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Abstract 

Halogenated compounds, like 7-chloro-L-tryptophan and 7-bromo-L-tryptophan, are 

important building blocks for bioactive substances and have applications in agriculture, 

chemical and pharmaceutical industries. Around 20% of the pharmaceutical and 30% of the 

agrochemical compounds are halogenated. The chemical synthesis is characterized as 

hazardous and highly toxic. Mild halogenation by cross-linked enzyme aggregates containing 

FAD-dependent halogenase, NADH-dependent flavin reductase, and alcohol dehydrogenase 

has been described but requires a co-factor regeneration system. Until now, the microbial 

fermentative production of halogenated L-tryptophan has not been described. In this study, 

the fermentative synthesis of halogenated L-tryptophan was investigated. Corynebacterium 

glutamicum is a well-studied production host in the white biotechnology. Its a workhorse of 

the industrial amino acid production and is used since decades in the food and feed industry.  

The main objectives of this study were i) establishment of a halogenated L-tryptophan 

producing C. glutamicum strain by overexpressing the genes coding for the FAD-dependent 

halogenase RebH and the NADH-dependent flavin reductase RebF from Lechevalieria 

aerocolonigenes, ii) extension of the concept regarding another halogenated Trp derivative 

7-bromo-L-tryptophan, iii) expansion of the product portfolio deriving from L-tryptophan by 

fermentative production of indole in an L-tryptophan overproducing C. glutamicum strain. 

The results presented in this work can be summarized as follows: 

• Characterization of C. glutamicum indicated its suitability as production host since 

its tolerance for chloride and bromide salt is high and it is incapable to utilize the 

products L-tryptophan and halogenated L-tryptophan. The tolerance to 

7-chloro-L-tryptophan and 7-bromo-L-tryptophan is moderate. 

• Overexpression of rebH and rebF from L. aerocolonigenes in an L-tryptophan 

overproducing C. glutamicum strain enabled the production of 57 mg L-1 

7-chloro-L-tryptophan from glucose, ammonia and calcium chloride. Moreover, 

production of 7-chloro-L-tryptophan was established from the alternative, non-food 

competing carbon sources arabinose, glucosamine, and xylose. 
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• The 7-chloro-L-tryptophan producing strain was further engineered for production by 

optimizing the ribosome binding site of rebH. The improved strain HalT2 produced 

up to 108 mg L-1 7-chloro-L-tryptophan. 

• Fermentative production of 7-bromo-L-tryptophan with HalT2 was achieved by 

addition of sodium bromide to a low chloride medium culture. In a batch fermentation 

in 2 L minimal medium, a titer of 0.3 g L-1 7-bromo-L-tryptophan was observed. The 

process was optimized in a fed-batch fermentation with HSG complex medium 

yielding in 1.2 g L-1 7-bromo-L-tryptophan. The product was isolated to high purity 

by reverse phase chromatography.  

• The rebH and rebF overexpressing C. glutamicum strain was further improved to 

prevent the feedback inhibition of anthranilate phosphoribosyltransferase, an enzyme 

of the L-tryptophan biosynthetic pathway, by 7-chloro-L-tryptophan and 

7-bromo-L-tryptophan. This was achieved by the expression of feedback resistant 

anthranilate phosphoribosyltransferase genes. This led to improved production titers 

in shake flasks for both halogenated compounds. 

• The product portfolio was expanded by indole. Implementation of various 

tryptophanases in the L-tryptophan overproducing C. glutamicum strain yielded in 

indole production. The highest production of 329 mg L-1 indole was reached by 

expression of the tryptophanase from Proteus vulgaris. Moreover, by characterization 

of the tryptophanases from Escherichia coli and P. vulgaris the new substrates 

7-chloro-L-tryptophan and 7-bromo-L-tryptophan were identified.  

In this study, the fermentative production of 7-chloro-L-tryptophan and 

7-bromo-L-tryptophan in an L-tryptophan overproducing C. glutamicum strain 

overexpressing the genes for the FAD-dependent halogenase RebH and the 

NADH-dependent flavin reductase RebF was established for the first time. The production 

could be improved by an optimized ribosome binding site of rebH, optimized cultivation 

conditions, and up-scaling in a fed-batch fermentation. Furthermore, the product portfolio of 

C. glutamicum could be expanded towards indole with tryptophanases with a broad substrate 

spectrum, including halogenated L-tryptophan. 
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1 Introduction 

1.1 Relevance of functionalized amino acids 

In nature, functionalized amino acids show usually advantages over unmodified amino acids. 

They have applications in the pharmaceutical, chemical, and food industries. 

Functionalization of amino acids can enhance, for example, their bioactivity, bioavailability, 

and stability (Topall and Laborit, 1989), thus, they have often improved pharmacokinetic 

properties compared to their natural counterparts (Grauer and König, 2009). Various 

functionalizations are known with different effects, for example, i) the bacterium Bacillus 

thuringiensis strain 2e2 AKU 0251 hydroxylates isoleucine to 4-hydroxyisoleucine, a 

promising compound for drugs and functional foods because of its antidiabetic activity (Hibi 

et al., 2011), ii) the fungus Acremonium sp. BCC 2629 methylates L-phenylalanine to 

N-methyl-L-phenylalanine, a precursor of the antibiotic and insecticidal beauvericin 

(Bunyapaiboonsri et al., 2012; Urbaniak et al., 2019), or iii) L-theanine a ethylated glutamine 

derivative, which was isolated from green tea leaves and has flavour enhancing properties 

(Sakato, 1950; Nakagawa, 1970). This study focuses on the functionalization of L-tryptophan 

(Trp) by halogenation at the C7 position to achieve halogenated Trp. 

 

1.1.1 Applications and properties of halogenated compounds 

Halogenation describes a reaction of a halogen (chlorine, bromine, iodine or fluorine) with 

an alkane in which the halogen is introduced into the organic molecule via either an addition 

or a substitution reaction (Weissermel and Arpe, 2008). Chlorination and bromination 

reactions of natural products are the most common reactions, while fluorination and 

iodination rarely occur (Cantillo and Kappe, 2017). Halogenated compounds represent 

around 20% of the pharmaceutical and 30% of the agrochemical substances (Cantillo and 

Kappe, 2017). For example, vancomycin has antibiotic activity against Gram-positive 

bacteria (Bruniera et al., 2015), the herbicide metazosulfuron controls annual and perennial 

weed in paddy rice fields (Jeschke, 2017), and the sulfoxaflor has insecticidal activity against 

the green peach aphid (Loso et al., 2016). Additionally, halogenated compounds have 

applications such as flame retardants, imaging agents in medical diagnosis, dyes, antifouling, 
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pesticides, and in materials science (Hudlicky and Hudlicky, 1983; Sasson, 1995; Herrera-

Rodriguez et al., 2011). Until now, almost 5000 halogenated natural compounds have been 

identified (Chung and Vanderwal, 2016). The advantages of halogenated substances are 

higher bioactivity, stability against biodegradation and oxidation (Blasiak and Drennan, 

2008; Neumann et al., 2008). 

An important part of halogenated compounds are the halogenated amino acids. They are 

important building blocks in the organic synthesis and precursor of complex molecules 

(Strickland and Willis, 2010). The halogenation step often occurs at the amino acid level in 

complex structures (van Pée, 1996). The effects of various halogenated amino acids are 

known, for example, the agent 2-fluoro-histidine, based on the α-amino acid histidine, 

inhibits cytopathogenicity of a variety of RNA and DNA viruses (De Clercq et al., 1978) or 

the halogenated L-phenylalanine derivatives 3,5-diiodo-tyrosine and 3,5-dibromo-tyrosine, 

which have antiglutamatergic activity, are neuroprotective agents for brain ischemia 

(Kagiyama et al., 2004). Moreover, halogenated amino acids can be fed in biotransformation 

processes to generate new halogenated compounds. In 2018 the biosynthesis pathway of the 

anticancer compound noscapine was transferred to the yeast Saccharomyces cerevisiae by Li 

and co-workers (Li et al., 2018). Noscapine derives from the precursor L-tyrosine and 

4-hydroxyphenylacetaldehyde. By feeding 3-fluoro-tyrosine and 3-chloro-tyrosine to the 

metabolic engineered S. cerevisae strain, 8-fluoro-reticuline and 8-chloro-reticuline, the 

halogenated derivatives of the benzylisoquinoline alkaloid reticuline the precursor of 

noscapine, were produced.  

 

1.1.2 Biosynthesis of halogenated compounds by halogenases and 

haloperoxidases 

In nature, halogenation reactions are catalyzed by two enzyme classes. Haloperoxidases use 

hydrogen peroxide as oxidant while the halogenases are dependent on molecular oxygen 

(Neumann et al., 2008). These enzymes are further divided by their reaction mechanisms into 

three groups where the halogenation is carried out i) via a halide (X-), ii) via a halogen (X•), 

or iii) via a hypohalite (X+) (Neumann et al., 2008). 
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The enzymatic halogenation via the nucleophilic halide is an S-adenosylmethionine (SAM) 

dependent reaction and is limited by its small substrates spectrum (O'Hagan et al., 2002; 

Eustáquio et al., 2008) (Fig. 1.1) (Table 1.1). The fluorinase from Streptomyces cattleya, for 

example, catalyzes the first reaction of the multistep pathway producing the pesticide 

fluoroacetate and 4-fluorothreonine (Sanada et al., 1986; Leong et al., 2017). The halogenase 

catalyzes the transfer of a fluoride anion to the electrophilic 5’ carbon of SAM yielding 

5-fluoroadenosine under the release of methionine (O'Hagan et al., 2002). 

 
Figure 1.1: Schematic reaction of a SAM-dependent halogenase. The first reaction step of a SAM-dependent 
halogenase is the transfer of the halide anion to the electrophilic 5’ carbon of the SAM, releasing the methionine 
residue. In further steps, the halogenase is not involved. 
 
The second halogenation functions via a halogen and is a non-heme FeII dependent 

halogenation (Table 1.1). The halogenation is regio- and stereospecific on carrier tethered 

and free substrates (Hillwig and Liu, 2014). Due to the lack of an activated carbon atom, 

substrates in these reactions cannot be halogenated using an electrophilic agent. An example 

of this type is the trichlorination of the C5 methyl group L-leucine, the initial step of the 

biosynthesis of the lipopeptide barbamide (Sitachitta et al., 2000; Chang et al., 2002). The 

amino acid substrate is attached to the peptidyl carrier protein BarA (Galonić et al., 2006) 

(Fig. 1.2). For the halogenation two non-heme FeII dependent halogenases, BarB1 and BarB2 

from Lyngbya majuscula 19L, are required. These are activated through oxygen, 

α-ketoglutarate, and a halogen (Galonić et al., 2006). The co-substrate FeII of the 

non-heme FeII dependent halogenases is decarboxylated by α-ketoglutarate to a FeIV=O 

species, which abstracts the hydrogen atom from an aliphatic carbon center in the substrate 

forming a radical. The formed FeIII builts with the Cl• the FeIII-Cl complex. In the next step, 

the substrate radical is chlorinated by accepting Cl from a FeIII-Cl complex (Vaillancourt et 

al., 2006). The first two chlorinations are carried out by BarB1 and the third chlorination by 

BarB2 (Galonić et al., 2006). 
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Figure 1.2: Schematic reaction of the non-heme FeII dependent halogenases BarB1 and BarB2. The 
hydrogen atoms of the C5 methyl group of L-leucine, which is attached to the peptide carrier protein BarA, are 
removed by the halogenase. The resulting substrate radical is chlorinated.  
 
The third class of enzymatic halogenases is characterized by the reaction via a hypohalite 

(X+). This class is further divided into 3 subclasses: the heme-Fe-dependent haloperoxidase 

(Hager et al., 1966), the vanadium-dependent haloperoxidase (Wever et al., 1985) and the 

flavin-dependent halogenases (Dairi et al., 1995; Hammer et al., 1997). All of them form a 

hypohalous acid (HO-X) as halogenating agent (Grüschow et al., 2014) (Table 1.1.).  

The first heme-Fe-dependent haloperoxidase was discovered in Caldariomyces fumago, 

which produces the chlorinated antibiotic caldariomycin (Hager et al., 1966; Morris and 

Hager, 1966). The halogenation occurs unspecific and the haloperoxidases accept a broad 

range of substrates (Sundaramoorthy et al., 1995; Latham et al., 2017; Timmins and de 

Visser, 2018). The formation of the hypohalous acid (HO-X) occurs in several steps. It starts 

with the resting state of the haloperoxidase, where iron is in the ferric form with four 

coordination sites and a cysteine ligand bound at the heme prosthetic group (Leak et al., 

2009). When hydrogen peroxide (H2O2) binds to the haloperoxidase an active ferryl-oxo 

species is formed and water is eliminated through heterolytic O-O bond cleavage (Neumann 

et al., 2008). This intermediate is reacting with a halide ion to generate a Fe(III) hypohalide. 

Either this formed Fe(III) hypohalide executes the halogenation of the substrate or a free 

hypohalous acid is released and performs the halogenation with a higher distance to the 

Fe center (Libby et al., 1982; Neumann et al., 2008) (Fig. 1.3 A). 
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Figure 1.3: Schematic reaction of the heme-Fe-dependent (A) and vanadium-dependent (B) 

haloperoxidases. A: The hypohalous acid is formed in several steps. The resting state of the haloperoxidase is 
activated by hydrogen peroxide (H2O2) to form a ferryl-oxo species after the elimination of water. Through the 
reaction with the halide ion (X-) Fe(III) hypohalide is formed. The resting state is reached by release of the 
hypohalous acid. Either the Fe(III) hypohalide or the released hypohalous acid performs the halogenation. 
B: The vanadium dependent halogenation takes place in multiple steps. Three of the vanadium-bound oxygen 
atoms interact with the haloperoxidase. The peroxo-vanadate complex is built by reduction of H2O2. The 
complex reacts with the halide ion (X-) and the vanadium-bound hypohalide is formed. By release of the 
hypohalous acid the resting state is entered. Either the vanadium-bound hypohalide or the released hypohalous 
acid performs the halogenation. 
 

The first vanadium-dependent haloperoxidase was discovered in 1985 in the brown algae 

Ascophyllum nodosum (Wever et al., 1985). The bromoperoxidases are mostly found in 

marine seaweeds (Butler and Carter-Franklin, 2004) and chloroperoxidases in terrestrial 

fungi and bacteria (Winter et al., 2007). The vanadium-dependent haloperoxidases catalyze 

the halogenation of electron-rich substrates (Blasiak and Drennan, 2008). The reaction of the 

vanadium-dependent haloperoxidase proceeds in several steps and the halogenation of the 

substrate is unspecific (Fig. 1.3 B) (Timmins and de Visser, 2018). The vanadium atom is 
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bound in the active site to a conserved histidine residue and forms a complex with four 

oxygen atoms. Three of the oxygen atoms interact with the amino acid moieties of the 

enzyme while one oxygen atom is involved in the reaction (Messerschmidt and Wever, 1996; 

Weyand et al., 1999). When hydrogen peroxide binds the vanadate complex a 

peroxo-vanadate complex is built, which then oxidizes with the halide ion to a 

vanadium-bound hypohalide (Neumann et al., 2008). The mechanism of the halogenation 

reaction itself remains still unknown. It is possible, that the built vanadium-bound hypohalide 

execute the halogenation or the hypohalous acid is released and performs the halogenation 

(Grüschow et al., 2014). 

The last form of the enzymatic halogenation is the flavin-dependent or FAD-dependent 

reaction (Table 1.1). The first FAD-dependent halogenase was discovered in 1995 in 

Streptomyces aureofaciens NRRL3203, which chlorinates tetracycline to chlortetracycline 

(Dairi et al., 1995). The halogenases can be divided into two groups due to their substrates. 

One group catalyzes the halogenation of free small-substrates (Dong et al., 2005; Yeh et al., 

2005) and the other requires carrier-bound substrates from non-ribosomal polypeptide 

synthetase (NRPS) systems (Lin et al., 2007). The FAD-dependent reaction is characterized 

by several steps (Fig. 1.4). First, flavin adenine dinucleotide (FAD) is reduced by an 

NADH-dependent flavin reductase to dihydroflavine adenine dinucleotide (FADH2) (Yeh et 

al., 2005). The FADH2 reacts with molecular oxygen to a peroxo species (FAD(C4a)-OOH) 

(Hering et al., 2016). In the next step a nucleophilic attack of the halide ion takes place and 

the hypohalous acid and FAD(C4a)-OH are built. The FAD(C4a)-OH is recycled to FAD 

through hydration and enters the reaction cycle (Yeh et al., 2006). The hypohalous acid is 

further channeled from the FADH2 binding site of the halogenase through a 10 Å tunnel to 

the substrate-binding site. Here, the hypohalous acid is interacting with a lysine residue, 

which is conserved in most FAD-dependent halogenases and forms an N-haloamine. In the 

last step the N-haloamine halogenates the substrate and the halogenated product is released. 

The halogenation reaction is regiospecific (Yeh et al., 2007) (Fig. 1.4).  
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Figure 1.4: Schematic reaction of a FAD-dependent halogenase. The mechanism of the FAD-dependent 
halogenation includes multiple steps to halogenate the target substrate and to regenerate the cofactor FADH2. 
FADH2 reacts with molecular oxygen to FAD(C4a)-OOH. In the next step, a nucleophilic attack by the halide 
ion (X-) takes place and a hypohalous acid is released. This interacts with a lysine residue to form an 
N-haloamine, which halogenates the substrate. For regeneration the FADH2 FAD(C4a)-OH is dehydrated to 
FAD, which is reduced to FADH2 by an NADH dependent flavin reductase. 
 

1.1.2.1 FAD-dependent halogenase RebH and NADH-dependent flavin reductase 

RebF 

The gene of the halogenase RebH is encoded in the reb operon of Lechevalieria 

aerocolonigenes (strain C-38383-RK2, DSMZ-No. 44217), which was discovered in 1986 

and isolated from soil in Japan (Labeda, 1986; Sánchez et al., 2002). This operon encodes 

18 genes, with functions in the rebeccamycin biosynthesis, however, the function of six genes 

remains still unknown (Fig. 1.5). RebH has a molecular weight of 60 kDa and forms a 

homodimer (Bitto et al., 2008). The two monomers are connected by Van der Waals contacts, 

14 hydrogen bonds and one salt bridge (Bitto et al., 2008). RebH has two active sites, the 

FADH2 and the Trp binding site (Yeh et al., 2005) (Fig. 1.6). They are separated by a 10 Å 

tunnel (Bitto et al., 2008). RebH performs a FAD-dependent halogenation of Trp (Chapter 

1.1.2). The temperature optimum of RebH lies between 30 – 35°C (Poor et al., 2014). RebH 

catalyzes the chlorination as well as the bromination of its substrate, however, the 

chlorination is the preferred reaction (Yeh et al., 2005). 



 

 

T
a

b
le

 1
.1

: 
O

v
er

v
ie

w
 o

f 
th

e 
v
a

ri
o

u
s 

su
b

cl
a
ss

es
 o

f 
th

e 
h

a
lo

g
en

a
se

s.
 

H
a

lo
g
e
n

a
se

 
R

ea
ct

io
n

 t
y

p
e/

 

C
o

-s
u

b
st

ra
te

 

D
es

cr
ip

ti
o
n

 
S

p
ec

if
ic

it
y

 

SA
M

-

de
pe

nd
en

t 

ha
lo

ge
na

se
 

N
uc

le
op

hi
lic

/ 

SA
M

, F
-  o

r C
l-  

N
uc

le
op

hi
lic

 a
tta

ck
 o

f X
- o

n 
SA

M
 y

ie
ld

in
g 

in
 

5-
ha

lo
ad

en
os

in
e,

 w
hi

ch
 c

au
se

s 
fu

rt
he

r b
io

sy
nt

he
tic

 

ha
lo

ge
na

tio
n 

of
 m

et
ab

ol
ite

s 

Li
m

ite
d 

by
 a

 fe
w

 

su
bs

tra
te

s 
an

d 
en

d 

pr
od

uc
ts

 

N
on

-h
em

e 
Fe

II
 

de
pe

nd
en

t 

ha
lo

ge
na

se
s 

R
ad

ic
al

/ O
2, 

α-
ke

to
gl

ut
ar

at
e

, h
al

og
en

 

Fe
II
=O

 s
pe

ci
es

 a
bs

tr
ac

t h
yd

ro
ge

n 
fr

om
 s

ub
st

ra
te

 fo
rm

in
g 

a 
ra

di
ca

l, 
th

e 
ra

di
ca

l i
s 

ha
lo

ge
na

te
d 

by
 a

cc
ep

tin
g 

X
 fr

om
 

Fe
II

I -X
 s

pe
ci

es
 

R
eg

io
- a

nd
 s

te
re

os
pe

ci
fi

c 

ha
lo

ge
na

tio
n 

on
 c

ar
rie

r 

te
th

er
ed

 a
nd

 fr
ee

 s
ub

st
ra

te
s 

H
em

e-
Fe

-

de
pe

nd
en

t 

ha
lo

pe
ro

xi
da

se
 

O
xi

da
tiv

e/
 

H
2O

2, 
ha

lid
e 

H
2O

2 a
ct

iv
at

es
 th

e 
re

st
in

g 
Fe

II
I  s

ta
te

 to
 a

 fe
rr

y-
ox

o 
sp

ec
ie

s 

(F
eIV

=O
), 

re
ac

tio
n 

w
ith

 h
al

id
e 

fo
rm

s 
Fe

II
I  h

yp
oh

al
id

e,
 

H
O

X
 is

 re
le

as
ed

 

U
ns

pe
ci

fic
 h

al
og

en
at

io
n 

V
an

ad
iu

m
-

de
pe

nd
en

t 

ha
lo

pe
ro

xi
da

se
 

O
xi

da
tiv

e/
 

H
2O

2, 
ha

lid
e 

H
2O

2 a
ct

iv
at

es
 th

e 
va

na
di

um
 re

st
in

g 
st

at
e 

to
 a

 p
er

ox
o-

va
na

da
te

 c
om

pl
ex

, r
ea

ct
io

n 
w

ith
 th

e 
ha

lid
e 

to
 fo

rm
 th

e 

va
na

di
um

-b
ou

nd
 h

yp
oh

al
id

e,
 H

O
X

 is
 re

le
as

ed
 

U
ns

pe
ci

fic
 h

al
og

en
at

io
n 

FA
D

-

de
pe

nd
en

t 

ha
lo

ge
na

se
 

O
xi

da
tiv

e/
 O

2, 

B
r-  o

r C
l-  

FA
D

H
2 r

ea
ct

s 
w

ith
 O

2 t
o 

FA
D

(C
4a

)-
O

O
H

, r
ea

ct
io

n 
w

ith
 

th
e 

ha
lid

e 
to

 fo
rm

 th
e 

FA
D

(C
4a

)-
pe

ro
xi

de
, r

el
ea

se
 o

f t
he

 

H
O

X
, w

hi
ch

 is
 c

ha
nn

el
ed

 to
 th

e 
su

bs
tra

te
-b

in
di

ng
 s

ite
 

R
eg

io
se

le
ct

iv
e 

ha
lo

ge
na

tio
n 

fo
r f

re
e 

an
d 

ca
rr

ie
r b

ou
nd

 s
ub

st
ra

te
s 

 

 

 

1 Introduction 
 

8 

 

 



  1 Introduction 
 

9 

 

Figure 1.5: Schematic representation of the annotated reb operon. N-glycosyltransferase (encoded by 
rebG), L-amino acid oxidase (encoded by rebO), bis-indole formation (encoded by rebD), FAD-containing 
monooxygenase (encoded by rebC), P450 heme-thiolate protein (encoded by rebP), methyltransferase (encoded 
by rebM), regulatory protein (encoded by rebR), NADH dependent flavin reductase (encoded by rebF), integral 
membrane transporter (encoded by rebU), FAD-dependent 7-halogenase (encoded by rebH), integral 
membrane transporter (encoded by rebT). RebH and RebF are responsible for the chlorination (red) and 
bromination (green) of Trp. 
 
RebH has a turnover number of 0.29 s-1 with the natural substrate Trp and has a Km value for 

Trp of 2 µM (Yeh et al., 2007). Interestingly, RebH accepts also other substrates, like D-

tryptophan, 5-hydroxy-tryptophan, 

 

Figure 1.6: Structure of RebH (PDB 2OA1, (Bitto et al., 2008)). A: Whole structure of the homodimer RebH 
with both monomers (in light blue and black) B: Zoom of the left monomer with bond FAD (yellow), Trp (dark 
grey) and chlorine (red). 
 
5-methyl-tryptophan, 5-fluoro-tryptophan, tryptamine, and tryptophol, however, with a 

lower conversation rate (Payne et al., 2013; Frese et al., 2014; Frese and Sewald, 2015). 

Further, the substrate spectrum of RebH could be extended by directed evolution. Different 

mutants are able to accept various substrates, which are similar in size to Trp, like tryptoline, 

eleagnine and yohimbine (Payne et al., 2015). Additionally, the thermostability was changed 

by directed evolution, as a result, the temperature optimum of wild type RebH increased by 

5°C (Poor et al., 2014). FADH2 regeneration is performed by the NADH-dependent flavin 
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reductase RebF, which is also encoded in the reb operon of L. aerocolonigenes (Sánchez et 

al., 2002) (Fig. 1.5). The enzyme has a molecular size of 18 kDa. RebF oxidizes NADH with 

a turnover of 1.8 s-1 in presence of FAD or FMN. The Km for FAD is 0.7 µM and for FMN 

1.3 µM (Yeh et al., 2005).  

 

1.3 L-tryptophan biosynthesis 

Trp is an essential aromatic amino acid. It was discovered by Frederick G. Hopkins and 

Sydney W. Cole in 1901 (Hopkins and Cole, 1901). Trp is characterized by an indole ring, a 

bicyclic ring formed by benzene and a pyrrole group, and connected to an α-carbon, which 

attaches a carboxyl group and an amine group. It has unique properties in proteins and 

peptides interactions through the indole ring, which stabilizes structures, domains, and 

interactions by Van der Waals force (Betti et al., 2016). In membrane proteins, for example, 

Trp stabilizes the transmembrane domains to the phospholipid bilayer (de Jesus and Allen, 

2013). It is also used in food, feed, and pharmaceuticals since it can improve the sleep state 

and mood (Ikeda, 2006). It is assumed, that a Trp-enriched diet can prevent cognitive decline 

(Musumeci et al., 2017), has the potential to reduce depressive symptoms and anxiety 

(Lindseth et al., 2015), and can have an effect on inflammatory bowel disease and Crohn 

disease (Nikolaus et al., 2017). Several Trp derivatives are formed by enzymatic reactions: 

decarboxylation of Trp yields tryptamine, the precursor of serotonin (Facchini et al., 2000; 

Park et al., 2011) and by an α,β-elimination of the side chain the signal molecule indole is 

built (Newton and Snell, 1965; Lee and Lee, 2010). 

The biosynthesis pathway to produce the essential aromatic amino acid Trp can be divided 

into two parts: i) the shikimate pathway starting from the condensation of 

phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) and ending with chorismate, 

and ii) the Trp pathway which starts with chorismate and ends with Trp (Fig. 1.7). 

Both the precursors of the shikimate pathway derive from glucose-6-phosphate, which is 

either converted to PEP via glycolysis or via pentose-phosphate pathway yielding E4P 

(Eggeling and Bott, 2005). The first step of the shikimate pathway starts with the 

3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (encoded by aro, aroII or aroF, 

aroH, and aroG depending on the microoragnism) driven aldol-like condensation of PEP and 
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E4P to generate 3-Deoxy-D-arabino-heptulosonate-7-phosphate (DAHP). In the next step, 

the 3-dehydroquinate synthase (encoded by aroB) catalyzes the conversion of the 

seven-carbon keto acid DAHP to 3-dehydroquinate via oxidation, elimination of a phosphate, 

reduction, ring-opening and aldol reaction (Turner et al., 1975; Han et al., 1999; Negron et 

al., 2011). The third step is the dehydration of 3-dehydroquinate to 3-dehydroshikimate, 

which is catalyzed by the 3-dehydroquinate dehydratase (encoded by aroD) (Herrmann and 

Weaver, 1999; Liu et al., 2015). Subsequently the NADPH-dependent shikimate 

dehydrogenase (encoded by aroE) reduces 3-dehydroshikimate to shikimate (Ye et al., 2003; 

Kubota et al., 2013). Shikimate is further phosphorylated to shikimate-3-phosphate catalyzed 

by the shikimate kinase (encoded by aroK) under consumption of adenosine triphosphate 

(ATP) (Herrmann and Weaver, 1999). In the sixth step the 5-enolpyruvylshikimate 

3-phosphate synthase (encoded by aroA), which belongs to the transferases, catalyzes the 

transfer of the enolpyruvyl part of PEP to shikimate-3-phosphate to form 

5-enolpyruvylshikimate 3-phosphate (EPSP) and inorganic phosphate (Levin and Sprinson, 

1964; Bentley and Haslam, 1990). In the last step of the shikimate pathway the chorismate 

synthase (encoed by aroC) catalyzes the 1,4-anti-elimination of the 3-phosphate group and 

C-(6proR) hydrogen from EPSP to form chorismate and orthophosphate (Morell et al., 1967; 

Floss et al., 1972). Here, a branched point is reached: chorismate can be further converted to 

L-phenylalanine and L-tyrosine or to Trp (Fig. 1.7). The chorismate mutase (encoded by csm) 

catalyzes the conversion of chorismate to prephenate (Guilford et al., 1987). This is either 

converted to phenylpyruvate by the prephenate dehydratase (encoed by pheA) and further to 

L-phenylalanine (Follettie and Sinskey, 1986; Zhang et al., 2013) or to pretyrosine, which is 

then converted  
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Figure 1.7: Schematic representation of the biosynthetic Trp as well as other aromatic amino acids 

pathway in C. glutamicum. The pathway is divided into shikimate pathway (yellow), which starts from 
phosphoenolpyruvate (PEP) and erythrose-4-phopshate (E4P) and ends with chorismate, and the Trp pathway 
from chorismate to Trp (grey). The L-phenylalanine and L-tyrosine pathway starts from chorismate and ends 
with L-phenylalanine and L-tyrosine (blue). The lines indicate product feedback inhibition. Shikimate pathway 
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(yellow): 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (encoded by aroI,aroII), 3-dehydroquinate 
synthase (encoded by aroB), 3-dehydroquinate dehydratase (encoded by aroD), NADPH-dependent shikimate 
dehydrogenase (encoded by aroE), shikimate kinase (encoded by aroK), 5-enolpyruvylshikimate 3-phosphate 
synthase (encoded by aroA), chorismate synthase (encoded by aroC); L-phenylanine and L-tyrosine pathway 
(blue): prephenate dehydratase (encoded by pheA), pretyrosine dehydrogenase (encoded by tyrA); Trp pathway 
(grey): anthranilate synthase (encoded by trpG, trpE), anthranilate phosphoribosyltransferase (encoded by 
trpD), phosphoribosyl anthranilate isomerase (encoded by trpF), indole-3-glycerol phosphate synthase 
(encoded by trpC), tryptophan synthase (encoded by trpB, trpA). 

to L-tyrosine by the pretyrosine dehydrogenase (Hagino et al., 1973; Jensen and Pierson, 

1975). The biosynthesis pathway in the direction of Trp starts with the conversion of 

chorismate to anthranilate. For this step the anthranilate synthase (encoded by trpE 

(component I) and trpG (component II)) is responsible, which requires chorismate and 

L-glutamine as substrates. First, an amine is transferred from L-glutamine to the C2 position 

of the chorismate and L-glutamate is released. In the next step, an enolpyruvate group is 

removed by protonation from the intermediate to form pyruvate and anthranilate (Tamir and 

Srinivasan, 1970). The anthranilate phosphoribosyltransferase (encoded by trpD) transfers a 

phosphoribosyl group from 5-phospho-α-D-ribose 1-diphosphate (PRPP) to anthranilate 

forming N-(5-phospho-β-D-ribosyl)-anthranilate and diphosphate (Lambrecht and Downs, 

2012). The third and the fourth step of the Trp biosynthesis is catalyzed by a bifunctional 

enzyme complex: the phosphoribosyl anthranilate isomerase (encoded by trpF; component I) 

rearranges irreversible N-(5-phospho-β-D-ribosyl)-anthranilate to 

1-(o-carboxyphenylamino)-1-deoxy-D-ribulose 5-phosphate (Wilmanns et al., 1992), which 

is further converted to indole-3-glycerol phosphate by a ring closure reaction which is 

catalyzed by the indole-3-glycerol phosphate synthase (encoded by trpC), the second 

component of the complex (Parry, 1971; Hennig et al., 2002). The last step of the Trp 

biosynthesis is catalyzed by the tryptophan synthase, which consists of an α2β2 complex 

formed by TrpA and TrpB (Crawford and Yanofsky, 1958). In the first reaction the α subunit 

(encoded by trpA) cleaves the indole-3-glycerol-phosphate to indole and 

D-glyceraldehyde 3-phosphate, without releasing the intermediates (Lane and Kirschner, 

1991). In the next step, the β subunit (encoded by trpB) catalyzes in a pyridoxal 5-phosphate 

dependent reaction the condensation of L-serine and indole to Trp (Lane and Kirschner, 1983) 

(Fig. 1.7).  
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1.4 Biosynthesis and applications of halogenated L-tryptophan 

Trp can be further processed by enzymtic halogenation to halogenated Trp. This reaction is 

catalyzed by different halogenases, which halogenate the Trp regioselective at a carbon atom. 

The enzymatic halogenations at the C5, C6, and C7 positions were already described in 

previous studies (Keller et al., 2000; Yeh et al., 2005; Zehner et al., 2005; Zeng and Zhan, 

2011) (Fig. 1.8). The FAD-dependent 5-halogenases PyrH and FHal16 from Streptomyces 

rugosporus LL-42D005 and Xenorhabdus szentirmaii DSM 16338, respectively, chlorinate 

Trp at the C5 position to obtain 5-chloro-tryptophan (Zehner et al., 2005; Domergue et al., 

2019). In Streptomyces rugosporus LL-42D005 5-chloro-tryptophan is a precursor of the 

antibiotic compound pyrroindomycin B (Zehner et al., 2005). 

 

Figure 1.8: Structure of Trp, 5-chloro-tryptophan, 6-chloro-trptophan, 7-chloro-L-tryptophan 

(7-Cl-Trp), and 7-bromo-L-tryptophan (7-Br-Trp): A: Trp The benzene ring is marked in blue, the pyrrol 
group in orange and side chain in grey. B: 5-chloro-tryptophan C: 6-chloro-tryptophan D: 7-Cl-Trp. E: 7-Br-
Trp. 
 
Halogenation at position 6 is catalyzed by the FAD-dependent 6-halogenases ThaI (ThdH) 

and SttH, which derive from Streptomyces rugosporus and Streptomyces toxytricini, 

respectively (Zeng and Zhan, 2011; Milbredt et al., 2014) (Fig. 1.8). 6-chloro-tryptophan is 
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the precursor of the plant growth-regulating substance thienodolin (Kanbe et al., 1993; 

Milbredt et al., 2014). Both tryptophan 6-halogenases accept also bromide ions, whereby 

6-bromo-tryptophan the precursor of barettin, a compound with antioxidant activity, is 

formed (Bittner et al., 2007). For the halogenation of the C7 position two halogenases from 

the same enzyme class are known. In P. fluorescens BL915∆ORF1-4 the FAD-dependent 

7-halogenase PrnA chlorinates Trp (Keller et al., 2000; Dong et al., 2005). The resulting 

7-chloro-L-tryptophan (7-Cl-Trp) (Fig. 1.9) serves as a precursor for the antifungal antibiotic 

pyrrolnitrin (Hammer et al., 1997). A second FAD-dependent 7-halogenase is RebH from 

L. aerocolonigenes. Here, 7-Cl-Trp (Fig. 1.9) serves as a precursor of the indolocarbazole 

antitumor agent rebeccamycin (Bush et al., 1987; Nishizawa et al., 2005). 

 

Figure 1.9: Schematic reaction from Trp to 7-Cl-Trp or 7-Br-Trp. Trp is either chlorinated or brominated 
by the FAD-dependent tryptophan halogenase PrnA or RebH. For the regeneration of the FADH2, the NADH 
dependent flavin reductase PrnF or RebF are responsible.  

Next to the chlorination of Trp, the bromination at position 7 was described as well. 

7-bromo-L-tryptophan (7-Br-Trp) (Fig. 1.9) is a precursor of the 20S proteasome protease 

inhibitor TMC-95A (Koguchi et al., 2000). Another application of 7-Cl-Trp and 7-Br-Trp is 

the use in cross-linking reactions. In the Suzuki–Miyaura cross-coupling reaction, which uses 

palladium catalyst the C7 position of Trp shows the highest reactivity compared to the C5 
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and C6 position (Roy et al., 2008; Schnepel and Sewald, 2017). In this reaction the halogen 

is exchanged by an acryl substituent to form various acryl-substituted Trps (Frese et al., 

2016), but for most of the cross-linking reactions the brominated Trp is preferred due to its 

higher reactivity (Corr et al., 2017). Another crosslinking reaction is the Mizoroki–Heck 

cross-coupling, which is also palladium-catalyzed. In this reaction the halogen of 7-Br-Trp 

substituted by different styrenes to build styryltryptophans (Gruß et al., 2019). This 

styryltryptophans have fluorescence properties and the potential to be used in the labeling of 

biomolecules (Gruß et al., 2019). In both cross-linking reactions the halogenated amino acid 

is protected by an Nα-tert-butoxycarbonyl (Boc) group to obtain Trp derivatives used for 

peptide chemistry (Frese et al., 2014; Schnepel and Sewald, 2017; Gruß et al., 2019). A third 

option to process 7-Br-Trp is the Sonogashira cross-coupling reaction, which is 

palladium-catalyzed (Corr et al., 2017). Here, 7-Br-Trp is bound to a tripeptide at the 

N-terminal position, and the bromine is substituted by a 3-fluorophenylacetylene, which has 

a potential in 19F-labelling of peptides. Due to the short time of cross-coupling it may be a 

tool for the Positron Emission Tomography (PET) (Krapf et al., 2016; Corr et al., 2017).  

Until now, three methods are established to obtain halogenated Trp. One is the chemical 

halogenation, which is mostly hazardous and highly toxic. The second one is a biocatalytic 

process, where the FAD-dependent halogenase RebH, NADH dependent flavin reductase 

PrnF (Pseudomonas fluorecens) and an alcohol dehydrogenase ADH (Rhodococcus sp.) are 

cross-linked in CLEA (cross-linked enzyme aggregates). Through this biocatalytic strategy, 

the regioselective halogenation of Trp in gram scale is possible (Frese and Sewald, 2015). 

The third method is the production by plants by heterologous expression of rebH and rebF 

in Catharanthus roseus or Nicotiana benthamiana (Runguphan et al., 2010; Fräbel et al., 

2016). 

 

1.4.1 Indole and halogenated indole 

One important derivative of Trp is indole. Indole and its derivatives are an important class of 

heterocyclic aromatic compounds, which have a wide range of biological activities (Ghinea 

and Dinica, 2016). Indole is produced in various species, like plants (Zhang et al., 2008; 

Warskulat et al., 2016), Gram-positive (DeMoss and Moser, 1969; Elsden et al., 1976) and 
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Gram-negative bacteria (Smith, 1897; Mueller et al., 2009). Indole has a variety of functions 

in nature: it serves as a signal molecule (Vega et al., 2012), affects biofilm formation (Hu et 

al., 2010) and modulates antibiotic resistance (Lee et al., 2010). In mammals, including 

humans, indole was detected, however, they lack the ability to produce it themselves. Indole 

derives from commensal bacteria, which naturally occur in the bodies of mammals 

(Tlaskalová-Hogenová et al., 2004; Wikoff et al., 2009; Bansal et al., 2010). The influence 

of indole and its derivatives in humans is poorly understood, but it may influence human 

diseases, like bacterial infections, intestinal inflammation, neurological diseases, diabetes 

and cancer (Lee et al., 2015). Indole and its derivatives also have applications in different 

industries: they are used for pharmaceuticals and in medicine because they have 

anti-inflammatory (da Silva Guerra et al., 2011), antitumor (Dadashpour and Emami, 2018) 

or antiviral activities (Giampieri et al., 2009). In the dye industry the indole derivatives indigo 

and LI-3 or LI-4 (organic dyes for dye-sensitized solar cells) are produced (Li et al., 2009; 

Sánchez-Viesca et al., 2016). In black and green tea indole is responsible for the volatile 

aroma (Ho et al., 2015). The production of indole in microorganisms was described via 

α,β-elimination of Trp catalyzed by a tryptophanase (TnaA, EC 4.1.99.1) yielding next to 

indole also pyruvate and ammonia (Newton and Snell, 1965). In plants indole-3-glycerol 

phosphate is converted to free indole by the indole-3-glycerol phosphate lyase (Frey et al., 

1997; Frey et al., 2000) 

Also, halogenated indole derivatives have various functions: fluorinated and iodinated indole 

show nematicidal and insecticidal activities (Rajasekharan et al., 2019), which is used in the 

control of parasitic nematodes, which cause infection in humans, animals, and plants (Jasmer 

et al., 2003). The halogenated indole derivatives, 7-chloroindole, 7-bromoindole and, 

5-iodoindole have a strong toxic effect to the persister cells of E. coli. Formation of bacterial 

persister cells occurs often together with multidrug resistance and hence, halogenated indoles 

are potential compounds targeting the persister cells (Lewis, 2008; Lee et al., 2016). Different 

halogenases or haloperoxidases were described, which catalyze the halogenation of indole 

and indole derivatives, like the Xcc halogenases from Xanthomonas campestris pv. 

campestris B100 (Butler, 1998; Martinez et al., 2001; Neubauer et al., 2018; Ismail et al., 

2019). 
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1.5 Corynebacterium glutamicum as production host for halogenated 

L-tryptophan  

C. glutamicum is a Gram-positive, non-pathogenic and non-motile rode shaped soil 

bacterium (Eggeling and Bott, 2015). It was discovered in the 1950s in Japan (Kinoshita et 

al., 1957) and is classified taxonomically in the class Actinobacteria and the order 

Actinomycetales on the basis of the (16S) rRNA and the genes coding for this molecule 

(rDNA) (Stackebrandt et al., 1997). The whole genome of C. glutamicum ATCC 13032 was 

sequenced in 2003 (Ikeda and Nakagawa, 2003; Kalinowski et al., 2003). It is used for 

large-scale industrial production of the flavor enhancer L-glutamate and the food and feed 

additive L-lysine (Wendisch, 2019). Products produced with C. glutamicum are recognized 

as GRAS (generally recognized as safe). A toolbox with different techniques, like DNA 

transfer techniques (Dunican and Shivnan, 1989; Schäfer et al., 1990), gene expression 

systems (Kirchner and Tauch, 2003; Eggeling and Bott, 2015) and gene deletion and 

integration (Schäfer et al., 1994) exist. The product portfolio was expanded by metabolic 

engineering, to the natural amino acids L-ornithine and L-arginine (Schneider et al., 2011; 

Peters-Wendisch et al., 2014), the cyclic amino acid pipecolic acid (Pérez-García et al., 

2016), terpenoids (Heider et al., 2014; Henke et al., 2016; Henke et al., 2018), the alkylated 

amino acid N-methylalanine (Mindt et al., 2018) or sarcosine (Mindt et al., 2019) and 

para-hydroxybenzoic acid (Purwanto et al., 2018). C. glutamicum has natural access to 

different carbon sources, like the sugars glucose, sucrose and fructose (Zahoor et al., 2012), 

but by metabolic engineering, the range of carbon sources was extended to various alternative 

carbon sources, which are not competing with the food and feed industries. For example, the 

polymer starch (Seibold et al., 2006; Tateno et al., 2007; Tateno et al., 2009), 

N-acetyl-glucosamine (Matano et al., 2014) N-acetylmuramic acid (Sgobba et al., 2018), the 

sugars xylose (Kawaguchi et al., 2006) and arabinose (Kawaguchi et al., 2008), the 

dicarboxylic acids fumaric and malic acid (Teramoto et al., 2008; Youn et al., 2009) are 

accessible for engineered C. glutamicum strains. 

Moreover, C. glutamicum is an ideal host for the production of aromatic amino acids. On the 

one hand is the shikimate pathway and its regulation well studied (Bongaerts et al., 2001) 
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and on the other hand it has been already engineered towards the production of the aromatic 

amino acids (Ikeda and Katsumata, 1992), like Trp (Ikeda and Katsumata, 1999). In the 

industry, Trp is produced in large amounts by microbial fermentation with, for example, 

C. glutamicum and E. coli (Liu et al., 2019; Wendisch, 2019). Further, Trp produced by 

C. glutamicum was recognized as safe and effective (Additives et al., 2019), hence, 

C. glutamicum is a suitable host for the production of Trp and Trp derivatives. 

 

1.5.1 Regulation of the L-tryptophan biosynthesis in Corynebacterium 

glutamicum 

The biosynthesis of Trp is regulated by feedback inhibition and feedback repression in 

C. glutamicum. First, feedback inhibition is considered here in more detail. The first step of 

the Trp biosynthesis catalyzed by Aro and AroII is feedback regulated by the two aromatic 

amino acids L-phenylalanine and L-tyrosine. In C. glutamicum these compounds inhibit the 

wildtype enzymes to prevent the overproduction of aromatic amino acids (Liu et al., 2008) 

(Fig. 1.7). In other microorganisms, for example E. coli, this step, catalyzed by the 

3-deoxy-D-arabino-heptulosonate 7-phosphate synthases AroF, AroH, and AroG (encoded 

by aroF, aroH, and aroG), is feedback regulated as well. Each enzyme is inhibited by one of 

the aromatic amino acids: AroF by L-tyrosine (Schoner and Herrmann, 1976), AroH by Trp 

(Akowski and Bauerle, 1997) and AroG by L-phenylalanine (McCandliss et al., 1978). 

Further, AroE is feedback inhibited by its product shikimate in both C. glutamicum and 

E. coli (Dell and Frost, 1993; Kubota et al., 2013). In the second part of the Trp biosynthesis 

the TrpE and TrpD are feedback inhibited by different compounds. In C. glutamicum the 

TrpE and TrpD are strongly inhibited by Trp and its derivatives, ensuring a tight regulation 

of the Trp biosynthesis (Hagino and Nakayama, 1975) (Fig. 1.7). Already at a concentration 

of 0.83 mM Trp or 0.32 mM 5-methyl-trpytophan, the enzyme activity of TrpD decreased 

around 4.5 times (O'Gara and Dunican, 1995). In E. coli TrpE, TrpG and TrpD form a 

complex, which is feedback regulated by Trp. However, if TrpD is not bound in the complex 

it is less inhibited by Trp, hence TrpEG is the regulated subunit (Ito and Yanofsky, 1969). 

Furthermore, the Trp biosynthesis is regulated at the transcriptional level. Both 

C. glutamicum and E. coli are regulated by a repressor and an attenuator (Brune et al., 2007). 
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In E. coli the repressor is encoded by the trpR gene. If the intracellular concentration of Trp 

is high, Trp binds to TrpR, which binds reversibly to the operator sequence of the trp operon 

to prevent the transcription. At low Trp concentration the repression is paused (Yanofsky and 

Crawford, 1987) (Fig. 1.10). In C. glutamicum the repressor LtbR binds to a 12 bp motif 

between the -10 promoter region and the ribosome binding site of the trpL gene and prevents 

the transcription of the trp operon. The deletion of the LtbR repressor leads to enhanced 

expression of the trp operon (Brune et al., 2007). Until now the regulation of the LtbR 

repressor is unknown (Fig. 1.10). Additionally, in C. glutamicum a putative operator 

sequence, which shows similarity to the operator DNA binding sequence of the TrpR 

repressor of E. coli, was detected upstream of the -10 promoter region of the trp operon 

(Matsui et al., 1987; Sano and Matsui, 1987). However, C. glutamicum is not encoding a 

TrpR related protein nor showed the sequence a regulatory role (Guerrero et al., 1994; Brune 

et al., 2005). For the second transcriptional regulation in E. coli, the attenuation, the 

synchronization of the translation of the leader peptide sequence, TrpL, and the transcription 

of the operon´s leader sequence plays an important role. During the transcription of trpL the 

formed mRNA can build a hairpin structure, the anti-antiterminator, which causes a 

transcriptional pause. By binding of the ribosome, the RNA-polymerase is released, and the 

anti-antiterminator structure is disrupted. After this step two following events are possible, 

which depend on the availability of charged tRNATrp. If the concentration of the tRNATrp is 

low, the ribosome stalls during translation of the two Trp codons of the trpL mRNA. An 

antiterminator hairpin structure is formed in the leader mRNA, which prevents the formation 

of the terminator hairpin structure. Hence, the transcription of the trp operon continues. If 

the concentration of tRNATrp is high, the ribosome translates the trpL mRNA without stalling 

and declines at the trpL stop codon. This enables the leader mRNA to form an 

anti-antiterminator hairpin and a terminator hairpin structure and the transcription 

termination is initiated (Morse and Morse, 1976; Yanofsky and Soll, 1977; Zurawski et al., 

1978; Oxender et al., 1979; Zurawski and Yanofsky, 1980) (Fig. 1.10).  
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Figure 1.10: Transcriptional regulation of the trp operon in C. glutamicum and E. coli. In C. glutamicum 
the transcription is regulated by the repressor LtbR and by attenuation, whereby both are not complete 
investigated. The transcription of E. coli is regulated by the repressor TrpR, which is regulated by the 
intracellular concentration of Trp. Additionally, the transcription is regulated by attenuation. 
 
The transcription of the trp operon of C. glutamicum is controlled by attenuation, but this is 

not as well investigated as in E. coli. The attenuator region contains a short leader peptide 

region of 17-codon open reading frame (ORF) containing three consecutive Trp codons 

(Herry and Dunican, 1993). A non-sense mutation can lead to a constitutive antiterminator 

formation (Herry and Dunican, 1993). A point mutation in the attenuator region may 

destabilize the terminator structure and hence, the transcription level of the trp operon was 

increased (Matsui et al., 1987) (Fig. 1.10). 

 

1.5.1 Production of L-tryptophan by Corynebacterium glutamicum 

In the C. glutamicum ATCC 13032 wildtype no accumulation of Trp or the precursors 

chorismate and anthranilate could be detected (Katsumata and Ikeda, 1993). In 2018, a Trp 

overproducing strain was generated by metabolic engineering by Purwanto and co-workers 
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(Purwanto et al., 2018). They achieved high Trp titers by engineering of four metabolic steps: 

i) overexpression of a feedback resistant AroG gene from E. coli, thus avoiding the inhibition 

by L-phenylalanine and L-tyrosine, ii) prohibit by-product formation of L-phenylalanine and 

L-tyrosine by deletion of csm, resulting as well in an L-phenylalanine and L-tyrosine 

auxotrophic strain, iii) integrating a homologous feedback resistant TrpE into the genome 

channeling the flux to anthranilate and preventing inhibition by Trp, and iv) plasmid-based 

overexpression of trpD from E. coli converting the produced anthranilate to Trp. The 

resulting strain Tp679 (pCES208-trpD) produces 2 g L-1 Trp (Purwanto et al., 2018). The 

highest Trp production by C. glutamicum so far was reached by Ikeda et al., 1999. Here, a 

Trp overproducing C. glutamicum strain produced in a fed-batch cultivation up to 58 g L-1 

(Ikeda and Katsumata, 1999; Ikeda, 2006). This titer was reached by overexpression of the 

3-deoxy-D-arabino-heptulosonate 7-phosphate synthase gene (aroII) from C. glutamiucum, 

the Trp biosynthesis operon (trp operon), the phosphoglycerate dehydrogenase gene(serA) 

and the transketolase gene (tkt), and by a plasmid stabilization system (Ikeda and Katsumata, 

1999). 

Taken together, because of the great availability of tools for strain development and the 

establishment in the food and feed industries C. glutamicum is a suitable host for the 

production Trp and its derivatives. 
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1.5 Objectives 

Halogenated compounds, like 7-Cl-Trp and 7-Br-Trp, are important building blocks of 

bioactive substances. The chemical halogenation is characterized as hazardous and highly 

toxic. The greener alternative is the halogenation by biocatalysis, however, it requires a 

co-factor regeneration system. Hence, the aim of this study was to establish a de novo 

synthesis of halogenated Trp and the Trp derivative indole using the industrial relevant 

production host C. glutamicum.  

The fermentative production of Trp derivatives was accomplished by: i) production of 

halogenated Trp (7-Cl-Trp) by overexpression the genes for the FAD-dependent halogenase 

RebH and the NADH-dependent flavin reductase RebF, both derived from 

L. aerocolonigenes in a Trp overproducing C. glutamicum strain, ii) extension of the concept 

regarding another halogenated Trp derivative (7-Br-Trp), iii) expansion of product portfolio 

deriving from Trp by fermentative production of indole in a Trp overproducing 

C. glutamicum strain. 
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2. Results 

The results of this thesis are presented within four manuscripts: 

The first manuscript ´Metabolic engineering of Corynebacterium glutamicum for the 

fermentative production of halogenated tryptophan´ describes the fermentative production of 

7-chloro-L-tryptophan (7-Cl-Trp) by C. glutamicum. Therefor the genes coding for the 

FAD-dependent halogenase RebH and the NADH-dependent flavin reductase RebF from 

Lechevalieria aerocolonigenes were overexpressed in an L-tryptophan (Trp) overproducing 

C. glutamicum strain. By further engineering, the production of 7-Cl-Trp from the alternative 

carbon sources arabinose, glucosamine and xylose was established.  

 

Since RebH accepts beside chlorine ions as well bromine ions the concept was extended to 

another halogenated Trp derivative 7-bromo-L-tryptophan (7-Br-Trp). The production of 

7-Br-Trp is described in the second manuscript ´Bromination of L-tryptophan in a 

fermentative process with Corynebacterium glutamicum´. The halogenating C. glutamicum 

strain was cultivated with sodium bromide in a low-chloride medium to enable the production 

of 7-Br-Trp. The fermentative production was scaled up to 2 L in a batch and a fed-batch 

fermentation. The product 7-Br-Trp was isolated and purified by reverse phase 

chromatography.  

 

In the first two manuscripts, it was observed, that the products 7-Cl-Trp and 7-Br-Trp 

inhibited the anthranilate phosphoribosyltransferase (encoded by trpD) which lead to an 

accumulation of anthranilate. Overexpression of feedback resistant trpDs from various 

microorganisms in a rebH and rebF expressing C. glutamicum strain enabled full conversion 

of anthranilate in the fermentative production of 7-Cl-Trp and 7-Br-Trp. The characterization 

of the feedback resistant TrpDs are described in the third manuscript ´Fermentative 

production of halogenated Trp by recombinant Corynebacterium glutamicum using feedback 

resistant anthranilate phosphoribosyltransferases´. 

To expanse the product portfolio of C. glutamicum towards indole different tryptophanases 

were overexpressed in the Trp overproducing C. glutamicum strain which is described in the 
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fourth manuscript ´Fermentative production of indole with Corynebacterium glutamicum 

overexpressing different tryptophanases´. Interestingly, the tryptophanases from E. coli and 

P. vulgaris showed a wider substrate spectrum containing halogenated Trp. 

 

Editorial changes were done in the manuscripts according to the style of the thesis. Grammar 

and typos were corrected. 
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2.1.1 Abstract 

Halogenated compounds, like 7-chloro-L-tryptophan, are important intermediates or 

components of bioactive substances relevant for the pharmaceutical, chemical and 

agrochemical industries. About 20% of all pharmaceutical small molecule drugs and around 

30% of all active compounds in agrochemistry are halogenated. Chemical halogenation 

procedures usually are characterized by the use of hazardous or even highly toxic chemicals. 

Recently, a biocatalytic process for L-tryptophan halogenation at the gram-scale using 

FAD-dependent halogenase and NADH-dependent flavin reductase enzymes has been 

described. Many proteinogenic amino acids are produced by fermentation using 

Corynebacterium glutamicum. The fermentative production of L-glutamate and L-lysine, for 

example, is operated at the million-ton scale. However, fermentative production of 

halogenated amino acids has not yet been described. In this study, fermentative production 

of the halogenated amino acid 7-chloro-L-tryptophan from sugars, ammonium and chloride 

salts was achieved. This required metabolic engineering of an L-tryptophan producing 

C. glutamicum strain for expression of the genes coding for FAD-dependent halogenase 

RebH and NADH-dependent flavin reductase RebF from Lechevalieria aerocolonigenes. 

Chlorination of L-tryptophan to 7-chloro-L-tryptophan by recombinant C. glutamicum was 
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improved by optimizing the RBS of rebH. Metabolic engineering enabled production of 

7-chloro-L-tryptophan and L-tryptophan from the alternative carbon sources arabinose, 

glucosamine and xylose. 

 

2.1.2 Introduction 

Halogenated amino acids are sought after by the pharmaceutical, chemical and agrochemical 

industries (Diederich and Stang, 2008). They are found in various natural products including 

the antibiotics chloramphenicol and pyrroindomycin, the plant growth-regulating 

thienodolin, and the antifungal pyrrolnitrin (Hammer et al., 1997; van Pée and Hölzer, 1999). 

Rebeccamycin is an indolocarbazole alkaloid antibiotic that inhibits DNA topoisomerase I 

and is produced naturally by Lechevalieria aerocolonigenes (Onaka et al., 2003; Nishizawa 

et al., 2005). 7-Chloro-L-tryptophan (7-Cl-Trp) is a precursor of rebeccamycin. Halogenation 

of L-tryptophan (Trp) requires two enzymes encoded in the reb cluster of L. aerocolonigenes: 

the FAD-dependent halogenase RebH and NADH-dependent flavin reductase RebF 

(Nishizawa et al., 2005). Halogenase RebH uses FADH2, molecular oxygen (O2) and chloride 

(Cl-) to halogenate its substrate Trp yielding 7-Cl-Trp. In turn, recycling of the reduced 

cofactor FADH2 requires nicotinamide adenine dinucleotide (NADH)-dependent flavin 

reductase RebF. Recently, a biocatalytic process for L-tryptophan halogenation at the 

gram-scale has been described based on the purified enzymes and cross-linked enzyme 

aggregates including alcohol dehydrogenase for NADH recycling with isobutanol (Frese and 

Sewald, 2015; Schnepel and Sewald, 2017). However, production of the halogenated amino 

acid 7-Cl-Trp by fermentation has neither been described for the native L. aerocolonigenes 

nor for other microorganisms. 

Corynebacterium glutamicum is the work horse of fermentative amino acid production 

(Hermann, 2003; Eggeling and Bott, 2015; Lee et al., 2016; Wendisch et al., 2016). Besides 

its use in the million-ton scale L-glutamate and L-lysine processes, this bacterium has been 

engineered for production of various compounds including alcohols (Inui et al., 2004; Jojima 

et al., 2015; Siebert and Wendisch, 2015; Wendisch et al., 2016), diamines (Wendisch et al., 

2018) like putrescine (Schneider and Wendisch, 2010), organic acids (Wieschalka et al., 
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2013), terpenoids (Heider et al., 2014) such as patchoulol (Henke et al., 2018) or 

non-proteinogenic amino acids (Wendisch, 2016) such as GABA (Kim et al., 2013; Jorge et 

al., 2016; Pérez-García et al., 2016; Jorge et al., 2017). C. glutamicum has also been 

engineered to produce aromatic amino acids including Trp and aromatic compounds 

amenable from intermediates of the shikimate and chorismate pathways (Lee and Wendisch, 

2017). 

 

Figure 2.1.1: Schematic representation of reactions in recombinant Trp and 7-Cl-Trp producing 

C. glutamicum. Genes names are shown next to reactions that are represented by arrows. Dashed arrows show 
several reactions. Overexpression of endogenous genes is indicated (↑), expression of heterologous genes is 
marked by green boxes, deletions are marked with red crosses. FBR: feedback resistant 

Recently, a metabolic engineering strategy to overproduce Trp and related compounds such 

as 4-hydroxybenzoate has been described (Purwanto et al., 2018). Strain engineering for Trp 

production included plasmid-based expression of trpD from E. coli and genome-based 

expression of trpEFBR coding for feedback-resistant anthranilate synthase, together with 

deletion of csm encoding chorismate mutase and expression of aroGFBR encoding feedback-

resistant 3-deoxy-D-arabinoheptulosonate-7-phosphate synthase from E. coli in the 

vdh-deleted genome locus (Purwanto et al., 2018). 
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Here, we describe metabolic engineering of 7-Cl-Trp producing strains based on the above 

described Trp producing strain. Overexpression of the genes encoding the FAD-dependent 

halogenase RebH and the NADH-dependent flavin reductase RebF from L. aerocolonigenes 

enabled halogenation of Trp to 7-Cl-Trp. Moreover, production of 7-Cl-Trp and Trp from 

the alternative carbon sources like arabinose, xylose and glucosamine that do not have 

competing uses for human and animal nutrition was established. 
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2.1.3 Materials and methods 

2.1.3.1 Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 2.1.1. Escherichia coli 

DH5α (Hanahan, 1983) was used for cloning of the plasmid constructs. E. coli and 

C. glutamicum were usually grown in lysogeny broth medium (LB) in 500 mL baffled flask 

at 37 °C and 30 °C, respectively. For growth and production experiments C. glutamicum was 

inoculated in CGXII (Eggeling and Bott, 2005) supplemented with 40 g L-1 glucose in 500 

mL baffled flasks to an optical density (OD600) of 1 and incubated at 120 rpm (shaking 

diameter: 16.5 cm) at 30 °C. Growth was followed by measuring the optical density using 

V-1200 Spectrophotometer at 600 nm (VWR, Radnor, PA, USA). For production of 

halogenated tryptophan, the minimal medium was supplemented with chloride salts. For all 

strains derived from Tp679 1.5 mM L-phenylalanine and 1.37 mM L-tyrosine were added to 

the minimal medium. If necessary, the growth medium was supplemented with kanamycin 

(25 µg mL-1), spectinomycin (100 µg mL-1) and/ or tetracycline (5 µg mL-1). To induce the 

gene expression from the vectors pEKEx3 (Stansen et al., 2005) and pECXT99A (Kirchner 

and Tauch, 2003) isopropyl-β-D-1-thiogalactopyranoside (IPTG) (1 mM) was added. 

Table 2.1.1: Strains and vectors used in this work. 

Strains Description Source 

WT C. glutamicum wild type, ATCC 13032 ATCC 

Tp679 ∆csm ∆trpL::PilvCM1 trpEfbr ∆vdh::PilvCaroGfbr (Purwanto et 

al., 2018) 

Tp679 (pCES208-trpD) Tp679 carrying pCES208-trpD  (Purwanto et 

al., 2018) 

P. putida KT2440 P. putida mt-2 hsdRI hsdM* (Bagdasarian 

et al., 1981; 

Nelson et al., 

2002) 

P. putida (pCIBhis-prnF) P. putida KT2440 carrying pCIBhis-prnF This work 

Strains Description Source 

E.coli BL21(DE3) F− ompT hsdSB(rB− mB−) gal dcm (DE3) Novagen 
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BL21(DE3) (pET21-ADH) BL21(DE3) carrying pET21-ADH This work 

Tp679 (pCES208-trpD) 

(pEKEx3) 

Tp679 (pCES208-trpD) carrying pEKEx3 This work 

WT (pEKEx3-rebH-rebF) Wild type carrying pEKEx3-rebH-rebF This work 

HalT1 Tp679 (pCES208-trpD) carrying pEKEx3-

rebH-rebF 

This work 

HalT2 Tp679 (pCES208-trpD) carrying pEKEx3-

optimRBS-rebH-rebF 

This work 

HalT3 Tp679 (pCES208-trpD) carrying 

pECXT99A-rebH-rebF 

This work 

HalT4 Tp679 (pCES208-trpD) carrying 

pECXT99A-optimRBS-rebH-rebF 

This work 

HalT1 (pECXT99A-araBAD) HalT1 carrying pECXT99A-araBAD This work 

HalT1 (pECXT99A-xylAB) HalT1 carrying pECXT99A-xylAB This work 

HalT1 (pECXT99A-nagB) HalT1 carrying pECXT99A-nagB This work 

Plasmids Description Source 

pCLBhis-prnF TetR, E. coli/Pseudomonas shuttle vector 

(Ptac, tra, oriT, oriV, (his)6-tag) 

overexpressin prnF from P. fluorescens 

(Frese et al., 

2014) 

pET21-ADH AmpR, E. coli vector (T7 promotor, lacI, 

pBR322 OriE.c, (his)6-tag.) overexpressing 

alcohol dehydrogenase from Rhodococcus 

sp. 

(Frese et al., 

2014) 

pCES208 KanR, C. glutamicum/ E. coli shuttle vector 

pCG1 OriVC.g. 

(Park et al., 

2008) 

pCES208-trpD KanR, pCES208 overexpressing trpD from E. 

coli 

 

pEKEx3 SpecR, C. glutamicum/E. coli shuttle vector 

(Ptac, lacI , pBL1 OriVC.g.) 

(Stansen et 

al., 2005) 
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Plasmids Description Source 

pECXT99A TetR, C. glutamicum/E. coli shuttle vector 

(Ptrc, lacI, pGA1 OriVC.g.) 

(Kirchner 

and Tauch, 

2003) 

pEKEx3-rebH-rebF SpecR, pEKEx3 overexpressing rebH, rebF 

from Lechevalieria aerocolonigenes  

This work 

pEKEx3-optimRBS-rebH-

rebF 

SpecR, pEKEx3 overexpressing rebH, rebF 

from Lechevalieria aerocolonigenes with 

optimized RBS for rebH 

This work 

pECXT99A-rebH-rebF TetR, pECXT99A overexpressing rebH, rebF 

from Lechevalieria aerocolonigenes  

This work 

pECXT99A-optimRBS-rebH-

rebF 

TetR, pECXT99A overexpressing rebH, rebF 

from Lechevalieria aerocolonigenes with 

optimized RBS for rebH 

This work 

pEKEx3-xylAXc-xylBCg SpecR, pEKEx3 overexpressing xylA from 

Xanthomonas campestris SCC1758 and xylB 

from C. glutamicum ATCC 13032 

(Meiswinke

l et al., 

2013) 

pECXT99A-nagB TetR, pECXT99A overexpressing nagB from 

C. glutamicum ATCC 13032 

This work 

pECXT99A-araBAD TetR, pECXT99A overexpressing araBAD 

from E. coli MG1655 

(Mindt et 

al., 2018) 

pECXT99A-xylAB TetR, pECXT99A overexpressing xylA from 

Xanthomonas campestris SCC1758 and xylB 

from C. glutamicum ATCC 13032 

This work 

 

2.1.3.2 Molecular genetic techniques and strains construction 

Standard molecular genetic techniques were carried out as described elsewhere (Sambrook 

et al., 1989). E. coli was transformed by heat shock (Sambrook et al., 1989) and 

C. glutamicum by electroporation (Eggeling and Bott, 2005). The genes rebH and rebF were 

amplified from plasmid pET28-rebH and pET21-rebF, respectively. For amplification of 

rebH different forward primers (fwd) and one reverse (rv) primer were used: 

pEKEx3-rebH-fwd (CATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCTTCAG
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ATGTCCGGCAAGATTGACAAG)(HalT1), pEKEx3-optimRBS-rebH-fwd 

(GCCTGCAGGTCGACTCTAGAGCACGCTGTAAGGAGTAACCAAAAAAAGGAGG

TTTTTTATGTCCGGCAAGATTGACAAG) (HalT2), pECXT99A-rebH-fwd 

(CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGTCCGGC

AAGATTGACAAG)(HalT3), pECXT99A-optimRBS-rebH-fwd 

(CATGGAATTCGAGCTCGGTACCCGGGAATATTCCAATTTAAAGGAGGTTATTT

ATGTCCGGCAAGATTGACAAG)(HalT4) and rebH-rv 

(GAACTCGATCGTCATCTGAAGGGCCTCCTTTCTCAGCGGCCGTGCTGTTGCC). 

RebF was amplified with rebF-fwd 

(CCTGAGGCAACAGCACGGCCGCTGAGAAAGGAGGCCCTTCAGATGACGATCG

AGTTCGACAG) and rebF-rv 

(GAATTCGAGCTCGGTACCCGGGGATCTCATCCCTCCGGTGTCCACA). All 

rebH-fwd primers carry the RBS sequence for rebH and primer rebF-fwd carries the RBS 

sequence for rebF. The vectors pEKEx3 and pECXT99A were restricted with BamHI and 

incubated in Gibson assembly (Gibson et al., 2009) with the two PCR products for 

construction of pEKEx3-rebH-rebF, pEKEx3-optimRBS-rebH-rebF, pECXT99A-rebH-

rebF and pEKEx3-optimRBS-rebH-rebF. These plasmids were used for transformation of 

C. glutamicum strains. For construction of the expression plasmid the genes for xylose 

degradation xylA from Xanthomonas campestris SCC1758 and xylB from C. glutamicum 

ATCC 13032 were amplified using the plasmid pEKEx3-xylAXc-xylBCg (Meiswinkel et al., 

2013) with the primers pECXT99A-xylAB-fwd 

(CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGAGCAAC

ACCGTTTTCATC) and pECXT99A-xylAB-rv 

(GCCTGCAGGTCGACTCTAGAGGATCCTAGTACCAACCCTGCGTTGC); 

pECXT99A-xylAB-fwd carries the RBS sequence. The vector pECXT99A was incubated 

with BamHI for restriction and incubated with the PCR product in a Gibson assembly for 

plasmid construction. The constructed plasmid was used to transform C. glutamicum strains. 

For glucosamine degradation nagB from C. glutamicum ATCC 13032 was amplified using 

genomic DNA of C. glutamicum ATCC 13032 with the primers pECXT99A-nagB-fwd 

(CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGGACATC
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ATCATCTGCAAAG) and pECXT99A-nagB-rv 

(GCCTGCAGGTCGACTCTAGAGGATCCTAGCGCAGCTTTAATTGCTC); 

pECXT99A-nagB-fwd carries the RBS sequence. The vector pECXT99A was incubated 

with BamHI for restriction and incubated with the PCR product in a Gibson assembly for 

plasmid construction. The constructed plasmid was used to transform C. glutamicum strains. 

 

2.1.3.3 Determination of halogenase activity 

Cultivation and disruption of halogenase overproducing C. glutamicum cells 

C. glutamicum HalT1 was inoculated to 50 mL LB from an overnight culture. Expression of 

rebH and rebF was induced with 1 mM IPTG and the cells were grown for 24 h at 30 °C 

before the cells were spun down and stored at -20 °C. To disrupt the cells the pellet was 

resuspended in 2 mL 100 mM Na2HPO4, 300 mM NaCl, pH 7.4 (in case of RebF in 10 mM 

Na2HPO4 pH 7.4 buffer) and sonicated for 9 min 55% amplitude and 0.5 cycles on ice in the 

UP200S Ultrasonic Processor from Hielsche Ultrasound Technology. The supernatant after 

centrifugation was used as crude extract for the enzymatic assay. 

 

Determination of the specific activity of RebH 

The measurements were done in triplicates. The reaction mixture had a final volume of 0.5 

mL and contained 5 mM Trp, 1 U mL-1 ADH from Rhodococcus sp. (s. below), 2.5 U mL-1 

PrnF from P. fluorescens (s. below), 0.01 mM FAD, 1 mM NAD, 5% isopropanol, 0.005 

mM PMSF, 5 mM Na2HPO4, 15 mM NaCl and 250 µL of crude extract. It was incubated at 

30 °C for 10 min. The reaction was stopped with 187.5 µL methanol. The supernatant was 

analyzed by HPLC. Product formation was calculated based on the peak area in comparison 

to a calibration curve of 7-Cl-Trp. Since we and Frese et al.2014 observed difficulties in 

purification of RebF, we used the easily obtainable PrnF for this in vitro assay. 

 

Cultivation of P. putida KT2440(pCIBhis-prnF) and E. coli BL21(DE3) (pET21-ADH) 

For the overproduction of PrnF from P. fluorescens, P. putida KT2440 was transformed with 

pCIBhis-prnF. For the expression, 500 mL LB were inoculated with 5 mL of the P. putida 
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KT2440(pCIBhis-prnF) overnight culture. The main culture was cultivated for 1 day at 30 °C 

with 50 µg mL-1 tetracycline. Then the cells were spun down and stored at -20 °C. For 

overexpression of the alcohol dehydrogenase (ADH), pET21-ADH was transformed in 

BL21(DE3). After inoculated from an overnight culture to an OD 0.1, the cells were 

cultivated at 37 °C to an OD of 0.6 before the temperature was lowered to 21 °C and the 

expression was induced with 0.5 mM IPTG. After 4 h the cells were spun down and stored 

at -20 °C. 

 

Enzyme purification 

All steps during the purification were done at 4 °C. To purify the His6-tagged PrnF, P. putida 

cells from a 500 mL LB culture were centrifuged and resuspended in TGNI5 buffer (20 mM 

Tris, 300 mM NaCl, 5% glycerin, 5 mM imidazole). To inhibit the protease activity 1 mM 

PMSF was added. The cells were disrupted by sonication (UP 200 S, Dr. Hielscher GmbH, 

Teltow, Germany) on ice at an amplitude of 55% and a duty cycle of 0.5 for 4 min. After 

centrifugation (20200 × g, 60 min, 4 °C) the supernatant was filtered and poured in 

Polypropylene columns 5 mL which a had bed volume of 2 mL Ni-NTA Superflow from 

Qiagen. The column was washed twice with TNGI5 and once with TNGI20 (20 mM Tris, 

300 mM NaCl, 5% glycerin, 20 mM imidazole). The protein was eluted with TNGI buffer 

which contained 200 mM imidazole. The protein was analyzed using a 10% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For the purification of the ADH, a 

heat precipitation method was used. The cells were resuspended in 6.6 mL, 10 mM K2HPO4, 

pH 7.4, and disrupted 4 min with 55% amplitude and 0.5 cycles on ice in the UP200S 

Ultrasonic Processor from Hielsche Ultrasound Technology. The crude extract was taken 

after centrifugation and heated up to 60 °C for 20 min. The enzyme was stored at -20 °C. 

 

Determination of the alcohol dehydrogenase activity 

The specific activity of the overexpressed alcohol dehydrogenase (crude extract) was 

determined in triplicates by monitoring an increase of absorption at λ = 340 nm due to the 

oxidation of NADH + H+ to NAD+ (ε =6.3 mL mmol-1 cm-1) in a final volume of 1 mL. The 

reaction mixture contained 910 µL of 10 mM K2HPO4, pH 7.4, 5% isopropanol (2-Propanol), 
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250 µM NAD and 20 µL of the crude extract. The cuvette was prewarmed to 30 °C with the 

Shimadzu UV-1800. The conversion rate of the substrate was determined by regression of 

the linear range. 

 

Determination of flavin reductase activity 

The cultivation and crude extract preparation are described in capture 2.3.1. The specific 

activities of the overexpressed flavin reductase RebF in C. glutamicum (crude extract) and 

the purified flavin reductase PrnF (see 2.3) were determined in triplicates by monitoring the 

decrease of absorption at λ = 340 nm due to the oxidation of NADH + H+ to NAD+ (ε =6.3 

mL mmol-1 cm-1). The reaction mixture with a final volume of 1 mL contained 910 µL of 10 

mM Na2HPO4 (pH 7.4 buffer), 50 µM FAD, 160 µM NADH and 20 µL of the crude extract 

(or the purified enzyme). The reaction mixture was prewarmed to 30 °C with the Shimadzu 

UV-1800. The conversion rate of the substrate was determined by regression in the linear 

range. 

 

2.1.3.4 Analytical procedures 

For the quantification of the extracellular and intracellular tryptophan and 

7-chloro-tryptophan a high-pressure liquid chromatography (HPLC) system was used (1200 

series, Agilent Technologies Deutschland GmbH, Böblingen, Germany). The supernatants 

of the cell culture were collected by centrifugation (20238 x g, 20 min, RT) and further used 

for analysis. For detection of L-tryptophan and the derivatives, samples were derivatised with 

ortho-phthaldialdehyde (OPA) (Schneider and Wendisch, 2010). The amino acid separation 

was performed by a precolumn (LiChrospher 100 RP18 EC-5 µ (40 mm× 4 mm), 

CS-Chromatographie Service GmbH, Langerwehe, Germany) and a column (Li- Chrospher 

100 RP18 EC-5 µ (125 mm× 4 mm), CS Chromatographie Service GmbH). The detection 

was carried out with a fluorescence detector (FLD G1321A, 1200 series, Agilent 

Technologies) with the excitation and emission wavelengths of 230 nm and 450 nm, 

respectively. 
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2.1.3.5 Internal metabolites extraction 

For the quantification of intracellular amino acids 2 mL of broth for each strain grown in 

minimal medium were collected at 24 h. 1 mL was centrifuged for 10 min at 13,000 rpm and 

4°C. Pellets were treated with 5% HClO4 in an ice bath for 20 min. After centrifuging at 

13,000 rpm for 10 min and 4°C, the supernatant was neutralized with K2CO3 solution and 

centrifuged again at 13,000 rpm for 10 min and 4°C. The supernatant was then ready for 

amino acid quantification or to be stored at -20°C (Sun et al., 2016). The biomass 

concentration was determined according to the correlation CDW = 0.353 OD (Bolten et al., 

2007).  
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2.1.4 Results and discussion 

2.1.4.1 C. glutamicum is unable to use Trp as nitrogen and carbon sources 

For the production of halogenated tryptophans it is beneficial if the production host cannot 

degrade the final product. As a first approach, it was tested if C. glutamicum can use Trp as 

sole nitrogen source, C. glutamicum WT was grown in CGXII minimal medium lacking urea 

and ammonium sulfate as nitrogen sources but containing 10 g L-1 glucose as carbon source 

and either 10 mM Trp or 10 mM nitrogen (urea + ammonium sulfate) as nitrogen source. 

While C. glutamicum grew with urea + ammonium sulfate as nitrogen source at a specific 

growth rate of 0.35 ± 0.01 h-1, Trp did not serve as nitrogen for growth (Fig. 2.1.2). Second, 

it was tested if Trp can be used as sole carbon source, C. glutamicum was grown in CGXII 

minimal medium with either 10 mM Trp or with 10 mM glucose as sole carbon source. No 

growth with 10 mM Trp as carbon source was observed, whereas C. glutamicum grew with 

a specific growth rate of 0.31 ± 0.01 h-1 with 10 mM glucose (Fig. 2.1.2). From the 

experiments with Trp it was expected that 7-Cl-Trp would serve neither as a carbon nor as a 

nitrogen source. To test if C. glutamicum WT can metabolize 7-Cl-Trp, the WT was 

cultivated in the presence of 0.1 mM 7-Cl-Trp in CGXII containing 10 mM nitrogen (urea + 

ammonium sulfate) as nitrogen source and 10 mM glucose as carbon source. C. glutamicum 

WT grew to a biomass concentration of 1.18 ± 0.03 g L-1 with a growth rate of 0.17 ± 0.01 h-1. 

Quantitation of 7-Cl-Trp in the medium supernatant revealed that comparable 7-Cl-Trp 

concentrations of 0.1 ± 0.01 mM after 0 h, 12 h and 24 h (data not shown). Thus, during 

growth in minimal medium C. glutamicum is unable to metabolize 7-Cl-Trp.  

The inability of C. glutamicum to use Trp as sole nitrogen or carbon source is likely due to 

the lack of tryptophan degrading enzyme(s). E. coli, for example, is able to use tryptophan 

as sole carbon source by degrading tryptophan to indole, pyruvate and ammonia by 

tryptophanase (Yanofsky et al., 1991). Alternatively, tryptophan is degraded by a tryptophan 

oxygenase as e.g. in Bacillus megaterium. Tryptophan oxygenase forms 

N-formyl-L-kynurenine from Trp, which subsequently is catabolized to acetate, succinate and 

ammonium (Bouknight and Sadoff, 1975). 
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Figure 2.1.2: Growth of C. glutamicum WT with Trp as sole nitrogen or carbon source. To test if Trp 
serves as sole nitrogen source C. glutamicum WT was grown in nitrogen source-free CGXII minimal medium 
and 10 g L-1 glucose as carbon source supplemented with either 10 mM Trp (■) or 10 mM nitrogen (urea and 
ammonium sulfate) (□). To test if Trp serves as sole carbon source C. glutamicum WT was cultured in carbon 
source-free CGXII minimal medium supplemented either with 10 mM Trp (▲) or 10 mM glucose (∆). Optical 
densities are reported as means and standard deviations of triplicate cultivations. 
 

A reduction of the growth rate was observed when 0.1 mM 7-Cl-Trp was added to glucose 

minimal medium. Therefore, it was tested to what extent 7-Cl-Trp perturbs growth of 

C. glutamicum in glucose minimal medium. The presence of 0.1 mM 7-Cl-Trp reduced the 

maximal growth rate to 50% and in the presence of 0.5 mM 7-Cl-Trp, no significant growth 

was observed (data not shown). Therefore, although not metabolized, 7-Cl-Trp inhibits 

growth of C. glutamicum. 

 

2.1.4.2 Heterologous expression of halogenase and flavin reductase genes in a Trp 

overproducing C. glutamicum strain 

To enable fermentative production of 7-Cl-Trp by C. glutamicum, the genes encoding 

FAD-dependent halogenase RebH and NADH-dependent flavin reductase RebF from 

Lechevalieria aerocolonigenes were expressed in Trp overproducing strain Tp679. Since 
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RebH and RebF derive from the same organism and are likely co-evolved for functioning 

together, we chose to use RebH and RebF in our fementative approach. To confirm that both 

gene products were functional in the C. glutamicum host, crude extracts after growth in LB 

medium with 1 mM IPTG were assayed for halogenase and flavin reductase activities. While 

the specific enzyme activity of the purified halogenase RebH has been reported to be 145 

mU mg-1 at 25 °C (turnover number of 0.29 s-1) (Yeh et al., 2007), a specific enzyme activity 

of 0.90 ± 0.01 mU mg-1 (turnover number of 0.002 ± 0.0005 s-1) was measured in crude 

extracts of C. glutamicum. The low activity in crude extracts (about 0.6% activity of the 

purified enzyme) was in accordance with protein levels observed in SDS-PAGE of these 

crude extracts (Supplement data Fig. 2.1.1). Similarly, the specific enzyme activity of flavin 

reductase RebF in crude extracts (28 ± 4 mU mg-1; turnover number of 0.013 ± 0.002 s-1) 

was about 1% of that observed for purified flavin reductase RebF (Yeh et al., 2005), which 

was in accordance with SDS-PAGE analysis of the crude extracts (Supplement data Fig. 

2.1.1). 

For the fermentative production of 7-Cl-Trp by C. glutamicum HalT1 which expresses rebF 

and rebH, glucose minimal medium CGXII was tested with different chloride salts as halogen 

substrates for Trp chlorination. It is known that C. glutamicum withstands relatively high 

concentrations of sodium chloride and potassium chloride (half-maximal growth rates at 

~490 mM and ~480 mM, respectively) (Zahoor et al., 2014). Hence, low concentrations of 

chloride salts (potassium, sodium, calcium, magnesium) added to the growth medium of 

C. glutamicum were expected to have little effect on growth. In minimal medium with 50 mM 

NaCl C. glutamicum HalT1 showed a specific growth rate of 0.08 ± 0.01 h-1 and produced 

20 ± 1 mg L-1 7-Cl-Trp and 2.0 ± 0.1 g L-1 Trp (Fig. 2.1.3; Table 2.1.2). With 50 mM 

potassium chloride a specific growth rate of 0.08 ± 0.01 h-1 and production of 19 ± 2 mg L-1 

7-Cl-Trp and 2.0 ± 0.1 g L-1 Trp resulted (Fig. 2.1.3; Table 2.1.2). As the minimal medium 

CGXII contains calcium chloride and magnesium sulfate (Eggeling and Bott, 2005), the 

calcium chloride was raised to 25 mM and instead of magnesium sulfate 50 mM magnesium 

chloride, respectively, were used. With 25 mM CaCl2 a growth rate of 0.17 ± 0.01 h-1 resulted 

and the strain produced 62 ± 7 mg L-1 7-Cl-Trp and 2.5 ± 0.2 g L-1 Trp. With 25 mM MgCl2 

C. glutamicum HalT1 produced 54 ± 1 mg L-1 7-Cl-Trp and 2.3 ± 0.1 g L-1 Trp with a specific 
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growth rate of 0.17 ± 0.01 h-1. The negative control strain Tp679 trpD (pEKEx3) did not 

produce 7-Cl-Trp (data not shown) under these conditions. Since CaCl2 resulted in the 

highest 7-Cl-Trp titers, the following experiments were performed with CaCl2. The improved 

performance in the presence of calcium ions currently is not understood, but tryptophan 

7-halognase was found to contain calcium in one report (Gribble, 2004). 

Taken together, fermentative production of 7-Cl-Trp by recombinant C. glutamicum has been 

enabled. However, 7-Cl-Trp titers are around 50 to 100-fold lower than Trp titers produced 

by the same strain. 

 

Figure 2.1.3: Influence of various chloride salts on the production of 7-Cl-Trp and Trp by C. glutamicum 

HalT1. Strain HalT1 was grown in CGXII minimal medium with 40 g L-1 glucose and the indicated chloride 
salt concentrations. Means and standard deviations of three replicate cultivations are shown
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2.1.4.3 Determination of intra- and extracellular 7-Cl-Trp and Trp concentrations 

during 7-Cl-Trp production by C. glutamicum HalT1 

One possible explanation of the finding that 7-Cl-Trp titers are around 50 to 100-fold lower 

than Trp titers may be inefficient export of 7-Cl-Trp out of the C. glutamicum cell. Since the 

genes of C. glutamicum coding for export system(s) for Trp and/or 7-Cl-Trp are unknown 

(Marin and Krämer, 2007), genetic experiments were not possible. Under the assumption that 

inefficient 7-Cl-Trp export resulted in low extracellular but high intracellular 7-Cl-Trp 

concentrations, the intracellular Trp and 7-Cl-Trp content and the supernatant concentrations 

were quantified during 7-Cl-Trp production by C. glutamicum HalT1 (Figure 2.1.4). 

C. glutamicum HalT1 was cultivated in CGXII with 4% glucose and 50 mM CaCl2 and grew 

with a specific growth rate of 0.19 ± 0.01 h-1. In the stationary phase from 24 h to 72 h the 

biomass concentration decreased from 13.2 ± 0.9 g L-1 to 7.8 ± 0.5 g L-1 (Fig. 2.1.4). During 

this time the extracellular concentration of 7-Cl-Trp increased from 15 ± 1 mg L-1 to 38 ± 1 

mg L-1 (Figs. 2.1.4 and 2.1.5). The extracellular Trp concentration was 1.3 ± 0.1 g L-1 after 

24 h and reached a plateau of about 2 g L-1 at 36 h to 72 h. The extracellular 7-Cl-Trp 

concentration increased gradually from 15 ± 1 mg L-1 to 38 ± 1 mg L-1 in the period from 24 

h to 72 h (Fig. 2.1.4). At all time points assayed the extracellular Trp concentration exceeded 

the extracellular 7-Cl-Trp concentration. For example, at 72 h, the extracellular Trp 

concentration (2.1 g L-1 or about 10 mM) was 65-fold that of 7-Cl-Trp (38 mg L-1 or about 

0.16 mM; Fig. 2.1.4). After 24 h no intracellular 7-Cl-Trp was detected, although 

extracellular 7-Cl-Trp was present in the supernatant (s. above; 15 ± 1 mg L-1). At later time 

points, intracellular 7-Cl-Trp concentrations of 0.34 ± 0.05 mg g[CDW]-1 to 0.46 ± 0.05 mg 

g[CDW]-1 were detected (Fig. 2.1.4). During this period, intracellular Trp concentrations 

ranged between 14 and 19 mg g[CDW]-1) (Fig. 2.1.4). Since the C. glutamicum cell volume 

has been determined at 2 µL mg[CDW]-1 (Gutmann et al., 1992), intracellular concentrations 

of about 34 mM Trp (at 72h) and about 1 mM 7-Cl-Trp (at 72 h) were detected. Since the 

intracellular Trp and 7-Cl-Trp concentrations were about three and about six-fold higher than 

the respective extracellular concentrations, export of these compounds out of the 

C. glutamicum cell may limit production to some extent. However, as observed for the 

extracellular concentrations, the intracellular concentration of Trp was much larger (34 fold) 
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than that of 7-Cl-Trp. Thus, the major bottleneck of 7-Cl-Trp production by C. glutamicum 

is inefficient halogenation of Trp. 

 

 
Figure 2.1.4: Extracellular (A) and intracellular (B) product concentrations and biomass concentrations 

(C) of C. glutamicum strain HalT1. Values are given as means and standard deviations of three replicate 
cultivations in CGXII minimal medium with 40 g L-1 glucose. 
 



2 Results 
 

62 

2.1.4.4 Provision of intracellular Trp by feeding Trp or the dipeptide Ala-Trp 

It may be possible that biosynthetic precursors of Trp inhibit chlorination of Trp to 7-Cl-Trp. 

The biosynthetic precursors are likely present at increased intracellular concentrations in a 

Trp overproducing strain. Therefore, instead of using a Trp overproducing strain, the plasmid 

pEKEx3-rebH-rebF for expression of the FAD-dependent halogenase and the flavin 

reductase genes was used to transform C. glutamicum WT. To produce 7-Cl-Trp this strain 

was grown in CGXII 4% glucose with 50 mM CaCl2, and 2 mM Trp was added to the 

medium. Since import of Trp occurs via the importer AroP (Wehrmann et al., 1995), Trp was 

expected to be available intracellularly for halogenation to 7-Cl-Trp, while the intracellular 

concentrations of its precursors are not expected to be increased. C. glutamicum 

WT(pEKEx3-rebH-rebF) grew with a specific growth rate of 0.15 ± 0.01 h-1 and produced 

21 ± 1 mg L-1 7-Cl-Trp after 48 h. This 7-Cl-Trp concentration (about 0.1 mM) is much lower 

than the Trp concentration added to the medium (2 mM). 

As an alternative, Trp was provided intracellularly by feeding the dipeptide 

L-alanyl-L-tryptophan (Ala-Trp). Dipeptides like Ala-Trp are taken up actively into the 

C. glutamicum cell by peptide transport systems before they are hydrolyzed by peptide 

hydrolases (Trötschel et al., 2005). Whereas alanine is catabolized fast by C. glutamicum 

(Trötschel et al., 2005), Trp is not (s. above, Trp is neither a carbon nor a nitrogen source for 

growth of C. glutamicum). When C. glutamicum WT(pEKEx3-rebH-rebF) was cultivated in 

CGXII 4% glucose with 1 mM Ala-Trp and 50 mM CaCl2, it grew with a specific growth 

rate of 0.15 ± 0.01 h-1 to a biomass concentration of 14.4 ± 0.5 g L-1 at 48 h (Figure 2.1.5). 

After 4 h, about 1 mM (256 ± 9 mg L-1) Ala-Trp remained in the supernatant while its 

intracellular concentration was about 27 mM (14 ± 1 mg g[CDW]-1). At 4 h, the intra- and 

extracellular Trp concentrations were 7 mM (3 ± 1 mg g[CDW]-1) and about 0.14 mM (27 ± 2 

mg L-1), respectively, while 7-Cl-Trp was neither detected intracellularly nor in the 

supernatant (Fig. 2.1.5). As expected from the kinetics of dipeptide uptake and hydrolysis 

(Trötschel et al., 2005), Ala-Trp was completely utilized at 48 h since it could neither be 

detected intra- nor extracellularly. At 48 h, the intracellular concentrations of Trp and 

7-Cl-Trp were very low (below 0.5 mM). 7-Cl-Trp was produced (34 ± 1 mg L-1; 0.14 mM) 

and its concentration exceeded that of extracellular Trp (9 ± 1 mg L-1; 0.04 mM).  
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Taken together, the low titers of 7-Cl-Trp that resulted upon addition of Trp or Ala-Trp do 

not support the notion that biosynthetic precursors of Trp inhibit its chlorination to 7-Cl-Trp. 

 
Figure 2.1.5: Extracellular (A) and intracellular (B) product concentrations and biomass concentrations 

(C) of C. glutamicum strain WT (pEKEx3-rebH-rebF) after growth in the presence of 1 mM Ala-Trp. 
Values are given as means and standard deviations of three replicate cultivations in CGXII minimal medium 
with 40 g L-1 glucose. 
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2.1.4.5 Optimization of the 7-Cl-Trp production 

To test if expression of the halogenase and flavin reductase genes is limiting production of 

7-Cl-Trp, two expression vectors differing by their origins of replication and copy numbers 

were compared. In addition, the influence of altering the ribosome binding site (RBS) to 

support a higher translation initiation rate of rebH was tested. The synthetic rebH-rebF 

present in pEKEx3-rebH-rebF was cloned into pECXT99A (Kirchner and Tauch, 2003) 

(Table 2.1.1). The sequence of the RBS of rebH was optimized using RBS calculator 

(https://salislab.net/software/). Based on this optimized RBS, the vectors pEKEx3-

optimRBS-rebH-rebF and pECXT99A-optimRBS-rebH-rebF were constructed. Vectors 

pECXT99A-rebH-rebF and pECXT99A-optimRBS-rebH-rebF were used to transform 

Tp679 (pCES208-trpD). The resulting strains were HalT3 and HalT4, respectively (Table 

2.1.1). The strain HalT3 was cultivated in CGXII 4% glucose and had a specific growth rate 

of 0.17 ± 0.004 h-1. HalT3 produced 42 ± 2 mg L-1 7-Cl-Trp and 2.3 ± 0.2 g L-1 Trp (Fig. 

2.1.6). This was similar to HalT1 which produced 57 ± 1 mg L-1 7-Cl-Trp and 2.2 ± 0.1 g L-

1 Trp with a specific growth rate of 0.11 ± 0.01 h-1.  

A second option to improve the production of 7-Cl-Trp was to optimize the RBS. The genes 

rebH and rebF were cloned with the optimized RBS in the pECXT99A vector and 

transformed Tp679 (pCES208-trpD). The build strain HalT4 was grown in CGXII with 4% 

glucose and 50 mM CaCl2. The specific growth rate was 0.16 ± 0.006 h-1, and 66 ± 1 mg L-1 

7-Cl-Trp and 2.3 ± 0.02 g L-1 Trp were accumulated. An increase of 7-Cl-Trp production by 

56% could be observed between HalT3 and HalT4 which arrived from the optimized RBS. 

Thus, the RBS in combination with the pEKEx3 vector (Stansen et al., 2005), which is the 

expression vector of HalT1, was optimized as well. The plasmid pEKEx3-optimRBS-

rebH-rebF was transformed in Tp679 (pCES208-trpD). The resulting strain HalT2 was 

cultivated in CGXII with 4% glucose and 50 mM CaCl2. HalT2 reached a specific growth 

rate of 0.11 ± 0.004 h-1 and a production of 108 ± 2 mg L-1 7-Cl-Trp and 1.1 ± 0.1 g L-1 Trp 

was measured (Fig. 2.1.6). Hence, there is an improvement in production of 7-Cl-Trp of 56% 

from HalT1 to HalT2. The production of Trp decreased by 48% from HalT1 to HalT2. But 

1.7 ± 0.1 g L-1 of the precursor anthranilate (Ant) were detected in HalT2. This can be caused 

through an inhibitory effect of halogenated compounds on trpD (Fig. 2.1.1). It is known that 
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halogenated Ant is a competitive inhibitor of PqsA, the initial enzyme of 

4-hydroxy-2-alkylquinolines biosynthesis in Pseudomonas aeruginosa, and that halogenated 

Ant competitively inhibits Ant converting TrpD (Lesic et al., 2007). Until now, it is not 

known if 7-Cl-Trp inhibits Trp or other enzymes of the Trp pathway in C. glutamicum. The 

intracellular concentration of the cofactor FAD may be limiting although the intracellular 

concentrations of FAD or FMN are about 4.5 mM OD610
-1 or about 2 mM OD610

-1, 

respectively (Toyoda et al., 2014). The addition of 2 mM FMN to the cultivation medium 

improved 7-Cl-Trp production by about two fold (62 ± 7 mg L-1 7-Cl-Trp for HalT1 with 

50 mM CaCl2, 4% glucose without added FMN as compared to 130 ± 1 mg L-1 7-Cl-Trp 

when 2 mM FMN were added, Fig. 2.1.3 and data not shown). However, the addition of FMN 

is too costly for fermentative production. Our results clearly show that despite sufficient 

provision of Trp by the recombinant C. glutamicum strains, halogenation proceeds to much 

lower concentrations as compared to Trp production (Fig. 2.1.3 and 2.1.4). Likewise, 

classical biocatalytic halogenation stops at a distinct conversion (Schnepel and Sewald, 

2017). For example, Frese et al. 2014 as well as Payne et al.2013 converted Trp at 

concentrations of only 0.5 mM, which led to almost complete conversion. Up-scaling 

required to increase the volume while maintaining the low substrate concentration, e.g. Payne 

et al. 2013 converted 100 mg Trp in a volume of 12 L (Payne et al., 2013). Although operated 

at the gram scale, bromination of Trp using CLEAs also had to be operated at a low 

concentration (i.e. 1g Trp in 5 L; (Frese and Sewald, 2015)). Possible limitations may be 

product inhibition of the halogenase, insufficient supply of oxygen and/or redox cofactors. 

Thus, chlorination of Trp in solution using purified enzymes or preparations such as CLEAs 

currently is restricted to conversion of few milligrams of substrate (Frese and Sewald, 2015). 

Fermentation as described here may similarly be limited by product inhibition of the 

halogenase enzyme, thus, enzyme engineering to overcome such limitation would benefit 

both biocatalytic and fermentative process. The expression of rebH and rebF of the strains 

HalT1 to HalT4 was shown by SDS-PAGE (Supplement Fig. 2.1.1). Strain HalT2, which 

accumulated the highest concentration of 7-Cl-Trp, showed the highest expression of the 

rebH gene. Thus, future strain development may target further rebH overexpression. It may 

also be important to balance the concentrations of the involved enzymes RebH and RebF.  



2 Results 
 

66 

 
Figure 2.1.6: Product titers and growth parameters of various C. glutamicum strains. The C. glutamicum 

strains HalT1, HalT2, HalT3 and HalT4 were grown in CGXII with 4% glucose, 50 mM CaCl2 and were 
induced with 1 mM IPTG. Means and standard deviations of triplicate cultivations are given for titers of 
7-Cl-Trp, Trp, and anthranilate (Ant) (A) and for biomass concentrations and specific growth rates (B). 
 
This may be done e.g. by varying translation initiation rates by changing the sequence and/or 

position of the ribosome binding sites (Henke et al., 2016). Alternatively, fusion proteins of 

RebH and RebF may show better performance as shown for (Payne et al., 2013). Higher FAD 

concentrations within the cell may be reached by deletion of rshA as shown by Toyoda et al. 

20000 or be overexpression of ribF (Taniguchi and Wendisch, 2015). Redox cofactor 

recycling may be improved by oxygen-deprivation conditions as shown for L-alanine 
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production by recombinant C. glutamicum (Jojima et al., 2010). It may be important to 

identify the export system for 7-Cl-Trp export. In the case of fermentative L-lysine 

production, the L-lysine export gene lysE was overexpressed in L-lysine producing strains 

(Unthan et al., 2015). Unfortunately, currently the Trp export system of C. glutamicum is 

unknown (it may also be relevant in 7-Cl-Trp export) (Pérez-García and Wendisch, 2018). 

Trp transport engineering, however, successfully improved Trp production when the Trp 

uptake system was deleted (Pérez-García and Wendisch, 2018). Assuming that this system 

imports 7-Cl-Trp into the C. glutamicum cell, deletion of its gene may also be relevant for 

improved 7-Cl-Trp producing strains. 

 

2.1.4.6 7-Chloro-tryptophan production from alternative carbon sources 

Glucose is the preferred carbon and energy source of C. glutamicum and a proof-of-concept 

for glucose-based 7-Cl-Trp production was reached. However, feedstocks that do not have 

competing uses in human and animal nutrition are preferred for large-scale fermentations. 

Metabolic engineering strategies for access of C. glutamicum to the alternative carbon 

sources arabinose, xylose and glucosamine have been developed and applied to amino acid 

production (Sasaki et al., 2011; Schneider et al., 2011; Meiswinkel et al., 2013; Uhde et al., 

2013). For access to arabinose C. glutamicum HalT1 was transformed with 

pECXT99A-araBAD containing the heterologous operon araBAD from E. coli for arabinose 

catabolism (Sasaki et al., 2011; Schneider et al., 2011). The resulting strain grew with a 

growth rate of 0.08 h-1 and produced 52 ± 1 mg L-1 7-Cl-Trp and 2.4 ± 0.1 g L-1 Trp (Fig. 

2.1.7; Table 2.1.3). Efficient xylose utilization by C. glutamicum required heterologous 

expression of the xylose isomerase XylA gene from Xanthomonas campestris and 

overexpression of the endogenous gene coding for xylulokinase XylB (Meiswinkel et al., 

2013). C. glutamicum HalT1 (pECXT99A-xylAB) showed a specific growth rate of 

0.07 ± 0.01 h-1 in minimal medium with 40 g L-1 Xylose and produced 34 ± 2 mg L-1 7-Cl-Trp 

and 2.3 ± 0.1 g L-1 Trp (Fig. 2.1.7; Table 2.1.3). Glucosamine, a constituent of chitin and one 

of the most abundant amino sugars in soil, is a poor growth substrate for C. glutamicum 

(Uhde et al., 2013). For efficient glucosamine utilization the endogenous 

glucosamine-6-phosphate deaminase gene nagB was overexpressed (Uhde et al., 2013). 
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C. glutamicum HalT1 (pECXT99A-nagB) grew in CGXII with 40 g L-1 glucosamine with a 

specific growth rate of 0.11 h-1 and produced 51 ± 3 mg L-1 7-Cl-Trp and 1.5 ± 0.1 g L-1 Trp. 

For comparison, C. glutamicum HalT1 grew in CGXII medium with 40 g L-1 glucose with a 

specific growth rate of 0.13 h-1 and produced 56 ± 5 mg L-1 7-Cl-Trp and 2.2 ± 0.1 g L-1 Trp 

(Fig. 2.1.7, Table 2.1.3). Taken together, 7-Cl-Trp production has been shown using glucose 

as well as the alternative feedstocks glucosamine, arabinose and xylose as growth substrates 

for the C. glutamicum host. 

 
Figure 2.1.7: Production of 7-Cl-Trp and Trp by C. glutamicum HalT1 and derived strains with different 

carbon sources. For HalT1 40 g L-1 glucose were used as sole carbon source, 40 g L-1 arabinose for HalT1 
(pECXT99A-araBAD), 40 g L-1 Xylose for HalT1 (pECXT99A-xylAB) and 40 g L-1 glucosamine for HalT1 
(pECXT99A-nagB). Means and standard deviations of three replicate cultivations are given. 
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2.1.5 Conclusion 

Fermentative production of the halogenated amino acid 7-Cl-Trp from sugars, ammonium 

and chloride salts was enabled by recombinant C. glutamicum expressing the genes coding 

for FAD-dependent halogenase RebH and NADH-dependent flavin reductase RebF from 

L. aerocolonigenes. Chlorination of Trp to 7-Cl-Trp by C. glutamicum was improved by 

optimizing the RBS of rebH. Production of 7-Cl-Trp was limited by inhibition of 7-Cl-Trp 

and the chlorination efficiency. Strains able to produce 7-Cl-Trp and Trp from the alternative 

carbon sources arabinose, glucosamine and xylose were constructed.  
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2.1.7 Supplement data 

 

Figure 2.1.1: SDS-PAGE of RebH and RebF overproducing C. glutamicum strains. The strains were grown 
24 h in LB medium with 1 mM IPTG. The strains were derived from strain Tp679(pCES208-trpD) and carried 
an additional expression plasmid for overproduction of RebH and RebF: pECXT99A-rebH-rebF (Lane 1), 
pECXT99A-optimRBS-rebH-rebF (Lane 2), pECXT99A (Line 3), pEKEx3-rebH-rebF (Line 4), pEKEx3-
optimRBS-rebH-rebF (Line 5) or pEKEx3 (Line 6). 
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2.2.1 Abstract 

Brominated compounds such as 7-bromo-L-tryptophan (7-Br-Trp) occur in Nature. Many 

synthetic and natural brominated compounds have applications in the agriculture, food and 

pharmaceutical industries, for example, the 20S-proteasome inhibitor TMC-95A that may be 

derived from 7-Br-Trp. Mild halogenation by cross-linked enzyme aggregates containing 

FAD-dependent halogenase, NADH-dependent flavin reductase, and alcohol dehydrogenase 

as well as by fermentation with recombinant Corynebacterium glutamicum expressing the 

genes for the FAD-dependent halogenase RebH and the NADH-dependent flavin reductase 

RebF from Lechevalieria aerocolonigenes have recently been developed as green 

alternatives to more hazardous chemical routes. In this study, the fermentative production of 

7-Br-Trp was established. The fermentative process employs an L-tryptophan producing 

C. glutamicum strain expressing rebH and rebF from L. aerocolonigenes for halogenation 

and is based on glucose, ammonium and sodium bromide. C. glutamicum tolerated high 
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sodium bromide concentrations, but its growth rate was reduced to half-maximal at 0.09 g L-1 

7-Br-Trp. This may be, at least in part, due to inhibition of anthranilate 

phosphoribosyltransferase by 7-Br-Trp since anthranilate phosphoribosyltransferase activity 

in crude extracts was half-maximal at about 0.03 g L-1 7-Br-Trp. Fermentative production of 

7-Br-Trp by recombinant C. glutamicum was scaled up to a working volume of 2 L and 

operated in batch and fed-batch mode. The titers were increased from batch fermentation in 

CGXII minimal medium with 0.3 g L-1 7-Br-Trp to fed-batch fermentation in HSG complex 

medium, where up to 1.2 g L-1 7-Br-Trp were obtained. The product isolated from the culture 

broth was characterized by NMR and LC-MS and shown to be 7-Br-Trp. 

2.2.2 Introduction 

Brominated tryptophan is typically not found in free form in Nature, but as a biosynthetic 

precursor in complex structures that for example occur in sponges and lower marine 

invertebrates (Bittner et al., 2007). The brominated molecules often exhibit pharmaceutical 

and biological activities. For example, TMC-95A which derives from 7-bromo-L-tryptophan 

(7-Br-Trp) is biologically active against the chymotrypsin-like, trypsin-like, and 

peptidylglutamyl-peptide-hydrolyzing activities of the 20S proteasome of eukaryotic cells 

(Koguchi et al., 2000). Protease inhibitors may be promising candidates for tumor and 

inflammation therapies (Adams, 2004; Vergnolle, 2016). Free unprotected halotryptophans 

including 7-Br-Trp and 7-chloro-L-tryptophan (7-Cl-Trp) can serve as substrates for 

Pd-catalyzed cross-coupling reactions (Willemse et al., 2017) for example in the 

Suzuki-Miyaura cross-coupling in order to attach an aryl, heteroaryl or alkenyl substituent to 

the indole ring (Roy et al., 2008). For this reaction, 7-Br-Trp is preferred because it is more 

reactive than 7-Cl-Trp (Corr et al., 2017). In addition, 7-Br-Trp can also be used in other 

transition metal-catalyzed cross couplings such as the Mizoroki-Heck reaction (Gruß et al., 

2019) giving fluorescent styryl-tryptophans or the Sonogashira cross-coupling reaction 

(Sonogashira, 2002) to generate compounds such as the new-to-nature bromo-cystargamide 

or to selectively modify bromo-tryptophan residues as a component of a tripeptide (Corr et 

al., 2017). 7-Cl-Trp is not useful for the Sonogashira cross coupling reaction since it is too 

unreactive (Corr et al., 2017). Furthermore, 7-Br-Trp can easily be converted to 
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7-bromoindole, which may give rise to many indole derivates including the MOM-protected 

7-bromoisatin, which is the precursor of the antimitotic agent diazonamide A (Nicolaou et 

al., 2002; Wang et al., 2007; Bartoli et al., 2014). Halogenation of L-tryptophan (Trp) 

involves two enzymes of the reb operon of Lechevalieria aerocolonigenes, the 

FAD-dependent halogenase RebH and the NADH-dependent flavin reductase RebF required 

for NADH-dependent redox cofactor regeneration (Nishizawa et al., 2005). The halogenase 

RebH from L. aerocolonigenes chlorinates Trp to 7-Cl-Trp, the precursor of rebeccamycin. 

While this enzyme also accepts bromide, it prefers chloride over bromide (Yeh et al., 2005). 

Purified cross-linked enzymes RebH, RebF, and an alcohol dehydrogenase to regenerate 

NADH by oxidation of isopropanol have successfully been applied to the enzymatic 

bromination of Trp at the gram-scale (Frese and Sewald, 2015; Schnepel and Sewald, 2017). 

Fermentative production of 7-Cl-Trp has recently been established using recombinant 

Corynebacterium glutamicum (Veldmann et al., 2019). 

Fermentation processes with C. glutamicum that serves as a work horse for the 

biotechnological production of different amino acids are scalable and in the case of L-lysine 

and L-glutamate applied at the million-ton scale (Wendisch, 2019). Fermentative processes 

unlike chemical synthesis routes do not require environmentally hazardous compounds (e.g., 

elemental chlorine or bromine) or protecting / activating groups because of the high stereo-

and regioselectivities of the enzymes involved. Biotransformations using purified enzymes 

may suffer from low stability and low activity (e.g., of halogenases), especially under 

non‐native reaction conditions in the presence of high substrate concentrations (Latham et 

al., 2017). Fermentative processes start from sugars and the biocatalyst is (re)generated 

during growth. Fermentative processes are excellent for synthesis if export of the product out 

of the cell is efficient and neither substrates nor products nor intermediates inhibit cellular 

metabolism. 

C. glutamicum typically shows higher tolerance to many substances including organic acids, 

furan, and phenolic inhibitors present in lignocellulose hydrolysates (Sakai et al., 2007). 

Adaptive laboratory evolution led to increased tolerance to methanol (Leßmeier and 

Wendisch, 2015) or lignocellulose derived inhibitors (Wang et al., 2018). Thus, 

C. glutamicum was engineered for production of carboxylic acids such as pyruvate 
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(Wieschalka et al., 2012) and succinate (Litsanov et al., 2012), oxoacids such as 

2-ketoisovalerate (Krause et al., 2010) and 2-ketoisocaproate (Bückle-Vallant et al., 2014), 

alcohols such as ethanol (Inui et al., 2004a), isobutanol (Blombach et al., 2011) and 

n-propanol (Siebert and Wendisch, 2015), polymers such as polyhydroxyalkanoate (Ma et 

al., 2018). As industrial amino acid producer C. glutamicum is ideal for fermentative 

production of various other nitrogenous compounds such as the cyclic amino acid pipecolic 

acid (Pérez-García et al., 2016), the ω-amino acids γ-aminobutyrate (Kim et al., 2013; Jorge 

et al., 2016; Pérez-García et al., 2016) and 5-aminovalerate (Rohles et al., 2016; Jorge et al., 

2017), the diamines putrescine (Schneider and Wendisch, 2010) and cadaverine (Tateno et 

al., 2009; Kim et al., 2018) and alkylated and hydroxylated amino acids such as 

N-methylalanine (Mindt et al., 2018) and 5-hydroxy-isoleucine (Wendisch, 2019). 

Noteworthy, several excellent C. glutamicum producer strains have been developed for 

production of muconic acid (Becker et al., 2018), phenylpropanoids (Kallscheuer and 

Marienhagen, 2018) para-hydroxybenzoic acid (Purwanto et al., 2018) and protocatechuate 

(Wendisch et al., 2016; Lee and Wendisch, 2017). 

 

Fig. 2.2.1: Schematic representation of metabolic engineered C. glutamicum overproducing Trp 

and 7-Br-Trp. Genes names are shown next to reaction represented by the arrows. Dashed arrows 
show several reactions. Heterologously expressed genes are marked by blue boxes, endogenously 
overexpressed genes are marked by ↑ and deleted genes are showed by red crosses. FBR: feedback 
resistant. 
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Accordingly, the Trp overproducing strain Tp679 (Purwanto et al., 2018) served as excellent 

base strain for halogenation of Trp (Veldmann et al., 2019). In C. glutamicum wildtype trpE 

encoding a feedback resistant anthranilate synthase component 1 from C. glutamicum and 

trpD encoding an anthranilate phosphoribosyltransferase from E. coli were overexpressed to 

channel the flux from chorismate to Trp. The chorismate mutase csm was deleted to prevent 

the formation of the by-products L-phenylalanine and L-tyrosine. The precursor supply was 

optimized with the overexpression of aroG encoding a feedback resistant 

3-deoxy-D-arabinoheptulosonate-7-phosphate synthase from E. coli (Fig. 2.2.1). The 

production of 7-Cl-Trp had already been established with the Trp producing C. glutamicum 

strain overexpressing rebH and rebF. The strain produced about 0.1 g L-1 of 7-Cl-Trp 

(Veldmann et al., 2019). However, bromination of Trp in vivo has not yet been described as 

basis of a fermentative process leading 7-Br-Trp or other brominated tryptophans. Here, we 

describe the production of 7-Br-Trp with the above described Trp overproducing 

C. glutamicum strain expressing rebH and rebF in media with low chloride, but high bromide 

concentrations. The process was upscaled in bioreactors with a volume of 2 L and 7-Br-Trp 

was isolated and characterized by NMR and MS. 
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2.2.3 Material and Methods 

2.2.3.1 Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 2.2.1. Escherichia coli 

DH5α (Hanahan, 1983) was used for cloning the plasmid constructs. E. coli and 

C. glutamicum were regularly grown in lysogeny broth medium (LB medium) in 500 mL 

baffled flasks at 120 rpm at 37 °C or 30 °C, respectively. For growth and production 

experiments C. glutamicum was inoculated in CGXII minimal medium (Eggeling and Bott, 

2005) in 500 mL or 100 mL baffled flasks (filling volume 10%) to an optical density (OD600) 

of 1 and incubated at 120 rpm. Growth was monitored by measuring the optical density at 

600 nm using a V-1200 spectrophotometer (VWR, Radnor, PA, USA). For toxicity test 

C. glutamicum was grown in the BioLector® (M2P Labs) in CGXII medium supplemented 

with the substance to be tested. To produce 7-Br-Trp, CGXII minimal medium or HSG rich 

medium (40.0 g L-1 glucose, 13.5 g L-1 soy peptone, 7 g L-1 yeast extract, 0.01 g L-1 NaCl, 

2.3 g L-1 K2HPO4, 1.5 g L-1 KH2PO4, 0.249 g L-1 MgSO4 × H2O) were used and supplemented 

with 50 mM NaBr. Strains derived from Tp679 were supplemented additionally with 

1.37 mM L-tyrosine and 1.5 mM L-phenylalanine in minimal medium.  

Table 2.2.1: Strains and plasmids used in this work 

Strains and plasmids Description  Source 

Strains   

WT C. glutamicum wild type, 

ATCC 13032 

ATCC 

Tp679 (pCES208-trpD) ∆csm ∆trpL::PilvCM1-trpEFBR 

∆vdh::PilvCM1-aroGFBR with 

pCES208-trpD 

(Purwanto et al., 2018) 

HalT2 Tp679 (pCES208-trpD) 

(pEKEx3-optimRBS-rebH-

rebF) 

(Veldmann et al., 2019) 

 

 



2 Results 
 

85 

Strains and plasmids Description  Source 

Plasmids   

(pCES208-trpD) KanR, pCES208 

overexpressing trpD from 

E. coli with PilvCM1 

(Purwanto et al., 2018) 

(pEKEx3-optimRBS-rebH-

rebF) 

SpecR, pEKEx3 

overexpressing rebH, rebF 

from L. aerocolonigenes 

with optimized RBS for 

rebH 

(Veldmann et al., 2019) 

 

If necessary, the growth medium was supplemented with kanamycin (25 µg mL−1) and/or 

spectinomycin (100 µg mL−1). Isopropyl-β-D-1-thiogalactopyranoside (IPTG) (1 mM) was 

added to induce the gene expression from the vector pEKEx3 (Stansen et al., 2005). 

 

2.2.3.2 Determination of the specific activity of the anthranilate 

phosphoribosyltransferase TrpD 

The anthranilate phosphoribosyltransferase overproducing strain Tp679 (pCES208-trpD) 

was inoculated from an overnight culture and was cultivated for 24 h in LB medium at 30 °C 

with 120 rpm before cells were centrifuged for 10 min at 4 °C and 4000 rpm and stored 

at -20 °C. After resuspension in 100 mM Tricine buffer (pH 7.0), the cells were sonicated for 

9 min at 55% amplitude and 0.5 cycles on ice in the UP200S Ultrasonic Processor from 

Hielscher Ultrasound Technology. The supernatant obtained after centrifugation (60 min, 

4°C, 16400 rpm) was used as crude extract for the enzyme assay. The activity was assayed 

fluorometrically by monitoring the decrease of anthranilate (Ant) at room temperature. The 

reaction mixture with a final volume of 1 mL contained 100 mM Tricine buffer (pH 7.0), 

15 µM Ant, 0.3 mM PRPP, 10 mM MgCl2, and the crude extract and was filled in a quartz 

glass cuvette (Hellma Analytics, High Precision cell, Light Path 10 × 4 mm). Ant was 

detected by fluorescence at 325 nm excitation and 400 nm emission wavelength with the 

Shimadzu Spectrofluorophotometer RF-5301PC. Protein concentrations were determined by 
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the Bradford method (Bradford, 1976) with bovine serum albumin as reference. Means and 

errors from triplicates were calculated. 

 

2.2.3.3 Bioreactor cultures operated in batch and fed-batch mode 

A 3.7 L KLF Bioengineering AG stirred tank reactor was used for the production of 

7.-Br-Trp. The fermentation was performed at pH 7.0, 30 °C, and an aeration rate of 2 norm 

liter (NL) min-1. pH was controlled by automatic addition of phosphoric acid (10% (w/w)) 

and ammonium hydroxide (25% w/w)). Struktol®J647 (Schill and Seilenbacher, Boeblingen, 

Germany) serves as antifoam agent and was also added automatically. Samples were taken 

automatically every 2 h and cooled to 4 °C until analysis. 

For the batch fermentations the relative dissolved oxygen saturation (rDOS) of 15, 30, and 

60%, respectively was controlled by enhancing the stirrer speed gradually in steps of 2%. 

Two liters CGXII without MOPS but with 50 mM NaBr, 1.37 mM L-tyrosine, 

1.5 mM L-phenylalanine and 1 mM IPTG (added at timepoint 0 h) was used as culture 

medium.  

For the fed-batch fermentation the initial volume was 2 L and a constant overpressure of 

0.2 bar was adjusted. Due to the new findings (see Fig. 2.2.6) the culture medium was 

changed to HSG rich medium supplemented with 50 mM NaBr and 1 mM IPTG (added at 

timepoint 0 h). The feeding medium contained 150 g L-1 ammonium sulfate, 

400 g L-1 glucose, 5.14 g L-1 NaBr, 0.25 g L-1 L-tyrosine, and 0.25 g L-1 L-phenylalanine. 

Automatic control of the stirrer speed kept the rDOS at 30%. The feeding started 

automatically when rDOS exceeds 60% and stops when rDOS felt again under the set-point. 

Here, a pH of 7.0 was established and controlled by automatic addition of phosphoric acid 

(10% (w/w)) and potassium hydroxide (4 M). Instead of using ammonium hydroxide as alkali 

to avoid. nitrogen limitation in batch cultures, potassium hydroxide was used in the fed-batch 

fermentation, since the HSG complex medium is nitrogen rich and, hence, a nitrogen 

limitation was excluded. 

The titer and yield were calculated to the initial volume. 
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2.2.3.4 Analytical procedures 

For the quantification of the extracellular Trp, 7-Br-Trp, and anthranilate (Ant) a 

high-pressure liquid chromatography (HPLC) system was used (1200 series, Agilent 

Technologies Deutschland GmbH, Böblingen, Germany). The supernatants of the cell culture 

were collected by centrifugation (14680 rpm, 20 min, RT) and further used for analysis. For 

detection of Ant, Trp, and the derivatives, samples were reacted with ortho-phthaldialdehyde 

(OPA) (Schneider and Wendisch, 2010). The amino acid separation was performed by a 

precolumn (LiChrospher 100 RP18 EC-5 µ (40mm×4 mm), CS-Chromatographie Service 

GmbH, Langerwehe, Germany) and a column (Li-Chrospher 100 RP18 EC-5 µ 

(125 mm×4 mm), CS Chromatographie Service GmbH). The detection was carried out with 

a fluorescence detector (FLD G1321 A, 1200 series, Agilent Technologies) with the 

excitation and emission wavelengths of 230 nm and 450 nm, respectively. The quantification 

of carbohydrates and organic acids was done using a column for organic acids (300 × 8 mm, 

10 mm particle size, 25 Å pore diameter, CS Chromatographie Service GmbH) and detected 

by a refractive index detector (RID G1362A, 1200 series, Agilent Technologies) and a diode 

array detector (DAD G1315B, 1200 series, Agilent Technologies) (Schneider et al., 2011). 

 

2.2.3.5 Analytical RP-HPLC and RP-HPLC-MS 

Analytical HPLC was performed on a Shimadzu NexeraXR 20A System with autosampler, 

degasser, column oven, diode array detector, and a Phenomex Luna C18 column (2.9 µm, 

50 × 2.1 mm) with a gradient (in 5.5 min from 5% B to 95% B, 0.5 min 95% B and back to 

5 % B in 3 min, total run time 9 min) at a flow rate of 650 µL min-1 and column oven 

temperature of 40 °C. HPLC solvent A consists of 99.9% water and 0.1 % TFA, solvent B 

of 99.9 % acetonitrile and 0.1 % TFA. 

Analytical LC-MS was performed on an Agilent 6220 TOF-MS with a Dual ESI-source, 

1200 HPLC system with autosampler, degasser, binary pump, column oven, diode array 

detector, and a Hypersil Gold C18 column (1.9 µm, 50 × 2.1 mm) with a gradient (in 11 min 

from 0% B to 98% B, back to 0% B in 0.5 min, total run time 15 min) at a flow rate of 300 µL 

min-1 and column oven temperature of 40 °C. HPLC solvent A consisted of 94.9% water, 

5 % acetonitrile, and 0.1% formic acid, solvent B of 5% water, 94.9% acetonitrile and 0.1% 
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formic acid. ESI mass spectra were recorded after sample injection via 1200 HPLC system 

in extended dynamic range mode equipped with a Dual-ESI source, operating with a spray 

voltage of 2.5 kV.  

 

2.2.3.6 NMR spectroscopy 

NMR spectra were recorded on a Bruker Avance III 500 HD (1H: 500 MHz, 13C: 126 MHz, 
19F: 471 MHz). Chemical shifts δ [ppm] are reported relative to residual solvent signal 

(DMSO-d6, 1H: 2.50 ppm, 13C: 39.5 ppm). 2D spectra (COSY, HMQC, HMBC) spectra were 

used for signal assignment. 

 

2.2.3.7 High-resolution MS 

ESI mass spectra were recorded using an Agilent 6220 time-of-flight mass spectrometer 

(Agilent Technologies, Santa Clara, CA, USA) in extended dynamic range mode equipped 

with a Dual-ESI source, operating with a spray voltage of 2.5 kV. Nitrogen served both as 

the nebulizer gas and the dry gas. Nitrogen was generated by a nitrogen generator NGM 11. 

Samples are introduced with a 1200 HPLC system consisting of an autosampler, degasser, 

binary pump, column oven and diode array detector (Agilent Technologies, Santa Clara, CA, 

USA) using a C18 Hypersil Gold column (length: 50 mm, diameter: 2.1 mm, particle size: 

1,9 µm) with a short isocratic flow (60% B for 5 min) at a flow rate of 250 µL min-1 and 

column oven temperature of 40 °C. HPLC solvent A consists of 94.9% water, 5% acetonitrile 

and 0.1% formic acid, solvent B of 5% water, 94.9% acetonitrile and 0.1 % formic acid. The 

mass axis was externally calibrated with ESI-L Tuning Mix (Agilent Technologies, Santa 

Clara, CA, USA) as calibration standard. The mass spectra are recorded in both profile and 

centroid mode with the MassHunter Workstation Acquisition B.04.00 software (Agilent 

Technologies, Santa Clara, CA, USA). MassHunter Qualitative Analysis B.07.00 software 

(Agilent Technologies, Santa Clara, CA, USA) was used for processing and averaging of 

several single spectra. 
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2.2.3.8 Reversed-Phase column chromatography (GP1) 

Automated column chromatography was performed on a Büchi Reveleris X2 with a binary 

pump and ELSD Detector using a Biotage Snap Ultra C18 column with a gradient (4 min at 

5% B, up to 25% B in 14 min, in 1 min up to 100% B for 2 min and flushing with 80% B for 

5 min, total run time 27 min) at a flow rate of 30 mL min-1. Solvent A consisted of 99.9% 

water and 0.1% TFA, solvent B of 99.9% acetonitrile and 0.1% TFA. 

 

2.2.3.9 Isolation and purification of 7-bromo-L-tryptophan from HSG rich medium 

7-Br-Trp was isolated from 30 mL HSG rich medium (3 × 10 mL) (see chapter growth 

conditions) by an automated reversed phase column chromatography. The crude medium was 

centrifuged (10000 rpm, 4 °C, 30 min) and filtrated over a short plug of celite. The crude 

filtrate was loaded on a 12 g C18-column and purified according to GP1. The TFA salt of 

7-Br-Trp was isolated as a colourless solid (14.3 mg, 36 µmol). RP-column chromatography: 

tR = 11.5 min; Anal. RP-HPLC: tR = 3.3 min; LC-MS: tR = 5.1 min; 1H NMR (500 MHz, 

DMSO-d6) δ [ppm] = 11.28 (d, 3J = 2.7 Hz, 1H, indole-NH), 8.16 (brs, 3H, NH3
+), 7.58 (d, 

3J = 7.9 Hz, 1H, C4-H), 7.32 (d, 3J = 7.5 Hz, 1H, C6-H), 7.30 (d, 3J = 2.7 Hz, 1H, C2-H), 

6.97 (dd, 3J = 7.8 Hz, 3J = 7.8 Hz, 1H, C5-H), 4.15 (dd, 3J = 7.1 Hz, 3J = 6.2 Hz, 1H, Cα-H), 

3.27 (dd, 2J = 15.0 Hz, 3J = 5.7 Hz, 1H, Cβ-H), 3.22 (dd, 2J = 14.8 Hz, 3J = 6.9 Hz, 1H, Cβ-

H); low res. MS (ESI): found [m/z] = 265.9 [M(79Br)-NH2]+, 267.9 [M(81Br)-NH2]+, 283.0 

[M(79Br)+H]+, 285.0 [M(81Br)+H]+; calcd. [m/z] = 265.9 [M(79Br)-NH2]+, 267.9 [M(81Br)-

NH2]+, 283.0 [M(79Br)+H]+, 285.0 [M(81Br)+H]+. 
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2.2.4 Results 

2.2.4.1 Production of 7-bromo-L-tryptophan in flasks culture 

Fermentative processes are ideal if substrates, intermediates, and products do not inhibit 

growth and production. The effect of the substrate NaBr and the product 7-Br-Trp on growth 

of C. glutamicum was assessed when various concentrations of these compounds were added 

upon inoculation of C. glutamicum wild type to CGXII minimal medium with 40 g L-1 

glucose. NaBr concentrations (0 - 500 mM) had a negligible effect on growth and it was 

estimated by extrapolation that the growth rate would be reduced to 50% at about 1.2 M NaBr 

(Fig. 2.2.2 A). Therefore, the use of NaBr as a substrate was presumed to be possible. By 

contrast, already low concentrations of the target product 7-Br-Trp inhibited growth in the 

BioLector® (M2P Labs). The half maximal specific growth rate of C. glutamicum was 

reached already at a concentration of about 0.32 mM or 0.091 g L-1 7-Br-Trp (Fig. 2.2.2 B). 

This inhibition is threefold lower than previously observed with 7-Cl-Trp (Ki of about 

0.1 mM or 0.024 g L-1; (Veldmann et al., 2019).  

 

Fig. 2.2.2: Response of C. glutamicum wild type to externally added NaBr (A) and 7-Br-Trp (B). To 
determine the Ki for NaBr and 7-Br-Trp C. glutamicum wildtype was grown in CGXII minimal medium with 
40 g L-1 glucose and different concentration of the substances to be tested. A liner regression was done to 
determine the half maximal specific growth rate with the substances to be tested. A: NaBr concentrations 
between 0 and 500 mM were tested with C. glutamicum. B: 7-Br-Trp concentrations between 0 and 0.5 mM 
were tested. 
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We hypothesize that the difference is due to the hydration shell of chlorine substituents being 

smaller than that of a bromine substituent. Accordingly, we speculate that due to its smaller 

size 7-Cl-Trp can enter catalytic active centres and/or allosteric sites of enzymes easier than 

7-Br-Trp and, thus, inhibitory effects are expected to be more pronounced. This may explain 

why the inhibitory effect of 7-Cl-Trp exceeds that of 7-Br-Trp. 

Since it is known that halogenated Ant competitively inhibits Ant converting anthranilate 

phosphoribosyltransferase TrpD (Lesic et al., 2007), it was tested whether 7-Br-Trp inhibits 

anthranilate phosphoribosyltransferase in crude extracts of C. glutamicum Tp679 

(pCES208-trpD). This strain possesses endogenous trpD on its chromosome and expresses 

E. coli trpD from a plasmid. Crude extracts of C. glutamicum Tp679 (pCES208-trpD) grown 

in LB rich media were assayed for TrpD activity in the presence of different concentrations 

of either 7-Br-Trp or 7-Cl-Trp (Fig. 2.2.3). The specific activity of anthranilate 

phosphoribosyltransferase was reduced to about one third by either 0.15 mM 7-Br-Trp or by 

0.05 mM 7-Cl-Trp (Fig. 2.2.3). Thus, inhibition by 7-Cl-Trp was more pronounced than 

inhibition by 7-Br-Trp, which showed a Ki value of about 0.03 g L-1. At least in part, the 

growth inhibition by 7-Br-Trp (Fig. 2.2.2 B) may be due to inhibition of anthranilate 

phosphoribosyltransferase by 7-Br-Trp (Fig. 2.2.3). Since 7-Br-Trp exerts a lower inhibitory 

effect as compared to 7-Cl-Trp and since the latter could be produced to a titer of 0.108 g L-1, 

i.e. five times as high as Ki (Veldmann et al., 2019), it is expected that C. glutamicum likely 

produces 7-Br-Trp only to relatively low concentrations, as well. 

For the fermentative production of 7-Br-Trp the C. glutamicum strain HalT2 was used. This 

strain was derived from the Trp overproducing strain Tp679 (pCES208-trpD), which 

overexpresses additionally genes encoding FAD-dependent halogenase RebH and 

NADH-dependent flavin reductase RebF from the expression vector pEKEx3 (Veldmann et 

al., 2019). In our previous study, we have tried to optimize RebF and RebH gene expression. 

On the one hand, a more active promoter helped increase RebH and RebF activities, on the 

other hand, production could be improved as consequence of optimizing the ribosome 

binding site [and thus, translation initiation efficiency;(Veldmann et al., 2019)]. 

Bioinformatics analysis revealed that the codon usage of RebH fits to the codon usage of 
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C. glutamicum and hence was not further optimized. For RebF the codon usage fits to 

C. glutamicum except one triplet. The ribosome binding site was not optimized for RebF. 

 

Fig. 2.2.3: Specific activities of anthranilate phosphoribosyltransferase TrpD in the presence or absence 

of either 7-Br-Trp or 7-Cl-Trp. Crude extracts of C. glutamicum Tp679 (pCES208-trpD) grown in LB rich 
media were assayed for TrpD activity in the presence of different concentrations of either 7-Br-Trp or 7-Cl-Trp. 
Means and standard deviations of triplicates are shown. 

HalT2 was inoculated in CGXII minimal medium with 40 g L-1 glucose and 50 mM NaBr in 

500 mL baffled flasks (50 mL culture) to an OD600 of 1. At inoculation, 1 mM IPTG was 

added. The culture showed a specific growth rate 0.12 ± 0.01 h-1. After 72 h 0.25 ± 0.01 g L-1 

7-Br-Trp, 0.81 ± 0.02 g L-1 Trp and 1.69 ± 0.03 g L-1 Ant were measured (Fig. 2.2.4). When 

the same strain was inoculated in 500 mL without baffles the specific growth rate was 

0.11 ± 0.01 h-1 and the production of 7-Br-Trp increased by 38% to a titer of 0.34 ± 0.02 

g L-1. Production of Trp was decreased by 34% to 0.54 ± 0.02 g L-1, but production of Ant 

increased to 1.91 ± 0.03 g L-1. Using 100 mL flasks with 10 mL culture was beneficial for 
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production of 7-Br-Trp by C. glutamicum HalT2 as in baffled flasks 0.48 ± 0.03 g L-1 

7-Br-Trp were produced after 72 h and 0.81 ± 0.01 g L-1 Trp and 2.82 ± 0.06 g L-1 Ant 

accumulated. In 100 mL flasks without baffles 0.49 ± 0.02 g L-1 7-Br-Trp were produced 

after 72 h and 0.96 ± 0.03 g L-1 Trp and 3.45 ± 0.13 g L-1 Ant accumulated (Fig. 2.2.4). With 

the assumption that the oxygen supply is lower in the 100 mL than in the 500 mL flasks, the 

production was increased with less oxygen supply. The specific growth rate was lower in 

100 mL flasks with baffles (0.09 ± 0.01 h-1 as compared to 0.13 ± 0.01 h-1). These results 

were unexpected since oxygen supply in 500 mL baffled flasks is considered higher than in 

100 mL unbaffled flasks we expected higher 7-Br-Trp in 500 mL baffled flasks. Halogenase 

RebH requires FADH2 as co-factor, Trp, molecular oxygen and a halide salt as substrates. 

RebH regioselectively chlorinates or brominates Trp at the 7-position. FADH2 is regenerated 

by RebF, which reduces FAD to FADH2 in an NADH-dependent manner. NADH is provided 

by cellular metabolism (oxidation of glucose). RebH and RebF derive from the host organism 

Lechevalieria aerocolonigenes which has a growth optimum at 28 °C (Parte, 2012), which 

fits well with the optimal growth temperature of C. glutamicum of 30 °C. Nonetheless, the 

highest 7-Br-Trp titer observed (about 0.49 g L-1; Fig. 2.2.4) exceeded the Ki value (about 

0.09 g L-1; Fig. 2.2.2 B) about five-fold. 
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Fig. 2.2.4: Production of 7-Br-Trp, Trp and Ant by C. glutamicum HalT2 under different shake flask 

conditions. HalT2 was grown in CGXII with 40 g L-1 glucose after 72 h were measured the titers of 7-Br-Trp, 
Trp and Ant. The filling volume was 10% of the flasks volume. Means and standard deviations of three replicate 
cultivations are shown. 

2.2.4.2 Batch production of 7-bromo-L-tryptophan in a bioreactor 

To scale up the fermentation process and to test the influence of pH control, optimal stirring 

and controlled oxygen supply, strain HalT2 was cultivated in a 3.7 L baffled bioreactor with 

a working volume of 2 L with three different rDOSs (rDOS = 15%, 30%, and 60%). Whereas 

the maximal specific growth rate was comparable and in a range between 0.07 and 0.08 h-1, 

C. glutamicum HalT2 grew to a higher biomass concentration at rDOS of 15% (OD600 of 27; 

Fig. 2.2.5 C) than with rDOS at either 30 or 60% (OD600 of 11 and 12, respectively; Fig. 2.2.5 

A and B). Glucose was utilized completely (with the exception of 3.6 g L-1 glucose remaining 

in the rDOS 60% bioreactor condition). Lactate accumulated transiently peaking at 32 h, 28 h 

and 16 h with maximal concentrations of 3.8, 3.8 and 0.5 g L-1 lactate for the bioreactors  
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Fig. 2.2.5: Batch fermentation of 7-Br-Trp by C. glutamicum HalT2 with three different rDOS. The data 
given include the glucose consumption [blue triangle], the OD600 [red squares], the production of 7-Br-Trp 
[green circles], Trp [grey circles], Ant [black cirles] and Lac [light purple circles]. The initial culture volume 
was 2 L. A: Batch fermentation with a rDOS set-point of 60%. B: Batch fermentation with a rDOS set-point of 
30%. C: Batch fermentation with a rDOS set-point of 15%. 
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operated at 15%, 30%, and 60%, respectively (Fig. 2.2.5). The byproducts Trp and Ant 

accumulated to higher concentrations than 7-Br-Trp. Maximal 7-Br-Trp titers increased 

slightly with decreasing rDOS, i.e. 0.26, 0.26 and 0.30 g L-1 7-Br-Trp for the bioreactors 

operated at 15%, 30%, and 60%, respectively (Fig. 2.2.5). The corresponding yields on 

glucose were 6.6, 6.6, and 7.5 mg g-1. The yields on biomass differed to a larger extent since 

higher biomass concentrations were observed at low rDOS. At 15% rDOS, for example, an 

OD600 21 (corresponding to 7.4 gCDW L-1) and a 7-Br-Trp titer of 0.26 g L-1 were observed 

at 56 h, which is equivalent to a 7-Br-Trp yield on biomass of 36 mg (gCDW)-1. At 30% 

rDOS, the Br-Trp yield on biomass was almost two fold higher (74 mg (gCDW)-1) and it was 

almost three fold higher at 60% rDOS (95 mg (gCDW)-1). This may indicate that less cells 

are required for 7-Br-Trp production at high rDOS and/or that growth proceeds to higher 

biomass concentrations at low rDOS. 

 

2.2.4.3 Fed-batch production of 7-bromo-L-tryptophan in a bioreactor 

Stirred tank bioreactor cultivations operated in batch mode yielded lower titers (0.26 to 

0.30 g L-1; Fig. 2.2.5) than shake flask cultivation (up to about 0.49 g L-1; Fig. 2.2.4). Under 

both conditions CGXII glucose minimal medium was used. Since fermentations are often 

performed in media containing complex sources such as yeast extract and/or protein 

hydrolysates, production of 7-Br-Trp by C. glutamicum HalT2 was compared in 100 mL 

baffled flasks with either CGXII glucose minimal medium or HSG rich medium containing 

yeast extract and soy peptone. Growth in the HSG rich medium was faster (a specific growth 

rate of 0.39 ± 0.02 h-1 as compared to 0.19 ± 0.01 h-1 in CGXII minimal medium). Within 24 

h 0.36 ± 0.04 g L-1 7-Br-Trp were produced in HSG rich medium, but only 0.10 ± 0.01 g L-1 

7-Br-Trp in the minimal medium (Fig. 2.2.6). Moreover, the 7-Br-Trp yield on biomass in 

HSG rich medium [39 ± 5 mg g(CDW)-1] was higher than in CGXII minimal medium 

[6 ± 1 mg g(CDW)-1]. Notably, neither Trp nor Ant accumulated as by-products in HSG rich 

medium, whereas 0.26 ± 0.01 g L-1 Trp and 1.88 ± 0.05 g L-1 Ant were produced in CGXII 

minimal medium (Fig. 2.2.6).  
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Fig. 2.2.6: Production of 7-Br-Trp by C. glutamicum HalT2 in different media. HalT2 was grown in CGXII 
minimal medium and HSG rich medium with 40 g L-1 glucose. The strain was cultivated in 100 mL flasks with 
10% filling volume. After 24 h were determined the production of 7-Br-Trp, Trp and Ant. Means and standard 
deviations of three replicate cultivations are shown. 
 

The product formed by C. glutamicum HalT2 in 30 mL HSG rich medium (3 × 10 mL) was 

isolated and purified in a single step by an automated reversed phase column 

chromatography. In total 14.3 mg (36 µmol) of 7-Br-Trp as a TFA salt were isolated. The 

product was identified as 7-Br-Trp by NMR studies. The purity (>95 %) was verified by both 

NMR (Fig. 2.2.7 A) and LC-MS (Fig. 2.2.7 B) experiments. 
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Fig. 2.2.7: Analysis of 7-Br-Trp isolated from HSG medium by (A) 1H NMR (500 MHz, 298 K, DMSO-d6) 

and by (B) RP-HPLC-MS analysis. The ionization was performed with a Dual-ESI with a voltage of 2.5 kV 
leading to an expected deamination during the ionization process. The characteristic isotopic pattern of a single 
brominated species is clearly observable. 

Taken together, HSG rich medium was chosen for fed-batch fermentation because the 

production occurred faster and the precursors Trp and Ant did not accumulate as by-products 

and the specific growth rate in rich medium was two-fold higher than in CGXII medium as 
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mentioned above (0.39 h-1 for HSG medium vs. 0.19 h-1 for CGXII medium). In figure 2.2.6 

the concentrations of Trp, Ant, and 7-Br-Trp after 24 h of cultivation in shake flasks are 

given. Most likely, in contrast to CGXII medium product formation was finished at this time 

point using rich medium. This was also confirmed by figure 2.2.5, because 7-Br-Trp 

formation was not finished after 24 h of cultivation, irrespective of whether rDOS level was 

used. At 30% rDOS, the highest 7-Br-Trp yield on biomass of 74 mg (gCDW)-1 was reached 

as mentioned above. Therefore, the same set point was used for fed-batch fermentation. 

C. glutamicum HalT2 was used for the fed-batch fermentation to inoculate 2 L HSG rich 

medium containing 40 g L-1 glucose to an initial OD600 of 1.8 (Fig. 2.2.8). The maximal 

specific growth rate was 0.32 h-1. A total feed of 975 mL was added in the whole process. 

Four major phases of the fed-batch fermentation could be distinguished. In the first (batch) 

phase C. glutamicum HalT2 grew to an OD600 of 37.3 within 18h. Lactate accumulated 

transiently peaking at 7.0 g L-1 after 10 h. At 18h, titers of 0.19 g L-1 7-Br-Trp and 0.1 g L-1 

Trp were observed. In the next phase (until 30 h when exponential feeding started), 7-Br-Trp 

was produced to a titer of 0.30 g L-1 with a yield on biomass of 0.7 mg (gCDW)-1 and a 

volumetric productivity of 10 mg L-1 h-1. Neither Trp nor Ant accumulated during this phase. 

The third phase is characterized by an exponential increase of the feed volume (at 50 h about 

293 mL feed had been added and the OD600 reached 62), while the 7-Br-Trp concentration 

increased linearly to 0.66 g L-1. During this phase the volumetric productivity was 

18 mg g-1 h-1 and the specific productivity was 1 mg gCDW-1 h-1. While Trp accumulated to 

a titer of 0.17 g L-1, Ant was not produced in the third phase. In the last phase that started at 

50 h, the residual feed (682 mL) was added until 55 h. The 7-Br-Trp and Trp titers increased 

in parallel to 1.2 g L-1 and about 0.25 g L-1. Only in this last phase, Ant accumulated with 

Ant titers fluctuating around 0.5 g L-1 from 57 h to 72 h (Fig. 2.2.8).  
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Fig. 2.2.8: Fed-batch fermentation of 7-Br-Trp by C. glutamicum HalT2. The data given include rDOS [%] 
[light grey], the feed [blue], OD600 [red squares], 7-Br-Trp [green circles], Trp [grey circles], Ant [black circles] 
and Lac [light purple circles]. The initial volume was 2 L and 975 mL feed was added. The titer was calculated 
to the initial volume.   
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2.2.5 Discussion 

Heterologous expression of the genes rebH for FAD-dependent halogenase and rebF for 

NADH-dependent flavin reductase from the reb cluster of L. aerocolonigenes to enable 

regioselective chlorination of Trp at the 7 position (Nishizawa et al., 2005) in a Trp 

overproducing C. glutamicum strain (Purwanto et al., 2018) provided the basis for the 

development of fermentative processes for chlorination (Veldmann et al., 2019) and 

bromination of Trp (this study). Production of 7-Br-Trp by the engineered C. glutamicum 

strain was possible in glucose minimal media supplemented with sodium bromide. 

C. glutamicum belongs to the group of bacteria that require chloride for growth at high 

(sodium) salt concentrations since growth was inhibited in the presence of high 

concentrations of sodium sulfate and sodium gluconate, but not of sodium chloride (Roeßler 

et al., 2003). It was postulated that chloride may enhance excretion of cytotoxic sodium ions 

by salt-induced Na+/H+ antiporters and/or simultaneous export of these anions via the 

ClC-type sodium channels as observed for E. coli (Iyer et al., 2002). The finding reported 

here that C. glutamicum can withstand high sodium bromide concentrations (Ki of about 

1.2 M; Fig. 2.2.2 A) indicates that bromide may substitute for chloride to sustain growth of 

C. glutamicum at high sodium salt concentrations.  

The engineered C. glutamicum strain produced 7-Br-Trp to higher titers (1.2 g L-1, Fig. 2.2.8) 

than 7-Cl-Trp (0.1 g L-1; (Veldmann et al., 2019). This was surprising since pure RebH 

prefers chlorination (kcat of 1.4 min-1) over bromination (kcat of 0.4 min-1) (Yeh et al., 2005). 

Unlike in enzyme catalysis with pure RebH (Yeh et al., 2005; Payne et al., 2013), chloride 

could not be completely replaced by bromide since chloride is required for growth of 

C. glutamicum (s. above). However, at a low chloride concentration in the growth medium a 

high bromide salt supply (277 fold excess) allowed for bromination by the engineered 

C. glutamicum strain in vivo. The purified product of this fermentative process was shown to 

be 7-Br-Trp without detectable contamination by 7-Cl-Trp (Fig. 2.2.7). Brominated natural 

products and intermediates are found predominantly in marine environments as ocean water 

contains a relatively high bromide ion concentration (Gribble, 1996). Moreover, halogenases 

which prefer bromination are more abundant in marine habitats, those preferring chlorination 

are encountered more often in terrestrial habitats (Van Peè, 2001). Thus, future process 
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improvement may make use of halogenases preferring bromination over chlorination such as 

BrvH from Brevundimonas BAL3 (Neubauer et al., 2018) or three halogenases from 

Xanthomonas campestris pv. campestris strain B10046 (Ismail et al., 2019). 

FAD-dependent halogenases require molecular oxygen (Bitto et al., 2008). In the reaction 

catalyzed by RebH, FADH2 binds to the FAD binding pocket of the RebH and reacts with 

molecular oxygen to flavin hydroperoxide (Andorfer et al., 2016). Flavin peroxide in turn 

oxidizes the halide anion (X-, X = Cl, Br) to hypohalous acid (HOX), which is channeled to 

the active active tryptophan binding pocket. The role of the conserved lysine residue K79 in 

giving a haloamine intermediate (Yeh et al., 2007) is still under debate (Flecks et al., 2008). 

The hypohalous acid effects the regioselective electrophilic aromatic substitution of Trp 

resulting in halogenation at the C7 position (Andorfer et al., 2016). Thus, the supply of 

molecular oxygen to RebH within the C. glutamicum cell may be a bottleneck for 

halogenation of Trp. Since, of course, the C. glutamicum cell requires oxygen for respiration, 

the response to increased molecular oxygen supply during growth-coupled fermentative 

production of 7-Br-Trp may be complex. Production of 7-Br-Trp was found to be higher 

under low oxygen supply in shake flask (although these are relatively ill-defined) or 

comparable under controlled conditions in bioreactor fermentations with rDOS of 15, 30 and 

60% (Fig. 2.2.4, Fig. 2.2.5). For different microorganisms the Monod constants for oxygen 

are in a range between 3.0 ⋅ 10-4 mg L-1 and 0.1 mg L-1 (Longmuir, 1954) Therefore, cell 

growth was not notably affected by oxygen supply even at a rDOS level of 15%. Surprisingly, 

biomass formation was declined with increasing rDOS set points as shown by the courses of 

OD600 and glucose in figure 2.2.5. While glucose was depleted after 35 h for rDOS of 15% 

and 48 h for rDOS of 30%, respectively, nearly 4 g L-1 glucose remained at the end of 

cultivation (73 h) at a rDOS level of 60% also indicating a reduced biomass formation. 

However, halogenation by RebH-RebF requires molecular oxygen. Obviously, a better 

oxygen supply improves RebH-RebF activity, which counteracts biomass formation (see also 

max. OD600 values as given above). This conclusion is supported by lower specific growth 

rates during stirred tank reactor cultivation (see above) in contrast to shake flask cultivation 

(see above), despite a poorer oxygen input in the latter case. In addition, halogenation by 

RebH-RebF requires both molecular oxygen and NADH at the same time. This is difficult to 
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achieve in fast growing cells as NADH is oxidized by the respiratory chain using molecular 

oxygen to generate a trans-membrane pH gradient and subsequently ATP. Moreover, if the 

oxygen supply is too high flavin reductase RebF oxidizes FADH2 with molecular oxygen to 

yield H2O2. This is commonly observed for flavin-dependent enzymes like monooxygenases 

and halogenases (“oxygen dilemma”; (Ismail et al., 2019)). Thus, all reactions in 

C. glutamicum requiring FADH2 (e.g. p-hydroxybenzoate hydroxylase (Kwon et al., 2007) 

or flavin-dependent thymidylate synthase; (Kan et al., 2010)) or containing this flavin bound 

to the enzyme [e.g. membrane-associated malate dehydrogenase (acceptor) (EC 1.1.99.16); 

(Molenaar et al., 1998)] may be compromised at high oxygen levels in the presence of flavin 

reductase RebF. Thus, an aeration protocol ensuring optimal supply of oxygen for growth on 

the one hand and for RebH catalyzed bromination on the other hand remains to be developed. 

Another optimization step for the fermentative production of 7-Br-Trp, would be the 

reduction of by-products, like L-lactate. C. glutamicum produces L-lactate from pyruvate via 

the NAD-dependent L-lactate dehydrogenase (encoded by ldhA) (Inui et al., 2004b) and is 

able to utilize the L-lactate as carbon source via the lactate dehydrogenase (encoded by lldD) 

(Stansen et al., 2005). Transient L-lactate accumulation (formed by LdhA and subsequently 

utilize by LldD) is often observed when glucose uptake is higher than oxygen uptake. Once 

the glucose uptake rate ceases, L-lactate is re-utilized. Transcription of ldhA is regulated by 

transcriptional regulator SugR (Engels et al., 2008; Toyoda et al., 2009). Under oxygen 

limitation glucose uptake exceeds oxygen uptake and L-lactate is produced by LdhA to 

regenerate NAD+ (Engels et al., 2008). Accordingly, transient L-lactate was more pronounced 

with low (rDOS of 15%, 30% and fed-batch) as compared to high oxygen supply (rDOS of 

60%). We have discussed these facts along with a strategy to avoid transient lactate 

formation, i.e., by deletion of ldhA as has been shown before (Inui et al., 2004b). 

Inhibition by halogenated Trp appeared to be the major bottleneck to achieve high product 

titers. Growth as well as anthranilate phosphoribosyltransferase activity in crude extracts 

from C. glutamicum Tp679 (pCES208-trpD) were inhibited by 7-Br-Trp and 7-Cl-Trp (Fig. 

2.2.3 and (Veldmann et al., 2019)). When comparing growth and 7-Br-Trp production in 

CGXII and HSG media, the latter of which is a complex medium and contains about 0.5 mM 

Trp (data not shown), the specific growth rate in rich medium was two-fold higher than in 
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CGXII medium (0.39 h-1 for HSG medium vs. 0.19 h-1 for CGXII medium, s. results section). 

Thus, addition of Trp may alleviate the growth inhibition as consequence of TrpD inhibition. 

Previously, O’Gara & Dunican (O'Gara and Dunican, 1995) have shown that purified 

anthranilate phosphoribosyltransferase TrpD from C. glutamicum is inhibited by Trp (Ki of 

0.83 mM) and by 5-methyl-L-tryptophan (Ki of 0.32 mM). In this study, anthranilate 

phosphoribosyltransferase activity in crude extracts was shown to be inhibited by 7-Br-Trp 

(Ki of about 0.1 mM) and by 7-Cl-Trp (Ki of about 0.06 mM). It should be noted that besides 

endogenous trpD on the C. glutamicum chromosome E. coli trpD was expressed from a 

plasmid. TrpD from E. coli is insensitive to Trp in the absence of E. coli TrpE (Ito and 

Yanofsky, 1969). Feedback resistant TrpD has been isolated from C. glutamicum, which was 

isolated from a tyrosine and phenylalanine double auxotrophic strain due to its resistance to 

analogs of Trp, tyrosine, phenylalanine and 5-methyl-L-tryptophan. Feedback resistant TrpD 

from this C. glutamicum strain was shown to confer resistance to 5-methyl-L-tryptophan and 

6-fluoro-L-tryptophan on E. coli (Herry and Dunican, 1993). Resistance to Trp derivatives 

with modifications at the 7 position of Trp such as 7-Br-Trp or 7-Cl-Trp has not been 

determined, thus, it cannot be inferred that the feedback resistant TrpD from C. glutamicum 

ATCC 21850 would alleviate the inhibition of C. glutamicum growth and/or TrpD activity 

by 7-Br-Trp and 7-Cl-Trp. Likely, other TrpD variants either from C. glutamicum or from 

E. coli have to be isolated after mutation and screening or by rational enzyme engineering. 

Alternatively, process intensification may involve fermentation strategies including in situ 

product removal (ISPR) to maintain sub-threshold concentrations of 7-Br-Trp as has been 

shown for L-phenylalanine separation and concentration by reactive-extraction with 

liquid-liquid centrifuges in a fed-batch fermentation process with recombinant E. coli (Rüffer 

et al., 2004). 

Halogenated amino acids such as 7-Br-Trp are relevant for peptide synthesis, since they can 

be converted further by Pd-catalyzed cross coupling and nucleophilic substitution reactions 

(Diederich and Stang, 2008). Various halogenated forms of tryptophan and its derivatives 

may have potential in the synthesis of serotonin and melatonin agonists or antagonists (Frese 

et al., 2014). As shown here, based on the insight from enzyme catalysis using pure RebH, 

crude RebH preparations or CLEAs containing RebH, a fermentative process based on RebH 
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was developed and adjusted to yield either 7-Cl-Trp or 7-Br-Trp by C. glutamicum in vivo. 

Since halogenases such as RebH, PrnA or BrvH differ in their substrate spectra and 

regioselectivities, the fermentative approach holds the potential to be extended for various 

halogenation processes starting from glucose and halide salts in vivo provided that the 

halogenated products do not interfere with vital cellular functions and can be exported out of 

the cell efficiently.  
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2.3.1 Abstract 

Halogenated amino acids, like 7-chloro-L-tryptophan (7-Cl-Trp) and 7-bromo-L-tryptophan 

(7-Br-Trp), are important building blocks of bioactive compounds, like the antitumor 

antibiotic rebeccamycin or the 20S-proteasome inhibitor TMC-95A. They have various 

applications in the pharmaceutical, chemical and agrochemical industries. The chemical 

halogenation process is characterized as hazardous and highly toxic. In our previous study, 

we established an environmental friendly bacterial fermentation process for the production 

of 7-Cl-Trp and 7-Br-Trp with Corynebacterium glutamicum. But the production was limited 

because the anthranilate phosphoribosyltransferase (TrpD) the second enzyme in 

L-tryptophan (Trp) biosynthesis was feedback inhibited by halogenated Trp. TrpD catalyzes 

the transfer of the phosphoribosyl group of 5-phospho-α-D-ribose 1-diphosphate to 

anthranilate (Ant) to yield N-(5-phospho-β-D-ribosyl)-anthranilate. Hence, due to the 

inhibition Ant accumulates and the production of Trp was decreased. To prevent the 

accumulation of Ant, six TrpDs were investigated regarding their resistance towards Trp and 

its halogenated derivatives. Integration of the TrpDs into an Ant overproducing 

C. glutamicum strain resulted in complete conversion of Ant by four TrpDs. Additionally, 

the TrpDs were overexpressed in an Ant overproducing C. glutamicum strain overexpressing 
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the genes for the FAD-dependent halogenase RebH and NADH-dependent flavin reductase 

RebF which are responsible for the halogenation of Trp. During the fermentative production 

of halogenated Trp derivatives, four strains completely converted the Ant, although 

0.3 g L-1 7 Cl-Trp or 0.5 g L-1 7-Br-Trp were present. Hence, the TrpDs of E. coli, E. coli 

mutant (S319T), Bacillus subtilis and Bacillus subtilis subsp. spizizenii show higher 

resistance to Trp and the halogenated derivatives. 

 

2.3.2 Introduction 

Halogenated compounds, like 7-chloro-L-tryptophan (7-Cl-Trp) and 7-bromo-L-tryptophan 

(7-Br-Trp), are important intermediates in the pharmaceutical, chemical and agrochemical 

industries (Diederich and Stang, 2008). More than 5000 naturally occurring halogenated 

compounds are known, like the antitumor antibiotic rebeccamycin and 20S-proteasome 

inhibitor TMC-95 (Koguchi et al., 2000; Onaka et al., 2003; Nishizawa et al., 2005; Gribble, 

2012). 7-Cl-Trp and 7-Br-Trp are the precursors of rebeccamycin and TMC-95. For the 

synthesis of halogenated L-tryptophan the FAD-dependent halogenase RebH and the 

NADH-dependent flavin reductase RebF from Lechevalieria aerocolonigenes are required 

(Nishizawa et al., 2005; Yeh et al., 2005). By cross-linked enzyme aggregates containing 

RebH, RebF, and an alcohol dehydrogenase the halogenation of L-tryptophan (Trp) in 

gram-scale was established (Frese and Sewald, 2015). In our previous study, fermentative 

production of 7-Cl-Trp and 7-Br-Trp by metabolically engineered Corynebacterium 

glutamicum was established yet production was limited by product inhibition of the 

anthranilate phosphoribosyltransferase (TrpD, [EC:2.4.2.18]) an enzyme of the Trp 

biosynthesis (Veldmann et al., 2019a; Veldmann et al., 2019b). 

The biosynthesis of Trp consists of two consecutively connected pathways: the shikimate 

pathway and the Trp pathway. In both pathways, genes are feedback regulated to prohibit the 

overproduction of the products (Fig 2.3.1 A). The feedback regulation of the Trp biosynthesis 

pathway has been investigated in the last decades (Hagino and Nakayama, 1975b; O'Gara 

and Dunican, 1995). Product feedback inhibition was observed for the anthranilate synthase  
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Figure 2.3.1: Schematic overview of the Trp biosynthesis of C. glutamicum and the TrpD reaction. A: The 
Trp biosynthesis consists of the shikimate and the Trp pathway. The enzymes TrpE, TrpG, and TrpD are 
feedback inhibited by Trp (red lines). B: The TrpD transfers the phosphoribosyl group of the 
5-phospho-α-D-ribose 1-diphosphate (PRPP) to Ant and built N-(5-phospho-β-D-ribosyl)-anthranilate and 
diphosphate. Abbreviations: 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (encoded by aro, aroII), 
3-dehydroquinate synthase (encoded by aroB), 3-dehydroquinate dehydratase (encoded by aroD), 
NADPH-dependent shikimate dehydrogenase (encoded by aroE), shikimate kinase (encoded by aroK), 
5-enolpyruvylshikimate 3-phosphate synthase (encoded by aroA), chorismate synthase (encoded by aroC), 
anthranilate synthase (encoded by trpE, trpG), anthranilate phosphoribosyltransferase (encoded by trpD), 
phosphoribosyl anthranilate isomerase (encoded by trpF), indole-3-glycerol phosphate synthase (encoded by 
trpC), tryptophan synthase (encoded by trpA, trpB). Dashed lines symbolize several enzymatic steps.  
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component I and II [EC:4.1.3.27] (encoded by trpE and trpG) and for TrpD. The first step in 

the Trp biosynthesis is catalyzed by TrpE and TrpG, which convert chorismate and 

L-glutamine to anthranilate (Ant), L-glutamate, and pyruvate (Tamir and Srinivasan, 1970). 

The second enzyme TrpD catalyzes the second step of the Trp biosynthesis and transfers a 

phosphoribosyl group to Ant to build N-(5-phospho-β-D-ribosyl)-anthranilate (Lambrecht 

and Downs, 2012) (Fig. 2.3.1 B). In some microorganisms, like E. coli the TrpE, TrpG, and 

TrpD are arranged in a protein complex. In this complex, only the TrpE is inhibited, however, 

this has an inhibitory effect on the whole complex (Ito and Yanofsky, 1969). When the TrpD 

of E. coli arises alone (without TrpE and TrpG) activity was observed and additionally lower 

inhibition by Trp was revealed (Ito and Yanofsky, 1969). But not only Trp inhibits TrpD, the 

substrate Ant, 3-hydroxyanthranilate or 5-methylantranilate can inhibit the enzyme likewise 

(Bode and Birnbaum, 1978; O'Gara and Dunican, 1995).  

Moreover, in our previous study, we observed inhibition of TrpD by other compounds, like 

the halogenated Trp derivatives, 7-Cl-Trp, and 7-Br-Trp (Veldmann et al., 2019a; Veldmann 

et al., 2019b). This inhibitory effect of TrpD from E. coli could be observed in vitro as well 

as in vivo. Hence, a TrpD resistant to Trp and its derivatives was needed to ensure the 

complete conversion of Ant and enhance the precursor supply for the halogenation of Trp. 

Analysis of Trp producing strains or strains with higher resistance for Trp and its derivatives 

revealed higher resistance of the Trp proteins to these substances. In the 5-fluoro-tryptophan 

resistant Bacillus subtilis mutant strain FT-39 the TrpE showed a 280-fold higher activity 

compared to the enzyme from the Bacillus subtilis wildtype strain Tr-44, which is not 

resistant to 5-fluoro-tryptophan (Shiio et al., 1973). Additionally, the resistant 

B. subtilis FT-39 showed the highest Trp production of 2 g L-1. A similar effect was observed 

for a 5-fluoro-tryptophan resistant C. glutamicum mutant strain, in which the specific enzyme 

activity of the TrpE and TrpD was increased 29-fold and 23-fold, respectively, compared to 

the parental strain (Matsui et al., 1987). The difference in the trp operon sequence consisted 

of one base-pair exchanges in the trpE coding sequence and one in the attenuator sequence 

of the trp operon. The 5-fluoro-tryptophan resistance could be transferred to another E. coli 

strain by integration of the mutated trpE gene from C. glutamicum (Matsui et al., 1987). 

Furthermore, it was shown, that the TrpD of a 5-methyl-tryptophan resistant C. glutamicum 
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ATCC 21850 was less feedback inhibited by Trp and 5-methyl-tryptophan (O'Gara and 

Dunican, 1995). 

Here, we tested different TrpDs regarding their resistance to Trp, 7-Cl-Trp, and 7-Br-Trp. 

Mutations, deriving from Trp derivative resistant C. glutamicum strains, were transferred to 

the TrpDs of C. glutamicum ATCC 13032 and E. coli K-12. The crystal structure of the 

mutated and the wildtype TrpDs with ligand were predicted (Coach-D, Phyre 2). The 

conversion of Ant was proven in a Trp, 7-Cl-Trp and 7-Br-Trp production experiment in 

C. glutamicum.  

For this approach, we choose the Ant overproducing C. glutamicum strain Tp679 (Purwanto 

et al., 2018). To increase the Ant production genetic modifications were performed: a 

feedback resistant 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase gene (aroG) from 

E. coli was overexpressed to optimize the precursor supply. Further, to prevent the 

by-product formation of the aromatic amino acids L-phenylalanine and L-tyrosine the 

chorismate mutase encoded by csm was deleted. The feedback resistant trpE encoding the 

anthranilate synthase component I from C. glutamicum was overexpressed to channel the 

flux to Ant. To enable the production of halogenated Trp the genes for the FAD-dependent 

halogenase RebH and the NADH dependent flavin reductase RebH from L. aerocolonigenes 

were overexpressed in C. glutamicum.  
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2.3.3 Material and Methods 

2.3.3.1 Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 2.3.1. Escherichia coli 

DH5α (Hanahan, 1983) was used for cloning the plasmid constructs. E. coli and 

C.  glutamicum were regularly grown in lysogeny broth (LB) in 500 mL baffled flasks at 

120 rpm at 37 °C or 30 °C, respectively. For growth and production experiments 

C. glutamicum was inoculated in CGXII minimal medium (Eggeling and Bott, 2005) in 

100 mL (filling volume 10%) to an optical density (OD600) of 1 and incubated at 120 rpm. 

Growth was monitored by measuring the optical density at 600 nm using a V-1200 

spectrophotometer (VWR, Radnor, PA, USA). To produce 7-Br-Trp, 7-Cl-Trp, and Trp, 

CGXII minimal medium supplemented with 50 mM NaBr or 50 mM CaCl2 was used. Strains 

derived from Tp679 were supplemented additionally with 1.37 mM L-tyrosine and 

1.5 mM L-phenylalanine in minimal medium. If necessary, the growth medium was 

supplemented with spectinomycin (100 µg mL−1) and/or tetracycline (5 µg mL−1). 

Isopropyl-β-D-1-thiogalactopyranoside (IPTG) (1 mM) was added to induce the gene 

expression from the vectors pECXT99A (Kirchner and Tauch, 2003) or pEKEx3 (Stansen et 

al., 2005). 

Table 2.3.1: List of strains and plasmids used in this work. 

Strains and plasmids Description Source 

Strains   

Tp679 C. glutamicum ATCC 13032 wild type ∆csm 

∆trpL::PilvCM1trpEfbr ∆vdh::PilvCaroGfbr 

(Purwanto et 

al., 2018) 

Tp679 (pEKEx3-

optimRBS-rebH-rebF) 

Tp679 carrying pEKEx3-optimRBS-rebH-rebF This work 

Tp679 (pEKEx3) Tp679 carrying pEKEx3 This work 

Tp679 (pEKEx) 

(pECXT99A) 

Tp679 carrying pEKEx3 and pEXCT999A This work 

Tp679 (pCES208-trpD) Tp679 carrying pCES208-trpD (Purwanto et 

al., 2018) 
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Strains and plasmids Description Source 

TrpCg Tp679 (pEKEx3) carrying (pECXT99A-

optimRBS-trpD-Cg) 

This work 

TrpCgm Tp679 (pEKEx3) carrying (pECXT99A-

optimRBS-trpD-Cg-mut) 

This work 

TrpEc Tp679 (pEKEx3) carrying (pECXT99A-

optimRBS-trpD-Ec) 

This work 

TrpEcm Tp679 (pEKEx3) carrying (pECXT99A-

optimRBS-trpD-Ec-mut) 

This work 

TrpBs Tp679 (pEKEx3) carrying (pECXT99A-

optimRBS-trpD-Bs) 

This work 

TrpSp Tp679 (pEKEx3) carrying (pECXT99A-

optimRBS-trpD-spizi) 

This work 

HalTCg Tp679 (pEKEx3-optimRBS-rebH-rebF) 

carrying (pECXT99A-optimRBS-trpD-Cg) 

This work 

HalTCgm Tp679 (pEKEx3-optimRBS-rebH-rebF) 

carrying (pECXT99A-optimRBS-trpD-Cg-

mut) 

This work 

HalTEc Tp679 (pEKEx3-optimRBS-rebH-rebF) 

carrying (pECXT99A-optimRBS-trpD-Ec) 

This work 

HalTEcm Tp679 (pEKEx3-optimRBS-rebH-rebF) 

carrying (pECXT99A-optimRBS-trpD-Ec-mut) 

This work 

HalTBs Tp679 (pEKEx3-optimRBS-rebH-rebF) 

carrying (pECXT99A-optimRBS-trpD-Bs) 

This work 

HalTSp Tp679 (pEKEx3-optimRBS-rebH-rebF) 

carrying (pECXT99A-optimRBS-trpD-spizi) 

This work 

Plasmids   

pEKEx3 SpecR, C. glutamicum/E. coli shuttle vector 

(Ptac, lacI, pBL1 OriVC.g.) 

(Stansen et 

al., 2005) 
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Strains and plasmids Description Source 

pECTX99A TetR, C. glutamicum/ E. coli shuttle vector 

(Ptrc, lacI, pGA1, OriVCg) 

(Kirchner 

and Tauch, 

2003) 

pCES208-trpD KanR, pCES208 overexpressing trpD from E. 

coli with PilvC-M1 

(Purwanto et 

al., 2018) 

pEKEx3-optimRBS-

rebH-rebF 

SpecR, pEKEx3 overexpressing rebH, rebF 

from L. aerocolonigenes with optimized RBS 

for rebH 

(Veldmann 

et al., 

2019b) 

pECXT99A-optimRBS-

trpD-Cg 

TetR, pECXT99A overexpressing trpD from C. 

glutamicum with optimized RBS for trpD 

This work 

pECXT99A-optimRBS-

trpD-Cg-mut 

TetR, pECXT99A overexpressing trpDV11A, 

A125T, D138A, S149F, A162E from C. glutamicum 

ATCC 13032 with optimized RBS for trpD 

This work 

pECXT99A-optimRBS-

trpD-Ec 

TetR, pECXT99A overexpressing trpD from E. 

coli K-12 with optimized RBS for trpD 

This work 

pECXT99A-optimRBS-

trpD-Ec-mut 

TetR, pECXT99A overexpressing trpDS319T 

from E. coli K-12 with optimized RBS for trpD 

This work 

pECXT99A-optimRBS-

trpD-Bs 

TetR, pECXT99A overexpressing trpD from B. 

subtilis 168 optimized RBS for trpD 

This work 

pECXT99A-optimRBS-

trpD-spizi 

TetR, pECXT99A overexpressing trpD from B. 

subtilis subsp. spizizenii with optimized RBS for 

trpD 

This work 

 

2.3.3.2 Molecular genetic technique and strain construction 

For cloning, E. coli was used as host organism. E. coli was transformed by heat shock 

(Sambrook et al., 1989) and C. glutamicum with electroporation at 2.5 kV, 200 Ω and 25 µF 

(Eggeling and Bott, 2005). All used primers are listed in Table 2.3.2. The forward primers 

trpD-1-Cg, trpD-1-Ec, trpD-Bs, and trpD-spizi harbor the ribosome binding site (RBS) 
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sequence. The primer pair trpD-1-Cg-fwd/ trpD-3-Cg-rv were used for the amplification of 

trpD from C. glutamicum ATCC 13032. To amplify the trpD V11A, A125T, D138A, S149F, A162E the 

gene was split into three parts. The second part with the mutation V111A, A125T, D138A, 

S149F, A162E was synthetic synthesized (from T97 to L173) at Eurofins. This part was 

amplified with the primer pair trpD-2-Cg-fwd/trpD-2-Cg-rv. The first part (M1 to T96) was 

amplified with the primers trpD-1-Cg-fwd/trpD-1-Cg-rv and the third part (K174 to the stop 

codon) with the primers trpD-3-Cg-fwd/trpD-3-Cg-rv. With the primer pair trpD-1-Ec-fwd 

and trpD-2-Ec-rv, the trpD from E. coli was amplified. To introduce the mutation S319T in 

the trpD of E. coli the gene was split into two parts. The first part was amplified with the 

primers trpD-1-Ec-fwd/ trpD-1-Ec-rv whereat the reverse primer included the base pairs 

exchange. The second part was amplified with the primer pair trpD-2-Ec-fwd/ trpD-2-Ec-rv 

(the base pairs exchange was included in the trpD-2-Ec-fwd). To amplify the trpD from 

B. subtilis 168 (DSM 402) the primers trpD-Bs-fwd/ trpD-Bs-rv were used. The gene trpD 

from B. subtilis subsp. spizizenii (DSM 347) was amplified with the primer pair trpD-spizi-

fwd/trpD-spizi-rv. The trpD genes (consisting of 1, 2 or 3 parts) were cloned in the vector 

pECXT99A restricted with BamHI via Gibson assembly (Gibson et al., 2009). The developed 

plasmids were pECXT99A-optimRBS-trpD-Cg, pECXT99A-optimRBS-trpD-Cg-mut, 

pECXT99A-optimRBS-trpD-Ec, pECXT99A-optimRBS-trpD-Ec-mut, pECXT99A-

optimRBS-trpD-Bs and pECXT99A-optimRBS-trpD-spizi and were transformed in 

C. glutamicum. 

Table 2.3.2: List of primers used in this work 

Name Sequence 

trpD-1-Cg-fwd CATGGAATTCGAGCTCGGTACCCGGGTTTAACGTATTATTAAA

AGGAGGTATTTTTATGACTTCTCCAGCAACACTG 

trpD-1-Cg-rv GGATGCTGCGATCAGGGATGCGCCGGTGGTGATGTTGATGGT

GTTGGCAC 

trpD-2-Cg-fwd GGTGCCAACACCATCAACATCACCACCGGCGCATCCCTGATC

GCAGCATC 



2 Results 
 

122 

Name Sequence 

trpD-2-Cg-rv AGCGTGTTGAAGATGGTGGGGAATTTCAGCGCCTGGCGAACC

GGCTGCAC 

trpD-3-Cg-fwd GTGCAGCCGGTTCGCCAGGCGCTGAAATTCCCCACCATCTTCA

ACACGCT 

trpD-3-Cg-rv GCCTGCAGGTCGACTCTAGAGGATCCTAGTCATTGGAAGACT

CCTTTTC 

trpD-1-Ec-fwd CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCA

GATGGCTGACATTCTGCTGCTCG 

trpD-1-Ec-rv CCGCCAGCAGATCGGTCGAACCAGATTTAC 

trpD-2-Ec-fwd AGCGTCTCCAGTAAATCTGGTTCGACCGATCTGCTGGCGGCGT

TCGGTAT 

trpD-2-Ec-rv GCCTGCAGGTCGACTCTAGAGGATCTTACCCTCGTGCCGCCAG

TGCGGTG 

trpD-Bs-fwd TCGAGCTCGGTACCCGGGCAGCTACAGGTTCTAATCAGATAT

ATATTATTAAAGGAGGTTTTTTATGAACAGATTTCTAC 

trpD-Bs-rv GCCTGCAGGTCGACTCTAGAGGATCTCAAGCATAGATCTCTTC

CTC 

trpD-spizi-fwd CATGGAATTCGAGCTCGGTACCCGGGTATTAATTAAAATATA

GCGGAGGAGGTTTTTTATGAACAAATTTCTACAATTG 

trpD-spizi-rv GCCTGCAGGTCGACTCTAGAGGATCTCAAGCATAGATCTCTTC

CTCTTTC 

 

2.3.3.3 Cultivation and disruption of anthranilate phosphoribosyltransferase 

overproducing C. glutamicum strains 

TrpD overexpressing C. glutamicum strains were inoculated in 50 mL LB from an overnight 

culture. Expression of trpD gene was induced by 1 mM IPTG and the cells were grown for 

24 h at 30 °C at 120 rpm before the cells were spun down and stored at -20 °C. To disrupt 

the cells the pellet was resuspended in TN-buffer (pH 6.3) and sonicated for 9 min 55% 
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amplitude and 0.5 cycles on ice in the UP200S Ultrasonic Processor from Hielscher 

Ultrasound Technology. The supernatant after centrifugation (60 min, 4°C, 16400 rpm) was 

used as crude extract for a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). 

 

2.3.3.4 Analytic procedure 

For the quantification of the extracellular Trp, 7-Br-Trp, 7-Cl-Trp, and Ant, a high-pressure 

liquid chromatography (HPLC) system was used (1200 series, Agilent Technologies 

Deutschland GmbH, Böblingen, Germany). The supernatants of the cell culture were 

collected by centrifugation (14680 rpm, 20 min, RT) and further used for analysis. For 

detection of Ant, Trp, and the derivatives, samples were reacted with ortho-phthaldialdehyde 

(OPA) (Schneider and Wendisch, 2010). The amino acid separation was performed by a 

precolumn (LiChrospher 100 RP18 EC-5 µ (40mm×4 mm), CS-Chromatographie Service 

GmbH, Langerwehe, Germany) and a column (Li-Chrospher 100 RP18 EC-5 µ (125 mm×4 

mm), CS Chromatographie Service GmbH). The detection was carried out with a 

fluorescence detector (FLD G1321 A, 1200 series, Agilent Technologies) with the excitation 

and emission wavelengths of 230 nm and 450 nm, respectively.  
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2.3.4 Results and Discussion 

2.3.4.1 Identification of feedback resistant anthranilate phosphoribosyltransferases  

In our previous studies (Veldmann et al., 2019a; Veldmann et al., 2019b), we observed an 

incomplete conversion of Ant in the production of halogenated Trp by C. glutamicum. 

Additionally, in the enzymatic assay of the enzyme TrpD, which convert Ant to 

N-(5-phosphoribosyl)-anthranilate, inhibition of the enzyme was observed, when 7-Cl-Trp 

or 7-Br-Trp was added to the reaction. To overcome this inhibition different TrpDs, from 

various microorganisms or TrpDs with specific mutations were chosen and tested 

(Table 2.3.3). Some B. substilis strains showed higher resistance to different Trp derivatives, 

like 5-methyl-tryptophan, 6-fluoro-tryptophan, 4-fluoro-tryptophan, 7-aza-tryptophan or 

5-hydroxy-tryptophan (Shiio et al., 1973; Kurahashi et al., 1987a; Kurahashi et al., 1987b). 

Because of this higher resistance, the TrpDs of B. subtilis 168 and the close related 

B. subtilis subsp. spizizenii were chosen as promising candidates.  

To generate a higher tolerance of the TrpD of C. glutamicum ATCC 13032, the wildtype 

gene was compared to different TrpDs of close related microorganism, which show higher 

resistance to Trp derivatives. The TrpD of the tryptophan-hyper producing C. glutamicum 

ATCC 21850 indicates a higher resistance to the Trp derivative 5-methyl-tryptophan (O'Gara 

and Dunican, 1995). In comparison to the wildtype gene of C. glutamicum ATCC 13032, it 

owns two amino acid exchanges, at position 149 instead of serine phenylalanine is encoded 

and at position 162 a glutamic acid is encoded instead of an alanine (O'Gara and Dunican, 

1995). A second close related microorganism is C. glutamicum ATCC 13869 (DSM 1412), 

which is resistant to 5-fluoro-tryptophan. In comparison to the TrpD of ATCC 13032 two 

amino acid exchanges exist, the alanine 125 is a threonine and the aspartic acid 138 is an 

alanine (O'Gara and Dunican, 1995). The last amino acid exchange was found in comparison 

to the 5-fluoro-tryptophan resistant and Trp producing C. glutamicum strain ATCC 14067 

(Shiio et al., 1982; Sugimoto and Shiio, 1982). Here, the valine 111 was traded for alanine. 

All these 5 mutations were introduced in the trpD gene of ATCC 13032 to generate the 

mutant trpDV111A, A125T, D138A, S149F, A162E (trpD-Cg-mut) (Table 2.3.3). In figure 2.3.2 A and B 

the crystal structures of TrpD-Cg and Trp-Cg-mut are shown. Two of the mutations are close 
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to the Ant binding pocket, the three other mutations are located at the surface. The last two 

TrpD enzymes are the TrpD wildtype form from E. coli and a mutated version. Through 

multiple sequence alignment between the TrpDs of E. coli, C. glutamicum, B. subtilis and 

B. subtilis subsp. spizizenii one conserved region (KHGNRSVSSKSGSSDLL) was figured 

out in all TrpDs. At position 319 (underlined) in E. coli a serine is encoded, wherein the other 

species an alanine is present. At the same position a threonine is located in the 

5-fluoro-tryptophan resistant C. glutamicum strain ATCC 13869 (O'Gara and Dunican, 

1995). Because the resistance of the TrpD-Ec should be increased against halogenated Trp, 

the serine was also exchanged by a threonine (S319T; TrpD-Ec-mut) (Table 2.3.3). The same 

amino acid mutation was introduced in TrpD-Cg-mut (A125T).  

 

Table 2.3.3: Overview of the identified feedback resistant TrpDs. 

Identified feedback 

resistant TrpDs 

Description 

TrpD-Cg Wildtype TrpD from C. glutamicum 

TrpD-Cg-mut Wildtype TrpD from C. glutamicum with the following 

mutations: V111A, A125T, D138A, S149F, A162E 

TrpD-Ec Wildtype TrpD from E. coli K-12 

TrpD-Ec-mut Wildtype TrpD from E. coli K-12 with the following 

mutation: S319T 

TrpD-Bs Wildtype TrpD from B. subtilis 168 

TrpD-spizi Wildtype TrpD from B. subtilis subsp. spizizenii 
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2.3.4.2 Overexpression of different trpDs  

Six trpDs were overexpressed from the pECXT99A vector in the Ant producing 

C. glutamicum strain Tp679 (pEKEx3). Two trpDs derived from C. glutamicum: 

trpDCg-wildtype and trpDV11A, A125T, D138A, S149F, A162E. Two further trpDs arise from E. coli: 

trpDEc-wildtype and trpDS319T. The last two trpDs derive from B. subtilis 168 (DSM 402) and 

B. subtilis subsp. spizizenii (DSM 347). The resulting strains TrpCg, TrpDCgm, TrpEc, 

TrpEcm, TrpBs, and TrpSp were inoculated in LB supplemented with 1 mM IPTG for 

induction of gene expression. After 24 h the cells were harvested and used for crude extract 

preparation. 10 µg of the crude extract was load on acrylamide gel. The separation of the 

proteins on the acylamide gel revealed an additional band in all crude extracts with the 

expected size of the respective TrpD: both TrpDs from C. glutamicum had a size of ~ 37 kDa, 

the TrpDs from E. coli ~ 57 kDa and both of B. subtilis and B. subtilis subsp. spizizenii had 

a size of ~ 36 kDa (Fig. 2.3.3).  

 

Figure 2.3.3: 12.5% Acrylamide gel of the crude extracts of C. glutamicum strains expressing the different 

trpDs. The strains were grown in LB with 1 mM IPTG for 24 h. The strains derived from Tp679 (pEKEx3) and 
carried an additional plasmid for the overexpression of the various trpDs: pECXT99A-optimRBS-trpD-Cg (line 
1), pECXT99A-optimRBS-trpD-Cg-mut (line 2), pECXT99A-optimRBS-trpD-Ec (line 3), pECXT99A-
optimRBS-trpD-Ec-mut (line 4), pECXT99A-optimRBS-trpD-Bs (line 5), pECXT99A-optimRBS-trpD-spizi 
(line 6) and pECXT99A (line 7). The additional band of the TrpDs is marked with a red arrow. Ladder: 
PageRuler Prestained Protein Ladder from ThermoFisher. 
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2.3.4.3 Fermentive production of L-tryptophan, 7-chloro-L-tryptophan, and 

7-bromo-L-tryptophan using various anthranilate phosphoribosyltransferase  

In order to test the Trp resistance of the chosen TrpDs in vivo, the genes were introduced into 

several production strains. For the production of Trp, the C. glutamicum strain 

Tp679 (pEKEx3) overexpressing only the trpDs was used (Trp-strains). Additionally, to 

obtain 7-Cl-Trp or 7-Br-Trp the genes encoding for the FAD-dependent halogenase RebH 

and the NADH dependent flavin reductase RebF from L. aerocolonigenes were 

overexpressed from pEKEx3 (Hal-strains) in the Trp-strains (Veldmann et al., 2019b). As 

control the Ant overproducing strain Tp679 with the empty vectors pEKEx3 and pECT99A 

was used. First, the influence of Trp towards TrpDs was tested by fermentative production 

of Trp (Fig. 2.3.4). All strains showed a similar growth rate (Supplementary data table 2.3.1). 

The control strain showed a production of 0.04 ± 0.00 g L-1 Trp, however, an incomplete 

conversion of the precursor Ant (1.8 ± 0.06 g L-1) was observed as well. The accumulation 

of Ant was reduced in the TrpCgm strain expressing the mutated trpD compared to TrpCg 

overexpressing the wildtype trpD from C. glutamicum. Consequently, TrpDCgm is less 

inhibited by Trp, because it produced 8 times more Trp then TrpCg. The strains TprDEc and 

TrpDEcm overexpressing either the wildtype or the mutant of trpD from E. coli showed a 

complete conversion of Ant. They produced 1.96 ± 0.07 g L-1 (TrpDEc) and 1.88 ± 0.06 g 

L-1 (TrpDEcm) Trp. Expression of the trpDs from B. subtilis and B. subitlis subsp. spizizenii 

resulted in full conversion of Ant and in a production of about 2 g L-1 Trp (Supplementary 

data Table 2.3.1). 

In the next step, we wanted to investigate the influence of TrpD and its mutants regarding 

the fermentative production of the halogenated Trp derivative 7-Cl-Trp (Fig. 2.3.4). The 

strains Tp679 (pEKEx3-optimRBS-rebH-rebF) overexpressing the different trpDs were 

used for this approach. All strains showed a similar growth rate (Supplementary data table 

2.3.1.). HalCgm produced 1.5 times more Trp, 1.6 times less Ant and almost the same amount 

of 7-Cl-Trp about 280 mg L-1 compared to HalCg (Fig. 2.3.4). Hence, no complete 

conversion of Ant took place. But it could be observed, that HalCg is more inhibited by Trp 

and 7-Cl-Trp then HalCgm. Production titers of HalEc, HalEcm, HalBs, and HalSp were 

similar to about 300 mg L-1 7-Cl-Trp and about 3 g L-1 Trp. Although all four strains produced 
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7-Cl-Trp, there was no accumulation of Ant, indicating that the strains show a higher 

resistance to the inhibition by 7-Cl-Trp.  

 
Figure 2.3.4: Production of Ant, Trp, 7-Cl-Trp, and 7-Br-Trp by overexpressing different trpDs in either 

the Ant overproducing C. glutamicum strain Tp679 (pEKEx3) or in the Trp halogenating C. glutamicum 

strainTp679 (pEKEx3-optimRBS-rebH-rebF). For the production of Trp the various trpDs of C. glutamicum 
(TrpCg [wildtype]/ TrpCgm [mutant]), E. coli (TrpEc [wildtype]/ TrpEcm [mutant]), B. subtilis (TrpBs) and 
B. subtilis subsp. spizizenii (TrpSp) were overexpressed in the Ant overproducing C. glutamicum strain Tp679 
(pEKEx3). For the production of halogenated Trp the different trpDs were overexpressed in the Trp 
halogenating C. glutamicum strain Tp679 (pEKEx3-optimRBS-rebH-rebF). The resulting strains are: 
C. glutamicum (HalCg [wildtype]/ HalCgm [mutant]), E. coli (HalEc [wildtype]/ HalEcm [mutant]), B. subtilis 
(HalBs) and B. subtilis subsp. spizizenii (HalSp). For the production of 7-Cl-Trp or 7-Br-Trp, 50 mM CaCl2 or 
50 NaBr were added, respectively. Means and standard deviations of three replicate cultivations are shown. 
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In the third fermentative production process, 7-Br-Trp production was analyzed and similar 

results compared to the 7-Cl-Trp production could be observed (Fig. 2.3.4). Ant 

accumulation could only be detected for the strains HalCg and HalCgm. However, HalCg 

and HalCgm had the highest production titers of 7-Br-Trp with 852.2 ± 42.9 mg L-1 and 

621.1 ± 30.8 mg L-1, respectively. Though both accumulated Ant whereat HalCg produced 

1.9-times more Ant and 7.7-times less Trp then HalCgm. Hence, HalCgm showed higher 

resistance to the inhibitors Trp and 7-Br-Trp. The growth rates of all six strains were about 

0.08 h-1 (Supplementary data table 2.3.1). HalEc, HalEcm, HalBs, and HalSp produced 

almost the same amount of Trp and 7-Br-Trp: about 2.6 g L-1 Trp and 530 mg L-1 7-Br-Trp 

(Fig. 2.3.4; Supplementary data Table 2.3.1). Thus, these strains have a higher tolerance for 

Trp and 7-Br-Trp compared to HalCg and HalCgm since no Ant accumulation was detected. 

All in all, was the production of 7-Cl-Trp and 7-Br-Trp in shake flasks increased by the 

overexpression of the chosen trpDs. 

The higher resistance of the TrpDs of the strains HalEc, HalEcm, HalBs, and HalSp can be 

the result of different factors. For the overexpression of the trpDs, another expression system 

was used compared to the strains of the previous study (Veldmann et al., 2019a; Veldmann 

et al., 2019b). Here, the IPTG-inducible vector pECXT99A (Kirchner and Tauch, 2003) and 

an optimized RBS were used. In the previous study trpD from E. coli was overexpressed 

from the vector pCES208 harboring the constitutive promoter PilvC-M1 (Lee, 2014; Veldmann 

et al., 2019b). The efficient overexpression was visible on the acrylamide gel (Fig. 2.3.2). 

The trpD from pCES208-PilvC-M1 was not detectable on the acrylamide gel (data not shown). 

Further, it could be observed, that the five mutations in the TrpD from C. glutamicum had a 

positive effect. In the predicted crystal structure it is shown, that two mutations are located 

near to the binding pocket of the Ant and the others are partly located at the protein surface. 

It remains still unknown if the inhibitory molecule either competes with Ant or the co-factor 

5-phospho-α-D-ribose 1-diphosphate (PRPP) in the active site or if a non-competitive 

inhibition takes place. Therefore, each mutation has to be investigated on its own and in 

combination to figure out at which area the inhibition takes place. Additionally, TrpDs from 

other resistant C. glutamicum strains could be analyzed regarding the localization of its 

mutations to curtail the binding area of the inhibitor. For example, the C. glutamicum strain 
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4MT-11 shows resistance to the Trp analogs 5-methyl-tryptophan, tryptophanhydroxamate, 

6-fluoro-tryptophan, and 4-methyl-tryptophan and further mutants derived from 4MT-11 are 

resistant to the L-phenylalanine and L-tyrosine analogs p-fluorophenylalanine, 

p-amino-phenylalanine, tyrosinehydroxamate, and phenylalaninehydroxate (Hagino and 

Nakayama, 1975a). Further, the enzyme could be analyzed by determination of the type of 

inhibitor, therefore different prediction methods are known. For example, Lai and co-workers 

determined the type of inhibition via the calculation of the percent of inhibition changes with 

various inhibitor concentrations (Lai and Wu, 2003) while F. Tholander predicted the kind 

of inhibition via comparative analysis of uninhibited versus inhibited reactions (Tholander, 

2012). Hence, some binding sites could be excluded. Additionally, via 3D-structure 

designing programs, crystal structures and docking analysis the binding area of the inhibitor 

could be predicted (Eleftheriou et al., 2015). Taken all these methods together, the binding 

site of Trp, 7-Cl-Trp, and 7-Br-Trp should be determined and analyzed to create feedback 

resistance mutants. The mutation in the TrpD of E. coli had no effect in relation to the 

resistance because no difference to the wildtype TrpD of E. coli could be observed. The TrpD 

of B. subtilis and B. subtilis subsp. spizizenii were resistant to Trp, 7-Cl-Trp, and 7-Br-Trp. 

This reflects the potential of enzymes of Bacillus species. Bacillus enzymes are known to 

have poly-extreme tolerance; hence, they are still functional under extreme temperature, pH 

and presence of inhibitors (Joshi and Satyanarayana, 2013; Baweja et al., 2016; Singh and 

Bajaj, 2017). Another TrpD with a high potential to tolerate halogenated Trp is the enzyme 

from the B. subtilis strain AJ 11982 (Kurahashi et al., 1987a), which produces 13.6 g L-1 Trp 

and is resistant to several inhibitors (azaserine, 6-diazo-5-oxo-l-norleucine, cinnamate, 

5-fluoro-tryptophan, indolmycin, 4-fluoro-tryptophan, and 7-aza-tryptophan). Despite the 

addition of the inhibitor the production of Trp is high (Kurahashi et al., 1987a), which leads 

to the conclusion, that the enzymes of the trp operon, including trpD, are resistant to this 

inhibitors. 

It was observed, that the production of Ant and Trp was higher in the production strains 

performing the halogenation. The same effect was observed before in the previous studies, 

with higher production of halogenated Trp the amount of the precursors increased (Veldmann 

et al., 2019a; Veldmann et al., 2019b). Hence, the higher production of Ant and Trp has to 
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be related to the production of halogenated Trp. It may be that the production of halogenated 

triggers a pull effect towards the production of Trp. But until now, it is not known if this 

effect is caused by the overexpression of rebH and rebF or by the production of halogenated 

Trp. 

 

2.3.5 Conclusion 

In the fermentative production of Trp, 7-Cl-Trp, and 7-Br-Trp by an Ant overproducing 

C.  glutamicum strain overexpressing different trpDs, the conversion of the entire Ant was 

observed in four cases. Hence, the TrpDs of E. coli, E. coli with a mutation, B. subtilis and 

B. subitlis subsp. Spizizenii were not feedback inhibited by Trp, 7-Cl-Trp, and 7-Br-Trp 

during the production. Thus, the production of 7-Cl-Trp and 7-Br-Trp were increased in 

shake flask culture. 
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2.4 Fermentative production of indole with Corynebacterium 

glutamicum overexpressing different tryptophanases 
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2.4.1 Abstract 

The aromatic compound indole serves in bacteria as an intracellular signal molecule to 

control various processes, like the biofilm formation. It has various applications in the 

pharmaceutical, dye and pigment industries. For large scale production of indole, different 

synthetic chemical pathways are known, like the Fischer indole synthesis and Bischler indole 

synthesis. In nature, indole producing microorganisms own a tryptophanase (TnaA), which 

converts L-tryptophan (Trp) to indole, pyruvate, and ammonia. Until now, this 

environmentally friendly enzymatical route has not been transferred and used as a new 

production platform, for example to a fermentative indole production. In this study, the 

enzyme activities of different heterologous expressed tnaAs in Corynebacterium glutamicum 

were tested and the fermentative production of indole was established. In enzyme activity 

assays, the TnaAs of Escherichia coli, Propionibacterium acnes and Proteus vulgaris 

showed to be active in C. glutamicum with Trp as substrate. Additionally, was shown, that 

the TnaAs from E. coli and P. vulgaris have an extended substrate spectrum and accept the 

Trp derivatives 7-chloro-L-tryptophan and 7-bromo-L-tryptophan. In glucose and ammonium 
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based fermentative production a final titer of 329 ± 17 mg L-1 indole was reached by 

overexpression of the tnaA from P. vulgaris in a Trp overproducing C. glutamicum strain. 

 

2.4.2 Introduction 

Indole is an aromatic compound that serves in bacteria as an intracellular signal and controls 

different bacterial processes, like plasmid stability, drug resistance and biofilm formation 

(Lee and Lee, 2010). Indole has a bicyclic structure consisting of a bezene ring and a pyrrol 

ring (DeRosa, 2006). In daily life, indole has different applications for the production of 

pharmaceuticals (Dhani et al., 2011; Lalit et al., 2012), antioxidants (Herraiz and Galisteo, 

2004), dye and pigments (Barden, 2010) and fragrances (Pybus and Sell, 2007). Indole, in 

industrial scale, is produced via different chemical synthetic routes, like the Fischer indole 

synthesis or the Bischler indole synthesis (Fischer and Jourdan, 1883; Bischler, 1892; Taber 

and Tirunahari, 2011). Almost all of these pathways work with the principle to annulate a 

five-membered ring to an existing functionalized benzene ring (Inman and Moody, 2013). 

But often the provisioning and availability of the precursor for the synthesis are limited and 

complex because of the limited accessibility (Inman and Moody, 2013). In nature, indole is 

produced by different Gram-positive and Gram-negative bacteria, and plants. In bacteria, 

indole is produced by the tryptophanase (TnaA; EC 4.1.99.1) (Lee and Lee, 2010), which 

converts reversible L-tryptophan (Trp) to indole, pyruvate, and ammonia consuming the 

co-factor pyridoxal 5′-phosphate (PLP) (Newton and Snell, 1965) (Fig. 2.4.1).  

 

Figure 2.4.1: Schematic reaction of a tryptophanase. The L-tryptophan is converted by the tryptophanase 
(TnaA) to free indole, pyruvate, and ammonia under the consumption of the co-factor pyridoxal phosphate 
(PLP). 
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In plants, the indole-3-glycerol phosphate lyase converts indole-3-glycerol phosphate, an 

intermediate of the Trp biosynthetic pathway, to free indole (Frey et al., 2000). 

Various tryptophanases were already identified. Most of them have a similar molecular 

weight, subunit structure, and PLP content. But they differ in the amino acid composition 

(Snell, 1975; Sasaki-Imamura et al., 2010), in the substrate spectrum (Gogoleva et al., 2003; 

Yoshida et al., 2009; Phillips et al., 2011), in the pH optimum (Watanabe and Snell, 1972; 

Yoshida et al., 2009) and specific enzymatic activity (Cowell et al., 1973; Zhang and Hong, 

2009). A crucial aspect of the indole biosynthesis is the regulation of the tryptophanases since 

higher concentrations of indole can have a toxic effect on the bacteria (Chant and Summers, 

2007). The TnaA of E. coli is one of the most studied examples which has different 

mechanisms to regulate indole production. Intracellularly the TnaA is regulated through the 

amount of Trp, the expression of tnaA is downregulated while the trp operon is upregulated 

when the concentration of Trp is low, as consequence, the indole concentration is low and 

the Trp concentration is increasing (Yanofsky et al., 1991; Gong and Yanofsky, 2002). With 

higher concentration of Trp the tnaA expression is not repressed and the indole production is 

increasing yet is not extending the toxic concentration. Additionally, the indole biosynthesis 

is regulated by environmental factors, like cell population, cell density, carbon source, 

temperature and pH control (Lee and Lee, 2010). 

The biotransformation of added Trp to a process was established a few years ago, however, 

fermentative production of indole starting from glucose has not been reported (Sasaki-

Imamura et al., 2010; Li and Young, 2013). 

Since decades, C. glutamicum serves as host for the fermentative production of various amino 

acids, like L-glutamate and L-lysine (Lee and Wendisch, 2017). Further, this bacterium has 

been engineered for the production of different compounds, like the proteinogenic amino 

acids L-serine (Peters-Wendisch et al., 2005), L-valine (Blombach et al., 2009; Chen et al., 

2015; Mahr et al., 2015), L-leucine and L-isoleucine (Vogt et al., 2014; Vogt et al., 2015), the 

cyclic amino acid pipecolic acid (Pérez-García et al., 2016), the omega amino acids 

γ-aminobutyrate (Kim et al., 2013b; Jorge et al., 2016), and ectoine (Becker et al., 2013; 

Pérez-García et al., 2017), the alkylated amino acid N-methylalanine (Mindt et al., 2018) and 
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the halogenated amino acid 7-Cl-Trp and 7-Br-Trp (Veldmann et al., 2019a; Veldmann et 

al., 2019b).  

Since indole is a derivative of Trp, the Trp overproducing C. glutamicum strain Tp679 

(pCES208-trpD) (Purwanto et al., 2018; Veldmann et al., 2019b) was an ideal host strain for 

the fermentative production of indole. In order to enable high Trp concentration, the 

C. glutamicum wildtype was modified by following changes. The feedback resistant 

3-deoxy-D-arabinoheptulosonate-7-phosphate synthase gene (aroG) from E. coli was 

overexpressed to channel the flux to chorismate, the precursor of all aromatic amino acids. 

To avoid the by-product formation of L-phenylalanine and L-tyrosine the chorismate mutase 

encoded by csm was deleted. Further, the flux from chorismate to Trp was optimized by 

overexpression of the homologous feedback resistant anthranilate synthase component 1 

gene (trpE) and the trpD the anthranilate phosphoribosyltransferase gene from E. coli. 

Here, we describe the fermentative production of indole starting with the Trp overproducing 

C. glutamicum strain Tp679 (pCES208-trpD). TnaAs from Photobacterium profundum, 

E. coli, Aeromonas hydrophila, Porphyromonas gingivalis, Propionibacterium acnes, and 

Proteus vulgaris were heterologously overexpressed in C. glutamicum. Their specific 

enzyme activities with their natural substrate Trp were determined, an extended substrate 

portfolio was tested, and the fermentative production of indole was established. 
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2.4.3 Material and Methods 

2.4.3.1 Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 2.4.1. Escherichia coli 

DH5α (Hanahan, 1983) was used for cloning the plasmid constructs. E. coli and 

C. glutamicum were regularly grown in lysogeny broth (LB) in 500 mL baffled flasks at 

120 rpm at 37 °C or 30 °C, respectively. For growth and production experiments 

C. glutamicum was inoculated in CGXII minimal medium with 40 g L-1 glucose (Eggeling 

and Bott, 2005) in 500 mL (filling volume 10%) to an optical density (OD600) of 1 and 

incubated at 120 rpm. Growth was monitored by measuring the optical density at 600 nm 

using a V-1200 spectrophotometer (VWR, Radnor, PA, USA). For tolerance test, 

C. glutamicum was grown in the BioLector® microfermentation system (m2p Labs) in CGXII 

medium supplemented with indole. To produce indole, CGXII minimal medium was used. 

Strains derived from Tp679 were supplemented additionally with 1.37 mM L-tyrosine and 

1.5 mM L-phenylalanine in minimal medium. When necessary, the growth medium was 

supplemented with kanamycin (25 µg mL−1) and/or tetracycline (5 µg mL−1). 

Isopropyl-β-D-1-thiogalactopyranoside (IPTG) (1 mM) was added to induce the gene 

expression from the vector pECXT99A (Kirchner and Tauch, 2003). 

Table 2.4.1: List of strains and plasmids used in this work 

Strains and plasmids Description Source 

Strains   

WT C. glutamicum wild type, ATCC, 13032 ATCC 

WT (pECXT99A-tnaA-Pp) WT carrying pECXT99A-tnaA-Pp This work 

WT (pECXT99A-tnaA-Ec) WT carrying pECXT99A-tnaA-Ec This work 

WT (pECXT99A-tnaA-Ah) WT carrying pECXT99A-tnaA-Ah This work 

WT (pECXT99A-tnaA-Pg) WT carrying pECXT99A-tnaA-Pg This work 

WT (pECXT99A-tnaA-Pa) WT carrying pECXT99A-tnaA-Pa This work 

WT (pECXT99A-tnaA-Pv) WT carrying pECXT99A-tnaA-Pv This work 

WT (pECXT99A) WT carrying pECXT99A This work 
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Strains and plasmids Description Source 

Tp679 (pCES208-trpD) C. glutamicum ATCC 13032 wild type 

∆csm ∆trpL::PilvCM1trpEfbr 

∆vdh::PilvCaroGfbr carrying pCES208-trpD 

(Purwanto et 

al., 2018) 

IndoPp Tp679 (pCES208-trpD) carrying 

pECXT99A-tnaA-Pp 

This work 

IndoEc Tp679 (pCES208-trpD) carrying 

pECXT99A-tnaA-Ec 

This work 

IndoAh Tp679 (pCES208-trpD) carrying 

pECXT99A-tnaA-Ah 

This work 

IndoPg Tp679 (pCES208-trpD) carrying 

pECXT99A-tnaA-Pg 

This work 

IndoPa Tp679 (pCES208-trpD) carrying 

pECXT99A-tnaA-Pa 

This work 

IndoPv Tp679 (pCES208-trpD) carrying 

pECXT99A-tnaA-Pv 

This work 

IndoEmpty Tp679 (pCES208-trpD) carrying 

pECXT99A 

This work 

Plasmids   

pECXT99A TetR, C. glutamicum/ E. coli shuttle vector 

(Ptrc, lacI, pGA1, OriVCg) 

(Kirchner and 

Tauch, 2003) 

(pECXT99A-tnaA-Pp) TetR, pECXT99A overexpressing tnaA 

from P. profundum 

This work 

(pECXT99A-tnaA-Ec) TetR, pECXT99A overexpressing tnaA 

from E. coli 

This work 

(pECXT99A-tnaA-Ah) TetR, pECXT99A overexpressing tnaA 

from A. hydrophila 

This work 

(pECXT99A-tnaA-Pg) TetR, pECXT99A overexpressing tnaA 

from P. gingivalis 

This work 
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Strains and plasmids Description Source 

(pECXT99A-tnaA-Pa) TetR, pECXT99A overexpressing tnaA 

from P. acnes 

This work  

(pECXT99A-tnaA-Pv) TetR, pECXT99A overexpressing tnaA 

from P. vulgaris 

This work 

 

2.4.3.2 Molecular genetic technique and strain construction 

E. coli was used as host organism for gene cloning. Transformation in E. coli was done by 

heat shock at 42 °C for 90 s with the rubidium chloride method (Hanahan, 1983). 

C. glutamicum was transformed by electroporation at 2.5 kV, 200 Ω and 25 µF (Eggeling 

and Bott, 2005). All used primers are listed in Table 2.4.2. The forward primers Pp-tnaA-1, 

Ec-tnaA-1, Ah-tnaA-1, Pg-tnaA-1, Pa-tnaA and Pv-tnaA-1 harbor the artificial ribosome 

binding site (RBS) sequence (GAAAGGAGGCCCTTCAG). Some genes were amplified in 

two parts to enable a base pair exchange. The primers Pp-tnaA-1-fwd/Pp-tnaA-1-rv (part I) 

and Pp-tnaA-2-fwd/Pp-tnaA-2-rv (part II) were used for the amplification of tnaA-Pp gene 

from the genomic DNA of Photobacterium profundum (DSM 21095). The isoleucine 119 

was codon-optimized with the primer Pp-tnaA-2-fwd/Pp-tnaA-1-rv. The primer pairs 

Ec-tnaA-1-fwd/Ec-tnaA-1-rv (part I) and Ec-tnaA-2-fwd/Ec-tnaA-2-rv (part II) were used to 

amplify tnaA-Ec gene from genomic DNA of E. coli K12. The primers 

Ec-tnaA-2-fwd/Ec-tnaA-1-rv harbor a base pair exchange to optimize the codon usage of 

arginine 295 for C. glutamicum. The primer pairs Ah-tnaA-1-fwd/Ah-tnaA-1-rv (part I) and 

Ah-tnaA-2-fwd/Ah-tnaA-2-rv (part II) were used to amplify the tnaA-Ah gene from the 

genomic DNA of Aeromonas hydrophila (DSM 30187). The two amino acids isoleucine 4 

and isoleucine 244 were codon-optimized for C. glutamicum with the primers 

Ah-tnaA-1-fwd, Ah-tnaA-2-fwd, and Ah-tnaA-1-rv which included a base pair exchange 

compared to the original sequence. The gene tnaA-Pg was amplified with the primer pairs 

Pg-tnaA-1-fwd/Pg-tnaA-1-rv (part I) and Pg-tnaA-2-fwd/Pg-tnaA-2-rv (part II) from the 

genomic DNA of Porphyromonas gingivalis (DSM 20709). The isoleucine 167 was 

codon-optimized for C. glutamicum with the primers Pg-tnaA-2-fwd/Pg-tnaA-1-rv which 

contain a base pair exchange in comparison to the original sequence. The gene tnaA-Pa was 
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amplified with the primer pair Pa-tnaA-fwd and Pa-tnaA-rv from the genomic DNA of 

Propionibacterium acnes (DSM 16379). For amplification of the tnaA-Pv gene the genomic 

DNA of Proteus vulgaris (DSM 13387) and the primer pairs Pv-tnaA-1-fwd/Pv-tnaA-1-rv 

(part I) and Pv-tnaA-2-fwd/Pv-tnaA-2-rv (part II) were used. For the codon optimization of 

the arginine 4, isoleucine 284, arginine 289, arginine 457 and arginine 462 for C. glutamicum 

the primer Pv-tnaA-1-fwd, Pv-tnaA-1-rv, Pv-tnaA-2-fwd, and Pv-tnaA-2-rv were used. The 

tnaA genes (consisting of one or two parts) were cloned via Gibson assembly (Gibson et al., 

2009) in the vector pECXT99A (Kirchner and Tauch, 2003) digested with BamHI. The 

developed plasmids were pECXT99A-tnaA-Ec, pECXT99A-tnaA-Pg, pECXT99A-tnaA-Pp, 

pECXT99A-tnaA-Pv, pECXT99A-tnaA-Ah and pECXT99A-tnaA-Pa. The constructed 

plasmids were used to transform C. glutamicum strains. 

Table 2.4.2: Primers used in this work. 

Name Sequence 

Pp-tnaA-1-fwd CATGGAATTCGAGCTCGGTACCCGGGAAAGGAGGCCCTTCAG

ATGGAAAACTTTAAACACTTACC 

Pp-tnaA-1-rv GTCCCTTCTCGATTTCACGT  

Pp-tnaA-2-fwd CGTGAAATCGAGAAGGGACT  

Pp-tnaA-2-rv GCCTGCAGGTCGACTCTAGAGGATCTTAAGCTTCTTCTAGAAT

CTGGTT  

Ec-tnaA-1-fwd CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCA

GATGGAAAACTTTAAACATCTCCCT  

Ec-tnaA-1-rv GCAAAGGGTGCGGCACTCGGTG  

Ec-tnaA-2-fwd CACCGAGTGCCGCACCCTTTGC  

Ec-tnaA-2-rv GCCTGCAGGTCGACTCTAGAGGATCTTAAACTTCTTTAAGTTT

GCGGTG  

Ah-tnaA-1-fwd CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCA

GATGCGTCGTATCCCCGAGCCG 

Ah-tnaA-1-rv TGGCGCACGATCTCCTTGATGCTG  

Ah-tnaA-2-fwd CATCAAGGAGATCGTGCGCCAG  
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Name Sequence 

Ah-tnaA-2-rv GCCTGCAGGTCGACTCTAGAGGATCTCAGACCGGCTTGAGCC

GCGCG  

Pg-tnaA-1-fwd CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCA

GATGGAATTACCTTTTTAGAATCC  

Pg-tnaA-1-rv GTCTCTTTCAGGATTTTCTCTA  

Pg-tnaA-2-fwd GTTAGAGAAAATCCTGAAAGAG  

Pg-tnaA-2-rv GCCTGCAGGTCGACTCTAGAGGATCTTACTTGGCTTTTTCCAG

CT  

Pa-tnaA-fwd CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCA

GATGAAGTACATCCCCGAACC  

Pa-tnaA-rv GCCTGCAGGTCGACTCTAGAGGATCTCACCGAATTGGTTCGA

GTCG  

Pv-tnaA-1-fwd CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCA

GATGGCTAAACGCATCGTAGAACCAT  

Pv-tnaA-1-rv GTTGGCGTGCTAACGTGAAGATTTCTTC  

Pv-tnaA-2-fwd CGTGATAATGAAGAAATCTTCACGTTAGCACGCCAACGTTG  

Pv-tnaA-2-rv GCCTGCAGGTCGACTCTAGAGGATCTTATTTGATTGGTTTTAA

GCGAGCAGTAAAGTGGCGTAATACAG  

 

2.4.3.3 Colorimetric indole detection 

To visualize the production of indole C. glutamicum strains containing the overexpressed 

tnaAs were plated on an LB plate containing 0.5 mM L-tryptophan, 1 mM IPTG and 

5 µg mg-1 tetracycline. The plate was incubated at 30 °C for 24 h. The cells were covered 

with 1 mL of indole Kovac reagent (n-Butanol, Hydrochloric acid, 

4-(Dimethylamino)benzaldehyde. A red-violet coloring was visible when indole was 

produced. 
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2.4.3.4 Cultivation and disruption of tryptophanase overproducing C. glutamicum 

cells 

TnaA overexpressing C. glutamicum strains were inoculated in 50 mL LB from an overnight 

culture. Expression of tnaA was induced by 1 mM IPTG and the cells were grown for 24 h 

at 30 °C at 120 rpm before the cells were harvested and the cell pellet stored at -20 °C for 

later analysis. To disrupt the cells the pellet was resuspended in 200 mM potassium phosphate 

buffer (pH 8.3) or 10 mM dipotassium phosphate buffer (pH 7.0) and sonicated for 9 min at 

an amplitude of 55% and a cycle of 0.5 on ice with the UP200S Ultrasonic Processor from 

Hielscher Ultrasound Technology. After centrifugation (60 min, 4°C, 16400 rpm), the 

supernatant was used for the enzymatic assay and for a 10% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

 

2.4.3.5 Enzymatic assay for tryptophanase (Colorimetric) 

The tryptophanase enzymatic assay was measured colorimetrically by endpoint 

determination of the formed indole. The measurement was performed in triplicates. The assay 

was performed with a mixture containing 200 mM potassium phosphate buffer pH 8.3, 

0.041 mM pyridoxal 5-phosphate and the crude extract. The samples were incubated at 30 

°C for 10 min. The reaction was stopped by addition of 100 µL of trichloroacetic acid (100%). 

To phase extract the liberated indole 2 mL toluene were added. 200 µL of the toluene-free 

supernatant was taken and mixed with 5% (w/v) p-dimethylaminobenzaldehyde solution 

(DMAB) and 8.8 mL of 8% hydrochloric acid diluted in 95% ethanol were added. After 

10 min of equilibration 1 mL of the solution was used for colorimetric measurement at 

540 nm. The indole standards were prepared using the same procedure. 

 

2.4.3.6 Enzymatic assay for tryptophanase with tryptophan derivates  

The measurement was performed in triplicates. The formation of 7-bromoindole and 

7-chloroindole in the enzyme assay was measured by HPLC. The reaction mixture contained 

10 mM dipotassium phosphate buffer (pH 7.0), 0.1 mM pyridoxal-5-phosphate, 1 mM 

7-bromo-tryptophan/ 7-chloro-tryptophan, 5% 2-propanol (v/v) and the crude extract. The 

mixture was incubated at 30 °C and aliquots were taken in regular time intervals. The reaction 
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was stopped with one volume of methanol and the product formation was measured with 

HPLC. 

 

2.4.3.7 Analytic procedure 

For the quantification of Trp a high-pressure liquid chromatography (HPLC) system was 

used (1200 series, Agilent Technologies Deutschland GmbH, Böblingen, Germany). The 

supernatants of the cell culture or enzyme assay were collected by centrifugation (14680 rpm, 

20 min, RT) and further used for analysis. For the detection of Trp, the samples were 

derivatised with ortho-phthaldialdehyde (OPA) (Schneider and Wendisch, 2010). The amino 

acid separation was performed by a precolumn (LiChrospher 100 RP18 EC-5 µ (40 mm × 4 

mm), CS-Chromatographie Service GmbH, Langerwehe, Germany) and a column 

(LiChrospher 100 RP18 EC-5 µ (125 mm × 4 mm), CS Chromatographie Service GmbH). 

The detection was carried out with a fluorescence detector (FLD G1321 A, 1200 series, 

Agilent Technologies) with the excitation and emission wavelengths of 230 nm and 450 nm, 

respectively.  

To detect indole the samples were derivatized with 9-fuorenylmethyl chlorocarbonate 

(Fmoc-Cl) according to published methods (Schneider et al., 2012) with modifications 

(Jensen and Wendisch, 2013). L-proline was used as an internal standard. The separation was 

carried out by a reversed-phase HPLC using a pre-column (LiChrospher 100 RP8 EC-5 µ (40 

mm × 4.6 mm), CS-Chromatographie Service GmbH, Langerwehe, Germany) and a column 

(LiChrospher 100 RP8 EC-5µ (125 mm × 4.6 mm), CS Chromatographie Service GmbH). 

The detection was performed with a fluorescence detector (FLD G1321A, 1200 series, 

Agilent Technologies) with the excitation and emission wavelength of 263 nm and 310 nm 

respectively. Analytical HPLC for the quantification of 7-chloro/bromo-L-tryptophan and 

7-chloro/bromoindole was performed on a Shimadzu NexeraXR 20A System with 

autosampler, degasser, column oven, diode array detector, and a Phenomex Luna C18 

column (2.9 µm, 50 × 2.1 mm) with a gradient (in 5.5 min from 5% B to 95% B, 0.5 min 

95% B and back to 5% B in 3 min, total run time 9 min) at a flow rate of 650 µL min-1 and 

column oven temperature of 40 °C. HPLC solvent A consists of 99.9% water and 0.1% TFA, 

solvent B of 99.9% acetonitrile and 0.1% TFA. 
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2.4.4 Results & Discussion 

2.4.4.1 Determination of tryptophanase gene expression in C. glutamicum  

Six different TnaAs from Photobacterium profundum (Phillips et al., 2011), E. coli (Li and 

Young, 2013), Aeromonas hydrophila (Cowell et al., 1973), Porphyromonas gingivalis 

(Yoshida et al., 2009), Propionibacterium acnes (Jakab et al., 1996) and Proteus vulgaris 

(Pioselli et al., 2004) were chosen for the indole production by C. glutamicum. They were 

selected, due to their different temperature optima, specific enzyme activities and substrate 

spectra. The amino acid sequences of all chosen TnaAs were compared using T-coffee 

(Supplementary data Fig. 2.4.1) (Notredame et al., 2000; Wallace et al., 2006; Moretti et al., 

2007; Tateno et al., 2009; Di Tommaso et al., 2011). They showed a high sequence identity 

between 95 to 98%. 

 

Figure 2.4.2: Acrylamide gel of C. glutamicum wildtype overexpressing tnaAs. The tnaAs were 
overexpressed from the expression plasmid pECXT99A in C. glutamicum wildtype. The strains were cultivated 
for 24 h in LB with 1 mM IPTG. Line 1: WT (pECXT99A-tnaA-Pv); line 2: WT (pECXT99A-tnaA-Pg); line 
3: WT (pECXT99A-tnaA-Pp); line 4: WT (pECXT99A-tnaA-Ec); line 5: WT (pECXT99A-tnaA-Ah); line 6: 
WT (pECXT99A-tnaA-Pa); line 6: WT (pECXT99A). 
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To test the expression of the tnaAs the expression plasmids were transformed in 

C. glutamicum WT and after growth in LB medium with 1 mM IPTG, the crude extracts were 

checked in an acrylamide gel. The expression of tnaA-Pg and tnaA-Ec were approved, since 

an additional band (TnaA-Pg: 52 kDa; TnaA-Ec: 53 kDa) compared to the empty vector 

control was visible (Fig. 2.4.2). Additional bands for the TnaAs TnaA-Pv (52 kDa), TnaA-Pp 

(54 kDa), TnaA-Ah (51 kDa) and TnaA-Pa (51 kDa) were not detectable.  

In order to test the indole production a qualitative assay was performed (see chapter 2.4.3.3). 

The C. glutamicum strains wildtype and Tp679 (pCES20-trpD) overexpressing the tnaAs 

were grown on an LB-agar plate with 0.5 mM Trp and 1 mM IPTG overnight and were 

covered with Kovac reagent to visualize produced indole. The C. glutamicum wildtype and 

Tp679 (pCEs208-trpD) strains overexpressing tnaA-Ec, tnaA-Pv and tnaA-Pg showed a 

reddish color thus this TnaAs were active in C. glutamicum (Fig. 2.4.3). Additionally, in 

C. glutamicum wildtype the TnaA-Pa showed activity (Fig. 2.4.3). The empty vector control 

did not show a reddish color. To verify the activity of the TnaAs a quantitative enzyme 

activity assay was performed. 

 

Figure 2.4.3: Qualitative test for indole production by C. glutamicum strains overexpressing tnaAs. The 
tnaAs overexpressing C. glutamicum strains were grown on LB-agar plates with 0.5 mM Trp and 1 mM IPTG 
and covered with 1 mL Kovac reagent. 1: tnaA-Pp; 2: tnaA-Ec; 3: tnaA-Ah; 4: tnaA-Pg; 5: tnaA-Pa; 6: tnaA-Pv; 
7: empty vector. A: C. glutamicum wildtype; B: Trp overproducing C. glutamicum strain Tp679 
(pCES208-trpD). 
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2.4.4.2 Determination of the specific enzyme activity of TnaAs (colorimetric) 

Although some TnaAs were neither seen in the acrylamide gel not showed indole production 

in the qualitative assay, a quantitative colorimetric enzyme assay was performed using crude 

extracts. The TnaAs TnaA-Ec, TnaA-Pv, TnaA-Pa, and TnaA-Pp showed specific enzymatic 

activity, whereas, for TnaA-Ah, TnaA-Pg and the empty vector control no activity was 

observed. This reflects the previous results of the qualitative assay, where the TnaA-Ec, 

TnaA-Pv, and TnaA-Pa were active as well. However, TnaA-Pg which was active in the 

qualitative assay and an additional band was observed in the acrylamide gel did not exhibit 

activity in the quantitative colorimetric enzyme assay. For TnaA-Pp activity was observed 

for the first time in the qualitative enzyme assay. TnaA-Ah and the empty vector control did 

not show activity in any test. 

 

Figure 2.4.4: Specific enzymatic activity of the tnaAs overexpressed in C. glutamicum wildtype. 

C. glutamicum wildtype carried an expression plasmid overexpressing the tnaAs. The strains were grown in LB 
with 1 mM IPTG. The crude extracts were assayed for TnaA activity in a colorimetric enzyme assay. Means 
and standard deviations of triplicates are shown. 

The highest specific enzymatic activity of 114 ± 10 mU mg-1 was measured in the crude 

extract harboring TnaA-Ec (Fig. 2.4.4). The specific activity of 818 ± 37 mU mg-1 was 

reported in the crude extract of E. coli, which is 7-times higher compared to this study (Zhang 

and Hong, 2009). The TnaA-Pv had a specific activity of 54 ± 4 mU mg-1 in the crude extract 
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of C. glutamicum (Fig. 2.4.4). The specific activity of the enzyme with Trp as substrate is not 

reported. The enzymes TnaA-Pa and TnaA-Pp showed in the C. glutamicum crude extracts 

similar specific enzyme activities, of 18 ± 9 mU mg-1 and 16 ± 6 mU mg-1, respectively 

(Fig. 2.4.4). The specific enzymatic activity of the TnaAs of P. acnes and P. profundum is 

not reported in crude extract.  

Hence, the TnaA-Ec and TnaA-Pa are promising candidates for the fermentative production 

of indole, since both showed high activity in the quantitative (strong reddish color) and 

qualitative assay. 

 

2.4.4.3 Expansion of the substrate spectrum of the tryptophanases 

Further, the TnaAs were investigated regarding their substrate spectrum. Here, the active 

TnaAs from E. coli, P. vulgaris and P. acnes were further analyzed (see chapter 2.4.3.6). To 

analyze the substrate spectrum the halogenated Trp derivatives 7-chloro-tryptophan 

(7-Cl-Trp) and 7-bromo-tryptophan (7-Br-Trp) were tested (Figure 2.4.5) since in the 

previous studies these compounds were produced by C. glutamicum (Veldmann et al., 2019a; 

Veldmann et al., 2019b). Further conversion of 7-Cl-Trp and 7-Br-Trp to 7-chloroindole and 

7-bromoindole by overexpression of a tnaA in the halogenated Trp producing C. glutamicum 

strain HalT2 could be considered. As control substrate Trp was chosen and as control strain 

WT (pECXT99A). The substrates were tested in an enzymatic activity assay. With the natural 

substrate Trp the results of the colorimetric were reflected. TnaA-Ec showed the highest 

conversion of Trp to indole after 30 min, it consumed half of the added Trp. 37.4% Trp was 

converted to indole by the TnaA-Pv and only 23.7% by the TnaA-Pa, while the empty vector 

control (WT (pECXT99A)) showed no activity. In case of the halogenated Trp derivatives 

the conversion rate dropped dramatically. Only the TnaA-Ec and TnaA-Pv accepted 7-Cl-Trp 

and 7-Br-Trp as substrate. In the case of 7-Cl-Trp, the TnaA-Ec and TnaA-Pv converted 2.4% 

and 1.6%, respectively, into 7-chloroindole within 48 h. 7-Cl-Trp was not consumed by the 

TnaA-Pa and the empty vector control. The conversion of 7-Br-Trp proceeded faster, already 

after 60 min the TnaA-Ec converted 2.2% and the TnaA-Pv 0.95% 7-Br-Trp to 

7-bromoindole. TnaA-Pa and the empty vector control did not accept 7-Br-Trp as substrate 

(Fig. 2.4.5).  
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Figure 2.4.5: Enzymatic activity assay of three TnaAs with Trp, 7-Cl-Trp, and 7-Br-Trp as substrate. 
The crude extract of the strains WT (pECXT99A-tnaA-Ec), WT (pECXT99A-tnaA-Pv), WT (pECXT99A-
tnaA-Pa), and WT (pECXT99A) grown in LB with 1 mM IPTG, were tested with 1mM Trp, 7-Cl-Trp or 
7-Br-Trp as substrate. The substrate consumption of Trp, 7-Cl-Trp, and 7-Br-Trp was measured after 0.5 h, 
48 h, and 1 h, respectively.The substrate consumption was measured with the HPLC. 

It was already shown that the TnaA from P. vulgaris has a broad substrate spectrum. The 

wildtype TnaA from P. vulgaris accepts different cysteine derivatives beside the natural 

substrate Trp, like S-(o-Nitrophenyl)-L-cysteine (SOPC), S-methyl-L-cysteine, 

S-ethyl-L-cysteine, and S-benzyl-L-cysteine, and the chlorinated L-alanine β-chloro-L-alanine 

(Kulikova et al., 2006). But the substrate affinity (Km) for most of the substrates was low, 

except for L-tryptophan, SOPC, and S-benzyl-L-cysteine. This held room for further 

improvement. By an amino acid replacement of the L-tyrosine 72 to an L-phenylalanine, the 

active site of the TnaA was rearranged. Hence, the activity of the mutant TnaA Y72F 

increased 50.000-fold for Trp. Additionally, the Km for the previously mentioned substrate 
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decreased by a multiple (Kulikova et al., 2006). This mutation was created to increase the 

room around the α-carbon atom of the substrate. This may be helpful for 7-Cl-Trp and 

7-Br-Trp because the activity and the Km for Trp have improved a lot and thus the substrate 

affinity for the halogenated may increase as well. Additionally, the active site could be further 

improved by a rearrangement of the active site around the indole ring of Trp. By an expansion 

around this area the space for other Trp derivatives like 5,6-halo-L-tryptophans, 

methyl-L-tryptophans or hydroxy-L-tryptophans could be created. For the wildtype TnaA 

from E. coli it was shown before that it accepts different Trp derivatives, like 

4,5,6,7-methyl-tryptophan and 4,5,6,7-chloro-tryptophan (Snell, 1975). In this study the 

TnaA from E. coli showed the lowest and slowest conversion rate with 7-Cl-Trp, which fits 

the previously tested E. coli TnaA, which has the lowest substrate affinity towards 7-Cl-Trp. 

Additionally, an E. coli TnaA mutant from a Trp auxotroph E. coli strain was tested, but no 

activity with halogenated Trp as substrate was observed (Snell, 1975). Hence, no 

improvement of this E. coli TnaA mutant was achieved. Another promising E. coli TnaA 

mutant was generated and tested by Phillips and co-workers. In this mutant histidine 463 was 

exchanged by phenylalanine, which is located in the substrate-binding portion of the active 

site (Phillips et al., 2002). Hence, the high activity and substrate specify towards Trp got lost 

but the substrate spectrum was extended to the Trp benzimidazole analog 

β-(Benzimidazol-1-yl)-L-alanine (Harris and Phillips, 2013). Since the activity with the main 

substrate decreased and the activity increased for Trp analogues, it might be a benefit for 

other substrates, like halogenated Trp.  

 

2.4.4.4 Fermentative production of indole 

The impact of the product indole on growth was tested by adding different concentrations of 

indole to cultivation. Indole was added at inoculation to C. glutamicum wildtype in CGXII 

minimal medium with 40 g L-1 glucose. The half maximal growth rate of C. glutamicum was 

reached with an indole concentration of 4.5 mM (527 mg L-1) (Fig. 2.4.6).  
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Figure 2.4.6: Response of C. glutamicum wildtype to externally added indole. To determine the Ki value for 
indole C. glutamicum wildtype was grown in CGXII supplemented with 40 g L-1 glucose and different 
concentration of indole, between 0 and 5 mM. The half-maximal specific growth rate was determined by linear 
regression. 

In other microorganisms, it is known that indole has a toxic effect in low concentration. The 

growth of Pseudomonas putida KT2440 is already strongly inhibited at a concentration of 

2 mM indole, which is caused by the inhibition of cellular energy production and protein 

folding (Kim et al., 2013a). In E. coli, which owns a TnaA, indole is toxic to the 

microorganism at a concentration of 5 mM (Wang et al., 2001). Indole might cause 

membrane changes which result in the generation of superoxide (Garbe et al., 2000). An 

important aspect of indole production in C. glutamicum could be the metabolization of indole 

to further metabolites which would prevent indole accumulation. Some Gram-positive cocci 

are able to utilize indole as sole carbon and energy source via the anthranilate pathway, where 

indole is degraded via 2,3-dihydroxyindole, N-carboxyanthranilic acid to anthranilic acid 

(Fujioka and Wada, 1968). Other Gram-negative bacteria degrade indole via isatin, 

N-formylanthranilic acid, anthranilic acid, salicylic acid to catechol via the catechol pathway 

(Sakamoto et al., 1953). So far in C. glutamicum is not known a degradation pathway of 

indole, whereby it is a possible host for indole production.  
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To enable the fermentative production of indole by C. glutamicum, different tnaA genes from 

E. coli (IndoEc), P. gingivalis (IndoPg), P. profundum (IndoPp), P. vulgaris (IndoPv), 

A. hydrophila (IndoAh) and P. acnes (IndoPa) were overexpressed in the Trp overproducing 

strain Tp679 (pCES208-trpD). The recombinant strains were inoculated in CGXII minimal 

medium with 40 g L-1 glucose and 1 mM IPTG to an OD600 of 1. IndoPp and IndoAh grew 

with a specific growth rate of 0.15 ± 0.00 h-1 and 0.12 ± 0.01 h-1, respectively. Both strains 

produced Trp (IndoPp: 276 ± 89 mg L-1; IndoAh: 399 ± 15 mg L-1), but in case of IndoPp 

indole was not detectable and IndoAh produced a low amount (Indole: 62 ± 3 mg L-1) 

(Fig. 2.4.7). This reflects the other experiments where the TnaA-Pp showed low activity in 

the enzymatic assay and the TnaA-Ah showed no activity in the other experiments. The strain 

IndoPg showed a specific growth rate of 0.14 ± 0.01 h-1 and produced 278 ± 85 mg L-1 Trp 

and 28 ± 10 mg L-1 indole. The low amount of indole production fits to the results of the 

enzyme assay where the specific enzyme activity of TnaA-Pg was not detectable. However, 

the TnaA-Ec, TnaA-Pv, and TnaA-Pa were positive in all experiments, except the acrylamide 

gel (TnaA-Pv, TnaA-Pa). IndoPa and IndoEc grew with a specific growth rate of 

0.15 ± 0.01 h-1 and 0.11 ± 0.01 h-1, respectively. IndoPa produced 438 ± 10 mg L-1 Trp and 

165 ± 46 mg L-1 indole and IndoEc 342 ± 15 mg L-1 Trp and 210 ± 23 mg L-1 indole. The 

highest titer of indole was reached by IndoPv, it produced 329 ± 17 mg L-1 indole and 

333 ± 9 mg L-1 Trp (Fig. 2.4.7). The empty vector control showed no indole production. Until 

now, a fermentative production process of indole is not shown.  

To increase the production of indole, strategies from indole producing microorganisms could 

be transferred to the recombinant indole producing strains. Most of the complex regulatory 

processes are triggered by the environment (Lee and Lee, 2010; Han et al., 2011). Hence, 

some of these triggers may have a direct influence on the TnaA, like antibiotics or trace 

elements, and consequently change the activity or substrate affinity (Han et al., 2011). 

Another option to increase the indole production is to enhance the tnaA expression. By the 

exchange of the promoter and the RBS the expression in C. glutamicum can be increased 

(Shi et al., 2018). A limiting step to produce indole may be the regeneration of the co-factor 

of the TnaA: PLP. For the binding of PLP in the active site of the TnaA the monovalent 

cations potassium or ammonium are required (Watanabe and Snell, 1972; Rety et al., 2015). 
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Figure 2.4.7: Production of indole and Trp by C. glutamicum Tp679 (pCES208-trpD) strains 

overexpressing the tnaAs. The strains were grown in CGXII minimal medium with 40 g L-1 glucose. After 
72 h the titers of indole and Trp were measured. Means and standard deviations of three replicate cultivations 
are shown. 

In C. glutamicum it was shown, that during the production of γ-aminobutyrate (GABA) from 

xylose an PLP limitation appeared (Baritugo et al., 2018). This resulted, that the 

PLP-dependent glutamate decarboxylase did not convert glutamate to GABA and glutamate 

accumulated. The PLP limitation was caused by the utilization of the carbon source xylose. 

During the utilization xylulose is converted to xylulose 5-phosphate, which requires ATP 

(Anderson and Wood, 1962). Consequently, the intracellular ATP concentration was to low 

for the ATP-dependent regeneration of PLP. The limitation was abrogated by the addition of 

PLP (Baritugo et al., 2018). Hence, an addition or an enhanced regeneration of PLP during 

the indole production by C. glutamicum can enhance the production of indole. One strategy 

to increase the production of PLP is described by Ma et al., 2015. The ribose 5-phosphate 
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dependent genes pdxS and pdxT from B. subtilis were overexpressed in cadaverine 

overexpressing E. coli strain (Ma et al., 2015). The intracellular concentration of PLP was 

increased 2.4-fold to 1144 nmol/g(DCW) and the PLP-dependent production of cadaverine 

from L-lysine was improved as well. This system could be transferred to C. glutamicum for 

a higher intracellular concentration of PLP.  

Another option to improve the indole production is the prevention of product toxicity by 

indole. It is shown, that adaptive laboratory evolution (ALE) improved the stress response to 

certain substances (Lee et al., 2013). Hence, a C. glutamicum strain improved by ALE 

towards indole tolerance could have an enhanced indole production. The changes in the 

developed strain could be analyzed by DNA-sequencing or RNA-Seq. Another approach is 

the extraction of the indole of the aqueous culture medium in the fermentative production by 

a two-phase cultivation (aqueous/organic). The aqueous culture medium could be layered 

with an organic layer such as dodecane or tributyrin in which the produced indole 

accumulates and thus the product toxicity limitation by indole is prevented (Byrne et al., 

2016; Luo et al., 2019). Additionally, could an enhanced export of indole circumvent the 

product toxicity. Until now the export system of C. glutamicum for indole is unknown. In 

E. coli two efflux proteins (encoded by acrEF) are known which partially export indole 

(Kawamura-Sato et al., 1999). Overexpression of acrEF in C. glutamicum could lead to less 

product toxicity since more indole is exported extracellularly.  

 

2.4.5 Conclusion 

TnaAs from various microorganisms were overexpressed in C. glutamicum. Specific 

enzymatic activity was observed for the TnaA of E. coli and P. vulgaris for the main substrate 

Trp and for the Trp derivatives 7-Cl-Trp and 7-Br-Trp. Fermentative production of indole 

from sugar and ammonium was enabled by the heterologous overexpression of different 

tnaAs in the Trp overproducing C. glutamicum strain Tp679 (pCES208-trpD). However, 

production titers were low due to TnaA efficiency.  
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2.4.7 Supplementary data 

 

Figure: 2.4.1: Sequence alignment of the six TnaAs. The sequence alignment was done with T-coffee. The 
TnaAs have a sequence identity of 95 up to 98%. In red a high sequence identity is displayed. With diminishing 
identity, the color turns from yellow to green and then to blue.  
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3. Discussion 

In this study, the fermentative production of the L-tryptophan (Trp) derivatives 

7-chloro-L-tryptophan (7-Cl-Trp), 7-bromo-L-tryptophan (7-Br-Trp) and indole was 

established. Before a biocatalytic process for the halogenation of Trp with cross-linked 

enzyme aggregates containing the FAD-dependent halogenase RebH, the NADH-dependent 

flavin reductase RebF, both deriving from Lechevalieria aerocolonigenes, and an alcohol 

dehydrogenase ADH, has been investigated, but the approach suffers from missing co-factor 

regeneration systems and costly substrates (Frese and Sewald, 2015). To enable the de novo 

synthesis of halogenated Trp by microbial fermentation RebH and RebF should be integrated 

in C. glutamicum. Fortunately, in previous studies a Trp overproducing C. glutamicum strain 

was constructed (Purwanto et al., 2018) and thus overexpression of rebH and rebF in this 

strain facilitated for the first time fermentative production of halogenated Trp from sugar, 

ammonium and halide salt (see chapter 2.1). First 7-Cl-Trp was produced since chlorine is 

the preferred ion of RebH (Yeh et al., 2005) and C. glutamicum can handle high 

concentration of chloride salt. To expand this approach bromide ions were used, and it turned 

out that the bromination of Trp by recombinant C. glutamicum was more efficient then the 

chlorination (see chapter 2.2). This is a great achievement since the bromination occurs rarely 

in nature and stereoselective bromination is a difficult reaction (Gribble, 1996). Furthermore, 

it was shown that different tryptophanases (convert Trp to indole) accept 7-Cl-Trp and 

7-Br-Trp as substrate (see chapter 2.4). Hence, introduction of a tryptophanase in the 

halogenating C. glutamicum strain could lead to new halogenated products. 

 

3.1 Comparison between the production of halogenated L-tryptophan by 

chemical synthesis, biocatalysis, biosynthesis in plants, and bacterial 

fermentation 

Halogenated compounds are important precursors of several bioactive compounds, like the 

well investigated halogenated compounds rebeccamycin and pyrrolnitrin, which both derive 

from the halogenated Trp derivative 7-Cl-Trp (Kirner et al., 1998; Sánchez et al., 2002). The 

production of 7-Cl-Trp and the brominated derivative 7-Br-Trp was established by three 
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different methods: i) the chemical synthesis (Cantillo and Kappe, 2017), ii) synthesis by 

biocatalysis (Frese et al., 2014; Frese and Sewald, 2015), and iii) biosynthesis in plants by 

introduction of halogenases (Runguphan et al., 2010; Fräbel et al., 2016). These established 

methods suffer from using toxins, environmental unfriendliness, missing cofactor recycling 

system and low space-time yields. To overcome these disadvantages, this study aimed at the 

fermentative production of halogenated Trp by C. glutamicum. In a glucose-based production 

titer of 0.34 ± 0.52 g L-1 7-Cl-Trp and 1.2 g L-1 7-Br-Trp could be achieved (see chapter 2.2, 

2.3). 

 

The halogenation reaction in organic chemistry is carried out using various methods: the free 

radical halogenation, the halogenation addition reaction, and the electrophilic halogenation. 

The last method the electrophilic halogenation is used especially for aromatic compounds, 

such as Trp (Speight, 2017) This method is a complex and hazardous process, including 

molecular halogens and therefore causing tremendous environmental issues. The handling of 

molecular chlorine (Cl2) and bromine (Br2) is difficult since chlorine is highly reactive and 

undesirable overreactions occur (Schmittinger et al., 2000). Further bromine is extremely 

corrosive and toxic as liquid and gas reagent (Zeller, 2001). To prevent the use of molecular 

chlorine and bromine different halogenating agents are in use (Saikia et al., 2016). One 

well-known chlorinating agent is sodium hypochlorite, which is used for the disinfection of 

water by chlorination (Ishaq et al., 2018). In order to optimize the process towards higher 

environmental friendliness, the following procedures have to be executed: i) the different air 

streams (acidic streams, reaction gases, and neutral waste streams) in the halogenation 

process have to be separated, ii) additionally, the waste-water streams have to be purified, 

which is partially done by biological treatment. But increasing concentrations of halogens 

results in decreased efficiency of the cleaning process (Speight, 2017). Hence, the production 

of halogenated compounds by chemical processes is hazardous and highly environmental 

unfriendly through the arising waste streams. However, an advantage of the chemical 

halogenation process is the easy purification of the product by a wide range of standard 

techniques (Elvers, 2014). 
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The biocatalysis is the second system for the production of halogenated Trp, therefore an 

enzymatic halogenation system was established (Frese et al., 2014; Frese and Sewald, 2015). 

For this approach, RebH was mixed with the NADH-dependent flavin reductase PrnF from 

Pseudomonas fluorescens and the alcohol dehydrogenase ADH from Rhodococcus sp., 

which are responsible for the co-factor recycling, and the resulting mixture converted Trp 

almost quantitatively to 7-Cl-Trp (Frese et al., 2014). To optimize the biocatalysis the 

enzymes were cross linked in multifunctional cross-linked enzyme aggregates 

(combiCLEAs). The resulting CLEAs converted after 8 days 1g of Trp to 7-Br-Trp 

(276 mg L-1) (Frese and Sewald, 2015). Compared to the bacterial fermentation approach 

the biocatalysis requires the addition of the co-factors, the purified enzyme for the 

regeneration of the co-factors and the substrate, which made the process costly. Furthermore, 

in the bacterial fermentation of halogenated Trp only a carbon source, ammonium, and halide 

salts are needed. Additionally, by metabolic engineering C. glutamicum has access to 

alternative feedstocks as carbon source (Wendisch et al., 2016). In this study, the production 

of 7-Cl-Trp from the alternative carbon sources xylose, arabinose and glucosamine was 

established (see chapter 2.1). Consequently, bacterial fermentative production does not 

compete with food and feed using alternative carbon sources. An advantage of the 

biocatalysis is the full conversion of the substrate towards the product (for Trp to 7-Cl-Trp 

and 7-Br-Trp) and a manageable reaction mixture. Thus, a target-oriented isolation of the 

product is feasible.  

 

The third approach to produce halogenated Trp was carried out with genetically engineered 

plants. Some plants and algae produce naturally halogenated compounds in small amounts 

(Gribble, 2004; Cabrita et al., 2010), but in addition, the production of halogenated 

compounds by heterologously expressed genes was established in plants (Runguphan et al., 

2010; Fräbel et al., 2016). For the production of halogenated compounds the medicinal plant 

Catharanthus roseus, a natural producer of monoterpene indole alkaloids, like 

19,20-dihydroakuammicine, ajmalicine, tabersonine and catharanthine, was chosen 

(O'Connor and Maresh, 2006). The natural metabolic pathway of these alkaloids starts with 

Trp, which is decarboxylated to L-tryptamine (De Luca et al., 1989). This is converted to 
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secologanin and further to strictosidine the precursor of several alkaloids in C. roseus 

(Runguphan et al., 2010). In biotransformation it was pretested if the C. roseus enzymes 

accept halogenated compounds, therefore C. roseus was supplemented with different 

halogenated tryptamine derivatives which resulted in the formation of the corresponding 

halogenated alkaloids (McCoy and O'Connor, 2006). Hence, C. roseus accepted and could 

handle halogenated compounds. Runguphan and co-workers used this knowledge for the 

biosynthesis of halogenated compounds in C. roseus hairy roots (Runguphan et al., 2010). 

By overexpression of rebH (Yeh et al., 2005) or of the gene for the FAD-dependent 

halogenases PyrH from Streptomyces rugosporus (Zehner et al., 2005) with rebF (Yeh et al., 

2005) from a constitutive promoter, C. roseus hairy roots produced 50 ± 12 µg per gram of 

fresh root weight 7-Cl-Trp and 9 ± 1 µg per gram of fresh root weight 5-chloro-tryptophan, 

respectively (Runguphan et al., 2010) (Table 3.1). But most of the halogenated Trp was 

directly converted further to 5 or 7-chloro-tryptamine and later on to the chlorinated 

alkaloids, 12-chloro-19,20-dihydroakuammicine (7-Cl-Trp derivative) and 

10-chloroajmalicine (5-chloro-typtophan derivative) (Runguphan et al., 2010). By addition 

of potassium bromide to the hairy roots in a low-chloride solid medium bromination worked 

out with RebH and RebF and 12-bromo-19,20-dihydroakuammicine was produced 

(Runguphan et al., 2010). Several advantages and disadvantages occur with the production 

of halogenated Trp in plants such as production titer, time and product purification. In the 

bacterial fermentative production of this study 56 ± 1 mg per gram cell dry weight 7-Cl-Trp 

were produced (see chapter 2.3). Hence, the product concentration of halogenated Trp 

produced by C. glutamicum exceeds the concentration of C. roseus by a multiple. 

Furthermore, the production process of C. roseus starting from transformation of the 

seedlings until the analyzation of the products from the hairy roots takes around eight weeks 

(Hughes et al., 2002). In comparison the production time of 7-Cl-Trp with C. glutamicum is 

shorter with around six days (starting from transformation until analyzation) (see chapter 2.1, 

2.2 and 2.3). Additionally, the isolation of the alkaloids from plants is complex since the 

products are not exported and the whole alkaloid spectrum is isolated (Runguphan et al., 

2010). To prevent the isolation of the non-halogenated alkaloids a Pd-catalyzed 

Suzuki-Miyaura cross-coupling reaction (Roy et al., 2008) with six different aryl and 
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heteroaryl boronic acid substrates were performed (Runguphan and O’Connor, 2013). Since 

only the halogenated alkaloids interfere in the cross-coupling reaction, the plant crude extract 

was used. After the reaction, the product was purified by a reverse phase HPLC. Hence, the 

alkaloid analog 12-chloro-19,20-dihydroakuammicine was isolated in milligram scale from 

16 g of hairy roots (Runguphan and O’Connor, 2013). The isolation and purification of 

7-Br-Trp produced in the bacterial fermentation is easier because it worked without an 

additional reaction and the product is exported to the culture medium (see chapter 2.2). Thus, 

the supernatant of the culture medium was filtrated over a short plug of celite. The filtrate 

was purified by an automated reversed phase column chromatography. The purified 7-Br-Trp 

was available as trifluoroacetic acid salt (TFA). Already 14 mg were isolated from 30 mL 

culture supernatant. In comparison to the biocatalysis is the purification and isolation of the 

products from plants and bacterial fermentation more complex since the products occur in 

mixture of several compounds, including the product, intermediates and precursors (see 

above).  

The further conversion of 5-chloro-tryptophan or 7-Cl-Trp to alkaloids is both an advantage 

and a disadvantage of the plant production. On the one hand, special and complex 

halogenated alkaloids are produced without additional effort, since the enzymes, which are 

encoded endogenous by C. roseus, accept the halogenated Trp as substrate (Runguphan et 

al., 2010). On the other hand, production of pure 5-chloro-tryptophan or 7-Cl-Trp is 

unfeasible as long the product is used for the production of alkaloids. Only the deletion of 

the Trp decarboxylase, which degrades Trp to tryptamine, would facilitate the production of 

5-chloro-tryptophan or 7-Cl-Trp (Goddijn et al., 1994).  

In another plant, Nicotiana benthamiana the genes for the FAD-dependent halogenases SttH 

from Streptomyces toxytricini (Zeng and Zhan, 2011) and for RebH were overexpressed in 

the chloroplast (Fräbel et al., 2016). Four weeks old plants were transformed via 

Agrobacterium-mediated gene transfer (Dandekar and Fisk, 2005). After four to six days 

77.8 ± 16.6 µg per gram fresh weight 7-Cl-Trp and 70.3 ± 13.0 µg per gram fresh weight 

6-chloro-tryptophan were produced. By infiltration with potassium bromide the plants 

produced 81.5 ± 2.9 µg per gram fresh weight 7-Br-Trp and 42.1 ± 21.4 µg per gram fresh 

weight 6-bromo-tryptophan (Table 3.1) (Fräbel et al., 2016). C. glutamicum HalT2 produced 
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after 70 h 65 mg per gram cell dry weight 7-Br-Trp (see chapter 2.2). Hence, bacterial 

fermentative production is more time-efficient and the product concentration of halogenated 

Trp exceeds the production of the plant by a multiple. Two advantages in the production of 

halogenated Trp with N. benthamiana were observed compared to the production with 

C. roseus or C. glutamicum. In contrast to C. roseus, N. benthamiana accumulates the 

halogenated Trp, instead of converting it further into derivatives, whereby isolation of 

halogenated Trp is possible. The second advantage of the production with N. benthamiana is 

the disuse of the co-enzyme RebF because the same amount of halogenated Trp is produced 

in the chloroplast with or without the flavin reductase. Fräbel and co-workers proposed that 

the FADH2 regeneration is carried out by reductases or other proteins involved in the electron 

transfer of the photosystem. Additionally, FAD and FADH2 are diffusible in the organelles 

supplying the required co-factor (Fräbel et al., 2016). To achieve new-to-nature halogenated 

Trp derivatives further genes were overexpressed in the N. benthamiana strain. Production 

of halogenated tryptamine was accomplished by overexpression of the Trp decarboxylase 

gene from C. roseus. By overexpression of the genes for the tryptophanase from E. coli, the 

human cytochrome P450 monooxygenase mutant 2A6, and the endogenous 

glucosyltransferase, in the 5,6 or 7-Cl-Trp producing N. benthamiana, 0.93 ± 0.089 mg per 

gram cell dry weight 5-chlorindican, 0.31 ± 0.017 mg per gram cell dry weight 7-chlorindican 

and 0.10 ± 0.016 mg per gram cell dry weight 6-chlorindican were produced (Fräbel et al., 

2018). The production of these new-to-nature products could be transferred to the 

halogenated Trp producing C. glutamicum strain. To facilitate this approach, the coupling of 

the enzymes has to be adjusted due to their activity and the conversion step in the pathway. 

The overexpression could be regulated by different expression systems, for example, with 

constitutive expression vectors (Henke et al., 2016a; Jia et al., 2018), IPTG or tertracyline 

inducible vectors (Kirchner and Tauch, 2003; Stansen et al., 2005; Lausberg et al., 2012) or 

by light-inducible vectors using photocaged IPTG (Binder et al., 2016). All in all is the 

fermentative production a promising alternative for the production of halogenated Trp since 

the process requires only sugar or other alternative carbon sources, ammonium and halide 

salts for the production of 7-Cl-Trp and 7-Br-Trp, it has his own co-factor regeneration 

system and the isolation and purification of the product is simple. 
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3.2 Strategies for metabolic engineering and optimization of C. glutamicum 

for improved production of halogenated L-tryptophan and indole 

In the bacterial fermentative production with the halogenated Trp overproducing 

C. glutamicum strain HalT2, 0.3 g L-1 7-Cl-Trp and 1.2 g L-1 7-Br-Trp were produced (see 

chapter 2.2., 2.3). But in case of 7-Cl-Trp 3 g L-1 Trp and for 7-Br-Trp in total 0.9 g L-1 of 

Trp and anthranilate (Ant) accumulated. Additionally, in the indole overproducing 

C. glutamicum strain a complete conversion of Trp to indole was not observed. Hence, to 

achieve full conversion towards the products and higher production titers different 

bottlenecks could be improved, like the halogenation reaction, the tryptophanase reaction, 

the precursor supply, and the export system. 

 

3.2.1 Optimization of the halogenation reaction 

The halogenation of Trp with RebH occurs slowly since the enzyme activity is moderate. In 

crude extract of C. glutamicum the enzyme had a specific enzyme activity of 0.90 ± 0.01 

mU mg-1 (see chapter 2.1). Compared to the purified enzyme the activity was 161 times lower 

(145 mU mg-1) (Yeh et al., 2007). In this study, the gene expression of rebH was increased 

by an exchange of the ribosome binding site (see chapter 2.1). Hence, the production of 

7-Cl-Trp was enhanced from 57 mg L-1 up to 108 mg L-1 (see chapter 2.1). For further 

improvement of the enzyme activity and the expression of rebH and rebF different 

approaches could be implemented. Often the heterologous expression of genes in bacteria 

leads to misfolding of the proteins and thus the degradation of the enzyme, which results in 

a low activity of the enzyme. The co-overexpression of chaperones facilitates the folding and 

maintain the solubility (Thomas et al., 1997). By co-overexpression of the chaperone GroES 

and GroEL genes with rebH in E. coli the protein solubility could be improved and the yield 

of RebH was 7 times higher compared to the expression without chaperones (Payne et al., 

2013) (Fig. 3.2; Supplementary data table 3.1). Another option to improve the solubility and 

increase the activity of an enzyme was carried out for RebF. RebF was fused to a maltose-

binding protein (MBP) (Cabrita et al., 2006) and the resulting RebF-MBP fusion protein was 

overproduced in E. coli. The turn over number of RebF-MBP for the reduction of FAD to 

FADH2 was 2.5 times higher compared to RebF without fusion protein (kcat,RebF=32 min-1; 



3 Discussion 

 

178 

kcat,MBP-RebF=80 min-1) (Payne et al., 2013) (Fig. 3.2; Supplementary data table 3.1). But the 

MBP fusion has not on every protein a positive effect. In case of RebH-MBP the activity was 

decreased compared to the wildtype RebH (Payne et al., 2013). However, in the work of 

Payne and co-workers only one functional fusion protein and fusion position was chosen. It 

is shown that the selection of the fusion position (C, N-terminal) and functional fusion 

proteins depends on the target protein (Lee and Kim, 2018). For example, the specific activity 

of the lipoxygenase of Pseudomonas aeruginosa was increased 2.8-fold by N-terminal fusion 

with self-assembling amphipathic peptides (Lu et al., 2013) and the overall catalytic 

efficiency of the chitinase D from Serratia proteamaculans was improved twice by the 

C-terminal fusion with auxiliary domains (Madhuprakash et al., 2015). Instead of fusing the 

target protein with an unfunctional protein, two target proteins could be fused together. The 

two proteins (for example RebH and RebF) could be fused by different linker sequences 

(Chen et al., 2013). For example, the expression of granulocyte colony stimulating factor and 

human serum transferrin was increased 11.2-fold in mammalian cells by the fusion by a 

suitable linker (Amet et al., 2009). Whether rebH and rebF are fused it is important to balance 

the expression. For example, Henke and co-workers improved the astaxanthin production 

with C. glutamicum by balancing the expression of two genes by testing different ribosome 

binding sites, spacing, and translational start codons (Henke et al., 2016b). 

Since the specific enzyme activity of RebH is low and the improvement of the activity could 

enhance the efficiency of the halogenation an increased activity could be achieved by 

introducing mutation in the rebH gene sequence. Different direct evolution approaches are 

known to result in improved enzymes. One method is the error-prone PCR which creates 

random mutants by introducing base-pair errors during the PCR in the newly synthesized 

complementary DNA strand (McCullum et al., 2010). A library is generated, and the mutants 

are tested due to the requirement, like enhanced stability, solubility or activity. Poor and 

co-workers prepared a library of rebH mutants to screen them for higher thermostability and 

the substrate scope (Poor et al., 2014; Payne et al., 2015). Thus, they discovered mutants with 

a 5 °C higher temperature optimum compared to the wildtype and with an extended substrate 

scope (Poor et al., 2014; Payne et al., 2015). Moreover, mutants generated by error-prone 

PCR were discovered which showed higher activity compared to the wildtype version, for 
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example, the phytase from Aspergillus niger and the organophosphorus hydrolase 

Pseudomonas diminuta (Liao et al., 2012; Rezaie et al., 2018). Another approach of directed 

evolution is the site-saturation mutagenesis, where a small amount of active site residues are 

randomly mutated (Siloto and Weselake, 2012). For example, the catalytic efficiency of the 

β-fucosidase from β-galactosidase from E. coli was enhanced 180-fold by site-saturation 

mutagenesis (Parikh and Matsumura, 2005). 

Another optimization approach is the change of the halogenase system. To our knowledge, 

no faster halogenase system than RebH and RebF, which halogenates Trp at the C7 position 

has yet been discovered. Until now, only the less efficient FAD-dependent halogenase PrnA 

and the NADH-dependent flavin reductase PrnF are well investigated (Keller et al., 2000; 

Dong et al., 2005; Lee and Zhao, 2007). 

 

3.2.2 Enhanced co-factor supply and regeneration 

A crucial step during the halogenation reaction is the co-factor regeneration. Two co-factors 

are required for the halogenation via RebH and RebF: FADH2 (co-factor of the 

FAD-dependent halogenase) and NADH (co-factor of the NADH-dependent flavin 

reductase) (Yeh et al., 2005). NADH is provided by the oxidation of glucose and FADH2 by 

the reduction of FAD catalyzed by the NADH-dependent flavin reductase. The 

NADH-dependent flavin reductase gene has to be expressed heterologously since 

C. glutamicum does lack a gene coding for a flavin reductase. In this study, it was shown, 

that the addition of flavin mononucleotide (FMN), the precursor of flavin adenine 

dinucleotide (FAD), yielded in higher production titers during the fermentative production 

of 7-Cl-Trp. With addition of FMN HalT1 produced 2-times more 7-Cl-Trp (see chapter 2.1). 

Consequently, the supply of the precursors of FADH2 (riboflavin, FMN and FAD) is a 

limiting step during the halogenation in C. glutamicum. To increase the production of 

riboflavin and FMN different options could be applied. It was shown that due to the 

overexpression of the sigma factor H gene sigH or the deletion of the anti-sigma factor gene 

rshA (repressor of sigH) 50 genes were upregulated including the genes for the biosynthesis 

of riboflavin in C. glutamicum (Busche et al., 2012; Taniguchi and Wendisch, 2015). Only 

the bifunctional enzyme riboflavin kinase/FMN adenylyltransferase RibF, responsible for the 
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conversion of riboflavin to FAD, was not differentially expressed. However, by 

overexpression of sigH or deletion of rshA higher production of riboflavin was observed, but 

the concentration of FMN and FAD did not increase (Toyoda et al., 2014; Taniguchi and 

Wendisch, 2015) (Figure 3.2; Supplementary data table 3.1). To enhance the production of 

FMN and FAD ribF could be overexpressed. Moreover, Taniguchi and Wendisch showed 

that the balanced co-expression of sigH and ribF yielded in higher production of riboflavin 

and FMN. 19.8±0.3 µM riboflavin and 33.1±1.8 µM FMN were secreted extracellularly but 

FAD was not detected (Taniguchi and Wendisch, 2015). In eukaryotes, the two biosynthetic 

steps from riboflavin to FAD are catalyzed by two independent enzymes (Yatsyshyn et al., 

2014). The conversion from riboflavin to FMN is catalyzed by a riboflavin kinase, for 

example, the FMN1 from Candida famata (Yatsyshyn et al., 2009). Further the FAD 

synthetases, for example, the FAD1 from Saccharomyces cerevisiae (Wu et al., 1995) or the 

FAD1 from Debaryomyces hansenii strain CBS 767 (Yatsyshyn et al., 2014), convert FMN 

to FAD. In the flavinogenic yeast Candida famata overproducing FMN (Yatsyshyn et al., 

2009; Yatsyshyn et al., 2010) the overexpression of FAD1 of D. hansenii CBS 767 led to 

production of FAD. After 40 h cultivation under optimized conditions, 451 mg L-1 FAD were 

produced (Yatsyshyn et al., 2014) (Fig. 3.2; Supplementary data table 3.1). Overexpression 

of FAD1 (codon adjusted for prokaryotes) in C. glutamicum could lead to higher production 

of FAD and hence a higher supply of FADH2 for the halogenation. 

The second co-factor in the halogenation is NADH. NADH is oxidized by the 

NADH-dependent flavin reductase to reduce FAD to FADH2 (Yeh et al., 2005). To enhance 

the NADH availability and thus prevention of NADH limitation, different approaches could 

be tested.  

For the formation of L-lactate by reduction of pyruvate in C. glutamicum the 

NADH-dependent lactate dehydrogenase LdhA consumes NADH (Toyoda et al., 2009). 

Hence, by deletion of ldhA the NADH concentration could be increased (Blombach et al., 

2009). Another option to increase the NADH concentration is the deletion of the H+-ATPase 

and thus disruption of the oxidative phosphorylation of C glutamicum. Sawada and 

co-workers showed that the concentration of NADH was increased from 0.27 ± 0.05 mM to 

0.53 ± 0.11 mM and the NAD+/NADH ratio decreased from 13.0 to 5.4 (Sawada et al., 2012) 
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(Fig. 3.2; Supplementary data table 3.1). The increase of NADH is caused by higher glucose 

metabolism due to the defect of the H+-ATPase (Sekine et al., 2001).  

 

3.2.3 Improvement of the precursor supply for the biosynthesis of L-tryptophan 

Trp is the direct precursor for the production of halogenated Trp and indole. In this study, 

C. glutamicum strain HalT2 produced around 2 - 3 g L-1 Trp (see chapter 2.1, 2.2). When a 

more efficient halogenation is available production of Trp could be a limiting step. Already, 

in the fed-batch fermentation the concentration of Trp was low (0.25 g L-1) (see chapter 2.2) 

subsequently resulting in a low titer of 7-Br-Trp, even with improved halogenation reaction. 

Consequently, the production of Trp has to be improved.  

The biosynthesis of Trp starts with the precursor phosphoenolpyruvate (PEP) and 

erythrose 4-phosphate (E4P) which both derive from glucose-6-phosphate. To increase the 

concentration of PEP and E4P various options could be applied. Since the phosphotransferase 

system (PTS), which is the major glucose uptake system in C. glutamicum is PEP dependent 

a PTS independent glucose transporter could increase the amount of PEP for the production 

of aromatic amino acids (Tang et al., 2013). An alternative sugar uptake system was proven 

by Linder and co-workers (Lindner et al., 2011). By overexpression of genes for the inositol 

permeases IolT1 and IolT2 together with a glucokinase gene from C. glutamicum in a 

PTS-deficient strain the growth in glucose was almost sustained (Lindner et al., 2011). This 

glucose uptake was improved by balancing the expression of the glucokinase from B. subtilis 

with IolT2 from C. glutamicum resulting in a slightly increased growth and production rate 

(Pérez-García et al., 2016). To further optimize the PEP supply several genes from the 

glycolysis could be considered as targets.  

Moreover, to prevent by-product formation the following genes could be deleted (Fig. 3.2; 

Supplementary data table 3.1): i) 3-Deoxy-D-arabino-heptulosonate-7-phosphate (DHAP) 

phosphatase (encoded by hpdA), which dephosphorylates the Trp pathway intermediate 

DHAP to 1,3-dihydroxyacetone and it was already shown that the deletion maintained higher 

shikimate  concentrations in C. glutamicum (Kogure et al., 2016), ii) pyruvate kinase 

(encoded by pyk) which transfers the phosphate group from PEP to ADP yielding pyruvate 

and ATP. By deleting pyk the PEP concentration was increased 5.6 times in C. glutamicum 



3 Discussion 

 

182 

(Sawada et al., 2015) and iii) NADH-dependent lactate dehydrogenase LdhA (encoded by 

ldhA). A deletion reduced the conversion of pyruvate to L-lactate, subsequently increasing 

the pyruvate concentration which can be further converted to PEP by the phenylphosphate 

synthase (encoded by ppsA) (Toyoda et al., 2009). Overexpression of ppsA in E. coli 

enhanced the DHAP production 1.8 times (Gosset et al., 1996). Additionally, it was shown 

that the overexpression of GAP dehydrogenase gene gapA, catalyzing the conversion of 

glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate, can enhance the concentration of 

shikimate in C. glutamicum (Kogure et al., 2016) (Fig. 3.2, Supplementary data table 3.1).  

The concentration of the second Trp biosynthesis precursor E4P was increased by 

overexpression of the genes for transketolase (encoded by tkt) and transaldolase (encoded by 

tal) (Ikeda et al., 1999; Kogure et al., 2016; Mao et al., 2018). Additionally, the E4P 

concentration could be enhanced by feeding xylose as a carbon source to recombinant 

C. glutamicum (Mao et al., 2018). Xylose can be converted in the isomerase pathway via 

several steps to ribulose-5-phosphate an intermediate of the pentose-phosphate pathway 

(PPP). By overexpression of xylA from Xanthomonas campestris SCC1758 and xylB from 

C. glutamicum ATCC 13032 C. glutamicum utilized xylose as alternative carbon source 

(Meiswinkel et al., 2013) and thus the E4P concentration could be increased. Hence, 

co-feeding of xylose and glucose could increase the production of halogenated Trp by 

C. glutamicum since the concentration of PEP and E4P should be increased. 

The next step to improve Trp production is the optimization of the shikimate pathway 

(Fig. 3.2; Supplementary data table 3.1). One option is to prevent the by-product formation 

of protocatechuate, which is generated by the 3-dehydroshikimate dehydratase (encoded by 

qsuB) from the Trp biosynthesis intermediate 3-dehydroshikimate. By deletion of qsuB the 

by-product formation was prevented (Purwanto et al., 2018). Another by-product formation 

was prohibited by the deletion of the shikimate 5-dehydrogenase (encoded by qsuD) which 

catalyzes the conversion from 3-dehydroquinate to quinate (Kubota et al., 2013; Kogure et 

al., 2016). Additionally, deletion of qsuD increases the shikimate concentration since the 

enzyme channels the flux in the opposite direction by hydrating shikimate to 

3-dehydroshikimate as well (Purwanto et al., 2018). Further options to optimize the shikimate 

pathway is the overexpression of the pathway genes. It was already shown that 
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overexpression of a feedback resistant aroG (3-deoxy-D-arabino-heptulosonate 7-phosphate 

synthase gene) from E. coli prevented product inhibition by L-phenylalanine (Phe) and 

L-tyrosine (Tyr) in the Trp overproducing C. glutamicum strain Tp679 (Purwanto et al., 

2018). Furthermore, overexpression of endogenous aroBDE (AroB: 3-dehydroquinate 

synthase; AroD: 3-dehydroquinate dehydratase; AroE: NADPH-dependent shikimate 

dehydrogenase) increased the shikimate concentration (Kogure et al., 2016). In addition, 

Kitade and co-workers improved the production of 4-hydroxybenzoic acid and shikimate in 

C. glutamicum by overexpression aroCKB (2-fold integration in the genome) and aroG, 

aroD, aroE and aroA from C. glutamicum and ubiC (chorismate pyruvate-lyase) from 

P. rustigianii (Kitade et al., 2018) (Fig. 3.2; Supplementary data table 3.1). 

The product of the shikimate pathway is chorismate the precursor of all aromatic amino acids. 

Since the chorismate mutase was deleted in the Trp overproducing C. glutamicum strain the 

production of Phe and Tyr was prevented. Further C. glutamicum can convert chorismate to 

isochorismate (catalyzed by isochorismate synthase, entC) or to 4-amino-4-deoxychorismate 

(catalyzed by aminodeoxychorismate synthase, pabAB) a precursor of folate. Deletion of 

pabAB might lead to an increased chorismate concentration but it was shown that 

C. glutamicum became auxotroph for folate by this deletion, however, supplementing with 

1 mM folate restored growth (Stolz et al., 2007). However, the effects of an entC-deletion in 

C. glutamicum are still unknown. 

The last part of the Trp biosynthesis is the Trp pathway from chorismate to Trp. The genes 

of this pathway are encoded in the trp operon. The transcription of the trp operon is regulated 

by the transcriptional repressor LtbR and by attenuation (Herry and Dunican, 1993; Brune et 

al., 2007). Deletion of ltbR causes an increase of the trp operon expression (Brune et al., 

2007). Furthermore, the Trp production was enhanced by the overexpression of the trp 

operon and a feedback-resistant 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase 

(encoded by aroII) from a high-copy plasmid (Katsumata and Ikeda, 1993). As a result, the 

TrpE and the TrpD were strongly feedback inhibited by Trp resulting in a lower Trp 

production compared to the starting strain. To desensitize the enzymes mutagenesis was 

executed (N-methyl-N' -nitro-N-nitrosoguanidine as mutagen) with strains carrying the 

plasmid and the new mutated plasmids were retransformed in the starting strain. The resulting 
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strain produced 43 g L-1 Trp in a fed-batch fermentation and the Ki of TrpE and TrpD was 

increased 500-fold and 25-fold, respectively (Katsumata and Ikeda, 1993). This study 

showed as well, that TrpD was feedback inhibited by 7-Cl-Trp and 7-Br-Trp and thus, Ant 

accumulated in the culture medium (see chapter 2.1 and 2.2). To overcome this issue trpDs 

from E. coli, B. subtilis and B. subtilis spizizenii were overexpressed with an inducible 

expression vector and an optimized RBS for each trpD. Hence, the production of Trp was 

increased up to 3 g L-1 and Ant was completely converted (see chapter 2.3). In the last step 

of the Trp biosynthesis, TrpB requires L-serine as a co-substrate (Fig. 3.2; Supplementary 

data table 3.1). Ikeda and co-workers investigated the influence of higher L-serine 

concentration during the Trp biosynthesis and showed a 1.2-fold improved Trp production 

(Ikeda et al., 1994). In C. glutamicum the L-serine concentration was enhanced by i) deletion 

of the L-serine dehydratase which degrades L-serine to pyruvate, ii) regulation of glyA 

(L-serine hydroxymethyltransferase) via a chromosomal exchange of the native glyA 

promoter by an IPTG inducible promoter and, iii) overexpression of a feedback regulated 

serA (3-phosphoglycerate dehydrogenase gene), serC (Phosphoserine aminotransferase 

gene) and serB (Phosphoserine phosphatase gene) which yielded in a production of 86 mM 

L-serine (Peters-Wendisch et al., 2005). This concentration was enhanced up to 345 mM 

L-serine by deletion of pabABC (resulting in a folate depletion and therefore reduced GlyA 

activity, which made the IPTG dependent regulation dispensable) (Stolz et al., 2007). Taken 

together, by prevention of by-product formation and overexpression of specific genes the 

production of Trp could be increased by a multiple.  

 

3.2.4 Export system identification  

Until now only the import mechanism of Trp in C. glutamicum is known. The importer AroP 

(Aromatic amino acid transport protein) transports specifically Trp, as well as Phe and Tyr 

into the cell (Wehrmann et al., 1995). However, the latter aromatic amino acids can also be 

taken up by another system since they were still imported in an aroP deletion strain of 

C. glutamicum (Wehrmann et al., 1995). The deletion of aroP yielded in a 10 – 20 % higher 

Trp production (Ikeda and Katsumata, 1995) (Fig. 3.2; Supplementary data table 3.1). It is 
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yet unknown if AroP or another importer takes up halogenated Trp. Additionally, the export 

systems of both, Trp and the halogenated derivatives, are not identified so far. Lubitz and 

co-workers showed that overexpression of the exporter lysE (major export system for 

L-lysine, L-arginine and potentially L-citrulline) led to higher production of L-citrulline and 

deletion of cgmR (repressor of cgmA, cgmA exporter of putrescine and cadaverine and 

potentially for L-arginine) resulted in a 5% higher production of L-arginine (Lubitz et al., 

2016). Hence, overexpression of the Trp or halogenated Trp exporter could lead to an 

increase of the halogenated Trp production. To identify the exporter several approaches are 

possible. One method is feeding with a dipeptide, for example, alanyl-tryptophan (Ala-Trp). 

Since C. glutamicum imports and hydrolyzes the dipeptide (Bröer and Krämer, 1991; 

Erdmann et al., 1993) the resulting monomeric L-alanine is easily catabolized but Trp is 

non-catabolizable (see chapter 2.1) which leads to an increased intracellular concentration of 

Trp and thus it has to be exported. The culture fed with Ala-Trp are harvest and analyzed 

with RNA-Seq in comparison to the non-fed cultures. In this work this feeding approach was 

tried out with 3 mM Ala-Trp, but in the RNA-Seq results no transport genes were 

upregulated. Additionally, the Trp and halogenated Trp overproducing C. glutamicum strains 

were cultivated and harvest in the exponential phase and analyzed by RNA-Seq, but the 

exporter(s) for Trp and halogenated Trp were not identified (data not shown). One reason 

that the exporter(s) were not identified may be that the intracellular Trp concentration was 

too low, so the exporter(s) genes were not upregulated. When Trötschel and co-workers 

identified the exporter of methionine (Met) of C. glutamicum by feeding 3 mM methionyl-

methionine (Met-Met) they measured an intracellular concentration of 100 µmol Met per 

gram cell dry mass and around 2 mM Met extracellularly. In this study, extracellular 

concentrations of 0.12 mM and 0.6 mM Trp were measured in the Ala-Trp feeding and the 

Trp production experiment, respectively. Hence, the low concentration of exported Trp may 

be the reason that exporter(s) genes of Trp were not upregulated. Consequently, to achieve 

the upregulation of the exporter(s) genes C. glutamicum could be feed with higher 

concentration of Ala-Trp or a C. glutamicum strain which produces more and faster Trp could 

be used, so that already in the exponential phase around 2 mM Trp are produced and exported 

extracellularly.   
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3.2.5 Adaptive laboratory evolution (ALE) 

Adaptive laboratory evolution (ALE) is a method for the analysis of evolutionary phenomena 

in a controlled laboratory settings (Dragosits and Mattanovich, 2013). Advantages of ALE 

with microorganisms are cultivation in the laboratory, mostly simple medium requirements 

and usually fast growth (Dragosits and Mattanovich, 2013). ALE can improve the growth 

rate (Pfeifer et al., 2017), product titers (Fong et al., 2005; Mahr et al., 2015) or the tolerance 

to stress (Lee et al., 2013; Oide et al., 2015). For the optimization of the fermentative 

production of halogenated Trp with C. glutamicum ALE could be a useful method. On the 

one hand, ALE could improve the growth rate and the production titer, on the other hand, 

stress tolerance to 7-Cl-Trp and 7-Br-Trp could be increased. For the first approach the 

halogenated producing C. glutamicum strain HalT2 could be grown in CGXII minimal 

medium (supplement with glucose and halide salts) and transferred to fresh medium by 

reaching the stationary phase. The process could be repeated until the growth rate and 

production of 7-Cl-Trp and 7-Br-Trp is enhanced. Since ALE could improve the whole 

production process starting from the sugar uptake and precursor supply until the halogenation 

at once it is a promising method. The tolerance of C. glutamicum wildtype to 7-Cl-Trp (Ki 

0.1 mM, see chapter 2.1) and 7-Br-Trp (Ki 0.32 mM, see chapter 2.2) is low. To optimize its 

tolerance, C. glutamicum could be cultivated with 7-Cl-Trp and 7-Br-Trp. If C. glutamicum 

adapts to the substance (higher Ki) the concentration could be increased until an approved 

stress tolerance is reached. A disadvantage of the method is the high price of 7-Cl-Trp (e.g. 

abcr GmbH: 411.5 € per 250 mg (https://www.abcr.de/)) and 7-Br-Trp (e.g. Santa Cruz 

Biotechnology, Inc.: 153 € per 250 mg (https://www.scbt.com/home)) which have to be 

added to the medium. To reduce the cost the halogenated Trp could be produced in a 

fermentative production with C. glutamicum HalT2 in HSG medium and the product could 

be purified and isolated (description see chapter 2.2). To retrace adaption processes different 

omics analyses could be carried out. The resulting strains could be resequenced to evaluate 

the mutations that occured or screened in an RNA-Seq to determine the up- and 

downregulated genes (Choe et al., 2019).  
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3.2.6 Optimization of the indole production 

The production of indole differs between microorganisms and plants. In microorganisms, Trp 

is converted by the tryptophanase to indole (see Fig. 2.4.1) and in plants indole-3-glycerol 

phosphate (IGP) is converted by the indole-3-glycerol phosphate lyase to indole (Frey et al., 

1997; Lee and Lee, 2010) (Fig. 3.1).  

 

Figure 3.1: Schematic reaction of an indole-3-glycerol phosphate lyase. Indole-3-glycerol phosphate lyase 
is converted by the indole-3-glycerol phosphate lyase (IGL) to free indole, D-glyceraldehyde 3-phosphate. 
 

In this study, indole was produced by the overexpression of tryptophanases genes (tnaA) 

from different microorganisms in the Trp overproducing C. glutamicum strain (see chapter 

2.4). Additionally, optimization strategies, like enhanced tnaA expression or increased 

precursor supply were discussed (see chapter 2.4). But until now, it was not considered to  

transfer the plant indole production pathway to C. glutamicum. Since I3P is an intermediate 

in the Trp biosynthesis C. glutamicum could be metabolically engineered for the 

overproduction of IGP (see above: precursor supply, export system, ALE). To accumulate 

IGP and prevent the conversion to Trp the tryptophanase synthase (encoded by trpBA) could 

be deleted or downregulated, whereby deletion led to Trp auxotrophic strain (Swift and 

Stewart, 1991). 
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Figure 3.2: Schematic overview of strategies for metabolic engineering of C. glutamicum for an optimized 

halogenated L-tryptophan production. The optimization steps are divided in following improvements: PEP 
and E4P supply (purple), shikimate pathway (yellow), Trp pathway (grey), co-factor regeneration (orange), 
halogenation reaction (red-green) and the export (bright turquoise). Heterologously expressed genes are marked 
by black boxes, endogenously overexpressed genes are marked by ↑ and deleted genes are showed by red 
crosses. The question mark indicates a not identified exporter. These lines (┤) indicate transcriptional repression 
of the genes, + indicated transcriptional activation, red + indicated enhanced NADH concentration by deletion 
of ldhA and the * indicates that the riboluse-5-phoshate dirves from the pentose-phosphate pathway. Genes 
without further organism description derive from C. glutamicum. PEP and E4P supply (purple): glucokinase 
from B. subtilis (encoded by glcKBs), xylose isomerase from X. campestris (encoded by xylA), xylulokinase 
(encoded by xylB), transketolase (encoded by tkt), transaldolase (encoded by tal), DHAP phosphatase (encoded 
by hdpA), pyruvate kinase (encoded by pyk), NADH dependent lactate dehydrogenase (encoded by ldhA), 
phenylphosphate synthase (encoded by ppsA); Shikimate pathway (yellow): feedback resistant 
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3-deoxy-D-arabino-heptulosonate 7-phosphate synthase from E. coli (encoded by aroGEc), 3-dehydroquinate 
synthase (encoded by aroB) 3-dehydroquinate dehydratase (encoded by aroD) NADPH-dependent shikimate 
dehydrogenase (encoded by aroE) shikimate kinase (encoded by aroK) 5-enolpyruvylshikimate 3-phosphate 
synthase (encoded by aroA) chorismate synthase (encoded by aroC); Trp pathway (grey): chorismate mutase 
(encoded by csm), anthranilate synthase (encoded by trpG, trpE), anthranilate phosphoribosyltransferase 
(encoded by trpD),phosphoribosyl anthranilate isomerase (encoded by trpF), indole-3-glycerol phosphate 
synthase (encoded by trpC), tryptophan synthase (encoded by trpB, trpA), 3-phosphoglycerate dehydrogenase 
(encoded by serA), phosphoserine aminotransferase (encoded by serC), phosphoserine phosphatase (encoded 
by serB); co-factor regeneration (orange): anti-sigma factor (encoded by rshA), sigma factor H (encoded by 
sigH), bifunctional enzyme riboflavin kinase/ FMN adenylyltransferase (encoded by ribF), riboflavin kinase 
from C. famata (encoded by FMN1Cf), FAD synthetase from D. hansenii (encoded by FAD1Dh); halogenation 
reaction (red-green): FAD-dependent halogenase from L. aerocolonigenes (encoded by rebHLa), chaperones 
(encoded by groES and groEL), NADH-dependend flavin reductase from L. aerocolonigenes (encoded by 
rebFLa), maltose binding protein (MBP). 
 
In Zea mays two indole-3-glycerol phosphate lyases are encoded, BXI and IGL, which 

catalyze the conversion of IGP to free indole (Frey et al., 1997; Frey et al., 2000). In vitro 

BX1 and IGL had a catalytic efficiency of 215 mM-1s-1 and 23 mM-1s-1, respectively (Frey et 

al., 2000). Until now, overexpression of indole-3-glycerol phosphate lyase genes in an IGP 

overproducing C. glutamicum strain was not described, however, it could lead to indole 

production. 

 

3.3 Expansion of the genetic code by halogenated L-tryptophan derivatives 

For a long time, peptide and protein engineering was restricted to 20 standard proteinogenic 

L-amino acid. In the 1950s the first incorporation of non-canonical (non-natural) amino acids 

(ncAAs) by replacing the canonical amino acid (cAA) counterparts in E. coli was established 

(Cowie and Cohen, 1957). In 1989 for the first time Schultz and co-workers reported the 

introduction of ncAAs into specific positions in the protein by genetic code expansion 

expanding the functions of proteins (Noren et al., 1989). In different in vitro and in vivo 

studies various new peptides and proteins with a wide range of properties were observed 

(Blaskovich, 2016; Zhou et al., 2016; Zambaldo et al., 2017). To incorporate ncAAs in vivo 

in the peptide or protein two methods are known: the genetic code engineering (or 

supplementation-based incorporation method (SPI)) and the genetic code expansion (or stop 

codon suppression (SCS)) (Hoesl and Budisa, 2012; Zhou et al., 2016). In the genetic code 

engineering method canonical amino acids (cAAs) are replaced by the ncAAs during 
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translation in a cAA analogous auxotrophic strain. This is only feasible with isostructural 

ncAAs because they are recognized by the host cell machinery and are loaded to endogenous 

tRNA synthetases (Yoshikawa et al., 1994). Isostructural ncAAs are isosteric to their cAAs 

analogs, for example, by single-atom substitutions such as H for F, S for CH2, or H for OH 

(Budisa et al., 1998). Orthogonal ncAAs cannot be used since they cannot precipitate in the 

usual translation (Zhou et al., 2016) For the antibiotic lichenicidin, the genetic code 

engineering method was chosen (Oldach et al., 2012). Plasmids encoding for the synthesis 

of the prepropeptides Bliα and Bliβ and a fosmid encoding the posttranslational lantibiotic 

biosynthesis machinery were overexpressed in Trp, methionine (Met) and proline (Pro) 

auxotrophic E. coli strains. The resulting strains were cultivated with the isostructural ncAAs, 

which yielded in lichenicidin incorporated with ncAAs (Oldach et al., 2012). Hence, the 

endogenous tRNA synthetase recognizes the added ncAAs. Furthermore, isostructural Trp 

analogs, like 5-fluoro-tryptophan, 5-hydroxy-tryptophan or 5-methyl-tryptophan were 

accepted by the tryptophanyl-tRNA synthetase from Lactococcus lactis (Zhou et al., 2016). 

These Trp analogs were introduced in the antimicrobial peptide nisin A at the Trp encoding 

codon (nisin naturally does not encode Trp residues, by engineering the nisin A gene four 

Trp residues were introduced) (Zhou et al., 2016). By the incorporation of the Trp analogs, 

the antimicrobial activity of nisin A remained the same or decreased dramatically. 

In case of the genetic code expansion method ncAAs are inserted to the amino acid repertoire 

by site-specific incorporation in response to stop or quadruplet codons by heterologous 

expressing orthogonal aminoacyl-tRNA synthetase:tRNA pairs (o-pairs) which recognize the 

ncAAs (Hoesl and Budisa, 2012). This approach can use orthogonal as well as isostructural 

ncAAs (Zhou et al., 2016). The genetic code expansion method was carried out for example 

by Xie and co-workers, which incorporate p-iodo-L-phenylalanine in the bacteriophage 

T4 lysozyme in E. coli by overexpressing Methanococcus jannaschii tyrosyl-tRNA 

synthetase (TyrRS):tRNATyr
CUA pair (Xie et al., 2004). In this study, the orthogonal ncAAs 

7-Cl-Trp and 7-Br-Trp were produced fermentatively by C. glutamicum (see chapter 2.1, 2.2, 

2.3). Thus, this ncAAs could be introduced in the peptide and protein biosynthesis of 

C. glutamicum to generate new peptides and proteins. Since 7-Cl-Trp and 7-Br-Trp are 
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orthogonal an orthogonal aminoacyl-tRNA synthetase:tRNA pair which accepts this ncAAs 

have to be overexpressed. A promising pair is the phenylalanyl-tRNA synthetase (yPheRS 

(T415G)) with the mutant yeast amber suppressor tRNA (ytRNAPheCUA_UG) (Kwon and 

Tirrell, 2007). Kwon and co-workers showed, that by overexpressing this o-pair the Trp 

analogs 6-bromo-tryptophan, 6-chloro-tryptophan, 5-bromo-tryptophan and 

benzothienylalanine (BT) were incorporated into a protein. They placed at the 38th position 

of the murine dihydrofolate reductase (mDHFR) an amber stop codon to enable the 

incorporation of the Trp analogs. Indeed the mDHFR incorporated with 6-bromo-trpytophan 

showed the highest expression yield but the highest catalytic efficiency was observed by 

mDHFR with 6-chloro-tryptophan (Kwon and Tirrell, 2007). To establish the same system 

in C. glutamicum the o-pair yPheRS (T415G):ytRNAPhe
CUA_UG and a gene encoding for a 

protein harboring an amber codon could be overexpressed in the halogenated Trp producing 

strain. In this case it has to be considered that if the concentration of halogenated Trp is too 

low an incorporation of Trp instead of halogenated Trp could take place. Thus, the expression 

of the target gene could be induced if the concentration of halogenated Trp reached the 

necessary concentration. Hence, with this system 7-Cl-Trp and 7-Br-Trp could be introduced 

at a specific position (amber codon) in a chosen target protein. The incorporation of 

orthogonal ncAA in all cAA analog codons, for example, orthogonal halogenated Trp in the 

Trp codon, by genetic code engineering, has not been described yet, since it is not 

investigated if an aminoacyl-tRNA synthetase:tRNA pair exists which accepts orthogonal 

halogenated Trp to introduce it at the Trp codon. Thus, it is unlikely that C. glutamicum 

introduce 7-Cl-Trp and 7-Br-Trp random in the protein instead of Trp during the halogenated 

Trp production process or by extracellular added 7-Cl-Trp and 7-Br-Trp. 

Nevertheless, random mutations in an endogenous tRNA synthestase:tRNA pair of 

C. glutamicum triggered by the halogenated Trp could lead to an introduction of 7-Cl-Trp 

and 7-Br-Trp in the Trp codons. This could be investigated by amino acid composition 

analysis of the whole proteome of C. glutamicum after feeding halogenated Trp or after the 

production process. The analysis method consists of two steps: hydrolysis of the substrate 

and chromatographic separation and detection of the amino acid residues (Fountoulakis and 
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Lahm, 1998). Based on the amino acid composition the incorporation of halogenated Trp 

could be proven. 

Incorporation of ncAAs, by genetic code engineering or genetic code expansion in different 

peptides and proteins have various effects, as described for the lipase of Thermoanaerobacter 

thermohydrosulfuricus, where isostructural Met, Pro, Phe or Tyr analogs were incorporated 

(Hoesl et al., 2011). By the incorporation of the ncAA meta-fluorophenylalanine the enzyme 

activity and the substrate tolerance were enhanced up to 20% or 40%, respectively. In 

addition, the temperature and pH optimum differ up to 20°C and pH 3, respectively, with 

different ncAAs (Hoesl et al., 2011). Another effect of the isostructural incorporation can be 

the increased stability of a protein shown for ubiquitinin which contained 

(2S,4R)-4-fluoroproline (Crespo and Rubini, 2011). A disadvantage of the genetic code 

engineering is that only the isostructural ncAAs are introduced and hence the effect of only 

a few ncAAs can be investigated. In comparison the genetic code expansion can introduce 

the isostructural and the orthogonal ncAAs. Additionally, in this approach one specific 

position is targeted which allows selective analysis of protein parts and if the ncAAs are 

located at accessible positions further reactions, like cross-couplings are feasible. Brustad 

and co-workers used this approach for single-molecule fluorescence resonance energy 

transfer (smFRET) (Brustad et al., 2008). In the bacteriophage T4 lysozyme 

p-acetylphenylalanine was incorporated at position D72 and hydroxylamine-containing 

fluorophore was added. The dye reacts with the ketone amino acid and fluorescence was 

measure. This method was used to construct dual-labeling of the lysozymes to investigate 

their folding with smFRET (Brustad et al., 2008). Since the cross-coupling reactions 

Suzuki-Miyaura (Roy et al., 2008) and Mizoroki–Heck (Gruß et al., 2019) worked with 

7-Cl-Trp and 7-Br-Trp they could be used in this approach, for example for the purification 

of the protein. 7-Cl-Trp and 7-Br-Trp could be used as ncAAs in the genetic code expansion 

to place them at the specific surface position from a protein such that the cross-coupling 

reaction could be carried out. Due to this cross-coupled substitute the protein could be 

purified from the crude extract and further analyzed without complex purification steps. 

Taken together, the substitution of Trp residues by orthogonal halogenated Trp in a protein 
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has not been described yet. But the incorporation of 7-Cl-Trp and 7-Br-Trp at specific 

position in a protein could be carried out and used for purification or labeling of proteins. 

 

3.4 Processing halogenated L-tryptophan to expand the halogenated 

product portfolio  

In this study, 7-Cl-Trp and 7-Br-Trp were produced by fermentation with recombinant 

C. glutamicum. These products could serve as precursors for the production of other 

halogenated substances. Hence, the product portfolio of C. glutamicum based on 7-Cl-Trp 

and 7-Br-Trp could be extended by various approaches: i) Trp is a starting substrate for the 

production of several substances such as serotonin, indigo, and indirubin. Instead of using 

Trp, 7-Cl-Trp and 7-Br-Trp (or other halogenated Trp) could be used as precursor creating, 

for example, new-to nature halogenated products, ii) since the production of C7 halogenated 

Trp by C. glutamicum was established in this study the de novo synthesis of C5 and C6 

halogenated Trp by C. glutamicum could be investigated. The resulting products could be 

implemented instead of 7-Cl-Trp in the biosynthesis of rebeccamycin and pyrrolnitrin, and 

iii) 7-Br-Trp could be incorporated in the biosynthesis of rebeccamycin and pyrrolnitrin to 

receive the brominated forms of these compounds. Thus, various genes could be expressed 

in C. glutamicum to achieve production of new halogenated products. Although, it is not 

known for all described enzymes whether they accept halogenated compounds as substrate. 

For the first expansion approach, halogenated Trp could be used instead of Trp as precursor 

to achieve new halogenated compounds. 

A new product reachable by one catalysis step is 7-chloroindole and 7-bromoindole 

(Fig. 3.3). The tryptophanase from E. coli accepts beside his natural product Trp, various Trp 

derivatives, like chloro-tryptophan and methyl-tryptophan (Snell, 1975). In this study, three 

tryptophanases were tested on their substrate spectrum (see chapter 2.4). It was shown for 

the tryptophanases from E. coli and P. vulgaris that they accept either 7-Cl-Trp as well as 

7-Br-Trp as substrate. Further, indole could be processed by enzymes to the dyes indigo (dark 

blue) or indirubin (red-violet) (Fig 3.3). Indirubin is the structure-isomer of indigo and the 

biosynthetic pathway of both is similar. The precursors indoxyl and 2-hydroxyindole derive 

by different pathways (Ma et al., 2018), for example, i) a naphthalene dioxygenase (NDO) 
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transfers two oxygen atoms to the indole resulting in cis-indole-2,3-dihydrodiol which is 

spontaneously converted to indoxyl, or ii) a flavin-containing monooxygenase (FMO) 

transfers under consumption of NADPH an oxygen atom to indole yielding in 

2-hydroxyindole or indoxyl (Ensley et al., 1983; Han et al., 2013; Jung et al., 2018). To yield 

indigo two indoxyl molecules are dimerized (Ensley et al., 1983). Indirubin is dimerized from 

different precursors, depending on the production pathway of the substrates: i) if only indoxyl 

is produced (NDO pathway) indirubin is synthesized from indoxyl and isatin (indoxyl 

derivative) (Berry et al., 2002), or ii) it is dimerized from 2-hydroxyindole and indoxyl 

deriving from the FMO pathway (Han et al., 2013) (Fig. 3.3). Overexpression of the NDO 

from Pseudomonas putida in an E. coli (natural indole producer) yielded in indigo production 

(Ensley et al., 1983; Berry et al., 2002). Indirubin production in E. coli was achieved by 

overexpression of the FMO from Methylophaga aminisulfidivorans (Han et al., 2013). By 

integration of the genes for the production of, for example, indirubin in the halogenating 

C. glutamicum strain the halogenated indirubin derivatives could be produced, which have 

potency as anti-cancer substance (Ji and Zhang, 1985; Ferandin et al., 2006).  

Furthermore, Trp is a starting substrate for the production of serotonin and melatonin. First 

Trp is decarboxylated to tryptamine (Fig. 3.3) which is catalyzed by various tryptophan 

decarboxylases. A promising candidate for the decarboxylation of halogenated Trp is the 

tryptophan decarboxylase from C. roseus since the enzyme accepts halogenated Trp as 

substrate (Fräbel et al., 2016). Tryptamines occur in several biological active products and in 

pharmaceuticals (Kochanowska-Karamyan and Hamann, 2010). Halogenated tryptamines 

have potential as antibiotics or radiopharmaceuticals (Tymiak et al., 1985; Dragulska and 

Kańska, 2014). The next interesting compound, the neurotransmitter serotonin, derives from 

tryptamine or 5-hydroxytryptophan depending on the organism. In plants, Trp is first 

decarboxylated to tryptamine and this is hydroxylated to serotonin by the 

tryptamine-5-decarboxylase (Schröder et al., 1999). In animals, Trp is hydroxylated to 

5-hydroxyl-tryptophan and the carboxyl group is eliminated by the aromatic L-amino acid 

decarboxylase (Welford et al., 2016). Halogenated serotonin is not well investigated. But it 

was shown, that another neurotransmitter dopamine is highly stable in the chlorinated form 

and has the potential as detection agent for the study of Parkinson's disease patients 
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(Kalogiannis et al., 2016). By conversion of serotonin the hormone melatonin is synthesized 

in humans and mammals. It regulates circadian rhythms such as the sleep-wake rhythm or 

neuroendocrine rhythms (Hastings, 1991; Brzezinski, 1997). Two melatonin biosynthetic 

pathways are described. In the plant, pathway serotonin is O-methylated to 

5-methoxytryptamine by the N-acetylserotonin O-methyltransferase. Further, 

5-methoxytryptamine is N-acetylated by the serotonin N-acetyltransferase to melatonin 

(Byeon et al., 2016; Tan et al., 2016). In the pathway occurring in animals, the 

N-acetyltransferase converts serotonin to N-acetylserotonin which is converted to melatonin 

catalyzed by the N-acetylserotonin O-methyltransferase (Kang et al., 2013). Halogenated 

melatonin, which has potential as anti-reproductive agent, could be produced in the 7-Cl-Trp 

and 7-Br-Trp producing C. glutamicum strain by implementation of the genes for the 

melatonin pathway (Clemens et al., 1980; Richardson et al., 1983).  

Further on, to expand the product portfolio genes from the plant C. roseus (see chapter 3.1), 

which accept halogenated compounds, could be integrated in C. glutamicum to produce 

halogenated alkaloids (12-chloro-19,20-dihydroakuammicine and 12-bromo-19,20-

dihydroakuammicine), which derive from halogenated tryptamine (Runguphan et al., 2010). 

Products containing akuammicine have pharmaceutical applications (Menzies et al., 1998). 

In addition, 7-Cl-Trp and 7-Br-Trp could be used as substrate for a second functionalization 

reaction, for example, methylation (Fig. 3.3). Other functionalizations beside the 

halogenation could lead to new properties of the product. In a recombinant C. glutamicum it 

was shown, that the wildtype N-methyl-L-amino acid dehydrogenase (DpkA) from 

Pseudomoanas putida catalyzed the N-methylation of pyruvate to N-methyl-L-alanine (Mindt 

et al., 2018) or the N-methylation of glyoxylate to sarcosine (Mindt et al., 2019b). By rational 

enzyme engineering of the DpkA (resulting in DpkAF117L) the production of sarcosine was 

accelerated (Mindt et al., 2019a). Since DpkA and the mutant version DpkAF117L have a wide 

substrate spectrum (Mihara et al., 2005; Mindt et al., 2019a) they may accept halogenated 

Trp as substrate. Another enzyme, which could be used for the methylation of halogenated 

Trp is the cobalamin dependent radical S-adenosylmethionine methylase TsrM which 

methylates various Trp derivates such as 6-chloro-tryptophan, 6-fluoro-tryptophan or 

7-methyl-tryptophan at the C2 position (Blaszczyk et al., 2017).  
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The second expansion approach is the implementation of the C5 and C6 halogenated Trp in 

the biosynthesis of rebeccamycin and pyrrolnitrin. Sánchez and co-workers substituted rebH 

by pyrH encoding for the FAD-dependent 5-halogenase from Streptomyces rugosporus 

LL-42D005 or by thal encoding for the FAD-dependent 6-halogenase from 

Streptomycesalbogriseolus (Sánchez et al., 2005) and overexpressed them with the rebODCP 

genes encoding for the enzymes catalyzing the next steps in the rebeccamycin biosynthesis. 

Thus, the produced 5-chloro-tryptophan (produced by PyrH) was converted by RebOD to 

9-chloro-chromopyrrolic acid and 9,9´-dichloro-chromopyrrolic acid but in the next step, 

only the monochlorinated 3-chloro-arcyriaflavin instead of the dechlorinated 

3,3´-dichloro-arcyriaflavin was produced by RebCP. When 6-chloro-tryptophan (produced 

by Thal) was the starting substrate already the first conversion step failed and only the 

monochlorinated 10-chloro-chromopyrrolic acid was produced (Sánchez et al., 2002) 

(Fig. 3.4). Hence, the production of C5 and C6-substituted rebeccamycin is unfeasible by 

overexpressing the natural reb operon with pyrH and thal. To achieve a pyrrolnitrin analog, 

thal was overexpressed in the pyrrolnitrin producing strain Pseudomonas chlororaphis ACN 

(Seibold et al., 2006). The first catalytic step, the ring arrangement and decarboxylation of 

6-chloro-tryptophan catalyzed by PrnB, was successfully yielding in 

3-(2'-Amino-4'-chlorophenyl)pyrrole (Kirner et al., 1998; Seibold et al., 2006) (Fig. 3.4).  

The following steps catalyzed by PrnC and PrnD were not carried out since the enzymes did 

not accept the new intermediate as substrate. Hence, production of C5 and C6 substituted 

rebeccamycin and pyrrolnitrin is not feasible with the natural reb and prn genes. By enzyme 

engineering, the Reb and Prn enzymes could be optimized regarding their substrate spectrum 

(Payne et al., 2015). The optimized genes could be overexpressed in C. glutamicum together 

with the genes coding for the C5 and C6 FAD-dependent halogenase to produce C5 and C6 

substituted rebeccamycin and pyrrolnitrin. 

The third expansion approach is the exchange of 7-Cl-Trp by 7-Br-Trp for the production of 

rebeccamycin and pyrrolnitrin. In nature different kinds of halogenases were discovered, 

whereby chlorinating and brominating halogenases are the most common ones (Gribble, 

2004). Nevertheless, for several halogenases, it was observed that they accept more than one 

halogen. For example, the FAD-dependent halogenases RebH and PrnA accept chlorine as 
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well as bromine (Van Pée et al., 1983; Yeh et al., 2005). Hence, the supplementation of 

bromine in the biosynthesis of rebeccamycin and pyrrolnitrin could lead to new brominated 

products. In this study, it is shown that the addition of sodium bromide facilitated the 

halogenated Trp producing C. glutamicum strain production of 7-Br-Trp (see chapter 2.2), 

whereby the concentration of bromide ions was 150 times higher than of chloride ions in the 

cultivation since RebH prefers chlorination over bromination (Yeh et al., 2005). Lam and 

co-workers showed in addition, that all following enzymes in the biosynthetic production of 

rebeccamycin accept the brominated substrates as well. They cultivated the rebeccamycin 

producing strain L. aerocolonigenes with potassium bromide which resulted in the 

production of the rebeccamycin analog bromorebeccamycin (Lam et al., 1991) (Fig. 3.4). 

The antitumor activity of rebeccamycin does not differ between the chlorinated or the 

brominated analog (Lam et al., 1991). The same observations were done for pyrrolnitrin, 

when sodium bromide was added to the cultivation of the pyrrolnitrin producing strain 

Pseudomonas aureofaciens ATCC 15926 the brominated analog was produced (Van Pée et 

al., 1983) (Fig. 3.4). Hence, the production of the brominated analogs of rebeccamycin and 

pyrrolnitrin could enable in C. glutamicum by overexpression of the reb or the prn operon, 

respectively.  

All in all 7-Cl-Trp and 7-Br-Trp are promising precursors for several new products, which 

can have applications in the chemical, pharmaceutical or agrochemical industries. Since all 

conversion steps are enzymatically catalyzed or spontaneously the pathways could be 

transferred to the halogenated Trp producing C. glutamicum strain to investigate the 

production of various derivatives of halogenated 7-Cl-Trp and 7-Br-Trp (or other 

halogenated Trp). 
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Fig. 3.4: Schematic overview of the rebeccamycin and pyrrolnitrin analogs. The first intermediate of the 

biosynthesis of rebeccamycin and pyrrolnitrin 7-Cl-Trp was exchanged by 5-Cl-Trp, 6-Cl-Trp, and 7-Br-Trp. 

The chemical structures of the resulting analogs are displayed.  

Taken together, the fermentative production of halogenated Trp and indole with 

C. glutamicum is environmentally friendly and efficient. Consequently, it is a promising 
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initiation step for a wide range of prospects: i) indole and halogenated Trp could be further 

processed by C. glutamicum for expansion of the product portfolio, ii) the investigation of 

the other C-substituted Trp´s is promising since the production of 7-Cl-Trp and 7-Br-Trp is 

established, and iii) 7-Cl-Trp and 7-Br-Trp could be incorporated as ncAAs in peptides and 

proteins for proteomic studies. Hence, fermentative production of halogenated Trp and indole 

by C. glutamicum opens the possibilities to expand the product portfolio to new halogenated 

compounds by bacterial fermentation.  
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