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Zusammenfassung

ZUSAMMENFASSUNG

Vor kurzem wurde gezeigt, dass Mikroorganismen des Magen-Darm-Trakts mit diesem
kommunizieren und daher einen Einfluss auf den Stoffwechsel, das Immunsystem sowie auf
das Verhalten des Wirtstiers nehmen. Eine steigende Anzahl an Anhaltspunkten zeigen, dass
dieser Austausch auch in entgegengesetzter Richtung stattfinden kann und zwar durch das
Wahrnehmen von Hormonen und anderer vom Wirt ausgeschiedenen chemischen
Verbindungen durch die Mikroorganismen. Wir haben uns in dieser Arbeit mit einem der
Schliisselelemente der Wirts-Mikroben-Kommunikation befasst, in dem wir das Chemotaxis
System untersucht haben, das externe Stimuli wahrnehmen kann. So haben wir die
chemotaktische Antwort des symbiotischen Modelbakteriums Escherichia coli auf mehrere
chemische Verbindungen, die sich im Magen-Darm-Trakt anreichern, untersucht:
Katecholamine  3,4-Dihydroxyphenylalanin, Dopamin, Norepinephrin und 3,4-
Dihydroxymandelsdure; die Schilddrisenhormone Serotonin und Melatonin; die
Sexualhormone RB-Estradiol und Testosteron; Insulin; und die Polyamine Putrescin und
Spermidin. Fiir Melatonin, Testosteron und Spermidin konnte gezeigt werden, dass sie
chemotaktisch abweisend sind, wobei die starkste abweisende Reaktion fiir Seperimidine
beobachtet wurde und Epinephrin zeigte eine anziehende Wirkung. Fiir Dopamin,
Norepinephrin, 3,4-Dihydroxymandelsdure und Insulin konnte eine zweiphasige Antwort
beobachtet werden.

Um den zugrundeliegenden Wahrnehmungsmechanismus fiir diese chemischen
Verbindungen zu ermitteln haben wir die chemotaktischen Antworten von Stimmen
untersucht, die Hybridrezeptoren mit der Kombination der Domadnen der zwei am
haufigsten vorkommenden Rezeptoren in E. coli, Tar und Tsr, exprimieren. Wir haben auch
die Reaktion von mutierten Tar Rezeptoren untersucht, die eine umgekehrte
chemotaktische Antwort aufweisen, was es uns erlaubt hat, die Rezeptorregionen zu
identifizieren, welche auf die einzelnen chemischen Verbindungen reagieren.

Wadhrend Hormone indirekt wahrgenommen werden, was hauptsachlich auf die
Perturbation der Signaldomane von Tar und Tsr zurtickzufiihren ist, schlie8t die Reaktion auf
Spermidin den wenig vorhandenen Chemorezeptor Trg ein sowie das periplasmatische

Bindeprotein PotD des Spermidinaufnahmesystems. Um schlieBlich die physiologische
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Bedeutung fur das Wahrnehmen dieser chemischen Verbindungen fiir E. coli zu bestimmen,
haben wir deren Auswirkungen auf das Wachstum untersucht. Der chemotaktische Effekt
der untersuchten Verbindungen korreliert mit dem Einfluss auf das Wachstum und der
Stabilitat der Stoffe im Magen-Darm-Trakt, was auf die Spezifitdit des beobachteten
Verhaltens hindeutet. Wir nehmen an, dass die abweisende Reaktion auf die chemischen
Verbindungen, die eine Reaktion hervorrufen, es den Bakterien bei hohen Konzentrationen

erlaubt, schadhafte Mengen von Hormonen und Polyaminen im Darm zu vermeiden.



Summary

SUMMARY

Microorganisms of the gastrointestinal (Gl) tract were recently shown to communicate and
consequently influence the metabolism, immunity, and behavior of animal hosts. Increasing
evidence suggest that communication can also occur in the opposite direction, with
hormones and other host-secreted compounds being sensed by microorganisms. Here, we
addressed one key aspect of the host-microbe communication by studying a very-well
known system that senses external stimulus, the chemotaxis system. We analyzed the
chemotactic response of a model commensal bacterium, Escherichia coli, to several
compounds that accumulate in the GI tract, namely the catecholamines 3,4-
dihydroxyphenylalanine, dopamine, norepinephrine, epinephrine and 3,4-
dihydroxymandelic acid; the thyroid hormones serotonin and melatonin; the sex hormones
B-estradiol and testosterone; insulin; and the polyamines putrescine and spermidine.
Melatonin, testosterone and spermidine were shown to be chemorepellents, with the
strongest repellent response observed for spermidine, and epinephrine showed an
attractant response. Biphasic responses were observed to dopamine, norepinephrine, 3,4-
dihydroxymandelic acid and insulin.

To determine the underlying sensing mechanism of these compounds, we investigated the
chemotactic responses of strains expressing hybrid receptors that combine domains of each
of the two most abundant receptors in E. coli, Tar and Tsr. We also studied the responses of
mutated Tar receptors that show inverted chemotactic responses, which enable us to
identify regions of receptors that sense individual compounds. While the hormones are
sensed indirectly, mainly perturbing the signaling domain of Tar and Tsr, the response to
spermidine involves the low-abundant chemoreceptor Trg and the periplasmic binding
protein PotD, of the spermidine uptake system.

Finally, to determine the physiological importance of these compounds to E. coli, we
studied their effects on bacterial growth. The chemotactic effects of the tested compounds
apparently correlate with their influence on growth and with their stability in the Gl tract,
pointing to the specificity of the observed behavior. We hypothesize that the repellent
responses observed at high concentrations of chemoeffective compounds might enable

bacteria to avoid harmful levels of hormones and polyamines in the gut.
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Introduction

INTRODUCTION
1. Bacterial chemotaxis

Bacteria have evolved systems that enables them to sense and move according to the
different chemicals present in the environment. Motility provides an evolutionary
advantage, as it enables bacteria to find suitable niches for survival and growth (1). Several
types of motility have been reported in bacteria, including swimming, twitching and gliding
(2). The most common way bacteria move is by swimming through their flagella, long helical
filaments emerging from the cell surface. Each flagellum is anchored to the cell membrane
driven by a motor and uses a transmembrane proton or sodium potential as energy source
(3, 4).

The enterobacterium Escherichia coli is propelled by three to eight flagella that are
randomly distributed around the cell body. E. coli moves in a sequence of runs and tumbles
referred to as random walk. When all the flagella rotate counterclockwise (CCW), a large
bundle that uniformly rotates is formed propelling the cells in a forward direction, leading
to a smooth swimming — called run. When at least one of the flagella changes its rotational
direction from CCW to clockwise (CW), the bundle is disrupted, reorienting the direction of
the cell which leads the cell to tumble (5-7). In the absence of any chemical gradient,
bacteria motion is unbiased with runs lasting around 1-2 seconds and the tumbles around
0.1 seconds (5), resulting in an efficient random walk that allows cells to explore their
environment. However, in the presence of a chemical gradient (i.e. attractant or repellent
chemicals, temperature), bacteria moves in a bias random walk with longer runs and
reduced frequency of tumbling, allowing the cells to move up or down a gradient. This
biased net movement of cells in a presence of a chemical gradient is termed chemotaxis (6,
8, 9). The bacterial chemotaxis strategy relies on temporal comparisons for sensing changes
of chemoeffector concentrations in the environment (10), rather than a spatial measure of
the gradient along the cell body, as is the case for eukaryotic cells (5, 11).

To detect and respond to their environment, chemotactic bacteria rely on three main

molecular components:
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e Receptors: multiple clustered arrays of membrane spanning methyl accepting
proteins (MCPs), mainly located at the polar ends of the cell

e Motor: rotary molecular motors that drive helical flagella

e Signaling: internal intracellular biochemical signaling cascade that connects the
receptors to flagellar motors, and allows the cells to adapt to varying levels of

external stimuli

E. coli chemotaxis is extremely sensitive and robust. The chemotactic receptors can detect
minute changes in the level of stimulation (12), close to the physical limit set by the noise of
ligand binding (13). Receptors can also integrate multiple stimuli, enabling navigation of
bacteria in mixed chemical gradients (14, 15). Moreover, intracellular signaling is highly
robust against perturbations, such as variations in ambient ligand concentrations or in
protein levels (16, 17), which allows cells to maintain efficient chemotaxis in varying

environments.

1.1. Receptors

Receptors, or homodimers, form mixed clusters of trimers of dimers, where receptor
trimers of dimers form the basic signaling units (18). E. coli has four ligand-binding
chemotaxis receptors Tsr, Tar, Trg, and Tap. These are organized in three domains: a
transmembrane sensory domain, a signal conversion domain, and a signaling domain that
interacts with the kinase, CheA (Figure 1B). A fifth receptor, Aer, has a different topology
with no periplasmic domain but an additional Per-Arnt-Sim domain (PAS) at its N-terminus.
PAS domain typical employs a flavin adenine dinucleotide to sense redox changes along the
membrane (19, 20). The transmembrane sensory domain is composed of an extracellular
sensory domain and two transmembrane helices (TM1 and TM2). When a ligand binds to
the pocket inside the sensory domain, it triggers conformational changes in the TM regions.
This conformational signal is further transduced to the cytoplasmic part of the receptor by
the signal conversion domain, consisting of a Histidine kinase adenylyl cyclase methyl-

accepting chemotaxis protein—phosphatase (HAMP) domain. The signaling domain contains
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a methylation helix (MH) bundle, a flexible bundle, and a protein contact region that
interacts with the kinase to regulate its activity (Figure 1B).

E. coli receptors can be classified based on their binding substrates. The first class comprises
the major, or high abundant, receptors Tar and Tsr, which bind to amino acids directly by
the periplasmic domains. The second class comprises the minor, or low abundant, receptors
Trg and Tap, which recognize sugars and dipeptides respectively via their periplasmic
substrate-binding proteins (BPs) of ATP-binding cassette (ABC) transporters. Early
chemotaxis studies already indicated that the differences between the two classes of
receptors in the magnitude and range of responses derived from the two types of ligands
(14, 21, 22), but the origin of those differences remained largely unclear. Apart from the
different substrates, recognize by these receptors, major and minor receptors were
believed also to differ in their copy numbers. The total number of minor receptors was
previously estimated to be <1 000 copies per cell compared with ~10 000 for major
receptors (23), and this difference was frequently assumed to explain the apparently
weaker responses mediated by minor receptors. Minor receptors also have truncated C-
terminus and lack the binding site for the adaptation enzymes, making them dependent on
the proximity of neighboring major receptors for efficient adaptation (24). However, a more
recent study found that the difference in copy number is smaller than previously calculated,
constituting more than a quarter of the total receptor pool (25). It was proposed that a
distinction must be made between directly and indirectly binding ligands, where indirect
ligand binding has greater flexibility in the modulation of response sensitivity (25).
Chemotactic response to mixtures of effectors showed that simultaneous stimulation by
ligands of different receptors is additive, and that adaptation to ligands of one receptor
does not interfere with signaling by other receptors (25). The signaling units formed by the
mixed clusters can also amplify the signal by cooperativity (8, 26), leading to a higher
sensitivity at low ligand concentrations and providing gain at higher ligand concentrations

(27).
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1.1.1. Bacterial Hybrids Receptors

Bacterial hybrid sensors are a powerful tool for characterizing specificity of novel ligands
and for bacterial biosensors applications. The range of detectable ligands of a chemotaxis
system can be expanded through the construction of hybrid receptors. Extracellular sensory
domains from “donor” chemotaxis receptors can be conjugated with chemotaxis receptors
or histidine kinases found in other species to form hybrid receptors. There are several
examples of functional hybrid receptors from the same species, such as Tsr-Tar (28), Trg-Tsr
(29), and Tap-Tar (30) in E. coli and McpB-McpC in Bacillus subtilis (31), as well as hybrids
between PctA, PctB, and PctC from Pseudomonas aeruginosa (32, 33) and hybrid receptors
from different species such as McpG from Pseudomonas putida and E. coli Tar (33). While
there has been some success in engineering functional hybrids receptors, designing
functional receptor hybrids remains a challenging task (34). One of the issues is the high
sensitivity of chemotaxis receptors to small conformational perturbations, that can interfere

with the signal transduction through the receptor (35).

1.2. Motor

The bacterial flagellar motor is a rotary machine that drives the helical flagellum. The
purified flagellum consist of a long helical filament, a short hook, and a basal structure of
four rings mounted on a rod (36-38), comprising of approximately 50 genes (39). The
filament assembles from the end that is distal to the bacterium and forms a semi-rigid
helix, the wavelength and handedness of which alters with changes in the direction of
motor rotation. In the stator of the motor, protons move through the independent force-
generating units composed by the Mot complexes anchored to the peptidoglycan layer.
These protons interact with the ring of ~32 FliG proteins that are associated with the
cytoplasmic component of the rotor, and this drives rotation. The exact mechanism by
which the electrochemical gradient is coupled to mechanical rotation is unclear, but it
probably involves electrostatic interactions between the stator and the rotor proteins
(40). Phosphorylated CheY binds FliM proteins that are associated with the FliG rotor to

generate a switch in the motor rotation direction (41).
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1.3. Chemotaxis signaling pathway in Escherichia coli

In E. coli, chemotaxis is regulated by the histidine kinase, CheA. CheA is anchored to the
membrane receptors through an adaptor protein, CheW, which is associated and interacts
with the large array of receptors, at their cytoplasmic end. Conformational changes of the
receptors, triggered e.g. by the binding of chemoeffectors to the receptors and by changes
in the level of receptor methylation modulate the autophosphorylation activity of CheA (42,
43), in a cooperative manner. Attractant ligand binding decreases CheA activity while
repellent binding enhances autophosphorylation. CheW is required for this regulation,
although its exact function remains unclear. In the presence of a repellent, following the
activation of CheA, the phosphoryl group is transferred to its cognate response regulator
CheY, thereby activating it. Phosphorylated CheY (CheY-P) diffuses and binds to the flagellar
motors to enhance the probability of a CW rotation, causing the cell to tumble. Sub-second
dephosphorylation of CheY-P, which is ensured by the phosphatase CheZ (44), allows the
CheY-P concentration in the cell to accurately follow and reflect the average
autophosphorylation activity of the cell’s kinases. However, in the presence of an attractant,
increased receptos stimulation results in CheA inactivation and suppression of tumbles, thus
promoting continued swimming in this direction (44)(Figure 1A).

As the cells swims in a gradient, receptors are also subjected to adaptation for it to reset
and be receptive to changing conditions. Receptor adaptation is controlled by CheR and
CheB, and catalyze methylation and demethylation respectively of four specific glutamate
residues on the receptors (16, 45, 46). Methylation tunes the ability of the receptors to
activate CheA, increased methylation activates CheA and decreases receptor sensitivity to
attractants, resulting in sensory adaptation. Thus, enabling the cell to detect further
changes in concentration, as it swims in chemical gradients. This resets the pathway activity
upon an initial stimulation to the steady state, counteracting the effects of ligand binding -
termed precise adaptation (11, 26, 47). Under most conditions, the signaling apparatus
mediating bacterial chemotaxis exhibits perfect adaptation to chemoattractants, so that,
the steady-state behavior of the system is independent of the concentration of a
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homogeneous distribution of the attractant. However, to higher concentrations of
attractants the chemotaxis pathway shows increasingly imprecise adaptation, with a clear
correlation between the time of adaptation to a step-like stimulus and the extent of
imprecision. The imprecision results from a gradual saturation of receptor methylation sites
at high levels of stimulation, which prevents full recovery of the pathway activity by
disrupting the conditions required for precise adaptation (48). Because the process of
receptor modification is slower than the initial response due to the enzymatic properties of
CheR and CheB and their low copy numbers, receptor methylation provides a short-term
memory of past conditions (47, 49, 50). In addition, CheB possesses an inhibitory domain,
which is subject to negative feedback from CheA-dependent phosphorylation.

In summary, the response process of the chemotaxis signaling pathway in E. coli occurs in

the following way:

1. The receptors sense canonically changes in the environment through binding of an
extracellular ligand attractant to the sensory domain.

2. Increase in attractant leads to the inactivation of CheA, leading to a reduction in the
phosphorylation levels of intracellular proteins.

3. The change or decrease in phosphorylated CheY levels change the motor rotational
direction bias, thus leading to a rotational switch of the flagella from CW to CCW.

4. The receptors adapt to sensory input in step 1 via methylation, by the CheR and
CheB proteins that constitute the adaptation system.

5. The final phase returns the system to its initial pre-stimulus state leaving it free to

detect further changes in the extracellular ligand concentration.
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Figure 1: (A) Chemotaxis signaling pathway in E. coli. Receptors form a sensory complex with the kinase CheA
and the adaptor protein CheW. Binding of attractant or repellent to the sensory complex regulates the kinase
CheA autophosphorylation activity. Phosphoryl groups from CheA can be transferred to the response
regulators CheY, that controls flagellar rotation, and CheB, that controls sensory adaptation. CheY-P interacts
with the motor switch complex, causing flagellar rotation to change from counterclockwise (CCW) to clockwise
(CW), and the cell tumbles. CheY-P is rapidly dephosphorylated by the phosphatase CheZz, leading to a fast
termination of the response. CheB-P acts on receptors by removing methyl-groups added by the
methyltransferase CheR. (B) Schematic drawing of the Tar and Tsr receptors. Ligands bind to the periplasmic
receptor domain. In the cytoplasm, a HAMP region, a methylation region, a flexible bundle region and a trimer
contact region are indicated. Methylation sites are indicated by filled or empty circles. Figure adapted from
(35).
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1.4. Stimulus spectrum of Escherichia coli chemotaxis

Due to the exposure to a constantly changing environment, bacteria have evolved the
ability to detect various stimuli. E. coli mainly recognizes nutrients and toxins that affect cell
growth and survival. Examples of nutrients include L-amino acids, sugars and dipeptides.
The most effective amino acid attractants are aspartate and serine, which elicit chemotactic
pathway responses in E. coli at concentrations as low as 10-100 nM. Less effective
attractants are threonine, asparagine, cysteine, glutamate, glycine, alanine and methionine
(21, 51). E. coli is also attracted to sugars, such as D-glucose, maltose and N-acetyl-D-
glucosamine, which elicit chemotactic responses at concentrations of around 10 uM (14).
Dipeptides can also be sensed by E. coli, such as Gly-L-Leu and L-Leu-L-Pro, with a threshold
similar to sugars (52). In addition to an attractant response, E. coli also shows a repellent
response to toxins, such as cobalt (Co?*), nickel (Ni**) and some aromatic compounds (53).
The taxis of E. coli cells in gradient of these chemicals is unidirectional, with cells always
seeking the highest concentration of the attractants and lowest concentration of repellents.
On the contrary, the taxis in gradients of many environmental factors, such as temperature
(54), pH (28), osmolarity (55), and oxygen (19), is bidirectional. In this case, the cells swim
either up or down the gradient depending on the ambient condition, and accumulate at an
intermediate condition, rather than at the highest or lowest level. This intermediate is often
thought to correspond to a physiological optimum for the cell. For example, E. coli is
repelled to both very low and very high osmotic pressure, which enables it to accumulate at
the more physiologically optimal intermediate osmolarity conditions (55-57). While
unidirectional taxis of E. coli is comparatively well understood, mechanisms of bidirectional
taxis in bacteria remain to be fully established. The bidirectional taxis behavior is likely to
rely on counteracting repellent and attract responses of two receptors, where their strength
are modulated by the ambient conditions. Examples of bidirectional taxis are the pH taxis,
where Tar and Tsr oppose each other (53, 58-60), and temperature taxis, where highly
methylated and low methylated receptors oppose each other (61-64). A recent study
identified that low methylated receptors are thermophilic (heat seeking) and high
methylated receptors cryophilic (cold seeking). In the absence of chemical attractants E. coli

is thermophilic at all temperatures, on the other hand when high levels of chemical
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attractants are present for both Tar and Tsr E. coli is cryophilic, and it accumulates at
intermediate temperatures when only one of the receptors is adapted to high levels of its
chemical ligands (61).

Most of the attractants reported so far are nutrients that can be metabolized by E. coli, but
metabolism-independent attractants were also found (21). E. coli also was shown to
perform chemotaxis to self-secreted signals that can mediate collective behaviors, such as
the autoinducer-2 dependent autoaggregation and biofilm formation (65, 66). Additionally,
several previous studies have suggested that the animal pathogens Helicobacter pylori,
Campylobacter jejuni and Salmonella enterica exhibit chemotaxis toward several
compounds derived from the human gastric epithelium (67-71) and that such chemotaxis
plays an important role in bacterial invasion as well as survival in the intestine (72-74).
Moreover, both commensal E.coli K-12 and enterohemorrhagic E. coli (EHEC) were
proposed to sense human hormones, namely norepinephrine (NE) as a chemoattractant
(75-77). This response was suggested to require conversion of NE to 3,4-dihydroxymandelic
acid (DHMA) by the monoamine oxidase TynA and the aromatic aldehyde dehydrogenase
FeaB of E. coli, with DHMA then serving as the chemoattractant recognized by Tsr in a
nanomolar concentration range (75, 77, 78). These results indicate that hormone taxis
might be common among enteric bacteria and not limited to pathogens, but the scope of

this behavior remains unclear.
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2. Microbial endocrinology

The gastrointestinal (Gl) tract is a highly innervated organ that possesses its own nervous
system, the enteric nervous system (ENS). The ENS is in constant communication with the
central nervous system (CNS), through various nerves such as the vagus nerve, which
directly connects portions of the gut to the brain (Figure 2) (79). Due to this connection, the
Gl accumulates high concentration of hormones that are released into the duct system or
lumen by the endocrine cells and neurons. These hormones have an important role in the
immune response and in the containment of the commensal flora and elimination of

pathogenic infections (80, 81).

- Emotion
- Stress response
i Appetli?te - Motor control
- Circadian rhythm
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- motility - neurotransmiters
- secretion - stress/anxiety levels

- nutrient delivery - mood and behaviour

- microbial balance

- Gastric secretion
- Gastrointestinal motility
- Intestinal secretion

Figure 2: Brain-microbiome communication. Abbreviations: CNS — Central Nervous System, Gl —
gastrointestinal.

The Gl tract also hosts the most diverse microbial community of the human body. It is
estimated that the gut microbiome comprises several thousand species of bacteria,
archaea, eukarya, and viruses (82). In this highly complex ecosystem, the different species

of microbes compete and cooperate with one another and with the host cells in order to
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survive. Host-microbe interactions take place primarily along the mucosal surfaces. The
gastrointestinal mucosa is the largest surface area within the body (approximately 40 m?),
where only one layer of epithelia cells separates the contents of the lumen from the
internal milieu. Environmental factors such as diet and antibiotics can affect the diversity of
the microbiome. The gut microbiota plays important roles in host metabolism and
immunity, by breaking down dietary components, educating the immune system and
degrading toxins (83, 84). The gut microbiota may even influence human emotional states
and diseases, such as stress related irritable bowel syndrome (IBS; (85)), and autism ((86,
87), discussed later in section 2.1). These surprising findings show that the microbiota can
modulate host behavior, raising the question of how these effects work functionally. In fact,
the gut microbiome is now considered by some as a virtual organ in its own right (88), due
to its interaction with the host through immune, neuroendocrine and neural pathways (89)
and produce an array of bioactive molecules that directly interact with the endocrine,
nervous and immune systems of their host (90-92). These pathways are components of the
brain—gut—microbiota axis.

Lyte and Ernst were the firsts to define a new field of research after observing that stress-
induced neuroendocrine hormones can influence bacterial growth (93). This field is named
microbial endocrinology and assumes that through their long coexistence with animals and
plants, microorganisms have evolved systems for sensing host-associated signals such as
hormones. Detecting such signals enables the microbes to recognize suitable locations in
the host and initiate expression of genes needed for host colonization (94-96). This interplay
is bidirectional, since the microbiota has been shown to be both affected and to affect host
hormones. It can also be direct, when the microbiota produce hormones (97-101), or
indirect, when microbes may modulate the function of the adrenal cortex (which controls
the anxiety and stress responses), or modulate inflammation and immune responses (85,
96, 102). So far, two major groups of hormones have been identified as possible players in
the bacterial effects on host behavior: the neurohormones, including serotonin and the
catecholamines dopamine, epinephrine and norepinephrine and stress hormones, including

cortisol, corticosterone, adrenocorticosterone and corticotropin.
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2.1. Brain disorders related to gut modulation

Several studies found an association between gut—brain interactions and functional bowel
disorders, chronic abdominal pain syndromes and even eating disorders. One of the most
studied examples is the irritable bowel syndrome (IBS) that has been correlate with the
microbiota composition (85). Additionally, a high comorbidity, i.e. the presence of one or
more additional diseases or disorders co-occurring, was found between stress-related
mental symptoms, as anxiety, and IBS (103), where over 50% of patients with IBS have
comorbid depression or anxiety. In IBS patients, not only the quantity of commensal
bacteria in the intestine is reduced, but also the diversity of the microbiota is altered (104-
107). In addition, preliminary studies have shown differences in the composition of the gut
microbiota in patients with depression compared with healthy individuals (103, 108-110).
Modulation of the gut—brain axis is increasingly being proposed as an appropriate target for
the development of novel treatments for a wide variety of disorders that range from

depression and anxiety to IBS, obesity and neurodevelopmental disorders (111, 112).

2.2. Commensal Escherichia coli in the mammalian large intestine

A wide variety of bacteria colonize the large intestines of humans and animals. The bacterial
populations involved are relatively stable, consisting of hundreds of species that interact to
achieve a relatively constant numerical balance (113). In human adults, the obligate
anaerobes make up more than 99.9% of the cultivable bacteria (114). Prominent genera
include  Bacteroides, Bifidobacterium, Clostridium, Eubacterium, Fusobacterium,
Lactobacillus, Peptococcus, Peptostreptococcus, and Veillonella (115). Escherichia coli is the
predominant facultative anaerobe in the gastrointestinal tracts of mammals (116). How E.
coli colonizes the mammalian large intestine is not well understood, however increasing
evidence suggests that the commensal E. coli niche in the Gl tract is the mucus layer of the
large intestine (117). Fluorescence in situ hybridization of mouse intestinal showed that E.
coli BJ4, a rat commensal isolate, is dispersed in the mucus layer but is not associated with
the epithelium (118). The same appears to be true for the human commensal strain, E. coli

MG1655 (119). In vitro, rapid growth in intestinal mucus, but not in luminal contents,
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advocates that E. coli and Salmonella enterica serovar Typhimurium grow on nutrients
acquired from mucus (120, 121). Thus, the ability of E. coli to grow and survive in mucus
appears to be critical for intestinal colonization. If so, commensal strains of E. coli have to

bind to gut receptors to avoid rapid washout (122).

2.3. Hormones

In the mucus layer, E. coli is exposed to numerous host signals, such as hormones. In the

next chapters we will discussed some gut signals to which E. coli might be exposed.

Hormones are chemical molecules produced by the endocrine glands and then transported
by the circulatory system to target distant organs to regulate physiology and behavior. The
endocrine system regulates our heart rate, metabolism, appetite, mood, sexual function,
reproduction, growth, development and sleep cycles (123). Hormones have diverse
chemical structures, mainly of three classes: eicosanoids, steroids, and amino acid/protein
derivatives. Hormones affect distant cells by binding to specific receptor proteins in the
target cell, resulting in a change in cell function. When a hormone binds to its receptor, it
activates a signal transduction pathway that typically activates gene transcription and
increases expression of target proteins.

Hormone secretion occurs in response to specific biochemical signals from a wide range of
regulatory systems. Upon secretion, certain hormones, including protein hormones and
catecholamines, are readily transported through the circulatory system, since they are
water-soluble. Other hormones, including steroid and thyroid hormones, are lipid-soluble,
so in order to spread, these hormones must bond to carrier plasma glycoproteins (e.g.,
thyroxine-binding globulin) to form ligand-protein complexes. Some hormones are
completely active when released into the bloodstream (as is the case for insulin and growth
hormones), while others are prohormones that must be activated in specific cells through a
series of activation steps that are usually highly regulated. The endocrine system secretes
hormones directly into the bloodstream typically into fenestrated capillaries, whereas the

exocrine system secretes its hormones indirectly using ducts.
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Neurohormones are secreted from neuroendocrine cells in response to a neuronal input.
Although they are secreted into the blood for a systemic effect, they can also act as
neurotransmitters. Neurotransmitters are endogenous chemicals enabling the transmission
of signals across the chemical synapses, such as a neuromuscular junction, from one neuron
to another target neuron, muscle cell, or gland cell (124). Neurotransmitters are released
from synaptic vesicles in synapses into the synaptic cleft, where they are received by
neurotransmitter receptors on the target cells. Many neurotransmitters are synthesized
from simple and abundant precursors such as amino acids, which are readily available from

the diet and only require a small number of biosynthetic steps for conversion (125).

In this section, we will discuss in more detail the class of hormones studied throughout this

work: catecholamines, thyroid hormones, sex hormones and the peptide hormone insulin.

2.3.1. Catecholamines

Structurally, the catecholamine family is a group of widely acting effector compounds
derived from tyrosine and other dietary amino acid sources. They chemically comprise a
benzene ring with two adjacent hydroxyl groups and an opposing amine side chain (126).
The synthesis pathway for catecholamines begins with dietary L-tyrosine, which is ingested
within the food or synthesized in the liver. L-tyrosine is taken up from blood and
concentrated within the brain and other catecholamine-synthesizing tissues by a
transporter for neutral amino acids. L-tyrosine is converted to 3,4-dihydroxyphenylalanine
(L-DOPA). L-DOPA is enzymatically converted into dopamine, norepinephrine (NE) and
finally epinephrine (or adrenaline) (Figure 3). Besides playing endocrinological roles such as
controlling cognitive abilities, mood and gut motility, dopamine, NE and epinephrine also
directly function as neurotransmitters and are used in both the CNS and peripheral nervous
systems. Receptors for NE and dopamine, called noradrenergic and dopaminergic receptors,
containing nerve terminals are widely distributed within the mammalian body, including the
Gl tract where they are components of the ENS (79, 125, 126). Dopamine is synthesized in
non-sympathetic enteric neurons located within the intestinal wall (79, 125-127) and it is

responsible for maintaining a sufficiently high level of locomotive activity and helping the
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performance of complex voluntary movements while suppressing involuntary ones and
maintaining and active wakeful state. This hormone has been found in large amounts within
the Gl, with high levels occurring in organs, such as the stomach, and in extracellular fluids,
such as gastric juice (127, 128). The hormones epinephrine and norepinephrine are released
from the adrenal medulla throughout the body, including the intestinal tract, being part of
the fight-or-flight response. Within the gut NE is released from storage within sympathetic
nerve fibers within the pre-vertebral ganglia innervating the gut mucosa, and it has been
shown that up to half of the NE made within the mammalian body is synthesized and
utilized within the ENS (126). However, neurons containing phenylethanolamine N-
methyltransferase, the enzyme required for the synthesis of epinephrine from NE, are not
expressed in the intestinal mucosa (79), making it unlikely that adrenaline would normally
be present at any significant level. Norepinephrine activates the brain, increases locomotive
activity, decreases the anxiety level, and promotes human/animal aggressive behavior. In
addition to neuron cells, immune cells appear to be capable of synthesizing, releasing and
degrading catecholamines. There is an abundance of immunocytes throughout the
intestinal lamina propria, and these cells, may represent an alternate non-neural source of
dopamine and NE in the intestine wall (128). NE can be reduced to 3,4-
dihydroxyphenlygycolaldenyde, by monoamine oxidase, that can be oxidized in a less

favored reaction into DHMA and its real concentration in the gut is unknown.
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Figure 3: Scheme of the catecholamine biosynthetic pathway in humans.

Owing to the abundance of catecholamines hormones in the Gl tract, most microbial
endocrinology studies have focused on the interaction of gut bacteria with the
catecholamines epinephrine, norepinephrine (NE) and dopamine. The first studies focused
on the link between stress and the risk of developing an infection and found a correlation
between the release of stress hormones with a reduction in the immune function (96, 110,
129). In bacteria, catecholamines were also reported to alter growth, motility, biofilm
formation and/or virulence (94-96, 130). In more detail, Helicobacter pylori has been shown
to change L-DOPA levels in the gut correlating with an increase in the risk of developing
Parkinson disease (131). It has also been suggested that NE increases the growth and
virulence of enteric bacteria (93, 132), through signaling via adrenergic receptors located
either on intestinal epithelial cells or in the bacteria (133). In enterohemorrhagic E. coli

(EHEC), adrenaline and NE signaling affects bacterial virulence and motility (134).

In terms of determining the in vivo levels of catecholamines, there are some considerable

technical challenges. For the gut, variations in food catecholamine content, rapid enzymatic
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turnover of gut catecholamines, and the adsorbent nature of fecal matter have all posed

technical barriers to a definitive statement on active catecholamine levels (135, 136).

2.3.2. Thyroid hormones

Thyroid hormones are commonly derived from tyrosine and tryptophan amino acids. They
are produced by the thyroid gland and are primarily responsible for the regulation of the
metabolism. The L-tryptophan pathway is in charge of the synthesis of two important
hormones: serotonin and melatonin (Figure 4).

Serotonin (5-hydroxytryptamine (5-HT)) is one of the main neurotransmitters in the brain. It
is found in the central nervous system of mammals, although over 90% of the mammalian
host’s serotonin is found in the intestine (137). Intestinal serotonin secretion is affected by
diet, and regulates intestinal movement, mood, appetite, sleep and cognitive functions.
Serotonin has been implicated in Gl pathologies such as IBS and Crohn’s disease (138). The
first direct effect of the microbiome on serotonin was demonstrated in germ-free (GF) mice,
which had lower plasma serotonin levels than conventional mice (139).

Melatonin (5-methoxy-N-acetyltryptamine) is found in animals, plants, fungi and
photosynthetic bacteria (140). In mammals, it senses the photoperiod and is involved in the
entrainment (synchronization) of the circadian rhythms of physiological functions including
sleep timing, blood pressure regulation, seasonal reproduction and many others, its
secretion is regulated by NE. Especially during the daytime, the Gl tract releases significant
concentrations of melatonin, which influences the regeneration and function of epithelium,
enhancing the immune system of the gut, and reducing the tone of gastrointestinal muscles.
The release of gastrointestinal melatonin seems to be related to the periodicity of food
intake (141-143). Recent papers also postulated that melatonin may also alter the
microbiome composition (144), by for example increasing the proliferation of Enterobacter

aerogenes (145).
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Figure 4: Scheme of the biosynthetic pathway of melatonin in the pineal gland of humans.

2.3.3. Sex hormones

Sex hormones, or steroid hormones, include estrogens, androgens, and progestogens
naturally produced in the gonads by adrenal glands or by the conversion from other
steroids. They influence the development of genital organs (estrogen and androgen),
maintenance of pregnancy (progestogens), ovulation (estrogens), spermatogenesis
(androgens), and sexual differentiation of the brain (estrogen and androgen). The actions of
these hormones are mediated through the estrogen receptor, androgen receptor, and
progesterone receptor (146). The two main classes of sex steroids are androgens and
estrogens, of which the most important human derivatives are testosterone and estradiol,
respectively. The third class, progestogens, includes progesterone the most important and

only naturally occurring human progestogen (Figure 5).

Examples of bacteria affected by sex hormones have been reported since the 1980s. For
instance, Prevotella intermedius takes up estradiol and progesterone, which enhance its
growth (147). Clostridium scindens was reported to convert glucocorticoids to androgens
(148). Sex hormones were also involved in the development of obesity and metabolic
disorders, however the interrelationship between the balance of sex hormones and

metabolism is complex, and the underlying mechanisms are still unclear (149).
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2.3.4. Insulin

Insulin is a peptide hormone produced by beta cells of the pancreatic islets, it regulates the
metabolism of carbohydrates, fats and proteins by promoting the absorption of glucose
from the blood into liver, fat and skeletal muscle cells. Circulating insulin affects the
synthesis of proteins in a wide variety of tissues. Insulin is composed of two peptide chains
referred to as the A-chain and B-chain. A- and B-chain are linked together by two disulfide
bonds, and an additional disulfide is formed within the A-chain. In most species, the A-chain

consists of 21 amino acids and the B chain of 30 amino acids (Figure 6).

The first described link between insulin and bacteria was in 1981 by Le Roith et al. that
discovered that Escherichia coli K12 possesses an insulin-like molecule with strikingly
similar, if not identical, properties to mammalian insulin (92). One decade later human
insulin was described to inhibit the growth of Burkholderia pseudomallei, which makes it
unsurprising that this species is a major pathogen of type 1 diabetics (150). Since then,
other connections have been found between insulin and the microbiome. Significant
variations in microbiome composition have been observed in diabetes patients compared to
healthy controls. The abundance of certain bacterial species has been either positively or

negatively correlated with insulin levels (151, 152)

Figure 6: Scheme of human insulin. Chain A is represented with black and chain B is represented with grey.
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2.4. Polyamines

Polyamines are signaling compounds that do not fulfil the true definition of hormones, but
have similar functions. They are widely distributed from prokaryotic (153) to eukaryotic cells
(154) and are found at especially high concentration in proliferating cells, such as cancer
cells (155). Polyamines are aliphatic amines with two or more amino groups in their
chemical structure. The main polyamines are putrescine, spermidine and spermine and they
are synthesized from the amino acid ornithine (Figure 7). The first step in the pathway is the
production of ornithine from arginine by the mitochondrial enzyme arginase. Three main
sources for polyamines exist in organisms: food intake, cellular synthesis and microbial
synthesis in the gut, where ingested food is the major one (156). Shortly after a meal,
polyamine concentrations in the duodenal and jejunal lumen reach almost millimolar levels,
but 120 min after the meal luminal polyamine content returns to fasting level in the order
of tens to hundreds of micromolar concentrations (140). Polyamines play an important role
in cell proliferation and differentiation (153), because they stabilize nucleic acid structure

(157) and promote protein synthesis (158).
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Figure 7: Polyamine synthesis pathway in humans.

Polyamines were described to protect bacteria against toxic effects of oxygen, superoxide,
and hydrogen peroxide (159). Polyamines have been also implicated in the control of

biofilm formation in several human pathogens (160). The bacterial polyamine uptake,
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synthesis and degradation are coordinated to stringently regulate intracellular polyamine
levels. In E. coli, polyamine uptake is energy dependent, and the putrescine transport
system is different from the spermidine and spermine transport systems (161). Both are
ABC (ATP binding cassettes) transporters consisting of a substrate binding protein in the
periplasm, two channel-forming transmembrane proteins, and a membrane-associated
ATPase that is involved in energy supply. The putrescine uptake system is composed by
PotF, PotG, PotH and Potl proteins and the spermidine uptake system by PotA, PotB, PotC
and PotD proteins. The uptake system consists of a periplasmic protein (PotD and PotF), a
membrane associated protein with a nucleotide-binding site (PotA and PotG), and two
membrane proteins (PotB/PotC and PotH/Potl) with six membrane-spanning segments

linked by hydrophilic segments of variable length (Figure 8) (162, 163).

SS PS

Figure 8: Schematics of preferential transport systems for spermidine (SS) and putrescine (PS). Spermidine is
represented by red diamonds, putrescine is represented by blue diamonds that bind to the periplasmic
proteins (PotD and PotF), which pass the signal to the membrane associated proteins (PotB/PotC and
PotH/Potl) attached to the ATPase proteins (PotA and PotG).
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3. Iron uptake systems in Escherichia coli

Several studies demonstrated that gram-negative and gram-positive bacteria exhibit
increased growth following supplementation of culture medium with dopamine and other
catecholamines (132, 164). These effects do not appear to be mediated by a mammalian-
type adrenergic receptor, as the growth enhancement could not be blocked by standard
pharmacological blocker (93). Since catechol rings are known siderophores in bacteria, it
has been proposed that these effects are due to siderophore activity of the catecholamines,
that enhance growth by improving iron uptake in growth-limiting me