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ABSTRACT

Diet is a major force influencing the intestinal microbiota. This is obvious from drastic changes
in microbiota composition after a dietary alteration. Due to the complexity of the commensal
microbiota and the high inter-individual variability, little is known about the bacterial response
at the cellular level. The objective of this work was to identify mechanisms that enable gut
bacteria to adapt to dietary factors. For this purpose, germ-free mice monoassociated with the
commensal Escherichia coli K-12 strain MG1655 were fed three different diets over three
weeks: a diet rich in starch, a diet rich in non-digestible lactose and a diet rich in casein.
Two-dimensional gel electrophoresis and electrospray-tandem mass spectrometry were
applied to identify differentially expressed proteins of E. coli recovered from small intestine and
caecum of mice fed the lactose or casein diets in comparison with those of mice fed the starch
diet. Selected differentially expressed bacterial proteins were characterised in vitro for their
possible roles in bacterial adaptation to the various diets. Proteins belonging to the oxidative
stress regulon oxyR such as the alkyl hydroperoxide reductase subunit F (AhpF), the DNA
protection during starvation protein (Dps) and the ferric uptake regulatory protein (Fur), which
are required for E. col’s oxidative stress response, were upregulated in E. coli of mice fed the
lactose-rich diet. Reporter gene analysis revealed that not only oxidative stress but also
carbohydrate-induced osmotic stress led to the OxyR-dependent expression of ahpCF and
dps. Moreover, the growth of E. coli mutants lacking the ahpCF or oxyR genes was impaired in
the presence of non-digestible sucrose. This indicates that some OxyR-dependent proteins
are crucial for the adaptation of E. coli to osmotic stress conditions. In addition, the function of
two so far poorly characterised E. coli proteins was analysed: the 2-deoxy-D-gluconate
3-dehydrogenase (KduD) was upregulated in intestinal E. coli of mice fed the lactose-rich diet
and this enzyme and the 5-keto 4-deoxyuronate isomerase (Kdul) were downregulated on the
casein-rich diet. Reporter gene analysis identified galacturonate and glucuronate as inducers
of the kduD and kdul gene expression. Kdul was shown to facilitate the breakdown of these
hexuronates, which are normally degraded by the uronate isomerase (UxaC), the altronate
oxidoreductase (UxaB), the altronate dehydratase (UxaA), the mannonate oxidoreductase
(UxuB) and the mannonate dehydratase (UxuA), whose expression was repressed by osmotic
stress. The growth of kdulD-deficient E. coli on galacturonate or glucuronate was impaired in
the presence of osmotic stress, suggesting Kdul and KduD to compensate for the function of
the regular hexuronate degrading enzymes under such conditions. This indicates a novel
function of Kdul and KduD in E. col’s hexuronate metabolism. Promotion of the intracellular
formation of hexuronates by lactose connects these in vitro observations with the induction of

KduD on the lactose-rich diet. Taken together, this study demonstrates the crucial influence of



osmotic stress on the gene expression of E. coli enzymes involved in stress response and
metabolic processes. Therefore, the adaptation to diet-induced osmotic stress is a possible

key factor for bacterial colonisation of the intestinal environment.



ZUSAMMENFASSUNG

Sowohl Humanstudien als auch Untersuchungen an Tiermodellen haben gezeigt, dass die
Ernahrung einen entscheidenden Einfluss auf die Zusammensetzung der Darmmikrobiota hat.
Aufgrund der Komplexitat der Mikrobiota und der inter-individuellen Unterschiede sind die
zellularen Mechanismen, die dieser Beobachtung zugrunde liegen, jedoch weitgehend
unbekannt. Das Ziel dieser Arbeit war deshalb, Anpassungsmechanismen von kommensalen
Darmbakterien auf unterschiedliche Ernahrungsfaktoren mittels eines simplifizierten Modells
zu untersuchen. Dazu wurden keimfreie Mause mit Escherichia coli MG1655 besiedelt und
drei Wochen mit einer starkehaltigen, einer laktosehaltigen oder einer kaseinhaltigen Diat
gefluttert. Mittels zwei-dimensionaler Gelelektrophorese und Elektrospray-lonenfallen-
Massenspektrometrie wurde das Proteom der intestinalen E. coli analysiert und differentiell
exprimierte bakterielle Proteine in Abhangigkeit der gefutterten Diat identifiziert. Die Funktion
einiger ausgewahlter Proteine bei der Anpassung von E. coli auf die jeweilige Diat wurde im
Folgenden in vitro untersucht. E. coli Proteine wie z.B. die Alkylhydroperoxid-Reduktase
Untereinheit F (AhpF), das DNA-Bindeprotein Dps und der eisenabhangige Regulator Fur,
deren Expression unter der Kontrolle des Transkriptionsregulators OxyR steht, wurden starker
exprimiert, wenn die Mause mit der laktosehaltigen Diat geflttert wurden.
Reportergenanalysen zeigten, dass nicht nur oxidativer Stress, sondern auch durch
Kohlenhydrate ausgeldster osmotischer Stress zu einer OxyR-abhangigen Expression der
Gene ahpCF and dps fuhrte. Weiterhin wiesen E. coli Mutanten mit einer Deletion der ahpCF
oder oxyR Gene ein vermindertes Wachstum in Gegenwart von nicht fermentierbarer
Saccharose auf. Das spricht daflir, dass OxyR-abhangige Proteine eine wichtige Rolle bei der
Anpassung von E. coli an osmotischen Stress spielen. Weiterhin wurde die Funktion von zwei
bisher wenig charakterisierten E. coli Proteinen untersucht: die 2-Deoxy-D-Glukonate
3-Dehydrogenase (KduD) wurde im Darm von Mausen, die mit der laktosehaltigen Diat
geflttert wurden, induziert, wahrend dieses Protein und die 5-Keto 4-Deoxyuronate Isomerase
(Kdul) nach Futterung der kaseinhaltigen Diat herunterreguliert wurden. Mittels
Reportergenanalysen wurde gezeigt, dass Galakturonat und Glukuronat die kduD und kdul
Expression induzierten. Kdul begunstigte die Umsetzung dieser Hexuronate. In E. coli wird die
Umsetzung von Galakturonat und Glukuronat typischerweise von den Enzymen Uronate
Isomerase (UxaC), Altronate Oxidoreduktase (UxaB), Altronate Dehydratase (UxaA),
Mannonate Oxidoreduktase (UxuB) und Mannonate Dehydratase (UxuA) katalysiert. Weitere
Experimente verdeutlichten, dass osmotischer Stress die Expression der Gene uxaCA, uxaB
und uxuAB verminderte. DarlUber hinaus zeigten kdulD defiziente E. coli Mutanten in

Gegenwart von Galakturonat oder Glukuronat und durch Saccharose ausgeldsten



osmotischen Stress eine Verlangsamung des Wachstums. Das deutet darauf hin, dass Kdul
und KduD die durch osmotischen Stress bedingten Funktionseinschrankungen der regularen
hexuronatabbauenden Enzyme kompensieren. Die beobachtete Bildung von intrazellularen
Hexuronaten wahrend des Laktosekatabolismus in vifro stellt eine Verbindung zu dem
urspringlichen Tierexperiment her und deutet darauf hin, dass der Erndhrungsfaktor Laktose
die Verflgbarkeit von Hexuronat fir intestinale E. coli beeinflusst. Diese Studie weist somit
den Einfluss von osmotischem Stress auf die Expression von OxyR-abhangigen Genen, die
fur Stressantwortproteine sowie fur metabolische Enzymen kodieren, in E. coli nach. Durch
Nahrungsfaktoren entstandener osmotischer Stress stellt demnach einen entscheidenden

Faktor fur die bakterielle Kolonisation des Darmes dar.
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INTRODUCTION

1. INTRODUCTION

1.1. Intestinal microbiota

The gastrointestinal tract of mammals harbours a complex microbial community comprising
10-times more bacterial cells than eukaryotic host cells [for review see: BENGMARK, 1998] and
150-times more bacterial than host genes [QIN, 2010]. The microbiota reaches approximately
10" cells per g of faeces (dry mass) [FRANKS, 1998; SIMMERING, 1999] and consists of 1,000—
1,150 bacterial species [QIN, 2010], the majority of which have not yet been cultivated in vitro.
Although the gut microbiota displays high diversity at the species and subspecies level, only
low diversity was observed at the phylum level [GILL, 2006; TURNBAUGH, 2009a; TURNBAUGH,
2010]. Approximately 95% of the entire microbiota belongs to the major bacterial phyla
Firmicutes (including gram-positive genera such as Clostridium, Eubacterium, Ruminococcus,
Butyrivibrio, Anaerostipes, Roseburia, Faecalibacterium), Bacteroidetes (including the
gram-positive genus Bifidobacterium), Actinobacteria and Proteobacteria (including the
gram-negative Enterobacteriaceae with Escherichia coli as the most prominent representative)
[TAP, 2009; QIN, 2010]. However, the high inter-individual variability in intestinal microbiota

composition hampers the definition of a core microbiome present in everyone [QIN, 2010].

1.2. Effects of intestinal colonisation — bacteria-host interaction

Despite the differences in species composition, many functions exerted by the intestinal
microbiota are apparently shared among individuals. Known functions of the gut microbiota
that affect host health include (Figure 1): i) Salvage of energy by conversion of non-digestible
carbohydrates such as dietary fibre to short chain fatty acids (SCFA) [for review see: SAVAGE,
1986; GIBSON, 2004]. ii) Provision of a barrier against pathogenic bacteria by the use of
available habitats and metabolic substrates [for review see: VAN DER WAAIJ, 1989; ARANEO,
1996]. iii) Contribution to the maturation and maintenance of the immune system [BRY, 1996;
SLACK, 2009; LEE, 2010b; for review see: ROUND, 2009]. iv) Regulation of the differentiation
and growth of the intestinal epithelium [for review see: Falk, 1998]. v) Activation of secondary
plant metabolites such as polyphenols, which are supposed to have anti-allergic, anti-
inflammatory and anti-carcinogenic effects [DE SousA, 2007; for review see: YAMAMOTO,
2001].

However, the mechanisms how host factors, such as health status and nutrition, influence the
composition and the activity of the microbiota are poorly understood. Most investigations of
bacteria-host interactions regard the host response or the activity of pathogenic bacteria [for
review see: ADLERBERTH, 2000].
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Mammalian host

a
« Salvage of energy (SCFAs)

« Barrier against pathogens

Host factors

* Health status = Activation of health-promoting food constituents
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Figure 1. Interaction between host and microbiota. The microbial community inhabiting the
human intestinal tract largely affects host physiology, while host factors, such as health status and
nutrition, influence the composition and the activity of the intestinal microbiota. However, the
mechanisms underlying the adaptation of commensal bacteria to host factors are poorly understood.
SCFAs, short chain fatty acids.

1.3. Nutrient exchange between host and microbiota

Extraction of energy from otherwise indigestible food compounds is one of the main functions
of the intestinal microbiota. Therefore, diet provides nutrients not only for the host but also for
the indigenous bacteria. In the small intestine, diet-derived low-molecular weight nutrients,
such as monosaccharides and amino acids, are directly absorbed by the host [for review see:
FERRARIS, 2001], whereas disaccharides, such as sucrose and maltose, polysaccharides,
such as starches, as well as peptides and complex proteins are digested by various host

enzymes and subsequently absorbed by specific transporters.

However, mammals have limited capacities for the hydrolysation of complex non-starch
polysaccharides originating from plant material, such as cellulose and pectin [for review see:
HOOPER, 2002]. Together with nutrients that escape host digestion and absorption, indigestible
dietary fibres are degraded by a large variety of bacterial polysaccharidases, glycosidases,
proteases and peptidases to smaller oligomers and their component carbohydrates and amino
acids [for review see: MACKIE, 1997]. These low-molecular substances are fermented by the
indigenous microbiota to SCFAs (acetic, propionic, butyric acids), hydroxy and dicarboxylic

organic acids, H,, CO, and other neutral, acidic or basic end products (Figure 2).

In the large intestine, SCFAs are rapidly absorbed and metabolised by various host tissues [for
review see: SAVAGE, 1986; GIBSON, 2004]. Theoretical calculations and comparisons of the
energy consumption of conventional microbiota associated mice and germ-free mice revealed
that SCFAs contribute 10 to 30% to daily energy requirement of the host [WOSTMANN, 1983;
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for review see: MCNEIL, 1984; MACKIE, 1997]. Accordingly, these fermentation products are

potential energy sources and provide a metabolic benefit to the host.
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Nutrient digestion and the impact of the gut microbiota. Simple carbohydrates and

amino acids are absorbed by active transport in the proximal region of the small intestine. Proteins,
peptides and polysaccharides are digested by host enzymes and subsequently absorbed by specific
transporters. Nutrients that escape host digestion, indigestible carbohydrates, such as dietary fibres,
and host-derived nutrients, such as glycans, are fermented by the intestinal microbiota and bacterial
end-products, such as short chain fatty acids (SCFA), are absorbed and utilised by the host [modified

after HOOPER, 2002].
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1.4. Microbiota composition — the impact of diet

Since dietary nutrients are the main carbon and energy sources for intestinal bacteria, diet is
one of the major determinants for the persistence of a given species in the gastrointestinal
tract. Intestinal bacteria capable of taking advantage of a given dietary nutrient proliferate
faster than those unable to do so. This is obvious from 13-fold higher numbers of faecal
anaerobes in rats fed a high-fibre diet compared to rats fed a diet devoid of dietary fibre
[MAaczuLAK, 1993]. Indigestible oligofructose has been demonstrated to stimulate the growth of
bifidobacteria in the intestine of human subjects and rodents [GIBSON, 1995; KLEESSEN, 2001].

However, not only the type of dietary fibre but also the macronutrient composition of diet has
been shown to influence the composition and the activity of the gut microbiota as reflected by
alterations in intestinal microbiota composition after weaning [FAVIER, 2002] or after a dietary
switch [LEY, 2008; Turnbaugh, 2009b; FAITH, 2011; Wu, 2011; PATRONE, 2012]. Studies in
mice colonised with human feacal microbial communities demonstrated a rapid change of the
microbiota composition following a switch from a low-fat, dietary fibre-rich diet to a high-fat,
high-sugar Western-style diet. Moreover, the gene expression of enzymes catalysing the
conversion of amino acids, nucleotide sugars and carbohydrates changed rapidly in response
to the dietary shifts [Turnbaugh, 2009b]. The analysis of the human gut microbiome revealed
an increase in genes encoding bacterial enzymes involved in amino acid degradation, simple
carbohydrate catabolism, vitamin biosynthesis and bile salt metabolism in response to a
protein-rich host diet [YATSUNENKO, 2012].

Taken together, these studies not only revealed that dietary alterations affect the intestinal
microbiota composition and thereby indirectly gastrointestinal function and host health but also
that the microbial changes are accompanied by modulations in the metabolic activity at the
cellular level. Although the metabolic response of representative bacterial species to simple
parameters, such as substrate availability, pH, osmolality and oxygen partial pressure, has
extensively been studied in vitro, the mechanisms underlying bacterial adaptation to host,

environmental and dietary factors are poorly understood.

1.5. Gnotobiotic animal models

Studying the effects of dietary alterations at the cellular level is hampered by the complexity of
conventional microbial communities and the high inter-individual variability [DENOU, 2009].
Complex model systems such as human microbiota associated mice or streptomycin-treated
mice, in which gram-negative but not gram-positive bacteria were eliminated [MYHAL, 1982],
cannot exclude that diet-induced alterations at the population level are responsible for
metabolic changes observed at the cellular level. To circumvent this problem, simplified model

systems are required.
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Gnotobiotic animals are a useful tool to analyse bacterial colonisation under defined and
controlled environmental conditions [FALK, 1998; HOOPER, 2002; HOOPER, 2012]. Since the
effects of the resident microbiota can be ruled out, this model is an excellent tool to investigate
and define molecular mechanisms of host-microbe interactions [BUTTERTON, 1996; KAMIYA,
1997]. One well-known example of a gnotobiotic animal model are mice monoassociated with
Bacteroides thetaiotamicron, a dominant representative of the human distal small intestinal
microbiota [MOORE, 1974]. Using this model, B. thetaiotaomicron was shown to restore the
synthesis of fucosylated glycoconjugates in the intestinal mucosa throughout adulthood
whereas in germ-free mice production ceases after weaning. B. thetaiotaomicron produces
specific enzymes for the metabolism of these host-derived oligosaccharides enabling this
bacterium to persistently colonise the murine gut [BRY, 1996; HOOPER, 1999]. This study
clearly illustrates that bacteria are capable of adapting to the intestinal environment and that
they trigger the host to provide a growth substrate. Moreover, this example demonstrates that
gnotobiotic animals are exellent tools to investigate the molecular mechanisms underlying the

bacterial adaptation to host-endogenous factors.

1.6. Model organism Escherichia coli

To analyse the molecular mechanisms of bacterial adaptation to the intestinal environment, it
is worthwhile to use a model organism that is a representative of the entire microbiota and
easily cultivable in vitro. The organism used in the actual study is the gram-negative, rod-
shaped Escherichia coli. This bacterium is the most abundant facultatively anaerobic
bacterium present in the intestine of humans [ESCHERICH, 1988] and most mammals
[MANSSON, 1957; CLAPPER, 1963; DuUOBOS, 1963; PESTI, 1963]. Although not numerically
dominant, this species was shown to prevent the establishment of potentially pathogenic
bacteria in the gut of rodents [HUDAULT, 2001].

E. coli is able to efficiently adapt and change its metabolism in response to its environment.
This bacterium proliferate under aerobic, microaerobic and anoxic conditions, in which mixed-
acid fermentation results in the production of lactate, succinate, formate, ethanol, acetate and
CO. [INGLEDEW, 1984]. Its ability to switch between aerobic and anaerobic respiration in
dependence of the oxygen availability allows an easy cultivation of E. coli in vitro and enables
this bacterium to successfully colonise the intestine of germ-free rodents [for review see:
EsPEY, 2013].

In the last decades, laboratory strains of E. coli have been investigated intensively in various
genetic, biochemical and physiological studies. Therefore, E. coli is one of the best examined
gut microbes. The genome of the laboratory strain MG1655 was sequenced completely

[BLATTNER, 1997], enabling precise functional, transcriptional, phenotypical and biochemical
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analysis of mutant strains or expressed proteins. These molecular techniques facilitate
hypothesis-driven experiments and are required to identify mechanisms underlying bacterial

adaptation.

1.7. Adaptation of E. coli to the intestinal environment

In the mammalian intestine, E. coli colonises the polysaccharide-rich outer mucus layer
[M@LLER, 2003; for review see: KiM, 2010], which is generated by the host’s intestinal
epithelium and composed of glycoproteins, glycolipids and epithelial cell debris [PEEKHAUS,
1998]. The E. coli genome encodes approximately 40 glycoside hydrolases [for review see:
HENRISSAT, 1997], but no enzymes for the degradation of complex polysaccharides [HOSKINS,
1985]. Therefore, in the intestine, only mono- and disaccharides as well as short
malto-oligosaccharides released from diet- or host-derived polysaccharides are potential
energy sources for this bacterium [PEEKHAUS, 1998; CHANG, 2004]. Complex polysaccharides
are primarily degraded by polysaccharide hydrolase enzymes secreted by the dominant
anaerobic microbiota [COMSTOCK, 2003] or by colonic epithelial cells of the host [BEAULIEU,
1991].

Competition for nutrients is a key factor for bacterial colonisation of the mammalian intestine.
FRETER et al. postulated that the concentration of preferred nutrients affects the population
size of the bacterial species in the intestine [FRETER, 1983]. Since E. coli co-metabolise a
large variety of only transiently available nutrients, which in addition are present at low
concentrations, this organism has an enhanced ability to successfully colonise the mammalian
intestine [JONES, 2007; FABICH, 2008].

Not only the adaptation to changing nutrient availability but also the flexibility of the aerobic
respiratory system and the use of the best available electron acceptors enhance the
colonisation efficiency of intestinal E. coli (Figure 3). Mouse colonisation experiments with wild
type and mutant E. coli lacking genes encoding respiratory oxidases and reductases, such as
cydAB, cydDC, fnr and arcA, demonstrated that this organism is dependent on both
microaerobic and anaerobic respiration to successfully compete with other organisms in the
mouse gut. This promotes the view that the intestinal tract of mammals is not completely
anoxic [JONES, 2007]. Oxygen-rich tissues surrounding the gut lumen promote oxygen
diffusion into the intestine at levels relevant for bacterial metabolism [HE, 1999; for review
see: ESPEY, 2013]. The intestinal oxygen concentration is of major importance for intestinal
colonisation because it has been demonstrated that oxygen-intolerant bacteria failed to
colonise the intestine of germ-free rodents unless preceded by inoculation with either aerobic

or facultative aerobic microorganisms [for review see: ESPEY, 2013].
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Colonisation of the mouse intestine requires in addition the ability to synthesise nucleotides as
indicated by a study of VOGEL-SCHEEL et al., who observed a higher expression of key
enzymes of the purine and pyrimidine biosynthesis in intestinal compared to in vitro grown
E. coli. Mutants of E. coli devoid of the corresponding genes (pyrBI, purC, ydjG, nanA) were
washed out of the intestinal tract or decreased by several orders of magnitude when

inoculated with their respective wild type into germ-free mice [VOGEL-SCHEEL, 2010].

These observations clearly indicate that effective survival in vivo requires metabolic flexibility
(Figure 3). As indicated by the results of VOGEL-SCHEEL et al., the analysis of the whole E. coli
proteome obtained from the intestines of gnotobiotic mice is an appropriate method to
determine the mechanisms underlying bacterial adaptation to the host environment.
Nevertheless, this simplified and defined model has so far not been used to identify molecular
mechanisms underlying the adaptation of intestinal bacteria to dietary factors. Due to the large
influence of diet on basic parameters, such as intestinal motility, pH, osmolality and nutrient
availability, it is of crucial interest to analyse how intestinal bacteria adapt to these factors
in vivo. Such analysis may contribute to the identification of mechanisms underlying the

observed changes of the intestinal microbiota composition in response to dietary factors.
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Figure 3. Adaptation of E. coli to the intestinal environment. Intestinal E. coli adapt their

metabolism to the in vivo conditions by i) simultaneous utilisation of a variety of different energy
sources, ii) induction of enzymes involved in purine and pyrimidine biosynthesis and iii) activation of
respiratory pathways in response to the availability of oxygen and electron acceptors. This flexibility
enables E. coli to compete with other intestinal bacteria and to successfully colonise the mammalian
intestine.
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2. OBJECTIVES

Since diet is a major factor influencing the intestinal microbiota, it is important to understand
the molecular mechanisms underlying diet-induced bacterial adaptation. However, the focus of
the majority of investigations in this field deals with the host-response to bacterial colonisation
while the adaptation of commensal bacteria to dietary factors is poorly understood. Therefore,
this project aimed to identify mechanisms that enable commensal bacteria to adapt to dietary

factors in the mammalian intestine.

The following questions were addressed:
e Does intestinal E. coli adapt its metabolism to different host diets?

o Does the E.coli proteome reflect the cellular adaptation to intestinal substrate

availability?

¢ Do intestinal parameters other than nutrient availability result in metabolic responses in

intestinal E. coli?

¢ What are the underlying molecular mechanisms of bacterial adaptation?
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3. MATERIAL AND METHODS
3.1. Animal experiment
3.1.1. Gnotobiotic mouse experiment

This project aimed to identify mechanisms that enable intestinal bacteria to adapt to dietary
factors in the mouse intestine. Therefore, gnotobiotic mice monoassociated with the
commensal E. coli K-12 strain MG1655 were fed either one of three different diets: a diet rich
in starch, a diet rich in non-digestible lactose and a diet rich in casein. For this purpose, three
groups of germfree C3H mice (n = 18 to 21; Charles River Laboratories, Wilmington, USA), 9
to 12 weeks of age, were housed in sterile Trexler-type isolators (Metall & Plastik, Radolfzell,
Germany) at constant room temperature of 22°C + 10%, air humidity of 55% + 10% and a
light/dark cycle of 12 h. All materials were sterilised by irradiation (50 kGy) or autoclaving
(121°C, 15 min) and transferred to the isolators via a tank filled with 10% chloramine. One
week prior to the association with E. coli, the mice were switched from standard chow
(Altromin 1310 standard, Altromin Spezialfutter GmbH & Co. KG, Lage, Germany) to one of
the experimental diets (starch diet, lactose diet, casein diet; Table 1). All diets were sterilised
by irradiation at 25 kGy. The germfree status of the mice was checked prior the experiment by
Gram stains and cultivation of faecal samples under aerobic and anaerobic growth conditions
on Thioglycolate-broth (SIFIN, Berlin, Germany) and Wilkins-Chalgren broth (Oxoid,
Hampshire, United Kingdom) [KAMLAGE, 1999]. For monoassociation of mice, E. coli K-12
strain MG1655 was cultured anaerobically until mid exponential phase at 37°C in LB-Lennox
medium (Carl Roth, Karlsruhe, Germany) and washed in phosphate buffered saline (PBS;
Na,HPO, [80 g/litre], KCI [2 g/litre], Na,HPO, [14.4 g/litre], KH,PO, [2.4 g/litre]; pH 7.4). Each

Table 1.  Composition of the semisynthetic diets fed to the gnotobiotic mice for 3 weeks.

% (wt/wt) in indicated diet

Substrate Starch diet Lactose diet Casein diet
Sucrose 20 20 20
Starch 43 33
Lactose 0 10 0
Casein 20 20 60
Cellulose 5 5 5
Sunflower oil 5 5 5
Vitamins 2 2 2
Minerals 5 5 5
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mouse was inoculated once with 1 x 107 bacterial cells in 100 ul PBS by gastric gavage. Mice
were killed 21 days after monoassociation by cervical dislocation and intestinal contents of

small intestine, caecum and colon were collected.

3.1.2. Preparation of intestinal contents

Intestinal contents were weighed and diluted 1:10 (wt/vol) with PBS containing a protease
inhibitor mix (1:100 dilution of a 100 x stock; GE Healthcare, Munich, Germany) and cooled on
ice. Homogenisation was done by agitation with a Uniprep 24 (speed 2; Uniequip, Planegg,
Germany) in the presence of glass beads with a diameter of 2.85 to 3.33 mm. Samples were
centrifuged at 300 x g and 4°C for 3 min to eliminate coarse particles. Cell numbers of E. coli
were determined by viable cell counts. Therefore, supernatants were serially diluted in PBS
and aliquots of 100 ul were plated on LB-Lennox agar (Roth, Karlsruhe, Germany). Bacterial
cell counts are expressed as log10 per g dry weight of intestinal material. Dry weight was
determined by Iyophilisation of coarse particles (Loc-1m; Martin  Christ

Gefriertrocknungsanlagen, Osterode, Germany).

To collect the bacterial cells, supernatants were centrifuged at 10,000 x g and 4°C for 3 min.
Bacterial pellets were resuspended in washing buffer (10 mM Tris, pH 8; 5 mM magnesium
acetate; 30 yg/ml chloramphenicol; 100 x protease inhibitor mix, 1:100 diluted). Remaining
particles originating from the diet were removed by Nycodenz (Axis-shield PoC, Oslo, Norway)
gradient centrifugation. For this purpose, 0.5 ml of the cell suspension were pipetted on 0.5 ml
Nycodenz solution (40% [wt/vol]) and centrifuged at 186,000 x g and 4°C for 15 min. E. coli
cells were collected from the interphase and washed four times with 1 ml washing buffer

(centrifugation at 10,000 x g and 4°C for 3 min). Isolated E. coli cells were stored at -80°C.

3.1.3. 16S rRNA gene profile of intestinal bacteria

To exclude contaminations, DNA of representative caecal samples was isolated (RTP Bacteria
DNA Mini Kit, Invitek, Berlin, Germany) and bacterial 16S rRNA genes were amplified by
polymerase chain reaction (PCR) with the primers 27-f (5-AGA GTT TGA TCC TGG CTC AG-
3’) and 1492-r (5>-TAC CTT GTT ACG ACT T-3') [KAGEYAMA, 1999]. PCR was performed in a
24-pl reaction mixture including 1.2 yl of each primer (10 uM, Eurofins MWG Operon,
Ebersberg, Germany), 0.38 yl 12.5 mM dNTP (Invitek, Berlin, Germany), 2.4 yl 10 x Dream
Taq Green buffer, 1.25 U Dream Taq DNA polymerase (Fermentas, St. Leon-Rot, Germany),
and 10 ng template DNA. PCR conditions were as follows: denaturation for 4 min at 94°C; 25
cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C; and a final extension step of 10 min
at 72°C. The size of the PCR products was controlled in 1% agarose gels (Serva, Heidelberg,
Germany) with the help of the GeneRuler™ 100 bp Plus DNA Ladder (Fermentas, St. Leon-
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Rot, Germany). Bands were cut out of the agarose gels and purified (innuPREP Gel Extraction
Kit, Analytik Jena, Jena, Germany). DNA concentration was determined using a NanoDrop
ND-1000 spectrophotometer (Peglab, Erlangen, Germany). Amplicons were commercially
sequenced using the1492-r primer and the cycle sequencing technology (Eurofins MWG

Operon, Ebersberg, Germany).

3.1.4. Preparation of proteins for two-dimensional gel electrophoresis

All steps were performed on ice. Frozen bacterial pellets were thawed on ice, resuspended in
800 yl lysis buffer (8 M urea, 30mM Tris, 4% [wt/vol] 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS); pH 8.5) and incubated on ice for 5 min.
Resuspended samples were pipetted into 1.5 ml micro tubes (Sarstedt, Nimbrecht, Germany)
that contained 1.2g of 0.1 mm zirconia-silica beads (Roth, Karlsruhe, Germany). Cell
disruption was performed in a FP120 FastPrep cell disruptor (Thermo Scientific, Waltham, MA,
USA) at a speed of 4.0 m/s and a run time of 20 s. Three cycles were interrupted by incubation
of samples on ice for 5 min. To collect the protein extracts, the bottom of the micro tubes was
tapped with a sterile needle. Micro tubes were inserted into 2 ml Eppendorf tubes and
centrifuged at 2,000 x g for 2 min. To eliminate unbroken cells, samples were centrifuged at
14,000 x g and 4°C for 20 min. Supernatants were collected and bacterial DNA was removed
by incubation with 125 U Benzonase (Novagen, Merck KGaA, Darmstadt, Germany) at 37°C
for 5 min. Isolated proteins in the supernatants were enriched and purified from components
interfering with the two-dimensional difference gel electrophoresis (2D-DIGE) by selective
precipitation of proteins (2-D clean-up kit; GE Healthcare, Munich, Germany) according to the
manufacturer’s instructions. Purified protein solutions were adjusted to pH 8.5 using 50 mM
NaOH to ensure optimal binding of the fluorescent dyes. Protein concentrations were
determined by the method of Bradford [BRADFORD, 1976] with a ready to use reagent mixture
(Bio-Rad, Madrid, Spain). Bovine serum albumin was used as a reference protein. To reach

the protein concentration, which was needed for 2D-DIGE, samples were pooled.

3.1.5. Labelling of bacterial proteins

Bacterial proteins were labelled with fluorescent cyanine minimal dyes (Cy). These dyes have
specific excitation wavelengths and are therefore suitable for the separation of three different
samples on the same SDS-PAGE gel. This enables the use of an internal standard, which is
present on every gel (Figure 4). For each sample, 50 ug purified protein were transferred to
Eppendorf tubes and labelled with CyDye DIGE Fluor Cy3 or Cy5 (GE Healthcare, Munich,
Germany) as described by the manufacturer. For preparation of the internal standard, 25 ug

protein of each sample was pipetted into a separate Eppendorf tube. This mixture was labelled
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with CyDye DIGE Fluor Cy2 (GE Healthcare, Munich, Germany). To run different samples on
the same 2D gel, Cy3- and Cy5-labelled samples were combined with 50 ug of the

Cy2-labelled internal standard into a new Eppendorf tube.

Unlabelled samples Labelled samples
(E. coli protein extracts) V V V

vvvv Unlabelled Cy3 Cy5 Cy2
Starch diet V V VV VV
CyDye DIGE Fluor

Cy3 or Cy5 Samples represent E. coli proteins
obtained from mice fed the starch,
the lactose or the casein diet

Lactose diet

\ 4

Mix
CyDye DIGE Fluor
Cy2
Internal standard
Casein diet (representing all samples of the experiment)
Figure 4. Principle of pre-labelling. Purified bacterial proteins obtained from intestinal E. coli of

mice fed the starch, the lactose or the casein diet were labelled with CyDye DIGE Fluor Cy3 and Cy5.
The internal standard was prepared by pooling aliquots of all samples and was labelled with CyDye
DIGE Fluor Cy2. To run different samples on the same 2D gel, Cy3- and Cy5-labelled samples were
combined with an aliquot of the internal standard into a new Eppendorf tube. Cy, fluorescent cyanine
minimal dyes (modified after Ettan DIGE System user manual, GE Healthcare, 2005).

3.1.6. First dimension

Labelled samples were prepared for isoelectric focusing as follows: internal standard, sample
A, sample B (50 pg protein each); 4.5 ul IPG-buffer; 45 ul 20% DTT, dissolved in rehydration
buffer (7 M urea, 2 M thiourea, 4% [wt/vol] CHAPS, 1 yl bromophenol blue); the total volume
was filled up to 450 ul with rehydration buffer. The resulting protein solution was used for
passive rehydration of immobilised pH gradient (IPG) strips with a pH range of 4 to 7 and a
length of 24 cm. lIsoelectric focusing was performed in an Ettan IPGphor 3 device
(GE Healthcare, Munich, Germany) according to the manufacturer's rehydration loading
protocol: after active rehydration at 30 V for 10 h, samples were focused at 500 V for 1 h,
followed by 1000V for 1 h, 10.000 V for 3 h and 10.000 V until 42,500 Vh were reached.

Focused IPG strips were stored at -80°C.
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3.1.7. Second dimension

Focused IPG strips were equilibrated immediately before the second dimension SDS-PAGE
run. For this purpose, IPG strips were placed in equilibration tubes and incubated with 10 ml
equilibration buffer (75 mM Tris-HCI, pH 8.8; 6 M urea; 3.3 M glycerol; 70 mM SDS; 15 mM
bromophenol blue) containing 65 mM DTT (EB1) for 15 min with gentle agitation. EB1 was
poured off and IPG strips were incubated in 10 ml equilibration buffer containing 135 mM
iodoacetamide (EB2) for 15 min. SDS-PAGE was performed in an Ettan-Dalt Il apparatus
using 1-mm-thick 12.5 % SDS gels with a size of 20 x 26 cm. Run parameter were as follows:
1 W per gel for 45 min, followed by 17 W per gel for 3.5 h at 20°C.

3.1.8. Detection of differentially expressed proteins

SDS-PAGE gels were scanned with a Typhoon Trio laser scanner (GE Healthcare, Munich,
Germany) at 100 um resolution using appropriate filters for the excitation/emission
wavelengths of Cy2 (488 nm/520 nm), Cy3 (532 nm/580 nm) and Cy5 (633 nm/670 nm) dyes.
The corresponding gel images were analysed with the DeCyder software version 6.5
(GE Healthcare, Munich, Germany). Protein spots were detected, quantified and matched
automatically as described by the manufacturer. The accuracy of this process was controlled
manually. To quantify the protein abundance ratio, the protein spots detected in the proteome

of the samples were related to those of the internal standard (Figure 5).

The proteomes of E. coli isolated from small intestine and caecum of mice fed the lactose or
the casein diet were compared with those obtained from mice fed the starch diet. Differentially
expressed proteins with fold-changes of =2 and P <0.05 were given. Fold-changes were
expressed as average ratios. Statistical analyses were performed with 1-Way AOV between

different groups and Student’s T-test according to the manufacturer’s instruction.

3.1.9. Identification of differentially expressed proteins

Preparative gels with 500 yg of bacterial protein were prepared as described above and
stained over night with ruthenium Il tris (bathophenanthroline disulfonate) [RABILLOUD, 2001].
Proteins of interest were cut out of the two-dimensional gels using an Ettan-Dalt spot picker
(GE Healthcare, Uppsala, Sweden). Tryptic digestion was performed in 96-well plates with
V-bottom (Greiner bio one, Frickenhausen, Germany) as follows: excised gel pieces were
washed twice with 100 yI 50 mM ammonium hydrogen carbonate-50% methanol and
incubated for 30 min, dehydrated by addition of 100 pl acetonitrile for 10 min and dried under
vacuum using a RCT 90 SpeedVac (Jouan Robotics, St Herblain, France). In-gel digestion
was performed over night at 37°C by addition of 50 pl trypsin solution (1 ng/ul trypsin,

dissolved in 20 mM ammonium hydrogen carbonate; Promega, Heidelberg, Germany). After
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Sample A Protein standard Sample B
Labelling of proteins:
Cy3 Cy2 Cy5
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Figure 5. Principle of the 2D-DIGE analysis. Cy3- and Cy5-labelled samples were mixed with
the Cy2-labelled internal standard and separated on a 2D gel. The gels were scanned using appropriate
filters for the excitation/emission wavelengths of each dye, which enables separation of the various
samples and the internal standard. The protein abundance of the samples was quantified relative to the
internal standard. Since the protein concentration in the internal standard is the same on every gel, this
method reduces inter-gel variation. Cy, fluorescent cyanine minimal dyes (modified after
2D Electrophoresis Principles and Methods, GE Healthcare, 2004).

digestion, gel pieces were dehydrated by addition of 60 ul 0.1% TFA in 50% acetonitrile for
20 min. Supernatants were transferred to Eppendorf tubes and evaporated using a SpeedVac.
Peptides were identified by nano-liquid chromatography-electrospray ionisation-tandem mass
spectrometry, electrospray ionisation mass spectrometry (ESI-MS) and tandem mass
spectrometry (MS-MS) analysis as described by ALPERT, 2005, ALPERT, 2009 and VOGEL-
SCHEEL, 2010.

3.1.10. Determination of dietary substrates in the luminal gut contents

Concentrations of sucrose, fructose, glucose and lactose in intestinal contents of the
gnotobiotic mice were determined using enzymatic test kits (Lactose/D-Galactose,
Sucrose/D-Glucose/D-Fructose; R-Biopharm, Darmstadt, Germany). The protocol of the
manufacturer was adapted to a 96-well plate format, allowing a 20-fold reduction of the
volumes of all test components. Absorption at 340 nm was measured using a Tecan Infinite
F200 Pro microplate reader (Tecan Group Ltd., Mannedorf, Switzerland). Extinction

differences were calculated as follows: AE = (E2-E1)sample - (E2-E1)piank. COncentrations were
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calculated using standard curves.

Protein concentration in the gut contents was determined by the method of Bradford as
described above (see section 3.1.4.). Quantification of amino acids was based on the
ninhydrin (1,2,3-Indantrione monohydrate, Fluka, Neu-Ulm, Germany) reaction [HWANG, 1975]
and was performed as follows using 96-well plates: 60 pyl of 20 mM ninhydrin in ethanol and
300 pl luminal gut content were mixed in Eppendorf tubes; background absorption was
measured at 570 nm (E1); reaction of ninhydrin with free alpha-amino groups was started by
heating at 90°C for 7 min; after cooling on ice, the resulting colour change to deep purple was
measured at 570 nm (100 ul each, in duplicates) (E2). Extinction differences were calculated
as described above. Concentrations of free alpha-amino groups were calculated using a
standard curve (0 to 2.5 g/l hydrolysed casamino acids; Bacto laboratories, Mt Pritchard,
NSW, Australia).

Intestinal galacturonate and glucuronate concentrations were measured enzymatically using
uronate dehydrogenase (Udh) from Agrobacterium tumefaciens [MOON, 2009]. The plasmid
pETATu containing Udh was kindly provided by K. L. Jones Prather (MIT, Cambridge, USA).
Expression of Udh in E. coliBL21 and protein purification was performed as described by
MOON et al. Small intestinal, caecal and colonic contents (200 ul each) were lyophilised
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany) and resuspended in
20 yl ddH,O. The enzymatic assays were done in a 96-well plate format as follows: 195 pl
Tris-HCI (105 mM, pH 8.0), 4 ul NAD"* (32 mM) and 4 pl sample were incubated at room
temperature for 5 min; background absorption was measured at 340 nm (E1); the reaction was
started by addition of 1 pyl Udh and the mixture was incubated at room temperature for 30 min;
the absorbance increase was determined at 340 nm (E2). Extinction differences were
calculated as described above. Concentrations of galacturonate and glucuronate were
calculated with the help of standard curves (0 to 15 mM D-galacturonic acid sodium salt and

D-glucuronic acid sodium salt monohydrate, respectively, Sigma Aldrich, Munich, Germany).

3.2 In vitro analysis

3.21. Generation of luciferase reporter gene constructs

To investigate the expression profile of genes of interest (ahpCF, dps, kdul, kduD, uxaCA,
uxaB and uxuAB) in response to different stimuli, their promoter regions were cloned in front of
the bacterial luciferase genes luxAB (Figure 6). For this purpose, the promoter regions were
amplified from E. coli MG1655 by colony PCR using primers flanked by the restriction enzyme
sequences of Xbal or EcoRI. To improve the restriction digestion, two additional nucleotides
were added at the 5’ ends of the primers. The primers and specific annealing temperatures
used are listed in Table I, APPENDIX Il. Colony PCR was performed in a 48-ul reaction mixture
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including 2.4 pl of each primer (10 uM, Eurofins MWG Operon, Ebersberg, Germany), 0.76 pl
12.5 mM dNTP (Invitek, Berlin, Germany), 4.8 pl 10 x Dream Taq Green buffer, 1.25 U Dream
Taq DNA polymerase (Fermentas, St. Leon-Rot, Germany) and 2 ul PCR template (a single
bacterial colony was resuspended in 50 pl ddH,0). PCR conditions were as described above
(see section 3.1.3.). The size of the PCR products was controlled in 2.5% agarose gels with
the help of the GeneRuler™ 100 bp Plus DNA Ladder (Fermentas, St. Leon-Rot, Germany).
PCR products were purified using the High Pure PCR Product Purification Kit as described by

the manufacturer (Roche Applied Science, Mannheim, Germany).

Amplified PCR fragments and the luxAB-containing plasmid pKEST-MR (Figure |, APPENDIX II)
were digested with Xbal and EcoRI (FastDigest®; Fermentas, St.Leon-Rot, Germany)
according to the manufacturer's instructions. Digested plasmids were separated in
1% agarose gels, cut out and purified as described above (see section 3.1.3.), whereas
digested PCR fragments were purified using the High Pure PCR Product Purification Kit
(Roche Applied Science, Mannheim, Germany). Ligation was done at a vector:insert ratio of
1:5 using the T4 DNA Ligase (New England Biolabs, Beverley, USA). The required amount of
DNA was calculated as follows:

MasSinsert[Ng] = 5 X MasSyector [NG] X SiZ€insert [iN bP] / Siz€yector [iN bP].

The DNA resulting from the ligation reactions was subsequently transformed into
E. coliMG1655 by electroporation [DOWER, 1988]. Briefly, 2 to 5 pl of the ligation reaction
were added to 50 pl of competent cells (108 bacterial cells/pl), transferred to electroporation
cuvettes, and electroporated using a Gene Pulser apparatus (200 Q, 25 pF, 1.8 kV; BioRad,
Munich, Germany). Finally, 950 yl SOC medium (2.5% yeast extract, 10 mM NaCl,
2.5mMKCI, 10 mM MgCl,, 10 MM MgSO,4) was added and the resulting mixture was
incubated for 1 h at 37°C. Transformed cells (100 yl each) were plated on LB-agar plates
containing carbenicillin (50 pg/ml; Roth, Karlsruhe, Germany) and incubated overnight at
37°C. Transformed colonies were tested for the correct insert size by colony PCR using vector
specific primers (5-AAA GTG CCA CCT GAC GT -3’ [sense], 5-GGG TTG GTA TGT AAG
CAA -3’ [antisense]) and amplicons were commercially sequenced using the cycle sequencing

technology (Eurofins MWG Operon, Ebersberg, Germany).

RBS
— Promoter X —i luxA - luxB —
Figure 6. Schematic presentation of luciferase reporter gene constructs. The promoter

region of genes of interest was cloned in front of the ribosomal binding site (RBS) of the bacterial
luciferase genes luxAB. Transcription factors specific for the genes of interest led to transcription of the
bacterial luxAB genes, whose activity was determined by measuring luminescence.
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3.2.2. Luciferase reporter gene assays

3.2.2.1. ahpCF and dps promoters

To investigate the ahpCF and dps promoter activity in response to different types of
carbohydrates, E. coli MG1655 or AoxyR clones carrying pahpCFp::luxAB or pdpsp::luxAB
were grown aerobically or anaerobically in LB-Lennox medium plus carbenicillin (50 pg/ml)
and inoculated at 5% into 300 ml of fresh LB-Lennox medium plus carbenicillin (50 pg/ml).
Fresh cultures were incubated under aerobic and anaerobic conditions for approximately 1.5 h
until mid-exponential phase and harvested by centrifugation at 5,000 x g and 4°C for 5 min.
Pelleted cells were resuspended in 30 ml LB-Lennox medium plus carbenicillin (50 ug/ml). Cell
densities were determined at 600 nm (ODgg) using a SmartSpec Plus Spectrophotometer

(BioRad, Munich, Germany) and cell concentrations were adjusted to 5 x 10° cells/ml.

To analyse the influence of a variety of test substances on the ahpCF and dps promoter
activities, H,O, H,O, (final concentration of 300 uM), various types of carbohydrates (final
concentrations of 50 to 400 mM) and NaCl (final concentrations of 400 mM, 700 mM) were
applied to sterile 6-well plates for analysis under aerobic conditions or to sterile, gassed
Hungate tubes (80% nitrogen, 20% CO,) for analysis under anaerobic conditions. Cell
suspensions (1.5 ml each) were added to each well or Hungate tube. To measure the ahpCF
and dps promoter activities in the presence of a protein-rich medium, 1.5 ml cell suspensions
were centrifuged at 5,000 x g and 4°C for 5 min, bacterial pellets were resuspended in 1.5 ml
SOC medium and samples were added to sterile 6-well plates or to sterile, gassed Hungate
tubes (80% nitrogen, 20% CO.).

All samples were shaken at 120 rpm during incubation at 37°C for 30 min. Cells were
harvested by centrifugation at 10,000 x g and 4°C for 10 min and bacterial pellets were
resuspended in 1.5 ml PBS containing chloramphenicol (30 ug/ml; Roth, Karlsruhe, Germany)
to inhibit protein biosynthesis. Luminescence of 2.5 x 10° cells in 50 yl PBS was measured
using a Luminoscan Ascent Luminometer (Labsystems, Helsinki, Finland) in 96-well plates
(LuminNunc F96 MicroWell Plate, VWR, Darmstadt, Germany) as follows: 100 yl 2% Decanal
(Sigma-Aldrich, Steinheim, Germany) in PBS—10% ethanol was injected automatically to each
well, incubated for 3 s and luminescence was measured for 10 s. Each sample was measured
in triplicates. Relative luminescence was calculated as follow: absolute luminescence values of
stimulated cells were divided by values observed for cells grown on LB-Lennox medium

without stimuli.
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3.2.2.2. kdul and kduD promoters

To identify substances inducing kdul and kduD gene expression, E. coli MG1655 or AoxyR
clones carrying pkdulp::luxAB or pkduDp::luxAB were incubated in 10 ml M9 minimal medium
(Na;HPOQ,, 6 g/litre; KH,PO,, 3 g/litre; NaCl, 0.5 g/litre; NH4CI, 1 g/litre; uracil, 12.5 mgl/litre;
1 mM MgSQO,, 0.1 mM CaCl,) plus carbenicillin (50 ug/ml) in the presence of the pulverised
mouse diets (1%), scratched small intestinal mucosal tissue (1%) or the dietary components
glucose, fructose, galactose (50 mM each), lactose (25 mM) and casamino acids (1%).
Cultures were grown aerobically in 100 ml Erlenmeyer flasks or anaerobically in gassed
Hungate tubes (80% nitrogen, 20% CO,) under shaking at 220 and 120 rpm, respectively, and
37°C for 16 h. Cells were harvested, resuspended in PBS containing chloramphenicol
(30 pg/ml) and luminescence of 2.5 x 10° cells was measured as described above. Relative
luminescence values were calculated as follows: absolute luminescence values were related
to values measured in the presence of glucose, which directly undergoes conversion by

glycolytic enzymes and therefore did not induce the kdul and kduD gene expression.

3.2.2.3. uxaC, uxaB and uxuAB promoters

To investigate the expression profile of uxaCA, uxaB and uxuAB in response to osmotic
stress, E. coli MG1655 or AoxyR clones carrying puxaCAp:luxAB, puxaBp::luxAB or
puxuABp::luxAB were precultured, grown until mid-exponential phase and harvested as
described for clones carrying pahpCFp::luxAB and pdpsp::luxAB. Pelleted cells were washed
twice with 20 ml PBS and resuspended in M9 medium. Cell densities were determined and cell
concentrations were adjusted as described above. Cell suspensions (450 ul) were transferred
to Eppendorf tubes, centrifuged at 5,000 x g and 4°C for 5 min and bacterial pellets were
resuspended in M9 medium (negative control) or M9 medium containing galacturonate or
glucuronate (50 mM each) with or without sucrose (25 to 400 mM) or H,O, (300 uM) plus
carbenicillin (50 pg/ml). Cell suspensions were incubated at 37°C for 90 min under shaking at
120 rpm in sterile 12-well plates for analysis under aerobic conditions or in sterile, gassed
Hungate tubes (80% nitrogen, 20% CO,) for analysis under anaerobic conditions. Samples
were harvested, resuspended in PBS containing chloramphenicol (30 pg/ml) and
luminescence of 2.5 x 10% cells was measured as described above. Relative luminescence
values were calculated as follows: luminescence values were related to values measured in

the presence of galacturonate and glucuronate, respectively.
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3.2.3. Generation of knock-out mutants

Knock-out mutants were generated according to the method of DATSENKO and WANNER
[DATSENKO, 2000]. For this purpose, the chromosomal sequences internal to the ahpCF, oxyR
and kdulD genes were replaced by a kanamycin resistance cassette (Figure 7). Briefly, the
kanamycin resistance cassette was amplified from pKD13 using primers containing a pKD13
priming site at the 3’ end and a homologous sequence to the target gene at the 5’ end (Table I,
APPENDIX Il). Amplicons were separated in 1% agarose gels, cut out and purified as described
above. The purified DNA was introduced into E. coli MG1655 competent cells expressing the
(encoded on pKD46) [DATSENKO, 2000],

homologous recombination. Cells with a fixed chromosomal mutation were selected on

lambda Red recombinase which mediates
LB-Lennox agar containing kanamycin (50 pg/ml; Roth, Karlsruhe, Germany) and validated by
colony PCR with the primers listed in Table |, APPENDIX Il. To confirm the genotype, amplicons
were commercially sequenced using the cycle sequencing technology (Eurofins MWG Operon,

Ebersberg, Germany).
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Figure 7. Deleted chromosomal regions in mutant E. coli strains. (A) E. coli AoxyR,
(B) E. coli AahpCF, (C) E. coli AkdulD. The expression and function of the adjacent genes was not
affected because promoter and coding regions remained unchanged in the mutants. Black arrows
indicate start and termination sites of genes, red arrows indicate deleted sequences.
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3.24. Complementation of knock-out mutants

To complement the growth defects of the generated knock-out mutants, the ahpCF, oxyR and
kdulD genes including their corresponding promoters, were amplified from E. coli MG1655 by
colony PCR using primers flanked by the restriction enzyme sequences Hindlll or BamHI
(Table I, APPENDIX II). Colony PCR was performed in a 48 ul reaction mixture as described
above (see section 3.2.1.). Amplicons were controlled for their correct size in 1% agarose gels
with the help of the 1 Kb Plus DNA Ladder (Invitrogen, Carlsbad, USA) and purified (High Pure
PCR Product Purification Kit; Roche Applied Science, Mannheim, Germany). Amplified
fragments and the low copy vector pSU19 were digested with Hindlll and BamHI
(FastDigest®; Fermentas, St. Leon-Rot, Germany) according to the manufacturer’s instruction.
Digested pSU19 plasmids were separated in 1% agarose gels, cut out and purified as
described above (see section 3.1.3.), whereas digested PCR fragments were purified with the
High Pure PCR Product Purification Kit (Roche Applied Science, Mannheim, Germany).
Ligation and transformation in E. coli AahpCF, AoxyR or AkdulD competent cells were done as
described for the luciferase constructs (see section 3.2.1.). Positive clones (E. coli AahpCF
pSU19ahpCF, E. coli AoxyR pSU190xyR, E. coli AkdulD pSU19kdulD) were selected on
LB-Lennox agar containing chloramphenicol (10 ug/ml) and tested for the correct insert size by
colony PCR using vector specific primers (5-CCA GGC TTT ACA CTT TAT GC -3’ [sense], 5'-
AGG CTG CGC AAC TGT TG -3’ [antisense]). Amplicons were commercially sequenced using
the cycle sequencing technology (Eurofins MWG Operon, Ebersberg, Germany).

3.2.5. Growth experiments

3.2.5.1. Growth of E. coli strains AahpCF and AoxyR

Growth of E. coli MG1655 and mutants lacking the ahpCF or oxyR genes was monitored in the
presence or absence of osmotic stress. For this purpose, cells were precultured aerobically or
anaerobically in LB-Lennox medium, mutants in the presence of kanamycin (50 ug/ml), and
inoculated at 2.5 x 107 cells/ml into fresh LB-Lennox medium or LB-Lennox medium containing
sucrose (400 mM, 700 mM). Incubation at 37°C was done in 100 ml Erlenmeyer flasks
(20 ml medium) for aerobic conditions or in gassed Hungate tubes (5 ml medium;
80% nitrogen, 20% CO,) for analysis under anaerobic conditions under constant shaking at
180 rpm. ODgyp was measured hourly over 8 h, after 24 h and, for anaerobically grown
cultures, after 28 and 32 h using a SmartSpec Plus spectrophotometer (BioRad, Munich,
Germany). The specific growth rate (u) was determined by plotting the logarithm of the optical
density against time (slope in the exponential growth phase corresponds to ). The doubling

time (tg) in min was calculated as follows: ty = In2 / p x 60.
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3.2.5.2. Growth of E. coli strain AkdulD
To characterise the growth of mutants lacking the kdulD genes, E. coli MG1655 and

E. coli AkdulD were precultured aerobically or anaerobically in M9 medium containing either
galacturonate or glucuronate (50 mM each). Mutants were cultured in the presence of
kanamycin (50 pug/ml). Fresh M9 medium containing the same substrate with or without

sucrose (200 mM, 400 mM or 700 mM) was inoculated at 2.5 x 10 cells/ml.

For aerobic incubation, cultures were incubated in transparent 12-well culture plates (Sigma-
Aldrich, Steinheim, Germany), 1 ml per well, in a Tecan Infinite F200 Pro microplate reader
(Tecan Group Ltd., Mannedorf, Switzerland) under constant shaking at 218 rpm and 37°C for
45 h. ODgpp Was measured in intervals of approximately 15 min in multiple reads per well as
recommended by the manufacturer. Because of differences in the path length of microplate
readers and standard spectrophotometers, ODgq values obtained with the Tecan microplate
reader were plotted against the values determined with a SmartSpec Plus spectrophotometer
(path length of 1 cm). Transformed ODg values were calculated by the following formula:
ODeé0o [transformed) = ODgoo / 0.1069.

For growth under anaerobic conditions, fresh media was inoculated in sterile, gassed Hungate
tubes (80% nitrogen, 20% CO,) and transferred to 12-well plates (1 ml per well) in an
anaerobic chamber (80% nitrogen, 10% CO,, 10% H,; Meintrup dws Laborgerate, Lahden-
Holte, Germany). The plates were covered with an adhesive film to maintain anaerobic
conditions, which were controlled by the redox indicator resazurin (1 pg/ml). Sterility was
controlled by incubating medium without bacteria. Incubation was done in a Tecan Infinite
F200 Pro microplate reader at 37°C for 40 h. Shaking was performed immediately before
ODegoo measurement (as described above) at 450 rpm for 20 sec. Transformation of ODgg
values and determination of the specific growth rates and doubling times was done as

described for aerobic incubation.

3.2.5.3. Growth of complemented E. coli strains

To characterise the growth of E. coli deletion mutants containing the complementing
pSU19 plasmids (E. coli AahpCF pSU19ahpCF, E. coli AoxyR pSU190xyR and E. coli AkdulD
pSU19kdulD), cells were grown in the presence of chloramphenicol (10 ug/ml) under aerobic

conditions as described above.

3.2.6. Determination of medium osmolality

Osmolality of the various media used for the reporter gene assays and growth experiments

was determined by freezing point depression with an Automatic Osmometer as described by
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the manufacturer (Knauer, Berlin, Germany). Calibration was done against water and a
calibration solution of 400 mOsmol/kg (12.687 g NaCl/kg).

3.2.7. Determination of intracellular reactive oxygen species

To measure the formation of intracellular reactive oxygen species, E. coli cells were stained
with non-fluorescent dihydrorhodamin 123, which is oxidised to fluorescent rhodamine 123 in
the presence of intracellular H,O,. For this purpose, E. coli cells were precultured aerobically
in LB-Lennox medium and inoculated at 5% into 10 ml fresh medium. Bacterial cells were
harvested after 45 min of growth at 37°C by centrifugation at 5,000 x g and 4°C for 5 min and
washed twice with 10 ml PBS. The cell number was adjusted to 1.25 x 10" cells per ml in a
volume of 2 ml. Dihydrorhodamin 123 (56 mM in DMSO) was added to a final concentration of
20 uM and samples were shaken at 180 rpm and 37°C for 45 min [HENDERSON, 1993;
Gorlach, 2007]. To remove non-absorbed dihydrorhodamin 123, stained cells were washed
with 2ml PBS and resuspended in 2 ml M9 minimal medium. Negative controls were
incubated with M9 medium only. Test substances (H,O,, 600 um; carbohydrates, 50 mM,
400 mM; casamino acids, 2%) were added to 800 pl cells in 12-well cell culture plates (Sigma-
Aldrich, Steinheim, Germany) and samples were incubated in the dark by shaking at 150 rpm
and 37°C for 60 min. Cells were washed with PBS and resuspended in 800 ul PBS.
Fluorescence of 100 ul aliquots was subsequently measured in triplicates using a Synergy
Microplate Reader (excitation wavelength: 485/20 nm, emission wavelength: 528/20 nm;
BioTek, Bad Friedrichshall, Germany). To calculate the emission per cell, fluorescence was

divided by the viable cell counts.

3.2.8. Overexpression of Kdul and KduD

To gain insight into the role of Kdul and KduD in the conversion of galacturonate and
glucuronate, E. coli strains overexpressing kdul, kduD or both were generated. For this
purpose, chromosomal regions of the corresponding genes were amplified from
E. coliMG1655 (Figure 8A) by PCR using the primers listed in Table |, APPENDIX II. PCR was
performed in a 48-ul reaction mixture as described above (see section 3.2.1.) and size of the
amplicons was controlled in 1% agarose gels with the help of the 1 Kb Plus DNA Ladder
(Invitrogen, Carlsbad, USA). Amplified PCR fragments were purified (High Pure PCR Product
Purification Kit; Roche Applied Science, Mannheim, Germany) and cloned into the
pGEM-T Easy vector (Promega Corporation, Madison, USA) using a vector:insert ratio of 1:3
according to the manufacturer's recommendation. The DNA resulting from the ligation
reactions was subsequently transformed into E. coli JM109 or KRX competent cells (Promega
Corporation, Madison, USA) by heat shock at 42°C [FROGER, 2007]. Briefly, 2 ul of the ligation
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reaction were added to 50 ul competent cells and incubated for 20 min on ice. Cells were
heat-shocked for 45 s at 42°C, subsequently returned on ice for 2 min and resuspended in
950 yl SOC medium. Samples were incubated for 1 h at 37°C under constant shaking at
220 rpm. 100-pl aliquots were subsequently plated onto LB-Lennox agar plates containing
carbenicillin (50 pg/ml), IPTG (0.5 mM) and X-Gal (40 pug/ml). After incubation overnight at
37°C, transformed white colonies were tested for the correct insert by colony PCR using vector
specific T7 (5'-TAA TAC GAC TCA CTA TAGG G -3’) and SP6 (5-GAT TTA GGT GAC ACT
ATA G -3) primers and the cycle sequencing technology (Eurofins MWG Operon, Ebersberg,

Germany).

To induce protein expression, clones were precultured aerobically in Terrific Broth (TB:
tryptone, 12.0 g/litre; yeast extract, 24.0 g/litre; glycerol, 4 ml; 89 mM potassium phosphate,
pH 7.5) plus carbenicillin (50 pg/ml) and inoculated at 1% into 10 ml fresh TB plus carbenicillin
(50 pg/ml). Cultures were shaken at 220 rpom and 37°C until an ODggo of 0.8-1.0 was reached.
Protein expression was induced by addition of rhamnose (0.1%) or IPTG (1 mM), dependent
on the orientation of the cloned genes (Figure 8B-D), and cultures were incubated at 220 rpm
and 25°C for 16 h. Protein expression was controlled by SDS-PAGE [LAEMMLI, 1970]
(Figure 9).
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3.2.9. Determination of hexuronate conversion in the presence of Kdul and KduD

To investigate the possible role of Kdul and KduD in galacturonate and glucuronate
conversion, the corresponding genes were overexpressed as described above. ODgyy was
measured using a SmartSpec Plus spectrophotometer (BioRad, Munich, Germany). Cells
were harvested by centrifugation at 5,000 x g and 4°C for 5 min and bacterial pellets were
washed twice with 2 ml sodium phosphate buffer (100 mM, pH 7.0) containing a protease
inhibitor mix (1:25 dilution of a 25 x stock, Roche Diagnostics GmbH, Mannheim, Germany).
Cell concentration was adjusted to approximately 2.5 x 10" cells/ml in a total volume of 2 ml.
Cell disruption was done with a FastPrep-24 instrument (MP Biomedicals Germany,
Eschwege, Germany) and protein concentration of cell-free extracts was measured with a

Bradford assay as described in section 3.1.4.

The conversion of hexuronates was monitored as follows: 5.4 yl of 107 mM galacturonate or
107 mM glucuronate and 2.3 pl of 250 mM NADH (10 mM final concentration each) were
added to 50 pl cell-free extract on ice; the reaction was started by incubation at 37°C; samples
were taken at 1, 2, 3, 4 and 6 h. The reaction was stopped by addition of trichloroacetic acid
(TCA) as follows: 10 yl TCA (100 w/v) were added to 50 ul cell-free extract (17% final
concentration) and incubated for 30 min on ice; denaturated proteins were removed by
centrifugation at 10,000 xg and 4°C for 10min and supernatants were collected.
Concentrations of galacturonate and glucuronate were determined enzymatically as described
above (see section 3.1.10.) and referred to mg protein. Prior to the experiment, it was
excluded that the TCA present in the samples interfere with the Udh assay. Specific activities
of cell-free extracts were calculated as follows: substrate concentration [nmol] / incubation time

[min] / protein concentration [mg/ml].

kDa F— b Figure 9. Overexpression of Kdul and KduD.
5| SDS-PAGE of cell-free extracts of E. coli carrying
g | = the empty pGEM-T or pGEM-T containing kdul,
~72 . kduD or both genes. Dependent on the orientation
~55 W of the cloned genes, the expression was under the
control of the lacZ- (JM109 strain) or the T7-
~36 S promoter (KRX strain). Per lane 10 ug protein was
applied. Black arrows indicate the band of the
~28 "0 overexpressed proteins.
Lane 1, E. coli JM109 pGEM-T (negative control).
/ Lane 2, E. coli JM109 pGEM-T-kdulD.
~17 s S - A - Lane 3, E. coli KRX pGEM-T-kduD.
: » o Lane 4, E. coli KRX pGEM-T-kdul.
) S Lane 5, E. coli KRX pGEM-T (negative control).
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3.2.10. Determination of intracellular hexuronate concentration

To determine the intracellular hexuronate concentration of E. coli during growth on
carbohydrates, E. coli MG1655 were precultured aerobically in 10 ml M9 minimal medium with
glucose (50 mM) and lactose (25 mM), respectively, and inoculated at 2.5% into 20 ml fresh
M9 minimal medium containing the same carbon source. Cultures were incubated aerobically
at 37°C under shaking at 220 rpm. Samples (2.5 ml) were taken at 2, 3, 4, 6, and at 16 h. Cell
density was determined by measuring ODgo. Cells were harvested by centrifugation at
10,000 x g and 4°C for 5 min, washed and resuspended in 250 ul sodium phosphate buffer
(100 mM, pH 7.0). Cell disruption was done in a FastPrep-24 (MP Biomedicals Germany,
Eschwege, Germany) instrument and protein concentration was determined by the method of
Bradford as described above (see section 3.1.4.). Cellular proteins were removed by TCA
precipitation (7% final concentration) as described in see section 3.2.9. Supernatants (95 ul)
were transferred to 96-well plates in duplicates and lyophilised (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). Galacturonate and
glucuronate concentrations were measured as described in section 3.1.10. Because of the low
cell density of anaerobically grown E. coli, this experiment could only be performed under

aerobic conditions.

3.3. Statistical analysis

Statistical analyses were performed with GraphPad Prism 5 (GraphPad, La Jolla, USA). Data
were tested for normal distribution with the D’Agostino and Pearson omnibus normality test
and the Kolmogorow-Smirnow test. Normally distributed data were given as means + standard
deviation and tested by One-way ANOVA (1-Way AOV) and Dunnett’'s multiple comparison
test for statistically significant differences. Non-normally distributed data were presented as
medians and minima versus maxima or interquartile ranges (25% to 75%) and tested by the
Kruskal-Wallis 1-Way AOQOV and the Dunn’s multiple-comparison test or the
Mann-Whitney-U-test (U-test) for statistically significant differences. Correlation analyses were
done with SPSS 16 (SPSS, Inc., Chicago, USA) by using the Spearman’s rank correlation

coefficient.
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4, RESULTS
4.1. Characterisation of the gnotobiotic mouse model
41.1. Cell numbers of intestinal E. coli

The objective of this work was the identification of mechanisms that enable intestinal bacteria
to adapt to nutritional factors in the mammalian intestine. For this purpose, gnotobiotic mice
monoassociated with E. coli MG1655 were fed three different diets: a diet rich in starch, a diet
rich in non-digestible lactose and a casein-rich diet. In order to specify the characteristics of
this model, viable cell numbers of intestinal E. coli were determined. In all feeding groups,
E. coli numbers in the small intestine were 12 to 15-fold lower than in the caecum. On the
starch and the casein diet, the small intestinal E. coli counts were 9 to 19-fold lower than those
of the colon, whereas there was no difference on the lactose diet. Mice fed the lactose diet had
8 to 16-fold higher E. coli counts in their small intestine than mice fed the starch or the casein
diet. Furthermore, caecal cell counts were 14-fold higher on the lactose diet compared to those

on the casein diet (Figure 10).
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Figure 10. Colony forming units (CFU) of intestinal E. coli after 3 weeks of feeding mice diets

rich in starch, lactose or casein. Grey bars, small intestine; hatched bars, caecum; white bars, colon.
Data are expressed as medians and minima versus maxima (n = 18 to 21 per diet). Differences between
groups were calculated by the Kruskal-Wallis 1-Way AOV and Dunn’s multiple-comparison test.
*, P <0.05; **, P <0.01; **, P < 0.001.

4.1.2. 16S rRNA gene sequencing profile

In order to exclude contamination of the gnotobiotic mice, 16S rRNA gene analyses of bacterial
samples obtained from caecal contents were performed. Due to limitations in sample material,

only a subset of animals was analysed (n=11). Since all mice were housed in the same
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isolator, this analysis was representative of the microbial status of all animals in the
experiment. The absence of double peaks in the sequencing profiles (Figure Il, APPENDIX Il)
demonstrate that only one bacterial species was present in the intestines of the gnotobiotic

mice.

4.1.3. Intestinal substrate availability

To investigate whether feeding of the various diets affects substrate availability in the gut, the
intestinal concentrations of sucrose, fructose, glucose, lactose, proteins and amino acids were
determined. Since E. coli is devoid of enzymes needed for the degradation of polysaccharides
or complex proteins [MILLER, 1975; FREUNDLIEB, 1986], in the mouse intestine, only oligo- and
monosaccharides or short peptides and amino acids, which result from digestion of complex

dietary compounds by host enzymes, are potential carbon and energy sources for this

bacterium.
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The main source of dietary carbohydrates in this experiment was starch. The highest starch
concentrations were present in the starch (43% [wt/wt]) and in the lactose diet (33% [wt/wt]),
whereas the casein diet contained only 3% [wt/wt] starch. Starch degradation by host enzymes
results in the formation of malto-oligosaccharides and glucose. Accordingly, the highest
glucose concentrations were determined in the small intestines of mice fed the starch and the
lactose diet (Figure 11A). Moreover, the small intestinal glucose concentration of mice fed the
starch diet was three-fold higher than that of mice fed the lactose diet (6 mM vs. 2 mM). In
contrast, intestinal contents of mice fed the casein diet contained < 0.5 mM glucose. Lactose,
which is indigestible by adult rodents [TROELSEN, 1992; KAUR, 2006], was detected only in
intestinal contents of mice fed the lactose diet (10% [wt/wt]) (Figure 11B). Sucrose, which is
released to glucose and fructose by host enzymes, was present in any of the diets (each
20% [wt/wt]). However, the concentrations of sucrose and fructose in the intestines of mice on
any of the diets were below 1 mM (data not shown). Therefore, sucrose and fructose were
rapidly absorbed by the host and were not expected to significantly affect the growth of E. coli

in this in vivo experiment.

The casein diet contained the highest concentration of dietary protein (60% [wt/wt]). But mice
fed the casein diet had only marginally higher protein concentrations in their intestines (4 to
8 mg per g [ww]) compared to mice fed the starch or the lactose diet (each 20% dietary protein
[wt/wt]; 3 to 6 mg of protein per g [ww]). In contrast, the concentration of amino acids in the
intestines of mice fed the casein diet was 2-fold higher than in the intestines of mice fed the
starch or the lactose diet (Figure 11C). Therefore, the intestinal substrate availability was

affected by the diets fed to the mice.
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4.2, Bacterial adaptation to the host diets

4.21. Identification of differentially expressed E. coli proteins

To identify bacterial proteins that were differentially expressed in response to the various diets,
2D-DIGE, electrospray ionisation mass spectrometry and tandem mass spectrometry were
applied (for representative 2D gel image see Figure 12). The proteomes of E. coli isolated from
small intestine and caecum of mice fed the lactose or the casein diet were compared with
those obtained from mice fed the starch diet. In total, over one hundred differentially expressed
bacterial proteins were identified (= 2-fold, P < 0.05; Table Il, APPENDIX Il). For some of these

proteins, different isoforms were detected.
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Figure 12. Representative two-dimensional gel images of the proteome of intestinal E. coli

isolated from caecum (A) and small intestine (B) of mice fed the lactose diet.

First, the differentially expressed proteins identified through this comparison were classified
based on their physiological function: some of these proteins, such as the outer membrane
proteins A, C and F (OmpA, OmpC, OmpF), are involved in the transport of carbohydrates,
ions, peptides and amino acids. However, the majority of the identified proteins are involved in
carbohydrate, amino acid and lipid metabolism. For instance, glycolytic enzymes, such as the
glyceraldehyde-3-phosphate dehydrogenase (GapA), the pyruvate kinases| (PykF) and I
(PykA) and the phosphoglycerate kinase (PgK), as well as enzymes catalysing the breakdown
of amino acids, such as the 2-amino-3-ketobutyrate coenzyme A ligase (Kbl) and the serine
hydroxymethyltransferase (GlyA), were detected. The biosynthesis of fatty acids and
phospholipids was represented by the enoyl-[acyl-carrier-protein] reductase (Fabl) and the
acetyl-CoA carboxylase (FabE). Enzymes required for transcription, translation and protein
folding were also identified, for example elongation factors (EF-Tu, EF-Ts), 30S ribosomal
proteins (RpsD, RpSD, RpsdJ) and tRNA synthetases (HisS, GItX). Furthermore, enzymes

involved in purine and pyrimidine biosynthesis (PurC, PurE, PurH, PyrB) as well as proteins
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controlling the cell redox homeostasis and stress response were differentially expressed
(Figure 13; Table II, APPENDIX II).

This functional classification was used to systematically analyse the roles of the differentially
expressed bacterial proteins for the adaptation of E. coli to the intestinal conditions of mice fed

the lactose or the casein diet.
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Figure 13. Functional categories of differentially expressed E. coli proteins. Proteomes of

small intestinal and caecal E. coli of mice fed the lactose and the casein diet were compared with those
obtained from mice on the starch diet. Numbers of proteins between brackets.

4.2.2. Proof of principle: Adaptation of intestinal E. coli to the host diets

E. coli obtained from mice fed the casein diet repressed enzymes involved in carbohydrate
catabolic processes: for example, the glyceraldehyde-3-phosphate dehydrogenase A (GapA),
2.4-fold; the 2-dehydro-3-deoxygluconokinase (KdgK), 2.4-fold; and the pyruvate kinase Il
(PykA), 2.8-fold. However, enzymes required for peptide and amino acid breakdown were
hardly detectable on the casein diet (Figure 13; Table II, APPENDIX II).

In contrast, E. coli obtained from mice fed the lactose diet induced enzymes required for amino
acid biosynthetic processes: for example, the glutamate dehydrogenase (GdhA), 2.3-fold, and
the carbamoyl-phosphate synthase (CarA), 3-fold. Enzymes belonging to the Leloir pathway
[HOLDEN, 2003], which is required for the catabolism of galactose, were also upregulated on
the lactose diet: the galactose mutarotase (GalM), 4.3-fold; the galactokinase (GalK), 2.3- to
6.6-fold; the galactose-1-phosphate uridylyltransferase (GalT), 2.2- to 7.8-fold; and the UDP-
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glucose 4-epimerase (GalE), 3.6-fold (Figure 14). The opposite was true for enzymes needed
for peptide or amino acid catabolism: the glutaminase 1 (GlsA1) was downregulated 3-fold on
the lactose diet in comparison to the starch diet. This reflects the adaptation of the E. coli

metabolism to the respective host diet.
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Figure 14. Induction of Leloir pathway enzymes in E. coli of mice fed the lactose diet.
Proteomes of E. coli isolated from small intestine (Sl) and caecum (Cae) of mice fed the lactose diet
were compared with those obtained from mice fed the starch diet. Numbers indicate fold-changes. LacY,
lactose permease; LacZ, R-galactosidase; GalM, galactose mutarotase; GalK, galactokinase; GalT,
galactose-1-phosphate uridylyltransferase; GalE, UDP-glucose 4-epimerase; GalU, uridylyltransferase;
Pgm, phosphoglucomutase.

4.2.3. Induction of stress-related proteins on the lactose diet

With few exceptions, proteins involved in the bacterial stress response were induced on the
lactose diet and repressed on the casein diet (Table 2). The gene expression of some of these
proteins is controlled by the OxyR transcriptional dual regulator (OxyR), a known sensor for
oxidative stress [Storz, 1990b]. Identified proteins belonging to these regulon include the ferric
uptake regulatory protein (Fur), the alkyl hydroperoxide reductase (AhpR), subunits F (AhpF)
and C (AhpC) and the DNA protection during starvation protein (Dps). Fur, AhpF and Dps were
induced in the intestines of mice fed the lactose diet by factors of 2.2 to 3.2, while AhpC and
AhpF were repressed by factors of 2.1 to 3.5 on the casein diet (both in comparison to the
starch diet).
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Table 2. Regulation of bacterial proteins belonging to cell redox homeostasis and stress-response
processes with expression change = 2-fold (P < 0.05) °.

Fold change °

Lactose diet Casein diet
Gene Protein description versus versus

Starch diet Starch diet

Swiss-Prot
accession no.

Sl Cae Sl Cae
POA9A9 fur Ferric uptake regulatory protein 3.1
POABT2 dps DNA protection during starvation protein 3.2
P68066 grcA  Autonomous glycyl radical cofactor 23 -838
POAFF6 nusA  Transcription elongation protein nusA 3.1
POAGHS5 hsiU ﬁl’llz-dependent protease ATPase subunit .45
P05055 pnp Polyribonucleotide nucleotidyltransferase -6.6
POA9D2 gst Glutathione S-transferase -2.7
P35340 ahpF  Alkyl hydroperoxide reductase subunit F 3.2 22 |-35
POAEOQ8 ahpC Alkyl hydroperoxide reductase subunit C -24  -21
POA862 tpx Thiol peroxidase 2.0
POACEOQ hybC Hydrogenase-2 large chain 2.6 2.0
P38489 nfnB Qxygen-insensitive NAD(P)H 29

nitroreductase

P39315 qorB  Quinone oxidoreductase 2 -4.8

@ Comparison of the proteomes of E. coli obtained from the intestines of mice fed the lactose or the casein
diet with those of mice fed the starch diet.

® Data represent average ratios of results from 20 biological replicates per diet. 2D-DIGE analyses were
performed using pooled samples, dependent on the available material. S| casein diet, Cae starch diet:
duplicates, Sl starch diet, lactose diet: triplicates, Cae lactose diet: quadruplicate, Cae casein diet:
quintuplicate, P < 0.05. SlI, small intestine; Cae, caecum.

424, Regulation of the uncharacterised E. coli proteins Kdul and KduD

Two proteins, which have been identified in E. coli [DUNTEN, 1998; CROWTHER, 2005; Hu,
2010) but whose functions are still obscure, were also differentially expressed: the
2-deoxy-D-gluconate 3-dehydrogenase (KduD) was 2.4-fold induced on the lactose diet and
4.0-fold repressed on the casein diet, while the 5-keto 4-deoxyuronate isomerase (Kdul) was
8.3-fold repressed on the casein diet (Figure 15). These enzymes are involved in pectin
degradation in the plant pathogen Erwinia chrysanthemi [CONDEMINE, 1986; CONDEMINE,
1991), but E. coli K-12 lacks enzymes required for transport and catabolism of pectin, poly- and
oligogalacturonates [RODIONOV, 2004] and is therefore not capable of degrading these

carbohydrates. For that reason, Kdul and KduD may have different functions in E. coli.
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Figure 15. Regulation of KduD and
Kdul in intestinal E. coli. Two-dimensional
gel images and three-dimensional
representation of spots identified as
2-deoxy-D-gluconate 3-dehydrogenase (KduD)
and 5-keto 4-deoxyuronate isomerase (Kdul)
are shown. Representative spots obtained
from caecal E. coli proteomes of mice fed the
starch (I), the lactose (ll), or the casein diet

().

(A) Two-dimensional gel images of the two
identified isoforms of KduD. Thick line, KduD1;
thin line, KduD2.

(B, C) The three-dimensional representation
of KduD1 (B) and KduD2 (C) indicates the
induction of this protein on the lactose diet and
its repression on the casein diet (both in
comparison to the starch diet).

(D) Two-dimensional gel images of the
spot identified as Kdul.

(E) The three-dimensional representation
of Kdul demonstrates the repression of this
protein on the casein diet in comparison to the
starch diet.
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4.3. In vitro characterisation of selected proteins

In the following experiments, selected differentially expressed bacterial proteins were

characterised in vitro for their possible role in the bacterial adaptation to the various host diets.

4.3.1. Induction of OxyR-dependent proteins by a lactose-rich diet

4.3.1.1. Induction of the oxyR regulon by osmolytes

The induction of oxidative stress-response proteins belonging to the oxyR regulon (AhpF, Dps
and Fur) on the lactose diet was an unexpected finding. The expression of the corresponding
genes is controlled by the transcriptional regulator OxyR, which is activated by H,O,, a known
inducer of toxic hydroxyl radicals by Fenton or Haber—Weiss reactions [Storz, 1990a;b; Storz,
1990c]. The oxygen partial pressure, which may provoke the formation of reactive oxygen
species such as H,O, in the mouse intestine, was not assumed to differ in response to
substrate availability, the only parameter changed between the three mouse groups. Therefore,
other environmental factors than oxidative stress must have triggered the expression of these

stress-related proteins on that diet.

The analysis of the intestinal substrate availability (see section 4.1.3.) revealed two major
differences in the composition of the intestinal contents of lactose- and casein-fed mice: in the
intestines of mice on the casein diet, high amino acid concentrations but no carbohydrates
were present, whereas mice on the lactose diet had low amino acid concentrations and high
carbohydrate concentrations, especially lactose, in their intestines. Therefore, carbohydrates
were assumed to induce the gene expression of proteins belonging to the oxyR regulon. To
test this hypothesis, the influence of various carbohydrates on the ahpCF and dps promoter

activity was investigated using luciferase reporter gene assays.

These analyses revealed that increasing concentrations of glucose, lactose, sucrose and
sorbitol (50 to 400 mM) induced the ahpCF and dps promoters under both aerobic and
anaerobic growth conditions (Figure 16). Activation of the dps promoter was higher under
anaerobic than aerobic growth conditions (aerobic, up to 7-fold; anaerobic, up to 12-fold),
whereas the ahpCF promoter was induced equally under aerobic and anaerobic growth
conditions (up to 7-fold). H,O,, the known activator of OxyR [STORz, 1990a], was used as a
positive control. Under aerobic conditions, incubation of clones with 300 uM H,O, increased
the activity of both promoters up to 7-fold. H,O, did not change the promoter activities in an
anaerobic environment, because the added H,O, was destabilised by the reducing conditions.
Since WEBER et al. demonstrated increased levels of AhpC and Dps in response to NaCl

stress (700 mM) [WEBER, 2006], NaCl was also used as a positive control. Stimulation with
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400 mM NaCl resulted in similar ahpCF and dps promoter activities as observed in response to
H,0, and high concentrations of carbohydrates (aerobic, up to 6-fold; anaerobic, up to 14-fold).
However, addition of 700 mM NaCl did not further increase the activity of both promoters (data
not shown). The transfer of the E. coli cells to the protein-rich SOC medium, which mimics the
intestinal conditions of casein-fed mice, as well as the addition of water did not change the
promoter activity under aerobic or anaerobic conditions and therefore served as negative
controls. These results demonstrate that not only H,O, but also osmolytes, such as

carbohydrates and NaCl, act as inducers of the ahpCF and dps gene expression.
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Figure 16. Induction of the ahpCF and dps promoters by osmolytes. Relative luminescence of
E. coli carrying either pahpCFp::luxAB (A, B) or pdpsp::luxAB (C, D) in response to various
concentrations of carbohydrates and NaCl after 30 min of incubation under aerobic (A, C) and anaerobic
(B, D) conditions at 37°C are presented. Luciferase activity was normalised to values determined for
cells grown on LB medium without stimuli (LB). Data are expressed as medians and minima versus
maxima (aerobic: n = 11, anaerobic: n = 6). Differences between treatment groups were calculated by
the Kruskal-Wallis 1-Way AOV and the Dunn’s multiple-comparison test. *, P <0.05; **, P <0.01;
*** P <0.001.
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To clarify whether or not the ahpCF and dps induction by osmolytes is regulated by OxyR, as
described for H,O,, luciferase reporter gene assays were performed in oxyR deficient E. coli. In
the absence of OxyR, addition of glucose, lactose, sucrose or NaCl (400 mM each) did not
change the ahpCF and dps promoter activity compared to incubation of clones on LB medium
without addition of stimuli under both aerobic and anaerobic conditions (Figure 17). This
strongly indicates that the expression of ahpCF and dps by osmolytes was directly mediated by

the transcriptional regulator OxyR.
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Figure 17. OxyR-dependency of osmolyte-induced ahpCF and dps expression. Relative
luminescence of wild type and oxyR deficient E. coli carrying either pahpCFp::luxAB (A, B) or
pdpsp::luxAB (C, D) in response to various carbohydrates and NaCl after 30 min of incubation under
aerobic (A, C) and anaerobic (B, D) conditions at 37°C are compared. White bars, wild type E. coli; grey
bars, E. coli AoxyR. Luciferase activity was normalised to values determined for cells grown on
LB medium without stimuli (LB). Data are expressed as medians and minima versus maxima (n = 6).
Differences between wild type and mutant E. coli were calculated by the U- test. *, P < 0.05; **, P < 0.01;
*** P <0.001.
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4.3.1.2. Positive correlation of ahpCF and dps expression and medium osmolality

The primary feature of carbohydrates or NaCl is their effect on the medium osmolality.
Depending on the concentration, addition of these solutes to LB medium strongly increased the
osmolality (LB medium, 230 mOsmol/kg; LB medium plus carbohydrates: 100 mM,
~340 mOsmol/kg; 200 mM, ~430 mOsmol/kg; 400 mM, ~600 mOsmol/kg). Because of the
dissociation into its constituent ions, NaCl increased the medium osmolality more strongly than
equal concentrations of carbohydrates (LB medium plus NaCl: 400 mM, 1000 mOsmol/kg;
700 mM, 1450 mOsmol/kg; Figure 11, APPENDIX II).

To investigate a possible correlation between the ahpCF and dps promoter activity and the
osmolality of carbohydrates and NaCl, luciferase values were plotted against the observed
medium osmolality. The activity of both promoters was positively correlated with the medium

osmolality under aerobic as well as under anaerobic conditions (Figure 18).
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Figure 18. Positive correlation of ahpCF and dps promoter activity and medium osmolality.

Data are expressed as medians for promoter activity observed in E. coli and means for the osmolality of
the various media. The Spearman’s rank correlation coefficient was used for statistical analysis. (A) For
ahpCF promoter, aerobic growth conditions; (B) for ahpCF promoter, anaerobic growth conditions; (C)
for dps promoter, aerobic growth conditions; (D) for dps promoter, anaerobic growth conditions.
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4.3.1.3. No formation of intracellular H,O, by osmotic stress

Various stress conditions caused by heat, osmolality or chemicals such as ethanol are
proposed to result in the formation of intracellular reactive oxygen species, such as H,O,, OH’
and Oy (“suicide through stress” theory by ALDSWORTH and DODD [ALDSWORTH, 1999; DoDD,
2007]). Since the OxyR transcriptional regulator is activated by H,O, [Storz, 1990a;b; STORZ,
1990c], an osmolyte-driven formation of reactive oxygen species may explain the observed
induction of ahpCF and dps. To test a possible formation of reactive oxygen species by
carbohydrate-mediated osmotic stress, the uncharged and non-fluorescent reactive oxygen
species indicator dihydrorhodamin 123 was used. Dihydrorhodamin 123 passively diffuses
across membranes where it is oxidised by intracellular H,O; to cationic rhodamine 123, which
exhibits fluorescence. Accordingly, the observed fluorescence of viable cells is proportional to

the cytoplasmic H,O, concentration [HENDERSON, 1993].

Dihydrorhodamine 123-labeled E. coli were grown in M9 medium only or stimulated with H,O,,
sucrose, glucose, lactose or casamino acids (Figure 19). In the presence of H,O, (600 uM), an
approximately 2-fold higher fluorescence signal was detected compared to incubation of cells
without stimuli (negative control). Exposure of cells to sucrose (400 mM) resulted in a 2-fold
lower fluorescence signal than observed for H,O, and was similar to the values observed for
the negative control. In contrast, fluorescence signals obtained after stimulation of cells with
glucose, lactose (50 mM and 400 mM each) or casamino acids (2%) did not differ from those
observed for H,O, (600 uM). Therefore, intracellular H.,O, formation is enhanced by
carbohydrate or casamino acid catabolism but not by high medium osmolality alone. These
results indicate that the OxyR-dependent induction of ahpCF and dps was directly mediated by

osmotic stress.

4 Figure 19. No formation of
il s LR intracellular H,O, by osmotic stress.
Fluorescence of dihydrorhodamin 123-
labelled E. coli after incubation without
stimuli (negative control) or with H,O,,
sucrose, glucose, lactose and
casamino acids for 60 min at 37°C is
shown. Data are expressed as medians
and minima versus maxima (negative
control, H,O,, n=17; others, n=7).
Differences between treatment groups

Emissionsogny, / cell
N

C T T T T T T T T
3\ o\o were calculated by the Kruskal-Wallis
o\@ Q§ <°® Q§ &Q@ Q((Q Q<$ @q’\ ’ ; i
ec,o S @0 3 © 3 o rbc}c 1-Way AOV and the Dunn’s multiple-
) v L ) L ] : * . k% .
e(g,\\ R oéoé” = = 6.\\00 iimparlson test. *, P <0.05; **, P <0.01;
s 2 N & & , P <0.001.
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4.3.1.4. Requirement of OxyR-regulated proteins at high osmolality

The observed upregulation of AhpF and Dps in the intestines of mice fed the lactose diet and
the induction of the ahpCF and dps gene expression by osmolytes indicate a role of these
OxyR-dependent proteins in the adaptation of E. coli to carbohydrate-induced osmotic stress.
To confirm this assumption, growth of mutants lacking the ahpCF or oxyR genes was
investigated under aerobic and anaerobic conditions (Table 3). On LB medium, all strains
reached similar cell densities and had equal doubling times. To provide osmotically constant
conditions, non-fermentable sucrose (400 mM and 700 mM) was added. The presence of
400 mM sucrose resulted in reduced cell densities of both mutants compared to the wild type
(aerobic, by up to 40%; anaerobic, by up to 28%), but only oxyR deficient E. coli had longer
doubling times (aerobic, 30%; anaerobic, 20%). For both mutants, a sucrose concentration of
700 mM affected the final cell densities more strongly: they decreased by up to 64% under
aerobic and by up to 50% under anaerobic conditions in comparison to the wild type. As
observed for the lower sucrose concentration (400 mM), only the doubling times of
E. coli AoxyR increased in the presence of 700 mM sucrose by up to 35%, whereas there was

no difference for E. coli lacking ahpCF (both compared to the wild type).

Table 3.  Growth of wild type, ahpCF and oxyR deficient E. coli in the presence or absence of osmotic
stress caused by non-fermentable sucrose °.

Medium ° E. coli E. coli AahpCF E. coli AoxyR

AEROBIC GROWTH CONDITIONS

" ODeo after 24 h 6.9 (5.5:8.0) 6.3 (5.6:7.0) 6.6 (6.3:6.7)
Doubling time t4 (min) 33 (31:35) 32 (27:36) 39 (34:39)
LB, ODeqo after 24 h 4.5(3.8:4.5) 26(252.9)° 27(2529)°
400 mM sucrose  Doupling time t, (min) 36 (35:37) 36 (34:40) 47 (44:51)°
LB, ODeo after 24 h 2.8 (2.5:3.1) 1.0 (1.0:1.2) 1.3 (1.3:1:3) °
700 mM sucrose  Doubling time t, (min) 36 (33:37) 40 (30:44) 49 (44:56) °

ANAEROBIC GROWTH CONDITIONS

" ODgyo after 24 h 0.85(0.79:0.89) 0.82(0.76:0.9)  0.78 (0.77:0.79)
Doubling time t4 (min) 41 (35:45) 41 (39:43) 37 (36:42)
LB, ODgyo after 24 h 0.43 (0.39:0.52) 0.31(0.30:0.33)°  0.33 (0.30:0.36) °
400 mM sucrose  poubling time ty (min) 50 (39:54) 54 (48:63) 60 (59:68) °
LB, ODgyo after 24 h 0.22 (0.19:0.27) 0.11(0.11:0.11) ¢ 0.11 (0.10:0.12) °
700 mM sucrose  poubling time ty (min) 66 (49:84) 85 (61:98) 89 (85:93) °

@ Data are expressed as medians and minima versus maxima, n = 4.
® Cultures were incubated on LB medium with or without sucrose at 180 rpm and 37°C.
¢ Differences between wild type and mutant E. coli were calculated by the U-test, P < 0.05.
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To ensure that the observed growth defects were indeed caused by the deletion of the ahpCF

and oxyR genes, plasmids including the corresponding genes and the physiologically relevant

promoters were constructed. Mutants containing these plasmids showed similar cell densities

and doubling times as the wild type with the empty plasmid when grown on LB medium

containing 400 mM or 700 mM sucrose (Table 4). The results demonstrate that ahpCF and

oxyR improve the growth of E. coli under osmotic stress conditions.

Table 4. Growth of ahpCF and oxyR deficient E. coli containing complementing plasmids with the
corresponding genes and promoters in comparison to the wild type with the empty vector

under aerobic conditions ?.

E. coli E. coli AahpCF E. coli AoxyR
Medium ° pSU19 pSU19-ahpCF  pSU19-oxyR
ODeoo after 24 h 6.5 (6.1:6.8) 6.5 (6.1:6.8) 4.8 (4.6:5.0)°
L8 Doubling time t4 (min) 37 (31:35) 37 (31:35) 35 (33:37)
LB, ODg after 24 h 4.9 (4.1:5.1) 5.3 (4.9:5.9) 4.3 (3.8:4.7)
400 mM sucrose g piing time ty (min) 51 (49:54) 57 (50:61) 45 (42:49)
LB, ODeqo after 24 h 4.2 (4.1:4.5) 4.0 (3.8:4.1) 4.1 (4.0:4.2)
700 mM sucrose  Doubling time t4 (min) 97 (82:107) 86 (77:100) 91 (86:92)

@ Data are expressed as medians and minima versus maxima, n = 4.

® Cultures were incubated on LB medium with or without sucrose at 180 rpm and 37°C.
¢ Differences between wild type and mutant E. coli were calculated by the U-test, P < 0.05.
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4.3.2. Analysis of proteins Kdul and KduD

4.3.2.1. Induction of kdul and kduD gene expression by hexuronates

The proteomic data revealed the induction of KduD on the lactose diet and the repression of
this protein and of Kdul on the casein diet (see section 4.2.4.). Since the roles of these proteins
in the E. coli metabolism are still obscure, the kduD gene expression in response to the diets
and the intestinal substrates (glucose, fructose, lactose, galactose, casamino acids) was
To test the

host-endogenous substrates, small intestinal mucosal tissue was analysed. Galacturonate and

analysed using luciferase reporter gene assays (Table 5). influence of

glucuronate were included because they have been shown to induce the kdul and kduD gene

expression in the plant pathogen Erwinia chrysanthemi [CONDEMINE, 1991].

Table 5.

Induction of the kduD and kdul promoters in E. coli by the various mouse diets, small

intestinal mucosal tissues, carbohydrates, casamino acids or hexuronates under aerobic
and anaerobic growth conditions.

Substrate ?

Fold-change ®

kduD kdul

aerobic anaerobic aerobic anaerobic
Starch diet (1%) 0.5 (0.5:0.6) 3.4 (2.9:41) n.d. n.d.
Lactose diet (1%) 1.0 (0.8:1.0) 7.7 (5.8:8.9) n.d. n. d.
Casein diet (1%) 0.2 (0.2:0.3) 2.6 (2.2:4.0) n. d. n. d.
Mucosa of starch diet fed mice (1%) 2.3 (1.9:3.4) 0.1 (0.1:0.1) n. d. n. d.
Mucosa of lactose diet fed mice (1%) 1.4 (1.3:1.5) 0.1 (0.1:0.1) n. d. n. d.
Mucosa of casein diet fed mice (1%) 1.7 (0.6:1.8) 0.1 (0.1:0.1) n. d. n. d.
Fructose (50 mM) 2.0 (1.5:2.8)) 6.1 (4.1:25) n. d. n. d.
Lactose (25 mM) 1.8 (1.2:2.2) 3.2 (1.0:7.8) n. d. n.d.
Galactose (50 mM) 4.0(1.7:4.2) ¢ n. d. n. d. n. d.
Casamino acids (50 mM) 1.5(1.2:2.8) 9.8 (5.0:15) n. d. n. d.
Glucuronate (50 mM) 3.2(2.2:4.9)° 20(17:28) Y 7.0(6.0:10)? 54 (41:57) °
Galacturonate (50 mM) 3.3(2.3:3.5)° 9.4(6.9:13)° 11 (5.0:14)° 19 (16:21) ©

@ Cultures were grown on M9 minimal medium containing pulverised mouse diets, scratched small intestinal
mucosa or dietary components under aerobic or anaerobic conditions and shaking at 220 and 120 rpm,

respectively, at 37°C for 16 h.

® Relative luminescence data for E. coli carrying pkduDp::luxAB or pkdulp::luxAB are shown. For both
aerobic and anaerobic growth conditions, luciferase activity was normalised to values determined for cells
grown on glucose (50 mM). Data are expressed as medians and interquartile ranges (aerobic, n = 5-7;

anaerobic, n = 4-7).

¢%e Kruskal-Wallis 1-Way AOV and Dunn’s multiple-comparison test were used for calculations. ¢, P < 0.05;

4 P<0.01;° P <0.001.
n. d. = not determined
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Under aerobic conditions, no induction of the kduD promoter by any of the diets, the mucosal
tissues, fructose, lactose or casaminoacids was observed. Only galactose, galacturonate and
glucuronate increased the kduD promoter activity 3 to 4-fold. Under anaerobic conditions, only
galacturonate and glucuronate increased kduD expression 9-fold and 20-fold, respectively
(Table 5). Since E. coli K-12 is unable to grow on galactose-containing minimal medium in an
anoxic environment [MUIR, 1985], it was not possible to analyse the effect of galactose on the

kduD expression under these conditions.

Since Kdul was repressed in intestinal E. coli of casein-fed mice, only substances that induced
the kdud gene expression were tested for their effect on the kdul promoter activity. In the
presence of galacturonate and glucuronate the kdul promoter activity increased under both
aerobic and anaerobic conditions (Table 5). As observed for kduD, anaerobic cultivation
resulted in higher kdul expression levels compared to aerobic cultivation (galacturonate,

19-fold versus 11-fold; glucuronate, 54-fold versus 7-fold).

Under all experimental conditions tested, expression of kdul was about 2 to 3-fold higher than
that of kduD. Furthermore, both promoters were induced more strongly under anaerobic than
under aerobic conditions. In an anoxic environment, glucuronate led to higher promoter
activities than galacturonate, whereas equal values were detected for aerobically grown E. coli.
In conclusion, these experiments demonstrate the influence of galacturonate and glucuronate

on the kduD and kdul promoter activity.

4.3.2.2. Repression of uxaCA, uxaB and uxuAB expression by osmotic stress

The induction of the kdul and kduD gene expression by galacturonate and glucuronate
suggests a contribution of the corresponding proteins in the conversion of these hexuronates.
However, until now, there is no evidence for a role of Kdul and KduD in hexuronate
breakdown. In E. coli, galacturonate and glucuronate conversion is normally catalysed by
uronate isomerase (UxaC), altronate oxidoreductase (UxaB) or mannonate oxidoreductase
(UxuB), and altronate dehydratase (UxaA) or mannonate dehydratase (UxuA) [RODIONOV,
2000]. Interestingly, the promoter of the uxuAB operon contains an OxyR-binding site and
uxuA expression is higher in the absence of oxyR [ZHENG, 2001b]. Based on this observation
and the sensitivity of OxyR-dependent proteins against osmotic stress (described in section
4.3.1.), the osmotic effect of lactose was hypothesised to repress the expression of the regular
hexuronate degrading enzymes UxaABC and UxuAB in an OxyR-dependent manner. Under
such conditions, Kdul and KduD might compensate for the metabolic function of these

enzymes.

To test this hypothesis, the gene expression of uxaCA, uxaB and uxuAB in response to

galacturonate and glucuronate was analysed using luciferase reporter gene assays
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Figure 20. Repression of the uxaCA, uxaB and uxuAB promoters by osmolytes. E. coli

carrying puxaCAp::luxAB (A, D), puxaBp::luxAB (B, E) or puxuABp::luxAB (C, F) were incubated in
M9 minimal medium without substrate (negative control), with galacturonate or glucuronate (50 mM
each) and with H,O, (300 uM) or various concentrations of sucrose for 90 min under aerobic (filled
symbols) or anaerobic (open symbols) conditions at 37°C. Relative luminescence data are shown.
Luciferase activity was normalised to values determined for cells grown on 50 mM galacturonate and

glucuronate, respectively. Data are expressed as medians (n = 6).

Differences between treatment

groups were calculated by the Kruskal-Wallis 1-Way AOV and the Dunn’s multiple-comparison test.
*, P <0.05; **, P <0.01; ***, P <0.001.
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Figure 21. OxyR-dependency of the uxaCA, uxaB and uxuAB gene expression. E. coli (white
bars) and E. coli AoxyR (grey bars) carrying puxaCAp:luxAB (A, D), puxaBp:luxAB (B, E) or
puxuABp::luxAB (C, F) were incubated in M9 minimal medium without substrate (negative control), with
galacturonate or glucuronate (50 mM each) and H,O, (300 uM) or sucrose (400 mM) for 90 min under
aerobic and anaerobic conditions at 37°C. Relative luminescence data are shown. Luciferase activity
was normalised to values determined for cells grown on 50 mM galacturonate and glucuronate,
respectively. Data are expressed as medians and minima versus maxima (n = 6). The Kruskal-Wallis 1-
Way AOV and Dunn’s multiple-comparison test were used for calculations of values obtained from wild
type E. coli. The U-test was applied to compare wild type and E. coli AoxyR. * ®, P < 0.05; ** ® P<0.01;
*** ¢ P <0.001.
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(Figure 20). These analyses revealed that incubation of E. coli with galacturonate and
glucuronate increased the promoter activity of uxaCA, uxaB and uxuAB compared to
incubation without hexuronates (negative control) under both aerobic and anaerobic growth
conditions. To investigate a range of osmolalities, 25 to 400 mM non-fermentable sucrose was
added to galacturonate- or glucuronate-containing medium. With increasing sucrose
concentrations, the uxaCA, uxaB and uxuAB promoter activity decreased by up to
approximalety 60% under both aerobic and anaerobic conditions. The same effect was
observed in the presence of the osmolyte NaCl (400 mM), which supports the notion that
osmotic stress is responsible for the observed uxaCA, uxaB and uxuAB repression (data not
shown). Addition of H,O, (300 uM), a known activator of OxyR, resulted in a decreased activity
of all promoters in an aerobic (Figure 20) but not in an anaerobic environment, whose reducing
conditions destabilised the added H,O, (data not shown). These results demonstrate that not
only H>O, but also osmolytes such as carbohydrates and NaCl repressed the uxaCA, uxaB

and uxaAB promoters.

To clarify the role of OxyR in uxaCA, uxaB and uxuAB expression, luciferase reporter gene
assays were performed in oxyR deficient E. coli (Figure 21). In contrast to the observations in
the wild type with a functional oxyR, aerobic incubation on galacturonate- or
glucuronate-containing medium with 300 yM H,O, did not diminish the uxaCA, uxaB and
uxuAB promoter activity. This suggests that OxyR acts as a repressor on the expression of
these genes. The same effect was observed in the presence of 400 mM sucrose: in the
absence of oxyR, higher activities of all promoters were detected compared to the wild type
under both aerobic and anaerobic growth conditions. Therefore, carbohydrate-induced osmotic
stress led to the OxyR-mediated repression of gene expression of E. coli’s regular hexuronate

degrading enzymes UxaABC and UxuAB.

4.3.2.3. No repression of kdul and kduD gene expression by osmotic stress

Since Kdul and KduD are suggested to be involved in hexuronate conversion under conditions,
in which uxaCA, uxaB and uxuAB are repressed, the dependence of the kdul and kduD gene
expression on OxyR and their expression in response to osmotic stress was investigated. For
this purpose, luciferase reporter gene assays using the kdul and kduD promoters were
performed in oxyR-deficient E. coli and compared with results obtained from the wild type with
a functional oxyR (Figure 22). Under aerobic and anaerobic conditions, incubation with
galacturonate or glucuronate increased the kdul and kduD promoter activity to a similar extent
in wild type and AoxyR cells. In the presence of glucuronate, addition of 400 mM sucrose did
not change the kdul and kduD promoter activity compared to incubation without osmotic stress
in both wild type and E. coli lacking the oxyR gene. However, in galacturonate-containing

medium, the presence of sucrose promoted the kdul and kduD gene expression in E. coli
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AoxyR. These results suggest that the hexuronate-driven induction of kdul and kduD is not
repressed by OxyR. That kdul and kduD gene expression is also induced in the presence of

osmotic stress supports the hypothesis that Kdul and KduD compensates for the function of

UxaABC and UxuAB, whose expression is repressed under such conditions.

Promoter activity of kduD

Promoter activity of kdul

A 10 — 25
[¢D] = x*= (] A
g 2 - H; .
[¢D] . o5y 204 _—
[&] [&]
V
2 2
£ 67 A < 159
= 4 = 104
2 = 7 B
T 2 T 5
(O] [0
x |— x |
0 T T T T T T T T T O T T T T T T T T T
B 40 100 —
8 8 * Kk
= <
8 301 *% *% j 8 754
(] []
i= k=
%4 - Z
: Z £ -
(] (]
= 10] IiTLI = 25
: -
° = T =
14 o
0= T T T T T T T T O0-t== T T T T T T T T
[0] Q QO O [OR ] Q O 0 QO o O (] Q Q0 9 Q Q Q [0 (O] [0
»n + =N = += N - = p = = n ) + “- n -~ 0 - - % - - $
g & 8o @ 8o g 8o 8 go g ¢ 2o Eo g o8 %o
> g 252 g5 g o8 2 @8 3 2 282 ¢58 g g8 g o8
J 2 J 3 3 3 3 23 o 2 32 2 2 2 3 2 3
© £ 87§ 87 8278 8% § 8YEEY 23505 82
T © T © = = = = o «© o © = = = =
T T ® o0 00 T T S 60 00O
o0 o0 0 O 0 OO0
Wild type AoxyR Wild type AoxyR Wild type  AoxyR Wild type AoxyR
Figure 22. Effect of osmotic stress on hexuronate-induced expression of kdul and kduD.

Comparison of relative luminescence of E. coli (white bars) and E. coli AoxyR (grey bars) carrying
pkduDp::luxAB (A, B) and pkdulp::luxAB (C, D) in response to incubation in M9 minimal medium
containing 50 mM glucuronate and galacturonate, respectively, with or without 400 mM sucrose for 16 h
under aerobic (A, C) or anaerobic (B, D) conditions at 37°C. Luciferase activity was normalised to values
determined for cells grown on 50 mM glucose. Data are expressed as medians and minima versus
maxima (n = 4-7). Differences between treatment groups were calculated by the Kruskal-Wallis 1-Way
AQV and the Dunn’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

4.3.2.4. Promotion of hexuronate conversion by Kdul and KduD

To investigate the role of Kdul and KduD in galacturonate and glucuronate breakdown, the
conversion of these hexuronates by cell-free extracts of E. coli overexpressing Kdul, KduD or
both was examined (Figure 23). For this purpose, E. coli cell-free extracts were incubated with
galacturonate or glucuronate (10 mM each). Hexuronate concentrations were determined
uronate dehydrogenase, which converts D-galacturonate and

enzymatically using

D-glucuronate to D-galactarate and D-glucarate, respectively [MOON, 2009]. The conversion of
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galacturonate and glucuronate was higher in cell-free extracts of E. coli overexpressing both,
Kdul and KduD or only Kdul compared to extracts of cells containing the empty vector or
overexpressing KduD alone. Accordingly, the specific activities of cell-free extracts containing
Kdul and KduD or Kdul alone were 2 to 5-fold higher than those of cell-free extracts containing
the empty vector or overexpressing only KduD (Table Ill, APPENDIX IlI). These results indicate

the ability of Kdul to facilitate the conversion of galacturonate and glucuronate.
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Figure 23. Breakdown of galacturonate and glucuronate by Kdul and KduD. Cell-free extracts

of E. coli overexpressing Kdul, KduD or both were incubated with 10 mM galacturonate or 10 mM
glucuronate at 37°C. Hexuronate concentration at specific time points was determined enzymatically.
E. coli strains JM109 (A, C) or KRX (B, D) were selected according to the orientation of the cloned
genes. Data are expressed as medians and interquartile ranges (n = 11-12). Differences between
extracts of negative controls and overexpressed proteins (*, Kdul; ¥, KduD) were calculated by the
U-test. **, P < 0.05; **, P < 0.01; ***, P < 0.001.

4.3.2.5. Requirement of KdulD for growth on hexuronates at high osmolality

To elucidate whether the observed conversion of hexuronates in the presence of Kdul is of
biological relevance under osmotic stress conditions, growth of wild type and kdul/D deficient
E. coli was monitored in an aerobic and anaerobic environment (Table 6, Figure 24). When
cultivated in the presence of galacturonate or glucuronate as sole energy source, both strains

grew to similar maximal cell densities and reached equal doubling times. In the presence of
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osmotic stress caused by non-fermentable sucrose (200 mM on glucuronate, 400 mM on
galacturonate medium), which repressed the expression of uxaCA, uxaB and uxuAB, kdulD
deficient E. coli had 1.5 to 2-fold longer doubling times than the wild type, but the maximal cell
densities did not differ. Sucrose concentrations of 400 mM on glucuronate- and 700 mM on
galacturonate-containing medium resulted in 1.5 to 2-fold longer doubling times as well as
diminished maximal cell densities of E. coli AkdulD compared to the wild type. However, this
effect was much more pronounced in an aerobic than in an anaerobic environment: maximal
cell densities were reduced by up to 90% under aerobic and by up to 30% under anaerobic

growth conditions.

Table 6. Growth behaviour of wild type and kdulD deficient E. coli on galacturonate- or
glucuronate-containing medium with or without osmotic stress caused by non-fermentable
sucrose °.

Medium ° ODgpg max. Doubling time tq (min)

E. coli E. coli AkdulD E. coli E. coli AkdulD
AEROBIC GROWTH CONDITIONS
Glucuronate 4.8 (4.7:4.9) 4.8 (4.6:5.0) 75 (74:80) 80 (78:83) ©
Glucuronate, : ) d . . d
200 mM sucrose 4.2 (4.0:4.5) 3.8 (3.5:4.0) 86 (81:98) 182 (179:189)
Glucuronate, ) : d ) ) d
400 mM sucrose 1.4 (1.2:2.0) 0.3 (0.3:0.7) 141 (128:156) 270 (221:326)
Galacturonate 5.9 (5.8:6.1) 5.9 (5.6:6.1) 75 (71:76) 73 (72:103)
Galacturonate, ) . . . d
400 mM sucrose 4.0 (3.8:4.3) 4.0 (3.8:4.3) 114 (109:120) 252 (200:278)
Galacturonate, 1.9 (1.0:2.7) 0.22 (0.14:0.56) ¢ 159 (133:186) 382 (284:522) ¢

700 mM sucrose

ANAEROBIC GROWTH CONDITIONS

Glucuronate

0.71 (0.62:0.76)

0.7 (0.61:0.89)

114 (99:145)

118 (101:165)

Glucuronate,
200 mM sucrose

0.43 (0.41:0.5)

0.35(0.3:0.36) ¢

202 (171:225)

281 (241:453) ¢

Glucuronate,
400 mM sucrose

0.35 (0.35:0.4)

0.25(0.21:0.29) ¢

237 (223:377)

382 (358:441) °

Galacturonate

0.76 (0.58:0.85)

0.69 (0.65:0.82)

133 (129:153)

125 (122:153)

Galacturonate,
400 mM sucrose

0.36 (0.35:0.49)

0.34 (0.34:0.36)

183 (151:265)

309 (270:380) ¢

Galacturonate,
700 mM sucrose

0.35 (0.3:0.37)

0.24 (0.22:0.28) ¢

309 (271:340)

424 (402:537) ¢

@ Data are expressed as medians and minima versus maxima (aerobic, n = 6; anaerobic, n = 5).

b Cultures were incubated on M9 minimal medium containing galacturonate or glucuronate (50 mM each)
with or without sucrose at 37°C. Aerobic cultures were shaken at 218 rpm.
%9 Differences between wild type and mutant E. coli on the same medium were calculated by the U-test.

¢ P<0.05%P<0.01.
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Figure 24. Growth retardation of E. coli AkdulD by osmotic stress. E. coli and E. coli AkdulD
were incubated in M9 minimal medium containing 50 mM galacturonate (A, B) or 50 mM glucuronate
(C, D) with or without sucrose at 37°C. Black, dark green and dark red lines: E. coli; grey, light green and
light red lines: E. coli AkdulD. (A, C) Aerobic conditions; (B, D) anaerobic conditions. Cell densities were
determined at 600 nm in intervals of 15 min. Data represent medians of 6 replicates for aerobic and 5
replicates for anaerobic conditions.

Table 7. Growth behaviour of kdulD deficient E. coli containing complementing plasmids in
comparison to the wild type with the empty vector under aerobic conditions ©.

e 5 E. coli E. coli AkdulD
pSU19 pSU19-kdulD

ODego after 24 h 3.6 (3.4:3.8) 4.2 (4.0:4.4)°
Glucuronate

Doubling time t4 (min) 89 (75:113) 82 (80:93)
Glucuronate, ODego after 24 h 3.4 (3.0:3.8) 4.2 (3.8:4.4)°
400 mM sucrose o, pjing time t, (min) 218 (183:226) 237 (195:271)

ODg after 24 h 5.4 (5.3:5.4) 5.3 (5.2:5.4)
Galacturonate

Doubling time t4 (min) 78 (74:82) 82 (75:86)
Galacturonate, ODego after 24 h 4.1 (4.0:4.3) 5.2 (3.7:6.3)
400 mM sucrose  ppjing time t, (min) 122 (115:125) 134 (94:208)

@ Data are expressed as medians and minima versus maxima (n = 6).

b Cultures were incubated on M9 minimal medium containing galacturonate or glucuronate (50 mM each)
with or without 400 mM sucrose at 218 rpm and 37°C.

¢ Differences between the wild type with the empty vector and kdulD deficient E. coli with the
complementing plasmids on the same medium were calculated by the U-test. P < 0.05.
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To ensure that the observed growth defects were caused by the deletion of the kdulD genes,
E. coli AkdulD were transformed with plasmids containing the corresponding genes and
physiologically relevant promoters. Growth was monitored on galacturonate- and glucuronate-
containing medium in the presence of 400 mM sucrose under aerobic conditions (Table 7).
Mutants containing these plasmids showed similar maximal cell density and doubling times as
the wild type with the empty vector. The results illustrate that Kdul and KduD facilitate the

growth of E. coli on galacturonate and glucuronate under osmotic stress conditions.

4.3.2.6. Origin of hexuronates in the mouse intestine

The above described experiments demonstrate a role of Kdul and KduD in galacturonate and
glucuronate metabolism under conditions of osmotic stress, which repressed E. coli’s regular
hexuronate degrading enzymes UxaABC and UxuAB. Since KduD was upregulated in
intestinal E. coli of lactose-fed mice, the question arose whether hexuronates were available at
higher levels in the gut of these mice and whether they possibly originate from dietary lactose.
For this purpose, the hexuronate concentrations in the intestinal contents were determined
enzymatically using uronate dehydrogenase. Since this enzyme cannot distinguish between
galacturonate and glucuronate, the measured concentrations are given as hexuronates in the
following (see section 4.3.2.4.) [MOON, 2009]. The hexuronate concentrations in small
intestinal, caecal and colonic contents of mice fed the lactose diet were higher than in those of
mice fed the starch or the casein diet (Table 8). The maximal concentration of 104 ug

hexuronates per g [ww] corresponds to 0.48 mM galacturonate or 0.44 mM glucuronate.

Table 8.  Concentrations of galacturonate and glucuronate in the intestinal contents of mice fed the
starch, the lactose or the casein diet determined with an uronate dehydrogenase assay °.

Starch diet Lactose diet Casein diet
Small intestine 40 (17:64) 104 (61:130) * * 42 (0:91)
Caecum 14 (11:19) 28 (15:38) *** 0 (0:0)
Colon 5 (0:16) 14 (11:20) *** 0 (0:0)

@ Data are given in ug per g [ww] and expressed as medians and interquartile ranges, n = 10-11.

* Differences between feeding groups were calculated by the Kruskal-Wallis 1-Way AOV and the Dunn’s
multiple-comparison test.

# lactose versus starch diet, P < 0.05. *, lactose versus casein diet. *, P < 0.05; ***, P < 0.001.

To investigate whether hexuronates possibly originate from dietary lactose, the intracellular
hexuronate concentration of E. coli grown in the presence of lactose (25 mM) or glucose
(50 mM) were measured at selected time points under aerobic conditions. It was not possible

to perform this experiment under anaerobic conditions because of the insufficient cell density.
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Intracellular hexuronate was only measured during growth on lactose but not on glucose
(Figure 25). The highest hexuronate concentration was determined during the exponential
growth phase (138 ng hexuronates per mg protein). Based on the assumption that 1 mg
protein corresponds to a cytoplasmic volume of 2 pl [STOCK, 1977; SMITH, 1999; KAWANO,
2000], 138 ng hexuronates per mg protein corresponds to a concentration of 0.32 mM
galacturonate or 0.3 mM glucuronate in the bacterial cytoplasm. In the stationary phase of
E. coli grown on lactose, the hexuronate concentrations decreased continuously (2.4 ng
hexuronates per mg protein). This transient generation and disappearance of hexuronates
during lactose metabolism revealed that these hexuronates are catabolised by E. coli and

Serve as energy source.

In conclusion, these experiments demonstrate that hexuronates are present to a larger extent
in the small intestine of lactose-fed mice compared to starch- or casein-fed mice and that
intracellular hexuronates are generated during growth of E. coli on lactose. Therefore, dietary
lactose seems to affect hexuronate availability for intestinal E. coli. Nevertheless, it was not

possible to clearly identify potential precursors of the detected intracellular hexuronates.
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Figure 25. Generation of intracellular hexuronate in exponential phase of E. coli during

growth on lactose. E. coli was cultivated in M9 minimal medium containing 50 mM glucose (grey) or
25 mM lactose (black) under aerobic conditions. Cell densities (lines) were determined at 600 nm.
Intracellular galacturonate and glucuronate concentrations (dots) were determined using an uronate
dehydrogenase assay. Data are expressed as medians and minima to maxima (n = 6). Differences
between treatment groups were calculated by the U-test. *, P < 0.05; **, P < 0.01.
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5. DiSCUSSION

The response of intestinal bacteria to dietary alterations has been studied extensively at the
population level, but owing to the complexity of the commensal microbiota and the high
inter-individual variability, little knowledge exits about the events occurring at the cellular level.
Therefore, the objective of this work was to identify mechanisms that enable intestinal bacteria
to adapt to nutritional factors using a simplified animal model. For this purpose, gnotobiotic
mice monoassociated with E. coli MG1655 were fed either one of three diets: a diet rich in
starch, a diet rich in non-digestible lactose or a diet rich in casein. The proteomes of E. coli
recovered from small intestine and caecum of mice fed the lactose or the casein diet were
compared with those of E. coli obtained from mice fed the starch diet and differentially
expressed bacterial proteins were identified. Selected proteins were further characterised

in vitro for their possible roles in the bacterial adaptation to the various diets.

5.1. Gnotobiotic mice — a useful model to analyse the effect of dietary factors

Feeding mice different diets was expected to lead to changes in the intestinal substrate
availability. In the small intestine, dietary starch is almost completely digested [WEURDING,
2001; WILFART, 2007] and the resulting malto-oligosaccharides and glucose are rapidly
absorbed. Therefore, and because of the absence of starch-degrading enzymes in E. coli
[FREUNDLIEB, 1986], feeding mice the diet rich in starch (43% starch [wt/wt]) was supposed to
minimise the availability of dietary substrates for intestinal E. coli and to promote the utilisation
of host-endogenous substrates, such as mucosal glycoproteins and glycolipids [PEEKHAUS,
1998]. Hence, this diet served as a control. To analyse carbohydrate-induced changes in
bacterial metabolism, mice were fed the lactose diet (10% lactose [wt/wt]). As lactose is not
digestible by adult rodents [TROELSEN, 1992; KAUR, 2006], this carbohydrate was assumed to
be completely available for intestinal E. coli. The high protein concentration present in the
casein diet (60% casein [wt/wt]) was supposed to be digested and absorbed by the host only
incompletely. Therefore, dietary peptides and amino acids would be partially available to
intestinal bacteria, thereby enabling the analysis of the influence of dietary proteins on the

metabolism of E. coli.

To investigate whether the various diets did indeed affect substrate availability in the mouse
gut, the intestinal concentrations of sucrose, fructose, glucose, lactose, proteins and amino
acids were determined. Sucrose and fructose were present at concentrations of less than
1 mM on any of the diets and are therefore not expected to significantly affect the growth of

intestinal E. coli. Intestinal glucose originates from the cleavage of dietary sucrose and starch
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by host digestive enzymes. Both, the starch and the lactose diet, contained high proportions of
starch (33 to 43% [wt/wt]), which was the main carbohydrate source on these diets.
Accordingly, the highest glucose concentrations were detected in the small intestine of mice
fed the starch and the lactose diet, whereas the glucose concentrations on the casein diet (3%
starch [wt/wt]) were below 0.5 mM. The low concentrations of sucrose and fructose on any of
the diets and the disappearance of glucose in the caecum and colon of starch- and lactose-fed
mice correspond with the fact that nutrient-digestion and absorption happen preferentially in
the ileum [FERRARIS, 2001]. Because of the indigestibility of dietary lactose by adult rodents
[TROELSEN, 1992; KAUR, 2006], lactose was available for intestinal E. coli of mice fed the

lactose diet by up to 10 mM, which was sufficient for the bacterial metabolism.

In contrast to the clear distribution of intestinal carbohydrates, proteins and amino acids were
detected at a low level in the intestines of mice fed any of the diets. In the mouse intestine, not
only dietary proteins but also host-endogenous proteins, such as digestive enzymes or
proteins from desquamated epithelial cells, are present. Accordingly, disappearance of
intestinal proteins and amino acids, as observed for digestible carbohydrates, cannot be
expected. However, mice fed the casein diet displayed two-fold higher amino acid
concentrations than mice fed the starch diet or the lactose diet. These conditions were
considered to sufficiently mimic growth of E. coli on casein-derived substrates and support the

validity of this model.

To ensure that the substrate availability did not affect intestinal colonisation, E. coli cell
numbers were determined. The cell density in the small intestine (logo CFU: 9 to 10) was
lower than those determined for caecum (logso CFU: 10 to 12) and colon (log1, CFU: 10 to 11).
These numbers are comparable with results of other studies in gnotobiotic mice fed a standard
chow and monoassociated with E. coli (logso CFU: small intestine, 8; caecum, 11 to 12; colon,
10.5 to 11) [VOGEL-SCHEEL, 2010; SCHUMANN, 2012]. Interestingly, the cell numbers for the
small intestine determined in the actual study are 1 to 2 log units higher than those of mice fed
the standard chow. This may reflect the high availability of simple carbohydrates, peptides and
amino acids in the intestines of mice fed the semisynthetic diets used in the actual study in
contrast to the plant polysaccharide-rich standard chow. Moreover, feeding mice the lactose
diet promoted the growth of intestinal E. coli as obvious from higher small intestinal and caecal
E. coli counts compared to those of mice fed the starch or the casein diet. However, due to the
monoassociated status of the animals, it remains unclear if this higher cell density is of
biological relevance. These results indicate that gnotobiotic mice fed the three diets were a
useful model for investigating the influence of dietary factors on the proteome of intestinal

bacteria.
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5.2. Adaptation of intestinal E. coli to dietary factors

The proteomes of intestinal E. coli obtained from mice fed the lactose and the casein diet were
compared with those of E. coli recovered from mice fed the starch diet. This comparison
revealed more than one hundred differentially expressed proteins, indicating the high capacity
of E. coli to adapt to the ingested host diets. The adaptation of this bacterium to the
metabolism of lactose and amino acids could be verified: E. coli obtained from mice fed the
lactose diet induced Leloir pathway enzymes required for the utilisation of lactose [HOLDEN,
2003] and enzymes involved in amino acid biosynthetic processes, such as glutamate
dehydrogenase (GdhA) and carbamoyl-phosphate synthase (CarA). The latter enzymes
catalyse the biosynthesis of glutamate [SAKAMOTO, 1975] and arginine and pyrimidine
nucleotides [THODEN, 1999], respectively. Their induction indicates a deficiency of amino acids
and pyrimidine in the gut of lactose-fed mice. A shortage of intestinal nucleosides in mice
monoassociated with E. coli has previously been demonstrated by VOGEL-SCHEEL et al., who
observed that key enzymes of E. col’s purine and pyrimidine biosynthesis (purC, pyrBI) are
essential for the colonisation of the mouse gut [VOGEL-SCHEEL, 2010]. In contrast, enzymes
involved in peptide and amino acid catabolic processes, such as the glutamine degrading
glutaminase 1 (GIsA1) [BROWN, 2008], were downregulated in E. coli obtained from mice fed

the lactose diet.

Although the proteomic data clearly demonstrated the adaptation of intestinal E. coli to the
lactose-rich diet, an apparent induction of enzymes required for peptide and amino acid
breakdown was hardly detectable on the casein diet. The number and the fold-change of
differentially expressed proteins of E. coli recovered from mice fed the casein diet was lower
compared to those obtained from E. coli of mice fed the lactose diet (both in comparison to the
proteome of mice fed the starch diet). In contrast to the catabolism of simple carbohydrates,
such as glucose and lactose, the degradation of the large variety of different amino acids
originating from casein digestion involves numerous specific enzymes. These enzymes
undergo many subtle and less obvious changes, which are probably not detectable with the

applied proteomic approach.

5.3. OxyR-dependent stress-response proteins are crucial under osmotic stress

Interestingly, the majority of proteins involved in E. col’s cell redox homeostasis and stress
response were upregulated on the lactose diet and downregulated on the casein diet. The
genes encoding some of these upregulated proteins, such as ahpCF, dps and fur, belong to
the oxyR regulon. The corresponding protein encoded by oxyR belongs to the large family of
bacterial DNA-binding transcriptional regulators [STORz, 1990b]. OxyR negatively

autoregulates its own expression [CHRISTMAN, 1989; TAO, 1991] and acts as transcriptional
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inhibitor or enhancer of a large variety of genes, whose corresponding proteins are involved in
peroxide metabolism, protection against peroxides and redox balance. In addition, OxyR
induces the expression of important transcriptional regulators, such as oxyS [STORz, 1990a;
ZHENG, 2001a; ZHENG, 2001b]. It has been shown that oxidative stress exerted by H,O, leads
to the activation of OxyR via formation of reversible disulfide bonds between Cys199 and
Cys208. This in turn provokes a conformational change and induces the transcription of the
above mentioned antioxidant defence genes [STORz, 1990b; TOLEDANO, 1994; LEE, 2004].
Therefore, OxyR acts as a sensor of oxidative stress and is essential for E. col’s defence
against it [STORz, 1990a; STORZ, 1999]. The proteomic analysis did not reveal upregulation of
other typical members of this regulon, such as superoxide dismutase (SodB), catalase
peroxidase (KatG) and thioredoxin reductase (TrxB), possibly because of the inability to detect
them. In total, approximately 60% of the detected differentially expressed protein spots could
only be clearly identified by mass spectrometry. Therefore, it cannot be excluded that these

proteins are among the unidentified protein spots.

Since the oxygen pressure in the intestine is low, it is doubtful that the observed upregulation
of the OxyR-dependent proteins AhpF, Dps and Fur was a result of oxidative stress. It is also
difficult to imagine that the presence of lactose promoted oxidative stress in the mouse gut
while the casein diet appeared to prevent such stress. Since the oxyR regulon not only
controls genes facilitating the adaptation to oxidative stress, but also the adaptation to heat
shock, pH and salt stress [BLANKENHORN, 1999; GUNASEKERA, 2008], it is likely that other
types of stress induced the observed upregulation of OxyR-dependent proteins in the intestine
of lactose-fed mice. To provide evidence for this suggestion, the ahpCF and dps gene
expression was determined in response to the various substrates occurring in the mouse
intestine. These analyses revealed that fermentable carbohydrates, such as glucose, lactose
and sorbitol, as well as non-fermentable carbohydrates, such as sucrose [SCHMID, 1982; PIKIS,
2006; LEg, 2010a], induced the ahpCF and dps promoter activity up to 11-fold under both
aerobic and anaerobic growth conditions, whereas dietary proteins did not affect the
transcription of these genes. Similar induction levels (up to 14-fold) were also observed after

stimulation of cells with the osmolyte NaCl.

These observations are in line with results reported by WEBER et al., who demonstrated the
induction of AhpC and Dps by 400 mM NaCl and of Dps by 700 mM sorbitol [WEBER, 20086].
The induction of the ahpCF and dps expression by carbohydrates and NaCl were absent in
E. coli mutants lacking the oxyR gene. Therefore, it can be concluded that the observed
osmolyte-induced expression of ahpCF and dps in wild type E. coli was directly mediated by
OxyR. Other transcription factors, such as sigma 24, 38 or 70, binding to the promoter regions
of the analysed genes [SAVAGE, 1986; MOAZED, 1987; ALTUVIA, 1994; KuLTz, 2001], seem to

play no or only a minor role. These experiments support the notion that the observed
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upregulation of AhpF and Dps in intestinal E. coli of lactose-fed mice was directly mediated by
OxyR.

However, the carbohydrate concentrations required for the in vitro induction of ahpCF and dps
were much higher than those detected in the intestinal contents. Assuming an uptake of
5 g diet and 6 ml water per mouse and day [BACHMANOV, 2002], the maximal carbohydrate
concentration that is possibly reached in the mouse intestine can be calculated. Accordingly,
the lactose concentration in the small intestine would be approximately 130 mM and that of
sucrose approximately 270 mM. These theoretical values correspond to those necessary for
the induction of the ahpCF and dps promoters in vitro (200 to 400 mM). The differences
between the theoretical and the actual concentration of carbohydrates in the mouse gut may
result from differences in the intestinal absorption rate, which depends on the varying nutrient
availability as influenced by the periods of feeding and starvation [MAGWEDERE, 2008]. As
changes at the proteome level are expected to require some time to become effective,
proteins that are upregulated in response to the high carbohydrate concentrations in the upper
part of the small intestine most likely remain detectable even after absorption of the inducer

sucrose by the host.

A common feature of soluble carbohydrates is their osmotic potential. Therefore, it was
hypothesised that the carbohydrate-induced expression of OxyR-dependent genes was
caused by osmotic stress. This was supported by the positive correlation of the ahpCF and
dps promoter activities with the osmolality of the applied media. Moreover, experiments with
aerobically or anaerobically grown ahpCF and oxyR deletion mutants revealed that OxyR-
dependent genes are crucial for E. coli to proliferate under conditions of sucrose-mediated
high osmolality. Although the deletion of oxyR affects genes other than ahpCF, the maximal
cell densities were similar for both the ahpCF and the oxyR deletion mutants. The somewhat
higher growth inhibition of the oxyR mutant manifested itself only by its longer doubling times
compared to the ahpCF mutant. These results demonstrate that the expression of
OxyR-dependent genes, in particular ahpCF, enables E. coli to better cope with osmotic

stress.

Osmotic stress triggers the outflow of water from the bacterial cell resulting in reduced cell
turgor and dehydration of the cytoplasm [CSONKA, 1989]. To adapt to such conditions, bacteria
are able to take up or synthesise organic osmolytes, such as trehalose, polyols or free amino
acids, to enlarge their intracellular solute pool [KEMPF, 1998]. Because the semisynthetic diets
fed to the gnotobiotic mice are simple in composition, the intestinal concentration of
compatible solutes was expected to be marginal. However, intestinal E. coli of mice fed the
lactose diet upregulated glutamate dehydrogenase (GdhA), an enzyme catalysing the

formation of glutamate, which is required to maintain the steady-state K pool after exposure to
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high osmolality [MCLAGGAN, 1994; YAN, 1996]. This indicates that lactose-induced osmotic

stress led to the synthesis of compatible solutes by intestinal E. coli.

How can the upregulation of stress-response proteins be explained in view of their
physiological role? Are they, similar to the above described expression of GdhA, a supportive
mechanism for the protection of E. coli against osmotic stress? The OxyR-dependent Fur is a
regulatory protein controlling the transcription of genes involved in various processes, such as
iron homeostasis, aerobic respiration, chemotaxis, amino acid and purine biosynthesis,
carbohydrate metabolism as well as protection against acidic and oxidative stress
[CALDERWOOD, 1987; PRODROMOU, 1992; COMPAN, 1993; STOJILJKOVIC, 1994]. Deletion of fur
in Desulfovibrio vulgaris resulted in increased sensitivity to osmotic stress [BENDER, 2007].
Therefore, Fur is suggested to play a key role in bacterial adaptation to high osmolality but the

underlying mechanism is unknown.

The OxyR-regulated ahpCF encodes an alkyl hydroperoxide reductase, which reduces alkyl

hydroperoxides to their corresponding alcohols [BIEGER, 2001]. Alkyl hydroperoxides, such as
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Figure 26. Potential mechanisms of OxyR activation by osmotic stress in E. coli. Osmotic
stress caused by lactose in vivo or sucrose in vitro leads to reduced cell turgor. This might result in
closer contact of intramolecular cysteine sulfhydryl groups of the inactive OxyR (1) or the stress-signal
might be transduced to OxyR by an unknown osmosensitive component (2). Both scenarios result in the
disulfide bond-mediated activation of OxyR and the transcription of target genes (3) necessary for
E. coli to better cope with osmotic stress.
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lipid hydroperoxides, promote free-radical chain reactions and thereby cause cell membrane
and DNA damage [JACOBSON, 1989; LAzIM, 2000]. However, it remains unclear whether, and if

yes, in which way osmotic stress causes the formation of intracellular alkyl hydroperoxides.

The OxyR-regulated Dps is involved in the protection of the bacterial cell against multiple
forms of stress, including oxidative stress caused by H,O,. Dps catalyses direct binding and
formation of a DNA-protein crystal [DUKAN, 1996; MARTINEZ, 1997; WOLF, 1999]. KULTZ et al.
demonstrated that hyperosmotic stress caused by NaCl leads to DNA double strand breaks in
murine kidney cells [KuLTZz, 2001]. Such breaks of the DNA phosphodiester backbone usually
arise after ionising radiation or H,O, treatment [Green, 1996]. That Dps was induced in E. coli
after exposure to osmotic stress reveals that DNA protection is also an adaptive mechanism in

bacteria.

Several mechanisms underlying the induction of DNA damage by osmotic stress can be
envisaged: one possibility is the formation of intracellular free radicals in response to osmotic
stress as proposed by ALDSWORTH and DoDD. The “suicide through stress” theory of these
authors proposes that bacteria generate a burst of reactive oxygen species, such as H,O, and
O, under various types of stress including heat, osmotic or ethanol stress. This may lead to
cell damage and death [ALDSWORTH, 1999; DoDD, 2002]. Since these reactive oxygen species
were detected only in aerobic organisms with respiratory metabolism (Salmonella enterica
serovars, Staphylococcus aureus, Mycobacterium smegmatis, E. coli) but not in strictly
fermentative organisms (Streptococcus mutans) the proposed suicide response may be linked
to aerobic [DoDD, 2007] but not to anaerobic metabolism. The actual study demonstrates the
induction of OxyR-dependent genes and their relevance for the growth of E. coli at high
osmolality under both aerobic and anaerobic conditions. In addition, incubation of E. coli in the
presence of non-fermentable sucrose did not induce the formation of intracellular reactive
oxygen species, such as H,O,. Therefore, other mechanisms of osmotic stress-dependent

OxyR activation have to be envisaged (Figure 26).

Such a mechanism might be similar to those operative under oxidative stress conditions, in
which OxyR is directly activated via the formation of intermolecular disulfide bonds as
described above [ZHENG, 1998]. The hyperosmotic shock and, as a consequence thereof, the
rapid water efflux across the cell membrane may cause a closer contact of normally separated
intramolecular cysteine sulfhydryl groups as it has been proposed for protein damage after
freezing injury [MERYMAN, 1971]. This in turn may lead to the spontaneous formation of
disulfide bridges [TAKEDA, 2001] and thereby activate OxyR. It also may be possible that an
additional component interacts with OxyR and transduces the osmotic stress signal to OxyR.

Nevertheless, these proposed pathways need to be verified by further experiments.

In conclusion, OxyR-dependent stress-response proteins, such as AhpCF, Dps and Fur, are
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crucial for the adaptation of E. coli to osmotic stress conditions. This indicates an overlap of
oxidative and osmotic stress responses in E. coli and the importance of these responses for

the organism’s adaptation to carbohydrate-rich host diets.

5.4. OxyR-dependent proteins are also required for other commensal bacteria

Since the oxyR regulon is a major stress-response system in E. coli [STORz, 1990a; STORZ,
1990b; STORz, 1990c], it would be of interest to find out whether other microbial species
present in the mammalian intestine mount a similar stress response as observed for E. coli.
OxyR homologues have been identified in various bacterial phyla including Bacteroidetes,
Proteobacteria and Firmicutes: the OxyR homologue expressed by Bacteroides fragilis
controls the expression of ahpCF, dps and katB [ROCHA, 1996; RoOcCHA, 2000]. In
Pseudomonas aeruginosa, an OxyR homologue is essential for the synthesis of catalase
peroxidase (KatB) and two alkyl hydroperoxide reductases, namely AhpB and AhpCF
[OCHSNER, 2000]. In Klebsiella pneumoniae, a homologue of oxyR was shown to be crucial for
the colonisation of the murine gastrointestinal tract [HENNEQUIN, 2009]. In Bacillus subtilis, the
metalloprotein PerR, a functional analogue of E. col’s OxyR, was identified to control the
expression of AhpC, AhpF, KatA and the DNA-binding protein MrgA, which is a Dps
homologue [for review see: TRAORE, 2006].

Although these commensal bacteria do not encode the entire oxyR regulon present in the
E. coli genome, the function of OxyR-dependent proteins as well as the activation of OxyR via
formation of reversible disulfide bonds between Cys199 and Cys208 in response to H,0, is
conserved [for review see: CHIANG, 2012]. However, Clostridium perfringens and
Bifidobacterium longum that express genes encoding superoxide dismutases, superoxide
reductases, alkyl hydroperoxide reductases and Dps do not encode an OxyR homologous
regulatory protein. For these species the underlying regulatory mechanisms are still unknown
[JEAN, 2004; XIA0, 2011].

Therefore, the crucial influence of osmotic stress on the gene expression of OxyR-dependent
proteins, as presented in the actual study, cannot be directly transferred to other bacterial
species. Nevertheless, the presence of OxyR homologues and of OxyR-dependent stress-
response proteins, such as Ahp and Dps, in the genome of various commensal bacteria other
than E. coli strongly indicates that osmotic stress also regulate the OxyR-dependent gene
expression in these species. To validate this hypothesis, further experiments using gnotobiotic
mice mono-associated with commensal bacteria other than E. coli or with a more complex

microbial community would be required.
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5.5. Kdul and KduD are required for hexuronate metabolism at high osmolality

Feeding mice the lactose-rich diet not only induced OxyR-dependent stress-response proteins
in intestinal E. coli but also the so far uncharacterised KduD, while this protein and Kdul were
downregulated on the casein diet. Homologous enzymes from the plant pathogen
Erwinia chrysanthemi are known to catalyse the degradation of pectin. Polygalacturonate and
galacturonate resulting from pectin catabolism were shown to induce kdul gene expression in
E. chrysanthemi [CONDEMINE, 1991]. However, E. coli does not possess enzymes involved in
the utilisation of pectin as well as poly- and oligogalacturonates [RODIONOV, 2004]. Therefore,
the role of Kdul and KduD in the E. coli metabolism is obscure and the reasons for the

induction of KduD in intestinal E. coli of lactose-fed mice are unknown.

To identify the nature of the upregulation of KduD in intestinal E. coli, the expression of the
corresponding gene in response to the various substrates occurring in the mouse intestine
was determined. This analysis revealed that only galacturonate and glucuronate, which are not
present in the mouse diets, induced the kduD promoter activity up to 3-fold under aerobic and
up to 20-fold under anaerobic conditions. These hexuronates also increased the promoter
activity of kdul. However, as observed for kduD, higher induction levels were detected under
anaerobic compared to aerobic growth conditions. This suggests that the kdu/ and kduD gene
expression was facilitated in an anaerobic environment. Transcription factors involved in gene
regulation under anaerobic conditions, such as the transcriptional regulator FNR (fumarate
and nitrate reductase regulator), the ArcAB two-component system [SALMON, 2005; KANG,
2005; MALPICA, 2006] or sigma factors (sigma 24, 38 or 70) [SAVAGE, 1986; MOAZED, 1987,
ALTUVIA, 1994; KuLTZz, 2001] may bind to the kdul and kduD promoters and possibly enhance
gene expression. However, more detailed analyses are required to elucidate the regulatory
systems involved in hexuronate-induced kdul and kduD gene expression under anaerobic

conditions.

In fact, hexuronate-induced kdul gene expression was 2 to 4-fold higher than that of kduD
under aerobic and anaerobic conditions. In contrast to the native KduD, which contain only
one polypeptide chain, the native Kdul forms a hexamer in solution [DUNTEN, 1998]. Therefore,
more Kdul-subunits are required to form a functional enzyme. This may explain the higher
expression level observed for kdul. Nevertheless, the underlying molecular mechanism how

galacturonate and glucuronate regulate kdul and kduD gene expression is currently unknown.

Experiments with cell-free extracts of E. coli overexpressing Kdul, KduD or both revealed a
role of Kdul in the degradation of galacturonate and glucuronate. However, how Kdul
facilitates the conversion of these hexuronates is unclear. Kdul may activate as yet unknown
alternative hexuronate degrading pathways, thereby facilitating the conversion of

galacturonate and glucuronate. However, the gene expression of common hexuronate
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degrading enzymes, such as UxaABC and UxuAB, is only induced in the presence of the
corresponding substrate (galacturonate, glucuronate, fructuronate etc.) [PORTALIER, 1972;
ROBERT-BAUDOUY, 1973; PORTALIER, 1980]. Since these substrates were not present in the
medium used for cultivation of the cells overexpressing Kdul, it is unlikely that other alternative
hexuronate degrading enzymes are expressed constitutively. Therefore, a catabolic role of

Kdul in the utilisation of galacturonate and glucuronate is the most probable explanation.

In E. col’s regular hexuronate degrading pathway, galacturonate and glucuronate enter the
bacterial cell via the aldohexuronate transporter (ExuT) [MATA-GILSINGER, 1983] and
subsequently undergo isomerisation to tagaturonate or fructuronate by uronate isomerase

(UxaC). In the next step, altronate oxidoreductase (UxaB) or mannonate oxidoreductase
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Figure 27. Role of Kdul and KduD in E. chrysanthemi and E. coli. (A) Reactions catalysed by
5-keto 4-deoxyuronate isomerase (Kdul) and 2-deoxy-D-gluconate 3-dehydrogenase (KduD) in
E. chrysanthemi. (B) Typical pathway of hexuronate conversion in E. colii galacturonate and
glucuronate enter the bacterial cell via the aldohexuronate transporter (ExuT) and undergo
isomerisation to tagaturonate or fructuronate by the uronate isomerase (UxaC). The NADH-dependent
reduction to altronate or mannonate is catalysed by the altronate oxidoreductase (UxaB) or mannonate
oxidoreductase (UxuB). These intermediates are further converted by the altronate dehydratase (UxaA)
or mannonate dehydratase (UxuA) to 2-oxo-3-deoxygluconate, which subsequently enter glycolysis. (C)
The results of the actual work indicate an alternative hexuronate degrading pathway in E. coli: under
osmotic stress, Kdul compensates for reduced levels of the typical hexuronate degrading enzyme
UxaC, which gene expression is repressed under these conditions. Based on sequence similarities to
the Kdul of E. chrysanthemi and on the closely related structure of galacturonate and glucuronate to
that of 5-keto 4-deoxyuronate, E. col’'s Kdul was hypothesised to catalyse the isomerisation of
galacturonate and glucuronate to tagaturonate and fructuronate. Although the data also demonstrated
the hexuronate-driven induction of KduD, a function of this enzyme in hexuronate breakdown remains
unclear. Black arrows indicate experimental evidence, dashed arrow indicate hypothesised reactions.
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(UxuB) catalyse the reduction of tagaturonate or fructuronate to altronate or mannonate with
the simultaneous oxidation of NADH. Altronate and mannonate are converted by altronate
dehydratase (UxaA) or mannonate dehydratase (UxuA) to 2-oxo-3-deoxygluconate
[Ritzenthaler, 1981; MATA-GILSINGER, 1983], which enters glycolysis (Figure 27B).

Do E. coli's Kdul and KduD have the capacity to catalyse the conversion of galacturonate and
glucuronate, as well? Based on 75% sequence identity of the E. coli Kdul and the
5-keto 4-deoxyuronate isomerase of E. chrysanthemi (Figure 27A), the E. coli Kdul is
predicted to catalyse the same reaction [KESELER, 2011; KESELER, 2012]. Based on this and
on the closely related structure of galacturonate and glucuronate to that of
5-keto-4-deoxyuronate, E. col’s Kdul may catalyse the isomerisation of galacturonate and
glucuronate to tagaturonate and fructuronate. If this hypothesis is true, Kdul may compensate
for the function of UxaC, whose gene expression was repressed by H,O,-induced oxidative

stress and osmotic stress by up to 60% in an OxyR-dependent manner (Figure 27C).

Based on an E. chrysanthemi enzyme that is homologous to KduD and catalyses the
NADH-dependent reduction of 2,5-dioxo-3-deoxygluconate to 2-oxo-3-deoxygluconate (Figure
27A) [CONDEMINE, 1991], E.col’'s KduD is predicted to be a 2-deoxy-D-gluconate
3-dehydrogenase [KESELER, 2011; KESELER, 2012]. Although KduD was upregulated in
intestinal E. coli of mice fed the lactose-rich diet and kduD gene expression was induced by
galacturonate and glucuronate, this enzyme did not facilitate the conversion of these
hexuronates in cell-free extracts and, hence, do not compensate for the function of UxaC.
However, a role of this protein in further steps of hexuronate degradation cannot be excluded
because only galacturonate and glucuronate but not tagaturonate and fructuronate were used
as substrates in the experiments. Nevertheless, in the regular hexuronate degrading pathway,
the reduction of tagaturonate and fructuronate to altronate and mannonate is catalysed by
different enzymes, namely UxaB and UxuB (Figure 27B, C). It is unlikely that KduD substitutes
for the function of both UxaB and UxuB, although their corresponding genes, as mentioned
above for uxaC, were repressed by osmotic stress. Therefore, additional experiments and
more detailed characterisation of Kdul and KduD would be required to verify the isomerase
activity of Kdul on the one hand and to get insight into the activity of KduD on the other hand.
However, it is presently not known, whether an alternative enzyme may compensate for the
function of UxaA or UxuA and may convert altronate or mannonate to 2-oxo-3-

deoxygluconate.

In contrast to uxaC, uxaB and uxuAB, the hexuronate-driven kdul and kduD gene expression
was OxyR-independent and was not repressed by osmotic stress. Interestingly, in the
presence of galacturonate, osmotic stress led to approximately 2-fold higher kdul and kduD
gene expression, while on glucuronate no differences were observed (both in comparison to

incubation on galacturonate or glucuronate alone). The mechanism underlying this observation
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is so far unknown. Two explanations are possible: (i) other transcription factors involved in
stress response processes, such as sigma 24, 38 or 70 [SAVAGE, 1986; MOAzED, 1987,
ALTUVIA, 1994; KUuLTZ, 2001], may bind to the promoter regions of kdul and kduD and facilitate
their transcription. (ii)) An unknown osmosensitive stress sensor may transduce the osmotic
stress signal and enhance the kdul and kduD transcription at high osmolality. Although the
structure of galacturonate and glucuronate is closely related, the probable stress-response

sensor may be more susceptible to galacturonate than to glucuronate.

The essential physiological role of Kdul and KduD in hexuronate metabolism under osmotic
stress conditions, in which the regular hexuronate degrading enzymes are repressed, was

supported by growth experiments with mutants lacking the kdulD genes (Figure 28).
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Figure 28. Potential mechanism of how osmotic stress may influence hexuronate degrading
enzymes. High carbohydrate concentrations caused by lactose in vivo or sucrose in vitro induces
osmotic stress (1), which is proposed to activate the OxyR transcriptional regulator by a closer contact
of normally separated protein domains or an unknown osmosensitive transducing component. The
genes of the regular hexuronate degrading enzymes (uronate isomerase, UxaC; altronate
oxidoreductase, UxaB; mannonate oxidoreductase, UxuB; altronate dehydratase, UxaA; mannonate
dehydratase, UxuA) are repressed in an OxyR-dependent manner (2), which may diminish the
hexuronate utilisation in the presence of osmotic stress (3). In contrast, expression of kdul and kduD,
which is inducible by galacturonate and glucuronate, is neither OxyR-dependent nor repressed by
osmotic stress (4). The 5-keto 4-deoxyuronate isomerase (Kdul) is hypothesised to catalyse or facilitate
the conversion of galacturonate and glucuronate and therefore compensate for the activity of UxaC
under conditions of high osmolality. However, the role of the 2-deoxy-D-gluconate 3-dehydrogenase
(KduD) in hexuronate conversion is presently unclear (5). Black arrows indicate experimental evidence,
dashed arrow indicate hypothesised relations.
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Therefore, the question arose whether galacturonate and glucuronate were present in the
intestines of the gnotobiotic mice. Even though hexuronates were not present in the mouse
diets (see section 3.1.1.) they appear as sugar substituents of glycoproteins and glycolipids in
the mammalian mucus layer [ALLEN, 1984; PEEKHAUS, 1998] and are therefore expected to
occur in intestinal contents of mice. Although the E. coli genome encode approximately 40
glycoside hydrolases [HENRISSAT, 1997], this organism cannot degrade complex mucus
polysaccharides [HOSKINS, 1985] and is limited to growth on simple mono- and
oligosaccharides released from mucosal glycoproteins [CHANG, 2004]. Despite the detection of
slightly higher hexuronate concentrations in the intestines of lactose-fed mice, it is presently
not known, whether these hexuronates originate from lactose and, if yes, which pathways are
used for their formation. The transient formation of cytoplasmic hexuronates in E. coli grown
on lactose but not on glucose supports the hypothesis that the detected intracellular
hexuronates originate from lactose. However, to clearly identify possible sources or precursors
of these detected intracellular hexuronates, experiments using isotopically labelled lactose
would be required. Presently, it can only be speculated how these lactose-derived

hexuronates could be generated from lactose.

The most likely explanation for lactose-derived hexuronates is the generation of hexuronate
precursors during lactose catabolism. In E. coli, lactose cleavage by -galactosidase results in
the formation of galactose and glucose [COHN, 1989; BECKWITH, 1967]. While glucose directly
enters glycolysis, galactose is usually converted by Leloir pathway enzymes [FREY, 1996].
Intracellular hexuronates were only detected in exponentially growing E. coli. Therefore, the
high metabolic rate characterising this growth phase may result in the accumulation of either
intracellular UDP-glucose or galactose as described for lactic acid bacteria [KLEEREBEZEM,
1999; HUGENHOLTZ, 1999]. Since the uronate dehydrogenase, which was used for the
hexuronate determination, cannot distinguish between galacturonate and glucuronate [MOON,
2009], the source of the detected intracellular hexuronates could not be clearly identified. Two
explanations are possible: 1. Intracellular glucuronate may stem from UDP-glucuronate, which
in turn is generated from UDP-glucose as catalysed by UDP-glucose 6-dehydrogenase
[STEVENSON, 1996]. 2. Intracellular galacturonate may stem from oxidation of accumulated

galactose. However, such a reaction has not yet been demonstrated in E. coli.

The detected disappearance of intracellular hexuronates during transition of E. coli from
exponential to stationary growth phase suggests that they serve as substrates. In lactose-fed
mice, lactose is readily available during the feeding periods and enables intestinal E. coli to
grow exponentially. This would induce the constant formation of cytoplasmic hexuronates,
which in turn may provoke the expression of kdul and kduD, whose corresponding enzymes

are suggested to be involved in hexuronate conversion.
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Is cytoplasmic galacturonate or glucuronate responsible for the elevated intestinal hexuronate
concentrations in lactose-fed mice? In E. coli, intracellular glucuronate can be exported via the
gluconate transporter (GntT) or facilitated diffusion mechanisms [RICHEY, 1972; ABENDANO,
1973; LAGARDE, 1975; LANCASTER, 1977; KORNBERG, 2000]. However, a release of
hexuronates would not benefit E. coli because they are potential energy sources. Furthermore,
the cytoplasmic hexuronate concentrations of E. coli grown on lactose-containing medium
were similar but not higher than those in the intestinal contents of lactose-fed mice. Therefore,
export of hexuronates is unlikely to happen and cannot be responsible for the observed

intestinal hexuronate concentrations.

Taken together, these experiments suggest that kdul and kduD are upregulated in intestinal
E. coli of lactose-fed mice in response to increased galacturonate and glucuronate
concentrations, whose conversion was facilitated by Kdul. These results indicate a novel
function of Kdul in E. coli and demonstrate the crucial influence of diet-induced osmotic stress
on the gene expression of E. coli’'s regular hexuronate degrading enzyme UxaC, whose

function are possibly compensated by Kdul.

5.6. Concluding remarks

The aim of this study was to identify the impact of dietary factors on the protein expression of
intestinal E. coli. The results demonstrate the adaptation of intestinal E. coli to the dietary
conditions in the mouse intestine, as obvious from the induction of enzymes belonging to the
Leloir pathway in response to feeding mice the lactose-rich diet. Novel functions of enzymes
belonging to stress-response and carbohydrate catabolic processes could be identified. On the
one hand, genes typically upregulated in response to oxidative stress (ahpCF, dps) were
shown to be sensitive to carbohydrate-induced osmotic stress as well. On the other hand, the
gene expression of common hexuronate degrading enzymes (uxaCA, uxaB, uxuAB) was
repressed under such conditions, while an enzyme with as yet unknown function (Kdul) was
suggested to compensate for reduced levels of UxaC. These results indicate that osmotic
stress not only acts as an enhancer but also as a repressor of the expression of
OxyR-dependent genes and suggest an overlap of E. col’s oxidative and osmotic stress
responses, whose role in the organism’s adaptation to a carbohydrate-rich host diet has been

demonstrated in this thesis.

JONES and FABICH postulated that E. coli are dependent not only on anaerobic but also on
microaerobic respiration to successfully colonise the mammalian intestine, in which the oxygen
partial pressure is low, but not completely anaerobic: enzymes typically required for aerobic
respiration, such as ATP synthase, cytochrome bd oxidase and cytochrome bos oxidase, has

been demonstrated to be essential for E. coli to colonise the mouse intestine [JONES, 2007;
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FABICH, 2008]. However, because of the crucial influence of osmotic stress on the expression
of OxyR-dependent oxidative stress-response proteins (AhpF, Dps), as presented in the actual
study, the role of reactive oxygen species generated during aerobic respiration might have
been overestimated: not only the oxygen partial pressure but also osmotically active nutritional
compounds, such as dietary carbohydrates, may stimulate the expression of genes typically
required for the adaptation to an aerobic environment and, hence, improve the metabolic

flexibility of intestinal E. coli.

Since OxyR homologues and OxyR-dependent genes such as ahpCF, dps and fur have also
been identified in commensal bacteria other than E. coli [ROCHA, 2000; OCHSNER, 2000; JEAN,
2004; HENNEQUIN, 2009; XIA0, 2011], the ability to express oxidative stress-response proteins
in response to osmotic stress would enhance the respiratory flexibility and facilitate
colonisation of the intestinal environment by these species [PEEKHAUS, 1998; CHANG, 2004;
JONES, 2007; VOGEL-SCHEEL, 2010]. Therefore, it may be speculated that the observed
alteration of the intestinal microbiota composition in response to changing nutritional factors
[FAVIER, 2002; LEY, 2008; Turnbaugh, 2009b; FLEISSNER, 2010; FAITH, 2011; Wu, 2011;
PATRONE, 2012; YATSUNENKO, 2012] is associated with the ability to adapt to diet-induced
osmotic stress. Nevertheless, to verify this assumption, further experiments using gnotobiotic
mice associated with commensal intestinal bacteria other than E. coli or with a simplified

community of representative intestinal species are required.
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APPENDIX ll: SUPPLEMENTAL MATERIAL
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Figure 1. Schematic representation of pKEST-MR. The promoter region of interest is cloned in

front of the bacterial luciferase genes luxAB and therefore regulates the expression of these genes.
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Figure Il. Representative 16S rRNA gene sequence of E. coli recovered from caecum of mice
fed the starch or the lactose diet. DNA was amplified using 1492-r primer (5-TAC CTT GTT ACG ACT
T-3’) [KAGEYAMA, 1999]. (A) Animal 8, starch diet. (B) Animal 4, lactose diet.
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Figure Ill. Osmolality of the various media used for the luciferase reporter gene assays
addressing the ahpCF and dps promoters. LB medium, SOC medium and LB medium supplemented
with water, H,O,, NaCl or different types and concentrations of carbohydrates were investigated. Data
are expressed as means, n = 3. Differences between treatment groups were calculated by 1way-AOV
and Dunnett's Multiple Comparison Test. **, P < 0.01; ***, P < 0.001.
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of kdulD

CACGCAGGTGTCAGGTCGGAA ®

Table I. Primers used for generation of luciferase reporter gene constructs, deletion mutants,
complementing plasmids and pGEM-T-Easy vectors.
Amplified , , Annealing Reference
. —_
Code region Sequence (5 3) temp.
Generation and verification of luciferase reporter gene constructs
i CGGAATTCTCAGTCAGTGCAAAAGTCGAG ?
Primer-ahpCFp Pfrorfr:oga,; region 60 °C This work
oranp CGTCTAGAAGGACATCTATACTTCCTCCG?
; GCTCTAGATAAAGCAGATTG?
Primer-dpsp Pfr(()jmoter region - 48 °C This work
or aps GCGAATTCTTGAATCTTTATTAGT
; CGGAATTCGCCAGGGTGTGGCATTGAC?
Primer-kdulp P{OZ‘OtCe; region 60°C  This work
or anp GCTCTAGAGTGCGCACTGTGGATGCTCT ?
; CGGAATTCTAACCTCACCAGTAACCGTCG?
Primer-kduDp  L{omonr "egon 60°C  This work
of kau GCTCTAGAACGACCGCAACTTTACCTTC®
: CGTCTAGACAATTTCCAGAGTCCGA?
Primer-uxaCAp Pfromogj region - 50 °C This work
of uxa CGGAATTCGAAGATGTTAGTTACG
; CGTCTAGAATGGGTTCCCTTCTGA?
Primer-uxaBp Pfromo;er region 50 °C This work
of uxa CGGAATTCATACGTGTCTGTATC®
: CGGAATTCGGTCAACCATTGTTGCGATG?
Primer-uxuABp P;omol;[\g region > 62 °C This work
of uxu CGTCTAGAGACCGCAGCCGTGGCG
e AAAGTGCCACCTGACGT ?
pKESTMR Integration site 46 °C This work
control of pPKESTMR GGGTTGGTATGTAAGCAA °
Generation and verification of E. coli deletion mutants
AAAAATTGGTTACCTTACATCTCATCGAAAAC
ACGGAGGAAGTATAGATGATTCCGGGGATCC
. Flanking region =~ GTCGACC o BABA,
PrimerAahpCF 55°C
P of ahpCF AAGCAATTGCAGGTGAATCTTACTTCTTCTTA 2006
TGCAGTTTTGGTGCGAATTGTAGGCTGGAGC
TGCTTCG”
CTATTCTACCTATCGCCATGAACTATCGTGGC
GATGGAGGATGGATAATGATTCCGGGGATCC
. Flanking region =~ GTCGACC * o BABA,
PrimerAoxyR 55°C
y of oxyR AAGCCTATCGGGTAGCTGCGTTAAACGGTTT 2006
AAACCGCCTGTTTTAAAACTGTAGGCTGGAG
CTGCTTCG?
CACTATCGTTTTCTATTTTCACGCTTCACTGAT
Flanking region  TATCGGAGGTTGATGTGATTCCGGGGATCCG
PrimerAkdulD greg TCGACC ? BABA
of kdulD 65 °C y
GGCAGGGTCATAAAAGTAAGAAGAATGAATT 2006
AACGCGCCAGCCAACCGCCTGTAGGCTGGA
GCTGCTTCG”®
K2 Kanamycin- GCAGTTCATTCAGGGCACCG” 54°C  DATSENKO
cassette of 2000 ’
Kt pKD13 CGGCCACAGTCGATGAATCC @ 54 °C
. CGCATTAGCCGAATCGGC?
ahpCF-control Up-/ downstream - 55°C This work
of ahpCF ATAAGTATCCCGCCCTGCCC
. GCTGCAATCGTGCCTCGACA?
oxyR-control Up-/ downstream - 55°C This work
of oxyR TCGTCGGCATGAACGTGGG
. ATATTCGTGATCGACACTGCACTT?
kdulD control Up- / downstream 54 °C This work
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Generation and verification of complementing pSU19 plasmids

GCAAGCTTGTCGAGTAAAAGGCATAACCT?

ahpCF-compl ahpCF > 57 °C This work
TAGGATCCAAAGCCGCCAGGTTTGA
GCAAGCTTGTGCCGCTCCGTTTCTGTGA?® )

oxyR-compl oxyR 5 66 °C This work
GCGGATCCAACTACCCGACGATGGCGGAA
CGGAATTCGCTCTGCATTTCCTCCTTAC? )

kdulD-compl kdulD 63 °C This work

TACTGCAGCCATGCGGCAGGGTCATAAA®

pSU19-control

Up-/ downstream CCAGGCTTTACACTTTATGC®
of MCS AGGCTGCGCAACTGTTG?

50 °C This work

Generation and verification of pGEM-T Easy vectors

GATTATCGGAGGTTGATGTGGA?

pGEM-kdul kdul > 52 °C This work
CGTTTATGCCCACAACTAGCG
GCTAGTTGTGGGCATAAACG?® .
pGEM-kduD kduD - 52 °C This work
GTAAGAAGAATGAATTAACGCGCC
GATTATCGGAGGTTGATGTGGA? .
pGEM-kdulD kdulD 52 °C This work

GTAAGAAGAATGAATTAACGCGCC®

2 forward primer, ° reverse primer

Table Il. Identified proteins of E. coli obtained from small intestine and caecum of mice fed the
starch, the lactose or the casein diet with differential expression factors of = 2 2.

Swiss-Prot
accession
no.

Gene

Fold change °

Lactose vs. Casein vs.
Starch diet Starch diet

Sl Cae Sl Cae

Protein description

Galactose metabolic processes

POA9C3 galM Galactose mutarotase 4.3
POAGT3 galK Galactokinase 2.3 6.6

(o]
P09148 galT Galactose-1-phosphate uridylyltransferase gg 7.8
P09147 galE UDP-glucose 4-epimerase 3.6
POAEES dgaL D-galactose-binding periplasmic protein -2.6
Utilisation of further carbohydrates / -acids
P39346 idnD L-idonate 5-dehydrogenase 29

(o]

POA9P9 idnO Gluconate 5-dehydrogenase 5232
P45541 friC Fructoselysine 3-epimerase -4.8
P39300 ulaG Elg)(t;able L-ascorbate-6-phosphate lactonase 29 41 27
Q46938 kdul Predicted 5-keto 4-deoxyuronate-isomerase -8.3
P37769 kduD 2-deoxy-D-gluconate 3-dehydrogenase 24 -4.0
P37647 kdgK 2-dehydro-3-deoxygluconokinase -2.4
P06720 agal Alpha-galactosidase -2.5
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POAGL4 nanA N-acetylneuraminate lyase -3.5
P52643 IdhA D-lactate dehydrogenase 3.8
Carbohydrate metabolism
2.3° 2.1°
POA9B2 A . . -24
0A9 gap Glyceraldehyde-3-phosphate dehydrogenase A gg gg
POA799 pgk Phosphoglycerate kinase 21
(o]
POADG61 pykF Pyruvate kinase | gg
P21599 pykA Pyruvate kinase | -2.8
2.0° 3,90
POA955 eda KHG/KDPG aldolase 20 2'9
21 '
POA9SPO IpdA Dihydrolipoyl dehydrogenase 3.8
P22259 pckA Phosphoenolpyruvate carboxykinase [ATP] -2.4 2.4
POA9C9 glpX Fructose-1,6-bisphosphatase class 2 3.9
POA799 pgk Phosphoglycerate kinase 2.1
Lipid metabolism
POAEK4 fabl Enoyl-[acyl-carrier-protein] reductase [NADH] 2.8
POABDS fabE Biotin carboxyl carrier protein of acetyl-CoA 30
carboxylase
P76015 dhaK Dihydroxyacetone-binding subunit dhaK -2.5
POAGF3 glpK Glycerol kinase 2.2 3.2
P27830 frrG dTDP-glucose 4,6-dehydratase 2 2.3
P37744 rimA Glucose-1-phosphate thymidylyltransferase 1 2.3
Protein- / amino acid biosynthesis / metabolism
POA853 tnaA Tryptophanase 3.9 3.2 2.0°
26
P77454 glsA1 Glutaminase 1 -3.0
P21165 pepQ Xaa-Pro dipeptidase 3.4
POACC7 glmU Glucosamine-1-phosphate N-acetyltransferase 3.0
0AB77 kbl 2-amino-3-ketobutyrate coenzyme A ligase 2.5
P52643 IdhA D-lactate dehydrogenase 3.8
6.2°
POA825 glyA Serine hydroxymethyltransferase 3.5 gl 20
3.6
POAIDS dapD 2,3,4,5-tetrahydropyrld|ne-2,6—d|carboxylate N- 3.0 -3.9
succinyltransferase 3.5 2.3
POAGD7 aroK Shikimate kinase 1 -2.2
P60757 hisG ATP phosphoribosyltransferase -2.2
POABKS cysK Cysteine synthase A 29 -8.0
P00370 gdhA NADP-specific glutamate dehydrogenase 2.3
P05793 ilvC Ketol-acid reductoisomerase -3.1 -3.4
P11447 argH Argininosuccinate lyase 21
POAGF1 carA Carbamoyl-phosphate synthase small chain 3.2 29
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Cell cycle (translation, transcription, cell division)

POA8G6 wrbA Flavoprotein wrbA -2.1
-2.0°
POCE47  tufA  Elongation factor Tu 1 58 o2
4.6

POAGP1 eftS Elongation factor Ts 24
POA7V8 rpsD 30S ribosomal protein S4 25
P02358 rpsF 308 ribosomal protein S6 -2.0 -2.3
POA7R5 rpsd 308 ribosomal protein S10 -2.1
P60906 hisS Histidyl-tRNA synthetase 24
P04805 gitxX Glutamyl-tRNA synthetase 2.6
POAEZ3 minD Septum site-determining protein minD -3.3
POAGEO Ssb Single-stranded DNA-binding protein -2.9
Nucleotide metabolic process
P77671 allB Allantoinase -5.0
POA794 pdxJ Pyridoxine 5'-phosphate synthase -3.2
POABPS8 deoD Purine nucleoside phosphorylase deoD-type -2.2 -2.0
P15639 purH Bifunctional purine biosynthesis protein purH 2.2 -3.1
POAG18 pUrE E:tzlsﬁrco;ill}gjx:?minoimidazole carboxylase 46
POATDT e e boxamide synthase 25 26
P12758 udp Uridine phosphorylase -2.2
POASFO upp Uracil phosphoribosyltransferase 2.1 -2.9
POAE22 aphA Class B acid phosphatase -2.4
P69441 adk Adenylate kinase -3.0

. . 3.5° 17.0° 5.2
POA786 pyrB Aspartate carbamoyltransferase catalytic chain 40 ig‘ 21
Stress response
POASA9 fur Ferric uptake regulation protein 3.1
POABT2 dps DNA protection during starvation protein 3.2
P68066 grcA Autonomous glycyl radical cofactor 2.3 -8.8
POAFF6 nusA Transcription elongation protein nusA 3.1
POAGHS hslU ATP-dependent protease ATPase subunit HslU -4.5
P05055 pnp Polyribonucleotide nucleotidyltransferase -6.6
POA9D2 gst Glutathione S-transferase -2.7
P35340 ahpF Alkyl hydroperoxide reductase subunit F 3.2 2.2 -3.5
POAEO8 ahpC Alkyl hydroperoxide reductase subunit C -2.4 -2.1
POA862 tpx Thiol peroxidase 2.0
POACEO hybC Hydrogenase-2 large chain 2.6 2.0
P38489 nfnB Oxygen-insensitive NAD(P)H nitroreductase 2.2
P39315 qorB Quinone oxidoreductase 2 -4.8
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Transport of ions, sugars, amino acids, peptides

POA910 ompA Outer membrane protein A 2.3
P06996 ompC Outer membrane protein C 2.0
P02931 ompF Outer membrane protein F 21 -3.3 2.5
d
P69797 manX  PTS system mannose-specific EIIAB component :5(1) -3.2
POAEX9 malE Maltose-binding periplasmic protein 2.5
P02925 rbsB D-ribose-binding periplasmic protein -6.1 -2.8
P23843 OppA Periplasmic oligopeptide-binding protein 3.2 -3.2
POA855 tolB Protein tolB 20 3.0 4.5
POAEM9 iy Cystine-binding periplasmic protein 25
Uncharacterised proteins
P75682 yagE Uncharacterised protein yagE 21
Q46868 yqiC Uncharacterised protein yqiC -2.5 -2.1
P39173 yeaD Putative glucose-6-phosphate 1-epimerase 24
Q46803 ygeW  Uncharacterised protein ygeW 2.2
P65807 ygeY Uncharacterised protein ygeY -2.9
P76187 ydhF Oxidoreductase ydhF 2.0
POA8YS yidA Phosphatase yidA -4.3
NADP-dependent L-serine/L-allo-threonine

P39831 ydiG dehydrogenase ydfG 2.4
POAD12 yeeZ Protein yeeZ -5.9 -2.6
P77748 ydidJ Uncharacterised protein ydiJ -2.3
Others

. 3.1¢
POABBO atpA ATP synthase subunit alpha 34
POABB4 atpB ATP synthase subunit beta -4.5 -4.7
P24186 folD Bifunctional protein folD 26
P09127 hemX Putative uroporphyrinogen-Ill C-

methyltransferase

@ Comparison of the proteomes of E. coli obtained from the intestines of mice fed the lactose or the
casein diet with those of mice fed the starch diet.

® Data represent average ratios of results from 20 biological replicates per diet. 2D-DIGE analyses
were performed using pooled samples, dependent on the available material. SI casein diet, Cae
starch diet: duplicate, Sl starch diet, lactose diet: triplicate, Cae lactose diet: quadruplicate, Cae

casein diet: quintuplicate, P < 0.05. S| = small intestine, Cae = caecum
° If different isoforms were identified for the same protein, each isoform was indicated separately.
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Table lll.  Specific activities of Kdul and KduD calculated for hexuronate concentrations observed
after incubation of cell-free extracts of E. coli clones overexpressing Kdul, KduD or both

with 10 mM galacturonate or 10 mM glucuronate at 37°C.

Specific activity after 2 h [nmol/min*mg] °

E. coliJM109  E.coliJM109 | E.coliKRX E.coliKRX  E. coli KRX
pGEM-T pGEM-T- |  pGEM-T pGEM-T- pGEM-T-
kdulD kduD kdul
Glucuronate 1.8(1.024)  52(236.1)° | 07(0129) 12(0.3:3.0) 3.7(254.9)°
Galacturonate 16(0.6:3.3)  3.1(24:86)° | 08(0216) 13(0.2:26) 4.4(2.6:8.9)"

@ Data are expressed as medians and minima versus maxima (n = 11-12).

® Differences between negative controls and expression of the recombinant proteins were calculated

by the U-test. P < 0.001.
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