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Chemistry of fungal meroterpenoid cyclases

Lena Barra® and Ikuro Abe
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Fungal meroterpenoid cyclases are a recently discovered emerging family of membrane-integrated, non-

canonical terpene cyclases. They catalyze the conversion of hybrid isoprenic precursors towards complex

scaffolds and are therefore of great importance in the structure diversification in meroterpenoid

biosynthesis. The products of these pathways exhibit intriguing molecular scaffolds and highly potent
bioactivities, making them privileged structures from Nature and attractive candidates for drug
development or industrial applications. This review will provide a comprehensive and comparative view

on fungal meroterpenoid cyclases, their intriguing chemistries and importance for the scaffold formation

step towards polycyclic meroterpenoid natural products.
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1 Introduction

Fungal meroterpenoids are a diverse family of hybrid natural
products with potent bioactivities and intriguing structural
architectures.’ * Several members are known as medicinal
drugs, drug leads, or commercial insecticides. Pyripyropene A
(1) is one of the few and most potent known selective inhibitors
of the therapeutic target sterol O-acyltransferase 2 (SOAT-2) and
therefore regarded as a promising drug candidate for the
treatment of atherosclerosis and hypercholesterolemia
(Fig. 1).* ® Additionally, 1 exhibits selective aphicidal activity
whilst lacking mammalian toxicity.” ® Based on the core struc-
ture of 1, the semisynthetic derivative afidopyropen (2) has been
developed'™ and recently marketed as an eco-friendly,
commercial insecticide.'> Mycophenolic acid (3) in the form of
the prodrug mycophenolate mofetil (4) is one of the most widely
used immunosuppressive drugs for the treatment of organ
transplant patients and inhibits inosine monophosphate
dehydrogenase type 2 in de novo purine biosynthesis, leading to
limited lymphocyte proliferation.” ** Subglutinol A (5) and
derivatives have earned significant attention for their highly
potent immunosuppressive properties, superior to cyclosporine
and additionally lacking toxicity. These features make them
highly attractive drug candidates for treating autoimmune
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Fig.1 Selected examples of fungal meroterpenoids and derivatives: pyripyropene A (1), afidopyropen (2), mycophenolic acid (3), mycophenolate
mofetil (4), subglutinol A (5), tropolactone B (6), and andrastin A (7). The terpenoid portion is shown in blue, non-terpenoid in green.

diseases such as multiple sclerosis, type I diabetes mellitus,

rheumatoid arthritis or systemic lupus erythematosus.'”

Two examples of meroterpenoids with promising cytotoxic
activities are tropolactone B (6) against human colon
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hybrid nature of these compounds, being composed of a terpe-
noid and a non-terpenoid portion (Fig. 1). In recent years, the
growing knowledge about the genetic and molecular basis of
meroterpenoid biosynthesis allowed to further specify and
categorize meroterpenoids by their biosynthetic origins. Three
major classes, differing in the non-terpenoid scaffold can be
defined: the polyketide terpenoids (PK-T), the indole terpenoids
(ID-T) and the shikimate-derived meroterpenoids.’ * These
classes can be further subdivided by the origin of the terpenoid

portion and biosynthetic pathways derived from the C;s-oligo-
prenyl diphosphate precursor farnesyl diphosphate (FPP) and
the C,y-congener geranylgeranyl diphosphate (GGPP) towards
polyketide sesquiterpenoids (PK-ST), polyketide diterpenoids
(PK-DT) and indole diterpenoids (ID-DT) have been discovered
from fungal sources (Table 1).

The isoprenoid portion of meroterpenoids can be acyclic as
in the achiral meroterpenoid 3, but in most cases complex (poly)
cyclic structures bearing several stereocenters are present.

Table 1 Overview on reported and biochemically characterized fungal Pyr4-like meroterpenoid cyclases. The two Pyr4-like bacterial cyclases
XiaE and DtmALl, as well as the atypical cyclases Ascl and Atnl/Ntnl are also given

Cyclase” (sequence
similarity/identity (AA) to

Pyr4) Organism Biosynthetic pathway Bioactivity of pathway product Type
Pyr4 %7 (100%/100%) Aspergillus fumigatus Af293 Pyripyropene A Sterol O acyltransferase 2 (SOAT 2) PK ST
inhibitor, atherosclerosis,
hypercholesterolemia;*™®
aphicidal’™®
AusL*®*° (67%/34%) Aspergillus nidulans Austinol Unknown PK ST
Trt1 *7 (58%/26%) Aspergillus terreus Terretonin Mycotoxin®* PK ST
AdrT*> ™7 (65%/29%) Penicillium chrysogenum Andrastin A Protein farnesyltransferase PK ST
Wisconsin 54 1255 inhibitor, antitumor®>**
PrhH>® (69%/31%) Penicillium brasilianum NBRC Paraherquonin/ Metalloproteinase 3 and caspase PK ST
6234 berkeleydione 1 inhibitor, antitumor®**
NVEL'* (71%/42%) Aspergillus novofumigatus Novofumigatonin Unknown PK ST
AndB™™ (69%/37%) Emericella variecolor NBRC Anditomin/emeridone Cytotoxic,*® antitumor PK ST
32302 F
CdmG"” (82%/52%) Penicillium verruculosum Chrodrimanins Protein tyrosine phosphatase 1B PK ST
TPU1311 inhibitor, type 2 diabetes,
obesity*®
AscF*° (58%/25%) Acremonium egyptiacum F 1392 Ascochlorin Antimicrobial,”" anti PK ST
inflammatory,
antiatherogenic,> cytotoxic®*
AscI® (atypical, 34%/8%) Acremonium egyptiacum F 1392 Ascofuranone Cytotoxic,™ antimicrobial,> PK ST
antiparasidic (Trypanosoma brucei
T. brucei)®®
Mac)*”*® (63%/29%) Penicillium terrestris LM2 Macrophorin A Immunosuppressive®® PK ST
OlcD®° (68%/34%) Penicillium canescens ATCC Deoxyoxalicin B Insecticidal®** PK DT
10419
Cle7 * (71%34%) Aspergillus versicolor 0312 Chevalone E Synergistic to doxorubicin, breast PK DT
cancer®
Sre3 ** (67%/32%) Aspergillus felis 0260 Sartorypyrone D Synergistic to doxorubicin, breast PK DT
cancer®
SubB®"®° (71%/49%) Metarhizium robertsii Subglutinol A Immunosuppressive, no PK DT
toxicity'”>°
AtnI/NtnI®® (atypical, 18%/ Arthrinium sp. NF2194, Nectria Arthripenoids A F Immunosuppressive®® PK DT
18%) sp. Z14 w
PaxB®” (72%/44%) Penicillium paxilli Paxilline Tremorgenic®®®’ ID DT
NodB”’ (74%/47%) Hypoxylon pulicicidum Nodulisporic acids Insecticidal” ID DT
AtS5B1 7> (73%/42%) Aspergillus flavus Emindole PB Unknown ID DT
AtS2B”? (71%/35%) Aspergillus flavus Anominine‘ and 10,23 Insecticidal”® and insecticidal”* ID DT
dihydro 24,25
dehydroaflavinine
AfB” (68%/32%) Aspergillus tubingensis Aflavinine Insecticidal”>”® ID DT
XiaE®”7~7? (bacterial, 52%)/ Streptomyces sp. SCSIO 02999, Xiamycin A Antiviral, anti HIV®® ID ST
18%) Streptomyces sp. HKI0576
DmtA1 *' (bacterial, 51%/ Streptomyces youssoufiensis Drimentine G Cytotoxic,** antitumor ID ST

22%)

0OuUCe6819

“ For homologous proteins with identical function, the first characterized member was selected. ” PK ST  polyketide sesquiterpenoid, PK DT

golyketide diterpenoid, ID DT

Named XiaH in ref. 77.
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Compared to classical terpene cyclases, which activate and
cyclase a purely terpenoic substrate in terpenoid biosyn-
thesis,** ** specialized and distinct cyclases have been discov-
ered for meroterpenoid biosynthetic pathways.

The first and thus far largest group of discovered mer-
oterpenoid cyclases is a protein family of compact, membrane-
integrated enzymes, catalyzing diverse carbocation-mediated
cascade reaction on hybrid meroterpenoid precursors in PK-T
and ID-T pathways. These homologous group of enzymes can
be referred to as Pyr4-like cyclases, named after the first
discovered representative. Besides the family of Pyr4-like
enzymes, a few atypical meroterpenoid cyclases have been
discovered in fungal pathways which resemble the mechanistic
features of Pyr4-like cyclases but are phylogenetically distinct
proteins and show no homology to Pyr4 (Table 1).

This review aims to provide a comparative and comprehen-
sive overview on the chemistry of fungal meroterpenoid cyclases
with a focus on the emerging family of Pyr4-like cyclases. The
discovery and basic features of these enzymes will be intro-
duced in chapter 2. Chapter 3 will give an overview on discov-
ered cyclases and the importance of their pathways products.
The general features, phylogenetic relations and distinctness to
other cyclization strategies known from meroterpenoid path-
ways is discussed. Chapters 4-6 will describe the cyclization
mechanism of each enzyme in detail and will highlight their
importance in the structure diversification towards potent
meroterpenoids. The concluding chapter 7 will give a brief
summary and outlook on the future potential of these bio-
catalysts for biosynthetic engineering efforts.

2 The model meroterpenoid cyclase
— Pyr4 (pyripyropene A)

The first meroterpenoid cyclase was discovered in 2010 in the
biosynthetic gene cluster of pyripyropene A (1) from the fungus

Aspergillus fumigatus Af293.>” Detailed genetic and biochemical
analysis of the gene cluster revealed a modular biosynthetic
logic for meroterpenoid biosynthesis, comprised of four general
steps (Scheme 1). The first step comprises assembly of the non-
terpenoid portion by the action of an iterative type I polyketide
synthase (Pyr2). Pyr2, in tandem with the CoA-ligase Pyrl,
converts nicotinic acid (8) and malonyl-CoA (9) into 4-hydroxy-6-
(3-pyridinyl)-2H-pyran-2-one (HPPO, 10). Subsequently, a UbiA-
type prenyltransferase (Pyr6) assembles the terpenoid and
non-terpenoid building blocks by transferring FPP to 10,
generating farnesyl-HPPO (11). After formation of the hybrid
precursor it was cryptic which enzyme was responsible for the
obvious polyene cyclization event towards the polycyclic
product 1 since no designated, canonical terpene cyclase was
initially located in the gene cluster. The lack thereof prompted
the researchers to investigate a protein of unknown function
(Pyr4) comprised of only 246 amino acids and predicted as an
integral membrane protein. Biochemical analysis revealed that
Pyr4 works in tandem with a flavin-dependent monooxygenase
(Pyr5) which activates the precursor by a stereoselective epoxi-
dation of the terminal double bond to yield (10S)-epoxyfarnesyl-
HPPO (12). Compound 12 is then converted by Pyr4 to deacetyl
pyripyropene E (13). Mechanistically, the cyclization reaction
can be explained by initial protonation of the epoxide func-
tionality generating a reactive carbocation species and trig-
gering the subsequent cascade reaction. Attack of the C6-C7
double bond generates the first 6-membered ring and a tertiary
cation on C7, followed by subsequent attack of the C2-C3 -
bond to yield a tertiary cation at C3. The cyclization cascade is
terminated by intramolecular nucleophilic attack of the
phenolic hydroxyl group of the pyrone moiety (Scheme 1). To
which extent the polyene cyclization truly occurs by step-wise
nucleophilic additions generating distinct intermediary
cationic species or an at least partly concerted mechanism
prevails has not been determined yet.

| Pyré
\ —
FPP
OH

Pyr3
Pyr7
Pyr8
Pyr9

|
13 OAc 1

Scheme 1 Pathway towards pyripyropene (1) and depiction of meroterpenoid cyclase reaction catalyzed by Pyr4.
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The stereochemical outcome of the polyene reaction is based
on the substrate conformation, controlled by the active site
cavity of the respective enzyme. For Pyr4 a chair-chair confor-
mation can be envisioned to lead to the formation of 13
(Scheme 1 and Fig. 3A). The overall mechanism resembles that
of type II terpene cyclases as found for 2,3-oxidosqualene-
lanosterol synthase. However, Pyr4 shows no sequence
homology and also lacks conserved motifs known from other
canonical terpene cyclases.”*** The fourth general step in mer-
oterpenoid assembly lines comprises the tailoring of the
generated core scaffold. In pyripyropene A biosynthesis, two
P450 monooxygenases (Pyr3 and Pyr9) and the acetyl-
transferases Pyr7 and Pyr8 generate the final product from
deacetyl pyripyropene E (13) (Scheme 1).

3 Reported meroterpenoid cyclases —
overview and general features

The elucidation of the genetic basis of pyripyropene A (1)
biosynthesis with the discovery of the first membrane bound
meroterpenoid cyclase Pyr4 facilitated the characterization of
several homologous proteins in fungal polyketide and indole
meroterpenoid pathways. Table 1 gives an overview on bio-
chemically characterized Pyr4-like meroterpenoid cyclases
(state July 2020), their biological origin and reported bioactiv-
ities of the respective pathway products. Besides fungal Pyr4-
like cyclases, two homologous enzymes have also been identi-
fied from bacteria: XiaE from the pathway towards the indole
sesquiterpenoid (ID-ST) xiamycin A”” 7 and DmtA1 involved in
the diketopiperazine-terpene biosynthetic machinery for dri-
mentines.** Furthermore, two atypical cyclases have been

discovered in fungal biosynthetic pathways towards
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ascofuranone (AscI)* and arthripenoids (AtnI/NtnI). Ascl and
AtnI/Ntnl exhibit no homology to the family of Pyr4-like
enzymes but resemble the observed mechanism for activation
and cyclization of hybrid substrates.®

Besides these meroterpenoid cyclases, a few non-canonical
terpene cyclases have been identified in fungal meroterpenoid
pathways. In these instances, cyclization of the terpenoid
precursor occurs prior to the fusion of terpenoid and non-
terpenoid portion. One example is the membrane-bound,
UbiA-like terpene cyclase Af520 from the fumagillin pathway
of Aspergillus fumigatus. Af520 converts FPP into B-trans-berga-
motene and the cyclization mechanism is proposed to proceed
via pyrophosphate abstraction similar to type I terpene
cyclases.** A second example is AsRé6, discovered in the
biosynthetic gene cluster towards xenovulene A from Acre-
monium strictum IMI 501407. AsR6 was shown to be a Mg**-
dependent humulene synthase with no homology to other
known terpene cyclases and a downstream operating Hetero
Diels-Alderase (AsR5) connects the monocyclic terpene with the
polyketide scaffold.®® Furthermore, a P450 monooxygenase-
dependent cyclization strategy was discovered in the biosyn-
thetic pathway towards viridicatumtoxin from Penicillium
aethiopicum.®® For a detailed discussion of these non-canonical
terpene cyclases the reader is referred to a recently published,
excellent review from Rudolf et al.*” Meroterpenoid biosynthesis
in Streptomyces bacteria has recently been reviewed by George
et al.®®

Pyr4-like cyclases are of compact size with a molecular
weight of around 25 kDa and predicted as integral membrane
proteins with seven transmembrane helices. Multiple protein
sequence alignment shows the occurrence of several highly
conserved amino acid residues (Fig. 2). Mutational studies on
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Fig. 2 Multiple sequence alignment of Pyr4-like meroterpenoid cyclases constructed with MUSCLE. Conserved acidic residues proposed to
function in epoxide opening are highlighted in blue, aromatic amino acids proposed to stabilize cationic intermediates in red. NCBI protein
accession numbers: XiaE (CCH63731), DmtAl (AVP32200), AscF (ASCF ACREG), MacJ (AVK70105), Sre3 (BBG67005), Cle7 (BBG28477), OlcD
(EPS35035), AusL (XP 682526), PrhH (PRHH PENBI), Adrl (ADRI PENRO), Trtl (XP 001209379), AfB (XP 002380346), AtS2B (0JI86757), AndB
(ANDB EMEVA), NvfL (XP 024677071), AtS5B1 (OJI82697), NodB (NODB HYPPI), PaxB (PAXB PENPX), SubB (EXU95682), CdmG
(CDMG TALVE), Pyr4 (XP 751270).
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Fig. 3

(A) Proposed mechanistic functions of conserved amino acid residues E63 and D218 in Pyr4-mediated cyclization reaction. (B)

Hydropathy plot model of Pyr4 using PROTTER.®* Conserved acidic residues proposed to function in epoxide opening are highlighted in blue,
aromatic amino acids proposed to stabilize cationic intermediates in red.

the model cyclase Pyr4 revealed that the two conserved acidic
residues E63 and D218 (Pyr4 numbering) are essential for
enzyme function and proposed to act as the acidic catalytic site
responsible for the initiation of polyene cyclization by epoxide
opening (Fig. 2 and 3A, highlighted in blue).”” Mutational
studies on the respective residues in the bacterial enzyme

DmtA1 (51%/25% sequence similarity/identity (AA) to Pyr4)
further supported these findings.** Based on the hydropathy
plot protein modeling,* these conserved residues are located in
the transmembrane region, suggesting a transmembrane
localization of the enzyme active site (Fig. 3B, highlighted in
blue).>”*' Furthermore, the sequence alignment indicates the

- ° ! OH
H 0. c "o
1 come i /o HO B b ™
LT L /e oy : .
y e
) " CoM \ / % % é)) HO// H . 050 M
W'k o €\ < /
. <7 & < O N
0 3’;%( = o o 5
coH \Y
q % g Lo o N es®
o Pl 9 9 (0
o RS ) N n0S!
o Ho” b &) A . o” o o
~ O\Q VA
'| o
HO” & OH /V
7% 4% "
" B i
on N ; Afg B ol
. e
AL ___——Atsog XiaE
H \H e
DmtA1 — NHy ©
e v
Ho—\ L. /Cde A | \ T NH
Pyr D
/ / ya
N ~ 0.0 a
OH 0935 ((\Q% 404%
YR o $% 9 A
Of o8 <% urD
w7 /7 0.0 N Y 60 QOQQ 23.
Q — 2o A
1hre Qe ® " Sc/
§ o=° 5 § 33 !
"7 ol = h | - | C"’O
1 OH Q H AL . OH
A H /< i c
W’ \ - ! o HO
¥ N' 1 — T o
i Be 5 OH H o o

Fig. 4 Phylogenetic analysis of biochemically characterized fungal Pyr4-like meroterpenoid cyclases, the bacterial homologs XiakE and DmtAl,
and the two atypical cyclases Ascl and Ntnl/Atnl constructed using MUSCLE alignment and neighbour-joining algorithm. The structures of the
respective enzyme products are given. NCBI protein accession numbers: Pyr4 (XP 751270), Trtl (XP 001209379), AusL (XP 682526), Adrl
(ADRI' PENRO), PrhH (PRHH PENBI), NvfL (XP 024677071), AndB (ANDB EMEVA), CdmG (CDMG TALVE), AscF (ASCF ACREG), AscF
(BAZ95876), Ascl (BBF25321), AurD (AURD CALAK), CtvD (CTVD ASPTN), MacJ (AVK70105), OlcD (EPS35035), Cle7 (BBG28477), Sre3
(BBG67005), SubB (EXU95682), DpmpB (MPH 09195), DpfgB (EYB27998), DpmaB (KFG81920), DpchB (CH63R 05476), DpasB (n.a.),®® Ntnl
(MH183002), Atnl (MH183015), lanosterol synthase (XP 033416225), PaxB (PAXB PENPX), NodB (NODB HYPPI), AtmB (XP 025521422), LtmB
(LTMB EPIFI), TerB (BAM84047), PenB (PENB PENCR), JanB (JANB PENJA), AtS5B1 (OJI82697), AtS2B (0JI86757), AfB (XP 002380346), XiakE
(CCH63731), DmtAl (AVP32200).
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presence of several highly conserved aromatic amino acids
(Fig. 2 and 3B, highlighted in red). Aromatic amino acids are
electron-rich centers and therefore able to stabilize positive
charges by cation-m interactions. For the well studied 2,3-
oxidosqualene-lanosterol  synthase
cyclase repeated conserved QW-motifs are found. These
amino acid residues line the active site cavity and are proposed
to be responsible for the stabilization of concomitantly gener-
ated cationic centers during the polyene cyclization cascade

reaction.”*® A similar function seems likely for the conserved
aromatic amino acids in meroterpenoid cyclases which also
seem to be dominantly located in the putative active site region
in the transmembrane. Mutations on several conserved
and squalene-hopene aromatic residues in DmtA1 were reported to abolish enzyme
function, further supporting the importance of these residues
for proper enzyme function.*® However, the lack of protein
structural data limits the understanding of the catalytic mech-
anism of the Pyr4-like enzyme family.
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Scheme 2 Pathways towards DMOA-meroterpenoids terretonin (16), andrastin A (7), austinol (15), and paraherquonin (17) and detailed depiction
of meroterpenoid cyclase reactions catalyzed by Trtl, Adrl, AusL and PrhH.
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A phylogenetic analysis of reported fungal and bacterial Pyr4-
like meroterpenoid cyclases and the two atypical cyclases Ascl
and AtnI/Ntnl is provided in Fig. 4. The subsequent chapters
will discuss the biosynthetic function and proposed cyclization
mechanism of each cyclase in detail and will refer to phyloge-
netic relations.

4 Meroterpenoid cyclases in fungal
PK-ST pathways

4.1 Four related meroterpenoid cyclases from DMOA
pathways - AusL (austinol), Trt1 (terretonin), AdrI (andrastin
A), and PrhH (paraherquonin)

A large group of fungal meroterpenoids contains the polyketide
3,5-dimethylorsellinic acid (DMOA, 14) as the non-terpenoid
building block'®* and the second discovered Pyr4-like mer-
oterpenoid cyclase was AusL from the biosynthetic gene cluster
of the DMOA-derived meroterpenoid austinol (15) from Asper-
gillus nidulans (Scheme 2).***° Subsequent identification of
pathways towards the mycotoxin terretonin (16) from Aspergillus
terreus,* ** the protein farnesyltransferase inhibitor andrastin A
(7) from Penicillium chrysogenum Wisconsin 54-1255,222335 37
and paraherquonin (17) from Aspergillus brasilianum®® revealed
a closely related biogenesis.

Following the conserved four-step assembly logic as for the
pyripyropene (1) cluster, the first step comprises the formation of
the non-terpenoid portion. DMOA (14) is generated by the action
of homologous iterative type I polyketide synthases Trt4, AusA,
AdrD, and PrhL in the respective cluster. Subsequent regio- and
stereospecific dearomative farnesylation by a prenyl transferase
(Trt2, AdrG, AusN, PrhE), additional methylation of the carboxylic
acid function (Trt5, AdrK, AusD, PrhM), and stereospecific
epoxidation by an FAD-dependent epoxidase (Trt8, AdrH, AusM,
PrhF) generates the (10R)-epoxyfarnesyl intermediate 18. The
action of the respective terpene cyclase marks the branching
point in each pathway as they catalyze differing transformations

O
OH
NvfB
NvfA NvfK
(S)
HO,C OH O
14 25

26

27

of the common substrate 18. Whereas Trt1 catalyzes the forma-
tion of preterretonin A (19), AdrI produces andrastin E (20) and
AusL (and PrhH) protoaustinoid A (21) (Scheme 2). Notably, the
methylation of the carboxylic acid function of 18 is essential for
the terpene cyclization reaction, as the demethylated substrate
was not converted by any of the cyclases, based on in vivo results.

The proposed cyclization mechanism for Trtl requires the
substrate 18 to be prefolded in a chair-chair-chair conformation
from which after acid-catalyzed epoxide opening the polyene
cyclization occurs. The third ring-closing step involves C-C bond
formation between the polyketide system and the farnesyl
portion followed by a Wagner-Meerwein rearrangement to
intermediary cation 22. The terminating step in Trtl catalysis
comprises selective deprotonation of H, from the adjacent
methyl group resulting in the formation of a 6-6-6-5 ring system
with an exocyclic double bond. Similar to Trt1, AdrI also catalyzes
cyclization of 18 via the proposed intermediate 22. However, the
terminating step differs with respect to the deprotonation side as
H, is removed, leading to the cyclohexene moiety in andrastin E
(20). AusL on the other hand catalyzes a chair-chair-chair
conformational controlled cyclization to intermediary cation 23
which upon deprotonation of H, yields the bridged [3.3.1] ring
system of the protoaustinoid scaffold bearing a semicyclic olefin
(21). The homologous protein PrhH catalyzes the same reaction
as AusL and a downstream operating dioxygenase (PrhA)*®
diverges both pathways, leading to formation of paraherquonin
(17) as the final product (Scheme 2).

Consistent with the obvious similarities in substrate and
product specificity, the phylogenetic analysis of Trtl, Adrl,
AusL, and PrhH reveals a close relation, as they are located on
the same branch and form a specific clade (Fig. 4).

4.2 Spiro-ring formation - NvfL (novofumigatonin)

The meroterpenoid cyclase NvfL is found in the biosynthetic
pathway towards the heavily oxygenated DMOA-derived novo-
fumigatonin (24) and utilizes substrate 25 which is also derived

COzH NvfL H+

R ——

NvfC, Nvfl
NvfH, NvfD
NvfJ, NvfG
NvfM, NvfE, NvfF

Scheme 3 Pathway towards novofumigatonin 24 and detailed depiction of meroterpenoid cyclase reaction catalyzed by NvfL.
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from DMOA (14) and FPP but exhibits a carboxylic acid function
instead of the methyl ester of 18 in priorly discussed DMOA-
based pathways (Schemes 2 and 3).*** Compared to 18, 25
exhibits the opposite stereochemistry for the epoxide func-
tionality with (10S)-configuration. NvfL was found to convert 25
via the proposed intermediate 26 into asnovolin H (27). The
cyclization reaction can be envisioned from a prefolded
substrate in chair-chair conformation from which after epoxide
opening the bicyclic intermediary tertiary cation 26 is generated
after sequential attack of the C6-C7 and C2-C3 double bonds.
Instead of subsequent bond formation to the polyketide moiety,
a 1,2-hydride shift precedes followed by terminating cation
quenching from the oxygen in 5'-position of the polyketide
portion leading to the formation of a spiro center. In in vivo

A) OH

AndM
AndK

AndB

CdmE

OH

34

CdmG

36

Scheme 4

experiments using the heterologous host A. oryzae it was shown
that NvfL only accepts the free acid 25, but not the methyl ester
analogue 18. This is interesting to note, since the methylation of
the carboxylic acid group occurs after cyclization in the novo-
fumigatonin (24) pathway and is discussed to inhibit sponta-
neous decarboxylation reactions.>*

The phylogenetic analysis of NvfL reveals only a distant rela-
tion to the DMOA-methyl ester-accepting group of enzymes (Trt1,
Adrl, AusL, PrhH) but a close relation to the cyclase AndB (Fig. 4).

4.3 Chair-Boat conformational control - AndB (anditomin)
and CdmG (chrodrimanin B)

All discussed meroterpenoid cyclases trigger polyene cyclization
from the thermodynamically favored all-chair conformation.

AndC
AndG
AndA
AndH

AndJ
AndF
Andl

28

CdmF
CdmJ
CdmA

CdmbD
CdmC

37 33

(A) Pathway towards anditomin (28) and detailed depiction of meroterpenoid cyclase reaction catalyzed by AndB. (B) Pathway

towards chrodrimanin B (33) and detailed depiction of meroterpenoid cyclase reaction catalyzed by CdmG.
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The first cyclase found to catalyze with chair-boat-chair ster-
eocontrol was AndB, discovered in the anditomin (28) biosyn-
thetic gene cluster from Emericella variecolor NBRC 32302
(Scheme 4A)." %

The substrate of AndB is assembled by an iterative type I PKS
(AndM), generating DMOA (14) which upon the action of
a chimeric P450/dehydratase enzyme (AndK) is oxidized and
lactonized to 5,7-dihydroxy-4,6-dimethylphthalide (DHDMP,
29). The prenyltransferase AndD subsequently catalyzes
stereospecific farnesylation of DHDMP (29) giving rise to
farnesyl-DHDMP (30). As found in the novofumigatonin (24)
and pyripyropene (1) pathway, an FAD-dependent mono-
oxygenase (AndE) introduces the epoxide functionality from the
10S7,11Re-face and generates (10S)-epoxyfarnesyl-DHDMP (31).
The designated Pyr4-like terpene cyclase in the anditomin (28)
cluster AndB then catalyzes formation of preandiloid A (32). The
observed stereochemical outcome of the cyclization can be
explained by a chair-boat conformation from which after initial
epoxide opening the polyene cyclization occurs and is termi-
nated by a C-O bond formation to the phenolic hydroxyl group
of the polyketide portion (Scheme 4A).

The only other reported meroterpenoid cyclase which cata-
lyzes product formation from a chair-boat conformation is
CdmgG, found in the biosynthetic gene cluster towards chro-
drimanins from Penicillium verruculosum (Scheme 4B).*” Chro-
drimanin B (33) has strong inhibitory activities against protein
tyrosine phosphatase 1B (PTP1B) and is discussed as a potential
drug candidate for the treatment of type 2 diabetes and
obesity.*®

The pathway towards 33 comprises the formation of 6-
hydroxymellein (34) by the PKS CdmE which upon farnesylation

OH
Asec pen 7T
HO HO
CO,H
39 40

AscF

Qle}

S

42

OH

CO,H

by CdmH to 35 and subsequent (S)-selective epoxidation yields the
cyclase substrate 36. Apparent from the trans-configured B/C-ring
system in the terpene cyclase product 3-hydroxypentacecilide A
(37), a chair-boat conformation must control the epoxide opening-
induced cyclization cascade catalyzed by CdmG (Scheme 4B).

Although AndB and CdmG both catalyze product formation
via chair-boat substrate conformation, they are not located on
a shared branch in the phylogenetic analysis. AndB shows
a closer relation to NvfL which might be reflected by the shared
utilization of a DMOA-derived substrate (compound 25 for NvfL
and 31 for AndB). CdmG on the other hand seems to be closely
related to Pyr4 and both substrates (compound 12 for Pyr4 and
36 for CAmG) exhibit an a-pyrone substructure (Fig. 4).

4.4 Early abortion of cyclization and elaborate
rearrangement — AscF (ascochlorin)

The majority of known Pyr4-like meroterpenoid cyclases cata-
lyze polyene cyclizations towards tetracyclic ring systems. A
cyclase which was found to produce an early cyclization abor-
tion product instead is AscF from the pathway towards the
antimicrobial,®* anti-inflammatory,* antiatherogenic,® and
cytotoxic™ agent ascochlorin (38) from Acremonium egyptiacum
F-1392 (synonym: Acremonium sclerotigenum)* and Fusarium
sp.* (AscF in Fig. 4) (Scheme 5). AscF utilizes the orsellinic acid
(39)-derived substrate ilicicolin A epoxide (42), arising from
farnesylation (AscA), reduction (AscB), chlorination (AscD), and
subsequent epoxidation (AscE). It is interesting to note that
instead of a flavin-dependent monooxygenase a soluble P450
monooxygenase/P450 reductase fusion protein (AscE) was
found to be responsible for the activation of the precursor by
stereospecific epoxidation to form the (10S)-configured epoxide

AscB
AscD AscE

H H R
P YR\
| — PR
T g
43

Scheme 5 Pathway towards ascochlorin (38) and detailed depiction of meroterpenoid cyclase reaction catalyzed by AscF.
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42. The cyclization reaction catalyzed by AscF converts 42 via
intermediary cation 43 into ilicicolin C (44) and is thus able to
abort the cascade reaction after the first cyclization process. The
reaction mechanism is suggested to yield intermediary cation
43 after initial epoxide opening and attack of the C6-C7 double
bond, followed by sequential suprafacial 1,2-hydride shift, 1,2-
methyl migration, 1,2-hydride shift and final deprotonation of
the hydroxyl group (Scheme 5).

In agreement with the observed unusual cyclization reaction
of AscF, this cyclase seems to be distinct to other reported Pyr4-
like meroterpenoid cyclases. In the phylogenetic tree, AscF is
located on a separate branch and is not clustered with any other
cyclase (Fig. 4). This finding is also supported by a slightly
longer protein sequence of AscF (267 AA), giving rise to an
inserted sequence of eleven amino acid residues around posi-
tion 155 and a 14 amino acid residues longer C-terminal region
(Fig. 2). However, AscF shares the commonly observed sequence
motifs for Pyrd-like cyclases and is also predicted to exhibit
seven transmembrane helices (Fig. 2).

4.5 The atypical cyclase Ascl (ascofuranone)

The ascochlorin (38) producing strain A. egyptiacum additionally
contains the biosynthetic genes towards the structurally related
compound ascofuranone (45) (Scheme 6).* Ascofuranone is
a highly potent compound with diverse physiological activities
such as antitumor,* anti-microbial,® and antiparasidic activi-
ties.®®* Most notably, the strong inhibitory activity against
cyanide-insensitive alternative oxidases makes 45 a promising
drug-candidate for the treatment of African trypanosomiasis
(African sleeping sickness) caused by the trypanosome alter-
native oxidase-dependent protozoan parasite Trypanosoma
brucei.***® The discovery of the biosynthetic gene cluster for 45
paved the way to develop a cost-effective production by
biotechnological methods.

The biosynthesis of 45 branches from the ascochlorin (38)
pathway by the action of the P450 monooxygenase AscH which
catalyzes an (R)-selective hydroxylation at C8 on shared inter-
mediate 42 to generate 46 (Scheme 6). The cyclic ether forma-
tion, which can be regarded as a type II terpene cyclization

56

reaction is catalyzed by AscI and can be explained by proton-
ation of the epoxide and subsequent attack of the hydroxyl
group to form ascofuranol (47). Ascl is predicted to comprise
eight transmembrane helices and shows no homology to Pyr4-
like terpene cyclases. However, a sequence similarity/identity
(AA) of 52%/22% and 46%/20% to the regioselective hydro-
lases CtvD in citreoviridin® and AurD in aurovertin biosyn-
thesis®* was found (Fig. 4). These enzymes -catalyze the
formation of 3,4-dihydroxy-tetrahydrofuran structures from the
respective bisepoxides.

Notably, the biosynthetic gene cluster for ascofuranone (45)
is distributed on two different loci in the genome (asc-1 and asc-
2). Whereas asc-1 harbors all biosynthetic genes for ascochlorin
(38) assembly, asc-2 contains the genes ascH, ascI and asc].>

4.6 Cyclization initiated by double bond protonation - Mac]
(macrophorins)

All characterized meroterpenoid pathways share the common
oxidative cyclization sequence by employing an epoxidase for
substrate activation and subsequent cyclization by
a membrane-bound terpene cyclase. The only known fungal
Pyr4-like cyclase which differs from this commonly observed
strategy is Mac] from the biosynthetic pathway towards immu-
nosuppressive® macrophorins A-D (48-51) from Penicillium
terrestris LM2 (Scheme 7B).*®* Macrophorins are structurally
related to their linear congeners, the group of yanuthones (52-
55), which exhibit antibacterial properties (Scheme 7A).”> The
discovery of the biosynthetic pathway towards yanuthone D (55)
in Aspergillus niger revealed that the non-terpenoid unit is
assembled by a PKS (YanA) generating 6-methyl salicylic acid (6-
MSA, 56) which after further tailoring (YanB, YanC, YanD, YanE)
to 57 is farnesylated by YanG to 58. Subsequently, the building
block is further decorated by hydroxylation, transfer of a 3-
hydroxy-3-methylglutaryl group (YanI) and oxidation of the
hydroxyl function by YanF to yield the quinoid-like yanuthone D
(55) (Scheme 7A).*”

In subsequent studies it was found that several biosynthetic
gene clusters homologous to the mac-cluster exist which
contain an additional Pyr4-like meroterpenoid cyclase,

46

Scheme 6
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Pathway towards ascofuranone (45) and detailed depiction of meroterpenoid cyclase reaction catalyzed by Ascl.
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Scheme 7 (A) Pathway towards linear epoxycyclohexenone yanuthones (55). (B) Late-stage cyclization catalyzed by MacJ towards macro-

phorins A D (48-51).

homologous to Pyr4.*® In in vivo and in vitro studies using
Saccharomyces cerevisiae as expression host, it was shown that
Mac] is able to convert the isoprenic precursors 52-55 to their
respective cyclized products 48-51 without the involvement of
a prior epoxidation step. Therefore, Mac] is able to directly
protonate the C10-C11 double bond in the farnesyl chain and
catalyze a chair-chair-guided cyclization which is terminated by
deprotonation to form the exomethylene group present in the
resulting drimane scaffolds (Scheme 7B). Notably, Mac]J exhibits
high substrate promiscuity with respect to differing substitu-
tion patterns in the polyketide moiety and is therefore an
attractive target for combinatorial biosynthesis.

The only other Pyr4-like cyclase which initiates polyene
cyclization by direct double bond protonation is DmtA1 from
bacteria (Streptomyces youssoufiensis OUC68199).*' DmtA1 and
Mac] share 51%/19% sequence similarity/identity (AA), but are
located on separate branches in the phylogenetic tree (Fig. 4).

5 Meroterpenoid cyclases in fungal
PK-DT pathways

5.1 The GGPP-utilizing cyclases OlcD (deoxyoxalicine B),
Cle7 (chevalone E), and Sre3 (sartorypyrone D)

The largest group of discovered fungal PK-T is derived from the
C;s-precursor FPP and thus, these compounds can be catego-
rized as polyketide sesquiterpenoid hybrids (PK-ST). Apart from

this group, several polyketide diterpenoids (PK-DT) derived
from the C,,-congener GGPP are known from Nature." *

The first elucidated PK-DT biosynthesis was the deoxyox-
alicine A pathway from Penicillium canescens ATCC 10419,
responsible for the formation of the antiinsectant deoxyox-
alicine A (61)*° > (Scheme 8A). The gene cluster harbors highly
homologous genes to the pyripyropene A (1) cluster and the
same non-terpenoid building block HPPO (10) is employed
(Scheme 1). However, instead of an FPP-selective prenyl transfer
a geranylgeranylation catalyzed by OlcH occurs leading to
geranylgeranyl-HPPO (62) and subsequent (S)-selective epoxi-
dation generates (14S)-epoxygeranylgeranyl-HPPO (63). The
gene cluster for 61 also contains an additional GGPP synthase
(OlcC) proposed to facilitate sufficient production of the
precursor metabolite GGPP, as deletion led to a strongly
reduced production of 61. The Pyr4-like cyclase OlcD subse-
quently catalyzes conversion of the PK-DT precursor 63 via
proposed intermediate 64 to predecaturin E (65) from an all-
chair substrate conformation. The polyene cyclization is abor-
ted after tricyclic ring formation and terminated by deproto-
nation of intermediary cation 64 (Scheme 8A). The function of
OlcD was shown by gene deletion in the natural producer and
isolation of accumulating pathway intermediates.®

Apart from OlcD, two other meroterpenoid cyclases in PK-DT
biosynthetic pathways have been identified, namely Cle7 and
Sre3 towards chevalone E (66) from Aspergillus versicolor 0312 and
sartorypyrone A (67) from Aspergillus felis 0260 (Scheme 8B).** Both
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(A) Pathway towards deoxyoxalicine (61) and detailed depiction of meroterpenoid cyclase reaction catalyzed by OlcD. (B) Pathways

towards chevalone E (66) and sartorypyrone D (67) and detailed depiction of meroterpenoid cyclase reactions catalyzed by Cle7 and Sre3.

pathways employ the methyl o-pyrone triacetic acid lactone (TAL,
68) as the polyketide unit, derived from the PKSs Cle1 and Sre6 in
the respective cluster. Both clusters also contain an additional
GGPP synthase (Cle6, Sre2), a GGPP-selective prenyltransferase
(Cles, Sre1), and a designated flavin-dependent monooxygenase
(Cle3, Sre4) generating (14S)-epoxygeranylgeranyl-TAL (70).

The branching of the pathways is marked by the action of the
respective terpene cyclase. Cle7 converts 70 into chevalone E (66)
and the stereochemical outcome of the reaction implies an all-
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chair substrate conformation similar to OlcD catalysis.”
However, the Cle7-mediated cyclization yields a pentacyclic 6-6-6—
6-6 ring system product (66) instead of the early abortion product
64 observed for OlcD. Sre3 on the other hand catalyzes only one
cyclization to intermediary cation 73 and the reaction is terminated
by deprotonation to form sartorypyrone D (74) (Scheme 8B).*
The three enzymes OlcD, Cle7 and Sre3 share 71-74%/36-
44% sequence similarity/identity (AA) and form a specific clade
in the phylogenetic tree (Fig. 4). This is interesting to note, since



these enzymes share the same or similar substrates, yet catalyze
differing degrees of polyene cyclization. How the enzymes can
achieve these distinct reactions and which catalytic residues are
responsible to distinguish between early vs. late cyclization
termination is not known.

5.2 The GGPP-utilizing cyclase SubB and homologs towards
decalin diterpenoid pyrones (subglutinol A and higginsianin
A)

A second group of fungal PK-DT cyclases was discovered in six
pathways towards decalin-containing diterpenoid pyrones,
namely the Sub (Metarhizium robertsii ARSEF 23), Dpfg (Fusa-
rium graminearum 50218), Dpmp (Macrophomina phaseolina
NBRC7317), Dpch (Colletotrichum higginsianum MAFF305635),
Dpas (Arthrinium sacchari), and Dpma (Metarhizium anisopliae
E6) pathway.**** Each biosynthetic gene cluster contains the
conserved core genes for generation of the polyketide a-pyrone
75 (subA/dpxxA), GGPP (subD/dpxxD), their assembly (subC/
dpxxC), and the subsequent activation by an FAD-dependent
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epoxidase (subE/dpxxE) to yield the hybrid (10S)-epoxy inter-
mediate 77 (Scheme 9). Notably, the epoxidase does not act on
the terminal double bond like OIcE, Cle3 and Sre4 (Scheme 8),
but instead introduces the epoxide functionality in the C10-C11
position from the 10Si,11Re-face. All six homologous terpene
cyclases (86-91%/58-78% sequence similarity/identity (AA)) are
able to convert precursor 77 into the prenyl decalin scaffold 78.
The mechanism can be envisioned from a chair-chair confor-
mation from which after epoxide protonation two ring closing
steps occur and the cascade reaction is terminated by depro-
tonation to form an exomethylene group (Scheme 9).

The pathways diverge after this common intermediate. The
Sub, Dpas and Dpma pathway contain only one additional FAD-
dependent dehydrogenase (SubF, DpasF, DpmaF) and produce
immunusuppressive subglutinol A (5)."” ** The Dpch pathway
contains a homologous dehydrogenase (DpchF) producing
intermediary 5, which is further converted to higginsianin A (79)
by the short chain dehydrogenases DpchG and DpchH (Scheme
9). Compound 79 is the C8 epimer of 5 and does not exhibit

SubE/ SubB/
DpfgE/ DpfgB/
DpmpE/ DpmpB/
DpchE/ DpchB/
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DpasF/

DpmaF/

81

Scheme 9 Pathways towards decalin-containing diterpenoid pyrones and detailed depiction of meroterpenoid cyclase reaction catalyzed by

SubB and homolgs.
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immunosuppressive activity but antiproliferative effects in
Hs683 glioma cancer cells.” The pathways Dpfg and Dpmp on
the other hand lack a SubF-like dehydrogenase, but contain
homologous proteins for the C8-selective hydroxyl group
inversion (DpfgG, DpmpG, DpfgH, DpmpH). Additionally,
a methyl transferase (Dpfgl, Dpmpl) and a P450 mono-
oxygenase (Dpfg], Dpmp]) are encoded in both clusters and the
Dpfg pathway contains an additional methyltransferase
(DpfgK). Whereas heterologous expression of the combined
genes of the Dpf pathway led to the isolation of 80, the Dpm
pathway yielded 81. Meroterpenoid 80 exhibits cytotoxic and
antiproliferative effects on cancer stem-like cells and 81 was
found to inhibit amyloid AR 42 aggregation, linked to the
pathogenesis of Alzheimer's disease.®

By combinatorial biosynthetic strategies, the authors addi-
tionally accessed eleven novel compounds with differing bio-
logical activities such as cell cytotoxicity against cancer cell lines
through mitochondrial complex III inhibition, antiproliferative
activity against tumor cells (cancer stem-like cells), anti-HIV and
antiinsectant properties.®® These findings are an impressive
example for the highly varying bioactivities generated by only
small changes in the molecular scaffolds of natural products
and underline the great potential of meroterpenoid pathways
for engineering efforts.

5.3 The atypical lanosterol synthase-like meroterpenoid
cyclase AtnI/NtnlI (arthripenoids)

In genome mining efforts for the discovery of novel PK-DT natural
products two homologous gene clusters (atn and ntn) in two
phylogenetically distinct fungi (Ar¢thrinium sp. NF2194 and Nectria
sp. Z14-w) were identified.*® Heterologous gene expression led to
the isolation of arthripenoids like arthripenoid C (82) for which
immunosuppressive properties were determined (Scheme 10).%

AtnH/NtnH OH
AtnG/NtnG AtnF/
AtnJ/NtnJ o NtnF
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OH o
83 84
HO Q HO
Atnl/
Ntnl
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Both gene clusters contain two PKSs, the highly reducing PKS
AtnH/NtnH and the non-reducing PKS AtnG/NtnG which
together with the oxidoreductase Atn]/Ntn]J generate the non-
terpenoid building block 83. Subsequently, the FPP-utilizing
prenyltransferase AtnF/NtnF yields the farnesylated interme-
diate 84. The pathway product arthripenoid C (82) indicates that
the putative terpene cyclase substrate undergoes epoxidation
twice in the biosynthetic pathway. The authors identified two
oxidoreductases (AtnK/NtnK and AtnA/NtnA) involved in the
suggested sequential epoxidation of 84 to bisepoxide 85 by gene
deletion experiments. Additionally, a novel terpene cyclase (Atnl/
Ntnl) responsible for the formation of 86 was identified.
However, whether AtnI/Ntnl really converts bisepoxide 85 or
a two-step process consisting of C6-C7-epoxidation/cyclization,
followed by C10-C11-epoxidation/cyclization occurs could not
be clarified as deletion of AtnK/NtnK was unsuccessful and no in
vitro assays were performed. Such two-step processes are known
from indole diterpene pathways and were shown by in vitro
reactions with synthetic substrates for PaxB/PaxM in the paxilline
pathway (for detailed discussion see chapter 6.1).°” Intriguingly,
AtnI/Ntnl shows no homology to Pyr4-like cyclases and lacks
conserved motifs known for this enzyme family. Instead, Atnl/
Ntnl exhibits 82-83%/56-59% sequence similarity/identity (AA)
to fungal 2,3-oxidosqualene-lanosterol cyclases (Fig. 4).°° So far,
Ntnl and Atnl are the only lanosterol synthase-like cyclases
identified from fungal meroterpenoid pathways.

6 Meroterpenoid cyclases in fungal
ID-DT pathways

6.1 Clustered ID-DT cyclases — PaxB (paxilline) and NodB
(nodulisporic acid F)

Several reported fungal indole diterpene (ID-DT) biosynthetic
pathways contain Pyr4-like meroterpenoid cyclases and the first

AtnK/NtnK Atnl/
AtnA/NtnA Ntnl

85

AtnM/NtnM HO
AtnB/NtnB
AtnC/NtnC

O —_—

OH

OH
82

Scheme 10 Pathways towards arthripenoid C and detailed depiction of meroterpenoid cyclase reaction catalyzed by Atnl and Ntnl.
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characterized example was PaxB from the pathway towards
paxilline (87) in Penicillium paxilli (Scheme 11A).°” Paxilline and
related compounds are tremorgenic compounds that potently
inhibit smooth muscle high-conductance calcium-activated
potassium channels.®®* The paxilline pathway has analogies
to the Atn/Ntn pathway since two rounds of epoxidation and
cyclization occur. After geranylgeranylation of 1-(3-indoyl)
glycerol-3-phosphate (88) by PaxC to 89, the epoxidase PaxM
installs an epoxide function in the C10-C11 position of the
geranylgeranyl chain to yield 90. The Pyr4-like cyclase PaxB then
catalyzes a sophisticated multistep cyclization reaction. After
epoxide opening, the resulting tertiary cation is attacked by the
C6-C7 double bond leading to intermediary cation 91. A second
cyclization process by anti-Markovnikov addition to the C2-C3
double bond yields 92 which upon Wagner-Meerwein rear-
rangement and terminating intramolecular cation quenching
yields emindole SB (94). A second round of epoxidation by PaxM
generates intermediate 95 which is again accepted by PaxB and
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Scheme 11

cyclized to paspaline (96). The iterative use of PaxB and PaxM
was shown by in vivo and in vitro experiments with synthetic
substrates (Scheme 11A).” Several homologous enzymes to
PaxB have been reported in ID-DT biosynthetic pathways
towards aflatreme (AtmB), lolitreme (LtmB), terpendole E
(TerB), penitremane (PenB), or janithremane (JanB).>* ®” These
enzymes also catalyze formation of paspaline (96) from 90, but
the pathways differ in downstream tailoring enzymes yielding
distinct products.

Another recently characterized Pyr4-like cyclase involved in
indole diterpenoid biosynthetic pathways is NodB from the
pathway towards nodulisporic acid F (97) from the filamentous
fungus Hypoxylon pulicicidum (formerly Nodulisporium sp.)
(Scheme 11B).” Compound 97 and derivatives exhibit highly
potent insecticidal activity against blood-feeding arthropods
but lack tremorgenic properties associated with the paspaline-
derived indole diterpenoids. NodB is able to selectively trans-
form 90, derived from the action of the transferase NodC and

(A) Pathways towards paxilline (87) and detailed depiction of meroterpenoid cyclase reaction catalyzed by PaxB. (B) Pathways

towards nodulisporic acid F (97) and detailed depiction of meroterpenoid cyclase reaction catalyzed by NodB.
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epoxidase NodM into emindole SB (94). Distinct to the reaction
of PaxB in tandem with the epoxidase PaxM, 94 is not further
processed to the paspaline scaffold by NodB and NodM, but
subsequently transformed into nodulisporic acid F (97) by the
P450 monooxygenase NodW.”

The paspaline (96)-yielding ID-DT cyclases (PaxB, AtmB,
LtmB, TerB, PenB, JanB) form a specific clade in the phyloge-
netic analysis together with emindole SB (94)-producing
enzyme NodB (Fig. 4).

6.2 Unclustered ID-DT cyclases — AtS2B, AtS5B1, and AfB
(emindoles and aflavinines)

Furthermore, three unclustered ID-DT cyclases have been re-
ported from Aspergillus flavus (AtS2B, AtS5B1) and Aspergillus

A)
AtS5B1 AtS5B1

1,2-Me™~

C)
AfB
90 —

100

tubingensis (AfB).”” Their function was elucidated by phylogenetic
considerations to predict their possible substrates and subse-
quent co-expression in engineered S. cerevisiae with suitable
substrate-providing enzymes from the aflatrem cluster (AtmG,
AtmC, AtmM). The results revealed that all three enzymes can
utilize the AtmB/PaxB substrate 90 but differ significantly with
respect to their product specificity (Scheme 12A-C).

AtS5B1 shares the early cyclization phase with PaxB, trans-
forming 90 into intermediary cation 93 (Scheme 12A). However,
instead of subsequent bond formation to the indole moiety,
a 1,2-methyl migration occurs followed by deprotonation to
yield intermediate 98. After a second round of epoxidation by
AtmM, AtS5B1 catalyzes formation of the final emindole type
product 99.

AtmM
AtS5B1

HO

AtS2B

Scheme 12 Reactions of unclustered meroterpenoid cyclases (A) AtS5B1; (B) AtS2B and (C) AfB.
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AtS2B on the other hand converts 90 into 91 like PaxB and
differs in subsequent cyclization steps (Scheme 12B). Instead of
direct formation of a second ring by anti-Markovnikov addition
to the C2-C3 double bond, a 1,2-hydride shift, followed by a 1,2
methyl migration occurs to yield tertiary cation 100. This cation
is then attack by the C2-C3 m-bond to give 101. In the final
cyclization phase, AtS2B exhibits promiscuous activity and the
two main products anominine (102) and 10,23-dihydro-24,25-
dehydroaflavinine (103) are generated. Whereas anominine
(102) is formed by a direct terminating deprotonation (path a),
formation of 103 can be explained by a preceeding 1,3-hydride
shift yielding 104 from which a third 6-membered ring is
generated by attack of the C14-C15 double bond, followed by
terminating deprotonation (path b, Scheme 12B).

AfB shares 85%/58% sequence similarity/identity (AA) to AtS2B,
which is resembled in their shared production of intermediary
cation 104 from 90 (Scheme 12C). However, both enzymes differ in
the late stage of the cyclization cascade. After the third ring
formation to intermediate 105, AfB catalyzes a 1,2-hydride shift
followed by terminating deprotonation yielding the final product
aflavinine (106). Notably, ID-DT cyclases seem to exhibit a certain
degree of product promiscuity, as AfB was found to generate
several minor side products including 102 and the AtS5B1
expressing strain accumulated small amounts of 94, 96, and 98.”

Whereas AtS2B and AfB form a new clade in the phylogenetic
analysis and appear to be only distantly related to other ID-DT
cyclases, AtS5B1 is found on the same branch as the PaxB
group of enzymes (Fig. 4). These findings are consistent with the
observed differences in product specificity as AtS5B1 catalyzes
anti-Markovnikov-addition in the early cyclization phase
towards an emindole type product (99), whereas AtS2B and AfB
omit this reaction pathway and form the aflavinine scaffolds
(102, 103, 106).

7 Summary and future perspective

In summary, fungal meroterpenoid cyclases are versatile cata-
lysts with impressive abilities for structural diversification in
meroterpenoid biosynthetic pathways. The discovery of the first
member of this family of non-canonical, membrane-integrated
proteins Pyr4 from the pyripyropene pathway allowed for the
identification and characterization of several new enzymes with
unique and distinct activities.

These advances paved the way to exploit and harvest the
potential of these biocatalysts for second generation natural
product discovery by pathway engineering efforts like combi-
natorial biosynthesis.”® The detailed understanding of the
sophisticated enzyme mechanisms and how they are controlled
by the acting cyclase still awaits to be elucidated and protein
structural data is highly desired. Furthermore, it will set the
stage for rational protein engineering efforts to further expand
the chemical space of fungal meroterpenoids and will allow for
the discovery of valuable novel compounds.
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