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Yersinia Virulence: Mechanisms of
Microbial Temperature Sensing
Gastrointestinal diseases are still a major health problem around the world.
Rapid adaptation of enteric pathogens to often unknown environmental
and animal reservoirs as well as the increasing number of multi-resistant
variants of these pathogens hamper the control of diarrheal diseases and
demand the development of new prevention and intervention strategies. In
this context, identification of novel crucial virulence strategies that can
serve as drug targets is of general interest. We focus on how expression of
important pathogenicity factors of enteropathogenic Yersinia species and
related pathogens is regulated in response to environmental cues and which
control factors and mechanisms contribute to this process. The dissection of
the complex regulatory networks of enteric pathogens and the comprehensive analysis of virulence gene expression during the course of the infection
will allow us to identify crucial conserved global regulators of virulence
which can be targeted by novel anti-virulence strategies.
Introduction
Gastrointestinal infections that cause diarrhea represent a huge public health
problem in all parts of the world. In developed countries diarrheal diseases
are under better control, but they are still counted among the most common
types of infectious diseases, especially among children and the elderly. About
30,000 cases of gut-associated diseases caused by Enterobacteriaceae have
been reported in Germany in 2012, mainly Salmonella enterica, Escherichia coli
and enteropathogenic Yersinia species. They reside in environmental and animal
reservoirs, are spread from person-to-person via the fecal-oral route and are
frequently reported in food-borne outbreaks. In particular, microbial adaptation
as well as changes in human demographics and food preferences/production,
have led to the emergence and spreading of novel and known types of these
pathogens.
Our primary focus is on Y. pseudotuberculosis and Y. enterocolitica. Once inside
the human body, they trigger an impressive amount of different intestinal
disorders ranging from diarrhea, enterocolitis, terminal ileitis to mesenteric
lymphadenitis, that are collectively called yersiniosis. These diseases are
typically self-limiting, although, sequelae such as long-lasting autoimmune
disorders (reactive arthritis, erythema nodosum) or thyroiditis are also common.
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Enteropathogenic Yersiniae are well adapted for a life in different locations
outside and inside its mammalian hosts. They have a broad host spectrum
and were frequently isolated from various environmental sources such as wild
animals (e.g. boars, rodents and deer), livestock (e.g. sheep, pigs, cattle, goats
and poultry), plants (carrots, salad), insects (flies), stored food (pork, venison)
and faeces of animals. Pigs are the most important reservoir for human infections from which pathogenic Y. enterocolitica (in particular serotype O:3 and
O:9 strains) can be routinely isolated (Carniel et al, 2006; Rosner et al, 2010).
After oral uptake by contaminated food or water, enteropathogenic Yersiniae
initiate infections of its mammalian host by tight attachment to the mucosal
surface in the intestine, which is frequently followed by rapid invasion and translocation through M-cells of the intestinal epithelium (early stage of infection).
Migration through these cells leads to accumulation of the bacteria in the underlying lymphoid tissues (Peyer´s patches) where they remain exclusively in an
extracellular location, replicate rapidly outside cells and lead to the formation
of microabscesses (later stage of infection) (Grutzkan et al, 1990; Simonet et
al, 1990). Following Peyer’s patches colonization, the bacteria disseminate into
mesenteric lymph nodes, liver and spleen. Besides this uptake pathway, it has
been demonstrated that after replication within the intestinal tract, the bacteria
are also able to transfer through the intestinal epithelium and translocate to the
organs by an alternative pathway independent of the Peyer’s patches and the
mesenteric lymph nodes (Fig. 1) (Barnes et al, 2006).
Fig. 1. Infection routes of enteropathogenic
Yersinia species
After ingestion, the bacteria initiate infection of their host by tight attachment to
the mucosal surface of the ileum, which is
followed by rapid invasion into M-cells of
the intestinal epithelium and their translocation into underlying lymphoid tissues
(Peyer’s patches) from which they disseminate to the mesenteric lymph nodes, liver
and spleen. Figure: HZI
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Efficient colonization of the ileum and invasion of the Peyer´s patches is
promoted by virulence factors (adhesins & invasins) that mediate the ability to
contact and invade host cells and components that promote survival and multiplication within different niches of the host. Some of these virulence properties,
including the cell invasion factor invasin, O-antigen of lipopolysaccharides

20 | Focus and Highlights | Research Review Topic 1

and flagellar motility, are only expressed under specific in vitro conditions
(e.g. 20-25°C during stationary phase), which are typical for the free-living,
stored food- or insect-associated lifestyle of the bacteria. This class of virulence
factors is especially important for the survival in host environments that are
encountered just before or during the very early stages of infection and seem
to guarantee a fast and efficient penetration of the intestinal tracts shortly
after ingestion. It is also possible that these gene products are utilized not only
for the colonization of mammals, but also for other eukaryotic organisms (e.g.
insects) in the environment. During later infectious stages in mammals, expression of these very early virulence genes is repressed. In contrast, synthesis of
other pathogenicity factors is induced, which supports long-term survival of the
bacteria in host tissues during later stages of the infection, e.g. the Ysc type
III secretion system (T3SS), the antiphagocytic Yop effector proteins directed
against host defences, and the Yersinia adhesin A (YadA) for colonization of
deeper tissues and resistance against the complement system (Fig. 1). The
mechanisms by which enteropathogenic Yersinia species manage to switch
between environment and host, and how the bacteria alter and adjust the synthesis of virulence factors and virulence-associated traits during the different
stages of the infection is largely unknown. For this reason, one major goal of our
group is to gain a better understanding of the regulatory processes that control
expression of virulence-associated factors throughout the infection. To fulfil
this task we aim to unravel regulatory factors and mechanisms of virulence and
characterize the regulatory network controlling the complex infection process
of Yersinia. Furthermore, we address which, when and where certain virulenceassociated factors are expressed during the infection and how they contribute
to host colonization and the development of disease.
Global changes from the initiation of the infection to ongoing pathogenesis
appear to be mediated through a highly complex network of regulatory pathways that modulate expression of virulence genes in response to multiple
environmental cues. In particular, temperature and nutrient/ion content were
found to control multiple transcriptional regulators implicated in this network on
different levels and by very different molecular mechanisms.
1. Thermo-control of the early stage virulence genes by a protein
thermometer
The transcriptional regulator RovA of Y. pseudotuberculosis activates the production of early stage virulence factors (e.g. the primary adhesion and invasion
factor of Yersinia invasin), and several other virulence-linked traits, which contribute to an efficient colonization of gut-associated lymphatic tissues and allow
faster progression of the infection. The RovA/SlyA family belongs to MarR-type
transcription factors that are specialized in sensing their surrounding biosphere
and control virulence and physiological processes involved in environmental and
host-associated stress adaptation. Transcription of the rovA gene in Y. pseudotuberculosis is only induced at moderate temperatures and strongly autoregulated. Under inducing conditions (20-25°C), multiple RovA molecules bind
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cooperatively to an extended AT-rich sequence (high
affinity site) leading to activation of rovA expression
H-NS
(Fig. 2) (Heroven et al, 2004). Uncontrolled upregulation of rovA is prevented by binding of RovA to a low
affinity site downstream of the promoter region when
a certain RovA level has been reached upon autoactivation (threshold valve). Under non-inducing conditions
(37°C), transcription of rovA is subject to silencing by
the nucleoid-structuring protein H-NS, a dimeric, abundant global regulatory protein that controls transcription
H-NS
of many virulence genes in Gram-negative bacteria. DNA
silencing is induced through simultaneous binding of
multiple H-NS molecules to the high affinity-binding site
of RovA (Fig. 3). However, a small amount of RovA remains
readily available, and is used to turn on the autoregulatory
circuit under inducing conditions by RovA-mediated derepression
(antisilencing). This regulatory interplay also controls expression of
invA (Fig. 2) (Heroven et al, 2004).
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This raised our attention on the mechanisms that allow repression
under non-inducing conditions and upregulation upon the appearance
of the appropriate environmental signal. Detailed analysis of rovA expression
revealed that temperature control of rovA is mediated by post-transcriptional
mechanisms. RovA was shown to be a protein thermometer harboring an
intrinsic thermosensor. A temperature upshift from moderate temperatures to
37°C induces reversible conformational changes in the RovA protein β (Herbst
et al, 2009). Circular dichroism spectroscopy demonstrated a gradual loss of
structured elements (α-helices) during a temperature increase between 25°C
and 37°C. These alterations reduce the DNA-binding capacity of RovA and
render the protein more susceptible to degradation by proteases, mainly the
ATP- dependent Lon protease. This process makes RovA less capable to bind
in a cooperative manner, and reduces its ability to activate its own synthesis
(Herbst et al, 2009).
Functional and structural analysis of the RovA protein from Y. pseudotuberculosis
(cooperation with the group of Prof. Dr. Dirk Heinz) revealed that RovA forms
dimers and exhibits a central winged DNA-binding domain consisting of a helixturn-helix (HTH) motif followed by two β-sheets (wings) (Fig. 3) (Quade et al,
2012). Helix α4, which is part of the HTH motif, is deeply inserted into the major
groove of the DNA and is responsible for most of the protein-DNA contacts. The
β-stranded wing reaches into the next minor groove and interacts with several
amino acids. However, most of these interactions are not base-specific and appear to be mainly formed through contacts with the phosphate backbone of the
DNA in a low-affinity binding mode. Crystal structure analysis further revealed
that helices α1, α5 and α6 of both termini are important for dimerization. They
form an extensive, well-packed, dimer interface, which helps to stabilize the for-

Fig. 2. Model of rovA thermoregulation
The global regulator RovA is activated
at moderate temperatures (20°C-25°C)
and binds to its target sequences in the
invA and rovA promoter region thereby
alleviating H-NS mediated repression. At
higher temperatures (37°C), the protein
undergoes a thermally induced conformational change that inactivates the protein,
releases it from DNA and renders it more
susceptible to degradation by the Lon
protease. Figure: HZI
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Fig. 3. Regulatory network of early stage
virulence factors of Y. pseudotuberculosis
Environmental regulation of the early
virulence gene regulator RovA is under the
control of a complex regulatory cascade
including transcriptional (e.g. RovA, RovM,
H-NS) and post-transcriptional regulation
systems (Lon protease, Csr system implicating the small regulatory RNAs CsrB and
CsrC). The symbol illustrates negative
and ➔ positive influence of the regulatory
factor; dotted lines indicate indirect regulation; blue letters: regulators synthesized
in the early infection stages and important
for early virulence gene expression.
Figure: HZI
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mation of dimers with properly positioned DNA-binding segments (Quade et al,
2012). We further demonstrated that a thermosensing loop in the dimerization
domain and residues in the adjacent C-terminal helix promote thermo-induced
loss of RovA activity. These determinants allow partial unfolding of the regulator
upon an upshift to 37°C. This structural distortion is transmitted to the flexible
DNA-binding domain of RovA, which allows the immediate release of RovA from
its operator sites due to the low affinity-binding mode. We also showed that
SlyA, a close homologue of RovA from Salmonella with a very similar structure,
does not act as a thermosensor and remains active and stable at 37°C. Strikingly, changes in only three amino acids, reflecting evolutionary replacements
in SlyA, result in a complete loss of the thermo-sensing properties of RovA and
prevent degradation (Quade et al, 2012). In conclusion, only minor alterations
can transform a thermotolerant regulator into a thermosensor that allows adjustment of virulence and fitness determinants to their thermal environment.

2. Nutrient-mediated control of the early stage virulence genes by
regulatory RNAs
Besides temperature, rovA expression is also strongly influenced by the nutrient
composition of the environment, e.g. it is only activated under high amino acid
concentrations, but it is repressed in media with glucose as single carbon
source. We found that regulation in response to nutrient availability is mediated
through a regulatory cascade including a post-transcriptional regulatory system
with significant homology to the carbon storage regulatory (Csr) system of E. coli
and S. typhimurium. The Csr-system of Y. pseudotuberculosis consists of the
regulatory RNAs CsrB and CsrC, which sequester the RNA-binding protein CsrA
that indirectly represses rovA activation and many other virulence-associated genes (Fig. 3) (Heroven et al, 2012,a). Both
non-coding RNAs CsrC and CsrB have a complex secondary
RNases
YmoA
structure composed of multiple stem loops with GGA/RGGA
sequences in the loop regions that are recognized and bound
ions
by CsrA. CsrA sequestration by the RNAs leads to inactivation
and opposes influence of CsrA on its target mRNAs, which
result in induction of RovA (Fig. 3) (Heroven et al, 2012,a). Our
YPK_3567
analysis further revealed that the Csr system forms a complex
autoregulatory network in which both RNAs negatively affect
each other and inhibit CsrA function, but they are themselves
stabilized by CsrA (Heroven et al, 2008; Heroven et al, 2012,a).

other genes
(virulence, metabolism, stress)

In order to gain a deeper insight into the control of early stage
virulence factors, we characterized expression of the Csr system in response to environmental parameters over the last four
years and identified multiple signals and regulatory elements
that affect the Csr-RovA regulatory cascade. We found that
synthesis of the regulatory RNAs CsrB and CsrC is strongly
dependent on the growth phase, ions and nutrient content of
the medium. Transcription of csrB is generally very low under
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laboratory growth conditions, but it can be induced by artificial activation of
the two-component system BarA/UvrY and deletion of the gene encoding the
cyclic AMP receptor protein (Crp). Crp was shown to repress CsrB transcription
indirectly through UvrY (Fig. 3) (Heroven et al, 2012,b). The natural inducing
conditions are not yet known. However, high induction of CsrB expression during
the course of an infection in a mouse model indicates that certain host factors or
metabolites sensed within the host trigger csrB transcription (Fig. 3). In contrast,
the csrC gene is highly expressed in amino acid-rich media. However, readily
metabolized carbon sources such as glucose have a negative influence on CsrC
levels, and recent studies revealed that Crp is mainly implicated in nutrientdependent expression of csrC (Heroven et al, 2012,b).
3. Thermo-control of the master virulence regulator LcrF by a thermolabile regulator and an RNA thermosensor
In contrast to the early virulence network, synthesis of the most important later
stage virulence factors (the adhesion YadA, and the type III secretion system
(T3SS) and the translocated Yop effector proteins) is induced by the AraC-type
transcriptional regulator LcrF (VirF in Y. enterocolitica). It was well known that
LcrF in Y. pseudotuberculosis is only produced at 37°C, but the thermo-control
mechanism was unclear. Over the last years we found that a hierarchy of a
thermo-labile regulator and a unique intergenic RNA thermosensor induce LcrF
synthesis at body temperature (Bohme et al, 2012).
a) Control of lcrF transcription by the thermo-sensitive modulator YmoA
The lcrF gene is expressed together with yscW (virG). Thermally regulated transcription of the yscW-lcrF operon is modest (3-4 fold) and was shown to be mediated by the thermo-sensitive modulator YmoA, which represses transcription
from a single promoter located far upstream of the yscW gene. YmoA represses
lcrF transcription directly through sequences located within the long 5’-UTR of
yscW and this involves heterocomplex formation with the nucleoid-associated
protein H-NS (Fig. 4). At 37°C, YmoA was shown to be subject to proteolysis by
the Lon and Clp proteases leading to moderate upregulation of the yscW-lcrF
transcript (Böhme et al, 2012).
b) Control of LcrF translation by a RNA thermometer
A second layer of temperature-control was found to complement the transcriptional response: a unique cis-acting RNA element located within the intergenic
region of the yscW-lcrF transcript. RNA structure probing in cooperation with
Prof. Dr. Franz Narberhaus (University Bochum) demonstrated that this region
forms a secondary structure composed of two stemloops, which mediates posttranscriptional control in an RNA thermometer like manner. The first hairpin
stabilizes the secondary structure, and the second hairpin sequesters the lcrF
ribosomal binding site by a stretch of four consecutive uracils (“FourU”) at 25°C.
The second stemloop was more dynamic, and opening of its structure was
favored at 37°C and permitted ribosome binding at host body temperature
(Fig. 4) (Böhme et al, 2012).
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As nothing was known about the function and role of the RNA thermometer in
the regulation of Yersinia virulence factors during pathogenesis, we performed
a detailed molecular analysis of the structure, dynamics and regulation of this
postulated RNA thermometer. Deletion of the first or the second stem loop, and
nucleotide substitutions that should destabilize (no base-pairing) or stabilize
(perfect base-pairing) the putative thermoswitch (second stem loop) confirmed
the structure and function of the RNA thermometer. Our study further provided
first experimental evidence for the biological relevance of an RNA thermometer

Fig. 4. Thermoregulation of the master virulence regulator LcrF
(A) Predicted secondary structure of the lcrF RNA thermometer. The blue dots represent
base pairing. The start of the protein synthesis at the AUG start codon (START), the ribosome binding site (RBS) paired with the FourU motif, and tested deletion of hairpin I and II
are indicated. Nucleotide exchanges leading to increased complementarity are marked in
red, mutations impairing base pair formation are given in green.
(B) Model of thermoregulated synthesis of LcrF. At moderate growth temperature, the regulatory protein YmoA represses transcription. In addition, translation of the lcrF transcript
is blocked through the formation of a two-stemloop structure. After a sudden temperature
upshift upon host entry, proteases degrade YmoA. Furthermore, thermally-induced conformational changes of the RNA thermometer allow access of ribosomes and translation of
the lcrF transcript, leading to LcrF synthesis and induction of all LcrF-dependent virulence
genes of Yersinia. Figure: HZI
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in an animal model. Following oral infection in mice, we found that two different
Y. pseudotuberculosis patient isolates expressing a stabilized thermometer
variant were strongly reduced in their ability to disseminate into the Peyer’s
patches, liver and spleen and fully lost their lethality (Böhme et al, 2012). Intriguingly, Yersinia strains with a destabilized version of the thermosensor were
attenuated or exhibited a similar, but not higher mortality. This illustrates that
the RNA thermometer is the decisive control element providing just the appropriate amounts of LcrF protein for optimal infection efficiency.
Future perspectives
Our studies revealed novel and important insights into the fine-tuned regulation
of Yersinia virulence factors during the very early and later stages of the infection. However, many regulatory mechanisms of virulence-associated functions
and critical control features by key regulators of the network are still unknown
or not well understood. Their characterization, the investigation of their control
networks and impact on virulence will be a major task of our future work.
In addition, a more comprehensive knowledge of how Yersinia adapts expression
of virulence-associated traits, stress responses and metabolism to their actual
habitats is critical for our understanding of pathogenesis and persistence in
environmental and animal reservoirs, and could help to identify new prevention
measures and intervention strategies. Recent establishment of transcriptional
profiling by RNA-seq now allows us to compare the transcription profile of different Y. pseudotuberculosis patient isolates and key regulator mutant strains
under different environmental conditions (e.g. temperature upshift, changes of
oxygen, nutrient and ion concentrations), within host cells and during the course
of an infection. The comparison of patient isolates and mutants which differ in
their pathogenicity will give us valuable information about the core program
and differences (i) of the expression profiles of potential virulence-associated
genes, (ii) of their physiological state and (iii) in their transcriptional regulation
networks which might contribute to the different disease outcome.
Our understanding of Yersinia virulence control has long neglected the influence
of regulatory and sensory RNAs. However, several of such regulators have been
recently found to facilitate host-microbe interactions and act as key regulators
and switches between early and later stage virulence gene expression. In
addition, many novel trans- and cis-acting regulatory RNA elements have been
identified in our screening and preliminary expression and functional analysis
identified them as potential parts of the control of virulence factors, bacterial
stress responses, and metabolic adaptation processes with well-established
roles in bacterial survival within the host. Regulatory RNA elements can operate
at all levels of gene regulation, ranging from transcriptional initiation to protein
activity. Future work will be directed to identify targets of RNA-based virulence
gene regulation and study the versatile regulatory mechanisms employed by the
RNA elements to control virulence in Yersinia.
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Petra Dersch and her work group

Recent discoveries of our group also include RNA-based control of many
metabolic genes in Yersinia. This enables the pathogen to co-regulate metabolic
and virulence processes and link nutritional status to virulence. As not only the
special set of pathogenicity factors, but also the biological fitness defines the
virulence potential of a pathogen, we intend to use RNA sequencing and other
powerful high-throughput approaches (e.g. proteomics) to obtain a high-resolution picture of the regulatory networks that adjusts virulence factor expression
and adapts the metabolism to the different in vivo habitats inside the host. The
design of specific mutants and special knockout libraries will then be used to
discover regulatory RNAs and key fitness regulators required for full virulence.
Selected conserved regulators and small RNAs could potentially be exploited as
novel drug targets.
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