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Salmonella enterica serovar Typhimurium replicates in macrophages, where it is subjected to antimicrobial
substances, including superoxide, antimicrobial peptides, and proteases. The bacterium produces two periplas-
mic superoxide dismutases, SodCI and SodCII. Although both are expressed during infection, only SodCI
contributes to virulence in the mouse by combating phagocytic superoxide. The differential contribution to
virulence is at least partially due to inherent differences in the SodCI and SodCII proteins that are independent
of enzymatic activity. SodCII is protease sensitive, and like other periplasmic proteins, it is released by osmotic
shock. In contrast, SodCI is protease resistant and is retained within the periplasm after osmotic shock, a
phenomenon that we term “tethering.” We hypothesize that in the macrophage, antimicrobial peptides tran-
siently disrupt the outer membrane. SodCII is released and/or phagocytic proteases gain access to the
periplasm, and SodClII is degraded. SodClI is tethered within the periplasm and is protease resistant, thereby
remaining to combat superoxide. Here we test aspects of this model. SodCII was released by the antimicrobial
peptide polymyxin B or a mouse macrophage antimicrobial peptide (CRAMP), while SodCI remained tethered
within the periplasm. A Salmonella pmrA constitutive mutant no longer released SodClII in vitro. Moreover, in
the constitutive pmrA background, SodCII could contribute to survival of Salmonella during infection. SodCII
also provided a virulence benefit in mice genetically defective in production of CRAMP. Thus, consistent with
our model, protecting the outer membrane against antimicrobial peptides allows SodCII to contribute to
virulence in vivo. These data also suggest direct in vivo cooperative interactions between macrophage antimi-

crobial effectors.

Survival in macrophages is essential for Salmonella enterica
serovar Typhimurium virulence (26, 36). In the phagosome,
Salmonella is challenged with a plethora of antimicrobial sub-
stances, including superoxide, produced by NADPH oxidase,
cationic antimicrobial peptides (CAMPs), which disrupt bac-
terial membranes, and phagocytic proteases (7, 35). These
oxidative and nonoxidative effectors act to inhibit or kill invad-
ing bacteria (38), but direct mechanistic interactions among
these effectors in vivo are largely speculative.

Salmonella resistance to the oxidative burst of phagocytes
requires periplasmic Cu/Zn-cofactored superoxide dismutase
(SodC) (5). Salmonella serovar Typhimurium strain 14028 pro-
duces two periplasmic superoxide dismutases. SodClII is chro-
mosomally encoded, whereas SodCI is encoded on the fully
functional Gifsy-2 bacteriophage (18). These two enzymes are
60% identical at the amino acid level. We and others have
shown that only SodCI contributes to virulence during infec-
tion in the animal. In contrast, SodClII is not required during
infection, even in the absence of SodCI (21). It is clear that
SodCI specifically protects against phagocytic superoxide;
there is no other role for the enzyme (5, 22).
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Transcription of sodCI is controlled by PhoPQ and is in-
duced ~17-fold in bacteria recovered from cultured macro-
phages or mouse spleens (13). The sodCII gene is controlled by
RpoS and is also induced ~3- to 4-fold during infection of
macrophages and mice (13). Although sodCI is more highly
induced in the phagosome, differential gene expression cannot
explain the disparity in their contributions to virulence: a strain
containing SodCI expressed from the sodCII promoter was
fully virulent, whereas SodCII expressed from the sodCI pro-
moter did not contribute to virulence (21). Thus, both proteins
are apparently made during infection, suggesting that some
physical difference between the two proteins allows SodClI, but
not SodCllI, to effectively combat phagocytic superoxide.

SodClI is reported to have a 2.7-fold higher specific activity
than that of SodClII (2). These two enzymes also differ in their
affinities for Cu and Zn (2). Other differences have been noted
as well (2). But it seems unlikely that subtle differences in
enzymatic activity can completely explain the all-or-nothing
phenotype observed during infection. Overproduction of
SodCII from the sodCI promoter does not complement a
sodCI null phenotype (21). Moreover, even if SodCII ac-
counted for only a fraction of the activity, one would expect to
see a phenotype conferred by loss of SodClII in a sodCI null
background. Such a synthetic interaction is observed with mu-
tations in the cytoplasmic SODs, which protect against endo-
genously generated superoxide (5).

We have sought other properties, beyond enzymatic activity
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per se, to explain the inability of SodCII to protect against
phagocytic superoxide. From our work and that of others, we
know that SodClI is dimeric and protease resistant (2, 22, 33).
We have also discovered that SodCI is “tethered” within the
periplasm by a noncovalent ionic interaction. In vitro, this is
manifested as limited release by osmotic shock (21, 22). In
contrast, SodCII is monomeric, protease sensitive, and re-
leased normally from the periplasm (22). We found that SodC
from Brucella abortus, expressed from the sodCI locus, was able
to complement sodClI, resulting in full virulence (22). This
enzyme is monomeric and released by osmotic shock but is
protease resistant, suggesting that the latter property is critical
in the phagocyte (21, 22). However, in the phagosome, Salmo-
nella is also subjected to antimicrobial peptides, which disrupt
membranes, similar to an osmotic shock (45). Therefore, we
believe that tethering might also contribute to the ability of
SodClI to protect Salmonella from phagosomal killing.

Taking all these data into consideration, our current working
model proposes that macrophages deliver a variety of antimi-
crobial substances to the Salmonella-containing phagosome.
CAMPs at least transiently disrupt the outer membrane of the
bacterium. Periplasmic proteins such as SodCII are released
and/or phagocytic proteases gain access to the periplasm, and
SodClII is degraded under these conditions. The presence of
CAMPs and additional phagosomal conditions induce the
PhoPQ regulon, which includes sodClI, leading to resistance to
antimicrobial peptides (3, 13). SodClI is tethered within the
periplasm and is inherently protease resistant. Therefore, it
remains to detoxify the phagocytic superoxide. Here we pro-
vide evidence in support of this model.

Consistent with this model, Uzzau et al. (44) and Ammen-
dola et al. (1) have noted that the steady-state level of SodCII
protein is low in bacteria recovered from macrophages or an-
imals, whereas SodClI levels are high. However, they have
proposed that the low levels of SodCII are due to transcrip-
tional downregulation in response to the host environment.
Most recently, these investigators proposed that sodCII tran-
scription was downregulated in response to the low Zn levels
found in the macrophage phagosome, although no molecular
mechanism was proposed (2). The experiments performed in
this study distinguish between these two interpretations of the
available data.

MATERIALS AND METHODS

Media and reagents. Bacteria were grown in Luria-Bertani (LB) medium (10
g tryptone, 5 g yeast extract, and 10 g NaCl per liter), with 15 g of agar per liter
added for solid medium. The concentrations of the antibiotics used were as
follows: ampicillin and kanamycin, 50 pg/ml; chloramphenicol, 20 pg/ml; and
tetracycline, 25 pg/ml. Isopropyl-B-p-thiogalactopyranoside (IPTG) was pur-
chased from Fisher, N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)
was purchased from CalBiochem, and polymyxin sulfate B was purchased from
Alexis. The 34-amino-acid mature cathelicidin-related antimicrobial peptide
(CRAMP) was synthesized by the Protein Facility Center at the University of
Illinois at Urbana-Champaign.

Strain construction. Bacterial strains and plasmids used in this study are
described in Table 1. All strains used in this study are isogenic derivatives of
Salmonella enterica serovar Typhimurium strain 14028. Deletion of genes and
concomitant insertion of antibiotic resistance cassettes were carried out using
lambda Red-mediated recombination (6, 8). All constructs were confirmed by
PCR analysis and transduced into an unmutagenized wild-type background,
using phage P22 HT105/1 int-201 (24). In some cases, the antibiotic resistance
cassette was recombined out of the chromosome by FLP, produced from the
temperature-sensitive plasmid pCP20 (6). Transcriptional lac fusions were con-
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structed by integrating fusion plasmids into FRT scar sites by FLP-mediated
recombination as described previously (8).

A phoA-6XHis allele was constructed by including a sequence encoding a
6XHis tag in the 3’ PCR primer (CGC GGA TCC TTA CTA GTG GTG GTG
GTG GTG GTG TTT CAG CCC CAG AGC G) and amplifying the phoA gene
from the Escherichia coli chromosome (with 5’ primer TTG TAC ATG AAG
CTT ATA AAG TGA AAC AAA). The resulting PCR product contained a
HindIII site 5" of the phoA open reading frame (ORF), which was in frame with
the 6XHis sequence, followed by a stop codon and a BamHI site on the 3" end.
This fragment was cloned into pWKS30 (47). The resulting plasmid was intro-
duced into a phoN deletion strain. The sodCI gene was amplified using primers
(5" primer, CGA GGT AAC ATA TGA AAT ACA C; and 3’ primer, TTG CTC
GAG TTT CTC AAT GAC AC) that introduced an Ndel site at the start codon
and an Aval site at the 3’ end, replacing the stop codon. This fragment was
cloned into the pET21b plasmid, resulting in the sodCI ORF being in frame with
6XHis-encoding sequences at the 3" end. This plasmid was introduced into an
otherwise sod null strain that produced the T7 polymerase under the control of
Lacl (JS921). Therefore, SodCI-6XHis was produced upon the addition of
IPTG.

The chromosomal sodCI-6XHis allele was constructed by incorporating se-
quences encoding 6XHis into the 5’ primer (TGG TGG CGG TGC ACG TTT
TGC CTG TGG TGT CAT TGA GAA ACA CCA CCA CCA CCA CCA CTA
GTA AGT GTA GGC TGG AGC TGC TTC G) used to amplify (with 3" primer
CTT TAG GGT CGA GCG CAT TTC GTG CCC CAT ATA TGA ATA TCC
TCC) a Kan" cassette from plasmid pKD3 (6). This cassette was integrated
downstream of the sodCI open reading frame via lambda Red-mediated recom-
bination, such that the 6>XHis-encoding sequence was in frame with sodCI. The
associated deletion extends through the left attachment site of the Gifsy-2 phage,
which prevents phage induction or amplification (13).

Antibody production and Western blot analysis. A peptide corresponding to
the N-terminal 20 amino acids of mature SodCII was synthesized and used to
raise antibody in a rabbit by Proteintech Group. Anti-His monoclonal antibody
was purchased from Abcam, anti-B-galactosidase antibody was purchased from
Zymed, and anti-chloramphenicol acetyltransferase (anti-CAT) rabbit polyclonal
antibody was purchased from Sigma. Horseradish peroxidase (HRP)-conjugated
anti-rabbit antibody (Zymed) or HRP-conjugated anti-mouse antibody (Abcam)
was used as secondary antibody. Protein samples were separated in a 10%
polyacrylamide gel containing sodium dodecyl sulfate (SDS). The proteins were
transferred to Hybond-ECL membranes (Amersham). The appropriate region of
the membrane was excised and exposed to the indicated primary and secondary
antibodies. The Western blot procedure and the detection of HRP-conjugated
antibodies with a chemiluminescence system were done according to the manu-
facturer’s instructions (Amersham). Control experiments (not shown) with ap-
propriate deletion mutants confirmed the specificity of the various antibodies
and the identities of the bands in our Western analyses.

Immunodetection in bacteria recovered from infected macrophages. RAW
264.7 macrophage-like cells (American Type Culture Collection) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; HyClone) supple-
mented with 10% fetal bovine serum and 1% L-glutamine (BioWhittaker). Mac-
rophages were seeded into six-well plates at 1 X 10° to 5 X 10° cells/well. The
s0dCI " -6xhis-lacZ* and sodCII " -lacZ* fusion strains were grown for 16 h in LB
with aeration. Bacterial cells were washed with sterile phosphate-buffered saline
(PBS). An aliquot was frozen at —20°C; this was considered the LB sample. An
aliquot of remaining bacterial cells was opsonized in 50% mouse serum for 30
min at 37°C. Bacteria were then diluted in DMEM and used to infect macro-
phages at a multiplicity of infection of ~10. After 30 min of incubation, the wells
were washed three times with PBS, and then DMEM containing 12.5 pg of
gentamicin/ml was added to the wells to kill extracellular bacteria. After 20 min
of additional incubation, the wells were washed once with PBS. DMEM with 12.5
ng of gentamicin/ml was added to the wells, and this was designated time zero.
After 16 h, the wells were washed three times with PBS and macrophages were
lysed with 1% Triton X-100. The released bacteria were washed with sterile
distilled water and suspended in PBS. The number of bacteria in each sample was
determined by plating dilutions of the sample. The remaining samples were
frozen at —20°C. Based on the number of viable cells recovered, equal numbers
(~10°) of recovered bacteria and bacteria from the original LB culture were
boiled in loading buffer, and immunodetection was performed as described
above.

Immunodetection in bacteria recovered from infected mouse spleens. The
s0dCI " -6xhis-lacZ™* and sodCII"-lacZ™ fusion strains were grown in LB with
aeration for 16 h. An aliquot was frozen at —20°C (the LB sample). Cells were
diluted in sterile 0.15 M NaCl to ~5,000 CFU/ml. An aliquot was diluted and
plated to determine the actual number of cells. For each strain, two BALB/c mice
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Genotype® Deletion or cloned Source or
plasmid endpoints” reference®
Strains
14028 Wild type ATCC
JSGA435 pmrA505 zjd::Tnl0d-Cam 16
JSG1050 pmrl::Mud] 43
TN3740 LT2 leu-485 trp-190::(lacl lacp T7 pol spc) C. G. Miller
JS531 D(sodCI-lac™)110 1516586-1516598 13
JS900 D(s0dCI™ -6xhis-lac™)2920 1098178-1130040
JS901 Ahtr4::Kan 244465-245933
JS902 AkatE11::Cam 1397114-1399406
JS903 Azur::Cam 4461801-4462315
JS904 AoppA-F::Cam 1858868-1841314
JS905 D(sodCI " -6xhis-lac *)2920 zyd::Tnl0d-Cam
JS906 D(sodCII " -lac™)110 zyd::Tnl0d-Cam
JS907 D(sodCII " -lac™)110 AhtrA::Kan zyd::Tnl0d-Cam
JS908 D(sodCII*-lac™)110 ArpoS1191::Tet
JS909 D(katE-lac*)11
JS910 D(katE-lac*)11 ArpoS1191::Tet
JS911 D(znuA-lac™)
JS912 D(sodCI*-lac*)110 AznuA::Cam
JS913 D(katE-lac )11 AznuA::Cam
JS914 D(znuA-lac*) Azur::Cam
JS915 D(sodCII " -lac™)110 Azur::Cam
JS916 AsodCI-104::Cam AsodCII-103::Kan/pMC101
JS917 AsodCI-104::Cam AsodCII-103::Kan/pMC102
JS918 AznuA::Cam 1986415-1987359
JS921 AoppA-F::Cam trp190::(lacl lacp T7 pol spc) AsodA101
AsodB102 AsodCI-104 AsodClI-103/pBK103
JS922 AsodA101 AsodB 102 AsodCI:Tet AsodCII-105::Cam/pMC102
JS923 AphoN::Kan/pBK104
1S924 AsodA101 AsodB102 AsodCI::Tet AsodCII-105::Cam/pMC101
JS925 AsodA101 AsodB102 AsodClI::Tet AsodCII-105::Cam/pRK106
JS926 zjd::Tn10d-Cam/pMC101
JS927 pmirA505 zjd::Tnl0d-Cam/pMC101
JS928 pmrl::Mud]
JS929 pmrl:Mud) pmrA505 zjd::Tnl0d-Cam
JS930 D(s0dCI " -lac™)110 pmrA505 zjd::Tnl0d-Cam
JS931 AsodClI-104::Kan zjd::Tnl0d-Cam
JS932 AsodCI-104::Kan sodCII-106::Tet zjd::Tnl0d-Cam
JS933 AsodCI-104::Kan pmrA505 zjd::Tnl0d-Cam
JS934 AsodCI-104::Kan AsodCII-106::Tet pmrA505 zjd::Tnl0d-Cam
JS935 AsodCII-103::Kan
JS936 AsodCI-104::Cam AsodCII-103::Kan
Plasmids
pBK103 pET21b sodClI-6xhis 1130056-1130586
pMC101 pWKS30 sodCI 21
pMC102 pWSK29 sodCII 21
pRK106 pWKS30 sodCI Y87E Y109E 22
pBK104 pWSK30 phoA-6xhis
pKD46 6
pCP20 6
pKG136 8

“ All Salmonella strains are isogenic derivatives of Salmonella serovar Typhimurium strain 14028.

> Numbers indicate the base pairs that are deleted or cloned (inclusive), as defined in the S. enterica serovar Typhimurium LT2 genome sequence (National Center
for Biotechnology Information).
¢ This study unless specified otherwise. ATCC, American Type Culture Collection.

were infected intraperitoneally with ~1,000 cells. Bacterial cells were extracted
from splenic tissue as described previously (40). In short, after 4 days of infection,
the two mice were sacrificed, and the spleens were recovered and homogenized
together in PBS. The samples were centrifuged, and to release the bacteria, the
pellets were suspended in sterile deionized water containing 40 units bovine
DNase (Sigma). The bacteria were recovered by centrifugation and suspended in
PBS. Serial dilutions of each suspension were plated on LB agar to determine the
number of viable bacteria. The remaining samples were frozen at —20°C. Based
on the number of viable cells recovered, equal numbers (~10°) of recovered

bacteria and bacteria from the original LB culture were boiled in loading buffer,
and immunodetection was performed as described above.

Enzyme assays. Cyanide-sensitive SOD activity was determined using the
xanthine oxidase-cytochrome ¢ method (27). Glucose-6-phosphate dehydroge-
nase was assayed as described previously (19). The total protein concentration of
each extract was measured using a Coomassie blue dye-based assay from Pierce.

In most cases, SodC activity was determined in strains that are otherwise sod
nulls and in which cyanide-resistant SOD activity, which we routinely measure, is
negligible. To measure the effects of the chelators EDTA and TPEN on SodC
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activity, SodCI- or SodClII-expressing plasmids were introduced into a AsodCI
AsodClII strain. This strain still produces cytoplasmic SodA and SodB. It is known
that chelators can inhibit growth of sod4 sodB mutants (25). The strains were
grown for 16 h in LB and the indicated amount of EDTA or TPEN with aeration.
These strains grew well under all of these conditions. Cyanide-resistant SOD
activity (SodA and SodB) was subtracted from total SOD activity to yield the
activity contributed by SodCI or SodCII.

B-Galactosidase assays were performed using a microtiter plate assay as pre-
viously described (41). In most cases, cultures were grown for 16 h in LB with
aeration. For experiments examining the effects of EDTA and TPEN, cells were
grown in 250 pl of LB in a 96-well plate while shaking at 37°C in an ELX808IU
microplate reader (Bio-Tek Instruments). This allowed us to easily monitor
growth under these conditions. B-Galactosidase units are defined as (umol of
ONP formed min~') X 10(ODg, X ml of cell suspension), where ONP is
ortho-nitrophenol and ODyy, is the optical density at 600 nm, and are reported
as means * standard deviations (n = 4).

Preparation of cellular fractions released by antimicrobial peptide or osmotic
shock. Cells were grown in 20 ml of LB with aeration for 16 h. For whole-cell
lysates, 10 ml of culture was centrifuged and cells were suspended in 1 ml PBS.
The cells were disrupted in a French pressure cell, and the resulting lysate was
centrifuged at 13,000 X g for 10 min at 4°C. The supernatants were used for
Western analysis or to determine SodC activity. “Osmotic shockates” were ob-
tained as described previously (21). In short, 10 ml of the same cultures was
centrifuged, and the cells were suspended in 5 ml 50 mM Tris, pH 7.0, 0.5 mM
EDTA. Samples were centrifuged again, and cell pellets were suspended in 2 ml
plasmolysis buffer (50 mM Tris, 2.5 mM EDTA, 20% [wt/vol] sucrose, pH 7.4).
After sitting at room temperature for 10 min, the cells were centrifuged, sus-
pended in 1 ml ice-cold double-distilled water (ddH,O), and incubated on ice for
15 min. The cells were removed by centrifugation, and the supernatant was
considered the osmotic shockate.

To obtain cationic antimicrobial peptide-released fractions, 20-ml aliquots of
late-exponential-phase culture were washed and suspended in 1 ml of PBS. One
sample was disrupted in a French pressure cell, and the resulting lysate was
centrifuged at 13,000 X g for 10 min at 4°C. The supernatants were used for
Western analysis or to determine SodC activity (whole-cell extract; considered
100%). The remaining samples were treated with the indicated amount of poly-
myxin B or CRAMP antimicrobial peptide. After 20 min of incubation at 37°C,
cells were spun down at 15,000 X g and supernatants were filtered (0.22-um
low-protein-binding filter; Millipore). The supernatants were used for Western
analysis or to measure the amount of Sod activity released by antimicrobial
peptide. In control experiments, the viability of cells before and after treatment
was determined by plating dilutions of samples. Also, whole-cell extract and
antimicrobial peptide-released fractions were assayed for glucose-6-phosphate
dehydrogenase activity.

Mouse competition assays. For each competition assay, the two indicated
strains were grown in LB for 16 h, mixed 1:1, and then diluted in sterile 0.15 M
NaCl to 5,000 CFU/ml. Groups of 5 to 11 female BALB/c mice (Harlan Sprague
Dawley, Inc.) or congenic Cnlp™/~ mice (CRAMP™ on a BALB/c background
[34]) were injected intraperitoneally (i.p.) with 0.2 ml of inoculum (approxi-
mately 1,000 total bacteria). Inocula were plated on LB and then replica plated
onto the appropriate selective medium to determine the actual number and
percentage of each strain used for the infection. The animals were sacrificed after
4 days of infection. The spleens were harvested and homogenized, and dilutions
were plated on LB agar. Colonies were replica plated onto selective medium to
determine the percentage of each strain recovered. A competitive index was
calculated as follows: (percent strain A recovered/percent strain B recovered)/
(percent strain A inoculated/percent strain B inoculated). Student’s ¢ test was
used for statistical analysis. In most cases, the strains were rebuilt by phage
P22-mediated transduction, and the mouse virulence assay was repeated to
confirm that the phenotype was the result of the designated mutation.

All animal work was reviewed and approved by either the University of Illinois
TACUC (performed under protocol 07070) or The Ohio State University IACUC
(performed under protocol 2009A0057).

RESULTS

SodClI is decreased posttranscriptionally in macrophages
and mice. We hypothesized that SodCII is subject to proteol-
ysis in the macrophage, accounting for decreased protein levels
despite induced gene expression (22). Other investigators have
attributed low SodClII protein levels to transcriptional down-
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regulation (2, 10). To explicitly distinguish these two models,
we investigated SodCI and SodClII protein levels in bacteria
recovered from RAW 264.7 macrophage cells or spleens of
infected mice. We used transcriptional lacZ fusions in which
the reporter gene was inserted immediately after the sodCI or
sodClII stop codon (13). Thus, we could simultaneously moni-
tor the steady-state levels of SodC (I or II) and B-galactosidase
by Western analysis. The strains also contained a cassette en-
coding CAT, which we monitored to ensure equal loading of
gels. In the case of SodClIl, the primary antibody used was
raised against a peptide corresponding to the first 20 amino
acids of the mature protein, and the construct encoded wild-
type protein. The SodCI construct contained a C-terminal six-
His tag, and protein levels were monitored using an anti-His-
tag monoclonal antibody. The SodClI fusion construct was also
associated with a deletion from the 3’ end of the sodCI open
reading frame through the left attachment site of the Gifsy-2
phage, thereby preventing phage induction or amplification,
which could interfere with our assays (13). SodCI-6XHis re-
tains full enzymatic activity, and strains encoding this sodCI-
Oxhis transcriptional lacZ fusion are fully virulent (data not
shown).

These strains were used to infect both tissue culture macro-
phages and mice. Bacteria were recovered from tissue culture
cells 16 h after infection. In the mouse infections, bacteria were
recovered from spleens after 4 days, using a previously de-
scribed procedure (40). In each case, the number of viable cells
recovered was determined by plating for CFU. Control cul-
tures were grown for 16 h in LB. Equal numbers of viable cells
were loaded onto gels, and separated proteins were blotted to
nitrocellulose. The molecular weights of B-galactosidase, CAT,
and SodC (I or II) differ enough that the corresponding region
of each blot could be cut out and probed for the respective
protein. Figure 1A and B show that the steady-state levels of
both SodClI protein and B-galactosidase were significantly in-
creased in bacteria recovered from macrophages and mice.
This is consistent with previous data showing a transcriptional
increase of sodCI upon infection and a corresponding increase
in protein levels (13, 44). The levels of B-galactosidase ex-
pressed from the sodCII fusion also increased, albeit to a lesser
extent, consistent with previous data showing that sodCII is
transcriptionally activated in the phagosome (13). However,
SodClII protein was barely detected in bacteria recovered from
either macrophages or mice. The most plausible explanation is
that SodClII is made but degraded in the phagosome, consis-
tent with our model (22).

Degradation of SodClII could result from either bacterial
proteases in the periplasm or phagosomal proteases. HtrA is
the primary periplasmic protease that has previously been im-
plicated in Salmonella pathogenesis (29). We tested possible
SodClII degradation by HtrA during macrophage infection by
repeating the above experiment in an h#z4 null background.
SodCII was expressed in the AfrA mutant background in LB,
and the steady-state level of SodCII dramatically decreased in
macrophages (Fig. 1C). This suggests that HtrA is not respon-
sible for SodCII degradation during macrophage infection. We
also know that SodClII, even without metal cofactors, is stable
in the periplasm in vitro (21).

The sodCII gene is not regulated in response to zinc. Cam-
poy et al. (4) have shown that Salmonella mutants lacking
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FIG. 1. Expression and steady-state levels of SodCI and SodClI in
vivo. Strains contain a chromosomal lacZ fusion in which the reporter
gene is inserted just downstream of the stop codon for either sodCI-
6xhis or sodCII. (A) Bacteria were recovered from LB after 16 h or
from macrophages (M®) after 16 h of infection. (B) Bacteria were
recovered from LB after 16 h or from mouse spleens (M) after 4 days
of infection. (C) Same as in panel A, except that the background strain
was a AhtrA mutant. Whole-cell extracts were prepared from equal
numbers of bacteria, separated by SDS-PAGE, and subjected to im-
munoblot analysis. Each set of panels represents a single gel for which
the resulting nitrocellulose membrane was cut into sections and pro-
cessed with primary antibody directed against the indicated protein.
These results are representative of experiments performed 2 to 6
times. The strains used were JS905, JS906, and JS907.

ZnuA, the periplasmic Zn-binding protein component of the
high-affinity Zn transport system, are attenuated, suggesting
that the host environment is Zn limited. Ammendola et al. (2)
suggested that sodCII transcription is decreased in response to
the low-Zn environment, although no specific mechanism was
proposed. It is known that sodCII is regulated by the alterna-
tive sigma factor RpoS (9, 13, 14); no other regulatory system
is known to affect sodCII transcription in Salmonella. To clarify
this issue, we asked if sodCII transcription was affected by the
Zn concentration of the medium. We assayed B-galactosidase
activity produced from the sodCII-lacZ fusion in both wild-type
and znuA mutant backgrounds in the presence and absence of
chelators. As controls for this experiment, we also monitored
expression from single-copy lacZ fusions to znuA, known to be
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regulated in response to zinc (32), and katE, which is regulated
by RpoS (23) (Fig. 2A). Strains were grown in LB, with or
without 0.5 mM EDTA (the conditions used by Ammendola et
al. [2]) or 50 uM TPEN, a more specific zinc chelator (39). The
addition of either chelator caused a dramatic (>35-fold) in-
crease in znuA expression, as expected (Fig. 2B). (Note that
the znuA fusion creates a znuA null mutation.) The addition of
EDTA or TPEN had little to no effect on expression of either
sodClII or katE in a wild-type background. In the znuA4 mutant
background, the presence of chelator did lead to a slight de-
crease in sodCII expression. Importantly, however, the katE
fusion also decreased in expression under these conditions. It
should be noted that the znuAd mutant grows poorly at these
concentrations of chelator. The simplest explanation for these
results is that under these restricted growth conditions, the
RpoS regulon is not fully induced in the znuA mutant.

The genes encoding the Znu transport system are repressed
by Zur when the regulator binds Zn (30, 31). Figure 2C shows
that in a zur null background, znud expression was induced
40-fold, analogous to the induction seen in the presence of
chelators. Induction of the high-affinity transport system in this
mutant likely alters the intracellular concentration of Zn. How-
ever, expression of sodCII was unaffected by loss of Zur (Fig.
2C). These results indicate that Zur has no role in sodCII
regulation. Together, these data strongly suggest that Zn has
no direct role in sodCII expression.

Metal acquisition. SodC proteins acquire Cu and Zn adven-
titiously in the periplasm. The metal ions can also be removed
from the cofactored proteins by chelation. It has been sug-
gested (2) that differential affinity and stability of metal binding
in SodCI and SodCII contribute to their different roles in
macrophage survival. We previously examined the steady-state
levels of SodCI and SodClII recovered from bacteria grown in
the presence of the Cu chelator TETA (21). We performed a
similar experiment examining the steady-state activities of
SodCI and SodClII recovered from bacteria grown in the pres-
ence of the Zn chelator TPEN. We performed a parallel ex-
periment examining the ability of the wild type versus the znuA
mutant to grow in various concentrations of the chelator. In
the absence of chelator, both SodCI and SodClIl, expressed
from lac promoters on equivalent plasmids, produced approx-
imately equal absolute levels of SOD activity (Fig. 3A). Sub-
sequent addition of Cu and Zn to the extracts showed that this
represented 83% of recoverable SodCI activity and 30% of
SodClII activity. At increasing concentrations of TPEN, the
amounts of active SodCI and SodClII decreased, with SodCI
being more active than SodCII at lower TPEN concentrations
(Fig. 3A). At 20 pg/ml TPEN, both SodCI and SodCII activ-
ities were reduced to ~40% of those observed in the absence
of chelator. The activities of both enzymes continued to de-
crease at higher concentrations. A similar trend was observed
in our previous TETA experiments (21). Interestingly, 20
pg/ml TPEN was also the concentration at which the znuA
mutant started to show a growth defect (Fig. 3B). A znuAd
mutant was attenuated in an animal model (4; data not shown),
suggesting that the phagosome might be limited in Zn. Under
these conditions, it is possible that only a fraction of both
SodClI and SodCllI is active. However, their relative abilities to
acquire metals do not seem to explain the different roles of
these two enzymes in virulence.
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FIG. 2. Transcription of sodCII is regulated by RpoS but is not directly affected by zinc level. (A) B-Galactosidase activity in strains containing
sodClII-lacZ or katE-lacZ fusion in wild-type (WT) or rpoS null background, grown overnight in LB. The strains used were JS531, JS908, JS909,
and JS910. (B) B-Galactosidase activity in strains containing lacZ fusions to the indicated genes in znuA* or znuA null background, grown overnight
in LB containing either EDTA or the zinc chelator TPEN, as indicated. The strains used were JS911, JS531, JS912, JS909, and JS913.
(C) B-Galactosidase activity in strains containing znuA-lacZ or sodCII-lacZ fusion in wild-type or zur null background, grown overnight in LB. The

strains used were JS911, JS914, JS531, and JS915.
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FIG. 3. SodClI and SodClII activities in the presence of zinc chela-
tor. (A) Strains producing SodCI or SodCII from a plasmid (in an
otherwise sod null background) were grown overnight in LB with the
indicated concentration of the zinc chelator TPEN. SOD-specific ac-
tivity was determined from whole-cell extracts. (B) Wild-type and znuA
null strains were grown overnight in LB with the indicated concentra-
tion of TPEN, and the resulting ODy,, was determined. The strains
used were JS916, JS917, 14028, and JS918.

Antimicrobial peptides cause release of periplasmic pro-
teins. SodClI, unlike other periplasmic proteins, is not released
by osmotic shock but rather is “tethered” within the periplasm
by a noncovalent mechanism (21, 22). One could argue that
osmotic shock is not physiologically relevant. However, it is
known that cationic antimicrobial peptides also cause the re-
lease of periplasmic proteins (45). We hypothesized that cat-
ionic antimicrobial peptides encountered during infection
could cause the release of SodCII and other periplasmic pro-
teins and/or expose the periplasmic proteins to phagocytic pro-
teases. SodCI would remain tethered. To test this hypothesis,
we compared the release of SodCI, SodClII, and E. coli PhoA,
as a control, from Salmonella cells treated with sublethal con-
centrations of polymyxin B sulfate versus osmotic shock. In
each case, proteins from untreated whole cells or in the super-
natant from an equivalent number of treated cells were sepa-
rated by SDS-PAGE, and the proteins of interest were de-
tected by Western analysis. Figure 4 shows that both SodCII
and PhoA were quantitatively released by osmotic shock. In
contrast, virtually no SodCI was detectable in the supernatant
of osmotically shocked cells, consistent with our previous data
(21, 22). When cells were treated with polymyxin B sulfate,
significant percentages of SodCII and PhoA were released into
the supernatant. Again, SodCI was not released under these
conditions. Thus, both osmotic shock and treatment with poly-
myxin B sulfate cause the release of periplasmic proteins, but
SodCI remains tethered within the periplasm.

The effect of polymyxin on SodC release from the periplasm
was tested at various concentrations. Figure SA shows that a
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FIG. 4. Polymyxin causes release of periplasmic proteins. The left
panel shows the results of osmotic shock (O) as described in Materials
and Methods. The right panel shows the results of treatment at the
indicated concentration of polymyxin B (PB). In each case, a whole-
cell extract (W) was compared to the supernatant from an equivalent
number of cells after treatment. Proteins in each sample were sepa-
rated by SDS-PAGE and subjected to immunoblot analysis with pri-
mary antibody directed against the indicated protein. The strains used
were JS921, JS922, and JS923.

maximum of 20% of SodCI was released, even in the presence
of 100 uM polymyxin. In contrast, almost 100% of SodCII was
released under these conditions. We had previously con-
structed a monomeric SodClI allele by altering two amino acids
in the dimer interface (22). This enzymatically active mutant
also happened to be released by osmotic shock (22). As ex-
pected, this monomeric SodCI was also released by polymyxin
treatment, to approximately the same extent as SodCII. It is
important that the concentrations tested were sublethal con-
centrations of polymyxin. At 50 uM, no detectable amount of
the cytoplasmic protein glucose-6-phosphate dehydrogenase
was released into the supernatant (data not shown), and plat-
ing pelleted cells after treatment recovered 85% * 11% of the
starting CFU.

Mouse macrophages produce the cathelicidin-related anti-
microbial peptide CRAMP, which is known to contribute to
protection against Salmonella infection (38). We evaluated the
effect of this antimicrobial peptide by using an in vitro-synthe-
sized 34-amino-acid peptide corresponding to mature CRAMP
(12). Upon treatment of Salmonella with increasing concentra-
tions of CRAMP, SodCII was preferentially released com-
pared to SodCI. Monomeric SodCI was also significantly re-
leased under these conditions (Fig. 5B). As described above,
glucose-6-phosphate dehydrogenase was not released under
these conditions (data not shown). Together, these data show
that treatment with antimicrobial peptides leads to release of
periplasmic proteins. SodCI is unusual in that it remains
largely tethered within the periplasm.

SodCII can contribute to virulence in a constitutive PmrA
background. Our model posits that SodCII is degraded by
phagocytic proteases that gain access to the enzyme upon dis-
ruption of the outer membrane by CAMPs. If this is true, then
SodClII should contribute to protection from phagocytic super-
oxide if it can be protected from proteolysis. The PhoPQ regu-
lon is induced in response to the phagocytic environment.
PhoPQ activation leads to induction of the PmrAB two-com-
ponent system, which in turn induces expression of several
genes whose products modify the structure of lipopolysaccha-
ride (LPS), conferring increased resistance to CAMPs (15).
Mutations that constitutively activate the PmrA sensor kinase

J. BACTERIOL.

(A)
5100

80
60
40
20

% SodC release

0 20 40 60 80 100
Polymyxin B (uM)

< SodCI
B SodCII

89 A mSodCI

NS TN
S o O

% SodC released

=

25 50
CRAMP (uM)

FIG. 5. SodCII is preferentially released by polymyxin B and
CRAMP. Strains producing SodCI, SodCII, or monomeric SodCI
(mSodClI) from plasmids (in an otherwise sod-negative background)
were treated with various concentrations of polymyxin B (A) or
CRAMP (B). The SOD activity released into the supernatant was
compared to that in a corresponding whole-cell extract. The strains
used were JS924, JS922, and JS925.

confer resistance to polymyxin and other CAMPs (15, 37, 45).
We compared the release of SodCII upon treatment with poly-
myxin or CRAMP in pmrA(Con) versus wild-type back-
grounds. As described above, a large amount of SodCII was
released from the wild-type cells by treatment with either 100
wM polymyxin or 50 uM CRAMP. In contrast, little SodCII
was released from the pmrA(Con) bacteria under the same
conditions (Fig. 6A). The pmrA(Con) mutation had no effect
on the regulation of sodCII, whereas the known PmrAB-reg-
ulated gene pmrl (42) was clearly induced in this background
(Fig. 6B).

We then tested if SodCII can contribute to virulence in a
mouse model of infection when protected from antimicrobial
peptides in a pmrA(Con) background. First, we competed a
sodCI mutant (which produces wild-type SodCII) against a
s0dCI sodCII double mutant. In an i.p. competition assay,
these two strains competed evenly (Table 2). This finding is
identical to previous results (21, 44) and shows that in a wild-
type background, SodCII does not contribute to virulence,
even in the absence of SodCI. We then performed the same
competition assay, except that both strains also contained the
pmrA(Con) mutation. In this background, the strain that pro-
duced SodClII outcompeted the strain lacking periplasmic su-
peroxide dismutase. This result suggests that when Salmonella
is protected from antimicrobial peptides, SodCII can function
and contribute to virulence, consistent with our model.

SodCII can contribute to virulence in Crlp™'~ knockout
mice. Next, we tested if SodCII can contribute to virulence in
a Cnlp~'~ mouse, which cannot produce CRAMP (34). First,
we competed a sodCI mutant against a wild-type strain in
Cnlp™/~ mice to ensure that these knockout mice produce
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FIG. 6. SodClII is not release by polymyxin B or CRAMP in a
constitutive PmrA background. (A) Wild-type (left) and pmrA(Con)
(right) strains were treated with the indicated concentration of poly-
myxin B (PB) or CRAMP. In each case, a whole-cell extract (W) was
compared to the supernatant from an equivalent number of cells after
treatment. Proteins in each sample were separated by SDS-PAGE and
subjected to immunoblot analysis with anti-SodCII antibody. The
strains used were JS926 and JS927. (B) B-Galactosidase activity in
strains containing pmrl-lacZ or sodCll-lacZ fusion in wild-type or
pmrA(Con) background, grown overnight in LB. PmrA does not con-
trol the transcription of sodCII. The strains used were JS928, JS929,
JS906, and JS930.

pmrl-lacZ

phagocytic superoxide (5). The data in Table 2 show that the
sodCI mutant was attenuated 10-fold compared to the wild-
type strain, similar to the phenotype conferred in normal
BALB/c mice (21). Second, the sodCI sodCII double mutant
was competed against the sodCI single mutant. The strain
lacking SodCII was attenuated compared to the sodCIT*
strain. Indeed, the competitive index was strikingly similar to
the results observed in the pmrA(Con) background. Thus, ei-
ther infection of mice that cannot produce CRAMP or pro-
tection of the outer membrane by constitutive induction of the
PmrAB regulon establishes conditions where SodClII is capa-
ble of protecting against phagocytic superoxide.
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DISCUSSION

Salmonella serovar Typhimurium strain 14028 produces two
periplasmic superoxide dismutases, SodCI and SodCII. Al-
though some original data suggested that mutations in sodCII
attenuated virulence, there is now consensus that only SodCI
contributes to protection of Salmonella from phagocytic super-
oxide (2, 21, 22, 44); SodCII plays no role during infection,
even in stains lacking SodCI. Presumably, SodCII does protect
against periplasmic superoxide in some environment or condi-
tion outside the host (20). Why do virulent strains require the
additional phage-encoded enzyme SodClI to survive in macro-
phages? What prevents SodCII from functioning in the phago-
some? The inability of SodCII to contribute to virulence is
likely due to multiple factors. SodClI has a slightly higher spe-
cific activity (2). The two enzymes might also differ in the
ability to function under metal-limiting conditions (2), al-
though they respond similarly when cells are grown in the
presence of either Cu or Zn chelators (21) (Fig. 3). Yet these
subtle differences in enzymatic activity do not seem sufficient to
explain the complete inability of SodCII to contribute to pro-
tection against phagocytic superoxide.

The genes encoding SodCI and SodClI are also differentially
regulated. However, this differential regulation also does not
explain the disparity in function (21). The sodCI gene is con-
trolled by PhoPQ and is induced ~17-fold in macrophages
(13). In this study, we confirmed the sodCI transcriptional
induction and a corresponding increase in the amount of pro-
tein, consistent with recent reports (2, 44). Expression of
sodClII is controlled by RpoS (13). There is no evidence of
additional regulation. Our data show that this gene is not
controlled in response to Zn levels, as recently suggested (2).
We have previously shown that sodCII is induced 3- to 4-fold in
macrophages and that induction is RpoS dependent (13). In
this study, we confirmed this transcriptional induction in mac-
rophages and mice. However, the steady-state level of SodCII
protein did not increase proportionally (Fig. 1). This is consis-
tent with previous reports showing low levels of SodCII protein
during infection (2, 44), although it should be noted that the
Flag-tagged SodCI and SodClII proteins used by these investi-
gators are enzymatically inactive (10; data not shown). The
constructs used in our study are fully active.

Accounting for all the data, our current working model
proposes that macrophages deliver a variety of antimicrobial
molecules to the Salmonella-containing phagosome, including
antimicrobial peptides, proteases, and superoxide. The antimi-
crobial peptides at least transiently disrupt the outer mem-
brane of the bacterium. Periplasmic proteins such as SodCII

TABLE 2. Competition assays to measure the contribution of SodCII during infection

Mouse genotype Salmonella strain A genotype® Salmonella strain B genotype® Median CI” No. of mice P
BALB/c AsodCI AsodCII AsodCI 1.1487 14 NS
AsodCI AsodCII pmrA(Con) AsodCI pmrA(Con) 0.58§ 18 0.01

Cnlp~'~ BALB/c AsodCI Wildtype 0.10 2 0.002
AsodCI AsodCII AsodClI 0.64F 11 0.01

@ Strains used were JS931, JS932, JS933, JS934, JS935, JS936, and 14028.

® Competitive index, calculated as follows: (percent strain A recovered/percent strain B recovered)/(percent strain A inoculated/percent strain B inoculated). The

indicated results are significantly different (§, P = 0.05; §, P = 0.05).

¢ Student’s ¢ test was used to compare the output and the inoculums. NS, not significant.
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are released and/or phagocytic proteases gain access to the
periplasm. SodCII is degraded under these conditions. In con-
trast, SodClI is transcriptionally induced in the phagosome, is
tethered within the periplasm, and is inherently protease re-
sistant. These properties allow the protein to detoxify phago-
cytic superoxide in the face of these additional antimicrobial
effectors.

Consistent with this model, we have shown here that if the
bacterium is protected from the action of antimicrobial pep-
tides, then SodCII can contribute to pathogenesis. SodCII does
not fully replace SodCI under these conditions. This finding
suggests that protection from degradation may be incomplete.
Indeed, we could not detect a significant increase in the steady-
state level of SodClII in the pmrA(Con) background in either
macrophages or mice (data not shown), but we know that
additional factors are important for protection against antimi-
crobial peptides. This is evidenced by the fact that a phoP
mutant is sensitive to a >100-fold lower concentration of
CRAMP than that required to inhibit a pmrA4 mutant (data not
shown). We could not use phoQ constitutive mutants in our
experiments because these strains are highly attenuated (28).
As outlined above, it is also possible that other factors con-
tribute to the robustness of SodCI action during growth in
macrophages.

Our results imply that as Salmonella cells adapt to grow in
the macrophage, the periplasmic contents are vulnerable to
loss or degradation. Although not all periplasmic proteins
would be equally susceptible, it is likely that other periplasmic
proteins, in addition to SodClIl, are damaged or lost. It de-
pends on the function of the protein whether simple leakage
would affect function. For example, we have shown that SodC
from Brucella abortus, although released by osmotic shock, is
protease resistant and can complement sodCI and protect
against phagocytic superoxide (22). But periplasmic binding
proteins involved in transport, for example, would be nonfunc-
tional if separated from their membrane components.

Despite this apparent vulnerability, Salmonella cells do
adapt and propagate in the macrophage. This is likely a recur-
ring battle, as most macrophages in the host have only a few
Salmonella organisms, suggesting that bacteria are constantly
being engulfed by new macrophages and must adapt to the new
environment (26). Alternatively, once a bacterium adapts, it
would be fully prepared for the new macrophage. If our model
is correct, we would expect SodClII levels to recover and con-
tribute to protection under these conditions. It is also known
that superoxide acts early during macrophage infection, which
could further reflect this window of vulnerability during adap-
tation (46).

Surprisingly little is known about the mechanism by which
various antimicrobial effectors of macrophages damage or kill
bacteria. Even less is known about the interactions between
these killing mechanisms. Evidence suggests that serine pro-
teases are required to proteolytically activate CRAMP (38)
and that reactive oxygen-dependent signaling is required to
activate transcription of the gene encoding CRAMP (38), as
well as other defenses (11, 17). It is also known by in vitro work
that antimicrobial peptides can act synergistically and can fa-
cilitate the action of lysozyme by overcoming the outer mem-
brane barrier (48), but in vivo data are lacking. Our work
provides direct evidence that antimicrobial effectors of macro-
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phages do not act independently; rather, they cooperate to
damage bacteria. Namely, antimicrobial peptides allow pro-
teases access to periplasmic proteins, including the bacterial
defense against phagocytic superoxide. We have provided ev-
idence that the primary target(s) of superoxide is extracyto-
plasmic (5), but whether the ability of superoxide to inhibit or
kill bacteria is directly enhanced by the action of other effector
functions, such as antimicrobial peptides, is an unknown but
interesting concept.
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