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ABSTRACT Mutations in �E-regulated lipoproteins have previously been shown to
impact bacterial viability under conditions of stress and during in vivo infection. YraP
is conserved across a number of Gram-negative pathogens, including Neisseria men-
ingitidis, where the homolog is a component of the Bexsero meningococcal group B
vaccine. Investigations using laboratory-adapted Escherichia coli K-12 have shown
that yraP mutants have elevated sensitivity to a range of compounds, including de-
tergents and normally ineffective antibiotics. In this study, we investigate the role of
the outer membrane lipoprotein YraP in the pathogenesis of Salmonella enterica se-
rovar Typhimurium. We show that mutations in S. Typhimurium yraP result in a de-
fective outer membrane barrier with elevated sensitivity to a range of compounds.
This defect is associated with attenuated virulence in an oral infection model and
during the early stages of systemic infection. We show that this attenuation is not a
result of defects in lipopolysaccharide and O-antigen synthesis, changes in outer
membrane protein levels, or the ability to adhere to and invade eukaryotic cell lines
in vitro.
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The outer membrane (OM) forms the interface between a Gram-negative bacterium
and its environment. The OM is composed of lipopolysaccharide (LPS), phospho-

lipids, integral outer membrane proteins (OMPs), and peripheral lipoproteins. These
components act in concert to create a semipermeable barrier that excludes noxious
substances, while allowing nutrients to enter the cell. Each component of the OM is
synthesized in the cytoplasm and then trafficked and incorporated into the OM by
dedicated proteinaceous nanomachines. Specifically, LPS is trafficked to the OM by the
Lpt pathway, OMPs are inserted into the OM by the BAM system, and the OM
lipoproteins are trafficked by the Lol system (1–3). Reflecting the importance of the OM,
many of the genes encoding components of the OM and their assembly machines are
essential for viability. However, numerous studies have demonstrated that many of the
OM components that are not essential for growth in vitro are critical for survival of the
bacterium in its natural environment; examples include the periplasmic chaperone
SurA and the BAM complex component BamB (4–6). Loss of these components often
compromise the barrier function of the OM rendering the bacterium susceptible to
environmental stresses such as temperature, host defense peptides, or phage infection.

To maintain the barrier function of the OM, bacteria must be able to sense and
respond to stresses that perturb it. There are several recognized sensory pathways for
detecting and responding to envelope stress: Cpx, Rcs, Psp, and the extracytoplasmic
stress response (7–11). The extracytoplasmic stress response is controlled by RpoE or
�E, which is essential in Escherichia coli (12). Under nonstressed conditions, �E is
sequestered at the cytoplasmic face of the inner membrane by RseA (11, 13). Cell
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envelope stress (e.g., the accumulation of OMPs, LPS, or high temperatures) induces a
catalytic cascade resulting in the release of �E through the degradation of RseA by
DegS and RseP (11, 13, 14). �E alters the expression of many genes, including those
encoding periplasmic chaperones or proteases and genes required for OM biosynthesis
such as fkpA, surA, lpxP, and bamB (15–18). The resulting stress responses rescue the
integrity of the cell envelope, ensuring survival of the cell in an unfavorable environ-
ment.

Recent studies have described several �E-regulated genes of unknown function in E.
coli, including yraP, which was predicted to encode an OM lipoprotein (15, 18, 19).
Previous investigations noted that disruption of yraP in E. coli and the yraP homolog
(GNA2091) in Neisseria meningitidis severely perturbed the OM barrier function (19–21).
Surprisingly, while GNA2091 forms part of the recently licensed N. meningitidis 4CMenB
vaccine (22, 23), the contribution of yraP to bacterial virulence has not been investi-
gated.

In Salmonella enterica, �E is not essential even though it functions in a similar
manner to E. coli �E and regulates many of the same genes found in E. coli (17, 18).
However, S. enterica and several other Gram-negative species harboring null mutations
in rpoE are avirulent in animal models of infection (24, 25). Several studies have
demonstrated that mutations in genes regulated by �E attenuate S. Typhimurium
virulence to various degrees (26–28). For example, disruption of genes encoding the
OM lipoproteins BamB, BamE, and Lpp cause significant attenuation in a murine model
of infection (26, 29–33). Here, we demonstrate that yraP is widely conserved in
Gram-negative bacteria and that loss of yraP compromises the integrity of the S.
enterica OM. Furthermore, an S. enterica yraP-null mutant is attenuated in oral and
systemic murine models of infection.

RESULTS
YraP is conserved across Gram-negative bacteria. To determine the prevalence

of yraP across Gram-negative bacterial species, the predicted amino acid sequence of
the complete E. coli protein was used to interrogate all sequenced bacterial genomes
available in the NCBI database using BLAST. Homologues of yraP were identified across
the alpha-, beta-, and gammaproteobacteria (see Fig. S1A in the supplemental mate-
rial). The 573-bp yraP gene (STM3267) of S. enterica serovar Typhimurium, which is 82%
identical to the E. coli gene, is located downstream of genes yraM, yraN, and yraO (Fig.
S1B). The gene is present across all Salmonella spp. and is highly conserved, with �98%
nucleotide identity. yraP is not predicted to be in an operon, having two independent
�E promoter sites located 60 (yraPp1) and 337 (yraPp2) bp upstream of the start codon
(34). The conserved RpoE binding motifs are homologous to those previously reported
for the �E-regulated E. coli yraP (Fig. S1D) (19). RpoE proteins from both species possess
greater than 99% sequence identity (Fig. S1E). The SalCom database (Fig. S1C) indicates
that transcription from yraPp2 is maximal in growth conditions associated with the
intracellular lifestyle of S. enterica (35). These data indicate that YraP is �E regulated,
that it is maximally expressed under conditions of OM stress, and that it may play a role
in virulence.

YraP is an outer membrane lipoprotein. Bioinformatic analyses predict the yraP
gene encodes a protein (YraP) with three distinct domains: a Sec-dependent signal
sequence and two bacterial and OsmY nodulation (BON) (Pfam PF04972) domains (Fig.
1A). The signal sequence is predicted to be cleaved by signal peptidase II (LspA) after
amino acid residue 18, producing a mature protein of approximately 18 kDa with an
N-terminal acylated cysteine (Fig. 1A). These predictions are consistent with a protein
trafficked to and anchored in the inner leaflet of the OM by the Lol system (3). The BON
domains, which are located between residues 46 to 115 and residues 124 to 191, have
no proven function but are proposed to interact with phospholipid (36).

To determine whether YraP from Salmonella localized to the OM, we investigated
the cellular localization of the mature lipoprotein. OM fractions from S. Typhimurium
SL1344, the isogenic yraP mutant, and the complemented mutant (SL1344 yraP::aph
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pFM01) were separated by SDS-PAGE and YraP was detected by Western immunoblot-
ting with a monospecific polyclonal antibody generated toward E. coli YraP. A band of
�18 kDa was detectable in the OM fraction of the parental strain (SL1344) and the
complement (SL1344 yraP::aph pFM01) but absent in the mutant (SL1344 yraP::aph) and
empty vector control (Fig. 1B). Notably, the protein was detectable in fractions con-
taining known OMPs (Fig. 1B). These results are consistent with the predictions of YraP
as an OM lipoprotein.

Loss of YraP does not perturb the biogenesis of OM components. Previously,
Bos et al. reported that the YraP homolog from Neisseria meningitidis, GNA2091, was
required for the correct assembly of a subset of OMPs (21). Therefore, we investigated
whether the loss of YraP altered the levels of OMPs or OM lipoproteins. The OM
fractions were probed using antibodies specific to OmpA/F or the BAM complex
lipoprotein BamB. However, no obvious defect in the levels of any of these proteins was
observed (Fig. 1B).

Since the yraP mutation had no significant effect on the levels of OMPs or BamB, we
examined whether it was required for normal LPS biosynthesis. LPS fractions from the
S. enterica SL1344 parental strain, the isogenic yraP mutant and the complemented
strain were analyzed by SDS-PAGE and subsequent silver staining. No detectable
differences in either the chain length or quantity of the LPS and O antigen were
observed (Fig. 1B). These data suggest that loss of YraP does not have a global effect
on OMP, LPS, or lipoprotein production.

YraP is required for the integrity of the S. Typhimurium OM. Having established
that YraP was an OM localized lipoprotein, we sought to determine whether loss of YraP
had an impact on OM integrity. We investigated the susceptibility of S. Typhimurium
SL1344 and the isogenic yraP mutant to SDS-EDTA, bile salts, and deoxycholate.
Previous investigations had demonstrated that OM homeostasis and active efflux are
required for resistance to these compounds (37, 38). Compared to the parental strain,
the yraP mutant showed heightened sensitivity to a range of compounds, a phenotype

FIG 1 Bioinformatic and experimental analysis of yraP and the impact of isogenic S. Typhimurium yraP
mutant. (A) Bioinformatic analysis of YraP, including the N-terminal signal peptidase II cleavage site, after
position 18, acylated cysteine residue at position 19, and two bacterial and OsmY nodulation domains
(Pfam PF04972). (B) Western immunoblot analysis of OM fractions for S. Typhimurium parental strain
SL1344, mutant SL1344 yraP::aph, vector-only SL1344 yraP::aph pQE60NdeI, and complement SL1344
yraP::aph pFM01 using anti-YraP, -BamB, -OmpA, or -OmpF specific primary antibodies and anti-rabbit or
anti-mouse total IgG antibody conjugated to alkaline phosphatase for the detection with NBP-BCIP. LPS
preparations from S. Typhimurium strains (described above), prepared as described previously (64), were
electrophoresed using SDS-PAGE and stained with an Invitrogen silver staining kit. The Western immu-
noblot and SDS-PAGE gels shown are representative of results obtained from individual experiments
conducted on three separate days.
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readily complemented by supplying the gene in trans, an observation that is consistent
with the mutant having a perturbed OM (Fig. 2A). To ensure that loss of yraP did not
induce a growth defect that might be responsible for these observations, we compared
the growth rates of the parental strains with their mutant derivatives under standard
laboratory conditions in lysogeny broth (LB) or M9 minimal medium supplemented
with Casamino Acids and glucose. No differences in growth rate could be discerned for
either S. enterica SL1344 or SL3261 derivatives (Fig. 2B and C), indicating there was a
defect in OM integrity.

Since there was a perturbation of OM integrity in the absence of yraP, we investi-
gated whether this translated into heightened susceptibility to complement-mediated
killing by human serum from healthy donors. Although previous studies have shown
that O-antigen chain length is a major contributor to serum resistance of Salmonella
(39), the degree by which a destabilized OM barrier can affect resistance has, to our
knowledge, not been investigated. Thus, to address this possibility, we investigated
bacterial survival in the presence of healthy human serum in vitro. Sera were obtained
from volunteers at University of Birmingham and incubated with 106 CFU/ml of either
the parental strain SL1344 or the yraP mutant. As expected, the serum-sensitive E. coli
K-12 strain MG1655 was killed rapidly, and no viable cells were detected 45 min
postinoculation. While the yraP mutant was sensitive to serum, this was at a level
comparable with the parental strain (Fig. 2C). This suggests that the defect in OM

FIG 2 Impact of yraP disruption on in vitro sensitivity. (A) Growth of S. Typhimurium SL1344 and the yraP mutant in the presence of 2%
sodium dodecyl sulfate, 1 mM EDTA, 5% deoxycholate, and 5% bile salts. Stationary-phase bacterial cultures were adjusted to an OD600

of 1 (109 CFU/ml) and serially diluted (10-fold), with 3 �l spotted onto LB agar containing the above-described compounds, followed by
incubation at 37°C for 18 h prior to the inspection of growth. The images shown are representative of results obtained from individual
experiments conducted on three separate days. (B) Growth kinetics for S. Typhimurium, parental strains SL1344 and SL3261, and the
respective yraP mutants in LB at 37°C with continuous agitation, measured as the OD600. Each value represents the mean of triplicate
experiments, with error bars denoting standard deviations. (C) Growth kinetics for S. Typhimurium strain SL1344, the isogenic yraP
mutant, and the complemented mutant in M9 minimal medium supplemented with 0.1% Casamino Acids and 0.4% glucose. Samples
were grown at 37°C with continuous agitation and were measured as the OD600. Data points represent the means of three biological
repeats, with error bars representing standard deviations. (D) Bacterial survival of S. Typhimurium parental strain SL1344 and the
respective yraP mutant, compared to serum-sensitive E. coli strain MG1655, in the presence of healthy human acellular serum. The results
presented are the means of three independent experiments, with error bars denoting standard deviations.
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homeostasis induced by loss of yraP did not confer susceptibility to serum-mediated
killing.

YraP mutants are attenuated in a murine model of infection. Since OM homeo-
stasis is critical for virulence of numerous bacterial pathogens, we investigated the
impact of yraP on virulence after oral challenge with Salmonella. To do this, we
examined the capacity of the two bacterial strains to survive within the same C57BL/6
mouse, generating a competitive index as a comparative measure of in vivo fitness for
a bacterial mutant. The competitive index was calculated as the ratio of the CFU per
gram of each organ of S. Typhimurium parental strain to the CFU per gram of organ of
the isogenic yraP mutant. At 4 days after infection by oral gavage with 109 CFU of a 1:1
mix of both strains, the bacterial numbers were enumerated from the spleens and livers
of mice. Analysis of the competitive indices from oral infections indicated that in 6 of
7 mice the yraP mutant was significantly outcompeted by the parental strain in both
the spleen and the liver (Fig. 3A). The difference was sufficiently marked that in most
mice 10-fold more SL1344 CFU were recovered than for the yraP mutant.

In addition to assessing virulence via the oral route, we examined infection in a
systemic model using the virulent S. Typhimurium strain SL1344 in CD1 mice. Mice were
infected via the intraperitoneal route with either parental S. Typhimurium SL1344 or an
isogenic yraP mutant, and the bacterial burdens were enumerated from the spleens
and livers at day 3 postinfection. The yraP mutant demonstrated a significant attenu-
ation in the liver compared to the parental strain (Fig. 3B). To further explore the impact
of yraP on longer-term systemic virulence and bacterial clearance over time, we elected

FIG 3 Impact of yraP disruption on in vivo virulence. (A) Competitive indexes of the S. Typhimurium SL1344
parental strain versus the isogenic yraP mutant at 4 days postinfection were determined from the spleens and livers
of C57BL/6 mice. Statistical significance was determined using a Mann-Whitney t test (*, P � 0.05; **, P � 0.01). (B)
Bacterial burdens per organ of CD1 mice infected intraperitoneally with 3 � 103 CFU of S. Typhimurium SL1344 and
the isogenic yraP mutant. Results were obtained at 3 days postinfection. Statistical significance was calculated
using a Mann-Whitney test (*, P � 0.05; NS, not significant). (C) Bacterial burdens per spleen at various time points
after intraperitoneal infection of C57BL/6 mice with 5 � 105 CFU of attenuated S. Typhimurium SL3261 and the
respective yraP mutant. Bars represent the average burdens calculated from four mice. Statistical significance was
calculated using a Mann-Whitney test (*, P � 0.05). (D) Relative total IgG titers to purified OMPs in mouse sera
compared to control (noninfected-mouse sera) from days 18 and 28 postinfection with the attenuated S.
Typhimurium SL3261 parental stain or isogenic yraP mutant. Bars represent the average titers calculated from four
mice per group. (E) Bacterial burdens per organ of RagB6 mice 24 h after intraperitoneal infection with 5 � 105 CFU
of attenuated S. Typhimurium strain SL3261 or isogenic yraP mutant. Bars represent the average burdens calculated
from four mice. *, P � 0.05; ***, P � 0.001.
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to utilize a resolving model of infection in which intrinsically susceptible C57BL/6 mice
can be infected with attenuated bacteria lacking the aroA gene (S. Typhimurium
SL3261) for a month or longer. Mice were infected via the intraperitoneal route with S.
Typhimurium SL3261 and an isogenic yraP mutant. The numbers of bacteria recovered
in the liver and spleen were enumerated at days 7, 18, and 28 postinfection. The
bacterial numbers at day 7 were markedly lower in the mutant than in the SL3261
parental strain (Fig. 3C); �60-fold fewer bacteria were recovered in the spleen at this
time (P � 0.05). Nevertheless, after this time, when T helper 1 cells are necessary for
bacterial clearance (40, 41), this was not further enhanced (Fig. 3C). Both strains induced
similar levels of IgG to OMPs at days 18 and 28 postinfection (Fig. 3D).

We hypothesized that the failure to observe a difference in bacterial numbers at the
later time points might be due to the accumulation of suppressor mutations in the
yraP-deficient strains. Such secondary mutations would restore the barrier function of
the OM. To investigate this possibility, we tested the SDS-EDTA sensitivity of 16 ex vivo
yraP isolates (four isolates per mouse) obtained from spleens and livers harvested from
mice at 18 days postinfection. All isolates retained sensitivity to SDS-EDTA, suggesting
no second-site mutations occurred that could restore the barrier function of the OM
(Fig. S2). However, to ensure no other compensatory mutations occurred, which could
explain the ability of the mutant to proliferate at the later time points, each isolate was
subjected to whole-genome sequencing using Illumina-based sequencing. Comparison
of these sequences to the genome of the parent S. Typhimurium revealed that no
additional mutations were present in the mutant bacteria after in vivo growth.

That differences in bacterial numbers were predominantly observed at early infec-
tion time points suggested that the yraP mutant was more susceptible to innate
mechanisms of immunity. To investigate this possibility, we infected Rag1-deficient
mice, which lack T and B cells, with attenuated S. Typhimurium SL3261 or the yraP
mutant and examined the bacterial numbers at 24 h postinfection. The yraP mutants
again showed significantly reduced bacterial burdens in both the liver and the spleen
(Fig. 3E, P � 0.05). This indicates that the yraP mutation results in initial colonization
defects, potentially due to increased sensitivity to innate immune responses.

Loss of YraP does not impact adhesion, invasion, or intracellular survival.
Transcriptomic data from the Hinton laboratory (35, 42) indicated that under the 22
conditions tested, yraP was upregulated under conditions that favored the induction of
a type III secretion system located on the SPI-2 pathogenicity island (43). This secretion
system is required for Salmonella to survive intracellularly within the Salmonella-
containing vacuole. Furthermore, Srikumar et al. (42) demonstrated that yraP was most
significantly upregulated within the macrophage. This suggested that the defect in in
vivo survival of S. Typhimurium yraP mutants might be due to a deficiency in the ability
of the bacteria to either adhere or invade and survive intracellularly. To test this
hypothesis, we examined the impact of yraP disruption on S. Typhimurium SL1344
adhesion to and invasion of the murine macrophage cell line J774 and the semiadher-
ent epithelial cell line Caco2. First, cells were infected with S. Typhimurium SL1344 and
SL1344 yraP::aph constitutively expressing green fluorescent protein (GFP) for 2 h,
before staining with ActinRed (Thermo Fisher Scientific). Adhered and intracellular
bacteria were then visualized with a Nikon AR1 inverted confocal microscope using
540/565-nm and 485/510-nm excitation and emission for ActinRed and GFP, respec-
tively. Microscopy indicated that both strains were capable of adhesion and invasion of
these cell types in vitro (Fig. 4A). For definitive quantification, these assays were
repeated, lysing the cells and enumerating the recovered bacteria for the S. Typhimu-
rium SL1344 and SL1344 yraP::aph. The yraP mutant adhered to and invaded both cell
types at levels comparable to the parental strain (Fig. 4B and C). Since J774 and Caco2
cells are immortalized cell lines, we next sought to investigate whether the yraP
mutation affected the ability of Salmonella to adhere to or invade primary bone
marrow-derived macrophages (BMDMs). Similar to the observations for the immortal-
ized cell lines, disruption of yraP had no impact on either adhesion or invasion (Fig. 4D).
Mild increases in bacterial burdens observed in the yraP mutants containing the vector
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only were not statistically significant. The ability of Salmonella to survive for extended
periods inside macrophages is a key virulence phenotype critical to the success of this
pathogen. To investigate whether yraP contributed to survival in macrophages, we
infected J774 macrophages with the yraP mutant or the isogenic parental strain for 2
or 24 h. Figure 4E shows that yraP does not contribute to the ability of Salmonella to
persist in macrophages. However, the experiments described above reflect an environ-
ment in which other host immune factors are missing. Therefore, we sought to
investigate whether activation of macrophages using gamma interferon (IFN-�) treat-
ment would impact the adhesion and invasion of Salmonella. IFN-� activation of J774
macrophages did not affect the adhesion or invasion of either the yraP mutant or the
parental strain (Fig. 4F).

DISCUSSION

During this study, we sought to investigate the functional significance of YraP, a
�E-regulated lipoprotein from S. enterica serovar Typhimurium. YraP is an OM-localized
lipoprotein, as predicted and confirmed by bioinformatic and experimental analysis,
respectively. Despite the significant phylogenetic distribution of yraP, the gene is
largely uncharacterized. Previously, Bos et al. reported that the N. meningitidis homolog
GNA2091 is an uncharacterized component of the BAM complex, responsible for the

FIG 4 Adherence and invasion of the S. Typhimurium SL1344 and isogenic yraP mutant to various cell types. (A) Images of J774 murine
macrophages infected with the S. Typhimurium SL1344 parental strain and the respective yraP mutant. Samples expressing GFP for 2 h were fixed
and stained with ActinRed before visualization with a Nikon AR1 inverted confocal microscope using 540/565-nm and 485/510-nm excitation and
emission for ActinRed and GFP, respectively. (B to D) Adherence and invasion of S. Typhimurium SL1344 and yraP mutants to the murine
macrophage cell line J774 (B), the human intestinal cell line CaCo2 (C), and bone marrow-derived macrophages from C57BL/6 mice (D). Cells were
infected at an MOI of 1:100 and incubated for 2 h before lysing and enumeration of the bacterial CFU (adhesion) or treatment with gentamicin
for a further 2 h (invasion). Individual data points represent the means of three technical replicates from a single experiment; the bars represent
the means of the three independent experiments. (E) The survival of S. Typhimurium SL1344 and isogenic yraP mutant in the murine macrophage
cell line, J774, during a time course of 2 and 24 h postinfection (pi). Individual data points represent the means of three technical replicates from
two independent experiments. (F) Adherence and invasion of S. Typhimurium SL1344 and yraP mutant to the murine macrophage cell line, J774,
in the presence or absence of IFN-�. Individual data points represent the means of five technical replicates from two biological repeats. NBS, not
biologically significant.
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biogenesis of a subset of trimeric OMPs. However, these researchers were unable to
demonstrate a direct interaction between GNA2091 and any BAM component (21).
Consistent with previous reports, the yraP mutants display a perturbed OM (20), with
heightened sensitivity to a number of anionic detergents. The results presented as part
of this study are consistent with the idea that yraP mutants may alter the composition
of the OM through a currently unknown mechanism, resulting in increased sensitivity
to anionic compounds. Although we have not examined an exhaustive list of potential
candidates that may be affected by yraP disruption, we have revealed that the levels of
LPS, O antigen, and major OMPs were comparable in our strains, suggesting changes
in other components, such as phospholipids. Unfortunately, the mechanism by which
yraP alters the composition or integrity of the membrane is not understood and is
outside the scope of this investigation.

The differences in bacterial burdens observed after oral or systemic infection
strongly suggest that there is an increased susceptibility of the yraP mutant to innate
immune defenses. This is not due to an increased sensitivity to complement, since
bacteria did not show enhanced susceptibility in serum bactericidal activity (SBA) and
murine complement is not efficient at promoting cell-free bacterial killing (44). More-
over, our in vitro adhesion/invasion studies suggested that there was no defect in
bacterial binding to or entering host cells. We initially hypothesized that reduced in vivo
survival of the yraP mutant was due to increased killing by cellular mechanisms, such
as reactive oxygen or nitrogen intermediates from cells such as macrophages. However,
this appears not to be the case since the yraP mutant and parental strain survived
equally well over an extended period inside macrophages and in IFN-�-activated
macrophages. These results suggest that the disruption of yraP impacts other functions,
such as resistance to an as-yet-unknown antimicrobial substance. Interestingly, after
the early, profound decrease in bacterial numbers, the level of infection remained
relatively constant in the weeks that followed. In the attenuated model of infection,
bacterial burdens at day 28 were similar in the yraP mutant- and SL3261 parental
strain-infected mice. One potential reason for this persistence in bacterial numbers
could be increased mutations leading to compensation for the loss of yraP. Yet,
assessment of bacteria by ex vivo functional studies and genome sequencing of
recovered bacteria showed that this was not the case. Alternatively, this could be
because the bacteria are located in a niche in which they can persist that differs from
that for SL3261 or because the lower numbers of yraP mutant bacteria that survive the
first few days of infection do not induce as great a Th1 response as SL3261 to promote
bacterial clearance.

The results presented as part of this study highlight the need for further analysis of
the OM composition of yraP mutants. The increased susceptibility to both anionic
compounds and innate immune responses suggests that this lipoprotein may be a
potential target for small molecules that render bacteria more susceptible to antibiot-
ics. Furthermore, by enhancing our understanding of how this lipoprotein contributes
to vaccine efficacy against N. meningitidis, we will enhance our understanding of the
function of YraP and improve the design of future vaccines against a range of
Gram-negative pathogens.

MATERIALS AND METHODS
Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are

detailed in Table 1. Bacteria were routinely cultured in lysogeny broth (LB) or M9 minimal medium (45)
with shaking at 37°C. Where appropriate, LB was supplemented with 1.5% agar bacteriological no. 1, 50
�g/ml kanamycin sulfate (Sigma), 100 �g/ml carbenicillin (Melford), or 0.1 mM IPTG (isopropyl-�-D-
thiogalactopyranoside; Bioline), and M9 minimal medium was supplemented with 0.1% Casamino Acids
(BD) and 0.4% glucose (Sigma). Sensitivity to various compounds was determined by plating serial
dilutions of cultures adjusted to 109 CFU/ml onto LB agar supplemented with 2% (wt/vol) sodium
dodecyl sulfate (SDS) and 1 mM EDTA, 5% (wt/vol) bile salts, or 5% (wt/vol) deoxycholate. The
semiadherent murine macrophage-like cell line J774 and the colorectal carcinoma cell line Caco-2 were
cultured in Dulbecco modified Eagle medium and Eagle minimum essential medium, as previously
described (46). Bone marrow-derived macrophages (BMDMs) were isolated from uninfected C57BL/6
mice and differentiated in complete RPMI 1640 supplemented with 15% L929 conditioned medium
(L-cell) (47) for 7 days prior to use. Briefly BMDMs were harvested from the tibias and femurs in complete
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RPMI prior to treatment with red blood cell lysing buffer (Sigma) and seeded into nonadherent 10-cm
petri dishes at a density of 106. The following day, medium was supplemented by the addition of an
equal volume of complete RPMI containing 15% L-cell medium. At day 4 postharvest, 50% of the medium
was replaced with fresh medium. Adherent cells were collected at day 7 and seeded at the required
density 24 h prior to use.

DNA manipulation and analyses. The primers used in this study are listed in Table S1 in the
supplemental material. Plasmid DNA, genomic DNA, and PCR products were purified using relevant kits
from Qiagen according to the manufacturer’s instructions. All restriction enzymes (New England BioLabs)
and T4 DNA ligases (Promega) were used in accordance with the manufacturers’ specifications. PCR
amplifications were performed using Phusion high-fidelity DNA polymerase (New England BioLabs) or
1� ReddyMix PCR master mix (Thermo Scientific). Plasmid sequencing and whole-genome sequencing
were done at the University of Birmingham’s Functional Genomics and Proteomics Laboratory and
MicrobesNG, respectively. PSI-BLAST was used to identify orthologs of YraP. Protein sequences were
aligned using ClustalX (48), and phylogenetic distances were estimated using the neighbor-joining
method of Saitou and Nei (49). Phylogenetic trees were drawn using Phylodraw 0.8 (50), incorporating
bootstrap values obtained from 1,000 replicates. Pfam (51) and LipoP (52) were used to determine the
presence of conserved domains within the predicted amino acid sequence.

To generate pFM01, yraP was amplified from S. enterica SL1344, using primers F1 and F2; the
products were digested with NdeI and HindIII and subsequently ligated into the modified pQE60NdeI
vector (46). To generate pFM02, yraP was amplified from E. coli BW25113, using the primers F6 and F7;
the products were digested with NdeI and XhoI and ligated into pET16b. The yraP mutant strains were
generated using the one-step gene inactivation method described for E. coli and S. Typhimurium (53, 54).
Briefly, the kanamycin resistance cassette was amplified using the primers F3 and F4; the resulting DNA
was transformed into S. enterica SL1344 carrying the pKD46 plasmid. Disruption of yraP was confirmed
by PCR by using the primers K1 and K2 in combination with the primers F5 (upstream check primer) and
F6 (downstream check primer) and subsequent whole-genome DNA sequencing. Using P22 phage, the
resulting mutation was transduced into the respective parental strains to generate S. Typhimurium
SL1344 yraP::aph and SL3261 yraP::aph.

YraP antibody production. Antibodies against E. coli YraP were raised in New Zealand White rabbits
using His-tagged protein purified from cytosolic inclusion bodies. E. coli BL21(DE3) pFM02 was grown to
an optical density at 600 nm (OD600) of 0.6, induced with 1 mM IPTG, and cultured at 18°C for
approximately 20 h. Cultures were harvested by centrifugation at 9,000 � g and resuspended in 50 mM
sodium phosphate, 500 mM NaCl, 50 mM imidazole, and 0.5 mM TCEP (C4706; Sigma) supplemented
with protease inhibitor cocktail (Roche) and lysed using an Emulsiflex (Avestin). Insoluble material was
isolated by ultracentrifugation at 75,000 � g for 45 min, washed three times in resuspension buffer
supplemented with 0.5% (vol/vol) Triton X-100, and finally resuspended in 50 mM sodium phosphate,
500 mM NaCl, 50 mM imidazole, and 8 M urea. The protein was purified with a Ni-NTA column (Bioline)
and eluted in 50 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole, and 8 M urea. The resulting
eluent was examined by SDS-PAGE, and the YraP protein was gel extracted for immunization of the
rabbits.

Preparation and analysis of cellular fractions. Cellular fractions were prepared as described
previously (55). Cellular fractions were electrophoresed on SDS–15% PAGE gels and were either stained
with Coomassie blue or transferred to a polyvinylidene difluoride membrane for Western blotting, as
previously described (56). Western blots were probed with a 1:1,000, 1:5,000, 1:5,000, or 1:10,000 dilution
of the anti-YraP, anti-OmpA (57), anti-BamB, or anti-OmpF antibody, respectively. Secondary anti-rabbit
or anti-mouse (1:30,000) of IgG alkaline phosphatase was used before detection with the addition of the
substrate, NBP-BCIP (nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolylphosphate; Sigma).

LPS was isolated as previously described (58). In brief, cultures were grown overnight at 37°C. The
equivalent of 1 ml of culture at OD600 of 1.0 was pelleted and then resuspended in 100 �l of lysis buffer
(1 M Tris [pH 6.8], 2% SDS, and 4% 2-mercaptoethanol). The suspension was then boiled for 10 min and
pelleted, and the supernatant was transferred to a fresh tube. Proteinase K (5 �l at 5 mg/ml) was added
to each sample before incubation at 60°C for 1 h. Finally, the LPS preparations were heated at 98°C for

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Comment
Source or
reference

Strains
SL1344 S. enterica serovar Typhimurium parental strain 65
SL1344 yraP::aph yraP gene (formally STM3267) disrupted by a kanamycin resistance cassette This study
SL3261 Attenuated S. enterica serovar Typhimurium SL1344 ΔaroA 66
SL3261 yraP::aph yraP gene (formally STM3267) disrupted by a kanamycin resistance cassette This study

Plasmids
pQE60NdeI IPTG-inducible expression vector with added NdeI restriction site in the multiple-cloning site and the

previously existing NdeI site removed
46

pFM01 pQE60NdeI with yraP cloned in between NdeI and HindIII This study
pFM02 pET16b with yraP cloned in between NdeI and XhoI This study
pJB39 Derived from pDOC-C, constitutively expressing GFP 67
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10 min and stored at �20°C. LPS was visualized on a 4 to 20% Bis-Tris SDS-PAGE gel and stained using
a SilverQuest kit (Invitrogen) in accordance with manufacturer’s instructions.

Adherence and invasion/intracellular survival assays. Cell culture assays were performed as
previously described (59). Briefly, bacterial cultures were grown to an OD600 of 1.0, washed three times
in 1� phosphate-buffered saline (PBS; Invitrogen), and resuspended in serum-free culture medium (108

CFU/ml). Plates (24-well) were seeded with 105 J774 cells, 106 Caco-2 cells, or 2 � 105 BMDM cells per
well. For adherence and invasion assays, cells were infected with an MOI of 1:100, followed by incubation
at 37°C in 5% CO2 for 2 h. J774 cells were activated by treatment with 100 U/ml recombinant IFN-� (R&D
Systems) for 20 h before infection with an MOI of 1:10. To calculate the number of adherent bacteria, cells
were washed three times with 1� Dulbecco PBS (DPBS) to remove the nonadherent bacteria. Intact cells
were then disrupted with 1� DPBS containing 1% (vol/vol) Triton X-100 solution. Serial dilutions of the
lysates were then plated onto LB agar supplemented with appropriate antibiotics and CFU were
enumerated the following day. Intracellular/invasive bacteria were determined by washing infected cells
several times with 1� DPBS and treating them with 100 �g/ml gentamicin for 2 h at 37°C and 5% CO2.
The cells were then lysed and plated, and the CFU were enumerated, as described above. The results are
expressed as the means of three technical replicates, with three individual experiments conducted on
separate days. To determine intracellular bacterial survival over time, plates were seeded as described
above and infected with an MOI of 1:10. Samples were incubated at 37°C in 5% CO2 for 30 min, prior to
washing three times with DPBS. Extracellular bacteria were eliminated by treatment with 100 �g/ml
gentamicin for 1.5 h at 37°C and 5% CO2. Cells were then washed several times with DPBS, lysed, and
plated, and the CFU were enumerated, or the medium was replaced with one containing 10 �g/ml
gentamicin for a further 22 h, prior to lysis and CFU enumeration as described above.

In vivo assessment of virulence and immune response. Animal experiments were performed with
full ethical approval under Home Office license 30/2850 and P4B8D3A46. Virulence was assessed using
C57BL/6, CD1, or RagB6 mice, housed at the Biomedical Services Unit, University of Birmingham.
Competitive indices were determined using an oral infection model. Briefly, mice were dosed with 109

CFU in total, composed of a 1:1 mix of the parental S. Typhimurium strain SL1344 and the isogenic yraP
mutant, by oral gavage and sacrificed at 4 days postinfection. The numbers of yraP mutant bacteria were
calculated by plating homogenized tissue samples on LB agar containing kanamycin and counting the
number of CFU. The numbers of wild-type bacteria were determined by plating tissue samples on LB agar
and subtracting the number of yraP mutant bacteria present on the kanamycin plates. To assess systemic
virulence, mice were infected intraperitoneally with either 5 � 105 CFU (SL3261) or 3 � 103 CFU (SL1344)
and sacrificed at the indicated times postinfection, as previously described (60). The blood, spleens, livers,
Peyer’s patches, and mesenteric lymph nodes were harvested, and bacterial burdens were measured by
homogenizing the tissues and plating on LB agar as described previously (61). Each data point represents
a single tissue or mouse, with means and standard deviations represented by the horizontal and vertical
lines, respectively.

Relative antibody titers against purified OMPs present in harvested serum were determined by
enzyme-linked immunosorbent assay (ELISA), as previously described (61). Briefly, MaxiSorp 96-well
plates (Nunc) were coated with 5 �g/ml of purified OMPs (purified as described in reference 62) in
carbonate coating buffer. After washing, the plates were blocked for 1 h at 37°C with 1% bovine serum
albumin in 1� PBS. Subsequently, serum samples were added in blocking buffer and serially diluted, and
incubation was continued for 1 h at 37°C. Secondary goat anti-mouse IgG conjugated to alkaline
phosphatase (Southern Biotech) was diluted in blocking buffer and added for 1 h at 37°C. The signal was
detected using SigmaFAST p-nitrophenyl phosphate system, and the plates were read at 405 nm. Each
data point represents the sera from an individual mouse, with means and standard deviations repre-
sented by the horizontal and vertical lines, respectively.

Serum bactericidal assay. Serum bactericidal assays were performed as described previously (63).
Briefly, serum-mediated killing of bacterial strains was investigated using healthy human serum. Log-
phase cultures were prepared in 1� PBS, and 10 �l of each bacterial sample was added to 90 �l of freshly
thawed, undiluted serum to give a final bacterial concentration of 106 CFU/ml. The mixtures were
incubated at 37°C with gentle rocking (20 rpm), and 10-�l samples were withdrawn at 45, 90, and 180
min. Samples were serially diluted, and viable bacterial counts were determined. The results are means
of three individual experiments conducted in triplicate on three separate days.

Statistical analysis. Statistical significance was determined using a Mann-Whitney t test. P values of
�0.05 were considered significant.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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