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Transcriptional Analysis of the Mrp]J Network: Modulation of Diverse
Virulence-Associated Genes and Direct Regulation of mrp Fimbrial
and flhDC Flagellar Operons in Proteus mirabilis

Nadine J. Bode, Irina Debnath, Lisa Kuan, Anjelique Schulfer, Maureen Ty, Melanie M. Pearson
Department of Microbiology, New York University Medical Center, New York, New York, USA

The enteric bacterium Proteus mirabilis is associated with a significant number of catheter-associated urinary tract infections
(UTISs). Strict regulation of the antagonistic processes of adhesion and motility, mediated by fimbriae and flagella, respectively, is
essential for disease progression. Previously, the transcriptional regulator Mrp]J, which is encoded by the mrp fimbrial operon,
has been shown to repress both swimming and swarming motility. Here we show that MrpJ affects an array of cellular processes
beyond adherence and motility. Microarray analysis found that expression of mrpJ mimicking levels observed during UTIs leads
to differential expression of 217 genes related to, among other functions, bacterial virulence, type VI secretion, and metabolism.

We probed the molecular mechanism of transcriptional regulation by MrpJ using transcriptional reporters and chromatin im-
munoprecipitation (ChIP). Binding of Mrp] to two virulence-associated target gene promoters, the promoters of the flagellar
master regulator flhDC and mrp itself, appears to be affected by the condensation state of the native chromosome, although both
targets share a direct Mrp]J binding site proximal to the transcriptional start. Furthermore, an mrpJ deletion mutant colonized
the bladders of mice at significantly lower levels in a transurethral model of infection. Additionally, we observed that mrp] is
widely conserved in a collection of recent clinical isolates. Altogether, these findings support a role of MrpJ as a global regulator

of P. mirabilis virulence.

Bacterial pathogens utilize a myriad of complex regulatory net-
works to adapt gene expression in response to environmental
cues encountered in the host. Trying to walk a fine balance of
avoiding detection by the host immune system, while ensuring
acquisition of all essential nutrients and promoting growth, bac-
teria employ transcriptional and posttranscriptional strategies to
combat the host’s defenses. A prominent example is the specific
induction of iron and zinc uptake systems during infection, regu-
lated by Fur and Zur, respectively, which allows pathogens to gain
access to these essential transition metals in the restricted host
environment (1, 2).

Urinary tract infections (UTIs) are among the most common
bacterial infections (3), presenting a significant public health bur-
den amounting to annual costs of about 3.5 billion dollars in the
United States alone (4). Although Proteus mirabilis causes a rela-
tively small proportion of UTIs in healthy individuals, it is a com-
mon cause of cystitis and pyelonephritis in individuals with in-
dwelling catheters or anatomical abnormalities of the urinary tract
(4,5).

UTIs occur almost exclusively in an ascending route, meaning
that bacteria of fecal origin gain entry to the bladder via the ure-
thra and then spread to the kidneys via the ureters (4). Initially,
bacteria adhere to host epithelial cells via proteinaceous supramo-
lecular structures referred to as fimbriae (or pili) (6), which allow
pathogens to withstand the mechanical flow of urine (5). Later in
infection, bacteria can move into the kidneys using the force cre-
ated by rotational movement of peritrichous flagella (7).

Flagellum-mediated motility and adhesion through fimbriae
are inherently opposing processes that underlie tight regulation to
allow a productive infection to take place. Sequencing of the first
P. mirabilis genome in 2008 (8) revealed the presence of 17 poten-
tial chaperone-usher fimbriae. To date, biological evidence for the
production of seven of these has been collected (9-16). Among
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these, the best studied is the mannose-resistant Proteus-like
(MR/P) fimbria, which has been shown to be an important viru-
lence factor that contributes to colonization of the urinary tract in
a murine model of infection (17), as well as affecting the localiza-
tion of bacteria within the bladder (18). In fact, all mutants defec-
tive in MR/P fimbria assembly tested thus far are attenuated for
virulence in experimental UTIs (19-22). Expression of MR/P fim-
briae undergoes phase variation: the mrp promoter contains an
invertible element flanked by inverted repeat sequences, and the
orientation of this element strictly regulates transcription of the
fimbrial operon (20, 23). Transcribed at low levels in culture,
the genes of the mrp operon show the largest fold induction of all
P. mirabilis genes in vivo (24). Consequently, the major fimbrial
subunit MrpA, as well as the tip adhesin MrpH, have been the
subjects of multiple vaccine efforts (25-31). Recent work illus-
trates that mrpA is present in 96% of a collection of 48 clinical P.
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mirabilis isolates collected in 2012, as well as all seven sequenced
genomes available at the time (13).

MrpJ, a transcriptional regulator encoded by the last gene of
the MR/P fimbrial operon (32), has previously been shown to
repress both swarming and swimming motility in P. mirabilis,
permitting the bacteria to reciprocally control motility and adher-
ence when mrp is expressed (32, 33). This helix-turn-helix (HTH)
xenobiotic response element (XRE) family member interacts di-
rectly with the promoter of the flagellar master regulator fIhDC
(33). PapX, a functional homolog of Mrp]J associated with P fim-
briae in uropathogenic Escherichia coli (UPEC) similarly represses
motility (34, 35). Recently, FmrA has been identified as a novel
fimbria-associated regulator of motility in Shiga toxin-producing
E. coli O157:H7 (36). Homologs of mrp] have been reported in the
Enterobacteriaceae species Photorhabdus temperata (37) and Xe-
norhabdus nematophila (38), although their function remains to
be elucidated. BLAST searches reveal mrp] homologs in at least 20
bacterial species. They are frequently associated with fimbrial
operons in Proteus and Providencia spp., and P. mirabilis reference
strain HI4320 carries 14 mrp] paralogs in addition to mrp] itself
(33).

This study closely examines the role of Mrp] as an important
regulator of motility and adherence in the uropathogen P. mira-
bilis. Transcriptomic data reveal a complex network of genes af-
fected by mrp] expression, many of which have previously been
associated with virulence. We demonstrate that Mrp] has positive
autoregulatory function using in vitro reporter assays that allow us
to define an MrpJ-responsive fragment of the mrp promoter. Uti-
lizing chromatin immunoprecipitation (ChIP), we extend our ob-
servations to the native state of the bacterial chromosome, con-
firming direct interactions of Mrp] with the mrp and fIhDC
promoters. Coupled with the attenuation of the mrp] mutant ob-
served in the murine UTT challenge in vivo, our results elucidate
significant novel aspects of this important transcriptional regula-
tor with regard to P. mirabilis virulence.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. All bacterial strains and plasmids
used in this study are listed in Table S1 in the supplemental material. The
New York University (NYU) clinical isolate collection and 10 nursing
home isolates used for the mrp] PCR survey have been previously de-
scribed (13). All strains were grown at 37°C in low-salt nonswarming
Luria broth (LB) (per liter, 10 g tryptone, 5 g yeast extract, 0.5 g NaCl) or
on LB medium solidified with 1.5% agar. The following antibiotics were
supplied at the indicated concentrations when necessary: ampicillin (100
pg/ml), gentamicin (15 pg/ml), and kanamycin (25 pg/ml). Transfor-
mants of P. mirabilis @ (mrpAp-lacZ) operon fusion strains with pLX3607
or pLX3805 were selected on LB agar with 25 to 50 pg/ml ampicillin but
subsequently maintained using 100 p.g/ml ampicillin.

To construct the arabinose-inducible Hisq-tagged mrp] vector used in
chromatin immunoprecipitation (ChIP) experiments, a fragment con-
taining mrp] was PCR amplified from pLX2501 (32) using primers
QE60Nco and QE60Hind. The resulting amplicon was digested with
Ncol, which cuts at the 5" insertion site for mrp] coding sequence, and
ligated into pBAD/Myc-HisA (Life Technologies) which had been linear-
ized with Ncol and Pmel, resulting in plasmid pMP190.

All primer sequences are described in Table S2 in the supplemental
material.

Identification of mrp] in sequenced genomes and clinical isolates.
BLAST (39) was used to identify mrp] in the 14 P. mirabilis genomes
currently available in GenBank (strains HI4320, BB2000, PR03, C05028,
ATCC 29906, ATCC 7002, WGLW4, WGLW6, Pm-Oxa48, and FDA_
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MicroDB strains 60, 67, 86, 87, and 91) (8,40—43). PCR with mrpJ-specific
primers was used to determine the presence of mrp] in a clinical isolate
collection (13). To determine whether mrp] was part of the mrp operon in
mrpA-negative strain NYUO014, we used mrpH- and mrp]-specific primers
mrpH-seqF and mrpJ-RTR.

Microarrays. The P. mirabilis HI4320 microarray has been described
previously (44). To measure MrpJ-regulated gene transcription, P. mira-
bilis H14320, HI4320Amrp], vector control HI4320(pLX3607), or mrp] in
vivo mimic HI4320(pLX3805) were cultured to logarithmic phase with
aeration (optical density at 600 nm [ODy,] of 0.7 to 0.9). Briefly, RNA
was stabilized with RNAprotect (Qiagen) and isolated from cultures using
the RNeasy minikit (Qiagen) according to the manufacturer’s directions,
with the exception of treating stabilized bacteria with 3 mg/ml lysozyme in
Tris-EDTA (TE) buffer for 15 min. RNA was used as a cDNA template and
labeled with either cyanine 3 or cyanine 5 dye as previously described (44)
before microarray hybridization. Slides were scanned with a ScanArray
Express microarray scanner (PerkinElmer) at 10-pm resolution, and data
were analyzed using MeV software (v. 4.7.4; J. Craig Venter Institute).
Four independent microarrays were analyzed for each condition.

qRT-PCR. RNA from logarithmic-phase, aerated broth cultures of P.
mirabilis (microarray validation) or aerated broth cultures of P. mirabilis
with an ODg, of 2 (ChIP validation) was used as the template for cONA
synthesis using the Superscript first-strand synthesis system (Life Tech-
nologies) according to the manufacturer’s protocol. Quantitative re-
verse transcriptase PCR (qRT-PCR) was performed as previously de-
scribed (44), with two modifications: the 2X PCR master mix was
either SsoAdvanced Universal SYBR green (Bio-Rad; microarray vali-
dation) or Maxima SYBR green (Thermo Scientific; ChIP validation),
and the thermal cycler was a CFX Connect real-time system (Bio-Rad).

Determination of the transcriptional start site. The 5’ rapid ampli-
fication of cDNA ends (5" RACE) system (Life Technologies) was used to
identify the transcriptional start site for the mrpABCDEFGH] and flhDC
operons according to the manufacturer’s protocol. Amplicons were
cloned, and full-length clones were sequenced. Four (mrp) or five (fIh)
identical clones were used to localize the transcriptional +1 site.

Construction of transcriptional fusions to lacZ. lacZ was amplified
from the operon fusion vector pRS415 using Q5 High-Fidelity poly-
merase (NEB) and cloned into Xhol/KpnI-HF-digested pUC18R6K-
mini-Tn7T-Gm to form pNB022. Transformants were streaked on
LB-gentamicin (LB plus gentamicin) plates supplemented with 5-bro-
mo-4-chloro-3-indolyl-B3-p-galactopyranoside (X-Gal) (40 pg/ml),
and isolates showing the blue color indicative of LacZ activity were
selected. Sequencing (GENEWIZ Inc.) confirmed that amplified reg-
ulatory elements upstream of lacZ were maintained without error.

5" truncated promoter fragments of mrpA were generated by PCR
from P. mirabilis HI4320 genomic DNA using a common reverse primer
and forward primers that anneal to various distances upstream. The re-
sulting fragments were cloned into the Xhol and NotI sites of pNB022.
Forward primers NB75 to NB78 specifically anneal to the mrp promoter
invertible element (IE) in the on direction. Promoter fragments that con-
tain the full IE (amplified using forward primers NB65, NB66, and NB90)
were confirmed to be in the on orientation. All plasmids were sequenced
to verify the correct sequence of the cloned inserts (using primers NB52
and NB60).

A method by Choi et al. was adapted to construct single-copy operon
fusions integrated into the HI4320 attTn7 locus downstream of glmsS (45).
Briefly, strain HI4320 with the IE locked in the OFF orientation (MR/P
L-OFF) was transformed with 100 to 200 ng of plasmid carrying a
D(mrpAp-lacZ) operon fusion and the transposase expression vector
pTNS3. Cells were recovered in LB medium for 1 h postelectroporation.
Gentamicin-resistant transformants were screened for successful integra-
tion at the glmS attTn7 site by colony PCR as described previously (45). A
second PCR using primers specific to the secondary attTn7 site in carA
(45) was performed at all times to ensure that no double integration event
had taken place. Following purification of a single colony, chromosomal
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DNA was extracted from a liquid overnight culture using the QIlAamp
DNA minikit (Qiagen) according to the instructions of the manufacturer.
Using primers annealing to the flanking region of the two attTn7 loci
(JS72/Tn7rev and JS73/NB46), a second PCR was performed with Tag
DNA polymerase (NEB). The cycle conditions for the second PCR were as
follows: (i) 5 min at 95°C; (ii) 30 cycles, with 1 cycle consisting of 30 s at
94°C, 40 s at 61°C, and 8 min at 68°C; and (iii) 10 min at 72°C. Successful
integration resulted in an observable size shift of the amplified fragment,
corresponding to the length of the transformed mini-Tn7 derivative.

B-Galactosidase assay. To determine the effect of Mrp] overproduc-
tion on the expression of ®(mrpAp-lacZ) transcriptional fusions, satu-
rated overnight cultures were diluted to a starting ODy,, of approximately
0.04 in 5 ml LB supplied with ampicillin. The cultures were incubated in a
shaker incubator at 37°C and 225 rpm until mid-logarithmic growth
phase (ODg, of 0.7 to 0.9), when the cells were harvested by centrifuga-
tion and washed in 0.88% NaCl prior to enzymatic assays.

Bacteria were permeabilized by the addition of chloroform and so-
dium dodecyl sulfate, and LacZ activity was measured as described previ-
ously (46). All assays were performed at room temperature (approxi-
mately 21°C). Activities are expressed in arbitrary Miller units (47).
Individual cultures were assessed in duplicate, and graphed values repre-
sent the averages from four biologically independent experiments and the
corresponding standard deviations (SD).

Immunoblot analysis. Protein samples were separated by SDS-PAGE.
Western blot analysis was conducted using penta-His antibody (anti-
His; Qiagen) (1:4,000 dilution in phosphate-buffered saline [PBS] with
3% bovine serum albumin [BSA]) and peroxide-conjugated goat anti-
mouse IgG (Bio-Rad) secondary antibodies. Western blots were devel-
oped using ECL Plus Western blotting detection system (Thermo Scien-
tific) according to the manufacturer’s protocol. Each gel was run in
duplicate, followed by Coomassie blue staining to control for loading.

Bacterial ChIP and promoter walk. The bacterial ChIP protocol was
developed for P. mirabilis and was guided by published protocols (48-50)
(see supplemental material for the detailed method). Briefly, P. mirabilis
cells were cross-linked by formaldehyde, DNA-protein complexes were
sheared by sonication, and His,-tagged MrpJ was immunoprecipitated
with anti-His; antibody. Next, the immunoprecipitated targets were
stringently washed to remove nonspecific background, heat treated at
65°C to reverse cross-linking and column purified. PCR was used to ana-
lyze MrpJ-DNA interaction with mrpA and flhD upstream regulatory
elements.

We designed a ChIP-PCR primer set to target a previously published
positive electrophoretic mobility shift assay (EMSA) probe region (33) of
the flhD promoter (fragment “j”) to confirm the successful immunopre-
cipitation (IP) of MrpJ-bound DNA complexes. A no-antibody bead-only
control, an immunoprecipitation of a vector control and rpoA PCR as a
nonspecific target gene control were included in each ChIP assay and in
their downstream analysis. ChIP-PCR of MrpJ-bound DNA complexes
was quantified using Image Studio software (LI-COR).

Mouse model of UTI. Five- to 6-week-old female CBA/J mice (Jack-
son Laboratory) were transurethrally inoculated with P. mirabilis in ac-
cordance with NYU Langone Medical Center (NYULMC) IACUC-ap-
proved animal protocol number 140204. The infection procedure was
carried out with some modifications of a published protocol (24, 51).
Specifically, overnight cultures of wild-type P. mirabilis HI4320 and the
isogenic mrp] mutant (32) were adjusted to an estimated density of 2 X
10® CFU/ml (ODyy, of 0.2). Mice were then infected with 50 pl of this
culture (1 X 107 CFU) via a transurethral sterile polyethylene catheter
attached to an infusion pump (Harvard Apparatus), after being anesthe-
tized by intraperitoneal injection of anesthetic. Seven days postinfection,
urine was collected by gentle abdominal massage, and then organs (blad-
ders, kidneys, and spleens) were harvested aseptically, weighed, and ho-
mogenized in sterile 1 X PBS. Bacterial titers were determined by plating
serial dilutions of homogenates or urine samples on agar plates. The limit
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of detection was set at 200 CFU g~ ! tissue for homogenate samples with
undetectable colony numbers.

Statistical analysis. Statistical significance of QRT-PCR data was cal-
culated using a one-sample ¢ test and a theoretical mean of 1.0. Signifi-
cance of 3-galactosidase activity and ChIP complex enrichment was cal-
culated using Student’s  test. The Mann-Whitney U test was used to
analyze the results from animal experiments. Graphing and analysis were
performed using Prism software (v. 6.0f; GraphPad).

Microarray data accession number. The data from the microarray
experiments are available at GEO accession number GSE63321.

RESULTS

Mrp] is present across diverse P. mirabilis isolates. We recently
reported that mrpA is highly conserved in a collection of 65 P. mi-
rabilis strains, including 7 sequenced genomes, 10 nursing home
urinary catheter isolates collected in the early 1980s, and 48 recent
isolates from NYU Tisch Hospital (62/65 strains [95%]) (13). To
determine whether mrp] is similarly widespread, we examined the
same strains by PCR or sequence analysis. We detected mrp] in
63/65 (97%) of these strains. All strains that were positive for
mrpA were also positive for mrp]. Interestingly, the NYU014
strain was PCR negative for mrpA but positive for mrp]J; how-
ever, an amplicon that bridged mrpH and mrp] was obtained.
As this strain is also negative for MR/P-type hemagglutination
(data not shown), its mrp operon is possibly cryptic. In addi-
tion, mrp] is located at the end of the mrp operon in all 14 P.
mirabilis genomes currently searchable by BLAST (see Materials
and Methods). Alignment of these 14 sequences revealed synony-
mous mutations in 6/333 nucleotides (1.8%), and one nonsyn-
onymous change (P to L) found only in FDA_MicroDB_91.

Mrp] regulates virulence factors in addition to flagella. Mrp]
has previously been shown to repress swimming and swarming
motility by binding the promoter of the master regulator of fla-
gella, flhDC (32, 33). Additional evidence suggested that Mrp]
autoregulates the mrp operon: a Amrp] mutant produces less
MrpA protein (32). Furthermore, when viewed by transmission
electron microscopy, P. mirabilis overexpressing mrp] or mrp]
paralogs produce fimbriae with distinct appearances (33). To de-
fine the breadth of the Mrp] regulon, we used microarray analysis
of P. mirabilis with various levels of mrp] expression. Two sets of
microarray experiments were conducted: wild-type strain HI4320
versus HI4320Amrp] and strain HI4320 carrying an empty vector
(pLX3607) versus HI4320 with mrp] under an isopropyl-B-D-thioga-
lactopyranoside (IPTG)-inducible promoter (pLX3805). We ex-
pressed mrp] in trans because the highest levels of expression mea-
sured thus far for this gene occur during UTTs, and mrp] is expressed
only at low levels in vitro. The amount of mrp] transcript in mid-
logarithmic-phase culture resulting from uninduced pLX3805
(2,178-fold median increase versus vector control) is comparable to
the amount detected in the urine of mice experimentally infected
with P. mirabilis 1 day postinfection (1,103-fold compared to in
vitro broth control), and therefore, this strain may be considered
an in vivo mimic for mrp] (24).

We found many genes were differentially regulated at least
2-fold by Mrp] (Fig. 1). Specifically, during expression of mrp] at
levels comparable to those during infection, 70 genes were in-
duced and 147 genes were repressed compared to the vector con-
trol (Tables 1 and 2, with complete results in Tables S3 and S4 in
the supplemental material). In the Amrp]J strain, 13 genes were
induced and 56 genes were repressed compared to the wild type
(Tables S5 and S6). The amount of regulation in the Amrp] strain
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FIG 1 Categories of genes regulated by Mrp]. A vector control was compared
to mrp] expressed in trans at levels comparable to those during experimental
UTIs, and differential transcription was measured by microarray. Gene classes
that have previously been shown to contribute to P. mirabilis pathogenesis are
indicated by an asterisk. ECA, enterobacterial common antigen.

compared to the wild type was relatively modest with the excep-
tion of mrpA, which was repressed 146.93-fold. This was not sur-
prising, given that mrp] is not expressed well in vitro (32).

As expected in the presence of mrp], flagellar genes were re-
pressed: these genes included flhDC (—5.16- and —6.25-fold, re-
spectively), which encodes the master regulator of flagella. In ad-
dition, swarming regulators umoA and umoB were repressed by
MrpJ (—222- and —2.68-fold, respectively), while IrhA was in-
duced (2.21-fold) (44, 52, 53), indicating that Mrp]J not only re-
presses motility but also interferes with swarmer cell differentia-
tion. The cell shape-determining gene ccm, also implicated in
swarming behavior (54), was the most repressed gene in the in vivo
mimic strain (630-fold). The polyamine putrescine has also been
found to contribute to swarming (55), and we found Mrp] repres-
sion of speF (—3.75-fold), which catalyzes the production of pu-
trescine from ornithine.

Also consistent with previously published evidence that sug-
gested an altered fimbrial profile when mrp] was overexpressed
(33), we found that several fimbrial operons were regulated by
mrp]: pmfA, fim8A, and fimI4A were repressed, while the mrp
operon itself was induced (—3.14-, —234-, —20.5-, and 12.3-fold,
respectively). Three of these fimbriae, MR/P, PMF (P. mirabilis
fimbria), and Fim14, have previously been shown to contribute to
virulence in a mouse model of UTI (15, 19-22, 56, 57). In addition
to regulation of anticipated systems, we found that Mrp] regulates
other established virulence genes encoding the Pta toxin (2.25-
fold) and ZapA protease (—14.3-fold) (58, 59). Furthermore,
Mrp] regulated genes that could be associated with virulence or
immune evasion, such as lipopolysaccharide (LPS) modifications
(pagP, IpxK, and msbB; —5.01-, —2.21-, and —2.94-fold, respec-
tively). A type VIsecretion system (T6SS), including effector genes
idsA and PMI0750 as well as seven genes in the operon which
encodes the structural proteins of the T6SS (PM10749-0734) (60—
62), was induced by Mrp]. Thus, Mrp] regulates a variety of genes
that are known or hypothesized to contribute to pathogenesis.
These data, combined with the fact that mrp] is strongly induced
during experimental UTI, suggest that Mrp] is a master regulator
of virulence.

Microarray data were validated by measuring transcript levels
of selected genes by qRT-PCR (Fig. 2A; see Fig. S1 in the supple-
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TABLE 1 Top 50 genes repressed in mrp] overexpression strain
compared to the vector control

Fold
ORF* Gene Annotation change
PMI1961  ccm Putative membrane protein (Ccm1 —630.29
protein)
PMI1635  fliK Flagellar hook length control protein —509.87
PMI1652  flgD Basal body rod modification protein —469.29
PMI1631  fliG Flagellar motor switch protein —467.90
PMI1647  flgl Flagellar P-ring protein precursor (basal —466.93
body P-ring protein)
PMI1637  fliM Flagellar motor switch protein —450.58
PMI1639 fliO Flagellar protein —441.62
PMI1670 motA  Chemotaxis protein (motility protein A) —435.30
PMI1632  fliH Flagellar assembly protein —398.84
PMI1660  fIhB Flagellar biosynthetic protein —341.98
PMI1654 fIgB Flagellar basal body rod protein —329.89
PMI1618  fliA RNA polymerase sigma factor for flagellar ~ —320.62
operon
PMI1659  flhA Flagellar biosynthesis protein —307.03
PMI1636 fliL Flagellar protein FliL —302.51
PMI1648  flgH Flagellar L-ring protein precursor —297.81
PMI1630 fliF Flagellar M-ring protein —286.30
PMI1638 fliN Flagellar motor switch protein —279.07
PMI1634  fli] Flagellar protein FliJ —276.57
PMI1629 fliE Flagellar hook-basal body complex protein =~ —261.77
PMI1623  fiT Flagellar protein —242.66
PMI1469  fim8A  Fimbrial subunit —234.31
PMI3460 Putative lipoprotein —227.61
PMI3115 wumoA  Putative upregulator of flagellar operon —222.72
PMI1633  flil Flagellum-specific ATP synthase —192.53
PMI1669  motB Chemotaxis protein (motility protein B) —174.67
PMI1617  fliZ FliZ protein —161.68
PMI1655  flgA Flagellar basal body P-ring formation —152.90
protein
PMI1640 fliP Flagellar biosynthetic protein —140.09
PMI1621  flaD; Flagellar hook-associated protein 2 —127.34
fliD
PMI1653  flgC Flagellar basal body rod protein —122.76
PMI1650  fIgF Flagellar basal body rod protein —98.71
PMI0833 Putative exported protein —95.10
PMI2421 Putative phospholipid-binding protein —78.61
PMI0599  modC  Molybdenum ABC transporter, ATP- —76.09
binding protein
PMI1622  fliS Flagellar protein FliS —70.74
PMI0182 Putative transcriptional regulator (Mrp] —70.05
homolog)
PMI1656  flgM Negative regulator of flagellin synthesis —66.60
(anti-sigma-28 factor)
PMI1668  cheA Chemotaxis protein —62.85
PMIl645  flgK Flagellar hook-associated protein 1 —62.65
PMI1642  fliR Flagellar biosynthetic protein —62.63
PMI1649 flgG Flagellar basal body rod protein (distalrod ~ —61.59
protein)
PMI1540 Putative transcriptional regulator —56.75
PMI1663  cheB Chemotaxis response regulator protein- —53.46
glutamate methylesterase
PMIl646  flgf Peptidoglycan hydrolase (muramidase) —46.92
PMI1651  fIgE Flagellar hook protein —46.64
PMI1666 cheD Methyl-accepting chemotaxis protein —41.63
PMI2808 Methyl-accepting chemotaxis protein —37.69
PMI1470 fim8]  Fimbrial operon regulator —37.36
PMI1665  tap Methyl-accepting chemotaxis protein —35.58
PMI1664 cheR Chemotaxis protein methyltransferase —31.00
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“ ORF, open reading frame.
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TABLE 2 Top 50 genes induced in mrp] overexpression strain
compared to vector control

fimbrial WM flagella-related [ other

A 2
Fold 23 |
ORF Gene Annotation” change 8) 22 |
PMI0271 mrp] Fimbrial operon regulator 2,178.32 % 21 -
PMI0748 Type VI secretion system protein 23.45 'S 20
PMI0747 Type VI secretion system protein 20.49 Ke) 21
PMI0347 lysA Diaminopimelate decarboxylase 15.29 L 22
PMI3238 argB Acetylglutamate kinase 13.95 > 3
PMI0749 Type VI secretion system protein 12.81 92
PMI0263 mrpA Major mannose-resistant/Proteus-like 12.28 247
fimbrial protein 2%
PMI2157  fruK 1-Phosphofructokinase 12.18 26T N L& L6
PMI1079 Conserved hypothetical protein 9.43 3 3 SE § <8(~ % 3 g ® §§_ *g'_ 38 (c?; S
PMI1702 Putative membrane protein 8.92 é .§ S © g g § S of iS, s 3=
PMI2292 ptsG PTS system, glucose-specific IIBC 8.70 E :6 E
component
PM10287 Putative amidohydrolase/metallopeptidase 8.01 B 21
PMI2528 hyfA Hydrogenase 4 component A 6.21
PMI2755 lysC Lysine-sensitive aspartokinase III 5.68 201
PMI2307 argA Amino acid acetyltransferase 5.22 g o1
PMI0744 Putative phosphopeptide-binding protein; 5.15 g
type VI secretion 5 221
PMI0742 Type VI secretion system protein 5.12 T 53
PMI2660 caiF Transcriptional activator for carnitine 4.93 XS]
metabolism S 241
PMI2825 def Peptide deformylase 4.92 i}
PMI0746 Type VI secretion system protein 4.84 29
PMI2523  hyfF Hydrogenase 4 component F 4.66 2-61
PMI3577 fdhF Formate dehydrogenase H, 4.30 +ucad
selenopolypeptide subunit 27
PMI0741 Type VI secretion system protein 4.18 FIG 2 qRT-PCR validation of selected microarray data. (A) Gene expression
PMI2821 argD Acetylornithine/succinyldiaminopimelate ~ 3.87 by the mrp] in vivo mimic strain compared to the vector control. (B) Gene
aminotransferase expression by a ucaJ overexpression strain. Data are the results of three inde-
PMI1777 PTS system IIA component 3.60 pendent experiments, norr'na'lized to rpgA, and error bars show standard errors
PMI2873 Putative acetyltransferase 356 of the 1rneans (SEM). Sltatllstlcally 51gn1ﬁca)r1t dlffszrences compare.d to vector
PMI0667 Putative exported protein 331 g;);trri;)k (P < 0.05) as calculated by Student’s unpaired ¢ test are indicated by an
PMI3225 Putative membrane protein 3.19 '
PMI3581 hydN Electron transport protein 3.17
PMI3457 argl Ornithine carbamoyltransferase chain I 3.12
PMI3553  trkH Trk system potassium uptake protein 3.12 mental material). Even though the observed fold changes in the
PMI2769  purD Phosphoribosylamine-glycine ligase 3.01 Amrp] mutant were very modest, gene expression was generally
PMI3125  hipA Putative regulatory protein 3.00 the inverse of the in vivo mimic strain. For example, mrpA was
PMI2288  dapD 2,3,4,5-Tetrahydropyridine-2-carboxylate ~ 2.96 induced by mrpJ, and flagellum- or swarming-related genes were
N-succinyltransferase repressed, while in the Amrp] strain, transcript levels of mrpA were
PMI2661 fsaA Fructose-6-phosphate aldolase 2.90 ’ g . .
PMIOG37  moed Molybdopterin biosynthesis protein 28 downregulated and those of motlhty—assoagted. genes 1ncreaseq.
PMI1263 Putative membrane protein 282 Of the 15 mrp] paralogs encoded by P. mirabilis genes, ucal is
PMI0967 Phage protein 2.66 among the strongest in its repression of motility (33); therefore,
PMI0030 exbD Biopolymer transport protein 2.57 we also tested the effect of ucaJ overexpression on mrpJ-regulated
PMI2956 chbB; N,N'-diacetylchitobiose-specific PTS 2.55 genes (Fig. 2B). As expected, flagellum-related genes were approx-
celA system, EIIb component imately 2-fold more repressed by ucaJ than by mrp]. Interestingly,
PMI0244 Putative membrane protein 2.53 ucaJ did not induce the T6SS, and regulation of fimbrial and other
PMI3698 Putative membrane protein 244 virulence-associated genes varied in both direction and magni-
PMI2761 eda KHG{KDI.’G aldolase 2.39 tude compared to that of mrp].
PMI1023 Putative kinase 2.33 . o . . .
. . . Promoter deletion analysis identifies an MrpJ-responsive re-
PMI0825 ndpA Nucleoid-asociated protein 2.33 .. . . ..
PMII313 pyrF Orotidine-5'-phosphate decarboxylase 53 gion in the mrpA promoter. Following our transcriptomic 1(%61}-
PMI3141 Putative restriction endonuclease 229 tification otj mrp] targets, we sought to fieepen our mechanistic
PMI2360 Adenylate cyclase-like protein 2.29 understanding of transcriptional regulation by Mrp]. To start to
PMI2168 Probable short-chain dehydrogenase 2.27 address this question, we determined the promoter fragment re-
PMI1405 pykF Pyruvate kinase 2.27 quired for mrpJ-dependent induction of the mrp operon. Expres-
@ PTS, phosphotransferase; KHG, 2-keto-4-hydroxyglutarate; KDPG, sion of MR/P fimbriae is phase variable in response to environ-
2-keto-3-deoxy-6-phosphogluconate. mental stimuli by means of an invertible element (23, 63) (Fig.
3A). 5" RACE mapped the transcriptional start of mrpA to the
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FIG 3 MrpJ-dependent activation of ®(mrpAp-lacZ) expression. (A) Schematic showing the mrp gene locus, including mrpI and the fimbrial operon
mrpABCDEFGH]. The intergenic region contains an invertible element flanked by inverted repeats (gray triangles) here depicted in the ON orientation,
resulting in MR/P fimbria production. The numbers are the 5" positions of ®(mrpAp-lacZ) operon fusions relative to the transcriptional start site of mrpA (+1),
which was determined by 5" RACE. Gray bars visualize ®(mrpAp-lacZ) operon fusions with respect to the included promoter elements. (B) Nucleotide sequence
surrounding the transcriptional start site of mrpA. The inverted repeat sequence is underlined; the transcriptional start site (+1) is indicated by bold type.
Putative —10 and —35 regions are boxed and labeled. (C and D) Effect of promoter truncation on mrpJ-dependent activation of ®(mrpAp-lacZ) expression in
mid-logarithmic growth phase. Single-copy fusions to lacZ include specified amounts of DNA upstream of the predicted MrpA start codon. Strains were
transformed with empty vector (pLX3607) or mrp] expression plasmid (pLX3805; black bars). B-Galactosidase activity was determined as described in Materials
and Methods. Values represent the means of four independent experiments plus standard deviations (SD) (error bars). Statistically significant differences
comparing presence or absence of mrp] as calculated by Student’s unpaired ¢ test are indicated by bars and asterisks as follows: *, P < 0.05; **, P =< 0.01; ***, P =
0.001.

adenine residue located 173 residues upstream of the predicted putative —10 and —35 regions separated by a 17-bp spacer, both
ATG start codon. This residue is located within the inverted repeat  of which closely match the consensus sequence of a bacterial ¢”°
closest to mrpA. Visual inspection of the sequence immediately promoter (64) (Fig. 3B), when the invertible element is in the ON
upstream of the start of transcription revealed the presence of position, allowing transcription of the mrp operon. Of note, a
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previously reported canonical ¢’° promoter sequence facing
mrpA in the ON orientation (23) could not be located on the
sequenced genome of strain HI4320.

To identify the promoter region necessary for MrpJ-dependent
activation of mrpA expression, we constructed a set of single-copy
O (mrpA-lacZ) operon fusion strains. All lacZ fusion strains con-
tained different lengths of DNA upstream of mrpA (Fig. 3A) inte-
grated at the atfTn7 chromosomal locus downstream of gImS. The
reverse primer was chosen to anneal to the beginning of the mrpA
coding sequence to ensure all relevant regulatory elements are
included in our transcriptional fusions. During aerobic growth, P.
mirabilis exists as a mixed population of bacteria expressing MR/P
fimbriae (promoter in the ON position) and those that do not
(invertible element OFF). To avoid complication of our results by
variation of mrp] expression from its native promoter, we utilized
a previously described insertion-disruption mutant in mrpl (32),
which has the invertible element in the OFF orientation (L-OFF).
Mrpl is the only recombinase known to control phase variation of
MR/P fimbriae (20). Hence, this mutation irreversibly locks the
invertible element in the OFF position, thereby eliminating pro-
duction of MR/P fimbriae. All strains were cultured to replicate
the experimental conditions of the transcriptomic analysis.

An operon fusion comprising the whole intergenic region of
mrpl and mrpA to lacZ (nucleotides —505 to +179) responded to
mrp] expression in trans, with (3-galactosidase levels increasing
approximately 2-fold compared to an empty vector control (Fig.
3C). Activities of two other constructs containing shorter frag-
ments of the intergenic region (from —377 to +179 and from
—256 to +179) showed induction levels similar to that of the
full-length intergenic region, suggesting that these 249 bp do not
contribute to MrpJ-dependent activation of ®(mrpAp-lacZ) ex-
pression. The highest overall activity under ®(mrpAp-lacZ)-in-
ducing conditions (+mrp]) was measured for the construct from
—256 to +179. Induction of the construct from —156 to +179 by
Mrp] was significantly reduced and completely abolished upon
further deletion of an additional 100 nucleotides (—56 to +179).
These results imply that the region between 256 and 156 bp up-
stream of the transcriptional start of mrpA is required for Mrp]J-
mediated induction of ®(mrpAp-lacZ) expression. The small, al-
beit statistically significant, response to Mrp]J production by the
fragment from —156 to +179 may suggest the presence of a partial
Mrp] binding site, although the biological significance of this re-
sult has yet to be established.

The shortest promoter fragment tested (nucleotides —36 to
+179) showed low levels of B-galactosidase activity unaffected by
mrp] overexpression (Fig. 3C). This construct contains the pre-
dicted —35 and — 10 region, resulting in basal expression of the
D (mrpAp-lacZ) fusion. Including an additional 20 nucleotides
upstream (—56 to +179) results in a marked increase in transcrip-
tion independent of MrpJ production, demonstrating that Mrp] is
most likely not the only factor activating mrpA transcription.

Validation of epitope-tagged MrpJ for use in ChIP assay. To
further dissect mechanistic aspects of MrpJ-mediated transcrip-
tional regulation, we performed ChIP analysis to define MrpJ-
DNA interactions in vivo in the native state of the bacterial chro-
mosome. In order to conduct these experiments, we validated an
expression system that was compatible with ChIP. Mrp] with a
C-terminal Hisg tag under the tight regulation of an arabinose-
inducible promoter was expressed in trans (pMP190) in P. mira-
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FIG 4 Validation of mrp] expression system used in ChIP assay. (A) Levels of
Mrp] analyzed by Western blotting. The gel was loaded with 5 pl (lanes 1 and
3) or 10 pl (lanes 2 and 4) of pMrp] or empty vector (EV) lysate, respectively,
induced (I) by 0.002% arabinose. The positions of size markers (in kilodal-
tons) are shown to the left of the gel. (B) mrp] transcript level in the induced (I)
or uninduced pMrp]J strain compared to EV by qRT-PCR; error bars indicate
SEM of replicates, and data are from two independent experiments.

bilis HI4320 to match the mrp] expression level to the in vivo level
found during the course of UTIs in mice (24).

To confirm that the antibody for our ChIP assay recognized
Mrp] protein without significant cross-reactivity, immunoblot
analysis was performed on arabinose-induced pMP190 and vector
control lysates harvested at an approximate ODy, of 2. As shown
in Fig. 4A, probing of His,-tagged Mrp] by this anti-His; antibody
is highly specific. To verify even loading, samples were also sepa-
rated on a parallel gel, and the proteins were visualized using Coo-
massie blue staining (see Fig. S2A in the supplemental material).
Figure 4B shows the transcript level of mrp] from pMP190
(pMrp]) with or without arabinose induction. Quantitative RT-
PCR was performed to measure mrp] expression compared to the
vector control at an ODy, of 2 (0.002% arabinose induction at an
ODy, 0f0.5), normalized to the level of rpoA. The induced sample
[pMrpJ(I)] had 2,251-fold-more expression of mrp] compared to
the uninduced sample, similar to the level found during the pro-
gression of murine UTI (1 day postinfection, 1,103-fold induced
over in vitro control [24]).

No significant difference in the growth pattern was found
when growth curve analysis of P. mirabilis HI4320/pMP190
(pMrpJ) and the vector control (empty vector) with and without
an arabinose induction (0.002%) was performed (see Fig. S2B and
S2D in the supplemental material). Both strains were subcultured
in 1:100 dilutions from an overnight aerated culture and allowed
to reach stationary phase, a native state for mrp fimbrial operon
induction (17). Serial dilution of this culture (ODy, of 2) resulted
in no obvious distinction in CFU.

The length of the sonicated fragment of the cross-linked pro-
tein-DNA complexes is a major determinant of a successful ChIP
experiment (65). For this study, we sheared the formaldehyde-
cross-linked MrpJ-DNA complexes into a final range of 200- to
650-bp fragments as shown in the representative sonication pro-
file in Fig. S2C in the supplemental material.

ChIP shows in vivo binding of the mrp promoter by MrpJ. An
approximately 2-kb region upstream from the translational start
site of mrpA was analyzed for in vivo Mrp]J binding by ChIP-PCR.
Figure 5A shows a schematic organization of this upstream regu-
latory sequence, including the invertible element (IE) region and
the mrpl gene required for ON/OFF switching of the promoter
orientation. The entire region, starting with mrpA and going up to
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means of three independent ChIP experiments are shown in the graphs; error bars represent standard deviations. Statistically significant differences compared

to the rpoA enrichment value as calculated by Student’s unpaired ¢ test are indicated by asterisks as follows: *, P < 0.05; ***, P < 0.001.

PMI0261, has been divided into base pair length landmarks for
easy reference. A series of primers was designed to walk toward the
translational start of mrpA in graduated steps of PCR amplicons.
Amplified fragments were designated as proximal, middle, and
distal based on their relative proximity to the start site. Figure 5B
shows the results for one representative ChIP-PCR gel analysis,
and Fig. 5C shows the average values from three independent
experiments for the mrp promoter.

Two primer sets were used to probe for the distal 5" element

June 2015 Volume 83 Number 6

Infection and Immunity

relative to the start site; of these, the set encompassing the larger
amplicon, fragment “a” (661 bp), showed little signal in all three of
our ChIP assays (Fig. 5B and C). The ChIP signal increased slightly
with the shorter amplicon, fragment “b” (443 bp), which had the
forward primer nested 195 bp downstream, indicating a potential
direct binding of MrpJ in the vicinity. Indeed, as we PCR walked
into the mrpl intragenic region with fragment “c” (250 bp), the
ChIP signal became highly pronounced, confirming in vivo MrpJ-

DNA complex formation in this site. The approximate total length
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of the area flanked by fragments “b” and “c” (with a 236-bp gap in
between) is about 929 bp. On the basis of our 200- to 650-bp
sonicated DNA fragment range in each ChIP experiment, we be-
lieve that the gradually increasing ChIP signals from fragments
“b” to “c” stem from a single Mrp] nucleoprotein complex and
that the minor residual population of larger sonicated fragments,
as shown in Fig. S2C in the supplemental material, could account
for the slight IP signal for fragment “b.” ChIP signal was com-
pletely lost as we PCR walked further into the mrpl proximal pu-
tative promoter region, as shown by fragment “d,” further sup-
porting the specificity of MrpJ-DNA complex formation in the
mrpl intragenic region.

The 679-bp intergenic region between mrpl and mrpA contains
the invertible element. As described earlier, our 3-galactosidase
reporter assays have shown a consistently strong transcriptional
activation of mrpA with the construct from nucleotides —256 to
+179 and longer promoter elements (Fig. 3), which include the IE
region in its ON orientation. We extended our ChIP-PCR walk
into the proximal promoter region of mrpA with fragment “e”
(300 bp), which encases the IE and its flanking inverted repeat
sequences. Consistent with the reporter assay data, we found the
strongest in vivo Mrp] binding in this region, suggesting that the
MrpJ-dependent activation of mrpA in the transcriptional re-
porter strains is a direct result of nucleoprotein complex forma-
tion and feedback regulation by Mrp] on this site. ChIP signal was
lost as we PCR walked further downstream of the intergenic region
between mrpl and mrpA and with the inclusion of mrpA intragenic
sequence fragment “f” (199 bp). Robust PCR amplicons in the input
samples showed that the low or negligible ChIP-PCR signal with
some of our primer sets is not due to inefficient PCRs; rather, they
support the specificity of the positive ChIP signals.

Our data suggest that Mrp] directly autoregulates the mrp
operon in vivo and that there are two direct Mrp] interaction re-
gions on the mrpA promoter; the distal site is located in the intra-
genic region of mrpl, and the proximal one is located within the
invertible element. To test whether the mrpI site contributes to
Mrp] regulation of mrpA, we examined this new site using the
transcriptional reporter assay; including the distal binding site
within mrpl (—805 to +179) did not further increase MrpJ-de-
pendent expression of ®(mrpAp-lacZ) (Fig. 3D). Indeed, the fold
change measured for the promoter fragment including mrpl was
almost identical to that observed for the transcriptional fusion
restricted to the full intragenic region between mrpl and mrpA.

ChIP demonstrates in vivo MrpJ-DNA complex formation
on the flhDC promoter. Next, we extended our ChIP-PCR anal-
ysis to the fTiDC upstream promoter element, an operon previ-
ously shown to be repressed by MrpJ (32, 33). Figure 6A shows a
schematic diagram of the genomic organization of this region,
specifically depicting the regions amplified for our analysis. The
transcriptional start we identified for fIhD by 5" RACE is in agree-
ment with an earlier reported putative start site in another strain
of P. mirabilis (66). The most distal fragment, fragment “g” (373
bp), showed positive Mrp] binding signal, especially in the anti-
body-coupled lysate IP for anti-Hiss-MrpJ. While first conjugat-
ing the antibody with the beads prior to the addition of lysate
(P-a) could yield lower IP background, coupling the lysate with
antibody before bead addition (P-alL) augments signal enrich-
ment. We found that immunoprecipitation of Mrp]J-His, using
antibody-coupled lysate (P-aL) provided greater efficiency than
IP of Mrp]J-Hisq using antibody-coupled beads. The ChIP signal
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was reproducibly lost when we PCR walked further downstream
(fragment “h” [322 bp]) into the middle section but started to
enhance with the mid-proximal transition amplicon, fragment “i”
(241 bp). The signal was further pronounced with the proximal
“j” fragment (356 bp), corresponding to the previously reported
EMSA probe for Mrp]J binding in vitro. Based on our 5 RACE
data, this region also carries the transcriptional start site; this set
was used as a positive control in all of our ChIP assays. The length
of DNA flanked by fragments “i” and “j” is 597 bp. On the basis of
the sonication fragment range maintained in our ChIP assays (200
to 650 bp), we believe the gradual increase in binding signal from
these two sets (fragments “i” and “j”) originates from one Mrp]
binding event. To our surprise, a fragment primarily within flhD
coding sequence (fragment “k” [283 bp]) placed 183 bp down-
stream of fragment j” provided a very strong positive ChIP signal
in all three of our independent experiments. This was intriguing to
us, as based on the earlier in vitro EMSA data, we did not expect to
see fIhD intragenic Mrp] binding signal. Although the total linear
length of DNA encompassing fragments “j” and “k” is 822 bp,
larger than the size range of our sonication fragments (200 to 650
bp), a slim chance remains for intermediate length fragments car-
rying the “k” amplicon on their 3’ end and the Mrp] binding
region on their 5’ side. It is also possible that Mrp]J forms more
than one viable nucleoprotein complex on the proximal and in-
ternal regions of flhDC. To evaluate whether this is occurring, fIhC
intragenic PCR was performed, and a strong ChIP signal was
found in that region as well (fragment “1”). The proximal promoter
region and the fIhD gene are potentially part of a more complex con-
formation than their usually perceived linear structure. This would
give rise to a comparatively condensed DNA before cross-linking and
sonication, generating a much longer DNA fragment after the rever-
sal of cross-linking even if only one DNA-protein interaction had
happened in vivo (67-70).

Mrp] modulates P. mirabilis pathogenesis in an in vivo
mouse UTI model. Previously, an mrp] mutant was found to be
outcompeted by wild-type strain HI4320 in a mouse coinfection
UTI model (32). Our transcriptional analyses showed a diverse
virulence gene network under Mrp]J, expanding its contribution
beyond flagellar and mrp fimbrial regulation. Genes modulating
such a broad virulence network may have a greater effect on a
pathogen’s fitness, and we hypothesized that deletion of mrp]
would lead to a profound decrease in virulence even when the
mutant was not in direct competition with the wild-type parent
strain. Hence, to address whether mrp] deficiency can directly af-
fect P. mirabilis virulence within the urinary tract, we challenged
mice with monocultures of P. mirabilis isolate HI4320 or the iso-
genic Amrp] mutant using a murine UTI model. As shown in Fig.
7, bladder colonization was highly compromised in the absence of
functional Mrp] (approximately 10,000-fold; P = 0.0079), whereas
kidney samples show a comparatively moderate effect. As previously
reported (32), there was no significant deviation in the in vitro growth
profile comparison between the mrp] mutant and wild-type HI4320,
indicating that Mrp] is involved in the regulation of the P. mirabilis
pathogenic lifestyle in the lower urinary tract.

DISCUSSION

The inverse interplay between fimbria-mediated attachment and
flagellar motility in P. mirabilis is critical for the establishment of a
successful infection in the urinary tract (5). Earlier studies have
shown that Mrp] plays an important role in this dynamic by pos-
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Statistically significant differences compared to the rpoA enrichment value as calculated by Student’s unpaired ¢ test are indicated by asterisks as follows: *, P <

0.05;**, P = 0.01; ***, P = 0.001.

itively regulating its own operon while repressing flagella through
the flagellar master regulator flhDC (32, 33). The present study
expands the role of Mrp] beyond this interplay by identifying an
array of cellular processes and target genes under its influence,
showing a more global regulation of virulence by this transcrip-
tional modulator. On the basis of our microarray and qRT-PCR
data, we propose that Mrp] is a master regulator of P. mirabilis
virulence (Fig. 8).

P. mirabilis HI4320 encodes 15 mrp]-type genes (33), and most
of these also act to repress motility. All but four are located within
fimbrial operons. We propose that Mrp] is the dominant regulator
of this network during UTIs. First, the highest levels of mrp] tran-
script are detected in urine samples from infected mice, and the
mrp operon is the most highly induced set of genes during the shift
from in vitro to in vivo growth (24). Second, 13/14 of the other
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mrp] paralogs are expressed during infection at or below back-
ground detection levels (24); the exception is orphan gene
PMI0982 which although detectable, is not differentially ex-
pressed in vivo. Third, the data we present demonstrate that Mrp]
controls numerous virulence processes, although this may occur
via intermediate factors, as microarrays cannot discriminate be-
tween indirect and direct regulation. Fourth, Mrp] regulates other
fimbrial operons, including fim8 and fim 14, both of which encode
mrp] paralogs. Indeed, fim8] was repressed by Mrp] in our mi-
croarray analysis. The aerated broth growth condition, while ben-
eficial for detecting regulation of flagella, is not ideal for fimbrial
expression, and it is possible that Mrp]J regulates additional fim-
briae that were not detected in this set of microarrays. Neverthe-
less, we performed our analysis using mid-logarithmic-phase cul-
tures, which allowed us to carefully adjust mrp] expression to
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FIG 7 P. mirabilis HI4320Amrp] challenge in a mouse model of ascending
UTL. Deficiency of mrp] compromises P. mirabilis fitness within the bladder.
Female mice were infected via transurethral catheterization with either wild-
type HI4320 or an isogenic mrp] mutant in an independent challenge experi-
ment. Each symbol represents the bacterial titer present in the bladder, kidney,
spleen, or urine of an individual mouse at 7 days postinoculation. Bars denote
median values for each group of mice (wild type (@] and mutant [O]). The
dotted line indicates the limit of detection for homogenized organ data. Sta-
tistical significance was determined using the Mann-Whitney U test. Data
depicted here are from two independent experiments.

mimic the amount that occurs during UTL. Last, two of the four
orphan mrp] paralogs, PMI0182 and PMI3508, were repressed by
Mrp]. However, an important question remains: do other Mrp]
paralogs contribute to virulence? It is possible that low levels of
transcription of one or more mrp] paralogs could trigger a regu-
latory cascade. Expression in trans of other mrp] paralogs leads to

MR/P fimbriae

Flagella

Swarm
Differentiation

FIG 8 Model for Mrp] as a master regulator of virulence. Mrp] directly represses flnDC and induces the mrp operon. Other fimbriae (e.g., PMF, Fim8), the T6SS,
cell surface modification systems (e.g., PagP, WzyE), and proteases (e.g., ZapA, Pta) are regulated by MrpJ, but this could be direct or indirect (represented by a
question mark).
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differing surface fimbrial appearances (33), and we now show that
ucaJ represses mrpA; it will be important to decipher the complete
regulatory networks of UcaJ and other Mrp] paralogs to fully un-
derstand how P. mirabilis coordinates the expression of fimbria-
encoding genes. It is possible that these related genes orchestrate
genetic programs beneficial to specific niches beyond the bladder.

The sequencing and annotation of prototypic P. mirabilis
strain HI4320 (8) revealed the presence of 17 different potential
chaperone-usher fimbriae in its genome. Our microarray analysis
has now shown that a number of these fimbriae are under the
control of MrpJ; while Mrp] augmented mrp gene expression,
pmfA, fim8A, and fimI4A were downregulated. Interestingly,
pmfA and fim8A were also repressed when gene expression was
monitored in mice infected with strain HI4320 (24). Fimbrial reg-
ulation is a quintessential aspect of virulence in many pathogens,
including causative agents of UTIs, and in many instances, more
than one fimbrial type contributes to disease progression depend-
ing on the environmental cues or tissue niches (4, 71). Although
several fimbriae, including MR/P, PMF, and Fim14, have been
reported to modulate P. mirabilis pathogenesis, little is known
about the regulation and combinatorial implication of fimbriae in
P. mirabilis-mediated UTIs (13, 15, 57, 72). To our knowledge,
this is the first report describing a molecular regulator simultane-
ously targeting a number of fimbriae in a positive or negative
manner in this uropathogen.

Among other differentially regulated targets, we identified fla-
gellum-related genes, including the flagellar master transcrip-
tional regulator flhDC as anticipated based on the previously re-
ported inverse play between MR/P and flagella (32, 33). Our
microarray data show that Mrp] not only regulates flagella but also
regulates factors specifically involved in swarming which are

Type VI
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X A
Pmp I" \
A '
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Swarm Swarm
Form Factors
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not necessarily under the control of FIhD,C,. These genes in-
clude the swarming regulator genes umoA and umoB (53), as
well as mrp] paralogs, which are not associated with fimbrial
operons (PMI0182 and PMI3508) (33).

A number of T6SS genes were also induced by MrpJ; among
them were the effector genes idsADE as well as seven T6SS struc-
tural genes. Although T6SS is involved in virulence in a variety of
pathogens (5, 73-75), its role in UTIs has not yet been investi-
gated. Recent reports have described the role of the P. mirabilis
T6SS in the competition of some strains over others (60, 62),
particularly when distinct isolates encounter each other while
swarming. However, during in vitro swarming, the mrp operon is
repressed (44). We speculate that the T6SS may play a swarming-
independent role during infection by mediating direct interaction
with the host, perhaps mediated by secretion of a different set of
effector proteins. It is also possible that MrpJ-mediated regulation
of T6SS components facilitates P. mirabilis swarming behavior
across catheter surfaces in a polymicrobial environment when sig-
nals from the host are encountered.

In addition to these factors, several other putative or known
virulence genes were revealed as the targets of MrpJ; the Pta toxin
and ZapA metalloprotease have already been shown to contribute
to UTI in mice (58, 76, 77). Mrp] regulates expression or modifi-
cation of cell surface molecules, such as lipoproteins and LPS,
which have been associated with virulence by other bacterial
pathogens (78-81), and we hypothesize these changes aid P. mi-
rabilis survival in the urinary tract by bolstering bacterial defenses
against the innate immune response.

We chose two candidate virulence operons to perform further
molecular analyses of MrpJ-mediated transcriptional regulation:
mrpABCDEFGH] and fIhDC, an activation and a repression target,
respectively. We used two molecular approaches to probe the na-
ture of the Mrp]J-target gene interactions: 3-galactosidase reporter
assays to determine the essential promoter element and ChIP
analysis to evaluate the in vivo MrpJ-chromosome interaction.
Our single-copy chromosomal operon fusions identified the nec-
essary promoter region on the mrpA upstream element (Fig. 3C).
Specifically, the highest LacZ activity was seen by the promoter
fragment from nucleotides —256 to +179, which includes the
invertible element region (Fig. 3C), and this was consistent with
our in vivo ChIP data showing direct Mrp] binding in this region
(fragment “e” [Fig. 5]). Interestingly, there was a mild decrease in
LacZ activity with the longer promoter fragments used in this
assay, indicating possible repressor binding. ChIP data further
support this hypothesis, as there was only a background level of
Mrp]J binding in this region (fragment “d”). Intriguingly, ChIP
also showed a second MrpJ-DNA interaction upstream of the
mrpA regulatory element in the intragenic region of mrpl. How-
ever, because the distal site did not contribute to transcriptional
activity of our reporter constructs, we believe that proximity of
Mrp] to this upstream region is influenced by the curvature and
conformation of DNA in this area of the native chromosome. A
previous report showed that mutation of mrp]J leads to the mrp
promoter invertible element being predominantly in the OFF ori-
entation (63). Our data suggest this could be due to either Mrp]
interaction with the invertible element or the mrpl coding se-
quence. It remains to be determined whether Mrp] binding to the
mrp promoter affects transcription of mrpl in vivo.

The presence of an upstream regulatory region in conjunction
with a more proximally situated (relative to the transcriptional
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start site) regulatory element is seen in many instances in bacteria
(69, 82), and in the case of the mrp promoter, it would provide for
an elegant mechanism of regulation between the recombinase
Mrpl and its target operon mrp. This is especially important for
genes involved in virulence, such as mrpA, to exert more stringent
control over transcriptional regulation depending on various en-
vironmental cues. Although our transcriptional reporters reaffirm
the notion of MrpJ-mediated autoregulation of the mrp operon,
we point out that the fold changes observed in the transcriptional
reporter assays are smaller than those reported for our microarray
data (Fig. 3; see Tables S3 and S4 in the supplemental material).
We hypothesize that the combination of integrating the reporters
at a nonnative chromosomal site, as well as the lower sensitivity of
B-galactosidase assays compared to qRT-PCR measurements,
contributed to this outcome.

Surprisingly, we detected a consistent intragenic ChIP signal in
our assay of MrpJ-mediated in vivo regulation of fIhDC. Internal
binding of transcriptional regulators within a gene in bacteria has
been seen in many instances, and recently, it has also been ob-
served for fIhDC and fliA (83—87). In this particular case of MrpJ-
flhDC regulation, these intragenic signals could originate from
additional MrpJ-DNA interactions, or alternatively, they could
arise from a condensed higher-order conformation of the P. mi-
rabilis chromosome in this region (67-70, 88). The intergenic re-
gion preceding the flhDC operon is quite large (over 2.7 kb) and
highly AT rich (24.7% GC versus 38.9% chromosomal GC con-
tent) in this pathogen. Although we tested fIhD transcriptional
reporters with Mrp], a significant reduction in flhD promoter ac-
tivity was not seen reproducibly (data not shown). We hypothe-
size that a much larger upstream fragment in its native state is
required to replicate MrpJ-mediated flhD promoter repression.
To support the critical role of flagellar motility in various stages of
this bacterium’s life cycle, a number of regulators (e.g., H-NS,
Crp, Lrp, ResB, LrhA) have been shown or implicated to influence
the fIhD upstream region (5, 66, 89-91). Furthermore, it has re-
cently been proposed that the Salmonella enterica global regulator
LeuO binds to DNA differently to initiate or impede transcription
of target genes (92). Distal as well as proximal binding profiles of
Mrp] were evident for both the mrp gene and the fIhD upstream
regulatory element in vivo, suggesting that the binding of MrpJ on
separate regions preceding its target genes occurs during both
gene activation as well as repression. Therefore, our results war-
rant further studies to define the precise regulatory mechanism
and structural reference of transcriptional regulation by Mrp].

An obvious binding sequence for Mrp] could not be identified
at this time. Although a repeat sequence was found in the Mrp]
binding region of the mrpA promoter, this sequence was not
found in the fIhDC promoter. It is not uncommon for global bac-
terial transcriptional regulators to lack a consensus binding motif;
in fact, a low level of binding specificity has been proposed as a
genomic diagnostic tool to identify factors regulating genome-
wide targets versus the local transcriptional regulators with highly
specific binding sites (69, 70, 82, 93).

In P. mirabilis, this is the first report of a transcriptional mod-
ulator regulating a variety of processes, including several aspects
of virulence. Our independent challenge experiments further
highlight the critical role of Mrp] in virulence regulation in this
bacterium. While the contribution of this regulator to UTI pro-
gression has been documented earlier in a cochallenge experiment
in the presence of a wild-type counterpart (32), the direct modu-
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latory effect of Mrp] deficiency is more evident in an individual
challenge. However, the ability of this mutant to ascend to the
kidney in spite of a poor bladder colonization profile implies that
there could be other fimbriae compensating for the loss of MR/P
fimbriae or perhaps involvement by other Mrp] paralogs.

In summary, this report analyzes the molecular nature of
MrpJ-mediated transcriptional regulation in P. mirabilis by ex-
tending its contribution beyond the reciprocity of adherence and
motility and introduces this regulator of transcription as a multi-
faceted virulence regulator of UTIs.
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