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Fungi (Ascomycota and Basidiomycota) are prolific producers of structurally diverse terpenoid
compounds. Classes of terpenoids identified in fungi include the sesqui-, di- and triterpenoids.
Biosynthetic pathways and enzymes to terpenoids from each of these classes have been
described. These typically involve the scaffold generating terpene synthases and cyclases, and
scaffold tailoring enzymes such as e.g. cytochrome P450 monoxygenases, NAD(P)+ and flavin
dependent oxidoreductases, and various group transferases that generate the final bioactive
structures. The biosynthesis of several sesquiterpenoid mycotoxins and bioactive diterpenoids
has been well-studied in Ascomycota (e.g. filamentous fungi). Little is known about the
terpenoid biosynthetic pathways in Basidiomycota (e.g. mushroom forming fungi), although
they produce a huge diversity of terpenoid natural products. Specifically, many trans-humulyl
cation derived sesquiterpenoid natural products with potent bioactivities have been isolated.
Biosynthetic gene clusters responsible for the production of frams-humulyl cation derived
protoilludanes, and other sesquiterpenoids, can be rapidly identified by genome sequencing
and bioinformatic methods. Genome mining combined with heterologous biosynthetic pathway
refactoring has the potential to facilitate discovery and production of pharmaceutically relevant
fungal terpenoids.
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1 Introduction

Fungi are masters of evolution. With a history spanning at least
900 million years,' fungi have successfully adapted to almost
every habitat on earth.” Conservative estimates place global
fungal diversity beyond that of land plants by a ratio of 10:1.°
While there remains some uncertainty regarding the exact number
of fungal species that exist® it is clear that fungi have been
afforded with a unique evolutionary and environmental fitness.
Fungi owe this inherent ability to survive to their extensive
repertoire of natural product pathways. Many of the natural
products from these pathways have antimicrobial, antifungal,

57 These bioactive

immunosuppressive or cytotoxic effects.
properties enable fungi to successfully take hold of an ecological
niche by conferring the ability to compete for nutrients, to deter
predators, and to communicate with other organisms in the
environment.® These same fungal bioactive compounds can also
be harnessed by humans to produce valuable medicines such as
antimicrobial, anticancer and antiviral agents.’”'¢ Natural product
pathway discovery and engineering from fungi therefore holds
great promise for the pharmaceutical industry.

This journal is © The Royal Society of Chemistry 2013
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The importance of natural products for the survival of fungi is
evidenced by the fact that they often have many different
secondary metabolic pathways that are typically clustered within
fungal genomes.'” One advantage that this feature presents for
natural product discovery and engineering is that the physical
clustering of genes facilitates genome mining approaches in the
identification of biosynthetic pathways. If one gene in a
secondary metabolic pathway can be identified, it is highly likely
that the other pathway genes will be closely associated and
therefore relatively easily identified by bioinformatic methods.'®
20 The recent decrease in the cost of next-generation DNA
sequencing technologies’' has led to a large increase in the
number of sequenced fungal genomes that are publically available
through databases such as the Joint Genome Institute (JGI). While
some of the fungal species represented in this database are of
interest due to their lignin degrading capabilities,?* recent trends
have seen a shift towards genome sequencing and mining
strategies to uncover natural product pathways in species that
produce medicinally relevant compounds.”2* With such a unique
toolbox, those interested in fungal natural product discovery and
biosynthesis can tap into the vast, yet largely unexplored
contingent of bioactive natural product pathways.

One of the largest groups of bioactive natural products that
have been identified is the terpenoids. With over 55,000 initial
terpene scaffolds so far described, terpenoids belong to an
incredibly structurally diverse class of natural products.?® Despite
this diversity, all terpenoids are derived from the simple five
carbon precursor molecules dimethylallyl diphosphate (DMAPP)
1 and isopentenyl diphosphate (IPP) 2. In fungi, these two
isomers are produced from acetyl-CoA via the mevalonate
pathway.?’” Condensation of IPP 2 and DMAPP 1 monomers
results in linear hydrocarbons of varying length: C10 geranyl
pyrophosphate (GPP) 3, C15 (2E, 6E)-farnesyl pyrophosphate
((2E, 6E)-FPP, or FPP) 4, and C20 geranylgeranyl pyrophosphate
(GGPP) 5. These linear hydrocarbons undergo a
dephosphorylation and cyclization cascade to produce terpenes.
This highly complex reaction is catalyzed by enzymes known as
terpene synthases.”® Two distinct classes of terpene synthase
exist, defined according to substrate activation mechanism. Class
I terpene synthases catalyze an ionization-dependent cyclization
of substrate, while class II terpene synthases catalyze a
protonation-dependent cascade.?® ?° *°3? Depending on the length
of the precursor molecule, fungal terpene synthases are known to
produce sesquiterpenes (C15), diterpenes (C20) and triterpenes
(C30) (Scheme 1). Further biosynthetic pathway enzymes such as
cytochrome P450 monooxygenases, oxidoreductases, and
different group transferases modify this initial terpene scaffold,
producing the final bioactive terpenoid natural product.

This review will focus on the biosynthesis of the major fungal
terpenoid natural product classes that have been described in the
last three decades: the sesquiterpenoids, the diterpenoids and the
triterpenoids. To date no bona fide fungal monoterpene synthases
have been described. To keep this contribution focused, natural
products of mixed isoprenoid biosynthetic origin (e.g. indole-
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diterpenoids, meroterpenoids) that involve different enzymatic
steps to install the terpenoid moieties in these compounds will not
be presented here.

Considering that terpenoids are the focus of a large body of
literature, this article will discuss examples of the terpene
synthases and cyclases responsible for the generation of the
different fungal terpenoid scaffolds as well as examples of known
terpenoid biosynthetic pathways. Comparisons will be drawn
between the terpenomes of the two major fungal divisions: the
Ascomycota which includes many well-known filamentous fungi
like the
Basidiomycota which includes the mushroom-forming fungi.

Aspergillus, Penicillium and Fusarium, and
Special emphasis will be placed upon the highly diverse and
bioactive trans-humulyl cation derived sesquiterpenes produced
by the Basidiomycota. Finally, to illustrate the promise of genome
mining for the discovery of new bioactive terpenoids from fungi,
a description of current bioinformatic approaches used in the
identification of sesquiterpenoid biosynthetic pathways in
Basidiomycota will be provided as example along with objectives
for the development of tools to explore the largely untapped

terpenome of this group of fungi.

2 Fungal sesquiterpenoids
2.1 Cyclization of FPP to produce the sesquiterpene scaffold

The sesquiterpenoids are a diverse group of cyclic hydrocarbons,
with more than 300 sesquiterpene scaffolds described.”® All
sesquiterpenes share in common a C15 backbone derived from
the linear precursor FPP 4. Typically, FPP 4 is cyclized by class I
terpene synthases known as sesquiterpene synthases, which are
characterized by the signature active site motifs DDXXD and
NSE.>**3¢ These amino acid residues play an important role in
coordinating the catalytically essential divalent metal ions that
stabilize the pyrophosphate group of FPP 4 within the active site
cavity.>> 3® Cyclization is initiated by a metal ion induced
the
pyrophosphate (PPi), which promotes structural displacements

ionization of substrate and departure of inorganic
including closure of the active site lid.>> The resulting highly
reactive carbocation undergoes an initial ring closure at the 1,10
or the 1,11 position. Some enzymes catalyze first the trans-cis
isomerization of the 2,3-double-bond of (2E,6E)-FPP 4 to (3R)-
nerolidylpyrophosphate 6 prior to generating a cisoid, allylic
nerolidyl-carbocation upon PPi cleavage.’” *® This nerolidyl-
carbocation results in a known initial ring closure at either the 1,6
or the 1,10 position; 1,7 ring closure may be possible but has not
yet been mechanistically shown (Scheme 1). Subsequent proton
shifts, methyl shifts, and complex ring rearrangements are
stabilized by the aromatic residues that line the active site cavity
of all sesquiterpene synthases.”® The reaction cascade is quenched

either by attack by a water molecule,*”™*!

or by deprotonation
which, based on the fact that no active site base has yet been
confirmed,*”** is believed to be mediated by the leaving PPi
group.*® *® The final terpene product and divalent metal ions are
released by the enzyme upon opening of the active site lid.
Comprehensive mutational analyses and structural studies have

provided detailed insights into the catalytic mechanisms used by

This journal is © The Royal Society of Chemistry 2012
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fungal sesquiterpene synthases, therefore this class of terpene
synthase is relatively well understood (reviewed in: 253" 3%),
Structures are known for several microbial and plant
sesquiterpene synthases.>* 3> 3 4732 However, crystal structures
have only been solved for two fungal sesquiterpene synthases;
and

aristolochene 7 synthase from Penicillium roqueforti

46, 48, 52, 53

Aspergillus terreus; and trichodiene 8 synthase from

Fusarium sporotrichioides.*> "%

Trichodiene 8 synthase (TS) from the plant pathogens
Trichothecium roseum™® and Fusarium sporotrichioides was the
first characterized fungal enzyme.’® Production of trichodiene 8
(Scheme 2) is the first committed step in the pathway to the
trichothecene mycotoxins (see section 2.3) that cause the major
cereal crop disease Fusarium head blight (FHB).”” The
mechanistic details of TS have been deduced by site directed
mutagenesis®® and structure solution of recombinant wild type
and DI100E enzyme
with  the
diphosphate, and in complex with benzyl triethylammonium.
3458 Removal of PPi from FPP 4 is initiated by three Mg*" ions,
two of which are coordinated by D100, and a third which is
coordinated by the triad N225, S229 and E233.>" 3* The resulting
cation is isomerized to (3R)-nerolidyl pyrophosphate (NPP) 6

in complex with PPi resulting from

incubation substrate analogue 2-fluorofarnesyl

42, 51,

upon recapture of PPi.>® Rotation about the C2-C3 bond allows
the intermediate to adopt a cisoid conformation, and departure of
PPi results in a 1,6 ring closure to yield a (6R)-B-bisabolyl cation
9. Residues K232, R304 and Y305 act to stabilize PPi, which
remains bound at the active site throughout product generation.>®
Subsequent hydride transfer and a 7,11 ring closure produces a
secondary cuprenyl cation 10.°* ¢! Finally, two methyl shifts and
deprotonation, possibly mediated by the remaining PPi, results in
trichodiene 8 as the major product (Scheme 2), and several minor
products including a-cuprenene 11, a-barbatene 12, o- and B-
bisabolene 13 and 14.%% **34

The structure of aristolochene 7 synthase (AS) from
Penicillium roqueforti (PR-AS)*® and Aspergillus terreus (AT-
AS) is also known.*> ** 33 AS belongs to the subclass of 1,10
cyclizing sesquiterpene synthases, catalyzing the ionization of
FPP 4 and an initial ring closure to yield germacrene A 15
(Scheme 3). Protonation at C6

carbocation 16, which following a methyl migration, hydride
63

leads to the eudesmane
transfer, and deprotonation, yields (+)-aristolochene 7.%*
Aristolochene 7 is the sesquiterpenoid scaffold of several
mycotoxins, including the PR-toxin 17, sporogen-AO1 and
phomenone.*

Detailed characterization of AS from the two distinct fungal
sources has provided a unique perspective upon the evolution of
sesquiterpene synthases. Both PR-AS and AT-AS follow the
same cyclization mechanisms and display very similar three
dimensional folds, indicating that the two enzymes share a
common evolutionary ancestor. However, the underlying amino
acid sequence of the two enzymes differs significantly, and this
divergence in sequence has resulted in a divergence in fidelity.
AT-AS produces (+)-aristolochene 7 (Scheme 3) as its sole
product, while PR-AS is product promiscuous, producing (+)-
aristolochene 7 as its major product and (-)-valencene 18 and
germacrene A 15 as minor products (at a ratio of 94:2:4).

J. Name., 2012, 00, 1-3 | 3
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Comparative site directed mutagenesis of the active site metal
coordinating sites of both enzymes highlighted the importance of
these conserved motifs in product fidelity, in particular the NSE
motif. In PR-AS, the product ratio of mutants N244D, S248A and
E252D shifted to 20:80 (+)-aristolochene 7: germacrene A 15,
while E252Q produced only germacrene A 15. However, none of
the mutants reported for PR-AS produced solely (+)-aristolochene
7. The product ratio of the corresponding AT-AS mutants N219D
and E227D shifted from (+)-aristolochene 7 as the only product to
44:56 and 26:74 (+)-aristolochene 7: germacrene A 15,
respectively.* It would therefore appear that while the NSE metal
coordinating motif serves as the modulator of product fidelity in
AT-AS, other amino acids beyond these conserved residues play
a role in determining the specific production of (+)-aristolochene
7 by PR-AS.

Three sesquiterpene synthases have recently been described
from Fusarium strains. One terpene synthase (longiborneol 19
synthase FgCLM1, Scheme 2) from F. graminearum is presumed
to catalyze a 1,6 cyclization to synthesize longiborneol 19 as the
precursor of the antifungal compound culmorin.®®> Gene deletion
studies in the rice pathogen F. fujikuroi identified two terpene
synthases involved in the production of o-acorenol 20 (acorenol
synthase Ff sc6, Scheme 2) and koraiol 21 (koraiol synthase
Ff sc4, Scheme 4) via a 1,6 and presumably a 1,11-cyclization
reaction, respectively, followed by quenching of the final
carbocation with water to yield the sesquiterpenoid alcohol
products.®® The botrydial 22 biosynthetic gene cluster (see section
2.3) identified in the grey mold Botrytis cinerea encodes yet
another 1,11-cyclizing enzyme (BcBOT2) which generates the

tricyclic alcohol presilphiperfola-83-0ol 23 (Scheme 4) as

precursor for this phytotoxin.®” ¢

Surprisingly, until a few years ago no sesquiterpene synthases
were known from Basidiomycota, despite the fact that these fungi
are prolific producers of bioactive sesquiterpenoids, many of
which are derived from the frans-humulyl cation,” which will be
discussed in more detail in the next section. Mining of the first
genome of a mushroom-forming Basidiomycota, C. cinerea, led
to the cloning and biochemical characterization of six enzymes
(Cop1-6) catalyzing 1,10 and 1,6 cyclization reactions of 3R-NPP
6 to a-cuprenene 11, germacrene D 24, y-cadinene 25, 0o-
cadienene 26, cubebol 27 shown in Schemes 2 and 5, and 1,10
cyclization of FPP 4 to o-muurolene 28 and germacrene A 15
shown in Scheme 3. One of the enzymes, Cop6, catalyzes highly
selective synthesis of a-cuprenene 11 as the precursor of the
antimicrobial compound lagopodin.®®”"!
Of particular interest are enzymes that generate the 1,11-
A6-protoilludene 29 (Scheme 4), the

precursor to many pharmaceutically relevant compounds,’

cyclization product

including the cytotoxic compounds illudin M 30 and S 31
(Scheme 6) that are being developed as anticancer therapeutics.'>
273 With the objective of characterizing the biosynthesis of the
anticancer illudins and their derivatives (compounds 30-33,
Scheme 6) made by the Jack-O-Lantern mushroom Omphalotus

olearius,”>

we sequenced its genome to apply a similar genome
mining approach to find the A6-protoilludene 29 and presumably
We discovered a

co-localized illudin biosynthetic genes.

surprisingly large complement of ten sesquiterpene synthases

4| J. Name., 2012, 00, 1-3

(Omp1-10) in this fungus. The recombinant enzymes catalyze all
cyclization reactions of FPP shown in Scheme 1 (Schemes 2-5
show the major products for each Omp sesquiterpene synthase).
The products made by of Omp1-5a/b are similar to those obtained
with the C. cinerea enzymes Copl-4, although Omp5a/b also
makes as major products epi-zonarene 34 and y-cadinene 25
(Scheme 5). Omp6 and Omp7 cyclize FPP highly selective into
A6-protoilludene 29 (Scheme 4) while the other enzymes also
display new cyclization activities, producing barbatenes 12, 35
(Omp9) and daucenes 36, 37 (Omp 10).>* 7 Another A6-
protoilludene synthase was cloned from the honey mushroom
(ArmGal) which makes
melleolide I 38 (Scheme 6) sesquiterpenoids.”’
The the identified

sesquiterpene synthases from Coprinus cinereus (Copl1-6)*"" and
23, 76

Armillaria  gallica antimicrobial

biochemical characterization of

of Omphalotus olearius (Ompl-10) guided the subsequent
development of in silico approaches for the directed discovery of
new sesquiterpene synthases and their associated biosynthetic
genes based upon cyclization mechanism of choice.? Initiatives
such as the 1000 Fungal Genomes Project’® have led to a
substantial increase in the number of sequenced genomes that are
publically available.” The increase in the number of sequenced
Basidiomycota genomes has been particularly steep — from less
than a handful in 2008 to more than 100 genomes listed in the
genome database of the Joint Genome Institute (JGI) at the time
of writing. Our own BLAST searches for terpene synthases across
Basidiomycota with sequenced genomes led to the identification
of hundreds of putative sesquiterpene synthases, as well as
associated biosynthetic gene clusters.?* 2> %

The genome sequence of the wood-rotting mushroom Stereum
hirsutum offers a unique opportunity to explore the terpenoid
structural diversity of a fungal genus that is well known to
produce a number of bioactive sesquiterpenoid natural products.
8093 These include the sterostreins (e.g. 39-42), sterpurene 43 and
its derivatives (e.g. 44-47), hirsutene 48 and its derivatives (e.g.
49-53), cadinane (25, 26) (c.g. 54-55) and drimane (e.g. 56, 57)
compounds of which representative examples are shown in
Scheme 6. We
mechanisms of 16 sesquiterpene synthases in this fungus.

identified and predicted the cyclization
Presently, five of the predicted enzymes were cloned and
biochemically characterized. Stehil|25180, 64702, 73029 are
highly product specific A6-protoilludene 29 synthases (Scheme 4)
that are located in large biosynthetic gene clusters presumably
involved in sterostrein (Scheme 6, e.g. compounds 39-42)
biosynthesis.® °' Stehil|159379 and Stehil|128017 are 1,6- and
1,10-cyclizing enzymes, respectively (Schemes 2 and 5). Within
the clade of not yet characterized 1,11-cyclizing sesquiterpene
synthases sequences identified in S. hirsutum, there may be
enzymes that synthesize hirsutene 48 and sterpurene 43 (Scheme
4) for the above mentioned modified sesquiterpenoid compounds
isolated from this fungal genus.

Furthermore, pentalenene 58 (Scheme 4) has been observed as
a minor volatile product in the culture headspace of S. hirsutum
and O. olearius, and as a major volatile product of C. cinerea.**
2. 8 However, no sesquiterpene synthase responsible for the
production of pentalenene 58 has yet been identified from these
fungi. Site directed mutagenesis and quantum-chemical modelling

This journal is © The Royal Society of Chemistry 2012
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studies with bacterial pentalenene synthase indicate that the
pathway to pentalenene S8 occurs through rearrangement of a
protoilludyl cation 59.** °* It is therefore likely that one or more
of the multiple A6-protoilludene synthases characterized from S.
hirsutum and O. olearius are responsible for the production of
pentalenene 58, under unidentified reaction conditions.?>> % On
the other hand, Cop5 is likely the sesquiterpene synthase
responsible for the production of pentalenene 58 by C. cinerea,
which does not produce A6-protoilludene 29. However, an active
form of the predicted sesquiterpene synthase could not be cloned
from C. cinerea cDNA,” presumably due to incorrect prediction
of gene borders, and/or the presence of frame shifting introns in
all amplification products (see section 5 for more information).

2.2 The trans-humulyl cation derived sesquiterpenoids

While it
sesquiterpenoid-derived compounds characterized from the two

is difficult to pin down the exact number of

major fungal divisions, searches in SciFinder™ and Web of
(~500) on
than from

Science™ return ten times more reports

sesquiterpenoids isolated from Basidiomycota
highly

sesquiterpenoids with cytotoxic, antibacterial, nematocidal, and

Ascomycota. A  diverse range of bioactive

antiviral activities have been isolated from Basidiomycota (for

9, 95

reviews see:” °). Many of these compounds are thought to be

made to protect fungal fruiting bodies from consumption.’®°’
Basidiomycota are known to synthesize sesquiterpenoids
derived from 1,6 and 1,10 cyclized cations (Scheme 1), including

86.90.92 and drimanes,®* %8

germacranes,” bisabolanes,”® cadinanes
including the mTOR signaling pathway inhibitor antrocin 57
produced by Antrodia camphorata® (Scheme 6) However, the
vast majority of sesquiterpenoids with medicinal or cytotoxic
properties isolated from Basidiomycota are derived from the 1,11
cyclized trans-humulyl cation 60 as shown in Schemes 4 and 7,
which will be the emphasis of this section.” Of particular interest

%97 which have

are derivatives of the tricyclic protoilludyl cation
potential applications as anticancer, antifungal and antibiotic
agents.9

The trans-humulyl cation can be directly deprotonated to
produce a-humulene 61 (Scheme 4), which has been observed in
F. fujikorii and S. hirsutum.*® % Modified humulanes, such as the
potential antitumor compound mitissimol B 62 (Scheme 6), have
also been isolated from the fruiting bodies of several members of
the genus Lactarius.”®

Transformations of the #rans-humulyl cation include a 2,10
ring closure, creating the distinctive dimethylated cyclobutyl ring
of the scaffold. The

sesquiterpenoid naematolon 63 (Scheme 6) is an oxidized,

caryophyllane mildly antibacterial
acetylated derivative of (E)-B-caryophyllene 64 produced by
several members of the Naematoloma (Hypholoma) genus.’®

In addition, the caryophyllane scaffold can be further cyclized
to produce the tricyclic 4:7:4 collybial scaffold by a secondary 3,5
closure. The collybial scaffold is the precursor to the antibiotic
collybial 65 (Scheme 6), produced by Collybia confluens.'®
Hydroxylation at the C7 of the collybial scaffold results in koraiol
21. Alternatively, the caryophyllane scaffold can be cyclized to

produce the triquinane presilphiperfolane scaffold, either via a

This journal is © The Royal Society of Chemistry 2012
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stepwise cyclization,® or via a concerted carbocation
rearrangement.’”> The resulting presilphiperfolane scaffold may
then proceed through a 1,2 hydride shift and deprotonation to
yield presilphiperfolan-1-ene 66, a minor volatile product of S.
hirsutum.*® The presilphiperfolane scaffold may also undergo a
1,3 hydride shift and hydroxylated to produce 23,°® or be
rearranged further to produce the silphiperfolane and silphinane
families of triquinane sesquiterpenoids.'!

Several tremulanes have been characterized from Phellinus
tremulae, including tremulenediol A 67 (Scheme 6).'% ' The
potential route to the tremulane scaffold was deduced by '*C
NMR analysis of tremulanediol A 67 formation by P. tremulae,
and follows an initial 2,9 closure of the trans-humulyl cation 60.
Following this, an additional cyclobutyl ring formation occurs at
C6-C9. A secondary ring-opening rearrangement yields the fifth
methyl group on C6 (Scheme 9).'%

The africananes are defined by a cyclopropyl group fused to a
central cycloheptane ring, formed by a 7,9 cyclization of the
trans-humulyl cation 60. Examples of modified africanane
alcohols are leptographiol 68 (Scheme 6), isoleptographiol, and
isoafricanol, isolated from Leptopgraphium Iundbergii®” '™
Interestingly, unmodified africanenes have been identified in the
headspace of S. hirsutum and O. olearius liquid cultures.”” %
However, the sesquiterpene synthase(s) responsible for their
production have not yet been identified.

The largest and most diverse group of trans-humulyl cation
60 derived sesquiterpenoids produced by Basidiomycota are those
derived from the 4:6:5 tricyclic protoilludyl cation 59.° This
scaffold is a key intermediate in the production of a large number
of sesquiterpenes including e.g. sterpurene 43, hirsutene 48,'"
A6-protoilludene 29 and thereof derived scaffolds,” and of
pentalenene 58”* as described below and shown in Scheme 7.

A6-protoilludene 29 is the precursor to diverse bioactive
sesquiterpenoids, including the marasmanes, fommanosanes,
(seco)lactaranes, hygrogammane and the illudanes (reviewed in:
%). These compounds are hypothesized to be produced by
secondary ring opening and concurrent oxidations of A6-
protoilludene 29, with the initial steps likely catalyzed by one or
more cytochrome P450 monooxygenases and/or other oxygenases
that are typically located in biosynthetic gene clusters of fungal
sesquiterpenoid pathways.?% 23 196197 1 the case of the illudins 30
and 31, a ring opening and subsequent contraction of the A6-
protoilludene 29 cyclobutyl ring yields the reactive cyclopropyl
ring that defines the illudanes. Presently, no biosynthetic enzymes
have been characterized that initiate these ring opening reactions.

Reopening of the protoilludyl cation 59 at C5-C6, and a
subsequent 5,7 cyclization may afford the cerapicane scaffold
which is the precursor to the rare cucumane and bullerane-type
sesquiterpenes.” The cerapicane scaffold is transformed to the
sterpurane scaffold by an unusual ring rearrangement reaction
that deduced by 3C NMR of 9,12-

dihydroxysterpurene 46 synthesized by Stereum purpureum.®'

was analysis
Further ring opening modifications can then contract the
cyclobutyl ring of sterpurene 43 into the defining dimethylated
cyclopropyl ring of the iso-lactaranes, several of which have been
Phlebia
and Merulius tremillosus.""' The

identified from Lactarius rufus,'® S. purpureum,®

uda,'"” Flammulina velutipes,'"®

J. Name., 2012, 00, 1-3 | 5
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iso-lactaranes are often co-produced with sterpurenes, supporting
the hypothesis of a shared biosynthetic pathway.*® Examples of
iso-lactaranes include the cytotoxic flammulinolide A 69,'"°
sterepolides (e.g. 45),%° and the sterelactones (e.g. 47) (Scheme
6).87

Sterostrein A 39 produced by S. ostrea is a A6-protoilludene
29 dimer hypothesized to be formed by a Diels-Alder reaction
that installs the central benzene ring.** Biosynthesis of the
melleolides (e.g. 38 in Scheme 6) by Armillaria gallica requires
the esterification A6-protoilludene 29 with orsillinic acid.”” ''?

The bioactive hirsutanes (e.g. compounds 49-53, Scheme 6)
produced by S. hirsutum and other Basidiomycota®® ?* ¥ 113 may
through 3,7 of the

protoilludyl cation 59 or directly via 3,7 cyclization of a bicyclic

be synthesized either rearrangement
precursor shown in Scheme 7. While the intermediacy of a
protoilludyl cation 59 has not been confirmed, a ceratopicane
intermediate is consistent with the '>C labelling pattern observed
in hirsutene 48 biosynthesis by Stereum complicatum.'”® The
ceratopicane intermediate undergoes multiple rearrangements,
shifting the C3 (and its attached C14 methyl group) to its final
position, and is then deprotonated to produce hirsutene 48.'"
Hirsutene 48 may be converted by a Wagner-Meerwein
rearrangement to produce the pleurotellane scaffold.’

2.3 Modifying the sesquiterpene scaffold

Compared to pathways responsible for the biosynthesis of
diterpenoid natural products discussed in the next section, very
few fungal sesquiterpenoid biosynthetic pathways have been
characterized on a gene level. One of the most extensively
characterized fungal sesquiterpenoid biosynthetic pathways is the
route to the trichothecene mycotoxins (Scheme 8). Over 200
trichothecenes have been identified from diverse sources
including the plant pathogens Fusarium and Myrothecium, the
soil associated filamentous fungi Trichoderma and the mold
Stachybotrys."'* ' This particular pathway has been the focus of
a great deal of research by the USDA during the past 30 years due
to the significant economic impact that trichothecene related
blight and ear rot has on global cereal crops each year, as well as
the

livestock.'">""'7 The trichothecene family of toxins is subclassified

toxic effects of trichothecene contaminated feed on
as Type A, B, C, and D depending on the chemical modifications
to the common tricyclic core structure 12,13-epoxytrichothec-9-
ene (EPT), exemplified by isotrichodermol 70 in Scheme 8. Of
particular interest is deoxynivalenol (DON) 71, the Type B
trichothecene that is most commonly associated with Fusarium
head blight in cereal crops. DON 71 plays a vital role in
activating fungal pathogenicity and virulence as part of a complex

feedback exchange between plant, pathogen and environment.''®

120
The initial, common trichothecene biosynthetic steps in the
pathway to DON 71 were established in the model fungus

Fusarium sporotrichioides.’® %!

Later steps specific to the
production of DON 71 were studied in a F. graminearum strain
that 122

biosynthesis of DON 71 is controlled by the global transcriptional

was isolated from infected crops. Activation of

regulator TRI6, which autoregulates in response to differences in
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nutrient levels.'”® The first step on the biosynthetic pathway to all
trichothecenes is the cyclization of FPP 4 to trichodiene 8 by the
TRI5 encoded trichodiene 8 synthase,5 6 as described in section 2.1
and in Scheme 2. Trichodiene 8 is subjected to multiple
oxidations by the cytochrome P450 monooxygenase TRI4, which
installs oxygens at C2, C3, C11 and the C12-C13 epoxy group to
isotrichotriol 72.'** Isotrichotriol 72
undergoes a spontaneous dual cyclization to yield isotrichodermol
70, a modified form of EPT.'”> An acetyltransferase TRI101
acetylates the hydroxyl group at C3 to produce isotrichodermin
73, reducing toxicity of the intermediate to the host.'** 12" C15 of
73 is hydroxylated by the cytochrome P450 monoxygenase
TRI11'*® to form intermediate 74 and acetylated by TRI3'®
yielding calonectrin 75, a key branch point on the pathway to

give the intermediate

biosynthesis of Type A and Type B trichothecenes by F.
sporotrichioides and F. graminearum, respectively.''> For DON
71 production, calonectrin 75 is hydroxylated at positions C7 and
C8 by TRIl to give 7,8-dihydroxycalonectrin 76.'* The C8
hydroxyl group of 76 is then converted to a keto group by an
unidentified enzyme, leading to 3,15-acetyldeoxynivalenol 77.
Different variants of the deacetylase TRI8 remove the acetyl
group from either the C3 or the C15 position, resulting in 15-
acetyldeoxynivalenol (15-ADON) or 3-ADON 78, (the latter
compound is shown in Scheme 8), respectively.'’' The final
biosynthetic step, deacetylation of ADON to DON 71, has yet to
be elucidated (Scheme 8).

The ability of the fungal host to tolerate the toxic effects of
intermediates and products of its own secondary metabolic
pathways is key to survival. TRI12 is an integral membrane
protein that acts as an efflux pump to export trichothecenes from
hyphal cells, removing toxic products that could otherwise
damage the cell.'"** Subcellular localization of TRI12 to large
motile vesicles'*® indicated that F. graminearum could rely on an
encapsulation mechanism to sequester trichothecene biosynthesis.
The cytochrome P450 monooxygenases TRI1 and TRI4 co-
localize with TRI12,
trichothecene biosynthetic pathway is integrated within cellular

suggesting that at least part of the

targeting hubs, “toxisomes”, preventing toxic intermediates from

causing unwanted effects.'**

Whether this compartmentalization
strategy is unique to F. graminearum, or whether it is a global
mechanism employed by fungi producing bioactive secondary
metabolites, remains to be established. Similarly, vesicles have
been shown to also play an important role aflatoxin biosynthesis
by Aspergillus parasiticus.'>> 3¢

A much less complex gene cluster has been identified in the
mold Botrytis cinerea that is responsible for the biosynthesis of
the phytotoxin botrydial 22 (Scheme 8).°” ®® Presilphiperfolan-8f-
ol 23, the product of terpene synthase BcBOT2 (Scheme 4), is
converted by three cytochrome P450 monoxygenases and an
acetyltransferase to the final phytotoxin. Most recently, screening
of a genomic phage library and comparison with orthologous
genes identified in the sequenced genome of a related strain, P.
chysogenum, led to the identification of a 10-gene cluster
encoding the biosynthetic pathway for the aristolochene 7-derived
PR-toxin 17 in the blue cheese mold P. roqueforti (Scheme 8)."*’

As discussed in the previous section, multiple copies of A6-

protoilludene 29 synthase are encoded in the genomes of O.

This journal is © The Royal Society of Chemistry 2012
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olearius (Omp6 and Omp7) and S. hirsutum (Stehil|25180,
64702, 73029) which are each located in predicted biosynthetic
gene clusters responsible for the biosynthesis of illudin derived
(e.g. 30-33) the
sterostreins (e.g. compounds 39-42) isolated from O. olearius and
Stereum ostrea BCC22955, respectively (Scheme 6).2* % The
P450
monooxygenases, as well as further scaffold decorating enzymes

compounds compounds and potentially

clusters share in common several cytochrome
including different types of oxygenases, oxidoreductases, group
transferases and membrane transporters.

In O. olearius, Omp7 is located in a mini-gene cluster,
including one P450 and an FAD-type oxidoreductase, while
Omp6 is part of a large gene cluster.®® It appears that the two
copies of protoilludene 29 synthase may have arisen from a gene
duplication event, thereby boosting the production of illudin
compounds.”? In the case of S. hirsutum, the three A6-
protoilludene 29 synthases may have resulted from gene
duplication, or they may have diverged from a common ancestor.
Differences in catalytic efficiencies of the enzymes, as well as a
diversity in product fidelity, could represent a spectrum of
evolutionary time points on the course to a specific A-6
protoilludene 29 synthase.?’ Furthermore, each of the three A-6
protoilludene 29 synthases is located in a distinct biosynthetic
gene cluster which appear to be expressed at the same time under
standard growth conditions.?® Heterologous refactoring of the
entire gene clusters (see section 5) will be required to understand
the role that each of these pathways plays in defining the natural
product landscape of this fungus. It remains to be seen if all three
biosynthetic gene clusters are responsible for the biosynthesis of
the different A6-protoilludene 29 derived sterostreins (Scheme 8)
isolated from Stereum, make yet uncharacterized compounds, or
may even carry out a sophisticated combinatorial scheme among
the three different clusters that each act on the same protoilludene

scaffold.

3 Fungal diterpenoids
3.1 Cyclization of GGPP to produce the diterpene scaffold

Diterpenoids are a diverse class of natural products derived from
the C20 precursor GGPP 5, with at least 12,000 compounds
already described.'*® The first committed step in diterpenoid
biosynthesis is the cyclization of GGPP 5 to produce the
diterpene scaffold, which occurs via a carbocation cascade.
Classically, activation of the carbocation cascade by terpene
synthases corresponds to the removal of the pyrophosphate group
from the linear substrate (as described for the sesquiterpene
synthases in section 2.1). This ionization-dependent reaction is
catalyzed by class I terpene synthases.*®

Notably, the initial generation of the reactive carbocation
follows a different path in the biosynthesis of labdane-related
diterpenes.'*® Here, the carbocation cascade is preceded by a
protonation-dependent bicyclization reaction to install the labdane
bicycle. This reaction is catalyzed by class II diterpene synthases,
more akin to the triterpene synthases (described in section 4.1).'*
In this case, the pyrophosphate group of GGPP 5 remains intact
and is later removed in a class I cyclization reaction (Scheme
9)."*° Thus, this type of diterpene synthase appears to have

This journal is © The Royal Society of Chemistry 2012
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evolved as an amalgamation of ancestral bacterial class I and
class II terpene synthases.'*

The first bifunctional fungal diterpene synthase was isolated
and characterized from the gibberellin producer Phaeosphaeria
sp. L487."*" The putative gene encoding the diterpene synthase
was isolated using degenerate primers based upon conserved
copalyl diphosphate synthases.

Characterization of the gene product revealed a conglomerate

sequence motifs of plant
enzyme: that is, a bifunctional copalyl diphosphate synthase/ent-
kaurene synthase (CPS/KS), which catalyzed a sequential class II
followed by class I cyclization of GGPP S to produce (-)-ent-CDP
79 as an intermediate on the path to ent-kaurene 80 (Scheme
9).'""? The class I activity is located in the N-terminal region,
while the C-terminal region contains the class II activity. This
differed from the previously -characterized plant diterpene
synthases, which appeared to involve separate mono-functional
CPS and KS enzymes.'* '*

Several structures of plant diterpene synthases have recently
been solved and shown to contain both an N-terminal a-helical
domain (a-domain) typical of class I terpenoid synthases and a C-
terminal a-barrel (or yB-) domain typical of class II terpenoid
synthases.'"'*” Many of these modular yBo-domain plant
diterpene synthases, however, are monofunctional in that only
one of the cyclization activities (CPS or KS) is functional
(reviewed in: '*°). However, some plant enzymes (e.g. abietadiene
147y are bifunctional, like the fungal enzymes. The yBa-
domain taxadiene synthase, however, converts GGPP 5 at its class
I domain directly into the tricyclic taxadiene scaffold.'*¢ Although
protein sequences of diterpene synthases from plants and fungi

synthase

share little similarity except for some conserved motifs,
homology modelling suggests that they share the same domain
organization.

A number of CPS/KS-type fungal diterpene synthases have
been identified in addition to the one from Phaeosphaeria sp.
These include the ent-kaurene 80 synthase from the gibberellic
acid producers Fusarium fujikuroi (teleomorph: Gibberella

14l 142, 148199 the  ent-primara-8(14),15-diene 81
150

Sfujikuroi),
synthase AN1495 from Aspergillus nidulans,”” phyllocladen-
16a-ol 82 synthase (PaDC1) and a CPS/KS synthase (PaDC2)
with only a functional CPS domain'! from Phomopsis amygdali,
and aphdicolan-16B-ol 83 synthase (PbACS) from Phoma
betae.'>* Only one labdane-type diterpene synthase has thus far
been cloned from a Basidiomycota: pleuromutilin 84 synthase
from Clitopilus passeckerianus.'” (see Scheme 1 for cyclization
reactions).

Typically, these bifunctional diterpene synthases and their
associated biosynthetic gene clusters (see section 3.2) have been
identified by a sequence analysis strategy that first involved the
identification of a GGPP 5 synthase (GGS) via genomic
amplification followed by genome walking to identify flanking
regions. GGPP 5 utilizing biosynthetic pathways require a
dedicated GGS that extends the common isoprene precursor FPP
4 by one IPP 2 unit."*® '** The gene encoding GGPP 5 synthase,
which is essential for production of the precursor molecule is
commonly clustered with other pathway genes.'”> This gene
led to the discovery two unusual
non-labdane-type diterpene synthases

finding strategy has

monofunctional, from
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Phoma betae."*® 7 PaFS and PaPS, which synthesize fusicocca-
2,10(14)-diene 85 and phomopsene 86 (Scheme 1), respectively,
deviate from other CPS/KS-type fungal diterpene synthases in
that they display multiple DDXXD motifs, as opposed to the
prototypical N-terminal DXDD and C-terminal DEXXE motifs
common to the dual-function diterpene synthases that carry out
sequential type II and type I cyclization of GGPP 5 (Scheme
9)."® The DXDD motif is required for the class II type
protonation dependent cyclization reaction, like that carried out
by squalene hopene cyclase,'”® while the DDXXD motif is
associated with the class I type ionization dependent reaction,
which has been described for terpene synthases and prenylchain
synthases like GGPP 5 and FPP 4 synthases.>* '®°

Both PaFS and PaPS appear to derive from a gene fusion,
resulting in chimeric proteins with an N-terminal class I terpene
synthase domain and another C-terminal class I domain that
contains the GGPP 5 synthase activity. This physical co-
localization of diterpene synthase and GGPP 5 synthase may have
evolved to improve flux of precursor molecules towards
downstream modifying enzymes. A chimeric sesterterpene (C25)
synthase AcOS was recently identified in Aspergillus clavatus.
Here a GFPP (geranylfarnesyl diphosphate) synthase domain
supplies the substrate for subsequent cyclization by the terpene
synthase domain into ophiobolin F 87 (Scheme 1).'®' Structural
analyses of plant and bacterial diterpene synthases indicate that
modularity in domain architecture and diversity in mechanisms

are a common theme for diterpene synthases.'*>"'*’

3.2 Modifying the diterpene scaffold

The diversity of diterpenoid compounds stems from the large
number of modifications to the diterpene scaffold, typically
catalyzed by decorating enzymes such as P450 monoxygenases,
different types of oxidases and oxidoreductases as well as
trasnferases. Diterpenoids are widely produced by plants,
functioning as signaling compounds, as photosynthetic pigments,
and in defense against infection.'*® While a number of enzymes
involved in the biosynthesis of diterpenoids in plants and bacteria
have been characterized in detail, fewer diterpenoid biosynthetic
enzymes have been characterized from fungi.'*® ' Except for
pleuromutilin 84 biosynthesis by Clitopilus passeckeranus,'> all
other characterized fungal diterpene pathways are from
Ascomycota. Yet, diverse bioactive diterpenoids have been
although their

pathways remain to be identified (Table 1, see Scheme 10 for
163

isolated from Basidiomycota, biosynthetic
modified diterpenoid structures discussed below).

One of the first fungal species identified as a diterpenoid
producer was the rice plant pathogen F. fujikuroi. This fungus
causes stems of plants to become hyperelongated and etiolated,
leading to what is commonly known as “foolish seedling”
disease. The causative agent of this phenotype was discovered to
be the gibberellin (GA) diterpenoids (GA compounds 101-104
Scheme 11) produced by F. fujikuroi. The biosynthetic pathway
to the production of GAs by F. fujikuroi, which is clustered on the
genome, has since been fully elucidated by Tudzynski and co-

164

workers ”" (Scheme 11). Detailed characterization of the enzymes

involved in GA biosynthesis by F. fujikuroi has highlighted key
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differences in sequence and function from that of plant GA
pathways,'® such that it has been suggested that GA biosynthesis
in bacteria, plants and fungi evolved separately.'>

In GA biosynthesis, GGPP 5 is the substrate for a bifunctional
diterpene synthase CPS/KS.'* The resulting tetracyclic ent-
kaurene 80 diterpene is converted to ent-kaurenoic acid 105
through oxidation by the cytochrome P450 monooxygenase P450-
4.8 Hydroxylation at the C7 position of ent-kaurenoic acid 105
is carried out by P450-1, resulting in aldehyde GA12 101 (note
GA numbering is based on the order the compounds were
identified), with a characteristic 6-5-6-5 ring structure. A further
hydroxylation at the C3 position and an oxidation by the
multifunctional P450-1 results in GA14 102, a key intermediate
in the pathway. A closely related cytochrome P450, P450-2,
catalyzes the essential oxidation of GA14 102 at C20 to yield the
biologically active form, GA4 103.'** ' Finally, P450-3
hydroxylates GA4 to GA1l 104, another bioactive form of the
7 Each of the steps catalyzed by the
cytochrome P450s depends on a cytochrome P450 oxidoreductase
(CPR) to transfer electrons from the cofactor NADPH via FAD
and FMN.'*®

Subsequent identification and characterization of the GA

growth hormone.

biosynthetic pathway from S. manihoticola revealed that the
organization of the gene cluster, the underlying gene sequences,
and the function of the encoded GA enzymes, were similar to that
of F. fujikuroi.'®® Despite the fact that S. manihoticola lacked
104, 3,
complementation with its gene cluster was sufficient to restore

enzymes responsible for GAl and 7 production,
GA biosynthesis in F. fujikuroi mutants. This indicates that the
GA pathways of these two distantly related fungi may share a
common evolutionary ancestor. By contrast, characterization of
the GA biosynthetic pathway in Phaeosphaeria sp. L487 shows
that it is more similar to that of plants.'”® '"' Here, the GA
pathway branch point is GA12 101 rather than GA14 102, which
is the key intermediate linking the GA pathways of F. fujikuroi
and S. manihoticola. Additionally, the C3 hydroxylation takes
place later in the GA pathway of Phaeosphaeria sp. L487 than
that of the other fungi.

Diversification of ancestral GA-pathways likely led to new
diterpene pathways that produce different bioactive compounds.
Several dozens of such putative diterpene biosynthetic gene
clusters can be readily identified in published Ascomycota
genome sequences. However, only very few diterpene
biosynthetic gene clusters have been characterized so far. The
only labdane-type diterpene pathway from a Basidiomycota has
been disclosed in a patent application for pleuromutilin antibiotic
biosynthesis in Clitopilus passeckeranus.'>

Identification of the aphdicolan-16B-ol 83 synthase'>* from
Phoma betae (Scheme 1) facilitated subsequent identification and
heterologous expression in Aspergillus oryzae of the aphidicolin
106 biosynthetic pathway (Scheme 6).'”> In addition to the
bifunctional diterpene synthase, this cluster encompasses two
P450 enzymes that carry out three hydroxylations of the
diterpenoid alcohol scaffold, as well as a transporter and the
aforementioned GGPP 5 synthase. The two CPS/KS homologs
PaDC1 phyllocladen-16a-0l 82 synthase) and PaDC2 ((+)-CDP
synthase) characterized from P. amygdali are each part of

This journal is © The Royal Society of Chemistry 2012
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separate gene clusters that are involved in the biosynthesis of
phyllocladan-11a,16c,18-triol 107."" Interestingly, in addition to
different types of oxygenases, each of two clusters includes its
own GGPP synthase.

Genome mining recently led to the identification of an ent-
primara-8(14),15-diene 81 synthase AN1495
nidulans which is part of a gene cluster that has yet to be

in Aspergillus

characterized.'*® Encoded within this cluster are not only a GGPP
synthase, but also a HMG-CoA synthase, a mevalonate pathway
specific enzyme, which may boost precursor supply for
diterpenoid biosynthesis by this pathway.

The monofunctional diterpene  synthase, fusicocca-
2,10(14)diene 85 synthase (PaFS), from P. amygdali is part of a
five gene cluster,'”’ including three enzymes that catalyze
oxidative modifications to the tricyclic diterpene scaffold.'” This
cluster together with a later discovered second, nine-gene cluster
are required to synthesize the bioactive fusiccocin A 108
diterpenoid.'” The presence of a prenyltransferase previously

shown to catalyze the prenylation of glucose'”

which is a moiety
also present in fusiccocin A 108, led to the identification of this
second fusiccocin cluster in the draft genome sequence of this
fungus. Biochemical studies of recombinant enzymes together
with gene deletions were carried to complete characterization of
fusiccocin biosynthesis.'”* The same group also identified and
dissected another fusicoccadiene-type pathway for brassicicene C
109 biosynthesis in A. brassicola; as seen with the other diterpene
pathways, a contingent of oxidizing enzymes (five cytochrome
P450 enzymes, an oxidoreductase and a dioxygenase) are

involved in modifying the terpene hydrocarbon scaffold.'*® 73176

4 Fungal triterpenoids
4.1 Oxidosqualene/lanosterol cyclases

The triterpenoids are C30 prenyl chain derived compounds that
are found widely in nature as steroids and sterols.'”” The
biosynthetic pathway to ergosterol 110, the major component of
the plasma membrane in fungi, begins with the cyclization of
squalene 111 to lanosterol 112.'”® Epoxidation of squalene 111
yields 2,3-oxidosqualene 113 which adopts a chair-boat-chair
conformation.'” Cyclization of the linear polyisoprene chain is
by a Class II  type terpene
oxidosqualene/lanosterol cyclase (OSC) as part of a protonation-

catalyzed synthase
dependent reaction.'”® '8° Activation of the epoxide in 113 is
initiated by a conserved Asp, and a sequential ring-forming
cascade results in a 6-6-6-5 tetracylic protosteryl cation_114. Two
methyl migrations and hydride shifts, followed by a final
deprotonation, results in lanosterol 112 (Scheme 12), the last
common intermediate to the lanostane triterpenoids.'**- '8!~ 182
Prokaryotic and eukaryotic triterpene cyclases share a similar
overall protein fold, with two a-helical domains linked by a
membrane spanning channel. The large aromatic-lined active site
cavity spans the two domains, and the protonating group that
initiates cyclization is located at the polar region at the top of the
central channel."” '8 Triterpene cyclases are also defined by
conserved 16 amino acid long tandem repeats known as QW
sequence motifs. These Gln and Trp residues provide a bonding

This journal is © The Royal Society of Chemistry 2012
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network between the o-helices, which stabilizes the enzyme
during the exergonic reaction, allowing stringent control over
product 183
bacterial squalene hopene cyclases (SHC) and eukaryotic OSC

formation. Beyond these structural similarities,
cyclases have diverged both in sequence and in mechanism.
Notably, SHC is characterized by the presence of the protonating
Asp in a conserved DXDD motif, while the protonating Asp of
OSC is located in the motif XXDCX.'® This branching in the
evolutionary tree of SHC and OSC has resulted in the
mechanistically defining feature of the enzymes: SHC accepts
111 as a substrate, while OSC 2,3-

oxidosqualene 113 as a substrate. '8 '8

squalene accepts
The first eukaryotic OSC to be cloned and characterized was
the ergosterol 110 biosynthetic pathway enzyme ERG7 from

185. 186 The catalytic mechanism of

Saccharomyces cerevisiae.
ERG7 has since been elucidated by mutational studies. Substrate
activation is highly dependent upon the maintenance of a
protonating environment, and aromatic residues play a key role in
the stabilization of carbocation intermediates, which funnels the
product trajectory of ERG7 specifically towards lanosterol
112."%"%° Further fungal OSCs have been characterized from
diverse species,
producers

fumigatus,"**

including the helvolic acid 115 antibiotic

caerulens'!

Cephalosporium and  Aspergillus
as well as the cytotoxic ganoderic acid (e.g. 116)
producer Ganoderma lucidum."”* '** Notably, characterization of
an  oxidosqualene-clavainone cyclase from  Hypholoma
sublateritium revealed the presence of two OSCs: one specifically
for primary and one dedicated to secondary metabolism for
clavaric acid 117 production.'®?

More recently, bioinformatic approaches led to a wider scale
OSCs

Basidiomycota.'”® This database represents a diversity of OSC

identification of putative from Ascomycota and
sequences that could potentially be used to engineer a product
promiscuous fungal OSC, offering biosynthetic routes to a greater
diversity of fungal triterpenoids, like those produced by plant

OSCs. 197-199

4.2 Discovery of triterpenoid biosynthetic gene clusters

Triterpenoid biosynthesis is relatively well understood and
characterized in plants.'®” 222 Comparatively little, however, is
known about fungal

triterpenoid biosynthesis; despite the

isolation of a large number of bioactive fungal triterpenoids
mostly from Basidiomycota.?* 2%

Recent genome sequencing and transcriptome projects have
provided the first insights into the biosynthetic pathways to the

triterpenoids.®* 29527 G,

lucidum is a prolific producer of
bioactive ganoderic acid 116 triterpenoids, correspondingly it has
an OSC and a large complement of cytochrome P450s encoded
within its genome. Almost half of the genes encoding P450s are
upregulated during the transition from primordia to fruiting
bodies, which correlates with lanosterol 112 expression and
triterpenoid production. Therefore, developmental stage of fungal
growth plays an important role in regulation of secondary
metabolite genes. Some of these same genes are physically
clustered on the genome, albeit not with the gene encoding
OSC.** Likewise, transcriptome analysis of the medicinally
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relevant Wolfiporia cocos identified several P450s that were
upregulated simultaneously with its OSC.?°> Contrastingly, the
genome of A. fumigatus shows that it contains multiple genes
encoding OSC as opposed to a single copy. Furthermore, the
putative enzymes related to helvolic acid 115 production are
located in a gene cluster encoding protostadienol 118 synthase,
P450s, a
dehydrogenase.

multiple reductase, acyltransferases and a

Together, these enzymes are predicted to

represent the full helvolic acid 115 biosynthetic pathway. '

5 Mining the fungal (sesqui)terpenome
5.1 Terpene synthase identification

Numerous databases exist to search the rapidly increasing
number of fungal genomes for biosynthetic gene candidates, and
for predicting putative coding sequences. For example, the Joint
Genome Institute (JGI) listed 362 fungal (117
Basidiomycota) at the time of writing, with a goal of 1000

genomes

sequenced genomes from all families in the fungal kingdom in the
Users of the JGI
(http://genome.jgi-psf.org)*®® benefit from standardized EST and/

next few years.”® web interface
or RNAseq data available for many of the fungal genomes that
are that are displayed along with gene annotations.

Putative terpene synthases can be identified by performing a
Basic Local Alignment Search Tool (BLAST)** search of target
genome(s) using characterized terpene synthases sequences as
query sequences. We have used BLAST searches of fungal
genomes, combined with biochemical knowledge of the initial
FPP 4 cyclization reaction (see Scheme 1) catalyzed by the O.
olearius enzymes (Ompl-10, section 2.1) to develop a predictive
framework for further, targeted discovery of additional fungal
sesquiterpene synthases and their associated biosynthetic gene
clusters.”* %

We found that sesquiterpene synthase sequences identified by
BLAST analysis in the sequenced Basidiomycota genomes
(presently more than 1000 sequences in ~100 genomes) cluster in
distinct clades according to initial cyclization mechanism (Figure
1) This method led to the

characterization of several 1,11-cyclizing terpene synthases,

focused discovery and
which produce trans-humulyl cation 60 derived sesquiterpenes
(section 2.1.).2> ? Notably, these characterized A6-protoilludene
synthases form a single branch within the 1,11 cyclizing clade
(Figure 1). Many other predicted trans-humulyl cation 60
producing sesquiterpene synthases remain yet to be discovered,
potentially producing the diverse scaffolds shown in Scheme 7.

5.2 Identification of terpenoid biosynthetic gene clusters

Discovery of fungal terpenoid biosynthetic pathways by
genome mining approaches is facilitated by the fact that fungi
tend to cluster genes encoding biosynthetic pathways within their
genome. Clusters can be identified by manually scanning the
genome sequence £20 kb upstream and downstream of predicted
terpene synthase sequences e.g. identified using the strategy
described in the previous section. BLAST searches of the NCBI
protein database and the NCBI Conserved Domain Database
(CDD) allows annotation of predicted genes surrounding the
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terpene synthase. Typical enzyme classes and proteins expected
in such clusters are cytochrome P450 monooxygenases,
oxidoreductases and oxygenases, group transferases, transporters,
transcription factors and enzymes required for isoprenoid
precursor biosynthesis. The likely boundaries of such biosynthetic
clusters are predicted by the presence of large gaps between genes
(>10 kb), or the presence of several consecutive genes that are not
likely to be associated with natural product biosynthesis.'®
However, manual identification of biosynthetic gene clusters
is subject to user interpretation, is extremely time consuming, and
as a result is a significant bottleneck in the identification of
putative biosynthetic pathways. Therefore, automated search
algorithms are required for the large scale identification of fungal
natural product pathways and several web-based analysis tools
have been developed for this purpose (reviewed in: 2'% '), When
using these platforms, however, one has to keep in mind that
these tools have often been trained for the identification of
specific natural products gene clusters (e.g. non-ribosomal
peptide (NRP) and polyketide synthase (PKS) pathways) common
in certain groups of organisms (e.g. Ascomycota, bacteria). From
our own experience we have found that these tools are not
particularly adept at identifying terpenoid clusters in
Basidiomycota. For example, antiSMASH 2.0?'* identified four
of the eleven manually identified putative terpene synthases in the
genome of O. olearius.> Similarly, five out of eighteen manually
predicted terpene synthase sequences were identified in .
hirsutum.*® This and other tools also significantly underestimated
biosynthetic gene cluster size compared to our manual
annotations, probably due to the high degree of complexity and
variability of fungal gene clusters, as well that fact that few
Basidiomycota clusters have been fully characterized.’'* As more
natural product pathways from Basidiomycota are characterized,
these tools can be trained for more accurate, automated cluster

prediction in these types of fungi.
5.3 Characterization of terpenoid biosynthetic gene clusters

Characterization of fungal terpenoid gene clusters identified in
Ascomycota described throughout this contribution has relied on
a combined approach of biochemical characterization of
recombinant enzymes and specific gene deletions in the native
producer host, as well as transfer of biosynthetic cluster genes
into closely related fungal hosts for which genetic tools are
available.?!*?'® In order to access the incredible diversity of
Basidiomycota terpenoid natural product pathways encoded in the
large (and increasing) number of fungal genomes, different tools
and methods need to be developed to go from genome mining to
terpenoid biosynthesis. Some of the problems that need to be
overcome for this to happen will be discussed briefly using the
Basidiomycota as an example, but similar difficulties may also be
encountered with other, less well-studied classes of fungi.

Several major challenges significantly impede efficient
characterization of terpenoid biosynthetic gene clusters in
Correct cDNA prediction, 2. Therefore,

necessity to clone genes from cDNA and thus the need to

Basidiomycota: 1.

establish laboratory growth of strains under conditions where
target genes/pathways are expressed, 3. Fungal strains are not

This journal is © The Royal Society of Chemistry 2012
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genetically tractable, and therefore require heterologous gene
expression and pathway assembly.

The first step following the identification of putative terpene
synthases and the associated gene cluster in a genome requires a
refined prediction of the correct coding sequences for each gene.
However, this is in our experience not trivial for Basidiomycota,
which tend to have have very intron-rich genomes.?'” We have
found several very small and unpredicted exons (sometimes only
11-18 bp in length *'® and introns/exons 27 and 28 bp in length®*:
%) in genes cloned from cDNA. Genes synthesized based on
cDNA predictions are therefore often non-functional. Figure 2
illustrates different structural gene predictions, alternative splice
variants and the functional cDNAs of sesquiterpene synthases
cloned from S. hirsutum. The gene prediction program Augustus

219 220 can be used to

(http://bioinf.uni-greifswald.de/augustus/)
identify the most likely cDNA sequences for a biosynthetic
enzyme. Gene predictions created from the putative terpene
synthase +£10 kb can then be used to manually identify potential
gene start/stop codons by alignment in MEGA6.%?' This allows
the design of a small set of cloning primers to attempt
amplification of the correct ORF from cDNA. In addition, the
program FGENESH (http://linux1.softberry.com/) by SoftBerry
(Mount Kisco, NY) offers multiple methods to predict gene
models.””* However, these programs have been trained to a small
set of fungal strains and often do not correctly predict the less
common splicing pattern present in Basidiomycota.

Collection of fungal tissue sufficient for cDNA isolation is
often a significant barrier, as many fungi, and especially many
Basidiomycota, are difficult or impossible to culture in the
laboratory and may be not available from field collections. Also,
the target genes for cloning must be expressed at the time of
cDNA preparation. Fungal gene expression is highly complex,
subject to RNAIi
elements of the genome architecture.”?* ?** Therefore, a large

silencing and influenced by trans-acting
number of biosynthetic gene clusters remain silent.'® Strategies
have been developed to activate fungal natural product pathways

225 and

including modification of culture conditions, co-culture,
epigenetic manipulation, typically in high-throughput assays to
produce novel fungal compounds for isolation.'® ?2?*° However,
the conditions required to express specific genes are generally
unknown, and cannot be predicted with confidence.

Most Basidiomycota are not genetically tractable and no
suitable tractable Basidiomycota model systems are available that
could correctly splice and functionally express heterologous
biosynthetic gene clusters cloned from other members of this
fungal division. Hence, characterization of terpenoid natural
product pathways identified in these fungi has to rely on the
tedious assembly method of one gene at a time, in alternative
hosts, such as yeast. Successful expression of pathways in these
hosts can be challenging, as some enzymes e.g. cytochrome P450
require a specific reductase for

monoxygenases, optimal

activity**

and modified terpenoids may be toxic to the expression
host, therefore complex cellular sequestration and secretion
machinery could be required to prevent reduced cell growth.'** In
additional

specifically designed for natural product pathway expression in

the future, development of genetic platforms

This journal is © The Royal Society of Chemistry 2012
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Basidiomycota, such as Ustilago maydis, is needed," **? similar

to the advanced tools currently available for Ascomycota.**?

6 Conclusions and outlook

Fungi have an enormous capacity for terpenoid natural product
biosynthesis, and therefore represent an incredible resource for
the discovery of new biosynthetic pathways. Identification and
characterization of some of the pathways responsible for
terpenoid production has revealed a diversity in structure,
chemistry and function, including new classes of enzymes. The
sequences is
streamlining the identification of novel pathways and enzymes to

increasing availability of fungal genome
a wide range of bioactive terpenoids. The majority of such
biosynthetic studies have focused on Ascomycota and only
look

Basidiomycota. Genome surveys clearly show that we have

recently have we begun to into the terpenome of
barely begun to unlock some of this biosynthetic potential
encoded in the relatively small number of fungi with sequenced
genomes that represent just a tiny fraction of the fungal diversity
(Figure 1).

Our ability to characterize the fungal terpenome is dependent
on, and currently severely limited by, our capability to rapidly
identify and subsequently biochemically characterize terpenoid
genes their
approaches of first finding potential pathways and then using

biosynthetic and diverse functions. Current
molecular biology strategies to tease out the functions of

individual enzymes in a biosynthetic pathway are slow,
cumbersome and inadequate in the face of rapidly increasing
genomic information. The development of better bioinformatic
and genetic tools for the mining and heterologous assembly of
large natural product pathways will be absolutely essential to
enable high-throughput pathway discovery. For this to occur, it
will be important for the natural products community to adopt
synthetic biology and modular pathway assembly principles along
with suitable platform organisms for process automation. The
ultimate goal for the development of such discovery pipelines will
be the ability to quickly move from in silico pathway prediction
to high-throughput biosynthetic pathway assembly, heterologous
expression, and analytical profiling of products followed by
bioactivity screening. Revitalization of the natural products drug
discovery pipeline will critically depend on the implementation of

such strategies.
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Journal Name RSC

Table 1. Representive examples of fungal diterpenoids with characterized bioactivities. *Denotes an
endophytic or endolichenic isolate. TDiterpenoid biosynthetic gene clusters described. Representative structures (in
bold) of for each fungal species are shown in Schemes 5 and 6. For a comprehensive list of diterpenoids produced
by Basidiomycota see review.'®

Biological activity = Fungal species Compound name(s) Reference
Ascomycota
Cytotoxic Alternaria brassicola Brassicicene C ( 109) 138, 173, 176
Cytotoxic Cladosporium sp. Cotylenin A-E (88) 234236
Phytotoxin Phomopsis amygdali Fusicoccins A ( 108)7, F 137
DNA-Pol. inhibitor ~ Phoma betae Aphidicolin (106) ¥ 132 237
Anti-inflammatory  Bipolaris coicis* Coicenals A( 89)-D 28
Cytotoxic Acremonium striatisporum Virescenosides A(90), B, C, M, N 239
Cytotoxic Aspergillus wentii EN-48%* Asperolides A (91 )-C 240
Cytotoxic Cercospora sp.* Cercosporenes A ( 92)-F 1
Cytotoxic Geopyxis sp.* Geopyxins A (93 )-D 2
Cytotoxic Smardaea sp.* Smardaesidins A (94) -G o
Growth hormone Fusarium fujikuroi Gibberellins GA14 (102),4 (103),3, 148
1(104)
Growth hormone Phaeosphaeria sp. LA87 Gibberellins GA12 (101),4 14171
(103),9,20,1 (104)
Growth hormone Sphaceloma manihoticola Gibberellins GA14 (102),4 (103) 169
Basidiomycota
Antibacterial Clitopilus sp. & C. passeckeranus  Pleuromutilin (84)F 133, 244
Antibacterial Sarcodon scabrosus Sarcodonin L (95), M "
Antifungal Coprinus heptemerus Heptemerones A-G (96) 6
Cytotoxic Coprinus plicatilis Plicatilisin A (97)-D 7
Cytotoxic Coprinus radians Radianspene A (98)-M 8
Cytotoxic Crinipellis sp. Crinipellins A-C (99), D 9
Cytotoxic Lepista sordida Lepistol (100) 20

This journal is © The Royal Society of Chemistry 2013
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acetyl-CoA Diterpenoids H Y
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SCHEMES 1-12

phomopsene 86
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Scheme 1: Overview of fungal terpene biosynthesis. The mevalonate pathway yields the C5 isoprene precursors
dimethylallyl diphosphate (DMAPP) 1 and its isomer isopentenyl diphosphate (IPP) 2. Head-to-tail condensation of
DMAPP 1 with one, two or three IPP 2 units catalyzed by prenyldiphosphate synthases yields geranyl diphosphate
(GPP) 3, farnesyl diphosphate (FPP) 4 and geranylgeranyldiphosphate (GGPP) 5 that are cyclized by ionization-
dependent class I or protonation-dependent class II terpene synthases into structurally diverse mono-, sesqui- or
diterpenoids. Head-to-head condensation of two FPP 4 molecules yields squalene 111 as the precursor of
triterpenoids. The cyclic scaffolds of diterpenoids are synthesized by either monofunctional terpene synthases that
contain a class I catalytic domain fused to a prenyldiphosphate domain, or bifunctional terpene synthases that
contain class I and class II catalytic domains (see also Scheme 9). Sesquiterpene synthases catalyze different ring-
closures of 2E,6E-FPP 4 or upon isomerization, of (3R)-nerolidyl diphosphate (NPP) 6 to generate different
sesquiterpenoids. At present, bona fide monoterpene synthases have not been isolated from fungi. CDP:

Copalyldiphosphate. *: Ophiobolin F 87 is synthesized from the C25 diphosphate precursor farnesylgeranyl
diphosphate.
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Scheme 2. Examples of sesquiterpenoids generated by 1,6-cyclization of FPP upon isomerization to NPP. The
cyclization of FPP 4 to trichodiene 8 by trichodiene synthase (TS) illustrates a well-studied cyclization mechanism.
Other characterized fungal enzymes (see text) cyclize NPP into different major products.
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Scheme 3. Examples of sesquiterpenoids generated by 1,10-cyclization of FPP. The cyclization of FPP to (+)-
aristolochene 7 by aristolochene synthase (AS) illustrates a well-studied cyclization mechanism. Other
characterized fungal enzymes (see text) cyclize FPP into different major products.
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Scheme 6. Representative examples of modified sesquiterpenoids isolated from Basidiomycota. Compounds
are organized based on the sesquiterpenoid scaffolds that they are derived from (see text for details).
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Scheme 7. Major fungal transformations of the trans-humulyl cation. For consistency, carbon numbering is
based on position in the linear FPP 4 precursor for all mechanism discussions. Where necessary for final products,
published compound names are used. Enzymes that have been characterized as catalyzing transformations are listed
beneath their major product. The key cation intermediates 59 and 60 are shown in blue, while minor intermediate
cations are shown in red. Isolated final products are shown in black, and sesquiterpene scaffolds of known
compound families are shown in orange. Rearrangements performed by sesquiterpene synthases are shown with
black arrows, while reactions thought to be catalyzed by secondary enzymes are indicated by red arrows.
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OPP 3 Lopp
=

Class Il
H terpene synthase
N

Class |
terpene synthase

N
7
DXXD motif D(D/E)XX(D/E) motif

)

S
<

I+<\\

GGPP 5 (-)-ent-CDP 79 ent-kaurene 80

Scheme 9. Cyclization mechanism of the bifunctional CPS/KS type diterpene synthases. The precursor GGPP
5 undergoes an initial protonation dependent cyclization yielding (-)-ent-CDP 79 containing the typical bicyclic
ring system of labdane-type diterpenoids. An ionization dependent dephosphorylation reaction and further

cyclizations result in ent-kaurene 80.
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Scheme 10. Examples of fungal diterpenoid natural products and their producer organisms. (A)
Fuiscoccadiene (top) and labdane-type (bottom) diterpenoid compounds with known biosynthetic gene clusters. (B)
Bioactive diterpenoids isolated from Ascomycota and Basidiomycota for which pathways are not known (see Table
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Scheme 11. Proposed biosynthetic pathway to gibberellic acids (GA) in F. fujikuroi. Production of the
intermediate ent-kaurene 80 from GGPP 5 is catalyzed by a bifunctional CPS/KS type diterpene synthase (see
Scheme 9). Ent-kaurene 80 is oxidized to the final product GA1 by four cytochrome P450s.
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Scheme 12. Triterpenoid biosynthesis in fungi. Cyclization of 2,3-oxidosqualene 113 by an oxidosqualene

cyclase (OSC) via a protonation dependent reaction results in a 6-6-6-5 tetracylic protosteryl cation that is the
precursor to the membrane sterol ergosterol 110 and the bioactive triterpenoid examples shown.
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Figure 1. Putative Basidiomycota sesquiterpene synthases form clades consistent with their initial cyclization
reaction. 117 Basidiomycota genomes listed in JGI were BLAST searched for gene catalogued protein
homologues to Stehil|73029, identifying 777 proteins. Of these, 577 were assembled in an unrooted neighbor-
joining dendrogram with the 22 previously characterized Basidiomycota sesquiterpene synthases, Copl-6
(Coprinus cinerea),” Prol (A. gallica),” Ompl-10 (O. olearius),” Stehil|159379, 128017, 25180, 73029, and
64702 (S. hirsutum).”® Enzymes cluster in clades according to initial cyclization mechanism. Characterized
enzymes responsible for a: 1,10 cyclization of (£,E)-FPP are indicated by purple triangles; 1,10 cyclization of (3R)-
NPP 6 are indicated by blue circles; 1,6 cyclization of (3R)-NPP 6 are indicated by green diamonds; 1,11
cyclization of (E,E)-FPP 4 are indicated by orange squares. The branch consisting of A6-protoilludene 29 synthases
is also highlighted.
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Figure 2. Comparison of the intron architecture predicted by JGI and Augustus, and that found in cloned
and characterized sesquiterpene synthases from S. hirsutum. Included are the transcripts encoding the active
Stehil|25180, 73029, 64702, 128017 and 159379 enzymes. Stop codons are indicated with black arrowheads. Note
that Stehil|64702-short contained an additional splice site compared to the active transcript, while Stehil|159379
isolate 6 was spliced to include a stop codon. An active form of Stehi1|113028 could not be obtained.***
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