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Abstract

Nonribosomal peptide synthetases (NRPSs) are modular mega-enzymes found in bacteria and
fungi that produce nonribosomal peptides (NRPs) in an assembly line fashion. Each module is in
charge of adding a specific amino acid (AA) to the growing peptide chain. Three basic domains
constitute one NRPS module: the adenylation (A), peptidyl carrier protein (PCP) and
condensation (C) domains. The A domain recognizes and activates the AA. An external enzyme,
the PPtase, attaches a phosphopantetheine (PPant) arm to the PCP domain which then picks up
the activated AA and delivers it to the C domain. The C domain recognizes the growing peptide
chain (donor) as well as the new AA (acceptor) and fuses the two together. A special feature of
NRPSs is their ability to recognize and incorporate not only proteinogenic AAs, but also other
building blocks like fatty acids (FAs) or non-proteinogenic AAs. All building blocks can be further
modified through the action of additional domains: epimerization (E), methylation (M) and
oxidation (Ox) domains, among others. In this manner a great variety of different NRPs can be
synthesized, many of which are bioactive and exhibit anti-microbial or anti-cancer properties.
Thus, it is highly desirable to understand how NRPS domains and modules function and find
ways to genetically re-engineer them for custom NRP production.

Since the discovery of NRPSs, many efforts have already been made to engineer these enzymes
in order to create custom NRPs, but general design rules yet remain elusive. The successful
attempts to re-create functional NRPS for the production of novel NRPs include: (i) mutations of
the A domain, (ii) subdomain modifications and (iii) rearrangements on the module level. Yet,
many engineered NRPSs exhibit only slow reaction rates and low product yields. In some cases,
the desired NRP products cannot be detected at all, possibly due to additional control
mechanisms that have not been taken into account during the engineering process, such as
substrate specificity of C domains. Hence there is still a great need to identify the general rules
for successful NRPS engineering in order to exploit the ever-growing molecular toolbox of newly
discovered NRPSs for recombinant production of novel bioactive compounds.

In this work | present my attempts to develop an approach to easily monitor the outcome of
NRPS manipulation using a pigment-producing synthetase as a genetic tag. To this end, | first
investigated two homologous synthetases, IndC and BpsA, which produce the blue pigment
indigoidine, and mutants thereof and revised the proposed biosynthesis mechanism. | then
created a series of fusion constructs between modules coming from different NRPSs and
IndC/BpsA to test if indigoidine-tagged peptides could be produced. | identified a promising
construct for which point mutations in the upstream module resulted in weaker or null pigment
production. However, the expected indigoidine-tagged AA was not detectable, which could be
due to the fact that indigoidine production inevitably leads to the separation of the donor AA.
These results raised further questions as to whether in a native NRPS, the same modifications
lead to congruent effects in neighboring modules. | addressed this question using a fragment of
a non-engineered NRPS to monitor the activity of the native and modified versions in an in vitro
assay, which | present in the last part of the results. Surprisingly, the effects of the same set of
modifications on neighboring modules did not only differ between the engineered NRP-pigment
synthetase and the native NRPS, but also between different modules within the native NRPS.
These results hint at highly individual behavior of NRPS modules, depending on the context they
arein.






Zusammenfassung

Nichtribosomale Peptidsynthetasen (NRPSs) sind modulare Megaenzyme, die in Bakterien und
Pilzen vorkommen und nichtribosomale Peptide (NRPs) in FlieBband-Art produzieren. Jedes
Modul ist dafiir verantwortlich, der wachsenden Peptidkette eine spezifische Aminosdure (AA)
hinzuzufiigen. Drei grundlegende Doméanen bilden ein NRPS-Modul: die Adenylierungs- (A-),
Peptidyl-Carrier-Protein- (PCP-) und Kondensations- (C-)Doméanen. Die A-Domane erkennt und
aktiviert die AA. Ein externes Enzym, die PPtase, bindet einen Phosphopantethein-Arm (PPant)
an die PCP-Domane, der dann die aktivierte AA aufnimmt und an die C-Domane weiterleitet. Die
C-Domaéne erkennt die wachsende Peptidkette (Donor) sowie die neuen AA (Akzeptor) und
verbindet die beiden miteinander. Das Besondere an NRPSs ist ihre Fahigkeit, nicht nur
proteinogene AAs zu erkennen und einzubauen, sondern auch andere Bausteine wie Fettsduren
(FA) oder nicht-proteinogene AAs. Alle Bausteine konnen durch zusatzliche Domanen weiter
modifiziert werden: dazu gehoren die Epimerisierungs- (E-), Methylierungs- (M-) und Oxidations-
(Ox-)Domaéanen. Auf diese Weise kann eine groBe Vielfalt verschiedener NRPs synthetisiert
werden, von denen viele bioaktiv sind und antimikrobielle oder tumorunterdriickende
Eigenschaften haben. Daher ist es &dullerst wiinschenswert, die Funktionsweise von
NRPS Domanen und Modulen zu verstehen und Wege zu finden, um sie genetisch fiir die
benutzerdefinierte NRP-Produktion neu zu konstruieren.

Seit der Entdeckung von NRPSs wurden bereits viele Anstrengungen unternommen, um diese
Enzyme zu rekonstruieren, um benutzerdefinierte NRPs herzustellen, aber allgemeine Regeln
dafiir sind immer noch schwer aufzustellen. Experimentelle Ansatze funktionelle NRPSs fir die
Herstellung neuartiger NRPs zu rekonstruieren umfassen: (i) Mutationen der A-Domane, (ii)
Modifikationen von Subdoméanen und (iii) Neuanordnungen ganzer Module. Viele neu
angeordnete NRPSs weisen jedoch niedrige Reaktionsgeschwindigkeiten und geringe
Produktausbeuten auf. In einigen Fallen konnte das gewiinschte Produkt {berhaupt nicht
nachgewiesen werden, was moglicherweise auf zusatzliche Kontrollmechanismen, z.B. durch die
C-domaéne, zurlickzufiihren ist und bei der Neukonstruktion der NRPSs nicht bericksichtigt
wurde. Es besteht daher nach wie vor ein groBer Bedarf, die allgemeinen Regeln fir ein
erfolgreiches NRPS-Engineering zu ermitteln, um die stéandig wachsende molekulare Toolbox neu
entdeckter NRPS fiir die rekombinante Produktion neuartiger bioaktiver Verbindungen zu
nutzen.

In dieser Arbeit zeige ich Ansatze zur Entwicklung einer Methode zur einfachen Evaluierung des
Effekts von NRPS Manipulationen auf deren Aktivitit anhand der Bildung eines farbigen
Produkts durch eine genetisch an das modifizierte NRPS angehdngten Pigmentsynthetase. Zu
diesem Zweck untersuchte ich zwei homologe Synthetasen, IndC und BpsA, die das blaue
Pigment Indigoidin produzieren. Die Analyse verschiedener Mutanten dieser Synthetasen
fihrten zu der Uberarbeitung des bisher anerkannten Biosynthesemechanismus. AnschlieRend
erstellte ich eine Reihe von Fusionsenzyme aus Modulen verschiedener NRPSs und IndC/BpsA,
um zu testen, ob mit Indigoidin markierte Peptide hergestellt werden. Eines der Fusionsenzyme
war vielversprechend, da Punktmutationen im Upstream-Modul zu einer abgeschwachten oder
gar keiner Pigmentproduktion fiihrten. Jedoch lieR sich die erwartete mit Indigoidin markierte
AA nicht nachweisen, was darauf zuriickzufiihren sein konnte, dass die Indigoidinproduktion
zwangslaufig zur Abspaltung der Donor-AA fiihrt. Diese Ergebnisse warfen weitere Fragen auf,
z.B. ob in einem natirlichen NRPS die gleichen Mutationen zu den gleichen Effekten in
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benachbarten Modulen fiihren. Um diese Frage zu beantworten, habe ich drei natirlich
zusammenhangende Module eines NRPS in vitro untersucht. Dabei habe ich herausgefunden,
dass sich die Auswirkungen der gleichen Modifikationen auf benachbarte Module nicht nur
zwischen dem  konstruierten  NRP-Pigment  Fusionsenzym und dem  natiirlich
zusammenhangenden NRPS, sondern auch zwischen verschiedenen Modulen innerhalb des
nattrlichen NRPS, unterscheiden. Diese Ergebnisse deuten auf ein sehr individuelles Verhalten
von NRPS-Modulen hin, je nachdem, in welchem Kontext sie sich befinden.
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Introduction

1. Introduction

1.1 Preface

“Antimicrobial resistance has become one of the biggest threats to global health and endangers
other major priorities, such as human development.”

The United Nations (UN)* as well the World Health Organization (WHO)* have recognize this fact
and issued a global action plan®. The five major objectives of this plan are: (i) to raise and
increase awareness of antimicrobial resistance through more effective communication,
education and training; (ii) to accumulate more knowledge through research; (iii) to decrease
the number of infections through prevention measures; (iv) to limit the use of antibiotics to
sensible cases in human and animal health and (v) to increase investment in research towards
new medicines, diagnostic tools, vaccines and other interventions.

It takes a global effort to advance each of these objectives and step by step realize this action
plan. | decided to take a little step towards the second objective (ii) during my PhD project and
investigated non-ribosomal peptide synthetases (NRPSs), the assembly lines of many antibiotics
and other bioactive compounds. They naturally occur in many bacteria and fungi and their
products are among our “most important antibacterial, antifungal, antiviral,

7% Much research has been done towards finding,

immunosuppressant, and anticancer drugs
understanding and manipulating these mega-enzymes, the advances of which | will introduce in
the first part of this thesis. At the same time, many aspects remain elusive. In this work | focus
on the development of an NRPS tagging procedure for a visual readout of NRPS engineering
suitable for high-throughput screening. In addition, | investigated the intramolecular
cooperation within a native but truncated NRPS, in its original form and upon different local
disruptions. My results contribute to a better understanding of NRPSs while at the same time

raising more questions about these fascinating molecular machines.

With my PhD thesis, | take a tiny step towards finding out how NRPSs work in more detail. Of
course, it is a tiny step, a little dent in what is already known about NRPSs and a tiny dent in the
humongous circle of human knowledge, much like Matt Might nicely put it in his “illustrated
guide to a Ph.D”’. Nonetheless, every tiny dent contributes to enlarging this circle of knowledge
and may one day lead to, in our case, new medicines.

1.2 Non-ribosomal peptide synthetases and their natural products

Non-ribosomal peptide synthetases (NRPSs) produce, as their name implies, peptides. They are
not the ribosome; hence they synthesize non-ribosomal peptides (NRPs). In contrast to the
ribosome, which is the main peptide and protein producer across all forms of life, NRPSs
synthesize their peptides independently from a DNA sequence-derived blueprint. This approach
has the advantage that NRPSs are not limited to the 22 L-amino acids encoded by DNA but can
choose from a tremendous pool of building blocks to form their peptides. Additionally, they
cannot only form linear peptides, but can make them circular, branched or intertwined resulting
in a vast variety of shapes that the peptides can adopt. With this variety of constituents and
shapes, NRPs often have useful chemical properties and/or interfere with biological processes,
such as cell-wall biosynthesis or enzyme activity. In addition, they are less vulnerable to
degradation, e.g. by peptidases, than linear peptides. For this reason, many bacteria and fungi
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afford to produce the large NRPSs to have an evolutionary advantage through the production of
an NRP with a certain, helpful characteristic.

Of course, being enzymes, NRPSs and their products are not completely independent from the
ribosome. As for every other enzyme, the ribosome builds NRPSs according to the genetic code.
Thus, to ultimately change the sequence of an NRP, one needs to change the DNA that encodes
its synthetase. What evolution has mastered resulting in the large diversity of NRPs that we find
in nature today is much more complicated in the laboratory setting. While the genetic code has
been deciphered and we exactly know the effect that changing the DNA sequence will have on
the amino acid sequence, the non-ribosomal code has only been partially cracked.

It is known by now, how the molecular arrangement of NRPSs is linked to the sequence of their
final product. Their modular setup and the contribution of each domain within these modules
have largely been uncovered. However, despite these great advances, it remains difficult to
predict which effect the change of individual amino acids or the rearrangement of whole
domains within NRPSs have on the sequence of the NRP they produce. Thus, it remains difficult
to rationally engineer NRPSs to produce custom peptides with changed bioactivity.

Alternative natural product producers

NRPSs are not the only bioactive natural product producers: Polyketide Synthetases (PKSs)
equally contribute to natural bioactive compound production, following a similar pattern of
modular substrate elongation. The elongation reaction is similar to fatty acid synthetases with
the basic building blocks being actyl- and malonyl-CoA. NRPSs and PKSs can form complexes with
each other. There are plenty of very comprehensive review articles featuring PKSs®°. Another
alternative route to bioactive natural peptides is represented by the ribosomally synthesized and
post-translationally modified peptides (RiPPs)™. However, in this work | am covering and using
primarily NRPSs, which | will introduce in more detail in the following sections, starting with
basic, linear NRPSs.

1.2.1 Linear NRPSs

A basic, linear NRPS consists of an initiation module, followed by one or more elongation
modules and is completed by a termination module. Each module is in charge of adding a
specific building block to the growing natural product, the non-ribosomal peptide, NRP. Thus,
the size and sequence of an NRP is dictated by the number and order of modules within the
NRPS that produces it. Linear NRPSs can range in size from two'? to 22" modules. These can be
distributed across several distinct enzymes, which cooperate via communication domains
(section 1.2.9). The building blocks they incorporate include the standard proteinogenic L-amino
acids, but also fatty acids (FAs)*™® 17.18

auxiliary domains (section 1.2.7), the structural and chemical variety of NRPs is further increased

and non-proteinogenic AAs™"°. Through internal and external

resulting in up to 500 different monomers found in natural products™. This great variety has

evolved over millions of years to produce bioactive NRPs providing its host organism protection

*2 However, in modern medicine, many NRPs have also been

4,20-24

against e.g. other microbes
discovered to be anti-fungal, anti-viral, anti-cancer and immunosuppressant . A particularly
comprehensive overview of different NRPs, their structures, their host organism(s), their

function and mode of action is provided by Stissmuth and Mainz”.
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Besides linear NRPSs, more complex versions exist, such as iterative and non-linear NRPSs
(section 1.2.10)*. In the following sections, | will give an example of a well-studied linear NRPS
and then introduce the general biosynthetic cycle of NRP formation before describing the
obligatory and auxiliary domains and their roles in more detail.

1.2.2 A well-studied example of a linear NRPS: the tyrocidine synthetase

Here | want to highlight one example of a linear NRPS: the tyrocidine synthetase (Figure 1A),
which produces the antimicrobial cyclic NRP tyrocidine (Figure 1B) in many Bacillus species®.

A TycA TycB B 1
Module: 1 2 3 4
Specificity: D-Phe Pro Phe D-Phe
APhg E APha
0.8
TycC
5) 6 7 8 9 10
Asn Gin Orn Leu
AGIn A\ial

ﬁ?ﬁ?"f" TED LY

NH,
OH
Figure 1 | The tyrocidine synthetase produces the antimicrobial cyclic peptide tyrocidine. (A)
Schematic depiction of the three enzymes that make up the tyrocidine synthetase. Numbers
refer to the modules. Modules used in this study are number 5 and 6, shown in gray and
modules 8, 9 and 10, shown in color. Amino acids are depicted attached to the PPant arms. (B)
Chemical structure of tyrocidine.

In 1963, the tyrocidine synthetase was the first NRPS to be discovered. Tatum and coworkers

%627 \was not affected after the

found that the cellular production of the cyclic peptide tyrocidine
addition of a ribosome inhibitor and thus an alternative synthesis pathway was inevitable®.
Purification and in vitro study of the polyenzyme responsible for tyrocidine synthesis was
reported in 1970%°3°

with the number of modules matching the number of residues of tyrocidine'’. In 1997, the

. Further analysis contributed to the concept of a modular setup of the NRPS

complete DNA sequence of the tyrocidine biosynthesis gene cluster of Brevibacillus Brevis (ATCC
8185) and detailed biochemical analysis of each of its components was reported by Mootz and

3273 In my thesis, | used parts of the tyrocidine synthetase for

Marahiel®* and extended by others
engineering an AA-pigment synthetase, namely modules 5 and 6 specific for asparagine and
glutamine, and for the analysis of native NRPS modules in vitro, namely modules 8,9 and 10

specific for valine, ornithine and leucine, highlighted in different colors (Figure 1).
1.2.3  Biosynthetic cycle of NRP formation

The very basic scheme of a linear NRPS is shown in Figure 2, including the initiation module,
elongation module(s) and the termination module.
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Each NRPS module is composed of multiple domains that cooperate to incorporate a specific
building block into the growing peptide chain. A basic initiation module consists of an
adenylation (A) domain, that specifically recognizes its substrate amino acid (here called X) and
activates it via adenylation (Figure 2, 1.) of the carboxyl group while simultaneously releasing a
pyrophosphate (PP;). The second crucial domain within an initiation module is the peptide
carrier protein (PCP)domain, also termed thiolation (T)domain. This domain requires a
posttranslational modification to be functional. Specifically, a 4’-phosphopantetheine “arm”
(PPant) is attached to a conserved serine within the PCP domain (Figure 2, 0.) by an external
4’-phosphopantetheinyl transferase (PPtase). This PPant arm serves as the point of attachment
for the activated substrate via thiolation (Figure 2, 2.), which is shuttled to the elongation
domain. In addition to the A andPCP domain, the elongation module also contains a
condensation (C) domain, which facilitates peptide bond formation (Figure 2, 3.) between the
upstream substrate (“donor”, here X) and the downstream substrate (“acceptor”, here Y),
forming the intermediate product “XY”. This cycle of activation, thiolation and condensation is
repeated N times, adding one building block per elongation module. The last building block is
added by the termination module producing the peptide “XYZ”, before it reaches the
thioesterase (TE) domain. The TE domain cleaves the thioester bond between the intermediate
substrate and the upstream PCP domain and temporarily binds it at a conserved serine residue
via an acyl-O-TE intermediate. Release of the final product is facilitated through a nucleophilic
attack either by water or an intramolecular nucleophile resulting in either a linear or a cyclic
NRP, respectively (Figure 2, 4.). In the following sections each basic and several additional
domains will be described in more detail.

0. Phospho-
pantetheinylation 1. Adenylation 2. Thiolation
<_,SH 0 NH, NH,
HN . o] N o
> W)L‘O I an A T N
/ o—P—0._ & 0—P—0.
HN}:O HS e OH (IJD OK7N ‘N) } IZ kbl—l CI'H N)
{ - HO—P—O—P—0OH |
pi ; 8 8w b @ HO OH
HN
=0 NRPS 3. Condensation v
HO——< . [N]v . .

& o
s @ N
HO—P=0 HY é L @
‘:(li) NH, J
{ NH2 NH2

Ho=f=o M o 4. ReIeaselMacrocyclat|onv
P NH2
N .,OHfl\uu
Cf H;N H
HO_'T._ H initiation | elongation | termination ﬁ’ U’ 5’9'
OH module module [N] | module

Figure 2 | The biosynthetic cycle of NRP formation. A standard NRPS consists of an initiation,
one or more elongation and a final termination module. Each module again consists of various
domains, each playing a crucial role in the NRP formation process. Ay vy ; - Adenylation domains
specific for amino acids with sides chains X, Y and Z; PCP - Peptide Carrier Protein (= Thiolation
domain -T); C-Condensation domain; TE - Thioesterase domain. Conserved serine residues
within PCP and TE domains are highlighted as little grey dots. This figure was modified from
Siissmuth and Mainz>® with permission of the publisher.
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1.2.4  Adenylation (A) domains

A domains recognize and activate their substrates via adenylation

A domains, the adenylation domains of NRPSs, belong to a large family of adenylate forming
enzymes: the ANL (Acyl-CoA synthetases, NRPS adenylation domains, and Luciferase enzymes)
superfamily®’. Other members of this family include acyl- or aryl CoA synthetases and luciferase
oxidoreductases. On average, NRPS A domains are comprised of about 500 residues summed up
to a size of about 55 kDa. Like all members of the ANL family, NRPS A domains catalyze a two-
step adenylation reaction®’: In the first step adenosine triphosphate (ATP) and the substrate are
bound and adenosine monophosphate (AMP) is attached to the carboxyl group of the substrate
resulting in the activated substrate-adenylate and release of pyrophosphate (PP;). In the second
step a nucleophile, here the thiol group of the PPant arm, attacks the reactive intermediate to
release the final product and AMP from the A domain.

The first correlations between peptide elongation and substrate activation were made in the
gramicidin $*®**° and the tyrocidine synthetase®** in 1969 and 1970. Verification that indeed
A domains of an NRPS specifically recognize and activate their substrates could only be provided
25 years later, once individual A domains were purified and analyzed in vitro using an ATP/PP;

40742 "With the elucidation of the structure of the Phe activating first A domain of

44-46

exchange assay
the gramicidin S synthetase in 1997* and other A domains
cognate PCP domain®”*?, further insights into the substrate recognition and adenylation process
were gained. It became clear that the A domain is divided into two subdomains, a large,
N-terminal core domain A, of about 400 residues and a small, C-terminal subdomain A, of
about 100 residues. The two domains are linked via a hinge loop**°. The active site, where the
amino acid and Mg-ATP are joined together, is located in the A close to the interface between

, also in conjunction with their

the two subunits.

Furthermore, ten conserved signature sequences (Al-10) could be identified and assigned
specific roles in substrate binding, structural arrangement or catalysis® > (Table 1). The Acre
domain contains regions Al - A7 while A8 - A10 are located on the A,,, domain. An extended
post A10 motif (LPxP) has been recognized to play a role in correct positioning of a lysine within
the active site of A10 and in A domain PCP interaction®.

Table 1 | A domain signature sequences and their roles in substrate binding and activation. ©
represents an aromatic amino acid residue, while x stands for any residue. Table modified from
Labby et al.”® with permission from the publisher.

core consensus sequence role
Al L(T/S)YXEL N-terminus of domain, caps an a-helix>® [structural]
A2 LKAGXAYL(V/L)P(L/1)D properly aligns Gly78> [structural]

acts as a loop and positions the B,y-phosphates correctly>®

A3 LAYXXYTSG(S/T)TGxPKG [substrate binding]

aromatic residue terminates an a-helix that forms side of

Ad DS acyl-binding pocket™ [substrate binding]

invariant glutamic acid coordinates Mg** ion; adenine ring
A5 NxYGPTE of ATP is stacked against aromatic residue® [structural and
substrate binding]
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stabilizes distorted B-sheets in the N-terminal domain®

A6  GELXIGx(V/L)ARGYL [structural]

aspartic acid residue is 100% conserved and hydrogen
A7 Y(R/K)TGDL bonds with ATP through the ribose hydroxyls®® [substrate
binding and catalytic]

arginine stabilizes the ribose through its hydroxyls; a hinge
is formed at aspartic acid residue; in the thioester-forming
conformation, the glycine forms part of the PPant tunnel®®
[structural and substrate binding]

A8 GRX[D/K]xxxKxxGxxxELxxxE

stabilizes thioester-forming conformation by properly
A9 (L/V)PXDOM(L/V/1)P positioning residues to interact with PCP domain®®
[catalytic]

in the adenylate-forming conformation, lysine is within the

Al NGK(V/L)DR
0 GK(V/L) active site®® [catalytic]

A domain specificity is requlated by amino acids lining the active site pocket

With the structures of substrate-bound A domains, the active site pocket and the specificity
conferring residues could be identified®”*® and refined™. This enables the prediction of substrate

specificity from the DNA sequence of an unknown A domain®°,

A domain activity is accompanied by conformational rearrangements

For single modules, the A domain was reported to adopt three different conformations: (i) an
open (O) conformation, where no ligand is bound, (ii) an adenylation conformation, where the
small C terminal Ay, domain is turned by ~48° to complex Mg*, ATP and the amino acid
substrate to perform the adenylation reaction and finally (iii) a thiolation (T) state, in which the
A, domain is rotated by ~140° around the large N terminal A, to tether the activated amino
acid to the PPant arm of the PCP domain®*>®*%

expected to contribute most to the conformational rearrangements that are necessary for the

. This A domain alternation mechanism is

growing peptide chain to travel along the enzyme.

Some A domains require MbtH-like proteins to support their fold and function

MbtH-like proteins (MLPs) are small proteins of about 70 amino acids named after their first

discovery in the mycobactin biosynthesis gene cluster® in M. tuberculosis. They are required by

some A domains for activity®®®’ or increase solubility and product formation®®’". From their

consensus sequence (NXEXQXSXWPX[S]PXGWX[13]LX[7]WTDXRP)72 the tryptophan residues have

been identified to contribute critically to the interaction with the A domain’"*

73,75,76

. Several crystal
structures capturing A domains and MLPs in complex suggest that MLPs interact mainly
with the A, domain but do not have direct contact with the substrate or the small A, domain.
A gel filtration experiment showed that in complex, the A domain has a slightly lower apparent
molecular weight than without the MLP thus indicating a more rigid conformation of the MLP

bound A domain’®. Note that for some NRPSs, MLPs are completely dispensable”’.

Promiscuous A domains lead to a variety of different peptides formed by the same NRPS

While the A domain normally determines the building block that is incorporated via its specificity
conferring residues as described above, there are examples of promiscuous A domains, which
add to the diversity of NRPs produced by one NRPS.
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The nostopeptolide A synthetase features an A domain that accepts three different branched
hydrophobic amino acids (lle, Leu and Val)’® and is thus able to synthesize three versions of
nostopeptolide A. Another example is the anabaenopeptin synthetase, where the initial A
domain is even capable of activating two structurally different amino acids: arginine and
tyrosine. The crystal structure revealed that this promiscuity is possible due to arginine adopting
the same conformation as the tyrosine in the active site pocket of the A domain ’°. Despite the
fact that we know how A domains recognize their substrates and thereby control the NRP
sequence, there are exceptions and influences by neighboring domains which cannot be
predicted yet. In vitro, A domain specificity was shown to be dependent on what type and how

much of the upstream C domain was present in the analyzed construct 5.

Assays for analyzing A domain activity

During the adenylation reaction catalyzed by the A domains, ATP is consumed while PP; and AMP
are released. The change in each reactant over time can be used as a measure to study A domain
activity in vitro. In Figure 3, different assays are summarized according to the reactant they
detect.

ATP/PP; exchange assays (Figure 3A) measure the reverse adenylation reaction through the
incorporation of [*’P]-PP; into ATP®*®*. They exhibit a high sensitivity but require radiolabeled
ATP. A recently presented assay uses [*°0] labeled ATP and thus is non-radioactive®. The
hydroxylamine-trapping assay (Figure 3B) detects the amino acid-AMP intermediate, from which
AMP is cleaved vyielding a signal at 540 nm. This assay is useful for A domains that bind PP;
tightly®®. The commercial kit AMP-Glo™ (Promega) detects AMP (Figure 3C) by first depleting
ATP from the reaction and then turning the AMP back to ADP and ATP followed by a luciferase
assay. Colorimetric phosphate assays (Figure 3D) detect PP; release by cleaving PP; into two
monophosphates P; that react with either Malachite Green or MesG to form a colorful product
that can be quantified® . Another type of PP; release assay is coupled to the decrease of NADH
via an enzymatic cascade taking PP; as a starting substrate®® (Figure 3E) and has been recently
adapted to the study of NRPSs”. In this assay, A domain activity is ultimately measured via
quantification of the decrease in absorption at 340 nm, the absorption maximum of NADH**.
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ATP <+—excess PPj X amino acid-AMP ATP deple%ion J
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green MesG +2 B-NADH > +2B-NAD*

Figure 3 | Overview of A domain activity assays. The two step adenylation
reaction catalyzed by A domains uses ATP and produces PP; and AMP.
(A) ATP—PP; exchange assays; (B) hydroxylamine-trapping  assay
(€) AMP-GIo™ (Promega) (D) Colorimetric phosphate assays (PPiase:
pyrophosphatase; PNP: purine nucleoside phosphorylase: MesG:
2-amino-6-mercapto-7-methylpurine ribonucleoside). (E) NADH coupled
PP; release assay (F6P: d-fructose-6- phosphate; F1,6P: fructose-1,6-
diphosphate; PP-PFK: phosphofructokinase (pyrophosphate dependent);
GAP: glyceraldehyde-3-phosphate; DHAP: dihydroxyacetone phosphate;
TPI: triosephosphate isomerase; GDH: glycererophosphate
dehydrogenase). Figure modified from Kittila et al.”* with permission from
the publisher.

In this work, | use the coupled PP; release assay described last for the in vitro investigation of
NRPS A domains, because it does not require radioactivity, it is suitable to study A domains also
within a larger NRPS complex” and can be performed in a photospectrometer to detect one
distinct round of activation or in a plate reader for higher throughput measurement of repeated
activation cycles.

1.2.5 Peptidyl carrier protein domains and their activation through PPtases

PCP domains, also called thiolation (T) domains, are small domains of less than 100 amino acids
or about 10 kDa arranged in a 4-5 helix bundle structure as identified in X-ray®>"**> and NMR**™°
studies. They are located downstream of the A domains in an NRPS to take on the adenylated
substrate and present it to adjacent C (and other auxiliary) domains. To do so, PCP domains need
a posttranslational modification: a 4’-phosphopantetheine (PPant) moiety with a length of 18 A
is transferred from a CoenzymeA (CoASH) precursor onto a conserved serine
([I/LIGG[D/HISIL/11)**** by an external PPtase'® (Figure 2, 0.). The thiol (-SH) group at the
terminus of the PPant arm serves as the nucleophile to attack the activated carboxy group of the
adenylated substrate and thereby tethers it covalently to the PCP domain via a thioester bond
(Figure 2, 2.).
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PPtases are crucial for NRPS activity'® and can block efficient substrate elongation when
accepting and transferring e.g. acetyl-CoA. Mis-primed PCP domains can be liberated again by
TE type Il domains, present in many NRPS encoding gene clusters (section 0). This laxness of

PPtases towards their substrate can also be exploited to bypass A domain selection by loading

104-106

amino acid-thioesters directly onto the PCP domain or evolve a PPtase to introduce non-

native compounds'”. PPtases are promiscuous with regards to which NRPS they attach the

108 105

PPant arm to™ . Sfp, a PPtase from the surfactin Srf gene cluster in Bacillus subtilis™, is a

well-studied promiscuous PPtase, often used to phosphopantetheinylate NRPS in vitro and in

ViVOlog_lll.

The PPant arm is used by PCP domains to shuttle the intermediate products between adjacent

domains

As described before, NRPSs undergo large conformational changes during their biosynthetic
cycles. One might expect the peptide carrier protein domain with its PPant arm to be involved in
these movements to a great extent, however, in contrast to previous findings in an NMR study®,
PCP domains seem to be quite rigid. According to several X-ray structures and structural
alignments, they do not change their conformation, neither upon phosphopantetheinylation,

99112 These findings support the notion that A

nor dependent on their neighboring domains
domains are the major driving force of the conformational changes in NRPSs, which then re-
orient the PCP domains to fulfill their task. Though, an additional layer of regulation and

elasticity might be imposed by the PCP domain loading state as proposed recently® >4,

In general, PCP domains need to shuttle intermediate substrates between adjacent domains and
must thus engage in transient contacts with them. Hydrophobic and ionic interactions between
the A domain and its PCP domain could be attributed to helix 2 of the PCP domain and helix 11
of the Acre". Further, the loop connecting helix 1 and 2 of the PCP domain (at the end of which,
the conserved serine is located) interacts with the last structural motif of the Ay, domain via a
network of charged residues®®. In addition, the A-PCP linker region has been discovered to
contain a conserved motif (LPxP) shared among ~70% of linkers, where a mutation of the Leu in
the enterobactin synthetase greatly reduced product formation>.

In the downstream direction, the PCP interacts with and discriminates between C or TE domains.
The exchange of an elongation with a termination PCP domain prevented product formation'".
Point mutations in the C-terminal part of the exchanged PCP domain could rescue product
formation in this engineered NRPS hinting at specific interaction of these residues with the
downstream domain.

The importance of the linker regions between the PCP and its adjacent domains in both

directions has also been shown in an earlier publication from the Di Ventura lab**®

. In this study,
the native PCP domain of an indigoidine synthetase was replaced by external or artificial PCP
domain. Successful product formation of the engineered NRPS largely depended on how much

of the native linker region was included in the exchanged part.

Assays to monitor successful substrate transfer to PCP domains

A frequently used method is a thiolation assay*", in which a radiolabeled substrate is presented
to the NRPS module(s) of interest. Upon thiolation the enzyme gets precipitated and excess
substrate is removed by washing. The radioactivity of the remaining enzyme is measured by a
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scintillation counter indicating the amount of radioactively labeled substrate covalently bound to
the PCP domain. A more direct way of assessing substrates bound to the PCP domain is mass
18122 The NRPS fraction is subjected to LC-MS either as a
whole or after enzymatic digest. The fractions containing the PPant arm can be traced back to

spectrometry of attached substrates

previous fractionation states and the mass of the substrate attached can be assessed.
1.2.6  Condensation domains

Condensation (C) domains have a size of about 450 amino acids or 50 kDa and have been first
recognized in 1995 due to their conserved HHxxxDG motif'>. They form a V shaped*** pseudo-
dimer reminiscent of the chloramphenicol acetyl transferase'®. The two legs of the V can be
separated into an N-terminal and a C-terminal lobe, forming a tunnel for the connection of the
donor and acceptor substrates. The conserved motif is located within the N-terminal lobe, close
to the center of the tunnel.

C domains form a peptide bond between the donor and the acceptor substrates

Condensation domains catalyze the peptide bond (amide bond) formation between donor
(upstream) and acceptor (downstream) amino acids> presented to them through the PPant arm.
Formation of the peptide bond is facilitated by a nucleophilic attack of the acceptor amino group
on the donor carbon engaged in the thioester bond (Figure 2, 3.), which is resolved in the
process.

Although, the conserved HHxxxDG motif is crucial for catalysis its exact nature is ambiguous:
Mutations of the second histidine, for example, can lead to (almost) complete obstruction®***°
or to an only two-fold reduction of peptide bond formation'?’, which points towards a catalytic
role of the second His. The same mutation can also render an NRPS module (here part of TycB of
the tyrocidine synthetase) insoluble, hinting at a structural function®. Mutation of aspartate (D)

within the catalytic motif inactivates the enzyme®*?,

Overall, the catalytic process of peptide bond formation by C domains is thought to be driven by
stabilization of catalytic intermediates rather than acid-base catalysis. However, more crystal
structures with one or both substrates bound are needed to fully recapitulate the catalytic
mechanism?.

The C domain acts as a checkpoint for correct directionality and specificity of the reaction
partners

The condensation reaction is the one that ultimately drives product elongation. Consequently,

129

C domains control proper directionality of this elongation process . A recent crystal structure

of the first condensation domain of a calcium-dependent antibiotic (CDA) synthetase can adopt

two different states, a more closed and a more open state™®

. It is hypothesized that this minor
conformational change aides the proper directionality of the reaction, e.g. opening only after the
desired acceptor amino acid has entered the tunnel™. Interestingly, this acceptor amino acid
bound conformation is also adopted by the C domain during donor substrate activation by the
upstream A domain. Hence it is likely that during the condensation reaction, the proximate

donor substrate is already prepared for thiolation to improve the overall enzyme efficiency™.

C domains act as an additional gatekeeper ensuring that the correct substrates are condensed.

This feature is more pronounced at the acceptor than at the donor side®**?*™! though the
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donor side was also shown to be size- and stereo-selective with regards to the immediate donor

8213 Thus, likely there is a substrate recognition

residue and other upstream building blocks
step as well, but in contrast to A domains, no specificity conferring residues could be identified
in a large phylogenetic analysis of Cdomains™’. However, and this is also in contrast to
A domains, this phylogenetic analysis could identify individual residues within the conserved
sequences>’ from which you can distinguish if a C domain is a starter or an elongation C domain.
Sequence analysis can furthermore predict whether elongation Cdomains catalyze a
condensation reaction between two L-amino acids (‘C,) or between a D- and an L-amino acid
(°c)™*. How L-amino acids can be epimerized prior to condensation within the NPRS will be

discussed in the next section.

Starter C domains have been first identified in Daptomycin®*® and a CDA™® synthetases as part of
the initiation modules and are responsible for condensing a fatty acid onto the acceptor amino
acid®. Functional evidence of this type of condensation reaction was produced by the
examination of the surfactin lipoinitiation module™. The starter C domain indeed catalyzed the
amide bond formation between 3-hydroxymyristic acid-S-CoA, activated by an external fatty acyl
CoA ligase, with the PPant tethered substrate activated by the initiation module A domain,
glutamate (Glu)™.

Alternative roles of (evolved) C domains

Condensation domains have evolved over time to form structurally homologous domains with

137

the ability to accomplish other relevant functions within NRPSs**’, such as epimerization®,

cyclization™, b-lactam formation'®®, or recruitment'*' of auxiliary enzymes. Mainly in fungal

NRPS complexes, C domains can also replace the TE domain and promote macrocyclic release of

1218 This is also the only example to date of any type of C domain crystal

structure represented with the donor substrate oriented in a catalytically competent state'*.

the final product

1.2.7 Auxiliary domains in cis and trans

Auxiliary (or tailoring) domains expand the basic NRPS domains and add an additional
opportunity for NRP diversification in cis, as part of the NRPS, or in trans, as a separate enzyme.
Accordingly, these additional modifications are either introduced along with NRP elongation,
prior to or following the production process. Here are few examples of auxiliary domains® and
the reactions they perform to modify their substrates, some of which will be described in more
detail in the paragraphs below: cyclization (Cy), epimerization (E), formulation (F), ketoreduction
(KR), methyl transfer (M), oxidation (Ox), and reduction (R). This list is by no means complete
and new tailoring domains are still being identified. For a very detailed update and overview on
auxiliary domains, please see®.

Larger auxiliary domains such as E, F and Cy domains act as a discrete domains located in the
beginning or rationally along the NRPS (assembly) line. Smaller auxiliary domains, like M, Ox and
R domains are often embedded within A domains, preferably between core sequences A2 and
A3 or between A8 and A9 (Table 1).

Epimerization domains

Epimerization (E) domains epimerize L-amino acids to D-amino acids in trans'**'*> or more

51,146

commonly in cis . Therefore, they are usually embedded in the NRPS complex, downstream

of the PCP domain, on which the PPant tethered substrate is then presented for epimerization.
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E domains display a C domain-like structure, however, there are critical differences between the
two: (i) the C domain binding site for acceptor substrate is blocked in E domains, e.g. by eleven
additional residues in TycA™®; (ii) the floor loop between the N- and C-lobe is expanded by at
least 5 residues in E domains, which enable specific interactions with the PCP domain™; (iii) the
linker region between PCP and E domain of the gramicidin synthetase GrsA PCP-E di-domain was
found to align in a structured interaction along the E domain surface leading to correct
positioning of the rigid PCP domain and thus of the PPant bound substrate towards the active

147

site”™". In contrast to PCP-C domain linkers, the connection between PCP and E domains plays a

prominent role in enzymatic recognition and binding.

Methylation domains

Methyltransferases or methylation (M) domains use S-adenosylmethinonine (SAM) as a
%8 Other attachment sites like O-, S-,
and C-methylation as well as N,N-dimethylation have also been reported”'****°. The

co-substrate to perform backbone N-methylation of NRPs

methyltransferase domains have a size of about 45 kDa and are usually embedded within the A
domain core sequences A2-A3 or A8-A9°. They can also be located between two domains™* or
act in trans as a standalone enzyme™?. Bioinformatic comparison of M domains has identified
conserved signature motifs from which the type of methylation can be predicted to a certain
degree™. Very recently, the structure of an M domain embedded in TioS Ay.(A8-9) domain in
complex with its MbtH-like protein partner TioT was solved™*. This is the first available structure
of an interrupted A domain and could pave the way to better understand how integration of
auxiliary into A domains can yield a functional collaboration between the two.

Oxidation domains

Likewise, Oxidation (Ox) domains are generally embedded within A domains of the substrate
they oxidize. The position between A8 and A9 core motifs seems to be an evolutionary favorable
insertion point of auxiliary domains>, even though Ox domains can also locate at other positions
such as downstream of the PCP domain as observed for MtaC of the myxothiazol PK/NRP
synthetase *°.

Three conserved signature motifs for Ox domains have been identified™ (Table 2). Sequences
Ox1 and Ox2 allow the classification of NRPS integral Ox domains to a larger group of
FMN-dependent oxidoreductases found as distinct enzymes. The contribution of each conserved
motif on the oxidation reaction remains unknown.

Table 2 | Conserved motifs of NRPS integrated FMN dependent Ox domains.

core consensus sequence
Ox1  KYxYxSxGxxY(P/G)vVQ

Ox2  GxxxG(L/V)xxGxYYY(H/D)P
Ox3  IxxxYG

Examples of PKS/NPRS complexes harboring Ox domains are EpoB and MtaD of the epothilone

155,156

and myxothiazol biosynthesis pathways, respectively . The Ox domain-integrated A domains

accept L-cysteine, cyclize it to form a thiazoline and subsequently perform the oxidation to

157

create a thiazol moiety™’. Another example of an Ox domain integrated in a glutamine specific

A domain can be found in the indigoidine synthetase, which will be discussed in section 1.2.11.
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1.2.8 Thioesterase domains

Thioesterase (TE) domains (~280 aa) release the final peptide product formed by the upstream

158,159

modules most commonly in form of a cyclic or a linear product. They comprise a high

sequence variety, contain very few conserved sequence stretches'® and are able to facilitate a

vast number of reactions. Unlike for e.g. A domains, the substrate they accept and reaction they

161

catalyze cannot be predicted from conserved motif sequences or phylogenic analysis™". More

detailed information about different types of TE domains are covered in comprehensive review

162,163

articles . In addition, reductase or condensation domains can also account for product

162

release in some cases . In the following | will focus on the aspects of TE domains that are key

for this work.

TE domains feature a catalytic pocket and a flexible lid-like structure

As described above, thioesterase domains can differ largely in their protein sequence, the
confirmation they adopt and in the reaction they catalyze. However, some features are common
to most of them, as established by crystal structures of different TE domains™®*%°: (i) an active
site pocket harboring the catalytic triad Ser-His-Asp, where the serine is embedded in a GXSXG
motif. (ii) an alpha/beta fold, where alpha helices and beta sheets are alternating in a rather
conserved order and finally (iii) a flexible lid region, which consists of one or more alpha-helices

and is located between beta sheets 6 and 7*7°.

Thioesterase domains release the final NRP as a linear or a cyclic product

The general release mechanism of TE domains occurs in two successive steps, very similar to
Y1172 |n short, the intermediate peptide chain is transferred from the last PCP
domain PPant arm onto the active site serine of the TE domain from where it is released through

other hydrolases

and intra-, or intermolecular nucleophilic attack.

In the first step, the intermediate substrate is loaded onto the active site serine. For this
purpose, the His-Asp dyad draws a proton from the alcohol of the serine side chain making it
more nucleophilic. The intermediate NRP is presented to the TE domain linked to the PPant arm
of the PCP domain. The linking thioester bond is then attacked by the negatively charged serine
side chain forming the acyl-O-TE intermediate and releasing the PPant thiolate.

In the second step, the substrate is offloaded from the TE domain as the final product. To that
end, an intramolecular or external nucleophile approaches the scene. It is activated by either the
active site histidine after deprotonation by the leaving thiolate as proposed by Townsend'”>*"*
or by another external cue. The nucleophile attacks the carbonyl of the acyl-O-TE intermediate,
releasing the final NRP and a seryl alkoxide, which requires immediate reprotonation. If the
nucleophile was a water molecule, hydrolysis of a linear peptide product occurs. If the
nucleophile was the N-terminus of the NRP, a (macro-) cyclic product is released.

The latter case is the most common scenario, since cyclic peptides can adopt specific,
entropically favored conformations needed for the interaction with target structures. In
addition, cyclic peptides are less susceptible to degradation by peptidases thus making them
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more stable™”. In addition, there is a range of exceptional NRPSs, which also require more

exceptional product release strategies. Some of these will be shortly discussed in sections 1.2.10.

Conformational rearrangements of the TE domain during product release
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The core region of thioesterase domains does not undergo any larger rearrangements to
facilitate product release. In their native conformation, they provide an oxyanion hole through
hydrogen bonding from two backbone amide NH groups, which stabilizes the acyl-O-TE
intermediate during formation and breakdown'®
required. However, the aforementioned lid region has been shown to exist in two different
1% In an NMR study it could be additionally confirmed that this
lid is moving from one state to the other during substrate processing’’® suggesting that it does

without any further conformational switch

states, an open and a closed one

have a role during this process. Potentially, it excludes intrusive molecules like water from the
active site pocket. Yet, the active site pockets of different TE domains can have different
volumes and in addition differently sized lids can limit this volume without stringent implications

for substrate specificity™®.

Variations from the catalytic triad sequence motif can be found in natural NRPSs

For the catalytic triad there are examples of natural deviations from the Ser-His-Asp sequence,

which have been long known for other alpha/beta hydrolases'’**"’

. For example, instead of the
serine there is a cysteine serving the same purpose in few NRPSs'®>. The histidine has also been
found replaced by proline in the mycolactone TE'’, Finally, aspartate can also be substituted by

glutamate or serine'®.

Thioesterase type Il domains requlate a variety of reactions in trans including regeneration of
misprimed PCP domains

In addition to the thioesterase type | described above, in many NRPS gene clusters a second type
of thioesterase can be found, termed type Il (in short TEI)™2. They mostly act in trans and
remove mis-primed PPant arms of NRPSs thus regenerating the enzyme for another futile cycle

167,179

of NRP production . In rare cases, they can also participate in substrate selection or
(intermediate) product release'®. In this way, they can improve the NRP yield from

heterologously expressed NRPSs'***%",
1.2.9 Communication domains

Communication (Com) domains mediate the intermolecular communication and directionality

between two adjacent NRPS modules which are expressed as separate proteins to ensure proper

182

peptide propagation along the enzymatic complex ™. They are short regions located at the

C-terminal end of the donor module and the N-terminus of the acceptor module. Structural
analysis revealed that their contact is facilitated by anti-parallel helix-hand interactions'®*'#,
Communication domains can be found in the tyrocidine, plipastatin, surfactin, gramicidin S and
82 Note that there are also NRPS complexes, e.g. the andrimid PKS/NRPS
synthetase, that lack communication or other docking domains, suggesting that alternative

interaction mechanisms might exist'®’.

lichenysin Synthetases

1.2.10 Iterative and non-linear NRPSs

Besides linear NRPSs, other types of NRP producing enzymes have been identified: iterative and
non-linear NRPSs. Iterative NRPSs produce their NRPs by iteratively adding up the basic
monomer or peptide sequence that is defined by the specificity of their modules®. In this way
the NRPS machinery can be much smaller and still produce a longer NRP. Cyclo-oligomerization

186

catalyzed by iterative NRPS has been shown for the bacterial gramicidin S~ and enterobactin

synthetase, as well as the fungal beauvericin and enniatin synthetases'®’. This oligomerization
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can be achieved by temporarily storing the intermediate components on the terminal PCP
domain and the active site serine of the TE domain before oligomerization.

For non-linear NRPSs, the sequence of the NRP is not reflected by the module specificity or

arrangement of their synthetase'®

. A recent study suggests that they might be more common
than initially expected'®. An example of an NRP produced by non-linear NRPS is fungisporin and

related cyclic tetrapeptides in Penicillium chrysogenum™.

1.2.11 Special cases: Pigment synthetases with focus on indigoidine and dodecylindigoidine
synthetases

A large variety of natural pigments produced in bacteria, fungi and archaea'**have been
discovered and many of them originate from NRPSs and PKSs. Some compoundsare currently
applied as antifungal, antibacterial and antitumor agents or as natural dyes for food or
clothing'®. A recent review article focusses on natural blue pigments'®, including indigoidine
and a derivative, N,N-dodecylindigoidine.

These two blue pigments are produced by extraordinary NRPSs of the possibly iterative kind,
which will be described in greater detail below.

Indigoidine and its proposed synthesis mechanism

The blue pigment indigoidine was noted to be produced in Pseudomonas indigofera® in 1890,
isolated from the Spree river in Germany. Many chemical properties of indigoidine were also
described then already, e.g. its insolubility in water and many organic solvents, its
decomposition in sodium hydroxide (NaOH), the transformation into a yellow-brown substance
in concentrated hydrochloric acid (HCI).

The chemical structure of indigoidine (5,5'-diamino-4,4'-dihydroxy-3,3'-diazadiphenoquinone-

(2,2')) was solved in 1965 by the Heidelberg based Nobel-Prize Laureate Richard Kuhn and a

chemical synthesis pathway was presented'®®. Other solvents for indigoidine were identified to

be dimethylsulfoxide (DMSO), dimethylformamide (DMF) and pyridine. The molar extinction
coefficient in DMF was determined to be ¢ (Indigoidine in DMF) = 23 442 M™* cm™ *%. During and
following the chemical synthesis process, other derivatives of indigoidine were also identified,

e.g. the colorless but fluorescent reduced leuco-indigoidine™’**°.

The biosynthetic gene cluster harboring the indigoidine synthetase gene was first discovered in

blue pigment producing” plant pathogen Erwinia chrysanthemi’®* (Figure 4A). Homologues

indigoidine synthetase genes have been found across the bacterial kingdom, within the genus of

203

Streptomyces (e.g. lavendulae ATCC 11924°%), Pseudomonas (e.g. flourescens and

2% " photorhabdus (e.g. luminescens®, where the expression was silenced, but could

indigofera
be triggered by promotor exchange), Microbispora and Dickeya strains and others. The two
indigoidine synthetases | will investigate further and use in this work are IndC from

Photorhabdus luminescens® and BpsA from Streptomyces lavendulae ATCC 11924%%%%,

The indigoidine synthetase is a single module NRPS of about 1280 amino acids, which consists of
an A domain (accession number cd05930) specific for L-glutamine, followed by a PCP domain
(CLO314) and a final TE (alpha/beta hydrolase, cl21494) domain. The A domain is interrupted by
a mcbC type nitro-reductase domain (cd02142), which binds the cofactor FMN to reduce it to
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FMNH, and concomitantly oxidize the glutamine substrate (Figure 4A). The FMNH, is
autocatalytically recovered via oxidation with molecular oxygen®®.

The indigoidine synthetase is schematically depicted in Figure 4B and converts two L-glutamine
molecules into the blue pigment indigoidine. The proposed synthesis mechanism is shown in
Figure 4C. Glutamine is recognized and activated by the A domain and thiolated to the PCP
domain. Either before or after thiolation, the oxidation domain introduces a double bond in the
glutamine side chain, whereupon the amino group of this side chain executes a nucleophilic
attack on the thioester bond. Thus, the oxidized cyclic glutamine is proposed to be released from
the enzyme and undergo a tautomerization, where the double bond shifts within the cyclic
molecule to the neighboring C-C bond. The second isomer is suggested to non-enzymatically

dimerize into the blue pigment indigoidine®*",

It remains unknown at which step exactly the oxidation reaction occurs. Furthermore, in this
proposed mechanism, the function of the TE domain is unclear and seems neglectable, which is
unlikely given that evolution put it there.
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amino acid nitro-FMN PPant alpha/beta
adenylation domain  reductase binding hydrolase

e IA@

_AGIn " M\GIn
O._OH SHE 0,8 @ S

2% + 7 i' NH, 7 < HoN 0
o) N ATP AMP FMN FMNH, H,
+PP, NH o

o) In
5 g2
HzN A\ [o] non- . o ] o o SH
. \ \ enzymatic o isomerization ﬂ"
HN ’ ; \ o S

5 H0; 20, H H
indigoidine

Figure 4 | Indigoidine and its proposed synthesis mechanism by the indigoidine synthetase. (A)
Domain representation of the indigoidine synthetase. The A domain is interrupted by a mcbC
like nitro-FMN-reductase and followed by a PCP and TE domain (alpha/beta hydrolase). (B)
Schematic depiction of the indigoidine synthetase. The A domain is specific for glutamine and
ultimately converts two L-glutamine molecules into one indigoidine, that has an intense blue
color. (C) Proposed mechanism of indigoidine production. Upon thiolation, the glutamine is
suggested to be oxidized and released from the enzyme via an internal nucleophilic attack. The
oxidized and circularized intermediate undergoes isomerization and is hypothesized to non-
enzymatically dimerize to form indigoidine.
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The natural role of indigoidine is not finally resolved

The role of indigoidine in the natural context is ambiguous. Its presence has been investigated in
various organisms and contexts, some of which will be described below to give an overview of
possible roles that indigoidine plays in nature.

In Streptomyces lavendulae, indigoidine production is controlled via the SARP (Streptomyces
antibiotic regulatory protein) regulatory cascade including IM-2 and its receptor FarA”*"*%,
which is also responsible for the production of antibiotics D-cycloserine and different nucleoside
antibiotics. In Roseobacter Phaeobacter sp. Strain Y4l, indigoidine production was linked to the

29 Another Roseaobacter strain (Leisingera sp. JC1)

inhibition of Vibrio fischeri on agar plates
resides in the reproductive system of the Hawaiian bobtail squid (Euprymna scolopes) and is
partly deposited into the jelly coat of their eggs, to protect them from Vibrio fischeri

colonization®*°

. On the other hand, indigoidine synthetase null mutant Roseobacter strains were
less motile and faster to colonize an artificial surface®®®, which reveals the pleiotropic effects of
indigoidine. Indigoidine exerts pleiotropic effects on oxidative stress as well. Indigoidine
synthetase null mutant Roseobacter were more resistant to hydrogen peroxide’® while for
Erwinia the presence of indigoidine lead to an increased resistance toward oxidative stress®®".
For Vogesella sp. strain EB indigoidine might be a precursor for an indigoidine-derived pigment
termed cryo-indigoidine, which prevents freezing of the bacterium in low temperatures and

increases survival in the cold, iron-oxidizing environment of Andean Patagonia'.

Overall, we can summarize that indigoidine seems to have a mild antimicrobial effect on other
bacterial entities and is involved in surface colonization and oxidative stress response, however
with strains-specific outcomes.

Indigoidine as a reporter molecule

Indigoidine has a dark blue color and is synthesized by a single, post-translationally modified
enzyme from a widely available, non-absorbing, non-toxic substrate (L-glutamine). This
combination makes indigoidine an ideal reporter molecule, which has been exploited in various
applications.

It has been used as an alternative reporter molecule for blue/white screening of successful
cloning in bacteria??. In mammalian cells, indigoidine could also be produced and was
subsequently reduced to the fluorescent leuco-indigoidine serving as a selection marker in
FACS™. Since a PPtase has to add a PPant arm to the PCP domain of the indigoidine synthetase
for proper function, indigoidine formation has been used to validate characteristics of known

. . . . 1
PPtases in vivo and in vitro'®

. When placed upstream of an indigoidine synthetase gene, the
strength of engineered promotors and other regulatory sequences could be investigated®. The
same principle was applied to explore naturally occurring metabolite-sensitive repressors in

214

bacteria®™”. Once purified, an indigoidine synthetase was employed to measure glutamine

concentration in vitro from different biological samples®®.

In the examples described above, the indigoidine synthetase remained unaltered to produce the
blue pigment as a reporter molecule for testing PPtases, regulatory sequences and glutamine
concentrations. In contrast, indigoidine synthetase has also been used to monitor the success of
domain and in particular PCP engineering of the single module NRPS itself, by us'*® and others®*®,
as illustrated in more detail in section 1.2.5.
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N,N-dodecylindigoidine and its proposed synthetase in Shewanella violacea DSS12

Another exceptional but less well studied pigment is N,N-dodecylindigoidine. It consists of an
indigoidine core with two dodecanoic (=lauric) acid side chains attached to the N-terminal amino
group via a peptide bond (Figure 5B). It has a purple color with an absorption maximum at
636 nm in chloroform®’

The source of this pigment is Shewanella violacea DSS12, which is a marine bacterium that was
218

found in the Ryukyu Trench near Japan at a depth of 5110 m“™. Cultivated on Marine Agar
plates it produces a violet pigment in the form of long crystals, which turned out to be
N,N-dodecylindigoidine””’. The genome of Shewanella violacea has been sequenced
completely**®
Bidirectional Best Hits (BBH) approach in comparison to the pigment producing Rheinheimera
baltica DSMZ 14885°°%**'. Among others, a putative N,N-_dodecylindigoidine synthetase
(WP 013053246.1), hereafter referred to as “dIndS”, as well as an Sfp type PPtase

(WP_013050488.1) have been identified**".

and searched for potential genes related to its pigmented phenotype using a
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Figure 5 | Predicted conserved domains of the putative N,N-dodecylindigoidine synthetase
“dIndS”. (A) Conserved domains of the protein WP 013053246.1 in Shewanella violacea
according to the Conserved Domain Database. FAAL=fatty acyl AMP ligase,
PCP = phosphopantetheine attachment site, SDR =short-chain dehydrogenases/reductases,
Rossman fold for NAD(P) binding, A = adenylation domain of NRPSs and A/B H = alpha/beta
hydrolases. (B) Possible domain arrangement and product formation.

According to the Conserved Domain Database®?, dindS consists of the following domains (Figure
5A): FAAL = fatty acyl AMP ligase (accession number cd05931), PCP = phosphopantetheine
attachment site (pfam00550), SDR = short-chain dehydrogenases/reductases with a Rossman
fold for NAD(P) binding (cl25409), A = adenylation domain of NRPSs (cd05930) and A/B H =
alpha/beta hydrolases (cl21494). Deduced from the potential product formation process of
indigoidine, | proposed a similar process for N,N-dodecylindigoidine (Figure 5B). The domain
order and function suggest that the FAAL recognizes and activates dodecanoic acid, which is
then transferred to the PPant arm attached to the first PCP domain. The second A domain likely
has a specificity for glutamine, which is transferred to the PPant arm of the second PCP domain.
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The two A domains are connected via a NAD(P) binding domain, which could condense the fatty
acid and the amino acid to a secondary amine by reductive amination. How glutamine is oxidized
and cyclized to ultimately form the indigoidine core remains unknown. None of the other

221 The exact role of the final TE

Bidirectional Best Hits matched an external oxidation domain
domain (alpha/beta hydrolase) also remained unclear, similar to the indigoidine synthetase TE

domain, which is of the same type.
1.2.12 Interactions and interfaces between NRPS domains

A number of crystal structures and cryo-electron micrographs of multi-domain NRPSs trapped by
mechanistic inhibitors, have become available to study the conformation in certain states of the

NRP synthetic cycle®**"1%+*°

. Yet, the complete picture remains elusive: Do complex NRPSs adopt
a conformational pattern along which the growing peptide chain travels in an orderly manner,
like suggested by Marahiel?®? Or do they exist in an disorganized state and find their reaction

partners if present rather by chance - a hypothesis based on work by the Gulick lab***#***?

Either way, the synthesis process must be very efficient to avoid mis-initiation or premature
product release, both ultimately leading to truncated NRPs futile to the NRPS host organism.
How the modules communicate with each other in the larger context to ensure this efficiency to
date remains a secret.

1.3 Ways of expanding and harnessing the toolbox of NRPSs to find and
engineer novel drugs based on natural products

Now that | have summarized what we know about NRPSs, their setup, their mode of function
and the great diversity and importance of their products, | want to focus on how to expand and
use that knowledge for the discovery and development of novel antibiotics or other drugs. In
this second part of the introduction, | want to present current approaches to find novel natural
products and their synthetases. These findings contribute to expanding the natural toolbox of
known NRPSs to be used for engineering novel, custom NRPs. However, there are still some
problems to be overcome before we can fully exploit that toolbox. | will introduce the problems
and show successful examples of NRPS engineering.

1.3.1 The search of novel antibiotics in (un-)cultivatable organisms

The great advances of high throughput sequencing, (mass) spectrometry, bioinformatical
analysis and integrated approaches enable large screens of potential NRP producer organisms®*,

of which an estimated 99% of which are uncultivatable. Many of them are marine organisms***

|229,230 231,232

228 or live in the soi or on plants . Recently, several new (potential) natural product

. epe . .. 233-2
producers have been identified via genome mining®*>**

120,236

or improved mass spectrometry
approaches . In a particularly successful approach, Ling et al. first obtained single colonies of
uncultivatable bacteria from soil using a new device named iChip, then identified colonies with
antimicrobial potential via co-culture and finally discovered teixobactin®*’, a novel antibiotic that

“kills pathogens without detectable resistance”*”.

New information about NRPS or NRP discoveries can be added to comprehensive databases that

160

have already been established for NRPSs and PKSs, such as Norine®®’, Clustermine360*®° and

antiSMASH>3%*° database.
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1.3.2 Aspects of NRP production by fermentation

To date, most marketed natural products are fermented in their original producer organism and
purified further to be formulated into an administrable product®. Chemical total- or
semisynthesis have been reported for a variety of natural products, however, often the
fermentation process is less expensive, better scalable and possibly more environmentally
friendly since no or less hazardous chemicals are employed in the production process.

Besides the original producer, also heterologous hosts have been successfully established to

express complete NRPS gene clusters. In this way, the whole production pathway of e.g. anti-

241,242

bacterial**® or anti-tumor natural products was reconstituted in E. coli. Expression of

orphan NRPSs under the control of an inducible promotor has led to the identification of natural

20528 Other hosts like yeast and Aspergillus

244,245

products silenced in their native producer strain
strains have been engineered to process fungal NRPSs

For heterologous expression of NRPS gene clusters, a couple of problems also have to be taken
into account: The sheer size of these gene clusters can cause difficulties in handling and cloning.
Though, novel DNA recombination strategies like Gibson assembly**® and recombination in
yeast®***® have provided remedy for this problem. Another aspect is the difference in codon use
by many of the original producer strains. Codon optimization might be necessary prior to
successful expression in a different host strain. Since (commercial) gene synthesis is advancing
rapidly to be more accurate, more efficient and less expensive, producing complete codon
optimized genes for heterologous expression will be more commonly used.

1.3.3  NRPS engineering has the potential to generate novel drugs

What we know about the mode of action of NRPSs and the pharmaceutical impact of their
products has become evident so far. How to use this knowledge to engineer artificial systems to
generate custom NRPs and thus potentially novel drugs will be described in the coming sections.

Different routes can be taken to make NRPSs synthesize different products. One route is
precursor-directed biosynthesis, in which alternative substrates are presented to the enzymes
while the supply of the original substrate is limited eventually forcing the NRPS to accept and
incorporate the alternative precursor. This approach can be paired with mutasynthesis that
takes a mutated strain incapable of producing the original product without external supplement
of at least one of the precursors which is then exchanged by the alternative substrate****°. In
my thesis, | focus on a different route, namely design engineering and combinatorial
biosynthesis, where NRPSs are engineered and recombined based on previous knowledge to
achieve the predefined outcome. This concept was first introduced by Marahiel and co-workers
in 1995, In some cases, design engineering is complemented by precursor directed or

mutasynthesis to improve the results.

The strategies of design NRPS engineering reach from the introduction of point mutations and
subdomain modifications to whole module alterations or even the reconstitution of
new-to-nature NRPSs from scratch. The more complex the modifications become, the higher
their potential to produce truly custom peptides. On the other hand, the expected and
unexpected problems also increase with higher complexity. | will now summarize the successful
examples of NRPS engineering and the problems that arise even in successful instances. These
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problems might be the reason why despite a lot of effort, engineered NRPS still fall short of the
expectations that many scientists had upon their discovery.

1.3.4 Examples of successful engineering approaches of NRPSs and their limitations

IH

Successful is a relative term in NRPS engineering. In a perfect world scenario, “successful” would
mean that the engineered version of the enzyme is just as active as the wild type version, also in
vivo, and that the substrate and reaction specificity is retained, just towards the altered
substrate. This is certainly not the case for most engineered NRPS. In some cases, a comparison
with the original NRPS in vitro and in vivo is hard to assess, so the effect of engineering cannot
be expressed in numbers. Thus, | will describe examples, which are considered successful if an
alternative product of the engineered NRPS was detected. When the levels of modified product
or enzyme activity are only a fraction of those of the wild type, reasons for this shortcoming will
be discussed. Usually these shortcomings provide an insight to the limitations still encountered
in NRPS engineering and demonstrate what to consider for the following engineering

approaches.
1.3.5 Point mutations

As the most prominent substrate selector in NRPSs, A domains are logical targets of small-scale
manipulations like point mutations to alter their specificity towards a desired substrate. In
addition, the introduction of point mutations does presumably not perturb the native intra-, and
intermodular interfaces of the NRPS.

Following the proposal of the specificity conferring code of A domain substrate binding
pocket557, the second module of the surfactin synthetase (SrfB A,,,) was mutated to change
»2 According to the code, three residues should have
been changed, but the biochemical analysis revealed, that a single point mutation was enough
(H322E). When the original A, domain of the surfactin gene cluster was replaced by the
modified A,,, domain, the modified surfactin [Asn(5)] was detected in Bacillus subtilis, however,
at lower levels and only along with the original surfactin. In addition, the specificity change

substrate specificity from L-Asp to L-Asn

recognized in vitro was accompanied by a drastic drop in catalytic activity”>. These results
suggest, that engineering A domain specificity is possible via the introduction of point mutations.
However, they also underline the great impact of the C domain acceptor side, which in this case
allows the unnatural substrate Asn to pass through, but at the same time uses A domain
mis-initiation of Asp to form the original product, overruling A domain specificity. A similar
problem arose when mutating the seventh A domain specific for Asp (A7A5p) of a calcium
dependent antibiotic (CDA) synthetase to match the specificity conferring code of Asn, so the

23 While in vitro the change in specificity was demonstrated,

converse case of the first example
replacing the original by the mutated A domain in Streptomyces mainly led to the production of
a hexapeptidyl intermediate. This premature product release is likely caused by the upstream
C domain at the acceptor side, which recognizes the modified substrate Asn only weakly stalling

the production process and releasing the hexapeptide by unintended hydrolyzation®>>.

Other approaches of successfully altering the A domain specificity via point mutations have been
described. For example, alternative andrimids were produced in vivo after site-directed
mutagenesis followed by a mutasynthesis approach switching the substrate specificity of an

254

A domain from L-Val to L-lle or L-Leu”". While the most functional versions yielded near wild
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type levels of the alternative products, other versions (specificity altered to L-Ala and L-Phe) only

reached up to 1.3% of the production level of the unmodified enzyme®*

. In another example,
yeast cell surface display was employed to alter the substrate specificity of DhbE. /n vitro a
switch in substrate preference of 200-fold was reached. However, all top selected variants that
were reintroduced into the native gene cluster, were unable to load the alternative substrate
onto its partner aryl carrier protein (ArCP-) domain because of a substrate specificity
independent mutation in the active site (H234W)>*

successive saturation mutagenesis (SM) of the eight non-conserved residues lining the substrate

. A directed evolution approach via

binding pocket of, in this case, TycA yielded a mutant where the switch in substrate preference
from L-Phe to L-Ala was 10° in total**®. An L-Phe accepting A domain in the gramicidin synthetase
that was mutated to accept non-natural aromatic substrates modified with azide and alkyne
groups for subsequent chemical modifications via click reactions®’. A single point mutation was
sufficient to achieve a 10°-fold specificity switch towards the non-native substrate, without a
great loss in catalytic efficiency. The alternative substrates were incorporated in vitro and in vivo
into a diketopiperazine, even in the presence of the native substrate phenylalanine®”’.

The most comprehensive and eventually also one of the most successful A domain engineering
experiments combined several methods to make TycA accept (S)-B-Phe instead of the native
L-Phe®®. TycA was subjected to random mutagenesis of several residues of the active side in
combination with rational shortening of a loop connecting B-sheets 13 and 14 based on the
structure of VinN, an A domain naturally incorporating B-Phe. The resulting library of about 10°
variants was expressed and displayed on the cell surface of yeast. Successful variants of TycA
that could activate and thiolate a clickable B-Phe were detected via an immunofluorescence
labelling strategy and were identified in a FACS screen. When the most efficient variants were
complemented with the downstream modules TycB and C, B-Phe-containing peptides were
produced at a high level in vitro (~1 mmol) and yielded high titers in E. coli (~100 mg ™).

Engineering efforts of A domain specificity can also reduce the promiscuity of an NRPS: The
fusaricin synhetase, for example, naturally produces a mixture of peptides by incorporating
L-Tyr, L-Val, L-lle, L-allo-lle, or L-Phe at the third position. The peptide featuring L-Phe at this
position is the most favorable for it has the highest antimicrobial activity. Thus to shift the
equilibrium, the A’ domain was successfully mutated to match more stringent L-Phe
incorporating A domains®”.

In conclusion, NRPS engineering via point mutations has the largest effect when mutating the
specificity conferring code of the A domain, which is why these residues represent the most
common target. An apparent advantage of this kind of NRPS engineering is the evasion of
interfering with the native inter- and intramolecular cooperation of the assembly line. However,
with the increasing number of studies using this approach, it became evident, that the A domain
is not the only domain that determines which building block is incorporated. Instead, the
acceptor side of Cdomains also governs this process to different extents. Moreover, the
successful substrate specificity switch of an A domain usually comprised the exchange of
standard amino acids of similar size and/or polarity. Thus, mutating the A domain binding pocket
alone is not sufficient in many cases and further modifications e.g. through mutasynthesis, are
helpful to ensure the altered A domain could also be re-integrated into the native cluster in vivo
to produce the modified product.
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1.3.6 Subdomain modifications

Subdomain modifications are also targeted at A domains of NRPSs, for the same reasons and
anticipated advantages as point mutations. However, for this type of modification, it is less
obvious, what part of the domain to change, hence, there are fewer examples.

In two different studies, the successful swap of the substrate binding pocket between A domains
within the hormaomycin®® and the gramicidin®' synthetases were reported. In both studies,
less conserved regions within the A domain were identified and used as integration sites for the
heterologous substrate binding pocket. In the gramicidin synthetase, the subdomain (#A,,,) of
the initiation module GrsAp.. was exchanged with nine different subdomains encoding various
specificities. All chimeras could be purified, however only the integration of a Val specific binding
pocket lead to adenylation activity and the formation of a Val-Pro diketopiperazine (cyclic
dipeptide) when the downstream module GrsB was supplemented®'. Note that also for this type
of A domain modification, the reaction rate for the chimera was 300-fold slower than for native

GrsA and the demonstration of in vivo activity is missing.

Another A subdomain modification is the addition of a heterologous auxiliary domain into the
naturally rather conserved site between A8 and A9 motifs. Two different methylation
M domains, from KtzH(M,) and TioS(Mss), were inserted into the naturally uninterrupted

A domain of Ecm6 from a Streptomyces strain®®*

. In both versions, the A domain retained its
activity in vitro and in addition the site-specific methylation patterns of the integrated M
domains could be observed on the native substrate. From the engineering point of view, this was
a great achievement. However, it remains questionable, whether the methylated substrate can
be accepted and processed in the native context of the other Ecm modules. A previous attempt
to exchange a complete uninterrupted A domain by an A(M) domain in a bimodular actinomycin

NRPS caused a drastic decrease in the catalytic efficiency of the upstream C domain®®.

As for the point mutations, the success of A subdomain modifications largely depends on how
well the modified domain can still interact with - and if the altered substrate can be processed
by - the surrounding domains. If these two prerequisites are met, also for unknown reasons,
even fusion sites within otherwise conserved domains can yield a functional chimeric enzyme.

1.3.7 Whole domain and module rearrangements

When rearranging whole domains and modules, an important aspect is finding the right fusion
site between the non-cognate neighbors. Two different strategies are often employed: The first
strategy is to find non-conserved regions for the fusion. The reasoning behind this strategy is
that in un-conserved regions, changes have been tolerated during evolution, so an engineered
fusion is unlikely to perturb an important function. The same strategy was also employed in the
subdomain exchange described before®®. The second strategy is based on the opposite
assumption: a fusion site is searched in highly conserved regions, if both future neighbor
domains share the same conserved sequence. Thus, the conserved sequence is supposed to
maintain its role in the fused enzyme. The advantage of the second strategy is that fusion sites in
conserved sequences can be located precisely within many NRPSs and therefore permit to fuse
different NRPSs in the same position.

For whole module rearrangements alongside the fusion sites between the individual domains,
another aspect to consider is the composition of a module. Naturally, a C-A-PCP module
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structure is assumed, however, a A-PCP-C module has also been successfully reengined®®**®>.

Even a Cc.erm-A-PCP-Cy.erm. module was reported very recently to serve as a general exchange

module®®.

The anticipated advantage of exchanging whole modules is the functional
cooperation within the native module to e.g. circumvent the problem of the C domain acceptor
side gatekeeper function, if the C-A domains naturally belong together. On the downside, the
native linker or interface between two adjacent domains is interrupted at the fusion site, which
could lead to additional complications. Here | will summarize the engineering approaches
starting with the exchange of individual domains, followed by di-domains and conclude with

whole module rearrangements.

A very early exchange of A domains of tyrocidine and bacitracin synthetases to produce custom
dipeptides in vitro resulted in a product yield similar to the native excised dipeptide synthetase
in vitro®®. This result nurtured the hope that through A domain exchange any custom NRPS
could be produced. However, this hope was soon damped. In a different study, the pyoverdine
Pvd synthetase producing a fluorescent compound was used as a model NRPS. Substitution of
the native PvdD A domain specific for threonine with different synonymous A domains produced
high levels of wild type pyoverdine in vivo®'**®®. When substituting with non-synonymous
A domains, however, the modified Pvd synthetase failed to produce any modified product,
instead trace amounts of the original pyoverdine were detected*'®*®®, This effect was attributed
to the C domain again, condensing the native substrate which has been falsely activated by the
substituted A domain, as described before®?.

PCP domains have been the target of domain exchanges as well. The Heidelberg team of the
iGEM (international Genetically Engineered Machine) competition in 2013, supervised by
Barbara DiVentura and Roland Eils, substituted the PCP domain of the indigoidine synthetase
IndC (section 1.2.11) with PCP domains of other NRPSs and several synthetic PCP domains that
have been rationally engineered from a multiple sequence alignment'*®. They found that most
substituted PCP domains did not lead to the production of indigoidine, not even the PCP domain
of the homologous BpsA could restore pigment production. However, one of the synthetic PCP
domains successfully replaced the native one and was further investigated with regards to the
substitution borders. The highest titer of indigoidine production was reached when the insertion
was on the left side directly downstream of the A domain (A-PCP linker provided by the inserted
PCP domain) and on the right side at the end of the PCP domain (native PCP-TE linker provided
by IndC)™*®. These results suggest that also the linker regions play an important role for NRPS
engineering. Another PCP domain exchange specifically investigated the switch between

3 They found that substituting one for the

elongation and termination module PCP domains
other kind was not successful. A random mutagenesis of the unfunctional inserted PCP domain
generated functional variants. Rescue of substrate production was particularly attributed to
mutations at positions +4 and +24 from the active site serine. And indeed, in a multiple
sequence alignment, these two positions showed a discrimination between PCPs interacting
with downstream Cdomains in contrast to PCP domains passing on the substrate to

TE domains™®

. A di-domain exchange study replacing the A, A-PCP, or PCP-E domains of TycA
(Figure 1A) with variants from the bacitracin synthetase showed that engineered versions could
epimerize the alternative substrates Trp, lle, and Val in vitro at reduced efficiency®®. The success
of these di-domain substitutions also largely depended on the PCP domain substituted, which

needed to be naturally followed by an E domain to yield an epimerized alternative product.
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Thus, the PCP domain does not only discriminate between downstream C and TE domains, but
also E domains®®.

Instead of exchanging (part of) modules of a large NPRS enzyme, communication domain
relocation was also successfully used to change the order of NRP synthesis and thus the
sequence of the peptide product. In this way, three modules of the surfactin, bacitracin and
surfactin synthetases could be reconfigured with matching communication domains and indeed
they produced the expected tri-peptides'®, also in vivo®’. Introduction of point mutations into
the Com domains of the plipastatin synthetase changed their affinity for each other and thus the
sequence of substrate incorporation. This resulted in the production of a variety of differently

21 While the modification or translocation of

sized and arranged permutations of plipastatin
Com domains is a promising approach to NRPS engineering, it does not circumvent the problems
such as interfering C domain specificity.

Deletion of modules or translocation of the TE domain within an NRPS was shown to produce

272,273

the expected cyclic NRP of decreased ring size for the surfactin synthetase and shorter

cyclic as well as linear products of the plipastatin synthetase®”

. However, deletion of single
domains or whole modules of plipastatin synthetase causes a module skipping process and
thereby to an unexpected decrease of the product ring size by two building blocks instead of
only the one that was deleted®”?, a phenomenon that was also observed in a natural NRPS*’°. A
successful case of module addition to the balhimycin synthetase to turn the native heptamer
into an octamer was accompanied by the loss of a P450 tailoring function and thus also provides

the disadvantage of this engineering approach®”’.

A very comprehensive set of studies with the aim to re-engineer the calcium dependent
antibiotic (CDA) daptomycin synthetase® to acquire improved variants included C-A di-domain,
C-A-PCP module substitutions as well as deletion of auxiliary enzymes. Overall, about 120
modified daptomycin synthetases were generated, 42 of which were produced in vivo at levels
between 3-100% of the wild type and thus sufficient for purification and in vitro characterization
of the antimicrobial efficiency®’***

with improved characteristics actually produced by an engineered NRPS could be presente

. In this way, one of the few examples of a modified antibiotic
d279.

Whole module exchanges of the C-A-PCP unit were successful in the lichenysin synthetase®**%,

The first, GIn specific module was exchanged for a Glu specific one to produce a modified
lipocyclopeptide in Bacillus close to wild type levels®®. Through the recombination of C-A-PCP
units of the enniatin, beauvericin, and PF1022 fungal NRPSs, chimeric synthetases were created

which produced the expected peptides in Aspergillus***

. The latter example indicates that fungal
NRPS modules might be less problematic to reengineer than the bacterial ones, which have been

used in most studies to date.

Choosing a different unit for the whole module exchange is another strategy that was
introduced as a “XU” concept and used A-PCP-C units for the rearrangement. The basis for a new
exchange unit was the discovery of a conserved motif within the C-A domain linker (WNATE)
chosen as the fusion site, which lies within a flexible loop that is not otherwise responsible for

265

interacting with its neighboring domains®>. Based on this system, an exchange unit can only be

followed by an alternative unit, where the A domain specificity matches the specificity of the
natural downstream module, to ensure proper functioning of the C domain at the acceptor

265

side”™. Following these rules of using the conserved fusion sites and matching specificities, Bode
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and co-workers successfully combined up to five modules of seven different NRPSs via

homologous recombination in yeast and expressed them in E. coli. Several GameXPeptide®® (

a
cyclopentapeptide) derivatives as well as completely novel peptides were produced by these
recombinant NRPSs in the one to two digit mg/| range®®*. An even more independent type of
exchange unit is represented by Cc.erm-A-PCP-Cy.erm, Where the fusion site is located in the
flexible hinge loop between the N- and C-terminal lobe of the Cdomain®*®. This second-
generation exchange unit (XU,,) was reported to allow the free recombination of modules,
quasi-independent from their native up- and downstream partner, because the C domain
acceptor and donor side are always presented with their cognate substrate. In this way, different
XU, could be combined in yeast*” to give rise to a NRPS library for GameXPeptide derivative

production®®®

. Finally, it was tested whether and how an elongation A domain can be turned into
an initiation one for in vivo NRP production and found that in order to achieve this conversion,
either the complete or at least the C-terminal lobe of the native upstream C domain needs to be
present. When only the C-A domain linker was left at the N-terminus, no product was detected
after expression in E. coli*®®. While in vitro neither the use of an elongation A domain as an
initiation domain®®* nor the combination of (C-A-PCP) modules of non-matching specificities*
has caused the inactivity of the rearranged NRPS, this is the first time these achievements were

reported in in vivo.
1.3.8 Open questions and problems of NRPS re-engineering

Nature has been very successful in exchanging NRPSs between species, reengineering them to
produce novel and more potent bioactive molecules and even inserting external domains to add
to the diversity of their products. We are not yet able to take advantage of the same strategies
in the laboratory environment. The original hope in NRPS engineering was to elucidate general
design rules to reliably modify these natural assembly lines to produce custom peptides and test
them for enhanced bioactivity. If this is ever possible, as in evolution, only time can tell.

Research up until now has identified diverse characteristics of NRPSs which can turn into pitfalls
when trying to modify them as described in the previous sections. Among them are C domain
specificity at donor and acceptor side, boundaries between the rearranged domains, turning
elongation into initiation A domains, a discrepancy between results observed in vitro and in vivo,
unforeseeable effects of neighboring domains, their interfaces and interdomain linkers. Some of
these issues can be prevented by smart design engineering. Others can be resolved by directed
evolution®®®, a process for which the 2018 Nobel Prize in chemistry was awarded to Frances
Arnold, George Smith and Gregory Winter’®. Following either strategy, a great number of
variants need to be screened in order to find the active ones.

Structural guidance for domain and module rearrangements has been provided by crystal
structures of individual domains as well as multi-domain constructs trapped in a specific state by

point mutations'® or mechanism-based inhibitors*®>%761%4

. Each structure represents a staged
snapshot of the synthesis process, but the overall movie has yet to be shot. One step in this
direction was recently taken by comparing the crystal structure and negative stain electron
microscopy (EM) images of a A-PCP-C tri-domain construct in complex with an MbtH-like
protein’®. The EM images supported the idea that domains within an NRPS module adopt many
> NMR studies provided

insights into conformational changes in solution, but are limited to relatively small proteins and

conformations and do not seem to exist in a set of well-defined states
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therefore only individual PCP and TE domains or PCP-TE di-domains have been analyzed®***>?%,
Thus, it is still unclear how individual modules are structurally and functionally embedded within
the context of full-length or at least multi-modular truncated NRPSs.

To sum up, a successful NRPS engineering approach according to the current state of the art
includes a series of complementary considerations and experiments: (i) consider functional and
structural knowledge for design engineering where possible; (ii) compensate unforeseen errors
in the design using directed evolution; (iii) screen a sufficiently large number of engineered
variants for activity at best in vivo. Using a combination of these approaches, maybe it is possible
to come one step closer to generating NRPs with enhanced bioactivity via NRPS engineering.
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2. Aims of the study

The easiest readout for any kind of assay is color. Color can be detected by the bare human eye
even quantitatively to a certain degree. Using relatively basic equipment, the amount of pigment
causing the coloration of the cells or the medium can be precisely quantified. In this work |
explore the possibility to append a unimodular NRPS that produces a blue pigment (Figure 6) at
the end of any NRPS, be it engineered or natural. The idea is to use the color to easily monitor
the production of the peptide in vivo, which would represent a break-through in projects aimed
at engineering large libraries of novel NRPSs. The underlying assumption is that the pigment
would be produced only