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Abstract

Fungal secondary metabolites are small bioactive compounds that are encoded in biosynthetic
gene clusters in the fungal genome. These gene clusters are a source of undiscovered treasures,
considering the bioactivities of the resulting metabolite. The metabolites from these clusters are
mainly used as treatment in medical applications but also for food- and textile coloring in our
modern world. Many of these clusters often remain silent under standard laboratory conditions
and the organism only activates them when it needs to perform a certain task. Hence the
metabolites often remain undiscovered. A major task in modern biotechnology is therefore to
activate these silent gene clusters, identify the resulting secondary metabolite or derivate and
utilize them.

In this project, bioinformatic analyses on Trichoderma reesei QM6a’s genome was performed
and 91 biosynthetic gene cluster were discovered. Four were chosen for activation according to
their organization and potential metabolite. Five synthetic transcription factor cassettes (syn)
were designed, bearing a truncated DNA binding domain fused to the transactivating domain
of another gene. Classic cloning approaches paved the way to transform these cassettes into
T. reesei and additionally 7. reesei strains were generated with overexpression cassettes (OE),
which inherited the native transcription factor. After cultivation on glucose as sole carbon
source, transcript analyses were performed via qPCR by targeting key core biosynthetic genes
of each cluster. We were able to activate three out of four BGCs: One cluster was activated in
both types of transformants (OE and syn), one cluster only in syn-transformants and the third
cluster only in OE-transformants. Furthermore, we determined co-expression behavior of
predicted genes in these three activated clusters. All analyzed core biosynthetic genes were
highly co-expressed in the activated clusters.

Future steps to come consist of identifying the produced secondary metabolites, isolate them

and test them for their biochemical properties.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Zusammenfassung

Sekundédrmetabolite aus Pilzen sind bioaktive Verbindungen, die in biosynthetischen
Genclustern im Pilzgenom kodiert sind. Diese Gencluster stellen eine Quelle versteckter
Schitze dar, wenn man die Vielfalt der Bioaktivitdten der entstehenden Metaboliten bedenkt.
Die aus diesen Clustern stammenden Metabolite werden in unserer modernen Welt
hauptséchlich in der Medizin, aber auch zur Féarbung von Lebensmitteln und Textilien
verwendet. Viele dieser Cluster bleiben unter Standardlaborbedingungen oft stumm und werden
nur aktiviert, wenn der Pilz sie braucht. Der Organismus aktiviert sie nur, wenn er eine
bestimmte Aufgabe zu erfiillen hat, daher bleiben die Metaboliten oft unentdeckt. Eine wichtige
Aufgabe der modernen Biotechnologie besteht daher darin, diese stillen Gencluster zu
aktivieren und die daraus entstehenden Sekundidrmetaboliten oder Derivate zu identifizieren
und sie zu nutzen.

In diesem Projekt wurden bioinformatische Analysen am Genom von Trichoderma reesei
QMo6a durchgefiihrt und 91 biosynthetische Gencluster entdeckt. Vier davon wurden aufgrund
ihres Aufbaus und ihres potenziellen Metaboliten zur Aktivierung ausgewahlt. Es wurden fiinf
synthetische Transkriptionsfaktorkassetten (syn) entworfen, die eine verkiirzte DNA-
Bindungsdoméne enthalten, welche mit der transaktivierenden Doméne eines anderen Gens
fusioniert ist. Klassische Klonierungsansitze ebneten den Weg zur Transformation dieser
Kassetten in T. reesei und zusitzlich wurden T. reesei Stimme mit Uberexpressionskassetten
(OE) transformiert, die den nativen Transkriptionsfaktor enthielten. Nach der Kultivierung mit
Glukose als einziger Kohlenstoffquelle wurden Transkriptionsanalysen mittels qPCR
durchgefiihrt und die wichtigsten biosynthetischen Schliisselgene jedes Clusters analysiert. Es
gelang uns drei von vier BGCs zu aktivieren: Ein Cluster wurde in beiden Arten von
Transformanten (OE und syn) aktiviert, ein Cluster nur in syn-Transformanten und der dritte
Cluster nur in OE-Transformanten. Dariiber hinaus haben wir das Co-expressionsverhalten von
bestimmten Genen in diesen drei aktivierten Clustern analysiert. Alle, als wichtig fiir die Cluster
vorhergesagten Gene, die analysiert wurden waren stark co-exprimiert.

Zukiinftige Aufgaben bestehen darin, die produzierten Sekunddrmetaboliten zu identifizieren,

zu isolieren und auf ihre biochemischen Eigenschaften zu testen.
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1.Introduction

1.1. Secondary metabolites - pioneers of a modern

world

Secondary metabolism is coarsely defined as metabolism that is not necessary for growth,
maintaining or reproduction of the organism'. Its counterpart is primary metabolism which
fulfills the formerly mentioned vital tasks in each living organism. Both have in common that
they use the same substrates (e.g. acetyl-CoA or amino acids) but different enzymes'. While
primary metabolism enzymes are ubiquitous and highly conserved across nearly all kingdoms
of life’*, secondary metabolism enzymes remain specialized in terms for task and host’.
Furthermore, secondary metabolism has some unique characteristics: The resulting metabolites
are normally only built under specific circumstances or to perform a certain task like defense®’,

8 or to gain the edge when competing for space and resources’. Secondary

predatorious
metabolites (SMs) are often small active molecules that are used by mankind for different
purposes'®. The most important application of SMs is their use in medicine as antibiotics.
Prominent examples are penicillin!!, cephalosporin'? or erythromycin'®. Although there are
countless substances and different classes of antibiotics, antibiotic resistance'*'® is on the rise
and poses a great threat to humanity. This is one of the main reasons to intensify research on
novel substance classes and until this day hidden SMs. Other medical applications of SMs
include chemotherapeutic drugs!’, immune suppressants'® and anti-cancer drugs'®. Industrially

used SMs include food coloring pigments®? and coloring of textiles?>. Fungi are further used as

119 120

biocontrol agents, thereby their SMs exhibit antifungal'®, antimicrobial®® and cytotoxic?!
properties. Agriculturally, fungi are also applied to enhance the yield and growth of crops and
to fend off parasites'®.

The focus of this project is centered around fungal SMs because fungi pose an enormous source
of useful yet undiscovered SMs?*. Fungal SMs can be grouped into three major groups, although
being chemically unbelievably diverse and heterogenous: polyketides, non-ribosomal peptides
and terpenes®*. There are also hybrids of the former mentioned ones that display characteristics
from either of these?*. An overview of the three main classes of fungal SMs is given in Figure

1.
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Figure 1. Overview of fungal secondary metabolites.

Polyketides as well as terpenes are derived from acyl-CoA building blocks whereas non-ribosomal peptides are derived
from amino acids. DMAPP ... dimethylallyl diphosphate; 4-DMAT ... dimethylallyl tryptophan; GPP ... geranyl
diphosphate (C10) ; GGPP ... geranylgeranyl diphosphate (C15); Adapted with permission from REF?, Springer
Nature Limited.

Polyketides got their name from their basal chemical structure consisting of multiple
condensed ketones and are built from acetyl-CoA or malonyl-CoA as substrates by polyketide-
synthases (PKSs) via condensation?*. Generally, PKSs can be grouped in three main groups:

type I, type II or type I1I%. Type I comprise PKSs where functional domains are covalently
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linked on one large poly-peptide chain®. Type 1 PKSs are typically organized in several
modules of similar domains®. Type II refers to PKSs where some functional domains are not
covalently linked but extra-standing in modules® and are mainly found in bacteria®®. Type III
are distinguishable from type I and II by their structural simplicity, acting generally as
homodimers of identical keto-synthases®’ and being able to use a wider variety of different

starter substrates?”-?®. The domains that most type I PKSs are minimally comprised of are a
4
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keto-(acyl)synthase (K(A)S), a (malonyl)-acyltransferase ((M)AT) and an acyl-carrier protein
(ACP)®. Furthermore the following domains can be part of PKSs: a ketoreductase (KR), a
dehydratase (DH), a enoyl reductase (ER), a C-methyltransferase (CMeT) and a thioesterase
(TE)?*. Each domain asserts a specific function and is crucial for the building of the basal
chemical scaffold. Thereby, the task of each domain is similar to their homologs in the fatty
acid synthases (FASs)?. The KS domain catalyzes the condensation of two acyl substrates?>.
The (M)AT domain transfers either acetyl or malonyl-CoA to ACP?°. KR reduces keto groups?>.
DH removes water thereby creating a double or triple bond®°. ER reduces the former created
double or triple bond and TE splits the product from the PKSs?°. Some domains appear more
than once in type I PKSs*’. Type I PKSs can either act modular like in Aspergillus terreus’s
biosynthesis of lovastatin®' or iterative like in Penicillium patulum’s biosynthesis of 6-
methylsaliclyic acid*>**. Thereby modular means that each module consists of several domains
and acts only once per resulting product. Contrary to that, iterative means that each module acts
more than once per resulting product, except for the AT domain®*. Modular acting type 1 PKSs
product backbones are mainly dependent on number and order of the modules, whereas it’s
tricky to unravel the backbone of products derived from iterative acting type 1 PKSs only from
number and order of the modules**.

Type 11 PKSs are mainly composed of the “minimal core subunits” which are the ACP and the
KS, lacking an AT domain?’. Other domains are either substrate or reaction-specific like in the
case of actinorhodin biosynthesized by Streptomyces coelicolor’**. This specific type II PKS
inherits three reaction-specific subunits, a KR, a cyclase (CYC) and an aromatase (ARO)*>33,
Type 111 PKSs were first found in plants*® and believed to be exclusively expressed in them but
recently discovered in fungi®’, bacteria®® and actinobacteria®. Type III PKSs core structure are
mainly homodimers with catalytic condensation domain KSs?®. The various type ITI PKSs differ
significantly from each other by their starting substrate and reaction mechanisms, leading to a
wide variety of different products?®.

The second group of fungal SMs are synthesized by non-ribosomal peptide synthetases
(NRPSs) via the condensation of amino acids to peptides. Generally, NRPSs can be grouped
into three types*’:

Type I NRPSs are organized on a single polypeptide chain in modules and are mainly found in
fungi*!. Thereby each module acts once per product and consist of several domains®. A
prominent example for type I NRP is penicillin G biosynthesized by
Penicillium chrysogenium*. Type Il NRPSs are organized in several stand-alone proteins with

{40

several domains that interact more than once (iterative) in the building of the product™. Type

5
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II NRPSs are mainly found in bacteria*’. A prominent example for type II NRP is vancomycin
biosynthesized by Amycolatopsis orientalis**. Vancomycin was applied in medicine as
antibiotic, especially since the rise of methicillin-resistant Staphylococcus aureus (MRSA) and
penicillin-resistant Streptococcus pneumoniae®. Type 111 NRPSs present themselves as mix of
type I and type II NRPSs and inherit modules organized in one polypeptides as well as stand-
alone units of other modules that act either modular or iterative**. An example for a type III
NRP is vibriobactin biosynthesized by the bacterium Vibrio cholerae®.

The basic units each NRPS modules inherits are a adenylation domain (A), a peptidyl carrier
protein domain (PCP) and a condensation domain (C) with exception from the first module in
each NRPS which lacks a C domain®’. Generally, the PCP domain fixates the peptides that will
be condensed by the C domain while the A domain recognize and activates the peptides priory
by formation of a adenylate intermediate*’. Furthermore, modules can contain an epimerase
(E), a thioesterase (TE), a methyltransferase (MT) or oxidation (Ox) and cyclisation (Cyc)
domain*’.

The third group of fungal SMs are synthesized by terpene synthases (TSs)*’. Terpenes are
natural products that were isolated from plants and other microbial organisms*’. Fungal
terpenoids are all derived from isopentenyl diphosphate (IPP) or its isomer dimethylallyl
diphosphate (DMAPP)*’. These building blocks are resulting from the mevalonate pathway,
which requires acetyl-CoA as starter substrate and leads to the production of cholesterol*®.
Thereby, two coarse classes of terpenes are distinguished: Terpenes that are derived solely from
isoprenyl units (class I) and those terpenes that are derived from mixed building blocks (class
1), namely isoprenyl units and polyketide or indol precursor*’. An example for class I
terpenoids are mono-, sesqui-, di- or triterpenoids, namely trichothecenes biosynthesized by
Fusarium and other fungal species*’. This terpenoid is a mycotoxin which poses a health threat
to mankind by poising cereal crops*’. An example for class II terpenoids are meroterpenoids,
namely pyripyropene A biosynthesized by Aspergillus fumigatus®. Thereby, an iterative type I
PKS utilizes nicotinyl-CoA and condenses it with two malonyl-CoA units®. The following
steps in the biosynthesis include the prenyltransfer by a prenyltransferase and epoxidation as
well as cyclization by a terpene cyclase leading to pyripyropene A, Pyripyropene A is a
potential candidate for application as acyl-coenzyme A:cholesterol acyltransferase (ACAT)
inhibitor, resulting in lowered cholesterol levels®'.

Although many metabolites in all three major classes of SMs are already discovered there

is still many more to unravel. Especially when it comes to the organizational structure these

metabolites originate from: biosynthetic gene clusters.
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1.1.1. Biosynthetic gene clusters - immense dormant

potential for novel substance classes

The term biosynthetic gene cluster (BGC) comprises several genes that are in a close distance
to each other which play a part in the formation of a SM. Most of these clusters consist of at
least one core biosynthetic gene that encodes either a PKS, a NRPS, a hybrid enzyme of former
mentioned (PKS-NRPS) or a TS?*. These enzymes execute the primary formation of the basal
chemical scaffold of the corresponding SM?*. They are supported by additional biosynthetic
enzymes, often referred as auxiliary or tailoring enzymes, that modify the chemical scaffold®*.
Examples for additional biosynthetic enzymes are oxidoreductases, transferases, hydrolases, or
epimerases and more®*. Sometimes transport related genes are also of part these clusters®*.
BGCs are found in all kingdom of lives and were extensively studied in bacteria®® >4, fungi®>~°
and plants®’>?. Thereby, the vast potential of silent BGCs was just recently unraveled when
genomic data became widely available for public with the advent of the genomics era in the
early 2000s. Prior to the prediction of BGCs based on genomic data, High-throughput screening
of synthetic compound libraries® or fragment based design®! was conducted. Drawbacks of
these methods included the inefficiency of developed assays in vivo, the limited number of
heterocyclic aromatic scaffolds in former mentioned libraries and the approaches being
generally time-consuming, labor-intensive and expensive in costs®*%2. These days the journey
for the discovery of new SMs starts with a thorough in silico analysis of sequencing data of the
organism of interest, with sophisticated bioinformatic tools. antiSMASH®, PRISM®,
SMURF® and BAGEL3 are just few examples of today’s publicly available tools.

Two different strategical approaches are applied for the activation of BGC: The first strategy
can be summarized as pleiotropic approaches and the second as pathway-specific approaches.
In pleiotropic approaches the main idea is that by modifying global influences like variation of
culturing conditions®’, tampering with the transcriptional and translational machinery™?,
overexpressing or deleting global known regulators? or epigenetic disturbances®® the induction
of a former silent BGCs can be achieved. Pathway-specific approaches comprise manipulating
pathway-specific regulators®®, reporter-guided mutant selection’’, refactoring’! or heterologous
expression’?. All the mentioned strategies have been applied successfully in different organisms
to induce the expression of secondary metabolites.

In this project the focus is directed to Trichoderma reesei’s silent BGCs. In Trichoderma
species generally, the potential of BGCs is varying widely: While genome mining of 7. virens,
T. atroviride and T. reesei revealed that T. virens and T. atroviride have more putative PKSs

7
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(18 vs. 11) and NRPSs (28, 16 vs. 10)”® which are located in putative BGCs than T. reesei, there
are still interesting and valuable insights to be gained when studying 7. reesei’s BGCs. An
example is the elucidated and well understood sorbicillinoid BGC. Sorbicillin was originally
isolated and identified in P. notatum by Cram et al’*”. It was identified as disturbing yellow
pigment in the production of penicillin from the genera Penicillium”. Nearly 50 years later,
Abe et al. described the isolation of demethylsorbicillin and oxosorbicillinol after cultivation
of Trichoderma sp. USF-2690, laying open that at least one genera of Trichoderma is able to
produce sorbicillinoid compounds’®. Derntl et. al, identified the main regulator responsible for
the yellow pigment production in 7. reesei’’. They showed that the BGC, which is responsible
for sorbicillinoid production, consists of two PKS adjacent to each other and that in the near
distance (< 30 kilo bases) the main regulator, the yellow pigment regulator (ypr1), of this cluster
was present’’. A knockout of yprI lead to the loss of yellow pigment formation in 7. reesei
QM6a and was regained after complementation of this gene’’. This study demonstrated how
first light can be shed into BGCs and their regulation with techniques like Reverse Transcriptase
quantitative PCR (qPCR) by also showing that seven of the nine genes of this cluster, including
the two PKSs, were upregulated while two were not in the knockout strain (AyprIl)’". It was
also demonstrated that the second transcription factor (ypr2) of this gene cluster was repressing
most other genes of the cluster and proposed that this occurs via repression of yprl’’. In a
second study regarding the sorbicillinoid cluster the same authors elucidated the sorbicillinoid
cluster even further showing that the main product formed by this cluster is sorbicillinol and
that sorbicillinol was the main building block for the formation of other sorbicillinoids’®. These
two studies demonstrated the pathway from identifying a BGCs up to characterization of the
products and even proposing a reaction mechanism for the formation of these SMs.

These discoveries are motivating for imitators which follow the trails of elucidating putative
BGCs. While the sorbicillinoid cluster does not inherit a SM or derivate that is actively utilized,
this example shows why the elucidation of BGCs is important: The so gained knowledge about
the sorbicillinoid gene cluster could be used to optimize downstream processes by directly
targeting and deleting ypr/, which might lead to a more cost-efficient production of enzymes
because the need for removal of the sorbicillinoids in the downstream processing would be

diminished.
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1.2. Transcription factors and their role in gene

regulation

Transcription factors (TFs) are proteins that regulate gene expression by either binding to the
DNA and recruiting other enzymes to induce gene expression®” or by binding to the DNA and
blocking other enzymes from transcribing DNA®!. If gene expression is induced the TF is
labelled as activator and if gene expression is suppressed the TF is labeled as repressor.
Thereby, TFs are in general structured in a modular fashion with several domains®>. A key
domain thereby is the DNA binding domain (DBD)%?. This domain identifies and binds
regulatory sequences of the gene to be transcribed®. In eukaryotes these sequences can be
adjacent to the to-be-transcribed-gene or in distance to it*2. The second important domain is the
transactivating domain (TAD) of the TF®2. The TAD initiates transcription via interaction with
the RNA-polymerase or associated proteins after the TF has bound the DNA®. Another domain
that TF can be comprised of are regulatory domains, that hinders the TF of binding DNA under
certain circumstances®?.
TFs can be classified via their structure, resulting in different DNA binding approaches®. Well
studied examples for common eukaryotic DBD structures are homeo-, basic-leucine zipper- or
zinc-finger domains, although several more are known®. Homeodomain-DBD proteins form
either heterodimeric structures which identify asymmetric DNA sequences and one helix of
each the helix-turn-helix motifs interacts with the major groove of the DNA®®, Basic-leucine
zipper DBD-proteins consist of two helices in which opposite parts of the helices are composed
of the hydrophobe amino acid leucine®*. These leucine residues on opposite side interact with
each other and form a “zipper” structure® similar to a zipper of a jacket or jean. The other parts
of the helices are composed of basic amino acids that interact with the DNA®. The last example
that will be elaborated are zinc finger TF®*. They are categorized according to their zinc-binding
motifs. A famous and often occurring motif thereby is the Cys2Hisz (C2H2) motif, where two
cysteines and two histidine residues interact with one zinc ion (Zn>")%, thereby forming a
“finger-like structure” that consist of one a-helix and two antiparallel B-strands®®. Several of
these micro units can be linear arranged and interact with the DNA’s major groove®’.

In fungi, the Gal4 TF which regulates the galactose metabolism in S. cerevisiae, was
intensively studied since its discovery in 1974%. The Gal4 TF of S. cerevisiae thereby inherits
six cysteines (Cs) that bind two zinc ions, thereby being labelled as zinc binuclear cluster- or

Zn,Ce proteins. Generally, Zn,Cg are able to interact with DNA as monomers®’, homodimers®®
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or heterodimers and are strictly related to the fungal kingdom®*. Zn,Cs TFs can be divided in
three sections, the DBD, the TAD and the regulatory regions as mentioned above®***. The DBD
is furthermore dissected into the zinc finger domain, the linker region and the dimerization
domain®*. The cysteine rich zinc finger domain (Zn2Cs) is located at the N-terminus of the TF*°.
Zn>Ce recognizes two CGG triplets as either inverted or directed repeats and bind these triplets
as homodimers while interacting with the major groove of the DNA®4. The linker region
between DBD and TAD is located C-terminal to the Zn,Cs motif and is widely diverse and non-
conserved across fungal species®. The Gal4 TF linker region interacts with the phosphate
backbone of the DNA and paves the way for the interaction of the dimerized TF with the major
groove”. The dimerization region is positioned at the C-terminus of the linker and is highly
conserved across Zn,Ce TFs®. This region forms coiled-coils with heptad repeats which is
dimerizing and furthermore suggested to play a role in protein-protein interaction®’. The
regulatory domain is not conserved across fungal Zn>Cs TF and separates the DBD from the
TAD?*. The role of this region is not finally resolved but studies suggest that this regulatory
domain exerts inhibition influence on TF°!?, Finally, the third section of zinc binuclear cluster
TFs is the TAD, also referred to as acidic region and located at the C-terminus of the TF3*#°,
Its sequence is often not conserved and function as well as structure not well understood in zinc
binuclear cluster TFs®*. However, the observed modularity of the Gal4 TF lead to the
development of the yeast-two-hybrid system where protein-protein interactions were
observable when fusing the DBD to a protein of interest (DBD-A) and the TAD to another
protein (TAD-B) which was expected to interact with protein A®*. If this was the case then the
Gal4 TF was reconstituted by bringing both domains “into the necessary distance” to activate
gene expression and thus being observable®®. The modularity and their manipulation of Gal4
TFs was again demonstrated when the TAD of the original Gal4 protein was fused to the LexA-
DBD and shown to induce a reporter gene (lacZ) if the lexA operator is present near the
transcription start site in E. coli**.

There are several other examples where the Gal4 TF modularity was exploited”’, and the
mentioned modularity of TFs is a promising lead to open up new regulation approaches,

especially in silent BGCs.

10
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1.2.1. Synthetic transcription factors - pathway specific
modification that leads to unprecedented
possibilities

Synthetic transcription factors (synTFs) make us of the modularity of native TFs. SynTFs are
constructs, where the TF is modified in either its DBD or TAD or one of these two is swapped
with the corresponding domain of another gene. Furthermore, the promotor of the construct can
be swapped with the corresponding element from another gene for either permanent expression
(constitutive promotor) or inducible expression (inducible promotor). The terminator can also
be swapped from the initial gene for strong terminator to prevent leakiness.

The mentioned example of the sorbicillinoid cluster (see 1.1.1) described a BGCs that is already
activated in 7. reesei without any further necessary effort. However, most of the other BGCs
remain silent under laboratory conditions and must be activated. Some strategies for the
activation have already been shortly addressed in the previous abstract.

One project demonstrating the vast opportunities of synthetic TFs as novel regulation approach
in activating silent BGCs, was published by Grau et al in 2018°. The group fused the DBD of
the putative TF of the targeted cluster a/nR, to the TAD of afo4 (AN1029), a transcription factor
shown to induce the expression of the asperfuranone cluster®. The authors exchanged the native
promoter of a/nR with the constitutive promotor of alc4, an alcohol dehydrogenase, and
transformed this construct into an Aspergillus nidulans strain (LO9577) which lacked key genes

9. e.g. asperfuranone

necessary for the induction of other highly expressed BGCs (see
cluster)®®. In this genetic background the identification of the product of the targeted BGC was
presumed to be easier’®. Lastly, they demonstrated that with this approach and a following
RNAseq analysis, they were not only able to induce the expression of the targeted BGC,
resulting in the expression of (+)-Asperlin, but also defined the genes (alnl, alnH, alnR, alnG,
alnF, alnE, alnD, alnC, alnB, and the PKS alnA ) that were an actual part of this cluster’® and
co-expressed. Another interesting outcome of this study was that the mere replacement of the
native promotor of a/nR with the promoter of the alcohol dehydrogenase alcA did not result in
an activation of the targeted BGC?®. To reach this goal it was utterly necessary to replace the
native TAD (a/nR)’® with a more potent one (afoA%).

Another modified pathway-specific approach to activate silent BGCs in which the promotor of

a TF was swapped, was the study of Chiang et al. in which an Aspergillus strain was created

that produced asperfuranone®®. The approach included the direct insertion of the constitutive

11
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alcohol dehydrogenase promotor (alcA), replacing the original promotor of the TF, via fusion
PCR!% into an non homologous end-joining (NHEJ) deficient Aspergillus strain (AnkuA)®. The
authors reported that this cluster remained silent under laboratory conditions but could be
activated after the promotor-swap approach®. Although this activation wasn’t carried out with
a direct modification of the open reading frame (ORF) of the TF, it still showed that targeting
TFs located in such clusters can be the key when aiming for activating silent BGCs.
Another modified pathway-specific approach was conducted when Laureti et al. were
overexpressing a synTF in Streptomyces ambofaciens which led to the production of
stambomycins A-D'°!, In this study the promotor of the putative TF (samR0484) was also
exchanged for a constitutive promotor (ermE) but was not inserted at the original locus of the
gene'%!. Laureti et al. designed an overexpression- cassette (OE) and integrated it into the a#/B
site of the S. ambofaciens chromosome, making this approach slightly different than the one for
the activation of (+)-Asperlin cluster, again showing that modulation of regulators in those
clusters can be a successful strategy'!.
Another example for a hybrid/synthetic transcription factor and its application in 7. reesei was
demonstrated by Derntl et. al when they fused the DBD of the main cellulase regulator Xyrl to
the TAD of Yprl to improve cellulase and xylanase induction'®. This was achieved nearly
carbon source independent (exception lactose) which unraveled the immense potential of such
constructs'®?. The development of this synTF expression system was prolonged when Derntl et
al. added the ligand binding domain of the human estrogen receptor a to the former mentioned
construct!®>!%_ This new synTF was able to induce the expression of xylanases after addition
of the inducer 17B-estradiol without the simultaneously noteworthy induction of cellulases'®.
Furthermore, the induction of xylanases was once again demonstrated to be nearly carbon
source independent and in this case was also fine-tunable by addition of different concentrations
of the inducer'®.
The next example where a synTF was applied in the context of a heterologous expression
system in 7. reesei, was the light-induced synthetic expression system from Zhang et al, where
the author constructed chimeric TFs which dimerized light-induced, bind 5° upstream of the
promotor in the second synthetic cassette with the gene of interest and induce the expression of
the inserted gene of this cassette!%*,

All these examples showed that there are various ways of making knowledge about
regulatory mechanism count, in the relatively new scientific field of synthetic biology. The

following project will be another step towards activating BGCs.

12
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2.Research aim

The motivation to carry out this project was to activate, under standard condition silent or
weakly expressed, BGCs and pave the road to the discovery of a new substance class. 7. reesei
was therefore the perfect model organism, regarding its potential of silent BGCs. The other
advantages of this fungus were its GRAS-status, vast experience in handling, easy maintenance
and accessibility.

To achieve the research, aim a thorough in silico analysis was performed. It was decided to
design synthetic transcription factors which were presumed to active the in silico analyzed
clusters after incubation on glucose as sole carbon source. Furthermore, the focus laid on
determine if and which of the associated predicted genes of these clusters were also co-
expressed with the core biosynthetic genes.

With this knowledge future experiments will include to screen the metabolome of the most

promising transformants with the goal of identifying the newly expressed SM(s) in the end.

13
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3.Results

3.1. In silico analysis yields 91 putative biosynthetic

gene clusters - 4 selected

The in silico analysis, performed with antiSMASH®, with the genomic data!® of
T. reesei’s QM6a yielded 91 putative biosynthetic gene clusters. Some of these clusters were
assigned one or more core biosynthetic genes. These were either encoding a polyketide synthase
(PKS), non-ribosomal peptide synthetase (NRPS), hybrids of the former mentioned enzymes
(PKS-NRPS) or other similar biosynthetic core enzyme, like terpene synthases (TS). Some
clusters were even assigned two or more of the former mentioned core biosynthetic enzymes.
On the other hand, there were clusters that were identified as such but did not inherit any of the
mentioned enzymes (see Table 1/Cluster 85). Few of these cluster’s core biosynthetic genes
inherited one conserved domain that is also part of PKSs, NRPSs or TSs but were missing
several other crucial domains and were therefore not identified as PKS, NRPSs or TS (see Table
1/Cluster 3) by the algorithm. Table 1 summarizes the chosen BGCs, the core biosynthetic

enzymes of these clusters and illustrates three examples of non-chosen BGCs.

Table 1. Selection of BGCs after antiSMASH analysis. Some clusters contained PKSs, NRPSs, TSs or none of the
mentioned ones; put ... putative

Cluster Biosynthetic core enzyme(s) Chosen
21 PKS-NRPS: 58285 YES
22 PKS: 105804 & PKS-NRPS: 59315 YES
52 PKS: 65172 YES
78 PKS: 81964 YES
3 put. condensation domain containing protein: 38640 NO
23 put. TS: 59597 NO
85 put. cytochrome P450: 70339 & put. dehydrogenase/reductase: 70334 NO

It was decided to focus on clusters 21, 22, 52 and 78 because two of them inherited a type I-
PKS (52 and 78), one a hybrid type I-PKS-NRPS (21) and one both (22). It was assumed that
the chances of actually expressing and finding a new secondary metabolite or derivate after
activation of these clusters was higher compared to other clusters that had not been clearly
assigned a PKS, PKS-NRPS or NRPS. Other criteria for these four clusters were that they all
inherited at least one putative transcription factor and that the predicted products by the

antiSMASH analysis were all labelled putatively non-hazardous.

14
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Three examples of clusters that were not chosen were nonetheless displayed in Table 1 to
demonstrate the reasoning behind our choices:

The first example of a non-chosen cluster was cluster 3. Cluster 3 was assigned a core
biosynthetic gene (38640) with a condensation domain but this gene lacked any other conserved
domain necessary for being identified as PKS, NRPS or TS. The second example of the non-
chosen BGC was cluster 23 which was not chosen for activation because although inheriting a
putative TS (59597), there was no putative TF in this cluster. The last exemplary displayed
cluster, which was not chosen, was cluster 85 because it did not inherit a biosynthetic core gene
which is known to form a secondary metabolite but the only two core biosynthetic genes in it
were a putative cytochrome P450 (70339) and a putative dehydrogenase/reductase (70334).

The organization of the chosen clusters can be seen in Figure 2.
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Figure 2. Cluster organization of chosen BGCs.

Numbers indicate the gene numbers/protein IDs assigned to these sequences after gene prediction by the Joint Genome
Institute!’®; Grey arrow... other genes; Blue arrows ... transport related genes; Red arrows ... core biosynthetic genes;
Pink arrows ... additional biosynthetic genes; Grey boxes ... putative transcription factors of corresponding cluster;
Blue/greenish bar ... ClusterFinder!"” association of genes that are predicted to be an actual part of the cluster
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The genes that were associated with each cluster were either already annotated, assigned a
putative function or had no assigned functions. Each cluster showed more than one core (red
arrow - Figure 2) and additional biosynthetic gene (pink arrow - Figure 2), which indicated that
the core chemical structure of the secondary metabolite will be modified®*. Blue marked genes
(blue arrows - Figure 2) indicated that this gene was most likely to perform a transport function
and grey genes (grey arrows - Figure 2) were genes that have been identified as genes but
couldn’t be assigned a specific function by the antiSMASH algorithm. The blue/greenish bars
(blue/greenish bar - Figure 2) over certain genes of each cluster indicated that the associated
genes are an actual part of the cluster.

Cluster 21 was assigned two core (58285 and 58953) and two additional biosynthetic genes
(58289 and 76204) and several other genes with no annotated function. Gene 58601 was
excluded by the ClusterFinder algorithm to be an actual part of this BGC. Cluster 22 was
assigned seven core (59771, 105787, 36882, 59337, 59690 and 105804) and one additional
biosynthetic gene (3262). In this cluster three genes were excluded by ClusterFinder algorithm
from being an actual part of this BGCs (46818, 46819 and 73110). Cluster 52 was assigned two
core (65036 and 65172) and five additional biosynthetic genes (65067, 65097, 64956, 64996
and 65190). Cluster 78 was assigned three core (123946, 81964 and 69652) and three additional
biosynthetic genes (69650, 69625 and 69605). ClusterFinder did include all genes to be part of
the cluster 52 and 78.

PANNZER2!% (Protein ANNotation with Z-scorE) analysis identified the putative TFs of each
cluster that were suspected to regulate the expression of the corresponding PKS or PKS-NRPS.
This bioinformatic tool, generally predicts functions and/or biological processes in which
putative genes might be involved!®®. The PANNZER?2 algorithm thereby executes homology
sequence comparisons with mass-annotation based on sequence similarity using

SANSparallel'®. An overview of the identified TFs is prepared in Table 2.

16
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Table 2. PANNZER?2 identification of transcription factors in the chosen clusters.
Est. ... Estimated; CR ... cluster regulator; TR ... transcription regulator; TF ... transcription factor; apdR ... aspyridone cluster regulator; nscR ... neosartoricin regulator

Cluster | Transcription factor Est. Description Est. Biological process Est. Molecular function
. _ Zinc ion binding (0.63)
21 72993 Aspyridone CR apdR (0.76) Transcription (0.65) DNA binding (0.56)
22 105805 Zn,Cyse TR (0.45)
Zinc ion binding (0.63)
79725 Cs domain TF nscR (0.40) Transcription (0.64) DNA binding (0.55)
DNA- binding transcription factor activity (0.70)
52
o Zinc ion binding (0.63)
122783 ZnzCyss TR (0.41) Transcription (0.69) DNA- binding transcription factor activity (0.72)
Zinc ion binding (0.63)
78 111742 Zn>Cyse TR (0.44) Transcription (0.51) DNA binding (0.56)
DNA- binding transcription factor activity (0.72)
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One TF was identified in cluster 21, 22 and 78 and two TFs were identified in cluster 52. All
of them inherited a GAL4-like Zn,Cyss zinc finger motif which made it likely that these were
in fact regulatory proteins. The estimated biological processes (transcription) and molecular
function (zinc ion binding, DNA binding and DNA- binding transcription factor activity) did
also fit well, having predicted probability numbers of at least 51 %. These numbers after each
prediction are an indicator for how likely it is that the prediction was likely and is ranging
between zero and one. The closer to zero the unlikelier the prediction and vice versa.

The final length of the truncated TFs was chosen according to a BLASTX ! analysis for four
of the five TFs (72993, 105805, 79725, 111742). The final length of truncated TF 122783 was
chosen after analysis with BLASTP!!? because analysis with BLASTX didn’t reveal the zinc

finger motif. The results are displayed in Figure 3.
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Figure 3. BLASTX and BLASTP analysis of TFs.
All five TFs showed a GAL4-like zinc finger domain at the N-terminus of their sequences.

The lengths of the truncated TFs were chosen for each TF in order to comprise the conserved
Gal4-like domain and the conserved areas up to the fungal transcription factor middle homology
region (FTFMHR) where applicable. An extensive explanation on how these areas have been
chosen is provided in the original publication where this strategy was applied firstly by Derntl

et al'%2. Three of the four TFs (72993, 79725 and 122783) did have the conserved FTFMHR
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domain which is suggested to play a regulatory role®* and was therefore strengthening the

correctness of the gene prediction. An overview of the lengths of the DBD’ is given in Table 3.

Table 3. Chosen length of the TFs after in silico analysis

TF DBD’ - length (bp)
72993 807
105805 553
79724 377
122783 454
111742 401

3.2. Generation of synthetic transcription factor

strains and characterization

The generation of the strains bearing the synthetic transcription factor cassettes (synTF) ranged

from cloning over transforming up to the characterization of the obtained strains via genotyping.
3.2.1. Cloning

The cloning procedure comprised three steps:

Firstly, the truncated TFs (DBD’) were amplified via PCR and the resulting PCR products were
cloned into the vector pJET1.2. The strategy behind this step was on the one hand to send this
plasmid to our sequencing collaborator and on the other hand to excise the DBD’ in the next
step with a higher accuracy.

In the following step, the excised DBD’ was cloned into vector pCD _pXY1 to assemble the
DBD’ with the truncated transactivation domain (TAD’) from Yprl. This TAD’ was already in
pCD pXY1 in its original design only with a different DBD’, namely a truncated version of the
DBD of Xyrl. The sequence of pCD_pXY'1 is provided in section 7.1.

In the last step the excised synthetic transcription factor (DBD’ + TAD’) was cloned into vector
pRP4 TX with the purpose to reintegrate these vectors into the pyr4 locus.

A schematic overview of the cloning strategy that was applied is given in Figure 4. This figure

was created with Biorender.com
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DBD'
2,
pCD_pXY1 —
DBD'
DBD" TAD

Figure 4. Schematic representation of cloning strategy.

5°/3’ flank — 5°/3° homologous flank of pyr4 locus; PtefI — promotor of zefI; DBD’ — DNA-binding domain of truncated
TF; TAD’ — truncated transactivation domain of Yprl (Yellow pigment repressor 1); Tcbh2 — terminator cbh2; pyrd;
pyr4d — pyrd gene; Figure created with biorender.com

The sequence result of the PCR products of the DBD’ of each TF was compared to the genomic
sequence of the TFs with MAFFT'!! algorithm and visualized in benchling''?. Figure 5 shows

the comparison.
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Figure 5. Sequence comparison of genomic sequences of the TFs with DBD’ sequences of the TFs.
Seq_Result ... sequencing result; Dark-grey vertical bars: consensus sequences, brown arrows: amplification primers,
orange arrows: intron, exons, red vertical bars (circle): mismatch

The dark-grey vertical bars on top of each transcription factor sequence indicated consensus
sequences. The absence of these bars (white space between grey bars) indicated different bases
and/or failed measurement. Four truncated TFs (105805, 79725, 122783, 111742) were
amplified completely correct and the fifth (72993) showed one single mismatch at position 690
in exon 2 (red circle). The mismatch was incorporated in the codon CGG where the third
position was cytosine instead of guanine. This mismatch resulted in a silent mutation and
furthermore was not located in the conserved sequence Gal4-like motif of the DBD’. We
therefore decided to presume with this mismatch.

Verification of successful cloning was carried out for all five TFs after cloning the DBD’ into
pCD_pXY1 and for three synTFs (105805, 79725, 111742) after cloning the synTFs into the
final construct pRP4 TX. Figure 6 displays the Colony PCR results. Figure 7 displays the test

restriction results. The lengths of the final constructs are shown in Table 4.
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Figure 6. Colony-PCRs of synTFs-cassettes in E. coli single colonies after transformation of the final vector pRP4_TX.
Neg. C. ... negative control of PCR (= water); Primers from Table 14 have been used for amplification: Primer Ptef was
used to bind inside the promotor of zef1 and reverse primers corresponding to the DBD’ were used to bind 3’ end of the
DBD’. At least two colonies from each synTF show the expected bands (inserts).

At least two E. coli colonies for each synTF showed the expected signals in the Colony-PCR

(see Figure 6) and the vectors thereof were subsequently used for transformation into 7. reesei.
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Figure 7. Test restriction digests of vectors pCD and pRP4 bearing either the truncated DBD (DBD’ in pCD_pXY1) or
the complete synTF-cassette; DBD’ ... truncated DNA-binding domain; pCD_pXY1 ... intermediate vector 2;
pRP4_TX ... final vector;

Test restriction digests (Figure 7) showed that all the DBD’ had the correct length (DBD’ in
pCD). Three of the assembled synTFs (105805, 111742 and 79725) were also demonstrated to
have the expected length in the final vector (synTF in pRP4 - Figure 7 - see Table 4). synTFs

122783 and 72993 weren’t analyzed via test restriction due to lack of time.

Table 4. Overview - synTFs and vectors

synTF (DBD’+TAD’) length [bp] vectors vector lengths [bp]

72993 2197
105805 2027

pCD ~4100
79724 1847

pRP4 ~ 11000
122783 1827
111742 1867
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3.2.2. Transformation

The synTF-expression cassettes were reintegrated into the pyr4 locus of
T. reesei QM6a Atmus53 Apyr4 via transformation. This strain was chosen because it was
shown that the knockout of the fmus53 gene led to a lack of efficient Non-homologous end
joining (NHEJ) mechanism which massively elevates the chances of integrating an insert into
the favored locus by homologous recombination!!>. The pyr4 gene encodes the orotidine 5-
monophosphate decarboxylase!'*. This enzyme is vital in the pyrimidine synthesis of the
organism and therefore a pyr4 knockout-strain can be used in selection for prototrophy!%2. The
parental strain is not able to grow on media without the external addition of uridine because
pyr4 is missing. By retransforming the syn-cassettes into the pyr4 locus the transformants will
gain back a copy of the pyr4 gene and would therefore again able to grow on minimal medium
without the addition of uridine.

The transformation process consisting of transforming, colony picking, homokaryon streaking
and single colony picking is exemplary shown for one transformant, with the synTF-cassette of

72993 inserted, in Figure 8 and was carried out for all transformants listed in Table 5.

Table 5.

Figure 8. Transformation process by example of 7. reesei QM6a Atmus53 synTF-72993 (pyr4).

A ...Transformed 7. reesei colonies after 4-5 days; B ... homokaryon streaking and single colony picking; C ...
Transformant after single colony picking after 2-3 days; Selection pressure was kept up throughout all stages by using
minimal medium (MA) without the addition of a uridine source.

3.2.3. Genotyping

The promising syn-TF transformed candidates were subject to cultivation on liquid MEX
medium at 30 °C. DNA was extracted after 2 days and subsequently analyzed via PCR. At least
three transformants per synTF-cassette were screened for the correct genotype. Additionally, at

least three transformants with overexpression-cassettes (OE) were screened. The OE-cassettes
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were constructed and transformed by colleagues in this research group but analyzed
subsequently (see 6.2). The aim of reinsertion into the pyr4 locus was so confirmed in both
types of transformants (OE and syn). The primer pairs were designed to confirm pyr4 locus
specific integration with the following strategy:

The first pair was designed so that the forward primer would bind outside the 5’
transformed flank and the reverse primer was designed to bind in the tef7 promotor. The second
pair was designed so that the forward primer would bind inside pyr4 gene and the reverse primer
was designed to bind outside the 3 transformed flank. With this strategy it was possible to
screen all generated strains rapidly and simultaneously. Figure 9 shows the genotyping results.

The used primers are shown in Table 15.
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Figure 9. Genotyping of generated OE and synTFs strains via PCR.
5°/3’ flank ... amplification outside transformed flank and inside respective construct; NTC ... No Template Control (water); Neg. C. ... Negative Control — 7. reesei QM6a Atmus53 Apyr4;
OE ... overexpression transformants; syn ... synTF transformants; kB ... kilo bases; Signals that were strong and different compared to the negative control for the 5’ and 3’ flank, were
judged as successfully transformed.
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In Figure 9/A/B/C/D/E all no template controls (NTC - water) showed no amplicons, which
was expected. The negative controls (Neg. C — T. reesei QM6a Atmus53 Apyr4) yielded none
or not the correct signal at the 5’ and 3’ flank in all PCRs. This was also expected because the
reverse primer of the 5” flank and the forward primer of the 3” flank were designed to not bind
in the parental strains pyr4 locus.

Some transformants did not show the expected band at either the 3’ or 5’ flank. The signal was
either missing completely (e.g. missing 3’ flank - 72993-OE-3; missing 5’ flank — 122783-OE-
3 or 79725-0OE-3) or did show a weak signal (e.g. 72993-syn-2). Interestingly, in some of these
transformants one flank did show the expected signal whereas the other flank did not. All the
transformants where such results were obtained did not integrate the cassette correctly and were
therefore discarded.

For all other shown transformants the expected signals at the 5” and the 3’ flank were obtained
correctly. At least two transformants per OE and syn-cassette were processed further and
analyzed with Reverse-Transcriptase quantitative PCR (qQPCR). An overview of these strains is

given in Table 5.

Table 5. Summary synTF and OE strains that were analyzed via qPCR for cluster activation.

Strains Transformants Abbreviation Cluster
72993-syn-2
72993-syn-6
72993-0E-1
72993-0OE-2
105805-syn-2
105805-syn-2
105805-OE-2
105805-OE-3
79725-syn-3

79725-syn-9a
79725-syn-9b
79725-syn-12a

. 79725-0E-1

T. reesei Atmus53 OE-79725 (pyr4) 2 79725-OF.3 52

122783-syn-2

122783-syn-9
122783-0OFE-1
122783-0OE-3
111742-syn-2

T. reesei Atmus53 synTF-111742 (pyr4) 3 111742-syn-5

111742-syn-6

111742-OE-1 78

111742-OE-2

111742-OE-3
111742-OE-4

T. reesei Atmus53 synTF-72993 (pyr4) 2
21

T. reesei Atmus53 OE-72993 (pyr4) 2

T. reesei Atmus53 synTF-105805 (pyr4) 2

22

T. reesei Atmus53 OE-105805 (pyr4) 2

T. reesei Atmus53 synTF-79725 (pyr4) 4

T. reesei Atmus53 synTF-122783 (pyr4) 2

T. reesei Atmus53 OE-122783 (pyr4) 2

T. reesei Atmus53 OE-111742 (pyr4) 4
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3.3. Three out of four clusters successfully activated

The generated 7. reesei transformants from Table 5 and the WT (7. reesei QM6a Atmus53)
have been cultivated on minimal medium (MA without citric acid or peptone — see Table 17)
with glucose as sole carbon source for 72 hours to estimate the transcript levels of the targeted
PKS and PKS-NRPS genes. This medium did not contain any other carbon source except
glucose. This was achieved by modifying the recipe of the MA buffer with adjusting the pH to
5 with HCI instead of citric acid. With this setup it was made sure that the only carbons that
would be metabolized by the fungus would be the ones deriving from D-glucose and in the
following project, the search for the putative newly expressed SM(s) will be easier (see tracer
derived approach — section 7.5). RNA was extracted, reverse transcribed to cDNA and

subsequently analyzed with qPCR. The results of this transcript level estimation are displayed
Figure 10.

Cluster 21
relative transcript levels PKS/NRPS -58285

Cluster 22
relative transcript levels PKS-105805 & PKS/NRPS-59315
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Figure 10.Transcript level estimation of PKS, NRPS/PKS of each cluster.

WT ... T. reesei QM6a Atmus53; OE ... overexpression transformants; syn ... synTFs transformants; Transformants
and WT have been cultivated on glucose as sole carbon source. Samples have been taken after 72 hours. Relative
transcript levels of the indicated genes have been normalized to the WT samples using the reference genes act! & sarl.
Mean values of two technical replicates are given.

28



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

The transcript levels of PKS-NRPS hybrid enzyme 58285 of cluster 21 were between 2.45 and
2.85 logio-fold higher in both tested OE and syn strains (72993-OE-1/2 and 72993-syn-2/6)
compared to its parental strain (WT - see Figure 10/A). We therefore considered this cluster
activated.

The transcript levels of PKS 105804 of cluster 22 were slightly lower in both OE transformants
(105805-0OE-2/3) and showed mixed regulation signals in the syn transformants (105805-syn-
2/6) compared to the parental strain (see Figure 10/B). In 105805-syn-2, PKS 105804 transcript
level was 0.5 logio-fold higher, whereas the transcript levels of 105804 were slightly
lower (- 0.07 logio-fold) in 105805-syn-6 compared to the parental strain. Cluster 22 would
have been considered not activated judging from these results, if this was the only PKS but
there is a second core biosynthetic enzyme a few genes besides 105804, namely the hybrid
PKS-NRPS 59315. While there were slightly lower transcript levels in both OE transformants
(105805-0OE-2/3) regarding 59315, higher transcript levels of 59315 were detected in both syn
transformants (105805-syn-2/6), ranging between 1.35 and 1.55 logio-fold compared to the
parental strain. Cluster 22 was therefore, considered activated in the syn transformants
regarding PKS-NRPS 59315.

The transcript levels of PKS 81964 in cluster 78 were between 0.77 and 1.44 logjo-fold higher
in all four OF transformants (111742-OE-1/2/3/4) but lower in all three tested syn transformants
(111742-syn-2/5/6 — see Figure 10/D) compared to the parental strain. Cluster 78 was therefore
considered activated in the OE transformants.

The only cluster that that wasn’t considered activated was cluster 52 in both OE and syn
transformants. The OE transformants of both TFs (79725-OE-1/3 and 122783-0OE-1/3) showed
mixed or no sufficiently different log-fold change of the PKS 65172 compared to the previous
described transformants of the other three clusters (see Figure 10/C). In 79725-OE-1, the
transcript level of 65172 was slightly higher (0.03 logio-fold) and in 79725-OE-3 it was slightly
lower (- 0.03 logio-fold) compared to the parental strain. In 122783-OE-1/3, the transcript levels
of 65172 were both moderately higher (0.62 and 0.70 logio-fold) but not sufficient enough to
our judgement (see section 6.6.2 for explanation). In the synTF transformants of 79725 (79725-
syn-3/9a/9b/12a), the transcript levels of 65172 were all ranging between 0.25 and 0.55 log1o-
fold higher compared to the parental strain but were again judged as insufficient to declare the
cluster activated in these strains. The synTF transformants of 122783 (122783-syn-2/9) showed
mixed regulation signals: While the transcript levels of 65172 were slightly lower (- 0.16 logio-
fold) in 122783-syn-2, they were moderately higher (0.98 logio-fold) in 122783-syn-9

compared to the parental strain. Cluster 52 was considered not activated in these strains due to
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the mixed regulation signals in 122783-syn transformants and only a small regulation difference
in 122783-0OE transformants. The same was stated for this cluster in the 79725 transformants
of both types (syn and OE).

The explanation why most results were considered sufficient and a few not, for a clear statement
regarding the activation of a cluster is prepared in the discussion part of this thesis (see section

4.2 and 6.6.2).

3.3.1. Co-expression analysis within the activated BGCs

Having three clusters activated, we were interested to investigate the prediction of the
biosynthetic core enzymes and additional biosynthetic enzymes in those clusters (21, 22, 78)
given by antiSMASH analysis. One of the reasons to shed light into the activated clusters was
to confirm co-expression of other putatively necessary genes, namely the core and additional
biosynthetic genes. If the activation, in form of higher transcript levels of the PKS, PKS-NRPS,
was sincere and the predicted clusters are in fact BGCs, then we can assume that the other
biosynthetic genes or additional biosynthetic genes are co-expressed too.

We decided to add another layer of bioinformatic analysis before deciding on which genes to
focus. This bioinformatic tool is named FunORDER!!® and was designed to identify essential
genes, that belong to the same BGC, based on computational molecular co-evolution. It yields
heat maps, principal component analyses (PCA) and dendrograms calculated with ward’s
methods that aims at predicting co-evolution between genes in a putative BGC''>. The tool
thereby declares genes as co-evolved if their pairwise calculated strict and evolutionary distance
was below or equal to the value of 0.7 and the combined distance of both was below or equal
to the value of 0.6''. These calculations were performed by the TreeKO algorithm and the
difference between both distances is that the strict distance is penalizing dissimilarities in
evolution, such as gene duplication and gene loss events, whereas the evolutionary distance
does that not''®. It is therefore proposed by the authors of the TreeKo algorithm that the strict

116 This was taken into account and therefore,

distance is more suitable in detecting co-evolution
this work only displayed the plots and heatmaps in the supplementary section (see 7.3), in which
the strict distances were calculated (see Figure 23/Figure 24/Figure 25), although all resulting
plots (e.g. evolutionary distance and combined) were analyzed and regarded before the final

decision which genes were chosen for qPCR analysis.

30



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Biblioth

[ 3ibliothek,
Your knowledge hub

3.3.1.1. Cluster 21

The co-expression analysis started for each cluster with the comparison of the prediction results
from the antiSMASH and the FunORDER algorithm. Therefore, cluster 21 is schematically
displayed in Figure 11 with the predictions of the antiSMASH algorithm. The antiSMASH
algorithm predicted the type of gene in this cluster. The types ranged from core biosynthetic
genes (red -Figure 11) over additional biosynthetic genes (pink - Figure 11) up to transport
related genes (blue — not displayed here) and other genes (grey - Figure 11) with no assigned

function.
05221 . v h 4
58601 105t 105223 105224 58285 58953 120873
105220 105222 120872 72993
Cluster 21

Figure 11. Cluster overview of cluster 21.

Numbers indicate the gene numbers/protein IDs assigned to these sequences after gene prediction by the Joint Genome
Institute'"®; Grey arrow... other genes; Red arrows ... core biosynthetic genes; Pink arrows ... additional biosynthetic
genes; Grey box ... putative transcription factors of corresponding cluster; Blue/greenish bar ... ClusterFinder'"
association of genes that are predicted to be an actual part of the cluster;

Table 6 gives an overview of the predictions both applied algorithms made and the genes that

were finally chosen for subsequent qPCR analysis.
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Table 6. Overview of gene predictions by antiSMASH, clustering by FunORDER analysis and chosen target genes.

Gene-IDs were derived from after gene prediction by the Joint Genome Institute'’®; Functions were assigned after
BLASTP and PANNZER?2 analysis; put ... putative; DUF ... domain of unknown function; hyp. ... hypothetical
protein; PKS ... Polyketide synthase; TF ... Transcription Factor; Green and Blue clustered groups refer to the analysis

results of the FunORDER tool displayed in section 7.3.

GeneID Function FunORDER — antiSMASH — Chosen for qPCR
clustered groups type analysis
105220 hyp. protein — DUF3328 - other No
105221 hyp. protein — DUF3328 - other Yes
105222 hyp. protein - other Yes
105223 put. peptidase S41 fam Green other Yes
105224 hyp. protein Green other No
120872 put. GCNS5-acetlytransferase | Green other Yes
58285 PKS Blue core biosyn. already analyzed
58289 put. reductase Blue additional biosyn. Yes
76204 put. oxidoreductase Green additional biosyn. Yes
58953 put. P450 monooxygenase Blue core biosyn. Yes
72993 put. TF - other No
120873 glycoside hydrolase - other No

The antiSMASH tool yielded 12 genes as part of the gene cluster and assigned two genes as
core biosynthetic genes (58285 and 58953) as well as two genes as additional biosynthetic genes
(58289 and 76204).
FunORDER analysis predicted evolutionary background between 10 genes in this BGC. Four
genes (105223, 76204, 120872 and 105224) clustered together in the PCA as well as in the
wards minimum distance dendrogram and sub summarized as “Green clustered” in Table 6 and
Figure 23. Another three genes (58285, 58953 and 58289) were also clustered together in the
PCA and wards minimum distance dendrogram and sub summarized as “Blue clustered” (see
Table 6 and Figure 23). The three genes where no relationship with the FunORDER tool has
been established were 58601, 120873 and 105222. The assignment of colors (Green and Blue)
to the clustered genes of the FunORDER analysis were based on the figures presented in the
supplementary that are prepared in section 7.3.
Gene 58601was already excluded to be an actual part of cluster 21 by ClusterFinder within the
antiSMASH analysis (see Figure 2/Cluster 21). The other two excluded ones were 120873 and
105222. Furthermore, 58601 as well as 105222 were classified by BLASTP analysis as
hypothetical proteins with a domain of unknown function 3328 (DUF 3328) and 120873 as
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glycoside hydrolase. There are several reasons for the FunORDER tool to not cluster genes that
were associated with the BGC by other bioinformatic tools, ranging from identifying these
genes as pseudogenes, or these genes having no known homologs in the searched database or
not being able to calculate the phylogenetic tree'!>. For a detailed explanation please refer to
the original publication''®. The FunORDER tool predicted two likely co-evolved clades of
genes (strict distance < 0.7 — “Green and Blue” clustered). The clustered genes, that are sub
summarized as “Blue” in Table 6, consisted of the genes 58285 PKS-NRPS, 58289 and 58953.
58953 was assigned as core biosynthetic gene by antiSMASH and BLASTP as well a
PANNZER? analysis revealed that its most likely a P450 cytochrome like enzyme. 58289 was
assigned as additional biosynthetic gene by antiSMASH and PANNZER2/BLASTP analysis
suggested that this protein was most likely an enoyl-reductase. These three genes were chosen
for transcript analysis because of their possible importance for the formation and modification
of the resulting metabolite and their predicted clustering.

The other clustered genes by FunORDER, that are sub summarized as “Green” in Table 6,
consisted of genes 105223, 105224, 120872 and 76204. 76204 was identified by BLASTP
analysis as putative FMN/NADPH-oxidoreductase and antiSMASH assigned this gene to be an
additional biosynthetic gene. The other three (105223, 105224 and 120872) weren’t assigned
specific tasks by antiSMASH analysis but BLASTP analysis revealed that 105223 might be a
peptidase (S41 family), 105224 a putative PTH11-GPCR (membrane integrated protein with
G-protein coupled receptor'!”) and 120872 a putative acetyl transferase. 105221, which wasn’t
clustered with the previous described genes by FunORDER and 105222, a putative hypothetical
protein, which also wasn’t clustered by FunORDER, were still chosen to be analyzed by qPCR
together with 105223, 76204 and 120872. 105221 contains a DUF-3328 domain (domain of
unknown function) which was interesting because proteins with these domains appear in the
regulation of the long known'!® but only recently standardized!! classes of RIPPs'?°. 105223,
the peptidase and 120872, an acetyltransferase, were speculated to be potentially involved in
post formational modification of the derived SM and therefore also selected. 58601 and 120873
were not considered in the following qPCR analysis due to them both being non-clustered by
FunORDER analysis.

The chosen genes were measured via qPCR from the same cDNAs samples that were generated
for the estimation of the PKS of this cluster (see 3.3) Figure 12 shows the transcript level

estimations from these selected genes in both types of transformants (OE and syn).
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Co-expression analysis - Cluster 21
relative transcript level estimation
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Figure 12. Co-expression analysis - BGC 21

WT ... T. reesei QM6a Atmus53; OE ... overexpression cassette transformants; syn ... synTFs-cassette transformants;
PKS ... Polyketide Synthase; OR ... Oxidoreductase; DUF ... domain of unknown function; hyp. prot ... hypothetical
protein; ACT ... acetyl transferase;

Transformants and WT have been cultivated on glucose as sole carbon source. Samples have been taken after 72 hours.
Relative transcript levels of the indicated genes have been normalized to the WT samples using the reference genes actl
& sarl. Mean values of two replicates are given.

The putative oxidoreductase (76204) transcript levels were as similarly high in both
transformant types (OE & syn), as the PKS (58285) of this cluster, ranging from 2.07 to 2.49
logio-fold compared to the parental strain (WT). This makes sense because the predicted
functions of these genes suggest that they must play an important role in the formation of the
SM(s) of this cluster. The other core - (58953 — putative oxidoreductase) and additional
biosynthetic gene (58289 — putative P45 like cytochrome) transcript levels were measured but
the relative expression could not be calculated. An explanation why that was the case is
following: Before calculating the relative transcript levels, one must inspect the raw data of the
transcript measurements of the putative P450 like cytochrome. This data is prepared in the
supplementary section (see 7.4) of this work in Table 18.

While on the first look the raw data seems solid there was a seemingly minor, yet big problem
with it: The measured Ci-values of the technical replicates of 58289s transcript levels in the
transformants (both OE and syn) were close to each other (e.g. 21.5/21.4). This was similarly
good for the average Ci.values (21.5/20 and 22.6/22.2), efficiencies (1.71/1.72) and the no
template control (NTC - water) did not yield a measurable quantitative fluorescence signal at

all, which was expected (see efficiencies Table 18).
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On the other hand, when taking a closer look on the WT-sample, one technical replicate with
expectable signals for Ci-value and the efficiency (31.5/1.78) was measured and one technical
replicate with non-utilizable Ci-value and efficiency (red data in Table 18- 11.1/0). Because
there was no third technical replicate, it wouldn’t be serious to perform the transcript level
calculation with only the one plausible measured WT sample (31.5/1.78). If now though the
raw Ci-values from 58289 in both transformants (OE and syn) and only the plausible WT C-
value were compared to each other (20/22.2 vs. 31.5), then it was clearly visible that the putative
oxidoreductases 58289 transcript levels were higher in the transformant and the data suggested
that this gene played a part in the biosynthesis of this cluster’s metabolite. Furthermore, if
theoretically the AAC-value would have been calculated from these values then the logio-fold
change would be ranging between 2.19 and 2.67. These logio-fold changes would fit and made
sense in the perspective of the prediction that this gene was assigned as additional biosynthetic
genes and should be highly co-expressed too in the activated cluster. Another completely
different possibility would be that the WT transcript levels of 58289 were generally
undetectable in the qPCR with good efficiencies. Although, this is a theoretical possibility, the
WT sample with the C-value of 31.5 with an efficiency of 1.78 suggests that this was not the
likeliest explanation here. This occurred also for gene 58953, the putative oxidoreductase, with
similarly different Ct-value differences between the transformants and the WT sample.
However, these relative transcript level calculations were not conducted and displayed to obtain
the integrity of the other results of this study.

The other analyzed genes (105221, 105222, 105223 and 120872) showed a different picture:
Gene 105221 transcript levels were lower in both OE transformants and in 72993-syn-2 but
slightly higher in 72993-syn-6 compared to the WTs transcripts of 105221, which indicated that
this gene was not co-expressed in this BGC.

The transcript levels for the hypothetical protein 105222 were higher in both transformant types
(OE & syn) but in three transformants only minorly (< 1.0 logio-fold) compared to the WT.
Although showing higher transcript levels (1.66 logio-fold) in one syn transformant (72993-
syn-6) compared to the WT, no assumptions regarding co-expression of this gene were made
due to the high deviation between both syn transformants (1.66 vs. 0.99 logio-fold) and even
smaller regulation difference in the OE transformants (0.75 vs. 0.44 logio-fold).

105223 transcript levels showed mixed regulation signals in the OE and syn transformants. The
putative peptidases levels were slightly higher in each one OE (72993-OE-2) and syn (72993-
syn-2) and slightly lower in the other two transformants (72993-OE-1 and 72993-syn-6)

indicating that this gene was not co-expressed, thus suggesting that 105223 has no to little
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function in the formation or posttranslational processing of the corresponding SM(s) in this
cluster.

The last analyzed gene’s (120872) transcript levels showed only minor regulation differences
in OE and syn transformants ranging from -0.03 to 0.27 logio-fold. The putative function of this
gene was to code for an acetyltransferase. As there is close to none difference in regulation
compared to the WT it was, similarly to 105223, considered that 120872 was likely to play no
active part in the formation or the posttranslational processing of the SM. An overview of the

results of the co-expression analysis is given in Table 7.
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% Table 7. Overview of Co-expression analysis of cluster 21.

=} Mixed ... transformants with the same expression cassette inserted showed once higher, once lower transcript levels

a;) than the WT; Not calculated but measured ... transcript levels were measured but relative expression could not be

x calculated due to erroneous raw data of the WT sample

= . FunORDER — . Transcript levels

o “Gene-ID Function antiSMASH — type

G clustered groups compared to WT

= 205221 hyp. protein — DUF3328 - other Mixed

é 305222 hyp. protein - other Strong deviation
[

7 $05223 put. peptidase S41 fam Green other Mixed

e ?6204 put. oxidoreductase Green additional biosyn. Higher

g.c

4 %20872 put. GCNS5-acetlytransferase | Green other Mixed

Q=

q 3 ‘ already analyzed -

2 58285 PKS Blue core biosyn. ‘

o2 Higher

9o

g - . Not calculated but

58289 put. reductase Blue additional biosyn. ‘

50 measured — Higher

55

o2 _ Not calculated but

3 58953 put. P450 Monooxygenase Blue core biosyn. '

= measured — Higher

oD

@ O

3 0

53 Overall the analysis of all the predicted core and additional biosynthetic genes (58285, 58289,

o<

& § 58953 and 76204) by antiSMASH showed the expected higher transcript levels in both OE and

)

(o=

syn transformants. FunORDER did cluster 58285, 58289 and 58953 together in the wards
dendrogram and the PCA as well as in the heatmap indicating strong likelihood of co-evolution
for these three. As both bioinformatic tools results overlap with the qPCR analysis, this is
another strong indicator that the tools predictions were correct regarding these three genes.
The genes that were analyzed but assigned no specific function by antiSMASH were not as
clearly to interpret: While three (105221, 105223 and 120872) of those did show mixed
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regulation signals the other one’s (105222) standard deviation was too strong. The results
pointed out that the prediction of the antiSMASH was correct regarding clusters assignment of
the core and biosynthetic genes but incorrect by assigning these as “other” labelled genes to be
an actual part of the BGC by the inbuilt ClusterFinder algorithm. This results were not
surprising when one considers that not all predicted genes of a cluster by bioinformatic tools
prove to be an actual part of the cluster or important (refer to methods of the used algorithms
and results regarding training sets of well understood BGCs®*!9%12!) In order to verify the

whole antiSMASH predictions, all genes have to be analyzed by qPCR or RNAseq.
3.3.1.2. Cluster 22

The co-expression analysis of Cluster 22 proved to be trickier than 21 because the cluster
inherited one PKS (105804) and one hybrid PKS-NRPS (59315). The hybrid PKS-NRPS 59315
transcript levels were higher in the syn-transformants (105805-syn-2/6) while the transcripts of
105804 showed no mentionable regulation difference in all tested transformants. The cluster is

schematically shown in Figure 13.
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