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Nomenclature

All genes are written in italics, all proteins are written with a first capital letter. Gene deletions
are indicated by the symbol A, gene fusions are indicated by the symbol : and gene replacements
are indicated by the symbol ::. Antibiotic resistances are indicated by the abbreviated name of

the antibiotic with an superscripted R, for instance amp®.
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Summary

Bacteria are found almost everywhere on earth and can flexibly adapt to changing conditions.
They can for instance produce specific transporter proteins to utilize organic compounds as
soon as they detect their presence in the environment. They also balance intracellular metabolite
concentrations by excreting them when the levels rise too high. This dissertation focuses on

sensing, uptake and excretion of one central metabolite, pyruvate.

Pyruvate sensing and uptake systems were investigated and compared in three different gamma-
proteobacteria, Escherichia coli, Vibrio campbellii, and Salmonella enterica serovar
Typhimurium. The results presented here show that E. coli has two different two-component
systems for pyruvate sensing (BtsS/BtsR and PyrS/PyrR) and three pyruvate transporters (BtsT,
YhjX and CstA), whereas the pathogen S. Typhimurium has one pyruvate sensing system
(BtsS/BtsR) and two pyruvate transporters (BtsT and CstA), and the marine pathogen V.
campbellii has one pyruvate sensing system (BtsS/BtsR) and only one pyruvate transporter
(BtsU). It is found that the three model bacteria not only possess different numbers and types
of pyruvate sensing and uptake systems, but they phenotypically differ when pyruvate uptake
is prevented by deletion of the corresponding transporter genes, especially when infecting their

respective hosts.

In addition, the excretion of pyruvate by E. coli was investigated with the aim of finding the
responsible pyruvate exporter protein(s). Several large-scale screening methods were
established and performed, leading to a selection of promising candidates. The energetics of

pyruvate export were studied using right-side-out membrane vesicles.

The results of this dissertation suggest that pyruvate sensing, uptake and excretion are important
for all three model species — not only to catabolize this compound, but also to balance
intracellular pyruvate levels and benefit from its other properties, such as protection against
reactive oxygen species, recovery from persistence, promotion of virulence, or gaining an
advantage in a competitive environment. Comparative molecular analysis of the systems for
sensing and uptake of an important metabolite such as pyruvate in different species has provided

new insights into the successful adaptation of bacteria to different environmental conditions.
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Zusammenfassung

Bakterien sind fast tUberall auf der Erde zu finden und konnen sich flexibel an wechselnde
Bedingungen anpassen. So kdnnen sie zum Beispiel spezifische Transporterproteine
produzieren, um wertvolle Verbindungen wie Metabolite genau dann aufzunehmen, sobald sie
deren Vorhandensein in der Umwelt wahrnehmen. Auferdem gleichen sie intrazellulére
Metabolit-Konzentrationen aus, indem sie die Verbindungen ausscheiden, wenn die Level zu
hoch ansteigen. Der Fokus dieser Dissertation liegt auf der Wahrnehmung, Aufnahme und

Ausscheidung des zentralen Metaboliten Pyruvat.

In den drei Modell-Gammaproteobakterien Escherichia coli, Vibrio campbellii und Salmonella
enterica serovar Typhimurium wurden Pyruvat-Wahrnehmungs- und -Aufnahmesysteme
untersucht und verglichen. Die hier prasentierten Ergebnisse zeigen, dass E. coli zwei
verschiedene Zweikomponentensysteme zur Wahrnehmung von Pyruvat besitzt (BtsS/BtsR
und PyrS/PyrR), sowie drei Pyruvat-Transporter (BtsT, YhjX und CstA), wahrend der
Krankheitserreger S. Typhimurium ein Pyruvat-Wahrnehmungssystem besitzt (BtsS/BtsR) und
zwei Pyruvat-Transporter (BtsT und CstA). Das pathogene Meeresbakterium V. campbellii
hingegen besitzt ein System zur Wahrnehmung von Pyruvat (BtsS/BtsR) und nur einen Pyruvat-
Transporter (BtsU). Es zeigt sich, dass die drei Modellbakterien nicht nur eine unterschiedliche
Anzahl und Art von Pyruvat-Wahrnehmungs- und -Aufnahmesystemen besitzen, sondern auch
abweichende Phé&notypen zeigen, wenn die Aufnahme von Pyruvat durch eine Deletion der
verantwortlichen Transporter-Gene verhindert wird — insbesondere bei einer Wirtsinfektion.

Des Weiteren wurde die Ausscheidung von Pyruvat durch E. coli untersucht, mit dem Ziel,
das/die verantwortliche/n Pyruvat-Exporterprotein/e zu finden. Verschiedene Screening-
Methoden wurden etabliert, die zu einer Auswahl vielversprechender Kandidaten fihrten. Die

Energetik des Pyruvat-Exports wurde anhand von Membranvesikeln analysiert.

Die Ergebnisse dieser Dissertation weisen darauf hin, dass die Wahrnehmung, Aufnahme und
Ausscheidung von Pyruvat fir alle drei Modellbakterien wichtig ist — doch nicht nur, um es zu
verstoffwechseln, sondern auch um die intrazellulare Konzentration konstant zu halten und von
seinen anderen Eigenschaften zu profitieren, wie etwa dem Schutz vor oxidativem Stress oder
der Forderung von Regeneration und Virulenz. Die vergleichende molekulare Analyse der
Systeme zur Wahrnehmung und Aufnahme eines so wichtigen Metaboliten wie Pyruvat in
verschiedenen Spezies liefert neue Erkenntnisse tiber die erfolgreiche Anpassung von Bakterien

an unterschiedliche Umweltbedingungen.

Xl



1 Introduction

1.1 Bacteria perceive their environment

Bacteria can be found in almost every place on earth and are able to cope with frequent changes
in their environment. These can be physical or chemical challenges, like temperature, pressure
or pH shifts, oxygen limitation, toxins or radiation, but also changes in nutrient availability,
host-pathogen interactions or fluctuating competitive conditions in their habitat. Survival and
even thriving of bacteria under these environmental alterations is possible because they flexibly
adapt to their surroundings and make use of specific cell features only when they are necessary.
To do so, they need to permanently monitor their environment and respond fast and adequately
to different positive or negative cues by activating the appropriate cellular processes resulting

in advantageous phenotypic changes.

This phenotypic adaptation in accordance to environmental cues is achieved on a molecular
level by signal transduction, i.e. first perceiving the signal with a sensor and second translating
it with an effector into a regulatory change, which can be altering gene expression, translation
or protein activity [1]. Three different systems are known to fulfil this task of signal
transduction: One-component systems, alternative sigma factors and two-component systems.
One-component (ToxR-like) systems are the evolutionary oldest and predominant systems and
comprise both sensor and effector in one protein, usually subdivided into two domains [2].
Sigma factors are essential components of the RNA polymerase inducing gene expression.
Based on specific environmental signals, primary housekeeping sigma factors can be
substituted by alternative sigma factors. Extracytoplasmic function sigma factors, the largest
group of alternative sigma factors, represent another mechanism of bacterial signal transduction
[3]. The third group of signal transduction systems, two-component systems, are described in

more detail in the following section.

1.2 Signal transduction by two-component systems

Two-component systems have evolved from the simpler one-component systems [4]. They are
found in all three domains of life and are among the most abundant proteins in bacteria [4-6].
On average, bacteria possess 25 two-component systems, but the number correlates with the
genome size and with the constancy of the specific niche they live in [7, 8]. The obligate
intracellular Mycoplasma genitalium for instance has no two-component system at all,
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Myxococcus xanthus, a bacterium living in a rapidly changing environment, has 132, Bacillus
subtilis has 36, Enterococcus faecalis has 17, Salmonalla enterica has 30, and the model
bacterium Escherichia coli possesses 30 two-component systems [9-12].

Two-component systems consist of a (mostly membrane-integrated) sensor histidine kinase and
a soluble response regulator [13]. Typically, the sensor histidine kinase perceives a stimulus
from the environment with its input domain (input), transfers the information across the
bacterial cell membrane and usually autophosphorylates at a histidine residue in its conserved
transmitter domain. The phosphoryl group is subsequently transferred to an aspartate residue in
the conserved receiver domain of the response regulator, whereupon its effector domain
changes its conformation and modulates gene expression (output) [6, 11]. This process is
illustrated in Figure 1. There are also variants of this phosphotransfer prototype, such as hybrid
kinases or phosphorelays, in which a multistep transfer of the phosphoryl group is necessary

before the signal reaches the response regulator [14].

stimulus —» (inputdomain )—[H transmitter domain ] [D receiver domain j—( effector domain ) —» response

sensor histidine kinase response regulator

Figure 1. Signal transduction by a two-component system. Typically, a stimulus (temperature,
nutrients, pH, osmolarity, etc.) is perceived by the sensor histidine kinase, which autophosphorylates at
a conserved histidine residue (H) and transfers the phosphoryl group (P) to a conserved aspartate residue
(D) in the receiver domain of the response regulator, resulting in a cellular response by modulating gene
expression (enzymatic activity, metabolism, transport, activation of virulence, etc.).

1.3 Transporter gene expression upon signal transduction

The cellular response which is following upon signal transduction can range from changes in
metabolism over motility up to collective behavior. We are still far from knowing all signals
sensed and all functions regulated by two-component systems [15]. In Figure 2, an overview of
all two-component systems in E. coli with their hitherto known stimuli and regulatory outcomes

can be found. The chemotaxis signal transduction system, which induces changes in movement
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upon signal perception, is a specific case of two-component signaling [16]. Moreover, in several
cases, no simple stimulus-reaction processes but rather complex regulatory networks determine
the final reaction of cells to an environmental stimulus and signal transduction pathways can

also be interconnected [17].
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Figure 2. Two-component systems in E. coli. Schematic illustration of sensor histidine kinases (green)
and their corresponding response regulators (blue) with so far known input signals and output responses.
Unknown stimuli or responses are depicted with a question mark. C-metabolism: carbon-metabolism;
ROS: reactive oxygen species; SCFA: short chain fatty acids. Modified after Vilhena [18].

One important reaction on sensing a signal is the production of a transporter protein. To make
use of valuable compounds, for instance metabolites, bacteria must take them up into the cell
with specific transport proteins enabling the transfer across the membrane, may it be actively
or passively [19]. As not every compound is present at every time, it is a good strategy to only
or increasingly produce a transporter protein if it is needed. This adaptation saves energy and
also space in the bacterial membrane. For this end, it is useful for bacteria to couple the
expression of transporter protein genes with sensing systems on recognizing the corresponding
molecule to be taken up. Transporters can also interact directly with histidine kinases and
function as co-sensors [20]. For several transporter systems it was shown that their expression

relies on an induction by a two-component system: In E. coli, for instance kdpFABC (coding
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for a potassium transport system) is induced by KdpD/KdpE [21], dctA (coding for a C4-
dicarboxylate transport protein) is induced by DcuS/DcuR [22], citT (coding for a citrate-
succinate antiporter) is induced by CitA/CitB [23], mgtA (coding for a magnesium-transporting
ATPase) is induced by PhoQ/PhoP [24] or uhpT (coding for a sugar-phosphate antiporter) is
induced by UhpB/UhpA [25]. The two-component system BtsS/BtsR, which induces
expression of btsT coding for a pyruvate transporter, is another example that will be described
in detail in chapters 1.5.1 and 1.5.2. Being able to rapidly take up valuable compounds as soon
as they are present can depict an important advantage in a competitive environment, for

example in the intestinal microbiota.

1.4 The role of primary metabolites in the intestinal microbiota

The intestine and its microbiota build a complex ecosystem with interaction networks of
numerous bacterial communities and metabolites in distinct niches [26]. Every member of the
intestinal microbiota has other capabilities and needs [27]. Stable survival in this competitive
environment is only possible with a strategy to receive enough resources in a co-existence with
other members [28]. Thus, it is a balance between competition and cooperation that shapes and

conserves the microbial community composition and determines its functions.

Bacteria in the intestine consume compounds which are either diet-derived, host-derived or
excreted by other microbes [29]. It was found that a driver of the microbial community
assembly are the networks of trophic interactions, in which the metabolic excretions of one
species are the primary resource for another, the so-called cross-feeding [30]. These very
complex networks build the foundation of several functions of the intestinal microbiota, be it

valuable as well as undesirable ones [31].

Synthetic microbial communities are commonly used in gut microbiome research. It is
advantageous to start investigating impacts on colonization and infection within a defined, well-
characterized consortium, before going on to an even more complex native microbiota. The
oligo mouse microbiota (OMM??) consists of twelve bacterial species representing the five
major bacterial phyla in the murine intestine. It provides colonization resistance against
enteropathogens and was shown to stably colonizes the mouse gut [32]. Colonization and
infection experiments with mice carrying the OMM?®2 can reveal parts of the complex puzzle
regarding mechanisms and processes in the murine host, as well as the microbiota’s function

for health and disease.
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1.5 Pyruvate as one important primary metabolite

Pyruvate — the conjugate base of pyruvic acid, the simplest of the alpha-keto acids — is one of
the most important molecules in both pro- and eukaryotic cells. It is the end product of
glycolysis and can enter the tricarboxylic acid circle via acetyl-CoA under aerobic conditions.
Under anaerobic conditions, it can also be fermented, making it a hub between aerobic and
anaerobic metabolism. Furthermore, it can be used as a substrate to produce amino acids, fatty
acids or sugars via gluconeogenesis. The node position of pyruvate in metabolism is

schematically illustrated in figure 3.

glycolysis

0.5 glucose

/ - \\\\
‘,
pyruvate
A .

o
HC
’ Il

o | lactate ‘ ‘ formate |

acetyl-CoA

tricarboxylic

\ anaerabic

S —

A

acid cycle

aerobic

Figure 3. Pyruvate as a central player in metabolism. Rough schematic illustration of metabolic
pathways with pyruvate at a central position, as a hub between aerobic and anaerobic metabolism, and
also as a substrate for amino acid and fatty acid synthesis.

But pyruvate is not only a central player in metabolism. It also serves as a scavenger of reactive
oxygen species (ROS) like H20> by being oxidatively decarboxylated [33-37]. By this means,
it can for instance prevent lipid peroxidation [38] and some bacteria were found to secrete
pyruvate to protect themselves from H»>O. released by their competitors [39]. The ROS
scavenging property of pyruvate is also important for the resuscitation of viable but

nonculturable (VBNC) bacteria: This deeply dormant state is characterized by a loss of
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culturability in standard cultivation media, with the cells however still being metabolically
active on a very low level [40]. More than hundred bacterial species have been found to enter
this state which can depict a survival strategy for harsh conditions, such as antibiotic treatments,
radiation or nutrient limitations [41]. For the resuscitation of the cells from the VBNC state, i.e.
to regain culturability, pyruvate was found to be a crucial factor [42-45] — even beyond its role
as an antioxidant for the oxidatively stressed cells: It was demonstrated that pyruvate is taken
up as a first substrate by VBNC E. coli cells during resuscitation and allows the cells to return
to the metabolic active state [46]. Moreover, Pseudomonas aeruginosa cells were shown to stay
viable over weeks when provided with pyruvate [47]. This points out that pyruvate is a perfect

metabolite for bacteria to recover from or to prevent a persisting state.

Pyruvate furthermore plays an important role for the fitness and virulence of several bacterial
pathogens: In Yersenia pseudotuberculosis, pyruvate metabolism and excretion were found to
control fitness and virulence, which could also be demonstrated in infection experiments with
mice [48]. The carboxylation of pyruvate was shown to be crucial for the replication of the
intracellular pathogen Listeria monocytogenes in mammalian host cells as well as for virulence
in mice [49]. The opportunistic pathogen P. aeruginosa requires pyruvate and pyruvate
fermentation for microcolony formation [50]. It was further demonstrated that biofilms
established by P. aeruginosa or S. aureus could be dispersed by the depletion of pyruvate [51].
For Salmonella enterica serovar Typhimurium, it was shown that pyruvate metabolism is
important for the pathogen’s virulence in human cell culture [52] and the growth of S. enterica
is promoted by pyruvate released from mammalian apoptotic cells [53]. Moreover, pyruvate
enhances the pathogenicity of Staphylococcus aureus by inducing the production of virulence
factors [54]. In Clostridioides difficile, however, external pyruvate downregulates the
expression of virulence genes [55], and Vibrio parahaemolyticus, a cold stress resistant
seafood-borne pathogen, was found to be suppressed to grow at low temperature by the addition
of pyruvate [56],

For the human host, it was shown that cancer cells produce high amounts of pyruvate and
convert it to lactate as they switch to elevated glycolysis rates, even when enough oxygen is
present, a phenomenon known as aerobic glycolysis or Warburg effect [57]. This could have an
impact on the microbiota of cancer patients. Moreover, in mice infected with the pathogen S.
enterica, pyruvate concentrations are higher than in uninfected mice [53]. All these research
results highlight that pyruvate might be strongly involved in bacterial pathogenicity, infection

and host inflammation.
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1.5.1 Pyruvate sensing

It has been shown that bacteria can sense pyruvate in their environment. Several two-component
systems belonging to the LytS/LytTR family — one of the most distributed families of bacterial
two-component systems, members of which often regulate the expression of virulence factors
[58] — have been found to be involved in pyruvate sensing. E. coli possesses two LytS/LytTR-
type two-component systems, which share a high degree of protein sequence similarity: The
BtsS/BtsR two-component system (formerly known as YehU/YehT [59]) and the PyrS/PyrR
two-component system (formerly known as YpdA/YpdB [60]). Both systems were shown to
sense pyruvate, but with different affinities: BtsS is activated by pyruvate starting from a
threshold concentration of 50 uM [59] and BtsR then initiates the expression of the target gene
btsT (formerly known as yjiY) [61], which codes for the high-affinity pyruvate transporter
BtsT [62], as explained in the next chapter. In contrast, PyrS requires a minimal pyruvate
concentration of 600 UM to activate via PyrR the expression of the target gene yhjX, which
codes for a transporter protein with unknown function [63]. Both systems are also
interconnected: BtsS/BtsR downregulates the expression of yhjX, whereas PyrS/PyrR activates
the expression of btsT [64]. These cross-regulations were found to be slightly different in
pathogenic E. coli bacteria, with BtsS and YpdB interacting to regulate expression of yhjX. [65].
Moreover, the central carbon metabolism has an influence on this pyruvate sensing circuit, as
the cyclic AMP receptor protein complex (CRP-cAMP) was found to upregulate btsT, and the
carbon storage regulator A (CsrA) regulates both genes on a post-transcriptional level, albeit
btsT negatively and yhjX positively [61, 64]. The pyruvate sensing network in E. coli is

illustrated in figure 4.

It was also shown that this pyruvate-sensing network is expressed very heterogeneously and
that pyruvate sensing might be important to balance the physiological state of E. coli cells
within a population, since a larger proportion of mutants lacking both pyruvate sensing systems
formed persister cells upon antibiotic stress and were unable to overexpress the green
fluorescent protein (GFP) [66]. Furthermore, it was suggested that BtsR is involved in biofilm
regulation [67] and both target genes btsT and yhjX were found to be significantly upregulated

in uropathogenic E. coli (UPEC) during acute and chronic urinary tract infections in mice [68].
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Figure 4. Network of pyruvate sensing systems in E. coli. Schematic illustration of the two pyruvate
sensing systems in E. coli and their regulation. The sensor histine kinases BtsS and PyrS with the
response regulators BtsR and PyrR activate the expression of btsT and yhjX, both coding for transporter
proteins, upon sensing different concentrations of external pyruvate. The systems are further regulated
by the central carbon metabolism via the carbon storage regulator A (CsrA) and the cyclic AMP receptor
protein complex (CRP-cAMP). Activating (L) and inhibitory (—) effects are indicated. PP, periplasm;

CM, cytoplasmic membrane; CP, cytoplasm.

In Staphylococcus epidermidis, LytS/LytR is also suggested to sense pyruvate and activate its
uptake, whereby the responsible target gene has not been identified yet [69]. A LytS/LytR
homolog in Clostridioides difficile was shown to downregulate toxin gene expression upon
sensing pyruvate [55]. Also in Bacillus subtilis, LytS/LytT senses external pyruvate and induces
expression of the pyruvate transport system PftAB [70], and in Sinorhizobium fredii, sensing
of pyruvate with the two-component system RpuS/RpuR activates expression of mctP, a gene

coding for a pyruvate transporter [71].

A comparative analysis of LytS/LytTR-type two-component systems in gamma-proteobacteria
revealed that they cluster into two different types: The BtsS/BtsR-type and the PyrS/PyrR-type
[72]. The majority of gamma-proteobacteria harbors only the predominant BtsS/BtsR system,
but some few genera have homologs of both types (like E. coli), indicating that PyrS/PyrR
serves as a supplementary system [72]. In addition to E. coli, for six representative gamma-
proteobacteria (Citrobacter freundii, S. enterica, Enterobacter aerogenes, Xenorhabdus
szentirmaii, Y. enterocolitica and V. campbellii), a common binding motive was identified in
the promoter region of the putative target gene and it was shown that the expression of this gene
was activated by pyruvate [72]. This indicates that the LytS/LytTR-type two-component system

might also perform pyruvate sensing in these species. Nevertheless, apart from E. coli, pyruvate
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sensing as well as its biological significance has not yet been demonstrated or investigated
directly in any other gamma-proteobacterium. One study has focused on the BtsS/BtsT-type
two-component system in S. Typhimurium, but could not identify its stimulus or significance
[73], although this operon might be a relevant target for adaptive evolution, since it accumulated
non-synonymous mutations over time [74]. The target gene btsT (formerly cstAl or yjiY), has
been found to be required for flagella mediated infection [75]. This indicates that pyruvate
sensing might play an important role for S. Typhimurium. In Table 1, the so far known bacterial

systems for pyruvate sensing are summarized.

Table 1. So far known bacterial systems for pyruvate sensing, uptake and excretion (in
chronological order of their identification).

gene(s) species reference
pyruvate sensing systems IytS/IytR Staphylococcus epidermidis [69]
pyrS/pyrR Escherichia coli [63]
IytS/IytR Clostridioides difficile [55]
btsS/btsR Escherichia coli [59]
IytS/IytT Bacillus subtilis [70]
rpuS/rpuR Sinorhizobium fredii [71]
pyruvate uptake systems mctP Rhizobium leguminosarum [76]
mtcC Corynebacterium glutamicum [77]
pftAB Bacillus subtilis [70]
btsT Escherichia coli [62]
IrgAB Streptococcus mutans [78]
mctP Sinorhizobium fredii [71]
pyruvate export system pftAB Bacillus subtilis [70]

1.5.2 Pyruvate uptake

In the last twenty years, several transporters in various bacterial species were identified to be
capable for the uptake of pyruvate, mostly besides other substances: For E. coli, it has been
suggested already in 1967 that a separate pyruvate uptake system exists [79], in 1987 it was
shown that pyruvate is actively transported into the cells [80] and in 2013 evidence was found
that E. coli possesses at least two pyruvate uptake systems [81]. Based on the findings in 2017
that the two-component system BtsS/BtsR senses pyruvate (see chapter 1.5.1) and the

assumption that the target gene yhjY might be involved in pyruvate uptake [59], YjiY was
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shortly after confirmed as a specific, high-affinity pyruvate/H* symporter and renamed BtsT
[62]. BtsT is a member of the peptide transporter carbon starvation (CstA) family, which
belongs to the amino acid/polyamine/organocation (APC) superfamily. Evidence was found
that BtsT has 18 transmembrane domains with an intracellular N-terminus and that it transports
pyruvate with high affinity (Km: 16.5 pM) [62].

Since the two-component system PyrS/PyrR also senses pyruvate, albeit with a lower affinity,
it was assumed that its target gene yhjX might also code for a pyruvate transporter, possibly one
with a lower affinity than BtsT [63]. This would complete the hypothetic model, as BtsS/BtsR
and PyrS/PyrR with their target proteins BtsT and YhjX form a regulatory network [64], which
was suggested to function as a fine-tuning of nutrient uptake for an optimally balanced
metabolic state of the population [66]. However, the role of the transporter YhjX, belonging to
the major facilitator superfamily, has not been solved yet. Strikingly, mutants lacking both btsT
and yhjX are still able to grow on pyruvate as sole carbon source. This leads to the assumption
that E. coli possesses — even besides YhjX as a second suggested pyruvate transporter — another
yet undiscovered pyruvate transport system. It was suggested that in addition to an inducible,
highly specific pyruvate uptake system, at least one second constitutive uptake system exists
[81]. A recent study based on a transposon library in combination with a toxic pyruvate analog
suggested CstA as a constitutively expressed pyruvate transporter [82]. CstA was originally
described as a peptide transporter [83] and shares a high degree of similarity (75 %) with BtsT
[62]. To this end, CstA might be another pyruvate transporter in E. coli. In other model gamma-
proteobacteria, nothing is known yet about the function and role of pyruvate uptake. Table 1
gives an overview of all so far characterized bacterial pyruvate uptake systems.

In Rhizobium leguminosarum, the permease MctP transports pyruvate besides alanine and other
monocarboxylates [76], and in Corynebacterium glutamicum, the monocarboxylate transport
system MtcC acts as a secondary carrier also for pyruvate besides acetate and propionate, with
the expression of mtcC being activated in the presence of external pyruvate [77]. As mentioned
in the previous chapter, the two-component system LytS/LytT in B. subtilis activates a gene
coding for the pyruvate-specific transport system PftAB [70]. In Streptococcus mutans, LrgAB
was identified as a stationary phase-specific pyruvate uptake system, expression of which
requires the two-component system LytS/LytR [78]. The transporter MctP in Sinorhizobium
fredii was shown to transport pyruvate as well, induced by the two-component system

RpuS/RpuR upon sensing pyruvate, as mentioned in the previous chapter [71].

22



In eukaryotic cells, the mitochondrial pyruvate carriers MCP1 and MCP2 transport pyruvate
across the mitochondrial membrane [84]. Mitochondrial pyruvate transport was shown to play
an important role for the differentiation of memory T cells [85], for the regulation of tumor
initiation [86], for fever and neuroinflammation [87] as well as for different neurogenerative
diseases and metabolic disorders [88]. The impact of blocking the mitochondrial pyruvate

carriers has been investigated with increasing interest in the last years.

1.5.3 Pyruvate excretion

It is known that cells excrete pyruvate under specific conditions. Already in the late 1979s and
early 1980s, pyruvate excretion was directly shown and investigated [89, 90]. It is assumed that
pyruvate excretion happens mainly due to a so-called overflow metabolisms: To keep
intracellular pyruvate concentrations constant under conditions of high pyruvate production, for
instance if cells are cultivated under carbon excess, the compound is not fully metabolized, but

excreted into the medium and later taken up again [72, 91-93].

When grown in media containing glucose, pyruvate excretion could often be observed, for
instance in several marine luminous bacteria [89], in Y. pseudotuberculosis [48], in S. mutans
[78], in Streptomyces alboniger [94], in S. lividans [95] and in B. subtilis [70]. For E. coli and
several other gamma-proteobacteria, it was shown that pyruvate is excreted when the cells are
grown in LB medium, which is rich in amino acids, and that they reclaim the compound in a
later growth phase [72]. Synechococcus elongatus excretes pyruvate under nitrogen deprivation
[96]. Interestingly, bacteria of the genus Vibrio were found to excrete extraordinarily high

amounts of pyruvate [72, 89].

Furthermore, for some species not only the excretion of pyruvate was observed, but also a
specific benefit of this procedure — apart from balancing intracellular pyruvate levels — could
be determined: Pathogenic oral streptococci protect themselves against H>O. of commensal
competitors by excreting pyruvate to detoxify the harmful ROS [39]. This useful property of
pyruvate excretion was also suggested before for S. mutans [78]. So far, the only known
bacterial pyruvate exporter is PftAB of B. subtilis (see Table 1), which is not only able to
specifically import, but also export pyruvate [70]. It is suggested for E. coli, that a specific
system for pyruvate excretion exists [81], but it has not been identified yet.

Eukaryotic cells also excrete pyruvate. It was shown that different types of human and murine

cells, both malignant and nonmalignant, excrete pyruvate into their growth medium and that
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the amount even increases when catalase is added, indicating that the excreted pyruvate serves
as an antioxidant defense mechanism [34]. This is also a reason why pyruvate is often added to
cell culture media. Moreover, oxygenated cancer cells were found to excrete pyruvate for
hypoxic cancer cells to allow the tumor as a whole to adapt to hypoxia [97]. The pyruvate
excretion of mammalian apoptotic cells was further found to support the growth of the pathogen
S. Typhimurium in cell culture experiments [53]. In return, intestinal immune cells were shown
to be activated by pyruvate [98]. These data suggest an important role for pyruvate excretion in

the context of human disease — and that it has a strong influence on the bacteria nearby.

1.6 Aims of this thesis

The aim of this thesis is to investigate sensing, uptake and excretion of pyruvate in three model
gamma-proteobacteria, namely E. coli, V. campbellii and S. Typhimurium, using methods of
various scales, from focused direct measurements with single cells up to in vivo infection
experiments with animal models. This allows a broader comparison and a deeper understanding

of the function and relevance of pyruvate for different species, including pathogens.

So far, in E. coli, sensing of pyruvate has been investigated well. One pyruvate transporter,
BtsT, has been characterized and one, YhjX, has been suggested, but since a mutant of both
these transporters can still grow on pyruvate as sole carbon source, there must be further
pyruvate transporter(s), which shall be identified within this thesis. It also needs to be elaborated
how a functional redundancy with different transporters for the same substrate can be regulated

and explained (see chapter 2).

In V. campbellii and in S. Typhimurium, nothing is known yet about pyruvate sensing and
uptake. Both species possess orthologs of the BtsS/BtsR two-component system and were found
to excrete pyruvate during growth and to take it up again, indicating that an uptake system for
pyruvate exists in these species. V. campbellii is a bioluminescent pathogen for fish and shrimps
and represents a major burden for the marine aquaculture economy. S. Typhimurium is one of
the best-known food-borne pathogens which can cause gastroenteritis as well as systemic
infection in humans. Since pyruvate has been shown to be crucial for the virulence of several
pathogens, it is important to elucidate the function and impact to perceive and use pyruvate for
these two species. To this end, identifying pyruvate sensing and uptake systems in V. campbellii

and S. Typhimurium is also part of this thesis (see chapters 3 and 4).
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Another aim of this thesis is to investigate pyruvate excretion in E. coli. Apart from PftAB of
B. subtilis, which was assumed to transport pyruvate not only in but also out of the cell, so far
no study exists which has characterized a molecular system exporting pyruvate. Here, large-
scale screening methods and direct pyruvate export measurements in the model bacterium E.
coli will be established to identify the responsible pyruvate exporter protein(s). Thereby, the
relevance of pyruvate excretion shall be revealed, especially since this is an until now

completely unexplored but yet very relevant topic (see chapter 5).

25



2 Function and regulation of the pyruvate transporter CstA in Escherichia

coli

Gasperotti AF, Goéing S, Ruiz EF, Forne I, Jung K. 2020. Int J Mol Sci 21:E9068.
https://doi.org/10.3390/ijms21239068

26


https://doi.org/10.3390/ijms21239068

S International Journal of

7
Molecular Sciences m\D\Py

Article
Function and Regulation of the Pyruvate Transporter

CstA in Escherichia coli T

1 2

Ana Gasperotti 1(0, Stephanie Géing !, Elena Fajardo-Ruiz
and Kirsten Jung /*

, Ignasi Forné

1 Department of Microbiology, Ludwig-Maximilians-Universitit Miinchen, 82152 Martinsried, Germany;

ana.gasperotti@mu.de (A.G.); stephanie.goeing@lmu.de (S.G.); e.fajardoruiz@gmail.com (E.E-R.)
Protein Analysis Unit, BioMedical Center (BMC), Ludwig-Maximilians-Universitat Miinchen,
82152 Martinsried, Germany; ignasi.forne@Irz.uni-muenchen.de

Correspondence: jung@lmu.de

t This article is dedicated to Ron Kaback, a fascinating scientist and mentor.

check for

Received: 8 October 2020; Accepted: 23 November 2020; Published: 28 November 2020 updates

Abstract: Pyruvate is a central metabolite that connects many metabolic pathways in living organisms.
To meet the cellular pyruvate requirements, the enterobacterium Escherichia coli has at least three
pyruvate uptake systems—the H*/pyruvate symporter BtsT, and two thus far less well-characterized
transporters, YhjX and CstA. BtsT and CstA belong to the putative carbon starvation (CstA) family
(transporter classification TC# 2.A.114). We have created an E. coli mutant that cannot grow on
pyruvate as the sole carbon source and used it to characterize CstA as a pyruvate transporter.
Transport studies in intact cells confirmed that CstA is a highly specific pyruvate transporter with
moderate affinity and is energized by a proton gradient. When cells of a reporter strain were cultured
in complex medium, cstA expression was maximal only in stationary phase. A DNA affinity-capture
assay combined with mass spectrometry and an in-vivo reporter assay identified Fis as a repressor of
cstA expression, in addition to the known activator cAMP-CRP. The functional characterization and
regulation of this second pyruvate uptake system provides valuable information for understanding
the complexity of pyruvate sensing and uptake in E. coli.

Keywords: secondary transporter; pyruvate uptake; global regulator Fis; stationary phase; catabolite
repression

1. Introduction

Pyruvate plays a central role in metabolism. It is formed by the degradation of glucose, alanine,
and aromatic compounds, and constitutes the branching point that leads (via acetyl-coA) to the
tricarboxylic acid cycle and to fatty acid synthesis, to amino acids, such as alanine, and to gluconeogenesis
(via oxaloacetate). Under anaerobic conditions, bacteria can switch to fermentation, and reduce organic
compounds to maintain the balance of NAD*/NADH. Pyruvate is then reduced to lactate, oxidized to
formate, or decarboxylated to acetaldehyde. This makes pyruvate an important node for the switch
between aerobic and anaerobic metabolism.

Pyruvate also plays essential roles in regulating bacterial survival and virulence, as pyruvate is
a prominent nutrient in eukaryotic host environment [1-6]. In recent years, it has been shown that
bacteria are able to sense external pyruvate and modulate gene expression accordingly [7,8]. Pyruvate
sensing and uptake have also been shown to be crucial for the resuscitation of viable but non culturable
(VBNC) E. coli cells [9].

Since pyruvate is a central metabolite, the intracellular levels of the compound must be tightly
regulated [10]. The excretion of pyruvate, during overflow metabolism, is a common feature of many
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bacterial species when cultivated under conditions of carbon excess, and contributes to metabolic
balancing between carbon uptake and consumption [7,11-16]. Not surprisingly, excretion and reuptake
of pyruvate are tightly regulated at multiple levels. In E. coli, at least two systems for pyruvate uptake
have been proposed—one inducible and the other constitutively active [17].

It was already shown that E. coli possess two related histidine kinase/response regulator systems
(HK/RR), BtsS/BtsR and YpdA/YpdB (recently renamed PyrS/PyrR) that control the expression of the
inducible pyruvate uptake systems [13,14,18,19]. BtsS/BtsR is a high-affinity pyruvate sensing system,
while pyruvate acts as a low-affinity stimulus for the PyrS/PyrR system. Both systems regulate the
expression of the pyruvate/H" symporter BtsT [20], as well as YhjX, a putative low-affinity pyruvate
transporter belonging to the major facilitator superfamily [14,21].

BtsT is a secondary transporter with 18 predicted transmembrane helices, which belongs to a small
family of transporters named after CstA (the “Putative Peptide Transporter Carbon Starvation Family”,
transporter classification TC# 2.A.114) [22]. CstA is an inner membrane protein consisting of 701 amino
acids, which was originally described as a putative peptide transporter [23]. It is highly conserved
across many species and is involved in biofilm formation, motility, and agglutination [24]. BtsT displays
high sequence similarity (75.4%) and identity (61.1%) to CstA [20]. Recently, CstA was identified as
constitutively expressed pyruvate transporter by transposon mutagenesis in E. coli [21]. Nevertheless,
its mode of action and substrate specificity remain unknown. Other members of the CstA family
were characterized in vivo, e.g., CstA of Campylobacter jejuni [24], CstA, and YjiY of Salmonella enterica
serovar Typhimurium [25], and the corresponding genes are upregulated under carbon starvation.
Knockout mutants have a lower growth rate in the presence of peptides as nitrogen source [23,24].
Furthermore, cstA and yjiY mutants of S. Typhimurium are both impaired in the utilization of several
dipeptides [25].

cstA expression is regulated at the transcriptional level by the cAMP receptor protein (CRP)
under carbon starvation, and negatively regulated at the translational level by the carbon storage
regulator CsrA [23,26]. The putative CRP binding site is located about 80 nucleotides upstream from
the transcriptional start site, which is unusual for an 0’%-dependent promoter [27], indicating that
the binding of another factor might be required for regulation [23]. Thus far, no other transcriptional
regulators have been identified.

In this work, we focused on studying pyruvate uptake in E. coli. For this purpose, we generated a
triple mutant that is unable to take up pyruvate. We used this mutant to demonstrate that CstA is a
specific pyruvate transporter with moderate substrate-binding affinity. CstA is capable of restoring
growth on pyruvate as sole carbon (C)-source, as well as chemotactic movement towards it. Our analysis
of the cstA expression pattern revealed indications that at least two regulators are involved. Using a
DNA affinity-capture assay in combination with reporter strains we identified Fis as a repressor for
cstA transcription.

2. Results

2.1. Construction of a Mutant that Is Unable to Grow on and Take up Pyruvate

Based on previous work, we hypothesized that E. coli possess at least three pyruvate uptake
systems, namely BtsT (known pyruvate transporter), YhjX, and CstA [14,20,21]. BtsT was the first
pyruvate transporter characterized in E. coli [20]. Later, CstA was found also to be involved in
pyruvate uptake [21]. Even though the function of YhjX remains elusive, it seems to be involved in
pyruvate uptake as well [14,21]. In order to study pyruvate uptake by single transporters in E. coli,
a mutant deficient in uptake of and growth on pyruvate was required, in order to minimize background
activities. For this purpose, we generated the strain E. coli MG1655 AbtsT AcstA AyhjX (designated as
“3A mutant”).

Growth of the 3A mutant was tested in media with different C-sources to make sure no other
activity was altered. When this mutant was grown in LB medium, it behaved exactly like the wild-type
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(wt) strain (Figure 1A). The same results were observed when the strains were grown in M9 minimal
medium with glucose (Figure 1B) or succinate as sole C-source (Figure 1C). As expected, only when
the cells were inoculated into M9 minimal medium with 40 mM pyruvate as sole C- and energy source,
the 3A mutant was unable to grow (Figure 1D). Single deletion mutants and all possible combinations
of double mutants showed no significant growth defect on pyruvate ([20] and Suppl. Figure S1)
indicating that each transporter alone can sustain growth on pyruvate.
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Figure 1. Growth of E. coli MG1655 and the triple mutant (3A) in media containing different C-sources.
Cells of E. coli MG1655 (dark circles), the triple mutant (white circles), or the triple mutant complemented
with pPBAD24-cstA6H (pink circles) were grown in the indicated media at 37 °C under constant agitation.
Samples were taken and ODg( was measured at different time points. (A) LB medium. (B) M9 minimal
medium with 40 mM glucose. (C) M9 minimal medium with 40 mM succinate. (D) M9 minimal
medium with 40 mM pyruvate. wt: Wild-type strain, 3A: Triple mutant, 3A p-cstA: Triple mutant
complemented with pBAD24-cstA6H. The graphs show the means and standard deviations of three

independent replicates.

It was previously shown that the influx of sugars influences chemotaxis toward them by modulating
the phosphotransferase system (PTS) activity [28]. This applies to other metabolites, including pyruvate,
as well. Therefore, we hypothesized that E. coli cells need to uptake pyruvate in order to respond
chemotactically to it. To test this hypothesis, we assessed the ability of both wt and 3A mutant to
chemotactically respond to pyruvate. In this case, since the 3A mutant is unable to grow on pyruvate,
we assessed chemotaxis using the plug-in-pond assay so that the attractant gradient is not generated
metabolically. Cells grown in LB were washed with M9 medium lacking a C-source, mixed with
warm soft agar, and placed in a petri dish containing two plugs (one containing glucose, and one with
pyruvate). After three hours, chemotaxis rings were observed. As shown in Figure 2A, E. coli is able to
react chemotactically to both glucose and pyruvate, but the 3A mutant is impaired in its response to

pyruvate (Figure 2A).



Int. ]. Mol. Sci. 2020, 21, 9068 40f17

B
1200;
%‘11000-
~— 8001 - wt
2 <©3A
% 600; --3A p-cstA
S, 4004
a

Figure 2. Phenotypic characterization of the 3A mutant. (A) Chemotaxis. The plug-in-pond assay was
utilized to test chemotaxis towards pyruvate and glucose. Agar plugs containing 50 mM pyruvate (P)
and glucose (G), respectively, were placed in a petri dish and covered with a suspension of cells in
soft agar (0.25%, w/v). Plates were left to solidify and then incubated at 37 °C for 3 h. The pictures
are representative of three independent assays. (B) Pyruvate overflow and uptake. E. coli MG1655
(wt, black circles), the 3A mutant (white circles) and the 3A mutant complemented with pBAD24-cstA6H
(pink circles) were grown in LB medium at 37 °C, and samples were taken every 20 min. ODggy was
measured and samples were centrifuged to collect the supernatant. Pyruvate concentrations in the
supernatants were determined and values were plotted against ODgoy. Wt: Wild-type strain, 3A: Triple
mutant, 3A p-cstA: Triple mutant complemented with pBAD24-cstA6H. The graph shows the means
and standard deviations of three independent replicates.

In order to demonstrate that the observed defects in growth and chemotaxis are due to the
inability of the 3A mutant to uptake external pyruvate, we quantified the amounts of extracellular
pyruvate present in a culture of the 3A mutant growing in LB-medium. For this purpose, we took
samples every 20 min and measured the concentration of pyruvate released into the medium due
to overflow metabolism (Figure 2B). Pyruvate excretion was not affected by the absence of all three
transporters, as indicated by the increase in the external pyruvate concentration in both wt and
3A mutant cultures. When overflow ceased, and starvation gradually set in, only the wt strain
was able to transport the pyruvate back into the cells, as seen by a decrease in the extracellular
concentration (Figure 2B, black circles). The 3A mutant, however, was unable to take up pyruvate,
and the extracellular concentration of pyruvate remained constant (approximately 800 uM) over time
(Figure 2B, white circles).

Taken together, these results indicate that BtsT, CstA, and YhjX are required for pyruvate uptake
and necessary for growth on pyruvate as sole C- and energy source.

2.2. CstA Restores Growth and Chemotaxis towards Pyruvate

To assess the function of CstA as a pyruvate transporter, we transformed the 3A mutant with
either pPBAD24 (control) or pPBAD24-cstA6H (p-cstA) to check whether cstA alone can complement
the previously described phenotypes. All the experiments were conducted in the absence of inducer
(arabinose), as the leakiness of the Pgap promoter should provide a sufficient amount of CstA to
allow complementation. Indeed, the 3A mutant carrying cstA in trans grows at the wild-type rate on
M9 minimal medium with pyruvate as sole C- and energy source, indicating the full restoration of
pyruvate transport (Figure 1D). Our previous results showed that pyruvate must be taken up in order
to function as a chemo-effector. Therefore, we tested the ability of the complemented mutant to respond
chemotactically towards pyruvate. When complemented with cstA, chemotaxis towards pyruvate was
fully restored (Figure 2A). We also measured the extracellular levels of pyruvate produced due to
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overflow metabolism. The complemented 3A mutant and the wt strain were found to show similar
decreases in external pyruvate (Figure 2A), indicating that CstA is indeed a pyruvate transporter.

2.3. CstA Is a Specific Pyruvate Transporter with Moderate Affinity

To characterize CstA biochemically, uptake of [*C]pyruvate into intact cells was measured.
To this end, the 3A mutant was transformed with either pBAD24 or pBAD24-cstA6H (p-cstA) and
pyruvate uptake was analyzed by rapid filtration assay. To avoid fast metabolization, all assays
were performed at 15 °C. The wt strain showed a linear rate of pyruvate uptake for 60 s before
reaching saturation (Figure 3A). Indirect methods demonstrated that the 3A mutant is unable to take up
pyruvate (Figure 2B), although small amounts of ['*C]pyruvate were detected in these cells (Figure 3A).
This could be explained by simple diffusion of the protonated form of pyruvate or the presence of
unspecific transporters that are not able to support growth. Mutant cells complemented with cstA
displayed similar uptake rates to the wt indicating a full complementation (Figure 3A).
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Figure 3. Characterization of pyruvate uptake mediated by CstA in intact cells. (A) Time course of
pyruvate uptake by E. coli strains. Rates of ['*Clpyruvate uptake were measured at a final pyruvate
concentration of 10 uM at 15 °C in E. coli MG1655 (black circles), the triple mutant (3A, white circles),
and the triple mutant complemented with pBAD24-cstA6H (3A p-cstA, pink circles). (B) The K;;; value was
determined by quantification of the initial rate of pyruvate uptake by CstA in the presence of increasing
concentrations of pyruvate. The values were corrected by subtracting the diffusion rates (i.e., uptake
rate measured for the 3A mutant). The best-fit curve was determined by nonlinear regression using the
Michaelis-Menten equation. (C) Substrate specificity. The effect of the different substrates on pyruvate
uptake was measured by simultaneously adding 1 mM substrate and 10 pM [14C]pyruvate. (D) Effects of
the indicated protonophores and ionophores on pyruvate uptake by CstA. Cells were preincubated at room
temperature with the inhibitors for 30 min before adding 10 uM [*Clpyruvate. Control: Transport activity
in Tris/MES buffer. Control (val): Transport activity in phosphate buffer, used to assess valinomycin
effect (see Methods). All experiments were performed in triplicate; the error bars indicate the standard
deviations of the mean. One-way ANOVA (multiple comparisons) was performed using GraphPad Prism,
comparing each treatment to the control. Significant differences: **** p < 0.0001, *** p < 0.001.
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To determine the K, for pyruvate uptake, we quantified the initial rate of pyruvate uptake by
CstA in the presence of different initial concentrations of pyruvate (Figure 3B). To properly calculate
the uptake due to CstA, the rates were corrected for the background values measured in the 3A mutant
transformed with the empty vector. The K, of CstA for pyruvate in intact cells was estimated to be
242 uM—a rather moderate level of substrate affinity compared to that of BtsT (K;; 16.5 pM) [20].

The specificity of CstA was also evaluated by adding a 100-fold excess of several compounds
to test for their ability to compete for the pyruvate binding site (Figure 3C). Only pyruvate itself or
Br-pyruvate (a synthetic analogue) were found to act as competitors. None of the other compounds
used significantly reduced the rate of pyruvate uptake. Like BtsT [20], CstA seems to have an extremely
narrow substrate specificity.

Considering that previous observations revealed that pyruvate transport by BtsT is driven by the
proton motive force [20] and that BtsT and CstA share high sequence similarity, we tested the effect of
various ionophores on pyruvate uptake by CstA. We used 2,4-dinitrophenol (DNP), carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), nonactin, valinomycin, and nigericin for this purpose (Figure 3D).
DNP and CCCP are hydrophobic protonophores, valinomycin is a highly selective ionophore for
K*, while nonactin forms complexes with K, Na*, NH",, and nigericin promotes potassium-proton
antiport. Pyruvate uptake by CstA was only affected by CCCP and DNP (Figure 3D), indicating that
transport depends on a proton gradient.

2.4. CstA Is Expressed in Late Exponential and Stationary Phase

The results reported so far were obtained with a 3A mutant in which cstA was expressed under
the control of the Pgap promoter. CstA was recently reported to be a constitutively expressed
pyruvate transporter [21]. Indeed, previous results showed that cstA expression is under control of
0’%, the housekeeping sigma factor [29]. However, in a lacZ reporter strain, cstA expression was also
found to be induced under nutrient limitation, and the CRP-binding site was identified in the promoter
region of the gene [23]. To analyze the regulation of cstA expression in more detail, we generated
a reporter strain in which the promoter region of cstA (300 bp upstream of the starting codon) was
fused to the luxCDABE operon of Photorhabdus luminescens [30]. Cells were grown in LB medium,
and cstA expression started in late exponential phase and further increased in stationary phase
(Figure 4A). It should be noted that bioluminescence in cells usually decreases dramatically when
entering the stationary phase. This phenomenon, known as abrupt decrease in luciferase activity
(ADLA) [31,32], is caused by a decrease in the availability of reduced flavin mononucleotide (FMNH,)
and ATP. Despite these limitations, we found strong stimulation of luciferase activity of cells in the
stationary phase, suggesting strong promoter activation. These results are consistent with the previous
observation that cstA is induced under nutrient limitation [23].
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Figure 4. Activation of the cstA promoter under various growth conditions. The promoter region of
cstA (300 bp upstream the gene) was cloned into a reporter plasmid containing the luxCDABE operon
of P. luminescens. E. coli MG1655 cells were transformed with this plasmid and grown at 37 °C in the
indicated media. Luminescence levels and ODgyy was measured over time. (A) Expression pattern
of cstA. Luminescence normalized to an optical density (ODg) of 1 (RLU) and growth of cells in LB
medium over time. The arrows indicate the time points (t1, t2 and t3) at which samples were collected
for DNA affinity-capture assay. (B) Expression pattern of cstA in cells grown in M9 minimal medium
supplemented with 40 mM of the indicated C-sources. The maximal luciferase activity normalized
to an optical density (ODggg) of 1 (RLU) served as the measure for cstA expression. The histogram
shows the maximal levels of cstA expression recorded in each case. All experiments were performed in
triplicate, and the error bars indicate the standard deviations of the mean. CAA, casamino acids.

When cells were grown in M9 minimal medium with different C-sources, the fold-change of cstA
expression was always >1000-fold (compared to the background noise of 100 RLU), indicating full
activation of the promoter (Figure 4B and Figure S2). Although cstA is regulated by CRP, we observed an
activation when cells were grown in the presence of glucose (Figure 4B). However, under this condition,
cstA expression was strongly delayed and only started in the stationary phase, when the glucose was
consumed (Figure S2). Considering the sensitivity of the bioluminescent output to the energy state of the
cultures, the maximum levels of cstA expression were quite similar for all C-sources tested (Figure 4B),
which suggests that no external stimuli are required for the activation of this gene. In contrast, a carbon
source-specific expression was found for the BtsS/BtsR-dependent expression of btsT [13].

In summary, the high expression level in stationary phase (Figure 4A and Figure S2) indicated
the presence of at least a second regulator besides CRP, which was already suggested by Schultz
and Martin [23].

2.5. Identification of Fis as a Regulator of cstA

The growth-phase-dependent expression pattern of cstA prompted us to search for this putative
second regulator. For this purpose, we used a DNA affinity-capture assay [33,34] to identify proteins
bound to the promoter region of cstA. Cells were grown in LB medium and harvested at the three
indicated time points (Figure 4A, t1-3, red arrows). Subsequently, putative regulators were captured
out of whole cell extracts with beads conjugated with a DNA fragment encompassing the cstA promoter
region (positions -300 to -1). The same procedure was done with a DNA fragment of 300 bp within the
cstA coding sequence, which served as control. LC-MS was used to analyze the samples. All proteins
that were found to be enriched (2-fold or higher) in the beads conjugated with the ctsA promoter DNA
compared to the control are listed in Table 1. Regulators and otherwise unknown proteins were studied
in more detail (Table 1).
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Table 1. Identification of proteins bound to the cstA promoter. List of proteins enriched in the cstA
promoter compared to the control fragment for each timepoint (t1, t2, t3). The uncharacterized proteins
or regulators that were further studied aremarked with *.

Time Point  Protein UniProt Description Fold Change
AtpE ATP synthase subunit ¢ 2.47
DeoR * Regulator 1.97
Fis * Regulator 3.53
a1 HemY Heme metabolic process 1.82
MraZ * Regulator 1.85
RpmG 50S ribosomal protein 3.19
XseB Exodeoxyribonuclease 7 small subunit 2.10
YdjA Putative NAD(P)H nitroreductase 1.98
AceA Isocitrate lyase 2.06
DeoR * Regulator 2.19
IhfA Integration host factor 2.22
Lpp Major outer membrane lipoprotein 2.00
© Rph Truncated inactive ribonuclease PH 1.77
RplW 30S ribosomal protein S5 1.94
RpmA 50S ribosomal protein L27 2.85
RpsT 30S ribosomal protein S20 1.95
Ygbl * Unchara'cte'rized HTH-type 208
transcriptional regulator
YhfW * Uncharacterized protein 2.70
DeoR * Regulator 2.00
JayE Putative protein from lambdoid 334
prophage
t3 Lpp Major outer membrane lipoprotein 2.01
RhIB ATP-dependent RNA helicase RhiB 2.13
RnpA Ribonuclease P protein component 2.68
YcaC Probable hydrolase YcaC 1.73
Yeb * Uncharacterized HTH-type 1.83

transcriptional regulator

The deletion mutants for the five selected genes (Table 1), and a Acrp mutant were each transformed
with the reporter plasmid, and the ctsA promoter activity of cells grown in LB medium was measured
(Figure S3). As a control, a reporter plasmid carrying the lux operon under the control of the promoter
region of btsT was used [13]. As expected, the absence of CRP completely abolished expression of both
transporter genes (Figure 5A). As shown in Figure 5A, of the five regulators identified, only the Afis
mutant showed enhanced luminescence compared to the wt strain, indicating that the Fis protein acts
as a repressor for cstA. None of the other regulators significantly affected the expression of btsT or ctsA.
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-200 GTACGGCAGT TTTGGGATGA ACCCGACAGA ATTAGATGAG
Fis: Fis2
-160 ATTGCAGGAA AACTCGGTTA ACGGAGTGAT CGAGTTAACA

-120 TTGTTAAGTT AAATATTGGT

Figure 5. (A) Promoter activities of cstA and btsT in E. coli mutants. A luciferase-based reporter assay was
used to monitor the promoter activities of cstA and btsT in the indicated E. coli mutants. All strains were
transformed with the plasmid pBBR1-cstAprom-lux or pBBR1-btsTprom-lux. Bacteria were cultivated in LB
medium under aerobic conditions, and the growth and activity of the reporter were continuously monitored.
The maximal luciferase activity normalized to an optical density (ODgp) of 1 (RLU) served as the measure
for cstA or btsT (formerly yjiY) promoter activity. All experiments were performed in triplicate, and the
error bars indicate the standard deviations of the mean. One-way ANOVA (multiple comparisons) was
performed using GraphPad Prism comparing each mutant to the wt, significant differences (**** p < 0.0001)
were found for Acrp (for both reporter genes) and Afis. (B) Analysis of the promoter region of cstA.
Fragments of the nucleotide sequence of the cstA upstream region (positions —200 to —120) within which
the binding motifs for CRP and Fis were identified. The CRP binding site (bold letters) corresponds to
the sequence previously published [23]. For Fis, the motif G.yN_gN_sN_4R 3N_»N_1NgN1 N> Y3N4N5N¢C7,
based on Shao et al. [35], was used. Two possible binding sites with the specific characteristics where
found (Fis; and Fisy), both of which are close to the CRP binding site.

Fis (Factor for Inversion Stimulation) is a DNA-binding protein. In E. coli, Fis varies in abundance
depending on the growth conditions and growth phase. Fis is most abundant in cells grown in rich
medium during early exponential growth, but its level decreases during stationary phase. The role of
Fis as a transcriptional regulator has been demonstrated for more than 200 genes [36]. Shao et al. [35]
characterized the DNA-binding sequence of Fis in E. coli and found a highly variable sequence with four
highly conserved positions, G.;N_¢N_sN_4R 3N_»N_1NoN1N;Y3N4N5N¢Cy. Analysis of the promoter
region of cstA (-300/+0) revealed two binding sites with the previously described characteristics
(Figure 5B). This result further corroborates a possible role of Fis in the expression of cstA. Interestingly,
one of the predicted binding sites for Fis partially overlaps with the binding site of CRP [23] (Figure 5B),
suggesting that Fis might also interfere with the binding of CRP in exponentially growing cells.

3. Discussion

Pyruvate is a central metabolite under both aerobic and anaerobic growth conditions. During glycolysis,
glucose is converted into two molecules pyruvate. Some organisms have the Entner-Doudoroff pathway, in
which 2-keto-3-desoxy-6-phosphogluconate is cleaved directly to pyruvate and glyceraldehyde 3-phosphate.
The latter molecule is converted to pyruvate by the enzymes of the glycolytic pathway. In addition, bacteria
can grow in amino acid-rich media, and alanine, serine, cysteine, glycine, and tryptophan are catabolized
to pyruvate. Under these conditions, fast-growing bacteria excrete pyruvate rather than metabolizing it
completely [7,11,15]. This so-called overflow metabolism is part of a global physiological response to the
protein demands associated with energy production and biomass synthesis [37]. Pyruvate levels seem to
reflect the quantitative relationship between carbon and nitrogen availability in the cell, and affect amino
acid biosynthesis [16].

Taking uptake and export into account, it is not surprising that both in pro- and eukaryotic
organisms the intracellular pyruvate concentration is much lower than the maximum external
concentration. It ranges from 40 uM in cells to about 100 uM in plasma and serum, but can reach 2 mM
in bacterial supernatants and up to 10 mM in blood of diabetics [7,38—40].

Moreover, there is increasing evidence for a role of pyruvate and other x-keto acids in biological
fitness and resuscitation of dormant cells in bacterial communities [9,41]. Over the past few years,
several pyruvate transporters have been characterized in different microorganisms, such as MctC
in Corynebacterium glutamicum [42], MctP in Rhizobium lequminosarum [43], LrgAB in S. mutans [1],
PftAB in Bacillus subtilis [8] and BtsT in E. coli [20].
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Two HK/RR systems responsible for pyruvate sensing, BtsS/BtsR and PyrS/PyrR were previously
identified [13,14,18,44]. These systems are activated by external pyruvate and induce the expression
of two genes each of which codes for a transporter, BtsT and YhjX, respectively. We went on to
characterize BtsT as a high affinity pyruvate/H" symporter [20]. Even though the precise function
of YhjX remains elusive, there are indications that it might function as another inducible pyruvate
transporter [14,21]. Besides these two inducible uptake systems, Hwang et al. [21] showed that the
peptide transporter CstA might also be involved in pyruvate uptake.

Here we have created a strain lacking all three of these transporter genes (E. coli AbtsT AcstA
AyhjX), and show that this mutant, unlike any of the single or double mutants, is unable to grow on
pyruvate as sole C- and energy source (Figure 1 and Figure S1). These results confirm that each of the
three transporters is capable of mediating pyruvate uptake in E. coli, although BtsT, CstA, and YhjX
probably act with different affinities and specificities. Furthermore, the triple mutant has lost the
ability to sense pyruvate as chemoattractant (Figure 2A) and this is most likely due to its inability to
take up the compound (Figure 2B). It was previously shown that E. coli responds chemotactically to
pyruvate via the PTS network, whereby the addition of pyruvate affects protein interactions within the
PTS network and these signals are further propagated to the chemotaxis pathway [28]. PTS activity
obviously reflects the levels of other metabolites, including glycerol, oxaloacetate, and serine, and the
Sourjik group [28] has proposed that sensing of these metabolites might be mediated by the pyruvate to
phosphoenolpyruvate (PEP) ratio, which in turn has an impact on the phosphorylation state of the PTS
network. Our results suggest that pyruvate uptake also plays a role in this network by regulating the
intracellular levels of pyruvate, and therefore modifying the pyruvate/PEP ratio. Further experiments
in this direction need to be conducted in order to understand the relationship between pyruvate uptake,
PTS network and chemotaxis.

In this study, we have focused on the characterization of CstA as a pyruvate transporter.
As mentioned previously, Hwang et al. [21] showed that a mutant lacking cstA was less susceptible
than the wt strain to the toxic pyruvate analog 3-fluoropyruvate. Our finding that the triple mutant
complemented with CstA alone was sufficient to enable this strain to utilize pyruvate as sole C-
and energy source and chemoattractant (Figure 1D, Figure 2) is compatible with the previous result.
We studied the function of CstA in intact cells and characterized the protein as a specific pyruvate
transporter with a moderate affinity for its substrate. The measured K, value was 242 uM (Figure 3B).
The protonophores CCCP and DNP had a significant inhibitory effect on pyruvate transport, indicating
that the transport of pyruvate is driven by a protonmotive force. Similar results were described for
BtsT, although this transporter has a 15-fold higher affinity for pyruvate than CstA [20]. BtsT and
CstA are unusual secondary transporters insofar as they have 18 transmembrane helices. Both belong
to the same transporter family (transporter classification TC# 2.A.114) [22] and share high sequence
similarity (75.4%) and identity (61.1%). The number of amino-acid substitutions that differentiates
them is sufficient to explain the difference between their respective affinities for pyruvate.

Besides their basic function, the two transporters share some regulatory elements. Expression of
both genes is regulated by the cyclic AMP receptor protein (CRP), and the carbon storage regulator A
(CsrA) post-transcriptionally inhibits synthesis of the transporters [13,23,26]. The main difference in
regulation is that btsT is tightly controlled by the BtsS/BtsR HK/RR system [13], while cstA is under
control of the general sigma factor RpoD (¢7°) [23].

The question of how P4 activation is regulated is important for understanding the pyruvate
metabolism of E. coli. Using a reporter plasmid, we monitored cstA promoter activity in cells grown
under different conditions. In contrast to bfsT, expression seems to be independent of the C-source
(Figure 4B). Our analysis of the cstA expression pattern revealed evidence for the existence of more
than one regulator, which had previously been postulated [23]. We were able to identify Fis (factor
for inversion stimulation) as a regulator of the expression of cstA (Figure 5A). This protein negatively
regulates cstA as indicated by the fact that cstA expression is significantly increased in a Afis mutant.
Moreover, by using a DNA capture assay, we found Fis to be specifically enriched in the promoter
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region of cstA in early-log-phase cells (Table 1, t1). Fis is the most abundant nucleoid-associated protein
during the exponential growth phase in rapidly growing cultures [45]. The intracellular Fis levels
peak during early exponential growth and then decrease, falling to very low levels in the stationary
phase [46]. Analysis of Fis-dependent gene regulation showed that the expression of 231 genes was
significantly altered during one or more growth stages, the majority of them being downregulated by
Fis [36]. Fis is able to interact specifically with highly variable DNA sequences. The general binding
motif G.7N_gN_sN_4R3N.5N.1NgN1N>Y3N4N5NgC7 has been derived from base substitution analysis,
with the —7G, -3R, +3Y, and +7C bases serving as major determinants for high-affinity binding, while
the nucleotide combination —4A/+4T severely hinders binding and an AT-rich central region (N, to
N») facilitates Fis-DNA interactions [35]. On examination of the promoter region of cstA, we found two
possible binding sites for Fis (Figure 5B, Fis; and Fis;). Both sites possess the four major determinants
for high-affinity binding, but also at least one nucleotide that reduces binding. Therefore, we speculate
that Fis has a low to moderate affinity for these two possible binding sites, which could explain why
there is only a two-fold increase of cstA expression in the Afis mutant. Both binding sites are in close
proximity to the identified CRP binding site (Figure 5B). Therefore, we propose that Fis acts not only as
repressor of ctsA, but also blocks access of CRP to its binding site in exponentially growing cells. As the
cells approach stationary phase, levels of Fis drop, and the regulator is released from the DNA, thereby
permitting binding of CRP and activation of cfsA expression (Figure 4A, first peak). In stationary
phase cells, in which levels of Fis should be negligible, maximum cstA expression can be achieved.
Our findings suggest that the timing and level of cstA activation is dependent on the growth stage of
the population.

When E. coli cells are grown in LB medium, btsT and yhjX are expressed in the mid-exponential
growth phase [13,14,44], whereas cstA is mainly expressed in stationary phase. Therefore, planktonic
E. coli cells produce at least one pyruvate transporter in all growth stages. In liquid culture, the excretion
of pyruvate during overflow metabolism is followed by rapid uptake so that levels of external pyruvate
are low in stationary phase (Figure 2B). CstA may be more important in E. coli biofilms, which are
stratified in exponential- and stationary-phase cells, and allow exchange of pyruvate [47]. The pyruvate
uptake system LrgAB in S. mutans is also known to be expressed in stationary phase, but is the only
system responsible for the uptake of extracellular pyruvate in this species [1].

Functional redundancy of transporters and sensory systems has been shown for several nutrients
and may be a usual strategy for many bacteria, allowing them to increase the range of response in
constantly fluctuating environments. Growth under suboptimal nutrient concentrations requires
adaptations [48,49], and CstA might be part of this adaptation network to scavenge pyruvate. The results
presented here add another piece of information to the puzzle of E. coli’s tightly and dynamically
regulated pyruvate uptake systems.

4. Materials and Methods

4.1. Bacterial Strains and Plasmids

In this study, we used the strains and plasmids listed in Table 2. The primers used to generate the
deletion mutants or plasmids are provided in Table S1.

E. coli mutants were generated by using the Quick and easy E. coli gene deletion kit, which uses
the RED®/ET® recombinase system (Gene Bridges). Shortly, an FRT-PGK-gb2-neo-FRT (kanamycin
cassette) was amplified by PCR with flanking regions corresponding to each transporter and introduced
into the genomic DNA via Red/ET recombination. The kanamycin marker was subsequently removed
from the chromosome using a FLP recombinase. For double and triple mutants, the transporter
genes were deleted sequentially. For complementation assays and transport studies, the cells were
transformed with vector pBAD24-cstA6H, which codes for CstA-6His, and pBAD24 as control. In all
cases, no arabinose was added to the culture, and the leakiness of the Pgap promoter allowed
sufficient expression of cstA for complementation. To test promoter activity, we used plasmid
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pBBR1-cstAprom-lux, a promoter-based luciferase reporter construct obtained by cloning the promoter
region of cstA (300 bp upstream the starting codon) in front of the luxCDABE operon [30].

Table 2. List of strains and plasmids.

Strains
E. coli MG1655 [50]
E. coli BW25113 [51]
JW5702 (E. coli BW25113 Acrp) [51]
JW0824 (E. coli BW25113 AdeoR) [51]
JW3229 (E. coli BW25113 Afis) [51]
JWO0079 (E. coli BW25113 AmraZ) [51]
JW2705 (E. coli BW25113 Aygbl) [51]
JW3343 (E. coli BW25113 AyhfW) [51]
E. coli MG1655 AbtsT AyhjX AcstA (3A)  This study
E. coli MG1655 AbtsT AcstA This study
E. coli MG1655 AbtsT AyhjX This study
E. coli MG1655 AcstA AyhjX This study
E. coli MG1655 AbtsT [20]
E. coli MG1655 AcstA This study
E. coli MG1655 AyhjX [14]
Plasmids
pBAD24 [52]
pBAD24-cstA6His (pBAD24-cstA6H)  This study
pBBR1-cstAprom-lux This study
PBBR yjiY-lux (pBBR1-btsTprom-lux) [13]

4.2. Growth Conditions

All strains were grown overnight in LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl)
or M9 minimal medium [53] containing 40 mM of the indicated C-source. When required, media were
supplemented with ampicillin (100 pg/mL) or gentamicin (20 pug/mL). Cells from the overnight culture
were transferred to the corresponding fresh medium and grown under agitation (200 rpm) at 37 °C.
Growth was monitored over time by measuring the optical density at 600 nm (ODgyp).

4.3. Determination of the Extracellular Pyruvate Concentration

To determine the pyruvate concentration in the supernatant, E. coli cells (MG1655, MG1655
AbtsT AcstA AyhjX pBAD24 or MG1655 AbtsT AcstA AyhjX pBAD24-cstA) were grown in LB
medium with constant agitation at 37 °C. Every 20 min samples were taken and the ODgyy was
determined. The pyruvate extraction procedure was adapted from O’Donell-Tormey et al. [54] with
some modifications. Briefly, a 1 mL aliquot was withdrawn from the culture flask and centrifuged at
14,000 g for 5 min. Five hundred microliters of the supernatant were transferred to a 2 mL Eppendorf
tube containing 125 uL of ice-cold 2 M HClO, and incubated for 5 min on ice. Afterwards, the acid
was neutralized with 125 pL of 2.5 M KHCOj3, and then the precipitated KClO4 and proteins were
removed by centrifugation at 14,000 g for 10 min. For the assay, the supernatant was diluted 1:5 in
100 mM PIPES buffer pH 7.5. The assay was performed as follows: 200 pL of the diluted samples with
200 uM NADH+H™" were added into 96-well plates and the absorbance (A1) was measured at 340 nm.
Five microliters of 80 U/mL LDH (Roche) were added and then the sample was incubated at 37 °C
in the dark for 30 min. The absorbance (A2) at 340 nm was read again. The change of absorbance at
340 nm (AA = Al — A2) was used to calculate the pyruvate concentration. For the standard curve 0, 50,
100, 150, and 200 uM pyruvate in PIPES was used.
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4.4. Chemotaxis Assay

For the plug-in-pond assay, the three E. coli strains (MG1655, MG1655 AbtsT AcstA AyhjX pBAD24,
or MG1655 AbtsT AcstA AyhjX pBAD24-cstA) were grown in LB medium until ODggpg: 0.6-0.8.
The plug-in-pond assay was carried according to Reyes-Darias et al. [55] with some modifications.
Briefly, bacteria were collected by low-speed centrifugation (800X g) and then washed twice with M9
medium (with no C-source) and resuspended at ODg: 0.8. A 100 pL aliquot of melted agar (1.5%,
w/v in M9 medium) containing the chemoattractant was placed in a petri dish. After the agar had
solidified, 12 mL of bacterial suspension (ODggp: 0.4 in M9 medium with 0.25% w/v agar) was poured
around the agar plug. Plates were incubated at 37 °C and monitored for up to 3 h.

4.5. Promoter Activity Assay

Promoter activity of cstA or btsT (as control) was explored in vivo with a luciferase-based
reporter gene assay. For this purpose, different E. coli mutants were transformed with the plasmid
pBBR1-cstAprom-lux or pBBR btsTprom-lux [13]. Cells from an overnight culture were inoculated
at a starting ODgqg of 0.05 into LB medium or M9 minimal medium supplemented with 40 mM of
different C-sources in 96-well plates. Plates were then incubated under constant agitation at 37 °C.
ODyggp and luminescence were measured in intervals of 10 min for the total period of 18 h (Clariostar).
The maximum luminescence levels (relative light units (RLU) expressed in counts per second per
ODygp) were determined for each growth condition.

4.6. Transport Measurements with Intact Cells

E. coli strain MG1655 AbtsT AcstA AyhjX was transformed with pBAD24 or pBAD24-cstA6H.
Cells grown in LB medium in the absence of arabinose were harvested in mid-log phase. Cells were
washed and resuspended in transport buffer (100 mM Tris/MES (morpholineethanesulfonic acid) pH
7.5, 5 mM MgCl,) to an absorbance of 5 (420 nm) thereby adjusting the total protein concentration
to 0.35 mg/mL. Uptake of [*C]pyruvate (55 mCi/mmol, Biotrend) was measured at a total substrate
concentration of 10 pM at 15 °C. At each time point, transport was terminated by the addition of
stop buffer (100 mM potassium phosphate pH 6.0, 100 mM LiCl) followed by rapid filtration through
membrane filters (MN gf-5 0.4 um; Macherey-Nagel). Afterwards, the filters were dissolved in 5 mL of
scintillation fluid (MP Biomedicals, Santa. Ana, CA, USA), and radioactivity was determined in a liquid
scintillation analyzer (PerkinElmer, Downers Grove, IL, USA). To test substrate specificity, [\*C]pyruvate
(10 uM) uptake was tested in the presence of an excess of the corresponding non-radioactive compounds
(1 mM). The effects of protonophores and ionophores were tested after preincubation of cells in transport
buffer supplemented with 2 mM DNP, 20 uM CCCP, 6 uM nigericin, 10 uM nonactin, or dimethyl
sulfoxide (DMSO) (as a control) at 25 °C for 30 min. In the case of valinomycin, cells were preincubated
in 100 mM potassium phosphate buffer, pH 7.5, at 25 °C for 30 min, as control [14C]pyruvate uptake
was measured in the same buffer without valinomycin.

4.7. DNA Affinity Capture Assay

To identify putative transcriptional regulators of cstA, we used a DNA capture assay [33,34].
A biotinylated P4 fragment was generated by PCR using primers labeled with biotin at the 5" end.
As a control, a biotinylated DNA fragment located within the cstA coding sequence was used; 600 pmol
of the DNA fragments was immobilized with streptavidin-coated magnetic beads (NEB) according to
the manufacturer’s instructions. For the preparation of protein extract, E. coli MG1655 was cultivated
in 800 mL of LB medium until the indicated growth phase. Cells were harvested at 4 °C, washed
with cold protein binding buffer B (20 mM Tris pH 8.0, 1mM EDTA, 0.05% (v/v) TritonX100, 10% (v/v)
glycerol, 1 mM DTT, 100 mM NaCl), resuspended in 8 mL of the same buffer, and disrupted with a
French press. The supernatant was incubated with the previously coated magnetic beads at room
temperature for 30 min. After extensive washing to remove unspecific bound proteins, the magnetic
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beads were subjected to trypsin digestion using the iST 8x kit (PreOmics) following the protocol
provided by the manufacturer.

4.8. Mass Spectrometry

For LC-MS purposes, desalted peptides were injected in an Ultimate 3000 RSLCnano system
(Thermo Scientific, Waltham, MA, USA), separated in a 15-cm analytical column (75 um ID with
ReproSil-Pur C18-AQ 2.4 um from Dr. Maisch) with a 50-min gradient from 5 to 60% acetonitrile
in 0.1% formic acid. The effluent from the HPLC was directly electrosprayed into a Qexactive HF
(Thermo) operated in data-dependent mode to automatically switch between full-scan MS and MS/MS
acquisition. Survey full-scan MS spectra (from my/z 375-1600) were acquired with a resolution of R =
60,000 at m/z 400 (AGC target of 3 X 10°). The 10 most intense peptide ions with charge states between
2 and 5 were sequentially isolated to a target value of 1 X 10° and fragmented at 27% normalized
collision energy. Typical mass spectrometric conditions were spray voltage, 1.5 kV; no sheath and
auxiliary gas flow; heated capillary temperature, 250 °C; ion selection threshold, 33,000 counts.

MaxQuant 1.6.10.43 was used to identify proteins and quantify them by iBAQ with the following
parameters: Database, uniprot_ AUP000000625_Ecoli_20200512; MS tol, 10 ppm; MS/MS tol, 20 ppm Da;
Peptide FDR, 0.1; Protein FDR, 0.01 Min. peptide Length, 7; Variable modifications, Oxidation (M); Fixed
modifications, Carbamidomethyl (C); Peptides for protein quantitation, razor and unique; Min. peptides,
1; Min. ratio count, 2. Identified proteins were considered as interaction partners of the promoter
region of cstA if their MaxQuant iBAQ values displayed a log fold change of 2 or higher compared to
the control. The mass spectrometry proteomics data have been deposited into the ProteomeXchange
Consortium via the PRIDE [56] partner repository with the dataset identifier PXD021798.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/23/9068/s1.
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ABSTRACT Pyruvate is a key metabolite in living cells and has been shown to play a
crucial role in the virulence of several bacterial pathogens. The bioluminescent Vibrio
campbellii, a severe infectious burden for marine aquaculture, excretes extraordinarily
large amounts of pyruvate during growth and rapidly retrieves it by an as-yet-unknown
mechanism. We have now identified the responsible pyruvate transporter, here named
BtsU, and our results show that it is the only pyruvate transporter in V. campbellii.
Expression of btsU is tightly regulated by the membrane-integrated LytS-type histidine
kinase BtsS, a sensor for extracellular pyruvate, and the LytTR-type response regulator
BtsR. Cells lacking either the pyruvate transporter or sensing system show no chemo-
tactic response toward pyruvate, indicating that intracellular pyruvate is required to
activate the chemotaxis system. Moreover, pyruvate sensing and uptake were found to
be important for the resuscitation of V. campbellii from the viable but nonculturable
state and the bacterium’s virulence against brine shrimp larvae.

IMPORTANCE Bacterial infections are a serious threat to marine aquaculture, one of the
fastest growing food sectors on earth. Therefore, it is extremely important to learn
more about the pathogens responsible, one of which is Vibrio campbellii. This study
sheds light on the importance of pyruvate sensing and uptake for V. campbellii, and
reveals that the bacterium possesses only one pyruvate transporter, which is activated
by a pyruvate-responsive histidine kinase/response regulator system. Without the ability
to sense or take up pyruvate, the virulence of V. campbellii toward gnotobiotic brine
shrimp larvae is strongly reduced.

KEYWORDS LytTR, pyruvate transport, chemotaxis, histidine kinase, overflow
metabolism, viable but nonculturable cells

yruvate is one of the most important molecules in both pro- and eukaryotic cells.

Being the end product of glycolysis and—converted to acetyl coenzyme A—the
starting compound of the citric acid cycle and fatty acid synthesis, as well as a substrate
for fermentation in the case of oxygen limitation, pyruvate acts as the hub between
aerobic and anaerobic metabolism (1). It can also be converted into carbohydrates via
gluconeogenesis and be used to produce amino acids like alanine. Moreover, pyruvate
serves as a scavenger for reactive oxygen species (ROS) such as H,0,, since it inactivates
them by a nonenzymatic oxidative decarboxylation reaction (2-6).

For a wide variety of microbial pathogens, it has been demonstrated that pyruvate
and its metabolism are crucial for fitness and virulence, including Borrelia burgdorferi,
Leptospira interrogans, Listeria monocytogenes, Vibrio parahaemolyticus, Yersinia pseudotu-
berculosis, Staphylococcus aureus, and uropathogenic Escherichia coli (7-12). Furthermore,
pyruvate has been shown to play a role in the resuscitation of viable but nonculturable
(VBNC) bacteria (13-15). Many different species can enter this dormant state of low meta-
bolic activity, which enables them to withstand stressful environmental conditions. By
this means, they can for instance survive antibiotic treatments without being detected by
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standard cultivation methods (16, 17). In E. coli, pyruvate was also found to be important
for the formation of persister cells, as well as for protein overproduction (18). Beyond
that, pyruvate has become a focus of attention in the context of metabolic engineering
for industrial applications (19, 20). In eukaryotes, two mitochondrial pyruvate carriers,
MCP1 and MCP2, were identified which transport pyruvate across the mitochondrial
membrane (21). Moreover, pyruvate was found to be important for cancer cells to cope
with hypoxia (22) and for activation of human intestinal immune cells (23).

Vibrio harveyi ATCC BAA-116, a model organism for quorum sensing that was reclassi-
fied as V. campbellii in 2010 (24), is a marine, motile, luminous gammaproteobacterium
and an opportunistic pathogen for fish, shrimps, squids, and other marine invertebrates
(25-27). Aquaculture is one of the fastest growing food-producing sectors on earth and
now accounts for 50% of the world’s fish consumed (28). To prevent the loss of entire
aquaculture populations owing to infections, antimicrobial treatments are often unavoid-
able, although these measures can lead to severe problems such as antimicrobial resistan-
ces (29). This underlines the need to investigate pathogens such as V. campbellii, including
their virulence and metabolism, in more detail. It has been known since the 1970s that
bacteria of the genus Vibrio excrete large amounts (up to 3 mM) of pyruvate during expo-
nential growth and rapidly take it up again, whereas other genera excrete much smaller
amounts, usually in the micromolar range (30, 31). The physiological function of this excre-
tion and reuptake of pyruvate is not fully understood, but it presumably represents a form
of overflow metabolism to avoid excessive accumulation of pyruvate in the cells and reba-
lance intracellular pyruvate levels—a typical adaptation phenomenon during shifts from
aerobic to anaerobic growth (32-34). However, why Vibrio, in contrast to other genera,
should excrete such extraordinary amounts of pyruvate remains unclear.

In the model organism E. coli, two different histidine kinase/response regulator sys-
tems are known to be responsible for pyruvate sensing. One consists of the histidine ki-
nase BtsS (formerly known as YehU) and the response regulator BtsR (formerly known
as YehT) (31, 35), the other comprises the histidine kinase YpdA and the response regu-
lator YpdB. These LytS/LytTR systems are found in many bacterial phyla, especially in
plant and human pathogens, but most species harbor only one of the two systems
(31). In E. coli, BtsS has been shown to sense pyruvate at very low concentrations, and
BtsR then activates transcription of btsT (formerly known as yjiY), which codes for the
high-affinity pyruvate/H* symporter BtsT, a member of the CstA transporter family
with 18 predicted transmembrane domains (36, 37). In addition to BtsT, E. coli pos-
sesses at least one other pyruvate transporter (38-40).

V. campbellii can grow on pyruvate as a sole carbon source, which indicates that it
must be able to take up the compound by a hitherto-unknown means. Work by Behr
et al. (31) has shown that the species possesses homologs of the btsS/btsR system of E.
coli (VIBHAR_RS04665 and VIBHAR_RS04660) and of the pyruvate transporter gene
btsT (VIBHAR_RS04670), but to date nothing is known about this gene cluster nor
about pyruvate sensing or transport in V. campbellii. Since bacteria of the genus Vibrio
excrete and take up large amounts of pyruvate (30, 31), we hypothesized that the sys-
tem must play an important role for the cells. This study reports first insights into pyru-
vate sensing and uptake in V. campbellii and its relevance for this pathogen. Deletion
mutants of the respective homologous genes were generated and investigated in
terms of several phenotypes to reveal gene functions and relevance.

Our results show that BtsU, the transporter protein encoded by the ortholog of the E.
coli btsT gene, is the only pyruvate transporter in V. campbellii. In the presence of pyruvate,
its expression is activated by the sensor kinase BtsS via the response regulator BtsR. Further
characterization of the deletion mutants demonstrates the importance of the system for
chemotaxis, resuscitation from the viable but nonculturable (VBNC) state, and virulence.

RESULTS AND DISCUSSION

Characterization of the homologs of the E. coli genes btsS, btsR, and btsT in V.
campbellii. Pyruvate sensing by the two-component system BtsS/BtsR and uptake by the
transporter BtsT in E. coli has been described in detail in recent years (15, 18, 31, 35-37, 41).
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FIG 1 V. campbellii AbtsU and AbtsSR cells are unable to grow on pyruvate. V. campbellii wild-type
(blue line), AbtsU (red line) and AbtsSR (green line) cells were grown in a plate reader (Tecan) at 30°C
in LM medium (A) or in M9 minimal medium (2% [wt/vol] NaCl) with 20mM glucose (B), 20 mM
sodium succinate (C), or 20 mM sodium pyruvate (D). The V. campbellii AbtsU and AbtsSR strains were
complemented with full-length btsU and btsSR, respectively, at the native loci via double homologous
recombination. Complemented AbtsU (red dotted line) and AbtsSR (green dotted line) cells were
grown in M9 minimal medium (2% [wt/vol] NaCl) with 20 mM sodium pyruvate.

The full-length amino acid sequences of these proteins were used to identify homologs of
the E. coli genes btsT, btsS, and btsR in V. campbellii by a local alignment search against the
V. campbellii ATCC BAA-1116 genome, using Protein BLAST (42). In contrast to their counter-
parts in E. coli, all three genes are located adjacent to each other in the V. campbellii
genome: VIBHAR_RS04670 (the homolog of E. coli's btsT, old locus tag VIBHAR_00986),
VIBHAR_RS04665 (the homolog of E. coli's btsS, old locus tag VIBHAR_ 00985), and
VIBHAR_RS04660 (the homolog of E. coli's btsR, old locus tag VIBHAR_00984). Using the
online tool Clustal Omega (43), we compared the corresponding amino acid sequences
with the sequences of the E. coli proteins and found the following identity values: 19% for
BtsT (coverage 66.2%), 57% for BtsS (coverage 98.9%), and 50% for BtsR (coverage 99.6%).

VIBHAR_RS04670 codes for an uncharacterized transporter protein, parts of which
are assigned by Pfam analysis to CstA, a member of the carbon starvation family (44). A
topology prediction for the 53-kDa protein (449 amino acids) with the online tool
TMPred predicted 12 transmembrane domains (45), whereas the E. coli BtsT, also a
member of the CstA family, has 18 predicted transmembrane domains (37). Therefore,
we propose to rename VIBHAR_RS04670 as btsU (transporter BtsU) to reflect the low
similarity of its predicted product to BtsT. VIBHAR_RS04665 codes for a LytS-type sen-
sor histidine kinase of 556 amino acids (61kDa), and VIBHAR_RS04660 encodes a
LytTR-type response regulator of 242 amino acids (27 kDa). These two genes are
named btsS and btsR here, in accordance with their respective homologs in E. coli, cod-
ing for the proteins BtsS and BtsR, respectively.

V. campbellii cells lacking btsU or btsSR are unable to grow on pyruvate. We
constructed in-frame deletion mutants for the transporter gene (AbtsU), as well as for
the genes of the two-component system (AbtsS and AbtsR as single gene deletions
and AbtsSR as a double deletion of both genes) to learn more about their functions in
V. campbellii. The deletion mutants were tested for several phenotypes.

All strains grew equally well in LM medium, and in minimal medium supplemented
with glucose or succinate (Fig. 1A to C). However, in minimal medium with pyruvate as
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sole carbon source, only the wild type was able to grow (Fig. 1D). Mutants lacking ei-
ther the transporter (AbtsU) or the two-component system (AbtsSR) did not grow on
pyruvate at all. In complemented V. campbellii deletion mutants, growth on pyruvate
was restored to the wild-type level (Fig. 1D). Thus, we conclude that BtsU is the only
pyruvate transporter in V. campbellii, and we suggest that its transcription might be
activated (as in E. coli) by the two-component system BtsSR upon detection of external
pyruvate. These results stand in clear contrast to phenotypes of the E. coli AbtsT and
AbtsSR strains, which are able to grow on pyruvate, as expected in light of the pres-
ence of alternative pyruvate transporters (35, 37). This also highlights the much greater
importance of this pyruvate sensing and uptake system for V. campbellii, since there
are no substitutes.

We also assessed swimming motility, cell aggregation, pH changes during growth
in Luria marine (LM) medium, and the amount of excreted indole, and found no signifi-
cant differences between the deletion mutants of V. campbellii and the wild type (see
Fig. S1 in the supplemental material). The same was true for bioluminescence and mac-
rocolony formation, indicating that the system does not play any role in processes that
are regulated by quorum sensing (see Fig. S1).

V. campbellii btsU expression is activated by the two-component system BtsSR
in the presence of pyruvate. Growth defects of both mutant strains on pyruvate as
sole carbon source implied that not only the transporter BtsU but also the two-compo-
nent system BtsSR is crucial for pyruvate uptake and is thus presumably necessary for
the expression of btsU. To determine whether the two-component system fulfills the
same function in V. campbellii as in E. coli, namely, activation of the transporter gene
btsU when pyruvate is present to be taken up (36), we monitored btsU expression in
LM medium in mutants lacking either one or both of the genes btsS and btsR. Using a
reporter construct of the btsU promoter fused to the mcherry gene, chromosomally
integrated upstream of the native locus, btsU expression could be monitored over time
at the transcriptional level in both wild-type and mutant cells.

The results showed that the btsU promoter was activated only in the presence of
BtsSR (Fig. 2A), demonstrating that this two-component system is crucial for expression
of btsU in V. campbellii. Sensing of pyruvate thus serves as a precondition for pyruvate
uptake. In the AbtsU deletion mutant, the reporter gene fused to the btsU promoter was
upregulated 10-fold relative to its expression in the wild type (Fig. 2A). V. campbellii
seems to register the absence of its sole pyruvate transporter, which leads to an even
stronger attempt to produce it to take up the metabolite. It is also reasonable that in
wild-type cells the presence of the transporter BtsU causes negative feedback of its
expression. The exact mechanism of this feedback regulation requires further analysis,
and transcriptional or posttranscriptional regulatory mechanisms are conceivable.

When wild-type cells harboring the reporter construct for the btsU promoter were
grown in M9 minimal medium supplemented with different carbon sources, the
strongest transcriptional induction of btsU was observed in the presence of pyruvate
(Fig. 2B). This result supports the assumption that expression of btsU is activated specif-
ically by pyruvate via BtsSR in order to enable the sensed metabolite to be transported
into the cells. To further determine this dependence of btsU expression on pyruvate,
wild-type cells were grown in M9 minimal medium with different pyruvate concentra-
tions and a constant basic level of succinate (20 mM) as the carbon source. Expression
levels attributable to the presence of succinate, as well as the autofluorescence of the
cells, were subtracted. Transcriptional activation of btsU increased in accordance with
the concentration of pyruvate, with a threshold concentration of 500 uM being
required for induction (Fig. 2C). The pyruvate concentration resulting in half-maximal
btsU expression was estimated to be 3 = 0.5 mM. Based on these data, we conclude
that transcription of the pyruvate transporter gene btsU is activated by the two-com-
ponent system BtsSR in a pyruvate-concentration dependent manner.

V. campbellii excretes large amounts of pyruvate during growth, and BtsU is
required for reuptake of the compound from the medium. To further characterize
the relevance of pyruvate sensing and uptake in V. campbellii, different phenotypes of
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FIG 2 V. campbellii btsU expression is activated by the two-component system BtsSR in the presence of
pyruvate. V. campbellii wild-type, AbtsU, AbtsS, AbtsR, and AbtsSR cells carrying a chromosomally
integrated reporter comprising the promoter of btsU fused to mcherry (P, -mcherry) were grown in a
plate reader (Tecan) at 30°C in different media. Activation of the btsU promoter was monitored by
measuring the intensity of mCherry fluorescence, normalized to an ODy,, of 1. (A) Promoter activation
of btsU in V. campbellii wild type and the indicated deletion mutants in LM medium. (B) Promoter
activation of btsU in V. campbellii wild type by different carbon sources. Cells were grown in M9
minimal medium (2% [wt/vol] NaCl) supplemented with 20mM sodium succinate, sodium pyruvate,
glucose, sodium glutamate or sodium gluconate. (C) Promoter activation of btsU in V. campbellii wild
type as a function of pyruvate concentration. Cells were grown in M9 minimal medium (2% [wt/vol]
NaCl) with 20 mM sodium succinate as carbon source and different concentrations of sodium pyruvate.
Baseline promoter activation by sodium succinate was subtracted (see panel B). All experiments were
performed in triplicate, and error bars represent the standard deviations of the mean.

the deletion mutants were analyzed. It was shown previously that bacteria of the ge-
nus Vibrio excrete high levels of pyruvate during growth and then take it up again (30,
31). Measurements of external pyruvate concentrations in LM medium confirmed that
V. campbellii excretes large amounts of pyruvate during exponential growth (Fig. 3).
When the cell density had reached an optical density at 600 nm (ODg,,) of ~2, the
external pyruvate concentration was determined to be higher than 3 mM. In wild-type
cultures, this peak was followed by a rapid decrease which reduced the concentration
of the compound to the initial value. This finding shows that wild-type cells could rap-
idly and completely “reclaim” the pyruvate from the medium. Cells lacking the trans-
porter protein BtsU or the sensing system BtsSR were unable to do so, and the external
pyruvate concentration remained essentially unchanged after reaching its peak.

Thus, pyruvate reuptake from the medium after its excessive excretion depends
entirely on the pyruvate transporter BtsU, transcription of which is activated after sens-
ing of the excreted pyruvate by BtsSR. Other bacterial species do not excrete pyruvate
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FIG 3 V. campbellii excretes large amounts of pyruvate and requires BtsU for its reuptake. V.
campbellii wild-type (solid lines), AbtsU (dotted lines), and AbtsSR (dashed lines) cells were grown in
LM medium at 30°C. Growth was monitored, and supernatant samples were collected to determine
external pyruvate concentrations.

to such an extent (31). Therefore, pyruvate sensing and uptake presumably play an
especially important role for V. campbellii in comparison to other microbes.

BtsU actively transports radiolabeled pyruvate, driven by the proton motive
force. To ensure that the phenotypes of the deletion strains were indeed due to a
defect in pyruvate uptake and to further characterize BtsU function, we directly moni-
tored the transport of radiolabeled pyruvate by wild-type V. campbellii cells in compari-
son to AbtsU and AbtsSR cells. Experiments were done at 18°C to slow down the
metabolization of pyruvate in the cells. The results clearly show that wild-type cells
transported pyruvate with an uptake rate of 8 nmol of pyruvate per mg of total protein
per min, whereas for AbtsU and AbtsSR cells no transport of pyruvate could be
detected (Fig. 4A). These data support the conclusions drawn from the mutant pheno-
types related to growth and the uptake of external pyruvate, i.e., that BtsU is the sole
pyruvate transporter in V. campbellii, and that BtsSR serves as a pyruvate sensing sys-
tem crucial for btsU expression.

To identify the driving force for pyruvate transport by BtsU in V. campbellii, various
protonophores and ionophores were tested for their effect. Uptake of radiolabeled
pyruvate was abolished by the addition of the hydrophobic protonophores carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) and 2,4-dinitrophenol (DNP), whereas the
ionophores valinomycin (selective for K*), nigericin (selective for K*/H"), and nonactin,
which forms complexes with K*, Na*, NH,*, and other cations, had no obvious or spe-
cific effect on pyruvate transport (Fig. 4B). This indicates that pyruvate uptake by BtsU
in V. campbellii is driven by the proton motive force.

Pyruvate sensing and uptake are required for chemotaxis toward pyruvate. As
stated above, swimming motility of V. campbellii was not affected by the deletion of
btsU or btsSR (see Fig. S1 in the supplemental material). Motile bacteria make use of a
chemotaxis network system to perform directed movement along a chemical gradient,
for instance toward nutrients and favorable environments, by changing the direction
of rotation of their flagellum (46, 47). Chemotaxis has not yet been investigated in
V. campbellii, unlike in its relatives V. harveyi and V. cholerae (47, 48). The V. campbellii
deletion strains were tested for chemotaxis toward several compounds by using a
plug-in-pond assay, in which cells are mixed with warm soft agar (0.3% [wt/vol] agar)
and poured over hard agar plugs (1.5% [wt/vol] agar) containing the test compounds
(Fig. 5). After incubation, movement of cells toward the test compounds is observed,
and this serves as an indicator for chemotaxis.

We found that wild-type cells could swim along the gradient of pyruvate created by
diffusion from the hard agar plugs and form circles of cell density around them, with
the circle size increasing with the pyruvate concentration in the plug. Both AbtsU and
AbtsSR strains were unable to migrate toward pyruvate (Fig. 5). In contrast, all strains
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FIG 4 Pyruvate transport by BtsU in V. campbellii. (A) Uptake of ["“Clpyruvate by V. campbellii wild-type (solid
line), AbtsU (dotted line), and AbtsSR (dashed) cells monitored over time at a final pyruvate concentration of
10uM at 18°C. (B) The impact of different protonophores and ionophores on pyruvate transport was
determined after preincubation of the cells with the indicated compounds at 25°C for 30 min. DMSO was used
as a control. All experiments were performed in triplicate, and error bars represent standard deviations of the
mean.

showed chemotaxis toward succinate (Fig. 5) and other compounds tested (see Fig.
S3). Hence, the defect is specific for pyruvate. Being unable to detect and follow a gra-
dient of pyruvate can be a severe disadvantage when the bacterium needs this impor-
tant molecule, either as energy source or as a scavenger of ROS.

Since both cells lacking the transporter and cells lacking the two-component sys-
tem were unable to perform chemotaxis toward pyruvate, transport of the compound
into the cells must itself be crucial for functional chemotaxis toward pyruvate. We
therefore suggest that pyruvate is in some way sensed intracellularly as an attractant
by the chemotaxis system. It has been shown in E. coli that cytoplasmic pyruvate is
sensed by the phosphotransferase (PTS) system—presumably based on the ratio of py-
ruvate to phosphoenolpyruvate—and that this signal is transmitted linearly to the che-
motaxis pathway (49, 50). The exact mechanism of this signaling network still needs to
be investigated, but an increase in intracellular pyruvate levels detected via the PTS
system could also activate chemotaxis of V. campbellii.

Resuscitation of VBNC V. campbellii cells by pyruvate is impaired in mutants
lacking BtsU or BtsSR. Earlier studies have demonstrated that pyruvate is an impor-
tant factor for the resuscitation of VBNC bacteria owing to its function as a scavenger
of ROS and the fact that it is a C-source that can easily be metabolized without prior
phosphorylation (13-15). To test whether this also applies to V. campbellii, the VBNC
state was induced in wild-type, AbtsU, and AbtsSR cells by long-term storage in the
cold under nutrient limitation. Actively growing cells were adjusted to the same optical
density in M9 minimal medium, with a higher salt concentration (2% [wt/vol] NaCl),
but without any carbon source, and stored at 4°C. Periodic plating on LM agar plates
showed a steady decrease in culturable cells over time (Fig. 6A). After 163 days, no col-
onies could be detected on the plates, indicating that the remaining living cells had
entered the VBNC state. A characteristic change in cell morphology to a very small and
rounded shape was observed for both wild-type and mutant cells (Fig. 6C), similar to
that previously reported for VBNC bacteria, including members of the genus Vibrio
(51-53).

Resuscitation experiments were performed by temperature upshift and addition of
different nutrients. To exclude regrowth of any putatively remaining culturable cell,
experiments were first done after 1 week of daily plating during which no colonies
were detectable on the plates, and dilutions of the VNBC cell suspensions were used as
suggested before (54, 55). Moreover, ampicillin was added to prevent growth of any
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FIG 5 V. campbellii AbtsU and AbtsSR cells lost chemotactic response toward pyruvate. V. campbellii wild-type, AbtsU, and AbtsSR
cells were tested for chemotaxis toward sodium pyruvate and sodium succinate in a plug-in-pond assay, which is schematically
illustrated. Cells were mixed with soft agar (0.3% [wt/vol] agar) and poured over agar plugs (1.5% [wt/vol] agar) containing either
sodium pyruvate or sodium succinate at concentrations of 0, 10, 50, and 100 mM (counterclockwise). Plates were incubated for 3 h at
30°C, and the images of cell accumulations are representative of three independent experiments.

contaminating bacteria, as V. campbellii is resistant to this antibiotic. VBNC V. campbellii
cells were barely resuscitated by temperature upshift alone, but they did respond to
the addition of nutrients (Fig. 6B). After 12 h of incubation, first colonies could be
detected on plates, indicating the return of the cells to the culturable state. This could
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FIG 6 Induction of the VBNC state in V. campbellii and resuscitation by different nutrients. (A) The
VBNC state was induced in V. campbellii wild-type (solid line), AbtsU (dotted line), and AbtsSR (dashed
line) cells by long-term storage at 4°C under nutrient starvation in M9 minimal medium (2% [wt/vol]
NaCl) without a carbon source. CFU on LM agar plates were determined periodically. (B) Resuscitation
of wild-type (black), AbtsU (gray), and AbtsSR (white) VBNC cells upon temperature upshift to 30°C
and addition of the indicated nutrients to M9 minimal medium (2% [wt/vol] NaCl). CFU on LM agar
plates were determined after 14 h. (C) Resuscitation of wild-type (black), AbtsU (gray), and AbtsSR
(white) VBNC cells in LM medium at 30°C. CFU on LM agar plates were determined after 14 h.
Micrographs of wild-type, AbtsU, and AbtsSR cells during resuscitation in LM medium after the
indicated time points are also shown. There is a mixture of small (VBNC) and large (growing) cells in
the mutant cultures at 16 h. Scale bars, 10 um.

also be seen under the microscope, as first cells were elongated and regained their
normal shape (Fig. 6C). Numbers of colonies on plates were compared after 14 h of
incubation in the presence of different compounds: the addition of succinate resusci-
tated more cells than the addition of glucose or a-ketoglutarate, which has been
shown to promote resuscitation of other bacterial species (14). Addition of pyruvate
led to the highest number of culturable cells—but only for the wild type, as the dele-
tion mutants are unable to take up pyruvate. This demonstrates once again the impor-
tance of pyruvate and of the BtsSRU system for V. campbellii, which promotes efficient
resuscitation from the VBNC state.

Addition of LM medium to the VBNC cells also restored culturability to a large
extent (Fig. 6C). Interestingly, AbtsU and AbtsSR cells were impaired in resuscitation
also in LM medium, which could also be followed under the microscope with less regu-
larly shaped cells for the mutants compared to the wild type (Fig. 6C). LM medium con-
tains at least 200 uM pyruvate (31). Thus, we conclude that the resuscitating effect of
pyruvate is also the key factor in the resuscitation of VBNC V. campbellii cells in LM me-
dium. Mutants unable to sense or take up pyruvate can enter the VBNC state and sur-
vive unfavorable conditions, but they are impaired in returning to the culturable state
upon provision of pyruvate. Loss of the BtsSRU system thus puts dormant V. campbellii
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FIG 7 Reduced virulence of V. campbellii AbtsU and AbtsSR cells toward gnotobiotic brine shrimp
larvae. Axenic Artemia franciscana larvae in sterile seawater (1 animal ml~') were challenged with V.
campbellii wild-type, AbtsU, and AbtsSR cells at 107 cells ml~". Unchallenged animals were used as a
control. After 48 h of incubation at 28°C, the survival of the larvae was determined. Experiments were
performed in triplicate, and error bars represent standard deviations of the mean. t tests were
performed to compare the treatments. Significant differences are indicated by asterisks (**, P<0.01;
*** P <0.001).

cells at a severe disadvantage, and pyruvate therefore plays an important role in this
context too.

Virulence of V. campbellii toward gnotobiotic brine shrimp larvae is reduced in
the absence of pyruvate sensing or uptake. It was shown previously for several bac-
terial pathogens that pyruvate is important for virulence and infection (7-12). Since V.
campbellii is an important marine pathogen, we were interested in the relevance of the
pyruvate sensing and uptake system described here for the virulence of the cells in
vivo. To this end, we performed a standardized challenge test with gnotobiotic brine
shrimp (Artemia franciscana) larvae to determine the ability of the bacteria to infect
and kill their host. Wild-type V. campbellii, as well as AbtsU and AbtsSR cells, was added
to sterile Artemia larvae cultures at 107 cells per ml. After 2 days of incubation at 28°C,
the surviving brine shrimp larvae were counted. This number was then normalized to
the number of live brine shrimp larvae in the control group, to which the pathogen
was not added.

In the samples of Artemia larvae that were challenged with wild-type V. campbellii
cells, the numbers of surviving larvae were almost 50% lower than in the control
group, in which nearly all animals were still alive (Fig. 7). This illustrates how effectively
the pathogen can infect and kill its host. In contrast, the relative survival of Artemia
challenged with V. campbellii AbtsU or AbtsSR cells was significantly higher: In the
group of animals exposed to AbtsU cells, 66% survived the challenge, and in the group
of animals treated with AbtsSR cells even 72% survived (Fig. 7). We conclude that with-
out pyruvate sensing and uptake, the virulence of V. campbellii toward gnotobiotic
brine shrimp larvae is significantly reduced. The BtsSRU system, and hence pyruvate
sensing and uptake, seem to be important for full virulence of the pathogen.

The expression of virulence factors in V. campbellii is regulated by quorum sensing
(56). Here, we found no evidence that deletion of elements of the BtsSRU system
affects quorum-sensing regulated processes, although we observed a clear effect on
virulence. Thus, we suggest that pyruvate is linked to virulence in V. campbellii by a
mechanism that is not connected with the quorum-sensing system. This might involve
the ability of pyruvate to scavenge ROS. Zebrafish infected with V. alginolyticus were
shown to produce high levels of ROS (57). Relating this to our study, with respect to
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their ability to establish an infection, V. campbellii mutants that cannot take up pyru-
vate as an antioxidant against ROS may well be at a disadvantage in comparison to
wild-type bacteria.

Conclusions. This study reveals first insights into pyruvate sensing and uptake in
V. campbellii and its importance for this marine pathogen. Pyruvate is an indispensa-
ble metabolite for all living cells, since it not only functions as a central node of both
aerobic and anaerobic metabolism but also protects cells against oxidative damage.
V. campbellii excretes large amounts of pyruvate during growth, but nothing was pre-
viously known about the role of this compound for the pathogen. We demonstrate
here that the sensor kinase BtsS senses pyruvate and activates expression of the only
pyruvate transporter in this species, BtsU, via the response regulator BtsR. Inability to
sense and thus to take up pyruvate affects many aspects of the normal behavior of
this bacterium, including directed movement toward pyruvate, resuscitation from a
dormant state and—most importantly—virulence. With regard to the increasing
aquaculture production, to which V. campbellii presents a severe threat, this study is
an important step toward a better understanding of the molecular mechanisms and
factors that influence virulence. This study is not the first demonstrating the impor-
tance of pyruvate for fitness of and infection by pathogenic bacteria, indicating that
this primary metabolite has a function that goes beyond its central role in metabo-
lism and which makes it an extremely interesting and possibly so far underestimated
molecule.

MATERIALS AND METHODS

Strains, plasmids, and oligonucleotides. V. campbellii and E. coli strains as well as plasmids used in
this study are listed in Table 1. Oligonucleotide sequences are listed in Table S1 in the supplemental ma-
terial. Clean in-frame deletions in V. campbellii were created by double homologous recombination
using the pNPTS138-R6KT suicide plasmid (58). Upstream and downstream 800-bp regions of the re-
spective gene were amplified from chromosomal DNA by PCR with appropriate oligonucleotides, retain-
ing the first and last 15 bp of the coding sequence. The two DNA fragments were fused by overlapping
PCR and cloned into the pNPTS138-R6KT plasmid following digestion with Pstl and BamHI. Plasmids
were then transferred into chemically competent E. coli DH5« Apir cells (59). Plasmid sequences were
confirmed by sequencing and transferred into E. coli WM3064 for conjugation with V. campbellii. Double
homologous recombination was induced as previously described (58, 60). In short, mutants bearing sin-
gle-crossover integrations were selected on LM agar plates containing kanamycin, then single clones
were grown for 8 h in LM medium and selected for plasmid excision on LM agar plates containing 10%
(wt/vol) sucrose. Kanamycin-sensitive clones were first checked for chromosomal in-frame gene dele-
tions by colony PCR and finally confirmed by sequencing.

Complementation of V. campbellii AbtsU and AbtsSR strains with full-length genes inserted in the
native locus was also done by double homologous recombination as described above, using the
PNPTS138-R6KT plasmid (58) as the vector for amplified regions encompassing the respective full-length
gene together with flanking up- and downstream regions. Correct complementation was confirmed by
sequencing. Chromosomally integrated reporter constructs, with the btsU promoter fused to the mcherry
gene upstream of the native locus, were assembled by single homologous recombination with the
PNPTS138-R6KT plasmid as described previously (61). Briefly, a 500-bp region upstream of V. campbellii
btsU was amplified by PCR and fused by overlapping PCR to the mcherry sequence, which was amplified
by PCR from the pBAD-Cherry plasmid (62). This fragment was cloned into the pNPTS138-R6KT plasmid via
restriction digestion using Pstl and BamHI. For chromosomal integration of this reporter construct into the
different V. campbellii strains, single homologous recombination was performed as described above.

Molecular biological methods. Molecular methods followed standard protocols (63) or were imple-
mented according to manufacturer’s instructions. Kits for the isolation of chromosomal DNA or plasmids
and purification of PCR products were purchased from Sudlabor. Enzymes were purchased from New
England Biolabs. Chemicals were sourced from Roth or Merck.

Growth conditions. V. campbellii strains were grown overnight under agitation (200 rpm) at 30°C in
Luria Marine (LM) medium (10 g liter " tryptone, 5 g liter ' yeast extract, 20 g liter ' NaCl) (64). Cells
from the overnight culture were then transferred to the appropriate fresh medium. E. coli strains were
grown under agitation (200 rpm) at 37°C in lysogeny broth (LB) medium (10 g liter™" tryptone, 5 g liter™'
yeast extract, 10 g liter ' NaCl) (65). The conjugation strain E. coli WM3064 was grown in the presence of
300 uM diaminopimelic acid. If necessary, media were supplemented with 50 ug ml~" kanamycin sulfate
and/or 100 ug ml~" ampicillin sodium salt. To measure growth of V. campbellii strains on different car-
bon sources, cells were cultivated for 24 h at 30°C in M9 minimal medium (66) containing 2% (wt/vol)
NaCl, supplemented with the carbon source to be tested (e.g., 20 mM sodium pyruvate). Growth was
monitored by measuring the ODy,, over time.

Analysis of btsU expression. Expression of V. campbellii btsU was determined by measuring fluores-
cence levels of the different V. campbellii reporter strains carrying a chromosomally integrated fusion of
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Genotype or description Source or reference
Strains
V. campbellii
ATCC BAA-116 (BB120) Wild type 24
AbtsU strain In-frame deletion of VIBHAR_00986 This study
AbtsS strain In-frame deletion of VIBHAR_00985 This study
AbtsR strain In-frame deletion of VIBHAR_00984 This study
AbtsSR strain In-frame deletion of VIBHAR_00984-00985 This study
AbtsU:btsU strain Complemented AbtsU This study
AbtsSR:btsSR strain Complemented AbtsSR This study
Wild-type P,,,-mcherry strain Wild type with chromosomally integrated reporter construct for btsU upstream of This study
the native promoter
AbtsU P, ,-mcherry strain AbtsU with chromosomally integrated reporter construct for btsU upstream of the This study
native promoter
AbtsS P, ,-mcherry strain AbtsS with chromosomally integrated reporter construct for btsU upstream of the This study
native promoter
AbtsR P,,.,-mcherry strain AbtsR with chromosomally integrated reporter construct for btsU upstream of the This study
native promoter
AbtsSR P, ,-mcherry strain AbtsSR with chromosomally integrated reporter construct for btsU upstream of the This study
native promoter
E. coli
DH5a Apir endA1 hsdR17 gInV44 thi-1 recA1 gyrA96 relA1 ¢80 lacA(lac2)M15 A(lacZYA-argF) 72
U169 zdg-232:Tn 10 uidA:pir*
WM3064 thrB1004 pro thi rpsL hsdS lacZ AM15 RP4-1360 A(araBAD)567 AdapA1341:[erm pir] W. Metcalf, University
of lllinois
Plasmids
pNPTS138-R6KT Plasmid backbone for in-frame deletions; mobRP4™" sacB Kan" 58
pNPTS138-R6KT-AbtsU Plasmid for in-frame deletion of btsU in V. campbellii This study
pNPTS138-R6KT-AbtsS Plasmid for in-frame deletion of btsS in V. campbellii This study
pNPTS138-R6KT-AbtsR Plasmid for in-frame deletion of btsR in V. campbellii This study
pNPTS138-R6KT-AbtsSR Plasmid for in-frame deletion of btsSR in V. campbellii This study
pNPTS138-R6KT-P,,, ,-mcherry Plasmid used to create V. campbellii strains with a chromosomally integrated This study
reporter construct (P, ,-mcherry) upstream of the native locus
pBAD-Cherry mcherry in pBAD33 62
the btsU promoter with the mcherry gene upstream of the native locus. To this end, cells from overnight
cultures were inoculated at a starting OD,, of 0.05 into various media in 96-well plates. Plates were
then incubated under constant agitation at 30°C and mCherry fluorescence (excitation at 580 nm, emis-
sion at 610 nm) was measured at intervals of 10 min for 24 h in a Tecan Infinite M200 Pro plate reader.
Fluorescence levels (normalized to 1 ODy,,) were determined for each condition in exponential growth
phase. Autofluorescence of the cells was subtracted.
External pyruvate determination. Levels of excreted pyruvate were measured using a procedure
adapted from O'Donell-Tormey et al. (3). V. campbellii strains were grown under agitation at 30°C in LM
medium, and growth was monitored. At selected time points, 1-ml samples of supernatant were har-
vested by centrifugation at 4°C (10 min, 14,000 x g). Proteins were precipitated by the addition of 250 ul
of ice-cold 2 M perchloric acid. After a 5-min incubation on ice, the samples were neutralized with 250 |
of 2.5 M potassium bicarbonate, and precipitates were removed by centrifugation (4°C, 10 min,
14,000 x g). Pyruvate concentrations of the clear supernatants, diluted 1:20 in 100 mM PIPES buffer (pH
7.5), were determined by using an enzymatic assay based on the conversion of pyruvate and
NADH + H™ to lactate by lactate dehydrogenase. The assay was performed as described before (39).
Pyruvate uptake measurement. To determine the uptake of pyruvate by V. campbellii, a transport
assay was performed with radiolabeled pyruvate. Cells were grown under agitation at 30°C in LM medium
and harvested in mid-log phase. Cells were pelleted at 4°C, washed twice, and resuspended in transport buffer
(29 mM K,HPO,, 2.2 mM KH,PO,, 0.33 M NaCl, 30 mM MgCl,, 6.8 M CaCl,) to an absorbance of 5 at 420 nm,
equivalent to a total protein concentration of 0.35mg ml~'. Uptake of [“Clpyruvate (55mCi mmol~";
Biotrend) was measured at a total substrate concentration of 10 uM at 18°C. At various time intervals, trans-
port was terminated by the addition of ice-cold stop buffer (100 MM potassium phosphate [pH 6.0], 100 mM
LiCl), followed by rapid filtration through membrane filters (MN gf-5, 0.4-um nitrocellulose; Macherey-Nagel).
The filters were dissolved in 5 ml of scintillation fluid (MP Biomedicals), and radioactivity was determined in a
liquid scintillation analyzer (Perkin-Elmer). The effects of protonophores and ionophores were tested after pre-
incubation of cells in transport buffer supplemented with 20 uM carbonyl cyanide m-chlorophenylhydrazone
(CCCP), 2mM 2 4-dinitrophenol (DNP), 10 M nonactin, 6 uM nigericin, 2 M valinomycin, or dimethyl sulfox-
ide (DMSO; as control) at 25°C for 30 min.
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Chemotaxis test. Chemotaxis of V. campbellii toward different compounds was tested using the
plug-in-pond assay (67). Cells grown in LM medium were pelleted, resuspended to a final ODy,, of 0.5 in
M9 soft agar (M9 medium with 2% [wt/vol] NaCl and 0.3% [wt/vol] agar) without a carbon source, and
poured into a petri dish, in which agar plugs (M9 medium with 2% [wt/vol] NaCl and 1.5% [wt/vol] agar)
containing the test substances had been placed. Plates were incubated at 30°C for 3 h. Pictures were
taken with a Canon EOS M50 camera.

Induction of the VBNC state. V. campbellii cells were grown under agitation at 30°C in LM medium,
harvested by centrifugation in mid-log phase, and washed twice with sterile saline solution (2% [wt/vol]
Nadl). Cells were resuspended in M9 minimal medium (2% [wt/vol] NaCl) without a carbon source to a final
ODy,, of 1 and stored at 4°C to induce long-term cold stress under nutrient limitation. Ampicillin sodium salt
(100 g ml~") was added to the medium to prevent contamination, since V. campbellii is naturally ampicillin
resistant. Culturability was determined periodically by plating serial dilutions of samples on LM agar plates
and counting CFU. When CFU could no longer be detected, cells were considered to be nonculturable.

Resuscitation from the VBNC state. VBNC cells were diluted 1:10 in different media and incubated
under agitation at 30°C. At different time points, samples were taken, serial dilutions were plated on LM
agar plates and CFU were counted. For microscopy, samples were centrifuged and resuspended in small
volumes of sterile saline solution (2% [wt/vol] NaCl). Then, 3-ul drops were placed on agarose pads (2%
[wt/vol] NaCl, 1% [wt/vol] agarose) and sealed with a cover slide. Microscopy was performed using a
Leica DMI6000 B fluorescence microscope.

Axenic hatching of brine shrimp larvae. Samples (500 mg) of high-quality Artemia franciscana cysts
(EG Type; INVE Aquaculture, Baasrode, Belgium) were hydrated in 45 ml of sterilized distilled water for 1
h. Sterile cysts were obtained by decapsulation based on the method described by Marques et al. (68).
Briefly, 1.65 ml of NaOH (32% [wt/vol]) and 25 ml of NaOCl (50% available chlorine) were added to the
hydrated cyst suspension to facilitate decapsulation. The process was stopped after 2min by adding
35ml of Na,S,0; (10 g liter 7). Filtered (0.22 wm) aeration was provided during the reaction. The decap-
sulated cysts were washed with filtered (passed through a 0.45-um membrane filter), autoclaved (moist
heat at 121°C for 20 min) artificial seawater and then resuspended in 500 ml of filtered, autoclaved sea-
water and hatched for 28 h at 28°C with constant illumination (2000 Ix). Air was bubbled into the sus-
pension through a sterile glass tube extending to the bottom of the hatching vessel to ensure that all
the cysts were kept in continuous motion (69). The axenity of cysts was verified by inoculating 1 ml of
culture water into 9 ml of LM medium and incubating overnight at 28°C. After 28 h of hatching, batches
of 30 larvae were counted and transferred to sterilized 50-ml glass tubes containing 30 ml of filtered and
autoclaved seawater. Finally, the tubes were incubated on a rotor (4 rpm) and kept at 28°C. All manipula-
tions were performed in a laminar-flow cabinet to maintain sterility of cysts and larvae.

Brine shrimp challenge test. The virulence of wild-type and mutant strains was determined in a
standardized challenge test with gnotobiotic brine shrimp larvae. V. campbellii strains were grown to an
ODyy, Of 1, and then cultures were washed with phosphate-buffered saline (pH 7.4) prior to inoculation
of the brine shrimp samples at 10° CFU ml~". The challenge tests were performed as described by
Defoirdt et al. (70) with some modifications. A suspension of autoclaved LVS3 bacteria (71) in filtered
and autoclaved seawater was added at 107 cells mI™" as feed to the culture water at the start of the chal-
lenge. Brine shrimp cultures to which only autoclaved LVS3 bacteria were added as feed were used as
controls. The surviving larvae were counted 48 h after the addition of the pathogens. Each treatment
was carried out in triplicate, and the experiment was repeated three times to verify reproducibility. At
the end of the challenge, the sterility of the control treatments in each test was checked by adding 1 ml
of rearing water to 9 ml of LM medium and incubating the mixture for 2 days at 28°C.
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Abstract: Pyruvate (CH3COCOOH) is the simplest of the alpha-keto acids and is at the interface of
several metabolic pathways both in prokaryotes and eukaryotes. In an amino acid-rich environment,
fast-growing bacteria excrete pyruvate instead of completely metabolizing it. The role of pyruvate
uptake in pathological conditions is still unclear. In this study, we identified two pyruvate-specific
transporters, BtsT and CstA, in Salmonella enterica serovar Typhimurium (S. Typhimurium). Expres-
sion of btsT is induced by the histidine kinase/response regulator system BtsS/BtsR upon sensing
extracellular pyruvate, whereas expression of cstA is maximal in the stationary phase. Both pyruvate
transporters were found to be important for the uptake of this compound, but also for chemotaxis
to pyruvate, survival under oxidative and nitrosative stress, and persistence of S. Typhimurium in
response to gentamicin. Compared with the wild-type cells, the AbtsTAcstA mutant has disadvan-
tages in antibiotic persistence in macrophages, as well as in colonization and systemic infection in
gnotobiotic mice. These data demonstrate the surprising complexity of the two pyruvate uptake
systems in S. Typhimurium.

Keywords: Salmonella Typhimurium; pyruvate transporter; chemotaxis; oxidative stress; persistence

1. Introduction

Pyruvate is a primary metabolite of central importance in all living cells. It is the
end product of glycolysis and can enter the tricarboxylic acid cycle via acetyl-CoA under
aerobic conditions; however, it can also be reduced to lactate under anaerobic conditions.
Moreover, it is used as a precursor for the production of amino acids, fatty acids, and
sugars. Bacteria tightly control intracellular pyruvate levels, which were reported to be
between 7 and 100 mM [1-3]. In an amino acid-rich environment, fast-growing bacteria
excrete pyruvate instead of metabolizing it completely, a phenomenon known as overflow
metabolism, and take it up again later [4-7].

Pyruvate also scavenges reactive oxygen species (ROS). It inactivates hydrogen perox-
ide (H2Oy) by being oxidized and rapidly decarboxylated [8-10]. Therefore, the secretion of
pyruvate can also be seen as an antioxidant defense mechanism [11]. The role of pyruvate
in the inactivation of ROS is important for the resuscitation of viable but non-culturable
(VBNC) bacteria. Pyruvate is required to “wake up” cells from this dormant state and
re-enter culturability [12-15]. S. Typhimurium was effectively resuscitated from the VBNC
state using pyruvate [16].

Several reports have demonstrated the importance of pyruvate as focal point in
metabolism and in virulence control of pathogens, such as Yersinia pseudotuberculosis, S.
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Typhimurium, Listeria monocytogenes, and Vibrio parahaemolyticus [17-21]. Pseudomonas
aeruginosa, Staphylococcus aureus, and Chlostridium difficile require extracellular pyruvate for
biofilm formation [22-24]. Mammalian apoptotic cells also release pyruvate, which has
been shown to promote the growth of S. Typhimurium [25]. This suggests an important
role for pyruvate in host inflammation and infection.

In E. coli, BtsT and CstA have been characterized as substrate-specific pyruvate trans-
porters, and a deletion mutant of these two transporter genes and the gene yhjX has lost the
ability to grow on pyruvate, indicating that YhjX might also be a pyruvate transporter [26-28].
btsT and yhjX are activated by the histidine kinase/response regulator systems BtsS/BtsR
and YpdA/YpdB (PyrS/PyrR), respectively, when the cells sense pyruvate [27,29-31],
whereas cstA is induced by nutrient limitation in the stationary phase [26,32]. There are
some monocarboxylate transporters that have broader substrate specificity and can also
transport pyruvate: MctP in Rhizobium leguminosarum [33], MctC in Corynebacterium glutam-
icum [34], and PftAB in Bacillus subtilis, which is activated by the LytS/LytT two-component
system [35], as well as LrgAB in Streptococcus mutans [36].

The enteric pathogen Salmonella is one of the leading causes of acute diarrheal disease,
which affects more than 2 billion people worldwide each year [37]. S. Typhimurium was
shown to excrete and likewise to reclaim pyruvate [4], as well as to grow on pyruvate as the
sole carbon source [38], but no pyruvate transporter has been characterized yet. Homologs
of E. coli genes btsT and cstA are found in S. Typhimurium, which we designate as btsT (locus
tag SL1344_4463), previously known as cstA1l or yjiY, and cstA (locus tag SL1344_0588).
Both genes have been previously described to be involved in peptide utilization and in
the colonization of C. elegans and mice [39,40]. Wong, et al. [41] investigated the histidine
kinase/response regulator system BtsS/BtsR (previously known as YehU/YehT) in S. Typhi
and Typhimurium and identified btsT as a predominantly regulated gene. Finally, an
unusually high number of mutations over lineage development accumulated in the btsSR
operon [42], suggesting that this system is targeted by adaptive evolution and is therefore
of potential significance for the pathogen.

Here, we characterized BtsT and CstA as pyruvate transporters of S. Typhimurium
and evaluated their importance for the pathogen in vitro and in vivo.

2. Materials and Methods
2.1. Strains, Plasmids, and Oligonucleotides

S. Typhimurium and E. coli strains as well as plasmids used in this study are listed
in Table 1. Oligonucleotide sequences are listed in Supplementary Materials Table S1.
Molecular methods followed standard protocols [43] or were implemented according to
manufacturer’s instructions.

S. Typhimurium SL1344 mutants were first generated in strain LT2 and then trans-
duced with phage P22 to strain SL1344. Clean in-frame deletions of btsT and btsSR in SL1344
were created by A-Red recombination [44]. One-step inactivation of cstA by insertion of a
chromosomal kanamycin resistance cassette with flanking regions (FRT-aminoglycoside
phosphotransferase-FRT) was performed as described by Datsenko and Wanner [45]. Gene
deletions were checked by colony PCR and confirmed by sequencing. In S. Typhimurium
M2702, clean in-frame deletion of btsT and gene inactivation of cstA by a chlorampheni-
col resistance cassette were performed by double homologous recombination using the
pNPTS138-R6KT suicide plasmid as previously described [46,47]. E. coli DH5« Apir cells
were used for cloning. Plasmid sequences were confirmed by sequencing and transferred
into S. Typhimurium by conjugation using the E. coli WM3064 strain. Double homol-
ogous recombination was induced as described before [13]. First, mutants with single-
crossover integrations of the whole plasmid were selected on LB agar plates containing
kanamycin. Then, the second crossover was induced by addition of 10% (w/v) sucrose and
kanamycin-sensitive clones were checked by colony PCR. Gene deletions were confirmed
by sequencing.
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Table 1. Strains and plasmids used in this study. (*—resistance).

Strain or Plasmid Genotype or Description Reference
S. Typhimurium strains
SL1344 Wild type; strep R [48]
LT2 Wild type DSMZ #17058
Mutant with in-frame deletion of btsT .
SL1344 AbtsT (SL1344_4463); strep R this study
Mutant with in-frame replacement of cstA
SL1344 AcstA (SL1344_0588) by a kanamycin resistance this study
cassette; strep RkanR
Mutant with in-frame deletion of btsT
(SL1344_4463) and replacement of cstA .
SL1344 AbtsT AcstA (SL1344_0588) by a kanamycin resistance this study
cassette; strep RyanR
Mutant with in-frame deletion of btsS
SL1344 AbtsSR (SL1344_2137) and btsR (SL1344_2136); this study
strep R
M2702 Non-virulent SL.1344 stlgam, AinvG AssaV; [49]
strep
Non-virulent mutant with in-frame deletion
of cstA (SL1344_0588) and replacement of .
M2702 AbtsT AcstA btsT (SL1344_4463) by a chloramphenicol this study
resistance cassette; strep RemR
E. colistrains
Cloning strain; endAl hsdR17 glnV44 thi-1
DH50 Apir recAl gyrA96 relAl @80'lacA(lacZ)M15 [50]
A(lacZYA-argF)U169 zdg-232::Tn10 uidA:pir*
Conjugation strain; thrB1004 pro thi rpsL hsdS W. Metcalf,
WM3064 lacZ AM15 RP4-1360 A(araBAD)567 University of
AdapA1341:[erm pir] Illinois
Plasmids
Plasmid backbone for in-frame deletions;
PNFTS138-R6KT mobRP4+; sacB, kan R [47]
Plasmid for in-frame deletion of cstA in .
PNPTS138-R6KT-AcstA SL1344; kan R this study
Plasmid for in-frame replacement of btsT by
pNPTS138-R6KT-AbtsT::cm R a chloramphenicol resistance cassette in this study
SL1344; kan R ecm R
Plasmid backbone to insert a promoter
pBBR1-MCS5-lux sequence upstream of [uxCDABE for a [51]
luciferase-based reporter assay; gent R
Luciferase-based reporter plasmid with the
pPBBR1-MCS5-Pysr-lux promoter region of SL1344 btsT upstream of this study
luxCDABE; gent R
Luciferase-based reporter plasmid with the
PBBR1-MCS5-P 4 4-lux promoter region of SL.1344 cstA upstream of this study
luxCDABE; gent R
pBAD24 Plasmid backbone for expression; amp R [52]
pBAD24-btsT Expression plasmid for SL1344 btsT; amp R this study
pBAD33 Plasmid backbone for expression; cm R [52]
pBAD33-cstA Expression plasmid for SL.1344 cstA; cm R this study
pKD46 A-red recombinase exgressmg plasmid; [45]
amp
Template plasmid for kanamycin resistance
pKD4 cassette (FRT-aminoglycoside [45]

phosphotransferase-FRT); kan R
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Complementation of deletion mutants was achieved by expressing the genes from
plasmids. To this end, btsT and cstA were each amplified by PCR from SL1344 genomic DNA
and cloned into plasmids pBAD24 and pBAD33, respectively, using restriction enzymes
EcoRI and HindIII. Plasmids were transferred into the mutant strains by electroporation
and leakiness of the arabinose promoter was sufficient for expression.

2.2. Growth Conditions

S. Typhimurium and E. coli strains were grown overnight under agitation (200 rpm)
at 37 °C in LB medium (10 g/1 tryptone, 5 g/1 yeast extract, 10 g/1 NaCl). The conjuga-
tion strain E. coli WM3064 was grown in the presence of 300 uM diaminopimelic acid. If
necessary, media were supplemented with 50 ug/mL kanamycin sulfate, 100 pg/mL ampi-
cillin sodium salt, 30 pg/mL chloramphenicol, and/or 20 pg/mL gentamicin sulfate to
maintain plasmid(s) in the cells. To measure growth of S. Typhimurium strains on different
carbon sources, cells were cultivated for 24 h at 37 °C in M9 minimal medium [53] supple-
mented with 4 pg/mL histidine and the C-sources as indicated. Growth was monitored by
measuring the optical density at 600 nm (ODggg) over time.

2.3. Luciferase Reporter Assay for the Analysis of btsT and cstA Expression

Expression of btsT and cstA was determined using a luciferase-based reporter assay.
Reporter plasmids for btsT or cstA expression (pBBR1-MCS5-Py,r-lux or pPBBR1-MCS5-
P 14-lux) were constructed: Promoter regions of btsT and cstA (500 bp upstream of the
start codon) were each amplified by PCR from SL1344 genomic DNA and cloned into
the pBBR1-MCS5-lux vector, using restriction enzymes Xbal and Xhol. Plasmids were
transferred into S. Typhimurium strains by electroporation. Cells harboring the reporter
plasmid were grown in various media in 96-well plates, inoculated from overnight cultures
to a starting ODgqg of 0.05. Plates were then incubated under constant agitation at 37 °C,
and ODg as well as luminescence values were measured at intervals of 10 min for 24 h
in a ClarioStar plate reader (BMG). Gene expression was presented in relative light units
(RLU) normalized to ODg.

2.4. External Pyruvate Determination

Levels of excreted pyruvate were measured using a procedure adapted from O'Donnell-
Tormey et al. [11]. S. Typhimurium strains were grown under agitation at 37 °C in LB
and growth was monitored. At selected time points, 1 mL samples of supernatant were
harvested by centrifugation at 4 °C (10 min, 14,000 g). Proteins were precipitated by
the addition of 250 uL ice-cold 2 M perchloric acid. After a 5 min incubation on ice, the
samples were neutralized with 250 pL 2.5 M potassium bicarbonate, and precipitates were
removed by centrifugation (4 °C, 10 min, 14,000 x g). Pyruvate concentrations of the clear
supernatants, diluted 1:5 in 100 mM PIPES buffer (pH 7.5), were determined using an
enzymatic assay based on the conversion of pyruvate and NADH + H* to lactate by lactate
dehydrogenase. The assay was performed as described before [26].

2.5. Pyruvate Uptake Measurement

To determine the uptake of pyruvate by S. Typhimurium, a transport assay was
performed with radiolabeled pyruvate. Cells were grown under agitation at 37 °C in LB
and harvested in mid-log phase. Cells were pelleted at 4 °C, washed twice, and resuspended
in transport buffer (1 g/L (NHy)2SO4, 10 g/L K;HPOy, 4.5 g/1 KHpPOy, 0.1 g/L MgSOy,
pH 6.8) to an absorbance of 5 at 420 nm, equivalent to a total protein concentration of
0.35 mg/mL. Uptake of *C-pyruvate (55 mCi/mmol, Biotrend, Kéln, Germany) was
measured at a total substrate concentration of 10 uM at 18 °C. At various time intervals,
transport was terminated by the addition of ice-cold stop buffer (100 mM potassium
phosphate, pH 6.0, 100 mM LiCl) followed by rapid filtration through membrane filters (MN
gf-5, 0.4 pm nitrocellulose, Macherey Nagel, Diiren, Germany). The filters were dissolved



Microorganisms 2022, 10, 1751

50f21

in 5 mL scintillation fluid (MP Biomedicals, Eschwege, Germany), and radioactivity was
determined in a liquid scintillation analyzer (PerkinElmer, Waltham, MA, USA).

2.6. Motility Assay

Overnight cultures of S. Typhimurium were adjusted to an ODgg of 1 and 10 uL was
inoculated into freshly poured swimming motility plates (10 g/1 tryptone, 5 g/1 NaCl, 0.3%
agar, w/v) and incubated at 37 °C for 3 h. Pictures were taken with a EOS M50 camera
(Canon, Tokyo, Japan) and images were analyzed using the software Image] [54]. The size
of the ring was measured, and the size of each ring was expressed relatively to the average
size of the wild-type ring.

2.7. Chemotaxis Test

Chemotaxis of S. Typhimurium towards different compounds was tested using the
plug-in-pond assay [55]. Cells grown in LB were pelleted, resuspended to a final ODgq
of 0.4 in M9 soft agar (M9 medium with 0.3% agar w/v), and poured into a petri dish, in
which agar plugs (M9 medium with 1.5% agar, w/v) containing the test substances had
been placed. Plates were incubated at 37 °C for 3 h. Pictures were taken with a EOS M50
camera (Canon, Tokyo, Japan).

2.8. Stress Assay

To test survival under oxidative and nitrosative stress, S. Typhimurium cells were
grown in LB to an ODgg of 1.2, split into groups and either treated with 12.5 mM H,O, for
H,O, stress, 250 uM spermine NONOate for NO stress, or with H,O as a control. After 20
min incubation, catalase was added (for H,O, only), and cells were plated in dilutions on
LB to determine CFU. Survival under stress was calculated as the percentage of CFU in
relation to the control condition and wild-type values were set to 100%.

2.9. Persister Formation

To investigate the persister formation, S. Typhimurium cells were grown in LB to an
ODygqg of 1.2 and diluted to an ODggg of 0.05 into fresh LB containing 50 pg/mL gentamicin.
Every hour, cells were plated in dilutions on LB agar plates to determine CFU, which
represent cells being able to survive the antibiotic treatment by forming persister cells.

2.10. Intramacrophage Antibiotic Survival Assays

S. Typhimurium strains were grown in LB for 16 h. Stationary phase bacteria were
opsonized with 8% (w/v) mouse serum (Merck, Darmstadt, Germany) for 20 min and added
to the bone marrow-derived macrophages at a multiplicity of infection (MOI) of 5. Infection
was then synchronized by 5 min centrifugation at 100x g. The infected macrophages were
incubated for 30 min at 37 °C with 5% CO, to allow for phagocytosis to occur. At 30 min
following infection, the macrophages were washed three times with PBS, and half of the
cells were lysed with 0.1% (vol/vol) Triton X-100 (Merck, Darmstadt, Germany)in PBS.
Bacteria were then centrifuged at 16,000x g for 2 min at room temperature, following
resuspension in PBS. The bacteria were diluted ten-fold in PBS and plated on LB agar to
count the number of CFU prior to antibiotic treatment. With regards to the remaining
macrophages, the three PBS washes were followed by addition of fresh medium (Dulbecco’s
modified eagle medium with high glucose (DMEM), 10% (vol/vol) fetal calf serum, 10 mM
HEPES, 1 mM sodium pyruvate) containing 100 pug/mL cefotaxime. Cefotaxime was added
to test intramacrophage antibiotic survival for 24 h. At 24 h following antibiotic treatment,
the cells were washed three times with PBS, then lysed with 0.1% (vol/vol) Triton X-100 in
PBS. Bacteria were then centrifuged at 16,000 x g for 2 min at room temperature, following
resuspension in PBS. The bacteria were diluted ten-fold in PBS and plated on LB agar to
count the number of CFU following antibiotic treatment. The 24 h survival was expressed
as a fold change of wild-type values.
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2.11. Infection of Gnotobiotic Mice

All animal experiments were approved by the local authorities (Regierung von Ober-
bayern). Germ-free C57BL/6] mice and C57BL/6] mice colonized with defined bacte-
rial consortia (OMM!?) were obtained from the animal housing facility of the Max von
Pettenkofer-Institute (Ludwig-Maximilians-University, Munich, Germany). Mice were
housed under germ-free conditions in flexible film isolators (North Kent Plastic Cages,
London, UK) or in Han-gnotocages (ZOONLAB, Castrop-Rauxel, Germany). The mice
were supplied with autoclaved ddH,O and Mouse-Breeding complete feed for mice (Ssniff)
ad libitum. For all experiments, female and male mice between 6 and 15 weeks were used,
and animals were randomly assigned to experimental groups. Mice were not single housed
and were kept in groups of 3-5 mice per cage during the experiment. All animals were
scored twice daily for their health status.

For generation of the ASF mouse line, germ-free C57BL /6] mice were inoculated with
a mixture of ASF? (ASF356, ASF361, ASF519). Mice were inoculated twice (72 h apart) with
the bacterial mixtures (frozen glycerol stocks) by gavage (50 puL orally, 100 uL rectally).
Mice were housed under germ-free conditions and were used 12 days post inoculation for
experiments to ensure stable colonization of the consortium.

For infection experiments with virulent S. Typhimurium SL1344, OMM!? mice were
treated with streptomycin by oral gavage with 50 uL of 500 mg/mL streptomycin one day
before infection. For infection experiments with avirulent S. Typhimurium M2702, OMM!2
and ASF® mice were not treated with streptomycin before infection. For all infection
experiments, both S. Typhimurium wild-type and mutant cells were grown on MacConkey
agar plates (Oxoid) containing streptomycin (50 mg/mL) at 37 °C. One colony was re-
suspended in 5mL LB containing 0.3 M NaCl and grown for 12 h at 37 °C on a wheel rotor.
A subculture (1:20 dilution) was prepared in fresh LB containing 0.3 M NaCl and incubated
for further 4 h. Bacteria were washed with ice-cold sterile PBS, pelleted, and re-suspended
in fresh PBS. S. Typhimurium wild-type and mutant cells were mixed in a 1:1 ratio adjusted
by ODggg. Mice were infected with the S. Typhimurium mix by oral gavage with 50 uL of
bacterial suspension (approximately 4 x 10° CFU).

S. Typhimurium total loads in feces were determined on the first day after infection by
plating on MacConkey agar with streptomycin (50 mg/mL). All mice were sacrificed by
cervical dislocation four days after infection, and S. Typhimurium total loads in fecal and
cecal contents, as well as from lymph nodes, spleen, and liver were determined by plating
on MacConkey agar with streptomycin (50 mg/mL). From each plate, 50 colonies were
picked onto MacConkey agar plates with streptomycin (50 mg/mL) and chloramphenicol
(30 mg/mL) for M2702 mutants or kanamycin (30 mg/mL) for SL1344 mutants to determine
the competitive index between wild-type and mutant strains.

3. Results and Discussion
3.1. S. Typhimurium Possesses Two Pyruvate Transporters, BtsT and CstA

Based on homology search, S. Typhimurium has two genes coding for putative pyru-
vate transporters: btsT (locus tag SL1344_4463) codes for a 77 kDa transporter protein that
shares 96.6% identity with the E. coli BtsT, according to the online tool Clustal Omega [56].
S. Typhimurium cstA (locus tag SL1344_0588) codes for a 75 kDa transporter protein that
shares 97.1% identity with the E. coli CstA. The genetic contexts of btsT and cstA are illus-
trated in Figure 1A. Both transporters belong to the CstA family (transporter classification:
[TC] 2. A.114) [57] with at least 16 predicted transmembrane domains [58] and share 60.3%
identity and 72.8% similarity with each other at 97.2% coverage, as illustrated in Figure 1B.
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Figure 1. S. Typhimurium possesses two pyruvate transporters, BtsT and CstA. (A) Schematic
illustration of the two transporters BtsT and CstA in S. Typhimurium responsible for the uptake of
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pyruvate and the genetic context of their genes (btsT (SL1344_4463), cstA (SL1344_0588)). (B) Protein
sequence alignment of BtsT (upper line) and CstA (lower line), created with the online tool Clustal
Omega. (C) Alterations of the pyruvate concentration in LB medium (solid lines) owing to overflow
and uptake during growth (dotted lines) of S. Typhimurium SL1344 wild-type cells (black), AbtsT
mutant (yellow), AcstA mutant (grey), and AbtsTAcstA mutant (red). Samples were taken every
20 min. (D) Time course of [14C]—pyruvate (10 uM) uptake by intact cells at 18 °C: SL1344 wild-type
mutant (black), AbtsT mutant (yellow), AcstA mutant (grey), and AbtsTAcstA mutant (red). Error bars
represent the standard deviations of the mean of three individual experiments. All illustrations were
created with BioRender.

Gamma-proteobacteria excrete pyruvate when grown in amino acid-rich media, such
as LB, owing to an overflow metabolism [4-6]. We measured the external pyruvate concen-
tration during the growth of wild-type S. Typhimurium in LB (Figure 1C). At the beginning
of exponential growth, the pyruvate concentration in the LB medium increased from 50
to 240 uM, followed by a rapid decrease back to the initial pyruvate concentration. For
the double deletion mutant AbtsTAcstA, we monitored the same pyruvate excretion as
the wild-type cells but did not observe any subsequent decrease in the external pyru-
vate concentration; on the contrary, the concentration increased further, reaching 560 tM
(Figure 1C). This indicates that the AbtsTAcstA mutant did not reclaim pyruvate after excre-
tion, which then accumulated in the medium. The AbtsT and AcstA single deletion mutants
both showed an increase and a decrease in external pyruvate concentration, similar to the
wild type. However, it took longer for the pyruvate to be fully taken up in both single
mutants, suggesting that both transporters function in a complementary manner.

To further confirm that BtsT and CstA are the only pyruvate transporters in S. Ty-
phimurium, we performed transport experiments with radiolabeled pyruvate and intact
cells. To avoid rapid metabolization, all assays were performed at 18 °C. For wild-type S.
Typhimurium, we monitored the uptake of radiolabeled pyruvate over time (Figure 1D),
with an initial uptake rate of 3.5 nmol per mg protein per minute, whereas for the dou-
ble deletion mutant AbtsTAcstA, no transport of radiolabeled pyruvate was observed
(Figure 1D). Both single deletion mutants were able to take up pyruvate, but at a decreased
rate (Figure 1D). For BtsT (AcstA mutant), we determined an initial uptake rate of 2.96 nmol
pyruvate per mg per min, whereas the initial uptake rate for CstA (AbtsT mutant) was
1.24 nmol per mg per min. This indicates that BtsT and CstA transport pyruvate in a
complementary manner in S. Typhimurium.

3.2. Expression of btsT Is Activated by the Histidine Kinase Response Regulator System BtsS/BtsR
in the Presence of Pyruvate, whereas Expression of cstA Is Dependent on the Growth Phase

To investigate growth-dependent bfsT and cstA activation, we used luciferase-based
reporter strains (Figure 2A). Cells were grown in LB medium, and a sharp btsT expression
peak was observed at the beginning of the exponential growth phase (Figure 2C). This
expression pattern is very similar to that observed in E. coli [29,30]. Expression of cstA
started at the beginning of the stationary phase (Figure 2D). This expression pattern was
similar for E. coli cstA and was explained by the induction of cstA under nutrient limitation
as an effect of at least two regulators: cAMP-CRP and Fis [26,32]. In comparison, the
maximal expression of cstA was about an order of magnitude higher than the expression
of btsT.
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Figure 2. Expression of btsT and cstA in S. Typhimurium. (A) Schematic illustration of the luciferase-
based, low copy reporter plasmids to monitor btsT (pBBR1-MCS5-Pysr-lux) and cstA (pBBR1-MCS5-
Psia-lux) expression. (B) Schematic illustration of the two-component system BtsS/BtsR in S. Ty-

phimurium, with the histidine kinase BtsS sensing pyruvate and the response regulator BtsR inducing
btsT. (C) Expression of btsT in S. Typhimurium SL1344 (pBBR1-MCS5-Pyr-lux) during growth in
LB medium at 37 °C. Luminescence (RLU normalized to ODggg = 1) (solid line) and growth (ODgg)
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(dotted line) were measured over time in a plate reader. The graphs show the means of three
independent replicates; the standard deviations were below 10%. (D) Expression of cstA in
S. Typhimurium SL1344 (pBBR1-MCS5-Pg4-lux) during growth in LB medium. Experimental
set-up as in (C); ODgqp (dotted line), RLU per ODg (solid line). The graphs show the means of
three independent replicates; the standard deviations were below 10%. (E) Expression of btsT in
SL1344 (pBBR1-MCS5-Pysr-Iux) grown in M9 minimal medium supplemented with 60 mM succinate
and the indicated C-sources, each at 20 mM. Experimental set-up as in (C). The maximal RLUs per
ODgp served as the measure for btsT expression. The value of the basal activation in the presence
of succinate was subtracted. Inset: Expression of btsT in wild-type (black) or AbtsSR (blue) cells
as a function of pyruvate concentration. Cells were grown in M9 minimal medium with 60 mM
succinate and different concentrations of pyruvate. The value of the basal activation in the presence
of succinate was subtracted. (F) Expression of cstA in SL1344 (pBBR1-MCS5-P 4 4-lux) grown in M9
minimal medium. Experimental set-up as in (E). (E,F) Error bars represent the standard deviations of
the mean of three independent replicates. Illustrations were partly created with BioRender.

We then measured the expression of btsT and cstA in cells grown in minimal medium
containing different carbon (C) sources. Expression of btsT was exclusively activated
in cells grown in minimal medium with pyruvate and barely in the presence of other
compounds, such as amino acids or different carboxylic acids (Figure 2E). To further
analyze the activation of btsT expression by pyruvate, cells were grown in minimal medium
with different pyruvate concentrations (and 60 mM succinate as the basic C-source for
growth, for which the activation value was subtracted). We monitored the concentration-
dependent activation of btsT by pyruvate, with a threshold concentration of 200 uM
required for induction and saturation of btsT expression at approximately 1 mM (inset panel
in Figure 2E). The pyruvate concentration that resulted in half-maximal btsT expression
was estimated to be 450 uM. In E. coli, btsT expression was shown to be activated by the
LytS/LytTR-type two-component system BtsS/BtsR upon sensing pyruvate [30,59]. To
test whether the BtsS/BtsR system is required for btsT activation in S. Typhimurium, we
created a double deletion mutant lacking btsS, locus tag SL1344_2137, and bfsR, locus tag
SL1344_2136 (mutant AbtsSR). Indeed, we could not detect btsT expression in the AbtsSR
mutant: In contrast to the wild-type cells, in which btsT expression increased with an
increase of the pyruvate concentration, btsT expression was completely absent in AbtsSR
cells, independent of the pyruvate concentration (inset panel in Figure 2E). Additionally, in
LB medium, no btsT expression at all could be observed in AbtsSR cells (Supplementary
Materials Figure S1). This result is consistent with the findings of Wong et al. [41]. We
conclude that the transcriptional activation of btsT in S. Typhimurium follows the same
pattern as that in E. coli, and that the pyruvate sensing BtsS/BtsR system activates btsT
expression to mediate rapid uptake of the compound by BtsT (illustrated in Figure 2B).

In contrast to btsT, high expression of cstA was observed in cells independent of
the C-source (Figure 2F). Expression of cstA was lower when cells were grown in amino
acid-rich LB medium and in glucose-containing minimal medium, indicating a control by
nutrient availability and catabolite repression. Indeed, cstA expression was always highest
in stationary phase cells.

We also analyzed the expression of btsT and cstA in mutants with deletions of ei-
ther btsT, cstA, or both btsT and cstA grown in LB medium, using cells transformed with
reporter plasmids for btsT and cstA (Supplementary Materials Figure S1). We found a
12-fold upregulation of btsT in the AbtsT mutant and a 50-fold upregulation in the AbtsTAcstA
mutant compared to that in the wild-type cells (Supplementary Materials Figure S1C). A
similar feedback regulation was observed for btsT in the pathogen Vibrio campbellii [13],
but the exact mechanism is unknown. In AcstA cells, the expression pattern of btsT over
time was the same as that in the wild-type cells (Supplementary Materials Figure S1C).
Moreover, the pattern and level of cstA expression in all mutants were identical to those in
the wild-type cells (Supplementary Materials Figure S1B).



Microorganisms 2022, 10, 1751

11 of 21

ODSOD

0.01

We concluded that btsT expression is activated by pyruvate, whereas cstA expression
is induced in stationary phase and repressed by glucose.

3.3. Pyruvate Uptake by BtsT and CstA Is Required for Growth on Pyruvate and Chemotaxis
to Pyruvate

In the next step, we investigated the biological impact of pyruvate uptake by BtsT and
CstA in S. Typhimurium through phenotypical characterization of the AbtsTAcstA mutant
in comparison to the wild-type cells.

The S. Typhimurium AbtsTAcstA deletion mutant was unable to grow on pyruvate as
the sole C-source (Figure 3) but grew on other C-sources, such as glucose, or in complex
media, such as LB (Supplementary Materials Figure S2A). Full complementation of the
double deletion mutant AbtsTAcstA was achieved by expressing both btsT and cstA in
trans (Figure 3). The single deletion mutant AbtsT was able to grow on pyruvate, although
not as well as the wild-type cells, whereas the single deletion mutant AcstA grew on
pyruvate similarly to the wild-type cells (Supplementary Materials Figure S2B). Expression
of btsT alone was sufficient to restore growth almost to the level of wild-type cells, whereas
expression of cstA alone could only partially restore growth (Figure 3).

m—— vild type
m— AbisT AcstA

AbtsT AcstA pBAD24-btsT
mmmmm AptsT AcstA pBAD33-csiA
—

AbtsT AcstA pBADZ24-btsT pBAD33-cstA

10 15 20

time [h]

Figure 3. S. Typhimurium mutant AbtsTAcstA is unable to grow on pyruvate. SL1344 wild-type cells
and AbtsTAcstA mutant harboring the indicated plasmid(s) were grown in M9 minimal medium with
60 mM pyruvate in a plate reader at 37 °C.

We then analyzed the chemotactic behavior of wild-type and AbtsTAcstA S. Ty-
phimurium cells using the plug-in-pond assay [55], in which cells are mixed with soft agar
and poured into a petri dish containing agar plugs with potential attractants
(Figure 4A). When the cells respond chemotactically to an attractant, a ring of clustered cells
is visible around the agar plug. For wild-type S. Typhimurium, we observed chemotaxis
to pyruvate by a clearly visible ring of accumulating cells (Figure 4A). In contrast, no ring
was found in the AbtsTAcstA mutant, indicating the loss of chemotaxis to pyruvate. This
phenotype could be complemented by expressing btsT and cstA in trans (Supplementary
Materials Figure S3).
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Figure 4. In vitro phenotypes of S. Typhimurium AbtsTAcstA mutant. (A) Chemotaxis assay with
schematic illustration: Chemotaxis was tested by mixing SL1344 wild-type (left) and AbtsTAcstA
(right) cells with 0.3% (w/v) M9 soft agar and pouring them over 1.5% (w/v) M9 agar plugs containing
either 50 mM gluconate (g) or 50 mM pyruvate (p). Plates were incubated at 37 °C for 4 h, and the
pictures are representative of three independent experiments. (B) Swimming motility assay with
schematic illustration: Motility of SL1344 wild-type (left, black) and AbtsTAcstA (right, red) cells was
tested by spotting equal numbers of cells on 0.3% (w/v) LB soft agar, incubating the plates at 37 °C for
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3 h, and measuring the cell ring diameter with the software ImageJ [54]. Images of rings are
representative of four independent experiments and relative motility was determined in relation to
the mean diameter of the wild-type ring. (C) Oxidative and nitrosative stress tests: SL1344 wild-type
(black) and AbtsTAcstA (red) cells were grown in LB medium to ODggg = 1.2, split in two groups
and exposed to 12.5 mM HO, or 250 uM spermine NONOate or H,O as control. After 20 min
of incubation, catalase was added to the HyO, treated group, and cells were plated in dilutions
on LB plates to determine CFU. Survival under stress was calculated as the percentage of CFU in
relation to the control condition, and wild-type values were set to 100%. Error bars represent the
standard deviations of the mean of three independent experiments. (D) Formation of antibiotic-
induced persister cells: SL1344 wild-type (black, circles) and AbtsTAcstA (red, squares) cells were
grown in LB medium to ODggg = 1.2 and diluted to ODggg = 0.05 into fresh LB containing 50 pg/mL
gentamicin. Every hour, cells were plated in dilutions on LB plates to determine CFU. Error bars
represent the standard deviations of the mean of three independent experiments. For statistical
analysis, independent t-tests were performed using Excel (version 2207, Microsoft, Redmond, WA,
USA). *p < 0.05, ** p < 0.01. All illustrations were created with BioRender.

To ensure that this defect did not result from impaired swimming motility, we analyzed
the swimming motility of wild-type and mutant cells in LB soft agar, as illustrated in
Figure 4B, and could not see any difference; both strains moved in the soft agar circularly
away from the inoculation spot, where the cells had been dropped before, and formed
visible rings of cells after 3 h of incubation (Figure 4B). The measurement of the ring sizes
clearly shows that both strains could swim to the same extent. This finding is important,
as it was previously claimed that motility and flagella biosynthesis are impaired in an
S. Typhimurium AbtsT mutant [39]. We could not confirm these previously published
results, neither for the double deletion mutant AbtsTAcstA (Figure 4B) nor for the single
deletion mutants AbtsT or AcstA (Supplementary Materials Figure S4). It should be noted
that Garai et al. [39] did not report the successful complementation of deletion mutants.

Importantly, chemotaxis to other substances, such as gluconate, was not affected
by deletions of btsT and cstA, as the double deletion mutant showed the same ring of
accumulated cells as the wild-type cells (Figure 4A). These results indicate that pyru-
vate uptake is necessary for chemotaxis to pyruvate, leading to the conclusion that the
chemotactic response must be activated by intracellular pyruvate. Similarly, for other
gamma-proteobacteria it was described previously that the deletion of pyruvate trans-
porter gene(s) impairs chemotaxis to pyruvate [13,26]. In E. coli, it has been shown that
the phosphotransferase system (PTS) can sense pyruvate inside cells and that signals from
the PTS are transmitted linearly to the chemotaxis system [60,61]. Thus, we assume that
S. typhimurium must take up pyruvate, and the PTS monitors intracellular pyruvate levels
via the ratio of pyruvate to phosphoenolpyruvate to trigger a chemotactic response to
this compound.

3.4. Pyruvate Uptake Is Important to Survive Oxidative Stress, Nitrosative Stress, and
Antibiotic Treatment

The production of ROS and nitric oxide (NO) is an important defense mechanism of
the host to control the proliferation of intracellular pathogens, such as S. Typhimurium [62].
Pyruvate is a known scavenger of ROS [8-10]. Thus, we analyzed the importance of
pyruvate uptake by S. Typhimurium under ROS and NO stress. We challenged wild-
type and AbtsTAcstA S. Typhimurium by exposing cells to hydrogen peroxide (HyO,)
and nitrosative stress (NO) for 20 min. We found that the double mutant had a clear
disadvantage compared to the wild-type cells (Figure 4C). Only half as many AbtsTAcstA
as wild-type cells were able to survive these stressful conditions, indicating that pyruvate
uptake is important for S. Typhimurium to cope with oxygen and nitric radicals. We
assume that intracellular pyruvate is required as a ROS scavenger and to compensate for
the metabolic defects caused by NO. In the host environment, the concentration of H,O,
is lower than the concentration tested here, and the effect of the pyruvate uptake systems
might be weaker. However, Kroger et al. [63] found a small, but detectable upregulation
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of btsT and cstA under oxidative stress by treating cells for 12 min with a ten-fold lower
concentration of HyO, than in our setting, suggesting that the two transporters play a role
under oxidative stress.

We also compared S. Typhimurium double pyruvate transporter mutant with the
wild-type cells under antibiotic stress. Bacterial persisters survive exposure to antibiotics in
laboratory media owing to their low metabolic activity and low growth rate [64,65]. We
exposed wild-type and AbtsTAcstA S. Typhimurium cells to gentamicin (50 pg/mL) and
monitored the number of colony-forming units (CFU) over time. Only cells able to survive
this stress form CFU. We observed a steep initial decrease in CFU for both strains, followed
by a slower killing rate in the case of the mutant, which typically reveals the persister
fraction of the population (Figure 4D). We hypothesize that the deficit in pyruvate uptake
results in cells with lower metabolic activity, which are less harmed by antibiotic stress.
Similarly, in E. coli, a pyruvate sensing network that tightly regulates the expression of
two pyruvate transporters is important for balancing the physiological state of the entire
population and increasing the fitness of single cells [66]. An E. coli mutant that is unable to
produce the two major pyruvate transporters forms more persister cells than the wild-type
cells [66]. We also quantified the persister fractions surviving other antibiotics, such as
ampicillin and cefotaxime, in 5. Typhimurium, but did not find any difference between the
wild-type and mutant cells (data not shown).

3.5. Pyruvate Uptake Is Important to Recover from Intra-Macrophage Antibiotic Treatment

The facultative intracellular pathogen S. Typhimurium forms non-growing antibiotic
persisters at high levels within macrophages [67], which have a different physiological
state than persisters formed in vitro [68]. Therefore, we investigated whether pyruvate
uptake plays a role in intra-macrophage antibiotic survival. As illustrated in Figure 5A,
macrophages were infected with wild-type or AbtsTAcstA S. Typhimurium cells, and
after 30 min of incubation, the bacteria were recovered following lysis of half of the
infected macrophages, and the number of surviving bacteria was determined by plating and
counting CFU. The other half of the infected macrophages was challenged with cefotaxime
for 24 h. After this treatment, the number of bacteria was determined, as described above.
By comparing the number of CFU before and after cefotaxime treatment, the survival of
S. Typhimurium cells in the macrophages during antibiotic stress was calculated.

The AbtsTAcstA mutant had impaired survival to cefotaxime treatment within the
macrophages compared to the wild-type cells (Figure 5A). These results show that pyruvate
uptake plays a role in S. Typhimurium survival in cefotaxime-treated macrophages. The
difference between wild-type and mutant cells in the intramacrophage survival assay
was rather small. Although the macrophage environment and the in vitro conditions
are not really comparable, we also measured only a low and homogeneous activation of
btsT during growth of S. Typhimurium in InSPI2 medium [69] (Supplementary Materials
Figure S5). For VBNC E. coli cells, we have previously shown that pyruvate is the first
substrate taken up when cells return to the culturable state [15], and pyruvate is likewise
important for the resuscitation of S. Typhimurium [16]. We propose that the uptake
of pyruvate is important for the regrowth of S. Typhimurium from the persister state
out of macrophages.
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Figure 5. In vivo phenotypes of S. Typhimurium AbtsTAcstA mutant. (A) Intra-macrophage antibiotic
survival assay with schematic illustration: Bone marrow-derived macrophages were infected with
either SL1344 wild-type (black) or AbtsTAcstA (red) stationary-phase bacteria. After 30 min, one
part of the macrophages was lysed, and the recovered bacteria were plated to determine CFUs. The
other part of infected macrophages was treated with cefotaxime and incubated for 24 h, followed by
macrophage lysis and plating to determine CFUs. The number of CFU after antibiotic treatment was
set in relation to the number of CFU prior to antibiotic treatment. The 24 h antibiotic survival was
then expressed as a fold-change of wild-type values. Using the paired student t-test on the 7 biological
repeats a p-value of 2.83 X 10~% was determined. (B) Competition assay in gnotobiotic mice with
schematic illustration: OMM!? or ASF mice were inoculated with both wild-type and AbtsTAcstA
cells (ratio 1:1) of the virulent strain SL1344 or the avirulent strain M2702, respectively. One day after
infection, fecal samples were collected and plated on MacConkey agar with streptomycin, which
selects for all S. enterica cells owing to natural resistance. Four days after infection, all mice were
sacrificed and samples from feces, cecum, lymph nodes, spleen, and liver were plated on MacConkey
agar with streptomycin. Single colonies were streaked on MacConkey agar with streptomycin plus
kanamyecin (for SL1344) or chloramphenicol (for M2702) to select for AbtsTAcstA cells. By this means,
the competitive index could be determined, i.e., the ratio between wild-type and AbtsTAcstA cells.
All illustrations were created with BioRender.
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3.6. Mutants Lacking Pyruvate Transporters Show a Slight Disadvantage in Colonization and
Systemic Infection of Gnotobiotic Mice

S. Typhimurium colonizes the gut of its host, leading to inflammation, but it can also
disseminate inside macrophages to other organs and cause systemic infection. In mice
infected with S. Typhimurium, pyruvate concentrations were found to be significantly
higher than those in uninfected mice [25]. Therefore, we investigated how the double
deletion of pyruvate transporter genes in S. Typhimurium affects the colonization of gnoto-
biotic mice, as illustrated in Figure 5B. First, we used OMM!? mice, which stably carry a
minimal consortium of 12 bacterial strains [70]. To reduce colonization resistance and allow
infection by S. Typhimurium SL1344, OMM!2 mice were pretreated with streptomycin. In a
competition assay, OMM!? mice were infected with a 1:1 mixture of both SL1344 wild-type
and AbtsTAcstA mutant cells. One day after infection, fecal samples were taken, and four
days after infection, mice were sacrificed, and samples from the cecum, feces, and different
organs were collected. Notably, mice developed gut inflammation owing to infection with
virulent S. Typhimurium SL1344. To determine the number of S. Typhimurium bacteria,
samples were plated on streptomycin, an antibiotic that 5. Typhimurium is resistant to.
From these plates, 50 colonies were picked and streaked on kanamycin to determine the
proportion of these cells as AbtsTAcstA mutants, as only mutant cells carry the kanamycin
resistance cassette. Thus, the competitive index, that is the ratio between the wild-type and
mutant cells, was determined.

We found that, in all samples, the average competitive index was higher than 1,
indicating that more SL1344 wild-type than AbtsTAcstA cells were present (Figure 5B). In
fecal samples, both one day and four days post infection, as well as in cecum samples, the
competitive index was just slightly higher than 1, indicating that both the wild-type and
mutant cells colonized equally well. However, in the lymph nodes, spleen, and liver, organs
to which S. Typhimurium disseminates to cause systemic infection, an average competitive
index of approximately 3 indicated a three times higher number of wild-type than mutant
cells. These findings indicate that S. Typhimurium SL1344 AbtsTAcstA cells, which cannot
take up pyruvate, have a disadvantage in the systemic infection of OMM!? mice.

It has been shown that, in mice colonized with a different minimal bacterial consor-
tium, the so-called altered Schaedler flora (ASF mice), more nutrients are available, S.
Typhimurium btsT is upregulated, and no colonization resistance against the pathogen
is provided [71]. We also investigated the competition between AbtsTAcstA mutant and
wild-type cells in these mice. Infection with SL1344 bacteria induces severe colitis in ASF
mice that lack a sufficiently protective microbiota. Therefore, we generated deletions of
both btsT and cstA in a non-virulent S. Typhimurium strain, M2702 (lacking the two viru-
lence factors invG and ssaV), with the final AbtsTAcstA mutant carrying a chloramphenicol
resistance cassette to distinguish it from the wild-type cells. Competition experiments were
performed as previously described and are illustrated in Figure 5B, with three differences
compared to infection experiments with the virulent S. Typhimurium strain: no antibiotic
treatment was carried out before infection and chloramphenicol instead of kanamycin was
used to select for the mutant cells. Moreover, no organ samples from the lymph nodes,
spleen, or liver were taken, as the non-virulent S. Typhimurium M2702 bacteria are able to
colonize but not to systemically infect the mice.

In ASF mice, the average competitive index was higher than 1 for all samples
(Figure 5B). Approximately three times more wild-type than AbtsTAcstA mutant cells
were counted in fecal and cecum samples. This indicates that avirulent S. Typhimurium
bacteria unable to take up pyruvate had a disadvantage in colonizing the non-inflamed
gut of ASF mice. Although the competitive index numbers were rather subtle, there was
a clear difference between the wild-type and the mutant cells in samples taken from the
cecum and feces. This trend was equally observable in the non-inflamed environment of
OMM!2 mice, indicating that the colonization differences of S. Typhimurium were not
microbiota dependent.
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We assume that for the non-virulent M2702 bacteria, the advantage of the wild-type
cells might have already come to light in the gut, as they compete only there with the
mutants. For the virulent SL1344 bacteria, in contrast, the advantage of wild-type cells
could have led to more cells entering macrophages and traveling to organs such as lymph
nodes or the liver. This could explain why the differences between wild-type and mutant
cells regarding gut colonization were only found under non-virulent conditions. The
microbiota did not show any influence on the competition between wild-type and mutant
cells. Another explanation could be that the difference between the avirulent wild-type
and mutant cells resulted from the different environment in the non-inflamed gut, where
other nutrients are available. We conclude that pyruvate uptake delivers a small advantage
for S. Typhimurium in both colonization and—if the cells are able to—systemic infection of
gnotobiotic mice.

We expected to see a stronger disadvantage of the S. Typhimurium pyruvate trans-
porter mutant in the in vivo experiments. However, extreme phenotypes cannot be ex-
pected in vivo by preventing the uptake of one compound. In macrophages, pyruvate
uptake might help deal with oxidative stress, but there are other factors that are important
and overlay this effect. In the gut, pyruvate is present, even more in the inflamed gut
and during Salmonella infection, but the question is, if it is even available and necessary
in this state for S. Typhimurium, so that it can depict an advantage. The intestine and
its microbiome are a complex ecosystem with interaction networks of numerous bacte-
rial communities and metabolites in distinct niches [72]. The minimal bacterial consortia
used in this study are still what their name says, minimal, providing at most a model
intestinal ecosystem [73], and their metabolic interactions are not yet fully solved [74].
We must consider that the importance of pyruvate putatively did not entirely come to
light here, and both wild-type and mutant bacteria were not under pressure to give pyru-
vate uptake a strong impact on fitness and virulence, as they may have been in a more
complex community.

4. Conclusions

This study is the first to describe pyruvate sensing and transport in Salmonella and
its importance for the cells also beyond metabolism. Especially for relevant pathogens,
it is very important to gain more and detailed knowledge about how they use specific
compounds and what happens, if this usage is impaired. This can in the end not only help
to better understand and fight frequent pathogens, but also to solve the complex puzzle of
microbial interactions, niche formation, infection, and resistance in the intestine, that is still
at the beginning of being understood.

It is quite remarkable that the lack of pyruvate uptake has consequences not only for
the utilization of this primary metabolite, but also for chemotaxis and survival in oxidative,
nitrosative, and gentamicin stress in S. Typhimurium. On the other hand, compared
with the wild-type cells, the pyruvate transporter deletion mutant had a more moderate
disadvantage in survival in macrophages or in colonization of the mouse intestine and
systemic infection. The in vivo results reflect the complexity of the gut ecosystem and
the diversity of factors leading to colonization and infection by pathogens such as S.
Typhimurium. However, it is the transport proteins in particular that play a very crucial
role in microbial communities, allowing for cross-feeding, but also achieving specificity
as to which bacterium takes up which metabolite. This in turn contributes to community
structure [74-76].

We and others have characterized pyruvate uptake systems in various gamma-proteobacteria.
However, it remains unclear why different bacteria have different numbers of transporters
and sensing systems. For E. coli, two pyruvate sensing systems and three pyruvate trans-
porters (BtsT, YhjX, and CstA) were identified [26], whereas for S. Typhimurium, only one
pyruvate sensing system and two pyruvate transporters (BtsT and CstA) were found. In
contrast, the fish pathogen Vibrio campbellii, which excretes extraordinarily high amounts of
pyruvate, harbors only one pyruvate sensing system and one transporter [13]. Moreover,
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in contrast to pyruvate uptake systems, no exporter of pyruvate is known in any organism.
As numerous bacteria excrete pyruvate, Tremblay et al [24] hypothesized that members
of the gut microbiota might excrete pyruvate as a result of overflow metabolism, which
then promotes the persistence of pathogens in the intestine. This metabolic cross-feeding
of pyruvate was recently shown in another specific microbial community [75]. To gain
more detailed knowledge of frequent pathogens on a molecular level regarding sensing
systems, transporters, and their biological relevance might at some point tip the scales to
understand the underlying functional structures and overcome worldwide burdens, such
as severe gastroenteritis.
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of S. Typhimurium is not affected by deletions of btsT or cstA; Figure S5: Expression of bfsT in
S. Typhimurium under SPI2-inducing conditions; Table S1: Oligonucleotides used in this study;
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ABSTRACT

Proteobacteria excrete pyruvate when growing in rich medium and take it up again to balance
intracellular pyruvate levels. Whereas the uptake of pyruvate has been investigated well during
the recent years, nothing is known yet about pyruvate excretion. This study aimed to identify a
pyruvate exporter protein in Escherichia coli. We established large-scale screening methods
based on a reporter system which is activated by excreted pyruvate in combination with
knockout libraries. Promising mutants were tested further for pyruvate excretion during growth
in rich medium. We found one deletion mutant candidate (sdaC) with abolished pyruvate
excretion. However, we monitored a clear excretion of pyruvate for both the sdaC deletion
mutant and the complemented mutant using right-side-out membrane vesicles, independent of
a potential substrate outside of the vesicles. This indicated that the serine transporter SdaC is
not the unknown pyruvate exporter nor a serine-pyruvate-antiporter, but the uptake of serine by
SdacC is crucial for the excretion of pyruvate by the living cells in rich medium. The established
large-scale screenings need to be continued and a number of promising candidates needs to be
investigated further. This study lays the methodological foundation to identify and analyze the

pyruvate exporter(s) in E. coli.

INTRODUCTION

Proteobacteria were shown to excrete pyruvate when growing fast in a rich medium due to a
so-called overflow metabolism under conditions of high pyruvate production [1-4]. By this
means, the cells regulate intracellular pyruvate levels to remain constant. The excreted pyruvate
is reclaimed from the medium in a later growth phase. For the uptake of pyruvate, E. coli
possesses three (putative) pyruvate transporters: BtsT and CstA were proven to transport
pyruvate into the cell [5, 6], but only a mutant lacking btsT, cstA and yhjX is unable to grow on
pyruvate, indicating that YhjX might be a third pyruvate transporter. Whereas cstA is activated
by nutrient limitation in the stationary growth phase, the other two (putative) pyruvate
transporters are only produced when extracellular pyruvate is present: Expression of btsT is
activated by the two-component system BtsS/BtsR on sensing of pyruvate with a low threshold
concentration of 50 UM [7], and expression of yhjX is activated by the two-component system
PyrS/PyrR on sensing pyruvate with a higher threshold concentration of 600 uM [8].

In contrast to what is known about pyruvate uptake, the mechanism of pyruvate excretion is
still unknown. We assume that the excretion of pyruvate does not happen passively, as
intracellular pyruvate levels must be tightly controlled and some species excrete very large
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amounts of pyruvate [1, 9, 10]. Thus, the cells need to use a transporter protein to bring pyruvate
outside trough the cell membrane, just as the transporters BtsT and CstA carry it inside the cells.
The aim of this project was to identify the responsible pyruvate exporter protein(s) in E. coli.
Pyruvate is not only a valuable compound for the cells to use it as a metabolite, but it also serves
as a scavenger for reactive oxygen species [11-13]. Thus, pyruvate excretion can be seen as an
oxidative defense mechanism [14]. To find the responsible exporter protein in E. coli and
subsequently to identify homologs in other species could reveal important insights into pyruvate
excretion. By using deletion mutants it could be observed what happens if pyruvate excretion

is abolished, for instance in pathogens or specific members of the intestinal microbiota.

RESULTS AND DISCUSSION

For the search of a pyruvate exporter in E. coli, we used a reporter strategy based on the fact
that the expression of btsT is activated only in the presence of extracellular pyruvate by the
pyruvate sensing system BtsS/BtsR. It was shown previously that pyruvate activates btsT
expression [7]. Moreover, btsT expression is directly dependent on the concentration of
pyruvate outside of the cells: In diluted LB medium, beginning with a threshold concentration
of 10 uM, the expression of btsT increases according to an increasing pyruvate concentration
in the medium, until reaching saturation at 1 mM pyruvate [7]. Thus, btsT expression can be
taken as a quantitative tool to indirectly measure external pyruvate concentrations. A strain
lacking the gene(s) coding for the pyruvate exporter(s) is expected to show no btsT expression
when grown in LB medium. To this end, we used different reporter assays for btsT expression
in deletion mutant libraries to find a strain with strongly reduced btsT expression, which is an
indicator that no external pyruvate is present and thus that the deleted gene is involved in
pyruvate excretion, putatively coding for a pyruvate exporter protein. The mechanism how

pyruvate excretion is linked to btsT expression is illustrated in Figure 1.

Untargeted large-scale transformation of Keio deletion mutants with a luciferase-based
reporter plasmid for btsT expression reveals YrbG as a first candidate

As a first screening, we used a plasmid-based reporter system for btsT expression with
luciferase expression as a readout. It was successfully used before to show btsT expression and
even pyruvate concentration dependency by Behr et al. [7], but they used a mutant strain lacking

yhjX and diluted LB to which pyruvate was added.
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pyruvate

Figure 1. Activation of btsT by excreted pyruvate. Schematic illustration of pyruvate excretion via an
unknown exporter protein (marked with ?), activation of the two-component system BtsS/BtsR upon
sensing the external pyruvate, which leads to expression of btsT coding for the protein BtsT transporting
the excreted pyruvate back into the cell.

To test if this system is applicable to monitor the excretion of pyruvate in LB medium and even
to point out differences in pyruvate concentration, we transformed E. coli MG1655 wild-type
cells with the respective pBBR-Puist-lux reporter plasmid [15] and measured both the external
pyruvate concentration and the luminescence signal over growth to determine btsT expression
(relative light units [RLU] per ODs0o). We could clearly see the peak of external pyruvate at the
beginning of exponential growth phase and the equivalent peak of btsT expression directly
afterwards in mid-exponential phase (Figure 2). We conclude that this reporter system can be

used to indirectly detect pyruvate excretion.
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Figure 2. Pyruvate excretion activates btsT expression in LB medium. A) External pyruvate: E.
coli MG1655 wild-type cells were grown in flasks in LB medium at 37 °C, growth was monitored
(dotted lines) and samples were taken every 20 min to determine external pyruvate concentrations (solid
line) via an enzymatic assay. B) btsT expression: E. coli MG1655 wild-type cells harboring a reporter
plasmid for btsT expression (pBBR1-MCS5-Pyst-lux) were grown in LB medium in a plate reader at
37 °C. Growth (dotted line) and btsT expression (RLU/ODseqo, solid line) were monitored over time.
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We used this plasmid-based luciferase reporter system in combination with the Keio collection
of single knockout strains [16] and aimed to find a strain with very low btsT expression. The
Keio collection comprises in total 3985 knockout mutants, which is a high number to be
transformed and tested. For the simultaneous transformation of several Keio knockout mutants
in the 96-well format, we established a large-scale conjugation. To this end we used the
diaminopimelic acid auxotroph E. coli strain WM3064 harboring the pBBR-Pust-lux reporter
plasmid as the donor, plated it as a lawn and dropped the recipients of the Keio collection on
top for mating, as described in detail in the material and methods section. The transformed
mutants were then selected by re-streaking on the appropriate antibiotics. After testing several
other protocols, this technique allowed the most rapid and efficient transformation of whole 96-
well plates. In total, 30 plates of the Keio collection were transformed with the pBBR-Pptst-lux
reporter plasmid, which means a sum of approximately 2880 mutants or 72 % of the whole
collection. Some few strains did not regrow before or after transformation, but for those with
knockouts of putatively relevant transporter genes, the procedure was repeated and
transformation was successful in the second trial. An overview of all transformed Keio plates

can be found in table S1.

The transformed knockout mutants were then used for btsT expression measurements. Growth
and luciferase expression in LB medium were monitored over time in a plate reader and the
maximal btsT expression of each single mutant was determined. To each plate, the wild-type
harboring the reporter plasmid was added in one well (replacing an “irrelevant” mutant with a
deleted gene not coding for a membrane protein) as a control for normal btsT expression. By
this means, a fold change in relation to the wild-type expression value could be calculated for
each strain, which allowed a rough comparison of different tested plates among each other. In
table S1, btsT expression values as well as calculated fold changes for all tested Keio strains

are listed.

19 mutants, which showed very low btsT expression, were collected and tested again in one
plate, together with the wild-type. All values of btsT expression and the fold change in relation
to the wild-type of these 19 mutants, as well as the products of the deleted genes are listed in
table 1. The 12 strains with the lowest btsT expression (Figure 3) and which have a deletion of

a gene coding for a putative transporter protein were selected for further testing.

These 12 most promising mutant candidates were tested directly for pyruvate excretion during
growth in LB medium. To allow the simultaneous testing of this number of strains, only three
samples were taken in the beginning of the exponential growth phase (ODegoo = 0.2 - 0.6), the
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time point at which the peak of external pyruvate is supposed to occur. Pyruvate concentrations
were determined using an enzymatic assay. The basal pyruvate concentration in the LB medium
(100-200 puM, measured for every experiment) was subtracted to see the amount of excreted
pyruvate for each strain. In table 1, the maximal external pyruvate concentration for each of the
tested candidates is listed. The maximal external pyruvate concentration for the wild type was
501 uM and almost all 12 mutants had similar values (Figure 3). Only one candidate (yrbG)
had a very low maximum of external pyruvate (71 pM) and was thus investigated further.
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Figure 3. btsT expression and external pyruvate of 12 selected Keio deletion mutants as most
promising candidates after untargeted screening of 30 Keio collection plates. The indicated Keio
mutants and the wild-type harboring the pPBBR1-MCS5-Pysr-lux reporter plasmid were grown in LB
medium at 37 °C. Luminescence (RLU) and growth (ODsoo) Were monitored over time in a plate reader
and btsT expression was calculated as RLU/ODeggo. For external pyruvate measurements, samples were
taken at the exponential growth phase to determine pyruvate concentrations with an enzymatic assay.
A) btsT expression over time. B) Maximal btsT expression. C) External pyruvate concentration.

YrbG is an uncharacterized membrane protein with 10 predicted transmembrane domains and
belongs to the Ca?*:cation antiporter family [17]. First, the correct knockout of the yrbG gene
was confirmed by PCR. Then, we aimed to complement the deletion mutant by expression of
yrbG from a plasmid (pBAD24-yrbG), but the low btsT expression was not complemented
(Figure S1). However, a clear effect of the added arabinose concentration on growth was
observed for the mutant harboring the pBAD24-yrbG expression plasmid (Figure S1),
indicating that the expression of the transporter protein worked and might be harmful for the
cells when expressed in a high number. As a consequence, we assumed that the reduced
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pyruvate excretion and thus decreased btsT expression we observed for the yrbG deletion
mutant did not result from the deletion of yrbG, but rather from any other mutation in the
genome. A second measurement of external pyruvate provided a maximal external pyruvate
concentration of 294 uM. This time, samples were taken over the whole growth period, which
could explain the low value of the first measurement with having missed the correct time point

of the excretion peak. Thus, we did not follow up on this candidate.

Besides the untargeted transformation and testing of 96-well plates of the Keio collection as a
whole, also a targeted transformation of several potential candidates with the pBBR-Ppst-lux

reporter plasmid was performed, which was based on three different targeted strategies:

Targeted strategy A: Transformation of selected Keio deletion mutants with a luciferase-
based reporter plasmid for btsT based on increased protein synthesis rates in the presence

of amino acids reveals SdaC as a putative serine-pyruvate-antiporter

As a first targeted strategy, we analyzed the ribosome profiling data from Li et al. [18], who
investigated protein synthesis of E. coli MG1655 in different media. As pyruvate excretion
occurs under conditions of overflow metabolism in an amino-acid rich medium, we assumed
for our sought-after pyruvate exporter to find a strongly increased protein synthesis rate in
minimal medium supplemented with amino acids in comparison to minimal medium without
supplement. We sorted the data according to this ratio of synthesis rate in medium with amino
acids to the synthesis rate in minimal medium without amino acids, and filtered the remaining
list of proteins for putative transporters. After excluding all protein candidates for which the
corresponding Keio deletion mutants had been already transformed and tested before and
showed normal btsT expression, a list of 25 candidates remained. The corresponding deletion
mutants were selected from the Keio collection, transformed with the pBBR-Puist-lux reporter

plasmid and btsT expression was measured.

Out of these 25 candidates, five had a fold change lower than 0.7 for btsT expression in
comparison to the wild-type (Figure 4) and were selected for further measurements of external
pyruvate. The btsT expression and fold change values of all 25 candidates are listed in table 1,
as well as the products of their deleted genes. The five potential mutant candidates were tested
for external pyruvate in comparison to the wild type (Figure 4). Samples were taken every 15
minutes during growth in LB medium and pyruvate concentrations were measured with an

enzymatic assay.
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Figure 4. btsT expression and external pyruvate of selected Keio deletion mutants based on
targeted strategy A. The indicated Keio mutants and the wild-type harboring the pBBR1-MCS5-Pyst-
lux reporter plasmid were grown in LB medium at 37 °C. Luminescence (RLU) and growth (ODsno)
were monitored over time in a plate reader and btsT expression was calculated as RLU/ODggo. For
external pyruvate measurements, samples were taken every 15 minutes to determine pyruvate
concentrations with an enzymatic assay. A) btsT expression over time. B) Maximal btsT expression. C)
External pyruvate concentration.

One candidate excreted a very high amount of pyruvate, three strains were comparable with the
wild type showing a peak of external pyruvate in early exponential growth phase, but for one
mutant (sdaC) the concentration of external pyruvate remained almost constant over time and
only a small peak could be observed, with a maximal pyruvate concentration of 247 uM (Figure
5). The measurement was repeated and the pyruvate concentration again did not change much
over time, with a maximum of 188 uM. After confirming the correct knockout of the sdaC gene
via PCR, we constructed an expression plasmid for sdaC to complement the deletion mutant
(pBAD24-sdaC). Inducing the plasmid with 0.02 % arabinose, we observed complementation
of both btsT expression and pyruvate excretion in the Keio sdaC deletion mutant back to at least
wild-type level (Figure 5). Thus, this gene was a very promising candidate to code for a
potential pyruvate exporter. Further experiments to check if SdaC can indeed export pyruvate

were performed by creating right-side-out membrane vesicles.
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Figure 5. btsT expression and pyruvate excretion of Keio sdaC deletion mutant in comparison to
the wild type and the complemented mutant. A) Time course of btsT expression: The indicated cells
harbored the pBBR1-MCS5-Pyst-lux reporter plasmid and were grown in LB medium at 37 °C.
Luminescence (RLU) and growth (ODego, dotted lines) were monitored over time in a plate reader and
btsT expression was calculated (RLU/ODsqo, solid lines). B) External pyruvate during growth: The
indicated cells were grown in LB medium at 37 °C. Growth was monitored (dotted lines) and samples
were taken every 15 minutes to determine pyruvate concentrations in the medium (solid lines).

Direct monitoring of pyruvate excretion with right-side-out membrane vesicles shows that
SdaC is no pyruvate exporter

SdacC is characterized as a highly specific L-serine transporter of the hydroxy/aromatic amino
acid permease (HAAAP) family, which is energized by a proton cotransport [19-21]. It was
also shown that SdaC plays a role in maintaining amino acid homeostasis during shifts in
nutrient availability [22], that it might be involved in ampicillin sensitivity and phage infection

[23] and might work as an inner membrane receptor of colicin V [24].

To show pyruvate export by SdaC directly, we generated right-side-out membrane vesicles of
the Keio sdaC deletion mutant, either with the pBAD24-sdaC expression plasmid for
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complementation or with the empty vector pBAD24. Cells were grown in LB medium and the
expression plasmid was induced with 0.2 % arabinose. Following the protocol of Kaback
(1971), as described in the material and methods section and illustrated in Figure 6, we first
monitored the formation of spheroplasts under the microscope. Before the right-side-out
membrane vesicles were formed, we added 10 mM pyruvate to the buffer to pre-load the
vesicles. Then we added 10 mM of different compounds (either sucrose, serine, succinate or
threonine) to the final buffer to balance the molarity and to offer a substrate for a putative
symport. After confirming the correct formation of ride-side-out membrane vesicles under the

microscope (Figure 6), we conducted export experiments with them.

hypertonic hypotonic
lysozyme +10mM °§
EDTA pyruvate
intact call h | right-side-out
spheroplast membrane vesicle
spheroplasts right-side-out membrane vesicles
I 1 I 1
° o !"(v . .
o 2 | \°p -
__ 1 T
~ - - ow & -
. T . 28 |
b’ 3 -
Lo ;
(N r e —i F— b g e? ‘2

Figure 6. Formation of spheroplasts and right-side-out membrane vesicles. E. coli sdaC Keio
deletion mutant cells formed spheroplasts when resuspended in a hypertonic solution with lysozyme and
EDTA, visible as dark round spheres. After fast dilution into a hypotonic solution, ride-side-out
membrane vesicles were formed, visible as light, almost transparent spheres. In this step, the vesicles
were pre-loaded with 10 mM pyruvate for subsequent export experiments. Scale bar 5 pm.

After addition of PMS and ascorbate, we took samples at different time points and immediately
centrifuged the vesicles at 4 °C to then measure the pyruvate concentration in the supernatant
with an enzymatic assay. We could show fast pyruvate export by the right-side-out membrane
vesicles for both the Keio sdaC deletion mutant with the empty vector and with the pBAD24-
sdaC expression plasmid (Figure 7). This export was independent of the compound provided in

the buffer (same export with serine, threonine, succinate or sucrose outside), indicating that
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pyruvate export is not based on an antiport or symport. Without addition of PMS and ascorbate,
we did not see any transport anymore (Figure 7), indicating that the export of pyruvate is
depending on an electric potential and/or a proton gradient. These new precious facts about a

potential pyruvate exporter were applied in further screenings.

>
o

"= 2000 - 'S 2000 -
) o)
§ 1800 i § 1800 A
f— 1600 ‘_C"- 1600 A
o o> .
g 1400 g 1400
S 1200 5 1200
E 1000 £ 1000
*é 800 £ 800
é 600 % 600
@ 400 _ @ 400 ®
S 200 S 200
2 2 0
>\ O I T T 1 > T T !
o) a
0 200 400 600 200 400 600
time [s] time [s]
- sdaCpBAD24 - sdaCpBAD24 =~ sdaCpBAD24-sdaC sdaCpBAD24-sdaC
+ PMS and ascorbate + PMS and ascorbate

Figure 7. Pyruvate export with right-side-out membrane vesicles. E. coli sdaC Keio deletion mutant
cells harboring either the empty vector pBAD24 or pPBAD24-sdaC for complementation were converted
to right-side-out membrane vesicles and preloaded with 10 mM pyruvate. Export experiments were
performed at RT in 100 mM Tris-Mes buffer, pH 7.0, containing either A) 10 mM threonine or B)
10 mM serine. PMS (100 uM) and ascorbate (20 uM) were added to the samples where indicated.
Pyruvate concentration in the buffer after different time periods was determined with an enzymatic
assay.

This leads to the conclusion that SdaC is not the pyruvate exporter we were looking for. The
abolished pyruvate excretion in the sdaC deletion mutant must be explained with physiological
reasons due to a reduced serine uptake without SdaC. Serine is the first amino acid to be
consumed and half of it is converted to pyruvate [26, 27]. It was shown that uptake of serine
from the medium leads to pyruvate excretion [7]. Interestingly, we found that the deletion of
two other serine transporter genes, sstT and tdcC, did not have any influence on btsT expression
(Figure S2). Only if sdaC was deleted, alone or in addition to sstT and tdcC, expression of btsT
was reduced. This indicates that a specific property of SdaC must be crucial for pyruvate

excretion, which does not have to be necessarily serine uptake. It has been shown that SdaC
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plays a role in maintaining amino acid homeostasis during shifts in nutrient availability with an
unknown mechanism [22]. As pyruvate excretion normally happens during early exponential
phase, this unexplored role of SdaC could also apply here. Further research is necessary to

elucidate the interplay of serine uptake and pyruvate excretion in E. coli.

Targeted strategy B: Transformation of selected Keio deletion mutants with a luciferase-
based reporter plasmid for btsT based on logical narrowing down of a transporter list
reveals 5 candidates for further investigation

As a second targeted strategy, we analyzed the E. coli transporter database list from Elbourne
et al. [28] and created a selection of candidates according to all the facts about the sought-for
pyruvate exporter which we could conclude after the first experiments: We were looking for a
transport which is depending on an electric potential and/or a proton gradient, and no antiport
or symport. It has to be mentioned that the online transporter list might be incomplete, as BtsT
for instance is not listed. Thus, there is the possibility that the pyruvate exporter might not be
included there neither and our candidate selection must be handled with care.

For 62 putative candidates, the corresponding deletion mutants were selected from the Keio
collection, transformed with the pBBR-Puist-lux reporter plasmid and btsT expression was
measured. In Table 1, all btsT expression and fold change values for these 62 candidates are
listed and which transporter their deleted genes code for. The ten mutants with the lowest
expression values (fold change lower than 0.3, Table 1, Figure 8) were selected for further

measurements of external pyruvate.

Samples for external pyruvate were taken every 15 minutes during growth in LB medium and
pyruvate concentrations were measured with an enzymatic assay. From the ten tested mutants,
five showed a maximal external pyruvate concentration similar to that of the wild type, whereas
five mutants had a lower pyruvate excretion (228 — 341 uM, Tablel, Figure 8). The other five
strains were tested again and also this time, their pyruvate excretion was lower than that of the
wild type. These results were unexpected, as we hypothesized to find rather only one deletion

mutant of a putative pyruvate exporter gene with strongly reduced pyruvate excretion.

We barely assume that all these five genes are coding for pyruvate exporter proteins. As they
all code for transporters, a gene deletion could have an impact on the physiological state of the
cells, impairing the high production of pyruvate and thus an overflow metabolism which

normally leads to pyruvate excretion in full medium. This needs to be investigated further. In a
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first step, complementation of these candidates needs to be shown to ensure that the deleted

genes are the reason for the decreased pyruvate excretion.
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Figure 8. btsT expression and external pyruvate of 10 selected Keio deletion mutants based on
targeted strategy B. The indicated Keio mutants and the wild-type harboring the pBBR1-MCS5-Pyst-
lux reporter plasmid were grown in LB medium at 37 °C. Luminescence (RLU) and growth (ODsoo)
were monitored over time in a plate reader and btsT expression was calculated (RLU/ODggo). For
external pyruvate measurements, samples were taken every 15 minutes. A) btsT expression over time.
B) Maximal btsT expression. C) External pyruvate concentration.

Targeted strategy C: Transformation of selected Keio deletion mutants with a luciferase-
based reporter plasmid for btsT based on an expression peak in exponential growth phase

reveals 12 candidates for further investigation

As a third targeted strategy, we analyzed gene expression data from Smith et al. [29] at different
time points over growth in full medium. As pyruvate is excreted very fast in the beginning of
exponential growth phase, we hypothesized an expression peak of the gene coding for a
pyruvate exporter at this time. To this end, we sorted the expression data table by Smith et al.
[29] for genes with the highest upregulation after 1 or 2 hours and filtered this list for genes
coding for putative transporter proteins. After excluding all candidates that were not found in
the Keio collection, and those that had been already transformed and tested before and showed
normal btsT expression, a list of 12 gene candidates remained. The corresponding deletion
mutants were selected from the Keio collection, transformed with the pBBR-Puist-lux reporter

plasmid and btsT expression was measured.

94



Interestingly, all 12 candidates showed a much lower btsT expression than the wild-type (Figure
9, Table 1). As we cannot expect that all these genes are involved in pyruvate excretion, we
assume that the gene deletions might affect physiological features of the cells in exponential
growth phase leading for instance to an abolished overproduction of pyruvate which as a
consequence is not excreted. However, these measurements should first be repeated carefully
to confirm that these 12 mutants have a reduced btsT expression, before measuring external
pyruvate for all of them. It also needs to be taken into consideration that the wild-type
expression values in these experiment were very high, mostly higher than all expression values

of the tested mutants. Further research is necessary for these candidates.
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Figure 9. Time course of btsT expression of 12 selected Keio deletion mutants based on targeted
strategy C. The indicated Keio mutants harboring the pBBR1-MCS5-Pyst-lux reporter plasmid were
grown in LB medium at 37 °C. Luminescence (RLU) and growth (ODsg) Were monitored over time in
a plate reader and btsT expression was calculated (RLU/ODgq).

Creation of a transposon library for blue-white screening based on btsT expression as an

alternative strategy to find a pyruvate exporter

Besides using the luciferase-based reporter system to find a deletion mutant with reduced btsT
expression, we also established another screening strategy. For this end we used a lacZ-based
reporter system for btsT, which would allow blue-white screening to monitor btsT expression

rapidly and directly for many cells on plate. In combination with a knockout library, we
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expected to be able to select white clones on agar with X-gal for very low btsT expression to

find by this means a mutant with a deletion of the pyruvate exporter.

In a first step, we tested if the desired reporter system is applicable for blue-white screening by
transforming two different E. coli strain with the pBBR1-MCS5-Pust-lacZ reporter plasmid:
One strain (with deletions of btsT cstA and yhjX [6]) excretes pyruvate, but is unable to take it
up again leading to accumulating pyruvate in the medium, whereas the other strain (sdaC, see
previous section) does not excrete pyruvate. We mixed them in a 1:10 ratio for
sdaC : btsT cstA yhjX and plated them on LB agar plates containing X-gal. Indeed, we saw
roughly 10 percent white colonies in between very blue colonies (Figure 10), indicating that
this screening shows btsT expression in the form of the blue color — and even when neighboring
btsT cstA yhjX colonies excreted pyruvate, sdaC colonies stayed white due to their own
impaired pyruvate excretion. We concluded that this reporter system could be used as a tool in

combination with a knockout library to find white clones with abolished pyruvate excretion.

Figure 10. Test for blue-white screening
according to btsT expression as a result of
pyruvate excretion. E. coli mutants sdaC and
btsT cstA yhjX harboring the pBBR1-MCS5-Phsr-
lacZ reporter plasmid were mixed 1:10 and plated
on LB agar with X-gal. Plates were incubated
overnight at 37 °C.

To this end, we created a mini-Tn10 transposon library of E. coli MG1655 with the plasmid
pPNK2859 according to the protocol of Freed [30] as described in the material and methods
section. A mixture of smaller and larger colonies on the kanamycin plates confirmed that the
gene disruption by transposon integration was working. The final library comprised
approximately 160 000 single colonies, indicating that a transposon was integrated on average
every 30 bp. This library was then pooled and stored in aliquots. One aliquot was transformed
with the pBBR1-MCS5-Puist-lacZ reporter plasmid and plated in an appropriate dilution on LB
agar plates containing kanamycin, gentamycin and X-gal for blue-white screening. Out of
approximately 20 000 single colonies, roughly 120 completely white ones (Figure 11) were

selected and re-streaked on fresh plates.
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Figure 11. Example pictures of blue-white screening for btsT expression. A mini-Tn10 transposon
library of E. coli MG1655 harboring the pPBBR1-MCS5-Pyst-lacZ reporter plasmid was plated on LB
agar containing kanamycin, gentamycin and X-gal. After incubation at 37 °C overnight, single white
colonies (see red arrows), indicating low btsT expression, were collected.

However, most of the streaks turned blue in parts on the fresh plates, indicating that further
streaking to clean the white clones would be necessary. After this cleaning, all white clones
could be collected to have a pool of candidates with low btsT expression for further testing. The
next step of this strategy would be to extract the genomic DNA of this “low btsT expression
library selection”, digest it and ligate the DNA fragments into an appropriate vector. E. coli
cells could then be transformed with this vector-based DNA library and plated on kanamycin
to select for clones harboring vectors with a transposon. Sequencing of these vectors could
identify all genes in which the transposon was integrated in the white clones. This could lead
to a list of genes involved in pyruvate excretion and thus in a final step to candidates for a

putative pyruvate exporter.

Further strategies

The strategies presented above were all based on btsT expression as a reporter readout for
excreted pyruvate. Although this reporter system is well approved and the screenings led to
some promising candidates which should definitely be followed up and investigated further, it
might be useful to broaden the search also integrating other ways and strategies for screening.
Investigating several putative candidates is very time consuming, whereas techniques that
narrow down more intensively to a very few strains to test might be faster and lead to more

promising results.

Thus, a smart option for future research would be to create a reporter system which leads to
lower survival of the cells according to higher btsT expression. This could be for instance work
via cloning the promoter region of btsT upstream of a gene coding for a transcriptional regulator
which in turn blocks the expression of an antibiotic resistance cassette. Only in case of low or

no btsT promoter activity, survival in the presence of the corresponding antibiotic would be
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possible. To combine such a system with a knockout library could rapidly reduce the number

of potential candidates to test.

Another idea would be to grow a knockout library in very low concentrations of 3-
fluoropyruvate, a toxic analog of pyruvate. Mutants without a pyruvate exporter to transport the
toxic compound out of the cells would be killed in a higher rate and thus show a reduced growth
rate. This method would obviously only work if the pyruvate exporter also transports bromo-
pyruvate and if a concentration could be found that is not toxic to all cells, but only to those not
able to export the compound again. A combination of this strategy with transcriptomic data of
cells grown in the presence of this compound in comparison to cells growing without it could
also reveal a detectable upregulation of the sought-after pyruvate exporter gene, as the cells

would presumably upregulate this gene to step up their efforts to export the toxin.

CONCLUSION

This study aimed to identify the responsible protein(s) for pyruvate export in E. coli. With
several different screening methods, one very promising deletion mutant (sdaC) was found
which indeed did not excrete pyruvate in vivo. However, pyruvate excretion could still be shown
using right-side-out membrane vesicles. We conclude that the abolished pyruvate excretion of
this strain in vivo was due to physiology of the cells and a specific property of SdaC is necessary

for the excretion of pyruvate.

So far, no pyruvate exporter was identified. Nevertheless, the large- and small-scale methods
for screening and analysis were well established and are very promising. Precious information
about the pyruvate exporter could be derived from the export experiments. With further
investigation of more promising candidates resulting from the different screenings, the chances
to narrow down the list and identify the responsible gene(s) for pyruvate export are high. The
established methods and strategies lay the foundation to enable further research and screening
to finally identify the correct exporter candidate. It would be very interesting and important for
different kinds of research areas to investigate the function and relevance of pyruvate excretion
by E. coli and also by other bacteria — a topic which is fully unexplored yet.

MATERIAL AND METHODS

Strains and plasmids. The following E. coli strains were used in this study: E. coli MG1655
was used as wild type in relation to all mutants. E. coli DH5a Apir [31] was used for cloning.

E. coli WM3064 (W. Metcalf, University of Illinois) was used as a donor for conjugation. The
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E. coli Keio collection [16] of single deletion mutants (one gene replaced by a kanamycin
resistance cassette) was used for the large-scale conjugation and screening with the luciferase-
based reporter assay. The following plasmids were used in this study: To monitor expression
of btsT with a luciferase-based reporter assay, the pPBBR1-MCS5-Pyist-lux reporter plasmid [15]
was used. For a blue-white-screening based on btsT expression, the pPBBR1-MCS5-Pyst-lacZ
plasmid (Jin Qiu, unpublished) was generated by amplifying the promoter region of btsT
(400 bp upstream of the start codon) by PCR and cloning it into the vector using BamHI and
Smal restriction enzymes. For gene expression to complement deletion mutants, the pBAD24
plasmid [32] was used as backbone. The desired gene was amplified by PCR from genomic
DNA and cloned into the vector using EcoRI and Xbal restriction enzymes. Correct cloning of
plasmids was confirmed by sequencing.

Growth conditions. Cells were grown aerobically at 37 °C in LB medium (10 g/l tryptone,
5 g/l yeast extract, 10 g/l NaCl) with 20 pg/ml gentamicin, 100 pg/ml ampicillin and/or
50 pg/ml kanamycin if necessary. LB agar plates were made by adding 15 g/l agar to the

medium. Growth was monitored by measuring the optical density at 600 nm (ODeoo) over time.

Molecular biological methods. Molecular methods followed standard protocols [33] or were
implemented according to manufacturer’s instructions. Kits for the isolation of chromosomal
DNA or plasmids and purification of PCR products were purchased from Sudlabor. Enzymes

were purchased from New England Biolabs. Chemicals were sourced from Roth or Merck.

Large-scale conjugation. To efficiently transform several strains of the Keio collection at the
same time with the luciferase-based reporter plasmid, a large-scale conjugation was established
for the 96-well format. The donor strain WM3064 harboring the pBBR1-MCS5-Phptst-lux
reporter plasmid was grown overnight in 20 ml LB medium supplemented with 300 uM
diaminopimelic acid due to the strain’s auxotrophy and gentamicin to keep the plasmid. The
recipients of the Keio collection were grown overnight in a 96-well plate in 200 pl LB medium
per well with kanamycin due to their resistance. Both donor and recipients were washed twice
with LB medium. The donor was then resuspended in 2 ml LB medium, plated as a lawn on a
square LB agar plate containing 300 uM diaminopimelic acid and dried at 37 °C for 30 minutes.
The recipients were each resuspended in 10 pl LB medium and small drops of 2 ul were placed
with a multichannel pipette on the square agar plate on the donor lawn, keeping the format of
the 96-well plate. After all drops were dried, this mating plate was incubated for 4 hours at
37 °C to allow conjugation. Then, the cells were streaked with a multichannel pipette in the 96-
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well format on a square LB agar plate containing kanamycin and gentamycin to select for Keio

mutants harboring the plasmid and to get rid of the donor.

Luciferase-based expression analysis. The Keio deletion mutants harboring the pBBR1-
MCS5-Pyist-lux reporter plasmid were grown under agitation in a 96-well plate in 200 pl LB
medium with kanamycin and gentamycin in a ClarioStar plate reader at 37 °C. The wild type
MG1655 harboring the pBBR1-MCS5-Puist-lux reporter plasmid was added to the 96-well plate
(in LB medium with gentamycin) for comparison. Growth and luminescence were measured
over time and btsT expression was calculated as relative light units (RLU) per ODggo. The
maximal expression value for each strain was compared with the mean maximal expression

value of the wild type, expressed as a fold change.

External pyruvate measurement. Levels of excreted pyruvate were measured using a
procedure adapted from O’Donnell-Tormey et al. [14]. E. coli cells were grown under agitation
at 37 °C in LB medium and growth was monitored. At selected time points, 1-ml samples of
supernatant were harvested by centrifugation at 4 °C (10 min, 14 000 x g). Proteins were
precipitated by the addition of 250 ml of ice-cold 2 M perchloric acid. After a 5-minute
incubation on ice, the samples were neutralized with 250 ml of 2.5 M potassium bicarbonate,
and precipitates were removed by centrifugation (4 °C, 10 min, 14 000 x g). Pyruvate
concentrations of the clear supernatants, diluted 1:5 in 200 mM PIPES buffer (pH 7.5), were
determined by using an enzymatic assay based on the conversion of pyruvate and NADH + H*
to lactate by lactate dehydrogenase. The assay was performed as described before [6]. To
determine the basal pyruvate concentration in the medium, clean LB samples were also taken

and measured in the same way.

Complementation of deletion mutants. For complementation of deletion mutants, the
respective strain from the Keio collection was transformed with the pPBAD24 expression vector
harboring the gene which was deleted in the mutant. To ensure that the gene was expressed, the

promoter was induced with 0.02 % arabinose.

Formation of right-side-out membrane vesicles. The formation of right-side-out membrane
vesicles was performed according to Kaback [25]. Shortly, E. coli cells were grown in LB
medium at 37 °C and harvested by centrifugation (5000 x g, 20 min, 4 °C). The cell pellet was
weighed and kept at 4 °C overnight. Then, the cells were resuspended in 80 ml/g wet weight of
30 mM Tris-HCI, pH 8.0, containing 30 % sucrose (w/v) until homogenous. Under slow
agitation, lysozyme was added to a final concentration of 50 pug/ml and K:EDTA (pH 7.0) was

added to a final concentration of 10 mM. The cell suspension was stirred at RT for
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approximately 45 minutes and the formation of spheroplasts was monitored under the
microscope. After centrifugation (16 900 x g, 20 min, RT), the pellet was resuspended with a
loosely fitting homogenizer in the smallest possible volume (5-10 ml) of 100 mM Tris-Mes
buffer, pH 7.0, containing 20 mM MgSOQg4, 30 % sucrose, DNasel and RNaseA (each to a final
concentration of 1 mg/ml). Then, the spheroplasts were fastly diluted 1:100 in prewarmed
(30 °C) 100 mM Tris-Mes buffer, pH 7.0, containing 100 uM MgSOQOs, and incubated for 15
minutes at RT. For determination of pyruvate export, 10 mM pyruvate was added to this buffer
to preload the right-side-out membrane vesicles, which are formed in this step. KzEDTA (pH
7.0) was added to a final concentration of 10 mM and MgSO4 was added to a final concentration
of 15 mM, followed by 30 minutes incubation at RT. The formation of right-side-out membrane
vesicles was monitored under the microscope. After centrifugation (16 000 x g, 60 min, 4 °C),
the pellet was resuspended in 100 ml cold 100 mM Tris-Mes buffer, pH 7.0, containing 10 mM
K2.EDTA. To test putative antiport, 10 mM serine or sucrose (as a control) were added to this
buffer. After the next centrifugation (800 x g, 30 min, 4 °C), the pellet was discarded and the
supernatant containing the right-side-out membrane vesicles was centrifuged again (20 800 x
g, 30 min, 4 °C). The remaining pellet was resuspended in 10 ml 200 mM Tris-Mes buffer, pH

7.0, containing 10 mM serine, threonine, succinate or sucrose.

Pyruvate export measurements with right-side-out membrane vesicles. Right-side-out
membrane vesicles were preloaded with 10 mM pyruvate and suspended in 100 mM Tris-Mes
buffer, pH 7.0, containing either 10 mM serine, threonine, succinate or sucrose to test putative
antiport. To 1 ml right-side-out membrane vesicles, 100 uM PMS and 20 pM ascorbate were
either added or not, and the aliquot was incubated at RT. At different time points, 150 ul were
taken out and immediately centrifuged (16000 x g, 1 min, 4 °C). 120 pl clear supernatant were
kept on ice. To determine the pyruvate concentration in this 120 pl sample, the same assay as
for the external pyruvate measurement was applied (protein precipitation followed by the
enzymatic reaction by lactate dehydrogenase) with the samples diluted 1:5 in 100 mM PIPES
buffer, pH 7.8. Total protein concentration of the right-side-out membrane vesicles was

determined according to Bradford [34] after sonification.

Creation of a mini-Tn10 transposon library. The mini-Tn10 transposon library was created
according to the protocol of Freed [30] with the plasmid pNK2859 [35] in E. coli MG1655.
This plasmid carries a Pwc promoter which is inducible by IPTG, and the ats1 ats2 transposase
gene that permits relaxed insertion specificity (altered target specificity, ATS) and thus the

transposon will use a much higher number of insertion sites. The 1.8 kb mini-Tn10 transposon
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contains a kanamycin resistance marker originating from Tn903. The 6.5-kb plasmid is based
on pBR322 and contains an ampicillin resistance cassette. First, the donor strain WM3065 was
transformed with the pNK2958 plasmid and grown overnight in LB medium supplemented with
300 uM diaminopimelic acid due to the strain’s auxotrophy and ampicillin to keep the plasmid.
The recipient MG1655 was grown overnight in LB medium. Both strains (1 ml each) were
washed twice with LB medium, resuspended and combined in 200 pl LB medium. This volume
was carefully dropped on an LB agar plate containing 300 pM diaminopimelic acid, dried and
incubated for 4 hours at 37 °C to allow conjugation. The cells were washed off with 2 ml LB
containing 1 mM IPTG to induce expression of the transposase on the plasmid and plated in
dilutions on LB agar containing kanamycin to select for clones with an inserted transposon.
After a test conjugation, the appropriate dilution for plating was determined and the procedure
was repeated in larger scale to obtain the desired number of single clones for the library. These
clones were washed off from the plates using a sterile scraper and 1 ml PBS per plate. They
were pooled in a falkon tube, vortexed and glycerol was added to a final concentration of 15 %.
The library was frozen in aliquots of 1 ml cryo-vials.

Blue-white-screening for btsT expression. For a blue-white-screening based on btsT
expression, the transposon library was transformed with the pPBBR1-MCS5-Pust-lacZ plasmid.
To this end, the donor strain WM3065 was transformed with the plasmid and grown overnight
in LB medium supplemented with 300 uM diaminopimelic acid due to the strain’s auxotrophy
and ampicillin to keep the plasmid. A volume of the donor corresponding to an ODegoo Of 8 was
washed twice with LB medium. 200 ul of the frozen transposon library was also washed twice
with LB medium. Both pellets were resuspended and combined in 200 pl LB medium. This
volume was carefully dropped on an LB agar plate containing 300 uM diaminopimelic acid,
dried and incubated for 4 hours at 37 °C to allow conjugation. The cells were washed off with
2 ml LB and plated in dilutions on LB agar containing kanamycin to select for the transposon
mutants, gentamicin to keep the reporter plasmid and X-gal to a final concentration of
200 pg/ml. After a test conjugation, the appropriate dilution for plating was determined and the
procedure was repeated in larger scale to obtain the desired number of single clones for a

sufficient blue-white screening. White clones were re-streaked to fresh plates.
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TABLES

Table 1. btsT expression and external pyruvate of the most promising Keio deletion mutants after
untargeted large-scale screening and targeted screening strategies A, B and C. Cells were grown

in LB medium at 37 °C. For btsT expression, all cells harbored the pBBR1-MCS5-Pyst-lux reporter
plasmid and fold change values are depicted in relation to the respective wild-type expression value. For

external pyruvate measurements, samples were taken at the exponential growth phase (untargeted
screening) or every 15 minutes during growth (all other screening strategies).

@ Keio Product of the deleted gene btsT btsT expression | External
& | strain expression fold change in | pyruvate
2 (RLU/ODggo) | comparisonto | (UM)
2 the wild-type
3 yrbG inner membrane protein, calcium transporter, | 1154 0.052 71; 394
S calcium-cation-antiporter family
= yjfL inner membrane protein, 4 TMs 4021 0.183 576
X yidH inner membrane protein, response to 4606 0.209 601
& oxidative stress, 3 TMs
S [yrbD Intermembrane phospholipid transport system | 4620 0.210 486
cg” binding protein MlaD, Part of the ABC
§ transporter complex MlaFEDB
S oppA | Periplasmic oligopeptide-binding protein, 5900 0.268 516
5 component of the oligopeptide permease,
‘g ATP binding
3 yjcP Multidrug resistance outer membrane protein, | 6018 0.274 581
= transmembrane transport
S yjeH L-methionine/branched-chain amino acid 6188 0.281 491
g exporter, catalyzes efflux of L-methionine.
g Can also export L-leucine, L-isoleucine and
@ L-valine. Activity dependent on
§ electrochemical potential. 11 TMs
S yhjD inner membrane protein, lipopolysaccharide 7358 0.335 501
8 transmembrane transporter activity, 6 TMs
@ | hsrA Probable transport protein, major facilitator 7888 0.359 366
k%) superfamily, EmrB family, High-copy
§ suppressor of rspA, 14 TMs
s | ydiY uncharacterized protein, duf481 putative beta | 8207 0.373 461
2 barrel porin (duf481) family
= yfjQ UPF0380 protein, in Bacillus: putative ion 8787 0.400 496
transporter
yhil uncharacterized protein, ABC superfamily, in | 8918 0.406 691
Salmonella: HlyD family efflux transporter
periplasmic adaptor subunit
cusB Cation efflux system protein, mediates 9156 0.416
resistance to copper and silver
yjeD Guanine/hypoxanthine permease GhxP, 12 10706 0.487
TMs
yhgE | uncharacterized protein, putative transporter, | 11043 0.502
11 TMs
yedR Inner membrane protein, 2 TMs, in Shigella: | 11181 0.508
permease
ydeU | uncharacterized protein, outer membrane, 11245 0.511
autotransporter domain
yifk Probable amino-acid or metabolite transport | 14187 0.645
protein, 12 TMs
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uptake of acetate and succinate

yebz inner membrane protein, copper ion transport, | 21155 0.962
8 TMs
Wild - 21992 1 501
type
< Keio Product of the deleted gene btsT btsT expression | External
2 | strain expression fold change in pyruvate
2 (RLU/ODggo) | comparisonto | (UM)
— the wild-type
3 pitA Lowe-affinity inorganic phosphate transporter | 2630 0.304 630
23 1, can also transport arsenate
3 sdaC | Serine transporter, import of serine into the 3932 0.455 247; 188
= cell
2 leue Exporter of leucine. Can also transport its 4668 0.540 630
§ natural analog L-alpha-amino-n-butyric acid
@ and some other structurally unrelated amino
%u‘ acids, yeaS
‘g ygeG Inner membrane transport protein, amino acid | 5312 0.615 2238
8 transport, hydroxy/aromatic amino acid
=2 permease (haaap) family, SdaC/TdcC
K] subfamily
g aaeA | p-hydroxybenzoic acid efflux pump subunit, | 5618 0.650 605
S Forms an efflux pump with AaeB, membrane
a2 fusion protein (mfp) family, carboxylic acid
= transport
ydiY Uncharacterized protein YdiY, duf481 6946 0.804
putative beta barrel porin (duf481) family
ychE UPF0056 membrane protein, neutral amino 6978 0.808
acid transporter (NAAT) family
dtpA Putative lipoprotein AcfD homolog, type Il 7238 0.838
secretion
panF | Sodium/pantothenate symporter, catalyzes 7327 0.848
the sodium-dependent uptake of extracellular
pantothenate
ydgl Putative arginine/ornithine antiporter 7826 0.906
yeeF Low-affinity putrescine importer PlaP, 8118 0.939
required for induction of type 1 pili-driven
surface motility
proY Proline-specific permease ProY, amino acid- | 8360 0.968
polyamine-organocation (APC) family
ansP L-asparagine permease, amino acid transport, | 8579 0.993
amino acid-polyamine-organocation (APC)
family
yicG UPF0126 inner membrane protein, 8631 0.999
uncharacterized
yjeM Inner membrane transporter YjeM, amino 9336 1.080
acid transport (amino acid-polyamine-
organocation (APC) superfamily)
gltP Proton/glutamate-aspartate symporter, 9381 1.086
dicarboxylic acid transport,
dicarboxylate/amino acid:cation (Na* or H*)
symporter (daacs) family
gntP High-affinity gluconate transporter, fairly 9505 1.100
broad specificity, gluconate:H* symporter
(gntp) family
oppC | Oligopeptide transport system permease 9639 1.115
protein OppC, atp-binding cassette (ABC)
superfamily, OppBC subfamily
yaaH | Succinate-acetate/proton symporter SatP, 10461 1211
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yhjVv Inner membrane transport protein, amino acid | 10599 1.227
transport, response to radiation,
hydroxy/aromatic amino acid permease
(haaap) family, amino acid/polyamine
transporter 2 family, SdaC/TdcC subfamily
yigM Biotin transporter 12202 1.412
ychM | C4-dicarboxylic acid transporter DauA, 13990 1.619
aerobic transport of succinate from the
periplasm to the cytoplasm at acidic pH. Can
transport other C4-dicarboxylic acids such as
aspartate and fumarate
dinF Multidrug resistance protein, also able to 14485 1.676
export peptides
brnQ | Branched-chain amino acid transport system | 15015 1.738
2 carrier protein, Component of the LIV-II
transport system
ydhC Inner membrane transport protein, major 15935 1.844
facilitator superfamily (MFS), drug transport,
xenobiotic detoxification by export
wild - 8641 1 501
type
o Keio Product of the deleted gene btsT btsT expression | External
> | strain expression fold change in pyruvate
< (RLU/ODggo) | comparison to (UM)
2 the wild-type
32 tatE Sec-independent protein translocase protein 109620 0.149 341; 380
23 TatE
8 ydiM Inner membrane transport protein YdiM, 11 153779 0.249 288; 163
S TMs
3 yegN Multidrug resistance protein MdtB, 11 TMs 154938 0.253 281; 355
§ yceL Multidrug resistance protein MdtH, 10 TMs 170594 0.262 333; 297
% ytfF Inner membrane protein YtfF, 10 TMs 173580 0.262 641
% emrB | Multidrug export protein EmrB, 14 TMs 197756 0.288 843
§ ydeE Uncharacterized MFS-type transporter YdeE, | 204347 0.295 228; 247
= peptide export
Ig yeeO | Probable FMN/FAD exporter YeeO, 11 TMs | 212570 0.295 506
e ygaY Putative uncharacterized transporter YgaY, 214225 0.298 483
o
2 11 TMs
§ cmr Multidrug transporter MdfA, efflux pump 215162 0.300 566
driven by the proton motive force
emrE | Multidrug efflux protein, coupled to an influx | 219102 0.318
of protons
yhfC Transporter protein TsgA 221186 0.326
setB Sugar efflux transporter B, 12 TMs 222533 0.329
ybgH | Dipeptide permease D, 14 TMs 230775 0.332
ycaD | Uncharacterized MFS-type transporter YcaD, | 232524 0.334
12 TMs
tatC Sec-independent protein translocase protein 234398 0.348
TatC, part of the TatABC complex
yijE Probable cystine transporter YijE 234689 0.350
yajR Inner membrane transport protein YajR, 10 235333 0.352
TMs
yhjVv Inner membrane transport protein YhjV, 11 238638 0.352
TMs
ydgR Dipeptide and tripeptide permease A, proton | 246244 0.353
dependent
ycaM | Inner membrane transporter YcaM, 12 TMs 253956 0.354
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yjdL Dipeptide and tripeptide permease C, proton | 264219 0.359
dependent

rarD Transport protein, 10 TMs 265335 0.361

yegO | Multidrug resistance protein MdtC, 10 TMs 268186 0.362

eamA | Probable amino-acid metabolite efflux pump, | 268189 0.369
10 TMs

ygeG Inner membrane transport protein YqeG, 10 268509 0.370
TMs

yajl Inner membrane transporter Ygjl, 13 TMs 272730 0.373

ynfM Inner membrane transport protein YnfM, 11 278542 0.374
TMs

acrD | Probable aminoglycoside efflux pump, 12 279428 0.391
TMs

ybdA | Enterobactin exporter EntS, 12 TMs 281436 0.395

yicL Uncharacterized inner membrane transporter | 284838 0.406
YicL

yjio Multidrug resistance protein MdtM 287100 0.406

yfbJ Probable 4-amino-4-deoxy-L-arabinose- 288117 0.407
phosphoundecaprenol flippase subunit ArnF

yedA | Uncharacterized inner membrane transporter | 293754 0.418
YedA

tatA Sec-independent protein translocase protein 295219 0.422
TatA

setA Sugar efflux transporter A 303275 0.423

emrD | Multidrug resistance protein D 304332 0.423

dinF DNA damage-inducible protein F 307103 0.442

yhiP Dipeptide and tripeptide permease B, proton | 309182 0.444
dependent

acrF Multidrug export protein AcrF, efflux of 313680 0.476
indole

yfcd Uncharacterized MFS-type transporter YfcJ 314926 0.480

yjbB Uncharacterized protein YjbB 320544 0.484

ber Bicyclomycin resistance protein, peptide 326772 0.484
export

yhiv Multidrug resistance protein MdtF 327169 0.495

sugk Guanidinium exporter 328931 0.512

ybaT Inner membrane transport protein YbaT, 331796 0.521
probable amino-aicd or metabolite transporter

yceE Multidrug resistance protein MdtG 337192 0.533

yigM Biotin transporter, facilitated by diffusion 341811 0.551

yebQ | Uncharacterized transporter YebQ 345103 0.562

emrY | Probable multidrug resistance protein EmrY 346389 0.568

ydfJ Putative transporter YdfJ 357541 0.589

aral Putative transporter Aral 360745 0.596

ydiN Inner membrane transport protein YdiN 363185 0.600

yhhS Uncharacterized MFS-type transporter YhhS | 363486 0.618

yhjX Uncharacterized MFS-type transporter YhjX | 381922 0.621

yjeM Inner membrane transporter YjeM 384756 0.622

yhaO | Probable serine transporter 419455 0.625

yaaJ Uncharacterized transporter YaaJ 447618 0.651

acrB Multidrug efflux pump subunit AcrB 457235 0.656

ydhC | Inner membrane transport protein YdhC 485788 0.664
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tatB Sec-independent protein translocase protein 498143 0.704
TatB
yegB Putative multidrug resistance protein MdtD 546475 0.717
wild - 655851 1 738
type
o | Keio Product of the deleted gene btsT btsT expression | External
> | strain expression fold change in pyruvate
& (RLU/ODggo) | comparison to (LM)
2 the wild-type
2 yneE UPF0187 protein YneE, chloride channel 26581 0.082
°g’v ycdZ Inner membrane protein 54589 0.169
[
p ycfz Inner membrane protein 58220 0.180
% yghF | Putative type Il secretion system C-type 64644 0.200
! protein
2 yjhE Putative uncharacterized protein 72649 0.225
§ mntP | Probable manganese efflux pump 83857 0.260
% yddA Inner membrane ABC transporter ATP- 87886 0.272
-t binding protein
= ymfA | Inner membrane protein 87996 0.272
‘E | yghE | Putative type Il secretion system L-type 89762 0.278
o .
= protein
3 dtpA Proton-dependent permease that transports 105822 0.328
s di- and tripeptides
secG Protein-export membrane protein 111789 0.346
ansP L-asparagine permease, APC family (yncF) 126433 0.391
wild - 322973 1
type
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Figure S1. btsT expression in E. coli Keio deletion mutant yrbG with pBAD24 (empty vector as
control) or pBAD24-yrbG in comparison to the wild type. All cells also harbor the pPBBR1-MCS5-
Puist-lux reporter plasmid. All strains were grown in LB medium at 37 °C with addition of the indicated
arabinose concentrations. Growth (ODsggo) and luminescence (RLU) were measured in a plate reader and

btsT expression was calculated (RLU/ODsgo).
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Figure S2. btsT expression in E. coli Keio deletion mutants sdaC (orange), sstT tdcC (light blue)
and sstT tdcC sdaC (green) in comparison to the wild type (black). All cells harbor the pBBR1-
MCS5-Pyst-lux reporter plasmid. All strains were grown in LB medium at 37 °C. Growth (ODego) and
luminescence (RLU) were measured in a plate reader and btsT expression was calculated (RLU/ODgq).
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SUPPLEMENTAL TABLES

Table S1. Overview of all Keio collection plates transformed with the pBBR1-MCS5-Pyst-lux
reporter plasmid and analyzed for btsT expression. All strains were grown in LB medium at 37 °C.
Growth (ODggo) and luminescence (RLU) were measured in a plate reader and btsT expression was
calculated (RLU/ODggo). Fold change values were calculated based on the mean of the wild-type
expression values. This calculation was done in two groups due to different plate readers: Plates 3, 5, 7,
9, 11, 13, 35 and 37 were calculated in one group (wild-type mean for these plates: 18188 RLU/ODgqo),
all other plates were calculated in another group (wild-type mean for these plates: 240470 RLU/ODeoo).
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D04 74871 0311 D03 71416 0.297 D04 157854 0.656
D05 64166 0.267 D04 96348 0.401 D05 152895 0.636
D06 30977 0.129 D05 89271 0371 D06 154231 0.641
D07 122519 0.509 D06 121802 0.507 D07 96980 0.403
D08 69340 0.288 D07 78159 0.325 D08 122299 0.509
D09 91257 0379 D08 87609 0364 D09 135431 0.563
D10 110806 0.461 D09 71075 0.296 D10 80138 0333
D11 102880 0.428 D10 88788 0.369 D11 83545 0.347
D12 99006 0.412 D11 152979 0.636 D12 123477 0.513
EO01 112837 0.469 D12 189532 0.788 EO1 88820 0.369
E02 79232 0.329 EO1 123052 0.512 E02 91070 0379
£03 78055 0325 £02 33512 0.139 £03 107822 0.448
£04 50027 0.208 £03 173791 0723 €04 83606 0.348
EOS 58730 0.244 E04 97854 0.407 EO5 106664 0.444
EO06 92770 0.386 EOS 101489 0.422 EO6 95182 0.396
£07 115889 0.482 E06 76592 0319 £07 100707 0.419
£08 80220 0334 €07 81834 0340 £08 186800 0.777
E09 111787 0.465 £08 82267 0342 £09 99977 0.416
E10 55588 0.231 E09 195900 0.815 E10 95609 0.398
E11 53451 0.222 E10 51224 0.213 E1l1 52992 0.220
E12 63141 0.263 E11 99884 0.415 E12 87038 0.362
FO1 58654 0.244 E12 158075 0.657 F01 179163 0.745
F02 113630 0.473 FO1 43591 0.181 F02 88905 0.370
FO3 63382 0.264 FO2 131030 0.545 FO3 128855 0.536
F04 50186 0.209 F03 128124 0533 FO4 149787 0623
F05 58826 0.245 Fo4 90111 0375 F05 52731 0.219
F06 101592 0.422 FO5 63784 0.265 F06 129450 0.538
FO7 45843 0.191 FO6 67402 0.280 FO7 108400 0.451
Fo8 75876 0.316 FO7 188693 0.785 FO8 177146 0.737
F09 99164 0412 F08 74440 0310 F09 101856 0.424
F10 248938 1035 F09 166166 0.691 F10 78348 0.326
F11 101050 0.420 F10 100000 0.416 F11 38881 0.162
F12 72162 0.300 F11 78085 0.325 F12 102112 0.425
Go1 117716 0.490 F12 160513 0.667 Go1 134194 0558
G02 100355 0417 Go1 147211 0612 G02 100716 0.419
Go3 76932 0320 Go2 177312 0.737 Go3 144060 0.599
Go4 61817 0.257 Go3 112571 0.468 Go4 51934 0.216
GOS 100727 0.419 G04 167000 0.694 GO0S 201449 0.838
Gos 108597 0.452 Gos 76773 0319 Gos 44791 0.186
Go7 66998 0.279 Go6 68958 0.287 Go7 151868 0.632
Gos 135747 0.565 Go7 79824 0332 Gos 61931 0.258
G09 94827 0.394 GO8 61843 0.257 G09 69173 0.288
G10 71123 0.296 G09 135489 0.563 G10 109283 0.454
G11 32753 0.136 G11 77502 0322 G11 100397 0.418
G12 85151 0354 G12 136909 0.569 G12 97208 0.404
HoL 66294 0.276 Hol 87939 0.366 Ho1 164115 0.682
HO2 78325 0.326 HO2 148637 0.618 HO02 96482 0.401
HO3 68749 0.286 HO3 72590 0302 Ho3 57021 0.237
Ho4 83165 0346 Ho4 86542 0.360 Ho4 89194 0371
Hos 81244 0338 Hos 98107 0.408 HO5 108451 0.451
Ho6 30684 0.128 Ho6 120705 0.502 HO6 93385 0.388
HO7 80063 0.333 HO7 146497 0.609 HO7 100655 0.419
Ho 77190 0321 Ho8 104137 0.433 Ho8 119327 0.496
Ho9 104093 0433 Ho9 193774 0.806 Ho9 179798 0.748
H10 71845 0.299 H10 157829 0.656 H10 114667 0.477
H11 25463 0.106 H11 110916 0.461 H11 116276 0.484
H12 96852 0.403 H12 168557 0.701 H12 195691 0.814
wr 214083 0890 wt 176953 0736 wt 115475 0.480
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plate 21
expression  fold change
A01 204943 0.852
A02 140519 0.584
AO3 102165 0.425
A04 99034 0.412
A0S 207082 0.861
A06 156413 0.650
A07 268854 1.118
A0S 205213 0.853
A10 284004 1.181
All 270896 1127
A12 219773 0.914
BO1 184700 0.768
BO2 89374 0.372
BO3 125856 0.523
B04 125395 0.521
BOS 109811 0.457
BO6 106355 0.442
BO8 97291 0.405
BO9 223911 0.931
B10 159863 0.665
B11 260851 1.085
B12 173786 0.723
co1 242006 1.006
co2 108110 0.450
co3 173775 0.723
co4 226408 0.942
o5 117026 0.487
Co6 130420 0.542
cos 179950 0.748
Cc10 140433 0.584
1 229280 0.953
C12 81065 0.337
D02 164821 0.685
D03 154871 0.644
D04 69615 0.289
D05 128127 0.533
D06 172144 0.716
D07 51221 0.213
D08 185238 0.770
D09 117836 0.490
D10 139664 0.581
D11 117690 0.489
D12 270169 1.124
EO1 115182 0.479
E02 181342 0.754
EO03 240554 1.000
EO4 135787 0.565
EOS 125690 0.523
E06 146326 0.608
E07 178265 0.741
E08 129116 0.537
EO9 228082 0.948
E10 209002 0.869
E11 153536 0.638
E12 192687 0.801
FO1 122207 0.508
FO3 148631 0.618
F04 134475 0.559
FO5 137811 0.573
FO6 32548 0.135
FO7 237414 0.987
FO8 246915 1.027
F09 124253 0.517
F10 168916 0.702
F11 273243 1.136
F12 205527 0.855
G01 134413 0.559
G02 236392 0.983
G03 256753 1.068
G04 85478 0.355
GO5 128974 0.536
G06 156398 0.650
G07 117781 0.490
G08 198446 0.825
G09 246166 1.024
G10 221767 0.922
G11 215948 0.898
G12 98248 0.409
HO1 107644 0.448
HO2 95694 0.398
HO3 104528 0.435
HO4 135839 0.565
HO5 116085 0.483
HO6 122762 0.511
Ho8 120841 0.503
HO9 109355 0.455
H10 218527 0.909
H11 270057 1123
H12 187739 0.781
WT 146380 0.609




plate 23 plate 25 plate 27 plate 29 plate 31
expression  fold change expression  fold change expression  fold change expression  fold change expression  fold change

A0L 97068 0.404 AL 332265 1382 AL 332265 1382 A01 237649 0.988 A0L 270287 1124
A04 184647 0.768 A02 111989 0.466 A02 111989 0.466 A02 168590 0.701 A02 138474 0.576
A0S 290441 1.208 A03 209154 0.870 A03 209154 0870 A03 53580 0223 A03 213330 0.887
A06 46363 0.193 A04 146957 0611 A04 146957 0611 A04 274511 1142 A0a 201535 0.838
707 130258 0.562 A0S 296980 1235 A0S 296980 1235 A0S 229077 0953 ig: ?228 3232
AGS 79060 0.329 A06 243366 1.012 A06 243366 1.012 AO6 194193 0.808 o ;673 0308

709 124525 0518 AO8 297699 1.238 A0S 297699 1.238 A07 129583 0.539 g
- A09 330282 1373 ) 330282 1373 A08 142653 0593 A8 142567 10593
A10 141333 0.588 AL0 279642 1163 AL0 279642 1163 A0S 187266 0.779 09 16802 0.070
A1l 131826 0.548 ALl 75872 0.316 ALl 75872 0.316 A10 41469 0.172 A10 179378 0.746
AlL2 92363 0.384 A12 313301 1303 A12 313301 1303 ALL 164104 0682 A1l 417325 1735
B01 86774 0361 801 182861 0.760 801 182861 0.760 AL2 182417 10759 :;i gigi: g‘xg
B02 108513 0.451 B02 179389 0.746 B02 179389 0.746 8o 126375 10526 203 29655 Tooss
803 118676 0.494 803 285581 1188 803 285581 1188 . e s s00 11298 TJoaro
BOS 64308 0.267 804 132349 0.550 B04 132349 0.550 ooa 10758y et 805 156251 0.650
BO6 143353 0.596 B0S 92817 0386 B0S 92817 0386 805 162788 0677 806 181144 0.753
BO7 104845 0.436 B06 224826 0935 B06 224826 0935 a0e 179248 0705 507 253272 1053
BO8 66052 0.275 BO7 324902 1.351 BO7 324902 1.351 807 156258 0.650 BO8 135522 0.564
BO9 205521 0.855 B08 248787 1.035 B0O8 248787 1.035 808 141060 0.587 809 290659 1.209
B10 159145 0.662 809 197271 0820 B09 197271 0.820 809 164883 0.636 B10 109120 0.454
B11 239788 0.997 B10 104000 0.432 B10 104000 0.432 810 199005 0.828 B11 115021 0478
B12 108358 0.451 B12 90005 0.374 B12 90005 0.374 B11 146728 0.610 B12 270985 1.127
o1 147120 0612 co1 229500 0.954 co1 229500 0.954 512 52266 0217 co1 154483 0.642
o2 158809  0.660 o2 332192 |1.381 co2 332192 |1.381 co1 102606 0427 co2 336553 1400
o3 21791 0.506 c03 202801 0.843 co3 202801 0.843 oz 130466 0543 co3 292645 1217
Con ss191 0'230 co4 197322 0.821 co4 197322 0.821 co3 112372 0.467 co4 123883 0.515
& cos 276182 1.149 cos 276182 1.149 coa 137267 0.571 cos 167155 0.695
€05 139747  |0.581 cos 149853 0.623 cos 149853 0.623 cos 170638 0710 Cos 108906 |0.827
co6 138951 0.578 co7 184953 0.769 co7 184053 0.768 o6 233303 0970 co7 249008 1.036
C07 72836 0.303 co8 161603 0672 cos 161603 0.672 co7 205669 0855 co8 120173 0537
co8 155890 0.648 co9 303824 1263 coo 303824 1263 cos 151320 0629 €09 140061 10582
Co9 74962 0.312 c10 180316 0.750 c10 180316 0.750 o9 131818 0.548 10 162154 0674
c10 132716 0552 cu 147623 0614 cu1 147623 0614 cio 2972 0956 e ol o
c11 169294 0.704 c12 145606 0.606 c12 145606 0.606 c11 133682 0.556 o1 182650 0760
c12 177647 0.739 D01 123653 0514 D01 123653 0514 c12 199261 0829 002 179012 0784
Do1 96078 0.400 D02 208403 0.867 D02 208403 0.867 D01 215558 0.896 003 161226 0.670
D02 109926 0457 D03 298411 1.241 D03 298411 1.241 po2 104619 10435 o4 173729 0722
D04 58391 0.243 D04 178300 0.741 D04 178300 0.741 D03 100619 0.418 DOS 90828 0378
D06 119931 0.499 005 150760 0627 005 150760 0627 bos 134546 10561 006 198210 0824
D07 79271 0.330 D06 241069 1.002 D06 241069 1.002 Dos 177784 0.739 D07 393638 1637
D08 171405 0713 D07 254418 1.058 D07 254418 1.058 Do6 112835 0.469 DO8 157258 0.654
05 202749 0.843 D08 199190 0.828 D08 199190 0.828 gg; ﬁ;:x ;-ggi D09 215184 0.895
o10 15069 0627 D09 49583 0.206 D09 49583 0.206 o s pyess D10 385663 1.604
D10 82779 0344 D10 82779 0344 - D11 232981 0.969
b1l 178390 0.742 D11 109290 0.454 D11 109290 0454 b10 155370 0646 D12 204622 0.851
D12 131270 _ 10.546 12 69098 0.287 b12 69098 0.287 b 220654 |0.518 €01 164757 0,685
E01 169223 0704 E0L 349868 1455 E0L 349868 1455 £o1 131995 10549 €02 138147 0574
E02 104576 0.435 £03 286027 1189 £02 175071 0.729 €02 160373 0667 €03 199546 0.830
E03 69940 0.291 E04 196984 0.819 E03 286027 1.189 £03 232299 0.966 E04 102407 0.426
04 112773 0.469 E0S 331439 1.378 E04 196984 0.819 :g: 1‘;‘3’;?3 g:% E05 167063 0.695
E06 159430 0.663 E07 189497 0.788 E05 331439 1378 06 191717 0797 E06 224501 0.934
E07 94546 0.393 £08 138932 0578 £07 189497 0.788 07 167173 0.695 Eg; igjﬁ g';g:
E08 106978 0.445 E09 313071 1302 €08 138932 0578 w08 170514 0.70 o s oot
E09 7779 0.324 E10 142923 0.594 £09 313071 1302 0o 98254 0.409 o aion Taee
E10 202607 0.843 E11 111891 0.465 E10 142923 0.594 10 150843 0.627 o pove 2o
E11 234967 0.977 E12 113938 0474 E11 111891 0465 E11 127205 0529 E12 107380 0.447
E12 172294 0.716 Fo1 111716 0.465 E12 113938 0474 E12 101938 0424 Fo1 175678 0.731
Fo1 61657 0.256 FO2 178923 0.744 FO1 111716 0.465 Fo1 130008 0.582 o2 202073 0820
F02 103137 0.429 Fo3 96753 0.402 Fo2 178923  |0.744 F02 63274 0.263 F03 147844 0615
ro3 124068 0516 FO4 112591 0.468 F03 96753 0.402 F03 142342 0.502 s 158673 0.660
fos 130572 0803 F05 128881 0536 F04 112591 0.468 F04 173687 0722 Fo5 251925 1088
f0o 123013 0512 FO6 137149 0.570 FO5 128881 0536 F05 191983 0.798 06 182936 0.761
o 131449 0547 F07 233172 0.970 F06 137149 0570 F07 207404 0.862 Fo7 182437 0.759
- F08 200417 0.833 FO7 233172 0.970 F08 125343 0.521 Fo8 158569 0.659
F11 217301 0504 F09 217674 0.905 F08 200417 0833 F09 138741 0577 F09 167473 0696
F12 167282 0.696 F10 213232 0.887 F09 217674 0.905 F10 165753 0.689 F10 25922 0.108
G01 161736 0.673 F11 170732 0.710 F10 213232 0.887 F11 308922 1.285 F11 99291 0413
Go2 98811 0.411 F12 183795 0.764 F11 170732 0.710 F12 210698 0876 F12 237852 0.989
G03 84666 0.352 Go1 193149 0.803 F12 183795 0.764 Go1 227026 0944 Go1 71260 0.29
Go4 140693 0.585 G2 316166 1315 Go1 193149 0.803 G02 132124 0.549 G2 132495 0.551
Go5 24436 0.102 Go3 204110 0.849 Go2 316166 1315 Go3 128238 0533 G03 254738 1.059
G07 134338 0.559 G0S 203049 0.844 G03 204110 0.849 Go4 125124 0.520 604 187530 0.780
08 127063 0528 Go6 63114 0262 605 203049 0.844 Gos 182141 0.757 Gos 224515 0934
) 108225 0.429 607 230726 0.959 606 63114 0.262 Gos 154126 0.641 Go6 157998 0.657
610 200812 0873 Go8 275113 1144 Go7 230726 0.959 Go7 146387 0.609 Go7 207843 0.864
509 268543 1117 508 275113 1144 Gos 194147 0.807 Gos 199951 0.832
G11 99529 0.414 G09 75147 0313 G09 245317 1.020

612 70961 0333 610 306529 1275 Gog 268543 1117

611 165922 0.690 610 306529 1.275 610 76413 0318 610 141878 10590
Ho1 178602 0.743 o 107985 e o fresest 690 611 172848 0719 611 228272 0.949
:32 iiggi; g'zgg HOL 151450  0.630 612 147583 0614 :’3; ig;gég gjéi ﬁ;i i;ig;z g;?j?
- Ho2 313061 1302 Ho2 313061 1302 : o2 131915 0.549
Ho4 94361 0392 Ho3 203683 0.847 Ho3 203683 0.847 Hoz 139979 0.582 o3 23391 Lon2

Hos 90850 0378 Ho3 199282 0829 .
Hs  omss 0 bs s osme bs s osme Hos luaess o5t O
: § Ho5 111556 0464 HO5 112805 0.469
Ho7 125449 0.522 Ho6 167096 0.695 HO6 167096 0.695 Hoe 166628 0.693 HO6 174304 0725
Hog 92372 0.384 HO7 138581 0.576 HO7 138581 0.576 HO7 128288 0533 HO7 27514 0.114
HO9 104591 0.435 HO9 264605 1.100 HO9 264605 1.100 Hos 172299 0717 HO8 219883 0.914
H10 123168 0.512 H10 53577 0.223 H10 53577 0.223 Hoo 190233 0791 Ho9 160083 0.666
H11 69417 0.289 H11 115870 0.482 H11 115870 0.482 H10 163015 0.678 H10 161025 0.670
H12 202516 0.842 H12 253226 1.053 H12 253226 1.053 WL 178962 0740 H11 164305 0.683
wT 130981 0.545 wt 175271 0.729 wt 151450 0.630 WT 145296 0.604 wr 239905 0.998
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plate 33 plate 35 plate 37 plate 39
expression  fold change expression  fold change expression  fold change expression  fold change
A01 160121 0.666 AOL 10245 0.563 AOL 17505 0.962 AOL 170634 0.710
A02 170171 0.708 A02 4230 0233
A02 26952 1.482 A02 81954 0.341
A03 105686 0.439 203 73 0.042 A3 5357 0.295 A03 137237 0.571
A04 196995 0819 - wr 23334 1.283 Aoa 51849 0216
A0S 96913 0.403 A0S 7612 0419 A05 13025 0.716 a0s 87243 0.363
A06 132703 0552 A0G 16632 0.914 06 7026 0386 06 150489 0.626
A07 103990 0432 A07 18623 1.024 A07 3719 0.205 207 179206 0.745
A0S 150511 0.626 A08 13442 0.739 A08 15073 0878 £08 112741 0.468
A0S 131868 0548 A09 14481 0.796 A09 7052 0388 A0 150913 0625
A10 107797 0.448 A0 20626 1134 AL0 12019 0.661 10 L2551 0510
A11 229418 0954 A1l 5168 0.284 A11 2336 0128 -
A12 197947 0823 AL2 9608 0528 12 4615 0254 Al 154893 0.644
801 116796 0.486 BO1 14683 0.807 801 5729 0315 AL2 77728 0.323
802 103190 0429 802 24180 1329 802 22812 1.254 8oL 173622 0.722
803 12759 0531 803 1638 0620 803 15302 0.841 802 127419 0.530
B804 148709 0618 : 804 2977 0.164 803 153990 0.640
805 140407 0584 804 18371 1.010 805 7005 0.385 B0S 144269 0.600
806 183844 0.765 BOS 18360 1.009 806 10686 0.588 B06 143278 0.596
807 118435 0.493 B06 19319 1.062 807 9155 0.503 B07 125842 0.523
808 74207 0309 B07 20323 1117 808 11261 0619 808 185400 0771
B09 139755 0.581 B08 16823 0.925 B09 19382 1.066 B10 110473 0.459
810 83952 0349 B09 18841 1.036 810 11987 0.659 B11 224175 0932
B11 183794 0.764 B10 17414 0.957 B11 13707 0.754 B12 65619 0273
812 72754 0.303 B11 5898 0.324 B12 3271 0.180 co1 131060 0.545
co1 146537 0.609 B12 17141 0.942 co1 6455 0355 c02 81546 0339
co2 137685 0.573 co1 13727 0.755 c02 11387 0.626 co3 116635 0.485
co3 111260 0463 co2 10813 0.595 c03 11292 0.621 cos 60114 0.250
cos 96858 0403 co4 8674 0477 06 271867 1131
Cos 147918 0615 co3 24887 1.368
g co4 21603 1.188 co7 16435 0.904 co7 215004 0.894
o6 156135 0.649 . o8 16736 0.920 o8 53860 0224
co7 89987 0374 cos 12700 0.698 . ;
cos 135725 0564 o6 26257 1.444 €9 10149 0.558 co9 199701 0830
g ’ C10 14225 0.782 c10 162460 0.676
o9 138567 0576 co7 13263 0.729 =0 26909 1.480
- c11 204914 0.852
c10 172823 0719 co8 7872 0.433 C1z 5772 0317
. c12 99693 0.415
c11 127131 0.529 o9 10252 0.564 D01 7103 0391 o1 8228 036
c12 78023 0324 c10 18873 1038 D! -367
o1 304406 1.266 g D02 12413 0683 D02 101816 0.423
- c11 5248 0.289 D03 18783 1.033 003 20627 0377
gg§ i;‘;gi: g':; c12 10458 0.575 D04 27552 1515 005 6146 0275
D04 179990 0748 Dol 3763 0.207 pos 8965 0.493 D06 126048 0.524
- D02 17916 0.985 D06 20248 1113
D05 194703 0.810 e D07 11848 0651 Dbo7 219691 0.914
D06 150094 0.624 004 12419 0.683 : D08 222350 0925
D07 200573 0.834 D05 14324 0.788 ggg ﬁ;ig g.:;(s) D09 143579 0.597
D08 106655 0.444 D06 2829 1.556 10 25134 1382 D10 211774 0.881
D09 130046 0541 D07 21924 1.205 o1 20913 Teas D11 173997 0.724
D10 96661 0.402 D08 13472 0.741 012 1128 0227 D12 224804 0935
D11 225863 0.939 D09 3822 0.210 £01 8392 0.461 EO1 206127 0.857
D12 102861 0.428 D10 16541 0.909 02 13605 0750 £02 167410 0.696
E01 136060 0.566 D11 16152 0.888 03 7261 0399 £03 66277 0.276
con 177087 0736 E01 13101 0.720 £05 13151 0.723 E0S 106296 0.442
F05 34368 0353 E02 24014 1.320 €06 13376 0.735 E06 149568 0.622
oo 120001 pyes £03 20854 1147 £07 11956 0657 £07 125071 0.520
o 53010 026 £oa 1159 0.064 £08 9365 0515 £08 27252 0.113
E08 132624 0.552 EO05 10710 0.589 €09 15517 0.853 Egz ;23227 g:z;
€09 174489 0726 E07 1702 0.094 £10 5446 0.299 -
10 89408 0372 £09 12030 0.661 E11 13980 0.769 E11 121424 0505
. E12 10082 0554 E12 199344 0.829
E11 112817 0.469
12 110414 0.459 £l 16711 0.919 FO1 13667 0751 FO1 225487 0.938
- E12 7332 0.403
02 80127 0333 F02 14909 0.820 FO2 88649 0369
- Fo1 723 0.040
FO3 104238 0433 Fo3 9419 0.518 FO3 111364 0.463
- Fo2 6443 0.354
Fo4 130255 0542 FO4 21834 1.200 FO5 123998 0.516
FO5 118395 0.492 Fo3 6351 0.349 Fo5 11510 0.633 FO6 97750 0.406
F05 144709 0.602 Fo4 1625 0.089 Fo7 9527 0.524 F07 375630 1562
o7 138851 0.577 FO5 10964 0.603 F08 8649 0476 F08 127224 0529
F08 109309 0455 F06 9296 0511 F09 28103 1545 F09 296089 1231
F09 141341 0.588 F10 28911 1.590 F10 13201 0.726 F10 114111 0.475
F10 133856 0557 F11 13958 0.767 F11 14313 0.787 F11 172507 0717
F11 75072 0312 F12 5378 0.296 F12 4095 0225 F12 123374 0513
F12 60535 0252 Go1 8241 0.453 GOL 8525 0469 Go1 293955 1222
GOL 139299 0579 Go2 20529 1.129 c02 10138 0.557 Go2 88158 0.367
G02 17281 0716 Go3 4237 0.233 508 1816 0.100 G03 143367 059
Go3 132239 0550 oo 790 0043 Go4 12220 0672 c0s 13215 o471
Goa 151409 0630 . Gos 10089 0555 <06 132197 0.550
Gos 82478 0343 605 10408 0572 GG 8124 0447 poss 20121 0.167
Gos 138023 0574 Go6 7925 0436 Go7 5764 0317 et 206187 Py
Go7 114599 0477 Go7 13162 0.724 Go8 8678 0.477 0o 6708 0236
Gos 138509 0576 Go8 8484 0.466 G09 3367 0.185 567 -
Goo 114472 0476 G09 2934 0.161 610 7151 0.393 10 93634 0.389
G10 142674 0593 610 10854 0.597 611 8188 0450 G1L 121625 0.506
611 118154 0491 611 16227 0.892 612 13515 0.743 512 24761 0394
G12 96726 0.402 Ho1 5993 0.330 Ho1 5767 0317 HoL 125777 0523
HO3 11275 0463 Ho2 6068 0334 Ho2 2782 0153 Ho2 183140 0762
Ho4 103540 0.431 HO3 6747 0371 HO3 11358 0.624 Ho3 90202 0.375
HoS 95425 0.397 HO4 10193 0.560 Ho4 7244 0.398 HOS 120550 0.501
HO6 59555 0.248 HOS 10707 0‘589 HOS 6977 0.384 Hoe 133591 0.556
HO7 190036 0.790 : HO6 4963 0273 Ho7 140430 0.584
Hog 108073 0.449 Hos 7128 0.392 Ho7 11178 0615 Hog 35370 0.147
HO9 172467 0.717 HO7 8329 0.458 Hos 7753 0426 HO9 99393 0413
H10 136865 0569 Ho9 7791 0.428 Ho9 3394 0.187 H10 115297 0.479
H11 83659 0.348 H10 11172 0.614 H10 9481 0.521 H11 96726 0.402
H12 81000 0337 H11 30769 1.692 H11 15004 0.825 H12 134549 0.560
wr 252799 1.051 H12 12497 0.687 H12 3483 0.192 wr 200264 0.833

plate 41
expression  fold change
A01 45591 0.190
A02 80940 0337
A03 68370 0.284
A04 78946 0328
A0S 55085 0.229
A6 80224 0334
A07 80232 0334
n08 96264 0.400
A0S 58408 0.243
A10 95914 0399
A1l 74182 0308
A12 63393 0.264
BO1 48395 0.201
B02 41869 0.174
803 68472 0.285
B04 92066 0383
805 77785 0323
BO6 157753 0.656
807 126597 0526
808 79017 0329
809 98952 0411
B10 110947 0.461
B11 139653 0581
B12 94873 0395
co1 96962 0.403
C02 105651 0.439
C03 127930 0.532
co4 122473 0509
cos 124984 0520
cos 103624 0431
C07 192710 0.801
cos 108438 0.451
co9 116493 0.484
c10 84482 0351
C11 88021 0.366
C12 105259 0.438
D01 102252 0.425
D02 98224 0.408
D03 107500 0.447
D04 78396 0.326
D05 181630 0755
D06 181490 0755
D07 124686 0519
D08 102970 0.428
D09 93605 0389
D10 140377 0584
D11 120473 0501
D12 131628 0.547
E01 150361 0.625
E02 205963 0.857
€03 139862 0582
€04 112859 0.469
E0S 159639 0.664
E06 102171 0.425
£07 101180 0.421
£08 117150 0.487
E09 101422 0.422
E10 149965 0.624
E11 129433 0538
£12 145991 0.607
FO1 179380 0.746
FO2 201111 0.836
F03 133847 0557
FO4 117851 0.490
F05 87793 0365
) 106051 0.441
FO7 78055 0325
F08 98429 0.409
F09 89879 0374
F10 115064 0.478
F11 100922 0.420
F12 135848 0565
Go1 93109 0387
G02 122526 0.510
G03 217425 0.904
Go4 107131 0.446
Gos 73914 0307
Gos 106156 0.441
G07 184854 0.769
Gos 72520 0302
Gog 106220 0.442
G10 145874 0.607
G11 103316 0.430
G12 110805 0.461
HO1 126361 0525
HO2 55283 0.230
HO3 110914 0.461
HO5 92043 0.383
HO6 95943 0399
HO7 70494 0.293
HO8 65120 0271
HO9 74219 0.309
H10 53765 0.224
H11 65111 0271
H12 78073 0325
WT 139880 0.582
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plate 43
- expression  fold
s 104625 e
z = o plate 45
2 = gvaoa — expression
A0S 152862 o o e =
A06 88813 oes : - -
A0 1359 oo = - 15 :
7 22 A04 11471 o ; =
n08 126341 0.565 A s 5 = 01 ¥
A09 10088 0.525 AOS 95548 g’Z; o = 0 -
AL0 124846 0042 A°6 99657 0'392 o = OAOG =
ALl 205338 0519 07 . 396 o 8 A04 Tearso s . =
12 87533 0854 ﬁﬂﬁ 13;:5 0'2;: A05 igmﬂ 32” bos s 5
Bm = - 1 | s 092 79 A 24 1.91 pla
802 i 0764 10 e o7 s od% s - E : 3
803 53224 0327 ALl 237799 588 A08 168411 0.124 A0S 555119 s = =
804 134002 0221 A12 85815 0.989 A0 167882 oros o = = Am = 3
805 180998 0557 801 150067 0357 A10 116162 0.698 07 m;a o - = :
B06 155594 0.753 B02 142599 0624 A1l 112926 0.483 A08 281607 e . = :
807 143288 0.647 803 140786 0593 A12 59144 0470 209 175631 o5 : = :
: - - : o oss2 801 67516 0.246 AL0 18549 0731 A06 310146 1.644
BOQ : 0.652 : : g.om E e gvzsl A1l 194372 0771 A07 251686 1.290
: - 5 z o 057 B03 79323 .538 AL2 91433 0.810 A08 271972 1.047
: - 2 : e oser 804 132641 0.330 801 2738 0380 A09 261532 1131
B12 137861 0.914 B08 165096 0.718 BOS 114051 0.552 802 2021:2 oo 5 E :
cm : : Bog = 3.687 E ;06“ 3374 BO3 84831 0.841 A1l 268975 2.728
CUZ 94558 0551 : = 0.399 - mm D;“ B04 614846 0.353 AL2 292867 1.119
C03 : ; Bll = 0123 EOB 994590 0»432 BOS 145211 2557 BO1 335863 1218
m : : m = U.m BOQ 13323 0'415 BO6 272513 0.604 B02 399660 1397
COS = 0})337 : = 0.483 : MGQDQ 0'555 B07 128832 1133 B03 406879 1.662
CDG = £ 5 i T 811 63382 o1 o 808 520926 0536 B04 296729 1692
Cm : 5 = o osos 812 14249 0’235 809 68500 2.166 B0S 417826 1234
cos Dy s o 92237 0,619 co1 szt o B10 oot oo - - :
) 162800 1015 cos 89031 0.384 co2 819701 0'421 o0 o : : : :
c10 e cos 149325 0.370 cos e a0 o = i BOS : :
1 e co7 aoa et o e oo 2 = = Bog . :
: - g]gs s s osat CDS 76483 okmg 02 407779 1.018 B11 414694 0.859
DM E i . o o 7od8 0318 o3 o e B12 T
D02 R T c10 46175 0563 o e 0.289 o = - £
003 T oo 11 s a2 o saio__loss w = . £
DM : g»m . o 0192 cgg 926209 0,432 co7 366942 0.784 co3 550359 1.309
DDS = i i o o szoez__Josss cos S coa SSmse aes
DDG = i : e o361 o st 0.347 o9 89966 0.954 cos 285306 1.401
: = 0.623 : s ppet D(ljzl 67331 0.244 c10 145451 0374 o6 148153 1.186
: = Ovm : s o374 DO; 900 2 0.280 c11 138984 0.605 co7 293294 0.616
gng Emz 0.224 DUS s i Do§ 1013;3 0375 c12 76100 0.578 cos 145131 1220
D10 107534 0_738 D06 173223 g'119 oa 142609 0.420 Do1 2132553 0316 oo 337506 0.604
u = 0 B : e 11 DO 1069 0.601 D02 149875 8.868 c10 38800 1.404
Du =i = - - loos __[oats 003 T i 01614
: - - : - oan L] i 86 0.4 D04 27564 0.700 4 31 2.0
EOZ - s m - o 0386 17 7 1 C12 19181 23
£03 14353: 0575 b10 R 6357 0.4 0 D08 212457 0.496 D05 Se0076 0.146 Dm = -
| mui 0.597 Dn 933150 0.542 : e ouse D06 640676 2'540 D02 251785 1.037
€05 12842 0495 D12 69293 0. 54 D10 71705 0403 D07 R 2.664 - @ :
£06 159071 0.534 £02 1900 0'413 D11 64734 0.298 D08 ot > = = .
£07 e T €04 110051 257 12 74914 0.269 D09 o i 005 160042 0.949
EOB = : : 2 gm o1z 92491 0312 D10 88234 Loos D06 217069 0.666
Eog 193362 0.667 : = 0526 : 192397 o5 D11 145275 0-367 D07 494905 0.903
Em : : : = DABZ : = osss D12 206141 .604 D08 292682 2.058
E11 19034§ 0.647 E08 85885 0-597 04 74841 0325 E01 o (1)‘857 : = .
: - 2 2 s 1.357 €05 188838 0311 E02 186476 0-285 D10 156577 1571
FO1 67886 0.846 £10 73212 337 £06 196799 oo - - 0‘775 D“ : :
Fos : Mgz : : = : = o5 E04 71462 .224 D12 15979s 1.562
m 37951; : . e 0304 €08 137313 0.79% €05 94483 3-197 EoL 157437 0665
FOS . s 2 o 047 E09 81335 0571 E06 93128 .393 £02 2771 2 0.696
F06 151418 0.689 F02 90979 0.777 E10 137978 0.338 E07 Toatn 2.387 o 358322 =
Fm - m - - = €08 ome L 0 sl 1490
F03 158938 0.620 F04 73830 0.575 E12 63750 0.344 E09 Yoo . E04 - 30 2
| = FOS = i : = £10 B0 _em 2 ST 150
£10 175921 1.062 F06 88027 0.699 F02 142136 0.783 E11 207780 2-456 Egs Zsim 0‘82:
F11 213311 0.732 Fo7 77025 0.366 Fo3 82040 0.591 E12 ey 1.864 : 7 mm ;
F12 205419 0.887 F08 127727 0320 F04 131558 0.341 FO1 577857 2-133 EDS : - 18;
601 284564 0854 F09 54155 0531 F05 59775 0.547 F02 188243 0-““3 Eug Zsmg 1‘351
G02 96658 1183 F10 68131 0.225 F06 134933 0.249 F03 a0 0'783 : 3419% 1‘047
G03 267991 0.402 F11 157061 0.283 Fo7 178477 0.561 Fo4 Toesss 2.405 : 23755 : B
: - . : . oass 708 148899 0.742 F05 196438 0‘413 E12 ; 387 1‘050
GO5 199376 0.740 Go1 54992 0.283 FO9 95195 0.619 FO6 pirvs 0.817 : 185248 1‘116
Go6 186558 0.829 G02 184950 0.229 F10 2524 0.396 Fo7 Pt 1‘687 : 125912 0‘:0
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Hos 149296 0923 Hol 69495 0.470 Go9 127643 o 586 Go6 breist 0.467 - - =
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plate 53
expression  fold change
A01 659234 2741
02 133700 0556
A03 226304 0941
04 303026 1.260
A0S 246821 1.026
AO6 307510 1.279
A07 574906 2391
A08 312189 1.298
A0S 448686 1.866
A10 155800 0.648
A1l 439631 1.828
A12 258675 1.076
BO1 401364 1.669
B02 180523 0.751
BO3 444058 1.847
BO4 240391 1.000
BO6 529964 2.204
BO7 87776 0.365
BO8 204111 0.849
BO9 289456 1.204
B10 175651 0730
B11 322709 1.342
B12 228286 0.949
co1 207899 0.865
c02 831551 3.458
03 141731 0589
o4 133110 0.554
cos 239449 0.99
o6 423825 1.762
co7 522946 2175
o8 400683 1.666
09 590917 2457
c10 44112 0.183
c11 813764 3384
c12 322077 1.339
D01 344357 1432
D02 239876 0998
D03 423043 1.759
D04 101069 0420
D05 298863 1.243
D06 144796 0.602
D07 397245 1.652
D08 254684 1.059
D09 273901 1139
D10 209636 0.872
D11 592523 2.464
D12 201973 0.840
EO1 735935 3.060
E02 837475 3.483
EO3 355386 1.478
EO4 304343 1.266
03 218709 0.910
E07 551458 2.293
E08 513182 2134
E09 117011 0.487
E10 215768 0.897
E12 337405 1.403
FO1 266011 1.106
FO2 464381 1.931
FO3 249602 1.038
FO4 553289 2301
FO5 311707 1.296
FO6 303988 1.264
FO7 125514 0.522
FO8 245483 1021
F09 198408 0825
F10 252377 1.050
Go1 375725 1.562
G02 521137 2167
G03 202639 0.843
Go4 110181 0458
Gos 238159 0990
G06 425703 1.770
Go7 151237 0629
608 365459 1.520
G09 246312 1.024
G10 114874 0478
HO1 657906 2736
HO2 671369 2792
HO3 268637 1117
HO4 417657 1.737
HOS 461571 1.919
HO6 130921 0.544
HO7 340751 1417
HO8 527261 2193
H10 345839 1.438
H11 174506 0.726
H12 184544 0.767
WT 307017 1.277

plate 55 plate 57
expression  fold change expression  fold change
A01 12046 0.050 A01 204051 0.849
A2 243902 1014 A02 278800 1.159
A3 12000 0.050 A03 86994 0.362
A04 11325 0.047 A04 140569 0.585
A0S 841313 3.499 A0S 406546 1.691
A06 225351 0937 A06 361373 1503
A07 293125 1219 A07 238207 0.991
A08 354814 1.476 A8 376090 1.564
A9 460249 1914 A09 307844 1.280
A10 426878 1775 A10 517143 2151
A11 6870 0.029 A1 73583 0.306
A12 4389 0018 A12 253264 1.053
801 322785 1.342 801 306688 1.275
802 18593 0077 802 227068 0.944
803 163681 0.681 803 110767 0.461
804 19415 0.081 B04 80971 0337
805 563248 2342 805 864417 3595
806 582374 2422 806 333000 1.385
BO7 363866 1513 B07 516667 2.149
B08 406250 1.689 BO8 257646 1.071
BO9 279898 1.164 BO9. 132211 0.550
B10 208686 0.868 B10 418969 1.742
B11 321739 1338 B11 244394 1.016
B12 350731 1.459 B12 337229 1.402
co1 114596 0.477 co1 161537 0.672
02 214756 0.893 co2 621702 2.585
Co3 276419 1149 co3 260641 1.084
04 508930 2116 co4 309660 1.288
CO5 20447 0.085 cos 572431 2380
C06 213237 0887 o6 326623 1.358
07 409367 1.702 co7 335346 1.395
08 330865 11376 cos 695353 2.892
C09 17146 0.071 co9 141771 0.590
C10 8828 0037 c10 354661 1475
Cc11 325933 11355 c11 300983 1.252
c12 227658 0.947 12 266676 1109
D01 435243 1.810 oL 92671 0,385
D02 340002 1414 02 261302 1211
bo3 172126 0.716 D03 274804 1143
D04 569294 2.367 oa 320252 1332
bos 15968 0.066 DoS 260302 1083
D06 345692 1.438 boe 616090 256
bo7 449475 |1.869 D07 404105 1680
D08 379276 1577 D08 70956 2372
bos 329315 |1.369 D09 434407 1806
bio 13798 0.057 b10 129506 0.539
bt 175163 0.728 D11 658066 2.737
D12 424183 1.764 o2 323900 1307
et e
w03 s Lo6s £02 513758 2136
£04 250832 1.043 E03 230291 0974
oo
£o 208098 1439 £06 374554 1558
N et o7 s7me 237
£09 416576 1732 £o8 517566 2152
E10 270799 1.126 £09 445951 1854
E11 304259 1.265 £10 255193 1061
£12 474773 1974 £11 330687 11375
FoL 208678 1242 £12 265271 11103
F02 311008 1.293 Fo1 105882 0.440
F03 105814 0.440 Foz 314512 11310
roa 11354 0.087 F03 149171 0.620
Fos 18062 0.075 F04 200775 0.835
F06 272616 1134 Fo5 765357 3.183
Fo7 508333 2114 F06 408117 1697
F08 372193 1.548 Fo7 218283 0.908
F09 364718 1517 F08 714689 2972
F10 383159 1.593 F09 270330 1124
F11 281576 1171 F10 458438 1.906
12 831273 3457 F11 740339 3.079
Go1 18638 0.078 F12 63741 0.265
G02 222204 0924 GOL 484808 2.016
Go3 241059 1.002 G02 165208 0.687
Goa 12016 0.054 Go3 192490 0.800
Gos 434943 1.809 G04 668822 2.781
606 330889 1376 Gos 296199 1.232
Go7 104759 0.436 G06 746895 3.106
Gos 365771 1521 Go7 483602 2011
G0o 19905 0.083 Gos 529425 2202
610 475150 1.976 Goo 310365 1201
G11 189248 0.787 G10 438493 1823
612 447842 1862 G11 119627 0497
HO1 661166 2749 G12 80417 0.334
HO3 393907 1638 HO2 121297 0.504
HO4 370183 1.539 HO3 208322 0.866
HOS 169708 0.706 HO4 425333 1.769
HO6 430648 1791 HOS 315802 1313
Ho7 91039 0379 HO6 417051 1734
Ho8 245291 1.020 HO7 439534 1.828
HO9 216474 0.900 HO9 148862 0.619
H10 355089 1477 H10 80678 0335
H11 179840 0.748 H11 319822 1.330
H12 491059 2.042 H12 425721 1.770
wt 446205 1.856 wt 431304 1.794
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plate 59

expression  fold change
A01 299034 1244
A02 968408 4.027
03 550901 2291
04 556997 2316
A0S 211735 0.881
06 381565 1.587
07 172149 0.716
08 272040 1131
A09 221952 0.923
A10 252222 1.049
A11 379378 1578
A12 381099 1.585
801 314154 1.306
B02 256759 1.068
803 290332 1.207
804 315538 1312
B80S 125670 0523
B06 143267 0596
807 522302 2172
BO8 347379 1.445
809 144900 0.603
B10 103554 0.431
B11 241997 1.006
B12 427291 1777
co1 337363 1.403
co2 240259 0.999
co3 384511 1.599
Cco4 251343 1.045
o5 616343 2.563
Co6 136105 0.566
co7 292170 1215
Ccos 319205 1327
09 496455 2.065
Cc10 135036 0.562
c11 277272 1153
C12 284900 1.185
D02 183522 0.763
D03 446786 1.858
D04 110312 0.459
DOS 176644 0.735
D06 716485 2.980
D07 373627 1.554
D08 89010 0370
D09 225073 0.936
D10 92757 0386
D11 108025 0.449
D12 435643 1812
E01 763151 3.174
02 223796 0.931
E03 113495 0.472
04 320142 1331
EO0S 114681 0.477
06 158394 0.659
E07 177614 0.739
08 58216 0.242
£09 443241 1843
E10 288035 1198
E11 346369 1.440
E12 494638 2.057
FO1 378756 1.575
F02 188864 0785
F03 128980 0536
Fo4 485014 2.017
F05 442850 1842
F06 395075 1643
Fo07 584366 2.430
F08 290008 1.206
F09 113685 0473
F10 271604 1.129
F11 323584 1346
F12 285443 1.187
Go1 502304 2.089
G02 80385 0334
Go3 179282 0.746
G04 534317 2222
Gos 275466 1146
Gos 184992 0.769
Go7 136711 0.569
[ 429733 1.787
Go9 157412 0.655
G10 194771 0.810
G11 494985 2.058
G12 399087 1.660
Hol 410662 1.708
Ho2 150438 0.626
Ho3 268050 1115
Ho4 111027 0.462
Hos 234099 0.974
HO6 466037 1.938
Ho7 253238 1.053
HO9 207670 0.864
H10 230857 0.960
H11 456942 1.900
H12 450823 1875
(WT 285537 1.187

plate 61 plate 63
expression  fold change expression  fold change
AO1 227995 0.948 A01 191255 0.795
A02 356942 1.484 A02 776202 3.228
03 155301 0.646 A3 25277 0937
03 300389 1249 A04 103837 0432
A0S 290275 1.207 A0S 199402 0.829
706 386398 1607 A06 203905 0848
n07 1678 0.506 A07 301899 1.255
e
09 174961 0.728 A10 375488 1561
AL0 512919 2133 A11 463193 1.926
ALL 390767 1.625 A12 363492 1.512
AL2 394258 1640 801 349050 1452
Bo1 329827 1.372 802 314605 1.308
802 345656 1.437 803 248926 1035
B03 161258 0.671 B804 286869 1193
B804 406491 1.690 B0S 112186 0.467
BOS 311441 1.295 BO6 416765 1.733
BO6 49606 0.206 BO7 514644 2.140
807 136346 0.567 B0 328321 1.365
808 189988 0.790 809 349079 1.452
809 257565 1071 810 163666 0.681
810 284887 1185 B11 442579 1.840
B11 230090 0957 812 351540 1.462
B12 271525 1.129 co1 146917 0611
co1 234414 0975 co2 630900 2.624
C02 251943 1.048 co3 238277 0.991
03 359514 1.495 coa 326557 1.358
o4 429160 1785 cos 307514 1.279
o5 362636 1508 o6 226712 0943
o6 435949 1813 co7 341500 1.420
co7 190614 0793 Egg zgiﬁg 1";‘;2
cos 166962 0694 :
o amo
c10 226327 0941 o 289286 1203
C11 154876 0.644 D01 226681 0943
12 482820 12,008 o2 33688 1392
D01 311977 L1297 D03 321906 1.339
D02 291260 1211 D04 326042 1360
poa 326165 1.356 D05 569018 2.366
DO5 135974 0.565 D06 249597 1.038
D06 451292 1.877 D07 346807 1.442
Do7 226900 0.944 D08 496524 2.065
D08 201233 0837 009 224108 0932
D09 350336 1.457 D10 498259 2.072
D10 218903 0910 D11 192351 0.800
D11 225745 0939 D12 429256 1.785
D12 320508 1.333 €01 319275 1.328
EO1 201308 0.837 E02 294833 1.226
£03 202750 0.843 €03 429569 1.786
04 297765 1238 €04 332170 1.381
EO5 594099 2.471 EO0S 286467 1.191
E06 347358 1.444 EO6 248856 1.035
07 374985 1550 €07 194868 0810
c08 359108 Laon €08 283309 1178
09 320517 1333 £09 290917 1.210
£10 203716 0.847 Eig :;zz: ;':jj
£11 300459 1249 E12 359901 1.497
EL2 358427 1491 FO1 273714 1.138
Fo1 78810 0.328 F02 232822 0.968
Fo2 31214 1307 F03 417058 1734
Fo3 24228 |1.008 F04 433105 1801
Fo4 316763 1317 F05 278788 1159
FO5 401086 1.668 F06 394301 1640
Fo6 230393 0.958 Fo7 230665 0.959
Fo7 348360 1.449 FO8 407683 1.695
F08 474465 1.973 F09 294207 1.223
F09 365227 1.519 F10 203441 1.220
F10 243207 1.011 F11 584292 2.430
F11 131206 0.546 F12 450517 1.873
F12 209017 0.869 Go1 219904 0914
Go1 335482 1.395 Go2 231150 0961
o3 526812 2191 G03 410387 1.707
G04 297850 1.239 G04 300507 1.250
Gos 1438667 1.824 Gos 401244 1.669
o6 278512 1158 G06 357422 1.486
07 178082 0741 Go7 466405 1.940
Gos. 272966 1.135 G08 218777 0.910
610 280409 1166 G09 362963 1.509
G11 123497 0514 610 48629 0.202
o1 323087 1313 G611 434489 1.807
o
Ho3 183353 0.762 Ho2 442061 1.838
Ho4 423861 1.763 o3 07a loass
HOS 168354 0.700 Ho4 260777 1.084
Ho6 198446 0825 HOS 405178 1685
Ho7 123715 0514 Ho6 316654 1317
Hog 366816 1.525 HO7 311993 1297
Ho9 297316 1.236 Ho8 283475 1179
H10 196493 0.817 HO9 379910 1.580
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7 Concluding discussion

This thesis describes sensing, uptake and excretion of pyruvate in gamma-proteobacteria,
focusing on the three model gamma-proteobacteria E. coli (chapter 2 and 5), V. campbellii
(chapter 3) and S. Typhimurium (chapter 4). The research presented here is mainly based on

experiments with deletion mutants, reporter strains and infection models.

7.1 Comparison of pyruvate sensing and uptake systems in three model bacteria

It has been assumed and partly demonstrated previously that proteobacteria are able to sense
and take up pyruvate, but knowledge about the responsible proteins, mechanisms and impacts
has been scarce, especially regarding a comparison between different species and a focus on
pathogenic bacteria. Here, it is shown that E. coli, S. Typhimurium and V. campbellii possess
different numbers and kinds of molecular systems to perceive pyruvate in their environment

and to transport it into their cells, as illustrated in figure 5.

For E. coli, it was shown previously that the bacterium possesses two different two-component
systems for pyruvate sensing, the high-affinity system BtsS/BtsR and the low-affinity system
PyrS/PyrR [59, 61, 63, 64], which both activate expression of a gene coding for a transporter
protein, btsT and yhjX, respectively, but so far only BtsT has been characterized as a
pyruvate/H" symporter [62]. It was suggested that in addition a constitutive pyruvate uptake
system exists [81, 82]. In this thesis, CstA is identified as a second specific pyruvate transporter
(see chapter 2). The two transporters BtsT and CstA both have 18 suggested transmembrane
domains, belong to the “Putative Peptide Transporter Carbon Starvation (CstA)” family and
share a high degree of similarity, but in contrast to the high-affinity transporter BtsT, CstA has
a moderate substrate affinity (Km: 242 puM). Like for BtsT, pyruvate uptake by CstA is specific
and driven by a protonmotive force. The expression of cstA is also regulated by the cyclic AMP
receptor protein (CRP) and post-transcriptionally by the carbon storage regulator A (CsrA) [83,
99]. However, cstA shows a different activating stimulus and expression pattern during growth
than bstT: Induction of cstA does not follow sensing the presence of external pyruvate in the
medium and activation by a two-component system, but it is downregulated by the
transcriptional regulator protein Fis during exponential growth. Fis is suggested to block the
binding site for CRP until stationary phase, so that cstA is finally expressed then. The result of
this regulation is a growth-stage dependent activation of cstA for pyruvate uptake in contrast to

the expression of bstT and yhjX as soon as pyruvate is accessible.
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Figure 5. Schematic and simplified illustration of pyruvate uptake and sensing systems in the three
model bacteria E. coli, S. Typhimurium and V. campbellii. A) In E. coli: The pyruvate transporter
CstA (blue), the pyruvate transporter BtsT (green) with the two- component system BtsS/BtsR (green),
consisting of the histidine kinase BtsS sensing pyruvate and the response regulator BtsR activating
expression of btsT upon signal transduction, and the putative pyruvate transporter YhjX (orange) with
the two-component system PyrS/PyrR (orange), consisting of the histidine kinase PyrS sensing pyruvate
and the response regulator PyrR activating expression of yhjX upon signal transduction. B) In S.
Typhimurium: The pyruvate transporter CstA (blue), and the pyruvate transporter BtsT (green) with
the two- component system BtsS/BtsR (green), consisting of the histidine kinase BtsS sensing pyruvate

120



and the response regulator BtsR activating expression of btsT upon signal transduction. C) In V.
campbellii: The pyruvate transporter BtsU (green) with the two- component system BtsS/BtsR (green),
consisting of the histidine kinase BtsS sensing pyruvate and the response regulator BtsR activating
expression of btsU upon signal transduction. PP, periplasm; CM, cytoplasmic membrane; CP,
cytoplasm.

It is shown here, that an E. coli mutant lacking the three genes btsT, yhjX and cstA is unable to
grow on pyruvate. The deletion of only one or two of these genes is not sufficient to achieve
this phenotype. This is a strong indicator that YhjX might also transport pyruvate and that no
further system for the uptake of pyruvate exists in E. coli besides BtsT, CstA and YhjX.
Comparing the expression of all three transporter genes, it becomes obvious that at each time
during exponential growth at least one transporter is expressed and thus pyruvate can be taken
up. Having two different systems for pyruvate sensing and three different systems for pyruvate
uptake allows the cells of an E. coli population a very effective usage of the valuable compound
in every growth phase and specialized for every external pyruvate concentration, without
wasting energy or membrane space with all transporters being produced throughout. This shows
a high degree of adaptation for E. coli, which has to apply strategies to survive in the

competitive environment of the human intestinal tract.

A comparative analysis previously revealed that in contrast to E. coli, most gamma-
proteobacteria possess only one of the two LytS/LytTR-type two-component systems, the
BtsS/BtsR-type system [72]. This applies also for the two other gamma-proteobacteria this
thesis focuses on, V. campbellii and S. Typhimurium. Until now, nothing has been known about
pyruvate sensing and uptake in these two species — or about the role that this metabolite plays
for them.

Here, it is demonstrated that V. campbellii senses extracellular pyruvate also with the two-
component system BtsS/BtsR, which then activates the expression of a target gene homologous
to E. coli’s btsT coding for a pyruvate transporter protein (see chapter 3 and figure 5). Strikingly,
this transporter, which was named BtsU, shares only 19 percent protein sequence identity with
E. coli’s BtsT and has 12 predicted transmembrane domains instead of 18. Evidence is shown
here that BtsU is the only pyruvate transporter in V. campbellii. Without btsU, the marine
pathogen is no longer able to take up pyruvate, since there is no spare transporter to substitute
the function of pyruvate uptake. Furthermore, it is confirmed here that V. campbellii excretes
extraordinarily large amounts of pyruvate during exponential growth in rich medium and

reclaims it fast and completely in stationary phase. Transport of pyruvate by BtsU was
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monitored directly using radioactively labeled pyruvate and is found to be depending on the
proton motive force. This indicates that the mechanism of pyruvate uptake by BtsT in E. coli
and BtsU in V. campbellii is similar.

For the human pathogen S. Typhimurium, the two-component system BtsS/BtsR has been
investigated in one study before, which could not identify a stimulus or function of the system,
but found it to regulate the homologous gene of E. coli’s btsT [73]. Interestingly, several non-
synonymous mutations have accumulated in this operon, potentially due to host adaptation,
indicating a specific importance of the system for the pathogen [74]. Here, it is shown that in
S. Typhimurium, BtsS/BtsR is activated by external pyruvate, which leads to the expression of
btsT coding for a pyruvate transporter (see chapter 4 and figure 5). In contrast to V. campbellii,
this pyruvate transporter protein in S. Typhimurium is very similar to BtsT of E. coli (97 percent
protein sequence identity and at least 16 predicted transmembrane domains). In addition to
btsS/btsR/btsT, S. Typhimurium also harbors homologs of E. coli’s cstA gene. Here, it is shown
that CstA is a second pyruvate transporter that S. Typhimurium possesses. Without btsT and
cstA, S. Typhimurium is no longer able to take up pyruvate, indicating that no further pyruvate
transporter exists in this species. Direct transport measurements with btsT and cstA deletion
mutants show that BtsT seems to be able to substitute the transport function of CstA, whereas
a deletion of btsT results in reduced pyruvate uptake. This leads to the conclusion that BtsT

might be a more important pyruvate transporter in S. Typhimurium than CstA.

Quite similar expression can be monitored for the respective transporters in all three species
during growth in LB medium: There is always one expression peak for btsT/btsU in the
exponential growth phase, depending on sensing the excreted pyruvate with BtsS/BtsR. This
indicates that the expression of this transporter is induced by external pyruvate, which is
excreted in this growth phase. The same applies for yhjX, which is only present in E. coli,
presumably as a backup system activated by higher pyruvate concentrations. For cstA, the
expression reaches a peak in the stationary phase both in E. coli and S. Typhimurium, indicating
an induction by nutrient limitation. For all three species, a strong increase in btsT/btsU
expression is seen in mutants lacking btsT/btsU, which has been shown before also for the
pyruvate transporter gene pftAB in B. subtilis [70] and has been suggested to rely on a feedback
inhibition of the produced transporter protein or the elevated intracellular pyruvate level [65].
Interestingly, only in V. campbellii, all three genes of the btsS/btsR/btsT/U system are located
adjacent to each other on the chromosome, whereas both in E. coli and in S. Typhimurium, btsT
is positioned many kb away from the btsS/btsR operon.
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In rough comparison, E. coli excretes twice as much pyruvate as S. Typhimurium during
exponential growth, but V. campbellii excretes even three times more pyruvate than E. coli —
and is able to take it up again very fast and completely with its one pyruvate transporter. This
emphasizes the important role that BtsU plays in V. campbellii and raises the question why this
species in particular possesses no back-up system to reclaim these amounts of a valuable
compound, whereas S. Typhimurium needs two pyruvate transporters, but excretes least
pyruvate than E. coli with its three transporters. An explanation might be found when
considering the different habitat the three species live in and the role they have to fulfil to thrive:
V. campbellii lives in the sea and infects animals like fish or shrimps —a quite specialized habitat
and challenge. It did not evolve mechanisms to fight against many competing pathogens. It may
be sufficient to have only one system for sensing and uptake of pyruvate. The enormous
pyruvate excretion on the other hand could depict a specific advantage for V. campbellii during

infection.

S. Typhimurium has to hold its ground in a very challenging situation: It not only has to find a
way to survive in the competitive environment of the human intestine — which is the same for
E. coli that is best equipped with three pyruvate transporters in a fine-tuned regulatory network
— but it has to overcome the colonization resistance of the host against pathogens provided by
the commensal microbiota. Moreover, as a facultative intracellular pathogen, S. Typhimurium
can enter and survive in macrophages to reach distant organs. This requires a specific adaptation
and could make a second system to take up pyruvate very useful. Nevertheless, in comparison
to E. coli, S. Typhimurium succeeds in a more specific niche inside of macrophages, which
could explain the existence of one pyruvate transporter less.

E. coli in the end needs to be best equipped out of the three model species, living in a habitat
full of challenges and competitions — where it is very successful: It was shown that over 90
percent of human adults carry E. coli in their intestinal microbiota and it is one of the first
bacteria colonizing the gut of new-born babies [100, 101]. Since it can be a live-long resident,
it must have the best molecular equipment. A high redundancy serves as a backup-adaptation
for all challenges this metabolic generalist might have to face, with only 10 percent of its
metabolic network being essential [102]. Pathogens such as S. Typhimurium or V. campbellii
in contrast have a broader redundancy and thus flexibility regarding their pathogenicity and
infection properties, allowing them to thrive in a more specific habitat. This could be a hint to
understand the numeric hierarchy regarding the different numbers of molecular systems for the

sensing and uptake of pyruvate.
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In summary, the tree model organisms investigated in this theses have different numbers and
kinds of pyruvate sensing and uptake systems. Expression and regulation of the homologous
pyruvate transporter genes seems to be similar, whereas the excretion of pyruvate in rich

medium differs regarding the amount.

7.2 The biological relevance of pyruvate for three model bacteria

It was shown previously that pyruvate is not only very important as a metabolite, but has also
several functions that go beyond. It acts as a scavenger of ROS and promotes the resuscitation
of VBNC cells. Furthermore, its importance for virulence and inflammation has been
demonstrated in several studies (see chapter 1.5). In this thesis, it was investigated which role
pyruvate plays for the three model bacteria E. coli, V. campbellii and S. Typhimurium. Using
deletion mutants unable to take up pyruvate, several phenotypes are described in the three
species which reveal differences in comparison to the wild type. An overview of the role of

pyruvate for the three model species is illustrated in Figure 6.

For all three species, it is found that without pyruvate uptake, the ability of the cells to react
chemotactically to pyruvate, is abolished, meaning the cells fail to move along a gradient
towards the attractant (see chapters 2, 3 and 4). This leads to the conclusion that the chemotaxis
system must be activated intracellularly by the increasing pyruvate concentration. In E. coli, it
was shown that the cytoplasmic phosphotransferase system (PTS) monitors not only the influx
of PTS sugars but also nutrients like pyruvate — probably via the pyruvate to
phosphoenolpyruvate (PEP) ratio — and then transfers this signal linearly to the chemotaxis
system [103, 104]. Thus, the disruption of pyruvate uptake could lead to a decrease in the
intracellular pyruvate/PEP ratio which then prevents an activation of the chemotaxis network.
The results presented here suggest that this might also apply for V. campbellii and S.
Typhimurium. However, the molecular mechanisms are not solved yet and the possibility
cannot be excluded that the abolished chemotactic reaction to pyruvate might be due to another
molecular reason. Generally, being able to move towards pyruvate as soon as it is close by could
depict an important advantage for the species, especially in competitive environments when the
cells need the compound either as a metabolite or due to its other valuable properties. It can be
concluded that pyruvate uptake is crucial for all three model bacteria to perform chemotaxis

towards pyruvate.
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Figure 6. The biological relevance of pyruvate for the three model bacteria E. coli, S.
Typhimurium and V. campbellii. Schematic illustration of the three bacterial cells with their (putative)
pyruvate transporter proteins and the summarized role of pyruvate for each species. A) The role of
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pyruvate for E. coli, based on results presented in this thesis and from Vilhena et al. [46, 66]; WT: wild
type; AAA: AbtsT AcstA AyhjX deletion mutant; B) The role of pyruvate for S. Typhimurium, based on
results presented in this thesis and from Liao et al. [45]; WT: wild type; AA: AbtsT AcstA deletion
mutant; C) The role of pyruvate for V. campbellii, based on results presented in this thesis; WT: wild
type; A: AbtsU deletion mutant. Implemented and partly modified miniature figures are all based on
results presented in this thesis. Results from manuscripts which are not included in this thesis are
implemented as text.

In E. coli, it has been shown previously that pyruvate fulfils several important functions beside
metabolic ones: For deletion mutants lacking both pyruvate sensing systems, a part of the
population has significant problems to overproduce a protein, indicating that pyruvate sensing
and thus pyruvate uptake by BtsT and YhjX is important for the population to homogeneously
fulfil this challenging task [66]. Moreover, without pyruvate sensing systems, a larger fraction
of E. coli cells forms persister cells upon antibiotic treatment [66]. It was also shown that
pyruvate is important for VBNC E. coli cells to return from this dormant state back to
culturability by taking up the compound with BtsT [46]. It is not surprising that btsT is
upregulated in VBNC E. coli cells [46]. These results show that when E. coli cells are impaired
to use pyruvate, they tend to enter and/or stay in a persisting state. For S. Typhimurium, it has
been found before as well that pyruvate can effectively restore culturability of VBNC cells [45].
Here, it is shown that also the marine pathogen V. campbellii can be resuscitated with pyruvate
from the VBNC state (see chapter 3). Mutants lacking pyruvate sensing and/or uptake systems
lose culturability after the same time period in long-term storage at low temperature under
nutrient starvation as wild-type cells. However, the mutants cannot be resuscitated with
pyruvate, which is the most effective means to “wake up” the cells. This can be explained with
the fact that pyruvate is not only a nutrient which can be metabolized very easily without prior
phosphorylation, but it also scavenges ROS — an important property for cells in long-term
storage. Bacteria enter the VBNC state upon environmental stress and can thereby even
withstand refrigeration, antibiotic treatment or detection [41]. Without being able to return to
culturability, they are trapped in dormancy. Taken together, for all three species, pyruvate is a
crucial factor for the resuscitation from the VBNC state.

Furthermore, it is shown here that also in S. Typhimurium, just as in E. coli, the inability of
pyruvate uptake leads to an increasing proportion of persister cells upon antibiotic treatment
(see chapter 4). This phenotype occurs in E. coli upon treatment with ampicillin, a beta-lactam
antibiotic inhibiting the transpeptidase, but in S. Typhimurium upon treatment with gentamicin,

a aminoglycoside antibiotic interacting with the 30S ribosomal subunit. No phenotype was
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found for S. Typhimurium mutants upon ampicillin treatment. This indicates that pyruvate
uptake seems to play a different role for the two species regarding the effect of and the reaction
to antibiotics. However, it must be taken into consideration that for E. coli, the mutants used
for this experiment are still able to take up pyruvate with their third pyruvate transporter CstA,
whereas for S. Typhimurium mutants, all systems for pyruvate uptake are deleted. Interestingly,
yhjX in E. coli was found to be upregulated in the presence of gentamicin in a previous study
[105]. S. Typhimurium does not possess a homolog of yhjX, but in the E. coli mutants used
here, yhjX expression was impaired by the deletion of ypdA/ypdB. Performing the same
experiment with E. coli triple pyruvate transporter mutants, as well as with gentamicin instead
of ampicillin would be very interesting. So far, it can be concluded that in E. coli, a reduced
pyruvate uptake causes more cells to form persisters when the cell wall synthesis gets inhibited.
In comparison, the complete abolishment of pyruvate uptake in S. Typhimurium leads to an
increase in persister formation when the ribosomal function is affected. In both cases, pyruvate
seems to be important for the cells to prevent them entering a persisting state and slowing down

their metabolism and active functions.

For S. Typhimurium, a further phenotype is demonstrated here for mutants with deleted
pyruvate transporter genes. When pyruvate uptake is abolished, less cells survive oxidative
stress by H20-, as well as nitrosative stress by nitric oxide (NO). Thus, pyruvate uptake is
important for the pathogen to stand up against these aggressive compounds. This is not
surprising, since pyruvate serves as a scavenger of ROS and it was shown previously that btsT
and cstA are slightly upregulated under oxidative stress [106]. In the host, which produces ROS
and NO as an antimicrobial defense [107], this scavenging capability could be very useful and
help the pathogen to survive and successfully infect the body. Certainly, this phenotype found
here in the in vitro setting does not necessarily have to lead to the assumption that pyruvate
uptake by BtsT and CstA really plays a role for S. Typhimurium in vivo in the host. It is a further
indicator that pyruvate might be useful for the cells under stress conditions.

In this theses, also the results of in vivo infection experiments with the two pathogens V.
campbellii and S. Typhimurium are shown. Using appropriate animal models, wild-type cells
and mutants lacking all pyruvate uptake systems were compared regarding the ability to infect
their host. For S. Typhimurium, first experiments with macrophages were performed, which the
pathogen can infect and use as means of transportation trough the body to cause systemic
infection. It is shown here, that mutants lacking pyruvate transporters have a slightly decreased

survival of cefotaxime treatment in macrophages, assuming that this is due to aggravated
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recovery and regrowth after persisting inside the macrophages, since pyruvate has been shown
before to be important for bacteria to leave a persisting state. Furthermore, competition
experiments were performed, in which wild-type and mutant bacteria were brought together
into the host, in this case mice with a defined minimal microbiota, and numbers of wild-type
and mutant bacteria were compared afterwards in different organs. It is demonstrated here, that
mutants unable to take up pyruvate have a small disadvantage regarding systemic infection of
the host. This experiment was also performed with a non-virulent S. Typhimurium strain
leading to a non-inflamed environment in the gut, as well as in mice with a less diverse
microbiota leading to a higher nutrient availability in the gut and an abolished colonization
resistance against the pathogen. In the non-inflamed gut, pyruvate uptake provides a small
advantage for gut colonization. The microbiota and thus the nutrient availability however make
no difference. Systemic infection, i.e. bacteria invading lymph nodes, liver or spleen, cannot be
addressed with the avirulent strain due to its inability to infect. It can be concluded that for S.
Typhimurium, pyruvate uptake definitely plays a role in host infection, even if only a small
one. It was expected to see a more pronounced effect — especially since pyruvate concentrations
have been found to be significantly higher in mice infected with S. Typhimurium than in
uninfected mice, indicating that the ability to take this pyruvate up might provide an advantage
[53]. Nevertheless, regarding the fact that many different factors come into play during
colonization and infection in vivo, also a small effect is not to be neglected. The clear
phenotypes seen in vitro might be mitigated in vivo and other properties presumably fall more

into weight.

The most striking phenotype shown in this thesis is the role of pyruvate regarding host infection
for V. campbellii — of all things the species which possesses only one pyruvate sensing system
and one pyruvate transporter. Mutants lacking pyruvate sensing or uptake systems, have a
significantly reduced ability to infect and kill gnotobiotic brine shrimp larvae. This leads to the
conclusion that pyruvate must be important for the virulence of the marine pathogen. Since
bacterial infections represent a severe burden for the increasing aquaculture production, these
results are crucial to better understand one of the responsible pathogens and offer different ways

to fight them, especially regarding antibiotic resistances.

It can be concluded that pyruvate is very important for all three model bacteria. When pyruvate
sensing and/or uptake are/is abolished, we see phenotypic effects in all three species which lead
to clear disadvantages. Interestingly, the effects go far beyond the role of pyruvate as a
metabolite and are not the same in the three species.
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7.3 Achievements on the way to identify a pyruvate exporter in Escherichia coli

It has been shown previously that cells excrete pyruvate under specific conditions. Pyruvate
excretion is even used as a defense or profitable advantage (see chapter 1.5). Since pyruvate is
an interesting product for biotechnology, metabolic engineering of bacteria for enhanced
pyruvate excretion gained growing interest in the recent years [96, 108-111]. Nevertheless, in
contrast to pyruvate sensing and uptake, almost nothing is known yet about the mechanism and
involved molecular systems of pyruvate excretion. It is shown here that for the three
investigated species, deletion of the characterized pyruvate transporters does not affect pyruvate
excretion (see chapters 2, 3 and 4), indicating that these transporters just perform pyruvate
uptake and are not involved in pyruvate export. Thus another system must exist to fulfil this
task. To this end, this thesis aimed to identify one (or more) pyruvate exporter protein(s) in the

model bacterium E. coli to investigate the function and impact of pyruvate excretion.

As shown here, assays were established to screen for genes which are crucial for the excretion
of pyruvate. A plasmid-based reporter system was used, which is activated by external pyruvate
and deletion mutants were transformed with this plasmid via large-scale transformations. It is
demonstrated that this luciferase-based reporter system is functional to monitor the amount of
excreted pyruvate in rich medium. This enabled screening of in total almost 3000 mutants
regarding their pyruvate excretion, with a targeted focus on particularly promising transporter
genes. By this means one mutant was identified which does not excrete pyruvate during growth

in rich medium, a strain with a deletion of the gene sdaC coding for a serine transporter.

Moreover, the excretion of pyruvate could be monitored directly using right-side-out membrane
vesicles from E. coli cells with a different genetic background. However, based on this
technique, it is shown that the promising mutant strain lacking sdaC is still able to excrete
pyruvate. It can be assumed that in rich medium the uptake of serine by SdaC is required for
the overflow metabolism leading to the excretion of pyruvate. The results of the export
experiments provide valuable information on the function and properties of the unknown
pyruvate exporter in E. coli, which relies on an electric potential and/or a proton gradient, but
not on an antiport of a specific substrate.

As an alternative strategy it is demonstrated here that a blue-white screening with a plasmid-
based reporter system is likewise functional to monitor excreted pyruvate in E. coli.

Furthermore, this screening can be used in combination with a self-created transposon library
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to identify genes that impact the excretion of pyruvate. Several other approaches are also

presented which could be applied to find a pyruvate exporter protein.

So far, the search did not lead to the identification of a pyruvate exporter in E. coli. The project
of establishing the necessary methods and plans was successful, but further investigation is
necessary. Moreover, it has to be taken into consideration that the excretion of pyruvate relies
on several cellular functions, as well as on specific growth conditions. This leads to aggravated
prerequisites regarding a screen based on pyruvate excretion of living cells. The mutant lacking
sdaC is the best example of a strain which indeed does not excrete pyruvate any more, whereby
the cause is however not due to the fact that the pyruvate exporter is missing, but the uptake of
serine seems to impact the excretion of pyruvate under conditions which usually lead to this
cellular reaction. This could be the case for several transporter genes that are crucial to induce
an overflow metabolism. Furthermore, the reporter system is based on the expression of btsT
via the two-component system BtsS/BtsR upon sensing external pyruvate. Not all details about
the activation and downregulation of btsT in different metabolic contexts of living E. coli cells
are known yet. A deletion of btsT itself leads to an even stronger activation of its promoter by
BtsS/BtsR, suggesting some kind of feedback inhibition. Thus, a reduced expression of btsT in
the screening approach does not necessarily need to be due to low external pyruvate

concentrations — and vice versa.

Nevertheless, especially the measurements of pyruvate export using right-side-out membrane
vesicles described here are a precious tool for the fast test and characterization of potential
exporter candidates. For the functional analysis of the L-lysine exporter MglE, Xenopus laevis
oocytes expressing mglE were used in combination with radioactively labeled L-lysine,
representing a much more complex assay to test and measure the export of a compound [112],
whereas our experimental system is direct, fast, easy and adaptable for different genetic
backgrounds in the original organism.

7.4 Conclusion and outlook

Primary metabolites play a very important role for bacteria. In microbial communities, their
presence or absence contributes to form networks, niches, to bring benefits for specific species
and disadvantages for others. In this thesis, a part of the puzzle was revealed, how one important

primary metabolite — pyruvate — is sensed, taken up and excreted.
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In three different model gamma-proteobacteria pyruvate sensing and uptake systems and their
biological relevance were characterized, thereby observing that even though these three species
have different numbers and kinds of pyruvate sensing and uptake systems, pyruvate is important
for all of them, with different biological impacts — which go wide beyond metabolism. This
shows the differences between the three model bacteria, as well as the complexity of molecular

systems and their functions.

However, there are still several open questions for future research: Even though strong evidence
is provided here that YhjX in E. coli is a third pyruvate transporter, its function remains elusive.
To confirm the transport of pyruvate by YhjX would complete the picture of pyruvate sensing
and uptake in E. coli. Recently, expression of yhjX has been shown to be activated by low
intracellular pH [113], indicating that pyruvate transport measurements might require

cytoplasmic acidification to lead to measurable results.

Moreover, in contrast to the pathogens V. campbellii and S. Typhimurium, the role of pyruvate
for the virulence of pathogenic E. coli strains was not directly investigated, although it was
suggested that pyruvate sensing and uptake systems play a role in uropathogenic E. coli [65].
Therefore, it would be very interesting to perform infection experiments with pyruvate
transporter deletion mutants of pathogenic E. coli strains. YhjX has been identified as a potential
pathotype marker gene of mammary pathogenic E. coli [114], making infection experiments
with deletion mutants of this strain even more interesting. Regarding the significance of
pyruvate for virulence, it is worth mentioning that for the here described infection experiments
with V. campbellii, germ-free brine shrimp larvae were used and for S. Typhimurium, we
worked with mice carrying a minimal microbiota. This raises the question what effect would
be seen for both pathogens in a more competitive environment. Would the sensing and uptake
of pyruvate play a smaller or a larger role? Would the disadvantage for V. campbellii mutants
in comparison to the wild type still be stronger than for S. Typhimurium mutants? A native
microbiota could provide colonization resistance and prevent infection. On the other hand,
within a complex microbiota, when not all nutrients are available, the ability to take up pyruvate
might fall more into weight. The uptake of nutrients which are easily to metabolize, like
pyruvate, could provide advantages in competitive environments like the gut [67]. For S.
Typhimurium, one study reported that btsT is crucial for the colonization of the mouse gut [75].
Albeit the authors did not show any complementation to confirm btsT as cause of this
phenotype, they found a significant disadvantage for mutants lacking btsT. Since mice with a
complex microbiota were used in that study, the question arises if the microbiota might be
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responsible for the stronger effects in contrast to the findings presented here. Experiments with

animals carrying a native microbiota are necessary to provide answers to these questions.

Further insights are also required regarding the molecular connection between pyruvate uptake,
the PTS and the chemotaxis network. How does the PTS sense intracellular pyruvate? Does this

happen via the pyruvate/PEP ratio? Is this reaction linear?

Persister formation upon treatment with different antibiotics is another topic which needs to be
investigated more closely. Conclusions can only be drawn and impacts of molecular systems
on persister formation can only be compared between species after the experiments have been
performed with the respective other bacterium and antibiotic, as well as using the appropriate

comparable mutants.

Moreover, after the findings about CstA in E. coli, it was recently also shown that CstA in
Clostridioides difficile imports pyruvate — and that the pathogen requires pyruvate for biofilm
formation [115]. A previous study found E. coli’s btsT to be slightly upregulated in a biofilm
in the presence of diarrheagenic enteroaggregative E. coli bacteria [116], and BtsSR has been
shown before to regulate also the gene csgD, coding for a master regulator of biofilm
production, as well as the csg operon coding for curli fimbriae [67]. Based on these results, it
would be very interesting to investigate also the importance of pyruvate uptake for biofilm

production in E. coli, V. campbellii and S. Typhimurium.

It remains unclear, how the export of pyruvate is performed and which protein(s) is/are
responsible. Functioning screening systems and monitoring methods for the pyruvate exporter
search and analysis have been established in E. coli and some promising candidates still need
to be pursued, which could bring answers to this question in the near future. Jones et al. present
an overview of exporter proteins in bacteria, thus comparing how they have been identified
could be helpful to find appropriate strategies [117]. Applying exactly the same technique
described here (using deletions of the Keio collection of single deletion mutants and screening
potential candidates for the desired phenotype of low external concentrations of the compound
of interest), other exporter protein could already be identified — even though several exporters
existed which fulfilled the same task [118]. This indicates that the strategy pursued here could
indeed be successful in the near future. In addition to continue testing the remaining promising
candidates, functional metagenomic approaches for the discovery of exporter proteins might be
worth testing, like the one presented by Malla et al. [112], who combined an expression library

with selective concentrations of the respective compound. The general concept to apply a screen
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based on hypersensitivity has already led to the identification of many exporter proteins [119,
120]. Furthermore, transcriptomic profile comparisons between conditions leading to an
excretion of the respective compound and conditions of no excretion would be of interest and
could advance the exporter search [121]. To this end, it is necessary to examine more closely

under which conditions E. coli excretes pyruvate the most and the least.

The role of serine uptake by SdaC for the excretion of pyruvate in vivo is another question to
be addressed. Recently it has been shown in uropathogenic E. coli that the deamination of serine
to pyruvate is an important tool for the pathogen to resist acid stress —and it was suggested that
YhjX might function as a pyruvate exporter [122]. The data presented here clearly demonstrate
that mutants lacking yhjX still excrete pyruvate. However, since it has been shown before that
function and regulation of pyruvate sensing and uptake systems might work differently in
pathogenic E. coli strains, in which for instance BtsS interacts with the non-cognate response
regulator YpdB to activate yhjX [65], only further research can solve these inconsistencies. The
larger aim of the project presented here is to investigate the role of pyruvate excretion for
proteobacteria in general. After the identification of the correct pyruvate exporter protein, an
interesting starting point would be to work with the corresponding deletion mutants of
uropathogenic E. coli to investigate the significance of pyruvate excretion for this pathogen in
its acidic habitat. Then, using pyruvate exporter deletion mutants of different gastro-intestinal
species could show how abolished pyruvate excretion changes the composition of the intestinal
microbiota and the colonization resistance against pathogens, as well as an impact of excreted

pyruvate on infection and inflammation.

The comparative analysis presented in this dissertation shows the varying impact that primary
metabolites can have — and raises even more need for further research about pyruvate in
different species and in the human host. Intestinal pyruvate concentration data from patients
and healthy individuals would be important, as well as more knowledge about the molecular
pyruvate uptake and sensing system also in other bacteria. The fact that pyruvate is not only a
precious metabolite, but also fulfils other valuable functions for bacteria to varying extents,

emphasizes how exciting further research on this primary metabolite would be.
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Figure S1. Growth of E. coli MG1655 and the different single and double mutants with pyruvate
as C-source. Cells of E. coli MG1655 and the indicated single (upper panel) or double mutants (lower
panel) were grown in M9 minimal medium with 40 mM pyruvate as C-source at 37°C under constant
agitation. Samples were taken and ODswo was measured at different time points. The graphs show the
mean of three independent replicates. The standard deviations from the mean were less than 10%.
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Figure S2. Activation of the cstA promoter under various growth conditions. E. coli MG1655 cells
were transformed with pBBRI1-cstAprom-lux and grown at 37°C in M9 minimal medium
supplemented with 40 mM of the indicated C-source. Luminescence levels and ODsow were measured
over time. Luminescence normalized to an optical density (ODeowo) of 1 (RLU) and growth of cells is

plotted over time. CAA, casamino acids.
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Figure S3. Promoter activity of cstA in different E. coli mutants. A luciferase-based reporter assay
was used to monitor the promoter activity of cstA in the indicated E. coli BW25113 mutants. All strains
were transformed with the plasmid pBBR1-cstAprom-lux. Bacteria were cultivated in LB medium
under aerobic conditions, and the growth and activity of the reporter were continuously monitored.
Luciferase activity normalized to an optical density (ODsw) of 1 (RLU) is plotted over time. A)
expression in the Acrp mutant compared to the wt strain. B) expression in the AdeoR mutant compared
to the wt strain. C) expression in the Afis mutant compared to the wt strain. D) expression in the
AmraZ mutant compared to the wt strain. E) expression in the Aygbl mutant compared to the wt strain.
F) expression in the AyhfW mutant compared to the wt strain.

Table S1. List of oligonucleotides used in this work.

Name Sequence (5" - 3’) Description
TTTATTACTGCAGGAATACTG Upstream primer for in-frame
dYhjX forward CCATGACACCTTCAAATTATC  deletion of yh]}'(, using the .QUIC.k
AGCGTACCAATTAACCCTCAC  and Easy E. coli gene deletion kit
TAAAGGGCG (Gene Bridges)
CAGTAGCTCGCGGCTGAGCAT  downstream primer for in-frame
dYhjX reverse TAAAGGGAGCCATGCGCCTCA  deletion of yhjX, using the Quick

CGCAACATTAATACGACTCAC
TATAGGGCTC

and Easy E. coli gene deletion kit
(Gene Bridges)




dbtsT forward

GGCCAACTATTAATCAATACA
TGCCAGGTITTTACTATGGATA
CTAAAAAGAATTAACCCTCAC
TAAAGGGCG

Upstream primer for in-frame
deletion of btsT, using the Quick
and Easy E. coli gene deletion kit

(Gene Bridges)

dbtsT reverse

AGAACAAAGCCCCGCCGAAG

CGGGGCTAAACACGGITAGTG

GTGCGAAGATAATACGACTCA
CTATAGGGCTC

downstream primer for in-frame

deletion of btsT, using the Quick

and Easy E. coli gene deletion kit
(Gene Bridges)

dcstA forward

TAACATCTCTATGGACACGCA
CACGGATAACAACTatgAACA
AATCAGGGAATTAACCCTCAC
TAAAGGGCG

Upstream primer for in-frame
deletion of cstA, using the Quick
and Easy E. coli gene deletion kit

(Gene Bridges)

dcstA reverse

CCAACATTCGCCAACATCCCC
CCCTCACTCTGACTTTAGTGTG
CGCCTTTTAATACGACTCACT
ATAGGGCTC

downstream primer for in-frame

deletion of cstA, using the Quick

and Easy E. coli gene deletion kit
(Gene Bridges)

CstA_pBAD_fw

GGAATTCACCATGGTACCCAT
GAACAAATCAGGGAAATAC

Gibson assembly fragment 1
forward primer, overlap region of
pBAD?24 and beginning of cstA

CstA_ol_rev

CCAGGTCAACTGCACGCCGGT
AAAG

Gibson assembly fragment 1
reverse primer, internal primer on
cstA coding region.

CstA_ol_fw

CTTTACCGGCGTGCAGTTGAC
CTGG

Gibson assembly fragment 2
forward primer, internal primer
on cstA coding region.

CstA_pBAD_rev

GGTCGACTCTAGAGGATCCCC
TTAGTGGTGATGGTGATGATG
GTGTGCGCCTTTTGCCTGC

Gibson assembly fragment 2
reverse primer, end sequence of
cstA, 6 his tag and overlap region
of pBAD24

Xbal-CstAprom-Fw

CTATTCTCTAGACGCGGCGTC
TGCCAGCCGCTGCATC

300 bp upstream starting codon,
for cstA promoter cloning in
pBBR1-lux using Xbal

XhoI-CstAprom-Rv

CCCCCCCTCGAGAGTTGTTAT
CCGTGTGCGTGTCCAT

upstream ATG for cstA promoter
cloning in pBBR1-lux using Xhol

cstApFw

[Btn]GTCGTTTTCGATGAACAG
GGGC

biotinilated forward primer for
DNA affinity-capture, cstA
promoter region. 300 bp upstream
of start codon.

cstApRv

CTGTCCAGACGAGGTATTTCC
C

reverse primer for DNA affinity
purification, cstA promoter region
upstream ATG

cstAcFw

[Btn] GTGGCCTGCTTTATGATC
ATGG

biotinilated forward primer for
DNA affinity purification. Control
fragment: cstA gene inner region

cstAcRv

AGGTCAACTGCACGCCGGTAA
A

reverse primer for DNA affinity
purification. Control fragment:
cstA gene inner region
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SUPPLEMENT
SUPPLEMENTAL METHODS

Bioluminescence measurement. V. campbellii wild type, AbtsU and AbtsSR were grown
in Autoinducer Bioassay (AB) medium (1) at 30°C in a plate reader (Tecan). Cells of overnight
cultures were diluted 1:5,000-fold in fresh AB medium. ODsoo and bioluminescence were measured

over time and relative light units (RLU * ODgoo 1) were determined.

Swimming motility test. V. campbellii wild type, AbtsU and AbtsSR cells were grown in
LM medium to mid-exponential phase and adjusted to ODeoo = 1. Drops of 5 ul were spotted on
LM soft agar plates (0.3 % agar, w/v), incubated at 30 °C for 18 hours and diameter sizes of motility

halos were determined.

Aggregation assay. V. campbellii wild type, AbtsU and AbtsSR were grown in tubes with
5 ml LM medium, inoculated from overnight cultures, grown to an ODeoo = 1.5 and kept standing
at 30°C for 24 h. Every hour, samples were taken from the upper 5 mm of the culture and ODsoo

was determined.

External indole measurement. V. campbellii wild type, AbtsU and AbtsSR were grown
aerobically in LM medium. Growth was monitored and samples were taken periodically for
measurement of indole concentration. According to Mueller et al. (2), samples were centrifuged
(4°C, 10 min, 10,000 x @), 250 pl supernatant were mixed with 250 pl 20 % trichloroacetic acid,
incubated on ice for 15 min and centrifuged again to remove precipitates. Supernatants were mixed
1:1 with Kovac’s reagent (5 g dimethylaminobenzaldehyde, 75 ml isoamylalcohol, 25 ml
concentrated HCI), vortexed and incubated at room temperature for at least 15 min. Absorbance at

571 nm of the upper layer was determined with a plate reader (Tecan). Standards of 0 uM, 200 puM,



400 uM, 600 uM, 800 uM and 1 mM indole were used for a calibration curve to allow

quantification.

pH of culture supernatants. V. campbellii wild type, AbtsU and AbtsSR were grown in
LM medium. Growth was monitored and samples were taken periodically to determine the pH of

the medium after centrifugation.

Macrocolony formation. V. campbellii wild type, AbtsU and AbtsSR were grown in LM
medium, adjusted to ODeoo =1 and drops of 5 ul were spotted on LM plates (2 % agar, w/v). During
incubation at 30°C, pictures of emerging macrocolonies were taken at different time points with a
Canon EOS M50 camera and bioluminescence of macrocolonies was visualized with a

luminescence imaging chamber (Peglab).



SUPPLEMENTAL FIGURES

>

normalized bioluminescence
[RLU/ODgq,]

E

8
7.8
7.6
7.4
7.2

7
6.8
6.6
6.4
6.2

6

L
[=3

1.0E+09

1.0E+08

1.0E+07

1.0E+06

time [h]

0 10 20
time [h]

0 50 100 150 200 250 300 350
time [min]

30

diameter of motility halo [mm)] w

O

external indole [pM]

30

25

20

15

10

(3]

o

450
400
350
300
250
200
150
100

50

50 100 150 200 250 300

time [min]

-
o

O =N WH O1TO N O

ODGDO




FIG S1. Phenotypes of V. campbellii that were not affected by deletions of btsU or btsSR.
A) Bioluminescence. V. campbellii wild type (solid line), AbtsU (dotted line) and AbtsSR (dashed
line) were grown in AB medium at 30°C and bioluminescence was measured over time in a plate
reader. B) Swimming motility. Droplets with equal numbers of V. campbellii wild type (black),
AbtsU (grey) and AbtsSR (white) cells were spotted on LM soft agar plates (0.3 % agar, w/v),
incubated at 30°C for 18 hours and motility halo diameters were determined. C) Cell aggregation.
V. campbellii wild type (solid line), AbtsU (dotted line) and AbtsSR (dashed line) were grown to
ODs0o = 1.5 and kept standing at 30°C for 24 h. Samples were taken every hour from the upper 5
mm of the culture and ODsoo Was determined. D) Indole excretion. V. campbellii wild type (solid
line) and AbtsU (dotted line) were grown in LM medium at 30°C, samples were taken every 20
min and indole concentration was determined. E) Extracellular pH. V. campbellii wild type (solid
line), AbtsU (dotted line) and AbtsSR (dashed line) were grown in LM medium at 30°C, samples
were taken every 20 min and the pH of the medium was determined. F) Macrocolony formation.
Droplets with equal numbers of V. campbellii wild type (left), AbtsU (middle) and AbtsSR (right)
cells were spotted on LM agar plates (2 % agar, w/v) and incubated for 8 days at 30°C. Pictures

were taken (upper image) and bioluminescence was detected (lower image).
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FIG S2. Chemotaxis defect of V. campbellii AbtsU and ADbtsSR is specific for pyruvate.
V. campbellii wild type, AbtsU and AbtsSR cells were tested for chemotaxis towards different
substances using the plug-in-pond assay (3). The organization of the test plate is schematically
illustrated on the right. Cells were mixed with M9 minimal medium soft agar without carbon source
(2 % NaCl, 0.3 % agar, w/v) and poured over hard agar plugs (1.5 % agar, w/v) containing (a)
pyruvate, (b) H20 as negative control, (c) alanine, (d) fumarate, (e) acetate, (f) gluconate and (g)
glucose (each 20 mM). Plates were incubated for 3 hours at 30°C and accumulation of cells around

the plugs was visualized by bioluminescence detection.
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TABLE S1. Oligonucleotides used in this study

DNA sequence Description

#1 CGGCTGGCGCCAAGCTTCTC Primer 1 for deletion of V. campbellii btsU with
TGCAGGAGCGATCGGCAAT  pNTPS-R6KT, Pstl site

GCTCAATGCGC



#2

#3

#4

#5

#6

#7

#8

#9

GACAATAGCTATGATGTGGT

TTCTATCAGAAACCGCATAA

TGAATCCCTT

AAGGGATTCATTATGCGGTT

TCTGATAGAAACCACATCAT

AGCTATTGTC

CCGAAGCTAGCGAATTCGTG

GATCCAAAAAGATCTTTTTC

ATGTTTCTAT

CGGCTGGCGCCAAGCTTCTC

TGCAGTTCATCGGGAATTGC

TACATGAGTT

TAGGTTCGCTATGGAACTGG

TCATCCCCCACTCGCGATAA

GTACAGTGAA

TTCACTGTACTTATCGCGAG

TGGGGGATGACCAGTTCCAT

AGCGAACCTA

CCGAAGCTAGCGAATTCGTG

GATCCTCTACGGTGCAATGA

TTGGTGAAGG

CGGCTGGCGCCAAGCTTCTC

TGCAGCCGTACGCCAAGAA

GCGAAGTCTCG

Primer 2 for deletion of V. campbellii btsU with

PNTPS-R6KT, amplifies 15 last bp, overlap with #3

Primer 3 for deletion of V. campbellii btsU with

PNTPS-R6KT, amplifies 15 first bp, overlap with #2

Primer 4 for deletion of V. campbellii btsU with

PNTPS-R6KT, BamHI site

Primer 1 for deletion of V. campbellii btsS with

PNTPS-R6KT, Pstl site

Primer 2 for deletion of V. campbellii btsS with

PNTPS-R6KT, amplifies 15 last bp, overlap with #7

Primer 3 for deletion of V. campbellii btsS with

PNTPS-R6KT, amplifies 15 first bp, overlap with #6

Primer 4 for deletion of V. campbellii btsS with

PNTPS-R6KT, BamHlI site

Primer 1 for deletion of V. campbellii btsR with

PNTPS-R6KT, Pstl site



#10

#11

#12

#13

#14

#15

#16

#17

#18

GTAGTCTTGGATGTTAACCG

CACTCGGTATCAGTAGCTAA

GCTCAGGCTC

GAGCCTGAGCTTAGCTACTG

ATACCGAGTGCGGTTAACAT

CCAAGACTAC

CCGAAGCTAGCGAATTCGTG

GATCCCTGCAAATTGGGATC

TGCGTTGATC

TAGGTTCGCTATGGAACTGG

TCATCGGTATCAGTAGCTAA

GCTCAGGCTC

GAGCCTGAGCTTAGCTACTG

ATACCGATGACCAGTTCCAT

AGCGAACCTA

ATATCTGGATCCTCATGTTT

CTATTTCACTTCTGATT

GCCGAAGCTAGCAAAGGTC

GCTGAGTACTTTTCAAAA

ATATCTGGATCCTTATCTGG

TGTGCTATTGCTCTGTC

GCCGAAGCTAGCATTTAACA

GTATTCGATGCAACGTG

Primer 2 for deletion of V. campbellii btsR with

PNTPS-R6KT, amplifies 15 last bp, overlap with #11

Primer 3 for deletion of V. campbellii btsR with

PNTPS-R6KT, amplifies 15 first bp, overlap with #12

Primer 4 for deletion of V. campbellii btsR with

PNTPS-R6KT, BamHI site

Primer 2 for double deletion of V. campbellii btsR and
btsS with pNTPS-R6KT, amplifies 15 last bp of btsR,
overlap with #14, use together with #8

Primer 3 for double deletion of V. campbellii btsR and
btsS with pNTPS-R6KT, amplifies 15 first bp of btsS,
overlap with #13, used together with #12

Primer 1 for complementation of V. campbellii btsU at
the native locus, BamHlI site

Primer 2 for complementation of V. campbellii btsU at
the native locus, Nhel site

Primer 1 for complementation of V. campbellii btsSR
at the native locus, BamHI site

Primer 2 for complementation of V. campbellii btsSR

at the native locus, Nhel site



#19 AAAAAACTGCAGGATCGTA  Primer 1 to amplify the promoter region of
GTCACCTTGCTTAGCATT V. campbellii btsU (500 bp), Pstl site

#20 ACCATGCCGCTAGTTGCCAT Primer 2 to amplify promoter of V. campbellii btsU
AGCTATTGTCCTTGGTTTAA (500 bp), overlap to mcherry

#21 TTAAACCAAGGACAATAGCT Primer 1 to amplify mcherry, overlap to promoter of
ATGGCAACTAGCGGCATGGT V. campbellii btsU

#22 AAAAAAGGATCCTTATTTGT Primer 2 to amplify mcherry, BamHI site

ATAGTTCATCCATGCCA
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Figure S1. Expression of btsT and cstA in S. Typhimurium mutants. SL1344 wild-type (black), AbtsT
(yellow), AcstA (grey), AbtsTAcstA (red) and AbtsSR (blue) cells harboring the reporter plasmid for btsT
(pBBR1-MCS5-PbtsT-lux) or for cstA (pBBR1-MCS5-PcstA-lux) were grown in LB medium in a plate
reader at 37 °C. Luminescence values were measured over time and gene expression was determined

as RLU per 1 ODew. A) Expression of btsT during growth. B) Expression of cstA during growth. C)

Maximal btsT expression depicted as fold change from wild-type value. D) Maximal cstA expression

depicted as fold change from the wild-type value. A, B: graphs represent the mean of three independent

replicates. the standard deviations were below 10%. C, D: Error bars represent the standard deviations

of the mean of three independent replicates.
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Figure S2. Growth of S. Typhimurium mutants. SL1344 wild-type (black), AbtsT (yellow), AcstA (grey),
AbtsTAcstA (red) and AbtsSR (blue) cells were grown for 24 hours at 37°C in A) LB medium or B) M9
minimal medium with 60 mM pyruvate.
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Figure S3. S. Typhimurium AbtsTAcstA mutant lost chemotactic response to pyruvate. Chemotaxis was
tested by mixing SL.1344 wild-type or AbtsTAcstA cells harboring the indicated expression plasmids for
btsT (pBAD24-btsT) and/or cstA (pBAD33-cstA) or the empty vectors with 0.3% (wt/vol) M9 soft agar
and pouring them over 1.5% (wt/vol) M9 agar plugs containing either 60 mM gluconate (above) or 60

mM pyruvate (below). Plates were incubated at 37 °C for 4 hours, and the pictures are representative of
three independent experiments.
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Figure S4. Motility of S. Typhimurium is not affected by deletions of btsT or cstA. Motility of SL1344
wild type (upper left, black), AbtsT (upper right, yellow), AcstA (lower left, grey) and AbtsTAcstA (lower
right, red) cells was tested by spotting equal numbers of cells on 0.3% LB soft agar, incubating the plates

AcstA AbtsT AcstA

relative motility

at 37°C for 3 hours and measuring the diameter of the ring with the software ImageJ [54]. Images of
rings are representative of four independent experiments and relative motility was determined in
relation to the mean diameter of the wild type ring.
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Figure S5. Expression of btsT in S. Typhimurium under SPI2 inducing conditions. Strain SL1344
btsT::mNeonGreen, which chromosomally encodes a fusion between btsT and mNeonGreen, was used to
measure expression of btsT in single cells. Cells were grown in NonSPI2 (blue) or InSPI2 (orange)
medium with 4 pug/ml histidine and 60 mM pyruvate as C-source until mid-exponential phase. Samples
were taken for fluorescence microscopy. To quantify relative fluorescence intensities of single cells,
phase contrast and fluorescent images were analyzed using the Image] [54] plugin MicrobeJ [77]. In
total >1000 cells were quantified per condition.



Table S1. Oligonucleotides used in this study.

#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

#11

#12

#13

#14

#15

#16

#17

#18

#19

DNA sequence

CGCTGTGCGCTACCCGGCATCAGTTITA
GTGGTGTGAAGATTAAGACCCACTTTCA
CATT

ATTAAACTTACAACCAGGTTTTACTATG
GATACGAAAAAGCTAAGCACTTGTCTCC
TG

ATTAAACTTACAACCAGGTTTTACTATG
GATACGAAAAAGTCTTCACACCACTAA
AACTG

AGTCCGGAATACCAATCAACA
ACCGCTTAAACCGCCATACA
ACGTTCGCGGAAGAACTCIT

GGCAAAACGATATTCTAACAGTCTITTTA
CAGGCCAATCGCTTAAGACCCACTTTCA
CATT

TTTAATTGAAGTGTGGTTTGCGGGTATGT
ACGAGTTTAATCTAAGCACTTGTCTCCTG

TTGTTGATACGACGTTCCGC

TITAATTGAAGTGTGGTTTGCGGGTATGT
ACGAGTTTAATGCGATTGGCCTGTAAAA
GAC

TGGAACACCCAAACGGACAACAACTAT
GAATAAATCAGGGTAGGCTGGAGCTGCT
TCGAA

GGAGAGGGCTATTGATGTAAAAAGATT
AGTGCGCGCCTTTTCCTCCTTAGTTCCTA
TTCC

CTCTTTGACGAGCAGGGGAG
CGTCTGATCCGGATGCGTTA

AAAAAATCTAGAGCGATGACGTGCTGG
AGGCG

AAAAAACTCGAGAGTTGTTGTCCGTITG
GGTG

AAAAAATCTAGAAGTTTGCAATACGGTG
AAGT

AAAAAACTCGAGAGTAAAACCTGGTITG
TAAGT

GCGCGCGAATTCACTATGGATACGAAA
AAGATATT

Description

Primer 1 for tetRA-insertion by A-Red
recombination in btsT

Primer 2 for tetRA-insertion by A-Red
recombination in btsT

Primer 1 for clean deletion of btsT

Primer 2 for clean deletion of btsT
Primer 1 for sequencing of AbtsT
Primer 2 for sequencing of AbtsT

Primer 1 for tetRA-insertion by A-Red
recombination in btsSR

Primer 2 for tetRA-insertion by A-Red
recombination in btsSR

Primer 1 for clean deletion of btsSR

Primer 2 for clean deletion of btsSR

Primer 1 to amplify the FRT-kanamycin-FRT
cassette from pKD46 for replacement of cstA

Primer 2 to amplify the FRT-kanamycin-FRT
cassette from pKD46 for replacement of cstA

Primer 1 for sequencing of AcstA
Primer 2 for sequencing of AcstA

Primer 1 to amplify the promoter of cstA to
create pBBR1-MCS5-PcstA-lux, Xbal site

Primer 2 to amplify the promoter of cstA to
create pBBR1-MCS5-PcstA-lux, Xhol site

Primer 1 to amplify the promoter of btsT to
create pBBR1-MCS5-PbtsT-lux, Xbal site

Primer 2 to amplify the promoter of btsT to
create pBBR1-MCS5-PbtsT-lux, Xhol site

Primer 1 to amplify btsT to create pBAD24-
btsT, EcoRI site



#20

#21

#22

GCTAGCAAGCTTTTAGTGATGGTGATGG
TGATGGTGGTGTGAAGAGATCTTCA

GCGCGCGAATTCACTATGAATAAATCAG
GGAAATA

GCTAGCAAGCTITTTAGTGATGGTGATGG
TGATGGTGCGCGCCTTTCGCCTGCG

Primer 2 to amplify btsT to create pPBAD24-
btsT, HindIII site

Primer 1 to amplify cstA to create pBAD3-cstA,
EcoRlI site

Primer 2 to amplify cstA to create pBAD3-cstA,
HindlIII site



Supplementary methods

Strain construction of SL1344 btsT::mNeonGreen. Chromosomal fusions were created by double
homologous recombination using the pNPTS138-R6KT suicide plasmid [47]. SL1344 btsT was amplified
by PCR from SL1344 genomic DNA with oligonucleotides #38 and #39, without keeping the stop codon.
The mNeonGreen gene was amplified by PCR from a plasmid (Peter Graumann, Marburg) with
oligonucleotides #40 and #41. An 800 bp region directly downstream of btsT was amplified by PCR from
SL1344 genomic DNA with oligonucleotides #42 and #43. The pNPTS138-R6KT backbone was
linearized with oligonucleotides #37 and #44. All fragments were created with overlaps of 20 bp for
assembly using the NEBuilder kit (New England Biolabs, Ipswich, MA, USA). The final pNPTS138-
R6KT-btsT::mNeonGreen plasmid was first transformed into E. coli DH5a and confirmed by sequencing.
Then it was transferred into E. coli WM3064 for conjugation with SL1344. Double homologous
recombination was induced as described in the main manuscript. Oligonucleotide sequences are listed
in table S1.

In vivo single cell fluorescence measurements. SL1344 cells with the chromosomal fusion
btsT::mNeonGreen were grown in InSPI2 and NonSPI2 medium [69] with 4 pg/ml histidine and 60 mM
pyruvate as carbon source, inoculated from overnight culture to an initial ODsoo of 0.05. In exponential
growth phase, samples were taken and 2 pl of the culture were spotted on 1% (wt/vol) agarose prepared
with PBS on a microscope slide and sealed with a cover slide. Microscopy was performed using a
DMI6000 B fluorescence microscope (Leica Microsystems, Wetzlar, Germany), with an excitation
wavelength of 485 nm and a 510-nm emission filter. To quantify single cell fluorescence, 1000 cells per
condition (InSPI2 or NonSPI2) were analyzed using the plug-in Microbe] [77] of the software Image]
[54], as described before [46]. The background was subtracted for each cell.
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