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ABSTRACT  Urinary tract infection (UTI) is a disease of extremely high incidence in both community and nosocomial settings.
UTIs cause significant morbidity and mortality, with approximately 150 million cases globally per year. Uropathogenic Esche-
richia coli (UPEC) is the primary cause of UTI and is generally treated empirically. However, the rapidly increasing incidence of
UTIs caused by multidrug-resistant UPEC strains has led to limited available treatment options and highlights the urgent need
to develop alternative treatment and prevention strategies. In this study, we performed a comprehensive analysis to define the
regulation, structure, function, and immunogenicity of recently identified UPEC vaccine candidate C1275 (here referred to as
IrmA). We showed that the irmA gene is highly prevalent in UPEC, is cotranscribed with the biofilm-associated antigen 43 gene,
and is regulated by the global oxidative stress response OxyR protein. Localization studies identified IrmA in the UPEC culture
supernatant. We determined the structure of IrmA and showed that it adopts a unique domain-swapped dimer architecture. The
dimeric structure of IrmA displays similarity to those of human cytokine receptors, including the interleukin-2 receptor (IL-2R),

interleukin-4 receptor (IL-4R), and interleukin-10 receptor (IL-10R) binding domains, and we showed that purified IrmA can
bind to their cognate cytokines. Finally, we showed that plasma from convalescent urosepsis patients contains high IrmA anti-
body titers, demonstrating the strong immunogenicity of IrmA. Taken together, our results indicate that IrmA may play an im-

portant role during UPEC infection.
IMPORTANCE

Uropathogenic E. coli (UPEC) is the primary cause of urinary tract infection (UTI), a disease of major significance

to human health. Globally, the incidence of UPEC-mediated UTI is strongly associated with increasing antibiotic resistance,
making this extremely common infection a major public health concern. In this report, we describe the regulatory, structural,
functional, and immunogenic properties of a candidate UPEC vaccine antigen, IrmA. We demonstrate that IrmA is a small
UPEC protein that forms a unique domain-swapped dimer with structural mimicry to several human cytokine receptors. We
also show that IrmA binds to IL-2, IL-4, and IL-10, is strongly immunogenic in urosepsis patients, and is coexpressed with fac-
tors associated with biofilm formation. Overall, this work suggests a potential novel contribution for IrmA in UPEC infection.
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rinary tract infections (UTIs) are among the most common in-

fectious diseases of humans and are the most common nosoco-
mial infections in the developed world. UTIs cause significant mor-
bidity and mortality, with approximately 150 million cases globally
per year. It is estimated that 40% to 50% of women and 5% of men
will develop a UTT in their lifetime, and UTT accounts for more than
1 million hospitalizations and $3.5 billion in medical expenses each
year in the United States (1, 2). Community-acquired UTIs are esti-
mated to account for 0.7% of ambulatory care visits (3), and nosoco-
mial UTT is estimated to occur in approximately 7.3% of all hospital
admissions (4). UTIs can present as uncomplicated or complicated
infections of the bladder (cystitis) or kidney (pyelonephritis), poten-
tially leading to bacteremia and urosepsis (5, 6).
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Uropathogenic Escherichia coli (UPEC) is by far the most com-
mon cause of community-acquired and nosocomial UTI (2). In
women, UPEC is responsible for 75% to 95% of all cases of un-
complicated cystitis and pyelonephritis (5). Antibiotic therapy is
the primary treatment, and UTI represents the second-most-
common reason for antibiotic prescription worldwide (7). Over-
all, this has led to an increase in the prevalence of multidrug-
resistant (MDR) UPEC strains, increased rates of treatment
failure with standard antibiotic therapies, and a rise in the use of
second- and third-line therapies, further promoting the emer-
gence of MDR UPEC strains such as the globally disseminated
E. coli sequence type 131 (ST131) clone (7-11). Reports of resis-
tance to last-line carbapenem antibiotics among MDR UPEC
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FIG1 Genomic context and prevalence of the irmA gene. (A) Prevalence of irmA in the completely sequenced E. coli strains available on the NCBI database
according to their pathotype (ABU, asymptomatic bacteriuria; EAHEC, enteroaggregative hemorrhagic E. coli; EXPEC, extraintestinal pathogenic E. coli; APEC,
avian-pathogenic E. coli; EAEC, enteroaggregative E. coli; AIEC, adherent invasive E. coli; EPEC, enteropathogenic E. coli; NMEC, neonatal meningitis-associated
E. coli; ETEC, enterotoxigenic E. coli; EHEC, enterohemorrhagic E. coli; UPEC; uropathogenic E. coli). Phylogenetic groups of the strains were determined (93),
and the B2 phylogeny is indicated (black box). (B) Alignment of the irmA genomic region from completely sequenced irmA-positive UPEC E. coli strains available
on the NCBI database. The confirmed genes that comprise the newly defined agn43-yeeR-irmA operon are highlighted (agn43, green; yeeR, brown; irmA, red) as
well as an insertion sequence responsible for the partial disruption of the CFT073 operon (purple). Regions are ordered according to their localization in the
chromosome. The alignment was generated using Easyfig (94). (C) Prevalence of irmA in our genome-sequenced laboratory collections.

strains (including ST131 strains) support the classification of
carbapenem-resistant Enterobacteriaceae as an urgent threat to
human health (12) and reinforce the urgency for new strategies to
treat and prevent pan-resistant UTI (13-16).

The paucity of effective treatments for MDR UPEC has
prompted the development of novel genomic, proteomic, and
structural vaccinology strategies for the design of a broadly pro-
tective vaccine. UPEC pathogenesis relies on multiple outer
membrane-associated and secreted virulence factors for coloniza-
tion and infection of the urinary tract, including adhesins, toxins,
siderophores, and polysaccharide components (17). Some of
these targets have been investigated as antigens in the develop-
ment of diagnostic, drug, and vaccine applications (18, 19).

Recently, a reverse vaccinology approach led to the identifica-
tion of several novel vaccine antigens that conferred protection
against E. coli in a murine model of sepsis infection (20). Among
these antigens, a soluble protein of unknown function (C1275;
referred to here as E. coli interleukin [IL] receptor mimic protein
A, or IrmA) was identified that conferred significant protection in
mouse challenge experiments. In this study, we characterized the
prevalence, genetic location, transcriptional regulation, immuno-
genicity, structure, and function of IrmA. We show that irmA is
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cotranscribed as part of a newly defined operon with the biofilm-
associated antigen 43 (agn43 [flu]) gene and that its transcription
is controlled by the global oxidative stress response regulator
OxyR. We further demonstrate that IrmA has a fibronectin III
(FNIII)-like fold that forms a unique domain-swapped dimer
with structural mimicry to the binding domain of the IL-2 recep-
tor (IL-2R), the IL-4 receptor (IL-4R) and, to a lesser extent, the
IL-10 receptor (IL-10R). We show that IrmA binds to IL-2, IL-4,
and IL-10 with different affinities, highlighting a potential novel
role in manipulating inflammation. Finally, evidence of the im-
munogenicity of IrmA is presented based on the measurement of
increased antibody titers in urosepsis patients.

RESULTS

The irmA gene is highly prevalent among UPEC strains. The
prevalence of the irmA gene was assessed in 62 completely se-
quenced E. coli genomes available in the NCBI database (see Ta-
ble S1 in the supplemental material). The irmA gene was present in
29% (18/62) of the strains, often in more than one copy (Fig. 1A).
However, further analysis revealed a much higher prevalence of
irmA in UPEC strains, including the globally disseminated MDR
ST131 clone, which is represented by the EC958 and JJ1886
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strains. irmA was present in 70% (7/10) of completely sequenced
UPEC strains (Fig. 1A), 66% (31/47) of urosepsis strains from our
own laboratory collection, and all 71 strains from the globally
dominant fluoroquinolone-resistant subgroup of ST131 that we
reported recently (11). In contrast, irmA was absent in our own
non-0O157 enterohemorrhagic E. coli (EHEC) collection (Fig. 1C).
The IrmA sequences from all of these strains were compared, and
the sequence was shown to be highly conserved, with >97% iden-
tity at the amino acid level.

irmAislocated downstream of the agn43 and yeeR genes. The
genetic context of irmA was examined by comparing its locations
on the chromosomes from six irmA-positive completely se-
quenced UPEC strains (Fig. 1B). Our analysis revealed that irmA is
located downstream of the agn43 and yeeR genes. In CFT073, two
identical copies of irmA (c1275 and ¢3665) are located within
pathogenicity islands (PAIs): PAI-CFT073-serX and PAI-
CFT073-pheV, respectively. These islands differ in size, content,
and associated tRNA (21); however, they share a small subset of
genes, including agn43, yeeR, and the irmA alleles, and this pattern
is also observed in other UPEC strains (Fig. 1B). The region con-
taining irmA also corresponds to module 5 of AGI-3, a PAI in-
serted at the selC tRNA in avian-pathogenic E. coli (APEC) strain
BEN2908 (22). Further analysis showed that the irmA region has
been the subject of acquisition and loss of genetic elements in
UPEC, often leading to the disruption of one or more of the com-
ponents (Fig. 1B). A large region in MG1655 has been deleted,
leading to the disruption of yeeR and possibly to deletion of irmA.

The transcription of irmA is regulated by OxyR. The genetic
association of irmA with agn43 led us to examine if these genes are
coregulated. The agn43 gene encodes the Ag43 autotransporter
protein, which mediates bacterial aggregation, biofilm formation,
and long-term bladder colonization (23-28). The expression of
Ag43 is phase variable and is controlled by an epigenetic mecha-
nism involving global regulatory protein OxyR and the Dam
methyltransferase (29). Mutation of oxyR leads to derepression of
agn43 transcription and strong expression of Ag43 (29, 30). Given
the colocation of the agn43-yeeR-irmA genes in E. coli, we hypoth-
esized that these three genes could constitute a single transcrip-
tional unit that is regulated by OxyR. To test this, we compared the
expression levels of IrmA in total cell lysates prepared from wild-
type CFT073 and a CFT073 oxyR mutant (CFT0730xyR) by West-
ern blotting using an IrmA-specific polyclonal antibody (Fig. 2A,
lanes 1 and 2). While IrmA expression in CFT073 was barely de-
tectable, we observed a dramatic increase in IrmA expression in
CFT0730xyR, indicating that OxyR represses the transcription of
irmA. To analyze whether this was strain specific, we also tested
the expression of IrmA in MDR ST131 strain EC958. As observed
for CFT073, mutation of oxyR (EC9580xyR) resulted in enhanced
expression of IrmA (Fig. 2A, lanes 5 and 6). The specificity of the
IrmA antibody was confirmed by the lack of a cross-reacting band
in an irmA-oxyR double mutant (EC958irmA oxyR; Fig. 2A, lane
7). Interestingly, OxyR also regulated irmA transcription in
asymptomatic bacteriuria (ABU) strain 83972 (Fig. 2A, lanes 3 to
4). The regulation of irmA was confirmed by quantitative reverse
transcription (qRT)-PCR analysis of wild-type EC958 and
EC9580xyR, which revealed 12.9 (£0.98)-fold and 121.4 (£8.43)-
fold increases in irmA and agn43 transcription, respectively, in
EC9580xyR. Taken together, our data demonstrate that, like the
agn43 gene, expression of irmA is repressed by OxyR.
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FIG 2 Western blot analysis demonstrating detection of IrmA in the culture
supernatant and molecular characterization of the agn43-yeeR-irmA operon.
(A) Expression of IrmA detected from total cell lysates prepared from E. coli
strains CFT073 (lane 1), CFT0730xyR (lane 2), 83972 (lane 3), 839720xyR
(lane 4), EC958 (lane 5), EC9580xyR (lane 6), EC958irmA oxyR (lane 7), and
recombinant IrmA (control; lane 8). Mutation of oxyR resulted in the dere-
pression of IrmA. (B) Expression of IrmA detected from the supernatant frac-
tion prepared from E. coli strains CFT073 (lane 1), CFT0730xyR (lane 2),
83972 (lane 3), 839720xyR (lane 4), EC958 (lane 5), EC9580xyR (lane 6),
EC958irmA oxyR (lane 7), and recombinant IrmA (control; lane 8). IrmA was
detected from the supernatant fraction and migrated as an ~13-kDa protein.
(C) Molecular investigation into the mechanism of IrmA secretion: Western
blot analysis of whole-cell lysates prepared from MG1655agn43(pSU2718)
(lane 1), MG1655agn43(pSU2718-irmA) (lane 2), and MGI1655tamAB
(pSU2718-irmA) (lane 3) and Western blot analysis of supernatant fraction
prepared from MG1655agn43(pSU2718) (lane 4), MG1655agn43(pSU2718-
irmA) (lane 5), and MG1655tamAB(pSU2718-irmA) (lane 6). Secretion of
IrmA was independent of the production of Ag43 or the TAM. (D) Expression
and release of IrmA is abrogated by an insertion downstream of agn43a in
strain CFTfluB* (lane 2), in contrast to strain CFTfluA™ (lane 1).

IrmA is present in the culture supernatant. [IrmA contains a
predicted signal sequence and represents a protective antigen in a
sepsis infection model (20); thus, we predicted that it would be
either located on the cell surface or secreted. Immunofluorescence
microscopy performed using an IrmA-specific polyclonal anti-
body failed to detect IrmA on the cell surface of CFT0730xyR or
EC9580xyR (data not shown). We tested for the presence of IrmA
in the culture supernatant of CFT0730xyR, 839720xyR, and
EC9580xyR and observed a strong cross-reacting IrmA-specific
band (Fig. 2B, lanes 2, 4, and 6). To investigate if the presence
of extracellular IrmA was dependent on the (uncharacterized)
YeeR protein and/or Ag43, we used a previously constructed
MG1655agn43 mutant (31), which does not contain a functional
copy of any of the agn43-yeeR-irmA genes. Introduction of a plas-
mid containing irmA (pSU2718-irmA) into MG1655agn43 re-
sulted in the detection of IrmA in the culture supernatant, indi-
cating that Ag43 and YeeR are not involved in its secretion
(Fig. 2C, lanes 2 and 5). Recently, the transport of Ag43 across the
outer membrane has been shown to depend on a newly defined
translocation and assembly module (TAM) (32). We therefore
tested whether the TAM contributes to the release of IrmA by
introducing plasmid pSU2718-irmA into an MG1655 TAM mu-
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FIG 3 Structural organization of the agn43-yeeR-irmA operon. A PCR amplification product was obtained using primers overlapping the agn43-yeeR-irmA
genes and flanking regions. Primers are represented by arrows, and the expected amplicon size is indicated. The amplified product from EC958 genomic DNA
(gDNA; positive control), EC9580xyR cDNA, and EC9580xyR RNA (RNA; negative control) is shown.

tant (MG1655tamAB). No effect on IrmA expression and release
was observed in MG1655tamAB (Fig. 2C, lanes 3 and 6), indicat-
ing that IrmA release occurs independently of the TAM.

The agn43-yeeR-irmA genes are transcribed as a single tran-
scriptional unit. To examine the transcriptional organization of
the agn43-yeeR-irmA genes, we utilized a series of primers specific
for each individual gene in combination with RT-PCR. RNA was
extracted from EC9580xyR (to maximize irmA transcription) and
reverse transcribed into cDNA. PCRs using EC958 cDNA yielded
specific amplification products demonstrating cotranscription of
agn43-yeeR-irmA (Fig. 3). The correct size of the amplicons was
confirmed using EC9580xyR genomic DNA, while no amplicons
were obtained from EC9580xyR RNA (negative control). The
transcription start site of this polycistronic mRNA was deter-
mined by 5’ rapid amplification of cDNA ends (RACE) at
+228 bp from the agn43 start codon (Fig. 3). Although no evi-
dence for the cotranscription of irmA with other downstream
genes was observed, we were unable to determine the termination
transcription site by 3" RACE. To confirm the cotranscription
of these genes, we used two previously described CFT073 con-
structs that constitutively express either c1273 (agn43b; strain
CFT073amp, PcLfluB, or CFTfluB*) or 3665 (agn43a; strain
CFT073km, PcLfluA, or CFTfluA") (26). While IrmA was de-
tected in the supernatant fraction of strain CFTfluB™, it could not
be detected in the supernatant fraction of strain CFTfluA*
(Fig. 2D), indicating that the insertion downstream of agn43a
(Fig. 1B) disrupts the transcription of the yeeR-irmA genes. Taken
together, the data demonstrate that the agn43-yeeR-irmA genes
are cotranscribed as part of a newly defined operon in E. coli.

IrmA has a fibronectin III (FNIII)-like fold. The structure of
the mature form of IrmA was determined by single-wavelength
anomalous diffraction (SAD) and refined to an R-free value of
21.5% (R-factor, 26.1%) at 2.3-A resolution (see Table S2 in the
supplemental material). The crystals belong to the space group
P2,3, with two subunits per asymmetric unit. Although the ma-
jority of the electron density could be unambiguously interpreted,
N-terminal residues 1 to 7 and C-terminal residues 128 to 131
could not be modeled due to poor density. The overall architec-
ture of IrmA contains a fibronectin III (FNIII)-like domain. This
immunoglobulin (Ig)-like domain consists of a [-sandwich
framework comprising seven antiparallel 3-strands linked by loop
regions that form two (3-sheets (Fig. 4A). The B-sandwich is sta-
bilized by hydrophobic interactions in the inner core of the FNIII
module, and, unlike other FNIII-containing proteins, IrmA in-
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corporates a disulfide bond between residues cys21 and cys80
(Fig. 4B). The electrostatic potential of IrmA shows a negatively
charged surface, whereby several acidic residues (Asp7, Aspl7,
Asp33, Asp38, Glu39, Asp52, Glu64, Glu66, Asp70, Asp78, Glu82,
Glu85, Glu88, Glu93, Glu99, Glul00, Asp114, and Asp117) line
the surface of the B-strands, forming acidic patches on the surface
of the B-sandwich (Fig. 4C).

IrmA forms a domain-swapped dimer. Notably, the IrmA
monomers in the asymmetric unit form a domain-swapped
dimer. The swapped section of the structure localizes in the
C-terminal tail (residues 110 to 128) of each IrmA monomer,
which protrudes from the FNIII domain and is intertwined with a
second identical protein chain. This extended section comprises
an unstructured region and a short 3-strand, which complements
the incomplete FNIII fold present in each of the IrmA monomers
that comprise the dimer (Fig. 4B). The two crystallographically
independent subunits are very similar (with a root mean square
deviation [RMSD] value for 118 Ca atoms of 0.79 A). The overall
buried area at the dimer interface is extensive (approximately
1,481 A2 per monomer) and is stabilized by 17 hydrogen bonds
(33), and the dimer displays an elongated shallow groove between
the two subunits (6,773 A3) (33).

To define whether the IrmA dimer is also present in solution,
the protein was recombinantly expressed in BL21pLysS cells and
purified using the protocol previously developed for structural
studies. IrmA was subjected to size exclusion chromatography
(SEC) using a HiLoad 16/60 Superdex 75 column (GE Healthcare)
and eluted at the apparent molecular mass of approximately
26 kDa, corresponding to a dimer (see Fig. S1A in the supplemen-
tal material). The dimeric state of the protein in aqueous solution
was confirmed by blue native polyacrylamide gel electrophoresis
(BN-PAGE) and sedimentation velocity analytical ultracentrifu-
gation (SV-AUC) experiments. BN-PAGE analysis showed that
IrmA migrates as a dimer (see Fig. S1B). Similarly, SV-AUC stud-
ies indicated that IrmA exists as a stable dimer in solution (see
Fig. S1C). The absorbance versus radial position profile of IrmA
showed a single sedimentation boundary with a standardized sed-
imentation coefficient (s,,,) of 2.58 S (29 kDa) and a frictional
ratio (f/f,) of 1.36 (see Fig. S1C). The complete absence of a species
corresponding to the monomer at 0.15 mg/ml indicated that this
domain-swapped dimer was tightly associated. The RMSD and
run test Z values for the fit were <0.004 and 2.03, respectively. The
hydrodynamic properties of [rmA are summarized in Table S3.

We also analyzed the oligomeric state of endogenous IrmA
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FIG 4 Crystal structure of IrmA. (A) Topology diagram of the IrmA dimer.
The monomer conformations are shown in red (top) and yellow (bottom). (B)
Ribbon representation of IrmA domain-swapped dimer with the protomers of
the dimer shown in red and yellow (3-strands are indicated as arrows and are
labeled). (C) Electrostatic surface of the IrmA monomer. Positive and negative
electrostatic potentials are shown in blue and red, respectively (saturation at
10 kT/e). The orientation of the left panel corresponds to that in the lower
panel in Fig. 4A. The orientations in the middle and left panels correspond to
the protein rotated by 90° and 180° along the axis of the FNIIT domain (y axis).

secreted from an E. coli MG1655 strain containing a plasmid en-
coding irmA (strain MS5667) by SEC and BN-PAGE. Released
IrmA was concentrated and purified from the culture supernatant
by two consecutive gel filtration steps on a HiLoad 16/60 Superdex
75 column (GE Healthcare). Similarly to the recombinant protein,
released IrmA eluted at the apparent molecular mass of 30 kDa
and migrated as a dimer on a BN-PAGE (see Fig. S1A and B in the
supplemental material).

IrmA shares structural similarity with human interleukin re-
ceptors. [IrmA shares low sequence identity with other proteins of
known function. A database search for structural homologues us-
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FIG5 Comparison of IrmA with IL-2R and IL-4R and a-carbon trace super-
position of IrmA (shown in red) with the soluble domains of (A) IL-2R (PDB
2ER]) (green) and (B) IL-4R (PDB 3BPL) (blue). IL-2 and IL-4 bound to their
cognate receptors are displayed in gray.

ing the server Dali (34) revealed that IrmA shows high structural
similarity to a number of proteins that are variants of the Ig-like
fold, including the C-terminal -sandwich domain of the SadB
autotransporter (PDB 4C47) and the Ig-like domain of amino-
peptidases (PDB 3EBG). This structural comparison also identi-
fied other related proteins for which a function of the Ig-like do-
main has been defined (e.g., cytokine receptors). IrmA shares
structural similarity to the extracellular domains of human IL-2R
and IL-4R. These receptors belong to the largest group in the cy-
tokine receptor family (type I) and contain two covalently linked
FNIII modules forming the binding site for their cognate cyto-
kines (35). The FNIII domains in IrmA overlap one FNIII module
in both IL-2R and IL-4R (Fig. 5). Pairwise comparison between
individual FNIII domains in IrmA with IL-2R (PDB 2ER]J) and
IL-4R (PDB 3BPL) revealed that, despite showing very low se-
quence identity (5% and 9%, respectively), they had considerable
structural similarity, with overall RMSD values of 3.4 A (91 Ca
aligned) and 3.7 A (87 Ca aligned), respectively. This similarity is
primarily localized in the 3-strand regions, with the loop regions
being structurally divergent (Fig. 5). Using the Dali program, it
was also observed that IrmA can be superimposed on other cyto-
kine receptors, including IL-10R (PDB 1J7V [amino acid se-
quence identity of 6%]), but with alower Z score of 4.5 (see Fig. S2
in the supplemental material).

IrmA binds to human cytokines. We investigated the struc-
tural homology of IrmA with IL-2R, IL-4R, and IL-10R further by
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FIG 6 IrmA binding to IL-2,IL-4, and IL-10. (A) ELISA showing the binding
of IrmA to IL-2, IL-4, and IL-10, in the absence (C, control) or presence (T,
treated) of recombinant IrmA. (B) ELISA results showing the specific interac-
tion of IrmA with IL-4 but not with Ag43. Statistical analysis was performed
using an unpaired ¢ test (****, P < 0.0001; ns, not significant). Error bars
represent the standard deviations of the results from three replicates.

examining the ability of IrmA to bind to recombinant IL-2, IL-4,
and IL-10, respectively. Using an enzyme-linked immunosorbent
assay (ELISA), we demonstrated that IrmA binds to all three im-
mobilized cytokines, with the strongest interaction detected for
IL-4 (Fig. 6A). To confirm these results, we also performed a re-
verse ELISA with IL-4; in these experiments, immobilized IrmA
bound strongly to IL-4 (Fig. 6B). We also tested the specificity of
the IrmA-IL-4 interaction by examining the ability of recombi-
nant Ag43 to bind to IL-4. Ag43, which is structurally distinct
from IrmA (25), did not bind to IL-4 under the experimental
conditions tested (Fig. 6B). Finally, we demonstrated that IrmA
does not bind to interleukin-17A (IL-17A; see Fig. S3A in the
supplemental material), which is structurally distinct from IL-4
(see Fig. S3B).

IrmA is immunogenic in urosepsis patients. Given the poten-
tial of IrmA as an ExPEC vaccine target (20), and our new data
demonstrating the presence of IrmA in the supernatant following
UPEC culture in LB broth, we assessed the immunogenicity of
IrmA using plasma samples from urosepsis patients and healthy
individuals. Purified IrmA was used in an ELISA to detect specific
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IrmA antibodies. In this assay, plasma samples from urosepsis
patients infected by IrmA-positive UPEC strains exhibited signif-
icantly higher IrmA antibody titers than those from healthy indi-
viduals (P < 0.01; see Fig. S4 in the supplemental material).

DISCUSSION

IrmA is a small (~13 kDa) UPEC protein that was originally iden-
tified in a large reverse genetic screen as a broadly protective vac-
cine antigen. Here, we have determined the molecular regulation
of the irmA gene and characterized the structural, functional, and
immunogenic properties of the IrmA protein.

Comprehensive bioinformatic analysis of the irmA genetic lo-
cus revealed its frequent colocation with the Ag43-encoding agn43
gene, and further transcriptional studies demonstrated that the
agn43-yeeR-irmA genes are part of a newly defined operon struc-
ture. The transcription of agn43 is phase variable and is regulated
by the concerted action of Dam (positive regulation) and OxyR
(negative regulation) (28-30, 36-39). We showed that the irmA
gene is also part of the OxyR regulon. Indeed, mutation of oxyR in
two well-characterized UPEC strains (CFT073 and EC958) and
ABU strain 83972 led to enhanced expression of IrmA. OxyR is a
transcriptional regulator that controls a regulon comprising more
than 30 genes involved in the cellular response to oxidative stress
(40). In the absence of OxyR, bacteria are hypersensitive to hydro-
gen peroxide and several other oxidants (41). UPEC encounters
reactive oxygen species during UTI, and mutation of oxyR atten-
uates UPEC colonization of the mouse urinary tract (42) and
bloodstream (43). Thus, the regulation of IrmA expression by
OxyR and its high prevalence in UPEC strains are consistent with
a potential role during human infection.

Analysis of the supernatant fraction from CFT0730xyR,
839720xyR, and EC9580xyR cultures revealed that IrmA is present
in the extracellular milieu. Extracellular IrmA was detected in the
absence of both Ag43 and YeeR, demonstrating that these proteins
do not contribute to its secretion. We also showed that the TAM,
which contributes to Ag43 translocation (32), is not required for
IrmA secretion. Thus, the mechanism of IrmA secretion, as well as
the function of the uncharacterized YeeR protein, remains to be
elucidated.

The crystal structure of IrmA revealed that it forms a domain-
swapped dimer where each monomer adopts a FNIII-like fold.
Biochemical and biophysical data supported the idea of dimer
formation by both the recombinant and endogenous IrmA pro-
tein. Notably, although FNIII domains are present in many pro-
teins, they typically do not dimerize; instead, they form string-like
structures with other FNIII or modular domains such as fibronec-
tin. Only two examples of FNIII dimerization have been previ-
ously described: irisin, which forms an intersubunit S-sheet dimer
(44), and the head-to-tail associations of oncofetal fibronectin
(45). These dimerization modes are different from the domain-
swap mechanism observed in IrmA, which is somewhat reminis-
cent of chaperone-fimbrial protein assembly, where the chaper-
one donates a surrogate 3-strand to complement the incomplete
Ig fold of the fimbrial subunit (46). In itself, domain swapping is
also a relatively rare event, with only about 60 structures of
domain-swapped proteins present in the Protein Data Bank. The
unique structure of IrmA is to the best of our knowledge the first
example of a domain-swapped dimer between two FNIII modules
and would account for the observed stability of this conformation.

Structural characterization of IrmA revealed that it displays

March/April 2016 Volume 7 Issue 2 e02046-15


mbio.asm.org

similarity with IL binding receptors IL-2R and IL-4R (and, to a
lesser extent, IL-10R), which contain two covalently linked FNIII
modules that form the binding partner for their cognate cyto-
kines. Thus, we investigated the ability of purified IrmA to interact
with human IL-2, IL-4, and IL-10 cytokines. Our analysis revealed
that IrmA binds to all three cytokines, with the greatest affinity
observed for IL-4. In contrast, IrmA did not bind to the structur-
ally distinct IL-17A cytokine (47, 48). IL-2 and IL-4 belong to a
common family of cytokines that contribute to the differentiation,
growth, and proliferation of immune cells (49). IL-2 is required
for the development of Treg cells, the stimulation of antibody
synthesis, and the proliferation and differentiation of natural
killer cells to combat infection (50, 51). IL-4 is a multifunctional
pleotropic cytokine that is primarily produced by Th2 polarized T
cells and promotes the proliferation and differentiation of B cells,
controls allergic conditions, and provides protection against par-
asitic infection (52, 53). IL-10, on the other hand, is an anti-
inflammatory cytokine which inhibits the production of proin-
flammatory cytokines and chemokines, downregulates major
histocompatibility class Il and antigen presentation costimulatory
markers on macrophages, and suppresses T cell activation (54—
56). While a direct role for IL-2 and IL-4 has not been demon-
strated in UTIL, IL-10 forms part of the early bladder response to
acute UPEC-mediated UTI in mice and helps to control infection
in the bladder (57). Furthermore, in vitro coculture studies have
demonstrated that monocytes and uroepithelial cells produce
IL-10 synergistically following UPEC infection (58), and the ex-
pression of H4 flagella by EC958 stimulates IL-10 production in
monocytes and monocyte/uroepithelial cell cocultures (59).
Given the role of Ag43 in biofilm formation, our data invoke an
intriguing model whereby expression of IrmA during Ag43-
mediated UPEC biofilm growth could compromise the function
of IL-10 (and possibly IL-2 and IL-4) in the host, by competing for
binding sites and rendering these cytokines less available for im-
mune activation via their cognate host cell receptors.

The ability to modulate and evade the host immune system is a
common feature of many microbial pathogens. In some cases, this
involves molecular mimicry, where the pathogen produces a mol-
ecule with structural similarity to a cytokine or cytokine receptor
to inactivate or modulate the immune response (60). For example,
several such molecules have been described in herpesviruses, in-
cluding an IL-10 homologue that possesses anti-inflammatory
properties (61-64), an IL-17 homologue that can stimulate T-cell
proliferation (65), and an IL-6 homologue that binds directly to
cytokine signaling receptor gp130 (66). Some viruses can also pro-
duce soluble cytokine receptor mimics that sequester host cyto-
kines and compete with their cognate receptors. Several examples
have been described in poxviruses, including a glycoprotein that
functions as a soluble IL-1S receptor (67, 68), a gamma interferon
(IFN-vy) receptor homologue (69), an IFN-a-binding protein (70,
71), and an IL-18 receptor homologue (72-74). In line with our
observations for IrmA, these viral cytokine-binding proteins ex-
hibit structural similarity to their receptor counterparts despite
limited sequence homology (60). Further work is now required to
determine if IrmA is able to manipulate host immune responses;
however, our observation that IrmA is immunogenic in urosepsis
patients and the fact that IL-10 plays an important role in the
innate immune response to UTI (57) support this hypothesis.

In summary, we have identified a newly defined operon struc-
ture comprising the agn43-yeeR-irmA genes that is regulated by
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OxyR. Elucidation of the structure of IrmA revealed an intriguing
mimicry of human cytokine receptors IL-2R, IL-4R, and, to a
lesser extent, IL-10R. The cytokine-binding data suggest that
IrmA may contribute to manipulation of the innate immune re-
sponse during UPEC infection.

MATERIALS AND METHODS

Bacteria and growth conditions. E. coli strains and plasmids used in this
study are listed in Table S4 in the supplemental material. The UPEC uro-
sepsis strains and non-O157 EHEC strains were part of our in-house
collection. Bacteria were routinely grown at 37°C on solid or in liquid
Luria-Bertani (LB) medium (75) supplemented with appropriate antibi-
otics: chloramphenicol (30 wg/ml), kanamycin (50 wg/ml), and ampicil-
lin (100 wg/ml). For the generation of total cell lysates and supernatant
fractions, bacteria were inoculated at a starting optical density at 600 nm
(ODgy) equal to 0.050 and cultures were grown overnight at 37°C with
shaking (180 rpm). Cells were harvested at 10,000 X g for 10 min at 4°C to
generate the total cell lysate sample. To generate the supernatant fraction,
the culture supernatant was filter sterilized (using a 0.22-um-pore-size
filter) and precipitated overnight at 4°C by adding trichloroacetic acid
(TCA) at a final concentration of 10%. After precipitation, supernatant
preparations were centrifuged at 18,000 X g for 30 min at 4°C. Pellets were
washed with 1 ml 10% TCA and centrifuged at 18,000 X g for 15 min at
4°C. Pellets were resuspended in ice-cold ethanol and centrifuged at same
speed. Pellets were dried using a SpeedVac at a low drying rate for 20 min
and then resuspended in appropriate resuspension buffer (50 mM ammo-
nium bicarbonate, 3 M urea, 5 mM dithiothreitol [DTT]) to generate the
supernatant fraction.

Molecular methods. Genomic DNA was extracted using an Ultra-
Clean microbial DNA isolation kit (Mo Bio Laboratories). Isolation of
plasmid DNA was carried out using a QIAprep Spin Miniprep kit (Qia-
gen). PCRs were performed using Phusion High-Fidelity DNA polymer-
ase (New England Labs); PCR products were gel purified using a
QIAquick gel extraction kit (Qiagen) and sequenced using a BigDye Ter-
minator v3.1 cycle sequencing kit (Invitrogen). Primers used in this study
are described in Table S5 in the supplemental material. Extraction of RNA
was carried out using an RNeasy minikit (Qiagen), and reverse transcrip-
tion reactions were performed using a SuperScript III first-strand synthe-
sis system (Invitrogen). All protocols were performed following the man-
ufacturer’s specifications. Mutants were obtained using homologous
recombination mediated by lambda Red recombinase and a three-step
procedure with 600-bp overhangs for recombination (for irmA, primers
5225/5226; for oxyR, primers 5227/5228) (see Table S5) (76-79). The
irmA gene was amplified using primers 4350/4351 (see Table S5) and
cloned into pSU2718 using Xbal/HindIII restriction sites to generate the
plasmid pSU2718-irmA. Quantitative PCR was performed on cDNA gen-
erated from EC958 and EC9580xyR RNA using SYBR Green PCR master
mix (Applied Biosystems) and a ViiA 7 real-time PCR system (Applied
Biosystems). Relative transcript levels of irmA (primers 6623/6624; see
Table S5) and agn43 (primers 6625/6626; see Table S5) were normalized
against gapA (primers 0820/0821; see Table S5) as the endogenous gene
control using the cycle threshold (27224€T) method. 5' RACE was per-
formed using RNA isolated from EC9580xyR following the manufactur-
er’s specifications (Invitrogen).

Expression and purification of recombinant proteins. The irmA
gene was amplified (primers 2677/2678; see Table S5) and cloned into
pMCSG?7 using the ligation-independent method (80). The mature form
of IrmA was expressed by autoinduction as a His-tagged recombinant
soluble protein using BL21pLysS as previously described (81). Soluble
recombinant IrmA protein was purified by nickel-chelate chromatogra-
phy and treated with tobacco etch virus (TEV) protease to cleave the His
tag. The protein was purified to homogeneity by a second round of nickel-
chelate chromatography followed by gel filtration chromatography on a
Superdex S75 column (GE Healthcare). Selenomethionine (SeMet)-
labeled IrmA was expressed from E. coli BL21pLysS in minimal medium
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containing 50 ug/ml SeMet (1/D mixture) using a previously described
method (82). Briefly, cultures were grown to exponential phase (ODy, of
~0.6) and induced with isopropyl 3-p-thiogalactopyranoside (IPTG; final
concentration of 0.5 mM). Cells were harvested at 4 h postinduction, and
SeMet IrmA was purified following the same procedures as those de-
scribed for the native protein. Recombinant Ag43 was obtained as previ-
ously described (25).

Generation of polyclonal antiserum and Western blotting. A rabbit
polyclonal antiserum was raised against purified IrmA using four immu-
nizations (400- g recombinant protein/dose) at the Walter and Eliza Hall
Institute of Medical Research Antibody Facility. For immunoblotting,
samples were subjected to SDS-PAGE using NuPAGE Novex 4% to 12%
bis-Tris precast gels with NuPAGE MES (morpholineethanesulfonic acid)
running buffer (Life Technologies) and were subsequently transferred to
polyvinylidene difluoride (PVDF) microporous membrane filters using
an iBlot dry blotting system as described by the manufacturer (Invitro-
gen). [IrmA antiserum was used as primary serum (1:10,000 dilution), and
the secondary antibody was alkaline phosphatase-conjugated anti-rabbit
IgG. Sigma Fast BCIP/NBT (5-bromo-4-chloro-3-indolylphosphate/Ni-
tro Blue Tetrazolium) was used as the substrate in the detection process.

Crystallization and structure determination. Recombinant IrmA
was concentrated to 10 mg/ml in 25 mM HEPES-NaOH (pH 6.7)-50 mM
NaCl for crystallization experiments. [rmA crystals were obtained from
4 M potassium formate, 100 mM bis-Tris propane (pH 9.0), and 2%
(wt/vol) polyethylene glycol (PEG) 2000; 2.5 M sodium malonate was
added stepwise to the mother liquor as a cryoprotectant. Diffraction data
for native and SeMet IrmA were collected at the UQ ROCX facility (using
a Rigaku FR-E SuperBright X-ray generator and a Rigaku Saturn 944
charge-coupled-device [CCD] detector) and at the protein crystallogra-
phy beamline (MX2 beamline 3ID1) at the Australian Synchrotron, re-
spectively. The crystal-to-detector distances were 50 mm and 300 mm for
native and SeMet crystals, respectively; 0.5° oscillation images were col-
lected for a total of 360° for native IrmA and 720° in the case of SeMet
IrmA. Diffraction data collected from native IrmA crystals were integrated
and scaled with HKL2000 (83) and SeMet derivative data with iMosflm
(84) and AIMLESS (85). The crystal structure of IrmA was solved using
selenomethionine single-wavelength anomalous dispersion (SAD). Phase
calculation, density modification, and initial model building were per-
formed with Auto-Rickshaw (86) and the BUCCANEER program of the
CCP4 suite (87). The structure of IrmA was completed by iterative cycles
of model building and refinement using Coot (88) and phenix.Refine
(89). Molecular figures were generated using PYMOL Molecular Graphics
System v. 1.5.0.4 (Schrédinger, LLC). The crystallography, atomic coor-
dinates, and structural features of IrmA have been deposited in the Pro-
tein Data Bank.

BN-PAGE. BN-PAGE was performed using a Novex bis-Tris system
(Life Technologies) following the manufacturer’s specifications. Briefly,
precast NativePAGE Novex 4% to 16% (vol/vol) bis-Tris gels were run at
pH 7.5, 4°C, using 150 V (1 h) followed by 250 V (40 min). Protein
samples were prepared by mixing 5 ug of protein solution with
NativePAGE sample buffer and water. NativeMark unstained protein
standard (Invitrogen) was used to estimate the molecular weight of
IrmA after native electrophoresis.

SV-AUC. SV-AUC experiments were carried out using methods pre-
viously described (90) on a Beckman model XL-A analytical ultracentri-
fuge ata temperature of 20°C. Double-sector quartz cells were loaded with
320 pl of buffer (reference solution) and 300 wl of IrmA at initial concen-
trations of 0.96 mg/ml, 0.38 mg/ml, and 0.15 mg/ml in 25 mM HEPES—
150 mM NaCl (pH 7.0). The cells were mounted in a Beckman 4-hole
An60 Tirotor. Absorbance data at 232 nm was collected at 129,000 X gin
continuous mode using a step size of 0.003 cm without averaging.
SEDNTERP (91) was used to calculate the partial specific volume of
0.7257 ml/g, solvent density of 1.005 g/ml, and solvent viscosity of 1.023
cp. The resulting sedimentation velocity absorbance data from multiple
time points were fitted to a continuous size distribution model using the
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program SEDFIT (92) with a range of 0 to 10 S, a resolution value of 200,
and a P value of 0.6. Frictional ratios (f/f,) and standardized sedimenta-
tion coefficients (s, ,,) were calculated using SEDNTERP with the mea-
sured sedimentation coefficients.

Human plasma samples and ELISA methods. Human plasma sam-
ples and UPEC strains were collected from 47 urosepsis patients at the
time of admission to the Princess Alexandra Hospital (Brisbane, Austra-
lia). Blood and urine samples were also collected and cultured; in all cases,
the blood and urine isolates gave identical results. Human plasma samples
were also collected from 59 healthy age- and sex-matched volunteers with
no recent history of UTL. Recombinant IrmA protein (10 ug/ml) was
coated onto Nunc MaxiSorp flat-bottom 96-well plates in carbonate coat-
ing buffer (18 mM Na,COj3, 450 mM NaHCOj, pH 9.3) by incubation at
4°C overnight. Plates were then washed twice with 0.05% Tween 20—
phosphate-buffered saline (PBS) (PBST) and blocked with 5% skim milk—
PBST (150 wul) for 90 min at 37°C. Plates were washed four times with
PBST, and then patient plasma samples were added to the wells at 1:10
dilution. Plates were incubated for 90 min at 37°C and washed four times
with PBST. Peroxidase-conjugated anti-human IgG (1:30,000 dilution in
0.5% skim milk) was applied as a secondary antibody, and the reaction
mixture was incubated for 90 min at 37°C. Plates were washed four times
with PBST before development with 3,3’,5,5'-tetramethylbenzidine was
performed. Reactions were stopped with 1 M hydrochloric acid. Strepto-
coccus M1 protein was used as a positive control. The absorbance was
measured at 450 nm using a SpectraMax 190 absorbance microplate
reader. Statistical analysis was performed using an unpaired  test.

To determine the interaction between recombinant IrmA protein and
human IL proteins, recombinant IL-2 (Invitrogen), IL-4 (Sino Biologi-
cal), IL-10 (Invitrogen), and IL-17A (Invitrogen) proteins were resus-
pended according to the manufacturer’s specifications and coated onto
Nunc MaxiSorp flat-bottom 96-well plates as previously described. After
overnight incubation at 4°C, plates were washed twice with PBST and
blocked with 5% skim milk—=PBST (150 wl) for 90 min at 37°C. After
incubation, plates were washed four times with PBST and then incubated
with or without recombinant IrmA (100 pg/ml in 0.5% skim milk) for
90 min at 37°C. Plates were then washed four times with PBST and incu-
bated with rabbit polyclonal antiserum raised against purified IrmA (1:50
dilution in 0.5% skim milk) for 90 min at 37°C. Plates were then washed
four times with PBST, anti-rabbit IgG alkaline phosphatase (1:10,000 di-
lution in 0.5% skim milk) was applied as a secondary antibody, and the
reaction mixture was incubated for 90 min at 37°C. Plates were washed
four times with PBST before development was performed with alkaline
phosphatase substrate (pNPP; Sigma). The absorbance was measured at
405 nm using a SpectraMax 190 absorbance microplate reader. Statistical
analysis was performed using an unpaired ¢ test. To test binding specificity
of IrmA to IL-4, the same protocol was followed using the recombinant
Ag43 as a control and rabbit polyclonal antiserum raised against purified
Ag43, obtained as previously described (25).

Ethics statement. This study was performed in accordance with the
ethical standards of the University of Queensland, Princess Alexandra
Hospital, Griffith University, and the Helsinki Declaration. The study was
approved, and the need for informed consent was waived by the institu-
tional review boards of the Princess Alexandra Hospital (research proto-
col 2008/264) and Griffith University (MSC/18/10/HREC).

Database deposition. The crystallography, atomic coordinates, ex-
perimental data and structure factors of IrmA have been deposited in the
Protein Data Bank (PDB ID code 5EK5).
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