
 

 

 University of Groningen

Genomic Wake-Up Call
Samol, Marta

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Samol, M. (2015). Genomic Wake-Up Call: Activating Silent Biosynthetic Pathways for Novel Metabolites in
Penicillium chrysogenum. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/d683abfc-5cff-47c7-86d2-a5b6e7744159


1
CHAPTER 1

General Introduction: Fungal Secondary
Metabolites Gene Clusters: Strategies to

Activate the Biosynthesis of
Non-expressed and Novel Compounds

Marta M. Samol and Arnold J.M. Driessen
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Abstract

Secondary metabolites of fungal species are produced by biosynthetic genes clus-
ters. Polyketide synthase (PKS), non-ribosomal peptide synthetase (NRPS), or
hybrid NRPS-PKS hybrids (HPN) are a part of these clusters and usually catalyze
the main backbone structures of many natural compounds. Since their production
is no absolutely required for the survival of the organism, their expression and
regulation are most often related to particular environmental conditions. The acti-
vation strategies, with the support of genome sequences, range from molecular and
epigenetic modifications to modifications of natural habitats such as microorgan-
ism co-interactions or nutrients accessibility. Examples of successfully applied
techniques for awaking the silent gene clusters are broadly discussed, including
their advantages and limitations.
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1.1 Penicillium chrysogenum

The filamentous fungus Penicillium chrysogenum is a major industrial producer of the
β-lactam antibiotic penicillin. Penicillin was discovered in by Alexander Fleming
in 1928, and since then it has found its application as antimicrobial agent in human
health care. The current industrial high β-lactam yielding strains emerged from clas-
sical strain improvement programs over the last years (Berg et al. [2008]). In 2008,
the genome (32.19 Mb) was sequenced, revealing an unexploited reservoir of non-
ribosomal peptide synthetases and polyketide synthases genes encoding potential
bioactive compounds (Berg et al. [2008]).

1.2 Fungal Megasynthases

A large number of natural products known as secondary metabolites require so-
phisticated multi-domain enzymes for their biosynthesis: Examples of these multi-
functional megasynthases include nonribosomal peptide synthetases (NRPS), polyke-
tide synthases (PKS) and the NRPS-PKS hybrids (HPN). They constitute one of the
largest protein complexes within microbial cells. The study on fungal biosynthetic
gene cluster studies has lagged behind as compared to the bacterial enzymes, which
have been studied extensively. Despite the large size of fungal genes, which contain
introns, and challenges in cloning, several analysis techniques used on bacteria can
still be applied to fungi.

1.2.1 NonRibosomal Peptide Synthetase (NRPS)

In addition to protein amino acids, NRPSs can utilize a variety of non- protein amino
acids to generate peptides, which are different from linear mRNA-directed sequences
of ribosomal derived sequences polypeptides (Döhren [2004]). In contrast to bacteria
in which several NRPSs biosynthetic genes are organized in an operon, fungi may
use a single NRPS gene to synthesize the product (Weber et al. [1994]). However,
the size of fungal NRPS genes is often much larger than that of the bacterial genes
(Finking and Marahiel [2004]).

Mechanisms of NRPS biosynthesis are classified into three categories: (i) linear -
the number and sequence of the modules in the NRPS matches the number and order
of amino acids in the peptide, (ii) iterative - the modules or domains of the synthetase
are used more than once to synthetize the peptide, and (iii) nonlinear - the arrange-
ment of the modules does not match the sequence of amino acids (Cane and Walsh
[1999]). Fungal NRPS pathways tend to be linear (Figure 1.1A) although iterative
pathways are suggested for the synthesis of siderophores, as discussed in Chapter 5
of this thesis. The three basic enzymatic functions at the core of each NRPS mod-
ule are adenylation, thiolation, and condensation (Figure 1.1A). The first structure of
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eukaryotic adenylation domain of the siderophore-synthesizing NRPS (SidN) of the
endophytic fungus Neotyphodium lolii, was identified to specifically accommodate
N’-cis-anhydromevalonyl-N’-hydroxy-L-ornithine (cis-AMHO) in its binding pocket
(Lee et al. [2010]). Structural insights in the A domain of the fungal cis-AMHO ac-
tivating domain (Hur et al. [2012]), and the bacterial phenylalanine-activating do-
main (PheA) of the gramicidin S (Conti et al. [1997]) and 2,3-dihydroxybenzoic acid-
activating domain (DhbE) of the bacillibactin (May et al. [2002]) demonstrate the
presence of large N-terminal domain and a small C-terminal domain, with the active
site located at the junction of these two subdomains (Hur et al. [2012]).

The initial determinant of substrate selectivity, the adenylation domain (A), rec-
ognizes and activates their cognate’s amino acids in a double mode process: while
ATP is consumed the cognate amino acid is selectively bound and converted into
an aminoacyl adenylate intermediate. The activated substrate is transferred to the
thiol group of the 4’-phosphopantetheine on the Peptidyl Carrier Protein (T) domain
and covalently bound through a thioester linkage (Stachelhaus et al. [1995]). The
T domain mediates the transfer of amino acids or peptidyl substrates through the
catalytic step of NRP synthesis (Linne et al. [2001]; Finking and Marahiel [2004]).
Prior to NRP biosynthesis, T domains are post-translational modified (Figure 1.2) by
Phosphopantetheinyl Transferases (PPTases), which is essential for converting the
inactive apo-T to the active holo-T. The 4’PP cofactor - which is bonded as a thioester
- is transferred to a conserved serine residue of the T domain by the PPTase in an
Mg2+- dependent reaction. The 4’PP cofactor acts as a flexible arm to allow the
bound amino acyl and peptidyl substrate to be shuttle between the Ts of each mod-
ule during the peptide elongation process Finking and Marahiel [2004]; Hur et al.
[2012]). The regeneration of the functional 4’-phosphopantethine arm of misprimed
T is catalyzed by a type II thioesterases (TEII), which is encoded by a distinct gene
associated with the NRPS cluster (Schwarzer et al. [2002]). Conversion from the apo
to holo form is performed by 4’PP transferases (Figure 1.2), as shown for the PPTase
from B. subtilis (Sfp) group, can load both CoA and acyl-CoA derivatives as 4’PP
donors (Weinreb et al. [1998]). Acyl-CoA or any incorrect amino acid loaded on the
T results in misprimed NRPSs. This commonly occurring mispriming of the T re-
quires a TEII restoring activity. TEII recognizes and hydrolyses the T bound stacked
aminoacyl and peptidyl substrates (Schwarzer et al. [2002]).. The cleaning activ-
ity after the misaminoacylation prevents further processing of wrong loaded amino
acid and prevents cleavage of the correctly growing peptide (Schwarzer et al. [2002]).
Next to the cleanup function, the TEII enzyme plays a critical role in the deblocking
after T mispriming (Schwarzer et al. [2002]) (Figure 1.2).
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Figure 1.1: Model of the arrangement of fungal megasynthetases domains characteristic for
fungi with respective examples.
A) Linear organization of nonribosomal peptide synthetases (NRPS) based on
penicillin G pathway Lende et al. [2002]. The number and order of the modules
reflects the number and sequence of incorporated amino acids units in the final
peptide. Modules are organized in functional domains that carry out specific steps
in the process: (A) - adenylation domain, (T) - peptidyl carrier protein interchange-
able called thiolation domain, (C) - condensation domain, (TE) - thioesterase, (E) -
epimerization.
B) Organization of Iterative type I of polyketide synthetases (PKS). Each mod-
ules consists of different functional domains carrying out specific catalytic steps:
(AT) - acyl-transferase, (KS) - ketosynthase, (KR) - ketoreductase, (DH) - dehy-
dratase, (TE) - thioesterase, (PT) - product template, (ACP) - acyl carrier protein
interchangeable called thiolation domain, (CMT) - C methyl transferase, (CLC) -
Clasein cyclase, and (ER) - enoyl reductase. Iterative type I polyketide synthetases
contain a single module that is used repeatedly during biosynthesis. Examples
present further subdivision based on modifications during the synthesis of the
growing polyketide chain: (i) non-reducing Crawford et al. [2009], (ii) partially-
reducing Moriguchi et al. [2010], and (iii) highly reducing Ames et al. [2012], Mee-
han et al. [2011].
C) Structural organization of PKS-NRPS hybrids. The example of rubrobramide
Gressler et al. [2011] shown is an iterative highly reducing PKS module fused with
a NRPS module. (ACP) - acyl carrier protein interchangeable called thiolation do-
main.
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Figure 1.2: Model of the recovery of a misprimed T of a NRPS by a type II thioesterase
(TEII). A 4’-phosphopantetheinyl transferase (4’-PPTases) catalyze the transfer of
4’-phosphopantetheine from coenzyme A (CoA) to the hydroxyl group of a con-
served serine residue present in the apo-T, resulting in an activated holo-T. The
apo-T can also be incorrectly modified with an acyl-CoA derivative of another
amino acid because the PPTase exhibits a moderately relaxed selectivity toward
CoA derivatives. To regenerate the inactive NRPS, a TEII-domain hydrolyzes the
thioester and leaves only the 4’PP cofactor on the T, which can be reused in nonri-
bosomal peptide synthesis.

T domains, in both the apo and the holo state, exhibit conformational diversity,
which is an essential prerequisite for the directed movement of the 4’-PP cofactor
and its interaction with externally acting proteins such as thioesterases and 4’-PP
transferase (Koglin et al. [2006]).

Our current understanding of the catalytic mechanism is depicted in Figure 1.2.
Once the amino acyl substrates have undergone all necessary modifications, they
are joined together by the condensation (C-) domain, which is situated at the N-
terminus of each elongation module. The C-domain catalyzes peptide bond forma-
tion with the downstream amino acyl unit that is bound to the T of the adjacent
module (Stachelhaus et al. [1999]). Peptide bond formation presumably involves
deprotonation of the amino (imino, hydroxyl) group and stereochemistry of the in-
coming intermediates (Döhren [2004]). The thioester group of the upstream donor
substrate undergoes a nucleophilic attack by the α-amino group of the downstream
acceptor substrate, forming an amide bond and transferring the peptide intermedi-
ate from one module to the next (Hur et al. [2012]).

While the basic module contains Adenylation, Peptidyl Carrier Protein, and Con-
densation domains, the first module of the NRP system, known as the initiation
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module, lacks a C-domain (Figure 1.1). In addition to the core domains, the mod-
ules may contain tailoring domains which are responsible for the various modifi-
cations that create the diversity in NRPS products. For example Trichoderma virens
produces an 18-residue linear peptide that includes the rare amino acid aminoisobu-
tyric acid. Its N-terminus is acylated and the C-terminal amino acid is hydroxylated
(Wiest et al. [2002]). In contrast an NRPS in Tolypocladium niveum, synthesizes the
cyclic undecapeptide cyclosporine (Weber et al. [1994]). The final product is released
from the T of the termination module through either hydrolysis or macrocyclization
by the thioesterase (TE) domain (Kohli et al. [2001]). In fungi, however, only a few
NRPSs such as the Cyclosporin Synthetase and ACV synthetase are known to re-
lease products via a TE domain. In most cases the chain releases through the action
of a terminal condensation domain (Evans et al. [2011]), called a condensation-like
(C(T)) domain (Gao et al. [2012]). For the most common structures of multimodular
NRPSs, a terminal C domain catalyzes the release of product by means of inter- or
intra-molecular amide bond formation (Keating et al. [2001]), while for monomodu-
lar NRPSs it is a Reductase (R) domain which catalyzes reduction with NADPH to
form an aldehyde (Keating et al. [2001]). A chain release mechanism, which involves
nonenzymatic cyclization by formation of a diketopiperazine ring, was found in the
biosynthesis of fungal ergot alkaloids (Walzel et al. [1997]).

One striking characteristic of nonribosomal peptides is the presence of D-amino
acids in the final natural products, which gives them the unique conformations need-
ed for biological activity. D-Amino acids also serve functional roles, such as orien-
tating the configurations of growing peptides for further modification by tailoring
domains, as seen for example in penicillin (Hur et al. [2012]). D-amino acids may
emerge for an additional E domain, which catalyzes epimerization of an amino acid
from the L to the D configuration at the thioester stage. This reaction is reversible
and the intermediates are thus in equilibrium between the two isomers. Not all D-
configured amino acids are transformed in this reaction. Some adenylate domains
specifically accept D-residues, which have to be supplied by the respective amino
acid racemase. Examples are Ala residues in cyclosporine and in the HC-toxin. The
racemase involved in cyclosporine formation has been characterized in Tolypocla-
dium inflatum and shown to catalyze the reversible pyridoxal phosphate dependent
racemization of alanine (Döhren [2004]). Moreover, the E domain only catalyzes
epimerization of the amino acid while it is tethered to the T and not in its free form,
signifying the critical role of the T domain in efficient catalysis (Linne et al. [2001]).
Another specific domain is the N-methyltransferase domain. In fungi, this domain
is usually present at the C-terminal of the associated A-domain, as for instance in
the cyclosporine synthetase (Weber et al. [1994]). Both N- and C-methyltransferases
can use S-adenosyl methionine as the methyl donor and transfer it to the amino acid,
tethered to the 4’-phosphopantetheine arm of the T domain. In case of the Fusarium
scirpi enniatin synthetase, N-methylated substrates are recognized and bound to the
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T (Hornbogen et al. [2007]). The N-methyltransferase domain of the enniatin syn-
thetase also exhibits enantioselectivity for the L-isomers of the amino acids (Hacker
et al. [2000]).

The Nonribosomal Code

Nonribosomal Peptide Synthetases serve as templates during biosynthesis of many
natural peptides. The sequence of each peptide is encoded within the modular struc-
ture of the respective NRPSs (Döhren et al. [1999]). Substrate recognition and acti-
vation occurs at the adenylation (A) domain of each module. The analysis of crystal
structure of the phenylalanine-activating domain (PheA) of the bacterial gramicidin
S initiation module (Conti et al. [1997]) indicated that the substrate is bound at the
interface of a large N-terminal domain and a small C-terminal domain. This bind-
ing involves 8-10 residues of active site that were confirmed to play a critical role in
recognition (Stachelhaus et al. [1999]). At least, two conformational changes appear
to be necessary for the adenylation domains to properly recognize and activate their
substrates for NRP biosynthesis. Substrate recognition is determined by hydropho-
bic interaction and shape complementarity. The size of the side chain of the substrate
affects the specificity conferring code which is defined by the composition of a set of
critical amino acids which are part of the active site (Villiers and Hollfelder [2009]).
Additionally, other factors such as van der Waals interactions influence substrate
binding (Hur et al. [2012]).

Many techniques have been developed to unravel the code of the NRPS speci-
ficity template. This includes adenylation domain sequence alignments, PPi/ATP
exchange assay to defined specificity (Otten et al. [2007]), and site-directed muta-
genesis (Challis et al. [2000]). Bioinformatics tools have been developed to predict
substrate specificity based on known A domain and physico-chemical properties of
their substrates (Rausch et al. [2005]). Unfortunately none of the prediction meth-
ods that seem to work for prokaryote NRPSs yields reliable results for the fungal
enzymes, indicating the evolution of different types of domains with related speci-
ficities (Döhren [2004]). The specificity of the Fungal A-domains in relation to the
structural types of NRPS is currently under investigation (Bushley et al. [2008]) to
improve the prediction methods.

1.2.2 Polyketide Synthetase (PKS)

The synthesis mechanism of PKS is subdivided into four classes: (i) type I - single
protein with multiple modules that function as a modular-linear assembly line, in
which each active site is used only once, (ii) type I - iterative - single protein with
one module that is used in an iterative manner, (iii) type II - multiple proteins each
with a single functional active site, that may function in an iterative manner or only
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once, and (iv) type III - single protein with multiple modules that may function in an
iterative manner (Watanabe and Ebizuka [2004]). The modular type I are the most
complex of these four classes of PKS enzymes while the type I - iterative is the most
commonly found type in fungi.

Most fungal PKSs consist of a single large polypeptide with multiple domains.
Three domains exhibit basic functions, i.e., acyltransferase (AT), thiolation (T) and
ketosynthase (KS). The acyltransferase catalyzes the thioester exchange between ma-
lonyl-CoA and a thiol group present on a pantetheinyl group attached to an acyl car-
rier protein (ACP) causing the displacement of CoA. Subsequently, the polyketide
chain (or acetate) is transferred from the upstream ACP to an active site serine on a
ketosynthase while the extender unit undergoes decarboxylation. In the final step,
the thioester linkage on the KS domain undergoes a nucleophilic attack by the car-
banion to yield a chain that has been extended by two carbons (Ridley and Khosla
[2007]; Fitzgerald et al. [2011]). In contrast to the substrate-specific fatty acid syn-
thases (FASs) that accept acyl-CoA and acetyl-CoA, PKSs can use other substrates
such as propionyl-CoA, methylmalonyl-CoA, ethylmalonyl-CoA, and methoxymalo-
nyl-CoA, which allow the production of a range of molecules of structural diver-
sity. The presence of genes encoding modifying enzymes clustered together with
the PKSs genes, allows further chemical modifications and an even great structural
diversity which is reflected in large variety of biologically active compounds.

The single-module fungal iterative type I PKSs are subdivided in three cate-
gories; non-reducing, partially reducing, and highly reducing (Figure 1.2B). The in-
crease in reducing nature is direct result of the incorporation of additional ketore-
ductase (KR), dehydratase (DH), and methylase (MT) activities into these multien-
zymes (Cox [2007]). In reducing iterative PKSs the ketone group of a ketide unit
can be reduced to various degrees. This process is catalyzed by ketoreductase (KR),
dehydratase (DH) and enoyl reductase (ER) domains (Kroken et al. [2003]). The KR
domain is responsible for reducing the ketone group to a hydroxyl group, the DH
domain further reduces the hydroxyl group to an enoyl group, which in turn can be
reduced to an alkyl group by the ER domain. Reducing iterative PKSs can also con-
tain C-methyl transferases (C-MT) domains which yield further structural diversity.
The utilization of alternate acyl-CoA molecules such as methyl-malonyl-CoA in this
reaction may result in the introduction of branched structures into the main carbon
chain (Song et al. [2004]).

In the iterative subclass of type I PKS, a single module is used repeatedly. The
exact molecular programming of these enzymes remains cryptic. Example of highly-
reducing fungal PKSs comprises the lovastatin synthases: LovB and LovF both yield
products with a high degree of saturation (Sutherland et al. [2001]). It has been pro-
posed that LovB catalyzes the intramolecular Diels-Alder reaction needed to form
lovastatin. This cyclisation likely occurs on an enzyme-bound hexaketide which is
subsequently extended to the nonaketide (Cox and Simpson [2009]). An example of
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a partially reducing PKS is the 6-Methylsalicylate synthase (MSAS) from Penicillium
patulum, one of the smallest fungal type I PKS (Dimroth et al. [1970]). This uni-
modular enzyme contains an N-terminal KS-domain followed by AT, DH, KR and
ACP-domains. 6-Methylsalicylic acid (6-MSA) is synthesized from one acetate moi-
ety and three malonate molecules in a process that includes several repeated events
(Cox and Simpson [2009]). After the third cycle, the chain undergoes cyclisation, de-
hydration and enolisation to yield the aromatic 6-MSA. The absence of a terminating
thioesterase (TE) domain suggests that the release of the chain follows an alternative
mechanism rather than the typical hydrolytic event (Staunton and Weissman [2001]).

Non-reducing PKSs produce aromatic compounds such as orsellinic acid, penta-
ketide-derived 1,3,6,8-tetrahydroxynaphthalene (THN), and norsolorinic acid, the
intermediate of aflatoxin B biosynthesis (Brown et al. [1999]). Their biosynthetic
modules contains KS, AT, and ACP domains, but no KR or ER domains. These
enzymes contain two novel domains (Udwary et al. [2002]), i.e., a central product
template (PT) domain that may be involved in the control of polyketide interme-
diate chain-length, folding, and stabilization, and a starter unit-ACP transacylase
(SAT) domain present at the extended N-terminus of these PKSs. In silico analysis
of the SAT domain revealed a similarity to known malonyl CoA: acyl carrier pro-
tein transacylases (malonyl transferases, MAT). Just like several other fungal non-
reductive PKSs; WA PKS synthesizing naphthopyrone in A. nidulans or PKS1 synthe-
sizing THN in Colletotrichum lagenarium, contain a terminal TE/CLC domain (Fujii
et al. [2000]). The Claisen cyclase (CLC) domain affects the release of the polyke-
tide product from the PKS by a resorcinol ring-forming Claisen condensation reac-
tion (Fujii et al. [2001]). The CLC has also been implied in controlling chain length,
specifically that it intercepts the polyketide intermediate from the ACP domain dur-
ing chain elongation to produce the shorter chain-lengths (Cox and Simpson [2009]).

1.2.3 Polyketide Synthetase - Nonribosomal Peptide Synthetase
Hybrids PKS-NRPS (HPN)

Fungal polyketide synthetase - nonribosomal peptide synthetase (PKS-NRPS) hy-
brids produce a large group of structurally complex molecules. A few examples
are: cytochalasins (Scherlach et al. [2010]), the neuritogenic and immunosuppres-
sive agent pseurotin A (Komagata et al. [1996]), cyclopiazonic acid (Tokuoka et al.
[2008]), and flavipucine (Gressler et al. [2011]). PKS-NRPS hybrids usually contain a
highly reducing PKS, in which individual domains are programmed to function in
an iterative manner. The process of biosynthesis starts with a ketosynthase domain
(KS), which elongates an acetyl-CoA starter unit with malonyl-CoA extenders that
are loaded onto the acyl carrier protein (ACP) with the help of the acyl transferase
domain (AT) (Boettger and Hertweck [2013]). After each elongation step, the ketore-
ductase (KR), dehydratase (DH), and enoyl reductase (ER) domains mediate further
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β-keto processing steps (Staunton and Weissman [2001]). A characteristic trait of
fungal PKS-NRPS hybrids is the lack of an intact ER domain within the PKS module
(Halo et al. [2008]). Its catalytic function is either not essential for product formation,
or is fulfilled by a trans-acting ER domain of another protein encoded a gene present
in the biosynthetic gene cluster or elsewhere in the genome. The NRPS module is re-
sponsible for the selection and activation of specific amino acids via the adenylation
domain (A), which loads the aminoacyl residue onto the T domain. After comple-
tion of the polyketide chain, the condensation (C) domain catalyzes the fusion of the
C-terminus PKS structure to the activated amino acid to yield an amide (Cox [2007]).
There are two possible strategies to release the amide. In the first strategy, terminal
reductive domain (R) facilitates a reductive release, thereby generating a free alde-
hyde that could undergo a Knoevenagel condensation to form a pyrrolinone (Sims
and Schmidt [2008]). Alternatively, a tetramic acid derivative can be released directly
through a Dieckmann cyclization reaction catalyzed by the terminal domain (D).
The characteristic primary products of the hybrid synthetase are tetramic acids (2-
pyrrolidones). A typical PKS-NRPS hybrid contains approximately 10 catalytic do-
mains, is larger than 400 kDa, and synthesizes acyltetramic acid (3-acyl-pyrrolidine-
2,4-dione) (Boettger and Hertweck [2013]). Branches in the chain are usually intro-
duced through S-adenosylmethionine (SAM)-derived α-methylation of the growing
polyketide chain by designated C-methyltransferase (MT) domains.

1.3 Bioinformatic Analysis of Secondary Metabolite
Genes in Fungal Genomes

The large number of sequenced genomes that have become available during recent
years, and the increased understanding of the functional and mechanistic variations
of the NRPS and PKS megasynthases have inspired bioinformatics screens for the ge-
nomic distribution of these enzymes and a prediction of their function. Web-based in
silico studies have turned into a frontier field contributing to reliable prediction tools
for natural products research (Jenke-Kodama and Dittmann [2009]). Using BLAST
analysis, an assignment of putative polyketide synthase (PKS), non-ribosomal pep-
tide synthetase (NRPS), and hybrid PKS-NRPS genes can be made (Sanchez et al.
[2012]). More advanced genome scanning methods (Li et al. [2009]) allow the iden-
tification of PKS domains and a prediction of the molecule formed based on the use
of certain precursor units (Yadav et al. [2003]), a prediction of the amino acid speci-
ficity of adenylation domains of NRPSs (Rausch et al. [2005]), and the construction
of a nonribosomal peptide (NRP) database including a prediction of their biological
activity (Abdo et al. [2012]). It should be emphasized however that the prediction
of adenylation domain specificity works reasonable well for bacterial NRPSs, but for
the fungal domain, this method is still highly unreliable. The rapid progress in open
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source secondary metabolite screening methods is further assisted by a growing
number of bioinformatics tools to process the high volume of high-resolution mass
spectrometers data (Scheltema et al. [2011]). Several of these web-based programs of-
fer analysis of filamentous fungi set of genes and proteins on many different aspects
(Khaldi et al. [2010]; Priebe et al. [2011]). A functional association of biosynthetic
gene clusters with their natural products is provided with the Secondary Metabolite
Analysis Shell (antiSMASH) (Medema et al. [2011]). After investigation of putative
secondary metabolites in silico experimental methods need to be applied to identify
and validate the natural compound. Web-based studies of silent NRPS and HPN of
P. chrysogenum will be discussed in details in Chapter 7 of this thesis.

1.4 Molecular Methods for Secondary Metabolite
Identification

1.4.1 Canonical Molecular Techniques

Gene targeting is a useful technique to study fungal secondary metabolism, though
it is only viable option when a metabolite is constitutively (or at least under certain
conditions) produced by the strain (Bergmann et al. [2010]). During recent years,
various strategies for promoting high efficiency homologous gene replacement or
inactivation have been developed for a range of filamentous fungi. The Ku pro-
tein, a heterodimer of two polypeptides Ku70 and Ku80 functionally conservative
in humans (Hentges et al. [2006]) as well as in P. chrysogenum (Snoek et al. [2009]),
is responsible for non-homologous end-joining repair. When the Ku homologs in
Neurospora crassa, Aspergillus sp., and P. chrysogenum were deleted, the efficiency of
homologous integration of exogenous DNA improved substantially (Ninomiya et al.
[2004]; Nayak et al. [2006]; Krappmann et al. [2006]; Snoek et al. [2009]; Hoff et al.
[2010]). A successful knockout study was performed in A. nidulans to functionally
characterize the pathway containing a PKS and an NRPS that produce the cyclic
polyketide peptide emericellamides (Chiang et al. [2008]). Deletion of either of these
genes eliminated the production of these compounds. The inactivation of particu-
lar genes of the cluster might result in the formation of product intermediate and
in this way a biosynthetic pathway can be worked out. However, the susceptibility
of some intermediates to spontaneous rearrangements, degradation, or catalysis by
endogenous enzymes can complicate analysis (Sanchez et al. [2012]). The use of pro-
moter replacement for gene overexpression as a means to activate the production of
silent secondary metabolite in P. chrysogenum genes will be discussed separately in
Chapter 7 of this thesis.
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1.4.2 Heterologous Expression and Engineering of Megasynthetase
Genes

Heterologous expression of specific genes in more suitable host is an efficient method
for generating the associated natural products and to reveal the function of associ-
ated genes in a biosynthetic pathway (Sanchez et al. [2012]). Selection of the op-
timal host plays a critical role in effectiveness of this technique. Chen et al (Chen
et al. [2008]) established an improved system for fungal secondary metabolite gene
expression by A. oryzae. In this strain the transcriptional regulator for secondary
metabolite production laeA was strongly expressed by the use of a constitutive pro-
moter. Using this strain, the monacolin K (MK) gene cluster from Monascus pilosus
(Chen et al. [2008]) and the terrequinone A (TQ) gene cluster from Aspergillus nidu-
lans (Bouhired et al. [2007]) were successfully expressed, resulting in the production
of the corresponding products (Sakai et al. [2012]). The biosynthetic gene cluster for
MK was obtained from a cosmid library of M. pilosus. Transformants harboring two
cosmids produced the final product monacolin K and an intermediate monacolin J
(MJ) and completed a series of biosynthetic reactions even though the required genes
were introduced at separate positions on the genome. Also the successful production
of terrequinone A, composed of two molecules of tryptophan and an isoprene unit
has been reported. Herein, A. oryzae served as a host for expression of the A. fumi-
gatus PKS-NRPS hybrid gene cpaA, placed under control of an α-amylase promoter.
This yielded the biosynthetic intermediate of the α-cyclopiazonic acid (CPA) path-
way cyclo-acetoacetyl-L-tryptophan (cAATrp) (Seshime et al. [2009]). Interestingly,
the biosynthesis of the antitumor fungal metabolite terrequinone A, common found
in Aspergilli sp., was realized in the bacterial host Escherichia coli (Balibar et al. [2007]).
This approach in principle allows for a high production of secondary metabolites
that in the original hosts are produced at very low or even undetectable amounts.

Through engineering, multi-domain megasynthases can also be formed to gen-
erate new compounds. A. nidulans PKS domains were engineered by swapping
the AfoE (asperfuranone biosynthesis) SAT domain with the StcA (sterigmatocystin
biosynthesis) SAT domain (Liu et al. [2011]). The asperfuranone biosynthesis path-
way, similar to all azaphilones, involves two PKSs, namely the HR-PKS AfoG and the
NR-PKS AfoE. AfoG is responsible for the biosynthesis of the dimethyloctadienone
moiety, which is loaded on the SAT domain of AfoE, extended with four malonyl-
CoAs units, and modified with S-adenosyl methionine (SAM). StcA, the NRPS-PKS
in the sterigmatocystin biosynthesis pathway accepts the hexanoyl starter unit pro-
duced by the fatty acid synthase (FAS) (Liu et al. [2011]). The replacement resulted in
the formation of a new metabolite containing a naphthaquinone chromophore with
the same chain length as the native AfoE product (Liu et al. [2011]).

Novel compounds can also be produced through a re-arrangement of NRPS mod-
ules (Stachelhaus et al. [1995]). This was first done on a NRPS of the srfA operon that
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is responsible for the synthesis of the lipopeptide antibiotic surfactin in B. subtilis.
Coding regions of the Phe, Orn-, and Leu-activating domains of the NRPS of the
grs operon from Bacillus brevi, and the Cys and Val domain of the acvA gene from P.
chrysogenum were amplified by PCR a used to replace the amino acid-activating do-
mains within the srfA operon, which encodes the protein templates for the synthesis
of the lipopeptide antibiotic surfactin in B. subtilis . This gene was then inserted into
the chromosome by double cross-over and marker exchange. This resulted in the
production of new compounds with slightly reduced activity compared to original
product (Stachelhaus et al. [1995]). Replacement of modules is a promising tool al-
lowing the production of novel metabolites. However, this approach is limited by
uncertainties of the exact boundaries between domains within a module, and often
involves complex cloning methods.

1.4.3 Gene Cluster- Specific Transcriptional Regulators

Ectopic overexpression of the pathway-specific regulator under the control of an in-
ducible promoter has led to the discovery of novel secondary metabolites produced
by a PKS-NRPS in A. nidulans (Bergmann et al. [2010]). The putative transcriptional
activator apdR was placed under the control of the inducible alcohol dehydrogenase
promoter alcA, and under inducing conditions this resulted in the activation of the
expression of a hybrid PKS-NRPS gene together with five other predicted pathway
genes at the apd locus. As a result two new cytotoxic metabolites, aspyridones A and
B, which belong to the pyridone class of metabolites, were identified (Bergmann et al.
[2010]). Pathway-specific regulatory genes are often present in secondary metabolite
gene clusters and thus interferences with their expression allows for the concerted
expression of all pathway genes. Furthermore, this approach has the advantage that
only a small gene needs to be cloned, and in the case of the apd cluster an ectopic
integration was sufficient, thus bypassing all limitations of homologous recombina-
tion (Bergmann et al. [2010]). Another example of the discovery of new metabolites
using the same methodology concerns the asperfuranone biosynthetic pathway in A.
nidulans (Chiang et al. [2009]). Here, a transcription activator located next to the two
PKSs was overexpressed. This transcriptional activator contains a fungal Zn2Cys6
binuclear cluster at its N-terminus. The native promoter was replaced with the in-
ducible alcohol dehydrogenase promoter alcA, and this yielded the asperfuranone
compound with a novel polyketide structure, including a highly reduced side chain
and an aromatic furan subunit. Moreover, the method provided evidence that two
different types of PKSs are necessary for the biosynthesis of this compound (Chiang
et al. [2009]). Biosynthesis of asperfuranone could also be activated by expression
of the regulatory gene scpR using the inducible alcohol dehydrogenase promoter
alcA(p) (Bergmann et al. [2010]). The ScpR transcription factor is flanked by two
silent NRPS genes, inpA and inpB that are located on chromosome II, whereas the as-
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perfuranone gene cluster is located on chromosome VIII. Most likely, ScpR controls
the asperfuranone gene clusters directly by binding to the promoter of the polyketide
cluster-specific regulator gene. This phenomenon was termed regulatory cross-talk
(Bergmann et al. [2010]). AflR - a well-studied regulator of the 25 genes cluster of
aflatoxin biosynthesis- harbors a zinc cluster motif and belongs to a large family of
fungal transcriptional activators. Disruption of aflR eliminates the expression of the
aflatoxin biosynthesis structural genes (Yu et al. [1996]) and modification of its pro-
moter region altered the expression of the genes associated with this cluster (Ehrlich
et al. [1998]).

1.5 Chromatin Landscape and Epigenetic Regulation

The flow of genetic information of eukaryotic organisms from DNA to RNA and
subsequently to proteins is governed by chromatin alterations. The process of gene
expression responds to internal and external signals (Brosch et al. [2008]). For in-
stance, crucial cell processes such as differentiation and development (Jones and
Baylin [2002]; Robertson [2005]), metabolic production (Bok et al. [2006]), and en-
vironmental adaptation (Grimaldi et al. [2006]) are controlled by complex regula-
tory networks. Chromatin is a highly organized structure of genomic DNA with
associated conserved histone proteins. The fundamental unit of chromatin is the
nucleosome (Kornberg and Thomas [1974]), in which 146 base pairs of DNA are
wound around core histone octamers (consisting of two each of the histone proteins
H2A, H2B, H3, and H4). Nucleosomes form an 11 nm fiber, which may be further
condensed into a 30 nm fiber. This compression is accrued by the incorporation of
the linker histone H1 (Brosch et al. [2008]). The compact package of chromatin in
nucleus of eukaryotic cell has a major impact on transcription (Sterner and Berger
[2000]). After the RNA polymerase is recruited, the transcriptional complex moves
along the DNA where it may encounter this high degree of compaction. However,
the structure of chromatin is dynamic and this involves the ATP-dependent chro-
matin remodeling (Cairns [2009]). Filamentous fungi contain a single H1 protein
with the tripartite structural organization (Kasinsky et al. [2001]). The linker histone
H1 exhibits a low degree of conservation in filamentous fungi and displays a rela-
tively high interspecies diversity e.g., Ascobolus immerses and Saccharomyces cerevisiae
(Escher and Schaffner [1997]; Barra et al. [2000]). In A. nidulans, deletion of the H1
ortholog did not result in any phenotype (Ramón et al. [2000]). The core histones
(H3, H4, H2A, H2B) are highly conserved basic proteins that each consist of a glob-
ular domain and a flexible N-terminal tail that is subject to posttranslational mod-
ifications (Cichewicz [2009]). These covalent modifications include acetylation of
lysine (Loidl [1994]; Sterner and Berger [2000]), phosphorylation of serine and thre-
onine (Nowak and Corces [2004]), methylation of lysine and arginine (Zhang and
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Reinberg [2001]; Lachner and Jenuwein [2002]) ubiquitination of lysine (Davie and
Murphy [1990]), ADP-ribosylation of arginine and lysine (Adamietz and Rudolph
[1984]), sumoylation of lysine (Nathan et al. [2003]), as well as glycosylation, car-
bonylation, and biotinylation of various other residues (Liebich et al. [1993]; Hymes
et al. [1995]; Wondrak et al. [2000]). The specific pattern of modified residues was de-
fined as the "histone code" and determines the chromatin conformation (Figure 1.3)
for euchromatin and heterohromatin (Gottschling [2004]). In contrast to heterochro-
matin, euchromatin formation is associated with large number of coding sequences,
also known as "open" state or "transcriptional active".

HepA HepA HepA

HdaA
ClrD CclA

COMPASS

LaeA

VELVET

EsaA

Heterochromatin Euchromatin

H3K9me2
H3K9me3

H3K9me2
H3K9me2

H3K9me3 H3K9me3
H3K4me3

H3K4me2

H4K12Ac

H3K4me3

H3K4me2

H4K12Ac

Figure 1.3: Scheme of the remodeling of chromatin by protein regulatory complexes and
enzymes associated with silencing (Heterochromatin) and expression (Euchro-
matin) of secondary metabolites gene clusters in Aspergillus nidulans. HdaA
belongs to the histone deacetylases (HDACs) family and deacetylates the ε-amino
group of lysine. Deletion or inhibition of HdaA in A. nidulans leads to the over-
production of several secondary metabolites (Shwab et al. [2007]). Examples of
HDACs include Clr2 and Clr3 in Schizosaccharomyces pombe (Bjerling et al. [2002];
Bjerling et al. [2004]), and had-1 and had-3 in Neurospora crassa (Smith et al. [2010]).
The di- and trimethylation of lysine 9 of histone 3 is used as heterochromatic
marker. This process is catalyzed in A. nidulans by a ClrD histone H3K9 specific
methyltransferase (orthologs Clr4 in S. pombe (Yamada et al. [2005]) and DIM-5 in
N. crassa (Lewis et al. [2010b])). Repression of the expression of secondary metabo-
lite genes correlates with the presence of the heterochromatin protein 1 HepA in
A. nidulans (Reyes-Dominguez et al. [2010]), and HP1 in S. pombe (Bannister et al.
[2001]) and in N. crassa (Honda and Selker [2008]). Histone 4 acetyltransferase
(EsaA) activates the expression of these genes through acetylation of lysine 12 on
histone 4 (H4K12) (Soukup et al. [2012]). Acetylation of histone 4 and di- and
trimethylation of histone 3 (H3K4) have been shown to be associated with active
gene transcription (Reyes-Dominguez et al. [2010]; Soukup et al. [2012]). Sec-
ondary metabolites expression is promoted by COMPASS (containing the CclA
protein) (Chiang et al. [2010]) and the Velvet complex containing global regulator
LaeA (Bayram et al. [2008a]).
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1.5.1 Acetylation

For long it was believed that histone acetylation correlates with gene expression
through neutralization of the positive charge of the ε-amino group of lysine (Brosch
et al. [2008]). Histone acetyltransferase (HAT) catalyzes the transfer an acetyl group
from acetyl-coenzyme A (acetyl-CoA) to the ε-amino group of certain lysine side
chains present at the basic N-terminal tail of histone (Sterner and Berger [2000]).
Upon acetylation of the ε-amino group the corresponding amide is formed, which
remains neutral at physiological pH and does not preferentially bind to DNA. These
changes in affinity for DNA contribute to the transitioning between the ’open’ and
’closed’ chromatin states. Histone acetylation modulates the chromatin structure, re-
duces the interaction with DNA and the interaction between nucleosomes, promotes
the recruitment of transcriptional factors (Spange et al. [2009]), and regulates gene
activation and silencing (Cichewicz [2009]).

In filamentous fungi, evidence of that secondary metabolite gene expression cor-
relates with chromatin acetylation come from experiments on the A. nidulans sterig-
matocystin biosynthetic pathway (Reyes-Dominguez et al. [2010]; Strauss and Reyes-
Dominguez [2011]) and the A. parasiticus aflatoxin (Roze et al. [2007]). Overexpres-
sion of the EsaA (a homolog of the Saccharomyces cerevisiae MYST family acetyl-
transferase Esa1) histone 4 acetyltransferase (Figure 1.3) increased gene expression
through acetylation of lysine 12 of histone 4 (H4K12) and impacted the expression
of the sterigmatocystin, penicillin, terrequinone, and orsellinic acid gene clusters in
A. nidulans (Soukup et al. [2012]). The level of histone acetylation is controlled by
histone deacetylases (HDAC) that play a role in transcriptional elongation (Johns-
son and Wright [2010]). HDACs are categorized into three families: (i) the sirtuins,
(ii) the classical, and (iii) the HD2-like enzymes (Brosch et al. [2008]). The classi-
cal enzyme family is further divided into three classes and their role in expression
has been investigated in several fungal species (Graessle et al. [2000]; Trojer et al.
[2003]; Torreblanca et al. [2003]). The gene HDC1, related to the Saccharomyces cere-
visiae HOS2 - the classical RPD3-type protein (1 class) enzyme, is required for full
virulence of C. carbonum (Baidyaroy et al. [2001]). The classical HDA1-type (2 class)
enzyme histone deacetylase (HdaA) of A. nidulans is the main responsible enzyme
for histone deacetylation (Tribus et al. [2005]). Deletion of the hdaA gene increased
the expression of two telomere-proximal gene clusters and effected the production
of several secondary metabolites (Shwab et al. [2007]). The third class of enzymes
includes a novel subgroup of HDACs (Brosch et al. [2008]) that were shown to mod-
ulate histone acetylation at the level of the promoter regions of FUM1 and FUM21
that are involved in the biosynthesis of Fumonisin B (FB) (Visentin et al. [2012]).
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1.5.2 Histone Deacetylase Inhibitors

Deacetylation of histones by histone deacetylases (HDACs) is related to the forma-
tion of the closed chromatin structure. Blocking this process by inhibiting these en-
zymes also leads to expression of cryptic secondary metabolite genetic loci. This
technique does not require strain-dependent genetic manipulation and can be ap-
plied to any fungal species (Brakhage and Schroeckh [2011]). The ability to signif-
icantly modulate the transcription level through the use of inhibitors has also at-
tracted the attention to human health research (Ferrante et al. [2003]; Hockly et al.
[2003]) because of their potential use in therapeutics (Dowdell et al. [2009]). HDAC
inhibitors distinguish class-selectivity and isoform-selectivity because of subtle dif-
ferences in the active sites of HDAC isoforms (Bieliauskas and Pflum [2008]; Khan
et al. [2008]). Analogs of Trichostatin A (TSA), trapoxin B, and suberoylanilide hy-
droxamic acid (SAHA), which do not show any specificity among the HDAC en-
zymes (Cole [2008]), were successfully applied in filamentous fungi to modulate
gene expression. Treatment of A. niger with SAHA resulted in a new fungal metabo-
lite - nygerone A - featuring a unique 1-phenylpyridin-4(1H)-one core (Henrikson
et al. [2009]). Examination of the transcriptional pattern of secondary metabolite en-
coding biosynthetic gene clusters in A. niger after addition of SAHA, showed a strong
upregulation of 14 biosynthetic gene clusters with preference for reducing PKS type
I enzymes (Fisch et al. [2009]). The activation of a silent hybrid PKS/NRPS biosyn-
thetic pathway by the inhibitor SAHA yielded EGM-556, a new cyclodepsipeptide
isolated from the Floridian marine sediment-derived fungus Microascus sp. (Ver-
voort et al. [2011]). The production of Class B Fumonisin mycotoxins could be in-
duced by TSA when added to cultures of the fungal pathogen Gibberella moniliformis
(anamorph Fusarium verticillioides) (Visentin et al. [2012]).

1.5.3 Methylation

Protein methylation involves the transfer of a methyl group from S-adenosyl-L-me-
thionine (SAM) to acceptor groups on substrate proteins. Specific methylation may
occur on lysine and arginine of histones and non-histone proteins (Stallcup [2001]).

Arginine Methylation

Modifications of histones may also occur at the arginine residues present in the N-
terminal tail of H3 (R2, R8, R17, R26) and H4 (R3) (Brosch et al. [2008]). Arginine can
be mono- or dimethylated by members of the protein arginine methyltransferase
(PRMT) family (Gary and Clarke [1998]). PRMTs catalyze the transfer of methyl
groups from SAM to the histone arginine. Three PRMT enzymes were characterized
in Aspergillus and Neurospora (Borkovich et al. [2004]; Trojer et al. [2004]). PRMTs
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have been implicated in a variety of cellular processes such as oxidative stress re-
sponse or modification of histone proteins (Bauer et al. [2010]). The high level of
specificity for individual core histones in A. nidulans suggests an important role
in transcriptional regulation by the modification of histone proteins (Bauer et al.
[2010]).

Lysine Methylation

Methylation affects residues, i.e. lysines 4, 9, 14, 27, 36, and 72 of histone H3 and
lysines 20 and 59 of histone H4 (Brosch et al. [2008]). Methylation of DNA and
methylation of lysine 9 on histone H3 (H3K9) (Figure 1.3) is associated with gene
silencing in many animals, plants, and fungi. This modification allows for an addi-
tional level of chromatin regulation, thus each lysine amino acid can be mono-, di-,
or trimethylated by enzymes of the SET domain-containing histone lysine methyl-
transferase (HKMT) family.

Genetics studies with N. crassa have revealed that a DNA methyltransferase (DIM-
2) (Kouzminova and Selker [2001]), a histone H3K9 methyltransferase (DIM-5) (Ta-
maru and Selker [2001]), and the heterochromatin protein 1 (HP1) are required for
DNA methylation. N. crassa utilizes DNA methylation to inhibit transcription of
heterochromatin (Figure 1.3). This process is controlled by the histone methyltrans-
ferase DIM-5 (ClrD ortholog in A. nidulans), which trimethylates lysine 9 of histone
H3, leading to recruitment of the DNA methyltransferase DIM-2. DIM-2 interacts
with HP1 (HepA ortholog in A. nidulans) to form a stable complex that is indepen-
dent of the trimethylation of histone H3K9. In contrast, the association of DIM-2
with its substrate does depend on H3K9me3. The DIM-2/HP1 complex does not
involve DIM-5. DIM-5 methylates histone H3K9 which is then recognized by the
chromo domain of HP1 and the DIM-2 DNA methyltransferase containing protein
complex (Honda and Selker [2008]). DIM-7 is essential for the recruitment of DIM-
5 to form heterochromatin (Lewis et al. [2010b]). DIM-5 and DIM-7 are required
for H3K9me3, DNA methylation, and proper chromosome segregation (Lewis et al.
[2010a]). Among these, lysine 9 methylation on histone H3 (H3K9me) and hypoacety-
lation are evolutionarily conserved processes and are found in both multicellular
eukaryotes and in single-cell model organisms such as fission yeast (Hansen et al.
[2011]).

Trimethylation of H3K9 and accumulation of HepA (ortholog of HP1 in N. crassa)
are associated with the silent sterigmatocystin cluster in A. nidulans during the ac-
tive growth phase. In the wild type, the levels of HepA and trimethylation of H3K9
decrease concomitantly with increasing levels of acetylated histone H3 and the tran-
scriptional activation of secondary metabolite genes (Figure 1.3). A. nidulans mutants
lacking HepA and trimethylated H3K9 show an overexpression of several genes in-
volved in the biosynthesis of sterigmatocystin, penicillin, and terrequinone A. The
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effect of decreased H3K9me3 (Figure 1.3) levels is restricted to the sterigmatocystin
genes located within the gene cluster, while the genes located outside of this cluster
are not subject to a de-repression (Reyes-Dominguez et al. [2010]). Proteins involved
in chromatin remodeling such as LaeA (see below), ClrD, CclA, and HepA (Fig-
ure 1.3) affect the regulation of secondary metabolite gene clusters located near the
ends of chromosomes in areas termed subtelomeric regions (McDonagh et al. [2008];
Palmer et al. [2010]).

In the fission yeast Schizosaccharomyces pombe, deletion of silencing factor Clr2
not only affects transcriptional repression in the mating-type region located in a well
characterized heterochromatic region, but it also affects centromeric silencing. Clr2 is
also necessary for histone hypoacetylation in the mating-type region, suggesting that
Clr2 acts upstream of histone deacetylases to promote transcriptional silencing (Bjer-
ling et al. [2004]). Clr3, a fission yeast homolog of the mammalian class II HDACs, is
found throughout the nucleus (Bjerling et al. [2002]), recruits Clr4 (ClrD ortholog in
A. nidulans), and mediates H3K9 methylation at the silent mating-type region and the
centromeres. Clr3 contributes to heterochromatin maintenance by stabilizing H3K9
trimethylation and by preventing histone modifications associated with active tran-
scription (Yamada et al. [2005]). Genetic analyses indicate that gene silencing might
be regulated by at least two overlapping histone deacetylase activities (Grewal et al.
[1998]). Studies on fission yeast revealed that heterochromatin induces the elimina-
tion of nucleosome-free regions (NFRs) by employing, next to the Clr4 and the HP1
proteins, two catalytic activities of the SHREC histone deacetylase (HDAC)/ATPase
effector complex (Garcia et al. [2010]). Mutation of the two genes, hda-1 and hda-3,
caused the partial loss of DNA methylation in N. crassa (Smith et al. [2010]). Deacety-
lases can act in concert with, or independently of the widely studied H3K9me mark
to influence gene silencing at heterochromatic loci (Hansen et al. [2011]). The ab-
sence of acetyled residues enables mono-, di- or tri-methylation of H3K9 (H3K9me)
by the histone methyltransferase Clr4 in Schizosaccharomyces pombe (Rea et al. [2000];
Noma et al. [2001]). This histone modification is recognized by one of the principal
components of heterochromatin, the heterochromation protein 1 (HP1) (Cryderman
et al. [1998]). The HP1 protein recognizes H3K9 methylation via the amino terminal
chromodomain that is necessary for both targeting and transcriptional repression
(Fanti and Pimpinelli [2008]), and which is also present in the transcribed region of
all active genes examined. Although HP1 is predominantly associated with pericen-
tric heterochromatin, it is also found at many euchromatic sites where it can promote
repression in both H3K9 methylation dependent and independent processes (Lewis
et al. [2010a]). This modification is dynamic, as increases during the activation of
transcription in mammalian cells while it is rapidly removed upon gene repression
(Vakoc et al. [2005]).

Mutants defective in critical component of the COMPASS (Complex Proteins As-
sociated with Set1) complex (Figure 1.3) in A. nidulans have been shown to acti-
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vate the expression of cryptic secondary metabolites gene clusters (Bok et al. [2009]).
COMPASS is a conserved eukaryotic transcriptional effector, which both facilitates
and represses chromatin-mediated processes through methylation of lysine 4 of hi-
stone H3 (H3K4) (Figure 1.3). CclA is an ortholog of Bre2 in Saccharomyces cerevisiae
and part of the COMPASS complex. Loss-of-function CclA strains allowed for the
expression of at least two silent gene clusters, one yielding the active anthraquinone
constituents monodictyphenone and emodins, and the second yielding the polyke-
tides F9775A and F9775B (Bok et al. [2009]). The latter two anti-osteoporosis yellow
polyketides were previously isolated from Paecilomyces carneus (Bok et al. [2009]).
Monodictyphenone is known from the marine fungus Monodictys putredinis (Krick
et al. [2007]). Monodictyphenone and emodin share a similar aromatic polyketide
structure and the biosynthetic pathway was elucidated by series of genes deletions
in the mdp cluster (Chiang et al. [2010]). The role of CclA in the methylation of ly-
sine 4 of H3 (Figure 1.3) was confirmed by chromatin immunoprecipitation studies
showing a reduction of H3K4me2 and H3K4me3 in the cclA deletion strain (Bok
et al. [2009]). The reduced amounts of H3K4me2/3 appeared to be coupled with low
levels of H3K9me2/3 in the genes inside the cluster but not in the flanking, non-
expressed genes at the 5’ end of the cluster, which are required for de-repression
during secondary metabolism (Bok et al. [2009]). H3K9me2/3 is a chromatin marker
associated with gene silencing and heterochromatin formation (Figure 1.3).

1.5.4 Chromosomal Location

Chromatin-level control is involved in several silencing phenomena in fungi besides
the regulation of secondary metabolite clusters. It is also engaged in mating type
switching (Hansen et al. [2011]), telomere position effect (TPE) (Palmer et al. [2010]),
silencing of ribosomal DNA, and regulation of genes involved in nutrient acquisi-
tion (Palmer and Keller [2010]). Possibly the best-understood silencing phenomenon
is TPE, which has been demonstrated in several organisms from yeast to humans.
Telomere position effect is a eukaryotic phenomenon resulting in gene repression
in areas immediately adjacent to telomere caps (Palmer et al. [2010]). In fungi, TPE
has been identified in S. cerevisiae (Tham and Zakian [2002]), Sc. pombe (Nimmo
et al. [1994]), N. crassa (Smith et al. [2008]), and A. nidulans (Palmer et al. [2010]).
There is considerable mechanistic conservation of TPE mechanisms between fungal
species including A. nidulans, where partial de-repression was observed in strains
with a deletion background of HepA, ClrD, and HdaA (Palmer et al. [2010]). Core
heterochromatin-activating or maintenance proteins (HepA, ClrD and HdaA) (Fig-
ure 1.3) are involved in TPE regulation by altering the chromatin landscape (Palmer
et al. [2010]).

Chromosomal location effects are also apparent in filamentous fungi (Greenstein
et al. [2006]). Silencing of the fission yeast mating-type cassettes, which are located
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in a well-characterized heterochromatic region, is hardly affected in cells lacking
the H3K9 methyltransferase Clr4. Clr5 and Clr6 can act in concert with, or in-
dependently of H3K9 methylation, analogous to histone deacetylases in N. crassa.
The silencing mechanisms involving H3K9 methylation and deacetylation cooper-
ate to ensure that the genes that are naturally present in the mating-type region re-
main silent under conditions where their expression would otherwise kill the cells
(Hansen et al. [2011]). During murine infection by A. fumigatus, 28% of the sub-
telomeric and 30% the lineage-specific gene repertoires, respectively, are induced rel-
ative to a control. Physically clustered genes, including locational biased pseurotin,
gliotoxin, and siderophore biosynthesis gene clusters are transcribed during success-
ful pathogenicity of A. fumigatus (McDonagh et al. [2008]). The secondary metabolite
clusters are most likely located in regions of facultative heterochromatin, which can
be silenced and activated by both canonical and novel chromatin-mediated mech-
anisms (Palmer and Keller [2010]). One conserved feature of subtelomeric DNA
sequences, which also includes secondary metabolite gene clusters, is the presence
of repetitive elements (REs). Interestingly, both the order and specific location of
biosynthetic genes within a cluster and also the chromosomal location of the entire
cluster itself with additional putative epigenetic forces play a role in the genetic reg-
ulation of secondary metabolite production in fungi.

1.5.5 LaeA - Global Regulator

The Loss of aflR expression A (LaeA) is a pleiotropic regulator of secondary metabo-
lism, first reported in 2004 in A. nidulans (Bok and Keller [2004]). LaeA is a nuclear
localized protein and part of the heterotrimeric Velvet nuclear complex (Figure 1.3);
together with VelB and VeA it functions as a light-regulated developmental factor
(Bayram et al. [2008b]). Orthologs of LaeA, VelB and VeA have been identified in
A. fumigatus, A. terreus, A. flavus (Kale et al. [2008]), as well as in other fungi be-
sides Aspergillus (Yu and Keller [2005]; Brakhage and Schroeckh [2011]; Sanchez et al.
[2012]). The involvement of LaeA in the expression of secondary metabolite genes
has been reported for many compounds, e.g. gliotoxin, penicillin, lovastatin, and
terrequinone (Bok and Keller [2004]; Bok et al. [2006]; Sugui et al. [2007]). LaeA
is believed to function by influencing the chromatin structure by its localization in
the nuclei of cells, the presence of a putative S-adenosylmethionine binding motif
(Hamahata et al. [1996]; Bok and Keller [2004]; Bok et al. [2006]), and the homology
to histone and arginine methyltransferases. LaeA could be involved in methyla-
tion of histones or their associated activating complexes, thereby affecting transcrip-
tion of select secondary metabolite gene clusters. The specific mechanism by which
LaeA facilitates its control over such a wide range of natural products is however
still unknown. LaeA was shown to reverse the establishment of heterochromatic
marks: when either the deletion of hepA or clrD was combined with a deletion of
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laeA, sterigmatocystin production was fully restored to the wild-type level. This
suggests that LaeA can counteract trimethylation of H3K9 and prevents HepA bind-
ing to form heterochromatin (Reyes-Dominguez et al. [2010]). These results confirm
that the LaeA protein with its SAM-domain directly links to histone H3 methylation
(Shaaban et al. [2010]). Through LaeA-based genome mining the complete secondary
metabolome of a given genus can be explored (Bok et al. [2006]). Profiling allows for
the identification of transcriptionally active clusters and estimation of borders be-
tween cluster and flanking genes (Strauss and Reyes-Dominguez [2011]).

1.5.6 Sumoylation

Analysis of the secondary metabolite profile of A. nidulans SUMO deletion strains
revealed that sumoylation is involved, either directly or indirectly, in the regula-
tion of the synthesis of a subset of secondary metabolites (Szewczyk et al. [2008]).
SUMO is a small ubiquitin-like protein that is added posttranslationally to a number
of proteins in the cell (Gill [2004]). Lack of SUMO resulted in decreased production
of austinol, dehydroaustinol, and sterigmatocystin, what suggests that sumoylation
is necessary for the expression of the austinol/dehydroaustinol and the sterigma-
tocystin biosynthetic pathways (Szewczyk et al. [2008]). The same strain showed
an abundant production of asperthecin, which after a series of targeted deletions re-
sulted in the elucidation of the asperthecin biosynthetic gene cluster (Szewczyk et al.
[2008]). The regulation of secondary metabolite production by sumoylation may oc-
cur at several levels. Additional research is required to determine if sumoylation
affects epigenetic processes or acts directly on transcriptional factors.

1.6 Environmental Simulation

1.6.1 Co-Cultivation

Bacteria and fungi co-inhabit a wide variety of environments, from soil and food
products to plants and mammals (Wargo and Hogan [2006]). The mutual interac-
tions may have diverse effects on survival, colonization, and pathogenesis of these
organisms, and often result in a vast diversity in chemical products (e.g., virulence
determinants, pheromones, symbiotic factors, or unknown molecules). The concept
of interspecies associations and their biosynthetic potential is an emerging field of
research, though still largely unexplored.

The natural communities of microorganisms such as soil-dwelling bacteria and
fungi were already known to produce a multitude of molecules. Schroeckh and
coworkers (Schroeckh et al. [2009]) demonstrated that by co-cultivating a collec-
tion of 58 actinomycetes with A. nidulans sharing the same habitat, only the species
of Streptomyces hygroscopicus induced fungal secondary metabolites. By the use of
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a specific A. nidulans secondary metabolism gene array (ASMA) and validation gene
expression methods, the up-regulation of PKS and NRPS gene clusters could be
demonstrated. The chemical structures of orsellinic acid, the typical lichen metabo-
lite lecanoric acid, and the cathepsin K inhibitors F-9775A and F-9775B were re-
solved. These compounds require the archetypal orsellinic acid polyketide synthase
for biosynthesis as confirmed through gene inactivation experiments. To exclude the
involvement of low molecular weight signaling molecules in triggering fungal gene
expression in a co-cultivation experiment in which bacteria and fungi were separated
using a dialysis tube, the fungal culture was treated with the supernatant of the bac-
terial culture. The new metabolites were only present when the fungus and the bac-
terium could physically interact, an interaction that could be observed by scanning
electron microscopy (Schroeckh et al. [2009]). The intimate interspecies crosstalk of
Aspergillus and Streptomyces induced otherwise silent biosynthesis genes. The func-
tional role of natural products this symbiont like interaction likely confers biological
advantages for the symbiotic associations. For example, Peramine - a potent insect
feeding deterrent - is a pyrrolopyrazine synthesized by Epichloë/Neotyphodium mutu-
alistic endophytes in association with their grass hosts (Tanaka et al. [2005]), and thus
protects the host plant from insect herbivory. Its structure suggests that it is the prod-
uct of a reaction catalyzed by a two-module NRPS, derived from proline and argi-
nine via a diketopiperazine intermediate (Rowan et al. [1986]; Rowan [1993]). Some
fungal plant pathogens can also function in an antagonistic way. An example con-
cerns isolates containing a host selective protein, which determine the pathogenicity
of the fungus Pyrenophora tritici-wheat interaction (Ciuffetti et al. [1997]). The hybrid
PKS-NRPS product 2-pyridone tenellin is released by the entomopathogenic fungus
Beauveria bassiana (Halo et al. [2008]). Simulating the natural microbial communi-
cation under the laboratory conditions provides a wide avenue for silent source of
biosynthetic gene clusters and allows for monitoring the molecular (and chemical)
context behind this interspecies cross-talks.

1.6.2 Physical-Chemical Cues

The interaction between the environment and microorganisms has inspired resear-
chers to direct their attention to the physical-chemical aspects of environmental fac-
tors. Electrical signals are related to the wavelength and intensity of stimuli and
the growth stage of the fungus. The effect of darkness and different shades of col-
ored light were observed to influence pigment production in many species such as:
Monascus purpureus, Isaria farinosa, Emericella nidulans, Fusarium verticillioides, and
Penicillium purpurogenum (Velmurugan et al. [2010]). Fungal pigment biosynthesis
gene clusters (Clutterbuck [1972]) and genes outside the cluster directly involved in
pigment production (Frandsen et al. [2010]) have been studied extensively in many
fungi. Blue light regulates mycotoxin production in A. flavus, A. parasiticus and Al-
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ternaria alternate (Häggblom and Unestam [1979]). These observations indicate that
each fungus is capable of sensing and differentiating between light colors and re-
spond by the production of pigments (Velmurugan et al. [2010]). An understanding
on how physical and chemical factors on affect the production of secondary metabo-
lites may provide important clues on the role of cryptic secondary metabolite gene
clusters.

The use of continuous cultivation under defined physiological conditions with
the alternately limitation in the availability of single nutrient has been explored for
secondary metabolite discovery. The restricted supply of a nitrogen source under
a chemostat cultivation regime resulted in the discovery of spiroanthrones A and B
that are produced by two novel polyketide pathways in A. nidulans (Scherlach et al.
[2011]). In batch fermentations with either minimal medium with limited nitrate lev-
els or complex medium with low nitrogen content, no spiroanthrones could be de-
tected. Another nutrient depletion experiment was disclosed for a cryptic PKS-NRPS
pathway in A. terreus; this pathway is repressed in the presence of glucose (Gressler
et al. [2011]). The above examples show that using nutrient depletion chemostat
conditions could be an exciting tool to identify and induce pathways that were pre-
viously regarded as silent under standard conditions.

The ability to produce a diverse range of secondary metabolites ensures that
fungi can survive in many environments even under nutrient deficient conditions.
Iron, which is essential for life, is abundant in nature but exhibits a very low bioavail-
ability. In response, fungi excrete iron-specific chelators-siderophores for the acqui-
sition of this metal (Haas [2003]). Besides the iron scavenging ability, the pathogenic
A. fumigatus had to adapt to low oxygen partial pressures present during the infec-
tion of the human host. In order to investigate whether A. fumigatus has evolved any
specific mechanisms to acquire iron under such conditions, the fungus was culti-
vated in an oxygen-controlled chemostat. The hypoxic condition induced the entire
pseurotin A biosynthesis gene cluster and the formation of pseurotin (Vödisch et al.
[2011]). Biosynthesis of the red pigment bikaverin in Fusarium fujikuroi is regulated
by nitrogen and the pH (Wiemann et al. [2009]). Expression studies revealed that all
bik genes are strictly repressed by high concentration of nitrogen. Regulation of gene
expression at ambient pH is mediated via the Cys2His2 zinc finger transcription fac-
tor PacC (Tilburn et al. [1995]; Peñalva et al. [2008]). PacC repressed the polyketide
synthetase bik gene expression and the deletion of the pacC gene resulted in par-
tial de-repression. Studies on the transcript level of the bik genes showed maximum
expression in between 48-72 hours of cultivation. Therefore, bikaverin synthesis ap-
pears to be an example of a secondary metabolite controlled by a complex regulatory
network (Wiemann et al. [2009]). Fungal siderophores, in particular siderophores of
P. chrysogenum will be discussed in detail in Chapter 5 of this thesis.
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1.7 Future Perspectives

Sensing and responding to various external signals - including both physical and
chemical stimuli - guarantees life in a particular environment. Heterotrimeric G
proteins play a crucial role in transmitting external signals into the cells to gener-
ate the appropriate physiological and biochemical responses such as the release of
antibiotics (Yu and Keller [2005]). Biosynthesis of the majority of secondary metabo-
lite in fungi is mediated by their characteristic Cys2His2 zinc finger transcription
factors, in response to environmental signals (Yu and Keller [2005]). The pool of sec-
ondary synthesized molecules exhibits an enormous chemical complexity and diver-
sity, with a wide range of biological activities such as antibacterial, antifungal, and
antitumor. Human health-related applications inspire further explorations for new
bioactive compounds. Unfortunately a large number of biosynthetic gene clusters
remain silent under standard laboratory conditions. Moreover, obviously single or-
ganism may produce more than one compound. The strategy articulated as OSMAC
(One Strain - Many Compounds) was applied to increase the number of secondary
metabolites from one microbial source by alteration cultivation conditions: media
composition, pH value, temperature, addition of enzyme inhibitors, oxygen supply,
culture vessel (Bode et al. [2002]).

Intriguingly, there are reports that the same compounds are released by silent
clusters activated by three independent activating strategies. For instance, biosyn-
thetic pathways were activated by co-culture of A. nidulans with actinomycete (Schro-
eckh et al. [2009]), by the deletion of cclA, which is involved in H3K4 methylation
(Bok et al. [2009]), and by the alteration of culture conditions (Schroeckh et al. [2009];
Sanchez et al. [2010]). Also heterologous expression in A. oryzae with enhanced LaeA
regulation resulted in expression silent biosynthetic gene clusters (Sakai et al. [2012]).
The understanding of the complex regulatory networks that influence secondary
metabolism is essential to gain access to the unexplored wealth of small bioactive
compounds. In depth knowledge of these networks will help to direct research that
relies on the use of different activation strategies.

1.8 Scope of This Thesis

Natural product discovery started with penicillin in 1928 and has been facilitated in
recent years by microbial genomes sequencing programs. A number of these natural
products found their application as immunosuppressive-, cytostatic-, or cholesterol-
reducing agents. In this thesis, the filamentous fungus Penicillium chrysogenum, known
for its β-lactam production, was investigated. The industrial derivatives of P. chryso-
genum strain have found further applications as cell factories for the biosynthesis of
complex peptides.
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The aim of this thesis was to uncover the unexploited source of novel secondary
metabolites with biological activity in industrial strains of P. chrysogenum. The ma-
jority of them are derived from either Nonribosomal Peptide Synthetase (NRPS),
Polyketides synthetase (PKS), or Polyketide Synthetase-Nonribosomal Peptide Syn-
thetase (PKS-NRPS) hybrids. However, not all the NRPS clusters are expressed un-
der standard growth conditions in relevant strains of P. chrysogenum. The activation
and elucidation of these silent secondary metabolites gene clusters were performed
followed by analysis of the corresponding products formation.

The current understanding of fungal secondary metabolites biosynthesis path-
ways and many aspects of their transcriptional regulation are presented in Chapter
1. This overview focuses on strategies applied in searching novel bioactive com-
pounds through targeted activation of silent gene clusters in filamentous fungi. Po-
tential drug discovery may be achieved by direct engineering the secondary metabo-
lite gene cluster or by simulation of physiological conditions in the species’ natural
ecosystem. Alternatively, this can be achieved by applying more a general approach
such a manipulation of global regulators including enzymes involved in mediating
the change in chromatin structure.

Chapter 2 presents the role of the global secondary metabolite regulator LaeA
on transcriptional profile and secondary metabolites production in industrial strains
of P. chrysogenum. Overexpression of LaeA did not alter the penicillin production
but did influence the transcription and compound’s formation in other biosynthetic
pathways. The effect of LaeA-like methyltransferases (Llm) on industrial strains of
P. chrysogenum is shown in Chapter 3. The deletion of two highly expressed PcLlm7
and PcLlm3 encoding genes resulted in transcriptional activation of silent pks11. The
impact on pks11 was strongly enhanced in double deletion mutant suggesting that
both PcLlm proteins act as negative regulators of secondary metabolism in P. chryso-
genum industrial strains.

Chapter 4 describes secondary metabolites controlled by histone deacetylase
(HdaA) in P. chrysogenum industrial strains. The hdaA deletion mutant produced
new metabolites and showed the activation of a silent dual PKS containing pathway
in which pks12 and pks13 are transcribed in opposite direction. At the same time,
green conidial pigmentation and chrysogine biosynthesis were decreased.

Cultivation of P. chrysogenum under iron limited conditions induced the expres-
sion of three silent nrps identified as siderophore synthetases (Pss), as character-
ized in Chapter 5. Synthesis of ferrichrome, coprogen, dimerum acid, N-acetyl-
fusarinine, fusarinine A and numerous new siderophores were assigned to the re-
spective Pss genes. Severe growth impairment was observed for the ∆pssA and
∆pssB mutants in iron depletion solid media, although not for the ferrichrome syn-
thetase mutant (∆pssC), suggesting distinct physiological roles for the siderophores
produced by PssC on the one hand, and PssA and PssB on the other hand. Addi-
tionally in Chapter 6, four genes involved in siderophore transport were targeted
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for inactivation.
Chapter 7 describes approach based on genetic introduction of the strong PpcbC

promoter in front of silent and low-expressed NRPS and HPN encoding genes in
industrial strains of P. chrysogenum. This resulted in transcriptional activation and
subsequent metabolites formation. These metabolites were abundant in the media of
overexpression strains; they were not detectable, or present only in very low quantity
in the wild type, and completely absent in the deletion strains.
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