A JB

Journals.ASM.org

Identification of a Target Gene and Activating Stimulus for the YpdA/
YpdB Histidine Kinase/Response Regulator System in Escherichia coli

Luitpold Fried, Stefan Behr, Kirsten Jung

Munich Center for Integrated Protein Science (CIPSM) at the Department of Microbiology, Ludwig-Maximilians Universitat Minchen, Martinsried, Germany

Escherichia coli contains 30 two-component systems (TCSs), each consisting of a histidine kinase and a response regulator.
Whereas most TCSs are well characterized in this model organism, little is known about the YpdA/YpdB system. To identify
YpdB-regulated genes, we compared the transcriptomes of E. coli cells overproducing either YpdB or a control protein. Expres-
sion levels of 15 genes differed by more than 1.9-fold between the two strains. A comprehensive evaluation of these genes identi-
fied yhjX as the sole target of YpdB. Electrophoretic mobility shift assays with purified YpdB confirmed its interaction with the
yhjX promoter. Specifically, YpdB binds to two direct repeats of the motif GGCATTTCAT separated by an 11-bp spacer in the
yhjX promoter. yhjX encodes a cytoplasmic membrane protein of unknown function that belongs to the major facilitator super-
family of transporters. Finally, we characterized the pattern of yhjX expression and identified extracellular pyruvate as a stimu-
lus for the YpdA/YpdB system. It is suggested that YpdA/YpdB contributes to nutrient scavenging before entry into stationary

phase.

wo-component systems (TCSs) are the major players in signal

transduction in prokaryotes, enabling cells to react adaptively
to fluctuating environmental conditions. Each TCS consists of a
membrane-bound histidine kinase (HK) and a response regulator
(RR). The HK senses specific stimuli and transduces them into a
cellular signal via autophosphorylation. Transfer of the phospho-
ryl group to a conserved aspartate in the cognate RR mediates the
intracellular response, generally an alteration in gene expression
(1). In Escherichia coli, 30 HKs and 32 RRs have been annotated,
and most of these have been studied extensively (2).

However, in spite of its wide distribution among the Gamma-
proteobacteria, almost nothing is known about the YpdA/YpdB
system (Fig. 1). Systematic studies have so far failed to identify
either the stimulus sensed by YpdA or any YpdB-regulated target
in E. coli (3). Autophosphorylation of YpdA and subsequent phos-
photransfer to YpdB have yet to be demonstrated (4), and no
detectable differences between a ypdAB deletion mutant and wild-
type E. coli were uncovered in a previous phenotypic microarray
analysis (5).

Together with ypdC, ypdA and ypdB form an operon, which is
located at 53.56 centisomes in the E. coli MG1655 genome (Fig.
1A). ypdC encodes a protein with a C-terminal AraC-type DNA-
binding domain and therefore probably functions as a transcrip-
tional regulator. The neighboring genes are alaC (376 bp up-
stream of ypdA) and the fryABC-ypdEF operon (3 bp downstream
of ypdC).

YpdA and YpdB belong to the family of LytS-like HKs and
LytTR-like RRs (6, 7), respectively. In bacterial pathogens of hu-
mans and plants, these TCSs are often crucial for host-specific
interactions (8). Bioinformatics analyses (using the programs
TMHMM, MEMSAT3, and OCTOPUS [9-11]) indicated the
presence of at least six transmembrane helices in the YpdA input
domain, which belongs to the 5TM Lyt (LytS-YhcK) type (Fig. 1A)
(7). In addition, YpdA harbors a GAF domain, also found in cyclic
GMP-specific phosphodiesterases, adenylyl cyclases, and FhlA
(hence GAF).

YpdB is composed of an N-terminal CheY-like receiver do-
main and a C-terminal LytTR-like effector domain with DNA-
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binding affinity (Fig. 1A) (12). Since the elucidation of the crystal
structure of Staphylococcus aureus AgrA (a LytTR RR) and its un-
usual mode of binding to DNA (13), a high degree of variability in
the recognition motifs of LytTR-like RRs is predicted (14).

We have recently characterized the YehU/YehT system of E.
coli (15). Not only does this LytS/LytTR-like TCS share the same
domain structure with the YpdA/YpdB system, their respective
components also show over 30% amino acid sequence identity.

This study focuses on the elucidation of the stimulus recog-
nized and the response mediated by the YpdA/YpdB system. We
identified yhjX, a gene that codes for an otherwise uncharacterized
member of the major facilitator superfamily (MFS), as a target of
the system. Moreover, we found that YpdA/YpdB reacts predom-
inantly to the presence of exogenous pyruvate. These results sug-
gest that YpdA/YpdB participates in the carbon control network
in E. coli.

MATERIALS AND METHODS

Strains, plasmids, and oligonucleotides. E. coli strains and their geno-
types are listed in Table 1. Mutants were constructed with the E. coli Quick
and Easy gene deletion kit (Gene Bridges) and the Bac modification kit
(Gene Bridges), as reported previously (17). Both kits rely on the Red/ET
recombination technique. Plasmids and oligonucleotides used in this
work are listed in Tables S1 and S2 in the supplemental material. DNA
fragments required for strain constructions were amplified by PCR from
genomic DNA using appropriate primers.

Molecular biological techniques. Plasmid DNA and genomic DNA
were isolated using the Hi-Yield plasmid minikit (Suedlabor) and the
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FIG 1 The YpdA/YpdB system of E. coli. (A) The region between 53.73 and
54.01 centisomes (bp 2493000 to 2506400) around the ypdABC locus of the E.
coli MG1655 chromosome (http://www.ecocyc.org/) (23). Bar, 500 bp. (B)
Domain structure of YpdA/YpdB. YpdA belongs to the class I HKs, in which
DHp and CA domains are connected. The input domain of YpdA consists of a
5TM Lyt (LytS-YhcK) domain and a GAF domain. YpdB consists of a CheY-
like receiver domain and a LytTR-type DNA-binding domain. The phosphor-
ylation sites are denoted H (histidine) and D (aspartate). N, G1, and G2 mark
the conserved boxes in the CA domain. The G2 box of YpdA is incomplete
(G2*). CM, cytoplasmic membrane.

CM

DNeasy blood and tissue kit (Qiagen), respectively. DNA fragments were
purified from agarose gels using the Hi-Yield PCR cleanup and gel extrac-
tion kit (Suedlabor). Phusion high-fidelity DNA polymerase or Phire hot-
start DNA polymerase (Finnzymes) was used according to the supplier’s
instructions. Restriction enzymes and other DNA-modifying enzymes
were purchased from New England BioLabs and used according to the
manufacturer’s directions.

Growth conditions and RNA isolation. E. coli MG1655 and mutant
strains MG21 and MG22 were transformed with plasmid pBAD24-ypdB,
pBAD24-yehS, or pBAD24. Strains were grown overnight in lysogeny
broth (LB) and subsequently used for inoculation of 100 ml of fresh LB
medium. Cells were grown aerobically at 37°C to the early exponential
growth phase (optical density at 600 nm [ODy,] 0f 0.5). The overexpres-
sion of ypdB and yehS was then induced by the addition of 0.2% (wt/vol)
L-arabinose to the medium, and growth was allowed to continue for 45
min. Cells were harvested, and total RNA was isolated essentially as de-
scribed previously (20) and treated with DNase I for 30 min to remove
residual chromosomal DNA. Subsequently, RNA was purified using the
RNA Pure kit (Suedlabor).

Preparation of fluorescence-labeled cDNA, hybridization, and mi-
croarray analysis. Preparation of fluorescence-labeled cDNA, hybridiza-
tion, and microarray analysis were performed by the Kompetenzzentrum
fiir Fluoreszente Bioanalytik (KFB, Regensburg, Germany), using Af-
fymetrix E. coli 2.0 chips with Affymetrix chemistry. RNA derived from
three biological replicates was prepared and hybridized. Statistical analysis
was also performed by the KFB (Regensburg, Germany), using MAS5
software (Affymetrix).

Northern blot analysis. mRNA transcripts of potential target genes
were quantitatively analyzed by Northern blotting. This technique reveals
only relative induction levels by using a radioactively labeled probe that is
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specific for the mRNA of interest. The protocol used for Northern analysis
was described previously (21). Briefly, 20- g samples of RNA were frac-
tionated by electrophoresis on 1.2% (wt/vol) agarose gels containing 1.1%
(vol/vol) formaldehyde in MOPS (4-morpholinepropanesulfonic acid)
buffer. RNA was transferred onto a Hybond nylon membrane (GE
Healthcare) by capillary blotting. Hybridization was performed according
to a standard protocol (22), using an [a->*P]dCTP-labeled PCR fragment
specific for the first 99 to 1,000 bp of the target mRNA. The radioactive
probes were synthesized by using the Rediprime IT DNA labeling system
(GE Healthcare) and purified with a PCR cleanup and gel extraction kit.
Radioactive labeling was quantified after exposure to a phosphorscreen
using the Typhoon Trio variable-mode imager (GE Healthcare). As a
control, the expression of rpoD, a housekeeping gene encoding the sigma
70 subunit of the E. coli RNA polymerase (23), was analyzed.

Purification and phosphorylation of 6His-YpdB, 6His—-YpdB-D53E,
and 6His-YpdB-D53N. Proteins were purified according to a protocol
described previously for 6His-YehT (15). Proteins were about 95% pure,
as judged by SDS-PAGE (24) and Western blotting using the anti-His tag
antibody.

[**P]acetyl phosphate was synthesized by using a protocol modified
from a method described previously (25) and resuspended in buffer (50
mM Tris-HCI [pH 7.5], 5% [vol/vol] glycerol, 0.1 mM EDTA, 1 mM
dithiothreitol [DTT]). The concentration was determined as described
previously (26). Phosphorylation of 6His-YpdB (1 mg ml™') was per-
formed at 37°C with 20 mM MgCl, and 20 mM [*?P]acetyl phosphate for
a maximum of 60 min. The reaction was stopped by the addition of SDS
sample buffer to the mixture (24). Samples were then loaded onto an SDS
gel. Phosphorylated YpdB was detected by Western blotting and visual-
ized after exposure to a phosphorscreen with the Typhoon Trio variable-
mode imager (GE Healthcare).

Electrophoretic mobility shift assay (EMSA). The upstream regula-
tory regions of all genes identified in the transcriptome analysis (Table 2)
were amplified by using a primer labeled with the 6-isomer of carboxy-
fluorescein (6-FAM) (6-FAM uni24) and an unlabeled primer (rev24)
(see Table S2 in the supplemental material) with the corresponding
pUCI19 plasmids as the template. Similarly, short DNA fragments com-
prising parts of the yhjX upstream regulatory sequence were cloned into
vector pUC19 and amplified by PCR as described above. After PCR am-
plification, the DNA fragments were purified by electrophoresis on 7%
(wt/vol) polyacrylamide gels according to the protocol provided with the
GenElute gel extraction kit (Sigma).

YpdB-DNA binding assays were carried out with a total volume of 27.5
pl containing 50 mM NaCl, 10 mM Tris-HCI (pH 7.5), 6% (vol/vol)
glycerol, 5.45 ng 1~ ' salmon sperm DNA (as a nonspecific competitor),
1.1 nM 6-FAM-labeled DNA, 135 pgml™ !'bovine serum albumin (BSA),
and increasing concentrations of 6His-YpdB. DNA-protein binding assay
mixtures were incubated at room temperature for 15 min. Complexes
were resolved by electrophoresis on native Tris-acetate-EDTA (TAE)

TABLE 1 Bacterial strains used in this study

Reference or

E. coli strain Relevant genotype and/or description source

MG1655 F N~ ilvG rfb-50 rph-1 16
MG1655 rspL150 F~ N7 ilvG rfb-50 rph-1 rpsL150; Str* 17
MG20 MG1655 AypdABC This work
MG21 MG1655 rpsL150 AypdBC::rpsL-neo; Kan® Str® This work
MG22 MG1655 rpsL150 AypdB::rpsL-neo; Kan® Str® This work
MG23 MG1655 rpsL150 ypdA-H371Q; Kan® Str* This work
MG24 MG1655 rpsL150 ypdB-D53E; Kan® Str* This work
MG25 MG1655 rpsL150 ypdB-D53N; Kan® Str* This work
MG26 MG1655 AyhiX This work
MG1655-AlacZ MG1655 AlacZ::Tet" Gift from K.
Jahreis
BL21(DE3) F~ ompT hsdSB(rg~ mg~ ) gal dem (DE3) 18
DH5a F~ endAl glnV44 thi-1 recAl relAl gyrA96 19

deoR nupG $80dlacZAM15 A(lacZYA-
argF)U169 hsdR17(r~ myg ") N~
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TABLE 2 Genes most affected by the overexpression of ypdB

YpdA/YpdB System

rF? (arbitrary
units)

Transcriptional

Gene” bno.” YpdB YehS Log, ratio® Pl Function regulation®
ypdB b2381 12,890 150 7.5 0.01 Predicted response regulator YpdB 1 (positive control)
yhiX b3547 1,040 30 4.9 =10"° Uncharacterized member of the MFS of transporters YpdB 1
yjiy b4354 2,080 110 4.3 =10"° Predicted inner membrane protein YpdB 1
fhuF b4367 1,670 500 1.7 =10? Ferric iron reductase T
guaC b0104 2,100 670 1.6 =10° GMP reductase (i
entC b0593 250 90 1.6 0.01 Isochorismate synthase 1 (s
fhuA b0150 1,260 570 1.1 0.01 Outer membrane porin Tl
cpxP b3913 1,000 490 1.0 0.01 Regulator of the Cpx response (i
fecB b4290 1,230 650 0.9 =10 Periplasmic substrate-binding component of the (i

iron dicitrate ABC transporter
entE b0594 110 60 0.9 0.02 2,3-Dihydroxybenzoate-AMP ligase (i
ynjH b1760 740 1,860 —-1.3 =10 Hypothetical protein (i
ygbL b2738 130 340 —14 =10"°  Hypothetical protein (!
yahM b0327 210 580 -1.5 =107’ Hypothetical protein T
iraP b0382 330 1,030 -1.6 =10"°  Antiadaptor protein for ¢° stabilization (!
ygbK b2737 220 690 -1.7 0.01 Hypothetical protein Tl
yehS b2124 1,680 16,130 -3.3 =107 Hypothetical protein 1} (control)

“ Gene names/b numbers and gene product functions were taken from the EcoCyc database (http://www.ecocyc.org/) (23) and the Affymetrix Expression Analysis Sequence

Information Database (27).
b tF, relative fluorescence (arbitrary units).

¢ Log, ratio of transcript levels for the ypdB and yehS overexpression strains. Log, was calculated from the ratio of the mean fluorescence intensity of the respective transcript in the
ypdB overexpression strain to that measured in the yehS overexpression strain. A negative (or positive) value denotes a decrease (or increase) in transcription level upon

overproduction of YpdB in comparison to that seen in the YehS-overproducing strain.
P value significance (f test) of single rF values.

¢ Effect of YpdB overproduction on the transcription levels of the respective genes in E. coli MG21 cells compared to control cells (E. coli MG21/pBAD24), as determined by
Northern blot analysis. YpdB-dependent induction (YpdB 1 ), YpdB-independent induction/repression ( 1 | ), or YpdB-dependent repression (YpdB | ) of the gene is indicated

(Fig. 2A).

polyacrylamide gels (5% [wt/vol]), which had been prerunat 70 V for 1 h.
After 3 h of electrophoresis at a constant voltage (10 V.cm ™) in 0.5X TAE
buffer, gels were scanned with a Typhoon Trio variable-mode imager
equipped with 488-nm (excitation) and 526-nm (emission) filters. Quan-
tification of free DNA and protein-bound DNA was performed using
ImageQuant 5.0 analysis software (Molecular Dynamics).

DNase I footprinting. The DNase I footprinting protocol using
6-FAM-labeled DNA and an ABI3730 DNA sequencer was adapted from
the work of Zianni et al. (50). Briefly, a DNA fragment including the
upstream region of yhjX (bases —264 to +36) was amplified from the
corresponding pUCI19 derivative and purified as described above. Ali-
quots (550 fmol) of this 6-FAM-labeled DNA fragment were incubated
with purified 6His-YpdB (or BSA as a control), at concentrations of 300
nM, 600 nM, 1,200 nM, or 2,400 nM, in a total volume of 27.5 .l (the
other components were 50 mM NaCl, 10 mM Tris-HCI [pH 7.5], 6%
[vol/vol] glycerol, 135 wg ml~' BSA, 0.05 mM CaCl,, and 0.25 mM
MgCl,) at 25°C for 15 min.

Upon the addition of DNase I (0.01 U), the reaction mixture was
incubated at 25°C for 2 min. The reaction was stopped by the addition of
137.5 wl of DF buffer (Hi-Yield PCR cleanup and gel extraction kit; Sued-
labor) to the mixture. After purification, the DNA fragments were analyzed
with an ABI3730 DNA sequencer. The sequence ladders were analyzed with
PeakScanner software 1.0 (Applied Biosystems). Protected positions were
mapped using the GeneScan 500 LIZ size standard (Applied Biosystems),
which was co-run with each sample as a molecular ruler.

B-Galactosidase activity assay. Cells grown overnight from cultures
of E. coli MG1655 AlacZ transformed with pBAD33-ypdB and pRS415
encoding various yhjX promoter::lacZ fusions were inoculated into LB
medium (ODyg, of 0.05). Cultures were grown aerobically in Erlenmeyer
flasks at 37°C to the mid-exponential growth phase. YpdB overproduction
was induced by the addition of 0.2% (wt/vol) L-arabinose for 45 min. Cells
were harvested, and B-galactosidase activities were measured, as de-
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scribed previously (28). Values were calculated according to methods de-
scribed previously by Miller (29) and normalized to values for wild-type
promoter activity.

Production and detection of YhjX-6His in the membrane fraction.
E. coli BL21(DE3) cells transformed with pBAD24-yhjX were grown to an
0Dy, of 0.5 in LB medium, and gene expression was induced by the
addition of 0.2% (wt/vol) L-arabinose. After growth for a further 3 h, cells
were harvested by centrifugation, disrupted, and fractionated, as de-
scribed above. At each step, pellets were resuspended in equal volumes of
TG buffer (50 mM Tris-HCI [pH 7.5], 10% [vol/vol] glycerol). An equal
volume of each fraction was subjected to SDS-PAGE (24) and analyzed by
Western blotting using a primary anti-His antibody.

In vivo yhjX expression studies. In vivo yhjX expression was probed
with a luciferase-based reporter gene assay using plasmid pBBR yhjX-luxin E.
coli MG1655 and the indicated mutants. For complementation studies, the
ypdAB operon was expressed under the control of the Py, 1, promoter in the
absence of L-arabinose as an inducer. Cells from a culture grown overnight in
M9 minimal medium with 0.5% (wt/vol) glucose as the C source were inoc-
ulated into M9 minimal medium (supplemented with different C sources and
additives [for concentrations, see Table S3 in the supplemental material]) or
LB medium to an ODy, of 0.05. Cells were then incubated under aerobic
growth conditions at 37°C, and ODy,, and luminescence were measured
continuously. Optical densities of cultures were determined with a microplate
reader (Tecan Sunrise) at 600 nm. Luminescence levels were determined by
using a Centro LB960 instrument (Berthold Technology) for 0.1 s and are
reported as relative light units (RLU) (countss ™ '). Solutions of peptidoglycan
fragments from Bacillus subtilis, Lactobacillus casei, and E. coli were isolated as
described previously (30).

Determination of extracellular pyruvate concentrations. We used
the pyruvate oxidase-based Pyruvate Assay kit (Biovision), according to
the manufacturer’s directions, to determine the pyruvate concentration in

jb.asm.org 809


http://jb.asm.org

Fried et al.

A

ladder [b]

B

rpoD yhjX yjiY
1.2 1 2 1 2

5000 =

3000 =

2000 =

1000 =

500 =

} -l P yhjX -264/+36

Pyti -212/+88

YpdB [nM]
o o
. o 9 o & o
N (o] [T9) O O <
o ®m N <« ® © - «
= e e —] <&

LJL..JL.JLJU A «
ElnlElEietial N
uubggl |,

FIG 2 Evaluation of potential YpdB target genes. (A) Northern blot analysis was used to measure the effect of overproduction of YpdB on expression of the genes
yjiY, yhiX, and rpoD (control) in E. coli MG22 (AypdB). The expression levels of these genes were assessed upon overproduction of YpdB (lanes 1) or in the
absence of YpdB (MG22 transformed with the empty pBAD24 vector) (lanes 2). Twenty micrograms of total RNA was loaded per lane, and the transcripts were
detected with the corresponding gene-specific DNA probes. The transcripts of each of the genes are marked by an arrow. (B) EMSA. Fluorescence-labeled DNA
fragments comprising the indicated regions of the 5’'-regulatory sequences were incubated with increasing concentrations of purified 6His-YpdB and then
fractionated by gel electrophoresis. The numbers indicate nucleotide positions relative to the transcriptional start site at position + 1. The positions of free DNA

(black arrows) and YpdB-DNA complexes (white arrows) are marked.

cell-free culture supernatants. The experimental values were calculated
from a standard curve.

Microarray data accession number. The complete microarray data
set is listed in the ArrayExpress database (31) under accession no.
E-MTAB-1347.

RESULTS AND DISCUSSION

Identification of YpdA/YpdB target genes. Since the ypdAB dele-
tion mutant displayed no obvious phenotype and the stimulus
recognized by YpdA/YpdB was unknown, we used transcriptome
analysis in combination with overproduction of the RR YpdB to
identify target genes of this system. Overproduction of RRs often
leads to target gene expression irrespective of the phosphorylation
state of the RR and, hence, in the absence of the stimulus that activates
the HK (15). Such an artificial microarray-based strategy was success-
fully utilized for the identification of target genes of Rap proteins in
Bacillus subtilis (32) and of the YehU/YehT system in E. coli (15),
among others. To avoid side effects due to protein overproduction
per se, cells with the same genetic background that overproduced
YehS instead of YpdB were used as a control. YehS, an 18-kDa protein
of unknown function, was chosen as the control because its overpro-
duction has no effect on the growth rate (data not shown), and it lacks
a DNA-binding domain. Overexpression was induced by adding ar-
abinose to cultures of cells containing pBAD24-derived plasmids
bearing the ypdB or yehS gene, and total RNA was prepared 45 min
later. The RNA was then hybridized to Affymetrix E. coli 2.0 gene
chips (see Materials and Methods). Growth rates and levels of protein
overproduction were comparable between the two strains (data not
shown). In evaluating differential gene expression levels between the
two strains, we excluded intergenic regions and considered only
genes that were well expressed (fluorescence, =100 arbitrary units)
and that showed a highly significant (P < 0.02 by ¢ test) and at least a
1.8-fold difference in expression. In all, 15 genes met these criteria,
with expression differences ranging from maximally 30-fold induc-
tion to 3-fold repression (Table 2). As expected, the expression level
of ypdB mRNA increased 180-fold. The complete microarray data set
is listed in the ArrayExpress database (31) under accession no. E-
MTAB-1347.
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Validation of YpdB-dependent target gene expression by
Northern blotting. Because overproduction of RRs is an artificial
procedure, the microarray data had to be carefully validated.
Therefore, the transcription levels of all 15 genes previously
flagged as YpdB dependent on microarrays were measured by
Northern analysis in strain MG22 (AypdB) cells transformed with
pBAD24-ypdB or the empty vector pPBAD24 (Fig. 2A and Table 2;
see also Fig. S1 in the supplemental material). This revealed that
only yhjX and yjiY were directly dependent on YpdB. Expression
of yjiY, which codes for a putative carbon starvation protein, was
induced 4-fold, while yhjX, encoding a putative MFS transport
protein, was induced 24-fold upon overproduction of YpdB (Fig.
2A). Expression levels of the genes fhuF, guaC, entC, fhuA, cpxP,
fecB, entE, ynjH, ygbL, yahM, and ygbK differed by 0.8- to 1.2-fold
between the two strains (see Fig. S1 in the supplemental material).
No iraP transcript was detected (data not shown).

Thus, Northern blot analysis indicated that the overproduc-
tion of YpdB has a marked effect on the transcription of yhjX and
a weaker effect on yjiY. Expression of the other identified genes
seemed not to be directly dependent on YpdB.

Quantitative YpdB-promoter DNA interaction studies. We
used electrophoretic mobility shift assays (EMSAs) as an indepen-
dent approach to validate the targets putatively recognized by
YpdB. Fluorescently labeled DNA fragments encompassing the
transcriptional start point, the putative —35 and —10 boxes, and
sufficiently large upstream and downstream regions of all poten-
tial target promoters identified by transcriptome analysis were
incubated with increasing concentrations of purified 6His-YpdB.
Since the purified protein could be phosphorylated with [**P]
acetyl phosphate, we assume it to be in a native state (see Fig. S2 in
the supplemental material). Nevertheless, it should be mentioned
that purified 6His-YpdB has a high tendency to aggregate (data
not shown), which makes it difficult to estimate precisely the per-
centage of active protein in the preparations used, and K, (equi-
librium dissociation constant) values might be too high. 6His-
YpdB bound tightly to the yhjX promoter region (Kp, 175 nM)
(Fig. 2B), whereas the K, values for all other potential target gene

Journal of Bacteriology


http://www.ncbi.nlm.nih.gov/nuccore?term=E-MTAB-1347
http://www.ncbi.nlm.nih.gov/nuccore?term=E-MTAB-1347
http://www.ncbi.nlm.nih.gov/nuccore?term=E-MTAB-1347
http://jb.asm.org

promoters, including yjiY (Fig. 2B), were determined to be >800
nM, essentially equivalent to the measured affinity of 6His-YpdB
for the negative-control fragment (data not shown), a 276-bp
fragment of the lysP promoter (33).

The affinity of YpdB for the yhjX promoter region is compara-
ble to those of other LytTR RRs for their targets, e.g., the mono-
meric DNA-binding domain of AgrA (K, 80 nM) (13) or full-
length YehT (K, 75 nM) (15). However, phosphorylation of
6His-YpdB did not notably increase its affinity for the yhjX pro-
moter (data not shown), which contrasts with the behavior of
other RRs of the LytTR type (34).

Taken together, these results indicate that 6His-YpdB binds spe-
cifically and with high affinity to the yhjX promoter, which supports
the idea that yhjX expression is dependent on YpdB. We therefore did
subsequent, more detailed analyses on the yhjX promoter.

Characterization of the yhjX promoter and localization of
the YpdB-binding site. To identify the YpdB-binding site within
the yhjX promoter, we used DNase I footprinting. A DNA frag-
ment comprising the segment at positions —264 to +36 of the
yhjX promoter/control region was incubated with increasing con-
centrations of 6His-YpdB. YpdB specifically protected a 59-bp
stretch between positions —101 and —43 (Fig. 3A and D) from the
action of DNase 1. The degree of protection increased with the
concentration of 6His-YpdB (data not shown). Within the pro-
tected stretch, two copies of the 10-bp motif GGCATTTCAT, des-
ignated M1 and M2, were identified, separated by an intervening
spacer of 11 bp. The disposition of these sequence elements is
typical for protein-binding sites in general (35).

In parallel, the same 300-bp yhjX promoter/control sequence
was split into three 100-bp fragments, and each was tested in
EMSAs. As before, 6His-YpdB bound tightly to the P,.x 564/ 36
fragment (K}, 175 nM) (Fig. 3B), but it showed little affinity for
any of the individual segments (K},, >1,200 nM). These data sug-
gested that subdivision of the fragment in this way destroys the
YpdB-binding site, which is in accord with the arrangement of the
binding motifs identified by footprinting analysis (Fig. 3D).

To characterize the putative YpdB-binding sites in more detail,
the effects of alterations within the yhjX promoter were tested in
vivo. Reporter strains carrying various mutated yhjX promoter:
lacZ fusions were tested for B-galactosidase activity (Fig. 3C). A
reporter with the wild-type YpdB-binding motif (P,,;y) displayed
maximal yhjX promoter activity, which was set to 100%. Substi-
tution of purines for pyrimidines (and vice versa) in motif M1 or
M2 eliminated promoter activity. Reporter strains carrying yhjX:
promoter variants with replacements of the spacer or replace-
ments of 15 bp upstream of M1 or downstream of M2 were still
able to induce the yhjX promoter albeit with reduced activity.
Finally, we introduced pairwise substitutions (shown in boldface
type) in motif M2, beginning at each end, to give M2* (TGCATT
TCAG), M2** (TTCATTTCCG), and M2*** (TTAATTTACG).
The more substitutions present in the variant, the greater the de-
crease in promoter activity (Fig. 3C).

Many of the LytTR-type family members described so far bind
to pairs of direct repeats of 9 to 10 bp separated by 12- or 13-bp
spacers (13, 15, 34, 36, 37). In its architecture and overall length,
the newly identified YpdB-binding site conforms to these criteria.
It is, however, conceivable that structural properties of the sur-
rounding DNA also influence YpdB-dependent yhjX expression,
as we also observed reductions in promoter activity when the up-
stream or downstream region or the spacer between the M1 and
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M2 motifs was mutated (Fig. 3C). We therefore suggest that bind-
ing of YpdB to the yhjX promoter is modulated by the sequence-
dependent structure of the surrounding DNA. Similar effects have
been observed for other LytTR-type RRs (14, 15).

Strikingly, a search of the E. coli genome revealed that the
YpdB-binding motif occurs only in the yhjX promoter. In addi-
tion, when we checked all differentially expressed genes identified
by our microarray analysis (Table 2), no related motif was found
in the regulatory regions of any of these genes. The same was true
for the microarray data set of E. coli BW25113 versus the isogenic
ypdAB deletion strain (3). Remarkably, a YpdB-binding site was
also not found within the yjiY promoter. Since we found an in-
crease in the level of yjiY expression (which is under the control of
the YehU/YehT system [15]) upon overproduction of YpdB (Ta-
ble 2 and Fig. 2A), there might be interconnectivity between the
two similar YpdA/YpdB and YehU/YehT systems. A pattern
search for two repetitive motifs gapped by 10 to 12 nucleotides
with maximally three mismatches per motif within the first 600
nucleotides of 5" untranslated regions (5'UTRs) identified the
promoters of only two genes, ypdE (which is located in close prox-
imity to the ypdABC operon) and yahL. However, we found no
evidence that expression of these genes is dependent on YpdB, and
no YpdB binding to either promoter was detectable (data not
shown). Therefore, yhjX seems to be the sole target gene regulated
by the YpdA/YpdB system.

Characterization of YhjX. At 79.94 centisomes on the E. coli
chromosome, yhjX is located quite far away from the ypdABC
operon. Strikingly, however, in other bacteria, e.g., Yersinia en-
terocolitica, Aeromonas hydrophila, and Pectinobacterium species,
the ypdABC operon and yhjX or a gene encoding a similar se-
quence are colocalized on the chromosome (38), providing fur-
ther support for a functional relationship between YpdA/YpdB
and YhjX. yhjX codes for an inner membrane protein with 12
predicted transmembrane helices belonging to the MFS trans-
porters (39). Cell fractionation experiments confirmed that YhjX-
6His is an integral membrane protein (Fig. 4A). Based on se-
quence similarities to the oxalate:formate antiporter OxIT in
Oxalobacter formigenes, a function of YhjX as an exchanger for
carboxylic acids has been postulated but never proven (23, 39).
Future studies will concentrate on characterizing the function of
YhjX, its mode of transport (importer or exporter), its specific
substrate, and its mode of energization.

Stimulus response analysis of the YpdA/YpdB system. To
gain insight into the in vivo expression pattern of yhjX, a transcrip-
tional fusion was constructed, in which the yhjX promoter
(Pynjx—264/+36) 18 coupled to the luciferase luxCDABE operon
(plasmid pBBR yhjX-lux). E. coli MG1655 was transformed with
this plasmid, and growth and luminescence (as a measure of yhjX
expression) in 118 different media (see Table S3 in the supple-
mental material) were monitored under aerobic conditions over
time. The maximal luciferase activity/ODy, was used as an indi-
cator of the degree of induction of yhjX (Fig. 4B).

In wild-type cells, induction of yhjX in tryptone-yeast extract
(LB) medium was observed, whereas yhjX induction was com-
pletely prevented in the isogenic ypdABC deletion mutant strain
MG20 (Fig. 4B). Complementation of mutant strain MG20 with
ypdAB in trans restored yhjX expression (Fig. 4B). Moreover, in-
activation of the conserved histidine (H371) in the HK YpdA by
replacement with glutamine, as well as substitution of the con-
served aspartate in the RR YpdB (YpdB-D53N), prevented yhjX
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FIG 3 Characterization of the YpdB-binding site within the yhjX promoter. (A) DNase I digestion patterns were determined for a yhjX promoter fragment
comprising bp —264 to +36 in the presence of 2.4 uM 6His-YpdB (black) or BSA (gray). The protected region lies within the horizontal lines (bp —101 to —43).
rF, relative fluorescence. (B) EMSA of fluorescence-labeled DNA fragments comprising different yhiX promoter fragments after incubation in the presence of
increasing concentrations of purified 6His-YpdB. The positions of free DNA (black arrows) and YpdB-DNA complexes (white arrows) are marked. (C) The in
vivo effects of nucleotide substitutions (purines for pyrimidines and vice versa) in motifs 1 and 2 and the upstream, spacer, and downstream regions within the
yhjX promoter were assayed using a yhjX promoter:lacZ fusion. The locations of motifs M1 and M2 and the other regions are depicted in the scheme below the
graph. Pairwise substitutions, beginning at each end, were also introduced into motif 2, resulting in M2* (TGCATTTCAG), M2** (TTCATTTCCG), and M2***
(TTAATTTACG) (letters in boldface type mark the substituted nucleotides). Bacteria were cotransformed with pBAD33-ypdB and cultivated under aerobic
growth conditions in LB medium at 37°C until the logarithmic growth phase was reached. ypdB overexpression was then induced by the addition 0f 0.2% (wt/vol)
L-arabinose to the culture, and cells were harvested after 45 min. The 3-galactosidase activity was determined (three independent experiments) and normalized
to the wild-type yhjX promoter activity (set to 100%). (D) Nucleotide sequence of the yhiX upstream region (positions —264 to +77). The region protected from
digestion by DNase I is marked in boldface type (59 bp). The start codon is shown in italics and underlined. +1 indicates the start of transcription identified
previously by Kraxenberger et al. (15) via 5’ rapid amplification of cDNA ends, and binding motifs M1 and M2 are boxed and comprise a repeat of the sequence
GGCATTTCAT.
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FIG 4 Localization of YhjX-6His and characterization of yhjX expression in vivo.
(A) yhjX-6His was overexpressed in E. coli BL21(DE3) cells. The cells were then
disrupted and fractionated, and the subcellular localization of YhjX was analyzed
by SDS-PAGE and Western blotting. An equal volume of each fraction was loaded
into each lane, and a monoclonal mouse antibody against the 6His tag was used for
detection. CE, crude cell extract; LSP, low-speed pellet; HSP, high-speed pellet; CP,
cytoplasmic fraction. (B and C) A luciferase-based reporter assay was used to
monitor yhiX expression in growing E. coli strains. All strains contained plasmid
PBBR yhjX-lux. In addition, E. coli MG1655 (@) and E. coliMG21 (AypdABC) (O)
were transformed with plasmid pBAD24 or pBAD24-ypdAB, and the latter was
used for complementation of E. coli strain MG21 (V) (B). Furthermore, E. coli
strain MG1655 rpsL150 (wild type), E. coli strain MG23 (ypdA-H371Q), E. coli
strain MG24 (ypdB-D53E), and E. coli strain MG25 (ypdB-D53N) were tested (C).
Bacteria were cultivated in LB medium under aerobic conditions, and growth
(solid lines) and the activity of the reporter enzyme luciferase (dashed lines) were
continuously monitored. The maximal luciferase activity normalized to an optical
density of 1 (RLU/ODy,) served as the measure for yhjX expression. All experi-
ments were performed at least three times, and the error bars indicate the standard
deviations of the means.

induction (Fig. 4C). In contrast, the putatively phosphorylation-
independent YpdB-D53E variant induced yhjX (Fig. 4C). This
yhjX induction pattern clearly indicates the importance of the
phosphorylation sites in the YpdA/YpdB system.
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FIG 5 Influence of extracellular pyruvate on yhjX expression. E. coli
MG1655/pBBR yhjX-lux cells were grown as described in the legend of Fig.
4B. (A) E. coli MG1655/pBBR yhjX-lux cells were cultivated in LB medium
or M9 minimal medium with the indicated carbon sources (0.4% [wt/vol]).
The histogram shows the maximal levels of yhjX expression recorded in
each case. (B) At the indicated times, samples were taken to determine the
pyruvate concentration in cell-free culture supernatants (white bars) and
to measure yhjX expression in LB medium (®). (C) A luciferase-based
reporter assay was used to determine the dependence of yhjX expression on
the concentration of pyruvate in the medium (M9 minimal medium with
pyruvate and glucose as the carbon source [together 20 mM]). All experi-
ments were performed at least three times, and the error bars indicate the
standard deviations of the means.

Our comprehensive carbon source evaluation (see Table S3 in
the supplemental material) revealed that yhjX was strongly in-
duced when the reporter strain was grown in medium containing
pyruvate, yeast extract, tryptone-yeast extract (LB), gluconate, or
glucuronate as the carbon source (Fig. 5A; see also Table S3 in the
supplemental material). Other sugars or amino acids, acetate and
lactate, or toxic compounds, e.g., benzoate (40), peptidoglycan
fragments (41) (Fig. 5A; see also Table S3 in the supplemental
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material), or the toxic peptides ShoB, LdrD, or IbsC (42), did not
induce yhjX expression (data not shown).

Furthermore, we tested whether YhjX, the putative trans-
porter, had an effect on yhjX induction. Induction of the P\~
luxCDABE reporter was found to be almost identical in the yhjX
mutant and the parental strain (see Fig. S3 in the supplemental
material). Therefore, it seems unlikely that YhjX exerts feedback
regulation on its own expression.

In summary, expression of yhjiX is induced by the YpdA/YpdB
system in response to pyruvate (see below) and under conditions
(gluconate or glucuronate as the sole C source) in which the
Entner-Doudoroff pathway is required for carbon metabolism. Al-
though the in vitro phosphorylation of YpdA was very weak
and phosphotransfer to YpdB was undetectable (data not shown),
our in vivo data indicate the functional importance of the phosphor-
ylation sites.

Pyruvate-dependent induction of yhjX in E. coli MG1655.
When E. coli cells were grown in LB medium, yhjX expression was
induced when the culture was in the mid-exponential growth
phase (Fig. 4B), whereas in pyruvate-containing medium, no such
delay was observed (data not shown). Therefore, we measured the
extracellular pyruvate concentration in a culture of E. coli
MG1655/pBBR yhjX-lux growing in LB medium. We detected a
basal concentration of about 25 wM pyruvate, which increased
sharply to 250 M after 90 min. Shortly afterwards, yhjX expres-
sion was detected (Fig. 5B), and strikingly, the extracellular pyru-
vate concentration subsequently returned to the basal level (Fig.
5B). These data revealed that induction of yhjX is correlated with
a relatively abrupt increase in the concentration of extracellular
pyruvate and is followed by a gradual fall in pyruvate levels in the
medium. We then set out to determine the threshold concentra-
tion of pyruvate necessary to induce yhjX expression. Cells were
cultivated on glucose as the primary C source and supplemented
with increasing concentrations of pyruvate (total C source, 20
mM). The threshold concentration of pyruvate required for in-
duction was determined to be 600 WM. Below this concentration,
no yhjX expression was detectable, but the expression level in-
creased further at higher concentrations (the concentration that
resulted in half-maximal expression was determined to be 1.6 =
0.4 mM) (Fig. 5C). The threshold concentration for pyruvate was
found to be in the same range as the highest concentration of
extracellular pyruvate measured in E. coli cultures growing in LB
medium. The 2.4-fold difference might be explained by (i) an
underestimation of the concentration of extracellular pyruvate by
the coupled enzymatic assay used and (ii) differences in growth
media (LB versus minimal medium). Consequently, we deter-
mined the extracellular pyruvate concentration in E. coli cells
grown on other C sources (Table 3). When glucose was present as
the C source, the extracellular pyruvate level did not increase, and
yhjX induction was undetectable. In contrast, gluconate and gluc-
uronate as C sources resulted in increased extracellular pyruvate
levels and induction of yhjX. These findings suggest that extracel-
lular pyruvate functions as a stimulus for the YpdA/YdpB system.

An increase in the extracellular pyruvate level occurs when the
rate of production of pyruvate temporarily exceeds the bacteri-
um’s capacity to metabolize the compound (43). Under condi-
tions of overflow metabolism, pyruvate, like acetate, is a major
component of the exometabolome in a broad range of bacteria
(44). Sugar acids, e.g., gluconate or glucuronate, are predomi-
nantly metabolized via the Entner-Doudoroff pathway in E. coli,
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TABLE 3 Extracellular pyruvate levels in growing E. coli cultures
correlate with yhjX induction

Pyruvate concn (uM)

Before yhjX After 30 min of After 60 min of

Medium or C source induction  yhjX induction yhjX induction
LB (tryptone/yeast extract) 244 20 17
M9 + gluconate 214 105 53
M9 + glucuronate 185 52 18
M9 + glucose” 20 18 17

@ As no yhjX induction was detectable, samples were analyzed at the equivalent growth
phases. Data were obtained from at least three independent experiments, and average
values are presented; the standard deviation was less than 20%.

resulting in the production of 2 pyruvates per sugar acid (45).
Pyruvate is a precursor of several compounds and a central me-
tabolite; therefore, its cellular concentration has to be tightly con-
trolled (46). Nevertheless, exponentially growing bacteria secrete
pyruvate into the medium under conditions of overflow metabo-
lism. When nutrients become limiting, bacteria have to adapt ac-
cordingly. It was suggested previously that a switch to carbon star-
vation follows a two-stage protocol (47). The first response is
scavenging, a process in which the level of production of proteins
that forage for the limiting nutrient is increased (47). The carbon-
scavenging regulon includes cyclic AMP (cAMP)/cAMP receptor
protein (CRP), which mediates the use of alternative carbon
sources (47). Furthermore, previously excreted compounds (e.g.,
pyruvate) are rapidly taken up to drive continuing growth (44).
The second response includes global reprogramming for starva-
tion and the transition into the stationary phase (48). To prevent
premature initiation of the second response, the levels of extracel-
lular nutrients have to be precisely monitored, a process in which
the YpdA/YdpB system participates by sensing the presence of a
specific exometabolite and inducing the expression of an appro-
priate transporter. To our knowledge, this is the first description
of a pyruvate-sensing HK, although a correlation between pyru-
vate utilization and LytS/LytTR-like signaling was reported previ-
ously for Staphylococcus epidermidis (49). Future experiments will
determine whether pyruvate binds directly to YpdA.
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