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Staphylococcus saprophyticus is a gram-positive coagulase negative bacteria which shows clinical
importance due to its capability of causing urinary tract infections (UTI), as well as its ability to persist in
this environment. Little is known about how S. saprophyticus adapts to the pH shift that occurs during
infection. Thus, in this study we aim to use a proteomic approach to analyze the metabolic adaptations
which occur as a response by S. saprophyticus when exposed to acid (5.5) and alkaline (9.0) pH envi-
ronments. Proteins related to iron storage are overexpressed in acid pH, whilst iron acquisition proteins
are overexpressed in alkaline pH. It likely occurs because iron is soluble at acid pH and insoluble at
alkaline pH. To evaluate if S. saprophyticus synthesizes siderophores, CAS assays were performed, and the
results confirmed their production. The chemical characterization of siderophores demonstrates that
S. saprophyticus produces carboxylates derived from citrate. Of special note is the fact that citrate syn-
thase (CS) is down-regulated during incubation at acid pH, corroborating this result. This data was also
confirmed by enzymatic assay. Our results demonstrate that iron metabolism regulation is influenced by
different pH levels, and show, for the first time, the production of siderophores by S. saprophyticus.
Enzymatic assays suggest that citrate from the tricarboxylic acid cycle (TCA) is used as substrate for
siderophore production.

© 2019 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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The human microbiota is composed of several species of bac-
teria which have established a symbiotic relationship with the
human host. Despite the symbiotic relationship, these organisms
may become pathogenic to the host [1] in specific situations.
Among them, Staphylococcus saprophyticus is an important species
of gram-positive and coagulase negative bacteria [1,2] that can
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cause urinary tract infections (UTI). S. saprophyticus is the second
most prevalent cause of UTI, corresponding to 40% of the cases [3],
especially in women, and is present in the periurethral region, skin
and mucosal ecosystem of the genito-urinary tract [1].

The ability to obtain and stock iron is considered a virulence factor
in pathogenic microorganisms since the hosts possess nutritional
immunity, in other words, strategies to reduce the availability of iron
[4]. The complexation of iron with host proteins, such as hemoglobin,
ferritin and transferrin, is a way of depriving pathogens of iron [5]. In
Staphylococcus aureus, about 30% of proteins depend on metals to
perform the role of cofactor [6]. During infection, the host promotes
metal starvation — such as Mn and Zn — causing reduced bacterial
growth and an increase in neutrophil killing efficiency [7,8].

Human urine has a slightly acid pH that ranges from 5 to 6.
When infection by S. saprophyticus starts in the urinary tract,
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bacterial cells use urea available in the urine to acquire nitrogen.
Urea is degraded to carbon dioxide and ammonia by the action of
bacterial urease, which leads to an increase in the pH of urine [9].
The pH influences the iron concentration since the acidic pH in-
creases the availability of soluble iron (Fe?*), and at alkaline pHs
the insoluble iron (Fe3*) occurs in higher concentrations [10].

There are two basic systems of iron uptake in bacteria: the
ferritin iron reduction system and uptake by secretion or acquisi-
tion of siderophores. Ferritins are proteins conserved from bacteria
to higher eukaryotes. They play a key role in the control of intra-
cellular iron concentrations due to their function of reserving iron
in a non-toxic and bioavailable form [11].

Siderophores are low molecular weight iron chelating mole-
cules which are able to remove iron from the carrier proteins
(hemoglobin, transferrin and lactoferrin) and transport them into
the cytoplasm [12,13]. Microorganisms can produce more than
one type of siderophore. The acquisition of siderophores pro-
duced by other microbial species has already been described for
bacteria such as Escherichia coli, Salmonella typhimurium, and
Actinobacillus pleuropneumoniae [14]. Periplasmic proteins carry
the siderophore-iron complexes to ABC (ATP-binding cassette)
transporters in the cytoplasmic membrane, which carry them to
the cytosol [15].

The production of siderophores in the Staphylococcus genus was
first reported in S. hyicus. The ability of staphyloferrin B to transport
iron has also been reported. Staphyloferrin B has been described as
a polycarboxylate molecule, synthesized from citrate [16]. S. aureus
produces two carboxylate siderophore molecules that can capture
iron: staphyloferrin A, and staphyloferrin B. It has been suggested
that staphyloferrin A is produced from citrate derived from TCA
[17], and staphyloferrin B is produced from citrate generated by
SbnG, a second CS that is structurally distinct from TCA cycle CS
[18]. The acquisition of xenosiderophores in S. aureus has also been
reported as being dependent on the extracellular surface lipopro-
teins FhuD1 and FhuD2, as well as the ABC transporter complex
FhuCBG which internalizes hydroxamate xenosiderophores [19].

The iron metabolism in coagulase negative Staphylococcus spp.
is poorly understood. Staphylococcus epidermidis produces side-
rophores, and the genes sirR and sitABC operon — related to iron
acquisition — are regulated in response to iron deprivation [20].
Recently, it was observed that the formation of biofilm in
S. epiderimidis depends on iron availability [21]. The use of exoge-
nous siderophores — such as exochelin-MS and deferoxamine-B —
has been tested in synergistic tests, with antibiotics showing
promise in the treatment of resistant gram-positive and gram-
negative bacteria [22].

In S. saprophyticus there is still no description of how regulation
of intracellular iron concentration occurs. Previous S. saprophyticus
genome analysis noted that this bacteria does not possess
siderophore-producing systems [23]. In this study we characterized
that pH regulates the expression of proteins related to iron meta-
bolism. We performed in silico analysis, and an operon for side-
rophore production was detected and described. We are showing,
for the first time, the production of siderophores in S. saprophyticus,
demonstrating the production of carboxylates, derived from citrate,
produced in the absence of extracellular iron.

1. Material and methods
1.1. Cultivation and cell growth curve of S. saprophyticus

The strain S. saprophyticus ATCC 15305 was used in all ex-
periments throughout this study. This strain was cultured in

solid Brain Heart Infusion medium (BHI) (Sigma Aldrich, St Louis,
MO, USA). One colony was used to perform a pre-inoculum for

16—18 h of incubation at 36 °C under agitation. Then, 1% of this
inoculum was used for inoculation of a new inoculum in BHI
broth medium until the optical density of 0.7 at 630 nm (ODg3g
0.7) in spectrophotometry SpectraMax Paradigm (Molecular
Devices, Lagerhausstrasse, Austria) was reached. The cells were
collected by centrifugation and incubated in BHI broth medium
in different conditions: acidic (pH 5.5), neutral (pH 7.0) and
alkaline (pH 9.0). The cell growth curve was performed with S
saprophyticus cells cultured in BHI broth medium by monitoring
the ODg3q for 8 h.

1.2. Protein extraction and sample preparation for mass
spectrometry

The proteomic analysis was carried out after 3 h of bacterial
culture in acid (5.5), neutral (7) and alkaline (9) pH respectively.
Protein extracts were obtained by using glass beads 0.2—0.8 nm
(Sigma Aldrich, St Louis, MO, USA). Cells were lysed using Bead
Beater (Biospec, Bartlesville, OK, USA) during four cycles of 30 s.
After cell lysis, the protein extract was obtained by centrifugation
at 10,000g for 15 min. The samples were quantified using Bradford
reagent (Sigma Aldrich, St Louis, MO, USA) using spectropho-
tometry SpectraMax Paradigm (Molecular Devices, Lager-
hausstrasse, Austria) and then concentrated in a 3 kDa disposable
Amicon ultrafilter (Millipore®, Bedford, MA, USA) to obtain the
minimum concentration of 1 ug/uL of each protein extract. The
integrity of the protein extract obtained was evaluated on SDS-
PAGE containing 30 pg of extract from each gel condition
evaluated.

A total of 150 ug of each protein extract was used for identifi-
cation by mass spectrometry. The samples were reduced with
10 mM DTT (GE Healthcare, Piscataway, NJ, USA) for 30 min and
also treated with 10 mM iodoacetamide (GE Healthcare, Piscat-
away, NJ, USA) for alkylation. After this treatment, the proteins
were incubated with 20 ng trypsin (Promega, Madison, WI, USA) for
16 h at 36 °C for digestion. The samples were then treated with
trifluoroacetic acid (TFA) 0.1% (Sigma Aldrich, St Louis, MO, USA)
and purified in resin C18 ZipTips (Millipore, Darmstadt, Germany).
The resins were equilibrated prior to use with acetonitrile (ACN)
(Sigma Aldrich, St Louis, MO, USA), followed by washing with the
following solutions: (1) 80% ACN and TFA 0.1% (2) 50% ACN and 0.1%
TFA, (3) 30% ACN and 0.1% TFA, and finally (4) 0.1% TFA. Peptides
were linked to ZipTips for 10 consecutive pipettings of 10 uL sam-
ples. After binding of the peptide on the resin, impurities were
removed by washing with 0.1% TFA, and the peptide was eluted
with 50% ACN and 0.1% TFA, followed by elution with 80% ACN with
TFA 0.1%. The two eluates were combined for concentration using
the vacuum centrifuge Concentrator plus (Eppendorf, Hamburg,
Germany).

1.3. Mass spectrometry for the identification of S. saprophyticus
proteins

The samples were analyzed after separation by nano liquid
chromatography (LC) Nano Acquity UPLC (Waters Corporation,
USA) by nano-electrospray mass spectrometer source (ESI) MS/MS
by applying 1.5 kV and flow volume of 1 pL/min in unit SYNAPT Q-
TOF (Waters Corporation, USA). Homology analysis was performed
on databases using ProteinLynx 2.3 software (Waters Corporation,
USA). Uniprot (http://www.uniprot.org) was used for functional
classification. Protein expression analyses were performed by
applying the PLGS ExpressionE algorithm to a statistically-
significant list corresponding to up- and down-regulation ratios
among the different groups. The same algorithm was applied to the
proteins detected in only one experimental condition.


http://www.uniprot.org

458 B.S.V. Souza et al. / Microbes and Infection 21 (2019) 456—463

1.4. CS enzymatic assay

The enzymatic activity of the CS was determined as previously
described [24]. The reaction of 5,5-dithiobis-2-nitrobenzoate
(DTNB) with CoA, forming 5-thio-2-nitrobenzoic acid, gives a
yellowish coloration to the reaction mixture detected at 412 nm.
Final concentrations of 50 mM Tris-HCI, pH 8.0, 0.2 mM acetyl-CoA
(Sigma Aldrich, St Louis, MO, USA), 1 mM oxaloacetate (Sigma
Aldrich, St Louis, MO, USA), and 1 mM DTNB (Sigma Aldrich, St
Louis, MO, USA) were added in a reaction of 150 pl. A total of 10 ug
of protein extract was used and the reading was completed after
40 min. The amount of CoA formed per minute was obtained using
a DTT standard curve, varying the concentration from 0.5 pM to
25 uM. The experiment was performed in technical triplicate and
standard error of the mean obtained.

1.5. Evaluation of S. saprophyticus cell growth under iron
deprivation

Every glassware used in the growth assay was treated with Ni-
tric Acid 10%. The medium used was treated with Quelex (Sigma
Aldrich, St Louis, MO, USA) for 1 h and filtered prior to use. For the
growth curve of S. saprophyticus in staphylococcal siderophore
detection medium (SSD medium) in the presence and absence of
iron, a colony was pre-inoculated in SSD medium [25] with 2 mM of
iron and incubated for 16—18 h at 36 °C under agitation. A total of
0.5% of the pre-inoculum was used in a new inoculum in SSD me-
dium with the appropriate iron concentrations established for the
curve: 0, 0.1, 0.5, 1, 5 and 10 uM. The cells were incubated at 36 °C
under agitation, ODg30 and monitored for 2 h each over a period of
72 h in spectrophotometry SpectraMax Paradigm (Molecular De-
vices, Lagerhausstrasse, Austria). The experiment was performed in
triplicate using a 96 well plate.

1.6. Effect of iron deprivation in S. saprophyticus during interaction
with macrophage cells

S. saprophyticus strain ATCC15305 was incubated in SSD me-
dium [25] with and without iron for 18 h at 36 °C under agitation.
These cells were washed with RPMI medium (Sigma Aldrich, St
Louis, MO, USA) and used for a macrophage phagocytosis assay to
evaluate the effect of iron depletion on the survival of
S. saprophyticus during phagocytosis. Macrophages J774 lineage
cultured in RPMI medium and previously activated with gamma
interferon for 24 h were used for infection with S. saprophyticus
cells previously cultured in an iron-deprived environment for 48 h,
and those not deprived of iron (control). A MOI of 50:1 (bacter-
ia:macrophage) was used. After 2 h, the macrophages were lysed
and the bacteria internalized, recovered and plated on BHI agar
medium containing novobiocin 5 pg/ml (Sigma Aldrich, St Louis,
MO, USA) for counting colony forming units (CFU).

1.7. In silico analysis to predict operon of siderophore production

The in silico analysis to predict the operon used for siderophore
prediction was performed by using the Operon prediction online
tool (http://operondb.cbcb.umd.edu/cgi-bin/operondb/taxon_list.
cgi). Homology analysis was performed using the NCBI blast tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

1.8. Evaluation of siderophore production by S. saprophyticus by
using CAS assay

The CAS (Chrome Azurol S) was employed for the detection of
siderophores, according to the protocol already standardized by our

research group [26]. Stock solutions were prepared: HDTMA
(hexadecyltrimethylammonium bromide) (Fisher Scientific)
10 mM; 1 mM FeCl3 6H,0 solution (Sigma Aldrich) in 10 mM HCI;
and 2 mM CAS (Sigma Aldrich). The CAS assay solution was pre-
pared by adding 6 mL HDTMA, 1.5 ml iron solution and 7.5 ml CAS
solution. In another flask were added 4.3 g of piperazine (PIPES)
(Sigma Aldrich) in water and 6.25 ml of 12 M HCL. This buffer was
added to the first vial containing CAS solution and the volume filled
with ultrapure water.

To determine the presence of siderophores, 500 pl of
S. saprophyticus culture supernatant without Fe (previously
centrifuged at 13,400 g for 5 min) and 500 pl of the CAS solution
were mixed. The same volume of a reference sample, consisting of
sterile culture medium, was also mixed with CAS solution. The
change of color was visually detected [27].

1.9. Chemical characterization of siderophores produced by
S. saprophyticus cells

The solution for chemical characterization was prepared by
adding 3 drops of 2 N NaOH and 1 drop of phenolphthalein. Water
was added until a light pink color developed. Afterwards, culture
supernatant of S. saprophyticus in SSD medium without iron was
added to the phenolphthalein solution. Disappearance of pink color
indicates the presence of carboxylate siderophores [28].

2. Results
2.1. Evaluation of cell growth during acid, neutral and alkaline pH

In order to evaluate the cell growth of S. saprophyticus in acid,
neutral and alkaline pH, we analyzed a cell growth curve over a
period of 8 h in the pHs 5.5, 7.0 and 9.0 respectively, as described
above. The result is shown in Supplementary Fig. 1. No difference in
the cell growth was observed in the first 3 h of incubation. How-
ever, we observed a discreet reduction in the cell growth rate of
S. saprophyticus at pH 5.5 after 4 h, maintained for 8 h. In order to
ensure the same quantity of cells, we used the time of 3 h to
evaluate the proteomic response of S. saprophyticus to acid and
alkaline pH.

2.2. S. saprophyticus’ response to acid and alkaline incubation

We used a proteomic approach to evaluate the response of
S. saprophyticus to acid and alkaline pH exposure after 3 h. We
established a 35% cut off in the protein expression to evaluate
which proteins were up- and down-regulated in response to pH
treatment. A total of 27 proteins were positively regulated and 90
were negatively regulated in response to acid pH treatment. After
incubation in alkaline pH, S. saprophyticus up-regulated 28 proteins
and down-regulated 64 proteins. These regulated proteins are
described in Supplementary Tables 1 and 2. Of special note is the
fact that during acid growth conditions, S. saprophyticus up-
regulated two subunits of the urease system. In contrast,
S. saprophyticus down-regulated three urease subunits during in-
cubation in alkaline pH. Since urease activity promotes alkalization
through ammonia production, the up-regulation during acid in-
cubation probably occurred in order to promote alkalization, and
the down-regulation of urease subunits probably occurred to avoid
this process.

Seven enzymes of the glycolytic pathway, as well as the L-lactate
dehydrogenase, were down-regulated during S. saprophyticus in-
cubation in acid pH. This is probably a strategy to avoid increasing
acidification caused by lactic production. Acidic conditions, on the
other hand, led to up-regulation of fatty acid degradation. This is
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shown by the induction of acyl CoA thioesterase that is likely used
to maintain the bacterial metabolism in an acid environment
(Supplementary Table 1).

Among the adaptations of S. saprophyticus to alkaline pH, we
noted the up-regulation of the gluconeogenesis pathway and
glycine metabolism, and the down-regulation of glycolysis. The
gluconeogenesis pathway probably supplies glucose inside the cell
that can be used for cell wall and capsule structures. It also supplies
energy metabolism. Glycine metabolism is related to an anti-
oxidative defense metabolism in bacteria, such as Pseudomonas
fluorescens [29] and it is especially important since several anti-
oxidative proteins are iron-dependent, such as Mn/Fe superoxide
dismutase, and because the availability of soluble iron is lower at
alkaline pH (Supplementary Table 2). The regulation of these
pathways and proteins are shown in a heat map that evidences
S. saprophyticus down- and up-regulations occurring after alkaline
treatment of S. saprophyticus cells (Fig. 1).

2.3. S. saprophyticus regulates iron metabolism during acidic and
alkaline growth conditions

The main metabolic alteration observed in the proteomic anal-
ysis was related to iron metabolism (acquisition, storage and uti-
lization) during both acid and alkaline treatments. The proteins
related to iron metabolism, or those dependent on iron, which were
regulated by pH in S. saprophyticus, are shown in Table 1.

At lower pH, soluble Fe** predominates while the insoluble
form (Fe3*) is predominant at alkaline pHs [30]. Thus, microor-
ganisms adapt to iron toxicity at lower pH and deal with iron
deprivation under alkaline conditions. The iron-dependent protein
catalase is up-regulated, since iron is available in higher concen-
trations and may trigger oxidative stress. Table 1 shows that at acid
pH, S. saprophyticus down-regulates a putative heme-dependent
peroxidase, which has been described in S. aureus as playing a
role in iron acquisition, the chelation of heme and the intake of this
molecule [31]. In addition, S. saprophyticus down-regulates an
intracellular ferritin, which is known in several microorganisms,
such as E. coli, as a storage protein that provides internal iron stock

to the cell and confers protection against metal toxicity and
oxidative stress [32]. In this sense, the protein deaminase por-
phobilinogen — involved in heme synthesis [33] — and CS —
involved in the generation of citrate used for carboxylate side-
rophores [17] — as well as the protein SufC — involved in the Fe—S
cluster assembly [34] — are down-regulated in S. saprophyticus
during acid incubation.

A contrasting metabolic response was detected in
S. saprophyticus during alkaline incubation. The bacterial cells up-
regulate an ABC transporter for siderophores, probably to in-
crease iron uptake. On the other hand, S. saprophyticus down-
regulates the iron-dependent protein superoxide dismutase
(SOD), as well as two flavohemoproteins that are involved in iron
stocking and oxidative/nitrosative stress response [35].

2.4. S. saprophyticus presents cell growth during iron deprivation
and in higher concentrations of iron

With the objective to investigate S. saprophyticus behavior un-
der iron deprivation conditions and in different metal concentra-
tions, growth analysis in SSD was performed. Medium was
supplemented, or not, with 0.1, 0.5, 1, 5 and 10 puM of iron. Bacterial
growth was checked for 72 h. As shown in Supplementary Fig. 2,
S. saprophyticus is able to grow under iron deprivation, as well as in
all iron concentrations analyzed, suggesting the bacteria present
mechanisms to stock and mobilize the iron.

2.5. Iron deprivation reduces the survival of S. saprophyticus
during interaction with macrophage cells

Since the hosts possess strategies to reduce the availability of
iron during infection, pathogens are able to stock iron in organic
molecules, such as flavohemoproteins [35], and in inorganic clus-
ters, named Fe—S clusters [36]. The importance of iron during the
interaction of S. saprophyticus with host cells was evaluated
through an interaction assay of S. saprophyticus cells with macro-
phage cells for 2 h. The S. saprophyticus cells were pre-incubated in
SSD medium without iron for 48 h (to promote utilization of
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Fig. 1. Heat map of regulated pathways and proteins during acid and alkaline incubation of S. saprophyticus cells. Heat map generated by using fold change values. TPI: tri-
osephosphate isomerase; PPFK: 6 phosphofructokinase; PGK: phosphoglycerate kinase; GAPDH: glyceraldehyde 3 phosphate dehydrogenase; GPMI: 2 3 bisphosphoglycerate in-
dependent phosphoglycerate mutase; ENO: enolase; LDH: lactate dehydrogenase; ACT: acyl CoA thioesterase; ACS: acyl CoA synthase/ligase; URE2: urease subunit beta; UREE:
urease accessory protein subunit E; GPMA: 2 3 bisphosphoglycerate dependent phosphoglycerate phosphomutase; PCKA: phosphoenolpyruvate carboxykinase; GDDP: glycine
dehydrogenase decarboxilating P protein; GBAD: glycine betaine aldehyde dehydrogenase; URE1: urease subunit alpha.
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Table 1

S. saprophyticus regulated proteins during acid and alkaline treatment related to iron metabolism (acquisition, storage and utilization).

Accession number* Protein description®

Relative expression®

pH 5.5 - up regulated

CATA Catalase 1.42
pH 5.5 - down regulated

Y2125 Putative heme-dependent peroxidase 0.69
FIN Ferritin 0.59
LIPA Lipoyl synthase 0.65
Q49YC5 Citrate synthase 0.25
HEM3 Deaminase porphobilinogen 0.65
pH 9.0 - up regulated

Q49ZK8 Putative ABC type cobalamin Fe>" siderophore transport system *
pH 9.0 - down regulated

LIPA Lipoil synthase 0.66
HEMH Ferrochelatase 0.66
SODM Superoxide dismutase Mn Fe 0.57
Q49UL6 Flavohemoprotein 0.53
Q49WI6 Putative flavohemoprotein 0.57
Q49W53 Putative regulator of iron ABC transporter SufC 0.70

*Unidentified proteins in the control condition.
¢ Protein access number in the UNIPROT database.
b Description of the protein according to UNIPROT data.

¢ - Expression of the protein in relation to the control condition (pH7). Modulation of the expression in 35% was considered significant (values < 0.74 and > 1.35).

stocked iron). A control assay was performed with S. saprophyticus
cells pre-incubated in SSD medium containing iron. The result is
shown in Fig. 2. It is possible to note that iron-deprived
S. saprophyticus cells present a reduced survival rate after interac-
tion with macrophage cells, suggesting that iron stock is important
during interaction with the host cells.

2.6. S. saprophyticus possesses an operon related to siderophore
synthesis

Previous studies have described S. saprophyticus as possessing
no machinery for siderophore production [23] when compared

10* cells/assay
TN
S 3

N
o

+ Fe

- Fe

Fig. 2. Survival assay of S. saprophyticus cells during interaction with macrophage cells.
The S. saprophyticus cells were previously cultured in SSD medium without iron (-Fe)
and with 10 uM of iron (+Fe) and used to perform the interaction assay with
macrophage cells J774. The experiment was performed in triplicate and standard error
of the mean obtained.

with operons and the production of staphyloferrin B in S. aureus.
However, S. aureus also possesses an operon related to the staph-
yloferrin A siderophore, and previous studies have described
S. epidermidis as possessing an operon that is homologous with the
one present in S. aureus [21]. We decided, by using in silico analysis,
to investigate the presence of operons which are homologous with
the S. aureus operons previously described. Our results show that
S. saprophyticus possesses one operon that is homologous with an
operon from S. epidermidis and S. aureus; it is related to the pro-
duction of staphyloferrin A. The S. saprophyticus operon is shown in
Fig. 3. We could not identify any operons in S. saprophyticus that
were homologous with operons of S. aureus in relation to staph-
yloferrin B production (data not shown). Our result suggests that,
similar to what happens in S. epidermidis, S. saprophyticus produces
only one siderophore, probably derived from citrate.

2.7. S. saprophyticus CS is down-regulated after incubation in acid
pH and strongly up-regulated after iron deprivation

Since S. aureus synthesizes siderophores (staphyloferrin A and
B) from citrate (carboxylate siderophores) [16] and since we
detected, in our proteome analysis, that the amount of CS is down-
regulated in S. saprophyticus after incubation in acid pH (with high
availability of soluble iron), we investigated if CS activity is also

GATAATGATAATTATTAT|
T@rbp\/{ 1753@/;>@56}' 10115)}) 103;\9&@[\&%
sfaA sfaB sfaC fepB fecC fecD

Fig. 3. Genetic map of the operon related to siderophore production in
S. saprophyticus. The operon is composed by the biosynthetic machinery for the
siderophore staphyloferrin A and its transporter. Open reading frames are indicated by
arrows that show the direction of transcription. Size is indicated within the arrows (in
base pairs). One putative region for ferric uptake regulator (Fur) ligation was identified
and is shown (GATAATGATAATTATTAT). sfaA: ORF encoding MFS transporter, related to
siderophore export; sfaB: ORF encoding siderophore synthetase containing luca/lucc
motifs; sfaC: ORF encoding alanine racemase; fepB: ORF encoding the periplasmic
component of ABC-type cobalamin Fe3-+-siderophores transport system; fepC: ORF
encoding inner component of iron-dicitrate ABC transporter permease; fepD: ORF
encoding inner component of iron-dicitrate ABC transporter permease.
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down-regulated in S. saprophyticus after incubation in acid pH. An
enzymatic assay was performed and the result corroborates the
proteomic analysis (Fig. 4, panel A). CS activity in S. saprophyticus
protein extract after incubation in acid pH was around 0.15 uM of
CoA formed per minute, and the CS activity measured in protein
extract after incubation in alkaline pH was 33% higher (0.2 uM of
CoA formed per minute). In order to detect if CS activity is increased
in S. saprophyticus after incubation under conditions of iron
deprivation, we also performed an enzymatic assay. Protein ex-
tracts were obtained after incubation of S. saprophyticus cells in SSD
medium with and without iron, as described above. The results are
shown in Fig. 4, panel B and show the iron deprivation increases in
CS activity in 12 folds, suggesting that S. saprophyticus can use
citrate for siderophore synthesis during iron limitation.

2.8. S. saprophyticus produces siderophore after cultivation in
iron-depriving conditions

In order to verify if S. saprophyticus is really capable of producing
siderophores, we performed siderophore detection after
S. saprophyticus cultivation under iron-limiting conditions. The cells
were cultured in SSD medium without iron and the culture su-
pernatant was used to perform a CAS assay. The result is shown in
Fig. 5, panel A. S. saprophyticus culture supernatant promoted a
change in color, from blue to yellow, of CAS solution, suggesting
that the bacteria produce carboxylate siderophores to obtain iron.
In order to confirm the production of carboxylates by
S. saprophyticus, a chemical assay was performed using phenol-
phthalein. The result is shown in Fig. 5, panel B. The change of color,
from pink to yellow is caused by the change of pH promoted by
carboxylates, confirming the presence of these siderophores in the
S. saprophyticus culture supernatant.

3. Discussion

The adaptation of pathogens at the transcriptional level to var-
iations in pH has been reported in other models, such as S. aureus
and Streptococcus mutans [37,38]. However, a proteomic approach
has not been reported in the study of bacterial metabolic adapta-
tions to pH shift. S. saprophyticus' adaptation to variations in pH is

important, since the bacterial cells are subjected to acid pH in the
bladder in the first step of infection (urine pH ranges from 5 to 6),
and after installation of infection, the pH increases in response to
urea consumption and ammonia formation. Our results show that
the down-regulation of lactic acid production occurs during acid
incubation of S. saprophyticus cells (Supplementary Table 1). This
response is also observed at the transcriptional level in S. aureus in
response to inorganic acid shock. It probably occurs to avoid a
decrease in pH since lactic acid promotes acidification [37]. In
addition, we observed the up-regulation of two urease subunits in
S. saprophyticus during acid incubation and down-regulation of
three urease subunits during alkaline incubation (Supplementary
Tables 1 and 2), which was also detected, at the transcriptional
level, in S. aureus [37]. It is probably influenced by alkalization that
occurs when urease converts urea into ammonia. The enzyme is
up-regulated during acid incubation in order to promote an in-
crease in the extracellular pH. Conversely, its down-regulation in
alkaline conditions avoids further increasing of pH.

The most evident S. saprophyticus response to acid and alkaline
pH was related to iron metabolism, including iron acquisition,
storage and utilization (Table 1). This is understandable since iron
solubility is affected by pH, and high concentrations of soluble iron
are reached at acidic pH. The down-regulation of transcripts
encoding proteins related to iron acquisition is also reported in
S. mutans and probably also occurs due to the higher availability of
soluble iron in this condition and to avoid damaging Fenton
chemistry from occurring. In view of the indispensable nature of
iron and its involvement in several key metabolic processes,
including amino acid synthesis, TCA cycle, DNA replication, cellular
respiration and electron transport, microorganisms possess SO-
phisticated machineries to import, export and stock this metal.
Thus, the common mechanisms of iron assimilation include the
reduction of ferric (Fe3*) to ferrous (Fe**), and acquisition of Fe>*
by binding siderophores [39]. In this way, S. saprophyticus must
avoid iron toxicity in lower pH and adapt to avoid iron deprivation
in alkaline pH.

In this work we show that S. saprophyticus cells previously
deprived of iron exhibited reduced survival during macrophage
interaction, suggesting that the metal is important during host-
pathogen interaction (Fig. 2).
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Fig. 4. CS enzymatic assay to evaluate citrate production at pHs 5.5 and 9 and during iron deprivation. (A) The CS enzymatic assay was performed using protein extracts from
S. saprophyticus after incubation in the pHs used for proteomic analysis (5.5 and 9). (B) The enzymatic assay was also performed with S. saprophyticus protein extracts after in-
cubation without iron (-Fe) and incubation with iron (+Fe) as used for comparison. The experiments were performed in triplicate and standard error of the mean obtained.
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Fig. 5. Siderophore production of S. saprophyticus cells by using CAS assay. A: The CAS assay to detect siderophore production in the S. saprophyticus culture supernatant. The assay
was performed after cell growth in SSD medium without iron to promote siderophore production. 1: Control CAS medium. 2: CAS assay using S. saprophyticus culture supernatant.
The change of color (from blue to yellow) occurs in the presence of siderophores. The experiment was performed in triplicate, shown in Figure. B: Siderophore characterization by
chemical assay using phenolphthalein. 1: Control phenolphthalein solution. 2: S. saprophyticus culture supernatant with phenolphthalein. The change of color (from pink to yellow)

occurs in the presence of carboxylate siderophores.

Although the previous homology analyses (comparison of
S. aureus operon for staphyloferrin B synthesis) state that
S. saprophyticus does not possess the genomic machinery for
siderophore synthesis [23], it was shown that S. aureus produces
two siderophores (staphyloferrin A and B) by two distinct operons.
These are metallophores that can bind to iron, zinc and other
metals [17]. Until this moment, only operons for staphyloferrin A-
like siderophores have been detected in coagulase negative
Staphylococcus species, such as described in S. epidermidis [21]. In
this context, we performed in silico analysis to detect if
S. saprophyticus possesses machinery for staphyloferrin A-like
siderophores. An operon was predicted, probably regulated by
Ferric uptake regulator (Fur), described as an iron transcriptional
regulator (Fig. 3), suggesting that S. saprophyticus can produce
siderophores by using this genomic machinery. Our in silico analysis
was unable to detect an operon homologous to the S. aureus operon
for staphyloferrin B synthesis, suggesting that S. saprophyticus
possesses only one pathway to synthesize siderophores. It is
important to highlight that, in S. aureus, the citrate used for
staphyloferrin B synthesis is not produced by TCA CS. This organism
possesses a second CS (SbnG) that is synthesized by the shnG gene.
Since we did not detect any gene that was homologous with
S. aureus’ sbnG (data not shown), we can suggest that
S. saprophyticus uses CS from TCA to generate citrate for side-
rophore production. Of special note is the fact that the CS from TCA
was detected in our proteomic analysis and was down-regulated
after incubation of S. saprophyticus at acid pH, a condition that fa-
vors soluble iron. In order to validate this finding, we measured CS
activity and we detected that S. saprophyticus presents lower CS
activity at acid pH, compared to alkaline pH, corroborating our
proteomic analysis (Fig. 4, panel A).

The production of siderophores by S. aureus is well known. Also,
S. aureus possesses extracellular surface lipoproteins FhuD1 and
FhuD2 and ABC transporter complex FhuCBG to facilitate the use of
hydroxamate xenosiderophores [19]. Staphyloferrin A is trans-
ported by SfaA transporter, and SfaA mutant exhibited growth
defects of 2.2-fold in A549 epithelial cells, suggesting that the efflux
of metallophores is important during infection [40]. S. epidermidis
requires iron to form biofilm, and cells deprived of iron are defec-
tive in the formation of biofilm [21].

We have evaluated, for the first time, whether S. saprophyticus is
able to produce siderophores (Fig. 5, panel A). Our findings show
that S. saprophyticus produces carboxylate siderophores (Fig. 5,
panel B), and we suggest that these molecules are derived from
citrate. In order to prove this suggestion, we evaluated the CS ac-
tivity in S. saprophyticus after incubation in iron-depriving

conditions. Our results show a high increase in CS activity during
iron-limiting incubation (Fig. 4, panel B), showing that
S. saprophyticus increases the availability of citrate during iron
limitation, probably in order to increase siderophore production.
This work is the first description of iron metabolism modulation
during pH variation in S. saprophyticus and reports the synthesis of
siderophores in this species. Our results suggest iron is important
for bacterial survival during interaction with host cells, and
consequently enhances the prospect for studies related to the
importance of iron metabolism during infections caused by
S. saprophyticus.
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