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ABSTRACT

Chiral non-canonical amino acids like B-amino acids exist in countless variants. The
development of a suiting biotechnological production process for them is mandatory, since
they are used as components in many drugs and lend them novel bioactive properties. The
chemical synthesis of non-canonical amino acids is often elaborate and has many
disadvantages. By using enantioselective enzymes a 100 % yield of an enantiomers can be
achieved. The established Hydantoinase process is successfully applied in industry for the
production of non-canonical D-a-amino acids. The aim of this work was to identify enzymes

for a modified Hydantoinase process to synthesize optically pure p*-amino acids.

Therefore, several novel enzyme substrates like N-carbamoyl-f-homo-serine or N-carbamoyl-
B-phenylalanine (NCBPhe) were chemically synthesized. Suiting analytical assays and HPLC-
methods were established to monitor enzymatic substrate degradation and product formation.
To identify one or more new enzymes able to convert N-carbamoyl-f3-amino acids 200 wild-
type strains of the institutes own microorganism strain collection were screened for growth on
N-carbamoyl-B-phenylalanine as the sole nitrogen source. Some strains showed growth on
NCPBPhe. By using bioinformatic sequence alignment tools seven genes from three bacterial
strains (Burkholderia phytofirmans, Pseudomonas aeruginosa and Pseudomonas oleovorans)
were identified for potential production of chiral f-amino acids. These genes were cloned and
recombinantly expressed in Escherichia coli. Although none of the enzymes showed
degradation of NCBPhe, the enzymatic synthesis of L-B-homo-alanine and L-f-homo-serine
as well as other non-canonical o-amino acids was shown for the first time using
decarbamoylating enzymes. In addition, the active centres of these seven novel enzymes were
predicted using various in silico methods. Furthermore, the enzymes were characterized and

classified by in vitro and in silico experiments.

In the course of the work five further decarbamoylating enzymes from four different enzyme
classes already known from the literature were examined. For these enzymes, previously
unknown cross-class activities could be detected. In addition, catalysis of these enzymes made
it possible for the first time to synthesize the p*-amino acids L- and D-B-homo-alanine, L- and
D-B-homo-serine, L-B-homo-methionine, as well as the non-canonical
a-amino acids [-2-thienylalanine, L-a-neopentylglycine biocatalytically. By combining
results from in silico ligand docking and in vitro experiments, an affinity of all enzymes to

substrates with polar or charged side chains could be predicted.
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ZUSAMMENFASSUNG

Chirale nicht-kanonische Aminosduren, wie [-Aminosduren, existieren in unzdhligen
Varianten. Die Entwicklung eines geeigneten Verfahrens zu ihrer biotechnologischen
Herstellung ist zwingend erforderlich, da sie als Bausteine von Medikamenten diesen neue
biologische Eigenschaften verleihen. Ihre chemische Synthese ist oft aufwindig und bietet
viele weitere Nachteile im Vergleich zu biotechnologischen Verfahren. Durch
enantioselektive Enzyme kann beispielsweise eine 100 %-ige Ausbeute eines Enantiomers
erzielt werden. Der etablierte Hydantoinaseprozess wird industriell erfolgreich zur
enzymatischen Synthese nicht-kanonischer D-a-Aminosduren verwendet. Ziel dieser Arbeit
war es, neue Enzyme fiir einen modifizierten Hydantoinaseprozess zur Herstellung optisch

reiner B’-Aminoséiuren zu identifizieren.

Dafiir wurden mehrere Enzymsubstrate, wie beispielsweise N-carbamoyl-f-homo-serin oder
N-carbamoyl-B-phenylalanin (NCBPhe) chemisch synthetisiert. Passende analytische Assays
und HPLC-Methoden wurden etabliert, um den enzymatischen Substratabbau und
Produktaufbau zu verfolgen. Um neue Enzyme zu identifizieren, die N-carbamoyl-f-
Aminosduren zur entsprechenden B-Aminosdure katalysieren, wurden 200 Wildtyp-Stimme
der institutseigenen Mikroorganismenstammsammlung auf Wachstum auf NCBPhe als
einziger Stickstoffquelle untersucht. Fiir einige Stimme konnte ein geringes Wachstum
beobachtet werden. Mit Hilfe von bioinformatischen Sequenzvergleichen konnten sieben
Gene aus drei verschiedene Organismen (Burkholderia phytofirmans, Pseudomonas
aeruginosa und Pseudomonas oleovorans) identifiziert werden, fiir die eine putative Synthese
von B-Aminosdure angenommen wurde. Diese Gene wurden kloniert und rekombinant in
Escherichia coli exprimiert. Zwar zeigte keines der Enzyme einen Umsatz von NCfPhe,
allerdings konnte erstmals die enzymatische Synthese von L-B-Homo-alanin und L-B-Homo-
serin sowie anderen nicht-kanonischen a-Aminosduren gezeigt werden. Zusétzlich wurden die
Aktivzentren dieser sieben neuen Enzyme mit Hilfe verschiedener in silico Methoden
prognostiziert. Des Weiteren wurden die Enzyme durch in vitro und in silico Experimente

charakterisiert und klassifiziert.

Im Verlauf der Arbeit wurden fiinf weitere bereits aus der Literatur bekannte
decarbamoylierende Enzyme aus vier unterschiedlichen Enzymklassen untersucht. Fiir diese
Enzyme konnten bisher nicht bekannte klasseniibergreifende Aktivitdten detektiert werden.

AuBerdem konnten durch Katalyse dieser Enzyme erstmals die p’-Aminosduren L- und D-f-
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Homo-Alanin, L- und D-B-Homo-Serin, L-B-Homo-Methionin, sowie die nicht-kanonischen
a-Aminosduren [B-2-Thienylalanin, L-o-Neopentylglycin biokatalytisch hergestellt werden.
Durch Kombination von Ergebnissen aus in silico Ligand-Dockings und in vitro
Experimenten konnte eine Affinitét aller Enzyme gegeniiber Substraten mit polaren oder

geladenen Seitenketten prognostiziert werden.
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INTRODUCTION

1 INTRODUCTION

The aim of this thesis is the enzymatic production of optically pure non-canonical amino
acids with focus on B’-amino acids using decarbamoylating enzymes. In section 1.1 and
1.2 selected examples of the countless number of non-canonical amino acids are
highlighted. 1.3 underlines the versatile application of these valuable building blocks.
Section 1.4 gives an overview on known biosynthetic, chemical and biotechnological
routes to obtain optical pure non-canonical amino acids. The focus of this thesis is on
enzymes that are supposed to be used in a modification of the known hydantoinase
process for the production of chiral p*-amino acids. The theoretical background of the
process and the involved enzymes are described in section 1.5. Essential methods used in

this work are highlighted in section 1.6 and 1.7.
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1.1 Non-canonical amino acids as important building blocks

Twenty canonical a-amino acids occur in nature, which are incorporated into proteins during
translation of protein biosynthesis in living organisms [1]. Production of most of

proteinogenic a-amino acids is well established and builds a billion dollar market.

The term of non-canonical amino acids (noncAAs) includes all amino acids that are not
naturally incorporated into proteins. The number and diversity of noncAAs is countless.
Depending on the position of their amino-group they are classified as a-, -, y-, or d-amino
acids [2]. Many noncAAs exhibit pharmacological activity and thereby they offer a wide
range of applications in drug discovery. These extraordinary properties result from their
complex structures including several chiral centres or complex N-heterocycles. NoncAAs can
also be integrated into peptides and proteins, either for adding novel properties to the protein
or for protein-function studies. In addition to chemical synthesis protein engineering enhances

the number of possibilities to a growing collection of valuable noncAAs [3].

Non-canonical a-amino acids exist in many different structure variants. Some occur in nature
and many can be chemically synthesized [4]. Structurally they have their amino group
substituted at the a-C-atom, but they can have very diverse chemical constitutions: aliphatic,
aromatic, including one or more chiral centres, containing heterocyclic structures or they are
the D-enantiomer of their proteinogenic L-a-amino acid counterpart. The constitution of the
cyclic peptide antibiotic daptomycin represents the diversity of non-canonical a-amino acids

(Figure 1).
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: H
O~ _NH o ~_OH (0]
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H,N
L-kynurenine

Daptomycin

Figure 1: Daptomycin peptide antibiotic containing diverse non-canonical-a-amino acids.
The cyclic peptide antibiotic daptomycin [5] includes several non-canonical-a-amino acids: D-alanine, D-
asparagine, D-Ser (green), ornithine (purple) and (25, 3R)-methylglutamate (orange).

Compared to proteinogenic o-amino acids, which play an essential role in the primary
metabolism in living matter, f-amino acids (BAAs) are often found in secondary metabolites.
Bacteria, cyanobacteria, fungi and plants are able to integrate BAAs into natural products such
as peptides, depsipeptides, cyclopeptides, terpenoids or alkaloids [6]. These complex
molecules are used as defence mechanism against other organisms [7, 8]. Thereby natural
products containing BAA moieties can be utilized as lead structures for the developments of
new drugs [9]. Often the BAA unit in those compounds is essential for a potent biological and
physiological activity of the molecule [10]. In literature natural products containing BAAs are
described for showing anti-tumour [11]-[18], antibiotic [19]-[26] anti-inflammatory [27]—
[29] antifungal [30]-[33] as well as enzyme inhibiting [27], [34]-[37] features. Not only as
part of natural products but also in free form BAAs show interesting pharmacological effects
[38], providing a wide range of applications explained in more detail in the following

sections.

BAAs exist in open chain or cyclic form. In comparison to their a-analoga, the amino group is
substituted at the p-C-atom. Seebach and his co-workers established the p*/Bp’-convention
[39][40], in the early 2000s. They proposed three general forms of open-chain AAs and two
cyclic types as shown in Figure 2. In free form a variety of chemically synthesized BPAAs

exists. Depending on the position of the substituents several categories are distinguished:
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BB/ /P IBH* Ip**- ditri or tetra-substituted-B-amino acids. Several additional forms
exist, for example a-hydroxy-p-amino acids or p’-alkyl-B-amino acids. The number of

variations and possibilities is countless [3].

A O R O RO
HzN/\HkOH HZNMOH HZNMOH
R R

a-substituted [-substituted a,B-substituted
B
HoN CO,H HoN CO,H HoN CO,H
?H
(CHZ)n
CH, CHf, NN
carbocyclic heterocyclic

C

R® O

Ho,N” 7" OH
Ry
Figure 2: Types of f-amino acids.
A) BAAs can be distinguished between a-, a,p- or B-substituted, depending on the position of their substituent.
B) BAAs occur in cyclic forms, if a heteroatom is included they are described as heterocyclic. C) Overview and
comparison of the different BAA types.

1.2 Occurrence in nature

NoncAAs have been found in plants, microorganisms and animals [41]. Examples for natural
non-canonical-oa-amino  acids are  L-m-tyrosine, L-canavanine, [-N-oxalyl-L-a,(3-
diaminopropionic acid (B-ODAP) or L-Theanine (Figure 3A). In nature L-m-tyrosine is used
as root toxin by the grasses Festuca arizonica and F. rubra against competitive species [42].
Some non-canonical-a-amino acids are also toxic for humans. E.g. L-canavanine causes
muscle palsy and can induce the autoimmune disease systemic lupus erythematosus [43].
Also the B-N-oxalyl-L-a,B-diaminopropionic acid (B-ODAP) found in Lathyrus sativus is
toxic and leads to irreversible paralytic and neurobiotic disorders [44]. On the contrary other
noncAAs show beneficial pharmaceutical effects. L-Theanine, present in tea plants, is known
for lowering blood pressure, relieving stress and inhibiting tumour growth [45]. L-Citrulline
(5) and L-ornithine (6) are intermediates in the urea cycle and are used for treatment of liver

cell damage. Additionally L-citrulline is a building block in a novel antibody-drug conjugate
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as linker molecule [46]. L-Lanthionine (7) extracted from wool shows antibacterial effects

[47].
/A
O NH 0 0 0
HO HO
m OH HZNJ\N/O\/\HkOH jHJ\H/\‘)J\OH
NH, H NH, O NH,
L-m-tyrosine Canavanine B-ODAP
(M 2 (3)
O 0] j\ o) 0]
/\NWJ\OH H,N H/\/\HJ\OH HZN/\/\HJ\OH
H NH, NH, NH,
L-theanine Citrulline Ornithine
@ ®) ®)
(0] 0
HO)K(\S/\HJ\OH
NH, NH,
Lanthionine

K )

~

J

Q O NH, O
N/\)kOH H2N/\\)J\OH H,N

BAla RBAIB SBAIB BLeu

O NH, O NH, O NH NH, O

BGlu BLys BArg
QM
k BTyr BPhe

HOWOH HoN \/\/k)J\OH HQNJ\HWJ\OH

~

Figure 3: Naturally occurring non-canonical amino acids.
A) Non-canonical a-amino acids found in nature B) Non-canonical B-amino acids found in nature.
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In contrast to the fact, that many BAAs are chemically synthesized, only a few occur in nature
in free form, especially p*-amino acids (Figure 3 B) [48]. The non-chiral B-alanine (PAla) was
isolated from betain in 1909 [49] and the structurally related R-B-aminoisobutyric acid
(RBAiB) purified from human urine in 1951 [50], [51]. BAla and RBAiB are present in all five
kingdoms of living organisms, since they are metabolites in the pyrimidine catabolism. They
are formed via the conversion of N-carbamoyl-B-alanine or respectively N-carbamoyl-f-
aminoisobutyric acid. Their conversion is catalysed by a p-Ureidopropionase [52].
Additionally B-alanine is found as moiety in betaine (4) in plants (Figure 4) [53]. S-B-
aminoisobutyrate is formed in the catabolism of L-valine and B-leucine was found as
precursor of L-leucine in mammals [54]. Another BAA found in free form in nature is f-
lysine, which is formed by an aminomutase from L-a-lysine as an intermediate in the
catabolism of Clostridium species [55]. Other BAAs such as B-arginine [56], B-tyrosine [57],
B-glutamic acid [58] or B-phenylalanine [59], [60] are found in natural products shown in
(Figure 4). They mostly contain a-hydroxy-f-amino acids. The most prominent example is
Paclitaxel (Figure 4, (3)) produced from the tree Taxus brevifolia and shows a strong anti-
tumour activity [61]. It incorporates o-hydroxy-f-phenylalanine and directly receives this
BAA from proteinogenic aAAs through a 2,3-aminomutase. The reaction mechanism of
aminomutases will be explained in more detail in section 1.4.3 (p. 16). Blasticidin S (Figure 4,
(1)) contains B-arginine and was found in Streptomyces griseochromogenes and protects rice
plants from fungal infections [62]. Edeine Al (Figure 4, (2)) contains B-tyrosine and was
detected in cultures from Bacillus bevris Vm4 in 1959 [63]. In plant alkaloids BAAs are
produced from cinnamic acid via Micheal-type addition reactions [64], Mannich-type
condensations or oxidative cyclizations [65]. The greatest diversity of BAAs is found in
bacteria, especially cyanobacteria. Beside their ability to produce PBAAs from their
proteinogenic a-counterpart they are also capable of producing a variety on BAAs with no

existing aAA analogue [15].
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P
HN N
OH ~ TN \n/\N
NH NH, OHO2C, Q o H
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O0“NH O
: 2 CH; O
Lo H,C rxllw o
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/<o
3) 4)
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Figure 4: Natural products with BAA moiety.

1) Basticidin S with B-arginine moiety from Streptomyces griseochromogenes 2) Edeine A1 with B-tyrosine
moiety 3) Paclitaxel incorporates a hydroxylated derivate of B-phenylalanine 4) Bestaine is a derivate of -
alanine.

1.3 Application of non-canonical amino acids

NoncAAs can lend interesting and novel properties to molecules and their application is
versatile. The probably biggest application area of noncAAs is their use as buildings blocks in
drug development for the medical sector. Beside, they are used for fundamental research of
protein functions and are used as substitutes for canonical-aAAs. Other approaches, like
incorporation of noncAAs into the murine proteome [66] and in vivo incorporation into

proteins have been accomplished [67].

The application for noncAAs in medical chemistry is extremely diverse. For drug discovery
either natural products or chemically synthesized molecules are used. There are many
different molecule classes in which noncAAs occur as moiety, e.g. f-lactam antibiotics,
alkaloids, peptides or the innovative class of antibody-drug conjugates (Figure 5). L-0-3-
hydroxy-1-adamantyl-glycine is a building block of the diabetes drug saxagliptin (1). The

macrocyclic peptide bottromycin (2) is a natural product from Streptomyces bottropensis.
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Saxagliptin (1) Bottromycin A (2) Antiasthmaticum 3)

Cremimycin (4) Vicenistatin ~ (5)

F
H
///%/N *
N _ —Se Q
N OH 0] )k .Drug
PN o o Ho 9 /©/\O I
A SRS
P :
N (0] o =
N H i
Influenca-inhibitor-PB2  (6) Antibody-drug conjugate  (7) NH

07 "NH,
NH CH,

|
H2NJ\H/\/\|/\WNrNH o
NH, O N/)\”J\NH

TAN-1057, (5.5) (8)

2

Figure 5: Selected pharmaceutical drugs containing non-canonical amino acids moieties (red).

It was discovered in 1957 and includes the noncAA tertiary-leucine [68]. The molecule
inhibits Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococci (VRE), as
well as  other  Gram-positive  bacteria and mycoplasma [69].  N-[(3,4-
dimethoxyphenyl)sulfonyl]-3-(2-thienyl)-L-alanyl-L-norleucine (3) is applied as an anti-
asthmaticum and contains B-2-thienylalanine as building block. The macrocyclic lactam
antibiotic cremimycin (4) was isolated from a culture of a Streptomyces strain in 1997. It
shows broad antibacterial activities against Gram-positives bacteria such as methicillin-
resistent-Staphylococcus aureus (MRSA). In its structure the BAA 3-amino-heptanoic acid is
incorporated [70]. Another antibiotic drug is vicenistatin (5). It is a macrolactam polyketide

(B-amino acid starter polyketide) and in its synthesis the starter unit B-aminoisobutyrate is
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used. It is condensed with an enolate a-carbon on an ACP-tethered acyl intermediate by a
Claisen-type condensation [71]. Furthermore it exhibits anti-tumour and antibiotic activities

[72].

The novel class of antibody-drug conjugates (ADCs) is used as strong tool in the treatment of
cancer. These consist of a suiting antibody that is connected to a highly effective anti-cancer
drug via a linker molecule [73], [74]. Through the antibody unit the anti-cancer drug is
directed to the cancer cells and set free due to cleavage of the linker. In the shown ADC (7)
the noncAA citrulline is used in a valine-citrulline linker. Another application of noncAAs for
drugs are artificial peptides. E.g. the dipeptide antibiotic TAN-1057 A,B (8) contains a -
homo-arginine subunit and shows activity against MRSA [75]. Flourine-containing noncAAs
exhibit anti-viral and anti-cancer activities. The fast protein biosynthesis of cancer cells is
disturbed when fluorophenylalanine is present. Thereby the incorporation of phenylalanine

into the proteins in inhibited [76].

1.3.1 In vivo incorporation of non-canonical amino acids into proteins

In vivo incorporation of noncAAs into peptides and proteins offers novel and peerless
properties over conventional peptide mutagenesis [77]. This method provides many new tools
to investigate enzyme structures, functions or dynamics [78] and is an important field
especially for the development of new antimicrobial peptides (AMPs) [67], [79]. Protein
engineering with noncAAs can be used for enhanced enzyme activity or improvement of
drugs [80]. This is reported for E. coli [81], mammalian cells [82] plants cells [83] and yeasts
[84, 85]. Until 2015 more than 150 noncAAs had been incorporated into proteins. Especially
for the modification of the active side in enzymes this technique offers a broad set of

molecules rarely or never found in nature.

There are several novel methods for the introduction of noncAAs into proteins. One technique
in enzyme engineering is the site-specific method. Thereby the genetic code is redesigned.
This means that new codons are added to the translation code table and thus novel noncAAs
can be integrated into proteins. New codons can be incorporated by using quadruplet codons
[86] or with codons made of unnatural bases [87]. By using this method e.g. the noncAAs
were integrated into proteins for enhancement of enzyme enantioselectivity [88]. Also
regioselectivity has been investigated using noncAAs. Furthermore the enzyme activity could

be increased [89]. Several other noncAAs led to enhancement of photo-controllable activity.
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Incorporation of noncAAs was used for investigation of biophysical properties, such as

protein-protein interactions, protein-ligand interactions or mechanistic studies [90].

Another approach of in vivo incorporations of noncAAs into proteins is the residue-specific
method. Thereby ribosomes integrate noncAAs with their tRNAs into the translated amino
acid sequence. Especially proteins containing B*-amino acids show enormous potential, since
they show resistance against proteases [91] and additionally altered immunogenicity to
provoke an immune response in the body [92]. Recently an article was published on in vivo
biosynthesis of a B-amino acid containing protein in E. coli [93]. Several wild-type E. coli
aminoacyl-tRNA synthetases were able to use B’-amino acids as substrates. E.g. B-

phenylalanine was integrated into a peptide.

1.3.2 p-peptides

Additionally to the in vivo incorporation of noncAAs, peptides can also be generated by in
vitro incorporation of noncAAs. One example for such artificial peptides are B-peptides. They
either consist completely or partly of one or several BAAs covalently bound by an amide-
bond. In comparison to their a-analogues they show different properties and are used either
for investigation of physical forces during molecular folding or for biomedical applications
[94]. They are chemically synthesized whether in solution or due solid phase peptide

synthesis manually or automatically [40].

A H

’

@) O
P ” /ﬁg N % ” /if H QJ\ a-peptide

B

R 0O R O R O R O
//\N)\/U\N)\)J\N)\)J\N)\)J\/, B3'peptide
H H H H ‘

C 0 0 0 0
< \N/\HJ\N/\HJ\N/\HJ\N/\HJ\// Bz-peptide
H R H R H R H R

Figure 6: Comparison of a- and p-peptides.
A) Primary structure of a o-peptide compared to a B) p*-peptide and C) B*-peptide.
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Figure 6 shows the structure of B’- and p>-peptides compared with their o-analogue. Due to
their molecular structure a higher number of conformations are possible than in a-peptides.
Especially B’-peptides show flexibility in their secondary structure. Already at a peptide
length of four amino acid residues B-peptides can form stable secondary structures, such as
helices, sheets and turns [48]. In comparison o-peptides require much longer amino acid
sequences to form stable secondary structures [91]. Additionally Seebach and his co-workers
showed that short-chain B-peptides are soluble in pyridine and methanol solutions making
them interesting for industry applications [95].

Since B-peptides are highly stable against proteolytic degradation [91], stable to metabolism
and exhibit slow microbial degradation, they are gaining interest for their application in
medicinal chemistry. Furthermore they can mimic a-peptides in peptide-protein and protein-
protein interactions [96]. B-peptides e.g. are applied in the human body for inhibition of
cholesterol and fat uptake due to their amphiphilicity [97] or as antimicrobial molecules. p*-
peptides with at least three trimer-repeats inhibit the growth of E. coli at uM concentrations
(Figure 7). The reason for this antibiotic effect is the formation of the stable secondary

structure with a similar three-residue repeat [98].

Peptides containing p>-amino acids only rarely occur in nature [96].

o o o
NH,  HN .,
B3HVal B3HLys B*HLeu

Figure 7: Chemical structure of a p*-peptide.
Chemical structure of the B’-peptide trimer unit (3°HVal-B’HLys-B*HLeu). Figure was modified after [98].
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1.4 Synthesis routes for the production of non-canonical amino acids

The previous sections underline the fact that chiral noncAAs are of high relevance and thus
chiral synthesis strategies are needed. This thesis focuses on the enzymatic synthesis of highly
optically pure non-canonical o- and B-amino acids using decarbamoylating enzymes. Beside
that, other routes to noncAAs are highlighted in the following sections with regard towards
their advantages and disadvantages. In general they can are produced naturally by a few

known biosynthetic routes, many chemical and other biotechnological routes.

1.4.1 Biosynthesis of non-canonical amino acids

Compared to the well-studied canonical amino acids, only a few biosynthetic pathways for
noncAAs are known. Several can be synthesized via metabolic pathways. Non-canonical a-
amino acids found in the urea cycle are citrulline and ornithine. Thereby citrulline is obtained
from ornithine or from arginine by a nitric oxide synthase [99]. Theanine is produced in the
metabolism in tea plants from glutamic acid and alanine [45, 100]. Another example is
homocysteine, which is an intermediate in the methionine metabolism process [101]. Many of
these biosynthetic routes are based on a natural pathway for a a-amino acid and improved due
metabolic engineering. An overview of the known biosynthetic pathways for the production

of noncAAs is given in Figure 8 [41].

Some BAAs are produced in plants by aminomutases. These enzymes perform a shift of the
amino group of a-amino acids to the B-position. An example for this is the natural production
of BAAs in the biosynthetic pathway in the plant Taxus brevifolia [12]. It is able to produce L-
B-phenylalanine through a natural pathway from its a-analogue through a phenylalanine 2,3-
aminomutase. R-B-phenylalanine is generated in the same way in Taxus baccata [102]. Other
examples of aminomutases-syntheses are L-B-arginine, which can be found in the antibiotic
blasticidin in Streptomyces griseochromogenes or the production of L-B-leucine in
Andrographis paniculata [102]. Furthermore some plant alkaloids contain a AAs, which can

be generated from cinnamic acid through Michael-type addition reactions [64].
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Figure 8: Known biosynthesis routes of non-canonical amino acids.

NoncAAs are highlighted in green. Figure was modified after [41]. Abbreviations: 3-PGA: 3-phosphoglyceric
acid; 5-HTP: 5-hydroxy-L-tryptophan; 5-HT: 5-hydroxytryptamine; PYR: pyruvate; AKG: a-ketoglutaric acid;
OAA: oxaloacetic acid; OSHS: O-succinyl-L-homoserine; OAHS: O-acetyl-L-homoserine; Trp: Tryptophan; Tyr:
Tyrosine; Ser: Serine; Phe: Phenylalanine; Glu: Glutamic acid; Pro: Proline; Asp: Aspartic acid; Lys: Lysine;
Cys: Cysteine; Met: Methionine; Thr: Threonine.

1.4.2 Chemical synthesis of non-canonical amino acids

Many synthesis routes for the chemical production of noncAAs are known. One advantage of
chemical synthesis is that often one approach is applied for the production of several
noncAAs. But there are also many disadvantages. The synthesis is quite elaborate, used
catalysts and solvents are harmful to the environment and racemates have to be further
purified [103]. Additionally reactive amino- or carbonyl groups have to be protected by
protecting groups such as tert-butyloxycarbonyl (Boc) or fluorenylmethoxycarbonyl (Fmoc).
Although many special catalysts have been developed over time, multiple stereocentres,
amines, heterocycles and non-protected functional groups as well as C-X and C-C bond
formations still represent a challenge to organic chemical synthesis [103][104]. Asymmetric
synthesis and metal-catalysed cross coupling reactions developed over the past decades are
strong features but the synthetic methodology for the production of noncAAs is still limited

[104].

For the preparation of non-canonical a -amino acids many methods are known [107], [108],
[109], [110]. One example is the formation of non-proteinogenic D-amino acids from their
natural L-enantiomer counterpart due to dynamic resolution. E.g. D-proline is obtained from L-
proline through racemization with butyraldehyde. Subsequently the D-isomer is removed as a
salt with D-tartaric acid (Figure 9A) [105], [106]. Another synthesis approach used Rhodium
complexes of the type [(COD)Rh(DuPhos)]" X" (X-weakly or non coordinating anion; COD =
cyclooctadiene). This class of catalysts is generally used for the hydrogenation of enamids.

They lead to an enantioselective synthesis under low pressures Figure 9B) [107], [108].
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O\ D-tartaric acid O\ O\ f § + D-tartaric acid
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Figure 9: Selected chemical routes for the synthesis of non-canonical a-amino acids
A) Dynamic resolution and B) Metal catalysed hydrogenation of enamids for the production of non-canonical a-
amino acids. Figure modified after [105], [106] and [107].

BAAs are chemically generated through asymmetric synthesis, stoichiometric use of chiral
auxiliaries of homologation of o-amino acids. Due to the high number of synthesis
approaches only a few examples will be described. An example for the use of metal catalysts
is the hydrogenation of (Z)-enamine esters to the corresponding amino ester by using a
ferrocenylphospine ligand. The advantage of this method is the enantiomeric excess (ee) of up
to 97 % but using trifluoroethanol as solvent is a disadvatantage. Furthermore the amino ester
has to be converted to the corresponding amino acid afterwards, a high pressure of ~6 bar of
H; and a temperature of 50 ° C are needed (Figure 10 A) [109]. Another approach is the use of
Mannich-reaction. E.g. BAAs were obtained by Sodeoka and co-workers through Pd-catalyzed
addition of B-ketoesters to a-imino esters. During the reaction several protecting groups (p-

methoxyphenyl, Boc and tosyl) are needed (Figure 10 B) [110].
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Figure 10: Selected chemical routes for the production of non-canonical-g-amino acid.
A) Hydrogenation of Z-enamine esters B) Pd-catalyzed Mannich reaction. Figure modified after [109], [110].

1.4.3 Biotechnological production of non-canonical amino acids

While chemical synthesis of noncAAs is still challenging, enzymes offer an opportunity for a

more environmentally friendly synthesis [111]. Benefits are mild and environmentally

friendly reaction conditions than in chemical approaches. However the variety of enzymatic

biocatalysts is still limited regarding substrate scope and enzyme stability. For special

synthesis routes a suitable enzyme has to be discovered first. Drug discovery as well as new

trends in biotechnology, such as generation of artificial bio-macromolecules or in vivo

incorporation of noncAAs into proteins, underline the demand for novel biotechnological

synthetic pathways for the production of noncAAs of which selected known enzymatic routes

will be highlighted in this section.

NoncAAs are also produced by fermentation or enzymatic production [112]. E.g. L-norvaline,

L-norleucine and L-B-methylnorleucine are produced with E. coli and directly incorporated

into cellular and recombinant proteins [113]. Disadvantage of these processes is the need for a

suitable production strain. Engineered strains have to be elaborately developed and many

biosynthetic pathways for noncAAs are simply unknown (see section 1.4.1) Furthermore the

yields are often quite low [114].
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Several non-canonical a-amino acids can be produced using the hydantoinase process, which

will be described in more detail in section 1.5. Examples are given in Table 1 p. 24.

Several processes for the production of D/L-a-tertiary leucine are described. In 1987 Hoechst
presented a penicillin G acylase (E.C. 3.5.1.4) to hydrolyse N-Phac-(RS)-tertiary-leucine
immobilized on a phenol resin. However, the use of this enzyme requires subsequent
separation of (R)- and (S)-enantiomers. Additionally an enantioselective approach for the
production of a-tertiary leucine using Lipozyme™ is described. The conditions of this process
were quite harsh since toluene, BuOH and a additional Et;N catalyst are needed (Figure 11 A)
[115]. Degussa presented a synthesis using a D-Hydantoinase to convert tert-butylhydantoin to
N-carbamoyl-(R)-tert-leucine. However the second step to a-tertiary leucine is conducted

chemically with HNO, at extreme acidic conditions of pH 0 [115] (Figure 11 B).

Different thienylalanine derivates were generated using a whole cell process. Thereby
enolcarbonyl acids were transferred to the corresponding L-3-(2-thienylalanine) through

catalysis of transaminases [116].

Several enzymatic routes for the production of non-canonical a-amino acids through
engineered enzymes have been developed over the past years. Ammonia lyases are described
for the asymmetric addition of ammonia to easy available prochirale substrates like fumarate
or cinnamic acid analogues. They catalyse the reversible carbon-nitrogen bond cleavage to
trans-a,B-unsaturated carboxylic acid and ammonia [117]. Depending on their substrate they
are distinguished in different classes [117]. One example for the production of non-canonical
a-amino acids is the engineered methylaspartate ammonia lyase (MAL) from Clostridium
tetanomorphum (CtMAL). This mutant was able to produce noncAAs with bulky sidechains
like threo-L-2-hexylaspartate, threo-L-2-benzyloxyaspartate and threo-L-2-benzylthioaspartate
(Figure 11 C) [118]. Another example is the active side remodelling of a tyrosine phenol lyase
(TPL) to produce 3-(methylthio)-L-tyrosine. In Figure 11 D the natural catalysis product of
TPL is shown, which already represents a noncAA [119].

L-neopentylglycine is obtained through an industrial process developed by Degussa AG in up
to 88 g/L scale [120]. Whole cell biocatalysts harvest a leucine dehydrogenase able to catalyse
the reductive amination of the corresponding a-keto acid with a conversion efficiency of 95 %
and high enantioselectivity (>99 % ee) within 25 h. However this process is dependent on the
cofactor NADH that is oxidized to NAD" during the reaction. Thus an additional enzyme, a
formate dehydrogenase has to be present to reduce NAD" to NADH again.
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Figure 11: Selected routs for the biotechnological production of non-canonical a-amino acids.

A + B) Industrial processes for the production of a-tertiary leucine. A) Production of (S) a-tertiary leucine with
Lipozyme B) Semi biocatalytic synthesis of (R)-a-tertiary leucine using a hydantoinase. The second step is
performed chemically. C) Engineered ammonia lyase from Clostridium tetanomorphum for the production of
non-canonical a-amino acids. D) Engineered tyrosine phenol lyase for the production of non-canonical a-amino
acids. Synthesis routes were modified after [115]-[119].

Several biotechnological routes for the production of chiral aromatic BAAs, especially B-
phenylalanine, are known. Often elaborate protein engineering had to be conducted to find
one mutant out of hundred thousands which catalyse the reaction [121], [122]. The use of a
mutant of a dehydrogenase from Candidatus Cloacamonas acidaminovorans leads to PAAs
[121]. First a B-keto ester is generated by a nitrilase or lipase and subsequently converted to
the corresponding B-amino acid by an engineered B-amino acid dehydrogenase (Figure 12).
The chiral BAAs D-B-homo-methionine, D-B-phenylalanine, L-B-aminobutyric acid were

produced. One disadvantage is the NAD(P)H dependency of the enzyme, which has so be
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regenerated after each cycle. Thus an additional enzyme, an D-glucose dehydrogenase is

needed [121].

R dehydrogenase
o) \ RWO
NAD(P
O be OH NADii /( )" i, OH
\
R Glucuronic acid - oon Glucose

Figure 12: Dehydrogenase mutant from C. Cloacamonas acidaminovorans for the production of fAAs.
First a B-keto ester has to be generated by a nitrilase or lipase. This B-keto ester is then converted to the
corresponding B-amino acid. Figure modified after [121].

A B-amino acid lyase was obtained in 2014 through a high-throughput screening of the
aspartase from Bacillus sp. YMS55-1. Naturally this thermostable enzyme has a limited
substrate scope and catalyses the reversible deamination of aspartate to fumarate and
ammonia [123]. The mutant BSASP-C6 (Figure 13 A) was found to convert crotonic acid into
(R)-3-aminobutyrate [122]. Recently in 2018 Li and his co-workers generated several mutants
of this enzyme by computational redesign. Four of their designed enzymes were able to
catalyse another specific hydroamination reaction (Figure 13 B-E): Design B19 was able to
convert 300 g/L crotonic acid to (R)-f-aminobutanoic acid (92 % isolated yield), design P1
converted 80 g/L (E)-2-pentenoic acid to (R)-B-aminopentanoic acid (84 % isolated yield),
design N5 catalyzed the reaction from fumaric acid monoamide (130 g/L) to (S)-B-asparagine
(88 % isolated yield) and design F29 was able to produce (S)-B-phenylalanine (43 % yield out
of 15 g/L (E)-cinnamic acid) [124].
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Figure 13: Different f-amino acid lyases for the production of BAAs.
Catalysis of A) Mutant BSASP-C6 B) mutant B19 C) mutant P1 D) mutant NS and E) mutant F29. Figure
modified after [122] and [124].

Aminomutates are strong catalysts, able to shift the amino group of an amino acid from the o-
to the B-position. Several approaches have been published for the production of noncAAs
using amino mutates as biocatalyst. A phenylalanine aminomutase was used to catalyse the
amination of cinnamic acid derivates to chiral B-phenylalanine. As side product also chiral a-
phenylalanine was obtained (Figure 14) [125]. Another synthesis of B-phenylalanine was
achieved through an engineered metabolic pathway in E. coli. The engineered strain expresses
a phenylalanine aminomutase from Pantoea agglomerans, which converts from 20 mM a-
phenylalanine present in minimal medium ~1.4 mg/ml B-phenylalanine. Also other derivates

like m-bromo-B-phenylalanine was obtained with a 96 % yield in 6 h in 5 ml scale [126].
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Figure 14: General phenylalanine-aminomutase reaction mechanism.
Figure modified after [125].

Furthermore chiral BAAs are produced using o-Transaminases (wTAs). This enzyme class is
able to perform the transfer of an amino group from a donor onto an acceptor substrate. The
transamination process thereby is dependent on the co-substrate pyridoxal-5’-phosphate
(PLP). The formation of chiral (R)- and (S)-B-phenylalanine was shown by BuB3 ef al. in 2018.
The screened mutants were able to transfer an amino group onto B-phenylalanine ethyl ester,
which is transformed to (R)- or (S)-B-phenylalanine through isolation or hydrolysation.
Amination of B-keto esters is quite challenging since they decompose easily in aqueous
solution, which can be circumvented by using an enzyme cascade [127] (Figure 15 A).

Another example for the successful production of a chiral BAA is the amination of B-keto
nitriles using nitrilases. In the first step a nitrilase from Bradyrhizobium japonicum USDA
110 converts a substituted B-keto-nitrile to the corresponding B-keto ester [128]. Subsequently
a ®TA aminates the ester to the chiral BAA. Nitriles are easy to synthesize in a simple and
cost-effective way. Several different enantiomerically pure derivates of (S)-B-phenylalanine
(ee 99 %) were obtained using this enzyme cascade (e.g. p-fluoro or o-methyl-(S)-p-
phenylalanine) (Figure 15 B) [128]. In 2014 Mathew and co-workers presented the ®TA from
Burkholderia graminis for the production of chiral BAAs via kinetic resolution. (R)-f-
phenylalanine was obtained out of a solution of rac-B-phenylalanine with an enantiomeric

excess > 99 % and 50 % conversion (Figure 15 C) [129].
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Figure 15: Selected o-transaminases for the production of f-phenylalanine.
Figure modified after [127] (A), [128] (B) and [129] (C).

Aminoacylases [EC 3.5.1.14] are already applied in industry for the production of a-amino
acids and convert an N-acyl-L-amino acid to a carboxylate and a L-amino acid. When Groger
and co-workers tried to apply this process to the formation of f-amino acids in 2004 they
found that the porcine kidney acylase of type I (PKA I) has a high activity towards cleaving
N-chloroacetyl-B-amino acid. Several aromatic f-amino acids, such as B-phenylalanine, 4-
fluoro-B-phenylalanine, 4-methoxy-p-phenylalanine and 2-thienyl-B-phenylalanine were
generated with high enantiomeric excess (ee 95-99 %) within 24-48 h [130] (Figure 16).

1. amino acylase PKA |, o

O
pH 7.75, 37.5 °C,
CI\)J\NH ¢(Co(I1))=0.1 mM, NH; CI\)J\NH

49.5% conversion + A
CO,H  (after 48 h) - ©)\/COZH : c
2. work up via ©/\/9
H

ion-exchange

chromatography
rac (S). (R)
gram scale synthesis 36 % vyield
(15 mmol) >98% ee

Figure 16: Amino acylase for the production of f-phenylalanine and derivates.
Figure modified after [130].
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Figure 17: Whole-cell biocatalysts for the production of (R)- or (S)- p-phenylalanine.
Figure modified after [131].

Additionally whole cell biocatalysts are described for the production of chiral (-
phenylalanine. Sphingobacterium sp. 238C5 and Arthrobacter sp. 219D2 were found to be
able to produce (R)- or (S)-B-phenylalanine ethyl esters respectively within 48 h and
enantiomeric purity of 99 % [131] (Figure 17).

In this work another synthesis strategy for the production of chiral non-canonical a- and (-
amino acids was investigated: the hydantoinase-process, which will be explained in more

detail in the following section.

There are general advantages for the application of biocatalysts and thus production of
noncAAs [111], [132][133]. First there are ecological benefits. Biocatalysts are biodegradable
and thus more environmentally friendly. The environmental balance is improved through
lower generation of waste and by products. Furthermore the process conditions are safe also
due to moderate reaction conditions. For instance the solvent for most enzyme reactions is
water. There are also economical advantages such as lower costs, less power requirements and
raw material input as well as water consumption. Third there are several functional benefits.
E.g. new catalytic reactions can be applied, which are conductible using chemical catalysts. A
big advantage is the synthesis without any protective groups since those are often toxic.
Biocatalysts can also perform enantioselective reactions with an additional higher specificity.
Furthermore usually less purification steps are needed. Thus a higher space-time yield is

achieved also due to less synthesis steps. [111], [132][133]
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1.5 Hydantoinase process

The hydantoinase process has been established in industry and is applied for the production of
non-canonical D-aAAs [134]-[138]. In total the hydantoinase process consists of a cascade of
three enzymes [139]. A substituted hydantoin- or pyrimidine-ring is cleaved by a
hydantoinase. The enzyme hydrolyses the amid bond as marked in Figure 18 A, resulting in
the formation of a corresponding N-carbamoyl-a-amino acid. In a second step a carbamoylase
leads to the release of CO, and NHj3 by cleaving off the carbamoyl-residue. Due to specificity
of the enzymes an enantiopure product is generated. In addition a hydantoin-racemase [E.C.
5.1.99.5] is used for the racemisation of the remaining 5-monosubstitued hydantoin [140].
Thus a 100 % yield of the desired enantiomer is achieved. D-a-amino acids are involved in the
synthesis of antibiotics, pesticides, sweeteners and other biologically active peptides [135].
E.g. D-phenylglycines are intermediates in semi-synthetic penicillins and cephalosporins and
D-homo-citrulline is a building block of the potent LH-RH antagonist [141]. In general the
chirality of the compounds plays an essential role in these products. During industrial
application of the hydantoinase process whole cells are used in free or immobilized form

[142].

Canonical and non-canonical amino acids produced with the hydantoinase process are given
in Table 1. Additionally the production of L-B-2-thienylylanine can be performed with the

hydantoinase process using cells from Arthrobacter sp. and Flavobacterium sp. [140].

Table 1: Amino acid produced with the hydantoinase process.
Data obtained from Pietzsch and Syldatk (2002) [140].

5-Substituted Hydantoins Corresponding amino Acid
p-Hydroxyphenylhydantoin p-Hydroxy-phenylglycine

Phenylhydantoin Phenylglycine
Hydroxymethylhydantoin Serine
Phenylethylhydantoin Homo-phenylalanine
Benzylhydantoin Phenylalanine
Methylthioethylhydantoin Methionine
Neopentylhydantoin v -Methyleucine
1-Hydroxyethylhydantoin Alothreonine

Trimethylsilylmethylhydantoin
3’-Ureidopropylhydantoin
1’-Methylethylhydantoin
Imidazolylmethylhydantoin
Isobutylhydantoin
Methylhydantoin
Ethylhydantoin
Isopropylhydantoin

1-3-Trimethylsilyl-alanine
Citruline

Aloisoleucine

Histidine

Leucine

Alanine

2-Aminobutyric acid
Valine
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Figure 18: Hydantoinase process and dihydropyrimidinase process.

A) Hydantoinase process for the production of chiral a-amino acids. A hydantoinase cleaves the substituted
hydantoin, which leads to the formation of an N-carbamoyl-a-amino acid that is further cleaved by a
carbamoylases to the corresponding D- or L-a-amino acid. The process is applied in industry for the production of
D-o-amino acids. B) Theoretical modified hydantoinase process for the production of chiral B-amino acids.
Starting molecule is a substituted dihydropyrimidine instead of a hydantoin. By cleavage of the amide bond a N-
carbamoyl-f-amino acid is formed and a second decarbamoylating enzyme would lead to the corresponding
chiral f-amino acid. This process is only theoretical and not established yet. R= amino acid residue.
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The starting molecules of the process - hydantoins - were already discovered in 1861 by
Baeyer [143]. Since the 1930s 5,5’-disubstituted hydantoin derivates have been of
pharmacological interest. Hydantoins can be easily synthesized from cheap chemicals as
shown in Figure 19 [140], [144]. This circumstance makes the hydantoinase process
economically useful since highly valuable optically pure a-amino acids are produced from

cheap bulk chemicals.
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Figure 19: Chemical routes for the synthesis of substituted hydantoines.
Figure was modified after [140].

Aim of this thesis is the enzymatic production of chiral B’-amino acids. By using a
dihydropyrimidine as educt instead of a hydantoin chiral B’AAs could be formed as
demonstrated in Figure 18 B [145]. In this theoretical modified hydantoinase process a
substituted dihydropyrimidine is cleaved to a N-carbamoyl-B’-amino acid by a cyclic amidase
(hydantoinase). A suitable decarbamoylating enzyme with affinity towards this substrate
would lead to the formation of the corresponding chiral B’AA. For example the conversion of

phenyldihydrouracil (PheDU) to N-carbamoyl-p’-phenylalanine has already been reported
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[146]. However until today no decarbamoylating enzyme for the conversion of N-carbamoyl-
p’-phenylalanine to B’-phenylalanine is known. The only aliphatic f>’AA which has been
generated by a decarbamoylating enzyme (except the natural fAla) is f-homo-L-alanine with
the B-ureidopropionase from Agrobacterium tumefaciens C58 [147]. In contrast to that the

formation of several *-amino acids has been reported e.g. a-phenyl-p-alanine [147][148].

1.5.1 Hydantoinases

Hydantoinases, also called dihydropyrimidinases [E.C. 3.5.2.2] belong to the family of
amidohydrolases and catalyse the first step of the hydantoinase process, the hydrolysis of
hydantoins (imidazolidine-2,4-dione) [149]. The biological function of hydantoinases still
remains unclear, although some D-hydantoinases exhibit dihydropyrimidinase activity [150].
Dihydropyrimidinases are involved in the reductive catabolism of pyrimidines [151] and
hydrolyse  dihydrouracil to  PB-ureidopropionate = (N-carbamoyl-B-alanine)  [1].
Hydantoinase activity can be induced in wild-type strains with 5-substituted hydantoins, such

as indolymethylhydantoin [152].

As already mentioned hydantoinases are of great importance for the production of a-amino
acids by using the hydantoinase process [135]. Since there is a big interest in new non natural
amino acid derivates there have been many investigations on hydantoinases and the chemical
synthesis of hydantoin derivates [140]. The most important application for hydantoinases is
the production of D-(4-hydroxyphenyl)glycine, used for the semi synthetic production of the
antibiotics amoxicillin and cephadroxyl [138], [153]. The appropiate D-hydantoinases and
hydantoin racemases for this process can be found in Agrobacterium sp., Pseudomonas sp.,
Arthrobacter crystallopoites, and Sinorhizobium morelense [154]-[157]. One example of a
well-known enzyme of this class is the hydantoinase from Arthrobacter aurescens DSM

3745, which shows a broad substrate scope [158].

During the past decades the focus for hydantoinases was mostly on the production of natural
L- and unnatural a-D-amino acids. However the industrial production of canonical L-a-amino
acids is mostly conducted by fermentation processes [159]. Only a few hydantoinases are
known for the production of chiral BAAs. Engel et al. presented several bacterial strains
which were able to convert PheDU enantioselectively to D- or L-NCBPhe [146]. Furthermore

the hydantoinase from Arthrobacter crystallopoietes DM20117 converts 6-(4-
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nitrophenyl)dihydropyrimidine-2,4(1H,3H)-dione =~ (pNO2PheDU) leading to  the

corresponding para-nitro-f-phenylalanine [160].

Hydantoinases show significant sequence similarities, even if their function is diverse. A few
3D-tertiary crystal structures of hydantoinases are available giving some insight into the L- or
D-enantioselectivity. Examples are the L-hydantoinase from Arthrobacter aurescens (PDB
IGKR) [161] and the D-hydantoinase from Geobacillus stearothermophilus (PDB 1K1D)
[162]. They show a classic TIM barrel fold and build a tetramer, whereby the tetramer (Figure
20). The active site of D-hydantoinase of G. stearothermophilus consists of Met-63, Leu-65,
Phe-152, Phe-159 and Tyr-155 [162].

o py. . 4. . &.l" 4
Y | () 2N -
§_ 5/ N
7 £

L

1IK1D 1GKR
D-hydantoinase L-hydantoinase
G. stearothermophilus A. aurescens

Figure 20: Tertiary structures of hydantoinases.
A) D-hydantoinase from G. stearothermophilus B) L-hydantoinase from 4. aurescens. Structures were edited in
PyMol.
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1.5.2 Decarbamoylating enzymes

In this thesis the term “decarbamoylating enzyme” will be used to summarize all enzyme
classes known to cleave off the carbamoyl-residue of a N-carbamoyl-amino acid and leads to
the release of a CO, and NH; molecule. This definition applies to four enzyme classes: -
Ureidopropionases, L-carbamoylases, D-carbamoylases and Allantoate amidohydrolases
[163]. An overview of the four enzyme classes and their catalytic reactions is given in Figure

21.

B-ureidopropionases (BUps), L-carbamoylases and allantoate amidohydrolases share a high
sequence and structure similarity. Compared to this D-carbamoylases have a quite different

tertiary structure (Figure 22).
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Figure 21: Classes of decarbamoylating enzymes.
A) BUps convert N-carbamoyl-B-alanine to B-alanine B) L-Carbs convert N-carbamoyl-L-a-amino acids to L-a-
amino acids C) D-Carbs convert N-carbamoyl-D-o-amino acids to D-a-amino acids D) AaHyds convert allantoic
acid to ureidoglycine.
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Figure 22: Comparison of representative homodimer crystal structures of each class of decarbamoylating
enzyme.

A) BUp from Lachancea kluyveri (PDB 1R3N) in open conformation without bound substrate B) L-Carb from
Geobacillus stearothermophilus (PDB 3N5F) without bound substrate C) Allantoate amidohydrolases from
Escherichia coli K12 with bound substrate allantoic acid (PDB 1Z2L) D) D-Carb from Rhizobium radiobacter
(PDB 1FO6) without bound substrate.

B-ureidopropionases (also known as [-alanine synthase or N-carbamoyl-B-alanine
amidohydrolase) [E.C. 3.5.1.6] are part of the pyrimidine catabolism. They hydrolyze their
natural substrate 3-ureido-propionic acid (NCBAla) or B-ureidoisobutyric (BUBut) acid to the
BAA 3-amino-propionic acid (B-alanine (BAla)) or 3-aminoisobutyric acid (Figure 21 A, p.
29) [164]. In the humans e.g. a BUp deficiency leads to neurological disorder [165]. Several
BUps were isolated e.g. from human [166], rats [167], plants [168] or bacteria [169] [52]. Still
the knowledge of BUps is quite limited. Furthermore only a few of these enzymes have been
recombinantly expressed in E. coli and characterized towards their substrate scope beside

NCBAla or UBut.

The best-known bacterial enzymes of this class are the BUps from Agrobacterium tumefaciens
C58 ATCC 33970 (A. tumefaciens) [148], Lachancea kluyveri (L. kluyveri) [170]-[173] and
Pseudomonas putida (P. putida) [52]. For all of them a degradation of NCBAla was proven.
The BUp from A. tumefaciens (Atfcar) shows broad substrate promiscuity [148]. It is able to
degrade aliphatic substrates such as N-carbamoyl-a-L-glycine (NCaGly), N-carbamoyl-o-L-
methionine and or aromatic N-carbamoyl-a-L-phenylalanine. The hydrolysis of N-carbamoyl-
a-amino acids is strictly L-enantiomer specific. A degradation of corresponding D-enantiomers

was not observed for this enzyme. For some N-carbamoyl-B-amino acids (NCBAAs) an
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activity was observed, but only a-substituted (= p>-amino acids) and not B-substituted BAAs
were detected (e.g. a-phenyl-p-alanine). The only p*-amino acid that was obtained was f-
homo-alanine. A degradation of other NCBAAs such as N-carbamoyl-p-L-homo-methionine,
N-carbamoyl-B-L-phenylalanine or N-carbamoyl-B-L-leucine was not observed. It is worth
mentioning that the affinity towards N-acetyl-f-alanine was over a hundred times lower than
towards NCPBAla. This observation demonstrates the high substrate specificity of this enzyme
class. Additionally AtBcar was able to cleave a couple of N-carbamoyl-y- and 6-amino acids
[147]. Furthermore some protein engineering studies were performed. It was shown that the
mutation of alanine at position 359 to glycine caused a higher affinity towards NCBAla and
NCoaGly. Thereby the K.,-values compared to the wild-type enzyme were lowered from 5.41
to 5.02 mM for NCPAla and from 2.61 to 1.99 mM for NCaGly respectively [147]. The
influence of this mutation towards the enantioselectivity of the mutant was not investigated in

this study.

The BUp enzyme from P. putida (PutpUp) is described as a BUp even though the K.,-values
for NCPAla (3.74 mM) are higher than for aliphatic NCaAAs (0.68 mM) with small
substituents [52]. The PutpUp is not degrading other a-substrates with more bulky
substituents like N-carbamoyl-a-leucine, N-carbamoyl-a-phenylalanine or N-carbamoyl-a-
tryptophan. For this enzyme also L-enantiomer specificity is described, N-carbamoyl-o-D-

amino acids were not converted.

In comparison to AtPcar and PutBUp the BUp from L. kluyveri (SkIBUp) is way less
characterized regarding to the substrate scope. Only the degradation of NCBAla (K, ~ 60
mM), BUBut and 2-methyl-3-ureidopropionic acid is described. However until today SkIBUp
is the sole BUp for which a 3D-x-ray crystal structure is available (1R3N). Regarding to its
structure SklIBUp was identified as a member of the aminoacylase-1/metallopeptidase 20
family. Lundgren et al. proposed a reaction mechanism on basis of the enzyme structure with
co-crystallized natural substrate NCBAla (2V8H) and its degradation product BAla (2V8G)
[170]. Site directed mutagenesis experiments of SkIBUp revealed the residues Q159 and R322
as crucial for the catalysis. Residues H262 and H397 are described as important but not
essential for the functionality (see Figure 23 C). One monomer consists of two domains: a
catalytic domain, harbouring a di-zinc centre and a smaller dimerization domain. Through
substrate-binding the enzyme undergoes a conformation change from an open to a closed

conformation, comparable to a snapping trap (Figure 23 A and B).
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Figure 23: Overview of SkIBUps conformation and active site.
A) Open conformation and B) closed conformation of SkiBUp. C) Active site of SkifUp with incorporated
substrate NCPAla. Figures modified after [173] and [170] using PyMol.

Their quaternary structure is usually built of two homodimers whereby one monomer has a

molecular mass of approximately 50 kDa [163].

The reaction mechanism proposed by Lundgren et al. is shown in Figure 24 (p. 34). In the
first step of catalysis NCBAla binds to the carboxylate-anchoring residues R322, N309 and
H262. At the same time the substrate interacts with the metal-ion centre due to domain
movements (step 2). Thereby a metal-bound water molecule is activated by Q159.
Subsequently in step 3 the OH™ of the activated water molecule nucleophilicly attacks the
carbonyl group of NCBAla and a tetrahedral intermediate is formed. This is coordinated by
metal-ions, residues H397 and Q229. Then the product BAla is formed by the cleavage of the
carbamoyl-residue. This spontaneously decays to CO, and NHj3, which are released by the
opening of the active site in step 5. Finally the generated BAla is released from the active site

and a new bridging water molecule is added.

BUps are usually active in a broad pH- and temperature range. Furthermore for other N-
carbamoyl-substrates than NCBAla their activity can be enhanced by the addition of divalent

. + T2+ 2+
metal-ions, such as Mn?>*, Ni*" and Co®".

L-carbamoylases [E.C. 3.5.1.87] convert N-carbamoyl-L-a-amino acids to L-o-amino acids
(Figure 21, p. 29). Many L-carbamoylases (L-Carbs) are known, since they have been studied
intensively for usage in the hydantoinase process. The natural function of these enzymes is
still unknown. Like PBUps also several L-Carbs are described to degrade more bulky

substituted N-carbamoyl-a-amino acids, such as N-carbamoyl-a-leucine or aromatic N-
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carbamoyl-a-tyrosine [174], [175]. From all L-carbamoylases known in literature only three
were investigated on conversion of NCBAla whereby no degradation was detected. For other
L-Carbs the degradation of NCBAla was never tested. L-Carbs are strictly L-specific and are
known to be unstable, which makes enzyme purification difficult. Additionally ver L-Carbs
require divalent cations for enzymatic activity [175].

While most decarbamoylating enzymes have an optimal temperature in the area of 30-40 °C
the L-Carb of Geobacillus stearothermophilus CECT43 (GstCarb) has its optimal activity at
60°C [176]. This makes this enzyme quite attractive for the industrial application. Also the
formation of L-amino acids was better, when N-carbamoyl- instead of N-formyl-substrates
were used [176]. GstCarb possesses a homodimeric native structure [177], which can be
divided in a catalytic and a dimerization domain (Figure 25 A, p. 35). The crystal structure for
this enzyme is available (PDB 3NS5F) and revealed that the enzyme is member of the
peptidase M20/M25/M40 family and possesses a bimetallic centre. By mutational analysis it
was proven that Arg286, His225 and Asn273 are involved in substrate binding (His-Asn-Arg
triad) (Figure 25 B, p. 35) [178].
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Figure 24: Proposed catalytic mechanism in the active site of SkIpUp [173].
Steps 1-6 show the coordination and cleavage of NCBAla (blue) in the catalytic centre. Figure modified after

[173].



INTRODUCTION 35

A

ARG-286

ASP-284

Dimerization
domain

Figure 25: L-Carb from G. stearothermophilus (3N5F).

A) The Monomer of the enzyme is divided into a catalytic domain (green and orange) and a dimerization domain
(red). B) Highly conserved catalytic triade including Arg286, His225 and Asn273 in the active site of the
enzyme. Figures modified after [178] using PyMol.

D-carbamoylases [E.C. 3.5.1.77] show D-enantiomer specificity and convert N-carbamoyl-D-
a-amino acids (NCDaAA) to D-o-amino acids (Figure 21, p. 29). Like L-Carbs, D-
carbamoylases (D-Carbs) are applied in the hydantoinase process for the production of aAAs.
Many D-Carbs are well studied in literature but like for L-Carbs their natural function is
unknown. D-Carbs are able to hydrolyse NCDaAAs with small residues, but often they also
cleave NCDoA with aromatic or bulky amino acid residues [179], [180]. 3D-tertiary crystal
structures of D-Carbs are available (PDB 1FO6, 1UF5), whereby 1UFS5 is co-crystallized with
its substrate N-carbamoyl-D-methionine. Hsu et al. first solved the crystal structure of the D-
Carb from Rhizobium radiobacter in 1998 at a resolution of 2.8 A [181] and later Wang et al.
obtained a structure at 1.95 A [181]. According to Hsu the natural substrate of this enzyme is
N-carbamoyl-D-hydroxy-phenyl glycine (Ku: 19 mM and Viay: 12 units mg™). It was revealed
that the enzyme exists as a homotetramer. Each subunit consists of one active site and the two
sites in the AB dimer are close pairwise across the dyad axis. Each monomer exhibits a four-
layer o/B-fold with two six-stranded B-sheets packed on either side by two a-helices (Figure

26 A).
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It is suggested that the highly conserved amino acids of the catalytic cleft constitute of Glu47,
Lys127, Glul46, Cys172 and Argl76. Probably Cys172 nucleophilicly attacks the C-atom of
the carbonyl group, the adjacent Glu47 accepts the proton of the -SH group. Lys127 possibly
stabilizes the intermediate. Glu47 then donates a proton to the C-N bond, leading to its
instability and cleavage. Subsequently Glu47 activates a water molecule and the resulting OH
group attacks the carbonyl C-atom of the acyl group, attached to Cys172. After this
deacylation Glu47 donates a proton to Cys172 and the acid component is released. Metal-ions
are not involved in the catalysis. Site-directed mutagenesis studies of this enzyme revealed
that residues His129, His144 are needed to maintain a stable conformation of the putative
cleft. Also His215 plays an important role for keeping the tight dimer conformation, which is

essential for the enzymatic activity (Figure 26 B) [181].

B GLU-47 )\y//’% HIS-144
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Figure 26: Monomer and active site of D-carbamoylase 1FO6.

A) Monomer with four-layer o/B-fold with two six-stranded B-sheets packed on either side by two a-helices.
Figure modified after [181] B) Amino acid residues involed in the catalytic reaction. Figures were made using
PyMol.

Allantoate amidohydrolases [E.C. 3.5.3.9] are part of the purine catabolism and naturally
convert allantoic acid to ureidoglycine that subsequently decays into (S)-ureidoglycolate and
ammonia (Figure 21, p. 29). Due to their presence in the purine metabolism they can be found
in all five kingdoms. In contrast to that only one recombinantly overexpressed allantoate

amidohydrolases (AaHyds) from E. coli K12 is described [182].
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Figure 27: Insights into the AaHyd of E. coli K12.
A) Proposed conformation of 1Z2L B) Highly conserved amino acid residues His228, Asn277, Arg290 and
His384 of the catalytic centre in complex with allantoic acid (purple). Figures modified after [182].

Also a 3D-tertiary crystal structure is available co-crystallized with bound substrate allantoic
acid (PDB 1Z2L). However beside the degradation of allantoic acid to (S)-ureidoglycolate no
further studies on their substrate scope or enzyme characterization were conducted. By
analysis of the crystal structure the residues binding the substrate were identified: His228,
Asn277, Arg290 and His384 (Figure 27 A). Like for BUp of L. kluyveri an open and closed

conformations was proposed by Agarwal and co-workers (Figure 27 B) [182].

Even if structural data of several decarbamoylating enzymes is available, in contrast to other
enzyme classes the number of crystal structures is low. The amount of enzymes co-
crystallized with their natural substrate is even lower. With a few exceptions it has never been
investigated whether these enzymes also accept other naturally occurring N-carbamoyl amino
acids beside their physiological substrates. Of almost all enzymes able to perform a
decarbamoylation-reaction no information about their conversion of N-carbamoyl-f-amino
acids to the corresponding B-amino acid is known. The sole exception is the conversion of N-
carbamoyl-B-alanine to B-alanine [172][52], [147]. The BUp Agrobacterium tumefaciens C58
is the sole enzyme that has been tested towards its conversion N-carbamoyl-f-phenylalanine
but no activity was detected: [147, 148]. N-carbamoyl-f-amino acids with smaller, less bulky

substituents have never been intensively investigated.



INTRODUCTION 38

1.6 Protein-Ligand Docking

Over the past years the development of experimental techniques like high-throughput protein
purification and protein crystallography built the foundation for computational approaches to
investigate structural details of proteins and protein-ligand complexes [183]. In contrast to
high-throughput screening virtual screening offers the opportunity for a more direct and thus
more efficient screening approach with lower costs. Computational methods are a strong tool
to predict model ligand interactions when experimental data is not available. Especially when
a homologous structure at a sufficient resolution is known [184]. There are several docking
programs available, e.g. on ROSIE [185] (Rosetta Online Server that Includes Everyone).
Every docking program relies on two components: a method for exploration of the
conformational space of the ligand and protein plus a scoring function, evaluating the

proposed binding modes [186].

The ligand-docking function available on ROSIE is based on Rosetta and is used for docking
of small-molecule ligands into comparative models. Rosetta software includes experimentally
validated algorithms for computational modelling and analysis of protein structures and
mostly has its advances in computational biology for de novo protein design, enzyme design,
ligand docking and structure prediction of biological macromolecule and macromolecular
complexes [187]-[193]. The Rosetta online server gives non-bioinformaticians the

opportunity to conduct docking-simulations in a simplified way [185].

1.7 Protein Engineering

Natural enzymes with a high sequence homology often show a great variability with regard to
their substrate scope, activity and stability [194]. The exchange of one single amino acid may
drastically influences these properties. Since the beginning of protein engineering in the
1990s nowadays engineering a wild-type enzyme may only take a few months instead of
years [195]. Thus protein engineering and the use of single enzymes is now considered more
economic and practical nowadays [111]. There exist different strategies for protein
engineering: rational design, directed evolution and semi-rational design, a combination of
previous two.

For directed evolution the availability of a 3D-strucuture is not necessary. Due to error-prone
PCR the full gene is randomly mutated and thus may also lead to unexpected beneficial

mutations [196]. An easy high-throughput 96-well plate screening method is essential for
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screening of hundred thousands of mutants of the big random mutant-libraries [197].
Rational enzyme design is applied, if the structure and mechanism of an enzyme is already
known. Through analysis of the protein structure in combination with bioinformatic tools
focused libraries are built [198]. Often big steric residues in the active site are mutated to

smaller amino acids, like alanine. Thereby the binding of bulky substrate may be improved.

Semi-rational enzyme design offers the opportunity to identify hot-spot residues without the
knowledge of the protein structure. The information on protein sequence, structure and
function is combined with computational predictive algorithms to limit the amino acid
diversity for protein engineering. This method focuses on specific amino acid residues and

thereby reduces the number of mutants which leads to high-quality libraries [199].
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2 RESEARCH PROPOSAL

The aim of this thesis is the enzymatic production of chiral non-canonical amino acids, with
focus on chiral p*-amino acids, since they play an important role as building blocks of
pharmaceutical drugs or fine chemicals [3]. Until today only a few biotechnological routes for

the synthesis of chiral f-amino acids or other non-canonical a-amino acids are known.

A modification of the established hydantoinase process is to be evolved as strategy for this. In
this work the focus lies on the second step of this enzyme cascade in which an enzyme may
be employed to convert a chiral N-carbamoyl-o/B-amino acid to the corresponding non-
canonical D- or L-a/B-amino acid. The goal is first and foremost to identify new enzymes and
to investigate enzymes known from literature that are able to catalyse this reaction. By using
this strategy no enzyme is known to be able to convert chiral N-carbamoyl-p-phenylalanine to
B-phenylalanine. A hydroxylated derivate of B-phenylalanine is moiety of the cancer drug
paclitaxel. Also the production of other aliphatic p*-amino acids with smaller, less bulky

substituents has never been intensively investigated.

Therefor several chiral N-carbamoyl-f-amino acid model substrates are to be synthesized.
Additionally suiting analytical methods for the detection of these enzyme substrates (N-
carbamoyl-o/p -amino acids) and their corresponding products (chiral o/B-amino acids) are to
be developed. To identify novel enzymes screening of wild-type microorganisms of the
institutes own strain collection is to be performed using N-carbamoyl-B-alanine and chiral N-
carbamoyl-B-phenylalanine as model substrate. Therefore an appropriate screening method
has to be established. Responsible genes coding for decarbamoylating enzymes from wild-
type strains with activity towards selected model substrates are to be identified. These genes
are to be cloned and their corresponding enzymes are supposed to be recombinantly expressed
in E. coli. For the production of chiral non-canonical amino acids expression and purification
methods are to be adapted to investigate these enzymes towards their activity. Additionally
the substrate scope of these enzymes is to be investigated. Furthermore in silico observation
of the enzymes are to be examined and possibilities for protein engineering are to be

considered.
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3 MATERIAL AND METHODS

3.1 Material

3.1.1 Microorganisms

3.1.1.1 Bacterial strains for genetic work

Table 2: E. coli strains used for cloning and recombinant protein expression

Organism Genotype Supplier
Escherichia coli BL21 DE3  E. coli B/ t,” ompT hsdSB (rgmp’) gal Insitute strain
dem rnel31 (DE3) collection

Escherichia coli XL1blue ecAl, endAl, gyrA96, thi-1, hsdR17(rx Stratagene
L )
;mg ), supE44, relAl,l,
[F' proAB, lacl? Z AM15, Tn10(Tet" )]

3.1.1.2 Bacterial and fungal strains used in the screening

Strains used in screening experiments were received from the institutes own strain collection
of the Institute of Technical Biology (KIT). The strain collection includes verified DSMZ-

strains and isolates from soil.

Table 3: List of all bacteria, yeast and fungi used in screening experiments.
I = Soil isolate; IASC = Isolate of antarctic seal cadaver.

Internal Organism DSM  Cultivation Type Source
Code Temp. (°C)

81 1 25 Yeast I

AAl Arthrobacer sp. 20 Bacterial  IASC

1 Arthrobacter agilis 20550 22 Bacterial

2 Arthrobacter atrocyaneus 20127 30 Bacterial

4 Arthrobacter aurescens 20116 30 Bacterial

3 Arthrobacter aurescens 3745 30 Bacterial

5 Arthrobacter chlorophenolicus 12829 28 Bacterial

6 Arthrobacter citreus 20133 30 Bacterial

AA26 Arthrobacter cryotolerans 20 Bacterial  IASC

7 Arthrobacter crystallopoietes 20117 30 Bacterial

8 Arthrobacter globiformis 20124 30 Bacterial

9 Arthrobacter histidinolovorans 20115 30 Bacterial

10 Arthrobacter ilicis 20138 30 Bacterial

11 Arthrobacter methylotrophus 14008 25 Bacterial

12 Arthrobacter nasiphocae 13988 30 Bacterial

13 Arthrobacter nicotianae 20123 30 Bacterial

14 Arthrobacter nicotinovorans 420 30 Bacterial
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Internal Organism DSM  Cultivation Type Source
Code Temp. (°C)

AA27 Arthrobacter nitroguajacolicus 20 Bacterial  IASC

15 Arthrobacter oxydans 20119 30 Bacterial

16 Arthrobacter pascens 20545 30 Bacterial

17 Arthrobacter polychromogenes 20136 30 Bacterial

18 Arthrobacter polychromogenes 342 30 Bacterial

19 Arthrobacter protophormiae 20644 30 Bacterial

AA7T Arthrobacter psychrochitinophilus 20 Bacterial  IASC

20 Arthrobacter psychrolactophilus 15612 28 Bacterial

AA2 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA3 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA4 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AAS Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA9 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA12 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AAl14 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA15 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA16 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA17 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA19 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA20 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA21 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA23 Arthrobacter psychrolactophilus 20 Bacterial  IASC

AA25 Arthrobacter psychrolactophilus 20 Bacterial  IASC

21 Arthrobacter roseus 14508 22 Bacterial  IASC

AAI10 Arthrobacter sp. 20 Bacterial  IASC

AAIl1 Arthrobacter sp. 20 Bacterial ~ IASC

AA13 Arthrobacter sp. 20 Bacterial ~ IASC

26 Arthrobacter sp. E7 30 Bacterial I

27 Arthrobacter sp. F7 30 Bacterial I

28 Arthrobacter sp. K20 30 Bacterial I

29 Arthrobacter sp. L20 30 Bacterial I

AAS Arthrobacter stackebrandtii 20 Bacterial  IASC

22 Arthrobacter sulfonivorans 14002 28 Bacterial

23 Arthrobacter sulfureus 20167 30 Bacterial

AA6 Arthrobacter sulfureus 20 Bacterial  IASC

AA18 Arthrobacter sulfureus 20 Bacterial  IASC

AA22 Arthrobacter sulfureus 20 Bacterial  IASC

AA24 Arthrobacter sulfureus 20 Bacterial  IASC

24 Arthrobacter uratoxydans 20647 30 Bacterial

25 Arthrobacter ureafaciens 20126 30 Bacterial

P2 Aspergillus nidulans SAS 12 28 Fungi

P1 Aspergillus nidulans GRS 28 Fungi

P5 Aspergillus niger 11414 28 Fungi

P4 Aspergillus niger IFGB 1822 28 Fungi
Aspergillus niger NRRL 28 Fungi

P3 3

P6 Aspergillus oryzae 1861 28 Fungi
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Internal Organism DSM  Cultivation Type Source
Code Temp. (°C)
P7 Aspergillus oryzae 1863 28 Fungi
B1 Bacillus sp. A16 30 Bacterial
B2 Bacillus sp. A16 25052 30 Bacterial
B3 Bacillus sp. F16 18825 30 Bacterial
B4 Bacillus sp. F18 30 Bacterial
B5 Bacillus sp. G18 30 Bacterial
B6 Bacillus sp. H20 30 Bacterial
B7 Bacillus subtilis 21332 30 Bacterial
B8 Bacillus subtilis 10" 30 Bacterial
B9 Bacillus subtilis 28227 30 Bacterial
B10 Bacillus subtilis 3258 30 Bacterial
B11 Bacillus subtilis LM43a50°C 30 Bacterial
B12 Bacillus subtilis subsp. subtilis 1090 30 Bacterial
B13 Bacillus subtilis subsp. subtilis 3256 30 Bacterial
B14 Bacillus subtilis subsp. subtilis 3257 30 Bacterial
B15 Bacillus subtilis subsp. subtilis 5214 30 Bacterial
B16 Bacillus subtilis subsp. subtilis 6198 30 Bacterial
B17 Bacillus subtilis subsp. subtilis 6223 30 Bacterial
30 Burkholderia glumae 9512 30 Bacterial
31 Burkholderia glumae PG1 30 Bacterial
37 Burkholderia phytofirmans PsJN 174T136 30 Bacterial
32 Burkholderia plantarii 6535 30 Bacterial
33 Burkholderia plantarii 9509 30 Bacterial
34 Burkholderia plantarii mutant 9509 30 Bacterial
35 Burkholderia plantarii mutant 3.2 9509 30 Bacterial
LO4
38 Burkholderia sp. M3 30 Bacterial
36 Burkholderia thailandensis 13276 30 Bacterial
72 Candida bombicola 22214 25 Yeast
Axl Carnobacterium mobile 20 Bacterial  IASC
90 Cryptococcus curvatus 3112 25 Yeast I
73 Cryptococcus curvatus 20508 25 Yeast
74 Cryptococcus curvatus 20509 25 Yeast
20 Marine
o10 Cytophaga marinoflava Hel 21 bacterial
M2 Delftia sp. E24 30 Bacterial
MIl Delftia sp. 124 18833 30 Bacterial
El Escherichia coli K12 498 37 Bacterial
M3 Flavobacterium sp. F8 30 Bacterial
M4 Gordonia namibiensis NAM-BN063A4 30 Bacterial
M5 Gordonia namibiensis NAM-BN063B 30 Bacterial
20 Marine
Ol Halomonas variabilis Hel 04 bacterial
20 Marine
02 Janibacter limosus Hel 01 bacterial
20 Marine
03 Jannaschia helgolandensis Hel 10 bacterial
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Internal Organism DSM  Cultivation Type Source
Code Temp. (°C)
20 Marine
04 Jannaschia helgolandensis Hel 26 bacterial
76 Klyveromyces lactis CBS 2359 25 Yeast
75 Klyveromyces marxianus CBS 6556 25 Yeast
M6 Lactob. delbrueckii subsp.delbrueckii 20074 30 Bacterial
M7 Lactococcus lactis subsp. Lactis 20481 30 Bacterial
M8 Leifsonia sp. K3 27212 30 Bacterial
20408 20 Marine
Ol14 Marinicoccus halophilus bacterial
Ax6 Massilia aurea 20 Bacterial  IASC
M9 Microbacterium sp. 40A 27211 30 Bacterial
20 Marine
05 Mikrobakterium sp. Hel 12 bacterial
MI10 Mircrobacteriacae sp. K3 30 Bacterial
Ml11 Nocadia butanica 21197 30 Bacterial
MI12 Nocadia EHI-B 30 Bacterial
MI13 Nocadia HS 30 Bacterial
M14 Nocadia TB1 30 Bacterial
20 Marine
06 Oceanibulbus indoliflex Hel 45 bacterial
M15 Ochrobactrum sp.C15 30 Bacterial
MI16 Ochrobactrum sp.D24 30 Bacterial
M17 Ochrobactrum sp.F21 25042 30 Bacterial
MI18 Ochrobactrum sp.F21 30 Bacterial
M19 Ochrobactrum sp.G21 18825 30 Bacterial
M20 Ochrobactrum sp.121 30 Bacterial
M21 Ochrobactrum sp.J24 30 Bacterial
82 OHAI 25 Yeast I
84 OHAI2 25 Yeast I
83 OHA4 25 Yeast I
M22 Paenibacillus sp. 32A 27214 30 Bacterial
G Parageobacillus 6285 55 Bacterial
thermoglucosidasius
20 Marine
07 Planctomyces maris Hel 23 bacterial
Ax5 Planococcus psychrotolerans 20 Bacterial  IASC
20 Marine
013 Prochlorococus Med4 bacterial
68 Pseud. Km-1 30 Bacterial
69 Pseud. KM-3s 30 Bacterial
70 Pseud. PN 1 30 Bacterial
AP2 Pseudomonas antarctica 20 Bacterial  IASC
AP4 Pseudomonas antarctica 20 Bacterial  IASC
APS Pseudomonas antarctica 20 Bacterial  IASC
AP7 Pseudomonas antarctica 20 Bacterial  IASC
53 Pseudomonas chibensis 329 30 Bacterial
55 Pseudomonas chlororaphis 50083 30 Bacterial
56 Pseudomonas chlororaphis 30761 30 Bacterial
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Internal Organism DSM  Cultivation Type Source
Code Temp. (°C)
54 Pseudomonas cruciviae 10833 30 Bacterial
AP6 Pseudomonas extremaustralis 20 Bacterial  IASC
AP10 Pseudomonas flourescens 20 Bacterial  IASC
52 Pseudomonas fluorescens SO(T)9O 30 Bacterial  IASC
AP1 Pseudomonas gessardii 20 Bacterial  IASC
AP3 Pseudomonas lini 20 Bacterial  IASC
APS8 Pseudomonas mandelii 20 Bacterial  IASC
API11 Pseudomonas mandelii 20 Bacterial  IASC
71 Pseudomonas oleovorans 1045 30 Bacterial
57 Pseudomonas plantarii 9509 30 Bacterial
58 Pseudomonas putida 5235 28 Bacterial
59 Pseudomonas putida 12735 28 Bacterial
60 Pseudomonas putida KT24 28 Bacterial
40
61 Pseudomonas sp. G6 30 Bacterial
62 Pseudomonas sp. G7 30 Bacterial
63 Pseudomonas sp. L9 30 Bacterial
64 Pseudomonas sp. M18 30 Bacterial
65 Pseudomonas sp. N7 30 Bacterial
66 Pseudomonas sp. N8 30 Bacterial
67 Pseudomonas sp. P8 30 Bacterial
API12 Pseudomonas syringae 20 Bacterial  IASC
APsy8  Psychrobacter aguimaris 20 Bacterial  IASC
APsy3  Psychrobacter cibarius/urativorans 20 Bacterial  IASC
AP9 Psychrobacter cryhalolentis 20 Bacterial  IASC
APsy9  Psychrobacter cryhalolentis 20 Bacterial  IASC
APsy5  Psychrobacter cryohalolentis 20 Bacterial  IASC
APsy6  Psychrobacter cryohalolentis 20 Bacterial  IASC
APsy2  Psychrobacter maritimus 20 Bacterial  IASC
APsy7  Psychrobacter maritimus 20 Bacterial  IASC
APsyl  Psychrobacter sp. 20 Bacterial  IASC
APsy4  Psychrobacter urativorans 20 Bacterial  IASC
M23 Rhodococccus ruber USA-ANO12 Bacterial
Rhodococcus erythropolis 122- Bacterial
M24 AN065
M25 Rhodococcus erythropolis 67-BN001 Bacterial
Rhodococcus erythropolis 870- Bacterial
M26 ANOI19
Rhodococcus erythropolis 871- Bacterial
M27 AN042
Rhodococcus erythropolis 871- Bacterial
M28 ANOS53
Rhodococcus erythropolis ANT- Bacterial

M29

ANOO7
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Rhodococcus erythropolis ANT- Bacterial
M30 ANO37
Rhodococcus erythropolis ARG- Bacterial
M31 ANO24
Rhodococcus erythropolis ARG- Bacterial
M32 ANO25
Rhodococcus erythropolis ENG- Bacterial
M33 ANO33
Rhodococcus erythropolis IND- Bacterial
M34 ANO14
M35 Rhodococcus opacus 871-AN040 Bacterial
M36 Rhodococcus opacus ANT-AN0OO2 Bacterial
20 Marine
08 Roseobacter sp. Hel 78 bacterial
S3 S. flavovirens 40062 Bacterial
77 Saccharomyces cerevisiae DSM 11285 25 Yeast
80 Saccharomyces kluyveri 70517 25 Yeast
20 Marine
Ol1 SB 177 bacterial
20 Marine
09 SB 89 bacterial
85 ST2 25 Yeast I
86 ST6 25 Yeast I
87 ST6a 25 Yeast I
89 ST6b 25 Yeast I
S1 Staphylococcus capitis 20326 Bacterial
S2 Staphylococcus sp. H7 Bacterial
S4 Stenotrophomonas sp. N1 Bacterial
S5 Streptomyces globisporus 40991 Bacterial
S6 Streptomyces griseus 40236 Bacterial
91 SW A 25 Yeast I
92 SW B 25 Yeast I
93 SW D 25 Yeast I
94 SWE 25 Yeast I
95 SWF 25 Yeast I
96 SWG 25 Yeast I
20 Marine
012 Synechococcus WH 8102 bacterial
T1 Tetragenocccus koreensis 16501 Bacterial
Ax2 Thelebolus globosus 20 Bacterial  IASC
Ax7 Thelebolus sp. 20 Bacterial  IASC
78 Trigonopsis variabilis 70714 25 Yeast
M41 Tsukamurella pseudospumae 44117 28 Bacterial
M42 Tsukamurella pseudospumae 44118 28 Bacterial
M37 Tsukamurella spumae 44113 28 Bacterial
M38 Tsukamurella spumae 44114 28 Bacterial
M39 Tsukamurella spumae 44115 28 Bacterial
M40 Tsukamurella spumae 44116 28 Bacterial
Ax3 Variovorax paradoxus 20 Bacterial  IASC
Ax4 Variovorax paradoxus 20 Bacterial  IASC
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M43 Variovorax paradoxus SCS-3-L20-3
M44 Variovorax paradoxus SCS-3-L20-4
79 Yarrowia lipolytica

1345

30
30
25

Bacterial
Bacterial
Yeast
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3.1.2  Genes and proteins
Table 4: Used genes and proteins.
Name Annotation Accession number Organism DSMZ PDB
(NCBI) Gene Protein (Uniprot) strain code
P. oleo Hydantoin NIUB0100000 OWK49263.1 Pseudomonas 1045 -
utilization 1.1:76233- oleovorans
protein C 77522
P.aeru N-carbamoyl- B- NC _002516.2: AAGO03833.1 Pseudomonas 22644 -
alanin-synthase ~ 498420- aeruginosa
499703 PAOI
Burk 1 Zn-depented NC 010681.1: WP _012433677.1 17436 -
hydrolase 3041700- Paraburkholder
3042980, ia phytofirmans
Chromosome PsJN
1
Burk 2 Zn-depented NC 010676.1: WP _012428372.1  Paraburkholder 17436 -
hydrolase / - 2861449- ia phytofirmans
alanin-synthase 2862729, PsJN
Chromosome
2
Burk 3 B-alanin- NC 010676.1: WP _012426153.1  Paraburkholder 17436 -
synthase, 304405- ia phytofirmans
amidohydrolase 305643, PsJN
Chromosome
2
Burk 4 Allantoate NC 010681.1: WP _012431152.1  Paraburkholder 17436 -
Amidohydrolase  55474-56766, ia phytofirmans
Chromosome PsJN
1
Burk 5 Allantoate NC 010676.1: WP _012426027.1  Paraburkholder 17436 -
amidoydrolase, 169451- ia phytofirmans
B-alanin- 170692 PsJN
synthase
PYD3 B-alanin- AF333185.1:1 Q96W94 Lachancea 70517 IR3N,
synthase 207-2574 kluyveri 1R43,
2V8D,
2VS8H,
2V8V,
2VL1
amaB N-carbamoyl-L- - Q53389.1 Geobacillus 22 3NSF
amino acid stearothermophi
hydrolase Ius CECT43"
BCepl80 Amidasehydant CP020395.1:5 A4JQA0 Burkholderia 11737  514M
8 5509 oinase / 11541-512821 vietnamiensis
carbamoylase G4
allC Allantoate - P77425 Escherichia coli 498 1Z2L
Amidohydrolase K12
nca N-carbamoyl-D- - Q44185 Rhizobium 1FO6
amino acid radiobacter 2GGK
hydrolase 2GGL
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3.1.3 Commercial enzymes

Table 5: Commercial enzymes

Enzyme Description Supplier
DNAse DNAse I grade II from Sigma Aldrich
bovine pancreas
Lysozyme From henn egg white Fluka
Anza Restriction enzymes BamHI, Hind III Invitrogen by Thermo Fisher
Scientific
Q5® High-Fidelity DNA Carl Roth GmbH & Co. KG
DNA Polymerases Taq DNA Polyme}r/ase Thermo Fisher Scientific Inc.

3.1.4 Cloned Plasmids

All genes used for cloning were previously codon optimized for expression in E. coli using Thermo
Fisher Scientific Gene Art codon optimization or optimized by Proteogenix company.
Table 6: Cloned plasmids.

PMA-T vector was obtained from Thermo Fisher Scientific Gene Art, pUC18 and pET19 were obtained from
ProteoGenix and pLISRSF7 vector was bought from Addgene [200].

Name of plasmid Gene name Vectors Gene synthesis
Cloning Expression Supplier
vector vector

Burk bUpl Burk 1 pMA-T pLJSRSF7  Thermo Fisher
Scientific Gene Art
Burk bUp2 Burk 2 pMA-T pLJSRSF7  Thermo Fisher
Scientific Gene Art
Burk bUp3 Burk 3 pMA-T pLJSRSF7  Thermo Fisher
Scientific Gene Art
Burk bUP4 Burk 4 pMA-T pLJSRSF7  Thermo Fisher
Scientific Gene Art
Burk bUp5 Burk 5 pMA-T pLJSRSF7  Thermo Fisher
Scientific Gene Art
P. oleov_bUpb6 P. oleov pMA-T pLJSRSF7  Thermo Fisher
Scientific Gene Art
P.aeru bUp7 P.aeru pMA-T pLJSRSF7  Thermo Fisher
Scientific Gene Art
S.kl bUp PYD3 pLJSRSF7  Thermo Fisher
Scientific Gene Art
PYD3 PMA-T pET21b(+) Thermo Fisher
Scientific Gene Art
3NSF amaB pUCI18 pET19 ProteoGenix
1FO6 nca pUCI18 pET19 ProteoGenix
514M BCepl1808 5509 pUCI18 pET19 ProteoGenix

1Z2L allC pUCI8 pET19 ProteoGenix
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3.1.5 Chemicals

Table 7: List of all used chemicals

Chemical Chemical Formula Supplier

1.4-Dithiothreit (DTT) C4H102S: arl Roth Gt & Co.

2-(4-(2-Hydroxyethyl)-1-piperazinyl)- CH1<N>O.S Carl Roth GmbH & Co.

ethansulfonsdure (HEPES) SIS KG

3-Mercaptopropionsdure C3HeO,S Sigma-Aldrich

4-(Dimethylamino-)benzaldehyd CoH;1NO Merck KGAA

Acetic acid C2H402 Iggl Roth GmbH & Co.

Acrylamide C3HsNO I(éegl Roth GmbH & Co.

Agar - Sigma-Aldrich

Agarose Ultra Quality Ci2H1309 Carl Roth GmbH & Co.
KG

Ammonium peroxide sulfate (APS) (NH4),2S,05 I(éegl Roth GmbH & Co.

Ammonium sulfate (enzyme quality) (NH4)2S0O4 Carl Roth GmbH & Co.
KG

Ampicillin sodium salt Ci6H1sN3NaO4S I(éegl Roth GmbH & Co.

Boric acid H;BO; Carl Roth GmbH & Co.
KG

Bromphenol blue Ci9H10Br4OsS Sigma-Aldrich

Calcium chloride CaCl, - 2 H,O Sigma-Aldrich

. . Honeywell Specialty

Cobalt (II) chloride Hexahydrate CoCl, - 6 H,O Chemicals Seelze GmbH

Coomassie Brilliant Blue R250 C45HaaN3NaO7S, I(éegl Roth GmbH & Co.

Dipotassium phosphate K>;HPO4 Sigma-Aldrich

Disodium phosphate Na,HPO, - 2H,0  Carl Roth GmbH & Co.
KG

DNA Ladder (1 kb, Quick-Load™) - New England Biolabs

Fmoc

Gel Loading Dye, Purple (6X) - New England Biolabs

Glycerine C:H:Os I(éegl Roth GmbH & Co.

Hydrochloric acid 32 % HCI Carl Roth I((}gle & Co.

Isopropanol C;H80 I(éegl Roth GmbH & Co.

Isopropyl-B-D-thiogalactopyranosid Carl Roth GmbH & Co.

(IPTG) CoHig0sS KG

. C18H36N4011 : Carl Roth GmbH & Co.
Kanamycin sulfate H,S0, KG
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Magnesium chloride

Magnetic Dynabeads™

Maltose
Manganese (II) chloride tetrahydrate

Methanol

Monopotassium phosphate
Monosodium phosphate

N-isobutyryl-L-Cystein (IBLC)
Nickel (IT) chlorid Hexahydrat
Nickel (IT) chloride hexahydrate
Nickel beads

Nicotinamide adenine dinucleotide
(NAD)

Nicotinamide adenine dinucleotide
(NADH)

Nucleoside triphosphate mix (dANTP)

Nuklease free water

Ortho-Phthaldialdehyde (OPA)
Prestained Protein Ladder (10-180
kDa)

Prestained Protein Ladder (11 - 245
kDa)

Roti®-GelStain
Sodium chloride
Sodium dodecyl sulfate (SDS)

Sodium hydroxide

Taq DNA Polymerase PCR Buffer
(10X)

Tetramethylethylendiamin (TEMED)
TRIS Pufferan®

Tryptone

Yeast base medium without amino acids

Yeast extract

Zinc chloride

MgCl, - 7 H,0

Ci2H2,014
Ml’lC12 -4 HQO

MeOH

KH,PO4

NaH2P04 -2 Hzo

C7H3NOs5S
NiCl, - 6 H,O

C21H27N7014P2

C21H20N7014P2

H,0O
C8H602

NacCl
NaC1 2H25 SO4

NaOH

CesHi6N2

C4H11NO3

Zl’lClz

Carl Roth GmbH & Co.
KG

Thermo Fisher Scientific
Inc.

Sigma-Aldrich
Sigma-Aldrich

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

AppliChem GmbH

AppliChem GmbH

Carl Roth GmbH & Co.
KG

Thermo Fisher Scientific
Inc.

Sigma-Aldrich

Thermo Fisher Scientific
Inc.

New England Biolabs

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Thermo Fisher Scientific
Inc.

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Carl Roth GmbH & Co.
KG

Fluka
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3.1.6 Amino Acids

Table 8: Used amino acids.

Amino acid

Chemical formula

Supplier

Canonical a-amino acids
a-D/L-Aminobutyric acid
a-D/L-Lysine
a-D/L-Phenylalanine
a-D/L-Tyrosine
a-D-Phenylalanine
a-D-Serine
a-D-Tryptophan
a-Glycine
a-L-Cysteine
a-L-Isoleucine
a-L-Leucine
a-L-Lysine
a-L-Methionine
a-L-Phenylalanine
a-L-Serine
a-L-Tryptophan
a-L-Valine

Non-canonical g-amino acids

a-D/L-Neopentylglycine
a-D-Phenylglycine
a-L-Neopentylglycine

a-L-para-Hydroxy-Phenylglycine

a-L-Phenylglycine
D/L-B-2-Thienylalanine
L-Tertiary-o-leucine
a-L-Naphtylalanine

B-(Homo)-amino acids
L-3-Amino-heptanoic acid
B-Alanine
B-D/-Leucine
B-D/L-Phenylalanine
B-D/L-Tyrosine
B-D-Homoalanine hydrochloride
B-D-Homoserine
B-L-Homoalanine hydrochloride
B-L-Homomethionine
B-L-Homoserine

C4HoNO,
CeH14N>0,
CoH{1NO,
CoH{1NO3
CoH{1NO,
C;H/NO;
C1iH12N20O;
C,HsNO,
C;H/NO,S
CsH13NO,
CsHi3NO,
CeH14N>0,
CsH{1NO,S
CoH{1NO,
C;H/NO;
C11H12N,0,

C7HisNO,
CsHoNO,
C7H5NO,
CsHoNO;
CsHoNO,
C7HoNO,S
Ci3Hi3NO;

C7H5sNO,
C;H,NO,
CsH13NO,
CoH11NO,
CoH{1NO3
C4HoNO, - HC1
C4HoNO;
C4HoNO, - HC1
CeH3NO,S - HC1
C4HoNO;

Carl Roth GmbH & Co. KG
Carl Roth GmbH & Co. KG
Carl Roth GmbH & Co. KG
Carl Roth GmbH & Co. KG
Carl Roth GmbH & Co. KG
Sigma-Aldrich
Sigma-Aldrich
Carl Roth GmbH & Co. KG
Carl Roth GmbH & Co. KG
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Carl Roth GmbH & Co. KG
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Evonik Degussa GmbH
Evonik Degussa GmbH
Evonik Degussa GmbH
Sigma-Aldrich

Carl Roth GmbH & Co. KG
Sigma-Aldrich

Evonik Degussa GmbH
Evonik Degussa GmbH

Sigma-Aldrich

Carl Roth GmbH & Co. KG
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

PepTech Corporation
PepTech Corporation
PepTech Corporation
PepTech Corporation
PepTech Corporation
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3.1.7 N-carbamoyl-Amino Acid Derivates

Table 9: Used N-carbamoyl-amino acids.

All named N-carbamoyl-amino acids in this list were used either for investigations on their turnover by wild-

type strains or recombinantly expressed decarbamoylating enzymes.

N-carbamoyl-amino acid

Chemical formula

Synthesis / Origin

Canonical g-amino acids

N-carbamoyl-L-tertiary leucine
N-carbamoyl-a-D/L-aminobutyric acid
N-carbamoyl-a-D-Aminobutyric acid
N-carbamoyl-o-L-Aminobutyric acid
N-carbamoyl-a-D/L-Phenylalanine
N-carbamoyl-a-L-Phenylalanine

N-carbamoyl-a-D-Phenylalanine
N-carbamoyl-a-D-Serine

N-carbamoyl-a-D-Tryptophan

N-carbamoyl-a-Glycine

N-carbamoyl-a-L-Cysteine
N-carbamoyl-a-L-Isoleucine
N-carbamoyl-o-L-Leucine

N-carbamoyl-a-L-Lysine
N-carbamoyl-a-L-Methionine
N-carbamoyl-a-L-Phenylalanine
N-carbamoyl-a-L-Serine

N-carbamoyl-a-L-Tryptophan

N-carbamoyl-a-D-Tryptophan

N-carbamoyl-a-L-Valine

Non-canonical g-amino acids

N-carbamoyl-a-D/L-Neopentylglycine
N-carbamoyl-a-D-Phenylglycine

N-carbamoyl-a-L-Neopentylglycine

C7H1aN2O3

CsH1oN20;
CsH1oN20;
C1oH12N203
C1oH12N203

Ci0H12N,03
C4HgN»Oy4
Ci2H13N303

C3H6N203

C4HgN,O3S
C7H1aN2O3
C7H1aN2O3

CsH12N20O5S
C1oH12N203
C4HgN,O4

C12H13N30;3

Ci2H13N303
CsHi2N203

CsHi6N2O3
CoHioN2O3

CsHi6N2O3

TeBi amino acids
collection
TeBi amino acids
collection
TeBi amino acids
collection
TeBi amino acids
collection
TeBi amino acids
collection
TeBi amino acids
collection
TeBi amino acids
collection
This work
TeBi amino acids
collection
TeBi amino acids
collection
This work
This work
This work
TeBi amino acids
collection
This work
TeBi amino acids
collection
This work
TeBi amino acids
collection
TeBi amino acids
collection
This work

TeBi amino acids
collection

TeBi amino acids
collection
Evonik Degussa
GmbH
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N-carbamoyl-amino acid Chemical formula Synthesis / Origin
N-carbamoyl-a-L-para-Hydroxy-Phenylglycine CoHioN20O4 Sigma-Aldrich
N-carbamoyl-a-L-Phenylglycine CoHioN20O3 I(é(()}th GmbH & Co.
N-carbamoyl-B-2-L-Thienylalanine TeBi amino acids
collection
) TeBi amino acids
N-carbamoyl-a-L-Naphtylalanine C14H14N,03 collection
B-(Homo)-amino acids
N-carbamoyl-L-3-Amino-heptanoic acid CsHi6N203 This work
N-carbamoyl-B-Alanine C4HsN,O3 This work
N-carbamoyl-B-D/L-Leucine C7H14N2 O3 This work
N-carbamoyl-B-D/L-Phenylalanine Ci0H12N203 This work
N-carbamoyl-B-D/L-Tyrosine CoH 1NO3 Synthesis by Fei
Peng
N-carbamoyl-B-D-Homoalanine hydrochloride CsH10N2O3 This work
N-carbamoyl-B-D-Homoserine CsH N0y This work
N-carbamoyl-B-L-Homoalanine hydrochloride CsH10N2O3 This work
N -carbamoyl-B-D-Homoserine hydrochloride CsHoN,O4 This work
N-carbamoyl-B-L-Homomethionine C7H14N,05S This work

3.1.8 Media

3.1.8.1 Complex media

Table 10: Complex media.

Medium

Constitution

LB (lysogeny
broth)
LB-Agar

TB (terrific broth)

YPD (yeast
extract-peptone-
dextrose)

SOC (Super
optimal broth)

1 % (w/v) Bacto Tryptone, 0.5 % (w/v) yeast extract, 0.7 % (w/v) NaCl,
pH 7, dissolved in ddH,O, sterilized through autoclaving

1 % (w/v) Bacto Tryptone, 0.5 % (w/v) yeast extract, 0.7 % (w/v) NaCl,
pH 7, 1.5 % agar (w/v), dissolved in ddH,O, sterilized through autoclaving
1.2 % (w/v) Bacto Tryptone, 2.4 % (w/v) yeast extract, 0.4 % glycerine
(v/v) dissolved in ddH,O and autoclaved separately. After autoclaving 10
% (v/v) of sterile KPP buffer were added (0.17 M KH,POy4, 0.72 M
KZHPO4), pH 7

1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) glucose pH 6.5,
dissolved in ddH,O, sterilized through autoclaving

2 % (w/v) Bacto Tryptone, 0.5 % (w/v) yeast extract, 0.05 % (w/v) NaCl,
0.25 % (v/v) IM KCI pH7, 0.2 % (w/v) MgCl, - 6 H,0, 0.25 % (w/v)
MgSOy, 2 % (v/v) 1 M Glucose, sterilized through sterile filtration
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3.1.8.2 Minimal media

In screening experiments solid minimal media was made with pure agarose. For cultivation of
yeasts a 10 x YM3 stock solution of the yeast-base-medium by Roth was used and prepared as
described by the manufacturer and sterilized by sterile filtration. Either yeast-base medium
with ammonium sulfate or without any amino acids was used. For bacterial minimal medium

(BM3) 25 x BM3 stock solution was prepared as follows:

Table 11: 25 x bacterial minimal medium (BM3) stock solution

Component Concentration (mM)
NazHPO4 778.75

KH,POg4 625

NaCl 428.75

Sodium citrate 42.5

All components where dissolved in ddH,O and autoclaved.

Table 12: Glucose stock solution
Component Concentration
Glucose monohydrate 400 g/L
All components where dissolved in ddH,O and autoclaved.

Table 13: Yeast base minimal media

Yeast base Name (NH4)SOy included Supplier

medium

»YBI Yeast nitrogen base 5g/L Carl Roth GmbH &
medium without amino Co. KG
acids

,, YB2% Yeast base medium without - Carl Roth GmbH &
amino acids without Co. KG

ammonium sulphate
Medium was solved as 10 x stock solution as described by the supplier, sterile filtrated and stored at
4°C
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Minimal media for bacteria
Table 14: Minimal medium "BM3-U/T/A"
For bacteria with uracil/thymine/ammonium sulphate as nitrogen source.
Mix Component Final concentration Comment Sterilisation
method
Uracil or thymine or (NH4)SO, 30 mM
25 x BM3 stock solution I x
pH bacteria 6.8-7
(Arthrobacter 7.2) Autoclaved
X All components were dissolved in ddH,0 (Vx = Vota — Vy) together
(Agarose) 1.5 % (W/v) Added after
everything
dissolved
Agar was cooled down until it was still dissolved and warm, before it became solid the
following solutions were added:
Glucose stock solution (400 8 g/L Added after Autoclaved
g/L) autoclaving seperately
Trace elements (SL4 solution 1 % (v/v) Added after Sterile filtration
v stock) autoclaving
MgSO, - 7 H,O (1M stock) 0.34 mM Added after Sterile filtration
autoclaving
CaCl; - 2 H,O (1M stock) 0.34 mM Added after Sterile filtration
autoclaving

Table 15: Minimal medium "BM3" for bacteria with NCBAla/NCBPhe as nitrogen source

Mix Component Final Comment Sterilisation
concentration method
25 x BM3 1 x
pH bacteria 6.8-7
(Arthrobacter 7.2)
X All components were dissolved in ddH,O (Vx = Vot — Vy) Autoclaved
(Agarose) 1.5 % (w/v) Added after together
everything
dissolved

Agar was cooled down until it was still dissolved and warm, before it became solid the

following solutions were added

20 mM NCBAla/NCBPhe 10 mM

Glucose stock solution (400 g/L) 100 mM (8 g/L) Added after
autoclaving

Trace elements (SL-4 solution 1 % (v/v) Added after

stock) autoclaving

MgSOy - 7 H,O (1M stock) 0.34 mM Added after
autoclaving

CaCl; - 2 H,O (1M stock) 0.34 mM Added after
autoclaving

Sterile filtration
Autoclaved
separately
Sterile filtration

Sterile filtration

Sterile filtration




MATERIAL 57

Bacterial control medium without any nitrogen:

For bacterial minimal medium without any nitrogen source the same mixture was made

without any nitrogen source (uracil, thymine, (NH4)SO4, NCBAla or NCBPhe).

Minimal media for yeast

Table 16: Minimal media for yeast "YM3" with different nitrogen sources.

Depending on the wanted nitrogen source commercial yeast base medium with or without ammonium sulphate
was used. If uracil or thymine were used as nitrogen source they were previously autoclaved together with
agarose suspension. Since the commercially available yeast minimal medium included trace elements no
additionally trace elements had to be added.

Mix Component Final conc.
A Agarose Pure agarose was added to ddH,O
(Va = V1ol - Vp) and autoclaved separately
B Nitrogen source  Uracil or thymine  (NH4)SO4 - (control 30/30/30/-
or NCBAla or medium) 10/ 10 mM
NCpBPhe
10 x Yeastbase 10 x “YBM 2” 10 x 10 x “YBM I x
medium (YBM) “YBM 17 27
Carbon source 400 g/L Glucose 8 g/L

Table 17: Trace element solution SL-4

Compound Concentration per Litre
EDTA 050¢g

FeSO, - 7 H,O 020¢g

Trace element solution SL-6 100 ml

ddH,O Fill up to 1000 ml

Table 18: Trace element solution SL-6

Compound Concentration per Litre
ZnSO4 - 7 H,O 0.10 g
H3BO; 030¢g
CoClL, - 6 H,O 020¢g
CuCl, - 2 H,O 001g
NiCl; - 6 H,O 002¢g
NazMOO4 -2 H2O 0.03 g

ddH,O Fill up to 1000.00 ml
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3.1.9 HPLC buffers and solutions

Table 19:HPLC buffers

Name Compounds Concentration
NaPP buffer Na,HPO4 40 mM
NaH,PO4
pH 6,5
KPP buffer KH,PO4 20 mM
pH3
Acetate buffer 0.003 % (v/v) glacial acetic acid and 0.001
% (v/v) triethylamine , pH 4.2
NaB buffer Boric acid, titrated to pH 10.4 with NaOH 133 mM
Borate buffer 0.2 M boric acid in ddH,O, pH 7.7
Mobile Phase A Acetonitrile: MeOH : acetate buffer 10:40:50
Mobile Phase B Acetonitrile: acetate buffer 1:1

Table 20: Derivatization solutions for HPLC and assays.

Solution Composition

OPA 100 mM in MeOH

IBLC 133 mM in NaB buffer

OPA/IBLC 1:1 mixture of OPA and IBLC solution

Fmoc 15 mM in acetone

Ehrlich 0.7 M 4-(dimethylamino-)benzaldehyde in 37 % HCIl and ddH,0 1:1 (v/v)

3-MPA 11 pl of 3-mercaptopropionic acid mixed with 989 ul 133 mM NaB buffer
pH 10.4.

OPA/3-MPA 1:1 mixture of OPA and 3-MPA solutions

Acetic acid

3 % acetic acid in ddH,O

Table 21: Enzyme and cell buffers

Buffer Composition

1 x PBS 0.137 M NaCl, 0.0027 M; 0.01 M Na,HPO,; 0.0018 M KH,PO,, pH 7
HEPES 50 /100 mM HEPES; 500 mM NacCl; pH depending on enzyme
Purification via His-Tag

Buffer A 50 mM HEPES, 0.5 M NaCl, 5-10 mM Imidazole, pH 6.8 - 8

Buffer B 50 mM HEPES, 0.5 M NaCl, 500 mM Imidazole, pH 6.8 - 8
Purification via MBP-Tag

Buffer A 50 mM HEPES, 0.5 M NaCl, pH 6.8 - 8§

Buffer B 50 mM HEPES, 0.5 M NaCl, 10 mM Maltose, pH 6.8 - 8
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Table 22: Buffers and solutions for agarose- and SDS-gels

Buffer

Composition

5 x SDS sample buffer

TAE agarose gel buffer (10 x)
TGS SDS-Gel buffer (10 x)
Agarose gel (0.8 %)

SDS gel (12.5 %, 5 %)

Commassie blue staining
solution of SDS-gels
Destaining solution for SDS-
gels

225 mM Tris/HCI pH 6.8; 50 % glycerine, 5 % SDS; 0.05 %
bromphenol blue; 250 mM DTT; in ddH,O

0.4 M Tris/HCIL, pH 8; 0.2 M acetic acid; 10 mM EDTA; pH 8.0
0.05 M Tris/HCI, 1.92 M Glycine, 1 % SDS

1 x TAE buffer; 0.8 % (w/v) agarose

12.5 % separation gel:

2.4 ml 1.88 M Tris/HC1 pH 8.8, 120 pl 10 % SDS, 4.48 ml ddH,0,
5 ml 30 % acrylamide, 60 pl 10 % APS, 10 ul TEMED.

5 % stacking gel:

800 ul 0.625 M Tris/HCI pH 6.8, 40 pl 10 % SDS, 2.5 ml ddH,O0,
660 pl 30 % acrylamide solution, 20 pl 10 % APS, 4 ul TEMED.
1.5 g Coomassie blue G250 in 455 ml EtOH (96 %), 75 ml acetic
acid, filled up to 1 L with ddH,O.

20 % EtOH, 10 % acetic acid

Table 23: Solutions for media and buffers

Name Composition Final concentration
Ampicillin 100 mg/ml Ampicillin sodium 100 pg/ml

salt in MilliQ
Kanamycin 50 mg/ml Kanamycin sulphate 50 pg/ml
NaCl stock solution ~ NaCl in ddH,O 500 mM
IPTG stock solution 1 M IPTG in ddH,O 0.1 mM-1 mM
(x1000)

Table 24: Thin-layer-chromatography solvents.

Solvent for amino acid
B-Phenylalanine

Constitution
AcOH: BuOH: H,O : acetic acid
45/25/2/1 (/)

Aliphatic B-(Homo)-amino acids BuOH: AcOH: H,O

Allantoin, allantoic acid

Staining solutions
Ninhydrin
Ehrlich

lod-staining

4/1/2 (v/Iv)
AcOH:EtOH:BuOH
2/2/17(VIv)

0.3 g Ninhydrin in Ethanol

1 g 4-(Dimethylamino-)benzaldehyde in 3 ml 37 %
HCI filled up to 15 ml with BuOH

Iodid mixed with sepharose particles
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3.1.10 Primers

Table 25: Primers used for plasmid sequencing

Primer Sequence (5°2 3)

pET-24a (rev T7) GGGTTATGCTAGTTATTGCTCAG
pET-RP CTAGTTATTGCTCAGCGG
pMalE TCAGACTGTCGATGAAGC

T7 Promotor TAATACGACTCACTATAGGGG
T7 Terminator CCCAAGGGGTTATGCTAG

Table 26: Primers used for amplification of 16S rRNA coding DNA and 16S rRNA sequencing

Primer Sequence (5’2 3?) Annealing Temperature*
BaC27 f AGA GTT TGG ATC MTG GCT CAG 60 °C
Univ1492 CGG TTA CCT TGT TAC GAC TT

* Annealing Tm calculated with ThermoFisher calculator

Table 27: Primers used in Protein Engineering experiments.

The number in the primer name gives the amino acid position, which was mutated. Primers were constructed
with approximately 12 bp overlap sequence. The mutation is only present in the reverse Primer (fw= forward, rv
= reverse).

Mutated Position = Mutation Direction Sequence (5’2 3°) Annealing

enzyme T m (OC)
514M 288 N—> A fw GTT ATT CCG GGT CGT
GTG TTT TTT ACC 673
288 v ACC CGG AAT AAC :
CGC ACG G
228 W - A fw TAT GAA ATT ACC TTT
ACC GGT CAA 612
228 rv GGT AAT TTC ATA :
CGC ACG CTG
150 M- A fw GTT GCA AGT GGT GTT
TTT GCG G 66.6
150 v ACC ACT TGC AAC :
CGCTGC C
150 M2 —->A fw GTT GCA AGC GGT
GTT TTT GCGG 7
150 ™w CGC TTG CAA CCG
CTG CC
2V8H 249 Y > A fw AAT TGG CAG AAA
GTT ACC GTT CAT 64.4
249 v TTT CTG CCA ATT CGC :
TGC CTG
167 S—> A fw TGT ACC GGT AGC
AGT GTT TGG AGC 69.5
167 v GCT ACC GGT ACA :

CGC ACGTGC AAA
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3.1.11 Supplies

Table 28: List of used supplies.

Supply Model Supplier

Sterile Filter Rotilabo®-Spritzenfilter, steril Carl Roth GmbH & Co.
KG

Ultra filtration unit  Vivaspin® Turbo 15 (10 /50 kDa Sartorius AG

MWCO)
Glass beads 0.1 mm

Silica TLC-plates ~ Alugram® SIL G

3.1.12 Software and algorithms

Table 29: List of used software and web services

Thermo Fisher Scientific
Inc
Macherey-Nagel

Software/ web service

BLAST [201]

Genome Compiler [202]
MestReNova [203]

PDB [204]

Phyre’ [205]

ExPASy [206]

PyMol [207]

Reverse complement [208]
SeeMS [209]

SinalP [210]

SnapeGene® Viewer [211]
TCoffee [212]

Uniprot [213]

The Rosetta Online Server that includes everyone (ROSIE) [185]

The ConSurf Server [214]-[219]
ESPript 3.0 [220]

3.1.13 Devices

Table 30: Devices.

Device Type Supplier
Autoclave V-150 Systec, Wettenberg, DE
HX-430 Thermo Fisher Scientific,
Waltham, US
Balances BP 3100 S Sartorius AG
BP 211D
Entris®
PR2003 DeltaRange Mettler Toledo
Centrifuge 5415D Rotor: F45-24-11 Eppendorf Wesseling-Berzdorf, DE
Centrifuges Heraeus™ Pico™ 17 Thermo Fisher Scientific Inc.

Heraeus Multifuge X3 FR

Beckman Coulter, Inc.
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Device Type Supplier

Avanti J-301
Clean bench Maxisafe 2020 Thermo Fisher Scientific Inc.
Electrophoresis Biometra P25T Analytik Jena AG

1000/500 Bio-Rad Laboratories GmbH

Fast protein liquid
chromatrography
(FPLC)

FPLC colums

Flat shaker

Gel
documentation
system

Gel
elektrophoresis
High pressure
liquid
chromatography
(HPLC)

HPLC columns

HPLC pre-
columns

Incubator
Photometer for
microtiterplates

Photometer for
cuvettes

Spectro
photometer
Micro-Volume-
Plate

Liquid Handling
Station
Lyophille

Magnetic stirrer

Akta™ Start

MBPTrap™ HP (5ml)
HisTrap™ High Performance
Polymax 1040

GP-05LED

Biometra P25T

1000/500

1100 Series

1200 Series

1290 Infinity II LC Systems

HyperClone™ 5 pm ODS (C18)
120 A, LC Column 150 x 4,6 mm.

Synergi™ 4 pm Fusion-RP 80 A,
LC Column 150 x 4,6 mm
SecurityGuard™ cartridges for
C18 HPLC columns with 3.2 to
8.0mm internal diameters (ID),
10/Pk

SecurityGuard™ cartridges for
Fusion-RP HPLC columns with
3.2 to 8.0mm internal diameters
(ID), 10/Pk

Multitron

Infinite® 200 PRO

Amersham Biosciences Europe
GmbH
Epoch

Take 3

RCT basic

GE Healthcare Life Sciences

GE Healthcare Life Sciences
Heidolph Instruments

GmbH & CO. KG
NIPPON Genetics Europe

Analytik Jena AG

Bio-Rad Laboratories GmbH
Agilent Technologies Deutschland
GmbH & Co. KG

Phenomenex

Phenomenex

Infors HT, Bottmingen, CH
Tecan Trading AG
Novaspec 11

BioTek Instruments, Inc.
BioTek Instruments, Inc.

BRAND GMBH & CO. KG

Christ Gefriertrocknungsanlagen
GmbH
IKA®-Werke GmbH & Co. KG
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Device Type Supplier
MilliQ water Purelab flex ELGA LabWater
Ultrapure Lab

Water System
Thermocylcer for
PCR

pH-Meter

Pipettes
Vortex

Microwave
Rotors

Roto-Shaker
Pump
Thermo shaker

Ultrasonic bath
Ultrasonic probe

High pressure
homogenisator
Agarose gel
supply

SDS gel supply

MJ Research PTC-200 Gradient
Thermal Cycler

inoLab

pH Level 1

Research plus 10 pl - 10 ml
Vortex Genie 2

Vortex Mixer

75003424

TX-750

Fiberlite™ F15-8 x 50cy
Festwinkelrotor

JA-10 Fixed-Angle Aluminum
Rotor

Roto-Shake Genie

Watson Marlow 101U/R
Thermomixer compact
Thermomixer comfort

BioShake iQ
Sonorex Super RK 100

Sonopuls UW3100

Avestin, Inc

Bio-Rad Laboratories, Inc.

Marshall Scientific LLC
Xylem Inc.

Eppendorf AG

VWR

NeoLab Migge GmbH
Siemens

Thermo Fisher Scientific Inc.

Beckman Coulter, Inc.

Scientific Industries, Inc.
Gemini bv.
Eppendorf AG

Quantifoil Instruments GmbH

Bandelin electronic GmbH & Co.
KG

Bandelin electronic GmbH & Co.
KG

EmulsiFlex-C3

Bio-Rad Laboratories, Inc.

Mini-PROTEAN Tetra Cell
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3.2 Methods

3.2.1 Molecular biological methods

3.2.1.1 Transformation

Cloned plasmids were transformed into competent E. coli cells by heat shock method. Therefor
chemical competent E. coli XL1 blue or E. coli BL21 DE3 cells were used and incubated with 1 ul of
plasmid DNA for 5 min on ice. Subsequently the cell-DNA-mixture was heat shocked for exactly 90
sec at 42 °C. Cells were chilled on ice immediately for 2 min. Next cells were mixed with 37 °C
prewarmed SOC medium and incubated for 30 min at 37 °C and 800 rpm. Cells were plated on a LB-

Agar plate with required antibiotic and incubated at 37 °C over night.

3.2.1.2 Restriction & Ligation

For Restriction and Ligation Anza™ Enzymes (Thermo Fisher) and buffers were used. Experiments
were performed corresponding to enzyme manuals [221], [222]. In every restriction batch two
restriction enzymes were used (BamHI, HindIII). For ligation the corresponding Anza'" T4-Ligase
was used. DNA concentration was measured at 260 nm with Epoch photometer. Used pmol of DNA

ends were calculated with the following formula:

pmol  10° 1
ug DNA x ——— x——x— = pmol DNA
660pg 1ug N

N: number of nucleotides

pmol
660pg

Average weight of a nucleotide pair

3.2.1.3 Isolation of Plasmid DNA

DNA isolation was performed with the NEB Monarch® Plasmid Miniprep Kit as described in the
manual. DNA was eluted with 30 pl nuclease-free water. DNA concentration was determined at 260

nm with Epoch photometer according to Beer Lambert law:

A260 * €260
c=——
b
c: Nucleic acid concentration (ng/ul)
Aye:  Extinction (absorption) at 260 nm
£260: Wavelength extinction coefficient [L * mMol™ * cm'l]

b: patch length [cm]
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3.2.1.4 Isolation of genomic DNA and 16S rRNA sequencing

For isolation of genomic DNA glass beads for cell disruption were combined with Zymo Research
Genomic DNA Extraction Kit. For every strain of which genomic DNA was to be isolated a preculture
in required full medium was grown over night at strain-specific optimal growth temperature. 5-10 ml
of culture were harvested and centrifuged at 13.000 rpm for 10 min. Supernatant was discarded and
cells were resuspended in buffers corresponding to the Kit’s manual. For mechanical disruption cells
were mixed with 10 mg of 0.1 mm glass beads using Vortex Genie (Scientific Industries) for 10 min at
full speed. Afterwards the genomic DNA was isolated with Zymo Genome Extraction Kit whereby the
protocol of the kit was followed. Genomic DNA was eluted with nuclease-free water. For
amplification of 16S rRNA coding DNA a Touch-Down PCR (Table 33) was performed. Therefore
primers Bac27f and Univ1492R (Table 26) were used.

3.2.1.5 Plasmid sequencing

Plasmid sequencing was conducted by GATC (Thermo Fisher Scientific) sequencing service.
Results were analysed with Genome Compiler, SnapGeneViewer and sequence alignment

web services (TCoffee, NCBI MSA).

3.2.1.6 PCR

3.2.1.6.1 Colony PCR

For 5-10 colonies per ligation batch colony-PCR was performed to examine if the correct
gene size had been ligated into the vector. Therefore following mixture was used per PCR-

reaction:

Table 31: Colony-PCR batch

PCR component Volume [pl]
2 x PCR-Master Mix 6,25
T7 Promotor Primer (10 pmol) |
T7 Terminator Primer (10 pmol) |
Template DNA Cell material of one single colony
Taq Polymerase 1
Nuclease-free H,O 4,25
> 12,5 ul

A tiny amount of cell material was picked with a sterile pipette tip and tapped a few times
carefully at the bottom of the PCR tube. Colony PCR was run with the protocol shown in
Table 32. 10 pl of PCR product were mixed with 2 pul 6 x DNA Gel Loading Dye Purple
(NEB) and size of amplified DNA was analysed with an agarose gel (3.2.1.7). If needed DNA
band was cut out of the gel and purified with NEB gel extraction Kit.
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Table 32: Colony-PCR protocol

Step Temperature [°C] Duration [s]
Pre-heating 95

Initial denaturation 95 180
Denaturation 95 20
Annealing 48 30
Elongation 72 60

Final Elongation 72 300

Pause 4 00

3.2.1.6.2 Touch-Down PCR

Reactions for Touch-Down PCR were prepared as described in Q5-Polymerase manual. Touch-Down

PCR was performed with a modified nature protocol [223] as follows.

Table 33: Touch-Down PCR protocol.

Step Temperature [°C] Duration
Phase 1
Denaturation 95 3 min
Denaturation 95 30s
Annealing T, +10°C 45 s
Elongation 72 60 s or more
Phase 2
Denaturation 95 30s
Annealing Tmor (Ty-5°C) 45s
Elongation 72 60 s or more
Completion
Elongation 72 5 min
Pause 4 00

Depending on used primers annealing temperature was customized. According to the size of
the gene of interest elongation time was modified as described in the Q5 Polymerase manual
(60 s/1kb).

3.2.1.7 Agarose Gels

For all agarose gels a 0.8 % (w/v) agarose solution was prepared with 1 x TAE-buffer (Table
22). Suspension was heated in the microwave until agarose had been solubilized. The solution
was cooled down to around 60°C. 2 pl Roti®- Gel stain were added per 50 ml agarose
solution and mixed well. The agarose gel was run at 100 V for approximately 50 min to
separate DNA mixture. DNA was detected with a gel documentation system from NIPPON
Genetics. If required gel bands were cut out. For every agarose gel 1 kb ladder by NEB was

used.
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3.2.2 Microbiological methods

3.2.2.1 Production of chemical competent E. coli cells

E. coli XL1 blue or E. coli BL21 DE3 cells were used to inoculate a preculture with LB medium and
incubated at 37 °C and 120 rpm. On the next day a main culture of 100 ml LB medium was inoculated
with 1 ml of the preculture and cells were shaken at 37 °C until an ODgg of 0.5 was reached. Then
cells were chilled on ice for 10 min and centrifuged for 5 min at 4 °C and 3488 x g. The supernatant
was discarded and the pellet was resuspended in 10 ml sterile 0.1 M CaCl, solution and once again
chilled on ice for 20 min. Cells were gently centrifuged at 4 °C for 3 min at 78 x g and resuspended in
5 ml of a mixture of sterile 17 ml 0.1 CaCl, and 3 ml glycerine. Then competent cells were aliquoted

in 200 pl cryo vials and frozen with liquid nitrogen. Cells were stored at -80 °C until use.

3.2.2.2 Preparation of glycerol stocks

Preculture of wild type strains were grown over night in LB medium or recommended
medium by DSMZ at the corresponding growth temperature given in Table 3. In case of
yeasts precultures were grown for two days. For E. coli cells containing a cloned plasmid
precultures were grown at 37 °C over night. In case of minimal medium-glycerol stocks
containing NCPAla as only nitrogen source (NCPAla stocks) a corresponding minimal
medium depending on the wild type strain was used (Table 15 and Table 16). All strains were
incubated in shaking flasks at 120 or 130 rpm. In each case main cultures were inoculated
with 0.1 ODgoo and grown until ODgoy of 0.8-1 was reached. 850 pl of cells were then
transferred to a sterile cryovial and gently mixed with 150 ul of sterile glycerol. Cryovials

were frozen with liquid nitrogen immediately.

3.2.2.3 Cultivation of wild type-strains on minimal medium-agarose plates

A cryo culture of each strain was plated on an agarose plate with a recommended complex
medium to verify if the cells of the glycerol stock were still alive. In addition cells were
directly plated on plates with minimal medium containing uracil, thymine and ammonium
sulphate as sole nitrogen source. As a control cells were also plated on a minimal medium
without any nitrogen source. For all bacterial strains the minimal media for bacteria (BM3)
were used (Table 14) and for all fungi including yeasts the corresponding yeast media (YM3)
were used (Table 16).

If a significant growth on uracil or thymine, compared to the negative control, was observed

cells were transferred to a minimal medium with a different nitrogen source. Therefor cells
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grown on uracil or thymine were picked with an inoculating loop and diluted through
distribution in a 20 pl drop of sterile PBS. Subsequently cells were plated on corresponding
minimal medium agarose-plate containing 10 mM NCPAla as only nitrogen source. For each
transfer step the same procedure was conducted to plate cells on a corresponding minimal
medium without any nitrogen source as a control. If significant growth on NCBAla was
observed, compared to the negative control, cells from the NCBAla-plate could be transferred
to another plate containing 10 mM NCPPhe as sole nitrogen source. Transfer was performed
as described above. Taking photos documented growth of each strain on various nitrogen
sources every one to two days. For all strains with significant growth on NCBAla glycerol

stocks were prepared (NCPAla stocks) (3.2.2.2).

3.2.2.4 Cultivation of wild type strains in liquid minimal medium

A selection of wild type strains showing a significant growth on NCPBAla-agarose plates as
sole nitrogen source was cultivated in liquid culture. Therefor NCBAla glycerol stocks were
used as explained in section 3.2.2.2. For each strain overnight precultures with BM3 or YM3
containing 10 mM NCPAla were grown. In case of yeasts the precultures were incubated for
two days. Medium was prepared as described in Table 15 and Table 16 without pure agarose.
Cultivation temperature was dependent on the strain (see 3.1.1.2). All flasks were incubated at
130 rpm. Main cultures were inoculated with 0.1 ODgg. Each main culture was conducted in
triplets consisting of 200 ml medium each in 1 L shaking flasks. Additionally a negative
control was carried containing BM3/YM3 medium without any nitrogen source. Measuring
ODgp monitored strain growth. When a strain reached the end of exponential phase cells were
harvested, centrifuged at 30.000 rpm for 30-60 min. The medium was discarded and the
pellets were washed 3 x in PBS solution. After final centrifugation cells were first frozen with
liquid nitrogen and subsequently freeze dried in a lyophylle. Cells were stored at -20 °C until

use for biotransformation experiments.

3.2.3 Biochemical methods
3.2.3.1 Cell disruption

3.2.3.1.1 Gram-negative bacteria

Gram-negative bacteria were lysed either by sonification at 40 % impulse (3 x 10 sec, with 30

sec break in between). For lyse of higher cell amounts homogenisation at 16.000 psi was
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contributed using a high-pressure homogenisator. For both methods cells were dissolved in
HEPES buffer or PBS (5 ml/ g wet biomass). After cell disruption cell debris were removed
by centrifugation. Depending on the lysate volume different centrifuges and rotors were used.
Low volumes (< 50 ml) were centrifuges at 14.500 rpm for 10-20 min at 4°C. Volumes higher
than 50 ml were centrifuged using rotor JA-10 at 10.000 rpm in a Beckmann centrifuge. In
case of subsequent FLPC lysate was centrifuged at 30.000 rpm for 1 h using rotor JA-25.50.

Supernatant was transferred in a fresh reaction tube and kept on ice until use.

3.2.3.1.2 Gram-positive bacteria

Gram-positive bacteria were lysed either by sonification or homogenisation. Choice of
method was dependent on the experiment. If active enzymes was for further experiments cells
were lysed by homogenisation. Therefor cells were resuspended with buffer and homogenized
at 21.000 psi for at least 3 min in loop (5 ml/ g wet biomass). Afterwards lysate was chilled
on ice immediately. If the enzymes no longer had to be active after disruption sonification
was chosen. Cells were pre incubated with HEPES buffer containing 1 % SDS and 2.4 %
Triton-X 100 for pre-damaging the cell walls. Additionally 40 mg/ml Lysozyme were
incubated with the cells under rotation at room temperature for 30 min. Sonification was
performed for 10 min at 60 % amplitude with an interval of 10 sec. Cell debris were removed

by centrifugation.

3.2.3.2 Recombinant protein expression in E.coli

Proteins were expressed by induction of expression with IPTG in TB medium. Therefore a
preculture was inoculated with E. coli cells containing the desired plasmid. For pLISRSF7
vectors kanamycin (50 pg/ml) and for pET vectors ampicillin (100 pg/ml) was used as
selection marker. The preculture was incubated at 37 °C over night at 120 rpm in a shaking
flask. In order to ensure a good oxygen input, the shake flasks were filled to a maximum of
only 20 % of their original volume. The desired amount of main cultures were inoculated with
0.1 ODggo and further incubated at 37 °C. Immediately after an ODggo of 0.6-0.8 was reached
protein expression was induced by adding 0.5 - 1 mM of IPTG final concentration. Then the
temperature was decreased to the expression temperature and incubated for the duration given
in Table 34. Protein expression conditions for all expressed plasmids are given in Table 34.

After protein expression cells were harvested by centrifugation at 10.000 rpm for 20-30 min
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at 4 °C. Cells were either chilled on ice and lysed right away or frozen with liquid nitrogen

and stored at -20 °C until use.

Table 34: Expression of cloned plasmids

Name of plasmid Expression Expression
vector IPTG (mM) T (°O) Duration (h)

Burk bUpl pLJSRSF7 0.5 20 16
Burk bUp2 pLJSRSF7 0.5 20 16
Burk bUp3 pLJSRSF7 0.5 20 16
Burk bUP4 pLJSRSF7 0.5 20 16
Burk bUp5 pLJSRSF7 0.5 20 16
P. oleov_bUpb6 pLJSRSF7 0.5 20 16
P.aeru bUp7 pLJSRSF7 0.5 20 16
S.kl bUp pLJSRSF7 0.5 20 16

pET21b(+) 1 20 16
3NSF pET19 1 30 16
1FO6 pET19 1 30 16
514M pET19 1 30 16
1721 pETI19 1 30 16

3.2.3.3 Fast Liquid Protein Chromatography (FLPC)

In this work a Akta-Start system by GE Healthcare was used for purification of fusion
proteins via His- or MBP-Tag. All used buffers for the different purification methods are
given in Table 21. After recombinant protein expression in E. coli (3.2.3.2) cells were
resuspended in buffer A and if necessary incubated with a spatula tip of lysozyme and DNAse
at room temperature for 30 min under rotation using a tube rotator at 100 rpm. Afterwards
cells were lysed by homogenisation or sonification as described in 3.2.3.1.1. After
equilibration of the column the prepared lysate was loaded on a 5 ml MBP- or 1 ml His-trap
column. The choice of column was dependent on the plasmid affinity tag of the expressed
enzyme. In the second step the column was rinsed with buffer A to flush all unbound proteins
from the column. The washing step continued until the measured UV absorption at 280 nm
was close to zero. In the final step a gradient with buffer B (500 mM imidazole or 10 mM
maltose) was applied. The steepness and length of the gradient was depended on the protein
and had to be determined in previous tests. A high excess of imidazole or maltose in buffer B
led to the elution of the protein of interest from the column. The peak containing the enzyme
was fractionated in 15 ml reaction tubes, pooled and concentrated by filtration with a
Vivaspin concentrator vial (10 kDa cut off value). During concentration the protein was

rebuffered to buffer A. Protein concentration was measured as described in 3.2.3.4. Table 6
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gives an overview of all cloned plasmids in this work. All enzymes cloned into pLISRSF7
vector were purified through an MPB-tag affinity column. All pET-vector systems with His-
Tag were purified with a Ni/NTA column.

3.2.3.4 Determination of protein concentration

To measure the protein concentration, an UV/Vis spectrophotometer (Epoch) was used at a
wavelength of 280 nm. Using Lambert-Beer's law, the instrument calculates the protein

concentration (mg/ml) according to:

Azgo = C* &89 * b

c: Protein concentration in mg/ul

Ajgp:  Extinction (Absorption) at 280 nm

£350" Extinction coefficient [L * mMol ™! * cm'l]
b: Path length [cm]

3.2.3.5 SDS-PAGE

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate protein mixtures
according to their size in an electric field. The relative molecular weight of a protein was
determined using marker proteins. For lysate samples 20 ul were taken and mixed with 5 ul of
5 x SDS sample buffer. For samples of the pellet a little amount of pellet debris was picked a
pipette tip and resuspended in 20 pl 2 x SDS-sample buffer. For complete denaturation, the
protein-dye mixtures were heated at 95 °C for 5 min before application to the gel. For all
SDS-PAGEs a 12.5 % separation gel and a 5 % stacking gel was used. The Prestained
Protein Marker by NEB or Thermo Fisher was used. All SDS-Gels were run in 1 x TGS
buffer at 200 V over 50 min. After electrophoresis, the gel was carefully rinsed with dH,O
and dyed with Coomassie blue staining solution for 30 min under shaking. Then the gel was

decoloured with destaining solution for a few minutes or in dH,O over night.

3.2.3.6 Biotransformations

Biotransformations were conducted with either lysate (3.2.3.1.1) or purified enzyme (3.2.3.3).
In general 5 or 10 mM of substrate dissolved in HEPES buffer were incubated with lysate or
purified enzyme at a specified temperature during shaking at 1000 rpm. Lysate was obtained
resuspending 1 g wet biomass of expressed cells with 5 ml HEPES buffer. Cells were
disrupted using sonification (see 3.2.3.1).

The incubation temperature was dependent on the expressed protein. Table 35 gives an
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overview of the used reaction conditions for each enzyme. If needed a high concentrated
metal cofactor solution was added to the reaction. In case of long-term experiments reactions
were stopped by denaturation for 5 min at 95 °C. If reactions had to be stopped after a certain
time 10 % (v/v) of a 2 M HCI solution was added to the mixture. After 5 min incubation at
room temperature, 10 % (v/v) of 2 M NaOH was added to neutralize the reaction for HPLC
measurement. Reactions were directly prepared for analysis or stored at -20 °C. After samples
had thawed at room temperature analysis was conducted (assays or HPLC). Before analysis
samples were always centrifuged for at least 10 min at 13.000 rpm. After samples had been

thawed once, they had never been frozen again to prevent amino acid decay.

Table 35: Reaction conditions of all decarbamoylating enzymes.

For novel uncharacterized enzymes an initial reaction temperature of 30 °C in HEPES buffer pH 7 was
used. For 3NSF, 1FO6 and 1Z2L optimal reaction conditions were used as found in literature [176],
[182], [224]. N.d. = not determined.

Enzyme Initial T (°C) Initial pH Topt (°C) pHope
Burk1 30 7 40 6.8
Burk2 30 7 n.d n.d
Burk3 30 7 n.d n.d
Burk4 30 7 n.d n.d
Burk5 30 7 n.d n.d
P.oleo 30 7 n.d n.d
P.aeru 30 7 40 6.8
2V8H 30 7 30 8
514M 30 °C 7 n.d n.d
3NS5SF - - 65 7.5
1FO6 - - 37 7
1721 - - 30 7

3.2.3.7 Determination of kinetic parameters

Data for kinetic studies were generated with FPLC purified enzymes. Therefor enzyme
solutions of different concentrations were incubated with the desired substrate. For each
substrate additional substrate and product controls without enzymes were carried. In those
buffer was added to the substrate solution instead of enzyme. Prior to reaction start, substrate
solutions were heated to the desired temperature. At certain time points enzyme reactions
were stopped by adding 2 M HCI (10 % (v/v)). Then samples were incubated at room
temperature for at least 5 min and neutralized by adding the same volume of 2 M NaOH.

Samples were then analysed as described earlier.

Ky and ke, values were calculated with the following formula.
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Lineweaver-Burk:

Michaelis-Menten:

Aspez = Ky + ¢
Catalytic efficiency:
kcat — ﬁ
km  ku

vmax _ (d[P]dt)max

2 =15, T I,

with

Agpez: specific activity U/mg (pmol/(min*mg)
Kwm: Michaelis-Menten constant (mM)

Amax: maximum specific activity

¢, substrate concentration (mM)

Keat: turnover number (s™)

k,: constant for product formation

Vmax: Mmaximum speed (mol * L' * s

[E]o: constant enzyme concentration

[P]: product concentration (mM)

= kcat (S_l)
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3.2.4 Chemical methods

3.2.4.1 Synthesis of N-carbamoyl-amino acid derivates

Since N-carbamoyl-substrates were not commercially available they were synthesized. This
was conducted through stirring the corresponding amino acid with potassium cyanate

(KNCO). The general reaction scheme is shown in Figure 28.

A
0 2 o
KNCO
R OH —/™ R OH
NH, HNwrNHZ
1 O3
O
B NH, O 2 JIR

Figure 28: Synthesis of V-carbamoyl-amino acids.

A) Chemical synthesis of N-carbamoyl-a-amino acid: A a-amino acid (1) reacts with KNCO (2) to a N-
carbamoyl-a-amino acid (3). B) Chemical synthesis of N-carbamoyl-B-amino acid. A B-amino acid (1) reacts
with KNCO (2) to a N-carbamoyl-p-amino acid (3).

The exact conditions for all reactions are given in Table 36 and Table 37. For the synthesis a
stirred glycerine bath was heated to the required temperature. A two-necked flask was
connected to a reflux condenser. For stirring a magnetic stirrer was put inside the flask. The
required amount of amino acid and KNCO was weighed in and dissolved separately in
ddH,O. The volume of ddH,O required was dependent on the quantities used. After
preheating the dissolved amino acid in the two-neck flask the reaction was started by adding
KNCO solution. Reaction time differed between synthesized N-carbamoyl-amino acids. In
case of NCB-homo-amino acids the reaction equilibrium was maintained on the product side
by pH titration to 7 with 2 M HCI. Reaction was stopped by lowering the pH to 3 with 6 M
HCI. Reaction was cooled down in ice. Due to the low water solubility of most of the reaction
products they precipitated by crystallization through scratching on the inside of the flask with
a glass tube. Afterwards crystals were sucked off with a vacuum tank filter. Because of the

high water solubility of NCB-homo-amino acids the product crystallization was conducted by
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freeze-drying. For all reaction products analysis via 'H-NMR and/or ?C-NMR and mass

spectrometry was performed.

3.2.4.1.1 Chemical synthesis of N-carbamoyl-a-amino acids

The synthesis of N-carbamoyl-a-amino (NCaAAs) acids was conducted at 80 °C for 1 h.
After cooling on ice during titration to pH 3 NCaAAs crystalized immediately. An overview

of the NCaAAs synthesized in this work is given in Table 36.

Table 36: Molecular ratios for synthesis of N-carbamoyl-a-amino acids.
Reactions were performed in 200 mg scale in 10 ml ddH,0.

Reaction product Educt KNCO Molecular ratio
Amino acid: KNCO
mmol  mmol
N-carbamoyl-o-L-leucine a-L-leucine 1.53 1.87
N-carbamoyl-o-L-cysteine a-L-cysteine 1.65 |2.02 1:1.233
N-carbamoyl-o-L-lysine a-L-lysine 1.23 | 1.50

3.2.4.1.2 Chemical synthesis of N-carbamoyl-B-(homo)-amino acids

NCBAla and NCBPhe were synthesized in one hour at 80 °C and crystallized by scratching.
NCBHAAs were synthesized at 50 °C and crystallized by freeze-drying and stored in an
excicator due to their hygroscopic properties. N-carbamoyl-L-3-amino heptanoic acid was
crystallized by storage for three to four days at 4 °C An overview of all synthesized NCj-

(homo)-amino acids is given in Table 37.

Table 37: Molecular ratios for synthesis of N-carbamoyl-$-(homo)-amino acids.
Reactions were performed in 100 mg scale in 10 ml ddH,0.

Molecular ratio

Reaction product Educt KNCO Amino acid: ;l; 0) ’(l“hlme

KNCO )
mmol mmol

N-carbamoyl-B-alanine B-alanine 2.245 | 2.746 1:1.2 80 1

N-carbamoyl-fB-phenylalanine  B-phenylalanine 1.21 1.48 1:1.2 80 1

N-carbamoyl-B-L-homo- B-L-homo- 0.61 | 1.84 133 50 144

methionine methionine

A-carbamoyl-f-L-homo- p-L-homo-alanine  0.97 | 2.91 1:3 50 48

alanine

N-carbamoyl-B-D-homo- B-D-homo-alanine  0.97 | 2.91 1:3 50 72

alanine

N-carbamoyl-B-L-homo-serine  -L-homo-serine 0.84 1.68 1:2 50 24

N-carbamoyl-B-D-homo- B-D-homo-serine  0.84 | 1.68 1:2 50 24

serine

N-carbamoyl-B-D/L-leucine B-D/L-leucine 3.8 4.6 1:1.21 80 2

N-carbamoyl-L-3-amino L-3-amino 137 | 166 1:1.21 80 2

heptanoic acid heptanoic acid
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3.2.4.1.3 Synthesis of allantoic acid

Allantoic acid was synthesized due to alkaline hydrolysis of allantoin. Therefor 100 mg of
allantoin were dissolved in 10 ml ddH,O and the pH was titrated so 10-12 with 10 M NaOH.
To keep the reaction equilibrium on the product side the pH was regularly increased to 10-12

if the pH was lower than 10. Reaction completion was analysed with TLC.

OQN\//(N)OJ\ - L I JOJ\

H,NT N7 N7 ONH
N NN > H H ?
M @

Figure 29: Synthesis of allantoic acid.
Continuous addition of NaOH to allantoin (1) leads to cleavage of the ring and results in allantoic acid (2).

3.2.4.2 Nuclear Magnetic Resonance and Mass Spectroscopy

Synthesis products were verified by analysis with '"H and "°C nuclear magnetic resonance
(NMR) spectroscopy. Therefor 10 mg of compound were dissolved in a deuterized solvent
(D20 or DMSO). Measurements were performed at the institute of organic chemistry (KIT)
with a NMR-spectrometer at 300 MHz. Results were visualized using MestReNova [203]. A
report of all compounds of with NMR was performed is given in Table 40 (p. 86).

Additional verification of synthesis products was conducted by mass spectrometry (MS)
analysis. The institute of organic chemistry at KIT carried out MS measurements. Results

were visualized using the program SeeMS.

3.2.5 Analytical methods

3.2.5.1 Photometric Ehrlich-Assay

The Ehrlich-Assay was used for detection of aliphatic N-carbamoyl-amino acids. The free
amino group of the carbamoyl-residue acts as a nucleophile and attacks the partially positive

charge of the carbonyl C-atom of the 4-(Dimethylamino)benzaldehyde as shown in Figure 30.
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Figure 30: Derivatization of N-carbamoyl-amino acids with Ehrlich reagent.
The free amino group of a N-carbamoyl-amino acid (2) undergoes a nucleophilic reaction with 4-
(Dimethylamino)benzaldehyde (2) which results in a Schiff base (3), detectable at 430 nm.

Often a liquid handling station (BRAND) was used for pipetting the assay. The assay was
carried out due mixing 50 pl of sample with 30 pl of Ehrlich reagent (Table 20) in a 96-well
microtiter plate. The plate was shaken for 2 min at 800 rpm in a microtiter plate shaker and
analysed at 430 nm immediately with Epoch photometer. For all N-carbamoyl-amino acid
derivates a linear five- to seven-point calibration curve was generated over the concentration

range of 0.1 to 10 mM. The correlation coefficient was always 0.99 or better.

3.2.5.2 Thin-Layer-Chromatography (TLC)

Thin-layer-chromatography was mostly used for monitoring substrate synthesis. Therefor
silica TLC-plates were used. The choice of solvent was dependent on the amino acid, which
was analysed. All used solvents are given in Table 24. A TLC chamber was filled 0.5 cm with
required solvents. TLC run was stopped when the running height of the solvent reached the
top of the TLC plate. TLC’s were dyed using staining solutions given in Table 24 and blow-

dried. For staining with Iodid- or Ehrlich-staining solution TLC was air-dried.

3.2.5.3 High Performance Liquid Chromatography (HPLC)

Product analysis for almost all amino acids was performed with HPLC. All aromatic amino
acids and corresponding N-carbamoyl derivate were detected through their delocalised
electron-n-system at a certain UV wavelength. Due the absence of an aromatic-m-electron
system, aliphatic amino acids were covalently coupled to an derivatization reagent before for
detection via UV. For all amino acids a linear five- to seven-point calibration curve was
generated over the concentration range of 0.1 to 10 mM. The correlation coefficient was

always 0.99 or better.
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3.2.5.3.1 Detection of aliphatic amino acids

All aliphatic amino acids (except L-3-aminoheptanoic acid and D/L-B-leucine) could be
detected through precolumn derivatization with o-phtaldialdehyde and N-isobutyryl-L-
cysteine. The method was based on Brucher [225]. Depending on the amino acid, the method
was slightly modified (see Table 38). During the reaction the primary amine of the amino
acids nucleophilicly attacks the carbonyl C-atom of OPA. After some rearrangements an

amino-acid-OPA complex forms, which can be detected at 338 nm (Figure 31).
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Figure 31: Derivatization of primary amines with OPA/IBLC.
OPA (1) is nucleophilicly attacked by IBLC (2) an amine (3) and an aromatic complex (4) is generated

Due to the chirality of IBLC, both enantiomers of a racemate are separated by HPLC analysis.
During automatically precolumn derivatization with an Agilent 1100 series automatic liquid
sampler the following solutions were used in the reaction: 2 pl sodium borate buffer (NaB)
were mixed with 3 pl of OPA/IBLC solution and a varying volume of the sample (see section
4.2.2, p. 91). After 1 min the reaction was terminated by addition of 3 pl of 3 % acetic acid
solution. Immediately afterwards the total volume was injected into the column. The complex
was detected at 338 nm with an UV detector. All described solutions are listed in Table 20.
As a solvent NaPP buffer was mixed with MeOH by the HPLC in different ratios. All
measurements were run with isocratic elution at a flow rate of 0.8 ml/min on a 4.6 x 150
Hyperclone 5 um ODS C18 120 A column (Phenomenex). A pre-column-guard containing a
security guard catridge C18 with 3 mm internal diameter was attached in front of it.
OPA/IBLC mixture was always freshly prepared and never used for a longer period than two
days. Measurement of amino acid standards was performed in the beginning and additionally
at the end of every measurement to determine the stability of the OPA/IBLC mixture. An

overview of the amino acids detected with this method, is listed in Table 38.
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Table 38: Aliphatic amino acids detected via OPA/IBLC derivatization.

. . Appr(')xim'a te Sample volume
Amino acid NaPP (%, v/v) MeOH (%, v/v) retention time

(min) (1))
D/L-a-amino-n-butyric acid 60 40 4.0/5.1 0.5
L-a-cysteine 60 40 3.1 0.5
L-a-isoleucine 60 40 9-10 0.5
L-a-leucine 45 55 3.1 0.5
L-a-methionine 60 40 5.8 0.5
L-o-serine 60 40 2.2 0.5
L-a-valine 60 40 53 0.5
a-glycine 60 40 2.6 0.5
B-alanine 60 40 3 0.5
B-D-homoalanine
hydrochloride 60 40 78 23
B-D-homoserine 60 40 34 2.5
B-L-homoalanine
hydrochloride 60 40 >8 23
B-L-homomethionine 60 40 14.2 5
B-L-homoserine 60 40 33 2.5

3.2.5.3.2 Detection of aromatic amino acids

Aromatic amino acids and their corresponding N-carbamoyl-derivates were analysed using a
Synergi 4 p Fusion RP C18 80 A, 150 mm, 4.6 mm column attached to a pre-column-guard
containing a C18 RP pre-column with 3 mm internal diameter. An isocratic elution at a flow
rate 0f 0.8 ml/min with a mixture of 20 mM KH,PO4 pH 3 and MeOH (70:30 (v/v) ratio) was
used. Detection was conducted at 210 nm with an UV-detector. The amino acids and their

corresponding N-carbamoyl-derivates are listed in Table 39.

Table 39: Aromatic amino acids detected at 210 nm.

Approximate retention time of

Amino acid N-carbamoyl-derivate (min) Amino acid (min)
2-amino-thienylalanine 9.08 3.15
a-D-tryptophan 5.28 2.2
a-L-phenylalanine 13.56 4.05
a-L-tryptophan 18.15 5.65
a-para-hydroxy-phenylglycine 3.05 2.22
a-phenylglycine 6.19 2.69
B-D/L-phenylalanine 8.83 3.28

B-D/L-tyrosine 3.57 2.44
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3.2.5.3.3 Derivatisation with Fmoc

Derivatization with Fmoc was tested as an alternative method for aliphatic amino acids, which
were not detectable by derivatization with OPA/IBLC. A modified method of Clapp ef al. and
Taillades et al. was used [226], [227]. An amino acid dissolved in ddH,O was mixed with
Fmoc solution in a ratio of 1:1 for 40 sec. Afterwards the mixture was washed for three times
with the double volume of hexane. Thereby unreacted Fmoc was extracted. The upper organic
phase was discarded and the lower watery phase was injected to the column. For
measurement an elution program was run at a flow rate of 1.3 ml/min. It started with an
isocratic elution with 100 % mobile phase A for 3 min. Then a linear gradient from 100 % A
to 100 % mobile phase B was run in 9 min. Subsequently an isocratic elution was performed
with 100 % mobile phase B for 11 min and detected at 245 nm with an UV detector. Between
to measurements the column had to be equilibrated with 100 % mobile phase A again. All

used buffers and solutions are given in Table 19 and Table 20.

3.2.5.4 Fluorescence assay for detection of f-(homo)-amino acids

As HPLC detection with OPA/IBLC derivatization was not successful for L-3-aminoheptanoic
acid and D/L-B-leucine another derivatization reagent composition of OPA and 3-MPA (Table

20) was used.

In a black 96-well fluorescence microtiter plate 32 pl of borate buffer (Table 20) were mixed
with 4 pl of sample. After addition of 32 pl of OPA/3-MPA solution the microtiterplate was
covered with aluminium foil and incubated at room temperature for 7.5 min under light
shaking in a microtiter plate shaker. Samples were extincted at 345 nm und their emission was
detected at 450 nm with a fluorescence detector (Tecan). Due to the sensitivity of this method
all samples with concentrations above 1 mM had to be diluted in HEPES buffer. For all
detected amino acids a five-point to seven-point calibration curve in a range from 0.1 - 1 mM

was generated. The correlation coefficient was always 0.99 or better.

3.2.6 Bioinformatic methods

3.2.6.1 Generation of enzyme models

For all novel enzymes (Burkl-5, P. oleo and P.aeru) no official crystal structure was
available. Because structure is better-conserved evolutionarily than sequence, models were

generated with the protein sequences of these enzymes (see Table 4, p. 48) using Phyre” tool
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[205, 184]. This algorithm performs a profile-profile alignment of the submitted protein
sequence against its fold library. As a result distantly related structures that are compatible
with the target sequence are identified. The algorithm uses known structures of the PDB-
database. Output file is a PDB-file that can be visualized e.g. using PyMol. The Phyre” server
also proposes residues putatively involved in the catalytic mechanism of the enzyme.
Generated models always had a confidence of 100 % and a sequence homology >30 % and

thus were assumed as good models since a confidence <90 % is not recommended [205].

3.2.6.2 Substrate docking with ROSIE-ligand

Computational methods like molecular docking are used to predict a ligand-receptor complex
structure [183]. ROSIE (Rosetta Online Server that Includes Everyone) [185] is an online
tool, which can be used for several modulations. E.g. it can be used for docking a ligand into a
proteins tertiary structure at certain coordinates (Ligand docking). Therefore, enzymes crystal
structures were obtained from PDB website in PDB-format. To submit a ligand-docking task
the desired PDB-file was uploaded to the ROSIE-ligand docking tool web page as well a
previously generated 3D-molecule file. The 3D-file of the substrate was generated with Chem
Draw 3D and saved as SDF-file. Ligand conformers were generated automatically and the
maximum number of conformers was set to 200. Starting coordinates were set (see section
3.2.6.3) and 200 to 500 structures were generated with the following standard settings:
maximum searching radius 5 A; number of Monte Carlo sampling steps set to 500;
randomized initial position of the ligand was given with a radius of 3 A; low-resolution grid
was set to 15 A; low-resolution translation Monte Carlo step was set to 0.1 A and the total
cycles of highres docking was set to 6; every third cycles of highres dockings was repacked.

An overview of the input is shown in Figure 32, p.84.

3.2.6.3 Generation of starting-coordinates

All protein crystal structures are embedded in a 3D-coordinate system (X, y, z). The ligand
coordinates of each structure had to be determined to be able to use Ligand-Docking of Rosie-
Server. It is important to use the same starting coordinates when comparing different ligands
for one enzyme. In case of protein structures of 2V8H, 1Z2L and 514M a ligand was co-
crystallized and included in the file of the protein structure available at PDB-database. For
those enzymes the coordinates were obtained from the read off the PDB-file viewed in the

program Notepad. In case of 3NSF and 1FO6 the starting coordinates were obtained by
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alignment with highly homologous enzyme structures, co-crystallized with a ligand. 3N5SF
ligand starting-coordinates were generated with aligning to 2V8H (co-crystallized with N-
carbamoyl-B-alanine). An alignment of 1FO6 with 1UF5 generated starting coordinates for

1FO6. IUF5 is also a D-Carb co-crystallized with N-carbamoyl-a-D-methionine.

3.2.6.4 Evaluation of docking experiments

To differentiate and estimate correct poses from incorrect poses of ligands docked into an
active site energy scores are generated [183]. Each docking experiment performed with
ROSIE gives out energy scores of the generated models: total score and interface delta (IA).
The IA value represents a measure of binding energy between the ligand and enzyme
molecule. It is defined as the contribution to the total score for which the presence of the
ligand is responsible [184]. The IA is the crucial factor in the docking experiment. The lower
those score values are the better the theoretical fit of the ligand into the enzyme model.
However, the model with the lowest energy scores does not have to be the most realistic one.
To get an idea whether a model is realistic or not it has to be manually evaluated using

protein-visualizing software like PyMol.

Dockings of different ligands (in vitro tested enzyme substrates) were performed with the
same starting-coordinates for each enzyme. Of 500 generated docking-models the top 10
models with the lowest total energies were analysed (Figure 32, p. 84). All of top 10 models
were aligned with a model of the corresponding enzymes containing a natural N-carbamoyl-
substrate (N-carbamoyl-B-alanine for BUps and L-Carbs, allantoic acid for AaHyds, and N-
carbamoyl-a-D-methionine for D-Carb). Out of those 10 models one or two models were
picked, which were orientated as similar as possible to the natural co-crystallized substrate.
Of all top 10 models a median and standard deviation of the scoring results (total score and
interface delta (IA) was calculated, which were coordinated in the same way as the natural
substrate. An exemplary table with scoring results is shown in Figure 32 C, p 85. Docking
experiments were used for proposal of the active centres of novel decarbamoylating enzymes.
Additionally they were used to evaluate whether they reflect the results of in vitro

experiments and to obtain an idea towards the catalysis mechanism in the active centre.
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Ligand Docking Job 1Z2L_NCbLPhe_500 [Ne71910] Details

Inputs Status

Job ID

Job Name

[protein.pdb]

Visibility
Protocol

CPU hours used
user

Status

Daemon

Description

angle_step
chain
gen_conformers
grid_width

highres_cycles

highres_repack_cycles

initial_perturb

[ligand.sdf]

move_step
n_ligand_conformers
nstruct

pocket_width
transform_cycles
use_input_position
x_start

y_start

z_start
Submitted time
Start time

End time

Daemon

Results

Ten lowest-interface_delta-energy structures created in the ligand-docking run
[Model-1] [Model-2] [Model-3] [Model-4] [Model-5]

3 :‘

[Model-6] [Model-7] [Model-8] [Model-9] [Model-10]

--

Interface Score/Total Score

71910
1Z2L_NCbLPhe_500
PUBLIC (you can share this job)

Ligand Docking
6.4

PredictCaro
Finished
GrayLab.Rosetta-1

5.0

True
15.0

6

3

3.0

0.1
200
500
5.0
500
False
61.468
32.453

22.665
2019-06-13 12:37
2019-06-13 12:56

2019-06-13 13:03

GrayLab.Rosetta-1

Top 10 models
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C

protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein
protein

protein

L $

LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG
LG

interface_delti

02/-11.35
04-10.474
01/-10.431
04-10.253
04/-10.207
00/-10.201
02/-10.177
02/-10.147
00-10.13
02/-10.109
03.-10.064
02/-9.96
01/-9.954
02/-9.934
01/-9.867
03/-9.858
03/-9.82
00/-9.817
03/-9.753
02/-9.735

Score data [Download original score file]

decoy total_score

-1318.105
-1328.626
-1343.869
-1308.101
-1303.424
-1292.636
-1310.391
-1291.183
-1311.803
-1307.887
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-1308.082
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Figure 32: Example of result output of the ROSIE server ligand-docking tool.
A) Input of docked substrate and PDB protein structure B) Overview of the top 10 models and energy diagram
of all 500 generated models with the top 10 models circled in red. C) Energy score table sorted by lowest energy

Scores.
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3.2.6.5 Identification of highly conserved amino acids

For directed protein engineering experiments highly conserved amino acids in each crystal
structure were determined using ConSurf-algorithm. The amino acid sequence of the enzyme
of interest was compared to 150 related sequences in the PDB-database with a multiple-
sequence alignment (MSA) also conducted with ConSurf algorithm. An amino acid was
assumed as highly conserved when it was the sole possible amino acid at this position of at

least 85 % of the aligned sequences.

3.2.7 Protein Engineering

Protein engineering was performed with enzymes 3D tertiary structure available at PDB-

database [228]. Primers for point mutations are given in

Table 27. Primers were designed with an overlap sequence of 10 base pairs with a Ty, lower
than 40 °C. Only the corresponding reverse primer included the mutation. Mutation-PCR was
performed using Touch-Down-PCR protocol (3.2.1.6.2) with fitted elongation time according
to the size of the template plasmid DNA. After PCR the methylated-template DNA was
digested using Dpnl enzyme and amplified DNA was transformed into recombinant E. coli
BL21 DES3 cells. The resulting mutants of the enzyme of interest were expressed under the
same conditions as given in Table 34 (p. 70). Recombinantly expressed proteins were purified

through FLPC (3.2.3.3) and tested for substrate conversions.
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4 Results

4.1 Synthesis of N-carbamoyl-amino acids

Since N-carbamoyl-amino acids are not commercially available (except NCBAla) they were
chemically synthesized. An overview of the N-carbamoyl-amino acids used in this work is
given in Table 9 (p. 53). NCaAAs and NCBAAs and allantoic acid were successfully
chemically synthesized and analysed by NMR and/or MS.

4.1.1 Synthesis of aliphatic N-carbamoyl-o-amino acids

NCaAAs were synthesized as described in section 3.2.4.1. Their structure was verified by 'H-
NMR (section 3.2.4.2). Remaining educt was not detected in HPLC analysis. An overview of
'H-NMR analysis of NCaAA synthesized in this work is given in Table 40. '"H-NMR and

mass spectrometry chromatograms are given in section 8.7 and 8.8.

Table 40: NMR data of synthesized N-carbamoyl-derivates.
“-“ = No additional MS-analysis was performed; DMSO = dimethylsulfoxide; D,0O = Deuterium oxide.

NMR-Data Mass
spectrometry

Compound

N-carbamoyl-a-L-
cysteine

N-carbamoyl-a-L-

1soleucine

N-carbamoyl-a-L-
leucine

TH NMR (300 MHz, DMSO-dq) 8 2.20 (t, J = 8.3 Hz, 1H), 2.80
(dd, J=5.0,7.9 Hz, 2H), 4.34 (dt, J = 4.9, 7.9 Hz, 1H), 5.75 (s,
2H), 6.35 (d, J = 8.0 Hz, 1H), 12.86 (s, 1H).

'"H NMR (300 MHz, DMSO-dq) 5 0.85 (t, J = 6.9 Hz, 7H), 1.00
~ 1.45 (m, 2H, 5), 1.71 (ddt, J= 4.8, 6.7, 9.2 Hz, 1H, 4), 4.04
(dd, J=5.2,9.0 Hz, 1H), 5.61 (s, 2H), 6.18 (d, J= 9.0 Hz, 1H),
12.52 (s, 1H).

'"H NMR (300 MHz, DMSO-dq) 5 0.87 (dd, J = 6.5, 8.5 Hz, 6H,
6,7), 1.29 — 1.53 (m, 2H, 5), 1.63 (dq, J= 6.7, 13.3 Hz, 1H, 4),
4.06 (td, J= 5.8, 8.7 Hz, 1H, 3), 5.57 (s, 2H, 12), 6.19 (d, J =
8.4 Hz, 1H, 2), 12.45 (s, 1H, 9).

N-carbamoyl-g-L-  'H NMR (300 MHz, DMSO-dg) 8 3.05 — 3.63 (m, 2H), 4.09 M+ H']
naphtylalanlne 4.65 (rn, IH), 5.59 (S, 2H), 6.35 (d, J=8.3 HZ, IH), 7.04 —8.54

(m, 7H), 12.69 (s, 1H).
N-carbamoyl-a-L- 'H NMR (300 MHz, DMSO-dg) & 1.00 (s, 9H), 1.35 — 1.81 (m, [M + H+]
neopentylglycine  2H), 421 (td, J = 3.3, 9.0 Hz, 1H), 5.63 (s, 2H), 6.24 (d, J = 8.8

Hz, 1H), 12.48 (s, 1H).
N-carbamoyl-g-L-  'H NMR (300 MHz, DMSO-dq) 8 3.37 (s, 2H), 5.65 (s, 2H), [M+H']
para-hydroxy- 6.67 — 7.30 (m, 4H), 9.47 (s, 1H), 12.60 (s, 1H).
phenylglycine
N-carbamoyl-g-L-  'H NMR (300 MHz, DMSO-d¢) 8 4.10 (p, J = 1.8 Hz, 3H), 4.94 M+ H']
tertiary-leucine (s, 1H), 5.49 (d, J=9.4 Hz, 1H), 7.20 (s, 2H), 7.80 (d, /=9.4

Hz, 1H), 14.02 (s, 1H).
N-carbamoyl-a-L-  'H NMR (300 MHz, DMSO-d¢) 8 3.17 (qd, J = 5.9, 14.8 Hz, M+ H']

thienyl alanine

2H), 4.34 (ddd, J= 4.9, 6.8, 8.2 Hz, 1H), 5.71 (d, J= 39.3 Hz,
2H), 6.21 (d, J = 8.1 Hz, 1H), 6.29 (s, 1H), 6.85 (dd, J= 1.3, 3.4
Hz, 1H), 6.95 (dd, J=3.4, 5.1 Hz, 1H), 7.34 (dd, J= 1.3, 5.1
Hz, 1H), 12.78 (s, 1H).
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Compound NMR-Data Mass
spectrometry

N-carbamoyl-a-L-  'H NMR (300 MHz, DMSO-de) § 0.83 (dd, J = 6.8, 12.1 Hz, -
valine 6H, 5, 6), 1.98 (pd, J=5.0, 6.9 Hz, 1H, 4), 3.98 (dd, /=4.9,9.0

Hz, 1H, 3), 5.62 (s, 2H, 11), 6.17 (d, J = 9.0 Hz, 1H, 2), 12.56

(s, 1H, 8).
0-L- 'H NMR (300 MHz, D,0) & 0.97 (s, 7H), 1.49 — 2.03 (m, 2H), M+ H']
neopentylglycine 3.69 (dd, J=4.9, 7.2 Hz, 1H).
o-L-tertiary-leucine 'H NMR (300 MHz, D,0) & 1.04 (s, 9H, 9), 3.42 (s, 1H). M + H+]

4.1.2 Synthesis of N-carbamoyl-B-(homo)-amino acids

In this work the synthesis of several novel N-carbamoyl-B-amino acids and N-carbamoyl-p-
homo-amino acids (NCPB(h)AAs) was established. For the synthesis of these compounds no
literature was available. Figure 33 shows an overview of the aliphatic NCP(h)AAs

synthesized in this work.
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Figure 33: Synthesized N-carbamoyl-f-amino acids and N-carbamoyl-p-(homo)-amino acids.

(1) N-carbamoyl-B-alanine (NCBAla); (2) and (3) N-carbamoyl-D/L--homo-alanine (NCD/LBhAla); (4) and (5)
N-carbamoyl-D/L-B-homo-serine (NCD/LBhSer); (6) N-carbamoyl-D/L-B-homo-methionine (NCD/LBhMet); (7) N-
carbamoyl-L-3-amino-heptanoic acid (NCBHep); (8) N-carbamoyl-rac-B-leucine (NCBLeu); (9) N-carbamoyl-
rac-B-phenylalanine (NCBPhe).

NCBAla (1), NCBPhe (9), N-carbamoyl-rac-p-leucine (NCBLeu) (8) and N-carbamyol-3-
amino-heptanoic acid (NCBHep) (7) were obtained after 1-2 h reaction with KNCO at 80 °C
without pH titration (see 4.1.2). Due to their poor water solubility they could easily crystallize
after cooling to 1-4 °C. The reaction product was verified by 'H-NMR (Table 41, p. 89). The
spectra showed signals for all H-atoms of the corresponding molecule. In HPLC analysis no
remains of reaction educt were detected, thereby no additionally MS-analysis was conducted

for these synthesis products. Molar yields were ~80 % (mol/mol).
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B-homo-amino acids (BhAAs) showed different chemical properties than BAAs. Due to low
melting points especially of the educt L-B-homo-methionine (LBhMet), the reaction
temperatures for the synthesis of D- and L-N-carbamoyl-f-homo-alanine (NCDPhAla and
NCLBhAla) ((2) and (3) Figure 33), D- and N-carbamoyl-L-B-homo-serine (NCD/LBhSer) ((4)
and (5) Figure 33) and NCLBhMet ((6) Figure 33) were set to 50 °C. This led to low
activation energy and long reaction times that varied for each amino acid (see Table 37, p.
75). In comparison to the synthesis of NCaAA, the molecular ratio of amino acid to KNCO
was two or three times higher. Due to fast pH-shifts during the reaction the pH had to be
readjusted to approximately 7 to keep the reaction equilibrium on the product side. The
requried amount of KNCO to convert all of the educt was evaluated through TLC analysis
(see also Table 37, p. 75). Figure 34 shows an overview of syntheses of different NCBhAAs.
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Figure 34: TLC of synthesized aliphatic NCBhAAs.

A) 1: Educt LBhAla in HEPES buffer; 2-4: NCLBhAla was synthesized without remaining educt after at least 48
h and 2.91 mmol KNCO. 5: 40 mM KNCO in ddH,0 6: 50 mM HEPES buffer B) 1: Educt DBhAla in HEPES
buffer; 2-7: NCDBhAla was fully converted with 2.91 mmol KNCO after at least 72 h. 8: 50 mM HEPES buffer;
9: 40 mM KNCO C) 1: LBhSer in HEPES buffer; 2-5: Educt NCLBhSer was fully reacted after 24 h with 1.68
mmol KNCO; 6: 40 mM KNCO; 7: 50 mM HEPES buffer D) 1: Educt DBhSer in HEPES buffer; 2-6:
NCDphSer was synthesized after 24 h and 1.68 mmol KNCO; 7: 40 mM KNCO; 8: 50 mM HEPES buffer E) 1:
LBhMet in HEPES buffer; 2-3: Educt NCLBhMet was synthesized after six days and 1.84 mmol KNCO; 4: 50
mM HEPES buffer; 5: 40 mM KNCO. All TLCs except for fhMet stained with ninhydrin staining solution. TLC
for phMet was stained with Ehrlich staining solution. Reaction products are marked with an arrow.

NCPBAAs like NCBPhe or NCBAla had a poor water solubility of maximum 20 mM when
heated to 80 °C. In contrast to that a higher solubility in water was observed for NCBhAAs
with up to 100 mM at room temperature. Hence crystallisation of NCBhAAs was not achieved
by to lowering the pH to 3 and cooling to 1-4 °C. To obtain a solid reaction product speed-
vacuum-drying and freeze-drying were tested. It was observed, that speed-vacuum-drying was
not an appropriate option, since NCBhAAs showed hygroscopic properties. Thus the reaction
product was obtained as viscose mass. Prior freezing at -20 °C and subsequent freeze-drying

yielded a powdery solid precipitate. In '"H NMR data of NCPhAAs no signal for the H-atom
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of the carboxyl- and amino-group was detected. This was due to deuterization of these
positions by D,0. The same phenomenon was observed in 'H-spectra of their corresponding
BhAA. To verify the reaction products an additional mass spectrometry measurement was

performed for synthesized NCBhAAs. All 'H-spectra are shown in section 8.8. NMR-data are

given in Table 41, mass spectrometry data is given in Table 42.

Table 41: NMR date of all synthesized /N-carbamoyl-B-amino acids.
DMSO = dimethylsulfoxide; D,O = Deuterium oxide.

Reaction product

NMR-data

N-carbamoyl-L-3-
amino-heptanoic acid

N-carbamoyl-f-
alanine

N-carbamoyl-B-rac-
leucine

N-carbamoyl-f-
homo-D-serine

N-carbamoyl-f-
homo-L-serine

N-carbamoyl-f-
homo-L-methionine

N-carbamoyl-B-L-
homo-alanine
N-carbamoyl-B-rac-
phenylalanine

TH NMR (300 MHz, DMSO-de) 8 0.79 — 0.90 (m, 3H), 1.25 (tddd, J
=43,6.7,10.0, 13.5 Hz, 4H), 1.37 (dg, J= 3.9, 4.5, 11.9 Hz, 1H),
2.17 - 2.40 (m, 2H, 7, 8, 12), 3.69 — 3.87 (m, 1H), 5.39 (s, 2H), 5.86
(d, J=8.9 Hz, 1H), 12.04 (s, 1H).

'"H NMR (300 MHz, DMSO-de) & 2.33 (t, J = 6.5 Hz, 2H), 3.15 (q, J
= 6.3 Hz, 2H, 3), 5.54 (s, 2H, 8), 6.02 (t, J = 5.9 Hz, 1H, 2), 12.28 (s,
1H).

"H NMR (300 MHz, DMSO-dq) & 0.80 (d, J = 6.8 Hz, 6H, 5, 6), 1.71
(dq, J=6.7, 13.1 Hz, 1H, 4), 2.14 — 2.39 (m, 2H, 3), 3.73 (td, J = 4.0,
8.1 Hz, 1H), 5.40 (s, 2H, 12), 5.65 — 6.10 (m, 1H, 9), 12.15 (s, 1H).
'"H NMR (300 MHz, D,0) & 2.27 — 2.60 (m, 10H), 2.92 (dd, J = 8.2,
18.2 Hz, 1H), 3.33 — 3.63 (m, 10H), 3.94 (d, J = 7.9 Hz, 5H), 4.20
(dd, J=3.3,9.7 Hz, 1H), 4.76 (s, 1H), 13.05 (s, 1 H).

'"H NMR (300 MHz, D,0) & 2.24 — 2.57 (m, 9H), 3.36 — 3.56 (m,
9H), 3.93 (t, J = 6.9 Hz, 4H), 4.51 (dd, J = 6.4, 9.8 Hz, OH), 4.58 —
4.65 (m, 1H).

'"H NMR (300 MHz, D,0) & 1.84 — 1.95 (m, 2H), 2.00 (s, 3H), 2.53
(t,J=7.4 Hz, 2H), 2.57 — 2.89 (m, 2H), 3.69 (dt, J = 3.6, 7.5 Hz,
1H).

'"H NMR (300 MHz, D,0) & 1.24 (d, J = 6.7 Hz, 3H), 2.53 — 2.74 (m,
2H), 3.63 (q,J = 6.7 Hz, 1H).

"H NMR (300 MHz, DMSO-de) & 2.65 (d, J = 2.5 Hz, 1H, 2), 4.99
(q,J="7.5 Hz, 1H, 3), 5.54 (s, 2H, 14), 7.16 — 7.28 (m, 1H, 7), 7.30
(s, 3H, 5,9, 15), 7.31 (d, J=2.2 Hz, 2H, 6, 8), 12.21 (s, 1H, 11).
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Table 42: Mass spectrometry of N-carbamoyl-f-homo-amino acids.
“-“=No additional MS-analysis was performed.

Reaction product Mass (g/mol) Mass spectrometry
N-carbamoyl-B-homo-L-alanine 147.08 [M+H
N-carbamoyl-B-homo-D-serine 163.07 -
N-carbamoyl-B-homo-L-serine 163.07 [M+H]
N-carbamoyl-B-homo-L-methionine 206.07 [M - NH;]
N-carbamoyl-B-D-homo-alanine 147.08 -

4.1.3 Synthesis of allantoic acid

Allantoic acid was synthesized by alkaline hydrolysis of allantoin as described in section

3.2.4.1.3, (p. 76). The reaction was monitored by TLC for several days (Figure 35). After a

reaction time of at least 24 h most of allantoin was reacted and an additional spot appeared.

The product was verified via mass spectrometry analysis.

mass spectrometry (see 8.8 Figure 92, p. 237).

PR
s ¥
&
$
X

Figure 35: TLC allantoic acid synthesis.

Remaining was not detected with

1: Educt Allantoin; 2: Allantoic acid formed after 24 h. TLC was stained with Ehrlich staining solution.
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4.2 Establishment of analytics for non-canonical amino acids

4.2.1 Aromatic non-canonical-amino acids

Aromatic amino acids, independent on the position of their amino group, easily can be
detected through their delocated electron n-system. To find an analytical method for aromatic
non-canonical amino acids without derivatization a new method was established in which no
enantiomeric separation was performed. For this several columns, mobile phases and other
conditions were tested. Since using HyperClone™ 5 um ODS (C18) 120 A, LC Column 150
x 4,6 mm (see Table 30) was not suitable and led to strong peak-tailing and shifting at
different concentrations (data not shown). Synergi™ 4 pm Fusion-RP 80 A, LC Column 150
x 4,6 mm by Phenomenex gave symmetrical peaks of aromatic noncAAs. A mobile phase of
20 mM KH,POy4 at pH 3 (adjusted with HCl) was optimal. The method was applied to detect
several aromatic non-canonical amino acids and their N-carbamoyl-derivate: a-phenylalanine,
a-tyrosine, o-hydroxy-phenylglycine, o-hydroxphenylglycine [-2-thienylalanine, (-

phenylalanine and p-tyrosine.

4.2.2 Aliphatic non-canonical-amino acids

A detection method for analysis of aliphatic B-(homo)-amino acids was to be established. As
aliphatic amino acids are not detectable in UV light, derivatization prior to HPLC analysis
was required. Several derivatization reagents were tested, but not suitable for every amino
acid and reaction system. Examples are o-phtaldialdehyde (OPA) or
flourenylmethoxycarbonyl (Fmoc). One of the most common derivatization reagents for
analysing aliphatic o-amino acids is derivatization with OPA in combination with N-

isobutyryl-L-cysteine (IBLC).

For detection of BAla a method modified after Brucher et al. [225] using HyperClone™ 5 pm
ODS (C18) 120 A, LC Column 150 x 4,6 mm (see Table 30) was used. BAla was analysed
with a mobile phase consisting of 60 % 40 mM NaPP pH 6.5 buffer and 40 % MeOH using
0.5 pl of sample volume during the pre-column derivatization (see 3.2.5.3). The signal
intensity was very strong, thus concentrations as low as 0.1 mM were still detectable. Peak

heights varied depending on the freshness of the UV-sensitive OPA/IBLC mixture.

It was tested whether other aliphatic f(h)AAs were able to build a covalent complex with
OPA/IBLC through microtiter plate reactions. Therefor 24 pl borate buffer were mixed with
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36 ul OPA/IBLC and 6 pl of each sample (10 mM in HEPES buffer) was incubated for 10
min at room temperature. A spectrum from 250 nm to 400 nm was measured with Tecan
photometer. Figure 36 shows that all BAA-OPA/IBLC complexes absorb at the expected 338
nm. The highest absorption of 0.4-0.7 was detected for LBHep, LBHMet. Rac fLeu. D/LBhAla,

D/LBhSer showed a lower absorption of ~0.1.
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Figure 36: Spectrum of f-(homo)-amino acid-OPA/IBLC complexes.
Data shown with already subtracted base line of OPA/IBLC mixture.

In the next step a detection of PhAAs was tested in the HPLC. It was found that the amino
acids with the highest absorptions detected in the spectrum showed the smallest signals in
HPLC analysis using the same method as for fAla (0.5 pl of sample mixed with 3 pl
OPA/IBLC). For the detection of 10 mM D/LPhAla a signal intensity of ~36 mAU was
measured. For 10 mM LBhMet a signal of 16 mAU height was obtained. Accordingly the
peak area was small too. Solely for LBhSer a peak height of ~90 mAU at 10 mM was
observed. For LBHep and rac BLeu signals were even lower. To improve the signal sensitivity
for these BhAAs the ratio of amino acid to derivatization reagents was altered. When mixing
2.5 pl of 10 mM BhAA with 3 pl of OPA/IBLC solution the signal intensity was increased to
63 mAU (D/LBhAla) and 187 mAU (LPhSer). The peak height for LBhMet was increased to
25 mAU. By mixing 5 pl of 10 mM LBhMet with 3 ul OPA/IBLC a 40 mAU signal was
detected. For D/LBLeu and LBHep the signal intensity was increased through different ratios
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of derivatization reagents to BAA. Since Figure 36 shows absorption of a putative rac BLeu-
or LBHep-OPA/IBLC complex respectively; it was assumed that the derivatization reaction
had taken place. A reason for the low detection signal in HPLC analysis may be the non-
suiting properties of the HPLC-method. Thus only LBhMet, D/L BhSer and D/L BhAla was
detected via HPLC in further course of the work.

By analysing aliphatic non-canonical amino acid-OPA/3-MPA-complexes with fluorescence
in a microtiter plate (3.2.5.4) all PhAAs and several non-canonical a-amino acids were
detected with a high sensitivity. All BhAAs showed a linear relationship from 0-1 mM.
Therefore this fluorescence method was used to detect D/LBhLeu, BHep as well as non-

canonical a-amino acids L-a-tert-leucin (L-a-tertLeu) and L-a-neopentylglycine (L-a-NeoGly).

Additionally Fmoc was tested for derivatization of BAAs (see 3.2.5.3.3). Derivatization with
Fmoc works in a watery reaction system according to literature [229]. Since all analytical
samples were dissolved in HEPES buffer a high amount Fmoc reacted with the buffer
substance. Thus pre column derivatization with Fmoc was found to be a non-suitable
derivatization method for the conditions used in this work. For all N-carbamoyl-derivates was
observed that they reacted with Ehrlich derivatization reagent and thus was analysed with
Ehrlich-assay (see section 3.2.5.1) and showed a linear correlation from 0.1 to 10 mM with an

R? 0f 0.99 or better.

4.3 Screening of wild-type strains

The institutes own strain collection was screened for NCBPhe-degrading strains. It was
hypothesized that the usage of metabolites of the reductive pyrimidine degradation pathway
as sole nitrogen source may induce the expression of decarbamoylating genes. The aim was to
find wild-type strains able to convert model substrate NCBPhe to the non-canonical BAA
BPhe. In total over 200 wild-type strains were screened with different defined solid media. For
selected strains with slight growth on NCPBPhe as sole nitrogen source additional lysate
biotransformation studies were performed. Thereby also bivalent metal cofactors were tested

since metal-dependency has been reported for many decarbamoylating enzymes.

4.3.1 Screening for N-carbamoyl-p-phenylalanine degrading strains

In contrast to L-Carbs and D-Carbs for which their natural function is unknown of BUps

naturally occur in the pyrimidine metabolism. By addition different metabolites of the



RESULTS 94

pyrimidine metabolism as sole nitrogen source it is possible that decarbamoylating enzyme
activity, e.g. of BUps, from different wild-type strains could be induced or enhanced. The
procedure is explained in section 3.2.2.3. Only a significant visible difference in growth
towards the negative control (medium without any nitrogen source) was defined as “positive

growth” regarding every nitrogen source.

Over 200 wild-type strains, including bacteria, yeasts and fungi (see Table 3 for internal codes
of each strain), were cultivated on agarose-plates with a minimal medium (BM3-U/T for
bacteria or YM3 for yeast and fungi (see Table 14-Table 16) containing uracil or thymine.
Almost all strains showed significant growth on uracil or thymine as sole nitrogen source
(data not shown). Only strains with growth on their positive control medium (full medium
agar plate) were considered for further transfer, whereby non-living strains could be excluded.
After incubation of three to ten days, cells from uracil/thymine-positive strains were
transferred to a minimal medium agarose-plate (BM3 for bacteria and YM3 for yeasts)
containing NCBAla as sole nitrogen source. After 10 days of incubation at the corresponding

optimal growth temperature of 64 strains showed significant growth on NCBAla.

NCBAla-positive strains were subsequently cultivated in a liquid culture in BM3 or
corresponding YM3 containing NCBAla as sole source of nitrogen (see 3.2.2.4). To ensure a
good viability of the cells for further experiments each strain was cultivated until cells
reached the exponential phase. Cells of these cultures in NCBAla-medium were used to make
glycerol stocks (section 3.2.2.2). To exclude microorganism able to fix atmospheric nitrogen a

negative control for each strain was carried without any nitrogen.

Next NCBAla-glycerol stocks of each NCBAla-positive strain were used to freshly inoculate
BM3/YM3-medium agarose plates containing NCBPhe as sole source of nitrogen. For each
strain a negative control was carried. After incubation over five days a significant growth in
contrast to the negative control was observed for several strains. The regarding agarose-plates

are shown in Figure 37.
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Figure 37: Strains screened for growth on NCpPhe as sole nitrogen source.

A) Growth of strains 38, 37, 33, 56, 55, 52, 64, 61, 60, 71, 68, 65 on BM3 medium containing NCBPhe as sole
nitrogen source (right) in contrast to their negative control (left). B) Growth of strains M3, M2, M11, M10, M8,
M24, M19, M12, M44, M43, M32 on BM3 medium containing NCBPhe as sole nitrogen source (right) in
contrast to their negative control (left). C) Growth of strains M16, M17, 63, 66, 70, 34, B1, 35, M1, B2, B3, B5
on BM3 medium containing NCBPhe as sole nitrogen source (right) in contrast to their negative control (left). D)
Growth of strains 27 and 29 on YM3 medium containing NCBPhe as sole nitrogen source (right) in contrast to
their negative control (left). E) Growth of strains 73, 74, 76, 78, 80, 79, 90 on YM3 medium containing NCfPhe
as sole nitrogen source (right) in contrast to their negative control (left).

For strains 38, 37, 64, 61, 60, 71, 86 and 65 slight growth on NCBPhe as nitrogen source was
visible (Figure 37 A). Especially for stain 38 and 37 a significant difference to the negative
control was observed. Furthermore significant growth was visible for strain M3 (Figure 37 B),
strain M16, M17, 70, 34 M1, B3 (Figure 37 C) and strain 27 and 29 (Figure 37 D). Figure 37
E shows several yeast strains. Strain 73, 74, 76, 78, 80, 79 and 90 show no significant
difference compared to their negative control. Strain 80, wild type strain of L. kluyveri was

chosen to estimate growth compared to enzyme activity. Within the thesis the known BUp of
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L. kluyveri was recombinantly expressed and in biotransformation assays a high activity
towards NCBAla was observed. However no activity towards degradation of NCBPhe was

detected.

Several strains, which showed growth on BM3/YM3-medium agar plates containing NCBPhe,
were selected for further studies listed in Figure 38. Only screening-positive-strains available
at DSMZ strain collection were chosen for further studies (strain M8, M19, 71, 34, 37, B3 and
29). Exception was strain 29 showing good growth on BM3-NCBPhe medium (Figure 37 D).
This strain was identified via 16S rRNA sequencing (see 4.3.4.). For selected strains the
degradation of NCPPhe was verified through biotransformation studies with lysate (see

section 4.3.3).

Internal  Species \ Internal Species \
code code
M1 Delftia sp. E24 M8 Leifsonia sp. K3
DSM 27212
M3 Flavobacterium sp. F8 SM27
M19 Ochrobactrum sp.G21 <
M8 Leifsonia sp. K3 DSM 27212 =
DSM18825 é_
M16 Ochrobactrum sp.D24 71 Pseudomonas oleovorans Z
M17 Ochrobactrum sp.F21 DSM 1045 %D
M19  Ochrobactrum sp.G21 (DSM18825) 34 Burkholderia plantarii <§
DSM 9509 S
64 Pseudomonas sp. M18 37 Burkholderia phytofirmans PsJIN E
DSM 17436 2
70 Pseud. PN 1 E
B3 Bacillus sp. F16 m
71 Pseudomonas oleovorans DSM 1045 DSM18825 =
34 Burkholderia plantarii DSM 9509 29 Arthrobacter sp. L20 ?5)
37 Burkholderia phytofirmans PsIN DSM B
17436 o
(=9
38 Burkholderia sp. M3 Controls harvesting gene coding for
B3 Bacillus sp. F16 (DSM18825) decarbamoylating enzyme
27 Arthrobacter sp. F7 80 Lachancea kluyveri
29 Arthrobacter sp. 120 DSM 70517 (SkIBUp) /
/ G Parageobacillus thermoglucosidasius
DSM 6285

Figure 38: Hit strains observed from screening.

Grey box: all strains showing significant growth on NCBPhe as sole nitrogen source; blue box: strains selected
for lysate experiments; red box: carried control strains. L. kluyveri possesses a BUp, which is not able to degrade
NCPBPhe but NCPAla, Parageobacillus thermoglucosidasius was not previously cultivated in BM3/YM3
containing NCBAla but its genome codes for a decarbamoylating enzyme.
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4.3.2 Monitoring of growth in liquid culture

Direct cultivation in BM3/YM3 containing NCBPhe as sole nitrogen source, inoculated from
the corresponding NCBAla glycerol stock of each strain, led to low cell growth (data not
shown). Thus the required cell mass for biotransformation studies was obtained through
cultivation of all strains (given in the blue and red box in Figure 38) in liquid medium
containing NCPAla. Precultures were freshly inoculated with the corresponding NCPAla
glycerol stock of each strain and grown over night. Main cultures with 200 ml BM3/YM3-
NCBAla liquid medium were inoculated with an OD of 0.1 in triplicate. A positive control
with according medium containing ammonium sulphate as nitrogen source and a negative
control medium without any nitrogen source were also inoculated with the same amount of
cells. The positive control was also conducted in triplicate. Growth of each strain was

monitored as shown in Figure 39.
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Figure 39: Growth of selected strains in BM3/YM3 liquid medium.

All strains were grown in BM3 or YM3 liquid medium containing NCBAla (grey), (NHy),SOy (red) and without
nitrogen source (blue). A) Strain 29; B) Strain 71; C) Strain M8; D) Strain 37; E) Strain B3; F) Strain M19; G)
Control strain 80.
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Figure 39 shows that all selected strains except M19 grew to a high OD in BM3 or YM3-
NCPAla medium within 24-48 h. Strain M19 only grew in BM3 containing (NH4),SO4 after
12 days. For strains 29, 37, 71, B3 and M8 an exponential growth phase was observed both in
medium with NCBAla and in medium with (NH4),SO4 as sole nitrogen source. Final ODggg
values were from 7 to 19 for NCBAla and 6-16 in (NH4),SOj4 after 24 h. Strain 29 showed the
strongest growth in both NCPAla and (NH4),SOs medium with a final ODgoy of ~18
((NH4)2S04) and ODggp 0of 20 (NCPALa). Yeast L. kluyveri (strain 80) grew to an ODggg of ~3
in (NH4)2SO4- and ~10 in NCBAla-medium (Figure 39 G). All negative control cultures of
the strains grew to a maximum ODggy of 0.5. All cells cultivated in NCBAla and (NH4)>SO4
were harvested in their late exponential phase after 24 or 48 h respectively, centrifuged,
washed with cold PBS and freeze dried in a lyophylle. Cells from strain G (P.

thermoglucosidasius) pre-cultured in LB-M medium were harvested and freeze dried as well.

4.3.3 Biotransformations with screening-hit strains

For lysate experiments 1 g of freeze-dried cells of each strain cultured in medium with
NCPAla and (NH4),SO4 was resuspended in 15 ml cold HEPES buffer (50 mM, pH 7).
Resuspended cells were lysed using maximum pressure of a homogenisator. After

centrifugation at 30.000 rpm for 30-60 min the supernatant was used for activity studies.

With lysate from each strain and culture medium activity towards NCBAla and NCBPhe was
tested. Therefor 400 ul lysate and 100 pl of each substrate (10 mM) were mixed. Thus a
theoretical initial amount of 8 mM substrate was present. Also four different metal cofactors
were tested (ZnCl,, MnCl,, CoCl, and NiCl, with a final concentration of 1,2 mM). Several
controls were carried: a substrate control using100 pl buffer instead of lysate were added to
the substrate and a product control, in which BAla or BPhe respectively were incubated with
lysate of each strain (8§ mM initial product concentration). Additionally a pure lysate-control
(500 pl) was carried to determine remaining concentrations of NCBAla in the lysate from the
previous cultivation. All reactions were carried out in triplicate and incubated at 30 °C (strain
29, 37, 71, B3, M8 and 80) or 55 °C (strain G). After 24 h reactions were stopped by
denaturation at 95 °C for 5 min. Samples were centrifuged with 13.000 rpm for 10 min and
the supernatant was analysed. NCPAla concentration was analysed by performing Ehrlich-
assay (3.2.5.1). Analysis of BAla, NCBPhe and BPhe was conducted via HPLC (see 3.2.5.3.1
and 3.2.5.3.2).
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Figure 40: Conversion of NCpAla to BAla of strains obtained from screening.

A-1) Degradation of NCBAla of strains previously cultivated in BM3 or YM3 with (NH4),SO,4 or B-1) NCBAla.
A-2) Formation of BAla of strains previously cultivated in BM3/YM3 with (NH4),SO4 or B-2) NCpBAla.
Reactions were conducted with cell lysate and stopped after 20 h.

Figure 40 gives an overview about degradation of NCBAla and the formation of BAla, each
with cells from previous cultivation in BM3/YM3 with (NH4),SO4 or NCBAla respectively.
Product controls showed degradation of BAla (data not shown). The theoretical BAla-starting
concentration of § mM was not detected for any strain. Instead approximately 4-6 mM PBAla
were detected after incubation for 20 h. Percentage product formation was calculated with
regard to the amount of NCBAla detected in the substrate control conducted for each strain. In
substrates controls without lysate no formation of BAla was observed. Furthermore in pure
lysate samples no BAla was detected. Figure 40 A-1 shows the percentage degradation of
NCPBAla for strains cultivated in medium with (NH4),SO4 relative to the NCPAla
concentration detected in substrate controls. Control strain 80 (L. kluyveri) converted 6 %
without additional cofactor of the initial substrate amount. In comparison to this with present

cofactors 12 % of substrate was converted (except for ZnCl,). Other strains showed higher
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substrate degradation without cofactor from 4-17 %. The highest NCBAla degradation without
cofactor was observed for strain G (P. thermoglucosidasius) with 17 %. In general a higher
amount of substrate was converted when bivalent metal cofactors were present. Strain M8
(Leifsonia sp.) and 71 (P. oleovorans) converted 100 % of substrate when NiCl,, MnCl, or
CoCl, were available. Strain B3 (Bacillus sp.) and strain 37 (Burkholderia phytofirmans) were
able to convert 94-95 % of NCBAla when CoCl, was added. However, when NiCl, and MnCl,
were used as cofactors strains 37 and B3 showed only substrate conversion of 12-16 % (37)
and 37-43 % (B3) of NCBAla. With ZnCl, present in the reaction lower conversions were
observed compared to other cofactors. Strain 37 showed no degradation without cofactor or

when ZnCl, was present.

Figure 40 A-2 illustrates the amount of BAla formed. The percentage amount of BAla was
calculated in relation to the initially present substrate concentrations. For all strains BAla
formation was detected. However product amounts lower than initial substrate concentrations
were detected, since product degradation of 3-4 mM was observed for all strains. For strains
showing a high substrate conversion also high product formation was observed especially
with MnCl, and CoCl, present. The highest product concentrations were obtained with strains
MS, B3, 71 and 37 with 66 %, 80 %, 76 % and 93 % and presence of CoCl,. Without cofactor
or with NiCl, and ZnCl; in the reaction lower product concentrations of up to 7% were

detected, in consideration of low standard deviations.

Comparing to cells grown in BM3 or YM3 medium containing (NH4)>SOj cells previously
grown in BM3 or YM3 medium containing NCBAla as sole nitrogen source were able to
convert higher substrate amounts (Figure 40 B-1). As strain M19 (Ochrobactrum sp.) showed
no growth in BM3-NCBAla medium (Figure 38, p.96) and strain G was solely cultivated as a
control in LB medium, no data concerning biotransformations of cells grown in BM3-
NCBAla medium are available.

In general an increase on NCBAla degradation without additional cofactor was measured for
all strains grown in NCBAla-medium. Especially noteworthy is strain 37 showing no NCBAla
degradation without cofactors with cells cultivated in (NH4),SOs. For strain 80 in
combination with MnCl, and increase from 12 % to 100 % substrate degradation was
observed. Also for strain B3 with MnCl, present in the reactions an increase from 37 % to 100
% was detected. Additionally the amount of converted NCPAla increased in reactions
containing ZnCl,, e.g. for strain 80 from 5 % to 14 %, strain 71 from 36 % to 67 % and strain
37 from 0% to 13 %.
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All strains previously cultivated in NCBAla-medium except strain 29 showed a higher
formation of PAla, especially without additional cofactor (Figure 40 B-2) compared to
cultivation with (NH4),SOs. For strain 80 an increase of fAla formation with cofactors MnCl,
and CoCl, present from 0% to 72 % or 43 % respectively was measured. Also strain B3
showed an increase for reaction containing MnCl, from 0 % to 83,3 % PBAla. For strain 71
only slight increases for reactions containing NiCl, (27 % to 37 %) and MnCl, (72 % to 76 %)
could be observed. Strain 37 and 29 showed a decrease from 93 to 80 % and 37 to 9 %

respectively for reactions containing CoCl,.

All strains previously cultivated in medium with (NH4)>SO4 and NCBAla were tested towards
their conversion of NCPBPhe in biotransformation experiments since a slight growth on
agarose-plates containing NCBPhe had been observed. In contrast to NCBAla degradation
only slight degradations of NCBPhe were detected with partly high standard deviations.

Results are given in Figure 41.
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Figure 41: Degradation of NCpPhe of strains obtained from screening.
1) Degradation of NCBPhe previously cultivated in BM3/YM3 with (NH4),SO4 or 2) NCPAla after 20 h.
Reactions were performed with cell lysate.

All percentage conversions were calculated relative to the NCBPhe concentration present in
substrate controls after incubation. In general formation of BPhe was neither detected in the
reactions nor in substrate controls. In the product controls only 4-6 mM pPhe of the
theoretically initial 8 mM could be detected. Figure 41 A shows the NCPPhe decrease of
strains previously cultivated in BM3/YM3 containing (NH4),SO4. Control strain 80 that
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expresses a BUp (highly active towards NCBAla), which is not able to convert NCBPhe to
BPhe showed a decrease of NCPBPhe of up to 7 % with NiCl, present in the reaction
(corresponds to 0.5 mM of the initial 8 mM substrate concentration). A similar decrease of
NCPBPhe was measured for strain M19 (7 % with CoCl,), strain M8 (9 % with ZnCl,), strain
71 (6 % with MnCl,) and strain 29 (8 % with MnCl, and 9 % with CoCl,). Compared to
NCBAla degradation standard deviations were relatively high compared to the amount of

converted substrate.

However for all strains which had been previously cultivated in BM3 or YM3 medium
containing NCBAla lower NCBPhe conversion was observed (Figure 41 B). However, results

were not significant since standard deviations were almost at the same level.

4.3.4 Strain identification by 16S rRNA analysis

Strains showing a strong conversion of NCBAla and potential activity towards NCBPhe, were
identified. Since all strains selected for lysate biotransformation experiments were strains
officially obtained from DSMZ (German Collection of Microorganisms and Cell Cultures)
only strain 29 had to be identified via 16S rRNA sequencing. Therefore genomic DNA was
isolated from cultivated cells of the strain according to section 3.2.1.4. Subsequently the
genomic DNA was used as template in a PCR together with 16S rRNA primers (see 3.1.10).
Strain 29 was found to be 99.74 % similar to type strain of Paenarthrobacter

nitroguajacolicus strain G2-1 (T) (NCBI accession AJ512504).

4.4 Identification of novel decarbamoylating enzymes

Only for two strains from all selected screening-positive strains (see Figure 38) whole
genome sequences were available on NCBI database: strain 71 P. oleovorans DSM 1045
[230] and strain 37 B. phytofirmans PsJN DSM 17436 [231]. From a previous screening
approach (data not shown) another gene from Pseudomonas aeruginosa PAO1 was identified

of which a genome sequence was also available on NCBI database [232].

Genes coding for decarbamoylating enzymes were identified through BLASTp search [201].
The alignments were conducted using amino acids sequences of other fUps known from
literature (4. tumefaciens (NCBI: NP _355337.2); L. kluyveri (GenBank: AAG03833.1)). For
B. phytofirmans PsJN five genes were identified, located on its two chromosomes, with high

sequence homology to other decarbamoylating enzymes. Burkl, Burk2 and Burk3 were
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annotated as P-alanine synthases/amidohydrolases, Burk 4 and 5 were annotated coding for
allantoate amidohydrolases. In the same way one gene annotated as hydantoin utilization
protein C (P.oleovorans) and one gene annotated as N-carbamoyl-B-alanine amidohydrolases

(P.aeruginosa) were identified.

All seven corresponding protein sequences see (Table 4, p. 48) to these genes were compared
to determine their sequence homology to each other by conducting a multiple sequence
alignment using BLASTp. In BLASTp search parameters a threshold of 10 and a word size of
3 was set. Additionally the scoring matrix BLOSUMG62 was chosen to generate an overall
alignment of the related sequences since its one of the best substitution matrices to find weak
protein homologies. All gene accession numbers and corresponding protein sequences are
given in section 3.1.2. Burkl was set as reference protein to which the other proteins were

compared (Figure 42, p. 105).



RESULTS 105

1
................. MV[RIDP
. .MSTYSIPS.SPIAVNLPDADA|
. .MNAVSEALKHAEPTTSIKVDG(]

Burk5_WP_012426027.1
Burk4 WP_012431152.1
Burkl WP_012433677.1

P.aeru MS TAR .NVLQSTQR[HIDG
P.oleo MTMNTAT .EVLQSSQPHVNG]
Burk2 WP_012428372.1 MQ|V|HEST . -.TVATFADLRVDG

Burk3_WP_012426153.1 . .[.]............ MKDLRIDG

Burk5_WP_012426027.1 L[AGRMT E|A) B GPALV I[eXP:AT)sIT[ed4 T GlelW LiskelAM[eAY T Y G L E
Burk4_WP_012431152.1 LRDWLVRHEFHVQVPRVENTLIAGL .|V|TFDP SAPYVLClefP:iLislS{ed4dS AlelR FislelV|Y (€AY T, A G AV
Burkl WP_012433677.1 IV|SWAKEA[ECTVS S[EREPBIET VAT GGLE
P.aeru FV|QW|CEAA[EC TV S VBIR[V[EIN T}RdA RRP[GRNPD|ILPP VM T[elR: T sl T{edd T Ge]K F'|s¥elC|E'[eAY M A G L E
P.oleo FIVIRW|ICE E|A[EC TV T VIsIG[V[eIN T}dA R RP|G| [EKEpYelClE[eAY L AGVE
Burk2_WP_012428372.1 F|IAWAKE|I[CS[VRVMAT[eN IjAARRA|GLRDDLPPVMT[ERP:ATIsIT(eRdT G[elK F'|s)eIN|Y (AT A G L E
Burk3_WP_012426153.1 V[VISWGRAA[ELA[T T VIsJR|T[e]N Tj3M R R|A|G APPVAS[ERR T T[] T Gle]K Fisfe]N|Y[eAYT. AALE

150

T I|RDA|TNR Qe
D A|LIAC|T D A Qfel
Y G|L{SR|[KD V D¢
E T|LIAK|RD A D¢
ET|LIAKIRD A E[e
HA|L[EQHDRE(€
HA[Y|AARD T Efe]

Burk5_WP_012426027.
Burk4_WP_012431152.
Burkl WP_012433677.
P.aeru

P.oleo

Burk2 WP_012428372.1
Burk3_WP_012426153.1

HRR

Burk5_WP_012426027.
Burk4_WP_012431152.
Burkl WP_012433677.
P.aeru

P.oleo

Burk2 WP_012428372.1
Burk3_WP_012426153.1

HRR

KRVIRDEMEA[T[EY L[EDEEPG .

Burk2 WP_012428372.1
Burk3_WP_012426153.1

TV|IH[EME A)IAlelP i3SI E TIARIPNT, I[VIAAD|IL IHAVNR|IALDH .
EVR[EME A)3f

220 230 240 250 260 270
Burk5_WP_012426027.1 R|F|T[EQR N A TUS=3A (T )ARIING AAL VA|F I|PIQMN|EAFAQLADAD T VW TNASR(TD|L DRG] L S\YV
Burk4_WP_012431152.1 RFD[EEQS)T[ElP 3D QIRPINL RAAARATISAVYSEVGKH . 5S
Burkl WP_012433677.1 T|L|T[EQ[E ARIA[EIPEd=30IP R)FARIFNTL 1|GA ARV VDL VNRIIGLDN . T
P.aeru S|LIR[EVI(E Al{A[elP k=3 H LIAKSPNL V|IGAAAVVIEAVNRAALGH .
P.oleo TILIKEVIE A){A[e]P =30 H TIAKPAT V|(G|A AAVVIAAVNRVALEH .
A

[Pk IA| TIAKPNT OVIA TIRVMIQE VVIAITIANRY . PP|Y GR|G TNAEF|[VIQ|T FdNEIRN\Y T

290 300 330

Burk2 WP_012428372.1
Burk3_WP_012426153.1

IJGRVITLTVDLIAAADDATMTAMD SA|LIRAACAVASEKTGITIVDVIEQVVY . |FIPIJQP|FIAAE L|VIG
IEHGISVIKIE S IDLIEAN[VNDALMNQMHDEMLAF IIDRTQSESGLS|I[GIERVSY .

Burk5_WP_012426027.1 SARAQMY LQFIIDANAARMOAMEDRILIAQLVRDENARS|ISISVIELTTIDEPMOQEV|TMHTV L|AD
Burk4_WP_012431152.1 |(3SKATLYVEFRBISILSTDRMEDV|GKR|FAQILDDIAAQTIGTH[VIEVESRQL .|[RAAV|ALDSRLAQ
Burkl _WP_012433677.1 RVIFIF TADFIHPDDAVMMAKMD AALRKIGVADIANGI|IGLETELEQIFY . [Y|AI4dV|AFDEAC|VIK
P.aeru IFGEVKMTLDFRHLQOPERMD SMIAE|VRQVIAATCEKHGL . [F|PIFL[Y|FID QG C|V|G
P.oleo EVRMTLDFRIHLQOPERMD SMIEAVIRGVIEATCAKHGLSFIELTPTAD.|[FPELIY[FDQGC|VE

Y RIHCE|E|HP Q C[V|D

350 360 390
Burk5_WP_012426027.1 HLARAAEAVAPGQW|/IRMP S GENARESFNOV T ARICMA CMMIAVIZS|I GV SEIDF II3D(TAEAH|IV|L
Burk4_WP_012431152.1 LRS|VDSVTVENG)EEPNT S L SRITViES CIL LT3 S|HR[E T AN E AF|T|E EAD|L|HN
Burkl WP_012433677.1 YPHRNMV S GENGR8FAC Y L S|QIV AT SMVIRVI4C|VDIE T SEINE TIdD(A|TF EW/I|EA
P.aeru MPQMD IV SGE\GEEFNT F L AE|L G3AGM II@VI4CEN[ET SENE T)N(A|S P DD|L|A[A
P.oleo .LSHMDIVSGENGEINT F LAELGIZdAGMIRVIECEG[ETI SizINE IIAN|AAP TD|LIAA
Burk2 WP_012428372.1 FSSMDVISGENGEERAV Y LARVAIJAAMIIFVILCIKD[ET SENE TIADAIRAD H|LEA
Burk3_WP_012426153.1 YPTMDVVSGENGEPNV Y TARVARS GM IIRVIECIKD[ET SEENE TIHDAIR S D H|LIE[A

410

Burk5_WP_012426027.1
Burk4_WP_012431152.1
Burkl WP_012433677.1
P.aeru

P.oleo

Burk2_ WP_012428372.1
Burk3_WP_012426153.1

- . . LMETLCVTTQNSR. .

Figure 42: Multiple sequence alignment of all seven identified proteins.

MSA of protein sequences of Burkl (WP_012433677.1), Burk2 (WP_012428372.1), Burk3 (WP_012426153.1),
Burk4 (WP _012431152.1), Burk5 (WP _012426027.1), P. oleo (OWK49263.1) and P.aeru (AAG03833.1)
aligned to BUp from L. kluyveri (Q96W94, not shown) was conducted using ESPript 3.0. Highly conserved
amino which are similar in each sequence are highlighted in red. Less conserved amino acids are circled in blue.
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For Burk2 an identity of 59.01 % and Burk 3 an identity of 56.3% in overall comparison to
Burk1 was found. However Burk4 and Burk5 showed a lower percentage identity of 37.26 %
and 35.06 %. Comparing solely Burk4 and Burk$ to each other a sequence percentage identity
of 34.39 % was determined. A comparison of the five protein sequences from B. phytofirmans

is shown in Figure 43 (p. 107).

Comparing only the proteins P.aeru and P.oleo to each other a query cover of 99 % and a
percentage identity of 85.01 % was found. Burkl showed a sequence homology to P.aeru of

58.37 % and to P.oleo 56.46 % (Figure 44, p. 108).

Relative to Burkl a sequence percentage identity can be ranked starting with the highest
identity: Burk2 > P.aeru > Burk3 > P.oleo > Burk4 > Burk 5. An overview is given in Table

43.

Table 43: Multiple sequence alignment scores of novel decarbamoylating enzymes.
A global alignment was performed using NCBI BLASTp with BLOSUM62 matrix. All protein sequences were
aligned to the sequence of Burk1. E-value = expect value (random background noise).

Protein S?;lrlrln?z(c)ealceil(llgh Query coverage E-value Percentage identity
Burkl 426 - - -

Burk2 426 95 % 8e-176 59.01 %
Burk3 412 95 % 2e-166 56.30 %
Burk4 430 96 % 4e-71 37.26 %
Burk5 413 92 % 3e-53 35.06 %
P.aeru 427 95 % 2e-167 58.37 %

P.oleo 429 98 % le-161 56.46 %
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Figure 43: Multiple sequence alignment of identified proteins from B. phytofirmans.

MSA of protein sequences of Burkl-5 aligned to L-carb of G. stearothermophilus (NCBI Q53389.1, not
displayed) was conducted using ESPript 3.0. Highly conserved amino which are similar in each sequence are
highlighted in red. Less conserved amino acids are circled in blue.
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Figure 44: Multiple sequence alignment of identified proteins from Pseudomonas sp.

MSA of protein sequences of P. oleo (OWK49263.1) and P.aeru (AAGO03833.1) aligned to L-carb of G.
stearothermophilus (NCBI Q53389.1, not displayed) was conducted using ESPript 3.0. Highly conserved amino
which are similar in each sequence are highlighted in red. Less conserved amino acids are circled in blue.
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To evaluate the class affiliation the amino acid sequences of Burk1-5, P.oleo and P.aeru were
aligned to selected representatives of each class of decarbamoylating enzymes. The
corresponding percentage identities are given in Table 44. For protein accession numbers see

Table 4 (p. 48).

Table 44: Multiple sequence alignment matrix of novel to classified decarbamoylating enzymes.
BUp = B-ureidopropionase; SkIBUp = BUp from L- kluyveri; AaHyd = allantoate amidohydrolases; L-Carb =
L-carbamoylase; D-Carb = D-carbamoylase.

Protein

ID (PDB) 2V8H (SkIpUp) 1Z2L 3N5F 1FO6
Class pUp AaHyd L-Carb D-Carb

Query Identity Query Identity Query Identity Query Identity
cover (%) (%) cover (%) (%) cover (%) (%) cover (%) (%)

Burkl 84 42.53 97 31.93 99 37.35 - -
Burk?2 92 39.07 94 32.99 99 38.24 7 39.13
Burk3 84 39.43 96 33.42 99 38.93 15 46.15
Burk4 83 31.12 95 31.14 93 33.51 - -
Burk5 83 30.51 91 33.86 97 33.25 7 33.33
P.aeru 90 40.87 95 31.99 99 38.24 - -
P.oleo 90 41.06 94 32.32 97 40.85 21 39.13

Burk1-3, Burk5 and P.aeru and P. oleo possessed the highest query cover towards L-Carb
3NSF. However Burkl, P.oleo and P.aeru had the highest percentage identity towards fUp
from L. kluyveri (2V8H). Burk4 showed the highest sequence homology also to 3N5F but had
the highest query cover to AaHyd 1Z2L. None of the seven proteins had a similar query cover
or percentage identity to D-Carb 1FO6. The highest query cover to 1FO6 with 21 % and a
percentage identity of almost 40 %. Burk1, Burk4 and P.aeru showed no homology to 1FO6.
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Burkholderia phytofirmans |

Figure 45: Monomer structure models of identified proteins.

Models were generated using the protein sequences obtained from NCBI and using Phyre? server. A) Models of
proteins from strain B. phytofirmans. B) Models generated for the two different Pseudomonas sp. P. oleovorans
and P.aeruginosa. For protein accession numbers see Table 4 (p. 48).

As mentioned earlier L-Carbs, AaHyds and BUps can be distinguished from D-Carbs because
they possess a different tertiary structure. To identify which tertiary structure the novel
enzymes form a structure homology model was generated using Phyre” algorithm as described
in section 3.2.6.1. An overview of the formed protein-model structures is given in Figure 45.
3D-tertiary models were based on 120 other protein structures of the PDB data bank.

P.oleo, P.aeru and Burkl1-4 showed a high structure homology to the protein structure 514M
(B. vietnamiensis) that is annotated as member of the hydantoinase/carbamoylases family. In
contrast to that Burk5 showed the highest structural similarity to L-Carb 6COD from
Parabulkholderia phytomatum. All generated models show the typical monomer-structure of
L-Carbs, AaHyds and BUps. One monomer is composed of two domains, whereby the bigger
domain harbours the active site. E.g. like in 3N5F the monomer consists of dimerization
domain formed by a long four-stranded antiparallel B-sheet and two long a-helices on one

side of the B-sheet. The active-site domain consists of several shorter a-helices and B-sheets.
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The prognosticated highly conserved amino acids of each enzyme model generated by Phyre
algorithm are given in Table 50 on p. 125. Additionally for Burk3 and P.oleo transmembrane-
helices were identified. A sequence homology to D-Carbs was not observed for any of the

seéven enzymes.

4.4.1 Cloning, expression and purification

Genes of the seven identified proteins were ordered and synthesized from Thermo Fisher
Scientific GENEART GmbH in a cloning vector. Plasmids were transferred to competent E.
coli XL1 blue cells for DNA multiplication. Genes and expression vector (pLISRSF7) were
cut by using restriction enzymes BamHI and HindIII and subsequently ligated according to
section 3.2.1.2. The plasmid was transformed into E. coli BL21 DE3 expression host by heat
shock. For all enzymes suitable expression conditions were determined (see 3.2.3.2). Enzyme
activity studies were either performed with fresh lysate or FPLC-purified enzyme. For all
enzymes a FPLC purification via their MBP-tag was conducted. Figure 46 shows each
enzyme after FPLC-purification. Expected protein bands of 98 kDa are present in every line.
Additionally a band of ~40 kDa is more or less visible on the gel, as well as some slight other
protein bands of higher size. Purification procedures of every protein with additional Akta-

chromatogram can be found in the appendix (8.9).
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Figure 46: Verification of expression of identified proteins.

1: Marker: Color Prestained Protein Standard Broad Range (NEB); 2: 20 pg purified Burkl (98.2 kDa); 3: 20 pg
purified Burk2 (97.6 kDa); 4: 20 pg purified Burk3 (96.95 kDa); 5: 20 pg purified Burk4 (98.82 kDa); 6: 20 ug
purified Burk5 (96.5 kDa); 7: 20 pg purified P.oleo (97.3 kDa); 8: 20 pg purified P.aeru (97.33 kDa).

4.4.2 Classification of novel decarbamoylating enzymes

The seven novel enzymes were classified. The four classes of decarbamoylating enzymes
focused on in this work are defined by conversion of different substrates: D- or L-NCaAA:s,
NCPAla and allantoic acid. Since no structural similarity to D-Carbs was shown (see section
4.4) all seven enzymes were tested towards their degradation of a small NCLaAA such as
NCLaSer, NCBAla and allantoic acid. Cells with expressed protein were resuspended in a 50
mM HEPES buffer pH 7 and disrupted by sonification. Activity studies were performed
mixing 400 pul 10 mM substrate/product solution (dissolved in 50 mM HEPES buffer pH 7)
with 100 pl protein lysate and incubated at 30 °C and 1000 rpm over night (see also 3.2.3.6).
The temperature of 30 °C was chosen since the optimal growth temperature of B.
phytofirmans, P. oleovorans and P.aeruginosa is 30 °C according to DMSZ. In addition the
bivalent metal cofactors CoCl,, MnCl,, NiCl, (2 mM final concentration each) were tested.
Several controls, such as substrate controls (without lysate) and product controls were carried
out to exclude thermal decay of the substrate or enzymatic product degradation. All reactions
were conducted in triplicate and reactions were stopped by denaturation at 95 °C for 5 min.
Substrate concentrations were determined by Ehrlich-assay and product concentrations were
detected through OPA/IBLC-derivatization in the HPLC (reaction product of allantoic acid
excluded).
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Figure 47: Classification of novel enzymes.

Burk1-5, P.oleo and P.aeru were investigated towards their conversion and product formation of A1&2)
NCLaSer, B1&2) NCBAla and C) allantoic acid (only substrate degradation). Reactions were performed without
and with cofactors CoCl,, MnCl,, NiCl,. Activity studies were performed mixing 400 pl 10 mM
substrate/product solution (dissolved in 50 mM HEPES buffer pH 7) with 100 ul protein lysate and incubated at
30 °C and 1000 rpm over night. All substrate degradations and product formations were calculated in relation to
detected amount of substrate in substrate controls.
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All enzymes were tested towards their conversion of a small NCaLAA to examine whether
they exhibited L-Carb activity. Therefore NCLaSer was chosen as model substrate (Figure 47
Al). Reactions for P.aeru were performed at 37 °C, all other reactions were incubated at 30
°C over night. Burkl-3, P. oleo and P.aeru possessed activity towards NCLaSer. The
strongest activity was observed for P.oleo and P.aeru, which converted approximately 50-
100% of the initially present substrate concentration. Burk3 degraded only 16 % NCLaSer.
The presence of MnCl, enhanced the activity to 98-100 % substrate conversion. Burk 4 and
Burk5 showed almost the same activity towards NCLaSer without cofactor, however, in
reactions with MnCl, Burk 4 had a lower conversion of 5% but Burk 5 a much higher of 95 %
conversion of NCLaSer. Strong product degradation was observed in product controls (data
not shown). A degradation of product by heat denaturation was excluded. 100 % of product
was degraded in reactions without cofactor. In reactions containing MnCl, approximately 50
% product were converted in product control reactions. A formation of aSer was still

observed of 77-94 % for all enzymes except Burk4 (Figure 47 A 2).

In Figure 47 B-1 the substrate degradation and in Figure 47 B 2 the product formation is
displayed for reactions with NCBAla. For enzymes Burkl1-5, P.oleo and P.aeru a decrease of
NCBAla was measured without any cofactor. The strongest substrate conversion was observed
for P.aeru without cofactor. Addition of metal cofactors, especially CoCl, and MnCl, had a
strong influence on the substrate degradation. E.g. for Burk2 and Burk3 the addition of these
cofactors led to increase to almost 100 % conversion. Other non-metal cofactors did not
increase the substrate depletion. By adding NAD/NADH the substrate degradation was even
lower compared to the substrate concentrations without cofactor (data not shown). In contrast
to the other enzymes for Burk4 and Burk5 only a slight conversion of NCBAla of ~20 % but
no production of BAla could be detected. The detected product formation concentration was
not equally to the substrate depletion. In all product controls less product was detected after

incubation with lysate. In substrate controls no product formation was observed.

To investigate whether enzymes possess AaHyd-activity also lysate-reactions with allantoic
acid were performed (Figure 47 C). Conversion of allantoic acid was monitored by incubating
reactions at 40 °C for Burkl, Burk4 and Burk5 and 30 °C for Burk2, Burk3, P.oleo and
P.aeru. Degradation of allantoic acid was observed for Burkl, Burk4 and Burk5 but only for
reactions containing MnCl,. Thereby Burk 4 showed the highest degradation with 21 %
calculated relatively to the substrate controls containing MnCl,. Burk 5 was able to convert 19

% and Burkl 14 % of the initial allantoic acid concentration. For the other enzymes no
y
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degradation was detected. The product of allantoic acid, (S)-ureidoglycine, was not

investigated in the experiment since it spontaneously decays to (S)-ureidoglycolate.

Standard deviations were very small and therefore negligible. In summary all novel enzymes
showed activity towards at least two substrates, which are representative for their enzyme
class. Furthermore a strong influence for bivalent metal cofactors like MnCl, was observed.
Burkl in fact had activity for all three representative substrate classes and was therefore of

particular interest in further experiments.

4.4.3 Characterization of novel enzymes

All novel enzymes were examined for their conversion of natural substrates of different
enzyme classes. After an activity towards NCBAla had been determined it was tested whether
the recombinantly expressed enzymes were able to convert NCBPhe to BPhe. Therefor
enzyme lysate or FPLC enriched and concentrated enzyme was used in combination with
several bivalent metal cofactors. Also influences of NAD/NADH towards their conversion of
NCPBPhe were tested. However, no enzyme or suitable condition tested led to detectable
degradation of NCBPhe. Neither significant substrate degradation nor product formation was

detected.

Therefor the focus was set on three novel questions: (1): what parameters influence the
substrate acceptance (in terms of size) in the active centre? (2): are the enzymes able to cleave
smaller aliphatic NCPB(h)AAs to their corresponding B(h)AA? And (3): do they show activity

towards non-canonical NCaAAs?

To determine the limits for residue size towards the acceptance in the active site several
aliphatic and aromatic canonical NCaAAs were tested. P.aeru und Burkl were chosen for a
more intensive investigation, whereby mostly reactions with enzyme lysate were performed.
In Table 45 (p. 116) investigated conversions towards non-canonical a-substrates of P.aeru
are shown, sorted by the amino acid residue size. Four different metal cofactors were tested.
The reactions were conducted with enzyme lysate at 37 °C and 1000 rpm over night. All
substrate degradations and product formations were calculated in relation to detected amount
of substrate in substrate controls. For all investigated NCaAAs a conversion of 60-100 % was
detected. The product formation of a-L-serine was highly depended on cofactor presence. No
product formation was detected for a-L-valine and a-L-isoleucine. In presence of NiCl,, CoCl,

and MnCl, higher substrate conversion and product formation was observed.
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Table 45: Substrate scope of P.aeru towards N-carbamoyl-derivates of canonical a-L-amino acids.

Reactions were performed with enzyme lysate at 37 °C and 1000 rpm over night. All substrate degradations and product formations were calculated in relation to detected amount
of substrate in substrate controls. Con. [%] Substrate = Amount of converted substrate in %. Form. [%] Product = detected formed product. “-*“ = Amount of converted substrate /
formation of product without additional cofactor; MnCl, or CoCl, or NiCl, or ZnCl, = Amount of converted substrate / formation of product with 2 mM MnCl, or CoCl, or NiCl,
or ZnCl, used as cofactor. NCa-L-Gly = N-carbamoyl-o-L-glycine; a-L-Gly = a-L-glycine; NCa-L-ABA = N-carbamoyl-a-L-aminobutyric acid; a-L-ABA = a-L-aminobutyric acid;
NCo-L-Ser = N-carbamoyl-a-L-serine; a-L-Ser = a-L-serine; NCa-L-Cys = N-carbamoyl-a-L-cysteine; a-L-Cys = a-L-cysteine; NCa-L-Val = N-carbamoyl-a-L-valine; a-L-Val =
a-L-valine; NCa-L-Iso = N-carbamoyl-a-L-isoleucine; a-L-Iso = a-L-isoleucine; NCa-L-Leu = N-carbamoyl-a-L-leucine; a-L-Leu = a-L-leucine; NCa-L-Met = N-carbamoyl-a-L-
methionine; a-L-Met = a-L-methionine.

I 20-40%  0.1-20% 0%  n.d. = not determined

Substrate Product P.aeru
Con. [%] Substrate Form. [%] Product
Cofactor ZnCl, NiCl, MnCl, Co(Cl, ZnCl, NiCl,
NCoa-L-Gly a-L-Gly
o o
,_Nz%njowo: i L, 27.6 £33.3 1.5+£0.1
NCa-L-ABA a-L-ABA
[o] [¢]
A \JLﬁ
HNT ONH OH
¢ o X
foﬂ: NH,
NCo-L-Ser a-L-Ser
o OH [e]
INZ%Z%ﬂOI IO&OI
HO g NH,
NCa-L-Cys o-L-Cys
Q [e]
g Hs ™ oH 24.1+1.1
T NH,
NCe-L-Val a-L-Val
S A i
]
NCa-L-Iso NCa-L-Iso
: 0 : O
T : NH,
NCoa-L-Leu o-L-Leu
o o
o Ny o 0.7+0.2 54+0.8 0.4 +0.3
.._f.ﬂzzN NH,
NCo-L-Met o-L-Met
Q o
AP on 242, 7+0.
%zs \mﬁJxﬁox 152+£2.6 3.7+£0.5

o=
Z
&
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The highest product formation for all tested substrates was obtained in the presence of MnCl,.
In comparison to that the presence of ZnCl, inhibited the conversion of several substrates. For
NCoa-L-Gly, NCa-L-Ser and NCa-L-Cys a higher conversion was observed than for NCa-L-
ABA (N-carbamoyl-a-L-amino butyric acid), NCa-L-Val, NCa-L-Iso, NCa-L-Leu and NCa-L-
Met. Only a slight formation of a-L-Leu was detected. Without addition of a metal cofactor no
product formation was observed for a-L-Ser, a-L-Val, a-L-Iso, a-L-Leu and a-L-Met. Product

controls showed a strong degradation of several reaction products.

Several lysate experiments were performed to investigate whether the novel enzymes are also
able to cleave non-canonical NCaAAs. First Burkl was intensively examined for its
conversion of N-carbamoyl-derivates of non-canonical a-L-amino acids in lysate experiments.
The results are given in Table 46 (p. 118). Reactions were performed without and with MnCl,
as additional cofactor. MnCl, was selected as best cofactor, since previous activity studies
proved MnCl, to have the highest effect towards substrate conversion for Burkl. Two
aliphatic substrates, related to canonical substrates and several aromatic N-carbamoyl-
derivates were tested. Reactions were performed at 30 °C and 1000 rpm over night. Results
show that slight conversions were detected for NCa-L-neopentylglycine and NCa-L-tert-Leu.
The presence of MnCl; had an impact on product formation. Especially for the degradation of
NCB-2-L-thienylalanine the product formation increased from 2 % to 97 %. Burkl did not
degrade other substrates with aromatic substituents with six C-atoms. Neither substrate
conversion nor product formation was detected for NCa-L-naphtylalanine, NCalL-

phenylglyine and NCa-L-hydroxy-phenylglycine.

Since most enzymes showed strong activity of towards NCa-L-Ser and NCa-L-Met, several
aliphatic NCBAAs, such as NCLBhSer and NCLBhMet were investigated on their conversion
by Burkl and P.aeru (Table 47, p. 119). The shown results are a compilation of different
experiments for each enzyme. FPLC purified enzymes where used, whereby for Burkl a final
protein concentration of 0.23 pg/ul and for P.aeru a final protein concentration of 2.14 pg/pl
was used. Reactions were performed at 30 °C and 1000 rpm over night and stopped after 20 h
by denaturation at 95 °C for 5 min. Substrate degradation was analysed using Ehrlich-Assay

and product concentrations were either detected via HPLC or fluorescence assay (see 3.2.5).
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Table 46: Activity of Burkl towards non-canonical N-carbamoyl-a-amino acids.

Reactions were performed using enzyme lysate of expressed Burk1 and incubated at 30 °C for 20 h. All substrate
degradations and product formations were calculated in relation to detected amount of substrate in substrate
controls. Con. [%] Substrate = Amount of converted substrate in %. Form. [%] Product = detected formed
product. Without cofactor = Amount of converted substrate / formation of product without additional cofactor;
MnCl, = Amount of converted substrate / formation of product with 2 mM MnCl, used as cofactor. NCa-L-
NeoGly = N-carbamoyl-a-L-neopentylglycine; a-L-NeoGly = a-L-neopentylglycine; NCa-L-tert-Leu = N-
carbamoyl-a-L-tertiary-leucine; a-L-tert-Leu = a-L-tertiary-leucine; NCpB-2-L-ThieAla = N-carbamoyl-p-2-L-
thienylalanine; p-2-L-ThieAla = B-2-L-thienylalanine; NCa-L-NaphtAla = N-carbamoyl-a-L-naphtylalanine; a-
L-NaphtAla = o-L-naphtylalanine; NCa-L-PheGly = N-carbamoyl-a-L-phenylglycine; a-L-PheGly = o-L-
phenylglycine; NCoa-L-p-H-PheGly = N-carbamoyl-a-L-hydroxy-phenylglycine; a-L-p-H-PheGly = a-L-
hydroxy-phenylglycine.

70-100% @ 40-70% 20-40% 0.1-20 % 0% n.d. = not determined

Burkl
Substrate Product [
Con. [%] Form. [%] Product
Substrate
Aliphatic
NCo-L-NeoGly a-L-NeoGly Without cofactor
OH OH
10.1 £0.7 84+04
07N ¢ o) c
E{HK WHK MnCl,
H,N
© 0 9.8+2.8 10.6 0.5
NCa-L-tert-Leu a-L-tert-Leu Without cofactor
CH; O CH; O
HsC HsC 4.6+0.8 8.7+£0.3
HSCMOH HscMOH
HoN__NH MnCl,
T NH»
5 5+£3 14.1+0.4
Aromatic
NCB-Z-;-ThieAla [i-Z-L-ghieAla Without cofactor
08+1.4 2+0
\\ OH \\ OH
S HN77/NH2 S NH» MnClz
0
902+ 1.6 97.1 £0.6
NCa-L-HN :phtAla o-L-NaphtAla Without cofactor
2 e} O " NH,
O I, NH O L 0 0
O /LO HO o MnClz
HO
0 0
NC(l-L-PheGly a-L-PheGly Without cofactor
0] (@]
0 0
OH OH
HZN\H/NH NH, MnCl,
o) 0 0
NCa-L-p-H-PheGly o-L-p-H-PheGly Without cofactor
i NH,
H,N~ “NH 0] 0 0
o
OH MnClz
HO OH HO
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Table 47: Substrate scope of Burkl and P.aeru towards N-carbamoyl-$-amino acids.

Reactions were conducted with FPLC enrieched enzymes. Burkl was used with a final concentration of 0.23
pg/ul and P.aeru with a final concentration of 2.14 pg/ul in each reaction. Reactions were incubated at 30 °C for
20 h. All substrate degradations and product formations were calculated in relation to detected amount of
substrate in substrate controls. Con. [%] Substrate = Amount of converted substrate in %. Form. [%] Product =
detected formed product. Without cofactor = Amount of converted substrate / formation of product without
additional cofactor; MnCl, or CoCl, or NiCl, or ZnCl, = Amount of converted substrate / formation of product
with 2 mM MnCl, or CoCl, or NiCl, or ZnCl, used as cofactor. NCBAla = N-carbamoyl-B-alanine; pAla = B-
alanine; NCB-L-hAla = N-carbamoyl-fB-L-homo-alanine; B-L-hAla = B-L-homo-alanine; NCB-L-hSer = N-
carbamoyl-B-L-homo-serine; B-L-hSer = B-L-homo-serine; NCB-D-hSer = N-carbamoyl-B-D-homo-serine; B-D-
hSer = pB-D-homo-serine; NCp-L-hMet = N-carbamoyl-pB-L-homo-methionine; p-L-hMet = B-L-homo-
methionine; NCB-rac-Leu = N-carbamoyl-B-rac-leucine; B-rac-Leu = B-rac-leucine; NCB-Hep = N-carbamoyl-
L-3-aminoheptanoic acid; B-Hep = L-3-aminoheptanoic acid; NCB-rac-Phe = N-carbamoyl-p-rac-phenylalanine;
B-rac-Phe = B-rac-phenylalanine.

40-70%  20-40% 0.1-20% 0% n.d. = not determined

Burkl (0.23 pg/pl) P.aeru (2.14 pg/pl)
Substrate Product Con. [%] Form. [%] Con. [%] Form. [%]
Substrate Product Substrate Product
Aliphatic
NCBAla BAla Without cofactor

0 ‘\_,(
:<NH2 OH HZN/\)LOH MnCl,

CoCl,
[ 988£0.1 49.6+02 n.d. nd.
ZnCl,
29.9+6.3 20.1+0.9 n.d. n.d.
NCB-L-hAla B-L-hAla Without cofactor
. J\iOH J\im 18.7+0.3 03+0.2 455+2.9 0.4+0.1
.. MnCl,
NCﬁ-L—hger ﬁ-L-h%er Without cofactor
. J)LOH J)*OH 145+0.6 0.6+ 0 29.7+0.1 0
HZN)L” “ N MnCl,
oH o 20.6% 1.1 1.1+0.1  [O3%13 00E20
NCB-D-hSOer [i-D-hS:r Without cofactor
o 5 Jio 10.5+0.3 03+0.2 372405 03+0.2
y NLN H H MnCl,
LI DY 9.7+0.1 0.1£0 372435 0.7+0
N\ﬁ-L—hMet ﬁ_L_hMEtH o Without cofactor
S 2
M s~ Aoy 14.4 £ 0.1 0 40214 0
HN oH MnCl,
han o 8.8+0 0 36.4+4.2 1.8+3
NCB-rac-Leu B-rac-Leu Without cofactor
1 NH, O 12.6+0.1 0 38.9+4 0.2+0.1
H,N” NH O
WOH OH MnCl,
9.8+0 0 35.7+02 0.1+0.1
NCﬁg{eP B-Hep o Without cofactor
o MOH 19+ 1 1+0 40.7 £2.1 0.1+0.1
MOH MnCl,
51+1.1 1+0.1 36.6+2.2 0.5+0.8
NCOB-rac—Phe [i-rac—':‘Eht(:) Without cofactor
HQN)LNH [e] ’ OH 0 0 0 O
oH MnCl,/ CoCl,/ NiCl,/ ZnCl,

0 0 0 0
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Both Burkl and P.aeru were able to convert aliphatic N-carbamoyl-p-(homo)-amino acids.
However a significant amount of product was only detected for L-f-homo-alanine and L-f-
homo-serine. Here, too, an addition of MnCl, increased the amount of converted substrate and
formed product. For Burkl a decrease of NCBHep and NCBLhMet of 18 % and 14 %
respectively but no product formation was detected. Furthermore Burkl showed activity
towards NCDBhSer of 10 %, but only a slight product formation was detected (< 1 mM). Even
though reactions were performed with previously enriched enzyme strong product
degradation for BhMet about 50 % was observed for Burkl. In contrast to that no product
degradation was detected for fHep and DfhSer.

For P.aeru a ten times higher protein concentration was used in the reactions as for Burkl.
P.aeru shows a strong degradation of NCLBhAla and NCLBhSer especially when MnCl, was
present. The only BhAAs that were verifiable were LBhAla and LBhSer. Also for NCB-D/L-
Hep, NCLBhMet and NCDBhSer a degradation of up to 40 % was measured, but no significant
product formation was observed. Substrate controls showed no significant substrate decay or
product formation, but degradation of product was detected in product controls. For DBhSer
up to 38 %, for LBhMet up to 8 %, for D/LBLeu up to 11 % and for BHep up to 18 % product

degradation were observed.

For direct comparison of all seven enzymes activity was studied using selected non-canonical
amino acid substrates with proven activity in former experiments with Burkl and P.aeru.
Therefor the same protein concentrations (final concentration of 1 pg/ul) and parameters for
each enzyme were used (30 °C, 1000 rpm, over night). After purification of the enzymes via
FPLC they were stored at -20 °C until use (activity after freezing had been proven earlier).
The results in Table 48 (p. 122) revealed that all enzymes possessed decarbamoylating
activity towards non-canonical amino acid derivates. The highest substrate affinity was
detected for the conversion of N-carbamoyl-p-2-thienylalanine (NCB-2-ThieAla). As shown
previously for Burkl, a conversion of other substrates with an aromatic C6-ring substitutent
was not observed. In contrast to that for the NCB-2-ThieAla substituent (aromatic C5-ring
with incorporated sulphur atom) a substrate conversion and product formation of up to 100 %
was detected for Burk1-3, Burk5 and P.aeru was observed. For P. oleo only a conversion of
27 % was measured. In contrast to this no degradation of NCB-2-ThieAla was detected for
Burk4. Also other enzymes than Burkl showed activity towards non-canonical a-substrates.
E.g. N-carbamoyl-a-L-neopentylglycine (NCa-L-NeoGly) was approximately degraded up to
20 % but usually only a slight product formation was observed. The only exception is Burk5

for which a high conversion of NCa-L-NeoGly was observed. Especially when MnCl, was
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present in the reaction a product concentration (a-L-neopentylglycine) of 60 % was obtained.
Substrate controls showed no thermal degradation of NCo-L-NeoGly and no product
formation of a-L-NeoGly. However especially for Burk4 a product degradation of a-L-NeoGly
was detected in product controls of 25 %. For other enzymes almost no product degradation
was detected. Overall the conversion of N-carbamoyl-a-L-tertiary-leucine (NCa-L-tertLeu)
was lower with conversion rates of up to 20 % (P. oleo) but only a slight product formation of
maximum 3 % was detected. Substrate controls showed no significant substrate degradation
for NCoa-L-tertLeu but a product degradation of 10-20 % approximately was observed.
Furthermore Burkl, P.oleo and P.aeru showed a strong affinity towards conversion of N-
carbamoyl-L-B-homo-serine (NCLBhSer) of up to 66 % with MnCl, as cofactor. But only a

product formation of L-B-h-serine of up to 20 % was measured.

A thermal or cofactor dependent degradation of NCLPhSer can be excluded, since no
significant product was detected in substrate controls without enzyme. However product

degradation was observed in product controls of up to 30 % for LBhSer (data not shown).
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Table 48: Overall comparison of seven novel decarbamoylating enzymes.

All reactions were conducted using 1 pg/ul final concentration of each enzyme. Reactions were incubated at 30 °C and 1000 rpm for 20 h. All substrate degradations and product formations were
calculated in relation to detected amount of substrate in substrate controls. Con. [%] Substrate = Amount of converted substrate in %. Form. [%] Product = detected formed product. Without cofactor
= Amount of converted substrate / formation of product without additional cofactor; MnCl, or CoCl, or NiCl, or ZnCl, = Amount of converted substrate / formation of product with 2 mM MnCl, or
CoCl, or NiCl, or ZnCl, used as cofactor.

[70%00% Y 4070% | 2040%  0120% 0%  n.d. (notdetermined)

! Burk1l ! Burk2 ! Burk3 ! Burk4 ! Burk5 ! P. oleo ! P.aeru
Substrate Product " Con. [%] Form. [%] " Con. [%] Form. [%] " Con. [%] Form. [%] " Con. [%] Form. [%] " Con. [%] Form. [%] " Con. [%] Form. [%] " Con. [%] Form. [%]
1 Substrate Product | Substrate Product |, Substrate Product | Substrate Product |, Substrate Product |, Substrate Product |, Substrate Product
Aliphatic
NCBAla BAla Without cofactor

HN o) o
NH, OH H,N OH
g:o—n

24.7+0.4 12.98 +0 41.0+0.3 33.7+£0

NCB-L-hSer B-L-hSer Without cofactor
o (o}
° LL.FOI \Xﬁo: 248+25 1.7+£0.2 18+ 0.9 1.5+02 5.9+4.04 1.5+0.0 3.50 +4.30 1.6 +0.1 16.6 £ 1 22+04 11.4+£0.52 23+0.3 171+ 1.7 29+04
:szﬁn “ HoN ..s, MnCl,
OH
OH 66.6 +£28 19.1+8 275+4 38+1.6 292+1.7 6.4+6.8 15.4+7.97 1.5+0.4 16.9+52 1.6+0.3 51.2+1.2 242+19.4 36.4+19.3 14.9+0.7
NCo-1-NeoGly a-L-NeoGly Without cofactor
OH OH
) C [o] 20.1+1.3 0.4+0.1 17.96 £ 0.1 0.3+0.2 13+34 0.36+0 11.8+5.7 0.79+0.8 51.6+7 463+ 8 152+7 1.4+0.7 177+ 1 33+09
Imz\%o MnCl,
21.4+2.1 43+03 214+0.5 02+0 15.1+2.1 0.57+0 17.6 +3.4 0.23+0 I 61.5£0 242+1.6 25+0.5 275+2 13.1+1.7
NCao-L-tert- o-L-tert-Leu Without cofactor
Leu CH; O
e CH; O IQOMJCF 19.2+1.8 1.8+0.1 121+1.9 1.3+0 33+2.1 1.87+0 8.8+2 2.14+£03 0 2.6=+0.5 159+14 3.9+0.6 13.8+2.4 5.02+0.9
3 HaC OH
EoiJ\Fo: NH MnCl,
HoN__NH 2
JOﬂ 17.1+1.5 1.4+0.1 17.9+2 1.7+0.8 122+1.3 2.09+0.7 182+2.7 2.18+04 142+48 3.6+ 1.0 205+1 3.1+1 17.6 2.7 33+1.0
Aromatic
NCp-2-- B-2-L-ThieAla Without cofactor
o

g:o—n
Y

NCB-rac-Phe B-rac-Phe Without cofactor
o

NH, O

ThieAla
zg NS nH,
/m HN
0 0

i S o @\fLﬁo: 0 0 0 0 0 0 0 0
@x/\fz MnCl,/ CoCl,/ NiCL,/ ZnCl,

0 0 0 0 0 0 0 0 0 0 0 0 0 0
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For Burkl and P.aeru the optimal pH- and temperature range was determined in 50 mM
HEPES buffer. Therefor purified enzyme was incubated with 10 mM NCPAla at different
temperatures and pH-values. The reaction was stopped after 1 h with 10 % (v/v) 2 M HCI.
The final protein concentration in each reaction was 0.23 mg/ml. Previous to analytics the
sample was neutralized by the corresponding amount of 2 M NaOH. The concentration of
produced BAla was determined via HPLC analysis. All reactions were performed in triplicate
whereby substrate and product controls were carried as well. The results for Burkl (Figure 48
A) show that the highest amount of BAla was obtained at a pH of 6.8 at 40 °C. However, in
general the enzyme revealed activity in a wide temperature and pH range. Also P.aeru
possesses its highest activity at these conditions (Figure 48 B). Whereby P.aeru possesses
quite high activity at pH 6.8 in general. A higher temperatures of 50 °C led to a very low or
no activity respectively. For none of the enzymes a degradation of BAla was observed in
product controls. No thermal degradation of the initial substrate concentration of 10 mM
NCPAla was observed in substrate controls at the investigated temperatures.
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Figure 48: Temperature and pH optimum of Burkl and P.aeru.

Detected PAla concentrations after incubation with 10 mM NCBAla at different pH values and temperatures for
1 h. Reactions were stopped with 2 M HCIl and neutralized with 2 M NaOH prior analysing. A) PAla
concentrations after incubation with Burk1. B) fAla concentration after incubation with P.aeru.

For determination of optimal reaction conditions, stability tests for Burkl were performed.
Therefor purified and concentrated enzymes were stored at -80 °C with and without addition
of 10-20 % glycerol, at -20 °C and at 4 °C for 5 days. Subsequently the activity was tested by
incubation of 0.7 ug/ul enzyme with 10 mM NCPBAla over night at 30 °C and 1000 rpm. It

was observed that Burkl showed approximately the same activity after storage at mentioned
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conditions compared to activities obtained with fresh enzyme. Also for Burk2, Burk3, Burk4,
Burk5, P. oleo and P.aeru still the same activity towards NCBAla after previous storage at -20
°C or -80°C could be observed. An addition of glycerol or sudden freezing with liquid
nitrogen was not necessary to preserve the enzyme activity required for over night
biotransformation experiments.

Since Burk 1, 2 and 3 have a very homologue amino acid sequences and exhibit similar
activities towards several substrates they were directly compared to each other. Therefor
kinetic parameters for the conversion of NCBAla without cofactor were determined. Reactions
were performed with purified enzyme with an initial protein concentration of 0.23 mg/ml final
concentration in each reaction. All reactions were incubated with the previously determined
optimal reaction conditions at 40 °C and at a pH of 6.8. NCBAla concentrations of 0, 3, 6 and
10 mM were used and samples were taken after 0, 5 15 and 60 min and stopped by addition of
2 M HCIL All reactions were performed in triplicate. All three enzymes showed a high
conversion of NCBAla after one hour. For all enzymes a kinetic progression according to
Michaelis-Menten kinetics (Figure 49) could be assumed. The corresponding kinetic
parameters were calculated as described in section 3.2.3.7 and are given in Table 49. In
contrast to Burk2 and Burk3 a significant lower K,-value was observed for Burkl (5.71 mM).
The Kp-values for Burk2 and Burk3 were higher with 22.3 mM and 27.8 mM respectively.
The highest turnover rate was also observed for Burkl (66.4 s™), followed by Burk3 (34.8 s™)
and Burk2 (6.9 s™). These results correlate with those found in lysate experiments (see Figure

47).

Table 49: Kinetic parameters of Burk1-3.
Ky Michaelis-Menten constant (mM); A ,,: maximum specific activity; k., turnover number (s-1).

Enzvme Amax Kn Amax/Km Kcat Turnover rate
¥ [pmol/min/mg] [mM] [pmol/(mine mge mM)] [1/s] [1/(s «M]
Burk 1 0.5 5.71 0.088 0.38 66.4
Burk 2 0.2 22.36 0.009 0.15 6.9

Burk 3 1.3 27.8 0.047 0.97 34.8
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Figure 49: Michaelis-Menten kinetic of Burk1-3.
Linearization was performed using Lineweaver-Burk method. Ay, specific activity U/mg (pmol/(min*mg); cs:
substrate concentration (mM).

4.4.4 Structural analysis of enzyme-models

As mentioned in section 4.4.2 an enzyme model was generated for all enzymes used within
this work using Phyre’ algorithm (see Figure 45, p. 110). At the same time the highly
conserved amino acids of the active site were proposed, by performing a Clustal Q multiple

sequence alignment and comparisons to other known protein structures (Table 50).

Table 50: Identified highly conserved amino acids in enzyme-model active sites.

Amino acid residues found in every of the seven enzymes are marked in red. Other common amino acids,
present in most but not in all enzymes are marked as follows: Asp (green), Glu (light blue), Gln (dark blue),
second His (orange). Additional amino acids that occur only in one enzyme are black and marked in bold.

Burkl Burk2 Burk3 Burk4 BurkS P.oleo P.aeru
Highly Conserved amino acids (calculated with Phyre’server)

96 His 94 His 83 His 95 His 77 His 94 His 92 His
110 Gly

108 Gly 106 Gly 95 Gly 111 Val 89 Gly 106 Gly 104 Gly
205 His 184 His

203 His 140 Glu 190 His 208 GIn 185 ILE 201 His 199 His

206 GIn 200 His 193 GIn 204 GIn 202 GIn

203 GIn
395 His

In all proposed actives sites of the seven enzyme models at least two histidines and one
glycine are present (red). However, several differences exist. One of the most common other

amino acid residues is aspartate (Asp, green), present in all enzymes showing a high affinity
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towards NCBAla. Burkl1-3, P.oleo and P.aeru showing the highest affinity towards NCBAla
(100 % without additional cofactor) harbour also a glutamate residue (Glu, light blue). A
glutamine residue (Gln, dark blue) is proposed for the active site of all enzymes except BurkS.
Additionally all enzymes but Burk5 harbour a second histidine, whereby Burk1 possesses the
most with four histidines. Burk2 is the only enzymes with a proposed second glutamate (Glu)
residue. Furthermore Burk4 and BurkS5 are the only enzymes, which harbour a valine (Val)
and an isoleucine (ILE) respectively. The active sites of P.oleo and P.aeru seem to be similar
with regard to the proposed highly conserved amino acids. This fits to their high sequence
homology of 85 % (see MSA Figure 44, p. 108). An insight into the arrangement of the
conserved amino acids of the corresponding proposed actives sites is given in (Figure 50 A-

G).

I

— C) Burk3
GLN-203 s 90 GLN-193

ASP-94

A) Burkl

HIS-200
GLY-106 Y

" HIS-368
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GLY-106
R 20t GLN-204
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Figure 50: Models of proposed actives sites of Burk1-5, P.oleo and P.aeru.

Marked active sites of A) Burkl B) Burk2 C) Burk3 D) Burk4 E) Burk5 F) P.oleo G) P.aeru. Highly conserved
amino acids are highlighted in yellow, nitrogen atoms highlighted in blue, oxygen atoms in red. Figure was made
using PDB-files of the models generated by Phyre” algorithm (see 3.2.6.1) and edited using PyMol.

To investigate whether the results of in vitro experiments may be explained through structure

analysis several in silico ligand-dockings were performed with the corresponding models
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generated by Phyre’. Since enzyme models were designed through structural alignments to
existing homologue enzymes structures, they did not contain a substrate molecule. For
docking experiments starting coordinates had to be determined. This was performed as
explained in section 3.2.6.3 by transferring a co-crystallized substrate from a known structure
to an enzyme model via alignment of the catalytic domains in PyMol. For Burk1-5, P.oleo
and P.aeru starting coordinates were generated by transferring the NCBAla-molecule of 2V8H
(named as “URP” in the PDB-file) or 3-PG-molecule of 514M to the relevant model. As
mentioned earlier the highest structural homology for the generated enzyme models was
enzyme 514M from B. vietnamiensis. Substrate dockings were performed as described in
section 3.2.6.4. Of the 500 generated models only the top 10 models were analysed in PyMol.
To investigate whether hydrogen bond forming may be possible distances in A were
determined between certain residues. Since different enzyme models are embedded in a
different coordinate system they cannot be compared to each other. Only various docked
substrates of one enzyme can be compared to each other. Dockings for Burkl, Burk4 and
P.aeru were performed to propose possible binding and catalysis of different substrates with
verified activity (see section 4.4.3). As mentioned earlier the energy score interface delta (IA)
represents a measure of binding energy between the ligand and the enzyme molecule. Thus
the lower the energy scores obtained from the docking experiment using ROSIE the better the
fit of the ligand into the model (see section 3.2.6.4). However a low energy cannot be equated

to being the most realistic docking model.

Starting coordinates for Burk1 were generated through alignment with 514M. Figure 51 shows
a possible binding of NCBAla and NCBLhAla in the active site of Burkl model. Since Burk1
showed a higher activity towards NCBAla the model with the lowest energy was set as

reference docking with an interface delta (IA) of -12.78. The carbamoyl group of both

dockings is oriented towards the metal ions (Figure 51). Distance measurements in A of the
carbonyl-O-atom (3.3 A) and the N-atom of the N-carbamoyl group (3.2 A) show a possible
interaction with His395 and GIn206. These residues may be involved in the catalytic
mechanism of Burkl. Regarding to Table 44 the highest amino acid sequence identity was
found to 2V8H. His-395 is an additional fourth His that the other enzymes do not possess.
Figure 51 B shows the possible binding of NCBLhAla. Most of the 10 models for NCBLhAla
showed a completely different direction than NCPAla. Thus a model showing a similar

coordination than NCBAla but higher energy was chosen (I A -10.41).
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cccccc

NCpLhAla HIS-371

Figure 51: Dockings generated for model of Burkl.

A) Model of Burkl with docked NCBAla B) Model of Burkl with docked NCBLhAla. Highly conserved amino
acid residues of the active site are highlighted in yellow. Nitrogen atoms highlighted in blue, oxygen atoms in
red. Docking-models generated by ROSIE were edited with PyMol. Metal cofactor ions are shown as grey balls.

HIS-199
GLN-202

ASP-10 g | HIS-367

HIS-367

Figure 52: Dockings generated for model of P.aeru.

A) Model of P.aeru with docked NCBAla B) Model of P.aeru with docked NCBLhAla C) Model of P.aeru with
docked NCBLhSer D) Model of P.aeru with docked NCPLhMet. Highly conserved amino acid residues of the
active site are highlighted in yellow. Nitrogen atoms highlighted in blue, oxygen atoms in red. Docking-models
generated by ROSIE were edited with PyMol. Metal cofactor ions are shown as grey balls.

The starting coordinates for P.aeru were generated through alignment with 2V8H. Figure 52
A shows the model of NCBAla with the lowest energy (I A-12.83) and thus was used as

reference docking. The N-carbamoyl group of NCBAla was oriented towards the metal ions.

The length of hydrogen bonds in a protein can be up to 3 A. For the N-atoms of the N-
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carbamoyl group low distances of 1.8 and 2.8 A were measured to Glu-138. The oxygen of
the N-carbamoyl group showed a distance of 3 A to GIn-202. Furthermore a distance of 3 A to
GIn-202 and 3.5 A to His-367 was found for the acid group of the substrate. For the docking
of NCBLhAla a similar oriented model was selected (IA -9.57) but longer distances to Glu-
138 and GIn-202 were found (Figure 52 B). For NCBLhSer only one model with the same
orientation than NCBAla was identified (I A -10.18) (Figure 52 C). It possesses a distance of
2 A from its N-atom of the N-carbamoyl group to Glu-138 and a shorter distance to His-92 for
the oxygen of the N-carbamoyl group. In contrast to that no model of NCBLMet was
identified with a similar orientation like NCBAla. Longer distances to His-92, GIn202 and His
367 were observed. The chosen model had an T A of -11.09.

HIS-205
GLN-208 £

V

His-397

HIS-205

Figure 53: Dockings generated for Burk4.

A) Model of Burk4 with docked allantoic acid B) Model of Burk4 with docked NCBAla C) Model of Burk4 with
docked NCoaLSer. Highly conserved amino acid residues of the active site are highlighted in yellow. Nitrogen
atoms highlighted in blue, oxygen atoms in red. Docking-models generated by ROSIE were edited with PyMol.
Metal cofactor ions are shown as grey balls.

Coordinates for Burk4 were generated through alignment with 5I14M. Allantoic acid was set

as reference docking (I A -9.76). Contacts of approximately 3-4 A were found to His-397,
GIn-208 and His-95. The most suiting model of NCBAla (I A-9.44) possessed shorter
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distances to His-397 and GIn-208 and His-205. Whereby the acid group had higher distances
to His-95. The carbamoyl group in the dockings of NCaLSer (IA -9.02) was oriented away

from the metal ions. However distances of 2.8 A for the acid group to GIn-208 and 3.7 A of
the OH-group of the residue to His-95 were measured. Also the Gly-110 residue is close. For
all three substrates of Burk4 approximately the same conversion had been observed (20 %

relative activity) in previous experiments (see 4.4.2.).

These performed docking experiments based on enzyme models by Phyre’ may give an idea

of residues involved in the catalytic mechanisms and possible intra-molecular interactions.

4.5 Decarbamoylating enzymes with 3D-tertiary structures

As described in section 1.5.2 there are several decarbamoylating enzymes known with via x-
ray crystallography determined crystal structures. Four enzymes from each class of
decarbamoylating enzymes were chosen: 1R3N (BUp from L. kluyveri), 1Z2L (AaHyd from
E. coli K12), 1F06 (D-Carb from R. radiobacter) and 3N5SF (L-Carb from G.
stearothermophilus). Additionally the uncharacterized enzyme 514M, isolated from
Burkholderia vietnamiensis was found through structural alignment studies. Due to its
structural similarity to the other mentioned enzymes it was assumed that it might also exhibits
a decarbamoylating activity. A comparison of all x-ray structures is given in Figure 54. So far
for 514M only a crystal structure is known, but no biochemical data or proven enzyme
activities are available yet. None of the other mentioned crystallized enzymes was ever
investigated towards their conversion of other NCBAAs than NCBAla. This section deals with
three questions: (1): Is a decarbamoylating enzyme from one enzyme class able to convert the
natural substrates of another enzyme class? (2): Are these enzymes able to convert other
NCBAAs than NCBAIa? And (3): Can important amino acid residues which are responsible
for the enzyme activity be identified through ligand-docking simulations and do these in silico

studies reflect the results from in vitro experiments?

An overview on the activities found for these five enzymes towards aliphatic and aromatic
NCBAAs in combination with in silico computational studies to investigate their functionality
is given in this section. By using the ConSurf-Server (see section 3.2.6.5) highly conserved
amino acids of each enzyme were identified and additional docking experiments gave an
indication of preserved residues that are putatively important for the catalytic activity of the
enzymes. Within this task several residues were identified for mutations using rational protein

engineering.
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1R3N 3NSF 172L 514M 1FO6
B-Ureidopropionase L-Carbamoylase Allantoate »Carbamoylase family” D-Carbamoylase
L. kluyveri G. Stearothermophilus Amidohydrolase B. vietnamiensis R. radiobacter
E. ColiK12

Figure 54: Homodimer comparison of 1R3N, 3NSF, 1Z2L, 5I14M and 1FO6.
Enzyme classifications were obtained from PDB-database. IR3N, 3NSF, 1Z2L, 514M, 1FO6 = PDB identifier.
Each homodimers consists of two identical monomers.

Table 51: Sequence alignment matrix of 1FO6, 1R3N, 514M, 1Z2L and 3NS5F.
The amino acid sequence of each enzyme was compared to every other enzyme by conducting a multiple
sequence alignment using Clustal Q tool. Shown is the percentage identity.

1FO6 1R3N S14M 172L 3NSF
1FO6 100 % 46.04 % 49.61 % 47.99 % 46.65 %
1R3N 46.04 % 100 % 59.54 % 51.47 % 53.23%
S14M 49.61 % 59.54 % 100 % 53.80 % 58.56 %
172L 47.99 % 51.47 % 53.8% 100 % 58.9 %
3NSF 46.65 % 53.23% 58.56 % 58.9 % 100 %

All five enzymes are homologues to each other and share a certain sequence similarity. In
Table 51 enzymes are compared to each other regarding their percentage identity generated by

Clustal Q multiple sequence alignment of their amino acid sequence.

Genes of all proteins were ordered from Proteogenix in expression vector pET19 (Table 6, p.
49). In the first step enzymes 1R3N, 514M, 1Z2L, 3N5F and 1FO6 were transformed into E.
coli BL21 DE3 cells and a suitable expression condition was determined for every enzyme
(see Table 34, p. 70). Subsequently a purification method was established for each enzyme.

Exemplary FLPC chromatograms and SDS-gels are shown in section 8.9.

Enzymes were investigated towards their stability and storing conditions using optimal
enzyme activity conditions given in Table 35 (p. 72). Reactions were always conducted over
night and 1000 rpm. 3N5F showed a 50 % and 1Z2L 13 % activity loss after been frozen at -

20 °C and thawed again (without glycerine) in comparison to their activity directly after
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purification. Also for 1FO6 a decrease of activity of 60 % (stored at -20°C) and 13 % (stored
with glycerine at -80°C) was observed. Thus in further experiments 3N5F, 1Z2L and 1FO6
were directly used for enzyme reactions after FPLC purification. IR3N and 514M exhibited
the same activity after storage at -20 °C for 5 days. If already known from literature reactions
of the various enzymes were performed at their respective optimal temperature and pH value.
Thus the following conditions were applied: reactions with 1Z2L were incubated at 37 °C and
pH 8 [182], with 3N5F at 65 °C and pH 7.5 [176] and with 1FO6 at 37 °C and a pH 7 [224].
Reactions with 514M were incubated at the optimal growth temperature of B. vietnamiensis
(30 °C) and pH 7 since no information was known from literature (see also Table 35 p. 72).
All activity studies were performed under the mentioned conditions over night and 1000 rpm.
Reactions were stopped by denaturation at 95 °C for 5 min. All reactions were performed with
180 pl substrate solution and 20 pl previously purified enzyme of various concentrations. If

needed metal cofactors with a final concentration of 2 mM were added to the reaction.

4.5.1 Evaluation of current classification

The enzyme 1R3N is classified as BUp and proven to convert NCBAla to BAla [233]. It was
investigated whether enzymes that are not classified as BUps are also able to convert NCpAla.
Other BUps are described to be able to convert some aliphatic proteinogenic NCaAAs like L-
Carbs do [169]. In contrast to that for described L-Carbs and D-Carbs almost no information
on their conversion of NCBAla is available. Moreover AaHyds like 1Z2L are only described
to exhibit activity towards allantoic acid [182]. It has never been examined whether other
chemical similar substrates are also accepted. Since AaHyds show a high structural homology
to defined BUps and L-Carbs it was tested whether AaHyds are also able to convert NCBAla
or NCaAAs to their corresponding amino acids. It was also investigated whether L-Carbs are

able to convert NCPAla or allantoic acid.

Thus all enzymes (1R3N, 1Z2L, 514M, 1FO6, 3N5F) were investigated on the following
substrates: allantoic acid to detect allantoate amidohydrolases activity, NCBAla to evaluate
BUp activity, NCaLSer to examine the L-Carb activity. To investigate whether expressed
enzymes possessed activity biotransformations with in literature described substrates were
performed as control reactions. All enzymes were found to be active with these substrates
under published conditions (see Table 53, p. 135). In each experiment a substrate with
described activity was carried along as activity-control to exclude inactivity of the enzymes.

Table 52 gives an overview of the described activities for each enzyme.
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Table 52: Overview of described activities and cofactor dependencies for 514M, 1Z2L, 3NSF, 1FO6 and
2V8H.

Reactions with the named substrates were carried as activity controls to exclude an inactivity of the enzymes
after FPLC purification.

Enzyme
Enzyme class Substrate with known activity Cofactor dependency

(PDB ID)

514M Unknown Unknown Unknown

1Z2L AaHyd Allantoic acid [182] Unknown

NCoaLVal
3NSF L-Carb CoCl, best
NCoaLMet (and other NCalLAAs) [176]
1FO6 D-Carb NCaD-hydroxy-phenylglycine [156] No
IR3N BUp NCBAla [233] ZnCl,

Table 53 (p. 135) shows all novel observed activities for the five enzymes in comparison to

their already described activities.

Only for 514M no biochemical data are available e.g. concerning substrate spectra and
reaction conditions. Activity tests with purified enzyme (1.9 pg/ul final concentration)
revealed a conversion of NCBAla to BAla of approximately 100 % with or without cofactor
MnCl,. A lower degradation was observed towards allantoic acid of 41 % and 48 % with and
without cofactor. Additional lysate experiments showed an almost full conversion of
NCoaLSer to aLSer when MnCl, was present. But also without cofactor 66 % oLSer were

catalysed.

For 1Z2L only an activity towards allantoic acid is described. This was confirmed by 95 %
degradation of allantoic acid with 0.2 pg/ul final enzyme concentration present in each
reaction. With additional 2 mM MnCl, the degradation was similar (99%) but. 1Z2L was also
found to convert NCBAla to BAla and NCaLSer to aLSer of 66 % and 55 % respectively
when incubated with MnCl, Without cofactor only a conversion of 24 % NCBAla was
detected.

The known activity of L-Carb 3NSF towards NCa-amino acids like NCa-L-Val or NCa-L-Met
was confirmed (Table 59, p. 198) as well as the strong cofactor dependency towards Co”".
Besides, an activity towards NCBAla and allantoic acid was detected. For these substrates also
a higher conversion was achieved by adding CoCl; to the reaction. Thus about 90% PBAla
were formed and about 22 % allantoic acid where degraded by 3N5F.

The BUp 1R3N has a high affinity towards NCBAla and is supposed to be Zn>" dependent. It

was examined towards its conversion of several aliphatic and aromatic NCa-amino acids and
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strong activities towards NCa-L-Met, NCa-L-Val, NCa-L-Cys, NCa-glycine (NCaGly) and
NCa-ABA could be observed (Table 56, p. 196). 90 % of NCoa-L-Ser were converted using
enzyme lysate and MnCl, thereby 60 % a-L-Ser could be produced. Aromatic non-canonical
NCoa-amino acids were not converted. Only a slight activity towards the canonical NCa-
phenylalanine was observed (Table 56, p. 196). It was also found that that Zn*" decreased the
enzyme activity in contrast to Ni’" Co®" or Mn®". The enzyme activity was found to be
enhanced most using MnCl, as cofactor. Additionally this enzyme possesses a slight activity

towards allantoic acid (35 %) but MnCl, did not increase the degradation of allantoic acid.

1FO6 is described as a D-Carb exhibiting no cofactor dependency. Its activity known from
literature was validated by the conversion of NCa-D-hydroxy-phenylglycine whereby almost
100 % D-hydroxy-phenylglycine was formed (Table 58, p.197). Also non-canonical o-D-
tryptophan could be generated in a high ratio, whereby a higher amount of product was
obtained without cofactor. In contrast to that only a slight activity of 18 % degradation
towards aliphatic NCo-D-Ser to a-D-Ser was observed without cofactor. Furthermore a slight
conversion of 33 % allantoic acid was observed for 1FO6 without cofactor but only 17 % with

cofactor. A reaction using enzyme lysate showed no degradation of NCBAla.



RESULTS

135

Table 53: Evaluation of classification of 2V8H, 514M, 3NSF, 1Z2L and 1FO6 (PDB).
All reactions were conducted using lysate (L) or 1 pg/ul indicated enzyme concentration (E). Used reaction temperature was different depending on the enzyme (see Table 35, p.
72) and 1000 rpm for 20 h. All substrate degradations and product formations were calculated in relation to detected amount of substrate in substrate controls. Con. [%] Substrate
= Amount of converted substrate in %. Form. [%] Product = detected formed product. Without cofactor = Amount of converted substrate / formation of product without
additional cofactor; MnCl, or CoCl, = Amount of converted substrate / formation of product with 2 mM MnCl, or CoCl, used as cofactor. NCBAla = N-carbamoyl-B-alanine;
BAla = B-alanine; NCa-L-Ser = N-carbamoyl-a-L-Ser; a-L-Ser = a-L-Ser; NCa-D-Ser = N-carbamoyl-a-D-Ser; a-D-Ser = a-D-Ser; NCa-D-p-H-PheGly = N-carbamoyl-a-D-para-
hydroxy-phenylglycine; a-D-p-H-PheGly = a-D-para-hydroxy-phenylglycine.

[70-100%  40-70% 20-40% 0.1-20% 0%  n.d. (not determined)
1R3N 514M 3NS5F 1Z2L 1FO6
Substrate Product Con. [%] Form. [%] Con. [%] Form. [%] Con. [%] Form. [%] Con. [%] Form. [%] Con. [%] Form. [%]
Substrate Product Substrate Product Substrate Product Substrate Product Substrate Product
NCpBAla pAla E (0.64 pg/nl) E (1.9 pg/pnl) E (0.9 pg/nl) E (0.22 pg/nl) L
AN o] o Without cofactor Without cofactor Without cofactor Without cofactor Without cofactor
onAz:/N/leI N~ o 92+12 56406 24.0+37 29.6+02 0 0
OQO—N ZSO—N
66.9 £2.7 63.9+3.4 0 0
Allantoic acid - E (0.64 pg/nl) E (1.9 pg/pnl) E (0.37 pg/pl) E (0.22 pg/nl) E (4.9 pg/nl)
o ou/ﬂozo Without cofactor Without cofactor Without cofactor Without cofactor Without cofactor
INze zpﬁzxm 353+£25 n.d. 489+1.6 n.d. 16.3 +3.8 n.d. n.d. 33.9+1.3 n.d.
H H gﬂﬁu—n ZEO—N OQO—N ZSO—N
32.0+2.2 n.d. 413+42 n.d. 22.9+4.6 n.d. n.d. 17.6 £ 0.6 n.d.
NCa-L-Ser a-L-Ser L L E (0.37 pg/pl) E (0.22 pg/nl)
o OH < 9 Without cofactor Without cofactor Without cofactor Without cofactor
sz%n%ﬂoz Io>wmﬁm 504+02 235+0.1 ([IR2EZ04T  66.2+05 0 0 0 0 n.d. nd.
o 2 gﬂﬁu—n ZEO—N OQO—N ZSO—N
61.3+0.2 554459 43.1+1.8 n.d. n.d.
NCa-p-Ser a-D-Ser E (4.9 pg/nl)
o O \/@Loﬁ Without cofactor
sz%zjm Ho P o adl gl gl gl n.d. n.d. n.d. n.d. 18.1+6.6 21.5+0.5
HO g NH,
OOO—N
nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 18.0+5.6 20.1+£0.6
NCa-p-p-H-PheGly a-D-p-H-PheGly Without cofactor
Ezwﬁzx \@Lz/xwo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. |
@k/wo o OH CoCl,
HO OH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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4.5.2 Activity towards aliphatic N-carbamoyl-p-homo-amino acids

All five enzymes (1R3N, 5I4M, 1Z2L, 1FO6 and 3NS5F) were compared to each other
towards their conversion of aliphatic NCBhAAs. Therefor three substrates with different
residue sizes and polarity were tested: unpolar NCBhAla quite similar to the natural substrate
NCPBAla of BUps, polar NCBhSer for which activity has already been observed for the newly
found decarbamoylating enzymes and unpolar NCBhMet, which possesses a slightly bigger
residue size, but also incorporates a hetero atom. Additionally conversion of NCBPhe and
NCBTyr was tested for some of the enzymes. In general no thermal or cofactor influenced
substrate degradation was observed in substrate controls. However slight product degradation

was often observed in product controls. A summary of all results is given in Table 54 (p. 138).

514M shows a significant degradation of NCBLhAla and NCBhSer of 14 % and 21 %
respectively and approximately the same amount was converted into product without cofactor.
Addition of MnCl, increased the degradation of NCBLhAla to 25 % whereby 18 % product
formation was detected. For NCBLhMet a degradation of 6 % without cofactor was observed,
but only 2 % product of fLhMet was detected. With MnCl, being present in the reaction a

substrate conversion of 16 % to 4 % PLhMet was measured.

The AaHyd 1Z2L is able to degrade approximately 100 % of allantoic acid with an enzyme
concentration of 0.2 pg/ul also showed activity towards all aliphatic NCBhAAs. However
only product formation for BLhSer was detected when MnCl, was present. Also substrate
degradations of NCBLhAla (6.6 %) and NCBLhMet (13 %) were observed but no product was

measured even though no product degradation was observed in product controls.

According to literature L-Carb 3NSF usually shows a much higher activity when CoCl, is
present. In contrast to this a high degradation of NCBLhSer was detected without cofactor (48
%) and approximately the same amount of product was generated at a final enzyme
concentration of 2.5 pg/ul. Also for degradation of NCBLhAla a slightly higher product
amount was formed without cofactor (63 %) than with CoCl, present (56 %). For NCBLhMet

no significant degradation was observed.

Similar activities towards degradation of aliphatic NCBhAAs were observed for fUp 1R3N. A
cofactor independent conversion of NCBAla had been shown already. A higher enzyme
activity towards NCPhAAs was observed without additional cofactor. NCBLhAla and
NCBLhSer were converted in a similar amount using 0.6 ug/ul final enzyme concentration.

However a much higher product concentration was detected for BLhSer of up to 26 %
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compared to 15 % of BLhAla. In contrast to that of 16 % degraded NCBLhMet only 4.4 %
BLhMet were detected. Furthermore no product degradation for BLhAAs was observed in

product controls.

Additionally the influence of different bivalent metal ions on the conversion of NCBhAAs
was investigated in more detail for 2V8H. Therefor reactions with 0.6 pg/ul final enzyme
concentration and 2 mM final concentration of CoCl,, MnCl, ZnCl, or NiCl, were
performed. The highest amount of PLhAla was detected using NiCl, as cofactor. The
production of BLhSer was not increased via cofactor addition. It was found that the presence
of ZnCl, led to lowest detected substrate degradations and product concentrations of the
corresponding amino acid. MnCl, and CoCl, did not show an increase on the enzyme activity

(data not shown).

Since 1FO6 is a D-Carb the corresponding D-enantiomers of aliphatic NCBhAAs were used in
the enzyme reactions with a final 1FO6 concentration of 0.9 pg/ul. However, no D-
enantiomer of NCBhMet was available in this work. The enzyme, which is known to be
cofactor independent with regard to its catalysis, exhibited a degradation of 59 % NCBhDSer
without cofactor but only 50 % of BhDSer were detected in HPLC. The conversion of
NCBhDAIla was higher with up to 65 % without cofactor and a slightly lower amount of 57 %
BhDAla was measured. In general the degradation was not increased by addition of cofactors,
sometimes even an inhibiting effect was assumed. Slight product degradation was detected for

BhDAla and BhDSer.

For none of the enzymes an activity towards aromatic NCBAAs was observed.
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Table 54: Substrate scope of 2V8H, 514M, 3NSF, 1Z2L and 1FO6 towards N-carbamoyl-p-(homo)-amino acids.

All reactions were conducted using lysate (L) or indicated enzyme concentration (E). Used reaction temperature was different depending on the enzyme (see Table 35, p. 72) and 1000 rpm for 20 h. All substrate
degradations and product formations were calculated in relation to detected amount of substrate in substrate controls. Con. [%] Substrate = Amount of converted substrate in %. Form. [%] Product = detected formed
product. Without cofactor = Amount of converted substrate / formation of product without additional cofactor; MnCl, or CoCl, or NiCl, or ZnCl, = Amount of converted substrate / formation of product with 2 mM MnCl,

or CoCl, or NiCl, or ZnCl, used as cofactor.

[ 701100%  40-70% 20-40% 0120% 0% n.d. (not determined)
2V8H 514M 3N5SF 1Z2L 1FO6
Substrate Product Con. [%] Form. [%] Con. [%] Form. [%] Con. [%] Form. [%] Con. [%] Form. [%] Con. [%] Form. [%]
Substrate Product Substrate Product Substrate Product Substrate Product Substrate Product
Aliphatic
NCBAla pAla E (0.64 pg/pl) E (1.9 pg/nl) E (0.9 pg/pul) E (0.22 pg/pl) E (55 pg/nl)
HN o} o ‘Without cofactor Without cofactor ‘Without cofactor ‘Without cofactor ‘Without cofactor
o=\ N~ o OO G S 0 OG0 9212 5.6+0.6 24.0+3.7 29.6+0.2 0 0
NHz  oH : MnCl, CoCl, CoCl,
a0 on3ess | 100 985405 | 966%12  909:01 | e69:27 629234 0 0
NCB-L-hAla p-L-hAla E (0.64 pg/nl) E (1.9 pg/nl) E (2.5 pg/nl) E (0.22 pg/nl)
0 Q ‘Without cofactor Without cofactor ‘Without cofactor ‘Without cofactor
o OH \ﬂﬁo: 59.3+0.5 15.8+0.8 14.1+3.7 18.9+0.4 63.3+0.7 56.2+0.0 0 0 n.d. n.d.
N HoN MnCl, MnCl, CoCl, MnCl,
H 48.7+3.5 11.7+0.3 25.7+4.0 17.7+£0.2 60.6 + 0.8 51.1+04 6.6+1.3 0 n.d. n.d.
NCB-p-hAla p-p-hAla E (0.9 pg/nl)
o o] ‘Without cofactor
o i/o \Xﬁo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 64.9 +5.0 57.4+0.6
JoJ,H _H CoCl,
HaNT ONT HoN™ ™ nd. nd. nd. nd. nd. nd. nd. nd. 59.7+6.5 454+15
NCB-L-hSer p-L-hSer E (0.64 pg/nl) E (1.9 pg/nl) E (2.5 pg/nl) E (0.22 pg/nl) )
Q a Without cofactor ‘Without cofactor ‘Without cofactor ‘Without cofactor Without cofactor
bl ﬁfz o 57.6+12 26.8+12 21.5+3.6 123402 489+ 1.6 48 £0.6 65+2.7 0 n.d. nd.
R e MnCl, MnCl, CoCl, MnCl,
545+1.5 20.5+4.1 20.6 +3.5 12.0+0.3 64.3+0.7 282 £0.1 14.9+49 11.8+1.3 n.d. n.d.
NCB-p-hSer p-p-hSer E (0.9 pg/nl)
9 I ‘Without cofactor
Loﬁ [ 9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 59.2+3.8 50.0+2.1
HNTON HoN CoCl,
oH oH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 60.05+0.2 47517
NCp-L-hMet p-L-hMet E (0.64 pg/nl) E (1.9 pg/nl) E (2.5 pg/nl) E (0.22 pg/nl)
s NH; O ‘Without cofactor Without cofactor ‘Without cofactor ‘Without cofactor
J/\wﬁ /m\/&/Lﬁo.._ 112+39 02+0.1 6.6+5.7 1.7+1.3 1.1+8.4 52+1.2 0 0 n.d. n.d.
HN OH MnCl, MnCl, CoCl, MnCl,
INz\fo 4.7+4.1 0.4+0.6 16.2+3.5 44+0.6 1.6+4.8 0.5+0.4 13.0+ 1.0 0 n.d. n.d.
Aromatic
L L E (1.3 pg/ul)
NCB-rac-PheAla p-rac-PheAla ‘Without cofactor ‘Without cofactor ‘Without cofactor
S . Mz © 0 0 n.d. n.d. 0 0 n.d. n.d. 0 0
@x/\fz @k/L_/oI MnCl,/CoCl,/NiCl,/ZnCl, CoCl, ZnCl,
0 0 n.d. n.d. 0 0 n.d. n.d. 0 0
NCB-rac-Tyr p-rac-Tyr ‘Without cofactor
b e 9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0 0
HN"NH O OH
o . \@\_/\F ZnCl,
Ho n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0 0
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4.5.3 Docking experiments with ROSIE

In the protein data bank x-ray crystal structures of 1R3N and 1Z2L with co-crystallized
substrate molecule are available. 2V8H is the structure of 1R3N with bound NCBAla. In the
following section the PDB code 2V8H will be used. The structure of 5I14M harvests a 3-
phosoglyceric acid molecule in its active site. Thus starting coordinates can be obtained from
these coordinated molecules in their active site. Since 2V8H and 3NS5F share a high sequence
and structure similarity starting coordinates were generated through transfer of the NCBAla
molecule of 2V8H to 3NS5SF (see section 3.2.6.3). Starting coordinates for docking
experiments of enzyme 1FO6 were generated by transfer of NCa-D-Met from 1UFS5 to
structure 1FO6. Several docking experiments shall be spotlighted in this section that give an
idea of how substrates may be located in the active centre of the enzymes and how this may
influences their activity especially towards conversion of NCp-amino acids. It was
investigated whether these in silico enzyme-ligand dockings reflect the results gained from in
vitro experiments. In contrast to dockings performed with generated models of Burkl-5,
P.oleo and P.aeru these dockings are way more significant since an official x-ray structure is
available. The crystal structures were visualized and edited with PyMol. For all enzymes
highly conserved amino acid residues were determined with ConSurf server. Thus Table 55
was generated that gives an overview of the highly conserved residues (> 80 %) of each

enzyme.
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Table 55: Highly conserved residues determined with ConSurf-Server.
2V8H, 1Z2L, 3NS5F, 514M, 1FO6 = PDB code.

2V8H 172L 3NSF 514M 1FO6
62 R 31R 79 H 44 R 11G

70 D 59D 81 D 94 G 25R

74 R 62 G 87G 958 45E

91D 81 G 90D 96 G 52F

94 G 828 91G 98D 72 P

112G 83 H 125 E 100 Q 79L

113 S 85D 187 E 104 G 96 E

114 H 86T 189 H 107 D 108 N
116 D 87V 191 E 108 G 125 K
117T 91G 192 Q 1091 127H
118 Q 93 L 204 G 110 Y 129 p
121 A 94D 221G 111G 130 G
122 G 95G 225H 118V 144 E
122 G N8 G 227G 142 E 148 F
125D 102 A 234R 146 F 170 C
125D 128 E 148 P 172D
126 G 129 E 201 E 173 R
129 G 190 E 203 H 174 R
135E 192 H 204 1 175 W
159 A 194 E 205 E 177E
160 E 195 Q 206 Q 180 R
160 E 199L 210L 193 G
161 G 207 G 235G 225N
163 R 224 G 241 G 234K
223 E 228 H 248 R 236 G
224 E 230 G 301 R 238E
226H 237R 371H 252P
226 H 239D 372D 254 G
227E 267 G 392G 265D
228 E 279V 395H

229Q 290 R 399E

230 P 358 A

233 L 360 H

241 G 361D

242V 375F

258 G 381G

258 G 383 S

262 H 384 H

262 H 228 H

264 G 230 G

270 R 237R

271 R 239D

299 G 267 G

322R 279V

367F 290 R

397H 358 A

398D 360 H

410 M 361D

418 G 375F

420 S 381G

421 H 383 S

421 H 384 H

425 E

Out of the five examined enzymes 2V8H was the most studied enzyme in this work. For all in

vitro tested substrates an additional ligand docking was performed. In 2V8H NCBAla is

bound thus the enzyme is present in its closed conformation. /n silico ligand dockings were

assessed through their energy scores interface delta (I A) and total score (see section 3.2.6.4).

In each docking run 500 energy models were generated for one substrate. Only the top 10

models with the lowest energies obtained from each substrate docking were used for further

analysis. For each docking run the average energy scores of the top 10 models were

calculated.



RESULTS 141

Ligand dockings for 2V8H are visualized in Figure 55 A. As reference docking energy scores
obtained from an additional NCBAla docking were used. Regarding the average energy scores
of the ligand docking experiments a trend emerged for docked substrates of 2V8H. Substrates
with no or low observed activity tended to have a higher energy and thus a worse fit in the
active centre of 2V8H. NCaGly and NCaLSer as well as NCBhLSer (for which a good
activity had been detected in biotransformation studies) the energy scores are similar to those
of the natural substrate NCBAla. Energy scores for substrates with less conversion like
NCBhLMet and NCaLLeu possessed way higher interface scores. For aromatic NCBPhe no
activity had been observed in vitro and in silico higher interface delta and total scores were

obtained than for all other docked substrates of 2V8H.

The AaHyd 1Z2L is the sole enzyme with a high activity towards the conversion of allantoic
acid. Thus energy scores obtained from an additional docking of allantoic acid were used as
reference. Since the tertiary structure is available with co-crystallized allantoic acid the
enzyme represents the closed conformation. NCBAla, NCBhLAla, NCBhLSer and NCBhLMet
with lower detected conversions compared to the conversion of allantoic acid energy scores
possess a higher total or interface delta score compared to scores of allantoic acid (Figure 55

B).

A B
-8 1
7] NCALHMet
NCBHep B NCaLMet

8- NCaLLeu NCBLPhe NCBL Phe
1 ]
= =
Y 9] o
= =]
S NCaLval 8 NCBLHMet
£ 101 * NCBLHomoAl £
£ 0mo Ala
E 2]
S o114 NCaABA = . NCBAIa

“ NCSLHomoSer NCaGl .
aGly NCBGLHomoAla
121 r
- = NCBLHomo Ser
NCaLSer
-13 T T T T T 1
5135 -5130 -5125 -5120 -1320 -1300 -1280
Total Score Total Score

Figure 55: Determined energy scores for docked substrates for 2V8H and 1Z2L.

Each data point was obtained through generating 500 models of each substrate docking. Of these 500 models the
top 10 models were used to calculate average interface delta and total scores. Substrates for which a high
turnover was detected in vitro tend to show similar energy scores in comparison to the reference docking with
their natural substrate in silico. Other substrates with lower or no detected turnover in vitro show higher energy
score in comparison to the reference docking with their natural substrate in silico. A) Average energy scores of
substrates docked into 2V8H. Reference substrate NCPAla is circled in red. B) Average energy scores of
substrates docked into 1Z2L. The reference substrate allantoic acid is circled in red.
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A closer look into generated dockings for 2V8H for substrates of different activities is given
in Figure 56. Although NCBAla is already incorporated in the PDB-structure of 2V8H it was
also docked with the same coordinates (x = 27.611; y = 14.253; z = 40.865) as the other
ligands to obtain reference energy score values. All further dockings with other substrates
were oriented in the same way like NCBAla (Figure 56 A). In this case the N-carbamoyl
group faced towards the metal ion molecules. The acid group in turn is oriented in the
opposite direction. Distances to the catalysing amino acid residues Arg-322, Asn-309, His-
262, Gly-396, GIn-229 and His-397 known from literature were determined. They had lengths
between 2.1 and 3.2 A. The lowest energy model of NCPAla (I A-13.4) is similar oriented as

in the original crystal structure. The comparison is shown in Figure 56 B. In Figure 56C the

docked model of NCBLhSer (IA-10.9) was oriented similar to NCBAla and thus its N-

carbamoyl and acid group possessed similar distances to Arg-322 and GIn-229. The OH-
group of the serine residue was oriented towards Gly-396. The same orientation was observed
for docked NCPLhMet (I A -8.84) but the methionine residue possessed a higher distance to
Gly-396 and His-397. Energy scores for docking of NCBPhe were higher with an average I A
of -8.1. One opportunity for docking of NCBPhe was an orientation similar to NCBAla but
thus the ligand was shifted in the active site compared to NCBAla (Figure 56 E). The phenyl
residue faced towards His-397 and Gly-396. Another opportunity was that the N-carbamoyl
residue stayed approximately at the same place but then the acid group was found to be
oriented in a complete other direction with a big distance to Arg-322. Under these conditions

the phenyl residue was oriented to Arg-322 (Figure 56 F).

Since no information about the active site is reported for 514M it was proposed by analysing
the conversed residues generated with ConSurf (Table 55 p. 140). NCBAla was docked using
coordinates of co-crystallized 3-phosphoglycerid acid (x = 6.415; y = 9.479; x = 19.824).
NCBAla (I A-14.9) was coordinated by GIn-206, His-371 and Arg-301 (Figure 57 A). The N-
carbamoyl group was coordinated by GIn-206 and His-371 and the acid group was
coordinated by Arg-301. These findings are similar to substrate coordination of 2V8H. In the
docking of NCBLhMet (Figure 57 B) the molecule is oriented in a similar direction compared
to NCBAla. His-371 may coordinates the methionine residue. However, a distance of 4.2 A of

the methionine residue to His-371 was determined. The TA -9.48 correlates to the lower
activity observed towards NCBLhMet. The docking of NCBPhe (I A -12.25) shows a similar

orientation of the N-carbamoyl group but higher distances were measured (~ 5 A) (Figure 57
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C). The acid group in turn faces into the opposite direction. The phenyl residue is oriented

towards Arg-301.
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M HIS-397 \
3 o ARG-322
His-397 Wl G396 5 g
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Figure 56: Dockings generated for 2V8H.

A) Orientation of the original co-crystallized NCBAla molecule of 2V8H. B) Comparison of the original NCBAla
molecule (light green) with the best docking model of NCBAla (dark green). C) Docking of NCBhLSer with
similar orientation to NCPAla reference. D) Docking of NCBhLMet with similar orientation to NCPAla
reference. E) Option one for docking of NCPLPhe with similar orientation to NCBAla reference. F) Option two
for docking of NCPLPhe with similar orientation of the N-carbamoyl group compared to NCBAla reference.
Highly conserved amino acid residues of the active site are highlighted in yellow. Nitrogen atoms highlighted in
blue, oxygen atoms in red. Docking-models generated by ROSIE were edited with PyMol. Metal cofactor ions
are shown as grey balls.
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Coordinates for docking NCPAla (IA -11.62) into 3NS5SF were generated by structural
alignment with 2V8H (x = 26.388; y = 14.248; z = 40.316). Residues of the active site

reported from literature were not found close to the active centre determined through docking
of NCPBAla reference (Arg-286, His225, Asn 273). The oxygen of the N-carbamoyl group of
NCPBAla showed a distance of 2.8 A to GIn-192 (Figure 58 A, p. 146). Docking of NCBhLSer
(I'A -11.94) resulted in longer distances to GIn-192 but a shorter distance to Glu-125 (Figure

58 B). A docking of NCBPhe led to no generation of models. These findings are in accordance

with in vitro observations with no detectable activity for NCpPhe.

The docking of allantoic acid into the active site of 1Z2L (x = 61.486; y = 32.453; z = 22.665)
led to a slightly different orientation of allantoic acid (I A-8.71). Instead of a coordination of
the acid group by His-384 (as reported from literature) a shorter distance was measured to
Arg-290 (Figure 59 A, p. 146). For GIn-195 and Arg-217 longer distances to allantoic acid
were measured. The docking of NCBLhMet (I A -8.71) showed a similar orientation than the
original position of allantoic acid with lower distances (Figure 59 B). Even if both substrates
show a similar T A value the interface score was more positive for NCBLhMet reflecting the
lower degradation compared to allantoic acid. The average I A values were lower for allantoic

acid than for the docked substrates.
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HIS-203
HIS-371
NCPLhMet

‘QLSARG-301

-

GLN-206

Arg-301
ASP-107

GLN-206

Figure 57: Dockings generated for SI4M.

A) Reference docking with NCBAla. B) Docking of NCBLhMet C) Docking of NCBPhe. Highly conserved
amino acid residues of the active site are highlighted in yellow. Nitrogen atoms highlighted in blue, oxygen
atoms in red. Docking-models generated by ROSIE were edited with PyMol. Metal cofactor ions are shown as
grey balls.

A B
ASP-81
LU-187
5189 GLU-191 15189 GLU-1
. \\\ S

GLU-125° 34

© 33 NCphLSer

Figure 58: Dockings generated for 3NSF.

Highly conserved residues were obtained through ConSurf A) Docking of NCBAla B) Docking of NCBhLSer.
Highly conserved amino acid residues of the active site are highlighted in yellow. Nitrogen atoms highlighted in
blue, oxygen atoms in red. Docking-models generated by ROSIE were edited with PyMol. Metal cofactor ions
are shown as grey balls.
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Figure 59: Dockings generated for 1Z2L.

A) Original orientation of allantoic acid in the structure. B) Control reference docking of allantoic acid. C)
Docking of NCBLhMet with partly similar orientation to reference. Highly conserved amino acid residues of the
active site are highlighted in yellow. Nitrogen atoms highlighted in blue, oxygen atoms in red. Docking-models
generated by ROSIE were edited with PyMol. Metal cofactor ions are shown as grey balls.

No co-crystallized ligand was bound in the original tertiary structure of 1FO6. Thus
coordinates were obtained from structural alignment with 1UF5 (x = 7.501; y = 18.173; z =
18.777) and transfer of the co-crystallized substrate NCabMet of 1UFS. Because of the
known activity towards N-carbamoyl-a-D-hydroxy-phenylglycine (NCabDhydPheGly) this
substrate was docked as reference (I A -13.75). The closest distances were found to Glu-146
and His-144 (Figure 60 A). Distance of the acid group to Cys-172 was longer with 6.2 A. In
the docking of NCBDhSer (I A-15.05) a lower distance to Cys-172 was measured (Figure 60
B). The N-carbamoyl group was found to be oriented towards His-144 with 3 A distance. The
determined energy scores of NCBDhSer with lower values than for NCabhydPheGly do not
correspond to the observed activities of these substrates. NCBPhe was oriented slightly
different. The N-carbamoyl group was closer to Cys-172 whereby the acid group was faced
towards His-144 (Figure 60 C) (A -8.71).



RESULTS 147

LEU-130

Figure 60: Dockings generated for 1FO6.

A) Docking of NCabhydPheGly as reference B) Docking of NCPDhSer C) Docking of NCPDPhe. Highly
conserved amino acid residues of the active site are highlighted in yellow. Nitrogen atoms highlighted in blue,
oxygen atoms in red.

4.5.4 Rational Protein Engineering

Since enzymes 2V8H, 3N5F 1Z2L and 514M showed degradation of NCLBHSer but only a
low activity towards NCLBHMet several approaches of rational protein engineering were
carried out to enhance the activity towards NCLBHMet. Two residues for 2V8H and three
residues of 5I4M were selected for a rational protein engineering approach (Figure 61, p.
148). The selected residues are located close to the active site but are not highly conserved.
To investigate their influence on enzyme activity they were selected for mutation to alanine.
Mutation Primers were designed as explained in 3.2.7 (see also Table 27). A Touch-Down-
PCR protocol was conducted to insert the mutation into the plasmid DNA. To find a suitable
PCR condition a screening was performed including addition of different supplements (Figure

62, p. 149).
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Figure 61: Overview of selected mutations for 2V8H and 514M.

Figures were made using PDB-files of 2V8H and 514M edited with PyMol. Metal cofactor ions are shown as
grey balls. A) Active site of 2V8H with co-crystallized NCBAla (green) and unconserved residues Tyr-249 and
Ser-167 selected for mutations (orange). B) Active site of 514M with docked NCBAla (green) and unconserved
residues Met-150, Trp-228, Asn-288 (orange).

The agarose gel of the PCR-screening shows several PCR conditions leading to an
amplification of products with the corresponding plasmid size of 2V8H (7253 kb) and 514M
(6278 kb). Of the conducted PCR screening PCR-products with only one single band were
selected for Dpnl template DNA digestion and transformation into E. coli XL1 blue cells:
PCR products of line 9 (mutation W228A), 25 (mutation N288A), 30 (mutation M150A), 35,
36, 39 and 40 for (mutation S167A) were selected to continue. However only mutation SI67A
could be correctly amplified. The corresponding plasmid was transferred into E. coli BL21
DES3 cells and subsequently expressed under the same conditions as the wild-type enzyme and
purified via FPLC (MBP tag). The freshly purified enzyme (1.78 pg/ul final concentration)
was then tested towards its conversion of 10 mM NCLBHMet and additionally NCLBHSer
over night. The enzyme was found to still possess activity. However the conversion of the

substrates was found to be lower as for the wild-type enzyme.
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Figure 62: TD-PCR screening for amplification of point mutations of 2V8H and 5I4M.

Used Primers are given in Table 27 p. 60; M: Marker (Quick-Load® 1 kb Extend DNA Ladder), 2: Mutation
W228A - 514M GC Buffer Phusion Polymerase 0 ml DMSO, 3: Mutation W228A - 514M GC Buffer Phusion
Polymerase 1 ml DMSO, 4:Mutation W228A - 514M GC Buffer Phusion Polymerase 2 ml DMSO, 5: Mutation
W228A - 514M GC Buffer Phusion Polymerase 3 ml DMSO, 6: Mutation W228A - 514M HF Buffer Phusion
Polymerase 0 ml DMSO, 7:Mutation W228A - 514M HF Buffer Phusion Polymerase 1 ml DMSO, 8; Mutation
W228A - 514M HF Buffer Phusion Polymerase 2 ml DMSO, 9: Mutation W228A - 514M HF Buffer Phusion
Polymerase 3 ml DMSO, 10: Mutation Y249A - 2V8H GC Buffer Phusion Polymerase 0 ml DMSO, 11:
Mutation Y249A - 2V8H GC Buffer Phusion Polymerase 1 ml DMSO, 12: Mutation Y249A - 2V8H GC Buffer
Phusion Polymerase 2 ml DMSO, 13: Mutation Y249A - 2V8H GC Buffer Phusion Polymerase 3 ml DMSO,
14: Mutation Y249A - 2V8H HF Buffer Phusion Polymerase 0 ml DMSO, 15: Mutation Y249A - 2V8H HF
Buffer Phusion Polymerase 1 ml DMSO, 16: Mutation Y249A - 2V8H HF Buffer Phusion Polymerase 2 ml
DMSO, 17: Mutation Y249A - 2V8H HF Buffer Phusion Polymerase 3 ml DMSO, 18: Mutation N288A - 514M
GC Buffer Phusion Polymerase 0 ml DMSO, 19: Mutation N288A - 5I14M GC Buffer Phusion Polymerase 1 ml
DMSO, 20: Mutation N288A - 514M GC Buffer Phusion Polymerase 2 ml DMSO, 21: Mutation N288A - 514M
GC Buffer Phusion Polymerase 3 ml DMSO, 22: Mutation N288A - 514M HF Buffer Phusion Polymerase 0 ml
DMSO, 23: Mutation N288A - 514M HF Buffer Phusion Polymerase 1 ml DMSO, 24: Mutation N288A - 514M
HF Buffer Phusion Polymerase 2 ml DMSO, 25: Mutation N288A - 5I14M HF Buffer Phusion Polymerase 3 ml
DMSO, M: Marker (Quick-Load® 1 kb Extend DNA Ladder), 27: Mutation M150A 2.0 - 514M GC Buffer
Phusion Polymerase 0 ml DMSO, 28: Mutation M150A 2.0 - 514M GC Buffer Phusion Polymerase 1 ml DMSO,
29: Mutation M150A 2.0 - 5I14M GC Buffer Phusion Polymerase 2 ml DMSO, 30: Mutation M150A 2.0 - 514M
GC Buffer Phusion Polymerase 3 ml DMSO, 31: Mutation M150A 2.0 - 514M HF Buffer Phusion Polymerase 0
ml DMSO, 32: Mutation M150A 2.0 - 514M HF Buffer Phusion Polymerase 1 ml DMSO, 33: Mutation M150A
2.0 - 514M HF Buffer Phusion Polymerase 2 ml DMSO, 34: Mutation M150A 2.0 - 514M HF Buffer Phusion
Polymerase 3 ml DMSO, 35: Mutation S - 2V8H GC Buffer Phusion Polymerase 0 ml DMSO, 36: Mutation S -
2V8H GC Buffer Phusion Polymerase 1 ml DMSO, 37: Mutation S - 2V8H GC Buffer Phusion Polymerase 2 ml
DMSO, 38: Mutation S - 2V8H GC Buffer Phusion Polymerase 3 ml DMSO, 39: Mutation S - 2V8H HF Buffer
Phusion Polymerase 0 ml DMSO, 40: Mutation S - 2V8H HF Buffer Phusion Polymerase 1 ml DMSO, 41:
Mutation S - 2V8H HF Buffer Phusion Polymerase 2 ml DMSO, 42: Mutation S - 2V8H HF Buffer Phusion
Polymerase 3 ml DMSO, 43: Mutation M150A - 514M GC Buffer Phusion Polymerase 0 ml DMSO, 44:
Mutation M150A - 514M GC Buffer Phusion Polymerase 1 ml DMSO, 45: Mutation M150A - 514M GC Buffer
Phusion Polymerase 2 ml DMSO, 46: Mutation M150A - 514M GC Buffer Phusion Polymerase 3 ml DMSO, 47:
Mutation M150A - 514M HF Buffer Phusion Polymerase 0 ml DMSO, 48: Mutation M150A - 514M HF Buffer
Phusion Polymerase 1 ml DMSO, 49: Mutation M150A - 514M HF Buffer Phusion Polymerase 2 ml DMSO, 50:
Mutation M150A - 514M HF Buffer Phusion.
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5 Discussion

5.1 Screening of N-carbamoyl-p-phenylalanine degrading strains

One of the aims of this work was the identification of wild-type strains able to grow on
NCPBPhe as sole nitrogen source. Slight growth was observed for several strains on solid
minimal medium containing NCBPhe. To validate an enzymatic conversion of NCpPhe
NCPBPhe were grown in minimal medium containing (NH4),SO4 and NCPAla respectively.
Cells were harvested and used for biotransformations investigating the conversion of NCBAla

and NCfBPhe.

Regarding to the results it can be assumed that pre-cultivation with NCBAla induced the
protein biosynthesis of genes coding for decarbamoylating enzymes in the wild-type strains.
Several strains previously cultivated in medium containing NCBAla as nitrogen source
showed a partly strong increase for the conversion of NCBAla of up to 80 % in lysate
experiments. Compared to cells cultivated in medium containing (NH4),SO4 the conversion of
NCBAla was generally lower. Additionally in lysate controls of cells previously cultivated in
NCPAla no formation of BAla was observed. Probably the expression of fUps present in the
pyrimidine catabolism of each organism was enhanced, since NCPAla is their natural
substrate [1], [234]. The sole exception was strain M19 (Ochrobactrum sp.) with visible
growth on agarose plates but did not grow in liquid medium containing NCPAla.
Ochrobactrum sp. are described as nodulation bacteria and perform symbiotic nitrogen
fixation for plants [235], [236]. Thus it may be that strain M19 was not able to use NCBAla as
nitrogen source but fixed nitrogen from air. Control strain G (P. glucosidasius) that had not
previously been induced by cultivation in NCBAla containing medium and strain 80 (L.
kluyveri) verified that a decarbamoylating activity was present. For strain 80 a fUp activity is
known from literature [172]. Strain G also possesses a gene coding for a putative
decarbamoylating enzyme (GenBank: CP012712.1). However, even if the approximately
same amount of cells was used for lysate experiments it could be possible that the protein
expression and present amount of decarbamoylating enzymes varied in every strain. Thus
results can only give an indication of existing activity of decarbamoylating enzymes.
Especially results for lysate biotransformations of strain 80 (L. kluyveri) correlate with the
results of its overexpressed and purified BUp (SkipUp / 2V8H). In both cases a full
conversion of NCBAla to fAla was achieved when using MnCl, as a cofactor. Furthermore it

can be assumed that all other strains showing a high conversion of NCAla to BAla possess
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genes coding for decarbamoylating enzymes, e.g. BUps that are known to catalyse this
reaction and are present in almost all bacteria in the pyrimidine catabolism [151].
Additionally it can be assumed their activity is enhanced with bivalent metal cofactors, which
is common for decarbamoylating enzymes [147], [175], [237]. This was proven with the
overexpression of the corresponding genes from strain 37 (B. phytofirmans) and 71 (P.

oleovorans) (see section 4.4.2.). This in turn will be discussed later in this section.

A significant growth on agarose-plates containing NCBPhe as sole nitrogen source was shown
for several strains. However, due to high standard deviations a significant conversion of
NCPBPhe was not fully proven in biotransformation experiments. But for control strain 80
detected amounts of degraded NCPPhe are higher than the HPLC standards deviation. In
contrast to the strong degradation of NCBAla a conversion of NCBPhe was not increased
through induction with NCBAla. Control strain 80 showed NCBPhe degradation of 7 % with
NiCl, present (corresponds to 0.5 mM of the initial 8 mM substrate concentration). This is
contrary to the results obtained for the recombinantly overexpressed SklBUp of strain 80 for
which a degradation of NCBPhe had never been observed. This arises the assumption that
different enzymes may be present in the lysate, which could be responsible for the slight
degradation of NCPPhe. A thermal decay of NCPPhe can be excluded since no [Phe
concentration was detected in substrate controls. There are many other enzyme classes likely
to exhibit an activity towards NCBPhe such as ammonia lyases or aminomutases, which
transfer the amino group of an amino acid [117]. Later results of investigated novel enzymes,
obtained from the wild-type strain screening (Burkl-5, P.oleo and P.aeru), proved that the
conversion of NCBPhe to BPhe was not catalysed by these decarbamoylating enzymes (see
section 4.4.3). Until now no decarbamoylating enzyme is known from literature that can

catalyse this reaction.

Product degradation in product controls of 2-4 mM suggest the assumption that other
enzymes present in the lysate caused this decrease of BPhe. This is likely since degradation of

BPhe was recently is reported for m-transaminases [238].

However it cannot be excluded that other microorganisms may possess genes coding for
decarbamoylating enzymes that are able to perform a conversion of NCBPhe to Phe. Further
investigations towards the tertiary structures of decarbamoylating enzymes of this work
suggested that the constitution of the active site might lead to repulsion of the phenyl residue

of BPhe. This will be discussed in more detail in section 4.5.3.
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In the screening conducted in this work only a very small fraction of known bacteria and
eukaryotic organisms was investigated. The number of unknown microorganisms is even
higher [239]. It is known that the highest amount of BAAs can be found in marine
cyanobacteria mostly as part of natural products with polyketidic origin [15], [102], [240].
Cyanobacteria especially produce PAAs that have no proteinogenic a-amino acid counterpart
[15]. It is likely that they possess metabolic pathways for their production. The screened
institute’s strain collection did not include cyanobacteria. Thus it could be an approach to
screen cyanobacteria towards their degradation of NCBPhe. Therefore a screening based on
liquid cultures could be more appropriate since some cyanobacteria are able to fix nitrogen
[241]. Also the media will have to be adapted to the demands of these bacteria. A difficulty of
cultivation of cyanobacteria is that they perform photosynthesis and thus need sun light for
their growth [242]. Thus a combination of bioinformatic and biochemical screening approach
with subsequent recombinantly protein expression would be easier. A BLASTp search by
using the protein sequence of Burkl as template sequence (since a high decarbamoylating
activity was proven for this enzyme) revealed several putative decarbamoylating enzymes in

cyanobacteria (data not shown).

5.2 Novel decarbamoylating enzymes

5.2.1 Classification of novel decarbamoylating enzymes

Seven novel enzymes (Burkl1-5, P.oleo and P.aeru) have been identified through wild-type
strain screening. A classification was proposed regarding to their potential tertiary structures
(Figure 45, p. 110), their catalytic activity (see Figure 47, p. 113) and protein sequence
homologies (Figure 42, p. 105).

Their decarbamoylating activity was proven by their ability to convert NCBAla to fAla. All
enzymes were able to catalyse this reaction; hence they possess BUp activity. For Burk 4 and
Burk 5 a formation of fAla was only observed using purified enzyme and MnCl, as a
cofactor. The other novel decarbamoylating enzymes also showed a high cofactor dependency
since the formation of fAla was highest using MnCl,. In view of the fact that BUps can also
possess activity towards NCaAAs, e.g. BUps from A. tumefaciens and P. putida [169][52],
NCoaLSer was used as model substrate to investigate the L-Carb activity of the enzymes. The
results revealed that all enzymes except Burk 4 were able to fully convert NCaLSer to aLSer
but exclusively with MnCl; present. A cofactor dependency is not mentioned for fUp from A.

tumefaciens but NCoLSer has not been tested for this enzyme. According to literature the BUp
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from P. putida also showed activity towards 10 mM NCaLSer of 33.9 % but 0.6 pmol CoCl,
had been present in the reaction mixture, a conversion without additional cofactor is not
reported [52]. Compared to this the activities of the novel enzymes towards NCalLSer
presented in this work were much higher. However the influence of CoCl, towards the

conversion of NCoalLSer was not tested for them.

Burkl, Burk4 and Burk5 also showed activity towards allantoic acid when MnCl, was
present. There is no information known about BUps possessing AaHyd-activity. Burk 4
exhibited the strongest activity towards allantoic acid and the lowest towards NCBAla and
NCoaLSer. Thus Burk4 may more likely be an AaHyd. Burk2, Burk3, P.oleo and P.aeru could
be classified as PUps with additional L-Carb activity like the BUp from P. putida.
Additionally P.aeru was found to have activity towards conversion of NCBDhSer and thus
may also possess D-Carb activity. However, acceptance of both enantiomers has been reported
for several L- and D-carbamoylases [52], [157], [243]. In contrast to this some carbamoylases
are strictly L- or D-specific [154], [180]. On the basis of the available results, no conclusion
can be drawn as to whether the enzymes are enantioselective, since only pure enantiomers of
the substrates and no racemic mixtures were used. Burkl and Burk5 cannot clearly be
assigned to one of the existing classes of decarbamoylating enzymes because they exhibit
activity of at least three of the four classes of decarbamoylating enzymes at the same time.
Burkl showed activity towards NCBDhSer whereby is exhibits activity of all four classes of
decarbamoylating enzymes: BUp (NCBAla), L-Carb (NCaLSer), D-Carb and AaHyd activity.
But since Burk1 possesses its highest activity towards NCBAla and NCaLSer it can rather be
classified as BUp with additional L-Carb/D-Carb activity. Burk5 may be classified as L-Carb

with additional AaHyd activity since no formation of fAla was observed.

However the conversion of NCBDAAs has never been reported before. Officially only the
conversion of NCaD-amino acids is defined as D-Carb activity. It is worth mentioning that not
all of the novel enzymes were tested towards their conversion of a NCa- or B-D-amino acid.

Thus it could be possible that also other enzymes exhibit D-enantiomer activity.

The observed enzyme activities may be partly explained by their sequence alignments (Table
44, p. 24). Even if Burk4 showed the highest activity towards allantoic acid Burk1 possesses
the highest percentage sequence identity to the AaHyd 1Z2L in contrast to the other enzymes.
Compared to enzymes of the different classes Burk4 exhibits the highest identity to AaHyd
1Z2L. Burkl has an even higher identity to the L-Carb 3N5F and a lower to fUp 2V8H. This

is contrary to the results in the experiments since Burkl showed a higher conversion of
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NCBAla than NCaLSer. No sequence identity was found in comparison with D-Carb 1FO6,
even if Burkl converted NCBDhSer. Thus it could be assumed that the D-Carb activity does
not arrive from a D-Carb-like sequence. Burk4 and Burk5 showing the lowest activity towards
NCPAla, also showed the lowest sequence identity to fUp 2V8H. P.aeru, for which broad
activity towards NCa-amino acids was observed showed also the highest sequence identity to
L-Carb 3N5F. Homology can be assumed from 30 % sequence identity already [244] thus all
of the identified seven enzymes show homology to AaHyds, BUps and L-Carbs but not to D-
Carbs. This corresponds to sequence alignments known from literature [163], revealing that
AaHyds, BUps and L-Carbs share homologous amino acid sequences and even homologous
enzyme structures. This in turn corresponds to the structures of the generated models of
Burk1-5, P. oleo and P.aeru which are structurally related to AaHyds, BUps and L-Carbs but
not to D-Carbs. A classification of the novel enzymes on the basis of the existing definitions

of the literature is therefore not clearly possible.

It had never been shown before that decarbamoylating enzymes possess that many cross-class
activities as shown in this work. Only BUps are described to possess an additional activity
towards NCoL-amino acids [52]. However by protein sequence similarity alone the enzymes
cannot be classified also their tertiary structures have to be analysed. This will be discussed in

more detail in 5.2.4.

5.2.2 Characterization of novel enzymes

Regarding to the results in this work many substrate conversions of the novel enzymes have
been found to be highly cofactor dependent (see Figure 47, p. 113; Table 45, p. 116; Table 46,
p. 118; Table 47, p. 119; Table 48, p. 122). This property of decarbamoylating enzymes has
often been widely described [148], [163], [176]. For the seven novel enzymes especially Mn**
and Co>" had a strong influence on the enzyme activity. The found results do not exactly
correlate with literature. Due to results from literature it can be assumed that each enzyme and
substrate possesses a slightly different cofactor dependency [52], [148], [163], [175], [176].
However several cofactors seem to have a stronger effect than others. Ni*", Mn”", Co*" and
Fe”" usually lead to an increase of activity whereas for other metal ions such as Mg, Cu*",
Ca®", Hg*", Fe*', Fe’", K, Na’ or Li" no beneficial effect was observed regarding to the
conversion of NCBAla or NCaAAs [52], [175], [176]. These findings have also been
observed in experiments of this work. With regard to the seven novel enzymes mostly Mn*"
led to a higher yield of the corresponding amino acid. In contrast to that the best cofactors in

literature are Co”" and Ni*". For BUp P.aeru most of the common cofactors were tested (Zn>",
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Ni*", Mn*", Co*"). It can be assumed for pUp P.aeru that Mn®" enhances the enzyme activity
towards NCaAAs with unpolar and more steric residues such as NCaL-Leu or NCaLMet. A
weaker influence was observed for Ni** in contrast Zn>" led to an inhibition especially for
smaller NCaAAs (see Table 45). Thus is can be assumed that the seven novel enzymes are
Mn*" dependent enzymes whereas Zn”" leads to their inhibition. This inhibiting effect of Zn**
had also been observed for BUp from A. tumefaciens [148], L-Carb from G.
stearothermophilus (3N5F) [176] and L-Carb from Sinorhizobium meliloti [175]. A
connection between the atomic size and the catalytic effect of an ion may be assumed, since
Mn*" is the smallest and Zn®" the biggest ion. The hypothesis can be proposed that too big
ions inhibit or disturb ionic or polar interactions present in the active site during substrate

catalysis.

There are several Ky-values known for the conversion of NCBAla in literature. The BUp from
Rattus rattus exhibits the lowest Ky-value of 0.0065 mM [245] and BUp from L. kluyveri
(2V8H) of 70 mM [246]. However the Ky-value of L. kluyveri was determined under the
inhibiting effect of Zn>" (no other cofactor had ever been tested for this enzyme). The fastest
conversion of NCBAla of bacterial BUps was observed for Clostridium uracilicum with a Ky-
value of 0.634 [234] followed by BUp from P. putida with a Ky-value 1.56 [52]. However it
has to be mentioned that all known Ky-values were determined when the corresponding best
metal cofactor was present in the reaction. Ky-values obtained for fUp Burkl (5.71 mM),
BUp Burk2 (22.36 mM) and BUp Burk3 (27.8 mM) are much higher, but they were generated
without the addition of a cofactor. Especially Ky-value of BUp Burkl is only approximately
four times higher than the Ky-value obtained for P. putida. If kinetic parameters would be
determined with cofactor MnCl, they may be in the range of P. putida or C. uracilicum. For
instance for BUp P.aeru (0.9 pg/ul final concentration) an almost full conversion of 10 mM
NCBAla was observed after five minutes with 2 mM MnCl, present at its optimal temperature
(40 °C) and pH 6.8 (see Table 57, p. 197). Furthermore the optimal pH and temperature
conditions, which had been used to generate the kinetic parameters for BUps Burk1-3 were

only investigated in detail for Burkl.

Novel enzymes were active in a broad range regarding to pH-value and temperature (see
Figure 48, p.123). The optimal pH of 6.8 and temperature of 40 °C was found to be same for
the investigated enzymes BUp Burkl and BUp P.aeru. In contrast to that many described
decarbamoylating enzyme, like BUp from A. tumefaciens and L-Carb from S. meliloti have a
pH optimum of 8 [148], [175]. However, a different buffer system (HEPES) was used for

enzyme reactions in contrast to most publications Tris/HCI or sodium phosphate buffer was
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used. The buffer system can have an influence on the enzyme stability through buffer-
component binding, proton transfer, metal or substrate binding effects directly or indirectly
mediated by buffers or by buffers acting as pseudo substrates [247].

Not only do Burkl-5, P.oleo and P.aeru possess a broad activity range in regard to their pH
and temperature, they also show a high activity after storage at -80 °C, -20 °C for several
days. BUp Burkl still showed the activity after 5 days storage at 4°C compared to fresh
enzyme. This indicates certain enzyme stability and would be an important feature regarding
to enzyme application for the production of chiral noncAAs. Other enzymes known from
literature showed a broad range of stabilities. Some of them are only stable for 30 to 60 min at
their optimal temperature, e.g. BUp from P. putida, L-Carb from S. meliloti, BUp from A.
tumefaciens or L-Carb from Pseudomonas sp. NS671 [52][175][147], [174]. Others are
known to be stable for several days, e.g. the L-Carb from Bacillus kaustophilus still possessed
100 % activity after 15 days and 6 % activity after 36 days incubation at 50 °C when 3 mM
Mn*" were present [248]. L-Carb from B. kaustophilus showed no high sequence similarity to

BUp Burkl (37 % sequence identity).

5.2.3 Production of non-canonical amino acids

Goal of this work was the identification of novel enzymes applicable in a modified
hydantoinase process for the production of non-canonical amino acids. For the seven novel
enzymes BUps Burk1-3, P. oleo and P.aeru, AaHyd Burk4 and L-Carb Burk5 activity towards
the production of at least four of the following non-canonical amino acids was observed: aL-
NeoGly, aL-tert-Leu, B-2-L-ThieAla, BAla, BL-hAla and B-L-hSer. It was observed that each

enzyme exhibits a different activity towards the production of these noncAAs.

As already mentioned previously the production of non-canonical a-amino acids has been
studied extensively between 1980 and 2000s and thus several processes are already known
[153], [179], [180], [243], [249], [250], [251], [139]. For L-Carb Burk5 the highest
conversion of 100 % of NCaL-NeoGly (with 2 mM Mn®" present) was observed with a
product yield of 61 % after 20 h of incubation. The enzymes still converted 50 % without any
cofactor present. In contrast to that the process for the production of aL-NeoGly of Groger et
al. is dependent on the costly cofactor NADH and the reaction needs 25 h [120]. It was not
investigated how fast the reaction of LCarb Burk5 towards NCaL-NeoGly was and if the
enzyme is enantioselective. This would be an important question for further examinations and

further optimizations of the enzyme e.g. due to protein engineering.
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BUp Burkl and L-Carb Burk5 showed the highest activity towards NCB-2-L-ThieAla with
approximately 95 % conversion without additional cofactor. BUps Burk2, Burk3 and P.aeru
were also able to form >93 % of B-2-L-ThieAla. In literature a substrate acceptance of NCp-2-
L-ThieAla with a high yield after 24 h has already been mentioned for Arthrobacter aurescens
DSM 3747 regarding the hydantoinase process [140] and is catalysed by a L-Carb (keat / Km
(s mM)) [252]. Especially for fUp Burkl and L-Carb BurkS5 kinetic parameters towards this
substrate should be determined. It may be possible that these enzymes a smaller Ky-values for

this substrate. Especially Burkl has already a quite low Ky-value without additional cofactor.

The highest conversion of NCaL-tert-Leu of 20 % was shown for BUp P.oleo. However, only
3 % product was formed. This may be due product degradation caused by remaining
impurities after enzyme purification, since a product degradation of 10-20 % approximately
had been observed. However, the enzyme may be a perfect candidate for protein engineering.
A suitable hydantoinase able to convert tert-butylhydantoin to N-carbamoyl-(R)-tert-Leu is
already known in literature [115] [253]. Also a process for (S)-tert-Leu was described but
only due to chemical catalysis [115] [253]. Further optimization and investigation of BUp
P.oleo towards the production of aL-tert-Leu by the hydantoinase process could be completed

if a suiting hydantoinase with (S)-enantioselectivity is available.

As described earlier, several approaches for the enzymatic production of optically pure fPhe
have been published in the last years [124], [127]. The molecule is especially interesting
because of its presence as building block in several pharmaceutical drugs [61]. For the
production of chiral BPhe with a modified hydantoinase process a chemical synthesis route for
6-phenyl-5,6-dihydrouracil (PheDU) and a corresponding hydantoinase for the production of
NCPBPhe are already known [146]. However, in this work no enzyme for the second step of
this process was discovered through the microbial screening. Degradation of chiral NCpPhe
and NCBLeu using a decarbamoylating enzyme and the modified hydantoinase process has
been tested but never been achieved according to literature [169]. E.g. for BUp from A.
tumefaciens (Pcary;) the conversion of N-carbamoyl-B’-amino acids was only achieved with a
methyl-group but not with a phenyl-resdiue in the B-positions. Due to analysis of a modelled
tertiary structure of Pcara; Martinez-Gomez and co-workers assumed that substituents larger
than a single atom group are impossible to be accepted by the active site because of possible

steric clashes and disturbance of polar interactions of catalytic residues [169].

Also no conversion of substrates with other aromatic residues like chiral NCBTyr (N-

carbamoyl-B-tyrosine), NCoLPheGly (N-carbamoyl-a-L-phenylglycine) or NCaLpHPheGly
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(N-carbamoyl-a-L-para-hydroxy-phenylglycine) was detected for investigated BUp Burkl. In
contrast to that noncAA D-hydroxy-phenylglycine is synthesized by a D-Carb from
Agrobacterium sp. using the hydantoinase process [180]. Also for other D-Carbs from
Agrobacterium sp. KNK712 or Flavobacterium sp. AJ11199 high conversion (100 %) of
NCoaLpHPheGly was reported [179][249]. In contrast to this for L-Carbs only a conversion of
N-carbamoyl-a-L-phenylalanine is reported with lower conversions, e.g. 31 % for L-Carb
from A. aurescens (31 %) [252] or S. meliloti (25 %) [254] leading to the canonical a-L-
phenylalanine. For the BUp from P. putida no activity towards N-carbamoyl-a-L-
phenylalanine (NCaLPhe) or other substrates with aromatic residues was observed [52]. This
is reflected by the results obtained for fUp Burkl showing only a low formation of aLPhe of
16 % and only when MnCl, was present (see Table 60, p. 199).

Interestingly NCp-2-L-ThieAla, which constitutes of a five-ring residue including a
heteroatom, is converted in a high ratio even without cofactor by several of the novel
enzymes, e.2. by BUp Burkl and L-Carb Burk5. However, the amino group of NCB-2-L-
ThieAla is located at the a-position, which may influences the conversion of this substrate.
Despite this it should be investigated whether a corresponding NCp-histidine or NCp-
thienylalanine is degraded by BUp Burkl or L-Carb Burk5. Eventually the presence of the
heteroatom in NCpB-2-L-ThieAla and the slightly lower size of the amino acid residue (in

comparison to NCBPhe) promote interactions of physical forces present in the active site.

Since not even a slight activity towards NCpPhe was observed for Burk1-5, P.oleo or P.aeru a
protein engineering approach for its conversion could turn out to be difficult. Especially
rational protein engineering would not be possible because of the missing information about
3D-tertiary structures of the identified decarbamoylating enzymes. Furthermore protein
engineering has more potential if at least a slight activity towards a substrate is present [3].
One possibility could be error prone PCR to build a big mutant library. More detailed
investigations on the conversion of NCBPhe are probably pointless, since already several
metal cofactors and NADH were investigated, also lysate as well as high protein
concentrations were studied. As mentioned for BUp from A. tumefaciens (Bcarat) substituents
with larger residue sizes may lead to sterical clashes [169]. This may also occur for newly

identified fUps Burkl, 2, 3, P. oleo and P.aeru.

The aim of this thesis was the production of p*-amino acids. These have their amino group
and substituents at the B-position. As already mentioned several routes for the enzymatic

production of the aromatic optically pure p*Phe have been developed [124], [127]. In contrast
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to this nothing is known about the biotechnological production of aliphatic p*-amino acids
and B-homo-amino acids (B(h)AAs). Small aliphatic B(h)AAs are building blocks in many
natural products with biological activity [71]. They are especially interesting for their
application in peptide drugs because the substitution of a-amino acids with their B-isomers
may result in increased enzyme stability [255] and influence the peptide conformation [256].
The only enzyme ever to be investigated towards its activity of NCB(h)AAs is the fUp from
A. tumefaciens C58 (PBcarar) [148]. In this study a Ky-value of 3.44 is determined for the
conversion of N-carbamoyl-f-L-homo-alanine (NCBhAla). However, no information about
the formed amount of the product B-L-homo-alanine is reported. The conversion of chiral N-
carbamoyl-f-homo-serine (NCLBhSer or NCDBhSer) or N-carbamoyl-f-homo-methionine
(NCLBhMet) was never tested [169].

Since no other information is known about decarbamoylating activity of other enzymes
towards aliphatic NCBAAs it can be assumed that the first biocatalytic production of the
aliphatic BhAAs B-L-homo-alanine and B-L-homo-serine was achieved in this work using the
novel decarbamoylating enzymes (with exception of the naturally occurring PAla).
By using BUp P.aeru with a final enzyme concentration of ~2 pg/ul with presence of Mn*" a
synthesis of 100 % BLhSer and 33 % BLhAla was achieved within 20 h (Table 47, p.119).
Contrary to the assumption for BUp Pcarar to only be able to convert NCBPAAs with a
substituent consisting of only one single atom group [169] NCPLhSer with a bigger
substituent was also converted by BUp P.aeru. Hence BLhSer enzymatically synthesized in
this work is the largest p*-amino acids ever produced.

In Table 48 (p. 122) it is noticeable that for most conversions the amount of NCBLhSer is
higher than the detected amount of corresponding amino acid BLhSer. This could be due to
the fact that product degradation was observed in product controls, probably caused by
remaining impurities after FPLC purification. Another option could be that decarbamoylating
enzymes are able to further convert the formed amino acid. However, such an activity has not

been observed for other of the novel enzymes.

As shown in the docking experiments generated for model of BUp P.aeru it can be assumed
that NCBLhAla and NCBLhSer are coordinated by GIn-202, His-367, Glu-138 and His-92 as
reference substrate NCBAla (Figure 52, p.128). No molecular clashes were observed for
substrates with bigger substituents like NCBLhSer and NCBLhMet in these dockings, like
they had been reported for dockings of Bcarat [148]. The higher conversion may be due to the
polar serine residue coordinated by Glu-138. His-92 may coordinate the carbonyl-C-atom of

the N-carbamoyl-group. The docking for NCBLhMet shows a larger distance to His-92 than
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NCBAla, NCBLhAla and NCBLhSer. This could explain why BLhMet was degraded but no
BLhMet was formed. The essential reaction groups like N-carbamoyl-group and acid group
are oriented differently for docking of NCBLhMet and may have led to a different conversion.
BUps as well as L-Carbs, D-Carbs are classified in the E.C. class 3.5.1 of linear amides. They
are hydrolases acting on carbon-nitrogen bonds other than peptide bonds (information
obtained from BRENDA database [257]). Thus other possible hydrolysation reactions
regarding to NCBLhMet could be e.g. the cleaving of formate (HCOO"), ammonium (NH3) or
acetate (CH3COO)).

Comparing the seven novel enzymes in Table 48 (p. 122) the highest conversion of
NCBLhSer with a final enzyme concentration of 1 pg/pul was detected for BUp Burkl (with
Mn*"), followed by L-Carb Burk5 (with Mn*") and pUp P.oleo, showing a relative conversion
of 51 % without any additional cofactor. Due to this results it can be assumed that the
conversion of aliphatic NCBhAAs is not necessarily cofactor dependent, but highly enhanced
by addition of metal ion Mn>". The same observations were made for conversion of NCBAla,
the natural substrate of BUps. In literature fUps as part of the pyrimidine catabolism are not

described to be mandatory cofactor or coenzyme dependent [234].

Several aliphatic and aromatic N-carbamoyl-f’-amino acids with different sizes and polarities
of their residues have been tested for the first time in this work. BUp P.aeru was intensively
investigated towards its conversion of both NCaL-amino acids and NCBAAs (see Table 45 p.
116 and Table 47 p. 119). The more unpolar and larger the residues are the lower is the
formation of the corresponding aL-amino acid. E.g. no formation of aL-valine and oL-
isoleucine was observed. For aL-leucine only a slight product formation was observed. Of
substrates with small residues like NCaL-Gly, NCaL-ABA or incorporated heteroatom and
thus polar residues like NCaL-Ser, NCaL-Cys, NCaL-Met the corresponding amino acids
were formed. With larger size of the residue a higher cofactor-dependency can be assumed in
regard to the results. Similar observations are reported for BUp from P. putida [52] showing
the showed best conversion for NCaL-Gly (Kym 0.68 mM), NCaL-Ala Ky (1.56 mM),
followed by NCBAla (Ky 3.74 mM) and the slowest conversion for NCaL-Ser (Ky 75.1 mM).
However, only few data about conversion of NCaL-amino acids by BUps is known. A similar
trend may be transferred to the conversion of NCBhAAs. An activity of fUps Burkl and
P.aeru towards aliphatic NCB(h)AAs with sterically larger and unpolar residues such as
NCBLhMet, chiral NCBLeu or NCBHep of 35-40 % was observed. However, no significant
product formation could be detected. For chiral NCBPhe neither conversion nor product

formation was observed for fUps Burkl and P.aeru. The reason for this may be that the amino
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acid residues larger than for NCBhLSer are sterically hindered in the active centre. This will
be discussed in more detail in the following section. For BUp Pcarar conversion of chiral N-
carbamoyl-B-leucine (NCBLeu) and N-carbamoyl-B-phenylalanine (NCBPhe) is not reported
and the conversion of chiral N-carbamoyl-f-homo-serine (NCLBhSer or NCDphSer) or N-
carbamoyl-f-homo-methionine (NCLBhMet) was never tested [169].

5.2.4 Suggestions of active centres

The in silico dockings conducted for fUps Burkl1-3, P.oleo and P.aeru, AaHyd Burk4 and L-
Carb Burk5 were based on enzyme models previously generated by Phyre’, which in turn
were generated on the basis of 120 other models with a high confidence of 100 %. The
template for most of the enzyme models in this work was the tertiary structure of B.
vietnamiensis, which had a high identity of 57 %. If two proteins share 50 % or higher
sequence identity their backbones differ by less than 1 A deviation [258]. Other templates had
lower identities but also with a confidence of 100 %. The generated models can be assumed
as good if the model confidence is > 90 % [205]. An identity of > 55 % can also be assumed
as good since in general enzyme models can be generated from a structural homology higher
than 30 % [259]. This high confidence of the generated enzyme models makes them good
indicator for structure analyses since no enzyme crystal structure was available for the novel

enzymes.

The overall tertiary structure of the generated enzyme models of fUps Burkl-3, P.oleo and
P.aeru, AaHyd Burk4 and L-Carb Burk5 are very similar. This tertiary structure homology
between BUps, L-Carbs and AaHyds has already been reported [233] [182]. However, each
active site was found to be different. The conducted in silico dockings were performed based
on the generated models to give an idea of the substrate orientation in each active site of the
novel enzymes (see Figure 51-Figure 53, p. 128 ff.). Nothing is known from literature in
regard to docking of NCAAs into models of decarbamoylating enzymes using ROSIE ligand
docking, but studies on other enzymes using a similar method, choosing the best-fitting model
out of the top ten models generated by ligand docking tool ROSIE, has been reported [260].
The procedure of performing docking experiments with a previously generated enzyme model
was reported for a o-transaminase and nitrilase using other algorithms (SIWSS-Model for
model generation and Autodock4.2 for docking of the ligand). In this case the active site was
predicted by superimposing the modeled structure with a strucuture template co-crystallized

with its substrate [128].
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Homolog model SkifUp from L. kluyveri (2V8H) with co-crystallized substrate NCBAla (=
ligand) was used as template for the coordinate generation (see 3.2.6.3) and reference, since
all of the novel enzymes except AaHyd Burk4 showed a good BUp activity. The orientation of
co-crystallized NCBAla in 2V8H was studied to get an idea of the natural orientation of the
ligand in the active site of a BUp. In the structure of 2V8H it was observed that the N-
carbamoyl group was oriented towards the ion molecules (see Figure 23 C) [170]. The acid

group of the amino group faces in the opposite direction.

Regarding the dockings performed for novel fUps Burkl and P.aeru showing 100 % activity
towards conversion of NCBAla to BAla, all performed dockings for other substrates than
NCBAla were based on the docking of NCBAla providing the lowest energy. In this reference
docking the N-carbamoyl group of NCPAla was oriented towards the ion molecules as
reported for SkIfUp [173]. As described earlier the NCBAla molecule in SkiBUp (2V8H) is
coordinated by a glutamine residue (GIn-229), histidines residue (His-397) and arginine
residue (Arg-322): The Arg residue provides the coordination of the acid group of NCBAla,
the glutamine and histidine coordinate the transition state formed after nucleophilic attack of a
OH™ molecule until the amid bond is cleaved [173]. The mechanism is described in more

detail in section 1.5.2. (see Figure 24, p. 34).

The closest residues to docked NCBAla in the proposed active site of Burkl are Glu-142, His-
395 and GIn-226. As reported for SkiBUp in Burkl also a histidines residue (His-395) may
coordinates the oxygen of the carbamoyl group. Furthermore a glutamine residue (Gln-206)
may coordinates the outer amino group of the N-carbamoyl group. The docking of Burkl
suggests that a glutamic acid residue (Glu-142) may is responsible to orient the acid group
instead of an arginine residue like in 2V8H. Hydrogen bonds can also form between two
groups of carboxylic acid with an average distance of 2.65 A [261], but the Arg residue is
basic and polar and the Glu residue is acid and polar. A coordination of an acid group is more
likely coordinated by a basic group from the chemical point of view. However, the distance in
the docking model of 4.5 A is way higher than 2.65 A and would be too long to form a
hydrogen bond between these two carboxylic groups. With distances of ~3 A a forming of
hydrogen bonds would be possible since hydrogen bonds were found to be of a maximum
length of 3.2 A. But most hydrogen bonds usually are even shorter (1- 2.7 A) [262]. The
model of similar docked NCBLhAla was the only model of the top 10 models to be oriented in
that way. This could be a sign that this ligand does not fit very well into the proposed active
site. Also the activity of Burkl towards NCBLhAla was way lower than towards NCBAla.
According to this the energy scores for NCBLhAla (-10.41) was higher as for NCBAla (-
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12.78) and thus the affinity of NCBLhAla to the active site of Burkl is lower than for NCBAla
[184]. The higher energy score obtained in the docking experiments in turn may explain the
lower conversion of NCBLhAla compared to NCBAla. From the biochemically perspective
this result could be explained due to the slightly more sterical and unpolar residue of
NCBLhAla, since it is known for polar residues in the active site to clearly favour polar

residues during catalysis [263].

As already mentioned the Phyre” algorithm uses different known enzymes structures to
modulate an enzyme model. For the most part the model of BUp P.aeru was based on the
structure of B. vietnamiensis (514M). However official information about the activity in its
active has not been reported. The third best template for BUp P.aeru model was the structure
of 3N5SF. As mentioned in the introduction the catalytic triade of 3N5SF includes an Arg, His
and Asn [177]. In contrast to this the dockings for P.aeru showed that residues Glu-138, Gln-
202 and His-367 probably would be close enough to coordinate the ligand (see Figure 52,
p-128). This residue arrangement would also rather fit to the proposed catalytic triade of
2V8H (GlIn, His, Arg). The similarity to the catalytic triade of 2V8H in turn fits to the high
activity of BUp P.aeru towards NCPAla equally to 2V8H. According to the measured
distances NCPAla and NCBLhSer would most probably be coordinated by hydrogen bonds
[261]. The highest distances to the residues of the proposed active site were found for
NCBLhMet, which may explain the lower activity towards this substrate because a higher
distance than 3 A does not lead to formation of hydrogen bonds [261]. Compared to polar
NCBLhSer the residue of NCBLhMet is unpolar and thus a good coordination through
formation of hydrogen bonds is more unlikely, since Glu, Gln and His are all polar residues
[263].

All mentioned earlier BUps belong to the enzyme class of hydrolases using water to cleave a
bond. For hydrolases the most common mechanisms are based on acid/base chemistry with
histidines and glutamate being two of the most common catalytic residues of this class [263].
Furthermore for most of the known hydrolases the reaction includes covalent attachment of a
residue to the substrate to be able to cleave the bond to be cleaved [263]. For SkiBUp (2V8H)
a similar mechanism has been reported by Lundgren and co-workers (see Figure 24, p. 34)
[173]. Thus is can be assumed for BUps P.aeru and Burkl to form hydrogen bonds and thus a
binding of the substrate to stabilize transition states is likely. The most observed catalytic
triad for the class of hydrolases is serine-histidine-aspartatic acid (Ser-His-Asp). This triad
was not proposed for fUps P.aeru and Burkl, however it has also not be described for other

decarbamoylating enzymes e.g. SkIBUp (2V8H) [173], L-Carb 3NS5F [178] or D-Carb 1FO6
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[181]. However in all novel enzymes but AaHyd Burk4 at least two histidines and one
aspartate residue was proposed to be part of the active site (Table 49, p. 124). A serine was
not prognosticated for any of the novel enzymes. Thus it can be assumed that proposed fUps
Burk1-3, P. oleo and P.aeru as well as L-Carb Burk5 and AaHyd Burk 4 may belong to the
class of hydrolases [E.C. 3.]. Also the highly conserved Gly, present in each proposed active
centre of the seven novel enzymes probably is able to coordinate the outer amino group of the
N-carbamoyl group with its acid group. This has also been reported for the coordination of

NCBAla in 2V8H [264].

In the structure of AaHyd 1Z2L the co-crystallized allantoic acid is oriented in a different way
compared to NCBAla in 2V8H. Here the acid group faces the metal ions and distance between
ligand and catalytic residues are longer compared to ligand binding in 2V8H [265]. As
proposed earlier Burk4 that possesses the highest amino acid query cover towards AaHyd
1Z2L and is most likely an AaHyd. For 1Z2L it is reported that an Arg/Asn, His and Gln
coordinate allantoic acid [182]. Because of missing data and tertiary structures of other
AaHyds, 1Z2L is the only enzyme available for comparison to AaHyd Burk4. The proposed
active site of AaHyd Burk4 demonstrates that allantoic acid could probably be coordinated by
residues glutamine (GIn-208), two histidines (His-397 and His-95) (see Figure 53, p. 129).
Like in 1Z2L the oxygen of the acid group of allantoic acid was found to be coordinated by a
histidines residue (His-95) and one N-carbamoyl group by a glutamine residue (GIn-208). To
both residues the distances are in a range of 3 A, which is similar to distances of possible
hydrogen bonds [261]. AaHyd Burk4 showed approximately the same activity towards
NCPBAla, allantoic acid and NCaLSer, which is reflected in approximately same energy scores
of dockings and also similar distances towards proposed residues of the active site. Like in the
structure of allantoic acid also NCaLSer possesses polar heteroatoms, which are able to form
hydrogen bonds. This and low distances to the proposed active site residues may be

responsible for the similar activities for these substrates.

In every proposed model of the novel enzymes also metal ions may play an important role as
cofactors since decarbamoylating enzymes tend to be cofactor dependent [176], [264], [265].
In general for one third of all known enzymes a metal ion is required for the catalysis. Metal
ions are mostly involved in three kinds of catalytic processes: (1) binding of substrates to
ensure a suiting conformation of it; (2) Redox-reactions by change of the oxidation state and
(3) electrostatic stabilisation or negative charge shielding [1]. In known hydrolases 39 %
required a metal ion for their catalysis [266]. As already mentioned regarding to the

observations made for the novel enzymes a metal dependency towards their catalysis can be
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assumed. For other decarbamoylating enzymes an interaction of metal ions between polar and
charged groups, e.g. acid and N-carbamoyl group and the acid group of the substrates is
reported, e.g. for SkIpUp (2V8H) [173]. According to this it can be assumed for the novel
enzymes that metal ions like Mn>" may function in the activation and/or in the electrostatic
stabilization of the transition state of the of the N-carbamoyl-substrate. This influence has
been reported in case metal ions are not involved in redox-catalysis, which is the case for
decarbamoylating enzymes [266]. Since metal ions are known to provide electrostatic
stabilisation a positive influence towards substrates with tiny or polar residues may be
suggested, since substrates with unpolar and more sterical residues tended to be less converted
by the novel enzymes. The lower conversion of unpolar and more sterical residues has already

been discussed earlier.

It is noteworthy that the results obtained from ConSurf fit to those of the enzyme models
generated with Phyre” and the performed dockings. All docked substrates were found to be
very close to the identified highly conserved amino acids. Algorithms of ConSurf and Phyre”
perform multiple sequence alignments based on different sources. Thus it is a good indicator
if their results correlate. It is also conspicuous that all proposed active sites of the novel
enzymes constitute of exclusively polar residues. The only enzymes for which a single
unpolar residue was proposed to be in the active site are Burk4 (with Val) and Burk5 (with
Ile). The Ile residue present in L-Carb Burk5 could be the reason for its good conversion of
the unpolar substrate NCaL-NeoGly. The missing of unpolar groups in the proposed active
sites of decarbamoylating enzymes suggests repulsion between polar residues of the catalytic
cleft and the unpolar phenyl residue of NCBPhe. This would correspond to the fact that no
activity towards NCBPhe could be observed.

All of the seven novel enzymes exhibited an activity towards aliphatic NCBAAs even though
they possess several differences in their amino acid sequence and tertiary structure. Thus it
can be assumed that the scope of possible variations in regard towards mutations for protein

engineering is available.



DISCUSSION 166

5.3 Decarbamoylating enzymes with 3D-tertiary structures

5.3.1 Evaluation of current classification

Like the new identified enzymes BUps Burk1-3, P.oleo and P.aeru, L-Carb Burk5 and AaHyd
Burk4 also the enzymes 2V8H, 514M, 3NS5F, 1Z2L and 1FO6 were investigated on their
activity towards representative substrates of different enzyme classes. In contrast to the novel
enzymes four of the five mentioned enzymes with known 3D-tertiary structure have been
already classified in previous publications (see Figure 54, p.131) [173], [178], [181], [182]. In
addition to this to this at least three cross-class activities were detected for each of these
enzymes in this work (Table 53, p. 135). As mentioned previously only BUps have been
discussed to possess an additional activity towards proteinogenic NCaL-amino acids and thus
L-Carb activity [169][52]. As discussed earlier the novel enzymes BUps Burk1-3, P.oleo and
P.aeru, L-Carb Burk5 and AaHyd Burk4 cross-class activities have been detected.

For 2V8H, 514M, 3NS5F, 1Z2L sharing a high amino acid sequence and structural similarity
were found to possess activity towards NCPAla, allantoic acid and NCoaLSer but with
different activities towards each substrate. Until today no activity for 514M has been reported.
The full conversion of NCBAla for BUp 2V8H and 514M (class not defined) was found to be
cofactor independent. Thereby it can be suggested that 5I14M can be classified as BUp. Like
other known BUps they also possess L-Carb activity, which appeared to be cofactor
dependent, since a much higher conversion was achieved using MnCl, as cofactor.
Enantioselectivity of these enzymes was not investigated in in this work. The novel found
activity towards allantoic acid for BUps 2V8H and 5I4M has never been reported and
appeared to be cofactor independent. However only MnCl, was tested in this work. The
higher relative activity of 514M compared to 2V8H towards allantoic acid can be caused due
to a higher final enzyme concentration. To relatively compare the enzymes they should be
tested with the same enzyme concentration each in the same experiments, which was not done

for the results presented Table 53 (p. 135).

In contrast to cofactor independent conversion of NCBAla by fUps 2V8H and 514M and the
as L-Carb classified enzyme 3N5SF showed a high cofactor dependency towards conversion of
NCBAla. The high cofactor dependency towards CoCl, has been reported for several
NCoaAAs in literature but a BUp activity has never been shown before [176]. Also the
newfound activity towards allantoic acid could be slightly cofactor dependent, but no other

cofactors than CoCl, were investigated in this work. Interestingly also the activity towards



DISCUSSION 167

NCoaLSer appeared to be completely cofactor dependent, since no aLSer was detected when
no cofactor was present. This has not been pointed out in literature, but activity towards

NCoalLSer has also not been reported yet [176].

Even if for 1Z2L a low enzyme concentration of 0.22 pg/ul had been present in the reactions
(compared to concentrations of other enzymes) a much higher (> 95 %) relative conversion of
allantoic acid was observed. This observation suits the reported AaHyd activity of 1Z2L
[265]. However the reaction seems to be cofactor independent. No specific cofactor
dependency is reported for 1Z2L but it was mentioned that the enzyme can be activated by
adding substrate and Mn”" [151]. Contrary to that a cofactor dependent activity was observed
for NCBAla and NCaLSer. Thus the enzyme can be identified as AaHyd with additional BUp
and L-Carb activity, which has never been reported before. Beyond that AaHyd 1Z2L

possesses a high activity even at low concentrations thus low Ky can be assumed.

Even if no activity towards NCBAla was found for D-Carb 1FO6 in lysate experiments an
activity towards allantoic acid and NCaDSer could be detected for the first time. Regarding to
literature 1FO6 possesses activity towards aromatic D-enantiomeric substrates (e.g. NCaD-
hydroxyphenylglycine) but apparently also towards aliphatic D-substrates like NCaDSer.
However the activity towards NCaDSer was only moderate (~20 %) in contrast to the high
enzyme concentration of 4.9 pg/ul used. Regarding to the results of this work aromatic
substrates were converted completely, such as the natural substrate NCaD-hydroxy-
phenylglycine. Furthermore neither cofactor dependency was observed in this work nor is
reported for D-Carb 1FO6 [267]. Moreover activity and stability of this enzyme are known to
be negatively affected by metal ions [268]. This was also observed in some experiments with
1IFO6. The activity towards allantoic acid is surprisingly since 1FO6 exhibits a different
tertiary structure. However as displayed in Table 51 (p. 131) the enzyme still possesses a
sequence similarity of > 45 % to 2V8H, 514M, 1Z2L and 3NS5SF. Thus 1FO6 is a quite
homologue protein to 1Z2L. In general all other investigated enzymes have a sequence

similarity of > 50 % towards 1Z2L and possess an activity towards allantoic acid.

Together with the results from Burkl-5, P.oleo and P.aeru it can be assumed that most
decarbamoylating enzymes possess not only a high structural and sequential similarity to each

other but also a similar substrate scope regarding NCBAla, allantoic acid and small NCaAAs.
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5.3.2 Production of aliphatic f-amino acids

BUps 2V8H and 514M, L-Carb 3N5F, AaHyd 1Z2L and D-Carb 1FO6 were investigated and
compared to each other towards their conversion of different aromatic and aliphatic NCp-
homo-amino acids (see Table 54 p. 24). All investigated enzymes were able to produce aliphatic
BAAs, but an activity towards aromatic NCBAAs was not observed. fhDAla, BhLSer, fhDSer
and BhLMet were enzymatically produced for the first time in this work since no information

can be found in literature.

The best conversions of NCBhLAla were detected for BUps 2V8H and 514M and L-Carb
3NSF. This fits to the fact that these enzymes also obtained the best activity towards the
structurally similar NCBAla (Table 54, p. 138). However the activities towards NCBhLAla were
about 40-80 % lower compared to NCBAla conversion. This could be due to the additional C-
atom of NCBhLAla that may cause a different orientation or steric clashes in the active site,
which in turn may result in the lower conversion rate. As already discussed earlier steric
clashes of NCBhLAla and lower conversion rates in comparison to NCBAla have also been

reported for the model structure of Pcara; [169].

Almost no activity towards NCBhLAla (with MnCl,) was observed for AaHyd 1Z2L showing
a relative conversion of > 60 % of NCPAla when Mn®" is present. This leads to the
assumption that 1Z2L may catalyses the degradation of NCBhLAla differently than 2V8H,
514M and 3NS5F. Using 3NSF the best yield was achieved for BhLAla of 56 %. Almost the
whole converted substrate amount was detected as product. For 2V8H way lower product
concentrations than converted substrate concentrations were detected. Maybe the substrate is

cleaved in a different way as mentioned earlier.

2V8H, 5I4M and 3NSF showed approximately the same activity towards NCBhLSer. For
2V8H more product was obtained for BhLSer than for BhLAla. This may be due to the
heteroatom in the serine residue. For the sterically larger NCBhLMet only low conversions of
maximum 16 % and 4 % formed product were detected. Compared to the good converted
NCBhLSer it also possesses a heteroatom, which may influences the coordination in enzymes
active sites. However NCBhLMet may be more sterically hindered in the active site. To
explain this observation several docking experiments were performed which will be discussed

in more detail in the following section.

1IFO6 exhibits a remarkable activity towards NCBhDAla and NCBhDSer. Almost the same

amount of degraded substrate was converted into the corresponding product with a final
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enzyme concentration of 0.9 pg/ml. This is the first time a D-B-amino acids has been
enzymatically produced. Surprisingly the enzyme exhibits a higher activity towards
NCBhDAIla and NCBhDSer than towards NCaDSer. A reason for this may be the shifted
position of the amino group, leading to a better positioning in the active site. The reactions of
1FO6 appeared to be cofactor independent which has been reported for this enzyme [268].
Thus 1FO6 may be a good candidate for further investigations towards the production of BhD-
amino acids. D-Carbs like 1FO6 tend to be more instable than BUps but investigations on

enhancing their stability have already been reported [224].

Therefor substrates may be tested again with an available mutant of 1FO6 to investigate

whether the activity maintains while the enzyme stability is increased at the same time.

Also 3N5SF might be interesting for further investigations since this enzyme possesses a high
thermal stability and an optimal reaction temperature of 65 °C [176]. Since it exhibits a good
activity towards NCPhLAla and NCPhLSer it may be a potential candidate for the

biotechnological production of aliphatic B-amino acids via a modified hydantoinase process.

BUps 2V8H and 514M, L-Carb 3NS5F, AaHyd 1Z2L and D-Carb 1FO6 did not convert
aromatic NCBAAs like NCBD/LPhe and NCBD/LTyr. By 1FO6 a high conversion of aromatic
NCaD-amino acids was reported [180]. It may be possible that the B-position of the amino
group of the B-substrate drastically influences the enzyme activity. Here for also docking
experiments were performed which are discussed in the following section. However 1FO6
may also be a good candidate for protein engineering approaches to produce fDPhe, because

this enzyme already offers the ability to accept bulky and sterically large amino acid residues.

5.3.3 Insilico docking experiments versus in vitro experiments

It is possible to establish some connections between the experimentally and computationally
obtained results. The conserved amino acid residues obtained from analysing ConSurf results

led so similar results as reported literature.

As described earlier for fUp 2V8H the amino acids Arg-322, Asn-309, His-397, GIn229 and
Gly-396 are described to be involved in the catalytically degradation of NCBAla [173].
Almost all these residues were also identified through the ConSurf Server. The observed
energy scores for docked substrates of BUp 2V8H reflect the results determined by in vitro
experiments conducted in this thesis. Substrates that showed a high activity tend to have low

energy scores close to those of NCBAla. Lower energy scores are equal to a low binding



DISCUSSION 170

energy between ligand and enzyme molecule and thus a better fit of the docked substrate into
the active site. It becomes apparent that substrates showing good activity in vitro and a
corresponding low energy in docking experiments are either unpolar and very small or polar.
The much higher energy scores determined in silico for NCBPhe correlate with the fact that
no degradation of this substrate was observed in vitro. The high energy scores for NCBPhe are
interpreted as a bad binding of NCBPhe to the active site of 2V8H. Virtual investigations of
this docking revealed that sterical clashes might appear. This has also been reported for fUp
from A. tumefaciens (Pcarar) [169] as already mentioned earlier. Other docking approaches
for BUps except for fcarat and 2V8H in this work are not known.

Regarding to the in vitro and in silico results obtained for 2V8H it is assumed that ligand-
docking results can give an impression on the activity of fUp 2V8H. Since for 2V8H a 3D-
tertiary structure with a co-crystallized substrate is available to find appropriate starting
coordinates good docking results were obtained. When comparing the dockings of different
substrates conducted for 2V8H it was found that the phenyl residue of NCBPhe faced either to
His-397 or towards Arg-322. The aromatic phenyl residue is completely unpolar. In contrast
to that all residues of the active site possess very polar side chains. There could be repulsion
between polar and nonpolar groups. In general substrates can be coordinated in the active site
through different physical forces. For instance Van der Waal forces, hydrogen bonds or ionic
interactions [1]. To form a hydrogen bond, a hydrogen donor and acceptor group is required.
Short and strong hydrogen bonds usually possess a length of < 3 A and can be build between
polar groups [261]. Thus it could be assumed that the phenyl residue cannot build hydrogen
bonds because of missing polarity and cannot form Van der Waals or ionic interactions
because of missing dipoles and charges. For example a phenol residue can form hydrogen
bonds because of its OH-group [261]. For BUp 2V8H also several other aromatic NCaAAs
such as NCaLPhe were tested in vitro but no significant activity was detected (see Table 56,
p-196). Thus it can be assumed that the B-position of the amino group of the corresponding
amino acid is not the sole reason that no degradation was observed towards NCBPhe. It can be
assumed that 2V8H is not able to coordinate unpolar (especially phenyl-) residues due to the
amino acids composition in its active site. This presumption may also explain why a
conversion of NCBHep has never been observed, because it also possesses an unpolar and
long side chain. E.g the phenylalanine side chain is known to form only weak hydrogen bonds
of the types OH-n and CH-O [269] but to form van der Waals type interactions. Distances of
the phenyl residue to catalytic residues in the active site were measured of ~3 A for performed

in silico dockings in this work. Van der Waals interactions e.g. between aromatic residues are
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optimally 5-7.5 A [270]. The large size of the phenylalanine side chain and the low distance
to the catalytic residues may lead to repulsion reaction since the optimal distance for van der
Waals interactions is not possible according to the results of the NCBPhe docking. For smaller
substrates with unpolar side chains like NCaGly or NCaVal a conversion has been observed
in vitro. However with increasing sterical size of the residue the activity towards the substrate
decreased. E.g. for NCaLeu a worse degradation was observed than for NCaGly. A reason for
this may be that the polar and charged N-carbamoyl- and acid groups of each amino acid are
able to equalize the unpolarity of smaller side chains. According to the dockings of NCBAla,
NCBhLSer N-carbamoyl- and acid groups have ~3 A distance and are able to build hydrogen
bonds. A good activity towards aliphatic NCBAAs was observed for NCBhLAla and
NCPBhLSer, possessing only a small unpolar side chain and a polar side chains. For all
enzymes investigated in this work a lower activity towards NCBhLMet, which possesses also
an unpolar side chain was observed. The docking of NCBhLSer in 2V8H revealed that it may
be possible that the CH,-OH group builds a hydrogen bond to Gly-396 (see Figure 56, p.143).
NCBhLMet with its unpolar side chain probably is not able to form hydrogen bonds, but it
may be able to build weaker van der Waals forces through its sulphur heteroatom. This could

be the reason for the lower degradation of NCBhLMet compared to NCBhLSer.

BUp 514M possesses a similar activity as 2V8H regarding NCBAla but no information about
the amino acid residues responsible for the activity, is available in literature.
Decarbamoylating enzymes were described to be able to switch back and forth between an
active and inactive conformation dependent on whether a substrate is bound to the active site
or not [170], [182]. If no substrate is bound, the enzyme is present in its open conformation.
Since 514M was not co-crystallized with bound substrate it can be assumed that the structure
available from PDB data bank represents its inactive (open) conformation. Through analysis
with the ConSurf Server and comparison with the PDB-structure of BUp 514M it can be
assumed that His-371, GIn-206 and Arg-301 are responsible for the catalytic activity of the
enzyme. Asp-107 and His-203 may be essential for the coordination of the cofactor metal
ions. These findings perfectly reflect the results obtained from in vitro studies regarding the
high activity of BUps 514M and 2V8H towards NCBAla. In 2V8H the coordination is also
performed by a His, Gln and Arg residue via hydrogen bonds [173]. The structure of 514M
reveals that the N-carbamoyl-group is coordinated by GIn-206 and His-371 and the acid-group
by Arg-301 similar to the mechanism in 2V8H. The methionine side chain of NCBhLMet is
located towards His-371 with a distance of 4 A thus polar interactions might be weaker and

thus may explain the slight conversion of this substrate. While the N-carbamoyl-group and the
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acid group of NCBhLMet are oriented in the same way as for NCBAla, the acid-group of
NCPBPhe is completely shifted. A building of hydrogen bonds to Arg-301 is thus impossible.
Here additionally a repulsion of the unpolar phenyl residue of NCBPhe and Arg-301 can be

assumed.

Compared to BUps 2V8H and 514M the active site of L-Carb 3N5F looks slightly different.
From the reported catalytic triade of Arg-286, His-225 and Asn-273 [178] only His-225 was
identified by ConSurf analysis. Arg-286 and Asn-273 were not found to be close to the active.
However the active site was defined by transferring NCBAla from 2V8H to 3NSF. It may be
possible that this led to wrong assumptions of the location of the active site due to unrealistic
starting coordinates. But usually the active site for decarbamoylating enzymes was found to
be close to the metal ions in the structure. The active site for 3NSF in this work is thus
proposed to constitute of Glu-125 and Gln-192 and His-225 to coordinate NCBAla (see Figure
58, p. 145). The other identified highly conserved residues Asp-81, Asp-90, Gly.91, Glu-187
and His-189 probably coordinate the metal atoms. The conversion of NCBhLSer may be
explained due to the fact that it is most likely oriented as NCBAla. A docking of NCpPhe was
not executable by ROSIE reflecting the experimental result that no conversion of NCBPhe
was observed. Apparently no possible orientation for NCBPhe in the active site of 3NSF was

found under the set conditions.

AaHyd 1Z2L was co-crystallized with allantoic acid. Thus is has to be assumed that the
displayed enzyme was in its closed (active) conformation [182]. According to literature 1Z2L
possesses also a His (His-384), Gln (GIn-195) and Arg residue (Arg-290) to coordinate the
substrates like BUps 2V8H and 514M [182]. But through taking a closer look into the
structure, the highly conserved residues seem to be further away from each other (see Figure
59, p. 146). This could be because allantoic acid is bigger than NCBAla. These findings could
explain why AaHyd 1Z2L also possesses an activity towards NCBAla but a lower one
compared to BUps 2V8H and 514M. Docked NCBhLMet is oriented differently than docked
allantoic acid. A polar interaction of the methionine side chain with Arg-290 may be present,
but may also lead to a different degradation of NCBhLMet. This might explains the slight

substrate conversion and no product detection obtained for in vitro experiments.

The active site of 1FO6 is very different than the active sites of the other four enzymes. This
has also been reported in literature. For example a Cys and a Lys can be found in the active
site of 1FO6 that are not present in the other enzymes active sites. Glu-47 and Cys-172 are

supposed to coordinate the substrate in the catalytic cleft [181]. The acyl group of the N-
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carbamoyl-group is supposed to be coordinated by Cys-172. This was not observed in the
conducted dockings. However the starting coordinates were generated by alignment with a
mutant of 1FO6 may possess a different structure and thus other coordinates than the original
IFO6 structure. It is possible that the chosen starting coordinates to perform docking
experiments were not optimal. The docking should be repeated using more plausible
coordinates. This example shows the limitations of the ligand docking if no optimal starting
coordinates are available. However, no other D-Carb with co-crystallized substrate was found
in the protein database (PDB). The high activity towards NCahydPheGly may be a result of
the OH-group that gives its residue the ability to form stronger hydrogen bonds and polar
interactions to other amino acid residues. In contrast to that no polar group is present in
NCPPhe. This and the shifted position of the amino group could be the reason that NCBPhe is
not converted by 1FO6, which usually possesses activity towards many aromatic substrates.
Dockings conducted for D-Carb from Agrobacterium sp. strain KNK712 (PDB code 1ERZ)
have been reported in order to investigate the catalytic mechanisms of the enzyme using

Affinity program [271].

Regarding these observations it can be assumed that probably other NCBAAs can be
converted to the corresponding amino acids by one of these enzymes. However, according to
in vitro and in silico experiments the residue should not be too large and bulky. A substrate
with a polar side chain or a charged group is probably preferred. Thus substrates like N-
carbamoyl-B-histidine, N-carbamoyl-B-threonine, N-carbamoyl-p-asparagine, N-carbamoyl-f3-
aspartic acid or N-carbamoyl-B-glutamic acid should be chemically synthesized and tested. A

high probability for their conversion can be assumed.
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6 Conclusion and Outlook

Aim of this project was to identify enzymes for the production of p’-amino acids that are to be
used in a modified hydantoinase process. The identification of a N-carbamoyl-f-
phenylalanine degrading wild-type strain possessing an enzyme to produce B-phenylalanine
by the conducted microbial screening was not achieved. However, since only slightly more
than 200 strains were screened, it is possible that a suitable enzyme may be found in another
organism. Identified strains with slight growth on N-carbamoyl-B-phenylalanine as sole
nitrogen source should be further investigated. In order to make screening more systematic,
additional wild-type strains have to be examined in combination with computational
bioinformatic high-throughput methods. Since computational algorithms can only be used to
analyse already known sequences, in vitro screening is still essential. For example,
cyanobacteria should be investigated since they are known producers of B-amino acids. Other
methods, such as artificial evolution, should also be considered. However several
biocatalytically approaches for the production of B-phenylalanine on a gram scale have been

already developed over the past years (see section 1.4.3.).

Although no enzyme was identified for the production of B-phenylalanine aliphatic f*-amino
acids B-L-homo-alanine and B-L-homo-serine were biocatalytically produced for the first time
using seven newly identified and classified decarbamoylating enzymes BUps Burk1-3, P.oleo
and P.aeru, AaHyd Burk4 and L-Carb Burk5. Additionally also the non-canonical a-amino
acids L-neopentylglycine and B-2-thienylalanine were produced using these enzymes. The use
of five enzymes known from literature (BUps 2V8H and 514M, L-Carb 3NS5F, D-Carb 1FO6
and AaHyd 1Z2L) led to the synthesis of B-L-homo-alanine, B-L-homo-serine, f-D-homo-
alanine and B-D-homo-serine. Also a slight formation of B-L-homo-methionine was detected
using these enzymes. This is the first time p*-amino acids having a larger side chain than a
methyl-group and D-p’-amino acids were enzymatically produced. Several novel cross-class
activities were identified for all twelve enzymes. A preference towards conversion of
substrates with polar or charged side chains can be assumed due observations of in vitro
experiments and in silico dockings. In turn a degradation of substrates with large, sterical and
unpolar side chains seemed to be inhibited through the amino acid residues present in the
active sites of the enzymes. Thus other N-carbamoyl-B-amino acids like N-carbamoyl-p-
threonine, N-carbamoyl-p-lysine or N-carbamoyl-B-asparagine should be investigated for their
conversion by decarbamoylating enzyme used in this work to enzymatically synthesize the

corresponding B-amino acid.
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Like aromatic B-amino acids also aliphatic B-homo-amino acids show a broad application area
[71]. One of the biggest challenges of the modified hydantoinase process is the low solubility
of PheDU (up to 4 mM) and NCBPhe (up to 20 mM). In this work it was found that especially
B-homo-amino acids are more soluble (> 100 mM). Additional heating to 40 °C to the optimal
activity of newly identified enzymes would increase the solubility even more. The influence
of other bivalent metal cofactors on the conversion of non-canonical N-carbamoyl-p-
substrates is to be investigated more intensively since almost no information is available
regarding this topic. Furthermore the newly identified cross-class activities, the
enantioselectivity and the enantiospecificity of the novel identified enzymes should be
investigated since this was not examined in this work. Also a more detailed characterization
regarding their thermal and physical sustainability should be performed. Additionally the
required enzyme concentration to fully convert N-carbamoyl-f-homo amino acids should be

determined.

All enzymes investigated in this work possess a wild-type activity towards chiral non-
canonical N-carbamoyl--homo amino acids and thus offer particular potential for rational
protein engineering, especially if a tertiary structure is available. Using the latest techniques,
mutants can be produced and tested within a few weeks or months. Thus the already started
protein engineering experiments for BUps 2V8H and 514M presented in this work should be
continued. Docking experiments conducted in this work can be used as the basis for these
protein engineering experiments. A more detailed analysis of these ligand dockings, e.g.

calculation of van der Waals energies may give a deeper insight into the enzymatic catalysis.

The twelve enzymes investigated in this work may be used in a modified hydantoinase
process for the production of B’-amino acids. In order to complete the enzyme cascade
attempts could be made to chemically produce corresponding hydantoins leading to BhAla,

BhSer or BhMet. In a further step, suitable hydantoinases should be identified.

Like aromatic B-amino acids also aliphatic B-homo-amino acids show a broad application area
[71]. One of the biggest challenges of the modified hydantoinase process is the low solubility
of PheDU (up to 4 mM) and NCBPhe (up to 20 mM). In this work it was found that especially
B-homo-amino acids are more soluble (> 100 mM). Additional heating to 40 °C to the optimal
activity of newly identified enzymes would increase the solubility even more. The influence
of other bivalent metal cofactors on the conversion of non-canonical N-carbamoyl-p-
substrates is to be investigated more intensively since almost no information is available

regarding this topic. Furthermore the newly identified cross-class activities, the
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enantioselectivity and the enantiospecificity of the novel identified enzymes should be
investigated since this was not examined in this work. Also a more detailed characterization
regarding their thermal and physical sustainability should be performed. Additionally the
required enzyme concentration to fully convert N-carbamoyl-f-homo amino acids should be

determined.

All enzymes investigated in this work possess a wild-type activity towards chiral non-
canonical N-carbamoyl--homo amino acids and thus offer particular potential for rational
protein engineering, especially if a tertiary structure is available. Using the latest techniques,
mutants can be produced and tested within a few weeks or months. Thus the already started
protein engineering experiments for BUps 2V8H and 514M presented in this work should be
continued. Docking experiments conducted in this work can be used as the basis for these
protein engineering experiments. A more detailed analysis of these ligand dockings, e.g.

calculation of van der Waals energies may give a deeper insight into the enzymatic catalysis.

The twelve enzymes investigated in this work may be used in a modified hydantoinase
process for the production of B’-amino acids. In order to complete the enzyme cascade
attempts could be made to chemically produce corresponding hydantoins leading to BhAla,

BhSer or BhMet. In a further step, suitable hydantoinases should be identified.
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8.3 Additionally detected enzyme activities

All biotransformations described in this section were conducted according to 3.2.3.6. Lysate
was obtained resuspending 1 g wet biomass of expressed cells with 5 ml HEPES buffer. Cells

were disrupted using sonification (see 3.2.3.1).

8.3.1 PBUp from L. kluyveri (PDB: 1R3N or 2V8H)

BUp from L. kluyveri was additionally tested on activity towards several N-carbamoyl-a-L-
amino acids using enzyme lysate. Initial substrate concentration was 5 mM each. Reactions
were performed over night at 30 °C pH 8 and 1000 rpm and stopped after 20 h by protein
denaturation at 95 °C for 5 min. An overview of the results is given in Table 56. The bigger

and more unpolar the amino acid residue the lower was the detected activity.

Table 56: Activity of Up from L. kluyveri towards N-carbamoyl-a-L-amino acids.

“+” = (0.1-1 mM substrate conversion; “++” = 1-4 mM substrate conversion; “+++” = > 4 mM substrate
conversion. Reactions were performed over night at 30 °C and 1000 rpm with enzyme lysate and stopped after
20 h by protein denaturation at 95 °C for 5 min. Initial substrate concentration was 5 mM. “-“ = Without
additional cofactor.

Substrate Tested Cofactors Substrate degradation
Aliphatic
N-carbamoyl-a-L-glycine +++ (all conditions)
N-carbamoyl-a-L-serine +++ (all conditions)
N-carbamoyl-a-L-aminobutyric acid +++ (all conditions)
N-carbamoyl-a-L-cysteine -, ZnCl,, NiCl,,  +++(-)
N-carbamoyl-o-L-valine MnCl,, CoCl, ++ (NiCl,, MnCl,)
N-carbamoyl-a-L-isoleucine ++ (NiCl,, MnCl,)
N-carbamoyl-o-L-leucine + (CoCly)
N-carbamoyl-a-L-methionine ++ (MnCl,)
Aromatic
N-carbamoyl-a-L-phenylalanine -, ZnCl,, CoCl, -
N-carbamoyl-a-L-phenyglycine -, ZnCl,, CoCl, -

N-carbamoyl-a-L-hydroxy phenyglycine -, ZnCl,, CoCl, -
Rac N-carbamoyl-a-L-Tryptophan -, ZnCl,, CoCl, -

8.3.2 PBUp from P. aeruginosa

Additionally for P.aeru the conversion of NCBAla was investigated regarding to its velocity.

Therefore 10 mM of NCBAla were dissolved in 100 mM HEPES buffer pH 8. Reactions were
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performed at 40 °C and 1000 rpm in a volume of 700 ul with a final concentration of 2 mM
MnCl; in triplicates. Reactions were mixed using a liquid handling station. P.aeru was FPLC-
purified with a final concentration of 0.9 pg/ul in the reaction. Reactions were started by
manually addition of the enzyme. As negative control a reaction without enzyme was carried
in triplicate. A product control with 10 mM was also carried in triplicate. After 5, 10 and 15
min 100 pl of the reaction solution were mixed with 10 pl of 2 M HCI and analysed via

Ehrlich-assay and HPLC. Results are given in

Table 57: Turnover of NCpBAla by P.aeru after S, 10 and 15 min.

Reactions were incubated at 40 °C and pH 8 in 100 mM HEPES buffer with 2 mM MnCl, and 0.9 pg/ul purified
P.aeru final concentration. Reactions were stopped by mixing 100 ul of the reaction mixture with 10 pl 2 M HCI.
Samples were taken after 5, 10 and 15 min.

Substrate Cofactor Substrate concentration (mM) after
0 min 5 min 10 min 15 min
N-carbamoyl-f-
. MnCl, | 9.59+0,03 0.52+0.08 0+0 0+0
alanine
Product Product concentration (mM) after
B-alanine MnCl, 0 min 5 min 10 min 15 min

9.36+0.1 545+0.1 9.31+ 0.2 9.65+0.1

8.3.3 D-Carb from R. radiobacter (PDB: 1FO6)

1IFO6 (PDB) from R. radiobacter was tested on activity towards N-carbamoyl-o-D-amino
acids using enzyme lysate. Initial substrate concentration was 10 mM each. Reactions were
performed over night at 37 °C pH 7 and 1000 rpm and stopped after 20 h by protein

denaturation at 95 °C for 5 min. An overview of the results is given in Table 58.

Table 58: Activity of 1FO6 from R. radiobacter towards N-carbamoyl-a-D-amino acids.

“+++4” = Full conversion of 10 mM substrate. Reactions were performed over night at 37 °C and 1000 rpm with
enzyme lysate and stopped after 20 h by protein denaturation at 95 °C for 5 min. Initial substrate concentration
was 10 mM. “-“ = Without additional cofactor.

Substrate Tested Cofactors Substrate degradation

N-carbamoyl-a-D-para-hydroxy-
++ (-)
phenylglycine -, CoCl,

N-carbamoyl-a-D-tyrosine ++ (-)
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8.3.4 L-Carb from G. stearothermophilus (PDB: 3N5F)

3NSF (PDB) from G. stearothermophilus was tested on activity towards N-carbamoyl-o-L-
amino acids using enzyme lysate. Initial substrate concentration was 5 mM each. Reactions
were performed over night at 65 °C pH 7 and 1000 rpm and stopped after 20 h by protein

denaturation at 95 °C for 5 min. An overview of the results is given in Table 59.

Table 59: Activity of 3N5SF from G. stearothermophilus towards N-carbamoyl-a-L-amino acids.

“+” = (0.1-1 mM substrate conversion; “++” = 1-3 mM substrate conversion; “+++” = > 4 mM substrate
conversion. Reactions were performed over night at 65 °C and 1000 rpm with enzyme lysate and stopped after
20 h by protein denaturation at 95 °C for 5 min. Initial substrate concentration was 5 mM.

Substrate Tested Cofactors Substrate degradation
N-carbamoyl-a-L-valine +++
o CoCl,
N-carbamoyl-a-L-methionine ++

8.3.5 PBUps Burkl, Burk 2 and Burk 3 from B. phytofirmans and fUp P.oleo from P.
oleovorans

BUps Burkl, Burk 2 and Burk 3 from B. phytofirmans and BUp P.oleo from P. oleovorans
were additionally investigated on their conversion of several chiral N-carbamoyl-a-substrates
using enzyme lysate. Reactions were performed dissolving 10 mM of each substrate in 50
mM HEPES pH7 and incubating reactions at 30 °C and 1000 rpm for 20 h. Substrate controls
without enzyme and product controls for monitoring product degradation by the
corresponding enzyme were also carried. Reactions were performed without and with MnCI2
as cofactor (2 mM final concentration). Reactions were conducted mixing 400 pl of substrate
solution with 100 ul lysate in duplicates using a liquid handling station. Reactions were
stopped by 5 min denaturation at 95 °C. After centrifugation for 10 min at 13.000 rpm
supernatant was analysed with Ehrlich-Assay and HPLC. An overview of the tested chiral N-
carbamoyl-a-substrates for fUps Burkl, Burk 2 and Burk 3 P.oleo is given in Table 60.
Percentage amounts of converted substrate and formed product were calculated in relation to
the detected amount of substrate in substrate controls after 20 h. Standard deviations were
lower than 0.1 % and thus negligible. For canonical amino acids a-L-serine and o-L-
methionine strong product degradation in product controls was observed. Substrate decay was

not observed in substrate controls.
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Table 60: Activity of BUps Burkl, Burk 2 and Burk 3 and P.oleo towards chiral N-carbamoyl-a-
substrates.

Reactions were performed dissolving 10 mM of each substrate in 50 mM HEPES pH 7 and incubating reactions
at 30 °C and 1000 rpm for 20 h. MnCl, was added with 2 mM final concentration. Converted amount of substrate
and formed product was calculated in relation to amount of substrate in substrate controls detected after 20 h.

Enzyme

Substrate / product Cofactor Burkl Burk2 Burk3 P. oleo

Converted substrate [%]

N-carbamoyl-a-L- - 0 0 3+0 5+0
phenylalanine
MnCl, 22+0 17+£0 9+0 18+0
N-carbamoyl-a-L-tryptophan - 5+0 2+0 5+0 3+0
MnCl, 14+£0 15+£0 16£0 11+0
N-carbamoyl-a-L-serine - 40+0 22+0 17+0 54+0
MnCl, 100 £0 99+ 0 98 £0 99+0
N-carbamoyl-a-L-methionine - 12+0 12+0 8+0 8+0
MnCl, 99+ 0 98 £0 91+0 53+0
N-carbamoyl-a-L-leucine - 8+0 9+0 11+0 11+0
MnCl, 8+0 9+0 16£0 15+£0
Formed product [%]
a-L-phenylalanine - 0 0 0 0
MnCl, 16£0 3+£0 0 1+0
a-L-tryptophan - 0 0 0 0
MnCl, 0 0 0 0
a-L-serine - 0 0 0 0
MnCl, 100 £0 99+ 0 98 £0 99+0
a-L-methionine - 0 0 0 0
MnCl, 69 £ 740 660 38+ 0
a-L-leucine - 0 0.5+0 0 0.3+0

MnCl, 3+£0 1+£0 1+£0 2+0
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8.4 Gene sequences

Gene sequences of novel decarbamoylating enzymes used in this work (see Table 4 p. 48 for
accession numbers). Restriction site marked for BamHI (GGATCC) and HindIIl (AAGCTT)

marked in grey.

>Burk 1 (Acc.: NC_010681.1:304 1700-3042980, Chromosome 1; 95749.51 Da.):

GCACTCTGGTGGATCCATGAATGCAGTTAGCGAAGCACTGAAACATGCAGAACCGACCACCAGTATTAAAGTT
GATGGTAAACGTCTGTGGGATAGCCTGATGACCATGGCAAAAATTGGTGCAACCCCGAAAGGTGGTGTTTGTC
GTCTGGCACTGACCGATCTGGATAAAGAAGGTCGCGATCTGATTGTTAGCTGGGCAAAAGAAGCAGGTTGTAC
CGTTAGCGTTGATCAGATGGGTAATGTTTTTATGCGTCGTGCAGGTCGTAATCCGGCAGCACTGCCGGTTATGA
CCGGTAGCCATGCAGATAGCCAGCCGACCGGTGGTCGTTTTGATGGTATTTATGGTGTTTTAGGTGGCCTGGAA
GTTATTCGTAGCCTGAACGATCATGGTATTGAAACCGAACATCCGGTTGAAGTTGTTATTTGGACCAATGAAGA
AGGTAGCCGTTTTGCACCGGCAATGGTTGCAAGCGGTGTTTTTGCGGGTGTTTTTACCCTGGATTATGGTCTGA
GCCGTAAAGATGTGGATGGTAAAACCATTGGTGAAGAACTGGAACGTATTGGTTATGCCGGTGATATTCCGTG
TGGTGGTCGTCCGCTGCATGCCGCATTTGAACTGCATATTGAACAGGGTCCGATTCTGGAAGCAGAACAGAAA
ACAATTGGTGTTGTTACCGATGCACAGGGTCAGCGTTGGTATGAAATTACCCTGACAGGTCAAGAAGCACACG
CAGGTCCGACACCGATGCCTCGTCGTCGTGATGCACTGCTGGGTGCAGCACGTGTTGTTGATCTGGTTAATCGT
ATTGGTCTGGATAATGCACCGTTTGGTTGTGCAACCGTGGGTATGATGCAGGTTTATCCGAATAGCCGTAATGT
TATTCCGGGTCGTGTGTTTTTTACCGCAGATTTTCGTCATCCTGATGATGCAGTTCTGGCCAAAATGGATGCAGC
CCTGCGTAAAGGTGTTGCAGATATTGCAAATGGTATCGGTCTGGAAACCGAGCTGGAACAAATTTTCTATTATG
CACCGGTTGCATTTGATGAAGCCTGTGTTAAAAGCGTTCGTGCAGCAGCAGAACGTTTTGGCTATCCGCATCGT
AATATGGTTAGCGGTGCAGGTCATGATGCATGTTATCTGAGCCAGGTTGCACCGACCAGCATGGTTTTTGTTCC
GTGTGTTGATGGCATTAGCCATAACGAAATTGAAGATGCAACCTTTGAATGGATTGAAGCGGGTGCAAATGTA
CTGCTGCATGCAATGCTGGAACGTGCATGTGAACCGGTTAGCTAAAAGCTTAATGCATATG

>Burk 2 (Acc.: NC _010676.1:286 1449-2862729, Chromosome 2; 95115.88 Da.):

GCACTCTGGTGGATCCATGCAGGTTCATGAAAGCACCACCGTTGCAACCTTTGCCGATCTGCGTGTTGATGGTG
CACGTCTGTGGGATAGCCTGATGCAGCTGGCACGTATTGGTGCAACCGATAAAGGTGGTGTTTGTCGTCTGGCA
CTGACCGAACTGGATCGTGAAGCACGTGACCTGTTTATTGCATGGGCAAAAGAAATTGGTTGTAGCGTTCGTGT
GGATGCCATTGGTAACATTTTTGCACGTCGTGCAGGTCTGCGTGATGATCTGCCTCCGGTTATGACCGGTAGCC
ATATTGATACCCAGCCGACCGGTGGTAAATTTGATGGTAATTATGGTGTTCTGGCAGGTCTGGAAGTTCTGCGT
ACCCTGACCGATGCAAATGTTCAGACCCTGGCACCGCTGGAAGTTGCAGTTTGGACCAATGAAGAAGGTAGCC
GTTTTGTTCCGGTGATGATGGGTAGCGGTGTTTTTGCCGGTGCATTTACCCTGGCGCATGCACTGGAACAGCAT
GATCGCGAAGGTATTACCGTTCGTGATGCCCTGGCTCGCATTGGTTATGCCGGTGAAATTACCAAACCGCATGC
AGTTGGTGCATATTTTGAAGCCCATATTGAACAGGGTCCTGTTCTGGAAGCACATGATAAAACCATTGGTGTTG
TTCAGGGTGCACTGGGTCAGCGTTGGTATGATGTTACCGTTCATGGTATGGAAGCGCATGCAGGTCCGACACC
GATGGAACTGCGTCGTGATGCACTGCTGGTTGCAGCAGATCTGATTCATGCAGTTAATCGTATTGCACTGGATC
ATGCACCGCATGGTCGTGGCACCGTTGGTTGGCTGGATGTTCATCCGAATAGCCGTAATGTTATTCCGGGTCGT
GTTACCCTGACAGTTGACCTGCGTGCAGCCGATGATGCAACACTGACCGCCATGGATAGCGCACTGCGTGCCG
CATGTGCAGTTGCAAGCGAAAAAACCGGCATTACCGTTGATGTTGAACAGGTTGTTTATTTTCCGCCTCAGCCG
TTTGCAGCCGAACTGGTTGGTGCAGTTAAACAGGGTGCAGATACCCTGGGTTTTAGCAGCATGGATGTTATTAG
CGGTGCAGGTCATGATGCAGTTTATCTGGCACGTGTGGCACCGGCAGCAATGATTTTTGTGCCGTGTAAAGATG
GCATTAGCCACAACGAAATTGAAGATGCACGTGCCGATCATCTGGAAGCCGGTTGTAATGTTCTGCTGCAGGC
AATGCTGAATGCAGCACAGAAAGCAGGTAGCGCAGATGCATAAAAGCTTAATGCATATG

>Burk 3 (Acc.: NC_010676.1:304 405-305643, Chromosome 2; 92691.08 Da.):

GCACTCTGGTGGATCCATGAAAGATCTGCGTATTGATGGTGAACGTCTGTGGCGTAGCCTGATGGATCTGGCA
GCAATTGGTGCAACCCCGAAAGGTGGTGTTAAACGTCTGGCACTGACCGAACTGGATAAACAGGGTCGTGATC
TGGTTGTTAGCTGGGGTCGTGCAGCAGGTCTGGCAATTACCGTTGATCGTATTGGTAACATTTTTATGCGTCGT
GCAGGCACCGATCCGGATGCACCGCCTGTTGCAAGCGGTAGCCATATTGATACCCAGCCGACCGGTGGTAAAT
TTGATGGTAATTATGGTGTTCTGGCAGCCCTGGAAGTTATGCGTACCCTGGATGATGCCGGTGTTAAAACCTGT
GCACCGCTGGAAGTTGCAATTTGGACCAATGAAGAAGGTAGCCGTTTTGTTCCGGTTATGATGGGTAGCGGTG
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TTTTTTGTGGTGCATTTACCCTGGAACATGCATATGCCGCACGTGATATTGAAGGTAAACGTGTTCGTGATGAA
CTGGAAGCCATTGGTTATCTGGGTGATGAAGAACCGGGTAAACATCCGCTGGGTGCATATTTTGAAGCACATA
TTGAACAGGGTCCAGTGCTGGAAGATGAAGGCAAAGTTATTGGTGTTGTTCCGGGTGTGCTGGGTCTGAGCTG
GTATGATTGTGAAGTTCGTGGTATGGAAGCACATGCAGGTCCGACACCGATGGCAATTCGTAAAGATGCACTG
CAGGTTGCGACCCGTGTTATGCAAGAAGTTGTTGCAATTGCCAATCGTTATCCGCCTTATGGTCGTGGCACCGT
TGGTTTTGTTCAGACCTTTCCGAATAGCCGTAATGTTATTCCGGGTAGCGTGAAATTTTCAATTGATCTGCGCAA
TGTTAATGACGCACTGCTGAATCAGATGCATGATGAAATGCTGGCATTTATTGATCGTACCCAGAGCGAAAGC
GGTCTGAGCATTGGTATTGAACGTGTTAGCTATTATCGTCCGTGTGAATTTCATCCGCAGTGTGTTGATGCAGTT
CGTCGTGCAACCGGTGCACTGGGTTATCCGACCATGGATGTTGTTAGCGGTGCAGGTCATGATGCCGTTTATAC
CGCACGTGTTGCACCGTCAGGTATGATTTTTGTGCCGTGTAAAGATGGCATTAGCCACAACGAAATTGAAGAT
GCACGTAGCGATCATCTGGAAGCAGGTTGTAATGTTCTGCTGCATAGCATGCTGGAACGTGCCGGTCAGGTTA
GCTAAAAGCTTAATGCATATG

>Burk 4 (Acc.: NC_010681.1:554 74-56766, Chromosome 1; 95129.54 Da.):

GCACTCTGGTGGATCCATGAGCACCTATAGCATTCCGAGCAGCCCGATTGCAGTTAATCTGCCGGATGCAGAT
GCAATTAGCGAATTTGATGCACTGTTTCGTGCAACCAGCGCAATTGGTGTTACCAGTGCCGGTGGTCTGCATCG
TCTGGCAGCAAGCGAAGAGGATGGTCGTGTTCGTGATCTGCTGCGTGATTGGCTGGTTCGTCATGGTTTTCATG
TTCAGGTTGATCGTGTTGGTAACCTGTTTGGTCTGGTTACCTTTGATCCGAGCGCACCGTATGTGCTGTGTGGTA
GCCATCTGGATAGCCAGCCGAGCGCAGGTCGTTTTGATGGTGTTTATGGTGTTCTGGCAGGCGCAGTTGCAATT
GCCGGTATTGCACGTCGTCTGCGTGAACGTGGTGTTCGTCCGCCTTGTAATCTGGCAGTTGTTGATTGGACCAA
TGAAGAAGGTGCACGTTTTCAGCCGAGCCTGACCGGTAGCAGCGTTTTTACCGGTGCACTGAGCGTTGATGAT
GCCCTGGCATGTACCGATGCACAGGGCATTACCCTGTGTCAGGCACTGGAACGTATTGGTTATCTGGGTGAAG
AAATGCTGGATATTCCGGTTGCAGCATATGTTGAAACCCATGTTGAACAGGGTGAACGTCTGGAACGTGAGCA
GATTAGCATTGGTGTTGTTCGTGAAACCTGGGCAGCACTGAAACTGCGTGTTCGCTTTGATGGCGAACAGAGCC
ATACCGGTCCGACACCGATGGATCAGCGTCGTGACGCACTGCGTGCAGCAGCACGTGCCATTAGCGCAGTTTA
TAGCGAAGTTGGTAAACATGGTGATCAGATGCATGGTAGCGTTGGTCGTCTGGATGTTTATCCGAATAGCCCG
AATGTTGTTCCGAGCAAAGCAACCCTGTATGTTGAATTTCGTAGCCTGAGCACCGATCGTCTGGAAGATGTGGG
TAAACGTTTTGCACAGATTCTGGATGATATTGCAGCACAGACCGGTACACATGTTGAAGTTGAAAGCCGTCAG
CTGCGTGCTCCGGTTGCGCTGGATTCACGTCTGGCACAGTGTGCACATGATGTTTGCCGTAGCCTGGGTCTGCG
TAGCGTTGATAGCGTTACCGTTGCAGGTCATGATGCAATTTCACTGAGCCGTACCGTTCCGAGCTGTCTGCTGT
TTATTCCGAGCCATCGTGGTATTGCCCATAATGAAGCAGAATTTACCGAAGAGGCCGATCTGCATAATGGTCTG
CGTGCCCTGAGCGCACTGCTGGAAACCCTGTGTGTTACAACCCAGAATAGCCGTTAAAAGCTTAATGCATATG

>Burk 5 (Acc.: NC_010676.1:169 451-170692; 94032.05 Da.):

GCACTCTGGTGGATCCATGGTTCGTATTGATCCTGATCGTCTGCTGAGCGATCTGAAACAGCTGCGTAGCTTTG
GTGCAACCGGTCCGGGTGTTGTTCGTCTGGCACTGAGTCCGGTTGATCTGGCAAGCCGTGAATGGCTGGCAGGT
CGTATGACCGAAGCAGGTCTGGAAGCAGCAATTGATGGTGTTGGCACCGTTTTTGGTCGTAGCCGTAAAAGCG
GTCCGGCACTGGTTATTGGTAGCCATACCGATACACAGCCGACCGGTGGTTGGCTGGATGGTGCAATGGGTGT
TATTTATGGTCTGGAAATTGCACGTGCCCTGGCAGAAAATGAAGCAACCCGTCATCTGGCAGTTGATGTTGCAA
GCTGGATTGATGAAGAAGGCACCTTTAGCGGTCTGCTGGGTAGCCGTAGTTTTGTTGGTGAAAATGTTGATGAA
ACCATTCGTGATGCAACCAATCGTCAGGGTCAGCGTCTGGCAGATGTTCTGGCAACCGCAGGCCTGGCAGGCC
GTCCGCGTGCACGTTTTGAACCGGGTCGTCAGGTTGCATATCTGGAACCGCATATTGAACAAGGTGGTCGCCTG
GAAGCCGCAGGTAAAAGCATTGGTGTTGTTACCACCATTGTTGGTCTGCGTGAACTGCGTCTGCGTTTTACCGG
TCAGCGTAATCATGCAGGTACAACCCCGATGGCAATTCGTCGTGATGCCGGTGCAGCACTGGTTGCATTTATTC
CGCAGATGAATGAAGCATTTGCACAGCTGGCCGATGCAGATACCGTTTGGACCGTTGGTCGCATTGATTTAGAT
CCGGGTAGCCTGAGCGTTGTTCCGGGTGCAGCCCAGATGTATCTGCAGTTTCGTGACGCAAATGCAGCACGTCT
GCAGGCAATGGAAGATCGTCTGGCCCAGCTGGTTCGTGATTTTAATGCACGTAGCAGCATTAGCGTTGAACTG
ACCACAATTGATGAACCGATGCAGCCGGTTACCATGCATACCGTTCTGGCCGATCACCTGGCACGTGCGGCAG
AAGCAGTTGCACCTGGTCAGTGGATTCGTATGCCGAGCGGTGCCGCACATGATGCACAGGTTATTGCACGTTGT
ATGCCTGCATGTATGATGTTTGTTCCGAGTATTGGTGGTGTGAGCCATGATTTTATTGAAGATACCGCAGAAGC
CCATATTGTTCTGGGTTGCCAGGTTGCAGCCACCGCAGCAGCAGCAATGCTGGAAGAACAGTGGGCAAAACGT
AGCTAAAAGCTTAATGCATATG

>P.oleo (Acc.: NIUB01000001.1: 76233-77522; 96139.55 Da.):

GCACTCTGGTGGATCCATGACCATGAATACCGCAACCGAAGTTCTGCAGAGCAGCCAGCCGCATGTTAATGGT
GAACGTCTGTGGCAGAGCCTGATGGAACTGGCACAGCTGGGTGCAACCGTTAAAGGTGGTGTTTGTCGTCTGG
CACTGACCGATCTGGATCGTCAGGCACGTGACCTGTTTGTTCGTTGGTGTGAAGAAGCAGGTTGTACCGTTACC
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GTTGATGGTGTTGGTAACATTTTTGCACGTCGTCCGGGTCGTAATGCAGCACTGGCACCGGTTATGACCGGTAG
TCATATTGATACCCAGCCGACCGGTGGTAAATTTGATGGTTGTTTTGGTGTTCTGGCAGGCGTTGAAGTGCTGC
GTACCCTGAATGATCTGGGTGTTCAGACCGAAGCACCGCTGGAAGTTGTTGTTTGGACCAATGAAGAAGGTAG
CCGTTTTGCACCGTGTATGATGGGTAGCGGTGTTTTTGCAGAAAAATTCACCCTGGAAGAAACCCTGGCAAAA
CGTGATGCCGAAGGTATTAGCGTTGGTGAAGCACTGAATGCAATTGGTTATGCAGGTCCGCGTGCAGTTACAG
GTCATGCAGTTGGTGCATATTTCGAAGCACATATTGAACAGGGTCCGATTCTGGAAGATCAGGGTAAAACCAT
TGGTGTTGTTCTGGGTGCACTGGGTCAGAAATGGTTTGATCTGACCCTGAAAGGTGTTGAAGCACATGCCGGTC
CGACACCGATGCATCTGCGTAAAGATGCACTGGTTGGTGCAGCAGCAGTTGTTGCAGCAGTTAATCGTGTTGC
ACTGGAACATCAGCCTCATGCATGTGGCACCGTTGGTTGTCTGCAGGCATATCCGGGTAGCCGTAATGTTATTC
CGGGTGAAGTTCGTATGACCCTGGATTTTCGTCATCTGCAGCCGGAACGTCTGGATAGCATGATTGAAGCAGTT
CGTGGTGTTATTGAAGCAACCTGTGCAAAACATGGTCTGTCATTTGAACTGACCCCGACCGCAGATTTTCCGCC
TCTGTATTTTGATCAGGGTTGTGTGGAAGCCGTGCGTGGTGCCGCAGCCGGTCTGGGTCTGAGCCATATGGATA
TTGTTAGCGGTGCAGGTCATGATGCCATTTTTCTGGCAGAACTGGGTCCTGCAGGTATGATTTTTGTTCCGTGTG
AAGGTGGTATTAGCCACAACGAAATTGAAAATGCCGCACCGACAGATCTGGCAGCCGGTTGTGCAGTTCTGCT
GCGTGCAATGCTGGCAGCAAGCGTTGCCCTGGCAGAAGGTAAACTGGCAGCATAAAAGCTTAATGCATATG

>P.aeru (Acc.: NC 002516.2:498420-499703 Pseudomonas aeruginosa PAO1 chromosome,

complete genome)

ATGAGCACTGCCCGGAACGTCCTGCAATCCACCCAGCGACACATCGATGGCCAGCGCCTCTGGCAATCGC
TGATGGATCTCGCCCGCCTCGGCGCCACCGCCAAGGGTGGGGTCTGCCGCCTGGCCCTGAGCGATCTCGA
CCGCCAGGCCCGCGATCTCTTCGTGCAATGGTGCGAAGCGGCCGGCTGCACGGTCAGCGTCGATCGGGTC
GGCAACATCTTCGCCCGTCGTCCCGGGCGTAACCCGGACTTGCCCCCGGTGATGACCGGTAGCCACATCG
ACACCCAGCCCACCGGTGGCAAGTTCGACGGCTGCTTCGGGGTGATGGCCGGCCTCGAGGTGATCCGCAC
CCTCAACGACCTCGGGGTGGAAACCGAGGCGCCGCTGGAGGTGGTGGTGTGGACCAACGAGGAAGGCTCG
CGCTTCGCGCCCTGCATGATGGGCTCGGGCGTATTCGCCGGGAAGTTCACCCTGGAGGAGACCCTGGCCA
AGCGCGATGCCGACGGTGTCAGCGTAGGCGAGGCGCTGGACGCCATCGGCTACGCGGGAGCGCGCGATTG
TCTCGGACATCCGGTGGGCGCCTATTTCGAGGCGCACATCGAACAGGGGCCGATCCTCGAGGACGAGGAG
AAGACCATCGGCGTGGTGCTCGGCGCGCTCGGGCAGAAATGGTTCGACCTGTCCCTGCGCGGCGTCGAGG
CACACGCCGGGCCAACGCCGATGCACCTGCGCAAGGATGCCCTGGTCGGTGCCGCGGCGGTGGTCGAGGC
GGTCAATCGCGCGGCCCTCGGCCATCAGCCGCATGCTTGCGGCACGGTCGGCTGCCTGCACGCCTATCCC
GGTTCGCGCAACGTGATACCCGGCGAAGTGAAGATGACCCTGGACTTCCGCCATCTGCAACCGGAGCGCC
TGGACTCGATGATCGCCGAGGTCCGCCAGGTGATCGCCGCTACCTGCGAGAAGCATGGCTTGCAATACGA
GCTGGTGCCGACCGCCGATTTCCCGCCGCTGTACTTCGACCAGGGATGCGTCGGCGCGGTGCGCGAGGCG
GCGCAGGCGCTGGGCATGCCGCAGATGGACATCGTCAGCGGCGCCGGCCACGACGCGATCTTCCTCGCCG
AACTCGGTCCGGCGGGGATGATCTTCGTGCCCTGCGAGAACGGCATCAGCCACAACGAGATCGAGAACGC
CAGCCCCGACGACCTGGCCGCCGGCTGCGCGGTGCTGTTGCGGGCCATGCTCAAGGCCTCCGAGGCGATC
GCCGGCGGCCGCCTGGCGGCCTGA

>3NS5F (UniProt Q53389.1)

ATTCAGGGTGAACGTCTGTGGCAGCGTCTGATGGAACTGGGTGAAGTTGGTAAACAGCCGAGCGGTGGTGTTA
CCCGTCTGAGCTTTACAGCCGAAGAACGTCGTGCAAAAGATCTGGTTGCAAGCTATATGCGTGAAGCAGGTCT
GTTTGTTTATGAAGATGCAGCAGGTAATCTGATCGGTCGTAAAGAAGGCACCAATCCGGACGCAACCGTTGTT
CTGGTTGGTAGCCATCTGGATAGCGTTTATAATGGTGGTTGTTTTGATGGTCCGCTGGGTGTTCTGGCAGGCGT
TGAAGTTGTTCAGACCATGAATGAACATGGTGTTGTTACCCATCATCCGATTGAAGTGGTTGCATTTACCGATG
AAGAAGGTGCACGTTTTCGTTTTGGTATGATTGGTAGCCGTGCAATGGCAGGCACCCTGCCTCCGGAAGCACTG
GAATGTCGTGATGCAGAAGGTATTAGCCTGGCAGAAGCAATGAAACAGGCAGGTCTGGACCCGGATCGTCTGC
CGCAGGCAGCACGTAAACCGGGTACAGTTAAAGCATATGTTGAACTGCATATTGAACAGGGTCGTGTTCTGGA
AGAAACCGGTCTGCCGGTTGGTATTGTTACCGGTATTGCCGGTCTGATTTGGGTGAAATTTACCATTGAAGGTA
AAGCAGAACATGCCGGTGCAACCCCGATGAGCCTGCGTCGTGATCCGATGGCAGCAGCAGCACAGATTATTAT
CGTTATTGAAGAAGAAGCACGTCGTACCGGCACCACCGTTGGTACAGTTGGTCAGCTGCATGTTTATCCTGGTG
GTATTAATGTTATTCCGGAACGTGTTGAATTTGTGCTGGATCTGCGTGATCTGAAAGCCGAAGTTCGTGATCAG
GTTTGGAAAGCAATTGCAGTTCGTGCAGAAACCATTGCCAAAGAACGTAATGTTCGTGTTACCACCGAACGTC
TGCAAGAAATGCCTCCGGTTCTGTGTAGTGATGAAGTTAAACGTGCAGCAGAAGCAGCCTGTCAGAAACTGGG
TTATCCGAGCTTTTGGCTGCCGAGTGGTGCAGCACATGATAGCGTTCAGCTGGCACCGATTTGTCCGATTGGCA
TGATTTTTGTTCGTAGCCAGGATGGTGTTAGCCATAGTCCGGCAGAATGGTCAACCAAAGAAGATTGCGCAGC
AGGCGCAGAAGTTCTGTATCATACCGTTTGGCAGCTGGCCCAGGGTTAA
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>1FO6 (UniProt Q44185)

ACCCGCCAGATGATTCTGGCCGTGGGTCAGCAGGGCCCGATTGCACGTGCAGAAACCCGTGAACAGGTGGTGG
GTCGTCTGCTGGATATGCTGACCAATGCAGCCAGTCGTGGTGTTAATTTTATTGTGTTTCCGGAACTGGCCCTG
ACCACCTTTTTCCCGCGTTGGCATTTTACCGATGAAGCAGAACTGGATAGTTTTTATGAAACCGAAATGCCGGG
CCCGGTTGTGCGCCCGCTGTTTGAAACCGCAGCCGAACTGGGTATTGGCTTTAATCTGGGTTATGCCGAACTGG
TTGTTGAAGGCGGTGTGAAACGTCGTTTTAATACCAGTATTCTGGTTGATAAAAGCGGTAAAATTGTTGGTAAA
TACCGCAAAATTCACCTGCCGGGTCATAAAGAATATGAAGCATATCGCCCGTTTCAGCATCTGGAAAAACGCT
ATTTTGAACCGGGCGATCTGGGTTTTCCGGTTTATGATGTTGATGCAGCCAAAATGGGCATGTTTATTTGCAAT
GATCGTCGTTGGCCGGAAACCTGGCGTGTGATGGGTCTGAAAGGTGCAGAAATTATTTGTGGCGGCTATAATA
CCCCGACCCATAATCCGCCGGTGCCGCAGCATGATCATCTGACCAGCTTTCATCATCTGCTGAGCATGCAGGCA
GGTAGCTATCAGAATGGTGCCTGGAGTGCAGCAGCAGGTAAAGTTGGCATGGAAGAAGGCTGTATGCTGCTGG
GCCATAGTTGTATTGTGGCCCCGACCGGTGAAATTGTTGCACTGACCACCACCCTGGAAGATGAAGTGATTACC
GCAGCCCTGGATCTGGATCGTTGCCGTGAACTGCGTGAACATATTTTTAATTTTAAGGCACACCGTCAGCCGCA
GCATTATGGTCTGATTGCCGAATTTTAA

>2V8H (Acc.: AF333185.1:1207- 2574)

GGATCCATGAGCAAAGATGTTAGCAGCACCATTACCACCGTTAGCGCAAGTCCGGATGGCACCCTGAATCTGC
CTGCAGCAGCACCGCTGAGCATTGCAAGCGGTCGTCTGAATCAGACCATTCTGGAAACCGGTAGCCAGTTTGG
TGGTGTTGCACGTTGGGGTCAAGAAAGCCATGAATTTGGTATGCGTCGTCTGGCAGGCACCGCACTGGATGGT
GCAATGCGTGATTGGTTTACCAATGAATGTGAAAGCCTGGGTTGCAAAGTGAAAGTGGATAAAATTGGCAATA
TGTTCGCAGTGTATCCGGGTAAAAATGGTGGTAAACCGACCGCAACCGGTAGTCATCTGGATACCCAGCCGGA
AGCAGGTAAATATGATGGTATTCTGGGTGTTCTGGCAGGTCTGGAAGTTCTGCGTACCTTTAAAGATAATAACT
ACGTGCCGAACTATGATGTTTGCGTTGTTGTGTGGTTTAATGAAGAAGGTGCACGTTTTGCACGTAGCTGTACC
GGTAGCAGTGTTTGGAGCCATGATCTGAGCCTGGAAGAGGCATATGGCCTGATGAGCGTTGGTGAAGATAAAC
CGGAAAGCGTTTATGATAGCCTGAAAAACATTGGCTATATTGGTGATACACCGGCAAGCTATAAAGAAAACGA
AATCGATGCACACTTTGAGCTGCATATTGAACAGGGTCCGATTCTGGAAGATGAAAACAAAGCAATTGGTATT
GTTACCGGTGTGCAGGCATATAATTGGCAGAAAGTTACCGTTCATGGTGTTGGTGCACATGCAGGTACAACCC
CGTGGCGTCTGCGTAAAGATGCACTGCTGATGAGCAGCAAAATGATTGTTGCAGCAAGCGAAATTGCACAGCG
TCATAATGGTCTGTTTACCTGCGGTATTATTGATGCAAAACCGTATAGCGTGAACATCATTCCGGGTGAAGTTA
GCTTTACCCTGGATTTTCGTCATCCGAGTGATGATGTTCTGGCCACCATGCTGAAAGAAGCAGCAGCAGAATTT
GATCGCCTGATCAAAATTAACGATGGTGGTGCACTGAGCTATGAAAGCGAAACCCTGCAGGTTAGTCCGGCAG
TTAATTTTCATGAAGTTTGCATTGAATGCGTTAGCCGTAGCGCATTTGCACAGTTCAAAAAAGATCAGGTTCGT
CAGATTTGGAGCGGTGCAGGTCATGATAGCTGCCAGACCGCACCGCATGTTCCGACCAGCATGATTTTTATCCC
GAGTAAAGATGGTCTGAGCCACAACTATTATGAATATAGCAGTCCGGAAGAAATCGAGAACGGTTTTAAAGTT
CTGCTGCAAGCCATCATCAACTATGATAACTATCGTGTGATTCGCGGTCATAAGCTT

>514M (Acc.: CP020395.1:51154 1-512821)

CATGGACGCAGTTAGCGAAACCGCAAAACGTGCAGCACTGGATACCAGCATTAAAGTTGATGGTCGTCGTCTG
TGGGATAGCCTGATGGAAGTTGCAAAAATTGGTGCAACCCCGAAAGGTGGTGTTTGTCGTCTGGCACTGACCG
ATCTGGATAAAGCAGCACGTGATCTGATTGTTGGTTGGGCAAAAGCAGCAGGTTGTACCGTTACCGTTGATAC
CATGGGTAATGTTTTTATGCGTCGTGCAGGTCGTGTTGCAGATGCAGCACCGGTTGTTACCGGTAGCCATGCAG
ATAGCCAGCCGACCGGTGGTCGTTTTGATGGTATTTATGGTGTTTTAGGTGGCCTGGAAGTTATTCGTAGCCTG
AATGATCATGGTATCGAAACCGAACATCCGGTTGAAGTTGTTATTTGGACCAATGAAGAAGGTAGCCGTTTTG
CACCGGCAATGGTTGCAAGCGGTGTTTTTGCGGGTGTTTTTCCGCTGGAATATGGTCTGAGCCGTAAAGATGTT
GATGGTAAAACCATTGGTGAAGAACTGGCACGTATTGGTTATGCCGGTGATGCACCGTGTGGTGGTCGTAAAC
TGCATGCCGCATTTGAACTGCATATTGAACAGGGTCCGATTCTGGAAGCAGAATGCAAAACAATTGGTGTTGT
GACCGATGCACAGGGTCAGCGTTGGTATGAAATTACCTTTACCGGTCAAGAAGCACACGCAGGTCCGACACCG
ATGCCTCGTCGTCGTGATGCACTGCTGGGTGCAAGCCGTGTTGTTGATCTGGTTAATCGTATTGGTCTGGATCA
TGCACCGTATGGCTGTGCAACCGTGGGTATGATGCAGGTTCATCCGAATAGCCGTAATGTTATTCCGGGTCGTG
TGTTTTTTACCGTGGATTTTCGTCATCCTGATGATGCAGTTCTGGCAAAAATGGATGCAGCCCTGCGTGATGGT
GTTGCCCGTATTGCAGCAGATATTGGCCTGGATACCGCACTGGAACAAATTTTCTATTATGCACCGATTGCATT
TGATAGCGCATGTGTTGCAGCAGTTCGTGCAGCAGCAGATCGTTTTGGTTATAGCCATCGTGATATTGTTAGCG
GTGCAGGTCATGATGCATGTTATCTGGCACAGGTTGCACCGACCAGCATGGTTTTTGTTCCGTGTATTGATGGC
ATTAGCCACAACGAAATTGAAGATGCCACACCGGCATGGATTGAAGCAGGCGCAAATGTTCTGCTGCATGCAA
TGCTGAGCCGTGCATGTGAACCGGTTAGCTAAA

>1Z2L (UniProt: P77425)

ATTACCCATTTTCGTCAGGCAATTGAAGAAACCCTGCCGTGGCTGAGCAGCTTTGGTGCAGATCCGGCAGGCG
GTATGACCCGTCTGCTGTATAGTCCGGAATGGCTGGAAACCCAGCAGCAGTTCAAAAAACGTATGGCAGCAAG
CGGTCTGGAAACACGTTTTGATGAAGTTGGTAATCTGTATGGTCGTCTGAATGGCACCGAATATCCGCAAGAA
GTTGTTCTGAGCGGTAGCCATATTGATACCGTTGTTAATGGTGGCAATCTGGATGGTCAGTTTGGTGCACTGGC
AGCATGGCTGGCAATTGATTGGCTGAAAACACAGTATGGTGCACCGCTGCGTACCGTTGAAGTTGTTGCAATG



APPENDIX 204

GCAGAAGAAGAAGGTAGCCGTTTTCCGTATGTTTTTTGGGGTAGCAAAAACATTTTTGGTCTGGCAAATCCGGA
TGATGTGCGCAATATTTGTGATGCAAAAGGCAATAGCTTTGTGGATGCAATGAAAGCATGTGGTTTTACCCTGC
CGAACGCACCGCTGACACCGCGTCAGGATATTAAAGCATTTGTTGAACTGCATATTGAACAGGGTTGTGTGCT
GGAAAGCAATGGTCAGAGCATTGGTGTTGTGAATGCAATTGTTGGTCAGCGTCGTTATACCGTTACACTGAATG
GTGAAAGCAATCATGCAGGTACAACCCCGATGGGTTATCGTCGCGATACCGTTTATGCATTTAGCCGTATTTGT
CATCAGAGCGTGGAAAAAGCAAAACGCATGGGTGATCCGCTGGTTCTGACCTTTGGTAAAGTTGAACCGCGTC
CGAATACCGTTAATGTTGTTCCGGGTAAAACAACCTTTACCATTGATTGTCGTCATACCGATGCAGCCGTTCTG
CGTGATTTTACACAGCAGCTGGAAAATGATATGCGTGCAATCTGTGATGAAATGGATATTGGCATTGATATCG
ATCTGTGGATGGATGAAGAACCGGTGCCGATGAATAAAGAACTGGTTGCGACCCTGACCGAACTGTGTGAACG
TGAAAAACTGAATTATCGTGTTATGCATAGCGGTGCAGGTCATGATGCACAGATTTTTGCACCGCGTGTTCCGA
CCTGTATGATTTTTATCCCGAGCATTAATGGCATCAGCCATAATCCGGCAGAACGTACCAATATCACCGATCTG
GCAGAAGGTGTTAAAACCCTGGCACTGATGCTGTATCAGCTGGCATGGCAGAAATAA
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8.5 Protein sequences

Amino acids sequences of all investigated enzymes (see Table 4 p. 48 for accession numbers).

>Poleo_OWK49263.1 Hydantoin utilization protein C [Pseudomonas oleovorans subsp. oleovorans]

MTMNTATEVLQSSQPHVNGERLWQSLMELAQLGATVKGGVCRLALTDLDRQARDLFVRWCEEAGCTVTVDGVG
NIFARRPGRNAALAPVMTGSHIDTQPTGGKFDGCFGVLAGVEVLRTLNDLGVQTEAPLEVVVWTNEEGSRFAPCM

MGSGVFAEKFTLEETLAKRDAEGISVGEALNAIGYAGPRAVTGHAVGAYFEAHIEQGPILEDQGKTIGVVLGALGQ

KWFDLTLKGVEAHAGPTPMHLRKDALVGAAAVVAAVNRVALEHQPHACGTVGCLQAYPGSRNVIPGEVRMTLD

FRHLQPERLDSMIEAVRGVIEATCAKHGLSFELTPTADFPPLYFDQGCVEAVRGAAAGLGLSHMDIVSGAGHDAIFL
AELGPAGMIFVPCEGGISHNEIENAAPTDLAAGCAVLLRAMLAASVALAEGKLAA

>Burkl WP _012433677.1 Zn-dependent hydrolase [Paraburkholderia phytofirmans]
MNAVSEALKHAEPTTSIKVDGKRLWDSLMTMAKIGATPKGGVCRLALTDLDKEGRDLIVSWAKEAGCTVSVDQM
GNVFMRRAGRNPAALPVMTGSHADSQPTGGRFDGIYGVLGGLEVIRSLNDHGIETEHPVEVVIWTNEEGSRFAPAM
VASGVFAGVFTLDYGLSRKDVDGKTIGEELERIGYAGDIPCGGRPLHAAFELHIEQGPILEAEQKTIGVVTDAQGQR
WYEITLTGQEAHAGPTPMPRRRDALLGAARVVDLVNRIGLDNAPFGCATVGMMQVYPNSRNVIPGRVFFTADFRH
PDDAVLAKMDAALRKGVADIANGIGLETELEQIFYYAPVAFDEACVKSVRAAAERFGYPHRNMVSGAGHDACYLS
QVAPTSMVFVPCVDGISHNEIEDATFEWIEAGANVLLHAMLERACEPVS

>Burk2_WP_012428372.1 Zn-dependent hydrolase [Paraburkholderia phytofirmans] beta-alanine

synthase
MQVHESTTVATFADLRVDGARLWDSLMQLARIGATDKGGVCRLALTELDREARDLFIAWAKEIGCSVRVDAIGNIF
ARRAGLRDDLPPVMTGSHIDTQPTGGKFDGNYGVLAGLEVLRTLTDANVQTLAPLEVAVWTNEEGSRFVPVMMG
SGVFAGAFTLAHALEQHDREGITVRDALARIGYAGEITKPHAVGAYFEAHIEQGPVLEAHDKTIGVVQGALGQRWY
DVTVHGMEAHAGPTPMELRRDALLVAADLIHAVNRIALDHAPHGRGTVGWLDVHPNSRNVIPGRVTLTVDLRAA
DDATLTAMDSALRAACAVASEKTGITVDVEQVVYFPPQPFAAELVGAVKQGADTLGFSSMDVISGAGHDAVYLAR
VAPAAMIFVPCKDGISHNEIEDARADHLEAGCNVLLQAMLNAAQKAGSADA

>Burk3_ WP _012426153.1 Zn-dependent hydrolase [Paraburkholderia phytofirmans]
MKDLRIDGERLWRSLMDLAAIGATPKGGVKRLALTELDKQGRDLVVSWGRAAGLAITVDRIGNIFMRRAGTDPDA
PPVASGSHIDTQPTGGKFDGNYGVLAALEVMRTLDDAGVKTCAPLEVAIWTNEEGSRFVPVMMGSGVFCGAFTLE
HAYAARDIEGKRVRDELEAIGYLGDEEPGKHPLGAYFEAHIEQGPVLEDEGKVIGVVPGVLGLSWYDCEVRGMEA
HAGPTPMAIRKDALQVATRVMQEVVAIANRYPPYGRGTVGFVQTFPNSRNVIPGSVKFSIDLRNVNDALLNQMHD
EMLAFIDRTQSESGLSIGIERVSYYRPCEFHPQCVDAVRRATGALGYPTMDVVSGAGHDAVYTARVAPSGMIFVPC
KDGISHNEIEDARSDHLEAGCNVLLHSMLERAGQVS

>Burk4_WP_012431152.1 Allantoate Amidohydrolase
MSTYSIPSSPIAVNLPDADAISEFDALFRATSAIGVTSAGGLHRLAASEEDGRVRDLLRDWLVRHGFHVQVDRVGNL
FGLVTFDPSAPYVLCGSHLDSQPSAGRFDGVYGVLAGAVAIAGIARRLRERGVRPPCNLAVVDWTNEEGARFQPSL
TGSSVFTGALSVDDALACTDAQGITLCQALERIGYLGEEMLDIPVAAYVETHVEQGERLEREQISIGVVRETWAALK
LRVRFDGEQSHTGPTPMDQRRDALRAAARAISAVYSEVGKHGDQMHGSVGRLDVYPNSPNVVPSKATLY VEFRSL
STDRLEDVGKRFAQILDDIAAQTGTHVEVESRQLRAPVALDSRLAQCAHDVCRSLGLRSVDSVTVAGHDAISLSRT
VPSCLLFIPSHRGIAHNEAEFTEEADLHNGLRALSALLETLCVTTQNSR
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>BurkS WP _012426027.1 Zn-dependent hydrolase [Paraburkholderia phytofirmans] Allantoate

amidohydrolase, beta-alanine synthase
MVRIDPDRLLSDLKQLRSFGATGPGVVRLALSPVDLASREWLAGRMTEAGLEAAIDGVGTVFGRSRKSGPALVIGS
HTDTQPTGGWLDGAMGVIYGLEIARALAENEATRHLAVDVASWIDEEGTFSGLLGSRSFVGENVDETIRDATNRQG
QRLADVLATAGLAGRPRARFEPGRQVAYLEPHIEQGGRLEAAGKSIGVVTTIVGLRELRLRFTGQRNHAGTTPMAIR
RDAGAALVAFIPQMNEAFAQLADADTVWTVGRIDLDPGSLSVVPGAAQMYLQFRDANAARLQAMEDRLAQLVR
DFNARSSISVELTTIDEPMQPVTMHTVLADHLARAAEAVAPGQWIRMPSGAAHDAQVIARCMPACMMEVPSIGGV
SHDFIEDTAEAHIVLGCQVAATAAAAMLEEQWAKRS

>Paeru_AAG03833.1 N-carbamoyl-beta-alanine amidohydrolase [Pseudomonas aeruginosa PAO1]
MSTARNVLQSTQRHIDGQRLWQSLMDLARLGATAKGGVCRLALSDLDRQARDLFVQWCEAAGCTVSVDRVGNIF
ARRPGRNPDLPPVMTGSHIDTQPTGGKFDGCFGVMAGLEVIRTLNDLGVETEAPLEVVVWTNEEGSRFAPCMMGS
GVFAGKFTLEETLAKRDADGVSVGEALDAIGYAGARDCLGHPVGAYFEAHIEQGPILEDEEKTIGVVLGALGQKWF
DLSLRGVEAHAGPTPMHLRKDALVGAAAVVEAVNRAALGHQPHACGTVGCLHAYPGSRNVIPGEVKMTLDFRHL
QPERLDSMIAEVRQVIAATCEKHGLQYELVPTADFPPLYFDQGCVGAVREAAQALGMPQMDIVSGAGHDAIFLAEL
GPAGMIFVPCENGISHNEIENASPDDLAAGCAVLLRAMLKASEAIAGGRLAA

>SKIpUp_Q96W94
GSMSKDVSSTITTVSASPDGTLNLPAAAPLSIASGRLNQTILETGSQFGGVARWGQESHEFGMRRLAGTALDGAMR
DWFTNECESLGCKVKVDKIGNMFAVYPGKNGGKPTATGSHLDTQPEAGKYDGILGVLAGLEVLRTFKDNNY VPN
YDVCVVVWFENEEGARFARSCTGSSVWSHDLSLEEAYGLMSVGEDKPESVYDSLKNIGYIGDTPASYKENEIDAHFE
LHIEQGPILEDENKAIGIVTGVQAYNWQKVTVHGVGAHAGTTPWRLRKDALLMSSKMIVAASEIAQRHNGLFTCGII
DAKPYSVNIPGEVSFTLDFRHPSDDVLATMLKEAAAEFDRLIKINDGGALSYESETLQVSPAVNFHEVCIECVSRSA
FAQFKKDQVRQIWSGAGHDSCQTAPHVPTSMIFIPSKDGLSHNYYEYSSPEEIENGFKVLLQAIINYDNYRVIRGHKL
%

>514M_A4JQA0
MDAVSETAKRAALDTSIKVDGRRLWDSLMEVAKIGATPKGGVCRLALTDLDKAARDLIVGWAKAAGCTVTVDTM
GNVFMRRAGRVADAAPVVTGSHADSQPTGGRFDGIYGVLGGLEVIRSLNDHGIETEHPVEVVIWTNEEGSRFAPAM
VASGVFAGVFPLEYGLSRKDVDGKTIGEELARIGYAGDAPCGGRKLHAAFELHIEQGPILEAECKTIGVVTDAQGQR
WYEITFTGQEAHAGPTPMPRRRDALLGASRVVDLVNRIGLDHAPYGCATVGMMQVHPNSRNVIPGRVFFTVDFRH
PDDAVLAKMDAALRDGVARIAADIGLDTALEQIFYYAPIAFDSACVAAVRAAADRFGYSHRDIVSGAGHDACYLA
QVAPTSMVEVPCIDGISHNEIEDATPAWIEAGANVLLHAMLSRACEPVS*

>3N5F_Q53389.1
IQGERLWQRLMELGEVGKQPSGGVTRLSFTAEERRAKDLVASYMREAGLFVYEDAAGNLIGRKEGTNPDATVVLV
GSHLDSVYNGGCFDGPLGVLAGVEVVQTMNEHGVVTHHPIEVVAFTDEEGARFRFGMIGSRAMAGTLPPEALECR
DAEGISLAEAMKQAGLDPDRLPQAARKPGTVKAYVELHIEQGRVLEETGLPVGIVTGIAGLIWVKFTIEGKAEHAGA
TPMSLRRDPMAAAAQIIIVIEEEARRTGTTVGTVGQLHVYPGGINVIPERVEFVLDLRDLKAEVRDQVWKAIAVRAE
TIAKERNVRVTTERLQEMPPVLCSDEVKRAAEAACQKLGYPSFWLPSGAAHDSVQLAPICPIGMIFVRSQDGVSHSP
AEWSTKEDCAAGAEVLYHTVWQLAQG*

>1Z2L_P77425
ITHFRQAIEETLPWLSSFGADPAGGMTRLLYSPEWLETQQQFKKRMAASGLETRFDEVGNLYGRLNGTEYPQEVVL
SGSHIDTVVNGGNLDGQFGALAAWLAIDWLKTQYGAPLRTVEVVAMAEEEGSRFPYVFWGSKNIFGLANPDDVRN
ICDAKGNSFVDAMKACGFTLPNAPLTPRQDIKAFVELHIEQGCVLESNGQSIGVVNAIVGQRRYTVTLNGESNHAGT
TPMGYRRDTVYAFSRICHQSVEKAKRMGDPLVLTFGKVEPRPNTVNVVPGKTTFTIDCRHTDAAVLRDFTQQLEND
MRAICDEMDIGIDIDLWMDEEPVPMNKELVATLTELCEREKLNYRVMHSGAGHDAQIFAPRVPTCMIFIPSINGISHN
PAERTNITDLAEGVKTLALMLYQLAWQK*

>1FO6_Q44185
TROQMILAVGQQGPIARAETREQVVGRLLDMLTNAASRGVNFIVFPELALTTFFPRWHFTDEAELDSFYETEMPGPVV
RPLFETAAELGIGFNLGYAELVVEGGVKRRFNTSILVDKSGKIVGKYRKIHLPGHKEYEAYRPFQHLEKRYFEPGDL
GFPVYDVDAAKMGMFICNDRRWPETWRVMGLKGAEIICGGYNTPTHNPPVPQHDHLTSFHHLLSMQAGSYQNGA
WSAAAGKVGMEEGCMLLGHSCIVAPTGEIVALTTTLEDEVITAALDLDRCRELREHIFNFKAHRQPQHYGLI

AEF*
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8.6 Plasmid maps

T7 promoter]

ormoter | 6xiyi
' ac operaty,

—— BamHI [131&) —— BamHI [15:8]

Burk 2
2 bp

Hind 111 [2800) HindIII (2805)

T7 promoter {T7 promoter

~— BamHI (1515) — " BamHI [1518]

HindIII (2763) HindIII

T7 promoter (T? promoter

~~— BamHI (1513)

7>
Z terminatc

HindIII (2766 HindIII (251%)

Figure 63: Plasmid maps of Burk1-5 and P.oleo
All genes are cloned into pLISRSF7 vector.
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[T7 promoter

iy

|
oromOter | 6xkg
o \ac operato,

AR Promep
n

kenterokinase site

tet promoter

—BamHI (1515)
SkibUpCO_pLISRF7
1F06 pET19b 6362 bp
6334 bp

yerowoud ey

v ket promoter
et promoter

3NSF_CO_pET19b
112L_6té?5_h|.;zt19h 6646 bp

oromoter | Oxkig
& \ac operator

pMalE (1181 .. 1198)

514M_pLISRSF7
6278 bp

BamHI (1518)
P.aeru (1519
6281 bp

5709
77 terminator '\

3000

S R

HindIII (2808)

Figure 64: Plasmid maps of 1FO6, SklbUp (2V8H), 1Z2L, 3N5F, SI4M and P.aeru.
P.aeru and 2V8H are cloned in pLJSRSF7 vector. All other genes are cloned into pET19.
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8.9 FPLC purifications

2V8H
2000 T 100
80
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Figure 93: FPLC chromatogram and SDS-Gel of 2V8H purification.

Figure was made in the master thesis of Camilla Werle [272]. PageRuler ™ Prestained Protein Ladder (Thermo

Fisher).

2V8H-S-167 Mutant

30kDa .

Figure 94: SDS-Gel of 2V8H-mutant S-167 after FPLC purification.

Figure was made in the master thesis of Camilla Werle [272]. PageRuler " Prestained Protein Ladder (Thermo

Fisher).
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Figure 95: FPLC chromatogram and SDS-Gel of SI4M purification.

Figure was made in the master thesis of Camilla Werle [272]. PageRuler™ Prestained Protein Ladder (Thermo
Fisher).
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Figure 96: FPLC chromatogramm and SDS-Gel of 3NSF purification.

Figure was made in the master thesis of Camilla Werle [272]. PageRuler™ Prestained Protein Ladder (Thermo
Fisher).
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Figure 97: FPLC chromatogram and SDS-Gel of 1Z2L purification.
Figure was made in the master thesis of Camilla Werle [272]. PageRuler™ Prestained Protein Ladder (Thermo

Fisher).
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Figure 98: FPLC chromatogram and SDS-Gel of 1FO6 purification.
Figure was made in the master thesis of Camilla Werle [272]. Protein Ladder: PageRuler™ Prestained Protein

Ladder (Thermo Fisher).






