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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 σ70-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 ∆btsT ∆cstA ∆yhjX (designated as
“3∆ mutant”).

Growth of the 3∆ 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 3∆ 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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standard deviations of three independent replicates. 
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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 3Δ mutant is impaired in 
its response to pyruvate (Figure 2A). 

In order to demonstrate that the observed defects in growth and chemotaxis are due to the 
inability of the 3Δ mutant to uptake external pyruvate, we quantified the amounts of extracellular 
pyruvate present in a culture of the 3Δ 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 3∆ 
mutant cultures. When overflow ceased, and starvation gradually set in, only the wt strain was able 

Figure 1. Growth of E. coli MG1655 and the triple mutant (3∆) in media containing different C-sources.
Cells of E. coli MG1655 (dark circles), the triple mutant (white circles), or the triple mutant complemented
with pBAD24-cstA6H (pink circles) were grown in the indicated media at 37 ◦C under constant agitation.
Samples were taken and OD600 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, 3∆: Triple mutant, 3∆ 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 3∆ mutant to
chemotactically respond to pyruvate. In this case, since the 3∆ 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 3∆ mutant is impaired in its response to
pyruvate (Figure 2A).
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respond chemotactically towards pyruvate. When complemented with cstA, chemotaxis towards 
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produced due to overflow metabolism. The complemented 3Δ mutant and the wt strain were found 
to show similar decreases in external pyruvate (Figure 2A), indicating that CstA is indeed a pyruvate 
transporter. 
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Figure 2. Phenotypic characterization of the 3∆ 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 3∆ mutant (white circles) and the 3∆ mutant complemented with pBAD24-cstA6H
(pink circles) were grown in LB medium at 37 ◦C, and samples were taken every 20 min. OD600 was
measured and samples were centrifuged to collect the supernatant. Pyruvate concentrations in the
supernatants were determined and values were plotted against OD600. Wt: Wild-type strain, 3∆: Triple
mutant, 3∆ 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 3∆ mutant to uptake external pyruvate, we quantified the amounts of extracellular
pyruvate present in a culture of the 3∆ 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
3∆ 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 3∆ mutant, however, was unable to take up pyruvate,
and the extracellular concentration of pyruvate remained constant (approximately 800 µM) 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 3∆ mutant with
either pBAD24 (control) or pBAD24-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 PBAD promoter should provide a sufficient amount of CstA to
allow complementation. Indeed, the 3∆ 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 3∆ 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 [14C]pyruvate into intact cells was measured.
To this end, the 3∆ 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 3∆ mutant is unable to take up
pyruvate (Figure 2B), although small amounts of [14C]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 [14C]pyruvate uptake were measured at a final pyruvate
concentration of 10 µM at 15 ◦C in E. coli MG1655 (black circles), the triple mutant (3∆, white circles),
and the triple mutant complemented with pBAD24-cstA6H (3∆ p-cstA, pink circles). (B) The Km 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 3∆ 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 µM [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 µM [14C]pyruvate. 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 Km 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 3∆ mutant
transformed with the empty vector. The Km of CstA for pyruvate in intact cells was estimated to be
242 µM—a rather moderate level of substrate affinity compared to that of BtsT (Km 16.5 µM) [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+

4, 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 3∆ mutant in which cstA was expressed under
the control of the PBAD promoter. CstA was recently reported to be a constitutively expressed
pyruvate transporter [21]. Indeed, previous results showed that cstA expression is under control of
σ70, 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 (FMNH2)
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].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 17 
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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 OD600 was measured over time. (A) Expression pattern
of cstA. Luminescence normalized to an optical density (OD600) 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 (OD600) 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

t1

AtpE ATP synthase subunit c 2.47
DeoR * Regulator 1.97

Fis * Regulator 3.53
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

t2

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

YgbI * Uncharacterized HTH-type
transcriptional regulator 2.08

YhfW * Uncharacterized protein 2.70

t3

DeoR * Regulator 2.00

JayE Putative protein from lambdoid
prophage 3.34

Lpp Major outer membrane lipoprotein 2.01
RhlB ATP-dependent RNA helicase RhlB 2.13
RnpA Ribonuclease P protein component 2.68
YcaC Probable hydrolase YcaC 1.73

YgbI * Uncharacterized HTH-type
transcriptional regulator 1.83

The deletion mutants for the five selected genes (Table 1), and a ∆crp 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 ∆fis
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.

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 17 

 

Fis * Regulator 3.53 
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 

t2 

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 

YgbI * 
Uncharacterized HTH-type transcriptional 

regulator 
2.08 

YhfW * Uncharacterized protein 2.70 

t3 

DeoR * Regulator 2.00 
JayE Putative protein from lambdoid prophage 3.34 
Lpp Major outer membrane lipoprotein 2.01 
RhlB ATP-dependent RNA helicase RhlB 2.13 
RnpA Ribonuclease P protein component 2.68 
YcaC Probable hydrolase YcaC 1.73 

YgbI * 
Uncharacterized HTH-type transcriptional 

regulator 
1.83 

The deletion mutants for the five selected genes (Table 1), and a Δcrp 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 Δfis 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. 

 

Figure 5. Cont.



Int. J. Mol. Sci. 2020, 21, 9068 9 of 17

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 17 

 

Fis * Regulator 3.53 
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 

t2 

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 

YgbI * 
Uncharacterized HTH-type transcriptional 

regulator 
2.08 

YhfW * Uncharacterized protein 2.70 

t3 

DeoR * Regulator 2.00 
JayE Putative protein from lambdoid prophage 3.34 
Lpp Major outer membrane lipoprotein 2.01 
RhlB ATP-dependent RNA helicase RhlB 2.13 
RnpA Ribonuclease P protein component 2.68 
YcaC Probable hydrolase YcaC 1.73 

YgbI * 
Uncharacterized HTH-type transcriptional 

regulator 
1.83 

The deletion mutants for the five selected genes (Table 1), and a Δcrp 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 Δfis 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. 

 
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 (OD600) 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 ∆crp (for both reporter genes) and ∆fis. (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-7N-6N-5N-4R-3N-2N-1N0N1N2Y3N4N5N6C7,
based on Shao et al. [35], was used. Two possible binding sites with the specific characteristics where
found (Fis1 and Fis2), 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-7N-6N-5N-4R-3N-2N-1N0N1N2Y3N4N5N6C7. 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 µM in cells to about 100 µM 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 α-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 leguminosarum [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 ∆btsT ∆cstA
∆yhjX), 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 Km value was 242 µM (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 (σ70) [23].

The question of how PcstA 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 btsT, 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 ∆fis mutant.
Moreover, by using a DNA capture assay, we found Fis to be specifically enriched in the promoter



Int. J. Mol. Sci. 2020, 21, 9068 11 of 17

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-6N-5N-4R-3N-2N-1N0N1N2Y3N4N5N6C7 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-2 to
N2) facilitates Fis–DNA interactions [35]. On examination of the promoter region of cstA, we found two
possible binding sites for Fis (Figure 5B, Fis1 and Fis2). 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 ∆fis 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 ctsA 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 PBAD 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 ∆crp) [51]
JW0824 (E. coli BW25113 ∆deoR) [51]

JW3229 (E. coli BW25113 ∆fis) [51]
JW0079 (E. coli BW25113 ∆mraZ) [51]
JW2705 (E. coli BW25113 ∆ygbI) [51]
JW3343 (E. coli BW25113 ∆yhfW) [51]

E. coli MG1655 ∆btsT ∆yhjX ∆cstA (3∆) This study
E. coli MG1655 ∆btsT ∆cstA This study
E. coli MG1655 ∆btsT ∆yhjX This study
E. coli MG1655 ∆cstA ∆yhjX This study

E. coli MG1655 ∆btsT [20]
E. coli MG1655 ∆cstA This study
E. coli MG1655 ∆yhjX [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 µg/mL) or gentamicin (20 µg/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 (OD600).

4.3. Determination of the Extracellular Pyruvate Concentration

To determine the pyruvate concentration in the supernatant, E. coli cells (MG1655, MG1655
∆btsT ∆cstA ∆yhjX pBAD24 or MG1655 ∆btsT ∆cstA ∆yhjX pBAD24-cstA) were grown in LB
medium with constant agitation at 37 ◦C. Every 20 min samples were taken and the OD600 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 µL of ice-cold 2 M HClO4 and incubated for 5 min on ice. Afterwards, the acid
was neutralized with 125 µL of 2.5 M KHCO3, 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 µL of the diluted samples with
200 µM 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 (∆A = A1 − A2) was used to calculate the pyruvate concentration. For the standard curve 0, 50,
100, 150, and 200 µM 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 ∆btsT ∆cstA ∆yhjX pBAD24,
or MG1655 ∆btsT ∆cstA ∆yhjX pBAD24-cstA) were grown in LB medium until OD600: 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 (800× g) and then washed twice with M9
medium (with no C-source) and resuspended at OD600: 0.8. A 100 µL 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 (OD600: 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 OD600 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.
OD600 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
OD600) were determined for each growth condition.

4.6. Transport Measurements with Intact Cells

E. coli strain MG1655 ∆btsT ∆cstA ∆yhjX 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 MgCl2) to an absorbance of 5 (420 nm) thereby adjusting the total protein concentration
to 0.35 mg/mL. Uptake of [14C]pyruvate (55 mCi/mmol, Biotrend) was measured at a total substrate
concentration of 10 µM 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 µm; 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, [14C]pyruvate
(10µM) 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 µM CCCP, 6 µM nigericin, 10 µM 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 PcstA 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 µm ID with
ReproSil-Pur C18-AQ 2.4 µm 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 m/z 375–1600) were acquired with a resolution of R =

60,000 at m/z 400 (AGC target of 3 × 106). The 10 most intense peptide ions with charge states between
2 and 5 were sequentially isolated to a target value of 1 × 105 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.

Author Contributions: Conceptualization, A.G. and K.J.; data curation, A.G. and I.F.; formal analysis, A.G., S.G.,
E.F.-R. and I.F.; funding acquisition, K.J.; investigation, A.G., S.G. and E.F.R.; methodology, A.G., I.F. and K.J.;
project administration, K.J.; supervision, A.G. and K.J.; writing—original draft, A.G. and K.J.; writing—review and
editing, A.G., S.G., E.F.R., I.F. and K.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (JU270/19-1 to K.J. and Project
number 395357507 - SFB1371 to K.J.)

Acknowledgments: We thank Ingrid Weitl for excellent technical assistance, Ivica Kristoficova for the construction
of the plasmid pBAD24-cstA6H, and Luitpold Fried for the construction of the E. coli MG1655 ∆btsT ∆cstA and
E. coli MG1655 ∆cstA strains.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahn, S.J.; Deep, K.; Turner, M.E.; Ishkov, I.; Waters, A.; Hagen, S.J.; Rice, K.C. Characterization of LrgAB as a
stationary phase-specific pyruvate uptake system in Streptococcus mutans. BMC Microbiol. 2019, 19, 1–15.
[CrossRef]

2. Steiner, B.D.; Eberly, A.R.; Hurst, M.N.; Zhang, E.W.; Green, H.D.; Behr, S.; Jung, K.; Hadjifrangiskou, M.
Evidence of cross-regulation in two closely related pyruvate-sensing systems in uropathogenic Escherichia coli.
J. Membr. Biol. 2018, 251, 65–74. [CrossRef] [PubMed]

3. Tuntufye, H.N.; Lebeer, S.; Gwakisa, P.S.; Goddeeris, B.M. Identification of avian pathogenic Escherichia coli
genes that are induced in vivo during infection in chickens. Appl. Environ. Microbiol. 2012, 78, 3343–3351.
[CrossRef] [PubMed]

4. Schär, J.; Stoll, R.; Schauer, K.; Loeffler, D.I.M.; Eylert, E.; Joseph, B.; Eisenreich, W.; Fuchs, T.M.; Goebel, W.
Pyruvate carboxylase plays a crucial role in carbon metabolism of extra and intracellularly replicating
Listeria monocytogenes. J. Bacteriol. 2010, 192, 1774–1784. [CrossRef] [PubMed]

5. Harper, L.; Balasubramanian, D.; Ohneck, E.A.; Sause, W.E.; Chapman, J.; Mejia-Sosa, B.; Lhakhang, T.;
Heguy, A.; Tsirigos, A.; Ueberheide, B.; et al. Staphylococcus aureus responds to the central metabolite pyruvate
to regulate virulence. mBio 2018, 9, 1–17. [CrossRef]

http://www.mdpi.com/1422-0067/21/23/9068/s1
http://dx.doi.org/10.1186/s12866-019-1600-x
http://dx.doi.org/10.1007/s00232-018-0014-2
http://www.ncbi.nlm.nih.gov/pubmed/29374286
http://dx.doi.org/10.1128/AEM.07677-11
http://www.ncbi.nlm.nih.gov/pubmed/22344666
http://dx.doi.org/10.1128/JB.01132-09
http://www.ncbi.nlm.nih.gov/pubmed/20097852
http://dx.doi.org/10.1128/mBio.02272-17


Int. J. Mol. Sci. 2020, 21, 9068 15 of 17

6. Bücker, R.; Heroven, A.K.; Becker, J.; Dersch, P.; Wittmann, C. The pyruvate-tricarboxylic acid cycle node:
A focal point of virulence control in the enteric pathogen Yersinia pseudotuberculosis. J. Biol. Chem. 2014,
289, 30114–30132. [CrossRef]

7. Behr, S.; Brameyer, S.; Witting, M.; Schmitt-Kopplin, P.; Jung, K. Comparative analysis of LytS/LytTR-type
histidine kinase/response regulator systems in gamma-proteobacteria. PLoS ONE 2017, 12, 1–14. [CrossRef]

8. Charbonnier, T.; Le Coq, D.; McGovern, S.; Calabre, M.; Delumeau, O.; Aymerich, S.; Jules, M. Molecular and
physiological logics of the pyruvate-induced response of a novel transporter in Bacillus subtilis. mBio 2017,
8, 1–18. [CrossRef]

9. Vilhena, C.; Kaganovitch, E.; Grünberger, A.; Motz, M.; Forné, I.; Kohlheyer, D.; Jung, K. Importance
of pyruvate sensing and transport for the resuscitation of viable but nonculturable Escherichia coli K-12.
J. Bacteriol. 2018, 201. [CrossRef]

10. Vemuri, G.N.; Altman, E.; Sangurdekar, D.P.; Khodursky, A.B.; Eiteman, M.A. Overflow metabolism
in Escherichia coli during steady-state growth: Transcriptional regulation and effect of the redox ratio.
Appl. Environ. Microbiol. 2006, 72, 3653–3661. [CrossRef]

11. Paczia, N.; Nilgen, A.; Lehmann, T.; Gätgens, J.; Wiechert, W.; Noack, S. Extensive exometabolome analysis
reveals extended overflow metabolism in various microorganisms. Microb. Cell Fact. 2012, 11, 1–14. [CrossRef]
[PubMed]

12. Behr, S.; Fried, L.; Jung, K. Identification of a novel nutrient-sensing histidine kinase/response regulator
network in Escherichia coli. J. Bacteriol. 2014, 196, 2023–2029. [CrossRef] [PubMed]

13. Kraxenberger, T.; Fried, L.; Behr, S.; Jung, K. First insights into the unexplored two-component system
YehU/YehT in Escherichia coli. J. Bacteriol. 2012, 194, 4272–4284. [CrossRef] [PubMed]

14. Fried, L.; Behr, S.; Jung, K. Identification of a target gene and activating stimulus for the YpdA/YpdB histidine
kinase/response regulator system in Escherichia coli. J. Bacteriol. 2012, 195, 807–815. [CrossRef] [PubMed]

15. Ruby, E.G.; Nealson, K.H. Pyruvate production and excretion by the luminous marine bacteria.
Appl. Environ. Microbiol. 1977, 34, 164–169. [CrossRef]

16. Chubukov, V.; Gerosa, L.; Kochanowski, K.; Sauer, U. Coordination of microbial metabolism. Nat. Rev. Microbiol.
2014, 12, 327–340. [CrossRef]

17. Kreth, J.; Lengeler, J.W.; Jahreis, K. Characterization of pyruvate uptake in Escherichia coli K-12. PLoS ONE
2013, 8, 6–12. [CrossRef]

18. Miyake, Y.; Inaba, T.; Watanabe, H.; Teramoto, J.; Yamamoto, K.; Ishihama, A. Regulatory roles of
pyruvate-sensing two-component system PyrSR (YpdAB) in Escherichia coli K-12. FEMS Microbiol. Lett. 2019,
366, 1–9. [CrossRef]

19. Ogasawara, H.; Ishizuka, T.; Yamaji, K.; Kato, Y.; Shimada, T.; Ishihama, A. Regulatory role of pyruvate-sensing
BtsSR in biofilm formation by Escherichia coli K-12. FEMS Microbiol. Lett. 2020, 366, 1–10. [CrossRef]

20. Kristoficova, I.; Vilhena, C.; Behr, S.; Jung, K. BtsT, a novel and specific Pyruvate/H+ symporter in
Escherichia coli. J. Bacteriol. 2018, 200, 1–11. [CrossRef]

21. Hwang, S.; Choe, D.; Yoo, M.; Cho, S.; Kim, S.C.; Cho, S.; Cho, B.K. Peptide transporter CstA imports
pyruvate in Escherichia coli K-12. J. Bacteriol. 2018, 200, 1–14. [CrossRef] [PubMed]

22. Saier, M.H.; Reddy, V.S.; Tamang, D.G.; Västermark, Å. The transporter classification database. Nucleic Acids Res.
2014, 42, 251–258. [CrossRef] [PubMed]

23. Schultz, J.E.; Matin, A. Molecular and functional characterization of a carbon starvation gene of Escherichia coli.
J. Mol. Biol. 1991, 218, 129–140. [CrossRef]

24. Rasmussen, J.J.; Vegge, C.S.; Frøkiær, H.; Howlett, R.M.; Krogfelt, K.A.; Kelly, D.J.; Ingmer, H. Campylobacter
jejuni carbon starvation protein A (CstA) is involved in peptide utilization, motility and agglutination,
and has a role in stimulation of dendritic cells. J. Med. Microbiol. 2013, 62, 1135–1143. [CrossRef]

25. Garai, P.; Lahiri, A.; Ghosh, D.; Chatterjee, J.; Chakravortty, D. Peptide-utilizing carbon starvation gene yjiY
is required for flagella-mediated infection caused by Salmonella. Microbiology 2016, 162, 100–116. [CrossRef]

26. Dubey, A.K.; Baker, C.S.; Suzuki, K.; Jones, A.D.; Pandit, P.; Romeo, T.; Babitzke, P. CsrA regulates translation
of the Escherichia coli carbon starvation gene, cstA, by blocking ribosome access to the cstA transcript.
J. Bacteriol. 2003, 185, 4450–4460. [CrossRef]

27. Gralla, J.D. Bacterial gene regulation from distant DNA sites. Cell 1989, 57, 193–195. [CrossRef]
28. Somavanshi, R.; Ghosh, B.; Sourjik, V. Sugar influx sensing by the phosphotransferase system of Escherichia coli.

PLoS Biol. 2016, 14, 1–19. [CrossRef]

http://dx.doi.org/10.1074/jbc.M114.581348
http://dx.doi.org/10.1371/journal.pone.0182993
http://dx.doi.org/10.1128/mBio.00976-17
http://dx.doi.org/10.1128/JB.00610-18
http://dx.doi.org/10.1128/AEM.72.5.3653-3661.2006
http://dx.doi.org/10.1186/1475-2859-11-122
http://www.ncbi.nlm.nih.gov/pubmed/22963408
http://dx.doi.org/10.1128/JB.01554-14
http://www.ncbi.nlm.nih.gov/pubmed/24659770
http://dx.doi.org/10.1128/JB.00409-12
http://www.ncbi.nlm.nih.gov/pubmed/22685278
http://dx.doi.org/10.1128/JB.02051-12
http://www.ncbi.nlm.nih.gov/pubmed/23222720
http://dx.doi.org/10.1128/AEM.34.2.164-169.1977
http://dx.doi.org/10.1038/nrmicro3238
http://dx.doi.org/10.1371/journal.pone.0067125
http://dx.doi.org/10.1093/femsle/fnz009
http://dx.doi.org/10.1093/femsle/fnz251
http://dx.doi.org/10.1128/JB.00599-17
http://dx.doi.org/10.1128/JB.00771-17
http://www.ncbi.nlm.nih.gov/pubmed/29358499
http://dx.doi.org/10.1093/nar/gkt1097
http://www.ncbi.nlm.nih.gov/pubmed/24225317
http://dx.doi.org/10.1016/0022-2836(91)90879-B
http://dx.doi.org/10.1099/jmm.0.059345-0
http://dx.doi.org/10.1099/mic.0.000204
http://dx.doi.org/10.1128/JB.185.15.4450-4460.2003
http://dx.doi.org/10.1016/0092-8674(89)90955-0
http://dx.doi.org/10.1371/journal.pbio.2000074


Int. J. Mol. Sci. 2020, 21, 9068 16 of 17

29. Schultz, J.E.; Latter, G.I.; Matin, A. Differential regulation by cyclic AMP of starvation protein synthesis in
Escherichia coli. J. Bacteriol. 1988, 170, 3903–3909. [CrossRef]

30. Gödeke, J.; Heun, M.; Bubendorfer, S.; Paul, K.; Thormann, K.M. Roles of two Shewanella oneidensis MR-1
extracellular endonucleases. Appl. Environ. Microbiol. 2011, 77, 5342–5351. [CrossRef]

31. Koga, K.; Harada, T.; Shimizu, H.; Tanaka, K. Bacterial luciferase activity and the intracellular redox pool in
Escherichia coli. Mol. Genet. Genom. 2005, 274, 180–188. [CrossRef] [PubMed]

32. Galluzzi, L.; Karp, M. Intracellular redox equilibrium and growth phase affect the performance of
luciferase-based biosensors. J. Biotechnol. 2007, 127, 188–198. [CrossRef] [PubMed]

33. Park, S.S.; Ko, B.J.; Kim, B.G. Mass spectrometric screening of transcriptional regulators using DNA affinity
capture assay. Anal. Biochem. 2005, 344, 152–154. [CrossRef] [PubMed]

34. Kalinowski, J. Intracellular Signaling and Gene Target Analysis in Bacterial Signaling; Kramer, R., Jung, K., Eds.;
Wiley-VCH Verlag GmbH & Co. KgaA: Weinheim, Germany, 2010; pp. 463–472.

35. Shao, Y.; Feldman-Cohen, L.S.; Osuna, R. Functional characterization of the Escherichia coli Fis-DNA binding
sequence. J. Mol. Biol. 2008, 376, 771–785. [CrossRef]

36. Bradley, M.D.; Beach, M.B.; de Koning, A.P.J.; Pratt, T.S.; Osuna, R. Effects of Fis on Escherichia coli gene
expression during different growth stages. Microbiology 2007, 153, 2922–2940. [CrossRef]

37. Basan, M.; Hui, S.; Okano, H.; Zhang, Z.; Shen, Y.; Williamson, J.R.; Haw, T. Overflow metabolism in
Escherichia coli results from efficient proteome allocation. Nature 2015, 528, 99–104. [CrossRef]

38. Anderson, J.; Marks, V. Pyruvate in diabetes mellitus, concentrations in urine and blood. Lancet 1962,
1, 1159–1161. [CrossRef]

39. Mathioudakis, D.; Engel, J.; Welters, I.D.; Dehne, M.G.; Matejec, R.; Harbach, H.; Henrich, M.; Schwandner, T.;
Fuchs, M.; Weismüller, K.; et al. Pyruvate: Immunonutritional effects on neutrophil intracellular amino or
alpha-keto acid profiles and reactive oxygen species production. Amino Acids 2011, 40, 1077–1090. [CrossRef]

40. Mühling, J.; Fuchs, M.; Campos, M.E.; Gonter, J.; Engel, J.M.; Sablotzki, A.; Menges, T.; Weiss, S.; Dehne, M.G.;
Krüll, M.; et al. Quantitative determination of free intracellular α-keto acids in neutrophils. J. Chromatogr. B
Anal. Technol. Biomed. Life Sci. 2003, 789, 383–392. [CrossRef]

41. Hawver, L.A.; Giulietti, J.M.; Baleja, J.D.; Ng, W.L. Quorum sensing coordinates cooperative expression
of pyruvate metabolism genes to maintain a sustainable environment for population stability. mBio 2016,
7, 1–11. [CrossRef]

42. Jolkver, E.; Emer, D.; Ballan, S.; Krämer, R.; Eikmanns, B.J.; Marin, K. Identification and characterization of a
bacterial transport system for the uptake of pyruvate, propionate, and acetate in Corynebacterium glutamicum.
J. Bacteriol. 2009, 191, 940–948. [CrossRef] [PubMed]

43. Hosie, A.H.F.; Allaway, D.; Poole, P.S. A monocarboxylate permease of Rhizobium leguminosarum is the first
member of a new subfamily of transporters. J. Bacteriol. 2002, 184, 5436–5448. [CrossRef] [PubMed]

44. Behr, S.; Kristoficova, I.; Witting, M.; Breland, E.J.; Eberly, A.R.; Sachs, C.; Schmitt-Kopplin, P.;
Hadjifrangiskou, M.; Jung, K. Identification of a high-affinity Pyruvate receptor in Escherichia coli. Sci. Rep.
2017, 7, 1–10. [CrossRef] [PubMed]

45. Azam, T.A.; Iwata, A.; Nishimura, A.; Ueda, S.; Ishihama, A. Growth phase-dependent variation in protein
composition of the Escherichia coli nucleoid. J. Bacteriol. 1999, 181, 6361–6370. [CrossRef] [PubMed]

46. Ball, C.A.; Osuna, R.; Ferguson, K.C.; Johnson, R.C. Dramatic changes in Fis levels upon nutrient upshift in
Escherichia coli. J. Bacteriol. 1992, 174, 8043–8056. [CrossRef]

47. Serra, D.O.; Klauck, G.; Hengge, R. Vertical stratification of matrix production is essential for physical
integrity and architecture of macrocolony biofilms of Escherichia coli. Environ. Microbiol. 2015, 17, 5073–5088.
[CrossRef]

48. Ferenci, T. Regulation by nutrient limitation. Curr. Opin. Microbiol. 1999, 2, 208–213. [CrossRef]
49. Ferenci, T. Hungry bacteria—Definition and properties of a nutritional state. Environ. Microbiol. 2001, 3, 605–611.

[CrossRef]
50. Blattner, F.R.; Plunkett, G.; Bloch, C.A.; Perna, N.T.; Burland, V.; Riley, M.; Collado-Vides, J.; Glasner, J.D.;

Rode, C.K.; Mayhew, G.F.; et al. The complete genome sequence of Escherichia coli K-12. Science 1997,
277, 1453–1462. [CrossRef]

51. Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba, M.; Datsenko, K.A.; Tomita, M.; Wanner, B.L.;
Mori, H. Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: The Keio collection.
Mol. Syst. Biol. 2006, 2, 2006.0008. [CrossRef]

http://dx.doi.org/10.1128/JB.170.9.3903-3909.1988
http://dx.doi.org/10.1128/AEM.00643-11
http://dx.doi.org/10.1007/s00438-005-0008-5
http://www.ncbi.nlm.nih.gov/pubmed/16047200
http://dx.doi.org/10.1016/j.jbiotec.2006.06.019
http://www.ncbi.nlm.nih.gov/pubmed/16891024
http://dx.doi.org/10.1016/j.ab.2005.05.019
http://www.ncbi.nlm.nih.gov/pubmed/16005423
http://dx.doi.org/10.1016/j.jmb.2007.11.101
http://dx.doi.org/10.1099/mic.0.2007/008565-0
http://dx.doi.org/10.1038/nature15765
http://dx.doi.org/10.1016/S0140-6736(62)92198-0
http://dx.doi.org/10.1007/s00726-010-0731-z
http://dx.doi.org/10.1016/S1570-0232(03)00163-6
http://dx.doi.org/10.1128/mBio.01863-16
http://dx.doi.org/10.1128/JB.01155-08
http://www.ncbi.nlm.nih.gov/pubmed/19028892
http://dx.doi.org/10.1128/JB.184.19.5436-5448.2002
http://www.ncbi.nlm.nih.gov/pubmed/12218032
http://dx.doi.org/10.1038/s41598-017-01410-2
http://www.ncbi.nlm.nih.gov/pubmed/28469239
http://dx.doi.org/10.1128/JB.181.20.6361-6370.1999
http://www.ncbi.nlm.nih.gov/pubmed/10515926
http://dx.doi.org/10.1128/JB.174.24.8043-8056.1992
http://dx.doi.org/10.1111/1462-2920.12991
http://dx.doi.org/10.1016/S1369-5274(99)80036-8
http://dx.doi.org/10.1046/j.1462-2920.2001.00238.x
http://dx.doi.org/10.1126/science.277.5331.1453
http://dx.doi.org/10.1038/msb4100050


Int. J. Mol. Sci. 2020, 21, 9068 17 of 17

52. Guzman, L.M.; Belin, D.; Carson, M.J.; Beckwith, J. Tight regulation, modulation, and high-level expression
by vectors containing the arabinose P(BAD) promoter. J. Bacteriol. 1995, 177, 4121–4130. [CrossRef] [PubMed]

53. Harwood, C.R.; Cutting, S.M. (Eds.) Chemically defined growth media and suplements. In Molecular
Biological Methods for Bacillus; Wiley: London, UK, 1990; p. 548.

54. O’donnell-Tormey, J.; Nathan, C.F.; Lanks, K.; Deboer, C.J.; De La Harpe, J. Secretion of pyruvate: An antioxidant
defense of mammalian cells. J. Exp. Med. 1987, 165, 500–514. [CrossRef]

55. Reyes-Darías, J.A.; Garcia-Fontana, C.; Corral-Lugo, A.; Rico-Jiménez, M.; Krell, T. Qualitative and
quantitative assays for flagellum-mediated chemotaxis. Methods Mol. Biol. 2014, 1149, 87–97.

56. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.;
Griss, J.; Mayer, G.; Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019:
Improving support for quantification data. Nucleic Acids Res. 2019, 47, D442–D450. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JB.177.14.4121-4130.1995
http://www.ncbi.nlm.nih.gov/pubmed/7608087
http://dx.doi.org/10.1084/jem.165.2.500
http://dx.doi.org/10.1093/nar/gky1106
http://www.ncbi.nlm.nih.gov/pubmed/30395289
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Construction of a Mutant that Is Unable to Grow on and Take up Pyruvate 
	CstA Restores Growth and Chemotaxis towards Pyruvate 
	CstA Is a Specific Pyruvate Transporter with Moderate Affinity 
	CstA Is Expressed in Late Exponential and Stationary Phase 
	Identification of Fis as a Regulator of cstA 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Plasmids 
	Growth Conditions 
	Determination of the Extracellular Pyruvate Concentration 
	Chemotaxis Assay 
	Promoter Activity Assay 
	Transport Measurements with Intact Cells 
	DNA Affinity Capture Assay 
	Mass Spectrometry 

	References

