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Abstract

Abstract

The diverse class of non-ribosomal peptides consists of manifold pharmacologically
important natural products. They are clinically used in antibiotic, antiviral and antitumor
therapy, furthermore some are known immunosuppresants. The biological activity is based
on their structural diversity, as they contain various non-proteinogenic building blocks and
amino acids of which many are B-modified. It was shown that the latter are important for
biological activity, but little is known about their biosynthetic origin. In particular, these
building blocks are key determinants of the class of acidic lipopeptide antibiotics and
kutznerides, which are in the focus of this thesis.

To determine the mechanism underlying the biosynthetic origin of the synthetically
challenging B-hydroxylated asparagine (hAsn) moieties, found in the acidic lipopeptides CDA
and A54145, the corresponding recombinant non-heme iron (11)/a-ketoglutarate dependent
hydroxylases AsnO and LptL have been examined in vitro. Direct hydroxylation of the free
amino acid was observed in both cases, clearly indicating a precursor synthesis pathway. The
crystal structure of one of the two hydroxylases (AsnQO) was determined at high resolution
and revealed a substrate induced fit mechanism of the enzyme. Upon addition of
asparagine, a lid-like region seals the active site and shields it from sterically demanding
substrates, which explains the observed specificity for free asparagine. Furthermore, the
AsnO structure could be seen as an archetype enzyme for non-heme iron hydroxylases
acting on free amino acids. It was possible to predict amino acid binding residues for
homologous enzymes by 3D modeling.

In order to fully understand the mechanisms of 3-hydroxylated building blocks synthesis, the
hydroxylases KtzO and KtzP, predicted to be responsible for the generation of the two 3-
hydroxyglutamic acid isomers found in the mixture of antifungal and antimicrobial
kutznerides, were produced recombinantly and analyzed in vitro. Notably, they were found
to work in trans to the assembly line on PCP-tethered glutamic acid rather than on the free
amino acid. Unexpectedly, as the two isomers are found in approximately equal amounts in
mature kutznerides, KtzO was shown to stereospecifically generate threo-hydroxyglutamate,
while KtzP catalyzed the formation of the erythro isomer by co-elution HPLC experiments
with synthetic dabsylated standards. A powerful method that employs non-hydrolyzable
coenzyme A analogs was developed, which allowed the determination of the kinetic
parameters of enzymes working on PCP-bound substrates for the first time. Furthermore, a
hitherto unknown mechanism of NRPS assembly line restoration was observed. The
corresponding adenylation (A) domain for glutamic acid activation in the kutzneride NRPS
was found to be corrupted. Herein, it is shown that this lack of a functional A domain is
compensated in trans by a stand-alone A domain. These findings elucidated the mechanism
for the in trans compensation and the stereospecific hydroxyglutamate generation in detail
and may guide the usage of in trans hydroxylation/compensation enzymes in
biocombinatorial engineering approaches.

In the third part of this work, the acquired knowledge about the mechanisms underlying
enzymatic P-hydroxylation of amino acids was exploited for the synthesis of the
pharmaceutically relevant [-hydroxyaspartate. Primarily, this was facilitated by the
structure elucidation of AsnO in which the substrate binding residues were identified. By site
directed mutagenesis, an AsnO variant was generated, which notably did not hydroxylate
the original substrate asparagine, instead it was found to stereospecifically catalyze the
formation of L-threo-hydroxyaspartic acid, even in commercially interesting amounts.
Therefore, the AsnO variant is an excellent example for the application of basic research in
order to generate pharmacologically relevant non-proteinogenic amino acids.



Zusammenfassung

Zusammenfassung

Die mannigfaltige Klasse der nicht-ribosomalen Peptide beinhaltet viele pharmakolisch
relevante Wirkstoffe, die in der Klinik in der Antibiotika-, Krebs- und Immunsuppressions-
therapie Anwendung finden. Die biologische Aktivitat dieser Naturstoffe geht zurick auf
deren strukturelle Vielfalt, da sie neben den proteinogenen Aminosduren noch viele nicht-
proteinoge aufweisen, von denen eine Vielzahl an der B-Position modifiziert sind. Es wurde
gezeigt, dass diese Modifikationen zu der beobachteten Bioaktivitdt beitragen, aber die
biosynthetischen Urspriinge sind noch weitestgehend unerforscht. Diese Bausteine sind
Schliisselmerkmale in den Naturstoffklassen der aziden Lipopeptidantibiotka und der
Kutzneride, auf die sich diese Arbeit fokussiert.

Um den Mechanismus des biosynthetischen Ursprungs des synthetisch anspruchsvollen (-
Hydroxyasparagin-(hAsn)-Restes, der Teil der aziden Lipopeptide CDA und A54145 ist,
aufzuklaren, wurden die entsprechenden nicht-Ham Eisen(i1)/a-Ketoglutarat-abhéngigen
Hydroxylasen, AsnO und LptL, rekombinant hergestellt und in vitro untersucht. Fir beide
Enzyme konnte gezeigt werden, dass sie die freie Aminosdure regio- und stereospezifisch
hydroxylieren, was eindeutig auf einen Vorlaufermolekilsynthesemechanismus hinweist.
Die Kristallstruktur von AsnO konnte geldst werden und offenbarte einen unerwarteten
substratinduzierten Mechanismus. In diesem schliel8t sich nach Substratzugabe ein Deckel
Uber der aktiven Tasche und schirmt sterisch anspruchsvolle Substrate ab, was weiter die
beobachtete Substratspezifitat fir freies Asparagin erklart. AulRerdem kann die AsnO-
Struktur als Prototyp flir Aminosdure-modifizierende nicht-Ham Eisen Hydroxylasen dienen.
Durch Vergleich der AsnO-Strukur mit 3D Modellen von homologen Enzymen war es
moglich, die substratbindenden Reste in den letzteren erfolgreich vorherzusagen.

Um einen umfangreichen Einblick in die Mechanismen der B-Hydroxybausteinsynthese zu
erhalten, wurden die Hydroxylasen KtzO und KtzP, welche voraussichtlich die Synthese der
3-Hydroxyglutamat-(hGlu)-lsomere, die in den Antimykotika der Kutzneride gefunden
wurden, katalysieren, rekombinant produziert und in vitro untersucht. Es wurde beobachtet,
dass beide Hydroxylasen in trans zum NRPS FlieBband an PCP-gebundenem Glutamat
arbeiten. In den Kutzneriden sind die beiden hGlu Isomere in gleichen Mengen vorhanden,
daher war die Beobachtung, dass KtzO stereospezifisch threo-hGlu herstellt, wohingegen
KtzP die Synthese des erythro-lsomers katalysierte, unerwartet. Desweiteren wurde eine
wirkungsvolle Methode entwickelt, in der nicht-hydrolisierbare Coenzym A Derivate zum
ersten Mal eine direkte Bestimmung der kinetischen Eigenschaften von Enzymen, die an
PCP-gebundenen Substraten arbeiten, moglich machten. AuRerdem wurde ein bisher
unbekannter in trans Mechanismus einer NRPS-FlieRband Wiederherstellung beobachtet. In
dieser Arbeit wird gezeigt, dass die einzelne Adenylierungs-(A)-domane KtzN die verkirzte
und daher nicht-funktionierende A-Domane des KutzneridflieBbandes in trans kompensiert.
Zusammengefasst erldutern diese Ergebnisse den Mechanismus, auf dem die in trans Wie-
derherstellung des FlieBbandes und stereospezifische Hydroxyglutamatsynthese basieren.
Im dritten Teil dieser Arbeit wurde das gesammelte Wissen (iber die enzymatische
B-Hydroxylierung von Aminosduren angewendet, um eine Methode zur Herstellung des
pharmakologisch relevanten B-Hydroxyaspartats zu entwickeln. In erster Sicht wurde dies
moglich durch die Strukturaufklarung von AsnO, in der die Substrat-bindenden Reste des
Enzyms identifiziert wurden. Durch gerichtete Mutagenese wurde eine AsnO Variante
hergestellt, die anstelle des urspriinglichen Substrats Asparagin stereospezifisch Aspartat zu
L-threo-Hydroxyaspartat umwandelt, sogar in kommerziell interessanten Mengen. Daher ist
die geschaffene AsnO-Variante ein exzellentes Beispiel fir die Anwendung von
Grundlagenforschung fiir die Synthese von nicht-proteinogen Naturstoffbausteinen.

Vi
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Abbreviations

1. Abbreviations

1.1 General Abbreviations

Abbreviation

Full name

A domain
Acore

ACP
AcpS
ACS

oKG
AMP
AsnO
Asub
ATCC
ATP
BLAST
Boc

C domain
CAS

CDA
CLEC
C-MT
CNS

CoA

CSA

Cy domain
dabsyl
DHB
DIPEA
DMF
DNA
DPCK
DSMZ
DTT

E domain
EAA
EAAT
EDA

EDC
EDTA
Ent

ESI
EXAFS

F domain
FAD
Ferene S
fH4F

FIH
FMOC
FPLC

adenylation domain

N-terminal core domain of A domains

acyl carrier protein

acyl carrier protein synthase

acetyl-CoA synthase

a-ketoglutarate

adenosine monophosphate

asparagine oxygenase

C-terminal subdomain of A domains
American Type Culture Collection
adenosine-5'-triphosphate

Basic Local Alignment Search Tool
tert-butoxycarbonyl

condensation domain

clavaminate synthase

calcium-dependent antibiotic

chiral ligand exchange chromatography
carbon methylation domain

central nervous system

coenzyme A

(x)-camphor-10-sulphoric acid
heterocyclization domain
4-dimethylamino-azobenzene-4-sulphonyl chloride
2,5-dihydroxybenzoic acid or gentisic acid
N,N-diisopropylethylamine or Hiinig's base
dimethyl formamide

deoxyribonucleic acid

dephospho coenzyme A kinase

Deutsche Sammlung fiir Mikroorganismen und Zellkulturen
dithiothreitol

epimerization domain

excitatory amino acid

excitatory amino acid transporter
ethylenediamine
N-(3-dimethylaminopropyl)-N'-ethylene carbodiimide hydrochloride
ethylenediaminetetraacetic acid
enterobactin

electron-spray ionization

extended x-ray absorption fine structure
N-formylation domain

flavin adenine dinucleotide
3-(2-pyridyl)-5,6-bis(2-(5-furyl sulfonic acid))-1,2,4,-triazine
formyltetrahydrofolate

factor inhibiting HIF
fluorenylmethyloxycarbonyl

fast protein liquid chromatography



Abbreviations

FT-ICR Fourier transform ion cyclotron resonance
GImT glutamate-3-methyl-transferase

Gtf glycosyltransferase

HasP hydroxyasparagine phosphotransferase
HBTU O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate
HEPES 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
HIF hypoxia-inducible factor

Hmas$s 4-hydroxymandelate synthase

Hmo hydroxymandelate oxidase

HOAt 1-hydroxy-7-azabenzotriazol

HOBt hydroxybenzotriazole

HpgT 4-hydroxyphenylglycine transaminase
HPLC high performance liquid chromatography
IPTG Isopropyl B-D-1-thiogalactopyranoside
kDa kilo Dalton

Ktz kutzneride

lac lactose

mal maltose

MBP maltose-binding protein

MDa mega Dalton

MeCN acetonitrile

MIC minimal inhibitory concentration

MIO 4-methylideneimidazole-5-one

MmRNA messenger ribonucleic acid

MRSA metbhicillin-resistant Staphylococcus aureus
MS mass spectrometry

MT domain methylation domain

NDP nucleoside diphosphate

NH,-CoA amino coenzyme A

N-MT nitrogen methylation domain

NRP non-ribosomal peptide

NRPS non-ribosomal peptide synthetase

NRRL Northern Regional Research Laboratory strain collection
NTA nitrilotriacetic acid

O-MT oxygen methylation domain

ORF open reading frame

P4H prolyl-4-hydroxylase

PADA p-anisaldehyde dimethylacetate

PanK pantotheine kinase

PCP domain peptidyl-carrier protein domain

PCR polymerase chain reaction

PDB protein data bank

PK polyketide

PKS polyketide synthase

ppan 4’-phosphopantetheine

PPAT phosphopantetheine adenosine transferase
PP; inorganic pyrophosphate

PPTase 4’-phosphopantetheine transferase

QTOF guadrupole time-of-flight

R domain reductase domain

r.m.s.d. root mean square deviation



Abbreviations

RNA ribonucleic acid

RP reversed-phase

RT room temperature

SAM S-adenosylmethionine

SDS sodium dodecyl sulfate

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
sp. species

Srf surfactin

Syr syringomycin E

TauD taurine dioxygenase

TE domain thioesterase domain

TEIl type Il thioesterase

TES triethyl silane

TFA trifluoroacetic acid

TIPS triisopropyl silane

TLC thin layer chromatography

TRIS tris(hydroxymethyl)aminomethane
tRNA transfer ribonucleic acid

Tyc tyrocidine

Vio viomycin

VRE vancomycin-resistant enterococcus

1.2 Non-Proteinogenic Amino Acids

Abbreviation Full name

Abu aminobutyrate

alloCMA (1S,2R)-allocoronamic acid

ADH 2-amino-3,5-dimethylhex-4-enoic acid

Dab diaminobutyrate

Dap diaminopropionate

ATrp Z-2’-3’-dehydro-tryptophan

hAsn 3-hydroxyasparagine

hGlu 3-hydroxyglutamic acid

Hpg 4-hydroxyphenylglycine

KIV keto-isovaleric acid

Kyn kynurenine

L-THA L-threo-3-hydroxyaspartic acid

MeAsp L-threo-3-methylaspartic acid

MecPG 2-(1-methylcyclopropyl)glycine

MeGlu 3-methylglutamic acid

MeOAsp 3-methoxyaspartic acid

Orn ornithine

PIC (2S,3aR,8aS)-6,7-dichloro-3a-hydroxyhexa-
hydropyrrolo[2,3b]indole-2-carboxylic acid

PIP pipecolinic acid

Sar sarcosine
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2. Introduction

The complex structures of microbial natural products have fascinated chemists for
decades. As the tools of chemistry and biochemistry were sharpened, huge advances in
understanding natural product biosynthesis were made, but there were still barriers to a
satisfactory understanding.1 Many of these microbial natural products are secondary
metabolites derived from non-ribosomal peptide or polyketide synthesis. During
evolution these metabolites were optimized for chemical defense or communication and
they show a broad range of biological activity.2 Many non-ribosomal peptides (NRPs)
and polyketides (PKs) are used as therapeutical agents to fight infectious diseases
(erythromycin,® penicillin,* daptomycin®), cancer (epothilone®) or to suppress the
immune response after organ transplantations (cyclosporine’). These molecules are
biosynthesized by the consecutive condensation of amino acids or acyl-CoAs, which is
achieved by large multi-domain enzymes, non-ribosomal peptide synthetases (NRPSs)®®

1011 that follow a parallel biosynthetic mechanism.

and polyketide synthases (PKSs)
From the chemical point of view, NRPs are especially intriguing as they contain besides
the 20 proteinogenic amino acids several hundred other building blocks. 504 different
monomers, which include non-proteinogenic amino acids, fatty acids and a-hydroxy
acids, have been identified to date for NRPs.*? The non-proteinogenic building blocks
contribute to structural versatility’> of NRPs and are likely to be responsible for proper
biological activity, as they e.g. prevent them to get proteolytically cleaved in the target
strain. An important class of these unusual building blocks are B-hydroxylated amino
acids, which are generated by non-heme iron(il) and a-ketoglutarate (aKG) dependent
oxygenases™® either in a precursor pathway or by in trans modification while the amino
acid is tethered to the modular assembly line.>*®

This introduction gives an overview of NRPS biosynthetic principles, which follow and
differ from the co-linearity principle’” of NRP synthesis. Furthermore, it focuses on the
biosynthesis of NRPs precursor biosynthesis and on in cis and in trans modification
reactions. Additionally, an overview of non-heme iron oxygenases and their catalysis
mechanism is given. Special attention is assigned to the medically important acidic
lipopeptide antibiotics as well as to the unusual biosynthetic cluster organization and

the structurally intriguing kutznerides.'®*
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2.1 Non-Ribosomal Peptide Synthetases

Non-ribosomal peptide synthetases are large multimodular enzyme complexes that
catalyze the synthesis of biologically active peptides,? in contrast to ribosomal peptide
synthesis, in an mRNA-template free manner. NRPS encoding gene clusters are wide-
spread in nature, they can be mainly found in fungi and microbes.”* The largest NRPS
known from the antibiotic producing fungi Trichoderma virens is the peptaibol
synthetase, which encodes for a 20,925 residue containing protein. This synthetase has a
weight of approximately 2.3 MDa, which is almost the size of the 70S ribosome of
prokaryotes (2.52 MDa),?? but on a single polypeptide chain. Gene clusters, which
encode for secondary metabolite producing enzymes, make up to five or more % of the
whole genome of the producer.” The answer, why organisms spend this much energy in
producing non essential metabolites, is that they gain an enormous advantage over
others i.e. by producing toxins or cytostatic, antimycotic, antibiotic or antiviral agents.
The best examined NRPS producing organisms are soil actinobacteria, which have
proven to be a rich source of potent therapeutic NRPs.>* As bacteria are easier
cultivatable and faster growing than fungi or plants, the major research on the synthesis
of non-ribosomal peptides has focused on these producers during the last decades.

The results of the biochemical and biophysical examination of these producer strains
and their corresponding NRPs producing enzymes are presented in this chapter. First,
the general features of NRPSs are given, then the structure and architecture of single
domains and of an entire termination module of the assembly line are presented,
followed by non-essential domains acting in cis and finally modifying enzymes, which act
prior to, during or after the peptide assembly are detailed. Details on the heterologous

expression and manipulation of NRPS gene clusters can be found elsewhere. %

2.1.1 Structures and Mechanisms of Essential Domains

2.1.1.1 General Synthesis Mechanism

Many reviews explaining the basic chemistry of NRPS can be found in contemporary

literature, 2%

thus this introduction will just briefly summarize the biochemistry and
will focus on domain structures instead. The unique structures of many hundreds of
non-ribosomal peptides share a common mode of synthesis, which is the co-linear

modularity principle of NRPSs."” Some recently discovered NRPS gene clusters implicate
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that a different synthesis mechanism is possible,:“’32 but for most natural products the
co-linearity principle is applicable.

Generally, NRPSs are comprised of an array of distinct modular sections, each of which is
responsible for the incorporation of one defined monomer into the final peptide
product.®® The identity and order of a module in an assembly line specifies first the
sequence of monomer units activated and incorporated, second the chemistry that
occurs at each way station in the assembly line, and third the length and functionality of
the product released from the distal end of the assembly line.”® The modules can be
further divided into catalytic domains. Three domains are ubiquitous in non-ribosomal

peptide synthesis and essential for peptide elongation (Figure 2.1).

Initiation  Elongation = Modification  Termination
module 1 module 2 module 3 module n

@ Amino acid activation by A domain () Amino acid transfer onto PCP domain (3 Condensation of PCP-bound amino acids by C domain

(4) Optional: Modification e.g. by epimerization domain () Peptidyl transfer onto TE domain and cleavage

Figure 2.1: Mechanism of non-ribosomal peptide synthesis. The scheme details the sequential reactions
catalyzed by individual NRPS domains during initiation, elongation, modification and termination.

The domains are responsible for the activation of the amino acid [adenylation (A)
domains], the propagation of the growing peptide chain [peptidyl carrier protein (PCP)
domains] and the condensation of the amino acids [condensation (C) domains]. A fourth
essential NRPS catalytic unit associated with product release is the thioesterase (TE)
domain (Figure 2.1). In contrast to the other, repetitively occurring NRPS domains, TE

domains are only present once within an NRPS assembly line in a termination module
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with the domain order C-A-PCP-TE.3* An overview of domain structures in a termination
module can be found in Figure 2.2. The structures of the stand-alone VibH* C domain,

the DhbE?*® A domain, the TycC3>’ PCP domain and the Fen TE*® domain are depicted.

TycC3 - PCP

Figure 2.2: Overview of single domain structures. The structures of the C domain VibH, the A domain
DhbE, the PCP TycC3 and the TE from the fengycin system are shown. The single domains are connected
by dashed lines, illustrating the natural state.

2.1.1.2 Adenylation Domain

The adenylation domains are highly selective enzymes, which act as gatekeepers for
incoming monomeric building blocks. Each adenylation domain is approximately 550
amino acids in size and comprises a large N-terminal core domain (Acyre, ~ 450 aa’s) and
a small C-terminal subdomain (Asus, ~ 100 aa’s), which are connected by a small hinge (5-
10 residues). The core and subdomain organization of A domains was observed in all
three currently known A domain structures. These are the 2,3-dihydroxy benzoate
(DhbE,*® Figure 2.2), the L-phenylalanine (PheA,* Figure 2.3), and the p-alanine (DItA,*
Figure 2.3) activating adenylation domains. Furthermore, the described fold is highly

conserved even in other adenylate generating enzymes, like acetyl-CoA synthase (ACS)*
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isolated from Salmonella enterica or firefly luciferase (Figure 2.3) from Photinus
pyralis.*?

Notably, the small subdomain A, undergoes a significant structural reorganization
during the catalytic cycle of amino acid adenylation of altogether 140° (Figure 2.3). In
the open state the substrate amino acid, cofactor Mg®* and ATP can be bound. After
substrate binding, the subdomain bends towards the core domain and a closed
conformation is achieved in which the amino acid gets adenylated. After pyrophosphate
release, Asp, approaches the active site further and shields the AMP-amino acids from
the bulk solvent.”® The latter conformation allows the transfer of the aminoacyl moiety

onto the ppan-arm of the downstream PCP domain (Figure 2.3).

amino acid

subdomain
movement
of ~ 140°

H,N S transfer
T+ AMP
R ©

pyrophosphate

HS

Figure 2.3: Adenylation domain catalysis cycle. The open form of the A domain (as observed for luciferase)
is able to bind the amino acid and ATP. The adenylation intermediate as found for PheA then generates
the acyl-AMP and pyrophosphate is cleaved off. The acyl-AMP intermediate is protected from bulk solvent
in a closed formation (observed in the DItA structure), which facilitates transfer onto the PCP domain. The
subdomain Ay, is shown in dark red, the core domain A . in light red, the N-terminus has a green, the
C-terminus a red dot.



Introduction

Pioneering work from the late 1990s on a large number of adenylation domains, in
which biochemical, structural and phylogenic studies were combined, revealed the so
called specificity-conferring code of A domains.** This code is comprised of ten amino
acids, which are by sequence alignment with PheA,* responsible for substrate binding
within the active site of A domains. For a-amino acids two out of the ten residues are
invariant, the a-carboxyl coordinating lysine and the a-amino coordinating aspartic acid
residues. Subsequent research and bioinformatics allowed the prediction of the
substrate amino acids directly from the primary sequence.”” Nowadays, a couple of

online tools for A domain specificity prediction are available*®*’

and might facilitate the
isolation of predicted NRPS products in genome mining approaches.*** In contrast to
aminoacyI-tRNA—synthetases.,50 A domains lack a proof-reading mechanism, combined
with relaxed substrate specificity, this often results in the synthesis of NRPs with

different amino acid composition but produced by the same NRPS.

2.1.1.3 Peptidyl-Carrier Protein or Thiolation Domain

The peptidyl-carrier protein or thiolation domain is only 80 amino acids in size, but as it
is responsible for the transportation, propagation and presentation of the aminoacyl or
peptidyl substrates of the growing NRP chain, it is from paramount importance for a
functional NRPS assembly line. The simple four helix bundle protein‘°’7’51 is
posttranslationally primed with a 4’-phosphopantetheine (ppan) cofactor, which is
attached to a highly conserved serine residue (GGXS-motif) by cognate ppan-

transferases (PPTases, e.g. Sfp, see beIow).Sz'54

To this ppan-arm, all substrates and
peptidyl intermediates are attached as thioesters during non-ribosomal synthesis. The
mobile arm delivers these acyl/peptidyl-S-intermediates to the catalytic sites of the
adjacent NRPS domains, for peptide bond formation, modification or product
release.”””>

In NMR studies on the TycC3-PCP domain, a carrier protein dissected from the 7t
module of the tyrocidine assembly line, in its apo- and holo-forms different chemical
shifts suggest the existence of three different and slowly converting conformations: the
apo (A), the A/H and the holo (H) state. Furthermore, in the apo-PCP, the A and A/H

conformations coexist and in the case of holo-PCP the presence of H and A/H states

were identified (Figure 2.4).>" Thus, the common state for apo and holo is the A/H state.
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The PCP state can be frozen in the A-state by mutation of the ppan-attachment site
serine and in the H-state by acylation of the ppan-arm. The most compact PCP
conformation resembling a classical four-helix bundle is the common A/H form. The apo-
form (A) is less compact and has a large loop region between helix | (Figure 2.4, cyan)
and helix Il (Figure 2.4 yellow), whereas these helices change their relative orientation in

the H-state.

A A/H H

Figure 2.4: The TycC3-PCP domain in different states. The apo (A) state is slowly converted into the A/H
state. The latter is also the common conformation of the holo (H) state. Between the apo and holo state,
helix | (cyan) moves about 100°. The ppan-cofactor attachment site serine is shown in red. By
superpositioning of all three states onto helix 1l (yellow), the movement and structural rearrangement is
illustrated.

Additionally in the NMR study, the interactions of the amide protons and nitrogens of
the cofactor in the H and A/H-state have been monitored. It was found that the cofactor
relocates its position on the PCP surface of more than 100°. A consequence of this is that
the terminal SH-group of the ppan-arm approximately is able to move 16 A. With these
findings, the first evidence for the long proposed swinging mode of the ppan prosthetic

group during non-ribosomal peptide synthesis was given.”!

2.1.1.4 Condensation Domain

Condensation domains, which are approximately 450 residues in size, carry out the
peptide bond formation within an elongation module (Figure 2.1). Usually the number of
C domains is in agreement with the number of peptide bonds found in the mature NRPS
products (co-linearity principle). C domains contain an acceptor and a donor site, which

harbor aminoacyl-S-PCP and peptidyl-S-PCP substrates, respectively.‘r’ﬁ’57

The peptide
bond formation is thought to be initiated by nucleophilic attack of the a-amino group of
the acceptor substrate onto the thioester group of the donor substrate. During this

reaction, the amide bond is formed and the entire peptide is transferred from upstream

10
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donor site to downstream acceptor site. After peptide elongation, the extended chain
serves as a donor substrate in the downstream condensation step. Although the reasons
are not fully elucidated yet, it was found that all condensation reactions are strictly

unidirectional towards the termination module.>”®

Substrate specificity of the C domain
were tested by PCP misloading studies, in which various synthetic aminoacyl-CoA
substrates were attached to apo-PCPs of minimal dimodular NRPSs using the
promiscuous ppan-transferase Sfp>> (see below). Mischarged carrier molecules were
then tested in condensation assays, which revealed strict substrate specificity at the
acceptor site and a relaxed at the donor site. Neither p-amino acids instead of
L-configured nor different aminoacyl side chain length were accepted at the acceptor
site, whereas the donor site accepted different side chains.””®

The biochemical studies were complemented by crystal structures of the stand-alone C

domain VibH>> (part of the vibriobactin biosynthesis machinery)*>®® and of a PCP-C

didomain derived from modules 5 and 6 of the tyrocidine synthetase C (Figure 2.5).%"

cloramaphenicol
acetyltransferase
N-terminal fold

hinge region hinge region —___

AL

bridge region 2 - /\b 3 :
ridge region

VibH <= V-shape fold => TycCg - C

Figure 2.5: Overall structures of the stand-alone C domain VibH (vibrobaction biosynthesis) and TycCsC
domain (tyrocidine biosynthesis). Both enzymes show a V-shaped fold. The N-terminus of each C domain
show high homology to the chloamphenicol acetyltransferase (CAT).62 A small hinge region connects the
C-terminal domain from CAT-like half of the V. Furthermore, a bridging loop is observed, connecting the
two halves in the middle. The catalytic histidine is shown in yellow. The N- and C-terminus of each enzyme
is illustrated by a green and red dot, respectively.

Instead of a classical deep cavity for substrate binding, a canyon-like structure is found in
the overall fold. The V-shaped fold allows the two up- and downstream PCP domains to
position the condensation substrates at each opening (acceptor and donor sites). The

open V-shape allows the acceptor and donor substrates to orient in a way that they

11
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could reach the highly conserved catalytic histidine (Figure 2.5, shown in yellow) of the
HHxxxDG motif. The condensation domains are found to consist of two similar big
subdomains of which the N-terminal one shares high sequence homology to the well-
known chloramphenicol acetyltransferase fold.®?> The two equally big subdomains are
arranged in a V-shaped fashion, connected only by a small hinge region at the bottom of
the V and by a bridging loop in the middle (Figure 2.5), which results in a canyon-like
active site structure with the catalytically active His in the middle. Some mutational
analysis suggested that the second histidine (His 224 in PCP-C) of the HHxxxD motive
may act as a catalytic base by deprotonation of the a-ammonium group of the acceptor
substrate to restore its nucleophilicity to attack the thioester of the donor substrate.
More recent mutational studies and pK, value calculations of active site residues
suggested that peptide bond formation may depend on electrostatic interactions rather
than on general acid/base catalysis.61 However, the exact mechanism has not been

determined yet.

2.1.1.5 Thioesterase Domain

The thioesterase domain is the fourth essential subunit of NRPSs. TE domains are
located in the termination module of the assembly line (Figure 2.1), as they catalyze the
product release either by hydrolysis or by cyclization. In some cases TE domains are not
part of the assembly line and are found as single enzymes downstream of the cluster.
They contain approximately 230 to 270 residues and often catalyze a two-step product
release mechanism: First, formation of an acyl-O-TE intermediate at the active site
serine, second, cleavage by intramolecular nucleophilic attack of water or of an internal
nucleophile resulting in hydrolysis or in the generation of a cyclic or branched-cyclic

peptide.ss’64

Due to the latter activity TEs are also referred to as cyclases. Instead of
cyclization or hydrolysis, reduction of the thioester can be carried out for product
release by a C-terminal NADPH-dependent reductase domain resulting in imine
macrocycles.®

The crystal structures of two TE domains were elucidated in the last years, namely the

surfactin (SrfTE)®® and the fengycin (FenTE)*® thioesterase (Figure 2.6). TEs show a

conserved o/B-hydrolase fold similar to serine esterases and lipases.

12
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Srf-TE Fen-TE

Figure 2.6: Crystal structures of SrfTE and FenTE. The TE domains show a conserved o/B-hydrolase fold.
The catalytic triad Ser-His-Asp is highlighted in light blue and is shielded from the bulk solvent by an
a-helical lid region.

The catalytic triad (Ser-His-Asp) is found in a canyon-like structure, which likely
accommodates the linear peptide, where it is shielded from bulk solvent by an a-helical
lid region to catalyze cyclization rather than hydrolysis. An open conformation would
allow substrate entry, whereas the closed lid would resemble the cyclization case.?® In
an alternative model, hydrolysis is prevented by the substrate itself, where it seals the
active site serine from water, in a so called edge-on binding mechanism.*® The exact
mechanism is still unknown, although NMR studies of a PCP-TE didomain from the
enterobactin system were carried out recently. In that study the active site serine of the
PCP was mutated to alanine, thus no conclusions could be made for the exact
mechanism of substrate binding in the TE domain.®’

TE domains are catalytically independent working subunits of an NRPS assembly line as
exemplified by using excised TEs and chemically synthesized peptidyl-S-N-
acetylcysteamines or peptidyl-S-thiophenols to evaluate substrate specificity. The results
of these studies were that only the substitution of the nucleophile or the electrophile or

changes in the substrate length were not tolerated by the excised TEs.?*®®

2.1.2 SrfA-C - Crystal Structure of a Termination Module

Very recently, the crystal structure of the four domain containing termination module
was determined.®® The module contains 1274 residues and the four essential domains in
the order C-A-PCP-TE. The individual fold of the domains within the SrfA-C structure

show the same overall fold as previously found in the dissected domains (Figures 2.2 and

13
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2.7 A). It was necessary to mutate the ppan binding serine within the PCP domain to
obtain a uniform apo population of protein and to reduce the mobility of domains

during crystallization.®

Figure 2.7: Crystal Structure of the surfactin termination module SrfA-C. A) Overall fold of the module. The
C domain is shown in grey, the A domain in red, the C-terminal Ay, domain in dark red, the PCP domain in
green, the thioesterase in orange and the myc-helix in cyan. The serine to alanine mutation of the ppan-
attachment site of the PCP is highlighted in red spheres. The active site histidine of the C domain is also
depicted in spheres. Interdomain linkers are colored in blue. Dashed orange lines in the TE domain show
unordered regions. B) Back view of the module structure. The 20 A mesh around the ppan-attachment site
of the PCP shows the reachable region by the ppan-arm. The active sites of the TE and the A domain
substrate Leu (shown in spheres) cannot be reached. Domains and linkers are colored accordingly to A).

The structural core of the SrfA-C module is a compact rectangular catalytic platform built
by the C-domain and the major part of the A-domain with both active sites arrayed on
the same site of the platform. The strong interaction between the Acre and the C
domain explains why these two domains have to be shuffled together in NRPS
reengineering approaches, which was observed in biocombinatorial engineering trials

for the daptomycin assembly line.”>"°

In this structure the adenylation domain is
positioned in a conformation similar to the adenylate-forming conformation. The
C-terminal subdomain is rotated away from the N-terminal domain by approximately 40°
compared to the PheA structure, resulting in a more open active site. The PCP domain

and the Ay, domain are tethered together by a flexible 15-residue linker and located on

14
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top of the catalytic platform. They have little interaction with platform and thus can
move to adopt the required conformation during the catalytic cycle as the active sites of
the A and the C domains are separated by approximately 60 A. In the observed state for
the PCP domain, it is impossible to cover this distance, as the ppan-arm is only 20 A in
length. The regions, which could be reached in the observed SrfA-C structure by the
ppan cofactor is covered with a mesh in Figure 2.7 B.

The PCP domain of the SrfA-C protein is positioned to interact productively with the
upstream condensation domain (Figure 2.7). The domain is likely to be positioned in the
acceptor site of the C domain hence the catalytic center of the PCP domain is only 16 A
from the active site histidine of the C-domain (Figure 2.7 A). The PCP active site serine is
not positioned where it could donate the pantetheine arm to either the adenylation
domain or the thioesterase domain. The conformational mechanism to direct the
substrate to the downstream thioesterase domain remains to be determined.

A finding which might assist in the in trans association of engineered NRPS, is the
discovery of a “COM-hand”, a motif found at the N-terminus of the SrfA-C module and
which is able to bind a C-terminal a-helix of an upstream NRPS module. In the SrfA-C
structure this is resembled by the myc-epitope-Hisg-affinity tag fused to the C-terminus
of the module, which forms an a-helix, which perfectly fits into the N-terminal hand-

shaped motif of the SrfA-C C domain.®
2.1.3 Additional NRPS Domains and Related Enzymes

In addition to the presented essential domains, auxiliary domains are known and are
responsible for the in cis modifications such as epimerization (Figure 2.1), cyclization and
others." Furthermore, an NRPS repair mechanism by a type Il thioesterase,”*”® which
regenerates misprimed PCP domains, is presented as well as the priming of PCPs by
52,53

ppan-transferases.

2.1.3.1 In Cis Acting Modification Domains

NRPS modules can comprise auxiliary domains to catalyze substrate modifications, such
as epimerization at C, atoms (E), methylation (MT), N-formylation (F), or
heterocyclization (Cy) of the peptidic backbone, utilizing serine and threonine side

chains. >
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Methylation. Often methylated amino acids are found in NRPS products. These are
introduced by methyltransferases (MT). They catalyze the transfer of a methyl group
from S-adenosylmethionine (SAM) to the carbon, nitrogen or oxygen atoms at various
positions on the backbone of non-ribosomal peptides, therefore have been classified as
C-MT, N-MT and O-MT, respectively, depending upon their site of methylation. These
enzymatic domains in general have a bidomain structure, where the first subdomain
contains the binding site for methyl group donor, while the second subdomain harbors
the binding site for acceptor substrate. Various studies have suggested that the size of
N-MT domain is typically 450 amino acids, while C-MT and O-MT are generally 300
amino acids long. A set of 3 conserved sequence motifs has been identified in most
MTs.”*”® In the following, some selected instances of the huge class of MTs are given. An
excellent example is the cyclosporin synthetase, where 7 of the 11 amino acids are
N-methylated.”” The typical domain order in these seven modules of CssA synthetase is
C-A(MT)-PCP, supporting the concept that each aminoacyl-S-PCP thioester intermediate
in these modules can then be N-methylated via the cosubstrate S-adenosyl methionine.
N-methylation prior to condensation was also observed in a domain-swapped
actinomycin synthetase, indicating that an A-MT pair can retain its activities when
moved to a new location in the synthetase assembly line.”® O-Methylation is observed
for A domains activating serine or threonine residues as in the cases of kutznerides'®*®
and perthamide.”

Formylation. N-formylated residues are found in linear gramicidin produced by Bacillus
brevis ATCC 8185 and in the anabaenopeptilides from Anabaena strain 90.2%%' The
N-formylated Val, found in the linear gramicidin is generated by the F domain of the first
module of the corresponding peptide synthetase LgrA. The formylation domain transfers
the formyl group of formyltetrahydrofolate (fH4F) onto the amino acid using both
cofactors N10- and N5-fH4F, respectively. Interestingly, the necessity of the formylated
starter unit formyl-valine for the initiation of the gramicidin biosynthesis was observed.
Without formyl group donor, no condensation product of valine with the subsequent
building block glycine was detected.®!

Epimerization. One of the hallmarks of non-ribosomal peptide natural products is the
presence of bD-amino acids. For example, four of the seven amino acids of the aglycone

of vancomycin®® and chloroeremomycin® have the p-configuration. In general, the A
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domains of NRPS assembly lines select the readily available L-amino acids for activation,
and epimerization (E) domains epimerize them once they are installed as aminoacyl- or
peptidyl-S-PCP acyl enzyme intermediates. Exceptions to this rule are found in
cyclosporin and in the Helminthosporium carbonum toxin assembly, where the
corresponding monomer of the first and third module, respectively, is provided in a

848> Condensation domains with dual

racemase catalyzed precursor mechanism.
epimerization and condensation activity have also been discovered.®® The E domains
embedded in assembly lines occur precisely in the modules responsible for incorporating
D-monomers into the growing chain. E domains in initiation modules rapidly produces an
equilibrium mixture of the PCP-S-L,b0-monomer, therefore the downstream C domain
must be D-specific in its peptide-bond forming step.®” For E domains embedded in
elongating modules it was shown that efficient epimerization occurs not at the
L-aminoacyl-S-PCP stage before condensation but rather at the peptidyl-S-PCP before
transfer to the next elongation module of the assembly line. In both initiation module
(aminoacyl-S-PCP) and elongation modules (peptidyl-S-PCP), the adjacent thioester
linkage provides the thermodynamic accessibility and kinetic stability to a C-carbanion
required for epimerization. It is then expected that all C domains immediately
downstream of E domains will be p-specific for peptidyl donor chirality.>’

Cyclization. Heterocyclizations of cysteine and serine or threonine residues to thiazoline
and oxazoline five-membered ring heterocycles, respectively, are found in several NRPS
products. These heterocycles alter the residue connectivity patterns and provide both
metal-chelating and intercalating groups to the modified peptides. The responsible
enzymes, the cyclization domains, are variants of C domains. Cy domains first catalyze
peptide bond condensation and then carry out cyclization of the thiol sidechain of
cysteine or the hydroxyl sidechain of serine or threonine onto the just-formed peptide
bond to form thiohemiaminal or hemiaminal intermediates that are then dehydrated to
yield the C=N bond in the thiazoline and oxazoline rings.® In yersiniabactin, bleomycin,
and pyochelin biosynthesis, two adjacent Cy-A-PCP modules activate cysteines, and
cyclize them into tandem 4,2-linked bis-heterocycles. In the bleomycin case, the oxidized
bisheterocycle is the DNA-intercalating moiety of this clinically used antitumor drug. In
the vibriobactin synthetase assembly line two threonyl-S-PCPs are heterocyclized, not in

a 4,2-tandem linkage but instead are transferred to N1 and N5 of norspermidine.15
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2.1.3.2 Repair Mechanism — Thioesterase Il

In addition to the normal thioesterases found in termination modules of NRPS assembly
lines, a second type of thioesterases (TEIll) is found. The latter is a crucial repair enzyme
for the regeneration of functional ppan cofactors of holo-T domains of NRPS and PKS

727385 Mispriming of ppan cofactors by acetyl- and short-chain acyl-residues

systems.
interrupts the biosynthetic system. This repair reaction is very important, because
approximately 80% of CoA, the precursor of the ppan cofactor, is acetylated in bacteria.
Recent NMR solution structure elucidation of the surfactin TEIl (Srf-TEIl) in complex with
a PCP domain from the tyrocidine biosynthesis system (TycC3-PCP) provided insights

into substrate selectivity and mode of interaction of TElIl and PCP in this repair

mechanism.”*

Srf-TEII

Figure 2.8: The type Il thioesterase of the surfactin biosynthesis cluster. The catalytic triad S86-H216-D189
is more accessible than in normal thioesterases. The active site comprises a shallow groove, as resembled
by small distance between the active sites of the holo-PCP and the TEII.

SrfTEIl shows the typical o/B-hydrolase fold found for thioesterases (Figure 2.6, 2.8).
Comparison with the structure of the cis-acting SrfTEl shows a similar overall
architecture, but with the notable difference that the active site residues in the SrfTEll
structure (586, D189,H216) are just partially covered by a short loop (GIn 138—-Ala 144)
and are more accessible compared to Srf-TE, resulting in a shallow but easily accessible
active site. This allows unspecific interactions of the TEIl with small acyl-misprimed PCP,
which explained the observed promiscuity of TEIl's e.g. in the surfactin cluster’ and why

peptidyl substrates are not cleaved off.
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2.1.3.3 Ppan-Transferases

All peptidyl- or acyl-carrier protein domain (PCP or ACP) containing multimodular
enzymes such as PKS and NRPS require activation by a phosphopantetheinyl
transferase.”® Carrier proteins are activated by ppan-transferases (PPTase) by the
addition of a 340 Da 4’-phosphopantetheinyl arm, which is covalently bound from the
coenzyme A (CoA) substrate. PPTases are also essential for the activation of carrier

91-93

proteins in fatty acid and heterocyst synthesis. While all organisms require a PPTase

for primary metabolism, some also encode additional PPTases that are capable of

4
995 ppTases can be

activating carrier proteins from secondary metabolite pathways.
classified into two main groups: the acyl carrier protein synthase (AcpS)-type PPTases,
which are capable of activating ACPs from PKSs and fatty acid synthesis,**® and the Sfp-
type PPTases, which are named for the broad range activity PPTase from surfactin
synthesis in Bacillus subtilis and typically activate NRPS/PKS multienzymes.”?’ As Sfp

was shown to transfer the ppan-arm to a wide set of PCPs,”®

it is important for the
manipulation and artificial loading of PCP-domains, and thus this enzyme is introduced

here more detailed.

Figure 2.9: Overall fold and CoA binding site of Sfp. The CoA is shown in green, a detailed view on the CoA
binding site reveals that CoA is mainly bound via its phosphate groups and that the magnesium cofactor is
needed. The thiol end of CoA is not bound by Sfp at all, explaining the observed promiscuity of the PPTase.

The structure of Sfp (Figure 2.9) was elucidated ten years ago and revealed a novel o/f3-
fold.>** The active site (detailed in the magnification in Figure 2.9) harbors a
magnesium ion which is complexed by the pyrophosphate of CoA and the three acidic
side chains of E151, E109 and D107. This complex resembles the main interaction
between Sfp and CoA as well as the necessity of the presence of Mg”'. In addition, the
3’-phosphate is bound tightly to the protein by the side chains of T44, K28, K31 and by

the e-nitrogen of the imidazole group of H90. The most important finding of the
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described work was that the pantetheinyl part of the CoA substrate is not bound at all,
which allowed the usage of Sfp to transfer non-cognate aminoacyl or peptidyl-ppan
residues onto PCP domains for artificial loading of PCP domains. The described method
was used in manifold assays, such as intentional PCP mispriming, examination of
condensation domains, evaluation of on-line tailoring enzyme activity and many
more.”% The fact that the thiol group of CoA is also not bound by Sfp allowed the

transfer of aminoacyl CoA analogs.'®" A finding which was exploited in this study by the

usage of amino CoA as described in chapter 5.2.3.

2.2 Tailoring and Modification of NRPS Building Blocks

Beside the in cis acting modification domains, a vast number of so called in trans acting
tailoring enzymes are associated with non-ribosomal peptide synthesis.'® These enzymes
contribute to a large extend to the remarkable structural diversity found in NRPs either
in precursor synthesis of non-proteinogenic building blocks or in trans modification
while the amino acid is bound to the corresponding carrier protein domain.'”> Often
these modifications are carried out at unreactive aliphatic carbon atoms, which makes
this class of enzymes interesting from a chemical point of view."* An incomplete
compendium of possible carbon functionalized NRPs is given in Figure 2.10.

Furthermore, post-assembly decoration with sugar or prenyl**> moieties is known.'®?

3 H barbamide
NH LN A
HN B K[( HzN NH
(0]
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syringomycin E Io) N\n/\N NH
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@ chlorination OH N NH,
@ hydroxylation ~o O X g @
<N <\

@ bromination O, OH o
@ dehydrogenation "o e
i 2 o ™
@ methylation : \/\NH \)]\ CDA HN
i N
@ phosphorylation o N NH H H H 0
4 N N

lyngbyaloside O

“'OH NH
Figure 2.10: Digest of natural products containing carbon functionalized building blocks. Modifications

range from methylation over hydroxylation, dehydrogenation and halogenation to phosphorylation. The
modification reactions of the CDAs are described in chapter 2.4.
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2.2.1 Precursor Synthesis of Non-Proteinogenic Building Blocks

In addition to a-amino acids, o-keto and o-hydroxy acids derived from amino acid
metabolism are utilized as precursors in non-ribosomal peptide biosynthesis.* For
example, cyclodepsipeptides exist that contain alternating ester and amide bonds which

arise through the condensation of a-amino and oa-hydroxy acids. Typically, in fungal

104

105

depsipeptides such as enniatin B~ (Figure 2.11) and the octadepsipeptides PF1022A,

o-keto acids are reduced to a-hydroxy acids prior to activation by the NRPS A-domain.

saframycin

enniatin B o NH,

HN
manno-

peptimycin & H,

<.
oz
EMI

o,

=]

L

?

ZI

HO

NH
)\/
N

Figure 2.11: Selection of natural products containing non-proteinogenic precursors. The site of the
unusual building block in each molecule is detailed in the text.

Furthermore, some peptides possess both B- and a-amino acids. For example, 4-
methylideneimidazole-5-one (MIO)-dependent aminomutases (CmdF and AdmH) are

responsible for generating the B-Tyr and -Phe precursors of the hybrid non-ribosomal

106

peptide-polyketides chondramide and andrimid,'”’ respectively (Fig. 2.11). MIO

participates in covalent catalysis, enabling the elimination followed by conjugate
addition of ammonia onto an a,B-unsaturated acid intermediate.'®® Alternatively, for
example, a lysine 2,3-aminomutase (VioP) is implicated in the biosynthesis of the (-

109

lysine precursor of viomycin (Figure 2.11).” The lysine 2,3-aminomutases belong to the

" The precursor synthesis during lipopeptide assembly is described there (chapter 2.4).
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radical S-adenosyl methionine (SAM) superfamily utilizing pyridoxal-5’-phosphate, [4Fe-
45)** and SAM cofactors to transfer the amino group via a radical mechanism.*
B-hydroxylation of amino acids is also frequently encountered in the biosynthesis of
non-ribosomal peptides. In the biosynthesis of viomycin and mannopeptimycins (Figure
2.11) the free amino acids L-Arg and L-enduracididine are hydroxylated by non-heme
iron(ll)/aKG-dependent oxygenases VioC'***2 and MppO.113 The subsequent processing
of B-hydroxylated amino acids by further oxidation, glycosylation, macrolactonization,
methylation, or phosphorylation further serves to increase the structural diversity of
non-ribosomal peptides (Figure 2.11).%

Methylation is another general theme in the structural diversification of non-ribosomal
peptides and precursors. For example, a SAM-dependent catechol 4'-O-
methyltransferase (SafC) delivers a 4’-O-methyl-L.-dopa precursor in saframycin (Figure
2.11) biosynthesis.'* There are also a number of C-methyl transferases, including Mpp)
and CymG, which are suggested to catalyze methylation reactions in the biosynthesis of
the B-methylphenylalanine and 2-amino-3,5-dimethylhex-4-enoic acid (ADH), precursors

of the mannopeptimycins'*® (Figure 2.11) and cyclomarins,'%? respectively.
2.2.2 Modification Enzymes Acting on PCP-Tethered Substrates

Beside precursor synthesis, modification enzymes were also found to work on PCP-
tethered substrates. In the biosynthesis of the bacterial cyclododecadepsipeptides
cereulide (Figure 2.12) and valinomycin (Figure 2.12), a.-keto acids are activated by the A
domain of the NRPS and an a-ketoreductase (a-KR) domain within the NRPS assembly
line is responsible for chiral reduction to give peptidyl carrier protein (PCP)-tethered o-

1% |n addition, there is a family of heme protein hydroxylases (e.g., ORF20,

hydroxy acids.
Novl, and NikQ) that catalyze the hydroxylation of PCP-tethered Tyr and His residues
during the biosynthesis of chloroeremomycin (Figure 2.12), novobiocin'’ (Figure 2.12)
and nikkomycin*® (Figure 2.12).

A number of non-ribosomal peptides contain a,B-unsaturated amino acids. Enamine
residues are most likely generated during peptide assembly due to their instable nature.
Dehydrothreonine and N-methyldehydroalanine residues found in syringomycin**®

(Figure 2.12) and microcystin'®® (Figure 2.12) are predicted to arise by dehydration of

threonine and N-methylalanine residues of PCP-peptidyl intermediates.
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Figure 2.12: Selection of natural products comprising non-proteinogenic building blocks resulting from
modification enzymes working on PCP-tethered substrates.

In the biosynthesis of the B-ureidodehydroalanine residue of viomycin (Fig. 2.11), a
putative FAD-dependent oxidase/dehydrogenas (VioJ) is predicted to catalyze o,f-
desaturation of a 2,3-diaminopropionyl-S-PCP intermediate prior to carbamylation.*®

Of the many halogenated amino acid residues found in non-ribosomal peptides,

121,122

chlorinated derivatives are most prevalent. In the case of electronrich substrates

such as aromatic groups, chlorine-carbon bond formation is typically catalyzed by flavin-

121,122

dependent halogenases. For example, chlorination of B-hydroxytyrosine in

vancomycin (Figure 2.13) and other aromatic residues in related antibiotics is catalyzed

123,124

by flavin-dependent enzymes. Chlorination of inactivated carbon centers requires

more powerful non-heme iron(i1)/aKG halogenases’ such as SyrB2, which catalyzes the

"Fora comprehensive review of this enzyme class refer to chapter 2.3.2.
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y-chlorination of Thr-S-PCP intermediate during syringomycin E biosynthesis (Figure
2.12)."* Additionally, in the syringomycin E (Figure 2.12) biosynthesis the non-heme iron
(1)/aKG-dependent oxygenase SyrP catalyzes the hydroxylation of PCP-tethered aspartic

acid to yield carrier bound threo-3-hydroxyaspartic acid.**®

2.2.3 Post-Assembly Tailoring

Post-assembly modifications of the peptide antibiotics mainly contain of decoration with
sugar-molecules. To date 66 different NDP-activated deoxysugars have been identified
to be transferred onto natural product aglycones.103 Many of the natural products are
regio- and stereospecifically modified and often these glycosylated patterns are
important for biological activity. Dehydratases, epimerases, and amino- and
methyltransferases are responsible for the biosynthesis of these NDP-deoxysugars which
derive mostly from D-glucose.'®?
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Figure 2.13: Structures of the glycopeptide antibiotics vancomycin, bleomycin A2, teicoplanin and the
glycosylated enterobactin-like siderophore salmochelin S4.
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Glycosyltransferases (Gtfs) are responsible for the attachment of these carbohydrates
(mono-, di- or oligo-saccharides). Some 20 Gtfs from actinomycete-derived natural and
biologically active agents have been characterized until now. The most prominent
acceptor NRPS aglycones for these Gtfs are vancomycin® (Figure 2.13), teicoplanin®?’
(Figure 2.13), chloroeremomycin*?® (Figure 2.12), bleomycin*****° (Figure 2.13) and
novobiocic acid™®*! (Figure 2.12). An overview of the antibiotics, producer strains,

glycosyltransferases, substrates and acceptors can be found in Table 2.1.

Compound Producer Gtfs Details
‘ Amycolatopsis orientalis GtfD  transfers L-vancosamine to D-glugose
vancomycin ATCC 19795 GHfE transfers D-glucose to heptapeptide
aglycone
tGHA transfers (N-acetyl)-glucosamine to
heptapeptide aglycone
. . Actinomyces transfers glucosamine to heptapeptide
teicoplanin teichomyceticus tGtfB aglycone
ORF3 transfers mannose to heptapeptide
aglycone

GtfA transfers L-epivancosamine to
heptapeptide aglycone

chloroeremomycin Amycolatopsis orientalis GtB transfers D-glucose to heptapeptide

A82846 aglycone
GtfC transfers L-epivancosamine to D-
glucose
transfers L-gulose to bleomycin-
icill BImE |
bleomycin Streptomyces verticillus aglycone
ATCC 15003 BImME transfers 3-O-carbamoyl-D-mannose to
L-gulose
L Streptomyces spheroides I D
novobiocin NCIMB 11891 NovM transfers L-noviose to novobiocic acid

Salmonella typhimurium
LT2 and other

transfers D-glucose via C-glycosylation

IroB of the catecholic arms of enterobactin

salmochelin S4

Table 2.1: The producer strains, Gtfs and their reaction details of the antibiotics vancomycin, teicoplanin,
chloroeremomycin, bleomycin and novobiocin are listed as well of the siderophore salmochelin S4.

The glycosyl moieties were shown to be the basis of or to at least enhance the biological
activity of the antibiotics.

The glucosylated enterobactin-like siderophore salmochelin (Figure 2.13) is also listed in
Table 2.1 due to interesting chemical and evolutionary features.’*? Siderophores (Greek:
“iron carrier") are small, high-affinity iron chelating compounds secreted by
microorganisms such as bacteria, fungi and grasses. Siderophores are amongst the
greatest binders to Fe** known. Often they are found to be the pathogenic factors of

infecting microorganisms by stealing essential iron from the host.'*3

The human body
evolved an efficient mechanism to sequester enterobactin by production of a lipocalin,
called siderocalin. This protein has been shown to bind ferric-catecholates, one of which

is enterobactin and hence prevents the iron from being delivered to the bacteria. It thus
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can be seen as part of an innate immune response for protection against infection.**
Interestingly, in some Salmonella and Klebsiella strains enterobactin was found to be
modified by the glucosyltransferase IroB** to evade sequestration by siderocalin.'*® This
is due to the fact that the binding pocket of the ferric-catecholate binding protein does
not appear to be large enough to bind glucose attached to enterobactin.”* Interestingly,
IroB catalyzes the formation of a C-glycosidic bond, rarely found in natural products.
Another example for C-glycosylation is the Trojan horse antibiotic microcin E492.%’

Beside glycosylation, another post-assembly tailoring mechanism is prenylation.
Prenylated non-ribosomal peptides are found e.g. in the cyclomarins and cyclomarazines

produced by the marine bacterium Salinispora arenicola CNS-205.192

Another example is
the observed geranyl group transfer during lyngbyatoxin A synthesis, which is produced

by the cyanobacterium Lyngbya majuscula, also known as fireweed."*

2.3 Non-Heme Iron Enzymes

The iron-containing enzymes that are involved in dioxygen activation can be divided into
two groups based on the active site structures, i.e. heme and non-heme containing
enzymes. The heme enzymes have been studied extensively and are well understood,

with cytochrome P450 as the prototypical example.lg9
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Figure 2.14: Overview of reactions catalyzed by non-heme iron(i)/akG-dependent oxygenases.

On the other hand, mononuclear non-heme iron oxygenases have received the most
attention recently, primarily because of the recent availability of crystal structures of
many different enzymes and the stunningly diverse oxidative transformations that these

140

enzymes catalyze.”™™ This is briefly mentioned in chapter 2.2 and illustrated by a
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comprehensive overview of the catalyzed reactions in Figure 2.14. The remarkable scope
of oxidative transformations seems to be even broader than that associated with
oxidative heme enzymes. Not only are many of these oxidative transformations of key
biological importance, many of these selective oxidations are also unprecedented in
synthetic organic chemistry. Beside the most important reactions, hydroxylation and
halogenation, these enzymes were found to catalyze ring closure and opening,
eliminations, which is in some case preceded by hydroxylation (Figure 2.14). As a result,
these enzymes are involved in processes as diverse as the synthesis of antibiotics, DNA
repair, oxygen sensing, and transcription regulation. The subfamily constitutes probably

the most versatile group of oxidizing biological catalysts identified to date X 141142 A

S
most of the work described in this study deals with the B-hydroxylation of unreactive
carbon atoms by AsnO, LptL, KtzO and KtzP and the AsnO D241N variant, non-heme
iron(i1)/aKG-dependent hydroxylases are detailed below. Due to the structural and likely
evolutionary relationship between non-heme iron hydroxylases and halogenases the

latter is also introduced in the following.
2.3.1 Iron(n)- and aKG-Dependent Hydroxylases

Facial triad or iron binding motif. Recent crystal structure availability of mononuclear
non-heme iron oxygenases established the so-called 2-His-1-carboxylate facial triad as a
new common structural motif for the activation of dioxygen.**® The largest subfamily of
non-heme iron enzymes, the hydroxylases couple the oxidative transformation of
substrates to the oxidative decarboxylation of the cofactor a-ketoglutarate aKG to
carbon dioxide and succinate. Many of these often regio- and stereospecific reactions
are at the moment beyond the scope of synthetic organic chemists and are therefore of

141

special chemical interest.” A recent comprehensive sampling of the reactivities of the

currently known aKG-dependent enzymes is available.***

Therefore here only some
general features and typical examples for hydroxylation reactions are addressed. Two
types of hydroxylation reactions have recently received increased attention out of
medical interest. Damage of RNA and DNA by nucleotide alkylation, for instance, results
in lesions that are both cytotoxic and mutagenic. Several aKG-dependent oxygenases

have been shown to repair these alkylated DNA and RNA bases. Escherichia coli AlkB and
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the homologous human enzyme ABH3 fix the lesion by hydroxylating the alkyl group,

after which spontaneous deformylation yields the unmodified base (Figure 2.15 A).***
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Figure 2.15: Selection of hydroxylation catalyzed by non-heme iron(i1)/aKG-dependent enzymes. The
incorporated oxygen atoms are highlighted in bold letters. One oxygen atom is transferred to succinate
(see reaction A) and one to the substrate. The reactions catalyzed are: A) DNA dealkylation by AlkB; B)
Proline hydroxylation at position 4; C) Oxidation of hypophosphite to phosphite by HtxA; D) The
clavaminate synthase (CAS) catalyzes three steps in the synthesis of the B-lactamase inactivator clavulanic
acid. First hydroxylation yields proclavaminic acid, the second conversion dihydroclavaminic acid and in
the last step clavaminic acid is generated.

The hydroxylation of specific residues of protein side chains and more specifically in
oxygen sensing in the cell has also attracted recent interest. Hypoxia-inducible factor
(HIF) is responsible for mediating the mammalian response to low oxygen tension
(hypoxia). aKG HIF hydroxylases have been implicated in this hypoxic response and are
therefore interesting targets for the development of new therapies for the different

Y8 Other functions of the oKG-dependent

diseases associated with this system.
oxygenases include the biosynthesis of antibiotics and plant products, lipid metabolism
and biodegradation.'® Some selected examples are shown in Figure 2.15.

Crystallographic data on many different aKG-dependent oxygenases have been reported
over the last 10 years and the more than 50 available structures now provide a wealth of

structural information (for a recent review see: Clifton et al.**). The ternary TauD-Fe(il)-

aKG-substrate complex, for instance, shows a five-coordinated metal center with the
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147

aKG co-substrate bound in a bidentate way.”" The highly conserved jelly-roll fold, which

consists of two parallel B-sheets, typical for this enzyme class, is also found (Figure 2.16).

H3N®

n
1 —_— R —— ] + HSO3_
- - 7

SO, HO™ S0, o

Figure 2.16: Overall fold of one monomer of the ternary TauD. The active site of the ternary TauD-Fe(1)-
aKG-taurine complex is magnified (pdb: 10S7). The bottom scheme show the reaction catalyzed by TauD.

The co-substrate is further held in place by an additional interaction of the C5-
carboxylate with a conserved Arg residue. The primary substrate is not bound directly to
the metal center, but is found close to the open coordination site, which is believed to
be the site of dioxygen binding. TauD catalyzes the hydroxylation of taurine (2-
aminoethane-1-sulfonic acid), which leads eventually to sulfite elimination from the
product (Figure 2.16, bottom scheme).**®

Mechanism. The large body of crystallographic data together with spectroscopic studies

%7 and CAS (clavaminate synthase)'* has led to the proposal of a

on especially TauD
common, conserved mechanism for the aKG-dependent oxygenases [Figure 2.17, steps
numbered (1-8)]. In this general mechanism, an ordered sequential binding of first akG,
then substrate and finally dioxygen is assumed. Structural and spectroscopic studies
show an octahedral iron(i1) metal center in the holo enzymes with the facial triad and

three water molecules completing the coordination sphere (1).**

Subsequently, the a-
ketoglutarate binds in a bidentate fashion by displacing two water molecules and the

metal center remains six-coordinated (2).
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Figure 2.17: Consensus mechanism for aKG-dependent hydroxylases, exemplified for TauD (adapted from
Bollinger et al.*’). For clarity reason the facial triad has been removed.

The bidentate binding of the a-keto acid gives rise to a very characteristic set of metal to

130 The native

ligand charge transfer transitions in the visible region (around 500 nm).
substrate then binds in the proximity of (but not directly to) the metal ion and upon
substrate-binding the remaining water ligand is lost and, in almost all cases, the
coordination around the ferrous ion changes to five-coordinate square-pyramidal (3).
This change in coordination number has been crystallographically established in, among
others, the structures of TauD, DAOCS, and Alkylsulfatase (AtsK), which were crystallized

1 The displacement of

in the presence of aKG and their respective native substrates.
the last water molecule is thought to be essential for catalysis and poises the metal for
reaction with dioxygen. The greatly enhanced reactivity of the metal center towards
dioxygen after substrate binding effectively favors the generation of the (potentially
damaging) reactive intermediates only in the presence of the target substrate and in this
way protects the enzyme from inactivation by self-hydroxylation reactions. Such
selfhydroxylation of nearby amino acid residues in the absence of substrate has in fact
been observed for a number of non-heme iron enzymes, including some aKG-dependent

151

enzymes.”" It has been proposed that this self-modification serves to protect the
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enzyme from chemical damage in the absence of substrate, but the physiological
function and significance is currently not completely clear and subject of discussion. In
the presence of substrate, the binding of dioxygen results in the formation of an adduct

132 Nucleophilic attack of

with significant Fe(in)-superoxide radical anion character (4).
the carbonyl carbon atom by this species would then result in a cyclic ferryl bridged-
peroxo species (5). In the next step, decarboxylation and O-O bond cleavage vyield
succinate, carbon dioxide and a high-valent Fe(iv)=0O species (6), which is the
intermediate responsible for the substrate oxidation leading to hydroxylation or a

7

related two-electron oxidation.'” This ferryl intermediate was first observed

3

experimentally for TauD by rapid freeze-quench MdRbauer spectroscopy,™ and its

154

presencewas confirmed by extended x-ray absorption fine structure (EXAFS),”" and

155

resonance Raman studies.”™ These spectroscopic studies revealed species with a high-

spin (S = 2) configuration,’®® a characteristic isotope-sensitive iron-oxo vibration in the
800 cm™ region,” and a short Fe-O interaction of 1.62 A.™>* Most importantly, these
studies provided the first direct evidence of the involvement of an Fe(iv)-intermediate in
reactions catalyzed by mononuclear non-heme iron enzymes. From this point on the
chemistry of each enzyme diverges and different subsequent steps result in the rich
variety of oxidative transformations that this subgroup catalyzes. In the hydroxylase
subfamily of non-heme iron aKG-dependent enzymes, the common Fe(lv)-intermediate
(see below) abstracts a hydrogen atom (7), followed by recombination of the
coordinated hydroxyl radical with the substrate radical yieldind the hydroxylated
product (8). The observation of a large substrate deuterium kinetic isotope effect on the
decay of the ferryl species identified it as the hydrogen-abstracting intermediate.>® A C-
H cleaving high-spin Fe(lv) complex with strikingly similar spectroscopic and kinetic
characteristics has also been detected in prolyl-4-hydroxylase (P4H), which is only

16 These results support the view of a conserved mechanism

distantly related to TauD.
within the oKG-dependent hydroxylases. The hydroxylases involved in the acidic
lipopeptide antibiotic synthesis are discussed in chapter 2.4 and in the results as well as

in the discussion section.
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2.3.2 Iron(11)- and aKG-Dependent Halogenases

The recently discovered group of non-heme iron halogenases posses a unique

reactivity.'*

Rather than hydroxylation, these enzymes catalyze the halogenation of
aliphatic C-H bonds and require Fe(i1), aKG, dioxygen and chloride for activity. Pioneering
work of Vaillancourt et al. on the origin of the chlorinated threonine residue found in the
phytotoxin syringomycin E (Figure 2.12) resulted in the discovery of this intriguing
enzyme class. It was shown that SyrB2 catalyzes the chlorination of the threonine methyl

group (Figure 2.18 A).**
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Figure 2.18: Overview of reactions catalyzed by non-heme iron(i1)/aKG-dependent halogenases. A)
Threonine halogenation in the syringomycin E biosynthesis; Cryptic chlorination pathways in the
biosynthesis of the non-proteinogenic amino acids B) coronamic acid and C) (1S,2R)-allocoronamic acid; D)
CytC3 catalyzes the mono and dichlorination of a-aminobutyric acid; E) Coupled triple chloride transfer
onto PCP-bound leucine by tandem action of BarB2 and BarB1 during barbamide biosynthesis.

157 \was examined and found to be

Additionally, the non-heme halogenase CmaB
responsible for the y-halogenation of L-allo-isoleucine as part of a cryptic synthesis
strategy for cylcopropyl ring formation during phytotoxin precursor coronamic acid
synthesis (Figure 2.18 B). Another example for cyclopropyl ring formation is the
halogenase KtzD. Initially the gene cassette KtzABCD was predicted to catalyze the

production of the non-proteinogenic amino acid 2-(1-methylcyclopropyl)glycine

(MecPG)™® a component of all kutzneride molecules (see chapter 2.5) reported to
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date.’®?°

Instead it was reported that KtzABCD function to produce an alternative
cyclopropyl-containing amino acid, (1S,2R)-allocoronamic acid (alloCMA), tethered to
the PCP KtzC (Figure 2.18 C) by KtzD-mediated hydroxylation of the y-CH, of L-lle.r?
Bioinformatic analysis has provided leads to additional members of this interesting new
group.’?? CytC3, for example, chlorinates L-Abu to y-chloroaminobutyrate or, if allowed
to proceed through multiple turnovers, even to v,y-dichloroaminobutyrate (Figure 2.18
D).’ The free dichloroamino acid is a known antibacterial natural product called
armentomycin. Multiple chlorinations were also observed for the SyrB2 homologues
BarB1 and BarB2, which catalyze the tandem trichlorination of L-Leu as part of the
biosynthesis of the marine natural product barbamide (Figure 2.10 and Figure 2.18 E).***
The crystal structures of the Syr2B-Fe(i1)-aKG (Figure 2.19 A)*®% and the CytC3 Fe(i)-a.KG
(Figure 2.19B)'** complexes were solved very recently. As a surprising result, it
presented the first aKG-dependent non-heme iron enzyme not coordinating the iron by

the 2-His-1-carboxylate facial triad. Instead, the metal is coordinated by aKG, a chloride

anion and only two endogenous ligands. i.e. two histidines (Figure 2.19). An alanine

replaces the aspartate of the facial triad.

Figure 2.19: Active sites of the SyrB2-Fe(i)-aKG (A) and CytC3-Fe(n)-aKG (B) complexes. Instead of the
facial triad (HXD/E...H) observed in hydroxylases only two ligands coordinate the iron cofactor and the
acidic residue was found to be exchanged by alanine, which provides enough space for chloride binding.

After the generation of the pivotal ferryl-oxo species and the hydroxylradical, the
mechanism of halogenation is thought to be similar to the common hydroxylation
mechanism (Figure 2.17) with chloride abstraction instead of hydroxyl abstraction by the

carbon radical in the final step (see also Figure 2.14). M6Rbauer and absorption
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spectroscopic studies on the chlorination reaction by CytC3 identified two rapidly
interconverting high-spin Fe(lv) intermediates and a marked substrate deuterium kinetic
isotope effect on the decay of these ferryl species implicated them as the hydrogen

1% The presence of two rather than one Fe(v) intermediate

atom-abstracting complex.
contrasts with the observations made for TauD and P4H. The authors speculate that the
two intermediates might be two rapidly-converting conformers of a Cl-Fe(iv)-oxo

185 A spectroscopic study of CytC3 in the analogous reaction with bromide

complex.
provided further evidence for direct coordination of a halogen to the high-valent iron
and the assignment of these high-spin iron(lv) intermediates as a Br-Fe(ilv)-oxo

166 Freeze-quench Fe K-edge X-ray absorption spectroscopy revealed short Fe-O

species.
and Fe-Br interactions of 1.62 A and 2.43 A, respectively. These results further

emphasize the similarities between the aKG-dependent halogenases and hydroxylases.

2.4 Acidic Lipopeptides

There has been a steady rise in the prevalence of multi-drug resistant, especially Gram-
positive, and other pathogens. Furthermore, concerns were expressed about the clinical
effectiveness of glycopeptides in treating infections due to Staphylococcus aureus.*®’
Promising novel antibiotics to fight the latter are acidic lipopeptides and their efficiency
is resembled by the success story of daptomycin. This antibiotic (Cubicin, Cubist
Pharmaceuticals) was the first natural antibiotic in a new structural class, which has

18 Daptomycin, produced by Streptomyces

entered clinical use since the 1960s.
roseosporus, was discovered in the early 1980s.” The United States FDA approved
daptomycin for the treatment of serious skin and soft tissue infections in 2003 and for
methicillin-resistant S. aureus (MRSA) infections of the bloodstream (bacteremia) in
2006.%° Besides daptomycin, the best known representative of the acidic lipopeptide
antibiotics, there are a number of other ten-membered cyclic lipopeptides. These
natural products are also secondary metabolites produced by soil bacteria and include
the depsipeptides, calcium-dependent antibiotic (CDA) produced by the model

170

streptomycete Streptomyces coelicolor A(3)2~""and A54145 produced by Streptomyces

71 Other cyclic lipopeptide antibiotics produced by actinomycetes include

fradiae.
friulimicin"? produced by Actinoplanes friuliensis and the amphomycins.,173

laspartomycins'’*and glycinocins'’® (Table 2.2).
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Compound

Producer

A-1437
A21978C/daptomycin
A54145

amphomycin
aspartocin

CDA

friulimicin
glycinocin
laspartomycin
parvuline
tsushimycin

Actinoplanes sp. (=Actinoplanes friuliensis DSM 7358)
Streptomyces roseosporus NRRL11379

Streptomyces fradiae NRRL18158

Streptomyces refuineus spp. thermotolerans
Streptomyces canus ATCC 12237

Streptomyces griseus var. spiralis ATCC13733
Streptomyces violaceus var. aspartocinius ATCC 13734
Streptomyces coelicolor A3(2)

Streptomyces violaceoruber Kutner 673
Streptomyces lividans

Actinoplanes friuliensis DSM 7358

Actinomycete AW 998

Streptomyces viridochromogens ATCC 29814
Streptomyces parvulus var. parvuli NRRL 5740
Streptomyces griseoflavus ATCC 21139

Table 2.2: Overview of important acidic lipopeptide antibiotics and the producing strains.”’®

Within these lipopeptides the positioning of bD-amino acids and achiral amino acids is
conserved, as is the Asp-X-Asp-Gly motif in the macrocycle. Some of the amino acids are
heavily modified during the biosynthesis. Tailoring enzymes, which include oxygenases,
oxidases, methyltransferases and others, are responsible for these modifications and
thus provide a large number of non-proteinogenic amino acids and a fascinating

structural diversity.ls’zs‘177

The fascinating pool of unusual amino and fatty acid building
blocks of the acidic lipopeptide antibiotics can be used for the manipulation of their
biosynthesis and contributes to their biological activity. In this summary about acidic
lipopeptides, the structural diversity of acidic lipopeptide antibiotics is detailed and the
proposed modes of action are presented. The recent advances in the field of the

modifying enzymes are described.
2.4.1 Structures

In addition to their cyclic nature, a key structural feature of lipopeptide antibiotics is the
long chain fatty acid, which is invariably attached to the macrocyclic peptide core. All
members of this class of antibiotics are produced by non-ribosomal peptide synthetases
with variation of the fatty acid tail. Straight and branched chain fatty acids that
significantly differ in the degree of saturation and the oxidation state are frequently
found and contribute to the high structural diversity of this class of compounds (Figure
2.20). In particular, the lipid portion impacts the biological properties of these

molecules; antimicrobial behavior and toxicity are dramatically affected by the nature of
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the incorporated fatty acid group.178 The length of the fatty acid chain is variable and
ranges from 6 to 16 carbon units. CDA has the shortest fatty acid, an expoxidized
hexanoic acid, which in contrast to other lipopeptides with their complex fatty acid
mixtures, is invariant. The longest fatty acid tail containing 16 carbon atoms is found in
glycinocin B. An overview of the acidic lipopeptides can be found in Figure 2.20, where
all variants are listed.

A21978C/daptomycin. The three major components of A21978C (Figure 2.20; 2-4)
originally found to be produced by Streptomyces roseosporus, were determined by
deacetylase-mediated removal of the lipid tail, followed by classical degradation of the
amino acid sequence paired with MS analysis. The peptide core was found to consist of
13 amino acids and that ten of these residues create a macrolactone by formation of an
ester bond between Thr, and the C-terminal kynurenine (Kynys).” Besides Kyn, other
non-proteinogenic and D-amino acids are present in A21978C, namely D-A5n2,179
ornithine (Orng), D-Ser;; and 3-methylglutamic acid (MeGluy;). The most famous
representative of the A21978C complex, daptomycin (Figure 2.20; 1), originally was
found to be part of a minor component (A21978Cy) but showed superior biological

178

acitivity compared with other members of the complex.”” Thus, the fermentation

process was optimized to yield high-quantity daptomycin production by feeding

decanoic acid.*®°

Although the complex was known since the early 1980s, the
biosynthetic gene cluster was not described before 2005. It encodes for three NRPSs
DptA, DptBC and DptD. The catalytic domains are predicted to couple five, six and two
amino acids, respectively, with three epimerization domains present, consistent with the
three D-amino acids found in the antibiotic.'”

Ab4145. Streptomyces fradiae produces the lipopeptide A54145, a complex antibiotic

181

mixture active against Gram-positive bacteria.”™ The identities of the acyl side chains

were established as iso-decanoyl! (Figure 2.20; 5, 8, 12), n-decanoyl (Figure 1, 6-7), and

182

anteiso-decanoyl (Figure 2.20; 9-11).”° Seven of the thirteen amino acids are non-

proteinogenic, including three b-configured peptide building blocks. The six amino acids
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Figure 2.20: Comprehensive overview of the chemical structures of the acidic lipopeptide antibiotics. The

cyclic depsipeptides A21978C/daptomycin,

A54145, CDA and the cyclic

peptides friulimicins,

laspartomycins and glycinocins are shown. The macrolactonization site is shaded in orange, the
macrolactamization in rose-color. b- and unusual amino acids are highlighted in blue, sites where tailoring
enzymes act in red. Next to the structure the peptide-cores are represented schematically. The position of
the conserved Asp-X-Asp-Gly-motif is accentuated in green. The red dashed-line boxes resemble the
NRPSs responsible for the incorporation of the framed amino acid(s) (if known). Next to the schemes the
observed variants of the lipopeptide antibiotics are listed.
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D-Glu,, 3-hydroxy-L-asparagine (hAsns), sarcosine (Sars), D-Lyss, 3-methoxyaspartic acid
(MeOAspg), and D-Asny; are found in all A54145s, whereas MeGluy, is only observed in 7-
9 and 11. The higher complexity of A54145 compared with A21978C is also due to the
variation at position 13, where either lle (Figure 2.20; 5-8, 10, 11) or Val (Figure 2.20; 9,
12) is incorporated. The assumption that b-amino acids are present at position 2, 8 and
11 was made after the biosynthetic gene cluster was characterized and three
epimerization domains were found in the corresponding modules.'®® Four NRPSs are
also encoded by the biosynthetic gene cluster (LptA-D) responsible for the incorporation
of five, two, four and two amino acids into the growing peptide chain, respectively.

Calcium-dependent antibiotics (CDA). In 1983, Hopwood et al.*’® isolated a substance
from Streptomyces coelicolor A3(2) fermentations that inhibits the growth of Gram-
positive bacteria in the presence of Ca’" ions. Because of this activity, the substance was
named calcium-dependent antibiotic (CDA). Originally four (CDA1b, CDA2b, CDA3b and
CDA4b) of the nine currently known CDAs were structurally characterized (Figure 2.20;
13-16).'* Macrolactonization of the CDAs occurs through the side chain of Thr, and the
C-terminal amino acid Trp;; to yield the ten-membered ring. The exocyclic tail only
consists of one additional amino acid and the fatty acid acyl chain is invariant and
exclusively found to be 2,3-epoxy-hexanoyl. The sites of variations were found to be in
the amino acid core. For the first four characterized CDAs these are position 9 and 10.
Asng is either hydroxylated (Figure 2.20; 15-16) or in a subsequent reaction
phosphorylated (Figure 2.20; 13-14) at the B-position. The tenth residue, Gluy, is
methylated in two cases (Figure 2.20; 14, 16). The C-terminal Trp was found to be a third

site of amino acid modification by Hojati et al.*®

and lead to the discovery of three new
CDA variations that each contain Z-2’-3’-dehydro-Trp (ATrp) (Figure 2.20, 17-19). In the
same work, the organization of the biosynthetic gene cluster was determined and
revealed three NRPSs (CDAPS1-3) which are responsible for the incorporation of six,
three and two amino acids, respectively. Recently, two further CDA derivatives have
been isolated from genetically manipulated S. coelicolor in which the asnO and hasP
genes were knocked out.’® Asn0'’ is an iron(il)/o-ketoglutarate (aKG) oxygenase,

which hydroxylates L-Asn at the B-position (see chapter 5.1 and 6.1) and hasP has been

annotated as a putative phosphotransferase.'® Accordingly, CDA variants produced by
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this strain lack the phosphohydroxy group at Asn-9 (Figure 2.20; 20-21). CDA is also
produced in some closely related Streptomyces species (Table 2.2).17%'88

Cyclic lipopeptides. The following antibiotics are also consistent of a ten-membered
ring, but are true peptides, i.e. macrocycles are formed by macrolactamization. This
family of undecapeptide antibiotics can be further divided into two sub-groups, the
ampho-mycins/friulimicins and the laspartomycins/glycinocins. All representatives of a
subclass are very similar. They differ only at one position in the peptide core and in the
branching of the fatty acids.

Amphomycins/friulimicins. Since the discovery of amphomycin,173 similar or identical
antibiotics have been published under different names; this has caused significant
confusion in this substance class. In 2000, Wink et al.*’? reported the structural
elucidation of eight bioactive lipopeptides isolated from Actinoplanes friuliensis. That

1.17® clarified the former uncertainties in the

work and an extensive review by Baltz et a
literature. These lipopeptides can be divided in the friulimicins and the A-1437
compounds. A-1437s (Figure 2.20; 22-25) were found to be linked via the N-terminal
diaminobutyrate (Dab) to an exocyclic aspartate residue with different fatty acid
substituents. The study of Wink et al.*”? revealed that the different A-1437s are identical
to previously described'’® lipopeptide antibiotics (see Figure 2.20 for details). The
friulimicins A-D (Figure 2.20; 26-29) are closely related to the A-1437s. They differ only in
the exocyclic amino acid, which is Asn instead of Asp. The peptide component of all of
the above described lipopeptides is featured by unusual amino acids, such as L-threo and
D-erythreo-2,3-Dab, b-pipecolinic acid (D-Pip) as well as L-threo-3-methyl-Asp (MeAsp) at
positions 2, 9, 3 and 4 in the peptide core. Later studies revealed that the minor

friulimicin components contain Asp, instead of MeAsp,.**°

The gene clusters for the
amphomycins/friulimicins were unidentified until recently. Initially, only a fragment of
the friulimicins gene cluster was known,’® but the entire gene cluster has been
described recently.’® It shows an unusual organization; the first peptide synthetase
encoding gene, pstA, is divided from the next synthetase, pstB, by nine genes. The gene
products PstC and PstD complete the assembly line. PstA has one, PstB two, PstC six and
PstD two adenylation domains responsible for incorporation of the corresponding

number of amino acids into the peptide core. The presence of two epimerization

domains is consistent with the observed b-Dabg and D-Pip; residues.
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Laspartomycins/glycinocins. Laspartomycin was originally isolated and characterized as
a lipopeptide antibiotic related to amphomycin in 1968,*”* but its molecular weight and
structure remained unknown. Novel purification methods lead to the determination of
the structure of the major component, laspartomycin C (Figure 2.20, 31).*' The
structure differs from that of the amphomycins/friulimicins and all related antibiotics.
The amino acid branching into the side chain is diaminopropionate (Dap,) rather than
Dab. In addition, the fatty acid chain is 2,3-unsaturated. Furthermore, the second b-
amino acid is D-Thrg instead of D-Dab. Gly replaces the MeAsp, residue and lle
substitutes the Val residue at position 10. Two additional peptides were isolated during
laspartomycin C purification, but these species were not structurally characterized.™*

Glycinocin A, a compound of the glycinocins family (Figure 2.20; 31-34) was shown to

have the identical structure as laspartomycin C (Figure 2.20; 31).'”

The glycinocin B 32
and C 33 have the same peptide core as 31 and differ only in the length of the fatty acid
tail. Glycinocin D 34 on the other hand has the same lipid part as 31 but instead of
having lle at position 11, Val is found. Biosynthetic gene clusters neither for

laspartomycin nor glycinocin production are known.
2.4.2 Mode of Action

The mode of action of cyclic lipopeptide antibiotics is still poorly understood. It is known
that calcium ions are essential for the antimicrobial activity of daptomycin, CDA and
A54145.17° For daptomycin other divalent ions were tested for antibiotic activity but had
at least a 32-fold higher minimal inhibitory concentration (MIC) than Ca®*.**? Current
research is largely focused on the mode of action of daptomycin. Three different NMR
structures of apo daptomycin have been published.l‘%'195 In very recent studies on
daptomycin’s mode of action by Ho et al.,"** the structure of daptomycin in the presence
of Mg2+ was solved. The authors proposed a new mode of action for bacterial cell death
by daptomycin. The divalent cation binding actually facilitates micelle formation by
neutralizing the negative charge of the acidic side chains. In this scenario, the micelles
are vehicles to deliver high local concentrations of daptomycin to the bacterial cell
membrane. Micelle dissociation once the lipid bilayer is reached would allow the

daptomycin lipid tail to insert into the membrane. Inside the membrane oligomerization

of daptomycin might occur again for large pore generation (Figure 2.21).
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apo-form » o4 .
Addition of Ca“"2 1:1 ratio

micelle formation of 14-16
daptomycin units

dissociation and insertion
facilitated by Ca?*

approach to bacterial membrane

Figure 2.21: Proposed mode of action of daptomycin. The not highly amphiphilic apo form of daptomycin
forms micelles of 14-16-mers upon addition of Ca>*. The minimum amount for micelle formation is a 1:1
molar ration. This process might facilitate rapid approach to bacterial membranes. Once the lipid bilayer is
reached, the complex dissociates and daptomycin inserts into the membrane. In the final stages it is
proposed that daptomycin perforates the membrane by depolarization, which subsequently leads to
efflux of essential potassium ions and bacterial cell death (not shown).

The insertion should lead to pores formation, which will lead to potassium efflux and

h."®® However, the remaining questions if daptomycin will

subsequent bacterial cell deat
build a multimer in the membrane and if oligomerization is crucial for bactericidal
activity as well as if potassium efflux is the cause of cell death or other membrane-
associated processes, e.g. cell wall synthesis, division, energetics, etc., are unanswered.

Micelle formation has also been proposed for tshushimycin for which the crystal

97 This work

structure with bound Ca?* at 1.0 A resolution was solved recently.
implicates a common mode of action of the tsushimycin/A-1437 B (Figure 2.20; 23) and
the acidic lipodepsipeptides (Figure 2.20; 1-21). The calcium was found to be bound
between Asp; and Asps of the tshushimycin peptide core.

Although friulimicin B (Figure 2.20; 27) shows high structural similarities with
tshushimycin, only one residue of the peptide core differs (Asp; instead of Asn,), it has a
very different mode of action. Studies showed that 27, in the presence of calcium,
formed a complex with a lipid carrier. Friulimicin B appears to block two essential
pathways in the cell envelope and the friulimicin lipid carrier complex prevents the

formation of a functional cell wall. In contrast to daptomycin, no potassium leakage was

observed. This unique mode of action is most likely due to the missing negatively
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charged side chain of Asp; and offers an explanation for the lack of cross resistance
between daptomycin and friulimicin B.1%® Amphomycin (A-1437 E, 24) was found to
target the peptidoglycan biosynthesis and cause the accumulation of UDP-MurNAc-

199 Furthermore, amphomycin inhibits the formation of mannosylphos-

pentapeptide.
phoryldolichol, glucosylphosphoryldolichol and N-acetylglucosaminylphosphoryl dolichol
in eukaryotic cells, by complex formation with the dolichol monophosphate in the

presence of Ca**.2%°

2.4.3 Tailoring

Structural changes, resulting from tailoring reactions, improve the biological activity of
the secondary metabolites and provide the producer with an evolutionary advantage by,
for instance, making the antibiotic more stable to protease cleavage by the target
strains. Altogether, twelve non-proteinogenic amino acids are present in the acidic
lipopeptides (Figure 2.20) and contribute thereby to the observed structural diversity.
Six of these (Hpg, Kyn, Dab, Dap, Pip and Orn) have been extensively discussed,*’®
therefore this introduction focuses on more recent studies addressing methylation,
dehydrogenation and epoxidation mainly in CDA.

Methylation. One common feature of daptomycin, A54145 and CDA is the presence of a
-methylated Glu residue at the same relative ring position. Whereas CDA and A54145
lipopeptides are produced as mixtures of compounds containing MeGlu or Glu,*8%3
fermentation of Streptomyces roseosporus results exclusively in MeGlu containing

201

peptides.”~ The MeGlu containing acidic lipopeptides exhibit a higher bioactivity than

the Glu-containing analogs.lgl'zm'204

Following determination of the CDA biosynthetic gene cluster,'®® a gene, sc0o3215, was
predicted to encode a S-adenosyl methionine (SAM)-dependent glutamate-3-methyl-
transferase (GImT). Genes homologous to gImT are found in the daptomycin (dpt/)***
and A54145 (Ipt/)'®® pathway. It was observed previously that fermentation of deletion
mutants of S. coelicolor (AgimT) and S. roseosporus (AdptGHIJ) led to production of CDA
and daptomycin analogs containing exclusively Glu instead of MeGlu. Complementation
of the AdptGHIJ mutant by dpt/ or gImT and complementation of AgImT with synthetic

MeGlu restored the biosynthesis of the MeGlu-containing compounds.ml’204 These

results showed that GImT, Dptl and Lptl are methyltransferases involved in the
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biosynthesis of MeGlu residues in CDA, daptomycin and A54145. By characterization of
recombinant GImT, Dptl and Lptl, Mahlert et al.”® determined the substrate specificity
of the methyltransferases. Combined with the in vivo results, complete mechanistic
details for the biosynthesis of MeGlu and its incorporation into the acidic lipopeptides
were described (Figure 2.22 A). It was shown that GImT, Dptl and Lptl are indeed all
SAM-dependent methyltransferases. But instead of catalyzing the methylation of Glu
directly, all enzymes act exclusively on oKG leading to 3-methyl-2-oxoglutarate.
Together with a branched chain aminotransferase (lIvE) from the primary metabolism of
S. coelicolor, the mechanism was established: The coupling of the methylation and
transamination reaction leads to the synthesis of MeGlu starting from oKG. Subsequent
activation and incorporation of MeGlu by the adenylation domain of the tenth module
of the CDA and the twelfth module of the daptomycin/A54145 NRPSs will lead to the

corresponding acidic lipopeptide antibiotics.’®
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Figure 2.22: Selection of observed tailoring steps during the biosynthesis of acidic lipopeptides (mainly
CDA). A) Mechanism of MeGlu precursor synthesis. The SAM-dependent methyltransferases Dptl, Lptl and
GImT transfer a methyl group to aKG leading to 3-methyl-2-oxoglutarate. Subsequent amino group
transfer from valine to the methylated glutarate catalyzed by branched chain aminotransferases yields
MeGlu. B) Hydroxyphenylglycine biosynthesis in the CDA biosynthesis of Streptomyces coelicolor.
C) Proposed mechanism of the fatty acid tailoring events leading to 2,3-epoxyhexanoyl, the fatty acid tail
of CDAs.

The methylation of an aspartate residue observed at position four of the
amphomycins/friulimicins 22-30 (Figure 2.20) was not fully examined biochemically, but
there is genetic evidence that this methyl group results from mutase-catalyzed

rearrangement of Glu into MeAsp.*®*

This notion was validated by in vitro activity of the
gene products predicted to show the described mutase activity in the friulimicin
pathway, GImA and GImB, which were expressed heterologously in S. lividans.

Disruption of these genes in A. friuliensis caused a 60% reduction in the yield of MeAsp-
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amphomycins. If this is due to a leaky recombinant phenotype or to production by an
alternative pathway is unclear.'®

Hydroxylation. The observed hydroxylated asparagines are found at position 9 in the
peptide core of some CDAs (Figure 2.20, 15-16, 18-19 or subsequent phosphorylated 12,
14, 17) and at position 3 of A54145 (Figure 2.20, 5-12) and their origin is discussed in
chapters 5.1 and 6.1 Additionally, a methoxylated aspartate is found at position 9 in
A54145. For the latter modification, a mechanism was proposed by sequence analysis of

the genes from the A54145 biosynthesis cluster.'®

The gene IptK was annotated as an
O-methyltransferase because it fits high sequence homology to known enzymes and /pt/
was annotated as a regulatory protein with sequence homology to the putative
regulatory enzyme SyrP, which is a gene product of the syringomycin biosynthetic gene

cluster in Pseudomonas syringae.206

The SyrP sequence was recently re-examined and
showed high homology to iron(ll)/aKG-dependent hydroxylases. Biochemical
characterization of SyrP revealed hydroxylation activity on aspartic acid bound to the

PCP of the eighth module of syringomycin NRPS.*?®

Therefore, a possible MeOAsp
precursor pathway is that Lpt) hydroxylates Asp at the -position, while tethered to the
PCP, followed by O-methylation via LptK catalysis.

In the broadest sense the synthesis of the non-proteinogenic amino acid 4-hydroxy-
phenylglycine (Hpg, Figure 2.22 B) could be seen as hydroxylation reaction, in which Hpg
is incorporated into CDA (Figure 2.20; 13-21). The Hpg synthesis requires Hmas, a
4-hydroxymandelate synthase, to convert 4-hydroxyphenylpyruvate to 4-hydroxy-
mandelate. Two additional enzymes, the 4-hydroxymandelate oxidase (Hmo) and the
4-Hpg transaminase (HpgT), complete Hpg biosynthesis (Figure 2.22 B).®
Dehydrogenation. The a-series of the calcium-antibiotics (Figure 2.20; 17-21) exhibit a
C-terminal Z-2'S-3'S-dehydrotryptophan (ATrp) residue.’® Little is known about the
nature of the enzymes involved in the dehydrogenation of amino acid residues during
NRPS biosynthesis. Nevertheless, related enzyme activities have been characterized,
namely the tryptophan side chain oxidase from Pseudomonas and the L-tryptophan-2’-
3’-oxidase from Chromobacterium violaceum.® No gene was identified within and
outside the CDA biosynthetic cluster whose product shares sequence homology to any

of these enzymes. Amir-Heidari et al.®’ indirectly supported the stereochemical course

of the Trp dehydrogenation. By feeding a Trp auxotroph S. coelicolor strain with
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synthetic C3’-deuterated tryptophans, it was possible to follow the fate of the C3’
deuterium atoms during CDA biosynthesis using mass spectroscopy. The possibility that
hydroxylation is followed by dehydration was ruled out, because no hydroxylated Trp-
containing intermediates were observed. It is suggested that the dehydrogenation of Trp
during CDA biosynthesis takes place directly as in the case of L-tryptophan-2’-3’-oxidase
from Chromobacterium violaceum. This oxidase was shown to catalyze the
dehydrogenation of N-Boc-L-Trp to the ATrp derivative abstracting the C3’-proS-proton
with syn stereochemistry,’® which was also observed in the feeding experiments. The
unidentified enzyme responsible for ATrp formation during CDA biosynthesis should
therefore follow the logic of the L-tryptophan-2’-3’-oxidase.

Fatty acid tailoring. The mechanism of the incorporation of 2,3-epoxyhexanoic acid as
an invariant fatty acid tail of the CDAs (Figure 2.20; 13-21) was determined recently by
Kopp et al.’® It was found that the tailoring of unique 2,3-epoxyhexanoyl moiety of CDA
is acyl carrier protein (ACP) mediated. It was shown that a new type of a FAD-dependent
oxidase (HxcO) with intrinsic enoyl-ACP epoxidase activity and a second enoyl-ACP
epoxidase (HcmO) are responsible for the generation of the epoxidized fatty acid tail. It
was postulated that hexanyol-ACP is produced by FabH4 and FabH3, putative B-
ketoacyl-ACP synthases encoded within the fab operon, together with enzymes from

primary metabolism.'®

Subsequently, fatty acid tailoring by HxcO occurs on the ACP-
bound hexanoyl moiety and results in the (2R,35)-2,3-epoxyhexanoyl product.
Alternatively, the hex-2-enoyl-ACP, a side product of HxcO or derived from primary
metabolism, can be epoxidized directly by HcmO during fatty acid synthesis on the ACP
(Figure 2.22 C). Based on the finding that two epoxidases exist in the CDA cluster, it is
suggested that HxcO has gained its epoxidation activity during evolution. HcmO and
HxcO produce the two possible 2,3-epoxyhexanoyl enantiomers, but it remains unclear if

both enantiomers are transferred from the ACP to the first module of the CDA peptide

synthetase.?®
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2.5 Kutznerides
2.5.1 Structures

The recently discovered antifungal and antimicrobial kutznerides,®*° hexadepsipeptides
produced by Kutzneria sp. 744, are chemically interesting natural products and another
excellent example for the observed structural diversity in NRPs. Kutznerides, secondary
metabolites produced non-ribosomally by Kutzneria sp. 744, are cyclic
hexadepsipeptides and bear a lot of potential to expand and investigate mechanisms
underlying the structural diversity found in non-ribosomal natural products. Structural
elucidation of kutznerides revealed nine related compounds composed of five unusual

non-proteinogenic amino acids and one hydroxy acid (Figure 2.23).

Cl

3-OHGlu R' R*> R® R*
Cl Kutzneride 1 (S) H H Me
HN Kutzneride 2 (S) CC H H Me
O OH N Kutzneride 3 (R) H H H Me
WO O Kutzneride 4 (R) H m-bond Me
Kutzneride 5 (R) H H H H
O o Kutzneride 6 (R) OH m-bond Me

Kutzneride 7 (S) H H H H
” Kutzneride 8 (R) Cl H H Me
OMe Kutzneride 9 (S) H p-bond Me

Figure 2.23: Chemical structures of kutznerides 1-9. The examined hGlu residue is highlighted in grey. All
known kutzneride species where found to contain b-f-hydroxylated glutamic acid either in the erythro (1,
2,7,9) or threo (3-6, 8) form.

All kutznerides contain 2-(1-methylcyclopropyl)-glycine (MecPG) connected to the a-hy-
droxyl moiety of either (S)-2-hydroxy-3-methylbutyric or (S)-2-hydroxy-3,3-dimethyl-
butyric acid. The hydroxy acid residue is followed by a piperazic acid moiety, found in
four distinct forms: as piperazic acid in kutznerides 1, 3, 5, and 7; as dehydropiperazate
in kutznerides 4 and 9; as y-chloro-piperazate in kutznerides 2 and 8; and as y-hydroxy-
dehydropiperazate in kutzneride 6. Furthermore, kutznerides contain O-methyl-L-serine
and either the threo or erythro isomer of 3-hydroxy-D-glutamate (highlighted in grey,
Figure 2.23). The origin of the latter will be described in this work. Finally, an unusual
tricyclic  dihalogenated (2S,3aR,8a$)-6,7-dichloro-3a-hydroxyhexa-hydropyrrolo[2,3-

blindole-2-carboxylic acid (PIC) is conserved in all structurally characterized kutznerides.
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2.5.2 Discovery and Organization of the Biosynthetic Gene Cluster

Isolation of the Gene Cluster. The gene cluster encoding the kutzneride biosynthesis
enzymes was identified using degenerate primer amplification. Due to the highly
chlorinated peptide scaffold of the kutznerides, degenerated primers were designed for
both flavin and non-heme iron halogenases. Amplicons obtained by PCR using Kutzneria
sp. 744 genomic DNA as a template were sequenced and identified two distinct flavin-
dependent halogenases and one Fe(ll)/aKG-dependent halogenase. From the obtained
sequences, specific primers were designed and used to screen a cosmid library of
genomic DNA. Two cosmids with sequence overlap, one containing genes for both flavin
halogenases and the other with the non-heme iron halogenase were identified and fully
sequenced.158

Analysis of Kutzneride Gene Cluster. The biosynthetic gene cluster of kutznerides was
found to span 56 kb of genomic DNA and to consist of 29 ORFs, 17 of which can be
assigned roles in kutzneride biosynthesis. The kutzneride cluster encodes three
multidomain NRPS proteins, KtzE, KtzG, and KtzH that provide the six required NRPS
modules for kutzneride assembly. It was proposed that the gene cassette KtzABCD
would function in the assembly of MecPG, but was shown to catalyze the formation of
(1S,2R)-allocoronamic acid (alloCMA) and therefore is likely not to be part of the
kutzneride cluster.” The location of the MecPG synthesizing gene cassette thus remains
to be discovered. Furthermore, the stand-alone A domain KtzN and the o/B-hydrolase-
fold enzyme KtzF were suggested to be part of the gene cluster. After this exclusion
seven tailoring enzymes remain in the cluster of which six are likely to catalyze oxidative
transformations, including the flavoprotein monooxygenase Ktzl, the cytochrome P450
monooxygenase KtzM, the mononuclear non-heme iron dioxygenases KtzO and KtzP
(see results and discussion), and the flavin-dependent halogenases KtzQ and KtzR, which
were shown to catalyze the formation of 6,7-dichlorotryptophan as part of the tricyclic
PIC.2" KtzS is predicted to be a dedicated flavin reductase. The kutznerides gene cluster
harbors a SAM-dependent methyltransferase KtzL and several genes postulated to be
involved in regulating the production of and resistance to kutznerides.*®

Proposed Biosynthesis. The organization of the kutzneride NRPS assembly line is as

unusual as the structure (Figure 2.24).
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KtzN

"\L-Glu

KtzE KtzG KtzH

NH,

Figure 2.24: Proposed biosynthesis of kutznerides, exemplified for kutzneride 2. Adenylation (A) domains
are shown in red, peptidyl carrier protein (PCP) domains in green, condensation (C) domains in grey and
epimerization (E) domains in blue. The third A domain of KtzH (A*) is only 88-aa in size and non-functional.
The thioesterase (yellow) is proposed to cleave the mature kutzneride from the assembly line by
cyclization. The site of glutamic acid hydroxylation is highlighted in grey.

Kutznerides are thought to be assembled by three non-ribosomal peptide synthetases,
KtzE, KtzG and KtzH. KtzE is predicted to activate MecPG and catalyze its condensation
with the hydroxy acid, which is activated by the adenylation (A) domain of KtzG. KtzG
was shown to adenylate 2-keto-isovaleric acid (KIV) and it is postulated that after in situ
reduction of the keto function by the ketoreductase domain (KR), a methyltransferase
forms the t-butyl group found in many kutznerides. Whether the methylated hydroxy
acid is transferred onto the second peptidyl carrier protein (PCP) domain of KtzE prior to
condensation is unclear. KtzH contains the remaining four modules needed for
kutzneride assembly. The first module is predicted to activate Pip and the second to
activate Ser. The A domain of module two of KtzH is also thought to be responsible for
O-methylation because it contains a methyltransferase. The third module of KtzH
deviates from standard NRPS logic. The A domain found in module three, designated as
A*, is only approximately 20% of the size of typical A domains> and thus likely to be
non-functional. The lack of a functional amino acid activating domain in the third
module may be compensated by the stand-alone A domain KtzN, which was predicted to
activate Glu. Lastly, the fourth module of KtzH is predicted to incorporate the differently
substituted PICs prior to cyclization by the thioesterase (TE) domain and peptide release.
The presence of three epimerization (E) domains in the NRPSs agrees with the

occurrence of three p-amino acids.'*®
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2.6 Tasks of This Study

One aim of this study was to elucidate the biosynthetic origin of the 3-hydroxy-
asparagine (hAsn) moieties of the acidic lipopeptide antibiotics CDA and A54145. In
addition to the validation of the involvement of the putative non-heme iron(i1)/aKG-
dependent hydroxylases AsnO (CDA) and LptL (A54145), the biochemical
characterization of these should give clues about the enzymes’ substrate and stereo-
specificity. Furthermore, it should give rise to the mechanistic aspects of hAsn
biosynthesis in the two systems. In addition, the preliminary crystal structure of AsnO
should be refined and discussed. Based on these results, the potency to predict the
reactivity of AsnO-like enzymes and the nature of AsnO as archetype for free amino acid
modifying hydroxylases should be examined.

In the context of B-hydroxylated amino acid generating enzymes, like AsnO and LptL, the
role of the putative non-heme iron oxygenases KtzO and KtzP, predicted to hydroxylate
PCP-bound glutamic acid to yield 3-hydroxyglutamic acid (hGlu) in the biosynthesis of
the antifungal and antimicrobial kutzneride, should be assigned. By the biochemical
characterization of these enzymes, it should be possible to explain the observance of
two distinct hGlu isomers, i.e. threo and erythro. Furthermore, the potency of non-
hydrolyzable PCP-substrates for the kinetic parameter determination of in trans to the
NRPS assembly line acting enzymes should be determined. In addition the
characterization of the, likely in trans NRPS restoring, adenylation enzyme KtzN should
give a complete mechanistic pathway for hGlu incorporation into kutznerides and finally
should give insights into NRPS assembly line mechanism, which differ from the classical
co-linearity principle.

After a solid foundation regarding the mechanisms underlying B-hydroxylated amino
acid generation either in precursor pathway (AsnO and LptL) or in thiotemplated fashion
(KtzO/KtzP) was gained, the acquired knowledge should be exploited in hydroxylase
engineering efforts. The possibility of substrate selectivity manipulation by rational
design of AsnO should be investigated and the potency of one AsnO variant (AsnO
D241N) to synthesize the pharmaceutical relevant neurotransmitter inhibitor L-threo-

hydroxyaspartic acid even on a preparative scale should be resolved.
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3. Materials

3.1 Chemicals, Enzymes, Consumables

All chemicals not listed below were purchased from Sigma Aldrich (Schnelldorf, Germany

or St. Louis, MO, USA) in p.a. quality.

Table 3.1: Chemicals, enzymes, consumables, general materials.

Manufacturer (site)

Product

AppliChem (Darmstadt, Germany)

Bio-Rad (Hercules, CA, USA)
Corning Incorporated (Corning, NY, USA)

Dana Farber Cancer Institute

(Boston, MA, USA)

EMD Biosciences (Bad Soden, Germany)
Eppendorf (Hamburg, Germany)

Eurofins MWG Operon (Cologne, Germany)
Eurogentech (Seraing, Belgium)

Fermentas (St. Leon-Rot, Germany)

GATC (Konstanz, Germany)

GE Healthcare (Freiburg, Germany)

Integrated DNA Technologies
(Coralville, IA, USA)

Invitrogen

Macharey und Nagel (Diiren, Germany)
Millipore (Billerica, MA, USA)

Millipore (Schwalbach, Germany)
New England Biolabs (Ipswitch, MA, USA)

Phenomenex (Torrance, CA, USA)
Qiagen (Hilden, Germany)

Roth (Karlsruhe, Germany)
Sarstedt (Nimbrecht, Germany)
Stratagene (La Jolla, CA, USA)

Thermo Scientific (Waltham, MA, USA)
Tocris Bioscience (Ellisville, MO, USA)

VWR (West Chester, PA, USA)

ampicillin, kanamycin, potassium phosphate,
potassium hydrogen phosphate, media
components

Econo-Pac 10DG desalting columns

Bio-Gel P-6 gel, gels for PAGE

consumables (pipette tips, Petri dishes,
inoculators, cell scraper)

DNA dideoxy sequencing

N*-protected amino acids

1.5 and 2.0 mL reaction tubes
oligonucleotides

agarose, electroporation cuvettes
protein markers

DNA dideoxy sequencing

Hi-Trap desalting columns

size exclusion chromatography columns
oligonucleotides

E. coli strains (BL21, TOP10, BL21 Star)
standard HPLC columns

Ultracel-YM10 and Ultracel-YM30 protein
concentration discs

Amicon Ultra-15 concentrators

Phusion DNA polymerase, restriction
endonucleases, DNA ladders, protein markers
chiral and fusion HPLC columns

QlAprep Miniprep kit, QIAquick gel extraction
and PCR purification kit, Ni-NTA-resin
ethidium bromide, acrylamide solution
pipette tips, Falcon tubes (15 and 50 mL)
Quick Change Il site directed mutagenesis kit,
including E. coli XL-10 Gold

Hypercarb HPLC columns
L-threo-hydroxyaspartic acid, L-erythro-
hydroxyaspartic acid

electroporation cuvettes, 15 and 50 mL Falcon
tubes, disposable culture tubes, sterile filters,
inoculators
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3.2 Equipment

Table 3.2: Equipment used in this study with manufacturers.

Device

Manufacturer/trade name

Anaerobic chamber (glove box)

Autoclave
Centrifuges

Clean bench
Documentation system

Electrophoresis

Electroporation
Fast Protein Liquid Chromatography (FPLC)

French-Press

HPLC-System

Incubators

MALDI-TOF

NMR
Photometers

Q-TOF MS
Pipettes
Speed-Vac
Thermocycler
Vortexer

M. Braun LABstar workstation; Coy Laboratory
Basic vinyl glove box

Tuttnauer 5075 ELV; HMS in-house

Heraeus Biofuge pico; Sorvall RC 5B Plus (SS-
34, SLC-300 rotors); Sorvall RC 5B Plus (SLC-
4000 rotor); Eppendorf 5415D; Eppendorf
5810R; VWR Galaxy microcentrifuge 16
Antair BSK

Cybertech CS1; Mitsubishi thermo printer
video copy

Agarose gel chamber (manufactured in-house
Philipps-University Marburg); Bio-Rad Mini-
Protean IlI-PAGE chamber

Bio-Rad gene pulser electroporator
Pharmacia FPLC-System 250: Gradient
programmer GP-250, pump P-500, Uvicord
optical device UV-1 (A= 280 nm), Uvicord
control element UV-1, 2-channel flat bed
printer, injection valve V-7, 3-way-magnet
valve PSV-100, fraction collector Frac-100
SLM Aminco french pressure cell version 5.1,
20k Rapid-fill Cell (35 mL)

Agilent series 1100 HPLC-system with DAD-,
FLD- and ESI-QUAD-MS-detection, vacuum
degasser, quaternary pump, auto sampler, HP-
ChemStation software;

Beckman-Coulter Gold System with UV
detector 168

Eppendorf Thermomixer Comfort, New
Brunswick Scientific Series 25 Incubator, New
Brunswick Scientific Innova 4300 Incubator
Per Septive Biosystems Voyager-DE RP
BioSpectrometry coupled with Bruker Flex IlI
Varian 600 Unity Plus; Bruker Avance 300
PEQLab Nanodrop ND-1000; Pharmacia
Ultraspec 3000

Applied Biosystems APl QStar Pulsar i
Eppendorf Research series; Abimed Labmate
Uniequip Univapo 150

Eppendorf Mastercycler Personal

Scientific Industries Vortex Genie 2
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3.3 Plasmid Vectors
3.3.1 pQTEV

The pQTEV vector (GenBank accession
number: AY243506) is a derivatized
pPpQE30 vector (Qiagen) allowing
expression of the cloned gene of
interest as a N-terminal His;-fusion
(Figure 3.1). Additionally, the vector
encodes for a tobacco etch virus (TEV)
protease recognition site between the
overproduced protein and the His;-tag
to allow cleavage after purification.
The pQTEV vector carries two lac-

operators in the promoter region and

zral Xhol sall
Aatll EcoRI Belll

Acclll

Vspl

Bgll beta-lactamase |

4000
1000 —

pQTEV
4803 bps

3000
, 2000
\

FspAl

Figure 3.1: Physical map of the pQTEV vector.

thus induction of the overexpression of the gene of interest is achieved by IPTG addition.

3.3.2 pET28a(+)

The pET28a(+) vector system

(Novagen) is an expression vector

and was used to produce proteins

recombinantly (Figure 3.2). The
vector allows Ni**-NTA affinity
chromatography purification by

introduction of a Hisg-tag fusion to

the C- or N-terminus of the

overproduced protein. The

transcription of the cloned genes is
dependent on the T7 RNA
polymerase and can be induced by

IPTG addition.
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3.3.3 pMAL-c2X

In the pMAL-c2X vector the gene of
interest is inserted downstream from
the malE gene, which encodes
maltose-binding protein (MBP). This
results in the expression of an MBP-
fusion protein (Figure 3.3). The vector
contains the strong P promoter and
the translation initiation signals of
MBP to express the fusion protein
upon addition of IPTG. The fusion

protein can be purified by an amylose
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Figure 3.3: Physical map of pET28a(+).

column, which specifically binds MBP. The pMAL-c2X vector includes a sequence coding

for the Factor Xa protease recognition site adjacent to the multiple cloning site. This

allows the protein of interest to be cleaved from MBP after purification.

3.4 Oligonucleotides

The oligonucleotides which were used as PCR primers to amplify the targeted genes or

for site directed mutagenesis are listed in Table 3.3.

Table 3.3: PCR primers used in this study (restriction/mutagenesis sites are underlined).

Restriction Targeted

Oligoname Sequence (5’ 3’) Enzyme Vector Gene
5’-asnO AAAAAAGGATCCGCTGCGAATGCCGCGGG BamHI
3’-asnO AAAAAAGCGGCCGCTCAGGCGGGCTGCGGG Notl PQTEV asn0
5’-cdaPCPy AAAAAAGGATCCGGCCGGGCCCCGGTCACGG BamHI PCPy of
3’-cdaPCPy AAAAAACTGCAGCTGCGCCTCGGCGAGTTCGA Pstl PQTEV cdaPsli
5’-IptL AAAAAAGGATCCATGGAACCCGAGAACACCTT BamHI
3’-IptL AAAAAAAAGCTTTCAGCTCAGTACACGCGAAT Hindlll PET28a(+) lptt
5'-lpt-PCP; AAAAAAGGATCCTACGGCACCGCCTCCGTCG BamHI DET28a(+) peps
3’-lpt-PCP; AAAAAAAAGCTTTCACTGTGCGGCGATCTGCGG Hindlll of IptA
5’-ktzN AAAAAATCTAGAATGGAAACCGGGACCGG Xbal

, a—— pMAL-c2X ktzN
3’-ktzN AAAAAACTGCAGGGACCGGCGTGCGAGGGCG Pstl
5’-ktzO AAAAAAGGATCCATGACGAACTCGACGGACGA BamHI
3’-ktzO AAAAAAGCGGCCGCTCAGCGGTCGCGGTGGACGG Notl PQTEV ktz0
5’-ktzP AAAAAAGGATCCGTGACTGTGGAACCCAGGCG BamHI
3'-ktzP AAAAAAGCGGCCGCTCAGCGGGAATCGAGAGTCG Not| PQTEV ktzp
5-A*PCP; AAAAAAGGATCCGACCTCGCGCTGGTCGAGGC BamHI a*pcps
3’-A*PCP; AAAAAAGCGGCCGCTCAGTCGGCCACCCGTGCGGCCA  Notl PQTEV of ktzH
5’-PCP; AAAAAAGGATCCATCAGGGCCCCGCGGACGGA BamHI pcp3 of
3’-A*PCP; AAAAAAGCGGCCGCTCAGTCGGCCACCCGTGCGGCCA  Notl PQTEV ktzH
5’-D241N CCCCGACCTGCGGGTGAACCTGGCGGCCACCGAGC muta- asnO
3-D241IN  GCTCGGTGGCCGCCAGGTTCACCCGCAGGTCGGGG genesis PQTEV D241N
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3. 5 Microorganisms

3.5.1E. coli TOP10

E. coli TOP 10 (Invitrogen) was routinely used for standard cloning and sequencing
purposes. The genotype is: F-mcrA. (mrr-hsdRMS-mcrBC) 80lacZ.M15.lacX74 deoR recAl
araD139. (ara-leu)7697 galU galK rpsL (StrR) endAl nupG.

3.5.2 E. coli XL-10 Gold

The cloning strain E. coli XL-10 Gold was used for site directed mutagenesis, as the Hte
phenotype results in high transformation efficiencies for large plasmid inserts. The
genotype is: ndAl gIinV44 recAl thi-1 gyrA96 relAl lac Hte A(mcrA)183 A(mcrCB-
hsdSMR-mrr)173 tet® F'[proAB lacl®ZAM15 Tn10(Tet® Amy Cm®)].

3.5.3 E. coli BL21(DE3)

E. coli BL21(DE3) (Invitrogen), with the following genotype F- ompT gal dcm lon hsdSg(rg
mg ) A(DE3 [lacl lacUV5-T7 gene 1 ind1l sam7 nin5]), was used as expression strain for
plasmid vectors. Facilitated by the knock-out of lon and OmpT proteases, the
overproduced recombinant proteins have an extended half-life within the bacterial host,
compared to other expression strains. Furthermore, the strain contains IPTG-inducible
T7 RNA polymerase, which is inserted in the chromosome after lacZ and the promoter
lacuV5 on a A-prophage. This is mandatory for the IPTG induction of genes on expression

plasmids under T7 promoter control.
3.5.4 E. coli BL21 Star (DE3)

Alternatively, E. coli BL21 Star (DE3) (Invitrogen) was used as expression strain. In
addition to the genotype mentioned above (3.5.3), the BL21 Star strain contains a
mutation in the gene encoding RNase E (rnel131), which is one of the major sources of
MRNA degradation in conventional BL21 strains. Therefore, BL21 Star cells improve the
stability of the gene of interest mRNA transcripts and increase protein expression yield

from T7 promoter-based vectors.
3.5.4 Streptomyces

Streptomyces coelicolor A3(2) (DSM 40783) and Streptomyces fradiae (NRRL 18158)

were cultivated for chromosomal DNA retrieval.
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3.6 Media

The following media were used for the cultivation of the microorganisms stated above.
For cultivation on agar plates Agar No 1 was added to a concentration of 1.5% (w/v)
prior to autoclaving (121°C, 1.5 bar, 20 min). Selection antibiotics were added to the
autoclaved medium (temperature below 55°C) in the following concentrations:

kanamycin 50 pg/mL, ampicillin 100 pg/mL.
3.6.1 LB Medium

E. coli strains were grown in LB medium with a pH adjusted to 7.0.

LB medium (1 L)

10 g tryptone
5 g yeast extract
5 g sodium chloride

3.6.2 Medium 65

Streptomyces species were grown in medium 65 with a pH adjusted to 7.2.

Medium 65 (1 L)

4 g glucose

4 g yeast extract

2 g calcium carbonate
10 g malt extract
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4. Methods

4.1 Molecular Biology Techniques
4.1.1 Cultivation of Streptomyces Species and Genomic DNA Isolation

Liquid media (5 mL each) were inoculated with freeze-dried spores of the corresponding
Streptomyces species, as supplied by the microbial strain collection (DSMZ or NRRL). The
cultures were grown for five days (28°C, 250 rpm) and harvested by centrifugation
(13,000 rpm, 3 min). Pellets were washed with 1 mL double distilled water, suspended in
500 pL lysis buffer (100 mM TRIS pH 8.0, 50 mM EDTA, 1% (w/v) SDS) and acid washed
glass beads were added to final volume of 1.25 mL. The reaction tube was vortexed for
two minutes. The liquid phase was recovered by perforating the bottom of the reaction
tube, followed by brief centrifugation into another tube. 275 uL of 7 M ammonium
acetate (pH 7.0) solution were added and incubated for 5 min at 65°C, followed by 5 min
incubation on ice. Chloroform (500 uL) was added, briefly shaken and centrifuged
(13,000 rpm, 2 min). The aqueous phase was transferred into a new tube and genomic
DNA was precipitated by addition of isopropyl alcohol (1 mL) and incubation at RT for 5
min, followed by centrifugation (13,000 rpm, 5 min). The DNA pellet was washed twice
(200 pL 70% ag. EtOH), dried for 5 min at RT and dissolved in 200 pL dd. H,0.

4.1.2 Plasmid DNA Preparation

4 mL LB medium were inoculated with a single colony and grown over night. 2 mL of the
culture were transferred into a reaction tube and centrifuged (13,000 rpm, 1 min). The
supernatant was discarded and the resulting pellet was suspended in 200 uL of buffer P1
(50 mM TRIS pH 8.0, 10 mM EDTA, RNase A 100 pg/mL). 200 uL of buffer P2 (0.2 M aq.
NaOH, 1% (w/v) SDS) were added and the tube was shaken gently. After incubation at RT
for 5 min, 200 uL of buffer P3 (2.55 M aq. KOAc pH 4.8) were added, again, the tube was
shaken gently and spun at RT (13,000 rpm, 5 min). 590 uL of the supernatant were
transferred into a new tube and 900 pL isopropyl alcohol were added, followed by
centrifugation (13,000 rpm, 10 min, 4°C). The supernatant was discarded and the pellet
was washed twice (200 pL 70% aq. EtOH), dried at 37°C for 10 min and dissolved in 40 uL
dd. H,0.

56



Methods

4.1.3 Construction of Expression Plasmids

Amplification of the targeted genes or gene fragments were carried out by polymerase
chain reaction (PCR) using the Fusion polymerase (New England Biolabs) according to
the manufacturer’s manual for GC-rich templates. Purification of the PCR products was
achieved by the usage of the QIAquick PCR purification kit (Qiagen). Digestion with
restriction endonucleases and ligation was carried out according to the protocol
provided by the manufacturer (New England Biolabs). Plasmids were isolated as
described above (4.1.2) or by usage of the QIAprep Miniprep kit (Qiagen). All
constructed expression plasmids were analyzed and validated by restriction mapping
and dideoxy sequencing (GATC or DNA sequencing facility Dana-Farber Cancer Institute).
Transformation of either E. coli BL21 (DE3) with plasmids containing Streptomyces genes
or of E. coli BL21 Star (DE3) with plasmids containing Kutzneria genes was carried out

following the manufacter’s protocol (Invitrogen).

Construction of pQTEV(asn0). The asnO gene was amplified from genomic DNA of S.
coelicolor A3(2) by PCR using the oligonucleotides listed in Table 3.3. The resulting
amplicon was digested with the corresponding enzymes (Table 3.3) and cloned into

appropriate restriction sites of pQTEV.

Construction of pQTEV(cdaPCP,). The cdaPCPy gene fragment coding for the ninth PCP
domain of the CDA peptide synthetase (cdaPSIl) was amplified from genomic DNA of S.
coelicolor A3(2) by PCR using the oligonucleotides listed in Table 3.3. The resulting
amplicon was digested with the corresponding enzymes (Table 3.3) and cloned into

appropriate restriction sites of pQTEV.

Construction of pET28a(+)(/ptL). The IptL gene was amplified from genomic DNA of S.
fradiae by PCR using the oligonucleotides listed in Table 3.3. The resulting amplicon was
digested with the corresponding enzymes (Table 3.3) and cloned into appropriate

restriction sites of pET28a(+).

Construction of pET28a(+)(Ipt-pcps). The Ipt-pcps gene fragment coding for the third
PCP domain of the A54145 synthetase (/ptA) was amplified from genomic DNA of S.

fradiae by PCR using the oligonucleotides listed in Table 3.3. The resulting amplicon was
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digested with the corresponding enzymes (Table 3.3) and cloned into appropriate

restriction sites of pET28a(+).

Construction of pMAL-c2X(ktzN). The ktzN gene was amplified from fosmid DNA
containing the kutzneride biosynthesis cluster by PCR using the oligonucleotides listed in
Table 3.3. The resulting amplicon was digested with the corresponding enzymes (Table

3.3) and cloned into appropriate restriction sites of pMAL-c2X.

Construction of pQTEV(ktzO). The ktzO gene was amplified from fosmid DNA containing
the kutzneride biosynthesis cluster by PCR using the oligonucleotides listed in Table 3.3.
The resulting amplicon was digested with the corresponding enzymes (Table 3.3) and

cloned into appropriate restriction sites of pQTEV.

Construction of pQTEV(ktzP). The ktzP gene was amplified from fosmid DNA containing
the kutzneride biosynthesis cluster by PCR using the oligonucleotides listed in Table 3.3.
The resulting amplicon was digested with the corresponding enzymes (Table 3.3) and

cloned into appropriate restriction sites of pQTEV.

Construction of pQTEV(a*PCP;3). The a*PCP; gene fragment coding for the truncated A
domain and third PCP domain of ktzH was amplified from fosmid DNA containing the
kutzneride biosynthesis cluster by PCR using the oligonucleotides listed in Table 3.3. The
resulting amplicon was digested with the corresponding enzymes (Table 3.3) and cloned

into appropriate restriction sites of pQTEV.

Construction of pQTEV(PCPs). The PCP; gene fragment coding for the third PCP domain
of ktzH was amplified from fosmid DNA containing the kutzneride biosynthesis cluster by
PCR using the oligonucleotides listed in Table 3.3. The resulting amplicon was digested
with the corresponding enzymes (Table 3.3) and cloned into appropriate restriction sites

of pQTEV.
4.1.4 Site Directed Mutagenesis

The mutagenesis was carried out using the QuickChange Il Kit (Stratagene) in accordance
to the manufacturer’s manual. The previously described pQTEV(asnO) expression vector
served as the template. A point mutation was introduced in the aspartic acid codon
(GAC, bases 721-723, D241 in the gene product) by PCR of the entire vector using the

oligonucleotides listed in Table 3.3. The exchange of the 721 base guanine to adenine
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resulted in an asparagine codon (AAC, bases 721-723) and therefore the gene product is
the AsnO D241N variant. The identity of the constructed mutation-carrying plasmid
pPQTEV(asnOD241N) was confirmed by DNA dideoxy sequencing (GATC).

4.2 Biochemical Techniques

Standard protein analysis techniques, e.g. SDS-PAGE and gel staining, were carried out

as described elsewhere.?!!
4.2.1 Gene Expression

4.2.1.1 Expression of pQTEV Vectors

Expressions were carried out by inoculating 500 mL LB medium supplemented with
ampicillin (100 pg/mL) in a 2 L culture flask with 5 mL of an overnight culture of the
corresponding production strain. Overproduction of the protein of interest was carried
out on a 5 L scale. Initially, cells were grown at 34°C to an optical density of 0.6 (A= 600
nm), induced with 0.1 mM isopropyl-p-D-thiogalactopyranoside (IPTG), and again grown
at 28°C for 4 h. The cells were harvested by centrifugation (7,000 rpm, 4°C, 15 min),
suspended in 15 mL buffer (50 mM HEPES, 250 mM NacCl, pH 8.0) and stored at -20°C.

4.2.1.2 Expression of pET28a(+) Vectors

Expressions were carried out by inoculating 500 mL LB medium supplemented with
kanamycin (50 pg/mL) in a 2 L culture flask with 5 mL of an overnight culture of the
corresponding production strain. Overproduction of the protein of interest was carried
out on a 5 L scale. Initially, cells were grown at 37°C to an optical density of 0.5 (A= 600
nm), induced with 0.1 mM IPTG, and again grown at 30°C for 4 h. The cells were
harvested by centrifugation (7,000 rpm, 4°C, 15 min), suspended in 15 mL buffer (50 mM
HEPES, 250 mM NaCl, pH 8.0) and stored at -20°C.

4.2.1.3 Expression of pMAL-c2X Vectors

Expressions were carried out by inoculating 2 L LB medium supplemented with ampicillin
(100 pg/L) and glucose (2 g/L) in a 5 L culture flask with 25 mL of an overnight culture of
the corresponding production strain. Overproduction of the protein of interest was
carried out on a 12 L scale. Initially, cells were incubated at 35°C, then 25°C, and finally

15°C until an optical density of 0.5 (A= 600 nm) was reached. Protein expression was
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induced with 0.3 mM IPTG and cultures were incubated for an additional 15 h at 15°C.
The cells were harvested by centrifugation (7,000 rpm, 4°C, 15 min), suspended in 35 mL
buffer (20 mM TRIS, 200 mM NaCl, 1mM EDTA, pH 7.4) and stored at -20°C.

4.2.2 Protein Purification

4.2.2.1 His-tagged Proteins

For purification of the His-tagged proteins, cell suspensions were thawed and disrupted
either by using an EmulsiFlex-C5 High Pressure Homogenizer (Avestin) or a French
Pressure Cell (SLM Aminco). After centrifugation (17,000 rpm, 4°C, 30 min) the
supernatant was carefully removed and the recombinant protein was purified by Ni-NTA
(Qiagen) affinity chromatography using a FPLC system (Amersham Pharmacia Biotech).
The Ni column was equilibrated in 50 mM HEPES, 250 mM NaCl pH 8.0 buffer, the
supernatant was injected with a flow rate of 0.7 mL/min and an increasing gradient of
imidazole was employed (7.5 mM to 250 mM in 30 min). Fractions containing the
recombinant protein were identified by SDS-PAGE analysis, combined, and subjected to
buffer exchange into 25 mM HEPES, 50 mM NacCl, pH 7.0 using HiTrap Desalting Columns
(GE Health Care). The proteins were aliquoted, flash-frozen in liquid nitrogen and stored

at -80°C until usage.

4.2.2.2 MBP-tagged Proteins

For purification of the MBP-tagged proteins, cell suspensions were thawed and
disrupted by using an EmulsiFlex-C5 High Pressure Homogenizer (Avestin). After
centrifugation (17,000 rpm, 4°C, 30 min) the supernatant was carefully removed and
diluted to 200 mL with column buffer (20 mM TRIS, 200 mM NaCl, 1ImM EDTA, pH 7.4).
The MBP-fusion protein was purified by loading the diluted cell lysate onto an amylose
gravity flow column (2.5 x 10 cm, 15 mL amylose resin, equilibrated with 8 column
volumes of column buffer) with a flow rate of approximately 1 mL/min. The column was
washed with 12 column volumes of column buffer. Fractional elution of the MBP-fusion
protein was carried out with column buffer containing maltose (10 mM). Fractions
containing the recombinant protein were identified by SDS-PAGE analysis, combined,

and subjected to buffer exchange into 25 mM HEPES, 50 mM NaCl, 2 mM MgCl,, 10%
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glycerol, pH 8.0 using HiTrap Desalting Columns (GE Health Care). The proteins were

aliquoted, flash-frozen in liquid nitrogen and stored at -80°C until usage.
4.2.3 Protein Concentration Determination

The protein concentrations were determined spectrophotometrically using calculated
extinction coefficients at 280 nm. The coefficients were determined using Protean
software (DNAStar).

Recombinant Protein Calculated Extinction Coefficient (mg/mL)

AsnO 0.95
CDA-PCPq 4.53
LptL 1.64
Lpt-PCP; 7.57
KtzN 0.90
KtzO 1.00
KtzP 0.66
A*PCP3 4.36
PCP3 2.95

Table 4.1: Calculated extinction coefficients (A= 280 nm).

4.3 Analytical Methods
4.3.1 MALDI-MS

Matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS) is an
analytical method to determine the molecular mass of peptides and proteins in high
vacuum. In the ion source of the mass spectrometer a stream of gaseous ions is
generated by distinct laser pulses. The matrix sensitive for the applied laser wavelength
is excited by the laser pulse and the excitation energy is gently transferred to the
analyte. Samples were prepared by mixing 0.5 pL of the sample with 0.5 puL of DHB-
matrix solution (Agilent Technologies), the mixture was transferred onto the metallic
probe target and dried at RT. Co-crystals of matrix and analyte were measured on a

Bruker Flex Il system.
4.3.2 HPLC-MS

High performance liquid chromatography (HPLC) was used to characterize substrates
and products by retention time on a chromatography column and by mass spectrometric
analysis. Reversed-phase (RP) chromatography is based on hydrophobic interactions

with the non-polar stationary phase (carbon, C;g or C4 coated silica gel). Elution is

61



Methods

mediated by non-polar acetonitrile, which competes with the adsorbed analytical
compounds for non-covalent binding positions. For the chiral separation of optical
isomers, chiral ligand exchange chromatography (CLEC) was used instead of RP-HPLC. In
CLEC complexes of transition metals (here: Cu(i)-ions) and enantiomeric molecules are
formed. Chiral separation is a result of the differences between the free energies of the
intermediate diasteromeric complexes formed between the chiral stationary phase (b-
penicillamine) and the analyte. Samples molecules must have two polar functional
groups with the correct spacing, which can simultaneously act as a ligand for the
divalent transition metal ions. For this reason, CLEC was used for the separation of
L-threo and L-erythro-hydroxyaspartic acid. In each case the retention time of the
analytical compound is monitored by UV-vis or fluorescence detection. An electrospray
ionization mass detector allows the mass analysis of liquid compounds at atmospheric
pressure. lonization of the analytical compound was achieved by addition of 0.1% TFA or
20 mM nonafluoropentanoic acid as ion pairing reagents. In general, experiments were
carried out on an Agilent 1100 system or on a Beckman Coulter Gold system. For the
protein mass fingerprinting from tryptic digestions and for the measurements of whole
proteins quadrupole time-of-flight (QTOF) detection was used. For the acquisition of
high accuracy MS data Fourier transform ion cyclotron resonance-MS (FT-ICR) was
applied. The high resolution technique FTICR-MS allows composition elucidation of
molecules based on their accurate mass. Experiments were carried out on a Finnigan-

LTQ-FT-mass spectrometer (Thermo Electron).
4.3.3 Peptide Mass Fingerprinting

The identities of the produced recombinant proteins were verified by peptide mass
fingerprinting. Gel bands of correct size were excised after SDS-PAGE analysis. Single
bands were transferred into separate 1.5 mL reaction tubes, wash solution (200 pL, 200
mM NH4HCO3, 50% (v/v) MeCN) was added and incubated at 37°C for 30 min. Solvents
were removed using a speed-vac manifold and the bands were vacuum dried (37°C, 30
min). In-band tryptic digestion was carried out by addition of trypsin solution (20 pL,
0.02 pg/uL trypsin, 10% NH4HCO3, 10% (v/v) MeCN, pH 8.1). Excess trypsin solution was
removed after initial incubation at 37°C for 45 min, followed by additional incubation for

16h. Peptide fragments were eluted with diffusion solution (25 uL, 1% (v/v) TFA, 10%
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(v/v) MeCN, pH 8.1), while sonicated (45 min, RT). Sample analysis was carried out by
nano spray-HPLC-QTOF-MS. Proteins were identified by comparison of the peptide mass
fingerprints with the MASCOT database.

4.4 Chemical Syntheses

4.4.1 Synthesis of Amino-Coenzyme A

CSA, DCM, 1h, RT " EDC, HOALTEA, H JOL
41 35% \/\H/OH on., RT N\/\ o
65%
0 o o o

OH TFA, TES, DCM, ‘

H,N OH /%/S'/H H PanK 2n, RT
N 0-P-0 N PPAT OH OH
OO I LI S V! P

N O ATP
R 4 47 (o} (o]

Figure 4.1: Synthesis of amino coenzyme A.

Step 1. Protection of pantothenic acid.
Chemicals: pantothenic acid hemicalcium salt, p-anisaldehylde dimethylacetate (PADA),

(£)-camphor-10-sulphoric acid (CSA).

compound MW)(g/mol) n/mmol equivalents _amount
Pantothenic acid 238.27 64.1 1.0 15.3¢g
PADA 182.22(p=1.07)  64.1 1.0 10.9 mL
CSA 232.29 6.4 0.1 15¢g

Pantothenic acid hemi calcium salt was dissolved in 200 mL of double distilled water and
the pH value was adjusted to 3 by addition of four molar aqueous hydrochloric acid, and
the pantothenic acid was extracted with ethyl acetate (3 x 300 mL). The solvent was
removed under reduced pressure and the and campher sulfonic acid were added. The
reaction mixture was stirred overnight at room temperature. The solvent was removed
using a rotary evaporator and the remaining slurry was subject to flash column
purification on silica gel using hexane:ethyl acetate 6:1 as the starting eluent and
increasing ethyl acetate concentration to 100%. Product-containing fractions were

pooled (TLC: hexane:ethyl acetate 3:2, Ri= 0.04), and the solvent removed under
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reduced pressure, which yielded the protected pantothenic acid 4.3 as white solid (7.6 g,
22.4 mmol, 35%).

'H-NMR (CDCl3, 300 MHz): 8= 7.40 (d, J= 8.69 Hz, 2H); 6.90 (d, J= 8.80 Hz, 2H); 5.45 (s,
1H); 4.09 (s, 1H); 3.79 (s, 3H); 3.67 (q, J= 11.53 Hz, 2H); 3.52 (dq, J= 13.86, 8.22 Hz, 2H);
2.58 (t, J = 6.24 Hz, 2H); 1.09 (s, 3H), 1.08 (s, 3H).

B3C-NMR (CDCls, 100 MHz): 8= 176, 170, 160, 130, 127, 114, 101, 84, 78, 55, 34, 33.5, 33,
22,19.

ESI-MS: [M+H]"= 338.4 m/z; [M+Na]*= 360.4 m/z; [M+K]'= 376.4 m/z; theoretical mass:
[M+H]"=338.2 m/z.

Step 2. Coupling of compound 4.3 with Boc-protected ethylenediamine.
Chemicals: N-(3-dimethylaminopropyl)-N'-ethylene carbodiimide hydrochloride (EDC), 1-

hydroxy-7-azabenzotriazol (HOAt), N-Boc-ethylenediamine (N-Boc-EDA), triethylamine.

compound MW!(g/mol) n/mmol equivalents _amount
4.3 337.37 14.4 1.0 49¢
EDC 181.71 28.8 2.0 52¢g
HOAt 136.11 28.8 2.0 39¢g
N-Boc-EDA 160.21 (p=1.01) 14.4 1.0 2.3 mL
triethylamine 101.19 (p=0.73) 43.2 3.0 6.0 mL

Protected pantothenic acid S3, EDC, HOAt and ethylendiamine 4.4 were dissolved in 15
mL of dimethyl formamide (DMF). Triethylamine was added dropwise and the reaction
mixture was stirred vigorously overnight at room temperature. The DMF was removed
by vacuum distillation (5 mbar, 40°C) and 30 mL of ethyl acetate and 20 mL of saturated
sodium hydrogencarbonate solution were added to the crude product. To isolate the
product, the resulting layers were separated and the organic layer was washed with
saturated sodium hydrogencarbonate (2 x 30 mL) and with saturated sodium chloride
solution (2 x 30 mL) prior to solvent removal under reduced pressure. Purification by
flash chromatography as described for Step 1 (TLC: hexane:ethyl acetate 3:2, R ss= 0)
afforded the fully protected aminopantetheine 4.5 as white solid after solvent removal

(4.5 g, 9.4 mmol, 65%).
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'H-NMR (CDCls, 300 MHz): 8= 7.43 (d, J= 8.8 Hz, 2H); 6.91 (d, J= 8.7 Hz, 2H); 5.46 (s, 1H);
4.07 (s, 1H); 3.81 (s, 3H); 3.68 (g, J= 11.4 Hz, 2H); 3.55 (m, 1H); 3.25 (m, 2H); 2.94 (d, J=
12.1 Hz, 2H); 2.47 (td, J= 6.0 Hz, J= 12.4 Hz, 2H); 1.43 (s, 9H); 1.09 (s, 6H).

BC-NMR (acetone-ds, 100 MHz): 8= 169, 161, 150, 132, 129, 114, 102, 85, 84, 79, 56, 40,
37, 36, 35.5, 34, 22, 20.

ESI-MS: [M+H]"= 480.3 m/z; [M+Na]*= 502.4 m/z; theoretical mass: 480.3 m/z.

Step 3. Deprotection of aminopantetheine 4.5.

Chemicals: trifluoroacetic acid (TFA), triethylsilane (TES).

compound MW/(g/mol) n/mmol equivalents _amount
4.5 479.57 9.38 1 450g

TFA 114.02 (p=1.48) 93.80 10 7.23 mL
TES 116.28 (p=0.73) 46.90 5 7.47 mL

The protected compound 4.5 was dissolved in 100 mL of dichloromethane, and
trifluoroacetic acid and triethylsilane were added. The reaction mixture was stirred at
room temperature for four hours. The solvent and the excess reagents were removed
under reduced pressure and the remaining slurry was dissolved in 70 mL 0.1% (v/v) aqg.
TFA solution. The water-insoluble components were removed by centrifugation (4000
rpm, 10 min). The supernatant was separated into 14 x 5 mL aliquots and each subjected
to preparative HPLC purification (Macherey and Nagel, Nucleodur C-18 ec, 250 x 21 mm,
particle size 5 pM, pore size 110 A) the flow rate was 10 mL/min, solvent A was 0.1%
(v/v) TFA/dd. H,0 and solvent B was 0.1% (v/v) TFA/acetonitrile) using gradient elution
(0-60% B over 30 min). The fractions containing the aminopantetheine (tg= 13.1 min)
were pooled and freeze-dried. Aminopantetheine 4.6 was isolated (1.03 g, 3.94 mmol,

42%) as highly viscous oil and was stored in 30 mg aliquots at -80°C.

'H-NMR (D,0, 300 MHz): 8= 3.94 (s, 1H); 3.49-3.43 (m, 5H); 3.35 (d, J= 11.1 Hz, 1H); 3.10
(t, J= 5.9 Hz, 2H); 2.48 (t, J= 6.5 Hz, 2H); 0.88 (s, 3H); 0.85 (s, 3H).
13C.NMR (D,0, 100 MHz): 8= 175, 174.5, 76, 69, 39, 38.5, 37, 35.5, 21, 19.

ESI-MS: [M+H]"= 262.1 m/z; [M+Na]*= 284.2 m/z; theoretical mass: 262.2 m/z.
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Step 4. Enzymatic synthesis of amino-coenzyme A.
Chemicals: adenosine triphosphate (ATP), magnesium chloride (MgCl,), potassium

chloride (KCl), tris-(hydroxymethyl)aminomethane (TRIS)

compound MW!(g/mol) n/umol equivalents _amount
4.6 (20 mM) 261.43 20 1 1000 pL
PanK (161 uM) 36360 0.050 0.00250 310 uL
PPAT (457 uM) 17836 0.075 0.00375 146 pL
DPCK (277 uM) 22621 0.100 0.00500 240 L
ATP (0.1 M, pH 7) 551.14 200 10 2000 pL
MgCl, (3M) 95.21 400 20 133 pulL
KCl (3M) 74.55 400 20 133 pulL
TRIS/HCI (1M, pH 9) 121.14 1000 50 1000 pL

The genes coding for PanK, PPAT, DPCK were provided by Eric R. Strieter (University of
Wisconsin). All compounds were dissolved in dd. H,0 as stated in the table above and
the pH was adjusted to the values shown in parenthesis, when applicable. The
corresponding amounts of the stock solutions were combined in a 15 mL Falcon tube
and incubated on a nutating mixer for 1.5 hours. The reaction mixture was injected onto
an equilibrated Sep Pak C-18 SPE column (previously washed with 10 mL acetonitrile
followed by 10 mL dd H,0). The loaded column was washed with 5 mL dd. H,O and the
reaction product was eluted with 6 mL of H,O:acetonitrile (1:1) solution containing 0.1%
(v/v) TFA. The solution containing product was flash-frozen in liquid nitrogen and freeze-
dried. The resulting solids were dissolved in 2 mL of an aq. 0.1% (v/v) TFA solution and
subjected to preparative HPLC purification (Macherey and Nagel, Nucleodur C-18 ec, 250
x 21 mm, particle size 5 uM, pore size 110 A; the flow rate was 18 mL/min, solvent A was
0.1% (v/v) dd. H,0 and solvent B was 0.1% (v/v) TFA acetonitrile) using gradient elution
(0-10% B over 10 min). Freeze-drying of the product containing fractions (tg= 15.8 min)
yielded the amino-Coenzyme A as white solid (10.8 mg, 14.4 umol, 72%), which was

stored at -20°C until further usage.

'H NMR (D,0, 300 MHz): 8= 8.69 (s, 1H); 8.45 (s, 1H); 6.24 (d, J = 5.5Hz, 1H); 4.89-4.87
(m, 2H); 4.62 (br s, 1H); 4.29-4.27 (m, 2H); 4.04 (s, 1H); 3.84 (g, J = 5.0 Hz, 1H); 3.66 (q,
J=5.0 Hz, 1H); 3.53-3.48 (m, 4H); 3.14 (t, J = 6.0 Hz, 2H); 2.51 (t, J = 6.5 Hz, 2H); 0.95 (s,
3H); 0.89 (s, 3H).
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3¢ NMR (D,0, 100 MHz) 8= 175.4, 175.0, 150.1, 148.7, 144.9, 142.7, 118.8, 87.7, 83.8,
74.7,74.3,74.2,71.9, 65.3, 39.4, 38.6, 37.0, 35.8, 35.6, 20.8, 19.1.

HR-ESI-MS: [M+H]"= 751.1617 m/z; theoretical mass: 751.1613 m/z.

4.4.2 Synthesis of Aminoacyl-CoA

Aminoacyl-CoA thioesters were synthesized by adding 1.5 eq. of CoA, 1.5 eq. of PyBOP,
and 10 eq. of DIPEA to 1 eq. of the corresponding N*-Boc and side chain protected
amino acid in DMF/H,0 (4:1). The reaction mixture was stirred at room temperature for
2 h, followed by in situ cleavage of the protection groups by addition of TFA/TIPS/H20
(9.5:0.25:0.25). The deprotected aminoacyl-CoA compounds were precipitated in ice-
cold diethyl ether and subject to preparative HPLC purification (Macherey and Nagel,
Nucleodur C-18 ec, 250 x 21 mm, particle size 5 UM, pore size 110 A, the flow rate was
18 mL/min, solvent A was 0.1% (v/v) dd. H,O and solvent B was 0.1% (v/v) TFA
acetonitrile) using gradient elution (5-30% B over 30 min). Fractions containing the
desired CoA-S-aa were identified by MALDI-MS, pooled, and freeze-dried. The identities
of the synthesized CoA-S-aa were verified by high resolution MS. The retention times,

observed and calculated masses as well as the yields are summarized in the following

table:
Retention Time Observed Mass Calculated Mass

Compound [min] [M+H]* [M+H]* Yield
CoA-S-Asn 13.2 882.1647 882.1654 29%
CoA-S-D-Asn 12.8 882.1666 882.1654 22%
CoA-S-Asp 12.4 883.1510 883.1494 30%
CoA-S-D-Asp 12.0 883.1479 883.1494 24%
CoA-S-GIn 16.7 896.1809 896.1816 28%
CoA-S-Glu 14.1 897.1664 897.1651 25%
CoA-S-D-Glu 14.0 897.1659 897.1651 22%
CoA-S-Leu 18.2 881.2071 881.2065 46%
CoA-S-Phe 22.2 915.1911 915.1909 51%

Table 4.2. Summary of synthesized aminoacyl-CoA compounds.
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4.4.3 Synthesis of CoA-HN-Glu

OH
H
1.Boc-Glu(Bu}oH 2N oH /%(N N ? 0
H%th, lL-j|BTlljJ, DIPEA 7 N\> HO. P"ﬁ‘o 0 \/Y \/\Nw
amino DMF, RT, 2h < | \ PSo0 0 S OH
coenzyme A N o} 0 2
47 2. TFA, TIPS, H,0 B Dy 48
(9.5:2.5:2.5) H oHG H
RT, 2h e
HO™ "oH
compound pmol eq amount
amino coenzyme A 4.7 (750.15 g/mol) 4.0 1.0 3.0mg
Boc-Glu(O'Bu)-OH (303.4 g/mol) 6.0 1.5 1.8 mg
HBTU (379.30 g/mol) 12.0 3.0 4.6 mg
HOBt (with 20% water, anhyd. MW 135.13 g/mol) 12.0 3.0 2.0mg
DIPEA (129.25 g/mol, p= 0.76 g/cm?) 40.0 10.0 6.8 L

The N“%protected and side chain protected glutamic acid, HBTU and HOBt were
dissolved in 300 pL of DMF. DIPEA was added and the mixture was heavily agitated to
dissolve all solids, and amino coenzyme A was then added. The mixture was incubated
for 1.5 hours at 25°C in an Eppendorf Thermomixer at 700 rpm to allow amide bond
formation, followed by in situ deprotection by addition of 1.5 mL of the deprotection
mixture (TFA/H,O/TIPS; 95%:2.5%:2.5%). The deprotection reaction was agitated for 2
hours at 25°C (Thermomixer, 700 rpm). The mixture was then transferred into a 50 mL
Falcon tube containing 30 mL of cold (-20°C) diethyl ether and incubated at -20°C for 2
hours. A precipitate formed and was pelletized by centrifugation (4°C, 4,000 rpm, 20
min). The pellet was dissolved in 5% aqueous acetonitrile solution and subject to
preparative HPLC purification (Macherey and Nagel, Nucleodur C-18 ec, 250 x 21 mm,
particle size 5 uM, pore size 110 A, the flow rate was 18 mL/min, solvent A was 0.1%
(v/v) dd. H,0 and solvent B was 0.1% (v/v) TFA acetonitrile) using gradient elution (5-
30% B over 30 min). Fractions containing the CoA-HN-Glu were identified by MALDI-MS
(tg= 13.7 min), combined, freeze-dried and CoA-HN-Glu was vyielded as white solid

(2.64 mg, 3.0 umol, 75%).
HR-ESI-MS CoA-HN-Glu: [M+H] = 880.2045 m/z; theoretical mass: 880.2039 m/z.

HR-ESI-MS CoA-HN-D-Glu: [M+H]*= 880.2051 m/z; theoretical mass: 880.2039 m/z.
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4.5 Biochemical Assays
4.5.1 Analysis of Iron Cofactor Content

The iron cofactor content of the recombinant hydroxylases was determined by using the

chromogen Ferene S as previously publis.hed.212

To the corresponding hydroxylase (10
nmol in 800 pL dd. H,0) concentrated hydrochloric acid (100 plL) was added and
incubated in an Eppendorf Thermomixer (10 min, 400 rpm, 25°C). Proteins were
precipitated by addition of 80% trichloroacetic acid followed by centrifugation (13,000
rpom, 10 min, RT). The supernatant was transferred into an acid washed clean glass tube
and 200 pL of a 45% (w/v) sodium acetate solution was added. 1.8 mL of the Ferene S
solution (0.75 mM Ferene S, 10 mM L-ascorbic acid, 45% (w/v) sodium acetate) was
admixed and 1 mL of the mixture was measured photometrically at A= 593 nm. The
obtained absorbance values were compared with the recorded calibration curve, which

was recorded analogously with distinct iron concentration. FeCl; was used as iron source

and the amount was varied between 4 and 32 nmol.
4.5.2 In Vitro 4’-Phosphopantetheinylation of PCP

The recombinant PCPs (200 uM) were artificially loaded with either coenzyme A (CoA),
amino-coenzyme A (NH,-CoA) or aminoacyl-CoAs by using the promiscuous B. subtilis

52,54

phosphopantetheinyl (ppan) transferase Sfp (2 uM). The loading reaction was
incubated at 28°C for 15 min in buffered aqueous solution (pH 7, 25 mM HEPES, 50 mM
NaCl, 1 mM MgCl,). To ensure that complete loading of the PCP was achieved, the
loading assays were stopped by addition of formic acid (final concentration of 4% (v/v))

and the reaction mixture was analyzed directly by HPLC-QTOF-MS.
4.5.3 Hydroxylation Assays

4.5.3.1 Free Amino Acid Substrates

In a typical hydroxylation assay with free amino acids, the recombinant hydroxylase
(5 uM) was incubated for different time spans with the free amino acid (2 mM), the
ferrous iron cofactor (0.5 mM (NH,),Fe(S04),) and co-substrate aKG (2 mM) in 100 pL 50
mM HEPES buffer (pH 7.5). Controls were carried out either in the absence the
recombinant hydroxylase or without co-substrate o.KG. The reaction was either stopped

by adding nonafluoropentanoic acid (4% (v/v) final concentration) or by adding FMOC-
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chloride solution (see 4.5.5.1). The reactions were either analyzed for possible
hydroxylation by reversed-phase HPLC-MS analysis on a Hypercarb column (Thermo
Electron Corporation, pore diameter of 250 A, particle size of 5 um, 100% carbon) or by
fluorescence detection of the FMOC derivatized amino acid (see 4.5.5.1). Mobile phases
were: A, 20 mm aqueous nonafluoropentanoic acid; B, acetonitrile. The following
gradient was applied: 0-10 % B in 12 min, with a flow rate of 0.2 mL min™* at 17.5°C.
Kinetics were carried out accordingly, the substrate concentration was varied between
50 um and 2 mm. The reaction was stopped in the linear range (after 5 and 30 min) and
analyzed as described above. Integration of the mass or fluorescence signals,
respectively, of the starting material and product gave relative conversion values from
which starting velocities were calculated.

4.5.3.2 PCP-Bound Amino Acid Substrates

The PCP was loaded with the corresponding CoA-S-amino acid or CoA-HN-amino acid as
described in 4.5.2. Then, the loaded PCP domain, the hydroxylase, aKG and iron(ll) were
added and the assay was carried out as described in 4.5.3.1. The reactions were stopped
by addition of formic acid (4% (v/v) final concentration) and analyzed by reversed phase
HPLC-MS using a QTOF-MS QStar Pulsar i (Applied Biosystems) coupled to a HP 1100
HPLC (Agilent) equipped with a C-4 Nucleosil guard column (Macherey and Nagel, 10 x 3
mm, pore diameter of 300 A, particle size 5 pm) with the following conditions: solvent A
(water/0.45% formic acid), solvent B (acetonitrile/0.45% formic acid), flow rate 0.2
mL/min, temperature 45 °C with a gradient of 10-95% solvent B in 10 min, the gradient
was then held for 7 min.

For kinetic measurements with A*PCP3-HN-Glu and non-cognate CDA-T9-HN-Glu, the
hydroxylation assays were set-up as described above and stopped after 30 min, which
was determined to be the optimal reaction time for being in the linear conversion range.
Substrate concentrations were varied between 10 uM and 450 pM. Kinetic parameters
were determined using the calculated starting velocity and the Enzyme Kinetic Module
for Sigma Plot 8.0 (SPSS).

4.5.3.3 Coupled Amino Acid Transfer and Hydroxylation Assays

The A domain KtzN (2 uM) was incubated with ATP (1 mM), L-glutamic acid (5 mM), DTT
(0.5 mM), MgCl, (1 mM) holo-A*PCP3 (100 uM) or holo PCP3 (200 uM). Holo-PCPs were
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generated by pre-incubation of the PCPs with CoA (1 mM) and Sfp (2 uM) at 28°C for 15
min (complete conversion validated by QTOF-MS). The coupled assays were also
conducted in the presence of KtzO or KtzP (5 uM), aKG (2 mM) and ferrous iron (0.5
mM). All reactions were incubated in buffered aqueous solution (25 mM HEPES, 50 mM
NaCl, pH 7), stopped after two hours by addition of formic acid (final concentration of

4% v/v) and then analyzed by HPLC-QTOF-MS as described in 4.5.3.2.
4.5.4 Cleavage of PCP-Bound Amino Acids

The hydroxylation assay was carried out as described in 4.5.3.2 except that the final
reaction volume was 200 pL. The proteins were precipitated by addition of 1 mL 10%
TCA, and the resulting mixture centrifuged (45 min, 13,000 rpm, 4°C). The supernatant
was discarded and the pellet was washed with 200 pL diethyl ether/absolute ethanol
(3:1) twice and with 200 uL diethyl ether once. The washed pellet was dried for 5 min at
37°C and 100 plL of 0.1 M aqueous potassium hydroxide solution was added to cleave
the thioester bond and release the hydroxylated amino acid from the PCP domain. The
pellet was resuspended in the KOH(aq) solution and the resulting mixture was incubated
at 70°C for 20 min at 1400 rpm in a Thermomixer (Eppendorf). After thioester cleavage,
methanol (1 mL) was added, and the mixture was incubated over night at -20°C.
Precipitated protein debris was separated from the supernatant by centrifugation
(13,000 rpm, 30 min, 4°C). The supernatant was transferred into a new tube and the
solvents were removed under reduced pressure by using a SpeedVac-manifold (13,000
rpm, 2 mbar, 30°C). The pellets were stored at -20°C or derivatized immediately for HPLC

analysis (see below).
4.5.5 Amino Acid Derivatization

As most amino acids neither show specific UV absorption nor fluorescence, except for
these which are aromatic, they had to be derivatized with a hydrophobic reagent to
allow RP-HPLC and UV or fluorescence detection.

4.5.5.1 Derivatization with FMOC-C/

Based on a previously published protocol,”*® FMOC-C| derivatization was carried out by
adding 200 uL of a 3 mM FMOC-CI solution in acetone to 50 uL of the hydroxylation

assay (4.5.3.1) or to amino acids solutions. Prior to FMOC-CI addition, the assay/solution
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was diluted to 250 plL using a 50 mM HEPES buffer (pH 7.5). The reaction mixture was
incubated for 2 min in an Eppendorf Thermomixer (750 rpm, 25°C). The reaction was
stopped by pipetting 50 pL of a heptylamine solution (3 mL heptylamine in 15 mL
acetonitrile, pH adjusted to 7.5 with 175 mL 0.1 M HCI) to the derivatization mixture.
The heptylamine quenched excess FMOC-CI| and the resulting FMOC-heptylamine does
not interfere with HPLC-fluorescence analysis of FMOC-amino acids due to its strong
hydrophobicity. The FMOC-N°-derivatized amino acids were analyzed by HPLC
separation and fluorescence detection using an Agilent 1100 series HPLC equipped with
a Synergi Fusion-RP column (Phenomenex, C18 polar ec, pore diameter of 80 A, particle
size of 3 um) with the following gradient: 0-20% eluent B (100% acetonitrile) and eluent
A (78% 0.1 M aqueous sodium acetate solution, 22% acetonitrile) in 17 min at 0.3
mL/min and 17.5°C.

4.5.5.2 Derivatization with Dabsyl-Cl

The pellets of from the cleavage reactions (4.5.4) or the corresponding amino acid were
dissolved in buffered aqueous solution (100 uL, 50 mM TRIS, pH 9) and a saturated
solution of dabsyl chloride in acetone (100 pL) was added.’®?** The mixture was heated
at 70°C for 15 min at 1400 rpm in a Thermomixer and subsequently diluted with
absolute ethanol (1 mL). The resulting mixture was centrifuged at 8,000 rpm for 5 min,
and 100 pL of the supernatant were analyzed by reversed-phase HPLC-QTOF-MS.
Gradient elution was carried out using a Synergi Fusion-RP column (Phenomenex, polar
embedded C-18 column, 250 x 3 mm, pore diameter of 80 A, particle size 4 um) and the
following conditions: solvent A was water/0.45% formic acid; solvent B was
acetonitrile/0.45% formic acid. The flow rate was 0.3 mL/min with a gradient from 50%
B to 75% B over 20 min and then increasing to 95% B over the next min. The gradient

was then held for further 5 min.
4.5.6 ATP/PP; Exchange Assay

ATP-PP; exchange was assayed in 500 pL of reaction buffer (50 mM TRIS, 40 mM KCl, 10
mM MgCl,, pH 7.5) containing 0.1 mM ATP, 0.5mM tetrasodium PPi (0.72 uCi of
[*2P]PP;), 0.1 mM DTT, and 10 mM substrate. Reactions were initiated by adding purified
protein to a final concentration of 2 uM. After incubating at 37°C for 10 min, reactions

were quenched by the addition of charcoal suspension (0.1 M tetrasodium PP;, 0.35 M
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HCIO4, 16 g/L charcoal). Free [*2P]PP; was removed by centrifugation of the sample
followed by washing twice with wash solution (0.1 M tetrasodium PP;, 0.35 M HClQ,).
Controls were carried out either without enzyme or without ATP or PP;. Charcoal-bound

radioactivity was measured on a Beckman LS 6500 scintillation counter.
4.5.7 Stereospecificity Determination and Product Isolation by Chiral HPLC

In order to determine the exact stereochemistry of AsnO D241N assay products and to
synthesize L-threo-hydroxyaspartic acid (L-THA) chiral HPLC was used. 10 pum AsnO
D241N was incubated with L-aspartic acid (18.9 mg, 142 umol), the co-substrate akKG (26
mg, 18 mmol) and ammonium-iron(i1) sulfate hexahydrate (0.39 mg, 100 umol) as source
of the ferrous iron cofactor. All solids were dissolved in 9 mL of 25 mM HEPES buffer, pH
7.0. The reaction was started by addition of 1 mL enzyme solution (100 uM, same buffer)
and was allowed to stir for 14 h at 16°C. L.-THA was isolated by HPLC separation on a
Chirex 3126 column (Phenomenex, D-penicillamine, 150 x 4.6 mm) with an isocratic
mobile phase of 1 mm CuSO4 in 95% H,0 and 5% isopropyl alcohol on a Beckman Coulter
Gold System with UV detector 168 (Fullerton, USA). The reaction product was compared
with threo and erythro-hydroxyglutamic acid standards and L-THA containing fractions
were identified. The fractions were pooled and loaded twice on a gravity column
containing NTA-Agarose resin to remove the copper ions. The through-flow was freeze-

dried to yield enantiomerically pure L-THA (14.4 mg, 97 umol, 68%).

4.6 Crystallography and Structure Elucidation
4.6.1 Crystallization, Soaking and Data Collection

Crystals of AsnO from S. coelicolor were grown at 18°C by the sitting-drop vapor-
diffusion method. Native crystals were obtained in 2.5 M sodium acetate, 0.1 M HEPES,
pH 4.6 and in 4 M sodium formate at a protein concentration of 8.3 mg/mL in 25 mM
HEPES, 50 mM NaCl, pH 7.0. The product-complex was achieved by soaking AsnO
crystals with degassed 10 mM (NH4),Fe(SQ4),, 20 mM a-ketoglutarate and 50 mM L-Asn-
solution for 60 minutes under protection gas (97% nitrogen, 3% hydrogen) in an
anaerobic chamber. Soaking of the AsnO crystals with aKG and Fe2+, under the
conditions described above, led to an AsnO'Fe?* complex. Cryoprotection was achieved

by washing the crystals in the mother liquor that contained 30% (v/v) glycerol. Intensity
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data from flash-frozen crystals were collected at beamline X13 at EMBL, Hamburg,
Germany, at 1.45 A resolution for the apo-form of AsnO and 1.66 A for the
AsnOFe(ll)'succinate’hAsn complex. A 1.92 A dataset for the AsnO'Fe(ll) complex was
recorded on an inhouse CuK, rotating anode. Diffraction data were integrated and

scaled with the programs MOSFLM and SCALA of the CCP4 program suite.???
4.6.2 Structure Solution and Refinement

The crystal structure of AsnO was solved by molecular replacement using the program
MOLREP**® and chain A of the clavaminate synthase (PDB ID code 1DRY) as a search
model. Structure refinement was carried out using REFMAC5*Y and COOT.?*® The final
model of AsnO contains residues S10-P330, but misses a disordered region spanning
L218-E223. Anomalous difference electron density maps indicated that no iron atom was
bound in the active site. Instead, the octahedrally coordinated ion observed at the iron
binding site was assigned as a sodium ion originating from the crystallization buffer.
Anomalous difference electron density maps indicated for Fe**/aKG soaked AsnO
crystals the binding of the iron atom to the active site. For data statistics refer to Table
5.2. PyMol was used to prepare all figures displaying structural information also in the

introduction and discussion of non-AsnO-related enzymes.219
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5. Results

5.1 B-Hydroxylated Acidic Lipopeptide Antibiotics Precursors

Acidic lipopeptide antibiotics are a new class of potent antibiotics. Members are
amongst others the clinically approved daptomycin, the calcium-dependent antibiotics
(CDA) and A54145. They display activity against a wide range of Gram-positive bacteria
including multi-drug resistant bacteria, such as methicillin-resistant Staphylococcus
aureus and vancomycin-resistant Enterococci. The potency of acidic lipopeptides is an
intrinsic feature of their chemical structure. The non-ribosomally synthesized peptide
cores consist of eleven to thirteen amino acids, which are rigidified by the formation of a
ten-membered ring. Within these antibiotics a remarkable structural diversity is
generated by the incorporation of modified non-proteinogenic amino acids.

In this study, the origin of one of these non-proteinogenic amino acids, namely
B-hydroxyasparagine (hAsn), found in the peptide backbone of CDA and A54145 was
elucidated. In the case of the calcium-dependent antibiotics, the hydroxylase AsnO,
responsible for hAsn formation, was characterized biochemically and crystallized.iThe
thorough investigation of AsnO’s biochemical properties led to the elucidation of a
precursor pathway, in which hAsn is generated. Furthermore, the 3D structure
determination of AsnO allowed mechanism prediction for other non-heme iron
hydroxylases involved antibiotic biosynthesis by utilizing bioinformatic tools.

To prove the predictions based on AsnQO’s structure for the reactivity of other
hydroxylases, it was shown that the non-heme iron and aKG dependent hydroxylase
LptL also catalyzes the formation of hAsn in a precursor pathway during A54145
biosynthesis. Biochemical characterization of LptL was conducted including kinetic
parameter and substrate specificity determination. Together, the elucidation of these
precursor pathways might facilitate the generation of novel building blocks for NRPS,

potentially resulting in natural products with improved or altered bioactivity.

* The work described in chapter 5.1.3, in particular the biochemical characterization of the enzyme AsnO
was to some extent published previously in the diploma thesis: M. Strieker. Ungewdhnliche
Hydroxylierung und Phosphorylierung eines aliphatischen Kohlenstoffatoms wahrend der Biosynthese von
D-3-Phosphohydroxyasparagin. Marburg 2006. Some parts presented in the following paragraphs might
therefore be redundant to that diploma thesis. This was necessary for clarity reasons and to provide
complete characterization of the studied enzyme. The x-ray crystal structure elucidation was conducted by
Prof. Dr. Lars-Oliver Essen (Philipps-University Marburg).
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5.1.1 Recombinant Expression of asnO, cda-pcps, IptL and Ipt-pcp3

AsnO and cda-pcps were cloned from S. coelicolor IptL and Ipt-pcps from S. fradiae,
respectively and expressed in E. coli BL21 (DE3) as described in the Methods section. The
recombinant proteins were purified by Ni-NTA affinity chromatography and
concentrated proteins were analyzed by SDS-PAGE and visualized using Coomassie dye
(Figure 5.1). The final protein yields per liter culture after purification and concentration

were 7 mg for AsnO, 50 mg for CDA-PCPg, 12 mg for LptL and 8 mg for Lpt-PCPs.
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Figure 5.1: SDS-PAGE analysis of purified recombinant AsnO (38.9 kDa), CDA-PCP, (12.1 kDa), LptL (37.1
kDa) and Lpt-PCP; (10.6 kDa). Protein markers were from left to right Fermentas Molecular Weight
Marker, Fermentas PageRuler and NEB Broad Range Protein Marker.

5.1.2 Iron Content of AsnO and LptL
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Figure 5.2: Calibration curve for the Ferene S iron content determination. Iron amounts were varied
between 4 and 32 nmol and measured versus Ferene S solution without added iron.

The iron content of the non-heme iron(il) and aKG dependent dioxygenases AsnO and

LptL was determined by using the Ferene S [3-(2-pyridyl)-5,6-bis(2-(5-furyl sulfonic
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acid))-1,2,4,-triazine] dye.212

The determination is based on the tight complex formation
between iron ions and the iron chelating Ferene S dye, which has an absorption
maximum at 593 nm. A standard curve for calibration of the Ferene S-iron complex was
obtained by using stock iron solutions and measuring the absorption at 593 nm versus a
blank run (Figure 5.2). For AsnO the Asg3nm-value was 0.011 and for LptL 0.008. From this
value the iron content was calculated using the equation of the linear regression of the
calibration curve. This led to a calculated iron content of 0.98 nmol for AsnO and 0.71
nmol for LptL, as 10 nmol of each enzyme were used, these values correspond to 9.8%
and 7.1% iron content. The low iron content is either due to oxidation or the iron was
exchanged with other divalent ions during the purification steps. Therefore in all

subsequent assays ferrous iron in form of ammonium ferrous iron sulfate was added to

grant a constant supply of ferrous iron cofactor.

5.1.3 Characterization and Structure Elucidation of AsnO

5.1.3.1 Hydroxylation Activity of AsnO

Asparagine Hydroxylation. To evaluate the biological activity of AsnO, the recombinant
enzyme was incubated with the amino acids L-Asn and D-Asn. To facilitate identification
and detection of the modified amino acid, L-Asn was derivatized with 9-fluorenylmethyl
chloroformate (FMOC-CI) to vyield highly fluorescent FMOC derivatives. The
hydroxylation and derivatization was carried out as described in Methods section. In the
presence of the ferrous iron cofactor and the co-substrate aKG, hydroxylation activity
was observed with the L-enantiomer of asparagine. The reaction was monitored by
fluorescence detection by exciting the FMOC residue at 265 nm and measure the
emission at 315 nm. It was found that the incubation of L-asparagine with AsnO (Figure
5.3, red trace) and subsequent derivatization with FMOC-C|I gave FMOC-hAsn. Under
assay conditions the conversion was nearly quantitative after 30 min. In the control
reaction (Figure 5.3, blue trace), without enzyme added, only substrate-derived FMOC-
Asn was detected. In addition to HPLC fluorescence detection, MS analysis was carried
out to confirm the identity of the starting material Asn and the product hAsn. For peak 1
from the HPLC-separated enzymatic reaction workup the mass of 371.2 m/z (theoretical

mass: 371.1 m/z) was observed, which corresponds to L-hAsn-derived fluorenylmethyl.
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Peak 2 on the other hand showed a mass of 355.2 m/z (theoretical mass: 355.1 m/z) L-

Asn FMOC-adduct.

FMOC-L-hAsn FMOC-L-Asn
£ ] o) o
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Figure 5.3: B-carbon hydroxylation of L-Asn by AsnO. HPLC traces and mass analyses of FMOC-derivatized
hAsn (peak 1) and L-Asn (peak 2). The blue and red traces represent the fluorescence signals before and
after L-Asn incubation with AsnO under assay conditions.

Kinetic Parameter Determination. For the determination of the kinetic parameters of
Asn hydroxylation by AsnO, the inability of the enzyme to hydroxylate FMOC-Asn and

the fact that the FMOC-derivatization is completed within a few seconds was exploited.

100 To determine the linear range
% of time dependent
80_. i conversion assays with 0.5
B :: UM AsnO and 250 upM
E 50+ asparagine were stopped at
g 2] different time points (Figure
%7 5.4). The time dependent
jz_- conversion revealed that the
0_' . . . | . . . | hydroxylation is in the linear

° ° ﬁ::[min] " 2 range between zero and
Figure 5.4: Time dependent conversion of Asn to hAsn. approximately four minutes.

Thus, the time span between
one and three minutes was used to determine the starting velocities for different

substrate concentrations. Therefore, the enzyme assays were stopped by addition of
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FMOC-CI and the kinetic parameters determined using Michaelis-Menten and

Lineweaver-Burk equations (Figure 5.5).
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Figure 5.5: Michaelis-Menten and Lineweaver-Burk plots for kinetic parameter determination of AsnO.

The kinetics for AsnO mediated L-Asn hydroxylation were calculated to an apparent Ky of
0.479 + 0.067 mM and k= 298.8 +19.2 min'l, leading to a catalytic efficiency of
Keat/Km= 0.62 £ 0.15 min‘uM™.

5.1.3.2 Substrate Specificity

For the evaluation of the substrate specificity of AsnO, the hydroxylase was incubated
with a broad range of different substrates including the cognate PCP domain of module
nine (CDA-PCPy) loaded with L- and p-Asn. The latter was generated by incubation of the
PCP with synthesized coenzyme A asparagine thioesters (CoA-S-Asn) and the
promiscuous B. subtilis ppan transferase Sfp (see Methods for details). The PCP-tethered
asparagine was tested in order to validate that AsnO is involved in precursor synthesis
exclusively. Amino acids representing the different class of amino acids as well as the b-
isomer of Asn were tested for AsnO-mediated hydroxylation. Furthermore, the FMOC-
Asn and CoA-S-Asn as PCP mimic were tested as putative substrates. An overview of
substrates tested for AsnO-mediated hydroxylation is given in Table 5.1. Neither the
L- nor the p-isomer of PCP tethered asparagine was hydroxylated by AsnO. Furthermore,
the FMOC-Asn as well as the CoA-S-Asn were not substrates for enzyme-mediated
hydroxylation neither were the other tested amino acid, thus AsnO exclusively catalyses

the oxygenation of the -position of L-asparagine.
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Calculated Mass Observed
Tested Substrate  Mass [Da] Hydroxylation Product [Da] Mass [Da] Hydroxylation
CDA-PCPgy-S-L-Asn 12600 12616 12600 no
CDA-PCPgy-S-D-Asn 12600 12616 12600 no
aspartic acid 134.0 150.0 133.0 no
glutamine 147.1 163.1 147.1 no
glutamic acid 148.1 164.1 148.1 no
valine 118.1 134.1 118.1 no
isoleucine 132.2 148.2 132.2 no
lysine 147.2 163.2 147.2 no
tyrosine 182.2 198.2 182.2 no
FMOC-Asn 355.1 371.1 355.1 no
CoA-S-Asn 881.2 897.2 881.2 no
D-asparagine 133.1 149.1 131.1 no
L-asparagine 133.1 149.1 149.1 yes

Table 5.1: Substrate specificity evaluation of AsnO. Different amino acids including the p-enantiomer of
Asn and PCP bound Asn isomers were tested for hydroxylation by AsnO. All masses correspond to the
[M+H]" as detected in positive mode MS, except for the PCP masses which are neutral mass
reconstructions.

5.1.3.3 Crystal Structure of AsnO

Overall Structure Description. Trigonal crystals of AsnO were grown within two days and
found to comprise one AsnO molecule per asymmetric unit (see Methods). The crystal
structure® of AsnO was solved at 1.45 A resolution by molecular replacement, using the

220 35 a search model. Like other members of the CSL-

related structure of CAS
superfamily, the refined structure of AsnO contains a core of nine -strands (A-l), eight
of which are folded into a jelly roll topology, building a major and a minor sheet with five
(B, G, D, I, C) and three B-strands (F, E, H), respectively (Figure 5.6 A). The jelly roll fold is
sandwiched between two, largely a-helical subdomains. Two flexible loop regions

border the active site (residue V135-P165 and A205-T249), and near the C-terminus a

310-helix (residues L312-M318) is found. In the active site region of the native AsnO, the

5 As mentioned in the introduction to this paragraph, the initial structure elucidation was carried out prior
to this study. Refinements and additional structure elucidation (AsnO'Fe2+ complex) as well as more
profound interpretations and analyses of the structures were conducted in this study in collaboration with
Prof. Dr. Essen (Philipps-University Marburg). As the crystal structures give crucial insights into this
hydroxylase family and as they are the basis of most of the other research presented in this study, a
complete overview of the x-ray structure elucidation is given in this paragraph, although some parts might
be redundant to M. Strieker, Ungewdhnliche Hydroxylierung und Phosphorylierung eines aliphatischen
Kohlenstoffatoms wahrend der Biosynthese von D-3-Phosphohydroxyasparagin. Marburg 2006.
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electron density reveals an ion that is octahedrally coordinated to the residues H155,
E157, and H287, in addition to three water molecules.

A B

C (p330)

Figure 5.6: Crystal structure of AsnO. A) Overall structure of the apo-form of AsnO. B) Comparison of the
structure of the AsnOFe(ll) complex (green) with clavaminate synthase (PDB accession code 1DRY) (grey).
A dashed line indicates the disordered region (residues G208-A214) of CAS. (c) SIGMAA-weighted 2Fps-Faic
electron density showing the binding of an iron ion to the active site of AsnO (contouring level 16=0.11 e’
/A%). Anomalous difference electron density for the iron atom is shown in blue (contouring level 5 = 0.06
e/R%, hyay=1.54179 A).

Due to a lack of sufficient electron density and anomalous signal, this ion was assigned
as a sodium ion rather than an Fe* ion. In further studies the crystal structure of AsnO
with the Fe®*-cofactor bound was solved at 1.92 A resolution by soaking AsnO crystals
under anaerobic conditions with Fe’* and oKG. This AsnO‘Fe?* complex is almost
identical to the apo-form, except for the central ion. No additional electron density for
aKG was observed. Comparison of CAS**® and AsnO (Figure 5.6 B) shows the high
structural similarity of these two enzymes with an overall r.m.s.d. of 1.3 A for 257 C,-
positions. The residues H155, E157 and H287 form the conserved HXD/E...H iron binding
motif (Figure 5.6 C) that is located at the mouth of the minor B-sheet. The same metal
coordinating triad is conserved in almost all characterized non-heme iron dependent
oxygenases, including those with folds different to aKG-dependent oxygenases.

Active and Substrate Binding Site of AsnO. Crystals soaked with the substrate L-Asn and
Fe**-cofactor/aKG-co-substrate led to the structure of a product complex comprising

iron either in the Fe®* or Fe**-state, (25,35)-3-hydroxyasparagine and succinate, instead
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of the expected starting material complex. After removing the crystals from the
anaerobic chamber, crystals were exposed to atmospheric oxygen for approximately 30
seconds prior to flash freezing, which caused rapid formation of the product complex.
The hAsn is intimately bound within the active site, and the C3-hydroxy group can be

clearly assigned by electron density at 1.66 A resolution, to correspond to the proS-

hydrogen of the L-Asn substrate.

Figure 5.7: Active site in the AsnO'Fe(ll)'succinate’hAsn complex. A) A Stereo diagram shows the 2Fu-Feaic
electron density for the active site (contouring level 1.0 o = 0.24 e /A’). The coordination of the reaction
products (2S,3S)-3-hydroxyasparagine and succinate to the catalytic iron atom allows unambiguous
assignment of the stereochemistry of the hydroxylated asparagine. B) Product-enzyme interactions within
the active site. The succinate molecule forms a salt bridge to the conserved arginine R301. The reaction
product (2S,3S)-3-hydroxyasparagine is coordinated to the active site iron via its B-hydroxy group and
forms seven additional interactions with the protein scaffold.

Its coordination to the catalytic iron (Figure 5.7 A) suggests that the starting material
asparagine is similarly bound to the active site with its proS-hydrogen located next to
the reactive oxygen of the ferryl species. Thus, this hydrogen atom is abstracted during

hydroxylation with retention of configuration221

to give 25,35-hAsn. Furthermore, hAsn
and, as anticipated, the L-Asn substrate is bound by seven amino acids of the peptide
backbone (Figure 5.7 B). The a-carboxy group of hAsn forms a salt bridge with R305 and
hydrogen bonds to N146 and the peptide group preceding this residue. The a-amino
group forms another salt bridge to E125 and is also bound by one oxygen atom of the
carboxyl group of the iron binding E157 side chain. The carboxamide group of the
sidechain of hAsn participates in hydrogen bonds with N158, D241 and via a water
molecule with the peptide group of Q144 (Figure 5.7 B).

Induced Fit Mechanism. The active site of AsnO is canopied by a flexible lid region

(residues F208-E223) that is partly disordered in the apo-form (Figure 5.6 A, residues
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L218-E223), but becomes ordered upon complexation of iron in the AsnO‘Fe?* complex

(Figure 5.6 B, green), albeit with high overall B-factors.

.
inal

i N

Figure 5.8: Induced fit upon substrate binding. A) Structural comparison between the product-bound
AsnO-Fe(ll):succinate’hAsn complex (green) and the AsnO*Fe(ll) complex (cyan). The lid region (F208-E223)
is marked in red and orange. B) Sealing of the active site by the lid region. The residue E125 that binds to
the a-amino group of the substrate L-Asn is favorably positioned by forming a hydrogen bond with the
side chain of S215, projecting from the lid region. C) Electrostatic representation of the open and closed
state of AsnO as calculated by APBS (blue: + 5 kT/e, red: -5kT/e; ion concentration 0.1 M). In the open
state, the lid region (accentuated in yellow) keeps the active site accessible for the binding of substrate
and co-substrates. Concomitant with substrate binding, the lid mostly occludes the active site (right side)
from bulk solvent. For clarity, the reaction products are shown as green sticks around the catalytic iron
cofactor (orange).

The product complex shows a product-induced structural change for this lid region
(Figure 5.8 A) that causes almost complete shielding of the products from bulk solvent
access. The three abreast proline residues (P212-214) build a hydrophobic wedge (Figure
5.8 B) that seals the active site. The interaction between the carboxyl group of the E125
side chain and the a-amino group of bound asparagine might be crucial to orient E125 in
such a way that it establishes a hydrogen bond with the hydroxy group of the side chain
of S215 (Figure 5.8 B). Thus, the lid closes concomitantly with L-Asn substrate binding. In

the AsnO'Fe?* structure, without aKG or Asn bound, the lid-like region F208-E223 is
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open and leaves the enzyme center accessible for binding of substrate and co-substrate.
With the bound products, hAsn and succinate, the lid bends towards the product binding
site, burying it completely inside the enzyme (Figure 5.8 C).

Summary of Data Statistics for AsnO Structures. The structure of AsnO was elucidated
as apo-form, in a complex with iron and in complex with hAsn and succinate. The
corresponding coordinate files have been deposited in the PDB database and are
accessible under the codes 20G5, 20G6 and 20G7. The data statistics for each dataset

can be found in Table 5.2.

Crystallographic

parameters AsnO (apo) AsnO Fe** AsnO'hAsn'aKG" Fe**
Data collection
beamline X13, EMBL CuK,, FR591 X13, EMBL
wavelength, A 0.8080 1.5418 0.8080
detector MARCCD 165 MAR 345 MARCCD 165
space group P3,21 P3,21 P3,21
unit cell dimensions a=b=91.6 A a=b=90.7 A a=b=91.3 A
c=90.9 A c=89.8 A c=90.9 A
resolution, A 23-1.45 20-1.90 23-1.65
structure amplitudes |F| 300230 260083 191425
unique reflections 78000 33610 51815
Wilson B-factor, A? 21.0 30.6 24.9
1/o(1) 12.6 (0.9) 38.3(2.1) 15.1 (1.7)
Rmerge™ 0.060 (0.992) 0.070 (0.416) 0.052 (0.539)
completeness, % 99.7 (99.7) 98.6 (78.8) 99.4 (98.4)
Refinement
Used resolution 23-1.45 (1.48-1.45) 20-1.92(1.97-1.92) 23-1.66 (1.70-1.66)
reflections (F>0) 75342 32018 50194
Rerysty % 17.1(29.4) 16.9 (23.2) 16.8 (26.0)
Rfree, % 18.6 (29.4) 19.7 (25.2) 18.4 (24.2)
no. of atoms 2793 2721 2725
B-factor, A® 18.5 34.0 23.1
r.m.s.d. from ideal
bonds, A 0.007 0.007 0.008
angles, ° 1.175 1.193 1.178

Table 5.2: Statistics on data collection and refinements of AsnO structures. The values in parenthesis
indicate the highest resolution shell.

Ry =SS LR R, = z(HFO\—\FCH)/z\FO\.
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5.1.4 Characterization of LptL

5.1.4.1 Hydroxylation Activity of LptL

Asparagine Hydroxylation. Based on the crystal structure of AsnO and its comparison
with homology models of LptL and other putative hydroxylases (see Discussion), LptL
was predicted to be responsible for (25,35)-3-hydroxyasparagine precursor synthesis
during the assembly of the acidic lipoeptide A54145. In order to prove this prediction,
the non-heme iron dioxygenase LptL (5 uM) was incubated with L-Asn (250 uM), the
iron(l1) cofactor and the aKG co-substrate (see Methods) for 10 min. Initial analysis was

carried out by LC-MS with EIC for Asn (Figure 5.9 A) and hAsn (Figure 5.9 B).
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Figure 5.9: EIC analysis of the LptL assay. A) EIC for Asn. The red trace shows the control reaction without
added LptL, the green trace the LptL assay, where no Asn was detected. B) EIC for hAsn. The green trace of
the LptL assay shows complete conversion of Asn to hAsn after the assay. No hAsn was detected in the
control reaction (red trace).

Hydroxylated asparagine and Asn were found to co-elute in standard HPLC-MS analysis,
thus the ions of the starting material and product were extracted (EIC). After incubation
with LptL no Asn was detected in the EIC spectrum (Figure 5.9 A, green trace), whereas a
prominent peak representing the mass of hAsn was detected (Figure 5.9 B, green trace).
This demonstrates that under the applied condition LptL catalyzes the quantitative
conversion of Asn to hAsn. In the control reaction without LptL added, only Asn was

detected (Figure 5.9, red traces), which excluded enzyme-independent hydroxylation.
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Kinetic Parameter Determination. As the starting material Asn co-elutes with the
product hAsn in standard HPLC-MS analysis, the same approach for kinetic

measurements as in the case of AsnO was applied, namely FMOC-derivatization. Prior to

1005 T&o——-f o—o—=o *  substrate concentration variation,

2] the time dependency of LptL-
//I

: " mediated hAsn generation was
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20
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time [min] time points (Figure 5.10). The time
Figure 5.10: Time dependent Asn hydroxylation by LptL.

asparagine were stopped at different

dependent conversion revealed that
the hydroxylation with a 0.5 pM LptL concentration was in the linear range between
zero and approximately two and a half minutes, whereas a 5 uM LptL concentration lead
to almost complete conversion after 1 min. Therefore the time span between zero and
1.5 minutes was used to determine the starting velocities for different substrate
concentrations. The enzyme assays were stopped by addition of FMOC-Cl and the kinetic

parameters were determined (Figure 5.11).
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Figure 5.11: Michaelis-Menten and Lineweaver-Burk plots of LptL-mediated Asn hydroxylation.
The kinetics for LptL catalyzed L-Asn hydroxylation were calculated to an apparent Ky, of

0.584+0.049 mM and ke=531 +24 min?, leading to a catalytic efficiency of
Keat/Km= 0.91 £ 0.11 min*uM™.
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5.1.4.2 Substrate Specificity

For the evaluation of the substrate specificity of LptL, the hydroxylase was incubated
with a broad range of different substrates including the cognate PCP domain of module
three of the A54145 NRPS (Lpt-PCP3) loaded with L- and D-Asn. The latter was generated
by incubation of the PCP with synthesized coenzyme A asparagine thioesters (CoA-S-
Asn) and the promiscuous B. subtilis ppan transferase Sfp (see Methods for details). The
PCP-tethered asparagine was tested in order to validate that LptL is involved in
precursor synthesis only and not in on-line modification additionally. Amino acids
representing the different classes of amino acids as well as the p-isomer of Asn were
tested for LptL-mediated hydroxylation. Furthermore, FMOC-Asn and CoA-S-Asn as PCP
mimic were tested as putative substrates. An overview of substrates tested for LptL

catalyzed hydroxylation is given in Table 5.3.

Calculated Mass Observed
Tested Substrate Mass [Da] Hydroxylation Product [Da] Mass [Da] Hydroxylation
arginine 175.1 191.1 175.1 no
aspartic acid 134.0 150.0 134.0 no
L-asparagine 133.1 149.1 149.1 yes
D-asparagine 133.1 149.1 133.1 no
glutamic acid 148.1 164.1 148.1 no
glutamine 147.1 163.1 147.1 no
isoleucine 132.1 148.2 132.2 no
lysine 147.1 163.2 147.2 no
methionine 150.1 166.1 150.1 no
phenylalanine 166.1 182.1 166.1 no
tyrosine 182.1 198.2 182.2 no
valine 118.1 134.1 118.1 no
FMOC-Asn 355.1 371.1 355.1 no
CoA-S-Asn 881.2 897.2 881.2 no
Lpt-PCP3-S-L-Asn 11060 11076 11060 no
Lpt-PCP5-S-D-Asn 11060 11076 11060 no

Table 5.3: Substrate specificity evaluation of LptL. Different amino acids including the D-enantiomer of Asn
and PCP bound Asn isomers were tested for hydroxylation by LptL. All masses correspond to the [M+H]" as
detected in positive mode MS, except for the PCP masses which are neutral mass reconstructions.

Neither the L- nor the p-isomer of PCP tethered asparagine was hydroxylated by LptL.
Furthermore the FMOC-Asn as well as the CoA-S-Asn were not substrates for enzyme-
mediated hydroxylation neither were the other tested amino acid, thus LptL exclusively
catalyses the oxygenation of the B-position of L-asparagine. Therefore, LptL and AsnO

are responsible for the synthesis of the hAsn building blocks found in CDA and A54145.
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5.2 In Trans Acting Hydroxylases and Regeneration Domains during NRP

Assembly

Another excellent example for the observed structural diversity observed in non-
ribosomally produced bioactive agents, is the class of antifungal and antimicrobial
kutznerides. The kutzneride hexadepsipeptide backbone is comprised of one a-hydroxy
acid and five non-proteinogenic amino acids. One of the latter is D-3-hydroxyglutamic
acid, which is found in the threo and erythro isomers in mature kutznerides. In this study
the origin of these chemically intriguing residues was determined. The non-heme iron
dioxygenases KtzO and KtzP were recombinantly expressed, characterized biochemically
in vitro, and found to hydroxylate the B-position of glutamic acid. In contrast to the
acidic lipopeptide hydroxylases, KtzO and KtzP were found to stereospecifically generate
the threo and erythro isomers of 3-hydroxy-L-glutamic acid bound to the peptidyl carrier
protein of the third module of the non-ribosomal peptide synthetase KtzH prior to
epimerization by the module’s E domain.

Interestingly, the third module of KtzH has a truncated adenylation domain and is unable
to activate and incorporate glutamic acid. This study furthermore shows that the lack of
a functional adenylation domain in the third KtzH module is compensated in trans by the
stand-alone adenylation domain KtzN, which activates and transfers glutamic acid onto
the carrier of KtzH in the presence of the truncated adenylation domain and either KtzO
or KtzP. KtzN was identified and characterized as the first in trans NRPS assembly line
regeneration domain.

Furthermore, a method that employs non-hydrolyzable coenzyme A analogs was
developed and used to determine the kinetic parameters for KtzO- and KtzP-catalyzed
hydroxylation of glutamic acid bound to the carrier protein. This is favorable compared
with the native thioester bond which gets readily hydrolyzed. These insights may guide
the use of KtzO/KtzP and KtzN or other in trans modification/restoration tools in
biocombinatorial engineering approaches.

Together with the results from the precursor generating enzymes AsnO and LptL, the
results concerning the in trans acting enzymes KtzO and KtzP are valuable additions
towards the complete understanding of the mechanisms underlying B-hydroxylated

amino acid biosynthesis and how they get incorporated into non-ribosomal peptides.
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5.2.1 Recombinant Expression of ktzN, ktzO, ktzP, a*pcp3 and pcp3

All constructs were cloned from fosmid DNA containing the kutzneride biosynthesis
cluster and were expressed in E. coli BL21 Star (DE3) as described in the Methods
section. The recombinant proteins were purified by amylose (KtzN) or Ni-NTA (all other)
affinity chromatography and concentrated proteins were analyzed by SDS-PAGE and
visualized using Coomassie dye (Figure 5.12). The final protein yields per liter culture
after purification and concentration were 0.1 mg for KtzN, 3.1 mg for KtzO, 2.2 mg for

KtzP, 5.7 mg for A*PCP5 and 0.2 mg for PCPs.
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Figure 5.12: SDS-PAGE analysis of purified recombinant KtzN (110.1 kDa), PCP; (11.3 kDa), A*PCP; (22.3
kDa), KtzO (39.5 kDa) and KtzP (40.1 kDa). Protein markers were from left to right Fermentas PageRuler
and NEB Broad Range Protein Marker.

5.2.2 Iron Content of KtzO and KtzP

The iron content of the non-heme iron(il) and aKG dependent dioxygenases KtzO and
KtzP was determined analogously to AsnO and LptL by using the Ferene S [3-(2-pyridyl)-
5,6-bis(2-(5-furyl sulfonic acid))-1,2,4,-triazine] dye.212 The same standard curve for
calibration of the Ferene S-iron complex was used (Figure 5.2). For KtzO the Asgz,m-value
was 0.009 and for KtzP 0.013, corresponding to 0.80 nmol for KtzO and 1.16 nmol for
KtzP. As 10 nmol of each enzyme were used, these values correspond to 8% and 11.6%
iron content. The low iron content is either due to oxidation or the iron was exchanged
with other divalent ions during the purification steps. Therefore in all subsequent assays
ferrous iron in form of ammonium ferrous iron sulfate was added to grant a constant

supply of ferrous iron cofactor.
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5.2.3 Characterization of KtzO and KtzP

5.2.3.1 Hydroxylation Activity of KtzO and KtzP

Hydroxylation of Carrier Protein-Bound Glutamic Acid. Sequence alignments of KtzO
and KtzP revealed a putative ferrous iron binding motif HXD/E...H and similarity to the

222

prototype non-heme iron(il) and alKG-dependent taurine dioxygenase TauD“** and other

oxygenases (Table 5.4).

Enzyme Res. First His motif Res. Second His and Arg

KtzO 98 BAQHATQMENESSYTNTWE [294 PNMMLMSHGRRPYRGARQIRV

KtzP 95 VDQRIMLENENSYTKSF 291 LLAABGRDPYRGDRMILV

SyrP 123 BEREMILYENESSHLESW 319 RDPYEEPRLIVV
249

MLAA
TauD 92 PD-NDNWHTDVTFIETP RVTORYANADYLPQRRIM

* * o : x **x . *

Table 5.4: ClustalW-Alignment of KtzO, KtzP with the known iron(i1) and aKG dependent hydroxylases SyrP
and TauD.

KtzO and KtzP also share high sequence similarity with SyrP, a hydroxylase acting on the
B-position of aspartic acid bound to the phosphopantetheinyl (ppan) co-factor of the
eighth peptidyl carrier protein of the syringomycin E megasynthetase (SyrE—T8—S—Asp).126
Therefore, KtzO and KtzP were predicted to hydroxylate glutamic acid at the B-position
during kutzneride biosynthesis and to act on glutamic acid tethered to the third PCP of
KtzH. One can speculate that either one enzyme hydroxylates PCP-bound glutamic acid
and generates both isomers of L-3-hydroxyglutamic acid (threo- and erythro-hGlu), and
that the other is not involved in hGlu biosynthesis, or that both work on PCP-tethered
Glu. In the latter case, it is possible that the enzymes act stereospecifically to generate
one hGlu isomer each. To determine the biochemical origin of the hGlu residues found in
mature kutznerides, KtzO or KtzP was incubated with the glutamic acid ppan thioesters
of the truncated A* domain-PCP (A*PCPs-S-Glu), as A* might play a role in hydroxylase-
PCP interaction. Preincubation of A*PCP5; with synthetic CoA-S-Glu and the promiscuous

ppan-transferase SfpSZ’95

generated the loaded carrier A*PCP3-S-Glu, which was
subsequently incubated with aKG, iron(i1) and either KtzO or KtzP. QTOF-MS revealed
that the apo-form of A*PCP; (Figure 5.13 A) with an apparent mass of 22,343 Da was
loaded with ppan-S-Glu to generate A*PCPs-S-Glu (Figure 5.13 B), indicated by the mass
increase of 470 Da. Incubations with KtzO (Figure 5.13 C) and KtzP (Figure 5.13 D)

resulted in the formation of hydroxylated A*PCPs;-bound L-glutamic acid (A*PCPs-S-
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hGlu), shown by the mass difference of 16 Da. Hydrolysis of A*PCP3-S-Glu occurred at
neutral pH (Figure 5.13 B-D, mass: 22,684 Da) after 2 hours. The control reaction lacking
aKG only showed the mass of A*PCP3-S-Glu and holo-A*PCPs (Figure 5.13 B), providing

no evidence for hydroxylase activity.
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Figure 5.13: QTOF-MS analysis of hydroxylation activity of KtzO and KtzP on PCP-tethered glutamic acid. A)
apo-A*PCP; with an apparent mass of 22343 Da. B) control reaction: A*PCP; loaded with synthetic
Coenzyme A glutamic acid by Sfp and incubated for 2h. The mass shift of 470 Da shows that ppan-S-Glu
was transferred on the PCP domain. C) A*PCP; after incubation with aKG, (NH,),Fe(SO,), and KtzO,
preceded by incubation with Sfp and CoA-S-Glu. The mass difference of 16 compared with B) indicates
hydroxylation of the PCP-bound glutamic acid. D) Same as C, but after incubation with KtzP. Hydrolysis is
observed for B and C and D, and the mass of 22684 Da corresponds to the holo-A*PCP;. E) Typical MS
analysis of PCP; loaded with CoA-S-Glu by Sfp and incubated with KtzP for 60 min at 28°C. The holo-PCP;
peak with 11,678 Da was observed as hydrolysis of the PCP5-S-Glu. The peak at 11,823 Da has a mass shift
of 145 Da compared to the holo-peak, which corresponds to the mass of the hydroxylated glutamic acid
moiety bound as thioester. MS-analysis for KtzO assays were similar (data not shown).
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Reactions conducted with the single PCP; (PCP5-S-Glu), also revealed a mass shift of 16
Da, indicating that hydroxylation occurred (Figure 5.13 E). These findings demonstrate
that both KtzO and KtzP are indeed non-heme iron(il)- and alKG-dependent oxygenases
that catalyze the hydroxylation of PCP-tethered glutamic acid in vitro. The truncated A
domain observed in module three of KtzH is not required for hydroxylation of PCP-
bound substrate.

B-Hydroxylation and Stereospecificity. In order to confirm the Glu-B-hydroxylation and
to ascertain the stereospecificity of KtzO and KtzP, the threo and the erythro isomers of
[-OH-Glu were synthesized in collaboration with the group of Prof. Dr. C. T. Walsh based

on a previously published protocol (Figure 5.14)."®
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Figure 5.14: Synthesis of L-3-hydroxyglutamic acid as racemic mixture.”

The enantiomerically pure threo-L-hydroxyglutamic acid and the erythro-L-glutamic acid
were dabsylated to facilitate separation and identification by reversed phase HPLC-MS
as described in the Methods section. The hydroxylation assays were carried out as
described for PCP-bound glutamic acid followed by subsequent alkaline hydrolysis of the
PCP-S-hGlu thioesters. Co-elution analyses employing synthetic and dabsylated hGlu
standards revealed that KtzO and KtzP are stereospecific hydroxylases acting on the -
position of Glu. KtzO generates threo-L-hydroxyglutamic acid and KtzP catalyzes the
formation of erythro-hGlu (Figure 5.15). This system is the first example for a NRPS

where products with two isomers of a Cg modified amino acid are generated by two

" The synthesis of the hydroxyglutamic standards was carried out by Dr. Elizabeth M. Nolan as part of the
collaboration with Prof. Dr. C. T. Walsh (Harvard Medical School, Boston, MA, USA). The synthesis route is
based on a previously published protocol by Broberg et al.'®
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modifying enzymes that catalyze the very same reaction but with opposite

stereospecificity.
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Figure 5.15. Stereospecificity of KtzO and KtzP. KtzO and KtzP products were cleaved off the PCP,
derivatized with dabsyl-Cl, analyzed via HPLC-MS and compared with synthetic standards of the
dabsylated L-B-hydroxyglutamic acids. The KtzP product co-elutes with the Dab-L-erythro-hGlu and the
KtzO product with the threo form. High resolution mass spectrometric analyses of the peaks (observed
[M+H]"= 451.1287 m/z) are in accordance with the theoretical masses (451.1282 m/z).

Kinetic Parameter Determination Using CoA Analogs. The unstable nature of the
thioester bond between glutamic acid and PCP, as observed in the assays stated above
(Figure 5.13 BCD), makes it difficult to collect accurate biochemical data for determining
the kinetic parameters for KtzO- and KtzP-catalyzed reactions. Although different
strategies have been developed to circumvent thioester hydrolysis, e.g. amide
ligation,”® basic cleavage or thioesterase type Il mediated cleavage,’* a convincing
method for direct kinetic parameter determination of carrier protein ppan-thioesters
has not been established to date. The reported methods involve thioester cleavage, and
thus the amount of substrate hydrolyzed prior to cleavage is impossible to quantify.

1 where

The method introduced herein, inspired by work of the Bruner group10
phosphopantetheinyl thioester mimics, including amino-coenzyme A (NH,-CoA), were

used to manipulate the geometry of carrier domains in multidomain NRPS assemblies
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involves replacement of the labile thioester linkage with a hydrolytically stable amide
bond. Amino-coenzyme A was used as a synthetic precursor to prepare a non-
hydrolyzable amino coenzyme A coupled to glutamic acid (CoA-HN-Glu, Figure 5.16) as

detailed in the Methods section.
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Figure 5.16: Synthesis of amino coenzyme A and its coupling to glutamic acid.

Instead of starting the synthesis with trityl-diaminoethane resin, which was used in
previous studies, free pantothenic acid was used. The diol was protected and the
pantothenic acid was coupled to Boc-diaminoethane to vyield fully protected
aminopantetheine. After deprotection aminopantetheine was incubated with the three
coenzyme A biosynthesis enzymesfrT PanK, PPAT, DPCK,”*® which were recombinantly
expressed in E. coli, and ATP to yield the Coenzyme A analog, in which the thiol group is
replaced by an amine group. The amino-CoA was then coupled to the Boc-protected
glutamic acid using standard amide coupling reagents. Upon acidic in situ deprotection,
CoA-HN-Glu was obtained with an overall yield of 4% (Figure 5.16).

A*PCP3 was loaded with CoA-HN-Glu by Sfp to yield the A*PCPs-HN-Glu and MS analysis
revealed complete conversion of apo-A*PCP3; to A*PCP3-HN-Glu (Figure 5.17 A). After

incubation with either KtzO or KtzP, aKG and ferrous iron, a mass shift of 16 Da was

" The three coenzyme A biosynthesis enzymes were expressed from plasmids provided by Dr. Eric R.
Strieter (Harvard Medical School) during the course of the ongoing collaboration with Prof. Dr. C. T. Walsh.
Expression and purification was carried out by the technician Gabriele Schimpff-Weiland (Philipps-
University Marburg). Details on the expression and purification can be found in Liu et al.™®
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observed (KtzO, Figure 5.17 B, KtzP, Figure 5.17 C), demonstrating that KtzO and KtzP
catalyzed the hydroxylation of A*PCP3-HN-Glu.
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Figure 5.17: QTOF-MS analysis of CoA-HN-glutamic acid loading on A*PCP; and hydroxylation assays. A)
A*PCP; incubated with Sfp and CoA-HN-Glu. The mass shift of 453 Da compared to apo-A*PCP; (Figure
5.13 A, 22343 Da) is in agreement with the calculated ppan-HN-Glu addition. B, C) Incubation of ppan-HN-
Glu loaded A*PCP; with KtzO (B) or KtzP (C) yielded in a mass shift of 16 Da, suggesting hydroxylation.

The additional oxygen introduced by the hydroxylation reaction is of no consequence for
the ionization properties of the examined protein. Thus, the mass spectrometer counts
for the loaded A*PCPs-HN-Glu and its hydroxylated form were used to determine the
percentage of the hydroxylated protein species relative to the non-hydroxylated one. By
variation of the A*PCP3-HN-Glu concentration (10 to 450 uM), it was possible to
measure the starting velocities and therefore to determine Michaelis-Menten kinetic

parameters (Figure 5.18).
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Figure 5.18: Michaelis-Menten plots of KtzO and KtzP-mediated hydroxylation of A*PCP-HN-Glu.
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For KtzO catalyzed hydroxylation the kinetic parameters were: Ky 121.5 + 28.1 mM and
Keat= 0.34 + 0.03 min™, leading to a catalytic efficiency of kear/Kv= 2.810°% min? uM'l; and
for KtzP they were: Ky 168.9 + 44.0 mM and k= 0.44 + 0.05 min’?, leading to a catalytic
efficiency of keat/Km= 2.610° min'lp.M'l. A*PCP3; was chosen for kinetic measurements
over the single PCP as its production level and its ionization properties are much better.
However, the incubation of the single PCP with KtzO or KtzP yielded the same
conversion percentage (data not shown), indicating that that similar kinetic properties

should be expected.

5.2.3.2 Substrate specificity

To further characterize KtzO and KtzP, their substrate specificities were evaluated. Free
amino acids (L-Glu, p-Glu), different PCP-bound amino acids, especially aspartic acid
because of its observed activity in KtzN adenylation assays (Figure 5.21), CoA-S-Glu as
PCP mimic as well as a non-cognate PCP domain from the CDA biosynthetic cluster

(Figure 5.1) were considered and the results are summarized in Table 5.5.

[M+H]* [M+H]*

Substrate [M+H]* Hydroxylation
hydroxylated observed

L-glutamic acid 148.1 164.1 148.1 no
D-glutamic acid 148.1 164.1 148.1 no
CoA-S-L-Glu 897.2 913.2 897.2 no
CoA-S-D-Glu 897.2 913.2 897.2 no
KtzHA*T3-S-L-Glu 22813 22829 22829 yes
KtzHA*T3-S-D-Glu 22813 22829 22813 no
KtzHT3-S-L-Glu 11807 11823 11823 yes
KtzHT3-S-D-Glu 11807 11823 11807 no
KtzHA*T3-HN-L-Glu 22796 22812 22812 yes
KtzHT3-HN-L-Glu 11790 11806 11806 yes
CDA-PCPs-S-L-Glu 12616 12632 12632 yes
CDA-PCPg-HN-L-Glu 12599 12615 12615 yes
KtzHA*T3-S-L-Leu 22797 22813 22797 no
KtzHA*T3-S-L-Phe 22831 22847 22831 no
KtzZHA*T3-S-L-Asp 22799 22815 22799 no
KtzHA*T3-S-L-Asn 22798 22814 22798 no
KtzHA*T3-S-L-GIn 22812 22828 22812 no

Table 5.5: Substrate specificity of KtzO and KtzP.

Interestingly, KtzO and KtzP are both able to hydroxylate glutamic acid bound to a non-
cognate PCP, in this case the ninth PCP domain of the CDA NRPS assembly line (CDA-
PCPy) (Figure 5.19).
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Figure 5.19: Hydroxylation assay with the non-cognate PCP of the ninth module of the CDA synthetase. A)
MS analysis of apo-CDA-PCPy; B) apo-CDA-PCPg loaded with CoA-S-Glu by Sfp. Hydrolysis occurred as
observed by the holo-peak of CDA-PCP, (12,487 Da). C) CDA-PCP.-S-Glu after incubation with KtzO, the
recorded mass shift of 16 Da indicates hydroxylation. KtzP spectra showed similar patterns (data not
shown). As hydrolysis occurred, the kinetic measurements were carried out using CoA-HN-Glu.

The kinetic parameters for this reaction were determined for both hydroxylases (Figure
5.20) in the same way as described for the cognate PCP domain, i.e. by the usage of the

non-hydrolyzable CoA analog coupled to glutamic acid.
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Figure 5.20: Michelis-Menten-Plot of the starting velocities vs. the substrate concentrations for CDA-PCPg-
HN-Glu hydroxylation by KtzO and KtzP. The values are in the same range as for the cognate PCP.

It was found that KtzO and KtzP were similarly efficient in hydroxylating CDA-PCPg-HN-
Glu compared with A*PCP3-HN-Glu in vitro. The kinetic parameters for CDA-PCPy-HN-Glu
hydroxylation by KtzO were Ky 123.3 £ 10.9 mM and ket= 0.33 £ 0.01 min'l, leading to a
catalytic efficiency of keat/Km= 2.7'10"3’min'1uM'1 and for KtzP they were Ky 148.5 +
21.1 mM and kei=0.42 £ 0.02 min'l, leading to a catalytic efficiency of ket/Km= 2.810°

min'luM'l.
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5.2.4 Adenylation Activity of KtzN

Adenylation activity of KtzN was tested, because it was postulated that this enzyme
loads the third PCP domain of KtzH with glutamic or 3-hydroxyglutamic acid in trans and
thus substitutes for the activity of incomplete A* domain in module three of KtzH.™®
Analysis of the primary sequence within substrate-binding pockets of adenylation
domains allows for the prediction of A domain selectivities. KtzN was predicted to be
specific for glutamic or aspartic acid in agreement with the primary structure of
kutznerides. To obtain experimental evidence for the proposed specificity of KtzN, the

ability of the recombinant MBP-fusion protein to reversibly adenylate various amino

acids was tested by using the well established ATP/PPi exchange assay*** (see Methods).
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Figure 5.21: Adenylation activity of KtzN. Control 1 is without ATP, control 2 is without enzyme, hGlu,
racemic mixture of 3-hydroxyglutamic acid.

KtzN showed a preference towards reversible formation of L-Glu-AMP with modest
activation of L-Asp (Figure 5.21). Incubation without ATP or enzyme as well as incubation

with hydroxyglutamic acid showed no significant formation of radioactive ATP.
5.2.5 In Trans Activity of KtzN

Another intriguing factor regarding tailoring of hGlu and the kutzneride assembly line is
the mechanism of activation and transfer of the glutamic acid onto the third PCP domain
of KtzH. It was postulated that the stand-alone adenylation domain KtzN (Figure 1) acts
as an in trans substitute domain for the truncated A* domain in the third module of KtzH
by activating glutamic acid as an amino acyl adenylate, and transferring it to the third
module.® KtzN was shown to activate glutamic acid (see 5.2.3.3), but the transfer event

and factors that may mediated this reaction, such as protein-protein interaction, the
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role of the hydroxylases or A*, are unknown. To evaluate what protein-protein
interactions are required for Glu transfer by KtzN and to gain more mechanistic insight
into this unusual NRPS recovery strategy, Glu transfer was monitored in an assay
containing recombinant KtzN (Glu A domain), ATP, L-Glu, holo-A*PCPs and in the absence
or presence of one hydroxylase (KtzO or KtzP), aKG and ferrous iron as described in the

Methods section.
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Figure 5.22: MS analysis of coupled glutamic acid transfer assays. A) Incubation of KtzN with holo A*PCP;,
KtzO (red trace) or KtzP (green trace) and their co-substrates yielded the transfer of glutamic acid and
subsequent hydroxylation by KtzO and KtzP. No transfer of glutamic acid by KtzN was observed without
hydroxylase added (blue trace). B) Role of A*: The KtzN coupled assay was carried out as in A, but the
single PCP was used instead of A*PCP of the third module of KtzH. In all cases, only holo-PCP was detected
after the coupled assays.

MS-Analysis of the assay of KtzN with holo-A*PCP; in the absence of hydroxylase
revealed that no glutamic acid was transferred (Figure 5.22, blue trace). Upon addition
of either KtzO (Figure 5.22 A, dark red trace) or KtzP (Figure 5.22 A, green trace), co-
substrate and cofactor, glutamic acid was transferred onto A*PCP; and subsequently
hydroxylated. The reaction was either not complete or hydrolysis of the PCP-S-hGlu
thioester occurred prior to analysis, indicated by the prominent holo-A*PCP; peak
(Figure 5.22 A). To evaluate the role of the truncated adenylation domain A*, the assay
was carried out using the single PCP3 domain instead of A*PCP;. MS analyses showed
that no glutamic acid was transferred regardless of the presence or absence of any

hydroxylase (Figure 5.22 B).
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5.3 Rational Manipulation of B-Hydroxylases for the Synthesis of

Pharmaceutical Relevant Agents

L-THA (L-threo or (2S,3S)-3-hydroxyaspartic acid), the B-hydroxylated form of L-aspartic
acid, is of current medicinal interest because it inhibits the function of excitatory amino

% As the key player in primary

acid (EAA) transporters as a L-glutamic acid mimic.
neurotransmission in the mammalian central nervous system (CNS) the Ilatter
participates in diverse and complex neuronal communication by activating a broad

226

assortment of the EAA receptors.”” With its potential to over-activate these receptors

227
Thus,

L-glutamate can contribute to CNS damage in acute injuries or chronic diseases.
regulation of extracellular L-glutamate concentration, carried out by the EAA
transporters, is crucial. A readily available source of L-THA could help to further
investigate complex signaling processes.

The synthesis of L-THA is a challenging task for the organic chemists, therefore a direct
stereospecific enzymatic route is more favorable. The development of the enzymatic
L-THA synthesis is described in the following paragraphs. The acquired knowledge on the
origin and mechanisms underlying B-hydroxylated amino acid biosynthesis facilitated
rational manipulation of the substrate specificity of AsnO.

AsnO, which was shown to stereospecifically synthesize (2S5,3S5)-3-hydroxyasparagine
(see chapter 5.1.3), binds the carboxamide function of the asparagine substrate via the
side chain of the aspartic acid residue 241 (D241) as shown in the crystal structure
(Figure 5.7 B). In this study, the residue 241 was exchanged by site-directed mutagenesis
to asparagine in order to generate a binding site for the side chain of the aspartic acid
substrate. The D241N AsnO variant was able to directly hydroxylate aspartic acid at the
aliphatic B-position. Furthermore the manipulated enzyme was biochemically
characterized and it became evident, that a highly specific hydroxylase was generated.
The AsnO variant exclusively accepted aspartic acid as a substrate and generated L-THA

in enantiomerically pure form, even on a semi-preparative scale.
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5.3.1 Recombinant Expression of asnO D241N

kDa  AsnO AsnO D24IN was constructed by site-directed

ot mutagenesis with the pQTEV(asnO) expression vector
18?50 as template. The 721" asnO base guanine was
ég mutated to adenine. This resulted in an asparagine
50 W codon (AAC, bases 721-723) which replaced the
0 - originial GAC aspartic acid codon. Therefore the gene
30 product is the AsnO D241N variant, which was

expressed in E. coli BL21 (DE3) as described in the

Figure 5.23: SDS-PAGE analysis of
purified recombinant AsnO D241N

(38.9 kDa). Protein marker was  rified by Ni-NTA affinity chromatography. The
Fermentas PageRuler.

Methods section. The recombinant protein was

concentrated enzyme was analyzed by SDS-PAGE and
visualized using Coomassie dye (Figure 5.23). The final protein yield per liter culture after

purification and concentration was 6 mg.

5.3.2 Iron Content Determination of AsnO

The iron content of the non-heme iron(i) and aKG dependent dioxygenases AsnO
D241N was determined analogously to 5.1.2 and 5.2.2 using the Ferene S dye.212 The
same standard curve for calibration of the Ferene S-iron complex was used (Figure 5.2).
The Asgznm-value for AsnO D241N was 0.007 corresponding to 0.62 nmol. As 10 nmol of
the enzyme were used, this value corresponds to 6.2% iron content. Again, the low iron
content is either due to oxidation or the iron was exchanged with other divalent ions
during the purification steps. Therefore in all subsequent assays ferrous iron in form of
ammonium ferrous iron sulfate was added to grant a constant supply of ferrous iron

cofactor.
5.3.3 Characterization of AsnO D241N

5.3.3.1 Hydroxylation Activity of AsnO D241N

Aspartic Acid Hydroxylation. To evaluate the activity of AsnO D241N on an analytical
scale, the purified enzyme was incubated with aspartic acid, (NH4),Fe(SQ4),, as source of
the ferrous iron cofactor, and aKG co-substrate at different temperatures. The reaction

was monitored and the identity of the reaction product was proven by HPLC-MS analysis
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by scanning for the masses of aspartic acid ([M+H]*= 134.05 Da) and its hydroxylated
form L-THA ([M+H]"= 150.04 Da), respectively.
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Figure 5.24: HPLC-MS activity analysis of AsnO D241N. A) Control without enzyme added. Only the mass of
L-Asp (green trace) is observed, while L-THA (red trace) is not detected. B) Enzyme Assay. Almost all of the
starting material (red trace) was consumed by the enzyme to generate L-THA (green trace).

The HPLC-MS chromatogram (Figure 5.24 B) of the assay after incubation of Asp with
AsnO D241N revealed nearly quantitative conversion to L-THA at 16°C. In the control
reaction without enzyme added (Figure 5.24 A), only the substrate L-Asp was observed.
Complete conversion was only observed at 16°C; higher temperatures yielded in 80, 67,
55 and 32% conversion for 20, 25, 30 and 37°C (data not shown).

Kinetic Parameter Determination. As the L-THA standard was commercially available, it
was possible to determine if the additional hydroxyl group of L-THA influences the
ionization properties compared with Asp. MS analysis in the positive mode revealed that
both compounds show same ionization patterns. Therefore, kinetic parameters were
determined directly by MS analyses using extracted ions counts instead of FMOC or
dabsyl derivatization. To determine the kinetic parameters of the variant, assays with
5 uM enzyme were quenched at appropriate time points for different substrate
concentrations (50 uM to 2 mM), by addition of perfluoropentanoic acid, which also acts
as an ion pairing reagent for HPLC-MS analysis. The reaction follows Michaelis-Menten

kinetics (Figure 5.25).
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Figure 5.25: Michaelis-Menten and Lineweaver-Burk plots of AsnO D241N-mediated Asp hydroxylation.

The Lineweaver-Burk plot facilitated kinetic parameter calculation and revealed an
apparent Ky of 0.46 + 0.03 mM for the AsnO D241N variant. The k.t was determined to
1.0 £ 0.1 min, which afforded a catalytic efficiency of keat/Km= 2.2 £ 0.4 min mM™.

5.3.3.2 Substrate Specificity

The substrate specificity of the AsnO variant was evaluated by incubation of the enzyme

with different amino acids overnight at 16°C (Table 5.6).

Substrate Calculated Mass
Amino Acid  [M+H]"  [M+H]" Product Observed Hydroxylation
L-Asp 134.0 150.0 150.0 yes
D-Asp 134.0 150.0 134.0 no
L-Asn 133.1 149.1 133.0 no
L-Glu 148.1 164.1 148.2 no
L-GIn 147.1 163.1 147.2 no
L-lle 132.1 148.1 132.2 no
L-Phe 166.1 182.1 166.1 no
L-Trp 205.1 221.1 205.3 no
L-Val 118.1 134.1 118.0 no

Table 5.6: Evaluation of the substrate specificity of AsnO D241N.

LC-MS analyses of these assays showed that the engineered protein exclusively accepted
L-Asp as its cognate substrate. Neither the AsnO wild-type substrate L-Asn nor L-Asp-
related amino acids, like L-Glu and or the p-isomer of Asp, or representatives of other

amino acid classes were accepted as substrates for protein-mediated hydroxylation.
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5.3.4 Preparative Enzymatic Synthesis of L-THA

To evaluate the ability of the AsnO D241N variant to be used as an alternative to
classical organic L-THA synthesis, the enzymatic reaction was carried out on a
preparative scale (10 uM enzyme, 14.2 mM L-Asp, 18 mM aKG in 10 mL buffer) at 16°C
for 14 hours. The reaction was analyzed by HPLC, equipped with a chiral column to
distinguish between possible threo- and erythreo-products and absorbance was
measured at 220 nm and compared with authentic L-3-hydroxyaspartic acid standards
(Tocris Bioscience, Ellisville, USA). The overlaid HPLC traces (Figure 5.26 A) of
L-erythro-hydroxyaspartic acid (Figure 5.26 A, orange), L-aspartic acid (Figure 5.26 A,
green), L-threo-hydroxyaspartic acid (Figure 5.26 A, red) and the enzyme assay (Figure
5.26 A, black) revealed that the only reaction product co-elutes with the L-THA standard.
L-erythro-hydroxyaspartic acid was not observed. Integration of the starting material and

product peaks evidenced 70% conversion of L-Asp to L-THA.

A L-erythro-hydroxyaspartic acid standard ~ —— L-Asp standard B
— L-threo-hydroxyaspartic acid standard —— AsnO D241N assay
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Figure 5.26. Analysis of preparative assay via chrial HPLC. A) The HPLC chromatogram shows the standards
of L-erythro-hydroxyaspartic acid (orange), L-aspartic acid 2 (green), and L-THA 1 (red). The main product
peak of the assay (black) co-elutes with L-THA and its integral revealed 70% conversion at 16°C. B) “C-
NMR spectra of 1,4-"C-labeled aspartic acid (green), unlabeled L-THA standard (red) and reproduction of
the assay with 1,4-"C-labeled 2 (black). The signal at 169.97 ppm proves that L-THA is generated and the
13C—integral confirmed 70% conversion.
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The identity and conversion from Asp to L-THA in the reaction mixture was validated by
employing 1,4-C-labeled Asp (Cambridge Isotopes, Andover, USA) in the assay for NMR
analysis. The labeled aspartic acid was used to observe specific *>C-NMR signals for Asp
and L-THA as well as to suppress interfering carbon signals from aKG co-substrate and
succinate, its decomposition product. The NMR spectrum of the reaction mixture (Figure
5.26 B, black) shows that the two signals (0= 173.36, 171.19 ppm) of L-Asp (Figure 5.26
B, green) are shifted towards the L-THA signals (Figure 5.26 B, red, 6 = 173.42, 169.87
ppm). Integration of the *C signals revealed 70% conversion, in agreement with product
guantification from the HPLC-assays. In this one-step enzymatic reaction,
enantiomerically pure L-THA was isolated in 68% vyield (14.8 mg, 0.1 mmol) following

preparative HPLC and freeze-drying of the L-THA-containing fractions.

105



Discussion

6. Discussion
6.1 B-Hydroxylated Acidic Lipopeptide Antibiotics Precursors

Natural products from traditional microbial sources have played an important role as
valuable antibiotics and other drugs but interest in them waned in the 1990s when
major pharmaceutical companies decided that their discovery was no longer cost-
effective and instead concentrated on synthetic chemistry as a source of novel
compounds.”? With the development of molecular genetic methods to isolate and
manipulate the complex microbial enzymes that produce natural products, unexpected
chemistry has been revealed and interest in the compounds has again flowered.” An
excellent example is the success story of the clinically approved daptomycin, which is
produced by S. roseosposrus and is used for the treatment of skin infections and
bacteremia caused by multi-drug resistant bacteria, including MRSA and VRE.'®
Daptomycin belongs to a new class of potent antibiotics. Members are beside the
aforementioned daptomycin,'’® the complex A54145,'®% produced by S. fradiae, the
calcium-dependent antibiotics (CDA),*"° produced by S. coelicolor and other
actinomycete-produced antibiotics. The acidic lipopeptides contain various non-
proteinogenic amino acids, which are often highly functionalized by the action of
modifying or so called tailoring enzymes.™>*® Little was known about the origin of the
non-proteinogenic amino acids as well as the mechanisms underlying their generation
when this study was initialized.'”® Furthermore the mode of action of these tailoring
enzymes was not clear, as they could either functionalize an amino acid prior to, during
or after the non-ribosomal assembly of the antibiotic.'®

This study revealed the origin of the hAsn residues found in CDA and A54145. By
biochemical characterization of AsnO and LptL, it was shown that these enzymes are
non-heme iron(1)- and aKG- dependent dioxygenases, which are directly involved in
3-OH-asparagine precursor synthesis. It was possible to exclude an in trans mechanism
by incubation of the tailoring enzyme with Asn bound to the cognate carrier protein.
Furthermore, kinetic parameter and substrate specificity determination showed that
AsnO and LptL are highly specific and fast hAsn precursor biocatalysts.

Remarkably, the crystal structure of AsnO facilitated the determination of the exact

stereochemistry of the hAsn residue found in CDA. Additionally, it allowed prediction of
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the substrate specificity of uncharacterized hydroxylases from other microbial sources,
by comparison of the AsnO structure with homology models of putative oxygenases. In
fact, the motivation to characterize LptL, was the result of these predictions as a proof of
principle. Notably, it turned out to be correct.

In summary, the characterization of AsnO and LptL elucidated the mechanism of hAsn
incorporation during CDA and A54145 assembly and together with 3D structural
information from AsnO, it might facilitate the generation of novel, B-hydroxylated NRPS

building blocks.
6.1.1 Biochemical Characterization of AsnO and LptL

Sequence Analyses. On the basis of sequence homology to the known iron(il) and oKG
dependent oxygenases MppO,*** VioC*! and CAS**° (Figure 6.1), the asnO and IptL gene
were identified within the biosynthetic gene cluster of CDA and A54145 respectively as

putative hydroxylases involved in hAsn formation.

ASN0 mesemmsema e MAANAAGPASRYDVTLDQSDAELVEEIAWKLATQATGRPDDAEWVEA 47
IpEL =s=mems—mmemaaas BMEPENIR——————— FTLSEAERDDVAALAQELTRARPGLVDEREWLDR 40
HMppll se=coosasoamams oo masases MLTLHLQDDDVAAIDAVADELS-RRYDSVESTEFQAE 36
VioC MTESPTTHHGAAPPDSVATPVRPWSEFRLTPAEAAAAAALAARCA-QRYDETDGPEFLLD 59

CAS ————mmmmm e m MTSVDCTAYGPELRALAARLPRTPRADLYAFLDA 34
* - .
AsnO ARNAWHAWPATLRRDLAGFRRDSGPDGAIVLRGLPVDSMGLPPTPRVN--GSVQREASLG 105
Lptl, CRTLSCHLPARLQDRLRAFRHDPGPTGRLLLRNLPAADS-VPATPREP--DSVERRATLS 97
MppO SRLYADELPRRVRRALHEYRSTEKS-GILVVTGLPVDDSALGATPADRRHKPVPSTSLRQ 95
VioC APVIAHELPRRLRTFMARARLDAWP-HALVVRGNPVDDAALGSTPVHWRTARTPG-SRPL 117
CAS AHTAAASLPGALATALDTFNAEGSEDGHLLLRGLBVEADADLPTTPSSTPAPEDRSLLTM 94
* . . . s . * *
AsnO AAVLLMTACGLGDPGAFLPEKNGALVQDVVEVEGMEEFQGNAGS-TLLTFHNENAFHEHR 164
LptlL, ASVLCALSMELGDVIAYRNEKQGALVQNVVPVPGREGQQSNAGS-VPLEMHETENAFHPHR 156
MppO DIAFYLIANLLGDPIGWATQQDGFIMHDVYPVQGFEHEQIGWGSEETLTWHTEDAFHPLR 155
VioC SFLLMLYAGLLGDVFGWATQQDGRVVTDVLPIKGGEHTLVSSSSRQELGWHTEDAFSPYR 177
CAS EAMLGLVGRRLGLHTGYRELRSGTVYHDVYPSPG-AHHLSSETSETLLEFHETEMAYHRLQ 153

: . * & .l 2.% 2 HIL % . % * . *: :
AsnO PDFVMLLCLRADPTGRAGLRTACVRRVLPLLSDSTVDALWAPEFRTAPPPSFQLSGPEE- 223
LptL PDYVGLFCVRSDHDRAAGLRVASVRAVMDHLDAGTREMLRQPLFTTEPPPSFGRPDSGT- 215
MppO TDYLGLMCLRNP----DGVETTACDIADVEIDDETRETLSQERFRILPDDAHRIHGKAPG 211
VioC ADYVGLLSLRNP----DGVATTLAGVPLDDLDERTLDVLFQERFLIRPDDSHLQVNNSTA 233
CAS PNYVMLACSRADHERTAATLVASVRKALPLLDERTRARLLDRRMPCCVDVAFRGGVDDPG 213
. e K * - . * * . .
ASND ————mmm s e e APAPVLLGDRSDPDLRVD--LAATEPVTERAAREALR 257
Lptl, —ommee e e e e e KPHAVLTGDAEDPDIRVD--FHATHTSDPWGRQAME 249
MppO DESARESALRERSRQRVASALESPDPVAVLFGDRDDPYLRIDPHYMQGVQG-ETEQRALE 270
VioC QQGRVEFEG——————— TAQAADRPEPVAILTGHRAAPHLRVDGDFSAPAEGDEEAAAALG 286
CRE i o i s i o o s 1t 1t o 8 AIAQVKPLYGDADDPFLGYDRELLAPEDP--ADKEAVA 249
* * * . * * -

AsnO ELQAHFDATAVTHRLLPGELAIVDNRVTVHGRTEFTPRYDGTDRWLQRTFVLTDLRRSRA 317
LptL ALAEAVRTVSEELVLEPADLVYVDNRVALHGRTAFVPRYDGQDRWLQRAFVHLDHRRSRA 309
MppO TIGAAIDDAMSGVVLSPGDIVFIDNYRVVHGRKPFRARFDGTDRWLRRLNIARDLRKSRE 330
VioC TLRKLIDASLYELVLDQGDVAFIDNRRAVHGRRAFQPRYDGRDRWLKRINITRDLHRSRK 346

CAS ALSKALDEVTEAVYLEPGDLLIVDNFRTTHARTPFSPRWDGKDRWLHRVYIRTDRNGQLS 309
: . * Lo L x ok . M. * * _*xsk* s> x -8 : ®

Figure 6.1: ClustalW alignment of AsnO, LptL with known non-heme iron oxygenases. The conserved iron
binding HXE...H motif (shaded in red) as well as two Arg were found 14/18 residues after the second His,
thought to responsible for aKG-binding (shaded in green).
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AsnO and LptL contain the conserved iron binding motif HXE...H and the conserved
arginine residues thought to be responsible for co-substrate aKG binding."* They
perfectly align with sequence homology of 40% or more with the known free amino acid
precursor generating enzymes MppO and VioC. Furthermore they are similar to CAS
(clavaminate synthase from S. clavuligerus), thus they are likely to belong to the CAS-like
non-heme iron and aKG dependent oxygenases subclass rather than to the E. coli
taurine catabolism enzyme TauD-like subclass of this enzyme family.228

Catalysis. When an excess of the ferrous iron co-factor was added (see iron content
determination 5.1.2), the two enzymes were indeed capable to functionalize the

unreactive B-position of asparagine by hydroxylation (Figures 5.3 and 5.9). The following

mechanism for this reaction can be proposed (Figure 6.2):

Overall Reaction:

5 0
H,N \:)J\OH LptL / AsnO and O, . HzN\:)J\OH
e 7N "y on

o

(0] (0] (0]
Asn HO OH HO\H/\)LOH B-hydroxy-Asn
o o O +CO,
a-ketoglutaric acid succinic acid +
carbon dioxide
Detailed Mechanism: /R =Asn
H
H
20 GIU lII,F ||'\O:/EO 02
R-H HiS( le\o/ R
His
/R
OH,
Glu ,, | "“O O
His ™| © o= KC
His ~
CO,
R-OH =hAsn R
+ succinate :
+ CO2 OH
(6]0)
aKG Glusgl T2
. ,'Fe\ JL -
His ™| 0~ R

His

Figure 6.2: Proposed reaction mechanism for AsnO and LptL catalyzed hAsn formation.
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Like other members of the iron(il)/aKG-dependent oxygenases,**’ AsnO and LptL
decarboxylate o-ketoglutarate by utilizing dioxygen to generate carbon dioxide,
succinate and a reactive oxidizing species that mediates substrate oxidation (Figure 6).
One of the oxygen atoms from O, is incorporated into succinate and the other into the
alcohol of the product. It is proposed that after substrate binding iron(i1) and oxygen
react to give a Fe(ll)-superoxo species. The anion subsequently attacks the 2-ketogroup
of aKG, which is activated by the Lewis acidity of the iron. This reaction leads to a
persuccinate species, and after its collapse results in a potent Fe(iv)=0 species, which in
turn abstracts a hydrogen radical from the substrate asparagine B-CH, group. This
results in a close proximity of the Fe(in)-OH and the substrate radical in the active site.
Radical recombination involves OH transfer to the substrate radical, yielding the
observed alcohol product and regenerating the starting iron(i1)-oxidation state (Figure
6.2). The key to the catalytic strategy is the generation of the high-valent oxoiron
(Fe(iv)=0) species that removes a hydrogen atom from even the most unactivated
carbon sites of a bound substrate. **°

Kinetics. It was possible to determine the kinetic parameters for AsnO and LptL-
mediated hydroxylation by FMOC-CI quenching and derivatization of the Asn starting
material and the hAsn product. The results together with parameters obtained for

different small molecule modifying oxygenases are presented in Table 6.1:

Enzyme Substrate Kv (UM)  keat (min™)  Keat/Km (min"luM'l) Source
AsnO asparagine 479 299 0.62 this study
LptL asparagine 584 531 0.91 this study
VioC arginine 3400 2611 0.77 Helmetag''!
CAS (2S,3S)-pro-clavaminate 190 45.9 0.24 Salowe®”®
PtiH 1-deoxypentalenic acid 570 252 0.44 You®®
RdpA  2-(4-chloro-2-methyl- 380 252 0.66 Miiller®®!

phenoxy)-propionic acid

Table 6.1: Kinetic parameters of AsnO, LptL and other small molecule hydroxylating enzymes.

The general trend of this enzyme class is that the higher the affinity (low Ky) to the
substrate is, the slower the enzyme is. In the case of the clavaminate synthase,
resembling the smallest Ky value with 190 uM only 46 molecules are converted within a
minute, whereas in the case of VioC, the arginine B-hydroxylase involved in viomycin

synthesis, with the Ky being in the 3 mM range, over 2600 substrate molecules are
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converted. All enzymes have been characterized in vitro, therefore these kinetic
parameters have to be taken cautious as they might not represent the in vivo situation.
However, a general trend is present, i.e. that these small molecule oxygenases are
relatively fast compared to NRPS enzymes (kc: approximately 1/min) and that they are
all similarly efficient. With a kc.t/Km value of 0.91 min'luM'l LptL was found to be the
most efficient known small molecules modifying oxygenase known so far in vitro. By

111

being that efficient and fast, the NRPS related enzymes AsnO, LptL and VioC™ " as well as

the PKS related enzyme PtIH*3

grant a constant supply of the corresponding substrate
for the molecular assembly line. Although these oxygenases are relatively fast compared
with the NRPS, they are still much slower than enzymes involved in the primary
metabolism. Therefore the oxygenases are unlikely to interfere with the primary
metabolism by snatching essential amino acids or precursors.

Substrate Specificity and Incorporation Mechanism. AsnO and LptL were both found to
have a stringent substrate specificity. They only catalyze the conversion of Asn to hAsn,
and neither other free amino acids nor the corresponding p-isomer of Asn are accepted
as substrates (Tables 5.1 and 5.3). They both exclusively modify the free amino acids,
whereas carrier bound asparagine was not hydroxylated. Therefore, they are both fast
and efficient precursor generating enzymes. This finding was somewhat unexpected as
AsnO and LptL were predicted to work on the PCP-tethered Asn.'®

Based on these results, for AsnO the following mechanism of hAsn generation, activation

and incorporation into the growing CDA peptide chain could be postulated:

NH, O NH, O

1
Ho\n/'\/”\NHz 7T> Ho\n/‘\‘)LNHZ
O O OH

(29)-asparagine oKG  succinate (25 35)-3-hydroxyasparagine
P2 G0y ety ATP PP, S-(2R,3S)-hAsn

1) Hydroxylation by AsnO 2) hAsn adenylation by A-domain 3) Loading of PCP - thioester formation

4) Epimerization of hAsn to D-hAsn by E-Domain  (8) Elongation of the CDA-peptide chain and product release

Figure 6.3: Reaction sequence scheme for hAsn generation, activation, epimerization and incorporation
during the biosynthesis of cyclic CDA peptides bearing hydroxylated asparagines at position 9.
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After activation of the amino acid as hAsn-AMP, a thioester with the sulfhydryl-group of
the PCP-cofactor 4’phosphopantheteine could be formed. The PCP domain then would
transfer hAsn to the E domain, where it is converted from the 2S5,3S to the 2R,3S
configuration. After that, the latter one would be accepted by the neighboring
condensation domains, which catalyze the peptide bond formations. Subsequent chain
elongation and product release would yield naturally occurring CDAs with hydroxylated
D-Asn-moieties at position nine of the peptide backbone (Figure 6.3). Interestingly, in
mature CDA only p-hAsn, which is generated by the epimerization (E) domain of the
ninth module (Figure 6.3), is found. Although the recombination of the cognate
adenylation domain turned out to be difficult, one may postulate that the A domain of
the ninth module preferably accepts hAsn but is also capable for L-Asn activation with
reduced efficiency. The latter is due to the fact, that derivatives of CDA with Asn instead
of hAsn at the canonical position were isolated from AasnO-deletion mutant strains with
decreased CDA production.186

For the origin of the hAsn residue found at position three of the A54145 backbone, the

following mechanism is reasonable:

module 3 module 4

NH, O NH, O

1
HO. HO. ——> A54145
\n)\/u\NHz v N NNHZ —
(0] . v O OH
(2S)-asparagine o succinate (g 35)-3-hydroxyasparagine
Fe?* €O, @Sasyhaen ATP PP S-(2R.3S)-hAsn
1) Hydroxylation by LptL 2) hAsn adenylation by A-domain 3) Loading of PCP - thioester formation

4) PCP-bound hAsn residue awaiting condensation (8) Elongation of the A54145-peptide chain and product release

Figure 6.4: hAsn generation, activation and incorporation scheme during A54145 biosynthesis.

LptL directly hydroxylates the chemically unreactive -position of Asn. The adenylation
domain of the third module of the first A54145 NRPS then should activate the hAsn as
AMP, which subsequently could be attacked by the cognate PCP domain. The PCP-
tethered hAsn is presented afterwards to the third condensation domain, and the
formed tripeptide bound to the carrier protein should be further elongated
downstream. After elongation is completed, the tridecapeptide is transferred to the TE

domain, and mature A54145s with hAsn at position 9 are cleaved off by cyclization.
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A Domain Analysis. Again, the recombinant production in E. coli of the Streptomyces’
adenylation domain (module three of the A54145 NRPS), only yielded insoluble protein.
The alignment of the primary sequence with PheA,* the adenylation domain used for
the determination of the specificity-conferring code of adenylation domains in non-
ribosomal peptide synthetases,” revealed a similar binding pocket composition
compared with the ninth A domain of the CDA cluster (Table 6.2). The latter is likely to
activate the hAsn as amino acyl AMP, which is discussed above.

Residue numbers, referring to the corresponding position in PheA
Amino acid Adomain 235 236 239 278 299 301 322 330 331 517

Phe PheA D A W T I A A \ C K
Asn BImX1 D L T K \ G E \ G K
Asn BImVI2 D L T K \ G E \ G K
Asn LptC4 D L T K \Y G D \ S K
hAsn LptA3 D L T K \Y G D \ N K
hAsn CDAS D L T K Vv G E Vv N K

Table 6.2: Specificity residues for Asn and hAsn adenylation domains. The BIm A domains are from the S.
verticillus bleomycin cluster and LptC4 is from the 11" A domain of the A54145 cluster. Position 331,
located above the B-position of the amino acid within the binding pocket is highlighted.

Generally, as highlighted in bold letters in Table 6.2, usual Asn-activating A domains
contain either a small side chain at position 331, as in the case of LptC4 or no side chain

at all is found, as observed in the bleomycin®?

Asn A domains. The presumably hAsn
activating A domains from the A54145 and CDA clusters contain an asparagine residue at
this position, which could stabilize the additional oxygen at the B-position. This
hypothesis is supported by the PheA structure, the prototype A domain involved in
gramicidin S biosynthesis.** The structure elucidation of the Phe A domain of GrsA
allowed the identification of the residues, which provide the substrate amino acid
binding pocket, and led to the formulation of the specificity-conferring code of
adenylation domains. The PheA structure (Figure 6.5 A) revealed e.g. that all amino acid
A domains known hitherto contain aspartic acid at position 235 (relative to PheA
sequence) and lysine at 517. These are responsible for the binding of the a-amino and
a-carboxy function.

The structure of PheA (Figure 6.5 A) was manipulated in silico and the substrate Phe was
replaced by Asn. Furthermore, the cysteine residue 331 was mutated to asparagine
(C331N, Figure 6.5 B), which is the case in the likely hAsn activating A domains CDA9 and
LptA3 (see Table 6.2).
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Figure 6.5: In silico mutation of the PheA active site. A) Active site of PheA. B) Active site where the
substrate is Asn instead of Phe and the C331 is mutated to N331. In the C331N mutant model the distance
between the NH,-group of the carboxamide side chain of residue N331 and the B-position of the substrate
Asn is only 3 A, thus allowing tight interaction if the Asn B-position would be hydroxylated. The mutated
residues are shown in grey.

In the model (Figure 6.5 B), the NH,-group of the side chain of N331 is well positioned
for B-hydroxy coordination. Normal Asn activating A domains usually have a glycine or
serine at this canonical position. Therefore, the above depicted model supports the
hypothesis that hAsn rather than Asn activation is likely to occur for LptA3 and CDA9 A

domains, which further supports the postulated hAsn flow schemes (Figures 6.3, 6.4).
6.1.2 Crystal Structure of AsnO

General. The observed iron binding motif of the residues H155, E157 and H287, which
projects from the rigid B-barrel core of the iron(i1)/aKG-dependent oxygenases, fulfills a
role similar to that of the porphyrin ring in cytochrome P450 enzymes, which is a stable
platform to ligate the iron and the subsequently formed reactive intermediates.'*® The
presence of a jelly roll topology**! in AsnO like those in CAS, IPNS, and DAOCS, in which
active site residues are located on analogous strands of the core domain,'* implies a
divergent evolutionary relationship between AsnO and other members of the extended
family of aKG/iron(1)-requiring and related enzymes, e.g. the halogenase SyrBZ.162

Substrate Binding. As found by a BLAST search with the entire AsnO sequence as the
qguery, AsnO shares high sequence homology with several putative as well as

biochemically characterized non-heme iron(i)/aKG oxygenases (Figure 6.1), which

participate in the biosynthesis of NRPS products. On the basis of the AsnO crystal
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structure of the product bound state, five proteins exhibiting the greatest similarity were

2
3 These are

selected to generate 3D-homology models with Modeller 7 (not shown).
the putative proteins SCO2693 (57% identity),** produced by S. coelicolor, LptL (45%)
from Streptomyces roseosporus, Tob0** (37%) from Streptomyces sp. DSM 40477 and
the biochemically examined enzymes VioC'*? (33%) as well as MppO**® (31%) produced
by Streptomyces vinaceus and Streptomyces hygroscopicus, respectively. Strikingly, most

of the a-carboxy and a-amino group binding residues are conserved in the 3D-homology

models for all five proteins (Figure 6.6).

E125 N158
E130 N163
E117 N138
R305 E112 N145
R310 a137 O~ O D171
R297 Q115 D149 %%4461
R296 + o
raza  HN NH; 256 3'1,1 /HN/\ B D233
R318 \f \ \ ! 203 )\)\ N232
2.84 P @) D268
HgN., 5 NH3 O -7 D253
2.87_ AN \3 360/
0 280l
. . NH5 2291 D270
£ b “H-0 D200
HoN O OH O \
290 214 _ H
N146 O B go& \\2.78
SC02693 N151 H f \223 E157 Q Q144
TobO  N133 ~210 5o 145 HN Q136
VioC  S158 O H287 H155 ., , 1131
MppO G136 H2o2  H160  Ciae L156
H279  H147 48 Q134
H278  H142
H316  H168
H300  H146

Figure 6.6: Schematic representation of hAsn-AsnO interactions and homologous enzymes. The (25,35)-3-
hydroxyasparagine interactions with the protein scaffold are represented. 3D-Homology models based on
the AsnO product complex revealed the substrate binding residues of SCO2693 (magenta), LptL (brown),
TobO (blue), VioC (green) and MppO (red). These are stated below the corresponding AsnO residues.
Additional putative substrate binding residues of VioC and MppO can be found on the right side.

In the case of SCO2693 and LptL (Figure 6.6, residues in magenta and brown), all
residues are conserved, except Q144, which is a glutamate in SCO2693. As this residue is
only indirectly involved in substrate binding via its peptide group, one can predict that
both enzymes will also use L-Asn as a substrate for the generation of (2§,3S)-3-
hydroxyasparagine. For LptL, this finding perfectly agrees with the prediction that it is
involved in the hAsn precursor synthesis for the lipopeptide antibiotic A54145, which

bears a hAsn-moiety at position three of the peptide backbone.'®

114



Discussion

Indeed, this prediction/hypothesis was the motivation to clone, express and
biochemically characterize LptL. As shown above, the substrate specificity prediction
was correct. LptL was found to exclusively hydroxylate Asn at the B-position as predicted
(chapter 5.1.4).

TobO, which is part of the aminoglycoside tobramycin biosynthesis cluster, may encode
for a protein involved in the synthesis of hydroxylated precursors or inhibitors for this
antibiotic. At current knowledge, nothing is known about a possible substrate.
Compared with AsnO, TobO (Figure 6.6, residues in brown) notably differs only in the
acidic D241 residue, which is changed to N232. Thus, we predict that TobO catalyzes the
oxygenation of substrates with an acidic side chain, such as Asp or Glu. This prediction
was indirectly proven by the generation of the AsnO D241N variant (see 5.3, 6.3).

It was shown that VioC selectively catalyzes the formation of (2S,35)-3-hydroxyarginine
with L-Arg as a substrate during viomycin biosynthesis.'*>?** The model (Figure 6.6,
residues in green) revealed that Q137, which corresponds to a-amino group binding
E125 in AsnO, rather binds the a-carboxy group and the side chain of D171, which is
positioned analogously to the carbonyl-group binding N158 residue of AsnO, the a-
amino group. The D241 residue is conserved (D268) and could establish a salt bridge
with the guanidinium group of the L-Arg substrate. Furthermore an additional acidic
residue (D270) in close proximity to the substrate may stabilize the basic arginine side
chain. Interestingly after the AsnO crystal structure was published in 2007, the crystal

11 \vas solved in 2009 and the predicted residues were indeed involved

structure of VioC
in substrate binding except for D171, therefore the predictions made on the AsnO
structure were proven again to be correct to a great extent. Even the different binding
mode, leading to erythro products of VioC rather than threo as in the case of AsnO, was
predicted correctly. This exemplifies the prototype character of the AsnO structure for
amino acid hydroxylating enzymes.

113 catalyzes the hydroxylation of the arginine derived unnatural amino

Finally, MppO,
acid enduracididine at the [-position to generate (2S,3S)-3-hydroxyenduracididine
building blocks for the biosynthesis of the potent glycopeptide antibiotics
mannopeptimycins.'’> The MppO model (figure 6.6, residues in red) showed high

similarity to VioC and the a-carboxy and a-amino group should be bound identically. The
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side chains of D253 (corresponding to D241 in AsnO) and of the additional acidic residue
D200 should bind the cyclic guanidinium group and thereby stabilize enduracididine in
the substrate binding pocket. Furthermore, the second reaction product, succinate, is
bound by AsnO via a salt bridge to the guanidinium group of the conserved residue R301
that is similarly formed in other structures of o-KG/Iron(i1)-dependent oxygenases
complexed to a-ketoglutarate. This arginine is usually found 14-22 residues after the
conserved second His-residue of the iron binding motif. In all 3D-homology models, this
arginine is highly conserved, located exactly 14 residues after the second iron binding
histidine.'****

The high number of specific interactions between the protein scaffold of AsnO and L-Asn
rationalizes why the enzyme exclusively catalyzes the hydroxylation of L-Asn and why
the product has to be 25,3S-configured. The 3D-homology models based on the product
complex of AsnO share this high quantity of specific interactions with their substrates
and explain the observed 2S,3S-stereoselectivity for the hydroxylation product in the
case of MppO. Furthermore, AsnO has archetype character for putative non-heme
iron(1)/aKG dependent oxygenases that are involved in the generation of [-
hydroxylated amino acid building blocks for NRPS products as exemplified by 3D-
homology models of SC02693, LptL and VioC.

Substrate Induced Fit. At current knowledge, the observed substrate induced-fit
mechanism, explaining the high substrate specificity of AsnO, was not observed before
in the clavaminate synthase like superfamily of iron(i1)/aKG-dependent oxygenases. A

11 sterically demanding

similar lid closure was observed recently in the case of VioC.
peptidyl-Asn substrates could either not bind to the active site or trigger the lid closure.
Thus, it could be concluded that these compounds are incapable of accessing the active
site and only the free amino acid will be hydroxylated. That is quite the contrary to
factor inhibiting HIF-1 (FIH-1),%*” which hydroxylates a conserved asparaginyl residue in
the master switch of cellular hypoxia responses, hypoxia-inducible factor 1 (HIF-1),
under normoxia, which suppresses transcriptional activity of HIF-1.2% In FIH-1, the
substrate binding site is a large groove (15 A wide and 40 A long), providing enough

space for the binding of a large a-helical region of HIF-1.%%
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6.2 In Trans Acting Hydroxylases and Regeneration Domains during NRP

assembly

Extraordinary examples of structural diversity and the occurrence of non-proteinogenic
amino acids are the antifungal and antimicrobial kutznerides 1-9 (Figure 2.23)."*% All
kutznerides contain one a-hydroxy acid and five non-proteinogenic amino acids, one of
the latter is either the threo or erythro isomer of 3-hydroxy-b-glutamic acid (p-hGlu).
Evaluation of KtzO and KtzP showed that there are two on-line hydroxylating enzymes in
kutzneride biosynthesis, which stereospecifically catalyze the formation of PCP-S-L-
threo-hGlu (KtzO) and PCP-S-L-erythro-hGlu (KtzP) prior to epimerization by the E
domain found in KtzH.

The transfer of the glutamic acid onto the third PCP domain of KtzH was investigated.
The ability of the stand-alone A domain KtzN to reconstitute the non-functional A*
domain of KtzH in trans was examied. Thus, this study represents the first
characterization of an in trans acting adenylation domain, which simultaneously restores
the ability of an NRPS assembly line to produce a secondary metabolite.

To determine the kinetic parameters of KtzO and KtzP catalyzed hydroxylations, the
problem of the labile thioester bond of A*PCPs;-S-Glu was circumvented by using
synthetic coenzyme A analogs coupled to glutamic acid where the labile thioester was
replaced by a hydrolytically stable amide bond. This method is a simple and robust way
to investigate carrier proteins, which have substrates bound via a prosthetic ppan arm.
Finally, KtzO and KtzP exclusively hydroxylate PCP-bound glutamic acid, but do not
require the cognate PCP of module three of KtzH for in vitro activity. If the NRPS on-line
modification by non-cluster enzymes can be transferred to in vivo applications, the
insights from this study might assist in future reengineering approaches of NRPS gene
clusters in order to generate new secondary metabolites.

The results obtained for KtzO and KtzP complete the knowledge about -hydroxylated
building blocks found in natural products. Interestingly, in nature two different
mechanisms evolved in non-ribosomal peptide synthesis for the generation of these
building blocks, namely precursor synthesis and in trans modification, as exemplified by

AsnO/LptL and KtzO/KtzP, respectively.
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6.2.1 Biochemical Characterization of KtzO and KtzP

Hydroxylation Activity and Stereospecificity. As observed in the iron content
determination for AsnO and LptL, the hydroxylases KtzO and KtzP either lose their
ferrous iron co-factor during purification or it gets exchanged by other divalent ions.
Thus, for the activity of KtzO and KtzP, the addition of iron(i1), was necessary for
hydroxylation activity. KtzO and KtzP were both able, when incubated with the co-
substrate aKG, and cofactor Fe** and substrate, to selectively hydroxylate the [B-position
of PCP bound glutamic acid in vitro. This finding was somewhat expected as both share
high sequence homology with the known PCP-S-Asp B-hydroxylase SyrP.'*® SyrP and
KtzO/KtzP are the only known enzymes able to exclusively hydroxylate PCP bound amino
acids. Unfortunately, for none of these enzymes 3D structural information is available.
But models of these?*® enzymes based on 2.4 A resolution crystal structure of the
protein from gene locus At3g21360, a putative iron(i)/aKG-dependent enzyme from

Arabidopsis thaliana,”*® suggested a thiotemplated mechanism (Figure 6.7).

AsnO SyrP

open canyon

open canyon

Figure 6.7: Comparison of the AsnO structure with structure models of SyrP, KtzO and KtzP. The open
canyon towards the ferrous iron cofactor of SyrP, KtzO and KtzP suggest PCP-tethered substrates. AsnO on
the contrary has a closed active site, burying the free amino acid substrate completely.
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The active site of AsnO is completely buried within the enzyme structure (Figure 6.7 A),
whereas in the SyrP, KtzO and KtzP 3D models (Figure 6.7 B-D) the active site is open and
a large canyon provides enough space for the amino acid substrate bound to the bulky
ppan-arm of the corresponding PCP domain. Although these are just models, they give
broad hints that KtzO and KtzP would accept PCP-tethered amino acids, as it was shown
for SyrP. The observed reactivity of the kutzneride hydroxylases met these expectations.
On the other hand, the finding that both enzymes were found to be stereospecific was
unexpected. One would expect from the kutzneride structures, where the threo and

1819 that it would be more

erythro 3-hydroxyglutamic acids are found in similar amounts,
economical for the kutzneride NRPS to have only one enzyme for Glu hydroxylation. This
enzyme could catalyze B-hydroxylation of PCP-S-L-Glu, providing a racemic mixture in a
kind of epimerization mechanism. Instead, evaluation of KtzO and KtzP shows there are
two on-line hydroxylating enzymes in kutzneride biosynthesis, which stereospecifically
catalyze the formation of PCP-S-L-threo-hGlu (KtzO) and PCP-S-L-erythro-hGlu (KtzP). This
system is the first example for a NRPS system where products with two isomers of a Cg
modified amino acid are generated by two modifying enzymes that catalyze the very
same reaction but with opposite stereospecificity.

Substrate Specificity and Kinetics. The free amino acids were not accepted as substrates
by KtzO or KtzP and therefore a precursor synthesis pathway can be excluded (see Table
5.5). KtzO and KtzP were found to be highly specific for hydroxylation of PCP-bound L-
glutamic acid; PCP-S-D-Glu was not a substrate. The p-hGlu moieties as observed in
mature kutznerides are thus likely to be generated exclusively by the action of the
epimerization domain, which is present in the third module of KtzH.*®

An intriguing finding was that KtzO and KtzP exclusively hydroxylate PCP-bound glutamic
acid, but do not require the cognate PCP of module three of KtzH for in vitro activity, as
shown by the hydroxylation of CDA-PCPy-S-L-Glu (Figure 5.19). These findings make ktzO
and ktzP valuable targets for gene transfer into NRPS gene clusters, which produce
natural products with a glutamic acid moiety. A strong overproduction of KtzO and KtzP
within these clusters could yield in NRPS products containing hGlu moieties, which might
improve the bioactivity of these natural products. Given that these in vitro results could

be transferred to in vivo applications, the insights from this study might assist in future

reengineering approaches of NRPS gene clusters.
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The kinetic parameter determination was carried out using non-hydrolyzable CoA
analogs for cognate and non-cognate PCP domains. One characteristic of these
hydroxylases is the high affinity to their substrate, which is shown by the relatively low
Km values (KtzO: 121.5 uM, KtzP: 168.9 uM) for the cognate-PCP compared with free
amino acids modifying enzymes (AsnO: 479 puM, VioC'**: 3400 uM) (Table 6.3).

KM kcat kcat/ KM
Substrate Enzyme [umol] [min™] [min*pumol™]
A*PCP3-HN-ppan-Glu KtzO  121.5+28.1 0.34+0.03 2.810°
A*PCP3-HN-ppan-Glu KtzP 168.9+44.0 0.44+0.05 2.610°
CDA-T9-HN-ppan-Glu  KtzO  123.3+109 0.33+0.01 2.710°
CDA-T9-HN-ppan-Glu KtzP 148.5+21.1 0.42+0.02 2.810°
asparagine AsnO 479 +6.7 298.8+£19.2 0.62
arginine VioC'™ 34004450  2611+196 0.76

Table 6.3: Comparison of the kinetic parameters of KtzO and KtzP-mediated hydroxylation of PCP-bound
glutamic acid with free amino acid modifying enzymes.

Other features are their low turn-over numbers (KtzO: 0.34 min™, KtzP: 0.44 min™)
compared with free amino acid hydroxylases (AsnO: 299 min™, VioC''*: 2611 min™) and
the low catalytic efficiencies (Table 6.3). However, the catalytic efficiencies of KtzO and
KtzP are identical, which explains why both isomers of the hydroxylated glutamic are
found at equal amounts in the mature kutznerides, and only differ in the grade of
substitution of other residues (Figure 2.23). Although the kinetic parameters suggest
that the kutzneride hydroxylases are relatively slow and inefficient enzymes compared
to other members of this class, it is reasonable that they are not as fast as free amino
acid modifying enzymes for several reasons: First, the hydroxylases have to interact with
the NRPS KtzH, second, they have to recognize readily loaded PCP domains (see below)
and third, the concentrations of NRPS modules in vivo are relatively low, thus there is no
need for the hydroxylases to act fast. In the case of free amino acid modifying
hydroxylases, the enzymes have to be fast as they are in a constant battle about their
substrates with the primary metabolism, which is not the case for KtzO and KtzP.

For the non-cognate PCP domain from the CDA cluster the kinetic parameters for KtzO
and KtzP were found to be in the same range as for the cognate PCP (Table 6.3). These
results give another broad hint that ktzO and ktzP, if introduced into a NRPS gene
cluster, of which the gene products catalyze the synthesis of glutamic acid-containing

natural products, could yield hGlu containing natural products.
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6.2.2 In Trans Regeneration of the Third Module of KtzH by KtzN

The third A domain, A*, of KtzH, which only has 20% the size of a regular A domain®’?43

is non-functional, thus KtzN was predicted to be the first example for specific NRPS
assembly line in trans recovery, which most likely involves specific protein-protein
interactions between the third module of KtzH and KtzN. Without such specific protein-
protein interactions, it would be likely that KtzN would load all four PCPs of KtzH with
glutamic acid. KtzN was shown to activate L-glutamic acid in ATP/PP; exchange assays
(5.2.4). Furthermore, it was demonstrated that hGlu was not a substrate for KtzN-
mediated adenylation, hence excluding a precursor mechanism. The transfer of the
adenylated glutamic acid onto the PCP of the third module of KtzH revealed what
protein-protein interactions are required for Glu transfer by KtzN and gave more
mechanistic insight into this unusual NRPS recovery strategy. These results of the KtzN
assays with holo-A*PCP3;, or holo-PCP; alone respectively, as well as in the
absence/presence of KtzO or KtzP demonstrated that two factors are critical for KtzN-
mediated transfer of glutamic acid onto the third PCP domain of KtzH in vitro: the
presence of one of the two hydroxylases and the presence of A*, the truncated A
domain in KtzH. These requirements explain the selective transfer of Glu to the third
module of KtzH by KtzN during the in trans compensation/regeneration mechanism.
Although in trans loading, even multiple times, is not unusual for polyketide synthase
systems,>® KtzN is the first biochemically examined example for such a reaction in non-

ribosomal peptide synthesis and thus the first in trans acting NRPS recovery domain.
6.2.2 Mechanism of the Origin of the hGlu Residues Found in Kutznerides

From this biochemical characterization of KtzO and KtzP, in addition to the studies of
KtzN-mediated Glu transfer onto the third PCP domain of KtzH, a reaction mechanism
for the origin of the threo- and erythro-b-3-hydroxyglutamic acid moieties found in
mature kutznerides can be proposed (Figure 6.8). The stand-alone adenylation domain
KtzN first activates L-glutamic acid as amino acyl adenylate, which then can be
transferred site-specifically to the third PCP domain of KtzH. The specificity of this
interaction is mediated by the presence of the truncated A domain (A*) as well as one

hydroxylase, either KtzO or KtzP.
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Figure 6.8: Proposed reaction mechanism for glutamic acid activation, incorporation and hydroxylation

during kutzneride assembly.

Subsequently, the PCP-bound glutamic acid is hydroxylated by KtzO to yield L-threo-3-

hydroxyglutamic acid or by KtzP to afford L-erythro-3-hydroxyglutamic acid.

Epimerization of the two PCP-S-L-hGlu to p-amino acids catalyzed by the E domain, will

also convert the relative positioning of the hydroxyl group such that the KtzO product

becomes erythro-p-hGlu and the KtzP product threo-p-hGlu. Subsequently, condensation

and peptide elongation occur, and release of the mature peptide is achieved by

cyclization by the thioesterase domain.
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6.3 Rational Manipulation of AsnO for the Synthesis of Pharmaceutical

Relevant Agents

The knowledge acquired during the course of this study on the mechanism underlying
the enzymatic synthesis of B-hydroxylated amino acids laid the foundations for the
rational manipulation of AsnO. Nowadays rational protein design, based on 3D-
structural information, has become a common tool in the manipulation of enzymes for

biocatalysis.m'241

The AsnO enzyme was manipulated based on its structure in complex
with hAsn by site-directed mutagenesis of the oxygenase encoding gene. By a point
mutation of a single base, resulting in an AsnO D241N variant on the protein level, the
substrate specificity of this enzyme was completely changed and aspartic acid instead of
asparagine is hydroxylated by the enzyme.

L-threo-hydroxyaspartic acid (L.-THA), the B-hydroxylated form of L-aspartic acid, is of
current medicinal interest because it inhibits L-asparagine synthetase, is a key-
constituent of several proteins in the blood-clotting cascade, and inhibits the function of

22524 The latter function is

excitatory amino acid transporters as a L-glutamic acid mimic.
of greater importance, as L-glutamate plays a key role as a primary neurotransmitter in
the mammalian central nervous system and participates in diverse and complex
neuronal communication by activating a broad assortment of the EAA receptors.226 With
its potential to over-activate these receptors L-glutamate can contribute to CNS damage
in acute injuries or chronic diseases.”?’ Thus, regulation of extracellular L-glutamate
concentration, carried out by the EAA transporters, is crucial. As the organic synthesis of

L-THA is complex and circuitous, 2%

a fast enzymatic route is desired. Furthermore a
readily available source of L-THA, which is achieved by the examined AsnO D241N
variant, could help to further investigate these transporters and the complexity of L-
glutamate-mediated signaling processes.

With its ability to synthesize L-THA even on a preparative scale the AsnO D241N variant
is an excellent example in which basic research on non-proteinogenic amino acid

building blocks of natural products paved the way for the efficient and enantiomerically

pure synthesis of a pharmaceutical relevant agent.
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6.3.1 Structural Basis for the Rational Manipulation

The AsnO structure and the identification of the substrate binding residues revealed that
the residue 241 (Figure 6.9, labeled in red), which is an aspartic acid, binds the NH,-
group of the carboxamide group of the substrate L-asparagine (Figure 6.9 A, highlighted

in orange).

Ny

Figure 6.9. Substrate binding of AsnO and the D241N variant. A) The side chain of D241 binds the NH, of
the carboxamide group of the asparagine substrate. B) Model of AsnO D241N. The mutation of D241 to
N241 (shown in grey) alters the substrate specificity of the variant from Asn to Asp with retention of
stereochemistry. The N241 could bind to the aspartic acid substrate (grey) with the side chain NH, to the
side chain carboxyl group of Asp.

In the AsnO D241N variant, the carboxyl group of the side chain of residue 241 is
replaced by a carboxamide group of which the NH, can bind to the substrate aspartic
acid (Figure 6.9 B, highlighted in grey), as depicted in the AsnO D241N model (Figure 6.9
B). Retention of stereochemistry would also be expected, as the a-carboxy and a-amino
coordinating residues (E125, N146, R305) are unaffected by the mutagenesis of D241 to
N241 (Figure 6.9). Therefore, the product should be the medically interesting L-threo-
hydroxyaspartic acid (L-THA), which indeed was observed (5.3.4 and below).

6.3.1 Biochemical Characterization of the AsnO Variant

Hydroxylation Activity and Substrate Specificity. The AsnO D241N variant was shown to
hydroxylate aspartic acid, as expected by the exploration of the AsnO structure bound
with product L-threo-f-hydroxyasparagine. Compared with the wild-type AsnO, the
hydroxylation assays have to be carried out at lower temperatures, i.e. 16°C instead of

25°C. However, incubation at 16°C yielded quantitative conversion on an analytical scale.
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The necessity for lower temperatures for the AsnO variant is likely due to reduced
enzyme stability compared to the wild-type, putatively introduced by the AsnO
manipulation. This is exemplified by the conversion rate decrease at higher
temperatures [>98% (16°C) to 32% (37°C)].

The substrate specificity of the variant was evaluated by incubation of the enzyme with
different amino acids overnight at 16°C (Table 5.6). LC-MS analyses of these assays
indicated that the engineered protein is highly specific and exclusively accepts aspartic
acid as its cognate substrate. Notably, neither the AsnO wild-type substrate L-Asn nor
L-Asp related amino acids, such as L-Glu and or the p-configured isomer of Asp or other
amino acids were accepted as substrates for protein-mediated hydroxylation. Thus, a
highly specific Asp -hydroxylase was generated.

Kinetic Parameters. The kinetic parameters have been determined to be: Ky= 0.46 +
0.03 mM and k= 1.0 £ 0.1 min™. Compared with the wild-type, the AsnO variant shows
an almost identical Ky (0.48 £ 0.07 mm) for L-Asn, but has a 300-fold higher k.. (298 + 19
min™). The side chain swap therefore maintains the substrate affinity in the AsnO
variant, but results in decelerated hydroxylation. One could anticipate that less obvious
secondary interactions between the peptide backbone and the substrate are responsible
for the accelerated reaction in the wild-type. In order to increase the conversion rate of
the variant, the AsnO structure has to be closer examined and these secondary
interactions have to be identified.

Preparative Scale. The AsnO D241N variant was capable to generate L-THA on a
preparative scale in a simple one-pot enzymatic reaction and yielded 14.8 mg at the first
try (68% vyield). The potent, competitive, transportable EAAT1-4 inhibitor and non-
transportable EAATS inhibitor’® L-THA is commercially available exclusively at Tocris
Bioscience, the biggest package size is 10 mg. Although not optimized yet, the synthesis
presented in this study could compete with the current supplier even at the current
state. In summary, a highly specific hydroxylase was designed that catalyzes the direct
hydroxylation of the aliphatic B-position of L-Asp for the enantiomerically pure
generation of the medicinally interesting L-THA even on a preparative scale.

Therefore, this enzyme is an excellent example for successful rational protein design
based on basic research on hydroxylated amino acid building blocks and its application

in the synthesis of a pharmaceutical relevant agent.
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