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APC amino acid-polyamine-organocation superfamily

APEC avian pathogenic Fscherichia coli

ATP adenosine- 5’-triphosphate

CA  catalytic and ATP binding domain

cAMP cyclic adenosine-5’-monophosphate

CM  cytoplasmic membrane

CP  cytoplasm

DHp dimerization and histidine phosphotransfer domain

DRaCALA differential radial capillary action of ligand assay

GAF protein domain in cGMP specific phosphodiesterases, adenylyl cyclases and FhlA

HAMP protein domain in histidine kinases, adenylyl cyclases,methyl accepting proteins and

phosphatases
HK  histidine kinase
HTH helix-turn-helix motif
MFS major facilitator superfamily
OAA oxaloacetate

OFA oxalate/formate antiporter family

vi



PAS Per- Arnt- Sim

PP periplasm

REC receiver domain

RR  response regulator

TCA tricarboxyacid

TCS two-component system

TM transmembrane domain

UPEC uropathogenic Escherichia coli

wHTH winged helix-turn-helix motif
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Summary

Two-component systems (TCS) represent a prevalent bacterial mechanism to respond to
changing environmental conditions. They comprise an often membrane-integrated histidine
kinase (HK) and a soluble response regulator (RR), which regulates target genes expression.
The TCS YehU/YehT is found in all commensal and pathogenic representatives within the
Enterobacteriaceae. In FEscherichia coli the TCS YehU/YehT contributes to carbon scav-
enging before entry into stationary phase. The system belongs to the LytS/LytTR family
and regulates the expression of 1Y, encoding a putative peptide transporter belonging to
the CstA family and APC superfamily of secondary transporters. This thesis focuses on the
functional characterization of the components involved in the TCS YehU/YehT.

In the first part, the chemical stimulus perceived by the TCS YehU/YehT has been invest-
igated (Chapter 2). It was found out that activation of the TCS YehU/YehT is dependent
on the concomitant nutrient starvation and the extracellular availability of pyruvate. Via
hydrophilic liquid chromatography, it was demonstrated the extracellular pyruvate is gener-
ated from overflow metabolism. Furthermore, the extracellular binding of pyruvate to YehU
in vitro was proved by a differential radial capillary action of ligand assay (DRaCALA) and
it indeed showed that YehU is a high affinity sensor for extracellular pyruvate.

The second part of the study focused on the identification of the function of the transporter
YjiY (Chapter 3). YjiY is composed of 18 transmembrane helices, and no representative of
the CstA family has been functionally characterized thus far. Transport studies with intact
cells provided first evidence that YjiY is a specific transporter for pyruvate. Furthermore,
reconstitution of the purified YjiY into proteoliposomes revealed that YjiY is a pyruvate/H™
symporter.

In the third part, we aimed at understanding the biological relevance of the TCS YehU /YehT
(Chapter 4). A single-cell analysis of the yji Y activation demonstrated cell-to-cell variability
that is influenced by external pyruvate availability upon nutrient limiting conditions. De-
pending on the demand of the individual cells, the TCS YehU/YehT as a part of a functional
network with a TCS YpdA/YpdB, ensures an optimization of the physiological state of all
cells within the population to withstand upcoming metabolic stress.

In summary, this thesis identified the TCS YehU/YehT to be involved in pyruvate sensing
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and transport in order to optimize the physiological state within the whole population of E.
coli. To indicate their role, the HK YehU, the RR YehT and the transporter YjiY were

renamed to BtsS, BtsR and BtsT, for Brenztraubensaure, respectively.
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Zusammenfassung

Zwei-Komponenten-Systeme (TCS) stellen einen weit verbreiteten bakteriellen Signaltrans-
duktion-mechanismus dar, um auf wechselnde Umweltbedingungen zu reagieren. TCSs be-
stehen meinst aus einer Membran-integrierten Histidinkinase (HK) und einem l6slichen Ant-
wortregulator (response regulator, RR), der die Expression von Zielgenen reguliert. Das TCS
YehU/YehT ist in allen kommensalen und pathogenen Vertretern innerhalb der Enterob-
acteriaceae vorhanden. In Escherichia coli tragt das TCS YehU/YehT vor dem Eintritt in
die stationédre Phase zur Aufnahme von Kohlenstoff verbindungen bei. Das System gehort
zur LytS/LytTR-Familie und reguliert die Expression von yji Y, welches einen mutmafglichen
Peptidtransporter der CstA-Familie und der APC-Superfamilie von Sekundértransportern
kodiert. Diese Arbeit konzentriert sich auf die Aufklarung der Funktion der beteiligten Kom-
ponenten des TCSs YehU/YehT.

Im ersten Teil wurde der durch das TCS YehU/YehT wahrgenommene chemische Reiz
untersucht (Kapitel 2). Es wurde gezeigt, dass die Aktivierung des TCS YehU/YehT gleich-
zeitig von Nahrstoffmangel und der extrazelluldren Verfiigbarkeit von Pyruvat abhéngig ist.
Mittels hydrophiler Fliissigkeitschromatographie wurde gezeigt, dass das extrazellulare Py-
ruvat ein Produkt des Uberflussmetabolismus ist. Dariiber hinaus wurde die extrazellulire
Bindung von Pyruvat in vitro durch den Liganden-Assay DRaCALA (differential radial ca-
pillary action of ligand assay) nachgewiesen, und es zeigte sich tatséchlich, dass YehU ein
hochaffiner Sensor fiir die extrazelluldre Pyruvatkonzentration ist.

Der zweite Teil der Studie konzentrierte sich auf die Aufkldrung der Funktion des Trans-
porters YjiY (Kapitel 3). YjiY besteht aus 18 Transmembran-Helices, und bisher wurde noch
kein Vertreter der CstA-Familie funktionell charakterisiert. Transportstudien mit intakten
Zellen lieferten erste Hinweise darauf, dass YjiY ein spezifischer Transporter fiir Pyruvat ist.
Dariiber hinaus zeigte die Rekonstitution des gereinigten YjiY in Proteoliposomen, dass YjiY
ein Pyruvat/H™ Symporter ist.

Im dritten Teil wollten wir die biologische Relevanz des TCS YehU/YehT (Kapitel 4)
verstehen. Eine Einzelzellanalyse der yjiY-Aktivierung zeigte eine Zell-zu-Zell-Variabilitét,
die von der externen Pyruvat-konzentration beeinflusst wird. Das TCS YehU / YehT sorgt
als Teil eines funktionellen Netzwerks mit TCS YpdA/YpdB je nach Bedarf der einzelnen
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Zellen fiir eine Optimierung des physiologischen Zustands aller Zellen in der Population, um
dem anstehenden Stoffwechselstress standzuhalten.

Zusammenfassend wurde in dieser Arbeit festgestellt, dass TCS YehU/YehT am Detektion
und Transport von Pyruvate beteiligt ist, um den physiologischen Zustand innerhalb der
gesamten Population von FE. coli zu optimieren. Um die Funktion der HK YehU, des RRs
YehT und des Transporters YjiY im Namen zu veranhern, wurden diese Proteine in BtsS,

BtsR und BtsT, fiir Brenztraubensaure, umbenannt.
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Chapter 1

Introduction

Bacterial diversity is driven by an almost unlimited number of different environmental habi-
tats where bacteria experience various fluctuations in physical and chemical parameters. In
order to colonize, replicate and survive, bacteria need to respond to e.g. limitations of carbon
and nitrogen or pH- and osmostress. Hence, bacteria evolved strategies for life-threatening
situations by adjusting their metabolism to match the resource availability.

Prokaryotes are capable of persisting in diverse environments thanks to signal trans-
duction systems (Boor, 2006) and fast cellular response mechanisms, e.g. acid (Haneburger
et al., 2012) or heat shock (Schumann, 2012)). They as well depend on synchronizing pro-
cesses, like biofilm formation (Njoroge and Sperandio, 2009)), bioluminescence (Anetzberger
et al., 2012) and the expression of virulence genes (Rumbaugh et al., 2009).

The simplest and the most predominant form of the bacterial signal transduction rep-
resent an one-component system (Ulrich et al., 2005). One single protein contains both
input and output domains. Another type of the signaling mechanism is an extracytoplasmic
function o factor with its cognate anti o factor (Staron et al., 2009). Last but not least,
the signal transduction is achieved by two-component systems (TCS), which comprise
an often membrane-integrated histidine kinase (HK) and a soluble response regulator (RR)
(Jung et al., 2012). The HK senses an intra- and/or extracellular stimulus and transfers
the information to the cognate RR. Upon activation, the RR mediates the cellular reaction,

mainly by adjusting a gene expression profile.
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1.1 Two-component systems

TCSs are one of the most widespread transducers of extracellular stimuli in prokaryotes
and lower eukaryotes. The number of HK/RR systems differs enormously from species to
species, and correlates with the genome size (larger genome encode more TCSs) (Beier and
Gross, 2006) as well as the number of different environmental and ecological niches (Alm
et al., 2006)). Thereby, the number of HK/RR ranges from zero in Mycoplasma genitalium,
an intracellular parasite living in constant environment, over 36/34 in Bacillus subtilis to
136/127 in Myzococcus ranthus, an extreme case of a bacterium inhibiting rapidly changing
environments (Heermann and Jung, 2010; Capra and Laub, 2012). TCSs occur also in
eukaryotes, as one TCS has been found in the yeast Saccharomyces cerevisiae and four in
the plant Arabidopsis thaliana (Barrett and Hoch, 1998)). Interestingly, TCSs are as a whole
absent in the animal kingdom, as yet no gene encoding a HK or a RR is present in the genome
of Drosophila melanogaster, Homo sapiens or any other animal cell (Wolanin et al., 2002)).

In the genome of Escherichia coli, the most investigated prokaryote, there are described
30 HKs and 30 RRs (Fig. 1.1). Recent years have seen an expansion of research about
many of these TCSs however some still await characterization of their stimulus or their
function. So far the well-characterized TCSs are e.g. a TCS CheA/CheY in the context of
the bacterial chemotaxis (Thakor et al., 2011), a TCS KdpD/KdpE with its importance in
keeping potassium balance (Schramke et al., 2017) and a TCS NarQ/NarP with its role in
nitrate/nitrite sensing (Gushchin et al., 2017).

Since TCSs are highly homologous between organisms (Grebe and Stock, 1999), the re-
search of various TCSs are of a great importance. And so the basic principles of the signal
transduction are providing us with further insights into bacterial virulence and pathogenic-
ity (Gotoh et al., 2010). For example, the TCS AgrA/AgrC is involved in regulation of
Staphylococcus aureus virulence (Novick, 2003). As far as the future perspectives of TCSs
are concerned, metabolic engineering would like to use TCSs to develop novel genetic net-
works (Salis et al., 2009) and pharmacology to produce novel antimicrobial agents (Gotoh

et al., 2010).
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Figure 1.1: An overview of all two-component systems in F. coli. The picture depicts all
known histidine kinases, their cognate response regulators, activating stimuli and generated
responses. Made by Kristoficova and Vilhena, 2017.

1.2 Signal transduction in histidine kinases

The major role of HKs is to recognize, integrate and amplify the external signals deriving
from an environmental or cellular cue. Upon stimulus perception, a HK catalyzes an ATP-
dependent autophosphorylation on a conserved histidine residue. Then, the HK transfers the
phosphoryl group from His~P to a conserved aspartate residue of the RR.

HKs are prototypically composed of two structurally and functionally distinct parts: a

N-terminal sensor domain and a conserved C-terminal transmitter domain (Fig. 1.2) (Grebe

and Stock, 1999)). The N-terminal sensor or so called the input domain is a very diverse part

consisting of up to 13 transmembrane domains (TM) (Galperin, 2005)). According to the

site of the signal perception, HKs are divided into three major categories: (i) periplasmic
sensing HKs in which the stimulus is perceived by the large extracellular loop flanked by

two TMs, e.g. a C4 dicarboxylate sensor DcuS; (ii) transmembrane sensing HKs that are
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usually composed of six TMs recognizing either a membrane interface (DesK) or create a
hydrophobic pocket for signal binding (AgrC); (iii) cytoplasmic sensing HKs, both soluble
and membrane integrated, responding to an intracellular signal (Krell et al., 2010)), (Mascher,

2014).

Phosphoryl transfer

Stimuli {1 His A~ Asp Responses
- + --
Sensor DHp CA REC Effector
HK RR

Figure 1.2: Signal transduction by two-component systems. Histidine kinase (HK) perceives
the extra- or intracellular stimulus that results in the autophosphorylation of a conserved
histidine residue. The phosphoryl group is then transferred to a conserved aspartate residue
of the response regulator (RR) which in turn mediates the cellular response. The picture
summarizes the domain architecture of HK (sensor and transmitter (DHp and CA) domain)
and RR (receiver (REC) and effector domain). Conserved amino residues are written in an
one-letter-code. Figure adopted and modified from (Gao and Stock, 2009).

The C-terminal transmitter domain is composed of a dimerization and histidine phospho-
transfer domain (DHp, PFAM: HisKA) and the catalytic and ATP binding domain (CA,
PFAM:HATPase_c) that are connected by a linker region (Fig. 1.2). The DHp domain is
usually the site of homodimerization and harbors a conserved histidine residue that represents
a phosphorylation site. The CA domain has a catalytic activity to autophosphorylate the
HK using the y-phosphate of ATP. Additionally, CA contains the highly conserved N, D,
F and G boxes with corresponding amino acid residues, that are essential in ATP binding,
catalysis and phosphotransfer (Stewart, 2010) (Wolanin et al., 2002)).

According to all six different amino acid motifs (H, X, N, D, F and G), the histidine kinases
can be grouped in 11 families based on a comparative sequence analysis (Grebe and Stock,
1999)). Some of these families contain a very distinct sequence similarity that clearly separates

them from all other HKs, e.g. chemotaxis kinases. Other families do not show such clear
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boundaries. Interestingly, the kinase subfamilies tend to group with regulator subfamilies;
suggesting an independent co-evolution of different classes of His-Asp phosphorelay systems
(Grebe and Stock, 1999).

A signal conversion in HKs is sometimes also achieved by additional domains, like HAMP,
PAS, S-helices and GAF. They are located at the C-terminal part directly after the trans-
membrane region (Mascher, 2014). HAMP domain (present in histidine kinases, adenylyl
cyclases, methyl accepting proteins and phosphatases) mediates the conversion of an extra-
cellular stimulus into the cytoplasmic response by a conformational change (Barakat et al.,
2011). PAS (first discovered in proteins Per- Arnt- Sim) and GAF (present in cGMP spe-
cific phosphodiesterases, adenylyl cyclases and FhlA proteins) domains are additional sensor
and interaction interfaces (Henry and Crosson, 2011) (Mascher, 2014). Last but not least, S-
helices (from signaling helix) are preventing a constitutive activation of downstream signaling

domains (Anantharaman et al., 2000]).

1.3 Signal transmission by response regulators

The major role of a RR is to transfer the signal received by the HK towards a downstream
target, which is in the most cases a promoter sequence of a gene. Thereby, the response
regulators usually acts as transcription factors with a DNA binding capability (Mizuno,
1997).

RR harbors two domains, a highly conserved receiver domain (REC) at the N-terminus
and a variable effector domain at the C-terminus (Fig. 1.2). The REC typically contains
the conserved aspartate residue able to acquire the phosphoryl group from the His~P of the
HK. The Asp~P mediates a conformational change that subsequently effects the activity of
the effector domain. In general, effector domains are very diverse. Most of them regulate
the transcription of the genes (25 of 32 RR in E. coli) and these can be divided into three
families represented by OmpR, NarLL and NtrC (Stock et al., 2000) (Mizuno, 1997)). The
OmpR family is the most abundant one with 14 members in F. coli that use a winged helix-
turn-helix (wHTH) motif to bind DNA. The NarL family consisting of 7 members harbors a
typical helix-turn-helix (HTH) motif. The third family, NtrC, has 4 members and its effector

part is composed of both an ATPase domain and HTH motif.
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1.4 LytS/LytTR-like two-component systems

A detailed understanding of the components, layout and mechanism of bacteria’s TCS pro-
vides us with an opportunity for bioengineering or disturbing the bacterial pathogenicity.
The main advantages of TCSs are a total absence in the animal kingdom, a relatively simple
layout and a high degree of homology between organisms. We can therefore focus on con-
structing novel signaling circuits, e.g to improve production yields or stop the production of
virulence factors.

In agreement with this, the search for systems regulating toxin production in several
bacterial pathogens started with a genome sequencing. Soon after, an unusual response
regulator has been found in Staphylococcus aureus and some other pathogens. The RR
contains a non-HTH DNA binding domain (rather than HTH or wHTH motif typical in
RRs) named as LytTR after RR LytT in B. subtilis and RR LytR in S. aureus (Nikolskaya
and Galperin, 2002)).

In several bacterial genomes, the gene coding for the Lyt TR-like RR is in an operon with
a gene coding for LytS-like HK (Anantharaman and Aravind, 2003). These HKs harbor a
typical 5 TM Lyt domain (called also Lyts-Yhck, PFAM: 5SMTR-LYT), with the N-terminal
helix located in a periplasm. In addition, the 5TM domain is combined with the C-terminal
signaling domain, which very often is GAF. According to a bacterial sequence alignment,
LytS-like HKs are part of the HPKS8 family Table 1.1. They contain the conserved histidine
residue in their H-box, however proline is found preceding the H-box rather to be 5 residues
downstream of the box. The first residue after the H-box is phenylalanine instead of an acidic

residue. In addition, N- and F- boxes are not conserved (Grebe and Stock, 1999).

Table 1.1: Selection of LytS-containing histidine kinases (HKs)

HK Organism Stimulus RR Reference
AlgZ Pseudomonas aeruginosa | unknown AlgR | (Yu et al., 1997)
(Okkotsu et al., 2014)
LytS Staphylococcus aureus, unknown LytT | (Brunskill and Bayles, 1996)
Bacillus subtilis
YehU | Escherichia coli Peptides or amino acids YehT | (Kraxenberger et al., 2012)
YesM | Bacillus subtilis unknown YesN | (Fabret et al., 1994)
YpdA | Escherichia coli Extracellular pyruvate YpdB | (Fried et al., 2013)
YwpD | Bacillus subtilis unknown
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Actually, only around 2.7% proteins of all prokaryotic RRs contain the LytTR motif
(Galperin, 2006). Even though this represents just around 1 to 2 proteins per genome, these
RRs regulate virulence factors like bacteriocins, fimbriae, toxins and extracellular polysac-

charides (Table 1.2).

Table 1.2: Selection of characterized LytTR-containing response regulators (RRs)

RR Organism Regulated process Reference

Deretic et al., 1989)
Novick et al., 1995)
Quadri et al., 1997)
Pestova et al., 1996|)

AlgR | Pseudomonas aeruginosa | Alginate biosynthesis
AgrA | Staphylococcus aureus Production of toxins and hemolysins
CbhaR | Carnobacterium piscicola | Carnobacteriocin A production

ComE | Streptococcus pneumoniae | Competence for genetic transformation

o~ —

EntR | Enterococcus faecium Enterocin A production O’Keeffe et al., 1999)

FasA | Streptococcus pyogenes Fibronectin-binding adhesin produc- | (Kreikemeyer et al., 2001)
tion

LytR | Staphylococcus aureus Autolysis Brunskill and Bayles, 1996)

Allen et al., 1991)

(

MrkE | Klebsiella pneumoniae Expression of type 3 fimbriae (
PInC | Lactobacillus plantarum Plantaricin A production (Diep et al., 1996)

(

(

Huhne et al., 1996)
Shimizu et al., 1994)

SppR | Lactobacillus sakei Sakacin P production

VirR Clostridium perfringens Production of perfringolysin O, collage-
nase, hemagglutinin

YpdB | Escherichia coli Carbon starvation control (Behr et al., 2016])

All in all, LytS/LytTR TCSs play a significant role in bacterial virulence and represent a
good target to decrease bacterial infections. For example, in S. aureus a modification of an
autoinducing peptide (a stimulus for HK AgrC) resulted in inhibition of the LytTR-like RR
AgrA virulent response (Lyon et al., 2000). Unfortunately, still several LytS/LytTR TCSs

are not well characterized and their perceived stimuli by HK are unknown.

1.5 TCS YehU/YehT in FEscherichia coli

In Gram-negative bacteria, little is known about the LytS/LytTR-like two-component system
YehU/YehT in Escherichia coli.

The yehU and yehT genes are clustered in an operon localized at 47.638 centisomes in
E. coli MG1655 genome (Fig. 1.3A) (Kraxenberger et al., 2012). The genes are 4 bp
overlapping. Upstream of the coding region of yehU is mlirA, a regulator responsible of a
curli production in E. coli (Brown et al., 2001)), yohO coding for a small unidentified protein

(Hemm et al., 2008) and an operon of osmF-yeh YXW encoding a putative ABC transporter
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(Checroun and Gutierrez, 2004). Downstream of yehT is yehS, yehR, yeh@Q, yehP, yehM of
unknown function and yehL which defines a MoxR AAA™ family (Snider et al., 2006).

A

2202618 2217503
| yehL yehM yehP yeh@Q yehR mirA yohO |

A

yehSyehT yehU yehW yehX yehY osmF —

OH

A
@ K118 —)» Response ?

Stimulus ? —p» HiN D*F G
DHp CA
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Figure 1.3: The YehU/YehT system in E. coli. (A) Chromosomal region between 47.48
and 47.77 centisomes around yehUT operon in E. coli MG1655. Adopted and modified from
(Kraxenberger et al., 2012)). (B) Domain organization of YehU and YehT. HK YehU contains
a 5TM Lyt domain, GAF domain and transmitter domain with conserved boxes (H, N, D*,
F, G). D* box of YehU is not complete. YehT is composed of a receiver domain with the
conserved aspartate residue and a LytTR effector domain. CM, cytoplasmic domain. The
figure was provided by Stefan Behr, adopted and modified.

The HK YehU (561 amino acids, 62.1 kDa) contains the 5TM Lyt-like sensor domain,
transmitter domain and an additional GAF domain (Fig. 1.3B). The bioinformatic analysis
has revealed an additional transmembrane domain at the N-terminus. The RR YehT (289
amino acids, 27.4 kDa) contains a CheY-like receiver domain with the conserved aspartate
residue at position 54 and LytTR effector domain (Fig. 1.3B). Up to now, the autophospho-
rylation of HK YehU or the transfer of the phosphoryl group to YehT was not experimentally
detected (Yamamoto et al., 2005).

The YehT RR activates the expression of yji Y, which is the only target regulated by the
YehU/YehT TCS (Kraxenberger et al., 2012). In E. coli MG1655 genome, yjiY is located
at 98.87 centisomes disconnected from the yehUT operon. Interestingly, in other bacterial
genomes (e.g. Shewanella, Clostridium and Vibrio species), the yjiY is colocalized with the

yehUT operon. It was determined that YehT binds with the K; of 75 nM to the yjiY promoter
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within positions -112 and -13 upstream of the transcriptional start site of yjiY. Specifically,
the binding occurs at two repeats of the sequence motif ACC(G/A)CT(C/T)A separated by
a 13 bp spacer in the promoter of yji Y. The third repeat motif of the same sequence probably
stabilize the YehT-DNA complex (Kraxenberger et al., 2012).

In wvivo reporter studies revealed that the activation yjiY promoter occurs at the mid-
to late- exponential phase in amino acid rich media, such as LB, peptone and casamino
acids (Fig. 1.4). Furthermore, the yjiY promoter activation was observed in minimal media
containing amino acids, acetate, glucuronic acid, gluconic acid or pyruvate as a carbon source
(Kraxenberger et al., 2012)). At the same time as activation of the yjiY promoter is observed

(ODgpo = 0.6), the cells initiate production of yjiY mRNAs (Behr et al., 2014).
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Figure 1.4: In vivo reporter assay of yji Y promoter activation. E. coli MG1655 (o) and E. coli
MG1655 AyehUT (o) transformed with pBBR, yji Y-luz were grown in LB, and their growth
and luminescence were recorded over time. Figure was adopted from (Kraxenberger et al.,
2012).

The expression of yjiY requires cAMP and ¢cAMP receptor protein (CRP). The CRP
consensus sequence is upstream of the yjiY promoter. The mutation of this motif or crp
deletion reduced the induction of yjiY (Kraxenberger et al., 2012)). Additionally, the carbon
storage regulator A (CsrA), a protein blocking the ribosome binding to mRNA or influencing
mRNA stability, is downregulating the expression of yjiY at the posttranscriptional level
(Kraxenberger et al., 2012)). The levels of yjiY mRNA are dependent also on the 50S riboso-
mal protein L4 and the endonuclease RNase E (Singh et al., 2009). Interaction between L4

protein and RNase E on E. coli transcripts leads to an increase of yji1Y mRNA.
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1.6 Transporter YjiY of Escherichia coli

The target gene of the TCS YehU/YehT yjiY codes for a putative transporter with 16 to 18
predicted TMs of yet unknown function.

A bacterial membrane is highly permeable for small molecules (e.g. water, Ny, Oy) and
apolar solutes (e.g. glycerol). However, transporters in E. coli play an important role in
metabolism due to impermeability of the bacterial membrane for polar solutes and charged
molecules (e.g. ions and amino acids (Kramer, 1999)). They maintain balance between
availability (influx) and loss (efflux) of the substrates. An energy-independent transport,
a facilitated diffusion, is catalyzed by channels. Active transport is driven by cell energy
and there are three types: primary (ATP), secondary (ions/solute gradients) and group
translocation systems (phosphoryl group).

YjiY belongs to the amino acid-polyamine-organocation (APC) superfamily of secondary

transporters (Wong et al., 2012; |Vastermark et al., 2014). APC contains 18 families and

most of their members exhibit a common 5+5 TMs topology (Table 1.3).

Table 1.3: Established families in the APC superfamily. Adopted from (Vastermark et al.,
2014).

TC# Family name Abbreviation Topology
2.A.3 Amino Acid-Polyamine-Organocation APC 5+5+2 TMs
2.A.15 | Betaine/Carnitine/Choline Transporter BCCT 24545 TMs
2.A.18 Amino Acid/Auxin Permease AAAP 11 TMs
2.A.21 | Solute:Sodium Symporter SSS 5+5+4 TMs
2.A.22 | Neurotransmitter:Sodium Symporter NSS 5+5+2 TMs
2.A.25 | Alanine or Glycine:Cation Symporter AGCS 11 TMs
2.A.26 | Branched Chain Amino Acid:Cation Symporter LIVCS 5+54+2 TMs
2.A.30 Cation-Chloride Cotransporter CCC 12 TMs
2.A.31 | Anion Exchanger AE 7+7 TMs
2.A.39 | Nucleobase:Cation Symporter-1 NCS1 54+5+2 TMs
2.A.40 | Nucleobase:Cation Symporter-2 NCS2 7+7 TMs
2.A.42 | Hydroxy/Aromatic Amino Acid Permease HAAAP 11 TMs
2.A.46 | Benzoate:H™ Symporter BenE 7+7 TMs
2.A.53 Sulfate Permease SulP 8-13 TMs
2.A.55 | Metal Ton (Mn?*-iron) Transporter NRAMP 5+5+2 TMs
2.A.72 | Kt Uptake Permease KUP 5+5+2 TMs
2.A.114 | Peptide Transporter Carbon Starvation CstA CstA 13 - 18 TMs
2.A.120 | Putative Amino Acid Permease PAAP 5+5 TMs
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APC is the second largest family of secondary transporters, being smaller only than
the Major Facilitator Superfamily (MFS). Functionally characterized transporters of APC
superfamily transport amino acids, peptides, inorganic anions or cations (Vastermark et al.,
2014).

Furthermore, YjiY belongs to the Peptide Transporter Carbon Starvation CstA family,
consisting of proteins of various sizes and topologies. None of them has been biochemically
analyzed. Characterized member of this family, the protein CstA, is postulated to be a pep-
tide transporter. The evidence is derived from an observed lower growth rate on peptides
of cstA opp double mutant compared to opp mutant (Schultz and Matin, 1991). In Campy-
lobacter jejuni, the cstA mutant had a lower growth rate on peptides as nitrogen sources
(Rasmussen et al., 2013). In Salmonella enterica, the function as a peptide transporter is

proposed to both CstA and YjiY (Garai et al., 2015).

1.7 Role of the TCS YehU/YehT

It is worth to mention, that the TCS YehU/YehT is functionally interconnected with the
LytS/LytTR-like TCS named YpdA/YpdB (Behr et al., 2014). Both HKs and RRs share
the same arrangement of structural domains and their amino acid sequences are over 30%
identical (Behr et al., 2017). YpdA/YpdB system responds to media supplemented with
pyruvate (Fried et al., 2013|). The only target gene of the YpdA/YpdB TCS is yhjX, encoding
the transporter YhjX, belonging to the the oxalate/formate antiporter (OFA) family and
MF'S. However, the function of YhjX is not yet elucidated.

It was proposed that these two TCSs, YehU/YehT and YpdA/YpdB, coordinate car-
bon scavenging and adjustments of bacterial metabolism in preparation for stationary phase
(Behr et al., 2014). The transporters YjiY and YhjX replenish carbon resources in order to
circumvent the nutrient limitation, e.g. by taking up peptides/amino acids or other carbon
sources from available resources. In order to get further insights in the role of both TCSs in
E. coli, the stimuli of both histidine kinases and function of the regulated transporters need
to be addressed. This thesis focuses primarily on the function of the TCS YehU/YehT and

its target protein YjiY.

25



1.8 Aims of this thesis

Two-component systems in prokaryotes and lower eukaryotes have been investigated over 30

years. At the moment, many members in bacterial genomes have been identified, and their

molecular details are being described. Despite all the new information, there is still a gap to

be filled up. This project focuses on LytS/LytTR-like two component-system YehU/YehT

in F.

coli. The aim is to unravel the function of the TCS YehU/YehT and its target protein

YjiY by in vivo and in wvitro studies.

i

i

iii

Characterization of stimulus perceived by HK YehU

Based on the previous in vivo studies, it is suggested that YehU is an amino acid sensor.
However, it is unclear, if the HK works as a direct sensor, and if so, which ligand is
binding to it. After elucidating the stimulus identity by additional in vivo studies, a

ligand binding assay will be carried out.

Identification of the substrate transported by the Cst A-like transporter YjiY
The YehU/YehT system controls expression of yjiY, which codes for a transporter be-
longing to CstA family and APC superfamily of secondary transporters. It is proposed
that YjiY is a peptide transporter, however without further characterization. Here, the
substrate will be identified and then transport assays will be performed to determine

the substrate specificity and mode of energization.

Investigation of the biological relevance of the TCS YehU/YehT
The promoter of the target gene yjiY will be analyzed at the single-cell level to obtain
further insights into the biological significance of the TCS YehU/YehT. Then the dif-

ferent cellular fates (ranging from growing to dormant persister cells) will be analyzed.
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: Two-component systems are crucial for signal perception and modulation of bacterial behavior.
. Nevertheless, to date, very few ligands have been identified that directly interact with histidine kinases.
. The histidine kinase/response regulator system YehU/YehT of Escherichia coliis part of a nutrient-
© sensing network. Here we demonstrate that this system senses the onset of nutrient limitation in
: amino acid rich media and responds to extracellular pyruvate. Binding of radiolabeled pyruvate was
. found for full-length YehU in right-side-out membrane vesicles as well as for a truncated, membrane-
. integrated variant, confirming thatYehU is a high-affinity receptor for extracellular pyruvate. Therefore
: we propose to renameYehU/YehT as BtsS/BtsR, after “Brenztraubensdure”, the name given to pyruvic
. acid when it was first synthesized. The function of BtsS/BtsR was also assessed in a clinically relevant
. uropathogenic E. coli strain. Quantitative transcriptional analysis revealed BtsS/BtsR importance during
. acute and chronic urinary-tract infections.

Exponential growth of bacteria in complex, nutrient-rich media usually ends when at least one nutrient has been
used up. We recently reported that the histidine kinase/response regulator system YehU/YehT of E. coli, belongs
to the LytS/LytTR family and presumably plays a role in tuning bacterial exploitation of available carbon sources'.
Strikingly, the YehU/YehT system is the most widespread representative of its family found in ~-proteobacteria
- and many LytS/LytTR-type systems regulate crucial host-specific mechanisms during infection of human or
. plant hosts by members of this bacterial clade®. This system is conserved in non-pathogenic as well as pathogenic
 E.coli.
: Our previous studies on YehU/YehT in E. coli identified yjiY as its sole target gene® (Fig. 1). This gene codes
. for the putative carbon starvation transporter YjiY, which is homologous (61.1% identity) to CstA* and was found
© to be expressed in cells that were grown in complex media containing a high content of amino acids, such as LB
or CAA (casamino acids), as well as in minimal medium supplemented with certain carbon sources, such as
gluconic or glucuronic acid. Studies in E. coli revealed that YehT-mediated yjiY transcription is also regulated by
. the cAMP/CRP complex® (Fig. 1), and down-regulated in the presence of energetically favorable carbon sources
. like glucose. Furthermore, YjiY is subject to translational control via the Csr regulatory circuit® (Fig. 1), which
- synchronizes the output of E. coli central carbohydrate metabolism (glycolysis versus gluconeogenesis) with YjiY
- production’®. Finally, yjiY transcription is under positive feedback regulation by a second two-component sys-
© tem, YpdA/YpdB, and its gene product YhjX! (Fig. 1).
Here, we performed a comprehensive in vivo characterization of yjiY expression in order to identify the pri-
* mary stimulus sensed by the histidine kinase YehU. We found that the YehU/YehT system responds to deple-
. tion of nutrients specifically serine and the concomitant presence of extracellular pyruvate. Biochemical studies
. revealed that pyruvate binds specifically to the extracellular side of the membrane-spanning domain of YehU.
 We therefore renamed the system BtsS/BtsR, for “Brenztraubensédure’, the original name given by Jons Jakob
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Figure 1. Schematic depiction of the BtsS/BtsR (YehU/YehT') system in Escherichia coli. The scheme
summarizes the regulatory network associated with signal transduction by the BtsS/BtsR two-component
system, the influence of two-component system YpdA/YpdB and the global regulators CsrA and CRP.
Membrane proteins are integrated in the cytoplasmic membrane (CM). Activating (1) and inhibitory (L) effects
are indicated. See text for details.

Berzelius to the compound when he first synthesized pyruvic acid in 1835”. Finally, we found that the BtsS/BtsR
system of uropathogenic E. coli may contribute to acute urinary tract infection.

Results

Elucidation of the stimulus for BtsS/BtsR (YehU/YehT) by in vivo yjiY expression analyses. It
was previously shown that cultivation of E. coli in amino acid-rich media leads to activation of the BtsS/BtsR
system and transient expression of the target gene yjiY in the late-exponential growth phase’. To identify a
potential quorum sensing-like molecule, we used a combination of chemical fractionation of the medium and
measurements of reporter strain activity. For this purpose, we cultivated E. coli MG1655 AyjiY/pBBR yjiY-lux in
M9-minimal medium with gluconic acid as sole carbon source®. Shortly before the induction of yjiY we removed
the cells and fractionated the supernatant by high pressure liquid chromatography. All fractions were analyzed
for their potential to induce yjiY using reporter strain E. coli KX1468 pBBR yjiY-lux grown in minimal medium
and succinate as C-source. After several rounds of fractionation/freeze-drying we found that the fraction with
the highest induction potential contained a high concentration of gluconic acid, the initial carbon source (data
not shown). This result ruled out the possibility that E. coli produces and senses a quorum sensing-like molecule.
Then we quantified yjiY expression as a function of nutrient levels. For this purpose, we cultivated the reporter
strain E. coli MG1655/pBBR yjiY-lux in LB medium with decreasing amounts of nutrients (1.0x, 0.5x, 0.4x, 0.3x
LB, 0.2x LB and 0.1x LB), keeping the osmolarity of the medium constant. The growth rates (i) of E. coli cells
decreased with the dilution of LB medium, and exponential growth ceased at different time points (Table S1).
Strikingly, expression of yjiY always began shortly before the onset of stationary phase (Fig. S1), and E. coli cells
grown in 0.1x LB did not express yjiY. These results suggested that BtsS/BtsR somehow responds to nutrient lim-
itation. We reasoned that supplying the relevant nutrient(s) in excess should suppress or postpone yjiY induction.
Therefore, the reporter strain was grown in LB media supplemented with an excess of each individual L-amino
acid (Fig. 2A). Particularly, the addition of L-serine delayed the expression of yjiY by almost two doubling periods
(Fig. 2A). Subsequently, we tested different concentrations of L-serine in the reporter assay and found a con-
centration-dependent delay in yjiY expression, accompanied by a decrease in peak expression levels (Fig. 2B).
The addition of serine does not influence the growth of E. coli and does not delay the onset of stationary phase
(Fig. 2C). Although L-serine is not a preferred carbon source for E. coli and high external concentrations are actu-
ally toxic to the organism, it is the first amino acid to be consumed when mixtures of amino acids are available®.
These data suggest that BtsS/BtsR responds to depletion of nutrients, specifically serine.

Changes in extracellular serine and pyruvate concentrations during growth of E. coli. When E.
coli is grown in amino acid-rich media, 50.7% of L-serine is converted directly to pyruvate, whereas 36.3% is used
for glycine synthesis, 6.5% for cell biomass, and the remainder for other metabolites’. Its central role in pyruvate
supply provides one explanation for the importance of L-serine in growing E. coli'®. We therefore monitored the
changes in extracellular serine and pyruvate concentrations during growth in LB medium, and found that extra-
cellular levels of serine decreased at a constant rate (Fig. 3). The starting concentration of serine in the medium
(approximately 200 uM) was completely exhausted after 120 min of growth at the late-exponential growth phase.
At the same time, the abundance of extracellular pyruvate peaked (approx. 500 uM) and shortly after yjiY expres-
sion reached its maximum level (Fig. 3). It was previously shown that the external pyruvate derives from overflow
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Figure 2. Effects of an excess of individual amino acids on the expression of yjiY. (A) E. coli MG1655/pBBR
yjiY-lux was grown in LB medium supplemented with one of the indicated amino acids (at 20 mM), and growth
and luminescence were monitored over time. Maximal yjiY expression values are depicted. The open circle
provides a benchmark and indicates yjiY expression in E. coli grown in LB medium. (B) Expression of yjiY in LB
(dotted line) supplemented with increasing L-serine concentrations. (C) Corresponding E. coli growth curves

in LB media supplemented with increasing L-serine concentrations. Experiments were performed at least three
times (standard deviation <10%), and results of a representative experiment are shown.

metabolism in E. coli during growth in amino acid-rich media'!, which was confirmed by monitoring the intra-
cellular concentrations of serine and pyruvate (Fig. S2).

These data reveal that induction of BtsS-dependent yjiY expression coincides with the decline of serine in the
medium and an extracellular accumulation of pyruvate (Fig. 3).

Extracellular pyruvate triggers yjiY expression under nutrient limitation. In the next experiment
we tested the influence of serine, pyruvate and related metabolites on yjiY expression in E. coli cells growing in
low-nutrient environment. Since E. coli harbors a second two-component system, YpdA/YpdB, which responds
to high concentrations of extracellular pyruvate (the threshold concentration that leads to induction was deter-
mined to be 600 uM) and positively regulates the BtsS/BtsR system!!, we modified our reporter strain by deleting
yhjX, which is sufficient to interrupt the feedback loop'. The resulting strain was then cultivated in 10-fold diluted
(0.1x) LB medium for 1 h. At this time point, cells do not induce expression of y;jiY, but experience soon carbon
limitation (Fig. 4A, Fig. S1). However, expression of yjiY was rapidly triggered upon addition of pyruvate, and
the induction level increased linearly with increasing pyruvate concentration (Fig. 4A). Addition of L-serine also
induced yjiY expression, but only after a 20-min delay (Fig. 4B). Under these conditions the growth of E. coli did
not differ significantly by addition of pyruvate or serine (Fig. S3). Only supplementation of 10 mM serine pro-
longed the exponential growth phase. Moreover, higher serine concentrations delayed yjiY expression for even
longer, and decreased the level of induction attained (Fig. 4B). The threshold concentration of pyruvate required
for detectable yjiY expression was 10 uM, and that for L-serine 50 uM. None of the other tested compounds (each
of the other 19 amino acids, phosphoenolpyruvate, lactate, oxaloacetate, a-ketoglutarate, valeriate, propionate,
acetate, malate) were able to induce yjiY in this context. These results suggest that extracellular pyruvate acts as a
direct stimulus for BtsS/BtsR-mediated yjiY expression, whereas delayed yjiY induction in response to L-serine
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Figure 3. Determination of changes in extracellular concentrations of serine and pyruvate during growth of

E. coli. E. coli MG1655/pBBR yjiY-lux was cultivated in LB medium, and growth (ODy,) and luminescence
were monitored. At the times indicated, cells were harvested, and serine and pyruvate levels were quantified by
hydrophilic interaction liquid chromatography. All experiments were performed in triplicate, and the error bars
indicate the standard deviation of the means. The growth phases of E. coli are marked as following: lag phase
(white), exponential growth (light grey) and stationary phase (dark grey).
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Figure 4. Stimulus-dependent yjiY expression under nutrient-limiting conditions. E. coli MG1655 mutant
AyhjX harboring pBBR yjiY-lux was cultivated in 0.1x LB medium to establish low nutrient conditions. After
1 h (time point 0), the indicated concentration of pyruvate (A), or L-serine (B), or the equivalent volume of
water was added. Experiments were performed at least three times (standard deviation <10%), and results of a
representative experiment are shown.

may depend on uptake of the amino acid, its conversion to pyruvate and excretion of the pyruvate into the culture
medium.

The sensor histidine kinase BtsS binds pyruvate with high affinity. BtsS cannot be autophosphoryl-
ated, possibly owing to a defective ATP-binding site within the G1 box? (data not shown). Therefore, we used the
method of differential radial capillary action of ligand assays (DRaCALA)'? to determine whether BtsS physically
interacts with pyruvate as ligand. The technique is based on the ability of proteins that have been immobilized
on a nitrocellulose membrane to bind a radiolabeled ligand, whereas unbound ligands undergo radial diffusion.
DRaCALA allows rapid detection of both the total ligand and the ligand sequestered by proteins. The fraction of
ligand bound to the protein, defined as Fy, is calculated from the signal intensity of the area with protein (inner
circle) and the total signal intensity of the area (outer circle)'?. For the DRaCALA we used unsealed membrane
vesicles prepared from E. coli cells overproducing BtsS (MV BtsS) and calculated an Fg value of >0.15 (Fig. 5A).
Control membrane vesicles (MV, lacking overproduced BtsS) were used and the low value of Fy (0.05) reflected
only minor, non-specific binding. Therefore this assay was judged to be suitable for membrane vesicles, and it
clearly indicated binding of radiolabeled pyruvate to BtsS. We also tested *H-serine binding to BtsS in membrane
vesicles using the DRaCALA technique. However, we only observed unspecific binding (data not shown).
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Figure 5. Analysis of the interaction of BtsS with selected ligands by DRaCALA. (A) A mixture of membrane
vesicles (MV) or right-side-out vesicles (RSO) enriched with the corresponding proteins (indicated by
graphical representations) and radiolabeled *C pyruvate (5uM) is dropped onto a nitrocellulose membrane,
and ligand migration via capillary action is analyzed. (B) Competition assays. Binding of radiolabeled pyruvate
(5uM) to BtsS in MV's was analyzed in the presence of various unlabeled competitors (each 50 mM). NC, no
competitor. (C) Relative efficiency of competition by various carboxylic acids. Binding of radiolabeled pyruvate
(5uM) to BtsS in MV's was analyzed in the presence of various carboxylic acids (each 50 mM). The efficiency

of competition by cold pyruvate was set to 1.00, and the effect of the indicated compounds was calculated
accordingly. (D) Determination of the dissociation constant (K,) for pyruvate to BtsS using DRaCALA. For
each reaction radiolabeled pyruvate was used at 5 uM. Normalized Fy values [Fg = (Fgnc) — Fp(pyn)/Franc) S€€
Methods for details] were plotted as function of the pyruvate concentration. The best-fit line was determined by
nonlinear regression using the equation y=B,,, * x/(K;+x).

In addition, we tested MVs harboring a membrane-integrated truncated variant of BtsS (MV BtsS-TM) lack-
ing its soluble domains, and found that this truncated sensor also binds pyruvate (F5 > 0.15). Furthermore, we
prepared sealed right-side-out vesicles (RSO BtsS), in which membrane proteins retain their native orientation'?.
BtsS in these vesicles also showed pyruvate binding, and no significant change in binding was observed when
these vesicles were fragmented by sonication and had a random orientation (sonicated RSO BtsS) (Fj values of
each 0.18) (Fig. 5A). These data reveal that pyruvate binds to the external side of the membrane-spanning domain
of BtsS.

The specificity of pyruvate binding to BtsS was then addressed by using a competition assay (Fig. 5B), in which
several competitors were added in excess to the reaction mixture. Only unlabeled (“cold”) pyruvate was able to
prevent binding of radiolabeled pyruvate. L-serine, D-serine or glycine did not interfere with pyruvate binding to
BtsS, suggesting that pyruvate binds specifically to BtsS.

Next we investigated the effects of varying the length and side-chain charge on ligand binding by BtsS. Using
competition assays, we found that acetate, propionate and butyrate all failed to compete with pyruvate for bind-
ing, indicating the importance of the C-a keto group of pyruvate (Fig. 5C). The influence of polarity at the C-o
position was then tested by addition of lactate and malate, which contain C-a hydroxyl groups. These molecules
were able to decrease pyruvate binding by about 50% suggesting that a negative charge seems to be recognized.
It should be noted that these compounds were tested in a 10*-fold excess over pyruvate. Phosphoenolpyruvate,
which harbors a phosphoryl group at the C-a position, also competed with pyruvate, reducing binding by
approximately 50%. In contrast, a positive charge at the C-a position in the form of the amino group in alanine
had no effect, reducing pyruvate binding by 1% (Fig. 5C). Notably, none of these compounds were able to induce
yjiY expression in vivo, which emphasizes the specificity of BtsS for pyruvate. The dissociation constant (K,) for
pyruvate binding to the histidine kinase was found to be 58.6 & 8.8 uM (Fig. 5D).

To our knowledge this is the first application of DRaCALA to measure the interaction between a ligand and a
membrane-embedded protein. Moreover, these assays unambiguously demonstrated that pyruvate binds specif-
ically and with high affinity to BtsS.
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Figure 6. BtsS/BtsR importance during urinary tract infection. (A) The plot indicates the activity of the
PBBR yjiY-lux reporter fusion in WT UTI89 and the isogenic btsS/btsR mutant during growth in LB, and
depicts a representative of at least 6 biological replicates. (B) Change in the level of the yjiY transcript during
acute and chronic phases of UTI relative to that measured in samples incubated in vitro without agitation.
Data shown are the mean values of samples extracted from three different mice per time point. RNA was
extracted from dissected bladders for each time point and enriched for bacterial RNA by depleting ribosomal
and mammalian RNA as described in Materials and Methods. Profiling was performed using an yjiY-specific
probe. Expression was normalized to that of the housekeeping gene gyrB and compared to expression in cDNA
samples corresponding to the starting inoculum (static in vitro culture, prepared as described in Materials and
methods). Relative fold change was measured using the method described by Pfaffl et al.>* (hpi, hours post
infection; wpi, weeks post infection).

BtsS/BtsR importance during urinary tract infection. To understand the potential implications of
BtsS/BtsR for pathogenesis, we therefore turned our attention to uropathogenic E. coli (UPEC) that colonize a
nutritionally demanding environment - the mammalian bladder. However, responses to nutritional stress are of
the utmost importance for the survival of both commensal and pathogenic bacteria within a given host.

UPEC strains are the primary causative agent of urinary-tract infections (UTIs) worldwide, accounting for
over 85% of all reported episodes'*. In the bladder, bacteria adhere to the apical surface of the epithelium and
are internalized, before replicating to form biofilm-like pods within host bladder cells!> !°. Subsequent to this
transient intracellular cascade, adverse outcomes such as chronic colonization can ensue as a result of an aberrant
host immune response!”. Previous studies have demonstrated that successful UTI requires aerobic respiration
and amino acid utilization'®2°. To investigate the significance of BtsS/BtsR in bladder infection, we first cre-
ated a btsS/btsR mutant in the UPEC cystitis isolate UTI89. Using the same reporter fusion, we demonstrated
that this strain, unlike the wild-type parental UTI strain, failed to induce transient expression of yjiY (Fig. 6A).
Both pyruvate and L-serine are present in human and murine urine, and levels are elevated in diabetic popula-
tions*'~%. Given that BtsS/BtsR responds directly to extracellular pyruvate levels and indirectly to L-serine, we
asked whether BtsS/BtsR is active in the bladder lumen during acute and chronic UTI.

Mice were infected with the cystitis isolate UTI89 and RNA samples were extracted from bladder homogen-
ates at 6 h post infection (coinciding with the acute stage of UTI), and at 2 weeks post infection from mice that
went on to develop chronic cystitis. At this stage, the majority of bacteria are found on the bladder epithelial
surface in the form of an extracellular biofilm'”. Subsequent TagMan-based qPCR analysis compared the expres-
sion of yjiY in the corresponding cDNA samples to the expression of yjiY in the starting bacterial inoculum. Our
results demonstrated robust expression of yjiY in both the acute and chronic stages of infection from at least three
separate mice per time-point (Fig. 6B). Taken together, these data suggest that, in the murine UTI model BtsS/
BtsR responds to serine/pyruvate fluctuations and could play a role in promoting the infection process.

Discussion

Although numerous studies continue to demonstrate the importance of histidine kinase-mediated signal trans-
duction in bacterial physiology, the natural ligands have been identified for very few histidine kinases?*-?. This
study presents compelling evidence demonstrating that the histidine kinase BtsS is a high-affinity receptor
for extracellular pyruvate. Induction of the BtsS/BtsR target gene yjiY, which codes for a “carbon starvation”
CstA-like transporter, correlates with the depletion of serine in complex medium, explaining the observation that
BtsS/BtsR senses low serine. At the same time, while serine is being depleted from LB medium, E. coli excretes a
substantial amount of pyruvate from overflow metabolism into the medium. Shortly afterwards, the concentra-
tion of extracellular pyruvate returns to its basal level (Fig. 3 and ref. 11). In previous studies, we demonstrated
activation of a different system, YpdA/YpdB in response to high levels of extracellular pyruvate'! and showed that
induction of YpdA/YpdB enhances BtsS/BtsR activation'. The current work provides a comprehensive character-
ization of how BtsS/BtsR directly responds to extracellular pyruvate levels and fine-tunes the metabolic fitness of
E. coli under low-nutrient conditions. Sequence comparison between YpdA and YehU did not identify putative
amino acids involved in pyruvate binding. In non-pathogenic E. coli, each of these signaling systems induces
the expression of exactly one gene, which codes for a transporter. One (YhjX) belongs to the major facilitator
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superfamily, and is assumed to be a low-affinity carboxylate antiporter?”. The other one (YjiY) belongs to the
CstA-like transporters, which are characterized by an unusually large number of transmembrane helices (17 in
the case of YjiY). Neither transporter has been characterized thus far. It is hypothesized that both are involved in
nutrient uptake, but with different affinities. The interconnectivity between the high-affinity pyruvate signaling
system BtsS/BtsR with the putative low-affinity pyruvate signaling system YpdA/YpdB by a positive and a nega-
tive feedback loop! would provide E. coli with a network that could tailor pyruvate uptake in each individual cell
according to its availability. Switching between low- and high-affinity phosphate transporters based on the needs
of the individual cell was recently demonstrated for S. cerevisiae?®, and seems to be a widely distributed strategy
for the maintenance of nutrient homeostasis as stocks of essential nutrients decline®.

Although nutrient sensing is crucial for host-microbe and microbe-microbe interactions, the majority of
studies in non-pathogenic E. coli strains have focused on metabolic engineering, aiming to understand how pro-
cesses such as elevated intracellular pyruvate levels affect metabolite distribution®®*' or how central mutations
trigger/alter metabolic fluxes®*~. In recent years, technological advances have permitted detailed analyses of in
vivo metabolism™, revealing its complexity and its influence on virulence and pathogenesis*. These studies have
shown pyruvate to be one of the major factors connecting cellular metabolism to cell division®”. Moreover, pyru-
vate levels are thought to reflect the quantitative relationship between carbon and nitrogen availability in the cell,
and affect amino acid biosynthesis®.

Investigations of how metabolic decisions determine pathogen fitness within host niches are increasingly
uncovering opportunities for the development of robust and pathogen-specific drugs. Different E. coli pathotypes
cause various clinical syndromes, depending on their genetic makeup and expression patterns. They obviously
differ extensively from each other and from commensal E. coli. For example, uropathogenic and enterohemor-
ragic E. coli differ significantly in genome content, and employ different strategies to infect their niches - the
bladder and the gut, respectively. Very recent work has pointed to the need for aerobic respiration and amino acid
utilization for optimal colonization of the urinary tract by UPEC'®-2. Pyruvate is a crucial molecule required for
fueling the aerobic arm of the tricarboxylic acid cycle, which is used by UPEC during infection'® %, Thus, it is
reasonable to postulate that UPEC has the capacity to sense and respond to pyruvate fluctuations within the uri-
nary tract. Here we demonstrate that BtsS/BtsR mediates yjiY expression during infection by a clinically relevant
UPEC isolate, which strongly suggests that BtsS/BtsR constitutes part of the metabolic circuitry engaged during
UTIL Thus understanding how UPEC can sense the metabolic signature of the bladder lumen, the kidney and the
urothelial cell cytosol (in which they form intracellular bacterial communities) will be vital for a complete under-
standing of pathogen strategies and the design of more effective therapeutics. However, the study in Salmonella
enterica Serovar Typhi and Typhimurium showed no detectable effect on the ability of yehUT mutant strain to
invade cultured epithelial cells or induce colitis in a murine model*.

In summary, this study has uncovered a signal transduction network that responds with exquisite sensitivity
to extracellular pyruvate levels and fine-tunes carbon utilization in E. coli strains. Furthermore we provide direct
evidence for receptor-ligand interactions between BtsS and pyruvate, and demonstrate that BtsS/BtsR mediates
yjiY expression during UTT. Future studies will focus on understanding the contribution of this system to patho-
genic E. coli intra-host fitness and dissecting molecular determinants that drive the fine-tuning of bacterial fitness
in response to external metabolic cues.

Methods

Strains, plasmids, and oligonucleotides. In this study we used the E. coli strains MG1655%., E. coli
MG1655 AyhjX', E. coli MG1655 AyjiY', BL21(DE3)*, E. coli KX1468* and the cystitis isolate UTI89*. Plasmids
used in this study include the transcriptional promoter-luciferase fusion construct for Py activity (pBBR yjiY-
lux)®. For protein production we used the arabinose-inducible expression vectors pPBAD24*°, pBAD24-yeh U and
pBAD24-yehU-TM (YehU (BtsS) amino acids 1-205). DNA fragments for plasmid construction were amplified
from genomic DNA by PCR. Scarless deletion of btsS/btsR genes in UTI89 was performed using the method
published by Murphy and Campellone*, and verified via PCR with oligonucleotides flanking the deleted loci. All
oligonucleotide sequences are available on request.

Molecular biological techniques. Plasmid and genomic DNAs were isolated using a HiYield plasmid
minikit (Suedlaborbedarf) and a DNeasy blood and tissue kit (Qiagen), respectively. DNA fragments were puri-
fied from agarose gels using a HiYield PCR cleanup and gel extraction kit (Suedlaborbedarf). Q5 DNA polymer-
ase (New England BioLabs) was used according to the supplier’s instructions. Restriction enzymes and other
DNA-modifying enzymes were also purchased from New England BioLabs and used according to the manufac-
turer’s directions.

Growth conditions.  All strains were grown overnight in LB medium. After inoculation, bacteria were rou-
tinely grown in LB, LB supplemented with the indicated amino acids or diluted LB medium [containing 1% (w/v)
NaCl] under agitation (200 rpm) at 37 °C. For solid medium, 1.5% (w/v) agar was added. Where appropriate,
media were supplemented with antibiotics (ampicillin sodium salt, 100 ug/ml; kanamycin sulfate, 50 ug/ml; gen-
tamicin sulfate, 50 pg/ml). For infection studies in mice, UTI89 was inoculated into 10 ml of LB medium and
grown without shaking at 37 °C for 24 h. This culture was used to seed a fresh flask with 10 ml of a 1:1000 dilution,
which was incubated for another 24 h to maximize expression of type 1 pili, as previously described’. The growth
phases of E. coli marked in graphs were according to the definition in ref. 48.

In vivo expression studies. In vivo expression of yjiY was quantified by means of luciferase-based
reporter-gene assays, using bacteria that had been transformed with plasmid pBBR yjiY-lux. Cells from an over-
night culture were transferred to fresh medium to give a starting optical density at 600 nm (ODy,) of 0.05, and
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incubated under aerobic growth conditions at 37 °C while ODy, and luminescence were continuously monitored.
The optical density was determined in a microplate reader (Tecan Sunrise) at 600 nm. Luminescence levels were
determined in a luminescence reader (Centro LB960; Berthold Technology) for 0.1's and are reported as relative
light units (RLU; counts s™1).

Identification of quorum sensing-like molecule.  The cells of E. coli MG1655 AyjiY/pBBR yjiY-lux were
cultivated in M9-minimal medium supplemented with 20 mM gluconic acid and ODgy, and luminescence were
constantly monitored. Cells were harvested shortly before, at and after the induction of yjiY. The supernatant was
sterile filtrated (Stericup®, Filter Unit Millipore Express® PLUS(PES), 0.22 um and separated by high pressure
liquid chromatography (HPLC) using column C18-Hypersil Gold, with the gradient 1-100% (v/v) acetonitrile in
40 min. Fractions were collected, concentrated and used in reporter strain E. coli KX1468*/pBBr yjiY-lux grown
in M9-minimal medium supplemented with 20 mM succinate. The fraction with the highest induction potential
was then analyzed via UPLC-UHR-ToF-MS using a Waters XBridge Amide column.

Production of BtsS-6His in membrane vesicles. E. coli BL21(DE3) cells were transformed with the vec-
tor pPBAD24-yehUP, which codes for BtsS-6His, and grown in LB medium at 37 °C to an ODg, of 0.5. Recombinant
gene expression was induced by addition of 0.2% (w/v) arabinose. After 3h of further incubation, cells were har-
vested by centrifugation, disrupted and fractionated. At each step, the pellet was resuspended in buffer consisting
of MES/NaOH (pH 6), 10% (v/v) glycerol and 10 mM MgCl,. To produce BtsS-6His in right-side-out vesicles,
cells were cultivated as described before. After harvesting the cells by centrifugation, lysozyme (50 ug/ml) and
EDTA (10 mM) were added for 45 min at room temperature to remove the cell wall. After low-speed centrifuga-
tion, the spheroplasts were resuspended in buffer consisting of 100 mM MES/NaOH (pH 6), 30% (w/v) sucrose,
20mM MgSO,, DNase and RNase, and then diluted 100-fold into pre-warmed buffer (100mM MES/NaOH (pH
6)) to trigger osmotic lysis. After centrifugation, the pellet was resuspended in 100 mM MES/NaOH (pH 6), 10%
(v/v) glycerol and 10 mM MgCl,. Formation of spheroplasts and right-side-out vesicles was monitored under the
microscope. His-tagged BtsS was detected by Western blot analysis with an anti-His antibody (Qiagen) and an
alkaline phosphatase-conjugated anti-mouse antibody as the secondary antibody.

Protein-ligand interactions. Protein-ligand interactions were analyzed via DRaCALA, a method estab-
lished by Roelofs et al.'>. Membrane vesicles enriched for overproduced BtsS-6His were mixed with 5uM radiola-
beled (3-1“C) pyruvic acid sodium salt (55 mCimmol ™!, Biotrend) or radiolabeled (*H) L-serine (11.0 Cimmol ™!,
Hartmann Analytics) and incubated for 5min at room temperature. Triplicate 5-ul aliquots were transferred
to a nitrocellulose membrane, dried and visualized by a PhosphorImager. Quantification of radioactive signal
was done with the software ImageQuant. The fraction bound to protein was calculated according to the signal
intensities using an equation defined earlier: Fy = (Linner — Tackground)/ Low'>- For the evaluation the corresponding
cold ligand (50 mM) was added to the reaction mixture and incubated for further 3 min. To estimate the K, value,
increasing concentrations of cold pyruvate (0uM to 2.5 mM) were used. In this case the Fy value was normalized
as follows: F = (Fync) — Fagpyn)/ Faone)- Here, Fyye, is calculated from the sample with pure 'C-labeled pyruvate,
and Fy,,,) are all values for mixtures containing '“C-labeled pyruvate together with increasing concentrations of
unlabeled pyruvate. The amount of C-pyruvate was kept constant in all assays.

Extraction and determination of extra- and intracellular metabolites. The reporter strain E. coli
MG1655/pBBR yjiY-lux was cultivated in LB medium, and ODy, and luminescence were constantly monitored.
At selected time points, cells were harvested and the supernatants were saved. Cells were washed with 10% (v/v)
glycerol, and subsequently cell pellets and supernatants were analyzed via hydrophilic interaction liquid chro-
matography (HILIC). Acetonitrile (ACN), methanol (MeOH), ammonium acetate and ammonium hydroxide
(all of LC-MS grade) were obtained from Sigma-Aldrich (Sigma-Aldrich GmbH). Water was purified using a
Merck Millipore Integral water purification system to a resistance of 18 MQ and TOC < 5 ppb. Sodium pyruvate
and serine were also obtained from Sigma-Aldrich and dissolved in water at a concentration of 100 mM and fur-
ther diluted with ACN. Cell pellets were extracted with 200 ul ice-cold water/MeOH (50/50, v/v). Samples were
vortexed vigorously and lysed in an ice-cold sonic bath for 15 min. After centrifugation at 20,000 x g and 4 °C for
10 min, supernatants were transferred to autosampler vials.

Pyruvate and serine were quantified using a modified version of the method published by Yuan et al.®.
Separation was achieved using a Waters XBridge Amide column (3.5 pm, 100 mm x 4.6 mm ID) and an ACN/
water gradient using a Waters Acquity UPLC system coupled to a Bruker maXis UHR-ToF-MS (Bruker
Daltonics). Eluent A consisted of 5% (v/v) ACN, 95% (v/v) water, 20 mM ammonium hydroxide, 20 mM ammo-
nium acetate, pH 9.0 and eluent B was pure ACN.

Metabolites were eluted with the following gradient: After 3 min of 85% B, a linear decrease to 2% B over
9 min, isocratic hold for 3 min and return to initial conditions for 1 min and a 7-min re-equilibration time. Sample
(5pl) was injected via partial loop injection.

For quantification a calibration curve was generated from different concentrations of standard compounds
(OuM, 0.5uM, 1.0 uM, 2.5 uM, 5uM, 10 uM, 25 uM, 50 uM, 100 uM, 250 uM). If the concentration of a sample
was beyond the range of the calibration curve, it was appropriately diluted with water/MeOH. Quantification was
performed with Bruker Quant Analysis.

Murine infections. A cohort (15) of 7- to 8-week old female C3H/HeN mice was infected with strain UTI89
via transurethral catheterization as described in Hung et al.*°. Five mice were sacr