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ABSTRACT The detection of norepinephrine (NE) as a chemoattractant by Esche-
richia coli strain K-12 requires the combined action of the TynA monoamine oxidase
and the FeaB aromatic aldehyde dehydrogenase. The role of these enzymes is to
convert NE into 3,4-dihydroxymandelic acid (DHMA), which is a potent chemoattrac-
tant sensed by the Tsr chemoreceptor. These two enzymes must be induced by
prior exposure to NE, and cells that are exposed to NE for the first time initially
show minimal chemotaxis toward it. The induction of TynA and FeaB requires the
QseC quorum-sensing histidine kinase, and the signaling cascade requires new pro-
tein synthesis. Here, we demonstrate that the cognate response regulator for QseC,
the transcription factor QseB, is also required for induction. The related quorum-
sensing kinase QseE appears not to be part of the signaling pathway, but its cog-
nate response regulator, QseF, which is also a substrate for phosphotransfer from
QseC, plays a nonessential role. The promoter of the feaR gene, which encodes a
transcription factor that has been shown to be essential for the expression of tynA
and feaB, has two predicted QseB-binding sites. One of these sites appears to be in
an appropriate position to stimulate transcription from the P, promoter of the feaR
gene. This study unites two well-known pathways: one for expression of genes regu-
lated by catecholamines (QseBC) and one for expression of genes required for me-
tabolism of aromatic amines (FeaR, TynA, and FeaB). This cross talk allows E. coli to
convert the host-derived and chemotactically inert NE into the potent bacterial che-
moattractant DHMA.

IMPORTANCE The chemotaxis of E. coli K-12 to norepinephrine (NE) requires the
conversion of NE to 3,4-dihydroxymandleic acid (DHMA), and DHMA is both an at-
tractant and inducer of virulence gene expression for a pathogenic enterohemor-
rhagic E. coli (EHEC) strain. The induction of virulence by DHMA and NE requires
QseC. The results described here show that the cognate response regulator for
QseC, QseB, is also required for conversion of NE into DHMA. Production of DHMA
requires induction of a pathway involved in the metabolism of aromatic amines.
Thus, the QseBC sensory system provides a direct link between virulence and che-
motaxis, suggesting that chemotaxis to host signaling molecules may require that
those molecules are first metabolized by bacterial enzymes to generate the actual
chemoattractant.
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atecholamine hormones and neurotransmitters, an overlapping set of host-derived
molecules, profoundly affect the resident microbiota of the mammalian gut
(1-3). It is apparent that these molecules are also important in regulating the
virulence of invading pathogens (4-7). In particular, the QseBC and QseEF two-
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component systems of enteric bacteria have been shown to mediate responses to
catecholamines (8-14).

We recently demonstrated (15) that some of the effects reported for norepinephrine
(NE) and other catecholamines in enterohemorrhagic Escherichia coli (EHEC) (16) can
also be evoked by a nonamine metabolite of NE, 3,4-dihydroxymandelic acid (DHMA).
In addition to inducing virulence gene expression in EHEC, DHMA is a chemoattractant
for both EHEC (15) and a nonpathogenic K-12 strain of E. coli, RP437 (here referred to
as CV1) (17). The chemotaxis response to DHMA is mediated by the Tsr chemoreceptor,
which is present in both EHEC and nonpathogenic K-12 strains of E. coli. Tsr homologs
are present in a number of other enteric bacteria as well, including Salmonella enterica
(18, 19), Enterobacter aerogenes (20), and Pseudomonas aeruginosa (21).

DHMA is made from NE in two enzymatic steps. The first step is carried out by a
primary amine oxidase, TynA, which produces the intermediate 3,4-dihydroxyphenyl-
glycol-aldehyde (DOPEGAL), and the second step is catalyzed by an aromatic aldehyde
dehydrogenase, FeaB (22). TynA and FeaB are also produced by other enteric bacteria,
where their characterized function is the utilization of aromatic amines as nitrogen
sources and, in at least one case, as a carbon source (23). The expression of TynA and
FeaB in E. coli CV1 requires prior exposure to NE and subsequent protein synthesis, and
the induction of tynA and feaB transcription depends upon the presence of the histidine
protein kinase QseC (17).

FeaR is a transcriptional regulator of the AraC family (23) and has been characterized
as an essential transcription factor for the expression of tynA and feaB in response to
exposure to aromatic amines. The feaR, feaB, and tynA genes are adjacent but are
divergently transcribed (23). The feaB and tynA genes have separate promoters and are
somewhat differently regulated, although both promoters have two well-defined,
tandem FeaR-binding sites upstream of the —35 region of their respective promoters
(23).

In this study, we investigated the QseC-dependent signaling pathway by which NE
is converted to DHMA. We found that the QseC signaling pathway requires its cognate
response regulator QseB and, to a lesser extent, the related response regulator QseF.
One output of this pathway is the expression of FeaR. We conclude that cross talk
between the regulatory systems for virulence and metabolism of aromatic amines may
depend upon the ability of QseBC and, to a lesser extent QseF, to regulate feaR as well
as genes directly involved in virulence.

RESULTS AND DISCUSSION

The QseC signaling pathway induces TynA and FeaB expression. To study the
signaling pathway that induces the enzymes that convert norepinephrine (NE) into the
chemoattractant DHMA, we first studied the chemotaxis responses of mutant strains of
E. coli lacking the relevant sensor kinases (gseC or gseE) and the corresponding response
regulators (gseB or gseF), using the quantitative motility migration coefficient (MMC)
assay (17). All strains responded normally to the control attractant, 10 uM L-serine (Fig.
1). The wild-type strain, CV1, and the CV1AgseE mutant responded strongly, and
essentially identically, to NE in the MMC assay, suggesting that gseE is not involved in
the conversion of NE to DHMA (Fig. 1). On the other hand, the AgseC mutant did not
respond to NE as an attractant in the MMC assay (Fig. 1), which confirms that QseC plays
an essential role. The CV1AgseB mutant also did not respond to NE, whereas the
CV1AgseF mutant gave a somewhat attenuated chemotaxis response. These results
demonstrate that the QseBC histidine kinase/response regulator system is required for
induction of TynA and FeaB.

Although the histidine kinase QseE does not seem to play an important role, QseF,
the cognate response regulator activated by QseE, does seem to be involved. This
observation is consistent with that of Moreira and Sperandio (13), who showed that
QseF can also be a substrate for phosphorylation by QseC in Salmonella. The MMC
values for the CV1, CV1AgseE, and CV1AgseF strains were all highest when the NE
concentration was 50 uM and were lower at both 5 and 500 uM.
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FIG 1 Chemotaxis of E. coli CV1 and mutants to NE. Cells were exposed to 0, 5, 50, or 500 uM NE in the
microfluidic device, as described in Materials and Methods. Serine (10 uM) was used as the positive
control. The motility migration coefficients (MMCs) are shown. Data presented are the means and
standard deviations from three independent experiments carried out in duplicate. Statistical significance
is shown for the mutant compared to the wild type (WT) at the given NE concentration using the Student
t test at significance levels of P < 0.05 (¥). #, statistical significance for serine compared to the buffer
control (no NE) in each strain, using the Student t test at a significance level of P < 0.0001.

It should be noted that the dose-response curve for NE is shifted to higher
concentrations by two orders of magnitude compared to that of DHMA (17). This seems
to be a reasonable effect, given that NE must be converted to DOPEGAL by TynA in the
periplasm, be taken into the cell as DOPEGAL, be converted to DHMA by FeaB, and then
exported back to the periplasm to interact with the periplasmic sensory domain of Tsr.
We see the same general pattern for the dose response to a step increase in concen-
tration for both DHMA and NE, with a decreased response at higher concentrations
as measured in the MMC assay, although shifted to a 100-fold higher concentration
with NE.

Role of FeaR in the signaling pathway. The FeaR transcription factor is required for
the expression of the tynA and feaB genes (23, 24). The feaR, tynA, and feaB genes are
clustered in the E. coli chromosome, with feaR being transcribed divergently from the
other two. We therefore tested the ability of the CV1AfeaR mutant to respond to NE.
These cells responded normally to 10 uM L-serine but failed to respond to NE at any
concentration tested (Fig. 2). Thus, FeaR is required for E. coli to produce a chemotaxis
response to NE, presumably through its role in transcription of the tynA and feaB genes.

We then determined whether expression of feaR increases in cells exposed to NE.
Figure 3 shows that feaR transcription, as measured by quantitative reverse transcrip-
tase PCR (gRT-PCR), increased by 2.7-fold more when CV1 cells were incubated for 60
min with 8 uM NE than when the cells were incubated for 60 min without NE. No
difference in the increase in feaR transcription over time, with or without NE incubation,
was observed with the CV1AgseC and CV1AgseB strains, a result that is consistent with
their lack of response in the MMC assay. The increase in the induction of feaR
transcription in the CV1AgseE mutant after 60 min of exposure to NE relative to
incubation of this strain for 60 min without NE was similar to that seen with CV1
(2.8-fold), indicating that QseE plays little or no role in the signaling pathway. On the
other hand, the increase in the transcription of feaR in the CV1AgseF mutant after 60
min exposure to NE was 1.7-fold higher than the increase after 60 min of incubation
without NE. This more-modest increase in feaR expression suggests that QseF plays
some role in the induction of feaR transcription. Even in the absence of QseE, phos-
phorylation of QseF by QseC apparently produces enough QseF-P for full induction of
feaR transcription.

Induction of TynA and FeaB. Because NE increased the transcription of feaR, whose
product is known to regulate tynA and feaB, we next investigated how the transcription
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FIG 2 Chemotaxis of E. coli CV1 AfeaR to NE. Cells were exposed to 0, 5, 50, and 500 uM NE in the
microfluidic device as described in Materials and Methods. Serine (10 uM) was used as the positive
control. The motility migration coefficients (MMCs) are shown. Data shown are the means and standard
deviations from three independent experiments carried out in duplicate. *, statistical significance for
serine compared to the buffer control (no NE), using the Student t test at a significance level of P <
0.0001.

of tynA and feaB changes upon incubation with NE in wild-type and mutant strains.
Figure 4 shows that the transcription of both tynA and feaB increased by 2.4-fold more
in CV1 cells incubated for 60 min with NE than in cells incubated for 60 min without NE.
Consistent with the data in Fig. 3, the increases in transcription of tynA and feaB in the
CV1AgseE mutant (2.4- and 2.3-fold more, respectively, after 60 min incubation with NE
than after 60 min of incubation without NE) were similar to those of the wild type. No
difference in the increase in tynA or feaB transcription with or without NE was seen in
the CV1AgseC, CV1AgseB, or CV1AfeaR mutants. The CV1AgsefF strain again fell into an
intermediate category, with NE boosting transcription of tynA and feaB 1.7- and
1.6-fold, respectively, after incubation with NE compared to incubation without NE.
Sequence analysis of the feaR promoter. An examination of the regulatory region
of the fearR, tynA, and feaB genes suggests a mechanism that could explain our results.
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FIG 3 Induction of feaR transcription in wild-type (WT) E. coli CV1 and the Agse mutants. The expression
of feaR was quantified by qRT-PCR before and after incubation for 60 min in cells treated with 8 M NE.
Cells that were incubated without NE for 60 min were used as the negative control. The fold increase in
feaR mRNA after incubation is shown. Data shown are the means and standard deviations from three
independent experiments carried out in duplicate. Statistical significance is shown for NE treatment
compared to control, using the Student t test at significance levels of P < 0.05 (*) and P < 0.005 (**).
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FIG 4 Induction of tynA and feaB transcription in wild-type (WT) E. coli CV1 and Agse mutants. The
expression of tynA and feaB was quantified by qRT-PCR before and after incubation for 60 min in cells
treated with 8 uM NE. Cells that were incubated without NE for 60 min were used as the negative control.
The fold increase in tynA (left) and feaB (right) mRNA after incubation is shown. Data shown are the
means and standard deviations from three independent experiments carried out in duplicate. Statistical
significance is shown for NE treatment compared to control, using the Student t test at significance levels
of P < 0.05 (*) and P < 0.005 (**).

Both the MMC chemotaxis assay and the analysis of the induction of feaR, feaB, and
tynA transcription by pretreatment with NE show that QseC and QseB are essential for
production of FeaB and TynA by an indirect mechanism involving the FeaR transcrip-
tion factor. The data also suggest that the response regulator QseF, which can be
phosphorylated both by its cognate histidine kinase QseE and by cross talk from QseC,
is required for maximal induction by NE.

Inspection of the feaR regulatory region shows that it contains three promoters (23)
and two predicted binding sites for QseB (shown in cyan in Fig. 5) (25), based on the
consensus binding site of QseB determined for gseBC and flhDC. One of the QseB-
binding sites, which matches the CAATTACGAATTA consensus sequence (25) at 9/13
positions and at all four of the highly conserved A bases (in bold and underlined)
overlaps the P, transcription start site, is 11 bp upstream of the —35 region of the P,
promoter. The other, which matches the consensus at 7/13 positions, at all four of the
highly conserved A residues overlaps the P, —10 region and transcription start site.
Although we do not know which of the three feaR promoters is responsible for the
induction of feaR transcription, the position of the putative QseB-binding sites suggests
that the P, promoter is the most likely candidate. Also, the P, promoter has the closest
match to the ¢7° —35 and —10 consensus sequences.

It is possible that the activity of P,, and perhaps even transcription initiated at P,,
would be inhibited by the binding of QseB to its downstream binding site. If the affinity

feaR Pm

—_—>
TCAGCTGTGACAAGCTCCGCAAATCGTGACAATAACCGCTTATGTCTCTATG
-35 -10
feaR P1
o
CCTGACAAGACTTATTTCCTATAGTCAGGCTCATTAGCTTCGTTTATTGCAA
-35 -10 -35

feaR P2 FeaR start

—>
CACAAATGCARCAATAAARATACATTTCACACAGCGAAAACGTGCC ATG
-10

FIG 5 Analysis of the feaR promoter. The feaR promoter sequence and the predicted QseB-binding sites
(32; cyan font) are shown. The last four and three bases (GACA and ACA) of the 3’ ends of the possible
QseF binding sites (26) are in orange and, in their two-base overlaps with the 5’ end of the QseB-binding
site, in purple type. Proposed promoter elements (—35 and —10) associated with the three mapped
transcription start sites are indicated in bold, underlined type, and the transcription start sites are shown
by arrows (23).
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FIG 6 Proposed model for conversion of NE to DHMA. NE binds to QseC, which leads to phosphorylation
of QseB and, to a lesser extent, QseF. QseF is also phosphorylated by QseE (not shown) if QseE is present.
Phosphorylated QseB (QseB-P), with help from QseF, induces transcription of the feaR gene. The FeaR
dimer induces the transcription of the feaB and tynA genes (open arrows) by binding upstream of their
respective promoters. Note that QseB-P and QseF-P promote transcription of many genes other than feaR
(8, 11, 14) and that feaR is regulated by numerous transcription factors other than QseB and QseF (23).
The TynA protein is exported to the periplasm, where it acts as a monoamine oxidase to convert NE to
DOPEGAL (DG). DG is taken by an uncharacterized transporter into the cytoplasm, where the aromatic
aldehyde dehydrogenase FeaB oxidizes it to DHMA (DH). DH is delivered by an uncharacterized exporter
to the periplasm, where it binds to the Tsr chemoreceptor to evoke an attractant chemotaxis response.

of phosphorylated QseB (QseB-P) for the upstream site is higher than the affinity for the
downstream site, feaR transcription could be maximally induced at intermediate levels
of QseB-P and repressed at higher levels of QseB-P.

The consensus binding site for QseF has been determined for only one gene, gimY,
which encodes a small noncoding regulatory RNA (26). There is no obvious match to
the 18-base QseF consensus sequence in the FeaR regulatory region, although the
GACA bases that overlap the —10 region of Pm and the ACA bases that overlap the —35
region of P, are the last four and three bases, respectively, of the reported QseF
consensus binding site. Although we can make no definitive statement about whether
QseF interacts with the feaR regulatory region, the short sequence homologies we
observe are perhaps in the right position for QseF to bind in conjunction with QseB.

Conclusion. Based on our results, we propose a model to explain how NE induces
its own metabolism to DHMA (Fig. 6). In this model, NE binds to QseC to activate its
kinase activity. QseC then phosphorylates its cognate response regulator, QseB, and to
a lesser extent, the noncognate response regulator, QseF. The phosphorylated response
regulators induce transcription of the feaR gene, perhaps by binding upstream of the
P, feaR promoter. The FeaR protein, in turn, activates the transcription of the feaB and
tynA genes, whose products convert NE to DHMA. Note that, because of the convoluted
way in which NE serves as an attractant, high levels of both TynA and FeaB may be
needed to produce enough DHMA to be sensed as an attractant by Tsr.
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The paradigm we have just outlined suggests that the extraordinarily thorough work
of Julius Adler in the 1960s and 1970s (27) may have missed some important chemoef-
fectors for E. coli, including biological signaling molecules in addition to nutrients For
example, we found that the quorum-sensing signal autoinducer-2 is an attractant for E.
coli that is sensed by binding to the periplasmic LsrB protein, which then interacts with
Tsr (28). The realization that a host molecule like NE must be metabolized to DHMA for
it to be sensed as an attractant suggests that other important chemoeffectors may be
produced only by metabolism. Thus, screens for chemoeffectors should be performed
after growing cells in the presence of candidate molecules, a procedure that is routinely
followed for organisms like Pseudomonas putida that can utilize an enormous catalog
of possible organic compounds (29). Such processes for generating chemoeffectors
might be important for the pathogenesis of enteric pathogens such as EHEC, as we
have observed for NE and DHMA (15). Host-derived compounds like NE and DHMA
might also play important roles in interactions among the many organisms of the
microbiome.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and materials. E. coli RP437 (30), noted here as CV1, was used
as the wild-type E. coli strain. Green fluorescent protein (GFP)-expressing CV1 cells were obtained by
transformation with plasmid pCM18 (31) and used to visualize the response to NE in the microfluidic
chemotaxis assay. The pCM18 plasmid was maintained in cultures using 100 ug/ml erythromycin. CV1
gseB, gseE, gsef, or feaR kan insertion mutations were generated as described previously (15). Briefly,
mutations were introduced into strain CV1 by phage P1,;, transduction using lysates generated from the
respective mutants in the Keio collection (32). Mutants were selected for kanamycin resistance on
lysogeny broth containing 1.2% Difco Bacto agar and 50 ug/ml kanamycin. All gene disruptions were
confirmed by PCR.

Liquid cultures were grown in tryptone broth (TB), 10 g/liter tryptone and 8 g/liter NaCl, containing
the appropriate antibiotics. Norepinephrine (>99% purity) was obtained from Spectrum Chemicals
(Gardena, CA).

Microfluidic chemotaxis assay. Motile bacteria were prepared for chemotaxis assays as described
by Mao et al. (33). Cultures of GFP-expressing bacteria were grown in TB containing 100 ug/ml
erythromycin. Overnight cultures were inoculated into the same medium to a turbidity at 600 nm of
~0.05. The cultures were grown with swirling in Erlenmeyer flasks at 30°C. At a turbidity of ~0.35, 8 uM
NE or solvent blank was added to the cultures and further incubated to mid-exponential phase (turbidity
at 600 nm of ~0.5) before being harvested for experiments. Mid-exponential phase cells were centri-
fuged at 400 X g for 10 min at room temperature and gently resuspended in chemotaxis buffer (CB)
(physiological buffered saline with 10 mM potassium phosphate, pH 7.0, containing 0.1 mM EDTA, 0.01
mM L-methionine, and 10 mM pL-lactate).

All microflow chemotaxis experiments were performed within 20 min after resuspension of the
bacteria in CB. The assay was performed as described previously (15). A mixture of GFP-expressing motile
test cells and red fluorescent protein (RFP)-containing dead TG1 cells was gently resuspended in CB. We
carefully connected 500-ul gas-tight glass syringes (Hamilton, Reno, NV) containing either CB or CB with
chemoeffector to the inlets of the gradient generator module to avoid introducing air bubbles into the
device. The bacterial suspension was introduced into the chemotaxis chamber with a 50-ul gas-tight
glass syringe. The flow rate in the microfluidic device was maintained at 2.1 pl/min, using a Fusion 400
programmable pump (Chemyx Inc., Stafford, TX). The assembled device was positioned on the stage of
a TCS SP5 confocal resonant-scanner microscope (Leica Microsystems Inc., Buffalo Grove, IL). For each
assay, 100 images from each fluorophore were collected 7 mm from the inlet at 2.5-s intervals. The 2.5-s
imaging interval was chosen based on our calculation that free-floating bacteria moving at a flow rate
of 2.1 ul/min take an average of 2.5 s to traverse 1 mm, the imaging field of view (34). The bacteria in
the middle of the flow were exposed to the gradient for an average of 18 to 21 s prior to imaging. Cells
spending more time in contact with the floor or ceiling of the chamber move more slowly (34).

Quantification of chemotaxis in the microflow assay with image analysis. The migration and
distribution of bacteria in each image were quantified using a program developed in-house. Briefly, the
analysis consisted of the following steps: (i) removal of background pixels in the image, based on pixel
size and intensities; (ii) determination of the center of the flow chamber (i.e., where bacteria enter the
observation chamber), using dead cells (red fluorescence) as a reference; (iii) location of green cells (i.e.,
live bacteria expressing GFP) in the images relative to the center, by determining the centroid; and (iv)
calculation of the MMC based on the location of the migrated motile cells. These steps were repeated
for each image, and the total counts of cells in 100 images were summed for analysis to generate
migration profiles. The MMC is calculated by weighting the migration of cells by the distance they move
in either direction from the center of the observation chamber, as previously described (15). The MMC
value represents the extent of the smooth-swimming response of cells in CB that are introduced into a
chamber with a uniform concentration of attractant. The cells do not adapt to the attractant until they
spread across the chamber. If they adapt before reaching the point along the channel at which their
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distribution is imaged, their movement is random run-and-tumble behavior that will not significantly
affect the final distribution across the chamber.

RNA isolation and qRT-PCR. Bacteria were grown in TB as described above, and the mutant strains
were grown in the presence of 50 ug/ml kanamycin. At mid-exponential phase (after 60 min of exposure
to NE), cell pellets were collected by centrifugation and stored in RNAprotect reagent (Qiagen, CA) at
—80°C prior to RNA extraction. Total RNA was isolated from the cell pellet using an RNeasy minikit
(Qiagen, CA) with the protocol provided by the manufacturer. RNA purity was assessed using the ratio
of absorbance 260/280 nm. All samples had an A,¢,/A,;, ratio of >2.0. qRT-PCR was performed on a
LightCycler 96 (Roche, IN) using an iScript one-step reverse transcriptase PCR (RT-PCR) kit with SYBR
green (Bio-Rad Laboratories, CA) and gene-specific primers using the protocol recommended by the
manufacturer. The reaction volume was 25 ul, with 50 ng of RNA per reaction and 0.15 uM each primer.
The threshold cycle numbers (C;), were obtained using the LightCycler system software (Roche, CA).
Fold-changes in expression with NE exposure relative to untreated cells were calculated using the AAC,
method (35), and the rrsG (rRNA G) transcript was used as the housekeeping gene for data normalization.
All qRT-PCR experiments were repeated with three different cultures and two technical replicates per
culture.
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