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Patterns of Expression and Translocation of the Ubiquitin Ligase SlrP
in Salmonella enterica Serovar Typhimurium

Mar Cordero-Alba, Francisco Ramos-Morales

Departamento de Genética, Facultad de Biologia, Universidad de Sevilla, Seville, Spain

SIrP is an E3 ubiquitin ligase that can be translocated into eukaryotic host cells by the two type III secretion systems that are ex-
pressed by Salmonella enterica serovar Typhimurium and are encoded in Salmonella pathogenicity islands 1 (SPI1) and 2 (SP12).
Expression of slrP and translocation of its product were examined using lac, 3XFLAG, and cyaA’ translational fusions. Although
slrP was expressed in different media, optimal expression was found under conditions that imitate the intravacuolar environ-
ment and promote synthesis of the SPI2-encoded type III secretion system. Translocation into mammalian cells took place
through the SPI1- or the SPI2-encoded type III secretion system, depending on specific host cell type and timing. A search for
genetic factors involved in controlling the expression of slrP unveiled LeuO, Lon, and the two-component system PhoQ/PhoP as
novel regulators of slrP. Our experiments suggest that LeuO and Lon act through HilD under SPI1-inducing conditions, whereas
PhoP directly interacts with the slrP promoter to activate transcription under SPI2 inducing conditions.

ype I1I secretion systems (T3SSs) are employed by Gram-neg-

ative bacterial pathogens and symbionts to translocate pro-
teins, known as effectors, directly into the cytosol of eukaryotic
host cells. These effectors can manipulate certain cellular signal
transduction pathways to create a bacterial survival or replicative
niche (1).

The animal pathogen Salmonella enterica serovar Typhimu-
rium encodes two distinct T3SSs, T3SS1 and T3SS2, in Salmonella
pathogenicity islands 1 (SPI1) and 2 (SP12), respectively (2—4). At
least 38 effectors are secreted through these systems: 7 through
T3SS1, 22 through T3SS2, and 9 through both systems (5). Al-
though some effectors are encoded in SPI1 or SP12, most of them,
including those secreted by both systems, are encoded outside
these islands. Effectors secreted by T3SS1 upon contact with the
host cell are involved in remodeling of the host cell cytoskeleton to
permit Salmonella invasion of nonphagocytic cells through a trig-
ger mechanism and are responsible for symptoms associated to
enteric salmonellosis (6). In contrast, expression of T3SS2 is op-
timal inside the Salmonella-containing vacuole in response to sig-
nals such as low pH and low Mg*" concentration. This system is
essential for intracellular survival in macrophages (7).

Finely tuned regulation of both systems is necessary to ensure
adaptation to different environmental conditions. HilA is the cen-
tral regulator in the SPI1 regulatory scheme, activating genes en-
coding all the components necessary for a functional T3SS1. Ex-
pression of hilA is controlled by the combined action of three
AraC-like transcriptional activators: HilC, HilD, and RtsA (8).
The two-component regulatory system SsrA/SsrB is the central
regulator of T3SS2, with PhoQ/PhoP and EnvZ/OmpR also play-
ing an important role (9). Interestingly, although PhoP has a pos-
itive effect on SPI2 expression and a general negative effect on
SPI1 expression, it also activates some SPI1 genes (10). The tran-
sition from T3SS1 to T3SS2 expression, observed in certain infec-
tion models, is driven by processes of differential regulation and
cross talk between regulatory proteins. There are, however, examples
of expression of T3SS1 effectors at late stages of infection (11, 12) and
circumstances of coexpression and cooperation between both T3SSs,
depending on the host cell type or the entry mode (13).

Effectors should be synthesized in coordination with their cog-
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nate secretion system. This is straightforward for those that are
encoded in SPI1 or SPI2. The regulation, however, may be more
complex for others, in particular for effectors, such as SlrP, that
have been shown to be secreted by both T3SSs.

SIrP (for Salmonellaleucine-rich repeat protein) was identified
as a host-specific virulence factor (14). Analysis of the amino acid
sequence of this protein together with the sequence of the Salmo-
nella effectors SspH1, SspH2, and other related proteins from Shi-
gella and Yersinia, identified four domains (15). The N-terminal
domains A and B are involved in T3SS secretion and translocation
into RAW264.7 macrophages, which is dependent on T3SS1 at 1 h
postinfection (p.i.) and on T3SS2 at 6 h p.i. (16). The third domain
contains several leucine-rich repeats that could function as a pro-
tein-binding motif (17). The C-terminal domain is similar to the
C-terminal domain of the IpaH family in Shigella flexneri. This
domain is responsible for the E3 ubiquitin ligase activity that has
been shown for SspH1, SspH2, SIrP, and members of the IpaH
family. They constitute a new class of ubiquitin ligases known as
NEL (for novel E3 ligase) (18-21). We showed previously that SIrP
binds and ubiquitinates human thioredoxin-1 (22). The localiza-
tion of SIrP in host epithelial cells is mainly cytosolic, but it is also
partially located in the endoplasmic reticulum, where it can inter-
act with the chaperone ERdj3 (23). SIrP could promote cell death
by interfering with the functions of these target proteins.

The regulation of slrP expression has been studied specifically
in the context of its coordination with the expression of T3SS1 (24,
25). In this context, slrP is induced by overexpression of HilC,
HilD, and RtsA independently of the central SPI1 regulator HilA,
with RtsA being the best inducer. However, since SIrP is also a
potential substrate for T3SS2, we were interested in carrying out a
comparative analysis of the environmental and genetic factors that
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TABLE 1 Bacterial strains and plasmids used in this study

Expression and Translocation of SIrP in Salmonella

Source or
Strain or plasmid Relevant characteristic(s) reference(s)
E. coli strains
DH5a supE44 AlacU169 ($80 lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl 51
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relA1 Alac-pro/F' proAB lacl? 52
lacZAM15 Tn10 (Tet")
M15 lac ara gal mtl Qiagen
S. enterica serovar
Typhimurium strains®
14028 Wild type ATCC
55130 14028 phoQ24 (PhoP constitutive) E.A. Groisman
SV4699 14028 phoP7953:Tn10 Tc" 53, 54
SV5193 14028 slrP::3XFLAG Km"* 22
SV5373 14028 AhilA J. Lopez-Garrido
SV5452 14028 AssrB:Cm" 55
SV5487 14028 Alon J. Lopez-Garrido
SV6016 14028 slrP(1-130)::mini-Tn5cyaA’ 33
SV6017 14028 ASPI2::Cm" 33
SV60438 14028 AleuO:Cm" E. Espinosa
SV6055 14028 ASPI1:Km" 33
SV6084 14028 slrP::lacZ Km" This study
SV6402 14028 AhilD::Cm" J. Lopez-Garrido
SV7859 14028 slrP::lacZ T-POP-leuO Km" Tc" This study
SV7960 14028 slrP::lacZ T-POP-hilD Km" Tc¢" This study
Plasmids
p3138 lacZ template vector 29
pIC552 Parent for lacZ transcriptional fusions, Ap" 56
pIZ1949 PQE30-phoP 35
p1Z22028 pIC552-slrP(—460/+21) This study
p1Z2029 pIC552-slrP(—139/+21) This study
plZ2033 p1Z2028-(G-35C) This study
plZ2035 p1Z22029-(G-35C) This study
pIZ2040 p1Z2028-(T-40C) This study
plZ2041 p1Z2029-(T-40C) This study
pKD46 bla Py, gam bet exo pSC101 oriTS 57
pREP4 lacl Km" Qiagen

“ Derivatives of these strains were used as indicated in the text.

control s/rP expression under SPI1- and SPI12-inducing conditions
and of the relative importance of both T3SSs in the translocation
of SIrP during infection of different host cell types.

In this study, we show that slrP is expressed under both SPI1-
and SP12-inducing conditions, but the highest expression was ob-
served under SPI2-inducing conditions. Translocation can occur
through both T3SSs or specifically through T3SS1 or T3SS2, de-
pending on the host cell type and infection timing. We show that,
under SPI1-inducing conditions, LeuO and Lon are indirect reg-
ulators of the slrP expression that act through HilD. We also show
that the main activator of this gene under SP12-inducing condi-
tions is the two-component system PhoQ/PhoP and that PhoP
can directly bind to the promoter region of sirP.

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and strain construction. Escherichia
coli and S. enterica serovar Typhimurium strains used in this study are
described in Table 1. Salmonella strains were derived from the mouse-
virulent strain ATCC 14028. Transductional crosses using phage P22 HT
105/1 int201 (26) were used for strain construction (27). To obtain phage-
free isolates, transductants were purified by streaking on green plates.
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Green plates were prepared as described previously (28), except that
methyl blue (Sigma) was substituted for aniline blue. Phage sensitivity was
tested by cross-streaking with the clear-plaque mutant P22 H5.
Bacterial culture. The standard culture medium for S. enterica and E.
coli was Luria-Bertani (LB) broth. For SPI1-inducing conditions, S. en-
terica strains were grown overnight at 37°C in LB-0.3 M NaCl medium
under static conditions. For SP12-inducing conditions, bacteria from cul-
tures in LB were washed and diluted 1:100 with low-phosphate, low-
magnesium minimal medium (LPM) at pH 5.8 and incubated overnight
at 37°C with shaking. LPM contained 80 mM 2-(N-morpholino)ethane-
sulfonic acid (pH 5.8), 5 mM KCl, 7.5 mM (NH,),SO,, 0.5 mM K,SO,,
0.1% Casamino Acids, 38 mM glycerol, 337.5 uM K,HPO,-KH,PO, (pH
7.4),and 8 pM MgCl,. For some experiments, the concentration of NaCl,
the concentration of MgCl,, or the pH of the medium was modified as
indicated in Results. Solid media contained 1.5% agar. Antibiotics were
used at the following final concentrations in rich medium: kanamycin
(Km), 50 g ml™ Y chloramphenicol (Cm), 20 pg ml™ Y ampicillin (Ap),
100 pg ml™ % and tetracycline (Tc), 20 pg ml ™!, In minimal medium,
antibiotics were used at the following concentrations: Km, 125 pg ml™ Y
Cm, 5 pg ml™ Y Ap, 50 pg ml™ % and Te, 10 ng ml L. Plates for monitor-
ing B-galactosidase activity contained 5-bromo-4-chloro-indolyl-B-p-
galactopyranoside (X-Gal; final concentration, 40 g ml™!).
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TABLE 2 Oligonucleotides used in this study

Purpose and oligonucleotide Sequence (5'-3")

Generation of slrP::lacZ

slrPRedLacZdir GTTCAGATCAGGTAGGGAAAATATGTTTAATATTACTAATCCCGTCGTTTTACAACGTCG

slrPRedRev TAAACAGGGCTCTCTCCCTCTTCTGATAAACTGCGTTCAGCGTGTAGGCTGGAGCTGCTTC
ST-PCR

tpopl GCCTTCTTATTCGGCCTTGAATTGATCATATGCGG

stACGCC GGCCACGCGTCGACTAGTACNNNNNNNNNNACGCC

stGATAT GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT

tpop2 CTTTTTCCGTGATGGTAACC

stl GGCCACGCGTCGACTAGTAC

Construction of pIZ2028
slrP(—460)5’
slrP(+21)3’

Construction of pIZ2029
slrP(—139)5’
slrP(+21)3’ As above

Construction of pIZ2033/2035
sIrPG35C5’
sIrPG35C3’

Construction of pIZ2040/2041
slrPT40C5’
sIrPT40C3’

slrP promoter

CATGAGATCTCGATCGCCAGCGAGTCATCG
GATCCTCGAGATTTTCCCTACCTGATCTG

CATGAGATCTCTACTTAAAAAAGAGGTGATG

GTGACCTCTTATTTAAACTTGAGAATATCCTTATC
GATAAGGATATTCTCAAGTTTAAATAAGAGGTCAC

CGACTGTGACCTCTTATCTAAAGTTGAGAATATCC
GGATATTCTCAACTTTAGATAAGAGGTCACAGTCG

promslrPdir CGATCGCCAGCGAGTCATCG

promslrPrev ATTTTCCCTACCTGATCTG
slyB promoter

promslyBdir AGACTTGCCTGTTGCGCAAC

promslyBrev AAACGCTATTTCAGCATCCC
phoN promoter

promphoNdir AATGCGTGTCAGTCAGGCAC

promphoNrev TTAGCTACGATCAGTGGTAG

DNA amplification with the PCR. Amplification reactions were car-
ried out in a T100 thermal cycler (Bio-Rad). The final volume of reaction
mixtures was 50 wl, and the final concentration of MgCl, was 1.5 mM.
Reagents were used at the following concentrations: deoxynucleoside
triphosphates (ANTPs), 300 wM; primers, 0.3 wM; and Taq polymerase
(Kapa HiFi DNA polymerase; Kapa Biosystems), 1 unit per reaction. The
thermal program included the following steps: (i) initial denaturation, 3
min at 95°C; (ii) 30 cycles of denaturation (98°C, 20 s), annealing (55°C,
15s), and extension (72°C, 30 s per kb); and (iii) final incubation at 72°C
for 7 min, to complete extension. To generate point mutations in the sirP
promoter cloned in pIC552 the thermal program included the following
steps: (i) initial denaturation, 30 s at 95°C and (ii) 12 cycles of denatur-
ation (95°C, 30 s), annealing (55°C, 1 min), and extension (68°C, 5 min).
Primers are listed in Table 2. PCR constructs were sequenced with an
automated DNA sequencer (Stab Vida, Oeiras, Portugal).

Plasmids. Plasmids used in this study are listed in Table 1. Plasmids
expressing transcriptional lacZ fusions were derivatives of pIC552. To
construct these plasmids, DNA from strain 14028 was used as a template
for PCR amplification with the primers listed in Table 2. The amplified
fragments were digested with BglII and Xhol and ligated with BglII/XholI-
digested pIC552. To generate point mutations in the s/rP promoter,
p1Z2028 and pIZ2029 were used as templates for PCR amplification using
primer pairs slrPG35C5'/sIrPG35C3’ and sIrPT40C5'/slrPT40C3’. Prod-
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ucts were digested with 1 pl of DpnI (10 U wl™") for 1 h at 37°C and used
to transform E. coli DH5a. All constructs were confirmed by DNA se-
quencing.

Construction of a chromosomal lacZ fusion. A previously described
one-step procedure was used to generate a translational slrP::lacZ fusion
(29). Plasmid p3138 was used as the template for amplification of lacZ and
a Km' gene using the primers slrPRedLacZdir and slrPRedRev. The PCR
product was used to transform the wild-type strain ATCC 14028 carrying
the Red recombinase expression plasmid pKD46.

B-Galactosidase assays. Levels of B-galactosidase were assayed as de-
scribed previously (30), using the CHCl;-SDS permeabilization proce-
dure. Bacteria were grown overnight in LB medium at 37°C with shaking.
Cells were then diluted 1:50 in LB medium or washed and diluted 1:50 in
LPM and incubated at 37°C with shaking, for LB and LPM, or without
shaking, only for LB. Cultures were incubated for 1.5 to 2 h to reach
exponential phase or 8 h to reach stationary phase.

Mammalian cell culture. HeLa cells (human epithelial; ECAC
no. 93021013), RAW264.7 cells (murine macrophages; ECACC no.
91062702), and NRK-49F cells (normal rat kidney fibroblasts; ATCC
CRL1570) were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal calf serum. Two millimolar L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin were included in the
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culture media. Cells were maintained in a 5% CO, humidified atmo-
sphere at 37°C.

Bacterial infection of cultured cells. Mammalian cells were plated in
24-well plates at 1.5 X 10° cells per well and incubated 24 h at 37°C with
5% CO, in media without antibiotics. For infections under SPI1-inducing
(invasive) conditions, bacteria grown overnight in LB—0.3 M NaCl in a
tightly closed tube without shaking were added at a multiplicity of infec-
tion of 150. For infections of RAW264.7 cells under noninvasive condi-
tions, bacteria were grown in LB for 24 h at 37°C with shaking. Bacteria
were centrifuged onto the cell monolayer at 200 X g for 5 min and then
incubated at 37°C with 5% CO,. The cell culture was washed twice with
phosphate-buffered saline (PBS) at 1 h p.i., overlaid with DMEM contain-
ing 100 g ml™" gentamicin, and incubated for another hour. The culture
was then washed twice with PBS, covered with DMEM with gentamicin 16
pg ml ™!, and incubated for 2 to 22 h.

Protein translocation assays. Following the infections described
above, the translocation of the SIrP-CyaA’ fusion into the eukaryotic cells
was monitored by measuring the levels of cyclic AMP (cAMP). The in-
fected cells were lysed, and the level of cAMP in the lysates was determined
using a colorimetric direct cAMP enzyme immunoassay kit (Arbor As-
says) according to the manufacturer’s instructions.

Mutagenesis with T-POP. Strain 14028 of S. enterica serovar Typhi-
murium was mutagenized with T-POP, a derivative of transposon
Tn10dTc that lacks terminators for fefA and tetR, allowing Tc-dependent
overexpression of genes adjacent to the point of insertion from internal
T-POP promoters (31). Pools of 5,000 colonies, each carrying an inde-
pendent T-POP insertion, were then prepared and lysed with phage P22
HT. The lysates were used to transduce strain SV6084 (14028 slrP::lacZ),
selecting Tc-resistant transductants on LB and LPM plates supplemented
with X-Gal, T¢, and Km.

Molecular characterization of T-POP insertions. A semirandom,
two-step PCR protocol (32) was used to amplify genomic regions adjacent
to the T-POP insertions. The reactions were carried out as previously
described (33) using primers listed in Table 2. The final products were
sequenced using the primers tpop2 and stl. Sequence analysis was per-
formed with molecular biology algorithms from the National Center for
Biotechnology Information at www.ncbi.nlm.nih.gov.

Western blotting and antibodies. Salmonella strains were cultured as
explained above for B-galactosidase assays. The bacteria were then pel-
leted by centrifugation and resuspended in SDS-PAGE sample buffer.
Proteins were separated by SDS-PAGE (mini-Protean TGX precast gels,
12% or 4 to 15%) and electrophoretically transferred to nitrocellulose
filters for Western blot analysis using anti-FLAG M2 monoclonal anti-
bodies (1:5,000; Sigma), anti-DnaK (8E2/2) monoclonal antibodies (1:
5,000; Assay Designs), and anti-GroEL polyclonal antibodies (1:20,000;
Sigma). Goat anti-mouse horseradish peroxidase (HRP)-conjugated an-
tibodies (1:5,000; Bio-Rad) and goat anti-rabbit HRP-conjugated anti-
bodies (1:10,000; GE Healthcare) were used as secondary antibodies.

Protein purification and phosphorylation. His,-PhoP protein was
produced and purified as previously described (34) with some modifica-
tions (35). For slot blot assays, S. enterica Hisg-PhoP was phosphorylated
with acetyl phosphate as previously described (36) with modifications.
Briefly, His,-PhoP was incubated in 20 pl of phosphorylation buffer (50
mM Tris-HCI [pH 7.5], 50 mM KCI, 10 mM MgCl,) containing 10 mM
acetyl phosphate (Sigma-Aldrich) for 1 h at 37°C.

Slot blot for DNA-protein interaction. DNA fragments used for the
PhoP binding assay were amplified by PCR using Salmonella 14028 as a
template. The reverse primers, listed in Table 2, were labeled with FAM
fluorochrome. PCR amplification rendered fragments of 281, 355, and
481 bp for the phoN, slyB, and slrP promoters, respectively. The binding
assay was carried out as previously described (36) with modifications.
Briefly, a solution of 10 nM FAM-labeled DNA and 0, 0.125, 0.25, 0.5, 1,
and 2 uM phosphorylated His,-PhoP was prepared in binding buffer (50
mM Tris-HCI [pH 8.0], 50 mM KCl) in a total volume of 20 pl and
incubated for 30 min at room temperature. Nitrocellulose filters were
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FIG 1 Expression of slrP in different culture media. B-Galactosidase activities
were measured from overnight cultures of an S. enterica strain carrying a chro-
mosomal slrP::lacZ translational fusion. (A) Bacteria were incubated overnight
at 37°Cin LB with 0.3 M NaCl without shaking (SPI1) or in LPM at pH 5.8 with
shaking (SPI2). (B) Different concentrations of NaCl were used to test the role
of osmolarity in sseK1 expression under SPI1-inducing conditions. (C) Activ-
ities were measured after growth in LPM with different pH and Mg>* concen-
trations, as indicated. Means and standard deviations from three independent
B-galactosidase measurements are shown.

blocked with 0.5% (wt/vol) skim milk powder and 50 g herring sperm
DNA per ml in PBS and washed with PBS. Binding reaction mixtures were
diluted 1:10 with PBS and blotted onto blocked nitrocellulose filters using
a PR 600 slot blot manifold (Hoefer Scientific Instruments) connected to
a portable vacuum/pressure pump (Millipore). Wells were then washed
five times with PBS, and membranes were air dried. Images were acquired
using a Fujifilm FLA-5100 system, and quantification was performed us-
ing Image J software.

Statistical analyses. Student’s ¢ test was used to analyze differences in
enzymatic activities. P values of 0.05 or less were considered significant.

RESULTS

Expression of slrP in different media. Because SlrP is a potential
substrate for T3SS1 and T3SS2, it is expected to be synthesized
under a wide range of environmental conditions. To study the
critical factors that may influence the expression of slrP, we used a
lacZ fusion that was created in the bacterial chromosome under
the control of the native transcriptional and translational signals.
First, we compared the activity of the fusion under previously
described SPI1- and SPI2-inducing conditions. As seen in Fig. 1A,
although slrP was expressed in both cases, expression was in-
creased more than 2-fold under SPI2-inducing conditions.

jb.asm.org 3915


http://www.ncbi.nlm.nih.gov
http://jb.asm.org

Cordero-Alba and Ramos-Morales

One of the factors that induce expression of T3SS1 is high
osmolarity (37). The role of this factor in the expression of slrP was
tested in LB with different concentrations of NaCl. Optimal ex-
pression in this medium was obtained at 170 mM NaCl (Fig. 1B),
whereas slight repression was observed with the extreme concen-
trations used (0 and 680 mM).

Two relevant factors that are present in the LPM used for in-
duction of SPI2 are low Mg”" concentration and low pH. As seen
in Fig. 1C, both factors are important to achieve an optimal ex-
pression of slrP: both the increase of pH from 5.8 to 7.2 and the
increase of Mg”* concentration from 8 M to 8 mM significantly
reduced the level of B-galactosidase activity associated with the
slrP::lacZ fusion.

Kinetics of translocation of SIrP into different cell types. The
results presented above support the idea that the expression of
slrP, although overlapping the expression of T3SS1 and T3SS2, is
maximal under SPI2-inducing conditions. To investigate the role
of these systems in the secretion of SlrP under a variety of physi-
ological conditions, we carried out bacterial infections of different
mammalian cell types and measured the translocation of the ef-
fector into the host cytosol over time. For these experiments we
took advantage of a chromosomal translational slrP::cyaA’ fusion
that was previously generated in our laboratory as a derivative of
strain ATCC 14028 of S. enterica serovar Typhimurium (33). The
translocation of SIrP fused to the catalytic domain of CyaA from
Bordetella pertussis was detected as an increase in the concentra-
tion of cCAMP (38). Three mammalian cell lines previously vali-
dated as appropriate models for in vitro Salmonella infections were
used: (i) human epithelial HeLa cells, (ii) murine macrophage-
like RAW264.7, and (iii) NRK-49F rat fibroblasts. Infections of
nonphagocytic cells (HeLa and NRK cells) were carried out with
invasive bacteria, i.e., cells were grown under SPI1-inducing con-
ditions. The same conditions were used to infect RAW cells for 1
or 2 h. However, noninvasive bacteria were used for longer infec-
tions of RAW cells to prevent rapid cell death induced by invasive
bacteria in macrophages (39). Infections were also carried out
using derivatives of S. enterica serovar Typhimurium lacking
T3SS1, T3SS2, or both. As seen in Fig. 2 the kinetics of transloca-
tion was different for every cell type. (i) Translocation into epithe-
lial cells was observed from 1 h to 24 h p.i. and was always depen-
dent on T3SS1 (Fig. 2A). (ii) The situation for macrophages was
more complex. SIrP was injected through T3SS1 at 1 hand 2 h p.i.
when invasive bacteria were used; however, at 8, 16, and 24 h p.i.
(when noninvasive bacteria were used), SlrP was the substrate of
T3SS2 (Fig. 2B). (iii) Interestingly, the results for NRK suggest that
translocation of SIrP into fibroblasts is specifically T3SS1 depen-
dent from 1 to 8 h p.i. but can occur by T3SS1 and T3SS2 at later
times p.i., since both systems needed to be inactivated simultane-
ously to prevent translocation (Fig. 2C).

Regulation of sIrP expression by PhoP, Lon, LeuO, and HilD.
Next, we decided to look for genetic factors controlling the expres-
sion of slrP using two complementary approaches. First we tested
the effect of mutations in genes encoding regulators known to
control the expression of T3SS1 and T3SS2: phoP, phoQ, ssrB,
hilD, and hilA. The level of expression was assessed in liquid bac-
terial cultures grown under SPI1 (Fig. 3A)- or SPI2 (Fig. 3B)-
inducing conditions using the translational slrP::lacZ fusion men-
tioned above. The results suggest that the PhoQ/PhoP system is a
major regulator of slrP expression: there is a 10-fold decrease in
expression in a phoP-null mutant under SPI12-inducing condi-
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tions and a 4-fold increase in a phoQ24 mutant (a mutant with
constitutive activation of the system) under SPI1-inducing condi-
tions. Some effects were also observed for the hilD and ssrB muta-
tions under SPI1- and SPI2-inducing conditions, respectively.
These results were confirmed at the protein level using an SlrP-
3XFLAG fusion that was detected by Western blotting using an
anti-FLAG antibody (Fig. 3, bottom). Interestingly, the effect of
the hilD mutation was more dramatic at this level, suggesting that
an indirect posttranslational regulatory mechanism may also op-
erate.

The existence of additional regulators was investigated using a
second approach based on a T-POP screen (31). Bacteria carrying
the slrP:lacZ fusion were mutagenized with the defective trans-
poson and plated on media containing Tk, to select for the pres-
ence of T-POP, and X-Gal, a chromogenic indicator of slrP::lacZ
expression. The screens were carried out in LB with 0.3 M NaCl
and in LPM, and colonies exhibiting some color shift, darker or
lighter blue, were analyzed. About 40,000 colonies were screened
in each medium, and a total of 48 colonies were initially selected.
Finally, only 4 T-POP insertions caused differential expression of
slrP in (-galactosidase assays in a reproducible way after recon-
struction experiments. All of them showed their effects under
SPI1-inducing conditions (LB—0.3 M NacCl). The insertions were
mapped by sequencing DNA adjacent to the transposon.

Two insertions increased expression of slrP in a Tc-indepen-
dent manner, suggesting that a gene encoding a negative regulator
was disrupted by the transposon in these cases. These insertions
were located in lon, the gene encoding the protease Lon. Confir-
mation that the disruption of lon was responsible for the observed
effect was obtained by deleting the lon gene in the strain carrying
the slrP:lacZ fusion and measuring B-galactosidase activity
(Fig. 4A).

The remaining two insertions had opposite effects on slrP ex-
pression, but both were dependent on Tc (Fig. 4A). One was ad-
jacent to leuO and caused a decrease in the expression of slrP. The
effect of the transposon was suppressed by a deletion of leuO,
suggesting that expression of lexO from an outward Tc-dependent
T-POP promoter was responsible for the observed effect. The
other insertion was located near hilD. This insertion increased
expression of slrP in the presence of Tc, and the increase was
suppressed by deleting hilD (Fig. 4B).

It was shown previously that Lon protease degrades HilD (40)
and that the transcriptional regulator LeuO directly activates tran-
scription of hilE (41), whose product inhibits HilD activity (42).
As a consequence, both Lon and LeuO modulate the expression of
SPI1 through HilD. To investigate whether slrP regulation follows
the same pattern, we carried out epistasis analysis. Results shown
in Fig. 4C support the model that Lon and LeuO regulate sirP in a
manner that is mostly HilD dependent.

The role of Lon, LeuO, and HilD in the regulation of slrP and
the relationships between the three regulators were further stud-
ied at the protein level using strains expressing SlrP-3 X FLAG (Fig.
5). The results of this analysis support the conclusions obtained
with the lac fusion.

Direct regulation of sIrP expression by PhoP. The data above
suggest that the PhoQ/PhoP two-component system has a major
role in the regulation of the expression of slrP. To study if PhoP
was a direct activator of slrP transcription, first we analyzed the
promoter region of this gene. The transcriptional start site (TSS)
of slrP was determined in a recent global analysis carried out on
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FIG 2 Kinetics of translocation of SIrP into different cell types. Human epithelial HeLa cells (A), RAW264.7 murine macrophage-like cells (B), and NRK-49F
normal rat kidney fibroblasts (C) were infected with derivatives of S. enterica serovar Typhimurium 14028 (wild-type [wt], ASPI1, ASPI2, and ASPI1 ASPI2
strains) carrying a chromosomal SIrP-CyaA’ fusion expressed under the native slrP promoter. To detect translocation, the level of cAAMP was measured 1, 2, 4,
8, 16, and 24 h p.i. Bacteria were grown under SPI1-inducing conditions for most infections. Noninvasive bacteria were used specifically for infections of
RAW?264.7 cells for 4, 8, 16, and 24 h. Means and standard deviations from triplicate experiments are represented.

strain S. enterica serovar Typhimurium strain SL1344 using RNA
sequencing techniques (43). The + 1 nucleotide was found to be a
T located 21 nucleotides upstream of the translational start codon.
Putative —10 and —35 ¢”° promoter consensus motifs were iden-
tified by visual inspection, together with a putative PhoP-binding
site (Fig. 6A). A similar motifis found in the promoters of a subset
of PhoP-activated genes, including steA, phoP, mgtA, pmrD, slyB,
and orgB (Fig. 6B).

The role of this region in driving transcription and PhoP-reg-
ulation of slrP was tested using the promoter-probe vector
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pIC552, which permits the construction of transcriptional lac fu-
sions. DNA fragments containing the promoter and 5" untrans-
lated regions of sIrP, from —460 to +21 and from —139 to +21,
were cloned into this plasmid and introduced into the wild type
and a phoP derivative of S. enterica serovar Typhimurium. The
level of expression of the lac fusions indicated that these fragments
contained the motifs necessary for transcription and PhoP regu-
lation of sIrP (Fig. 7A). To analyze the relevance of the predicted
PhoP box, we constructed two point mutations: a transition inside
the putative PhoP motif, at position —40, and a transversion out-
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FIG 3 Regulation of slrP by the PhoQ/PhoP system. Expression of sirP was
studied in different genetic backgrounds, as indicated, under SPI1 (A)- or SP12
(B)-inducing conditions. Means and standard deviations from three indepen-
dent B-galactosidase measurements are shown for strains carrying a slrP::lacZ
fusion (top). Expression at the protein level was assessed by immunoblotting
using strains expressing SlrP-3XFLAG (bottom). A monoclonal anti-FLAG
antibody was used to detect the fusion protein, and a polyclonal anti-DnaK
antibody was used as a loading control.

side this motif, at position —35 (Fig. 6A). Whereas the second
mutation had no effect, the first resulted in a dramatic reduction
of expression and PhoP-dependent regulation (Fig. 7A), support-
ing a role for this site in mediating PhoP regulation. Finally, we
investigated the possibility of a direct interaction of PhoP with the
promoter of slrP using a slot blot technique. Phosphorylated His,-
PhoP was used for these assays together with PCR-amplified frag-
ments derived from the slrP promoter and the promoters of slyB
and phoN, which were used as positive and negative controls, re-
spectively (35, 44). As seen in Fig. 7B, PhoP was able to bind to the
promoters of slrP and slyB but not to the phoN promoter. Inter-
estingly, the mutation at position —40, which abrogated PhoP
regulation, also prevented PhoP binding.

DISCUSSION

Definition of the environmental and genetic factors that control
the expression of genes encoding T3SS effectors as well as of the
conditions and timing for translocation into host cells is essential
to understand the function of these virulence factors. This is par-
ticularly relevant in the case of an effector like SIrP that is encoded
outside SPI1 and SPI2 and is secreted though two distinct and
differentially regulated T3SSs. Previous work showed that this ef-
fector is capable of being secreted through T3SS1 and T3SS2 into
macrophage-like cells (16). However, these experiments were car-
ried out expressing slrP from a constitutive promoter in a plasmid.
In addition, some reports suggested a low level of expression of
slrP in SP12-inducing media (16, 45). These data may cast some
doubts on the physiological significance of T3SS2-dependent se-
cretion of SIrP.
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analysis of sIrP expression. Effect of HilD expression on the (3-galactosidase
activity of slrP::lacZ in the presence and in the absence of Lon and LeuO.

Here, we used a combination of translational lac and 3XFLAG
fusions to study expression of slrP under different conditions and
translational cyaA’ fusions to study the kinetics of translocation of
SIrP into different host cell types. All the fusions were constructed
in the native locus so that they conserved the native promoter and
ribosome-binding site. A first conclusion of our experiments is
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FIG 5 Regulation of slrP by lon, leuO, and hilD at the protein level. The level of
SIrP was studied by immunoblotting using strains expressing a 3XFLAG fu-
sion. Extracts from stationary-phase cultures of these strains were resolved by
SDS-PAGE (12%), and a monoclonal anti-FLAG antibody was used for West-
ern blotting (upper bands). Polyclonal anti-GroEL or anti-DnaK antibodies
were used as a loading control (lower bands). Molecular mass markers are
indicated on the left. ¢, wild-type background. (A) Effects of overexpression
and deletion of hilD on slrP expression. (B) Effect of Lon on slrP expression in
the presence and in the absence of HilD. (C) Effect of LeuO on slrP expression
in the presence and in the absence of HilD.

that, although sirP is expressed at significant levels in SPI1- and
SPI2-inducing media (Fig. 1 and 3), expression is optimal in the
latter, a medium that partially mimics the intravacuolar environ-
ment. The discrepancy of these results with previous data men-
tioned above may be due to the different kinds of fusions used, luc
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into plasmid pIC552 to generate lacZ transcriptional fusions. These plasmids
and derivatives carrying the indicated point mutations were introduced into S.
enterica serovar Typhimurium strain 14028 (wild type) or a phoP-null mutant,
and B-galactosidase activities were measured in cultures grown to stationary
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-galactosidase measurements are shown. (B) Purified Hisy-PhoP was phos-
phorylated in vitro using acetyl phosphate. DNA fragments containing the
promoter region of sirP, the same region with a point mutation (T-40C), and
the promoter regions of slyB and phoN, as positive and negative controls,
respectively, were PCR amplified using fluorochrome-labeled primers and in-
cubated with the indicated concentrations of phosphorylated Hisg-PhoP
(Hisg-PhoP-P). Slot blotting was used to quantify binding. Results from a
representative experiment of three independent experiments are shown.

transcriptional versus lac translational fusions, and more likely to
the different media used to establish SPI2-inducing conditions.
Whereas in previous studies either low Mg2+ concentration (16)
or acidic pH (45) was used as the inducing signal, here we used a
medium that combines both signals. Indeed, we show that these
signals are equally important for induction of sirP (Fig. 1).

A -40 -35
-~
CCTCTTATTTAAAGTTGAGAATATCCTTATCTGTTACTTTAGGTTACCGTTCAGATCAGGTAGGGAAAATATGTTTAATATTA...
PhoP -35 -10 +1 ribosome coding
binding site region
B PhoP box -10
steA A CATAATIGAGAGAGG
phoP CATAATICAACGCTA
mgtA TATGATACCGCCAT
pmrD TAACGTGTTATGAA
slyB TATGATTTTCACAT
orgB TAGAAATGTCAATT
slrpP TACTTTAGGTTACG

FIG 6 Analysis of the promoter region of sirP. (A) The sequence surrounding the transcriptional start site (+1) is shown. The consensus sequences for
07°-dependent transcription, putative PhoP-binding site, ribosomal-binding site, and start of the coding region are indicated. (B) Alignment of the promoter
region of sIrP and six PhoP-activated genes with a similar architecture. Putative —10 and PhoP-binding boxes are indicated.

November 2014 Volume 196 Number 22

jb.asm.org 3919


http://jb.asm.org

Cordero-Alba and Ramos-Morales

The physiological relevance of the induction of s/rP expression
under different conditions was further confirmed by our translo-
cation experiments using a chromosomal slrP::cyaA’ fusion (Fig.
2). This fusion has the advantage of being expressed at physiolog-
ical levels and, therefore, is optimal for obtaining insights about
the kinetics of translocation into host cells. The main conclusions
that can be drawn from these experiments are the following. (i)
Both T3SS1 and T3SS2 are functional in SIrP translocation, but
different patterns are observed depending on the host cells. (ii)
Translocation into epithelial HeLa cells is strictly dependent on
T3SS1. This may be explained, at least partially, by the fact that the
T3SS1-dependent trigger mechanism is essentially the only way
for Salmonella to invade nonphagocytic epithelial cells. Therefore,
T3SS2-dependent translocation from the vacuole cannot be easily
tested in these cells, since a T3SS1 mutant is unable to invade. (iii)
Translocation of SIrP into NRK-49K fibroblasts is T3SS1 depen-
dent from 1 to 4 h p.i. but occurs through both T3SSs at later
times. These results suggest that in these cells, T3SS2 became func-
tional between 4 and 8 h p.i., whereas T3SS1 was active through-
out the experiment. We were able to study T3SS2 translocation in
these cells because Salmonella invades fibroblasts by multiple
routes, including T3SS1-independent routes (46). Hence, fibro-
blasts could be more suitable than epithelial cells as a model to
study T3SS effector translocation into nonphagocytic cells. (iv) In
macrophages, translocation was T3SS1 dependent from 1 to 2 h
p.i. and T3SS2 dependent from 8 to 24 h p.i. The differences with
fibroblasts could be ascribed to cell type differences and to the
diverse means of entry used by Salmonella in each case. Translo-
cation of SIrP into these cells was not detected when noninvasive
bacteria were used at 1 h, 2 h (data not shown), or 4 h (Fig. 2B),
suggesting that, in noninvasive phagocytized bacteria, T3SS1 is
not induced atall and T3SS2 is induced between 4 and 8 h p.i. One
factor that should be taken into account is the role of T3SS2
in the proliferation of S. enterica serovar Typhimurium inside
RAW264.7 macrophages (47). However, the lack of intracellular
proliferation of the SPI2 mutant does not completely explain the
absence of secretion of SIrP, since the number of intracellular
bacteria in this case would be still enough to detect translocation if
T3SS1 was active.

In this study, we also investigated the genetic factors involved
in the regulation of the expression of slrP under SPI1- and SPI2-
inducing conditions. A genetic screen identified LeuO and Lon as
negative regulators and HilD as a positive regulator under SPI1-
inducing conditions (Fig. 4 and 5). Epistasis analysis suggests that
LeuO and Lon act through HilD, a previously described sirP reg-
ulator (24). This is consistent with HilD being a substrate for the
Lon protease (40) and with previous findings indicating that LeuO
mediates SPI1 downregulation mainly through activation of the
transcription of hilE, a gene encoding a HilD inhibitor (41). Inter-
estingly, LeuO also seems to repress SPI1 by some minor HilD-
independent mechanisms. The partial additive effect on the ex-
pression of the slrP:lacZ fusion that was observed upon
combination of deletion of hilD and expression of leuO from a
T-POP promoter suggests that similar mechanisms could operate
in the regulation of slrP expression.

Our results also indicate that the PhoQ/PhoP two-compo-
nent regulatory system is the main activator of sIrP expression
under SPI12-inducing conditions (Fig. 3). Under these condi-
tions, a null mutation in phoP generated a 14-fold decrease in
slrP expression. In addition, the activating phoQ24 mutation
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increased expression under SPI1-inducing conditions to the
levels observed in the wild-type strain under SPI2 conditions.
The PhoQ/PhoP system controls expression of SPI2 and some
T3SS2-related effectors encoded outside the island through the
SsrA/SsrB system. However, an ssrB-null mutation had a minor
effect on slrP expression, a result that was consistent with pre-
vious reports (16, 45) and suggested that PhoP could act di-
rectly on the slrP promoter. Support for this hypothesis was
obtained from in vitro slot blot-based experiments showing
binding of PhoP to DNA fragments containing the promoter
region of sirP (Fig. 7). In addition, binding and PhoP regula-
tion were abolished by a point mutation in a putative PhoP box
found in this region (Fig. 6 and 7). The distal half of this motif
is very similar to the consensus sequence previously defined for
a subset of PhoP-regulated genes that contain a promoter pat-
tern known as architecture I (48), whereas the other half of the
motif is not conserved in slrP. This observation may explain
why this promoter was not detected in previous global searches
for PhoP-regulated genes based on sequence similarities (49).
We previously found a similar situation for the promoter of
steA (35), a gene encoding another Salmonella T3SS effector,
although for steA, the conserved part of the PhoP box was the
proximal half (Fig. 6). Both effectors are substrates of T3SS1 and
T3SS2, and in both cases there is a direct regulation by PhoP and a
minor regulatory role for SsrB. This is in contrast with genes en-
coding other Salmonella effectors that are specifically secreted
through T3SS2 and whose regulation is strictly dependent on the
SsrA/SsrB two-component system (45, 50).

The dually positive regulation that we describe here for sirP by
LeuO, Lon, and HilD under SPIl-inducing conditions and by
PhoP under SPI2-inducing conditions partially explains the abil-
ity of SIrP to be secreted by both T3SSs under different circum-
stances. Both systems are interconnected in several ways (9, 13),
and this or a similar regulatory model could operate for other
effectors that are substrates of T3SS1 and T3SS2.
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