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Background: When P fimbrial adhesins are expressed in uropathogenic E. coli, PapX represses motility.

Results: SELEX combined with high throughput sequencing, using PapX as bait, identified a novel binding site.

Conclusion: PapX represses motility by binding a unique nucleotide sequence within the fIZDC promoter.

Significance: Combining SELEX and high throughput sequencing technology represents a powerful new method to identify

bacterial transcription factor binding sites.

Most uncomplicated urinary tract infections (UTIs) are
caused by uropathogenic Escherichia coli (UPEC). Both motility
and adherence are integral to UTI pathogenesis, yet they repre-
sent opposing forces. Therefore, it is logical to reciprocally reg-
ulate these functions. In UPEC strain CFT073, PapX, a non-
structural protein encoded by one of the two pap operons
encoding P fimbria adherence factor, represses flagella-medi-
ated motility and is a putative member of the winged helix tran-
scription factor family. The mechanism of this repression, how-
ever, is not understood. papX is found preferentially in more
virulent UPEC isolates, being significantly more prevalent in
pyelonephritis strains (53% of isolates) than in asymptomatic
bacteriuria (32%) or fecal/commensal (12.5%) strains. To exam-
ine PapX structure-function, we generated papX linker inser-
tion and site-directed mutants, which identified two key resi-
dues for PapX function (Lys®* and Arg'?’) within domains
predicted by modeling with I-TASSER software to be important
for dimerization and DNA binding, respectively. To determine
the PapX binding site in the CFT073 genome, systematic evo-
lution of ligands by exponential enrichment (SELEX) in con-
junction with high throughput sequencing was utilized for
the first time to determine a novel binding site for a bacterial
transcription factor. This method identified a 29-bp binding
site within the fIhDC promoter (T TACGGTGAGTTATTT-
TAACTGTGCGCAA), centered 410 bp upstream of the flhD
translational start site. Gel shift experiments demonstrated
that PapX binds directly to this site to repress transcription of
flagellar genes.

* This work was supported, in whole or in part, by National Institutes of Health
Public Health Service Grants Al43363, Al59722, Al007528, and T32
GMO07863.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables 1 and 2 and Figs. 1-3.

' To whom correspondence should be addressed: Dept. of Microbiology and
Immunology, University of Michigan Medical School, 1150 W. Medical Cen-
ter Dr., 5641 Medical Science Bldg. Il, Ann Arbor, MI 48104. Tel.: 734-763-
3531; Fax: 734-764-3562; E-mail: hmobley@umich.edu.

44726 JOURNAL OF BIOLOGICAL CHEMISTRY

Urinary tract infection (UTI)? is a costly and potentially dan-
gerous malady in the United States, associated with an esti-
mated healthcare cost of $3.5 billion in 2000 (1) and 479,000
hospitalizations in 2006 (2). The most common cause of
uncomplicated UTI in humans is uropathogenic Escherichia
coli (UPEC) (3). Typically, infection proceeds when bacteria
colonize the periurethral area, gain access to the urinary
tract, and ascend to the bladder, causing cystitis, or further
ascend to the kidneys, causing the clinically more severe
acute pyelonephritis.

To establish an infection of the bladder or kidneys during
UTI, ascension of the urinary tract is an essential component of
pathogenesis. To ascend, however, bacteria must first resist
being expelled by the flushing mechanism of voiding while also
engaging in upward motility. To avoid elimination, bacteria use
fimbriae, cell surface appendages carrying adhesins, to bind to
glycolipid or glycoprotein receptors expressed on the surface of
uroepithelial cells, to immobilize themselves along the walls of
the urinary tract. Although UPEC strains can encode more than
10 different types of fimbriae, certain fimbriae have been iden-
tified as critical to the development of a UTI. For example,
mutations in genes encoding Type 1 fimbriae greatly reduce the
ability of UPEC to cause UTI in a murine model of infection (4).
P fimbria, encoded by the pap (pyelonephritis-associated pili)
operon (5), binds to Gala(1-4)BGal moieties of P blood group
antigen, a glycosphingolipid, present on the surface of kidney
epithelial cells of most humans (6, 7). In epidemiological stud-
ies, the presence of P fimbria is strongly associated with UPEC
strains in general and development of upper UTI in humans in
particular (8, 9), although the importance of P fimbriae in a
murine model of infection has not been firmly established (10).
To ascend, UPEC relies on flagella, organelles that mediate
motility. Flagellar expression is controlled by the master regu-
lators of motility, fIhD and fIhC, whose gene products together

2The abbreviations used are: UTI, urinary tract infection; UPEC, uropatho-
genic E. coli; SELEX, systematic evolution of ligands by exponential enrich-
ment; IPTG, isopropyl B-b-thiogalactopyranoside; SOC, Super Optimal
broth with catabolite repression.
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regulate the first step of a tiered regulatory cascade that results
in the production of flagella (reviewed in Ref. 11 and references
therein). Flagella clearly also contribute to virulence of UPEC in
a murine model of UTI (12) and are important in bacterial
ascension via the ureters from the bladder to the kidneys (12,
13).

Motility, mediated by flagella, and adherence, mediated by
fimbriae, are inherently antagonistic forces when simultane-
ously expressed. The immobilizing effect of fimbriae would
limit the motility of flagella, and increased motility by flagella
would reduce the ability of bacteria to adhere at one site, yet
both motility and adherence contribute significantly to the
development of UTL. Thus, it is logical that bacteria would have
in place a mechanism to reciprocally control motility and
adherence.

It has been shown previously in Proteus mirabilis, a UPEC-
related Gram-negative enteric bacterium also capable of caus-
ing UTI, that Mrp], a protein encoded by the MR/P fimbrial
operon, inhibits both swarming and swimming motility (14). In
UPEC, flagella are coordinately expressed during urinary tract
infection (15). Recent studies in UPEC have demonstrated that
PapX, a non-structural 183-amino acid protein of the highly
conserved 17-kDa family and a functional homolog of Mrp]J,
which is encoded by the PAI-CFT073,,., but not PAI-
CFT073,,,.,,-associated pap operon, down-regulates motility
by repressing the expression of flagella (16). The presumed
mechanism of repression is the direct binding to the fIZDC pro-
moter, the master regulator of flagellar synthesis (17). However,
the precise mechanism of repression and structure-function
relationships within PapX are unknown.

To further our understanding of the mechanism of PapX-
mediated repression of motility, we functionally characterized
the PapX protein and used systematic evolution of ligands by
exponential enrichment (SELEX) in conjunction with high
throughput sequencing technology to identify a novel DNA
binding site for PapX within the f/hDC promoter. To the best of
our knowledge, this is the first description of the use of SELEX
in conjunction with high throughput sequencing technology in
bacteria to study DNA-binding proteins and the first time these
techniques have been used to identify a novel binding site
instead of to confirm or refine known binding sites. Our appli-
cation of SELEX with high throughput sequencing provides for
novel advantages over previous techniques for identifying bac-
terial transcription factor binding sites and may serve as the
paradigm for future high throughput screens. Because
the 17-kDa family of genes is highly conserved, by elucidating
the mechanisms underlying reciprocal control of motility by
PapX in UPEC, we will be better equipped to manipulate and
disrupt this important regulatory cascade and virulence prop-
erty of a pathogenic microbe.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—For bacterial strains and
plasmids used in this study, see supplemental Table 1. E. coli
CFT073, a fully sequenced (18) strain of UPEC, was cultured
from the blood and urine of a hospitalized patient with acute
pyelonephritis and urosepsis (19). E. coli BL21(DE3) was used
for overexpression of PapX-His,. All E. coli strains were cul-
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tured overnightat 37 °C in Luria broth with aeration or on Luria
agar plates containing either ampicillin (100 wg/ml), chloram-
phenicol (20 pg/ml), kanamycin (25 ug/ml), or no antibiotic.
For Western blots, PapX was expressed from the isopropyl 3-p-
thiogalactopyranoside (IPTG)-inducible plasmid pPxWT in
E. coli K12 strain MG1655 in the presence or absence of 300 um
IPTG. Growth curves were generated in triplicate using a
Microbiology Reader Bioscreen C (Oy Growth Curves AB, Ltd.)
in 0.2-ml volumes; Ay, was recorded every 15 min for 24 h.

Motility Assay—Flagellum-mediated motility was measured
as described previously (16). Briefly, soft Luria agar (0.25%
(w/v)) plates containing ampicillin (100 pwg/ml) were stabbed in
the center using an inoculating needle with either Luria broth
cultures normalized to A,,, = 0.9—-1.0 or colonies struck onto
plates the day prior. Care was taken not to touch the bottom of
the plate during inoculation to ensure that only swimming
motility was assessed. Plates were incubated at 30 °C for 16 h,
and swimming diameter was measured. Results were analyzed
using a paired ¢ test.

Construction of flhDC-lacZ Fusions and B-Galactosidase
Assays—Nested deletions of the flhDC promoter were fused to
lacZ using a promoterless lacZ-containing plasmid, pRS551,
using a previously described methodology (20). Briefly, primers
containing flanking BamHI or EcoRI overhangs were designed
to amplify DNA fragments that were 130, 215, 360, 501, 597,
and 718 bp upstream of the translational start site of fIhD of
E. coli CFT073 (supplemental Table 2). Fragments and the
pRS551 vector were digested with EcoRI and BamHI and
ligated to form constructs pRS551 , to pRS551 (supplemental
Table 1). Electrocompetent E. coli DH5« was electroporated
with pRS551, to pRS551, incubated for 1 h in 500—800 ul of
Super Optimal broth with catabolite repression (SOC), and
plated onto Luria agar plates containing kanamycin (25 ug/ml).
Plasmids were extracted from Kan® colonies using a Miniprep
kit (Qiagen) and sequenced to confirm the proper fusion con-
structs. Plasmid constructs were transformed into E. coli
CFTO073 ApapXAlacZ (Cam®) or E. coli CFT073 AlacZ (Cam®).
B-Galactosidase activities of the constructs were measured
using the modified Miller assay as described (21). Briefly, over-
night cultures of each construct were diluted 1:100 in LB broth
and incubated at 37 °C with aeration. A, was measured after
2.5 h, and samples (5 pl) were added to 95 ul of 100 mm
Na,HPO,, 20 mm KCl, 2 mm MgSO,, 0.8 mg/ml cetyltrimeth-
ylammonium bromide, 0.4 mg/ml sodium deoxycholate, 5.4
ml/ml B-mercaptoethanol to lyse bacterial cells. Lysates (100
wul) were mixed with 600 ul of 60 mm Na,HPO,, 40 mm
NaH,PO,, 1 mg/ml ortho-nitrophenyl-B-galactoside, 2.7 ul/ml
B-mercaptoethanol reaction buffer and incubated at 30 °C.
Reactions were stopped after 5-25 min with 700 ul of 1 m
sodium carbonate. Bacterial cells were pelleted by centrifuga-
tion (10,000 X g, 10 min, 23 °C), and A ,,, of the supernatant was
measured. Miller units were computed using the formula,
1000 X (A 450)/(Agoo X 0.05 X time in min). Results were com-
pared using a paired ¢ test.

Construction of E.coli Mutants—Deletion mutants were
constructed using the A-red recombinase system (22). Briefly,
flanking homologous primers were designed (supplemental
Table 2) and used to generate amplicons from plasmid pKD3 or
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pKD4 to generate kanamycin or chloramphenicol resistance
cassettes. Amplicons were treated with Dpnl for 3 h at 37 °C to
remove parental DNA and transformed into electrocompetent
CFTO073 bacteria expressing pKD46 induced in 10 mMm (final
concentration) arabinose. Resistance cassettes were removed
by transforming resultant constructs with pCP20 and leaving
cultures to incubate at 37 °C overnight.

Site-directed mutants were constructed in pPxWT using the
QuikChange II kit (Stratagene) according to the manufacturer’s
instructions. Briefly, overlapping primers were designed to
contain nucleotide substitutions and used for rolling PCR of
pPxWT. PCR products were treated for 3 h with Dpnl at 37 °C
to remove parental DNA. Amplicons were transformed into
electrocompetent CFT073 and recovered for 1 h in 500 — 800 ul
of SOC, and then 200 ul was plated onto LB agar containing
ampicillin (100 wg/ml). Resistant colonies were cultured over-
night in LB broth at 37 °C, and plasmid DNA was extracted and
sequenced as described above.

PapX Purification—Nucleotides encoding amino acids
13-183 of PapX were cloned into pMCSG7 in front of a His,-
TEV cleavage site by ligation-independent cloning. pMCSG7
was transformed into E. coli BL21 (DE3). Bacteria were cul-
tured in 500 ml of terrific broth in a 2-liter flask at 250 rpm at
37 °C to Agoo = 1.0 and then cooled to room temperature for
1 h. Bacteria were induced overnight with 300 um IPTG. After
induction, cells were centrifuged (13,000 X g, 20 min, 4 °C), and
pellets were frozen at —80 °C. Frozen pellets were suspended in
20 mm Tris-HCI, pH 8.0, 10% glycerol, 1 mm DTT, 300 mm
NaCl and ruptured by sonication using a blunt tip probe for
seven cycles of 60% maximum energy for 30-s bursts with 1-min
intervals to cool (GENEQ, 500-watt ultrasonic processor). The
lysate was centrifuged (112,000 X g, 1 h, 4 °C), and the super-
natant was passed through a 0.22-um pore size filter (MillexGP,
Millipore) and incubated for 1 h at 4 °C with 510 ml of Ni**-
NTA resin (Invitrogen). Resin was washed three times in 20 mm
Tris-HCI, pH 8.0, 10% glycerol, 1 mm DTT, 300 mm NaCl, 20
mM imidazole, and protein was eluted with 20 mm Tris-HCI, pH
8.0, 10% glycerol, 1 mm DTT, 300 mm NaCl, 500 mm imidazole.
Protein was concentrated to 2 mg/ml, and 50-ul aliquots were
frozen at —80 °C. The presence of PapX was confirmed as the
predominant species on a 12% acrylamide gel. Bands were ana-
lyzed using tandem mass spectroscopy (LC-MS/MS) by the
Michigan State University Proteomics Core Facility.

Electrophoretic Motility Shift Assays—Gel shift assays were
performed as described (16) with the following modifications.
Recombinant PapX-His,, expressed from pMCGS7, was puri-
fied as described above and used for gel shift assays. The DNA
fragment used was the —345 through —501 bp region upstream
of the fIhD translational start site in E. coli CFT073. Poly(dI-dC)
and poly-L-lysine were substituted with tris-EDTA-sodium
(TEN) buffer in the binding reaction. Competition was per-
formed using four unlabeled fragments. Three fragments
(TTACGGTGAGTTATTTTAACTGTGCGCAA, TTACGG-
TGAGTTATTTTAAC, and GTTATTTTAAC) were derived
from the predicted PapX binding site from SELEX (see
“Results”). The fourth fragment (ACTCCACTCACGGCCGT-
TTCGACGGTACCG) was derived from the gapA promoter,
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which has previously been demonstrated not to shift in the
presence of PapX (16).

Genomic SELEX—A library of 80-100-bp sequences was
generated from CFT073 genomic DNA and paired end-ligated
as described (23) at the University of Michigan DNA Sequenc-
ing Core. PapX-His, was purified as described above; however,
before eluting bound protein, 200-ul samples of the resin were
incubated with gentle agitation for 30 min at 37 °C in the pres-
ence of 150 ng of library DNA. The resin was washed with 20
mm Tris-HCI, pH 8.0, 10% glycerol, 1 mm DTT, 300 mm NaCl,
20 mM imidazole to remove unbound library fragments, and
bound DNA-PapX complexes were eluted using the same
buffer but containing 500 mm imidazole. DNA was isolated
from the eluted complexes by two phenol/chloroform extrac-
tions. DNA was subjected to 12—15 rounds of PCR using prim-
ers specific to the ligated paired ends to ensure that no contam-
inating DNA was amplified. Libraries were quantified using
quantitative PCR. The resultant library (150 ng) was run again
over a fresh 200-ul sample of PapX-His, bound to Ni*"-NTA
resin, and the process was repeated four times. The unselected
library, as well as enriched rounds two, three, and four, were
sequenced using [llumina high throughput sequencing. A local
BLAST comparison to the CFT073 genome was done for each
short read per run, and the number of reads at each chromo-
somal position in CFT073 was recorded. Matlab (Student ver-
sion 7.12.0) was used to identify peaks that had enriched com-
petitively throughout the cycles of amplification to identify
relevant peaks. 60-bp regions, centered on each relevant peak,
were analyzed using the MEME suite (24) to generate the most
likely motifs.

Protein Structural Predictions—PHYRE (version 0.2) (25)
and I-TASSER (version 1.1) (26, 27) were employed to predict
the most likely structure of the PapX protein. The model pre-
dicted by I-TASSER was rendered using the PyMOL Molecular
Graphics System (version 1.3, Schrodinger, LLC). Recombinant
purified PapX-His, was also analyzed by size exclusion chroma-
tography on a Sephacryl S-200 size exclusion column (GE
Healthcare) and seminative gel electrophoresis in 12% SDS-
polyacrylamide gel.

Antiserum Production—Antiserum to PapX was commer-
cially generated in rabbits using a polyclonal antibody fast pro-
duction protocol (Rockland Immunochemicals Custom Anti-
body Services) from a single-protein peak eluted from a
Sephacryl S-200 size exclusion column (GE Healthcare) of
nickel affinity-purified recombinant PapX-His,.

Transcriptional Profiling—Quantitative real-time PCR was
performed as described (16). Briefly, total RNA, extracted from
200 wl of bacterial culture, was reverse-transcribed to generate
¢DNA and analyzed using SYBR Green and primers for 100-bp
fragments of genes of interest (supplemental Table 2). gapA was
used as a normalizer for all conditions.

DNase Footprinting—Primers, end-labeled with 6-carboxy-
fluorescein, were used to generate fluorescent probes from the
first 130-, 215-, 360-, and 500-bp fragments of the fIhDC pro-
moter as well as a 300-bp fragment of the gapA promoter. Frag-
ments were incubated with purified recombinant PapX-His,
and exposed to low levels of DNase I for 1-10 min. Sheared
fragments were processed by electrophoresis (as for DNA
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FIGURE 1. Alignment of PapX homologs in the 17-kDa family. PapX homologs of the 17-kDa protein family were aligned using ClustalW (DNA star, Lasergene
suite, Megalign, version 8.0.2(13), 412). Perfect consensus is shown above. Positions with imperfect amino acid identity between homologs are shown as dots.
Amino acid residues that represented the minority for that position are shaded in black within each homolog’s amino acid sequence. The seven family members
are =93% identical to one another at the amino acid level past residue 17. The N-terminal start site annotation in homologs (boxed) is the result of in silico

analysis and has not been experimentally verified.

sequencing) to produce chromatograms representing all
sheared fragments and examined for stretches of troughs
between peaks.

Multiplex PCR—Multiplex PCR was performed using meth-
ods and a 294-member subset of a 315-member strain collec-
tion as described (28, 29). Primers were designed to unique
flanking sequences of papX and focX and common regions of
both (supplemental Table 2).

Seminative Gel Electrophoresis—Non-reducing/seminative
gel electrophoresis was performed as described previously (30).
Briefly, protein was isolated as described above. SDS-PAGE
loading buffer lacking dithiothreitol was added to samples,
which were electrophoresed in the presence of 0.1% SDS on a
12% acrylamide gel (3.75% stacking gel) at 200 V for 1 h at room
temperature. Gels were stained using Coomassie Brilliant Blue
R-250 dissolved in a buffer composed of 10% acetic acid, 40%
methanol, and 50% water. Gels were destained in a buffer com-
posed of 10% acetic acid, 40% methanol, and 50% water.

RESULTS

PapX Has Homologs in Extraintestinal Pathogenic E. coli—
To assess the distribution and conservation of PapX, we com-
pared the amino acid sequence of PapX homologs using
ClustalW. PapX has six closely related homologs of the 17-kDa
protein family among strains of UPEC and meningitis-associ-
ated E. coli, with over 93% amino acid identity between them
(Fig. 1). Three of the 10 non-identical residues are substitutions
between Ala and Val or Ile and Val. Four non-identical sites
contain either Ala or Thr. These features result in pairs of PapX
homologs sharing up to 99% amino acid sequence identity.

Prevalence of PapX Homologs among UPEC—To assess the
prevalence of papX in UPEC strains, a collection of 294 E. coli
strains representing a range of isolates from fecal/commensal
strains (n = 88) to strains isolated from clinical cases of asymp-
tomatic bacteriuria (n = 54), complicated UTI (n = 39),
uncomplicated cystitis (# = 37), and acute pyelonephritis (1 =
76) was examined by multiplex PCR for the presence of papX
homologs. Primers were designed to unique flanking sequences
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of papX and focX and to common regions of both to amplify
fragments of a specific size (Fig. 24, supplemental Table 2).
Within this collection, 53% of pyelonephritogenic strains of
E. coli contained at least one copy of papX, the highest preva-
lence within the strain collection and significantly more preva-
lent than the 32% of asymptomatic bacteriuria strains (p =
0.0192). Only 12.5% of fecal/commensal E. coli contained at
least one copy of papX, the lowest prevalence within the strain
collection and significantly less prevalent than in asymptomatic
bacteriuria strains (p = 0.0081) (Fig. 2B). focX, a close homolog
of papX, did not vary significantly in prevalence within the
UPEC strain collection (p = 0.7927) (Fig. 2C). This was not
surprising because focX is closely associated with genes encod-
ing F1C fimbria, which appears more closely associated with
meningitis-associated strains than with UTI-associated strains
(31).

The association of the pap operon, which encodes P-fim-
briae, with pyelonephritogenic strains of UPEC is well docu-
mented, with 77% of pyelonephritogenic isolates containing P
fimbriae, as compared with only 23% of cystitis, 20% of asymp-
tomatic bacteriuria, and 16% of fecal/commensal isolates (8, 9).
59% of all strains tested carrying at least one copy of papG also
carried at least one copy of papX. Therefore, to differentiate the
influence of the increased representation of the pap operon in
UTI-causing UPEC from the role of papX alone, we quantified
the prevalence of papX in strains containing pap operons for
each type of strain within the collection, using the prevalence of
papG as a proxy for the prevalence of the pap operon (29).

Within strains that contained both the pap operon and papX,
the relative prevalence of papX compared with papG was sig-
nificantly higher in cystitis-causing strains of E. coli as com-
pared with fecal/commensal strains (p = 0.0165) (Fig. 2D). The
prevalence of strains containing both focX and focH, a proxy for
the presence of F1C fimbriae, was not significantly different
between UTI-causing strains of E. coli and fecal/commensal
strains of E. coli (p = 0.2222) (Fig. 2E). These data indicate that
the presence of papX, but not focX, is strongly associated with
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FIGURE 2. Multiplex PCR to analyze a 294-member library of UPEC and
fecal/commensal isolates for the presence of papX, focX, and nonspecific
17-kDa family genes. A, three primer sets were designed to amplify a 607-bp
fragment of papX and flanking region, a 449-bp fragment of focX and flanking
region, and a 249-bp region common to all papX homologs. All primer sets
shared a common reverse primer (supplemental Table 2, papXMltplxRev)
with a unique forward primer (supplemental Table 2, papXMItPIxfwd, focXM-
[tPIxfwd, and XMItPIxfwd). papX and focX contain nearly identical nucleotide
sequence, so unique primers for each originated in the sequence flanking
each gene. Fragments were sequenced to confirm their composition. Each
fragment was generated from extracted, pooled CFT073 WT genomic DNA
and separated on 2% agarose gel. The prevalence of papX (B) and focX (C)
within the library was scored by the appearance of their respective amplicon
during multiplex PCR within each strain type. The percentage of papX-con-
taining (D) or focX-containing (E) strains within papG- or focH-containing
strains, respectively, is shown.

UPEC. Taken together with the highly conserved nature of the
protein sequence between PapX homologs, these data suggest
that PapX is a contributor to UPEC virulence but that encoding
papX alone is not sufficient to convey virulence to E. coli
strains.

Functional Characterization of PapX—W'e previously dem-
onstrated that PapX down-regulates motility (16, 32). In strain
CFT073, deletion of the single copy of papX, which resides on
the PAI-CFT073,,,.,~ but not PAI-CFT073,,,,.,,-associated pap
operons (16), results in increased motility as compared with
wild type. On the contrary, overexpressing papX from the leaky,
inducible plasmid pPxWT repressed motility. papX overex-
pression in CFT073 (pPxWT) has a specific transcriptional
effect, with 38 of 42 differentially expressed genes being associ-
ated with motility and the downstream effects of flhD and fThC
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FIGURE 3. Effect of papX and papX R127G mutant on motility of UPEC and
a non-pathogenic E. coli. E. coli CFT073 and K12 MG1655 were transformed
with pPXWT (WT papX), pR127G (papX R127G mutant) or pT21A (papX T21A
mutant). Constructs were then stabbed into soft agar plates and incubated at
30 °C. The diameter of swimming motility was recorded after 16 h. For each
construct, assays were performed on four biological replicates in triplicate.
A, compared with vector control (dashed line) in CFT073, pPxWT and pT21A
reduced motility significantly, but pR127G did not. B, none of the three con-
structs influenced motility significantly differently from vector control in K12
MG1655. Error bars, S.E.

regulation, the master regulator of motility (16). Coupling this
finding with the finding that papX appears to be strongly asso-
ciated with uropathogens, we introduced papX, carried on
pPxWT, into strain CFT073 and the prototypical non-patho-
genic fecal/commensal E. coli K12 strain MG1655. Motility
assays, performed on the resulting transformants, demon-
strated that CFT073 had reduced motility in the presence of
papX when compared with vector control (Fig. 34) but that
papX had no effect on the motility of the non-pathogenic K12
strain MG1655 (Fig. 3B). This informed us that the role of papX
is pathogen-specific.

To investigate structure-function relationships within PapX,
we constructed a library of linker insertion mutations within
papX in pPxWT. 15-nucleotide insertions were randomly
introduced along the coding sequence of papX. 30 unique in-
frame insertions were generated, covering amino acid residues
15-162 of PapX. Each of the 30 insertional mutants was elec-
troporated into CFT073 ApapX. The growth rates of the trans-
formants were not significantly different from CFT073 ApapX
complemented with either wild-type papX or vector control
(supplemental Fig. 1). Motility was measured for each construct
in soft agar, side-by-side with motility assays of CFT073 ApapX
complemented with either pPxWT (which encodes papX) or
pVector (vector control) (Fig. 44). We found two regions of
papX (residues 51-74 and 103-133) that, when mutated, ren-
dered PapX unable to repress motility (Fig. 44, boxes). Inser-
tions into either of these regions abolished PapX activity,
resulting in motility similar to that observed for the CFT073
ApapX construct containing vector alone. These results sug-
gested that these two regions were critical for PapX function.

We reasoned that structural modeling would provide insight
into the structure and function of this DNA-binding protein.
Indeed, structural models of PapX generated using I-TASSER
(26, 27) and PHYRE (25) suggested that PapX is likely to be a
member of the MarR family of helix-wing-helix homodimeric
transcriptional regulators (Fig. 4B). Size exclusion chromatog-
raphy and seminative SDS-PAGE confirmed that PapX is a
dimer (supplemental Fig. 2). The MarR family of transcription
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FIGURE 4. Motility index of 15-bp insertional mutants of papX. A, 30 in-frame 15-bp insertions were made in papXin pPxWT. The 30 constructs, pPxWT (WT
papX), and pVector (empty vector) were electroporated into CFT073 ApapX. Motility was assessed in soft agar and compared relative to CFT073 ApapX
electroporated with pPxWT. Vertical boxes indicate regions of loss of function. Top and bottom horizontal boxes represent motility of CFT073 ApapX electro-
porated with pVector or with pPxWT, respectively. The presence of positively charged residues is indicated along the bottom. B, I-TASSER software was used to
generate a predicted structural model based on the amino acid sequence of PapX. Arrows indicate putative DNA binding (Arg'?’) and dimerization (Lys®*)
regions of the protein. G, site-directed mutants of papX were made in pPxWT and transformed into a CFT073 ApapX background. Soft agar motility assays were
performed on the resulting constructs, performed in triplicate using biological triplicates. Boxes indicate regions sensitive to mutation determined in A by
linker-insertional mutagenesis. Solid bars are not significantly different from vector control (dashed line). D, Western blot showing pPxWT (WT PapX), pR127G
(PapX R127G mutant), and pK54N (PapX K54N mutant) transformed into E. coli strain K12 either uninduced or induced with 300 mm IPTG. Bands migrate with

the same electrophoretic mobility for mutants and wild-type PapX by seminative SDS-PAGE (12% acrylamide). Error bars, S.E.

factors tends to rely on specific positively charged residues,
often Arg, to mediate DNA binding interactions (33-37) and
dimerization. When the predicted structure is compared with
existing MarR family proteins (33, 34), the two regions of PapX
sensitive to insertional mutagenesis (amino acid residues 51-74
and 103-133) were predicted to occur in dimerization and
DNA-binding domains, respectively (Fig. 4B, arrows).

To investigate the role of the two regions in PapX highlighted
by insertional mutagenesis, site-directed mutants were con-
structed, in which positively charged residues were substituted
with non-positively charged residues in pPxWT (supplemental
Table 1). Site-directed mutant constructs were transformed
into CFT073 ApapX, and motility assays were performed for
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the resulting transformants (Fig. 4C). We found that two
mutants, K54N and R127G, abolished PapX activity, producing
the same motility phenotype as vector control (solid bars). We
confirmed that each of these mutants produced PapX of the
predicted apparent molecular weight as assessed by Western
blot (Fig. 4D) by overexpressing each construct from an induc-
ible vector in the K12 background, which lacks a native papX or
papX homolog. These results indicated that either of these sin-
gle amino acid substitutions alone is capable of ablating PapX
activity, suggesting that Lys®* and Arg'>” are key residues nec-
essary for PapX function.

By homology modeling, Lys®* and Arg'*” appear to occur in
the predicted dimerization domain and DNA binding domain
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FIGURE 5. PapX R127G mediates motility and flagellar transcription.
A, CFT073 ApapX was complemented with pVector, pPxWT (WT papX), or
pR127K (PapX R127K mutant), and motility was assayed for each construct
using soft agar motility assays. Motility of CFT073 ApapX electroporated with
either pVector or pR127K was not significantly different from one another (NS,
p > 0.05), and both were significantly more motile (¥, p < 0.05) than CFT073
ApapX electroporated with pPXWT. B, pR127G (PapX R127G mutant), pPxWT
(WT papX), and pVector (empty vector) were electroporated into CFT073
ApapX. RNA was isolated and analyzed using quantitative PCR, using gapA as
the normalizer. Bars indicate -fold change in expression of flhD and flhC com-
pared with CFT073 ApapX electroporated with vector control. Dashed lines
indicate 1-and —1-fold (no differential change in expression). Compared with
the presence of pVector, both flhD and flhC transcript levels were decreased
in the presence of pPxWT, but levels were unchanged in the presence of
pR127G. Error bars, S.E.

N

of PapX, respectively. In MarR family proteins, often an Arg in
the wing of the winged helix domain is implicated in DNA bind-
ing (33-36, 38). Our alignment suggested that this conserved
Arg corresponds to Arg'®” in PapX. To further investigate the
Arg"®” mutant, we used site-directed mutagenesis to construct
an R127K mutant containing a different positively charged res-
idue. Surprisingly, the R127K mutant also disrupted PapX func-
tion, as assessed by motility assay (Fig. 54), suggesting that
Arg'?” is akey residue in PapX that is characteristic of the MarR
family’s DNA-binding protein fold (33, 34) and that positive
charge at position 127 alone is not sufficient for activity.

To better understand the motility phenotype of the Arg'?”
mutant, we compared the transcriptional profile of our R127G
mutant expressed from pR127G, wild-type PapX expressed
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FIGURE 6. PapX repression of flnDC-lacZ promoter fusions. Nested dele-
tions of the flhDC promoter were fused to promoterless lacZ in pRS551. Dele-
tions contained progressively less of the 5’-end of the promoter. pRS551-
flhDC promoter constructs were transformed into CFT073 WT (black bars) or
CFT073 ApapX (white bars). No significant difference (NS, p > 0.05) was
observed in B-galactosidase activity as assessed by a Miller assay between
CFT073 WT and CFT073 ApapX using a one-tailed t test when only the first 360
bases of the flhDC promoter was included. Significant differences (*, p <
0.025) were observed when 501 bases or more of the flhDC promoter was
included in the fusion construct. Error bars, S.E.

from pPxWT, and vector control expressed from pVector in
CFT073 ApapX by quantitative real-time PCR (Fig. 5B).
Expression of flhD and fIhC in the presence of the pR127G
mutant was not significantly different from vector control,
whereas pPxWT significantly reduced transcription of fI2D and
flhC as well as downstream genes (p = 0.0091 and p = 0.0469,
respectively) (Fig. 5B). Taken together, these results suggest
that Arg'*” is a key residue required for full PapX function and
plays a residue-specific role in the repression of motility by
regulating expression of fIhD and fIhC.

PapX Binds to a Specific DNA Motif within the flaDC
Promoter—Transcriptional data assessed by microarray, quan-
titative real-time PCR, and homology modeling suggested that
PapX is a DNA-binding protein that acts directly on the fIhDC
promoter (16) (Figs. 4B and 5B). As assessed previously by elec-
trophoretic mobility shift assay (EMSA), PapX interacts with
the 500 bases upstream of the fI1D translational start site (16).
However, we had no data regarding sequence specificity of the
target. To validate these results and to hone in on the region of
the fIhDC promoter recognized by PapX, we constructed
nested deletions of the fIhDC promoter and fused them to a
promoterless lacZ in pRS551. Fusion constructs were trans-
formed into CFT073 AlacZApapX and CFT073 AlacZ.
B-Galactosidase activity was measured using a modified Miller
assay as a surrogate for promoter activity (21) (Fig. 6). A signif-
icant PapX-dependent difference in B-galactosidase activity
was observed in all fragments containing at least 501 bases of
the fThDC promoter (p < 0.025) but not in the fragment con-
taining =360 bases of the flhDC promoter (p > 0.13). This
suggests that PapX exerts its effect between —360 and —501
bases upstream of the flhDC start site. Additionally, DNase pro-
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TABLE 1
Recombinant PapX purity by LC-MS/MS
Protein Ontology emPAI” Coverage
%

PapX Transcriptional regulator 28.21 60
L-Glutamine:D-fructose-6-phosphate aminotransferase Metabolism 0.69 44
cAMP receptor protein Transcriptional regulator 2.27 53
FKBP-type peptidyl-prolyl cis-trans-isomerase Protein folding 0.55 17
Aconitate hydrase B Metabolism 0.03 1
30 S ribosomal subunit S3 Translation 0.13 5

“ Exponentially modified protein abundance index, an estimate of the prevalence of a species in a sample analyzed by LC-MS/MS.

tection and EMSAs on the first 360 bases of the flhDC promoter
failed to demonstrate sequence-specific effects (supplemental
Fig. 3). Although MarR family members often act near the —10
and —35 sequences of promoters to sterically regulate gene
expression, this is not always the case (37). For example, it has
also been shown previously in EHEC, a relative of UPEC, that
the flhDC promoter has a drastically reduced ability to drive
gene expression when fewer than 300 bases of the 3'-end of the
promoter are present (20), as is the case with our fusions. This
suggests that positive factors exist upstream of 300 bases that
could be antagonized by a suppressor of fIhDC transcription,
such as PapX.

PapX Binds to a Short Motifin the CFT073 Chromosome—To
determine the exact binding site of PapX, we used SELEX meth-
odology, an unbiased whole-genome approach (39), in con-
junction with high throughput sequencing technology. This
combined two robust methods for identifying subtle but spe-
cific, binding motifs (40). To identify such a motif, wild-type
CFT073 genomic DNA was sheared to generate 80—100-bp
fragments. The resulting pool represented every possible
80-100-bp fragment from the CFT073 genome (confirmed
after construction by high throughput sequencing), or roughly
5 X 10° unique members. Adaptors of ~50 bp in length were
paired end-ligated onto each fragment to complete library
synthesis.

Recombinant PapX-His, was purified and analyzed by mass
spectroscopy to confirm that it was the predominant species
after purification (Table 1). PapX-His, was then bound to Ni**-
NTA resin, and a sample (200 ul) of resin-bound PapX-His,
was incubated with library DNA (150 ng, 30 min, 37 °C).
Unbound DNA was removed with three washes in 20 mm imid-
azole column buffer; bound PapX-DNA complexes were eluted
using 500 mm imidazole elution buffer. DNA, isolated from the
eluted PapX-DNA complexes by phenol/chloroform extrac-
tion, was PCR-amplified using primers specific for the paired
end adapters to ensure that only the library, and not contami-
nating DNA, was amplified. The enriched library DNA was
quantified with real-time PCR using primers specific to the
adapters (but internal to the amplification primers) and then
applied to a new Ni**-NTA column containing bound PapX-
His,. The entire process of binding the library to Ni**-NTA-
bound PapX-His,, amplifying bound members, and reapplying
the enriched library to Ni**-NTA-bound PapX-His, was
repeated for four iterations. The amounts of PapX-His, and
DNA used were empirically determined to be the lowest quan-
tities that still allowed for low cycle (i.e. unbiased) amplification
(23) of each cycle’s DNA output to regenerate sufficient tem-
plate for the next cycle of SELEX.
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The initial CFT073 sheared genome library, as well as the
second, third, and fourth libraries enriched by serial rounds of
SELEX, were sequenced using a high throughput Illumina
sequencing. On average, 24 = 2.8 X 10° 80-bp reads were
obtained for each SELEX round, representing 400-fold cover-
age of the CFT073 genome. Sequences for each round were
aligned to the CFT073 genome using a local BLAST (Fig. 7A),
showing a clear pattern of site-specific enrichment. A dot plot
of the frequencies of hits at each position in the chromosome is
shown for a single representative peak across all sequenced
rounds of SELEX (Fig. 7B). The width of peaks (160-200 bp)
corresponds to roughly twice the size of an average member of
the sheared genomic library, suggesting that PapX-His, inter-
acts with the CFT073 genome in a strongly sequence-specific
manner. Peak positions generated from the library of the final
round of SELEX were overlaid onto each sequenced round of
enrichment, and the frequency of occurrence at that chromo-
somal position was plotted against the round of enrichment
(Fig. 7C). Peaks were graded based on their rate of enrichment
across rounds (Table 2), with heavy weight given to positions
that enriched under the most stringent environment (i.e. the
final rounds of enrichment), and discarded if they were too
heavily represented in the control library at greater than 2 S.D.
values above the mean positional frequency across the entire
genome of the unselected initial library. Sufficient selective
enrichment occurred, as indicated by the background repre-
sentation of library members dropping to zero between peaks
(Fig. 7B). These data were sufficiently rich to generate bell-
shaped curves of predicted width (160-200 bp) and appropri-
ate distribution from dot plots, indicating that the protocol was
successful at amplifying only regions that contained short,
PapX-specific binding sequences. Of the sequences generated
from the fourth round of SELEX, frequencies at 94% of the
chromosome were below the mean of the unselected library,
and the frequency at 64% of chromosomal positions was 0. This
demonstrates that the majority of the chromosome was suc-
cessfully counterselected and did not interact with PapX as
assessed by SELEX.

Of 4407 total peaks in the final round of enrichment, 366
satisfied the “best” criteria for peaks (Table 2). Sequence flank-
ing each best peak by 30 bases both up- and downstream in the
chromosome was analyzed using the online MEME suite of
tools (24). 362 of the 366 (99%) best peaks contained a single
core motif represented by positional weight matrix (Fig. 7D),
with an E value of 4.1 X 10~ '*2, (E value is an estimate of the
expected number of a particular motif one would find in a sim-
ilar, random set of sequences; thus, an E value of 4.1 X 10~ '**
indicates a 4.1 X 10~ '** probability that the motif arose by
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FIGURE 7. Analysis of SELEX lllumina sequencing results. A, the fourth enrichment of SELEX was sequenced, and results were aligned to the genomic
sequence of strain CFT073 using a local BLAST. Frequencies of a sequence read at every chromosomal position were plotted using a dot plot. B, dot plot of
frequencies across SELEX rounds zero, two, three, and four in the chromosomal vicinity of a prototypical low frequency best grade peak. C, representative
example of chromosomal peak positions and their frequencies plotted against SELEX rounds zero, two, three, and four. Grades of peaks are based on their
pattern of frequencies across rounds and appear to the right (defined in the footnotes to Table 2). The MEME suite of sequence analysis tools was employed to
determine if motifs were present in the list of 366 best grade peaks, generating two significant motifs. D, position weight matrix present in 362 of the 366 best
grade peaks, E value 4.5 X 10~ "2 E, position weight matrix present in 269 of the 366 best grade peaks, E value 4.7 X 10~ %,

TABLE 2

Positional weight matrix motif derivative prevalence in graded peaks and randomly selected sequences

Derivatives of GWWAWWWTWWC

Motif All peaks” Best” Good* Moderate® Poor® Worst/ Control®
% % % % % % %
AAAAT 50 62 49 41 49 46 18
AAATT 34 48 34 23 34 23 11
AAATTT 7 10 6 3 7 7 2
AATTTC 12 22 12 5 11 7 3
ATTTC 35 52 39 32 32 23 12
TTATT 47 69 48 38 45 30 12
“4,407 peaks.

“Best” quality peaks are the 366 peaks that increased in frequency in each round of SELEX.

€“Good” quality peaks are the 932 peaks that increased in frequency in the final round of SELEX and had a fourth round frequency greater than 2,800.
““Moderate” quality peaks are the 269 peaks that increased in frequency in the final round of SELEX and had a fourth round frequency less than 2,800.
¢“Poor” quality peaks are the 2,827 peaks that increased in frequency only in the first round of SELEX.

J“Worst” quality peaks are the 13 peaks that decreased in frequency in the first round of SELEX.

€ Control peaks are six pooled groups of 366 randomly selected positions in the chromosome of strain CFT073.

chance.) A second, modified version of this motif was found
present in 269 of the 366 (73%) best peak sequences and repre-
sented by positional weight matrix with an E value of 4.7 X
10~ '*° (Fig. 7E). Because motifs were calculated presuming posi-
tional independence, palindromes were more difficult to identify
using the bits scoring system. Within the 269 sequences, the sec-
ond motif appeared as a palindrome, described using the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) nomencla-
ture as TT(7n)GWWAWWWTWWC(7n)AA (where W is A or
T,andnis A, T, G, or C). Database analysis using Microsoft Access
verified that the palindromic form of the second, modified core
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motif appeared significantly more often than if by chance within
the 269 sequences in which the second motif was present (Table 2).
Altogether, these represented the motifs with the lowest E values
within the set; the next lowest value motif was represented by
fewer than four members with E values greater than 10>,

To verify that these motifs were not emerging at random, two
methods of validation were employed. The input sequences
were shuffled randomly and analyzed for motifs, which pro-
duced no motifs with E values lower than 1,000 (i.e. motifs gen-
erated from the shuffled set were very likely to have arisen by
chance). Additionally, six groups of 366 random peaks were
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FIGURE 8. PapX binds to the flhDC promoter. A, dot plot of chromosomal
frequencies by SELEX revealed two significant peaks within the flhDC pro-
moter (arrows 1 and 2). The peak under arrow 1 includes the predicted PapX
binding site. B, schematic of the flhDC promoter, indicating the region —346
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generated using Matlab and analyzed in the same manner as the
best peaks. The rates of the predicted motif (Fig. 7D) and several
derivatives were significantly less common in the random peaks
using Microsoft Access (Table 2), and MEME could detect no
significantly represented motifs from the random peak sets.
Together, these data suggested that PapX binds to the CFT073
chromosome in a sequence-dependent manner at a motif
11-29 bases long.

PapX Interacts with a Short Sequence within the flhDC Pro-
moter of CFT073—Two best quality peaks appear within the
fihDC promoter (Fig. 84). The larger of the two peaks, centered
410 bp upstream of the fIhDC translational start site, centers
around a perfect match to both predicted motifs, matching 11
of 11 and 29 of 29 bases (Fig. 8B). The second, smaller peak at
—624 bases upstream of the fIhDC translational start site is a
degenerate version of the motif, matching only 9 of 11 and 25 of
29 bases. To validate our findings, we used EMSA to shift the
154-bp fragment, —501 to —346 bp upstream of the fIhD trans-
lational start site, containing the best version of the predicted
motif (Fig. 8C). The motility of the fragment through a 5% acryl-
amide gel was retarded in the presence of recombinant PapX-
His. This shift was dose-dependent with increasing concentra-
tions of PapX. In a competition assay, we competed the
DNA-binding reaction with unlabeled short sequences. A
29-bp sequence (Fig. 8B, boldface type, underlined) found
within the 154-bp target fragment (representing a 29 of 29
nucleotide match with the second, modified core motif (TT-
(7n)GWWAWWWTWWC(7n)AA)) was added in 50-fold
excess by mass (250-fold by molarity) to the DNA binding reac-
tion between PapX and the 154-bp fragment and was able to
compete away the shift. A second 29-bp fragment derived from
gapA was unable to reverse the shift under the same conditions
(Fig. 8C). The 29-bp fragment found in the fIZDC promoter
appears only once in the E. coli strain CFT073 genome, and no
similar sequences appear in the TRANSFAC data base by
TfBlast.

We also tested the ability of the motifs predicted by SELEX
(Fig. 7, D and E) to bind PapX using the same competition assay
approach. Oligonucleotides matching the 11-bp sequence and
21-bp sequence were assayed for their ability to compete with
DNA binding to the 154-bp flhD promoter fragment. All com-
peting fragments were added in 50-fold excess by mass. Results
indicated that only the 29-bp fragment was able to bind PapX,
demonstrated by its unique ability among competitor DNA

to —501 bases upstream of the flhD translational start used in subsequent gel
shifts. A perfectly identical (29 of 29) predicted PapX binding site is indicated
in underlined boldface type and is centered 410 bp upstream of the flhD trans-
lational start site. C, increasing amounts of PapX protein were added to 3.2 ng
of DIG-UTP-end-labeled 154-base pair fragments derived from the flhDC pro-
moter, the sequence shown in B.Unlabeled competitor DNA at 50-fold excess
by mass was added to the protein-DNA binding reaction for each of the last
two lanes. flhD 29 bp seq, sequence indicated in underlined boldface type in B.
gapA 29 bp seq, sequence ACTCCACTCACGGCCGTTTCGACGGTACCG from
gapA. D, the competition assay performed in C was repeated using only the
0.50-g amount of PapX-Hisg protein. Additional sequences derived from the
29-bp competitor (TTACGGTGAGTTATTTTAAC, indicated by flhD 21 bp seq,
and GTTATTTTAAC, indicated by flhD 11 bp seq), determined by sequence
analysisin Fig. 7, D and E, were also used in 50-fold excess by mass. E, gel shifts
were repeated with the same 154-bp fragment as in C and with 0.50-ug
amounts of wild-type PapX-Hisg protein and PapX-Hisg containing the R127G
mutation.
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fragments to reverse the shift observed with wild-type recom-
binant purified PapX and the 154-bp flhD promoter fragment
(Fig. 8D).

As mentioned earlier, structural modeling predictions based
on I-TASSER and alignments suggested that Arg"*” in PapX
could represent a key residue required for DNA binding (33—
36, 38). To test this hypothesis, recombinant purified PapX-
His, containing the R127G point mutation was used in an
EMSA against the 154-bp fragment of the f[1D promoter (Fig.
8E). Wild-type recombinant PapX-His, was able to shift the
fragment, indicating binding, whereas the binding of the R127G
mutant was ablated (Fig. 8E).

Taken together, these results suggest that PapX binds to the
fIhDC promoter in a sequence-specific manner at a novel,
unique motif predicted by SELEX, at a position consistent with
the findings of our flhDC promoter fusion experiment.

DISCUSSION

Previously, we have shown that PapX regulates motility via
transcriptional regulation of fIhD and flhC in UPEC (16). The
current study expands upon this finding, defining the mecha-
nism by which PapX, a 43-kDa non-structural dimeric protein
encoded by an operon that encodes P fimbria, mediates its
effect. Our structural and functional results indicate that PapX
is a dimeric, helix-turn-helix DNA-binding protein of the
17-kDa family, a MarR homolog that relies on Lys®* and Arg"*”
for full activity. Our novel use of SELEX in conjunction with
high throughput sequencing in bacteria indicates that PapX
exerts its effect by binding to a unique, specific, previously
unknown sequence, TTACGGTGAGTTATTTTAACTGT-
GCGCAA, within the fThiDC promoter, centered at a position
410 bp upstream of the fIhD translational start site. Because
PapX homologs are so closely related (>93% amino acid
sequence identity), these findings have implications across a
broad range of extraintestinal pathogenic E. coli strains and
their likely regulation of motility and adherence.

Novel Application of SELEX with High Throughput Sequenc-
ing in Bacteria—When SELEX experiments were first per-
formed, the limitations of analysis on the final, most enriched
library (frequently involving subcloning and sequencing of
fewer than 50 members of the library) (see Ref. 41 and refer-
ences therein) typically meant that SELEX had to be performed
so that the vast majority of the final library consisted of a single
or very few species. However, doing so runs the risk of elimi-
nating physiologically relevant but less strongly binding DNA
targets. Using high throughput sequencing with SELEX, it is
possible to identify the cycle at which all non-binding species
have been selected against (when the background frequency
drops below that of the initial library) and to halt iterative cycles
before potentially biologically important species have been
eliminated from the pool. In this way, SELEX combined with
high throughput sequencing permits the accumulation of many
more potential target species than SELEX as it has been classi-
cally performed, enriching the final data set and providing
a potentially far more accurate picture of protein-DNA
interaction.

Our modification of SELEX also included several unique
improvements over past incarnations. Instead of using an apta-
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meric library (39), our library was constructed directly from
sheared CFT073 genomic DNA, generating paired end-ligated
80-100-bp fragments. A typical SELEX aptameric library con-
tains 10'® to 10'® members of 10 —20 nucleotides in length (42),
whereas our library contained only 5 X 10° unique members
(and 10° of each unique member per cycle of SELEX), each
80-100 bp in length, resulting in a high stringency selection
throughout. Because we had substantial evidence that PapX
exerts its effect on genes within the CFT073 genome (16) (Fig.
3), the best binding site was, of course, likely to be present in this
library. Additionally, because aptameric libraries are usually
generated at random and aptamers may be shorter than a com-
plete binding site, a problem that SELEX encounters is ques-
tionable physiologic relevance of a determined motif (43).
Therefore, a maximally bound motif may not actually be pres-
ent in any organism. Our approach circumvented this problem.
In addition, some physiologically relevant consensus sequences
rarely appear as perfect matches; for example, the Shine-Dal-
garno sequence, a ubiquitous ribosomal binding site found in
E. coli, frequently appears as an imperfect 4 of 6 or 5 of 6 match
yet still remains functional. In fact, varying the degree to which
a given Shine-Dalgarno site matches the consensus is a means
of regulating translation (44). Indeed, any positive hits from our
library are, by definition, present in the CFT073 genome and
are thus more likely to be physiologically relevant.
Additionally, genomic SELEX shares many of the advantages
of ChIP-seq in terms of data analysis; in fact, the approach is
quite similar (40), although SELEX does not require the gener-
ation of antibodies or the use of complex alignment parsing
algorithms, such as MACS (45). We were able to analyze peaks
because, as the 80 —100-bp fragments overlap less and less over
PapX binding sites, bell-curved shaped drop-offs in binding
affinity can be seen, as represented by chromosomal positional
frequency declining at sites that include only few or none of the
maximal binding site sequence. Analysis of these curves pro-
duced by the alignment of hits using local BLAST allows for
more precise motif analysis than using Hamming distances in
aptameric libraries, which of necessity rely on similarity of
aptamers rather than their position in a genomic context.
Another advantage of our approach, because we use 80 —100-bp
probes, is that if PapX frequently binds in the proximity of other
associated chromosomal target regions of other factors, those
sites may be revealed and provide insight into novel interac-
tions between PapX and other species. It is more difficult to
precisely contextualize aptamers in an organism’s genome
because their short length reduces the strength of an alignment.
To identify target sequences using SELEX and high through-
put sequencing, a sufficient coverage of the target genome must
be used in the initial library. For each cycle of SELEX, roughly
3 X 10'* 80-bp fragments (or 2.4 X 10" nucleotides) were
exposed to immobilized protein. This suggests that this tech-
nique could be adapted to eukaryotic genomes and still pre-
serve 10°-fold representation at each nucleotide position in the
probed sample. The 2.5 X 107 reads per lane generated in high
throughput sequencing limits the use of the control library in
establishing quality scores for peak enrichment. However, the
peak scoring algorithm applies between enriched rounds as well
as between the control library and the first enrichment, so a few
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rounds of SELEX should be sufficient to generate initial peaks
from which to base subsequent scoring in a eukaryotic schema.

Evaluating the Interaction of PapX and flhDC Promoter—
MarR family proteins tend to bind motifs between 21 and 45
bases long (37). In addition, we demonstrated that neither the
21-bp motif (Fig. 7E) nor the 11-bp motif (Fig. 7D) is alone
sufficient to bind PapX (Fig. 8D). The 29-bp palindromic form
of the 21-bp motif, however, was sufficient to bind PapX,
whereas a 29-bp sequence that did not contain either the 21- or
11-bp motifs generated from gapA was unable to bind PapX
(Fig. 8C). These data indicate that both the specific sequence
content and the length of the sequence are together necessary
to mediate PapX binding to DNA. This may explain why the
palindromic form of the 21-bp motif did not appear in the best
grade peaks; the software used to identify motifs, MEME (24),
analyzes sequences for conserved nucleotides at given positions
but cannot predict important regions that are necessary for
topological reasons or that contain degenerate sequence. Both
motifs (Fig. 7, D and E) appear to be necessary and specific
sequences, as indicated experimentally (Fig. 8, C and D). This is
supported as well in silico by their comparably low E values,
which were by far lower than any other motif identified. This
suggests that SELEX with high throughput sequencing was suc-
cessful at identifying necessary binding elements for PapX.

Interestingly, a degenerate version of the 11-bp motif exists
at the 5'-end of the 360-bp fragment used in the lacZ fusions
(Fig. 6). This may have produced a small degree of PapX inter-
action with the fragment and may explain the elevated variance
seen between replicate assays with the 360-bp fragment. The
variance appeared to be biological in origin, persisting across
three repeats of the experiment, each using biological tripli-
cates and technical duplicates. It is also possible that PapX acts
by antagonizing an activator, so a PapX binding site may be
present in the 360-bp fragment, but reduced upstream activator
binding may explain the difference in 3-galactosidase activity.

Over half of the 362 best peaks fall within predicted promoter
regions for genes. As mentioned, overexpression and deletion
of papX has a transcriptionally specific effect (16), with tran-
scriptional regulation confined to a small list of genes or gene
classes. There are several possible explanations for this mis-
match phenomenon. First, SELEX is a molecular technique that
helps to make inferences about binding energy between a ligand
and a nucleic acid sequence. When aptameric libraries are used,
limited inferences about the biological relevance of the strength
of in silico ligand-protein interactions can be drawn. SELEX is
best used to identify target motifs, but follow-up, such as by
EMSA or competition assay, is necessary to demonstrate bio-
logical significance.

We have confirmed a direct interaction of PapX with a spe-
cific sequence within the fIZDC promoter and demonstrated a
transcriptional effect on the downstream genes. By investigat-
ing a binding site known to produce an effect, we may discover
additional clues to the mechanism whereby PapX regulates
gene expression. When theoretical sites are determined using
aptameric libraries, there must be follow-up to confirm biolog-
ical relevance because the fact of DNA-protein interaction by
SELEX is not sufficient to guarantee physiologically relevant
action. Our studies have successfully demonstrated the utility
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of SELEX to identify a short, specific sequence within which a
protein acts to modulate transcriptional regulation.

Pathogen Specificity of PapX-flhiDC Promoter Interaction—
Our multiplex results (Fig. 2) and motility assays (Fig. 3) indi-
cated that the effect of PapX is pathogen-specific. However, the
binding site identified by SELEX (Fig. 8B, boldface type, under-
lined) appears as a 29 of 29 nucleotide match in the f/hDC pro-
moter of strain K12. In this and previous work, control of motil-
ity in UPEC by PapX is mediated by flhD and flhC
transcriptional repression. Taken together, this suggests that
there are additional factors present in strain CFT073 and
absent in strain K12 that affect the activity of PapX on flhD and
fIhC transcription and that the mere presence of a nucleotide
sequence with likely PapX affinity is insufficient to regulate
downstream transcription in the commensal strain. For exam-
ple, PapX may be regulated by other factors (such as small mol-
ecules, as with salicylate derivatives and MarR (34)) that locally
affect PapX activity at the site of regulation. This may help to
explain the discrepancy between the transcriptional effect of
PapX described previously (16), which is limited to 42 differen-
tially regulated genes, and the list of hundreds of peaks by PapX
with SELEX. It is possible that PapX binds most or all of the
peak regions identified but that other factors are necessary to
produce a differential transcriptional effect. The 29-bp frag-
ment found in the fIZDC promoter appears only once in the
E. coli CFT073 and E. coli K12 genomes, offering further expla-
nation for the specificity of transcriptional effect by PapX.

Functional Characterization of PapX—Our data suggest that
Arg"” in PapX is crucial for DNA binding (Fig. 8E). Taken
together with the loss of wild-type PapX phenotype of the
R127G mutant seen by motility assay (Figs. 3 and 4) and loss of
transcriptional repression (Fig. 5), this suggests that it is essen-
tial for PapX to bind DNA in order to exert its motility-repress-
ing phenotype.

In addition, within the PapX homologs, Ala to Thr substitu-
tions are found commonly (Fig. 1), occurring at residue posi-
tions 52, 82, 114, and 160. Ala to Thr substitutions have been
shown to affect protein activity in other proteins (46). Our
A21T mutation had full PapX activity by motility assay, sug-
gesting that at least at some positions, this substitution is incon-
sequential for PapX activity. It would stand to reason that sub-
stitutions that have a small or no impact on protein function
will emerge by chance and not remain conserved, offering a
potential explanation of why the Ala-Thr substitutions are
common among the homologs.

The combination of SELEX and Illumina high throughput
sequencing provided a high resolution map of putative PapX
binding sites. A single unique sequence within the genome of
E. coli CFT073, a prototype of UPEC strains, was identified
within the fIiDC promoter, which controls flagellar gene
expression. Direct binding of the target sequence by PapX was
demonstrated. Repression of motility was observed in the path-
ogenic strain but not a non-pathogenic strain, suggesting the
presence of additional factors required for this regulation. Such
accessory factors will be the target of future studies, which will
also aim to address the discrepancy between the specific list of
papX differentially regulated genes seen previously (16) and the
more extensive number of peaks determined by SELEX.
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