.3)
10b 3.19dd (15.5, 11.7)
11 444 dd (11.7,4.3)
12 5.69 brs
14 4.07t(7.7)
17 3.68 ddd (12.0,9.5, 3.1)
3.60 ddd (12.0, 9.5, 3.1)
18 2.08 m
1.92m
19 235m
2.08 m
1’ -
2’ 6.14dd (17.7,10.4)
3 5.20dd (17.7,0.8)
5.18dd (10.4, 0.8)
4’ 1.56s
5 1.56s

Ou (ppm) multi. J (Hz)

825brs
7.07 s
6.93d(7.2)
7.14t(7.4)
7.24 d (8.0)
3.98dd (154, 3.0)
2.98 dd (15.4,11.3)
4.29dd (11.3,3.0)
5.84brs
4.091(8.3)
3.67"m
3.61ddd (11.8,8.9,3.1)
2.08 m
1.92m
2.35m
2.08 m
3.75dd (16.1, 6.8)
3.67"m
5.32 tsept (6.8, 1.4)

1.74 brs
1.74 brs

Ou (ppm) multi. J (Hz)

8.06 brs
7.08d (1.6)
7.35s
7.07 dd (8.3, 1.6)
7.31d(8.3)
3.76 dd (15.0, 3.5)
2.92 dd (15.0, 11.3)
4.37dd (11.3,3.5)
5.72brs
4.09t(8.2)
3.67 dt (11.9, 8.5)
3.60 ddd (11.8, 8.5, 3.1)
2.04 m
1.91 m
2.34m
2.04 m
3.43d(7.2)

5.37 tsept (7.2, 1.4)

1.75brs
1.75brs

#Signals overlapping with each other.

The NMR data of 2 and 3 correspond well to those published previously (Schkeryantz et al. 1999; Steffan and Li 2009).
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Table S2 NMR data of compounds 5 and 6 in CDCl3

17 17
18 18
19 19
= COSY
-~ HMBC
Pos. Su (ppm) multi. J (Hz) dc HMBC Su (ppm) multi. J (Hz)
1 823 brs - 8.13brs
2 7.05s 123.1 C-3,C-8,C-9 7.10s
3 - 109.9 -
4 7.49d (8.1) 118.5 C-3,C-6 7.44 d (7.6)
5 6.99d (8.1) 1213 C-7,C-9, C-1" 7.07t(7.7)
6 - 137.0 7.04d(7.7)
7 7.20 brs 110.9 C-5,C-9,C-1" -
8 - 137.3 -
9 - 125.0 -
10a 3.75dd (15.0, 3.6) 27.1 C-9 3.76 dd (15.0, 3.8)
10b 2.92 dd (15.0, 11.1) 2.93dd (15.0, 11.1)
11 4.36dd (11.1, 3.6) 54.7 4.37dd (11.1, 3.8)
12 5.79brs - C-14, C-16 571brs
13 - 169.5 -
14 4.07t(8.0) 59.4 C-12 4.07 t(8.0)
16 - 165.7 -
17 3.66dt (11.9, 8.5) 45.6 3.65dt(11.8, 8.5)
3.59ddd (11.9, 8.5, 3.2) 3.60ddd (11.8, 8.5, 3.1)
18 2.03m 22.8 2.03m
191 m 191 m
19 2.33m 28.5 2.34m
2.03m 2.03m
1 3.45d(7.2) 34.7 C-5,C-6,C-7,C-2",C-3" 3.57d(7.1)
2 5.38t(7.2) 123.9 C-1,C-4",C-5 5.38 tsept (7.1, 1.4)
3 - 132.4 -
4 1.76 br s 18.0 C-2",C-3 1.79 brs
5 1.75brs 26.0 C-2",C-3 1.83 brs

Note: Compound 5 was isolated as the sole product from the enzyme assay of 1 with 6-DMATSs,. Both 5 and 6 were isolated as

a mixture in a ratio of 0.6:1 from the reaction mixture of 1 with 7-DMATS.

The NMR data of 6 correspond to those of cyclo-L-7-dimethylallyl-Trp-L-Pro reported previously (Liu et al. 2020).
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Table S3 NMR data of compounds 7 and 8 in CDCl3

]
)
@

O 00 I O W A~ W N -

10a

10b
11
12
13
14
16
17

18

19

W N = AW N

4
5

Su (ppm) multi. J (Hz)
8.12brs

6.89d(7.2)
7.08t(7.7)
7.18 d (8.0)

3.78 dd (15.7, 4.3)

341dd (15.7,11.3)
4.35dd (11.3,4.3)
5.66brs

4.04t(7.9)
3.67°m
3.58ddd (11.6, 9.0, 2.9)
2.06°m
1.92m
2.35m
2.06°m
3.67*m
5.28 tsept (6.8, 1.4)
1.72brs
1.69 brs
6.14dd (17.4, 10.5)
5.19dd (17.4, 0.6)
5.16 dd (10.5, 0.6)
1.57s
1.56s

141.5¢
105.4
133.9
121.5
122.4
109.1
135.2
126.9¢
26.5

55.7°

169.2

594

166.0

45.4

22.8

28.5

HMBC Su (ppm) multi. J (Hz)
7.96 br s
7.25brs

C-7,C-9,C-1" -
C-8 7.00 dd (8.3, 1.4)

C-5,C-9 7.23d(8.3)

C-2,C-3, C-9, 3.72dd (15.3,4.2)
C-11, C-16
3.17dd (15.3,11.2)
4.44dd (11.2,4.2)
C-14,C-16 572brs
4.08 t (8.0)
3.67m
3.60 ddd (11.8, 8.9, 3.1)
2.08 m
1.92m
C-17 2.36m
2.08 m
323 C-4,C-5,C9,C-2 341d(7.2)

123.7
132.7
18.2
259
39.2
145.9
112.8

28.2
28.1

5.35 tsept (7.2, 1.4)

Cc-2',C-3 1.74 br's
Cc-2',C-3 1.73 brs
C-17,C-4", C-5" 6.12.dd (17.5, 10.5)
C-17,C-2" 5.17d(17.5)
5.18d (10.5)
C-2,C-1",C-2" 1.55s
C-2,C-1",C-2" 1.54's

141.8
104.4
117.1
133.8
123.2
110.9
133.0
129.4
26.1

54.9

169.3
59.4
166.1
45.5

22.8

28.5

34.8
124.5
131.9
18.1
26.0
39.2
145.8
112.9

28.5
28.1

C-4",C-5"

C-6

C-5

C-5,C-27,C-3
C-1,C4, C-5

C-2,C-3’
C-2,C-3

c-47,C-5"

C-2
C-2

&b Qjgnals overlapping with each other; © Signals were only detected in HSQC.
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Table S4 NMR data of compounds 9 and 10 in CDCl3

Y, 0 §
(‘?'/‘;/5 3 U9 N 17
e leg”N‘W "

e
9 "
Pos. O (ppm) multi. J (Hz) d¢ HMBC S (ppm) multi. J (Hz) d¢
1 - - 8.13brs -
2 7.11brs 123.9 C-3,C-8,C-9 - 141.1
3 - 107.7% - 104.7
4 7.45d (8.1) 118.4 C-6 7.34d(7.9) 116.1
5 6.94 dd (8.1, 1.3) 120.4 C-7 7.03t(7.8) 120.4
6 - 1354 6.97 dd (7.2, 0.8) 122.0
7 733 brs 113.5 C-5,C-9,C-1" - 123.8
8 - 136.6 - 133.8
9 - 126.8 - 129.2
10 3.75dd (15.0, 3.6) 27.1 3.72dd (15.2,4.1) 26.2
2.87dd (15.0, 11.3) 3.17dd (15.2, 11.2)
11 4.35dd (11.3, 3.6) 54.8 4.44dd (11.2,4.1) 55.0
12 5.72brs - 5.69brs -
13 - 169.5 - 169.4
14 4.07t(7.9) 59.3 4.05t(8.4) 59.4
16 - 165.7 - 166.0
17 3.67m 455 3.68m 455
3.59ddd (11.7, 8.8, 2.9) 3.60 m
18 2.03m 22.7 2.07 m 22.8
191 m 1.93 m
19 2.34m 28.4 2.34m 28.5
2.03m 2.07m
1 3.41d(7.4) 34.8 C-6,C-7,C-2",C-3’ 3.57d(7.4) 314
2 5.36 tsept (7.4, 1.5) 124.0 C-17,C-4, C-5 5.43 tsept (7.4, 1.5) 122.9
3 - 1323 - 1332
4’ 1.75brs 17.9 C-2°,C-3 1.88 brs 18.1
5 1.75brs 259 C-2,C-3 1.81brs 259
1" - 59.1 - 39.1
2" 6.13dd (17.5,10.7) 144.2 C-4", C-5" 6.12dd (17.6,10.4) 145.8
3” 5.20dd (17.5,0.5) 113.6 C-4", C-5" 5.18dd (17.6, 0.8) 112.8
5.23dd (10.7,0.5) 5.17dd (10.4, 0.8)
4" 1.74s 27.9 C-1",C-2" 1.55s 28.0
5" 1.73 s 27.8 C-1",C-2" 1.53s 27.9

2 Signal was only detected in HSQC.
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Supplementary Figures
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Abstract

Prenyltransferases (PTs) from the dimethylallyl tryptophan synthase (DMATS) superfamily are
known as efficient biocatalysts and mainly catalyze regioselective Friedel-Crafts alkylation of
tryptophan and tryptophan-containing cyclodipeptides (CDPs). They can also use other non-
natural aromatic compounds as substrates and play therefore a pivotal role in increasing
structural diversity and biological activities on a broad range of natural and unnatural products.
In recent years, several prenylated dimeric CDPs have been identified with wide range of
bioactivities. In this study, we demonstrate the production of prenylated dimeric CDPs by
chemoenzymatic synthesis with a promiscuous known PT EchPT1, which uses cyclo-L-Trp-L-
Ala as natural substrate for reverse C2-prenylation. High product yields were achieved with
EchPT1 for C3-N1" and C3-C3" linked dimers of cyclo-L-Trp-L-Trp. Isolation and structural
elucidation confirmed the product structures to be reversely C2/C2"-mono- and diprenylated
cyclo-L-Trp-L-Trp dimers. Our study provides an excellent example for increasing structural

diversity by prenylation of complex substrates with known biosynthetic enzymes.

Key points
e Chemoenzymatic synthesis of prenylated cyclo-L-Trp-L-Trp dimers.
e Same prenylation pattern and position for cyclodipeptides and their dimers.

e Indole prenyltransferases such as EchPT1 can be widely used as biocatalysts.

Keywords

Dimeric cyclodipeptides, prenylation, dimethylallyl tryptophan synthase, EchPT1,
biocatalyst
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Introduction

Indole alkaloids derived from tryptophan-containing cyclodipeptides (CDPs) with a 2,5-
diketopiperazine skeleton were isolated from various microorganisms and plants and are well-
known for their structural diversity and pharmaceutical utility (Goetz et al. 2011; Li 2010;
Lindel et al. 2012; Vinokurova et al. 2003; Xu et al. 2014). Among them, tryptophan-based
dimeric diketopiperazine alkaloids have been identified in recent years and their biosynthetic
pathways have been elucidated (Gerken and Walsh 2013; Harken and Li 2021; Kim and
Movassaghi 2011; Kim and Movassaghi 2015). Typically, these natural products are
biosynthesized from tryptophan and another amino acid such as tryptophan, proline, alanine or
valine. The two amino acids are mainly condensed by either a nonribosomal peptide synthetase
in fungi or a cyclodipeptide synthase in bacteria, resulting in the formation of the two peptide
bonds. The CDP core is then modified by cytochrome P450 to generate the homo- or
heterodimer with unique bond connection (Gomes et al. 2019; Harken and Li 2021; Malit et al.
2021). Examples are the C6-N1" linked aspergilazine A (1), the C3-C6’ linked naseseazine A
(2) and tetratryptomycins A—C (3—5) with the symmetrical C3-C3" and unsymmetrical C3-N1~
linkage (Fig. 1a) (Liu et al. 2020; Yu and Li 2019). The C3-C3" linked (+)-WIN 64821 was
isolated from Aspergillus versicolor and exhibits potential analgesic and anti-inflammatory
activities for inhibition of substance P receptor (Fig. 1a) (Movassaghi et al. 2008; Tadano et al.
2013).

Recently, several tryptophan-containing dimeric CDPs carrying prenyl moieties were also
isolated from different species (Cai et al. 2019; Geng et al. 2017; Song et al. 2012).
Interestingly, all these complex structures are C2-prenylated cyclo-L-Trp-L-Pro (cWP) or cyclo-
L-Trp-L-Ala (cCWA) dimers with different connections and symmetries. The cWP dimer
brevianamide S exhibits selective antibacterial activity against Bacille Calmette-Guérin (BCG),
which serves as a valuable lead for next-generation antitubercular drugs (Song et al. 2012).
Another cWP dimer asperginulin A with an unprecedented 6/5/4/5/6 pentacyclic skeleton
showed obvious toxicity in inhibiting settlement of the larvae of Balanus reticulatus (Cai et al.
2019). (+)/(-)-Uncarilin A, a pair of dimeric isoechinulin-type enantiomers with a symmetric
four-membered core, were isolated from Uncaria rhynchophyl as a new type of melatonin
receptors (Fig. 1b) (Geng et al. 2017). Attachment of prenyl moieties onto the indole nucleus
usually increases the spectrum of the biological activities. However, in sharp contrast to the
structural diversity of dimeric CDPs and CDP prenyltransferases (PTs), there are rare examples

of prenylating enzymes toward CDP dimers.
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The members of the dimethylallyl tryptophan synthase (DMATS) superfamily as important
biocatalysts usually catalyze metal ion-independent Friedel-Crafts prenylations. They use
predominantly tryptophan and other indole derivatives as prenyl acceptors, but can also accept
a broad spectrum of aromatic compounds for prenylation. They were therefore already used for
structural modification of diverse small molecules (Fan et al. 2015). By using the fungal PT
CdpC3PT and its mutants, Xu successfully obtained prenylated biflavonoids (Xu et al. 2021).
In this study, we intended to get prenylated dimeric CDPs by these soluble PTs. Our previous
studies demonstrated that the cyclo-L-Trp-L-Ala (cC(WA) C2-prenyltransferase EchPT1 is
involved in the biosynthesis of echinulin (Fig. 2) (Wohlgemuth et al. 2017) and shows a high
flexibility toward different substrates (Li et al. 2023; Wohlgemuth et al. 2018). Accordingly,
we selected this enzyme and four additional DMATS PTs for prenylation of dimeric CDPs. One
mono-and three diprenylated cyclo-L-Trp-L-Trp (CWW) dimers were obtained in high

conversion yields.

Materials and Methods

Chemicals

Dimethylallyl diphosphate (DMAPP) was chemically synthesized according to the method
published previously (Woodside et al. 1988). Aspergilazine A (1), naseseazine A (2) and
tetratryptomycins A—C (3-5) were isolated as described before (Liu et al. 2020; Yu and Li
2019).

Strains, plasmids and culture conditions

Escherichia coli strain BL21 (DE3) pLysS (Invitrogen, Karlsruhe, Germany) and M15 [pREP4]
(Qiagen, Hilden, Germany) were used for gene expression and cultivated at 37 °C in Terrific
broth (TB) medium. The plasmids pVW90, pALF49, pPM37, pJW12 and pLW40 were used
for overproduction of the proteins EchPT1, FgaPT2 R244L, FgaPT2 Y398F, 6-DMATSs, and
7-DMATS, respectively (Fan and Li 2016; Kremer et al. 2007; Mai et al. 2016; Winkelblech
and Li 2014; Wohlgemuth et al. 2017). To select the recombinant strains, ampicillin (50 pg/mL)

and kanamycin (25 pg/mL) were added to the medium.

Protein purification and enzyme assays
The proteins of EchPT1, FgaPT2_R244L, FgaPT2_Y398F, 6-DMATSsa and 7-DMATS were
purified by Ni-NTA affinity chromatography (Qiagen, Hilden) as described previously (Fan
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and Li 2016; Kremer et al. 2007; Mai et al. 2016; Winkelblech and Li 2014; Wohlgemuth et al.
2017). The purity of the five recombinant proteins was proven with 12% (w/v) SDS-PAGE (Li
et al. 2023).

For enzyme reaction, standard assays (50 pL) contained Tris-HCI (50 mM, pH 7.5), CaCl; (5
mM), dimeric substrate (1 mM), DMAPP (1 mM), glycerol (0.5-5%, v/v), DMSO (2.5%, v/v)
and the purified protein (7 pg). The reaction mixtures were incubated at 37 °C for 1 or16 h and
subsequently terminated with 50 pL. MeOH. After centrifugation at 17,000 x g for 20 min, the
enzyme reaction mixtures were analyzed on LCMS as described below.

Enzyme assays for product isolation were scaled up to a volume of 25 mL, containing Tris-HCI
(50 mM, pH 7.5), CaCl. (5 mM), DMAPP (1.5 mM), the respective dimeric substrate (1 mM)
and 5 mg purified EchPT1. The reaction mixtures were incubated at 37 °C for 16 h and extracted
three times with two volumes of ethyl acetate each. The resulting organic phases were
evaporated and dissolved in 1 ml MeOH for isolation.

The linearity of the EchPT1 reactions towards 3-5 was determined up to 360 min with 7 pg
protein. To determine the kinetic parameters of EchPT1 toward three cWW dimers, the enzyme
assays (50 L) contained Tris-HCI (50 mM, pH 7.5), CaCl, (5 mM), DMAPP (1 mM), 7 ug
EchPT1 and the cWW dimers at final concentrations of 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0 and
2.0 mM. The reaction mixtures containing 3, 4 and 5 were incubated at 37 °C for 30, 30 and 20
min, respectively. For the kinetic parameters of EchPT1 toward DMAPP in the presence of 3,
4 and 5, the reaction mixtures contained Tris-HCI (50 mM, pH 7.5), CaCl; (5 mM), the
respective dimeric substrate (1 mM), 7 ug EchPT1 and DMAPP at final concentrations from
0.01 to 2.0 mM, which were incubated at 37 °C for 30, 30 and 20 min; respectively. The
reactions were terminated with 50 pL MeOH and analyzed on HPLC as described below. All
the assays were performed as duplicates. The conversion yields were calculated by comparing
with the isolated products as standard or by the ratio of the peak areas in HPLC chromatograms.

The data were analyzed by using Prism 8.01 (GraphPad Software).

LCMS and HPLC analysis of the enzyme products

LCMS analysis was performed as described previously (Zhou and Li 2021). The enzyme
products were eluted at a flow rate of 0.25 mL/min with a linear gradient from 5 to 100% MeCN
in 10 min. LCMS data were evaluated with DataAnalysis 4.2 software (Bruker Daltonik,
Bremen, Germany).

For isolation of the target substances, semi-preparative HPLC was performed with an Agilent
Eclipse XDB-Cig (250 x 9.4 mm, 5 um) column. H20 (A) and MeCN (B) were used as solvents
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at a flow rate of 2 mL/min. Compounds 3a2 and 5a2 were isolated with 80% B, 4al and 4a2
with 75% B. To determine the enzyme activities, an Agilent HPLC 1260 series equipped with
a Multospher 120 RP-C1g (250 x 2 mm, 5u) column was used. H2O (A) and MeCN (B) were
used as mobile phase at a flow rate of 0.5 mL/min. The substances were eluted using a linear
gradient from 5—100% B within 20 min.

Structural elucidation of the enzyme products by NMR analysis

NMR spectra were recorded on a 500 MHz Bruker AVIII spectrometer and processed with
MestReNova 6.1.0 (Metrelab). All the samples were dissolved in DMSO-ds for measurement.
Chemical shifts were referred to those of the solvent signals at 61 2.50 ppm and ¢ 39.5 ppm.
The NMR data are provided in Tables S1-S4 and spectra in Figs. S7T—S26.

Results

Acceptance of five dimeric CDPs by DMATS PTs with different activities

To prove the acceptance of the tryptophan-containing dimeric CDPs by the five PTs EchPT1,
FgaPT2_R244L, FgaPT2_Y398F, 6-DMATSs. and 7-DMATS, which are responsible for the
prenylation at C2, C4, C5, C6 and C7 of indole ring of tryptophan and/or tryptophan-containing
CDPs, respectively, we overproduced the recombinant proteins and first incubated them with
CWP dimer apergilazine A (1) and cWA-cWP dimer naseseazine A (2) in the presence of
DMAPP. LCMS analysis showed that formation of monoprenylated 1 with [M +H]" ions at
m/z 635.789 £+ 0.005 and 2 at 607.735 + 0.005 was only observed in the extracted ion
chromatograms (EICs) of the reaction mixtures with EchPT1, FgaPT2_Y398F and 7-DMATS
(Figs. S1 and S2). Obviously, cWP-containing dimers are poor substrates of the tested PTs.

In comparison, cWW dimers like tetratryptomycins A—C (3-5) with the symmetrical C3-C3’
and the unsymmetrical C3-N1" linkage were much better accepted, at least by two of the tested
PTs. Incubation of 3—5 with the aforementioned five enzymes at 37 °C for 16 h and LCMS
analysis showed that the C3-C3" linked 3 and 5 were well consumed by EchPT1 with
conversion yields for the sole products 3a2 and 5a2 at 33.6 + 0.3 and 14.2 + 0.2%, respectively.
In the reaction mixture of the C3-N1" linked 4 with EchPT1, the main product 4al with a
conversion yield of 12.0 = 0.2% was accompanied by the second product 4a2 with a conversion
yield of 3.7 £ 0.3% (Fig. 3). Other four enzymes showed clearly lower catalytic activities toward
3-5 than EchPT1. FgaPT2_R244L showed a conversion yield of 8.8 + 0.1% toward 4 and 6.5
+ 2.0% toward 5 for monoprenylated products. Almost no conversion of 3 and 4 was observed
with FgaPT2_Y398F and 6-DMATSsa under the same conditions (Figs. S3—S5).
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To detect monoprenylated products, we carried out incubations of 3—5 with EchPT1 in the
presence of DMAPP for 1 h. As shown in Fig. 3, both monoprenylated (3al, 4al and 5al) with
[M+H]" ions at m/z 811.372 + 0.005 and diprenylated products (3a2, 4al and 5a2) with
[M +H]" ions at m/z 879.434 + 0.005 were clearly detected. Comparable product yields were
calculated for the products of 3 and 5 in the range of 2.0-3.8%. The monoprenylated product
4al with a yield of 6.2 + 0.2% was more accumulated in the reaction mixture of 4 than the
diprenylated product 4a2 at 0.6 + 0.1%. These results suggested that 3al and 5al were better
accepted by EchPT1 than 4al for further prenylation.

To determine the relationship of mono- and diprenylated products in the reaction mixtures of
the three cWW dimers with EchPT1, time dependence of their formation was determined. As
shown in Fig. 4a, formation of 3al reached its maximum already in 5 min with the same
conversion yield as 3a2 and decreased slightly after that. In comparison, the formation of 3a2
increased continuously during the whole incubation process. Similar results were obtained for
the formation of 5al and 5a2 with lower conversion yields than those for 3al and 3a2 (Fig. 4c).
The product yield of 4al reached its maximum after 30 min, approximately ten-folds of that of
4a2 and then decreased slightly, while the formation of 4a2 started at a lower level and kept
steady increasing. The amount of 4al is about two-folds of that of 4a2 after incubation for 6 h
(Fig. 4b). These results correspond well to the results after incubation for 16 h (Fig. 3) and
proved again 3al and 5al are much better substrates for EChPT1 than 4al.

Prenylation of cWW dimers by EchPT1 and structural elucidation of the prenylated
derivatives

To verify the structures of the four prenylated cWW dimers 3a2, 4al, 4a2 and 5a2 by EchPT1
mentioned above, the assays of 3—5 and DMAPP were scaled up to 25 ml and incubated for 16
h. After extraction with ethyl acetate and isolation on HPLC, these products with UV absorption
maxima at approximately 224 and 284 nm were obtained in high purity (Fig. S9). High-
resolution mass spectrometric data proved again the monoprenylation in 4al by detection of
the [M +H]" ion at m/z 811.3713, which is 68 dalton larger than that of the substrate 4. In
comparison, 3a2, 4a2 and 5a2 with [M + H]" ions at m/z 879.434 £ 0.005 are diprenylated cWW
dimers (Table S5).

The presence of the attached prenyl moieties in 3a2, 4al, 4a2 and 5a2 was also confirmed by
comparing their NMR data (Table S1—-S4) with those of 3—5 (Liu et al. 2020). In the *H NMR
spectra, the signals for indole H-19 (3a2, 4al, 4a2 and 5a2) and H-19" (3a2, 4a2 and 5a2)
disappeared. Instead, one (4al) or two (3a2, 4a2 and 5a2) reverse prenyl moieties can be
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observed by the characteristic chemical shifts and coupling patterns. A doublet of doublets with
a chemical shift between 6.23 and 6.15 ppm were observed for H-28/H-28". The coupling
constants with the two protons at H-29/H-29" also found as a doublet of doublets with a
chemical shift around 5.11 to 5.00 ppm. The signals of the two methyl groups were detected at
approximately 1.50 ppm (Figs. S7, S12, S17 and S22). These data indicate the attachment of
the reverse prenyl moiety at C-19 (and C-19") of the indole ring, which is also consistent with
the EchPT1-catalyzed C2-prenylation for its natural substrate CWA.

In the 13C NMR spectra, the signals of C-19/C-19” at the indole ring were observed at 5c 141.4—
141.5ppm (Figs. S8, S13, S18 and S23), which were comparable with the NMR data of the C2-
prenylated CDPs in the literature (Li et al. 2023). Clear long-range correlations between H-28
(H-30/H-31) and C-19 (3a2, 4al, 4a2 and 5a2) as well as H-28" (H-30"/H-31") and C-19” (3a2,
4a2 and 5a2) were observed in the HMBC spectra, proving the attachment of one or two reverse
prenyl moieties at C-19 and C-19” (Figs. S11, S16, S21 and S26). Taken together, their NMR
data including *H, $3C, H-'H COSY, HSQC and HMBC proved unequivocally 4al as C19-
prenylated tetratryptomycin B and 3a2, 4a2 and 5a2 as C19,C19 -diprenylated
tetratryptomycins A, B and C, respectively (Fig. 5).

Determination of the kinetic parameters of EchPT1 toward tetratryptomycins and
DMAPP

To further compare the catalytic efficiency of EChPT1 toward the dimeric derivatives 3—5 and
DMAPP, kinetic parameters including Michaelis-Menten constants (Kwm) and turnover numbers
(kcat) were determined for the enzyme. The most reactions followed the Michaelis-Menten
kinetics, with the exception for 4al formation towards DMAPP and 4a2 formation towards 4
(Figs. S27—-S30). Both of them fit well to a typical velocity equation with substrate inhibition
(Figs. S28-S29). For the reactions of EchPT1 toward the prenyl acceptors 35, the highest Ku
at 0.25 mM was calculated for the formation of 4al, significantly higher than that of the natural
substrate c WA at 0.09 mM. Interestingly, the Michaelis-Menten constants for the formation of
3a2, 4a2 and 5a2 at 0.06, 0.01 and 0.05 mM, respectively, are somewhat lower than that of
CWA (Table 1). The Km values of EchPT1 reaction toward DMAPP for the formation of the
four products between 0.05 and 0.08 mM are also slightly lower than 0.18 mM in the presence
of CWA. The turnover numbers from 0.002 to 0.14 s™* and the kcat/Km values from 286 to 1286
s Mt were determined in the range of EchPT1 reactions toward most CDPs (Wohlgemuth et
al. 2018). The lowest kea/Km value of 4a2 at 25 s MLis also in good consistence with the

observed conversion yield depicted in Fig. 3.
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Discussion

In nature, PTs of the DMATS superfamily are known to be flexible toward aromatic prenyl
acceptors. This enzyme family contributes to the structural diversity of small molecules, since
they can efficiently prenylate various substrates including indole, xanthone, flavonoid and
cyclodipeptide derivatives (Fan et al. 2015; Winkelblech et al. 2015). Prenylated products often
exhibit improved interactions with proteins and biological membranes compared with the
original precursors (Botta et al. 2009; Wollinsky et al. 2012). Numerous studies in the last years
have demonstrated that PTs can be utilized as biocatalysts for the target structures (Chen et al.
2017; Mori et al. 2016; Ostertag et al. 2020).

As proof of concept, our main object in this study was chemoenzymatic synthesis of prenylated
dimeric CDPs in vitro. Four new cWW dimers with C2/C2"-prenylations on the indole ring
were successfully obtained by prenylation of tetratryptomycins A—C with the promiscuous
CWA prenyltransferase EchPT1 in the presence of DMAPP. Our results demonstrated that even
complex molecules can be modified by known enzymes. For designed small molecule
modification, it is worth to test other available biocatalysts. However, cWP-containing dimers
were poor substrates of the tested PTs. It would be interesting to test other available PTs or to
get mutants of the known enzymes as demonstrated by Xu for prenylation of biflavonoids (Xu
et al. 2021).
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372 Table 1. Kinetic parameters of EchPT1 toward 3—5 and DMAPP

Substrates  Products Pr;:fi‘;):g::;“g:nind Ky [mM] kear [s7] [fff tl/\l,l(ff]

3 3a2 7ug, 30min 0.06 = 0.007 0.05 +0.0003 833

4 4al 7ug, 30min 0.25+0.03 0.14 £ 0.01 560

4 4a2 7ug, 30min 0.01 +£0.001 0.006 £+ 0.0006 600

5 5a2 7ug, 20min 0.05 £ 0.005 0.03 +0.001 600
DMAPP with 3 3a2 7ug, 30min 0.05 +0.007 0.03 +£0.002 600
DMAPP with 4 4al 7ug, 30min 0.07 £0.01 0.09 +£0.01 1286
DMAPP with 4 4a2 7ug, 30min 0.08 = 0.008 0.002 £+ 0.0002 25
DMAPP with 5§ 5a2 7ug, 20min 0.07 +£0.008 0.02 £ 0.001 286

373  Three independent experiments were carried out and standard deviations are given as + values
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Figure legends

Fig. 1 Examples of known dimeric tryptophan-containing cyclodipeptides (a) and prenylated

ones (b)

Fig. 2 Prenylation of cyclo-L-Trp-L-Ala by EchPTL1 in the biosynthesis of echinulin

Fig. 3 LCMS analysis of the acceptance of tetratryptomycins A—C (3—5) by EchPT1 for 1 and
16 h. UV absorptions at 280 nm are illustrated in black. The chromatograms depicted in blue
and red refer to EICs of [M+H]" of the monoprenylated at m/z 811.372 and those of the
diprenylated products at m/z 879.434, respectively. A tolerance range of + 0.005 was used for
ion detection. All the assays were performed in duplicates. The conversion yields in percent are

given in parenthesis after the product number as mean values

Fig. 4 Time dependence of the mono- and diprenylated products formation in the EchPT1
reactions with 3, 4, and 5 and DMAPP. UV absorptions at 280 nm are illustrated

Fig. 5 Prenylation of tetratryptomycins A—C by EchPT1 in the presence of DMAPP. See S for

carbon numbering
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Supplementary Tables

Table S1. NMR data of compound 3a2 in DMSO-ds

o z
H
%NH\‘\ N
0
— COSY
3al ~ Key HMBC
Pos. O (ppm) multi. J (Hz) dc COSY HMBC
1 6.74 s - H-2 C-2,C-3,C-8,C-9
2 513s 77.3 C-8
3 - 58.7
4 7.26 d (7.6) 124.8 H-5 C-3,C-5,C-6
5 6.66 1 (7.6) 117.4 H-4, H-6 C-7,C-9
6 7.03t(7.6) 129.2 H-5 C-4,C-5,C-8
7 6.61d (7.6) 109.0 H-6 C-5,C-9
8 - 151.2
9 - 127.1
10 2.53 m 38.9 H-11 C-2,C-3,C-9
247 m
11 3.88 dd (9.6, 6.8) 57.8 H-10 C-10, C-16
13 - 165.5
14 4.29 dd (8.9, 4.7) 55.1 H-17 C-13, C-17
15 6.24 s - C-11, C-13, C-14, C-16
16 - 168.3
17 3.42dd (14.9, 4.7) 25.7 H-14 C-13, C-14, C-18, C-19, C-26
2.89 (14.9, 8.9)
18 - 104.3
19 - 141.4
20 10.65 s - C-18, C-19, C-26
21 - 134.8
22 7.32.d (8.0) 111.3 H-23 C-24, C-26
23 7.06t(7.4) 120.7 H-22 C-21,C-25
24 6.94t(7.4) 118.6 H-25 C-22,C-26
25 7.43 d (8.0) 117.8 H-24 C-18, C-21, C-23, C-26
26 - 128.7
27 - 40.4
28 6.17dd (17.4, 10.5) 146.4 H-29 C-19, C-27, C-30, C-31
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Table S1 (Continued)

Pos. ou (ppm) multi. J (Hz) dc COSY HMBC
29 5.05dd (17.4, 1.3) 111.3 H-28 C-27, C-28, C-30, C-31
5.02 dd (10.5, 1.3)
30 1.48 s 27.9 C-19, C-27, C-28, C-29, C-31
31 1.47s 27.8 C-19, C-27, C-28, C-29, C-30
I 6.74s - H-2' C-2',C-3, C-8, C-9
2! 513s 77.3 C-8
3’ - 58.7
4’ 7.26 d (7.6) 124.8 H-5' C-3, C-5, C-6'
5! 6.66t (7.6) 117.4 H-4', H-6' C-7', C-9'
6 7.03 t(7.6) 129.2 H-5' C-4', C-5, C-8
7 6.61d (7.6) 109.0 H-6' C-5',C-9’
8’ - 151.2
9 - 127.1
10’ 2.53m 38.9 H-11" C-2',C-3",C-9
2.47 m
1 3.88 dd (9.6, 6.8) 57.8 H-10 C-10, C-16’
13’ - 165.5
14' 4.29dd (8.9, 4.7) 55.1 H-17' C-13,C-17
15’ 6.24s - C-11, C-13', C-14', C-16'
16’ - 168.3
17' 3.42.dd (14.9,4.7) 25.7 H-14' C-13', C-14', C-18', C-19', C-26'
2.89 (14.9, 8.9)
18’ - 104.3
19 - 141.4
20’ 10.65 s - C-18', C-19, C-26'
21 - 134.8
22’ 7.32 d (8.0) 111.3 H-23’ C-24', C-26'
23’ 7.06t(7.4) 120.7 H-22' C-21", C-25'
24’ 6.941(7.4) 118.6 H-25' C-22', C-26'
25' 7.43 d (8.0) 117.8 H-24' C-18', C-21', C-23', C-26'
26’ - 128.7
27 - 40.4
28’ 6.17 dd (17.4, 10.5) 146.4 H-29' C-19, C-27', C-30", C-31'
29’ 5.05dd (17.4, 1.3) 111.3 H-28' C-27, C-28', C-30", C-31'
5.02 dd (10.5, 1.3)
30’ 1.48 s 27.9 C-19', C-27', C-28', C-29', C-31’
31 147 s 27.8 C-19, C-27', C-28', C-29', C-30'
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Table S2. NMR data of compound 4al in DMSO-ds

HN

;'N {*\w \ HN \
- COSY
4al “* Key HMBC
Pos. Ou (ppm) multi. J (Hz) oc COSY HMBC
1 7.27d (3.9) - H-2 C-2,C-3,C4,C-9
2 5.78d (3.9) 81.5 H-1 C-3, C-8, C-10, C-11
3 - 73.5
4 6.71 d (8.3) 110.1 H-5, H-6 C-5,C-8,C-9
5 6.53t(7.5) 118.0 H-4, H-6 C4,C-7,C-9
6 7.12t(7.5) 129.7 H-4, H-5 C4,C-7,C-8
7 6.71 d (8.3) 122.2 H-6 C-5,C-8,C-9
8 - 148.0
9 - 128.6
10 3.45dd (14.3,5.8) 38.9 H-11 C-2,C-3,C-9, C-11, C-16
2.22.dd (14.3, 12.2)
11 4.65dd (11.5, 5.8) 57.5 H-10 C-10, C-16
12 - -
13 - 167.9
14 4.41 dd (8.3,5.5) 55.5 H-17 C-13,C-17,C-18
15 6.67 s - C-11, C-13, C-14, C-17
16 - 169.2
17 3.50dd (15.3,5.5) 24.7 H-14 C-13, C-14, C-18, C-19, C-26
3.02m
18 - 104.4
19 - 141.5
20 10.68 s - C-18, C-19, C-21, C-26, C-a
21 - 136.0
22 7.33d(8.1) 111.6 H-23 C-24, C-26
23 7.11t(7.8) 120.7 H-22 C-21, C-25
24 6.97(7.8) 118.7 H-25 C-22, C-26
25 7.54d (8.1) 118.2 H-24 C-18, C-21, C-23, C-26
26 - 128.7
27 - 40.4
28 6.23dd (17.4, 10.5) 146.3 H-c C-19, C-a, C-d, C-e

122

S6

(Continued on next page)


aaa
Typewritten Text
122


Table S2 (Continued)

Pos. ou (ppm) multi. J (Hz) dc COSY HMBC
29 5.11d(17.4) 111.5 H-b C-a, C-b
5.08 d (10.5)
30 1.52s 27.8 C-a, C-b, C-c, C-e, C-19
31 1.50s 27.9 C-a, C-b, C-c, C-d, C-19
1 - -
2! 6.41 s 124.7 C-3,C-3,C-7", C-8', C-9, C-10’
3’ - 109.1
4’ 7.19d (8.2) 118.7 H-5' C-3, C-6', C-8', C-9’
5! 6.93t(7.6) 119.1 H-4' C-6', C-7', C-9’
6’ 6.87t(7.6) 120.9 H-7' C-5', C-8'
7' 6.49 d (8.2) 111.8 H-6' C-5',C-9
8’ - 134.8
9’ - 129.2
10 2.61 dd (14.1,2.8) 30.3 H-11" C-2',C-3",C-9', C-11", C-16'
1.16 dd (14.1,9.9)
11 3.67td (9.7,2.8) 54.5 H-10 C-3, C-13’
12’ 7.59d (2.1) H-11" C-14', C-16¢'
13’ - 166.6
14 4.05d(2.3) 55.5 H-17' C-16', C-18'
15’ 8.13d (1.6) H-14' C-11', C-13'
16’ - 166.9
17 3.02m 29.8 Ho14' C-13', C-14, C-16', C-18', C-19/,
C-22'
2.87dd (14.2,4.3) -
18’ - 108.6
19 6.89d (1.9) 124.9 H-20' C-18', C-21", C-26'
20’ 10.98 s - H-19' C-18', C-19, C-21', C-26'
21" 135.1
22’ 7.36d(8.1) 111.0 H-23’ C-23', C-26'
23’ 7.04t(7.1) 118.5  H-22', H-24' C-21", C-22'
24’ 7.03t(7.1) 121.0 H-25' C-21', C-22', C-23'", C-26'
25’ 7.52d(8.1) 119.2 H-24' C-18", C-21", C-22', C-24', C-26'
26’ - 127.7
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Table S3. NMR data of compound 4a2 in DMSO-ds

— COSY
4al ~* Key HMBC
Pos. ou (ppm) multi. J (Hz) oc COSY HMBC
1 7.30d (4.0) - H-2 C-2,C-3,C-5,C-9
2 5.82.d (4.0) 81.6 H-1 C-3,C-8, C-10, C-11
3 - 73.6
4 6.69d (8.2) 122.3 H-5 C-3,C-6,C-8
5 6.451td (7.6, 1.3) 118.2 H-4, H-6 C-4,C-7,C-9
6 7.11td (7.6, 1.3) 129.7 H-5, H-7 C-4,C-5,C-7,C-8
7 6.72d (8.2) 110.1 H-6 C-5,C-9
8 - 148.0
9 - 128.6
10 3.55dd (14.5, 6.2) 39.0 H-11 C-2,C-3,C-9, C-11, C-16
2.26 dd (14.5, 11.8)
11 4,76 dd (11.8, 6.2) 57.5 H-10 C-10, C-16
12 -
13 - 167.9
14 4.44 dd (8.6, 5.3) 55.4 H-17 C-13,C-17,C-18
15 6.64 s - C-11, C-13, C-14, C-17
16 - 169.1
17 3.50dd (14.8, 5.3) 24.7 H-14 C-13, C-14, C-18, C-19, C-26
3.02dd (14.8,9.3)
18 - 104.9
19 - 141.5
20 10.51 s - C-18, C-19, C-21, C-24, C-26
21 - 134.9
22 7.28 d (8.4) 110.6 H-23 C-24, C-26
23 7.03 td (7.5, 1.3) 1204  H-22, H-24
24 6.81td (7.5, 1.3) 118.3 H-23, H-25 C-22, C-23, C-25,C-26
25 7.05d (8.4) 118.6 H-24 C-18, C-21, C-24, C-26
26 - 129.2
27 - 40.4
28 6.22 dd (17.4, 10.5) 146.5 H-29 C-19, C-27, C-30, C-31
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Table S3 (Continued)

Pos. on (ppm) multi. J (Hz) dc COSY HMBC
29 5.09 dd (17.4, 1.3) 111.5 H-28 C-19, C-27, C-28
5.07 dd (10.5, 1.3)
30 1.51s 28.0 C-19, C-27, C-28, C-29, C-31
31 1.49s 27.9 C-19, C-27, C-28, C-29, C-30
1 - -
2! 7.09d (1.3) 125.0 C-3,C-8, C-9’
3’ - 109.2
4’ 7.48 d (8.2) 118.9 H-5' C-3,C-6', C-8', C-9’
5! 7.04 td (7.5, 1.3) 120.7 H-4' C-7', C-9'
6’ 6.90 td (7.5, 1.3) 121.3 H-5', H-7' C-4', C-8
7' 6.54 d (8.2) 111.9 H-6' C-5',C-9
8’ - 134.7
9’ - 129.4
10’ 2.45 dd (14.6, 8.8) 38.9 H-11" C-2',C-3",C-9
3.02 dd (14.6, 9.3)
11 3.94 dd (8.8, 3.5) 55.1 H-10 C-10', C-13’
12’ 7.62 d (3.0) - C-11" C-14', C-16’
13’ - 166.7
14 3.94dd (7.8, 3.9) 56.3 H-17' C-16', C-18’
15’ 8.05d(2.7) - H-14' C-11, C-13’
16’ - 167.4
17' 3.28 dd (14.5, 3.9) 30.3 H-14' C-13', C-14', C-18', C-19', C-26'
2.77 dd (14.5,7.8)
18’ - 104.4
19 - 141.4
, C-18', C-19, C-21',
20 10.67 s - C24', C-26'
21" - 134.8
22’ 7.34 d (8.0) 111.1 H-23’ C-23', C-26'
23’ 7.00 td (7.5, 1.3) 119.4  H-22', H-24' C-21", C-25'
24 6.96 td (7.5, 1.3) 118.7  H-23', H-25' C-22', C-25', C-26
25' 7.52 d (8.0) 118.0 H-24' C-18', C-21', C-23', C-26
26’ - 128.6
27 - 40.4
28’ 6.15dd (17.4, 10.5) 146.3 H-29' C-19', C-27', C-30', C-31'
29’ 5.05dd (17.4, 1.3) 111.2 H-28' C-19', C-27', C-28'
5.00 dd (10.5, 1.3)
30’ 1.46s 27.9 C-19', C-27', C-28', C-29', C-31’
31 1.46s 27.8 C-19, C-27', C-28', C-29', C-30'
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Table S4. NMR data of compound 5a2 in DMSO-ds

HN—p< &N
/
— COSY
Sa2 ~ Key HMBC

Pos. Ou (ppm) multi. J (Hz) oc COSY HMBC

1 6.74 s -

2 5555 75.9¢

3 - 63.1

4 6.52 m 123.9 110.1

5 6.52 m 117.9 H-6 118.0

6 6.99 m 129.1 H-5, H-7 129.7

7 6.52 m 108.6? H-6 122.2

8 - 151.3

9 - 130.5

10 2.55m 39.0 H-11

2.30 m

11 3.94dd (9.9, 6.4) 57.1 H-10

13 - 168.5

14 4.33 dd (9.0, 4.3) 55.2 H-17

15 6.23 s - C-11,C-13

16 - 169.4

17 3.53dd (15.4,4.3) 24.7 H-14 C-13, C-14, C-18, C-19, C-26

2.90 dd (15.4, 9.6)

18 - 104.6

19 - 141.5

20 10.68 s - C-18, C-19, C-21, C-26
21 - 134.9

22 7.34d(7.9) 111.1 H-23 C-24, C-26

23 7.04t(7.5) 120.8 H-22 C-21,C-25

24 6.94t(7.5) 118.7 H-25 C-22,C-26

25 7.49d (7.9) 117.9 H-24 C-18, C-21, C-23, C-26
26 - 128.8

27 - 40.4

28 6.17 dd (17.3, 10.5) 146.4 H-29 C-19, C-27, C-30, C-31
29 5.03d(17.3) 111.4 H-28 C-27,C-28

5.01d (10.5)
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Table S4 (Continued)

Pos. ou (ppm) multi. J (Hz) dc COSY HMBC
30 1.49s 27.9 C-19, C-27, C-28, C-29, C-31
31 1.49s 27.9 C-19, C-27, C-28, C-29, C-30
1 - -
2! 541s 72.5
3 - 59.9
4’ 6.52 m 123.8
5! 6.52m 117.8 H-6'
6’ 6.99 m 128.5 H-5', H-7'
7' 6.52m 108.3 ¢ H-6'
8’ - 149.1
9’ - 127.7
10 343 m 38.9 H-11"
3.28 dd (11.1, 5.7)
11 3.46 m 57.7 H-10
13’ - 165.2
14 4.33dd (9.0,4.3) 55.9 H-17'
15' 6.17 s -
16’ - 167.9
17' 3.53dd (15.4,4.3) 26.3 H-14' C-13', C-14', C-18', C-19', C-26'
2.99 dd (15.4, 9.6)
18’ - 104.2
19 - 141.4
20’ 10.66 s - C-18,C-19',C-21",C-26"'
21" - 134.8
22! 7.34d(7.9) 111.1 H-23' C-24', C-26'
23’ 7.04t(7.5) 120.8 H-22' C-21", C-25'
24’ 6.94t(7.5) 118.7 H-25' C-22', C-26'
25’ 7.44d (7.9) 117.8 H-24' C-18', C-21', C-23', C-26’
26’ - 128.6
27 - 40.4
28’ 6.17 dd (17.3, 10.5) 146.3 H-29’ C-19', C-27', C-30, C-31’
29’ 5.03d(17.3) 111.3 H-28' C-27', C-28'
5.01d(10.5)
30’ 1.48 s 27.8 C-19', C-27", C-28', C-29', C-31’
31 1.48 s 27.8 C-19', C-27', C-28', C-29', C-30’

# Signals were only detected in HSQC

S11

127


aaa
Typewritten Text
127


Table S5. HRESIMS data of enzyme products

HRESIMS data

128

product chemical formula
measured calculated deviation
[M +HJ* [M +HJ* [ppm]
3a2 Cs4Hs4NgOg4 879.4335 879.4341 1.38
4al Ca9H46NgOs4 811.3713 811.3715 0.25
4a2 Cs4H54Ng0O4 879.4343 879.4341 0.23
5a2 Cs4H54NgOg4 879.4337 879.4341 0.45
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Supplementary Figures
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Figure S1. LCMS analysis of the acceptance of aspergilazine A (1) by EchPT1, FgaPT2 R244L,
FgaPT2 Y398F, 6-DMATSs., and 7-DMATS. UV absorptions at 280 nm are illustrated in black. The
chromatograms depicted in blue and red refer to EICs of [M + H]" for the monoprenylated at m/z
635.789 and those of diprenylated products at m/z 702.900, respectively. A tolerance range of = 0.005
was used for ion detection.
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Figure S2. LCMS analysis of the acceptance of naseseazine A (2) by EchPTI, FgaPT2 R244L,
FgaPT2 Y398F, 6-DMATSs., and 7-DMATS. UV absorptions at 280 nm are illustrated in black. The
chromatograms depicted in blue and red refer to EICs of [M + H]" for the monoprenylated at m/z
607.735 and those of diprenylated products at m/z 674.846. A tolerance range of = 0.005 was used for

1on detection.
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Figure S3. LCMS analysis of the acceptance of tetratryptomycin A (3) by EchPT1, FgaPT2 R244L,
FgaPT2 Y398F, 6-DMATSs., and 7-DMATS. UV absorptions at 280 nm are illustrated in black. The
chromatograms depicted in blue and red refer to EICs of [M+H]" for the monoprenylated at m/z
811.372 and those of diprenylated products at m/z 879.434. A tolerance range of + 0.005 was used for
ion detection.
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Figure S4. LCMS analysis of the acceptance of tetratryptomycin B (4) by EchPT1, FgaPT2 R244L,
FgaPT2 Y398F, 6-DMATSs., and 7-DMATS. UV absorptions at 280 nm are illustrated in black. The
chromatograms depicted in blue and red refer to EICs of [M + H]" for the monoprenylated at m/z
811.372 and those of diprenylated products at m/z 879.434. A tolerance range of £+ 0.005 was used for
ion detection.
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i) 5
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Figure S5. LCMS analysis of the acceptance of tetratryptomycin C (5) by EchPT1, FgaPT2 R244L,
FgaPT2 Y398F, 6-DMATSs., and 7-DMATS. UV absorptions at 280 nm are illustrated in black. The
chromatograms depicted in blue and red refer to EICs of [M + H]" for the monoprenylated at m/z
811.372 and those of diprenylated products at m/z 879.434. A tolerance range of £+ 0.005 was used for
ion detection.
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Figure S6. UV spectra of the prenylated compounds 3a2, 4al, 4a2, and Sa2.
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Figure S7. 'H NMR spectrum of 3a2 in DMSO-ds (500 MHz).
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Figure S8. 3C NMR spectrum of 3a2 in DMSO-ds (125 MHz).
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Figure S9. 'H-'H COSY spectrum of 3a2 in DMSO-d.
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Figure S10. HSQC spectrum of 3a2 in DMSO-db.
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Figure S11. HMBC spectrum of 3a2 in DMSO-ds.
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Figure S12. '"H NMR spectrum of 4al in DMSO-ds (500 MHz).

S24

140


aaa
Typewritten Text
140


N

-] oéd'\étf&duéaéﬁﬂ’é:’qi:ém‘-’-i_‘_‘c‘daéé wn w )

-A-Iv-r-1 -+ = e A O] e e —— e o DO — o) ~uw u =t

—— - ———————————————— ——————— o -~ wounounoun
c-8' C26 G

135 134 133 132 131 130 129 128 127 126 125 124
f1 (ppm)

C-29

C¢6'
C-23
. or el
_A
1225 121.5 120.5 119.5 118.5 112 1 110 109
f1 (ppm) f1 (ppm)
C-3
C-28
C-13 c18
c-16 lc-m-
\”4 c-19 .
I Cc-8 N |
< C-13 | \
C-27
C-2
b ! LI

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure S13. °C NMR spectrum of 4al in DMSO-ds (125 MHz).
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Figure S14. '"H-'H COSY spectrum of 4al in DMSO-ds.
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Figure S27. Determination of the kinetic parameters of EchPT1 for 3a2 formation toward 3 and
DMAPP. The data were obtained from three independent measurements and the error bars represent

the standard errors.
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measurements and the error bars represent the standard errors.
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5 Conclusions and future prospects

In this thesis, the structural diversity of NPs was significantly increased by genome mining and
chemoenzymatic synthesis. With the development of bioinformatic tools and genetic
manipulation strategies, variety of novel BGCs remain to be explored. Investigation of the
enzymes involved in the biosynthesis of NPs also provide another effective strategy for
modification of NPs by using interesting biocatalysts. The three projects in this thesis were

carried out based on the two strategies and each one has the highlight.

In the biosynthesis of novel NRPS-PKS in Penicillium crustosum, the function of hybrid gene
Pcri0109 was investigated by gene deletion and heterologous expression in Aspergillus
nidulans. Compound isolation and structure elucidation proved its product as a-pyrone
derivative 4-hydroxy-6-(4-hydroxyphenyl)-2H-pyran-2-one. Isotopic feeding experiments
revealed that the A domain of Pcrl0109 can recognize PHBA as the start unit and then the KS
domain assembles two acetate molecules for latter elongation. The product yield reached a
maximum of 51 mg/kg rice after feeding with PHBA, which is five-fold than that obtained
without feeding. This study provides another example for the less explored fungal NRPS-PKS

hybrid enzymes and also helpful for product formation requiring special substrates supply.

Through chemoenzymatic synthesis, the spectra of prenyl CDP analogs were also expanded by
using known PTs. In the production of diprenylated cyclo-L-Trp-L-Pro, we first followed the
logic of the nature’s biosynthetic strategy to chemoenzymatic synthesis C2,C4-, C2,C5-,
C2,C6-, and C2,C7-diprenylated derivatives. However, the C2-prenylated cyclo-L-Trp-L-Pro
cannot be accepted by the tested C4-, C5-, C6-, and C7-PTs. After changing the reaction order
and using C2-PT EchPT1 as the second biocatalyst, we successfully obtained the four target
products including the unique N1,C6-diprenylated ones with significant product yields. This is
the first report that EchPT1 can also catalyze the unusual N/-prenylation at the indole ring
other than C2 position, which indicates the different active site(s) in EchPT1 toward C6-

prenylated cyclo-L-Trp-L-Pro.

Inspired by the intriguing reactions by the promiscuous PTs, we intended to get prenylated
dimeric CDPs by the soluble DMATS mentioned above. It was proven that the cWW dimers
tetratryptomycins A — C can be well accepted by EchPT1 in the presence of DMAPP. Both
monoprenylated and diprenylated products can be detected after shorter the incubation time for

1 h. What’s more, tetratryptomycins A and C are better substrates of EchPT1 for prenylation
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than tetratryptomycin B. The products catalyzed by EchPT1 were determined as C2- (and C2'-)
prenylated tetratryptomycins, which is consistent with EchPT1 catalyzed C2-prenylation for
its natural substrate cWA. Further kinetic parameters including Ky and kc.r determination
proved that the values are in good consistence with the observed conversion yields and also in

the range of EchPT1 reactions toward most CDPs.
For future prospects, the following works can be performed:

» In the first project, the final product of NRPS-PKS gene cluster in Penicillium
crustosum remains to be elucidated. Therefore, investigation of its biosynthesis would

be useful for better understanding the rare group enzymes in fungi.

» Targeted protein engineering of EChPT1 for understanding its catalytic mechanism

toward C6-prenylated cyclo-L-Trp-L-Pro and dimeric cyclo-L-Trp-L-Trp.

» Co-expression of CDPS for production of tryptophan containing CDPs and the tailoring
genes from different biosynthetic pathways such as PTs, P450s, and MTs in engineered

heterologous expression host.
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