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Abstract

Many compounds with high bioactivities are specialized (also called secondary) metabolites. They may
serve directly as drug compounds or as lead structures towards the highly urgent development for
antibiotics, anti-cancer or other drugs. The work presented in this thesis focused on two different
biosynthetic machineries that are responsible for the production of two separate types of secondary
metabolites. In both cases a basic understanding of biosynthetic peculiarities in chain cleavage and in one
case of halogenation was obtained and probable applications as tools were considered.

We first studied the biosynthetic machinery of trans-AT polyketide synthases (PKSs), a young class of PKSs
that is characterized by its separate acyltransferase (AT). It was explained why several copies of an AT gene
are present in many trans-AT PKS biosynthetic gene clusters despite the fact that one copy would be
sufficient. This was exemplified with the pederin (5) gene cluster (ped) which harbors two AT gene copies.
Our previous studies suggested an involvement of the second AT copy, PedC, in a proofreading mechanism.
The presumed hydrolysis of thioesters could be verified in an in vitro assay enabling real time tracing of the
potential hydrolysis, where different thioester substrates were offered to PedC. PedC was capable of
cleaving a wide variety of substrates that differed both in sizes and functionalities. The results are consistent
with a highly likely involvement in biosynthetic proofreading. Consequently, the enzyme class was renamed
from acyltransferase to acylhydrolase (AH). This is the first described mechanism of trans-AT PKS
housekeeping and one of very few proofreading mechanism for modular PKSs. AHs might become
employed in pathway elucidation and improvement of polyketide yield with a controlled release of
intermediates from a pathway of interest.

We assigned genes responsible for the chlorination in the trans-AT PKS product oocydin A (11), a
chlorinated macrolactone. Notably, two genes were involved in the halogenation reaction. Corresponding
proteins surprisingly showed the affiliation to a new type of two-component halogenases related to
mononuclear non-heme iron, a-ketoglutarate- and O;-dependent halogenases. Firstly, 11 and dechloro-
oocydin A (42) were isolated and structures were elucidated. A further, previously unknown product of the
oocydin gene cluster named oocydin B (43) was isolated and its structure could be elucidated. 43 highly
resembles haterumalide B (35), which was originally isolated from a marine ascidian. This strongly suggests
a biosynthetic origin of haterumalides in the 11 gene cluster. A revised biosynthetic model was proposed
which explains biosynthesis of 11 and the analog 43 with an extended side chain. Cytotoxicity tests revealed
a minute influence of the chlorine atom on the bioactivity. Oocydin B (43) with its longer side chain than 11
exhibited lower cytotoxicity than 11 and 42. An application of the two-component halogenases in
chemoenzymatic synthesis is conceivable, since classical chemical synthesis of a vinyl chloride moiety is
limited.

During the course of this study the PoyH recognition site was refined. PoyH is an unusual non membrane-
bound protease involved in biosynthesis of polytheonamide (14), a ribosomally synthesized and
posttranslationally modified peptide (RiPP). Single-point mutants of PoyH substrates were generated and
applied in an in vitro assay to analyze chain cleavage by PoyH and to gain insight into substrate recognition.
The refined recognition sequence was introduced to a fully unrelated protein and cleavage could be
detected. The protease has thus become accessible as a potential new tool to study other RiPP biosynthetic
pathways. It may even potentially find application in more general molecular biology inquiries.
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Zusammenfassung

Viele bioaktive Molekiile gehdren zur Klasse der Sekundarmetaboliten. Sie kdnnen als Leitstrukturen oder
als Medikament selber in der dringend nétigen Entwicklung weiterer Antibiotika oder Zytostatika genutzt
werden. Die hier vorliegende Arbeit befasst sich mit zwei verschiedenen biosynthetischen Maschinerien,
die fur die Bildung von Sekundarmetaboliten verantwortlich sind. In beiden Fallen wurden wichtige
Einsichten in die grundlegenden biosynthetischen Eigenheiten dieser Enzymkomplexe erhalten und
mogliche Anwendungen als Werkzeuge ins Auge gefasst. Der Fokus lag im Besonderen auf verschiedenen
Kettenspaltungsreaktionen von biosynthetischen Intermediaten und Halogenierungen.

Die erste untersuchte Biosynthese-Maschinerie gehort zur Klasse der trans-AT Polyketidsynthasen (PKS),
die sich durch freistehende Acyltransferasen (AT) auszeichnen. Am Beispiel des Pederin (5) Genclusters ped
wurde die Frage aufgeklart, wieso viele vergleichbare Gencluster mehr als eine Kopie des AT-Gens tragen,
obwohl gezeigt wurde, dass eine Kopie ausreichend ist. Es wurde vermutet, dass das kodierte Protein der
zweiten AT-Kopie pedC an einem hydrolytischen Korrektur-Mechanismus beteiligt sein kénnte. Die
vermutete Hydrolyse wurde in einem in vitro Ansatz libergeprift. Verschiedene potentielle Thioester-
Substrate wurden PedC angeboten und eine eventuelle Hydrolyse in Echtzeit mitverfolgt. Tatsachlich war
PedC im Stande Substrate unterschiedlicher Linge und mit verschiedenen Funktionalitditen zu
hydrolysieren. Damit liegt eine Beteiligung an einem Korrektur-Mechanismus in der Polyketidbiosynthese
nahe und daraufhin wurde die Enzymklasse von Acyltransferase zu Acylhydrolase (AH) umbenannt. Diese
nachgewiesene Hydrolyse ist die erste gezeigte Variante fir die Durchflihrung von Fehlerkorrekturen durch
trans-AT PKS. AHs konnten in der Biosynthese-Aufklarung und Polyketid Titer-Erhéhung durch kontrollierte
Ablosung der Intermediate eingesetzt werden.

Weiterhin gelang es, die fur die Halogenierung an Oocydin A (11), einem halogenierten Makrolakton-
Polyketid, verantwortlichen Gene zu bestimmen. Untypischerweise sind zwei Gene an der Halogenierung
beteiligt. Die kodierten Proteine sind die ersten Vertreter einer neuen Zwei-Komponenten Halogenase, die
Verwandtschaft zu Einzelkernigen nicht-Ham Eisen, a-Ketoglutarat- und O;-abhdngigen Halogenasen
aufweist. 11 und erstmals Dechloro-Oocydin A (42) konnten isoliert und die Struktur mit Hilfe von NMR-
Spektroskopie aufgeklart werden. Ein weiteres unbekanntes Produkt der 11-Biosynthese wurde isoliert und
die Struktur mit Hilfe von NMR-spektroskopischen Untersuchungen aufgeklart. Die Oocydin B (43) genannte
Substanz weist eine sehr hohe strukturelle Ahnlichkeit zu Haterumalide B (35) auf, das urspriinglich aus
einer Seescheide isoliert wurde. Durch diese strukturelle Analogie liegt eine enge biosynthetische
Verwandschaft zwischen 11 und 35 nahe. Ein modifiziertes Biosynthese-Modell wurde vorgeschlagen, das
die Biosynthese von 11 und dem langkettigen Analog 43 erklart. Zytotoxizitdts-Studien zeigten einen
minimalen Einfluss des Chlor-Atoms auf die Toxizitat im Vergleich zu 11, wobei die langere Seitenkette von
43 die Zytotoxitat reduzierte im Vergleich zu 11 und 42. Der Einsatz der Zwei-Komponenten Halogenase in
chemoenzymatischen Fragestellungen ist denkbar, da klassisch chemisch-synthetische Ansatze bei
Einfilhrungen von Halogenen an Vinylgruppen an ihre Grenzen stoRen.

Im Rahmen dieser Arbeit konnte auch die Erkennungssequenz der Protease PoyH verfeinert werden. Dabei
handelt es sich um eine uniblicherweise nicht Membran-gebundene Protease aus der Biosynthese der
Polytheonamide (14), die zur Klasse der ribosomal synthetisierten und posttranslational modifizierten
Peptide (RiPPs) gehoren. Es wurden Einzelpunkt-Mutationen eines Substrats generiert und der Protease in
einem in vitro Assay zur Spaltung angeboten, um Aussagen Uber die Substraterkennung zu erhalten. Die
verfeinerte Erkennungssequenz wurde in ein nicht verwandtes Protein eingebaut und Spaltung des
Substrats nachgewiesen. Diese Erkentnisse machen die Protease zu einem potentiellen neuen Werkzeug in
der RiPP-Biosynthese-Forschung oder auch weiteren molekularbiologischen Anwendungen.
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Chapter 1. Introduction

1.1. Specialized metabolites

Specialized metabolites (also called secondary metabolites) are synthesized by nearly every cell for various
purposes. A very rough definition counts everything that is not necessary for a cell’s survival as secondary
metabolites (Croteau, Kutchan, and Lewis 2000). A huge diversity of compounds are encompassed by this definition
including polyketides, nonribosomal peptides, ribosomally-derived peptides, alkaloids and many more. These
compounds are synthesized for a wide variety of purposes by the host cell; hence, they often harbor potent
activities against bacteria, fungi or cancer cells and often serve as lead structures for drug discovery or are drugs
themselves (Tibrewal and Tang 2014). An impressive example of drugs developed from secondary metabolites are
antibiotics. After their discovery, antibiotics were widely in the focus of pharmaceutical companies and used
extensively and successfully in clinics. In the late 1960s William H. Steward, at the time US Surgeon General, said
that it is "time to close the book on infectious disease" and "declare the war against pestilence won" (Spellberg
2008). Today we know that this statement was impetuous. The number of antibiotic resistant strains is increasing
while the number of companies being engaged in antibiotic research is decreasing (Figure 1-1) (Cooper and Shlaes
2011). One explanation for the decrease of involved companies is the fact that biosynthetic machineries underlying
the production of secondary metabolites are as diverse as the products themselves.
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Figure 1-1: A plot of number of resistant bacterial strains and companies being engaged in antibiotic research in
dependency of the time, modified after Cooper and Shlaes 2011.

The growing number of antibiotic resistant bacterial strains over time correlates with the decrease of pharmaceutical companies being
engaged in antibiotic research in the same time scale. Abbreviations: *, resistance is defined as proportion of clinical isolates that are
resistant to antibioticc MRSA, methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant Enterococcus; FQRP,
fluorquinolone-resistant Pseudomonas aeruginosa.

1.2.Polyketides

A class of secondary metabolites harboring enormously diverse activities are polyketides (Weissman 2009). It is
believed, that more than 1% of the described polyketides have potential drug activity (Cummings, Breitling, and
Takano 2014). This spectrum encompasses, e.g., antibiotic activity (with the very prominent example erythromycin
(1)), antifungal activity (for example amphotericin B (2)), immunosuppressant activity (for example rapamycin (3))
and lipid-lowering properties (one clinically used example is lovastatin (4)) (Keatinge-Clay 2012) (Figure 1-2).
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Figure 1-2: Structure and bioactivity of selected polyketides.

Representative polyketides: erythromycin (1), amphotericin B (2), rapamycin (3), lovastatin (4) and pederin (5).

Despite this huge diversity in chemical structure and activity, all polyketides are synthesized by enzyme complexes
called polyketide synthases (PKSs) (Hill 2006). Their biosynthesis occurs through a stepwise attachment of small
acyl-building blocks in a Claisen-type condensation (Staunton and Weissman 2001). PKSs can be subdivided
regarding their architecture (Figure 1-3) (Weissman 2009); all subgroups will be further explained in the next

chapters.
cis-AT
multimodular
typel trans-AT
iterative (single
module)

PKS type ll
type lll

Figure 1-3: Subdivision of polyketide synthases.

Polyketide synthases (PKS) can be subdivided into three main types, with additional subclasses in some cases.

1.2.1 Type | polyketide synthase

Type | PKSs are the class with the most complicated and most versatile biosynthetic machineries and can be found
in very diverse domains of life. They can be present in animals, fungi and amobae as well as in procarya
(streptomycetes, mycobacteria, cyanobacteria) (Keatinge-Clay 2012). Within this class important differences can
be identified. The distinction relies on the mode of enzyme-complex usage (iterative or in a row) and on the way
building blocks are loaded (cis or trans).
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Multimodular type | PKSs are huge mega-enzyme-complexes. These complexes can be even larger than the
ribosome (~2.6 MDa) exemplified with the PKS underlying ECO-02301 biosynthesis (~4.7 MDa) (Keatinge-Clay
2012), (McAlpine, 2005). Modular type | PKSs are named after their modular architecture. Each module links an
acyl-building block to the covalently attached growing chain and passes the nascent intermediate from one module
to the next, with that the growing chain is shuttled from the beginning of the enzyme-complex to the end. The
process is linear and resembles an assembly line. Because of this, the synonym "molecular assembly line" exists
(Walsh and Fischbach 2010). This linear fashion has the advantage that the product can be easily predicted by the
order of domains and vice versa. This correlation is called the "colinearity rule" (Piel 2010). One module comprises
several domains and every domain is responsible for a single reaction step (Keating and Walsh 1999). A module is
the smallest unit in a PKS able to catalyze a full round of monomer selection, attachment and carbon-carbon-bond
formation. It harbors at least a ketosynthase (KS), an acyl carrier protein (ACP) and an acyltransferase (AT) domain.
The ACP must be activated to be functional. This "priming" step converts the inactive apo form into the active holo
variant by attachment of a coenzyme A (CoA) (6)-derived 4’-phosphopantetheine (Ppant) group to a conserved
serine residue in a (D/E)xGxDSL motif (Figure 1-4). The priming only has to happen once as one holo-ACP is used
repeatedly (Keating and Walsh 1999). The responsible enzyme phosphopantetheinyl transferase (PPTase) acts in a
posttranslational fashion. A free thiol group at the end of this Ppant-arm serves as an anchoring point for the
growing chain and is often described as a "shuttle" or "swinging arm" (Perham 2000) in the ACP. This "swinging
arm" can span 20 A and is able to channel the intermediates through all the various catalytic sites on the PKS
(Sunbul, Zhang, and Yin 2009). The growing chain is tethered to the ACP throughout the whole catalytic process.
Beside the ACP, acyl-building blocks are activated as CoA-thioesters as well due to the transfer of 6. In both cases
thioesters and not oxygen esters are employed due to their higher reactivity. Starter moieties comprise acetyl-,
benzoyl-, and propionyl-CoAs or even more varied structures, like methoxymalonyl-CoA for example can be used.
The most abundant elongation acyl-CoAs are malonyl-CoA and methylmalonyl-CoA (Fischbach and Walsh 2006).
Aside from these classical elongation units, ethylmalonyl-, methoxymalony- and even more exotic components like
hydroxymalonyl- or aminomalony-CoA can be found (Cheng et al. 2009).
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Figure 1-4: Coenzyme A (6) transfer catalyzed by PPTase.

The 4’ -phosphopantetheine arm of coenzyme A (6) is transferred onto a conserved serine residue of an acyl carrier protein (ACP) in
the case of polyketide synthases and on a peptidyl carrier protein (PCP) in the case of nonribosomal peptide synthetases (chapter 1.3)
by the enzyme phosphopantetheinyl transferase (PPTase).

The biosynthetic mechanism of modular type | PKSs resembles that of type | fatty acid synthases (FAS) from primary
metabolism and both are believed to share a common ancestor, but they evolved apart from each other (Smith and
Tsai 2007; Dutta et al. 2014). It is believed that within this evolution PKSs for example have inserted other domains,
leading to a variation of reactions performed within a single module (Fischbach and Walsh 2006). Nevertheless,
PKSs and FASs share the same basic domains (KS, malonyl-CoA/acetyl-CoA transacylase (MAT), dehydratase (DH),
enoylreductase (ER), ketoreductase (KR), ACP and thioesterase (TE)) (Weissman and Miiller 2008). FASs exclusively
act in an iterative fashion, in contrast to multimodular type | PKSs that act in a non-iterative fashion (Weissman and
Miuller 2008). A huge difference between FASs and PKSs is the oxidative state of their products. In FAS the
intermediates are fully reduced (Staunton and Weissman 2001), whereas in PKSs full, partial or no reductions and
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dehydrations can be present (Piel 2010). The different reductive states and the aforementioned variation in domain
architecture in PKSs leads to a larger range of structural variety in polyketides than in fatty acids.

A typical reaction scheme of modular type | PKS biosynthesis is comprised of the following steps (Figure 1-5): For
initiation the ACP is activated by a transfer of a Ppant group. Subsequently an acyltransferase (AT) loads the starter
unit onto the holo-ACP. A KS domain catalyzes the transfer of this starter moiety from the holo-ACP onto itfself. In
the elongation stage an extender unit is selected by an acyltransferase (AT) domain. The AT loads an ACP with this
extender moiety. The acylated ACP docks to the KS that then performs the actual decarboxylative condensation for
chain elongation. After this chemical bond formation, the newly-formed B-ketoacyl intermediate is shuttled by the
ACP to the processing enzymes and afterwards either back to the KS in case of an iterative PKS or forward to
downstream modules or chain-release enzymes (Keatinge-Clay 2012). In the end a TE usually releases the growing
chain from the enzyme either as linear polyketide by hydrolysis or as cyclized lactone ring.
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Figure 1-5: Scheme of polyketide biosynthesis modified after Xu, Qiao, and Tang 2012.

In the initiation step a 4 -phosphopantetheine (Ppant) group derived from coenzyme A (6) is transferred onto the acyl carrier protein
(ACP) for activation. Subsequently the acyltransferase (AT) loads the starter unit onto the activated holo-ACP followed by a transfer of
the acyl-group onto the ketosynthase (KS). In an elongation cycle an AT loads an extender moiety onto the ACP. The KS catalyzes the
decarboxylative condensation of this moiety together with the already loaded unit on the ACP. Further modifications can occur with
the help of ketoreductases (KR), dehydratase (DH) and enoylreductase (ER) domains. The growing and modified intermediate is
translocated onto the downstream KS and a new cycle begins. In the end a thioesterase catalyzes the release of the expanding chain
either by hydrolysis or macrocyclization.

Intermediates in polyketide biosynthesis are often described by the stereochemistry and location of different
chemical groups. They can be referred to as having for example a B-hydroxy-group or a b-configuration. D- or L-
configuration refers to the Fischer projection, whereas Greek letters always refer to the distance from the
(thio)ester group (Figure 1-6).
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Figure 1-6: Nomenclature of polyketide intermediates modified after Keatinge-Clay 2012.

A representative polyketide intermediate shown in (A) Fischer projection and (B) common-chain form.

A lot of knowledge about modular type | PKSs was generated from studies on the 6-deoxyerythronolide B (6dEB)
(7) synthase (DEBS), the aglycone of erythromycin (1) (Figure 1-7). In 1990 first experiments were conducted to
understand the underlying biosynthesis (Cortés et al. 1990) and from then on DEBS served as the textbook example
in studying modular type | PKSs. DEBS consists of six modules, encoded in three large open reading frames (ORFs)
with a size of ~350 kDa each (Staunton and Weissman 2001). Every module catalyzes the decarboxylative
condensation of (2S)-methylmalonyl-ACP to the inverted (2R)-2-methyl-3-ketoacyl-ACP intermediate and
propionate-CoA serves as starter moiety (Khosla et al. 2014). After reactions of tailoring enzymes the final product
1 is synthesized.

load module 2 module 4 module 6
module 3

module 5

module 1 release

6-Deoxyerythronolide (7)

Post-PKS/
tailoring enzymes

Erythromycin (1)

Figure 1-7: Scheme of erythromycin biosynthesis by 6-deoxyerythronolide B synthase (DEBS).

Propionyl-CoA serves as starter unit and is loaded by the AT onto the ACP. Every one of the six following modules is responsible for the
installation and modification of a C3 moiety resulting from methylmalonyl-CoA. This elongation and alteration is accomplished by the
reaction of KS, AT, ACP and optionally KR, DH and ER. The TE in the last module is responsible for a cyclic release of 7 that results in 1
after tailoring by post-PKS enzymes. Abbreviations: PKS, polyketide synthase; CoA, coenzyme A (6); AT, acyltransferase; ACP, acyl
carrier protein; KS, ketosynthase; KR, ketoreductases; DH, dehydratase; ER, enoylreductase; TE, thioesterase.
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1.2.1.1 Important domains employed in polyketide biosynthesis

Crystal structures of all main domains involved in type | PKS biosynthesis are visualized in Figure 1-8.

Yaa
&
= (kg Ketoreductase Dehydratase
Acyl Carrier Protein Ketosynthase — Acyl Transferase didomain Thioesterase (KR; module 1) (DH; module 4)

(ACP; module 2) (KS-AT; module 5) (TE)

Figure 1-8: Crystal structure of individual polyketide synthase domains taken from Khosla et al. 2014.

All domains are obtained from 6-deoxyerythronolide B synthase (DEBS). In the case of KR the bound NADPH cofactor is depicted as
well.

The ACP domain is with a size of 100 amino acids (aa) the smallest domain and usually non-catalytic. As mentioned
earlier, it serves as carrier and attachment point throughout the whole biosynthetic process. It shares the same fold
with carrier proteins from other pathways like the iteratively acting type Il FAS or type Il PKS. To ensure that the
correct enzyme partner will be "delivered" with the growing chain, ACP binds to its interaction partners through
different structural features (Xu, Qiao, and Tang 2012). This interaction can either be non-covalent docking or a
direct fusion (Dutta et al. 2014).

The AT domain is a protein comprising of two subdomains. The first ~240-residue-containing subdomain has an
a/B-hydrolase fold and is catalytically active and the second subdomain has a size of ~60 amino acids showing a
ferredoxin-like fold. ATs in general employ a canonical Ser-His dyad located within a highly maintained GHSxG motif.
The reaction mechanism resembles that of serine proteases and functions in a ping-pong bi-bi fashion (Figure 1-9)
(Keatinge-Clay 2012). Competing hydrolysis might occur and it is not fully understood yet how it is prevented. Most
likely the protein architecture has an influence on the outcome of the reaction (Serre et al. 1995).

HOH
CoASH >/r AT~X-HOH —> AT + X-OH
AT + X-CoA ATX-CoA ——» AT~X
AT~X-ACP — AT + X-ACP
ACP

Figure 1-9: Scheme of ping-pong bi-bi mechanism of AT-catalyzed reaction.

The translocation of an acyl group onto the acyl carrier protein (ACP) by the acyltransferase (AT) occurs in a ping-pong fashion and
generates an acyl-intermediate. Competing hydrolysis is shown on the top branch. Abbreviations: CoA, coenzyme A (6); X, acyl residue.

The serine nucleophile attacks the carbonyl of the thioester substrate with the help of a neighboring histidine to
form an acyl-enzyme intermediate (Figure 1-10) (Hedstrom 2002). This tetrahedral intermediate gets stabilized by
an oxyanion hole (Xu, Qiao, and Tang 2012). Subsequently the ester carbonyl of the intermediate is attacked by the
thiol group of the ACP phosphopantetheinyl side chain in a nucleophilic fashion. The active site His reprotonates
the vacated Ser to regenerate the catalytic dyad (Smith and Tsai 2007).
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Figure 1-10: Schematic representation of acyltransferase (AT)-catalyzed reaction mechanism after Keatinge-Clay 2012.

In the Ser-His dyad the serine attacks the substrates carbonyl with the help of histidine. The formed intermediate is attacked by the
thiol group of an acyl carrier protein (ACP) and reprotonation of the serine leads to an ejection of the acyl-ACP. A competing hydrolysis
is shown in the down branch. Abbreviation: CoA, coenyzme A (6).

The AT domains have full control over the choice of elongation moieties and a typically narrow substrate specificity
(Hedstrom 2002). It is not fully elucidated how this specificity is biochemically maintained. The very rapid kinetics
of this reaction makes experimental elucidation challenging. In 2013 Dunn et al. could show for the example of the
AT from module 3 of DEBS that this substrate specificity is expressed in formation of the acyl-AT intermediate in
the first half of the mechanism. The second half exhibits specificity towards the ACP (Dunn, Cane, and Khosla 2013).
First hints regarding substrate extender unit specificity come from sequence comparisons. With the growing
number of sequenced genomes the number of available AT sequences has increased. High sequence homology
among ATs allows phylogenetic analyses that show separation into clades by preferred extender unit. One
important motif (RVDVVQ) is positioned about 30 residues upstream of the catalytic serine. After comparing more
than 200 AT sequences this motif was refined. An (R/Q/S/E/D)V(D/E)VVQ sequence indicates the acceptance of
methylmalonyl-CoA and ZTxS(A/T)(Q/E) (Z-hydrophilic residue, $-aromatic residue) points towards the use of
malonyl-CoA (Yadav, Gokhale, and Mohanty 2003). Further information can also be gained from crystal structures
(Dunn and Khosla 2013). An important role plays the direct downstream neighbor of the catalytic serine (in the
GHGxG motif), which is employed in the steric binding of the substrate. ATs accepting malonyl have a branched
hydrophobic amino acid at the "X-position". Other specificities are indicated by less bulky residues (Smith and Tsai
2007). Another crucial motif YASH or HAFH integrates the catalytic histidine. The first indicates methylmalonyl-CoA,
the latter malonyl-CoA acceptance (Xu, Qiao, and Tang 2012). Evidence exists for a part of the C-terminal region
also playing a role in substrate specificity (Smith and Tsai 2007).

The KS domain is the most conserved enzyme in PKSs and belongs to the thiolase superfamily. Because of this
sequence conservation, KSs often serve as starting point for amplifying gene clusters from a metagenomic sample,
for example in the case of the pederin gene cluster (Piel 2002). Although they are highly conserved, the reaction
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mechanism for the Claisen-like condensation reaction is not fully understood (Keatinge-Clay 2012). A proposed
mechanism exhibits a two-step nature (Figure 1-11). For the first step the acyl chain of the acyl-ACP enters the KS
substrate tunnel towards the reactive cysteine in a TACSSS motif that attacks the thioester. An oxyanion hole
stabilizes the negative charge of the tetrahedral intermediate via hydrogen-bonding interactions. For the second
step an additional ACP that is loaded with an extender unit docks to the acylated KS. This time two histidine residues
from EAHGTG and KSNIGHT motifs play an important role. One histidine is important for binding and activation of
the carboxylate of the extender unit whereas the other histidine activates a water molecule for attack on this
activated decarboxylate as a general base. The resulting enolate then attacks the electrophilic thioester carbonyl
to elongate the polyketide by one unit (Haapalainen, Merildinen, and Wierenga 2006), (Keatinge-Clay 2012),
(Keating and Walsh 1999). In trans-AT PKSs, KSs have a high substrate specificity and with that a special status, this
is further explained in the corresponding chapter 1.2.1.
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Figure 1-11: Schematic proposal of ketosynthase (KS)-catalyzed reaction mechanism after Keatinge-Clay 2012.

The two-step mechanism of the Claisen-like condensation starts with the formation of an acylated cysteine intermediate. In the second
step a second loaded ACP gets attacked by an activated water molecule and the resulting enolate ion attacks the thioester carbonyl.
This yields an elongated polyketide intermediate.

TEs belong to the superfamily of a/B-hydrolases and have a size of about 240-290 aa. The reaction mechanism
underlying this chain release is one of the best understood ones in polyketide biosynthesis (Figure 1-12). The core
of this reaction stems from the catalytic triad Ser-His-Asp. In the first half of the reaction, the carbonyl carbon of
the assembled chain attached to an ACP is attacked by the nucleophilic hydroxyl group of the active site serine
(positioned in a GxSxG motif). The His residue in the catalytic triad, that is stabilized by the Asp residue, acts as a
general base and accepts the proton from the catalytic serine. This leads to an acyl-TE ester. In the second half of
the reaction, either a macrocyclized or a linear hydrolyzed product is released, depending on the acting TE. In both
cases another nucleophilic attack takes place. This happens either from an external nucleophile (usually water)
leading to hydrolysis or an internal nucleophile (typically a hydroxyl on the intermediate) leading to a macrocyclized
macrolide as in the case of 6dEB (7) (Du and Lou 2010), (Keatinge-Clay 2012).
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Figure 1-12: Schematic representation of thioesterase (TE)-catalyzed reaction mechanism modified after Du and Lou
2010.

lz I—O%

In the beginning a serine attacks the carbonyl group of the acylated-acyl carrier protein (ACP) with the help of a histidine residue. An
acyl-TE ester results from this reaction that is subsequently either hydrolyzed (1) or cyclized () by the attack of an either external (I) or
internal (I1) nucleophile.
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Another large group of thioesterases, beside the here described classical ones, are the so-called type Il TEs (TEIl).
They are usually not encoded within the assembly line (in-line) but can be found as discrete enzymes. Several
experiments suggest a role in maintenance of product levels (both in polyketide or nonribosomal peptide
biosynthesis), but no direct involvement in the biosynthesis (Schneider and Marahiel 1998), (Doi-Katayama and
Hutchinson 2000). They were first characterized in 2001 by Heathcote et al. as enzymes being able to cleave off acyl
units from the ACP and with this being important for PKS proofreading (Heathcote and Leadlay 2001).

Beside the mandatory KS, AT and ACP domains in a module, many additional components can be found that widen
the structural variety of the product. Examples are KRs, DHs and ERs. KRs catalyze the reduction of a keto moiety
to a hydroxyl group, DHs can subsequently remove a water molecule and a following reaction of ERs leads to a fully
reduced product (Hopwood 2004).

The KR domain is typically monomeric and has a size of about 450 residues. Different variants of KRs are known.
Most perform reduction reactions on B-keto groups, others can also influence the stereochemistry of the a-
substituent, and in addition, KRs performing epimerase activity are known as well (Keatinge-Clay 2012), (Garg et al.
2014). KRs belong to the superfamily of short-chain dehydrogenases/reductases and exhibit Rossmann-like folds in
the C-terminal catalytic subdomain as well as in the N-terminal structural subdomains (Xu, Qiao, and Tang 2012).
The latter subdomain is responsible for stabilizing the first. The overall structure creates a cleft in which the NADPH
cofactor can bind. Depending on the stereochemical outcome of their product, they are subdivided into "A-type"
(L-configuration) or "B-type" KRs (D-configuration). Additionally, a further subdivision is possible if the a-substituent
of the educt is epimerized or not. A highly conserved Ser-Tyr-Lys catalytic triad can be found in the catalytic
subdomain performing the reaction (Figure 1-13). The triad activates the target B-carbonyl group and stabilizes the
oxyanion intermediate after hydride addition. Subsequently, NADPH attacks leading to reduction (Keatinge-Clay

2012).
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Figure 1-13: Schematic representative of ketoreductase (KR)-catalyzed reaction mechanism after Keatinge-Clay 2012.

The KR employs a catalytic Ser-Tyr-Lys triad and NAPDH as cofactor. The cofactor attacks the B-carbonyl group leading to a reduction.

The DH domain is responsible for a reversible dehydration reaction on the B-hydroxyl-acyl polyketide intermediate
resulting in an a,B-double bond. It belongs to the family of non-metal dehydratases and possesses a double hotdog
fold within its average size of 280 residues (Smith and Tsai 2007). The following reaction mechanism is proposed
(Figure 1-14): Within the HPALLGD motif the catalytic aspartic acid can be located. This residue protonates the j3-
hydroxy group of the educt followed by an a-proton abstraction from the catalytic His residue (positioned in an
HxxxGxxxxP motif) resulting in a syn elimination of water. Cis- and trans-double bonds are both possible products,
although the latter is formed in most cases. The performed reaction is unusual because the product is

Introduction 9



thermodynamically as stable as the educt (Keatinge-Clay 2012). Downstream enzymes select the dehydrated
species over the hydrated one, pulling the equilibrium towards the dehydrated product. DH's are sometimes also
able to act as isomerases, shifting the a/B-double bond towards the y/& position (Kusebauch et al. 2010).
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Figure 1-14: Schematic proposal of dehydratase (DH)-catalyzed reaction mechanism after Keatinge-Clay 2012.

An aspartate protonates the B-hydroxy group of the acyl-acyl carrier protein (ACP). A subsequent proton abstraction by a histidine
leads to a water elimination.

The ER domain is a member of the acyl-CoA reductase family of the medium-chain dehydrogenase/reductase
superfamily with a size of about 310 residues. It is one of the least studied domains. The main function is a
stereoselective reduction of trans-a,B-double bonds generated by the DH with the help of NADPH (Keatinge-Clay
2012). As ER domains are in general not well described only a proposal for the reaction mechanism exists (Figure
1-15). Most likely a hydride is transferred to the B-carbon of the substrate from NADPH. Afterwards a protonation
follows from either a general acid or solvent. A tyrosine or lysine is believed to be involved in the latter protonation
(Keatinge-Clay 2012), (Xu, Qiao, and Tang 2012).
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Figure 1-15: Schematic proposal of enoylreductase (ER)-catalyzed reaction mechanism after Keatinge-Clay 2012.

The cofactor NADPH attacks the acyl-acyl carrier protein (ACP) and a subsequent protonation leads to the reduced product.

The abovementioned domains perform their reactions while the growing chain is still tethered to the enzyme-
complex. Further modifications of the polyketide intermediates can be introduced by post-PKS enzymes, also called
tailoring enzymes. In these reactions the polyketide core gets diversified by, for example, attachment of sugar
moieties or halogen atoms or by cyclizations (Figure 1-16) (Olano, Méndez, and Salas 2010). These modifications
are in many cases necessary to generate the bioactivity. It is known for example that 6dEB (7), the aglycone of the
antibiotic erythromycin (1), is less bioactive than the final product (Weissman and Leadlay 2005). Some enzymes
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that catalyze these modifications are oxidoreductases, halogenases, group transferases (for example sugar moieties
or methylgroups) or cyclases (Rix et al. 2002). A short overview of the most important enzymes will be given here.
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Figure 1-16: Post-PKS modifications at the example of erythromycin biosynthesis.

In the erythromycin biosynthesis 7 undergoes glycosylation, hydroxylation and methylation to yield the final bioactive product 1. The
unmodified core is gray, all modifications are indicated in black.

Oxidoreductases are a diverse group of enzymes and responsible for the introduction of oxygen-containing
structural moieties like hydroxy, keto, epoxide and aldehyde groups. Alternatively it is possible that they modify
such functionalities by addition or removal of hydrogen atoms. Members of these groups able to catalyze such
reactions are called oxygenases, reductases, peroxidases and dehydrogenases (Olano, Méndez, and Salas 2010).
Although these are only small functional alterations, the impact is enormous. With changes in chiral centers,
solubility or hydrogen bond donors/acceptors, the physico-chemical and stereo-electronic properties of the
compound are influenced (Rix et al. 2002).

The attachment of sugars is catalyzed by glycosyltransferases. As mentioned above in erythromycin biosynthesis,
the attachment of sugar moieties leads to the final bioactive compound. Various decorated molecules can be found.
This decoration can occur with one to more than seven sugar moieties, usually from a member of the 6-
deoxyhexose family from a donor substrate to an acceptor substrate (Olano, Méndez, and Salas 2010). The shape
and stereo-electronic properties of a polyketide is vastly influenced by the aforementioned modification and
because of this sugar units are important for the interaction between secondary metabolites and their cellular
targets (Rix et al. 2002). Predominantly the attachment of sugars happens through O-glycosidic bonds, but
sometimes C- and N-glycosidic linkages can be found as well (Olano, Méndez, and Salas 2010).

Methyl groups can be transferred by methyltransferases. In most cases S-adenosylmethionine (SAM) serves as
methyl donor. Nearly all functionalities in a polyketide can be methylated. This variety is exemplified with oxygen
atoms in carbonyl or hydroxyl groups, nitrogen atoms in amines, sulfur atoms in thiols, carbon atoms in ring
structures (Olano, Méndez, and Salas 2010). This modification can also introduce stereocentres and with that have
a steric impact on the polyketide (Rix et al. 2002).

Cyclization can be achieved in several ways. Either free-standing cyclases, TEs out of type | PKSs or oxygenases can
be involved in this reaction (Olano, Méndez, and Salas 2010).

Halogenation is also one of the possible post-PKS modifications and approximately 4,700 halogenated natural
products are known (van Pée 2012). Chlorine is predominantly introduced, followed by bromine, iodine and rarely
fluorine (Vaillancourt et al. 2006). Surprisingly, only four classes of halogenases are known to collectively modify
natural products at almost every type of chemical position. These classes can be distinguished by their underlying
chemical reaction mechanisms (Table 1-1).
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Mechanism

Electrophilic

Nucleophilic

Radical

Form of activated halogen

Substrate requirements

Enzyme families

Hypohalite X*

Aromatic, electron-rich

ux‘*n

O+

1) Heme-dependent
haloperoxidases

2) Vanadate-dependent
haloperoxidases

Halide X

Electrophilic, with a good
leaving group

LG

/lk — X/\

X -LG

1) SAM fluorinase/
chlorinase

2) SAM-dependent halide
methyl transferase

Halogen X:

Aliphatic, unactivated

( X
M™*-X M-+
Mononuclear non-heme
iron/a-ketoglutarate-
dependent halogenase

3)  Flavin-dependent
halogenases

Cofactors and cosubstrates 1) Heme, H,0, Fe(ll), O,, a-ketoglutarate
used 2) Vanadate, H,0,
3) FADH,, O,

Table 1-1: Classification of known halogenases involved in secondary metabolite halogenation.

Haloperoxidases were known since the 1960s and believed for a long time to be the only existing enzymes able to
halogenate (Roberts 2013). The halogenating agent, a hypohalite, acts on electron-rich substrates (Smith,
Griischow, and Goss 2013). Heme-dependent haloperoxidases and vanadate-dependent haloperoxidases can be
found in plants (including marine algae), bacteria, fungi and mammals (Blasiak and Drennan 2008). In the beginning
of the 2000s, more types of halogenases were discovered. FADH,-dependent halogenases also react in an
electrophilic fashion. Many halogenations, among others of vancomycin and chlorotetracycline, are described to
be performed by this class. They employ molecular oxygen and flavin as corresponding reductive agents. The
reduced flavin is typically delivered by a partner protein reductase (Neumann, Fujimori, and Walsh 2008). They can
either react on PCP-bound substrates or on free-standing ones (Blasiak and Drennan 2008). A lot about the exact
reaction mechanism is known nowadays but it is still not fully revealed and the influence of certain amino acids to
the reaction is different between members of the family (Smith, Griischow, and Goss 2013). Enzymes that are able
to perform fluorination have been found as well (Dong et al. 2004). Due to the high electronegativity of the fluorine
atom, only a nucleophilic reaction mechanism is possible and enzymes rely on SAM. Three years later a further
SAM-dependent halogenating enzyme was described. But in this case the enzyme cannot cataylze fluorinations
(Eustaquio et al. 2007). For a long time it remained mysterious how halogenation at unactivated carbons can be
achieved, although many compounds are known with a halogen atom at such positions. Examples are syringomycin
E, barbamide and jamaicamide A. It turns out that mononuclear non-heme iron (MNH) a-ketoglutarate (KG)- and
0O,-dependent halogenases are able to perform their reaction at such sites (Vaillancourt, Yin, and Walsh 2005),
(Vaillancourt et al. 2005), (Vaillancourt, Vosburg, and Walsh 2006). Furthermore it became apparent that they are
also responsible for the introduction of cyclopropane rings after chlorination as in curacin A biosynthesis (Gu et al.
2009). With one exception (Hillwig and Liu 2014), all MNH halogenases act on ACP- or PCP-tethered substrates
(Smith, Gruschow, and Goss 2013).
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Figure 1-17: Reaction mechanism of a mononuclear non-heme iron (MNH) a-ketoglutarate (KG)- and O,-dependent
halogenase modified after Matthews et al. 2014.

(A) Generation of the reactive Fe(lV)-peroxo species. (B) After hydrogen abstraction from the substrate by the Fe(IV)-peroxo species
a halide is transferred to the substrate radical.

The underlying reaction mechanism of MNH halogenases is proposed to be similar to other MNH enzymes (Smith,
Grischow, and Goss 2013). In the first step the halogen coordinates the iron and the substrate binds. Afterwards
0, coordinated to the open site, attacks a-KG and its decarboxylation leads to the reactive Fe(IV)-peroxo species
(Figure 1-17A) (Wong et al. 2013), (Matthews et al. 2014). This reactive species abstracts a hydrogen atom from the
substrate, leaving a radical behind. A rebound attack from the halogen onto the substrate carbon follows, yielding
the halogenated product (Figure 1-17B) (Butler and Sandy 2009),(Galoni¢ et al. 2007). The role of a-KG is more
diverse than only acting as a cofactor. In the example of CurA from the curacin biosynthesis, a conformational switch
of the enzyme was shown after a-KG and chloride binding allowed the substrate to enter the enzyme (Khare et al.
2010). This switch is one hallmark of MNH halogenases. Not all of the factors are known which distinguish an MNH
halogenase from other MNH enzymes. The character of the active site definitely has an influence. In MNH enzymes,
normally two histidine residues and one carboxylate residue, either from a glutamate or aspartate, build up the 2-
His-1-carboxylate facial triad (Koehntop, Emerson, and Que 2005). In halogenases the carboxylate residue is
exchanged against a small hydrophobic amino acid to generate space for the halogenase binding pocket resulting
in a 2-His motif (Pratter et al. 2014b). More factors have to play a role since single-point mutants were not able to
make an MNH halogenase out of an MNH hydroxylase or vice versa (Hangasky et al. 2013). In MNH hydroxylases
the radicalic rebound occurs from an OH-, this OH- could also be generated in MNH halogenases. The question still
remains how MNH halogenases prevent hydroxylation. The origin of some halogenations still cannot be explained
by these four classes of enzymes, for example the alkynyl bromide moiety of jamaicamide is still a mystery.

1.2.1 Trans-AT PKSs

In 2002, the gene cluster of pederin (5) PKS from an uncultured bacterial symbiont of the Paederus beetle was
found and cloned by Piel where surprisingly no acyltransferases were encoded in-line but rather separately
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upstream in the gene cluster (Piel 2002). This discovery was the first time an "AT-less" PKS was described (Piel
2010). Following the pederin PKS, the Shen group described the leinamycin gene cluster, where also only a single
external AT could be found (Cheng and Shen 2003). It became more and more obvious that pederin (5) and
leinamycin are no outliers but actually the first members of a new class of PKS. This class was called trans-AT PKS
and the canonical abovementioned modular type | PKS were named cis-AT in comparison (Piel 2010). In trans-AT
PKSs the AT is exclusively encoded as separate protein whereas in cis-AT PKS it is always present in-line (Figure
1-18A). Typically one to three copies of ATs are encountered in a trans-AT PKS gene cluster. These discrete proteins
can be single-standing, fused to each other or to an ER domain (Figure 1-18B) (Piel 2010), (Bumpus et al. 2008). The
almost exclusively used substrate of ATs is malonyl-CoA. Because of the presence of maximal three AT domains for
many modules they have to interact iteratively with all ACPs (Weissman and Miiller 2008).

A cis-AT PKS trans-AT PKS B
Domain
@ ER i AT type
hitect
M@ w%¥ M\ architecture
&M ﬂ & A @ Single AT
j ~ B @9 Tandem AT
(a7 c @) single AT with N-terminal ER

D @@@ Tandem AT with N-terminal ER

Figure 1-18: Position and presence of acyltransferases (ATs) in trans-AT PKSs after Musiol and Weber 2012.

(A) Comparison of AT position in cis-AT versus trans-AT polyketide synthases (PKSs). In cis-AT systems the AT is encoded in-line and
acts from there, whereas in contrast, the AT in trans-AT PKSs is encoded separately and acts in trans. (B) Possible domain appearance
of ATs in trans-AT PKSs.

The first intensively studied representative of this late PKS subclass was the gene cluster responsible for bacillaene
(8) biosynthesis (pksX/baeX). This gene cluster was already described in 1993 (Scotti and Albertini 1993) and was
the first portrayed PKS gene cluster identified from a Bacillus; later it appeared that it is actually a trans-AT/NRPS
hybrid. The pksX and baeX gene clusters can be found in Bacillus subtilis 168 and Bacillus amyloliquefaciens FZB42
respectively (Chen et al. 2006b). Jana Moldenhauer was successful in elucidating all biosynthetic steps performed
by the Bae PKS (Moldenhauer, Chen, and Borriss 2007), (Moldenhauer et al. 2010). These intensive investigations
resulted in an invaluable level of knowledge in this young research field.

Over time, more type | PKSs were found in which the AT is not part of a PKS module but a distinct and iteratively
acting enzyme. Recent data suggest that around one quarter of known type | PKS are actually trans-AT PKSs (O Brien
et al. 2014) and some selected representatives of trans-AT PKS products can be seen in Figure 1-19. Furthermore it
was shown by Nguyen et al. that cis-AT and trans-AT PKSs evolved via convergent evolution separately from each
other (Nguyen et al. 2008). Typically gene duplication events of single ancestor modules give rise to cis-AT PKSs and
a combination of domains gained from variable sources via horizontal gene transfer can be found in trans-AT PKSs
(Nguyen et al. 2008), (Jenke-Kodama, Borner, and Dittmann 2006).

Although it appears on first glance that cis- and trans-AT PKSs are build up comparably the same way and perform
more or less the same reactions, they are actually more distinct. Trans-AT PKSs harbor many different domains that
are exclusively present in these systems and their modules can be split at unusual positions. This results in many
peculiar module variations (eight in cis-AT systems versus more than 50 in trans-ATs). Often not every domain is
used, some get skipped whereas, on the other hand, some may be used iteratively (Piel 2010). All these
particularities make the colinearity rule hardly applicable. It could be shown that a prediction of the product can be
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achieved nevertheless, relying on the ketosynthase domain. Contrary to the cis-AT where KS have loose substrate
specificities, the substrate specificity in trans-AT systems is quite narrow and correlates with KS sequence (Nguyen
et al. 2008). With the help of this correlation product predictions can be deduced from the gene cluster sequence
(Jenner et al. 2013), (Kohlhaas et al. 2013).
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Figure 1-19: Representatives of trans-acyltransferase (AT) polyketide synthase (PKS) products.

Polyketide representatives are bacillaene (8), pseudomonic acid A (9), rhizoxin (10), oocydin A (11), psymberin (12) and bryostatin (13).

A further peculiarity is the presence of more complex variations at the B-keto position called B-branching. The -
position is electrophilic in comparison with the nucleophilic a-position and accordingly needs a nucleophilic alkyl
source (Calderone 2008). The B-branch is less common than branching at the a-position and is predominantly
observable with trans-AT PKSs, but not exclusively (Piel 2010), (Calderone 2008). The B-branches are introduced by
an interaction of five proteins: a free-standing ACP, a non-elongating KS (KS°), an HMG-CoA-synthase (HCS)
homolog, an enoyl-CoA hydratase (ECH) homolog such as a dehydratase and a second ECH homolog serving as a
decarboxylase (Figure 1-20). This HCS cassette can normally be found in modules without KR, DH or ER and often
with tandem-ACPs (Haines et al. 2013). In rhizoxin (10) a Michael-type acetyl addition was described as a further -
modification. A "B" domain (for branching), instead of the HCS cassette, can be found (Figure 1-20). So far it remains
open what the contribution of the KS or the B-domain are for this type of B-modification (Kusebauch et al. 2009),
(Bretschneider et al. 2013).
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Figure 1-20: Possible B-branching mechanism modified after Till and Race 2014.

(A) Isoprenoid-like B-branching catalyzed by a HCS cassette. The black square indicates the carbon that will result in the branched
methyl group. (B) Alternative B-branching in a Michael-type acetyl addition. Abbreviations: ACP, acyl carrier protein; AT,
acyltransferase; KS, ketosynthase; HCS, 3-hydroxy-3-methylglutaryl-coenzyme A-synthase; ECH, enoyl-CoA hydratase; B, branching.

Very few examples of cis/trans-AT hybrid PKS clusters exist. The first one described is kirromycin (Weber et al.
2008), the second one is psymberin (12) (Fisch et al. 2009) and enacyloxin gene cluster is a hybrid as well
(Mahenthiralingam et al. 2011). The assembly line underlying mupirocin (9) biosynthesis is an example of a diverse
mixture of trans-AT PKS, FAS and iterative type | PKS that is able to synthesize products via two different pathways
(Gao et al. 2014).

In addition to multi-modular type | PKSs, another modular PKS group exists that acts in an iterative fashion. Most
iterative type | PKSs are described from filamentous fungi (for example lovastatin (4) nonaketide synthase from
Aspergillus terreus), but bacterial representatives are known as well (e.g. PKS responsible for the enediynes core)
(Xu, Qiao, and Tang 2012). They consist of a single set of domains that is used repeatedly like in type Il and type lll
PKSs. The domain composition can vary and this decides about the structure of the product (Xu, Qiao, and Tang
2012).

1.2.2 Type Il PKSs

Type Il PKSs are almost exclusively employed by Gram-positive actinomycetes (Hertweck et al. 2007). Characteristic
products are phenolic compounds (Staunton and Weissman 2001). Therapeutically important products are the
antibiotic tetracycline and the anti-cancer agent daunorubicin (Zhang and Tang 2009). These products differ a lot
from the previously described type | PKSs. They are not built up in a modular way, but possess only a single set of
dissociated domains. Cyclizations occur after chain extension (Shen 2003). A "minimal PKS" is responsible for chain
initiation and elongation. This minimal PKS consists of a KSq and KSg (alternatively named chain length factor CLF)
domain and an ACP (Figure 1-21) (Weissman 2009). All three genes can be normally found to be encoded beside
each other (Hertweck et al. 2007). Every single domain is discrete and separable, but operates as a strong
heterodimer (Austin and Noel 2003). The exclusively used extender unit is malonyl-CoA; starter moieties can vary.
Further diversification with the help of tailoring enzymes occurs in these biosyntheses as well as in type | polyketide
biosyntheses (Zhang and Tang 2009). The length of the final polyketide chain is determined by the CLF with the help
of a protein cavity, but it is not known yet how a release of this fully elongated product takes place (Hertweck et al.
2007).
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Figure 1-21: General type Il polyketide synthase (PKS) reaction scheme modified after Hertweck et al. 2007.

The minimal PKS performs chain initiation and iterative decarboxylative condensation. Abbreviations: KS,, ketosynthase a; KSg,
ketosynthase B; ACP, acyl carrier protein; MCAT, malonyl-CoA:APC transferase.

1.2.3 Type Il PKSs

Type lll PKSs can be found in plants, bacteria and fungi (Weissman 2009). They are responsible for the synthesis of
a large variety of products, usually mono- or bicyclic, such as chalcones, stilbenes, pyrones, and resorcilic lipids (Yu
et al. 2012). This diversity of products is remarkable since these PKSs are homodimeric, relatively small in size (40-
50 kDa) and do not employ ACPs (Shen 2003). The reaction takes place directly on the acyl-CoA substrates
themselves without the need of ACP-bound intermediates (Figure 1-22) (Shen 2003). The biosynthesis occurs also
iteratively that means that the homodimer fulfils priming, extension, and cyclization reaction (Yu et al. 2012).
Intramolecular condensation and aromatization of the linear intermediates can be found very often after chain
extension (Weissman 2009). The best studied example is the chalcone synthase (CHS) that was discovered in the
1970s (Austin and Noel 2003).
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Figure 1-22: General type lll polyketide synthase (PKS) reaction mechanism after Weissman 2009.

Chain elongation happens at a single multifunctional active site that performs all necessary steps directly on the acyl-CoA substrate
to assemble a polyketide. Abbreviations: KS, ketosynthase; CoA, Coenzyme A (6).

1.3 Nonribosomal peptide synthetases

Nonribosomal peptides (NRP) are often highly active peptides not synthesized by the ribosome, but by
nonribosomal peptide synthetases (NRPS). The large and well-known antibiotic family of penicillins, and the
immunosuppressive cyclosporin are just two examples. NRPs have a size ranging from 2-23 aa with a complex
structure (Caboche et al. 2010). Biosynthesis happens in the same logic as for modular PKSs (chapter 1.2.1),
following a thiotemplate mechanism (Figure 1-23A/B). The different use of building blocks is the biggest contrast
between PKS and NRPS. No acyl-CoA building blocks are employed by the NRPSs, but instead small adenosine
triphosphate (ATP)-activated amino acids as adenosine monophosphate (AMP)-esters (Keating and Walsh 1999).
The high complexity comes from more than 300 different amino acids that are used as building blocks, including
many unnatural ones (Du and Lou 2010). NRPSs are modular assembly lines like multi-modular type | PKSs with a
minimal module consisting of condensation (C), adenylation (A) and thiolation (T) domains responsible for one
round of chain elongation (Fischbach and Walsh 2006). The A domain is responsible for building block selectivity
and activates them as amino acyl adenylate with the consumption of ATP (Finking and Marahiel 2004). As for the
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KS domain in PKS systems, the C domain performs the actual amide-bond formation (Donadio, Monciardini, and
Sosio 2007). The growing peptide is tethered throughout the whole assembly line process to a PCP (peptidyl carrier
protein) or thiolation (T) domain that gets activated by attachment of a Ppant group (Lai and Walsh 2006). Chain
release is catalyzed by a TE domain leading either to a linear peptide or a lactam ring (Du and Lou 2010). Further
domains for modification are possible as well; the most common are epimerization (E), methylation (M) and
reduction (R) domains (Fischbach and Walsh 2006).

Since the biosynthetic logic between PKS and NRPS is strikingly similar and also the reaction mechanisms underlying
for example C-C-bond formation/C-N-bond formation or chain release are the same, it is not surprising to find
hybrid biosynthetic machineries comprised of both NPRS and PKS modules (Du and Lou 2010). Here the NRPS-
bound growing intermediate gets further elongated from the PKS module or vice versa (Figure 1-23c). One example
of such a hybrid is bacillaene (8), already mentioned several times in the first part of this introduction (Chen et al.
2006b). The antitumor agent leinamycin, immunosuppressant FK506 and the antitumor agent bleomycin are
hybrids as well (Nikolouli and Mossialos 2012), (Sattely, Fischbach, and Walsh 2008).
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Figure 1-23: Comparison of PKS, NRPS and PKS-NRPS-hybrids modified after Weissman and Miiller 2008.

(A) Representative modular cis-type | PKS reaction scheme. (B) Representative NRPS reaction scheme. (C) Representative PKS-NRPS
hybrid reaction scheme. Abbreviations: PKS, polyketide synthase; NRPS, nonribosomal peptide synthetase; ACP, acyl carrier protein;
PCP, peptidyl carrier protein; AT, acyltransferase; KS, ketosynthase; DH, dehydratase; ER, enoylreductase; TE, thioesterase; A,
adenylation domain; C, condensation domain; N-MT, N-methyltransferase domain.

It becomes apparent that some hallmarks of NRPs are present in ribosomally synthesized peptides as well. The
existence of D- or non-proteinogenic amino acids in a peptide historically indicated manufacture by an NRPS,
however that does not directly lead to the conclusion of a nonribosomal origin any more. The distinction line
between nonribosomally and ribosomally produced proteins is getting blurry (Walsh 2014).

1.4  Ribosomally synthesized and post-translationally modified peptides
Peptidic natural products can not only arise from the action of an NRPS, but also by ribosomal synthesis as well.

Representatives of this natural product class are polytheonamides (14), bottromycins (15), cyanobactins (for
example patellamide (16)) and thiopeptides (for example thiostreptone (17)) (Figure 1-24) (Arnison et al. 2013).
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Figure 1-24: Structure of selected ribosomally produced and posttranslationally modified peptides (RiPPs).

RiPP representatives are polytheonamides (14), Bottromycin A2 (15), Patellamide (16) and Thiostrepton (17). Polytheonamides A and
B differ only in the configuration of the sulfoxide moiety in residue 44. The sulfoxide results a spontaneous oxidation during
polytheonamide isolation.

The characteristic feature of ribosomally synthesized and post-translationally modified peptides (RiPPs) is their
modification after peptide synthesis on the ribosome. With the increasing use of sequencing techniques their
massive appearance in all three domains of life has become more and more obvious. Irrespective diverse structures,
all RiPPs have the same general underlying biosynthesis (Figure 1-25). First a ~ 20-110 aa-long precursor peptide,
that is encoded by one gene, is synthesized by the ribosome. This precursor consists of a usual N-terminal leader
peptide and a C-terminal core peptide that results in the later RiPP. In some cases a C-terminal leader peptide can
be found as in the case of 15. The core peptide is extensively modified posttranslationally by various modifying
enzymes that are often found to be common in many different RiPP biosynthetic pathways (Arnison et al. 2013).
Typical modifications are C- and N-methylations, epimerizations, hydroxylations and dehydratations (Walsh 2014).
Beside the aforementioned modifications, alteration at the Cys residue and macrocyclization occur frequently. The
thiol group of cysteine can be converted to thioether, disulfide, sulfoxide and thiazol(in)es (Arnison et al. 2013). The
vast number of posttranslational modifications lead to a large structural variety, improved target recognition and
better metabolic and chemical stability (Yang and van der Donk 2013). The final step is a proteolytic cleavage
conducted by a typically membrane-bound protease separating the modified core from the unmodified leader
peptide resulting in the final RiPP product (Arnison et al. 2013).
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Figure 1-25: General scheme of ribosomally produced and posttranslationally modified peptide (RiPP) biosynthesis.

A precursor peptide consisting of a leader and core peptide is modified by respective modifying enzymes. A protease cleaves off the
modified core peptide and releases the final RiPP. Balls represent individual amino acids.

Until now, only little was known about the role of the leader peptide in RiPP biosynthesis. It is proposed to play a
role in recognition of modifying enzymes, as secretion signal, for immunity and as support of peptide folding (Oman
and van der Donk 2010), (Arnison et al. 2013). But many questions still remain open, for example about the timing
and identification of the modifying enzymes. Moreover modifications without the need of 