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Section A

Dissimilatory reduction of (per)chlorate

Oxochlorates are of general interest as environmental contamination by them can be a serious
health and environmental problem. Perchlorate (ClO,), mainly resulting from anthropogenic
pollution, can be ubiquitously found in different environments like soil, vegetation, groundwater
and surface water. Besides this it is also known from a few natural sources e.g. in Texas, New
Mexiko, Utah and Chile (29, 32). Perchlorate is mainly used as oxidizer in flares, pyrotechnics,
explosives, and numerous other applications. The recent detection of environmental
contamination has primarily been associated with its use in rocket propellants and missile motors.
If high amounts of perchlorate are ingested by human, it interferes with iodine uptake by the
thyroid gland leading to serious health problems (32). Other oxochlorates like chlorate (ClIO3),
chlorite (ClO,), hypochlorite (HOCI), and chlorine dioxide (ClO,) are used or released as by-
products of bleaching processes in textile, paper and pulp industries, as disinfectants and
herbicides. However, the natural occurrence of oxochlorates is limited and therefore does not

explain the high diversity of (per)chlorate reducing bacteria (PCRB) (7).

Bioremediation of (per)chlorate is an important aspect in removal of anthropogenic pollution with
these compounds. The complete reduction of ClIO, under anaerobic conditions occurs in three

steps involving at least two enzymes (7, 38). ClO,/ClO; thereby act as alternative electron

acceptors:
Perchlorate (Per)chlorate Chlorite
reductase reductase dismutase
) 2H*, 2e ) 2H*, 2e” ) )
clo, — > oy —y> oy ——CF * 0,
2 Hzo

Equation 1: according to (35)

Perchlorate reductase (Pcr) is a molybdopterin-dependent enzyme of the DMSO reductase family,

capable of catalyzing the first two steps from ClO, to ClO,, thereby producing one water



Section A
molecule at each step (4, 23). In mere chlorate reducers like Ideonella dechloratans, chlorate
reductase, an enzyme belonging to the same family as the Pcr, is responsible for the production of

chlorite (38).

Initially, chlorate reduction has primarily been associated with nitrate-respiring organisms, where
chlorate was assumed to be a competitive substrate for nitrate reductase (34). However, the end
product of chlorate reduction is toxic chlorite and there was no evidence that these bacteria could
utilize this compound (7). Since the discovery of PCRB, it was shown that many, but not all of
these organisms, are capable of nitrate respiration (2, 6, 15, 42, 43). Interestingly, in 2002, it was
shown for the PCRB Dechlormonas suillum that the concomitant presence of perchlorate and
nitrate in the medium, generally induced nitrate reduction prior to perchlorate reduction. Only
when all nitrate was consumed, perchlorate reduction and also chlorite dismutase activity was
detectable. This demonstrates an important link between the nitrate and perchlorate reduction
pathways in this organism (6). A slightly different picture was shown by Giblin et al. (15). In strain
perlace, perchlorate and nitrate reduction occur simultaneously if both substrates are present.
The rate of reduction was only marginally reduced with both substrates present compared to the
presence of only one of these electron acceptors. Thus, the authors suggested the presence of

two different reductases involved.

Chlorite dismutase — a ubiquitous chlorite degrading enzyme?

The last step in the reduction pathway from toxic CIO, to harmless CI" and O, is catalyzed by
chlorite dismutase (Cld). The name “chlorite dismutase” is misleading as the reaction is not a
dismutation or disproportionation of chlorite, but an intramolecular redox reaction. The correct
name should therefore be chloride:oxygen oxidoreductase or chlorite O2-lyase (EC1.13.11.49) as
suggested by Hagendoorn et al. (18). However, to be in conformance with broadly established

nomenclature, throughout this thesis, the name chlorite dismutase will be used.
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Section A
The first report about a chlorite dismutase was published by van Ginkel et al. in 1996 (39)
characterizing the Cld of strain GR-1 (now Azospira oryzae GR-1). Since then, six other cld genes
from validated PCRB as well as other known bacteria followed. These comprise Cld from the
PCRBs I. dechloratans (33, 37), Dechloromonas agitata (3, 6, 27), Dechloromonas aromatica RCB
(35) and Pseudomonas chloritidismutans (26) as well as the extremely thermophilic bacterium
Thermus thermophilus HB8 (11) and the nitrite-oxidizer ‘Candidatus Nitrospira defluvii’ (25).
Furthermore, for Moorella perchloratireducens (2) and Alicycliphilus denitrificans Strain BC (41),
chlorite degradation could be shown but no experimental and/or sequence data about cld was

provided.

Archaea

. Nifrospirae
Proteobacterna
Chiorofiexi

. Actinobactena
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Fig. A.1: Maximum likelihood tree based on amino acid sequences of Cld-like proteins. Colours depict the
affiliations of the respective organisms with bacterial and archaeal phyla according to 16S rRNA-based
phylogeny. Sequences marked with an asterisk are Cld-like domains in fusion proteins. White circles represent
quartet puzzling reliability values >70%. Black circles symbolize additional high parsimony bootstrap support (>
90%) based on 100 iterations. The scale bar depicts 0.1 substitutions per residue (with permission from (24)).
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Section A
Recently, extensive sequence analysis revealed a large number of genes encoding proteins with
similarities to known chlorite dismutases (25). These sequences derive from known and
sequenced organisms as well as from metagenomic reads, thereby revealing a huge protein
family. Surprisingly, the majority of the sequences belonged to different members of Bacteria and
Archaea not known to respire on (per)chlorate. Cld-based phylogenies also suggested lateral gene
transfer of c/ld genes occurring not only within Bacteria and Archaea but also between these two
domains (Fig. A.1 (25)). This ubiquitous distribution of c/d genes also raises the question if all of
these genes really encode functional chlorite dismutases (25). Maixner et al. hypothesised that
the specialization of Cld in the (per)chlorate reduction pathway might be a relatively recent event
in terms of evolution, since chlorite is mainly an industrial contaminant. The association of Cld
with an antibiotic monooxygenase domain in H. volcanii (1) might also indicate the importance of
oxygen formation by Cld to allow further crucial reactions in the cell under oxygen-limited
conditions. This is further supported by observations of Coates et al. (8). In their study, chlorite
degradation by D. agitata strain CKB enabled hydrocarbon-oxidizing bacteria to degrade
hydrocarbons under anaerobic conditions. Another interesting observation about c/d was made in
the non-PCRB Staphylococcus aureus. Ji et al. showed that cld is a gene essential for growth in S.
aureus by applying a genome-wide antisense RNA approach (22). This was the first report about a
cld-like gene being essential, which is remarkable because all known and validated Clds derive

from organisms that are not - or only with difficulties - genetically modifiable.

All so far validated Clds share common features like the homo-multimeric structure of the active
enzyme with a mean subunit size of 28.5 kDa. All of them are assumed to be located in the
periplasm as indicated by signal peptide prediction. The characteristic Soret peak indicated an
iron protoheme IX ligand suggested to be a heme b. The optimal temperatures of the validated
Clds are between 25°C-30°C and the pH optimum is about pH 6 (26). Reports about the expression
of cld are controversial. Some studies show a dependence of cld expression on low oxygen

concentrations and the presence of (per)chlorate (3, 6, 27), whereas others state a basal or even
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constitutive cld expression under aerobic conditions (7, 25, 42) even without the addition of

(per)chlorate.

Thirteen years after the first study of a chlorite dismutase, the mechanism of chlorite degradation
was proposed by Lee et al. (24). The authors suggest an 0-O bond forming mechanism similar to
photosystem Il. Thereby, compound | results from the transfer of an oxygen atom from chlorite to
the ferric heme. The oxygen atoms from compound | and from the generated hypochlorite

recombine again to yield O, and CI" (Fig. A.2).
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Fig. A.2: Reaction pathway of chlorite degradation by Cld as proposed by Lee et al. (with permission from (24))

This mechanism was highly supported by the crystal structure of Cld from A. oryzae GR-1 (10)

revealing important residues for heme coordination and ligand binding (see section B).

Listeria monocytogenes

As described above, many cld or cld-like sequences found in the available databases derive from
various organisms. The abundance of c/d in organisms not capable of (per)chlorate reduction was
surprising and raised several questions: why do these organisms harbour a chlorite dismutase
gene and does the gene product of cld really function as a chlorite degrading enzyme in these
organisms or does it have a different function? To answer these questions we chose to investigate
the putative chlorite dismutase gene of L. monocytogenes. This microorganism appeared to be a
very suitable candidate to characterize a gene with unknown function due to various reasons: (i)
fully sequenced genome available (16), (ii) established lab techniques allow a wide range of

different experiments (21), (iii) capability of survival in diverse environments like soil, silage and
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Section A
sludge (12, 28) as well as intracellularly in different host cells (13, 17, 30) and (iv) well described

physiology and pathogenesis (17, 19).

The genus Listeria belongs to the phylum Firmicutes together with the genera Bacillus,
Clostridium, Enterococcus, Streptococcus and Staphylococcus. Listeria spp. are described as non-
spore-forming, motile, rod shaped, facultatively-anaerobic, Gram-positive bacteria that can grow
over a broad range of pH (pH 4.5 — 9) and temperature (0-45°C) conditions (19). The six species
belonging to this genus comprise Listeria monocytogenes, Listeria ivanovii, Listeria innocua,
Listeria seeligeri, Listeria welshimeri, and Listeria grayi (31). Only L. monocytogenes and L. innocua

are known pathogens able to cause diseases in humans and/or animals.

L. monocytogenes was first described by E.G.D. Murray in 1926 following an epidemic affecting
rabbits and guinea pigs in animal care houses in Cambridge (England) (Fig. A.3). The first human

cases were confirmed in 1929 (9).

E.G.D. Murray

Reprinted from Tz JOURNAL OF PATHOLOGY AND BacTERIOLOGY, Vol XXIX., 196

A Disease of Rabbits characterised by a Large
Mononuclear Leucocytosis, caused by a
hitherto undescribed Bacillus  Bacterium
Monocyeogenes (n.sp.)

BY
E. G. D. MURRAY, R. A. WEBB axp M. B. R. SWANN

Frowm the Department of Patholegy of the University of Cambridge
A Report to the Medical Research Council

Fig. A.3: First report of L. monocytogenes causing an epidemic in rabbits by E.G.D. Murray. Bacterium
monocytogenes was later on renamed to Listeria monocytogenes (taken from (9)).

L. monocytogenes is a food-borne pathogen, thus indicating that ingestion of a high dose of
bacteria is necessary to cause a listeriosis outbreak. After oral entry into the human host, L.
monocytogenes is able to cross the main barriers in the human body: the intestinal, the blood-
brain and the placental barrier. Once the bacteria overcome the host immune system, listeriosis

manifests as gastroenteritis, meningitis, encephalitis, mother-to-fetus infections and septicaemia
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(40). Newborns, elderly and immunocompromised people show the highest risk of this severe
infection leading to death in 25-30% of the cases despite an occurrence of only 2-15 cases per

million people per year (19, 20, 36).

The survival and growth of L. monocytogenes inside various host cells has been extensively
investigated. As shown in Figure A.4., L. monocytogenes can either force its entry into the host cell
by the internalins in/A and inlIB or they are actively phagocytosed by professional phagocytes such
as macrophages. These cells of the immune system recognize lipoteichoic acid, a component of
the gram-positive bacterial cell wall. Once the bacteria entered the cells they are trapped inside a
vacuole called phagosome. To escape into the cytoplasm, the phagosomal membrane is
disrupted by the secreted two phospholipases, PIlcA and PlcB, and the pore-forming toxin
listeriolysin O. Escape from the phagosome and further the phagolysosome, a fusion product of
phagosome and bactericidal lysosome, is crucial to protect L. monocytogenes from being killed.
When bacteria are released into the cytoplasm, they multiply and start to polymerize actin, as
observed by the presence of the characteristic actin tails. Actin polymerization allows bacteria to
pass into a neighbouring cell by forming protrusions in the plasma membrane. On entry into the
neighbouring cell, bacteria are present in a double-membraned vacuole, from which they can

escape to perpetuate the cycle (13, 20, 30) (Fig. A.4).
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Fig. A.4: The intracelullar lifestyle of Listeria monocytogenes (with permission from (30))

Inside the phagolysosome, L. monocytogenes encounters different microbicidal features that

attack the defense mechanism of the bacteria comprising acidification of the vacuole, production
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of various antimicrobial proteins and peptides and the generation of different reactive oxygen
species (ROS) and reactive nitrogen species (RNS). ROS can result from electron transfer from
cytosolic NADPH to molecular oxygen, releasing O, into the phagosomal lumen. Within the
phagosome, O, can dismutate to H,0, which can further react to hydroxyl radicals and singlet
oxygen. H,0, can also be converted by myeolperoxidases into highly reactive hypochlorous acid
(HOCI) and chloramines. RNS occur by the synthesis of reactive NO' in the cytosol which can then
diffuse across the phagosomal membrane. Together with certain ROS, NO' can convert into
nitrogen dioxide, peroxynitrite, dinitrogen trioxide and further compounds. ROS and RNS together
exert highly toxic effects as they interact with various cellular targets such as thiols, metal centers,

nucleic acids and lipids (for a review see (13)).

As already mentioned, chlorite is a highly toxic compound due to its high oxidation potential and
could therefore be considered as a ROS. Thus, it is tempting to speculate that Cld could be
involved in bacterial survival inside the phagosome by degrading other, closely related
compounds. However, in a microarray study by Camejo et al. (5), the putative cl/d-gene Imo2113
of L. moncytogenes was not upregulated during infection. This could indicate that Cld either is not

necessary during infection or it is already constitutively expressed in sufficient amounts.

Besides the described pathogenic lifestyle of L. monocytogenes, this organism is also able to
survive and grow in soil, silage, groundwater, and decaying vegetation where it is thought to live
as a saprophyte (14). Unfortunately, only very little is known about its environmental lifestyle (for
review see (14, 17)). However, the publication of the genome sequence (16) together with
previously published physiological studies give a good overview over listerial behaviour and

physiology in its inside and outside environment (19).

Considering all available data, it is difficult to answer the question why Listeria would need a
functional chlorite degrading enzyme. A major aim of this thesis was therefore to elucidate the

function of c/d in L. monocytogenes by deletion of the c/ld-homolog Imo2113 and the subsequent
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phenotypic characterization of the mutant and wild type strains. Furthermore, functional
characterization of heterologously expressed and purified Cld (as described by Maixner et al.
(25)), should be performed to analyze the chlorite degrading properties of Cld (see section B).
Based on evidence for a possible regulatory influence of the two-component system ResDE on Cld
(see section C) the Cld protein expression profile under anaerobic and aerobic conditions as well
as in rich BHI medium and in minimal medium was monitored. To further investigate a putative
influence of Cld on the pathogenicity of L. monocytogenes and S. typhimurium, infection assays
with RAW264.7 macrophages were performed. The heterologous expression of cl/d in E. coli
revealed a highly increased ODgg, similar to the expression of hemoglobins in E. coli. This effect
was further investigated concerning a comparable function of these two proteins. Another
interesting aspect was a possible peroxidase or catalase function of Cld as already mentioned by
Ebihara et al. (11) and Lee et al. (24). Using different spectroscopic methods, compound |

formation of Cld was monitored using different substrates as described in section B and C.

A truncated chlorite dismutase from Nitrobacter winogradskyi

Besides the chlorite dismutase gene from the non-PCRB Listeria monocytogenes, we were also
interested in another unusual chlorite dismutase. Nitrobacter winogradskyi is a nitrite-oxidizing
alphaproteobacterium encoding a rather short version of Cld of only 184 aa compared to the 250-
300 aa long validated Clds. As shown in section D, it lacks the N-terminus and therefore it was
interesting to test if the missing part is important for the overall chlorite-degrading activity of the
enzyme. Furthermore, we wanted to compare the characteristics of the Cld from N. winogradskyi
with the Cld of another nitrite-oxidizing bacterium, ‘Candidatus Nitrospira defluvii’, published by

Maixner et al. (25).
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Abstract

Chlorite dismutase (Cld) is a key enzyme in bacteria that gain energy by reducing perchlorate
(ClO4) or chlorate (ClO3’) to chlorite (ClO;). In this process, Cld detoxifies the respiration product,
chlorite, to CI" and O,. Remarkably, genomic and phylogenetic analyses revealed the widespread
presence of cld homologues in various prokaryotic lineages, for which no (per)chlorate-reducing
phenotype has been demonstrated to date. Here we analyzed the expression and function of the
Cld homologue in the food-borne human gram-positive pathogen Listeria monocytogenes. We
show that the cld-like gene (Imo2113) is transcribed as monocistronic and bi-cistronic transcripts
outside the eukaryotic host. Expression analysis on the protein level demonstrated that the Cld-
like protein of L. monocytogenes is cytosolic, shows a high degree of stability, is constitutively
expressed in situ throughout growth at 28°C and 37°C, and that its expression is upregulated
under anaerobic growth conditions. Interestingly, no chlorite degradation but a weak catalase
activity was detected with the purified recombinant Cld homologue. To uncover a possible other
physiological role for the Cld homologue, construction of a deficient mutant was initiated and
indicated that Imo2113 is a previously unrecognized essential gene of L. monocytogenes. The
results of this study lend support to the hypothesis that the Cld-like protein family contains
enzymes with various, mostly yet to be determined functions and that only a sublineage of this

family evolved into canonical Cld.
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Introduction

Chlorite dismutase (Cld) is a key enzyme of (per)chlorate-reducing bacteria (PCRB) (3, 47). Under
anoxic conditions, these heterotrophic microbes respire using (per)chlorate instead of oxygen as
terminal electron acceptor. During this process, perchlorate (ClO,) or chlorate (ClO3) is reduced
to toxic chlorite (ClO,’), which must be eliminated to prevent cell damage. Chlorite is detoxified by
Cld that converts chlorite to harmless chloride (CI') and oxygen (O,) and is one of the very few
known biocatalysts, which promote the synthesis of oxygen by the formation of O-O bonds. So
far, the biochemistry of this reaction has only partially been resolved. The Cld of Ideonella
dechloratans has been described as a periplasmic homotetrameric heme protein with
characteristics distinct from those of other heme enzymes such as catalases and peroxidases.
Chlorite is produced most probably via an 0-O bound forming mechanism (4, 17, 20, 31, 32, 34,
37). In addition, the water-soluble iron porphyrin system was shown to serve alone as catalyst for
the conversion of chlorite to CI" and O,, thus implying a crucial function of the heme cofactor in

the reaction catalyzed by Cld (38).

Clearly, the function of chlorite dismutase is of central importance for (per)chlorate degradation
by PCRB and for the bioremediation of these industrial contaminants. However, in-depth
phylogenetic analyses recently revealed a much wider distribution of c/d homologues in
prokaryotic genomes and metagenomes than previously anticipated (20). Interestingly, the
organisms harbouring these genes form a heterogeneous group of microbes from a large number
of bacterial and archaeal phyla. They represent a great variety of physiological types and
lifestyles, some of which are markedly different from the known heterotrophic PCRB. For
example, the recent discovery of a highly active chlorite dismutase in the nitrite-oxidizing
bacterium “Candidatus Nitrospira defluvii” extended the known distribution of this enzyme to a
group of chemolithoautotrophic nitrifiers (20). As Nitrospira are not known to be (per)chlorate

reducers, the physiological role of Cld in these organisms is less obvious than in PCRB. The degree
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of sequence divergence among Cld homologues and the ecophysiological diversity of the
respective organisms lead to the question of whether all Cld-like proteins actually possess a
chlorite dismutase function. Indeed, the Cld-like protein of T. thermophilus displays only a low
chlorite dismutase activity. This enzyme also has a low catalase activity and was suggested, based
on structural similarities to peroxidases, to function as a novel heme peroxidase in a pathway
downstream of superoxide dismutase to protect the cell from harmful reactive oxygen
intermediates (ROI) (12). In the halophilic archaeon Haloferax volcanii, a functional link between
the Cld homologue and an antibiotic biosynthesis monooxygenase (ABM) was proposed by in
silico analyses, whereby the Cld-like protein would provide oxygen for the ABM reaction in a

hypoxic environment or would neutralize ROl produced by ABM (2).

Among the bacterial species carrying cld-like genes, it was surprising to find members of the
Firmicutes that are well-known human pathogens, i.e. Staphylococcus aureus, Bacillus anthracis,
and Listeria monocytogenes. The latter was chosen as model in this study to investigate the
function of Cld homologues in these putatively non-(per)chlorate reducing pathogenic bacteria. L.
monocytogenes is a facultatively intracellular gram-positive bacterium responsible for severe
opportunistic infections in humans, e.g. gastroenteritis, meningitis, encephalitis, mother-to-fetus
infections and septicaemia (7, 14). Based on the lifestyle of this pathogen, different functions of
its Cld homologue can be hypothesized. L. monocytogenes is widely found in the environment
(e.g. soil, silage and sludge) (7) and the Cld homologue could act as a chlorite dismutase to help L.
monocytogenes survive in (per)chlorate or chlorite-contaminated environments. As a human
pathogen, L. monocytogenes can reside and replicate intracellularly in host cells (14) where the
bacterium can be exposed to oxidative bursts having listericidal effects. Therefore, it is tempting
to speculate that the Cld homologue might confer a certain degree of resistance against oxidative
stress, e.g. by scavenging ROl or reactive nitrogen intermediates (RNI), and thus contributes to

intracellular survival and pathogenicity. Here, the expression of the Cld homologue of L.
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monocytogenes was analyzed at the transcriptional and translational levels, and genetic as well as

biochemical experiments were performed in an attempt to reveal its function.

Materials and Methods

Bacterial strains and growth conditions

A list of bacterial strains used in this study is presented in Table S1 in the supplementary material.
Escherichia coli was cultured at 37°C in Luria-Bertani (LB) medium either in liquid with agitation
(150 rpm) or on agar supplemented (if required) with the following antibiotics used at the
indicated concentrations: ampicillin [100 pg/ml], kanamycin (Km) [100 pg/ml] and carbenicillin
[50-100 pg/ml]. L. monocytogenes L028 was grown routinely at 37°C (unless otherwise stated) in
Brain Heart Infusion (BHI) (Becton Dickinson GmbH) liquid medium under aerobic conditions with
agitation (150 rpm) or on BHI agar plates. For growth of L. monocytogenes in liquid medium under
anoxic conditions, sterile BHI medium was divided in sterile bottles, which were sealed and
flushed with N, gas until complete removal of oxygen. In these experiments, bacterial inoculation
and sampling were performed using a syringe. L. monocytogenes was grown anaerobically on agar
plates in an anaerobic pot using Anaerocult A (Merck GmbH) to generate a CO,-based anaerobic
atmosphere and Anaerotest (Merck GmbH) to verify that conditions were anaerobic. If required,
the medium was amended with the antibiotics chloramphenicol (Cm) [10 pg/ml] and Km [50
pg/ml]. Bacterial growth was monitored at regular time intervals by measuring the optical density
of culture aliquots at 600 nm using a standard spectrophotometer (U-2800A, Hitachi) or at 620

nm using a microplate reader (SLT Spectra Reader).

DNA manipulations

Plasmids used in this study are listed in Table S2 in the supplementary material. DNA amplification
by PCR, digestion with restriction endonucleases, ligation, and analysis by agarose gel

electrophoresis were carried out essentially as described by Sambrook et al. (29). Genomic DNA
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from L. monocytogenes L028 was prepared as described elsewhere (26). PCR fragments were
obtained using either Pwo polymerase (Roche Diagnostics GmbH) for further use in cloning or
GoTaq” Green Master Mix (Promega GmbH) for screening purposes. All restriction enzymes were
obtained from Fermentas (Fermentas Life Sciences). Plasmids, PCR products, and digested and
agarose gel-extracted DNA fragments were purified using kits from PEQLAB (PeqglLab
Biotechnologie GmbH) or QlAgen (QlAgen VertriebsGmbH) according to the manufacturers’
instructions. Oligonucleotides used as primers are listed in Table S3 in the supplementary
material. All newly generated plasmids were analyzed by restriction digestion. PCR amplicons and
plasmid inserts were Sanger-sequenced using an ABI 3130 XL genetic analyzer (Applied

Biosystems).

RNA manipulations

Total RNA was isolated, according to a previously described protocol (15), from L. monocytogenes
culture samples harvested at different time points during growth. RNA preparations were treated
with DNAse | (Fermentas) and the RNA concentration was determined using a NanoDrop UV/VIS
spectrophotomoter (ND-1000, Peglab Biotechnologie GmbH). Northern blot analysis was carried
out as described elsewhere (15). Blots were hybridized with a->’P-dATP labelled DNA probes
specific to Imo2113 (the cld-like gene). For this, PCR-generated DNA fragments internal to the
genes of interest were labelled using the DECA-prime Il random priming DNA labeling kit
(Ambion). For reverse transcriptase (RT)-PCR, the reverse transcription was performed using
reverse primer OSF13 and RevertAid™ First Strand cDNA Synthesis Kit (Fermentas Life Sciences)
according to the manufacturer’s instructions. This was followed by a PCR reaction using the
generated cDNA as template, OSF13 or OSF33 as forward primer, OSF18 as reverse primer and
GoTaq® Green Master Mix (Promega GmbH). Equal amounts of total RNA and genomic DNA were

used as template controls in the PCR reactions.
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Cloning, heterologous expression and purification of recombinant Lmo2113

The coding sequence of c/ld homologue (ORF annotated as Imo2113 in EGD-e genome, accession
no. NC003210) was PCR-amplified using genomic DNA of L. monocytogenes L028 as template and
primers OSF17 and OSF18. After purification and digestion with Ndel and Xhol, the PCR fragment
was cloned into the expression system pET21b(+), which contains a promoter for T7 RNA
polymerase and a C-terminal His-tag (Novagen), thus generating plasmid pSF24. Plasmid pSF24
was then introduced into E. coli C43(DE3). For Lmo2113 overexpression, recombinant E. coli
C43(DE3) harbouring pSF24 was grown at 37°C in phosphate-buffered LB medium (pH 6.8) to
reach the logarithmic phase, when the inducer IPTG was added at a final concentration of 1 mM.
To facilitate formation of the recombinant Lmo2113 holoenzyme, hemin was added at a final
concentration of 50 mg/| at the time of induction. After 4 hrs of induction, cells were harvested by
centrifugation, sonicated, and the His-tagged Lmo2113 protein was purified using appropriate
amounts of Ni-NTA agarose according to the manufacturer’s instructions (QlAgen). Purified His-
tagged Lmo2113 was analysed by SDS-PAGE for molecular mass determination and quality
controls. For further use in assays for chlorite dismutase activity, the protein preparation was
dialysed overnight against phosphate buffer (200 mM, pH 6.8). The absorption spectrum of the
purified Lmo2113 was recorded using a NanoDrop UV/VIS spectrophotomoter (ND-1000, PeglLab

Biotechnologie GmbH).

A slightly different protocol was used to prepare recombinant Lmo2113 for catalase activity
assays. E. coli harbouring plasmid pSF24 was grown at 37°C in LB medium supplemented with 100
ug/ml carbenicillin until an optical density (at 600 nm) of 0.8 was reached. Subsequently, the
temperature was lowered to 20°C and protein expression was induced by adding 0.1 mM IPTG.
After 12 hrs, cells were harvested by centrifugation (4,000 x g, 20 min, 4°C) and frozen in liquid
nitrogen. The thawed biomass was resuspended in 35 ml of lysis buffer (50 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 250 mM NaCl, 5% glycerol, 1 mM PMSF

(phenylmethylsulfonylfluorid), 142 uM hemin, 20 mM imidazole pH 7.4) and sonicated to disrupt
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the cells. Cell debris was removed by centrifugation (45,000 x g, 20 min, 4°C). After equilibrating a
20 ml HisTrap FF crude column (GE Healthcare) with 5 column volumes of “buffer 1”7 (50 mM
HEPES pH 7.4, 150 mM NaCl, 20 mM imidazole, 5% glycerol), the supernatant of the protein
preparation was loaded onto the column. After washing the column with 5 volumes of “buffer 2”
(50 mM HEPES pH 7.4, 150 mM NaCl, 40 mM imidazole, 5% glycerol), the protein was eluted with
a step gradient of 50 mM HEPES (pH 7.4), 150 mM NaCl, 500 mM imidazole, and 5% glycerol.
Collected fractions were pooled and dialysed overnight in 20 mM HEPES (pH 7.4). Quality and

concentration of the protein preparation were determined as described above.

Protein extraction from L. monocytogenes

For the preparation of total cell lysates, cultures of L. monocytogenes were harvested by
centrifugation at different time points during growth. The cell pellets were resuspended in 200
mM Na-phosphate buffer, pH 6.8, and the suspension was sonicated to lyse the cells. For the
extraction of exoproteins, supernatants of L. monocytogenes LO28 cultures were collected at the
late-logarithmic growth phase, filter sterilized (0.2 um cellulose-acetate membrane filters, Ivaki),
and proteins were precipitated by adding 100% trichloracetic acid and vigorous mixing. After a 30
min ice-cold incubation, precipitated exoproteins were harvested by centrifugation and washed
with ice-cold acetone. The air-dried protein pellet was resuspended with appropriate amounts of
200 mM Na-phosphate buffer, pH 6.8. The protein concentration was determined using the
“Protein assay dye reagent concentrate” (Bio-Rad Laboratories Inc.) according to the
manufacturer’s instructions, and 10 pg of extracted protein was analyzed by SDS-PAGE. All gels

were stained using colloidal Coomassie staining.

Western blot analysis

Polyclonal antibodies against the recombinant His-tagged Lmo2113 were commercially produced
and used in dilutions of 1:2500 to 1:5000 in the primary antibody hybridization reaction. As
controls, listeriolysin O (LLO) (Diatheva s.r.l.) and the ribosomal protein S9 were detected by using
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specific antibodies in dilutions of 1:500 and 1:10,000, respectively. The secondary antibody
mixture consisted of the horseradish peroxidase (HRP)-coupled anti-rabbit 1gG antibody (GE
Healthcare) for detecting Lmo2113 and LLO, and anti-goat IgG antibody (Dianova s.r.l.) for
detecting S9. The antigen-antibody complex was detected using the Super Signal West Pico
Chemiluminescent Substrate (Pierce). Band intensities were quantified by digital image analysis by
using the software ImageQuant (GE Healthcare). In order to check for equal amounts of all
samples in Western Blot analyses, a SDS-PAGE was loaded in parallel and stained with Coomassie

blue.

Determination of protein stability

To determine Lmo2113 protein stability, the protein synthesis inhibitor spectinomycin was added
to a final concentration of 100 pg/ml to cultures of L. monocytogenes LO28 at the mid-logarithmic
growth phase. Samples were collected at different time points. Total proteins were then

extracted and analyzed by SDS-PAGE and Western blot as described above.

Functional assays with Lmo2113

Oxygen production by Lmo2113 in presence of sodium chlorite (NaClO,) was measured using a
Clark-type oxygen sensor (Unisense) (27), which was calibrated using oxygen-saturated water and
an anoxic 100 mM ascorbate/100 mM NaOH solution. First, 300 mM Na-phosphate buffer (pH 6,
which is the optimum pH of bona fide Cld (23)) was flushed with helium to remove oxygen
present in the system, thus facilitating the measurement of oxygen formation during the
enzymatic reaction. A glass cuvette containing a micro-magnetic stirrer was filled with the
prepared buffer (avoiding air bubble formation), closed, and incubated in a water bath at 23°C.
The oxygen sensor was introduced into the cuvette while the buffer was constantly being stirred.
To start the reaction, purified recombinant Lmo2113 protein was added to a final concentration
of 100 nM, followed by the addition of 10 mM NaClO, using a glass syringe. Oxygen formation was
monitored using a picoammeter (Unisense) and the measured values were recorded using the
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program sensortrace (Unisense). As positive control for the assays, oxygen formation from

chlorite by purified Cld from “C. N. defluvii” (19) was measured under the same conditions.

Catalase activity of recombinant Lmo2113 was determined using a Clark type oxygen electrode
(YSI 5331 Oxygen Probe). For this purpose, 5 ml of 50 mM phosphate buffer (pH 7) was flushed
with N, gas to remove dissolved oxygen. Then 100 uM H,0, and 5 uM purified Lmo2113 were
added under constant stirring and oxygen formation was determined. All measurements were

performed at room temperature.

Non-conditional and conditional Imo2113 gene inactivation strategies

(i) In-frame gene deletion. Briefly, a thermosensitive shuttle plasmid (pSF26) was constructed,
which includes a thermo-sensitive origin of replication (repFts) specific for gram-positive bacteria
(35), the ColE1 replicon, a kanamycin resistance cassette (aphlll) and a multiple-cloning site (21).
For this purpose, a 1,045 bp fragment upstream (Imo2113up) and a 1,156 bp fragment
downstream (/mo2113dw) of the Imo2113 coding sequence were amplified using L028 genomic
DNA as template and primer pairs OLEC253/0OLEC254 and OLEC255/0OLEC256, respectively. After
digestion with appropriate restriction enzymes, the fragments were cloned into pEC84, a thermo-
sensitive vector containing the origin of replication repAts, thus generating pSF25. To exchange
repAts with repFts in pSF25, the 1,420 bp cassette repFts was released from pEC64 by digestion
with Apal and Narl and then cloned into Apal/Narl digested pSF25 devoid of repAts, thus resulting
in plasmid pSF26. For the in-frame deletion of Imo2113, the recombinant plasmid pSF26 was
introduced into L. monocytogenes L028 by electroporation (24) and the cells were incubated at
the permissive temperature (28°C). A temperature shift to the non-permissive temperature (37°C)
in the presence of Km promoted integration of the plasmid into the chromosome via a single
crossover event. Shifting the temperature back to 28°C, the cells were grown without Km to
stimulate a second recombination event leading to the excision of the plasmid from the

chromosome. In principle, the final recombination should lead to the production of a mixture of
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Km® isolates with the wild-type /Imo02113 allele and Km® mutants without the target gene

(Imo2113) (21).

(ii) Gene replacement. A chloramphenicol cassette, cat194, including its own promoter without a
transcriptional terminator, was amplified using pEC38 as DNA template and primers
OSF31/0SF32. After digestion with appropriate enzymes, the cat194 cassette was inserted
between the Imo2113up and Imo2113dw fragments in the temperature-sensitive shuttle plasmid
pSF26 described above, thus generating pSF6. To facilitate screening for plasmid loss during the
temperature shifts, a B-galactosidase cassette allowing blue-white selection was amplified using
vector pMAD (1) as DNA template and primers OLEC644/0OLEC645. After digestion with
appropriate enzymes, the B-galactosidase cassette was introduced downstream of the cassette
aphlll in pSF6, leading to plasmid pSF7. pSF7 was then introduced into electro-competent L028
cells, which were incubated at 28°C to allow plasmid replication. The strategy of gene
replacement was the same as described above for the in-frame deletion, but with two additional
selective advantages: selection of white colonies having lost the plasmid after the temperature

shifts and subsequent selection of Km® and Cm"® mutants.

(iii) Conditional in-frame gene deletion. With this strategy (11), /mo2113 gene deletion is
performed by the method described above (see approach i), under conditions when Imo2113 is
expressed under the control of an IPTG-inducible promoter from a multi-copy plasmid. For this
purpose, the Imo2113 gene including the ribosome binding site (RBS) was amplified using L028
genomic DNA as template and primers OSF43/0SF44. After digestion with appropriate enzymes,
the fragment was cloned downstream of the IPTG-inducible promoter at the Xbal site in vector
pLIV1 (9), thus resulting in plasmid pSF9. The whole expression cassette was excised using Kpnl,
digested with T4 DNA polymerase to create blunt ends, and cloned into the high-copy plasmid
pAM401 (36) digested with EcoRV, thus creating pSF11 (18). The conditional in-frame Imo2113

deletion strategy then consisted of introducing plasmid pSF11 into electro-competent cells of
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strain L028, which already contained pSF5, and performing the in-frame deletion as described for

strategy (i) in presence of IPTG.

(iv) Gene silencing by an inducible anti-sense RNA approach. To construct a plasmid for Imo2113
anti-sense RNA (asRNA) expression, the Imo2113 gene including the RBS was cloned in anti-sense
orientation in the backbone vector pAM401 using the same cloning approach as described for the
creation of pSF11, thus generating pSF10. To construct the plasmid for /lo (encoding listeriolysin
0O) asRNA expression, primers OSF48/0SF49 were used with genomic DNA of strain LO28 as
template to amplify a 1,614 bp fragment including the /lo RBS. After digestion with appropriate
enzymes, the PCR fragment was then cloned into pAM401, resulting in plasmid pSF15. Plasmids
were introduced into electro-competent L028 cells. Expression of Imo2113 or llo in LO28 strains,
which were also expressing Imo2113 asRNA or llo asRNA from pSF10 or pSF15, was analyzed by

Western blot (Lmo2113) or by RT-PCR (/lo) and hemolysis assays (LLO).

(v) Gene disruption by plasmid integration. This approach allows the assessment of essentiality
of a gene by determining whether gene disruption is lethal. Here, an internal 450 bp fragment of
Imo2113 was amplified using strain L028 genomic DNA as template and primers OSF54/0OSF55.
After digestion with appropriate enzymes, the PCR fragment was cloned into the thermo-sensitive
plasmid pKSV7 (25, 30). Previously described pKSV7 variants containing internal fragments of the
actA, gap and rpoB genes were used as controls (25). Plasmids were introduced into electro-
competent L028 cells followed by incubation at 28°C. Cultures of strains harbouring the plasmids
were shifted from 28°C to 37°C in BHI containing Cm to promote plasmid integration into the
chromosome. After 3 days of passaging at 37°C, cultures were diluted in fresh BHI medium and
culture aliquots were spotted onto BHI agar containing Cm. After overnight incubation at 37°C
under aerobic or anaerobic conditions, the agar plates were checked for growth of the Listeria

spots (25) (Fig. B. 8B).
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Sequence analyses and phylogeny
Nucleic acid and amino acid sequences were obtained from public databases using BLAST

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the Joint Genome Institute Integrated Microbial

Genomes web-based interface (http://img.jgi.doe.gov/pub/main.cgi). Putative signal peptides in

amino acid sequences were searched using SignalP (5). For prediction of promoter and terminator

sequences, BPROM (http://linux1.softberry.com/berry.phtml) was used. Sequence analysis and

annotation were done using Vector NTI (Invitrogen). The phylogeny of selected Cld-like proteins
was studied by maximume-likelihood analysis (PhyML (13)) using the ARB software package (19) as

described by Maixner et al. (20).

Results and Discussion

Phylogeny of the c/d homologues of Firmicutes

Screening all available genomes of organisms belonging to the Firmicutes revealed a striking
separation of lineages harbouring and not harbouring a c/d homologue. A cld-like gene was
detected in all available genomes from the order Bacillales except in the draft genome of
Pasteuria nishizawae (strain North America). In contrast, none of the available Lactobacillales,
Clostridiales and Mollicutes genomes contain c/d homologues. In Moorella perchloratireducens
(Thermoanaerobacterales) chlorite dismutase activity has been detected, but neither the genome

of this organism nor the Cld protein sequence is available (3).

Interestingly, the presence of a cld-like gene seems not to be linked to any obvious group-specific
lifestyle difference. The Bacillales are ecologically diverse and contain free-living or intracellular,
non-pathogenic or pathogenic, aerobic or (facultatively) anaerobic, and spore forming or non-
spore forming members. Each of these features is found at least in one of the other three groups
(Lactobacillales, Clostridiales, Mollicutes) that lack cld-like genes. The phylogeny of the Cld

homologues of Bacillales was studied by maximum likelihood analysis of selected Cld-like
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sequences (Fig. B.1). All analyzed Bacillales Cld-like proteins cluster together and are clearly
distinct from the validated chlorite dismutases of PCRB and of “C. N. defluvii” (Fig. B.1). Notably,
the Cld-like protein of the Deinococcus-Thermus phylum member Thermus thermophilus (12) is
relatively closely related to the Cld-like sequences of Bacillales (Fig. B.1), indicating lateral gene
transfer and possibly also similar functions of these proteins (amino acid identity to Lmo2113, the

Cld-like protein of L. monocytogenes: 46.9%, amino acid similarity: 73.3%).

Genomic context of the c/d homologue (Imo2113) in L. monocytogenes

In the available sequenced genome of L. monocytogenes strain EGDe, the 756 bp-long coding
sequence of the cld-like gene (Imo2113) is located downstream of two genes involved in sugar
metabolism (Imo2108, Imo2110), a gene encoding a putative hydrolase/acyltransferase belonging
to the esterase/lipase superfamily (/mo2109) and a gene encoding a putative FMN (flavin
mononucleotide)-containing NADPH-linked flavin/nitro reductase gene (Imo2111) (Fig. B.2).
Downstream of the c/d homologue are genes encoding a putative ATP-binding protein (Imo2114)
and a putative permease (Imo2115), both belonging to the ABC transporter family, as well as two
genes coding for hypothetical proteins of unknown function (Imo2116, Imo2117). Interestingly,
the gene Imo2112 located directly upstream of Imo2113 shows homology to a putative DNA-
binding domain of the excisionase family. Excisionase-like genes usually are located on temperate
phages, plasmids or transposons, and are involved in excisive genomic recombination (33). The
described Imo2113 neighbourhood is conserved in the five complete genome sequences of L.
monocytogenes and L. innocua available to date (data not shown). The only published complete
genome sequence of L. welshimeri (strain SLCC 5334), however, lacks the genes Imo2108 and
Imo2109. In the draft genome of L. grayi, only a homologue to the cld-like gene Imo2113 was
detected, whereas homologues to any other genes in the region between Imo2108-Imo2117 were
not found in the available sequence data from this organism. Based on the combined occurrence
of homologues to Imo2112 and Imo2113 in all sequenced Listeria spp., it is tempting to speculate

that mobile genetic elements might have been involved in the acquisition of the c/d homologue by
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this genus. Comparative analysis of the region around Imo2113 to the genomic context of cld-like
genes in other organisms than Listeria did not reveal any shared synteny and thus provided no
clue regarding similar functions of Lmo2113 and other Cld-like proteins. Consistent with this
observation, the Cld-like proteins from different bacteria and archaea display only low sequence

similarity, indicating a functional diversification within this protein family (20).

Transcription analysis of Imo2113 in L. monocytogenes LO28

Sequence analysis of the Imo2113 locus in the sequenced genome of L. monocytogenes strain
EGD-e revealed two putative promoters for this cld-like gene, one located directly upstream of
Imo2113 and a second one located upstream of the excisionase-like sequence Imo2112 (Fig.
B.3A). These two promoters, and a terminator downstream of /mo2113, are conserved in all 24
finished and unfinished L. monocytogenes genomes. The absence of a putative transcriptional
terminator in the intergenic region between the two sequences suggested that /mo2113 is
expressed from a monocistronic and/or a bicistronic transcript. Accordingly, Northern blot
analysis of L. monocytogenes LO28 total RNA using a Imo2113-specific probe demonstrated the
presence of two transcripts, the size of which corresponded to the expected sizes of the putative
monocistronic and bicistronic transcripts (data not shown). This finding was confirmed by an
additional RT-PCR analysis (Fig. B.3B). The observed co-transcription of the putative DNA binding
domain of the excisionase family with Imo2113 supports further the above suggestion that mobile
genetic elements might have been implicated in the acquisition or dissemination of the cld-like

gene.

Expression and subcellular localization of Lmo2113

Western blot analysis of L. monocytogenes LO28 cell lysates using a Lmo2113-specific polyclonal
antibody revealed that Lmo2113 is expressed in vivo as a protein of about 29 kDa, which is in
accordance with the predicted molecular weight (MW) of 28.85 kDa (251 amino acid residues)
(Fig. B.4A). Validated chlorite dismutases have a similar MW, e.g. 25 kDa [/deonella dechloratans,
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(31)] or about 30 kDa [“C. N. defluvii” (20)]. Further analysis demonstrated constitutive expression

of Lmo2113 during growth at 37°C (Fig. B.4A) or 28°C (data not shown).

A protein synthesis inhibition assay was performed to assess the stability of Lmo2113, showing
that this protein was stable up to 2 hrs post-inhibition, whereas its concentration decreased
markedly at 4 hrs post-inhibition (Fig. B.4B). To investigate the localization of Lmo02113 in L.
monocytogenes cells, separate Western blot analyses of whole cell lysates and of culture
supernatants prepared from cultures at the late logarithmic growth phase were performed.
Unlike the secreted listeriolysin O (LLO), Lmo2113 was detected only in the cell lysate fraction
(Fig. B.4C). The same result was obtained for the cytosolic ribosomal protein S9 used as control in
these experiments (Fig. B.4C). This result is in accordance with the lack of a putative signal
peptide in the N-terminal part of Lmo2113 (data not shown). The cytosolic localization of
Lmo2113 is in contrast to the periplasmic localization of the validated chlorite dismutases of the
PCRB Ideonella dechloratans (31) and Dechloromonas aromatica (32). The lack of a LPXTG motif or
transmembrane helices in the Lmo2113 sequence indicated that the protein is not associated to
the cell wall or integrated in the cytoplasmic membrane. Taken together, the Cld homologue of L.
monocytogenes is a cytosolic protein showing a relatively high stability and constitutive

expression during growth at 28°C and 37°C.

Lmo2113 expression in L. monocytogenes LO28 under anaerobic conditions

Anaerobic conditions are known to be important for the expression of Cld in the facultatively
anaerobic PCRB (6, 8, 28, 32). As L. monocytogenes is a facultative anaerobe, the question of
whether Lmo2113 expression is influenced by anaerobic growth conditions was addressed.
Western blot analyses of aerobically or anaerobically grown L. monocytogenes cultures showed
that anaerobiosis led to a 4.9-fold increased level of Lmo2113 (Fig. B.5). Consistent with this
observation, an increased expression of the c/d homologue ywfl in B. subtilis, another member of

the Bacillales, under anaerobic conditions was previously demonstrated (22). Thus, in contrast to
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PCRB, high levels of the Cld-like proteins of these Firmicutes are present under both aerobic and
anaerobic growth conditions, but these enzymes might be more functionally important or more

stable in the absence of oxygen.

Functional analysis of Lmo2113

To determine whether Lmo2113 may act as a chlorite dismutase in L. monocytogenes, we tested
whether the enzyme was able to convert chlorite to chloride and oxygen. Recombinant Lmo2113
was expressed in the heterologous host E. coli, purified, and first characterized with regard to its
heme binding properties. When E. coli expressing Lmo2113 was grown without hemin in the
medium, the purified enzyme did not show the red colour that is typical of highly concentrated
Cld preparations (20, 32). In contrast, the addition of hemin to the growth medium resulted in a
reddish Lmo2113 preparation, indicating that Lmo2113 is a heme-binding enzyme. Indeed, UV/VIS
spectrophotometrical analysis of purified recombinant Lmo2113 was consistent with predominant
five-coordinate high-spin heme, with the Soret band at 412 nm and Q-bands at 540 and 570 nm
highly similar to those reported for validated heme-containing chlorite dismutases (data not
shown) (20, 31, 34). Subsequently, purified recombinant Lmo2113 was analyzed with regard to O,
production in presence of chlorite. Although a sensitive oxygen sensor was used (lower detection
limit 0.3 uM), no O, production was detected under the tested conditions (Fig. B.6). In contrast,
recombinant Cld of “C. N. defluvii”, which was used as control in parallel experiments, showed a
strong chlorite dismutase activity as O, production was clearly observed (Fig. B.6). The apparent
absence of Cld activity could be caused by structural differences between the recombinant
Lmo2113 and its native form in L. monocytogenes, and/or the lack of important post-translational
processing steps in the heterologous host E. coli. Alternatively, Lmo2113 is not a functional
chlorite dismutase although comparative sequence analysis and phylogeny clearly showed that
Lmo2113 and Cld are distantly affiliated homologues. So far, no member of the genus Listeria has
been reported to use (per)chlorate as electron acceptor and thus there seems to be no

requirement for a functional chlorite dismutase activity in these organisms. The purified Cld-like
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protein of T. thermophilus, which is similar to Lmo2113 and also only distantly related to the
highly efficient Clds of PCRB and of Nitrospira, shows only a very weak Cld activity (12). As this
enzyme possesses a weak catalase activity in vitro, it has been proposed to be involved in the
protection from reactive oxygen species in vivo (12). Therefore, we tested a putative catalase
function of Lmo2113 by monitoring the release of O, after addition of H,0, to the recombinant
enzyme. Interestingly, a weak production of O, was observed (Fig. B.7), indicating that also
Lmo2113 might function as a catalase. However, due to the presence of a canonical catalase in L.
monocytogenes (16) it seems unlikely that H,0, degradation is the primary function of Lmo2113
in vivo. Whereas the Cld-like protein of T. thermophilus was suggested to be a peroxidase based
on structural features (12), additional tests did not reveal a peroxidase activity of Lmo2113 (data

not shown).

Comparative analysis of key residues in Lmo2113 and chlorite dismutases

Recently, de Geus et al. (10) determined the crystal structure of the chlorite dismutase of the
PCRB Azospira oryzae strain GR-1. Several amino acid residues in close proximity to the heme
group were proposed to be important for heme binding, coordination of ion binding, and charge
separation. Four amino acids (Asn117, Tyr118, lle119, Trp155) form hydrogen bonds with two
propionate groups of the heme (10). In addition, Trp155 was identified as electron donor for the

III

reduction of the intermediate products “compound!” and “compound ll” during chlorite
degradation (17). The iron of the heme is coordinated by His170, which is highly conserved in Cld-
like proteins (20). Analysis of the Lmo02113 sequence revealed that all these key residues except
Ile119, which is replaced by leucine, are also present in L. monocytogenes. Furthermore, de Geus
et al. (10) proposed an important role for Argl83 in substrate positioning and activation.
Interestingly, this positively charged arginine is conserved in the validated chlorite dismutases of
PCRB and of “C. N. defluvii”, but is replaced by the neutral amino acid glutamine in Lmo2113. This

change of a key amino acid at the active site of the enzyme could explain why Lmo2113 did not

show chlorite-degrading activity in our experiments.
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Imo2113 is a novel essential gene of L. monocytogenes

In order to determine the biological role of Imo2113, we attempted to create an Imo2113-
deficient mutant of L. monocytogenes strain L028 using the five different strategies described in
the Materials and Methods section as strategies (i) to (v). Subsequent analyses of such a mutant
were planned to investigate phenotypic differences compared to the wild type. However, the in-
frame deletion approaches (i) and (ii) were unsuccessful as no Imo2113-deficient mutants were
identified even after screening of about 3,000 clones. This observation led to the hypothesis that
Imo2113 might be an essential gene of L. monocytogenes. Consequently, the conditional knock-
out strategy (iii) was applied, which combined in-frame gene deletion of Imo2113 with the
concomitant expression of a plasmid-encoded Imo2113 copy from an IPTG-inducible promoter.
Again, no Imo2113-deficient mutant was obtained. We assume that this approach failed due to a
very low extra-chromosomal expression of Imo2113 from the IPTG-inducible promoter, which was
not sufficient to compensate the loss of the chromosomal Imo2113 copy. Strategy (iv) (silencing of
Imo2113 expression by an inducible as-RNA) was not successful either. Western blot analysis
showed that the level of Lmo02113 protein was not reduced in cells transformed with vector pSF10
carrying the Imo2113 as-RNA (data not shown). Most likely the cellular level of as-RNA was too
low to achieve a complete silencing of Imo2113 expression. Control experiments carried out with
llo as-RNA showed that LLO activity was not reduced in as-RNA expressing cells either, suggesting
that strategy (iv) did not work as expected in our setup. Finally, gene disruption by plasmid
integration (strategy (v) described in the Materials and Methods section; Fig. B.8A), was used to
determine whether Imo2113 is an essential gene. As controls, the known essential genes gap and
rpoB and the non-essential gene actA were disrupted in parallel experiments. In addition, the
backbone integrative vector was used in a control experiment to validate the correct
experimental setup. Interestingly, under aerobic and anaerobic conditions the disruption of
Imo2113 resulted in a phenotype identical to that observed for the disrupted essential genes gap

and rpoB (suppressed growth), whereas disruption of actA did not have this effect (Fig. B.8B).
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Thus, the outcome of strategy (v) strongly suggests that Imo2113 is an essential gene under the
tested growth conditions, and this also explains why our attempts to create a deletion mutant
were not successful. This finding correlates well with a study of Li et al. (18), who applied a
genome-wide screening approach to identify genes important or essential for the growth of
Staphylococcus aureus and found the c/ld homologue of this Gram-positive organism to be
essential, too. Notably, no (per)chlorate or chlorite was present in any of these experiments
performed with L. monocytogenes or S. aureus. This feature of c/d homologues in Firmicutes
seems to be in sharp contrast to the chlorite dismutase genes of PCRB, for which an essential role
has only been demonstrated for growth under anaerobic conditions and in simultaneous presence

of (per)chlorate.

Conclusions

Cld serves a crucial role in PCRB during respiration with (per)chlorate as electron acceptor, but the
functions of Cld homologues in other bacteria remain to be determined. Their wide distribution
among the prokaryotes suggests that Cld-like proteins are an ancient protein family and one could
speculate that the ancestral function was the degradation of chlorite. However, the source of
chlorite is mostly anthropogenic and therefore this compound is unlikely to have been the main
substrate of Cld-like proteins prior to industrialization (20). According to a more plausible
hypothesis, these enzymes have been involved in the removal of toxic by-products of bacterial
metabolism such as free radicals, ROI, and RNI (12, 20). This study revealed that the Cld
homologue of L. monocytogenes (Lmo2113) differs in key aspects from the chlorite dismutases of
PCRB. It is located in the cytoplasm, is constitutively expressed in presence or absence of
atmospheric O,, and seems not to take chlorite as substrate. Like for a closely related enzyme of
T. thermophilus (12), a weak catalase activity of Lmo2113 was observed which is unlikely to be the
primary function of this enzyme. Furthermore, evidence was collected that Imo2113 is a

previously unrecognized essential gene of L. monocytogenes. Based on these findings, we propose
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that Lmo2113 has an important house-keeping function in this facultative pathogen and possibly
also in the other Firmicutes harbouring homologous proteins. A challenging task will now be to
identify this biological role. From a more applied perspective, Cld homologues in human and
animal pathogens including Listeria, Staphylococcus, Bacillus, Mycobacterium, and Tropheryma
species, if indeed essential, might be interesting targets for new antimicrobials because

homologues of Cld seem to be absent from eukaryotes.
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Fig. B.1: Phylogenetic and sequence analysis of Cld homologues. Maximum likelihood tree based on amino acid
sequences of validated chlorite dismutases and selected Cld-like proteins from Firmicutes and Actinobacteria. Black
circles symbolize high parsimony bootstrap support (2 90%) based on 100 iterations.
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Fig. B.2: Genetic organization of the Imo2113 locus in L. monocytogenes. Schematic representation of the genomic
neighbourhood of the identified c/d homologue, Imo2113, in L. monocytogenes. Putative functions of the adjacent
genes are as follows: Imo2108, putative N-acetylglucosamine-6-phosphate deacetylase; Imo2109, putative hydrolase
or acyltransferase; Imo2110, putative mannose 6-phosphate isomerase; Imo2111, putative FMN-containing NADPH-
linked nitro/flavin reductase; Imo2112, putative DNA binding domain of excisionase family; Imo2113, cld orthologue;
Imo2114, putative ABC transporter (ATP-binding protein); Imo2115, putative ABC transporter (permease); Imo2116,
hypothetical protein; Imo2117, putative acyltransferase. Arrows indicate the direction of translation of the genes. P1
and P2, predicted promoters of Imo2113. tt, predicted transcription terminator of Imo2113. The gene annotation and
names refer to those of the genome sequence of L. monocytogenes strain EGD-e (accession no. NC003210). The
genome region is drawn to scale.
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Fig. B.3: Transcriptional analysis of Imo2113 in L. monocytogenes. (A) Schematic illustration of the c/d homologue
(Imo2113) located downstream of the putative DNA-binding domain of the excisionase family (Imo2112). The
predicted promoters (P1 and P2) and transcriptional terminator (tt) of Imo2113 are shown. Binding positions of the
applied PCR primers are indicated. (B) RT-PCR analysis of Imo2113 transcription. Left panel, PCRs performed with
primers OSF33/0OSF14 to detect the bicistronic transcript consisting of Imo2112 and Imo2113. Right panel, PCRs
performed with primers OSF13/0SF14 to detect a monocistronic /mo2113 transcript. M, size marker (1 kb DNA
ladder, Fermentas); RT, cDNA was used as template; RNA, total RNA was used as template; DNA, genomic DNA was
used as template; (-), negative control for the PCR reactions (no template added).
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Fig. B.4: Protein expression analysis of Lmo2113 in L. monocytogenes. (A) Top panel: growth curve of L.
monocytogenes LO28 cultured in liquid BHI medium at 37°C. Numbers indicate times of sampling for Western blot
analyses. Bottom panel: Western blot detection of Lmo2113 in total cell lysates of L. monocytogenes LO28 cultured in
liquid BHI medium at 37°C throughout the entire growth curve. Loading of equal protein amounts was ensured as
described in the Materials and Methods section. TP, time points of sampling (refer to the growth curve, top panel).
(B) Lmo2113 stability assay by Western blot detection. Protein synthesis was inhibited by adding spectinomycin to
cultures of L. monocytogenes LO28 at the mid-logarithmic growth phase. Samples were withdrawn at regular time
intervals. O/N, over-night. Loading of equal protein amounts was ensured as described in the Materials and Methods
section. (C) Sub-cellular localization of Lmo2113. Western blot analysis of total cell lysates (L) and secreted
exoproteins (E) of L. monocytogenes LO28 cultured in liquid BHI medium at 37°C to the late-logarithmic phase.
Antibodies specific for Lmo2113, LLO and ribosomal protein S9 of L. monocytogenes were used. Loading of equal
protein amounts was ensured as described in the Materials and Methods section.
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Fig. B.5: L. monocytogenes Lmo2113 expression under aerobic or anaerobic conditions. Western blot detection of
Lmo2113 in total cell lysates of L. monocytogenes LO28 cultured in liquid BHI medium under various growth
conditions to the late stationary phase. Representative results of 3 independent experiments are shown. Lane 1,
aerobic growth in 100 ml Erlenmeyer flasks containing 50 ml of medium with shaking (150 rpm) at 37°C; Lane 2,
aerobic growth in 100 ml glass bottles containing 50 ml of medium with shaking (150 rpm) at 37°C; Lane 3, anaerobic
growth under N, atmosphere (100 ml glass bottles containing 50 ml of medium) at 37°C. Band intensity quantification
by image analysis revealed a 4.9-fold increase of the Lmo2113 level under anaerobic conditions. Equal loading of
samples was ensured as described in the Materials and Methods section.
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Fig. B.6: Measurements of oxygen production by Cld-like proteins. Oxygen production was measured using a Clark-
type oxygen sensor and sodium chlorite as substrate. Left panel, heme reconstituted and purified, recombinant
Lmo2113 protein of L. monocytogenes LO28 expressed in E. coli; right panel, purified recombinant Cld of “Candidatus
N. defluvii” expressed in E. coli. (l), addition of the respective Cld-like protein and (ll), addition of NaClO,. For
technical reasons the addition of enzyme and sodium chlorite was performed in reversed order for “C. N. defluvii”.
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Fig. B.7: Measurement of catalase activity of Lmo2113. Oxygen production was measured using a Clark-type oxygen
electrode and H,0, as substrate. Lmo2113 shows a weak catalase activity as indicated by the slow oxygen formation.
The arrow indicates the addition of Lmo02113 to the reaction mixture.
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Fig. B.8: Gene disruption by plasmid integration. (A) Gene disruption is mediated by integration of a thermosensitive
vector, which harbours a 450-500 bp internal fragment of the gene of interest, at the non-permissive temperature
(37°C) into the respective gene copy on the chromosome. repts: thermosensitive origin of replication, Cm:
chloramphenicol resistance gene. (B) Growth test showing that disruption of the c/d-like gene in L. monocytogenes is
lethal. Growth occurred at the lowest dilution (10™) in experiments where essential genes had been disrupted, most
likely due to the presence of some Listeria cells that contained non-integrated vector (which did not lead to gene
disruption). Such cells were diluted out at the higher dilution factors. Please refer to the main text for further details.
actA, actin-assembly inducing protein, non-essential; gap, glyceraldehyde-3phosphatase dehydrogenase, essential;
rpoB, DNA-directed RNA polymerase beta subunit, essential; pSKV7, thermo-sensitive vector control that cannot
integrate into the chromosome due to the lack of homologous regions; Imo2113, cld-like gene, growth phenotype
comparable to that of essential genes.
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Supplementary Material

Supplementary Table S1: List of bacterial strains used in this study.

Strain Characteristics Reference(s)
or source
E. coli
TOP10 F- mcrA A(mrr-hsdRMS-mcrBC) $80/acZAM15 AlacX74 recAl Invitrogen
araD139 A(araleu) 7697 galU galK rpsL (StrR) endAl nupG
C43(DE3) ompT hsdS (rg mg) gal A (DE3) (containing at least two non- (4)
characterized mutations, derived from C41(DE3))
SF58 TOP10 (pSF6) This study
SF61 TOP10 (pSF7) This study
SF78 TOP10 (pSF8) This study
SF79 TOP10 (pSF9) This study
SF89 TOP10 (pSF10) This study
SF90 TOP10 (pSF11) This study
SF103 TOP10 (pSF14) This study
SF109 TOP10 (pSF15) This study
SF130 TOP10 (pSF16) This study
SF22 C43(DE3) (pSF24) This study
SF2 TOP10 (pSF25) This study
SF7 TOP10 (pSF26) This study
. monocytogenes
LO28 wild-type strain (3)
SF14 LO28 (pSF26 replicating at 28°C) This study
SF25 LO28 (pSF26 integrated in the genome) This study
SF70 LO28 (pSF7 replicating at 28°C) This study
SF116 LO28 (pSF7 integrated in the genome) This study
SF93 LO28 (pSF11 replicating at 37°C) This study
SF104 LO28 (pSF5 / pSF11 replicating at 28°C) This study
SF107 LO28 (pSF5 integrated in the genome / pSF11 replicating at  This study
37°C)
SF91 LO28 (pSF10 replicating at 37°C) This study
SF110 LO28 (pSF15 replicating at 37°C) This study
SF133 LO28 (pKSV7 replicating at 28°C) This study
SF134 LO28 (pSF16 replicating at 28°C) This study
SF135 LO28 (pKSV7RactA (internal fragment) replicating at 28°C) This study
SF136 LO28 (pKSV7Rgap (internal fragment) replicating at 28°C) This study
SF137 LO28 (pKSV7@rpoB (internal fragment) replicating at 28°C) This study
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Supplementary Table S2: List of plasmids used in this study.

Plasmid Characteristics Purpose Reference(s)
or source
pPET21b(+) F1 ori, AmpR, lacl, His-Tag Heterologous expression of Novagen
proteins in E. coli
pSF24 pET21b(+)Q/mo02113 (L. monocytogenes  Heterologous expression of L. This study
LO28) moncytogenes Lmo2113 in E. coli
pCN38 pT181copwtrepC-cat194-amp ColE1 ori Source for Cm® cassette (2)
pEC64 repF(pE194)ts-ermC-amp ColE1 ori Source for repFts cassette E. Charpentier
pEC84 repAts-ColE1-aphlll Source for back-bone thermo- E. Charpentier
sensitive vector
pSF25 pEC840Imo2113up-Imo2113dw Source for thermo-sensitive  This study
plasmid used for in-frame deletion
of Imo2113 in L. monocytogenes
pSF26 pPEC84(repAts::repF(pE194)ts) Thermo-sensitive plasmid for in- This study
QImo2113up-Imo2113dw frame deletion of /Imo2113 in L.
monocytogenes
pSF5 pPEC84(repAts:.repF(pE194)ts) Modified thermo-sensitive plasmid This study
QbgaBQImo2113up-Imo2113dw for in-frame deletion of Imo2113 in
L. monocytogenes
pSF6 pPEC84(repAts::repF(pE194)ts) Thermo-sensitive plasmid for gene This study
QImo2113up-cat194-Imo2113dw replacement of Imo2113 in L.
monocytogenes
pSF7 pPEC84(repAts:.repF(pE194)ts) Modified thermo-sensitive plasmid This study
QbgaBQImo2113up-cat194-Imo2113dw  for gene replacement of Imo2113
in L. monocytogenes
pMAD ori pE194ts-ermC-bla-ori pBR322-PclpB-  Source for B-galactosidase gene (1)
bgaB
pLIV1 oriT-ts ori-cam-ColE1l-amp- orfZ’-(T1) Shuttle thermo-sensitive backbone D. Higgins
terminators-PSPAC/lacOid-erm-Pp60- vector for inducible gene
lacl-orfZ’ expression in L. monocytogenes
pSF9 pLIV1QImo2113 Shuttle thermo-sensitive plasmid This study
expressing IPTG inducible Imo2113
for use in conditional knock-out
strategy of [Imo2113 in L.
monocytogenes
pAM401 rep-cop-cat-tet Shuttle replicating plasmid for gene (7)
expression in  trans in L.
monocytogenes
pSF11 pAM401QPSPAC/lacOidQ/imo2113 IPTG inducible Imo2113 cassette This study
pSF8 pLIV1Qasimo2113 IPTG inducible I/mo2113 asRNA This study
cassette
pSF10 pAM401QPSPAC/lacOidQas/imo2113 Shuttle replicating plasmid for This study
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Plasmid

Characteristics

Purpose

Reference(s)
or source

pSF14
pSF15

pKSV7

pPSF16

pKSV7QactA

pKSV7QrpoB

pKSV7Qgap

pLIV1Qasllo
pAM401QpSPAC/lacOidQasllo

Not available

pKSV7QImo2113 (internal fragment)

pKSV7QactA (internal fragment)

pKSV7QrpoB (internal fragment)

pKSV7Qgap (internal fragment)

IPTG inducible /lo asRNA cassette
Shuttle replicating plasmid for llo
gene silencing via inducible
expression of /lo asRNA

Shuttle thermo-sensitive vector
for gene disruption by plasmid
integration in L. monocytogenes

Shuttle thermo-sensitive plasmid
for Imo2113 gene disruption by
plasmid integration in L
monocytogenes

Shuttle thermo-sensitive plasmid
for actA gene disruption by
plasmid  integration in L.
monocytogenes

Shuttle thermo-sensitive plasmid
for rpoB gene disruption by
plasmid  integration in L
monocytogenes

Shuttle thermo-sensitive plasmid
for gap gene disruption by
plasmid  integration in L.
monocytogenes

This study
This study

(6)

This study

(5)

(5)

(5)
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Supplementary Table S3: List of primers used in this study.

Primer Sequence (5’- 3')b Specificity

OSF13 GCATTCTTGGTCAAAAAG Imo2113 (RT-PCR; Northern
blot)

OSF33 CGCCAACAACAAATAGAT Imo2112 (RT-PCR)

OSF14 CGTTCTTCCATTGGAAGC Imo2113 (RT-PCR; Northern
blot)

OSF15 GCGACCTACTCTCGCAGG 5S rRNA (Northern blot, loading
control)

OSF16 GTTATGGCGAGAAGGTCA 5S rRNA (Northern blot, loading
control)

OSF17 CGAGCGCATATGAATGAAGCAGTAAAAACG (Ndel) His-tagged Lmo2113 expression

OSF18 GCGCGACTCGAGAATAGTAAATAATTTAGA (Xhol) His-tagged Lmo2113 expression

OLEC253 TACAATGGATCCGAATAATCTCTTGGTCATATGCTT Imo2113up cassette

(BamHI)

OLEC254 AATCAAGGTACCTATGTATCACTCCTTGTTTAGAAT (Kpnl) Imo2113up cassette

OLEC255 TAATCAGGTACCTAATATAAGTAAAAACTGGAATTC (Kpnl)  Imo2113down cassette

OLEC256 ATTCATGAGCTCAAAATAAGTAGAATGACTGATGAG (Sacl) /mo2113down cassette

OSF31 TAGCGTGGTACCTTATTATCAAGATAAGAAAG (Kpnl) cat194 cassette

OSF32 ATCTAAGGTACCTAAACCTTCTTCAACTAACGGGG (Kpnl) cat194 cassette

OLEC644 ATGCACCTCGAGTTAGCATATTATGTTGCCAACTG (Xhol) B-gal cassette

OLEC645 ATGCACCCGCGGGTCTAGTTAATGTGTAACGTAAC (Sacll) B-gal cassette

OSF43 GACCTCTAGAAACAAGGAGTGATACATAATGAATGAAG Imo2113 and asimo2113

(Xbal) cassettes

OSF44 GGACTCTAGATTAAATAGTAAATAATTTAGAAAGT (Xbal) Imo2113 and aslmo2113
cassettes

OSF48 ATAGTTCTAGAAAATGTAGAAGGAGAGTGAAACC (Xbal) llo cassette

OSF49 GACAGTCTAGATTATTCGATTGGATTATCTACT (Xbal) llo cassette

OSF54 GCGCTGCAGGCTGCATGGCGTGAATTAAA (Pstl) 450 bp internal Imo2113
fragment

OSF55 GCGTCTAGAGCGAATAAGTTGTTGGCGTT (Xbal) 450 bp internal Imo2113

fragment

®F, forward; R, reverse.

b . . .. .
Bold sequences indicate restriction sites.
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Abstract

In section B it was shown that c/d is an essential gene in L. monocytogenes and that,
unexpectedly, it does not exhibit a chlorite degrading function. This section describes further
experiments performed in order to elucidate the true function of Cld in L. monocytogenes. We
investigated the influence of the two-component system ResDE on cld expression as it was shown
for B. subtilis (19) and, furthermore, we analyzed the influence of Cld on the pathogenicity of L.
monocytogenes and S. typhimurium in RAW264.7 macrophages. When describing the mechanism
of chlorite degradation by Cld, Lee et al. (17) also investigated the interaction of Cld with various
substrates of peroxidases and halogenases. As Cld of L. monocytogenes did not show any chlorite
degrading function, one aim was to verify a putative peroxidase, halogenase or catalase function.
Additionally, the heterologous expression of cld in E. coli revealed a very interesting phenotype
comparable to the expression of hemoglobin in E. coli However, none of the conducted

experiments revealed the true function of this gene.

Introduction

ResDE is a two-component system in B. subtilis and L. monocytogenes

Two-component systems are well known regulatory systems in both prokaryotes and eukaryotes.
They usually consist of a sensor kinase that autophosphorylates after receiving environmental
stimuli. The phosphoryl group is then transferred to a response regulator that modulates

expression of a defined set of genes (29).

ResDE is a typical two-component system well described in Bacillus subtilis but also known from
other species. ResE thereby acts as the sensor kinase responding to a yet unknown signal which is
most likely correlated with a change in oxygen tension. After autophosphorylation of ResE, the
phosphoryl group is transferred to the aspartate at position 57 of the response regulator ResD

(10). ResD acts on the transcriptional level regulating different genes like the redox regulator fnr
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(14, 24), cydABCD, which encodes products for the production of cytochrome bd oxidase (28), the
nitrite reductase operon nasDE (22), the flavohemoglobin encoding hmp (14), ctaA and ctaB (18) -
both required for synthesis of heme A - and plcR, coding for the major virulence gene regulator
(8). Although ResDE is seen as a classical two-component system, it has been shown that
phosphorylation of ResD is not a pre-requisite for gene activation (10). Unphosphorylated as well
as mutated ResD (D57A) can activate gene expression at low levels (10). Furthermore, it has been
suggested that the phosphorylation state of ResD triggers the activation of Fnr by direct
interaction (8). Analyses of the regulatory promoter regions from fnr, hmp and nasD revealed
highly variant regions that are bound tandemly by ResD (10, 23). However, Nakano et al.
proposed a short sequence to act as a putative ResD box (5 — TTTGTGAAT — 3’), although this

needs to be further investigated (23).

In 2000, Marino et al. (19) investigated the influence of anaerobic growth conditions on protein
synthesis in B. subtilis using 2D gel electrophoresis. First of all, they reported a significant

upregulation of the cld-homolog ywfl under different anaerobic growth conditions (Fig. C.1).

180 [ wild-type 1801 .one I T
140 : 140 ! [
100 - 1 T T 100 -
- 1 T L -
601 60 1
20r . | | - 207 | | | |
Aerobic Ferm. Anaerobic Anaerobic Aerobic Form.  Anaerobic Anaerobic
nitrate nitrite nitrate nitrite

Fig. C.1: Marino et al. (19) show that expression of the c/d-homolog ywfl in B. subtilis is urpregulated in a resDE
mutant strain under fermentative and anaerobic nitrite conditions indicating a direct or indirect regulation of resDE
on ywfl (with permission of (19)).

Furthermore, in a resDE deficient mutant strain of B. subtilis the authors could show that ywfl is
even more upregulated under fermentative and anaerobic nitrite conditions indicating that ResD
directly or indirectly represses cld expression under anaerobic conditions (Fig. C.1). The general

upregulation under anaerobic conditions correlates well with a similar phenotype observed in

64



Section C
PCRBs (see section B), although no information is present on the regulators involved in cld
expression in PCRBs until now. The described two-component system ResDE is also present in
Listeria monocytogenes. There, recently, a resD mutant and its phenotypic characterization had
been published (15) where the authors showed major differences in the target genes of ResDE-
mediated regulation. First, ResD influenced the expression of a functional glucose/mannose PTS

Man component) expression. Due to the

system by positively regulating mptA (encoding the EIIAB
impaired glucose/mannose uptake, the mutant showed a reduced growth rate that could be
minimized by the addition of 25 mM carbohydrates. It must be noted, that L. monocytogenes
harbours 3 mannose-specific enzyme Il permeases (11). Thus, the organism is not dependent on
ResD-regulated mptA expression for mannose uptake. In case of glucose the situation is different.
Besides the high affinity PTS system described above, L. monocytogenes encodes only one other
low-affinity proton motive force mediated system specific for glucose uptake (25). Therefore, the

growth deficient phenotype of the resD mutant can be more efficiently reduced by the addition of

mannose than glucose.

It is well known that L. mononcytogenes induces virulence gene expression under the presence of
activated charcoal (7), an effect that is repressed by the addition of fermentable carbohydrates to
the medium (20). As already expected, due to the impaired carbohydrate uptake system, the resD
mutant is not able to repress the induced virulence gene expression. Next, the influence of ResD
on respiration in L. monocytogenes was investigated under aerobic conditions (as no anaerobic
respiration is performed in Listeria) and it could be shown that cydA (encoding cytochrome bd-I
oxidase subunit 1) expression is dependent on resD expression. Finally, the authors investigated
the internalization and intracellular survival of L. monocytogenes in different eukaryotic cell lines.
No difference was observed concerning the intracellular survival of mutant cells, but a reduced
internalization was monitored. This could result from an altered cell surface observed by the

authors.
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Degradation of chlorite by Cid

As mentioned earlier, Lee et al. showed that the chlorite degrading mechanism of chlorite
dismutase is a O-O bond forming mechanism similar to that of photosystem Il (17). The authors
also tested the reactivity of Cld in the presence of oxidation and halogenation co-substrates. For
this purpose, Cld was incubated with guaiacol or 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) alone, two diagnostic substrates for peroxidases, but no formation of an 1e” oxidized
product was measured. Only if peracetic acid (PAA) was added to the reaction, catalytic activity
was observed. Using stopped-flow UV-vis spectroscopy, the authors could then show that, after
the addition of PAA, Cld forms compound | which is further decaying to compound Il within 20 ms.
Sequential addition of ascorbate regenerated the ferric state of the heme. In experiments with
monochlorodimedon (MCD), no halogenation ability of Cld was seen. These results indicate a high

specificity of Cld to chlorite with no side reaction.

The overall aim of the different experiments described in this section was to identify the true
function of Cld which is not the degradation of chlorite as shown in section B. Therefore, every
hint found through-out the literature was followed, explaining the seemingly unconnected nature
of the described approaches. Among these were infection assays using RAW264.7 macrophages,
expression analyses of c/d in a L. monocytogenes mutant deficient of the two-component system
ResDE and functional analyses of a putative peroxidase, halogenase and/or catalase activity of Cld
from L. monocytogenes. Part of the latter experiments have already been briefly described in

section B, but are presented here in more detail.
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Section C

Bacterial strains, media and growth conditions

A list of bacterial strains used in this study is presented in Table C.1. Handling of E. coli and L.

monocytogenes was performed as described in section B. Salmonella typhimurium was grown and

transformed as described for E. coli. Minimal medium for L. monocytogenes was prepared as

described in the appendix.

Table C.1: Bacterial strains used in this study

Strain Plasmid (antibiotic resistance) Source/Reference
E. coli C43 (DE3) (21)
SF22 pSF24 (Amp) This study
SF194 pET21b(+) (Amp) Novagen
SF197 PET22b(+) + a/elF2a (Amp) D. Hasendhrl
Listeria monocytogenes EGD (15)
Listeria monocytogenes EGD AresD (15)

Salmonella typhimurium 14028s
SF138

SF151

pSF24 (Amp)

pET21b(+) (Amp)

E. Charpentier
This study

This study

DNA manipulations

For heterologous expression of cld, plasmid pSF24 as described in section B was used.

Oligonucleotides used as primers in this study are listed in Table C.2.

Table C.2: Primers used in this study

Primer code Primer name Oligonucleotide sequence (5’- 3’) Specificity
OSF56 cldRNARCcF CCTGGATTTAATTCACGCCATGCA cld
OSF57 cldRNARCR TTGGCTCTTTCTTTATTGGAAACCTG cld
OSF58 16SRNARCF GCCACACTTTATCATTCGGTATTAGC 16S rRNA
OSF59 16SRNARCcR GCCTTGTACACACCGCCCGTCAC 16S rRNA
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RNA manipulations

Self-circularisation of RNA for simultaneous determination of 5’- and 3’- ends

RNA from L. monocytogenes LO28 cells was isolated as described in section B and checked for
complete removal of DNA. Then, 6 ug RNA was treated with 10 U Tobacco Acid Pyrophosphatase
(TAP) (Biozym) to remove pyrophosphates at the 5’ — end, which resulted in the formation of 5’ —
monophosphates in a 50 pl reaction. A subsequent acidic phenol/chloroform/isoamylalcohol
extraction was performed to purify the TAP-treated RNA for the following ligation reaction. After
denaturation of the purified RNA, RNA ligase | (New England Biolabs) was used to self-ligate
different amounts of RNA in a 25 pl reaction each. The purified and self-ligated RNA was then
used in a RT-PCR reaction using primer pair OSF56/0SF57 for cld and primer pair OSF58/0SF59 for
16S rRNA and the OneStep RT-PCR kit (Qiagen) according to the manufacturer’s instructions. The

method is described by Gonzales et al. (unpublished) and shown in Figure C.2.

Total RNA
extract
Start l End
pep () @o-
165 rRNA/cld mRNA

TAP treatment,
ligation

p

( )

1 RTPCR

——Or@—
=P Cloning and sequencing

Fig. C.2: self-circularisation of mRNA to determine 5’- and 3’- ends

Protein manipulations

Heterologous expression and protein purification

Cld was expressed and purified as described in section B.
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Growth curves and colony forming units (cfu) of SF22 and controls

SF22 (E.coli C43 harbouring pSF24) and E. coli C43

SF22 and E. coli C43 were grown in 30 ml LB in two 100 ml flask including the respective antibiotic

if necessary. One of the flasks from each strain was induced using 0.5 mM IPTG at ODgy = 0.8 -1.

SF22 and SF194 (E. coli C43 harbouring pEt21b(+))

Either strain was inoculated in duplicates in 40 ml LB in two 100 ml flask including the respective
antibiotic and grown until ODgy = 0.8-1, when one of the flasks was induced with 0.5 mM IPTG.
Starting 2h after inoculation, three times 100 pl of a 10 dilution of each culture were plated
hourly on LB + Amp plates and incubated overnight at 37°C. Colony forming units were counted

the next day and compared with the obtained ODgq, values.

SF194 and SF197 (E. coli C43 harbouring pET22b(+) + a/elF2a)

SF194 and SF197 were grown in 30 ml LB in 100 ml flasks including the respective antibiotic and
handled as described above for SF22 and SF194 with one modification: after 2h, 100 pl of a 10™

dilution was plated.

Cell size determination:

Strains SF22, SF194 and SF197 were grown in 30 ml LB in 100 ml flasks until ODgypo = 0.9 — 1, when
protein expression was induced with 0.5 mM IPTG. Samples were withdrawn 3.5h after induction
and 2 pl of each sample were analysed under the microscope. Using a LSM 510 Meta (Carl Zeiss),
two pictures of each sample were obtained and the length of 50 cells was determined using the
inbuilt LSM 510 Meta software (Zeiss). Average length values and standard deviation of the

obtained values were then implemented into a diagram.

Immunofluorescence

Cells of L. monocytogenes LO28 were grown in BHI medium until the early mid-log phase, when 4
ml were harvested by centrifugation and washed with 1 ml 1xPBS. Then, cells were fixed using

500 ul 4% PFA for 45 min on ice, washed again with 1xPBS and resuspended in 750 pul 1xPBS/EtOH
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(1:1) for further storage at -20°C. For labelling of fixed cells with a specific antibody, 100 pl were
washed with 1xPBS and incubated in 0.05% Tween20/H,0 for 10 min at room temperature (RT) to
increase membrane permeability. After a second washing step in 1xPBS, cells were blocked with
100 pl 2% BSA/1xPBS for 30 min at RT to decrease unspecific binding of the antibody. Labelling of
the cells was performed by independent incubation with a 1:100 dilution of a Cld-specific
monoclonal antibody as well as a S9-specific antibody in 100 ul 2% BSA/1xPBS for 1h at RT. A
subsequent washing step with 1xPBS was followed by incubation in the dark with the following
secondary antibodies: Cy2-labelled anti-rabbit antibody (1:1000) and Alexis-labelled chicken anti-
goat antibody (1:1500) for Cld and S9, respectively. To remove unbound antibodies, cells were
washed again with 1xPBS. Five ul of the cell suspension were applied onto the well of a Teflon-
coated 10-well slide. After coating with Moviol (2.4 g Moviol 4-88 from Sigma, 6 g glycerine, 6 ml
ddH,0, and 12 ml 0.2M Tris-HCI pH 8.5 were stirred at 50-60°C for several hours; then the
solution was centrifuged at 7,700 x g for 15 minutes at room temperature to remove air bubbles
and undissolved matter, and the supernatant was stored at -20°C until further use), the slide was
sealed with a coverslip and stored at 4°C in the dark. Embedded samples were examined by

confocal laser scanning microscopy (LSM 510 Meta, Carl Zeiss).

Macrophage infection assays

To determine the impact of Cld on the survival of L. monocytogenes LO28 and S. typhimiurium
14028s during infection, RAW264.7 macrophage infection assays were performed. Therefore, 100
pl of DMEM (Dulbecco's Modified Eagle Medium) medium including 10% fetal calf serum (FCS)
containing 2x10* mouse-derived RAW264.7 macrophages were seeded in 6 wells of a flat-bottom
96-well plate and incubated ON at 37°C with 5% CO,. From an overnight culture of L.
monocytogenes L0O28, cell numbers were determined using a Vi-cell cell viability analyzer
(Beckman Coulter) and dilutions of 4x10° cells in 10 pl sterile 1xPBS final volume were prepared to
infect the macrophages with a multiplicity of infection (MOI) of 10 in duplicates. For the infection

with L. monocytogenes and exogenously added Cld, protein was purified as described in section B,
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dialysed against 1xPBS and 5.8 pg were added to 4x10° L. monocytogenes cells in a final volume of
10 pl. Again, macrophages were infected with this suspension in duplicates. As controls in this
experiment, macrophages were incubated with 5.8 pug pure Cld protein in 10 pl 1xPBS and with 10
pl 1xPBS only. For each time point, one 96-well plate with 6 infected wells was prepared and
incubated at 37°C and 5% CO,. After 1h of incubation, all media were removed by decanting or
aspiration and 100 ul fresh media including 50 pug gentamycin were added to kill remaining
extracellular bacteria. One hour later, the medium was removed again and 100 pl fresh medium
including 10 pug gentamycin was added. Samples were taken after 1h, 2h, 4h, 6h and 8h by lysing
macrophages with 100 pl dH,0 and vigorous pipetting. After transfer of the suspensiontoa 1.5 ml
tube, each well was washed again with 100 pl dH,0 to ensure complete harvest of macrophages
and intracellular bacteria. The supernatant was then combined with the first 100 ul. The
suspension was then further diluted 1:20 — 1: 20 000, of which 100 ul were plated two times on
BHI. Following overnight incubation at 37°C, cfu on the plates were determined the next day. The
mean cfu value for each timepoint and infection was determined and implemented into a diagram

together with the respective standard deviation.

For the infection of macrophages with Salmonella typhimurium 14028s the same protocol with
minor modifications was applied. First, S. typhimurium 14028s was transformed with plasmid
pSF24 leading to strain SF138. SF138 is expressing cld constitutively and independently from the
addition of IPTG. As a control for the effect of the plasmid backbone, the empty pET21b(+) was
also transformed into S. typhimurium 14028s (leading to strain SF151) and used as control in the
infection. RAW264.7 macrophages were prepared as described above and infected with MOI 20 in
duplicates with the wild-type strain S. typhimurium 14028s, strain SF138 expressing cld from
plasmid pET21b(+) and strain SF151 harbouring the empty plasmid pET21b(+) as a control.
Samples were taken after 1h, 4h and 21h by lysing infected macrophages with 200 pl sterile 0.5%

DOC. Dilutions of 1:20 and 1:200 were then plated in duplicates in 100 ul aliquots on LB and LB
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plus ampicillin plates. Evaluation of the data was performed as described. All infections were

performed in triplicates.

Analyses of cld expression in Listeria monocytogenes EGDAresD

To investigate the expression pattern of c/d on the protein level in a L. monocytogenes EGDAresD
strain (15), the mutant as well as its isogenic wild-type were grown in 50 ml BHI medium under
aerobic or anaerobic conditions as described in section B. Samples for Western blot analyses were

taken during the late stationary phase and were processed as described in section B.

Peroxidase function of Cld

Protein was purified by Georg Mlynek from the group of Kristina Djinovic-Carugo. Total protein
concentration was determined to be 4 mg/ml (= 140 pM) using the Bradford assay as described in

section B.

Photometric Analysis

A diode Array UV-VIS spectrophotometer (HP 8453, Agilent) was used to determine the Soret

peak of Cld.

H,O, electrode measurements:

Reactions were performed at RT in a 4 ml volume containing compounds at different
concentrations as indicated in table C.3. Solutions of H,0, and NaClO, were prepared freshly. To
ensure homogenous distribution of the reagents, measurements were performed under constant

stirring.

Table C.3: H,0, measurements

Assay Phosphate- H,0, Cld NaClO,
buffer, pH 7
1 100 mM 100 uM | 5puM
2 100 mM 100 uM | 5uM 50 uMm
3 100 mM 100 puM | 5uM | 100 uM
4 100 mM 100uM | 5uM | 200 uM
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Clark electrode (O,) measurements:

Reactions were performed in 5 ml volume using the indicated concentrations in table C.4. H,0,
and NaClO, were used simultaneously in assays 1 and 2 to investigate if compound | produced by

either H,0, or NaClO, enables production of oxygen via the other substrate.

Before starting the measurements, the phosphate buffer was flushed with N, for 5 min to remove

all oxygen. Again, reactions were performed at RT under constant stirring of the solution.

Table C.4: O, measurements

Assay | Cld E:fcf’:fgilt‘; H,0, | NaClo,
1 500 nM 50 mM 1mM 1mM
2 1uM 50 mM 1mM 2mM
3 1uMm 50 mM 10 mM
4 1uM 50 mM 10 mMm

Peroxidase-activity test with guaiacol and ABTS:

The oxidation of guaiacol and 2,2"-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) can be
monitored by an increased absorbance at 470 nm and 414 nm, respectively, after the addition of
the enzyme. Cld was mixed with different compounds as listed in table C.5 and table C.6 and the

absorbance was monitored using a diode Array UV-VIS spectrophotometer (HP 8453, Agilent).

Table C.5: guaiacol assay

Myelo- Phosphate .
Assay Cld peroxidase buffer pH 7 Guaiacol H,0, NaClO,
50 nM 100 mM 100 uMm 100 uMm
100 pg 100 mM 100 um 100 uMm
50 nM 100 mM 100 um 100 uMm
Table C.6: ABTS assay
Assay Myelo- Phosphate
B
Cld peroxidase buffer pH 7 ABTS H20
50 nM 100 mM 1uM 100 uMm
50 nM 100 ug 100 mM 1uM 100 uM
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MCD Assay:

The MCD assay is indicative for the halogenase activity of a certain enzyme. Thereby,
monochlorodimedon (=MCD) is halogenated via compound | deriving from the reaction of the
enzyme with H,0,. In this study, the halogen should be transferred from NaCl or KBr halogen to
MCD which would be indicated by a reduced signal at 290 nm. The absorbance was monitored
using a diode Array UV-VIS spectrophotometer (HP 8453, Agilent). For used substrates or
substrate combinations see table C.7. Control experiments using highly purified myeloperoxidase

from Planta Natural Products (http://www.planta.at) or no enzyme were performed in parallel.

Table C.7: MCD assay

Assay | Cld E:fcf’:fgiltes MCD H,0, NaCl KBr | Naclo,
1 | 100nM | 100mM | 100 uM | 100 uM | 100 mM
2 | 100nM | 100mM | 100 uM | 100 uM 100 mM
3 | 100nM | 100mM | 100 uM 100 uM
4 | 100nM | 100mM | 100 uM | 100 uM 100 pM
5 | 100nM | 100mM | 100puM | 100 pM | 100 uM 100 uM
6 | 100nM | 100mM | 100 uM | 100 uM 100 mM | 100 pM

Stopped flow experiments:

To investigate a putative peroxidase activity, the influence of certain known peroxidase substrates
on the absorbance of Cld was determined by different stopped flow experiments. Thereby,
different substrates are mixed in a defined order and time frame and the change in absorbance is
recorded over time. The formation of compound |, as suggested by the publication of Lee et al.
(17) , would appear as a shift in the Soret peak to a higher absorbance. The applied substrate
combinations are listed in table C.8. All measurements were performed using a Stopped Flow
spectrophotometer/fluorimeter SX-18MV (Applied Photophysics). Assays containing only Cld and

H,O were used as controls.

74


http://www.planta.at/

Table C.8: Stopped flow experiments. Final assay concentrations are indicated

Section C

Assay cld H,0, | NaClO, | Peraceticacid | HOCI KNO, Asgsi:jb'c
1 14uM | 20 uM
2 14 M | 200 uM
3 14uM | 2mM
4 14 uM 20 M
5 14 uM 200 uM
6 14 uM 2 mM
7 14 uM 200 uM
8 14 uM 2 mM
9 7 uM 10 uM
10 7 UM 100 um
11 7 UM 1mM
12 28 UM 200 uM
13 28 UM 200 uM 100 uM
14 28 UM 200 uM 1mMm
15 28 UM 200 uM 100 uM
16 28 UM 200 uM 1mM
17 28 uM 2mM 1mM
18 28uM | 2mM 100 uM
19 28uM | 2mM my
20 28uM | 2mM 200 uM my
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Results and discussion

Self-circularisation of c/d mRNA to determine 5’- and 3’ — ends of c/d mRNA

Sequence analysis of genes surrounding cld revealed two potential promoters for the
transcription of cld (see section B). To determine the 5 — and 3’- end of c/ld mRNA, the self-
circularisation method described by Gonzales et al. (unpublished) was used. As a control, the 16S
rRNA was used showing a single band at the expected size after RT-PCR, indicating a correct
experimental set-up. Unfortunately, for c/d mRNA no product was obtained due to unknown

reasons.

Immunofluorescence

To confirm the suggested cytosolic localization, immunofluorescence experiments were
performed by hybridizing L. monocytogenes cells with a polyclonal Cld-specific antibody. This
experiment should confirm the cytoplasmic localization of Cld that was already suggested due to
the absence of a signal peptide and the results obtained by Western blot (see section B). To
investigate the background fluorescence signal of the specific antibody, the pre-serum obtained
before antibody production was used and unfortunately showed high background fluorescence
using the Cy2-labelled secondary antibody. Nevertheless, the signal clearly occurred only from the
cells and not from other substances in the cell solution. To exclude unspecific signals deriving
from the secondary antibody, one possibility would have been to test a differently labelled

antibody using another channel for detection.

IPTG induction of SF22 leads to higher ODggo but lower cfu number

When growth curves measuring ODgqo of induced and non-induced SF22 strains were obtained, a
much higher growth was observed for cells heterologously expressing cld (= induced SF22) than

for non-induced SF22 or the E. coli host strain C43 alone (Fig. C.3). To investigate the reason of
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this apparently increased growth when cld was expressed, cfu assays were performed to analyse
if the seemingly higher growth rate also manifests in a higher cfu number or if cells are only

physically enlarged, which as well would lead to a higher ODg.

Growth curve SF22 & E. coli C43

——(C43

ODgoo
w

C43+0.5 mM IPTG
SF22
—8—SF22+0.5 mM IPTG

0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

Fig. C.3: Growth curve of SF22 and E. coli C43 showing a longer log-phase of induced SF22 cells

A similar increased growth has been described during heterologous overexpression of bacterial
hemoglobins in E. coli. These bacterial hemoglobins/globin-coupled sensors are described as
mediators of cellular responses to metabolic and environmental stimuli such as NO, CO and
oxygen (4, 9). Cells e.g. expressing the hemoglobin of Vitreoscilla outgrew the non-induced
control strains as well as cells without plasmid (13). Furthermore, the expression of hemoglobins
of Vitreoscilla was shown to be upregulated under diminished oxygen concentrations (5) similar
to the expression of cld. Comparable to Cld, hemoglobins are heme-proteins. Another interesting
observation was the identification of a chimeric protein consisting of a globin domain coupled to
an antibiotic monooxygenase (ABM) (3). A similar chimera was described for a putative c/d and an
ABM domain in H. volcanii (1). Speculatively, these striking similarities might indicate a related

function of Cld and hemoglobins.
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First, SF22 was compared to E. coli C43 carrying the empty expression plasmid pET21b(+) (= strain
SF194) under induced and non-induced conditions. As described, cells were induced at
ODggo = 0.8 - 1, (3.5h post inoculation). Already 1.5h later, at timpoint 5h, a reduced cfu count of
induced SF22 compared to non-induced SF22 and SF194 was observed. This difference became
even more pronounced later during the experiment (Fig. C.4) The ratio between determined cfu
and measured ODgq, for induced SF22 decreased over time, clearly showing that the observed cfu
number, which was reduced compared to the control strains did not correlate with the measured
ODg (Fig. C.5). Monitoring the cells under the microscope revealed an increased cell size of
induced SF22 compared to the control strains (Fig. C.8). A possible explanation could be the high
amounts of Cld produced. Thereby, cells use all their resources to express the protein and almost
completely abolish cell division. However, the comparison with results from hemoglobin studies is
difficult in this case since in these studies growth was only monitored by measuring ODgy or dry-

cell weight (2, 13) and not by cfu numbers.

In a control experiment, pET22b(+) harbouring the gene a/elF2a from the archaeon Sulfolobus
solfataricus (26) was transformed into E. coli C43 (= strain SF197) encoding a protein of 30 kDa.
a/elF2a is a translation initiation factor in Archaea and was chosen as a control protein because it
is comparably well expressed in E. coli and is described to not show any function in E. coli (26). In
this experiment, growth rate and cfu were determined as described (Fig. C.6). Similarly to the first
experiment, SF197 was compared to SF194 under induced and non-induced conditions. Induction
occurred at 4h post inoculation and led to an arrest in cell division until timepoint 5h. Here, all
strains showed similar ODgyo values (Fig. C.6). However, the ratio between cfu and ODgy was
considerably lower for induced SF197 than for the control strains, indicating that cfu counts were
lower when the protein was expressed (Fig. C.7). This suggests that cells again redirected their
resources from cell division to heterologous expression of a/elF2a. The lower cfu number of
induced SF197 compared to the ODgy measurements can similarly to the situation in induced

SF22 be explained by clearly enlarged cells as seen under the microscope (Fig. C.8).
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Growth curve and cfu of SF22 and SF194 +/- IPTG
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Fig. C.4: Growth curve and cfu of SF22 and SF194 under induced and non-induced conditions. Induced SF22 which
heterologously expresses Cld reaches a higher ODgy, than non-induced SF22 and the control strain SF194 carrying
empty pET21b(+). However, induced SF22 shows a highly reduced cfu number compared to the controls. The black
arrow indicates time of induction with 0.5 mM IPTG.
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Fig. C.5: Ratio of cfu and ODg, values shown in Fig.C.4. The reduced ratio for induced SF22 shows that ODg, values
are increasing while cfu counts are reduced during the course of the experiment.
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Growth curve and cfu SF194 and 197 +/- IPTG

80 1 r3

m— SF194
SF194 + IPTG

cfu

N SF197

SF197 +IPTG (a/elF2a expressed)

ODgoo

==SF194

CFU x 10000000

SF194 + IPTG

oD
—=—S5F197 600

SF197 +IPTG (a/elF2a expressed) _|

Time [h]

Fig. C.6: Growth curve of SF194 and SF197 under induced and non-induced conditions. All strains show a similar
growth curve independent of IPTG addition. Compared to the control strain SF194 and non-induced SF197, the
expression of a/elF2a in SF197 leads to a reduction in cfu counts starting at time point 5h. The black arrow indicates
time point of induction with 0.5 mM IPTG.
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Fig. C.7: Ratio of cfu and ODgy, values shown in Fig.C.5. The expression of a/elF2a in SF197 starting at 4h after
inoculation clearly reduces the ration between cfu counts and ODgg,. This is comparable although less pronounced to
the effect observed for induced SF22.
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Fig. C.8: Average cell sizes of strains SF22, SF194 and SF197 under induced and non-induced conditions as determined
by microscopic analyses. Induced SF22 shows increased cells sizes compared to non-induced SF22 and other control
strains. The increased cell size is reflected in an increased ODgy, as shown in Figures C.5 and C.7.

To compare the amount of c/d expression and expression of a/elF2a in E. coli, samples were taken
at timepoint 8h and analyzed by SDS-PAGE (Fig. C.9). The gel pictures show that c/d (Fig. C.9 (A)) is
stronger expressed than a/elF2a (Fig. C.9 (B)). This would explain why the ratio of cfu to ODgqy is
much lower in induced SF22 (Cld) then in SF197 (a/elF2a) assuming that the increased protein

content leads to a larger cell size.

The results obtained here suggest that the at first observed phenotype of an increased ODggy
seems to derive from a more general phenomenon. The high protein production leads to a larger
cell size which is reflected in a higher ODgo. However, a possible influence of an unknown Cld
function can at this point not be excluded. The results obtained with the control strain SF197

indicate that an increase in ODgy is primarily due to physical enlargement of the bacterial cell.
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Fig. C.9: Protein gels of the SF194/SF22 and SF194/SF197 growth curve experiments. Samples were taken at 8h,
loaded on an SDS-PAGE and stained with colloidal Coomassie blue. Overexpression of c/d (A) is higher than
overexpression of a/elF2a (B)

Addition of Cld during infection of RAW 264.7 macrophages does not alter survival of
Listeria and Salmonella

Listeria is a very potent pathogen that is able to survive the harsh environment of the
phagolysosome in high numbers. Nevertheless, some cells are killed and lysed, thereby releasing
their content. According to personal discussion with Prof. Thomas Decker, it is widely discussed in
the scientific community that enzymes released from these lysed cells might further help the
remaining bacteria to better cope with the bactericidal compounds. Therefore, RAW264.7
macrophages were infected with L. monocytogenes L0O28 and purified Cld was added
simultaneously, thereby simulating the release of Cld by lysed Listeria cells. In a control
experiment, macrophages were infected with Listeria cells only or incubated with purified sole Cld
as described in the materials and methods section. Figure C.10 shows that there was no
significant difference in survival of L. monocytogenes with (black bar) and without (grey bar) the
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addition of Cld. Therefore we concluded that Cld does not have a direct influence on the virulence
of L. monocytogenes. However, it must be noticed that the internalization of exogenous Cld by
macrophages could not be directly shown as the used protein amounts were too low for Western
blot analysis. Moreover, it cannot be excluded that the heterologous expression and purification

of Cld did not lead to a fully functional protein.

RAW264.7 macrophage infection with
L. monocytogenes and Cld
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Fig. C.10: Summary of three independent RAW 264.7 macrophage infection experiments with L. monocytogenes LO28
(wt) and L. monocytogenes LO28 with exogenously added Cld (WT+20g Cld). No significant change in survival rate
could be observed

In an additional experiment the influence of S. typhimurium 14028s expressing cld from plasmid
pSF24 in the infection of RAW264.7 macrophages was tested. As Salmonella does not possess a
homolog of cld, no interference with a host-derived Cld could be expected and due to the high
similarity of Salmonella with E. coli, expression of cld from pET21b(+) was easily achievable.
RAW264.7 macrophages were then infected with wt S. typhimurium 14028s, SF138 and SF151 as
described. Again, no difference was observed in survival of Salmonella while expressing cld (=
SF138) compared to the wt or SF151. Interestingly, the introduction of an empty copy of
pET21b(+) already increased the survival of Salmonella without the addition of antibiotics as a

selective agent (Fig. C.11). Finally, it cannot be excluded that the expression of c/d was not correct
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concerning post-translational modification or co-factor binding in Salmonella. Furthermore, the
absence of cld from the genome of Salmonella could also be compensated by the presence of an

alternative gene. Then, no change in infectivity or survival rate would be expected.

RAW?264.7 macrophages infection with
S.typhimurium
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Fig. C.11: Representative result of a RAW264.7 macrophage infection with S. typhimurium 14028s (wt), a cld-
expressing S. typhimurium 14028s strain (SF138) and SF151 as control. Samples from strains SF138 and SF151 were
plated on LB and LB+ampicillin plates to investigate a putative loss of plasmid during the course of the assay. No
significant difference in survival rate was monitored between wild type and c/d-expressing strains.

Does ResD influence cld expression in L. monocytogenes?

As described in the Introduction, an altered expression of ywfl, a cld-homolog in B. subtilis, was
reported under different anaerobic growth conditions in B. subtilisAresD. The aim of this
experiment was to study the effect of a resD knock-out in L. monocytogenes on cld expression in
the mutant L. monocytogenes strain EGDAresD (obtained from M. Larsen (15)). It must be noted
that L. monocytogenes LO28, the strain used in other experiments of this study, was not used
here because it only encodes a truncated version of resD (12). Here, cells were first grown under
aerobic and anaerobic conditions in rich BHI medium with and without the addition of 25 mM

mannose.
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Fig. C.12: Aerobic and anaerobic growth curves of L. monocytogenes EGD wt and AresD in BHI with/without 25 mM
mannose. (A) aerobic growth curve showing that 25 mM mannose can compensate the reduced growth of the resD
mutant leading to a even higher growth than the wt. Addition of mannose to the wt prolongs the stationary phase.
(B) Anaerobic growth curve: The resD mutant has a largely increased lag-phase under anerobic growth conditions
compared to the wt. Similarly to aerobic conditions, 25 mM mannose can compensate the reduced growth rate.
Under anaerobic conditions, the wt shows a much more pronounced response to 25 mM mannose leading to a higher
ODg;,, than the wt without mannose.
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The reason to use mannose was the presence of two other mannose-specific PTS dependent
uptake systems that were not affected by the lack of ResD, whereas for glucose, the low-affinity
uptake system could not fully compensate the lack of the PTS system (15). The response of both
strains to the different conditions was first monitored by recording growth curves (Fig. C.12)
Under aerobic conditions, the addition of mannose could compensate the reduced growth rate of
the resD mutant strain leading to a slightly increased lag-phase and a higher growth than the wt.
The response of the wt to mannose became visible as a prolonged stationary phase. Under
anaerobic growth conditions, L. monocytogenes generally reaches a 50% lower ODg,, than under
aerobic conditions. However, wt cells exhibited an approximately 30% higher ODg;o with 25 mM
mannose than without mannose. The resD mutant shows a highly increased lag-phase under
anaerobic conditions, but the increased growth effect with the addition of mannose is similar to
the aerobic growth conditions. The results obtained here clearly confirm the observations of
Larsen et al. (15). The addition of increased amounts of carbohydrates compensates the lack of a
functional glucose/mannose-specific PTS system in the resD mutant under aerobic conditions and
stimulates growth in the wt. Additionally, under anaerobic conditions the mutant has a
comparably longer lag-phase with and without mannose but reaches wt level at stationary phase

when mannose is added.

To analyse the expression pattern of c/d under aforementioned conditions, cells were harvested
at late stationary phase and protein extracts were analysed by Western blot as described in
materials and methods. L. monocytogenes EGDAresD grown in BHI under aerobic conditions did
not show any cld expression without mannose in the medium. This changed after the addition of
mannose to the medium. Under anaerobic conditions, low c/d expression was visible which again
was increased to wt level by the addition of mannose (Fig. C.13). These results clearly show an
important direct or indirect effect of ResD on cld expression, although it is in strong contrast to
the indicated essential phenotype of cld (section B). The assay was repeated three times but,

unexpectedly, this result could not be reproduced.
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Fig. C.13: Cld-specific Western blot of L. monocytogenes EGD and L. monocytogenes EGD AresD grown
aerobically/anaerobically in BHI medium. Growth of resD mutant was supplemented with 25 mM mannose. Under
aerobic conditions, c/d expression was not observed in the resD mutant, although the addition of mannose reversed
this effect. Under anaerobic conditions, the resD mutant has a weak cld expression. This finding contradicts the

strongly indicated essential phenotype of cld. Repetitive experiments did not confirm this finding due to unknown
reasons.
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Fig. C.14: Cld-specific Western blot of L. monocytogenes EGD and L. monocytogenes EGD AresD grown aerobically in
minimal medium. (A) Growth with 2.5 mM glucose shows a reduced expression of c/d which is again compensated if
cells are grown in the presence of mannose. The reduction in c/d expression is diminished if 5 mM glucose are added

indicating a glucose dependent expression pattern. Comparable to the experiments with BHI, the phenotype could
not be reproduced (B).
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As indicated, the amount of carbohydrates in the medium could be an important factor in cld
regulation and could also vary over a certain range in the commercially available medium BHI.
Therefore, in a next attempt, cells were grown in minimal medium according to Phan-Thanh et al.
(27) with defined amounts of glucose and mannose. First growth experiments under aerobic
conditions using 2.5 mM and 5 mM glucose indicated that truly, c/d expression was triggered by
glucose in a dose-dependent manner (Fig. C.14 (A)). Addition of similar amounts of mannose
increased cld expression again to wt level. Similar to the experiments with BHI, the same
phenotype could not be reproduced in three independent experiments when cells were grown in
minimal medium (Fig. C.14 (B)). However, it is interesting that the reduced cld expression could be
seen in both BHI and minimal medium grown cells. Although the assays were not reproducible, a

certain effect of ResD on cl/d cannot be excluded.

Cld does not possess a peroxidase function but shows a weak catalase activity

When screening available databases like Genbank for members of COG3253, different functions
like chlorite dismutase, chlorite O,-lyase, (conserved) hypothetical protein or putative heme
peroxidase are assigned to these proteins. Remarkably, a putative heme peroxidase function of
the chlorite dismutase homolog TT1485 of T. thermophilus HB8 was already suggested by Ebihara
et al. (6) but not shown. However, the authors show a weak catalase activity of the c/d-homolog
using an oxygen electrode. Lee et al. (17) as well tested different known peroxidase substrates
like guaiacol and ABTS but did not observe any reactivity of Cld from D. aromatica RCB to these

compounds.

In this study we first recorded the absorption spectrum of purified Cld, revealing a Soret peak at
412 nm and two additional peaks at 540 nm and 570 nm (Fig. C.15) characteristic for the heme

ligand as already mentioned in section B.
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Absorption spectrum of L. monocytogenes Cld
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Fig. C.15: Absorption spectrum of L. monocytogenes Cld. Three distinct peaks are visible at 412 nm (Soret peak ), 540
nm and 570 nm.

Peroxidase and halogenase activity

The known peroxidase substrates guaiacol and ABTS were used to investigate the reaction of Cld
with H,0, and/or NaClO, in different combinations as shown in table C.5 and table C.6. No
reaction to any of the compounds used in this experiment could be shown. Next, the ability of Cld
to halogenate MCD was tested using NaCl and KBr in different combinations with H,0, and/or
NaClO, similar to the study of Lee et al. (17). Again, no reactivity was observed. For a more
detailed view on the reaction of Cld with H,0,, NaClO,, peracetic acid, HOCI, KNO, and ascorbic
acid, stopped-flow experiments were performed (for more details see table C.8). As shown by Lee
et al. (17), Cld of Dechloromonas aromatica RCB, is able to form compound | from peracetic acid,
but, although the authors proposed a mechanism for the degradation of NaClO,, they did not
provide any experimental evidence for compound | formation out of NaClO,. Here, with none of
the mentioned substrates or substrate combinations, compound | or even compound Il formation

could be shown for the Cld of L. monocytogenes.
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Catalase activity

Lee et al. (17) also stated that the Cld mechanism predicted by them is reminiscent of the catalase
reaction. Thus, H,0, and oxygen electrode measurements were performed using H,0, and/or

NaClO, (table C.3 and table C.4) to investigate if Cld can perform the following catalase reaction:

2 H202 -2 H20+ 02

Using the H,0, electrode, H,0, decay without NaClO, was first shown to be exponential, followed
by a continuous linear decline in H,0, (Fig. C.16). Next, NaClO, was additionally added to the
reaction. We hypothesized that although Cld cannot complete the reaction from ClO, to O, and
Cl, an intermediate compound could react with H,0, and increase oxygen formation from both
substrates. However, the addition of NaClO, to a mixture of Cld and H,0, reduced the efficiency
of Cld to decay H,0, with increasing concentrations, especially over 100 mM NaClO, (Fig. C.16).

This bleaching effect can be addressed to destruction of the heme by NaClO,.

H,0, electrode measurements
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Fig. C.16: H,0, electrode measurements. 5 uM Cld and 100 pM H,0, were mixed with increasing amounts of NaClO,
and the reduction in H,0, concentration was monitored over time. NaClO, reduced the ability of Cld to decay H,0,,
which can be seen by a flattening of the curves compared to the control experiment without NaClO,.
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As already briefly described in section B, measurements with a Clark-type oxygen electrode were
performed thereby mixing 1 uM Cld with 10 mM H,0, A linear increase in oxygen formation was
observed which increased with further addition of 1 uM Cld (see Fig. B.7) suggesting a decay of
H,0, caused by Cld. Similarly to the measurements with the H,0, electrode, the addition of

NaClO, to the reaction blocked oxygen formation due to bleaching of the heme center.

However, to clearly evaluate this indicated weak catalase activity, further calibration of the
electrode and more replicates of these experiments would be necessary. Indeed, considering the
abundance of a validated catalase in L. monocytogenes (16), there seems to be no need given for

such weak and inefficient catalase activity as seen for Cld.

Conclusive remarks

In section B it was shown that cld of L. monocytogenes is an essential gene and that its product
does not exhibit a chlorite degrading function. Therefore, the aim of the experiments shown here,
was to further investigate c/d and elucidate the true function of this gene. First, it was interesting
to see that the strong heterologous expression of a protein like Cld has a crucial effect on the
growth of the host. In first experiments a similar increase in growth after expression of c/d in E.
coli compared to heterologous overexpression of hemoglobins was observed. However, a more
detailed investigation using cfu assays and microscopic evaluation of the different cell sizes
showed that the increased ODgy, derived from enlarged cells and seems to be a more general
effect of protein overexpression. Nevertheless, it would be interesting to see how the situation is
during heterologous hemoglobin expression as during these studies only ODgy and dry-weight
measurement had been performed. Is the increased ODgy there also reflected in cfu number? As
these two proteins show other striking similarities like the constitutive expression in the host and
the chimeric occurrence of hemoglobins and c/d with an antibiotic monooxygenase domain, it

would be worth to further analyse these two proteins.
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One of the hypotheses concerning the function of Cld was a putative ROS/RNS detoxifying activity
during persistence in the phagolysosome. Therefore, infection studies with RAW264.7
macrophages were performed but did not show any effect on the survival of Listeria or

Salmonella.

In another approach, the expression of c/d in a resD mutant strain of L. monocytogenes EGD was
investigated but gave very contradictory results. Although first growth experiments in both BHI
and minimal medium showed a significant decrease in cld expression in the resD mutant, the
results were not reproducible due to unknown reasons. However, a certain influence of ResD on
cld cannot be excluded as the phenotype had been observed in two different media. Assuming
that there is an influence of ResD on cld in L. monocytogenes, ResD must positively regulate cld
expression in a direct or indirect manner. This is in contrast to the negative regulation shown for
ResD on the cld-homolog ywfl in B. subtilis (19). Furthermore, the observed phenotype is
contradicting the strongly indicated essential feature of c/ld as shown in section B. One
explanation for this inconsistency could be that in the resD mutant Cld is not necessary anymore
due to a complete shut-down of the respective pathway, Cld is involved in. Another possibility
could be that Cld is important for the removal of toxic side products that are not produced in the
mutant. As the knowledge about ResD in L. monocytogenes is restricted to only one study,
nothing is known about the regulatory mechanisms or the binding motif of ResD. The proposed
ResD box of B. subtilis was not found in close proximity to c/d in L. monocytogenes. However, it
would not be surprising if ResD binds to an alternative motif in L. monocytogenes considering the
different target genes of ResD compared to B. subtilis. To completely clarify a putative interaction

of ResD with cld, further experiments on the DNA, RNA and protein level are necessary.

Finally, putative peroxidase, halogenase and catalase activities were examined. These functions
have already been investigated in former studies on different Cld-like proteins (6, 17). Here, it
could not be shown that Cld of L. monocytogenes is able to form compound | from chlorite or any

other known peroxidase substrate. As the degradation of chlorite by Cld was also suggested to

92



Section C
occur via compound | formation, this observation is in accordance with the lack of a measurable
chlorite degrading function of Cld as shown in section B. Furthermore, a possible halogenase

activity as known for other peroxidases could not be shown either.

Although a weak catalase activity was measured, this can hardly be considered as the main
function of Cld, especially as a validated catalase in L. monocytogenes is described. However, it
cannot be excluded that a catalase activity was the former or is an emerging function of Cld-like
proteins. Nevertheless, the obtained results strongly indicate that the true function of Cld in L.

monocytogenes lies elsewhere.
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Abstract

In this study, the truncated chlorite dismutase of Nitrobacter winogradskyi was heterologously
expressed, purified and characterized. Spectroscopic analysis revealed the expected Soret peak at
406 nm indicating the presence of the heme ligand. The temperature and pH optima of purified
Cld were shown to be 20°C and pH 5.5. V,,., and K, determination classified Cld performance of
Nitrobacter close to other validated Clds. Comparison of Nitrobacter Cld aa sequence with the
recently published crystal structure of Cld from A. oryzae showed the presence of the three main
residues important for chlorite dismutase function. The missing N-terminal part of Cld in N.
winogradskyi does therefore not interfere with heme coordination and substrate binding. Further
sequence analysis revealed the absence of a signal peptide at the N-terminus, suggesting that Cld
is probably localized in the cytoplasm. The suggested co-localization of a nitrite-oxidoreductase
and Cld in the cytoplasm might indicate a functional relationship that needs to be further

investigated.

Introduction

Aerobic nitrification is a key process in the microbial nitrogen cycle and of biological waste water
treatment and consists of two steps. First ammonia is oxidized to nitrite by ammonia-oxidizing
bacteria (AOB) or archaea (AOA) (14, 15). Subsequently, nitrite (NO,) is further oxidized by nitrite-

oxidizing bacteria (NOB) to nitrate (NO3’) by the following reaction (12):

NO, + H,0 > NO3 + 2H" + 2¢

Nitrite functions as an electron donor for the reduction of NAD via reverse electron flow and the
generation of ATP by oxidative phosphorylation (24). The functional guild of NOB comprise until

now 5 genera including Nitrospira and Nitrobacter (1, 4).
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Nitrobacter winogradskyi is a gram-negative, facultative chemolithoautotrophic, nitrite-oxidizing
alphaproteobacterium. It gains energy by the oxidation of nitrite and fixes carbon dioxide as its
main source of carbon (24). Recently the genome sequences of N. winogradsyki Nb-255 (24) and
of N. hamburgensis X14 (25) have been published giving a more detailed insight into the

physiological capabilities and unique features of Nitrobacter spp..

Chlorate reduction by microorganisms involved in the nitrogen cycle had first been linked to
nitrate reduction (5, 11). Mutants deficient in chlorate reduction were also unable to reduce
nitrate, thereby connecting the two mechanisms (27). For nitrite-oxidizing bacteria (NOB) like
Nitrospira and Nitrobacter, it was shown that the nitrite-oxidizing enzyme system can as well
oxidize nitrite using chlorate as electron acceptor (21, 22). Especially for cultures of Nitrobacter it
was shown that nitrite-oxidation can be linked with chlorate reduction under aerobic as well as
anaerobic conditions (11, 17). Interestingly, the resulting chlorite seemed to strongly inhibit
further nitrite-oxidation (11, 17) and no evidence was given that N. winogradskyi could detoxify
the accumulating chlorite. However, Hynes et al. (11) only measured the amount of chlorite
produced (0.25 mM) from 10 mM chlorate by N. winogradskyi but did not investigate the
remaining amounts of chlorate in the medium. Therefore, it is unknown how much chlorate was
reduced to chlorite, which subsequently could have been processed by Cld to chloride and

oxygen.

The recent publication of Maixner et al. (19) was the first report that experimentally linked a
nitrite oxidizing bacterium (NOB) to chlorite degradation. The authors showed that ‘C. Nitrospira
defluvii’ encodes a functional chlorite dismutase gene, albeit showing a lower affinity to chlorite
than other Clds from validated PCRB. This might be a hint to a different main function of the Cld-
homolog. The proven occurrence of a functional Cld in a NOB without any identified (per)chlorate
reductase genes induced discussion about the origin and the purpose of this gene. As Maixner et
al. (19) stated, the reduction of perchlorate or chlorate by Nitrospira would provide almost similar
amounts of ATP*(mol NO,)™ than aerobic nitrite oxidation. This leads to the assumption that
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perchlorate or chlorate could be alternative electron acceptors for Nitrospira although growth
would be expected to be slower (19). The reduction of (per)chlorate could presumably be
mediated by the enzyme nitrite-oxidoreductase (Nxr). Working in both directions (29), Nxr might
mediate the oxidation of nitrite to nitrate under aerobic conditions (32) and the reduction of
nitrate to nitrite under anaerobic conditions (9, 13). For nitrate reductase, it has already been
shown that chlorate can be reduced to chlorite (16). Thus similarly, Nxr could use chlorate instead

of nitrate and reduce it to chlorite.

Nxr is the key enzyme for nitrite-oxidation and belongs to the molybdopterin-dependent enzymes
of the DMSO reductase family (18) comparably to perchlorate reductase (2). It consists of at least
three subunits (alpha to gamma) (18) thereby forming a heteromer. In Nitrospira, Nxr seems to be
present in the periplasm where it is attached to the cytoplasmic membrane via its gamma subunit
(22). In contrast to that, Nxr in Nitrobacter is directed to the cytoplasm but is as well attached to

the membrane (23).

As already mentioned by Maixner et al. (19), N. winogradskyi also harbours a c/ld-homolog that
differs from that of Nitrospira. Thus, the aim of this study was to heterologously express cld of N.
winogradskyi and investigate its predicted chlorite degrading function. The obtained results
should then be compared with the characteristics of Cld from ‘Candidatus N. defluvii’ described by

Maixner et al. (19) and with other validated Clds.
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Material and Methods

Bacterial strains, media and growth conditions

E. coli was handled as described in section B. E. coli BL21 tuner strain (F- ompT hsdSg (rs” mg ) gal
dcm lacY1, Novagen) was used for heterologous over-expression of cl/d. Therefore, plasmid pSF29
was transformed into E. coli BI21 tuner leading to strain SF170. SF170 was grown in rich TB
medium (12 g trypton, 24 g yeast extract, 4 ml glycerol per 1 | dH,0; 10x KHPO,: 23.14 g KH,PO,,
164.3 g K,HPO,*3H,0 per 1 | dH,0, used 1x final concentration) and handled as described in

chapter “Protein manipulations”.

DNA manipulations

Plasmid pSF29 was obtained from F. Maixner. Shortly, the 552 bp gene sequence of cld of
Nitrobacter =~ winogradskyi  was amplified using primers CldNBV (5’-CGAGC
GCATATGACGTTCACAGTCTTCACC-3’)/CIdNBR (5-GCGCGAGGATCCCCTATCGCGCGCGCCAATCG-3),

purified and cloned into expression plasmid pET21b(+) via its Ndel/BamH]I restriction sites.

Protein manipulations

For heterologous expression and purification of Cld from Nitrobacter winogradskyi, pSF29 was
transformed into E. coli BL21 tuner resulting in strain SF170. For optimal expression of c/d, 3 | of
TB medium in a 5 | flask were inoculated 1:50 with an ON culture of SF170 and incubated for 6h at
28°C with agitation. Then, 0.5 mM IPTG was added to induce protein expression during further ON
incubation at 28°C. Cells were harvested on the next day and proteins were purified as described
in section B with one exception: before sonication, cells were incubated with appropriate
amounts of DNasel and lysozyme for 30 min on ice. Total protein was pooled and dialysed against
20 mM HEPES/ 100 mM NacCl/ 0.5 % glycerol pH 7.4 . To increase the concentration of the protein,

Amicon Ultra-4, PLGC Ultracel-PL Membran, 10 kDa columns (Millipore) were used as described
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by the manufacturer. Heme reconstitution of the purified Cld was performed by addition of hemin
(50 mg/ml in 0.1 M NaOH) to the suspension. Via gel filtration (Hiload 2660 Superdex 200, GE
Healthcare) most of the excessive hemin was removed. As additional purification of Cld from
SF170 was necessary, all purification steps were repeated and the resulting protein mixed with
the gel-filtered protein suspension. Finally, the total protein extract was re-purified using a 5 ml
HisTrap column in an AKTA explorer chromatography system (GE Healthcare Life Sciences).
Red/brownish-coloured fractions were harvested and pooled. Final protein concentration was 32

mg/ml resulting in 57.6 mg total protein.

Protein concentration and integrity was determined as described in section B.

Functional assay

The Soret peak of purified Cld was determined spectroscopically using a Nanodrop ND-1000
(Peglab). To determine putative bleaching effects on the heme ligand, absorbance was measured
after the addition of 100 mM NaClO,. Furthermore, the influence of the reducing agent Na-di-

thionite on the heme ligand was determined.

Determination of the production rate of chloride by Cld from Nitrobacter winogradskyi was
carried out as described by Maixner et al. (19). Briefly, a chloride electrode (DX235-Cl connected
to a Seven Multi station; Mettler-Toledo) was used to measure emerging Cl" in 50 ml of reaction
buffer (10 mM sodium phosphate, adjusted to the respective pH) containing the respective
concentration of NaClO, and 100 mM NaNO;. The solution was stirred in a 100 ml beaker in a
heated water bath at the respective temperature. To ensure equal conditions for all triplicates
measured, temperature inside the beaker was taken manually. Measurements below 25°C, were
performed in a 4°C room. After the enzymatic reaction had been started by adding 450 pg of
purified Cld, the CI" concentration was recorded every second until no further change in CI
concentration could be monitored. Subsequently, the measured ClI" concentrations were plotted

against time and the rate of ClI" formation was calculated based on the linear part of the curve.
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Specific enzyme activity was expressed in U (mg protein)™, where one unit (U) is defined as the
amount of CI" produced per minute (umol min™; (30)). For determination of pH and temperature
optima, 1 mM NacClO, was used as substrate, whereby every data point was measured 3 times
independently. Based on these verified optimal conditions for Cld, activities for increasing
amounts of NaClO, were measured and all specific activities were plotted against the respective
NaClO, concentrations. Curve fitting was performed using the Michaelis Menten equation and the
substrate inhibition equation of the GraphPad Prism software package (GraphPad Software Inc.).
Based on the latter equation, Ky, and V., values were determined. The turnover number k.,; was
calculated by multiplying V,,.x with the molar mass of one subunit. Furthermore, the ratio of

k..:/ Ky indicates the substrate specificity of a certain substrate-enzyme combination.

Sequence analysis

Sequence analysis was carried out as described in section B. Molecular mass determination was
performed using the DNA/RNA/Protein/Chemical Molecular Weight Calculator from Chang

Biosciences (http://www.changbioscience.com/genetics/mw.html).
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Results and Discussion

Annotation of c/d and its surrounding genomic region

The genomic proximity of c/d in N. winogradskyi is very diverse (Fig. D.1). Upstream of cld two
genes involved in DNA replication (DNA primase Nwi_2440) and transcription (RNA polymerase
sigma factor, Nwi_2441) are encoded on the opposite strand. The c/d gene itself is a 552 bp long
gene that has an overlapping ORF with the downstream gene Nwi_2443. The product of
Nwi_2443 is a N-formylglutamate amidohydrolase, known to catalyse the terminal reaction in the
five-step pathway for histidine utilisation in Pseudomonas putida. In this reaction, N-formyl-L-
glutamate (FG) is hydrolysed to produce L-glutamate plus formate. Further downstream two
hypothetical genes (Nwi_2444, Nwi_2445) are located followed by a carbamoyl-phosphate
synthase (Nwi_2446), which catalyzes the production of carbamoyl-phosphate from bicarbonate
and glutamine in the pyrimidine and arginine biosynthesis pathways. Genes Nwi_2447 and

Nwi_2448 encode for a DNA-binding ferritin-like protein and an undetermined tRNA, respectively.

Chlorite dismutase (Nwi_2442) Nwi 2446
Nwi 2443 Nwi 2447
Nwi 2444 Nwi 2448
Nwi 2440 Nwi 2441 / Nwi 2445

1kb

Fig. D.1: Annotation of genomic region surrounding c/d. Nwi_2440: RNA polymerase sigma factor, Nwi_2441: DNA
primase, Nwi_2442: chlorite dismutase, Nwi_2443: N-formylglutamate amidohydrolase, Nwi_2444: hypothetical
protein, Nwi_2445: hypothetical protein, Nwi_2446: carbamoyl-phosphate synthase small subunit, Nwi_2447: DNA-
binding ferritin-like protein (Dps), Nwi_2448: undetermined tRNA. 5‘- region of Nwi2443 is overlapping with 3‘ -
region of cld.

No reasonable functional link between cld and its surrounding genes could be hypothesized. None

of the genes are organized in an operon and no functional relationship could be deduced for any
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of these genes. Comparing the genomic region surrounding cld in N. winogradsyki with the
organization in ‘C. N. defluvii’ (19), no similarities can be observed as in ‘C. N. defluvii’, c/d is

embedded in genes encoding for the purine synthesis pathway.

Alignment of Cld and determination of important residues

Compared to other cld or cld-like genes, chlorite dismutase of N. winogradskyi is a very short gene
of only 552 bp. It lacks a signal-peptide at the 5’ — end as determined by SignalP (3) together with
a major part of the N-terminus of the protein leading to a reduced protein size of 20.4 kDa. This
indicates that Cld is probably not transported outside the cytoplasm. In clear contrast to this, the
Cld of Nitrospira does encode a signal peptide and therefore is assumed to be located in the

periplasm (19).

The latest results on important residues for chlorite dismutase function were published by de
Geus et al. (6) for Cld of Azospira oryzae Gr-1. The obtained results were implicated in a multiple
sequence alignment (Fig. D.2). The authors identified a highly important arginine residue at
position 183 to be involved in substrate positioning and activation (red, Fig. D.2). Furthermore, a
histidin (His170) was described to be necessary for the coordination of the iron atom in the heme
(turquoise, Fig. D.2). The highly conserved tryptophan (Trp155) is involved in binding one of the
propionate groups of the heme ligand and could as well act as an electron donor during the
formation of compound Il (black, Fig. D2). These three residues are highly conserved in all
validated Clds and were shown to occupy similar positions in the active sites of cytochrome ¢
peroxidase. The amino acids marked in blue in Figure D.2 (asparagine, tyrosine, isoleucine) show
residues that are also involved in binding of the propionate groups of the heme, but they seem to
be less conserved. Despite its truncated N-terminus, Cld of N. winogradskyi harbours the three
highly important and conserved residues described above but encodes an arginine and a valine

instead of the asparagine and isoleucine involved in heme binding.
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A. OLYZAE = ittt eeteeaeaee ot ....MOPMQA MKI-ERGTIL TQPGVFGVF- TMFKLRPDWN KVPAMERKGA 44

I. dechloratans MKVRCVSLVA AGLLTIAGSA IGQPAPAPMP AMAPAAKPAM NTPVDRAKIL SAPGVEFVAFS TYKIRP-DYF KVALAERKGA 79

D. aromatica MTNLSTIHNFK LSLVAAVIGS AMVMTSSPVA AQQAMQPMQS MKI-ERGTIL TQPGVFGVFT MFKLRP-DWN KVPVAERKGA 78

N. winogradskyi ... ... ..t it it et et et e e 0

N. defluvii MNFRSAGRIA VLAGLLVLVA VWPAPAA--- --——---—--= -—-—- DREKLL TESGVYGTFA TFQMDH-DWW DLPGESRVIS 62

L. monoCcytogenes ........c.e teiiiinane aaaaan MNE- --=-====-== ———=—-——- AVK TLDGWFCLHD FRSIDWAAWR ELNPGNQELM 36

A. oryzae AEEVKKLIEK HKD----- NV -MVDLYLTRG LET-NSDFFF RINAYDLAKS QTFMREFRST TI-GKNADVF ETLVGVTKPL 116
I. dechloratans ADEVMAVLEK HKE----- KV -IVDAYLTRG YEA-KSDYFL RVHAYDAVAA QAFLVDFRAT RF-GMYSDVT ESLVGITKAL 151
D. aromatica AEEVKKLIEK HKD----- NV -LVDLYLTRG LET-NSDFFF RINAYDLAKA QTFMREFRST TV-GKNADVF ETLVGVTKPL 150
N. winogradskyi .. .MTFTV-- FT------- G GDSGAWSI-- -LSVAP---- -VIGESLMAA SH-LAIAPSL SLGDTSATTP WQLRGVASHA 59
N. defluvii VAEVKGLVEQ WSG----- KI -LVESYLLRG LSD-HADLMF RVHARTLSDT QQFLSAFMGT RL-GRHLTSG GLLHGVSKKP 134
L. monocytogenes LNELSHFLSD MEITKNIGEG -EHTIYSI-- -LGQKADLVF FTLRDSLEAL NEVENREFNKL AI-ADYLLPT YSYISVVELS 111
A. oryzae NMSKDK-SP GLNA----GL SSATYSGPAP RYVIVIPVKK MSPEERLKEM EV---HTTPT LAYLVNVKEK 184
I. dechloratans DLNK----GL SGATYAGDAP RFAFMIPVKK LTDEQRLKEM ET---HTLPT LPFLVNVKERK 219
D. aromatica GLNA----GL SSATYSGPAP RYVIVIPVKK MSPEERLKEM EV---HTTPT LAYLVNVKEK 218
N. winogradskyi KIAL----TS VQAGLGRNEA TRAALIPIRK MTQDERRAIF EDKSHHIAAS LKYLPAIABO 128
N. defluvii ESMK----TE LQVNGESGSR PYAIVIPIKK LDQEARTALM QE---HTQAA LPYLKTVKEK 200
L. monocytogenes DDPYQNKGVR ARLYPALPPK KHICFYPMSK LPMEERQQLI RD---HGLIG RSYAGKVQ@I 188
A. oryzae SYHSTGLD-D TDFITYFETD D--LTAFNNL MLSLAQVKEN -KFHVRWGSP TTLGTIHSPE DVIKALAD.. 248

I. dechloratans LYHSTGLD-D TDFITYFETN D--LGAFNNL MLSLAKVPEN -KYHVRWGNP TVLGTIQPIE NLVKTLSMGN 285

D. aromatica LYHSTGLD-D TDFITYFETD D--LTAFNNL MLSLAQVKEN -KFHVRWGSP TTLGTIHSPE DVIKALAD.. 282

N. winogradskyi LYHCRDIGEP FDFLTWFEYA PEHATMFEDL VGVLRATEEW -TYVERE-VD IRLARAI... .......... 183

N. defluvii LYHSTGLD-D VDFITYFETE R--LEDFHNL VRALQQVKEF -RHNRRFGHP TLLGTMSPLD EILEKFAQ.. 264

L. monocytogenes IGGSIGFD-D YEWGVTLFSD D--ALEFKRI VTEMRFDEAS ARYAE-F-GS FFIGNLLLSE QLSKLF-TI. 251

Fig. D.2: Multiple sequence alignment of selected Cld aa sequences. Cld of Nitrobacter winogradskyi is the shortest
Cld sequence lacking the N-terminal region present in other Clds. Sequences highlighted in grey indicate signal
peptides as determined by SignalP. Signal peptide for A. oryzae Gr-1 is not shown. Amino acids marked in dark blue
and black show residues that form hydrogen bonds with the two propionate groups of the heme cofactor. The
tryptophan marked in black is highly conserved and could also act as electron donor for the reduction of compound |
to compound Il. The histidin marked in turquoise is involved in coordination of the iron atom in the heme and is as
well highly conserved. The arginine marked in red has most likely an essential role in substrate positioning and
activation. All important residues were highlighted according to the important residues determined by de Geus et al.
for A. oryzae GR-1 Cld (6).

Functional characterization of Cld

Heterologous expression of Cld from N. winogradskyi was rather difficult due to abundant
inclusion body formation. After testing various strains and growth conditions, E. coli strain BL21
tuner was used as expression host leading to strain SF170. SF170 was grown at low temperature
(28°C) and protein expression was induced with only a low amount of IPTG (0.2 mM) to reduce
inclusion body formation. After breaking the cells and removing cell debris, a strongly red-colored
solution was obtained, indicating overexpression of a heme protein. When eluting Cld from the
beads using increasing amounts of imidazol, the red-colored fraction could be nicely followed
resembling the active Cld fraction. Addition of hemin to the solution, in order to fill all possible

binding sites for heme, changed the color of the protein solution to brown.

The Soret peak was determined for pure Cld and for Cld treated with excessive amounts of NaClO,

and sodium-dithionite (Fig. D.3). Pure Cld showed a Soret peak at 406 nm. The addition of NaClO,
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reduced the Soret peak signal indicating bleaching of the heme center by excessive substrate
concentrations. Reduction of the heme center from Fe(lll) to Fe(ll) by Na-di-thionite was not
visible in the assay which would be indicated by a shift of the curve to the right. This could be due

to a highly unstable Fe(ll) phase that is immediately recurring to its oxidized state.

Absorption spectra

0,7
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§ e C| ]
2 0,3 1
< =y et <N eessse NacClo2
Na-dithionite

0,2 1"
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Fig. D.3: Absorption spectra of N. winogradskyi Cld. The Soret peak was determined to be at 406 nm (continuous
line). Characteristic additional peaks at around 550 nm are most likely hidden in the decreasing slope of the curve.
Addition of 100 mM NaClO, decreased the Soret peak due to bleaching of the heme center (dotted line). The strong
reductant Na-dithionite should shift the Soret peak to a higher wavelength. No shift could be observed for N.
winogradskyi Cld (stippled line).

The method for the activity measurements of Cld has already been described by Maixner et al.
(19). Using 1 mM NaClO, as substrate, temperature and pH optima were determined to be 20°C
and pH 5.5, respectively (Fig. D.4 and D.5). This temperature optimum is the lowest of all so far
characterized characterized Clds, which have their optima at 25°C (Candidatus N. defluvii, P.
chloritidismutans) or 30°C (A. oryzae GR-1). The optimal pH of Nitrobacter Cld is slightly lower
than for other Clds (pH 6). For a comparison of values for all validated Clds see table D.1.
Specifically comparing the obtained values with the second Cld of a nitrite-oxidizer shows that the
Cld of Nitrobacter has a lower pH optimum and a lower temperature optimum than that of
Nitrospira. Interestingly, the two nitrite-oxidizers are optimally cultivated between 28°C and 31°C

(31). Hence, in both cases the temperature optima for Cld of Nitrobacter and Nitrospira are lower
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than their respective growth optima. Therefore, it is rather difficult to explain the difference in Cld

performance optima.

Temperature

4000 -
3500 -
3000 -
2500 -

2000 -

U/mgprotein

1500 -

1000 -

500 -

Temperature [°C]

Fig. D.4: Specific activities for Cld using 1 mM NaClO, at different temperatures from 10°C to 50°C; optimum for Cld
activity is at 20°C.
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Fig. D.5: Specific activities for Cld using 1 mM NaClO, at different ph ranging from pH 3 to pH 9; optimum for Cid
activity is at pH 5.5
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Under the obtained optimal conditions, specific activities of Cld at increasing amounts of NaClO,
were determined and blotted against the respective concentrations. The data was then fit to the
Michaelis-Menten equation using the program GraphPad Prism. The plotted curve did not fit to
values at higher NaClO, concentrations due to a decrease in specific activity (stippled line, Fig.
D.6). This could be explained by inactivation of Cld due to bleaching of the heme center by high
amounts of NaClO, (28). Therefore, the substrate inhibition equation was applied, perfectly fitting
to the values obtained (full line, Fig. D.6). In fact, the mechanism of heme bleaching is more a

suicide inhibition than a substrate inhibition. It is not reversible (28) but leads to the same

reduction in specific activity.

N. winogradskyi Cld activity measurements

5000 -
= 40001
=
]
= 3000
| 5
=1
D 2000
E
O 1000
['I T T T 1
0 20 10 60 80

mM NaClO,

Fig. D.6: Specific activity as function of the NaClO, concentration. Curve fitting is based on the Michealis-Menten
equation (stippled line) and on the substrate inhibition equation of the GraphPad Prism program (full line). Due to
the suicide inhibition effect of increased substrate amounts, the specific activity is reduced at higher chlorite

concentrations. For more details refer to the text.
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The Ky, value of Cld was determined to be 2.384 + 0.2515 mM and V,,,, to be 4796 + 177.6 U*(mg

protein)’ under optimal reaction conditions. The obtained Ky is lower than for the Cld of

‘Candidatus N. defluvii’ (15.8) but still higher than the values deriving from Clds of validated PCRB

(0.08 — 0.26). This indicates that the Cld of N. winogradskyi has a much higher affinity to chlorite

than the homolog in ‘Candidatus N. defluvii’. Nevertheless, its affinity is lower than that of the

Clds of PCRB. This could have different reasons like for example: (i) the primary substrate of Cld of

N. winogradskyi might be a similar compound but not chlorite itself; (ii) heterologous expression

systems can never resemble the exact host synthesis system resulting in different catalytic

properties of the enzyme; (iii) not all active centers contain a heme ligand.

Table D.1: Summary of various characteristics determined for all validated chlorite dismutases

Candidatus Azospira Thermus Pseudomonas
Nitrobacter Ideonella Dechloromonas
Nitrospira oryzae thermophilus | chloritidismutans
winogradskyi* dechloratans® | aromatica RCB®
defluvii® GR-1° HB8® AW-17

Subunit  size 20.391 30 32 25 27 26 31
(kDa)
Relative

ND ND 140 115 116 130 110
molecular
mass (kDa)
T  optimum 20 25 30 ND ND ND 25
(°C)

. 5.5 6 6 ND ND ND 6
pH optimum
Ve (UMg™) 4.796 x 10° 1.9x10° 2.2x10° 43x10° 4.7 x10° 1.6 0.44x 10°
Kor (M) 2.384 15.8 0.17 0.26 0.22 13 0.08
e () 1.695 x 10° 0.96 x 10° 1.2x10° 1.8x10° 1.88 x 10° 0.77 0.23x10°
cat
5 4 6 6 6 6

ke Kir (M) 7.1x10 6.1x10 7.1x10 6.9x 10 35.4x 10 59 2.7x10
Heme ND ND 1.7 2.4 3.7 0.6 1.5
content
Soret  band 406 415 394° 392 388 403 411
(Fe™)
Soret  band ND 433 432° 434 434 429 433
(Fe™)
This study

’Maixner et al. (19)
3van Ginkel et al. (30)
“Stenklo et al. (26)
>Streit et al. (28)
®Ebihara et al. (7)
"Mehboob et al. (20)
8Hagedoorn et al. (10)
ND, not described
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The ratio k.,/K\, reflects the performance constant of a certain enzyme/substrate combination. It
was used in different publications to compare the efficiency of Cld in converting chlorite (19, 20).
However, the use of the k./Ky ratio to compare different enzymes reacting with the same
substrate is incorrect. Eisenthal et al. (8) clearly showed that an enzyme having a higher catalytic
efficiency (i.e. k../Ky value) can, at certain substrate concentrations, actually catalyze an identical
reaction at lower rates than one having a lower catalytic efficiency. The ratio of the two reaction
rates is not a constant but rather depends on the value of substrate concentration and Kj,.

Therefore, the values are shown in table D.1 but are not discussed.

Conclusive remarks

This study clearly shows that chlorite dismutase of N. winogradskyi is a fully functional chlorite
degrading enzyme with K,, and V,,,, values comparable to other validated chlorite dismutases. It is
the second report about a Cld from a nitrite-oxidizing bacterium showing that the number of
validated Clds from non-perchlorate reducing bacteria is increasing. Compared to the Cld of ‘C. N.
defluvii’, significant differences in length and sequence were found. The absence of an N-terminal
part of Cld in N. winogradskyi did not influence the overall chlorite degrading activity of the
protein. In fact, the Cld of N. winogradsyki showed an even higher affinity to chlorite and a better
performance than the Cld of Nitrospira. A multiple sequence alignment showed that the
important residues suggested by de Geus et al. (6) for Cld are also present in Cld of Nitrobacter.
To fully uncover the importance of the N-terminal part of Cld on the specific activity, additional
studies including partial deletion of different parts of a full length active Cld would be necessary.
Furthermore, it would be interesting to determine the “minimal needed unit” for an active Cld as
well as the optimal amino acid composition of Cld for chlorite degradation considering future

biotechnological applications of Cld.

When specifically comparing Cld from the two nitrite-oxidizers Nitrobacter and Nitrospira, it is

interesting to notice that in Nitrobacter, Cld and Nxr are both assumed to be located in the
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cytoplasm, whereas in Nitrospira they are suggested to be located in the periplasm. Due to this
co-localization it can be speculated that Nxr could indeed reduce chlorate to chlorite which is then
further degraded to chloride and oxygen by Cld. To confirm this speculation, further studies on a

putative chlorate reducing activity of Nxr would be needed.

Taken together, Nitrobacter is able to use chlorate as an electron acceptor and encodes a
functional chlorite dismutase. Nevertheless, chlorate or the product of chlorate reduction,
chlorite, respectively, are known inhibitors of nitrite-oxidation and growth in NOB. One
explanation for this phenomenon could be that the amounts of chlorate and therefore chlorite
used in previous studies were too high to be degraded by chlorite dismutase of Nitrobacter. As
shown, chlorite can act as a suicide inhibitor for chlorite dismutase, destroying the heme ligand by
bleaching. Further studies investigating the response of Nitrobacter to physiological amounts of
chlorate would be needed to see if and how much of emerging chlorite can be removed by

chlorite dismutase in vivo.

Additionally to the functional studies mentioned above, several other questions concerning Cld of
N. winogradskyi remain open: (i) is cld expressed in vivo in N. winogradskyi, (ii) under which
conditions is cld expressed, (iii) what are the regulators of c/d expression and (iv) is chlorite the
only substrate of Cld or can it convert other substrates or substrate combinations. It would be
highly interesting and important to answer these questions in further studies to complete the
present picture of Cld in NOB thereby determining the purpose of this chlorite-degrading enzyme

in Nitrobacter winogradskyi.
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Minimal Medium for L. monocytogenes

after Phan-Thanh and Gormon - IJFM (1997) 35 :91 :95

Solution 1 : Phosphate salts 10X — store at RT

Name Amount Provider Remark
Na,HPO, 8l6¢g Fluka 71507

KH,PO, 3.28¢g Alpha Aesar 011594

dH,0 Fill up to 500 ml 1L bottle
Dissolve in dH,0 and autoclave

Solution 2 : Magnesium salt 100X — store at RT

Name Amount Provider Remark
MgS0,4.7 H,0 4.09¢g Merck 1.05886- 500g

dH,0 Fill up to 100 ml 250 ml bottle
Dissolve in dH,0 and autoclave

Solution 3 : Ferric citrate solution (C¢Hs05,Felll) 50 X — store at 4°C

(use for 6 month max)

Name Amount Provider Remark

Ferric citrate 878 mg SIGMA F-6129.250kg 'F’;tl*l‘lis solution there are 22,8%
deO (wa r-m) 200 ml Use 250 ml bottle for final

storage

Dissolve in 200 ml warm dH,0O - filter

Solution 4 : 20% glucose — store at RT

Name Amount Provider Remark

Glucose 20g Fluka 49140 Keep for 1 month maximum

dH (o) Fill up t0100 ml Use 250 ml bottle for final
2 storage

Dissolve in 100 ml warm dH,0O - filter
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Solution 5 : Amino acids 100 X — store at 4°C

Name Amount Provider Remark
L-Leucine 200 mg SIGMA L-800-25g LEU
L-Isoleucine 200 mg SIGMA [-7403-25g ILE

L-Valine 200 mg SIGMA V-6504-25g VAL
L-Methionine 200 mg SIGMA M-2893-25¢g MET
L-Arginine 200 mg SIGMA A-5131-25g ARG
L-Histidine 200 mg SIGMA H-9511-25g HIS
L-Tryptophane 200 mg SIGMA T-0271-25g TRY
L-Phenylalanine 200 mg SIGMA P-2126-100g PHE

dH,0 Fill up to 20 ml Falcon 50 ml

Dissolve aa mixture (200 mg each) in 20 ml sH,0.
Warm for dissolving and let cool down again. Filter.

Solution 6 : Cysteine + Glutamine solution 100 X — store at 4°C - prepare freshly

Name Amount Provider Remark
Cysteine 100 mg SIGMA C-7352 -25g Préparer extemporanément
Glutamine 600 mg SIGMA G-5763 - 25g Préparer extemporanément
dH,0 Fill up to 10 ml Falcon 10 ml
Warm for dissolving and let cool down again. Filter.
Solution 7 : Adenine solution 100 X — store at 4°C — prepare freshly
Name Amount Provider Remark
Adenin 25 mg SIGMA A—8626—5g Préparer extemporanément
HCI 0,2N 20 ml Reidel de Haén 30723 (1L) | 50 ml bottle

(19,67 ml

dH,0 + 0,332

ml HCL 37%)

Dissolve in 20 ml HCI 0,2N

SOLUTION 8 : Vitamin solution 100 X — store at 4°C :
Prepare solutions 8A, 8B and 8C separately and mix after (10 ml 8A +10 ml 8B + 1ml 8C);

fill up to 100ml with dH,0 and store at 4°C.

Solution 8A

Name Amount Provider Remark
Biotin 5mg SIGMA B-4501 Stored at 4°C
Riboflavin 5mg SIGMA R-9504-25g

dH,0 (warm) 10 ml Falcon

Dissolve in 10 ml warm dH,O. Let cool down.
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Solution 8B

Name Amount Provider Remark
Thiamine HCI 10 mg SIGMA T-1270-25g
D-panthotetic acid 10 mg SIGMA P-2250-5g Store at 4°C
hemicalcium salt
Niacinamid 10 mg SIGMA N-5535-100g
Pyridoxal HCI 10 mg SIGMA P-9130-1g Stored at -20°C
dH,0 (warm) 10 ml Falcon
Dissolve in 10 ml warm dH,O. Let cool down.
Solution 8C
Name Amount Provider Remark
p-aminobenzoic acid | 100 mg SIGMA A-9878-1g Stored at 4°C
Thioctic acid =lipoic | 5 mg Merck 5645
acid
Ethanol 95° 10 ml Falcon
Dissolve in 10ml 98% Ethanol

Preparation of minimal medium
For 11 of medium :
Solution 1 : Phosphate salts 10X 100 mi
Solution 2 : Magnesium salt 100X 10 mi
Solution 3 : Ferric citrate solution (C6H507,Felll) 50 X 20 ml
Solution 4 : 20% glucose 5mi
Solution 5 : Amino acids 100 X 10 mi
Solution 8 : Vitamin solution 100 X 10 mi
dH,0 845 mi
Sterilisation : filter solution in sterile bottle
Divide medium in 200 ml per bottle and store at 4°C
Just before use :
Add to 200 ml of medium:
Solution 6 : Cysteine + Glutamine solution 100 X (sterile) 2 ml
Solution 7 : Adenin solution 100 X (sterile) 2 ml
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Abbreviations

aa amino acids

ABM antibiotic monooxygenase

ABTS 2,2"-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
cfu colony forming units

ORF open reading frame

cr chloride

cld chlorite dismutase

Cloy, chlorite

ClO5 chlorate

Clo, perchlorate

DMEM Dulbecco’s Modified Eagle Medium
He helium

HOCI hypochlorite

IPTG Isopropyl-B-D-thiogalactopyranosid
KNO, potassium nitrite

llo listeriolysin O

MCD Monochlorodimedon

MOI multiplicity of infection

NOB nitrite oxidizing bacterium/bacteria
NO, nitrite

NO;5 nitrate

nxr nitrite-oxidoreductase

ON over-night

PAA peracetic acid

Pcr perchlorate reductase

PCRB (per)chlorate reducing bacterium/bacteria
RT room temperature
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TAP Tobacco Acid Pyrophosphatase

wt wild type
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Zusammenfassung

Die Chlorit-Dismutase (Cld) ist ein Chlorit-degradierendes Enzym im (Per)Chlorate-Reduktionsweg.
Durch die Reduktion von Chlorat (CIO;) entsteht toxisches Chlorit (CIO,), dass von Cld zu
harmlosem Chlorid (CI') und Sauerstoff (O,) zerlegt wird. Bis vor kurzem war die Anwesenheit
eines funktionellen c/d-Homologs auf Organismen beschrankt, die alle Gene fiir den kompletten
(Per)Chlorat-Reduktionsweg exprimieren. Eine groB angelegte Sequenzanalyse zeigte jedoch, dass
cld-dhnliche Gene ubiquitdr auch in verschiedenen prokaryotischen Organismen vorkommen,

denen die Gene fiir eine vollstandige Reduktion von (Per)Chlorat fehlen.

In dieser Studie wurde das cld-dhnliche Gen aus dem human-pathogenen, gram-positiven
Bakterium Listeria monocytogenes untersucht. L. monocytogenes ist ein weit verbreitetes
Bakterium, das aus Erde, Silage, Wasser und anderen Umwelthabitaten isoliert werden kann. Des
Weiteren, kann dieser pathogene Mikroorganismus verschiedene Wirtszellen infizieren, in deren
Zytoplasma es repliziert und sich dann von einer Zelle zur nachsten Zelle bewegt, um den
Angriffen des Immunsystems zu entkommen. L. monocytogenes ist ein sehr gut erforschter
Mikroorganismus, fir den zahlreiche experimentelle Techniken zur Verfiigung stehen. Deshalb
und aufgrund seiner Vielseitigkeit ist L. monocytogenes ein idealer Kandidat, um die Funktion

eines unbekannten Gens zu untersuchen.

Eine Hypothese fiir die Anwesenheit eines cld-homologen Gens in Listeria war die funktionelle
Notwendigkeit wahrend der Infektion einer Wirtszelle. Dabei wird das Bakterium mit einer sehr
feindlichen Umgebung konfrontiert. Cld kénnte hierbei in der Detoxifizierung von reaktiven
Sauerstoff- bzw. Stickstoffradikalen, die vom Immunsystem des Wirts produziert werden,

involviert sein. Die Hauptaufgabe dieser Arbeit war die Deletion des cld-Homologs in L.
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monocytogenes und eine Vergleichsanalyse der unterschiedlichen Phanotypen von Wildtyp und

Mutante wahrend der Infektion und unter anderen Stressbedingungen.

Sektion B beschreibt die unterschiedlichen Strategien zur Deletion des cld-Gens in L.
monocytogenes. Da keine der angewandten Strategien zur Isolation einer c/d” Mutante gefiihrt
hatte, wurde ein Gen-Disruptionsexperiment durchgefiihrt. Dabei ergaben sich starke Hinweise,
dass cld ein neues essentielles Gen in L. monocytogenes ist. Weitere Analysen auf Basis der
DNS/RNS zeigten, dass c/ld monocistronisch und bicistronisch gemeinsam mit einem Excisionase-
dhnlichen Gen transkribiert wird. Eine Expressionsanalyse auf Proteinebene zeigte, dass diese Cld
im Zytoplasma lokalisiert ist, sehr stabil ist und konstitutiv bei 28°C und 37°C exprimiert wird.
Weiters konnte unter anaeroben Wachstumsbedingungen eine Hochregulierung der cld-
Expression beobachtet werden, wie sie auch von validierten Clds bekannt ist.
Uberraschenderweise besitzt die Cld von L. monocytogenes keine Chlorit-degradierende Aktivitit.

Es konnte jedoch eine schwache Katalase-Aktivitat gezeigt werden.

In Sektion C werden weitere Experimente beschrieben, die durchgefiihrt wurden, um die wahre
Funktion der Cld aus L. monocytogenes aufzukldren. Eine Verbindung zwischen dem 2-
Komponenten System ResD und cld wie in B. subtilis konnte fir Listeria nicht gezeigt werden.
Ebenso konnte kein Einfluss von Cld auf die Infektivitat und das Uberleben von L. monocytogenes
und S. typhimurium in RAW267.4 Makrophagen nachgewiesen werden. Im Jahr 2008 wurde ein
Mechanismus fir die Chlorit-Degradierung durch Cld vorgeschlagen, der dem der Peroxidase sehr
dhnlich ist. Dabei kommt es zu einer Sauerstoffdoppelbindung und der Formierung eines

III

»compound 1“. Mittels verschiedenster spektroskopischer Methoden wurde eine mogliche
Peroxidase und Halogenase-Aktivitat von Cld untersucht. Bei keiner der verwendeten

Substratkombinationen konnte jedoch eine Reaktion von Cld nachgewiesen werden. Wie schon

erwdhnt, zeigt Cld eine schwache Katalase-Aktivitdit. Da L. monocytogenes bereits fir eine
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funktionelle Katalase kodiert, ware es hochst ungewdhnlich, dass dies die wahre Funktion von Cld

ist.

Wie oben angeflihrt, sind cld-dhnliche Gene weit verbreitet in Mikroorganismen, die nicht zur
Reduktion von (Per)Chlorat fahig sind. In einer Studie aus dem Jahre 2008 konnte gezeigt werden,
dass das Nitrit-oxidierende Bakterium ,Candidatus Nitrospira defluvii‘ eine voll-funktionsfahige Cld
besitzt. Ein weiteres c/d-Homolog konnte auch in Nitrobacter winogradskyi, einem weiteren Nitrit-
Oxidierer, gefunden werden, welches im Rahmen dieser Arbeit auf eine Chlorit-degradierende
Funktion untersucht (Sektion D) wurde. Die c/d von N. winogradskyi kodiert fir nur 183
Aminosaduren und ist damit verglichen mit anderen validierten Clds am N-terminalen Ende
verkiirzt. Unter Verwendung einer Chlorid-Elektrode konnte eine ausgepragte Chlorit-
degradierende Funktion bei einer optimalen Temperatur von 20°C und einem pH-Optimum von
pH 5,5 nachgewiesen werden. Der K, Wert der Cld aus Nitrobacter wurde mit 2,384 + 0,2515 mM
und Ve mit 4796 + 177,6 U*(mg protein)™” unter optimalen Bedingungen bestimmt. Diese Werte
weisen auf eine hohere Chlorit-Affinitat der Nitrobacter Cld verglichen mit der Cld von ,C. N.
defluvii’ hin. Interessanterweise ist Chlorit jedoch ein bekannter Inhibitor fiir Nitrit-oxidierende
Bakterien. Deshalb bendtigt es weitere Analysen, um die wahre Rolle der Cld in N. winogradskyi

Zu bestimmen.
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Summary

Chlorite dismutase (Cld) is a chlorite degrading enzyme involved in the (per)chlorate reduction
pathway. Thereby, it is important for the detoxification of highly reactive chlorite, originating
from the reduction of chlorate, to harmless chloride and oxygen. The presence of a functional
chlorite dismutase was until recently restricted to organisms capable of the energy-gaining
respiration of (per)chlorate. Surprisingly, a large sequence analyses published in 2008 revealed an
almost ubiquitous abundance of cl/d-like sequences in numerous organisms belonging to Bacteria

and Archaea.

In this study, we investigated the putative c/d gene of the well-described human pathogen Listeria
monocytogenes. L. monocytogenes is a widely abundant bacterium that can be isolated from sail,
silage, water and other environments. Furthermore, it can infect various host cells, where it
replicates inside the cytosol and directly moves from one cell to the other to evade the host
immune system. Due to its role as a human pathogen and its exquisite intracellular survival
strategies, L. monocytogenes is well studied and, thus, numerous experimental techniques are
available. This versatility of L. monocytogenes makes it an ideal candidate to study a gene with an

unknown function.

The main hypothesis for the presence of a chlorite dismutase gene in Listeria was a functional
requirement during host infection where these bacteria face a rather harsh environment. Thus,
chlorite dismutase could be involved in the detoxification of reactive oxygen or nitrogen species
produced by the host immune system. Therefore, one aim of this PhD thesis was to delete the
putative chlorite dismutase gene in L. monocytogenes and compare the phenotype of the mutant

and its isogenic wild type during infection and other stress conditions.
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In section B, the different strategies to obtain a c/d-mutant strain are described. As none of the
applied strategies led to the deletion of cld, a conducted gene disruption experiment strongly
indicated that c/d is a novel essential gene in L. monocytogenes. Therefore, we suggest a more
general metabolic function of c/d. Furthermore, transcriptional analyses revealed that cl/d is
transcribed monocistronically and polycistronically together with an excisionase-like gene
encoded upstream. Further expression analysis on the protein level demonstrated that the Cld-
like protein of L. monocytogenes is cytosolic, shows a high degree of stability, and is constitutively
expressed in situ throughout growth at 28°C and 37°C. Furthermore, Cld expression is upregulated
under anaerobic growth conditions which is in accordance with other validated c/d genes.
Surprisingly, Cld of L. monocytogenes does not have a chlorite degrading activity but shows a

weak catalase activity.

Section C describes further experiments performed in order to elucidate the function of c/d in L.
monocytogenes. However, a link of cld expression to the two-component system ResDE as
described for B. subtilis could not be confirmed for L. monocytogenes. Similarly, an influence of
Cld on the infectivity and survival of L. monocytogenes and S. typhimurium in RAW267.4
macrophages could not be shown. In 2008, the mechanism of chlorite degradation by chlorite
dismutase was suggested revealing a 0-O bond forming mechanism involving compound |
formation that is also produced during peroxidase activity. Using various spectroscopic
techniques, | investigated the peroxidase and halogenase activity of Cld from L. monocytogenes
using numerous substrate combinations. However, none of the chosen enzyme-substrate
combinations showed any reactivity. As mentioned above, Cld exhibits a weak catalase activity
although due to the presence of a highly functional catalase in Listeria, no need for such a weak

catalase could be hypothesized.

As described above, cld-like genes are ubiquitously abundant in organisms not capable of

(per)chlorate degradation. In 2008, the cld gene of the nitrite-oxidizer ‘Candidatus Nitrospira
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defluvii’ has been shown to encode a functional chlorite dismutase. Therefore, it was very
interesting to see that Nitrobacter winogradskyi, another nitrite-oxidizer, also harbours a putative
cld-gene. This cld-homolog was further investigated as described in section D. The cld gene
encodes for only 183 aa thereby lacking the N-terminus. Using a chloride electrode, a strong
chlorite degrading activity of Nitrobacter Cld was revealed, having an optimal temperature at 20°C
and a pH optimum of 5.5. The K, value of Cld was determined to be 2.384 £ 0.2515 mM and V.«
to be 4796 + 177.6 U*(mg protein)™ under optimal conditions. These values indicate a higher
affinity of Nitrobacter Cld to chlorite then the aforementioned Cld of N. defluvii. Interestingly,
chlorite is a known inhibitor for nitrite-oxidizing bacteria and therefore, the role of Cld in N.

winogradskyi still needs to be determined.
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